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Two independent cDNA clones encoding fructose 6-phosphate,2-kinase/fructose 2,6-bis-
phosphatase were isolated from a human placental cDNA library. The deduced amino acid
sequences showed that one of the clones, 2K-1, was almost identical to the rat testis isozyme
and the other, 2K-3, was different from any known isozymes expressed in mammalian
tissues. The results of Southern blot analysis suggested that clones 2K-1 and 2K-3 were
encoded as single copy genes and located in different parts of the genome. Since open reading
frames of the cDNA clones were not complete, we obtained the 5'-end of the clone 2K-3 cDNA
using the 5'-rapid amplification of cDNA end method. The entire cDNA (HP; 1,756 bp) had
a coding capacity of 519 amino acids (M;=59,410), and putative phosphorylation sites for
protein kinases A and C on the C terminus. Northern blot analysis using a fragment of the
HP as a probe showed that a major band of 5.4 kb, significantly different in size from known
isozyme mRNAs such as liver (2.1 kb), muscle (1.9 kb), heart (4.0 kb), and testis (2.0 kb),
was present in poly(A)*RNA preparations of human first trimester and term placentae.
These results strongly suggested that this 5.4 kb mRNA codes a novel isozyme of fructose
6-phosphate,2-kinase/fructose 2,8-bisphosphatase.

Key words: cDNA cloning, human placental fructose 6-phosphate,2-kinase/fructose 2,6-
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The bifunctional enzyme fructose 6-phosphate,2-kinase
(EC2.7.1.105] /fructose 2,6-bisphosphatase ([EC 3.1.3.46]
(Fru6P2-kinase/Fru2,6BPase) catalyzes the synthesis and
hydrolysis of fructose 2,6-bisphosphate, which is the most
potent activator of phosphofructokinase (1), a key regu-
latory enzyme of glycolysis. There are several Fru6P2-ki-
nase/Fru2,6BPase isozymes that differ in tissue distribu-
tion. The importance of the enzyme for the regulation of
phosphofructokinase activity (and glycolysis) has been
established in different tissues in various animals, includ-
ing rat and human liver (2-5), rat skeletal muscle (6, 7),
bovine heart (8), and rat testis (9).

The placenta is unique as an organ in that it has some of
the characteristics of the liver, of the intestinal mucosa, of
the lung, of the kidney, and the endocrine gland, and it
differentiates and grows from embryonic tissue to reach
maturity in a period of only months in human (10). The
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placenta is not only active and selective in its transfer of
substances essential to the development of fetus, but also
able to modify molecules of maternal, fetal and external
origin. The placenta has a distinct metabolic identity. The
human placenta has a high glycogen content and a high
glucose-6-phosphate content early in pregnancy, but both
of these decline toward term. Moreover, the placenta
utilizes much glucose, about a third of all the glucose
supplied to it by the maternal circulation, for its own
metabolic needs; the exact fraction depends on the respec-
tive sizes and activities of the placenta and the fetus at the
particular stage of gestation (11). However, it is still
unknown how the placenta controls glucose utilization and
the enzymes involved.

The glycolytic pathway is quantitatively the more signifi-
cant route of glucose utilization in the human placenta. The
placental glycolytic rate is accelerated by anoxia (12) and
by maternal diabetes (13, 14). It is worthwhile to elucidate
what type of Fru6P2-kinase/Fru2,6BPase isozyme exists
in placental cells from the standpoint of the control of
glucose utilization. Here we report the molecular cloning of
c¢DNA encoding a novel isozyme of Fru6P2-kinase/Fru2,
6BPase from human placenta.

MATERIALS AND METHODS
¢DNA Library Construction and Cloning—Total RNA
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was prepared from chorionic villi dissected from a single
placenta obtained on elective abortion at week 11 of
pregnancy (first trimester) by using an RNA extraction kit
(Amersham), and poly(A)*RNA was purified using Oligo-
(dT)-cellulose Type 7 (Pharmacia LKB). The oligo(dT)-
and random-primed ¢DNA library was constructed by
using poly(A)*RNA (5 ug), a cDNA synthesis kit from
GIBCO BRL, a Protoclone Agtl0 system from Promega,
and a Gigapack II Gold Packaging Extract from Stratagene.
The placental ¢cDNA library (4 10® recombinants) was
screened under low stringency conditions as described
previously (15), using 3?P-labeled human liver Fru6P2-ki-
nase/Fru2,6BPase cDNA (4) (a kind gift of Prof. K. Uyeda,
University of Texas Southwestern Medical Center) and
EcoR1/BamHI fragment of frog liver Fru6P2-kinase/Fru2,
6BPase ¢cDNA (15) as probes. Two cDNA clones with a
positive signal, designated 2K-1 and 2K-3, were purified
and subcloned into the NotI site of pBluescript I SK(+). In
order to obtain the 5-region, 5 -rapid amplification of
cDNA ends (5'-RACE) (16) was performed according to the
procedure described by the kit supplier. Human placenta
5-RACE-Ready ¢DNA (Clontech) was utilized as a tem-
plate in a primary polymerase chain reaction (PCR) with
the primer (P-8: 5-ATGGTACGCGGCTGCACGTGGAT-
GTTC-3’, corresponding to #738-764 of HP ¢cDNA) and the
anchor primer supplied by Clontech. The primary PCR
product was diluted and then used in a secondary PCR with
a nested primer (P9: 5'-GGTAGTACACGATGCGGCTCT-
GGATGT-3', corresponding to #707-733 of HP ¢cDNA) and
the anchor primer. The amplified PCR products were then
subcloned into the pCRIL vector (Invitrogen) and se-
quenced.

DNA Sequence Determination—DNA sequences of the
cDNA inserts were determined directly from double-
stranded plasmids by the dideoxynucleotide chain-termi-
nation method (17) with a PRISM Dye Terminator Cycle
Sequencing kit (Applied Biosystems) and synthetic oligo-
nucleotide primers using a Model 373A DNA Sequencing
System (Applied Biosystems). DNA sequence data were
analyzed using the GeneWorks Nucleic Acid and Protein
Sequence Analysis Program (Intelligenetics).

Reverse Transcription-PCR (RT-PCR) Amplification—
The poly(A)* RNA was reverse-transcribed with AMV
reverse transcriptase using the gene-specific primer (P1:
5-GGCAGATGACCAGCACATT-3', corresponding to#1162-
1180 of HP cDNA). PCR amplification was carried out using
25 ng of the reverse-transcribed RNA with the P2 primer
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(6"-CGGATCCATGATCACTGGCTCCAAG-3’, corre-
sponding to #1125-1149 of HP ¢cDNA and containing a
BamHI site) and the 2K5 primer (5 -TGAATTCGTGTCG-
GGCGCAGCCGCGAAGATGCCGTT-3, containing the
EcoRI site and #1-26 of HP ¢cDNA) using a Thermal
Sequencer TSR-300 (Iwaki Glass). The PCR conditions
were 45 8 at 94°C, 45 8 at 62°C, 120 s at 72°C.

Southern Blot Analysis—Each placental DNA sample
(10 zg/lane) was digested with a restriction enzyme includ-
ing Xbal, Sacl, Pstl, Kpnl, Hindlll, EcoRl, or BamHI,
subjected to electrophoresis in 0.8% agarose, and blotted
onto BYODINE B (Pall) nylon membrane filter. The
membrane was hybridized at 42°C for 24 h with *?P-labeled
PCR fragments that were specific for the 3’-noncoding
region of 2K-1 (corresponding to #728-887) and 2K-3
(corresponding to #915-1052). The blots were washed in
0.5xS8C, 0.1% SDS at 50°C and exposed to Kodak XAR
film for 72 h at —70°C with an intensifying screen.

Northern Blot Analysis—Total RNA was isolated by the
single step acid guanidium thiocyanate-chloroform extrac-
tion method (18). Poly(A)*RNA was isolated by using
Oligotex-dT30 (Takara). For Northern blot analysis, poly-
(A)*RNAs (4 pg) from first trimester and term placentas
were fractionated on a 1.5% formaldehyde-agarose gel
(19), transferred to BYODINE B nylon membrane filter,
and fixed with Spectrolinker (Genentics). The filter was
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Fig. 2. Southern blot analysis of genomic DNA isolated from
human placental cells. DNA (10 ug) were digested with the
restriction enzymes as indicated, electrophoresed, and hybridized
with the *?P-labeled cDNA fragments of 2K-1 and 2K-3, respectively.

2K-3 RY%ESY LVQRLEPV IMELERQENV LVICHQA CLLAYFLD

2K-1 RYRYPKGESY LVQRLEPY IMELERQENV LVICHQAVMR CLLAYFLD

Testis RYRYPKGESY EDLVQRLEPV IMELERQENV LVICHQAVMR CLLAYFLDKA]-405

2K-3 YLKCP LATVLKLTPY AYGaaWESTh [TNVE SHTHR] EfsEpakkGp

2K-1 PYLKCP LHTVLKLTPV AYGCKVESIF LNVAAVNTHR DRPQNVDISR

Testis EELPYLKCP LHTVLKLTPV AYGCKVESIF LNVAAVNTHR DRPQNVDISR] -455

2K-3 MRRN PLASPEPTKK PRINSFEEHV ASTSAALPSC LPPEVPTQLP .

2K-1 PPEEALVTVP AHQ Fig. 1. Comparison of C-terminal

Testis EALVTVP AH -468 amino acid sequences of 2K-1, 2K-3,
and rat testis Fru6P2-kinase/Fru2,
6BPase. Residues identical to those of

2K-3 GQNMKGSRSS ADSSRKH testis isozyme are boxed.
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Fig. 3. Nucleotide sequence and pre-
dicted amino acid sequence of HP. The
nucleotide sequence begins with a 5’-end
of the ¢cDNA insert; the translational
initiation and termination codons are in-
dicated with triple asterisks. Numbers on
the left refer to the nucleotide sequence.
Fragment AP-4 contains bases 1 to 733,
and fragment 2K-3 contains bases 705 to
1756. Numbers on the right refer to the
deduced amino acid sequence given in
one-letter code below the nucleotides. The
primers used in Fig. 3 are shown by
arrows.
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hybridized in 40% formamide-5X Denhardt’s solution-
10% dextran sulfate-0.2% SDS-0.1 mg denatured salmon
sperm DNA per ml at 37°C for 36 h and washed at 48°C
with 2x8SC-0.1% SDS. A **P-labeled 587-bp fragment
corresponding to nucleotides 178 to 764 of HP produced by
PCR using FL20B (corresponding to #178-198 of HP
cDNA) and P8 as primers was used as the probe. The
membrane was then exposed to Kodak XAR film for 36 h at
room temperature.

RESULTS AND DISCUSSION

Four positive clones carrying human placental Fru6P2-
kinase/Fru2,6BPase were isolated from a Agtl0 cDNA
library of human placental cells and designated as 2K-1,
2K-2, 2K-3, and 2K-4. By subcloning followed by sequenc-
ing of these inserts, 2K-2 and 2K-.4 were shown to be
identical to 2K-1 and 2K-3, respectively. Two kinds of
clone, 2K-1 (887 bp) and 2K-3 (1,052 bp) were clearly
distinguishable from each other, and both had truncated
open reading frames past the 3’-noncoding sequences of the
genes. As shown in Fig. 1, the deduced amino acid sequence
of clone 2K-1 was identical with the rat testis isozyme
except for two residues, but 2K-3 was distinct from any
known isozyme, indicating that 2K-3 may be a novel clone
of Fru6P2-kinase/Fru2,6BPase.

In order to determine the relational localization of genes
encoding 2K-1 and 2K-3, we analyzed genomic DNA by
Southern blotting using 3?P-labeled specific probes for 2K-1
and 2K-3, respectively. Figure 2 shows the restriction
patterns of 2K-1 and 2K-3 with the enzymes Xbal, Sacl,
Pstl, Kpnl, HindIll, EcoRI, and BamHI. All these enzymes
generated intense single bands, indicating that 2K-1 and
2K-3 are encoded as single copy genes. Moreover, since
none of the patterns of any digest overlapped between 2K-1
and 2K-3, the genes encoding these two isozymes appeared
to be located apart on the genome.

Since the 5’-end of the insert did not reach the initiation
codon, the rest of the coding region of 2K-3 was extended
upstream by the RACE method. Five clones (designated
AP-2, AP-4, AP-5, AP-6, and AP-9) contained the putative
initiation codon and the open reading frames overlapped
with that of 2K-3. AP-4 was the largest clone among them
and was identical with the consensus sequence of these
AP-series, so AP-4 was regarded as representative of the
clones. In order to confirm that 2K-3 and AP-4 were
transcribed from a single mRNA molecule, nested RT-PCR
was performed as described under “MATERIALS AND
METHODS.” An expected fragment (1,159 bp) generated
with the primers P-2 and 2K5" was purified and cloned into
pGEM vector, and the insert was sequenced. The sequence
data indicated that the clone 2K-3 and AP-4 had been
generated from the same mRNA molecule, and overlapped
by 29 nucleotides. Finally, the combined DNA sequence of
2K-3 and AP-4 was designated as HP, cDNA for a human
placental Fru6P2-kinase/Fru2,6BPase.

The nucleotide sequence and deduced amino acid
sequence of HP are shown in Fig. 3. The 1,563 bp sequence
represents an open reading frame with the putative initia-
tion codon and the termination codon. The predicted
protein contains 519 amino acid residues with a calculated
molecular weight of 59,410. The HP begins in the 5'-un-
translated region, 18 nucleotides before the putative initia-
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tion codon, and through the entire open reading frame to the
3’-untranslated region of 178 nucleotides. Although further
experiments are needed to establish the position of the
initiation codon, the ATG codon (#19-21) of the HP cDNA
is a likely candidate for the initiation codon, especially
because the oligonucleotide sequence around this ATG
which has a Kozak consensus sequence (20).

To study the in vivo expression of HP mRNA, Northern
blot analysis was carried out with poly(A)*RNA isolated
from first trimester and term placentas using a 3?P-labeled
587-bp fragment of the HP, corresponding to nucleotides
178 to 764, produced by PCR using FL.20B and P8 primers.
It should be noted that homology of this fragment vs.
corresponding fragments of known isozymes are 36, 36, 72,
and 58% for muscle, liver, heart, and testis, respectively.
As shown in Fig. 4, a single 5.4 kb band was detected for
both first trimester and term placentas. This size of mRNA
was significantly different from those of known isozyme
mRNAs such as liver (2.1 kb) (21), skeletal muscle (1.9 kb)
(21), heart (4.0kb) (8), and testis (2.0kb) (9). These
results strongly suggested that this 5.4 kb mRNA codes a
novel isozyme of Fru6P2-kinase/Fru2,6BPase. Study of
the tissue-specific expression of the HP enzyme was not
done because of lack of human tissue availability. In order
to determine the tissue-specific expression of HP enzyme,
we are now investigating whether HP-like enzyme is
expressed in rat placenta.

A comparison of the amino acid sequence of HP with
those of bovine heart (8), rat testis (9), human liver (5), rat
liver (3), and rat skeletal muscle (21) enzymes showed
overall similarities of 64, 63, 61, 62, and 61%, respectively
(Fig. 5). The internal sequence of HP, in which conserved
motif sequences for the substrate binding domains (22- 25)
are observed among several isozymes, was very similar to
those of other enzymes (boxed in Fig. 5). The major
differences among these sequences were observed in the N
and C termini in which the regulatory phosphorylation sites
are located. During the preparation of this manuscript, the
structure of a core fragment of bovine brain Fru6P2-
kinase/Fru2,6BPase subunit, whose molecular weight
(120,000) (26) is twice that of all other isozymes, was
reported (27). Interestingly, the amino acid sequences of
HP and core fragment of bovine brain isozyme were almost

ogs— " =54kp

18S—

Fig. 4. Northern blot analysis of placental poly(A)*RNA.
Poly(A)*RNAs (4 ug) from first trimester placenta (F) and term
placenta (T) were fractionated by electrophoresis and hybridized with
37p.labeled 587-bp fragment of the HP.
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Fig. 5. Comparison of amino acid sequences (in one-letter code) of HP (Placenta), bovine heart (Heart), rat testis (Testis), human
liver [Liver (H)], rat liver [Liver (R)], and rat skeletal muscle (Muscle) Fru6P2-kinase/Fru2,6BPase. Residues identical with those
of HP are indicated by asterisks, and gaps are shown as dashes. Active sites are boxed, and phosphorylation sites are underlined.

identical. However, we can not discuss the relationship
between HP enzyme and the brain enzyme, since the
characteristics of mRNA coding this brain enzyme have not
been reported.

Analysis of the deduced amino acid sequence of the HP
indicated that a consensus phosphorylation site for a
cAMP-dependent protein kinase was located in the C-ter-
minal region (Ser-460) of the protein. Furthermore, it was
revealed that six positions capable of being phosphorylated

by protein kinase C were located at residues 51, 128, 271,
440, 470, and 516. The phosphorylation by protein kinase
A of the liver enzyme at the N-terminal region results in
inhibition of the Fru6P2-kinase and activation of the Fru2,
6BPasge (28-30). The heart isozyme, however, is phos-
phorylated by both cAMP-dependent protein kinase and
protein kinase C, both resulting in activation rather than
inhibition of the kinase activity. The phosphorylation sites
for both protein kinases of the bovine heart enzyme are
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located near each other in the C-terminal region (Ser-466
and Thr-475) (31). Although it is possible that the HP
isozyme is also regulated by the same mechanism as the
heart enzyme, whether the phosphorylation occurs in
placenta is uncertain. The placenta is fast-growing tissue,
like many tumor cells, and highly glycolytic. The human
placental Fru6P2-kinase/Fru2,6BPase has not been char-
acterized before. Since there are phosphorylation sites at
similar locations to those in the heart enzyme, a similar
regulatory mechanism to that in the heart may occur in
placenta.
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