
The N-Terminal Region of Arabidopsis Cystathionine
�-Synthase Plays an Important Regulatory Role in
Methionine Metabolism1

Yael Hacham, Tal Avraham, and Rachel Amir*

Plant Science Laboratory, Migal Galilee Technology Center, Rosh Pina 12100, Israel (Y.H., T.A., R.A.); and
Tel-Hai College, Upper Galilee 10120, Israel (R.A.)

Cystathionine �-synthase (CGS) is a key enzyme of Met biosynthesis in bacteria and plants. Aligning the amino acid
sequences revealed that the plant enzyme has an extended N-terminal region that is not found in the bacterial enzyme.
However, this region is not essential for the catalytic activity of this enzyme, as deduced from the complementation test of
an Escherichia coli CGS mutant. To determine the function of this N-terminal region, we overexpressed full-length Arabi-
dopsis CGS and its truncated version that lacks the N-terminal region in transgenic tobacco (Nicotiana tabacum) plants.
Transgenic plants expressing both types of CGS had a significant higher level of Met, S-methyl-Met, and Met content in their
proteins. However, although plants expressing full-length CGS showed the same phenotype and developmental pattern as
wild-type plants, those expressing the truncated CGS showed a severely abnormal phenotype. These abnormal plants also
emitted high levels of Met catabolic products, dimethyl sulfide and carbon disulfide. The level of ethylene, the Met-derived
hormone, was 40 times higher than in wild-type plants. Since the alien CGS was expressed at comparable levels in both types
of transgenic plants, we further suggest that post-translational modification(s) occurs in this N-terminal region, which
regulate CGS and/or Met metabolism. More specifically, since the absence of the N-terminal region leads to an impaired Met
metabolism, the results further suggest that this region plays a role in protecting plants from a high level of Met catabolic
products such as ethylene.

The sulfur-containing amino acid Met is an impor-
tant essential amino acid in animal nutrition. Apart
from its role as a protein constituent and its central
function in initiating mRNA translation, Met indi-
rectly regulates a variety of cellular processes as the
precursor of S-adenosyl-Met (SAM), the primary bi-
ological methyl group donor. SAM is also the pre-
cursor of plant metabolites such as ethylene, poly-
amines, vitamin B1, and the Fe-chelator mugineic
acid (Anderson, 1990; Ma et al., 1995; Sun, 1998). In
addition, Met also serves as a donor for secondary
metabolites through S-methyl-Met (SMM; Mudd and
Datko, 1990). As can be expected of its cellular im-
portance, Met biosynthesis is subject to complex reg-
ulatory control whose mechanism is only now being
gradually clarified. Two main elements of this com-
plex regulation have recently been elucidated in
plants. In the first, the Met level is controlled by
competition between its first specific enzyme, cysta-
thionine �-synthase (CGS), and Thr synthase, for
their common substrate, O-phosphohomo-Ser. Evi-
dence of this competition and its role in Met synthe-
sis was recently obtained by analyzing a mto2-1 mu-
tant of Arabidopsis. This mutant, in which the gene

encoding Thr synthase is impaired, demonstrated a
approximately 22-fold higher accumulation of solu-
ble Met in rosette leaves than wild-type Arabidopsis
(Bartlem et al., 2000).

A second regulatory mechanism of Met synthesis
in plants occurs at the level of CGS mRNA and/or
protein. Studies conducted with Lemna paucicostata
suggest that Met regulates its own synthesis through
feedback control of cystathionine synthesis (Datko
and Mudd, 1982; Thompson et al., 1983). However,
this feedback control is most likely due to the repres-
sion of CGS synthesis rather than to the sensitivity of
this enzyme to feedback inhibition by Met or its
metabolites (Thompson et al., 1983). A mechanism by
which Met regulates the CGS level was recently re-
ported through the analysis of mto1 mutants of Ara-
bidopsis, which accumulate up to 40 times more free
Met than wild-type plants (Inba et al., 1994). In the
mto1 mutant, the steady-state levels of CGS mRNA,
protein, and hence enzyme activity are three to five
times higher than in wild-type plants (Chiba et al.,
1999). The application of Met to wild-type plants
reduced the amount of CGS mRNA, whereas no such
effect was observed in the mto1-1 mutant. This sug-
gests that the wild-type plant down-regulates the
CGS mRNA level in response to exogenous Met or to
one of its metabolites, and that this regulation is
impaired in the mutant (Chiba et al., 1999).

Plant CGSs possess an N-terminal region that is not
present in bacterial CGSs. To elucidate the function
of this “plant-specific” region, we overexpressed full-
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length Arabidopsis CGS in transgenic tobacco (Nico-
tiana tabacum) plants and its deleted version lacking
the N-terminal region of this enzyme. We found that
transgenic plants overexpressing the deleted version,
but not the wild-type CGS, possess a severe abnor-
mal phenotype and significantly overaccumulate eth-
ylene and other volatile Met catabolic products, sug-
gesting that the N-terminal region of CGS plays an
important regulatory role in Met metabolism. More-
over, since no differences were observed in the CGS
protein levels between plants expressing these two
types of CGS constructs, we further suggest that this
function of the N-terminal region of CGS operates at
the post-translational level.

RESULTS

Plant CGSs Contained an Extended N-Terminal Region
in Comparison with the Bacterial Enzyme

A computer alignment of bacterial and plant CGS
protein sequences showed that mature plant CGS
enzymes (after removing the plastid transit peptide)
contain an N-terminal region of approximately 105
amino acids that is not present in bacterial enzymes.
Bacterial CGSs share a high homology only with

approximately 390 amino acids of the C terminus of
the plant CGSs (Fig. 1A). Since the bacterial and plant
CGS genes encode active enzymes, we first wanted to
confirm that the N-terminal domain of mature plant
CGSs is not essential for their catalytic CGS activity.
To this end, we cloned Arabidopsis CGS without its
transit peptide and its truncated version lacking the
N terminus region (Fig. 1B) into a bacterial expres-
sion vector. The resulted constructs were introduced
into the Escherichia coli strain, metB, lacking CGS ac-
tivity (Fig. 2). Both CGS constructs complemented
this mutant (Fig. 2), showing that both possess CGS
activity, confirming that the N-terminal domain of
the mature plant CGS is not essential for its catalytic
activity. These results extend the data of a previous
report showing that deletion of part of the plant-
specific N-terminal region of the mature Arabidopsis
CGS enables complementation of an E. coli metB
mutant (Kim and Leustek, 1996).

Expression of Arabidopsis CGS in Transgenic
Tobacco Plants

Since the plant-specific N-terminal region of Ara-
bidopsis CGS is not essential for its catalytic activity,
we hypothesized that this region might possess reg-
ulatory functions such as correct modulation of the
Met level in cells. Thus, we expect that transgenic
plants expressing a truncated form of CGS will have
an unbalanced Met metabolism. To address this is-
sue, we first transformed Arabidopsis plants with
full-length and truncated CGS constructs. A DNA-
encoded plastid transit peptide of the pea (Pisum
sativum) rbcS-3A was fused in-frame to both con-
structs to localize the proteins in the chloroplast. A
short DNA encoding three copies of the hemaggluti-
nin (HA) epitope tag was also fused in-frame at the 3�
region of the CGS open reading frames of both con-
structs to enable immunological detection of the pro-
teins in the transgenic plants (Fig. 1C).

Figure 1. A, Schematic presentation of Arabidopsis CGS protein. The
amino acids are numbered from the first Met of the protein in the
transit peptide. TP, the chloroplast-targeting transit peptide, which
directs the protein into the chloroplast and is then removed. N-ter,
the N-terminal region of CGS (following removal of the transit pep-
tide), which shares no homology to CGSs of bacteria. Catalytic
region, the part of CGS sharing a high homology to bacteria CGSs
and harboring the catalytic site. B, The constructs used to express the
full-length or truncated Arabidopsis CGS in bacteria. A six-His tag
was added at the N terminus to the constructs of the bacteria ex-
pressed proteins. C, The constructs used to express the full-length or
truncated Arabidopsis CGS in plants. The transit peptide of the
Rubisco small subunit 3A of pea (Ssu-TP) was used instead of the
endogenous one. The sequence encoding three hemagglutinins
(3xHA) was added in frame at the C terminus of the protein. Tran-
scription promoters are symbolized by arrows.

Figure 2. Functional complementation of CGS-deficient E. coli mu-
tant LE392 with Arabidopsis CGS cDNAs. The plasmid pQE30 (as
control), the same plasmid containing the full-length Arabidopsis
CGS, and the plasmid containing the truncated version (without the
N-terminal region) of CGS were transformed into the E. coli mutant.
The transformed bacteria were plated onto an M9 minimal medium
with (right) or without (left) Met (40 �g mL�1). Plates were incubated
at 37°C for 36 h.
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The transgenic Arabidopsis plants grew very
poorly and possessed very low levels of wild-type
and transgenic CGS gene expression, possibly due to
cosuppression (data not shown). To overcome the
cosuppression phenomenon, we switched to a heter-
ologous system of transgenic tobacco in which both
constructs were well expressed (see below). Thirty
independent T0 transgenic tobacco lines expressing
each of the Arabidopsis CGS constructs were selected
and transferred to the greenhouse for further growth.
The expression of CGS constructs in vegetative tis-
sues of the T0 plants was tested by western-blot
analysis using anti-HA monoclonal antibodies. Fig-
ure 3 shows the results with three representative
transgenic plants expressing relatively high levels of
each of the Arabidopsis CGS constructs. As expected,
no HA-reacting protein bands appeared in the un-
transformed plants (lane 1). Plants expressing full-
length Arabidopsis CGS (lanes 2–4) exhibited two
HA cross-reacting bands. The upper band migrated
with the expected size of the natural mature Arabi-
dopsis CGS (53 kD; Ravanel et al., 1998) plus the 3-kD
HA tag. The second band migrated more rapidly,
with an estimated size of 53 kD. This rapidly migrat-
ing polypeptide may result from degradation of the
full-length mature enzyme. Plants expressing the
truncated Arabidopsis CGS (Fig. 3, lanes 5–7) show a
single band with expected size of 46 kD. The immu-
nological analysis also revealed that the protein
amounts of the full-length and truncated forms of
CGS were about equal (Fig. 3). Therefore, eliminating
the N-terminal region of Arabidopsis CGS did not
change the accumulation amounts of this protein
when expressed in tobacco.

Since differences were observed between plants
expressing full-length and truncated CGS at the phe-
notype level (see below), we next analyzed these
differences.

Expression of the Truncated CGS Construct Caused a
Severe Abnormal Phenotype

The transgenic tobacco plants expressing full-
length Arabidopsis CGS grew with an indistinguish-

able phenotype and at a similar rate as the wild-type
plants. In contrast, the transgenic plants expressing
the truncated Arabidopsis CGS exhibited a severely
abnormal phenotype, which could be easily recog-
nized after 6 weeks of growth. This included stunted
growth, a slow developmental rate, loss of apical
dominance, and narrow, greener, and curly leaves
(Fig. 4, A–D). In some of these plants, the apical
meristems and leaf primordium became brown and
dry (Fig. 4D). Flower buds were produced in only
some of the transgenic plants, but they fell rapidly
after an abscission zone formed, causing total steril-
ity. The transgenic plants expressing the truncated
CGS construct produced many secondary stems and
were able to survive for more than 2 years. All anal-
yses were performed on vegetatively propagated T0
plants due to the issue of sterility. As a result of the
phenotype differences between these two transgenic
lines, we next wanted to reveal the Met content in
these lines.

Analysis of Met, SMM, and Asp-Related Amino Acids
in the Transgenic Plants

The free amino acid analyses were performed on
leaves of 7-week-old wild-type and transgenic plants
expressing the two CGS constructs. We first mea-
sured the soluble Met content in these plants.
Whereas the Met level was less than the detection
level in wild-type plants, plants expressing full-
length and truncated CGS exhibited an average of 1
and 1.5 mol% Met, respectively (Fig. 5A). Free Met
levels differed significantly (P � 0.05) between the
two types of transgenic plants and the wild-type
plants, but not between the two types of transgenic
plants (Fig. 5A).

The SMM level was then determined in these
plants because this metabolite had recently been pos-
tulated to function as a storage reservoir of labile
methyl moieties in the phloem (Mudd and Datko,
1990; Bourgis et al., 1999), and was also found to
correlate with the free Met level (Gakiere et al., 2000;
Kim and Leustek, 2000). Both types of transgenic
plants expressing Arabidopsis CGS contained a sim-
ilar elevated level of SMM—about 10 times higher
than that the wild-type plants (Fig. 5B).

Met belongs to the Asp family of amino acids.
Thus, we further studied the effect of Met and SMM
elevation on other amino acids belonging to this fam-
ily. No significant difference was observed between
wild-type and transgenic plants (Table I). The levels
of other amino acids were also comparable between
wild-type and transgenic plants.

Expression of Full-Length and Truncated CGS
Constructs Resulted in Increased Leaf
Protein-Bound Met

We then tested whether increased Met production
in the transgenic plants was associated with in-

Figure 3. Transgenic tobacco plants expressing the Arabidopsis trun-
cated and full-length CGSs accumulated similar amounts of the
corresponding protein. Western-blot analysis of proteins extracts
from transgenic plants expressing full-length CGS (lanes 2–4) and
truncated CGS (lanes 5–7). The wild-type plant (lane 1) is marked
WT. Crude protein extracts (25 �g) from wild-type and representative
7-week-old transgenic tobacco plants were separated by SDS-PAGE
and subjected to immunoblot analysis using antiserum against 3xHA
epitope tag. The migration of Mr protein markers is indicated on the
right.
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creased incorporation of this amino acid into leaf
proteins. To address this issue, aqueous-soluble pro-
teins were subjected to amino acid analysis following
protein hydrolysis. The proportion of Met in the
aqueous-soluble proteins was only slightly higher in
transgenic plants expressing full-length CGS than
in wild-type plants. However, it nearly doubled in
transgenic plants expressing the truncated CGS con-
struct (Fig. 5C). This result suggested that more Met
was produced in the transgenic plants expressing the
truncated CGS and that this Met was incorporated
into proteins.

Transgenic Plants Expressing the Truncated CGS
Emitted Significant Levels of Volatile Met
Catabolic Products

In addition to the severely abnormal phenotype of
the transgenic plants expressing truncated Arabidop-
sis CGS, these plants also possessed a very typical
smell, unlike those expressing full-length CGS. To
determine what chemical compounds caused this
smell, gas chromatography-mass spectrometry (GC-
MS) analysis was performed on wild-type plants and
on eight independently transformed tobacco lines
expressing a relatively similar level of each of the

transgenic CGS gene products. This analysis showed
that the plants expressing truncated CGS emitted
substantially higher levels of the sulfide-containing
compounds dimethyl sulfide (DMS) and carbon di-
sulfide (CDS) than wild-type tobacco or transgenic
tobacco plants expressing full-length Arabidopsis
CGS (Fig. 6). The DMS levels emitted by some of the
transgenic plants expressing truncated CGS (lines
N46 and N66) were about 45 times higher than in
wild-type plants. On average, the levels of DMS
emission were 20 and 21 times higher than in trans-
genic plants expressing full-length CGS and wild-
type plants, respectively (Fig. 6D).

A characteristic smell was detected in tobacco
transgenic plants in which the SAM synthase was
suppressed. Two VOCs were identified: methane-
thiol and its oxidation product, dimethyl disulfide
(Boerjan et al., 1994). DMS and CDS were not previ-
ously detected from plants exhibiting a high Met
level. Therefore, to study whether these two volatile
compounds were Met catabolic products, 7-week-old
wild-type plants were irrigated with 10 mm Met or
water for 10 d and subject to volatile detection by
GC-MS. The results showed a high emission of DMS
and a slightly higher (12%) elevation of CDS in plants
irrigated with Met (Fig. 6D). These results suggested

Figure 4. Severe abnormalities of tobacco plants expressing truncated CGS. A, Transgenic plants expressing full-length CGS
display essentially a wild-type appearance, whereas transgenic plants expressing truncated CGS display severe abnormal-
ities. B, Leaves of transgenic plants expressing truncated CGS. C, Transgenic plants expressing truncated CGS lost their apical
dominance and produced several shoots. D, The meristem and primordial leaves were withering in some plants expressing
truncated CGS.
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that at least DMS is a catabolic product of Met and
more likely CDS, as well. The fact that DMS and CDS,
both containing sulfide, are the major compounds
emitted from the plants expressing truncated CGS
suggests that the sulfur supply and the Cys level do
not limit or regulate the Met content in plants.

Transgenic Plants Expressing Truncated CGS Produced
a High Level of Ethylene

Ethylene, one of the major phytohormones in
plants, is synthesized from Met via SAM. Since the
transgenic plants expressing the truncated CGS pos-
sess some phenotype that resembles ethylene symp-
toms, we tested the rate of ethylene emission in
3-week-old shoots regenerated from transgenic and

wild-type plants. As shown in Table II, ethylene pro-
duction was comparable between wild-type and
transgenic plants expressing full-length Arabidopsis
CGS. However, in the transgenic plants expressing
the truncated CGS construct, ethylene production
was nearly 40 times higher than in wild-type plants.

Figure 6. Tobacco plants transformed with truncated Arabidopsis CGS
produces volatile organic compounds (VOCs). Patterns of VOC anal-
ysis of wild-type plant (A); transgenic plants expressing full-length CGS
(B); transgenic plants expressing truncated CGS (C). The two peaks
were identified as DMS and CDS. D, Quantitation of the amounts of
DMS sulfide and CDS in wild-type (f); transgenic lines expressing
full-length (p); transgenic lines expressing truncated Arabidopsis CGS
(�); and wild-type plants irrigated with 10 mM Met for 10 d (2). One
gram of fresh weight leaf was taken from 7-week-old plants. The
amount of these volatile compounds was calculating by determined
the area of the corresponding peak in the GC-MS graph as compared
with a known standard. The data are presented as the mean � SE (black
bars) of eight individual plants, one measurement per plant.

Table I. Contents of aspartate-related amino acids in wild-type
and transgenic plants expressing truncated and full-length Arabi-
dopsis CGS

The amount of each amino acid was determined by HPLC analysis
using external calibration standards. Eight plants of each type were
analyzed and the data are presented as the mean � SE.

Amino Acid Wild Type
Truncated

CGS
Full-Length

CGS

mol %

Asp 7.2 � 4.3 4.9 � 1.9 5.2 � 2.8
Thr 2.9 � 0.8 2.3 � 1.1 4.1 � 1.8
Lys 0.9 � 0.4 1.0 � 0.2 1.0 � 0.4
Ile 0.8 � 0.3 1.2 � 0.8 1.0 � 0.7

Figure 5. A, Met; B, SMM; C, Met incorporated to proteins level,
from wild type (f); transgenic lines expressing full-length (p); and
truncated Arabidopsis CGS (�). The amounts of Met and SMM were
calculated from total free amino acids plus SMM as detected by
HPLC and is given in mol% of this total. The Met level incorporated
into proteins was calculated from phosphate-buffered saline-soluble
proteins that were subjected to amino acid analysis following protein
hydrolysis by HPLC. The levels of soluble Met, SMM, and bound Met
were determined from the extraction of leaves of plants grown for 7
weeks. The data are presented as the mean � SE of eight individual
plants per line, one measurement per plant. Statistically significant
differences (P � 0.05) are identified by letters.
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This high level of ethylene may explain some of the
abnormal phenotypes observed in the transgenic
plants such as enhanced abscission of flower buds,
dryness of the apical meristem and leaf primordium,
retarded stem elongation, as well as curled leaves
(Salisbury and Ross, 1991).

DISCUSSION

Plant CGS enzymes possess an extended
N-terminal region that is not found in the bacterial
enzyme and is not essential for its catalytic activity,
as we determined using a complementation test in an
E. coli mutant. These results are in agreement with a
recent crystal structure analysis of tobacco CGS
showing that the catalytic residues, the active site,
and the substrate binding residues are all localized in
the C-terminal part that is conserved with the bacte-
rial CGSs (Clausen et al., 1998, 1999).

Since the N-terminal region is not essential for CGS
catalytic activity, we hypothesized that this region
might possess regulatory functions such as the cor-
rect modulation of Met level in cells. To examine this
hypothesis, we overexpressed full-length Arabidop-
sis CGS and a truncated version (lacking its
N-terminal region) in tobacco plants. It was found
that both transgenic plants contained higher levels of
Met and its metabolites SMM, as expected from CGS
overexpression (Gakiere et al., 2000). However, al-
though the plants expressing full-length CGS exhib-
ited the same developmental rate and phenotype as
wild-type plants, those expressing truncated CGS
showed severely abnormal phenotypes. These abnor-
mal plants also produced higher contents of Met
(33%), SMM (17%), and Met in proteins (41%), than
plants expressing the full-length CGS, but more ex-
tensively, these plants emitted a significantly higher
level of Met catabolic products. These products con-
tain methyl and/or sulfide groups (DMS and CDS),
as well as the hormone, ethylene. It is assumed that
the severe abnormal phenotype characterizing these
plants is derived from overproduction of these me-
tabolites and/or from other unknown Met catabolic
products.

The high levels of Met and its catabolic products
found in plants expressing truncated CGS, but not in
those expressing the full-length CGS, strongly sug-
gested that sequences in the N-terminal region are

important for the regulation of proper Met metabo-
lism. The absence of this region leads to an impaired
Met metabolism that results in an abnormal pheno-
type. Thus, it is further suggested that this region
plays a regulatory role in protecting plants from a
high level of Met catabolic products such as ethylene.

How can the N-terminal part of CGS regulate Met
metabolism? The differences between the two trans-
genic lines in the level of catabolic metabolites of Met
could be explained by the “Met overflow” hypothe-
sis. According to this hypothesis, the differences be-
tween the two lines of transgenic plants arise in Met
synthesis and hence in Met content. Thus, in plants
expressing truncated CGS, the Met level rises, the
reservoirs of soluble and protein-bound Met and the
SMM pool fill up, and the catabolic pathway is in-
duced beyond this threshold. Based on this hypoth-
esis, the Met level does not reach this threshold in
plants expressing full-length CGS.

This Met elevation in plants expressing truncated
CGS may be the result of the high stability of the CGS
transcript or the protein, and/or of a higher enzyme
activity. Regulation at the level of transcript stability
of CGS was suggested by Chiba et al. (1999), who
showed that mutations in the MTO1 region located in
the N-terminal region led to the loss of regulation of
this transcript level and, consequently, to increases in
protein content and Met level. Therefore, transgenic
plants expressing truncated CGS would be expected
to possess a higher transcript level of CGS, and hence
a higher protein and Met level as a result of the
deletion of the MTO1 regulatory sequence from the
CGS sequence. However, we did not find this to be
the case. No significant differences were found in the
CGS protein levels between plants expressing full-
length and truncated CGS. Furthermore, the CGS
band intensity (on average) of plants expressing full-
length CGS was higher than those expressing trun-
cated CGS (Fig. 3). Thus, our results suggest that this
regulation takes place at the post-translation level,
driven by as yet unidentified post-translation ma-
chinery within the N-terminal region.

An example of post-translation modification that
may occur in the N-terminal region is its involvement
in feedback inhibition of the enzyme activity. Met
metabolite or protein can bind to this region, leading
to conformational changes and inhibition of CGS cat-
alytic activity. However, it should be taken into ac-
count that a study conducted with purified Arabi-
dopsis CGS showed that metabolites such as Met,
SAM, cystathionine, homo-Cys, SMM, S-adenosyl-
homo-Cys, 5-methylthioadenosine, Thr, and iso-Leu
had no significant effect on CGS activity (Ravanel et
al., 1998). At the same time, it is possible that some
other metabolite or protein could interact with ele-
ments in this N-terminal region and alter CGS activ-
ity, such as Met catabolic products (ethylene or DMS,
for example).

Table II. Ethylene production by young shoots

Ethylene production by shoots (about 10 cm high) regenerated
from transgenic and wild-type plants after 3 weeks of growth in soil.
The average � SE of five different shoots is shown.

Strains Ethylene Production

mg kg�1 h�1 fresh wt

Wild type 0.11 � 0.04
Transgenic plants expressing full-length CGS 0.15 � 0.08
Transgenic plants expressing truncated CGS 4.35 � 0.46
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Further analysis would be required to reveal
whether some protein or metabolite is involved in
CGS regulation and/or the Met metabolism in plants,
but differences between plants in terms of the regu-
lation mode of the N-terminal region of CGS are to be
expected. The computer alignment of plant CGS pro-
tein sequences within this region shows that it is not
a conserved region except for a small segment of the
MTO1. This may lead to the various metabolites or
proteins that bind CGS and regulate its activity,
which differs from one plant to another. Differences
in catabolic product patterns are found between Ara-
bidopsis and tobacco, which contain a high Met level.
In mto1 and mto2 mutants of Arabidopsis, whose Met
levels are 40 and 22 times higher, respectively, than
the wild-type plant, catabolic products were barely
detected (Chiba et al., 1999; Bartlem et al., 2000). On
the other hand, a rise in Met content was accompa-
nied by a rise in the level of dimethyl-disulfide and
methanethiol in transgenic tobacco plants in which
SAM synthase was suppressed (Boerjan et al., 1994).

Taken together, due to the major role played by
Met and its catabolic products in the metabolism of
plant cells, a complex regulation is expected. Previ-
ous studies have shown that the level of Thr synthase
that compete with CGS for their common substrate,
O-phosphohomo-Ser, and the carbon skeleton avail-
ability to Met biosynthesis are major factors limiting
Met biosynthesis (Bartlem et al., 2000). However,
additional studies show that sequences at the CGS
gene are important for CGS transcript stability and
affect Met synthesis (Chiba et al., 1999). In this study,
we add another point to this complexity in Met reg-
ulation. We suggest that post-translation modifica-
tion occurring in the N-terminal region of CGS may
affect enzyme activity or protein interaction with
unknown elements that regulate Met synthesis
and/or Met catabolism. However, further analysis is
required to clarify the role of the N-terminal in Met
metabolism, its role in CGS activity, and the post-
translation modification that apparently occurs in
this region.

MATERIALS AND METHODS

Plants and Strains

An Escherichia coli mutant, LE392 (met B1, tryp R55, and
P2 lysogen; Stratagene, La Jolla, CA), a Met auxotroph, was
used for complementation analysis with Arabidopsis CGS
constructs. The complemented mutants were cultured for
36 h at 37°C in M9 medium (Sambrook et al., 1989), which
was supplemented with 50 �g mL�1 ampicillin, Trp (40 mg
L�1) and, for the positive control, Met (40 mg L�1). The
solid medium contained 1.5% (w/v) agarose (Invitrogen,
Grand Island, NY).

Arabidopsis (ecotype C24) and tobacco (Nicotiana taba-
cum cv Samsun NN) were grown in the growth chamber
under a light regimen of 16 h of light, and 8 h of dark at
22°C to 25°C.

Constructing the Plasmids for the Expression of
Arabidopsis CGS in Bacteria

The Arabidopsis CGS cDNA was PCR amplified from a
flower cDNA library, kindly donated by the Arabidopsis
Biological Resource Center (Columbus, OH). Fragments of
DNA encoding mature CGS (without its plastid transit
peptide), starting with Val-68 (Ravanel et al., 1998) and
truncated CGS (i.e. without its transit peptide and the
N-terminal region) starting with Ser-173, were amplified.
Primer 1 (5�-AGGATCCGTCCGTCAGCT GAGCATTAA-
AGC-3�) was used to amplify the sequence of the mature
protein. Primer 2 (5�-AGGATCTTGAGCTCCGATGGGA-
GCC TCAC-3�) was used to amplify the truncated CGS. For
reverse amplification of both cDNAs, the same primer,
primer 3 (5�-AAAGCTT GATGGCTTCGAGAGCTTGAAG-
3�), was used. The BamHI site located at primers 1 and 2
and the HindIII site located at primer 3 were used to insert
the amplified DNA fragments into the pQE30 expression
vector (Qiagen, Valencia, CA). The nucleotide sequences of
the constructed plasmids were verified by DNA
sequencing.

Constructing the Binary Plasmids for the Expression of
Arabidopsis CGSs to Transgenic Plants

The two forms of cDNA encoding full-length and trun-
cated CGS were amplified from a flower cDNA library
using primers 1, 2, and 3. However, the SphI restriction site
containing the ATG translation-initiation codon was re-
placed by the BamHI site in the forward primers (1 and 2),
and the reverse primer (primer 3) contained SmaI site in-
stead of HindIII. The PCR fragments (1,479 and 1,164 bp,
respectively) were ligated to a PCR vector, pGMT (Pro-
mega, Madison, WI), and were then digested with SphI; one
SphI site was located in the primer and the other in the
plasmid. The fragments were subcloned to a pCE vector
(Shaul and Galili, 1992) digested by the same enzyme. This
vector contains the 35S promoter of cauliflower mosaic
virus, an � DNA sequence from the coat protein gene of
tobacco mosaic virus for translation enhancement, and the
transit peptide pea (Pisum sativum) rbcS-3A chloroplast
(Shaul and Galili, 1992). The pCE vector was then cut with
SmaI (present at 5� in the pCE plasmid) and the fragment
was subcloned into the binary Ti plasmid, pZP111 (Had-
jukiewicz et al., 1994), digested by the same enzyme. Tang
et al. (2000) designed a pZP111 vector with the SmaI site at
the end of its polylinker site, and an epitope tag of 3xHA,
followed by a TGA stop codon. Using this vector, the DNA
fragments containing CGS were fused in frame to 3xHA,
replacing its natural TGA stop codon (Fig. 1C). The pZP111
plasmid carries the gene for kanamycin resistance.

Plant Transformations

Arabidopsis and tobacco plants were transformed as
previously described (Horsch et al., 1985; Clough and Bent,
1998). Transgenic plants were selected on media containing
100 mg L�1 kanamycin.
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Western-Blot Analysis

Leaves of transgenic and wild-type plants were homog-
enized by mortar and pestle in a buffer containing 100 mm
Tris-HCl, pH 7.5, 2 mm EDTA, 1 mm dithiothreitol, and 1
mm phenylmethylsulfonyl fluoride (PMSF) at 4°C. After 5
min of centrifugation (16,000g at 4°C), the supernatant was
collected. Protein samples (30 �g) were fractionated on
12% (w/v) SDS-PAGE (Laemmli, 1970) and transferred to a
PMSF membrane using a Protein Trans-Blot apparatus
(Bio-Rad, Hercules, CA). The membrane was blocked over-
night at 4°C in a solution of 5% (v/v) nonfat dried milk,
and it was then reacted with commercial anti-HA mono-
clonal antibodies (Roche, Basel) for 2 h at room tempera-
ture, followed by incubation with anti-mouse IgG conju-
gated with horseradish-peroxidase under the same
conditions. Immunodetection was conducted with an en-
hanced chemiluminescence kit (Pierce, Rockford, IL) in
accordance with the manufacturer’s instructions.

Measurements of Free Amino Acid Levels in Leaves of
Transgenic Plants

Five young leaves from 7-week-old transgenic tobacco
plants were ground in liquid nitrogen and kept frozen. Free
amino acids were extracted from a sample of frozen leaves
basically as described by Bieleski and Turner (1966). Ap-
proximately 200 mg of tissue was homogenized by mortar
and pestle in the presence of 600 �l of water:chloroform:
methanol (3:5:12, v/v). After brief centrifugation, the su-
pernatant was collected and the residue was extracted with
600 �l of the same mixture. The two supernatants were
combined. Chloroform (300 �l) and water (450 �l) were
added, and the resulting mixture was centrifuged again.
The upper water-methanol phase was collected, dried, and
dissolved in 200 �l of water. The concentration of free
amino acids was determined using O-phthalaldehyde re-
agent, followed by measuring the 335/447 nm fluores-
cence. The composition of amino acids was determined by
loading a 66-nmol sample of total free amino acids on an
Amino Quant Liquid Chromatograph (Hewlett-Packard,
Palo Alto, CA).

Measurement of Amino Acids Incorporated
into Proteins

Leaves were homogenized and extracted at 4°C in a
phosphate saline buffer containing 1 mm PMSF and 1 �m
leupeptin. Following centrifugation (5 min, 16,000g, 4°C),
the supernatant was collected and dialyzed against water.
Protein concentration was then determined using the Brad-
ford method, and a batch of 39 mg of protein was hydro-
lyzed in 0.3 mL of distilled 6 n HCl at 110°C for 22 h under
vacuum. A sample of 4 �g of the hydrolyzed protein was
analyzed by HPLC (Bio LC Amino Acid Analyzer; Dionex,
Sunnyvale, CA).

Determination of the VOCs by GC-MS

The VOCs from leaves of the transgenic plants were
determined using the OI 4560 Purge and Trap system

connected to a 5890 Series II Gas Chromatograph equipped
with a 5972 MS Detector (all Hewlett-Packard). Data were
analyzed using HP MS Chemstation software (Hewlett-
Packard) according to Environmental Protection Agency
method no. 524.2 with 60-m fused silica capillary columns
(ID of 0.25 �m and film thickness of 1.4 �m). Ten milliliters
of water was added to 10/150-mm glass tubes, and 1 g of
fresh young leaves was analyzed. The sample was purged
at room temperature with 99.999% helium (40 mL min�1

for 11 min). The helium transferred the VOCs to an ambient
temperature micro trap containing silica, Tenax, and char-
coal as adsorbents. After purging and trapping, the volatile
analytes were thermally desorbed at 180°C and were in-
jected onto the GC column through a heated (100°C) trans-
fer line. The chromatographic separation was applied with
a temperature gradient from 35°C to 220°C at a rate of 10°C
min�1.

Assay of Ethylene Production in the Transgenic Plants

The procedure described by Guzman and Ecker (1990)
was applied. Ethylene production was assayed from young
shoots (about 10 cm high) that regenerated from the trans-
genic and wild-type plants. These shoots were planted in
soil for 3 weeks of growth in a growth chamber (25°C, 16 h
of light, 8 h of dark). The resulting plants (in their pots)
were then incubated for 24 h at 22°C in an airtight 1-L glass
jar. The ethylene was assayed by GC (model 5890; Hewlett-
Packard), using an Alumina 60/80 column (model 020283;
Supleco, Bellefonte, PA). A standard of 640 �l L�1 ethylene
(balance N2) was used to calibrate the ethylene
concentrations.
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