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ATP-dependent proteolysis in pea chloroplasts
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Proteins newly formed from labeled amino acids by isolated intact pea chloroplasts are not entirely stable.

Between 20 and 35% of the labeled protein is degraded over a 20-30 min incubation period in pulse-chase

experiments. Protein degradation is prevented when the chloroplast ATP level drops, as in the dark

without added ATP. Degradation is stimulated by adding ATP directly or by generating it in

photophosphorylation. Susceptible new proteins are not stabilized against further additions of ATP,
during incubation under ATP-deficient conditions.
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1. INTRODUCTION

Intracellular protein hydrolysis has been studied
extensively in animal cells [1]. Two major pro-
teolytic mechanisms have been characterized. One
is the lysosome system, studied most intensively
for liver cells. The analogous system in plant cells
is probably represented by proteases in vacuoles
[2]. The second is ATP-dependent proteases, ex-
amined primarily in the cell-free activity found in
lysed reticulocytes. A protease dependent on ATP
has also been studied in great detail in Escherichia
coli [1]. The ubiquity of this system was suggested
by its recent discovery in liver mitochondria [3].

The proteases of chloroplasts have not been in-
vestigated in any detail, and no ATP-dependent
proteolysis was reported before this. These
organelles synthesize many of their own proteins
[4] and rapid rates were recently measured in both
light-driven [5] and in Mg-ATP driven [6] transla-
tion. Peptide hydrolysis in chloroplasts must oc-
cur, however, in several functions. Processing pro-
teases that remove the transit peptide from newly
imported precursor proteins have been detected [7]
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but not yet isolated or studied in detail. Instability
of the apoprotein of the light harvesting
chlorophyll-protein complex in the absence of
chlorophylls @ and b was ascribed to a chloroplast
protease [8] but the specific enzyme has not yet
been detected directly, or studied. In
Chlamydomonas reinhardtii the imported small
subunit of ribulosebisphosphate carboxylase is
also reported to be destroyed by proteolysis when
not enough large subunit is present to permit
assembly [9]. More recently, the rapid turnover of
the 32 kDa atrazine binding protein [10] has been
ascribed to proteolysis of oxidatively damaged
molecules (Kyle and Arntzen, personal com-
munication). Proteolysis of phosphorylase from
spinach leaves, dependent on added ATP, was
discovered recently [11], but its subcellular
localization has not yet been investigated.

The current work started with the observation of
apparent instability of some of the newly syn-
thesized proteins made by isolated intact pea
chloroplasts [6]. We have extended these observa-
tions, and find that destruction of some of the
newly made proteins in isolated pea chloroplasts
depends on the ATP status of the organelle. The
same finding was made simultaneously and in-
dependently, as detailed in {12].
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2. MATERIALS AND METHODS

Pea plants (Progress No. 9, Agway) were grown
for 8 days in a growth chamber as in [5]. The
plants were kept for 16 h in darkness, then il-
luminated for 30 min prior to harvest.
Homogenization, and collection of intact
chloroplasts were described earlier. Chloroplasts
were incubated at 0.1 mg chlorophyll/ml at 27°C
in the dark with Mg-ATP, or in the light, in a
medium containing 32 mM Hepes-KOH (pH 8.3),
350 mM sorbitol, 0.8 mM dithiothreitol, 0.2 mM
MgCl; and a radioactive amino acid. Measurement
of chlorophyll, and of incorporation of the amino
acid into protein, were as in [5,6]. When radioac-
tive proteins of the thylakoids and of the soluble
stroma components were measured separately, the
intact chloroplasts at the end of the incubation
were lysed in a hypotonic buffer (10 mM Na
pyrophosphate, pH 7.5), and the membranes
washed 4 times with the same hypotonic buffer.

The thylakoids and soluble proteins (superna-
tant from the initial breakage) were applied to
separate wells of a 10-16% acrylamide gradient gel
with SDS. Electrophoresis was performed at room
temperature with a constant 100 V. The gels were
dried, and fluorographed with the aid of
‘Enhance’ (New England Nuclear).

Radioactive chemicals used included [*H]leucine
(50 Ci/mmol), [*H]lysine (45 Ci/mmol),
[*H]glycine (7 Ci/mmol) and [**S]methionine
(about 1450 Ci/mmol). *H-Labeled chemicals were
from ICN, and [**S]methionine from Amersham.

3 .RESULTS AND DISCUSSION

Pulse-chase studies were performed with
isolated intact chloroplasts, to observe the extent
of degradation of newly made proteins. Transla-
tion was allowed to occur using [*H]leucine at 0.2
mM and 410 xCi/gmol, for an initial period of
5-10 min. The reaction was then diluted 100-fold
with unlabeled leucine, by adding 20 zmol/ml;
thus continuing transiation would not show up as
significant additional cpm in the protein fraction.
Control experiments showed that adding this much
leucine did not inhibit continuing incorporation of
[*H]lysine (not shown).
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Both in the dark with added Mg-ATP at 10 mM
(fig.1) and in light-driven protein synthesis (fig.2)
the newly synthesized, radioactive protein, was
seen to be degraded once the cold leucine was add-
ed. To test the possibility that degradation was due
to the addition of excessive amounts of non-
radioactive leucine, protein synthesis was also
stopped by adding either chloramphenicol or ED-
TA. In both cases a similar extent of degradation
was found (not shown). The loss of protein
radioactivity is slow, continuing for 20-120 min
after addition of unlabeled leucine. However the
total amount lost seemed to come to an end-point,
with 20-35% of the original total protein radioac-
tivity degraded. The extent of proteolysis seemed
to be similar at every point along the time-course
for leucine incorporation, in the light or in the
dark (fig.1, 2). In other experiments, using 6 mM
ATP, 15, 17 and 31% degradation of newly label-
ed proteins was found using [*H]lysine,
[Hlglycine and [>*S]methionine, respectively, dur-
ing 80-min chase periods.

It was considered possible that the protein loss
might represent to a large extent oxidatively
damaged 32-kDa atrazine-binding protein [10],
which turns over very rapidly in the light. If so, the
degradation might be prevented by the electron
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Fig. 1. Loss of newly synthesized protein during Mg-
ATP-driven protein synthesis by pea chloroplasts in the
dark. The arrows point to the time at which [*H]leucine
present in the medium was diluted by addition of a
100-fold excess of unlabelled leucine. Duplicate aliquots
were taken at later time points as shown on the graph.
ATP was present at 10 mM; MgCl; at 11.5 mM.
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Fig. 2. Loss of newly synthesized protein during light-

driven translation by chloroplasts. Conditions as in fig.

1, except that the MgCl, concentration was 0.2 mM and
no ATP was added.

transport inhibitor, dichlorophenyldimethylurea
(DCMU), which would prevent half-reduced
quinones, capable of interacting with Oz, from for-
ming. The addition of DCMU did indeed prevent
degradation of newly formed protein (table 1).
However, DCMU may inhibit cyclic as well as non-
cyclic electron flow under oxidative conditions
[13], and thus could be preventing any continuing
light-driven ATP synthesis. Cyclic electron flow
can be restored by adding phenazine methosulfate
and using white light [13]. This reagent did indeed
reverse a large part of the protection by DCMU
(table 1), and the protection was completely revers-
ed by adding ATP, which readily penetrates young
pea chloroplasts [14,15]. Thus the protection given
by DCMU appears to be a matter of inhibiting
ATP formation dependent on light-driven electron
transport; and the ATP level seems to be a more
direct factor than the electron transport process.

This is further confirmed by the results shown in
table 2. Intact chloroplasts were incubated with
[*H]leucine in the light for 15 min, cold leucine was
added and degradation was followed at different
levels of energy supply. It can be seen that very lit-
tle degradation occurred in darkness; twice as
much under low light intensity (170 #Einstein/m®
per s) and 4 times as much at high light intensity
(900 xeinstein/m? per s). In the dark, even more ex-
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Table 1

DCMU protection of newly made protein, and reversal
by ATP or cyclic electron flow

Treatment Degradation of
newly syn-
thesized
protein
()
Control 27.5
5 uM DCMU 18.9
10 uM DCMU 10.6
20 uM DCMU 8.5
20 4M DCMU + 10 mM Mg-ATP 34.4
20 uM DCMU + 50 uM PMS 20.2
20 xM DCMU + 100 xM PMS 22.1
20 xM DCMU + 200 x.M PMS 19.7
20 xM DCMU + 500 x.M PMS 14.4

Intact chloroplasts were incubated in the light with [*H]-
leucine for 15 min. A 100-fold excess of unlabeled
leucine was added, and the system was divided into
separate aliquots with additions of DCMU, Mg-ATP or
phenazine methosulfate (PMS) as shown. The
chloroplasts were incubated for 60 min more in the light,
then assayed for radioactive protein. The labeling at 15
min was 1520 ¢cpm/xg chlorophyll

tensive proteolysis occurred by 60 min if Mg-ATP
(10 mM) was added; and the greatest protein loss
occurred with 5 mM Mg-ATP added on top of
strong light.

The time-course for loss of radioactive protein

Table 2

Dependence of proteolysis on ATP levels

Treatment Degradation of
newly syn-
thesized
protein
(%)
Dark 5.7
Low light 11.0
Bright light 23.0
Dark + S mM Mg-ATP 29.0
Bright light + S mM Mg-ATP 34.0

Conditions and procedure as in table 1. The [*H]leucine
incorporation came to 1700 cpm/mg chlorophyll prior
to the addition of unlabeled leucine



Volume 166, number 2

in darkness, without added ATP is, shown in fig.
3 (solid line). A small extent of degradation occurs
in the first 10-15 min; subsequently, in darkness
the new protein appears to be quite stable.
However, on adding ATP at any point, proteolysis
starts immediately, coming to an end-point after
about 30 min, with 25% of the initial protein
degraded. This experiment shows that the same
fraction of the newly formed protein remains in an
unstable form during incubation in darkness
without ATP.

The newly formed protein sensitive to ATP-
dependent proteolysis may represent an in-
termediate pool which has not gone through a
stabilization step. If so, the stabilization pro-
cess(es) may also require ATP, and so cannot pro-
ceed under the conditions shown in fig. 3. Alter-
natively the sensitive proteins may be ones that are
intrinsically imperfect and so always susceptible to
proteolysis. They might also be components of
large complexes (in which they would be stable)
which cannot be formed under these conditions
due to, for example, the absence of cytoplasmical-
ly synthesized components.

Both stroma and thylakoid proteins were lost
during incubation with ATP. For instance, in one
experiment in which these classes of proteins were
separated prior to counting, 35% was lost from the
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Fig. 3. Stability of newly formed protein in the dark un-
til ATP is added. Intact chloroplasts were incubated in
the light with [*H]leucine for 10 min, then the light was
turned off and a 200-fold excess of unlabeled leucine
added. At different times, as shown, an aliquot was
removed, ATP (5 mM) and MgCl; (5.7 mM) were add-
ed, and counts in total protein were followed in
duplicate aliquots at the times shown.
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stroma components, and 26% from the
thylakoids, during an 80-min incubation period in
light and with the presence of 5 mM ATP.

Possible selectivity of degraded proteins was ex-
amined by fluorography of labeled proteins,
spread out on SDS-polyacrylamide gradient gels.
Decrease of radioactivity was seen with both
stroma and thylakoid proteins. There were no
specific protein bands that seemed to be complete-
ly degraded during the proteolytic period, and also
none that seemed completely immune. There ap-
peared to be differences in the extent of degrada-
tion of some of the polypeptides compared to
others, but it has not yet been possible to put these
differences on a quantitative basis. Some more
specific differences were noted in [12].

A question of primary interest is whether the
ATP-dependent protease in chloroplasts will
resemble the prokaryotic or eukaryotic enzyme,
since their mechanisms of action are probably
quite different [1]. As with whole cells, the true
physiological function of the enzyme remains to be
determined. Since it has been detected in terms of
destroying newly formed proteins, its function
might be to remove polypeptides that are im-
properly formed, or incompletely assembled. Fur-
ther work is needed to assess these or other
possibilities.
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