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The formation of a salt bridge in deprotonated glycine dimer anions in a solvent-free
environment is investigated using both infrared multiple photon dissociation spectroscopy
between 600 and 1800 cm™ and theory. The zwitterionic and nonzwitterionic forms of glycine
in this complex are computed to be nearly iso-energetic, yet predominantly the zwitterionic
form is observed experimentally. The zwitterion stability is attributed to both the Coulombic
attraction and the high stabilization from intramolecular hydrogen bonding that drives the
energetic cost of proton transfer in a solvent free environment. These results show that there is
a fine balance between the stabilities of these two forms of the anion. Elucidating the role of
intrinsic factors, such as hydrogen bonding, can lead to a better understanding of the stabilities
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of salt bridges in the interiors of large proteins or at protein interfaces.

Introduction

Proteins are the workhorse molecules of life as they carry out much
of the function in cells and organisms. Understanding what roles
various proteins perform and how they function on a molecular level
requires a detailed understanding of both intramolecular interactions
and the interactions of the proteins with their environments. Basic
and acidic residues with ionized side chains play an important role in
the functionality and structure of proteins owing to long-range
Coulombic interactions.' Charged groups can reside on the surface
of a protein or can be buried in the interior, and are important for the
reactivities of active sites and protein solubility. Charged groups can
be distant from each other, or can form salt bridges (SBs)'>* in
which protonated and deprotonated residues interact directly. SBs
are stabilized by a number of non-covalent interactions and
solvation, but predicting SB stabilities remains challenging.

In order to gain a better understanding of intrinsic factors that
affect SB and zwitterion formation, amino acid and peptide model
systems have been studied in the gas phase. All neutral isolated
amino acids’’ and many peptides®™ exist only in their canonical,
non-zwitterionic (NZ) form when isolated. The stabilities of the
zwitterionic (ZW) forms of these gas-phase biomolecules are
influenced by the addition of protons,10 electrons,'' anions,'?
cations,>™° solvent molecules'”™" and by molecular size.?’ Small
complexes, including proton bound homo- and hetero-dimers of
amino acids®* and amino acid-HNR;" " complexes have served
as model systems for SBs or the formation of zwitterions that can
lead to a better understanding of SBs in larger biological molecules.
Whereas the electrostatic interaction of amino acids with small
cations can favour the formation of NZ structures, large alkali or
alkaline earth metal ions,'®'” or the formation of hydrogen bonds
cither to solvent'’/complexing? >’ molecules or within these
complexes,”® can stabilize the ZW over the NZ isomers. Most of
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these investigations, which were focused on mainly neutral or
cationized model systems,”'*"*"1%2!12% indicate that there is a fine
balance between the relative stabilities of the ZW and NZ forms. The
energetic separation between ZW and NZ forms of amino acids and
small peptides are typically on the order of 0 — 5 kcal/mol'>*>*” but
in some rare cases can go up to ~15 kcal/mol.'® Understanding
factors that stabilize the ZW or NZ form is important for developing
more accurate models for SB interactions in more complex
biomolecules.

The formation of zwitterions in anions has so far scarcely been
studied,'""® even though most proteins under physiological
conditions have more negative than positive groups and
consequently carry an overall negative charge.! The simplest
biomolecular model system for the formation of a -NH;"-0,C SB
is the glycine dimer which has so far only been studied in the neutral
and cationic, [Gly,+H]" or [Gly,+Na]", forms.?'*? For the neutral
glycine dimer, ab initio calculations indicate that the SB form is 14
kcal/mol higher in energy than the lowest energy NZ isomer but that
the SB form is preferred in aqueous solution.” Protonated glycine
dimers consist of neutral glycine molecules that share a proton.”'2*

Herein, we present both experimental infrared multiple photon
dissociation (IRMPD) and theoretical results on the structures of
sodiated and deprotonated anionic glycine dimers, [Gly,-2H+Na]
and [Gly,-H]". The former is a SB, but is used as reference system
for NZ glycine and the latter is used to investigate whether the SB
form, in which one glycine molecule is zwitterionic, is more stable
than the NZ form in a solvent deficient environment.

Experimental Section

Mass Spectrometry and IRMPD Spectroscopy
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Experiments were performed using a 4.7 T Fourier-transform ion
cyclotron resonance (FT-ICR) mass spectrometer equipped with an
electrospray ionization source (ESI) and coupled to the free electron
laser for infrared experiments (FELIX).”® Ions were generated by
ESI from methanol/water (~80/20) solutions with (2-5) mM of
glycine (Sigma-Aldrich) with 1% NH4OH or 1 M NaOH added to
generate [Gly,-H] or [Gly,-2H+Na]’, respectively. For the isotopic
labelling experiments, the corresponding deuterated solvents were
used and the ESI source was purged with dry nitrogen gas to prevent
back exchange. A spray voltage of -2.5 kV and a solution flow rate
of (5-10) pL/min were used. lons were accumulated for ~5 s in a
hexapole ion trap before they were guided into and trapped in the
cell of the FT-ICR instrument. The ion of interest was isolated by
stored waveform inverse Fourier transform, and subsequently
irradiated by IR light from the FELIX light source for (2-3) s. The
laser, operating at a macropulse rate of 5 Hz and with an energy of
~40 mJ/pulse was attenuated by 0 dB for [Gly,-2H+Na] and 3 dB
for [Gly,-H]" and [Gly,-6H+5D] to avoid saturation of the
dissociation signal on the strongest bands. Loss of neutral glycine
was the only dissociation pathway observed. FELIX was scanned
from 600 to 1800 cm™ in steps of 5 cm™ and at every frequency step,
four mass spectra were summed. IR spectra were obtained by
plotting the normalized IRMPD rate constant, k = -In(I/Iy)/t, where I,
Iy and t are the precursor ion abundance, the summed precursor and
product ion abundances and the irradiation time, respectively, as a
function of photon energy and these values were corrected for the
laser power.

Computational Chemistry

Low-energy structures were identified using conformational searches
using Macromodel 9.1 (Schrédinger Inc., Portland, OR, U.S.A.) and
the OPLS2005 force field. All candidate structures were geometry
optimized with the corresponding quantum chemical methods. The
xyz coordinates for three isomers at the B3LYP/6-311++G** level
of theory are given in the SI. The geometries of these isomers do not
change significantly with other functionals, MP2 methods or basis
sets. All quantum chemical calculations were performed in
QChem.*! The method of Truhlar was used to extrapolate aug-cc-
pVXZ calculations to the basis set limit.*> For MP2 with aug-cc-
pVXZ basis sets, the resolution of identity (RI) approximation was
employed.* Electronic energies, unscaled harmonic vibrations and
rotational constants were used to calculate the relative
thermodynamic stability as a function of temperature (0-350 K). An
example of one of these curves is shown Figure S1. Only the values
at 0 and 298 K are reported in Table 1. Binding energies for the SB
and NZ form were computed at the MP2/6-311++G** level of
theory using the counterpoise correction method to account for the
basis set superposition error.”* Harmonic vibrational spectra were
convolved with Gaussian functions of 50 cm™ fwhm and scaled with
a uniform scaling factor in order to compare the predicted to
experimental results. Vibrational frequency computations for [Gly,-
6H+5D] were done using the corresponding [Gly,-H]  isomer
geometries and substituting all exchangeable protons for deuterium.
Unless otherwise stated, the computational results discussed in the
text are obtained from B3LYP/6-311++G** computations.

Results and Discussion

Reference ion [Gly,-2H+Na|

The IRMPD spectrum and the vibrational spectrum calculated from
the lowest-energy structure of [Gly,-2H+Na]™ are shown in Figure 1.
The experimental spectrum (Figure la) has three well-resolved
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features at 1594, 1380 and 866 cm’™, a small shoulder at 1303 cm’,
and a broad band at 946 cm™. Only one stable isomer within an
energy range of ~12 kcal/mol was identified. The sodium ion in this
structure is tetrahedrally coordinated to the two deprotonated
carboxylic acid groups of the glycine anions. The two most intense
experimental bands at 1594 and 1380 cm’ are in very good
agreement with the theoretically predicted antisymmetric and
symmetric sodium bound carboxylate stretches Vypiisymm and Veymm at
1597 and 1387 cm’', respectively, consistent with previous results
for isolated carboxylate groups.*®
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Figure 1 Comparison of a) the experimental IRMPD spectrum of [Gly,-2H+Na]
with b) the calculated harmonic vibrational spectrum of the lowest energy isomer
(structure inset). The theoretical IR spectra were computed at the B3LYP/6-
311++G** level of theory and a uniform scaling factor of 0.985 was used to
correct for the systematic errors of harmonic vibrational frequency calculations.

The other three calculated bands at 1301, 964 and 874 cm’ are
combinations of NH, and CH, wagging vibrations differing mainly
in the relative phases of the stretching motions. The close agreement
between theory and experiment indicates that this is the predominant
structure (Figure 1b, inset). All of the features in the spectrum of
[Gly,-2H+Na] ™ are assignable to specific vibrations and serve as
reference values to evaluate the extent of hydrogen bonding in
corresponding vibrations of the [Gly,-H] complex.

Structure and IRMPD Spectrum of [Gly,-H]

The IRMPD spectrum of [Gly,-H] is significantly different from
that of [Gly,-2H+Na] (Figure 2a). There are at least six resolved
features (1704, 1622, 1404, 1345, 940 and 835 em™) and a broad
band between 1000 and 1300 cm™. Only two potential global
minimum structures that are nearly iso-energetic were identified for
[Gly,-H]" (Figure 3). The third lowest-energy structure is 9.9
kcal/mol higher in energy (see Figure S1-S3). The structure shown
in Figure 3a is the NZ form of the deprotonated glycine dimer in
which the neutral glycine has an O-H bond distance of 1.12 A. The
anionic glycine binds non-covalently to the carboxylic acid proton
(do.y = 1.33 A) to form an O-+H-O angle of 177° indicating a
strong ionic H-bond. One N—H bond of each NH, group is directed
towards an oxygen atom of a carboxyl/carbonyl group (do..p-n =
2.39/2.45 A) indicating a hydrogen bond between these groups. In
the SB form of [Gly,-H]™ (Figure 3b), the proton attaches to the NH,
group of one glycine, forming a zwitterionic glycine with an NH;"
(dyp = 1.04 A) and a CO, group. Each oxygen atom of the
carboxylate group on the anionic glycine binds to one proton of the
NH;" group (do..;; = 1.80 and 1.89 A) resulting in the formation of a
SB. The remaining NH, group reorients with the N—H bonds
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towards the carboxylate group indicating the formation of one
hydrogen bond (dg..;;n = 2.40 A). The calculated vibrational spectra
for the NZ and SB isomers are significantly different (Figure 2b and
2c, respectively).
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Figure 2 Comparison of a) the experimental IRMPD spectrum of [Gly,-H]™ with
calculated harmonic vibrational spectra for b) NZ and c¢) SB isomers. The
theoretical IR spectra were computed at the B3LYP/6-311++G** level of theory
and a uniform scaling factor of 0.985 was used to correct for the systematic errors
of harmonic vibrational frequency calculations.

The most characteristic vibrational frequencies and their assignments
are given in Table 1.

a)

Salt Bridge(SB)

Non-Zwitterionic (NZ)

Figure 3 Structural isomers for [Gly,-H] with a) a non-zwitterionic (NZ) and b) a
salt bridge structure (SB) computed at the B3LYP/6-311++G** level of theory.
The hydrogen bonds are indicated by dashed lines and the corresponding bond
lengths are included. Oxygen, nitrogen, carbon and hydrogen atoms are
represented by red, blue, grey and white spheres, respectively.

These data (Figure 2, Tables 1 and S1) show that the SB structure
and the corresponding IR spectrum are in much better agreement
with the experimental spectrum than that for the NZ structure,
indicating the presence of mostly SB structures. A similar
conclusion is deduced from comparisons to spectra calculated using
other levels of theory (Figure S2 — S4). In particular, there is good
agreement between the coupled antisymmetric stretching motion of
the “free” carboxylate (“free” Vanisymm and Vgmm in Table 1) and
NH;" groups calculated to occur at 1697 cm™ and the relatively
sharp experimental band centered at 1704 cm’', whereas the IR
spectrum for the NZ isomer cannot explain this feature. The three
resonances corresponding to NH;" umbrella and stretching modes
are calculated to occur between 1508 and 1624 cm™ and there is a
broad band in this region of the experimental spectrum. The very
broad feature between 1000-1300 cm™ could indicate some
contributions from a NZ structure but can also be attributed to
anharmonic vibrations, a fluxional hydrogen bond, combination
bands or tunnelling motions.

Energetics and Hydrogen Bond Mediated SB Formation

This journal is © The Royal Society of Chemistry 2012
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The SB and the NZ isomers differ in energy by less than 2 kcal/mol
and results using different levels of theory are given in Table 2.
When only the electronic energy is taken into account, the SB is
more stable than the NZ. However, the energetic contributions from
the vibrations and rotations at 0 and 298 K destabilize the ZW
compared to the NZ

Table 1. Comparison of the most intense experimental IRMPD transitions
with the computed (B3LYP/6-311++G**) most intense harmonic vibrations
scaled by 0.985 for [Gly-H] (H) and [Gly2-6H+5D]- (D) and the
corresponding peak assignment. “Free” Vantisymm and Veymm correspond to the
vibrations of the carboxylate group of the SB isomer that is not involved in
hydrogen-bonding to the second glycine molecule.

Exp / . The. ib.(NZ The./
XRI Vib. (SB) e»l/ Vib.(N2) e_1
cm cm cm
H| 1704 nEree 1697 COOH 1782
Vantisymm Vantisymm
1624, N
H| 1622 V?}}S{y"ﬂn’ 1579, oo 1685
3 1508 Vantlsymm
H| 1404 Visymm 1379 COO’ Visymm 1397
Free
H| 1345 " ree 1316 | COOH vy | 1339
symm
1157
1000- ’
H 1300 wagging 1146 O--H-O 1137,
1091
D| 1703 nEree 1688 COOH 1710
Vantisymm Vantisymm
COO”
D| 1632 Vantisymm 1579 1676
Vantisymm
1401-
D 1484 Visymm 1382
D| 1349 VF ree 1320 | COO Vigmm | 1360
symm
D| 1270 NH;" 1196 | COOH vgymm 1285

isomer. For some levels of theory, this makes the NZ structure the
most stable structure at the experimental temperature of 298 K.
Using the resolution of identity approximation for MP2*
extrapolating the energy to the basis set limit for aug-cc-pVXZ type
basis sets®® and using the harmonic vibrations from B3LYP/aug-cc-
pVTZ calculations, results in the stabilization of the SB over the NZ
isomer by 0.6 kcal/mol at 298 K. Even though the highest level of
theory employed in this study favours the SB over the NZ at the
experimental conditions, the energy differences are so small that an
unambiguous theoretical assignment of the lowest-energy isomer is
not possible. The absence of significant signal for the NZ isomer
deduced from the IRMPD results compared to the similar energetics
predicted by theory is likely due to the fact that the energetics of the
theoretical methods used are not sufficiently accurate. It is also
possible that a higher energy isomer may be kinetically trapped” as
a result of solvent evaporation during ESI. This may favor
formation of the SB isomer which has a higher number of
intramolecular hydrogen bonds.

A phenomenological explanation for the extraordinary stability
of the SB over the NZ form for the negative glycine dimer can be
deduced by comparing the isomeric structures in Figure 3 with those
for the neutral® and positive’'* glycine dimers. A zwitterion in the
gas-phase without additional ions or solvent molecules attached can

J. Name., 2012, 00, 1-3 | 3
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be stabilized both by the attractive Coulomb interaction between
opposite charges and by enhanced hydrogen bonding networks that
can outweigh the energetic cost associated with proton transfer.”’
Hydrogen bonds (HBs) can be divided into three general categories:
HBs between two neutral groups that have bond strengths on the
order of ~5 kcal/mol,*** ionic hydrogen bonds (IHB) between a
neutral and charged group that have bond strengths typically
between 5 — 35 kcal/mol® and zwitterionic hydrogen bonds (ZHB)
between two oppositely charged groups. For the latter, there is no
experimental reference data, but computations for [Gly,-H] at the
MP2/6-311++G** level of theory give a bond strength of 24.9
kcal/mol per ZHB. Therefore, the bond strength should follow the
ranking HB < IHB < ZHB. For Gly,, there are a maximum of two
ZHB and two IHB for a double ZW isomer,? for [Gly,+H]", there
are only one each of ZHB, IHB and HB.? For the anionic glycine
dimer, the SB form has three ZHB and one IHB (Figure 3),
corresponding to one of the two NH, hydrogen atoms and three
NH;" hydrogen atoms bonding to the oxygen of the COO™ groups. A
comparison can also be made between the NZ and SB isomers of
[Gly,-H]. The NZ isomer has only one IHB with an unusually high
bond energy of 48.7 kcal/mol (MP2/6-311++G**), a weak IHB and
weak HB. Therefore, the close energetic competition between SB
and NZ isomers for only [Gly,-H] is due to the high stabilization
energy of the hydrogen bond network in the corresponding SB
structure compared to that for Gly,, [Gly,+H]" and for the NZ
isomer of [Gly,-H]".

Table 2. Relative energy (AE=Egg-Exy) of the SB isomer (Egsg) of [Gly,-H]
with respect to the energy of the NZ structure (Exz) and the corresponding
Gibbs free energies for 0 and 298 K at different levels of theory (in

AE / AGOK)/ _ AG(298 K)

Levelof theory | mol  keal/mol®™  /kcal/mol
B3LYP/[c] -1.84 0.38 1.01
TPSSh/[c] -4.05 -1.94 -0.80
®B97-D/[c] 252 -0.38 111
MP2/[c] -0.99 0.93 1.65
RIMP2/[d]//

B3LYP/d] -3.26 -0.99 -0.60
RIMP2/[b]//

B3LYP/] 327 -1.00 -0.61

[a] Equivalent to correcting the electronic energy for the
zero-point vibrational energy. [b] Extrapolation method
developed by Truhlar.*? [¢] 6-311++G**. [d] aug-cc-
pVTZ.

kcal/mol).

Deuterated Glycine Dimer Anion

Room temperature IRMPD spectra often resemble linear IR spectra
and this method has been used to characterize many different gas-
phase molecules of biological importance.** The structures of
weakly bound complexes can be fluxional and vibrational
anharmonicities become more important at elevated temperatures.*'
For such systems, low temperature predissociation spectroscopy can
produce linear IR spectra with sharp bands that can aid in spectral
interpretation. However, the presence of a tagging atom/molecule
that are often used can shift IR bands and even influence the
structure of the complex.** The computed binding energy between
the two subunits in [Gly,-H]™ is ~50 kcal/mol. For ions with high
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dissociation energies, both spectroscopic methods yield spectra with
comparable band positions and intensities, only differing in the
width of the spectral bands as long as there are no weak HBs.**
Because of broad bands obtained by IRMPD, the experimental
assignment of the SB isomer was confirmed by measuring an
IRMPD spectrum of the isotopically labelled deprotonated glycine
dimer anion (Figure 4a). Four intense bands at 1703, 1632, 1349 and
1270 e, two small features at 1049 and 948 cm™ and a broad band
at 748 cm™' are observed. The peaks at 1349 and 1270 cm™ have
broad shoulders on their high and low energy sides, respectively.
The broad band between 1100 and 1300 cm™ for [Gly,-H] (Figure
2a) is not observed for [Gly,+5D-6H]. This is consistent with this
feature in the [Gly,-H] spectrum originating from either anharmonic
vibrations, a fluxional hydrogen, or a tunnelling motion because
deuterated vibrations are more harmonic and the tunnelling
probability as well as the deuterium mobility are significantly
reduced.* The calculated IR spectrum of the deuterated SB isomer
(Figure 4c) is in much better agreement with the IRMPD spectrum
than the calculated spectrum of the deuterated NZ structure (Figure
4b). A comparison of the experimental and theoretical results at the
MP2/6-311++G** level of theory, shown in Figure S5, supports this
conclusion. Every peak in the experimental spectrum (Figure 4a) is
explainable by the SB isomer (Figure 4c). Even the relative
intensities match except for the lower intensity of the peak at 1703
em’ in the experimental spectrum. A few computed frequencies are
compared to the experimental features in Table 1 and a more
complete comparison is found in Table S2. The two distinct features
in the experimental spectrum at 1703 (“free” Vypiisymm Table 1) and
1632 cm” can be assigned to the two well separated stretches
involving the COO groups of the SB isomer at 1688 and 1579 cm™,
whereas the corresponding COO7/COOD stretches of the NZ isomer
only give one broad feature around 1697 cm™. This assignment is
also consistent with the fact that these two features only shift by -1
and +10 cm™ due to the isotopic substitution comparable to the small
predicted isotopic shift of -9 and 0 cm™ for the SB isomer (Table 1).
The isotopic shift for the NZ structure is calculated to be -72 and -9

(e}
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Figure 4 Comparison of a) the experimental IRMPD spectrum of [Gly,-6H+5D]
with calculated harmonic vibrational spectra for b) NZ and c¢) SB isomers. The
theoretical IR spectra were computed at the B3LYP/6-311++G** level of theory
and a uniform scaling factor of 0.985 was used to correct for the systematic errors
of harmonic vibrational frequency calculations.

Conclusion
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In conclusion, we have demonstrated that the glycine dimer anion
predominantly forms a SB structure in the gas-phase in which one
glycine molecule is zwitterionic. Computational results indicate that
the energy difference between the SB structure and the NZ isomer is
small. In contrast, neutral and protonated glycine dimers are NZ
structures.”'?*?° The extraordinary preference for the SB structure
of the glycine dimer anion can be understood in terms of the
optimized hydrogen bond network that is formed in this structure.
These results show that there is a fine balance between the different
intrinsic interactions that can stabilize SBs in a solvent-free
environment even for amino acids as simple as glycine. Thus, this
simple system can serve as a benchmark for theory that can be used
to evaluate the accuracy of theoretical methods for predicting the
formation of SBs and the stabilizing effect of inter-residue hydrogen
bonding in the presence of excess negative charge. Although glycine
is not involved in SBs in proteins, these results provide compelling
evidence about the role of hydrogen bonding in stabilizing SB
interactions that should lead to new insights into the stabilities of
SBs in solvent-inaccessible environments, such as the interior of
proteins and at protein-protein interfaces. Future work will focus on
more complex amino acid and peptide systems in order to rationalize
the principles of hydrogen mediated SB formation in peptides and
proteins.
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