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Abstract. Sucrose phosphate synthase (SPS) is one of the key enzymes in the sucrose biosynthesis pathway. SPS
was purified 40 fold from crude extract of sweet potato tuberous roots by the methods of batch elution from DEAE-
Sephacel, PEG precipitation, @-aminohexyl Sepharose 4B affinity and Mono Q anion exchange chomatographies.
The native- and SDS-PAGE analyses revealed SPS to have a native molecular mass of about 540 kDa, and it may
therefore be homotetramer composed of subunit with a mass of 130-140 kDa. The isoelectric point of the purified
enzyme as determined by IEF was 5.29. SPS from the sweet potato tuberous root, which differs from the SPS of
photosynthetic tissues, was not allosterically regulated by G6P and Pi. The Km for F6P and UDPG was 5.3 and
31.3 mM, respectively. The enzyme was activated by Mn?*, Mg?*, and Ca?*, while being inhibited by Hg>*. The
nucleotides AMP, ADP, ATP, UMP, UDP, UTP, and TDP inhibited the enzyme about 30~50%. The enzyme was
sensitive to sulfydryl reagents, but activity could be restored with DTT or S-ME. The enzyme was activated by
glucose, glucosamine, maltose, and lactose, but was inhibited by &gluconolactone. SPS could also be inhibited by
PCMBS and Cibacron blue F3G-A.
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Abbreviations: DTT, 1,4-dithiothreitol; /~ME, f-mercaptoethanol; PCMBS, p-chloromercuribenzenesulphonic acid;

G6P, glucose 6-phosphate; F6P, fructose 6-phosphate; Pi, inorganic phosphate.

Introduction

Sucrose phosphate synthase (UDPglucose: D-fructose
6-phosphate 2-glucosyl-transferase; EC 2.4.1.14) catalyzes
the following reaction:

UDPglucose + Fructose 6-phosphate <> UDP + Sucrose
6’-phosphate

Sucrose phosphate synthase (SPS) catalyzes an essen-
tial and regulated reaction in the pathway of sucrose
synthesis. In leaves, SPS is regulated by at least two
mechanisms: one is an allosteric mechanism in which the
enzyme is activated by binding metabolites like G6P and
is inhibited by Pi (Doehlert and Huber, 1983), and the other
one achieves regulation by covalent protein phosphory-
lation (Still et al., 1988).

In non-photosynthetic tissues such as tubers and fruits,
SPS may play several important physiological roles, such
as the biosynthesis and export of sucrose in germinating
seeds and sprouting tubers, the accumulation of sucrose
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under cold conditions, and the modulation of sucrose im-
port and degradation via futile cycle in sink tissues. In
non-photosynthetic tissues, the role of SPS is less well
understood, and no obvious regulatory features have been
found. To investigate the enzymatic function of SPS in
sucrose biosynthesis, SPS has been purified to near ho-
mogeneity from spinach leaf (Salvucci et al., 1990), wheat
germ (Salerno et al., 1991), maize leaf (Bruneau et al., 1991),
Prosopis juliflora leaf (Sinha et al., 1997) and rice leaf
(Salerno et al., 1998).

The objective of our work was to study the properties
of the enzyme in detail and compare it with that of annual
species. In this communication we report the purification
and characterization of SPS from sweet potato tuberous
roots.

Materials and Methods

Plant Material

Young, growing tubers of sweet potato, [pomoea
batatas (L.) Lam. cv. Tainoug 57, were harvested immedi-
ately before use.
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Purification of SPS

To purify SPS, sweet potato tubers (500 g) were peeled
and homogenized with 500 mL extraction buffer contain-
ing 50 mM Hepes-KOH (pH 7.5), 10 mM MgCl,, 1 mM
EDTA, 2.5 mM DTT, 0.1% (v/v) triton X-100, 1 mM PMSF
(phenylmethylsulfonyl fluoride), 1% (w/v) polyvinylpyr-
rolidone (PVP, average molecular weight 10,000), filtered
through two layers of Miracloth, then centrifuged for 10
min at 6,000 g. The supernatant was added to 250 mL pre-
swollen DEAE-Sephacel (Pharmacia), which had been pre-
equilibrated by sequential washing with 1000 mL 50 mM
NaOH, 1000 mL Na-acetate (pH 4.5), 1000 mL distilled water,
1000 mL 2 M NaCl, and 600 mL extraction buffer. After 30
min the extract and Sephacel mixture was transferred to
the Buchner-funnel and allowed to settle. The Sephacel
gel was washed sequentially with 100 mL extraction buffer
containing 40, 130 and 500 mM NaCl, respectively. The
130 mM NaCl fraction containing SPS activity was brought
to 24% (w/v) polyethylene glycol (PEG, average molecu-
lar weight 8,000) by adding solid PEG, stirred 30 min at
4°C, and centrifuged (4,500 g, 30 min). The sediment was
then resuspended in 10~15 mL extraction buffer, but with-
out the PVP or glycerol. This solution was applied to an
w-aminonhexyl Sepharose 4B column (Sigma, bed volume
50 mL) that had been pre-equilibrated in the same buffer,
and a further 150 mL of buffer was added. SPS was eluted
with 150 mL of extraction buffer containing 500 mM NaCl.
The eluent was passed through a 0.22 pm filter and added
to a Mono Q column (HR 5/5, Pharmacia/LKB) which had
been pre-equilibrated with 20 mL buffer (identical to the
resuspended buffer except that it was 12% glycerol and
0.8 mM Chaps). The Mono Q column was eluted using a
fast protein liquid chromatography system (FPLC,
Pharmacia/LKB) at a flow rate of 0.5 mL/min, washed with
buffer for 20 min, and then with a linear NaCl gradient in
buffer (0~0.5 M NaCl) for 60 min. The fractions were col-
lected in tubes and frozen immediately at -70°C.

Assay of SPS

During the entire purification scheme, SPS activity was
monitored by the anthrone test (Huber et al., 1989). In this
test, 70 pL of reaction mixture including the extract is ad-
justed to a final concentration of 4 mM F6P, 20 mM G6P,
3 mM UDPG, 50 mM Hepes-KOH (pH 7.5), 5 mM MgCl,,
and 1 mM EDTA. The mixture is incubated at 37°C for 15
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mins before adding 70 pL 30% (w/v) KOH and heating 10
min at 95°C. To this is then added 1 mL 0.14% (w/v) an-
throne in 95~97% H_SO,. The mixture is incubated 20 min
at 37°C, and A, is measured. All fractions deriving from
the salt elution of the diethylaminoethyl (DEAE)-Sephacel
column were desalted using a desalting column (Sephadex
G-25; Pharmacia/LKB).

Results

Purification of the Enzyme

The activities of SPS in sweet potatoes of different tu-
ber sizes were compared. It turned out that the medium-
sized (ca. 3 cm diameter) tuberous roots have the highest
SPS activities (data not shown). In this experiment we
used roots with average diameters of ca. 3 cm as the ma-
terials for SPS purification. The purification scheme was
summarized in Table 1. The separation of sucrose phos-
phate synthase and sucrose synthase was achieved by
w-aminohexyl Sepharose 4B affinity column (Figure 1). Fi-
nal purification was obtained on Mono Q column (Figure
2), and an enzyme purified 40 fold was collected as SPS
for enzyme studies. Analysis of the native-PAGE revealed
a native form of the enzyme with a molecular mass of 540
kDa (Figure 3). Based on PAS-staining, the enzyme appears
to be a glycoprotein (data not shown). The SDS -PAGE
analysis showed a monomer with a molecular mass of ca.
130~140 kDa. The extra protein bands at ca. 90 kDa and
50 kDa are most likely due to the degradation of SPS
(Figure 4). From the native- and SDS-PAGE analyses, we
proposed that the sweet potato tuberous root SPS has a
native molecular mass of about 540 kDa as a tetramer. And
the Mw of each subunit is about 130~140 kDa.

pH Optimum and Isoelectric Point

The pH optimum of SPS is about 7.5 (data not shown).
At a pH range of 6 to 8, SPS had 80% of the maximum
activity. The isoelectric point of the enzyme was deter-
mined by isoelectric focusing, and the enzyme activity fo-
cused at pH 5.29 (data not shown).

Effect of Metal Ilons

The effect of divalent cations was studied. All the sub-
stances and buffers used during purification and analysis

Table 1. Purification of sucrose phosphate synthase from sweet potato tuberous roots.

Total protein Total activity Specific activity Purification Yield
step (mg) () (Ulmg) (fold) (%)
Crude extract 5280 54.63 0.0103 1 100
DEAE-Sephacel (130 mM NaCl) 2004 23.5 0.0117 1.1 43
24% PEG sediment 479 11.7 0.0244 24 21.5
@-Aminohexyl Sepharose 4B 9.41 1.18 0.126 12.2 2.2
FPLC Mono Q 1.35 0.56 0.41 40.3 1.1

Data are obtained from 500 g fresh sweet potato tuberous roots.
2One unit of enzyme was defined as the amount of enzyme required for producing 1 pmol of sucrose-P from UDPG and F6P at
37°C and pH 7.5 per min.

bot 422- 06. p65 124 2001/5/14, PM 01:40



bot 422- 06. p65

Chen et al. — Sucrose phosphate synthase purification

0.5
16 - o [0
) |
s g os
N —_
0 o <
< |6 P
i -
g |32 - 062 s
> £ 2 =
S040 il o
8 ‘6’ © 1]
@ s @ o2 z
7]
| *oAa . R o ‘
f : °
fp \ : o
9 : o2
) 5P
0.4 o000, " * 0.0
0.3 , . - - : 0.0 )
40 60

Fraction number

Figure 1. Chromatographic purification of sweet potato
tuberous root SPS on w-aminohexyl Sepharose 4B affinity
column. SPS (O) and SS (1) activities and protein content ()
are shown. The full line represents the NaCl gradient from 0 to
0.4 M.
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Figure 2. Chromatographic purification of sweet potato tu-
berous root SPS on Mono Q HR 5/5 anion exchange
chromatography. SPS activities (O) and protein content (H)
are shown.

Table 2. Effect of nucleotide on sucrose phosphate synthase
activity.

Nucleotide Relative activity ( % )
None 100
AMP 60
ADP 50
ATP 54
GDP 104
GTP 106
UMP 75
UDP 61
UTP 69
TDP 74
CTP 92

All nucleotide added at a final concentration of 5 mM.
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were Hepes salts. It was found the enzyme was inhibited
by 10 mM HgCl,. The activity was increased to 270% by
10mM MgCl,, and the enzyme activity was inhibited to
50% by 10 mM HgCl, (data not shown).

Effect of Nucleotides

The influence of various nucleoside mono-, di-, and
triphosphates on enzyme activity is summarized in Table
2. It shows that GDP and GTP had no effect, that CTP
caused slight inhibition, and that AMP, ADP, ATP, UMP,
UDP, UTP, and TDP inhibited enzyme activities up to
30~50%.

Effect of Thiol Reagents

The requirement of -SH groups for the enzyme activity
was tested with different reagents containing thiol groups.
Table 3 shows DTT and /~-ME increased the activity by
10~20 % at 0.1 mM. It also shows that the enzyme was
sensitive to sulfydryl regents at higher concentrations.

Effect of Sugars and Sugar Phosphates

The effect of some sugars and sugar phosphates on
enzyme activity was studied. The results presented in
Table 4 indicate that enzymes were activated by glucose,
glucosamine, maltose, and lactose while &-gluconolactone
inhibited about 80% of the enzyme activity.

669
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Figure 3. Native-PAGE of SPS fraction separated after the
different purification steps. Approximately 10 pg of total pro-
tein were loaded in each lane. Proteins were stained with
Coomassie blue. Lane 1, crude extract pool; Lane 2, DEAE-
Sephacel pool ; Lane 3, w-aminohexyl Sepharose pool; Lane 4,
Mono-Q pool; Mr, molecular weight markers in kDa.
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Table 3. Effect of sulfydryl compounds on sucrose phosphate
synthase activity.

trati Relati tivit
Sulfydryl compounds Conc(illll\f[a; 1on ela lv(i%)a)c ivity
None 100
DTT 0.1 106
1 57
10 40
B-ME 0.1 123
1 41
10 21
Glutathione 0.1 83
1 64
10 21
L-Cysteine 0.1 100
1 65
10 21

Table 4. Effect of monosaccharide and sugar phosphates on
sucrose phosphate synthase activity.

Monosaccharide or Concentration  Relative activity
sugar phosphate (mM) (%)
None 100
Glucose 10 141
50 110
Galactose 10 128
50 94
Mannose 10 76
50 136
Glucosamine 10 111
50 117
J-gluconolactone 10 95
50 16
Glucose-1-phosphate 10 123
50 94
Maltose 10 113
50 130
Lactose 10 108
50 134

Table 5. Effect of inhibitors on sucrose phosphate synthase
activity.

Inhibitors Concentration (mM)  Relative activity (%)
None 100
PCMBS 10 93

20 48

50 44
Cibacron blue 0.3 102
F3G-A 0.6 87

1.2 56
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Effect of Inhibitors on Sucrose Phosphate Syn-
thase Activity

The effect of inhibitors on enzyme activity was studied.
The results presented in Table 5 show that SPS from sweet
potato tuberous roots was markedly inhibited by the
PCMBS, an inhibitor of -SH group, and 50% inhibition was
attained at a concentration of 20 mM. Cibacron blue F3G-
A proved to be a high-affinity competitive inhibitor with
respect to the substrate UDPG and a mixed-type inhibitor
with respect to FOP. In this experiment, we found that 50%
inhibition of the SPS was attained when Cibacron blue F3G-
A concentration was added to 1.2 mM.

Kinetics Characteristics of Sweet Potato Tuber
SPS

SPS in leaf is allosterically regulated by G6P and Pi
(Huber and Huber, 1996). It is noteworthy that the SPS
from the sweet potato tuberous root was different from that
of photosynthetic tissues not regulated by G6P or Pi. The
effect of substrate concentration on the activity of sucrose
phosphate synthase is presented in Figure 5. Concentra-
tion of the substrates, UDPG and F6P, were varied over a
range to determine the kinetics parameters. Hyperbolic ki-
netic plots were obtained, and the Km for F6P and UDPG
were calculated as 5.3 mM and 31.3 mM, respectively

(Figure 5).

Discussion

Purification of oligomeric high molecular weight enzyme
from plant tissue was often difficult as it usually requires
several steps and passage through different types of col-
umn chromatography. So far, only a few papers describ-
ing the purification of SPS from leaves and seeds to nearly
homogeneous have been reported (Walker and Huber,

212
179

116

16

53

Mr 1 2 3 4

Figure 4. SDS-PAGE of SPS fraction separated after the dif-
ferent purification steps. Approximately 10 pg of total protein
were loaded in each lane. Proteins were stained with Coomassie
blue. Lane 1, crude extract pool; Lane 2, DEAE-Sephacel pool;
Lane 3, w-aminohexyl Sepharose pool; Lane 4, Mono-Q pool;
Mr, molecular weight markers in kDa.
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1989; Salvucci et al., 1990; Salerno et al., 1991; Sonnewald
et al., 1993). The SPS isolation procedure from sweet po-
tato tuber reported here (Figure 1) permits the 40 fold pu-
rification of the enzyme with a yield of about 1%, and totally
devoid of sucrose synthase.

The subunit of sweet potato SPS has a molecular mass
of about 130 kDa, similar to that of spinach and maize leaf
SPS (Walker and Huber, 1989; Bruneau et al., 1991). Dur-
ing purification most of the intact enzyme protein becomes
proteolytically cleaved. This phenomenon was also ob-
served in the case of spinach leaf and banana fruit (Joao
et al., 1997). However, the presence of multiple bands was
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Figure 5. Effect of FOP (a) and UDPG (b) concentrations on
activities of sucrose phosphate synthase and double reciprocal
plots of the F6P and UDPG concentration dependence of su-
crose phosphate synthase.
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minimized by adding protease inhibitors. The preparation
after elution from Mono Q column yielded a major protein
peak with enzyme activity corresponding to an average
Mw of 540 kDa. This value is within the range 380~540
kDa found for the Mw of SPS from wheat seeds (Salerno
et al., 1991) and maize leaves (Kalt-Torres, 1987). Mw val-
ues as low as 380 kDa were also found (Bruneau et al.,
1991). Sweet potato tuber SPS appeared to be composed
of identical subunits with masses of 130~140 kDa. This
was shown by the enrichment of only the 130~140 kDa
band during purification. SPS in SDS-PAGE might be a pro-
teolytic degradation. The pattern was quite similar to those
obtained from rice leaves (Salerno et al., 1998) and potato
tubers (Reimholz et al., 1994), suggesting that the SPS pro-
tein structure is labile to protease or quite unstable to
physical or chemical treatment during purification.

Sweet potato SPS showed an optimum pH at 7.5 while
the enzyme from pea, and Prosopis juliflora showed opti-
mum pH ranging from 6.5 to 7 (Leloir, 1955; Harbron et al.,
1981; Lunn and Rees, 1990; Alok, 1997). The isoelectric
point of sweet potato SPS focused at pH 5.29. This is simi-
lar to the enzyme from wheat germ (Salerno and Pontis,
1978).

The sweet potato tuber enzyme did not show an abso-
lute requirement for free -SH groups for stability.
However, the addition of 0.1 mM DTT was beneficial to
the purification. The -SH group may be directly involved
in catalysis or may be also required to maintain an appro-
priate enzyme conformation. SPS from potato was reported
to be inhibited by PCMBS (Slabnik et al., 1968), suggest-
ing the presence of essential sulfydryl groups for enzyme
activity. The complete inhibition of SPS by PCMBS was
reported in wheat germ (Salerno and Pontis, 1978) and
maize leaf (Doehlert and Huber, 1985). In contrast, SPS
activity in potato tuber and spinach was inhibited only
25% by PCMBS. Cibacron blue F3G-A is a conformational
analogue of the entire NAD structure and is a diagnostic
probe for a protein super secondary structure called the
dinucleotide binding fold. It had been demonstrated that
the affinity of Cibacron blue F3G-A for SPS was about
6x10* times higher than that of UDPG (Wolf and Hatzfeld,
1995). A similar result was also found in this study. It is
possible that conformational changes of the enzyme were
induced by the binding of Cibacron blue F3G-A to the
UDPG-binding site.

The activity of SPS is affected by AMP, ADP, ATP,
UMP, UDP, UTP, and TDP. These nucleotides may play
the role of competitive inhibitors toward the UDPG-bind-
ing site of the enzyme. The enzyme was activated by
glucose, glucosamine, maltose, and lactose, but was in-
hibited by J-gluconolactone. The lactone has a half-chair
conformation similar to that of a cyclic carbonium-oxonium
ion. Therefore, the lactone may occupy the glucosyl trans-
fer site. The transition state is likely to be a glucose-en-
zyme complex in which the glucosyl unit has the half-chair
conformation. As reported previously, the reaction oc-
curs via the formation of an unstable glucose-enzyme com-
plex (Reimholz et al., 1994).
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Kinetical analysis of the enzyme showed that the
mechanism of catalysis could be classified as a bi-bi reac-
tion as reported earlier for the wheat germ enzyme
(Doehiert and Huber, 1985) and for the spinach enzyme
(Harbron et al., 1981). The Km for F6P of sweet potato
SPS was 5.3 times higher than that of maize leaf. The Km
for UDPG of spinach SPS was reported to be 1.9 mM,
which is much lower than that of the sweet potato enzyme
while that of potato tuber, rice scutellum, and maize leaf
ranged from 15 to 34 mM. It has been demonstrated that
the SPS from sweet potato tuberous root is not allosteri-
cally regulated by G6P or Pi. In contrast, such an effect
was not observed from the SPS of photosynthetic tissues.
The reason for the lack of such modulation is not clear. It
may involve some slight difference in quaternary structure
which makes the phosphorylation site less accessible to
the endogenous protein kinases. Even less is understood
about the function and regulation of SPS in sink tissues
like plant tuber and seeds. During sucrose biosynthesis
in sink organs, SPS is likely to play a role in sucrose turn-
over or hexose-sucrose interconversion, as discussed by
others (Huber and Huber, 1996; Heim et al., 1996). Besides
being a major form of carbon translocation in maintaining
a physiological balance of carbon accounting in source
and sink tissues in plants, sucrose serves as a metabolic
regulator at various levels of plant metabolism, from gene
regulation to enzyme catalysis.
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