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Abstract

The regulatory role of protein cysteine phosphorylation is an under-researched area. The difficulty of accessing reference
S-phosphorylated peptides (pCys-peptides) hampers progress in MS-driven cysteine phosphoproteomics, which requires
targeted analytical procedures. This work describes an uncomplicated process for the conversion of disulfide-bridged protein
into a complex model mixture of combinatorially modified peptides. Hen egg-white lysozyme was reduced with tris(2-
carboxyethyl)phosphine (TCEP) followed by alkylation of cysteine with (3-acrylamidopropyl)trimethyl-ammonium chlo-
ride (APTA) and subsequent beta-elimination in aqueous Ba(OH), to yield modified polypeptides containing multiple
dehydroalanine (Dha) residues. The conjugate addition of thiophosphoric acid to Dha residues followed by trypsinolysis
led to numerous D/L phosphocysteine-containing peptides, which were identified by higher-energy collisional-dissociation
tandem mass spectrometry (HCD-MS/MS). Our results show that some pCys-peptides produce prominent neutral losses of
80 Da, 98 Da and a weak 116 Da loss. These are similar to the neutral-loss triplets generated by phosphohistidine peptides.
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Introduction

Continuing progress in phosphoproteomics studies is elu-
cidating cellular processes that are modulated by dynamic
phosphorylation on hydroxyl (Duan and Walther 2015),
carboxyl (Attwood et al. 2011; Lai et al. 2017) and amine
groups (Marmelstein et al. 2017) in protein amino acid resi-
dues. Moderately susceptible to acid hydrolysis, S-linked
phosphorylation is among the least explored modifications
(Shannon and Weerapana 2013; Piggott and Attwood 2017)
and it is discussed mainly in the context of transient cysteine
phosphorylation of protein tyrosine phosphatases (Tonks
2014). In 2012, the reversible cysteine phosphorylation of
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several global transcriptional regulators was reported in
Staphylococcus aureus (Sun et al. 2012). It was suggested
that this modification plays a crucial role in bacterial signal-
ing, and might be prevalent in various organisms. In 2016,
Bertran-Vicente et al. described studies on chemoselective
S-phosphorylation of cysteine-containing synthetic peptides.
Using the Escherichia coli system, the authors overexpressed
the IIBY' domain of the glucose transporter IICBCY, iden-
tified the tryptic peptide ENITNLDApCITR and indepen-
dently synthesized it to verify the sequence (Bertran-Vicente
et al. 2016). At the same time, Gehring’s group proved
the appearance of S-phosphorylation on phosphatases of
regenerating liver (PRLs), overexpressed in HeLa cells.
This modification is located on the catalytic cysteine, and
in vivo it is abundant and persistent (Gulerez et al. 2016;
Zhang et al. 2017). Phosphatases of regenerating liver play a
causative role in cancer progression and metastasis, and thus
deeper insight into the function of S-phosphorylation could
be scientifically valuable (Rubio and Kohn 2016; Yu and
Zhang 2018). Transient catalytic cysteine phosphorylation
has also been reported for the protein tyrosine phosphatase,
non-receptor type 12 (PTPN12) (Dong et al. 2018) and the
phosphoglucan phosphatase OsttaDSP from the green alga
Ostreococcus tauri (Carrillo et al. 2018).
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More work is needed to understand the major factors that
influence the chemical stability (Buchowiecka 2014) and
MS-fragmentation behavior of S-phosphopeptides. Thus,
generating a reference MS-library of the model peptides,
categorized by sequence, pCys-position, and pl values,
would be a worthwhile effort. The methodological utility of
spectral libraries has already been proven in detailed studies
of phosphorylation events such as arginine phosphorylation
in Staphylococcus aureus (Marx et al. 2013; Junker et al.
2018; Deutsch et al. 2019).

Currently, there are two general approaches to trans-
forming cysteine-containing proteins into their respective
S-phosphorylated derivatives: via dehydroalanine (Dha)
intermediates (Chalker et al. 2012; Morrison et al. 2015),
or through three-step transformation on cysteine sulphur
involving the use of photo-labile thiophosphoric acid O,0-
diesters (Bertran-Vicente et al. 2016). However, these meth-
ods are not readily applicable to the synthesis of a larger set
of S-phosphorylated structures.

This work offers a robust method for converting a sin-
gle disulfide-bonded protein into a very complex, model
mixture of combinatorially modified peptides, comprising
diverse S-phosphorylated sequences (pCys-peptides). An
empirical mass spectra library of pCys-peptides and a larger
reference library of Cys-containing peptides were collected
and described. Finally, general advice for detecting intact
S-phosphorylated peptides and their dephosphorylated ana-
logs is proposed for consideration in the context of cysteine
phosphoproteomics.

Materials and methods
Reagents

Water from a Simplicity® Water Purification System, Milli-
pore (Darmstadt, Germany) was used throughout the experi-
ments. Spectra/Por® 3 Float—A-Lyzer®, MWCO: 3500, Bio-
tech Regenerated Cellulose Membranes were sourced from
Spectrum Laboratories Inc. Apart from Seq. Grade Modified
Trypsin (Promega, V511A) the following reagents and sol-
vents were purchased from Sigma-Aldrich and were used
as received: 2-aminopyrazine (AP); 3-(acrylamidopropyl)
trimethyl-ammonium chloride (APTA); acetonitrile (ACN);
ammonium bicarbonate; barium carbonate; barium hydrox-
ide; 2,5-dihydroxybenzoic acid (DHB); formic acid (FA);
guanidine hydrochloride (Gdn-HCl); HCI; lysozyme from
hen egg-white; N-methylmaleimide; trans-3,5-dimethoxy-
4-hydroxycinnamic acid-sinapinic acid (SA); solid carbon
dioxide, trifluoroacetic acid (TFA); Tris; tris-carboxyme-
thyl phosphine (TCEP); urea. Sodium thiophosphate triba-
sic hydrate (Na;PO;S¢12 H,0) was a gift from Professor
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Andrzej Okruszek, Institute of Technical Biochemistry,
Lodz University of Technology, Poland.

Analytical methods
MALDI-TOF MS

MALDI-TOF mass spectra were recorded with an Ultraf-
leXtreme mass spectrometer (Bruker) in the positive mode;
laser frequency: 2000 Hz, voltage source 1: 24.80 kV, volt-
age source 2: 22.95 kV

Sample type: proteins (lyophilizate); double layer, ground
steel targets.

Matrix solution A: a saturated solution of SA in ethanol;
matrix solution B: a saturated solution of SA in (acetonitrile:
0.1% TFA in water [30:70 v/v]). Sample preparation: deposit
0.5 pL of matrix solution A onto the MALDI target and
allow to dry; mix one part of matrix solution B with one part
of analyte solution in 0.1% TFA; deposit 0.5 pL of matrix/
analyte mixture onto a matrix spot and allow to dry.

Sample type: peptides (lyophilizate); dried droplet,
ground steel targets; matrix DHB-AP (2:1 v/v)

Matrix solution: DHB-AP 10 mg/mL in the ratio 2:1 in
50% acetonitrile/0.1% TFA in water. Sample solvent: water
of pH 7; 0.2% TFA in water added just before analysis to
make a final concentration of 0.1% TFA. Sample prepara-
tion: one part of the analyte solution was mixed with one
part of the matrix solution. 0.5 pL. of the matrix/analyte
mixture was transferred onto the target plate and left to dry.

LC ESI-MS/MS

Mass spectrometric analysis was performed on an LTQ
Orbitrap Velos (Thermo Fisher Scientific, Bergen). The
peptide mixture was loaded on an RP-18 pre-column (nano-
ACQUITY Symmetry C18; Waters no. 186003514) using
0.1% aqueous TFA as the mobile phase and then transferred
to a nano-HPLC RP-18 column (nanoACQUITY BEH
C18; Waters no. 186003545) using an acetonitrile gradient
(0-60% acetonitrile in 120 min) in the presence of 0.05%
FA with a flow rate of 150 nL/min. The column outlet was
directly coupled to the ion source of the spectrometer work-
ing in the regime of data-dependent mode and HCD frag-
mentation. The normalized collision energy was set to 30%.
Dynamic exclusion was disabled. A blank run ensuring a
lack of cross-contamination from previous samples preceded
each analysis.

MS-data analysis: acquired raw data were processed using
Byonic™ by Protein Metrics Inc, (v2.0-25) with UniProt-
accession_p00698.decoys.fasta. Protein FDR was set to 1%
FDR.

The presented searches used 6 ppm precursor ion toler-
ance, 20 ppm fragment ion tolerance, and considered tryptic
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peptides with a maximum of two missed cleavages. The
searches allowed 14 variable modifications with a maximum
number of common modifications (c¢) per peptide: 4, and rare
modification (7) per peptide: 1, as listed below:

Qat/+170.1419 C(c4)
Dha/—33.9877 C(c4)
Phosphorylation/+79.9663 C(c4)
Deamidation/+ 0.9840 N (c3)
Deamidation/+ 0.9840 Q(cl)
Carbamylation/+43.0058 R (c3)
Carbamylation/+43.0058 K (c3)
Carbamylation/+43.0058 NTerm (cl)
Oxidation/+ 15.9949 M (cl)
Dioxidation/+31.9898 M (cl)
Dioxidation/+31.9898 W (cl)
Trioxidation/+47.9847 C(cl)

Gln > pyro-Glu/—17.0265 NTerm Q (r1)
Glu > pyro-Glu/—18.0105 NTerm E (r1)

Synthetic procedures

Steps A and B: lysozyme reduction and alkylation
with APTA reagent; L ~[S-Qat]; ~[Side+]~COOH

Under a nitrogen atmosphere (ca. 1 mM protein solution),
150 g of lysozyme powder Lysozyme[S—S], was dissolved
in 10 mL of denaturing buffer DB (0.1 M Tris—HCl in 8 M
urea, pH 8.5) followed by the addition of 44 mg of crystal-
line TCEP (15 mM) to obtain pH 5.2-5.4. The mixture was
incubated 1 h at 37 °C giving reduced Lysozyme[SH];. Next,
3.4 mL of S-alkylating APTA reagent (commercial 40%
water solution) was added and the pH of the solution was
adjusted to 8.1 with a few crystals of Tris reagent. The mix-
ture was incubated in the dark under a nitrogen atmosphere
for 2 h at room temperature. The resulting lysozyme deriva-
tives (L ~[S-Qat]g ~ [Side+]~COOH) were precipitated with
isopropanol in the ratio of 5:1 (v/v) and after centrifugation
(10 min., 10,000 g, rt.) the white precipitate was dissolved
in 10 mL of DB buffer. The obtained product of lysozyme
S-alkylation was analyzed by MALDI MS [S1].

Step C: B-elimination reaction; preparation
of L~ [Dha], ~[S-Qat], ~ [Side+]~COOH

Procedure 1 Preparation of L ~[Dha]s_;~[S-Qat],_;~[Side
+]~COOH: 10 mL of [S-Qat]g-derivatives of lysozyme in
DB buffer were combined with 2.5 mL of 1.5% w/v Ba(OH),
in 8 M urea to reach pH~12.5. After 3 h of incubation at
50 °C the pH of the mixture dropped to 11.5. The reaction
was terminated by carefully adding small pieces of solid
carbon dioxide to obtain pH 7. The precipitated BaCO;

was separated by centrifugation (15 min., 10,000 g, rt.) and
the supernatant (pH 8) was dialyzed (MWCO: 3500 kDa)
against Milli-Q water, with several changes of water. A
slightly opaque water solution of L~[Dha],~[S-Qat],~
[Side+]~COOH was stored in a fridge. The approximate
concentration of protein was 0.2 mM as determined spec-
trophotometrically at A, using a lysozyme solution as the
standard. The average degree of f-elimination x=5-7 Dha
residues per protein molecule was determined by MALDI
MS [S2].

Procedure 2 Preparation of L~[Dha]s ¢~[S-Qat],_,~[Si
de+]~COOH:10 mL of [S-Qat]s-derivatives of lysozyme
in DB buffer was combined with 2.5 mL of 1.5% Ba(OH),
in 8 M urea to reach pH~ 12.5. The f-elimination reaction
was carried out at 50 °C with intermitted pH control. When
needed, a few crystals of Ba(OH), were added to maintain
the required pH range between 12.5 and 12.2. The reac-
tion was terminated after 3 h of incubation and the product
was processed as described above. The average degree of
f-elimination x=6-8 Dha residues per protein molecule
was determined by MALDI MS [S3].

Step D: conjugate addition
of thiophosphoric acid; preparation
of L~ [prs]q ~ [Dha]p ~ [S-Qat]y~ [Side+]~COOH

Conjugate addition of thiophosphate to L ~[Dha], ~[S-Qat
]y~ [Side+]~COOH was tested under several reaction condi-
tions: in the presence of urea (variant 1), in the presence of
guanidine hydrochloride (variant 2) and in the absence of
strong chaotropic agents (variant 3).

Variant]_obtaining of L1 from L ~ [Dha]s_
~ [S-Qat],_; ~ [Side+] ~ COOH.

Solution A: 0.4 g of Na;PO;S«12 H,0 was dissolved in
0.6 mL of 2 M HCI to obtain 1 mL of solution at pH 8.3.
Solution B: 4 mL of 9 M urea in water was mixed with 1 mL
0.2 M phosphate buffer at pH 8.3 to give 5 mL of 0.04 M
phosphate buffer in 7.2 M urea, pH 8.8. Solution C: water
solution of L ~ [Dha]s_; ~ [S-Qat],_; ~[Side +]~COOH with
an approximate concentration of 0.2 mM; reaction mixture
R1: 0.5 mL of solution A+4.0 mL of solution B+0.5 mL
of solution C=5 mL of mixture at pH 8.4.

The reaction mixture R1 was incubated for 2 h at 50 °C
(final pH 8.1) then cooled to room temperature and dia-
lyzed (MWCO 3500) against several changes of Milli-Q
water, and finally against 10 mM ammonium bicarbonate
(pH 7.3). The liquid product was freeze-dried and stored at
4 °C. The approximate yield of lysozyme transformation was
40-50%, i.e., from 150 mg of lysozyme powder about 60 mg
of freeze-dried S-phosphorylated lysozyme derivatives was
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obtained. The sample of freeze-dried L1 was subjected to
MALDI MS to estimate the average degree of S-phospho-
rylation g =3 + 1 pCys residues per protein molecule [S4].

Variant2_obtaining L2 from L ~ [Dha]¢_g
~ [S-Qat],_, ~ [Side+] ~ COOH.

Solution A: 0.4 g of Na;PO;S-12 H,0O was dissolved in
7.5 ml of 8 M Gdn-HCI to obtain 8 ml of sodium thiophos-
phate (pH 8.6). Solution C: water solution of L ~[Dha], ¢ ~
[S-Qat],, ~[Side+]~COOH of approximate concentration
0.2 mM. Reaction mixture R2: 8 ml of solution A+ 1 ml
of solution C=9 ml mixture in 6.66 M Gdn-HCI (pH 8.4).

The reaction mixture R2 was incubated for 2 h at 50 °C
(final pH 8.1) then cooled to room temperature and dialyzed
(MWCO 3500) against several changes of Milli-Q water, and
finally against 10 mM ammonium bicarbonate (pH 7.3). The
solution of product L2 was freeze-dried and stored at 4 °C.

Variant3_using L ~ [Dhal,_g ~ [S - Qat],_, ~ [Side+] ~ COOH.

Solution A: 0.4 g of Na;PO;S - 12 H,O was dissolved in
0.6 mL of 2 M HCI to obtain 1 mL of solution at pH 8.3.
Solution B: 0.2 M phosphate buffer of pH 8.3. Solution C:
water solution of L ~[Dha],_g~[S-Qat],_, ~ [Side+]~CO
OH with an approximate concentration of 0.2 mM. Reac-
tion mixture R3: 0.5 mL of solution A +5 mL of solution
B +0.5 mL of solution C=6 mL of mixture at pH 8.4.

The reaction mixture R3 was incubated for 2 h at 50 °C
(final pH 8.1) then cooled to room temperature and purified
by dialysis as described above. The efficiency of the conju-
gate addition of thiophosphoric acid was noticeably lower
in the absence of strong chaotropic agents in the reaction
medium.

Step E: preparation of the peptide model mixtures Digest 1
and Digest 2

Peptide model mixtures were prepared from 2 mg of freeze-
dried L1 or L2 products combined with 20 pg of trypsin,
then re-suspended in 1 mL of 100 mM NH,HCO; (pH 8.0).
After incubating at 37 °C for 22 h the solution was aliquoted
(50 pL) into individual Eppendorf tubes and freeze-dried.
Individual 100 pg portions of Digest 1 and Digest 2 were
used for mass spectrometric analysis. Digest 2 requires a
separate discussion elsewhere.

Removal of S-linked phosphorylation from L2
sample by acidic hydrolysis

To remove S-linked phosphorylation from the L2 sample, 20
pL of 0.5% water solution of TFA was added to 70 pg of lyo-
philized L2 mixture. The solution was incubated overnight
at room temperature. The chemically de-phosphorylated
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polypeptides were then subjected to MALDI MS analysis to
indirectly estimate the average degree of S-phosphorylation
q=5=+1 pCys residues per protein molecule [S5].

Results

Transformation of lysozyme
into S-phosphocysteine-containing peptides
(pCys-peptides)

Hen egg-white lysozyme, a 129-amino acid polypeptide
(14.3 kDa) containing four disulfide bridges, was selected
for conversion into S-phosphorylated derivatives. The
concept of transformation was inspired by an early work
(Hiskey et al. 1970) reporting the partial f-elimination of
benzyl thiolate from S-benzylated cysteine peptides. Thus,
it was assumed that polypeptides bearing cysteine residue
S-protected by other simple alkyl groups might also produce
p-elimination products in amounts detectable by modern
mass spectrometry. It was expected that conjugate addition
of thiophosphoric acid to selectively generated Dha resi-
dues, followed by multiple proteases digestion, would cre-
ate a diversified mixture of sequences with many bearing
S-phosphocysteine residues. The transformation of lysozyme
cysteines (Fig. 1, steps A-E) was accompanied by inher-
ent chemical reactions involving other functional groups
of the protein, in particular deamidation (Hao et al. 2011),
carbamylation (Kollipara 2013), oxidations, and cysteine
epimerization, as well as alkaline hydrolysis of peptide
bonds, phosphorothiolate residue hydrolysis and several oth-
ers. These seemingly unwelcome, additional modifications
of peptide side chains [Side+] make the resulting model
complex enough for testing various analytical procedures
targeting pCys-peptides.

In preliminary experiments, reduced lysozyme was
alkylated with several thiol-specific reagents to test the sus-
ceptibility of the resulting products to a f-elimination reac-
tion. Ultimately, APTA was selected as the most convenient
S-alkylating reagent [Electronic Supplementary Materials
Fig. S1, ESM_1, S1].

p-Elimination reactions, generating Dha-residues,
were carried out in two procedural variants that yielded
two pools of derivatives with a lower and higher aver-
age degree of f-elimination x (i.e., x=5-7 and x=6-8).
The resulting products were denoted, respectively, as
L ~[Dha]s_;[S-Qat],_;[Side +]~COOH and L ~[Dha],_g[S-
Qat],_,[Side+]~COOH. Subsequent conjugate addition of
thiophosphoric acid to Dha led to L1 and L2 collections
of polypeptides substoichiometrically S-phosphorylated at
epimerized cysteine residues. MALDI MS profiles revealed
enormous complexity in the L1 and L2 mixtures, due to
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Lysozyme[S-S]4 Transformation steps: The model
lysozyme L A B CDE mixture
l containing
pCys-peptides
Lysozyme[SH]g

reduced lysozyme L

o)
RS N
N/\/\N(Me)3

L~~ T )\yﬁ ~~[ SIDE +| ~ COOH
[S-Qat]g derivatives of L
¢ l
CH, |,
N
L~~ TNJ\d ~ ~~| s-qat ~~[ SIDE +| ~ COOH
H
O] x
[Dhajx xX+y=8
o
Dl ,L,OH
575
L~~ T }nh(} ~| Dha S-Qat ~~[ SIDE +| ~ COOH
y
[pCyslg  q+p+y=8

E

Tryptic peptides derived from modified lysozyme L

A : reduction of S-S bonds (with TCEP or DTT)

B : S-alkylation of cysteines with APTA reagent

C : generating of Dha by B-elimination of Qat-SH:
HS-CH,-CH,-C(O)NH-(CH,);-N"Me;

D : conjugate addition of (HO),P(O)SH

E : tryptic digestion (trypsinolysis)

X : P-elimination degree (limited within the range
from 0 to 8)

q : S-phosphorylation degree (limited within the
range from 0 to 8)

q+ p +y=_8: the number of derivatized Cys
residues per lysozyme molecule

[Side+]: polypeptide mass gain related to
modifications on residues other than Cys

~~: lysozyme L backbone chain

Fig.1 Scheme of lysozyme transformation into the model mixture containing S-phosphorylated peptides

a random-like distribution of multiple modifications of the
polypeptides chains [S2, S3]. The estimated average degree
of polypeptide S-phosphorylation q ranged from g=3+1
pCys to g=5=+1 pCys, for L1 [S4] and L2 [S5-S7] mix-
tures, respectively. Finally, L1 and L2 were subjected to
trypsin digestion to yield Digest 1 and Digest 2 containing a
complex mixture of modified peptides. Theoretically, each
of the tryptic sequences incorporating a single cysteine resi-
due could exist in six structural variants having at Cys posi-
tion, respectively, S-Qat, Dha, D/L-pCys, as well as D/L-
Cys originating from partial hydrolysis of D/L-pCys. For
comparison, the exemplary sequence NLCNIPCSALLSS-
DTITASVNCAK incorporating three cysteine positions
can hold as many as 6° =216 permutations of the same six
modifications. Moreover, a combinatorial deamidation of
three asparagine residues raises the number of possible
structures eightfold, to 1728, which does not yet comprise
other probable modifications such as D-Asp, L-isoAsp, or
D-isoAsp (Riggs et al. 2017). The MALDI spectra of Digest

1 show a surprisingly uncomplicated picture with one hun-
dred peptide peaks [S8—S11], while HCD-MS/MS analyses
routinely identify over 700 mono- and multiply modified
unique sequences [ESM_2, S26]. The collection of peptides
identified from Digest 1 poses a challenge for LC-MS/MS
analysis. Using Byonic software tolerating multiple, variable
modifications (Bern et al. 2012; Chalkley et al. 2014; Jiang
et al. 2016), deamidation was detected for all fourteen Asn
and three Gln sites, and carbamylation for all six Lys resi-
dues in the lysozyme sequence. Dha and S-Qat were spotted
in all Cys positions. In addition to MS/MS spectra of pCys-
peptides, many spectra of Cys-peptides were also registered;
these provide evidence for hydrolytic S-dephosphorylation
occurring in the course of the analysis [S13—-S24]. The intact
pCys-residues were identified at positions 6, 64, 94, 115, and
127, while freed Cys-residues were identified at positions 6,
30, 76, 80, 94, and 115. In summary, S-phosphorylation was
substoichiometrically linked to all eight cysteine positions,
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as confirmed directly at five sites and revealed indirectly at
six sites by detecting thiol groups.

Characteristics of HCD-type fragmentation
of pCys-peptides

CID/HCD fragmentation of phosphopeptides has been the
subject of extensive research, which has recently been the
subject of a review article (Potel et al. 2018a). Typically, the
resulting fragmentation spectra are dominated by a sequence-
dependent loss of phosphoric acid H;PO, (98 Da) or meta-
phosphoric acid HPO; (80 Da), with parallel peptide backbone
fragmentation. In contrast, NL-events from pCys-peptides are
poorly understood, as only a few HCD-fragmentation spectra
have been published so far (Bertran-Vicente et al. 2016).
The pCys-peptides identified from Digest 1 are listed in
Table 1, which shows the peptide sequence, the calculated
value for the peptide pl, the charge state (z) of the peptide
molecular ion (M) and the presence/absence of neutral loss
ions (NL). The electronic supplementary materials contain
HCD-spectra of the identified pCys-peptides [S13-S24].
As well as a significant level of backbone fragmenta-
tion, several HCD spectra of the pCys-peptides display

Table 1 S-phosphopeptides identified by HCD from Digest 1

M-80 Da (i.e., HPO;) and M-98 Da (i.e., H;PO, or combine
HPO;+H,0) neutral losses (NL) from the molecular ion (M)
and weak M-116 Da loss (i.e., H;PO,+H,0). In the HCD
spectra of the + 2 charged peptides, the M-80 ions are strong
(up to 100%) and more intense than the M-98 ions, with some
exceptions which will be discussed later. Phosphate neutral
losses are also evident for peptides in the + 3 charge state,
although these NL-signals are not dominant. Often, the major
NL-triplet is accompanied by additional NL-triplet(s) with
lower intensities. These additional triplets occur in the spec-
tra of +2 and + 3 charged peptides, shifted up by 0.492 Da
and 0.328 Da, respectively. Whenever confirmed by the
respective y- and/or b-fragment ions, the accompanying tri-
plets were attributed to the co-fragmenting S-phosphorylated
sequences carrying additional deamidations.

Intriguing differences were noticed in the case of frag-
mentation of the DRpCKGTDVQAWIR peptide in the mass
spectra registered at 38.25 min, 38.81 and 40.12 min. In the
spectrum scanned at 40.12 min, the intensity ratio of the
two main NL-ions was as follows [M-80];p > [M-98]ix7
(Fig. 2a). In the spectrum scanned at 38.25 min, this pro-
portion was reversed, i.e., [M-80];r < [M-98];r (Fig. 2b).
Notably, the intensities of both NL-signals were almost equal

# Sequence pI? NL from M [Da] z
-80 -98 -116
1 KVFGRpCELAAAMK 8.8 1 04 0.03 +2
2 VFGRpCELAAAMK 8.1 1 0.2 0.03 +2
3 DRpCKGTDVQAWIR 8.1 1 0.3 0.03 +3
4° DRpCKGTDVQAWIR 8.1 1 0.3 0.03 +2
5t DRpCKGTDVQAWIR 8.1 0.5 1 0.11 +2
6 NRpCKGTDVQAWIR 9.1 0.6 1 0.07 +2
7 NRpCKGTDVQAWIR 9.1 1 0.3 0.05 +3
8 GTDVQAWIRGpCRL 8.3 1 04 0.02 +2
9 GTDVEAWIRGpCRL 6.0 1 0.5 0.08 +2
10 NLC[S-Qat]NIPpCSALLSSDITASVN- 5.7 1 0.4 0.13 +3
C[S-Qat]AK
11 WWpCNDGR 5.7 nd nd nd +2
12 LC[+48]NIPC[S-Qat]SALLSSDITASVN- - nd nd nd +4
pCAKKIVSDGNGMDAWVAWR
13 ALLSSDITASVDpCAKKIVSDGDGM- 4.1 nd nd nd +3
DAWVAWR
14¢ EQLpCFSLYNAQR 6.0 nd nd nd +2
15¢ ENITNLDApCITR 4.2 nd nd nd +2
16° LYRpCAK-NH, 9.1 1 0.4 +2

NL from M: neutral losses of 80, 98, and 116 Da from molecular ion M and their relative intensities

z charge state of molecular ion M, nd not detected, C[S-Qat] cysteine residue S-alkylated by APTA reagent, C/+48] underalkylated cysteine
residue oxidized to cysteic acid

pl value calculated according to Kozlowski (2016) for respective dephosphorylated sequences

Peptides #4—5 are putative D/L-epimers on pCys

“Reference peptides #1416 are taken from Sun et al. (2012)
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Fig.2 HCD-spectra of DRpCKGTDVQAWIR peptide registered at scan time 40.12 min (a) and scan time 38.25 min (b)

[M-80];np= [M-98]\r in the spectrum acquired at scan time
38.81 min [S17]. This observation may indicate the presence
of phosphocysteine D/L-epimers of the peptide. The abso-
lute configuration of a phosphorothiomethyl group affects
interactions between the phosphate residue and peptide side
chains. It is plausible that the conformation-dependent prop-
erties of D/L-epimers may be manifested by differences in
their LC-retention times, as well as by clear differences in
their patterns of phosphate neutral loss. At the same time,
both epimers displayed almost identical MS backbone frag-
mentation, which correlates with the MS/MS-fragmenta-
tion feature described for other epimeric peptides (Serafin
et al. 2005; Tao and Julian 2014) (Fig. 2). Presumably, the
phosphoryl transfer (Oslund et al. 2014; Potel et al. 2018b)
within L-pCys-peptide conformers to their carboxyl groups
is not energetically equivalent to a similar transfer in the
conformers of the respective D-pCys-epimer. This energetic

inequivalence of the phosphate transfers may explain the
observed changes in the relative intensity of the [M-98] ion.
Clarification of the phenomenon would require experiments
with the use of pure D and L-epimers of S-phosphopeptides
displaying the NL-feature, yet such structures are not eas-
ily obtainable (Bertran-Vicente et al. 2016). Furthermore,
common sequence-informative y- and/or b-ions may coexist
with many dephosphorylated fragment ions, i.e., y-80, y-98,
b-80, and b-98. Losses of 80 Da and/or 98 Da were recorded
from the doubly charged x-, y-, b- as well as (b ,_; +H,0)
fragment ions. The formation of a M-98 ion by a phosphoryl
transfer mechanism (Cui et al. 2014) correlates with the neu-
tral gain fragment ions y + 80 registered in several spectra of
S-phosphopeptides [S14, S15, S17-19]. The phenomenon
of intramolecular phosphoryl transfer during gas-phase
collision-induced dissociation (CID) had previously been
observed for O- and N-phosphopeptides and was interpreted
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as lowering confidence in phospho-site localization (Cui and
Reid 2013; Schmidt et al. 2013).

According to the classification proposed by Everley, all
of the protonated pCys-peptides shown in Table 1 belong
to a low proton mobility class of peptides, as their charge
state z is equal to or lower than the sum of basic centers:
(z<Lys+Arg+His+ 1) (Everley et al. 2017). For this set of
pCys-peptides, an interesting correlation was found between
the calculated pl value (Pirmoradian et al. 2014; Kozlowski
2016) of a plain peptide sequence and its NL-attribute. The
pl criterion was used to test the set of low proton mobil-
ity peptides and revealed that NL-signals appeared in the
HCD-spectra of the basic peptides incorporating the Arg-
pCys unit but not in the spectra of acidic peptides which
lacked this structural element (Table 1). The acidic peptide
NLCI[S-Qat]NIPpCSALLSSDITASVNC[S-Qat]AK and its
deamidated variants were interesting exceptions. Although
lacking Arg-pCys motifs, all of them displayed NL-triplets
from + 3 charged molecular ions. It is likely that two incor-
porated residues of S-Qat formed a sequence environment of
limited charge mobility, thereby promoting the neutral loss
of phosphate from a stabilized molecular ion [S21]. These
results cannot be generalized, due to the limited number of
examined pCys-peptides.

Triplet-like phosphate losses, generated by HCD-
fragmentation from molecular ions of pCys-peptides, are
similar to the neutral-loss triplets (or missing M-116 signal
NL-doublets) observed for many phosphohistidine peptides
(Oslund et al. 2014; Potel et al. 2018a). Earlier, Hardman
et al. had thoroughly evaluated identification of pHis-pep-
tides by the triplet-like loss pattern (Hardman et al. 2017)
and concluded that this trait was not a general hallmark of
histidine phosphorylation.

The results show that, besides S-phosphorylated pep-
tides, numerous Cys-containing peptides were identified
from Digest 1 [S26]. Generated in the course of acidic
LC-separation, Cys-peptides do not experience oxidation
and are detectable by mass spectrometry. It is important
to mention that proteomic samples may contain traces of
thiol groups that emerged from various precursors. In gen-
eral, the presence of free thiols is mainly associated with
incomplete alkylation of thiol groups from reducible sulf-
hydryl modifications (Dong et al. 2014; Muller and Winter
2017; Suttapitugsakul et al. 2017). Moreover, even traces of
S-acylated peptides can generate Cys-peptides as a result of
acyl transfer events (Ji et al. 2013, 2016).

Discussion
Recent studies aimed at systematic large-scale detection

of six acid-labile protein phosphorylation in human cell
extracts have exposed the difficulty of confident localization

@ Springer

of phosphate groups on Arg, His, Lys, Asp, Glu, and Cys
residues. Although phosphorothiol ester linkage is moder-
ately acid-stable and highly base-stable, protein cysteine
phosphorylation was not detected in these studies (Hardman
et al. 2017). The lack of basic information on the prevalence,
properties, and behavior of this modification under analyti-
cal circumstances explains this lack of success.

This paper aims to provide new information that may help
detect protein phosphocysteine in different proteomes. A
new approach, imitating a proteomic workflow, was designed
to obtain S-phosphorylated peptides from a cysteine-con-
taining protein of a known sequence. The novelty of the
method (Fig. |A-E) is based on the incorporation into a
sample preparation procedure of two additional, consecu-
tive steps: the unusual S-elimination of alkyl thiolate from
cysteine positions (Fig. 1, step C) and conjugate addition of
thiophosphoric acid to the generated Dha residues (Fig. 1,
step D). Subsequent standard proteolysis predictably con-
verts the protein derivatives into a mixture of modified, MS-
amenable peptides (Digest 1). Hence, the proposed approach
contrasts with alternative de novo synthesis of pCys-peptides
(Bertran-Vicente et al. 2016), in that the pCys-peptides are
not synthesized sensu stricto by consecutive peptide bond
formation.

Digest 1 exhibits enormous complexity due to the pres-
ence of numerous variable modifications in Cys positions
and other peptide amino acids residues. Byonic software
was applied to search for five modification types per a single
peptide at a time. Searches were performed against the pro-
tein reference database being restricted to a single lysozyme
sequence. Therefore, even poorly fragmented peptides were
confidently identified, as generated fragment ions can be
determined with high accuracy. However, for longer and
poorly fragmented peptides it was not always possible to
locate multiple modifications unambiguously. More detailed
analysis of the model Digest 1 would certainly be possible,
by additional HPLC-runs and alternative MS-fragmentation
strategies (Dong et al. 2014).

Direct detection of S-linked phosphorylation

Several articles referring to pCys-containing proteins (Sun
et al. 2012; Chooi et al. 2014; Bertran-Vicente et al. 2016;
Gulerez et al. 2016; Zhang et al. 2017) have reported evi-
dence of S-linked phosphorylation survival throughout vari-
ous proteomic workflows. The HCD spectra of the model
mixture assembled in this study demonstrate that direct
detection of pCys-peptides is feasible, especially if their
spectra exhibit NL-triplets, 80 Da losses from fragment
ions, or ideally fragment ions carrying the pCys-residue.
The protonated pCys peptides were found to produce triplet-
like NL-pattern if their plain sequences manifested basic-
ity, while those with the respective acidic sequences did not
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display this feature. Although this observation cannot be
generalized, such interpretations may help detect S-phos-
phorylation of natural origins.

In real-world proteomics, cysteine residues of proteins
are usually S-carbamidomethylated (Cys—camCys) (Mul-
ler and Winter 2017; Suttapitugsakul et al. 2017; Svozil
and Baerenfaller 2017) and considered to have been per-
manently modified. Therefore, phosphocysteine targeting
re-analysis of mass spectra should apply a non-routine
bioinformatic approach, as MS/MS search settings affect
the outcome of intact pCys-peptide identification. Allow-
ing for variable camCys—pCys substitution, i.e., by set-
ting [+22.94486 Da] on camCys, may enable detection of
phosphocysteine residues. The [+22.94486 Da] mass gain
is unique and distinguishable from a potential two-point
modification, i.e., sodiation [+21.98195 Da] and deamida-
tion [+0.98402 Da], which collectively yield a total mass
gain of [+22.96597 Da]. This search variant is analogous
to Bern’s “small trick” which allows variable de-carbami-
domethylation [—57.02146 Da] on permanently modified
camCys-peptides (Bern 2014).

Such direct detection of S-linked phosphorylation seems
suitable for less complex analytes, such as in the case of off-
line fractionation (Ruprecht et al. 2017) or affinity enrich-
ment procedures. In preliminary experiments, S-phospho-
peptides from a sample of Digest 1 were enriched using a
hydrophilic Ti-IMAC (He et al. 2015) prepared in-house
from cotton—wool. The enriched analyte was subjected to a
series of tandem MS applying complementary fragmentation
methods CID, HCD, ETD, ETciD, and EThcD [S12]. In all,
12 additional pCys-peptides as well as numerous cysteine-
containing peptides, were identified (data not shown). It is
worth noting that recent studies of Gehrig’s group have dem-
onstrated the utility of Phos-tag gels for the electrophoretic
separation of S-phosphorylated PRLs and their non-phos-
phorylated counterparts (Gulerez et al. 2016; Zhang et al.
2017). Currently, Phos-tag affinity material, being a type of
Zn-IMAC, is also available in micropipette-tip format (Yuan
et al. 2017), which is suitable for testing phosphopeptide co-
enrichment procedures.

Detection of S-linked phosphorylation by cognate
Cys-peptides

The second approach to detecting S-phosphorylation is
complementary to the first, and targets those pCys-pep-
tides that went undetected in the first analytical run due
to low concentrations, poor fragmentation, or limitations
in the automated analysis of MS data. To some extent,
this approach is comparable to the detection strategies of
protein S-nitrosylation (Ju et al. 2015) and S-acylation (Ji
et al. 2013, 2016) which exploit a specific split in these

modifications, leading to detectable thiol groups. Over-
night incubation of the thiol-deprived analyte at a low
pH results in a total loss of acid-labile phosphorylations,
including those that are S-linked. Therefore, any reappear-
ance of thiol groups may be attributed to hydrolytically
released Cys-peptides, which can be effectively extracted
on thiol-affinity materials (Gu et al. 2015; Duan et al.
2017).

A library of HCD-spectra was compiled from the many
tens of individual Cys-peptides [S26] identified from the
Digest 1 analyte. Significant similarity was noted between
the HCD-fragmentation features of the exemplary spectral
pair DRpCKGTDVQAWIR and DRCKGTDVQAWIR [SI,
Fig. S28], which clearly suggests that the spectrum of a
non-phosphorylated peptide can help to predict the frag-
mentation pattern for the cognate pCys-peptide. Plausi-
bly, a predictive spectra library of pCys-peptides could
be constructed using an experimental spectral library of
Cys-peptides as the reference. Applying the predictive
library and appropriate spectrum-to-spectrum matching
search engines (Hu and Lam 2013; Degroeve et al. 2015;
Suni et al. 2015; Wang et al. 2015; Griss 2016; Shao and
Lam 2017) could help to detect S-phosphorylated peptides
which survived the proteomic workflow.

Conclusions

This paper has presented a procedure for transforming a sin-
gle, disulfide-bridged protein with a known sequence into
a complex mixture comprising modified, phosphocysteine-
containing peptides. The resulting pCys-peptides could serve
as standards for mass spectrometry. Typical LC-ESI-MS/
MS analysis of the model mixture succeeded in identifying
S-phosphorylated peptides, as well as numerous Cys-pep-
tides that had lost the phosphate group during the work-
flow. Some features of the HCD-fragmentation spectra of
the low proton mobility pCys-peptides were revealed. They
exhibited strong M-80 and M-98 neutral loss ions, and weak
M-116 neutral loss ions, if these were basic in the dephos-
phorylated form. They did not exhibit such losses if they
were acidic. The identified Cys-peptides and their pCys-
precursors exhibited similar backbone HCD-fragmentation
patterns. Therefore, a spectral library of the Cys-peptides
could be useful when searching in MS/MS data for intact
S-phosphorylation using the spectra-matching approach.
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