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Two continuous assays for protein tyrosine phospha-
tases (PTPases) have been developed using phosphoty-
rosine containing peptide substrates. These assays are
based on the marked differences in the spectra of the
peptide before and after the removal of the phosphate
group. The increase in the absorbance at 282 nm or the
fluorescence at 305 nm of the peptide upon the action of
PTPase can be followed continuously and the resulting
progress curve (time course) can be analyzed directly
using the integrated form of the Michaelis—Menten
equation. The procedure is convenient and efficient,
since both k_,, and K, values can be obtained in a single
run. The difference absorption coefficient (A¢) at 282
nm is relatively insensitive to the pH of the reaction
media. These techniques were applied to two homoge-
neous recombinant PTPases employing six phosphoty-
rosine-containing peptides. K,, and k_,, values obtained
from the progress curve analysis were similar to those
determined by the traditional initial rate inorganic
phosphate assay. The peptides corresponding to auto-
phosphorylation sites in Neu, p56'®, and p60°° proteins
show distinet behavior with the Yersinia PTPase,
Yop51*, and the mammalian PTPase (PTP1U323). In
both cases, the k_, values were relatively constant for
all the peptides tested whereas the K, values were very
sensitive to the amino acid sequence surrounding the
tyrosine residue, especially in the case of Yop51*.
Thus, both Yop51* and PTP1U323 show differen-
tial recognition of the phosphotyrosyl residues in
the context of distinct primary structure of peptide

substrates. ¢ 1893 Academic Press, Inc.
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Protein tyrosine phosphorylation in the cell plays a
major role in the regulation of signal transduction (1).
Protein tyrosine phosphatases (PTPases),2 which exclu-
sively remove phosphate from tyrosine residue in pro-
teins, are crucial components in controlling the overall
level of tyrosine phosphorylation (2). Detailed knowl-
edge of the specific functions of PTPases requires a
thorough understanding of their substrate specificities.
There are a limited number of studies on the substrate
specificity of the PTPases and many of these utilize a
variety of “artificial” substrates such as tyrosine-phos-
phorylated casein, RCM-lysozyme, myelin basic pro-
tein, and reduced, carboxamidomethylated bovine
serum albumin (3,4). Synthetic peptides such as tyro-
sine phosphorylated Raytide, angiotensin, and the src-
peptide have also been employed as “model” substrates
(5,6). In these assay systems, the protein or peptide is
usually phosphorylated using an appropriate kinase and
[v-¥*P]ATP. The PTPase activity is determined by
measuring the reiease of [**P]phosphate from the phos-
phoprotein or phosphopeptide. The low stoichiometry
of the kinase reaction, the possibility of multiple and
nonspecific phosphate incorporation, and the limited
amount of phosphorylated substrate that can be pre-
pared are all limitations of this approach. Recent pro-
gress in solid-phase peptide synthesis has resulted in
the successful preparation of tyrosine-phosphorylated
peptides (7,8). This has made possible the preparation

* Abbreviations used: :PTPases, protein tyrosine phosphatases;
pNPP, p-nitrophenyl phosphate; DMAP, 4-dimethylaminopyridine;
HOBt, 1-hydroxybenzotriazoie; DCC, N,N'-dicyclohexylearbodiixa-
ide; DMF, dimethylformamide; DCM, dichloromethane; NMP, N-
methylpyrrolidone; THF, tetrahydrofuran; EDT, 1,2-ethanedithiol;
TFA, trifluoroacetic acid.
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of larger quantities of peptides which are stoichiometri-
cally phosphorylated on specified tyrosine residues.
This sets the stage for careful kinetic and mechanistic
studies, as well as substrate specificity investigation on
PTPases.

There are generally two types of assay for the syn-
thetic phosphopeptide substrates. One is to follow the
PTPase-catalyzed hydrolysis by measuring the produc-
tion of inorganic phosphate using the malachite green
colorimetric assay (9), and the other is to follow the
breakdown of peptide substrates by HPLC, since the
phosphorylated and dephosphorylated forms have dif-
ferent retention times (10). These two techniques are
discontinuous assays and the procedures are laborious.
Initial rates are generally measured and large quantities
of substrate are needed. For substrates with low K, val-
ues (uM range), the inorganic phosphate colorimetric
assay is inappropriate due to the inherently low sensi-
tivity.

Efforts to monitor phosphatase catalysis by a continu-
ous spectrophotometric assay have employed low-mo-
lecular-weight phosphate monoesters such as p-nitro-
phenyl phosphate (pNPP), 3-naphthyl phosphate, and
tyrosine phosphate. Two recent papers describe the
spectrophotometric assays for acid and alkaline phos-
phatase (11) as well as PTPases (12) using tyrosine
phosphate as a substrate. Since tyrosine phosphate
structurally resembles the most commonly used “artifi-
cial” PTPase substrate pNPP, one would not anticipate
that it will yield fundamentally different kinetic proper-
ties from that of pNPP.

In this paper, we describe a continuous spectrophoto-
metric and fluorimetric assay for protein tyrosine phos-
phatase using synthetic, tyrosine-phosphorylated pep-
tide substrates. These methods exploit the fact that
there is a significant spectrophotometric and fluorime-
tric change in the spectra of the peptide substrate before
and after removal of the phosphate group from a tyro-
sine residue. In addition, we have applied the integrated
Michaelis-Menten equation to the analysis of the pro-
gress curves of PTPases catalyzed dephosphorylation of
the synthetic peptide substrate, so that both Michaelis—
Menten kinetic parameters (k., and K,,} could be ob-
tained in a single experiment. We report the application
of this technique to two purified PTPases from bacteria
and mammals. The technique has a number of advan-
tages including the small amount of substrate needed
for K,, and k., determinations as well as being both
rapid and continuous.

MATERIALS AND METHODS
Materials

All amino acids are of L configuration. Purchased re-
agents were obtained from the following sources:

Na-Fmoc Tyr, Bachem Bioscience; all other Na-Fmoc
and NaBoc-amino acids, Applied Biosystems (ABI) or
Bachem California; p-alkoxybenzyl alcohol polysty-
rene resin, ABI; piperidine, 4-dimethylaminopyridine
(DMAP), 1-hydroxybenzotriazole (HOBt), N,N'-dicy-
clohexylcarbodiimide (DCC), ABI; methanol (MeOH),
N,N-dimethylformamide (DMF), dichloromethane
(DCM), N-methylpyrrolidone (NMP), Burdick and
Jackson (high purity grade); tetrahydrofuran (THF),
1H-tetrazole, 1,2-ethanedithiol (EDT), anisole, di-t-bu-
tyl-N,N-diethylphosphoramidite, thioanisole, and 70%
aqueous (-butyl hydroperoxide, Aldrich Chemical; tri-
fluoracetic acid (TFA), Halocarbon Products; H,O and
CH,CN (HPLC quality), EM Science.

Enzyme Preparation

Homogeneous recombinant Yersinia PTPase, Yop51*
(13), and the mammalian PTPase, PTP1U323 (14),
were purified as described. Enzyme and peptide sub-
strate concentrations were determined by amino acid
analysis.

Peptide Substrate Preparation

Peptide synthesis. The peptides were prepared by
standard solid phase peptide methodology (on a 0.25-
mmol scale) (15) on an ABI 431A Peptide Synthesizer
using the Fmoc/OtBu (ABI Standard Fmoc Version
1.12) strategy. Single couplings were carried out with
four equivalents of the protected amino acid activated
ester formed by reaction with DCC and HOBt. A typical
cycle for the coupling of an individual amino acid was:
(i) deprotection with 20% piperidine in NMP, 21 min;
(i1) washes with NMP, 9 min; (iii) coupling of the HOBt
activated ester in NMP, 71 min; and (iv) washes with
NMP, 7 min. Coupling of the first amino acid to the
resin was carried out in the presence of DMAP (0.1
equivalents). After completion of the synthesis, the pro-
tected peptide resin was washed with DCM and dried at
reduced pressure. All amino acids used were the stan-
dard Fmoc derivatives available from ABI with two ex-
ceptions. First, when required, the tyrosine was incorpo-
rated with the phenolic hydroxy group unblocked, so as
to render it available for phosphorylation. Second,
whenever the amino acid was available, the N-terminal
amino acid was incorporated as its Na-tertiary-butoxy-
carbonyl (t-Boc) derivative such that cleavage of this
N-terminal protecting group could be achieved concomi-
tantly with cleavage of the peptide from the resin rather
than require a separate cleavage step.

Peptide phosphorylation (16). A portion of the pro-
tected peptide resin was washed with DMF, DCM, and
dry THF (distilled over sodium/benzophenone). To the
resin was added 20 ml of dry THF, followed by 50 equiva-
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lents of di-t-butyl-N,N-diethylphosphoramidite, and
then 150 equivalents of 1H-tetrazole. The suspension
was shaken for 60 min, drained, and washed well with
dry THF and DCM. The resin was suspended in 20 ml of
DCM and treated with 20 equivalents of a 70% aqueous
solution of t-butyl hydroperoxide and shaken for 60
min. The suspension was drained, and the resin was
washed with DCM, DMF, and DCM and dried under
reduced pressure.

Peptide cleavage and purification. 'The peptide was
removed from the resin by treatment with 95% aqueous
TFA (10 ml) for 2 h. EDT, anisole, and/or thioanisole
(0.5 ml each) were added as required (15). After concen-
tration in vacuum, filtration with ET,0 gave crude pep-
tide. The crude peptide was dissolved in approximately
2 ml of 0.1% TFA (with increasing amounts of TFA as
needed for dissolution) and chromatographed on a Vy-
dac 218TP1022 preparative HPLC column (10 um par-
ticle size, 300-A pore size, 2.2 X 23 cm). A selected gra-
dient of 0.1% TFA in CH,CN was used to elute the
peptide from the column, which was originally in 0.1%
TFA. A flow rate of 15 ml/min was maintained on a
Waters 600E System Controller and the absorbance of
the eluant at 214 nm was recorded on a Waters 490E
Programmable Multiwavelength Detector. Individual
fractions were collected and analyzed by analytical
HPLC on a Vydac 218TP54 analytical HPLC column.
Appropriate fractions were combined and concentrated
under reduced pressure, diluted with H,O, and lyophi-
lized to give the product.

Peptide analysis. The peptides were assayed for pu-
rity by reversed-phase HPLC on a Vydac 218TP54 ana-
lytical column. Comparison of chromatographic traces
of crude tyrosine-phosphorylated peptides with those
for the corresponding unphosphorylated peptides in-
dicated that peptide phosphorylation had proceeded
efficiently, giving 95-100% of the desired product. Fol-
lowing purification as described above, no unphosphor-
ylated contaminant was detected in the pure phosphor-
ylated peptide. All peptides were >98% pure as
determined in this manner. In addition, peptide content
was determined using combustion microanalysis, and
was typically found to be 70-80%, the remainder be-
lieved to be residual water and salts. Fast-atom bom-
bardment or electrospray mass spectrometry gave the
expected molecular ion, and amino acid analysis was
within 10% of the expected values in all cases. '"H and
31p NMR gave spectra which were in good agreement
with predicted values.

Peptide p60%%; 5., (TEPQPpYQPGE) was prepared ac-
cording to the procedure described by Tian et al. (17).
RR-src peptide (RRLIEDAEpYAARG) which was
based on the sequence surrounding the site of the auto-
phosphorylation in p60*° (18) was obtained from the
Protein Core facility of the University of Michigan.

Spectroscopy

Spectrophotometric and fluorometric determinations
were performed on a Perkin-Elmer lambda 6 UV/vis
spectrophotometer and a Perkin-Elmer LS50 fluorome-
ter, respectively. Both instruments were equipped with
a water-jacketed cell holder, permitting maintenance of
the reaction mixture at the desired temperature.

Buffers

Buffers were prepared as follow: pH 4-5.7, 100 mM
acetate; pH 5.8-6.3, 50. mM succinate; pH 6.5-7.3, 50 mM
3,3-dimethylglutarate; and pH 7.5-9.0, 50 mM Tris. All
of the buffer systems contained 1 mM EDTA and the
ionic strength of the solution was kept at 0.15 M using
NaCl. Solutions were prepared using deionized and dis-
tilled water. All chemicals were of the highest purity
available and were used without further purification.

Continuous Enzyme Assay

All enzyme assays, both spectrophotometric and fluo-
rometric, were-conducted at 30°C. For standard spectro-
photometric assay, a micro cuvette was used. The pH
and ionic strength buffered solution (the total reaction
mixture was 500 ul) containing an appropriate amount
of peptide substrate was incubated at 30°C for at least
15 min before the reaction was started by introducing a
catalytic amount of PTPase into the reaction mixture.
The PTPase-catalyzed hydrolysis reaction was followed
continuously at 282 nm to completion and the entire
time course was stored for data analysis. Identical assay
conditions were followed for the luorometric measure-
ments, except that the reaction volume was 1 mlin a 0.4
X 1.0-cm cuvette. The PTPase-catalyzed hydrolysis re-
action was monitored continuously at 305 nm for the
increase in tyrosine fluorescence with excitation at
280 nm.

Inorganic Phosphate Assay

To follow the PTPase-catalyzed dephosphorylation
of phosphotyrosine-containing peptides by determining
the inorganic phosphate produced, a modified inorganic
phosphate assay procedure (19) was used. A reaction
mixture of 99 ul containing substrate concentration in
the range of 0.2 to 5 K,,, 50 mM 3,3-dimethylglutarate, 1
mM EDTA, I = 0.15 M, pH 6.6 buffer, was incubated at
30°C for 15 min. The reaction was initiated by the intro-
duction of 1 ul of PTPase equilibrated in the same
buffer. The reaction was quenched by addition of 50 ul
of 10% trichloroacetic acid followed by addition of 100 1
of a mixture (composed of 40 ul 2% ammonium molyb-
date and 60 ul of 14% ascorbic acid in 50% trichloroace-
tic acid), and then 250 ul of 2% trisodium citrate pius 2%
sodium arsenite in 2% acetic acid was added. The color
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was developed for 30 min before the absorption at 700
nm was measured.

Data Analysis

The Michaelis-Menten equation is a differential ve-
locity equation and can be written as

v = dp/dt = —ds/dt = V/[1 + K, /s]
= V/[1 + K, /(s — )], (1]

where V is the maximum velocity, K,, is the Michaelis
constant, s, is the initial substrate concentration, and s
and p are the substrate concentration and product con-
centration at time t. Equation [1] can be rearranged and
integrated (20) into Eq. [2]:

P
Vt = f [1 + K,./(s, — p)ldp + constant. [2]
V]

When ¢t = 0, then p = 0. Equation [2] becomes
Vt=p+ K, Inlp,./(p. — P)]. (3]

One can transform Eq. [3] to yield an explicit solution
for time, t, as a function of the product concentration, p:

t= p/kcatEO + (Km/kcatEO) ln[pao/(poo - p)] [4]

This relationship can then be used directly to analyze an
array of experimental t—s data pairs by nonlinear least
squares methods where the parameters k., and K,, are
optimized not through minimizing 2 (Pexp — Pealc)” but
2 (texp — teme)’ In both Egs. [3] and [4], the product
concentration at infinity, p_., is equal to the initial sub-
strate concentration, s,.

The integrated equation derived above is valid over
the entire course of the reaction under conditions that
there is no product inhibition. For systems which ex-
hibit severe product inhibition, appropriate integrated
equations have been derived (21,22, and also see Discus-
sion). The complete time course of the PTPase-cata-
lyzed hydrolysis of tyrosine phosphorylated peptide
substrate can be recorded by monitoring the increase in
absorbance at 282 nm (or increase in fluorescence at 305
nm with excitation at 280 nm), and the Michaelis-Men-
ten kinetic parameters k., and K,, can be determined by
analyzing the experimental data through a nonlinear
least-squares fit algorithm (23) using the integrated Mi-
chaelis-Menten equation (Eq. [4]).

RESULTS
Absorbance and Fluorescence Spectra of the
Phosphorylated and Dephosphorylated Peptides

Figure 1A shows the ultraviolet absorbance spectra of
397 uM p60%s, o5: (TEPQPYQPGE) at pH 6.6, before

(dashed line) and after (solid line) the phosphate group
was removed from the tyrosine residue. Figure 1B shows
the fluorescence emission spectra of 15 uM Neugy; 557
(DAEEpYLVPQQG) at pH 6.6 before (dashed line) and
after (solid line) the phosphate group was removed from
the tyrosine residue. Similar spectroscopic properties
were observed for other peptides examined. It is clear
that the attachment of a phosphate group to the tyro-
sine residue in a polypeptide alters the spectroscopic
characteristics of the peptide in such a way that results
in a blue shift and reduction in intensity of both tyrosine
absorbance and fluorescence spectra. We also found
that the change in tyrosine absorbance due to phos-
phorylation is relatively insensitive to the amino acid
sequence surrounding the tyrosine residue. Thus, the
different peptides of Table 2 have very similar Ae values
at 282 nm. It is not a prerequisite to know the Ae value of
each peptide for the determination of kinetic parame-
ters (see Discussion). These observations form the basis
for the continuous assay technique for PTPase de-
scribed below. It is interesting to note that the dephos-
phorylated and phosphorylated tyrosine containing
peptides have similar spectroscopic characteristics to
those found for free tyrosine and phosphotyrosine re-
spectively (11,12). As was found for tyrosine and phos-
photyrosine (11), the difference in absorbance coeffi-
cient at 282 nm (Ae¢) for the dephosphorylated and
phosphorylated tyrosine containing peptide is relatively
insensitive to the pH of the reaction medium (Table 1).

Progress Curve Analysis

A typical time course of the Yop51*-catalyzed hydro-
lysis of p60° at pH 6.6, 30°C, followed by the increase in
absorbance at 282 nm is shown in Fig. 2A. Figure 2B
showed a typical time course of the PTP1U323 cata-
lyzed hydrolysis of Neuy,,; 5, at pH 6.6 and 30°C fol-
lowed by the increase in tyrosine fluorescence at 305 nm
with excitation at 280 nm. Data from the progress
curves were collected and fitted to the integrated form
of the Michaelis—-Menten rate equation (Eq. 4). In most
cases, two or more different substrate concentrations
which were greater than 2 times the K, value were used
for each peptide to check the validity of the analysis.
Both k., and K, values can be obtained simultaneously
from a single run. Table 2 and Table 3 summarize the
Michaelis~-Menten kinetic parameters of seven phos-
photyrosine-containing peptides for Yop51* and
PTP1U323 respectively. It is interesting to note that
although the k_,, values for the Yop51*-catalyzed hydro-
lyses of the seven peptides were relatively constant
(with the exception of Neuy s56), the K, values were
extremely sensitive to the amino acid sequence
surrounding the phosphotyrosine residue. Thus Yop51*
displays a differential recognition of phosphotyrosyl res-
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FIG. 1. Ultraviolet absorption spectra and fluorescence emission spectra of phosphotyrosine containing peptides before and after the
removal of the phosphate group. (A) Absorption spectra. Spectra were taken at 25°C, in 50 mM 3,3-dimethylglutarate, 1l mM EDTA, I = 0.15 M,
pH 6.6 buffer. The peptide p60®° concentration was 397 uM. Solid line, dephosphorylated peptide p60°™; dashed line, tyrosine phosphorylated
peptide p60°™. (B) Fluorescence emission spectra. Fluorescence emission spectra were recorded from 285 to 350 nm (slit width 5 nm) at 25°C in
50 mM 3,3-dimethylglutarate, 1 mM EDTA, [ = 0.15 M buffer, with excitation at 280 nm (slit width 3.5 nm). The peptide Neu,,, 5., concentra-

tion was 15 uM. Solid line, dephosphorylated peptide; dashed line, tyrosine phosphorylated peptide.

idues in distinct primary structure contexts. This was
exemplified by the finding of a more than 20-fold differ-
ence in the k. /K,, ratio (the so-called specificity con-
stant) for Yop51* against these peptides. On the other
hand, PTP1U323 not only showed relatively constant
k... values against all the peptides examined, but also
only moderate selectivity to the amino acid sequence
surrounding the tyrosine residue. This was demon-
strated by it showing only a fourfold difference in k,/
K, ratio among the substrates studied. It is also worth-
while to point out that both Yop51* and PTP1U323 are
extremely efficient catalysts, because even at pH 6.6,
30°C, the k.,/K,, values approach the diffusion con-
trolled limit. For peptides that contain Trp residue(s),
the progress curve analysis assay is still applicable when
the K,, of the peptide is low, i.e., low substrate concen-
tration can be used and the background due to the ab-
sorbance of Trp can be blanked out. Figure 3 displays
the uv absorption spectra of 104 uM Neu;,q 556 before
and after the removal of the phosphate from the tyro-
sine residue at pH 6.6. The difference spectrum is
shown in Figure 3 inset, the maximum difference in ab-
sorption being at 283 nm (Ae = 984). In fact, the &, and
K,, values for the PTP1U323-catalyzed hydrolysis of
peptide Neug 556 (DNLYpYWDQNSS) (see Table 3)
were obtained using the same continuous assay proce-
dure. However, if the K,, of the Trp-containing peptide

is high, for example greater than 100 uM, initial rate
assay using either HPLC or inorganic phosphate deter-
mination remains the methods of choice. Thus, the
kinetic constants of peptide Neugg e (DNLY-
pYWDQNSS) for the Yersinia PTPase was determined
by the inorganic phosphate colorimetric procedure (Ta-
ble 2).

Initial Rate Analysis

In order to validate the progress curve analysis, we
also conducted initial rate analysis on some of the pep-
tide substrates using the inorganic phosphate assay
procedure. Figure 4 shows a typical v vs [s] Michaelis—
Menten hyperbolic curve for the Yop51* catalyzed hy-
drolysis of Neuy,, 35, at pH 6.6, 30°C. A k_,, of 1306 + 50
s”! and a K,, of 74.5 *+ 6.5 uM were determined from a
direct fit of the v vs [s] data to the Michaelis—Menten
equation using the nonlinear regression program Enz-
fitter (24), with excellent agreement between the two
assays.

DISCUSSION

The analysis of the progress curves of enzyme-cata-
lyzed reactions has often been regarded as being an at-
tractive alternative to initial-rate methods for the deter-
mination of kineti¢ parameters (25). The attraction of

TABLE 1

Difference Molar Absorption Coefficients of Tyrosine-Phosphorylated and ~-Dephosphorylated Peptide

pH 4.6 5.0 5.5 6.0
968 999 998 931

Aegpy

6.6 7.0 7.6 8.0 8.4 a0
874

826 834 865 858 891 ‘
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FIG. 2. Progress curve analysis of PTPase-catalyzed hydrolysis of phosphotyrosine-containing peptide. (A) A typical time course of the
increase in absorbance at 282 nm during the Yop51*-catalyzed hydrolysis of p60* at pH 6.6, 50 mM 3,3-dimethylglutarate, 1 mM EDTA, I =
0.15 M buffer, and 30°C. The peptide substrate concentration was 500 uM and the enzyme concentration was 3.45 nM. (B) A typical time course
of the increase in fluorescence at 305 nm during the PTP1U323-catalyzed hydrolysis of Neuy,; 55, at pH 6.6, 50 mM 3,3-dimethylglutarate, 1
mM EDTA, I = 0.15 M buffer, and 30°C. The peptide substrate concentration was 15 yM and the enzyme concentration was 2.67 nM. The
theoretical curve (solid line) was obtained through a nonlinear least squares fit algorithm to the experimental data (O) using the integral

Michaelis—Menten equation.

this approach lies in the use of the entire progress curve
in the analysis of the kinetic parameters rather than
just a small part of it. The initial rate and the final stage
of a reaction are the most difficult portions to measure
accurately (25). The advance in computer technology
for data acquisition on instruments used to measure en-
zyme kinetics has made it feasible and desirable to use
complete progress curves for such analyses. One of the
approaches used in the analysis of progress course is the
integral method, in which data in the form of time vs
[product] or [substrate] are fitted to the integral rate
equation. There are two advantages of such an ap-
proach: (i) the need to differentiate the data (i.e., mea-
sure rates) is eliminated; (ii) more of the available infor-
mation is utilized and thus the number of experiments
to be performed is reduced, with a resultant saving of
time and materials (26). Given a large number of evenly
distributed experimental data pairs and a truly random
error associated with the p values, the nonlinear least
squares regression analysis will yield optimized parame-

ters which differ from their true values by less than the
standard deviation associated with these parameters. A
side benefit of this method is that it is not necessary to
convert the experimental variables (e.g., absorbance or
fluorescence) into concentrations, since the conversion
factors, the background to be subtracted, and the experi-
mental variable at t = infinity can all be determined
from the nonlinear least squares analysis as indepen-
dent parameters. The analysis of the time course using
the integrated equation give kinetic parameter which
are comparable to the initial rate assay (see result), with
a precision in most cases <10%.

The most severe practical limitation of any progress
curve analysis occurs when the enzyme, substrates, or
products show a significant degree of instability under
the chosen assay conditions (21), so that the apparent
decrease in velocity is not merely due to the depletion of
substrate. In our case however, the products of PTPase-
catalyzed hydrolysis of phosphotyrosine-containing
peptides, (namely, inorganic phosphate and the dephos-

TABLE 2

Kinetic Constants for the Hydrolysis of Phosphorylated Peptides by Yersinia Protein Tyrosine Phosphatase at pH 6.6, 30°C

Km kclt 10_7 X kcat/Km
Substrate (M) (s") M~ 's™)

DAEEpYLVPQQG Neug,;_ 57 78.4 + 1.6 1348 + 8.3 1.72
DNLYpYWDQNSS Neug s 556 103 + 28 446 £ 42 0.433
ENPEpYLGLDVPV NeUgrs sas 392 + 20 1414 + 41 0.361
EDNEpYTARE P56i5%_s0s 2240 + 45 1676 + 24 0.0748
TEPQpYQPGE PEOLS o 390 + 6.0 1287 + 9 0.330
AcRRLIEDAEpYAARG (RR-src) 189 + 24 1178 + 100 0.623
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TABLE 3

13

Kinetic Constants for the Hydrolysis of Phosphorylated Peptides by Rat PTP1U323 at pH 6.6, 30°C

K, Bowe 107 X k /K,
Substrate (uM) (sY) (M's™h)
DAEEpYLVPQQG NeUgy_ssr 3.52 £ 0.72 71.0 = 2.3 2.02
DNLYpYWDQNSS NeUgye ss6 3.40 + 0.59 55.7 + 0.92 1.64
ENPEpYLGLDVPV Neug;y 563 6.77 + 0.79 85.6 + 0.96 1.26
EDNEpYTARE p56lE 10.1 + 1.6 74.8 + 1.0 0.740
TEPQpYQPGE PO, .., 6.16 = 0.20 789 + 0.17 1.28
AcRRLIEDAEpYAARG (RR-src) 8.60 £ 0.49 55.9 + 0.38 0.65

phorylated peptide) are very stable. Nonenzymatic hy-
drolysis of the substrates, i.e., the phosphotyrosine-
containing peptides, was undetectable under the assay
conditions. Furthermore, both Yop51* and PTP1U323
were stable under the assay conditions employed here.

One other cautionary note is the possible existence of
product inhibition. Inorganic phosphate is a competi-
tive inhibitor for both Yop51* and PTP1U323 with K;
values of 5.5 and 3.4 mM at pH 6.6 and 30°C, respec-
tively. Under the assay conditions used here the sub-
strate concentrations were much below 1 mM, and the
production of inorganic phosphate did not show any no-
ticeable effects on the progress curve. This was con-
firmed by the fact that progress curve analysis at two
different substrate concentrations gave identical re-
sults. This was also supported by independent initial
rate analyses which yielded identical kinetic parameters
when compared to the progress curve analysis under

T T T 7
270 280 280 300 310

Wavelength. nm

Absorbance

71 T T T 71 T T T T T T T 1

245 275 285
Wavelength, nm

FIG. 3. Ultraviolet absorption spectra of tyrosine phosphorylated
Neuge ss6- Spectra were taken at 25°C, in 50 mM 3,3-dimethylglutar-
ate, 1 mM EDTA, I = 0.15 M, pH 6.6, buffer. The peptide Neugg_ 56
concentration was 104 uM. Solid line, dephosphorylated peptide
Neu,, 556; dashed line, tyrosine phosphorylated peptide Neug,q sx6-
Inset, the difference spectrum of the tyrosine-dephosphorylated and
-phosphorylated Neug g gse-

identical conditions. In addition, the other product, the
dephosphorylated peptide, did not show any inhibition
at concentrations in the range of 0.6-1 mM. Similar ob-
servations have been made for the LAR-D1-catalyzed
hydrolysis of peptide substrates (9). These observations
demonstrate that the phosphotyrosyl residue is crucial
for phosphatase substrate recognition. Even for cases
where there is significant product inhibition, appro-
priate rate equations have been derived which incorpo-
rate the inhibition constants to allow adequate analysis
of the time course using the integrated equations
(21,22). One can also easily adopt the described spectro-
photometric and fluorimetric properties for initial rate
assays where the problem of product inhibition is mini-
mized.

There are two practical limitations pertinent to the
method described in this paper. The present assay is not
suitable for substrates with multiple tyrosine phosphor-
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FIG. 4. Initial rate analysis. A typical v vs [s] curve for the
Yop51*-catalyzed hydroiysis of Neu,,, 15 using inorganic phosphate
assay procedure. Reactions were conducted as described under Meth-
ods and data were obtained under conditions where <10% of the sub-
strates was converted to products to ensure initial rate requirements.
The theoretical curve (solid line) was generated by the Enzfitter pro-
gram (21) to the experimental data ((I) using the Michaelis—-Menten
equation.
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ylations, since only the gross change in absorbance or
fluorescence will be followed. However, HPLC (27) and
NMR (28) techniques have recently been applied to
these systems to monitor the dephosphorylation of indi-
vidual tyrosine residues. Another potential problem re-
sults from the fact that measurements are conducted at
a wavelength where proteins absorb and fluorescence.
Therefore, the present assay is not ideal for monitoring
low PTPase activity in crude extracts which give high
background signals. The assay is still applicable when
there is only moderate background absorbance, as was
demonstrated in the result for peptide Neugy 556
(DNLYpYWDQNSS) which has additional Trp and
Tyr residues in the peptide.

The absorption and fluorescence techniques de-
scribed above are complementary. The lower detection
limit of the inorganic phosphate colorimetric determina-
tion is in the nmols range (29,30). Under initial rate
conditions where less than 5% of substrate is consumed,
the lowest amount of substrate one should use is 20
nmol, which translates into 40 uM in 0.5 ml reaction
mixture. Therefore, only K,, values in the magnitude of
at least 100 uM can be reliably determined using the
inorganic phosphate assay procedure. In our continuous
spectrophotometric assay, peptide substrates with K,
values from uM to mM can be routinely determined, so
that the present spectrophotometric assay is not only
more convenient but also as sensitive as the widely used
inorganic phosphate assay. In cases where the K,, value
is below 1 uM, the fluorescence technique is more appro-
priate. Under these conditions the “inner filter” effect
due to the inherent absorption of the peptides is insignif-
icant, and fluorescence techniques are usually much
more sensitive than absorption.

As has been suggested by Zhao et al. (12), one can
theoretically take advantage of the described properties
of tyrosine absorbance and fluorescence upon phos-
phorylation to follow the protein tyrosine kinase-cata-
lyzed phosphorylation reaction where the decrease in
absorbance or fluorescence on tyrosine residue is moni-
tored. The methodology described here could be easily
adapted in this regard. Although the physiological sub-
strates of tyrosine kinases and PTPases await identifi-
cation, in vitro studies employing artificial substrates
and synthetic peptides have proven useful in the charac-
terization of protein kinases. It has been shown from
model peptide studies that the amino acid sequence of
the substrate plays a crucial role in selection of phos-
phorylation sites for protein kinases and “consensus se-
quences” have been elucidated for different classes of
protein kinases (31). Yop51* shows substantial discrimi-
nation in molecular recognition of phosphotyrosyl con-
taining peptides even in the context of nona- to dodeca-
peptides. The reason that PTP1U323 does not display
much selectivity against the same set of peptides is un-

clear. However the mammalian phosphatase is localized
on the ER (32,33), and the intracellular localization of
the PTPase may play an important role in dictating its
specificity. While much progress has been made in the
identification and characterization of PTPases, limited
information is available about their mechanism of ac-
tion or substrate specificity. A complete understanding
of the kinetic and chemical mechanisms of PTPase-ca-
talyzed dephosphorylation reactions and the require-
ments of a consensus peptide sequence for substrate
recognition will be invaluable. The continuous assay
systems described in this paper should facilitate such
investigations.
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