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Characterization of the phosphatase from spinach thylakoids'
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Abstract. The protein kinase activity of spinach thylakoid membrane has been identified and widely
studied. However, its reverse reactlon catalyzed by the protein phosphatase, still requires more detailed
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phothreonine and p-nitrophenol phosphate. The thylakoid phosphatase activity was light-independent
but NaF sensitive. The optimal pH values of 6.5, 6.5 and 8.0, were observed for these three exogenous
substrates, respectively. The thylakoid phosphatase was slightly stimulated by low concentrations of
Mg?*, Mn?* and Ca?*, but inhibited to different degrees at higher concentrations. Tartaric acid and
vanadate were found to be inhibitory to the enzymatic activity of thylakoid phosphatase. Sulfhydryl-
directed reagent, N-phenylmaleimide, only inhibited 20% of the phosphatase activity, while N-ethyl-
maleimide exerted no inhibitory effect. The phosphatase is more sensitive to dicyclohexylcarbodiimide
than its hydrophilic derivative 1-ethy1-3-(3-dimethylaminopropyl) carbodiimide. The Ky and Viay val-
ues of the thylakoid phosphatase under different conditions were determined. The functional size of 54~
61 kD was obtained by radiation inactivation.
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tein phosphatase is supposed to play a role in dephos-
phorylation of thylakoid membrane proteins (Bennett,
1980b). Recently, the thylakoid protein phosphatase has
been shown to be a peripheral rather than an integral
membrane protein (Sun ef al, 1989). It was also
revealed that there exists a NaF-sensitive protein
phosphatase activity on thylakoid membrane (Guitton
and Mach, 1987). Sun and Markwell demonstrated that
the thylakoid protein phosphatase does not belong to
types 1 or 2A protein phosphatases of mammals (Sun
and Markwell, 1992). Furthermore, Kieleczawa et al.,
claimed successful isolation of an alkaline phosphatase
from pea thylakoids (Kieleczawa et al, 1992). How-
ever, properties, identity, function and structure of
thylakoid protein phosphatase still require more inten-
sive studies.

In this paper, we demonstrate that the thylakoid
contains a phosphatase which dephosphorylates phos-
phoserine, phosphothreonine, p-nitrophenol phosphate
and phospho-histone V-S. The characterization of the
thylakoid phosphatase was investigated. We also deter-
mined the functional size of the thylakoid phosphatase
by radiation inactivation.

Materials and Methods

Preparation of Thylakoid Membrane

Fresh spinach leaves (Spinacia oleracea 1.), 100 g,
were deveined and ground for 15720 sec in 250 ml
Buffer I containing 0.3 M sucrose, 30 mM Tris-HCI
(pH 7.8), 10 mM NaCl, 3 mM MgCl,, and 0.5 mM
EDTA. The homogenate was filtered through 4 layers
of cheesecloth. The filtrate was subjected to
centrifugation at 11,000 xg for 15 min and the pellet
was resuspended in Buffer I. The resuspended solution
was centrifuged at 500 xg for 3 min. The pellet was dis-
carded and the supernatant was centrifuged again at
2,300 xg for 5 min. The pellet was resuspended in Buffer
IT consisting of 0.2 M sucrose, 20 mM Tris- HCl (pH
7.6), 10 mM NaCl, and 5 mM MgCl,. After washing
~ twice with Buffer II at 13,300 xg for 1 min, thylakoid
membranes were redissolved in a medium containing
equal amount of Buffer II and storage buffer which
consisted of 109 glycerol, 10 mM NaCl, and 25 mM
Tris-HCI (pH 7.5).

Activity Assay and Protein Determination
The phosphatase activity of thylakoid membrane
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was assayed at 30°C for 15 min, or for the time period
indicated. The reaction mixture contained 50 mM Tris
-Mes, 0.1 M sorbitol, and 1 mM MgCl,, thylakoid mem-
brane (400 xg Chl/ml), and substrates. The concentra-
tions of the substrates were 8 mM phosphothreonine
and phosphoserine, and 10 mM p-nitrophenol phos-
phate, respectively. The pH of the reaction medium
was adjusted to optimal values for individual sub-
strates as indicated. Pi release, using phosphothreonine
and phosphoserine as substrates, was measured as de-
scribed by LeBel et al. (LeBel et al., 1978). The phos-
phatase activity using p-nitrophenol phosphate as sub-
strate was determined spectrophotometrically as the
rate of absorbance decrease at 405 nm with extinction
coefficient of 18,300 mM~' « cm~".

The Chl concentration of isolated chloroplasts was
measured using the equations developed by Arnon
(Arnon, 1949). Protein concentration was determined
according to the modified method of Lowry (Larson et
al., 1986).

Irvadiation Procedure and Calculation of Functional
Size

Irradiation was performed with a ®°Co irradiator
(71000 Ci) at our institute. The dose rate was 1.14 -+ 0.08
Mrad/h which was determined by the method of Hart
and Fricke (Hart and Fricke, 1967) using Fe?*/Fe3* or
Ce**/Ce**~ couple. Thylakoid membranes (I mg/ml)
were irradiated at -18 to -25°C maintained by a cryoth-
ermostat. Control samples were run concurrently under
the same condition but without irradiation.

Molecular mass (functional size) was calculated
from the equation of Beauregard and Potier (Beaur-
egard and Potier, 1985):

log m = 5.89 - log Ds,,t -0.0028t

where m is the functional size in daltons, Ds;, is the
dose of radiation in megarads required to reduce the
activity to 37% of that found in the unexposed control
at temperature t (°C).

Chemicals

Phosphoserine, phosphothreonine, and p-nitro-
phenol phosphate, were purchased from Sigma. All
chemicals were of highest analytic grade and used
without further purification.
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Results

Time Course of the Thylakoid Phosphatase

The time-course for the thylakoid phosphatase
using phosphothreonine (PT), phosphoserine (PS), and p-
nitrophenol phosphate (PNPP) as substrates are shown
in Figure 1. The release of Pi from the exogenous sub-
strates increased gradually as the incubation time pro-
longed. The reaction rates of phosphatase using differ-
ent substrates are linear within 50 min. The specific
activities for the substrate PT, PS and PNPP were
thus calculated as approximately 9.6, 6.0, and 12.0 gmol
Pi released/mg Chl. h, respectively. As reported, the
protein kinase activity could be activated by light (Ben-
nett, 1979). However, we demonstrated that the phos-
phatase activity was not stimulated by illumination in-
dicating the absence of light regulation (data not
shown). Among the substrates scrutinized, p-nitro-
phenol phosphate (PNPP) was more effective than
phosphothreonine (PT) and phosphoserine (PS) for the
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Fig. 1. Time course of thylakoid phosphatase activity. Reaction
conditions were as described under “Materials and
Methods”. (-4-), phosphothreonine; (- A-), phosphoser-
ine; (- ®-), p-nitrophenol phosphate.
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phosphatase reaction. However, PT was preferentially
used as substrate in this study except where otherwise
indicated.

pH Profile of Thylakoid Phosphatase

The pH profile for phosphatase was observed (Fig.
2). For phosphatase using PT and PS as substrates, the
optimal pH values were around 6.5 while that for
PNPP was obtained at 8.0. It is possible that the thyla-
koid phosphatase has a broad pH specificity for vari-
ous substrates. Whether the thylakoid contains differ-
ent, distinct enzyme complexes for phosphatase reac-
tions still requires further investigation.

Effects of Ions on Thylakoid Phosphatase

Fig. 3 showed the concentration curves of Mg**
and Mn?* for the thylakoid phosphatase. At lower con-
centrations (< 2 mM) of Mg?* and Mn?*, the phosphat-
se activities was slightly stimulated. However, as the
concentrations of Mg?* and Mn?* increased, the phos-
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Fig. 2. pH profile of thylakoid phosphatase activity. Reaction
conditions were as described under “Materials and
Methods”. The pH was maintained by 50 mM Tris-Mes.
(-¢-), PT; (-a-), PS; (-e-),PNPP.
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centration (1 mM), divalent cations had little effects on
the phosphatase activity. It is obvious that phosphatase
may not require exogenous divalent cations for its en-
zymatic activity. However, we can not exclude the pos-
sibility that the tightly bound cations are still essential
to the activity of the enzyme. Nevertheless, at higher
concentration (10 mM), the phosphatase activities were
severely inhibited by most divalent cations scrutinized,
except Mg?* and Mn?*.

The enzymatic activity of thylakoid phosphatase
is sensitive to vanadate, tartrate, and F~ (Fig. 4). The
I, values of 15, 2.5 25 mM were obtained for
vanadate, tartaric acid and NaF, respectively. The
inhibition effect by vanadate and tartaric acid was dra-
matically higher than that of NaF. Table 2 further lists
the effects of other monovalent ions on the phos-
phatase activity of the thylakoid. At lower concentra-
tion (10 mM), most monovalent ions except Li* and F-,
do not show any significant effects on phosphatase
activity. However, phosphatase activity could be inhib-
ited at higher concentrations (100 mM) of monovalent
ions by at least 207409%.

Effects of Inhibitors on Thylakoid Phosphatase

Several specific site-directed inhibitors were used
to investigate their effects on thylakoid phosphatase.
NBD-C1 exerted little inhibition on thylakoid phos-
phatase. Further, it is shown that the sulfhydryl modi-
fier NPM displayed approximately 209 inhibition
while its derivative NEM had little effect on the phos-
phatase activity (Table 3). It is possible that the active

Table 3. Effects of inhibitors on thylakoid phosphatase
activity

Reaction conditions were as described in “Materials and
Methods” . Thylakoid membranes were preincubated with
inhibitors for 60 min at 30°C. The concentrations of the in-

hibitors are indicated in parentheses.

Relative Activity

Specific activity

Inhibitor -
pmol Pi released

(mM) mg Chl. h %
None (0.0) 10.40 100
NEM 0.5) 10.32 98
NPM (1.0) 4.20 80
DCCD (0.2) 6.24 62
EDC (5.0 8.82 84
NBD-C1 (1.0 8.82 84
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Fig 5. Radiation inactivation of thylakoid phosphatase activ-
ity. Irradiation of samples and reaction conditions were
as described under “Materials and methods”. All data
points are means of 4 assays with lines fitted by regres-
sion analysis (r > 0.98). The intersections of regression
lines at 37 % control activity give the D, dose values.
The functional size was calculated using the Beauregard
and Potier equation (Beauregard and Potier, 1985). (-¢
-), PT; (-a-), PS; (-e-), PNPP.

site of phosphatase may not contain essential sulfhy-
dryl groups. However, the phosphatase activity was
decreased by 50% in the presence of 0.2 mM DCCD.
Interestingly, the hydrophilic derivative of car-
bodiimide, EDC, is slightly inhibitory to phosphatase.
The active site may be embedded on the hydrophobic
domain of membrane preventing access by the more
hydrophilic derivative, EDC.

Kinetic Studies of Thylakoid Phosphatase

The kinetic parameters of thylakoid phosphatase
activity are tabulated in Table 4. Apparently, the Kq
and V.« values are very similar for phosphatase activ-
ity using PT and PS as substrates. On the other hand,
the Vmax was higher and K, lower for phosphatase
activity using PNPP, indicating that PNPP is a better



. e & i
| I

180

Table 4. Kinetic parameters of thylakoid phosphatase activity
Reaction conditions were as described under “Materials
and Methods”. The Ve and K, values were obtained by
Lineweaver-Burke plots. The concentrations of Mg?* and
Mn?* were 1 mM, while that of F~ was 25mM

Substrate

Addition
PS PNPP
v Control 3.17 2.71 5.00
(m:;OI Pi released) Mg®™ 5.50 5.50 6.37
r: Chi h Mn2*  6.82 6.70 7.57
g LAl F- 2.87 2.6l  2.00
Control .5.53 5.15  4.73
Kn Mg?* 10.28 11.43  5.53

(mM) Mn?* 14.46 15.10 1.78
' F- 757 7.12 2.99

substrate than PT and PS.

Radiation Inactivation Amnalysis of Thylakoid Phos-
phatase

When thylakoid membranes were exposed to high
energy y-ray irradiation, the phosphatase activities
were reduced with increasing radiation dosage. The
activity decayed as a simple exponential function of
dosage, allowing a straight-forward application of tar-
get theory for determination of the functional size
involved in phosphatase activity (Fig. 5). The D;, val-
ues for inactivation of phosphatase activity using PT,
PS and PNPP are 16.2 + 1.5,14.1 + 1.5and 14.3 + 1.5
Mrads, respectively. These gave the functional sizes of
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that phospho-amino acids such as PT, and PS, and
PNPP could mimic the phosphoprotein as substrates
for thylakoid phosphatase. The dephosphorylation
catalyzed by the thylakoid phosphatase is summarized
as follows:

. . Mg?* . . .
Phospho-amino acid+ H,0 ————>amino acid+ Pi
phosphatasé

The characteristics of the dephosphorylation using
phosphoamino acids and PNPP by thylakoid phos-
phatase are in a good agreement with that using phos-
phoproteins as reported by other workers (Bennett,
1980b; Sun et al., 1989) in several aspects: [1] the pH
optimum value is approximately 6.5; [2]the phosphatase
could be stimulated by Mg?*, Mn?*, and Ca?*, whereas
Cu®*, Zn?* inhibit the enzymatic activity; [3] the
enzyme is sensitive to a common plant phosphatase in-
hibitor, NaF, but not to NaCl; [4] the enzyme is light-
independent (data not shown); [5] the enzyme is
inhibited by Triton X-100 (data not shown). The results
strongly indicated that phosphatase activities using
PT, PS and PNPP as substrates were carried out by
the same enzyme described by Bennett and Sun ef al
(Bennett, 1980b; Sun et al., 1989).

It has been shown that the thylakoid surface
showed a pl of 4.3 and would be negatively charged at
physiological pH (Barber, 1982). The negative charges
on the thylakoid surface will result in different ionic
composition in the proximity of the membrane from
that of the bulk solution. However, evidence revealed
that the protein phosphatase contains a net positive
charge (Sun ef al., 1989), attributing to the inhibition by
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kD, respectively. The similarity in functional size of
thylakoid phosphatase suggests that these substrates
were probably all hydrolyzed by the identical phos-
phatase.

fore affect protein dephosphorylation by altering the
local charges of thylakoid membrane. Recently, Michel
et al. (Michel et al., 1987) reported an optimum pH of 9.0
for thylakoid protein dephosphorylation, whereas in
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