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Decades of gas-phase spectroscopy of small biomolecules
have enabled some of the intrinsic physical and chemical
properties of the building blocks of life to be unraveled.[1]

Bridging the gap towards an understanding of the biological
function of these biomolecules has become an essential issue.
For the processes that take place in the active sites of
functional proteins at the molecular level to be understood,
two critical aspects must be taken into account: 1) interac-
tions with the biological environment (protons, electrons,
metal ions, water molecules) and 2) the specific organization
of a few significant amino acid residues nested in the well-
defined local environment shaped by the entire protein. In
this context, it is important to pursue a bottom-up approach,
whereby elements of the environment can be introduced step-
by-step in a controlled fashion until the biological function
emerges.

A crucial discrepancy between the gas-phase structure of
isolated amino acids and peptides and their biologically
relevant counterparts is the transition from the canonical to
the zwitterionic form. Whereas neutral, isolated amino acids[2]

and peptides[3] have always been found in their canonical
form, studies on ionic complexes have shown that zwitterionic
forms may be stabilized by the addition of a proton,[4] an
electron,[5] a metal cation,[6] or a metal dication[7] or by

microsolvation.[8] In the case of overall-neutral complexes, the
canonical-to-zwitterionic transition was observed upon the
stepwise addition of solvent molecules.[9]

We report herein the first observation of an “autozwitte-
rion” formed by intramolecular proton transfer between
nearby residues in a neutral, isolated peptide. We specifically
designed the pentapeptide Ac-Glu-Ala-Phe-Ala-Arg-NHMe
(EAFAR; Scheme 1) with an appropriate structure for

potential internal proton transfer between residues in a
well-defined local environment. The residues intended for
participation in proton transfer are the most acidic residue,
glutamic acid (Glu), and the most basic residue, arginine
(Arg), which were placed at the N and C termini of the
peptide, respectively. To avoid interactions of the peptide
extremities with the Glu and Arg side chains, and to make the
vibrational signature of the Glu side chain unambiguous, we
protected the N and C termini with CH3CO (Ac) and NHCH3

(NHMe) groups, respectively. In the gas phase, the Glu and
Arg amino acids are in the canonical form;[2b, 10] however, they
are charged (deprotonated and protonated, respectively) in
the biological environment as a result of proton exchange
with the environment. The central part of the peptide consists
of the Ala-Phe-Ala sequence, which was shown to adopt a 310-
helical structure:[11] an ideal local architecture to bring the
basic and acidic side chains into close proximity. The phenyl-
alanine residue also served as the UV chromophore for IR–
UV ion-dip spectroscopy (IR IDS) in this study.[12]

The use of IR IDS in combination with quantum-chemical
calculations is a well-established technique for examining the
secondary structure of peptides.[13] Besides the amide I

Scheme 1. a) Canonical structure of the capped EAFAR peptide.
b) Zwitterionic structure that would result from proton transfer from
the acidic side chain of glutamic acid to the basic side chain of
arginine. The IR probes used in this study (the peptide C=O groups
and side-chain carboxylic acid C=O group) are highlighted in gray.
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(mainly C=O stretching) and amide II (mainly CNH bending)
vibrations, we used an additional IR probe to address the
question of the charge state of the Glu side chain: the
presence of a free acid C=O stretching vibration in the 1740–
1800 cm�1 region offers an unambiguous signature of a
carboxylic acid versus a carboxylate group. Note that the IR
signature of the amide C=O stretching vibration, with vibra-
tional frequencies ranging from 1640 to 1720 cm�1, is distinct
from that of a carboxylic acid C=O stretching vibration.

The peptides were brought into the gas phase by laser
desorption and cooled by seeding into a supersonic expansion
of argon. First, we recorded the excitation spectra by
resonance-enhanced two-photon ionization (R2PI) to locate
the positions of the UV resonances. As observed for various
large molecules,[14] the UV spectrum of EAFAR is unre-
solved. Subsequently, ground-state IR spectra of mass-
selected molecules were recorded by IR–UV ion-dip spec-
troscopy. The IR spectra were obtained in the mid-infrared
region (1850–1000 cm�1) by using the free electron laser
FELIX.[15]

The main band centered around 1680 cm�1 and shaded
pink in the IR spectrum of EAFAR (Figure 1a) is assigned to
the amide I mode and is mainly due to unresolved combina-
tions of the six local amide I bands (the presence of additional
arginine-side-chain modes in this region, as observed in the
calculated spectra, is discussed in more detail below). The

broad feature around 1525 cm�1 corresponds to the amide II
mode. The clear absence of the carboxylic acid C=O stretch-
ing vibration from the 1740–1800 cm�1 region shaded blue in
Figure 1 indicates that the glutamic acid side chain is
deprotonated in the local peptide environment and thus
reveals the presence of a zwitterionic structure.

Further experimental evidence for this conclusion is
provided by IR spectra of the two glutamic acid derivatives
Z-Glu-OH and Z-Glu-NH2. Both molecules contain a carbo-
benzyloxy group (Z) to facilitate the use of IR IDS (Figur-
e 1b,c).[16] The IR spectrum of the major conformer of Z-Glu-
OH (Figure 1b) exhibits two partially resolved bands at 1761
and 1775 cm�1, which correspond to the side-chain and C-
terminal carboxylic acid C=O stretching vibrations. The band
at 1729 cm�1 was assigned to the amide C=O stretching mode.
In the case of Z-Glu-NH2 (Figure 1c), the carboxylic acid
group of the side chain is unique, and was unambiguously
identified at 1747 cm�1. The intense band at 1713 cm�1

corresponds to the two overlapping amide I bands. The
observation of carboxylic acid C=O stretching bands above
1740 cm�1 in these two spectra enabled us to determine a
benchmark signature of the glutamic acid side chain in its
canonical form. The clear absence of a peak in this region of
the EAFAR spectrum (Figure 1a) confirms the formation of
a zwitterionic structure through deprotonation of the Glu
residue in the specific local environment of the peptide.

We further examined the secon-
dary structure of the peptide with the
help of high-level quantum-chemical
calculations. As an exhaustive explo-
ration of the potential-energy surface
of a molecule of the size and complex-
ity of EAFAR is highly challenging,
we devised the following modeling
strategy. First, the peptide was sim-
plified from Ac-Glu-Ala-Phe-Ala-
Arg-NHMe to Ac-Glu-Gly-Gly-Gly-
Arg-NHMe (EGGGR). For the con-
formational search, a series of typical
starting structures was constructed: a-
helical, 310-helical, distorted-b-strand,
and strongly folded structures. In each
case, both the canonical and the salt-
bridge isomers were examined. A
total of 17 structures were initially
optimized at the HF/6-31G(d) level
and reoptimized at the B3LYP/6-31 +

G(d) level. The energetics were veri-
fied at the MP2/6-311 + G(2d,2p)
level, without significant modifica-
tions to the lowest-energy structures.
Finally, five EAFAR structures were
rebuilt from the five most stable
EGGGR structures and reoptimized
at the B3LYP/6-31 + G(d) level. Their
vibrational frequencies were com-
puted at the same level.

The five most stable structures of
EAFAR (up to 77 kJmol�1) are pre-

Figure 1. IR spectra of a) capped EAFAR, b) Z-Glu-OH, and c) Z-Glu-NH2. The region for the
peptide C=O stretching vibration is shaded pink, and the region for the carboxylic acid C=O
stretching vibration is shaded blue. The energy of the UV photon is given in brackets.
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sented in Figure 2. Interestingly, all a-helical starting struc-
tures collapsed to 310 helices during optimization, which is
consistent with the findings of Mons and co-workers.[11] The
three most stable structures are zwitterionic (ZW-1, ZW-2,
and ZW-3 in Figure 2), whereas the two high-energy con-

formers, which lie at or above 50 kJ mol�1, have a neutral,
canonical structure (N-4 and N-5 in Figure 2). The lowest-
energy structure is a 310 helix with two H bonds (CO···HN)
that stabilize a salt-bridge structure between the carboxylate
and guanidinium groups. The structure of second-lowest
energy is another 310 helix stabilized by a single H bond
(CO···HN). A compact structure consisting of three consec-
utive turns (g, g, b) with two H bonds is found at higher
energy. Structure N-4 is the lowest-energy canonical form. It
has a 310 conformation and exhibits an H-bond (COH···N)
motif between the carboxylic acid OH group and the
guanidino functionality of the canonical Glu and Arg side
chains. Thus, this structure is the canonical counterpart of
structure ZW-2. The last conformer, N-5, has a canonical
compact structure. It contains an H bond of the type CO···HN
between the carbonyl oxygen atom of the Glu side chain and
the Arg side chain (see the Supporting Information for
further discussion of this particular binding motif).

The computed spectra of the five EAFAR structures
described above are shown in Figure 3 in comparison with the

experimental spectrum (top). The spectrum of the lowest-
energy structure ZW-1 is overall in very good agreement with
the experimental spectrum. The following features of the
spectra deserve particular attention: 1) The free carboxylic
acid C=O stretching band, observed at 1760 cm�1 in the
spectrum of N-4, is absent from the experimental spectrum as
well as from all calculated spectra of zwitterionic species.
2) The amide I feature in the 1640–1700 cm�1 region arises
from unresolved combinations of the six local amide I bands.
For the zwitterions, additional modes involving vibrations of
the protonated arginine side chain are observed in the same
region (1680–1730 cm�1). These modes result in a broadening
of the amide I peak of ZW-1, which is consistent with the
experimental observations. 3) All calculated structures
exhibit a series of delocalized backbone vibrations between
1420 and 1480 cm�1, which account for the distinct feature
observed at 1450 cm�1 in the experimental spectrum. 4) The
specific vibrational modes of carboxylate ions are known to

Figure 2. Low-energy conformations of EAFAR. Relative MP2 energies
are given in brackets. H bonds involving Arg and Glu side chains are
indicated with dotted lines.

Figure 3. Comparison of the IR spectrum of the capped EAFAR peptide
with the calculated IR spectra (scaling factor: 0.97) of the low-energy
conformers.
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be very sensitive to the environment[17] and thus constitute a
promising probe of the molecular arrangement of the
zwitterions. In the present case, for ZW-1, ZW-2 and ZW-3,
the COO� asymmetric modes range from 1560 to 1660 cm�1

and correspond to a mildly active region of the experimental
spectrum. However, as the canonical forms exhibit pure
arginine-side-chain modes in the same region, carboxylate
asymmetric stretch modes can not be used for direct structural
probing. 5) In contrast, the symmetric carboxylate mode
appears to offer a diagnostic probe of the H-bond motif
between the Glu and Arg side chains. Indeed, in the case of a
single H bond (in ZW-2), a significant band appears around
1300 cm�1; this band is blue-shifted to 1390 cm�1 when two
H bonds are formed between the two side chains (in ZW-1
and ZW-3). The presence of this band at 1390 cm�1 in the
experimental spectrum confirms the existence of the low-
energy 310-helix structure stabilized by two H bonds.

In conclusion, we have demonstrated that “autozwitter-
ionization” can occur in the local environment of a neutral,
isolated peptide without additional interactions with the
external biological environment. The transition from the
canonical form of individual amino acids to the observed
zwitterionic peptide is initiated by internal proton transfer
between glutamic acid and arginine residues. The symmetric
carboxylate stretching vibration can serve as a complemen-
tary probe that overcomes the intrinsic limitations that arise
from the congestion of the amide bands in the spectra of large
peptides. This diagnostic probe may facilitate the exploration
of zwitterionic structures in neutral, isolated peptides.
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