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Abstract

Sulfation of amino acids is a frequent post-translational modification. It is highly labile, though, and
characterizing it by mass spectrometry, an otherwise powerful and widely exploited tool in
analytical proteomics, is a challenge. The presently reported study is aimed at revealing the O-
sulfation of L-serine and elucidating the effects of protonation and deprotonation on the structure
and stability of the ensuing ionic species, [sSer+H]" and [sSer-H]. These ions are obtained as
gaseous, isolated species by electrospray ionization, trapped in a Paul ion-trap, and sampled by IR
multiple photon dissociation (IRMPD) spectroscopy in either the 750-1900 cm™ fingerprint range,
or the 2900 and 3700 cm™ range encompassing the N-H and O-H stretching modes. The recorded
IRMPD spectra present diagnostic signatures of the sulfate modification that are missing in the
spectra of the native serine ions, [Ser+H] and [Ser-H]. The experimental IRMPD features have
been interpreted by comparison with the linear IR spectra of the lowest energy structures that are
likely candidates for the sampled ions, calculated at the M06-2X/6-311+G(d,p) level of theory.
Evidence is gathered that the most stable conformations of [sSer+H]" are stabilized by hydrogen
bonding interactions between the protonated amino group and both the carbonyl and sulfate

oxygens. [sSer-H] ions possess a negatively charged sulfate group involved in either a S=O"HN or
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a S=0""HO hydrogen bond. The experimental IRMPD spectra are consistent with the presence of
multiple low-lying structures in a thermally equilibrated population of several species particularly in
the case of [sSer-H] ions, where the high structural flexibility combined with the presence of a

negative charge favors the co-existence of several different H-bonding motifs.

Introduction

Sulfation is a widespread post-translational modification (PTM) which involves covalent
attachment of a sulfate group. This PTM may affect several endogenous acceptors, such as proteins,
steroids, sugars as well as xenobiotics." Consequently, in addition to the most common O-linkage
involving alcoholic or phenolic functions (O-sulfation)*™, also other sites may be sulfated, including
amides (N-sulfation) and thiols (S-sulfation).” Sulfation events are thought to modulate protein-
protein interactions, in relevant processes like hemostasis and leukocyte adhesion in inflammatory
response,é'8 and, similarly to phosphorylation, growth regulation in cancer.’” Considerable efforts
have been focused on identifying, quantifying, and localizing sulfation sites in peptides and
proteins, an issue of crucial relevance for the biological function.>'® Varied spectroscopic
approaches, including (heteronuclear) NMR, UV, and FT-IR spectroscopy have been widely used
and proven valuable for the characterization and quantification of purified sulfopeptides.“'12 Mass
spectrometry, which in recent years has become the method of choice for the analysis of protein
PMTs, by virtue of its high sensitivity and ability to cope with the heterogeneity of biological
samples,” has been exploited for differentiating sulfation and phosphorylation events on side chains,
either present individually'® or simultaneously.'* The latter result, obtained only by electrospray
ionization (ESI) coupled to Fourier transform ion cyclotron resonance (FT-ICR) mass analysis, has
allowed to directly distinguish sulfopeptides from the isobaric phosphopeptides (Am = 9.5 mDa)
with baseline resolution in a complex proteolytic digest.

Also conventional tandem mass spectrometry (MS/MS) has proven useful for differentiating
phosphorylation from sulfation, yielding positively charged fragments in low-energy collision
induced dissociation (CID) experiments involving a characteristic neutral loss of 98 Da [H3PO4]
and of 80 Da (SOs), respectively.* However, the high sensitivity of sulfopeptides to acid hydrolysis,
combined with the presence of very acidic sites and the labile nature of the sulfoester bond severely
complicate the characterization of sulfation sites by MS. As a result, cleavage of the sulfation PTM

before backbone fragmentation is observed in most cases, yielding CID spectra basically coincident
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with those of the native species, and so preventing one to assign the modification site."” Partial
retention of the sulfoester group in fragment ions may nevertheless be achieved in negative ion
mode CID assays, once again producing similar PTM losses from phospho- and sulfopeptides. To
circumvent the poorly informative neutral loss exhibited by positive ion CID MS/MS experiments,
the application of gentler activation techniques, like metal-assisted electron-capture dissociation
(ECD)" or electron transfer dissociation (ETD)'® has been explored and found to afford an
improved retention of the sulfation motif. However, these techniques work only with multiply
charged positive ions.'” More successfully, recently established negative ion mode activation
techniques (niECD and NETD) are reported to display complete retention of PTMs and extensive
sequence characterization for singly and doubly deprotonated sulfopeptides and, in general, acidic
biomolecules.®" Besides, spectroscopic approaches have been recently applied to identify
sulfation vs phosphorylation in tyrosine containing peptide ions providing diagnostic sequence
information in anions using 193 nm ultraviolet photodissociation.”® Alternatively, the presence of
characteristic side-chain OH stretches could be revealed by means of infrared multiple photon
dissociation (IRMPD) spectroscopy.”'

IRMPD spectroscopy is indeed a sensitive structural probe which relies on the coupling of a tunable
source of IR light with tandem mass spectrometry. It is an “action” spectroscopy based on the
photofragmentation process triggered by the sequential absorption of resonant IR photons.zz'26 In
recent years, the potential of IRMPD spectroscopy to complement and support important inferences
obtained by conventional mass spectrometry has allowed to shed light on inherent molecular
properties and structural features of a variety of mass-selected (bio)molecular ions in an isolated
environment. In this medium bulk solvent, matrix and counterion interferences are absent and one
can take advantage of the direct comparative analysis between experimental IRMPD and calculated
IR spectra. Implemented in a number of investigations, this powerful tool has been exploited to

address issues such as the characterization of synthetic and natural (modified) amino acids and

27-37 38,39

peptides and of their fragmentation pathways,

40-43

(de)protonation of (hetero) aromatic

44-51 . .. . .
as well as the discrimination between isomers and

molecules, metal cation binding patterns,
conformers of a variety of biomolecular ions.******** A clue into the conformational landscape of
fairly large and flexible molecular ions has also been attained, disclosing the groups entangled in
intramolecular hydrogen bond networks and the impact of PTMs on the higher order structure of the
native species.21’54'56 Also, the sulfate motif is not novel to IRMPD inquiry because simple

inorganic ions and clusters such as protonated sulfuric acid, hydrated sulfate dianion, and hydrogen
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sulfate complexes, have been sampled for their vibrational features, most significant modes being
associated to S-O and O-H stretching and SOH bending.””*°

In the present contribution, a study is reported that combines MS coupled to IRMPD spectroscopy
with extensive density functional theory (DFT) calculations. This approach is intended to evaluate
the influence brought about by the sulfation PTM on the geometric determinants of electrosprayed
(de)protonated O-sulfoserine. The (de)protonated serine ions, already assayed by IRMPD
spectroscopy, are re-examined here as native species to offer a useful guide in identifying
distinctive signatures revealing the presence of this modification. These diagnostic features may

serve as a probe for O-sulfation in more complex serine-containing biomolecules, providing a

differentiation from the related phosphorylation variants.

Experimental and theoretical methods

L-serine, L-serine O-sulfate potassium salt, and all the solvents used in this work were commercial
products (Sigma-Aldrich), used as received. The experimental setup and general procedure of
IRMPD experiments, based on the coupling of a tunable IR laser source with a modified ion trap
mass spectrometer, has been described in detail previously.®' Briefly, deprotonated L-serine, [Ser-
H] (m/z 104), and L-serine-O-sulfate, [sSer-H]™ (m/z 184), ions were generated by ESI of a 3 uM
solution of L-serine and L-serine O-sulfate potassium salt, respectively, in water/methanol (1:1),
whereas protonated L-serine, [Ser+H]" (m/z 106), and L-Ser-O-sulfate ions, [sSer+H]" (m/z 186),
were obtained by ESI of a 2 uM solution of the former precursors in water/methanol (1:1), with 2%

formic acid to assist protonation.

IRMPD spectroscopy

The IRMPD spectra of mass-selected (de)protonated ions from L-serine and L-serine-O-sulfate
have been recorded employing two different experimental setups. The fingerprint range (750-1900
cm™) was explored using a commercial Paul-ion trap mass spectrometer (BrukerEsquire 3000+)
coupled to the bright and tunable IR radiation (5-25 pm) of the free electron laser (FEL) beamline at
the Centre Laser Infrarouge d’Orsay (CLIO),** which is generated by a 10-50 MeV electron linear
accelerator and delivered in 8us-long macropulses at a repetition rate of 25 Hz, each containing 500

micropulses (1-2 ps long). Typical macropulse energies are 40 mJ.

Page 4 of 30



Page 5 of 30

Physical Chemistry Chemical Physics

For the present study, the electron energy was set at 40 MeV and at 44 MeV in order to optimize the
laser power in the frequency region of interest and a fairly stable power around 800-900 mW was
ensured, so that no correction for laser power variation has been considered. In order to avoid
saturation of the most pronounced bands, IRMPD spectra were also obtained using an attenuator
that decreases the power by a factor of three. The IR-FEL spectral width (fwhm) was less than 0.5%
of the central wavelength. In the trap, mass-selected ions were typically accumulated for 5 ms, and
irradiated with 10 macropulses.

A tabletop IR optical parametric oscillator/amplifier (OPO/OPA; LaserVision, Bellevue, WA) laser
system coupled to a modified Paul type quadrupole ion trap mass spectrometer (Bruker Esquire
6000+)*, assembled at the Universitd di Roma “La Sapienza”, has been used to investigate the
2900-3700 cm™ wavenumber range for mass-selected [Ser+H]", [sSer+H]" and [sSer-H] ions. The
parametric converter is pumped by a Nd:YAG laser (Continuum Surelite II) running at 10 Hz and
delivering 600 mJ/pulse (4-6 ns long). In the investigated spectral region the typical output pulse
energy from the OPO/OPA laser source was 20-24 mJ/pulse, with a spectral bandwidth of about 3-4
cm™. In the ion trap, ions are accumulated for 20 ms and mass selected prior to IR irradiation for
0.5-1.0 s. The laser wavelength was continuously moved at a speed of 0.1 cm™' s™', and the mass
spectrum was typically obtained from an accumulation over four scans.

When the IR beam is resonant with an active vibrational transition, sequential absorption of
multiple photons can activate a photofragmentation process, yielding a structurally diagnostic
“action” spectroscopy. The ensuing IRMPD spectrum is obtained by plotting the
photofragmentation yield R (R = -In[/p/({p + Y I§)], where Ip and Ir are the abundances of the parent
ion and of a fragment ion) as a function of the radiation wavenumber.®* In all acquired spectra, a
quantitative consistency is verified between the decrease of the parent ion signal and the rise of the
product ions signals.

The good inter-setup reproducibility is shown by the comparison of the IRMPD spectra of the
protonated O-phosphotyrosine (m/z 262), used as calibrant for the optimization of the experimental
conditions, recorded on the two mentioned experimental platforms over the range of 3250-3700 cm’

' (Fig S1).
Computational details
The identification of the most stable isomers and conformers of (de)protonated L-serine-O-sulfate

ions was carried out through a preliminary conformational analysis. For each possible isomer a
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conformational search was performed with Macromodel 9.6%° by using a Multiple Minimum
MonteCarlo method with AMBER as force field. 1000 conformations for each isomer were
minimized, and only those within 25 kJ/mol from the global minimum were recorded. Similar
conformations were grouped by using XCluster® and visually analyzed to devise additional
conformers escaped from the conformational search. All conformations obtained from this analysis
were then fully optimized by means of density functional theory calculations using the G09 suite of
program.®® Preliminary calculations performed with two different functionals which have
demonstrated to perform well in the calculation of harmonic frequencies,”’ namely B3LYP and
M06-2X,% show that the latter functional is able to better reproduce the experimental peaks (Fig.
S2), most probably because it describes more accurately non-covalent interactions, which play a
crucial role in these structures. In addition, among several tested basis sets (also shown in Fig. S2),
6-311+G(d,p) was found to reproduce the experimental behavior and no improvement was observed
by adding diffuse functions on the hydrogen atoms, as in 6-311++G(d,p), so that the former set was
employed due to its lower computational cost. Thus, the M06-2X/6-311+G(d,p) level of theory was
used for the simulation of all spectra.

Harmonic vibrational frequencies, performed also to verify the stationary points as local minima,
were calculated within the double harmonic approximation for the most stable conformations of
each isomer, namely the ones comprised within 10 kJ/ mol relative to the global minimum structure.
Enthalpy corrections and entropies were evaluated at the same level of theory. Single point energy
calculations at MP2/aug-cc-pVTZ level were also carried out to obtain more accurate values of
electronic energies. The relative energies at 0 K, enthalpies and free energies at 298 K were thus
evaluated for each conformer.

Harmonic vibrational frequencies were scaled by 0.940, the best fit scale factor obtained to
quantitatively reproduce the experimental frequencies. In fact, this is the same factor determined by
Truhlar and co-workers®” in their database for the very close M06-2X/6-31+G(d,p) level of theory.
The frequencies involving the S-O and S=O stretching modes of the sulfate group, however, were
left unscaled, as suggested by previous evidence.*> **37- 7071

For consistency with experimental spectral resolution, the calculated IR bands were convoluted
with a Gaussian profile with an associated width (fwhm) of 15 cm” (5 cm™) in the 750-1900 cm™

(2900-3700 cm™) frequency range.

Results and Discussion
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Photodissociation and CID mass spectra of sulfoserine ions

Electrospray ionization of L-serine-O-sulfate in aqueous methanol solution yields (de)protonated
[sSer-H] and [sSer+H]" ions that have been mass-selected, trapped and exposed to IR radiation
from two distinct, tunable laser sources. The sequential absorption of multiple, resonant photons
and intramolecular vibrational redistribution provide a slow heating of the sampled species,
ultimately promoting dissociation along the lowest energy pathway. The photofragmentation of
[sSer-H] ions at m/z 184 in the IR fingerprint region involves the loss of [C3,Hs5,N,O,], which leads
exclusively to hydrogen sulphate ion at m/z 97 (a fragment highly informative of the PTM), without
any contribution of a skeletal cleavage by CH,O loss, as detected for [Ser-H]ions.”' Fig. S3
compares exemplary mass spectra recorded upon mass selection and storage of [sSer-H] ions either
prior to (upper trace) or following (bottom trace) irradiation with CLIO FEL light on resonance at
1206 cm ™. The same fragmentation behavior (with formation of hydrogen sulfate at m/z 97, as the
only observed fragment) is found when [sSer-H] ions are assayed by low-energy CID, as
commonly observed when deprotonated sulfopeptides are probed by tandem mass spectrometry.
IRMPD spectroscopy has been also performed on protonated L-serine-O-sulfate ion, [sSer+H]", in
both the 900-1900 cm™ and the 2900-3700 cm™ ranges, using two different laser sources and
experimental setups. The dissociation pathways observed upon resonant IR excitation lead to the
formation of fragment ions at m/z 88 and m/z 106, as major channels arising from neutral PTM
losses of HySOy4, or H,O + SO;, and SO3, respectively. Albeit in minor amount, a fragment at m/z
140, by loss of H,O + CO, is also found. Fig. S4 shows the mass spectrum when selected [sSer+H]"
ions are stored in the Paul ion trap either prior to or following irradiation by OPO/OPA IR photons
tuned at 3572 cm’™. Recently, IRMPD spectroscopy has been used to elucidate the structure of the
sulfate-loss product ions at m/z 88 and m/z 106, fragment ions of potential sulfoproteomic
interest.”> While the fragment ion due to loss of sulfuric acid (m/z 88) has been identified as an
aziridine ion, so finding a counterpart in the kinetically controlled photodissociation of the isobaric
protonated phosphoserine parent ion,” the fragment ion at m/z 106 corresponds to protonated
serine. The same dissociation products arising from removal of sulfate modification are consistently
generated when [sSer+H]" ions are probed by low-energy CID, conforming to the well-established
propensity of protonated sulfotyrosine-containing peptides to lose the sulfoester group.'
For comparison purposes, the parent amino acid lacking the sulfation PTM has been also probed by
IRMPD spectroscopy. The fingerprint range in the case of both protonated, [Ser+H]" (m/z 106),%* >
and deprotonated, [Ser-H] (m/z 104),3 ! jons, as well as the IRMPD spectrum of [Ser+H] in the
7
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NH/OH stretching region’” were already explored. These IRMPD spectra are re-examined here to
help assigning the IR absorptions due to the sulfation PTM. While the most abundant
photofragment ion of [Sert+H]" appears at m/z 88 and involves loss of water, the dominant

fragmentation pathway of [Ser-H]  leads to a product ion at m/z 74 by elimination of CH,O.

IRMPD spectroscopy of deprotonated sulfoserine

A structural characterization of [sSer-H] ions was sought by IRMPD spectroscopy in the so-called
fingerprint region (750-1900 cm™), where the powerful FEL beamline at CLIO may reveal the
sulfate modification through the presence of characteristic features, such as the symmetric and
antisymmetric SO; stretches.

The dependence of the IRMPD yield of [sSer-H] on the wavenumber of the incident radiation is
presented in Fig. 1 (black profile). It shows two prominent, only partially resolved absorbances
centred at 1207, and 1297 cm’, along with a band at 1407 cm’, two sharp peaks at 1008, and 1732
cm™, and a weak resonance at 1057 cm™. Interestingly, when compared with the spectrum of the
deprotonated native amino acid, previously reported in the 600-1650 cm’ range,31 and re-examined
here (Fig. 1, green profile), notable differences emerge. The IRMPD spectrum of the native amino
acid, [sSer-H], is in fact dominated by the strong absorbances due to the combined NH; scissor
mode combined with the antisymmetric (1610 cm™) and the symmetric carboxylate (1330 cm™)

stretching modes.

ol N

T T T
1000 1400 1800

Wavenumber /cm’

Fig 1 Experimental IRMPD spectra of [sSer-H] (black profile) and [Ser-H] (green profile)
recorded in the fingerprint range.
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Conversely, in the IRMPD spectrum of [sSer-H], the bands centered at 1207, 1297, and 1732 cm’!
may be ascribed to the antisymmetric SO; and carboxylic C=0 stretches. The latter C=O mode at
1732 em™ indicates that deprotonation occurs at the sulfate site, although its frequency is markedly
red shifted with respect to a typical free carbonyl stretch, which commonly occurs around 1800 cm”
!. The observed frequency thus points to a strong intramolecular hydrogen bond that weakens the
carbonyl double bond in [sSer-H]. The high energy portion of the spectrum was also carefully
explored in the 2900-3700 cm™ range. However, the search for diagnostic features in the
structurally informative NH and OH stretching region was unsuccessful, because the IRMPD
spectrum of [sSer-H] ions appeared remarkably flat and no activity was observed throughout the
whole range explored (Fig. S5). This result may be traced to the low intensity (less than 30 km/mol)
of the free NH stretches above 3300 cm™, as shown in the calculated spectra in Fig. S5. In the
wavenumber region below 3300 cm™, highly active bands are predicted. However, the related
stretching modes pertain to NH bonds engaged in strong hydrogen bonding which is known to
adversely affect the IR signal, causing dramatic broadening and weakening effects in IRMPD

spectroscopy.

Computed Structures of [sSer-H]

In order to gain insight into the IRMPD spectrum, which mainly reflects the absorption of the first
resonant IR photon, an extensive search has been performed to identify the most stable structures of
[sSer-H] ions. Several isomers can be envisaged arising from deprotonation at either the sulfate or
the carboxylic groups, and a large array of conformers result from rotations about single bonds in
the highly flexible skeleton involving a variety of many possible, different hydrogen bonding
motifs. The relevant thermodynamic data, including the relative enthalpy (AHy ) and free energy
(AGyel) values at 298 (kJ mol™), calculated at MP2/aug-cc-pVTZ//M06-2X/6311+G(d,p), are
collected in Table S1. Henceforth, the relative enthalpy values are given in plain text, whereas the
relative free energies (kJ mol™) at 298 K are given in parentheses. According to theoretical
calculations, the sulfate group is the most favorable deprotonation site and twelve low-energy
conformers have been identified within a 12.6 (10.8) kJ mol” window. A few representative
optimized geometries determined at the M06-2X/6-311+G(d,p) level are illustrated in Fig. 2 (the
six most stable structures St-1, S#-2, S¢-3, St-4, St-5, St-6) and in Fig. S6 (the following six St-7, St-
8, S#-9, St-10, Sr-11, Sz-12), together with the relative entalpy and free energy value at 298 K (kJ

mol™). The values of some selected dihedral angles are listed in Table S2.
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SL-5 Sz-6
1.3 (3.8) 2.6 (4.4)

Sz-3 Sr-4
1.2 (L7 0.0 2.4)
al.sa
TR
“
261"

St-1 St-2
1.3 (0.0) 0.9 (1.4)

Fig 2 Optimized geometries of the most stable conformers (St-1, St-2, St-3, St-4, St-5, St-6) of
deprotonated L-serine-O-sulfate [sSer-H]™ determined at the M06-2X/6-311+G(d,p) level. Relative
enthalpy and free energy (in parentheses) values (kJ mol™, in parentheses) at 298 K are computed at
the MP2/aug-cc-pVTZ level. Interatomic bond distances, marked by dashed lines, are given in A.
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The fact that rotamers St-1, St-2, St-3, St-4, St-5, and St-6 are very close in free energy (lying
within 5 kJ mol'l), with differences well within the accuracy of the method (4 kJ mol™” at best) and
that their ordering in terms of relative level is different if we consider enthalpy or free energy,
suggests that several species should contribute to the Maxwell-Boltzmann averaged ion population
at 298 K, and that their weight could be comparable.

The six most stable structures St-1, St-2, St-3, St-4, St-5, and St-6, comprised within 2.6 (4.4) kJ
mol™ window, present the sulfate group rotated so as to benefit from the stabilization of the excess
negative charge via formation of an intramolecular hydrogen bond with either the amine NH (in S#-
1, and St-6), the carboxylic OH (in S#-2, and St-3) or both (in Sz-4, and S#-5) groups. In the
carboxylic group, in a consistently #rans configuration, the carbonyl can be almost free (in S¢-1, St-
4, St-5, and St-6) or directed towards HN (in S#2, and S#-3), thus establishing a C=0""H-N
hydrogen bond. In addition, some structures may benefit from a stabilizing interaction of the
sulfoester oxygen with a hydrogen atom belonging either to the amine (in Sz-1, and S#-3) or the
carboxylic (in St-4, and St-5) functionality. The lowest energy conformer Sz-1 of [sSer-H] adopts a
rather unfolded conformation stabilized by three hydrogen bonds formed between the amino
hydrogen with both a negatively charged oxygen of the sulfate (rso.. zn =1.88 A) and the sulfoester
oxygen (rcio..u~ =2.61 A), and between the COH donor and the amino nitrogen acceptor (rx.. 1.0
=1.81A). The latter binding motif results in a small value of the ~O(H)C1C2N dihedral angle (-
6.8° for St-1), in marked contrast with rotamers Sz-2, S#-3, St-4, and Sz-5, where the OH group
interacts by hydrogen bonding with the sulfate group (Table S2). Comparison between the most
stable conformer Sz-1 and conformer St-4, lying 2.4 kJ mol™ higher in free energy, suggests that the
rather compact arrangement of the latter species may likely contribute to its favorable enthalpy, 1.3
kJ mol™ lower with respect to St-1.

As previously noted, other species, including isomer Sc-1 with a cis geometry of the carboxylic
group, or deprotonated at alternative sites, such as the zwitterionic isomer ZW-1, bearing a proton
at the amino group and deprotonated at both the carboxylic and sulfate sites, and the carboxylate
structure C-1, lie 31.0, 14.4, and 149.2 kJ mol™ higher in free energy at 298 K relative to the global
minimum St¢-1, respectively (Fig. S7).

Spectral assignment of [sSer-H]

For comparative purposes, the IRMPD spectrum of [sSer-H] is presented along with the calculated
IR spectra of rotamers S#-1, St-2, St-3, St-4, and St¢-5, the most stable structures in free energy and
enthalpy (Fig. 3).

11
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St-5

St-3

St-2
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Fig. 3 Experimental IRMPD spectrum of deprotonated L-serine-O-sulfate [sSer-H] (bottom), and
computed IR spectra (at the M06-2X/6-311+G(d,p)level) of conformers St-1, St-2, S¢-3, St-4, and
St-5. The experimental spectrum is also reported as a pale trace over the calculated spectra to enable

immediate comparison.
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The position of observed IRMPD bands and the computed transitions of the lowest lying structure
St-1 and St-4, respectively, together with a concise description of the assigned vibrational modes
are given in Table 1. The calculated IR absorption spectra of the optimized structures Sz-6, St-7, St-
8, and S#-9, as well as S#-10, S#-11, S#-12 are reported in Fig. S8 and S9, respectively, together with
the experimental IRMPD spectrum. Inspection of Fig. 3 reveals that the main experimental features
are rather well reproduced by IR spectra of all low-lying conformers St-1, St-2, S#-3, St-4, and S#-5,
with small variations from one conformer to another to be ascribed to the different hydrogen
bonding patterns. Here, frequencies pertaining to conformer St-1 (the lowest in free energy) and
conformer Stz-4 (the lowest in enthalpy), as representatives of two different hydrogen bonding
motifs, will be explicitly discussed.

The band observed at 1732 cm™ presents a slight tailing on the blue side and can be attributed to the
C=0 stretching mode, predicted at 1740 cm™! for structure Sz-1, and at 1728 cm™ for St-4 and Stz-5,
all bearing an almost free CO group. However, when the CO acceptor is involved in a hydrogen
bond with the amino donor, the carbonyl stretch is expected as low as 1708 cm™ (conf Sz-2 and St-
3). In fact, a closer look at the IRMPD band reveals that the peak is structured, a feature that could
be ascribed to the presence of different conformers in the probed ion population, presenting slight
variations for the absorption relative to the C=O stretching mode. Furthermore, the latter
experimental frequency, is in very good agreement with a related band previously observed at 1728
cm’ for deprotonated O—phosphoserine.33 This finding is a clear indication of sulfate deprotonation
in [sSer-H], at variance with the carboxylate structure of deprotonated native serine which displays
a strong antisymmetric OCO stretch at 1610 cm™ (Fig. 1). Moreover, any significant contribution of
the less stable isomers ZW-1 and C-1 can be ruled out. In fact these isomers present highly active
antisymmetric carboxylate stretches below 1700 cm’ (Fig. S10) where [sSer-H] shows hardly any
vibrational activity. The multiplet of peaks in the frequency range from 1200 to 1300 cm™
correlates with the intense antisymmetric SO; stretch coupled to NH; twisting, the weak C-OH and
the strongly active antisymmetric SO, stretches, predicted for St-1 at 1231, 1270, and 1315 cm™,
and at 1208, 1254, and 1326 cm™ for St-4, respectively. Vibrational modes at similar values are
observed in the calculated IR spectra of St-2, St-3, and St-5. All these conformers, with small
differences, reproduce quite well the experimental frequencies and the separation of about 30 cm™
between the main features of the IRMPD broad band, with S#-1 presenting more pronounced
variations and a somewhat smaller separation between the two prominent bands at lower frequency.
Assuming, from the close energy spacing discussed in the previous section, that conformers St-1,

St-2, St-3, St-4 and St-5, should all contribute to the Boltzmann population of the sampled ion, the
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envelope of absorbances in this region of the IRMPD spectrum, giving rise to the experimentally
observed broad band, is accounted for.

On the blue side of the envelope, the shoulder at 1407 cm™ finds its counterpart in a comparatively
intense OH bending mode expected at 1388 cm™ in St-1, where theory predicts the formation of a
proton bridge between the carboxylic hydroxyl group and the amine site and at 1361 cm™ in Sr-4,
red-shifted due to the presence of a hydrogen bond between the carboxylic hydroxyl group and the
sulfate oxygen. Indeed, as already pointed out, this mode may be significantly sensitive to the
hydrogen bonding network, and in the considered conformers its frequency varies from 1332 cm’™
(conformer St-5) to 1400 (conformer Sz-2). This variation might be also related to the strongly
anharmonic nature of this feature, well demonstrated when the proton is shared between two
carboxylate groups,31 as well as in (modified) deprotonated serine.’""

At still lower frequency, the weak resonances at 1008 and 1057 cm™ are accounted for mainly by
the symmetric SO; stretch coupled with the C2-O(SOs) stretch and the NH, wagging, calculated at
1010 and 1054 cm™, respectively, for St-4, and 1022, 1038 and 1131 cm™ for S-1.

Interestingly, the aforementioned symmetric and antisymmetric SO; stretching modes agree well in
terms of frequency with those previously observed in hydrated HSO4 clusters.>® In this region, a
much stronger activity, due to additional contributions of different vibrational modes, is conversely
expected for the less stable salt-bridge ZW-1 isomer (NH bending coupled with C2-C3 stretching),
Sc-1 isomer (COH bending and SOH bending), in contrast with the experimental evidence.

The above analysis suggests that the IRMPD spectrum for [sSer-H]", showing relatively wide bands
and structured peaks, is in fact the result of the simultaneous presence of several low energy
conformers, whose vibrational modes are somewhat spread in frequency due to their different H-
bonding networks. However, the structural motif present in St-4, endowed with the lowest enthalpy
value in the series (Table S1) shows a better agreement with the experimental frequency values. In
particular, compared to Sz-1, the resolved antisymmetric SO, streching and COH bending are
merged in St-4, while the carbonyl stretch is slightly red-shifted at 1728 cm™, in very good
agreement with the experimental peak observed at 1732 cm™. Such considerations are confirmed by

comparing the thermally averaged spectrum to the experimental one (Fig. 4).
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Fig. 4 Averaged spectrum of deprotonated L-serine-O-sulfate [sSer-H], computed by considering
contributions from all thermally accessible conformers according to their relative enthalpy. The
experimental spectrum (red line) is also reported to enable immediate comparison.

Here, the thermally averaged spectrum was built by considering contributions of each conformer to
the Boltzmann population weighed according to its relative AH value, rather than AG value: the
discussion above highlighted that conformer Stz-4, which is the lowest in enthalpy, seems to better
reproduce the experimental frequencies. In any case, the spectrum averaged by taking into account
AG values is also reported in Fig. S11, where it can be seen that differences mostly concern band
shapes, rather than their position. Fig. 4 shows that the experimental frequencies are generally well
reproduced, the main discrepancy arising in the position of the experimental band at 1297 cm’,
whose corresponding calculated value (1326 cm™) gives however a percent deviation within 2.5 %.

The contribution of several conformers in the 1200-1400 cm™ region yields a broader band with

respect to the single structures somewhat reminiscent of the experimental spectrum.

IRMPD spectroscopy of protonated sulfoserine
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The IRMPD spectrum of mass-selected [sSer+H]" ions exhibits (Fig. 5, black profile) several
distinct features in the explored “fingerprint” region (800-1900 cm™) at 908, 1022, 1446 and 1784

cm™, and two largely overlapping bands with maxima at 1161 and 1206 cm.

A

800 1000 1200 1400 1600 1800 3000 3100 3200 3300 3400 3500 3600 3700
Wavenumber / cm™

e

Fig. 5 Experimental IRMPD spectra of [sSer+H]™ (black profile) and [Ser+H]" (green profile)
recorded in the fingerprint and in the NH/OH stretch ranges.

In the same panel of Fig. 5, the IRMPD spectrum of the protonated native amino acid, [Ser+H]", is
shown as a green profile. The latter spectrum is characterized by absorbances at 1050, 1167, 1456
and 1791 cm™ which all find a counterpart in the IRMPD spectrum of the sulfo-derivative
[sSer+H]". However, diagnostic sulfate signatures seem to appear in the 800-1300 cm™ range,
where [sSer+H]" presents four features to be compared with the only two of [Ser+H]". So, two
additional absorptions appear in the IRMPD spectrum of [sSer+H]", namely a wide (fwhm = 48
cm™) band at 908 cm™, and a sharp (fwhm= 12 cm™) one at 1022 cm™, offering a distinct
experimental signature for the sulfo-modification.

Vibrational features have been also recorded in the 2900-3700 cm™ range, where the NH/OH
stretching transitions can be explored. In this region, the IRMPD spectrum of [sSer+H]" presents
two prominent, overlapping bands centered at 3548 and 3562 cm’, together with a relatively
weaker resonance at 3335 cm™ (Fig. 5, black profile), whereas [Ser+H]" absorbs at 3340, 3541 and
3660 cm™ (Fig. 5, green profile). However, in the lower-energy range, the intense peaks associated
to H-bonded N+-H group/interactions predicted at 2900 and 3150 cm™ are notably absent in the
IRMPD spectrum. In general, stretching modes involved in extensive hydrogen-bond network are
not well represented in IRMPD spectroscopy. Significant red-shift and broadening will affect the

signatures of the related modes, as already documented.
16
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Computed Structures of [sSer+H]"

According to calculations, the amino group is the most favourable protonation site of sulfoserine, as
previously described for protonated serine in the native® and phosphorylated form.* Stable
conformers of [sSer+H]" ions, Ne-1, Nec-2, Ne¢-3, and Ne-4, all bearing an ammonium group

involved in multiple intramolecular interactions and a cis configuration of the carboxylic group, lie

within a 11.2 (11.7) kJ mol™ enthalpy (free energy at 298 K) window, and are depicted in Fig. 6.

Nc-4
9.6 (8.2) 11.2 (11.7)

-

2.53

Ne-1 Ne-2
0.0 (0.0) 3.9 (1.9)

Fig 6 Optimized geometries of the most stable conformers (Nc-1, Ne-2, Ne-3, and Ne-4) of
protonated L-serine-O-sulfate [sSer+H]" determined at the M06-2X/6-311+G(d,p) level. Relative
enthalpy and free energy (in parentheses) values (kJ mol™, in parentheses) at 298 K are computed at

the MP2/aug-cc-pVTZ level. Interatomic bond distances, marked by dashed lines, are given in A.
17
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The considerable number of low-lying structures for protonated sulfoserine found in this study is
matched by similar findings from a previous IRMPD investigation of protonated serine.”® Still, the
protonation event was found to drastically decrease the number of coexisting conformers lying
within about 8 kJ mol™, with respect to gaseous neutral serine, as observed by Fourier transform
microwave spectroscopy.73

The relevant thermodynamic data are presented in Table S1. Stepwise rotation about the C-O(S),
(C)O-S, S-O(H) and C-C bonds of the flexible side chain leads to conformational changes described
by dihedral angles listed in Table S3. The £C2C30S, £ZC1C2C30, £ZC30S0, ZOSOH dihedral
angles of the ground-state conformer N¢-1, equal to -100.5°, -43.8°, 43.3°, and -92.0°, respectively,
favor an arrangement whereby two ammonium protons are engaged in a hydrogen bond with the
carbonyl oxygen (rco.un = 2.03 A) and in a bifurcated H-bond motif with both the sulfate (rso_un =
1.71 A) and the sulfoester oxygen (rso.un = 2.78 A), respectively. As can be noted in Fig. 6, the
four lowest lying conformers present very similar patterns of hydrogen bonding interactions.
Rotamer Ne¢-2, 3.87 (1.94) kJ mol™ less stable, though bearing a completely different orientation of
dihedral angles, presents to a hydrogen bonding motif (in terms of number, kind and strength of the
interactions) very much alike to the global minimum Nec-1, also explaining the proximity in energy
of the two conformers. The rotation around the (C3)O-S bond of Nec-1, changing the C30SO
dihedral angle to 71.9°, allows the sulfate hydroxyl to establish hydrogen bonds with both sulfate
(rso...Hos) = 2.55 A) and sulfoester (rcos).Hoes) = 2.79 A) oxygen atoms and yields rotamer Ne-3
which lies at 9.6 (8.2) kJ mol™ relative to Ne-1. In the case of Ne-4, at 11.2 (11.7)kJ mol™ relative
to Nc-1, the ZC2C30S dihedral angle is found equal to -64.0°, resulting in all three ammonium
hydrogens involved in hydrogen bonding. The H bond distances are either longer, in the case of
carbonyl (rco.un = 2.18 A and ) and sulfate (rso.un = 1.93 A) acceptor groups, or shorter, in the
case of the sulfoester oxygen (rso.un = 2.68 A), if compared with the corresponding distances
within Ne-1. Interestingly, all structures adopt a £ C1C2C30 dihedral angle of the opposite sign as
the £C30SO0 dihedral, which facilitates the formation of intramolecular hydrogen bonds by the
ammonium group with the carbonyl and sulfate oxygens.

Other structures have been examined, including the N-protonated rotamer N#-1 with a trans
configuration of the carboxylic group, and isomers bearing a proton on either the carbonyl (CO-1)
or the sulfate (SOH-1) oxygen atoms (Fig. S12). The N#1 isomer differs from N¢-1 mainly for the
trans setting of the carboxylic group, keeping the same pattern of hydrogen bonding. This variation
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causes a destabilization by 40.3 (39.2) kJ mol™ (Table S1). In the CO-1 and SOH-1 isomers, the
sulfoester oxygen is engaged in hydrogen bonding with both an NH and either the charged C(OH)
(rso.moc) = 1.71 A) or S(OH) (rs0.1o(s) = 2.85 A) group. Both structures, however, lie much higher
in enthalpy (free energy) relative to Ne-1, by 123.0 (121.4) and 177.8 (168.7) kJ mol™ respectively,
which makes their contribution to the probed ion population extremely unlikely.

Calculations were also performed on the aziridium ion and sulphuric acid, the prevalent fragments
obtained upon both soft CID and IRMPD. The results show that the threshold energy associated to
this fragmentation process amounts to 128.9 kJ mol’ (Ey at 0 K). This relatively high
endothermicity requires the absorption of multiple (more than 5) photons to obtain a sizeable
photofragmentation yield, considering that in the 900-1900 cm™ range the photon energy is 12-23
kJ mol™.

Spectral assignment of [sSer+H]J"

Fig. 7 compares the experimental IRMPD spectrum of [sSer+H]", covering both the fingerprint and
the NH/OH stretching regions, with the calculated IR absorption spectra of the two most stable
rotamers Nc¢-1 and Ne-2 among the ones characterized by the favored protonation at the amino
group. Indeed, these two conformers lie sufficiently close in free energy (within 5 kJ mol™) to likely

contribute to the thermally averaged population of sampled ions at room temperature.
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Nec-2

Exp
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-1
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Fig. 7 Experimental IRMPD spectrum of protonated L-serine-O-sulfate [sSer+H]" (bottom), and
computed IR spectra (at the M06-2X/6-311+G(d,p) level) of conformers Nc¢-1, and Ne-2. The
experimental spectrum is also reported as a pale trace over the calculated spectra to enable

immediate comparison.
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For this reason, in Fig. 8 the thermally averaged spectra obtained, as in the case of deprotonated
solfoserine, by considering contributions of the two conformers to the Boltzmann population

weighed according to their relative AH value, is also reported for comparison.

1000 1200 1400 1600 1800 2000 2900 3000 3100 3200 3300 3400 3500 3600 3700

-1
Wavenumber/cm

Fig. 8 Averaged spectrum of of protonated L-serine-O-sulfate [sSer+H]", computed by considering
contributions from all thermally accessible conformers, according to their relative enthalpy. The
experimental spectrum (red line) is also reported to enable immediate comparison.

The spectrum averaged by taking into account AG values is also reported in Fig. S13.

A comprehensive presentation of the linear IR spectra of all structures protonated at either the
amino site (Nc¢-1, Ne-2, Ne-3, Ne-4, and N#-1), the carbonyl (CO-1) or the sulfate (SOH-1) group is
provided in Fig. S14 and S15, respectively. As can be seen in Fig. S14, all the low energy N-
protonated, cis structures present very similar IR spectra. This finding is not surprising given their
close structural resemblance. However, certain differences between the calculated spectra appear in
the low wavenumber region, mainly associated to the presence of (poorly resolved) features around
950 cm™ (Ne-3), 1100 cm™ (Ne-4), and 1370 cm™ (Ne-2). Some difference also appears in the three
peaks between 3100 and 3300 cm” (Ne-4). A concise description of the main assigned IRMPD
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absorptions is presented in Table 2, along with the experimental data and the computed frequencies
and intensities of the ground state structure Nc-1, whose well resolved IR active modes presents the
best overall match for the entire IRMPD spectrum. This result provides evidence that the protonated
[sSer+H]" ions is reasonably described by the lowest energy structure.

It might be worth noting that this situation is remarkably different from the behavior of
deprotonated sulfoserine [sSer-H] examined in the previous sections, where several comparably
stable conformers contribute to the overall spectrum. This finding suggests that the presence of a
deprotonated site (with a relatively mobile sulfate group) increases significantly the possibility of
multiple H-bonding. As a consequence, an explanation of the different behavior in the comparison
between the IRMPD spectra of the parent amino acid with the sulfated derivatives might be put
forward. In the case of the more rigid protonated ions, only additional features due to sulfation are
observed in the IRMPD spectrum of the modified species with other modes otherwise unchanged
from the native amino acid ion. In the case of the negatively charged [sSer-H] ion, the IRMPD
spectrum presents different features spread throughout the frequency range, with respect to [Ser-H],
that are not solely ascribable to sulfation.

Among the most active features in the fingerprint range, the first band at 908 cm™ matches with a
band comprising coupled antisymmetric S-OH stretching and SOH bending modes with the C1-C2,
and C2-N stretches predicted at 896 cm™; the narrow (fwhm= 24 cm™) peak at 1022 cm™ can be
attributed to the (C3)O-S and C3-O(S) stretches, and the N-H bending calculated at 1061 cm™,
besides the molecular deformation and the NH2 scissoring expected at 1065 cm’; the envelope of
absorptions centered at 1161 and 1206 cm™ are associated to the COH bending modes of the
carboxylic group, calculated at 1148 cm™, and to the symmetric SO, stretch predicted at 1204 cm™,
which is conversely lacking in isomer SOH-1 (Fig. S15). At higher frequency, the quite broad
(fwhm= 80 cm™) absorption at 1446 cm™ comprises the antisymmetric SO; stretch, predicted at
1447 cm™, merged with the NH;" umbrella mode calculated at 1451 cm™, which marks a clear
signature of the protonation at the amino group. On the other hand, the latter band is missing in less
stable isomers such as CO-1 and SOH-1 (Fig. S15). Any appreciable contribution of these species
can be thus ruled out. In addition, the sharp peak (fwhm= 22 cm™) at 1784 cm™ corresponds to the
C=0 stretch expected at 1786 cm™, which is obviously missing in the IR spectrum of CO-1.
Although some weaker bands find a fairly good correspondence in the computed IR absorptions, the
IRMPD spectrum appears remarkably flat in the region where only a weak peak at 1560 cm™ (not

reported in Table 2 since its intensity is lower than 50 km mol™) is expected. Interestingly,
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comparative inspection of the IRMPD spectrum of [sSer+H]" ions recorded here with a previous
report of the IRMPD spectrum of protonated O-phosphoserine reveals very similar absorptions.
The high-energy portion of the spectrum (2900-3700 cm™) presents a prominent unresolved
absorbance with maxima at 3548 and 3562 cm’, accompanied by a weak band at 3335 cm’,
faithfully reproduced by the carboxylic and sulfuric O-H stretches and by the N'-H stretch, when
not engaged in strong hydrogen bonding. In fact, the theoretically predicted values are 3545, 3560,
and 3295 cm™, respectively, for the lowest energy structure Ne-1. Noteworthily, this vibrational
pattern is diagnostic of the major contribution of N-protonated structures, in contrast with the
calculated SO-H stretches for Nz-1, CO-1, and SOH-1 isomers which are instead significantly
parted from the CO-H stretch mode and in marked contrast with the experiment.

Although the experimental band positions and (partially) intensities occurring at wavenumber above
3300 cm™ are faithfully reproduced by Ne-1, inspecting the range below 3300 cm™ the experimental
spectrum appears notably flat. In this range, though, intense bands for NH/OH stretches involved in
hydrogen bonding are expected, including a highly active mode for the carbonyl bound N'-H
stretching expected at 3136 cm™. However, as previously reported for related systems, such as
protonated (S-nitroso)cysteine, 4-hydroxyproline, and the native serine itself,*> ** 7> a noticeably
weak intensity or even absence of detectable peaks has been observed in this part of the spectrum,
where weaker laser power, red-shift and broadening due to anharmonicity effects, incomplete
vibrational relaxation, and pronounced nonlinear effects may result in what has been termed
IRMPD “transparency”.sg’ ™ Anyhow, it is worth noting that also in this portion of the IRMPD
spectrum a signature of the serine O-sulfation may be still recognized when comparing the sulfate
OH stretch of [sSer+H]" with the alcohol OH stretch of [Ser+H]",”* and the phosphate OH stretch of
phosphopeptides,ﬂ’ > which are active at 3564, 3650, and ca. 3670 cm™, respectively.

Conclusions

Vibrational signatures of both protonated and deprotonated L-serine-O-sulfate ions, [sSer-H]™ and
[sSer+H]", have been obtained by IRMPD spectroscopy assisted by quantum chemical calculations.
Two IR spectral regions have been explored, namely the fingerprint (750-1900 ¢cm™) and the
NH/OH stretching (2900-3700 cm™) ranges, using either the CLIO FEL light source, or a tabletop
OPO/OPA laser source, respectively, coupled with tandem mass spectrometry. The experimental
features have been assigned by comparison with the calculated IR spectra of the low energy

conformers of [sSer-H]" and [sSer+H]" which contribute to the sampled ion population.
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Experimental and theoretical results indicate that the low energy structures of [sSer+H]" bear a
proton on the amino group and two hydrogen atoms of the ammonium group establish a C=0...HN
and a S=0...HN hydrogen bonding interaction. The O-sulfation event in [sSer+H]" has been found
responsible for the appearance of highly active vibrational modes in the 900-1300 cm™ energy
range, due to S-OH, C-0OS, and CO-S stretches, SOH bending and symmetric SO, stretching modes,
at frequencies where the native protonated serine [Ser+H]" displays scant or anyway distinctly
different activity. Conversely, the intense antisymmetric SO, stretch at 1446 cm™ is not diagnostic,
being coupled with the NH; umbrella mode so that a pronounced band is present in both the sulfo
and native ions. In the OH stretching region, the SO-H stretch at 3562 cm™ can be recognized from
carboxylic and alcoholic O-H stretches, providing a signature for the presence of this PTM.

For the conjugate base of sulfoserine, [sSer-H], in the lowest energy structures deprotonation
occurs at the sulfate group which forms intramolecular hydrogen bonds with either the amino
hydrogen atoms or the carboxylic hydroxyl group. Here the negative charge together with the
higher flexibility imparted by the sulfate group, facilitate the formation of many different hydrogen
bond patterns, leading to rotamers very close in energy. As a result, the experimental IRMPD
spectrum presents broad and structured bands which are compatible with contributions coming from
different conformations. Distinctive vibrational features of [sSer-H]", associated with the symmetric
SO; (1008 cm™) and antisymmetric SO3 (1204 cm™) and SO, (1297 cm™) stretches, and lacking in
the unmodified amino acid, [Ser-H]", may provide a useful reference for the assignment of sulfate
IR modes of O-sulfated amino acids in their natural deprotonated state. Besides these evident
features due to sulfonation, [sSer-H] and its parent deprotonated amino acid spectra differ for the
position of other vibrational modes, again to be related to the increased flexibility of the sulfonate
species and its ability to form intramolecular hydrogen bonds. This is in contrast with the behavior
of the comparatively more rigid protonated species, where only additional features due to

sulfonation are found for [sSer+H]" as compared to [Ser+H]".
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Table 1 Observed IRMPD resonances and calculated vibrational frequencies for the low-lying
rotamers Stz-1, and S#-4 of deprotonated L-serine-O-sulfate [sSer-H]".

Calculated™®
IRMPD? vibrational mode
St-1 St-4
997 (68) Owag “NHa, Srock -CH,
1008 (0.04) 1022¢ (43) 1010° (69) Veym SO, & NH,
1038° (154) Vsym SO3, 8y, NH,, molecule deformation
1057 (0.01) 1131°(149) 1054° (56) v C-0O(S03), Vsym SO3, Suwist NH,
1098° (128) § NH,, v (C)0-S, v SO;
1207 (0.17) 1231° (399) 1208° (448) Vasym SO3, Syist NH,
1297 (0.24) 1315°(368) 1326° (344) Vasym O=5=0
1407 (0.03) 1388 (346) 1361 (346) Suis (C=0)O-H
1732 (0.05) 1740 (439) 1728 (435) vC=0
- 3111 (619) 3042 (1067) v O-H
- 3176 (220) 3285 (119) v N-H

“In cm™. * The reported intensities given in parentheses are in km mol . Bands with an intensity lower than
50 km mol™" are not included. Frequencies are scaled by a factor of 0.940. °© Frequencies are scaled by a
factor of 1.00.
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TABLE 2 Experimental IRMPD resonances and calculated vibrational frequencies for the Nec-1
isomer of [sSer+H]" ions (at M06-2X/6-311+G(d,p) level).

a a,b
IRMPD Calculated vibrational mode
908 (0.60) 896 (221)° v S-OH, v C,-N, v C,-C(=0)
' 911 (86)° Vasym (Cp)O-S-OH, 8 H-Cp-H
1022 (0.59) 1061 (225)° v (Cp)O-S, v C4-0S, 6 N-H
' 1058 (79) Bsciss, S-O-H
1065 (0.57) 1066 (123) Molecule deformation
1161 (0.62) 1148 (154) 8yciss (C=0)-0-H
1206 (0.78) 1204 (142)° v 0=8=0, § N-H
1447 (288)° Vasym O=S=0, molecule deformation
1446 (0.89) 1458 (173) v (C=0)-0OH, vy, O=S=0
1451 (166) 8 NH;" umbrella mode
1784 (0.60) 1786 (312) v C=0
- 2907 (534) vN-H
- 2913 (129) Veym CH
- 2924 (53) v C-H
- 3136 (165) vN-H
3335¢ 3295 (148) vN-H
3548¢ 3545 (226) v COO-H
35624 3560 (281) v SO-H

“In cm™. ® The reported intensities given in parentheses are in km mol . Bands with an intensity lower than
50 km mol™" are not included. Frequencies are scaled by a factor of 0.940. ¢ Scaling factor=1.00. ¢ The
relative intensity of this feature is not available since this wavelength range (2900-3700 cm™) was explored
with a different experimental set-up.

29



Table of Contents

The gas phase structures of (de)protonated O-sulfoserine ions have been revealed by infrared

Physical Chemistry Chemical Physics

multiple photon dissociation (IRMPD) spectroscopy and computations.

G (-) Sulfo PTM
(1055)0-CH,-CH(NH,)-CO,(H)
\ vs
\ /\ native
[\ o q
WAV serine ions

800 1200 1600 om” +
(1) NHs
(HO,S)0-CH,-CH-CO,H

. B |\R
800 1200 1600 3000 3200 3400 3600 on’

30

Page 30 of 30



