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The biological role of phosphoproteins depends upon their degree of phosphorylalion in vivo, Methods currently available to measure the degree

of phosphorylation of a protein involve indirect procedures to detect the “P-phosphate incorporation. We report here a direct method to measure

relative amounts of phospho- and dephospho-forms of peptides based upon a mass spectrometric technique. The intensities of the molecular ions

corresponding Lo the two forms of the peptides are proportional to their relative amounts. This is demonstrated for a peptide fragrnent of the protein

B-30(GAP-43) and lor kemptide, respectively substrates for protein kinases C and A, and demonstrates the applicability of fast atom bombardment-
mass spectrometry to quantitate peptides bearing post-translational modifications.
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1. INTRODUCTION

Protein phosphorylation is a dynamic process regu-
lated by protein kinases which are able to transfer a
phosphate group from an ATP molecule to a specific
amino acid residue, and by protein phosphatases which
are able to shut off the signal by restoring the native
form of the protein,

Since the biological properties of a phosphorylatable
protein depend upon its degree of phosphorylation,
measurement of relative amounts of phospho- and
dephospho-forms of specific proteins is of great impor-
tance in establishing their physiological role in normal
and pathological conditions.

The methods currently available for measuring the
degree of phosphorylation of proteins are largely based
upon radioenzymatic procedures involving back-titra-
tion to measure the number of in vitro phosphorylatable
sites of a protein by means of **P-phosphate incorpo-
rated into the residual dephospho-form. Frequently **P
incorporation is measured after ortho-phosphate label-
ing followed by two-dimensional gel electrophoresis [1].
A more direct approach is the immunoprecipitation
procedure to separate and identify the **P-labeled
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protein of interest (see for instance [2]). For phospho-
tyrosine residues an immunological method is also
available, but this is inherently non-specific, since the
antibody recognizes a consensus sequence common to
different proteins [3].

Fast atom bombardment (FAB)-mass spectrometry
(MS) has become an important analytical technique for
investigating biologically important molecules such as
carbohydrates, nucleotides, peptides and proteins [4].
Recently Shroeder et al. [5] and Labdon et al. [6] de-
scribed the application of mass spectrometry to localize
the phosphorylation sites in the known primary struc-
tures of polypeptides: these studies led us to evaluate the
possibility of applying this technique to the quantitative
measurement of the relative amounts of dephospho-
and phospho-forms of peptides in the same sample.

We report here that it is possible to quantitate by
FAB-MS the relative amounts of phospho- and
dephospho-forms of a peptide corresponding to the 39-
31 amino acid sequence of the nervous tissue-specific
protein, B-50(GAP-43). This protein seems to play a
key role in axonal growth cones, the polyphosphoinosi-
tide cycle, transmitter release and long-term potentia-
tion, and in some of these processes at least its degree
of phosphorylation seems to be crucial [7-12]. The syn-
thetic peptide of B-50 used in this study has the advan-
tage of having a single and well-defined phosphoryla-
tion siie at serine in position 41, specifically
phosphorylated by the Ca®/phospholipid-dependent
protein kinase (PK.C) [13-15), and the two forms can be
separated by gel elecirophoresis, thus allowing for an
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alternative procedure to validate the results obtainable
by FAB-MS,

To further evaluate the general applicability of the
method, FAB-MS has been utilized to follow the kinet-
ics of the phosphorylation of kemptide, a substrate for
the cAMP-dependent protein kinase (PKA), which has
already been used as a test molecule in the qualitative
application of this technique [5).

2. MATERIALS AND METHODS

The peplide AcetylGln-Ala-Ser-Phe-Arg-Gly-His-Ile-Thr-Arg-Lys-
Lys-Leu, (subsequently termed B-50/39-51) was kindly provided by
Organon (Oss, The Netherlands); kemptide was purchased from
Sigma (8t. Louis, USA).

2.1, B-50/39-5¢ phosphorylation

Purified PKC, prepared according to Kikkawa et al. [16), was util-
ized and the reaction was performed according to Dekker et al, [17)
with minor modifications. Briefly, B-50/39-51 was phosphorylated
with purified PKC (0.012 g PKC 10 ug peptide, 100 uM ATP)in a
reaction mixlure containing (final concentrations): Tris 10 mM (pH
7.4) MgCl, 10 mM, CaCl. | mM and phosphatidylserine (1 xg/100 ul).
The incubation was carried out at 30°C for 60 min to reach the
maximum extent of phosphorylation and the reaction was stopped in
liquid nitrogen. In some experiments y[**P]JATP (Amersham, UK;
3,000 Ci/mmol) was added (100 4M/10 uCi/tube).

To remove salts, which could interfere with the ionization of the
peptide, samples were applied 1o a C18 Sep-Pak cartridge (Millipore)
and eluted, after washing with distilled H,O, with H,O/CH,CN (50%/
50%) in the presence of trifluoroacetic acid, Samples were then dried
under nitrogen and resuspended in thioglycerol used as matrix for
FAB-MS analysis.

Samples containing variable amounts of dephospho- vs. phospho-
form of the peptide were prepared by adding, to 10 ul (600 ng/ul)
aliquots of the de-salled phosphorylation mixture, 10 4l of a thioglyc-
erol solulion containing increasing umounts (0-1000 ng/ul) of the
dephospho-form of the peptide and thorough mixing. 2 ¢l of this final
solution was applied to a stainless steel FAB target (1.7 x 6 mm) for
the analysis,

A VG 70-250 SEQ apparatus equipped with a FAB ion source (VG
Analytical, UK) was utilized to collect mass spectra of positive ions
(8 kV accelerating voltage). The instrument was calibrated with a
Csl/glycerol mixture, which generates a set of jons with well-defined
mass-to-charge (m/z) values to be used as reference in the mass range
utilized. Mass spectra were recorded in a mass range of m/z 1,300-
1,700 at 2,000 resolution and operating the dala system in Multi
Channel Acquisition mode. Spectra were accuimulated in a fixed time
range (1.6 min) lo compensate for the bias towards either the
phosphorylated or non-phosphoryialed form of the peptide.

Area of peaks corresponding 1o phospho- and dephospho-forms
were measured by the data system and peak area ralios were then
obtained (dephospho/phospho). The ratio calculated for the sample
obtained afier phosphorylation with no additional dephospho-pzptide
was considered as the basal value. All the samples were run in triplicate
and data so oblained were averaged.

Nine experiments of phosphorylation, de-salting and addition of
increasing amounis of the dephospho-peptide were performed inde-
pendently.

Separation of phospho- and dephospho-peptide with poly-
acrylamide gel clectrophoresis was accomplished according to Ander-
son et al. [IB] with minor modifications; gels were stained with
Coomassie blug, de-stained and autoradiographed. Densitometric
analysis of stained gels was performed on a Ultroscan XL (LKB,
USA) densitometer coupled with a M24 Olivetti computer system,
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2.2, Kemptide phosphorylation

The reaction was carried out in the presence of the catalytic subunit
of PKA (Sigma, St. Louis, USA,; ratio of kemptide:kinzse = 150:1) in
buffer (Tris 20 mM, MgCl; 10 mM, DTT 10 mM at pH 7.5) according
to Di Luca et al. [19]). The phosphorylation rate of the peptide was
analyzed at different times (0, 0.15, 10, 20, 40, 60 min). Samples —
de-salted and dried as described above - were analysed by FAB-MS
in a mass range of m/z 700-950 at 1,000 resolution.

3. RESULTS AND DISCUSSION

Fig. 1A shows the mass spectrum of 600 ng of
unphosphorylated peptide. in this spectrum a major
peak at m/z 1,583.9 is present and corresponds to the
protonated molecular ion of B-50/39-51, as expected
from the calculated mass of the peptide (theoretical
monoisotopic mass 1,583.91). This peak represents the
predominant ion of the mass spectrum and only minor
fragment ions can be detected; these correspond to
losses of methyl- and acetyl groups from the N-acetyl-
terminal of the molecule (m/z 1,568.9 and 1,539.9, re-
spectively). No other ions due to peptide fragmentation
are present in the region of the mass spectrum below
m/z 1,300 (data not shown), as expected from a soft
ionization procedure such as FAB.

A qualitatively similar mass spectrum was obtained
with lower amounts of B-50/39-51 and the protonated
molecular ion was observed with as low as 50 ng (30
pmol) of the peptide, with a signal-to-noise ratio of
more than 3:1 (inset Fig. 1A).

The B-50/39-51 fragment was subjected to in vitro
phosphorylation with purified PKC. Even when the
phosphorylation reaction was carried out to exhaustion
of PKC activity in our experimental conditions, both
phospho- and dephospho-forms were present in the
same sample mixture.

Fig. 1B shows the mass spectrum of the de-salted
mixture, the most abundant peaks correspond to the
protonated molecular ions of dephospho- (m/z 1,583.9)
and phospho-B-50/39-51 (m/z 1,663.9), indicating the
addition of a single phosphate group to the peptide;
moreover it is well known that PKC is able to phospho-
rylate only the serine residue in this particular B-50
sequence [13-15]. Minor peaks, as previously discussed,
are present also in this case, together with additional
peaks at m/z 1,605.9 and 1,685.9, corresponding to the
adduct between the molecular ions with Na®, as ex-
pected when sodium salts are not completely removed
from the reaction mixture by the de-salting procedure
[20).

After 1 h of incubation only about one third of the
peptide was converted to its phospho-form as can be
deduced from the mass spectrum. To verify that the
intensity of molecular ions reflects actual amounts of
the two forms in the reaction mixture we have subjected
aliquots of the same sample, from a differeni and inde-
pendent experiment in which ¥-[**P]JATP was added for
phosphorylation, to a gel electrophoresis system able to
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Fig. 1. (A) Typical example of FAB mass spectrum of 600 ug of B-50/39-51;

of the peptide. The inset shows the signal recorded with 50 ng of the peptide

the peak at m/z 1,583.9 corresponds to the protonated molecular jon
. (B) Mass spectra of B-50/39-51 after exhaustive in vitro phosphoryl-

ation, the two major peaks at m/z 1,583.9 and 1,663.9 correspond to the molecular ions ol dephospho- and phosphe-peptide, respectively,

separate phospho- and dephospho-B-50 peptides, and
autoradiographs were obtained to locate the phospho-
form in the gel (Fig. 2). Densitometric analysis of the
gel shows that the ratio of the optical densities of the
two protein bands is identical to that obtained by mass
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spectrometry (ratio dephospho-phospho peptides,
mean = S.D. in the cxperiment shown: mass spectrome-
try 3.35 & 0.31; gel electrophoresis 3.15 £ 0.12),

These results clearly indicate that no molecular rear-
rangements, such as dephosphorylation processes,
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Fig. 2. Gel electrophoresis analysis of phospho- and dephospho-B-50/
39.51. Autoradiography was used to identify the phospho-form in the
gel.

occur in the source of the mass spectrometer and that
the two forms of the peptide are equally sensitive to
ionization. Therefore measurement of the ratio of the
peak intensities corresponding to the molecular ions of
the phospho- and dephospho-peptide seems to be a reli-
able parameter for their relative amounts in a given
sample.

To validate this assumption, we have added to ali-
quots of the same reaction mixture increasing amounts
(50-1,000 ng) of dephospho-peptide and determined if
the change in their relative amounts was paralleled by
a change in the ratio of the intensities of the respective
molecular ions.

Fig. 3 shows that plotting changes in ratios of peak
intensities of ions at m/z 1,583.9 and 1,663.9, against
amounts of dephospho-peptide added results in a linear
relationship at least up to 1,000 ng of dephospho-form
added. This shows that FAB-MS can be utilized to de-
tect changes in the ratios of the two forms of the peptide.

To verify the applicability of this method to other
phosphopeptides, we measured the relative intensities of
the molecular ions of phospho- and dephospho-kemp-
tide, generated by analyzing with FAB-MS the reaction

Table I

Changes, as a function of lime, of the peak heights of the molecular

ions corresponding to the dephospho (m/z 772.5) and phospho (m/z

852.5) formis of kemptide during in vitro phosphorylation by the
catalytic subunit of PKA

Time (min) Peak height (%)
Dephospho Phospho
0 100 0
0.15 869 £ 1.0 13.1 £ 38
10 499 + 1.9 50.1 £49
20 62+ 1.5 938+ 1.0
40 42 % 1.1 95.8 = 08
() 3712 96.2 + 1.1

Meun t S.E.M. of three experiments.
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Fig. 3. Linear refationship (r*=0.998) obtained by plotting changes in
the ratio of 1,583.9/1,663.9 peak areas against increasing amounts of
dephospho-peptide. Mean + S.D. (n = 9).

mixture where the PKA-dependent phosphorylation
was occurring. Table [ shows that the peak height corre-
sponding to the dephospho-form decreases as a func-
tion of time after addition to the reaction mixture of the
catalytic subunit of PKA. The peak height correspond-
ing to the phospho-form increased progressively, reach-
ing its maximum value between 20 and 40 min.

These data demonstrate therefore, that FAB-MS can
be utilized to detect changes in the relative amounts of
phospho- and dephospho-peptides in a sample where
these amounts are progressively changed through an
enzymatic process, better mimicking a biological situa-
tion.

In conclusion, we report here results showing that
FAB-MS can be applied to evaluate relative amounts of
phospho- and dephospho-forms of peptides and that
changes of these relative amounts can be monitored by
evaluating changes in the intensities of peaks corre-
sponding to their molecular ions. The advantage of this
over other methods already available is that beth forms
of the peptide can be quantitatively measured in the
same experimental conditions, in the same sample and
are unambiguously identified by mass spectrometry.
Experiments are now in progress to show its applicabil-
ity to fragments obtained by proteolytic digestion of
B-50 immunoprecipitated from rat brain tissue.

Acknowledgements: The authors are grateful to Prof. G. Galli for
suggestions and constructive discussion, and M. Cinquanta, F. Gia-
varini and F. Merazzi for skillful assistance, This work was supported
in part by MURST (60%).

REFERENCES

{1] Nestler, E.J. and Greengard, P. (1984) Protein Phosphorylation
in the Nervous Systermn., Wiley, New York.

153



Volume 301, number 2

[2] De Graan, P.N.E,, Dekker, L.V., Qestreicher, A.B., Van der
Voorn, L. and Gispen, W.H. (1989) J, Neurochem. 52, 17-23,
[3] White, M.F., Maron, R, and Kahn, R.C. (1985) Nature 318,
183-186.
(4] Biemann, K. and Scoble, H.A. (1987) Science 237, 992-998.
[5] Schroeder, W., Covey, T. and Hucho, F. (1990) FEBS Lett. 273,
31-35.
[6] Labdon, J.E., Nievest, E. and Schubart, U.K, (1992} J. Biol.
Chem. 267, 3506-3513.
[7] Benowite, L.I. and Routtenberg, A. (1987) Trends Neurosci. 10,
§27-532,
[8] Skene, J.H.P. (1989) Annu. Rev. Neurosci. 12, 127-156.
[9] Van Hoofl, C.O.M,, Holthuis, J.C.M,, Osstreicher, A.B., Boon-
stra, J., De Graan, P.N.E. and Gispen, W.H. (1989) J. Cell. Biol.
108, 1115-1125.
[10] Coggins, P.J. and Zwiers, H. (1991) J. Neurochem, 56, 1095-
1106.
[11] Dekker, L.V., De Graan, P.N.E. and Gispen, W.H. (1991) Progr.
Brain Res, 89, 209-233,

154

FEBS LETTERS

April 1992

[12]) De Graan, P.N.E,, Oesireicher, A,B., Scholman, P. and Schrama,
L.H. (1991) Progr. Brain Res, 89, 187-207.

{13] Coggins, P.J. and Zwiers, H. (1989) J. Neurochem. 53, 1895~
1901.

[14] Apel, E.D., Byford, M.F., Douglas, A., Walsh, K.A. and Storm,
D.R. (1990) Biochemistry 29, 2330-2335,

[15] Nielander, H.B,, Schrama, L.H,, Van Rozen, A.J., Kasperaitis,
M., Qestrzicher, A.B,, Gispen, W.H. and Schotman, P. (1950) J.
Neurochem. 55, 14421445,

[16] Kikkawa, U., Masayoshi, G., Koumoto, J. and Nishizuka, Y.
(1986) Biochem. Biophys. Res. Commun. 135, §36-643.

{17] Dekker, L.V., De Graan, P.N.E., Oestreicher, A.B., Versteeg,
D.M.G. and Gispen, W.H. (1989) Nature 342, 74-77.

[18] Anderson, B.L., Berry, R. and Telser, A, (1983) Anal. Biochem.
132, 365-375. :

[19] Di Luca, M., Cimino, M., Abbracchio, M.P. and Cattabeni, F.
(1989) Eur. J. Pharmacol. Mol. Pharmacol. Sec, 172, 321-328,

[20] Moon, D.C. and Kelley, J.A. (1988) Biomed. Environ. Mass
Spectr, 17, 229-237,



