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Vibrational spectroscopy of deprotonated peptides containing an acidic side chain.
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Abstract

The vibrational properties of four deprotonated dipeptides and three tripeptides containing an acidic
residue, either Asp or Glu, have been studied using InfraRed Multiple Photon Dissociation (IRMPD)
action spectroscopy in a mass spectrometer. It is found that these spectra fall into two broad categories,
including clearly different spectra for sequence-reversed pairs of dipeptides. The observed bands were
assigned using Density Functional Theory (DFT) calculations. Aside from the bands pertaining to the C=0
stretching modes which all lie in the expected 1550-1750 cm™ range, photon absorption is strongly
influenced by the hydrogen bonding patterns, which differ according to whether the acidic residue is
located at the C-terminus or not. This leads to two distinct frequency ranges of absorption in between
1250 and 1550 cm™. In addition, unexpectedly wide absorption around 1600 cm™ may be attributed to
non-classical proton sharing between the two carboxylates when Asp is at the C-terminus.

Footnote: dedicated to Helmut Schwarz in recognition of his immense contribution to chemical science
in general and to mass spectrometry in particular.
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. Introduction

Isolated peptides in the gas phase have been much studied, especially with regard to the potential of
mass spectrometry to generate both precise identification and extensive sequence data for peptides
and proteins. Yet the majority of studies have been carried out on protonated (or multi-protonated)
species. When multiple acidic sites are present, working in negative ion mode can however be especially
efficient. It has been shown that deprotonated peptides can also be used to obtain useful sequence
data, which are often complementary to those gleaned from positive ions [1-4]. A prominent feature of
these results is that acidic residues, i. e. Asp and Glu, generate specific fragmentation schemes which
can be integrated in sequencing strategies.

The above studies have all used collisional activation to generate fragments, including MS® experiments.
Photodissociation has also proven useful, using either UV photons - UVPD [5] or IR photons — IRPD at
low temperature or IRMPD at room temperature [6, 7a]. While UVPD has been used to provide
sequence information (with rich radical chemistry induced by photon absorption), IRPD and IRMPD can
provide valuable information about the 3D structures after confrontation to computed spectra. Initial
studies by Oomens and Steill [8] have established reference vibrational frequencies for gaseous acetate,
propionate and other carboxylates, and related them to their analogues in the liquid phase. Noticeably,
low-temperature IRPD spectra have recently been obtained for these species, yielding slightly larger
frequencies for both the symmetric and antisymmetric carboxylate stretching motions [9]. In further
studies, IRMPD spectra have been obtained for a number of deprotonated amino acids [10], and for
deprotonated trialanine and its a; fragment ion [6]. Following this successful attempt, IRMPD
spectroscopy has been extensively used to characterize the structure of a-, b- and c-type fragments of
deprotonated peptides [11]. The structuration of model peptides around a C-terminus carboxylate has
also been studied in an IRPD study of deprotonated glycine oligomers, up to the tetramer [7a], as well as
their Cu(ll) complexes [7b].

The IRMPD spectra reported for amino acids [10] have shown that deprotonated Asp and Glu, [Asp-H]
and [Glu-HT, display absorption features that are completely different from those of all others. This has
been interpreted as arising from non-classical proton sharing between two carboxylates. This can be
either due to the proton being trapped between the two basic sites (instead of one covalent and one
hydrogen bond) or to fast proton flipping between the two sites. Static quantum chemistry calculations
of IR spectra such as those commonly carried out to interpret IR spectra, cannot provide clues to such
behavior. We have shown that these spectra can be reproduced computationally when proton dynamics
is properly taken into account [12]. Analogous perturbation was not observed for deprotonated Cys,
[10] although previous work based on other experimental techniques [13-15] did suggest that a proton
could be shared between the thiolate and the carboxylate. [Cys-H] has been further characterized by
low temperature IRPD [16], showing that non-classical proton sharing is likely to occur at least in
cryogenic conditions. A similar trend was noted [17] for [CysSO,-H]” with a shared-proton, as opposed to
[CysSO-H]" and [CysSO;-H]" for which it is localized either on the oxidized side chain or on the
carboxylate. This non-classical behavior prompted us to undertake IRMPD measurements on
deprotonated Asp [12] and Glu, and on a series of deprotonated carboxylic diacids [18]. We found that
in most cases, a relatively large band centered near 1600 cm™, together with the absence of usual bands
attributable to carboxylate and carboxylic acid moieties, is a strong indication of non-classical proton
sharing.



In order to assess the modes of local interaction of a carboxylate when a carboxylic acid lies in its
vicinity, a set of model peptides was studied by room-temperature IRMPD spectroscopy and quantum
chemical calculations. The deprotonated dipeptides [AspGly-H], named “DG” below, [GlyAsp-H] (named
GD), [GluGly-H]" (EG) and [GlyGlu-H] (GE) are simple systems, yet allowing structural diversity in
hydrogen-bonding opportunities. Slightly larger cases were also investigated, namely [AspGlyGly-H]
(DGG), [GlyGlyAsp-H] (GGD) and [GluGlyGly-H]" (EGG), in which higher flexibility may lead to either
stronger or more numerous hydrogen bonds or both. Among the tripeptides, calculations were done on
DGG and GGD only.

Il. Experimental & computational details
IRMPD spectra were recorded at the CLIO (Centre Laser Infrarouge d’Orsay, France) facility [19] using a
free-electron laser (FEL) coupled to a 7T FT-ICR mass spectrometer. Samples were dissolved in
H,0/CH5CN 50:50 mixtures, at a concentration of 10~ M. The ions were formed by ESI negative mode in
standard conditions and transferred to the ICR cell at room temperature. Mass-selected ions were
stored in the cell and submitted to irradiation by IR photons during 0.15-0.5 s depending upon laser
power, most often in the 0.5-1 W range. Attenuators were sometimes used to avoid absorption
saturation. Absorption-induced fragmentation was monitored as a function of laser wavelength in the
1800-1250 cm™* range.
The most abundant fragmentation is water elimination in all cases except GGD. For GD, DG and DGG,
consecutive loss of ammonia is also observed, while secondary fragmentations are elimination of Gly
from GE and of carbon dioxide from EG. Finally, elimination of Asp is seen for GD and is the exclusive
fragmentation of GGD. This loss of Asp when it is the C-terminus residue has been observed and
discussed before [2, 4b]. Comparison of these fragmentations with those induced by collision-induced
dissociation (CID) [1,2,4] suggests that in the present IRMPD conditions, the amount of energy deposited
in the ions before fragmentation is at the low end of those attained in the above CID experiments.
The IR spectra were obtained by representing the fragmentation efficiency, F.s, as a function of
wavelength. Fe is defined as Ferr ==In[l,/(I,+Zl52g)], Where |, and l¢, are the parent and fragment ion
intensities, respectively. The experimentally recorded IRMPD spectra are shown in Figure 1 in the 1150-
1850 cm™ range. In a few cases, spectra were recorded with a slightly more extended frequency
window, however without any significant additional absorption.
Quantum chemical calculations were carried out on manually selected structures, with two issues in
mind: deprotonation may occur on different sites, generating several isomers, and for each isomer,
rotation around single bonds is expected to generate a manifold of conformers. Deprotonation was
effected on either the C-terminus or on the Asp or Glu side chain. In four out of the six peptides on
which computations were done, low energy structures were found for both deprotonated sites, C-
terminus and side chain. Several attempts were also made at deprotonating the amide in DG, generating
amidates with various hydrogen-bonding patterns for stabilization. In agreement with Oomens and Steill
on [As-H] [6], we have found that such isomers are much less stable, by ca. 20 kl.mol™ or more. Thus
they will not be described below. Hydrogen bonding interactions between the carboxylic and
carboxylate groups were expected to bring about a large stabilization, thus they were present in a
majority (ca. two thirds) of the structures investigated. A number of structures in which the carboxylate
interacts with the terminal amine or with a peptidic N-H bond were also considered. It turned out that
structures lying in the lowest 10 kJ.mol™ window have a carboxylic-carboxylate interaction, for all



peptides. Proton transfer to the other carboxylate was found to be unfavorable in all cases studied and
no secondary minimum could be located, because the resulting carboxylate would be stabilized by only
one non-covalent interaction instead of two. This can be seen easily for the lowest energy structures in
Figures 2-7. As an example of the results, the six structures obtained in a 20 kJ.mol™* window for DG are
shown in Figure S1 and their relative energies are listed in Table S1. All relative energies mentioned
include the zero-point vibrational energy correction.

IR spectra were computed in the harmonic approximation, at the Density Functional Theory (DFT) level
using the ®B97X-D density functional and the aug-cc-pVTZ basis set. Test computations were carried out
on the low-energy subset of DG structures using three other functionals: B3LYP, cam-B3LYP and M11,
with the same aug-cc-pVTZ basis set. There was no qualitative difference between the relative energies
of isomers/conformers with the various functionals, i. e. the energetic ordering was the same for all four
functionals, although significant differences in relative energies exist for some structures. In particular,
all functionals yielded the same lowest energy structure(s) which is used to assign the experimentally
observed bands in the next section. The results of this exploratory study are gathered in Table S1 and
Figure S1 for the six lowest energy structures of DG. The ®B97X-D/aug-cc-pVTZ computed frequencies
were scaled by 0.95, following the recommendation of Truhlar et al. for fundamental frequencies [20].
Band intensities were convoluted by a Lorentzian profile of 10 cm™ FWHM. It is likely that a larger
FWHM would be necessary to better account for band broadening due to intrinsic linewidth of the CLIO
light source, room temperature and possible mixtures of conformations, however this would make it
difficult to identify some of the bands described in the text when they have similar computed
intensities. The spectra computed for the lowest energy structure of DG, with the same series of four
density functionals and the wB97X-D basis set, are shown in Figure S2. They display rather limited
differences in band positions and intensities. All DFT computations were done using the Gaussian09
software package [21].

Ill. Results

IRMPD spectra acquired in the conditions described above are all shown in Figure 1. It is immediately
clear that all seven peptides absorb IR photons in the 1550-1750 cm™ range, although their spectra
display somewhat different features. This is expected as the C=0 stretching frequency of an isolated
aliphatic acid [22], that of a free C=0 in a peptide bond (amide 1) and that of the antisymmetric
stretching frequency of a free carboxylate [8] lie near 1750, 1680 and 1600 cm™, respectively. Analysis of
the absorption frequencies for each case may provide clues as to the structural features. This is strongly
helped by comparison with literature results on similar cases ; in this case, deprotonated oligoglycines
[7a] and deprotonated dimers of amino acids [23]. A second conclusion from inspection of Figure 1 is
that the peptides fall into two groups, those having strong absorption in the 1450-1550 cm™ range (blue
box in Figure 1) and little at smaller frequencies (orange box in Figure 1), i.e. GD, GE and GGD, and those
for which significant to strong absorption is seen in the 1250-1450 cm™ range, with little or none in the
1450-1550 cm™ range (DG, EG, DGG and EGG). Significant sequence effects are seen since e.g. DG and
GD have clearly different spectra. Since symmetric stretch of a free carboxylate has been observed at
1300-1340 cm™ and amide Il bands are expected near 1500 cm™, it must be that intramolecular



interactions lead to significant frequency shifts. The latter should thus be useful clues about peptide
structures.

We next describe the IRMPD spectrum for each peptide and assign the observed bands, based on DFT
computed IR spectra. Out of the several structures obtained for each peptide, we only describe below
and in Figures 2-7, the one of lowest energy and the second lowest if its relative energy is very small and
its computed spectrum significantly different than that of the lowest structure. This leads to a single
structure for GD, GE and EG, and two for GGD, DG and DGG. A more extended sample of structures is
shown for DG in Figure S1. In several cases, low energy structures were found with computed spectra
very similar to that of the lowest energy structure. Others probably exist because of non-exhaustive
conformational search. Non negligible population of such structures at room temperature is expected to
lead to IR band broadening. Hence computations help identifying the favorable families of
conformations, not necessarily the most favorable individual conformers.

GD

The lowest energy structure of GD (GD-1, see Figure 2), has a direct interaction between the
deprotonated C-terminus and the side chain acid in a nearly coplanar way. It has the N-terminus amine
NH bonds pointing towards the peptidic C=0. The next lowest energy structure is 11.5 kJ.mol™ higher in
energy but only differs by the orientation of the N-terminus, which points towards the peptidic N-H,
yielding a very similar IR spectrum. Thus only the lowest energy structure will be discussed. The large
experimental absorption between 1550 and 1720 cm™ is moderately well reproduced by three bands at
1725 (acid C=0 stretch), 1667 (peptidic C=0 stretch) and 1628 cm™ (asymmetric carboxylate stretch).
The experimental width is insufficiently covered by these three bands, suggesting either large
anharmonicity effects or even non classical proton sharing, as has been previously observed for
deprotonated Asp [10, 12]. The carboxylate environment in GD-1 is indeed very similar to that in D, with
only an amine N-H replaced by a peptidic N-H. The intense band centered near 1500 cm™ is attributable
to the COH bend at its blue side (1535 cm™), and to the amide Il mode of the peptidic bond at its red
side (1466 cm™). The symmetric stretching motion of the carboxylate generates a very weak band at
1355 cm™,

GE

The experimental spectrum of GE (GE-1, see Figure 3) is very similar to that of GD, with the only
difference that the experimental absorption in the 1600-1720 cm™ range is much narrower. The lowest
two energy structures obtained for GE are very similar to those described above for GD, thus only the
lowest one will be briefly described. The three bands associated with C=0 stretches are now in much
better agreement with experiment. This is likely due to the different relative orientation of the acid and
carboxylate moieties in GE, where they are no longer coplanar because of the larger flexibility of the Glu
side chain. This apparently restores a classical proton sharing between the two carboxylates. The band
centered near 1500 cm™ is assigned in the same way as for GD, except that the weaker interaction of
the acid O-H with the carboxylate red-shifts its frequency to 1500 cm™ while the amide I motion is
nearly unchanged.



GGD

The two most stable structures GGD-1 and GGD-2 (see Figure 4), are nearly degenerate with an energy
difference of only 1.0 ki.mol™ at the ®B97X-D/aug-cc-pVTZ level (-6.4 kl.mol™ for the relative free
energies at 298 K). They illustrate in a particularly acute way the competition that may occur between
folded and unfolded structure stability. GGD—-1 is strongly folded with direct interaction of the side chain
carboxylate with both peptide termini and one of the peptidic N-H, the second being relatively close as
well. The peptide chain bears a y-turn or C; interaction holding the structure tight. On the opposite,
GGD-2 is as extended as it can be, with only local interactions at each terminus. This expectedly leads to
some significant differences in their IR spectra, even though the overall absorption regions are very
similar.

As expected, the computed spectrum of GGD-2 (see Figure 4) is very close to those of GD-1 and GE-1
discussed above, with the C-terminus being deprotonated and very similar local interactions. The
presence of two peptidic linkages gives rise to two amide | bands at 1679 and 1665 cm™ and, more
visibly, to two strongly coupled amide Il modes yielding one intense combination at 1480 cm™ and a
weak one at 1501 cm™.

As discussed above, the structure of GGD-1 is largely different with strong folding and several
interactions of the deprotonated side chain carboxylate receiving hydrogen bonds from the C-terminus
acid, the N-terminus amine and one of the peptidic N-H’s. Because of this sharing, the acid-carboxylate
interaction is slightly weaker in GGD-1 than it is in GGD-2. This leads to a slightly higher stretching
frequency for the acid C=0 at 1741 cm™. The two amide | frequencies are slightly different (1671 and
1698 cm™) because one of the C=0’s is free while the other has a weak interaction with an N-terminus
N-H bond. An intense band computed at 1604 cm™, accompanied by a weaker one at 1597 cm™,
corresponds to the couplings of the carboxylate antisymmetric stretching and NH, scissoring motions. It
is the favorable relative orientation of these two groups which creates intensity enhancement. Another
doublet of bands is found at 1529 and 1520 cm™, from combination of the NH, scissoring and amide Il of
the G-G linkage. Because of their orientation, their in-phase coupling leads to significant dipole moment
change. The second amide Il mode appears at 1481 cm™, essentially uncoupled and as such, of intensity
that is in-between those of the previous two bands. Finally, the carboxylate symmetric stretch gives rise
to a small band at 1356 cm™.

The simultaneous presence of these two nearly degenerate conformers is consistent with the
experimental spectrum.

DG

Two nearly degenerate structures were found, within 1 kl.mol™ of each other (8.0 ki.mol™ for the
relative free energies at 298 K). Their global structures (DG-1, DG-2, see Figure 5) are very similar, with a
direct interaction of the deprotonated side chain of Asp with both the acid at the C-terminus of Gly in its
trans conformation, and the N-terminus amine. In DG-1, both termini donate a hydrogen bond to the
same carboxylate oxygen, leaving the second carboxylate oxygen free. In DG-2 the two hydrogen-bond



donors interact each with one of the carboxylate oxygens. Expectedly, the bands in the 1680-1720 cm™
range correspond to the C=0 stretches of the C-terminus acid and of the peptidic amide and are very
close in both computed spectra. In marked contrast, bands in the 1550-1650 cm™ range are rather
different. For DG-1, an intense band at 1634 cm™ corresponds mostly to the free C-O stretch of the
carboxylate, while the NH, bending motion is only weakly excited at 1546 cm™. For DG-2, the two
relatively intense bands at 1610 and 1563 cm™ correspond to combinations of the NH, bending and
carboxylate out-of-phase stretching motions. In each case, the most intense bands correspond to those
with favorable relative orientations of the functional groups, i. e. leading to larger dipole moment
changes upon motion. In DG-1, the carboxylate and acid groups are nearly coplanar, while they are
roughly perpendicular in DG-2. Furthermore in DG-2, the N-terminus NH, and the carboxylate are in
nearly parallel planes.

In both structures, the amide Il bands arise near 1500 cm™, consistent with similar environments
involving an interaction with the N-terminus. In the 1250-1350 cm™ region, the COH bend is strongly
coupled to the C-OH stretch and the symmetric carboxylate stretch for DG-2. The latter two also appear
in this region for DG-1, however the COH bend is not coupled, thus appearing farther to the red, at 1174
cm’™, where experimental absorption is very weak. Again this is due to the acid and carboxylate groups
being nearly coplanar in DG-1, while they lie in nearly perpendicular planes in DG-2.

Clearly better overall agreement between experiments and calculations is met for DG-2, yet the
presence of some amount of DG-1 cannot be ruled out.

EG

The most stable structure of EG (EG-1, see Figure 6) has non-bonded interactions very similar to those in
DG-2, with the N- and C-termini donating hydrogen bonds to different carboxylate oxygens. Thus the
computed spectra are rather similar (see Figures 5-bottom and 6) with only small differences for a
number of bands. As an example, bands just above and below 1600 cm™ are combinations of the
carboxylate antisymmetric stretch and a N-terminus mode, scissoring in EG-1 and bending in DG-2. This
difference, due to the relative orientations of the two groups, leads to a slightly different pair of
frequencies (1563/1610 cm™ in DG-2 vs. 1582/1612 cm™ in EG-1). It is however only in the 1200-1300
cm™ region that clear frequency differences can be seen between the spectra of EG-1 and DG-2. In
particular at 1250-1260 cm™ the spectrum of EG-1 displays three bands, accounting together for the
large intensity visible in Figure 6. The most intense is dominated by the COH bend, red-shifted as it is
stabilized by interaction with the nearby peptidic N-H. The other two have large components on the out
of plane C-OH torsion coupled to the amide Il band, as these two deformations can occur in parallel
directions. Thus it is the presence of the peptidic N-H bond near the acid-carboxylate part which leads to
an overall red-shift of this absorption. The convolution used to account roughly for temperature effects
leads to an artificially large intensity at 1250-1260 cm™ in the computed spectrum in Figure 6 while
there are actually three low intensity bands computed in this range.



DGG

Absorption occurs in the same frequency regions as for DG and EG. There are now two amide | and two
amide Il bands, leading to more composite features in the 1500-1750 cm™ range. The other significant
difference is a larger intensity in the 1250-1400 cm™ region, probably due to a drop in laser power in the
higher frequency part of the spectrum. However, laser power was not monitored often enough to
enable correction for peak intensity ratios.

Two low energy structures were obtained (DGG-1 and DGG-2, see Figure 7). Since the acidic side chain
and C-terminus are now distant in the sequence, both structures are strongly folded in order to allow for
several ionic hydrogen bonds to the carboxylate. Both structures are deprotonated at the Asp side chain
with the carboxylate stabilized by strong interactions with the C-terminus, N-terminus and the peptidic
N-H bond next to the C-terminus. The main difference, as described above for DG, is that in DGG-1, all
three interactions are with the same carboxylate oxygen while both are involved in DGG-2.

As can be expected from the structures, the acid and amide | C=0 stretching frequencies are very similar
in both spectra. The two amide | frequencies are close and appear as a single band in both convoluted
spectra of Figure 7 (at 1670 and 1680 cm™). The somewhat different arrangements of hydrogen bonds
to the carboxylate group and relative orientations of polar groups generate some frequency shifts as for
the previously described peptides. The stretching motions of the two carboxylate C-O groups are largely
uncoupled in DGG-1 because one of them is free, while the usual coupling is found in DGG-2. The C-O
stretch is coupled to the amide Il mode next to the C-terminus in DGG-1, while it is coupled to the NH,
scissoring in DGG-2. The resulting doublets are at 1648 and 1557 cm™ in DGG-1, while significantly closer
at 1622 and 1571 cm™ in DGG-2. These coupling differences carry on to the amide Il and NH, scissoring
frequencies in the 1530-1570 cm™ range. The lower frequency part of the spectrum undergoes some
perturbations as well, with the partly uncoupled C-O stretching appearing at 1323 cm™ in DGG-1, while
the symmetrically coupled stretch is at 1356 cm™ in DGG-2. The recovery of the experimental absorption
range is satisfactory for both structures in this region.

IV. Discussion

The comparison of experimental IRMPD and computed IR spectra in the previous section showed that
for most bands, reasonably good agreement is obtained and band assignments could thus be proposed
with confidence. Based on these results, it is now possible to review the main variations in band
frequencies and intensities, in order to understand why the spectra in Figure 1 fall into two clearly
distinct groups. This discussion can be aided by comparison to frequencies of analogous vibrational
modes in simple model systems.

Use of simple computed models

Reference values have been computed for simple models, at the same level of theory as for the peptides
described above and using the same frequency scaling factor. For free acetate CH;CO,, the symmetric
and antisymmetric stretching frequencies are computed to be 1321 and 1602 cm™, respectively, to be
compared to the low temperature IRPD band maxima of 1335 and 1608 cm™ [9] and to the room



temperature band maxima of IR electron detachment spectroscopy of 1305 and 1590 cm™ [8]. For free
acetic acid in its most stable cis conformation, the C=0 stretch, C-OH stretch and COH bend frequencies
are computed to be 1761, 1286 and 1164 cm™, to be compared to room temperature FTIR band maxima
of 1788, 1280 and 1178 cm™, respectively [22]. The good agreement between experimental and
computed values allows us to use analogous simple models, acetic acid in its trans conformation, both
free and hydrogen-bonded to an acetate anion, to provide reference values to which the frequencies
described previously can be compared for discussion. Based on the discussion in the previous section,
we focus below on those vibrational motions whose frequencies are strongly sensitive to their
environments. The acid and amide CO stretching frequencies appear to be relatively constant over the
whole series of spectra and as such, not carrying very useful information about peptide structure.

COH bend

For free acetic acid in its trans conformation, the COH bending mode is strongly coupled with the C-OH
stretching mode, with a frequency of 1255 cm™. It is blue-shifted to 1443 cm™ when the trans acid is a
hydrogen-bond donor to an acetate, because this motion weakens the hydrogen bond. This
intermolecular interaction resembles the one within DG, EG and DGG, which is generated by main chain
folding, thus a blue shift may be also expected in these cases. However, in these peptides, an additional
interaction exists since COH bending moves the O-H bond towards the peptidic nitrogen lone pair,
leading to significant stabilization and limiting the blue shift of the bending frequency. The bands with
dominant COH bend contribution are at 1333 and 1255 cm™ in DG-2 and EG-1, respectively. This motion
then falls in the same frequency region as the symmetric carboxylate stretch and CCH bend motions,
generating a number of coupled motions and thus much stronger absorption in the 1250-1450 cm™
range than for the other series of peptides. The blue shift is stronger in DGG-1 and DGG-2 where the
peptidic bond is less favorably oriented because of its direct interaction with the carboxylate (see Figure
7). As a result, the COH bending frequency is near 1400 cm™, on the blue side of this absorption feature.

In GD-1, GE-1, GGD-1 and GGD-2, where the trans acid interacts with the carboxylate within the same
residue, the other carboxylate C-O bond is pointing away from the acid and there is no other functional
group in the vicinity of the O-H bond. Without a stabilizing interaction to counter the weakening of a
strong, ionic hydrogen bond, the blue shift of the COH bend frequency is larger, to 1483, 1523 and 1535
cm™ in GE-1, GGD-1 and GD-1, respectively. As a consequence, this band lies in the middle (for GE) or
even on the blue side (for GD and GGD) of the 1450-1550 cm™ feature in these cases.

Carboxylate stretches

As mentioned above, the free acetate C-O stretching frequencies are near 1320 and 1600 cm™, both
experimentally and computationally. Limited blue shifts of the antisymmetric mode to 1625-1660 cm™,
and of the symmetric mode to 1330-1359 cm™, have been reported previously for deprotonated
oligoglycines [7a], with the symmetric mode intensity being much smaller and even hardly discernible
for [G4-H]". A value of 1320 cm™ was reported for deprotonated trialanine [6]. Somewhat larger shifts of
the antisymmetric mode to 1580-1610 cm™ have been reported for deprotonated dimers of amino acids
[23]. Much larger perturbations have been reported when acetate is attached to a divalent cation [9],
however such a situation is less relevant to the present study.



The out-of-phase stretching frequency changes computed in the present work carry some information
about changes in the carboxylate environment. However these bands always lie in a region of strong
absorption and are always rather intense, thus not distinctive between the two series of spectra. The in-
phase stretching frequency changes are not larger, however changes in the chemical environment lead
to large intensity changes which make them much more revealing.

In GD-1, GE-1, GGD-1 and GGD-2, the carboxylate in-phase stretching generates a very weak band
between 1354 and 1367 cm™. Very little absorption is observed in this region, in reasonably good
agreement with calculations. The frequencies cover a slightly wider range in DGG-1 (1323 cm™), DG-1
(1340 cm™), DGG-2 (1356 cm™), DG-2 (1368 cm™) and EG-1 (1378 cm™). It is however their increased
intensities which lead to significant differences between the two series of spectra. In DG-1 and DG-2, the
in-phase motion is strongly coupled to C-OH stretch and COH bend in the acid while in EG-1, DGG-1 and
DGG-2, it is coupled to the COH bend only. The relative orientations of the acid and of the carboxylate
allow for significant dipole moment changes during such coupled motions. The orientations are less
favorable in the other series of peptides but more importantly, the COH bending motion lies in a
different frequency range as described above, near 1500 cm™ or larger. Thus coupling of these local
modes cannot be efficient and small intensities are measured.

Amide

Previous work on deprotonated oligoglycines by Garand et al. [7a] provides reference values for this
band. The frequencies for the peptidic linkage next to the C-terminus were found to be significantly red-
shifted because of the ionic interaction, between 1487 and 1503 cm™. Other peptidic N-H bonds were
engaged into weak, neutral hydrogen bonds, leading to smaller shifts in the 1519-1555 cm™ range. A
relatively large band centered slightly below 1500 cm™ was reported for deprotonated trialanine [6]. In
GD-1, GE-1 and GGD-2, the peptidic N-H (the one next to the C-terminus in GGD-2) interacts with one of
the carboxylate oxygens as in deprotonated polyglycines. Red shifts are also observed, with bands in the
1466-1480 cm™ range. These shifts can be attributed mainly to an important CNH bending component
of the amide Il mode, moving the hydrogen closer to / away from the negatively charged oxygen. The
amide Il mode on the N-terminus side of GGD-2, devoid of such interaction, has a higher frequency
(1529 cm™) as expected. In GGD-1, diverse interactions in the folded region lead to frequencies of 1481
and 1529 cm™.

In DG, EG and DGG, the peptidic N-H bond (the one next to the N-terminus in DGG) interacts with the
amine at the N-terminus. This interaction being weaker than that to the carboxylate, the red-shift of the
amide Il band is smaller, to 1505 cm™ in DG-1, 1498 cm™ in DG-2, 1527 in EG-1, (1489, 1555 cm™) in
DGG-1 and (1491,1533 cm™) in DGG-2.

As a result, the amide Il band is more red-shifted in GD, GE and GGD (near 1470 cm"l), accounting for
the reddish part of the intense band centered near 1500 cm™, while it is close to or larger than 1500 cm’
Yin DG, EG and DGG (and partly in GGD), on the red side of the large 1550-1750 cm™ group of bands
(and, in fact, too much to the red in the present computations).

Strong hydrogen bond or proton sharing?
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It has been seen above that for GD and GGD, which have a carboxylic-carboxylate interaction very close
to that in D, the width and lack of clear structure of the absorption feature in the 1550-1750 cm™ range
suggests that as for D (see Figure S3), non-classical proton sharing takes place [10, 12]. On the other
hand, this does not appear to occur in GE, even though the carboxylate environment is nearly identical
to that in E, for which non-classical proton sharing has been suggested [10], see Figure S3.

The crucial factors governing the mode of proton sharing are not yet completely clear. Localized
structures either equivalent by symmetry or nearly degenerate with a very low barrier to proton
transfer would appear to be particularly favorable. This is suggested by a recent study of the very low
temperature IR spectrum of the deprotonated formic acid dimer trapped in He nanodroplets, which
indicates a symmetrically shared proton [24]. In this case, inclusion of zero-point vibrational energy is
enough to reverse the energy ordering of symmetrical and hydrogen-bonded structures. The
symmetrical structure being more stable with the proton trapped in a very shallow potential may be at
the origin of the particularly low frequency associated with proton transfer, ca. 600 cm™. It was shown
that coupling proton transfer to vibrational modes of the formate anions is crucial in order to model this
rather unusual behaviour.

Symmetry or near degeneracy of the anionic sites does not appear to be a sufficient condition, however,
as it has been shown by low temperature IRPD spectroscopy with Ar-tagging that symmetrical cases
involving two equivalent carboxylates have different behaviors: deprotonated dodecanoic acid involves
a strong but classical hydrogen bond [25], as does oxalate [26]. In the latter case, strong coupling of
proton transfer with skeletal vibrational modes has also been invoked to explain its band lying in a less
unusual frequency range than for the deprotonated formic acid dimer, however broadened over
hundreds of wavenumbers [26]. It may be that the rather different types of modes to which proton
transfer is coupled in the formate dimer, oxalate and deprotonated dodecanoic acid are partly
responsible for the large differences observed in their IR spectra.

To make the picture even more complex, species in which a proton is shared by chemically different
sites may [16, 17] or may not [17,27,28] lead to IR signatures of unusual proton sharing at room
temperature, similar to those described above for GD and GGD. Deprotonated cysteines with different
oxidization states were shown to switch from hydrogen-bound oxidized side chain in [CysSO-H] to a
shared-proton in [CysSO,-H]" to a hydrogen-bound carboxylate in [CysSOs-H] [17], underlining the
importance of the relative proton affinities of the two anions. Still, nearly degenerate cases do not all
generate unusual vibrational features [27,28].

The lack of clear trend overall is due in part to different experimental techniques being used, even if
focus is restricted to vibrational spectroscopy of gaseous ions. In the realm of low temperature devices,
spectra recorded in He droplets use a free electron laser with photon energies ranging from 400 to 1800
cm™ [24], while Ar tagging spectroscopy is done using an OPO/OPA laser extending from 600 to 3600
cm™ [25]. Based on recent results, both the 400-600 and 2000-3600 cm™ ranges appear to be revealing,
however comparison of the two experiments could not yet be made in the full spectral range. At the
other end of the temperature range, many experiments described to date in the literature were carried
out at room temperature. It may well be that different situations are being probed when the proton is
held by a very soft potential. At room temperature, proton switching rapidly between the two oxygens
may occur, i.e. swapping between the covalent and hydrogen bonds [12,18], instead of being trapped in
between the two oxygens as appears to be the case at low temperature, either in a classical hydrogen
bonding pattern [25] or with two non-classical O---H “bonds” neither covalent nor hydrogen bonds [24].
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More work appears to be needed to better characterize proton sharing in gas phase anions in which two
carboxylates share a proton. On the computational side, a dynamical treatment appears to be required
to obtain a more complete and realistic picture at room temperature. Assessing the possible role of

guantum nuclear effects, such as proton tunneling, would also be desirable.
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V. Conclusions

IRMPD spectra for seven small peptides bearing one acidic side chain have been recorded in the
negative ion mode to investigate their hydrogen bonding patterns. The bands observed in these spectra
have been assigned from IR spectra computed by harmonic DFT calculations using the ©®B97X-D
functional. Even though room temperature spectra have intrinsically limited resolution, the absorption
patterns observed indicate large structural differences. In particular, vibrational modes which often
generate bands of relatively minor intensity, such as acidic COH bend or symmetric carboxylate stretch,
undergo significant shifts which, in certain cases, lead to mode coupling and intensity enhancement.
This leads to frequency regions which are largely silent for a series of peptides and absorption-active for
others. When Asp or Glu is at the C-terminus, a large feature at 1450-1550 cm™ arises from amide Il and
COH bending motions. When the acidic residue is away from the C-terminus, a group of bands arises
from combinations of COH bend, C-OH stretch, symmetric carboxylate stretch, CCH and HCH bends and
amide Il motions. Structure-dependent combination of such motions leads to enhanced intensities.

In addition, strong band broadening in the 1550-1750 cm™ range for two of these peptides, GD and
GDD, may be a consequence of non-classical proton sharing. This appears to bring additional evidence of
such behavior when two carboxylate groups share a proton, a feature which has also been invoked
recently in a variety of other systems where the proton is shared by two identical or different anionic
groups. With recent accumulation of evidence, this phenomenon clearly deserves further study, both
experimental and theoretical. In the latter case, a dynamical treatment appears to be necessary to
model room temperature spectra, including quantum nuclear effects.
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Figure 1: IRMPD spectra of the deprotonated peptides in the 1150-1850 cm™ range, recorded at room
temperature at the CLIO facility (Orsay, France). The coloured boxes are visual guides to define the main
frequency ranges discussed in the text.
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Figure 2: The IRMPD experimental spectrum for GD is represented in black and superimposed with the
IR absorption spectrum (in green) computed for the GD-1 structure (right part).
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Figure 3: The IRMPD experimental spectrum for GE is represented in black and superimposed with the IR
absorption spectrum (in green) computed for the GE-1 structure (right part).
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Figure 4: The IRMPD experimental spectrum for GGD is represented in black and superimposed with the

IR absorption spectra (in green and red) computed for the GGD-1 and GGD-2 structures (right part),

respectively. Relative free energies at 0/298 K in kJ.mol™ are provided in parentheses.
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Figure 5: The IRMPD experimental spectrum for DG is represented in black and superimposed with the

IR absorption spectra (in green and red) computed for the DG-1 and DG-2 structures (right part),
respectively. Relative free energies at 0/298 K in kJ.mol™ are provided in parentheses.
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Figure 6: The IRMPD experimental spectrum for EG is represented in black and superimposed with the IR
absorption spectrum (in green) computed for the EG-1 structure (right part).
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Figure 7: The IRMPD experimental spectrum for DGG is represented in black and superimposed with the

IR absorption spectra (in green and red) computed for the DGG-1 and DGG-2 structures (right part),
respectively. Relative free energies at 0/298 K in kJ.mol™ are provided in parentheses.
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