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Serine acetyltransferase, a key enzyme in the i-cysteine biosyn- 
thetic pathway, was purified over 300,000-fold from the stroma of 
spinach (Spinacia oleracea) leaf chloroplasts. l h e  purification pro- 
cedure consisted of ammonium sulfate precipitation, anion- 
exchange chromatography (lrisacryl M DEAE and Mono Q HR10/ 
10), hydroxylapatite chromatography, and gel filtration (Superdex 
200). l h e  purified enzyme exhibited a specific activity higher than 
200 units mg-' and a subunit molecular mass of about 33 kD upon 
polyacrylamide gel eledrophoresis in the presence of sodium do- 
decyl sulfate. Moreover, the purified serine acetyltransferase ap- 
peared to be essentially free of O-acetylserine(thiol)lyase, another 
enzyme component in  the i-cysteine biosynthetic pathway. A 
steady-state kinetic analysis indicated that the mechanism of the 
enzyme-catalyzed reaction involves a double displacement. l h e  
apparent K,,, for the two substrates, i-serine and acetyl-coenzyme 
A, were 2.29 f 0.43 and 0.35 2 0.02 mM, respectively. l h e  rate of 
i-cysteine synthesis in vitro was measured in  a coupled enzyme 
assay using extensively purified O-acetylserine(thio1)lyase and 
serine acetyltransferase. lhis rate was maximum when the assay 
contained approximately a 400-fold excess of O-acetylser- 
ine(thio1)lyase over serine acetyltransferase. Measurements of the 
relative leve1 of O-acetylserine(thio1)lyase and serine acetyltrans- 
ferase activities in the stroma indicated that the former enzyme 
was present in  much larger quantities than the latter. Thus, the 
activity ratio for these two enzymes [O-acetylserine(thio1)lyase 
activity/serine acetyltransferase activity] measured in the stromal 
protein extract was 345. This strongly suggested that all the 0- 
acetylserine(thio1)lyase and serine acetyltransferase activities in 
the stroma are involved in bringing a full synthesis of i-cysteine in 
the chloroplast. 

It is known that in microorganisms the synthesis of L-CYS 
from L-Ser proceeds via a two-step pathway involving two 
enzymes (Kredich and Tomkins, 1966; Kredich et al., 1969; 
Cook and Wedding, 1978). Serine acetyltransferase (EC 
2.3.1.30) catalyzes the acetylation of L-Ser (Eq. 1). Sulfhydry- 
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lation of O-acetylserine in the presence of sulfide (Eq. 2) is 
catalyzed by O-acetylserine(thio1)lyase (EC 4.2.99.8). 

L-Ser + acetyl-COA + O-acetylserine + COA (1) 

O-acetylserine + Sz- + L-CYS + acetate (2) 
Both enzymes have been extensively purified and charac- 

terized in Salmonella typhimurium and Escherichia coli (Kre- 
dich and Tomkins, 1966; Kredich et al., 1969; Cook and 
Wedding, 1977, 1978; Baecker and Wedding, 1980). In these 
cells a11 the serine acetyltransferase activity is associated with 
a small portion (5%) of the total O-acetylserine(thio1)lyase in 
a complex called cysteine synthetase (Kredich and Tomkins, 
1966). Resolution of this complex into its components is 
specifically accomplished in vitro by the addition of small 
amounts (0.1 m ~ )  of the intermediate product, O-acetylser- 
ine. The reaction yields one molecule of serine acetyltrans- 
ferase (molecular mass 160 kD) and two molecules of 0- 
acetylserine(thio1)lyase (molecular mass 68 kD) (Kredich et 
al., 1969). This resolution is prevented by sulfide (Kredich et 
al., 1969). Reconstitution of the complex occurs sponta- 
neously upon mixing solutions of serine acetyltransferase and 
O-acetylserine(thio1)lyase. The kinetic properties of resolved 
serine acetyltransferase are identical with those of the bound 
enzyme (Kredich et al., 1969). In contrast, these researchers 
showed that the turnover number for O-acetylser- 
ine(thio1)lyase and the apparent K, for O-acetylserine were 
increased 2- and 4-fold, respectively, when this enzyme was 
resolved from serine acetyltransferase. It is also known that 
a single specific point mutation in the structural gene for 
serine acetyltransferase results in diminished catalytic activity 
of both components of the complex (Becker and Tomkins, 
1969), which points out the potential importance of specific 
protein-protein interactions within the bifunctional complex 
for the regulation of the cysteine synthetase activity. 

It is established that plant cells from either photosynthetic 
or nonphotosynthetic tissues contain a11 the enzymic equip- 
ment of the sulfate assimilation pathway leading to the 
synthesis of sulfur-containing amino acids (Anderson, 1980; 
Giovanelli et al., 1980; Brunold and Suter, 1989). Compared 
with the considerable information accumulated for more than 
25 years with prokaryotes, the mechanism of L-CYS biosyn- 
thesis is not defined as well in plant systems. Another com- 
plexity with the plant systems arises from the compartmen- 
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tation of enzyme activities within cellular organelles and 
cytosol. Such compartmentation plays an important role in 
many plant metabolic pathways (ap Rees, 1987). 

In previous work we analyzed the intracellular compart- 
mentation of some enzymes of the sulfate assimilation path- 
way in spinach (Spinacia oleracea) leaves (Lunn et al., 1990; 
Droux et al., 1992). These studies disclosed the existence of 
severa1 isoforms of O-acetylserine(thiol)lyase, each of which 
is specific for each cell compartment involved in protein 
biosynthesis, namely, plastids, mitochondria, and cytosol. 
Severa1 attempts have been made to purify serine acetyltrans- 
ferase from plants, including Phaseolus uulgaris leaves and 
roots (Smith and Thompson, 1971), Brassica chinensis leaves 
(Nakamura et al., 1988), and Allium tuberosum leaves (Nak- 
amura and Tamura, 1990). The enzyme was reported to be 
associated with plastids (Brunold and Suter, 1982; Droux et 
al., 1992), mitochondria (Smith and Thompson, 1969; Smith, 
1972), and the cytosol (Brunold and Suter, 1982). However, 
a11 these previous attempts have been conducted with crude 
extracts, and, therefore, it is difficult to assign the isolated 
form of the enzyme to a given intracellular compartment. 
Furthermore, a11 of the serine acetyltransferases purified so 
far from plants contain variable amounts of tightly bound 0- 
acetylserine(thio1)lyase. 

A consideration of the possible roles attributable to protein- 
protein interactions in the regulation of L-CYS biosynthesis in 
plants requires a detailed characterization of the purified 
components involved in the pathway. To this aim we pre- 
viously purified to apparent homogeneity O-acetylser- 
ine(thio1)lyase from the stroma of spinach chloroplast (Droux 
et al., 1992). We also cloned a cDNA coding for this enzyme 
and overexpressed the plant enzyme in Escherichia coli (Rol- 
land et al., 1993). In this study we have purified for the first 
time the serine acetyltransferase from chloroplasts of spinach 
leaves, free of O-acetylserine(thio1)lyase. We have also char- 
acterized some catalytic properties of this purified enzyme. 

MATERIALS AND METHODS 

Plant Material 

Spinach (Spinacia oleracea) leaves were purchased from a 
local market. The amount of serine acetyltransferase that 
could be extracted from spinach chloroplasts varied consid- 
erably depending upon the season at which plants were 
cultivated. Spinach plants cultivated from April to June 
yielded the highest enzyme amounts. 

Enzyme Assay 

O-Acety/serine(thio/)/yase Assa y 

Activity was measured in a volume of 0.1 mL containing 
50 mM Tris-HC1 buffer (pH 7.5), 5 mM DTT, 5 m~ 0- 
acetylserine, 1 mM sodium sulfide, and known amounts of 
enzyme. Reaction was initiated by adding sodium sulfide. 
After incubation for 10 min at 25OC, the reaction was stopped 
by adding 50 pL of 20% (w/v) TCA, and the precipitated 
protein was removed by centrifugation at 15,OOOg for 2 min. 
The supernatant was transferred to a glass tube containing 
100 pL of concentrated acetic acid and 200 pL of ninhydrin 

reagent (250 mg of ninhydrin dissolved in 10 mL of concen- 
trated acetic acid:concentrated HCl[60:40, v/v]). The mixture 
was boiled for 10 min, then cooled rapidly before addition 
of 600 p L  of ethanol (Droux et al., 1992). L-CYS was deter- 
mined by measuring the A560 (Gaitonde, 1967). One unit of 
enzyme activity is equivalent to the formation of 1 pmol of 
L-CYS per min. Product formation was linear for at least 30 
min, and velocities were proportional to enzyme concentra- 
tion in the assay, which indicates adherence to steady-state 
conditions. 

Serine Acetyltransferase Assay 

Serine acetyltransferase was assayed by measuring its ca- 
pacity to promote L-CYS synthesis in the presence of L-Ser, 
acetyl-COA, sulfide, and O-acetylserine(thiol)lyase, as de- 
scribed by Nakamura et al. (1987) (cysteine synthetase assay). 
Therefore, in this assay O-acetylserine(thio1)lyase was used 
as a coupling enzyme. In previous work a cDNA coding for 
the entire mature O-acetylserine(thio1)lyase from spinach 
chloroplasts had been cloned and overexpressed in E .  coli 
(Rolland et al., 1993). The recombinant protein was purified 
to homogeneity (Rolland, 1992; a full description of the 
purification procedure will be published elsewhere) and used 
as a source of coupling enzyme for the serine acetyltransfer- 
ase assay. The specific activity of this enzyme preparation 
was 500 units/mg. Activity was measured in a volume of 100 
pL, containing 50 mM Tris-HC1 buffer (pH 7.5), 5 m~ L-Ser, 
1 m~ acetyl-COA, 1 m~ sodium sulfide, 5 m~ DTT, and a 
saturating amount (5 pg) of O-acetylserine(thio1)lyase. Fol- 
lowing a 2-min incubation at 25OC, reactions were initiated 
by adding either sodium sulfide or L-Ser. They were first 
incubated for 30 min at 25OC, and then processed as de- 
scribed above for the O-acetylserine(thio1)lyase assays. L-CYS 
was determined as described above. There was no significant 
variation in serine acetyltransferase activity when the first 
incubation was conducted for longer periods of time. One 
unit of enzyme activity is equivalent to the formation of 1 
pmol of L-CYS per min. Product formation was linear for at 
least 30 min, and velocities were proportional to the concen- 
tration of serine acetyltransferase in the assay. 

lsolation of lntact and Purified Chloroplasts 

Chloroplasts were isolated from 10 kg of spinach leaves 
and purified as described by Douce and Joyard (1982), using 
discontinuous Percoll gradients formed by two layers of 50 
and 20 mL of 40 and 80% (v/v) Percoll solutions, respectively. 
After centrifugation at 6000g for 20 min (JS-7.5 rotor, Beck- 
man), the intact chloroplasts were recovered in a dark-green 
band near the bottom of the tube. They were suspended in a 
solution containing 10 m~ phosphate buffer (pH 7.8) and 
0.3 M. mannitol (final volume 1 L), and then centrifuged at 
2500g for 5 min. 

Preparation of Soluble (Stroma) Proteins from Spinach 
Leaf Chloroplasts 

A11 steps were performed at 4OC unless otherwise indi- 
cated. The intact chloroplasts (about 10 g of protein) were 
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lysed in 250 mL of lysis buffer containing 10 mM Tricine- 
NaOH buffer (pH 7.8) and 4 mM MgC12. The lysate was 
loaded on a 0.6 M Suc cushion and then centrifuged at 
72,OOOg for 60 min (Beckman SW-27 rotor) to remove a11 
chloroplast membranes (envelope membranes and thyla- 
koids). The amber-colored supematant (approximately 5 g of 
protein in 250 mL of lysis buffer) contained both serine 
acetyltransferase and O-acetylserine( thio1)lyase activities. En- 
zyme purification was performed after pooling two prepara- 
tions of stromal proteins, thus corresponding to a total 
amount of about 10 g of, soluble (stroma) proteins from 20 
kg of spinach leaves. 

Purification of Serine Acetyltransferase 

Step I :  (N&),SO, Precipitation 

Crystalline (NH&SO, was added slowly to the above 
supematant with stimng until 40% (w/v) saturation was 
achieved. The mixture was stirred for 30 min at 4OC and 
then centrifuged at 40,OOOg for 20 min. The resulting precip- 
itate was resuspended in 20 mL of buffer A containing 20 
mM phosphate buffer (pH 8.4), 1 mM EDTA, 10 p1.4 pyridoxal 
phosphate, 1 mM DTT, and a mixture of protease inhibitors 
(5 mM eaminocaproic acid, 1 mM benzamidine). A11 subse- 
quent chromatographic steps were performed at 25OC. 

Step 2: Trisacryl M DEAE Chromatography 

The above protein extract (20 mL) was desalted by passage 
through a G25 column (2.6 x 25 cm) equilibrated in buffer 
A and then clarified by centrifugation (40,00Og, 30 min, 
2OOC). The clear eluate (30 mL, 1 g of protein) was applied 
to a Trisacryl M DEAE column (2.6 X 25 cm; Pharmacia) that 
had been previously equilibrated in buffer A. After the col- 
umn had been washed with 1 L of the equilibrating buffer, 
elution was camed out with 50 mL of buffer A containing 
0.2 M NaCl (flow rate 2 mL/min, fraction size 5 mL). Both 
serine acetyltransferase and O-acetylserine(thio1)lyase activi- 
ties emerged from the column at the same elution volume. 
Fractions containing the highest serine acetyltransferase spe- 
cific activity were pooled (20 mL, 150 mg of protein) and 
desalted by passage through a GF05 column (2.6 X 25 cm) 
equilibrated in buffer B containing 20 mM Tris-HC1 buffer 
(pH 7.8), 1 mM DTT, and 10 PM pyridoxal phosphate. 

Step 3: Mono-Q HR10/10 Chromatography 

This solution (150 mg of protein, 25 mL) was applied to a 
Mono-Q HR10/10 column (1 X 10 cm; Pharmacia) that had 
been previously equilibrated in buffer B. After the column 
had been washed with 100 mL of buffer B, elution was 
camed out with a first 50-mL linear gradient of NaCl (0-0.3 
M) in the same buffer, a 30-mL wash with buffer B containing 
0.3 M NaCl, and a second 70-mL linear gradient of NaCl 
(0.3-1 M) in buffer B (flow rate 1.5 mL/min; fraction size 3 
mL). O-Acetylserine(thio1)lyase activity was recovered in the 
fractions eluting with the first NaCl gradient (0.18 M NaCl), 
whereas the fractions eluting with the second NaCl gradient 
(0.45 M NaCl) contained the serine acetyltransferase activity 
free from O-acetylserine(thio1)lyase. 

Step 4: Hydroxylapatite Chromatography 

The fractions containing the highest serine acetyltransfer- 
ase specific activity were pooled (approximately 8 mL, 600 
Pg of protein). This solution was applied to a hydroxylapatite 
column (0.6 X 3 cm; Pharmacia) that had been previously 
equilibrated in buffer B containing 0.4 M NaCl. After 
the column had been washed with 50 mL of the equilibrat- 
ing buffer, serine acetyltransferase was eluted as a single 
sharp peak with buffer B containing 0.4 M NaCl and 20 m 
phosphate buffer (pH 7.8) (flow rate 0.5 mL/min; fraction 
size 1 mL). 

Step 5: Superdex 200 Chromatography 

The fractions containiig the highest serine acetyltransfer- 
ase specific activity were pooled (1.5 mL, approximately 50 
pg of protein). This solution was applied to a Superdex 200 
column (2 X 61.5 cm; Pharmacia) that had been previously 
equilibrated in buffer B containing 0.4 M NaCl. The enzyme 
was eluted with the equilibrating buffer (flow rate 1 mL/min; 
fraction size 1.5 mL). 

Electrophoresis 

SDS-PAGE was carried out at room temperature in SDS- 
polyacrylamide slab gels containing a 10 to 20% (w/v) linear 
acrylamide gradient. The experimental conditions for gel 
preparation, sample solubilization, electrophoresis, and gel 
staining were as described by Chua (1980). 

Protein Determination 

Protein was measured either by the method of Bradford 
(1976) using the Bio-Rad protein reagent with 7-globulin as 
the standard or by measuring Azos (Scopes, 1974). The latter 
method was used to calculate the final specific activities of 
O-acetylserine(thio1)lyase and serine acetyltransferase. 

Curve-Fitting Analyses 

The kinetic data were analyzed with a program providing 
an iterative fit to the appropriate equation by using a nonlin- 
ear curve-fitting method (KaleidaGraph, Abelbeck software) 
and a Macintosh IIsi computer. The saturation curve for 
serine acetyltransferase activity was fitted to the following 
equation: 

Vmapp. [acetyl-COA] 
K,"PP + [acetyl-COA] 

V =  (3) 

where VmaPP and KmaPP are the apparent V, and K, values for 
acetyl-COA at different fixed values of  se ser], respectively. 
The VmapP and KmaPP data were fitted to the equations 

V,. [L-Ser] 
KmLS +  se ser] 

Vm"PP = 

and 

(4) 

(5) 

where V,,,, KmLS, and KmCoA are the maximum rate of L-CYS 
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synthesis at saturating  se ser] and [acetyl-COA], the K, for L- 
Ser, and the K ,  for acetyl-COA, respectively. 

RESULTS 

lsolation of Serine Acetyltransferase Free from 
O-Acetylserine(thio1)lyase from Spinach Leaf Chloroplasts 

Spinach chloroplasts were purified on Perco11 gradients. 
Control experiments were carried out by measuring the activ- 
ity of severa1 marker enzymes including pyrophosphate- 
fructose-6-phosphate 1 -phosphotransferase (EC 2.7.1.90) for 
the cytosol, fumarase (EC 4.2.1.2) for the mitochondria, and 
catalase (EC 1.11.1.6) for the peroxisomes. The results dis- 
closed that extrachloroplastic contaminations were negligible 
(not shown). The isolated chloroplasts were lysed and mem- 
branes were separated from soluble proteins (stroma) by 
ultracentrifugation. Each fraction was assayed for serine ace- 
tyltransferase and O-acetylserine(thio1)lyase activities. Over 
98% of both activities were found in the soluble fraction 
(Table I), confirming previous findings (Droux et al., 1992). 
Table I shows that considerable purification was needed to 
obtain a homogeneous preparation of serine acetyltransfer- 
ase. Previous work suggested the existence in spinach chlo- 
roplasts of a bifunctional protein complex composed of serine 
acetyltransferase and O-acetylserine(thio1)lyase (Droux et al., 
1992). A tight interaction between the two enzymes was 
confirmed in the present study when we observed that, upon 
gel filtration of the soluble protein extract from spinach 
chloroplasts on Ultrogel ACA 34 (IBF), O-acetylser- 
ine(thio1)lyase activity eluted in two distinct peaks. A minor 
peak of molecular mass approximately 300 kD contained 
both O-acetylserine(thiol)lyase and serine acetyltransferase 
activities and a major peak (molecular mass approximately 
68 kD) was essentially free of serine acetyltransferase activity 
(not shown). 

Details on the purification of serine acetyltransferase from 
the chloroplast protein extract are given in Table I. The key 
steps were: (NH&S04 precipitation, ion-exchange chroma- 
tography on Trisacryl M DEAE and Mono-Q HR10/10, 

hydroxylapatite chromatography, and gel filtration on Su- 
perdex 200. (NH4)?S04 precipitation allowed the elimination 
of the major part (90%) of the free O-acetylserine(thio1)lyase 
activity contained in the stromal extract, with a minimal loss 
of the total serine acetyltransferase activity. Following this 
step the activity ratio [O-acetylserine(thio1)lyase activity/ 
serine acetyltransferase activity, RI decreased from a value of 
345 in the chloroplast extract to a value on the order of 25 in 
the precipitated fraction. During Trisacryl M DEAE chroma- 
tography the two enzyme activities still co-eluted, and the 
value of the activity ratio, R, was on the order of 25 in the 
eluted fractions. Complete separation of serine acetyltrans- 
ferase and O-acetylserine(thio1)lyase activities was achieved 
by anion-exchange chromatography on Mono-Q HR10/10 
(Fig. 1). Under these conditions the activity ratio, R, decreased 
to a negligible value smaller than 10-3 in the eluted fractions. 
SDS-PAGE analysis disclosed, however, that this enzyme 
preparation still contained many polypeptides (Fig. 2A, lane 
4). Further purification was achieved by hydroxylapatite 
chromatography and gel filtration on Superdex 200 (Table I). 
The procedure resulted in an approximately 300,000-fold 
purification. Protein was not detectable by Bradfords method 
following the Superdex 200 gel-filtration step. 

The yield obtained from 11 g of chloroplast stromal protein 
was less than 2 pg and the overall yield of activity was about 
7% (Table I), due in large part to losses during desalting steps 
and hydroxylapatite chromatography. We estimate that the 
specific activity of purified serine acetyltransferase is greater 
than 200 units/mg. 

Properties of the Purified Serine Acetyltransferase 

Purity of the Enzyme 

Using SDS-PAGE, the purified chloroplast serine acetyl- 
transferase showed a predominant band corresponding to a 
molecular m a s  of 33 kD (Fig. 2A, lane 6), substantially 
smaller than that of O-acetylserine(thio1)lyase purified from 
spinach chloroplast (Droux et al., 1992; Rolland et al., 1993). 
This latter enzyme exhibits a molecular mass of 35 kD on 

Table 1. Purification procedure of serine acetyltransferase from soluble proteins (stroma) of spinach 
leaf chloroplasts 

Protein was determined with the Bio-Rad protein assay up to the Mono-Q HR10/10 column and 
thereafter according to Scopes (1 974). O-Acetylserine(thio1)lyase (O-ASTL) and serine acetyltransfer- 
ase (SAT) activities were determined as described in ”Materials and Methods.” R stands for the ratio 
[O-acetylserine(thio1)lyase activity/serine acetyltransferase activity]. The table refers to a starting 
quantity of spinach leaves of 20 kg. Assuming that 1 g of spinach leaves contains 20 mg of chloroplastic 
proteins (1 mg Chl) and that the stromal proteins represent half of the total amount of chloroplastic 
proteins, the yield of intact chloroplasts was 5%. 

Step R Activity Specific Activity Recovery 
SAT SAT Total Protein 

SAT O-ASTL 

mg units units unitslmg protein % 

Stroma 10,200 5.4 1,865 0.53 I O - ~  100 345 

Mono-Q HR10/10 pool 0.62 1.05 0.094 1.69 19.4 4 0 - 3  

Ammonium sulfate 0-4O0/0 970 4.35 112 4.5 10-3 80.6 25 
Trisacryl M DEAE pool 180 3.5 86 19 10-3 64.8 25.5 

O 26.5 9.8 O Hydroxylapatite pool 0.02 0.530 
Superdex 200 pool 0.002 0.41 O 205 7.6 O 



Serine Acetyltransferase in Higher Plants 60 1 

SDS-PAGE (Fig. 2B, lane 1) [note the different migration 
positions on SDS-PAGE of the polypeptides assigned to 
serine acetyltransferase in lane 6 (Fig. 2A) or lane 2 (Fig. 2B), 
and to O-acetylserine(thio1)lyase (Fig. 2B, lane 1) relative to 
that of the marker proteins]. Control experiments showed 
that when the two purified proteins were mixed prior to 
electrophoresis they remained clearly separable by SDS- 
PAGE, using a gel containing a 10 to 20% polyacrylamide 
gradient. 

Jitration of Serine Acetyltransferase with 
O-Acetylserine(thiol)lyase 

Due to the very low abundance of serine acetyltransferase 
in the stromal chloroplast extract (Table I) and owing to the 
high sensitivity of the spectrophotometric assay developed 
by Nakamura et al. (1987) (cysteine synthetase assay), during 
this study spinach chloroplast O-acetylserine(thio1)lyase was 
used as a coupling enzyme to detect the serine acetyltrans- 
ferase activity. Therefore, it was important to avoid compli- 
cation in the interpretation of the results to rule out the 
possibility that the coupling enzyme was contaminated by 
serine acetyltransferase. This condition was fulfilled by using 
as a coupling enzyme the spinach chloroplast O-acetylser- 
ine(thio1)lyase that had been cloned and overexpressed in E. 
coli (Rolland et al., 1993). The recombinant enzyme exhibits 
an identical amino acid sequence as well as identical physi- 
cochemical and kinetic properties compared with the enzyme 
purified from spinach leaf chloroplasts (Droux et al., 1992; 
Rolland, 1992; Rolland et al., 1993). 

Figure 3 depicts the dependence of the rate of L-CYS 
synthesis from L-Ser, acetyl-COA, and sodium sulfide with a 
constant amount of purified serine acetyltransferase and in- 
creasing amounts of pure O-acetylserine(thio1)lyase. In these 
experiments a11 reaction components, except L-Ser, were in- 
cubated in a total volume of 100 p L  for 10 min at 25OC. 
Then, reactions were initiated by adding L-Ser. When 2.1 x 
lO-* units of serine acetyltransferase was used, the rate of L- 
Cys synthesis first increased linearly with O-acetylser- 
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ine(thio1)lyase concentration and then reached a plateau 
value. Full functional saturation of this amount of serine 
acetyltransferase was achieved at about 0.08 unit of 0- 
acetylserine(thio1)lyase. Also, these data proved that the 
preparation of serine acetyltransferase was essentially free 
from O-acetylserine(thio1)lyase activity. Results identical to 
those presented in Figure 3 were obtained when the first 10- 
min incubation was conducted in the absence of sodium 
sulfide, but in the presence of L-Ser, and then the reaction 
was started by adding sodium sulfide (not shown). 

Stability of the Purified Serine Acetyltransferase 

When the final enzyme preparation was stored for 2 weeks 
at 2OoC in buffer B containing 0.4 M NaCl, there was no loss 
of activity. There was no significant effect of BSA (up to 5 
mg/mL) on the stability of the enzyme. The thermal stability 
of serine acetyltransferase was investigated by incubating 
purified enzyme for 5 min at various temperatures in the 
buffer used for the activity measurements prior to assaying 
at 25OC in the presence of L-Ser, acetyl-COA, sodium sulfide, 
and O-acetylserine(thio1)lyase. There was no change in the 
enzyme activity when the first incubation was conducted 
over the temperature range 15 to 70OC. However, when the 
preincubation was camed out at 80 and 9OoC, 50 and 100%, 
respectively, of the enzyme activity was lost. Neither 0- 
acetylserine(thio1)lyase nor BSA introduced into the prein- 
cubation mixture at a concentration of 0.2 mg/mL prior to 
assaying the enzyme protected serine acetyltransferase 
against heat inactivation above 70OC. 

Catalytic Properties of the Purified Serine Acetyltransferase 

The purified serine acetyltransferase was used for kinetic 
experiments using the coupled assay system containing an 
excess of homogeneous spinach chloroplast O-acetylser- 
ine(thio1)lyase (i.e. the cloned enzyme that had been over- 
expressed in E .  coli [Rolland et al., 19931). The optimum pH 
range measured at 25OC was quite broad, from 8.0 to 8.5. 

O 2 5  50 7 5  1 O0 

Elution volume (mL) 

W 
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5. 
û  
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Y 

Figure 1. Purification of serine acetykransfer- 
ase by Mono-Q H R l O / l O  chromatography. Ap- 
proximately 180 mg of the desalted DEAE pool 
(see Table I) was applied to the Mono-Q HR10/ 
10 column equilibrated in buffer B (see text). A 
first 50-mL linear gradient of NaCl (0-0.3 M) in 
the  same buffer, followed by a 50" wash 
with buffer B containing 0.3 M NaCI, and a 
second 70-mL linear gradient of NaCl(0.3-1 M) 

in buffer B caused the elution of O-acetylser- 
ine(thio1)lyase activity in the first NaCl gradient 
and elution of serine acetyltransferase activity 
in the second NaCl gradient. T h e  broken line 
represents protein concentration measured by 
Azaa, t h e  continuous line shows the  salt concen- 
tration, the  black circles indicate serine acetyl- 
transferase activity, and the black triangles rep- 
resent O-acetylserine(thio1)lyase activity. 
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M 1 2 3 4 5 6 M

Figure 2. Documentation of purification procedure for serine ace-
tyltransferase by SDS-PACE. Proteins were separated on an SDS/10
to 20% (w/v) gradient polyacrylamide gel stained with Coomassie
blue R-250. A, Electrophoretic migration of protein fractions. Lane
1, Stromal extract (see Table I), 150 Mg; lane 2, (NH4)2SC>4 precipitate
(see Table I), 150 Mg; lane 3, Trisacryl M DEAE pool (see Table I),
150 jig; lane 4, Mono-Q HR10/10 pool (see Table I and Fig. 1), 50
jig; lane 5, hydroxylapatite pool, 2 Mg; lane 6, Superdex 200 pool
(see Table I), approximately 500 ng (one-fourth of the total prepa-
ration). B, Comparison of electrophoretic mobilities of spinach
chloroplast O-acetylserine(thiol)lyase overexpressed in E. coli (lane
1) and purified serine acetyltransferase (lane 2, as in lane 6 of A).
The fast-migrating heavy band in A (lanes 4-6) and B (lane 2)
corresponds to purified Cyt c added as carrier protein (10 Mg). Lanes
M, Molecular mass standards as indicated.

The influence of acetyl-CoA and L-Ser substrate concentra-
tions on enzyme activity was assessed by determination of
apparent Vm and Km values. When the concentration of acetyl-
CoA was varied in the range 0 to 1.2 mvi at fixed concentra-
tions of L-Ser, the saturation curves shown in Figure 4A were
obtained. Michaelis-Menten kinetic behavior was observed.
This analysis allowed us to estimate the apparent Vm and Km
values, Vm

app and Km
app, for acetyl-CoA (Eq. 3) at each fixed

L-Ser concentration (10, 5, 1, 0.5, and 0.2 HIM). A saturation
behavior was obtained when the values of Vm

app and Km
app

were plotted as a function of [L-Ser] (Fig. 4B). Nonlinear
regression analyses using Equations 4 and 5 yielded the
values of the following kinetic constants: Vm = 434 ± 7 units/
mg; Km

LS = 2.80 ± 0.15 mM from Equation 4, and 2.29 ± 0.43
HIM from Equation 5; Km

CoA = 0.35 ± 0.02 mM. These results
indicate that the specific activity of purified serine acetyl-
transferase is greater than that inferred from the data in Table
I. In the latter case enzyme activity was measured by using
the standard conditions given in 'Materials and Methods,"
i.e. the reaction assays contained unsaturating concentrations
of L-Ser (5 mM) and acetyl-CoA (1 mM). Taking this into
account, we calculate that the values given in Table I should
be increased by a factor of about 2. This yields a maximum
specific activity of the purified serine acetyltransferase on the

order of 400 units/mg protein. This value compares well with
that of 397 units/mg reported for highly purified serine
acetyltransferase from S. typhimurium (Baecker and Wedding,
1980).

DISCUSSION

This report presents for the first time an extensive purifi-
cation and characterization of serine acetyltransferase free of
O-acetylserine(thiol)lyase from chloroplasts of plant cells,
serine acetyltransferase was purified from spinach leaf chlo-
roplasts by preparation of stromal proteins, ammonium sul-
fate precipitation, anion-exchange chromatography, hydrox-
ylapatite chromatography, and gel filtration. The presence of
serine acetyltransferase was previously noted in mitochondria
(Smith and Thompson, 1969; Smith, 1972), plasrids (Brunold
and Suter, 1982; Droux et al., 1992), and in the cytosol
(Brunold and Suter, 1982). It is not yet known, however,
whether this enzyme exists in the form of several isoforms,
each being specific for a cell compartment, as is the case for
plant O-acetylserine(thiol)lyase (Lunn et al., 1990; Droux et
al., 1992; Saito et al., 1992). All the previous attempts to
purify serine acetyltransferase from plants were carried out
from whole tissue extracts, which made it difficult to assign
the isolated enzyme to a given intracellular compartment.
Furthermore, these preparations were shown to contain sig-
nificant amounts of contaminating O-acetylserine(thiol)lyase
(Nakamura et al., 1990). The purification procedure we have
developed provides chloroplastic serine acetyltransferase at a
very high level of purity. The procedure resulted in an overall
300,000-fold purification. Based on SDS-PAGE, the major
polypeptide in the highly purified serine acetyltransferase
preparation has a molecular mass of 33 kD. A subunit value
of 30.1 kD was reported by Baecker and Wedding (1980) for
the S. typhimurium serine acetyltransferase, and a value of 34
kD was reported by Denk and Bock (1987) for the E. coli
enzyme.

A remarkable feature of the present study is the very low
amount of serine acetyltransferase contained in the chloro-
plasts. Based on the 7.6% yield of enzyme activity, the

I
I

0 0.4 0.8 1.2 1.6

O-Acetylserine(thiol)lyase added (units)

Figure 3. Effect of exogeneous O-acetylserine(thiol)lyase on serine
acetyltransferase-dependent L-Cys synthesis. For each experiment
standard conditions were used. Spinach chloroplast O-acetylser-
ine(thiol)lyase overexpressed in E. coli (Rolland et al., 1993) was
added as indicated and 2.1 x 10~" units of purified serine acetyl-
transferase was used.
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maximal expected amount of serine acetyltransferase in the 
stroma space of spinach leaf chloroplasts is approximately 
2.5 ng/mg of protein. This value is much lower than the 
expected amount (700 ng/mg of protein) of O-acetylser- 
ine(thio1)lyase in the same compartment (Table I). Figure 3 
shows that a large excess of O-acetylserine(thio1)lyase activity 
over serine acetyltransferase activity was required to obtain 
a maximum L-CYS synthesis in vitro. When 2.1 X 10-4 units 
of purified serine acetyltransferase was used, maximal L-CYS 
synthesis was achieved with about 0.08 unit of purified 0- 
acetylserine(thiol)lyase, corresponding to an activity ratio R 
of 381. Remarkably, this value was not very different from 
the value of the activity ratio R found in the initial stromal 
protein extract ( R  = 345, Table I). This suggests that (a) the 
O-acetylserine(thio1)lyase and serine acetyltransferase con- 
tents of the chloroplasts are well adapted to bring a full 
synthesis of L-CYS from the two enzymes, and (b) even 
though plant serine acetyltransferases might be associated in 
vivo with a small portion of total O-acetylserine(thio1)lyase 
to form a bifunctional complex analogous to prokaryotic 
cysteine synthetase (Nakamura et al., 1988, 1990; Droux et 
al., 1992), the large excess of free O-acetylserine(thio1)lyase 
molecules could contribute significantly to the net rate of L- 

Cys synthesis. This suggestion is supported by kinetic evi- 
dente showing that for cysteine synthetase purified from S. 
fyphimurium there is no channeling of the first product, 
O-acetylserine, from serine acetyltransferase to O-acetyl- 
serine(thiol)lyase, because the synthesized O-acetylserine 
is released in the bulk solution (Cook and Wedding, 
1977). It is clear, therefore, that a characterization of the 

Figure 4. Dependence of serine acetyltransfer- 
ase activity on the concentration of acetyl-COA 
and L-Ser. Standard assay conditions were used. 
The assays contained 0.5 unit of O-acetylser- 
ine(thio1)lyase overexpressed in E. coli (Rolland 
et al., 1993) in a total volume of 1 O0 pL. Reac- 
tions were initiated by addition of 4.4 ng of 
purified serine acetyltransferase. A, Velocity 
plots. The rate of Cys synthesis, v, was meas- 
ured by varying acetyl-COA concentrations, for 
the fixed L-Ser concentrations: O, 10 mM; O, 5 

are experimental. The curves are the best fits 
obtained by nonlinear regression analysis of the 
experimental data to Equation 3. For each 
curve best-fit parameters VmaPP and KmaPP (Eq. 3) 
were calculated. B, Plot of VmaPP (O) and KmaPP 
(O) versus  se ser]. The curves are the best fits 
obtained by nonlinear regression analysis of the 
experimental data to Equation 4 (O) and Equa- 
tion 5 (O). C, Double-reciproca1 plots for the 
data shown in A. The lines were obtained by 
linear regression analysis. The symbols are the 
same as in A. 

mM; H, 1 mM; o, 0.5 mM; A, 0.2 mM. The points 

kinetic mechanism of L-CYS synthesis is required to determine 
whether L-CYS synthesis in higher plants proceeds via a 
tight complex between O-acetylserine(thio1)lyase and serine 
acetyltransferase. 

The chloroplast serine acetyltransferase displayed normal 
Michaelis-Menten kinetic behavior. VmaPP and KmaPP parame- 
ters were calculated by varying the acetyl-COA concentration 
and maintaining that of L-Ser. When these parameters were 
plotted versus  ser] the experimental data could be fitted to 
the hyperbolic relationships represented by Equations 4 and 
5. This pattem of behavior is typical for a Ping Pong Bi Bi 
mechanism (Segel, 1975), consistent with the finding that the 
double-reciproca1 plots, l/velocity versus l/[acetyl-COA], 
yielded a series of parallel lines when the concentration of L- 

Ser was varied (Fig. 4C). Since acetyl-COA is the substrate 
with the group to be transferred and L-Ser is the acceptor, 
the results suggest that the enzyme first binds acetyl-COA, 
forming an acetylated enzyme derivative with release of COA, 
which then reacts with the acceptor substrate L-Ser. This 
analysis allowed us to calculate intrinsic K, values for acetyl- 
COA and L-Ser that are similar to those already reported for 
less-purified plant serine acetyltransferases. For example, for 
the enzyme purified from A .  tuberosum leaves, K, values 
for acetyl-COA and L-Ser are 0.26 m and 5.1 m, respec- 
tively (Nakamura et al., 1990). These values, however, differ 
substantially from those detennined for serine acetyltransfer- 
ase from S. fyphimurium. For this latter enzyme the K, values 
for acetyl-COA and L-Ser are 0.10 and 0.77 m, respectively 
(Baecker and Wedding, 1980). 

In conclusion, the present demonstration that chloroplasts 
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of plant cells contain a highly active serine acetyltransferase 
confirms our previous finding that these organelles are 
equipped with a11 the enzymes of the sulfate assimilatory 
pathway leading to L-CYS synthesis (Lunn et  al., 1990; Droux 
et  al., 1992). The availability of purified serine acetyltrans- 
ferase, together with that of the previously described 0- 
acetylserine(thio1)lyase (Droux et al., 1992; Rolland et al., 
1993), will allow investigation of how these proteins interact 
to regulate L-CYS biosynthesis within chloroplasts. 
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