Volume 275, number 1,2, 25-28

FEBS 09115

November 1990

Reversrble hght actrva tion of the phosphoenolpyruvate carboxylase i
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C,-leaf phosphoeno[pyruvate carboxylase (PEPC EC 4,1,1.31) undergoes reversible; llght-mduced increases in its aetrvrty—seryl phosphorylanon-
status in vivo. We now:report that the PEPC- protem kinase activity in desalted crude extracts of light-adapted mdize leaves is several-fold greater
than that from the corresponding dark' tissue when in vitro phosphorylation assays are performed with either endogenous or purified dark-form
maize PEPC as substrate, both in the absence or presence: of okadaic acid, a potent inhibitoy of the PEPC type 2A protein phosphatase(s).. These -
and related results mdncate that the PEPC protein-serine kinase(s) per se is reversibly light' acuvated in vivo by either covalent modrﬁcanon protem

turnover or, less lrkely, a trght binding effector. : ‘

Phosphoeno[pyruvate carboxylase, Protem-serme kmase Regulatory protein phosphorylation; C, photosynthesrs, Light-dark regulanon, ‘Maize
‘ ‘ (Zea mays'L.)

1. INTRODUCTION

Control of C; photosynthesis is, in part, mediated by

the hght—dark regulation of phosphoenolpyruvate.

(PEP) carboxylase (PEPC; EC 4. 1.1.31) activity [1-3].

The nature of this regulatron of PEPC in the Cs

mesophyll-cell cytoplasm. is posttranslational 2, 3].
Specifically, the activity and regulatory properties of
this initial carboxylating enzyme vary in accord with the

‘physiological activity of C4 photosynthesrs' PEPC 'is.

more active and less sensitive to feedback inhibition by
L-malate in the light than in darkness. A wealth of in
vivo and in vitro data has recently accumulated in sup-

port of the view that the reversible phosphorylauon of

-a specific, N-terminal ‘regulatory serine residue: in
PEPC (e.g. Ser-15 in the maize enzyme [4] is the unify-
ing molecular mechanism that mediates the posttransia-
tional regulation of the carboxylase by light-dark and
night-day  transitions: in Cs; and Crassulacean acid
metabolism' plants, respectlvely (reviewed in [2 31; I5D.
* Light activation of PEPC in C4 plants is related,
either directly or indirectly, to photosynthetic electron
transport .and/or photophosphorylation, — and is
modulated by - several - photosynthesis-related. = en-

vironmental variables, including light intensity, COa
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malate,

concentration ‘and temperature [2,3,6-8]. It is‘ notable
that when compared to theactivation of photoregulated ‘
C;  mesophyll- chloroplast stromal . erizymes . (e.g.
pyruvate, P; dikinase (PPDK), NADPH-malate dehy-
drogenase {1,2), light activation of this cytoplasmic en-
zyme is relatively slow, taking as long as 60 mm for

‘ completion [6,7,9].

In order to account for the reversrble, lrght-mduced
increases in actrvxty-phosphorylauon-status of C4y PEP:
carboxylase, regulation-of the PEPC protem-serme
kinase(s) [10,11] and/or type 2A protein phosphatase(s):
[5] must be inferred. While no information is available

' concerning the regulatory properties .of thls okadaic

acid-sensitive protein phosphatase [3], the partially.
purified protein kinase (PK) is not activated by a variety

-of putative,  light- modulated cytoplasmic effectors

[2,11]. In contrast to these negative findings, we now-
report that the PEPC-PK activity in desalted crude ex-
tracts .of hght adapted maize leaves ‘is several-fold:

~ greater than that from the corresponding dark tissue’

when in vitro phosphorylation assays are performedﬁ
with either endogenous or purified dark-form maize
PEPC as substrate, both in the absence and presence of
‘okadaic acid. These. and related observatrons indicate:
that the activity of the protein-serine kmase(s) perse’is
lizht-dark modulated in vivo by some mechanism and
imply that the light signal and ensumg actrvatron»seryl-
phosphorylatlon of PEPC in the C4 mesophyll-

‘cytoplasm involves a bicyclic regulatory cascade. L

2. MATERIALS AND METHODS

' 2.1. Materials

PEP (mono(cyclohexylammomurn) salt), drsodrum ATP L-
’Pf-dx(adenosnne -5')-pentaphosphate (AP;A), phospho-
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sreating, grantine phosphiokinge, NADH and pig heare malate
Jehydropenase were obtained from S, Rabbi wintisenuny, raised
against the PEPC holvenzyine parifiad from green Sorghion leaves,
was obained as deseribed (12)0 Ohadaie aeded S5 1] T DMSO) wan
the gencrous gift of D Steven . Pluber (Notth Carolina State
Univerity), Maize {Zed ey ey, Golden Cross Bantim) plants
wele gtown fromt aeed in an illuminated  growth foom (14
photoperiod, 27°C day 24070 nighth wt about SO0 aiom e !
GO0-700 [m) at the plast (op.

20 Preparation af feal extracts

For mest experiments uppermusi leaf tissue (O3 ¢ tresh wi from
detawgekold plants collevted, pufess noted athersdse, after 4-6 b in
the dark or light) was chopped and ground thovoughly at 4:C in a
hilled mortar with wiashed sand, 2%% (wo/v) insoluble PV acd 1.5 ml
of buffer A {00 M TewHUL pHE 7,5, 20% (vov) giyeerol, 1
EDTA, 10081 MpCl and 14 md 2inereaptoethunoly, The homo-
genate wits Miltered thraugh an BO-pm nyvion tet, and a 0.2-md aliguot
of the tiltite was rapidly desadted ona Sephndes €-28 column (1 =
$emd equifibrated with bufrer B (buiter A facking -SH reagent).

For rapld determination of malate inhibition of PEPC activity, teal
wsstie (B0 mg frosh wi) was chappesl, ground in a chilled mortw with
washed sundand 0.3 ml of butfer B, sontrifuged for 1.3 mina 12 000
< gy aned @ 10ub aliquor of the crude supernatant fuid used im-
mediately tor PEPC assays at pH 7.3 and 30°C 9], 2 1 mM -
malite.

2.3, Phosphorylation assays

for most experiments an aliguot ofthe desalted soluble leaf protein
satple (35 w1l was fncubated at 30°C with about 0.2 U (7 ug) of
purified dark-form maize PEPC ((11]; dialyzed agains butfer 13),
0,25 mM APA (o inhibit endogenous adenylaie kinas activity [10)),
a phosphocreatine (b mM=creatine phosphokinase (10 U) ADP.
scavenging system [10), 28 aM ATP and 3 nCi {v-"*PIATP (Amer-
sham) in a final volune of 60 ul. After 45 min the assays were stopped
by addition of 15 xl of buffer C (50 mM Tris-HCI, pH 8.8, 50%
glycerol, §% SDS) plus 10% 2-mercaptaethanol, the saunples were
boiled for 2 min at 90°C, and subjected to denaturing PAGE [14] and
autoradiography [10).

2.4, hmmunoprecipitation of PEPC

After the 45-min phosphorylation period some samples were in-
cubated for 12 11 a1 4°C with rabbit and-PEPRPC antiserum, and then
centrifuged for 10 min at 12 000 x g, The immunoprecipitates were
washed twice with 0.6 mlof 0.5 M TriseHCI, pH 8.0, 1.5 M NaCl, 1%
Triton X100, ortce with 0.6 mlof 0.1 M Tris-HCI, pH 8.0, and finally
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Y RESULTS AND DISCUSSION

I the present study, in vitro phosphorylation assays
were pertormed using rapidly prepared and desalted ex
tracts of Haght- and durk-adapred green maize feaves as
the source of crude PEPC-PK. In most ol these ox-
periments, the assayy were supplemented  with the
purified dark-form turget enzyme (see Fig. 1, lanes 1,2
versus 3-8) in order to negate any variastian in the en-
dogenous PEPC protein-substrate (e.g. light PERPC s
enriched in phosphoserine refative to the dark enzyme-
form (6,9]). When such reconstituted phosphorylation
assays were performed, the apparent PEPCCPK activity
in the light extracts was several-fold greater than that
present in the carresponding dark samples when using
cither endopenous or exogenous PEPC as substrate
(Fig. 1, lanes 1-4). This steiking observation was not
due to an excessive protein phasphatase activity in the
dark tissue extructs since (i) okadaic acid, ai levels
known to completely inhibit types 1 and 2A plant pro-
tein phosphatascs (up to 1 aM [5,13]), was completely
without effect (Fig. 1b, lanes *=8), and (i) purified
dark-form maize PEPC, specifically *P-labeled on
Ser-15 [4], was not significantly dephosphorylated by
cither of these dilute leat extracts (Y. Samaras and C.
Echevarria, unpublished),  Similarly, the ADP-
dependent threonyl-phosphorylation of the 95-kDa
PPDK subunit [see 1,2] was not a confounding factor in
these experiments since (i) the PPDK and 109-kDa
PEPC monomers were sufficiently resolved by SDS-
PAGE (Fig. 1n), (i) an ADP-scavenging systeimn and an
adenylate kinase inhibitor [10] were routinely included
in the phosphorylation assays, and, most notably, (ii)
the striking light~dark difference in PEPC-PK activity
was still observed when PEPC-immunoprecipitates

Fig. 1. PEPC-PK activily in desalied crude extracts of {lluminated or darkened leaves and the effect of okadaic acid. SDS-PAGE analysis of

phosphorylation assays with dark (lanes 1,3,5,7) or light (2,4,6,8) tissue extracts, supplemented with (3-8) ot without (1,2) purified dark-form

PEPC. The assays were done in the absence (l1-4) or presence of either 25 nM (5,8) or 1 uM (7,8) okadaic aeid, (a) Coomassie blue-stained gel,
(b) Autcradiograph.
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Fig. 2. Changes in PEPC-PK activity in vivo during a dark to light (A) or light to dark (13) transition of the parent leaf tissue, SDS-PAGE analysis

of PEPC immunoprecipitates from phosphoryviation assays supplemented with purified dark-form PEPC. (A) Leaves in darkness overnight [10-15

ho(time ‘0", lane 1] and after 15, 30, 45, 60 and 120 min in the light (2-6, respectively). (B) Leaves at the end of the 14-h photoperiod (time ‘0°,

lane 1) and after 15, 30, 45, 60 and 120 min in the dark (2-6, respectively). () Coomassie blue-stained gels. () Autoradiographs. In parallel ox-

periments, the corresponding in vivo phosphorylation-status of PEPC was assessed by the sensitivity of the target enzyme's activity to L-malate

using crude extracts rapidly prepared at either time ‘0 or after 120 min in the light (A) or dark (13), The %0 inhibition by 1 mM L-malate is indicated
at the bottom of the corresponding lane (1 and 6 in Experiments A and BY in (b),

were analyzed (Fig. 2). Thus, these collective findings
indicate a striking, reversible light activation of PEPC
protein-serine kinase activity in vivo.

Given the relatively slow, reversible light activation
of PEPC in the C4 mesophyll-cytoplasm in vivo [6,7,9],
it was of obvious importance to determine the kinetics
of the light-dark effects on PEPC-PK activity. The
results presented in Fig. 2A (dark to light transition)
and 2B (light to dark transition) indicate that the rever-
sible light activation of the PEPC protein-serine kinase
in vivo was similarly slow, taking as long as 60 min to
near completion, Thus, there is excellent agreement bet-
ween the known kinetics of the light-dark changes in
malate sensitivity-seryl phosphorylation-status of the
target enzyme in vivo [6,9] and those anticipated for
PEPC-PK activity.

In an attempt to gain further insight into the reversi-
ble light activation of the PEPC protein-serine kinase
and its possible relationship to the previnusly reported
calcium-calmodulin-dependent PEPC protein kinase

activity in crude sorghum leaf extracts [14], we next
evaluated the effects of putative, light-modulated
cytoplasmic effectors on PK activity in vitro. Inclusion
of either dithiothreitol (DTT) or EGTA into the stan-
dard phosphorylation assay had no major effect on the
relative light-dark PEPC-PK activity (Fig. 3A, lanes
3-8), thus suggesting that changes in cytoplasmic -SH
status (e.g. via the extrachioroplastic NADP-thio-
redoxin h system [15]) and Ca®™* levels are not responsi-
ble for the differential PEPC-PK activity in light and
darkness. Similarly, ammonium sulfate precipitation of
the crude extracts prior to desalting had no effect on the
light-dark activity-ratio of the kinase (Fig. 3B, lanes
9-12), thereby arguing against the involvement of a
tight-binding PEPC-PK effector analogous to the noc-
turnal inhibitor of the chloroplast stromal enzyme,
Rubisco [16,17].

In summary, the present results indicate that the PEP
carboxylase protein-serine kinase(s) per se is reversibly
light activated in vivo by either covalent modification,
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Fig. 3. Effect of DTT, EGTA (A) and ammonium sulfate preclpltauon of the cfude flltrates (B) on PEPC-PK actmty SDS- PAGE analysis of

phosphorylation assays with dark (lanes'1,3,5,7,9,11) or light (2,4,6,8,10,12) tissue extracts; supplemented with (3-12) or without (1,2) purified

dark-form PEPC. In (A), the phosphorylation assays were performed in the absence (1-4) or presence of 20 mM DTT (5,6) or 4 mM EGTA (7,8).

In (B), 0.2 m!of the crude filtrate was either directly desalted (9,10) or first precipitated with 60% saturation (NH4):804 (45 min, 4°C), centrifuged,
and the pellet resuspended m 0 2 ml of buffer B prior to desaltmg (11 12). (a) Coomassxe blue-stained gels. (b) Autoradlographs

protein turnover or, less likely, a tight-bindin‘g effector, :
thus implying that the light signal and ensuing activa- -
tion-seryl-phosphorylation . of  PEPC 'in .the C4
mesophyli-cytoplasm . involves a’ bicyclic regulatory

cascade. We are now attempting to establish by what
specific mechanism(s) the kinase activity in vivo is slow-
ly, but stnkmgly mcreased in the hght and decreased in
darkness. -
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