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Conditions of achieving the maximal accumulation of sulfhydryl metabolites in the

leaves of tobacco were explored. Simultaneous production of bacterial O-acetylserine

(thiol)-lyase and serine acetyltransferase resulted in the increased thiols contents as

compared to single transformants and controls. However, leaf discs feeding experi-

ments differently affected thiols concentration in different plant groups and sug-

gested that the most promising strategy to obtain plants with a high level of

non-protein thiol-containing compounds might be sulfate feeding to plants overpro-

ducing serine acetyltransferase.

Formation of cysteine from sulfide and

O-acetyl-L-serine (OAS) is catalyzed by

O-acetylserine (thiol)-lyase (OAS-TL) (EC

4.2.99.8) while OAS is synthesized by serine

acetyltransferase (SAT) from acetyl-coen-

zyme A and serine. Molecular interactions be-

tween SAT and OAS-TL are involved in the

regulation of the enzymatic activities of these

proteins in bacteria (Mino et al., 2000) and in

plants (Bogdanova & Hell, 1997; Droux et al.,

1998). Experiments with Escherichia coli en-

zymes clearly indicated that OAS-TL activity

was reduced to 30% in a complex (Mino et al.,

2000). Similarly, a very dramatic decrease of
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the catalytic activity of OAS-TL bound in a

complex has been reported for the plant en-

zymes (Droux et al., 1998). On the other hand,

the bienzyme complex formation stabilizes

bacterial SAT (Mino et al., 2000) and in-

creases the apparent affinity for the sub-

strates of plant SAT (Droux et al., 1998). The

stability of the complex is negatively affected

by OAS and positively by sulfide (Droux et al.,

1998). Bacterial SAT is feedback regulated by

cysteine, however, no relationship seems to

exist between the complex formation and SAT

sensitivity to this inhibition (Mino et al.,

2000).

Both enzymes, SAT and OAS-TL, are located

in three compartments of the plant cell: the

cytosol, chloroplasts and mitochondria. Dif-

ferent isoforms of these enzymes are in a dif-

ferent way regulated by sulfur nutrition

(Nakamura et al., 1999; Takahashi et al., 1997;

Warrilow & Hawkesford, 1998). The feedback

regulation by L-cysteine of various isoforms of

plant SAT has recently been studied (Inoue et

al., 1999; Noji et al., 1998). According to the

model proposed, the only role of the

chloroplastic and mitochondrial isoforms

(that are insensitive to the feedback inhibi-

tion) would be the production of OAS for

cysteine biosynthesis. The cysteine-sensitive

cystosolic isoform of SAT would, according to

this model, have two roles: (i) OAS production

for cysteine biosynthesis in the cystosol and

(ii) control of OAS pool for regulatory pur-

poses. The second postulated function is

tightly connected with the fact that OAS acts

as a positive regulator of genes whose expres-

sion is affected by sulfur status (Saito, 2000).

Glutathione, the main low-molecular-mass

thiol-containing compound in the plant cell,

has multiple functions, including involvement

in responses to various environmental

stresses and maintenance of the redox homeo-

stasis (Foyer & Rennenberg, 2000). Under

non-stressing conditions the majority of gluta-

thione is maintained in the reduced form

(GSH) and its concentration is determined

mainly by the rate of biosynthesis. GSH is pro-

duced from cysteine, glutamate and glycine in

two steps catalyzed by �-glutamylcysteinyl

synthetase (�-ECS) and glutathione synthe-

tase (GS), respectively (Noctor et al., 1998).

The biosynthesis and accumulation of GSH

has been shown to depend on (i) the activity of

�-ECS, (ii) the availability of cysteine, and (iii)

the light-dependent formation of glycine

through the photorespiratory pathway (Foyer

& Rennenberg, 2000).

The main aim of this study was to identify

the optimal conditions for the maximal accu-

mulation of non-protein sulfhydryl metabo-

lites in plant leaves. The transgenic tobacco

plants with cytosolic production of bacterial

enzymes of the cysteine biosynthesis path-

way, SAT and OAS-TL, were obtained and an-

alyzed for the transgenes expression. Addi-

tionally, leaf discs of either single or double

transformants, as well as of control plants,

were assayed for the thiol contents upon incu-

bation in solutions of various compounds ex-

pected to have an influence on sulfur metabo-

lism.

MATERIALS AND METHODS

Plasmids construction. The cysK gene was

amplified by PCR using genomic DNA of the

EC1250 strain (Jagura-Burdzy & Hulanicka,

1981) of Escherichia coli K-12 as a template

and the following pair of primers: 5�-cgg gat

cca tga agt aag att ttt gaa-3� and 5�-cgt tgt cat

tac ggt cgc cat ggc g-3�. These primers intro-

duced a BamHI site upstream of the transla-

tion start codon and a KpnI site 7 nt behind

the stop codon of cysK. The 1.0-kb PCR prod-

uct was cloned after digestion with BamHI

and KpnI into pUC19 (Yanisch-Perron et al.,

1985). The SalI–KpnI insert from the result-

ing plasmid, pCK1, was then subcloned into

pRTL2 (Carrington et al., 1991) digested with

XhoI and KpnI, i.e. between the 35S promotor

and terminator of cauliflower mosaic virus

(CaMV). The 2.0 kb PstI–PstI DNA fragment

with the cysK plant expression cassette was
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further recloned into binary vectors, either

pGreen0029 or pGreen0229 (Hellens et al.,

2000), in order to get plasmids pCK6 and

pCK8 allowing selection of transgenic plants

for kanamycin and phosphinotricin resis-

tance, respectively.

Western blot analysis. Western blot analy-

sis was performed according to the standard

procedure (Sambrook et al., 1989). Rabbit

anti-E. coli OAS-TL serum served as primary

antibodies. Goat anti-rabbit IgGs conjugated

with alkaline phosphatase were used as sec-

ondary antibodies. The immunoreactive pro-

teins were visualized by a colorimetric

method.

Plant material. Three lines of tobacco

(Nicotiana tabacum) were used for the genetic

transformations: the low alkaloid line LAB 21

(Legg et al., 1970), and transgenic lines pro-

ducing E. coli SAT, CE-20 and CEM-12, which

were the derivatives of the former one

(Blaszczyk et al., 1999). The nomenclature of

the transgenic plant lines obtained during this

study (by genetic transformation of the three

lines mentioned above) is explained in the Re-

sults section.

Plant transformation. Tobacco seedlings

were transformed according to the procedure

described by Rossi et al. (1993) using over-

night cultures of Agrobacterium tumefaciens

(LBA4404) containing appropriate plasmids.

Regenerating plantlets were cut out and relo-

cated to plates with MS medium (Murashige &

Skoog, 1962) supplemented with vitamins and

the appropriate selection markers (either 150

mg/l kanamycin or both, 100 mg/l kanamycin

and 2.5 mg/l DL-phosphinothricin) to allow

roots formation. Rooted plantlets were trans-

ferred to soil and checked for the presence of

bacterial OAS-TL by Western analysis and en-

zyme assays. In the case of double

transformants, the presence of the second in-

sert was confirmed by the “leaf callus assay”

(Firoozabady & Kuehnle, 1995). Plant cultiva-

tion was continued in greenhouse conditions

until seeds were collected.

Genetic analysis of transgenic plants.

The seeds of self-pollinated primary trans-

formants grown and flowered in a greenhouse

were used for genetic analysis. Seeds were

surface sterilized in a commercial bleach and

germinated on MS medium containing either

150 mg/l kanamycin or 10 mg/l DL-phos-

phinothricin. Green vs. yellow seedlings were

scored after 10 days in a growth chamber

(photoperiod: 16 h light/8 h dark, 24�C) and

the segregation ratio was calculated.

OAS-TL assay. The selective-marker-re-

sistant T1 seedlings germinated in vitro were

transferred to the soil, cultivated for 5 weeks

in a growth chamber (photoperiod: 16 h

light/8 h dark, 20�C) and transferred to green-

house conditions without additional light

source (April/May). Plant material was col-

lected from three successive leaves: the upper

(most apical position, about 70% developed),

the middle (intermediate, fully developed) and

the lower one (most basal position, mature).

The material cut off at random from a leaf

(about 100 mg per sample) was collected in a

microcentrifuge tube, kept on ice and ground

using a micro-pestle after addition of 50 �l of

ice-cold 0.1 M Tris/HCl, pH 7.6. The samples

were centrifuged (12500 g, 15 min, 4�C) and

crude extracts were kept on ice until the enzy-

matic assays were performed (usually not lon-

ger than 60 min). OAS-TL activity was deter-

mined according to the procedure described

by Kredich & Thomkins (1966). A unit of en-

zyme activity is defined as the amount of the

enzyme that catalyzes the formation of 1

nmole L-cysteine per min under the condi-

tions of the assay. Protein in the extracts was

determined using a Protein Assay Kit (Bio-

Rad) and bovine serum albumine as a stan-

dard (Bradford, 1976).

SAT assay. The same crude extracts as for

OAS-TL were assayed for SAT activity as pre-

viously described (Blaszczyk et al., 1999).

Incubation of leaf discs in various solu-

tions and soluble thiols assay. Several leaf

discs (8 mm in diameter) were cut out from
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the fourth well-developed leaf of plants culti-

vated in growth chamber conditions (pho-

toperiod: 16 h light/8 h dark, 20�C). The leaf

discs were transferred to Petrie dishes con-

taining 20 ml of aqueous solutions of com-

pounds indicated in Fig. 4 that were buffered

to pH 5.8 with 1 mM MES. Leaf discs were in-

cubated for 45 h in the same growth chamber

(20�C) and the sequence of the light/dark con-

ditions were as follows: 5 h light/8 h

dark/16 h light/8 h dark/8 h light. After time

indicated the leaf discs were briefly washed in

distilled H2O, drained on filter paper and the

soluble thiols contents in leaf samples was de-

termined using 5,5-dithio-2-nitrobenzoic acid

(DTNB). Leaf material (100 mg per sample)

was frozen in liquid nitrogen, ground in a

microcentrifuge tube and subsequently 400 �l

of ice-cold extraction solution (1 N HCl, 10

mM EDTA) was added. After vortexing, the

sample was centrifuged and supernatant col-

lected for analysis. Aliquots (180 �l) of the

supernatants were added to a mixture con-

taining 800 �l of 0.5 M Na2HPO4 and 25 �l of

10 mM DTNB. The absorbance was immedi-

ately read at 412 nm and corrected for the

absorbance of the mixture containing 25 �l of

distilled H2O instead of DTNB and the

absorbance of DTNB itself. The amount of sol-

uble reduced thiols was expressed as nmoles

per gram of fresh mass.

RESULTS

Two binary plasmids, pCK6 and pCK8, con-

taining a plant expression cassette with Esche-

richia coli cysK gene encoding OAS-TL en-

abled the selection of transgenic plants for

kanamycin and phosphinotricin resistance,

respectively. Before performing stable plant

transformation, the functionality of both con-

structs was verified at the mRNA and protein

levels by a transient in planta assay test (not

shown). Subsequently, three lines of tobacco

(Nicotiana tabacum) were used for Agro-

bacterium-mediated transformation. LA Bur-

ley 21 (Legg et al., 1970) was transformed

with pCK6, while the previously described

(Blaszczyk et al., 1999) transgenic lines CE-20

and CEM-12 (containing alleles of E. coli cysE

coding for wild type and mutated SAT, respec-

tively) were each transformed with pCK8. The

mutated SAT that is present in CEM-12 con-

tains Met256 substituted with Ile and is insen-

sitive to the feedback inhibition by cysteine

(Denk & Bock, 1987; Nakamori et al., 1998).

Three groups of plants transformed with E.

coli genes, (i) cysK (CK), (ii) cysE and cysK

(CEK), (iii) cysE mutated and cysK (CEMK),

were obtained. In fourteen plants (per 15 re-

generated) from the CK group bacterial OAS-

TL was detected, while only in one plant (per

eight regenerated) from the CEK group and

four plants (per 20 regenerated) from the

CEMK group the Western analysis confirmed

the presence of a bacterial enzyme (Fig. 1).
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Figure 1. Western blot analysis of transgenic to-

bacco plants (T0 generation) transformed with

pCK6 (CK group) and pCK8 (CEK and CEMK

groups).

Rabbit anti-E. coli OAS-TL serum was used as a source

of primary antibodies. The numbers denote individual

plantlets regenerated upon Agrobacterium-mediated

transformation. The controls C-1, C-2 and C-3 denote

plant lines used for the transformation, i.e. LAB21,

CE-20 and CEM-12, respectively. Arrows mark the pri-

mary transformants arbitrarily chosen for further in-

vestigations. For more information see the Results.



Segregation of the selection markers in the

T1 generation of several arbitrarily chosen

primary transformants was analyzed (Ta-

ble 1). It is worth to emphasize that the double

transformants regenerated after transforma-

tion of CE-20 and CEM-12 with the cysK cas-

sette had different status in regard to the cysE

cassette, i.e. CEK-2 and CEMK-4 were hetero-

zygous, while CEMK-9 was homozygous. Veri-

fication of the status (homo- or heterozygous)

of the CE-20 and CEM-12 seedlings by segre-

gation of the selection marker in the progeny

was impossible prior to the transformation

with pCK8. These kanamycin-resistant seed-

lings (T1 generation) were germinated from

the seeds of primary (T0 generation) “unsta-

bilized” transformants, CE-20 and CEM-12,

therefore, they could be either homo- or het-

erozygous in regard to the cysE transgene.

The selection-marker-resistant plants of the

T1 generation from the primary cysK trans-

formants (CK-4, CK-5, CK-7, CEK-2, CEMK-4,

CEMK-9) and parental lines (LAB 21, CE-20

and CEM-12) were used for further experi-

ments. The specific OAS-TL and SAT activi-

ties determined in three successive leaves col-

lected during the early vegetative stage of

plant development are shown in Fig. 2. As ex-

pected, the transformed plants had signifi-

cantly elevated OAS-TL activity in compari-

son to the parental lines, however, strong vari-

ation among plants from the same lines (large

S.D. values) and between different leaves

from the same plants was observed. SAT ac-

tivities in CE-20 and CEM-12 lines were

higher than in the control, mostly in the upper

and the lower leaves. The double CEK and

CEMK tranformants had reduced SAT activi-

ties in comparison to their parental strains

(CE and CEM, respectively) in the upper and

lower leaves but not in the middle ones. To

prove that the observed elevated OAS-TL ac-

tivities in transgenic plants correlate with the

presence of bacterial OAS-TL protein, both

the enzymatic assay and Western blot analy-

sis were performed on leaf tissue material col-

lected from the upper most developed leaves

of the plants used for assays shown in Fig. 2,

but grown for additional four weeks in a

greenhouse. A several-fold higher OAS-TL ac-

tivity than assayed in the earlier stages was

detected in plants from the CK, CEK and

CEMK groups (Fig. 3). A positive correlation

between the presence of a protein immuno-

detected by rabbit anti-E. coli OAS-TL serum

and the OAS-TL enzymatic activity was ob-
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Table 1. Segregation of the selection markers, kanamycin (kan) and phosphinotricin (pho), in the

progeny (T1) of transgenic plants.

R � resistant, S � sensitive, * denotes either mutated protein or a mutated gene.

Plant
Bacterial enzyme
overproduced

Marker
Number of seed-
lings (R : S)

Calculated
ratio

Most probable num-
ber of inserts

CK-4 OAS-TL kan 199 : 64 3.1 : 1 1 (cysK)

CK-5 OAS-TL kan 226 : 81 2.8 : 1 1 (cysK)

CK-7 OAS-TL kan 219 : 83 2.6 : 1 1 (cysK)

CE-20 SAT kan 181 : 50 3.6 :1 1 (cysE)

CEK-2 OAS-TL pho 161 : 47 3.4 : 1 1 (cysK)

SAT kan 92 : 29 3.2 : 1 Heterozygous cysE

CEM-12 SAT* kan 102 : 32 3.2 : 1 1 (cysE*)

CEMK-4 OAS-TL pho 115 : 28 4.1 : 1 1 or 2 (cysK)

SAT* kan 161 : 51 3.2 : 1 Heterozygous cysE*

CEMK-9 OAS-TL pho 72 : 24 3.0 : 1 1 (cysK)

SAT* kan 240 : 0 � Homozygous cysE*



served (Fig. 3). The change of the balance be-

tween the two important enzymes involved in

cysteine biosynthesis might have an impact

on the level of sulfhydryl-containing metabo-

lites (represented mainly by GSH) in the leaf

tissue. In order to reveal potential differences

in the level of reduced thiols two individual

plants of the following groups were used in ex-

periments described below: (i) randomly se-

lected T1 of CK-7 and (ii) CEK-2, (iii) homozy-

gous T2 plants of the CE-20 line, and (iv) un-

transformed LAB 21 plants. Plants were

grown in soil in a growth chamber for 14

weeks and leaf discs expunged from the fourth

leaf from the top were assayed for the amount

of reduced non-protein thiols either directly or

after incubation for 45 h in solutions of vari-

ous compounds. The experiment was per-

formed in growth chamber conditions with

the photoperiod as described in the Materials

and Methods. Before incubation all transgen-

ic plants had an elevated level of reduced

thiols in the leaves as compared to the con-

trols, however, this increase was different in

the various groups of transformants (Fig. 4).

Different plant groups responded differently

to the feeding with the same compounds. To

start with, incubation of leaf discs in distilled

water resulted in an increase of the reduced

non-protein thiols in all plant groups. The
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Figure 3. OAS-TL activity (upper part) and protein detected by Western blot analysis (lower part) in

transgenic plants.

The arrow shows the position of the protein (34.5 kDa) immunodetected in crude protein extract from plant leaves

by rabbit anti-E. coli OAS-TL serum. Data shown for enzymatic activity are means ±S.D. of three independent as-

says.
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Figure 2. Specific activities of OAS-TL (Panel A)

and SAT (Panel B) in individuals of T1 generation

of tobacco transformants during an early stage of

plant development (rosette stage).

Leaf tissue material was collected from three succes-

sive leaves of plants grown in greenhouse conditions.

Data are means ±S.D. for two/three individuals (CK,

CEK, CEMK) or of three independent assays from a

single plant (LAB 21, CE-20, CEM-12). In the cases

where S.D. is not indicated SAT activity was assayed

only in one plant of the pertinent line.
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largest increase was found in CE-20 (155% of

the level before incubation), CK-7 and CEK-2

showed an intermediate elevation of thiols lev-

els (140% and 133%, respectively), while the

least rise was found in LAB 21 (120% of the

initial level). Incubation in a sulfite solution

did not radically change the above effect, how-

ever, sulfate caused an over two-fold increase

of the level of reduced thiols in LAB 21, CK-7

and CE-20, while only 50% increase in CEK-2,

therefore, leaf discs from CE-20 plants had

the highest thiols contents after incubation in

sulfate. OAS caused a significant increase of

reduced thiols levels in all plant lines, but, sur-

prisingly the increase in CK-7 plants was

rather small and comparable to the elevation

caused by incubation in water. Incubation in

serine resulted in a low level of thiols in CK-7

plants (below the level detected in distilled

H2O), while the levels of thiols in other groups

were comparable to the levels detected in wa-

ter. Methionine did not influence thiols levels

in either of the groups except for a slight nega-

tive effect in CEK-2. Glutamine, a direct pre-

cursor of glutathione, caused a significant re-

duction of thiols in all transgenics in compari-

son to distilled H2O, however, plants contain-

ing bacterial OAS-TL were the most signifi-

cantly affected; in CK-7 and CEK-2 the level of

thiols detected after incubation in a glutamate

solution was 80% of the initial level (before in-

cubation).

DISCUSSION

The overproduction of bacterial SAT in

transgenic tobacco plants previously created

in our laboratory (Blaszczyk et al., 1999) re-

sulted in a significant increase of cellular

thiols and a resistance to oxidative stress. The

presence of wheat OAS-TL in tobacco led to

the resistance of the transgenic plants to the

toxic levels of hydrogen sulfide due to its

faster incorporation into cysteine (Youssefian

et al., 1993). More detailed biochemical inves-

tigations were performed with tobacco plants

overproducing spinach OAS-TL targeted to ei-

ther cytosol or chloroplasts (Saito et al.,

1994). The transgenic plants had only slightly

increased levels of cysteine and glutathione

which suggested a weak influence of the in-

creased cellular OAS-TL activity on the in vivo

production of these sulfhydryl metabolites.

Upon OAS feeding of chloroplasts isolated

from the tobacco containing chloroplast-tar-

geted spinach OAS-TL the level of cysteine

was significantly elevated, while GSH content

was reduced (Saito et al., 1994). Similarly, in

our study a selective drop of thiols in CK-7

plants (Fig. 4) upon OAS feeding was ob-

served. The mechanisms of this effect as well

as the reasons of increased thiols levels in

SAT-overproducing plants upon OAS feeding

remain unclear, since SAT-overproducers

were supposed to have high intrinsic level of

OAS.
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Figure 4. Effects of different compounds on the

level of reduced non-protein thiols in leaf discs of

analyzed plants.

Leaf discs (8 mm in diameter) were cut out from the

fourth mature leaf and floated either on distilled water

or on aqueous solutions of the indicated amino acids

(10 mM each), OAS (1 mM), sulfate (5 mM), sulfite (1

mM) for 45 h in the conditions of the growth chamber

used for plants cultivation. Data are means ±S.D. of six

independent incubations (two plants from each group

were analyzed in triplicates). f.w., fresh mass.



On the other hand, the results of in vitro ex-

periments led to the conclusion that a large ex-

cess of OAS-TL over SAT is necessary to

achieve a high capacity for cysteine bio-

synthesis (Droux et al., 1998). Such situation

was observed in bacteria (Kredich et al., 1969)

and plant cell compartments capable of inde-

pendent cysteine biosynthesis (Ruffet et al.,

1995). We demonstrated in this study that in

the in vivo conditions overproduction of either

SAT or OAS-TL in the cytosol had an influ-

ence on sulfur flow through the cysteine and

glutathione biosynthesis pathways and accu-

mulation of sulfhydryl metabolites. Thus, the

regulation of sulfhydryl metabolites produc-

tion must be a balance between negative (e.g.

feedback inhibition by cysteine and GSH) and

positive (e.g. OAS) signals. The method of

thiols assay used in this work cannot distin-

guish between cysteine, glutathione, �-glu-

tamyl cysteine or other non-protein thiols.

However, for the purpose of this work an as-

sumption, supported by our unpublished re-

sults and those cited by Foyer & Rennenberg

(2000), might be made that the majority of the

detected sulfhydryl groups came from glu-

tathione. Therefore, the observation that in-

creased OAS-TL activity only resulted in a

small change of thiols concentration, while

higher SAT activity caused much more signifi-

cant effects, is in agreement with earlier data

(Blaszczyk et al., 1999; Saito et al., 1994).

L-Cysteine synthesis is suppressed by the

formation of a complex between SAT and

OAS- TL and by the inhibitory effect of L-cys-

teine on SAT activity (Mino et al., 1999; Mino

et al., 2000). It has previously been reported

(Blaszczyk et al., 1999) that overproduction of

mutated SAT, insensitive to feedback inhibi-

tion by cysteine, affects the biochemical prop-

erties of transgenic plants in a similar way as

overproduction of wild type SAT.

In the light of the recent data about the

SAT/OAS-TL complex formation and its ef-

fects on the properties and kinetics of both en-

zymes (Droux et al., 1998; Mino et al., 1999;

Mino et al., 2000) a change of the balance be-

tween these enzymatic activities was expected

to affect production of sulfhydryl-containing

metabolites in the analyzed tobacco plants. Al-

though the results of these studies are diffi-

cult to be explained without a detailed analy-

sis on a molecular level they prompted us to

conclude that the most promising strategy to

achieve plants with the maximal possible

sulfhydryl metabolites contents is to increase

SAT activity (not simultaneously SAT and

OAS-TL). The results obtained in this work ad-

ditionally support the postulated function of

OAS as a positive factor for plant sulfur me-

tabolism.
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