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Abstract

Phosphocysteine is an intermediate in the phosphoenolpyruvate-dependent phosphotransferase system (PTS)
and in the dephosphorylation of phosphotyrosine residues by protein tyrosine phosphatases. A method is described

for the direct and non-radioactive localization of phosphocysteine. The phosphorylated Glu-C peptide of the EII

Mitl

protein of the PTS of Swaphylococcus carnosus was identified by LC-electrospray MS and isolated for further
analysis. Following chemical modification with alkaline ethanethiol, S-ethylcysteine was identified during Edman
degradation, demonstrating that phosphocysteine reacts like phosphoserine. As a control, the unphosphorylated

cysteine could not be modified by the alkaline ethanethiol.

1. Introduction

Cysteine phosphorylation is an essential step
in the uptake and transport of carbohydrates by
the phosphoenolpyruvate-dependent phospho-
transferase system (PTS) in bacteria [1-3]. A
second system with a phosphocysteine inter-
mediate is the dephosphorylation of phos-
photyrosine residues catalysed by protein
tyrosine phosphatases, an important element of
many signal transduction pathways [4]. So far,
only indirect methods have been available point-
ing to phosphorylated cysteine. e.g., site-di-
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rected mutagenesis or chemical modification with
Ellman’s reagent, maleimide or iodoacetamide.
Additionally, most of these methods required
P labelling.

We have developed a non-radioactive method
allowing the localization of phosphocysteine in
the lower picomolar range by sequence analysis.
As a test peptide, we isolated the phosphopep-
tide from EIIM" protein of the PTS of Staphylo-
coccus carnosus  which presumably contains
phosphocysteine [5]. This peptide was modified
with alkaline ethanethiol and subjected to
Edman degradation [6]. To prove that S-
cthylcysteine was formed from phosphocysteine,
we sequenced the non-phosphorylated peptide
after alkaline cthanethiol treatment and demon-
strated the presence of cysteine by modification
with 4-vinylpyridine.
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2. Experimental
2.1. Protein digestion and HPLC

As starting protein we used the hydrophilic
region (amino acids 345-515) of the ENM"
protein of Staphylococcus carnosus, an enzyme
of the phosphoenolpyruvate-dependent phospho-
transferase system. It was purified and phos-
phorylated as described previously [5,7].

A 20-nmol (400-pug) amount of phos-
phorylated or unphosphorylated EII™" fragment
was dissolved in 25 mM ammonium carbonate
buffer (pH 7.8) and digested with 33 ug of
endoprotease Glu-C in presence of 5% acetoni-
trile. Incubation was carried out for 18 h at 25°C.

The protein digest was separated on a re-
versed-phase C, column (250 mm X4 mm L.D..
250GL4-ODS2-30/5 from SGE, Weiterstadt,
Germany) using an ammonium acetate gradient
system [8]. The identified phosphocysteine- or
cysteine-containing peptides were modified as
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described below and subjected to Edman degra-
dation.

2.2, Mass spectrometry

All spectra were recorded on a TSQ 7000
triple quadrupole mass spectrometer from Fin-
nigan MAT (Bremen, Germany) equipped with
a Finnigan electrospray ion source.

Mass spectrometry of the intact proteins

A 150-pmol amount of the phosphorylated or
unphosphorylated EII™" fragment was dissolved
in water and subjected to reversed-phase chro-
matography on a C, column (50 mm X2 mm
I.D.. 50GL2-C4-30/5 from SGE). The protein
was eluted with a gradient (10% B/min) of 0.6%
formic acid (A) vs. 0.6% formic acid—acetonitrile
(B) (16:84) at a flow-rate of 80 wl/min and
injected on-line into the electrospray ionization
source.
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Fig. 1. Deconvoluted ESI mass spectrum of the unphosphorylated EII™ fragment. A 150-pmol amount of EII
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MY fragment was

dissolved in water and separated using a C, column connected on-line to the electrospray source. For other conditions, see
Experimental. The calculated mass of 19986 corresponds to the mass determined from the amino acid sequence. A small amount

of the phosphorvlated fragment with M 20066 is also present.
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Mass spectrometry of the protein digests

For analysing the Glu-C digest, 500 pmol of
the peptide mixture were separated using a C,,
column (100 mm X 2 mm 1.D., 100MGL1-ODS2-
30/5 from SGE) connected on-line to the
electrospray source. The peptides were eluted
with a gradient (2% B/min) of 0.6% formic acid
(A) vs. 0.6% formic acid—acetonitrile (B)
(16:84) at a flow-rate of 50 ul/min.

The mass spectrometer was operated under
unit-mass resolution in the positive-ion mode.
Total ion current chromatograms were obtained
by scanning the mass range corresponding to
m/z values between 200 and 2500 every 2 s.

2.3. Sequence analysis

Sequence analysis was performed using an
Applied Biosystems Model 476A pulse-liquid
sequenator or a Model 470A gas-phase se-
quenator. The S-ethylcysteine modification fol-
lowed the method described for phosphoserine

Relative Abundance

Fig. 2. Deconvoluted ESI mass spectrum of the phosphorvlated EN™ fragment. A 150-pmol amount of phosphorylated E11

in [6]. Modification of cysteine with 4-vinyl-
pyridine was carried out according to a pro-
cedure as described in Refs. {9 and 10] and
modified in Ref. [11]. In detail, the sample was
applied to a biobrene-coated glass filter disc and
dried. A 20-ul volume of a reduction—alkylation
“cocktail” containing 2 ul of tri-n-butylphosphine
and 5 ul of 4-vinylpyridine in 100 ul of acetoni-
trile was added to the sample, the cartridge was
immediately reassembled and the sequencing of
the modified peptide was started.

2.4. Materials

Acetonitrile of HPLC grade was obtained
trom Scharlau (Barcelona, Spain); water and
analytical-reagent grade ethanol, sodium hydrox-
ide and acetic acid were purchased from Merck
(Darmstadt, Germany) and ethanethiol, tri-n-
butylphosphine and 4-vinylpyridine from Aldrich
(Steinheim, Germany). All sequencer chemicals
and sample discs were obtained from Applied

20400
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fragment was dissolved in water and separated using a C, column connected on-line to the electrospray source. For other
conditions, see Experimental. The phosphorylated form of the EIM" fragment with a calculated mass of 20066 predominates

over the unphosphorylated form of the fragment.
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Biosystems (Weiterstadt, Germany) and endo-
protease Glu-C, sequence grade, from Boeh-
ringer (Mannheim, Germany). All other chemi-
cals were of the highest purity available.

3. Results and discussion

Figs. 1 and 2 show the electrospray mass
spectra of the unphosphorylated and phos-
phorylated form of the EII™" fragment. respec-
tively. From these spectra. the M, of the un-
phosphorylated protein was calculated to be
19986 and that of the phosphorylated protein to
be 20 066. These calculated masses correspond to
the mass determined by the amino acid sequence
with one bound phosphate group in the case of
the M, 20066 species.

For the EII™" fragment the phosphorylated
amino acid was indirectly established by several
experiments to be the single cysteine residue in
the amino acid sequence [7]. To prove this

hypothesis, we subjected both the phos-
phorylated and unphosphorylated form of the
EII™ fragment to Glu-C digestion to obtain the
phosphopeptide and its unphosphorylated coun-
terpart.

The Glu-C digest was analysed using LC-MS.
In Fig. 3 the total ion current chromatogram of
the Glu-C digest of the phosphorylated EII™"
fragment is depicted. Additionally, the extracted
traces of m/z values 875-876 and 891-892 are
shown. As illustrated in Fig. 4A, the m/z value
875-876 represents the S5-charged ion [M+
5H|"" of a peptide with a M, 4372. The m/z
value 891-892 belongs to a peptide with M, 4452
(Fig. 4B). These calculated masses agree with
the mass of the expected Glu-C peptide 80-120
in the unphosphorylated or phosphorylated state
containing a single cysteine in position 17. By
this method, it is possible to identify rapidly the
phosphopeptides and to subject them to Edman
degradation.

The phosphopeptide was sequenced without
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Fig. 3. Total ion current chromatogram of the Glu-C digest of the phosphorylated EII

N e LN\.A,\} \\/*—.—«‘LU\‘

H n } X
A hY
N&‘ o ‘V\N\.\_\M/( \M
aoe 1c00 1200 ieoc

Scan number

M fragment A 500-pmol amount of the

Glu-C digest was separated using a C, column connected on-line to the electrospray source. For other conditions, see
Experimental. Additionally. the extracted traces of the m/z 875-876 and 891-892 ions are depicted. The former is the 5-charged
ion of a peptide with M 4372 (sce Fig. 4A) and the latter is the S-charged ion of a peptide with M, 4452 (see Fig. 4B).
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Fig. 4. Extracted ESI mass spectra of peptides with molecular masses of (A) 4372 and (B) 4452. The mass spectra were obtained
by summing the scans (A) 967-980 and (B) 894-910 from the total ion chromatogram (Fig. 3) after subtracting the background.

modification or with modification using the al-
kaline ethanethiol reagent. In Fig. 5, three cycles
of the corresponding Edman degradation steps
are depicted, Fig. SA shows the results obtained
with the phosphopeptide without further treat-
ment. In cycle 17 only a little DTT-serine ap-
pears. This result is expected for a cysteine
residue. However, sometimes a small amount of

serine is also detectable, indicating partial hy-
drolysis of thiophosphate. Fig. 5B depicts the
results obtained using the phosphopeptide modi-
fied with the alkaline ethanethiol reagent. By
this treatment, the cysteine residue in position 17
is transformed into S-ethylcysteine, which is
detectable during Edman degradation in cycle
17.
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Fig. 5. Sequence analysis of the phosphorylated and unphosphorviated Glu-C peptide 80-120 with a single cysteine in position
17. (A) Results obtained with the phosphopeptide without further modification; (B) results of Edman degradation of the
phosphopeptide after treatment with alkaline ethanethiol: (C) Edman degradation of the unphosphorylated peptide after
ethanethiol treatment. as a control. The sequence analysis and modifications of the peptides were carried out as described under
Experimental. DTT-S denotes DTT-serine and SEC S-cthylevsteine.

As a control. Edman degradation of the un-
phosphorylated peptide after ethanethiol modi-
fication is shown in Fig. 5C. Only a slight
increase in DTT-serine in cycle 17 is visible, and
no S-ethylcysteine can be detected. This result is
expected for a cysteine not post-translationally
modified. As an additional control, we subjected
the unphosphorylated peptide without ethan-
ethiol modification to Edman degradation. As
expected for cysteine. we found only a small
amount of DTT-serine in cvcle 17 and no serine
(data not shown).

To demonstrate the presence of cysteine in the
unphosphorylated peptide. we alkylated it with

4-vinylpyridine and obtained S-pyridylethvi-
cysteine in degradation cycle 17 (data not
shown).

The results of Edman degradation and of the
LC-MS experiments on the differently treated
phosphorylated and unphosphorylated forms of
the Glu-C peptides reveal some important
characteristics of phosphocysteine residues. as
follows.

(1) Phosphocysteine 1s relatively stable in the

presence of dilute formic acid and remains intact
during the isolation by reversed-phase HPLC, as
could be demonstrated. This allows the applica-
tion of LC-MS methods for the identification of
phosphocysteine-containing  peptides in a
proteolytic digest.

(2) Phosphocysteine itself is not stable during
Edman degradation, but is hydrolysed to
cysteine and phosphate and, to a less extent, to
serine and thiophosphate. This is in contrast to
phosphoserine. The latter is stable during
Edman degradation and undergoes $-elimination
as soon as the phosphoserine residue is in the
N-terminal position and is modified with PITC,
vielding DTT-serine quantitatively [12].

(3) Phosphocysteine reacts like phosphoserine
[6] or farnesylcysteine [13] during the ethanethiol
modification, resulting in the formation of S-
ethylcysteine. This means that phosphocysteine
undergoes B-elimination followed by the addi-
tion of ethanethiol. Hence it can be detected
without radioactive labelling by sequence analy-
sis after chemical modification.

In conclusion, LC-MS allows the rapid identi-
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fication of phosphocysteine-containing peptides
and chemical modification of phosphocysteine to
S-ethylcysteine localizes the site of phosphoryla-
tion by Edman degradation. The different be-
haviour during Edman degradation of the un-
modified phosphopeptide allows us to distinguish
between phosphoserine and phosphocysteine.
Hence phosphocysteine can be clearly identified.
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