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Abstract

IRMPD spectroscopy and computational chemistry techniques have been used to
determine that the proton- and sodium-bound dimers of proline exist as a mixture of a number of
different structures. Simulated annealing computations were found to be helpful in determining
unique structures for the protonated and sodiated dimers, augmenting chemical intuition. The
experimental and computational results are most consistent with the proton-bound dimer existing
N-protonated proline bound to zwitterionic proline. There was no spectroscopic evidence in the
3200-3800 cm™ region for a canonical structure which is predicted to have a weak N-H stretch at
about 3440 cm™. A well resolved band at 1733 cm™ from a previous spectroscopic study (DO
10.1021/ja068715a) was reassigned from a high energy canonical isomer to the C=O stretch of a
lower energy zwitterionic structure. This band is a free carboxylate C=O stretch where
protonated proline is hydrogen bonded to the other carboxylate oxygen which is also involved in
an intramolecular hydrogen bond. Fifteen structures for the sodium bound proline dimer were
computed to be within 10 kJ mol™ in Gibbs energy and eight structures were within 5 kJ mol™.
None of these structures can be ruled out based on the experimental IRMPD spectrum. They all
have an N-H stretching band predicted in a position that agrees with the experimental spectrum.
However, only structures where one of the proline monomers is in the canonical form and having

a free O-H bond can produce the band at ~3600 cm™.
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1. Introduction

Research on gas-phase ions and ion-molecule reactions provides us with information
on intrinsic properties of ions. Mass spectrometric techniques are uniquely suited to determine
reactivity and thermochemical properties for gas phase ions and can even be used to elicit
structural characteristics. These techniques include blackbody infrared radiative dissociation
(BIRD)"*** high pressure mass spectrometry (HPMS),™*”*° collision induced dissociation
(CID),'™" high energy CID,'*"'*'* and the kinetic method.">'®!”

The three dimensional structures of biological macromolecules such as proteins are
governed by non-covalent interactions such as hydrogen bonding and ionic hydrogen bonding.
Typical ionic hydrogen bonds can be upwards of 130 kJ mol, significantly stronger than the
normal hydrogen bond.'®'®?° The strength of these ionic hydrogen bonds and their
ubiquitousness in biomacromolecules makes their fundamental study of utmost importance. Over
the last decade, infrared multiphoton dissociation (IRMPD) spectroscopy’ ****** has been
providing much more direct information into the subtleties of bonding, allowing for elucidation

of the detailed structures of gaseous ions involving, for example, amino

21,22,25,26,27,28,29,30,31,32 22,33,34,35,36,37,38,39,40
,,,,,,,,,,,,,,,,, IRMPD

acids and peptides. spectroscopy combined with
electronic structure calculations is indeed a powerful combination of tools to help determine the
structures of gas phase ions. Protonated amino acid dimers have been the topic of several recent
IRMPD spectroscopic studies due to the existence of strong intermolecular ionic hydrogen
bonding in these species as well as strong intramolecular hydrogen bonding

29234142438 por example IRMPD spectroscopic studies on glycine, alanine, valine,*

interactions.
and serine® protonated dimers showed that the non-protonated amino acid in the dimer was

canonical (ie. non-zwitterionic) but in the proline protonated dimer, neutral proline is

predominantly zwitterionic.*> Due to a band observed at 1733 cm™ which could not be ascribed
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to the zwitterionic protonated dimer, Wu and McMahon™ also concluded that an isomer where
the neutral proline was in its canonical form was also present in the gas-phase mixture. These
small proton-bound dimers can be models for larger systems where strong ionic hydrogen
bonding exists, such as proteins. Metal ions also play a huge role in stabilizing biological
polymers. Metal ion complexation can stabilize zwitterionic structures of amino acids depending
on the size and valency of the metal atom and gas-phase basicity of the amino acids.’****

Proline is one of the twenty common amino acids that comprise proteins and obviously
plays an important role in human biology. Proline and its post-translationally modified
analogue, hydroxyproline, are secondary amines and are among the main structural materials of
fibrous proteins from which bones, tendons, ligaments, and skin are composed, owing to the
rigidity of the cyclic structure.*” Proline helps tissue repair following injuries such as burns, and
after surgery.48’49

The present work is focused on the structural characterization of the protonated and
sodiated dimers of proline using IRMPD spectroscopy in the N—H and O—H stretching region,
3200—4000 cm™. We also augment our experimental results with electronic structure
calculations. Due to the existence of an immense number of possible structures for the gas phase
ions under study, using only chemical intuition to come up with starting structures may not be a

robust method to determine the global minimum. In order to fully explore the potential energy

surface, different methods such as simulated annealing (SA) have been developed and

50,33,51
used.”

2. Methods

2.1. Experimental methods. The protonated proline dimers, [(Pro),H]", were electrosprayed
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from 100 micromolar aqueous solutions of proline to which a few drops of 100 micromolar
aqueous formic acid were added. Similarly, the sodiated proline dimers, [(Pro);Na]’, were
electrosprayed from solutions to which a few drops of 100 micromolar NaCl were added. The
laboratory for the study of energetics, reactions, and structures of gaseous ions at Memorial
University houses an ApexQe Bruker FT-ICR mass spectrometer to which a tunable IR laser
(OPO) has been mated. The coupling of these two instruments and their details have been
published previously.sz’zl’53 Briefly, the laser power is at a maximum of 60 mJ at about 3800 cm’
and decreases smoothly to about 10 mJ at 3100 cm™. Spectra presented in this paper have not
been corrected for power fluctuations. Electrosprayed ions were stored in the hexapole storage
cell for about 2 s before being transferred to the ICR cell where they were isolated by standard
FT-ICR techniques. lons were irradiated for 3 s at each wavenumber value between about 3820
and 3180 cm™ at 2 cm™ intervals. The IRMPD efficiency is the negative of the natural logarithm
of the ratio of the precursor ion intensity over the sum of the precursor and fragment ion
intensities. The IRMPD spectrum is a plot of the IRMPD efficiency vs wavenumber.

2.2 Computational methods. The AMBER9>* suite of programs with the Generalized AMBER
force field (GAFF)’ was used to explore the conformational space of [(Pro),H]" and
[(Pro);Na]". For the [(Pro);Na]" complexes Na was positioned in chemically relevant positions
between the organic components and assigned an integer charge. Minimized energy
conformations of the complexes were equilibrated for 10 ps at time steps of 0.5 fs at 300 K
before undergoing 2000 cycles of simulated annealing (each 31 ps total, 0.5 in fs time step)
starting with drastic heating from 300 K to 750 K over 3.00 ps and equilibrated for 1 ps. This
was followed by cooling increments of 50K over 2 ps with 1 ps of equilibration at each

temperature until 300 K. The lowest energy structure from each annealing cycle was used to
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begin the subsequent round of simulated annealing. After each cycle the low energy
conformation was cooled to 0 K over 5 ps, minimized, and the potential energy calculated.
Simulated annealing resulted in many different structures for [(Pro),H]" and [(Pro),Na] .
For example, 8000 structures were obtained for [(Pro),H]™ from four different simulated
annealing runs, two for protonated proline complexed to zwitterionic proline, and two for
protonated proline complexed with canonical proline. A potential energy vs simulated annealing
cycle plot is shown in Fig.Sla of the supporting information for [(Pro),H]". Rearrangement of
this data in order of energy along the abscissa reveals groups of structures with similar energies
as can be seen in Fig. S1b. From the 8000 structures produced from the simulated annealing
runs, about 120 unique structures were chosen for geometry optimization and frequency
calculations using B3LYP/6-31+G(d,p). These optimized structures were then submitted to
single point calculations using B3LYP in conjunction with the 6-311+G(3df,3pd) basis set. All
ab initio and density functional calculations were done with the Gaussian 09° suite of programs.
To compare the computed IR spectra with the experimental IRMPD spectra, the former were
scaled by 0.964 along the wavenumber axis®’. The relative enthalpies, )/, and 298 K Gibbs
energies, )G, denoted as B3LYP/6-311+G(3df,3pd)//B3LYP/6-31+G(d,p) are the electronic
energies from the single-point calculations combined with the thermal corrections to the enthalpy
and Gibbs energy from the B3LYP/6-31+G(d,p) calculations and are reported relative to the
lowest energy structure found. All relative energies are provided in kJ mol™ and were calculated
using a temperature of 298 K. For comparison, geometry optimizations were done at the
B3LYP/6-311+G(3df,3pd) and MP2/6-31+G(d,p) levels and basis sets and )./ and 298 K )G
were computed with these electronic energies with thermal corrections from the B3LYP/6-

31+G(d,p) frequency calculations. MP2/6-311+G(3df,3pd) single point calculations were also
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done on the MP2/6-31+G(d,p) optimized geometries. Finally, for comparison, dispersion
corrected B3LYP (B3LYPD3) calculations using Grimme’s D3 version with the original D3
damping function®® were done with optimizations and frequency calculations using the 6-
31+G(d,p) basis set and single point calculations using the 6-311+G(3df,3pd) basis. All the

thermochemistries from these calculations are reported in Tables S1 and S2.

3. Results and Discussion

Upon resonant absorption of the infrared OPO laser, the only dissociation pathway
observed was loss of proline for both [(Pro),H]" and [(Pro);Na]’. The IRMPD spectra of
[(Pro),H]" and [(Pro);Na]” are compared in Figure 1 in the 3200 — 3800 cm ! region. Both
spectra contain a strong absorption at about 3600 cm ' corresponding to an O—H stretching
vibration of a carboxylic acid group. Both also contain a feature associated with what is most
likely an N-H stretch at 3400 cm’'. The IRMPD spectrum of [(Pro),H]" also contains a broad
absorption centered at about 3260 cm ' which most likely correspond to N-H stretches that are
red shifted due to hydrogen bonding. These IRMPD spectra can be compared with infrared
spectra computed for various isomers in order to help determine their structure. The structures

and spectra of both [(Pro),H]" and [(Pro),Na]" are discussed in turn below.

3.1. [(Pro),H]". [(Pro),H]" consists of a protonated proline bound to a neutral proline. It is
fundamentally important to know whether the neutral proline is zwitterionic (ZW) or canonical.
In the literature when the amino acid is canonical and bound to an ion the structure has been

coined “charge-solvated,” (CS) and we adopt this term for the present paper.

A combination of simulated annealing and “chemical intuition” led to 42 unique

structures for [(Pro),H]". Of these structures, 21 are within 16 kJ mol™ in Gibbs energy based on
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MP2/6-311+G(3df,3pd)//B3LYP/6-31+G(d,p) calculations. There is good correlation in ordering
and magnitude between the MP2 calculations and the B3LYP calculations as can be seen in
Table S1. The ten lowest-energy structures are shown in Figure 2, and the remaining 11 below
16 kJ mol™ are shown in Fig. S2. Of the top 21 structures within 16 kJ mol'l, one third are ZW,
and 8 of the 10 lowest energy structures, in fact the six lowest, are ZW. The first two lowest
energy structures differ only in ring puckering of the protonated proline (on the right side of each
figure) and are separated by only 1.3 kJ mol” in Gibbs energy according to the MP2/6-
311+G(3df,3pd)//B3LYP/6-31+G(d,p) calculations. The conformations of the protonated proline
in ZW1 and ZW?2 are identical to the first and second lowest-energy structures determined by
Marino et al’® for bare protonated proline, exo and endo conformations, respectively, and with
the carbonyl oxygen interacting with both the protonated amine and hydroxyl hydrogens. The
zwitterionic prolines in both ZW1 and ZW2 are in endo conformations, similar to the lowest
energy structure of neutral, non-zwitterionic proline.”® ZWS5 is similar to ZW1 except the ring
puckering of the zwitterionic proline is exo, and is almost 5 kJ mol™ higher in Gibbs energy. The
prolines in ZW3 have the same ring puckering as ZW 1, but the two differ by what is effectively
a rotation about the O—H'-N. In all the zwitterionic structures, one of the carboxylate oxygens
of the zwitterionic proline is involved in an intramolecular hydrogen bond to an amine hydrogen.
In ZW1,2,3,5 and 6 the zwitterionic proline is bound to the protonated amine by the other
carboxylate oxygen. In ZW4 and ZWS8, however, the zwitterionic proline is bound through the
same carboxylate oxygen that is also hydrogen bonded to the amine hydrogen, leaving one
carboxylate oxygen free from any hydrogen bonding interactions. This is important as the

infrared spectra for these two sets of ZW structures may be expected to be different in the C=0
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stretching region, vide infra. ZW4 is only 3.7 kJ mol™ higher in energy than ZW1 while ZW8

which differs in ring puckering of the protonated proline, is 8.1 kJ mol™ relative to ZW1.

The lowest energy CS structure, CS7, is calculated to be 7.5 kJ mol™ higher in Gibbs
energy than ZW1. The conformations of the prolines are identical in CS7 and ZW2, the only

difference is neutral proline in the latter is zwitterionic.

In Figure 3, the computed spectra for the five lowest-energy ZW structures along with
CS7 are compared to the experimental IRMPD spectrum. All the zwitterionic structures have
virtually identical predicted spectra in the N-H/O-H stretching region, an O-H stretch at about
3600 cm™', and a free N-H stretch of the zwitterionic proline predicted at about 3390 cm™. A
third vibration corresponds to the stretching of the N-H bond in protonated proline that is not
bound to the neutral proline, but is involved in an intramolecular interaction with the carbonyl
oxygen which is responsible for its red-shifting to between 3200 and 3300 cm” from a normal
amine N-H stretch. The fluctuation in the position of this band in different structures is due to
that mode being sensitive to hydrogen bond strength. All of the ZW structures agree well with
the experimental spectrum. The breadth of the experimental band at about 3260 cm™ is about 50
cm™ (fwhm) significantly broader than the 3600 cm’' band which is about 20 cm™ (fwhm). The
range of predicted positions for the N-H stretch responsible for the feature 3260 cm™ are
consistent with more than one structure being responsible for the observed infrared spectrum.
This also consistent with so many (5) low-energy structures predicted to be within 5 kJ mol™ in
Gibbs energy of the lowest energy structure. The other N-H stretch for the zwitterionic proline
in the ZW structures is predicted to occur below 2850 cm™, strongly red-shifted due to a strong

hydrogen bonding interaction with the carboxylate oxygen and outside the range of our laser.
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The CS structures also have bands predicted at about 3600 cm™ and between 3200 and
3300 cm™', which correspond to the same vibrational modes as discussed above for the ZW
structures. The difference is the free N-H stretch of the neutral proline. For the CS structures
this band is predicted to be ~50 cm™ to the blue of that predicted for the zwitterionic structures.
The predicted lower wavenumber N-H stretch for the ZW structure is due to a slight weakening
of the free N-H bond due to protonation at N. While this band is weak, there is no sign of it in
the experimental IRMPD spectrum and this is consistent with the predicted thermochemistry,
being 7.5 kJ mol™ higher in energy corresponding to a population of only 4.9 % relative to ZW1.
It is concluded, based on the agreement of the IR spectra of the ZW structures with the IRMPD

spectrum and the computed thermochemistries, that [(Pro),H]" is zwitterionic.

Previous research has been conducted on the proton bound dimer of proline using
IRMPD spectroscopy in the 1000 - 2000 cm™ region in conjunction with electronic structure
calculations.” Their calculations showed that the four lowest energy structures of [(Pro),H]"
were zwitterionic and the next seven structures are CS structures, more than 8 kJ mol™ in energy
greater. The results presented here are perfectly consistent with Wu and McMahon in that the
first CS structure is almost 8 kJ mol™ higher in energy than the lowest energy structure.*? Their
IRMPD spectrum also better matched the IR spectrum for a ZW structure consistent with our
results in the 3200 — 3800 cm™ presented here. However, none of their ZW structures had a
predicted band that could account for a nicely resolved band observed at 1733 cm . Their lowest
energy CS structure, identical to CS7 in Fig. 2 here, did have a predicted band matching the
observed at 1733 cm™ due to the carbonyl of neutral proline, red shifted from the normal ~1800
cm” position due to interaction with protonated proline. They concluded that the species

responsible for their IRMPD spectrum were a combination of zwitterionic structures and the high

10
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energy canonical structure. However we present another explanation for this 1733 cm™ band.
ZW4 in Fig. 2 is 3.7 kJ mol” lower in energy than CS7, and has a predicted C=O stretching
vibration consistent with the 1733 cm™ band in the Wu and McMahon spectrum®” (see Figure
S3). The C=O stretch responsible for this band is the free carbonyl from zwitterionic proline
which is blue shifted from the normal carboxylate C=O stretching position because it is not

involved in a hydrogen bond; the other is involved in two hydrogen bonds.

The lowest energy structures for [(Pro),H]" were optimized using MP2/6-31+G(d,p) and
the electronic energies were refined with MP2/6-311+G(3df,3pd) single point calculations.
Dispersion corrected B3LYP calculations were also done for comparison. The
thermochemistries computed for [(Pro),H]" structures are in Table S1 and are also included in
Figure 2. It can be seen that the calculations using MP2/6-311+G(3df,3pd) on either the
B3LYP/6-31+G(d,p) or MP2/6-31+G(d,p) geometries are consistent with a few minor
differences. For example, structure ZW4 actually becomes the second lowest energy structure
and higher in Gibbs energy than ZW1 by only 0.6 kJ mol”, corresponding to a ZW4 population
78 % that of ZW1. A simulated spectrum constructed of a weighted average of ZW1 and ZW4
in the 900 — 2000 cm™ region is provided in Fig. S3 and shows an excellent match to the

experimental spectrum.

We conclude that the IRMPD spectra in both the 1000 — 2000 and 3200 — 3800 cm™
regions, as well as the computed thermochemistries are most consistent with a mixture of ZW

structures and the lowest energy CS structure is probably a minor, unobserved component.

11
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3.2. [(Pro);Na]". [(Pro),;Na]" consists of a sodium cation bound to two proline dimers. Unlike
the proton in [(Pro),H]", the sodium ion is more evenly shared between the two monomers.
Simulated annealing calculations combined with chemical intuition resulted in 36 unique
structures  for  [(Pro),Na]". The  B3LYP/6-311+G(3df,3pd)//B3LYP/6-31+G(d,p)
thermochemistries were used to rank the sodium bound dimer structures and it has been observed
in the past that density functional theory provides better agreement with experimental

thermochemistries for alkaline and alkaline earth metal containing complexes.*

The eight lowest energy structures are shown in Figure 4. The rest of the structures that
were identified computationally are available in Fig. S4 and the thermochemistries are
summarized in Table S2. Fifteen of these structures are within 10 kJ mol” in Gibbs energy and
in all of these at least one of the prolines is ZW. The lowest energy structures are a mixture of
ZW-ZW, where both prolines are zwitterionic, and ZW-CS, where one of the prolines is
canonical. The lowest energy CS-CS structure is about 12 kJ mol™ with respect to the lowest
energy structure, ranked 18™ of all the structures computed. This is consistent with previous

456162 ¢ it would be

research which shows that for the sodiated monomer, proline is zwitterionic,
expected that lower energy structures might have at least one of the prolines in its zwitterionic

structure.

The O-H stretching band at 3600 cm™ in the IRMPD spectrum of the sodium bound
dimer (Figure 5), clearly suggests that at least part of the population of observed ions contains a
structure in which there is at least one canonical proline with a non-hydrogen bonded—or free—
O-H bond. The ZW-ZW structures do not have a hydroxyl group, and the O-H stretch is red-
shifted out of the range of the laser for ZW-CS structures (ie ZW-CS1 which has an identical

predicted spectrum to ZW-CS3 in the N-H/O-H stretching region) where the hydroxyl group is

12
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hydrogen bonded to the amine. However, structures such as ZW-CS4 and ZW-CS6 (which have
identical predicted spectra in the N-H/O-H stretching region which are only 3.1 and 3.7 kJ mol™
higher in energy than the lowest energy structure, respectively, can account for the O-H
stretching vibration with a free O-H moiety. In fact, ZW-CS4 is the lowest energy structure
computed using dispersion corrected density functional theory (B3LYPD3, Table S2) with ZW-
ZW2 and ZW-CS6 being 1.5 kJ mol™ higher in Gibbs energy. The relative intensities of the
experimental N-H stretch and O-H stretch are also most consistent with the predicted spectrum
for ZW-CS4 (and ZW-CS6). It is concluded that [(Pro),H]" is predominantly composed of a
zwitterionic proline bound to Na™ via the two carboxyl oxygens and the canonical proline is
bound through the carbonyl O and the amine N with a free O-H bond that is observed to absorb

at about 3600 cm™.

4. Conclusions

A combination of IRMPD spectroscopy and computational chemistry has been used to
determine that the proton- and sodium-bound dimers of proline exist as a mixture of a number of
different structures. Simulated annealing computations were also used to augment chemical

intuition to determine unique structures of the dimeric complexes.

The proton-bound dimer structure exists as an N-protonated proline bound to zwitterionic
proline. No spectroscopic evidence in the 3200-3800 cm™ region was observed for a canonical
structure. A well resolved C=0 band at 1733 cm™ from a previous spectroscopic study*” was

reassigned from a high energy canonical isomer to a lower energy zwitterionic structure.

13
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Compuationally, there are many low energy sodium bound dimers of proline computed to
be within 10 kJ mol™ in Gibbs energy and eight structures within 5 kJ mol™'. None of the ZW-
ZW structures can necessarily be ruled out based on the experimental spectrum. They all have
an N-H stretching band predicted in the same position as that observed experimentally.
However, only ZW-CS structures that have a free O-H bond can be responsible for the band at
~3600 cm™. The sodium-bound may exist as a number of different structures, but at least one of
these must be a ZW-CS structure, such as ZW-CS4 with a free hydroxyl group. Diffusion

corrected B3LYP calculations predict this ZW-CS4 structure to be the lowest-energy structure.
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Figure Captions

Figure 1.

Figure 2.

Figure 3.

Figure 4.

Figure 5.

Comparison of the IRMPD spectra from 3200 to 3800 cm’ for [(Pro),H]" (top)
and [(Pro);Na]" (bottom).

Ten lowest energy structures for [(Pro),H]". MP2/6-311+G(3df,3pd)//B3LYP/6-
31+G(d,p) and MP2/6-311+G(3dp,3pd)//MP2/6-31+G(d,p) (italicized) 298 K
relative Gibbs energies, )G, and enthalpies, )./, (parentheses) are provided in
kJ mol™.

Comparison of the experimental IRMPD spectrum for [(Pro),H]" with calculated
IR spectra for different isomers of the dimer.

Eight lowest energy structures for [(Pro),Na]". B3LYP/6-
311+G(3dp,3pd)//B3LYP/6-31+G(d,p), B3LYP/6-311+G(3df,3pd)//B3LYPD3/6-
31+G(d,p) (italicized), 298 K ),iG, and enthalpies, ).;H, (parentheses) are
provided in kJ mol™,

Comparison of the experimental IRMPD spectrum for [(Pro),Na]" with calculated
IR spectra for different isomers of the dimer.
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