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Putative pyrophosphate phosphofructose
1-kinase genes identified in sugar cane may
be getting energy from pyrophosphate
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ABSTRACT. Pyrophosphate-dependent phosphofructokinase (PPi-
PFK) has been detected in several types of plant cells, but the gene has
not been reported in sugar cane. Using Citrus paradisi PPi-PFK gene
(AF095520 and AF(095521) sequences to search the sugar cane EST
database, we have identified both the o and 3 subunits of this enzyme.
The deduced amino acid sequences showed 76 and 80% similarity with
the corresponding o and B subunits of C. paradisi. A high degree of
similarity was also observed among the PFK [3 subunits when the align-
ment of the sugar cane sequences was compared to those of Ricinus
communis and Solanum tuberosum. It appears that oo and B are two
distinct subunits; they were found at different concentrations in several
sugar cane tissues. It remains to be determined if the different gene
expression levels have some physiological importance and how they af-
fect sucrose synthesis, export, and storage in vacuoles. A comparison
between the amino acid sequences of B PFKs from a variety of organ-
isms allowed us to identify the two critical Asp residues typical of this
enzyme’s activity site and the other binding sites; these residues are
tightly conserved in all members of this protein family. Apparently, there
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are catalytic residues on the B subunit of the pyrophosphate-dependent
enzyme.

Key words: Pyrophosphate phosphofructose 1-kinase, Sugar cane, ATP,
Sucrose, Sucrose synthase, PPi-PFK

INTRODUCTION

The timing of the highest levels of sucrose storage in mature sugar cane internodes is of
utmost importance for yield performance; it is also a signal for the harvest time. However,
sucrose storage in vacuoles is preceded by an intense requirement for metabolic energy, which
is mainly provided by sucrose coming from the green leaves. Recently, in addition to the well-
known essential role of soluble sugars in metabolism, they have also been recognized as signal
molecules (Sheen et al., 1999), regulating sugar-responsive gene expression (Koch, 1996;
Smeekens, 1998; Gibson and Grahan, 1999; Gibson, 2000). Absorbing sunlight energy, produc-
ing sugars, and sensing a variety of chemical signals (Braam et al, 1997), the higher plants
perceive and react accurately to all external environmental stimuli, leading to rapid adjustment
of growth according to environmental conditions (Ikeda et al., 1999; Yu, 1999). There is an
interrelationship between morphogenesis, environment, and sugar metabolism (Sattler and Rutis-
hauser, 1997). The great variety of biochemical reactions that comprise the synthesis of sucrose
and its assimilation into the plant tissues essentially depends on the activities of the enzymes:
fructose-1,6-biphosphatase (E.C.3.1.3.11) and sucrose phosphate synthase (E.C.2.4.1.14). But
they are not the only relevant enzymes in this process. The enzyme, pyrophosphate-fructose 6-
phosphate 1-phosphotransferase (PPi-PFP) (E.C.2.7.1.90), previously described in sugar-cane
tissues (Lingle and Smith, 1991), seems to play a crucial role at the regulatory site in plant
carbohydrate metabolism (Heldt, 1997). This might be a key part of the process by which plants
adjust their growth as a function of sucrose synthesis, export, import, and utilization.

Since PPi-PFP is able to accept PPi as a phosphoryl donor, apparently cytosolic pyro-
phosphate (the supposed cellular by-products), normally found at high concentrations (up to 0.3
mM) in plant cells (Stit, 1990), can mimic the ATP molecule. In addition, it has also been shown
that the reaction catalyzed by this enzyme is thermodynamically fully reversible, allosterically
modulated (Nielsen, 1995), and should be able to replace both ATP-PFK and FBPase in their
typical counter-reaction. Thus, based on strong evidence, it is thought that PPi-PFP is able to
provide additional economy of ATP in glycolysis reactions (Plaxton, 1996), and as it modulates
the mass diversion of sugar phosphates in plant growth metabolism, this enzyme has an impor-
tant effect on sugar cane yield.

Although PPi-PFP has been identified in a number of plants (Carlisle et al., 1990; Cheng
and Tao, 1990; Nielsen, 1995; Theodorou and Plaxton, 1996; Farré et al., 2000) and in microor-
ganisms (Nadkarni et al., 1984; Heinisch et al., 1989; Deng et al., 1998; Rodicio et al., 2000; Chi
etal., 2001), its physiological role is still unclear.

Early studies have revealed a wide variation in PPi-PFP protein motifs, which vary
from small ones, consisting of dimeric forms with a 60-kDa subunit, found in wheat seedlings
(Yan and Tao, 1984), to other forms of complex tetrameric proteins consisting of two o and two
[ subunits that have also been identified in wheat seedlings (Yan and Tao, 1984), potato tubers
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(Kruger and Denis, 1987), barley seedlings (Nielsen, 1995), and heterooctameric forms com-
posed of four o and four 3 subunits in yeast cells (Heinisch et al., 1989; Rodicio et al., 2000),
and Brassica nigra cells (Theodorou and Plaxton, 1996).

The PP -PFP gene has been cloned and sequenced (Heinisch et al., 1989), providing a
basis to identify this gene and to compare the amino acid sequences of both subunits of this
enzyme. We examined the cDNA sequence of PPi-dependent phosphofructokinase in a sugar
cane EST database, based on gene homology with other crops.

MATERIALAND METHODS

Nucleotide sequence of the pfp gene

Identification of PPi-dependent phosphofructokinase (PPi-PFK or PFP, E.C.2.7.1.90)
o (regulatory) and [ (catalytic) gene subunits was made using a database generated by se-
quencing several different cDNA libraries from the Sugarcane Genome Project (SUCEST),
using the amino acid sequence from PPi-dependent phosphofructokinase in Citrus paradisi
(GenBank accession numbers AF095520 and AF095521).

Processing and annotation

Database search for a similar nucleotide sequence was performed by running the
tBLASTX program (Altschul et al., 1997, without filter) on the nonredundant nucleotide se-
quence database from the National Center for Biotechnology Information (NCBI), GenBank,
compared with the Sugarcane EST Program (SUCEST) database. The resulting top match
clusters with e-values 1 or better and 70% identity or better were selected.

Following submission, the hits with good quality and similarity were used as queries for
another search back to the NCBI database, in order to determine clone identity and to find
possible matches.

RESULTS

Although over 15 clusters each were detected when PPi-dependent phosphofructoki-
nase o and B subunits were used for the search, only about 30% gave e-values over 1°. By
analyzing these, it was found that some clusters were highly similar to the N-terminal portion of
the sequences, and are probably full-length cDNAs, although their complete nucleotide se-
quences are not available at this time.

Two clusters similar to the N-terminal portion of the gene pyrophosphate-dependent
phosphofructokinase for the oe and B PFP-subunits considered to be catalytic (Wang and
Shi, 1999) were chosen from the EST database. These were SCCCCL3001B07 and
SCCCCL4011HO08, respectively. Both clusters cover over 77% of the message, which gives a
good degree of confidence for gene identity.

These clusters were composed of the alignment of several readings from different
clones isolated from various libraries. A wide distribution of these readings among different
libraries was observed for both clusters (Figure 1A and B). Clones for the oo PFK subunit were
detected more frequently in roots and calluses, although they also appeared at a lower fre-
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quency in other libraries (Figure 1A). For instance, the clones that express the B subunit were
detected at a higher frequency in most of the libraries, when compared to the o subunit from
stem tissue clones for this specific gene, although they appeared in roots, flowers, calluses, stem
bark, and roots at similar frequencies (Figure 1B).
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Figure 1. Percentage of readings distributed by libraries of clusters for oo (A) and B (B) subunit of pyrophosphate
phosphofructokinase from sugar cane.

RT, root; CL, callus; ADI1, plantlets infected with Acetobacter diasotrophicans;, LB1, lateral bud; ST1, first internode;
ST3, fourth internode; SB1, stem bark; RZ1, leaf-root transition zone of plants; RZ3, leaf-root transition zone of
immature plants; HR1, plantlets infected with Herbaspirillum rubrisubalbicans; FL1, flowers with 1 cm; FL3, flowers
with 5 cm; FL4, flower stem with 20 cm; FLS, flowers with 20 cm; FL8, flower stem with 10 cm; LR1, leaf roll; AMI,
apical meristem of mature plants; AM2, apical meristem of immature plants; SDI, seeds.

The predicted amino acid sequences of the PFK [ subunit of the EST cluster was
compared to the predicted amino acid sequence of R. communis (Genbank: Q41141), Citrus
paradisi (Genbank: AF095520) and Solanum tuberosum (Genbank: P21343) (Figure 2). The
comparison reveals the existence of active and ligand sites that are highly conserved in all
members of the PPi-PFK protein family.
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SCCCCL4011HO8 AVTSNGGAVAANGGPAPGRLASVYSEVQTNRLLHALPLPSVLRSNFSVVDGPASSAAGNP
AF095520 SLVANADLSPVTSGTVKGRVASVYSELQTSRIDHALPLPSVLKNPFKIVDGPASSAAGNP
041141 .MATPNSGRAASVYSEVQSSRIEHVLPLPSVLNHPFKIVQGPPSSAAGNP
P21343 .XQVSGHRRYAAVYSEVONSRLDHPLPLPSVLGSPFKVVDGPPSSAAGHP
SCCCCL4011H08 DEIAKLFPNVFGQPSVSLVPAAEPA--ATRPLKVGVVLSGGQAPGGHNVICGIFDYLQER
AF095520 DEIAKLFPNLFGQPSALLVPNGADAVRSDEKLKIGVVLSGGQAPGGHNVISGIYDYLQDR
041141 DEIAKLFPNLFGQPSAMLVPDVADSLDSNQQLKIGLVLSGGQAPGGHNVISGIFDYLQDR
P21343 EEIAKLFPSLYGQPHVSLVPDDSGDVAMNQILKIGVVLSGGQAPGGHNVISGIFDYLQTH
SCCCCL4011HO8 AKGSTLYGFKGGPAGIMKCKYVELTSDFVYPYRNQGGFDMICSGRDKIETPEQFKQAEDT
AF095520 AKGSVLYGFRGGPAGIMKCKYVELTSNYIYPYRNQGGFDMICSGRDKIETPEQFKQATET
041141 AKGSILYGFRGGPAGIMKCNYVQLTADYIHPYRNQGGFDMICSGRDKIETPEQFKQAEET
P21343 CKGSTMYGFRGGPAGVMKGKYVVLTPEFIYPYRNQGGFDMICSGRDKIETPEQFKQAEET
SCCCCL4011H08 ANKLDLDGLVVIGGDDSNTNACLLGEYFRSRNMKTRVIGCPKTIDGDLKCKEVPTSFGED
AF095520 AVKLDLDGLVVIGGDDSNTNACLLAEHFRSKNLKTLVMGCPKTIDGDLKCKEVPASFGEFD
041141 AGKLDLNGLVVIGGDDSNTNACLLAENFRSKNLKTRVIGCPKTIDGDLKCKEVPTSFGEFD
P21343 AKKLDLDGLVVIGGDDSNTNACLLAENFRSKNLKTRVIGCPKTIDGDLKSKEVPTSFGEFD
SCCCCL4011HO8 TACKIYSEMIGNVMTDARSTGKYYHFVRLMGRAASHITLECALQTHPNAALIGEEVAAKK
AF095520 TACKIYAEMIGNVMIDARSTGKYYHFVRLMGRAASHITLECALQTHPNITIIGEEVAAKK
041141 TACKIYSEMIGNVMIDARSTGKYYHFVRLMGRAASHITLECALQTHPNITIIGEEVAAKK
P21343 TACKIYAEMIGNVMIDARSTGKYYHFVRLMGRAASHITLECALQTHPNVTLIGEEVFAKK
SCCCCL4011H08 QTLKNVTNYITDIICKRADLGYNYGVILIPEGLIDFIPEVQKLIAELNEILAHDVVDEAG
AF095520 QTLKNVTDYIVDIICKRAELGYNYGVILIPEGLIDFIPEVQQLIAELNEILAHEVVDEGG
041141 LALKDVTDYIVDVICKRADLGYNYGVILIPEGLIDFIPEVQNLIAELNEILAHDVVDEGG
P21343 LTLKNVTDYIADVVCKRAESGYNYGVILIPEGLIDFIPEVQQLIAELNEILAHDVVDEAG
SCCCCL4011HO8 AWKSKLQPESKELFEFLPKTIQEQLMLERDPHGNVQVAKIE .

AF095520 QWKKKLTKQSLQLFEFLPQAIQEQLMLERDPHGNVQVAKIE .

041141 LWKKKLTSQSLQLFEFLPVAIQEQLMLERDPHGNVQVAKIE .

P21343 VWKKKLTPQCLELFELLPLAIQEQLLLERDPHGNVQVAKIE.

Figure 2. The alignment of the predicted amino acid sequence of the PPi-PFP beta subunit of clusters SCCCCL4011H08
(EST sugar cane), Citrus X paradisi (Genbank: AF095520), Ricinus communis (Genbank: Q41141) and Solanum tubero-
sum (Genbank: P21343). The residue sequences of the active site and the ligands that are highly conserved (GGDD;
TIDGD: MGR; R) in all PPi-PFPB are shown in bold.

DISCUSSION

PPi-PFK is widespread in almost all organisms, from bacteria to higher eukaryotes, and
its genomic sequences have been cloned and sequenced, providing a basis for sequence com-
parisons between different organisms. The amino acid comparison between the clusters found
in the search with pyrophosphatase-dependent phosphofructokinase o and 3 subunits revealed
open reading frames (ORFs) with similarities in the N-terminal portion of the protein region,
showing that we were able to detect full-length cDNA of this enzyme’s o and B subunits. The
categorization group designed from the SUCEST program has already categorized these clus-
ters as part of C-compound and carbohydrate metabolism.

Even though the PPi-PFK amino acid sequence is not 100% identical, the residues
involved in the active site and the ligands are largely conserved (Heinisch et al., 1989; Deng et
al., 1998; Rodicio et al., 2000). The high degree of similarity of these sites allowed us to identify
the residues of these catalytically important amino acids. The two aspartic acid residues (Figure
2) found within the TIDGD sequence (residues 246-250) are highly conserved in the active site

Genetics and Molecular Research 2 (4): 376-382 (2003) www.funpecrp.com.br



PP -dependent PFK putative genes in sugar cane 381

in all members of this superfamily of PPi-dependent PFKs (Deng et al., 1998). In addition, the
sequence comparison of PPi-PFKs also shows that the arginine found at position 412 (Figure 2)
is an essential binding site for the fructose 6-phosphate in all PPi-PFKs. The other sequence
that is highly conserved in all PPi-PKFs is GGDD (Figure 2), found at position 216-220
(Arvanitidis and Heinisch, 1994; Raben et al., 1995; Deng et al., 1998). Another interesting
finding of this sequence was the absence of the sequence GGED, suggesting that ATP is not an
allosteric inhibitor of this enzyme. In addition, the differentiated expression of the enzyme’s
and 3 subunits in the different tissues of sugar cane (see Figure 1) may be an important
physiological mechanism for the modulation and regulation of PPi-PFK during the process
of in vivo sugar synthesis and storage. A similar argument has been used by Theodorou
and Plaxton (1996), when they analyzed the expression of the enzyme’s o and 3 subunits
in Brassica nigra.

From the evidence that the enzyme’s o and B subunits may be present both in photo-
synthesizing and non-photosynthesizing tissues in sugar cane plants (Figure 1) and from the
previous experimental results suggesting PPi-PFP activity in the sugar cane internodes (Lingle
and Smith, 1991), it appears that this enzyme regulates the most critical branching point of sugar
phosphate metabolism. The role of PPi-PFP appears to be to obtain energy from the PPi bond
(the supposed cellular by-products), giving a considerable gain of energetic yield compared to
the classical glycolysis model (Plaxton, 1996). In addition, PPi-PFK may be involved in impor-
tant metabolic adaptations by which sugar cane can overcome environmental stresses during
seasonal development. Though we now know that PPi-PFK is in sugar cane, and we have
information about the location of enzyme ligands and of critical amino acid residues involved in
its active site, we still do not know if these enzymes are expressed in vivo. Work in this direction
is now in progress in our laboratory.
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