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Application of photoionization mass spectroscopy, a technique capable of assessing
protonation states in complex molecules in the gas phase, is challenging for arginine
due to its fragility. We report photoionization efficiencies in the valence region of
aqueous aerosol particles produced from arginine solutions at various pH and vapor-
ization conditions. By using ab initio calculations, we investigate the stability of
different conformers. Our results show that neutral arginine fragments upon ioniza-
tion in the gas phase but solvation stabilizes the molecular ion, resulting in different
photoionization dynamics. We also report the valence-band photoelectron spectra

of the aerosol solutions obtained at different pH.

By using proteins and DNA as templates for molecular electronics and sensors, exquisite
chemical sensing technologies can now monitor processes relevant to human health and
environmental remediation. This has been accomplished thanks to advances in techniques
capable of probing physical and chemical properties of these molecules. For instance, the
advent of soft ionization techniques started a revolution in biological mass spectrometry.
Yet, characterization of amino acids in the gas phase is not trivial. In fact, there has not
been an experimental determination of the ionization energy of one amino acid: arginine.
Arginine has multiple protonation sites that endow it with the ability to form multiple
hydrogen-bond patterns, which is important for structural purposes within proteins and for
its other biological roles, such as sensing membrane potentials’?. Arginine was also shown
to be essential for formation of prenucleation clusters used as an alternative crystallization

pathway?. Its exact protonation state in proteins, where it is found almost almost exclusively
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in the cationic state, was a subject of debate?. Experimental characterization of possible
protonation states of arginine by using techniques such as photoionization mass spectroscopy
is challenging because transporting these non-volatile and very fragile molecules to the gas
phase leads to extensive fragmentation. The electronic properties of gas-phase arginine were
widely investigated. One question was the existence and stability of zwitterionic forms® 4.
To form a stable zwitterion, the coulombic energy gained from the interaction of oppositely
charged groups must exceed the difference in basicity between the protonated base and the
deprotonated acid.

Setting the record among all natural amino acids, arginine has over a hundred isomers.
Even at low temperatures, several isomers have considerable equilibrium populations. At
room temperature, at least eight isomers are present!!; their structures and labels are shown
in Fig. S3 in SI. The large number of isomers arises due to the long and flexible side chain
with the guanidine group, which can form various hydrogen bonds. In gas phase, conformers
of canonical and tautomeric types (labeled ¢ and t in Fig. 1) are the most abundant.
The existence of a zwitterionic form (z) in the gas phase has been debated®, but ab initio
calculations showed!! that it is thermally accessible, despite its higher energy. According to
the same study, among various protonated arginine forms, pg is prevalent in the gas phase.
In aqueous solutions, however, core ionization experiments identified p as the prevalent form
at neutral and moderately basic conditions!®. Zwitterionic forms become dominant only at
very basic pH*.

Over a decade ago, we developed a method of introducing fragile and labile molecules to

1617 without fragmenting them. The technique entails impacting intense fo-

the gas phase
cused particle beams, generated by aerosol methods and aerodynamic focusing, on a thermal
heater. This approach produces intact amino acids. Arginine and histidine are notorious
for fragmentation in mass spectrometers. By using the aerosol method, we were able to
generate unfragmented histidine and to determine its ionization energy for the first time!”.
Recently, we interrogated the protonation state of arginine as a function of solution pH with
X-ray photoelectron spectroscopy and reported!® a surprising result: the guanidinium group
remains protonated in a very basic solution (pH 13). This led us to posit that it is the nature
of solvation of arginine that might dictate the fragmentation behavior that we observe upon

valence photoionization.

In this Letter, we present the results of extensive experimental and theoretical in-
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FIG. 1: Different forms of neutral (¢, ¢, z, zat, zac) and protonated (p, pg) arginine. Left panel
shows gas-phase forms.

vestigation aiming to determine the ionization energy of arginine and to quantify how
solvation affects it. We report photoionization mass-spectrometry results for gas-phase
arginine extracted from aerosols under various pH conditions. Specifically, we determined
appearance energies for the parent ion and various fragments. This is the first experimental
report on the IE of gas-phase arginine. We then applied valence-band photoelectron
spectroscopy to the aerosol beam of aqueous arginine under similar pH conditions. To
understand how valence-level photoionization affects arginine in the gas and solvated
phases, we carried out ab initio calculations. The calculations reveal extreme fragility of
the ionized arginine in the gas phase, thus explaining the low yield of the parent ion in
the mass-spectra, and a strong effect of the solvent on the ionization-induced dynamics.
The combined experimental and theoretical results provide a new detailed picture of the

photoionization of this most basic amino acid.

Aqueous aerosols with a mean diameter of 170 nm were generated by atomizing arginine-
water solution (0.1 mol/L) at different pH conditions. The aerosol was tightly focused into

a beam after passing through a set of aerodynamic lenses. In the mass-spectrometric study,
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the focused aerosols were impacted on a thermal heater located within the time-of-fight

(TOF) optics of a VUV mass spectrometer!”.

Gas-phase arginine molecules produced by
vaporization of the particles were subsequently photoionized by tunable VUV light. The
generated ions were analyzed by a reflectron TOF mass spectrometer. The undulator of the
Chemical Dynamics Beamline (9.0.2) at the LBNL Advanced Light Source was continuously
scanned, and mass spectra were collected in 0.1 eV steps. After correcting for photon flux,
the photoionization efficiency curves were extracted for each mass. In the photoelectron
spectroscopic study, photoemission from a focused aqueous aerosol beam was measured
using a velocity map imaging spectrometer'®. Additional details are given in SI.

We computed vertical ionization energies (VIE) of the most abundant isomers using the
EOM-IP-CCSD/MP2 methods'®?. To understand structural relaxation induced by ion-
ization, we performed geometry optimization of ionized arginine molecules and ab initio
molecular dynamics (AIMD) calculations using density functional theory. To model ion-
ization in aqueous solution, we carried out calculations with implicit (CPCM) and explicit
solvent models. In the latter calculations, the solvent molecules were described either by
point charges (QM/MM protocol) or by effective fragment potentials (EFP), here referred
to as the QM/EFP protocol??2. In the explicit solvent calculations, we performed config-
uration sampling of arginine solvated in water by using equilibrium MD simulations. All
electronic structure calculations were carried out with the Q-Chem package?® and MD sim-
ulations were performed using GROMACS?**. The computational details are provided in the
SI.

Fig. 2 shows mass spectra of gas-phase arginine obtained from solutions at pH of 1, 7,
and 13. The spectra demonstrate very little intensity of arginine cation (% = 174) at pH 1,
which further decreases at pH 7, and finally disappears at pH 13. In contrast, large amounts
of fragment ions are generated at all three pH conditions. The low signal of the arginine
cations and strong intensity of the fragment ions suggest that the arginine cations are not
stable and can easily dissociate. The photoionization curves of arginine and major fragment
species are shown in Fig. 2d. Using a non-linear least square fitting technique, we derived
the appearance energy (AE) of 8.05+0.1 eV for the arginine cation (Table S1 in SI). Note
that the AE of fragment ions with 2 equal to 157 (AE = 8.18 eV, corresponding to the loss
of NH3) and 156 (AE = 8.10 eV, due to the loss of HyO) are very close to that of arginine

cation, suggesting that ionized arginine likely undergoes rapid fragmentation.
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FIG. 2: Panels (a)-(c): mass spectra of gas-phase arginine generated from solutions at pH of 1,
7, and 13, measured at 9 eV. Panel (d): photoionization efficiency curves of arginine and major
fragments at pH 1. Note the log scale in the y axis to highlight the paucity of the parent ion signal.

To model gas-phase ionization of arginine, we computed VIEs for eight of the lowest-lying
conformers'!: five of the tautomeric type, one canonical, and two zwitterionic conformers
(see Fig. S3). The first VIE of each structure and the respective Dyson orbitals®® are shown
in Fig. S4. The VIEs range between 8.0-9.0 eV for different conformers. The corresponding
Dyson orbitals are rather delocalized. They show large amplitudes on the guanidine group in
the canonical and tautomeric conformers. Structures t4 and t5 also show significant density
on the oxygens. In contrast, the two zwitterionic structures have large amplitudes on the
carboxylate and amine groups. For all structures, multiple ionized states can be accessed
within 2 eV from the lowest VIE. For canonical and tautomeric structures, we computed nine
ionized states for each structure and for zwitterionic structures we computed five ionized
states. The resulting stick spectra are shown in Fig. S5 in SI. We note that all states
correspond to Koopmans-like transitions (except for having dominant contributions from
HOMO-2 and HOMO-1 in states 2 and 3, respectively, in both zwitterions, 27 and 28), with
the norms of Dyson orbitals of 0.94-0.95.

The geometry optimization of the ionized species (starting from the Franck-Condon struc-
tures) revealed that conformers ¢4, t5, and 27 undergo barierrless dissociation, producing
neutral CO, and amine cations. The dissociation is highly exothermic: about 2.2 eV for the

tautomeric conformers and 1.6 eV for the zwitterion. For other isomers, we were able to
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identify stable structures. We observed substantial energy relaxation (0.7-1.1 eV), as well
as significant changes in the optimized structures of non-dissociating ionized conformers rel-
ative to the respective neutral structures. The lowest adiabatic IE (AIE) is 7.4 eV (1, t2,
and 28 structures), followed by 7.5 eV for t6, and 7.7 eV for the canonical structure. Dyson
orbitals and AIEs are shown in Fig. S4 and S5.

Large energy and geometry relaxation suggests unfavorable Franck-Condon factors for
the 0-0 transition. Even more important is the fragility of the ionized arginine molecules:
since several isomers undergo barierrless fragmentation in the Franck-Condon region, one
can expect that other structures might have sufficient excess energy to overcome small
barriers separating them from the dissociative region of the potential energy surface. To
test this assumption and to identify most likely fragmentation channels, we carried out
constant-energy AIMD simulations for the following isomers: t1 (similar to {2 and t6), ¢3,
t4 (similar to t5, both dissociate upon geometry optimization), and z8 (similar to 27, but
does not dissociate upon geometry optimization). We used three different initial conditions:
corresponding to: the excess energy of 1 eV (the estimated maximal excess energy imparted
by the ionizing photons), 0.1 eV, and 400 K (temperature of the heater). The trajectories
show that ionized arginine undergoes rapid dissociation on less than 50 fs timescale. At 400
K, conformers ¢1 and t4 exhibit proton transfer to guanidine forming zwitterionic structures,
followed by CO; elimination. Zwitterionic form 28 also dissociates promptly. In all cases,
the resulting cations remained stable throughout the rest of the simulation, ¢.e., for about
10 ps. AIMD simulations of the neutral molecules with the initial velocities corresponding
to 400 K thermal distribution did not lead to dissociation. Thus, the calculations show that
while neutral gas-phase arginine is stable under the experimental conditions, ionization leads
to rapid and extensive fragmentation. In combination with the unfavorable Franck-Condon
factors, this gives rise to a very small yield of the parent cation and explains the low signal.
We note that the experimental onset of 8.0540.1 eV is the closest to the computed AIE of the
canonical isomer (~7.7 eV) that did not dissociate. More abundant tautomeric forms and
zwitterionic isomer have lower AIE of 7.5 eV (computed), and undergo dissociation in the
AIMD simulations already at 400 K. Thus, we do not expect these forms to contribute to the
7=174 photoionization signal. Consequently, we assign the experimental photoionization
onset of 8.0540.1 eV to the ionization of the canonical isomer.

Electrostatic and polarization interactions strongly affect conformers’ distribution and
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FIG. 3: Relative energies of the neutral isomers of arginine (left) and their respective ionized
forms (right). Labels correspond to the types of structures shown in Fig. 1. Labels on the z-axis
correspond to the neutral gas-phase isomers (see Fig. S3 in SI). The energies of the neutral species
are given relative to the energy of the gas-phase t1 structure. The energies of the the ionized
species are given relative to the energy of the gas-phase t1 cation.

26228 and arginine is no exception. Fig.

the IEs of biological molecules in condensed phase
3 shows relative energies of the optimized structures of the neutral and ionized isomers of
arginine in gas phase and solution (solvent effects are described by CPCM). Their structures
and labels are shown in Fig. S3, with the respective energies collected in Table S2. The left
panel shows relative energies of the dominant conformers of neutral arginine. The solvent
has a large effect on the relative energies of the isomers, strongly stabilizing the zwitterionic
isomers, with a difference of 0.3-0.5 eV relative to the canonical and tautomeric forms. In the
gas phase, the differences in energies between the 8 structures are less than 0.1 eV. The right
panel shows relative energies of the ionized species. The energy spread for the ionized gas-
phase structures is larger than that for the neutrals, e.g., stable gas-phase cationic structures
can differ by as much as ~0.4 eV. Solvation energies for the neutral forms range between
0.7-1.3 eV, whereas for the ionized structures, the solvation energies are 2-3 eV. As in the
case of neutral structures, the lowest-energy ionized structures correspond to zwitterionic
forms. Among solvated ionized structures, a new type of structure appears, labeled zat. In
contrast to the gas phase, optimization of the ionized structures in CPCM results in stable
structures. Thus, the calculations reveal strong stabilizing effect of the solvent on the ionized
arginine, as illustrated in Fig. 3.

To study the effect of the solvent on the ionization energy of arginine, we obtained

photoelectron spectra of aqueous arginine nanoparticles generated from solutions at various
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pHs using 12 eV and 15 eV photons. Fig. 4a shows the spectra obtained at 12 eV; the spectra
obtained with 15 eV photons are shown in SI (Fig. S2). The interpretation of these spectra
is complicated by the contributions from bulk water ionization. The onset of liquid water
ionization is around 10 eV?*3% which means that only the first peak in the spectra can be
confidently assigned to arginine alone. Moreover, we cannot exclude possible contributions
from water molecules that are hydrogen bonded to arginine and from the counterions. The
analysis of bulk water contributions to the spectra is given in SI. Here we focus on 12 eV
spectra, because they are affected less by the bulk water ionization. By focusing on the
tallest peak in the low-energy part, we observe an overall red shift of about 1 eV upon the
increase of pH.

To model the photoionization spectra of solvated arginine, we carried out QM /EFP cal-
culations following the protocols developed in our previous studies of photoionization in the

condensed phase?®31:32

. We prepared equilibrium sampling by using MD simulations and
then computed VIEs of the positively charged protonated forms (p and pg) and zwitterionic
forms (z, and zac) using QM/EFP. In contrast to QM /MM with non-polarizable force-fields,
EFP describes electrostatic solvent effects including long-range polarization contributions
calculated self-consistently?!?2. Including polarization strongly stabilizes the ionized states,
causing shifts in VIEs of up to 2 eV (see Table S3 and Fig. S8). The details of the simulations
as well as the results of the benchmark study are given in the SI.

Despite the success of our computational protocol in calculating the spectra of different
solvated species®®31:32 the results for arginine are somewhat puzzling. The main challenge
here is how to disentangle the contributions from water ionization from arginine ionization;
this is discussed in detail in the SI. In brief, the onset of bulk water ionization is at 10 eV.
Moreover, the IEs of water molecules near the carboxylate groups of arginine or around
negatively charged counterions are likely to be red-shifted even further, thus affecting the
low-energy spectral range. Although the calculations clearly illustrate the entanglement
between ionized states of arginine and the surrounding water (i.e., as illustrated by the delo-
calized Dyson orbitals), there is no obvious solution of how to rigorously handle these effects.
This essential feature of the valence-band photoionization limits the scope of the questions
that can be addressed by these techniques. In contrast, core-level X-ray photoelectron spec-
troscopy can provide insight on the electronic structure of arginine!'®, when electrons are

ejected from C and N orbitals. But it was difficult to disentangle the contributions to the

ACS Paragon Plus Environment

Page 8 of 15



Page 9 of 15

oNOYTULT D WN =

The Journal of Physical Chemistry Letters

O spectra due to the overlap with water bands, similar to what we observed here in the the
valence region.

The computed spectra for the p and z forms are shown in Fig. 4b. For every form, we
calculated nine lowest VIEs in each of 100 snapshots. To remove water contributions, we
set a cutoff of 9.5 eV and only included the VIEs below this energy in the computed spectra
(see detailed discussion in the SI). On the basis of previous studies!®, we expect the z-form
to be dominant at pH 13 and the p-form to be dominant at lower pH. The comparison of
the tallest peaks of these two forms in the theoretical and experimental spectra support
this. We observe a theoretical red shift of 1 eV between 2z and p, whereas the experimental
spectra show a shift of ~0.3 eV for the pH 9 solution, which increases up to ~1 eV in more
acidic environments. However, the agreement between theory and experiment is not perfect
and is, at best, semiquantitative. The main lesson learned from these calculations is that
theoretical modeling and interpretation of experimental spectra of solvated species becomes
complicated when water and solute ionization bands overlap. This has implication both for
the design of new experiments and for the development of theoretical approaches.

In conclusion, our initial objective was to investigate the energetics of various protona-
tion states of gas-phase arginine using valence ionization spectroscopy together with ab initio
calculations. However, rapid and extensive fragmentation of arginine in the VUV mass spec-
trometer was observed. Geometry optimization and AIMD calculations show that arginine
undergoes extensive fragmentation upon ionization in the gas phase. The simulations ex-
plain the low yield of parent ions and allow us to attribute the experimental photoionization
onset at 8.0540.1 eV to the ionization of the canonical isomer. The inclusion of an implicit
solvent is sufficient to keep the ionized structures stable. Given the importance of solvation
in stabilizing the ionized arginine, we then used valence ionization spectroscopy of solvated
arginine and carried out ab initio calculations of the spectra. Depending on the acidity of
the solvent, the population of isomers changes, and this is clearly reflected by the spectra
obtained at various pHs. We expect that the p conformer is prevalent near physiological
conditions, whereas the z form becomes dominant in basic solutions. The experimental
spectra show an overall red shift as the pH increases. Unfortunately, the interpretation of
the spectra and the comparison between the experimental and theoretical results is difficult
due to the spectral overlap of valence ionization of water and arginine. Yet, the calculations

show the red shift between z and p isomers, in a qualitative agreement with the experiment.
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FIG. 4: (a) Experimental photoelectron spectra of aqueous arginine aerosols at various pHs mea-
sured at photon energy of 12 eV. (b) Computed spectra of protonated and zwitter-ionic forms of
arginine. Only VIEs under 9.5 eV were considered for these spectra.

The inherent difficulties in disentangling the overlapping bands of solute and solvent ioniza-
tion suggest that, perhaps, core-ionization techniques would help to better understand this

challenging system.
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