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The PII protein is a signal integrator involved in the regulation of
nitrogen metabolism in bacteria and plants. Upon sensing of
cellular carbon and energy availability, PII conveys the signal by
interacting with target proteins, thereby modulating their bio-
logical activity. Plant PII is located to plastids; therefore, to identify
new PII target proteins, PII-affinity chromatography of soluble
extracts from Arabidopsis leaf chloroplasts was performed. Sev-
eral proteins were retained only when Mg-ATP was present in the
binding medium and they were specifically released from the resin
by application of a 2-oxoglutarate-containing elution buffer. Mass
spectroscopy of SDS/PAGE-resolved protein bands identified the
biotin carboxyl carrier protein subunits of the plastidial acetyl-CoA
carboxylase (ACCase) and three other proteins containing a similar
biotin/lipoyl-binding motif as putative PII targets. ACCase is a key
enzyme initiating the synthesis of fatty acids in plastids. In in vitro
reconstituted assays supplemented with exogenous ATP, recombi-
nant Arabidopsis PII inhibited chloroplastic ACCase activity, and
this was completely reversed in the presence of 2-oxoglutarate,
pyruvate, or oxaloacetate. The inhibitory effect was PII-dose-
dependent and appeared to be PII-specific because ACCase activity
was not altered in the presence of other tested proteins. PII
decreased the Vmax of the ACCase reaction without altering the
Km for acetyl-CoA. These data show that PII function has evolved
between bacterial and plant systems to control the carbon metab-
olism pathway of fatty acid synthesis in plastids.

Arabidopsis thaliana | biotin carboxyl carrier protein | PII protein |
organic acids | fatty acid metabolism

Carbon (C) and nitrogen (N) metabolism pathways are coor-
dinated in plants by a complex cross-talk between different

signals. The mechanisms involved in this regulatory network are a
fundamental aspect of primary plant metabolism, but to date they
are poorly understood. The PII protein is one of the most ancient
and conserved actors of signal transduction in archaebacteria,
bacteria, and plants. PII signaling proteins are homotrimers
composed of 12- to 15-kDa subunits that interpret the metabolic
status of the cell. PII binds ATP and 2-oxoglutarate (2-OG), and
depending on the degree of ligand binding, it interacts with
enzymes, transcription factors, and transporters, and in doing so
the activity of these proteins is modified to attain C/N homeostasis
(1–6). Although PII proteins are well conserved at the amino acid
level, their biological functions, and therefore their interacting
protein partners, are diverse. In nonphotosynthetic bacteria, the
first studied PII protein was GlnB of Escherichia coli, which reg-
ulates glutamine synthetase (GS) activity at both the transcrip-
tional and posttranslational levels by interacting with NtrB (the
kinase/phosphatase of the transcription factor NtrA) and GlnE
(the GS adenylase) (1). E. coli also contains a second PII protein,
GlnK, which regulates ammonium uptake by interacting with

AmtB (an ammonium transporter), a function that is common
throughout most prokaryotes (7, 8). In Bacillus subtilis, GlnK also
interacts with TnrA, a major transcription regulator of N me-
tabolism (9). Meanwhile, PII proteins of N2-fixing bacteria inter-
act with proteins specific to theN2-fixation process. In diazotrophs
like Azospirillum brasilense, DraT (interacting with GlnB) and
DraG (interacting with GlnZ) are involved in the regulation by
ribosylation of the dinitrogenase reductase (10), NifH, while PII
directly interacts with NifD and NifK (the subunits of the nitro-
genase complex) in N2-fixing Archaea like Methanococcus mar-
iplaudis (11). Cyanobacteria contain a GlnB-type PII, the
functions of which differ from the above-mentioned PII proteins.
In cyanobacteria, PII signaling is involved in the regulation of N-
utilization, nitrate/nitrite and bicarbonate uptake, and gene
expression by the global N-control factor, NtcA (3–5). The yeast
double-hybrid technique led to the identification of several cya-
nobacterial PII-interacting proteins: PamA (a putative membrane
protein of unknown function) (12), PipX (a small protein uniquely
found in cyanobacteria that interacts with both PII and NtcA)
(13), and the N-acetyl-L-glutamate kinase (NAGK), which is the
controlling enzyme of arginine synthesis (14–16). A plant PII
proteinwasfirst reported in 1998 (17).Although nuclear-encoded,
the protein is located to the chloroplasts of both Arabidopsis
thaliana (17) and rice leaves (18). PII knockout mutants exhibit
altered levels of C and N metabolites like starch and glutamine
when grown under certain N-regimes, thus suggesting that plant
PII is involved in regulating C/N homeostasis (19). To date,
NAGK is the only PII-interacting protein identified in plants. This
was initially shown by yeast double hybrid experiments (14, 18),
followed by PII-affinity chromatography in which the NAGK was
the unique plant protein identified as specifically interacting with
PII (20). The use of recombinant proteins showed thatArabidopsis
PII modified NAGK kinetics (20, 21) in a similar way to that
described for the Synechococcus PII–NAGK interaction (16). The
structure of a PII–NAGK complex has been solved forArabidopsis
(22) and Synechococcus elongatus proteins (23). It is possible that
the function of plant PII has further similarities to those found in
cyanobacteria because it has been proposed that plant PII regu-
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lates chloroplast nitrite uptake via an interaction with a nitrite
transporter (24).
In this work, plant PII-interacting proteins have been identified

using PII affinity chromatography, soluble chloroplast protein
extracts from Arabidopsis rosette leaves, and mass spectrometry.
Proteins retained by PII, in the presence of ATP and eluted with
2-OG, contained a common biotin/lipoyl attachment domain
motif, and included a subunit of the plastidial ACCase. This
heteromeric enzyme is composed of four different proteins
including the biotin carboxyl carrier protein (BCCP), and it car-
ries out the first committed step of the lipid biosynthetic pathway
by converting acetyl-CoA to malonyl-CoA (25). The Arabidopsis
genome also encodes two homomeric ACCases, ACC1 and
ACC2, which are dimeric forms located in the cytosol (26) with
the exception of the grass family in which they are also found in
plastids (27). We report that ATP-activated PII inhibits in vitro
chloroplastic ACCase activity via binding to its BCCP subunit,
and that this is relieved by 2-OG. This finding indicates that PII
function has significantly evolved between bacteria and plants and
that PII signaling is not uniquely involved in the regulation of N-
metabolism. We propose that plant PII contributes to the fine-
tuning of chloroplastic C flow to several metabolic pathways that
consume C-skeletons (and ATP).

Results
Identification of PII-Interacting Proteins in Arabidopsis Leaf
Chloroplast Extracts. To date, a single PII-interacting protein, the
NAGK, has been identified and characterized in plants. This was
achieved by using the yeast double hybrid technique (14, 18) and
affinity chromatography of protein extracts from Arabidopsis cell
cultures (20). To explore further the catalog of PII-interacting
proteins in plants, purified recombinant Arabidopsis His-tagged-
PII was bound to a nickel affinity resin and associated with soluble
proteins from Percoll-purified, intact Arabidopsis rosette leaf
chloroplasts. This choice of plant material was made because of
the chloroplast localization of PII (17, 18). Previous works have
shown that PII–protein interactions depend on Mg-ATP, for
binding, and 2-OG for elution (16, 28–30). Therefore, these
metabolites were used in our affinity chromatography approach.
In this way, several proteins in the molecular mass range of 25–37
kDa were retained by PII in the presence of Mg-ATP and eluted
by 2-OG, as judged by SDS/PAGE (Fig. 1A, and see Fig. S1 for the
complete SDS/PAGE gel). Gels were sliced and trypsin-digested
proteins were analyzed by LC-MS/MS mass spectrometry and
bioinformatics using protein sequences in the Arabidopsis TAIR
database. This led to the identification of the NAGK (thus vali-
dating our protocol) and a group of plastid-localized proteins
annotated as “biotin/lipoyl attachment domain-containing”
(Table 1). Because this latter protein family exhibited an ATP-
dependent affinity for PII that was reversed by 2-OG, their
members are good candidates to be PII-regulated targets in vivo.
Two identified members of this family, BCCP1 and BCCP2, are
the biotin carboxyl carrier subunits of the plastidial heteromeric
ACCase, a carboxylating enzyme using biotin as CO2 carrier and
initiating the fatty acid biosynthetic pathway. Because the other
family members have unknown functions, it was decided to

investigate whether PII could modify the carboxylase activity of
plastidial ACCase in vitro. PII-affinity chromatography was also
repeated, but protein elution was achieved by using 0.5 mM 2-
OG; a similar protein pattern was obtained, and Western blotting
using BCCP antibodies showed the presence of BCCP in the
eluted fractions (Fig. 1B). To confirm this interaction, a reverse
approach was carried out where chloroplastic soluble biotin-
containing proteins [including BCCP (Fig. S2)] were fixed to
immobilized monomeric avidin and their interaction with
recombinant Arabidopsis PII was tested in the presence of Mg-
ATP. PII was retained and eluted by 5 mM 2-OG as determined
by Western blotting with PII antibodies (Fig. 1C).

Chloroplastic ACCase Activity Is Regulated by PII. In Arabidopsis,
heteromeric ACCase is strictly located to plastids, as is PII.
Therefore, intact chloroplasts were isolated from illuminated
rosette leaves of a previously described PII null mutant (19) to
avoid interaction of endogenous PII with the ACCase in the
corresponding extracts. Furthermore, osmotic-shocked, total
intact chloroplast extracts were used because plastidial ACCase
has been shown to be linked to the chloroplast envelope (31) and
DTT was added because ACCase activity is light-activated by a
thioredoxin-mediated process (32). First, it was shown that 14C-
incorporation (from 14C labeled HCO3

−) into stable reaction
products strictly depended on the presence of acetyl-CoA (Fig.
2). Avidin, a general inhibitor of ACCase activity, led to a strong

Fig. 1. Identification of PII-interacting proteins in leaf chloroplast extracts.
Soluble proteins from purified chloroplasts were loaded onto a PII-affinity
resin. Unbound proteins were removed by washing with 50 mL of buffer A.
Lane W shows the absence of protein at the end of the wash process. Bound
proteins were eluted with 5 mM 2-OG (8 × 0.5 mL fractions corresponding to
lanes E1–E8). In control experiments omitting Mg-ATP or with NAGK fixed to
the affinity resin, these proteins were not bound. (A) Eluted proteins were
TCA-precipitated and subjected to SDS/PAGE (12% acrylamide) and silver
staining. (B) Bound proteins were eluted with 0.5 mM 2-OG and, after SDS/
PAGE, submitted to Western blotting with BCCP antibodies. (C) In a reverse
approach, soluble biotin-containing proteins from intact chloroplasts were
fixed to immobilized avidin and their interaction with recombinant PII was
tested in the presence of Mg-ATP. PII was eluted with 5 mM 2-OG and
fractions were evaluated for PII content by Western blotting using PII anti-
bodies. For explanation of a and b, see Table 1 and Fig. S1.

Table 1. Identified proteins eluted from PII-affinity chromatography by 2-oxoglutarate

Arabidopsis gene no. Description No. of peptides Percent coverage of protein Position on Fig. 1

At3g56130 Biotin/lipoyl attachment domain protein 8 64 a + b
At1g52670 Biotin/lipoyl attachment domain protein 5 46 a + b
At3g15690 Biotin carboxyl carrier protein-related 5 40 b
At5g15530 BCCP2 4 25 b
At5g16390 BCCP1 4 21 a
At3g57560 NAGK 4 14 a

Feria Bourrellier et al. PNAS | January 5, 2010 | vol. 107 | no. 1 | 503

PL
A
N
T
BI
O
LO

G
Y

D
ow

nl
oa

de
d 

by
 g

ue
st

 o
n 

Ju
ly

 9
, 2

02
0 

http://www.pnas.org/cgi/data/0910097107/DCSupplemental/Supplemental_PDF#nameddest=sfig01
http://www.pnas.org/cgi/data/0910097107/DCSupplemental/Supplemental_PDF#nameddest=sfig02
http://www.pnas.org/cgi/data/0910097107/DCSupplemental/Supplemental_PDF#nameddest=sfig01


reduction of the measured activity, whereas the herbicide
fenoxaprop, a specific inhibitor of the cytosolic ACCase (33), did
not affect the activity (Fig. 2). Taken together, these data vali-
date the plant material and the method chosen to measure the in
vitro activity of plastidial ACCase. This assay was used to
investigate the effect of PII on plastidial ACCase activity in the
presence of Mg-ATP. The addition of exogenous, recombinant
Arabidopsis PII reduced ACCase activity by ≈50% when com-
pared to the control (minus PII) value (Figs. 3 A and B). This
effect was PII-dose-dependent, with an apparent IC50 of 150 nM
(Fig. 3B). It should be noted that the low PII concentration
would bind negligible ATP amounts that should not impact on
the ACCase reaction. In marked contrast, the addition of either
chloroplastic NAGK or coproporphyrinogen III oxidase (CPO),
as recombinant plastid-localized proteins, or bovine serum
albumin (BSA) as a nonspecific nonplant protein to the assay
medium did not produce any effect on the activity, thereby
suggesting that PII specifically modulated the ACCase target
(Fig. 3A). PII inhibition of chloroplastic ACCase activity was
further characterized by analyzing the effect as a function of
acetyl-CoA concentration (Fig. 4). This showed that the 50%
reduction in Vmax attributed to the interaction with PII was not
associated with a change in the Km for acetyl-CoA, since Line-
weaver-Burke analyses of the curves gave Km values of 1.08 mM
(in the absence of PII) and 1.23 mM (in the presence of PII).
Thus, PII behaved as a typical noncompetitive inhibitor of
chloroplastic ACCase.

PII Inhibition of Chloroplastic ACCase Is Released by Metabolites.
PII–protein interactions are modified by the binding of adeny-
lates and 2-OG to the PII protein, in all cases studied so far the
fixing of 2-OG disrupts the PII–protein complex. With respect to
plant PII, it has recently been shown that the PII–NAGK
interaction is affected by the addition of 2-OG (in the mM
range) in the presence of Mg-ATP (29, 30). Because isothermal
titration calorimetry showed that PII did not bind various amino
acids (34), it was decided to characterize the effect of 2-OG and
other organic acids on the PII-induced inhibition of ACCase
activity. The presence of 5 mM 2-OG in the assay medium
containing PII restored the ACCase activity to a level equivalent
to that measured in the absence of PII (Fig. 5A). On the other
hand, the addition of L-malate, citrate, or PEP did not relieve the
observed PII-induced inhibition (Fig. 5A). However, OAA or
pyruvate had the same effect as 2-OG, in that the ACCase
activity was restored to that observed in the absence of PII. This
was presumably mediated by altered PII–protein interactions
because addition of the metabolites to the assay in the absence of

PII did not alter the enzymatic activity. Finally, we studied the
effect of 2-OG concentration on the maximally inhibited in vitro
chloroplastic ACCase activity. At a concentration of 1 mM, this
metabolite released almost all of the PII-inhibitory effect with
50% recovery corresponding to ≈0.08 mM 2-OG (Fig. 5B)—the
kd for the interaction of 2-OG with PII as determined in ref. 34
and a concentration that is in the physiological range (35). Such
data are in good agreement with the current working hypothesis
that 2-OG is the central metabolite antagonizing PII–protein
interactions. Interestingly, two organic acids (OAA and pyruvate)
involved in acetyl-CoA synthesis, appear to be potential regu-
latory metabolites that can relieve PII-related changes in ACCase
activity. It has been shown that OAA can bind to PII (34) whereas
it inhibited PII dephosphorylation in Synechocystis (as did 2-OG)
probably via an interaction with PII (36). On the other hand,
pyruvate did not alter PII dephosphorylation (36) and it was not
tested in (34). Finally, the addition of biotin to the assay did not
affect the PII inhibition of ACCase activity (Fig. 5A).

Fig. 2. Characterization of chloroplastic ACCase activity. The ACCase
activity was assayed by using a total chloroplast extract from the Arabidopsis
PIIV1 mutant in the presence, or absence, of 0.5 mM acetyl-CoA. Avidin
(0.2 units), a general ACCase inhibitor, and fenoxaprop (100 mM), a specific
inhibitor of the cytosolic ACCase, were tested to validate the measured
chloroplastic ACCase activity. The data represent the average value (±SE)
from 23 (+/−acetyl-CoA), 5 (avidin), and 4 (fenoxaprop) experiments carried
out on different chloroplast preparations.

Fig. 3. PII inhibits chloroplastic ACCase activity. (A) ACCase activity was
assayed in the absence (−PII) and presence of 0.36 μM PII (+PII). The specificity
of PII inhibition was tested by addition of recombinant NAGK (1.51 μM) or
CPO (1.35 μM) (plastidial proteins), or BSA (0.72 μM), a nonplant protein. (B)
The response curve of ACCase activity to increasing concentrations of trimeric
PII showed that the inhibition was PII-dose-dependent. The data represent
the average value (±SE) from 5 (PII, NAGK, CPO, BSA) and 4 (PII-dose-
dependence) experiments carried out on different chloroplast preparations.
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Discussion
This study identifies a family of “biotin-binding proteins” as
target proteins of the PII protein in chloroplasts from Arabi-
dopsis rosette leaves. Based on previous work involving bacterial
and plant systems, the behavior of these proteins with respect to
the ATP-dependent interaction with PII and their subsequent
elution by 2-OG is expected for PII target proteins. Indeed, ATP
binding to PII brings about the conformational changes required
for PII–protein interactions and allows the formation of the 2-
OG binding site (37). Two of the identified proteins are BCCP

subunits of the plastidial ACCase, but the physiological function
(s) of the other “biotin-containing” proteins remain to be dis-
covered. In subsequent reconstituted, in vitro assays it was found
that addition of exogenous PII to chloroplast extracts down-
regulated the measured ACCase activity by 50% (in the presence
of Mg-ATP). These observations are interpreted by the negative
modulation of ACCase activity when PII interacts with the
BCCP subunit and that ATP (which is required for ACCase
activity) can control this activity indirectly via PII. However, to
have a coherent physiological sense and to conform to the known
regulatory mechanism of PII–protein interactions, this process
must show a reversible metabolite control. To date, the major
metabolite disrupting PII–protein interactions is 2-OG, as
recently documented for the plant PII–NAGK complex (29, 30).
In our assay, 2-OG fully reversed the PII-induced inhibition of
ACCase activity (Fig. 5), and based on our different affinity
chromatography experiments (Fig. 1 and Table 1), PII no longer
interacts with BCCP in the presence of this metabolite. The low
concentration dependence of the 2-OG effect (Fig. 5B) is in
agreement with measured 2-OG levels in spinach leaves (35) and
the kd for 2-OG binding to PII (34). Interestingly, OAA and
pyruvate had similar effects on the PII-specific inhibition (Fig.
5A) and this could be physiologically relevant because they are
implicated in metabolic pathways leading to acetyl-CoA pro-
duction. We propose that PII binds to the BCCP subunit of the
plastidial ACCase in the presence of Mg-ATP. This interaction
reduces the catalytic activity of the enzyme without altering the
Km for acetyl-CoA (Fig. 4) by a mechanism yet to be determined.
PII is released from the ACCase complex when 2-OG (OAA or
perhaps pyruvate) binds to PII, thus relieving the inhibition. In
this way, lipid biosynthesis in the plastids will be controlled by
energy status and C-skeleton availability. This new control
mechanism must be incorporated into a complex regulatory
network because the carboxyltransferase subunit of plastid
ACCase is phosphorylated—although the physiological sig-
nificance of this modification is not yet known (38)—and subject
to a thioredoxin-dependent redox control (32) that up-regulates
the enzyme, with both processes taking place in the light. Thus,
the chloroplastic ACCase in illuminated leaves is expected to
display a potentially active state; however, its activity should be
negatively modulated via PII by the high ATP concentration
unless sufficient C-skeletons are available in the plastid stroma.
Interestingly, we showed that PII behaved as a typical non-
competitive inhibitor of ACCase, with an unchanged Km for
acetyl-CoA and a decreased Vmax. This means that changes in
acetyl-CoA levels will not affect the extent of PII-induced
inhibition. ATP only is expected to affect the activity via PII
binding to the BCCP subunit. Organic acid concentrations are
cardinal in reversing the effect by releasing the PII. 2-OG is the
carbon skeleton required to fuel the GS/glutamate synthase
(GOGAT) pathway involved in ammonium assimilation and
amino acid synthesis in chloroplasts (39). The actual 2-OG
content in this organelle will depend on both transport and GS/
GOGAT activity. Pyruvate is the precursor of acetyl-CoA syn-
thesis; its accumulation in the plastids would be a sign that lipid
metabolism is limiting. The ensuing metabolic scenario implies a
balance between C (fatty acid)/N (amino acid) pathways as
modulated by the complex interplay between posttranslational
modifications and environmental biochemical factors in relation
to the physiological context.
Becausewe identifieddifferentmembers of a “biotin-containing”

protein family as potential PII-interacting targets, from a structural
point of view there should be a commonPII interaction domain. It is
possible that PII interacts with the region involved in biotin fixation,
thus affecting the efficiency of this cofactor in the enzymatic reac-
tion.However, free biotin did not act as a competitive inhibitor with
respect to the observed PII-induced effect on ACCase activity (Fig.
5A). This could suggest that the PII-interaction domain and the

Fig. 4. Effect of PII on the kinetic parameters of the ACCase reaction as
determined from acetyl-CoA saturation curves. ACCase activity was assayed
in the absence (open circles) and the presence (filled circles) of 0.36 μM PII.
Kinetic parameters were calculated from Lineweaver–Burke analyses. PII did
not alter the Km for acetyl-CoA when the Vmax was reduced by 50%. The
data represent the average values (±SEs) from three experiments carried out
on different chloroplast preparations.

Fig. 5. Effect of metabolites on PII-inhibited chloroplastic ACCase activity.
(A) ACCase activity was assayed in the presence of 0.36 μM PII and selected
metabolites (5 mM). In control assays omitting PII, the metabolites did not
alter the ACCase activity. (B) Recovery of the ACCase activity by increasing
concentrations of 2-OG. The data in A represent the average values (±SEs)
from nine (+/−PII), eight (2-OG), and three (other metabolites) experiments
carried out on different chloroplast preparations. The data in B represent
the average values (±SEs) from three experiments carried out on different
chloroplast preparations.
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inhibitorymechanism do not involve the biotin-binding site. Solving
the PII-ACCase structure would be of great interest to clarify
these points.
These data show that plant PII has gained new functions during

the evolutionary process. To date, bacterial PII is involved
uniquely in different aspects of N-metabolism, and plant and
cyanobacterial PII share the NAGK as a common target (again an
enzyme involved in N-metabolism). The modulation of plastidial
ACCase activity by PII is an example of a role in lipid metabolism
for this regulatory protein. Although, we have characterized the
chloroplastic ACCase activity in plant leaves, the regulation of C
and N metabolisms by PII could be of major importance in other
plant organs like the seedwhere amino acid and fatty acid synthesis
must be coordinated during the filling process (40). Much effort
has been spent tomanipulate seedACCase activity with the goal of
increasing oil content. Success depends on the precise knowledge
of regulatory mechanisms acting on the enzyme in vivo, thus
guiding the development of pertinent biotechnological strategies.
Our resultsmay provide clues to achieve this important goal and to
improve lipid filling in oleaginous seeds.

Materials and Methods
Plant Growth Conditions. Wild-type and PIImutant (19) plantswere grown in a
greenhouseat70%relativehumidity,witha light intensityof200μmol·m−2·s−1

and a day–night regime of 8 h at 22°C and 16 h at 20°C, respectively. The total
rosette of 6-week-old plants was used for intact chloroplast isolation.

Chloroplast Preparation. Intact rosette leaf chloroplasts were Percoll-purified
as described in ref. 24. The plants were maintained in darkness during 24 h to
reduce starch levels and minimize chloroplast damage, and were sub-
sequently transferred to light (150 μE·m−2·s−1) for 20 min to activate the
plastidial ACCase. Before use, the intact chloroplasts were broken by an
osmotic shock (pelleted and resuspended in buffer without sorbitol) and a
freeze–thaw cycle.

Expression and Purification of Recombinant Proteins. The fusion constructs
used to produce C-terminal 6-His-tagged Arabidopsis PII and N-terminal 6-
His-tagged NAGK proteins (minus their transit peptides) are described in
refs. 21 and 41. The coding sequence of CPO was reverse-transcribed from
Arabidopsis total RNA, and the resulting PCR-amplified cDNA was inserted
into a modified pSBETA expression vector as described for NAGK (21). PII,
NAGK, and CPO recombinant proteins were produced in E. coli and purified
by His-Select Nickel Affinity gel (Sigma) chromatography as in ref. 21.

PII-Affinity Chromatography of Soluble Chloroplast Proteins. His6-PII (25 mg)
was immobilized onto 2 mL of His-Select Nickel Affinity gel in buffer A
[50 mM Tris·HCl (pH 7.5), 150 mM NaCl, 3 mM ATP, 6 mM MgCl2, and a
protease inhibitor mixture] by gentle shaking for 30 min at room temper-
ature. Soluble chloroplast proteins from 30–40 g of leaves (10.5 mg of
chlorophyll in 15 mL of buffer A) were loaded onto the resin at a flow rate of
0.2 mL·min−1. The flow-through was collected and then reloaded onto the
resin. After washing with 50 mL of buffer A, bound proteins were eluted
with 5 mL of buffer A containing either 0.5 or 5 mM 2-OG. The eluted
proteins were precipitated with 10% (wt/vol) trichloroacetic acid and stored
for 12 h at −20°C. After centrifugation (12,000 × g, 30 min, 4°C), the pellet
was solubilized in 20 μL of Laemmli denaturation buffer and subjected to
SDS/PAGE (12% acrylamide) as described in ref. 42. Proteins were detected in
gel by silver nitrate staining compatible with further analysis by mass spec-

trometry (43). BCCP was detected by Western blotting (19) using antibodies
raised against recombinant Arabidopsis BCCP2 (44).

Immobilized Monomeric Avidin Affinity Chromatography. The Pierce mono-
meric avidin resinwas prepared as per themanufacturer’s instructions (except
that phosphate was replaced by Tris). Soluble chloroplast proteins (in buffer
A) from 35 g of leaves were incubated for 1 h at room temperature with the
resin to fix biotin-containing proteins. The column was washed with 20 mL of
buffer A before adding 5 μg of recombinant PII. After washing with 20 mL of
buffer A, PII was eluted with 10 mL of buffer A containing 5 mM 2-OG, and
fractions were analyzed as described above using PII-antibodies (19).

Identification of PII Target Proteins by Mass Spectrometry. In-gel protein
digestion was performed with a Progest system (Genomic Solution) as in ref.
45. Resulting peptide extracts were suspended in 25 μL of 0.08% trifluoro-
acetic acid and 2% acetonitrile (ACN). An Ultimate 3000 LC system (Dionex)
connected to an LTQ Orbitrap mass spectrometer (Thermo Fisher) was used
for LC-MS/MS analyses. Peptide mixtures (4 μL) were loaded onto a PepMap
C18 precolumn (0.3 × 5 mm, 100 Å, 5 μm; Dionex) at a 20 μL·min−1

flow rate.
After 4 min, the precolumn was connected to a PepMap C18 nanocolumn
(0.075 × 15 cm, 100 Å, 3 μm) and subjected to a 2–36% linear gradient of
buffer B (0.1% formic acid, 80% ACN) in buffer A (0.1% formic acid, 2%
ACN) at 300 nL·min−1 for 50 min. Ionization was performed with a 1.3-kV
spray voltage applied to an uncoated capillary probe (PicoTip EMITER 10-μm
tip inner diameter; New Objective). Peptide ions were automatically ana-
lyzed by the data-dependent method as follows: full MS scan (m/z 300–
1,600) on the Orbitrap analyzer and MS/MS on the four most abundant
precursors on the LTQ linear ion trap. Only +1, +2, and +3 charged peptides
were subjected to MS/MS, with an exclusion window of 1.5 min, and peptide
fragmentation parameters of Qz = 0.22, activation time = 50 ms, and colli-
sion energy = 35%. Protein identification was performed with Bioworks
3.3.1 (Thermo Fisher) using an A. thaliana protein database (Tair version 7).
The search parameters were trypsin-specificity with 1 missed cleavage, var-
iable methionine oxidation, fixed cysteine alkylation, and mass tolerance of
1.4 Da for precursor ions and 0.5 Da for fragment ions. A multiple-threshold
filter was applied at the peptide level: Xcorr magnitude up to 1.7, 2.2, and
3.5 for mono-, di-, and tricharged peptides, respectively, peptide probability
lower than 0.05, ΔCn > 0.1 with a minimum of two different peptides for an
identified protein.

Enzyme Assays. Chloroplastic ACCase activity was assayed as in ref. 46. An
aliquot of the purified chloroplast fraction, corresponding to 100 μg of
chlorophyll (≈400 μg of protein), was assayed in 200 μL of medium containing
100 mM Tricine (pH 8.2), 50 mM KCl, 3 mM ATP, 6 mM MgCl2, 5 mM DTT,
0.5 mM acetyl-CoA, and 10 mM [14C]NaHCO3 (1 mCi/mM) for 20 min at 30°C.
The enzymatic activity was linear during this time. Reactions were stopped by
adding 50 μL of 6 M HCl. Half of the reaction mixture was placed on What-
man 3-mm paper, washed, and dried, before the radioactivity was deter-
mined by using a scintillation counter (Ready Gel Mixture; Beckman Coulter).
Assays omitting acetyl-CoA or chloroplasts served as controls. Recombinant
proteins underwent gel-filtration [Sephadex G-25 (GE Healthcare) in 100 mM
Tricine (pH 8.2)] to remove imidazole and glycerol before use. To test the
effect of proteins (PII, NAGK, CPO, and BSA) and metabolites (inhibitors,
organic acids, and substrates), assays were carried out in the presence of
defined amounts of each molecule as described in the figure legends.
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