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Phosphoenolpyruvate carboxylase (PEPC) is a tightly reg-
ulated enzyme situated at the core of plant C-metabolism.
Although its anaplerotic role and control by allosteric effec-
tors, reversible phosphorylation, and oligomerization have
been well documented in the endosperm of developing castor oil
seeds (COS), relatively little is known about PEPC in germinating
COS. The initial phase of COS germination was accompanied by
elevated PEPC activity and accumulation of comparable amounts
of pre-existing 107-kDa and inducible 110-kDa immunoreactive
PEPC polypeptides (p107 and p110, respectively). A 440-kDa
PEPC heterotetramer composed of an equivalent ratio of non-
phosphorylated p110 and p107 subunits was purified from germi-
nated COS. N-terminalmicrosequencing,mass spectrometry, and
immunoblotting revealed that both subunits arose from the same
gene (RcPpc3) that encodes the p107 subunit of a phosphorylated
410-kDaPEPChomotetramer indevelopingCOSbut thatp110 isa
monoubiquitinated form of p107. Tandem mass spectrometry
sequencing of a diglycinated tryptic peptide identified Lys-628 as
p110’s monoubiquitination site. This residue is conserved in vas-
cular plant PEPCs and is proximal to a PEP-binding/catalytic
domain. Incubation with a human deubiquitinating enzyme
(USP-2core) converted thep110:p107PEPCheterotetramer intoa
p107 homotetramer while significantly reducing the enzyme’s
Km(PEP) and sensitivity to allosteric activators (hexose-Ps, glycer-
ol-3-P) and inhibitors (malate, aspartate).Monoubiquitination is a
non-destructive and reversible post-translational modification
involved in the control of diverse processes such as transcription,
endocytosis, and signal transduction. The current study demon-
strates that tissue-specific monoubiquitination of a metabolic
enzyme can also occur and that this modification influences its
kinetic and regulatory properties.

Phosphoenolpyruvate (PEP)3 carboxylase (PEPC; EC
4.1.1.31) is an important enzyme situated at a major branch
point in plant C-metabolism that catalyzes the irreversible
�-carboxylation of PEP to yield oxaloacetate and Pi. PEPC has
been intensively studied with regards to its key function in cat-
alyzing the initial fixation of atmospheric CO2 in C4 and cras-
sulacean acid metabolism photosynthesis (1, 2). PEPC also
plays essential roles in bacteria and non-green plant cells, par-
ticularly the anaplerotic replenishment of tricarboxylic acid
cycle intermediates withdrawn for biosynthesis and N-assimi-
lation (3).Most vascular plant PEPCs exist as a homotetrameric
“dimer-of-dimer” structure comprised of four identical 100–
110-kDa subunits and are controlled by a combination of allo-
steric effectors and reversible phosphorylation (1, 2). Allosteric
activation by glucose-6-P and inhibition by L-malate have rou-
tinely been observed, whereas reversible phosphorylation at a
conserved N-terminal seryl residue is catalyzed by a Ca2�-in-
dependent PEPC protein kinase and protein phosphatase type
2A. PEPC phosphorylation activates the enzyme by reducing
sensitivity tomalate inhibitionwhile simultaneously enhancing
activation by hexose-Ps (1–3).
The molecular and functional properties of two classes of

PEPC sharing the same 107-kDa subunit have been investigated
in detail from the triglyceride-rich endosperm of developing
castor oil seeds (COS) (4–9). Class-1 PEPC is a typical 410-kDa
homotetramer composed of 107-kDa plant-type PEPC sub-
units (p107, encoded by RcPpc3; GenBankTM accession:
EF634317), whereas the native Class-2 PEPC 910-kDa hetero-
oligomeric complex arises from a tight interaction between
Class-1 PEPC and unrelated 118-kDa bacterial-type PEPC
polypeptides (p118, encoded by RcPpc4; GenBank accession:
EF634318) that are also phosphorylated in vivo (4, 5, 8, 9). The
reversible in vivo seryl phosphorylation of the p107 subunit of
Class-1 PEPC in response to sucrose supply indicated that
PEPC (p107) protein kinase contributes to the control of car-
bohydrate partitioning in developing COS at the level of the
cytosolic PEP branch point (6, 7). Distinctive Class-1 versus
Class-2 PEPC developmental profiles during COS filling,
together with Class-2 PEPC’s marked insensitivity to allosteric
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effectors relative to Class-1 PEPC, led to the hypotheses that: (i)
Class-1 and Class-2 PEPC respectively support glycolytic car-
bon flux required for storage protein and storage lipid synthesis
in developing COS and (ii) the p118 bacterial-type PEPC func-
tions as a regulatory subunit within the Class-2 PEPC complex
(4, 8). Fully mature and germinating COS endosperm contain
immunoreactive plant-type PEPCpolypeptides that co-migrate
with the p107 of developingCOSPEPC.However, an additional
PEPC polypeptide of �110-kDa (p110) appears immediately
followingCOS imbibition and persists throughout germination
at an equivalent ratio with the p107 (8, 10). Here we demon-
strate that RcPPC3 (p107) subunits become monoubiquiti-
nated at a conserved Lys residue during the initial stages of COS
germination, resulting in formation of an unusual p110:p107
Class-1 PEPC heterotetramer. Incubation with a mammalian
deubiquitinating enzyme (DUB) converted the p110:p107 het-
erotetramer into a p107 homotetramer while exerting signifi-
cant effects on the enzyme’s PEP saturation kinetics and
response to allosteric effectors. Monoubiquitination has
recently emerged as reversible post-translational modification
(PTM) involved in the control of diverse processes such as gene
expression and endocytosis (11, 12). To our knowledge, how-
ever, there have been no reports describing regulatory monou-
biquitination of a metabolic enzyme in any biological system
studied to date.

EXPERIMENTAL PROCEDURES

Plant Material—Developing or germinating seeds from cas-
tor (Ricinus communis L., cv. Baker 296) plants were obtained
as described previously (8). Dissected endosperm (free of coty-
ledon) was frozen in liquid N2 and stored at �80 °C until used.
Enzyme andProteinAssays andKinetic Studies—PEPCactiv-

ity was assayed at 340 nm using a Molecular Devices Spectra-
max Plus microplate reader as described previously (9). One
unit of activity is defined as the amount of PEPC catalyzing the
formation of 1 �mol of oxaloacetate/min at 25 °C. Protein con-
centrations were determined using Coomassie Blue G-250 dye
binding method using bovine �-globulin as the protein stand-
ard (6). Km, Ka, and I50 values were calculated using the Brooks
(13) computer kinetics program. All kinetic parameters are the
means of at least four separate experiments and are reproduc-
ible to within �10% (S.E.) of the mean value. Stock solutions of
metabolites were made equimolar with MgCl2 and adjusted to
pH 7.5.
PEPC Purification—All procedures were performed at 4 °C

except DEAE-Fractogel and phenyl-Superose FPLC, which
were conducted at room temperature. All buffers contained 50
mM Hepes-KOH (pH 8.0), 5 mM MgCl2, 1 mM EDTA, 1 mM
dithiothreitol, 5 mM L-malate, 20 mM NaF, and 2 mM 2,2�-
dipyridyl disulfide in addition to the following. Buffer A con-
tained 20% (v/v) glycerol, 1 mM EGTA, 20 mM NaF, 0.1% (v/v)
Triton X-100, 4% (w/v) PEG 8000, 5 mM thiourea, 1% (w/v)
insoluble poly(vinylpolypyrrolidone), 5 mMNaPPi, 2 mM phen-
ylmethylsulfonyl fluoride, and 0.5 mM Na(VO3)4. Buffer B con-
tained 1 mM EGTA and 20% (saturation) (NH4)2SO4. Buffer C
was buffer B lacking (NH4)2SO4 but containing 10% (v/v) eth-
ylene glycol. Buffer D contained 15% (v/v) glycerol, 1 mM
EGTA, and 100 mM KCl.

Endosperm (300 g) from 4-day germinated COSwas homog-
enized (1:2; w/v) in buffer A using a Polytron. After centrifuga-
tion, the supernatant was filtered through two layers of Mira-
cloth. PEG 8000 (50% (w/v) in 50 mMHepes-KOH, pH 8.0) was
added to the solution to a final concentration of 20% (w/v) and
stirred at 4 °C for 15min. After centrifugation, PEGpellets were
resuspended in buffer B (lacking (NH4)2SO4) to a final protein
concentration of about 30 mg/ml. After centrifugation, a solu-
tion of (NH4)2SO4 (100% (saturation), pH 8.0) was added to the
supernatant to 20% (saturation). The solutionwas stirred for 10
min, centrifuged, and absorbed batchwise onto 125ml of butyl-
Sepharose 4 Fast Flow equilibrated with buffer B and packed at
4.5 ml/min into a 3.2-cm diameter column. The column was
washed at 5 ml/min with buffer B until the A280 approached
base line. PEPC was eluted by 50% buffer C (50% buffer B) (10
ml/fraction). Pooled peak fractions were mixed with an equal
volume of 50% (w/v) PEG 8000 and incubated overnight on ice.
Following centrifugation, PEG pellets were dissolved in buffer
D to a protein concentration of 15 mg/ml, recentrifuged, and
loaded at 1.5 ml/min onto a column (1.1 � 13 cm) of Fractogel
EMD DEAE-650 (S) connected to an ÄKTA FPLC system and
equilibrated with buffer D. The columnwas washed with buffer
D, and PEPC activity was eluted with a 100–500 mM KCl gra-
dient (117ml) in buffer D (3ml/fraction). Pooled peak fractions
were concentrated to 2.5 ml using an Amicon Ultra-15 centrif-
ugal filter unit (30-kDa cutoff), adjusted to 25% (saturation)
(NH4)2SO4, and applied at 0.5 ml/min onto a Protein Pak phe-
nyl-5PW column (0.8� 7.5 cm) pre-equilibrated with buffer B.
PEPC was eluted following application of a linear gradient (60
ml) of 0–100% buffer C (100-0% buffer B) (0.5 ml/fraction).
Pooled peak fractions were concentrated to 0.4 ml as above,
divided into 25-�l aliquots, and stored at�80 °C. PEPC activity
was stable for at least 4 months when stored frozen. In some
instances, the final preparation was subjected to gel filtration
FPLC at 0.25 ml/min on a calibrated Superose-6 HR 10/30 col-
umn (4) equilibrated with buffer D.
Electrophoresis and Immunoblotting—SDS and non-denatur-

ing PAGE, subunit and native Mr estimates via SDS- and non-
denaturing-PAGE, and immunoblotting were performed as
described previously (4, 8). Gels were stained for total protein
using Coomassie Blue R-250 or Sypro Red, for phosphoproteins
using Pro-Q Diamond (Molecular Probes) or for PEPC acti-
vity using the Fast Violet method (4). Sypro-Red- and Pro-Q
Diamond-stained gels were scanned using a Typhoon 8600 flu-
orescence imager (GE Healthcare). For second dimension
PAGE, PEPC activity staining bands were excised from a non-
denaturing gel and subjected to SDS-PAGE and immunoblot-
ting as described (14). Antigenic polypeptides were visualized
using an alkaline phosphatase-conjugated secondary antibody
and chromogenic detection (5). All gel and immunoblot results
were replicated a minimum of three times, with representative
results shown in the various figures.
N-terminal Sequencing—This was performed by automated

Edman degradation at the Sheldon Biotechnology Centre
(McGill University, Montréal QC, Canada). Similarity searches
were performed using the BLAST program available on the
NCBI web site (www.ncbi.nlm.nih.gov).
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Mass Spectrometry—Excised gel bands were destained with
100mMNH4HCO3/acetonitrile (ACN) (1:1, v/v) until colorless,
dehydrated in 100% ACN, and dried using a SpeedVac. Follow-
ing reductionwith 10mMdithiothreitol (in 100mMNH4HCO3)
at 56 °C for 1 h, proteins were alkylated with an equal volume of
55 mM iodoacetamide at 23 °C for another 45 min. Subsequent
digestion was performed using 10 ng of sequencing grade tryp-
sin (Calbiochem) in 25 mM NH4HCO3 (pH 7.6) at 37 °C over-
night. The resulting peptides were extracted by successive son-
ication with 0.1% trifluoroacetic acid, 0.1% trifluoroacetic acid
in 50% ACN, and 100% ACN followed by a C18 ZipTip (Milli-
pore) cleanup step. The peptides were deposited on a matrix-
assisted laser desorption ionization (MALDI) target by mixing
with an equal volume (0.5 �l) of 2,5-dihydroxybenzoic acid
matrix (100 mg/ml in 50% ACN). MALDI data were acquired
using an Applied Biosystems/MDS Sciex QStar XL Q-TOF
mass spectrometer equipped with an oMALDI II source and a
nitrogen laser operating at 337 nm. Peptide sequencing of the
selected ions was carried out by MALDI quadrupole time-of-
flight (QqTOF) MS/MS measurements using argon as the col-
lision gas. All peptide fingerprinting masses and MS/MS ion
searches were performed with the Mascot search engine
(MatrixScience) using the NCBI non-redundant data base
(NCBInr released 10/10/2007; containing 5,507,867 protein
sequences). These searches take into account onemissed cleav-
age and the modifications carbamidomethylation, asparagine
and glutamine deamidation to aspartate acid and glutamic acid,
as well as N-terminal pyroglutamation and methionine oxida-
tion. The mass tolerance between calculated and observed
masses used for the data base search was considered at the
range of�100 ppm formass spectrometry (MS) peaks and�0.1
Da for MS/MS fragment ions. Ubiquitin (UB) conjugation site
identification was performed as described by Ref. 37 using
MS/MS analyses of both tagged (sulfonated) and non-tagged
tryptic peptides.N-terminal sulfonationwas performedwith 10
mg/ml sulfophenyl isothiocyanate in 20 mM NaHCO3 (pH 9.0)
(15). Following C18 Ziptip cleanup, MS/MS analysis of sulfo-
nated peptides by low energy collision induced dissociation
yields a set of C-terminal y fragment ions in the positive ioniza-
tion mode, which enabled a reliable and rapid sequence identi-
fication of the UB-conjugation site.
Deubiquitination—All DUBs were obtained from Progenra

Inc. (Malvern, PA). Purified PEPC (6�g) was incubated at 37 °C
for up to 60min with 1�M of eachDUB in 20mMTris-HCl (pH
7.5), 50 mM KCl, 5 mM MgCl2, 20% (v/v) glycerol, and 2 mM
dithiothreitol (final volume � 50-�l).
Statistics—Data were analyzed using the Student’s t test and

deemed significant if p � 0.05.

RESULTS AND DISCUSSION

Clarified Extract Studies—Preliminary experiments corrobo-
rated earlier reports (8, 10) that: (i) PEPC increases following imbi-
bition from about 0.25 units/g of fresh weight in ungerminated
COS endosperm to a maximum of about 0.5 units/g of fresh
weight 3–4 days later, (ii) this is paralleled by the accumulation of
comparable amounts of immunoreactive 110- and107-kDaplant-
type PEPC polypeptides (p110 and p107, respectively) (supple-
mental Fig. S1A), and (iii) a singleClass-1PEPCactivity stainingor

immunoreactive band is obtained following non-denaturing
PAGE of clarified COS extracts (supplemental Fig. S2, A and B).
The p110 and p107 were detected in an equal ratio when the 440-
kDaPEPC activity staining band obtained following non-denatur-
ing PAGE of a germinated COS extract was denatured and sub-
jected to second dimension SDS-PAGE and immunoblotting
(supplemental Fig. S2C). However, no anti-(p107 phosphoryla-
tion-site specific)-IgG (6) immunoreactive polypeptides were
detected on immunoblots of clarified germinated COS extracts
(supplemental Fig. S1B), suggesting that p110 and p107 were not
phosphorylated at PEPC’s conserved N-terminal seryl residue.
This contrasts with the phosphorylated 410-kDa Class-1 PEPC
p107 homotetramer from developing COS (supplemental Fig.
S1B) (6, 7), as well as PEPCs from germinated cereal (wheat, sor-
ghum, and barley) seeds (16–18).
PEPC Purification from Germinating Castor Oil Seeds—

About 6 mg of PEPC from 4-day-old germinating COS
endosperm was purified 1,920-fold and a final specific activity
of 9.6 units/mgwith an overall yield of 37% (Table 1). The single
peak of PEPC activity that was resolved during all chromatog-
raphy steps co-eluted with a 1:1 ratio of immunoreactive or
protein-staining p110 and p107 (Figs. 1 and 2). Although puri-
fied to near homogeneity (Fig. 2), the final preparation demon-
strated no detectable phosphorylation when subjected to SDS-
PAGE followed by Pro-QDiamond phosphoprotein staining or
anti-(p107 phosphorylation site specific)-IgG immunoblotting
(not shown). The enzyme’s nativeMr as estimated by FPLC on
a calibrated Superose-6 column (Fig. 1) was 440 � 10 kDa
(mean � S.E., n � 3). Thus, the native PEPC exists as a non-
phosphorylated heterotetramer comprised of an equivalent
ratio of p110 and p107 subunits. Similar to the Class-1 PEPC
homotetramer from developing COS (4), the purified enzyme
was relatively heat-labile, losing 100% of its activity when pre-
incubated at 55 °C for 3 min.
Mass Spectrometry and N-terminal Sequencing—Coomassie

Blue R-250-stained p110 and p107 were excised from SDS gels of
the final preparation and subjected to in-gel tryptic digestion,
MALDI QqTOF MS peptide mapping (Fig. 3, A and B, and sup-
plemental Table S1) and N-terminal microsequencing (Figs. 3E
and 4). The results demonstrate that both subunits originated
from the same gene (RcPpc3) that encodes the p107 subunit of the
Class-1 PEPC homotetramer from developing COS and whose
transcripts are abundant in both developing and germinated COS
endosperm (8). Apart from displaying virtually identical peptide
mass fingerprints (Fig. 3, A and B, and supplemental Table S1),
p110 and p107 also shared an identical N-terminal sequence
(VPAKVSE) (Fig. 4). Comparison with RcPPC3’s cDNA-deduced
sequence indicated that both subunits were N-terminally trun-

TABLE 1
Purification of PEPC from 300 g of 4-day-old germinating COS
endosperm

Step Activity Protein Specific
activity Purification Yield

units mg units/mg -fold %
Clarified extract 143 29,700 0.005 1 100
PEG fractionation 186 16,355 0.011 2 130
Butyl-Sepharose 117 887 0.13 26 82
DEAE-Fractogel 109 61 1.8 360 76
Protein Pak Phenyl-5PW 53 5.5 9.6 1,920 37
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cated by 19 amino acid residues (Fig. 4). This was likely due to a
specific in vivo post-translational processing since: (i) 2 mM 2,2�-
dipyridyl disulfide (included in all purification buffers) negates in
vitro truncationofRcPPC3’sN terminusby endogenous thiol pro-
teases (5) and (ii) p110 and p107were both observed on immuno-
blots of clarified extracts prepared under denaturing conditions in
the presence of 10% trichloroacetic acid (supplemental Fig. S1)
(10). As RcPPC3’s N-terminal phosphorylation site is removed a
result of this processing (Fig. 4), this provides a rationale for the
absence of detectable p110 or p107 phosphorylation in germi-
natedCOSPEPC. By contrast, theN terminus of the p107 subunit
of the phosphorylated Class-1 PEPC of developing COS is trun-
cated by only 5 amino acids and thus retains its conserved N-ter-
minal seryl phospho-site (Fig. 4) (5, 6, 8). Differential in vivo proc-
essingofPEPC’sN terminusmay represent an additional, but little
studied, PTM that influences the enzyme’s functional and regula-
tory properties. Interestingly, a second N-terminal sequence
(MQIFVKT) was obtained when the p110 subunit of the purified
germinated COS PEPC was analyzed by Edman degradation.
Analysisof this sequencedemonstrated that it correspondedto the
N terminus of UB (Fig. 3E). The peptide mass fingerprints also
revealed several p110 peptides (Fig. 3A, highlighted in bold) that
were not detected in p107 tryptic digests (Fig. 3B). QqTOF
MS/MS sequencing of four of these peptides identified them as
originating from UB (Fig. 3E and supplemental Table S2), which
corroborated theN-terminal sequencing results while providing a
rationale for the size discrepancy between p110 and p107 on SDS-
PAGE. Probing immunoblots of the final PEPC preparation with

anti-UB-IgG resulted inmonospecific detection of p110 (Fig. 5A).
No additional higher Mr immunoreactive PEPC or UB bands
indicative of polyubiquitination were observed.
UB is a highly conserved globular protein of eukaryotic cells

that modifies target proteins via its covalent attachment
through an isopeptide bond between the C-terminal Gly resi-
due of UB and the �-amino group of a Lys residue on a target
protein. A multienzyme system consisting of activating (E1),
conjugating (E2), and ligating (E3) enzymes attach UB to cellu-
lar proteins. Polyubiquitination tags many proteins for their
proteolytic elimination by the 26 S proteasome (11, 19, 20).
Indeed, degradation of plant PEPC and PEPC protein kinase by
the polyubiquitin-proteasome pathway has been reported (21,
22). However, non-destructive functions for protein monou-
biquitination in yeast and mammals have recently emerged.
Monoubiquitination often mediates protein-protein interac-
tions and localization to help control processes such as endo-
cytosis, DNA repair, transcription and translation, and signal
transduction (11, 12). UB-related pathways are also believed to
be of widespread importance in the plant kingdom. Genomic
analyses indicated that the UB-related pathway alone com-
prises over 6% of the Arabidopsis or rice proteome with thou-
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FIGURE 1. Co-elution of PEPC activity with 110- and 107-kDa PEPC
polypeptides (p110 and p107, respectively) during Protein Pak Phenyl-
5PW and Superose-6 FPLC of PEPC from germinating COS endosperm.
A, Protein Pak Phenyl-5PW elution profile. Inset, aliquots (1-�l each) from var-
ious fractions were subjected to SDS-PAGE and immunoblotting using anti-
(COS p107)-IgG (5). B, Superose-6 HR 10/30 elution profile. Vo denotes the
column’s void volume. Inset, aliquots (5-�l each) from various fractions were
subjected to SDS-PAGE followed by protein staining with Sypro-Red.

FIGURE 2. SDS-PAGE and immunoblot analysis of various fractions
obtained during the purification of germinating COS PEPC. A, SDS-PAGE
was followed by protein staining with Coomassie Blue R-250 (CBB-250). B, im-
munoblot analysis was performed using anti-(COS p107)-IgG (5). Lane 1 con-
tains 2.5 �g (A) or 50 ng (B) of homogeneous, non-proteolyzed, Class-1 PEPC
(p107) from stage VII (full cotyledon) developing COS endosperm (4, 5). Lanes
2 and 3 contain 45 (A) or 15 �g (B) of protein from the clarified extract and
4 –20% PEG fractions, respectively. Lane 4 contains 4 (A) or 2 �g (B) of the
butyl-Sepharose fraction. Lanes 5 and 6 contain 2 (A) or 0.1 �g (B) of the
DEAE-Fractogel and Protein Pak Phenyl-5PW fractions, respectively. M
denotes various protein Mr standards.
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sands of different proteins being probable targets (19). A crucial
goal for current research is the characterization of the monou-
biquitinated proteome of eukaryotic cells, the UB-binding
domain proteins that they interact with, and the influence of
this PTM on the target protein’s subcellular localization and
functional properties (11, 20). There are very few reports
describing monoubiquitination of metabolic enzymes. Phos-
phoglyceratemutase is monoubiquitinated in colorectal cancer
tissues (23), but therewas no indicationwhat function this plays
or whether this PTM altered the enzyme’s kinetic properties.

High throughput proteomic screens
have identified numerous ubiquiti-
nated metabolic (including glyco-
lytic) enzymes in Arabidopsis cell
cultures and seedlings (24, 25).
However, neither group reported
PEPC ubiquitination nor deter-
mined whether the various targets
were poly- or monoubiquitinated
(24, 25). The current study provides
a precedent for tissue-specific
monoubiquitination of a key
enzyme of central metabolism and
that this PTM influences its kinetic/
regulatory properties (see below).
However, additional research is
required to assess: (i) what
UB-binding domain proteins may
interact with germinated COS
PEPC in vivo, (ii) whether this PTM
influences its microcompartmenta-
tion within the COS cytosol, and
(iii) the specific E3 ligase and related
signaling pathways that result in
RcPPC3’smonoubiquitination early
in the germination process.
Lys-628 Is Monoubiquitinated in

the p110 Subunit of Germinated
COS PEPC—MS was employed to
identify the site of UB conjuga-
tion to p110 using both untagged
and 4-sulfophenyl isothiocyanate-
tagged tryptic digests (Fig. 3, C and
D) (15). Trypsin digestion of a UB-
conjugated protein produced a sig-
nature peptide at the ubiquitination
site containing a diglycine remnant
derived from the C terminus of UB
that remains attached to the target
Lys residue via an isopeptide bond
(15). The singly charged ion at m/z
1534.796 matched a diglycinated
p110 peptide (Fig. 3B). MALDI
QqTOF MS/MS sequencing of this
peptide demonstrated that Lys-628
is ubiquitinated in the peptide
sequence QFGVKLTMFHGR of
p110 since an abnormal mass of

242.1 Da resulting from the diglycinated Lys was observed
between fragments y7 and y8 (Fig. 3C). A characteristic mass
increment of 114.1 Da at Lys-628 indicated a Gly-Gly attach-
ment, and the doubly taggedmodification after N-terminal sul-
fonation revealed an additional mass of 430.2 Da in the modi-
fied peptide of m/z 1964.988 (Fig. 3D). Its low energy collision
dissociation byMS/MSmeasurements yielded a complete set of
y fragment ions and further demonstrated the branched site-
specific UB-conjugated peptide containing Lys(628)-Gly(UB-
75)-Gly(UB-76).

FIGURE 3. The p110 subunit of purified PEPC from germinated COS is monoubiquitinated at Lys-628.
A and B, MALDI-TOF MS spectra of p110 and p107 tryptic peptides. Peptide mass fingerprinting of the p110
subunit (A) revealed several tryptic peptides (labeled with bold font) that were not observed in the p107 spectra
(B). A, the singly charged ion at m/z 1534.796 matched a diglycinated (i.e. ubiquitin-conjugated) p110 peptide,
whereas the remaining peptides unique to p110 originated from ubiquitin (supplemental Table S2). C and D,
MS/MS analysis of the ubiquitin-conjugated peptide (C) and corresponding sulfonated derivative p110 tryptic
peptide (D). C- and N-terminal fragment ions are denoted by y and b, respectively. E, alignment of amino acid
sequences obtained during MALDI QqTOF MS/MS sequencing of p110 tryptic peptides or N-terminal micro-
sequencing of p110, with the deduced sequence of Arabidopsis ubiquitin (gi 136666). MALDI QqTOF MS/MS
sequenced peptides isolated from the p110 tryptic digest (supplemental Table S2) are underlined, whereas a
7-amino-acid sequence obtained during p110’s N-terminal microsequencing is enclosed in a shaded box.

FIGURE 4. Amino acid sequence alignment of COS RcPPC3 domains subject to in vivo post-translational
modification with representative plant and prokaryotic PEPCs. Identical amino acids are indicated by black
or gray shading. N-terminal sequences obtained by Edman degradation of native Class-1 PEPC from developing
COS (p107) (4) and germinated COS (p110 and p107) are outlined by dotted and solid boxes, respectively. The
Ser-11 phosphorylation and Lys-628 monoubiquitination sites of RcPPC3 (as occurs in Class-1 PEPC from
developing and germinated COS, respectively) are indicated. The 12-amino-acid sequence of the diglycine-
branched tryptic peptide of the p110 subunit (Fig. 3) is underlined and overlaps with a conserved flexible loop
region (enclosed in a box) essential for PEP binding and PEPC catalysis; Arg-641 is indispensable for catalytic
activity (2). The abbreviated species name for each sequence follows: Rc, R. communis (castor); At, Arabidopsis
thaliana; Os, Oryza sativa (rice); Gm, Glycine max (soybean); Cr, Chlamydomonas reinhardtii (green alga); Synech.,
Synechocystis sp. PCC6803 (cyanobacteria).
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Overall, our results indicate that 50% of RcPPC3 (p107) sub-
units are monoubiquitinated at Lys-628 at the outset of COS
germination, resulting in formation of a novel p110:p107
Class-1 PEPC heterotetramer (supplemental Fig. S3). It is nota-
ble that Lys-628 is conserved in vascular plant (but not prokary-
otic) PEPCs (Fig. 4) and that a pair of equal intensity-staining
immunoreactive plant-type PEPC polypeptides in the range of
100–110 kDa have been observed on immunoblots of clarified
extracts from all germinating seeds examined to date, including
COS, sorghum, barley, and wheat (10, 16–18, 26). It will be
interesting to establish whether a universal feature of germi-
nated seed PEPCs is the formation of a monoubiquitinated
Class-1 PEPC heterotetramer.
In Vitro Deubiquitination Converts the Germinated COS

p110:p107 PEPC Heterotetramer into a p107 Homotetramer—
Nine different members of recombinant human DUB families
were screened for their ability to hydrolyze UB from the p110
subunit of the purified COS PEPC (supplemental Fig. S4). The
only DUB capable of catalyzing p110’s deubiquitination over
the 60-min time course was theUB-specific protease-2 (USP-2)
core, in which p110’s disappearance was correlated with a pro-
gressive increase in the amount of p107 (Fig. 5 and supplemen-
tal Fig. S4). USP-2 is expressed as two distinct isozymes sharing
a common catalytic core but differing in their N-terminal
sequences (27). These divergent N-terminal sequences modu-
lateUSP-2’s substrate specificity (28). As the catalytic core lacks
an N-terminal regulatory domain, it can deubiquitinate a large
number of substrates in vitro (28). The other DUBs tested were
full-length enzymes predicted to display more stringent sub-
strate specificity than USP-2 core. As the Lys-628 monoubiq-
uitination site is proximal to a PEP-binding/catalytic domain of
PEPC (Fig. 4 and supplemental Fig. S5), we next compared the
kinetic properties of the ubiquitinated versus in vitro deubiq-
uitinated PEPC (UB-PEPC and deUB-PEPC, respectively).
Kinetic Properties—Similar to other Class-1 PEPCs, includ-

ing the enzyme from developing COS endosperm (4), PEPC
from germinated COS displayed a broad pH activity profile
with optimal activity occurring in the range of pH 8.0–8.5.
Hyperbolic PEP saturation kineticswere observed at pH8.0 and
physiological pH (7.3) for both the UB-PEPC and the deUB-
PEPC. Although their Vmax values were identical, deUB-PEPC
displayed a significantly lowerKm(PEP) value at pH8.0 (0.039�
0.002mM) relative to UB-PEPC (0.056� 0.003mM). This trend
was more pronounced at pH 7.3 where deUB-PEPC’s Km(PEP)

value (0.093 � 0.006 mM) was about 50% of that obtained for
UB-PEPC (0.211 � 0.014 mM). Thus, monoubiquitination at
Lys-628 interferes with PEP binding to the adjacent catalytic
domain (Fig. 4 and supplemental Fig. S5).
Various compounds were tested as potential effectors at pH

7.3 and 8.0 with subsaturating concentrations of PEP (Table 2).
The following metabolites exerted little or no influence (�20%
of the control rate) on UB- or deUB-PEPC activity: AMP, ADP,
citrate, Asn, Gln, and Glu (2 mM each). Similar to other plant
PEPCs, UB-PEPC displayed pH-dependent modulation by sev-
eral metabolites that were generally more effective at pH 7.3
than pH 8.0 (Table 2). Glucose-6-P, glucose-1-P, fructose-6-P,
ribose-5-P, and glycerol-3-P functioned as activators, whereas
malate, isocitrate, Asp, andATPwere inhibitory. AlthoughUB-
PEPC was markedly activated at pH 7.3 by the hexose-Ps,
ribose-5-P, and glycerol-3-P, deUB-PEPCwas only weakly acti-
vated by these compounds (Tables 2 and 3). Similarly,
UB-PEPC was significantly more sensitive to inhibition by
malate and Asp, relative to deUB-PEPC. The PEPC exhibited a
unique response to isocitrate, whichwas amore effective inhib-
itor as assay pH was raised, and at pH 7.3 exerted more pro-
nounced inhibition on UB-PEPC relative to deUB-PEPC
(Tables 2 and 3). Overall, the kinetic studies indicate that

FIGURE 5. Incubation with the deubiquitinating enzyme USP-2 core con-
verts the germinated COS p110:p107 PEPC heterotetramer into a p107
homotetramer. Purified germinated COS PEPC was incubated in the pres-
ence and absence of 1 �M USP-2 core. Aliquots were removed at various times
and subjected to immunoblot analysis using anti-(bovine ubiquitin)-IgG (Mil-
lipore, catalog number 05-944) (1 �g of PEPC/lane) (A) or anti-(COS p107)-IgG
(5) (0.1 �g of PEPC/lane) (B).

TABLE 2
Influence of various metabolites on the activity of PEPC purified
from germinated COS endosperm
Assays were conducted at pH 8.0 and/or 7.3 using a subsaturating concentration of
PEP (0.1 and 0.25 mM, respectively). DeUB-PEPC was prepared by incubating UB-
PEPC for 30 min with 1 �M of USP-2 as described in the Experimental Procedures.
PEPC activity in the presence of 2 mM of each effector is expressed relative to the
control set at 100%. All values represent means of four independent experiments
and are reproducible to within �10% (S.E.) of the mean value.

Addition
Relative activity

pH 7.3 pH 8.0
UB-PEPC DeUB-PEPC UB-PEPC

Glucose-6-P 154 125 123
Glucose-1-P 142 133 120
Fructose-6-P 155 132 130
Ribose-5-P 134 110 112
Glycerol-3-P 160 122 126
Malate 20 35 74
Isocitrate 56 44 27
Aspartate 49 65 92
ATP 64 75 56

TABLE 3
Influence of USP-2 mediated deubiquitination on allosteric effector
sensitivity of purified PEPC from 4-day old germinated COS
endosperm
DeUB-PEPC was prepared by incubating UB-PEPC for 30 min with 1 �M of USP-2
as described in the Experimental Procedures. I50 and Ka values were determined
with 0.25 mM PEP at pH 7.3. All parameters represent means four independent
experiments and are reproducible to within �10% (S.E.) of the mean value.

Kinetic parametera UB-PEPC deUB-PEPC
mM

I50 (malate) 0.7 1.3
I50 (isocitrate) 1.6 1.1
I50 (Asp) 2.6 4.1
Ka (glucose-6-P) 0.11 (1.7)b NDc (1.2)
Ka (fructose-6-P) 0.80 (1.6) ND (1.3)
Ka (glycerol-3-P) 0.48 (1.6) ND (1.3)

a I50 and Ka values represent inhibitor and activator concentrations yielding 50%
inhibition and activation, respectively.

b Values in parentheses indicatemaximal fold-activation by saturating levels of these
activators.

c ND, not determined (weak activation of deUB-PEPC by these effectors precluded
accurate Ka determinations).
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monoubiquitination of COS PEPC interferes with its ability to
bind PEP, while simultaneously enhancing sensitivity to the
majority of its metabolite effectors.
Concluding Remarks—As summarized in Fig. 4 and supple-

mental Fig. S3, it is remarkable that expression of the RcPpc3
gene in COS results in a plant-type PEPC that is subject to at
least three different types of PTMs (including differential proc-
essing of its N terminus) and three different oligomeric states.
In developing endosperm, RcPPC3 exists as a typical 410-kDa
Class-1 PEPC homotetramer that is activated in vivo by phos-
phorylation of its p107 subunit at Ser-11 but also tightly inter-
acts with the bacterial-type PEPC RcPPC4 (p118) to form the
910-kDa Class-2 PEPC hetero-octameric complex (4, 6–9).
COS maturation is accompanied by disappearance of the
Class-2 PEPC complex and RcPPC4/p118 polypeptides and
RcPpc4 transcripts, a marked reduction in the activity of the
Class-1 PEPC and the amount of its RcPPC3/p107 subunits, as
well as conversion of p107 into its dephosphorylated form (4, 6,
8). Subsequent COS imbibition and germination results in ele-
vated RcPpc3 transcripts and PEPC activity/amount and
monoubiquitination of 50% of p107 at Lys-628 to form the
p110:p107 heterotetrameric Class-1 PEPC (supplemental Figs.
S1 and S3–5) (8, 10).
The metabolism of germinating castor seedlings is domi-

nated by the mobilization of storage lipid and protein reserves
in the endosperm to support the needs of the growing hypoco-
tyls and roots. This process includes the massive conversion of
reserve triacylglycerols into sucrose, which is absorbed by the
cotyledons of the growing seedling (29, 30). Part of the sucrose
is used by the endosperm to fuel anabolic processes and to
generate ATP through respiration. PEPC has been suggested
to fulfill a crucial function early in the germination process to
build up cellular pools of C4 acids needed to trigger subsequent
Krebs and glyoxylate cycle activity (10). An ensuing role for
PEPC in germinating oil seeds is to replenish dicarboxylic acids
required as substrates for the substantial transamination reac-
tions that follow storage protein hydrolysis (29), as well as for
glutamine synthetase’s reassimilation of NH4

� released during
the oxidation of glutamate to 2-oxoglutarate via glutamate
dehydrogenase (31). The labeling ofmetabolic intermediates to
isotopic steady state and the modeling of the tricarboxylic acid
cycle in germinating lettuce seeds indicated that 70% of gly-
colytic flux from carbohydrate oxidation enters the tricar-
boxylic acid cycle via the PEPC reaction (32). At the same
time, PEP carboxykinase catalyzes the initial step in the glu-
coneogenic conversion of storage lipids into sucrose as it
uses ATP to decarboxylate and phosphorylate oxaloacetate
derived from the glyoxylate cycle into PEP (29). PEP car-
boxykinase is abundant in the cytosol of germinating COS
endosperm (33) but is incompatible with PEPC since their
combined reactions result in a futile cycle, i.e. the wasteful
hydrolysis of ATP to ADP and Pi. In their classic study of
gluconeogenesis in germinating COS endosperm, Kobr and
Beevers (30) determined that the maximum rate of glycolysis
is about one-tenth that of gluconeogenesis and that the pools
of glycolytic and gluconeogenic intermediates likely occur in
separate intracellular regions and appear to be independ-
ently regulated. Several studies have provided evidence for

glycolytic or gluconeogenic multienzyme complexes
(metabolons) in the plant cytosol (3), including the metabol-
ically sequential: (i) PEPC, malate dehydrogenase, and malic
enzyme in sugar cane leaves (34) and (ii) cytosolic isozymes
of fructose-1,6-P2 aldolase and fructose-1,6-bisphosphatase
in germinated COS (35). Furthermore, seven different glyco-
lytic enzymes formed a metabolon on the mitochondrial sur-
face of Arabidopsis suspension cells during periods of
increased respiration so as to channel carbon from cytosolic
metabolite pools into the mitochondria while restricting
substrate use by competing metabolic pathways (36). It will
therefore be important to establish whether PEPC monou-
biquitination contributes to formation of a glycolytic
metabolon while minimizing its futile cycling with PEP car-
boxykinase in the cytosol of germinated COS.
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