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There are at least 3 isozymes of 6-phosphofructo-2-kinase/fructose-2,6bispl~ospha~se, a bifunctional enzyme which catalyzes the synthesis and 
degradation of fructose 2,6-bisphosphate. A 22-kb rat gene that encodes the heart isozyme has becr~ identified and compared with the 55kb rat 
gene encoding the liver and muscle isozymes which had been described earlier. Although these 2 genes include 12 successive similar exons, they 

contain dissimilar exons at both ends, consistent with the occurrence of different regulatory domains at the N- and C-termini in the 3 isozymes. 
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1. INTRODUCTION 

Fructose 2,6-bisphosphate is a ubiquitous stimulator 
of 6-phosphofructo-l-kinase. Its synthesis and degrada- 
tion are catalyzed by the bifunctional enzyme 6- 
phosphofructo-2-kinase (PFK-2, EC 2.7.1.105)/fruc- 
tose 2,&bisphosphatase (FBPase-2, EC 3.1.3.46). 
Three PFK-2/FBPase-2 isozymes have been identified 
by biochemical and immunological criteria, namely the 
liver (L), the muscle (M), and the heart (H) types 
(reviewed in [l]). We have cloned the L-type [2] and the 
M-type [3] cDNAs and have characterized a 55-kb rat 
gene (henceforth called gene A) that encodes the cor- 
responding mRNAs by alternative use of 2 promoters 
[4]. The elucidatisn of the origin of the H-isozyme [4] 
is important because it appears to replace the L-isozyme 
in regenerating liver [6] and in some hepatoma cells [7], 
Moreover, the three PFK-2/FBPase-2 isozymes differ 
by their sensitivity to cyclic AMP-dependent protein 
kinase (PKA). PKA-dependent phosphorylation inac- 
tivates PFK-2 and activates FBPase-2 in the L-isozyme, 
while it activates PFK-2 in the H-isozyme. The M- 
isozyme is insensitive to PKA. In gene A, exon 1’ (L- 
isozyme) includes the PKA phosphorylation site while 
exon 1 (M-isozyme) lacks it. We now describe a 
PFK-Z/FBPase-2 rat gene (gene B) that codes for the H- 
isozyme, 
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2. EXPERIMENTAL 

A rat genomic library in XEMBLS was kindly provided by W. 
Schmid and G. Schiitz (Heidelberg). cDNA probe RL2K-8 cor- 
responds to nucleotides 674 (exon 6) to 1759 (exon 14) of L-type rat 
mRNA 121. A cDNA probe RHl-9. i.e. including exons 1-8 and part 
of exon 9 (811 bp) of gene B. was constructed by reverse transcription 
and polymerase chain reaction amplification of rat heart poly(A)-rich 
RNA (Lcbeau et al.. in oreoaration). RH2-3 cDNA and A9247 
oligonicleotide probes correspond to nucleotides 117-310 and 6-25 
of RHl-9, respectively. JNOl is a 27-mer oligonucleotide based on a 
peptide [B] from bovine heart PFK-2/FBPase-2 conserved in exon 4 
of gene A. JNOI was 89% identical to nucleotides 417-443 of RHI-9. 

The rat genomic library was screened as described [4]. Southern 
blots were performed according to [P] and Southern Cross Restriction 
Mapping (NEN) according to the manufacturer’s instructions. 
Restriction fragments from genomic clones extracted from agarose 
gels ([lo] or GeneClean, Westburg) were subcloned in Ml3mpS/P, 
BlueScript or PTZl8/19 vectors and sequenced by the chain termina- 
tion method [I l] using a Scquenase DNA sequencing kit (USB) or a 
Kilobase sequencing system (BRL) with universal primers and suc- 
cessive synthetic oligonucleotides. 

3. RESULTS AND DISCUSSlON 

When screel:ing the rat genomic library for gene A 
[4], four overlapping clones (h2, 3, 15 and 16) detected 
with probe RLZK-8 yielded restriction fragments that 
were incompatible with the map of gene A and were no 
longer seen in Southern blots performed at high 
stringency. The restriction map ofh3 was established by 
Southern Cross (Fig. 1) and the other clones were align- 
ed with h3 on the basis of their restriction fragments, 
The sequencing over 6 kb of h3 frngmcnts that hybridiz- 
ed with RL2K-8 showed 6 open reading frames (ORF) 
(corresponding to exons 9-14, see below) that had cx- 
actly the same length as, and had a sequence similar to, 
exons 8-l 3 of gene A which entail the FBPase-2 domain 
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Fig. 1. PFK-t/FBPase-2 gene B. Upper horizontal lines refer to the rat genomic clones indicated. The restriction map shows sites for BornHI (B), 
&/II (Bg), EcoRl (E), Hind111 (H), SalI (S) and Snrol (Sm). The position in the exons of the residues that are critical for activity or are 
phosphorylated by PKA (Ser 468) or protein kinase C (Thr 477) is indicated. The exact location of exon 2 with respect to its flanking Hind111 sites 

is no; known. 

(Table I). Beyond these ORF’s, there was another one 
(i.e. exon 15) that includes a peptide of 17 amino acids 
(Fig. 2) described earlier in the bovine H-isozyme [12]. 
This peptide contains the sites for phosphorylation by 
protein kinases A and C that are typical for this 
isozyme. We concluded that clone A3 corresponds to at 
least part of the gene encoding the H-isozyme. 

In gene A, the PFK-2 domain is encoded by exons 
2-7. Since the H-isozyme also displays a PFK-2 activity, 
it was likely that gene B extended further upstream. The 
missing portion was therefore searched for in clone Al6. 
HindIlI, &mHI, and EcoRl restriction fragments con- 
taining putative exons were identified by Southern blot- 
ting using probes RHl-9, RH2-3, A13247, and JNOl. 
The positive fragments were subcloned and their se- 
quencing was pursued until the entire sequence of 
RHl-9, namely the cDNA upstream from the first ORF 
that had been identified inh3, was accounted for. There 
was no discrepancy between the genomic and cDNA se- 
quences, making it unnecessary to sequence all the 
genomic fragments in both directions. The eight exons 
(l-8) of gene B, from which RHl-9 cDNA was derived, 
were thereby identified. 

While this work was in progress, the sequence of a 
fully-coding cDNA for bovine PFK-Z/FBPase-2 
became available [I 31. A comparison of this sequence 

with the rat genomic fragments sequenced here allowed 
the assignment of the ORF’s to defined exons and 
showed that the rat H-isozyme is encoded by at least 15 
exons (Table IJ). The exon-intron junctions conform to 
the rodent consensus [14]. At the 5’ end of the gene 
delineated by comparison with RHl-9, there is a non- 
coding exon. Exon 2, which bears no relationship with 
exons 1 or 1’ of gene A, contains an ATG which is in 
a context favorable (ACTACC-T) for translation 
initiation [15]. The twelve exons (3-14) that encompass 
the PFK-2 and FBPase domains follow. They share an 
overall identity of 66% with the nucleotides and of 71% 
with the amino acids of exons 2-13 of gene A (Table I). 
In genes A and B, the 3 cysteines that are important for 
PFK-2 activity and the histidine that is phosphorylated 
in the FBPase-2 reaction (Fig. 1) are located in the cor- 
responding exons [4]. This conserved region of gene B 
is followed by a 3’ end that contains several interesting 
features (Fig. 2). First one finds, in intron n, an 80-bp 
noncoding sequence that corresponds, except for inser- 
tions and deletions, to a vestigial 5’ end of exon 14 of 
gene A. Exon 15 contains a PKA phosphorylation site 
which, in gene A, is located in exon 1’ . Intron o con- 
tains a 50-bp GT repeat. This intron is followed by a 
putative exon encoding ORF 16. However, this ORF 
bears no relationship with the peptide AET- 

Table I 

Comparison of PFK-2/FBPasc-2 gctrcs A and B ~..------.^.._.-_...“-~~~I..I~-.I.IIL...-...__-__.---~ .,,. -_1 .-_.-_ -..._. --..__. . .~~_I, ..--~_._..ll.,.___..-.-.-.--.._..ll~.~..l .__I,.->~...-._“..” 
Gent A cxons’ 1 1’ 2 3 4 5 6 7 8 Y IO II I2 I3 I4 

Gcnc Bcxons (ORF) I 2 3 4 5 6 7 8 Y IO II 12 I3 I4 I5 (16) 

Idcnlical nuclcotides (o/o) nr nr 60 52 55 65 68 59 68 69 70 80 71 74 nr - 
ldcntical amino acids (oi,)nr ttr 71 72 54 72 63 57 72 69 80 68 81 73 lir - -LL-~Li~-ll_.__” _l.-.l._ __L_ ._I_ _ .,.. . . . ..__.._ -., ~.~._.I-.._... . .._. L.._L_ __-..- ._.. _.__ ,. ,_... -.__ _ .._iL ~..___y._L.__ ~~~ _~ ..-.. .--...._-. L..... - . ~ 
‘In gcnc A, the first 2 EXOIIS wcrc called I and I ’ because they arc scparatcd by the Lqpc promoter ml thcreforc belong to diffcrcnt (IX. M- 
or L.) primary tronscrlpts, all the other cxons being present in both transcripts 141. nr, WI rrlatcd. 
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TTGCAGAGGT- TGTAC~TTCCCTGCTGTACCCCTAGGGMGCTTTCATTTT 

AATGTggAcATcaCCcG-TGaAq-CTgaGGAAGCcTT 
fj$?TAcl ctgccHCAm (Exon 14 of gene A) 

GTTCTTGGCARCCAGTGTGGTTAARTIIRACCCCTT~TTGG~CCCTTAC~C~TTC~A~ATGGCCAGGCT~TGGGATGACACCCCTT~G~CCTCCGGGGCTAG~C~GACT 

ATGACCTGTGTKAGGAGGGCAGAReGAGCAGCACTCAGGAG~TTATTT~CCTCTGTGGGT~GGTT~GGTA~GCT~TCATGTATGTGGTGTCCCTCCATT~C~T~~ 

PXOtI 15 
CACMCTTCCCCAAGAGCCACCCC~T~GGATGAGAAGCCTCTGTCCAGTTCGMCACAGGCGTCCARGAPSLTTACAGTGTTGGG~CCGACCCCTC~G 
HNFP K S Q TP VRN&R NS F TP I.SS S NT ?I R P RN YS VGS A PL K 
CCCCTCAGCCCTCTCCGTGCCCTGGhTATGCAAGAAGGGGCGGACCAGCCGARGACCCM~eAGCATTCCGGAGGTGTGACTGTGTGTTTCCTCCAGCTATGGCCTC~GCCC~GTCA 

PLSPLRALDNQEGADQPKTQ 
CTMTCAATCMGMGTCAC'PTAnCTGTACCCCACTCCTGTCCCAGTGTTMTC~~CATGGMTCTGAGCTCAGACGTGTGCAGAGCAGCCATTCTCTAGTGTARATACCTCAGCCGG 
GGGCAGGATGGCAAGTTGGGTTTTTAGATGAGATGATCTGACAGMGAGGAGCCMG~TGAGTCATAGACTTGG~CTTCTGT~CCTGATGTCTGACCCCAGTCTTTGTGMGTGTGT 
GTGTGTGTGTGTGTGTGTGTGTGTGTGTGTGTGTGTGTGTGTGT~GGAGGGT~CTGGGAGGAGTGC~AGTAGAGTGAGATGTAGC~CCTATCTGTCCCTCATG~TGTC~~T 
CTGTCTAGCTTCTCTTTGGGCTGTCTGGCGTGATGCATGACA~G~ATGTCTTAAAGT~GGGACTGTTGATAGCTATCTlGCCCCATTGGTGCTGTCTGCACGCTGGTCTGGGTCTG 
CACTGGGAGAGTCTTTTCCC~CCCTTCTCCCTTCCTCTCC~C~GGTCCAG~GGG~AGCCCAGGCTACA~CATCTACAG~GCCCTGGAGT~G~TG~CATAGGGTGA 

Qm I.6 PGPARVSPGYRTSTESPGVCKWT’ 

GAGCACTTGCCTCTTTTCATGAGARRCATTCCTMGTTTTTGCTGCCCTGGGGMCTGGCTCGAAGRATATGGATATGTCTGGGTTTGTG~CCTACTTARAGAGCCAGACAGTCCTTTG 
CTGGCTATGRRRTGGGCCCAGGCTGAGGTGAAGTCTAGTTCTTATGR3TTTACAGTGAGRACTTTTGTTCTACAGCTCTCATTTTCT~GCCA~C~GTMCTCCTGTAGCCCATGACC 

TTTGGGGCTGTTTRRAAGCACCACTGAGTCCTGMTTTCTCCAGGCG~GTGAGGCTCTTCAGTMGTTCAGCG~GCAGCTCATTGTTTACCAGTACCTTTTGGMT~~TCCTA 

MGCTMGGTTTTACACAAAAAATTATTCTTTGATCATGAAW'AA GTTTTGATGATGMTTTATAACCTGTC~ATTGTGGGCATTTTGT~ATAT~G~TGATCACMTA~TC~ 
GMGTCTTCTGGGGTTTGGCTCTTGAAAGTTTATATGTATCTATTTCTTGCTTGAAGGGGATTCTCCATATTTGCCCAGGGCCTTGTGTTTGCTAACTC'PGCTGCT~GCTCATTACWG 
CCCACTCTGGTACATGTTl'CTAAGGGACACATCTAAAGATC 

Fig. 2. 3’ End of gene B. Nucleotides underlined twice indicate the intronjexon junctions and 2 potential polyadenylation signals. Residues 
underlined in exon 15 correspond to a peptide described in [12], with the phosphorylated serine (4th residue) and threonine (13th residue). ORF16 
differs from the C-terminus of the bovine H-isozyme (see text). The star indicates a stop codon. The 5’ part of exon 14 of gene A is aligned below 
the gene B sequence. Insertions and deletions are included to maximize homology. Nucleotides in lower case in exon 14 indicate divergences. 

SRAAHRLPSPAPPTSPS that follows the amino acid 
sequence corresponding to exon 15 in the bovine H- 
isozyme [ 131. Finally, there are 2 polyadenylation 
signals, one of which is in intron n. This raises the 
possibility that gene B encodes mRNA(s) lacking the 
phosphorylation sites. It is remarkable that the intronic 
part of gene I3 is much smaller than that of gene A, 
reducing the length of gene B to about half that of gene 
A. The latter has been considered as originating from 
the fusion of 2 ancestral genes, one evolutionarily 

related to the 6-phosphofructo-l-kinase gene, which 
resulted in the PFK-2 domain (exons 2-7), and one 
evolutionarily related to the phosphoglycerate mutase 
and acid phosphatase genes, which resulted in the 
FBPase-2 domain (exon S-13) [4,16]. The organization 
of gene B is consistent with this view and supports the 
hypothesis [17] that many genes result from the 
assembly of exons originating from distinct genomic 
regions. Indeed, the portion containing exons 3-14 of 
gene B appears to result from a duplication of an 

Table II 

Localization and sequence of cxon-intron junctions in PFK-2/FBPase-2 gene B ~.~ 
&on Position in cD6 5 ’ splice site lntron 3’ splice site -.-- -- _____~~_ 

I l-81 m GTGAGC CCTTCTTTCCCCAG gtg 
2 82-195 (Ser-31) EC! GTGAGT z CTTTTTTTTTTI-AG cat (Ser-31) 

3 196-321 (Val-73) sag GTATGC 
> 

TGTTTTTGCTGCAG tgt (Val-73) 
4 322-418 (Lys-IOS) caa GTGAGT TGmCTCATGTCAG %a (Glu-106) 
5 419-485 (Ala-127) gcg GTAAGC TGCTTTCTGTGTAG gtg (Val-128) 
6 486-560 (Lys-152 aag GTGGGT ; CTCTCCATGCCCAG gta (Val-153) 
7 561-617 (Leu-171) ctg GTGAGT 6 TCCTGTGATTTCAG gag (Glu-172) 
8 618-742 (Lys-213) taa GTAAGA I1 TCCCCCTGTCCCAG gga (Lys-213) 
9 743-950 (Gin-282) tag GTGAGC i TTTCCAAACCCCAG t1t (Phe-283) 

10 951-1097 (Ala-33 I) get GTGAGT j ATGGCTC-M’TGTAG ggc (Gly-332) 
II 1098-1202 (Glu-366) Gag GTGAGT k ACTTCCCCTCAAAG tea (Scr-367) 
12 l203- 1332 (Asp-410) tag GTGCCA I CCTCCTTCTT-I CAG !-!!G (Asp-410) 
13 1333- 1395 (Gly-43 I) atr: GTAACT tt7 TCCTGTTTTTTCAG gtt (Gly-43 I) 
14 1396-1460 (Thr-4.52) act GTAAGT II CCATTTCCAATCAG cat (His-453) 
IS 14Gl-1640 (Gin-512) CM GTCAGC 0 CCCTTCCTCTCCAG cca (Pro-513) 
(16) 1641-1708 (Thr-53s) eLlC 

C b TTTTTTTTTT T g 
Rodent COllsCnSUS a CiT AGT N AG 

a G cccccccccc c ~ ~. 1 _. I ._...-,1. “._._~ ,,__., _._ ._-.._..--_.L_ ,.,_.. _-__.A. i.i.j..i. -LOLL. .,... , - _-~_I ._~ .-._,_a. . . . . . I .-._--_ .I,.,.. __L. ._.._ I.._ __ ___._ . .._ _._-.--- 
Nuclcotidcs in cxons arc lowcrcasc lcttcrs and in introns arc capital Ic~tcrs. N, any nuclcotidc. EXOII I is noncoding. TIIC CO~OW undcrlincd arc 
~hosc for the amino acids indicated. 

93 



Volume 288. number 1,2 FEBS LETTERS August 1991 

ancestral gene that also yielded gene A, followed by 
recruitment, at the 5’ and 3’ ends, of other, regulatory, 
exons that bear no relationship with those at the ends of 
gene A. WhiIe gene A is on the X chromosome in rat [4J 
and man [ 181, gene B has been assigned, as a single copy 
gene, to chromosome 13 in rat, and chromosome 1 in 
man [I Is]. The identification of a PFK-Z/FBPase-2 gene 
on an autosome now explains the presence [ 191 of fruc- 
tose 2,Gbisphosphate in sperm, where the X 
chromosome is inactive 1201, and indeed transcripts 
from gene B are expressed in the testis (Lebeau et al., in 
preparation). 
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