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a  b  s  t  r  a  c  t

The  fragmentation  chemistry  of  protonated  sulfoserine  was  probed  using  a combination  of collision-
induced  dissociation  (CID) mass  spectrometry,  infrared  multiple  photon  dissociation  (IRMPD)
spectroscopy,  and  density  functional  theory  (DFT)  calculations.  The  IRMPD  spectra  of the dominant  frag-
ment  ions  at  m/z  106  and  88  (i.e.,  loss  of SO3 and  H2SO4)  were  obtained  and  used  to  determine  the
corresponding  structures.  By  comparison  to a synthetic  standard  and  calculations,  it  was  determined
tional modifications

troscopy

that  the  m/z  106  ion  is  structurally  identical  to protonated  serine.  The  m/z  88  fragment  ion was  assigned
an  aziridine  structure  based  on  a  comparison  to  theory,  analogous  to  the  structure  previously  proposed  by
others  for  phosphoric  acid loss  from  phosphoserine.  This  work  provides  the  first spectroscopic  insights
into  the  dissociation  pathways  of  a sulfated  amino  acid,  laying  the  groundwork  for future  studies  on
related  amino  acids  and peptides  with  this  important,  labile  post-translational  modification.
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e sulfation at tyrosine is a relatively common post-
nal modification (PTM), with known roles in various
l processes, including the binding of blood coagulation
[1–3] and hormone recognition by receptors [4]. Sul-

 serine and threonine was only first reported in 2004
novel modification was detected in proteins from sys-
ging from the unicellular malaria parasite, Plasmodium
, to humans, which suggests that this too is a key bio-

odification warranting further study. Furthermore, whilst
ulfation is slowly beginning to be recognized as a worth-

alytical and mass spectrometric challenge, the behavior
reonine- and sulfoserine-containing peptides under var-
s spectrometric conditions has gained significantly less

spec
ine.
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eginning here with a model system, protonated sulfoser-

te the biological significance of peptide sulfation, sulfo-
cs [6] has thus far been less successful than phospho-
cs [7–9] at gaining recognition as a routine sub-field
omics. Due, for example, to the acid and gas-phase
f the sulfate group, sulfopeptides present distinctive
s for the mass spectrometry community. Nonetheless,
some significant strides have been made toward the
of sulfotyrosine-containing peptides by mass spectro-
ethods. Differentiating sulfotyrosine-containing peptides
sphotyrosine-containing peptides has been demonstrated
f high-resolution mass spectrometry [10] and reso-

ared photodissociation spectroscopy [11]. Furthermore,
 to sequence sulfopeptides have been pursued, with some
by employing radical dissociation chemistry, such as
ion electron capture dissociation (niECD) [12], electron
apture dissociation (ETD/ECD) [13], and ultraviolet pho-
ation (UVPD) [14]. Alternative approaches have included
 modification of free tyrosine residues, followed by
ive removal of sulfate groups from sulfated tyrosine

 to allow for the indirect determination of sulfation
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rough collision-induced dissociation (CID) sequencing

aspect of understanding gas-phase fragmentation path-
olves elucidating the structure of the resulting product
e of the most powerful techniques for this purpose
d multiple photon dissociation (IRMPD) spectroscopy
ince infrared photodissociation is only induced when the
g photon is of a resonant energy with a vibrational mode of
te, by recording photofragmentation as a function of pho-
y, an IRMPD spectrum, analogous to a more traditional
n IR spectrum, can be constructed. IRMPD spectroscopy
es as a direct structural probe of gas-phase ions and can be
structural elucidation of said ions, especially when com-
h theoretical infrared (IR) frequency calculations and/or
on to experimental spectra of synthetic standards. This
e has proven successful in many areas, including the study
[18–21] and of the fragmentation chemistry of peptides
nd remains promising for many additional future appli-

osphoproteomics has outpaced sulfoproteomics, studies
agmentation pathways of phosphopeptides upon colli-
tivation [20,26–28] have likewise been more prevalent
parable studies for sulfopeptides, which are essentially
nt thus far. The present study aims to begin closing this

hed light on the CID fragmentation patterns of protonated
e. This is achieved through the combination of various
es, including IRMPD spectroscopy, CID tandem mass spec-
, and DFT calculations.

ds

rimental methods

erine  and serine were obtained from Bachem (Buben-
tzerland). Solutions were prepared at concentrations of

 �M in either 70/30 or 50/50 methanol/water with either
 acetic or formic acid added to obtain optimal mass spec-

 signal for high quality IRMPD spectra.
vide an in-depth understanding of the structure and frag-
n pathways of the protonated sulfoserine ion, several
entary mass spectrometry and ion spectroscopy experi-
re conducted. Thus, three instrumental setups were used:

D spectra in the fingerprint region were recorded using
rier transform ion cyclotron resonance (FTICR) mass

rometer coupled to the beamline of the Free Electron
 for Infrared eXperiments (FELIX) [29,30]. Briefly, pre-
r  ions were generated by electrospray ionization (ESI)

 a Micromass Z-Spray source, trapped in the ICR cell, and
isolated by a stored waveform inverse Fourier transform
T) excitation pulse [31]. Fragment ions were generated via
wavelength irradiation with a CO2 laser at 10.6 �m, and
quently mass isolated before analysis. Finally, the ions of
st were irradiated with the tunable output from FELIX.
orresponding (power-corrected) photodissociation yield
alculated by monitoring the abundances of the parent and
rsor ions. Irradiation times were chosen to induce suffi-
dissociation for each ion (e.g., 2–4 s), with 10 macropulses
cond. Typical macropulse energies were ∼40 mJ.

D spectra in the NH/OH stretching region and CID exper-
s  were measured using a Thermo Finnigan LCQ 3D ion
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to allow for the entrance of the laser beam from a
pumped tunable IR optical parametric oscillator/amplifier
/A) (LaserVision), which was focused on the ion cloud.
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PO operates at a repetition rate of 10 Hz with an aver-
ulse energy of approximately 15 mJ (which corresponds
adiation energy of 0.15 J per second). This set up has been
ibed  previously [32]. The mass-isolated protonated sul-
ne  precursor was  subjected to CID to form the fragment
f interest, which was then mass isolated before irradia-
ith the output of the OPO. Typical irradiation times were

1900  ms,  depending on the analyte. By recording fragmen-
 as a function of irradiation wavelength, IRMPD spectra

 obtained.
emonstrate inter-setup reproducibility of results, the
D  spectrum of the m/z 88 fragment ion was also recorded

 a custom-built hybrid mass spectrometer for IRMPD
roscopy, described elsewhere [33]. In short, protonated
were generated by ESI using a custom source, frag-
ed in-source via nozzle-skimmer CID, mass selected by
drupole mass filter (QMF), and trapped in a reduced-
ure quadrupole ion trap (QIT). Here, the ions were
ated (1 s irradiation time, in this experiment) with a
ed  IR beam from a tunable optical parametric oscilla-

plifier (OPO/A) (LINOS Photonics OS4000) to induce
dissociation. This OPO generates continuous wave (cw)
t  with powers generally between 20 and 50 mW (which

sponds to a radiation energy of 0.02–0.05 J per second),
ding on the wavelength. Due to variable power from one

length  to the next, each data point was power corrected
ount for such fluctuations.

l IRMPD spectra, the linear IRMPD yield was  calculated
1)) and plotted as a function of photon energy, given in
ber (cm−1).

eld =
∑

(photofragments)
∑

(photofragments + precursor)
(1)

putational methods

ical  structures and conformations of protonated sulfoser-
nated serine, and three potential isomers of m/z 88 were

d using Gabedit [34]. Energy optimization and IR frequen-
 then calculated using Gaussian 09 [35] for each unique
r using density functional theory at the B3LYP level of
ith the aug-cc-pVTZ basis set. This basis set was cho-
se it has been previously employed for sulfur-containing

[36]. Infrared spectra and molecular motions were visu-
 Gabedit [34] and/or Avogadro [37]. Scaling factors of

 the region 550–1900 cm−1 and 0.960 for 3200–3700 cm−1

lied, consistent with previous reports [20]. Computed
tra were convoluted with a 10 cm−1 or 30 cm−1 (for
H-stretching region and mid-IR region, respectively)

h-at-half-maximum Gaussian line shape for ease of com-
ith experimental spectra.

ts and discussion

f protonated sulfoserine

ass spectrum of protonated sulfoserine is shown in the
nel of Fig. 1; the lower panel shows the resulting MS2

 after CID. Protonated sulfoserine was  observed to pro-
 main fragment ions at m/z 140, 129, 106, and 88, with the
nse fragments arising from loss of the sulfate modification

SO3 or H2SO4 (i.e., −80 and −98 amu, respectively). As the
ding HPO3 and H3PO4 loss ions are of interest to the phos-

omics community, these sulfate-loss fragment ions are of
 sulfoproteomic interest and, thus, will each be analyzed
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Fig. 1. The MS  of the mass isolated precursor ion, protonated sulfoserine, is shown
in the top panel. The bottom panel illustrates the mass spectrum after 60 ms  of CID
at 20% normalized collision energy. Fragment ions are observed at m/z 140, 129, 106,
and 88. The
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n mechanisms of phosphopeptides, by experimental and
retical means [27,40]. More relevant here, the phosphoric

 loss fragment ion from phosphoserine has been identified as
 fragment ions at 106 and 88 result from loss of the PTM as SO3 (m/z 106,
2SO4 (m/z 88, red).

 spectroscopy in turn in the following sections of this
te that for the sake of completeness, the IRMPD spectrum
ated sulfoserine was also recorded and is shown in Fig. S1
plementary data, but this is not a focus of this paper.
/z 106 ion corresponds to the mass of protonated serine
e readily interpreted as a direct loss of SO3. For the m/z 88
e other hand, either a direct loss of H2SO4 or a sequential
3 followed by H2O can be envisioned to explain the overall

 loss of 98 amu. To gain further insights as to which path-
inates, the CID mass spectrum of serine was  obtained and
D experiments were performed. The CID mass spectrum
ated serine (shown in Fig. S2) shows that there are two
ment ions, namely m/z 88 and m/z 60 (loss of H2O and

, respectively), of which m/z 60 is dominant. This observa-
nsistent with those reported by others [38,39]. It is worth
ng that in Fig. 1 there is only ∼3% of the aforementioned
agment, which supports the hypothesis that the sequen-
entation of m/z 106 (to m/z 88) is a lesser channel under
ticular conditions.
guishing  between competitive fragmentation pathways
ential processes can be achieved via kinetic studies, as

 in, for example [38]. The breakdown graph for sulfoser-
ured as a function of the CID activation energy, is shown

 Fragmentation as a function of activation time is also
 in Fig. S3. It appears that the two main fragmentation

 follow first-order kinetics, in agreement with compet-
er than sequential, fragmentation. Also, it can be noted
elative abundance of the m/z 88 ion increases with colli-
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ergy, which is consistent with a higher activation energy
ion and a looser transition state for this pathway. In sum-
ile it is impossible to completely rule out the possibility

ential loss pathway being at play, the evidence presented
intensity of the precursor ion (m/z 186) and each fragment as a function
ation energy (25 ms  activation time).

all consistent with a direct loss of H2SO4 for the formation
served m/z 88 ion from protonated sulfoserine.

tural elucidation

z 106 fragment ion
othesized mechanism by which sulfoserine may lose SO3

 is presented in Scheme 1. This mechanism generates a
 ion at m/z 106, which is structurally identical to proton-
e.

t this hypothesis, the IRMPD spectrum of the m/z 106 frag-
 from sulfoserine was compared to both the experimental
retical spectra of protonated serine. The results of these

ents are presented in Fig. 3, showing the mid-IR and
tretching regions. The experimental spectrum of the m/z

ent ion is a nearly identical replica of that of the serine
, with only very minor differences in the intensities of a few
should also be noted that the theoretical IR spectrum of
st energy conformer of protonated serine provides a con-

atch in both infrared regions. Structures and energies of
t-energy conformer of serine are presented in Fig. S4 and

 Together, this provides conclusive evidence that the frag-
 at m/z 106 is indeed structurally analogous to protonated

z 88 fragment ion
 considering the loss of 98 amu  from sulfoserine, it is

 that the fragmentation mechanism might be similar
f phosphoserine, except with the loss of H2SO4, rather
O . Previous studies have investigated the fragmen-
Scheme 1.
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PD spectra of the m/z 106 fragment ion from sulfoserine (top) and of a serine stan
f serine (bottom) in the regions of 550–1900 and 3200–3700 cm−1.
y-aziridine using traditional mass spectrometric methods
terium labeling and MS3) [28] and, more recently, by
pectroscopy [20]. Due to the similarities between the
e and sulfate modifications, one can propose various

possible  

loss from
I-A repre
ates 2-am

Scheme 2.
(middle) compared to the theoretical IR spectrum of the lowest energy
mechanisms (panel I of Scheme 2) for sulfuric acid
 sulfoserine based on these previous studies. Pathway
sents a 1,2-cis-�-elimination of H2SO4, which gener-
ino-propenoic acid. In pathway I-B, the protonated



30 A.L. Patrick et al. / International Journal of Mass Spectrometry 379 (2015) 26–32

Fig. 4. The 0–37
energy con carbo
then  provid

sulfoserin
the �-car
duces a �
the carbo
C-termin
conforme
are prese
is also po
of SO3 is 

given in p
consider 

panel II o
Note that
same ion
loss occu
of H2O to
by the N-
(II-B). Acy
be expec
studies o
side-chai
Here, we
the m/z 8

The  e
from pro
A key ch
the hydro
carboxyli
of a side
based on
pelling ev
not obse
ignored i

cture
depic
ente
orme

 the 

ig. 4,
ides 

matc
, sho
, 11

he c
chin
rved

 at 3
nce c
r-en
ple,

trum
3345
e no
d-sh
have
whic
n (i

 agre
onat
e ion

 sum
rine, 
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former of the different potential fragment ion isomers (2-amino propenoic acid, 2-
ed in the lower panels, as labeled, for comparison.

e undergoes nucleophilic attack by the amino group on
bon, which forms 2-carboxy-aziridine. Pathway I-C pro-
-lactone (which can be protonated at either the amine or
nyl) via a nucleophilic attack of the carbonyl oxygen of the
us on the �-carbon. Structures and energies of each of the
rs found for the four candidate isomers of the m/z 88 ion
nted in Fig. S5 and Table S1. As mentioned in section 3.1, it
ssible to envision a sequential loss pathway in which loss
followed by loss of H2O. Examples of such pathways are
anel II of Scheme 2. Furthermore, in this case one must

water loss from either the carboxylic acid (top half of
f Scheme 2) or from the hydroxyl side chain (lower half).

 the hydroxyl side chain water losses could give rise to the
 structures as expected from direct H2SO3 loss. If the water
rs from the carboxylic acid, it could occur via direct loss

 form an acylium ion (II-A) or through nucleophilic attack
terminus on the carbonyl C to form a 3-membered ring
lium ions are generally not considered stable and would

ted to undergo spontaneous loss of CO [41] and previous
f isotope-labeled protonated threonine have shown that
n water loss is favorable when water is lost by itself [42].

 use IRMPD spectroscopy to determine the structure of
8 ion formed from the fragmentation of sulfoserine.
xperimental IRMPD spectra of the m/z 88 fragment ion
tonated sulfoserine are given in the top panel of Fig. 4.
emical insight from these spectra can be gleaned from
gen stretching region. The observation of the signature

c acid OH stretch (∼3550 cm−1), contrasted with the lack
-chain (alcohol) OH stretch (expected at ∼3660 cm−1,
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idence that loss of the C-terminal carboxylic acid OH is

rved. Such structures (e.g., Scheme 2II-B) could thus be
n the computational search. All calculated fragment ion
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ion, gene
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00 cm−1, is given in the top panel. Calculated IR spectra for the lowest
xy-aziridine, O-protonated �-lactone, and N-protonated �-lactone) are

s  for the m/z 88 ion, and various minima conformers,
ted in Fig. S5, and their corresponding energetics are

d in Table S1 in the Supplemental Data. The lowest-energy
r for each chemical structure was retained for comparison

experiment. This comparison is shown in the lower panels
 giving evidence that the 2-carboxy-aziridine structure
the closest match in the mid-IR. The compelling quality of
h is illustrated more clearly in Fig. S6 in the Supplemental
wing that the experimental band positions at 1767, 1529,
59, 1009, 880, and 592 cm−1 are faithfully reproduced
alculations. The two  predicted bands in the hydrogen
g region at 3412 and 3547 cm−1 also match with the

 peaks at 3414 and 3547 cm−1; however, the predicted
250 cm−1 is notably absent in the IRMPD spectrum. This
ould be attributed to several possible reasons. In general,
ergy modes are often more difficult to observe (see, for

 the difference in intensity between the calculated IR
 for serine and the measured IRMPD spectrum for serine

 cm−1 in Fig. 3). Nonetheless, it is somewhat unexpected
 (rather than a weak) peak. Thus it is possible that there
ifting of the band due to anharmonicity, which would

 been accounted for in harmonic frequency calculations
h may  have moved the band outside of the measured
.e., <3200 cm−1). Incidentally, the spectrum measured
es with previous reports for product ion structures from

ed phosphoserine [20], which are expected to have the
 structures as those proposed here.
mary, this study provides compelling evidence that sul-

like phosphoserine, likely produces a fragment ion with

ine structure as the dominant constituent of the m/z 88
rated via loss of 98 amu  from the modified side chain. As
rted previously for phosphoserine [20], it likely follows
ctivation energy going to the lowest-energy structure (i.e.,
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Fig. 5. Comparison of IRMPD spectra of the m/z 88 fragment ion recorded on
two separate instruments to establish the reproducibility of these measurements
between  instruments and laboratories. The top spectrum was recorded on a custom
QMF-QIT-ToF coupled to a cw OPO (described as instrument 3 in the experimen-
tal  section of this paper), and the bottom spectrum was recorded on a modified
Thermo  LCQ instrument coupled to a pulsed OPO (described as instrument 2 in the
experiment
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