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Phosphoserine aminotransferase (EC 2.6.1.52), an enzyme of the “phosphorylated path-
way” leading to the formation of serine, was purified from Scenedesmus obliquus, mutant
C-2 A'. Purification started from the soluble supernatant of a crude cell homogenate and in-
cluded different affinity and DEAE chromatographic techniques, as well as gel filtration. The
purified phosphoserine aminotransferase was enriched 1537-fold and identified to be a homo-
dimer with subunit molecular masses of 40 kDa, each. The absorption spectrum is consistent
with the presence of pyridoxal-5-phosphate as cofactor. From the purified enzyme 18 amino
acids of the N-terminus could be determined, showing at least 67% homology with the serC
gene encoding phosphoserine aminotransferases from bacterial organisms.

Introduction

L-serine serves as a precursor in a variety of im-
portant biosynthetic pathways including protein
biosynthesis, gluconeogenesis and phospholipid
synthesis. For the formation of serine from 3-phos-
phoglycerate, an intermediate of glycolysis, the
“phosphorylated pathway” (Ichihara et al., 1957) is
responsible in animal, bacterial, as well as in plant
tissues. The glycolic intermediate D-3-phosphogly-
cerate is oxidized by D-3-phosphoglycerate de-
hydrogenase to form phosphohydroxypyruvate,
which, in turn, is substrate for transamination with
glutamate to yield 3-phosphoserine. The latter step
is catalyzed by phosphoserine transaminase
(PSAT). In the final reaction dephosphorylation of
phosphoserine to serine is performed by phospho-
serine phosphatase (Ichihara er al, 1957; Walsh
et al., 1966). In animals and bacteria serine is main-
ly synthesized via this pathway (Schmidt et al., 1973;
Snell, 1986).

In photosynthetic plant tissues the situation is
more complex since serine can be synthesized by
photorespiration via glycolate, glyoxylate and gly-
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cine (Tolbert, 1980). After chemical inhibition of
the glycolate pathway 50% of the initial serine syn-
thesis remained (Servaites et al, 1977), suggesting
that under these inhibitory conditions a second
pathway is activated for serine formation. For this
reason under normal conditions only minor PSAT-
activities can be measured in leaves of spinach
(Larsson et al., 1979) and pea (Walton et al., 1986),
while in tissues associated with rapid cell prolifera-
tion, e.g. seed leaves and apical meristem of pea
(Cheung et al., 1968), as well as root tissues of soy-
bean and lupin (Reynolds et al., 1986) considerable
amounts of PSAT could be determined.

To elucidate some of the characteristics and the
primary structure of PSAT from a plant organism,
Scenedesmus obliquus, mutant C-2A’, was em-
ployed, as green algae are known to exhibit only low
photorespiratory activity (Tolbert, 1980). Addition-
ally, as the greening of the employed mutant is light-
dependent, it is from its developmental state com-
parable to tissues with rapid cell proliferation. In
the present paper we describe the purification, par-
tial characterization and the N-terminal sequence
of PSAT from Scenedesmus, an organism with oxy-
genic photosynthesis.

Materials and Methods
Chemicals and separation materials

Sephacryl S-300, Blue Sepharose CL-6B, AH-
Sepharose 4B and the pre-packed FPLC column
Mono Q HR 5/5 were obtained from Pharmacia
LKB Biotechnology Inc. (Freiburg, F.R.G.). Mat-
rex-gel A was obtained from Amicon Corp. (Dan-
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vers, M.A., U.S.A.), DEAE cellulose (DE 52) was
purchased from Whatman (Maidstone, England),
Fractogel TSK DEAE-650 (S) and Fractogel TSK
HW-55 (S) were from Merck (Darmstadt, F.R.G.).
PM 30 ultrafiltration membranes and concentrators
were obtained from Filtron (Karlstein, F.R.G.).
Protein determinations were performed with Bio-
rad-reagent as described in the users manual (Bio-
rad, Miinchen, F.R.G.). Tricine buffer was obtained
from Roth (Karlsruhe, F.R.G.). All other applied
chemicals were p.a. grade or of the highest availa-
ble purity.

Plant material and growth conditions

For all experiments the X-ray-induced pigment
mutant C-2 A’ (Bishop, 1971) of Scenedesmus obli-
quus was used. In contrast to the wild type the mu-
tant synthesizes chlorophyll only in the light. After
heterotrophic growth in darkness for 3-4 days
(Bishopetal., 1972) the algae were exposed to white
light of an intensity of 20 W X m for 6 h.

Buffers

Buffer A consisted of 0.1 M Tricine/NaOH
(pH 9), 0.3 M glycerol with 25 mm MgCl, and 1 mm
DTT. Buffer B was a 1:5 and buffer C a 1:2.5
dilution of buffer A. Buffer D was 20 mM in
Tricine/NaOH (pH 9) with additionally 0.3 M gly-
cerol, 25 mM MgCl, and 1 mm DTT. Buffer E was
identical with buffer D, but contained in addition
0.5 m NaCl.

Purification procedure

Cells were harvested by centrifugation, resus-
pended in buffer A and broken with glass beads
(0.7 mm diameter) in a Vibrogen cell mill (type
Vi-2,Biihler, Tiibingen, F.R.G.) as described before
(Senger and Mell, 1977). After separation of the
glass beads from the homogenate by suction on a
sinter glass filter, the filtrate was centrifuged at
300000 X g for 1h. The soluble protein supernatant
was subjected to further purification.

Pre-purification of phosphoserine aminotrans-
ferase (PSAT) was performed by a serial column
system according to Wang et al., 1981, consisting of
Sephacryl S-300 (5.3 X50 cm), Blue Sepharose
Cl-6B (2.8 X15 cm), Matrex-gel red A (2.8 X7 cm)
and Chlorophyllin Sepharose (2.8 X7 cm). Buffer A
was used as equilibration and basic elution medium.

For the purification procedure the cell-free
homogenate was applied to the Sephacryl S-300-
column and the eluate monitored for absorption at
280 nm. The first eluting “yellow” fraction contain-
ing high molecular weight proteins and protein-
aggregated carotenoids was discarded. The follow-
ing fraction was passed through the above mention-
ed affinity chromatography system. After washing
with buffer A, the non-binding protein fraction,
containing PSAT-activity, was concentrated by ul-
trafiltration (Amicon-ultrafiltration cell; Amicon,
Witten, F.R.G.) equipped with a Filtron-membra-
ne (30 kDa exclusion limit).

This pre-purified protein fraction was adjusted to
a Tricine concentration of 20mm and applied to a
DE 52-Cellulose column (2.8 X 8 cm), equilibrated
before with buffer B (20 mm Tricine). The column
was washed with buffer C (40 mm Tricine) prior to
elution with a linear gradient from 40—100 mm Tri-
cine (500 ml) at a flow rate of 1.9 ml/min. PSAT-ac-
tive fractions eluting at about 60 mmM Tricine were
collected, adjusted to 100 mm Tricine and concen-
trated to a volume of 3 ml.

For further purification the concentrated DEAE
cellulose preparation was fractionated on a Fracto-
gel HW-55 column (3.3 X 46 cm) which was equili-
brated before with buffer A. Chromatography was
performed at a flow rate of 0.55 ml/min. The active
fractions were collected and then applied to a Frac-
togel DEAE column (2.4 X 8 cm). Chromatography
was carried out analogous to the DEAE cellulose
separation with a linear gradient of 40— 100 mM Tri-
cine (300 ml) at a flow rate of 1.5 ml/min. Active
fractions were pooled again.

As the final purification step FPLC on Mono Q
was performed. Four separate runs employing the
collected Fractogel DEAE-preparation were car-
ried out. Fractions of 10 ml were applied to a Mono
Q HR 5/5-column which was equilibrated with buf-
fer D. After washing off the non-binding proteins
with the equilibration buffer bound proteins were
eluted at a flow rate of 1 ml/min with a linear gra-
dient (110 ml) from 0 to 0.5 M NaCl (buffer E). The
total purification procedure was carried out at 4 °C.

Electrophoretical separations

Electrophoresis was performed in denaturing
polyacrylamide gels (18 X 15 X 0.15 cm) as describ-
ed by Laemmli, 1970. The separation gel contained
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10% polyacrylamide, 0.38 M Tris/HCI, pH 8.0, with
additionally 0.1% (w/v) SDS, 0.03% (w/v) ammo-
nium persulfate (APS) and 0.025% (v/v) tetrame-
thylethylendiamine (TEMED) and 4.5% sucrose.
The stacking gel was 5% in polyacrylamide with
0.13 M Tris/HCl, pH 6.8,0.1% (w/v) SDS, 0.12 (w/v)
APS and 0.07% (v/v) TEMED. The electrophore-
sis buffer consisted of 0.25 m Tris and 0.2 M glycine,
pH 8.3,and 0.1% SDS. Electrophoresis was carried
out overnight (14 h) at a constant current of 15 mA.
The proteins were visualized by silver staining
(Blum, 1987). For the determination of the molec-
ular mass the following protein markers (Pharma-
cia, Freiburg) were used: Phosphorylase b (93 kDa),
Bovine serum albumine (BSA 67 kDa), ovalbumi-
ne (43 kDa), carboanhydrase (30 kDa), Trypsine
inhibitor (20.1 kDa).

Determination of the native molecular mass

The determination of the molecular mass of
PSAT was performed with Fractogel HW 55 as de-
scribed above, except that the applied volume of the
protein solution was only 1 ml. Proteins for the
calibration of the column were Cyt ¢ (12.3 kDa),
myoglobin (17.2 kDa), carboanhydrase (30.0 kDa),
ovalbumin (45 kDa), ovotransferrin (76.0—78.0 kDa),
LDH (145.0 kDa).

Enzyme assay

Enzyme activity was determined spectrophoto-
metrically applying a modification of the coupled
assay procedure according to Hurst et al., 1981. For
standard assays, the reaction mixture contained
50 mm Tris/HCI, pH 7.6, 100 mm KCl, 17.5 mM so-
dium 2-oxoglutarate, 1 mmM EDTA, 0.1 mMm pyrido-
xalphosphate, 1 mmM DTT, 2.5 mm L-phosphoserine,
0.12mM NADH, 3mU Lv-lactate dehydrogenase
(LDH) and 0.5 mU b-3-phosphoglycerate dehy-
drogenase in a final volume of 1 ml. The reaction
mixture was preincubated at 30 °C for 15 min to re-
move traces of an unidentified LDH-reactive con-
taminant. The reaction was initiated by the addition
of a PSAT protein sample.

One unit of enzyme activity is defined to be equiv-
alent to the utilization of 1 mol of L-phosphoserine
per minute at 30 °C, based on a molar extinction co-
efficient for NADH of 6.22 X10°Xcm?Xm! at
340 nm.

N-terminal sequencing

The purified protein was concentrated and wash-
ed twice with bidistilled water on Filtron concen-
trators (30 kDa exclusion limit; Filtron, Karlstein,
F.R.G.). For sequencing 0.5 mg of protein were dis-
solved in 30% acetonitrile containing 0.1% tri-
fluoroacetic acid. Sequencing was kindly performed
by Dr. D. Linder, Universitidt GieBen, F.R.G. with
an automatic gas-phase sequenator (Rospert et al.,
1990).

Results
Purification of PSAT to apparent homogeneity

The purification of PSAT was started with the iso-
lation of a 300000 X g cell-free supernatant, which
was applied to a Sephacryl S-300 column to detach
high molecular weight protein aggregates, lipids
and attached carotenoids. By the subsequent serial
affinity column system nucleotide-dependent enzy-
mes, which interfere with the employed combined
assay for PSAT, are removed by their binding to
Blue Sepharose and Red Matrex gel A. The fRNA-
fraction and other contaminants bind to the Chloro-
phyllin Sepharose column (Wang et al., 1981). The
non-binding protein fraction (run-off column
(ROC)-fraction) contains, besides other proteins,
the PSAT activity. By the affinity columns the in-
itial protein content of the 300 000 X g supernatant
was reduced to about 36%. The crude cell-free su-
pernatant itself converted NADH in high amounts,
revealing the presence of considerable amounts of
NADH-dependent enzymes. After passing the
affinity columns a conversion of NADH by the
ROC-fraction was not detectable, indicating that
NADH-consuming enzymes were fully separated.
From this factit may be derived that the total PSAT-
activity of the crude extract (0.009 pmol) possibly is
overestimated in comparison to the ROC-fraction
(0.014 pmotl).

By further purification on DEAE cellulose re-
maining carotenoids and further proteins were
separated, reducing the total protein to about 3.6%
of the starting material. PSAT activity was enriched
12-fold. The following gel filtration step on Fracto-
gel HW-55 decreased total proteins to 2.3%, yield-
ing a 15-fold enrichment of the active enzyme. In
the next purification step on Fractoge]l DEAE a gra-
dient identical to the one described for DEAE cel-
lulose was employed. Due to the applied lower pro-
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Fig. 1. Analysis of the protein fractions of different
purification steps by SDS-polyacrylamide gel electro-
phoresis. a: ROC fraction; b: DE 52-Cellulose fraction;
c: Fractogel-DEAE fraction; d: Mono Q fraction.
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tein amount and a higher resolution of this matrix
a further strong reduction of the total protein
amount to 0.06% was achieved (Fig. 1). PSAT ac-
tivity was enriched 118-fold by this procedure. The
final purification step was FPLC-fractionation on
Mono Q. Two major protein peaks were detected
showing PSAT activity only in the second peak elut-
ing at a salt concentration of 0.4 M NaCl. A total
amount of 0.45 mg of purified enzyme was collect-
ed and an overall enrichment of 1538-fold concern-
ing PSAT activity was achieved. A compilation of
the purification steps is given in Table I.

Determination of the molecular mass of PSAT

Both, the apparent molecular mass (Mr) of the
denatured protein and the Mr of the native PSAT,
were determined. For the determination of the ap-
parent molecular mass of the native enzyme gel fil-
tration on Fractogel HW-55 was employed using
1 ml of the DEAE cellulose fraction (Fig.2B). A
molecular mass of 80+ 5 kDa was determined. SDS-

kDa
94

log Mr

L s i

380 400 0 440 460
B Vol [ml]

Fig. 2. A. Determination of the Mr of purified phos-
phoserine aminotransferase from Scenedesmus by SDS-
polyacrylamide gel electrophoresis. B. Determination of
the native Mr of PSAT by gel filtration on Fractogel-
HW 55.

polyacrylamide gel electrophoresis of the purified
enzyme revealed an Mr of 40 kDa for the denatur-
ed protein (Fig. 2 A). From these results we con-
clude that PSAT is a homodimer with identical
subunits of an Mr of 40 kDa.

Table I. Procedure for the purification of phosphoserine aminotransferase. Activity and specific activity are indi-

cated in units (U = umol X min™).

Total volume Total protein Total activity =~ Specific activity ~ Enrichment = Recovery

[ml] [mg] [U] [U X mg] factor [%]
Cell-free fraction 125.0 4091.00 36.98 0.009 1.0 100
ROC fraction 45.0 1485.00 21.22 0.014 1.6 57
DEAE cellulose 33 149.00 15.81 0.106 11.8 43
Fractogel-HW 55 19.0 94.00 12.46 0.133 14.8 34
Fractogel-DEAE 41.0 4.60 4.88 1.061 117.9 13
Mono Q 14.8 0.45 6.23 13.844 1537.7 17
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Fig. 3. Absorption spectrum of purified phosphoserine
aminotransferase (0.8 mg/ml), demonstrating the
presence of a pyridoxal-phosphate cofactor (400 nm).

Cofactor requirements

As transaminases usually require pyridoxal-/py-
ridoxamine-5-phosphate as cofactor (Christen
et al., 1985) the requirement of the purified PSAT
for these cosubstrates was studied. Enzyme assays
were performed with or without a preincubation pe-

EC MA---QIFNFSSGPAMLPAE
SG MA---QVFNFSSGPAMLPAE

YE MT---QVYNFSAGPAMLPVE

oC M DS

SO ACGRVFNFEAGPAMLPLE

PRQIVNFGPGPAKLPHS

riod of 1h with 25 um PLP or 25 um PMP, re-
spectively. In both series of experiments only a very
slight stimulation by the cofactors was observed. To
possibly visualize the bound cofactor, absorption
spectra of the purified enzyme were recorded
(Fig. 3). The absorption maximum in the region of
390-410 nm indicates the presence of PLP in the
native PSAT.

Determination of the N-terminal amino acid sequence

Partial N-terminal amino acid sequencing was
performed using an automatic gasphase sequena-
tor. By this method the first 18 amino acids could
be determined. The N-terminal sequence of PSAT
from Scenedesmus obliquus is shown in Fig. 4. Com-
parison of this sequence with the aligned amino acid
sequence of the serC gene encoding PSAT reveal-
ed a 73% identity with the serC gene of Salmonel-
la (Griffin, 1990) and Yersinia (O’Gaora et al.,
1990). The identity with the serC gene of Escheri-
chia coli (Duncan et al., 1986) and rabbit (Van der
Zel et al., 1989) was 67% and 39%, respectively.
From these and the other results we conclude that
the partially sequenced protein is a PSAT.

Discussion

PSAT activity was discovered in dark-grown
cells of the yellow, light-dependent greening
mutant C-2A’ of Scenedesmus obliquus
(9 nmol X min! X mg! protein) after illumination
with white light for 6 h. In higher plants serine
formation in considerable amounts takes place via
photorespiration and subsequently via the glyco-
late pathway (Tolbert, 1980). In consequence, only
minor enzyme activities for PSAT were observed
in pea (leaves: 0.13, germinated cotyledons: not

VLKQAQQETLDW
VLKLAQQETLRD
VLRRAEQETLRN

VLLEIQKETLLD

Fig. 4. Comparison of the N-terminal amino acid sequence of phosphoserine amino-
transferase from Sceredesmus obliquus (SO) with the aligned amino acid sequence for
the translated serC genes from Escherichia coli (EC), Salmonella gallinarum (SG), Yer-
sinia enterocolitica (YE) and Oryctolagus cuniculus (rabbit, OC). Bold letters denote
the positions where the observed amino acid is present in all of the sequences.
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detectable, root apices: 0.12 nmol X min~! X mg™!
protein, respectively; Walton et al, 1986) and
spinach (leaf extract: 1.7/3.7, chloroplast extract:
0.22/0.23 nmol X min~! X mg™! protein, respectively;
Larsson et al, 1979). In comparison to the above
described values, Scenedesmus PSAT-activity
(9 nmol X min~! X mg! protein) was more similar to
those of plant tissues associated with rapid cell pro-
liferation (Pea: 11 d seed leaf: 4.7, 11 d apical meri-
stem: 11.1 nmol X min~ X mg! protein, respective-
ly; Cheung et al., 1968), as well as to those for legu-
me nodules (18 d cytosol: 11.7, 18 d bacteroid:
8 nmol X min! X mg~! protein, respectively; Rey-
nolds et al., 1986). This may be due to the lack of
“photorespiration” of algae under normal CO, con-
ditions (Tolbert, 1973).

The enzyme from Scenedesmus was purified to
apparent homogeneity and enriched 1538-fold
compared to the initial cell-free homogenate with a
total recovery of 17%. The final specific activity
of 13.84 pmol X min'Xmg™! protein is compa-
rable to those from soybean root nodules
(7.00 pymol X min! X mg-! protein; Reynolds, 1988),
from bovine liver (13.2 umol X min! X mg! pro-
tein, Lund et al, 1987) and sheep brain
(1.3 umol X min' X mg! protein; Hirsch et al,
1967). Cited values are adjusted to the unit defini-
tion used in this paper to make activities compara-
ble.

By investigations on the molecular mass (Mr) of
PSAT, 80+ 5 kDa for the native protein and 40 kDa
for one protein subunit were determined, revealing
the typical homodimer structure which is quite com-
mon for aminotransferases (Christen, 1985). Simi-
lar values were reported for the native enzyme of
the plant fraction from soybean nodules (85£5 kDa;
Reynolds ez al., 1988), for the calculated Mr of the
Escherichia coli enzyme (SU = 39.8 kDa; from the

derived amino acid sequence of the serC gene; Kal-
len et al, 1987) and 84+4 kDa for the dimeric
Escherichia coli enzyme (Kallen ez al., 1987). How-
ever, compared to the plant enzyme, the Mr of the
mammalian enzymes (bovine liver: SU = 43 kDa,
dimer =89-92.4 kDa, Lund ez al., 1987; sheepbrain:
native Mr = 96 kDa, Hirsch et al., 1967) is consid-
erably higher.

For the Scenedesmus enzyme an absorption
maximum of the purified PSAT around 400 nm was
determined at pH 7.6, possibly indicating the pres-
ence of PLP in the native phosphoserine amino-
transferase. This is in agreement with the purified
enzyme from a PSAT-overexpressing Escherichia
coli strain (Duncan et al., 1986) showing an absorp-
tion maximum at 408 nm (above pH 7.5) and at
340 nm (above pH 8.4; Kallen et al., 1987). By N-
terminal sequencing we could demonstrate that the
N-terminus of the purified PSAT is identical to con-
served regions of the first aligned amino acids from
the serC gene encoding PSAT from bacterial orga-
nisms (Duncan et al., 1986; Griffin, 1990; O’Gaora
et al., 1991; Griffin et al., 1991) as well as from rab-
bit (Van der Zel et al., 1989).

Forthcoming work will focus on kinetic studies,
inhibitory experiments and the primary structure of
PSAT from Scenedesmus obliquus.
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