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Photoautotrophic suspension-culture cells of Chenopodium 
rubrum that were shifted to mixotrophic growth by adding glucose 
were used as model system to investigate the influence of the 
source-sink transition in higher plants on the expression and en- 
zyme activities of intracellular and extracellular invertases. The 
complete cDNA coding for an extracellular invertase was cloned 
and sequenced from C. rubrum, and its identity has been proven by 
heterologous expression in Saccbaromyces cerevisiae. The higher 
activity of extracellular invertase after preincubation in the pres- 
ente of glucose was paralleled by an increased expression of the 
corresponding gene. The induction by glucose could be mimicked 
by the nonmetabolizable glucose analog 6-deoxyglucose. Both en- 
zyme activity and mRNA leve1 of extracellular invertase showed a 
sink-tissue-specific distribution in plants. The activity of neutra1 and 
acidic intracellular invertases were not affected by preincubation of 
autotrophic tissue cultures with sugars, nor did they show a tissue- 
specific distribution in plants. The data suggest that apoplastic 
invertase not only has an important function in phloem unloading 
and carbohydrate partitioning between source and sink tissues but 
may also have a role in establishing metabolic sinks. 

It is a fundamental characteristic of plant cells to use 
photosynthesis as a source of energy, which results in 
carbohydrates as primary products. Although carbon auto- 
trophy is the most typical feature of plant cells, whole 
plants represent physiological mosaics of photosyntheti- 
cally active tissues such as mature leaves (source tissue) 
exporting carbohydrates to photosynthetically less active 
or inactive tissues such as stems, flowers, and roots (sink 
tissues). A11 plants develop from a purely heterotrophic 
embryo, and plant growth is accompanied by changes with 
respect to which organs represent sink or source tissue. 
Since the dominant metabolic pathway within a plant cell 
i s  not strictly determined, the question arises of how the 
observed source-sink transitions are regulated. In addition, 
regulatory mechanisms have to be assumed to determine 
the relative sink strength of plant tissues, which ultimately 
influences the partitioning of carbohydrates between com- 
peting sink regions. 
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There is increasing evidence that sugars not only serve as 
the carbon source for heterotrophic growth but are also 
involved in the transcriptional regulation of enzymes in- 
volved in photosynthesis and heterotrophic metabolism 
(Farrar, 1991; Williams et al., 1992). This type of regulation 
by Glc, Fru, or SUC has been designated as metabolic reg- 
ulation (Karrer and Rodriguez, 1992). Induction of en- 
zymes involved in heterotrophic metabolism by sugars 
have been described for the green algae CkZoreZZa (Hilgarth 
et al., 1991) and several higher plant species (Farrar 1991; 
Koch et al., 1992, and refs. therein). Suc is the main trans- 
port sugar in most plant species and enzymes involved in 
SUC metabolism in sink organs are expected to be important 
both in the establishment of sinks and in determining 
relative sink strength. 

Invertases (EC 3.2.1.26; P-fructosidase) catalyze the hy- 
drolysis of SUC to Glc and Fru. Plant invertases have been 
studied extensively during the past decades and invertases 
have been purified from a wide variety of plants and 
tissues. Most tissues analyzed contain multiple forms of 
invertases that are characterized by their different intracel- 
lular localizations, by pH optima, and by pIs (Avigad, 
1982). Soluble invertases are always intracellular and differ 
in their pH optima; acidic invertases (with activity optima 
in the range of pH 3.5-5.1) are thought to function in the 
vacuole of the plant cell, whereas alkaline invertases (pH 
7.0-7.8) are cytoplasmic. In the apoplast an invertase with 
an acidic pH optimum is ionically bound to the cell wall. 

There is still much uncertainty as to the function of the 
different intracellular isoenzymes; it has been proposed 
that the soluble invertases participate in the regulation of 
hexose levels in mature leaves (Ricardo, 1974; Ricardo and 
Sovia, 1974) and fruits (Lingle and Dunlop, 1987), in the 
mobilization of Suc stored in vacuoles, in turgor regulation 
(Leigh et al., 1979), and in gravistimulation (Wu et al., 
1993). The extracellular invertase of carrot was the first 
cloned plant invertase (Sturm and Chrispeels, 19901, and in 
recent years several partia1 and full-length clones of intra- 
cellular and extracellular plant invertases have been iso- 
lated and sequenced (Arai et al., 1992; Klann et al., 1992; 
Hedley et al., 1993; Wu et al., 1993). Severa1 lines of phys- 
iological and genetic evidence suggest an important role of 
cell-wall-bound extracellular invertase in carbohydrate 
partitioning in plants. Transgenic plants overexpressing 
yeast invertase (Stitt et al., 1990; van Schaewen et al., 1990; 
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Dickinson et al., 1991) demonstrated sink regulation of 
photosynthetic metabolism in source tissue; the accumulat- 
ing carbohydrates caused inhibition of photosynthesis and 
an increase in respiration due to the action of the heterol- 
ogous invertase. Deficiency in invertase activity in the corn 
mutant miniature-1 causes aberrant pedicel and endosperm 
development (Miller and Chourey, 1992). Genetic evidence 
obtained with this mutant indicates that invertase activity 
directly affects the metabolic and developmental stability 
of the maternal cells. 

To study the effect of source-sink transition on the en- 
zymatic activity and the expression of intracellular and 
extracellular invertases, a photoautotrophic cell-suspen- 
sion culture of Ckenopodium rubrum (Hüsemann and Barz, 
1977; Hiisemann, 1981), which may be shifted to mixotro- 
phic growth by adding Glc (Schafer et al., 1992), was used. 
The use of tissue cultures has the advantage that growth 
conditions may be strictly controlled and experiments are 
not complicated by differentiation processes. In addition, 
the use of photoautotrophic cultures to analyze sugar ef- 
fects obviates the need for a starvation period prior to the 
experiment because the cells are cultured in a carbohy- 
drate-free medium; thus, effects due to energy deprivation 
are less likely to occur. Furthermore, the use of these cul- 
tures excludes wounding and stress syndromes observed 
with cut plant tissues. 

In this paper, data are presented concerning the effect of 
sugars on the activities of intercellular and extracellular 
invertases in photoautotrophic suspension cultures. The 
results obtained with tissue cultures have been comple- 
mented by analyzing the distribution of the different in- 
vertase activities in C. rubrum plants. The cDNA coding for 
extracellular invertase of C. rubrum has been cloned and 
sequenced. Its transcriptional regulation by sugars and its 
tissue-specific expression in plants have been analyzed. 
Based on the observed induction by Glc and the sink- 
specific expression in plants, the possible function of apo- 
plastic invertase in regulating source-sink transition and 
carbohydrate partitioning is discussed. 

MATERIALS A N D  METHODS 

Plants, Cell Cultures, and Bacterial and Yeast Strains 

The photoautotrophic, hormone- and vitamin-indepen- 
dent suspension culture of Chenopodium rubrum L. (fat hen 
or goosefoot; Hüsemann, 1981) is a derivative of the culture 
established by Hiisemann and Barz (1977) and has been 
subcultured in our laboratory since 1991. The cells were 
grown as described previously (Roitsch and Tanner, 1994). 
Photomixotrophic growth was initiated by adding 100 mM 
D-G~c, SUC, or Fru to the medium. 

Chenopodium plants were grown in the greenhouse under 
natural light conditions. The Esckerickia coli strain DH5a 
was used for cloning into plasmids and the E.  coli strain 
C600Hfl for work with the A phage. The Sacckaromyces 
cerevisiae strain SEY2102 (Emr et al., 1983) was used for 
heterologous expression for the extracellular invertase and 
the strain DBY746 as a positive control for yeast invertase 
assays. 

Invertase Activity Assays 

To assay invertase activity in plant suspension cultures, 
cells were washed once with Murashige-Skoog medium 
(Murashige and Skoog, 1962) and resuspended at 50% 
packed cells in homogenization buffer (200 mM Hepes, pH 
7.5; 3 mM DTT; 3 mM MgC1,; 1 mM EDTA; 2% glycerol). 
Cells were disrupted by sonicating four times for 10 s at 50 
W with a Branson sonifier model B-12 (G. Heinemann, 
Schwabisch Gmünd, Germany). Tissue from Ckenopodium 
plants were homogenized in a small volume of homogeni- 
zation buffer using a mortar and pestle. The homogenate 
suspensions were centrifuged at 14,OOOg for 10 min at 4°C; 
the supernatant (cytosolic) fraction was removed and used 
as the soluble enzyme preparation. The pellet (cell-wall 
fraction) was washed three times with distilled water and 
resuspended in homogenization buffer. Both enzyme prep- 
arations were dialyzed against 12.5 mM potassium phos- 
phate buffer, pH 7.4, for 3 h at 4°C. 

Invertase activity at pH 4.5 and 7.0 was tested according 
to the method of Sung et al. (1989), except that the samples 
were incubated for 30 min at 26°C. A Glc test kit (Boeh- 
ringer Mannheim) was used according to the manufactur- 
er’s instructions to determine the amount of Glc liberated. 
Boiled extracts were used as controls. Extract protein con- 
tents were determined according to the method of Brad- 
ford (1976) with BSA as the standard protein. Specific 
activity of invertase is reported as micrograms of Glc pro- 
duced per milligram of protein per hour. The data shown 
in the paper are the mean values from at least five inde- 
pendent experiments. 

To determine intracellular and extracellular invertase 
activity of yeast cells, spheroplast lysate fractions were 
prepared essentially as described by Novick and Schekman 
(1979), and invertase activities were determined as de- 
scribed above. 

Nondenaturing PAGE 

To release the cell-wall-bound invertase from the cell 
wall the washed pellet fraction (see above) was resus- 
pended in homogenization buffer containing 1 M NaCl and 
15 mM EDTA and incubated overnight. Bound enzyme was 
recovered in the supernatant subsequent to centrifugation 
at 14,OOOg for 10 min at 4°C. This preparation was concen- 
trated using Centricon-30 centrifugation concentrators 
(Amicon, Beverly, MA) according to the instructions of the 
supplier. The extracted invertase was separated on 7.5% 
native polyacrylamide gels according to the method of 
Reisfeld et al. (1962). Proteins were applied at the anode 
and electrophoresis was performed at a constant current of 
30 mA for 6 h at 4°C. Invertase activity was visualized by 
incubating the gels in buffer (70 mM K2P0,/40 mM citrate) 
containing 7% SUC for 1 h at 30°C. The hydrolysis products 
were detected with 0.1 % 2,3,5-triphenyltetrazolium chlo- 
ride dissolved in 0.5 M NaOH. Color development was 
stopped with 10% acetic acid. 
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lsolation of RNA 

For the isolation of nucleic acids, cells were harvested by 
centrifugation, frozen in liquid nitrogen, and ground with 
a mortar and pestle in the presence of liquid nitrogen. Total 
nucleic acids were isolated according to the method of Bell 
et al. (1986) and total RNA was isolated by using Nucleo- 
bond AX columns (Macherey-Nagel, Düren, Germany) ac- 
cording to the instructions of the supplier. Polyadenylated 
mRNA was isolated by affinity chromatography on two 
successive oligo(dT)-cellulose columns (Maniatis et al., 
1982). 

PCR Amplification 

Degenerate oligonucleotide primers were used for PCR 
amplification of invertase cDNA sequences. Sequences 
of the two primers, used, OIN3, CCTTCAC(C/T)T(A/G/ 
C /T)TT( C / T)TA( C /T)CA(A/G)TA(C / T)AA(C /T)CC and 
OIN4, CCTTTC(A/G)(A/T)A(A/G)AA(A/G)GT(C/T)TT 
(A/G/T)G(A/T)(A/T)GCGTA, were based on the two 
conserved amino acid motifs H(L/F)FYQYNP and (Y/F) 
YASKTF(Y/F)D in the N-terminal part of extracellular in- 
vertase from carrot (Sturm and Chrispeels, 1990) and in- 
tracellular invertase from mung bean (Arai et al., 1992) and 
tomato (Klann et al., 1992). To amplify cDNA sequences by 
PCR a cDNA first strand was synthesized as described by 
Sambrook et al. (1989) using 0.5 pg of mRNA and 2.5 
ng/pL of statistically random hexamers as primers in a 
total volume of 20 pL. PCR amplification was performed in 
the DNA Thermal Cycler (Perkin-Elmer Cetus). The reac- 
tion mixture (100 pL) contained either 20 pL of the cDNA 
reaction mixture as described above or 5 pg genomic DNA, 
100 pmol each of primer OIN3 and OIN4, 155 ~ L M  of de- 
oxyribonucleotide triphosphates, 2 units of Taq DNA poly- 
merase (Perkin-Elmer Cetus), and Taq DNA polymerase 
reaction buffer according to the manufacturer’s instruc- 
tions. Denaturation of DNA was carried out at 95°C for 6 
min for the first cycle and then for 1 min. Primer annealing 
and primer extension reactions were carried out at 48°C for 
1 min and at 72°C for 1 min, respectively. A total of 35 
cycles of amplification were performed. A sequence-spe- 
cific primer (OIN5, GATGTGGGTTTCATGAACGACTCG) 
and an oligo(dT) primer were used to carry out 3’ anchored 
PCR essentially as described by Frohman et al. (1988). PCR 
products were visualized on 1.2% agarose gels stained with 
ethidium bromide. The PCR products were purified by 
phenol extraction from low-melting-point agarose gels. 
PCR products were blunt-ended with Klenow polymerase, 
phosphorylated using T4 DNA kinase, and purified from 
low-melting-point agarose. PCR products were cloned into 
the SmaI site of pUC19 (Yanisch-Perron et al., 1985) using E.  
coli strain DH5a as host. 

Construction of a cDNA Library and Screening 

Polyadenylated RNA (5 pg) isolated from Glc-incubated 
suspension-culture cells was used to construct a cDNA 
library by means of a cDNA synthesis kit (Pharmacia) 
according to the instructions of the supplier except for the 
use of a CL-4B Sepharose column for the separation of 

nonlinked adapters. The cDNA was cloned into AgtlO us- 
ing a commercial packaging kit (Promega). The library was 
screened using standard procedures (Sambrook et al., 1989) 
with the radiolabeled PCR fragment from plasmid pRR22/ 
4/34 coding for a putative extracellular invertase. Positive 
clones were subsequently purified and the EcoRI insert of 
one clone was subcloned into pUC19, resulting in plasmid 
pMB3. 

Sequencing 

Nucleotide sequencing using the dideoxy chain-termina- 
tion method (Sanger et al., 1977) was performed by using 
the Sequenase 2.0 kit (United States Biochemical) with 
subcloned fragments and custom-made oligonucleotide 
primers for sequencing of interna1 sequences. Sequence 
analysis was performed using the sequence analysis soft- 
ware package of the University of Wisconsin Genetics 
Computer Group (Devereux et al., 1984) on a VAX micro- 
computer. 

Northern Blot Analysis 

Northern blot hybridizations were performed as de- 
scribed by Sauer and Tanner (1989). lsolated DNA frag- 
ments used as hybridization probes were with [a-32P]dATP 
by oligolabeling (Feinberg and Vogelstein, 1983). 

RESULTS 

Activity of lntracellular and Extracellular lnvertases of 
Suspension-Culture Cells after Preincubation with Sugars 

The effect of mixotrophic growth on the activity of the 
different types of invertases in C. rubrum suspension-cul- 
ture cells was tested. A photoautotrophic culture was split 
into two parallel cultures in the late logarithmic growth 
phase. To one of the cultures 100 mM D-G~c was added and 
incubation was continued for 48 h. The second culture was 
maintained under photoautotrophic conditions and used 
as a control. The suspension-culture cells were homoge- 
nized by sonication and the homogenate was separated 
into a cytosolic supernatant fraction and a cell-wall frac- 
tion. The activity of acidic and neutral invertases was de- 
termined in the different fractions and is shown in Table I. 
The activity of both neutral and acidic invertases in the 
cytosolic fraction was very low (0.31-0.44 pg Glc h-’ mg-’ 
protein) and was not affected by preincubation with D-G~c. 
In the cell-wall fractions only an acidic invertase could be 
detected, and the activity of the cell-wall-bound acidic 
invertase was 5.7 times higher than that of the soluble 
acidic invertase in the corresponding cytosolic fraction. 
Preincubation in the presence of 100 mM D-G~c resulted in 
significantly increased activity of the apoplastic invertase; 
the activity was 2.2 times higher than in the photoautotro- 
phic control cells. In further experiments we tested the 
effect of preincubation with the substrate SUC. The activity 
was 3.5 times higher than in photoautotrophically main- 
tained control cells and thus exceeded the stimulation by 
Glc. To rule out nonspecific induction due to the osmotic 
effect of the sugars applied, the suspension-culture cells 
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Table 1. Activity of intracellular and extracellular invertases of C. rubrum suspension-culture cells 
and of different tissues of C. rubrum plants 

The results shown are the means of at least five independent experiments; SDS are given in 
parentheses. n.d., Not determined. 

Specific Invertase Activity 

Cell Type lntracellular Extracellular 

DH 4.5 DH 7.0 

pg Glc h- mg- ' protein 
Suspension culture cells 

Autotroph ic 0.401 (0.039) 0.331 (0.028) 1.902 (0.1 89) 
Glc" 0.442 (0.041) 0.31 3 (0.027) 4.184 (0.41 1 )  
SUC" n.d. n.d. 6.651 (0.614) 
Mannitola n.d. n.d. 2.205 (0.199) 

Plants 
Source leaves 0.078 (0.007) 0.062 (0.005) 0.1 15 (0.01 2)  
Stems 0.032 (0.003) 0.060 (0.006) 0.221 (0.021) 
Roots 0.078 (0.006) 0.098 (0.009) 3.420 (0.287) 

a The cells were incubated for 36 h with 1 O0 mM of D-Glc, SUC, or mannitol, respectively. 

were incubated in the presence of mannitol; Table I shows 
that the addition of 100 mM mannitol did not result in a 
significantly increased invertase activity. 

To further characterize the cell-wall-associated invertase 
from C. rubrum the cell-wall extract was treated with 1 M 

NaCl and 15 mM EDTA. By this incubation 85 to 95% of the 
activity could be released from the cell wall. The solubi- 
lized extracellular invertase was separated on a native 
polyacrylamide gel and visualized by an activity stain 
(data not shown). Under the experimental conditions used, 
the protein migrated to the anode, indicating that it has a pI 
above 8.0. The higher invertase activity after preincubation 
with Suc compared to photoautotrophically grown cells 
also was visible on the activity gel. 

Activity of lntracellular and Extracellular lnvertase in 
Different Tissues of C. rubrum Plants 

Since the activity of extracellular invertase of photoau- 
totrophic suspension-culture cells was affected by a shift to 
mixotrophic growth, we tested the activities of intracellular 
and extracellular invertases in source and sink tissues of C. 
rubrum plants. Fresh tissue was homogenized by grinding 
with a mortar and pestle, and the homogenate was sepa- 
rated into a cytosolic and a cell-wall fraction as described 
for the suspension-culture cells. 

Table I shows that the activity of both neutra1 and acidic 
invertases in the cytosolic fraction was low (0.032-0.098 
pg Glc h-' mg-' protein) and no significant difference was 
found in the different tissues analyzed. In the cell-wall 
fraction, only an acidic invertase could be detected, which 
thus showed a tissue-specific distribution. Whereas the 
activity was very low in source leaves, 0.115 pg Glc h-' 
mg-' protein, the activity was 1.9 times higher in stems 
and 30 times higher in roots. 

cDNA Cloning of an Extracellular lnvertase from 
C. rubrum and Sequence Analysis 

Degenerate oligonucleotide primers based on the two 
conserved amino acid motifs H(L/F)FYQYNP and (Y/ 

F)ASKTF(Y /F)D in the N-terminal part of extracellular 
invertase of carrot (Sturm and Chrispeels, 1990) and the 
intracellular invertases of mung bean (Arai et al., 1992) and 
tomato (Klann et al., 1992) were used to amplify cDNA 
sequences from C. rubrum suspension-culture cells. Ampli- 
fication by PCR resulted in the expected product of about 
700 bp. The PCR products were subcloned into pUC19 and 
preliminary characterization by restriction enzyme analy- 
sis using 4-bp-cutter enzymes revealed heterogeneity in the 
amplification product. Sequence analysis revealed three 
different types of sequences. Two of the nucleic acid se- 
quences were highly homologous (52% identity) and 
showed a high homology to cloned invertase cDNA se- 
quences. One of the nucleotide sequences (clone pRR22/ 
4/34) showed a higher homology to the extracellular carrot 
invertase (62% identity); the encoded protein is henceforth 
referred to as CINl. The other sequence (clone pRR22.25) 
had a higher homology to the two intracellular sequences 
(66 and 72%), and the encoded protein is referred to as 
CIN2. The third type of PCR product showed no significant 
homology to any sequence in the nucleic acid sequence 
data bases. 

The PCR fragment with the higher homology to extra- 
cellular invertase was used to screen a AgtlO cDNA library 
of C. rubrum. Of 10 positive clones, the largest cDNA insert 
was subcloned into pUC19 and sequenced. Since the 1.8-kb 
insert of the cDNA clone contained no poly(A) tail, the 
missing 3' noncoding sequences (16 bp) were cloned by 
anchored PCR using a cDNA-specific primer and an oli- 
go(dT) primer with cDNA as substrate as described in 
"Materials and Methods." 

The complete cDNA sequence and the derived amino 
acid sequence are shown in Figure 1. The cDNA sequence 
contains one open reading frame starting from nucleotide 
26 with an ATG start codon and ending at nucleotide 1743 
with a UUA stop codon. The putative translational start 
site is the only Met codon between a stop codon (UUA) 
close to the 5' end of the cDNA and the DNA sequence. In 
addition the -4 and -5 positions with respect to the Met 
codon are identical with the proposed consensus sequence 
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Figure 1. The nucleotide and deduced amino acid sequence of a 
cDNA of acidic invertase from C. rubrum. Deduced amino acids are 
shown in the one-letter code. The arrow shows a possible signal 
sequence cleavage site. The p-fructosidase motif (NVPNGPM) is 
underlined twice, and potential sites of N-glycosylation are under- 
lined by a single line. 

of start Mets in plants (Liitcke et al., 1987). The open 
reading frame encodes a polypeptide chain of 573 residues 
with a calculated molecular mass of 64.6 kD. 

In addition to the open reading frame, the cDNA also 
contains 25 bp of 5’ untranslated and 210 bp of 3’ untrans- 
lated sequence with a poly(A) tail. The consensus signal for 
polyadenylation AATAAA, which is usually located 10 to 
30 nucleotides upstream of the poly(A) tail, is lacking in the 
cDNA sequence. It might be replaced by the sequence 
AATTAAT, located 28 bp upstream of the poly(A) tail. 
Such a deviation from the consensus sequence theme has 
also been shown for severa1 other plant mRNAs (Heidecker 
and Messing, 1986). The N terminus of the deduced amino 
acid sequence shows typical characteristics of a cleavable 
signal sequence with a putative cleavage site at position 28 
(von Heijne, 1983). The protein sequence contains four 
potential glycosylation sites, and the calculated pI is 9.9. 

The deduced protein sequence of CINl has a high ho- 
mology to published invertase sequences. The dendrogram 
shown in Figure 2 shows that CINl is more closely related 
to the known extracellular invertases than to intracellular 
invertases. The identity with the extracellular invertase of 
carrot is 50.6% (66.4% homology; Sturm and Chrispeels, 

1990) and with the partia1 sequence of a putative extracel- 
lular invertase of potato it is 51.9% (69.2%; Hedley et al., 
1993). The homology to cloned intercellular invertases is 
much lower: the derived amino acid sequence of the cloned 
cDNA shows 40.8% identity (59.1 % homology) with the 
intracellular invertase from tomato (Klann et al., 1992) and 
44.9% identity (61.8% homology) with a soluble invertase 
from mung bean (Arai et al., 1992). 

A comparison of two of the highly conserved amino acid 
sequences among invertases is shown in Figure 3. CINl 
contains a modified P-fructosidase motif (NVPNGPM, Fig. 
3A) present in most of the cloned Suc-cleaving enzymes 
(Sturm and Chrispeels, 1990). The second highly conserved 
box is shown in Figure 3B. The thio group of the conserved 
Cys has been proposed to be important for the catalytic 
function of invertases (Hedley et al., 1993) and the amino 
acid that follows it seems to be characteristic for extracel- 
lular and intracellular invertases. A11 known extracellular 
invertases, including the CINl sequence, possess a Pro 
residue at this position, whereas in the plant intracellular 
invertases the prolin residue is substituted by a Val. 

Heterologous Expression of the Extracehlar lnvertase of 
C. rubrum 

To prove definitely that the cloned cDNA codes for an 
extracellular invertase, the invertase protein CINl was ex- 
pressed in the bakers‘ yeast S. cerevisiae. The cDNA coding 
for extracellular invertase was cloned in both sense and 
antisense orientations downstream of the plasma mem- 
brane ATPase promoter of S. cerevisiae in the yeast expres- 
sion vector pNEV-E (Sauer and Stolz, 1994), resulting in 
plasmids pRR32.02 and pRR32.05, respectively. The yeast 
strain SEY2102 (Emr et al., 1983), which carries a mutation 
in the endogenous invertase gene, was transformed with 
the different plasmid constructs and both intracellular and 
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Mungbean, aoluble (6) 

Tomato vacuolar (2) 

Potato. lntrac. (9) 

Carrot, soluble (5) 

Chenopodlum CIN2 (7) 

Chenopodlum ClNl (6) 

Potato, extrac. (10) 

Carrot, extrac. (3) 

Arabldopsls, extrac. (1) 

Zymomonas (11) 

Figure 2. Phylogenetic relation of C lN l  and CIN2 to other cloned 
plant invertases and the invertase from Zymomonas. The dendrogram 
was generated by comparison of the deduced amino acid sequences 
by the PILEUP program of the University of Wisconsin Genetics 
Computer Croup sequence analysis software package (Devereux et 
al., 1984). Sources: 1, Schwebel-Dugue et al., 1994; 2, Elliot et al., 
1993; 3, Sturm and Chrispeels, 1990; 4, Unger et al., 1994; 5, EMBL 
accession No. X67163; 6, this work, EMBL accession No. X81792; 7, 
this work, EMBL accession No. X81793; 8, Arai et al., 1992; 9, EMBL 
accession No. X70368; 1 O, Hedley et al., 1993; 11, Yanase, 1991. 
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Mungbean, soluble ( 8 )  ........ GTG.M WECVD PPPVB KKN....... .......... 0.1 WECVD FYPV. .... E..... 
POtatO, eXtraC. (10) .......... 0.. WECPD FFPVL LHO....... 
POtatO, EXtraC. (11) .......... GN. WECPD PPPV. .... E..... 
Tomato, VaCUOlar (12) .......... G.M WSCVD PYPVS TK........ 
XpoI~oI~as, Soluble (13) ............ M I’ WECPD PP..S L......... 

Carrot, sxtrac. (3) 
Carrot, soluble ( 4 )  
carrot, soluble (5) 

Potato, intrac. (9) 

U 

Figure 3. Comparison of highly conserved regions of the deduced 
amino acid sequence of CIN1 and CIN2 with those of other plant 
invertases and a n  invertase of Zymomonas. The amino acid se- 
quences are in the one-letter code and have been aligned by intro- 
ducing gaps ( .  . .  ) to maximize identity using the LINEUP and 
PRETTY program of the University of Wisconsin Genetics Computer 
Group sequence analysis software package (Devereux et al., 1984). 
References for the various invertase sequences are given in the 
legend of Figure 2. The numbers refer to the positions of the corre- 
sponding amino acids in the sequence of cell-wall invertase of carrot 
(Sturm and Chrispeels, 1990). A, Region containing the p-fructosi- 
dase motif (boxed). B, Region containing a Cys residue important for 
catalytic activity of invertases (Sturm and Chrispeels, 1990). The 
highly conserved region is boxed and the position following the 
Cys residue, conserved within the extracellular and intracellular 
invertases, is marked by an arrow. extrac., Extracellular; intrac., 
intracellular. 

extracellular invertase activities of the transformed yeast 
cells were determined. Yeast strain DBY 746, expressing 
intracellular and extracellular yeast invertase, was used as 
a positive control. Table I1 shows that in the yeast strain 
SEY2102, when the yeast was transformed with plasmid 
pRR3202 but not with plasmids pRR3205 and pNEV-E, 

both an intracellular and extracellular invertase activity 
could be measured. The measured extracellular invertase 
activity was significantly lower. It remains to be deter- 
mined whether the signal sequence of the plant extracellu- 
lar invertase does not function properly in yeast or whether 
the heterologous protein is trapped within the yeast secre- 
tory pathway. 

Expression of Extracellular lnvertase under Autotrophic 
and Mixotrophic Culture Conditions 

To address the question of whether the higher activity of 
extracellular invertase after preincubation with D-G~c or 
Suc is due to an induction of the corresponding gene, we 
carried out a northern blot analysis. Total RNA was iso- 
lated from a photoautotrophic culture and a culture that 
was preincubated in the presence of 100 mM of D-G~c, Fru, 
or Suc for 48 h. The RNA was probed with the radiolabeled 
1.8-kb cDNA insert of pMB3. After preincubation in the 
presence of 100 mM D-G~c, Fru, or Suc, a transcript of about 
2.0 kb could be demonstrated (Fig. 4A). In contrast, in the 
autotrophic culture, only a very low leve1 of this specific 
transcript could be detected (visible only after overexpo- 
sure of the x-ray film). 

To control for the effects of osmotica on extracellular 
invertase expression, suspension-culture cells were incu- 
bated in equivalent molarities of mannitol. Preincubation 
in the presence of 100 mM mannitol induces expression of 
extracellular invertase, although induction by Glc, Fru, or 
Suc is much higher (Fig. 4A). 

Characterization of the lnduction of Extracellular 
lnvertase by Sugars 

In further experiments, the nature of induction of extra- 
cellular invertase by D-G~c was determined more precisely. 
To study the kinetics of induction by Glc, 100 mM Glc was 
added to photoautotrophically grown cells, and samples 
were removed at different time intervals. Expression of 
extracellular invertase could already be detected after 1 h 
and increased up to 48 h (Fig. 4B). 

The minimal Glc concentration necessary to induce ex- 
pression of intracellular invertase was determined by in- 
cubating the suspension-culture cells in the presence of 
increasing concentrations of D-G~c. The cells were incu- 
bated for 12 h, which was shown to be sufficient time to 

Table II. Expression of extracellular invertase from C. rubrum in S. cerevisiae 
Specific lnvertase Activity 

Strain 
intracellular Extracellular 

pg Glc h-’ mg-’ protein 
SEYZlOZ(pRR32.02) 1.61 (0.08) 0.63 (0.03) 
SEY2102(pRR32.05) 0.01 (0.00) 0.0 (0.0) 
SEY21 OZ(pNEV-E) 0.00 (0.00) 0.0 (0.0) 
DBY746 1.16 (0.05) 0.95 (0.04) 
DBY746, derepressed” 1.46 (0.07) 290.1 (14.3) 

a Strain DBY was derepressed for expression of extracellular yeast invertase as described by Schauer 
et al. (1985). The results shown are the means of three independent experiments; SDS are given in 
parentheses. 
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Figure 4. Northern blot analysis of total RNA from suspension-
culture cells of C. rubrum. RNA (25 /u.g) was separated by formalde-
hyde-agarose gel electrophoresis, blotted onto nitrocellulose filters,
and probed with radiolabeled cDNA coding for extracellular inver-
tase (CIN1) from C. rubrum. A, Effect of different sugars and mannitol
on CIN1 expression. The cells were grown photoautotrophically (1)
or incubated for 48 h with 100 mM mannitol (2), D-GIc (3), Fru (4), or
Sue (5). B, Time course of CIN1 expression after addition of 100 mM
D-GIc. Samples were removed after 0 h (1), 1 h (2), 12 h (3), 24 h (4),
and 48 h (5). C, Influence of different Glc concentrations and man-
nitol on CIN1 expression. The cells were grown photoautotrophically
(1) or incubated for 12 h with 5 mM (2), 10 mM (3), 20 mM (4), 50 mM
(5), or TOO mM (6) D-GIc or 20 mM mannitol (7). D, Effect of
6-deoxyglucose on the expression of CIN1. Cells were grown pho-
toautotrophically (1) or incubated for 24 h with 30 mM mannitol (2),
6-deoxyglucose (3), or D-GIc (4).

induce expression of extracellular invertase. As shown in
Figure 4C, 20 mM Glc is sufficient to induce the gene for
extracellular invertase and increasing concentrations of Glc
do not give rise to a higher mRNA level. Incubation with 20
mM mannitol for 12 h had no effect on the expression of
extracellular invertase.

To analyze whether Glc or some metabolite of Glc in-
duces the expression of extracellular invertase we preincu-
bated autotrophic suspension-culture cells with the non-
metabolizable Glc analog 6-deoxyglucose. Figure 4D shows
that 6-deoxyglucose, which cannot be phosphorylated, in-
duces expression of extracellular invertase to a level com-
parable to the induction observed in the presence of D-Glc.
The control incubation with mannitol rules out a nonspe-
cific osmotic effect on CIN1 expression.

Tissue-Specific Expression of Extracellular Invertase

Expression of extracellular invertase (CIN1) mRNA in
different tissues from C. rubrum was compared on a north-
ern blot of total cellular RNA (Fig. 5). Probing of the blot
with the radioactively labeled insert of cDNA clone pMB3
revealed that the transcript for extracellular invertase could
be detected only in roots and not in mature leaves and
stems.

DISCUSSION

The complete cDNA coding for a putative extracellular
invertase (CIN1) from C. rubrum has been cloned and se-

quenced. The derived protein sequence has a higher ho-
mology to cloned extracellular invertases than to intracel-
lular invertases. Other characteristic properties of
extracellular invertases are a leader sequence, specific se-
quence elements, and a high pi. The structural homology
was proven by functional expression of the cDNA in S.
cerevisiae. In addition, the expression pattern of the corre-
sponding gene correlates only with the activity of the ex-
tracellular enzyme in the two different systems analyzed,
sugar-treated suspension-culture cells and different tissues
of intact plants. The extracellular invertase activity of C.
rubrum could be related to a protein with a high pi ionically
bound to the cell wall. These observations strongly suggest
that the cloned cDNA encodes the extracellular invertase of
C. rubrum.

Photoautotrophic suspension cultures were used as a
model system to analyze the effect of mixotrophic growth
on the expression of extracellular invertase. The higher
enzyme activity of cell-wall-bound extracellular invertase
in the presence of 100 mM Glc and Sue was paralleled by an
increased expression of the corresponding gene. Control
experiments using mannitol ruled out a nonspecific induc-
tion due to the osmotic effect of the sugars applied. The
observed induction of extracellular invertase suggests that
the sugars are not only the carbon source for heterotrophic
growth but also function as inducers of enzymes of hetero-
trophic metabolism. This supports the increasing evidence
for a central role of hexoses or Sue in the control of meta-
bolic enzymes in algae (Hilgarth et al., 1991) and higher
plants (Williams et al., 1992). Whereas photosynthetic en-
zymes and Chl synthesis are repressed (Sheen, 1990; Krapp
et al., 1991; Schafer et al., 1992), cytoplasmic enzymes in-
volved in sink metabolism were shown to be induced in
response to sugars. Induction of metabolic enzymes by
hexoses or Sue has been reported for Sue synthase (Sala-
noubat and Belliard, 1989), ADP-Glc pyrophosphorylase
(Miiller-Rober et al., 1990), and granule-bound starch syn-
thase (Visser et al., 1991). To our knowledge, this is the first

1 2 3

Figure 5. Northern blot analysis of total RNA from different tissues
from C. rubrum plants. RNA (25 /j,g) was separated by formaldehyde-
agarose gel electrophoresis, blotted onto nitrocellulose filters, and
probed with radiolabeled cDNA coding for extracellular invertase
from C. rubrum. RNA was isolated from source leaves (1), stems (2),
and roots (3).



292 Roitsch et al. Plant Physiol. Vol. 108, 1995 

report that shows that extracellular invertase is also a 
member of the family of enzymes of heterotrophic metab- 
olism that are coordinately induced by sugars. It has been 
reported that heterotrophically grown carrot suspension 
cultures contain high levels of mRNA for extracellular 
invertase (Sturm and Chrispeels, 1990), which is in agree- 
ment with our data that Glc, Fru, and SUC induce the 
corresponding gene in C. rubrum. The incubation of pho- 
toautotrophic cells in the presence of 20 mM Glc for 12 h 
was shown to be sufficient to induce the expression of 
extracellular invertase. The finding that the level of tran- 
scription is not further elevated by higher Glc concentra- 
tions may indicate that sink metabolism is fully induced 
above a certain sugar concentration. The concentration of 
20 mM is the approximate sugar concentration measured in 
the apoplast of bean stems (3-100 mM, Patrick, 1990), which 
supports the physiological role of the observed induction 
of extracellular invertase by sugars. 

The activities of both neutra1 and acidic intracellular 
invertases were not affected by preincubation of autotro- 
phic cultures with sugars, nor did they show a tissue- 
specific distribution in plants. The activities were consid- 
erably lower than the activity of the extracellular 
invertase. The observed differential regulation of the ac- 
tivity of the two acidic invertases supports protein data 
(Fahrendorf and Beck, 1990) that the intracellular form is 
not the precursor of the cell-wall-bound extracellular 
isoenzyme. 

The effect of induction of extracellular invertase by Glc 
could be mimicked by the nonmetabolizable Glc analog 
6-deoxyglucose. This observation indicates that Glc and not 
one of its metabolites is the primary signal that interacts 
with a putative receptor involved in signal transduction 
and ultimately results in transcriptional activation of the 
corresponding gene. Although induction by a Glc analog 
has not yet been reported for any other enzyme under 
metabolic control, our finding that a Glc-induced SUC syn- 
thase from C. rubrum is also induced by 6-deoxyglucose 
supports the proposed model (D.E. Godt and T. Roitsch, 
unpublished observations). These data also suggest that 
the strong effects of Suc on enzyme activity and expression 
level result from hydrolysis of SUC and transcriptional ac- 
tivation by the cleavage product Glc. This is supported by 
measurements of the Glc concentration in the medium after 
the addition of SUC. We have determined a Glc concentra- 
tion of 20 and 50 mM after 12 and 48 h, respectively, which 
was shown to be sufficient for transcriptional activation of 
extracellular invertase expression. Since most plant tissues 
possess highly active extracellular invertases, Suc is usu- 
ally cleaved in the apoplast. Thus, hexoses, rather than SUC, 
also may be the actual signal in systems in which induction 
by Suc has been reported (Salanoubat and Belliard, 1989; 
Miiller-Rober et al., 1990). Incubation in the presence of SUC 
resulted in a markedly greater effect on enzyme activity 
compared to hexose, whereas the resulting mRNA levels 
were the same. This observation indicates that, in addition 
to the transcriptional activation via the cleavage product 
Glc as discussed above, a positive effect of the invertase 
substrate, SUC, on enzyme activity has to be assumed. 

In addition to the specific induction by Glc, the expres- 
sion of extracellular invertase is nonspecifically induced by 
high mannitol concentrations, although to a much lower 
extent. Whereas the incubation in the presence of 20 mM 
mannitol for 12 h did not result in higher mRNA levels, a 
significant induction was observed when using 100 mM 
mannitol for 48 h. A possible explanation is a nonspecific 
effect of the high osmotic value. Alternatively, the effect 
may be related to uptake of this sugar alcohol. For other 
plant species a slow mannitol uptake has been demon- 
strated (Cram, 1984), which could explain the effect at high 
concentrations and long incubation times. 

When the extracellular invertase is active, Suc is hydro- 
lyzed into the hexose monomers. Thus, the transmembrane 
Suc gradient between phloem sap and cell wall is increased 
to drive phloem unloading of Suc into the apoplast. A high 
extracellular invertase activity increases carbohydrate 
transport to sink organs and thus may increase sink 
strength, as has also been proposed by other authors 
(Morris, 1982; Ho, 1984). According to the proposed mech- 
anism, the observed specific expression in sink organs of C. 
rubrum plants suggests that extracellular invertase may 
contribute to carbohydrate partitioning between source 
and sink tissue. Both enzyme activity and level of mRNA 
were higher in roots than in leaves and stems. The identi- 
fication of a transcriptionally regulated apoplastic inver- 
tase in C. rubrum agrees with the model of Eschrich (1980, 
1989) for phloem unloading. It has been proposed that a 
nonregulated Glc uptake system in addition to a regulated 
invertase is responsible for apoplastic phloem unloading. 
The data show that extracellular invertase is under dual 
control; the expression of the corresponding gene is regu- 
lated by sugars, as shown above, and the enzyme activity is 
regulated by the pH of the apoplast fluid, as originally 
proposed. The hexose monomers will then be taken up into 
the cytoplasm of the sink cells by a family of high-affinity 
Glc uptake proteins, which are tissue-specifically ex- 
pressed (Sauer and Tanner, 1993) and not regulated by 
sugars (Roitsch and Tanner, 1994). The observed induction 
of extracellular invertase by sugars suggests that the higher 
hexose concentration due to Suc hydrolysis further induces 
invertase expression in the sink cells (feed-forward 
regulation). 

Based on the finding that mRNA levels were elevated as 
early as 1 h after the photoautotrophic cultures were 
shifted to mixotrophic growth, it may be proposed that 
extracellular invertase is involved in the process of source 
to sink transition. The assumption that cell-wall-bound 
invertase may have a role in establishing metabolic sinks is 
further supported by the following facts: (a) Gradients of 
cell-wall-bound invertase are found around tumors in- 
duced by Agrobacterium tumefaciens (Weil and Rausch, 
1990); (b) the increased hexose contents due to overexpres- 
sion of the heterologous yeast invertase in transgenic to- 
bacco, Arabidopsis, and tomato (van Schaewen et al., 1990; 
Dickinson et al., 1991) resulted in the induction of sink 
metabolism in source leaves (Stitt et al., 1990); (c) in the 
systems with apoplastic phloem unloading, invertase ac- 
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tion is the first enzymatic s tep of metabolism of incoming 
Suc in sink organs. 

In plants sink to  source transitions usually occur, 
whereas in the experiments reported the transition in  the 
opposite direction has been analyzed. However, the data  
presented i n  this paper show that the photoautotrophic 
suspension cultures of C. rubrum shifted to  mixotrophic 
growth by adding  Glc are an appropriate model system in 
which to  analyze the regulation of source-sink transitions 
i n  higher plants. The stimulation of expression of ClNl 
after a shift to  mixotrophic growth i n  the suspension cul- 
tures is in  agreement with its specific expression in sink 
tissues. In addition, observations from other laboratories 
also support  the use of C. vubrum suspension-culture cells 
to s tudy sink-source regulation (Schafer et al., 1992; Krapp 
et  al., 1993). 

Although there is growing evidence that a number of 
enzymes involved in sink metabolism are  coordinately reg- 
ulated by hexoses, it remains t o  be determined which of the 
enzymes under metabolic control is limiting sink strength. 
Overproduction of the limiting enzyme under control of 
the appropriate tissue-specific promoters could be  applied 
to  specifically increase sink strength of storage sinks such 
as fruits or taproots and thus increase the yield of harvest- 
able sink organs. 
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