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ABSTRACT The rat liver bifunctional enzyme, 6-
phosphofructo-2-kinase/fructose-2,6-bisphosphatase (ATP:D-
fructose-6-phosphate 2-phosphotransferase/D-fructose-2,6-
bisphosphate 2-phosphohydrolase, EC 2.7.1.105/EC 3.1.3.46)
and its separate kinase domain were expressed in Escherichia
coli by using an expression system based on bacteriophage T7
RNA polymerase. The bifunctional enzyme (470 residues per
subunit) was efficiently expressed as a protein that starts with the
initiator methionine residue and ends at the carboxyl-terminal
tyrosine residue. The expressed protein was purified to homo-
geneity by anion exchange and Blue Sepharose chromatography
and had kinetic and physical properties similar to the purified
rat liver enzyme, including its behavior as a dimer during gel
filtration, activation ofthe kinase by phosphate and inhibition by
a-glycerol phosphate, and mediation of the bisphosphatase
reaction by a phosphoenzyme intermediate. The expressed
6-phosphofructo-2-kinase also started with the initiator methio-
nine but ended at residue 257. The partially purified kinase
domain was catalytically active, had reduced affinities for ATP
and fructose 6-phosphate compared with the kinase of the
bifunctional enzyme, and had no fructose-2,6-bisphosphatase
activity. The kinase domain also behaved as an oligomeric
protein during gel filtration. The expression of an active kinase
domain and the previous demonstration of an actively expressed
bisphosphatase domain provide strong support for the hypoth-
esis that the hepatic enzyme consists oftwo independent catalytic
domains encoded by a fused gene.

The synthesis and degradation of fructose 2,6-bisphosphate
(Fru-2,6-P2) in liver are catalyzed by the bifunctional enzyme,
6-phosphofructo-2-kinase/fructose-2,6-bisphosphatase (6-PF-
2-K/Fru-2,6-P2ase; ATP:D-fructose-6phosphate 2-phospho-
transferase/D-fructose-2,6-bisphosphate 2-phosphohydrolase,
EC 2.7.1.105/EC 3.1.3.46) (1-3). The enzyme is a dimer of
identical subunits, each composed of 470 amino acids and
containing three discrete domains: an amino-terminal regula-
tory domain (residues 1-36), a kinase domain (residues 37-
249), and a C-terminal bisphosphatase domain (residues 250-
470) (4, 31). The regulatory region contains a cAMP-dependent
protein kinase phosphorylation site (Ser-32) (4, 5). Phosphor-
ylation at this site inhibits the kinase and activates the bisphos-
phatase, which suggests that the regulatory domain must
somehow interact with the other two domains. The Fru-
2,6-P2ase reaction proceeds via a phosphoenzyme intermedi-
ate (6, 7), whereas 6-PF-2-K catalyzes transfer of the -
phosphate of ATP to fructose 6-phosphate (Fru-6-P) by a
direct in-line transfer not involving a covalent intermediate (8).
On the basis of these results and various protein modification
experiments that demonstrated differential effects on the two

reactions (9-11), it has been suggested that the bifunctional
enzyme was formed as a result of a gene fusion event (3, 12,
13, 31). Consistent with this hypothesis, an active separate
bisphosphatase domain has recently been expressed in Esch-
erichia coli and shown to have properties similar to the
bisphosphatase domain in the bifunctional structure (14). We
report here the expression in E. coli and characterization ofan
enzymatically active 6-PF-2-K domain and of an active 6-
PF-2-K/Fru-2,6-P2ase.

MATERIALS AND METHODS
Materials. Restriction enzymes and bacteriophage T4

DNA ligase were obtained from New England Biolabs.
Sephadex G-75 and G-100 superfine and Q-Sepharose Fast
Flow were from Pharmacia. [35S]Methionine was from Du-
Pont. Color-development reagent for immunoblotting was
obtained from Bio-Rad.
DNA Manipulation. Standard DNA manipulations were

carried out as described (15). Oligodeoxynucleotides were
synthesized by phosphoramidite chemistry on an Applied
Biosystems model 380A synthesizer and gel-purified as de-
scribed (13). Plasmids were propagated in E. coli strain HB
101 following standard transformation procedures.
Expression System. The proteins were expressed by using

the phage T7 expression system described by Studier and
Moffat (16).

Purification of the Expressed 6-PF-2-K/Fru-2,6-P2ase and
Fru-6-P-2-K. The 6-PF-2-K/Fru-2,6-P2ase was expressed as
described for the bisphosphatase domain (14) and purified by
a modification of the method used to purify the rat liver
enzymet (17). The kinase domain was extracted as described
above. The extract was applied to a Blue-Sepharose column
equilibrated in buffer A (20 mM 2-{[tris(hydroxymethyl)-
methyl]amino}ethane sulfonic acid, pH 7.5/100 mM KCl/1
mM dithiothreitol/2 mM EDTA/5 mM potassium phos-
phate/0.5 mM phenylmethanesulfonyl fluoride/2.5 Mtg of
leupeptin per ml). The enzyme was recovered in the flow-
through volume, precipitated with (NH4)2SO4 (0.47 g/ml),
dissolved in buffer A, and applied to a Sephadex G-100
column equilibrated with buffer A. The fractions containing
activity were pooled and concentrated by ultrafiltration. The
kinase domain was purified 15-fold by this procedure.

Assay of Enzyme Activities. Fru-2,6-P2 levels, 6-PF-2-K,
and Fru-2,6-P2ase activities were assayed as described (17-

Abbreviations: Fru-6-P, fructose 6-phosphate; Fru-2,6-P2, fructose
2,6-bisphosphate; Fru-2,6-P2ase, fructose-2,6-bisphosphatase; 6-
PF-2-K, 6-phosphofructo-2-kinase; IPTG, isopropyl thiogalactoside.
*During the Q-Sepharose step, bisphosphatase activity but no kinase
activity was detected in the void volume. The active material was
eluted from a Sephadex G-75 column as a 30-kDa protein and had
the same mobility on NaDodSO4/polyacrylamide gels as the ex-
pressed bisphosphatase domain (14).

7316

The publication costs of this article were defrayed in part by page charge
payment. This article must therefore be hereby marked "advertisement"
in accordance with 18 U.S.C. §1734 solely to indicate this fact.



Proc. Natl. Acad. Sci. USA 86 (1989) 7317

19). Phosphoenzyme formation was assayed as acid-
precipitable radioactivity on phosphocellulose paper after
incubation on ice with [2-32P]Fru-2,6-P2 (20).

Analysis of Protein Synthesis. The rate of induced protein
synthesis was measured by pulse-labeling with [35S]-
methionine essentially as described (14, 16). Immunoblot
analyses were performed essentially as described by Towbin
et al. (21) with a 1:500 dilution of the liver enzyme antiserum
(2 hr at 370C) (20) and a 1:4000 dilution ofthe second antibody
(goat anti-rabbit immunoglobulin coupled to horseradish per-
oxidase; 2 hr at 370C).

Protein Sequencing. The amino-terminal sequences of the
expressed proteins were determined with an Applied Biosys-
tems 470A protein sequencer by the method of Hunkapillar
et al. (22) as described previously (14).
Other Methods. [2-32P]Fru-2,6-P2 was prepared enzymat-

ically from [y-32P]ATP and Fru-6-P as described (19). The
separate bisphosphatase domain was expressed in E. coli and
purified as described (14). Protein was determined by the
method of Lowry et al. (23).

RESULTS
Construction of Plasmids. The strategy used to construct a

vector for expression of rat liver 6-PF-2-K/Fru-2,6-P2ase in
E. coli is summarized in Fig. 1. A fragment of the coding-
length cDNA of the bifunctional enzyme isolated by Colosia
et al. (24), cDNA2K5 , contains 205 base pairs (bp) of 5'
untranslated region and codes for the first 90 amino acids of
the protein. In order to express only the coding sequence and
not a fusion protein, the 5' untranslated region was deleted by
digestion of cDNA2K500 with Bgl II and EcoRI. The EcoRI
restriction site corresponds to the internal site of the coding-
length cDNA (24). These operations removed the start codon
and the sequence encoding the first 13-amino acid residues of
the protein. To reintroduce the start codon and the coding
sequence for the missing amino acids, a linker of two com-
plementary oligonucleotides was ligated to the 5' end of the
Bgl II-EcoRI fragment (Fig. 1). Ligation of this fragment into
the Nde I/EcoRI-cut pET-3a vector yielded a construct,
pPKBa, that contained a 6-PF-2-K/Fru-2,6-P2ase cDNA
attached directly to the translation initiation codon of pET-
3a. The remainder of the coding region (including the stop
codon) was added by introducing into the EcoRI site of
pPKBa the 1422-bp EcoRI-EcoRI clone fragment
(cDNA2Kl400, that codes for amino acids 91-470, the stop
codon, and 280 bp of 3' untranslated region (24). The resulting
expression plasmid, designated pPKB, contained the entire
6-PF-2-K/Fru-2,6-P2ase coding sequence under the control
of the 410 bacteriophage T7 promoter.
The expression vector for the kinase domain was achieved

by digesting pPKB with Nco I/HindIII, thereby removing the
bisphosphatase-encoding region and the 3' untranslated re-
gion, and then adding a linker at the 3' end to reintroduce a
stop codon (Fig. 2). The resulting expression plasmid was
designated pPKa.
To determine the role of the regulatory domain on the

enzymes' two activities, we constructed an expression vector
for the bifunctional enzyme without the coding region for the
phosphorylation domain. pPKB was digested with Xho I/
Nde I, which deleted the sequence coding for the phosphor-
ylation domain and part of the kinase (residues 1-52), and the
deleted sequence was replaced by ligating a linker that codes
for amino acids 37-52 to the digested plasmid (Fig. 2). The
resulting expression plasmid was designated pKBa. Fig. 2
Lower schematically summarizes the pertinent restriction
sites of cDNA2K5" and cDNA2K1l and the respective do-
main structures of 6-PF-2-K/Fru-2,6-P2ase.

Expression of the Recombinant Proteins. Plasmids pPKB,
pPKa, and pKBa were used to transform BL21(DE3) cells.

EcoRI

AmpR Nde

oro
EcoRI
NdeI

EcoRI

pMBL/CDN4UP

EcoRIBxe"

FIG. 1. Construction of rat liver 6-PF-2-K/Fru-2,6-P2ase expres-
sion plasmid pPKB. pPKB, containing the full coding region of rat
liver 6-PF-2-K/Fru-2,6-P2ase controlled by bacteriophage T7 expres-
sion signals, was engineered by using the pET-3a expression vector
and segments of cDNA2K500 and cDNA2K14W (24). A Bgl II-EcoRI
fragment from cDNA2K510 was isolated, and its 5' Bgl II site ligated
with a synthetic fragment formed by the annealing of two comple-
mentary oligonucleotides designed to give Nde I and Bgl II cohesive
ends: 5'-TATGTCTCGAGAGATGGGAGAACTCACTCAAAC-
CAGGTTACAGAA-3', and 5'-GATCTTCTGTAACCTGGTT-
TGAGTGAG1TCTCCCATCTCTCGAGACA-3'. This ligated frag-
ment was introduced into pET-3a expression vector previously di-
gested with Nde I and EcoRI. The new plasmid, pPKBa, was
amplified, and an EcoRI-EcoRI fragment from cDNA2K1l was
introduced into its EcoRI restriction site. The solid regions indicate
coding regions of 6-PF-2-K/Fru-2,6-P2ase; the open regions indicate
the 5' untranslated flanking sequence, and the hatched regions indicate
the 3' untranslated sequence. Positions and orientations (arrows) are
shown for the T7 RNA polymerase promoter (#10) and T7 gene 10
translation initiation signals, the j8-lactamase gene conveying resis-
tance to ampicillin (AmpR), the 6-PF-2-K/Fru-2,6-P2ase cDNA, and
the replication origin (ori) of the pBR322-derived plasmid. All the
recombinant plasmids were identified by restriction analysis.

Each plasmid was tested for its ability to express the appro-
priate proteins when T7 RNA polymerase was induced. Fig.
3 shows the isopropyl thiogalactoside (IPTG)-induction time
courses of [35S]methionine pulse-labeled cultures containing
pPKB and pPKa. Upon induction, cells that contained pPKB
produced increased amounts of a protein that migrated with
the same mass (55 kDa) as the bifunctional enzyme (Fig. 3,
lanes 1-4). In cells that contained pPKa, a 27-kDa protein
was induced that corresponds to the size of the 6-PF-2-K
domain (Fig. 3, lanes 5-8). In cells containing the pKBa
plasmid, a protein slightly smaller than the bifunctional
enzyme was induced (not shown). Analysis oftotal protein by
Coomassie blue staining of NaDodSO4/polyacrylamide gels
showed that the induced protein accounted for nearly 60% of
total synthesized protein in each case.
Although a large fraction of the expressed bifunctional

enzyme and the kinase domain were insoluble, both proteins
could be detected in the soluble fraction of extracts by

Biochemistry: Tauler et al.
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FIG. 2. Construction of expression vectors for the separate 6-PF-2-K domain and for 6-PF-2-K/Fru-2,6-P2ase without the phosphorylation
domain. (Upper) pPKa plasmid, coding for the kinase domain (residues 1-257), was constructed by digestion of the pPKB vector with Nco I
and HindIll. A synthetic Nco 1-HindIII linker formed by annealing of two complementary oligonucleotides, 5'-CATGGTTGA-3' and
5'-AGCTTCAAC-3', containing a stop codon, was ligated into the isolated Nco I/HindIII-digested vector. pKBa plasmid, coding for the full
protein without the phosphorylation domain (deletion at amino acid residue 37), was constructed by digestion of the pPKB vector with Nde I
and Xho I. A synthetic linker formed by hybridizing two complementary oligonucleotides designed to give Nde I and Xho I cohesive ends
5'-TATGTTCACTAATTCTCCCACGATGGTGATCATGGTGGGTTTACCAGC-3' and 5'-TCGAGCTGGTAAACCCACCATGATCAC-
CATCGTGGGAGAATTAGTGAACA-3', which code for amino acid residues 37-52, was ligated to the isolated Nde I/Xho I-digested vector.
The solid regions indicate coding regions of6-PF-2-K/Fru-2,6-P2ase and the striped regions indicate the 3' untranslated flanking region. Positions
and orientations are shown as described in Fig. 1. (Lower) Boxes delineating the location of the phosphorylation domain (hatched), the 6-PF-2-K
domain (stippled), the Fru-2,6-P2ase domain (solid), and the 3' untranslated sequence (open) are shown. Numbers show positions ofthe pertinent
restriction sites, and arrows define the lengths of the 6-PF-2-K/Fru-2,6-P2ase cDNA plasmids used to engineer the expression vectors. The
coding region of 6-PF-2-K/Fru-2,6-P2ase is also indicated with an arrow.

immunoblot analysis with an antibody to the purified rat liver
enzyme (Fig. 4). The less intense immunoreaction of the
kinase domain may reflect the decreased immunoreactivity of
the kinase region relative to the bifunctional enzyme with the
polyvalent antibody (S.J.P., unpublished results) and/or less
efficient expression. The lower band (30 kDa) in lanes 3-5
corresponds to the bisphosphatase domain ofthe bifunctional
enzyme, which was produced during the induction of bifunc-
tional enzyme expression, probably as a result of translation
reinitiation at a ribosome-binding site preceding the bisphos-
phatase-coding sequence (14). The correct processing of the
expressed proteins was confirmed by amino-terminal se-
quence analysis though 20 cycles on a gas-phase sequencer.
6-PF-2-K activity and phosphoenzyme formation (an in-

termediate in the bisphosphatase reaction) were assayed in
the soluble fraction of these cells before and after IPTG
induction. Negligible kinase activity and phosphoenzyme
formation were detected before induction, but parallel in-
creases in 2-kinase activity and phosphoenzyme formation
were found after induction in cells that contained the pPKB
plasmid (Table 1). In contrast, kinase activity but no phos-
phoenzyme formation was detected when the kinase domain
was expressed. The product formed in the 6-PF-2-K reactions
for both proteins was acid labile and was eluted from an
anion-exchange column in the same position as Fru-2,6-P2
(data not shown). The bifunctional enzyme expressed with-
out its phosphorylation domain (residues 37-470) was com-
pletely insoluble (data not shown).

Characterization of the Bifunctional Enzyme and Its Kinase
Domain Expressed in E. coli. The expressed bifunctional
enzyme was greater than 90% pure after chromatography on
the Blue Sepharose column. The protein was purified 150-
fold, and the yield was 30%. About 1 mg of purified protein
was obtained from 2 liters of culture cells. The enzyme
migrated on a NaDodSO4/polyacrylamide gel with the same
subunit molecular weight as the native enzyme (Fig. 5). Some
properties of this enzyme and of the partially purified kinase
domain were compared with the properties ofthe bifunctional
enzyme purified from rat liver (Table 2). 6-PF-2-K activity of
the expressed bifunctional enzyme had a Vmax of 20 milli-
units/mg compared with 31 milliunits/mg for the rat liver
enzyme. Inorganic phosphate had no effect on the Vmax of the
6-PF-2-K of either bifunctional enzyme but greatly decreased
the Km for Fru-6-P for both enzymes. The Km values for
Fru-6-P and ATP for 6-PF-2-K of the expressed protein and
for the rat liver enzyme were similar. The expressed protein
was also inhibited by a-glycerol phosphate in a competitive
manner with regard to Fru-6-P (data not shown). The
bisphosphatase activity ofthe expressed bifunctional enzyme
had a slightly higher Vmax than did the bisphosphatase of the
rat liver enzyme in either the absence or presence of Pi or a
Fru-6-P-depleting system. The Km for Fru-2,6-P2 was the
same for both proteins. Phosphoenzyme formation was also
readily detected upon incubation of either protein with [2-
32P]Fru-2,6-P2. The expressed bifunctional enzyme was
eluted from a Sephadex G-100 column (in buffer A) with an
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FIG. 3. Induction of the 6-PF-2-K/Fru-2,6-P2ase and the sepa-
rate kinase domain. Polyacrylamide gel autoradiograph of cultures of
BL21(DE3) carrying pPKB and pKBa plasmids. The cells were
grown, induced, labeled with [35S]methionine, and processed for gel
electrophoresis as described. Lanes: 1-4, cells carrying pPKB
plasmid before and 15, 45, and 90 min after induction; 5-8, the same
time course of induction but with cells carrying the pKBa plasmid.
The position of 6-PF-2-K/Fru-2,6-P2ase (55 kDa) and 6-PF-2-K (27
kDa) polypeptides and 1-lactamase (bla) are shown.

apparent molecular mass of 110 kDa, indicating that under
these conditions it behaves as a dimer. The native liver
enzyme behaves in an identical manner (2, 3, 11).
The Km for Fru-6-P, in the absence or presence of Pi, of the

partially purified kinase domain expressed in E. coli was
higher than that of the kinase of the bifunctional enzyme. In
the presence of inorganic phosphate, the Km for Fru-6-P of
both kinases was 1/50th that in the absence of Pi. Similarily,
the affinity for ATP was greatly reduced in the case of the
expressed kinase domain. When the partially purified kinase
domain was applied to a Sephadex G-100 column, 6-PF-2-K
activity and immunoreactivity were coincident with a protein
peak that was eluted at 120 kDa (data not shown). Thus, in
contrast to the bisphosphatase domain expressed in E. coli,

1 2 3 4 5 6 7 8 9

Table 1. Induction of 6-PF-2-K activity and phosphoenzyme
formation by IPTG in cells containing pPKB or pPKa

6-PF-2-K activity, Phosphoenzyme
Enzyme milliunits/ml formation, cpm

6-PF-2-K/Fru-2,6-P2ase
Uninduced 0 100
Induced
30min 0.011 3,650
1 hr 0.023 5,960
2 hr 0.060 17,700

6-PF-2-K domain
Uninduced 0 0
Induced

30 min 0 0
1 hr 0.0010 0
2 hr 0.0025 0

Cultures of BL21 (DE3) carrying pPKB or pPKa were grown in M9
medium to A6N = 0.4 and were induced with 0.25 mM IPTG. At the
indicated times, 10-ml aliquots of the cultures were centrifuged, and
the cells were resuspended in 200 /.d ofbuffer A. The cells were lysed
and the samples were assayed for enzyme activities as described.

which is active as a monomer (14), the kinase domain is
oligomeric, since its subunit is 27 kDa (Fig. 4).

DISCUSSION
This paper reports the expression of rat liver 6-PF-2-K/
Fru-2,6-P2ase and its kinase domain in E. coli by using the
phage T7 expression system described by Studier and Moffat
(16). In this system, the expression ofthe protein is controlled
by the 410 promoter of T7 RNA polymerase and the strong
translation initiation signals for the major capsid protein of
bacteriophage T7. The T7 expression system has been used
to express a growing number of eukaryotic proteins (25-28).
Despite limited solubility, the high efficiency of this expres-
sion system makes it possible to obtain milligram quantities
of structurally and functionally intact proteins. For example,
expression of the bifunctional enzyme, its kinase domain, or
its bisphosphatase domain (14) in E. coli represented >60%
of the total amount of protein synthesized.
Although the enzyme lacking the phosphorylation site

domain (residues 1-37) was efficiently expressed, this protein
was not soluble, suggesting that some of the structural
elements essential for maintaining the bifunctional enzyme

A B C
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FIG. 4. Immunoblot of soluble expressed 6-PF-2-K/Fru-
2,6-P2ase and 6-PF-2-K domain. Lanes: 1, rat liver 6-PF-
2-K/Fru-2,6-P2ase; 2-5, cells carrying pPKB plasmid before and
after 15, 45, and 90 min of induction; 6-9, cells carrying pPKa
plasmid at the same times of induction. After transfer to nitrocellu-
lose, the blot was probed with antiserum to the purified rat liver
bifunctional enzyme.

31000- 4_w

21,500- 4

14,400- 4_

FIG. 5. NaDodSO4/polyacryl-
amide gel of purified expressed
6-PF-2-K/Fru-2,6-P2ase and rat
liver bifunctional enzyme. Ex-
pressed 6-PF-2-K/Fru-2,6-P2ase
(0.5 ,ug) and rat liver enzyme (3
,ug) were subjected to polyacryl-
amide electrophoresis in the pres-
ence of NaDodSO4 and visualized
by Coomassie blue staining.
Lanes: A, molecular weight mark-
ers; B, expressed 6-PF-2-K/Fru-
2,6-P2ase; C, rat liver enzyme.
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Table 2. Comparison of kinetic properties of the native rat liver
bifunctional enzyme with those of the bifunctional enzyme and
its kinase domain expressed in E. coli

6-PF-2-K/
Fru-2,6-P2ase Kinase domain

Activities Expressed Rat liver expressed
6-PF-2-K
Vmax (mU/mg)
- Pi 20.0 31.0 -
+ 5 mM Pi 20.0 31.0

Km ATP (mM)* 0.15 0.10 10
Km Fru-6-P (mM)
- Pi 0.7 0.40 >20
+ 5 mM Pi 0.02 0.015 0.4

Fru-2,6-P2ase
Vmax (mU/mg)
- DS 15.0 8.0 ND
+ DS 45.0 22.0 ND
+ 5mM Pi 50.0 40.0 ND

Km Fru-2,6-P2 (nM) 10.0 15.0
Phosphoenzyme
formation (mol/mol) 0.2 0.15 ND

ND, not detectable; DS, Fru-6-P-depleting system; mU, milliunits.
*The Km for ATP was unaffected by the presence of Pi.
and its kinase domain in a soluble form are localized in the
first 37 amino acid residues. Consistent with this notion,
limited proteolysis removed an N-terminal peptide contain-
ing the cAMP-dependent phosphorylation site, resulting in
loss of kinase activity (9, 10, 29), and the cleaved protein was
insoluble (9).
The expressed kinase domain had different kinetic prop-

erties than the kinase of the bifunctional enzyme and, in
contrast to the dimeric nature of the latter, the kinase
behaved in solution as an oligomeric protein. These results
suggest that, although the kinase domain possesses the
catalytic elements necessary for activity, association with the
C-terminal bisphosphatase in the bifunctional structure af-
fects its kinetic and structural properties. The results are also
consistent with the hypothesis, put forth by structural anal-
ysis of the kinase and bisphosphatase domains (31) and by the
monomeric behavior of the expressed bisphosphatase (14),
that kinase-kinase interactions are responsible for the dimer-
ization of the bifunctional enzyme.
The finding that the separate kinase domain was enzymat-

ically active, together with the previous report of the expres-
sion of an active bisphosphatase domain, unequivocally
proves the hypothesis that the respective activities are lo-
calized in different domains. We have postulated that 6-
PF-2-K/Fru-2,6-P2ase was formed by a fusion of primordial
phosphotransferase and phosphohydrolase genes (3, 13, 14,
31). Several other lines of evidence support this hypothesis:
(i) analysis of the primary and secondary structure of the rat
liver bifunctional enzyme revealed a structural similarity of
its 6-PF-2-K domain with E. coli 6-phosphofructo-1-kinase
and of its bisphosphatase domain with the phosphoglycerate
mutase/acid phosphatase families (4, 13, 14, 31); (ii) there is
also a functional homology between the Fru-2,6-P2ase do-
main and the phosphoglycerate mutase enzyme family in that
they all catalyze hydrolysis of glycerate 1,3-bisphosphate to
glycerate 3-monophosphate and Pi via a phosphohistidine
intermediate (13); (iii) both 6-PF-2-K and 6-phosphofructo-
1-kinase transfer phospho groups directly between substrates
in a ternary complex by an "in-line" mechanism not involv-
ing a covalent intermediate (8, 30); and (iv) a small amount of
bisphosphatase domain was also produced during the induc-
tion of bifunctional enzyme expression (Fig. 4 and see
footnote t), suggesting that there is a prokaryotic ribosome-

binding element at the junction of the two domains (14). In a
previous report, the T7 expression system was used to
express the bisphosphatase domain as a 244-residue protein
that started at Met-227 of the bifunctional enzyme (14). This
protein was made quite efficiently by translation reinitiation.
In this case, reinitiation occurred at a site having a minimal
(GGG) Shine-Dalgarno sequence.
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ing, Alan H. Rosenberg for critical reading of the manuscript, and
Michele Bullock for her skillful typing of the manuscript. This work
was supported by National Science Foundation Grant DMB 8608989
and National Institutes of Health Grant DK 3835402 to S.J.P.

1. Claus, T. H., El-Maghrabi, M. R., Regen, D. M., Stewart, H. B.,
McGrane, M., Kountz, P. D., Nyfeler, F., Pilkis, J. & Pilkis, S. J.
(1984) Curr. Top. Cell. Regul. 23, 57.

2. Pilkis, S. J., Claus, T. H., Kountz, P. D. & El-Maghrabi, M. R.
(1987) in The Enzymes, ed. Boyer, P. D. (Academic, Orlando, FL),
Vol. 28, pp. 3-45.

3. Pilkis, S. J., El-Maghrabi, M. R. & Claus, T. H. (1988) Annu. Rev.
Biochem. 57, 755-783.

4. Lively, M. O., El-Maghrabi, M. R., Pilkis, J., D'Angelo, G., Co-
losia, A., Ciavola, J.-A., Fraser, B. A. & Pilkis, S. J. (1988) J. Biol.
Chem. 263, 849.

5. Murray, K. J., El-Maghrabi, M. R., Kountz, P. D., Lukas, T. J.,
Soderling, T. R. & Pilkis, S. J. (1984) J. Biol. Chem. 259, 7673-7681.

6. Pilkis, S. J., Walderhaug, M., Murray, K., Beth, A., Venkataramu,
S. D., Pilkis, J. & El-Maghrabi, M. R. (1983) J. Biol. Chem. 258,
3454.

7. Stewart, H. B., El-Maghrabi, M. R. & Pilkis, S. J. (1985) J. Biol.
Chem. 260, 12933.

8. Kountz, P. D., Freeman, S., Cook, A. G., El-Maghrabi, M. R.,
Knowles, J. R. & Pilkis, S. J. (1988) J. Biol. Chem. 263, 16069-
16072.

9. El-Maghrabi, M. R., Pate, T. & Pilkis, S. J. (1984) J. Biol. Chem.
259, 13104.

10. El-Maghrabi, M. R., Pate, T., Murray, K. & Pilkis, S. J. (1984) J.
Biol. Chem. 259, 13096.

11. El-Maghrabi, M. R. & Pilkis, S. J. (1984) J. Cell Biochem. 26, 1.
12. Pilkis, S. J., Lively, M. 0. & El-Maghrabi, M. R. (1987) J. Biol.

Chem. 262, 12672-12675.
13. Tauler, A., El-Maghrabi, M. R. & Pilkis, S. J. (1987) J. Biol. Chem.

262, 16808-16815.
14. Tauler, A., Rosenberg, A. H., Colosia, A., Studier, W. F. & Pilkis,

S. J. (1988) Proc. Natl. Acad. Sci. USA 85, 6642-6646.
15. Maniatis, T., Fritsch, E. F. & Sambrook, J. (1982) Molecular

Cloning: A Laboratory Manual (Cold Spring Harbor Lab., Cold
Spring Harbor, NY).

16. Studier, F. W. & Moffatt, B. A. (1986) J. Mol. Biol. 189, 113-130.
17. El-Maghrabi, M. R., Pate, T. M., Murray, K. J. & Pilkis, S. J.

(1984) J. Biol. Chem. 259, 13096-13103.
18. Van Schaftingen, E., Lederer, B., Bartrons, R. & Hers, H.-G.

(1982) Eur. J. Biochem. 129, 191-195.
19. Pilkis, S. J., El-Maghrabi, M. R., McGrane, M., Pilkis, J., Fox, E.

& Claus, T. H. (1982) Mol. Cell. Endocrinol. 25, 245-266.
20. El-Maghrabi, M. R., Correia, J. J., Heil, P. J., Pate, T. M., Cobb,

Ch. E. & Pilkis, S. J. (1986) Proc. Natl. Acad. Sci. USA 83,
5005-5009.

21. Towbin, H., Staehelin, T. & Gordon, J. (1979) Proc. Natl. Acad.
Sci. USA 76, 4350-4354.

22. Hunkapillar, M. W. & Hood, L. E. (1983) Methods Enzymol. 91,
486-493.

23. Lowry, 0. H., Rosebrough, N. J., Farr, A. L. & Randall, R. J.
(1951) J. Biol. Chem. 193, 265-275.

24. Colosia, A. D., Marker, A. J., Lange, A. J., El-Maghrabi, M. R.,
Granner, D. K., Tauler, A., Pilkis, J. & Pilkis, S. J. (1988) J. Biol.
Chem. 263, 18669-18677.

25. Plotch, S. J., Palant, 0. & Gluzman, Y. (1989) J. Virol. 63, 216-225.
26. Nicklin, M. J. H., Harris, K. S., Pallai, P. V. & Wimmer, E. (1988)

J. Virol. 62, 4586-4593.
27. Shuman, S., Golder, M. & Moss, B. (1988) J. Biol. Chem. 263,

16401-16407.
28. Squires, C. H., Childs, J., Eisenberg, S. P., Polverini, P. J. &

Sommer, A. (1988) J. Biol. Chem. 263, 16297-16302.
29. Sakakibara, R., Kitajima, S., Hartman, F. C. & Uyeda, K. (1984)

J. Biol. Chem. 259, 14023-14030.
30. Jarvest, R. L., Lowe, G. & Potter, B. V. L. (1981) Biochem. J. 199,

427-432.
31. Bazan, F., Fletterick, R. & Pilkis, S. J. (1989) Proc. Natl. Acad. Sci.

USA, in press.

7320 Biochemistry: Tauler et al.


