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ABSTRACT

Phosphorylation of polypeptides in membrane fractions from
barley (Hordeum vulgare L. cv CM 72) roots was compared in in
vitro and in vivo assays to assess the potential role of protein
kinases in modification of membrane transport. Membrane frac-
tions enriched in endoplasmic reticulum, tonoplast, and plasma
membrane were isolated using sucrose gradients and the mem-
brane polypeptides separated using sodium dodecyl sulfate poly-
acrylamide gel electrophoresis. When the membrane fractions
were incubated with y-[32P]ATP, phosphorylation occurred almost
exclusively in the plasma membrane fraction. Phosphorylation of
a band at 38 kilodaltons increased as the concentration of Mg2+
was decreased from millimolar to micromolar levels. Phosphoryl-
ation of bands at 125, 86, 58, 46, and 28 kilodaltons required
millimolar Mg2+ concentrations and was greatly enhanced by
Ca2+. When roots of intact plants were labeled with [32P]ortho-
phosphate, polypeptides at approximately 135, 116, 90, 46 to 53,
32, 28, and 19 kilodaltons were labeled in the plasma membrane
fraction and polypeptides at approximately 73, 66, and 48 kilo-
daltons were labeled in the tonoplast fraction. Treatment of the
roots of intact plants with 150 millimolar NaCI resulted in in-
creased phosphorylation of some polypeptides while treatment
with 100 mm NaCI had no effect.

Protein kinase activities are found in plasma membrane
fractions from various plant tissues (1-4, 15, 21, 26-29).
Although most studies ofplant protein kinases have examined
activities in purified plasma membrane fractions, a few studies
indicate that kinase activity is also present in the tonoplast (2,
22, 24, 26, 27, 30, 3 1). Ion transport activities ofboth plasma
membrane and tonoplast fractions from barley roots have
been examined in detail (8-11, 13, 14). Because the assays for
ion transport activity involve the addition of ATP to mem-
brane fractions, it seemed likely that transport activities might
be modulated by in vitro phosphorylation of the membrane
proteins. For example, proton transport across the tonoplast
and plasma membrane is differentially altered by including
calcium in the proton transport assay (9); one explanation
might be that addition of calcium stimulates a protein kinase
in either membrane. Also, there are potential roles for in vivo

'Funded by Binational Agricultural Research Development Fund
grant I-1075-86.

modification of membrane proteins by protein kinases. For
example, a sodium/proton antiporter was rapidly activated
by exposing barley roots to NaCl (14).
To assess the potential role of protein kinases in regulation

of ion transport in the isolated membranes, a detailed char-
acterization of protein phosphorylation was carried out. For
in vitro assays, ATP was added to isolated membrane fractions
and the phosphorylation of endogenous membrane proteins
was examined. The proteins phosphorylated in vitro were
compared with those phosphorylated in vivo. When a kinase
is isolated along with the membrane, the in vitro assays make
it possible to manipulate the phosphorylation conditions. For
example, evidence that a kinase is activated by Ca2" are easily
obtained in vitro. The in vivo assay indicates which proteins
are actually phosphorylated under physiological conditions
and may detect the activity of soluble kinases that act on
membrane proteins but are lost during isolation of the mem-
branes. Isolation of membrane fractions before in vitro phos-
phorylation or after in vivo phosphorylation indicates the
cellular location of the membrane-bound kinases and protein
substrates and may facilitate their subsequent purification and
identification.

In the work reported in this paper, barley root membrane
proteins have been phosphorylated both in vitro and in vivo
in order to examine which polypeptides are phosphorylated,
their membrane location, and the conditions required for
phosphorylation. The emphasis is on phosphorylation of en-
dogenous substrates because of their potential role as mem-
brane transport proteins.

MATERIALS AND METHODS

Plant Material

Seedlings of a salt-tolerant cv of barley (see ref. 16), Hor-
deum vulgare L. cv CM 72 (N. F. Davis Drier and Elevator,
Inc. Firebaugh, CA), were grown above an aerated nutrient
solution (12) at 22C and 100% humidity for 6 to 7 d in
darkness. The pH of the nutrient solution was maintained at
5.6 by daily addition of Ca(OH)2.

Membrane Preparation

Membrane fractions enriched in ER, tonoplast, and plasma
membrane were isolated as described previously (1 1). The
protein composition, lipid composition, activities of marker
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enzymes, ATPase activities, and ion transport activities of
these fractions have been described in detail (6, 8-11, 13, 14,
19). The sample/22% (ER-enriched), 22/30% (tonoplast-en-
riched), and 34/40% (plasma membrane-enriched) interfaces
were collected from a sucrose step gradient. The membranes
were diluted 5- to 10-fold with buffer consisting of 250 mM
sorbitol, 1 mM DTT, and 5 mm Mes adjusted to pH 7.0 with
Tris, and centrifuged at I00,OOOg for 35 min. The pellets were
suspended in a buffer consisting of 250 mM sorbitol, 1 mM
DTT, 0.25 mm EGTA, and 25 mm Mes adjusted to pH 7.0
with Tris. Aliquots of the membranes were frozen at -70°C
for up to 3 months. Protein was measured by the method of
Bradford (5) using the Bio-Rad2 dye-binding assay with bovine
gamma globulin as the standard.

in Vitro Phosphorylation for One-Dimensional PAGE

Phosphorylation was carried out at a protein concentration
of 1.3 mg/mL in 50,uL of buffer containing 250 mm sorbitol,
1 mm DTT, 0.25 mm EGTA, and 25 mM Mes adjusted to pH
7.0 with Tris, plus MgC12 at the concentrations indicated in
the text. For phosphorylation in the presence of Ca2 , 0.35
mM CaCl2 was added, resulting in a calculated free Ca2+
concentration of 90 gM. The concentration of free Ca2+ was
calculated with a computer program, using the association
constants for CaEGTA2, MgEGTA2, CaMes, etc., as de-
scribed in Bush et al. (7). Phosphorylation was initiated by
the addition of approximately 12.0 kBq of y-[32P]ATP (spe-
cific activity 111 TBq/mmol; New England Nuclear). Follow-
ing incubation for 10 min at room temperature, the reaction
was stopped by the addition of an equal volume of sample
buffer containing 5% SDS, 40% glycerol, 8.8 M urea, 3.5%
mercaptoethanol, 2 mm EDTA, and 90 mM Tris-HCl, pH 8.5.
Samples were stored at -70°C until analyzed by PAGE.
Protein loaded per lane was 20 to 23 gg.
For pulse-chase experiments, the reaction volume was in-

creased to 150 ,L. Unlabeled Tris-ATP (Sigma) was added to
a final concentration of 2 mm and 25 gL aliquots taken at
0.5, 1, 2, and 5 min.

pH Dependence of Phosphorylation

Plasma membrane was suspended in buffer consisting of
250 mm sorbitol, 1 mm DTT, 0.25 mM EGTA, and 5 mM
Mes adjusted to pH 7.0 with Tris. The membranes were
diluted approximately three-fold into buffer consisting of 250
mM sorbitol, 1 mM DTT, 0.25 mM EGTA, and 50 mM Mes
adjusted with Tris to pH 5.3, 5.8, 6.2, 6.7, 7.2, or 7.7. The
addition of the membranes did not cause major changes in
the pH of the 50 mM Mes/Tris buffer. Because the assay
includes excess Ca2+ compared to EGTA, the change in pH
from 5.3 to 7.7 resulted in a less than 1% change in the
concentration of free Ca2' as calculated by the method of
Bush et al. (7). Phosphorylation experiments were performed
as described above except that the ATP used was from
Amersham Corp.

2 Mention of a specific product name by the U.S. Department of
Agriculture does not constitute an endorsement and does not imply
a recommendation over other suitable products.

In Vivo Phosphorylation

Twenty-one seedlings were placed in scintillation vials
(three to four plants/vial) with 4 mL of nutrient medium and
1110 to 1850 kBq of 32Pi (Amersham) per vial and incubated
overnight on a shaker. Roots were rinsed in three successive
beakers of 25 mm K-phosphate (pH 6.8), excised, and tono-
plast and plasma membrane fractions isolated as in Hurkman
et al. (19). Membranes were washed in buffer consisting of
250 mM sorbitol, 1 mM DTT, 5 mM Mes adjusted to pH 7.0
with Tris, and 150 ,M PMSF. The pellet was resuspended in
0.7 M sucrose, 0.5 M Tris, 30 mM HCI, 50 mM EDTA, 0.1 M
KCI, 2% (v/v) mercaptoethanol (pH 9.0). The proteins were
extracted with phenol and precipitated as described in Hurk-
man and Tanaka (17), then dissolved in the same SDS buffer
used for the in vitro samples. The total tonoplast or plasma
membrane protein obtained from the 21 plants was loaded in
one lane.
For some experiments, four to six seedlings were removed

from the nutrient solution after labeling and immediately
frozen in liquid nitrogen. The roots were broken off and
microsomes were isolated but not separated into tonoplast
and plasma membrane fractions. Potassium fluoride (50 mM)
was added to the usual grinding buffer. The microsomes were
extracted with phenol as described in Hurkman and Tanaka
(17). In addition, protein was precipitated from an aliquot of
postmicrosomal supematant by adding a 5x volume of 0.1 M
ammonium acetate in methanol. The supernatant protein
was treated with 1 to 2 units of RNase A and RNase Tl for
10 min at 37°C before addition of the same SDS buffer used
for the in vitro samples.

One-Dimensional PAGE

SDS-PAGE was done according to the method of Laemmli
(23). The polyacrylamide gels were 1.5 mm thick and con-
sisted of a 12% separating gel and a 4% stacking gel. Samples
were heated at approximately 80°C for 2 to 3 min before
loading. Prestained mol wt standards (below) were run on
each gel. The region of the gel ahead of the dye front, which
contained the excess y-[32P]ATP, was discarded following
electrophoresis. The gel was dried (Bio-Rad model 224 gel
drier) and autoradiographs made using Kodak XAR-5 film
with an intensifying screen (Du Pont Cronex Lightening Plus).
Films were exposed at -70°C for 16 to 72 h.
Apparent molecular masses ofphosphorylated polypeptides

were calculated based on the mobilities of protein standards.
A set of prestained proteins (Sigma) was used as standards: a-
macroglobulin, 180 kD; 1l-galactosidase, 116 kD; fructose-6-
phosphatase, 84 kD; pyruvate kinase, 58.0 kD; fumarase, 48.5
kD; lactic dehydrogenase, 36.5 kD; and triosephosphate iso-
merase, 26.6 kD. A set of standards (Sigma) that was not
prestained was also run and then stained with Coomassie blue
and compared with the prestained standards. This set of
standards contained tl-galactosidase, 116 kD; phosphorylase
B, 97.4 kD; BSA, 66 kD; ovalbumin, 45 kD; lactate dehydro-
genase, 36.2 kD; carbonic anhydrase, 29 kD; trypsin inhibitor,
20.1 kD; lactoglobulin, 18.4 kD; and lysozyme, 14.3 kD. The
58, 48.5, and 26.6 kDa prestained standards had lower mo-
bilities than unstained standards of similar molecular mass.

1220 GARBARINO ET AL.



PHOSPHORYLATION OF MEMBRANE POLYPEPTIDES OF BARLEY ROOTS

Following autoradiography, some gels (see Fig. 1A) were
rehydrated, by immersing the filter paper-backed dried gel in
water, and then silver-stained as described in Hurkman and
Tanaka (17).

Two-Dimensional PAGE

For analysis by two-dimensional PAGE, proteins were
phosphorylated in vitro as described for one-dimensional gels
except that the sample volume was 200 ,L and approximately
200 kBq r-[32P]ATP was used. After 10 min, 200 ,L ofbuffer
containing 1.4 M sucrose, 1.0 M Tris, 60 mm HCl, 0.1 M
EDTA, 0.2 M KCI, and 4% mercaptoethanol at pH 9.0 was
added, followed by 400 ML ofwater-saturated phenol. Proteins
were prepared for IEF3 by the phenol-partitioning method
exactly as described by Hurkman and Tanaka (17). Two-
dimensional PAGE was done according to O'Farrell (25) with
the modifications of Hurkman and Tanaka (17). The first-
dimension IEF gels contained pH 3.5 to 10 and pH 5 to 7
(1:4, v/v) carrier ampholytes. Samples containing approxi-
mately 30,000 to 70,000 cpm were loaded on the acidic side
of the IEF gels. The polypeptides in the IEF gels and a lane
of prestained mol wt standards were separated on second-
dimension SDS gels containing 10% polyacrylamide. The
polypeptides were blotted to Immobilon P (Millipore) as
described by Hurkman and Tanaka (18) and autoradiographs
were made.

RESULTS

Comparison of in Vitro Protein Kinase Activities in
Membrane Fractions from Barley Roots

Membrane fractions enriched in ER, tonoplast, or plasma
membrane were labeled with y-[32P]ATP in the presence of 5
mM Mg2' and either the Ca2+ chelator, EGTA (Fig. 1B), or
EGTA plus 90 ,M excess Ca2` (Fig. IC). A silver-stained SDS
gel (Fig. 1A) illustrates the many polypeptides present in each
of the membrane fractions. However, relatively few polypep-
tides were phosphorylated and these were found almost exclu-
sively in the plasma membrane fraction (lane 3, Fig. 1, B and
C). The faint phosphorylated bands observed in the tonoplast
fraction had the same mol wt as those in the plasma mem-
brane fraction and were probably the consequence of slight
contamination of the tonoplast fraction with plasma mem-
brane. Little or no phosphorylation was observed in the ER
fraction (lane 1, Fig. 1, B and C). The phosphorylation of
polypeptides with molecular masses of 125, 86, 58, 46, and
28 kD in the plasma membrane fraction was greatly enhanced
by added Ca2" (lane 3, Fig. IC). In contrast, phosphorylation
of polypeptides with molecular masses of 38 and 17.5 kD
did not increase with added Ca2+ (compare lane 3, Fig. 1, B
and C).

Effect of Mg2 on Protein Kinase Activity in Vitro

Preliminary results indicated that phosphorylation of some
polypeptides changed greatly when the concentration ofMg2"

3Abbreviations: IEF, isoelectric focusing; pl, isoelectric point.
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Figure 1. In vitro phosphorylation of polypeptides in ER, tonoplast,
and plasma membrane fractions from barley roots in the presence of
5 mM Mg2+. A, Silver-stained gel. B, Autoradiograph of polypeptides
phosphorylated in the presence of 0.25 mm EGTA. C, Autoradiograph
of polypeptides phosphorylated in the presence of EGTA plus 90 'M
free Ca2+. Lane 1, ER; lane 2, tonoplast; lane 3, plasma membrane.
B and C were from the same SDS gel. A was a similar gel that was
silver-stained to illustrate the number of polypeptides present in the
ER and tonoplast fractions. Mol wt markers are shown for silver-
stained gel only.

was varied. Therefore, the effect of Mg2` concentration on
phosphorylation of the membrane polypeptides was tested
(Figs. 2, 3). Although only micromolar amounts ofATP were
present, millimolar concentrations of Mg2e were required for
the Ca2+-stimulated phosphorylation ofthe plasma membrane
polypeptides (Fig. 2). As the concentration ofadded Mg2+ was
reduced from 5 mm to 20 ,uM, the Ca2+-stimulated phos-
phorylation of the polypeptides decreased. In contrast, phos-
phorylation of polypeptides at 38 and 17.5 kD, which did not
require Ca2 , greatly increased as the Mg2+ concentration was
reduced. This reduction in Mg2+ concentration resulted in a
less than 1% change in the free Ca2+ concentration. To test
whether phosphorylation of polypeptides in the ER and ton-
oplast might become visible at low Mg7' concentration, ER,
tonoplast, and plasma membrane fractions were phosphoryl-
ated in the presence of 20 gM Mg2` either with (Fig. 3A) or
without (Fig. 3B) Ca2+. As in Figure 2, there was intense
labeling of a 38 kD band in the plasma membrane fraction,
with some labeling of a 17.5 kD band. However, there was
still no phosphorylation of polypeptides unique to the ER or
tonoplast. Faint labeling of a 38 kD band in the tonoplast
and ER fractions was probably a consequence of slight con-
tamination with plasma membrane. A 17.5 kD band was
phosphorylated in the ER (compare Fig. 1 B, lane 1 and Fig.
3B, lane 1), but the intensity of this band varied between
experiments.

Effect of Ca2+ Concentration on Phosphorylation in Vitro

Phosphorylation of plasma membrane polypeptides was
measured in the presence of 5 mM Mg2+ (Fig. 4A) with 250
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Figure 2. Effect of Mg2+ concentration on in vitro phosphorylation of
plasma membrane polypeptides of barley roots. Autoradiograph of
plasma membrane polypeptides phosphorylated in the presence of
EGTA plus 90 AM free Ca2+ and the indicated concentrations of Mg2+.

AM EGTA (lane 1), no additions (lane 2), or EGTA plus 90
Mm excess Ca2` (lane 3). Without any added EGTA or Ca2:
(lane 2), the Ca2" concentration in the reaction was estimated
at 3 to 5 ,uM (10). This amount of Ca2+ was already present in
the water and reagents used to prepare the assay mix (10). At
this lower Ca2+ concentration, phosphorylated bands were
observed in the same poNsitions as in the sample phosphoryl-
ated in the presence of 90 AM excess Ca2+. The intensity of
most of the bands was similar at the two Ca2+ concentrations,
indicating that stimulation by Ca2+ was saturated by 3 to 5
Mm Ca2+. However, phosphorylation ofthe 38 kD polypeptide
was somewhat greater with 90 uM Ca2+.

In the absence of any added Mg2+ (Fig. 4B), increasing the
Ca2+ concentration from zero to 90 Mm decreased the labeling
of the 38 kD polypeptide (Fig. 4B). This was similar to the
results in Figure 3, where the 38 kD polypeptide was most
heavily phosphorylated at the lowest Mg2+ and Ca2+
concentration.

Effect of pH on Phosphorylation of Plasma Membrane
Polypeptides in Vitro

The effect of pH on phosphorylation of barley plasma
membrane polypeptides was tested (Fig. 5). The plasma mem-
brane fraction was incubated with y-[32P]ATP at various pH
values in the presence of 90 AM excess Ca2" and 5 mM Mg2 .
Phosphorylation of the majority of the polypeptides, such as
the 86 kD polypeptide, decreased as the pH was lowered from

7.7 to 5.3. Phosphorylation of the 38 kD and 17.5 kD poly-
peptides, however, increased as the pH was lowered.

Treatment of Plasma Membrane with a-[32P]ATP

Labeling of polypeptides in the plasma membrane fraction
was compared using ATP labeled at the a- or y-position to
test whether the intense labeling of the 38 kD band that
occurred with 20 uM Mg2+ was the result of tightly bound
ATP rather than phosphorylation (Fig. 6). When the mem-
branes were labeled in the presence of only 20 AM Mg2", there
was intense labeling of the 38 kD polypeptide with Y_[32p]
ATP (Fig. 6, lane 1) and very faint labeling with a-[32P]ATP
(Fig.6, lane 2), indicating that the labeling was predominantly
caused by phosphorylation with the y-phosphate. Similarly,
when the membranes were labeled in the presence of 5 mM
Mg2+, the labeling with a_-[32P]ATP (Fig. 6, lane 4) was much
fainter than that with y-[32P]ATP either in the presence (Fig.
6, lane 3) or absence (Fig. 6, lane 5) ofCa2+. The faint labeling
of the 38 kD polypeptide with a-[32P]ATP may be the result
of a small amount of ATP binding to the polypeptide. If the
labeling in lanes 2, 4, or 5 were caused by contaminating
amounts of y-[32P]ATP in the a-[32P]ATP, or by synthesis of
[-32P]ATP from the [a32-P]ATP then other polypeptides in
lane 4 should also have been labeled.

A B
1 2 3 1 2 3

38 *

17.5 '

Figure 3. In vitro phosphorylation of polypeptides in ER, tonoplast,
and plasma membrane fractions of barley roots in the presence of 20
MM Mg2+. A, Autoradiograph of polypeptides phosphorylated in the
presence of EGTA plus 90 gM free Ca2+. B, Autoradiograph of
polypeptides phosphorylated in the presence of 0.25 mm EGTA. Lane
1, ER; lane 2, tonoplast; lane 3, plasma membrane.
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Figure 4. Effect of Ca2+ concentration on in vitro phosphorylation of
plasma membrane polypeptides of barley roots. A, Autoradiograph
of plasma membrane polypeptides phosphorylated in the presence
of 5 mm MgCI2. B, Autoradiograph of plasma membrane polypeptides
phosphorylated in the absence of Mg2+. Lane 1, EGTA; lane 2, no

additions, free Ca2+ approximately 2 to 5 Mm; lane 3, EGTA plus 90
Mm free Ca2+.

Rate of Phosphate Tumover on the Polypeptides
Phosphorylated in Vitro

Net phosphorylation in 10 min may represent a balance
between protein kinase and phosphatase activities. To test for
phosphatase activity in the plasma membrane fraction, a

chase with unlabeled ATP was performed (Fig. 7). The plasma
membrane fraction was labeled with y-[32P]ATP in the pres-
ence of 5 mM Mg2' and EGTA plus 90 AM excess Ca2'. After
5 min of chase with the unlabeled ATP, the polypeptides
whose labeling was stimulated by Ca2+ showed little change.
The chase with cold ATP eliminated the labeling of the 38
kD polypeptide, however. The chase eliminated labeling of
17.5 kD and 69 kD polypeptides in 30 s, the earliest time
point sampled.

Two-Dimensional PAGE of in Vitro Labeled Plasma
Membrane

The relatively few bands in an SDS gel of the plasma
membrane fraction from barley roots can be resolved into
over 500 polypeptides in a two-dimensional gel (11, 19). To
determine the number ofunique polypeptides that were phos-
phorylated in vitro in the plasma membrane fraction, poly-

peptides were separated by two-dimensional PAGE following
phosphorylation in the presence of Ca2" and low (20 ,M) or
high (5 mM) concentrations ofMg2' (Fig. 8). When the plasma
membrane fraction was phosphorylated under low Mg2+ con-
ditions, only three polypeptides were detected by autoradiog-
raphy (Fig. 8A). Each of these polypeptides had a molecular
mass of 38 kD but had a different pl value. The polypeptide
that incorporated the most label had a pI of approximately
6.4, with two minor spots at more acidic pls. The 17.5 kD
polypeptide, which also phosphorylated at low Mg2' concen-
trations, (Fig. 1B) was not detected. When the plasma mem-
brane fraction was phosphorylated in the presence of a high
concentration of Mg2+, more than 20 phosphorylated poly-
peptides were detected by autoradiography (Fig. 8B). These
polypeptides had molecular masses that ranged from 18 to 86
kD and pI values from 4.7 to 7.3. The correspondence be-
tween phosphorylated polypeptides and silver-stained poly-
peptides is indicated by arrows on the silver-stained gel (Fig.
8C). Comparison of the autoradiographs of the SDS and two-
dimensional gels showed that some of the low mol wt phos-
phorylated polypeptides that were present in the two-dimen-
sional gels did not correspond to phosphoprotein bands pres-
ent in the SDS gels. In addition, the 17.5 kD and 125 kD
bands that were present in SDS gels did not appear in the
two-dimensional gels. This may be a consequence of differ-
ential solubilization of proteins by SDS compared with the

1 2 3 4 5 6

4'86

r_s -438

17.5

Figure 5. Effect of pH on in vitro phosphorylation of plasma mem-
brane polypeptides of barley roots. Plasma membrane was phos-
phorylated in the presence of EGTA plus 90umM Ca2+ and 5 mm~Mg2+
at the following pH values: lane 1, 5.3; lane 2, 5.8; lane 3, 6.2; lane
4, 6.7; lane 5, 7.2; lane 6, 7.7.
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1 2 3 4 5
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Figure 6. Comparison of in vitro phosphorylation of the plasma
membrane fraction of barley roots by ATP labeled at the y or a

position. Lanes 1 and 2, Iow Mg2+. Plasma membrane was labeled in
the presence of 20 AM Mg2+ and EGTA plus 90 AM free Ca2+ with y-

[32P]ATP (lane 1) or a-[32P]ATP (lane 2). Lanes 3 and 4, high Mg2+.
Plasma membrane was labeled in the presence of 5 mM Mg2+, EGTA
plus 90 MM free Ca2' and y-[32P]ATP (lane 3) or a-[32P]ATP (lane 4).
Lane 5, same as lane 3 but without Ca2+.

Nonidet P-40 used in the first-dimension isoelectric focus-
ing gels in the two-dimensional PAGE procedure. Also,
phosphorylated polypeptides that did not enter the iso-
electric focusing gel can be seen along the upper left side of
Figure 8B.

32, 28, and 19 kD. Phosphorylated bands specific to the
tonoplast fraction were observed at approximately 73, 66, and
48 kD (Fig. 9B).

Comparison of Plasma Membrane Polypeptides
Phosphorylated in Vivo and in Vitro

Phosphorylation of plasma membrane polypeptides in vivo
was compared with phosphorylation in vitro (Fig. 10). Bands
in the range 46 to 53 kD and at approximately 87 kD were
phosphorylated both in vitro and in vivo. A band at 28 kD
was heavily phosphorylated both in vivo and in vitro.

Effect of NaCI on Phosphorylation in Vivo

Barley plants were exposed to various salt treatments to test
whether salt-shock or continuous growth in NaCI altered
phosphorylation of any plasma membrane or tonoplast poly-
peptides. When membranes were obtained from salt-grown

Phosphorylation of Membrane Polypeptides in Vivo

To test for in vivo phosphorylation of tonoplast polypep-
tides, intact barley plants were labeled with 32Pi for 20 h and
plasma membrane and tonoplast fractions were isolated from
the roots. When membranes were solubilized directly in SDS,
a heavily phosphorylated band was observed at approximately
130 kD. When short exposures were used for the autoradi-
ographs, only the 130 kD band was observed, and if longer
exposures were used this band obscured a large portion of the
autoradiograph (data not shown). Upon phenol extraction,
however, the 130 kD band remained in the aqueous phase
while the majority of the phosphorylated plasma membrane
and tonoplast polypeptides partitioned into the phenol phase
(Fig. 9). The 130 kD band was most enriched in the tonoplast
fraction but was also observed in the plasma membrane
fraction (Fig. 9A). Many phosphorylated bands were observed
in the plasma membrane fraction, including bands at 135,
1 16, 90, 66, a diffuse band at approximately 49, and bands at

17.5 -

Figure 7. Pulse-chase analysis of phosphorylation of polypeptides in

the plasma membrane fraction of barley roots. The plasma membrane
fraction was phosphorylated in the presence of EGTA plus 90 4M

free Ca2+ and 5 mm Mg2+. After 10 min, an aliquot was removed and

mixed with sample buffer (lane 1). Unlabeled ATP (2 mM) was added

and aliquots removed at the following times: lane 2, 0.5 min; lane 3,
1 min; lane 4, 2 min; lane 5, 5 min.

1 2 3
_.

69 lb ..j i3

4 S
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I1
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Figure 9. In vivo phosphorylation of polypeptides in the plasma
membrane and tonoplast fractions from barley roots. The membranes
were extracted by phenol partitioning and the phosphorylated prod-
ucts in the phenol phase and the aqueous phase were compared. A,
Autoradiograph of phosphorylated polypeptides in the aqueous
phase, separated on a 12% acrylamide gel. B, Autoradiograph of
phosphorylated polypeptides in the phenol phase, separated on a
10% acrylamide gel. Lane 1, tonoplast; lane 2, plasma membrane.

or salt-shocked roots that had been treated with 100 mM
NaCI, no difference in the phosphorylation of any polypep-
tides was detected by the in vitro assay. For the in vivo assay,
roots were labeled with 32Pi for 20 h, then subjected to a 10
min salt shock with 100 or 150 mm NaCl. Exposure to 100
mM NaCl did not alter phosphorylation of any of the poly-
peptides in the microsomal pellet or postmicrosomal super-
natant (Fig. 1 1). However, a salt-shock with 150 mM NaCl
resulted in a large increase in phosphorylation of polypeptides
at approximately 17, 15, and 13 kD in the supernatant (Fig.
1 1). These polypeptides may also be present in the pellet, but
the low mol wt range is partially obscured by other compo-
nents, possibly lipids, in the autoradiograph ofthe microsomal
fraction.

DISCUSSION

Figure 8. Two-dimensional gels of plasma membrane polypeptides
of barley roots. A, Autoradiograph of blot showing polypeptides
phosphorylated in the presence of EGTA plus 90 gM free Ca2+ and
20 pM Mg2+. B, Autoradiograph of blot showing polypeptides phos-
phorylated in the presence of EGTA plus 90 ,M free Ca2+ and 5 mm
Mg2+. Large arrow indicates the polypeptide phosphorylated in A. C,

A comparison of the in vitro phosphorylation of polypep-
tides in three well-defined membrane fractions from barley
roots demonstrated that phosphorylation occurred in the

Silver-stained gel. Large arrow indicates the polypeptide phosphoryl-
ated in A; small arrows indicate the position of the phosphorylated
polypeptides in B.

pH
N4

A
116-

&

66-

45-
_e

29-

20-

IB
116-

66-

45-

-wIp

a"l

Mr

4

29-

20-

i

C
116-

66-

45-

*Pm,

29-

20-

.i'',..

I

a

* V AI

1 225

.4 32

-d 28



Plant Physiol. Vol. 95, 1991

1 2

.4 135
1 25 - -.4116
86' - * 90

58'- - 66

46 '- .449

38- w0.2

--U
28p0

F

1 7.5 4f-
4 19

Figure 10. Comparison of in vivo and in vitro phosphorylation of
plasma membrane polypeptides. Lane 1, autoradiograph of polypep-
tides phosphorylated in vitro in the presence of EGTA and 90 Mm free
Ca2+. Lane 2, autoradiograph of polypeptides that were phosphoryl-
ated in vivo.

plasma membrane fraction and not in the endomembrane
fractions. Such in vitro experiments only detect phosphoryl-
ation when both the kinase and substrate remain bound to
the membranes during isolation. The in vitro assays indicated
that one or more active protein kinases were isolated along
with the plasma membrane-enriched fraction but not with
the tonoplast-enriched fraction. Addition of ATP and Mg2e
is used for assays of ion transport, such as assays of proton
transport, sodium/proton exchange or calcium uptake into
membrane vesicles (8-11, 13, 14). Clearly, proteins in the
plasma membrane fraction from barley roots are being phos-
phorylated during the ion transport assays, whereas proteins
in the tonoplast fraction are not. Analysis of the effects of
Mg2+, pH, calmodulin, and Ca2' on ion transport in the
plasma membrane fraction from barley roots should take into
account the possible role of protein phosphorylation. When
plants were labeled in vivo with 32Pi, phosphorylated polypep-
tides were observed not only in the plasma membrane fraction
but also in the tonoplast fraction. The prior state of phos-
phorylation ofthe membrane proteins might affect the results
of ion transport assays with either membrane fraction.
The extent to which specific polypeptides in the plasma

membrane-enriched fraction were phosphorylated was very
different in vivo and in vitro. This suggests that the assay
conditions used in vitro were significantly different from those
experienced in vivo. For example, the lowest concentration of
Ca2" used for the in vitro assay was 2 to 5 ,M, whereas the
normal concentration of calcium in the cytoplasm is less than

1 gM (26, 27). It may also indicate that a different complement
of protein kinases and phosphatases acts on the plasma mem-
brane in vivo compared to those isolated along with the
membrane.
The in vitro assays indicated that one or more membrane-

bound protein kinase(s) in the plasma membrane fraction
was stimulated by Ca2+, required a high concentration of
Mg2+, and was not affected greatly by assay pH. However,
two polypeptides of 38 and 17.5 kD did not require Ca2+ for
phosphorylation in vitro and their phosphorylation increased
as the pH was lowered from 7.0 to 5.3. These two polypeptides
were most heavily phosphorylated in the presence of only
micromolar concentrations of Mg2", a phenomenon that we
have not seen reported previously. A pulse-chase experiment
showed that the phosphate on the 38 and 17.5 kD polypep-
tides turned over faster than on the other phosphorylated
polypeptides. The 38 and 17.5 kD polypeptides may be pro-
tein kinases which autophosphorylate at low Mg2+ concentra-
tion, but require high Mg2+ to discharge the phosphate or to
pass it on to other proteins. Alternatively, they may be rapidly
dephosphorylated by a selective phosphatase requiring a high
concentration of Mg2+. It is interesting that Blowers and
Trewavas (4) described a plasma membrane specific protein
kinase in pea with a molecular mass of 18 kD which auto-
phosphorylated and exhibited very rapid turnover. Klimczak
and Hind (20) purified a calcium stimulated protein kinase
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Figure 11. Effect of NaCI on in vivo phosphorylation of polypeptides
in the microsomal pellet and postmicrosomal supematant. Roots
were frozen in liquid nitrogen, then homogenized. A, Microsomes; B,
postmicrosomal supematant. Lane 1, control; lane 2, roots were

exposed to 100 mm NaCI for 10 min; lane 3, roots were exposed to
150 mM NaCI for 10 min.
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from barley leaves with a mol wt of 37 kD on activity gels.
Their data suggested that the same kinase was found in soluble
and membrane fractions. It is possible that the 38 kD protein
in the barley plasma membrane is related to or the same as
the protein kinase described by Klimczak and Hind. However,
the 38 kD protein is clearly associated with the root plasma
membrane.

Analysis of polypeptides phosphorylated in vitro in the
plasma membrane-enriched fraction revealed that only about
20 ofthe more than 500 polypeptides resolved in silver-stained
two-dimensional gels were phosphorylated. The majority of
the phosphorylated polypeptides corresponded to relatively
minor spots in a silver-stained two-dimensional gel of the
plasma membrane-enriched fraction. The most abundant
plasma membrane polypeptides were not phosphorylated. In
two-dimensional gels the 38 kD band was resolved into three
spots which may represent the same polypeptide labeled with
one, two, or three phosphates.
A Na+/H+ antiporter in tonoplast membranes is activated

by exposing roots to 100 mM NaCl for 10 to 30 min (14).
One mechanism for achieving a rapid, stable activation of a
membrane transport protein is phosphorylation by a soluble
or membrane-bound protein kinase. Therefore, we examined
whether growth in salt or a salt-shock had any effect on
phosphorylation of membrane proteins. Neither growth in
salt or a salt-shock treatment with 100 mm NaCl had any
effect on the phosphorylation of plasma membrane proteins
assayed in vitro or in vivo. The only significant effect of salt-
shock was a large enhancement of the phosphorylation of
polypeptides at approximately 17, 15, and 13 kD when roots
were exposed to 150 mM NaCl. This effect does not correlate
with activation ofthe antiporter, since the antiporter was fully
activated by exposure to 100 mM NaCl (14) but a salt shock
with 100 mm NaCl was not sufficient to stimulate phosphoryl-
ation of the low mol wt polypeptides. Growth of barley roots
is greatly depressed by exposure to 150, but not 100 mM NaCl,
and the enhanced phosphorylation observed at 150 mM NaCl
may be a response to cellular injury brought about by excess
salt.

SUMMARY

Phosphorylation of membrane proteins was compared in
vivo and in vitro to assess the potential role of protein kinases
in regulation of ion transport at the tonoplast and plasma
membrane. Only plasma membrane proteins were phos-
phorylated in vitro. However, proteins in both the tonoplast
and plasma membrane fractions were phosphorylated in vivo,
indicating that protein kinases might be involved in modifi-
cation of transport by both tonoplast and plasma membrane.
Moderate concentrations of NaCl (100 mM) that activate a
Na+/H+ antiporter in the tonoplast did not alter phosphoryl-
ation of plasma membrane or tonoplast proteins in vivo or in
vitro. However, a salt shock with 150 mM NaCl stimulated
the phosphorylation of low mol wt polypeptides in the micro-
somal fraction and in the postmicrosomal supernatant.
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