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SUMMARY 

A high-performance liquid chromatographic procedure has been developed to measure O- 
phosphoamino acids (0-phospho-L-serine, 0-phospho-L-threonine, 0-phospho-L-tyrosine) 
and phosphate. A strong basic anion-exchange column (Partisil 10 SAX Whatman) enables 
their separation within 20 min. Detection is made by ultraviolet absorption at 210 nm or 
measurement of 32P radioactivity. The best separation is obtained with a 0.04 M phosphate 
aqueous mobile phase at pH 4. The performance of the procedure has been tested by 
analysis of hydrolysed phosphoamino acids and hydrolysed phosphorylated histones; all 
hydrolysates are purified on Sephadex G-25 before chromatographic analysis. 

INTRODUCTION 

Protein phosphorylation by protein kinase is a major regulatory mechanism 
for hormonal regulation of cell function [l] . This phosphorylation is usually 
studied by measuring the incorporation of [32P]phosphate into amino acids. 
Among all possible phosphate esters of the natural amino acids, only three, i.e. 
0-phospho-L-serine (P-Ser), 0-phospho-L-threonine (P-Thr) and 0-phospho-r.,- 
tyrosine (P-Tyr), have reasonable chemical stability over a large pH range [2] . 
Characterization of phosphoamino acids after protein acid hydrolysis has there- 
fore been restricted to these. 

The separation of 32P-labelled amino acids and [32P]phosphate has been 
studied since at least 1962 [3], and paper [3-71 or thin-layer cellulose plate 
electrophoresis [8-161 were the most widely used methods. Alternatively, 
some authors have used high-performance liquid chromatography (HPLC) 
[17-191 or amino acid analysis [20-221. 
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This paper is devoted to the setting up of a rapid analysis involving HPLC on 
an anion-exchange resin (Partisil 10 SAX Whatman). The performance of the 
procedure has been tested by measuring phosphate bond hydrolysis rate in 
P-Thr, P-Ser and P-Tyr and peptidic plus phosphate bond hydrolyses of 32P- 
phosphorylated histones. 

EXPERIMENTAL 

Chemical reagents 
Potassium dihydrogen phosphate, trichloroacetic acid (TCA), phosphoric 

acid, hydrochloric acid, diphosphorus pentoxide, barium hydroxide, absolute 
ethanol, and L-tyrosine (Prolabo, Paris, France) were analytical grade; 
magnesium chloride, N-2.hydroxyethylpiperazine-N’-2-ethanesulphonic acid 
(HEPES), cyclic AMP, histones from calf thymus type II S, protein kinase, 
0-phospho-L-serine and 0-phospho-DL-threonine were obtained from Sigma 
(Osi, France); [Y-~~P] ATP and [32P]phosphate were obtained from New 
England Nuclear (U.K.) . 

Analysis of O-phosphothreonine, O-phosphoserine, 0-phosphotyrosine and 
phosphate by HPLC 

The liquid chromatography apparatus consisted of a Model 848 pump 
module (DuPont, Orsay, France) with a Rheodyne 7125 injection valve, a 
loo-p1 loop (Touzart et Matignon, Vitry sur Seine, France), and an absorbance 
monitor ISCO Model 1840 (Roucaire, Velizy, France) equipped with an 8-111 
flow-cell unit. The chromatographic effluent was collected on an LKB 2212 
Redirac fraction collector with a 24-set delay. The system was operated at 
room temperature. 

Chromatography was performed on a Partisil 10 SAX Whatman column, 25 
X 0.4 cm I.D., particle size 10 pm, with a mobile phase of 0.04 M potassium 
phosphate aqueous solution at pH 4. The flow-rate was 1.5 ml/min (80 bars). 
The 0-phosphoamino acids were detected at 210 nm; 32P-radioactive 
compounds were counted using Aquassure (New England Nuclear) as scintilla- 
tion fluid in a spectrometric counter SL 4000 (Intertechnique, Montigny Le 
Brotonneux, France). 

Synthesis of 0-phosphotyrosine 
0-Phosphotyrosine was synthesized as described by Mitchell and Lunan 

[23]. It was purified by the method of Plimmer [2] by forming a soluble 
alkaline barium salt, which was separated by filtration from insoluble barium 
phosphate. 0-Phosphotyrosine barium salt was then precipitated by adding an 
equal volume of absolute ethanol. The isolated solid was homogeneous on 
cellulose and silica thin-layer chromatography [ 8, 241; its UV spectrum showed 
an absorption maximum at 265 nm as previously described [ 18,231. 

Synthesis of 32P-phosphoryla ted his tones 
Phosphorylated histones were prepared as described [ 251. The incubation 

medium contained: 10 mg/ml histones, 10 mM magnesium chloride, 0.05 mM 
cyclic AMP, [Y-~~P]ATP (4 pCi/ml), 1.5 mg/ml protein kinase, 50 mM HEPES 
pH 6.8. The reaction was run for 10 min and stopped with TCA (5% final 



concentration). After 1 min of centrifugation in a Beckman microfuge, the 
supernatant was discarded and the precipitated phosphohistones were stored at 
4” c. 

At 5 min, 40% of the 7-32P of ATP was incorporated into histones and the 
maximum of the phosphorylation step was reached. 

Analysis of unlabelled phosphoamino acids and 32P-phosphorylated histones 
Hydrolysis. P-Thr (40 mg) with 32P04 as internal standard (0.25 PCi) was 

dissolved in 20 ml of 5.6 M hydrochloric acid; 2-ml fractions were poured into 
glass tubes which were sealed under vacuum and heated at 105” C for periods of 
0.5, 1, 2, 4, 7,16 and 24 h. In the same way, P-Ser (40 mg) and P-Tyr (100 pg) 
together with 32P04 (0.25 MCi) as internal standard were hydrolysed for 0.5, 
1, 2, 4, 7 and 16 h. [32P]Phosphohistones (3 mg) were dissolved in 1.5 ml of 
5.6 M hydrochloric acid; 0.25-ml fractions were hydrolysed for periods of 0.5, 
1, 2,4 and 7 h. 

All hydrolysates were dried by evaporation, and the residues dissolved in 
150 ~1 of water and purified on Sephadex G-25 (Pharmacia, Bois d’Arcy, 
France) before HPLC analysis. 

Purification on Sephadex G-25. The hydrolysates were purified on Sephadex 
G-25 before analysis by HPLC. Sephadex G-25 was equilibrated with 0.04 M 
potassium phosphate aqueous solution (pH 4) and 2 ml of gel were poured into 
an Econo-Column (Bio-Rad, Touzart et Matignon). The void volume ( VO) of 
the column was determined using dextran blue. A loo-p1 volume of each 
hydrolysate was deposited on the column; fractions of 180 ~1 were collected 
and 45 ~1 of each were counted. All the fractions containing radioactivity were 
pooled and lyophilized. The dry residue was dissolved in 200 ~1 of water. 

Chromatography on SAX column (HPLC) 
A 50-~1 volume of unlabelled phosphoamino acid hydrolysate was injected 

into the loop to measure the phosphate bond cleavage; 50 ~1 of hydrolysed 
[32P] phosphohistones together with 20 ~1 of non-radioactive 0-phosphoamino 
acids (P-Thr and P-Ser 5 l 10 -2 M, and P-Tyr 10 -4 1w) as markers were injected 
into the loop. 

Standardization 
HPLC assay. The reproducibility and the recovery of the HPLC procedure 

were tested by making five successive injections of a standard solution 
consisting of 5 l 10 -2 M P-Thr, 5 l 10e2 1M P-Ser, 10 -4 M P-Tyr, and [32P] - 
phosphate (50 000 cpm/ml); 20 ~1 were injected into the loop at 0.2 a.u.f.s. 
(absorbance units full scale). 

The capacity ratio, 12’, was defined as h’ = (t - to)/to, where t the 
to retention of void of 

column 

RESULTS 

HPLC analysis of O-phosphoamino acids and [32P]phosphate 
Injection of a mixture of P-Thr, P-Ser, P-Tyr and [32P]phosphate on the 
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SAX column enabled their clear separation within 20 min using 0.04 M 
potassium phosphate aqueous phase at pH 4 (Fig. 1). 

The plot of capacity ratio (h’) of 0-phosphoamino acids and phosphate as a 
function of potassium phosphate concentrations at pH 4.5 (Fig. 2) shows a 
good separation between P-Tyr, P-Ser and P-Thr; phosphate overlapped P-Tyr 
or P-Ser except at 0.03 M and 0.04 M phosphate. 

The relationship between k’ values and the pH of 0.04 M potassium 

phosphate aqueous phase (Fig. 3) indicates that, in the range studied, the best 
separation is obtained at pH 4 with h’p~, > k’p_Tyr > k’pSer > k’p_Thr. 

a.u.f s. 

0 10 20 
Retention Time [min I 

Fig. 1. Chromatogram of standards on Partisil 10 SAX Whatman. Peaks: P-Thr = O-phospho- 
threonine, 1 pmol; P-Ser = 0-phosphoserine, 1 Gmol; P-Tyr = 0-phosphotyrosine, 2 nmol; 
32Po = phosphate labelled with 32P 1000 cpm. Injection volume = 20 ~1. The mobile 
phasg consisted of 0.04 M potassium’ phosphate aqueous solution pH 4. Flow-rate = 1.5 
ml/min. t, = retention time corresponding to the void volume o; the column. a.u.f.s. = 
absorbance unit full scale. cpm = counts per min. 
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Fig. 2. h’ Values of P-Thr, PSer, P-Tyr and “PO, plotted as a function of potassium 
phosphate concentration at pH 4.5. (0) 0-Phosphotyrosine; (0) phosphate labelled with 32P; 
(A ) 0-phosphoserine; ( l ) 0-phosphothreonine. 
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Fig. 3. h’ Values of P-Thr, PSer, P-Tyr and j2P0, plotted as a function of pH at a phosphate 
concentration of 0.04 M. (0) 0-Phosphotyrosine; (0) phosphate labelled with 3zP; (A) O- 

phosphoserine; (D) 0-phosphothreonine. 

Five repeated injections of the markers (1 I.tmol P-Thr, 1 pmol P-Ser and 
2 nmol P-Tyr) gave relative standard deviations of l.l%, 1.1% and 1.5%, 
respectively (n = 5). The recovery of [““PI phosphate was 94% with a relative 
standard deviation of 2% (n = 5). The limit of detection of [32P]phosphate was 
450 cpm per injection. 

Analysis of unlabelled phosphoamino acids and [32P]phosphate on Sephadex 
G25 

The recovery of [“‘PI phosphate from Sephadex G-25 was 94% with a 
relative standard deviation of 3% (n = 3). 

The chromatographic profiles of phosphate and phosphoamino acids over- 
lapped. This was assessed by comparing two HPLC profiles (three 
experiments); (1) a 5+1 volume of the standard solution was injected into the 
loop at 0.05 a.u.f.s.; (2) a 100-111 volume of the same standard solution was 
chromatographed on Sephadex G-25, all radioactive fractions were pooled, 
adjusted to 1 ml and 50 ~1 were injected into the HPLC loop at 0.05 a.u.f.s. 

The recoveries of phosphoamino acids were: P-Thr loo%, P-Ser loo%, and 
P-Tyr 9’7%, with relative standard deviations of 2%, 1.5% and 2%, respectively. 

Cleavage of phosphate bonds of P-Thr, P-Ser and P-Tyr 
After phosphoamino acid hydrolysis in acid, each sample was purified on a 

calibrated Sephadex G-25 and analysed by HPLC. 
The rates of hydrolysis of P-Thr, P-Ser and P-Tyr are shown in Fig. 4. P-Thr 

is the most resistant to hydrolysis and P-Tyr the least. After 4 h, 70% of P-Thr, 
40% of P-Ser and 20% of P-Tyr remained unhydrolysed. 

The recoveries of [32P] phosphate as internal standard were 99 + 6% after 
G-25 and 97 k 7% after HPLC assay (mean f S.D. of fifteen experiments). 

Analysis of hydrolysed phosphorylated histones 
The radioactive composition of hydrolysed phosphohistones was studied 
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Fig, 4. Measurement of percentage unhydrolysed phosphoamino acid after hydrolysis of O- 
phosphotyrosine (n), 0-phosphoserine (a) and 0-phosphothreonine (0) in 5.6 M hydro- 
chloric acid at 105°C. 

after hydrolysis for 0.5, 1, 2, 4 and 7 h. Each sample was purified on a 

calibrated Sephadex G-25 prior to its analysis by HPLC. The determinations 
were made in triplicate. 

AnaZysis on Sephadex G-25. Unhydrolysed phosphohistones eluted at V. 
(Fig. 5a). After 0.5 h of hydrolysis, the broad radioactive peak eluted between 
V, and the PO4 elution volume (Fig. 5b). After 2 h hydrolysis, the radioactive 
peak was sharper (Fig. 5c) and eluted as PO+ 

CPM 

f 2000 

“0 PO4 “0 PO4 “0 PO4 

I I + 1 I I 

IOOO- .j_l-Ll-L 
-I- 

4 8 12 4 8 12 4 8 12 

fraction [ne] fraction [&I fractton [n”] 

Fig. 5. Chromatographic profiles of Sephadex G-25 (2-ml volume): (a) unhydrolysed [“‘PI- 
phosphohistones; (b) [‘“PI phosphohistone hydrolysis for 0.5 h in 5.6 M hydrochloric acid at 
105°C; (c) [32P]phosphohistone hydrolysis for 2 h in 5.6 M hydrochloric acid at 105°C. 

V, is the void volume of the column. PO, indicates the elution volume of [32P]phosphate. 

Each fraction represents a volume of 180 ~1. 
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These results indicate that unhydrolysed phosphohistones do not contain 
free [32P]phosphate. At 0.5 h, the elution profile would correspond to an in- 
complete cleavage of the phosphohistone peptide bonds while these are 
completely hydrolysed after 2 h hydrolysis. 

HPLC analysis. Fig. 6 shows a chromatogram obtained after 1 h of 
[32P] phosphohistone hydrolysis. 

The radioactivity profiles suggest that several products are detected. These 
can be divided into two groups: (1) two unknown compounds, x and y, with 

a.u.f s 

500 

0 

, I 

0 10 20 

Retention Time [min] 

Fig. 6. Chromatogram of hydrolysed [3zP]phosphohistones on Partisil 10 SAX Whatman. 

[32P]Phosphohistones were hydrolysed for 1 h in 5.6 M hydrochloric acid at 105°C. The 
injection volume was 20 ~1 of the standard solution of unlabelled 0-phosphoamino acids and 

50 ~1 of the [32P]phosphohistone hydrolysate (2000 cpm). Peaks: P-Thr = O-phospho- 
threonine, 1 pmol; P-Ser = 0-phosphoserine, 1 gmol; P-Tyr = 0-phosphotyrosine, 2 nmol; x 

and y are undetermined radioactive compounds. The mobile phase consisted of 0.04 M 

potassium phosphate aqueous solution, pH 4. Flow-rate: 1.5 ml/min. t, = retention time 

corresponding to the void volume of the column a.u.f.s. = absorbance unit full scale. cpm 

= counts per min. 

100 
a 
b - 1 

1 
1234567 
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Fig. 7. Radioactivity distribution (%) of hydrolysed [3zP]phosphohistones for periods of 
0.5, 1, 2, 4, and 7 h in 5.6 M hydrochloric acid at 105°C. (0) Phosphate labelled with 32P; 
(A) 0-phosphoserine; (A) compound y; (X ) compound x; (0) 0-phosphothreonine. 
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capacity ratios smaller than those of phosphoamino acids or phosphate (I& = 
0.95, I$, = 1.4); (2) three known products, namely P-Thr, P-Ser and PO+ 

The evolution of the HPLC radioactivity profiles as a function of hydrolysis 
time is shown in Fig. 7; x and y decrease from 0.5 to 1 h and from 0.5 to 2 h, 
respectively. P-Thr is almost absent while P-Ser increases during the first 2 h 
and then decreases. PO, increases regularly. The recovery of the injected radio- 
activity is 88 + 10% (mean + S.D. of fifteen experiments). 

DISCUSSION 

The characterization of [“*PI phosphoamino acids and phosphate using paper 
and thin-layer Plates has already been described. Thus, Eckhart et al. [8] 
and Hunter [9] developed methods on thin-layer plates to fractionate phosphO_ 
amino acids by electrophoresis in combination with chromatography or by 
two-dimensional electrophoresis. These methods are indeed adequate but they 
aI% time-consuming (some IO h being required). 

SwaruP et al. [171 were the first to determine 0-phosphoaino acids md 
phosphate Using an anionic resin, However, with this procedwe, the time 
required for complete analysis was 80 min and the separation between P.Ser 
and P-Tyr was relatively poor (only 2 min apart). In 1983, Swarup et al. [ 261 
reported the advantage of high-voltage electrophoresis (40 min to perform the 
analysis) over their previous HPLC method. 

Alewood et al. [18] described a preparation of O-phosphotyrosine. These 
authors studied the conversion of tyrosine to phosphotyrosine by HPLC with 

a C18 column, and its optical purity by a modification of the Manning-Moore 
procedure [27], However, they did not study the chromatographic profile of 
other phosphoamino acids. 

In 1982, using an anionic resin, Yang et al. [19] were able to reduce the 
time required for analysis down to 60 min with a good separation. However, 
other high-voltage electrophoresis techniques appeared [28,29] which seemed 
to leave all HPLC procedures aside. 

Our previous work on the determination of histamine [30] and 3-methyl- 
histidine 1311 in biological samples using a cationic HPLC resin, led US to 

consider the putative capacities of such techniques when appropriate mobile 

phases are used. 
Cur study shows a good resolution between phosphoamino acids. We paid 

pa&ular attention to the retention time of phosphate because it is dwaYs 
released during phosphoprotein hydrolysis. It was possible to make the 
phosphate retention time longer than those of 0-phosphoamino acids using a 
0.04 M potassium phosphate aqueous phase at pH 4. The good separation of C- 
phosphomino acids and phosphate within 20 min compares favourably with 
the time reported for high-voltage electrophoresis and other HPLC procedures. 

athough P-Thr amI P-Ser have a relatively low absorption at 210 nm, 
unlabelled phosphoamino acids are used as markers because they can be 
introduced in detectable amounts (1 gmol of each) without affecting the 
resolving power of the column. 

The relative sequence of phosphoamino acid hydrolysis rates is P-Tyr > P-Ser 
> P-Thr. Nevertheless, in our experiments, the absolute hydrolysis rates of 
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P-Thr and p-&x were faster than those described by Bitte and Kabat [4], who 

reported less than 15% cleavage of the phosphate bond after 2 h heating. 
Cooper et al. [28] hydrolysed P-Tyr for 1 h in 1 M hydrochloric acid at 

100°C or for 5 h in 5 M sodium hydroxide at 150°C. We agree that P-Tyr is not 
very stable in 5.6 M hydrochloric acid; it almost disappeared after 7 h of 
hydrolysis. In fact, Eckhart et al. [8] and Hunter [9] hydrolysed phospho- 
tyrosylproteins and phosphotyrosylpeptides in 5 M hydrochloric acid at 110” C 
for 2 and 1 h, respectively. 

After 0.5 or 1 h of phosphohistone hydrolysis, the broad radioactive peak 
obtained from Sephadex G-25 contained phopshorylated peptides. They were 
detected by HPLC as the unknown compounds x and y and represented 30% 
and 20% of the radioactivity distribution, respectively. After 4 or 7 h of 
hydrolysis, only phosphate and P-Ser appeared. The time course of the 
appearance of P-Ser from phosphohistone hydrolysis is biphasic. We suggest 
that it represents the sum of two phenomena: (1) hydrolysis of peptide bonds, 
which leads to the release of P-Ser, and (2) the cleavage of the P-Ser phosphate 
bond leading to phosphate release. According to this suggestion, we can use the 
rate of phosphate bond cleavage of P-Ser (Fig. 4) to calculate the theoretical 
levels of P-Ser liberated from phosphohistone hydrolysis: after 2 h of 
hydrolysis, the appearance of 44% of P-Ser would represent 83% of the 32P 
liberated from the histones as P-Ser; after 7 h of hydrolysis, it would be 96% 
of the 32P liberated. 

Finally, we find that 2 h of phosphohistone hydrolysis corresponded to the 
best experimental conditions because 83% of the protein bonds were 
hydrolysed and a high percentage of unhydrolysed P-Ser was seen. 

ACKNOWLEDGEMENTS 

We thank Mrs. J. Robed and M. Sauvadet for their Secretarial assjstan~e. 

REFERENCES 

1 

2 
3 

4 
5 
6 
7 
8 
9 

10 
11 
12 
13 

14 

15 

P. Cohen, Nature, 296 (1982) 613. 
R.H.A. Plimmer, Biochem. J., 35 (1941) 461. 
P.D. Boyer, M. de Luca, K.E. Ebner, D.E. Hultquist and J.B. Peter, J. Biol. Chem., 237 
(1962) PC 3306. 
L. Bitte and D. Kabat, Methods Enzymol., 30 (1973) 563. 
G. Krystal, P. Winn, S. Millward and S. Sakuma, Virology, 64 (1975) 505. 
H. Ushiro and S. Cohen, J. Biol. Chem., 255 (1980) 8363. 
L. Montagnier, S. Chamaret and C. Dauguet, C.R. Acad. Sci., 295 (1982) 375. 
W. Eckhart, M.A. Hutchinson and T. Hunter, Cell, 18 (1979) 925. 
T. Hunter, J. Biol. Chem., 257 (1982) 4843. 
T. Hunter and B.M. Sefton, Proc. Nat. Acad. Sci. U.S., 77 (1980) 1311. 
J.B. Rubin, M.A. Shia and P.F. Pilch, Nature, 305 (1983) 438. 
M.A. Shia and P.F. Pilch, Biochemistry, 22 (1983) 717. 
S. Jacobs. F.C. Kull, Jr., H.S. Earp, M.E. Svoboda, J.J. Van Wyk and P. Cuatrecasas, J. 
%ol. Chem., 258 (1983) 9581. 
H. Maruta, G. Isenberg, T. Schreckenbach, R. Hallmann, G. Risse, T. Shibayama and J. 
Hesse, J. Biol. Chem., 258 (1983) 10144. 
M. Kasuga, Y. Fujita-Yamaguchi, D.L. Blithe, M.F. White and C.R. Kahn, J. Biol. 

Chem., 258 (1983) 10973. 



324 

16 
17 

R.A. Rubin and H.S. Earp, Science, 219 (1983) 80. 

18 
G. Swarup, S. Cohen and D.L. Garbers, J. Biol. Chem., 256 (1981) 8197. 

19 
P.P. Alewood, R.R. Johns and R.M. Valerio, Synthesis, 1 (1983) 30. 

20 
J.C. Yang, J.M. Fujitaki and R.A. Smith, Anal. Biochem., 122 (1982) 360, 

21 
L. Cohen-Solal and M.J. Glimcher, C.R. Acad. Sci., 284 (1977) 2155. 

22 
L. Cohen-Solal, J.R. Lian, D. Kossiva and M.J. Glimcher, Biochem. J., 177 (1979) 81. 
T.M. Martensen, J. Biol. Chem., 257 (1982) 9648. 

23 H.K. Mitchell and K.D. Lunan, Arch. Biochem. Biophys., 106 (1964) 219. 
24 P.C. Rothberg, T.J.R. Harris, A. Nomoto and E. Wimmer, Proc. Nat. Acad. Sci. U.S., 

75 (1978) 4868. 
25 P. Mangeat, G. Marchis-Mouren, A.M. Cheret and M.J.M. Lewin, Biochim. Biophys. 

Acta, 629 (1980) 604. 
26 G. swarup, J.D. Dasgupta and D.L. Garbers, J. Biol. Chem., 258 (1983) 16341. 
27 T. Takaya, Y. Kishida and S. Sakakibara, J. Chromatogil., 215 (1981) 279. 
28 J.A. Cooper, B.M. Sefton and T. Hunter, Methods Enzymol., g9 (1983) 387. 
2g G-S. Baldwin, R, Grego, M.T.W. Hearn, J.A. Knesel, F.J. Morgan and R.J. Simpson, 

Proc. Nat. Acad. Sci. U.S., 80 (1983) 5276. 
30 J.C. Robert, J. Vatier, B.K. Nguyen Phuoc and S. Bonfils, J. Chromatogr., 273 (1983) 

275. 
31 J.C. Robert and P. Serog, Clin. Chim. Acta, 142 (1984) 161. 


