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Abstract. A guanosine 5'-triphosphate (GTP)-dependent protein kinase was detected in preparations of outer chloroplast envelope membranes of
pea (Pisum sativum L.) chloroplasts. The proteinkinase activity was capable of phosphorylating several envelope-membrane proteins. The major
phosphorylated products were 23- and 32.5-kilodalton proteins of the outer envelope membrane.
Several other envelope proteins were labeled to a
lesser extent. Following acid hydrolysis of the labeled proteins, most of the label was detected as
phosphoserine with only minor amounts detected
as phosphothreonine. Several criteria were used to
distinguish the GTP-dependent protein kinase
from an ATP-dependent kinase also present in the
outer envelope membrane. The ATP-dependent kinase phosphorylated a very different set of envelope-membrane proteins. Heparin inhibited the
GTP-dependent kinase but had little effect upon
the ATP-dependent enzyme. The GTP-dependent
enzyme accepted phosvitin as an external protein
substrate whereas the ATP-dependent enzyme did
not. The outer membrane of the chloroplast envelope also contained a phosphotransferase capable
of transferring labeled phosphate from [7-32p]GTP
to ADP to yield (7-32p]ATP. Consequently, addition of ADP to a GTP-dependent protein-kinase
assay resulted in a switch in the pattern of labeled
products from that seen with GTP to that typically
seen with ATP.
Key words: Casein kinase II - Chloroplast envelope - Guanosine triphosphate-ADP phosphotransferase - Guanosine triphosphate-protein kinase Pisum (protein kinase)- Protein phosphorylation
Abbreviations: GDP (GMP, GTP)=guanosine 5'-diphosphate
(mono-, tri-); kDa-kilodalton ; So.5 = concentration of substrate
supporting half-maximal velocity; SDS-PAGE = sodium dodecyl sulfate-polyacrylamide gel electrophoresis Tricine=N-(2hydroxy-l,l-bis(hydroxymethyl)ethyl)glycine

Introduction
Protein kinases are widely distributed in eukaryotic
cells. The physiological roles of protein kinases
have been studied most extensively in animal cells
where protein phosphorylation/dephosphorylation
cascades play an important role in regulating the
activity of many soluble enzymes. In addition,
membrane-bound protein kinases play important
roles in signal transduction across biological membranes (Edelman et al. 1987).
Numerous protein kinases have been identified
in plant cells. Protein kinases of chloroplasts have
received considerable attention, with several chloroplast compartments containing protein-kinase
activities (Laing and Christeller 1984). Distinct
ATP-dependent protein kinases and phosphoproreins are located in the outer envelope membrane
(Soil and Buchanan 1983) and in the inner membrane (Soil 1985). The soluble chloroplast-protein
fraction was not only demonstrated to have ATPdependent protein-kinase activity (Foyer 1984;
Budde and Chollet 1986), but also ADP-dependent
protein-kinase activity (Ashton and Hatch 1983).
Most extensively studied is the phosphorylation of
proteins in the thylakoid membranes by different
protein kinases (Allen and Bennett 1981 ; Lin et al.
1982; Coughlan and Hind 1986; Bhalla and Bennett 1987).
Protein kinases also using GTP as phosphoryldonor are most common enzymes of the casein
kinase II type (Hathaway and Traugh 1983). They
have been detected in a wide variety of plant and
animal tissues (Ventimiglia and Wool 1974; Erdmann et al. 1982; Gowda and Pillay 1982; Yan
and Tao 1982; Glover et al. 1983). Protein kinases
of this type have not so far been found to depend
on any of the well-studied second messengers like
cAMP, cGMP, Ca 2 + or diacylglycerol. The major
exogenous protein substrate for casein kinase II
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are acidic proteins like phosvitin and casein but
not histones. Though detailed studies of this protein-kinase class are available even with purified
enzymes (for references, see above) no definite
physiological role or regulatory function could be
ascribed to protein kinases of the casein kinase
II type until today.
Despite the reports of protein-kinase activities
in plant cells (for a review see Ranjeva and Boudet
1987), knowledge of their roles remains incomplete. For those protein kinases that are found associated with membranes of plant cells, it is tempting to speculate that they are involved in signal
transduction at these membranes. For example, a
thylakoid protein kinase has been implicated in
regulating the distribution of light-harvesting capacity between the two photosystems (Allen and
Bennett 1981). Alternatively, it has been suggested
that the protein kinases of the chloroplast envelope
may have a role in the ATP-dependent transport
of cytoplasmically synthesized proteins into chloroplasts (Schindler et al. 1987). During attempts
to understand further the role of protein phosphorylation at the chloroplast envelope a GTP-dependent protein kinase was detected. This enzyme was
distinct in its biochemical properties and endogenous protein substrates from the ATP-dependent
protein kinase described earlier (Soll 1985).

Material and methods
Plant material. Pea plants (Pisum sativum L., cv. Progress No. 9)
were grown in a growth chamber under a 12-h light-dark regime
and 20 ~ C constant temperature.
Chemicals. [7-32p]GTP (370GBq.mmo1-1) in 50% ethanol
and [7-3ap]ATP (ll0TBq-mmo1-1) were from Amersham
(Braunschweig, FRG). Catmodulin antagonist W-5 (N-(6aminohexyl)-l-naphthatene sulfonamide hydrochloride) and
protein-kinase inhibitor H-9 (N-(2-aminoethyl)-5-isoquinolinesulfonamide dihydrochloride) were from Seikagaku America
Inc., St. Petersburg, Fla., USA. Proteinaeous protein-kinase
inhibitor from bovine heart was from Sigma, St. Louis, Mo.,
USA. Guanosine 5'-triphosphate was used as lithium salt and
stored like GDP at - 8 0 ~ C. All other chemicals were of reagent
grade and used without further purification.
Isolation of chloroplast components. Outer and inner chloroplast
envelopes were isolated from 14-d-old pea plants (Fig. 1 ; Keegstra and Yousif 1986). Chloroplasts were protease-treated with
thermolysin at 200 gg protease, mg ~ chlorophyll (Joyard et al.
1983; Cline et al. 1984) and separated inner and outer envelope
membranes were purified from these plastids (Keegstra and
Yousif 1986). Soluble chloroplast proteins were isolated after
hypotonic lysis of purified intact chloroplasts and subjected
to centrifugation at 50000.g for 30 min. Thylakoids were isolated after hypotonic lysis and centrifugation of 2000-g for
2 min from the same batch of chloroplasts. Thylakoids were
washed three times with 10mmol.1 -~ N-[2-hydroxy-l,1-
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Fig. 1. Purified envelope membranes from pea chloroplasts were
analyzed by SDS-PAGE. Lane A, mixed envelope membranes;
lane B, separated inner envelope membranes; lane C, purified
outer envelope membranes. After SDS-PAGE the gels were
stained with Coomassie Brilliant blue. Numbers indicate molecular weights in kDa

bis(hydroxymethyl)ethyl]glycine (Tricine)-KOH pH 7.9 at
100 gg chlorophyll.ml-1 (Arnon 1949) and centrifugation of
2000.g for 2 min.

Protein-kinase assay. The ethanol was removed from an aliquot
of (7-32P]GTP by evaporation under a stream of N2 to less
than half the original volume and addition of HzO back to
the original volume. A protein-kinase assay contained, if not
otherwise defined: 8 pmol.1 1 [y-3zP]GTP (370 GBqmmol 1), 5 mmol-1-1 MgC12, 2 mmol.1-1 MnC12, 25 mmol1- x Tricine-KOH pH 7.9 and about 2.5 gg envelope-membrane
proteins in a final volume of 25 gl. Reactions were initiated
by the addition of membranes and carried out at 20~ for
5 15 min. Assays with ATP kinase were done under the conditions described in Soil (1985). The incubation was terminated
by the addition of I vol. of twofold-concentrated solubilization
buffer (Laemmli 1970).
Analysis of the phosphorylation reaction. Samples were analyzed
by sodium dodecyl sulfate-polyacrylamide gel electrophoresis
(SDS-PAGE; Laemmli 1970) using a 10% running gel. Gels
were stained with Coomassie Brilliant blue and destained in
the presence of 20 retool. 1-1KH2PO4. Dried gels were exposed
to film overnight (Kodak X-AR 5) at - 80~ C, using an intensifying screen. Bands of 32P-phosphoprotein were subsequently
localized on the gel, cut out, rehydrated with 500 lal HzO and
the radioactivity quantitated by liquid scintillation counting.
Phosphoamino-acid analysis. The protein-kinase assay was
stopped by the addition of 10 vol. of 10% trichloracetic acid
(w/v) and washed three times with 5% trichloracetic acid prior
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to hydrolysis at 110~ for 1-2 h in 6 N HC1. Twenty ~tg of
the unlabeled phosphoamino-acids P-tyrosine P-threonine and
P-serine were added to the reaction. The mixture was dried
under a stream of N2, dissolved in 20 gl H20 and spotted
onto a precoated Silica-gel thin-layer chromatography plate
(Merck, Darmstadt, F R G ; Kieselgel 60) and subjected to electrophoresis under water cooling for 4 h at 1000 V using acetic
acid: formic acid: H20 (78:25:897; by vol.) as developing solvent. The position of phosphoamino acids was located by ninhydrin staining and radioactivity was localized and detected
by autoradiography.

Results

During efforts to characterize the protein-kinase
activity present in preparations of outer envelope
membranes derived from pea chloroplasts (Soll
1985), the nucleotide specifity of the kinase was
examined. In these studies, it was observed that
[y-32p]GTP could serve as phosphoryl donor, but
the pattern of labeled proteins was appreciably different from that observed when [7-32p]ATP was
used (Fig. 2, lanes 11 12). In order to gain a more
complete picture of the presence of GTP-dependent protein-kinase activities in chloroplasts, the
protein-kinase activities of all chloroplast fractions
were measured, using both [7-32p]ATP and [732p]GTP. The results of these analyses are shown
in Fig. 2, lanes 1-10. The extent of 32p incorporation varied to some degree from preparation to
preparation for proteins which were not the major
phosphorylation products. The results of SDSPAGE of purified envelope membranes are shown
in Fig. 1 and demonstrate the purity of the respective membrane population and the typical distribution of envelope marker proteins (Cline et al.
1984). As can be seen in lanes 1-5, when [732p]ATP is used as the phosphoryl donor, each
of the chloroplast fractions yields a distinctive pattern of labeled polypeptides. On the other hand,
when [7-32p]GTP is used, only preparations of the
thylakoid membrane and the outer envelope membrane show appreciable labeling. The labeling patterns observed with [7-32P]ATP and [7-32p]GTP
labeling of thylakoids (Fig. 2, lanes 1 and 10, respectively) look similar and most likely result from
the action of the same protein kinase. However,
the patterns observed following [7-32]ATP and [732p]GTP labeling of outer envelope membranes
are distinctly different from each other (Fig. 2,
lanes 11 and 12). The simplest interpretation is that
these different patterns result from the action of
two separate protein kinases, one specific for ATP
and one specific for GTP. In an effort to evaluate
this hypothesis, both the ATP-dependent and
GTP-dependent activities were subjected to further
characterization.
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The two protein-kinase activities of the outer
envelope membrane display dramatically different
sensitivities to inhibition by heparin (Hathaway
et al. 1980). As shown in Fig. 3, the phosphorylation of envelope-membrane proteins by [732P]GTP is severely inhibited by heparin. The labeling of the 23-kDa protein is inhibited 50% by
0.15 mU.m1-1 (0.88 ng.m1-1) heparin and the labeling of the 32.5-kDa protein is inhibited 50%
by 0.2mU.m1-1 (1.2ng.m1-1) heparin. On the
other hand, inhibition of labeling with [7-32p]ATP
is variable. Several proteins show no decrease in
labeling at the highest level of heparin examined.
However, the 23- and 32.5-kilodalton (kDa) proteins show inhibition of labeling similar to that
observed with [7-32p]GTP. These observations
support the conclusion that there are two different
protein kinases in the outer envelope membrane.
Further evidence for the presence of two enzymes comes from analysis of the inhibitory effects
of nucleoside diphosphates. It was demonstrated
previously that ADP acts as an inhibitor of the
ATP-dependent kinase (Soll 1985). The data in
Fig. 4 demonstrate that GDP serves as an inhibitor
of the GTP-dependent kinase. Efforts to examine
the effects of ADP on the GTP-dependent protein
kinase led to unexpected results. Rather than cause
an inhibition of the GTP-dependent protein kinase, addition of ADP caused a switch in the pattern of phosphorylated products (Fig. 5). Addition
of 10 gmol.1-1 ADP to a labeling reaction using
[7-32p]GTP resulted in a shift in the pattern of
labeled polypeptides to that observed when labeling was conducted with [7-32p]ATP (compare
lanes 1, 2 and 3 in Fig. 5). Addition of 100 gmol.
1-1 ADP also resulted in the ATP labeling pattern,
but also caused a reduction in the amount of labeling, presumably because of the inhibitory effect
of ADP (Fig. 5, lane 4; Soll 1985). Addition of
10 gmol.1-1 or 100 gmol.1-1 GDP caused the expected inhibition of labeling (Fig. 5, lanes 5 and
6).
This unexpected result of ADP addition could
be explained if the preparation from the outer envelope membrane also contained a nucleotidephosphotransferase activity that could transfer a
phosphate from GTP to ADP to yield ATP and
GDP. Assays were conducted to measure for such
an activity in an effort to provide direct evidence
to support this explanation. As shown in Fig. 6,
outer envelope membranes do contain an activity
which converts [7-32P]GTP to radioactive ATP
when ADP is present.
To provide evidence that the switch in the phosphorylation pattern was caused by the action of

J. Soll et al. : GTP-dependent protein kinase

491

Fig. 2. Protein phosphorylation in pea chloroplast compartments using [7-32p]ATP and [7-3Zp]GTP. Left panel, lanes 1-5 show
protein-phosphorylation patterns of thylakoids (1), chloroplast-soluble proteins (2), inner envelope (3), outer envelope (4) and
thermolysin-treated outer envelope (5) using [7-32p]ATP. Lanes 6-10 show protein-phosphorylation pattern of thermolysin-treated
outer envelope (6), outer envelope (7), inner envelope (8), chloroplast-soluble proteins (9) and thylakoids (10) using [7-32p]GTP.
Equal amounts of proteins were incubated with [7-32p]ATP and [7-32p]GTP (8 gmol. 1-1) of the same specific activity (370 GBq.
mmol ~) for 5 rain and further analyzed by SDS-PAGE as described in Material and methods. The right panel shows a more
direct comparison of protein phosphorylation in the outer chloroplast envelope using [7-32p]GTP (lane 11) and [7-32P]ATP
(lane 12). All other conditions were as described above. Numbers between panel A and B indicate molecular weights in kDa.
Both panels show autoradiographs

the nucleotide phosphotransferase and not be the
action of adenylate kinase (Murakami and Strotmann 1978; Birkenhead et al. 1982), labeling was
performed in the presence of PI, P5-di(adenosine5')pentaphosphate, a known inhibitor of adenylate
kinase (Lienhard and Secemski 1973). When the
experiment shown in lanes 1, 3 and 4 of Fig. 5
was repeated in the presence of P1, P5-di(adenosine-5')pentaphosphate (from 4 to 60 gmol-1-1)
the switch in patterns shown in Fig. 5 still occurred
(data not shown). Thus we tentatively conclude

that the change in labeling pattern is not due to
the action of adenylate kinase and is most likely
due to the action of the nucleotide phosphotransferase. Further support for this conclusion will require a more detailed characterization of the nucleotide-phosphotransferase activity.
These results indicate the presence of two distinct protein-kinase activities in the outer chloroplast envelope. Further discrimination between the
two kinases was made possible by their specificity
with externally added protein substrates. Phosvitin
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Fig. 4. Inhibition of GTP-dependent protein phosphorylation
by GDP in outer envelope membranes of pea chloroplasts.
Phosphorylation products were analysed by SDS-PAGE and
incorporation rates were quantified by tiquid scintillation
counting as described above. Incorporation rates were calculated as the sum of 32P-label in the 23-plus 32.5-kDa proteins
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Fig. 3A, B. Inhibition by heparin (mU.m1-1) of outer-envelope-bound GTP and ATP protein kinases from pea chloroplasts. Discrimination between the ATP and GTP kinase was
made possible by their different responses to heparin. A The
response to heparin in the presence of D,-3=P]GTP; 23-( x - x ),
32.5-(o o), and 74-kDa (A--A) proteins. B The inhibition of
protein phosphorylation by heparin in the presence of [732P]ATP; 23-( x ), 32.5-(e), 58-(11), 74-(v), and 86-kDa (A) proteins. The insert in A shows the autoradiogram of the data
quantitated in A and B. Heparin inhibition is demonstrated
for GTP (left) and ATP (right). Heparin concentrations increase
from the center to the outsides

(1 mg. ml-1) an acidic protein is accepted as external protein substrate using [7-32p]GTP (data not
shown). Both the membrane-bound (Soll 1985)
and also the purified ATP-dependent kinase do
not use this acidic protein as phosphate acceptor,
but uses Histone IIIs as preferred acceptor protein

(Soll 1988). Phosphorylation of envelope proteins
by GTP shows a temperature optimum of 20~
while phosphorylation in the presence of ATP exhibits a temperature optimum between 30 and
37 ~ C. Both enzymes are still active at low temperature and have residual activities of about 30% and
15% at 0 and - 1 2 ~ C, respectively (assay in presence of 25% glycerol; data not shown).
Radiolabelled phosphorus from [7-32p]GTP
was incorporated into membrane proteins in a
time- and protein-concentration-dependent manner. Incorporation rates were linear up to 15 rain
and up to a final membrane protein concentration
of 1 mg.m1-1 (data not shown). We therefore
chose a time between 5 and 15 min and a protein
concentration of 0.1 rag. m l - 1 for our standard incubation. The outer-envelope-bound GTP kinase
has a high affinity for its substrate GTP, and an
S0.s (concentration of substrate supporting halfmaximal velocity) of 1.5 pmol. 1-1 was determined
from (Fig. 7). Maximal incorporation rates were
about 1 5 pmol. (mg protein)- 1. m i n - 1. The GTP
kinase had a broad pH optimum between pH 7
and 8 with steep decreases in activity at more acidic
or alkaline pHs (Fig. 7, insert). Analysis of the
phosphorylated amino acids showed that most
(90%) of the label was present in phosphoserine
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Fig. 5. Effect of ADP on the [7- 32p]GTP-dependent phosphorylation of polypeptides in the outer envelope membranes of pea
chloroplasts. Lane 1, phosphorylation by [,/.3zp] GTP (16 lamol.
1-1, 185GBq.mmol-1), lane 2, phosphorylation by [y~2P]ATP (i61amol.1 i, 185 GBq.mmol 1); lane 3, [~32P]GTP + 10 I-tmol. 1- 1 ADP; lane 4, [7- 3zp] GTP + 100 lamol.
1-~ ADP; lane 5, [y-32p]GTP+10 gmol.1-1 GDP; lane 6, [y32P]GTP+100 lamol.l -~ GDP. Samples were analyzed on a
121/2% running gel; all other conditions were as described in
Material and methods

Fig. 6. Detection of a nucleotide triphosphate-nucleotide diphosphate phosphotransferase in the outer-envelope membrane
fraction of pea chloroplasts. The presence of a phosphotransferase activity was evaluated directly using thin-layer-chromatography analysis of the reaction products. A phosphotransferase
reaction was conducted in 20 mmol.1-1 Tricine-KOH pH 7.9,
4 m m o l . l - ' MgC12, 60 lamol.1-1 [7-32P]NTP, 60 gmol.1 1
NDP, 10 lag protein, for 10 min at 20~ in a final volume
of 25 lal. A 1-lal aliquot was spotted onto precoated polyethylene
imine cellulose plates (G 1440 PEI; Schleicher & Schiill, Dassel,
FRG) and developed in 1 mol-1 -x KH2PO4. Authentic [732p]ATP and [7-32p]GTP were run as internal standards

while little (10%) was detected in phosphothreonine (data not shown).
Many protein kinases depend on the presence
of divalent cations for maximal activity. In our
hands, the GTP-dependent kinase required both
Mg 2§ and Mn 2 + for maximal activity. No incorporation was detected in the absence of divalent
cations (Fig. 8). Maximal activity was observed at
10mmol.1-1 M g 2+ and 2 m m o l . 1 - 1 M n 2+. Increasing the Mg 2+ concentration up to 15 retool.
1-1 in the absence of Mn 2 + resulted in a continual
increase in enzyme activity with both endogenous
membrane protein substrates (Fig. 8). Increasing
the Mn 2+ concentration produced different responses for the phosphorylation of the 23- and

32.5-kDa proteins (Fig. 8): 32p-label in the 23-kDa
protein increased up to 15 mmol.1- ~ Mn ~+ while
maximal incorporation into the 32.5-kDa protein
was obtained at 2 mmol.1-1 Mn2+; higher Mn 2+
concentration resulted in an inhibition. The inhibition was overcome by the simultaneous inclusion
of Mg 2+ (Fig. 8). The presence of Ca 2- (5500gmol.1-1) or Ca 2+ plus calmodulin (10U,
0.3 gg) had no effect upon enzyme activity. Assays
were done in the presence of I mmol- 1- ~ ethylene
diaminetetraacetic acid (EDTA); the Ca z § concentrations used above represent the unchelated
amount of Ca 2 § in the assay. Furthermore the calmodulin antagonist W-5, which causes 50% inhibition of calmodulin-dependent kinases when pres-

494

J. Soll et al. : GTP-dependent protein kinase
I

I

0.75

f o

/

E

7~ 0.50
E

1.25~
.E
E 1.00

o
. . . .

0_

~- 0.75

/

o
E
0.25

l

o.~.~.....- . ~ ~ 1 7 6

o...

~'r

I

I

O

~0.50

O

/\

0.25

O

6

7

8

9

pH

0

i

I

I

I

5

10

15

20

GTP [pm]

A 5 mM Mn="

-

ent at 250 gmol.1-1 (Chafouleas et al. 1982), had
no effect on the GTP-dependent kinase at 2 mmol.
l- 1 final concentration.
No effect on the GTP-dependent kinase was
observed with G M P (0-0.4 mmol. l- 1), c G M P (0.
0.1 m m o l . l - 1 ) or the protein kinase inhibitor H-9
(0-20 gmol.l-1). The drug H-9 has been shown
to inhibit c G M P dependent protein kinase (Ki
0.87 p m o l . l - 1 ; Hidaka et al. 1984). The proteineaous protein kinase inhibitor (Edelmann et al.
1987) caused less than 50% inhibition at a final
concentration of 40 gg inhibitor per ml.

32.5 k D a

[] 2 ~ Mn=+
O no Mn=+

12

9

t--

o

Discussion

o

r

Fig. 7. Influence of GTP
concentration upon the activity of
GTP-dependent protein kinase
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Fig. 8. Effect of divalent cations orl the GTP-dependent phosphorylation of polypeptides from the outer envelope membranes of pea chloroplasts. Enzyme activity was measured by
keeping either the Mn 2 + or Mg 2 + concentration constant while
the other was varied. The upper part of the figure shows the
results obtained for the 32,5-kDa protein, the lower part shows
the results for the 23-kDa polypeptide

The present study provides evidence for the existence of a GTP-dependent protein kinase of the
casein kinase II type (Hathaway and Traugh 1979,
1983; Edelman et al. 1987) in the outer envelope
membrane from pea chloroplasts. The reasoning
for this classification is the following: (i) the protein-kinase activity is independent of cGMP,
cAMP, Ca 2+ or calmodulin; (ii) the So,s for G T P
is very low (1.5 gmol.1-1 while for casein kinase
I the Km for G T P is generally high (1 mmol. 1-1),
and for other casein type II enzymes the So.s for
GTP is about 10-20-fold higher than that reported
here (Hathaway and Traugh 1983; Edelman et al.
1987); (iii) the protein kinase accepts phosvitin as
an acidic external protein substrate in the presence
of [7-32p]GTP; (iiii) the GTP-dependent protein
kinase is strongly inhibited by heparin (Table 1;
Hathaway et al. 1980). Protein kinases of this type
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Table 1. Comparison of outer-envelope-bound protein-kinase
activities using [7-32p]GTP and [7-32P]ATP
Protein phosphorylation
in the presence of:

GTP

ATP

Sensitive to heparin
Phosvitin as exogenous substrate
Temperature optimum
So.s of the
membrane-bound enzyme
Preferentially labeled proteins

yes
yes
20~ C
1.5 gM GTP

no
no
30-37 ~ C
37 gM ATP

32.5 kDa,
23 kDa
yes

86 kDa,
18 kDa
no

Highly dependent
on divalent cations

have been described from wheat germ (Yan and
Tao 1982), isolated nuclei of tobacco (Erdmann
et al. 1982) and soybean cotyledons (Gowda and
Pillay 1982). In most cases the subcellular localization was not determined. The outer envelope of
pea chloroplasts contains at least two protein-kinase activities, an ATP-dependent protein kinase
(Soll and Buchanan 1983; Soll 1985) and the GTPdependent kinase described above.
Several criteria were used as evidence that the
two activities are not a result of the same enzyme.
First the GTP-dependent enzyme phosphorylates
a different set of endogenous membrane proteins
(Fig. 2). Second, the two enzymes differ in their
response to heparin. The GTP-dependent protein
kinase is inhibited by heparin whereas the ATPdependent activity generally is not. The GTP-dependent protein kinase may also use [7-32P]ATP
as a substrate. This tentative conclusion is derived
from the observation that heparin exerts an inhibitory effect on ATP-dependent phosphorylation of
only the 23-kDa and the 32.5-kDa polypeptides,
whereas the phosphorylation of other outer envelope proteins is not affected (Fig. 3). Third, the
two activities differ in a number of biochemical
parameters. For example, their response to divalent metal ions is quite different. The GTP-dependent enzyme absolutely requires Mn 2 + o r M g 2+,
whereas the outer-envelope-bound ATP-dependent protein kinase is not completely dependent
on divalent cations and shows only 50% stimulation in the presence of 2 mmol.1 1 Mg2+ (Soll
1985).
Interestingly, the simultaneous inclusion of
ADP and [7-32p]GTP in the phosphorylation assay gave rise to a typical [y-3zP]ATP phosphorylation pattern, indicating that a very active nucleotide phosphotransferase is present in the membrane fraction used. Further evidence for this was
provided by an assay which directly measures this

enzyme. Preliminary observations indicate that the
addition of unlabeled ATP to the phosphorylation
mixture including radioactive [~/-32p]GTP results
in a shift of the labeling pattern similar to that
observed with unlabeled ADP (data not shown).
Similar phosphotransferase activities were reported to exist in crude extracts of swine heart
and several rat tissues (Kuo 1974).
The chloroplasts are strictly compartmentalized organelles, having three separate membrane
systems (outer envelope, inner envelope and thylakoids) and three separate soluble spaces (envelope lumen, stroma and thylakoid lumen). Today,
data are available for protein-phosphorylation activities in all of these compartments except the thylakoid lumen (Ranjeva and Boudet 1987; Soll and
Bennett 1988).
As can be seen from Fig. 2, thylakoid polypeptides and in particular the light-harvesting complex
protein show the highest total 32P-incorporation
rates. However, envelope membranes show strong
incorporation rates in comparison with stroma
proteins and a larger number of labeled proteins
in comparison with stroma and thylakoids. Assuming that the envelope-membrane proteins account
for about 1% of total chloroplast proteins (Douce
et al. 1984), the overall 32p-incorporation into envelope proteins is low compared with thylakoid
protein phosphorylation but probably accounts for
more than 5% of the total label present in all chloroplast phosphoproteins. In-organello labeling, using intact pea chloroplasts and [7-32p]ATP in the
dark (30 nmol.1-1 at 4~ C for 60 s), showed that
under these conditions about 90% of the radioactive label was present in envelope-membrane polypeptides (Soll and Bennett 1988). The exposed localization of the envelope-membrane compartment
as a barrier between the organelle and the cell as
well as its multiple enzymatic functions make it
most likely that phosphorylation at this membrane
is a major regulatory phenomenon.
This work was supported by grants from the Deutsche Forschungsgemeinschaft and from the U.S. National Science Foundation.
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