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Sulfopeptides can be misassigned as phosphopeptides because of the isobaric nature of the
sulfo- and the phosphomoieties. Instruments having the ability to measure mass with high
accuracy may be employed to distinguish these moieties based on their mass defect (the
sulfo-group is 9 mmu lighter than the phosphomoiety). However, the assignment of the exact
site(s) of post-translational modification is required to probe biological function. We have
reported earlier that peptides with identical sequences containing either O-sulfo- or O-
phospho-modifications display different fragmentation behavior (K. F. Medzihradszky et al.,
Mol. Cell. Proteom. 2004, 3, 429-440). We have also established that O-sulfo moieties are
susceptible to side-chain fragmentation during collision-induced dissociation. Our present
study provides evidence that neutral SO; losses can also occur in electron capture dissociation
and electron-transfer dissociation experiments. We also report that such neutral losses may be
reduced by fragmenting peptide-alkali metal adducts, such as sodiated or potassiated

peptides.
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post-translational modifications in proteomics
studies because of their biological significance
[1-5]. Sulfopeptides also display an 80 Da mass increase
as well as similar chromatographic and mass spectro-
metric behavior [6]. The sulfopeptides are 9 mmu
lighter than their phosphorylated counterparts. They
can easily be misidentified as phosphopeptides. How-
ever, the most significant difference between phospho-
and sulfopeptides is revealed during MS/MS analysis.
In CID analyses phosphorylated Tyr residues retain the
modification, and even their modified immonium ion is
sometimes observed, while phosphorylated Ser and Thr
residues undergo B-elimination of H;PO,. Thus, the
fragments detected in the CID spectra of phosphopep-
tides either display a +80 Da or a —18 Da mass shift in
comparison to the fragments of an unmodified peptide.
Under identical conditions, collisional activation of O-
sulfopeptides leads to a gas-phase rearrangement reac-
tion that completely eliminates the sulfate from the
molecular ion, and the CID fragment spectrum is prac-
tically identical to that observed for the unmodified mol-
ecule [6]. We have analyzed numerous O-sulfopeptides
and have not detected any CID fragments that still
contained the sulfate group.
While the different CID behavior proved to be a
reliable tool for the differentiation of these two isobaric
modifications, the gas-phase elimination of the sulfo-

Phosphopeptides are the most frequently targeted
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moiety also prevented the assignment of the modifica-
tion site. Therefore, it seemed essential to evaluate
electron-capture dissociation based on reports that most
of the labile side chains of peptides and proteins stud-
ied remain intact [7]. Electron-transfer dissociation [8, 9]
was also employed to analyze synthetic phospho- and
sulfopeptides. Here we report our observations on the
ECD and ETD fragmentation of sulfopeptides.

Experimental
Materials

Phosphopeptides and sulfopeptides were synthe-
sized as described earlier [6]. Their sequences are as
follows: RIEVALSTK; RIEVALpTK; LAGLQDEIGsSLR;
LAGLQDEIGpSLR; Ac-LAGLQDEIGsSLR-amide. Cae-
rulein, <QQDsYTGWMDF-amide was purchased from
Sigma (St. Louis, MO) “s” indicates that the following
amino acid features a sulfate ester on its aliphatic (Ser and
Thr) or aromatic (Tyr) hydroxyl, while “p” indicates a
phosphate-ester, i.e., phosphorylation.

Mass Spectrometry

Electron-capture dissociation was performed on a hybrid
linear ion trap-Fourier transform ion cyclotron resonance
(FT-ICR) mass spectrometer, LTQ-FI; Thermo, Bremen,
Germany) equipped with a 7 T ICR magnet. Phospho-
and sulfopeptides at a concentration of 1 to 5 pmol/uL
in 0.1% formic acid and 50% acetonitrile were loaded
in a static nanospray tip (Proxeon, Odense, Denmark)
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Figure 1. Comparison of the ECD spectra of phosphorylated (upper panel) and sulfated (lower
panel) synthetic peptide, RIEVALTK. In both peptides Thr-7 is modified. While fragment ¢, of the
phosphopeptide features the modification, a gas-phase rearrangement reaction resulted in complete
sulfate loss in the sulfopeptide fragment. (Supplementary Table S1.)

for ionization. Electron beam time and electron en-
ergy were set at 300 ms and 5 eV, respectively.
Xcalibur 2.0 SR2 (Thermo, Bremen, Germany) was used
for both data acquisition and data processing.

Some experiments were performed (Figure 1) in the
National High Magnetic Field Laboratory, Tallahassee,
FL on a homebuilt 9.4 Tesla passively shielded ESI-Q-
FT-ICR mass spectrometer [10] controlled by a modular
ICR data acquisition system (MIDAS) [11]. A Nanomate
chip system (Advion BioSciences Inc., Ithaca, NY) con-
sisting of a 10 X 10 grid of reproducibly formed 10 um
i.d. spray nozzles with low nanoliter per minute flow
rates was used for sample introduction. The instrument
configuration and operating conditions for ECD on this
instrument have been previously described [12]. Ion
transients of individual scans were collected and 100
transients were summed before apodization, fast Fou-
rier transform, and conversion to a mass spectrum with
MIDAS software [11].

Electron-transfer dissociation was performed on a
linear ion trap (LTQ) equipped with ETD, at Thermo,
San Jose, CA. Phospho- and sulfopeptides were infused
into the instrument with a flow rate of 200 nL/min.
Acquisition conditions: fluoranthene radical anion tar-
get: 2.5e5; activation time 100 ms. The ETD data of the
terminally blocked sulfopeptide were acquired at a 5X
higher fluoranthene anion target value.

Results

A series of synthetic phospho- and sulfopeptides were
subjected to ECD analysis on different Fourier trans-

form ion cyclotron resonance (FT-ICR) instruments (see
the Experimental section), (Figures 1, 2, 3, and 4, and
Tables S1-S7 in the Supplementary Material section,
which can be found in the electronic version of this
article). ECD spectra acquired on the different FT-ICR
instruments featured similar fragmentation patterns
eliminating the possibility of instrumental artifacts. The
fragment ions were detected mostly above the mass of
the precursor m/z values. For the phosphopeptides
studied (Figure 1, upper panel, Suppl. Table S1; Figure
2, middle panel, Suppl. Table S2), the side-chain moi-
eties were retained in the fragment ions. However,
sulfopeptides with identical sequences did not yield
any fragments that retained the modification (Figure 1,
lower panel, Suppl. Table S1; Figure 3, middle panel,
Suppl. Table S4; Figure 4, Suppl. Table S6). This phe-
nomenon was observed for all sulfated residues, i.e., for
Tyr-, Thr-, and Ser-modified peptides as shown. Inter-
estingly, ECD spectra of all peptides studied contained
a high number of “unusual” fragment ions, namely, z + 1
and ¢ — 1° fragments, as well as the products of
side-chain fragmentations from the molecular ion or
from the major sequence ions. Some of these findings,
such as w ion formation and side-chain losses have been
previously reported [13-15]. The formation of z + 1 and
¢ — 1° ions is illustrated in Scheme 1. This mechanism
has been proposed by Bakken et al. [16].

The samples were introduced for analyses using
metal coated glass nanospray tips (static nanospray).
Such tips generally produce some sodium- and/or
potassium adduct formation, and this was indeed de-
tected for each sample (Figures 2 and 3, top panels).
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Figure 2. The upper panel shows the ESIMS spectrum of synthetic phosphopeptide, LAGLQDEIGpSLR.
No detectable B-elimination occurs under normal MS acquisition conditions. The middle panel shows
the ECD spectrum generated from the doubly protonated ion as the precursor (Suppl. Table S2). The
lower panel shows the ECD spectrum of the doubly charged protonated and sodium-adduct ion
(Suppl. Table S3). Asterisk labels indicate z + 1 or ¢ — 1° fragments, “p” indicates the fragment

contains the modification, while the © label indicates the elimination of H;PO,. Each fragment retained

the Na.

When these alkali metal ion adducts were selected as
precursors, side-chain fragmentation was virtually
eliminated from the ECD spectra of phosphopeptides
and sulfopeptides (Figures 2 and 3, bottom panels,
Suppl. Tables S3 and S5, respectively). Interestingly, all
fragments observed retained the metal ion, not just the
highly acidic residue-containing fragments as might be
expected. Potassium adducts and doubly sodiated ions

also displayed similar fragmentation patterns (data not
shown).

Some of the phospho- and sulfopeptide samples
were also subjected to electron-transfer dissociation
analyses (Figures 5 and 6). While the phosphopeptide
fragmentation was similar (Figure 5, lower panel), the
sulfopeptide fragmentation was different from that
observed in ECD (Figure 3 versus Figure 5, upper
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Figure 3. The upper panel shows the ESIMS spectrum of synthetic sulfopeptide, LAGLQDEIGsSLR.

Some sulfate loss occurs under normal MS acquisition conditions. The middle panel shows the ECD
spectrum generated from the doubly protonated ion as the precursor (Suppl. Table S4). The lower
panel shows the ECD spectrum of the doubly charged protonated and sodium-adduct ion (Suppl.
Table S5). Asterisk labels indicate z + 1 or ¢ — 17 fragments, “s” indicates the fragment contains the

modification. Each fragment retained the Na.

panel; Figure 6 versus Suppl. Table S7). For example,
the sulfopeptide with free N- and C-termini produced
a spectrum analogous to the corresponding CID
spectrum (Figure 5, upper panel). However, in this
case a few fragments did retain the sulfo-group. The
same peptide sequence with blocked N- and C-
termini yielded ECD-like fragmentation with the
modifying moiety still attached to most fragments
(Figure 6).

Discussion

As pointed out by Zubarev and coworkers [17], the
recombination energy of a free electron and a multiply
charged ion is between 4 to 7 eV, depending on its
charge state. Three to 4 eV is required to break the N-C
bond to produce ¢ and z° ions [17]. The majority of the
remaining deposited energy (up to 4 eV) is dissipated as
vibrational energy in the product ions (and product
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Figure 4. ECD spectrum of caerulein: <QQDsYTGWMDF-amide (Suppl. Table S6). No sulfated

fragment was detected in this experiment.

neutrals). Although in phosphopeptides, the energy can
be quickly distributed throughout many bonds of the
product species without further fragmentation, this
quantity of energy may be just sufficient to cause SO;, a
very stable neutral, to be cleaved from a sulfopeptide.

In ETD analysis, electrons are delivered to peptide
cations via a molecular carrier such as fluoranthene,
whose electron affinity is 0.63 eV [18]. The energy for
excitation of the product ions is the total electron energy
minus the EA value. In the case of sulfopeptides, the
reduction may not be sufficient to prevent the liable
neutral loss from the product ions as we have observed.
In addition, collision activation of peptide cations with

the electron carrier (fluoranthene radical anion) also
may play some role in the fragmentation process.
Although Mikesh et al. [19] observed retention of sul-
fate group on ETD fragments of triply protonated
peptide GRLGsSRAGR, the preservation of SO; group
may be the result of (1) the presence of three arginine
residues, causing this particular peptide to be heavily
charged and (2) the location of a positively charged
arginine residue adjacent to the sulfated residue that
may stabilize the negatively charged —SO; group. In
general, however, sulfopeptides are more labile than
their phospho-analogs and thus we are conducting
further experiments on the ECD/ETD of metallized
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peptide precursor ions as a general method for deter-
mination of the sulfo-group location.

The presence of any nonvolatile salt, even at low
concentrations, is usually avoided by mass spectrom-
etrists because it may hamper the ionization of pep-
tides, lower the detection sensitivity by dispersing the

p” and “s” in the fragment assignments indicate the presence of
indicates gas-phase ehmmat1on of H; PO,.

signal, or interfere with the chromatography, or simply
clog the capillaries. However, there are numerous ex-
amples in the literature when metal-ion adducts have
been used to facilitate sample detection or the elucida-
tion of structure. In most cases, such successes were
associated with otherwise readily fragmented com-
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Figure 6. ETD spectrum of synthetic AcCLAGLQDEIGsSLR-amide; “s” indicates the sulfate still
attached to the fragments. The ECD fragments observed for this peptide are listed in Suppl. Table S7.
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pounds, such as different classes of carbohydrates and
nucleotides. For example, Na-adduct formation of N-
linked glycopeptides was shown beneficial in CID anal-
ysis [20]. Li-adducts of glycerophosphocholine lipids
provided information on the fatty acids that is lacking
in the CID spectra of the protonated species [21]. In the
analysis of oligodeoxynucleotide ions, the replacement
of the phosphate protons with metal ions leads to
stabilization of the molecular ion and, thus, dramatic
changes in the fragmentation pattern [22]. In addition,
CID analysis of lithiated fatty acids showed that the
metal adduct formation protected the carboxylic acid
and eliminated the CO, loss from the fragmentation
[23]. Similar to these findings, we found that replacing
the sulfate proton with a sodium ion stabilized the
labile modification and prevented the loss of SO;. As
indicated by Zubarev et al. [17], the recombination
energy (RE) of the charge carrier atom provides a
thermodynamic measurement of electron capture effi-
ciency. The RE is calculated from the ionization poten-
tial of the atom, its cation affinity, and its neutral atom
affinity towards singly charge-reduced peptides. Al-
though it is difficult to precisely calculate the affinities,
Williams and coworker [24] provided the estimated
recombination energy of the charge carrying hydrogen,
lithium, and cesium atoms. The RE for sodium is likely
between 72 and 85 kcal/mol, the values corresponding
to cesium and lithium, respectively. Since an electron is
200 times more likely to recombine with H* compared
to Li* and is 10 times more likely to neutralize Li* than
Cs*, we can estimate that neutralization for Na® is
several hundred times less probable than for H". Our
observation of sodiated ECD fragments is consistent
with the above argument, since the sodium cation is
more likely to localize near the negatively charged
sulfomoiety. Neutralization is more likely to occur at a
distance from the sulfated residue and, therefore, there
is a smaller chance for energy deposition on the residue
to promote additional loss of the sulfate group. It is well
known that alkali metal cations stabilize acidic groups
by formation of a “salt bridge” in the gas phase [25].
Unlike in CID experiments, in ECD/ETD analyses in
the absence of additional internal energy, the “salt
bridge” is likely to survive. Metal ion adducts of
peptides have been studied earlier by ECD [26].aThe
observations reported in that study—most fragments
retaining the metal ion as well as enhanced ¢ — 1° and
z + 1° ion formations are in good agreement with our
findings. However, abundant ¢ — 17 and z + 1 frag-
ments are frequently observed in ECD spectra of mul-
tiply protonated peptides. Further studies may eluci-
date which structural features promote the “hydrogen
shift” versus the “radical shift” (Scheme 1).

Conclusions

Sulfopeptides are more susceptible to neutral losses
even under ECD conditions than phosphopeptides of
identical amino acid sequences. ETD appears to be a

SULFOPEPTIDE ECD AND ETD 1623

gentler activation technique than ECD. However, SO; is
still eliminated from most fragments. Na* adduct for-
mation with the concomitant elimination of the sulfate
proton prevents SO; losses and permits assignment of
the modification site. Since sodium adducts are a com-
mon occurrence in MS experiments, one may not need
to add sodium to the sample to carry out such an
experiment.

Acknowledgments

As a part of an initial investigation of this project, some samples
were analyzed on a 12T FTMS instrument by Michael Easterling of
Bruker Daltonics, Billerica, MA. The authors thank Zhiqi Hao and
Tonya Pekar of ThermoFisher, San Jose, CA for performing the
ETD experiments. This work was supported by NIH NCRR grants
RR001614 and RR019934 to the UCSF Mass Spectrometry Facility
(ALB).

References

1. Carr, S. A;; Annan, R. S.; Huddleston, M. J. Mapping Posttranslational
Modifications of Proteins by MS-Based Selective Detection: Application
to Phosphoproteomics. Methods Enzymol. 2005, 405, 82-115.

2. Corthals, G. L.; Aebersold, R.; Goodlett, D. R. Identification of Phos-
phorylation Sites Using Microimmobilized Metal Affinity Chromatog-
raphy. Methods Enzymol. 2005, 405, 66—81.

3. Reinders, J.; Sickmann, A. State-of-the-Art in Phosphoproteomics. Pro-
teomics 2005, 5, 4052—-4061.

4. Garcia, B. A.; Shabanowitz, J.; Hunt, D. F. Analysis of Protein Phos-
phorylation by Mass Spectrometry. Methods 2005, 35, 256—264.

5. Loyet, K. M.; Stults, J. T.; Arnott, D. Mass Spectrometric Contributions
to the Practice of Phosphorylation Site Mapping Through 2003: A
Literature Review. Mol. Cell. Proteom. 2005, 4, 235-245.

6. Medzihradszky, K. F.; Darula, Z.; Perlson, E.; Fainzilber, M.; Chalkley,
R.]; Ball, H.; Greenbaum, D.; Bogyo, M.; Tyson, D. R.; Bradshaw, R. A ;
Burlingame, A. L. O-Sulfonation of Serine and Threonine: Mass Spec-
trometric Detection and Characterization of a New Post-Translational
Modification in Diverse Proteins Throughout the Eukaryotes. Mol. Cell.
Proteom. 2004, 3, 429—-440.

7. Cooper, H. J.; Hakansson, K.; Marshall, A. G. The Role of Electron
Capture Dissociation in Biomolecular Analysis. Mass Spectrom. Rev.
2005, 24, 201-222.

8. Syka, J. E.; Coon, J. J.; Schroeder, M. J.; Shabanowitz, J.; Hunt, D. F.
Peptide and Protein Sequence Analysis by Electron Transfer Dissocia-
tion Mass Spectrometry. Proc. Natl. Acad. Sci. U.S.A. 2004, 101, 9528—
9533.

9. Good, D. M.; Coon, J. J. Advancing Proteomics with Ion/Ion Chemistry.
Biotechniques 2006, 40, 783-788.

10. Senko, M. W.; Hendrickson, C. L.; PasaTolic, L.; Marto, J. A.; White,
F. M.; Guan, S.; Marshall, A. G. Electrospray Ionization Fourier Trans-
form Ion Cyclotron Resonance at 9.4 T. Rapid Commun. Mass Spectrom.
1996, 10, 1824-1828.

11. Senko, M. W.; Canterbury, J. D.; Guan, S.; Marshall, A. G. A High-
Performance Modular Data System for Fourier Transform Ion Cyclotron
Resonance Mass Spectrometry. Rapid Commun. Mass Spectrom. 1996, 10,
1839-1844.

12. Hakansson, K.; Chalmers, M. J.; Quinn, J. P.; McFarland, M. A.;
Hendrickson, C. L.; Marshall, A. G. Combined Electron Capture and
Infrared Multiphoton Dissociation for Multistage MS/MS in a Fourier
Transform Ion Cyclotron Resonance Mass Spectrometer. Anal. Chem.
2003, 75, 3256-3262.

13. Kjeldsen, F.; Haselmann, K. F.; Sorensen, E. S.; Zubarev, R. A. Distin-
guishing of Ile/Leu Amino Acid Residues in the PP3 Protein by (hot)
Electron Capture Dissociation in Fourier Transform Ion Cyclotron
Resonance Mass Spectrometry. Anal. Chem. 2003, 75, 1267-1274.

14. Kjeldsen, F.; Zubarev, R. Secondary Losses Via y-Lactam Formation in
Hot Electron Capture Dissociation: A Missing Link to Complete de
Novo Sequencing of Proteins? J. Am. Chem. Soc. 2003, 125, 6628 -6629.

15. Cooper, H. J.; Hudgins, R. R.; Hakansson, K.; Marshall, A. G. Charac-
terization of Amino Acid Side Chain Losses in Electron Capture
Dissociation. |. Am. Soc. Mass Spectrom. 2002, 13, 241-249.

16. Bakken, V.; Helgaker, T.; Uggerud, E. Models of Fragmentations
Induced by Electron Attachment to Protonated Peptides. Eur. ]. Mass
Spectrom. 2004, 10, 625-638.

17. Zubarev, R. A.; Haselmann, K. F.; Budnik, B.; Kjeldsen, F.; Jensen, F.
Towards an Understanding of the Mechanism of Electron-Capture
Dissociation: A Historical Perspective. Eur. |. Mass Spectrom. 2002, 8,
337-349.



1624 MEDZIHRADSZKY ET AL.

18.

19.

20.

21.

22.

Chen, G.; Cooks, R. G. Electron-Affinities of Polycyclic Aromatic-
Hydrocarbons Determined by the Kinetic Method. J. Mass Spectrom.
1995, 30, 1167-1173.

Mikesh, L M.; Ueberheide, B.; Chi, A.; Coon, J. J.; Syka, J. E.; Shabanow-
itz, J.; Hunt, D. F. The Utility of ETD Mass Spectrometry in Proteomic
Analysis. Biochim. Biophys. Acta 2006, 1764, 1811-1822.
Medzihradszky, K. F. Characterization of Protein N-Glycosylation.
Methods Enzymol. 2005, 405, 116-138.

Hsu, F. F.; Bohrer, A.; Turk, ]J. Formation of Lithiated Adducts of
Glycerophosphocholine Lipids Facilitates Their Identification by Elec-
trospray Ionization Tandem Mass Spectrometry. J. Am. Soc. Mass
Spectrom. 1998, 9, 516-526.

Wang, Y.; Taylor, J. S.; Gross, M. L. Fragmentation of Electrospray-
Produced Oligodeoxynucleotide Ions Adducted to Metal Ions. J. Am.
Soc. Mass Spectrom. 2001, 12, 550-556.

23.

24.

25.

26.

J Am Soc Mass Spectrom 2007, 18, 1617-1624

Crockett, J. S.; Gross, M. L.; Christie, W. W.; Holman, R. T. Collisional
Activation of a Series of Homoconjugated Octadecadienoic Acids with
Fast Atom Bombardment and Tandem Mass Spectrometry. J. Am. Soc.
Mass Spectrom. 1990, 1, 183-191.

Tavarone, A. T.; Paech, K.; Williams, E. R. Effects of Charge State and
Cationizing Agent on the Electron Capture Dissociation of a Peptide.
Anal. Chem. 2004, 76, 2231-2238.

Lee, S. W.; Kim, H. S.; Beauchamp, J. L. Salt Bridge Chemistry Applied
to Gas-Phase Peptide Sequencing: Selective Fragmentation of Sodiated
Gas-Phase Peptide Ions Adjacent to Aspartic Acid Residues. ]. Am.
Chem. Soc. 1998, 120, 3188-3195.

Fung, Y. M. E;; Liu, H.; Chan, T. W. D. Electron Capture Dissociation of
Peptides Metalated with Alkaline-Earth Metal Ions. J. Am. Soc. Mass
Spectrom. 2006, 17, 757-771.





