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The structure of the sodiated peptide GGGGGGGG-Na� or G8-Na
� was investigated by

infrared multiple photon dissociation (IRMPD) spectroscopy and a combination of theoretical
methods. IRMPD was carried out in both the fingerprint and N–H/O–H stretching regions.
Modeling used the polarizable force field AMOEBA in conjunction with the replica-exchange
molecular dynamics (REMD) method, allowing an efficient exploration of the potential energy
surface. Geometries and energetics were further refined at B3LYP-D and MP2 quantum
chemical levels. The IRMPD spectra indicate that there is no free C-terminus OH and that
several N–Hs are free of hydrogen bonding, while several others are bound, however not very
strongly. The structure must then be either of the charge solvation (CS) type with a
hydrogen-bound acidic OH, or a salt bridge (SB). Extensive REMD searches generated several
low-energy structures of both types. The most stable structures of each type are computed to
be very close in energy. The computed energy barrier separating these structures is small
enough that G8-Na

� is likely fluxional with easy proton transfer between the two peptide
termini. There is, however, good agreement between experiment and computations in the
entire spectral range for the CS isomer only, which thus appears to be the most likely structure
of G8-Na

� at room temperature. (J Am Soc Mass Spectrom 2010, 21, 728–738) © 2010
American Society for Mass Spectrometry

The biological importance of sodium in perform-
ing or facilitating essential biological processes,
such as neurotransmission, osmotic balance, and

cellular metabolism is well documented [1–3]. Mass
spectrometric methods have been used extensively to
provide insight into peptide sequences [4, 5] starting
from sodium-cationized species, however with consid-
erable debate as to the structure of the parent species
and the fragmentation mechanisms [6–8]. In this con-
text, sodiated oligoglycines have been used in the last
decade as a valuable testing ground for new experimen-
tal developments designed to obtain refined energetic
and/or structural data. These include ion mobility
measurements for global shape information [9, 10],
H/D exchange extent and kinetics for isomeric/
conformational content [11], the kinetic [12, 13] and the
threshold collision induced decomposition [14] meth-
ods for thermochemical measurements, as well as infra-
red multiple photon dissociation (IRMPD) spectroscopy
[15] for identification of functional groups and their

interactions. All these studies have been complemented
by extensive molecular modeling as required for trans-
lating experimental data into properties of specific
molecular structures.
Oligoglycines owe their value as model peptides to

their relative simplicity. While the number of residues is
an obvious source of conformational complexity, the
absence of side chains limits the number of factors
shaping their structures and energies. On the one hand,
the main components of sodium-molecule interactions
are electrostatic and polarization, favoring metal bind-
ing to the carbonyl oxygens. On the other hand, internal
structuration of the peptides is dominated by the con-
struction of a network of hydrogen bonds. The smaller
peptides with 2–5 residues tend to wrap around the
metal ion to maximize the binding interactions [13]. In
larger peptides, a competition takes place between
metal-peptide binding and internal stabilization of the
peptide through multiple hydrogen bonds [16]. As a
result, the most stable structures are much more diffi-
cult to predict.
It is the purpose of this paper to report our investi-

gations on one such case, sodium-octaglycine or G8-
Na�. We used IRMPD spectroscopy to obtain finger-
prints of the functional groups present in G8-Na

�, and
of their environments. This is carried out in two energy
ranges, 1000–1900 and 3000–3700 cm�1. Interpretation
of the results required extensive molecular modeling
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using a variety of methods, ranging from extensive
sampling with a polarizable force field to quantum
chemical calculations using density functional theory
and the ab initio MP2 method. We first describe the
computational and experimental methods used, then
we describe the IRMPD spectra and computed IR
absorption spectra, and combine them to ascribe a
structure to gaseous G8-Na

� at 298 K.

Computational Methods

Replica-Exchange Molecular Dynamics with the
AMOEBA Force Field

The salt-bridge and charge-solvated isomers of G8-Na
�

have been modeled using the polarizable AMOEBA
force field [17, 18], which was shown to provide reliable
structural and energetic properties for sodiated oligo-
glycine peptides [16]. In this force field, the electrostatic
component incorporates a fixed partial charge, a dipole,
and a quadrupole on each atom as derived from quan-
tum mechanical calculations. Many-body polarization
effects are explicitly treated using a self-consistent
induced dipole polarization procedure. The conforma-
tional landscapes were explored using molecular dy-
namics (MD) simulations, improved with the replica-
exchange (RE) strategy. The REMD approach is now
widely used as a powerful tool for sampling the poten-
tial energy surface of biomolecular systems [19–21].
Briefly, the idea is to perform simultaneously several
MD trajectories at various temperatures, occasionally
attempting an exchange between two configurations of
neighboring trajectories, and accepting this exchange
with a Metropolis probability [22]. The success of the
REMD method comes from the very broad sampling at
high temperatures, where barrier crossing is signifi-

cantly enhanced, combined with an efficient annealing
to low-energy structures by successive exchanges with
lower temperature replicas. Its popularity is due to the
use of conventional simulations in canonical ensembles,
rather than nonphysical biases, as well as straightfor-
ward parallelization.
The present REMD simulations have been per-

formed with eight replicas allocated according to a
geometric progression in the range 200–600 K, that is
200, 234, 274, 320, 375, 438, 513, and 600 K. This
progression maximizes the successive overlap between
energy distributions (at least for harmonic systems),
which is a necessary condition for successfully exchang-
ing configurations. Each molecular dynamics trajectory
was propagated with a time step of 1 fs, and the
temperature was controlled with a Berendsen thermo-
stat with a coupling time of 0.1 ps. Exchanges of a
random pair of adjacent configurations were attempted
every 10 ps, and configurations were saved every 4 ps
for further local optimization with AMOEBA. The total
simulation time for each replica was taken as 4 ns, and
the REMD simulations were repeated twice, with all
replicas starting each time from the most stable struc-
ture found so far. The present simulations with the
AMOEBA force field were performed with the Tinker
software package [23], recently interfaced for replica-
exchange MD simulations by Penev and coworkers [24].
Figure 1 shows the distributions of potential energies

obtained for the SB complex during the third REMD
iteration. These histograms show a broad overlap for
the four highest temperatures, but the four replicas at
lowest temperatures seem to overlap poorly. However,
looking at the instantaneous index of the replica ini-
tially set to the lowest temperature replica (200 K), we
find a very satisfactory number of successful exchanges

Figure 1. Histograms of potential energy visited during the REMD simulations of the SB system. The
inset shows the replica index corresponding to 200 K, indicating that all replicas proceed several times
at the lowest temperature within 8 ns.
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with other replicas, up to the highest temperature of 600
K. This ensures that our temperature schedule will
allow a correct communication between replicas, hence
a much improved sampling with respect to conven-
tional MD.
Three iterations of REMD simulations appeared nec-

essary for the SB system, as new minima lower in
energy than those previously obtained were found after
the first run. The first iteration started from a structure
constructed from a previously obtained CS isomer
(G8_1, see Table 1) by transferring the proton from the
C- to the N-terminus. The second iteration was initiated
with the lowest energy minimum obtained during the
first, while the third iteration was simply a restart from
the final configurations of the second iteration. The
same computational effort was devoted to the CS sys-
tem, however, no conformer lower in energy than
minima obtained previously by conventional MD sim-
ulations [16] could be located.
The most stable configurations collected during the

REMD explorations were further subjected to electronic
structure calculations to determine the best candidates
for comparison to experiment.

Quantum Chemical Calculations

For the conformations selected from REMD simula-
tions, geometry optimizations were performed at
DFT-D level with the B3LYP functional and a SVP basis
set. The B3LYP functional has been shown to be unre-

liable for relative energies of G8-Na
� conformers [16]

and An-H
� conformers (n � 3-5,7) [35]. Thus, we used

the general empirical dispersion correction proposed by
Grimme for density functional calculations [25, 26]. The
resolution-of-the-identity (RI) approximation was em-
ployed for molecular orbital two-particle integrals. The
errors made within this approximation, with optimized
auxiliary basis sets, are generally negligible compared
with errors due to the one-electron basis set incomplete-
ness. RI-B3LYP-D and RI-MP2 energy calculations on
DFT-D optimized geometries were performed with a
triple-� TZVPP basis set. Vibrational frequencies were
calculated at the RI-B3LYP-D/SVP level. The calculated
band intensities were convoluted assuming a Lorent-
zian profile with a 15 cm�1 width. The vibrational
frequencies were scaled by a factor 0.96 in the entire
spectral range. While it is often considered that differ-
ent scaling factors should be used below 2000 and
above 3000 cm�1, reasonable matching was found to
occur with a single scaling factor in the present case.
The value of 0.96 is a good compromise for B3LYP-D/
SVP frequencies in the amide A region as shown by
Bouteiller et al. [27]. Finally, the relative Gibbs free
energies at 298 K were determined at the B3LYP-D/
TZVPP//B3LYP-D/SVP and MP2/TZVPP//B3LYP-D/
SVP levels of theory. In the cases of the lowest salt
bridge and charge solvation structures, RI-MP2/SVP
geometry optimizations and vibrational frequency cal-
culations were additionally carried out. A scaling
factor of 0.943 was applied to MP2 frequencies. All
quantum chemical calculations were performed with
the TURBOMOLE 5.10 package [28].

Experimental

The ions were generated by electrospray ionization and
analyzed using two experimental setups, to record
IRMPD spectra in two different photon energy ranges.
The 1000–1800 cm�1 fingerprint region generally pro-
vides information on the identity of the functional
groups in the molecule and to some extent on their
environment, while the 2900–3600 cm�1 range is where
the O–H and N–H stretching motions are expected to be
IR-active with frequencies that are highly sensitive to
the existence and strength of hydrogen bonds. In the
first case, we used a quadrupole ion trap mass spec-
trometer (modified Bruker Esquire 3000�) [29, 30]
coupled to the Free Electron Laser (FEL) at the Centre
Laser Infrarouge d’Orsay (CLIO). In the second case, we
used an FT-ICR mass spectrometer (Bruker APEX IV)
equipped with a 7 T superconducting magnet, coupled
to an OPO/OPA laser also at CLIO [31, 32].
Operations of the FEL and OPO/OPA lasers, cou-

pled to either of the above mentioned mass spectrom-
eters, have been detailed elsewhere [29–32]. We pro-
vide below the specific parameters used to obtain the
results described herein.

Table 1. Relative energies (kcal/mol) of the lower-energy
G8-Na

� structures at B3LYP-D and MP2 levels. All results are at
B3LYP-D optimized geometries except for CS_1. �Eo stands for
relative electronic energies and �G for relative Gibbs free
energies

Name

�Eo �G

B3LYP-D MP2 B3LYP-D MP2

G8_compact 15.80 16.14 12.10 12.44
G8_1 12.76 11.96 12.06 11.25
G8_helix 11.35 8.33 10.64 7.61
G8_1N 3.77 4.22 6.85 7.30
G8_5 8.38 7.12 5.88 4.63
CS_10 6.56 9.73 10.12 13.29
CS_9 12.95 14.00 12.16 13.21
CS_8 13.46 14.85 10.41 11.79
CS_7 1.17 3.98 3.93 6.74
CS_6 5.03 6.02 5.47 6.46
CS_5 1.68 2.26 4.65 5.23
CS_4 �0.50 1.75 2.89 5.14
CS_3 3.46 4.19 4.14 4.86
CS_2 3.40 3.29 4.24 4.13
CS_1 0.82 1.32 (1.40)a 1.46 1.96 (0.49)a

SB_5 12.89 12.46 14.85 14.42
SB_4 7.55 8.46 8.34 9.26
SB_3 6.11 6.30 8.53 8.73
SB_2 5.09 4.48 7.39 6.78
SB_1 0.00 0.00 0.00 0.00

aUsing MP2 geometries and vibrational frequencies.
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IRMPD Experiments in the Fingerprint Region

The experimental set-up is based on a modified Bruker
Esquire 3000� ion trap mass spectrometer. To allow the
irradiation of the ions with the focused CLIO beam, a
0.7 mm hole was drilled in the ring electrode. The ions
generated by an electrospray ion source are transferred
to the trap by two octopoles. There, the ions are
stabilized by collisions with the He bath gas at a
pressure of 10�3 mbar. After a rapid thermalization, the
ions are confined in a very small volume in the center
of the trap. The laser beam was focused in the center of
the trap using a 500 mm focal length ZnSe focal lens.
The laser beam position was optimized to maximize the
fragmentation and allowed for a greater overlap with
the ion cloud, resulting in increased fragmentation
efficiency than in the ICR cell.
The IR FEL CLIO light is delivered in 8 �s long

macropulses fired at a repetition rate of 25 Hz. Each
macropulse contains 500 micropulses, each a few pico-
seconds long. The mean IR power was about 500 mW
corresponding to micropulse and macropulse energies
of 40 �J and 20 mJ, respectively. For the experiments
described herein, we have used an electron energy of 45
MeV, which allows access to wavelengths in the 1000–
1900 cm�1 range. In a specific experiment, the 1900–
2400 cm�1 was searched with a laser power of ca. 600
mW. No absorption band could be detected.
Following a 0.5 s relaxation time, the ions are mass

selected and fragmented by macropulses of IR light. Ion
fragmentation is observable with only 3 macropulses,
but in the experiments presented herein the spectra
have been recorded with 10 macropulses. The condi-
tions were tuned for maximum fragmentation efficiency
while avoiding saturation.

IRMPD Experiments in the 3000–3600 cm�1 Region

The ions are irradiated with the beam generated by a
OPO/OPA laser (LaserVision, Bellevue, WA, USA)
pumped by a 25 Hz Nd:Yag Splitlight 600 (Innolas
Laser GmbH, Krailling, Germany). The laser beam
enters the FT-ICR cell along the magnet axis and
interacts with the ions trapped into 10�10 mbar vacuum.
A spherical mirror with 2 m focal distance, placed
between the laser and the cell, generates an almost
constant diameter of the laser beam in the cell region.
Once trapped into the ICR cell, the ions were irradiated
for 20 s before signal detection. Each point in the spectra
was measured only once, without any signal averaging.
For maximum fragmentation efficiency, the IRMPD
spectra were split in sections no larger than 300–400
cm�1, and the laser power was optimized before each
measurement for the range we intended to scan.
IRMPD fragmentation spectra are plotted using the

fragmentation yield R defined as: R � �ln[�IFragment/
(IParent � �IFragment)]. The FEL fingerprint spectrum was
obtained by including the signal intensities for 24

fragment ions, while the OPO/OPA spectrum was
based on six fragment ion intensities.
The spectra in both photon energy ranges were

smoothed using a weighted polynomial regression
smoothing algorithm.

Sample Preparation

Gaseous ions were obtained by electrospray of diluted
sample solutions. First, 15 mL peptide stock solutions
were prepared using 6 mL 10% formic acid and 9 mL
H2O/MeOH 50:50 to dissolve the 10 mg of solid peptide;
10–50 �L of stock solution (10�3 M) were mixed 1:1 with
NaCl solution (10�3 M) and diluted to 1.0 mL with
H2O/MeOH 50:50 with 1% formic acid. This protocol
produced samples with concentrations of peptide in the
�M range, leading to the formation of the sodiated pep-
tide ion as the dominant species in the gas-phase.

Results and Discussion

The IRMPD spectra of G8-Na
� in the two spectral

ranges investigated are shown in Figure 2 and Figure 4,
together with those computed for some of the lowest
energy structures shown in Figure 3. Band assignment
can be made straightforwardly in some cases, for in-
stance the amide I and amide II massifs in the 1650–
1750 and 1480–560 cm�1 ranges, respectively. The ab-
sence of a free carboxylic acid O–H stretching band near
3550 cm�1 [33, 34] is equally noteworthy. Yet other
band assignments and the relation of these experimen-
tal patterns to one or several molecular structures
require modeling results.
Previous molecular dynamics searches [16] were car-

ried out only from a CS structure, which was intentionally
chosen not to be among the most stable (G8_compact, see
Table 1). While the trajectories obtained at different tem-
peratures showed the potential for sampling other areas of
the potential energy surface and did locate new low-
energy structures, the AMOEBA force field cannot de-
scribe the breaking or formation of covalent bonds and,
therefore, SB structures could not be sampled. The REMD
simulations carried out in the present work were started
from both CS and SB structures, using appropriate param-
eters for the different functional groups. The efficiency of
the REMD computational strategy is illustrated in Figure
5, where we show the energy of the replica at 274 K in the
first REMD iteration of SB structures, after local minimi-
zation with the AMOEBA force field as a function of
simulation time. For comparison, the minimized energy
obtained from a regular MD trajectory at the same tem-
perature and initialized from the same configuration is
also displayed. Clearly, the set of isomers sampled by
regular molecular dynamics (without exchanges) is rather
limited, indicating that this MD trajectory was stuck in
metastable regions of the landscape.
The REMD sampling stage provided large databases

of candidate structures, from which about 40, all lying
in a 5 kcal/mol window, were chosen for further
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re-optimization by quantum chemistry methods. Struc-
tural refinement generated a significant number of
duplicates, including mirror image pairs, which were
eliminated. Structures were considered to be duplicates
when the root mean square difference of their cartesian
structures was smaller than 0.1 Å. In the course of
DFT-D re-optimization, some of the SB structures gen-
erated with AMOEBA collapsed to CS geometries. Since
such rearrangements involve proton transfer, the result-
ing structures all have the C-terminus O–H in strong
hydrogen bonding interaction. The final energetics con-
firmed the adequacy of the AMOEBA force field to
describe G8-Na

� as the energy orders were nearly
identical. It is noteworthy that most of these low-energy
structures escaped initial searches based on chemical
intuition.
The description below uses the sequence numbering

from the N- to the C-terminus with superscripts, i.e.,
NH2 and CO2 stand for the peptidic N–H and C�O
bonds of the second residue. Special cases are for
residue 1 where the N–H bonds are in a NH2 rather
than an amide group and for residue 8 for which CO8 is
an acidic rather than an amide C�O. Residue 8 also
bears the single O–H bond of G8-Na

�.
The final energetic results are given in Table 1 at the

B3LYP-D//B3LYP-D and MP2//B3LYP-D levels, ex-
cept for SB_1 and CS_1 for which MP2//MP2 results

are also available. The first five structures in Table 1
have been described previously [16]. Their names have
been kept the same for clarity. Other structures (CS_1-
CS_10 and SB_1-SB_5) are new and are denoted by their
CS or SB type plus their number in MP2//B3LYP-D
free-energy order within the CS and SB families. Inspec-
tion of Table 1 indicates that B3LYP-D//B3LYP-D and
MP2//B3LYP-D relative energies are in very good agree-
ment. Most values are within 1 kcal/mol of one another
and the largest discrepancies are ca. 3 kcal/mol. The same
holds true for free energies since thermal and entropy
contributions are based on B3LYP-D geometries and fre-
quencies in both cases. The stability order is only slightly
different when comparing B3LYP-D//B3LYP-D and
MP2//B3LYP-D results, as well as when comparing
relative energies and free energies at a given compu-
tational level, so that differences will not be com-
mented further. The discussion below will be based
on MP2//B3LYP-D free energies unless otherwise
indicated.

Elimination of Structural Families on the Basis of
Their Computed Spectra

The structures that were subjected to full quantum
chemical study are widely different according to the

Figure 2. IRMPD spectra of G8-Na
� and computed IR absorption spectra for the G8_helix, G8_1N,

and G8_5 structures at the B3LYP-D/SVP level using a scaling factor of 0.96.
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number of carbonyl oxygens attached to sodium (with
Na–O distances of 2.7 Å or less), which varies from 3 to
6, and to the number and strength of hydrogen bonds.
Some of them may be easily shown not to be good
candidates for the experimentally observed G8-Na

�

ions, based on the comparison of the computed and
experimental spectra. In this section we describe some
of these cases, illustrating how the final set of structures
was selected.
The most stable �-helical structure G8_helix is shown

in Figure 3. The sodium is bound at the C-terminus and
interacts with CO5, CO6, and CO8. It has the C-terminus
OH free of any interaction, leading to O–H stretch and
COH bend peaks at 3583 and 1167 cm�1, respectively,
which are both absent from the IRMPD spectrum (see
Figure 2). The free O–H stretch has been previously
identified for smaller protonated or cationized amino
acids and peptides [33–36]. The COH bend has been
used as a diagnostic tool as well [15, 37–42]. Among
peptidic N–Hs, NH5 interacts weakly with CO1 with an
amide A (N–H stretching) frequency at 3433 cm�1, lying
just in between the experimental bands. Furthermore,
the N–H—O�C hydrogen bonding pattern typical of a
helix leads to a group of amide A frequencies that are
stronger than that of NH5, in agreement with those of
the helical peptides Ac-FAnK-H

� (n � 5, 10) in the
3300–3500 cm�1 region [36], and thus are red-shifted in
the present case compared with the IRMPD feature at
3340–3440 cm�1 by ca. 70 cm�1. Clearly, the �-helical
structure may be excluded for G8-Na

�. This is in
agreement with its computed free-energy of 7.6 kcal/
mol relative to that of the most stable structure (see
Table 1).

Structure G8_1N is another case that can be easily
eliminated. Although very different from the �-helix, it
also has a free OH, which is incompatible with the
IRMPD spectrum. Some of the amide A bands are even
more red-shifted than for the �-helix, leading to more
inconsistency with IRMPD. Its relative free-energy of
G8_1N of 7.3 kcal/mol is also unfavorable, leading us to
discard it.
A third example is structure G8_5, in which there are

five peptidic N–Hs with no hydrogen bonds, with
amide A frequencies between 3466 and 3487 cm�1, in
good agreement with the IRMPD band at 3460–3490
cm�1. There are also two bands, the N–H5 stretch
(involved in a C11 motif with CO

7) and the symmetric
NH2 stretch (involved in a C5 motif with NH

2) at 3412
and 3378 cm�1, respectively, which are in good agree-
ment with the IRMPD massif between 3350 and 3440
cm�1. This would lead to the narrow experimental
feature being the convolution of five bands, while the
broader feature would encompass only two, which may
not be realistic. The carboxylic O–H is hydrogen-bound
to the CO2, accounting for the lack of IRMPD bands
near 1160 and 3550 cm�1 discussed above. However,
this hydrogen bond is strong enough that the O–H
stretch is computed to be red-shifted to 2989 cm�1, a
band that is clearly absent from the IRMPD spectrum.
In addition, the amide I massif is computed to be too
wide with two bands near 1750 cm�1, which are clearly
at odds with the experimental result.
The previous discussion shows that although the

resolution of the IRMPD spectrum recorded at room
temperature is low, band positions carry enough infor-
mation to make a severe selection among low-energy

Figure 3. G8-Na
� optimized structures (see text for labeling). Relative MP2//B3LYP energies in

kcal/mol are reported as electronic energies/Gibbs free energies.
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structures. In the following section, we compare the
experimental IRMPD spectrum with spectra computed
for the two most stable structures. Both satisfy the
criteria established above: lack of free O–H and ade-
quate distribution of hydrogen bonds for peptidic
N–Hs. The IR spectra of some of the other structures
computed at the B3LYP-D level are fairly similar. Ow-
ing to the rather high computational level of the present
investigation, the lowest-energy structures obtained in
this work should be the most abundantly populated, if
not exclusively formed in the experiment, although
experimental trapping of gaseous ions into local min-
ima cannot be ruled out completely. The two most
stable structures happen to be one CS and one SB
isomer, which are separated from the others by a
significant energy gap (especially for the SB series, see
Table 1).

Comparison of IRMPD and DFT Computed
Spectra for the Two Lowest Energy Structures

The most stable SB and CS structures are shown in
Figure 3, and their computed spectra are shown in
Figure 4. We focus on B3LYP-D spectra in this section.
The two structures are very similar to each other, with
the same set of carbonyl oxygens bound to sodium
and the same network of hydrogen bonds except, of
course, for the two termini. The peptidic bonds NH3,
NH6, NH7, and NH8 are free, leading in both cases to
four bands in the 3468–3478 cm�1 range, in good
agreement with the IRMPD feature at 3460–3490 cm�1.
The other bands in this region correspond to H-bound
peptidic N–Hs and to amine and ammonium bands in
CS_1 and SB_1, respectively. Some of them fit reason-
ably well with the IRMPD broad band at 3340–3440

Figure 4. IRMPD spectra of G8-Na
� and computed IR absorption spectra for the CS_1 and SB_1

low-energy structures at the B3LYP-D/SVP level using a scaling factor of 0.96, and at MP2/SVP level
using a scaling factor of 0.943.
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cm�1 (three in each case), while others appear at signif-
icantly lower frequencies. In the SB_1 isomer, the am-
monium group has one free N–H bond (with a com-
puted frequency of 3364 cm�1), one bound to CO4

(N–H—O�C of 1.79 Å, N–H stretching frequency of
2980 cm�1), and the third bound to an oxygen of the
carboxylate at the C terminus with a very small N–H—
O�C distance of 1.44 Å. The latter N–H bond is
significantly elongated at 1.13 Å. This unusually strong
hydrogen bond, together with the electrostatic attrac-
tion between the ammonium and the carboxylate,
leads to a massive red-shift of the N–H stretch fre-
quency to 1890 cm�1. In the CS_1 isomer, one N–H of
the N-terminus NH2 is free while the other is bound to
CO4 although with a distance of 2.0 Å that is larger than
in SB_1 as expected for a non-ionic hydrogen bond. The
asymmetric and symmetric NH2 stretch frequencies are
computed at 3393 and 3221 cm�1, respectively. The C-
terminus O–-H bond interacts strongly with the amine
nitrogen (O–H of 1. 09 Å, O–H–N hydrogen bond of
1.47 Å), leading here again to a massive red-shift of the
O–H stretch frequency to 1809 cm�1. The proximity of
this frequency with that of the carboxylic C�O and
their close interaction lead to a strong out-of-phase
mixing in the 1809 cm�1 band, and to the appearance of
a band corresponding to their in-phase mixing at 1578
cm�1. This band emerges between the amide I and II
massifs, a feature that is absent from the IRMPD spec-
trum. In the same region, the SB_1 isomer displays three
HNH bending modes of the ammonium group at 1569,
1577, and 1624 cm�1. Clearly, both cases have many
features in good agreement with the IRMPD spectrum,
yet significant discrepancies between theory and exper-
iment also exist in both spectral ranges, such that
attribution of the spectrum to either structure is not
possible.

Comparison of IRMPD and MP2 Computed
Spectra for the Two Lowest Energy Structures

The previous discrepancies may also occur because the
nonbonded interactions, which are present in the folded
structures described above, are not well described by
the B3LYP functional complemented by the empirical
correction used because the ionic hydrogen bonds are
particularly strong in the present case. To improve the
computational level, we repeated the geometry optimi-
zations and frequency calculations of SB_1 and CS_1 at
the RI-MP2/SVP level. Both minima could be located at
this level as well, with some structural differences. In
SB_1, the MP2 N–H/NH–O distances are 1.12/1.45 Å
versus 1.13/1.44 Å with B3LYP-D. In CS_1, the MP2
O–H/OH–N distances are 1.07/1.51 Å, while they are
1.09/1.47 Å with B3LYP-D. Although small, these dif-
ferences are not negligible. In all cases, the MP2 cova-
lent bond lengths are less elongated, and the hydrogen
bonding distances are larger than at the B3LYP-D level.
Since N–H and O–H stretching frequencies are strongly
sensitive to hydrogen bonding, it is not surprising that
such changes lead to important differences in the com-
puted spectra, inducing a series of blue shifts in band
positions for the corresponding stretching modes. The
MP2//MP2 free-energy difference between the two
structures is negligible at 0.49 kcal/mol. The computed
IR spectra of CS_1 and SB_1 at the B3LYP-D and MP2
levels are shown in Figure 4. The IR spectrum of SB_1 in
the fingerprint region is not much different at the MP2
and B3LYP-D levels, except that the ammonium N–H
band is shifted from 1890 to 1947 cm�1. Because of
limitations on the electron energy range, IRMPD exper-
iments are not usually carried out in the high-energy
end of the fingerprint region. We did scan the 1900–
2400 cm�1 range in a pass where the laser power was

Figure 5. Potential energy obtained after local re-optimization during the first iteration of REMD (in
red) and regular MD (in black) simulations of the SB isomer at 274 K, as a function of time. The two
simulations were initialized from the same configuration.
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nearly constant at 0.6 W. No band was detected in this
region. However, such extremely strong hydrogen
bonding is expected to be associated to large anharmo-
nicity such that harmonic computations are not ex-
pected to be particularly reliable, as discussed recently
for deprotonated glutamic and aspartic acids [37].
While the amide I and amide II broad bands are well

positioned in both cases, blue shifts of the HNH bend-
ing modes of the ammonium at 1585, 1591, and 1646
cm�1 still lead to bands in between the amide bands
that are not observed experimentally. In the high-
frequency region, the three amide A frequencies of
H-bound N–Hs are slightly blue-shifted such that they
agree very well with the IRMPD band at 3340–3440
cm�1. However the ammonium N–H stretches, al-
though significantly blue-shifted, still show exceedingly
low frequencies with respect to experiment. Analo-
gously large red shifts have been previously de-
scribed for N–H stretches of ammonium groups that
are hydrogen-bonded to carbonyl oxygens, with bands
in the 3000–3200 cm�1 area [33, 35]. Careful re-scanning
after laser power optimization in this region confirmed
the absence of any experimental band.
Blue shifts are also observed in the MP2 versus the

B3LYP-D spectrum of CS_1. The O–H stretch frequency
is displaced from 1809 to 1950 cm�1, without significant
coupling with the carboxylic C�O stretch and disap-
pearance of the band at 1578 cm�1. Again, there is no
equivalent band in the experimental spectrum. The
carboxylic C�O stretch at 1656 cm�1 is within the
amide I massif, while the NH2 bend at 1558 cm

�1 is
within the amide II. Thus, experiments and computa-
tions match very well in the fingerprint region. Amide
A bands of the two strongly H-bound N–Hs are blue-
shifted by ca. 50 cm�1, such that they fit well with the
experimental band at 3340–3440 cm�1. The symmetric
NH2 stretch, although shifted by 50 cm

�1 as well, is the
only band not seen experimentally. Its weak intensity is
probably responsible for this lack of observation. Over-
all, the MP2 spectrum of CS_1 is in very good agree-
ment with the IRMPD spectrum. One may then con-
clude that this structure is the most likely candidate for
the room-temperature structure of G8-Na

�.

Discussion

To characterize these very strong interactions in more
detail, the transition-state for interconversion of CS_1
and SB_1, i.e., proton transfer between the N- and
C-termini was determined at the B3LYP-D/SVP level. It
was found to be very similar to the SB_1 and CS_1
minima it connects, with N–H and O–H distances of
1.310 and 1.201 Å, respectively. The activation barrier is
computed to be 0.3 and �0.06 kcal/mol at the B3LYP-
D//B3LYP-D and MP2//B3LYP-D levels, respectively,
relative to the CS_1 minimum. Thus, one would expect
that easy proton transfer takes place and that the overall
structure may not be described properly as either SB_1
or CS_1. Our results indicate, however, that the com-

puted spectrum of CS_1 fits well with the experimental
spectrum.
The salt bridge versus charge solvation structures of

cationized amino acids have been a matter of intense
research using IRMPD spectroscopy in the last few
years [38]. This has been extended to cationized pep-
tides recently [38, 39, 41–43]. Most cases of cationized
peptides for which a SB structure was established
contain arginine, a highly basic residue that favors
proton transfer [38, 39, 41]. Only when a divalent ion
was attached to the AA dipeptide was a SB structure
found to be favored, while the alkali cationized di- and
tripeptides favored a CS isomer [15, 42, 43]. Apparently,
the present results are the first to point to a high
stability for a salt bridge in a cationized peptide without
any basic residue and limited electrostatic perturbation
induced by an alkali cation.
Our results indicate that there may be no general

way to distinguish between CS and SB isomers in
peptides with more than a few residues on the basis of
their IRMPD spectra, especially in the fingerprint re-
gion. While carboxylic O–H bonds that are free of
hydrogen bonding are simple to detect (O–H stretching
and COH bending frequencies near 3550 and 1160
cm�1, respectively, plus carboxylic C�O stretching fre-
quency near or above 1750 cm�1), it is unlikely that a
carboxylic acid remains free of interaction in peptides of
growing size. Any carboxylic acid involved in strong
hydrogen bonding with, e.g., an amine, may be rather
difficult to distinguish from its isomeric carboxylate in
strong hydrogen bonding with, e.g., an ammonium,
especially when the growing size of the peptide makes
the amide I and II massifs grow broader. This is
illustrated by the very similar amide I and II massifs
computed for the CS_1 and SB_1 isomers of G8-Na

�

(see Figure 4). Some of the ammonium bending bands
appear near 1400 cm�1 when free but are blue-shifted
by hydrogen bonding [42] and may then be hidden, at
least partially, by the amide II massif. Our results point
to the possibility that ammonium N–H stretches appear
below ca. 3300 cm�1 as a result of strong, ionic hydro-
gen bonding. Such bands would then be typical of salt
bridges, assuming that CS isomers cannot give rise to
analogous shifts. Firm conclusions along these lines
await more comprehensive experimental results on
ionic peptides. In any event, the present results indicate
that although G8-Na

� appears to have a CS structure,
salt bridges may be highly stable even for peptides of
growing size in which the metal charge can be effi-
ciently solvated by carbonyl oxygens, even without
basic residues. Dynamical studies would be particularly
welcome on such systems with a shared proton [44],
however, current limitations of density functionals (see
below) make such calculations of limited use at least in
the present case.
Although B3LYP-D provides energetics in very good

agreement with MP2, it appears to yield structures that
are slightly too compact, generating significant errors
on IR band positions whenever there are strong hydro-
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gen bonds. In such cases, red shifts of ca. 50 cm�1 with
respect to MP2 values have been obtained for G8-Na

�.
This trend indicates that some of the results reported
may not be free of similar errors. More work is needed
to establish a reliable quantum chemical level of calcu-
lation that is able to yield reliable IR spectra for still
larger biomolecules. Since vibrational frequency calcu-
lations cannot be carried out at the MP2 level for
peptides much larger than G8, the most promising track
remains DFT now. However, the adequate density
functional for treating charged molecules with very
strong hydrogen bonds remains to be identified. Work
is also underway on oligoglycines of different sizes to
establish if the structures probed experimentally are of
the charge solvation or salt bridge type and to under-
stand their dynamical behavior in more detail.

Conclusions

IRMPD spectra have been obtained for G8-Na
� at room

temperature in the 1000–1900 and 3000–3700 cm�1

regions. The results indicate that the C-terminus OH
group is either hydrogen bound or absent. The 3000–
3700 cm�1 spectrum is indicative of a network of N–H
bonds, most of which are either free or not very strongly
hydrogen-bound. To gain more structural insight, ex-
tensive molecular modeling was carried out. A power-
ful approach coupling the polarizable force field
AMOEBA and replica exchange molecular dynamics
was used to explore the conformation landscape of
G8-Na

� efficiently. Both charge solvation and salt
bridge structures were identified and refined at the
B3LYP-D and MP2 quantum chemical levels. It turned
out that the two structures with the most favorable free
energies at 298 K are a CS/SB pair related by a simple
proton transfer between the N- and C-termini with a
high degree of peptidic C�O coordination to the so-
dium. The activation barrier for interconversion of these
structures was computed to be quite small. It was only
at the MP2 level that good agreement between experi-
ments and computations could be obtained, yielding a
charge solvation structure as the most likely candidate
for the gas-phase structure of G8-Na

� at 298 K.
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