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Sucrose synthase (EC 2.4.1.13) from carrot (Daucus carota) is a
tetramer with a molecular mass of 320 kD and subunits of 80 kD.
The enzyme has a pH optimum of 7.0 (cleavage direction). Maximal
activities were measured at 55°C. The K, for Suc was estimated as
87 mm and for UDP as 0.39 mm. Fructose acts as a noncompetitive
inhibitor with an inhibition constant of 17.2 mm. In contrast, glu-
cose inhibits carrot sucrose synthase uncompetitively with an inhi-
bition constant of 4.3 mm. cDNA clones encoding a single class of
sucrose synthase polypeptide were isolated and sequenced. DNA
gel blot analysis also indicated the occurrence of only one to two
genes. The deduced amino acid sequence of the carrot enzyme is
highly homologous to the sucrose synthase sequences of tomato,
potato, and bean. A comparison of the cDNA-derived amino acid
sequence with the $S1- and $52-type sucrose synthase sequences of
the monocot plants maize, rice, and barley showed that the carrot
enzyme is neither of the SS1 nor of the $S2 type. High enzyme
activity was found in roots and petioles of developing carrot plants,
with maximal activity in roots at the transition of primary roots to
tap roots. Enzyme activity was highly correlated with both polypep-
tide and transcript levels, indicating that gene expression is regu-
lated mainly at the mRNA level in the different tissues and organs of
developing carrot plants.

Suc, the major form of translocated carbon in most
plants, is a nonreducing disaccharide that consists of a-D-
glucopyranose and B-p-fructofuranose joined by an
a(1—-2)-B linkage. Its synthesis is catalyzed by Suc-P syn-
thase and Suc phosphatase (Kruger, 1990). The first step in
the breakdown of Suc in plant tissues is the cleavage of the
glycosidic bond by either B-fructofuranosidase (8-p-fructo-
furanoside fructohydrolase, also called invertase, EC
3.2.1.26) or Suc synthase (UDP-Glc:p-Fru 2-a-p-glycosyl
transferase, EC 2.4.1.13) (Kruger, 1990). Cleavage by inver-
tase is irreversible (free energy = —29.3 k] mol™") and
generates Glc and Fru (Copeland, 1990). Suc synthase cat-
alyzes the transfer of the Glc residue from Suc to UDP,
yielding UDP-GIc and Fru (Copeland, 1990). The free en-
ergy of the reaction is —3.99 kJ mol™', which is readily
reversible (Geigenberger and Stitt, 1993). Although the en-
zyme is able to synthesize Suc under appropriate test-tube
conditions, there is good evidence that in vivo Suc synthase
is involved primarily in its breakdown (Hawker, 1985;
Kruger, 1990).

Suc synthase was first described by Cardini et al. (1955).
The enzyme is cytosolic (Keller et al., 1988) and has been
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characterized in various plant species and studied in nu-
merous plant organs, such as roots (Hole and McKee, 1988;
Koch et al., 1992), tubers (Keller et al., 1988; Geigenberger
and Stitt, 1993), cotyledons (Ross and Davies, 1992), leaves
(Nguyen-Quoc et al., 1990; Gupta et al.,, 1991), fruits
(Moriguchi and Yamaki, 1988; Wang et al.,, 1994b), and
seeds (Rowland and Chourey, 1990; Heim et al., 1993).

Suc synthase is a tetramer with a native molecular mass
in the range of 280 to 400 kD. It has optimal activity in the
cleavage direction between pH 6.0 and 8.5 at 50 to 55°C. In
the direction of Suc synthesis, pH 8.5 to 9.5 at 35°C was
found to be optimal (Claussen, 1983). The K, values of Suc
synthase differ considerably from plant to plant. They are
in the range of 10 to 290 mm for Suc and 0.05 to 6.6 mm for
UDP.

Several studies have demonstrated the existence of mul-
tiple forms of Suc synthase (Gross and Pharr, 1982; Echt
and Chourey, 1985; Nguyen-Quoc et al., 1990; Buczynski et
al., 1993), e.g. two isozymes, SS1 and SS2, have been char-
acterized from maize, cucumber, and sugarcane. The two
Suc synthase isozymes in maize are encoded by two genes,
Sh (Shrunken) and Sus (Chourey and Nelson, 1976;
Chourey, 1981). The genes encoding the two isozymes are
differentially expressed. Whereas the gene for SS1 is ex-
pressed only in the endosperm, SS2 has been found in
many tissues, including endosperm, embryo, roots, and
shoots (Chourey et al., 1986). SS1 and SS2 polypeptides
have a high overall amino acid identity (Werr et al., 1985;
Gupta et al., 1988; Huang et al., 1994) and very similar
kinetics parameters. Homologous pairs of Suc synthase
genes have also been characterized from the monocot
plants barley (Sanchez de la Hoz et al., 1992; Martinez de
Harduya et al., 1993), wheat (Marana et al., 1988), and rice
(Wang et al.,, 1992; Yu et al., 1992). In contrast, in several
dicot plants, such as potato (Salanoubat and Belliard, 1987),
tomato (Wang et al., 1993), and two different bean cultivars
(Arai et al., 1992; Heim et al., 1993), Suc synthase appears
to be encoded by only one gene.

We would like to understand the role(s) of Suc-cleaving
enzymes in Suc partitioning in carrot (Daucus carota). In
general, this process largely determines the yield of crop
plants (Gifford et al., 1984) and is, therefore, of great inter-
est for agriculture. The driving force for Suc transport from
leaves into sink organs seems to be a turgor pressure
gradient caused by a Suc concentration gradient. The gen-
eration of such an assimilate concentration gradient is con-
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trolled, among other factors, by the rate of Suc utilization in
sink tissues and by an energy-dependent transport of Suc
through membranes. Recent studies have suggested that in
rapidly growing sink organs Suc synthase is the main
Suc-cleaving activity and, thus, that the enzyme may be
used as a biochemical marker of sink strength (Sung et al.,
1989; Sun et al, 1992). This suggestion is strongly sup-
ported by the fact that the level of Suc synthase activity is
generally low in photosynthetic source tissues and high in
actively growing sink organs (ap Rees, 1984; Sung et al.,
1989). Whether Suc synthase is involved in Suc partitioning
in carrot is not known. To provide the tools necessary to
investigate this question, we characterized the carrot en-
zyme at the biochemical, physiological, and molecular
levels.

MATERIALS AND METHODS
Plant Material and Tissue Culture

Carrot plants (Daucus carota cv Nantaise) were grown
near Basel either in a field or in a greenhouse in soil or
vermiculite. Fresh plant material was used for the deter-
mination of enzyme activity. The isolation of periderm,
phloem, cambium, and xylem tissue was performed as
described by Sturm et al. (1995).

Cells of D. carota cv Queen Anne’s lace (wild carrot cell
culture line W001C; Sung, 1976) were grown in Murashige-
Skoog medium (Murashige and Skoog, 1962), supple-
mented with 0.1 mg/L 2,4-D at 26°C in the dark. The
cell-suspension cultures were transferred at 1-week inter-
vals into fresh Murashige-Skoog medium.

Extraction of Suc Synthase and Enzyme Assay

Plant material (about 2 g) was homogenized four times
for 15 s each with a Polytron homogenizer in 10 mL of an
ice-cold extraction buffer (20 mM Hepes-KOH, pH 7.5,
containing 1% B-mercaptoethanol). The homogenates were
centrifuged for 30 min at 48,000g at 4°C. The supernatants
were desalted on Sephadex G-25 PD-10 columns (Pharma-
cia) to remove low mol wt compounds. Supernatant (2.5
mL) was applied to the column previously equilibrated
with 20 mM Hepes-KOH buffer, pH 7.5, and eluted with 3.5
mL of the same buffer. The protein recovery was greater
than 90%.

The cleavage of Suc by Suc synthase was determined by
a combination of the methods described by Avigad (1964),
Morell and Copeland (1985), and Witt (1989). The assay
buffer (20 mM Hepes-KOH, pH 7.5) contained 100 mm Suc
and 2 mm UDP. The reaction was carried out at 30°C. After
30 min, the reaction was stopped by boiling the sample for
1 min. The UDP-Glc that was produced was determined by
its reduction with 1.5 mM NAD in the presence of an excess
of UDP-Glc dehydrogenase (type III, Sigma), resulting in
an increase in A,,,. The formation of 2 nmol of NADH
corresponds to 1 nmol of UDP-Glc. Enzyme activity was
expressed as the amount (nmol) of UDP-Glc formed in 1
min (units) or as activity per mg protein (units/mg
protein).
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For the determination of the K, the concentration of Suc
was varied between 0 and 400 mM and that of 1JDP was
varied between 0 and 4 mm. For the inhibition of Suc
synthase activity, 0 to 10 mm Fru, 0 to 10 mm Glc, 0 to 100
mM Tris-HCI, and 0 to 100 um HgCl, were used. As pos-
sible stimulators of the enzyme activity, 0 to 10 mw MgCl,,
MnCl,, and CaCl, were tested.

Determination of Native Molecular Mass

The molecular mass of carrot Suc synthase was estimated
by gel filtration, using a Sephacryl 5-300 column (Pharma-
cia) equilibrated with 100 mm Hepes-KOH, pH 7.5. The
standard proteins alcohol dehydrogenase (150 kD), B-amy-
lase (200 kD), apoferritin (443 kD), and thyroglotulin (669
kD) (Sigma) were applied individually, and their elution
volumes were determined by absorption at 280 nm. Elution
of Suc synthase was followed by the standard assay. The
molecular mass was estimated by interpolation.

Protein Assay

Protein content was determined by the Pierce Protein
Plus Assay, according to the manufacturer’s protocol.

SDS-PAGE and Detection of Proteins on Nitrocelllose
Membranes

Proteins were separated by SDS-PAGE as described by
Laemmli (1970) using a Bio-Rad Mini Electrophoresis Sys-
tem. Proteins were either stained with Coomassiz blue or
transferred onto a Transblot nitrocellulose membrane (Bio-
Rad) with an Electro Transblot apparatus (Bio-Rad). For the
determination of the relative molecular mass, prestained
molecular mass markers in the range of 14 to 200 kD
(Gibco/BRL) were used. The free polypeptide-binding sites
on the nitrocellulose membrane were blocked for 1 h in 5%
nonfat milk powder in TBS (20 mm Tris-HCl, pH 7.5,
containing 150 mm NaCl). Immunodetection of proteins on
nitrocellulose membranes (western blots) was don= with an
antibody against maize Suc synthase (Chourey et al., 1986)
at a dilution of 1:1000. The blots were incubated for 1 h
with primary antibody in TBS containing 5% nonfat milk
powder and subsequently washed twice for 15 min in TBS
containing 0.1% Tween 20 with 5% nonfat milk powder,
followed by incubation with alkaline phosphatase-conju-
gated goat anti-rabbit IgG antibody (Bio-Rad) in TBS with
5% nonfat milk powder at a dilution of 1:1000 for 1 h. After
the blot was washed once for 15 min and twice for 5 min
each in TBS containing 0.1% Tween 20 without milk pow-
der, the color reaction was performed according to the
manufacturer’s protocol (Bio-Rad) using nitroblue tetrazo-
lium and 5-bromo-4-chloro-3-indolyl phosphate in the
buffer containing 0.1 M NaHCO; and 1 mm MgCl;, pH 9.8.

cDNA Cloning

The total RNA was extracted from 4-week-old carrot
roots, according to the method of Prescott and Martin
(1987). Poly(A)" RNA was isolated by oligo(dT)-cellulose
chromatography (Maniatis et al., 1989). cDNA was synthe-
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sized by using the cDNA Synthesis System Plus from Am-
ersham, as described in the manufacturer’s protocol. After
EcoRI linkers were added, the cDNA was size fractionated
on an agarose gel. cDNAs of 1500 to 5500 bp were ligated
into the Agtll vector (Stratagene) and packaged into
phages (Gigapack II Plus packaging extract, Stratagene), as
described in the manufacturer’s protocol.

The cDNA library was screened with a 1500-bp-long
EcoR1/HindIII fragment of the cDNA for Suc synthase from
potato (Salanoubat and Belliard, 1987). After hybridization
at 60°C (Maniatis et al., 1989), the filters were washed at
60°C, twice for 30 min with 2X SSC (Maniatis et al., 1989),
and once for an additional 30 min with 0.5% SDS and 0.1X
SSC. Ten positive clones were isolated and purified. The
longest clone contained a 2.8-kb EcoRI fragment. Whereas
this clone was completely sequenced in both directions by
the dideoxy nucleotide chain-termination reaction (Mess-
ing, 1983), the sequences of the other clones were only
partially determined.

Analysis of DNA Sequences

Computer-assisted analysis of DNA was performed with
the Beta version of the Genetics Computer Group Sequence
Analysis software package (version 7.3, June 1993, Univer-
sity of Wisconsin, Madison, WI).

Analysis of DNA

For DNA gel blot analysis, carrot genomic DNA (10
pg/lane) digested with EcoRI, Kpnl, and Xbal was sepa-
rated on 0.7% agarose gels (Maniatis et al., 1989). DNA
blots were performed on nylon membranes (Hybond-N,
Amersham) with probes that were labeled with *’P by
random priming (Maniatis et al., 1989). The central region
of the cDNA clone for carrot Suc synthase (Kpnl/Sacl, 1150
bp) was used as a probe. Prehybridizations were done at
65°C in 6X SSC, 5X Denhardt’s solution, 100 mg/mL de-
natured calf thymus DNA, and 0.5% SDS (Maniatis et al.,
1989). Hybridizations were carried out in the same buffer
overnight at 65°C. The blots were washed with 0.1X SSC,
0.5% SDS at 65°C for 30 min.

RESULTS
Biochemical Characterization of Carrot Suc Synthase

The cleavage activity of Suc synthase was analyzed in
protein extracts of carrot roots. An optimal pH region
between 6.5 and 8.0 was found (Fig. 1, top). The velocity of
the reaction increased with increasing temperature and
was optimal between 50 and 60°C. An equally high tem-
perature optimum was reported for Suc synthase from
tomato (Sun et al., 1992), potato, and bean (Xu et al., 1989).
Above 60°C the activity of the carrot enzyme rapidly de-
creased and was abolished above 70°C (Fig. 1, middle). In
protein extracts stored at 4°C, Suc synthase activity re-
mained constant for several days, whereas at temperatures
above 20°C the activity was labile and slowly decreased
(Fig. 1, bottom).
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Figure 1. Characterization of carrot Suc synthase. The pH optimum
for Suc cleavage (top) was determined to be between pH 5 and 9 (pH
5-7, 20 mm Mes-KOH; pH 7-9, 20 mm Hepes-KOH). The tempera-
ture optimum (middle) and temperature stability (bottom) were de-
termined in 20 mm Hepes-KOH buffer at pH 7.5.

The Suc-cleavage activity was inhibited by low concen-
trations of heavy metal ions such as mercurate, indicating
the involvement of sulfhydryl groups in the catalytic pro-
cess. The Suc-cleavage activity was also inhibited by Tris-
HCI and millimolar concentrations of MgCl, and MnCl,. At
low concentrations, the latter two salts as well as CaCl, had
a slight stimulating activity (data not shown).
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Among the nucleotide diphosphates tested, only UDP
facilitated Suc cleavage; ADP was not significantly effec-
tive in replacing UDP under these conditions (data not
shown).

The effect of substrate concentration on the rate of Suc
synthase cleavage activity is presented in Figure 2. The
concentration required for half-maximal activity was 87
mm for Suc (Fig. 2, top) and 0.39 mm for UDP (Fig. 2,
bottom). However, the K, for Suc could not be determined
accurately because saturation did not occur, even with 400
mm Suc (Fig. 2, top). Similar kinetics properties for Suc
saturation have been reported for Suc synthase from maize
(Su and Preiss, 1978) and bean (Ross and Davies, 1992).

Glc and Fru are both inhibitors of the cleavage of Suc by
Suc synthase. Dixon plots gave estimated K; values of 4.3
mM for Glc and 17.2 mm for Fru at Suc concentrations of 25,
50, and 100 mm (Fig. 3). Inhibition by Fru was noncompet-
itive (Fig. 3, bottom), whereas inhibition by Glc was un-
competitive (Fig. 3, top). .

The molecular mass of Suc synthase obtained by gel
filtration chromatography was approximately 320 kD. On
SDS polyacrylamide gels, Suc synthase migrated as a
polypeptide with an M, of 80,000 (data not shown). The
protein, therefore, appears to be a tetramer, as are other
plant Suc synthases.
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Figure 2. Determination of the K s for Suc and UDP. The concen-
tration of Suc was varied between 0 and 400 mm and that of UDP
was varied between 0 and 4 mm.
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Figure 3. Inhibition of Suc cleavage by Glc (top) and Fru (bottom).
Three sets of experiments were performed for each inhibitor contain-
ing 25, 50, and 100 mm Suc (from bottom to top). The hexose
concentration was varied between 0 and 10 mm.

Molecular Characterization of Suc Synthase

A full-length ¢cDNA clone (2866 bp) for carrct Suc syn-
thase was isolated. It contained one open reading frame,
starting at nucleotide 139 with an ATG start codon and
ending at nucleotide 2564 before a TAG stop codon. The
open reading frame encodes a polypeptide chain of 808
residues with a calculated molecular mass of 92,473 D and
a pl of 6.66. In addition to the open reading frame, the
c¢DNA also contains 138 bp of 5" untranslated and 304 bp of
3’ untranslated sequence. A consensus signal for polyade-
nylation, AATAAA, is located close to the end of the
cDNA.

The deduced amino acid sequence of carrot Suc synthase
was compared with known sequences of plant Suc syn-
thases and a phylogenetic tree was generated (Fig. 4). A
striking similarity between the various sequences was ob-
served. Carrot Suc synthase is closely related to Suc syn-
thase from tomato (tom, Wang et al., 1994a) and potato
(pot, Salanoubat and Belliard, 1987), with 85.1 and 85.6%
identity, respectively, and well related to monocot Suc
synthases, such as SS1 (sh1, Werr et al., 1985) and S52 from
maize (susl, Huang et al., 1994), with 73.1 and 68.7%
identity, respectively. The lowest but still good homology
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Figure 4. Comparison of amino acid sequences of plant Suc syn-
thases. The dendrogram was generated by the comparison of the
known protein sequences of plant Suc synthases by the PileUp
program of the Genetics Computer Group Sequence Analysis soft-
ware package. rad, Bean (Vigna radiata) (Arai et al., 1992); fab, bean
(Vicea faba) (Heim et al., 1993); pot, potato (Salanoubat and Belliard,
1987); tom, tomato (Wang et al., 1994a); car, carrot (see this paper);
ara2, Arabidopsis (Martin et al., 1993); sh1, maize (Werr et al.,
1985); ric1, rice (Wang et al., 1992); bar1, barley (Sanchez de la Hoz
et al., 1992); bar2, barley (Martinez de tlarduya et al., 1993); ric2,
rice (Yu et al., 1992); sus1, maize (Huang et al., 1994); and aral,
Arabidopsis (Chopra et al., 1992).

was found between the carrot sequence and that of Suc
synthase of Arabidopsis (aral, Chopra et al., 1992), with
67.9% identity.

Monocot plants seem to have at least two genes for Suc
synthase belonging either to the Sh type or the Sus type of
maize (Gupta et al., 1988). In the dicot plants, with the
exception of Arabidopsis, only one gene has been detected.
To understand whether the amino acid sequence of the
carrot enzyme is related to the SS1- or the SS2-type se-
quence, SS1- or S52-specific sequences first had to be iden-
tified. For this purpose, the SS1-type sequences of maize
(shl, Werr et al., 1985), rice (ricl, Wang et al., 1992), and
barley (barl, Sanchez de la Hoz et al., 1992) and their S52
counterparts (ric2, Yu et al., 1992; bar2, Martinez de Ilar-
duya et al., 1993; susl, Huang et al., 1994) were compared
(Fig. 5). Sixty-four positions were identified at which the
amino acids were identical in the SSl-type and in the
S52-type sequences, although the actual amino acid was

specific for the type (indicated by asterisks below the six
sequences). These 64 positions were compared with their
respective positions in the carrot sequence. In 20 cases, the
carrot amino acid was of the 551 type, in 25 cases it was of
the SS2 type, and in 19 cases it was unique to carrot. Taken
together, these data indicate that carrot Suc synthase is
neither of the SS1 nor of the SS2 type. This analysis was
also applied to the other dicot enzymes, and the same
results were obtained (data not shown). It is interesting
that the two Arabidopsis sequences (Chopra et al., 1992;
Martin et al., 1993) also could not be assigned to either of
the monocot enzyme types.

To determine the copy number of the Suc synthase gene
in cv Nantaise, DNA gel blot analyses (Southern, 1975)
were performed (Fig. 6). The labeled cDNA fragment hy-
bridized to only a few restriction fragments, indicating the
presence of only one or two copies of the gene.

Expression of Suc Synthase in Developing Plants

The steady-state levels of Suc synthase mRNA in differ-
ent tissues and organs of developing carrot plants have
already been determined (Sturm et al., 1995). Elevated
levels were found in the leaves of young plants and in roots
at the transition of primary roots to developing tap roots.
Low levels of transcripts were found in all other tissues
analyzed. The analysis of young leaves revealed that high
transcript levels were restricted to the petioles. Only low
levels were detected in the leaf lamina. In developing tap
roots, high levels of Suc synthase transcripts were found in
all of the main root tissues (periderm, phloem, cambium,
and xylem).

We now compared these steady-state transcript levels
with Suc synthase polypeptide levels and enzyme activity
(Fig. 7). Our data showed a strong correlation of mRNA
levels with polypeptide levels and enzyme activity, sug-
gesting that transcription may be the key regulatory step in
the developmental expression of carrot Suc synthase.

DISCUSSION

Carrot Suc synthase is a tetramer with a molecular mass
of 320 kD and subunits of 80 kD. The enzyme has a high K,
for Suc and a low K., for UDP. Optimal activity is at a
neutral pH, which is in accordance with its location in the
cytoplasm. The cleavage reaction of carrot Suc synthase
appears to be specific for UDP, with no appreciable activity
in the presence of ADP. A comparison of enzyme activities
with polypeptide and transcript levels showed a strong
correlation, indicating that the regulation of gene expres-
sion is mainly at the mRNA level. Because millimolar
concentrations of Glc and Fru inhibit Suc synthase, the
levels of these sugars may fine-tune enzyme activity in
vivo.

Monocotyledonous plants contain at least two genes for
Suc synthase (Sh and Sus), which are differentially regu-
lated. The polypeptides encoded by these genes (SS1 and
552) have highly homologous sequences, and their kinetics
parameters are fairly similar. A comparison of the SS51- and
5S2-type sequences of maize, rice, and barley revealed 64



Sebkovi et al. Plant Physiol. Vol. 108, 1995

1 50 451 500
sht  ..... MAAKL TRLHSLRERL GATFSSHPNE LIALFSRYVH QGKGMLQRHQ PNSDIYLDKF DSQYHFSCQF TADLIAMNHT DFIITSTFQE IAGSKDTVGD
ricl .....MAAKL ARLHSLRERL GATFSSHPNE LIALFSRYVN QGKGMLQRHQ PNSDIYLDKF DSQYHFSCQF TADLIAMNHT DFIITSTFQE IAGSKDTVGD
bar1 .....MAAKL TRLHSLRERL GATFSSHPNE LIALFSRYVH QGKGMLQRHQ PNSDIYLDKF DSQYHFSCQF TADLIAMNHT DFIITSTFQE IAGSKDSVGD
ric2 MGEAAGDRVL SRLHSVRERI GDSLSAHPNE LVAVFTRLVN LGKGMLQAHQ PNSDLYWKKF EDHYHFSCQF TTDLIAMNHA DFIITSTFQE IAGNKDTVGR
bar2 MGETAGERAL SRVHSVRERI GHSLSAHTNE LVAVFSRLVN QGKGMLQPHQ PNSDLYWKKF EDHYHFSCQF TADLIAMNHA DFIITSTFQE IAGNKDTVGD
sus1 MGEGAGDRVL SRLHSVRERI GDSLSAHPNE LVAVFTRLKN LGKGMLQPHQ PNSDLYWKKF EDHYHFSCQF TTDLIAMNHA DFIITSTFQE IAGNKDTVGQ
* X * * LA 1 * * * * Kk FhK * *
car ....MGEPVL TRVHSLRERM DSTLANHRNE ILMFLSRIES HGKGILKPHQ PDSDIYWEKF DKKYHFSSQF TADLIAMNHT DFIITSTFQE IAGSKDTVGQ
51 100 501 550
sh1 LLAEFD.ALF DSDKEKY... .APFEDILRA AQEAIVLPPW VALAIRPRPG YESHIAFTLP GLYRVVHGID VFDPKFNIVS PGADMSVYYP YTETDKRLTA
riel LLAEFD.ALI EADKEKY... .APFEDILRA AQEAIVLPPW VALAIRPRPG YESHIAFTLP GLYRVVHGID VFDPKFNIVS PGADMSVYFP YTEADKRLTA
barl LLAEFD.ALF ESDKEKY... .APFEDILRA AQEAIVLPPW VALAIRPRTG YESHIAFTLP DLYRVVHGID VFDPKFNIVS PGADMIVYFP YTETDKRLTA
ric2 TIIAEYNNAIS EADREKLKD. .GAFEDVLRS AQEGIVISPW VALAIRPRPG YESHMAFTMP GLYRVVHGID VFDPKFNIVS PGADMSIYFP YSESRKRLIS
bar2 ITAEYNAAIP EAEREKLKN. .TPFEDLLRG AQEAIVIPPW VALAIRPRPG YESHMAFTMP GLYRVVHGID VFDPKFNIVS PGADMSIYFP YTEQQKRLTS
sus? IIAEYNNAIP EAEREKLKD. .GAFEDVLRA AQEAIVIPPW VALAIRPRPG YESHMAFTMP GLYRVVHGID VFDPKENIVS PGADLSIYFP YTESHKRLIS
* ke * H * * * * * *
car LLAEYE.AIS KEDKLKLDDG HGAFAEVIKS TQEAIVSPPW VALAIRLRPG YESHTAFTMP GLYRVVHGID VFDPKFNIVS PGADTSVYFS YKEKEKRLIT
101 150 551 600
sh1l VWDYIRVNVS ELAVEELSVS EYLAFKEQLV DGQSNSNFVL ELDFEPFNAS FHPEIEELIY SDVENSEHKF VLKDKKKPII FSMARLDRVK NMTGLVEMYG
ricl VWDYIRVNVS ELAVEELSVS EYLAFKEQLV DGHTNSNFVL ELDFEPFNAS FHPEIEELLY SEVENDEHKF VLKDKNKPII FSMARLDRVK NMTGLVEMYG
bar1 VWDYIRVNVS ELAVEELTVS EYLAFKEQLV DEHASRKFVL ELDFEPFNAS FHSEIEELLY SDVENDEHKF VLKDRNKPII FSMARLDRVK NMTGLVEMYG
ric2 VWEYVRVNVS ELAVELLTVP EYLQFKEQLV EEGTNNNFVL ELDFEPFNAS LHPEIEELLY SEVDNNEHKF MLKDRNKPII FSMARLDRVK NLTGLVELYG
bar2 VWEYVRVNVS ELGVEELSVL RYLQFKEQLA NGSTDNNFVL ELDFGPFNAS LHTEIEELLF SDVENAEHKF VLKDKKKPII FSMARLDRVK NMTGLVEMYG
susl VWEYVRVNVS ELAVEELRVP EYLQFKEQLV EEGPNNNFVI. ELDFEPFNAS LHPEIEELLY SQTENTEHKF VLNDRNKPII FSMARLDRVK NLTGLVELYG
* K * *
car VWEYVRVNVH HLVVEELSVP QYLQFKEELV IGSSDANFVL ELDFAPFTAS LHPEIEELLY SSVENEEHLC IIKDKNKPIL FTMARLDNVK NLTGFVEWYA
151 200 601 650
shl FPRPSMSKSI GNGVQFLNRH LSSKLFQDKE SLYPLLNFLK AHNYKGTTMM KNARLRELAN LVIVAGDHGK ESKDREEQAE FKKMYSLIDE YKLKGHIRWI
ricl FPRPSMSKSI GNGVQFLNRH LSSKLFQDKE SLYPLLNFLK AHNHKGTTMM KNAHLRDLAN LVIVCGDHGN QSKDREEQAE FKKMYGLIDQ YKLKGHIRWI
bar1 FPRPSMSKSY GKGVQFLNRH LSSKLFQDKE SLYPLLNFLK AHNYKGTTMI KNAHLKDLAN LVIVAGDHGK ESKDREEQAE FKRMYSLIEE YKLKGHIRWI
ric2 FPRPSLSKSI GNGVQFLNRH LSSKLFHDKE SMYPLLNFLR AHNYKGMTMM RNPRLQELVN LVVVCGDHGN PSKDKEEQAE FKKMFDLIEQ YNLNGHIRWI
bar2 FPRPSLSKSI GNGVQFLNRH LSSKLFHDKE SMYPLLNFLR AHNYKGMTMM RNPRLQELVN LVVVCGDHGK VSKDKEEQVE FKKMFDLIEK YNLSGHIRWI
sus]1 FPRPSLSKSI GNGVQFLNRH LSSKLFHDKE SMYPLLNFLR AHNYKGMTMM RNKRLQELVN LVVVCGDHGN PSKDKEEQAE FKKMFDLIEQ YNLNGHIRWI
* * * * * * * ® * * *
car FPRPTLTKSI GNGVEFLNRH LSAKMFHGKD SMHPLLEFLR LHNYNGKTLM KSPKLRELVN LVVVGGDRRK ESKDLEEQAQ MKKMYELIDT YKLNGQFRWI
201 250 651 700
sh1 LNDRIQSLRG LQSSLRKAEE YLLSVPQDTP YSEFNHRFQE LGLEKGWGDT SAQMNRVRNG ELYRYICDTK GAFVQPAFYE AFGLTVIESM TCGLPTIAIC
ricl PNDRIQSLRG LQSSLRKAEE YLMGIPQDTP YSEFNHRFQE LGLEKGWGDC SAQMNRVRNG ELYRYICDTK GVFVQPAFYE AFGLTVIEAM TCGLPTIATC
bar1 LNDRIQSLRG LQSALRKAEE YLVSIPEDTP SSEFNRRFQE LGLEKGWGDT SAQMNRVRNG ELYRYICDTK GAFVQPAFYE AFGLTVIEAM TCGLPTIATC
ric2 LNDRIRSLSA LQGALRKAEE HLSGLSADTP YSEFHHRFQE LGLEKGWGDC SAQMNRVRNG ELYRYICDTK GAFVQPAFYE AFGLTVVESM TCGLPTFATA
bar2 LNDRIRSLGT LQGALRKAET HLSGLPADTP YTEFHHRFQE LGLEKGWGDC SAQMNRVRNG ELYRYICDMK GAFVQPAFYE AFGLTVIEAM TCGLPTFATA
sus1 LNDRIRSLSA LOGALRKAEE HLSTLQADTP YSEFHHRFQE LGLEKGWGDC SAQMNRVRNG ELYRYICDTK GAFVQPAFYE AFGLTVVEAM TCGLPTFATA
* * * * * *
car LNNRVQNVNG LQSMLRKAGD YLSTLPSDTP YSEFEHKFQE IGFERGWGDT SSQMNRVRNG ELYRYIADTK GAFVQPAFYE AFGLTVVEAM TCGLPTFAIL
251 300 701 750
sh1 AKRVLDTLHL LLDLLEAPDP ANLEKFLGTI PMMFNVVILS PHGYFAQSNV HGGPAEIIVD GVSGLHIDPY HSDKAADILV NFFDKCKADP SYWDEXISQGG
ricl AKRVLDTIHL LLDLLEAPDP ANLEKFLGTI PMMFNVVILS PHGYFAQSNV HGGPAEIIVD GVSGLHIDPY HSDKAADILV NFFEKCKQDS TYWDNISQGG
barl AKRVHDTIHL LLDLLEAPDP ASLEKFLGTI PMMFNVVILS PHGYFAQSNV HGGPAEIIVD GVSGLHIDPY HSDKAADILV NFFEKSTADP SYWDKISQGG
ric2 AKRSQETIHL LLDLLEAPDP STLEKFLGTI PMVFNVVIMS PHGYFAQANV YGGPAEIIVN GVSGFHIDPY QGDKASALLV EFFEKCQEDP SHWTKISQGG
bar2 AQRASETIHL LLDLLEAPDP SSLEKFLGTI PMVLNVVILS PHGYFAQANV YGGPAEIIVN GVSGYHIDPY QNDKASALLV GFFGKCQEDP SHWNKISQCG
sus1 AKRAQETIHL LLDLLEAPDP STLEKFLGTI PMVFNVVILS PHGYFAQANV YVPGRDHRAR RVW.LPHRPL PGRQGVGPAR GLLRQVPGGR ATGARSPRAG
* * * * *
car AERVTEMFHM LLDLLEAPDA STLETFLGKI PMVFNVVILS PHGYFAQENV HGGPAEIIVH GKSGFHIDPY HGEQVAELLV NFFEKCKTDP SQWDAISAGG
301 350 751 800
sh1 LGYPDTGGQV VYILDQVRAL ENEMLLRIKQ QGLDITPKIL IVTRLLPDAA LORIYEKYTW KLYSERLMTL TGVYGFWKYV SNLERRETRR YIEMFYALKY
ricl LGYPDTGGQV VYILDQVRAL ENEMLLRIKQ QGLDITPKIL IVTRLLPDAV LQRIYEKYTW KLYSERLMTL TGVYGFWKYV SNLERRETRR YIEMFYALKY
bar1l LGYPDTGGQV VYILDQVRAL ENEMLLRIKQ QGLDITPKIL IVTRLLPDAV LKRIYEKYTW KLYSERLMTL TGVYGFWKYV SNLERRETRR YLEMFYALKY
ric2 LGYPDTGGQV VYILDQVRAM ENEMLLRIKQ QGLNITPRIL IVTRLLPDAT LQRIEEKYTW KLYSERLMTL TGVYGFWKYV SNLERRETRR YLEMLYALKY
bar2 LGYPDTGGQV VYILDQVRAM ENEMLLRIKQ QGLDITPKIL IVTRMLPDAH LORIEEKYTW KLYSERLMTL SGVYGFWKYV SNLDRRETRR YLEMLYALKY
sus1 LGYPDTGGQV VYILDQVRAM ENEMLLRIKQ CGLDITPKIL IVTRLLPDAT SSVSRRSTPG SCTRRG*. .. ...ouviins cnnnnanenn e
*
car LGYPDTGGQV VYILDQVPAL EREMIKRIKE QGLDIKPRIL IVTRLLPDAV LKRIQEKYTW QIYSERLLTL AGVYGFWKHV SKLDRLEIRR YLEMFYALKY
351 400 801 819
sh1l GTTCGQRLEK VIGTEHTDII RVPFRNENGI LRKWISRFDV WPYLETYTED RSLASQVPLS FD*......
ricl GTTCGQRVEK VIGTEHTDIL RVPFRSENGI LRKWISRFDV WPFLETYTED RSLASAVPLA VDGESTSK*
bar1l GTTCGQRLEK VIGTERTDIL RVPFRTENGI .RKWISRFDV WPYLETYTED RSLAAAVPLA VDGESSGN*
ric2 GTTCGQRLEK VLGTEHTHIL RVPFRTENGI VRKWISRFEV WPYLETFTDD RTMASTVPLA VEGEPSNK*
bar2 GTTCGQRLEK VLGTEHTHIL RVPFKTEDGI VRKWISRFEV WEYLEAYTDD RKMAATVPLA VEGETSGE*
susl GTTCGQRLEK VLGTEHCHIL RVPFRTENGI VRKWISRFEV WPYLETYTDD ....... e e
* * * *
car GTTCNQRLEK VFGAEHAHIL RVPFRTEKGI LRKWISRFEV WPYIETFTED RKLAESVPLA KDE*.....
401 450

shl VSSEIMKEMQ AKPDLIIGNY SDGNLVATLL AHKLGVTQCT IAHALEKTKY
ricl VANEIMREMQ AKPDLIIGNY SDGNLVATLL AHKLGVTQCT IAHALEKTKY
bar? VANELMREMQ TKPDLIIGNY SDGNLVATLL AHKLGVTQCT IAHALEKTKY

ric2 VAHEIAGELQ ANPDLIIGNY SDGNLVACLL AHKMGVTHCT IAHALEKTKY

bar2 VAHEIAGELQ ANPDLIIGNY SDGNLVACLL AHKLGVTHCT IAHALEKTKY

sus1 VAHEIAGELQ ANPDLIIGNY SDGNLVACLL AHKMGVTHCT IAHALEKTKY
* * * *

car VAKEIALELQ AKPDLIIGNY SEGNLVASLL AHKLGVTQCT IAHALEKTKY

Figure 5. Comparison of the amino acid sequence of carrot Suc synthase (car) with the sequences of the SS1-type and
SS2-type Suc synthase of maize (sh1, sus1), rice (ric1, ric2), and barley (bar1, bar2). Positions having SS1- and $S$2-specific
amino acid residues are marked by asterisks below the six sequences.
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Figure 6. DNA gel blot analysis of Suc synthase sequences in the
carrot genome. Genomic DNA (10 pg/lane) from cv Queen Anne’s
lace and cv Nantaise was digested with Kpnl (K), Xbal (X), and EcoRI
(E). The fragments were separated by agarose gel electrophoresis and
blotted before hybridization with a *?P-labeled fragment of the cDNA
of carrot Suc synthase (Knpl/Sacl, 1150 bp).

positions at which the amino acids appear to be specific for
the two sequence types. In several dicotyledonous plants,
only one gene for Suc synthase has been found. Ten differ-
ent cDNA clones have been isolated with identical partial
sequences, which also suggests the existence of only one
gene. This finding is supported by the simple hybridization
pattern on a DNA gel blot that is hybridized with a frag-
ment of the cDNA, indicating the presence of only one to
two genes. A comparison of the cDNA-derived amino acid
sequence with the 64 type-specific positions revealed that
the carrot enzyme cloned is of neither the SS1 nor the S52
type. This finding is supported by the position of the carrot
sequence in a phylogenetic tree, which suggests a separa-
tion of a dicot Suc synthase gene from a monocot ancestor
gene before the evolution of the monocot SS1-type and
SS2-type sequences.

It has been suggested that Suc synthase plays a key role
in Suc partitioning and, therefore, the activity of the en-
zyme can be directly used as a marker for sink strength
(Sung et al., 1989; Sowokinos and Varns, 1992; Sun et al,,
1992). The activities of Suc synthase found in different
organs and tissues of developing carrot plants support this
view. High activity was found in petioles and roots,
whereas only low activity was detected in the leaf lamina.
Suc synthase activity was highest in roots at the transition
from primary to secondary roots, corresponding there with
a high requirement for carbon and energy for rapid cell
growth.

The view that Suc synthase activity can be directly used
as a marker for sink strength is in contrast to the findings
of Geigenberger and Stitt (1993). These authors provided
evidence that Suc synthase catalyzes a near-equilibrium

reaction in tubers of potato, in cotyledons of Ricinus com-
munis, and in heterotrophic suspension-cultured cells of
Chenopodium rubrum. The authors concluded that such ki-
netics properties enable the enzyme to respond automati-
cally to the supply of Suc and the demand for Suc in the
cell. Suc would only be degraded as required. Conse-
quently, in this model, sink strength would be controlled
by Suc utilization and not by Suc synthase activity.
Carrots store significant amounts of Suc and hexose in
their tap roots in the parenchyma of an outer sheath of
phloem and an inner core of xylem (Hole and Dearman,
1994). The relative contribution of symplastic and apoplas-

s00 A
LEAVES
250 -
"_-”-“_]l_'l
|
|
500
ROOTS
250
2 4 6 8 10 12 14 18 18 20
S5 2} 200 c
100 100
PEPH C X L PR

Figure 7. Comparison of Suc synthase polypeptide levels with en-
zyme activity in different organs and tissues of developing carrot
plants. For western blot analysis, equal amounts of protein were
loaded (20 pg/lane). A, Polypeptide level and enzyme activity
(units/g fresh weight) in developing leaves (top) and roots (bottom).
The numbers on the x axis indicate the age of the plant organs
analyzed in weeks postgermination. B, Polypeptide level and en-
zyme activity (units/g fresh weight) in periderm (PE), phloem (PH),
cambium (C), and xylem (X) of 12-week-old carrot tap roots. C,
Polypeptide level and enzyme activity (units/mg protein) in leaf
lamina (L), petioles (P), and roots (R) of 6-week-old carrot plants.
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tic transport to movement of assimilate within the carrot
storage root is not known. Our finding that Suc synthase
activity is not restricted to the sites of phloem unloading
but is evenly distributed throughout the storage root (Fig.
7) favors the view of apoplastic Suc transport and uptake
by each individual storage cell.
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