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a b s t r a c t

Interactions of halide anions (Cl−, Br−, and I−) with glutamic acid (Glu), histidine (His), and arginine
(Arg) and their effects on stabilizing the zwitterionic form of these amino acids were investigated using
infrared multiple photon dissociation (IRMPD) spectroscopy between 850 and 1900 cm−1 and hybrid
density functional theory. The IRMPD spectra of Glu·X− and His·X− each have a diagnostic carbonyl
stretching band at ∼1750 cm−1 from a carboxylic acid group, indicating that the nonzwitterionic form
of these amino acids is most stable. In contrast, a broad band at ∼1625 cm−1 for Arg·X−, consisting of
the antisymmetric stretch of a carboxylate group and hydrogen bonded NH bends, clearly shows that
Arg is zwitterionic in these complexes. There are many similarities between these spectra and those
of cationized amino acids, which aid in spectral interpretation. Cl− and Cs+ are of comparable size, and
attachment of either ion to these amino acids has little effect on the frequencies of these diagnostic
carbonyl stretches. The coordination of cations to these amino acids is different from that of anions,
resulting in a favorable alignment of the dipole moment of the carbonyl group with the electric field of
ions of either polarity, which causes a redshift in this band, i.e., a Stark effect. There is a slight redshift
(∼10 cm−1) in the carbonyl stretch band at ∼1750 cm−1 for Glu·X− and His·X− with decreasing anion size,

consistent with both a Stark effect and with greater carboxylate character for the carboxylic acid group
in complexes with the less acidic halide ions. The anion size has little effect on the structures and relative
zwitterion stabilities for most of these complexes, which can be attributed to the large size of the halide
anions investigated compared to that of the alkali metal cations where size effects are more pronounced.
The spectra calculated for the lowest energy structures are generally consistent with the experimental

e stru −
spectra, although no singl

. Introduction

Ions are important in many aspects of biology, including pro-
ein structure and complex assembly [1–3], neuron signaling [4,5],
mmune response [6], and pH regulation [7,8]. Ion–protein interac-
ions occur during ion transport through cell membranes and play a
ritical role in regulating ion concentrations in the body. For exam-
le, cystic fibrosis is a life-threatening condition caused by defects
n a protein that transports chloride ions across cell membranes
9]. Ions also affect protein solubility. The effects of ions on pro-
ein stability were first measured in the 1880s, and the ordering of
ons based on their ability to precipitate proteins is known as the
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cture accounts for the many distinct bands in the IRMPD spectra of His·X .

© 2010 Elsevier B.V. All rights reserved.

Hofmeister series [10,11]. The effects of anions on protein solubility
in aqueous solutions are generally stronger than those of cations,
although solvent effects may play a significant role in this differ-
ence. The precise chemical origins of the Hofmeister series are still
debated today [12–16]. Understanding the interactions of ions and
proteins in solution is a complex problem that is complicated by
effects of solvation, counter-ions, and protein structure.

Infrared multiple photon dissociation (IRMPD) spectroscopy has
been used to probe the structures of ionized complexes in the
gas phase and is potentially a powerful tool for understanding
ion–protein interactions. An important advantage of this tech-
nique is the ability to investigate the structures of biomolecules
in isolation, where complicating structural effects of solvent and

counter-ions are absent. The interactions of metal cations with
amino acids, the building blocks of proteins, have been exten-
sively investigated using IRMPD spectroscopy [17–38]. IRMPD
spectra have been reported for amino acids complexed with both
mono- [19–38] and divalent cations [17,18,28–31]. In isolation,

dx.doi.org/10.1016/j.ijms.2010.07.003
http://www.sciencedirect.com/science/journal/13873806
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ll naturally occurring amino acids are nonzwitterionic, but the
witterionic form can be preferentially stabilized by the addition
f a metal cation. Effects of metal ion size [19–25,28–30,32–34],
harge state [17,18,28–31,39], and amino acid basicity/acidity
19–21,30,40–44] on the relative stability of zwitterionic struc-
ures have been extensively studied. These studies indicate that for
ome amino acids, zwitterionic structures are preferentially sta-
ilized with increasing metal ion size [23–25,28,32] and higher
harge state [17,18,28,30] and with increasing amino acid basicity
19–21,30,40–44], although other factors can compete to stabilize
onzwitterionic forms [20,21,43]. Trp [18], His [28], Arg, Gln, Pro,
er, Val [17], and Glu [30] complexed with Ba2+ are zwitterionic,
ut nonzwitterionic structures have been reported for some doubly
harged complexes, including His·Ca2+ [28] and Asn·Ba2+ [29].

In contrast to results for cations, much less is known about
nion interactions with amino acids and to what extent they sta-
ilize their zwitterionic forms. Attachment of an excess electron
an stabilize the zwitterionic form of Arg [45,46]. Complexes of
he dianion of oxalic or malonic acid with the zwitterionic form
f glycine were investigated computationally and were each found
o be metastable with relatively low barriers to dissociation [47].
RMPD spectra of deprotonated amino acids (Asp, Cys, Glu, Phe, Ser,
rp, and Tyr) were recently reported [48]. These spectra are dom-
nated by bands corresponding to carboxylate stretching modes,
nd for Glu and Asp, the IRMPD spectra have very broad, poorly
esolved features which are attributed to the sharing of a proton
etween the side chain and C-terminal carboxylate groups.

Here, we report the first IRMPD spectra of anionized amino
cids, Glu·X−, His·X− and Arg·X−, where X = Cl, Br or I in the spectral
egion 850–1900 cm−1. These amino acids constitute the extremes
f gas-phase acidity and basicity values for the naturally occurring
mino acids and therefore are expected to have a high propensity to
orm zwitterionic structures. Effects of anion size on the zwitterion
tability of these amino acids are investigated using comparison to
RMPD spectra of corresponding metal cationized complexes and
ybrid density functional theory to aid in spectral interpretation.

. Experimental

.1. IRMPD spectroscopy

All experiments were performed using a 4.7 T Fourier-transform
on cyclotron resonance mass spectrometer and a free electron laser
FELIX) which provides intense tunable infrared radiation in the

id-IR (850–1900 cm−1). Descriptions of the instrument [49] and
xperimental parameters [31] are presented elsewhere. Ions were
enerated by electrospray ionization from 20/80 water/methanol
olutions of Glu, His, or Arg and LiCl, BaBr2, or NaI at 1–2 mM
oncentrations of the amino acid and halide salt. Solutions were
nfused at a rate of 10–20 �L/min. All chemicals were obtained from
igma–Aldrich, Steinheim, Germany. Precursor complexes were
solated using stored waveform inverse Fourier transforms [50]
nd subsequently irradiated for 2.5–3.5 s using tunable radiation
rom FELIX with a macropulse rate of 5 Hz. A single irradiation time
as used for each complex and was selected to produce extensive,

ut not complete, photodissociation at the peak intensity of each
pectrum.

.2. Computations
Candidate low-energy structures of Glu·Cl−, His·Cl−, and Arg·Cl−

ere generated using Monte Carlo conformational searching
nd the MMFFs force field as implemented in Macromodel 9.7
Schrodinger, Inc. Portland, OR). At least 10,000 conformations
ere identified for each complex. Low-energy conformers were
ss Spectrometry 297 (2010) 116–123 117

then grouped into families with similar structures and represen-
tative conformers from each family were selected for quantum
mechanical geometry optimization in Q-Chem v. 3.1 [51]. Structures
with Br− and I− were generated by halide ion substitution into the
chloridated structures. Geometries of the resulting structures were
optimized at the B3LYP/6−31+G** level of theory using the CRENBL
basis set and effective core potential for Br− and I− [52,53].

Vibrational frequencies and intensities were calculated using
the double-harmonic approximation and the analytical Hessian of
the energy-minimized structures using Q-Chem v. 3.1. Each of the
resulting structures was found to have all real harmonic vibrational
frequencies at this level of theory indicating that they are local min-
ima on the potential energy surface. Zero-point energies and 298 K
enthalpies and entropies were calculated using unscaled harmonic
vibrational frequencies, and 298 K relative Gibbs free energies
were obtained using these data. Calculated infrared absorption
spectra are plotted with frequencies scaled by 0.975, a factor
found to provide reasonable agreement between experimental
spectra and calculated spectra at this level of theory in other
IRMPD studies of amino acid complexes in this spectral region
[19–21,29,30,37,39–41,54]. The intensities are convolved with a
40 cm−1 full width at half maximum (fwhm) Lorentzian profile to
approximate the experimental peak shapes.

3. Results

3.1. Fragmentation

IRMPD of Glu·X−, His·X− and Arg·X−, where X = Cl, Br, or I, results
predominantly in the formation of X− or loss of HX. For Arg·Cl−,
a minor product corresponding to the loss of (CN2H3 + Cl) was
also observed, presumably resulting from subsequent dissociation
of the primary product ion. Formation of Cl− was not observed,
whereas for the iodated amino acids, I− was the primary (Glu)
or only (His and Arg) product ion formed. Based on anion size,
the binding energy of I− should be less than that of Cl−, so I−

should be more readily lost from the amino acids. In addition, HCl
has a weaker gas-phase acidity (1372 kJ/mol) [55], compared to HI
(1293.7 kJ/mol) [56], which should favor formation and loss of HCl.
The IRMPD reaction pathways of each precursor are given in Table 1.
By comparison, IRMPD of protonated and metal cationized Arg and
Glu results in loss of water and other neutrals, and for cesiated
complexes, loss of Cs+ [30,32].

3.2. Spectroscopy

The IRMPD spectral intensity at a given frequency is calculated
as a yield from the measured intensities of the precursor and prod-
uct ions, Iprec and Iprod, respectively, corrected for the frequency
dependent laser power P(ω).

IRMPD spectral intensity (yield) = (P(ω))−1 ×
∑

Iprod∑
Iprod + Iprec

An IRMPD spectrum of each precursor ion is reported as the
IRMPD spectral intensity as a function of laser frequency, nor-
malized to the peak intensity of the most intense band. IRMPD
spectra obtained using this photodissociation yield method are
less directly comparable to linear absorption spectra than the
laser-induced photodissociation rate constant method as discussed
by Prell et al. [57]. However, this method provides spectra that

are directly comparable to those reported previously for many
cationized or deprotonated amino acids in this spectral region
[17–23,25–34,36–41,54]. The IRMPD spectra of Glu·X−, His·X− and
Arg·X−, where X = Cl, Br, and I, from ∼850 to 1900 cm−1 are shown
in Fig. 1. Structural information from these spectra is obtained
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Table 1
IRMPD products of anionized amino acid complexes.

Anion Glutamic acid Histidine Arginine
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I−

f
m
s

l
e
a
∼
G
t
1
i
s
i
i
a
c
a
t
∼
s
t
a

r

F
n
z
i

Cl− –HCl
Br− –HBr (75%) Br− (25%)
I− –HI (20%) I− (80%)

rom comparisons to previously reported spectra of protonated and
etal cationized amino acids and from comparisons to calculated

pectra of candidate low-energy structures.
The IRMPD spectra of Glu·Cl−, Glu·Br−, and Glu·I− are simi-

ar with common features centered at ∼1750 and 1375 cm−1 in
ach spectrum. For Glu·I− and Glu·Br−, a weak band is observed
t ∼1600 cm−1, and for Glu·I− there are additional minor bands at
1200 and 1040 cm−1. The band at ∼1750 cm−1 is narrower for
lu·Cl− (∼40 cm−1 fwhm) than for Glu·Br− (∼75 cm−1 fwhm), and

his feature for Glu·I− consists of two partially resolved peaks at
755 and 1775 cm−1. The centroid of this feature blueshifts with

ncreasing anion size. These bands correspond to the carbonyl
tretching modes of the two carboxylic acid groups of Glu [30],
ndicating that Glu is nonzwitterionic in these complexes (vide
nfra). The band at ∼1375 cm−1 for Glu·Cl− is relatively narrow
nd appears as a single band whereas for Glu·Br−, this feature is
omposed of two poorly resolved bands at ∼1370 and 1400 cm−1

nd a shoulder from ∼1275 to 1175 cm−1. Bands contributing to
his feature for Glu·I− are not resolved. The weak band observed at
1600 cm−1 for Glu·I− and Glu·Br− is consistent with an NH2 scis-

−1 −
oring bend, and the feature at ∼1375 cm for Glu·X is similar to
hat observed for Glu·M+ and corresponds to hydrogen bonded NH
nd CH bends [30].

The IRMPD spectra for His·X− complexes have many well
esolved bands in the region between 850 and 1850 cm−1. The spec-

ig. 1. IRMPD spectra of Glu·X− , His·X− and Arg·X− , X = Cl− , Br− , or I− at 298 K. Diag-
ostic carbonyl stretching bands indicating nonzwitterionic (1685–1825 cm−1) or
witterionic (1550–1685 cm−1) forms of the amino acids in these complexes are
ndicated on the spectra.
Cl –HCl (85%) –(CN2H3 + Cl) (15%)
− N/A N/A

I−

tra for His·Cl− and His·Br− are quite similar in that they both contain
the same 10 bands (∼1750, 1600, 1570, 1475, 1410, 1350, 1230,
1190, 1100, 1000 and 915 cm−1) albeit with some small differ-
ences in the relative intensities of the bands. The spectrum of His·I−
includes all of these bands and an additional feature at ∼1710 cm−1.
Similar to the Glu spectra, the carbonyl stretch near 1750 cm−1

blueshifts by ∼10 cm−1 with increasing anion size from Cl− to I−.
The carbonyl stretching bands at ∼1750 cm−1 indicate that His is
predominantly nonzwitterionic, as does the band at 1710 cm−1

which indicates some contribution from an additional structure
with a different chemical environment for the carboxylic acid group
[28].

The IRMPD spectra of Arg·Cl− and Arg·I− are very similar and
each has a broad band (∼125 cm−1 fwhm), centered at ∼1625 cm−1

in addition to broad photodissociation below 1500 cm−1 with
two poorly resolved features at ∼1475 and 1350 cm−1 that have
low signal-to-noise ratios. There is also a very weak band at
∼1740 cm−1. The band at ∼1625 cm−1 corresponds to contributions
from the antisymmetric carbonyl stretch of a carboxylate group and
hydrogen bonded NH bending modes, consistent with a zwitteri-
onic structure of Arg [32]. This band is close in frequency to the
carboxylate stretch band observed at ∼1630 cm−1 in the IRMPD
spectra of deprotonated Trp, Phe, Tyr and Cys [48].

3.3. Calculated structures

Representative structures of low-energy conformers for Glu·X−,
His·X− and Arg·X− are shown in Figs. 2–4, respectively, along with
their calculated spectra and relative 0/298 K Gibbs free energies
at the B3LYP/6−31+G**/CRENBL level of theory (Table 2). The cal-
culated structures and spectra differ only slightly for the different
halide anions. For example, the calculated spectrum of the lowest

energy structure for Glu·Cl− is nearly indistinguishable from those
calculated for the same structure with Br− and I−, although there
is a slight blueshift (∼5–10 cm−1) in the carbonyl stretches of the
carboxylic acids with increasing anion size (Fig. 5), consistent with

Table 2
Relative Gibbs free energies (kJ/mol) of low-energy structures at 0/298 K calculated
at the B3LYP/6−31+G**/CRENBL level of theory.

Structure Cl− Br− I−

Glu
GluNOC 7.0/6.2 0/0 0/0
GluOSOC 0/0 5.6/5.3 8.9/10.5
GluNOSOC 29.8/31.3 23.3/23.8 28.0/24.5
GluZW 22.8/20.0 19.0/18.2 18.3/19.0

His
HisN� 1.8/0 10.3/8.9 7.0/6.6
HisNTN� 0/2.1 0/0 0/0
HisZW 19.2/17.6 21.0/22.7 24.8/22.3
HisN�O 6.9/8.5 6.3/5.5 12.8/17.3
HisNTN�O 9.8/11.3 10.2/13.4 14.1/18.3

Structure Cl− I−

Arg
A 0.1/0 0.1/0
B 0/3.8 0/3.8
C 4.5/12.7 2.1/8.9
D 4.9/8.5 1.1/5.0



J.T. O’Brien et al. / International Journal of Ma

F − − − −

l
a
c

t
i
l
f
i
s
d
a

3

s
t
C
d
t
a
t
t
a
c

ridated Glu and Arg indicates that the sign of the ion’s charge plays
ig. 2. Measured IRMPD spectra of Glu·X , X = Cl , Br , or I (top), and calculated
ow-energy structures and spectra for Glu·Cl− . Relative Gibbs free energies in kJ/mol
t 0/298 K calculated using the B3LYP/6−31+G**/CRENBL level of theory are indi-
ated for each structure and anion.

he measured spectra for these complexes (Fig. 1). A corresponding
ncrease in the OH bond length, indicative of increased carboxy-
ate character, is calculated to occur with decreasing anion size
or nonzwitterionic structures where the hydroxyl hydrogen atom
nteracts with the anion or a strongly basic site. The representative
tructures and spectra shown in Figs. 2–4 are those of the chlori-
ated complexes, and the relative Gibbs free energies (kJ/mol) for
ll three anions at zero and 298 K are indicated for each structure.

.3.1. Glu·X− structures
Four structural families are identified from conformational

earching of Glu·Cl−: a nonzwitterionic structure, GluNOC, in which
he anion interacts with the N-terminus and the OH group of the
-terminus (OC), and the carboxylic acid group of the side chain
onates a hydrogen bond to the N-terminus; GluOSOC where both
he side chain (OS) and C-terminal OH groups coordinate to the
nion; GluNO O , in which the N-terminus, side chain, and C-
S C
erminal OH groups all coordinate to the anion; and GluZW, where
he protonated N-terminus of zwitterionic Glu coordinates to the
nion, and a hydrogen is shared between C-terminal and side chain
arbonyl oxygen atoms. The lowest energy structures are GluNOC
ss Spectrometry 297 (2010) 116–123 119

for Br− and I− and GluOSOC for Cl−. Structures GluNOSOC and
GluZW are substantially higher in energy by ∼30 and 20 kJ/mol,
respectively.

3.3.2. His·X− structures
Six structural families are identified from conformational

searching of His·Cl−: five low-energy nonzwitterionic structures
and the lowest energy zwitterionic structure are shown in Fig. 3.
The side chain of His has two nitrogen atoms, designated ‘pros’
(near) and ‘tele’ (far) to indicate their distance from the tertiary
carbon of the imidazole group, and they are abbreviated N� and
N� respectively. Each of these nitrogen atoms may bind a hydrogen
atom, although not both at the same time without forming a zwitte-
rionic structure. The nonzwitterionic structures are characterized
by different coordinations of the anion. For the HisN� structure,
the anion binds only to the tele-NH group and the pros-nitrogen
atom accepts a hydrogen bond from the N-terminus (NT). This is
the lowest energy structure at 298 K for His·Cl−. The lowest energy
structure for His·Br− and His·I− is HisNTN� where the pros-NH and
the N-terminus coordinate to the anion and the C-terminus donates
a weak hydrogen bond to the N-terminus. HisN�O and HisNTN�O
both have coordination of the C-terminus to the anion along with
one or two of the NH groups, respectively. For HisZW, the proto-
nated N-terminus of His coordinates to the anion and the pros-NH
donates a hydrogen bond to an oxygen atom of the carboxylate
group.

3.3.3. Arg·X− structures
Four structural families are identified from conformational

searching for Arg·Cl−: three zwitterionic structures and the lowest
energy nonzwitterionic structure are shown in Fig. 4. The un-
protonated side chain nitrogen atoms are designated �, �, and �′,
as indicated in Fig. 4, where � is the secondary amine nitrogen
atom, � is the primary imine nitrogen atom, and �′ is the pri-
mary amine nitrogen atom. For zwitterionic structures where the
side chain is protonated, we retain the � and �′ labels inherited
from the un-protonated structures for convenience. For structure
ArgZW-A, the �-NH donates a hydrogen bond to the deproto-
nated C-terminus and the anion coordinates to the other two NH
groups of the protonated side chain. In structure ArgZW-B, the �-
NH group of the protonated side chain donates a hydrogen bond
to the deprotonated C-terminus, and both the �- and �′-NH groups
coordinate to the anion. These two structures are very similar and
nearly isoenergetic. Structure ArgZW-C differs somewhat in that
the deprotonated C-terminus accepts two hydrogen bonds, one
each from the �- and �′-NH groups of the protonated side chain, and
the anion is coordinated by both the �′- and �-NH groups. Structure
ArgNZ-D is nonzwitterionic and is analogous to structure ArgZW-B
with a proton transferred from the �-nitrogen to the C-terminus.

4. Discussion

4.1. Comparison with cationized spectra

Cs+ and Cl− have nearly the same ionic radii (167 pm) [58], and
the carbonyl band in the spectra of Glu·Cs+ and Glu·Cl− is remark-
ably similar in both frequency (1760 and 1755 cm−1, respectively)
and peak shape [30]. Similarly, the antisymmetric carbonyl stretch
bands of the carboxylate group for Arg·Cs+ and Arg·Cl− are close in
frequency, centered at ∼1615 and 1625 cm−1, respectively [32]. The
similarity of the carbonyl bands in the spectra of cesiated and chlo-
little role in these vibrational frequencies, although the binding
sites of metal cations versus halide anions in these complexes are
different. The metal cation in Glu·M+ and His·M+ for nonzwitteri-
onic structures attaches to one or more carbonyl oxygen atoms and
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ig. 3. Measured IRMPD spectra of His·X− , X = Cl− , Br− , or I− (top), and calculated
/298 K calculated using the B3LYP/6−31+G**/CRENBL level of theory are indicated

orresponding free-OH bends are observed at ∼1150–1170 cm−1.
or Glu·X− and His·X−, no hydroxyl bends are evident in the exper-
mental spectra indicating that the OH groups are coordinated to
he anion or are hydrogen bonded.

For His·X−, the bands below 1700 cm−1 are especially intriguing
ecause they are not apparent in the IRMPD spectrum of His·Na+,
he only IRPD spectrum reported for alkali metal cationized His
28]. The most intense band in the spectrum of His·Na+ occurs at
1150 cm−1 and corresponds to the free-OH bend of the carboxylic
cid group. An intense band corresponding to the same mode at
1150 cm−1 also occurs for HisArg·H+ [40]. Its absence in the anion-

zed spectra is consistent with the OH group donating a hydrogen
ond or coordinating to the anion. The bands below 1700 cm−1 are
nusually sharp and likely correspond to vibrations associated with
he rigid imidazole ring.

The band at 1625 cm−1 for Arg·X− and the absence of any intense
ands above 1700 cm−1 are consistent with predominantly zwit-
erionic structures of Arg, as observed for Arg·M+, where M = K,
b, and Cs [32]. The broad dissociation and poorly resolved bands
elow 1500 cm−1 in the Arg·X− spectra prohibit further structural
onclusions from the experimental spectra. However, broad disso-
iation with poorly resolved spectral features has been observed
or other amino acid complexes containing strong intramolecular
ydrogen bonds [26,48]. The assignment of zwitterionic structures

or both Arg·X− and Arg with an excess electron attached [45,46]

ndicates that the stabilization of the large dipole of the zwitteri-
nic form by the anion in these zwitterionic structures outcompetes
olvation of the anion by hydrogen bonding in nonzwitterionic
tructures. Evidently, solvation of the charge by hydrogen bonds
n these complexes is less effective than the charge solvation by
nergy structures and spectra for His·Cl− . Relative Gibbs free energies in kJ/mol at
ch structure and anion.

heteroatoms observed for the nonzwitterionic forms of Arg·Li+ and
Arg·Na+ [32] and is likely attributable to the relatively large size of
the anions.

The IRMPD spectra for each anionized amino acid are very sim-
ilar indicating that anion size has little effect on the conformations
adopted for each of these complexes. Only the spectrum for His·I−
indicates a clear structural change as a function of ion size. In
contrast, effects of ion size on structure have been reported for
many metal cationized amino acid complexes, including Glu·M+

[30], Arg·M+ [24,32], Lys·M+ [19], and Met·M+ [25]. For example,
the differences observed between the IRMPD spectra of Arg·Li+ and
Arg·Na+ indicate a switch from a nonzwitterionic structure of Arg
when bound to Li to primarily zwitterionic Arg when bound to Na+

[24,32].

4.2. Origins of carbonyl stretch redshifting

The carbonyl band in the IRMPD spectra of both Glu·Cs+

(1760 cm−1) and Glu·Cl− (1755 cm−1) is redshifted relative to that
of a free carboxylic acid (∼1780 cm−1 for gas-phase acetic acid) [59].
The carboxylate antisymmetric stretch for Arg·Cs+(1615 cm−1)
and Arg·Cl− (1625 cm−1) [32] is similar to that of benzoate at
∼1630 cm−1 [60], which is likely redshifted from that of a free
carboxylate due to electron donation from the benzene ring. Fur-
ther redshifting of carbonyl bands with increasing charge state has

also been reported for alkali metal and alkaline earth metal cation-
ized amino acids and peptides, including Glu [30], His [28], and
Asn [29]. This increasing carbonyl stretch redshift as a function
of charge state for metal cationized amino acids and peptides has
been attributed to transfer of electron density from the carbonyl to



J.T. O’Brien et al. / International Journal of Mass Spectrometry 297 (2010) 116–123 121

Fig. 4. Measured IRMPD spectra of Arg·X− , X = Cl− , or I− (top), and calculated low-
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4.3. Comparisons with theory
nergy structures and spectra for Arg·Cl− . Relative Gibbs free energies in kJ/mol at
/298 K calculated using the B3LYP/6−31+G**/CRENBL level of theory are indicated
or each structure and anion.

he attached metal ion which increases with increasing metal ion
harge state [30,41].

In the absence of other effects, an attached halide ion would
e expected to transfer electron density to the amino acid result-

ng in a blueshift of the carbonyl stretch band, thus the observed
arbonyl stretch redshift for the complexes investigated cannot be
ully explained by this charge transfer effect. Instead, this carbonyl
tretch redshift for both anionized and cationized amino acids and
eptides can be primarily attributed to two other factors: the favor-
ble alignment of the dipole moment of the carbonyl with the ion’s
lectric field, and for halidated complexes, partial proton transfer
rom the carboxylic acid to the halide anion which results in par-
ial carboxylate character. Because cations attach to the complexes
lose to the carbonyl oxygen whereas anions attach closer to the
arbonyl carbon for nonzwitterionic structures, the interaction of
he carbonyl dipole moment with the ion’s electric field is favorable

or ions of either polarity, causing a redshift in the carbonyl stretch
requency, i.e., a Stark effect.

The carbonyl band redshifts for Glu·X− and His·X− with decreas-
ng halide ion size by ∼10 cm−1 from X = I to X = Cl, and this effect
Fig. 5. GluOSOC structures and spectra for Glu complexed with Cl− , Br− , and I−

calculated using the B3LYP/6−31+G**/CRENBL level of theory.

provides additional evidence that the redshift is caused by the elec-
tric field of the ion. By comparison, the carbonyl stretch band in the
spectrum of GluLi+ is redshifted from the corresponding band for
Glu·Cs+ by ∼20 cm−1. A similar shift has been observed between the
lithiated and cesiated spectra of other amino acids, including Gln
[20], Trp [33], Ser [23], and Thr [34]. The anion size-dependent shift
observed for Glu·X− and His·X− is likely smaller than for Glu·M+

because the halide ions are much larger (Cl−, Br− and I−: 167,
196 and 220 pm) than the alkali metal cations (Li+ and Cs+: 76
and 167 pm) [58] and are further away from the carbonyl groups,
resulting in a more subtle change in the ion’s electrostatic poten-
tial as experienced by the carbonyl group. For both anionized and
cationized zwitterionic Arg, any change in the frequency of the car-
boxylate antisymmetric shift with decreasing ion size appears to be
obfuscated by contributions from hydrogen bonded NH bending
modes that occur in the same region.

The redshift in the carbonyl stretch from that of a neutral car-
boxylic acid group is in fact slightly greater for Glu·Cl− than for
Glu·Cs+, despite the latter having a much shorter carbonyl-ion
distance. Thus, other factors, in addition to the Stark shift, must
contribute. Chloride anion is substantially less acidic in the gas
phase than are Br− and I−, which causes the strength of the interac-
tion between the halide ion and adjacent carboxylic acid hydrogen
atom(s) to increase with decreasing halide ion size. This results in
increased partial carboxylate character of the carboxylic acid group
with decreasing ion size, consistent with the surprisingly large red-
shifting effects of the halide ions described above. This sharing of
the hydrogen atom between the hydroxyl oxygen atom and halide
anion is analogous to the sharing of a proton between heteroatoms
observed in proton-bound dimeric complexes, where spectral fre-
quencies can be highly sensitive to the difference in proton affinity
of the substituents [61].
The calculated spectra of the lowest energy structures are gen-
erally consistent with the experimental spectra, although there is
evidence for multiple structures for some of these complexes. The
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arbonyl band in the calculated spectra blueshifts by ∼5–10 cm−1

ith increasing ion size from Cl− to I−. For example, the carbonyl
and in structure GluOSOC occurs at ∼1740, 1745 and 1750 cm−1

or Cl−, Br− and I−, respectively (Fig. 5). A corresponding decrease
n the hydroxyl OH bond distance with increasing ion size, and
ence, decreasing carboxylate character, is calculated for this struc-
ure. Similar shifts are observed in the calculated spectra for the
ther nonzwitterionic structures and are consistent with the exper-
mental spectra of Glu·X−, which show a ∼10 cm−1 blueshift for
his band for these same anions. For the zwitterionic structure,
luZW, the carboxylate band is the same for Cl− and Br−, but
lueshifts by ∼5 cm−1 for I−. Contributions to the experimental
pectra from specific low-energy structures are discussed in detail
elow.

.3.1. Glu·X−, X = Cl, Br, and I
The carbonyl stretches of the carboxylic acid groups in Glu·Cl−

ave similar frequencies resulting in a single band at ∼1740 cm−1 in
he calculated spectra of the nonzwitterionic structures, in agree-

ent with the experimental spectra (Fig. 2). The calculated spectra
f the zwitterionic structures differ substantially with two carbonyl
ands at ∼1660 and 1740 cm−1 corresponding to carbonyl stretches
f the deprotonated C-terminus and the side chain carboxylic acid,
espectively. These calculated spectra support assignment of the
xperimental spectra to one or more nonzwitterionic structures.
he calculated spectrum of GluOSOC provides good agreement with
he experimental spectrum of Glu·Cl−. The intense mode predicted
t ∼1350 cm−1 corresponds to the coupled, in-phase OH bending
odes of the two carboxylic acid groups coordinating to the anion

nd likely contributes to the band observed in the experimental
pectra at ∼1375 cm−1 for all three anions. The calculated spec-
rum of GluNOC differs from that of GluOSOC only slightly with a
and predicted at ∼1500 cm−1 corresponding to the bonded OH
ending mode of the side chain carboxylic acid group hydrogen
onded to the N-terminus. This band is not evident in any of the
xperimental spectra. However, differences in relative intensities
etween IRMPD and calculated absorption spectra, especially for
tructures with strong hydrogen bonds, can be attributed to a num-
er of factors, including uncertainties in the calculated intensities
nd other factors discussed elsewhere [41]. The calculated spec-
rum of GluNOSOC is very similar to that of GluOSOC, with some
ifferences in the bonded NH/OH bending feature at ∼1350 cm−1.
his structure is calculated to be much higher in energy, but con-
ributions from such structures cannot be eliminated based on
omparison to the experimental data alone.

.3.2. His·X−, X = Cl, Br, and I
No calculated spectrum of a single conformer can account for all

f the bands observed in the experimental spectra of His·X− (Fig. 3).
owever, the band at ∼1750 cm−1 in the IRMPD spectrum of His·X−

s most consistent with a substantial contribution to the ion pop-
lation from structures like HisNTN�, where the frequency of the
arbonyl stretching mode is significantly blueshifted relative to the
arbonyl bands of the other nonzwitterionic structures. The fre-
uency of the carbonyl stretch for the zwitterionic structure HisZW

s ∼1680 cm−1, supporting assignment of the experimental spectra
o nonzwitterionic structures. For His·I−, the band at ∼1710 cm−1

an be attributed to contributions from the other nonzwitterionic
tructures. For HisN�, the hydrogen bond between the C-terminus
nd the pros-nitrogen atom should be strong due to the excel-

ent alignment and high basicity of the side chain, and the strongly
hared hydrogen atom likely gives the carbonyl partial carboxylate
haracter, redshifting the carbonyl stretch. The redshifted carbonyl
and at 1710 cm−1 is not observed for the other anions indicating
inimal contribution from this type of structure in the other com-
ass Spectrometry 297 (2010) 116–123

plexes. The lower frequency bands are more challenging to assign,
but could be more readily identified by measuring IRMPD spec-
tra of His derivatives or by isotopic substitution. The IR spectrum
of condensed-phase imidazole, an analogue for the histidine side
chain, has many bands between 800 and 1700 cm−1 correspond-
ing to CN stretches, ring stretching modes, and NH and CH bends
[62]. However, the frequencies of these modes do not consistently
match those observed in the IRMPD spectra of His·X−, complicating
assignment based on these data.

4.3.3. Arg·X−, X = Cl, and I
The calculated spectra of structures ArgZW-A and ArgZW-B

provide reasonable agreement with the broad experimental band
at ∼1625 cm−1 (Fig. 4). These results are consistent with assign-
ment of Arg·X− to predominantly zwitterionic structures. The weak
band at ∼1740 cm−1 may be due to the hydrogen bonded NH
bend of the � nitrogen in ArgZW-A (calculated at ∼1720 cm−1),
but this band could also be due to a small population of nonzwit-
terionic structures, such as ArgNZ-D. Structure ArgZW-C also has
a hydrogen bonded NH bend at ∼1690 cm−1 that is not observed
in the experimental spectra indicating that structure ArgZW-C is
not the dominant structure. Bands attributed to this mode have
been reported in the IRMPD spectra of alkali metal cationized
Arg indicating a difference between the zwitterionic structures
adopted for the anionized and cationized complexes. The calcu-
lated spectra for structures ArgZW-A and ArgZW-B are very similar.
Based on the calculations that indicate that these structures are
nearly isoenergetic, it is likely that both are present in the ion
population.

5. Conclusions

The IRMPD spectra of Glu·X−, His·X−, and Arg·X−, where X = Cl,
Br, or I, clearly show whether or not the amino acid adopts a
zwitterionic form in these complexes. The spectra of Glu·X− and
His·X− each have a strong band at ∼1750 cm−1 corresponding
to the carbonyl stretch of a carboxylic acid indicating that the
nonzwitterionic form of the amino acid is dominant. An additional
band at ∼1710 cm−1 for His·I− indicates that another structure
with a redshifted carbonyl stretch is also present. The broad band
at ∼1625 cm−1 for Arg·X−, corresponding to the antisymmetric
stretch of a carboxylate group, clearly shows that Arg is zwitterionic
in these complexes.

The frequencies of the carbonyl bands are similar for these
amino acids with either Cl− or Cs+ attached. Thus, the sign of the
ion’s charge for these similarly sized ions has little effect on the
frequency of these diagnostic bands. The coordination of cations
to these amino acids is different from that of anions, resulting in a
favorable alignment of the dipole moment of the carbonyl stretch
with the electric field of ions of either polarity, which causes a red-
shift in this band, i.e., a Stark effect. The slight redshift (∼10 cm−1)
of the carbonyl band at ∼1750 cm−1 for Glu·X− and His·X− with
decreasing anion size is consistent with both a Stark effect and a
more subtle effect of greater carboxylate character when smaller
halide ions coordinate to the carboxylic acid group. The calculated
spectra of the lowest energy structures generally provide good
agreement with the experimental spectra. The IRMPD spectra of
His·X− have many sharp bands due to the side chain that do not
correspond closely enough in frequency to features observed in

the FT-IR spectrum of condensed-phase imidazole or in calculated
spectra of low-energy conformers of His·X− to make unambiguous
assignments. Additional structural information could be obtained
by measuring IRMPD spectra of analogous compounds or by iso-
topic labeling.
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