Regulation of One-Carbon Metabolism in Arabidopsis:
The N-Terminal Regulatory Domain of Cystathionine
y-Synthase Is Cleaved in Response to Folate Starvation!™

Karen Loizeau, Bernadette Gambonnet, Guo-Fang Zhang, Gilles Curien, Samuel Jabrin,
Dominique Van Der Straeten, Willy E. Lambert, Fabrice Rébeill¢, and Stéphane Ravanel*

Laboratoire de Physiologie Cellulaire Végétale, Unité Mixte de Recherche 5168 Centre National de la
Recherche Scientifique-Commissariat a 1’Energie Atomique-Institut National de la Recherche Agronomique-
Université Joseph Fourier Grenoble I, Institut de Recherches en Technologies et Sciences pour le Vivant,
Commissariat a I'Energie Atomique-Grenoble, F-38054 Grenoble cedex 9, France (K.L., B.G., G.C., SJ., ER.,
S.R.); and Laboratory of Toxicology (G.-F.Z., W.E.L.) and Unit Plant Hormone Signaling and Bio-imaging,
Department of Molecular Genetics (D.V.D.S.), Ghent University, B-9000 Ghent, Belgium

In all organisms, control of folate homeostasis is of vital importance to sustain the demand for one-carbon (C1) units that are
essential in major metabolic pathways. In this study we induced folate deficiency in Arabidopsis (Arabidopsis thaliana) cells by
using two antifolate inhibitors. This treatment triggered a rapid and important decrease in the pool of folates with significant
modification in the distribution of Cl-substituted folate coenzymes, suggesting an adaptive response to favor a preferential
shuttling of the flux of C1 units to the synthesis of nucleotides over the synthesis of methionine (Met). Metabolic profiling of
folate-deficient cells indicated important perturbation of the activated methyl cycle because of the impairment of Met
synthases that are deprived of their substrate 5-methyl-tetrahydrofolate. Intriguingly, S-adenosyl-Met and Met pools declined
during the initial period of folate starvation but were further restored to typical levels. Reestablishment of Met and S-adenosyl-
Met homeostasis was concomitant with a previously unknown posttranslational modification that consists in the removal of 92
amino acids at the N terminus of cystathionine y-synthase (CGS), the first specific enzyme for Met synthesis. Rescue
experiments and analysis of different stresses indicated that CGS processing is specifically associated with perturbation of the
folates pool. Also, CGS processing involves chloroplastic serine-type proteases that are expressed in various plant species
subjected to folate starvation. We suggest that a metabolic effector, to date unidentified, can modulate CGS activity in vivo
through an interaction with the N-terminal domain of the enzyme and that removal of this domain can suppress this

regulation.

Many aspects of plant metabolism and development
require the addition or removal of one-carbon (C1)
units (C1 metabolism) for biosynthetic or regulatory
functions. The role of tetrahydrofolate (THF) deriva-
tives, collectively termed folate(s), is to transport and
donate C1 units, which exist under various oxidation
states to enable several major anabolic processes
(Hanson and Roje, 2001). For example, 10-formyl-
THF is involved in purine and 10-formyl-Met-tRNA
synthesis, 5,10-methylene-THF is required for thymi-
dylate and pantothenate synthesis and for Gly to Ser
conversion, and 5-methyl-THF is the methyl donor for
the synthesis of Met. Analyses of the physiological role
of folates indicated that a major fate of C1 units in
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photosynthetic leaves from C3 plants is the conversion
of Gly into Ser (Fig. 1), which is a crucial step in pho-
torespiration (Ravanel et al., 2004b). Also, an impor-
tant anabolic fate of C1 units is the synthesis of Met,
which is in part incorporated into protein but mainly
converted to S-adenosyl-Met (AdoMet; Fig. 1; Ravanel
et al., 2004b). AdoMet is a universal methyl-group
donor participating in dozens of methyltransferase
reactions and it is involved in the biogenesis of biotin
and polyamines. AdoMet also plays unique roles in
plants, such as ethylene and nicotianamine syntheses,
and regulation of the synthesis of Asp-derived amino
acids (Curien et al., 1998, 2007).

An attractive challenge is to understand how folate
homeostasis is controlled to match the supply of C1
units with demand, and how C1 units are accurately
distributed between different anabolic routes. To ad-
dress this problem, several authors used NMR tech-
niques to measure Cl-unit fluxes associated with Ser
and Gly metabolism in plants. Thus, Prabhu et al.
(1998) exposed Arabidopsis (Arabidopsis thaliana) plants
to folate antagonists and determined that a continuous
supply of folates was essential to maintain high rates
of Ser synthesis. Also, plant cell cultures treated with
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Figure 1. Synthetic overview of C1 metabolism in plant cells. The
synthesis of THF is shown on a gray background. The enzymes that are
specifically inhibited by sulfanilamide and MTX are dihydropteroate
synthase (1) and dihydrofolate reductase (2), respectively. The enzymes
that utilize folate coenzymes are Ser hydroxymethyltransferase (3), Gly
decarboxylase (4), and Met synthase (5). CGS (6) and cystathionine
B-lyase (7) are involved in de novo synthesis of Met. AdoHcy hydrolase
(8) catalyzes the reversible conversion of AdoHcy to Hcy and adeno-
sine. Thr synthase (9) competes with CGS for the common substrate
OPH to synthesize Thr. C1 units transported by THF are 10-formyl
(10-CHO), 5-formyl (5-CHO), 5,10-methenyl (5,10-CH™), 5,10-methylene
(5,10-CH,), and 5-methyl (5-CH,). cysta, Cystathionine.

the folate analog methotrexate (MTX) displayed an
important inhibition of their growth (Wu et al., 1993),
thus emphasizing the crucial role of folates in cell
division and nucleotide synthesis. Apart from these
data, the consequences of modification of folates pool
size on the other pathways of C1 metabolism, partic-
ularly the synthesis of Met, are largely unknown.
The three enzymes involved in de novo synthesis of
Met in plants are located in chloroplasts (Ravanel et al.,
2004a). The first two enzymes, cystathionine y-synthase
(CGS) and cystathionine B-lyase, convert Cys into
homo-Cys (Hcy), which is then methylated to Met by
transfer of the methyl group of 5-methyl-THF, a reac-
tion catalyzed by Met synthase (Fig. 1). The principal
fate of Met is the synthesis of AdoMet in the cytosol,
which is then largely used for methylation reactions in
all cell compartments. Utilization of the methyl group
of AdoMet by methyltransferases is accompanied by
recycling of the homocysteinyl moiety and regenera-
tion of Met, a set of reactions located in the cytosol and
designated as the activated methyl cycle (Fig. 1). Until
now, four regulatory mechanisms have been impli-
cated in the maintenance of Met and AdoMet homeo-
stasis in plant cells (Goto et al., 2005). The first two
processes allow a fine regulation of the metabolic flux
to Met and Thr syntheses, the first two enzymes of
these pathways, namely CGS and Thr synthase, com-
peting for a common substrate, O-phosphohomo-Ser
(OPH). Flux partitioning is controlled by the intracel-
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lular level of AdoMet because AdoMet is an allosteric
activator of Thr synthase (Curien et al., 1998, 2003) and
AdoMet controls the stability of the mRNA coding
CGS. Posttranscriptional control of CGS mRNA sta-
bility is mediated by a conserved region located in the
N-terminal part of the CGS protein, the MTO1 (Met
overaccumulation 1) domain (Chiba et al., 1999, 2003;
Onouchi et al.,, 2005). The N-terminal region of the
enzyme has also been suggested to contribute to regu-
late CGS and/or Met metabolism through uncharac-
terized posttranslational modification(s) (Hacham et al.,
2002). The third mechanism accounting for the control
of Met and AdoMet pools is the S-methyl-Met (SMM)
cycle, which is specific for plants (Ranocha et al., 2001).
In this cycle, SMM is synthesized by the AdoMet-
dependent methylation of Met and can then donate a
methyl group to Hcy, yielding two molecules of Met.
Last, Met pool size is controlled by Met y-lyase, an
enzyme that catalyzes the cleavage of Met into meth-
anethiol. Because this enzyme is expressed constitu-
tively and up-regulated in case of Met overflow, it is
assumed that Met y-lyase plays an essential role in
maintenance of Met and AdoMet pools (Rébeillé et al.,
2006; Goyer et al., 2007).

Altogether, these data indicate a very dynamic reg-
ulation of Met homeostasis in which the role of the
intracellular status of folates has never been examined.
In this work we showed that 5-methyl-THF was the
most dramatically reduced folate coenzyme in Arabi-
dopsis cells exposed to antifolate drugs. As a conse-
quence, the homeostasis of Met and derivatives was
markedly affected. We showed that in cells starved for
folates for a prolonged period the N-terminal domain
of CGS was removed by proteolytic cleavage. This
original posttranslational modification of CGS was ac-
companied by restoration of typical Met and AdoMet
levels in folate-deficient cells.

RESULTS

Induction of Folate Deficiency in Arabidopsis Cells
Using Antifolates

MTX and sulfanilamide are dihydrofolate and
p-aminobenzoate analogs, respectively, that specifically
inhibit THF synthesis. Sulfanilamide inhibits dihy-
dropteroate synthase whereas the target of MTX is
dihydrofolate reductase (Fig. 1). These antifolates have
been used to manipulate the availability of folates in
plants and plant cell cultures. In particular, Prabhu
et al. (1998) showed that the combined action of MTX
and sulfanilamide resulted in an important reduction
of Ser and Gly metabolism in Arabidopsis plants. In
this study, we exposed Arabidopsis cell suspension
cultures to both MTX (100 uMm) and sulfanilamide (100
uM), and analyzed the consequences of this treatment
upon the pool of folates. Folates were extracted and
analyzed by liquid chromatography-tandem mass spec-
trometry (LC-MS/MS) after enzymatic deconjugation,
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which converts folylpolyglutamates into the corre-
sponding monoglutamate forms (Zhang et al., 2005).
A major weakness of the analytical procedures devel-
oped for folates measurements, including the one used
in this study, is the pH-dependent conversion of some
species (De Brouwer et al., 2007). Thus, 5,10-methylene-
THEF dissociates to THF and formaldehyde, and 10-CHO-
THF and 5-CHO-THEF are cyclized to 5,10-methenyl-THF
at various rates. Accordingly, the final quantitative LC-
MS/MS data we obtained were simplified to three pools
of folate: 5-methyl-THF, THF plus 5,10-methylene-
THE, and other Cl-substituted folates (5-CHO-THEF,
10-CHO-THE and 5,10-methenyl-THF).

Exponentially growing Arab1d0p51s cells contained
15.5 = 2.1 nmol folates g ' fresh weight (FW), with
5-methyl-THF representing 70% to 80% of the pool, THE/
5,10-methylene-THF 10% to 12%, and other C1 deriv-
atives 8% to 11% (Fig. 2). Arabidopsis cells treated with
MTX and sulfanilamide (referred to as MTXS cells)
displayed a sharp and marked (25-fold) decrease in
folates content after 24 h of drugs exposure (Fig. 2).
Pools measured in MTXS cells were low but compa-
rable with folate levels recorded in plant tissues with
reduced activity in C1 metabolism, namely roots, stems,
hypogeal cotyledons, or fruits (0.2-1.2 nmol folates g
FW; Jabrin et al., 2003). The decline in folates pool in
MTXS cells indicated that THF synthesis was strongly
inhibited. This is supported by the important cellular
accumulation of MTX all along the examined period
(about 5-6 nmol g~ ! FW, as measured by LC-MS/MS).
Along with the establishment of folate deficiency in
MTXS cells, the distribution of Cl-substituted pools
was also markedly affected. Indeed, the major pool
corresponded to 5-CHO-THEF, 10-CHO-THE, and 5,10-
methenyl-THF (54% = 4%), THF plus 5,10-methylene-
THF accounted for 31% * 3%, and 5-methyl-THF was
reduced to 15% * 3% of total folates content (Fig. 2).
Thus, 5-methyl-THF was the most dramatically reduced
folate coenzyme in MTXS cells (more than 100-fold
decrease after 24 h of exposure to drugs). This redis-
tribution of C1 pools probably corresponded to a re-
orientation of C1 units demand in folate-deficient cells,
with a probable marked impact on Met synthesis that
directly depends on 5-methyl-THF supply (Fig. 1).

The growth of cells supplied with MTX and sulfa-
nilamide was totally stopped (data not shown). This
observation could be attributed mainly if not exclu-
sively to MTX, which is known to act as an antipro-
liferative agent in plant cells (Wu et al., 1993). Indeed,
exposure to MTX (100 um) alone resulted in growth
arrest of Arabidopsis cultures whereas cells treated
with sulfanilamide (100 um) alone grew similarly to
control cells. Folates measurements in sulfanilamide-
treated cells indicated a 2-fold reduction in folates
content as compared to controls and no significant
change in the distribution of C1 derivatives was ob-
served (data not shown). To further analyze the phys-
iological consequences of folate starvation, we measured
respiration rates and determined cell viability in
MTXS cultures. During the first 48 h of treatment,
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the respiration rate of MTXS cells was reduced by
approximately 25% as compared to controls (see Sup-
plemental Fig. S1). At 72 h, respiration rates were
similar in both conditions; they remained stable in
MTXS cells and decreased in untreated cells, probably
because of Suc limitation in the medium from control
cultures. During the entire period of exposure to
antifolates, cell viability measured using the vital dye
fluoresceine diacetate was similar in treated and con-
trol cultures (85% = 6% living cells). Taken together,
these data indicated that even blocked for division,
Arabidopsis cells exposed to MTX and sulfanilamide
were viable, metabolically active, and suitable to an-
alyze the effects of folate deficiency on the homeostasis
of Met and derivatives.

Modification of the Pool of Ser, Gly, Met, and Derivatives
in Folate-Deficient Cells

To analyze the consequences of folate starvation on
metabolic profiles of Arabidopsis cells we measured
free amino acids, thiols, AdoMet, and S-adenosylhomo-
Cys (AdoHcy). Our analysis focused on the pools of
Ser, Gly, Met, and derivatives that displayed important
perturbations in MTXS versus control cells (Fig. 3). Ser,
through its folate-dependent conversion to Gly by the
reversible enzyme Ser hydroxymethyltransferase (Fig.
1), is the principal donor of C1 units in plants. During
the first 24 h of exposure to antifolate drugs, the pool of
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Figure 2. Analysis of folates pools in control and MTXS-treated
Arabidopsis cells. Cells were grown in standard conditions or exposed
to MTX (100 um) and sulfanilamide (100 um) over a 72 h period and
folates were analyzed by LC-MS/MS (Zhang et al., 2005). Three pools of
folates were considered: 5-methyl-THF, THF and 5,10-methylene-THF,
and other derivatives (5-CHO-THF, 10-CHO-THF, and 5,10-methenyl-
THF). Data are means of three to six biological replicates and sp. Note
that the scale used for folates quantification is different for control and
MTXS-treated cells.
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Figure 3. Analysis of key metabolites of C1 metabolism in folate-
sufficient and folate-deficient Arabidopsis cells. Free amino acids,
thiols, and AdoMet/AdoHcy were extracted from control (m) and MTX-
treated (O) cells collected at different time intervals and analyzed by LC
as described in ““Materials and Methods.” Data are means * sp of three
biological replicates.

Ser in Arabidopsis cells was increased by 5-fold (Fig. 3).
In the rest of the folate-starvation time course, the
level of Ser was about 10-times higher in MTXS than in
control cells. The catabolism of Gly by the Gly decar-
boxylase complex (Fig. 1) located in mitochondria is
another source of C1 units through the conversion of
THF to 5,10-methylene-THEF. In leaves of C3 plants,
coupling of Gly decarboxylase and Ser hydroxymethyl
transferase activities is the key step of photorespira-
tion, which allows transfer of the a-C of one Gly
molecule to a second Gly molecule for Ser synthesis.
Photosynthesis and photorespiration in Arabidopsis
cell cultures (mixautrophic growth) is not as high as in
leaves but the catabolism of Gly through Gly decar-
boxylase, which is present in all cells (Mouillon et al.,
1999), was affected by folate starvation. Indeed, while
no significant difference in Gly pool was observed in
the first 24 h of exposure to drugs, 48-h and 72-h
periods were characterized by 2- and 5-fold increase in
Gly content in MTXS versus control cells, respectively
(Fig. 3). Taken together, our data indicated that folate
deficiency in Arabidopsis cells markedly impaired Ser
and Gly metabolism. These results are in accordance
with a previous study showing that a continuous
supply of THF is essential to maintain elevated rates
of Ser hydroxymethyltransferase and Gly decarboxyl-
ase activities in Arabidopsis (Prabhu et al., 1998).
Analysis of the Hcy pool size in MTXS-treated cells
indicated that Met synthesis and recycling were mark-
edly reduced by folate deficiency. Indeed, Hey i is low
abundant in control cells (about 1.5-2 nmol g L FW)
but accumulated by 250- to 300-fold in MTXS cells (Fig.
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3). The accumulation of Hcy could be attributed to an
impairment of the reaction catalyzed by Met synthase
(Fig. 1). A similar profile was observed for AdoHcy,
the by-product of AdoMet-dependent methyltransfer-
ases, which accumulated 30-fold in MTXS versus
control cells (Fig. 3). The rise in AdoHcy pool size
could be attributed in part to the utilization of AdoMet
by methyltransferases but mainly to the activity of
AdoHcy hydrolase (Fig. 1). Indeed, this enzyme is
reversible and AdoHcy hydrolysis to Hcy and aden-
osine is only favored by removal of these products
(Moffatt and Weretilnyk, 2001). In MTXS cells, if
adenosine is not rate limiting, the huge accumulation
of Hcy would favor AdoHcy hydrolase in the direction
of AdoHcy synthesis. The variations of Met and
AdoMet pools during the time course of folate starva-
tion were different from that of Hcy and AdoHcy. In
Arabidopsis cells cultured in standard medium, the
Met and AdoMet contents were maintained constant
(about 25 nmol g~' FW) all along the exponential
growing phase (Fig. 3). In MTXS cells, the pool of
AdoMet decreased by 40% and 70% after 24 and 48 h
of culture, respectively. The level of Met also decreased
in treated cells but after a longer delay period (2-fold
reduction after 48 h of starvation). These data sug-
gested that an impairment of the activated methyl cy-
cle at the level of Met synthase imbalanced the rates of
Met and AdoMet synthesis and utilization (protein
synthesis, methylation reactions, ethylene, and poly-
amines syntheses). The most striking observation as-
sociated with fluctuations in Met and AdoMet was the
restoration of pools characteristic of control cells after
72 h of exposure to antifolate drugs (Fig. 3). The
recovery of typical levels of Met and AdoMet could
not be explained by using only our metabolite profil-
ing data. Indeed, as previously observed in Arabidop-
sis cell cultures (Rébeillé et al., 2006), the pool of SMM
was too low to be determmed in our experimental
system (below 2 nmol g~ FW), and thus this amino
acid could not act as a reservoir for Met and AdoMet in
folate-deficient Arabidopsis cells.

Expression of Met-Synthesizing Enzymes in
Folate-Deficient Cells

To gain insight into the fluctuations of Met and
AdoMet pools in folate-deficient cells we analyzed the
expression pattern of the three enzymes involved in
the synthesis of Met (Fig. 1). Western-blot analyses
performed using soluble protein extracts from MTXS
and control Arabidopsis cells indicated that cystathi-
onine B-lyase and Met synthase isoforms were ex-
pressed at constant levels in both culture conditions
during the whole experimental period (Fig. 4). Thus,
the oscillation of Met and AdoMet levels could not be
attributed to modifications of the expression of the
second (cystathionine B-lyase) and third (plastid Met
synthase) enzymes involved in de novo Met synthesis
in plastids, neither to the expression of the cytosolic
Met synthases involved in the recycling of Met in the
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Figure 4. Expression of the enzymes involved in Met synthesis and
catabolism in folate-sufficient and folate-deficient cells. Soluble pro-
teins (40 ug per lane) from Arabidopsis cells grown in standard medium
(control cells) or exposed to 100 um MTX and 100 um sulfanilamide
(MTXS cells) were analyzed by western blot using antibodies raised
against CGS, cystathionine B-lyase, Met synthases, and Met y-lyase
from Arabidopsis. The 53- and 50-kD polypeptides detected with the
CGS serum are characteristic of the mature enzyme, the one at 43 kD
being observed only in cells starved for folates for 72 h. Quantitation of
CGS polypeptides using chemiluminescence detection reagents and a
Typhoon 9400 scanner indicated that the amount of CGS protein was
increased by 2-fold between 24 and 48 h of treatment and was
maintained constant between 48 and 72 h (titration experiments using
recombinant proteins indicated that the signal obtained with the 43-kD
polypeptide of CGS was reduced by 30%—-40% as compared with the
signal measured for the mature protein). The antibodies against Met
synthase cross-react with both the cytosolic (top band) and chloroplas-
tic (bottom band) isoforms of the enzyme (Ravanel et al., 2004a).

activated methyl cycle. The expression pattern of CGS
was more fluctuating. It is worth noting that immu-
nodetection or purification of CGS in various plant
species resulted in two polypeptides encoded by the
same gene (CGS1, At3g01120 in Arabidopsis; Ravanel
et al., 1998; Hacham et al., 2006). The first polypeptide
migrates with the expected size of the mature CGS
(MCGS; 53 kD) while the second has an estimated size
of 50 kD. Recently, Hacham et al. (2006) showed that
the 50-kD polypeptide resulted from the translation of
a CGS transcript bearing a deletion of 90 or 87 nucle-
otides (about 3 kD located internally in the N terminus
of the enzyme). In control Arabidopsis cells, the two
polypeptides characteristic for CGS were expressed at
constant levels during the first 48 h of culture and then
the amount of enzyme was slightly reduced at 72 h
(Fig. 4). In folate-deficient cells, CGS expression level
was comparable to control cells at 24 h but was
increased by approximately 2-fold after 48 h of expo-
sure to antifolates (Fig. 4). After a 72 h period of
treatment, the 53- and 50-kD CGS bands were not
detected but the CGS antiserum cross-reacted with a
polypeptide of 43 * 1 kD. The accumulation of CGS
polypeptides at 48 h could be attributed to a pertur-
bation of the AdoMet-dependent feedback regulation
of the expression of the CGS1 gene (Goto et al., 2005).
Indeed, we can assume that the decrease in AdoMet
level in MTXS cells (9 nmol g~ FW at 48 h versus 28
nmol g~' FW in control cells, see Fig. 3) would increase
CGS1 mRNA stability, thus allowing mRNA and pro-
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tein to accumulate. After 72 h of folate starvation, the
concomitant disappearance of CGS at 53/50 kD and
detection of the 43-kD polypeptide could not be at-
tributed to this regulatory process. A global proteolytic
degradation of proteins in MTXS cells could also be
rejected because (1) Coomassie Brilliant Blue staining
of protein extracts after SDS-PAGE displayed typical
patterns (data not shown), and (2) immunodetection of
cystathionine 8-lyase, Met synthases, and Met y-lyase
in these extracts was not affected (Fig. 4).

To validate the expression patterns described above,
we measured CGS activity using desalted soluble pro-
tein extracts prepared from MTXS and control cells.
Because CGS activity is low in plant extracts, cysta-
thionine production was monitored by HPLC after
derivatization with O-phthaldialdehyde. As shown in
Figure 5, CGS activity measured in control cells matched
the expression profile of the protein (Fig. 4), with con-
stant cystathionine production during the first 48 h of
culture followed by a 30% decrease at 72 h. Also, CGS
activity measured in MTXS cells after 24 and 48 h of
exposure to drugs fitted well with immunoblots (Fig.
5). More importantly, the 2-fold increase in CGS activ-
ity measured at 48 h was maintained at 72 h, thus in-
dicating that the 43-kD polypeptide detected by western
blot corresponded to an active CGS enzyme with a
modified electrophoretic behavior.

Expression of Met y-Lyase in Folate-Deficient Cells

It has been shown recently that Met y-lyase,
which catalyzes Met degradation into methanethiol,
a-ketobutyrate, and ammonia, plays an important role
in controlling Met homeostasis in plants (Rébeillé
et al., 2006; Goyer et al., 2007). To determine whether
this enzyme could participate to the oscillation in Met
pool size we analyzed its expression in folate-sufficient
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Figure 5. CGS activity in control and MTXS-treated Arabidopsis cells.
Soluble proteins were extracted from control (gray bars) and MTX-
treated (white bars) cells collected at different time intervals, desalted
through Sephadex G25, and CGS activity was determined by LC after
derivatization of cystathionine. Data are means = sp of three biological
replicates.
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and folate-deficient cells by western blot. The expres-
sion patterns observed in both conditions were similar
(Fig. 4), indicating that even if the production of the
enzyme is increased in Arabidopsis cells accumulating
Met (Rébeillé et al., 2006), Met y-lyase was not down-
regulated in a situation of Met limitation. Thus, resto-
ration of Met and AdoMet pools after 72 h of folate
starvation was not a result of a decreased catabolism
of Met.

The N-Terminal Domain of CGS Is Cleaved in
Folate-Deficient Cells

Several hypotheses were envisaged to explain the
origin of the 43-kD CGS polypeptide detected in cells
starved for folates. First, transcription of the CGS1
gene (At3g01120) could be affected to generate an
unusual deleted transcript (e.g. distinct transcription
start site and/or alternative splicing). Second, the Arab-
idopsis genome contains a second gene (At1g33320)
coding a putative CGS enzyme, which differs from the
CGS1-encoded protein by the absence of 151 residues
in the N-terminal region (including the transit peptide
and the MTO1 domain). Although the absence of ex-
pressed sequence tag for At1¢33320 in The Arabidopsis
Information Resource database (www.arabidopsis.org)
suggests that this gene may not be expressed, the
predicted molecular mass of this putative CGS (46 kD,
412 residues) could correspond to the polypeptide
detected by western blot in folate-deficient cells. Third,
the 43-kD polypeptide could originate from MCGS
(53/50 kD) through a proteolytic cleavage. To test this
last hypothesis, we used soluble proteins obtained
from cells treated with MTX and sulfanilamide for 72 h
(MTXS72) as a source of the hypothetical CGS-specific
cleavage system. The combination of MTXS72 proteins
with proteins extracted from control cells resulted,
upon incubation for 2 h at 25°C, in the conversion of
the 53/50-kD bands of MCGS into the 43-kD polypep-
tide (Fig. 6A). These data indicated that CGS was
subjected to a posttranslational cleavage in folate-
deficient cells. This result was confirmed using recom-
binant CGS proteins purified from Escherichia coli
overproducing cells. Two versions of recombinant
CGS were tested as substrates for the CGS-cleavage
machinery existing in MTXS72 extracts. The first en-
zyme corresponded to MCGS (starting with Val-69;
Ravanel et al., 1998), the second was a truncated form
with a deletion of 44 residues at the N terminus of the
protein (starting with Ala-113 and thus lacking the
MTO1 domain; G. Curien, unpublished data). Incuba-
tion of the two recombinant CGSs with the MTXS72
protein extract resulted in the same cleavage product
at43 *= 1 kD (Fig. 6B). Because the two versions of CGS
differed only by their N-terminal regions, this result
indicated that the posttranslational cleavage of CGS
occurred at the N terminus of the enzyme.

To further characterize the posttranslational modi-
fication affecting MCGS, we first tested the effect of
several inhibitors acting on the four major classes of
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proteases, namely metallo proteases (EDTA 20 mu,
1,10-phenanthroline 5 mwm), thiol proteases (E64 50
uM), Ser proteases (phenylmethylsulphonyl fluoride
[PMSF], 5 mM), and aspartic proteases (pepstatin A 10
um). With the exception of PMSF that fully abolished
MCGS cleavage, none of the inhibitor tested had
significant effect on the production of the 43-kD CGS
polypeptide in our experimental conditions (see Sup-
plemental Fig. S2). This suggested that at least a Ser
protease was involved. In another set of experiments,
the different constituents of the reconstituted in vitro
cleavage assay were treated at 100°C for 5 min before
combining the substrate/protease(s) fractions. Heat
denaturation of the MTXS72 extract fully abolished the
cleavage of CGS (Supplemental Fig. S2), thus confirm-
ing the enzymatic nature of the process. On the other
hand, heat denaturation of native or recombinant
MCGS did not impair processing of the N-terminal
domain of the enzyme by a MTXS72 extract and, more-
over, did not lead to a complete degradation of the
enzyme (the proteolytic product was the characteristic
43-kD polypeptide; Supplemental Fig. S2). These data
suggested that the secondary structure of the N ter-
minus of CGS is not important for recognition by the
proteolytic system or that this part of the protein is
naturally unfolded or highly thermostable.

To identify the cleavage site in the N-terminal do-
main of CGS we used the following strategy. MCGS
was overproduced in E. coli as a fusion protein with a
C-terminal His tag and purified by affinity chroma-
tography on Ni-agarose column (see “Materials and
Methods”). Pure recombinant MCGS-6His was combined

A + - + +  Control proteins
- + + +  MTXS72 proteins
+ + + Incubation
53/50 kD > | — —
43 kD > — " —
B + + = - MCGS (Val69)
+ TrCGS (Alal13)
“ i - Incubation
53/50 kD > = -_
43 kD > — e

Figure 6. Evidence for posttranslational cleavage of the N-terminal
region of MCGS in folate-deficient cells. A, Soluble proteins prepared
from control cells were mixed with an equal amount of proteins from
cells treated with MTXS for 72 h (MTXS72) and incubated for 2 h at
25°C. Forty micrograms of proteins were analyzed in each lane. B, Pure
recombinant CGS enzymes (25 ng) were incubated for 2 h at 25°C with
2.5 ug soluble proteins from MTXS72 cells. Two versions of the enzyme
were analyzed: the MCGS (starting with Val-69) and a truncated CGS
(TrCGS, starting with Ala-113) bearing a deletion of 44 residues at the N
terminus of the protein. Each combination from sections A and B was
analyzed by western blot with polyclonal antibodies raised against
CGS. Note that in B only the recombinant CGSs are detected because
they are present in excess as compared to the enzyme provided by the
MTXS72 extract.
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with a MTXS72 protein extract, incubated until all the
protein has been cleaved, and the mixture was applied
onto a Ni-agarose column. Cleaved MCGS-6His was
then eluted from the column as a pure protein and sub-
jected to Edman’s degradation. The N-terminal sequence
obtained (SVQLTDSK) corresponded to residues 161
to 168 of CGS. The truncated enzyme derived from
MCGS, now referred to as CCGS for cleaved CGS, is a
403-residue protein with a theoretical M, of 43,988 D.
Thus, processing of MCGS to CCGS in folate-deficient
Arabidopsis cells corresponds to the removal of 92
residues at the N terminus of the mature enzyme. An
alignment of the amino acid sequences of CGS from
different plant species is shown in Figure 7. This
comparison revealed interesting features on the
N-terminal domain of CGS and the consequences of its
elimination. First, the highly conserved MTO1 domain
that is implicated in the posttranscriptional regulation
of CGS1 transcript stability by AdoMet (Chiba et al.,
1999, 2003; Onouchi et al., 2005) is removed in CCGS.
Second, the region located between the end of the
MTO1 domain and the site of cleavage (Ser-161) is
poorly conserved, particularly in plants from different
families and genus (e.g. maize [Zea mays] versus Arabi-
dopsis), and consists of Ala repeats typical of low-
complexity sequences. Thus, a canonical consensus
cleavage site cannot be determined. Third, removal of
the N-terminal domain of CGS does not affect the
catalytic core domain of the enzyme, as determined
using the three-dimensional structure of CGS from
tobacco (Nicotiana tabacum; Steegborn et al.,, 1999),
suggesting therefore that CCGS is active. This is sup-
ported by the observation that the CCGS enzyme

Arabidopsis 1 MAVSSFQCPTUFESSS IS GO

BN LV GS PV GGSSREVIEAS LGS
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detected in MTXS72 protein extracts was associated
with CGS activity (see Figs. 4 and 5).

Comparison of the Kinetic Properties of MCGS
and CCGS

The above-mentioned data indicated that the
N-terminal domain of CGS is not essential for catalytic
activity. To analyze further the role of this domain and
its processing in folate-deficient cells, we compared
the biochemical and kinetic properties of MCGS and
CCGS. To this aim, we purified both proteins fused
with a C-terminal His tag and overproduced in E. coli
cells. First, gel filtration experiments indicated that
both forms of the enzyme behave as tetramers (data
not shown), thus indicating that the oligomerization of
CGS was not affected by its N-terminal region. Second,
steady-state kinetic analyses were consistent with
Michaelis-Menten behavior for both MCGS and
CCGS. The kinetic parameters of the two enzymes
were s1m11ar with apparent V of 85 * 0.5 umol
min ' mg ™! protein, and K_ values of 2.3 + 0.4 mm
and 500 = 70 um for OPH and Cys, respectively. Thus,
removal of the N terminus of CGS did not modify the
catalytic efficiency of the enzyme.

We have previously shown that several metabo-
lites associated with the metabolism of Met (namely
cystathionine, Hcy, Met, AdoMet, AdoHcy, SMM,
5-methylthioadenosine, Thr, and Ile) did not regulate
Arabidopsis MCGS activity (Ravanel et al.,, 1998).
These metabolites have been tested separately at ele-
vated (nonphysiological) concentrations in a standard
enzyme assay containing saturating substrate levels

Figure 7. Alignment of amino acid sequences of the

Soyhean R N B s NRF NN - FPFPSF DML RENF RIS AD N-terminal region of CGS from various plant species.
Medicago 1 - MAGERF | RVF iale gy - SLE S TDNHH NS RRHF P The alignment was generated with ClustalW using
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sis (GenBank accession no. ATU83500), soybean
(Glycine max; AAD34548), Medicago truncatula
(ABE79443), tobacco (AB035300 and AF097180),
and maize (AAB61347). Only the N-terminal region
of CGSs is shown in the alignment. The mature
(MCGS) and cleaved (CCGS) versions of the Arabi-
dopsis enzyme start with residues Val-69 and Ser-
161, respectively. The MTO1 (Goto et al., 2005) and
catalytic (Steegborn et al., 1999) domains are under-
lined. The truncated Arabidopsis CGS enzyme over-
expressed in transgenic tobacco plants by Hacham
et al. (2002) starts with Ser-173 (asterisk).
e
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(1 mm Cys and 10 mm OPH). Because the cleavage of
the N terminus of CGS did not change the catalytic
properties of the enzyme, we reexamined the possibil-
ity of CGS regulation by feedback inhibition or acti-
vation using in vitro assay conditions mimicking the
metabolite pools that exist in vivo. To set up these
assays at near physiological conditions, we fixed the
concentration of CGS substrates at 100 um and used
two sets of putative effectors: the one corresponding to
folate-sufficient cells (20 uMm Met, 25 um AdoMet, 8 um
AdoHcy, 2 um Hcy, 10 uM 5-methyl-THE, 5 [penta-
glutamate form], Ser 3 mm, and Gly 250 um), the other
mimicking folate-deficient cells (10 um Met, 10 um
AdoMet, 200 um AdoHcy, 350 um Hcy, 0.05 um
5-methyl-THF,, s, Ser 25 mm, and Gly 550 uM). Kinetic
data indicated that none of the metabolite mixtures
used had significant effect on MCGS or CCGS activity
(maximal changes were about 10%-15% for both en-
zymes). To analyze the effect of more complex metab-
olite mixtures on CGS activity, we collected the salt
fractions issued from desalting of protein extracts by
gel filtration on Sephadex G-25. Salt fractions signifi-
cantly inhibited CGS activity in a dose-dependent
manner but (1) MCGS and CCGS were similarly
affected, and (2) salts obtained from folate-sufficient
or folate-deficient cells produced similar effects on
both enzymes. It is likely that these inhibitions were
due to the previously observed sensitivity of CGS to a
variety of salts (Ravanel et al., 1995) rather than to a
specific regulation through feedback regulators. To
support this assumption, we verified that MCGS and
CCGS activities were inhibited by KCl in similar ways
(50% inhibition at about 20 mwm). Together, these data
did not allow us to identify metabolites that could
interact in vitro with the N-terminal domain of CGS
and modify its kinetic behavior.

Cleavage of the N-Terminal Domain CGS Is Specifically
Associated with Perturbation of the Folates Pool and
Occurs in Various Plant Species

To gain insight into the physiological situations that
trigger the cleavage of the N-terminal region of CGS,
we analyzed the behavior of the enzyme in Arabidop-
sis cells cultured in different conditions. First, we
showed that processing of the N terminus of MCGS
occurred in cells only in conditions of folate deficiency.
Indeed, CCGS was produced in cells treated with a
combination of MTX and sulfanilamide (each at 100
uM) or MTX alone (at 100 um), but not in cells in which
the folate pool was reduced by 2-fold by using sulfa-
nilamide (100 um) alone (Fig. 8A). We also performed
rescue experiments using 5-CHO-THF to determine
whether the cleavage of CGS was attributable to folate
deficiency or to another effect of MTX. In a separate
control experiment we showed that Arabidopsis cells
cultured with 5-CHO-THF, a chemically stable folate
derivative, gradually accumulated large amounts of
folates (up to 350 nmol g~ ' FW after 72 h of incuba-
tion), among which 5-methyl-THF accounted for 24%

498

A o & = = = % Met
= = = = ¥ - 5-formyl-THF
- + - + + +  Sulfanilamide
- + + - + +  MTX
53/50 kD > —— — —
43 kD > — — —_—
B Pea Maize
+ = + s Control proteins
= o+ = + MTXS proteins
53/50 kD > (. P .
43kD> = — * : _—

Figure 8. Processing of the N-terminal domain of CGS is specifically
associated with folates starvation and occurs in several plant species. A,
Soluble protein extracts were prepared from Arabidopsis cells grown
for 72 h in culture medium supplemented with the following com-
pounds, alone or in combination: 100 um MTX, 100 um sulfanilamide,
0.5 mm 5-formyl-THF, and T mm Met. Soluble proteins (30 ug) were
extracted and analyzed by western blot with polyclonal antibodies
against CGS. B, Leaf discs from pea and maize were floated for 8 d in
petri dishes containing control medium or supplied with both MTX
(100 uMm) and sulfanilamide (100 um). Soluble proteins (5 ug) prepared
from control or MTXS-treated leaf discs were combined with an
Arabidopsis protein extract (20 ug) containing MCGS and incubated
for 1 h at 25°C before performing immunoblot analysis.

to 36% of the total pool (data not shown). As shown in
Figure 8A, the supply of 5-CHO-THF abolished the
cleavage of CGS in cells treated with MTX and sulfa-
nilamide. Because the homeostasis of several metabo-
lites linked to Met metabolism was markedly perturbed
in folate-deficient cells, we further tested the ability of
a Met supply to suppress CGS processing. In a previ-
ous study, we showed that Arabidopsis cells fed with
Met accumulated large amounts of Met and had an
AdoMet pool size increased by 10-fold (Rébeillé et al.,
2006). When MTXS-treated cells were supplied with
exogenous Met, processing of the N-terminal domain
of CGS was not abolished (Fig. 8A). Together, these
data indicated that the posttranslational modification
of CGS occurred only in cells markedly starved with
folates and that replenishment of Met and AdoMet
pools through exogenous Met application was inef-
fective to counter this process.

To determine whether the production of CCGS
occurred in situations different from folate deficiency
we exposed Arabidopsis cultures to different stresses.
To this aim, cells were supplied with 100 mm NaCl or
44 mM hydrogen peroxide to induce salt and oxidative
stresses, respectively (Sweetlove et al., 2002; Kim et al.,
2007). Also, sulfur deficiency was induced by growing
cells in medium with limiting sulfur (73 uM instead of
1.7 mMm in standard conditions, see “Materials and
Methods”). Western-blot analyses indicated that salt
stress, oxidative stress, and sulfur starvation were not
associated with the presence of CCGS (see Supplemental
Fig. 53). Therefore, it is likely that none of the impor-
tant metabolic changes that occur in these situations
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could mimic the metabolic status of folate-deficient
cells and trigger cleavage of the N terminus of CGS.

To examine whether the cleavage of MCGS to CCGS
was a conserved regulatory process in several plant
species we induced folate deficiency in leaves de-
tached from Arabidopsis, pea (Pisum sativum), or
maize plants and floated on a solution of MTX and
sulfanilamide (100 uM of each drug). After 6 d of
incubation, CCGS was detected in MTXS-treated Arab-
idopsis leaves whereas MCGS was present in control
leaves, thus indicating that the situation observed in
cell suspension cultures holds true in leaves. This
situation could not be observed in pea and maize leaf
extracts because the antibodies against Arabidopsis
CGS did not cross-react with CGS from these plants.
To overcome this problem, we used the in vitro com-
bination assay described above (Fig. 6) to examine the
ability of proteins extracts from pea and maize leaves
treated with MTX and sulfanilamide to cleave MCGS
from Arabidopsis. As shown in Figure 8B, folate
starvation in pea and maize leaves induced a proteo-
lytic machinery that is able to remove the N-terminal
domain of the Arabidopsis CGS. These data indicated
that this regulatory process is widespread in the plant
kingdom and not limited to Arabidopsis.

DISCUSSION

In all living organisms, control of folate homeostasis
is of vital importance to sustain the demand for C1
units that are essential in several major metabolic
pathways. In this study we induced folate deficiency
in Arabidopsis cells by using two inhibitors of THF
synthesis. This treatment triggered a rapid and im-
portant decrease in the pool of folates with significant
modification in the distribution of Cl-substituted fo-
late coenzymes. These data indicated that the synthe-
sis of THF was strongly inhibited and that the
catabolism of folates was important. Using Arabidop-
sis plants exposed to sulfanilamide, Orsomando et al.
(2006) estimated a total folate breakdown rate of about
10% per day. In our experimental system, Arabidopsis
cells exhibited folate catabolism rate of at least 4% per
hour. As previously observed by Prabhu et al. (1998), it
thus appears that MTX triggers more important per-
turbations of folate homeostasis (synthesis, recycling,
and catabolism) than sulfanilamide, most probably
because the later inhibitor blocks only de novo syn-
thesis of THF whereas MTX also affects rereduction of
dihydrofolate to THF by the enzyme dihydrofolate
reductase. In Arabidopsis cells exposed to MTX and
sulfanilamide, depletion was more pronounced for
5-methyl-THF (>100-fold decrease at 24 h) than for
THF and 5,10-methylene-THF (10-fold) or 5-CHO-
THF, 10-CHO-THE and 5,10-methenyl-THF (5-fold).
This suggested an adaptive response to favor a pref-
erential shuttling of the flux of C1 units to the synthe-
sis of purines and thymidylate over the synthesis and
recycling of Met. Despite these changes, folate-deficient
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cells stopped to divide, suggesting that nucleotides
synthesis was limiting. Further investigations, includ-
ing analysis of the expression of key genes involved in
C1 metabolism, will be necessary to decipher accu-
rately the metabolic priorities associated with folate
deficiency in Arabidopsis.

Metabolic profiling of folate-deficient cells indicated
important perturbation of the activated methyl cycle
because of the impairment of Met synthase enzymes
that are deprived of their substrate 5-methyl-THF. The
immediate consequences of this blockage are the ac-
cumulation of Hcy, and then the increase in AdoHcy
pool owing to the reversible activity of AdoHcy hy-
drolase. The pools of AdoMet and particularly Met are
more robust to these perturbations, suggesting that the
demands for these metabolites in anabolic reactions
are also altered by folate deprivation. In regard,
MTXS-treated cells ceased to divide and probably
reduced their demand for Met to synthesize proteins.
Also, it must be stressed that the methyl index (Ado-
Met to AdoHcy ratio) was 100-fold lower in folate-
deficient than in folate-sufficient cells, which suggests
an important impairment of AdoMet-dependent
methyltransferase reactions. Indeed, AdoHcy strongly
inhibits methyltransferases through competition with
the substrate AdoMet (Moffatt and Weretilnyk, 2001).

The most intriguing result from our metabolic anal-
ysis was the restoration of typical pools of Met and
AdoMet after a prolonged period of folate starvation.
We propose that the adaptive response of Arabidopsis
cells to reestablish Met and AdoMet homeostasis
under folate-limiting conditions involves two mecha-
nisms. First, the posttranscriptional regulation of the
CGS1 gene coding CGS (Chiba et al., 1999, 2003;
Onouchi et al., 2005) is affected by the decrease in
AdoMet content, thus leading to a 2-fold increase in
CGS protein and activity at 48 h (Figs. 4 and 5).
Loosening of the AdoMet-dependent CG51 mRNA
degradation was probably not sufficient however to
improve de novo synthesis of Met after long-term
folate deficiency. Indeed, this period is characterized
by a previously unknown posttranslational regulation
of CGS that consists in the removal of 92 amino acids at
the N terminus of the enzyme. Kinetic analyses con-
ducted in vitro using pure recombinant enzymes or
cellular protein extracts failed to detect any catalytic
improvement of CGS as a consequence of N-terminal
processing. However, the situation proved to be dif-
ferent in vivo. Indeed, to determine the function of the
N-terminal region of CGS, Hacham et al. (2002) have
generated transgenic tobacco plants overproducing
the mature Arabidopsis CGS or a truncated version
of the enzyme. Transgenic plants expressing truncated
CGS, which starts 12 residues after the cleavage site we
identified (Fig. 7), produced higher amounts of Met
(free or in proteins) than plants expressing the mature
version of the enzyme and emitted high levels of
ethylene and Met catabolic products. Because similar
levels of the enzyme were produced in both transgenic
lines and since no significant difference was observed
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regarding CGS transcript or protein stability, it was
concluded that the N-terminal region of CGS plays an
important regulatory role in Met metabolism in Arab-
idopsis (Hacham et al., 2002). The concomitant pro-
cessing of CGS with restoration of Met and AdoMet
pools in folate-deficient cells agree with this finding
and demonstrate moreover that this regulatory do-
main of CGS can be processed in vivo to favor Met and
then AdoMet production. This suggests also that, in
our experimental conditions, the 2-fold increase in
CGS protein and the posttranslational processing of
the enzyme were essential to allow restoration of Met
and AdoMet pools albeit the limitation downstream
in the pathway, at the level of Met synthase. To
strengthen this hypothesis, it is worth noting that the
K., values for 5-methyl-THF of the chloroplastic Met
synthase is 4-fold lower than that of the cytosolic
isoforms (Ravanel et al., 2004a), thus suggesting that
de novo synthesis of Met in plastids is less affected by
folate deprivation than recycling of Met in the cytosol.
The essential role attributed to CGS processing is also
supported by the observation that the key enzyme
involved in the catabolism of Met, Met y-lyase, was
not down-regulated in folate-deficient cells and thus
could not contribute to restoration of Met and AdoMet
levels.

These findings suggest that CGS activity could be
regulated in vivo via a feedback inhibition involving
the interaction of one or several metabolites with the
N-terminal domain of the enzyme (Hacham et al.,
2002). We tested this hypothesis in vitro using pure
recombinant MCGS and CCGS proteins and several
metabolites for which pools were markedly affected in
folate-deficient cells. In particular, we analyzed the
effect of AdoMet and 5-methyl-THF, alone or in com-
bination, on both versions of the enzyme. These me-
tabolites were of particular interest because Selhub
et al. (1971) have shown that, in Neurospora crassa,
5-methyl-THF acts as an essential activator of CGS and
antagonizes the feedback inhibition of the enzyme by
AdoMet. Also, plant and Neurospora CGSs share a
common feature as they possess an N-terminal exten-
sion of about 180 to 200 residues that is not found in
bacterial CGS. Our kinetic data indicated that CGS
from Arabidopsis is not regulated in vitro by AdoMet
or 5-methyl-THE. Also, all the other metabolites tested
at physiological or elevated concentrations (Met,
AdoHcy, Hcy, Ser, Gly, reduced, or oxidized glutathi-
one) did not result to any significant modification of
MCGS or CCGS activity. These data, together with
previous inhibition studies (Ravanel et al., 1998), failed
to identify a metabolic effector of plant CGS. We
cannot rule out the possibility, however, that some
other metabolites (e.g. ethylene or other anabolic or
catabolic products derived from Met) can modulate
CGS activity through an interaction with the N termi-
nus of the enzyme and that removal of this domain can
suppress this regulation. One example of such a reg-
ulation has been described for human cystathionine
B-synthase, the first enzyme of the pathway leading
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to the conversion of Hcy to Cys. It was proposed that
the catalytic site of cystathionine S-synthase is par-
tially occluded by the C-terminal autoregulatory do-
main and that AdoMet binding or proteolytic cleavage
displace this domain, thus increasing the enzyme
catalytic activity (Miles and Kraus, 2004). Although
there are many similarities between the regulatory
process described for human cystathionine g-synthase
and the processing of Arabidopsis CGS, further stud-
ies will be required to improve our knowledge about
the regulatory function of the N-terminal domain of
the plant enzyme. In particular, we will have to con-
sider the possibility that this regulatory process involves
a protein partner or posttranslational modification,
which was not present in our in vitro assays that con-
tain only pure recombinant CGS enzymes.

Among the various molecules tested for their ability
to inhibit the proteolytic system acting on CGS, only
PMSF was able to prevent the cleavage. This result,
together with the localization of CGS in the stroma,
suggests that at least one chloroplastic Ser protease is
involved in the processing of the enzyme. The occur-
rence of CGS processing outside the chloroplast, i.e.
before import of the protein precursor into plastids, is
unlikely because (1) its substrate OPH is synthesized
only in plastids, (2) the next enzyme involved in de
novo Met synthesis is only located in plastids (Ravanel
et al.,, 1996), and (3) the truncated CGS enzyme that is
responsible for important perturbation of Met homeo-
stasis in transgenic tobacco plants was expressed in
plastids (Hacham et al., 2002). For similar reasons, the
possibility that CGS processing may have induced a
change in the subcellular location of the enzyme is
improbable. As a result of the complete sequencing of
the Arabidopsis genome, most (if not all) of the chlo-
roplastic proteases are known (Adam et al.,, 2006).
Among them, several members of the major protease
families Clp and DegP, as well as the SppA and Lon
proteases, are Ser-type enzymes located in the stroma
or attached to the stromal side of the thylakoid mem-
branes. Although the physiological function of some
components of the complex proteolytic machinery in
plastids has been determined (Adam et al., 2006), data
available to date are not sufficient to identify candi-
date(s) responsible for CGS processing, which is ob-
served only in folate-deprived cells. However, we
obtained preliminary data about the mechanism of
substrate recognition that will be helpful in the future
to identify the enzyme that is involved in CGS pro-
cessing. First, the three-dimensional structure of CGS
from tobacco indicated that the N-terminal region
protrudes from the globular body of each monomer
of the enzyme (Steegborn et al., 1999), suggesting that
this domain is freely accessible to the protease(s) or a
regulatory subunit. Second, the N terminus of CGS is
probably structurally disordered because (1) it is not
visible in the electron density map (Steegborn et al.,
1999), and (2) heat denaturation of the enzyme does
not abolish CGS recognition and processing by the
protease(s). Third, the only part of the N-terminal

Plant Physiol. Vol. 145, 2007



domain that is highly conserved among plant CGSs,
the MTO1 domain (Goto et al., 2005), is not necessary
for recognition of the enzyme by the proteolytic sys-
tem, although it may be requested for the regulatory
function of the N-terminal domain of CGS. Last,
although the cleavage site is not canonical, the prote-
ases expressed in response to folate starvation in dif-
ferent plant sources (i.e. pea and maize) are able to
process correctly the Arabidopsis enzyme.

The intracellular signal that triggers proteolytic re-
moval of the N-terminal regulatory domain of CGS is
yet unknown. However, comparison of the metabolic
profiles established in various situations with the pres-
ence of the mature or cleaved form of the enzyme al-
lowed us to establish a short list of putative candidates.
It was shown that sulfur deficiency in Arabidopsis led
to important decrease in the levels of sulfur-related
metabolites Cys, glutathione, and AdoMet, whereas
the pool of AdoHcy remained unchanged (Nikiforova
et al., 2005). Also, a time-course metabolic profiling in
Arabidopsis cells after salt stress treatment indicated a
40% reduction in the AdoMet pool, a 70% increase in
AdoHcy level, and a constant amount of 5-methyl-
THEF throughout the examined period (Kim et al., 2007).
In these two particular situations we did not observe
any processing of CGS, suggesting that perturbations
were not capable to induce posttranslational regula-
tion of the enzyme. Thus, at this stage of this study, the
metabolic signature that is typical to cells expressing
a processed form of CGS resides in (1) an important
reduction of folates pool, mainly 5-methyl-THF; (2) an
elevated level of Hcy; and (3) an increased AdoHcy
pool size associated with a marked reduction of the
methyl index. One can hypothesize that these meta-
bolic changes are potential intracellular sensors that
trigger, alone or in combination, posttranslational reg-
ulation of CGS. Identification of the gene(s) coding the
proteolytic machinery involved in CGS processing and
analysis of its expression pattern should contribute to
a better understanding of the physiological conditions
in which this original regulatory process controls Met
homeostasis.

MATERIALS AND METHODS
Plants, Cells, and Growth Conditions

Arabidopsis (Arabidopsis thaliana; ecotype Columbia) cell suspension cul-
tures were grown under continuous light (40 uE m ™2 s™") at 22°C with rotary
agitation at 125 rpm in Gamborg’s B5 medium supplemented with 1 um
2-naphtalene acetic acid and 1.5% (w/v) Suc. Cells were subcultured every
7 d. Arabidopsis (ecotype Columbia) plants were grown for 3 weeks in potting
soil irrigated with water (22°C with a 16-h photoperiod and a light intensity of
120 uE m~2s7Y). Pea (Pisum sativum L. var. Douce Provence) and maize (Zea
mays ‘Furio’) were grown for 2 weeks in vermiculite irrigated with water
under a 12-h photoperiod (140 £.E m~? s7') at 22°C (day) and 20°C (night).

Chemicals were solubilized in MES-KOH 10 mwm, pH 5.6, filter sterilized,
and added to cells cultures at the beginning of exponential growing phase (3 d
after subcloning). To generate a sulfur-limiting medium, sulfate-containing
salts (1.5 mm) were replaced with equimolar amounts of chloride salts and
FeSO,/Na-EDTA (0.1 mm) was replaced by Fe-citrate/Na-EDTA. The unique
sulfur source left in this modified medium was from sulfur-containing
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microelements (73 uM). One-week-old Arabidopsis cells were subcultured in
sulfur-deficient medium and analyzed after 3 to 7 d of sulfur starvation.
Leaves from Arabidopsis and leaf discs from pea and maize were floated in
petri dishes containing MES-KOH 10 mm, pH 5.6, supplemented with 0.4 g
L~! Murashige and Skoog Basal medium (Sigma-Aldrich) and incubated at
22°C under continuous light (40 uE m ™2 s™"). At each time point cells or leaf
materials were collected, extensively washed with distilled water, weighted,
and frozen in liquid nitrogen.

Measurements of Respiration and Cell Viability

Measurements of respiration rate were done in 1 mL of Gamborg’s B5
medium and oxygen consumption was determined in the darkness using an
O, electrode (Hansatech, Eurosep Instruments) at 25°C. Cell viability assays
were performed using protoplasts prepared from Arabidopsis cells. Fluores-
cein diacetate was added to protoplasts (final concentration 5 ug mL™?),
followed by incubation at room temperature for 5 min. Samples were then
placed on ice for 5 min and analyzed by epifluorescence microscopy using
Green Fluorescent Protein filter sets (Zeiss Axioplan 2, Le Pecq). Cell viability
was estimated as the ratio between fluorescing (living) protoplasts versus total
protoplasts counted using bright-field illumination.

Protein Extraction and Western-Blot Analysis

Plant material was ground in liquid nitrogen and total soluble proteins
were extracted in 20 mm Tricine (pH 7.5), 10 mMm 2-mercaptoethanol, 10% (v/v)
glycerol, and an EDTA-free complete protease inhibitor cocktail (Roche
Applied Science, catalog no. 11873580001). Samples were centrifuged at
16,000g for 20 min at 4°C and the supernatant was used as a source of soluble
proteins. Protein concentrations were estimated by the method of Bradford
(Bradford, 1976) using the Bio-Rad protein assay reagent with bovine serum
albumin as standard. Proteins were resolved by SDS/PAGE and stained with
Coomassie Brilliant Blue or electroblotted to nitrocellulose membrane. Mem-
branes were probed with polyclonal antibodies raised against recombinant
Arabidopsis CGS (Ravanel et al., 1998), cystathionine B-lyase (Ravanel et al.,
1996), Met synthase (Ravanel et al., 2004a), and Met y-lyase (Rébeillé et al.,
2006). Detection was performed by chemiluminescence. For N-terminal pro-
tein sequence determination, purified proteins were resolved by SDS/PAGE,
electroblotted to polyvinylidene difluoride membrane, stained with Coomas-
sie Brillant Blue, and then subjected to Edman degradation using an Applied
Biosystem gas-phase sequencer model 492.

Overexpression and Purification of Recombinant CGS

DNA manipulations were conducted in Escherichia coli DH5a cells and
expression of recombinant proteins was performed in the E. coli strain BL21
CodonPlus (DE3) RIL (Stratagene). The pET29-MCGS plasmid coding the
mature (without its chloroplastic transit peptide) CGS from Arabidopsis
(Ravanel et al., 1998) was used as a template to amplify MCGS and CCGS
coding sequences for subcloning into the pET20b(+) expression vector
(Novagen, Merck Biosciences). PCR were performed using the high fidelity
Pfu DNA polymerase and primers MCGS5' (5'-ATATACATATGGTCCGT-
CAG-3"), CCGS5’ (5'-GAGACATATGAGTGTACAGCTGA-CGGATTCC-3"),
and CGS3’ (5'-GAGACTCGAGGATGGCTTCGAGAGCTTG-3'). The ampli-
fication products obtained with primer pairs MCGS5' /CGS3’ and CCGS5'/
CGS3’ encode mature (starting with Val-69) and cleaved (starting with Ser-
161) CGS, respectively. Amplicons were digested with Ndel and Xhol and
cloned into the pET20b(+) vector digested by the same enzymes. The pET-
MCGS-6His and pET-CCGS-6His constructs code for proteins fused with a
C-terminal hexa-His tag. The DNA inserts were further sequenced to ensure
that no mutation had been introduced during the course of the PCR ampli-
fication (Genome Express). E. coli BL21 CodonPlus (DE3) RIL cells trans-
formed with pET-MCGS-6His or pET-CCGS-6His were grown at 37°C in
Luria-Bertani medium supplemented with carbenicillin (100 ug mL ™). When
Ay reached 0.6, 0.4 mm isopropylthio-B-galactoside was added and growth
continued for 16 h at 20°C or 28°C for cells transformed with pET-MCGS-6His
or pET-CCGS-6His, respectively. Cells were collected by centrifugation,
resuspended in buffer A (KH,PO,-K,HPO,, pH 8.0, 0.3 M NaCl) containing
10 mm imidazole and an EDTA-free complete protease inhibitor cocktail
(Roche Applied Science), and disrupted by sonication. The soluble protein
extract was applied onto a nickel-nitrilotriacetic acid-agarose column (Qiagen)
previously equilibrated with buffer A containing 10 mm imidazole. After
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successive washes with buffer A supplemented with 10, 30, and 50 mm
imidazole, the recombinant protein was eluted with buffer A containing
250 mM imidazole. Fractions containing CGS were pooled, dialyzed against
HEPES-K 20 mm, pH 7.5, 10% (v/v) glycerol for 2 h at 4°C, and concentrated
by centrifugation (Microsep, 30 kD cutoff, Pall Filtron).

Measurements of Metabolites

Determination of folates was done by LC-MS/MS as described by Zhang
et al. (2005). Following extraction, folylpolyglutamates were deconjugated in
presence of rat serum to generate the corresponding monoglutamate deriv-
atives. Reverse phase (RP)-HPLC was performed using a Purosphere Star
RP-18 column (150 X 4.6 mm, 5 um particle size, Merck) and elution of folates
was done using a gradient of acetonitrile in 0.1% (v/v) formic acid (1 mL
min "', 35°C). Folates and MTX were detected by electrospray ionization on an
Applied Biosystems API4000 tandem quadrupole mass spectrometer.

Extraction of soluble amino acids was performed as described by Kreft
et al. (2003). Amino acids were derivatized using O-phthaldialdehyde and
analyzed by RP-HPLC using an octadecyldimethylsilica column (Hypersil
C18; 150 X 4.6 mm; 3 um; Knauer GmbH) connected to an HPLC system
(Agilent Technologies 1100 series). Amino acids were eluted with a linear
gradient of methanol in 50 mm sodium acetate, pH 5.7, at 0.8 mL min~! and
37°C, and detected by fluorescence (excitation 340 nm, emission 455 nm).

Thiols were extracted and derivatized with monobromobimane using the
procedure described by Kreft et al. (2003). Derivatized thiols were subjected to
RP-HPLC using an Atlantis dC;g column (250 X 4.6 mm; 5 um; Waters)
connected to an HPLC system. Elution was done using an acetonitrile gradient
in 57 mm sodium perchlorate, 0.25% (v/v) acetic acid, pH 3.4, at 1 mL min~"
and 25°C. Derivatized thiols were detected by fluorescence (excitation 388 nm,
emission 480 nm).

The procedure used for AdoMet and AdoHcy measurements has been
adapted from Castro et al. (2002). Metabolites were derivatized with chloro-
acetaldehyde and separated by RP-HPLC using a Nucleodur C18 Pyramid
column (250 X 4 mm, 5 um, Macherey-Nagel) connected to an HPLC system.
Elution was performed at 1 mL min~' and 25°C with a linear gradient of
acetonitrile in 50 mm sodium phosphate, pH 4.5. 1,N°-etheno derivatives of
AdoMet and AdoHcy were detected by fluorescence (excitation 270 nm,
emission 410 nm).

CGS Activity Measurements

CGS activity in cell extracts was assayed as described by Ravanel et al.
(1995) using the O-phthaldialdehyde derivatization procedure to measure the
production of cystathionine. Prior to kinetic analysis, cellular soluble proteins
(see above for extraction) were desalted on Sephadex G-25 (Nap-5 columns,
GE Healthcare) equilibrated in 20 mm Tricine-K, pH 7.5, and 10% (v/v)
glycerol. The assay mixture (100 L) contained 50 mwm Tricine-K, pH 7.5, 0.1
mu dithiothreitol, 0.1 to 1 mm Cys, 0.1 to 10 mm OPH, 20 um pyridoxal 5’-P,
and 100 um aminoethoxyvinyl Gly (an inhibitor of cystathionine B-lyase used
to avoid cystathionine consumption by this enzyme). The ability of purified
recombinant CGSs to catalyze cystathionine production was assayed either by
the O-phthaldialdehyde-derivatization procedure or by coupling CGS, cysta-
thionine B-lyase, and lactate dehydrogenase activities using the procedure
described by Curien et al. (2003). Assays were conducted at 30°C.

Sequence data from this article can be found in the GenBank/EMBL data
libraries under accession number ATU83500.

Supplemental Data

The following materials are available in the online version of this article.

Supplemental Figure S1. Respiration rates in control and MTXS-treated
Arabidopsis cells.

Supplemental Figure S2. Biochemical analysis of CGS processing by a
protein extract from folate-deficient Arabidopsis cells.

Supplemental Figure S3. Analysis of CGS in Arabidopsis cells exposed to
different stresses.
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