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Figure 7. MALDI-TOF mass spectra of two stages of the protocol; TMPP modification {a, b and c) and isolation of the C-terminal peptide (d,
e and f) using gel separated subunits of RPA14 (a, d), RPA32 (b, e), RPA41 (¢, f)} from PfuRPA complex.

residue in the peptide. It has been reported that arginine
containing peptides (with and without the TMPP-Ac tag at
the o-amino group) exhibit a low degree of structurally
informative fragmentation in CID/PSD analysis [22, 23]. Al-
though a technique has been reported for enhancing frag-

© 2008 WILEY-VCH Vertag GmbH & Co. KGaA, Weinheim

mentation of TMPP-modified peptides {19], it is valid for
peptides having arginine residue at their C-terminal posi-
tion. Arginine is normally protonated to be positively
charged because it has the highest basicity among other
genetically coded amino acid residues. The localized charge

www.proteomics-journal.com
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suppresses random fragmentation of the backbone structure
of the peptide. Hence, we reduced the basicity of the arginine
residue by modification with acetylacetone (2,4-pentane-
dione) [22], with which arginine residue was converted to N°-
(4,6-dimethyl-2-pyrimidinyl) ornithine (Pyo) residue. Figure
9 presents the reaction (Fig. 9a) and CID spectrum (Fig. 9b)
of the modified C-terminal peptide of RPA41.

The fragmentation efficiency was greatly enhanced to
provide sequence information (Fig. 9b). A side reaction is
reported to occur at the lysine residue {22]. However, it is not

© 2008 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim

problematic because in our method the isolated C-terminal
peptide has no lysine residue. Details of this modification for
enhancing fragmentation using TMPP-Ac peptides will be
reported elsewhere.

This method thus successfully performed isolation and
de novo sequencing of the C-terminal peptide, using model
peptides/proteins and a recombinant protein, PfuRPA.

A technique using LysC and DITC resin for isolating C-
terminal peptide of protein was already mentioned [16].
Comparing our present method with the former technique,

www.proteomics-journal.com
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advantages lie mainly in that higher sensitivity (10- to 100-
fold increase), throughput, and more efficient fragmentation
for de novo sequencing can be realized by our method be-
cause an isolated C-terminal peptide is modified with TMPP-
Ac tag. In addition, our method does not use hazardous
chemicals such as conc. TFA used in the former method.
Proteolytic fragmentation was carried out with LysC. The
length of C-terminal peptide obtained from proteins used in
this successful study ranged from 2 to 16 residues. Even if a

© 2008 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim
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C-terminal “peptide” is only one amino acid, it can be ana-
lyzed because TMPP-Ac moiety is sufficiently great to con-
vert the tagged molecular mass to m/z 647 {glycine)-m/z 776
(tryptophan). However, if a C-terminal peptide is larger than
m/z 3000, the de nove sequence analysis may be problematic,
though such cases are not many. If de novo sequencing
proves to be difficult, as described above, the sequence of the
C-terminal moiety of a protein can easily be estimated using
the observed m/z value of the isolated C-terminal peptide,

www.proteomics-journal.com
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since the predicted, full-length sequence of the protein can
be obtained by searching a database such as an MS/MS ion
search or PMF.

4 Concluding remarks

We have developed a simple and highly successful method to
perform C-terminal sequencing of proteins, using a combi-
nation of chemical procedures (LysC digestion, modification
of g-amino groups with TMPP-Ac-OSu and isolation of the
C-terminal peptide using DITC resin) and de novo analysis by
MALD-TOF-MS. This methodology was used to determine
the C-terminal sequences of three model proteins and three
subunits of PfuRPA. The method described here is applica-
ble to high-throughput analysis of proteins separated by 2-D
SDS-PAGE.

We are grateful to Professor Yoshizumi Ishino (Kyushu
Univ.) for providing the recombinant protein of PluRPA.

The authors have declared no conflict of interest.
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Matrix-assisted laser desorption/ionization mass spectrometry (MALDI-MS) has been one of the
most powerful tools for analyzing protein phosphorylation. However, it is frequently difficult to
detect phosphopeptides with high sensitivity by MALDI-MS. In our investigation of matrix/
matrix-additive substances for improving the phosphopeptide ion response in MALDI-MS, we
found that the addition of low-concentration alkylphosphonic acid to the matrix/analyte solution
significantly enhanced the signal of phosphopeptides. In this study, the combination of methane-
diphosphonic acid and 2,5-dihydroxybenzoic acid gave the best results. In addition to enhancing the
signal of the phosphopeptides, alkylphosphonic acid almost completely eliminated the signals of
sodium and potassium ion adducts. We report herein sensitive detection of phosphopeptides by
MALDI-MS with the use of alkylphosphonic acids as matrix additives. Copyright ) 2008 John Wiley

& Sons, Lid.

Phosphorylation is one of post-translational modifications in
proteins, which is a ubiquitously found biological event in
living systems.”” One-third of all eukaryotic proteins are
reported to be phosphorylated,®® and phosphorylation plays
a pivotal role in a wide range of important signal transduction
pathways and other cellular processes such as growth,
metabolism, proliferation, motility, interaction, and differ-
entiation in a living cell.'™ Hence, protein phosphorylation
has been recognized as one of the most relevant post-
translational modifications, and localization of phosphoryla-
tion sites in the protein sequence is an important goal for
understanding regulation mechanisms.

Although the importance has been highly acknowledged,
the characterization of the protein phosphorylation sites in
biologically derived proteins is still challenging.

Since its introduction more than 20 years ago, matrix-
assisted laser desorption/ionization mass spectrometry
(MALDI-MS) has become one of the most powerful tools
for analyzing proteins, peptides, oligosaccharides, and so on,
because of its high sensitivity, robustness and easy sample
preparation. Hence, phosphorylation has frequently been
analyzed by MALDI-MS.

However, although as pointed out above MALDI-MS has
many advantages, a serious problem still remains which
hampers the analysis of phosphopeptides by MALDI-MS.
This is because phosphorylated peptides are frequently more

*Correspondence fo: O. Nishimura, Institute for Protein Research,
Osaka University, Suita 565-0871, Japan.
E-mail: osamu_nishimura@protein.osaka-u.ac.jp

difficult to detect and analyze by MALDI-MS than their
non-phosphorylated cognates. The difficulty of detecting
phosphorylated peptides arises from their low abundance
and intrinsic low ionizability. In addition, ionization is often
suppressed in the presence of non-phosphopeptides as in the
normal proteolytic digest of a phosphoprotein.

To remove impediments to analysis, there have been, in
general, three typical workflows for protein phosphorylation
analysis, chemical derivatization,**2 selective enrichment,*%°
and the choice of matrix/matrix-additive system.l(’_20
Although these three approaches each have their own
advantages, the choice of matrix/matrix additive to enhance
the response of phosphopeptides in MALDI-MS is a very
appealing approach because no chemical or enzymatic
treatments are required nor are selective chromatographic
methods necessary.

A few years ago, we reported a versatile dephosphoryla-
tion procedure using aqueous HF solution or HE-pyridine to
detect phosphopeptides in a digestive mixture,” and it has
since been used by several groups.”> It is a very efficient
and robust measure for cleaving the phosphomonoester
linkage in phosphopeptides®**?*2¢ and phosphoproteins,?!
and facilitates the detection of phosphorylated peptides in a
digestive mixture. Comparison of the spectra obtained before
and after the treatment with aqueous HF solution or
HF-pyridine clearly demonstrates the mass shift (~80Da)
due to removal of the phosphate group. However, phos-
phorylated peptides themselves are sometimes not discern-
ible in a MALDI mass spectrum because of their low
concentration and/or their low ionizability.

Copyright € 2008 John Wiley & Sons, Ltd.
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One of our goals has been to directly detect phosphory-
lated peptides by MALDI-MS. So far, there is no universal
methodology for the sensitive detection of phosphopeptides.
The goal is to analyze phosphopeptides with high sensitivity
and resolution, and it is better to do so using a less
cumbersome, less time-consuming approach. Therefore, we
chose the last approach (the choice of matrix/matrix additive
system) from the viewpoint of readiness of operation, and
we undertook this study for more efficient detection of
phosphopeptides by MALDI-MS.

Based on the finding of the enhanced response of
phosphopeptides by the addition of strong acid,”” Jensen
et al. reported that phosphoric acid (PA) was proved to be the
matrix additive of choice for the sensitive detection of
phosphopeptides.”” PA works well in enhancing the phos-
phopeptide signal. However, with use of PA as an additive,
some phosphopeptides as well as non-phosphopeptides
escape detection by MALDI-MS in the negative ion mode."”

This drove us to investigate a more efficient and reliable
matrix additive for detecting phosphopeptides by MALDI-
MS. In a previous report on matrix selection,?® we found that
the structural similarity between the analyte and matrix
might be the key for the proper choice of matrix and/or
matrix additive. With this in mind, we started investigating
organic and inorganic phosphorous acid as a matrix additive
for the enhanced detection of phosphopeptides.

EXPERIMENTAL

Materials

Ovalbumin(chicken egg white), a-casein (bovine milk),
albumin (bovin serum; BSA), phosphorylase b (rabbit
muscle) and lysozyme (chicken egg white) were purchased
from Sigma (St. Louis, MO, USA). Sequencing-grade
modified trypsin was obtained from Promega (Madison, W1,
USA). High-purity MALDI-MS grade 2,5-dihydroxybenzoic
acid (DHBA) and «-cyano-4-hydroxycinnamic acid (CHCA)
were obtained from Shimadzu GLC (Tokyo, Japan). BPNA,
MPNA, SAA, PNAA and EDTA were purchased from Sigma
(St. Louis, MO, USA). The abbreviations cited here indicate
matrix additive candidates (see Fig. 1). PNA was purchased
from Wako Pure Chemical Industries, Ltd. (Osaka, Japan).
PA and MLA were obtained from NACALAI TESQUE, Inc.
(Kyoto, Japan). MDPNA, EDSA, NTA, NTMPNA and
EDTMPNA were obtained from Tokyo Chemical Industry
Co., Ltd. (Tokyo, Japan). EHDPNA and EDPNA were
purchased from Alfa Aesar (UK). SCA was obtained from
Fluka Chemie AG (Switzerland). Peptides (1P, 2P, 3P and
3PPP; see Table 1) were purchased from AnaSpec, Inc. (San
Jose, CA, USA). WAGGDASGE and WAGGDApPSGE were
purchased from American Peptide Company, Inc. (Sunny-
vale, CA, USA). TSTEPQYQPGENL and TSTEPQpYQP-
GENL were purchased from BACHEM AG (Switzerland).
GFETVPETG-NH, and GFETVPEpTG-NH, were synthes-
ized in-house using a model PSSM-8 peptide synthesizer
(Shimadzu) by the Fmoc strategy. All other chemicals
were analytical reagent grade and used without further
purification.

Copyright - 2008 John Wiley & Sons, Lid.

Sample preparation

Three matrix-additive candidates (NTA, EDTA, and
EDTMPNA) were dissolved with water to yield saturated
solutions. PA and NTMPNA were dissolved with water to
give 3% and 1% solutions, respectively (v/v). Other
matrix-additive candidates were dissolved in water to 1%
(w/w). The matrix solution was prepared by dissolving 5mg
of DHBA in 0.5mL of 50% aqueous acetonitrile. CHCA
solution, saturated in the same solution system as in DHBA,
was used as a matrix for the external calibration.

Model peptides were dissolved in water to the concen-
trations used.

Tryptic digestion was performed in 50 mM Tris-HC1 (pH
7.8), 5mM CaCl, at an enzyme-to-substrate ratio of 1:20
(w/w) at 37°C overnight. The resulting digests were used
with an appropriate dilution.

MALDI-MS

An AXIMA-CFR plus mass spectrometer (Shimadzu /Kratos,
Manchester, UK) was used to obtain all MALDI-TOF mass
spectra. The operating conditions were as follows: nitrogen
laser (337 nm); reflectron mode; positive or negative mode.
The accelerating voltage in the ion source was 20kV. A
standard stainless steel target plate was used for the analysis.
A portion (0.3 pL) of each analyte, matrix, and matrix-
additive solution was mixed on the target plate and analyzed
after drying. The m/z values in the spectra were externally
calibrated with angiotensin II (human) and ACTH fragment
18-39 (human) using CHCA as a matrix. All measurements
were repeated in at least three independent experiments.

RESULTS AND DISCUSSION

Screening of matrix additives

We used 16 different compounds varying from inorganic to
organic acids for screening, as summarized in Fig. 1. To
evaluate these compounds as matrix additives, a peptide
mixture containing four different phosphopeptides in
equimolar amount (final concentration of each peptide
was 0.1 pmol/pL) was prepared. The contents were three
monophosphorylated peptides, and one triphosphorylated
peptide, ranging from m/z 1438 to 1880, as listed in Table 1.

We used DHBA, which is known to be a ‘cool’ matrix, as a
matrix in this study. The formed ions remain intact during
MALDI mass analysis because they have low internal energy
when using DHBA as a matrix. Therefore, DHBA is
frequently used for phosphopeptide analysis in MALDI-MS.

The signal intensities of these peptides are listed in Table 2
which were measured by MALDI-MS using DHBA as a
matrix with or without the candidate compound as an
additive. In this data acquisition, the laser fluence was set
identical except for PA and PNA. When using PA or PNA as
an additive, higher laser fluence was needed to produce
molecular ions.

PA has an enhancing effect for phosphopeptides, and its
cognate phosphonic acid (PNA) is comparably effective.
Among acidic groups of COOH, 50;H, and P(=O}OH),,
the phosphonic acid group is apparently responsible for the
enhancement as determined from the comparisons in the
group of MLA, SAA, PAA) and (SCA, EDSA, EDPNA). This

Rapid Commun. Mass Spectrom. 2008; 22: 1109-1116
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Figure 1. Structures and abbreviations of candidate acids in this study.

might be true for the cases of NTMPNA and EDTMPNA,
from the comparison with NTA and EDTA. Multiplicity of
the acidic group in one molecule dramatically improves the
enhancement (from the data of MPNA, MDPNA, EDPNA
and so on). The data for PA and the most promising
candidate, MDPNA, indicate that MDPNA addition pro-
duces a 5-fold to 34-fold increase in signal enhancement
whereas PA addition exhibits a 1-fold to 8.4-fold increase,
compared with no addition of matrix additive (DHBA only).
As a whole, it is apparent that the phosphonic acid moiety
has an enhancing effect and that a molecule incorporating
2 to 4 of the phosphonic acid groups enhances the
phosphopeptide signal in MALDI-MS. Among candidates
incorporating multiple phosphonic acid groups, MDPNA is
the most effective in enthancing the phosphopeptide signal in
MALDI-MS.

Copyright ¢ 2008 John Wiley & Sons, Ltd.

In the negative mode, the data exhibit a similar tendency in
that candidates incorporating 2 to 4 phosphonic acid groups
are effective in enhancing the signal intensity of phospho-
peptide ions by MALDI-MS, although the enhancing effect is
not as high as in the positive mode. MDPNA is the most
effective in enhancing the phosphopeptide signal, although
the difference between PA and MDPNA becomes smaller.

Among the candidate compounds tested, MDPNA
enhances the phosphopeptide signal by MALDI-MS the
most in both positive and negative modes. Hence, MDPNA
was used as an additive to DHBA for the subsequent
experiments.

To optimize the concentration of the MDPNA solution, we
tested several points of the concentrations ranging from
0.01% to 10%. At a concentration less than 1% or more
than 5%, mass spectra indicated deteriorated signal-to-noise

Rapid Commun. Mass Spectrom. 2008; 22: 1109-1116
DOI: 10.1002/rcm
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Table 1. Phosphopeptides studied in this report*®

Peptide ID  [M+HI®  Sequence

1P 1438.6 MHRQEpTVDCLK-NH,

2P 1880.2 AAKIQApSFRGHMARKK

3P 1702.8 TRDIpYETDYYRK

3PPP 18628  TRDIpYETDpYpYRK

Or1 2088.9 EVVGpSAEAGVDAASVSEEFR

oPr2 25111 LPGFGDpSIEAQCGTSVNVHSSLR
OPr3 2901.3 FDKLPGFGDpSIEAQCGTSVNVHSSLR
CP1 769.4 VNELpSK

CPr2 1660.8 VPQLEIVPNpPSAEER

CP3 1927.7 DIGpSEpSTEDQAMEDIK

Cr4 1952.0 YKVPQLEIVPNpSAEER

CP5 27209  QMEAEpSIpSpSpSEEIVPNpSVEQK

*Commercially available phosphopeptides are denoted with
1P-3PPP, in which the number of P's indicates the degree of phos-
phorylation. Phosphopeptides from ovalbumin are presented with
OP1-OP3, which are all monophosphorylated peptides. Phospho-
peptides from a-casein are presented with CP1-CP5, of which CP-1,
CP2 and CP4 are monophosphorylated, CP3 is diphosphorylated,
and CP5 is pentaphosphorylated.

(S/N) ratio (data not shown). However, at a concentration in
the 1-5% range, optimized effect was obtained in mass
spectra. Hence we chose the lowest concentration in the
range, 1%, for the matrix-additive solution.

Effect of MDPNA in eliminating

alkali-metal adduct ions

Several additives such as phosphoric acid,]7 diammonium
citrate,'® etc., are reported to reduce or eliminate the signal of
the alkali-metal adduct ion as well as to enhance phospho-
peptide signals by MALDI-MS. Suppressing adduct for-
mation is of great benefit for MALDI analysis. The signal
enhancement of the peptide ion [M-+H]" is supplemented by
the reduction or elimination of alkali-metal ion adducts such
as [M+Nal* and [M+K]". It was reported that these alkali
metals may be captured by the additives, which is attributed
to the ability of additives to form alkali-metal salts of acids
such as carboxylic acid or phosphoric acid (‘salting out’)."”

To test the effect of MDPNA, a peptide mixture solution,
containing  WAGGDASGE (IM+H]"; 849.3), WAGG-
DApSGE  (IM+HJ"; 929.3),GFETVPETG-NH, (IM+HI*;
935.4), GFETVPEpTG-NH, (IM+H]"; 1015.4), TSTEPQYQP-
GENL (IM+HI"; 1463.6), TSTEPQpYQPGENL (IM+H]*;
1543.6), with a concentration of 1.7 pmol/ul. each was
prepared.

Figure 2 depicts the elimination effect of alkali-metal
adduct signal using MDPNA as an additive to the DHBA
matrix. Adduct signals accompany these five peptide signals
except for the signal of GFETVPEpTG-NH, (m/z 1014.4)

Table 2. Typical signal intensities as well as S/N ratios of the four phosphopeptides (1B, 2P, 3F and 3PPP) with or without the
addition of inorganic/organic acid as an additive to DHBA matrix. All experiments were replicated five times. The signal intensities
are averaged of five replicated data, and are relative to those with no additive (DHBA only)

1P 2P 3P 3PPP

Comatrix fon mode Signal S/N Signal S/N Signal S/N Signal S/N
DHBA only Positive 1.0 56 10 93 1.0 16 1.0 38
PA Positive 1.2 62 3.1 243 8.4 113 1.5 48
PNA Positive 31 42 6.1 200 4.6 84 1.5 18
MPNA Positive 0.3 65 0.6 179 0.9 124 0.3 72
BPNA Positive — - — — 0.1 5 — e
MLA Positive 0.2 21 0.3 62 03 9 0.1 8
SAA Positive 1.1 62 17 149 6.3 141 1.3 61
PNAA Positive 3.0 88 5.9 209 12.1 127 29 72
MDPNA Positive 5.4 95 8.3 237 34.2 172 6.7 79
EHDPNA Positive 1.3 82 2.7 201 10.5 177 2.1 70
SCA Positive 0.8 28 11 65 1.1 11 0.6 14
EDSA Positive 0.7 68 1.0 167 39 111 0.3 19
EDPNA Positive 338 89 70 210 24.7 166 3.6 64
NTA Positive 1.4 76 1.9 167 4.2 64 1.8 66
NTMPNA Positive 4.2 83 6.9 211 21.6 125 6.2 71
EDTA Positive 1.2 61 1.9 161 24 35 1.9 66
EDTMPNA Positive 21 71 4.0 214 6.8 64 22 38
DHBA only Negative 1.0 57 1.0 62 1.0 23 1.0 12
PA Negative 1.0 39 37 86 7.2 118 1.7 13
PNA Negative 0.6 25 1.6 68 30 52 12 10
MPNA Negative 0.6 44 1.0 73 11 33 1.3 19
BPNA Negative - — - — 0.1 1 — —
MLA Negative 0.1 7 0.2 10 0.2 4 0.1 1
SAA Negative 0.1 7 0.1 6 0.9 27 — —
PNAA Negative 0.7 42 1.7 90 2.8 73 0.9 12
MDPNA Negative 32 76 37 87 154 140 5.7 26
EHDPNA Negative 1.8 74 2.2 86 8.8 134 22 17
SCA Negative 0.3 13 0.4 17 0.4 6 0.5 4
EDSA Negative - — — — — — — —
EDPNA Negative 27 62 36 78 14.5 144 3.7 16
NTA Negative 0.6 43 1.0 73 13 38 1.2 18
NTMPNA Negative 2.1 86 2.6 81 8.8 136 4.4 35
EDTA Negative 13 25 24 51 21 17 4.4 20
EDTMPNA Negative 16 51 22 63 3.5 40 2.0 12

Copyright «¢ 2008 John Wiley & Sons, Ltd.
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Figure 2. Effect of MDPNA addition in eliminating alkali-
metal adduct ions. Intensive adduct formation is observed,
except GFETVPEpPTG-NH, (m/z 1014.4), with nothing added
to the DHBA matrix (a). However, no adduct signal is observed
when MDPNA is added to the DHBA matrix (b). The adduct
signals (1-9) in (a) are as follows; 1. m/z871.4 (848.34-Na), 2.
m/z 887.4 (848.3+K), 3. m/z957.5 (934.4+Na), 4. m/z967.3
(928.3+Na), 5. m/z 973.4 (934.4+K), 6.m/z 1485.7
(1462.6+-Na), 7.m/z 1501.6 (1462.6+K), 8. m/z 1565.6
(1542.6+Na), 9. m/z 1581.6 (1542.6+K).

without addition of MDPNA (Fig. 2(a)). The adduct signals
indicated with numbers (1-9) in Fig. 2(a) completely
disappeared after addition of MDPNA (Fig. 2(b)).

In this study, significant improvement of sample hom-
ogeneity was observed when adding MDPNA to DHBA
(data not shown). The quality improvement of the spectrum,
as can be seen in Figs. 2(a) and 2(b), may be partly attributed
to the reduction of the inhomogeneity causing hot-spot
formation.

Efficient detection of phosphopeptides using
MDPNA

It was mentioned that fewer peptide ions were produced in
negative MALDI-MS mode in the low m/z region." In our
study, we observed that peptide signals with or without
phosphorylation sometimes escaped detection even in
positive mode when using PA as an additive. However,
this phenomenon was not observed with the use of MDPNA.
Figure 3 graphs the spectra of a tryptic digest of a-casein as
an example in the range of m/z 600-1000; arrows in the
spectrum (Fig. 3(b)) indicate the non-detected signals when

Copyright & 2008 John Wiley & Sons, Ltd.
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Figure 3. Efficient detectability of phosphopeptides using
MDPNA as an additive to DHBA matrix. (a, b) MALDI mass
spectra of a-casein digests. Signals that escaped detection
using PA as an additive (a) are discernible when using
MDPNA as an additive (b).

using PA (Fig. 3(a)). The phosphorylated peptide signal is
indicated with a double asterisk; a single asterisk indicates
the non-phosphorylated peptide signal.

Phosphopeptide mapping by MALDI-MS

To investigate the general applicability of MDPNA to
phosphopeptide analysis by MALDI-MS, we attempted to
analyze phosphopeptide fragments contained in a digest of a
model phosphoprotein, ovalbumin, and a four-protein
mixture (BSA, phosphorylase b, lysozyme, and a-casein).

1. Phosphopeptide mapping of ovalbumin

The tryptic digestion of ovalbumin generates three phos-
phopeptides (OP1, OP2, and OP3; see Table 1) as well as
numerous non-phosphorylated peptides up to m/fz 3000.
Figure 4 presents six panels of mass spectra in three sample
preparation conditions with addition of no acid (a, d), PA
(b, €), and MDPNA(c, f) and with two sampling amount of
ovalbumin digest (30 fimol/well for a,b, and ¢; and 3 fmol/
well for d, e, and f). The phosphopeptide OP1 was observed
in the three conditions employed at 30 fmol /well, though the
signal from the phosphopeptide was rather low (a, b). The
ion signals of OP2 and OP3 were, at 30 fmol/well sampling,
not detected under the conditions of no acid (a) (DHBA only)
and PA (b). However, these two signals as well as the OP1

Rapid Commun. Mass Spectrom. 2008; 22: 11091116
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Figure 4. MALDI mass spectra of tryptic digest of ovalbumin. The tryptic digest was diluted with water to adjust the
concentrations to 90 fmol/pL or 9fmol/ul, from which a portion (0.3 pL) was applied to a target plate with or without an
additive: no additive (a, d), PA as an additive (b, ), MDPNA as an additive (c, f). Signals with an asterisk represent
phosphopeptides of OP1 ([M+H]*: 2088.9), OP2 ([M+H]*: 2511.1), and OP3 ([M+H]*: 2901.3).

signal were clearly detected when MDPNA was used as a
matrix additive (c). At 3fmol/well, no signals from these
phosphopeptides were detected with use of DHBA only (d),
and one signal from the OP1 phosphopeptide was observed,
although OP2 and OP3 escaped detection using PA (e).
However, using MDPNA as an additive to DHBA, these
three phosphopeptides were clearly observed even at
3 fmol/well sampling (f).

2. Phosphopeptide mapping of a four-protein mixture

We next tried a four-protein mixture containing BSA,
phosphorylase b, lysozyme, and a-casein. Of the four
proteins a-casein is a typical phosphoprotein, from which
phosphopeptides generated after proteolysis were analyzed.
For testing MDPNA as a matrix additive, two types of
solution were prepared; (1) 2.1 ng/pL for BSA, phosphoryl-

Copyright €' 2008 John Wiley & Sons, Ltd.

ase b, lysozyme, and o-casein; (2) 2.1ng/pl for BSA,
phosphorylase b and lysozyme, and 0.21 ng/ L for a-casein.
In the solution of (1), the concentration of a-casein was
90 fmol/pL and in (2), 9 fmol/pL. For MALDI-MS analysis
0.3 uL. of sample solution was applied onto a MALDI target
plate. Hence, the sampling amounts of a-casein were
30 fmol/well and 3 fmol/well, respectively. Five phosphory-
lated peptides (CP1, CP2, CP3, CP4 and CP5; see Table 1)
were generated after tryptic digestion along with non-
phosphopeptides up to m/z 3000. Figure 5 presents six panels
of mass spectra in three sample preparation conditions, as in
Fig. 4, with addition of no additive (a, d), PA (b, e), and
MDPNA (c, ) for the two model solutions. At 30 fmol /well of
a-casein, all of five phosphopeptides were observed when
using MDPNA as an additive (c); however, CP1 was not
detected when using PA (b), and CP1 and CP3 were missing

Rapid Commun. Mass Spectrom. 2008; 22: 1109-1116
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Figure 5. MALDI mass spectra of iryptic digest of the four-protein mixture. Two model mixtures were prepared that contained
a-casein as a component at 90 fmol/uL and 9 fmol/uL, from which a portion (0.3 L) was applied to a target plate with or without
an additive: no additive (a, d), PA as an additive (b, e), MDPNA as an additive (c, f). Signals with an asterisk represent
phosphopeptides of CP1 ([M-+HJ*: 769.4), CP2 ([IM+H]™: 1660.8), CP3 ([M+H]*: 1927.7), CP4 (IM+H]*: 1952.0) and CP5

(M-+H]*: 2720.9).

without an additive (a). At 3 fmol/well of a-casein, no signals
of these five phosphorylated peptides were detected when
using DHBA only (d). CP1, CP2 and CP5 were not observed
even with PA or MDPNA addition. Though CP3 and CP4
were observed in both (e) and (f), the S/N ratios of the two
signals were better with MDPNA addition (f). In this
experiment using a four-protein mixture, the enhancement
efficiency of MDPNA was clearly demonstrated in compari-
son with no additive (DHBA only).

Copyright € 2008 John Wiley & Sons, Lid.

These results indicated that adding MDPNA to DHBA
matrix significantly enhances detection of ovalbumin and
a-casein phosphopeptides by MALDI-MS.

When DHBA is used as a matrix, an intrinsic problem is
pronounced hot-spot formation due to inhomogeneous
sample preparation, which causes prolonged measurement
times and is unfavorable for automated data acquisition. The
use of MDPNA and other compounds incorporating
multiple phosphonic acid moieties improves sample

Rapid Commun, Mass Spectrom. 2008; 22: 1109-1116
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homogeneity after crystallization, which significantly alle-
viates hot-spot formation. This increases measurement
quality and applicability to automated data acquisition.

In this study, we did not use a pre-treatment process such
as Ziptip (Millipore) desalting for MALDI-MS measurement
because an analyte with rather high hydrophilicity (e.g.,
phosphopeptide) may be lost in the desalting step, which
leads to a failure to detect the analyte. Therefore, we used a
tryptic digest of sample proteins directly for MALDI-MS
analysis. A sample solution processed from in-gel digestion
can also be used without pre-treatment for MALDI-MS
analysis (data not shown).

MDPNA addition, as seen from Fig. 4, seems to have
enhancing effect on signals of both phosphopeptides and
non-phosphopeptides. It has been discussed” from several
viewpoints of solubilization, crystallization, protonation and
so on that the increase in sensitivity is not limited to the
peptides of interest when using ammonium salts as
additives. However, the role of the additive in improving
the signal is not understood yet. The detailed investigation of
how MDPNA serves as a ‘good’ matrix additive for sensitive
detection of phosphopeptides by MALDI-MS is outside
the scope of this paper and is not addressed here. It can only
be suggested to date from the data in this report that relative
intensities of phosphopeptide signals increase upon addition
of the additive.

The results obtained in this study indicate the robustness
and versatility of MDPNA as an additive that is suitable for
practical use.

CONCLUSIONS

Adding MDPNA to the DHBA matrix enhanced ion
formation and improved the S/N ratio in both positive
and negative mode MALDI analysis of phosphopeptides. In
addition, signals of alkali-metal ion adducts [M+Na]" and
[M+K]* were eliminated. Furthermore, the phenomenon of
producing fewer peptide ions, in particular in the low-mass
region, was not observed with MDPNA added to the DHBA
matrix, which leads to improved detectability of phospho-
peptides as well as non-phosphorylated peptides. Although
the mechanism(s) for the enhancement of phosphopeptide
signals by MALDI-MS with MDPNA addition remains to be
investigated, the use of MDPNA as an additive to the DHBA

Copyright ¢} 2008 John Wiley & Sons, Ltd.

matrix is useful for MALDI analysis of phosphopeptides in
both positive and negative modes.
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Abstract

We have identified tyrosine-phosphorylated proteins on membrane from A-431 human epidermoid carcinoma cells by using detection with
anti-phosphotyrosine antibody followed by PMF analysis. In there, on-membrane digestion for these protein spots was carried out on microscale
region using chemical inkjet technology and the resulting tryptic digests were directly analyzed by MALDI-TOF MS. Proteins identified by a
database search included phosphoproteins that are known to be markedly phosphorylated on tyrosine sites after the cells are treated with epidermal
growth factor (EGF). This procedure is a rapid and easily handled approach that enables both detection and identification of phosphoproteins on a

single blot membrane.
© 2006 Elsevier B.V. All rights reserved.

Keywords: Phosphorylation; Immunodetection; On-membrane digestion; Protein identification; MALDI-TOF MS

1. Introduction

Post-translational modifications are known to play a sig-
nificant role in many biological processes, such as signal
transduction-mediated cellular events. A number of proteins in
all cells become post-translationally modified with a variety
of functional groups, which include phosphate, glycan, lipid,
sulfate, nitric oxide and ubiquitin, etc. In particular, protein
phosphorylation, one of the post-translational modifications,
plays a crucial role in eukaryotic signal transduction, DNA
transcription, protein synthesis, cell cycle progression and cell
metabolism [1,2]. Since the discovery that reversible phospho-
rylation regulates the activity of glycogen phosphorylase, a wide
variety of phosphorylation cascades regulated by protein kinases
and phosphatases have been characterized in which specific
serine, threonine and tyrosine residues in proteins become phos-
phorylated or dephosphorylated [3]. The approach to rapidly

* This paper was presented at Biomarker Discovery by Mass Spectrometry,
Amsterdam, The Netherlands, 18-19 May 2006.
* Corresponding author. Tel.: +81 75 823 1359; fax: +81 75 823 1368.
E-mail address: e-ando@shimadzu.co.jp (E. Ando).

1570-0232/$ — see front matter © 2006 Elsevier B.V. All rights reserved.
doi:10.1016/j.jchromb.2006.08.024

detect and identify phosphoproteins has important implications
because of the crucial role of protein phosphorylation in bio-
logical processes. Currently, there are several approaches for
detecting phosphoproteins, such as traditional metabolic label-
ing using the radioactive isotope 32P, chemical modification
of phosphate groups followed by MS analysis, and immunos-
taining or immunoprecipitation using specific phosphoserine,
phosphothreonine or phosphotyrosine antibodies {4]. In current
proteomics, mass spectrometry is widely used for identification
of detected phosphoproteins [5]. Several previous reports have
described the use of mass spectrometric analysis to identify pro-
teins detected by Western blotting. These approaches require
dual separations of the same sample on gels, or a step in which
proteolytic peptides are extracted from the membrane used for
immunodetection before MS analysis [6,7].

In this study we carry out direct identification of phospho-
proteins from A-431 human epidermoid carcinoma cells, detect-
ing them using an anti-phosphotyrosine antibody and carrying
out on-membrane digestion using piezoelectric chemical inkjet
printing in combination with MALDI--TOF MS. In general, in
order to identify protein by mass spectrometry after detect-
ing them by Western blotting, it is necessary to carry out a
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time-consuming operation such as extraction of digested pep-
tides from the blot membrane, or preparation of an alternative
gel to separate the proteins by 2-dimensional electrophore-
sis (2-DE) for in-gel digestion. However, this approach uti-
lizes piezoelectric technology, and direct on-membrane analysis
enables us to omit the above time-consuming operations and to
rapidly identify the proteins visualized with Direct Blue 71 after
immunostaining [8]. Furthermore, the microdispensing function
of reagents using piezoelectric inkjet technology could be used
to improve on-membrane PMF analysis in the microscale region
of the protein spots without cross-contamination between proxi-
mate proteins [9]. Reagents at sub-nancliter volume levels canbe
microdispensed, allowing digestion of only a tiny region withina
protein spot. As a result, we could identify proteins from A-431
human epidermoid carcinoma cells by this method. The pro-
teins identified in this manner included proteins, known to be
increasingly phosphorylated on specific tyrosine sites after EGF
treatment of A-431 cells. Thus, this procedure has the potential
to become a powerful tool for direct identification of phospho-
proteins on membrane.

2. Experimental
2.1. Materials

Phospho-enriched whole cell lysates, A-431/PE and A-
431 + EGF/PE were purchased from Santa Cruz Biotechnology
(Santa Cruz, CA, USA). Polyvinylpyrrolidone (PVP-40), Direct
Blue 71 and 2,5-dihydroxy benzoic acid were obtained from
Sigma-Aldrich (St. Louis, MO, USA). Trypsin was obtained
from Promega (Madison, WI, USA) and the Immobilon-FL
PVDF membrane was purchased from Millipore (Bedford, MA,
USA). Phospho-tyrosine mouse mAB (P-Tyr-100) was obtained
from Cell Signaling Technology (Danvers, MA, USA) and rab-
bit anti-phosphoserine was obtained from Zymed Laboratories
Inc. (S. San Francisco, CA, USA). Alexa Fluor 633 goat anti-
mouse IgG (H +L) and Texus Red goat anti-rabbit IgG (H+L)
were purchased from Invitrogen (Carlsbad, CA, USA).

2.2. Instruments

Direct analyses on the PVDF membrane was performed using
a MALDI-TOF MS instrument, AXIMA-CFR plus (Shimadzu
Corporation, Kyoto, Japan and Kratos Analytical, Manchester,
UK), that was operated in a positive ion mode by using an inter-
nal calibration method with trypsin autodigests (im/z=842.51,
2211.10). For on-membrane digestion, the chemical inkjet
printer (Shimadzu Corporation, Kyoto, Japan) was used for
microdispensing the reagents onto blotted protein spots as we
have previously reported [10].

2.3. Preparation of 2-DE blotted membranes using A-431
human epidermoid carcinoma cells lysates

Phospho-enriched whole cell lysates, A-431/PE and A-
431 +EGF/PE (200 pg) were purchased from Santa Cruz
Biotechnology. The proteins from the cell lysates were recov-

ered by TCA precipitation and then dissolved in 200 pL Protein
Extraction Reagent Type 3 solution (from ProteoPrep Sam-
ple Extraction Kit, Sigma). Proteins from the cell lysates of
A-431 and A-431+EGF were prepared according to the Pro-
teoPrep sample extraction kit protocol. Solubilized proteins
were reduced with 5 mM tributylphosphine for 60 min at room
temperature and then alkylated with 15 mM iodoacetamide for
90min at room temperature. Pharmalyte (pH 3-10) was added
to a final concentration of 0.2% and a trace of bromophenol blue
(BPB) was also added. The protein solution was centrifuged at
15,000 x g for 20min at 20°C and the supernatant was used
for rehydration of IPG strips. Amersham IPG strips (pH 3-10,
13 ¢cm) were rehydrated for 8 h with the prepared sample solu-
tion (200 pL) and focused on a Protean IEF Cell apparatus
(Bio-Rad, Hercules, CA, USA) for 100kV/h at a maximum of
8kV. The focused IPG strips were equilibrated for 10 min with
equilibration buffer, and SDS-PAGE (10-20%) was then per-
formed for these strips. The proteins separated by 2-dimensional
electrophoresis (2-DE) were blotted onto the Immobilon-FL
membrane by the semi-dry electroblotting method. Blotting was
performed at constant 200mA for 40 min using three type of
blotting buffer (A: 0.3 M Tris, 20% methanol, 0.02% SDS, B:
25 mM Tris, 20% methanol, 0.02% SDS, C: 25 mM Tris, 40 mM
g-amino-n-hexanoic acid, 20% methanol, 0.02% SDS) [11]. The
membrane was air-dried after rinsing it with water.

2.4. Immunostaining with an anti-phosphotyrosine and an
anti-phosphoserine antibodies

Immunostaining with anti-phosphotyrosine and anti-
phosphoserine antibodies was performed according to rapid
immunodetection, which has an advantage in that blocking is
not required, thus saving time [12]. The blot must be thoroughly
dry before beginning rapid immunodetection immunostaining
and the following step can be carried out. Dried PVDF
membranes were rewetted by dipping into 100% methanol
for 10s and then were air-dried on a filter paper for 15 min.
Subsequently, the blot was dried in a vacuum chamber for
30min, The blot was incubated at 37 °C for 30 min and then was
air-dried for 2 h. Primary and secondary antibodies were diluted
1:2000 and 1:5000 for phosphoserine, 1:5000 and 1:5000 for
phosphotyrosine, respectively, with TBS (50mM Tris-HCl,
150 mM NaCl, pH 7.5) containing 0.25% PVP-40. The blot
was incubated with each antibody at a ratio of 0.09 ml/cm? of
membrane surface area for 30 min. The blot was then washed
in plastic containers using TBS at a ratio of 0.9 ml/cm? of
membrane surface area for 5min twice. After rinsing with
water, a fluorescent image of the blot was acquired using the
FLA-5000 analyzer (Fujifilm, Tokyo, Japan).

2.5. Direct identification of proteins detected with an
anti-phosphotyrosine antibody on membrane

Antibodies on the membrane were removed by washing it
in 0.2M glycine-HCI (pH 2.0) after acquiring the fluorescent
image. After washing for 15 min three times, the blot membrane
was rinsed with water and then dried at room temperature. The
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membrane was stained with 0.008% (w/v) Direct Blue 71 in 40%
ethanol, 10% acetic acid for 7 min and washed with 40% ethanol,
10% acetic acid for 5min twice [8]. After rinsing with water,
the blot membrane was subjected to microscale on-membrane
digestion using the chemical inkjet printer. Firstly, the blot mem-
brane was adhered to the stainless steel plates for MS analysis
using 3 M™ electrically conductive tape 9713 (St. Paul, MN).
A visualized image of the adhered blot was acquired with a
scanner of the chemical inkjet printer, and the target protein
spots were selected on the basis of the scanned images. Subse-
quently, the reagents for on-membrane digestion were printed
onto microscale region of the protein spots [9]. Ten nanoliters
of 0.1% (w/v) PVP solution in 60% MeOH was printed to
pre-wet the membrane and then 50nl of trypsin at 40 p.g/ml
in 10mM NH4HCO3 containing 10% (v/v) 2-propanol was
microdispensed to each target position. On-membrane digestion
was performed for 16 h at 30 °C in a humidified chamber. After
digestion, 100n] of 5mg/ml 2,5-DHB in 0.1% triflucroacetic
acid (TFA) containing 25% (v/v) acetonitrile was printed onto
each position on the membrane. Then the blot was subjected to
the AXIMA-CFR plus instrument for on-membrane MS analy-
sis. Positional information for the printed region was transferred
to the mass spectrometer as an output file from the chemical
inkjet printer, and MS analysis was performed for the digested
region on the basis of this information. On the basis of the
obtained MS spectrum, a database search was conducted using
the Sprot database with the aid of Mascot software (Matrix Sci-
ence, MA), which was set at a tolerance of 0.3 Da for the MS
analysis, and at one missed cleavage site as fixed parameters.

3. Results and discussion

3.1. Immunostaining of A-431 cell lysates with an
anti-phosphotyrosine antibody

Enriched phosphoproteins from A-431 lysates incubated in
the presence and absence of EGF were separated with 2-DE and
blotted onto a PVDF membrane. The blot membrane was ana-
lyzed using a modified rapid immunodetection approach with an
anti-phosphotyrosine antibody [10]. Fig. 1(b) shows the result
of immunodetection for proteins containing phosphotyrosines
from A-431 cell lysates. After removing the antibodies by wash-
ing with 0.2 M glycine-HCI (pH 2.0), the blot membrane was
visualized with Direct Blue 71. The stained image is shown in
Fig. 1(a). The results, which are shown in Fig. 1(b) indicate
the presence of phosphotyrosine on a number of proteins and
also suggest that phosphorylation of a number of proteins on
tyrosine residues is remarkably induced in A-431 cells treated
with EGF. In general, it is known that the binding of EGF to
EGF receptors results in receptor dimerization, autophospho-
rylation and activation of various downstream phosphorylation
cascades, especially tyrosine kinase activation [13]. Further-
more, the human epidermoid carcinoma cell line A-431 has
already been shown to contain an extraordinarily high concen-
tration of membrane receptors for EGF [14]. The results shown
in Fig. 1(b) indicate that a number of specific tyrosine sites in
A-431 cells are phosphorylated by EGF-treatment.

3.2. Immunostaining of A-431 cell lysates with an
anti-phosphoserine antibody

Phosphoproteins from A-431 cells were subsequently
detected by Western blotting with an anti-phosphoserine anti-
body. Fig. 2(b) shows the result of immunostaining. The blot
membrane stained with Direct Blue 71 is shown in Fig. 2(a). Pro-
tein spots, especially some proteins having a molecular weight
of approximately 35-90 kDa, that were observed with an intense
signal in Fig. 1(b) could not be detected with anti-phosphoserine
antibody. This result suggests that these proteins of molecular
weight 35-90kDa become phosphorylated on specific tyrosine
residues upon EGF treatment. On the other hand, most of the
signals detected in immunostaining with the anti-phosphoserine
antibody are observed as weak signals, as compared with the
anti-phosphotyrosine antibody. This may result from low affinity
or specificity of the anti-phosphoserine antibody for its antigen
in comparison with the anti-phosphotyrosine antibody. These
results suggest that the immunodetection using a highly spe-
cific antibody is of importance for further detection with MS
analysis. We tried direct on-membrane PMF analysis for some
protein spots having an intense signal, which had slight dif-
ferences in the phosphorylation level on serine residues when
comparing the spots in the presence and absence of EGF, but
most of these proteins could not be identified (data not shown).
Most of the proteins detected with immunostaining using the
anti-phosphoserine antibody appeared as faint spots on the mem-
brane stained with Direct Blue 71. Therefore, the microscale
on-membrane identification for small amounts of proteins might
be unsuccessful in some cases because of decreased practical
sensitivity when only a tiny part of a protein spot is digested [9].

3.3. On-membrane direct identification of proteins detected
with an anti-phosphotyrosine antibody

We carried out microscale on-membrane digestion using
the microdispensing function based on piezoelectric inkjet
technology for some proteins immunodetected with a highly
intense signal using anti-phosphotyrosine (Fig. 3). The result-
ing tryptic digests were analyzed directly on the membrane by
MALDI-TOF MS, and a database search was performed to find
a match to the MS spectrum. The results of the database search
are shown in Table 1, which lists proteins that were identified
with a reliable score. With regard to proteins 2-8, sequentially
arranged proteins, which may have multiple isoforms or modifi-
cations such as phosphorylation on different amino acids within
a single protein, were analyzed in the microscale region of a
single protein spot using piezoelectric inkjet printing technol-
ogy. These proteins (proteins 2-8) that were slightly shifted
according to pI were identified as the same protein, and dif-
ferences derived from isoforms or modifications could not be
observed on the MS spectrum (data not shown). Such differences
may depend on ion suppression from the negative charge of a
phosphate group or incomplete sequence coverage. When we
performed direct on-membrane MS analysis in this experiment,
decreasing resolution was observed, compared with analysis car-
ried out on the stainless steel plate [9]. Although roughness of
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Fig. 1. 2-DE blot image of phospho-enriched whole cell lysates from A-431/A-431+EGF cell lysates. (a) Image visualized with Direct Blue 71 staining; (b)
fluorescent image detected with an anti-phosphotyrosine antibody.

Table 1
Phosphoproteins from EGF-stimulated A-431 cell lysates identified directly on membrane using a database search
Accession no. Protein name MW. Score Matched peptides

Protein 1 P13639 Elongation factor 2 96115 80 12
Protein 2 P26038 Moesin 67761 70 10
Protein 3 P15311 Ezrin (p81) 69339 63 10
Protein 4 P31948 Stress-induced-phosphoprotein 1 (STII) 63227 75 11
Protein 5 P14618 Pyruvate kinase isozymes M1/M2 58339 118 11
Protein 6 P04406 Lyceraldehyde-3-phosphate dehydrogenase 36070 118 10
Protein 7 P08107 Heat shock 70kDa protein 1 70294 181 18
Protein 8 P38646 Stress-70 protein, mitochondrial precursor 73920 164 16

The database search was performed using the Sprot database. Typical results of database search (proteins 6) are as follows: amino acid sequences (observed ion m/z
[calculated ion m/z): VKVGVNGFGR (3-12), 1032.62/1032.60; VGVNGFGR (5-12), 805.43/805.43; AENGKLVINGNPITIFQER (61-79), 2113.13/2113.14;
LVINGNPITIFQER (66-79), 1613.97/1613.90; LVINGNPITIFQERDPSK (66-83), 2041.18/2041.11; AGAHLQGGAKR (107-117), 1065.72/1065.59; DGR-

GALQNIIPASTGAAK (197-214),
2323.10/2323.19; VPTANVSVVDLTCR (234-247), 1530.88/1530.80.

1739.97/1739.94; GALQNIIPASTGAAK (200-214),

1411.70/1411.79, LTGMAFRVPTANVSVVDLTCR (227-247),
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Fig. 2. 2-DE blot image of phospho-enriched whole cell lysates from A-431/A-431+EGF cell lysates. (a) Image visualized with Direct Blue 71 staining; (b)
fluorescent image detected with an anti-phosphoserine antibody.
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Fig. 3. A series of proteins from EGF-stimulated A-431 cell lysates intensely detected with an anti-phosphotyrosine antibody.
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the membrane surface or charging effects on membrane can lead
to lower resolution, this resolution was high enough to conduct a
database search (peptide tolerance <0.3 Da). In this experiment,
adjusting a laser power at low value, which can barely ionize
digested peptide fragments, might not cause large decreases in
the resolution or mass accuracy.

These identified proteins are known to be phosphopro-
teins in various species including human {15,16]. In particular,
moesin, ezrin and glyceraldehyde-3-phosphate dehydrogenase
(GAPDH) have already been shown to be phosphorylated on
specific tyrosine residues in an EGF-dependent manner in A-
431 cells [17-19]. Several enzymes related to the glycolytic
pathway are phosphorylated by tyrosine kinase in an EGF-
dependent manner, and these enzymes were also anticipated to
contain phosphotyrosine residues and thus would be detected
by this immunostaining. Moesin and ezrin are members of the
ezrin/radixin/moesin (ERM) family of cytoskeletal proteins, and
they are associated with dynamic membrane-based processes
such as the formation and stabilization of filopodia [20]. Both
proteins are known to be substrates of a tyrosine kinase in EGF-
stimulated A-431 cells. Qur results indicate that this immun-
odetection followed by on-membrane direct MS analysis is a
powerful approach for rapid and easy identification of phospho-
proteins.

In this study we carried out on-membrane PMF analysis in
a microscale region of the protein spot to decrease the diffi-
culty of analyzing either proximate proteins or multiple proteins
in a single spot due to the limited resolution of 2-DE. In the
2-DE based approach, in most cases, the major component
of a protein mixture can be identified by PMF analysis with
MALDI-TOF MS from a single spot. Using our microscale
approach we could not identify more than one protein in a
single spot by the on-membrane PMF approach. Furthermore,
detailed analysis of digested peptide fragments with a tandem
mass spectrometry (MS/MS) instrument also becomes impor-
tant to identify unknown proteins that have not been registered
on available databases, and to characterize post-translationally
modified proteins. In this experiment we tried on-membrane
MS/MS analysis to identify phosphorylated proteins detected

by immunostaining, though the exact phosphorylation site of
the phosphoproteins could not be identified. To date, MS/MS
method is widely used for the characterization of phosphory-
lation sites. It is still an extremely difficult task to characterize
the entire set of phosphorylation sites within phosphoproteins
because of troublesome ionization dependent on negative charge
of phosphopeptides. However, future refinements of this method
should lead to improvements in the on-membrane direct identi-
fication approach, Through this approach, we expect that rapid
and easy direct identification of phosphoproteins detected by
immunostaining become a useful approach in the field of phos-
phoproteomics.
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Abstract

To establish a simple and sensitive method to detect protein N-myristoylation, the usefulness of a newly developed cell-free protein syn-
thesis system derived from insect cells for detecting protein N-myristoylation by in vitro metabolic labeling was examined. The results showed
that in vitro translation of cDNA coding for N-myristoylated protein in the presence of [*Hjmyristic acid followed by SDS-PAGE and fluo-
rography is a useful method for rapid detection of protein N-myristoylation. Differential labeling of N-myristoylated model proteins with
PH]leucine, [*Hjmyristic acid, and [*>S]methionine revealed that the removal of the initiating Met during the N-myristoylation reaction could
be detected using this system. Analysis of the N-myristoylation of a series of model proteins with mutated N-myristoylation motifs revealed
that the amino acid sequence requirements for the N-myristoylation reaction in this system are quite similar to those observed in the rabbit
reticulocyte lysate system. N-myristoylation of tBid (a posttranslationally N-myristoylated cytotoxic protein that could not be expressed in
transfected cells) was successfully detected in this assay system. Thus, metabolic labeling in an insect cell-free protein synthesis system is an
effective strategy to detect co- and posttranslational protein N-myristoylation irrespective of the cytotoxicity of the protein.
© 2006 Elsevier Inc. All rights reserved.

Keywords: Cell-free protein synthesis system; Insect cell lysate; N-myristoylation; Metabolic labeling; Posttranslational N-myristoylation

Protein N-myristoylation is a well-recognized form of
lipid modification that occurs on eukaryotic and viral pro-
teins [1-5]. In general, N-myristoylation is an irreversible
cotranslational protein modification. In this process, myris-
tic acid, a 14-carbon saturated fatty acid, is attached to the
N-terminal Gly residue of the protein at the extreme N ter-
minus after removal of the initiating Met. N-myristoylation
is catalyzed by N-myristoyltransferase (NMT),! which is a
member of the GCNS5-related N-acetyltransferase (GNAT)
superfamily of proteins [6]. Many of the N-myristoylated

* Corresponding author. Fax: + 81 83 933 5820.
E-mail address: utsumi@yamaguchi-u.ac.jp (T. Utsumi).

proteins play critical roles in regulating cellular structure
and function. They include proteins involved in a wide vari-
ety of cellular signal transduction pathways such as protein
kinases, phosphatases, guanine nucleotide-binding proteins,
and Ca’*-binding proteins. In many cases, the functions of
these N-myristoylated proteins are regulated by reversible
protein—membrane and protein—protein interactions medi-
ated by protein N-myristoylation. Recently, a sophisticated
program for automated prediction of protein N-myris-
toylation from the substrate protein sequence has been

' Abbreviations used: NMT, N-myristoyltransferase; NAT, N-acetyltransferase; TNF, tumor necrosis factor; tBid, truncated Bid; tGelsolin, truncated
gelsolin; GNAT, GCNS-related N-acetyltransferase; PCR, polymerase chain reaction; ECL, enhanced chemiluminescence; DPBS, Dulbecco’s phosphate
buffered saline; SDS, sodium dodecyl sulfate; PAGE, polyacrylamide gel electrophoresis; CBB, Coomassie brilliant blue; DMEM, Dulbecco’s modified

Eagle’s medium; FCS, fetal calf serum.
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developed and this prediction program is available as pub-
lic WWW-server [7}. Large-scale application of this predic-
tor to GenBank (from the National Center for
Biotechnology Information) data produces lists of thou-
sands of potential NMT substrates [8]. However, because of
the lack of a simple and easy strategy to detect protein
N-myristoylation, the number of experimentally verified
N-myristoylated proteins is far lower than the predicted
number.

In addition to cotranslational protein N-myristoylation,
it was demonstrated that this modification can also occur
posttranslationally, as in the case of some caspase sub-
strates such as Bid, actin, gelsolin, and PAK2, in which pro-
teolytic cleavage by caspase caused exposure of an internal
N-myristoylation motif [9--12]. The exposed internal
N-myristoylation motif was recognized by N-myristoyl-
transferase, the enzyme responsible for cotranslational
N-myristoylation, and posttranslational N-myristoylation
reaction occurred. It was also revealed that posttransla-
tional N-myristoylation has a strong influence on intracel-
lular targeting and the physiological function of the
modified proteins [9,11]. Because about one fourth of the
identified caspase substrates expose an amino-terminal Gly
upon cleavage [9] and the number of identified caspase sub-
strates is continuously increasing, it is possible that many
other caspase substrates are susceptible to this unusual
posttranslational modification. However, so far, only four
proteins (Bid, actin, gelsolin, and PAK2) have been demon-
strated experimentally to be posttranslationally N-myri-
stoylated upon cleavage by caspase. One possible reason
for this might be the lack of a convenient method to detect
this unusual modification.

In the present study, to establish a simple and sensitive
method to detect co- and posttranslational protein N-
myristoylation, the usefulness of a newly developed cell-free
protein synthesis system (Transdirect™ insect cell) derived
from insect cells [13] for detecting protein N-myristoylation
by in vitro metabolic labeling was examined.

Materials and methods
Materials

Restriction endonucleases, DNA-modifying enzymes,
RNase inhibitor, and Tag DNA polymerase were purchased
from Takara Shuzo (Kyoto, Japan). The GenElute Plasmid
Mini-Prep Kit and Anti-FLAG monoclonal antibody were
from Sigma-Aldrich Co. (St. Louis, USA). RNase was pur-
chased from Merck KGaA, Boehringer Mannheim (Frank-
furter, Germany). Transdirect™ insect cell amino-acid-free
version in the reaction buffer was specially prepared by Shi-
madzu Co. (Kyoto, Japan). The AmpliScribe T7 High Yield
Transcription Kit was obtained from Epicentre Biotechnolo-
gies (Madison, USA). Rabbit reticulocyte lysate was from
Promega (Madison, USA). [*H]leucine, [*H]myristic acid,
[*Sjmethionine, and Amplify were from GE Healthcare,
Amersham (UK). The Dye Terminator Cycle Sequencing kit

was from Applied Biosystems (Foster, USA). Anti-human
TNF polyclonal IgG was purchased from R&D Systems
(Minneapolis, USA). Protein G Sepharose was from GE.
Healthcare, Pharmacia Biotech (UK). Plasmid pcBid-dsRed
was obtained from Clontech (Mountainview, USA). Other
reagents were purchased from Wako Pure Chemical, Daiichi
Pure Chemicals, or Seikagaku Kogyo (Japan) and were of
analytical or DNA grade.

Plasmid construction

Plasmid pBluescript II (SK*) lacking 4pal and HindIII
sites was constructed as previously described {14] and desig-
nated pB. Plasmid pBApro-TNF, containing a cDNA cod-
ing for the mature domain of TNF, was constructed as
described [14,15]. Plasmid pTD1Apro-TNF was constructed
by utilizing PCR. For this procedure, pBApro-TNF served
as a template, and two oligonucleotides (ECORV-Apro, B1)
served as primers (Table 1). After digestion with EcoRV and
EcoRl, the amplified product was subcloned into pTD1 vec-
tor at the EcoRV and EcoRI sites. pTD1 vector contains a
T7 promoter, a polyhedrin 5’ untranslated region, a 3’
untranslated region, and poly(A) tail for optimal cell-free
protein synthesis using Transdirect™ insect cell (Shimadzu).
Since it was demonstrated that the pTD1 vector functions as
an effective transcriptional vector not only in the insect cell-
free translation system but also in the rabbit reticulocyte
lysate system [16], this vector was used to obtain mRNA for
the invitro translation reaction using rabbit reticulocyte
lysate, Plasmids pTDIMG3A6S-TNF and pTDIMG3M6S
~TNF were constructed by a method similar to that used to
construct pTD1Apro-TNF using pBMG6S-TNF as a tem-
plate and two primers (ECORV-3A, Bl or ECORV--3M,
B1) as mutagenic primers, respectively. The cDNAs coding
for MG3X6S-TNF, in which Ala at position 3 in MG3A6S-
TNF was replaced with each of 18 other amino acids, were
constructed by a method similar to that used for MG3A6S-
TNF. The mutagenic primers used in these procedures are
listed in Table 1.

Plasmid pTD1tBid--Strep, which contains a cDNA cod-
ing for Strep-tagged tBid, was constructed by utilizing
PCR. For this procedure, pcBid—dsRed (Clontech) served
as a template and two oligonucleotides (N-EcoRV-tBID,
BID-STR-C) as primers (Table 1). After digestion with
EcoRYV and Kpnl, the amplified product was subcloned into
pTDI1 at EcoRV and Kpul sites. Plasmid pTD1tBidG2A-
Strep was constructed by a method similar to that used for
pTDI1tBid-Strep using two oligonucleotides (N-V-
tBIDG2A, BID-STR-C) as primers (Table I).

Plasmids pTDI1tGelsolin—-Strep and pTD1tGelsolinG2A -
Strep, which contain cDNA coding for Strep-tagged tGels-
olin and tGelsolinG2A, respectively, were constructed as
described [17].

Plasmid pcDNA3-FLAG, which contains the sequence
for the FLAG epitope at the C terminus, was constructed as
previously described [10]. Plasmid pcDNA3Bid-FLAG,
which contains a cDNA coding for FLAG-tagged full-length



