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ABSTRACT

A pew HPLC method has been developed to assay tyrosine protein kinase activity. Using hydrophilic interaction chromatography, it
is possible to resolve the four components of the incubation medium: substrate peptide, [**Plphosphorylated peptide, unrcacted
[y-**PJATP, and 3?P-labelled inorganic phosphate. ATP interacts so strongly with the stationary phase material that it can be removed
selectively from the incubation medium with solid-phase extraction cartridges packed with the same type of material. The three
remaining components of interest can then be resolved by reversed-phase or hydrophilic interaction HPLC. This procedure permits the
evalvation of almost every type of peptide as a substrate of tyrosine protein kinase.

INTRODUCTION

Since the description of the first procedure of a
tyrosine protein kinase (TPK) [1], the different
molecular forms have been intensively studied in
order to ascertain their roles in cellular growth
and differentiation. Over 30 individual TPKs
have been described [2]. The elucidation of their
biochemical significance requires the determina-
tion of their substrate spectficities. However,
most published work concerns their molecular
biology [3] rather than their substrate specificity
[4-8]. This situation may reflect the inadequacy
of the techniques available for the measurement
of TPK activity. The use of phosphoceliulose pa-
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per [9] 1s limited to arginine-containing peptides
[10]. The method of Braun er @l. [11] seems to be
of more general utility [5-8], albeit time-consum-
ing. An enzyme-linked immunosorbent assay
(ELISA) [12] requires that peptides be coated on
microwell plates.

Ferry et al. [13] introduced a method based on
RP-HPLC. This method works well with mark-
edly hydrophobic peptides. However, acidic re-
sidues are of major importance in the recognition
of many substrates by TPKs, as with minigastrin
(LEEEEEAYGWMDF, using the single letter
code for amino acids). Substrates with such resid-
ues are too hydrophilic for the RP-HPLC meth-
od. Phosphorylation of the peptides increases
their hydrophilicity still further. Accordingly, we
have applied the new technique of hydrophilic
interaction chromatography (HILIC} [14] to this
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problem. Solutes elute in this mode in order of
increasing hydrophilicity, using decreasing gra-
dients of organic solvent, increasing gradients of
salt, or both together. This development permit-
ted us to pursue two objectives in this study: (1)
to assess the substrate specificity, using any sub-
strate, of a particular TPK; (2) exploiting such
data to design high-affinity substrates as poten-
tial specific inhibitors. This study presents data
obtained from three peptides based on the co-
polymer poly(Glu - Na, Tyr) 4:1, widely used as a
substrate for TPKs. These peptides included EY,
EYE, and EEYEE, as well as minigastrin deriv-
atives. Angiotensin II was used as a standard
control.

EXPERIMENTAL

Biological source

A TPK was partially purified [15,16] from
HL-60, a human promyelocytic cell line. The ac-
tivity was ca. 2300 times preater than that in the
crude extract.

Peptides

All peptides were synthesized by NeoSystem
(Strashourg, France). They were individually se-
quenced and analysed by the manufacturer, and
were over 95% pure by HPLC. Angiotensin 11
was from NeoSystem or Sigma (St. Louis, MO,
USA). HILIC columns and solid-phasc extrac-
tion (SPE) cartridges packed with PolyHydroxy-
ethyl Aspartamide (PolyLC, Columbia, MD,
USA) were provided by CILL. (Ste-Foy-la-
Grande, France). All chemicals were commer-
cially obtained, in the highest purity available.

Assay

The regular TPK assay uses angiotensin 11 as
substrate and [y-3?P]ATP as phosphate donor. It
has been described elsewhere [12], but has been
modified for use with HILIC. Thus, a 100-ul final
volume contains 40 il of HMM buffer {20 mM
4-(2-hydroxyethyl)-1-piperazinesthanesulphonic
acid (HEPES)-NaOH (pH 7.4), 5 mM MgCl,, 5
mM MncCl;], 10 @ of angiotensin IT (10 mg/ml, in
water), 10 ul of ATP [100 uM, contaiming 30 ¢Ci/
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ml [y-3?PJATP (Amersham, UK)], 20 ul of sat-
urate NaCl solution, and 20 pul (2 pg) of the par-
tially purified enzyme preparation, with a specific
activity of 2.5 nmol/min/mg protein. Incubations
were performed for 30 min at 30°C and were
stopped by the addition of 500 ul of either 50%
trichloroacetic acid (RP-HPLC) or 20 mA/ trieth-
ylamine phosphate (TEAP) (pH 2.8)-acelonitrile
(50:50) (HILIC). An aliquot of 30 ul of the result-
ing fluid was injected for HPLC analysis.

When peptides other than angiotensin 11 were
chosen, stock solutions (10 mg/ml) were pre-
pared.

Instrumentation

The HPLC system consisted of a Waters 840
workstation, including a 380 PC computer
(DEC), a solvent-delivery system (two Model 510
pumps, one linked to an automatic four-way
valve selector), a Model 490 UV-VIS absorbance
detector, and a WISP Model 712, all obtaincd
from Waters (Milford, MA, USA), and a Model
LB-304 on-line radioactivity monitor from Bert-
hold (Wildbad, Germany) directly coupled to the
data acquisition unit. Detection of *2P (Ceren-
kov effect) was at efficiency of ca. 35%, as deter-
mined by us and in agreement with the manu-
facturer’s specifications. The analysis cell in the
monitor had a volume of | ml, to enhance the
sensitivy of detection. As a consequence, the sig-
nals showed an increased peak width.

RP-HEPLC

Routine assay. This was developed previously
{13] and is used routinely in our laboratory. The
procedure is based on the use of tetrabutylammo-
nium phosphate as a counterion.

Assay after prepurification by use of SPE. Sim-
plification of the RP-HPLC assay was achieved
after passing the incubation fluid through
HILIC-SPE cartridges (sec below). A Nucleosil
Cig column, 100 x 4.6 mm [.D. (7 um particle
size, 300 A pore diameter) from Macherey-Nagel
(Diiren. Germany) was used with a 40-min linear
gradicnt between solution A (8.05% triethyl-
amine + 0.1% trifluoroacetic acid (TFA), aq.)
and solution B (0.1% TFA in 100% acetonitrile).
The low-rate was 2.0 ml/min.
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Hydrophilic interaction chromatography

Pracedure without prepurification by SPE. A
PolvHydroxyethyl A column (200 x 4.6 mm
I.D.: 5 um particle size, 300 A porc size) was
rinsed initially with 20 ml of water followed by 60
ml of 800 mA TEAP (pH 2.8). It was then equili-
brated with 30 ml of the starting sclution A, con-
sisting of 4 mM TEAP (pH 2.8), containing 90%
acetonitrile. The great affinity of ATP for the col-
umn matrix necessitated a complex gradient
(hereafter referred to as the regular gradient): 05
min, 100% solution A; 5-20 min, linear gradient
to 100% of 10 mAM aq. TEAP (pH 2.8); 20-25
min, 40 mM aq. TEAP (pH 2.8); 25-40 min, 800
mM aq. TEAP (pH 2.8); 40-50 min, water. Re-
equilibration was carried out for ca. 10-15 min
with 100% solution A. The total analysis time
was 70 min. The flow-rate was 1.5 ml/min.

Application of the SPE procedure. Disposable
SPE cartridges (10 x 4.6 mm I.D.) of PolyHy-
droxyethy! A were used in a holder with luer fit-
tings. Prior to HPLC analysis, incubation media
were subjected to SPE as follows: (a) preequili-
bration of the cartridges (via syringe) with 3 ml of
20 mM TEAP (pH 2.8) containing 50% aceto-
nitrile; (b) passage (via syringe) of the assay me-
dium (600 pl) through the cartridge; (¢) rinsing of
the cartridge with 1 ml of 20 mA aq. TEAP (pH
2.8); (d) elution of ATP with 2 ml of 800 mA{ aq.
TEAP (pH 2.8).

All eluates were individually collected in mi-
crofuge tubes. The tubes were counted by mea-
surement of Cerenkov radiation in a Beckman
LS-1800 radioactivity counter. A sample aliguot
of 30 ul was then analysed using a gradient for
HILIC shorter than that described above: 0-5
min, 100% solution A; 5-20 min, linear gradient
to 100% of 10 mM aq. TEAP (pH 2.8). The flow-
rate was 1.5 ml/min, and the total running time
was 30 min, including reequilibration to the ini-
tial conditions.

RESULTS
Peptide phosphorylation experiments

In a standard TPK assay, five components are
present or potentially generated: peptide sub-
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strate (1); 32P-labeled phosphorylated product
(H); unreacted [y-*2P]JATP (1I); ADP (IV); and
inorganic radiolabeled phosphate (*2Pi) (V). As-
sessment of substrate specificity requires separa-
tion of 1I from IlI and V. Some of the peptides
studied here as substrates were based on the se-
quence of minigastrin, with single residues omit-
ted sequentially from cither C- or N-termini. Us-
ing the HILIC mode with a decreasing acetoni-
trile gradient, such hydrophilic peptides typically
elute around 55-00% acetonitrile (Fig. 1). How-
ever, ATP was retained so strongly in this mode
that its elution required a completely aqueous so-
lution containing 800 mM TEAP. Such strong
solute—matrix interactions in this mode have also
been noted with other hydrophilic polyelectro-
lytes such as RGD peptides and aminooligogly-
cosides [17]. Nonetheless, the method proved to
be feasible for studying the phosphorylation at
Tyr of almost any type of peptide. Fig. 2 shows
the profiles obtained by HILIC using angiotensin
I1 as substrate. Table T summarizes the data ob-
tained with minigastrin-derived peptides.

A non-negigible amount of 2Pi was observed
during the analysis. This was present as a conta-
minant in the commercially available [y-**P]ATP
solutions from both Amersham and New Eng-
land Nuclear (NEN), representing 3-5% of the
total radioactivity. Positive identification of this
peak in our system was performed by injecting
32Pj (NEN). When [¢-*?P]JATP was used in the
assay, no angiotensin I was labeled with 3?P; the
major labeled peak cocluted with {y-*?PJATP,
while the level of angiotensin 1I phosphorylated
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Fig. 1. HILIC of minigastrin derivatives (shortened gradient: see
Experimental). LEEEEEAYG (top) elutes at 12 min
LEEEEEAYGW (bollom) 4t 11 min.
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TABLE I
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PHOSPORYLATION OF MINIGASTRIN DERIVATIVES BY A PARTIALLY PURIFIED TPK FROM HL-60

Peptide Retention time of Rate of
phosphorylated peptide (min) phosphorylation (rel. %)*
DRVYTHPF* - 100
LEEEEEAYG 17.8 133
LEEEEFAYGW 14.6 191
LEEEEEAYGWM 9.0 300
LEEEEEAYGWMD 8.2 86
LEFEEEAYGWMDF* 7.7 310
EEEEEAYGWMDFE nd? 0
EEEEAYGWMDF 9.1 280
EEEAYGWMDF 88 290

“ The phosphorylation reactions were conducted as described in Experimental, and the analysis was performed by HILIC (regular
gradient without SPE). 100% represents the reaction rate with angiotensin 11 as substrate (2.5 nmol/min/mg protein).

* Angiotensin IL
¢ Minigastrin.
* n.d. = Not detectable.

with unlabeled phosphate was far below our UV
detection limits (data not shown). >2P-Phospho-
rylated angiotensin 11 was poorly separated from
the peak of *2Pi (Fig. 2). This is the major prob-
lem encountered so far with this method. It might
be overcome by modifying the gradient slope for
peptides that elute so close to Pi, or by using a
Cis column (see below).

Use of SPE prepurification

When assay mixtures were passed through SPE
cartridges of PolyHydroxyethyl A (sce Experi-
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mental), with collection of three eluate fractions,
most of the radioactivity was eluted by 800 mM
TEAP (pH 2.8). A minor amount of radicactivity
is still retained by the cartridge after this step.
Fig. 3 shows the radioactivity profiles (HILIC) of
the three eluates as well as a control, which con-
sisted of the genuine (non-treated) assay medium.
Evidently, *?Pi and phosphorylated peptide elut-
ed in eluates ! and 2 with minor amounts of ATP.
More than 95% of the labeled ATP eluted in el-
uate 3. Thus, this technique is suitable for per-
forming assays of various peptides as subsirates

4 -32P] ATP

70
Fig. 2. HILIC (regular gradient without SPE; see Experimental) analysis of angiotensin 1T phosphorylation by TPK from HL-60. A
30-pl aliquot of incubation medium was analysed. The black profile shows the radioactivity monitor (2500 mV full scale output). The
open profile shows the absorbance at 280 nm (0.1 a.n.fs).
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Fig. 3. Effect of SPE cartridge filiration on the products from phosphorylation of angiotensin II by TPK from HL-60. Profiles A, B, C
and D: no angiotensin II (blanks). Profiles E, F, G and H: angiotensin IT present as substrate. Analysis, HILIC (regular gradient);
detection, radioactivity monitor, Profiles A and E: eluate from initial passage of sample through cartridge. Profiles B and F: eluate from
20 mM TEAP wash. Profiles C and G: eluate from the rinse with 800 mA TEAP. Profiles D and H: whole incubation medium (control).

of TPKs. Since it is difficult to predict whether
the product will be in eluate 1 or eluate 2, both
should be analysed, either individually or to-
gether.,

Fig. 4 presents HPLC profiles of assays of
three acidic peptides as yet untried as substrates
of this type of enzyme activity: EY, EYE, and
EEYEE. It is clear that their phosphorylation
could not be followed using the RP-HPLC meth-
od previously developed [12], owing to their high
polarity and the incomplete separation of the
phosphorylated products from unreacted ATP.
In contrast, the HILIC method shows phospho-
rylated products cleanly separated from both
*?Pi and ATP (after prepurification via SPE).
The peptide EEYEE was superior to angiotensin
II as a substrate, and EYE was comparable. EY
was not recognized as a substrate by this TPK.

If ATP is extracted with an HILIC SPE car-
tridge, then the feasibility of the RP-HPLC in-

creases in most cases. This is shown in Fig. 5,
using a Nucleosil C,g column. In the case of an-
giotensin II, the problem of poor separation of
phosphorylated peptides from- 32Pi has been
overcome by this technique. *?Pi elutes in the
void whereas phosphorylated angiotensin II is
well retained.

DISCUSSION

HILIC seems to be an effective tool for the
assay of TPK substrates, and is applicable to a
variety of peptides with a wide range of polarity,
including those with extremely high polarity. The
use of the SPE procedure permits extensive re-
moval of unreacted ATP and thus is less time-
consuming than the method of Braun et al. [11].
Removal of the ATP by SPE may make RP-
HPLC practical in marginal cases. Nevertheless,
the use of HILIC without prepurification by SPE
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Fig. 4. Comparison of HILIC (shortened gradient with prepurification by SPE) and RP-HPLC for analysis of the phosphorylation of
peptide substrates by TPK from HL-60. Identical incubations were performed in parallel and were stopped as noted in Experimental. In
each case, 30-ul alignots were analysed. The open profiles show the radicactivity monitor, and the black profiles the absorbance at 280
nm, Radioactivity detector output was 1000 mV (HILIC) or 2500 mV (RP-HPLC) full scale output. L1 the HILIC profiles, the peak of
radioactivity eluting at 13 min is *£Pi; this coincides with the elution of unlabeled peptide EYE.

has been success{ully applied to the phosphoryla-
tion of more than 100 peptides of different se-
quences [18]. No major limitations have been ob-
served so far. Furthermore, the great affinity of
ATP for PolyHydroxyethyl A suggests the possi-
bility of several interesting new methods, such as
the measurement of ATPase activity [19] and the

assay of TPK activity using proteins or
copolymers as substrates.
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Fig. 5. Effect of SPE filiration on the analysis of angiotensin Il phosphorylation medium by RP-HPLC. Top: whole medium, reaction
stopped as for RP-HPLC analysis; analysis condilions as in ref. 13. Botiom: reaction stopped as for HILIC analysis, processed with a
HILIC-SPE carlridge, and the cluate (initial eluate and 20 maAf TEAP wash) analysed by RP-HPLC, using the conditions described
under Experimental, with a Nucleosil C, 4 column. Detection, radioactivity monitor; 2500 mV full scale (top) or 1000 mV full scale
(bottom). The shift in retention times between the top and bottam traces are due to different gradient slopes (see Experimental).
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