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Involvement of the chicken liver 6-phosphofructo-2-kinase/fructose-2,6-
bisphosphatase sequence His***-Arg-Glu-Arg in modulation of
the bisphosphatase activity by its kinase domain
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The bisphosphatase activity of the hepatic bifunctional enzyme
6-phosphofructo-2-kinase/fructose-2,6-bisphosphatase is re-
pressed by its kinase domain, and regulated by cAMP-dependent
protein kinase (PKA)-catalysed phosphorylation. In the present
study, the mechanism by which the bisphosphatase activity is
repressed by the kinase domain and regulated by phosphorylation
was investigated. We found that truncation of the C-terminus
of the enzyme by 25, but not 20, amino acids dramatically en-
hanced the catalytic rate of the bisphosphatase, abrogated the
inhibition by the kinase domain, and eliminated the effect
of PKA-mediated phosphorylation on activity. In addition,
mutation of His***-Arg-Glu-Arg to Ala-Ala-Glu-Ala had similar
effects as the deletion. Moreover, the mutations also significantly
affected the phosphorylation-mediated regulation of the kinase
activity of the enzyme. Furthermore, the mutations altered the

pH-dependence of the bisphosphatase, and the mutant bisphos-
phatases were more sensitive to modification by diethyl
pyrocarbonate and guanidine-induced inactivation than the wild-
type enzyme. Taken together, these results demonstrate that the
sequence His***-Arg-Glu-Arg plays a critical role in repression of
the bisphosphatase activity by both the N-terminal kinase domain
and the C-terminal tail itself. These results also explain the
activation of the bisphosphatase activity by PKA-catalysed
phosphorylation, by suggesting that phosphorylation may relieve
the inhibitory effect of the kinase domain that is mediated by the
three basic residues in this sequence.

Key words: bifunctional enzyme, mutagenesis, phosphorylation,
terminal region.

INTRODUCTION

The bifunctional enzyme 6-phosphofructo-2-kinase/fructose-
2,6-bisphosphatase (6PF-2K/Fru-2,6-P,ase) catalyses both the
synthesis and the hydrolysis of the important regulatory metab-
olite fructose-2,6-bisphosphate (Fru-2,6-F,). The enzyme consists
of two independent catalytic domains, the N-terminal kinase
domain and the C-terminal bisphosphatase domain, which
catalyse the two opposite reactions [1,2]. Several tissue-specific
isoforms of the enzyme, including those from the liver, heart,
muscle, brain and testis, have been characterized [3-8]. There is
a high degree of conservation in the core structures of both the
kinase and bisphosphatase domains of all of these isoenzymes,
but the various isoenzymes vary significantly in their lengths and
amino acid sequences at their N- and C-terminal regions, which
serve to adapt the kinetic properties of the catalytic cores to the
metabolic exigencies of a particular tissue [1,2]. Among these
isoenzymes, the liver, heart and brain isoforms were found to
have protein kinase phosphorylation sites in their N-termini and/
or C-termini, and phosphorylation regulates their kinase
and/or bisphosphatase activities [9].

The hepatic bifunctional enzyme is the only isoform whose
kinase and bisphosphatase activities are regulated reciprocally
by cAMP-dependent protein kinase (PKA)-mediated phos-

phorylation at a single serine residue in the N-terminal tail
[9]. Phosphorylation of rat liver 6PF-2K /Fru-2,6-P,ase (RKB) at
Ser®? at physiological pH increases the Fru-2,6-F,ase activity by
2-3-fold and the K of 6PF-2K for fructose 6-phosphate (Fru-6-
P) by 10-15-fold [10]. Previous studies have indicated that the
regulation of the kinase and bisphosphatase activities by PKA-
catalysed phosphorylation involves both the N-terminus and the
C-terminus of this enzyme. For example, a 4-fold increase in
the k., of Fru-2,6-Pase and a 20-fold decrease in the affinity
of 6PF-2K for Fru-6-P compared with wild-type RKB were
observed when the N-terminal 22 residues were deleted from
RKB. The deletion also diminished the effect of PKA-mediated
phosphorylation on the activation of Fru-2,6-P,ase and the
inhibition of 6PF-2K [10]. Furthermore, deletion of the
C-terminal 30 amino acids of RKB enhanced the Fru-2,6-P,ase
k., by 9-fold and the K for Fru-6-P by approx. 2-fold, and
completely abolished the effect of PKA-mediated phosphory-
lation on Fru-2,6-P,ase activity [11]. These data suggest that the
two opposite activities of the hepatic isoenzyme are modulated
by both the N- and C-terminal sequences of the enzyme, and that
PKA-dependent regulation of this enzyme may be mediated by
these autoregulatory sequences.

The mutual regulatory nature of the two enzymic domains
raises two interesting questions: how do these two domains inter-

Abbreviations used: 6PF-2K, 6-phosphofructo-2-kinase; Fru-2,6-P,ase, fructose-2,6-bisphosphatase; CKB, chicken liver 6PF-2K/Fru-2,6-F,ase; RKB,
rat liver 6PF-2K/Fru-2,6-Rase; CBD, separate chicken liver Fru-2,6-Rase domain; CKB®®! C-terminal x-residue deletion mutant of CKB; Fru-2,6-p,
fructose 2,6-bisphosphate; Fru-6-P, fructose 6-phosphate; PKA, cAMP-dependent protein kinase; DEP, diethyl pyrocarbonate; GdnHCI, guanidine

hydrochloride.
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act with each other, and what is the role of the N- and C-
termini of this enzyme in the interaction between the enzymic
domains? Although the crystal structure of a mutant rat testis
6PF-2K /Fru-2,6-P,ase has been solved [12], the structure of the
N-terminal 36 amino acids of the enzyme was not visible,
providing no answers to these questions. Recently, Kurland et al.
[13] identified the region Gly*-Glu-Leu as the locus of the
interaction of the N-terminal tail with the kinase and bis-
phosphatase domains of RKB. However, how the C-terminal
region interacts with the kinase domain and the bisphosphatase
catalytic core still remains unclear. In the present study, we
gained further insight into the structural basis for the mutual
regulation of the two catalytic domains by characterizing
kinetically various mutants with mutations in the C-terminus of
chicken liver 6PF-2K /Fru-2,6-Pase (CKB). We found that the
sequence His***-Arg-Glu-Arg (specifically the three basic residues
in this sequence) is responsible for the repression of the Fru-2,6-
P,ase activity exerted by the kinase domain.

EXPERIMENTAL
Oligonucleotide-directed mutagenesis

The deletion mutants of CKB were engineered by replacing the
EcoRI/BamHI fragment of wild-type CKB cDNA with that of
corresponding deletion mutant forms of the separate bis-
phosphatase domain of CKB (CBD) [14,15]. All the site-directed
mutations of CKB were generated by PCR using the Expand™
High Fidelity PCR System (Roche Molecular Biochemicals,
Mannheim, Germany). The mutants CKBA"4 (in which Arg**®
and Arg*"” of CKB were mutated to Ala), CKB*4%4 (in which
His***, Arg** and Arg*” were mutated to Ala), CKB***¥ and
CKB**P (in which His*** was replaced by Lys and Asp re-
spectively), and CKB**¥ and CKB***" (in which Arg*® was
replaced by Lys and Asp respectively) were constructed by
replacing the 760 bp Kpnl/BamHI fragment of CKB with that
digested from the PCR product. For construction of the CKB*44
and CKB**** mutants (His*** and Glu**¢ respectively mutated to
Ala), a pair of primers was used to generate the mutation and
to introduce a restriction site with a silent mutation. The
EcoRI1/BamHI fragment of wild-type CBD was substituted with
that of the site-directed mutant forms of CKB to construct
CBD*4, CBD*** and CBD**"*, The nucleotide sequences of
the mutant plasmids were determined to ensure that no other
point mutations were introduced.

Expression and purification of the enzyme

All mutant forms of CKB and CBD were expressed in Escherichia
coli BL21 (DE3) using the phage T7 RNA polymerase-based
system, as described previously for wild-type CKB and CBD
[14-16]. After induction with isopropyl p-D-thiogalactoside
(Sigma; 0.01 xuM for CBD and 100 xuM for CKB) at 22 °C for
24 h [17], the protein was extracted and purified using the
procedure for CKB [14] or CBD [16] described previously. All
enzymes were purified to homogeneity, as judged by SDS/PAGE
(results not shown).

Assay of 6PF-2K and Fru-2,6-Pase activities

6PF-2K activity was measured by monitoring the production of
Fru-2,6-P, [18]. Fru-2,6-P,ase activity was assayed by following
the rate of release of [*P]P, from [2-**P]Fru-2,6-P,, as described
previously [19].

© 2001 Biochemical Society

Phosphorylation of CKB by PKA

The wild-type and mutant forms of CKB (100 ug each) were
incubated in a final volume of 0.1 ml containing 50 mM
Tris/HCL, pH 7.5, 5mM P,, 5 mM MgCl,, 2 mM dithiothreitol
and 1 mM [y-**P]JATP (200 c.p.m./pmol). The reaction was
started by the addition of 2 ug of the catalytic subunit of PKA.
After incubation at 30 °C for 20 min, the stoichiometry of the
incorporation of **P into the enzyme was determined according
to the method of Roskoski [20]. The incorportation of **P for all
forms of CKB was greater than 0.9 mol/mol of subunit.

Chemical modification

The protein (10 ug) was incubated with 1 mM diethyl pyro-
carbonate (DEP) (Sigma) at 30 °C in a total volume of 100 ul.
The reaction was stopped by the addition of dithiothreitol to a
final concentration of 10 mM, and the residual Fru-2,6-P,ase
activity was assayed as described above.

Effect of pH on Fru-2,6-Pase activity

A mixture of 100 mM Mes, 100 mM Bis-Tris propane, 100 mM
Hepes and 100 mM Tris, titrated to the desired pH with HCI or
NaOH, was employed as buffer for the pH range 5.0-10.0. Fru-
2,6-P,ase activity was measured at 30 °C in the presence of 5 mM
P,, 10 uM Fru-2,6-P, and 40 mM of the buffer mixture.

Fluorescence measurements and denaturation with guanidine
hydrochloride (GdnHCI)

The proteins (30 xg/ml) were incubated with GdnHCI (Sigma) at
25 °C for 20 min in buffer containing 20 mM Tris/HCI, pH 8.0,
50 mM KCI and 1 mM dithiothreitol. Aliquots were then re-
moved for fluorescence measurement and assay of Fru-2,6-P,ase
activity. Upon excitation at 295 nm, the intrinsic fluorescence of
the samples was scanned from 300 to 380 nm with an Hitachi
F4010 fluorescence spectrophotometer. The bandwidth for both
excitation and emission was 5 nm.

RESULTS

Effects of C-terminal deletion on the Fru-2,6-P,ase activity of the
dephospho- and phospho-forms of CKB

Our previous study on the separate bisphosphatase domain CBD
showed that successive deletion of the C-terminal region of
CBD gradually increased the Fru-2,6-P,ase activity [15]. Because
PKA-catalysed phosphorylation of the intact hepatic bifunc-
tional enzyme also activates the Fru-2,6-P,ase, it is interesting to
determine the role of the C-terminal tail in the phosphorylation-
mediated activation of Fru-2,6-P,ase. We generated a series of C-
terminal deletion mutants of CKB (CKB¢®d! CKB20del,
CKB¢?d and CKB®?!  where the numbers indicate the
numbers of residues deleted) by substituting the bisphosphatase
domain of CKB with the corresponding deletion mutants of
CBD. All of these mutants were expressed in E. coli BL21 (DE3)
and purified to homogeneity (results not shown). In addition, the
phosphorylated forms of these enzymes were prepared.

As shown in Table 1, deletion of the C-terminal 25 or 30
residues of CKB enhanced the V, __of Fru-2,6-P,ase by approx.
20-fold, and increased the K for Fru-2,6-P, by approx. 2-3-fold.
In addition, the Fru-2,6- P,ase activity of CKB“****' and CK B3¢¢!
did not respond to PKA-mediated phosphorylation, because
neither the V _ of Fru-2,6-P,ase nor the K for Fru-2,6-P, of

max
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Table 1

Kinetic properties of the dephospho- and phospho-forms of the truncation mutants of CKB

I/ and K values were calculated using a Hyperbolic Regression Analysis Program (http://www.liv.ac.uk/ ~ jse/software.ntml). The |/ for 6PF-2K and the K, value for Fru-6-P were
determined in the presence of 2 mM Mg®* and 10 mM ATP. The K., for ATP was determined in the presence of 2 mM Fru-6-P and 10 mM Mg?*. Double-reciprocal plots of 6PF-2K activity for
CKB and CKBC'™®! against ATP concentration revealed two slopes. Fitting the data corresponding to the two ATP ranges (0.05-0.4 mM and 0.4—4 mM,) separately into the above-mentioned Software
yielded two K., values. Fru-2,6-Rase activity was determined in the presence of 5 mM P,. The values represent means =+ ranges for at least three measurements. Statistically significant differences:
*P < 0.05**P < 0.01, **P < 0.001 for mutants compared with wild-type CKB; 7P < 0.05, 1P < 0.01, 1P < 0.001 for the phospho (P-) form compared with the corresponding dephospho-

form.
6PF-2K
K, (mM) Fru-2,6-Rase
Enzyme form I/ & (M-units/mg) Fru-6-P ATP /& (M-units/mg) K, Fru-2,6-B (uM) K Fru-6-P (M)
CKB 337438 0.022+0.003 0.1140.04, 0.91 +0.10 1442 0.1140.02 103+1.4
P-CKB 182 +17+7 0.033+0.008 01740.03,1.57+0.14 36+ 51T 0.1240.02 11.0+15
CKBereee 282422 0.022 4 0.004 0.1340.02, 0.54 +0.07 1743 01240.02 114410
P-CKBC!S! 1534211 0.031 40012 0214003, 0924013 404577 0.1140.03 11.840.6
CcKeaee 312420 0.026 4 0.002 0.4040.08 3143 0.1140.02 83409
P-CKBC2ce! 188 £ 257 0.04140.010 0.59 - 0.05F 704977 01540.05 85+08
CcKBeae 536 + 46" 0.04040.012 0.3440.05 282429 0.2540.05* 64407
P-CKBU250e! 22543111+ 042401411 0.48+0.041 275422 0.28 40.06 63404
CcKpeavee 514442+ 0.04540.010" 0.41 40,04 271 £26** 0.30 +0.05* 58403~
P-CKBU0e! 2324281 0.48 401577 0.62+0.077 2712419 0.2940.07 6.440.6
x activity, as the V. for Fru-2,6-P,ase was increased by even less
>'§ o - 300 ° than 2.5-fold (Table 1). The effect of PK A-catalysed phosphoryl-
o S @ ation on the activities of CKB®1*%! and CKB“2%¢! was similar to
a @ o that on the activity of wild-type CKB, i.e. an enhancement of the
o < L 200 © V .ax Of Fru-2,6-Pase by 2-3 fold (Figure 1), with no change in
© o . o the K for Fru-2,6-P, (Table 1). These results suggest that C-
‘; % —0— Ratioof V, E terminal residues 21-25 play an important role in repression of
= -g_ —— Fru-2,6-P,aseV, . 5 the Fru-2,6-P,ase activity of CKB, and that these residues are
v 8 r 100 x also involved in the regulation by PKA-catalysed phosphoryl-
_g -g_ >E ation.
&
0
o - 0.4 Effects of point mutations in the region His***-Arg-Glu-Arg on the
& 8 —A— Ratio of K, Fru-2,6-Fase activity of the dephospho- and phospho-forms of
~ 3 —o— K, for Fru-6-P L 03 & CKB
"',: .g_ g - “g C-terminal residues 25-21 are Thr***-His-Arg-Glu-Arg, con-
L a = taining three basic residues and one acidic residue. To determine
!E % 0.2 5 whether the acidic or basic residues are critical for the regulation
% 'S_ "-E of Fru-2,6-P,ase activity, we constructed two site-directed
o & 41 L 04 X mutants: CKB**¢4, in which the acidic residue Glu**® was mutated
= < ) to Ala, and CKB**E4 in which the three basic residues His***,
i Arg*s and Arg*” were mutated to Ala. As shown in Table 2,
01— v T v T T - 0 CKB**%* showed no differences from wild-type CKB in any
0 5 10 15 20 25 30 kinetic properties, whereas the V. _for Fru-2,6-P,ase was approx.
Number of C-terminal residues deleted 11-fold greater and the K | pf Fru-2,6-P, approx. 3.-f.01d greater
for CKB**®4 than for wild-type CKB. In addition, PKA-
mediated phosphorylation had no effect on the Fru-2,6-P,ase
Figure 1 Effects of C-terminal deletions on the 6PF-2K and Fru-2,6-F,ase activity of CKB*A"A (Table 2). The results demonstrate the

activities of the phospho- and dephospho-forms of CKB

6PF-2K and Fru-2,6-Rase activities were measured at pH 7.4 in the presence of 5 mM
potassium phosphate. Upper panel, phospho/dephospho I/, ratio (O) and absolute 17, ([J)
of the Fru-2,6-Rase activity of full-length CKB and its deletion mutants. Lower panel,
phospho/dephospho K, ratio (£\) and absolute K, for Fru-6-P (<>) of the 6PF-2K activity of
the enzymes. The data represent means +range of at least three determinations.

CKB*%dl or CKB“*%! was changed upon phosphorylation
(Table 1, Figure 1). However, deletion of the C-terminal 15 or 20
amino acids of CKB had no significant effect on Fru-2,6-P,ase

critical importance of the three basic residues in the repression of
Fru-2,6-F,ase activity, and also indicate that these residues are
involved in the effect of PKA-catalysed phosphorylation.

To ascertain further the role of specific basic residues in the
repression of Fru-2,6-Pase activity and in the effect of
phosphorylation, we generated another two mutant enzymes,
CKB**4 (His*** — Ala) and CKB*®* (Arg'**-Glu-Arg — Ala-
Glu-Ala). CKB*#** and CKB*"* show V, _ values for Fru-2,6-
P,ase approx. 6-7-fold greater and K values for Fru-2,6-P,
approx. 2-3-fold greater than those of wild-type CKB (Table 2).
Similarly, the mutations His*** —» Ala and Arg*-Glu-Arg —

© 2001 Biochemical Society
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Table 2 Kinetic properties of the dephospho- and phospho-forms of the point mutants of CKB

See the legend to Table 1 for details. The values represent means =+ range for at least three determinations. Statistically significant differences: *P < 0.05, **P < 0.01, **P < 0.001 for mutants
compared with wild-type CKB; P < 0.05, T1P < 0.01, T11P < 0.001 for the phospho (P-) form compared with the corresponding dephospho-form.

6PF-2K
K, (mM) Fru-2,6-Rase

Enzyme form & (M-units/mg) Fru-6-P ATP /2 (M-units/mg) K, Fru-2,6-B (M) K Fru-6-P (uM)
CKB 337438 0.022 +0.003 0.1140.04,0.9140.10 1442 0.1140.02 103+1.4
P-CKB 182 +171+ 0.033 4 0.008 0.1740.03,1.57+0.14 36+5F 0.1240.02 11.04+15
CKBAAEA 4954 42** 0.042 +0.008" 0.20+0.05, 0.52+0.10 152+ 16" 0.35+0.08* 76404
P-CKBMEA 292 + 331+ 0504012+ 0.184+0.04, 0.79+0.09 150+ 14 0424011 74402
CKBAEA 418+30* 0.04140.012 0.13+0.03, 0.68+0.07 88+ 6" 0.30+0.05* 78403
P-CKBAE 27142677 045+ 01317 0.19+0.04,1.024012 8446 0.40+0.12 77405
CKB*4A 406+ 35 0.040 +0.005* 0.22+0.05, 0.61 4 0.05 102+ 5 0.25+0.04* 8.5+0.4
P-CKB*4 255+ 287 0.3540.15¢ 0.24+0.04, 0.89+0.09 10046 0.30+0.04 8.2+0.6
CKB*4 388424 0.03140.004 0.14+0.02, 0.78+0.08 3745 0.18+0.04 6.5+0.5*
P-CKB*4K 24+ 2171+ 0.18 +0.0577 0.21+0.02,1.3040.10 4346 0.16+0.03 72404
CKB*40 42+18* 0.039+0.006* 0.23+0.05, 0.58+0.06 7649 0.34+0.06™ 71405
P-CKB*D 236+ 1271+ 0.55+0.09F%7 0.29+0.05, 0.76 4 0.08 79+11 0.33+0.05 6.8+0.6
CKB*K 342422 0.027 +0.006 0.1140.02, 0.9240.09 22+ 4* 0.1240.03 105+0.9
P-CKB*5K 2021771+ 0.082+0.01077 0.26+0.04, 1.6340.20 3145 0.1240.04 99+0.8
CKB*5P 398420 0.045+0.008* 0.16+0.04, 0.83+0.10 96+ 8" 0464012 81405
P-CKB*50 205+ 1571+ 0.61+010F%T 0.29+0.03,1.2040.10 9048 0.3540.10 76+03
CKB*6A 328432 0.021 +0.002 0.14+0.02, 0.82+0.09 1442 0.1240.03 98+16
P-CKB*6* 193 + 231+ 0.034 4 0.005+ 0.1940.04, 1.42+0.13 3443+ 0.1140.03 102414

Ala-Glu-Ala eliminated the effect of PK A-mediated phosphoryl-

ation on the kinetic properties of Fru-2,6-P,ase (Table 2). The 2 20 1

results indicate that both His*** and the two Arg residues (or one £

of the two Arg residues) are important in the regulation of the §,

Fru-2,6-P,ase activity of CKB. 2 15 1
Sequence comparison reveals that His*** and Arg**® are highly o

conserved in all isoenzymes of the 6PF-2K /Fru-2,6-P,ase family. o.

Thus we further mutated these residues to Lys or Glu. The © 10 1

kinetic parameters of CKB***¥, CKB*" CKB**** and CKB*#*" ‘;

are shown in Table 2. Mutation of His*** or Arg**® to Lys "

increased the V,  of Fru-2,6-Pase by 3-fold and 509, re- w 51

spectively, and mutation of either residue to Glu enhanced the os

Fru-2,6-Pase activity by 5-7-fold. In addition, mutation of 8

His*** or Arg**® to Glu completely eliminated the activation 0 -

of Fru-2,6-P,ase by PKA-catalysed phosphorylation; however, D O @ ol >

phosphorylation of CKB**¥ or CK B***¥ could activate the Fru- 6\ 0\\600&600@606{3& 05060 btb‘b‘ ng.v?g'

2,6-P,ase by 20-50 9, (Table 2). These results indicate that the
electrostatic properties of the side chains of these two highly
conserved residues play important roles in the regulation of the
Fru-2,6-P,ase activity, as well as in the effect of phosphorylation
on the Fru-2,6-P,ase.

Comparison of the k_, values for Fru-2,6-Fase of wild-type CKB
and CBD and their mutants

The Fru-2,6-P,ase activity of CKB is repressed by both the N-
terminal kinase domain and the C-terminal sequence [15,16]. It
was proposed previously that PK A-catalysed phosphorylation of
the hepatic bifunctional enzyme activates Fru-2,6-P,ase in part
through relieving the repression of Fru-2,6-P,ase activity by the
N-terminal kinase domain [9]. The findings that the mutations in
CKB*#*, CKB*"* and CKB**"* stimulated Fru-2,6-P,ase ac-
tivity and eliminated the phosphorylation-mediated effects
prompted us to determine whether the N-terminal kinase domain
still has repressive effects on the Fru-2,6-P,ase activity of these
mutant enzymes. In order to address this question, we introduced

© 2001 Biochemical Society

Figure 2 Comparison of the Fru-2,6-P,ase activities of wild-type CKB and
its mutants with the activities of the corresponding bisphosphatase domains

The activity of Fru-2,6-P,ase is expressed in term of 4, (min™). Solid bars represent the Fru-

2,6-Rase activity of the bifunctional enzyme (CKB), and empty bars represent the Fru-2,6-Aase
activity of the recombinant separate bisphosphatase domain (CBD). The values represent
means =+ range for at least three determinations.

the same point mutations into the separate bisphosphatase
domain of the enzyme. All the mutant forms of CBD were
expressed and purified as described previously [15,16]. The &,
values for Fru-2,6-Pase of these three mutants (CBD**4,
CBD#"* and CBD*4"4) were 3040 9, higher than those of the
corresponding full-length bifunctional enzymes (Figure 2). These
results suggest that, in the full-length bifunctional enzyme with
these mutations, repression of the bisphosphatase activity by the
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Figure 3 Effects of C-terminal deletions and point mutations on the pH
sensitivity of Fru-2,6-P,ase activity

Fru-2,6-Aase activity was measured in 10 M Fru-2,6-£ at the pH values indicated. For each
enzyme, the activity is expressed as the ratio of |/, at indicated pH to that at pH 6.0. WT, wild
type. Each data point was calculated based on the average of at least three independent
measurements ; error bars indicate range.

N-terminal kinase domain still remains to some extent, but is
much weaker than in wild-type CKB, as the k_,, of Fru-2,6-P,ase
of CBD was 2-3-fold higher than that of CKB. Thus we conclude
that the three basic residues mediate the repressive effect of the
N-terminal kinase domain on the Fru-2,6-P,ase catalytic core.
Furthermore, the Fru-2,6-Pase k., values of CBD'** and
CBD*"™ were approx. 3-4-fold greater, and that of CBD*4"4
was approx. 6-fold greater, than that of the original CBD. This
indicates that, in addition to their role in mediating the repressive
effect of the kinase domain on the Fru-2,6-P,ase, the three basic
residues are also responsible for the repression of Fru-2,6-P,ase
activity by the C-terminal tail itself.

Interestingly, although mutation of all three basic residues to
Ala resulted in activation of Fru-2,6-P,ase that was significantly
greater than with the two individual mutations (His*** — Ala and
Arg*-Glu-Arg — Ala-Glu-Ala), simultaneous mutation of the
three basic residues did not result in greater relief of repression
of Fru-2,6-P,ase activity by the N-terminal kinase domain: the
Fru-2,6-Pase k., values of CKB**** CKB**** and CKB*"*
were all approx. 309, lower than that of their corresponding
separate bisphosphatase domains (Figure 2).

A comparison of the k_, values for Fru-2,6-P,ase between
CKBs and CBDs with various C-terminal deletion mutations is
also shown in Figure 2. The Fru-2,6-P,ase k., value of CKB“?**!
was almost identical with that of CBD“*%!  suggesting that
truncation of the C-terminal 25 residues of CKB caused elim-
ination of the influence of the kinase domain on Fru-2,6-P,ase
activity. However, for wild-type CKB, CKB®1d!, CKB*“!%¢! and
CKB%¢! removal of the kinase domain enhanced Fru-2,6-P,ase
activity by 3-5-fold, since CBD, CBD®!  CBD“*“ and
CBD®“*"¢! had Fru-2,6-Pase k,, values 3-5-fold higher than
those of the corresponding CKBs. These results suggest that
the C-terminal 20 amino acids of CKB do not contribute to the
repression of Fru-2,6-P,ase activity by the kinase domain at all,
and that the sequence encompassing residues 21-25 is the only

part of C-terminal sequence that is responsible for the repressive
effect of the N-terminal kinase domain.

pH-dependence of the Fru-2,6-Fase activity of wild-type CKB and
various mutants

The Fru-2,6-P,ase activities of wild-type CKB and various
mutants were determined at different pH values from 5.0 to 10.0.
The stability of all the proteins at each pH was examined by
incubating the enzyme at that pH for 30 min and then measuring
the Fru-2,6-P,ase activity at pH 7.4. There was no loss of enzyme
activity after incubation at pH values between 5.0 and 10.0
(results not shown). As shown in Figure 3, the Fru-2,6-P,ase
activities of CKB¢*%¢" and wild-type CKB were optimal at
pH 6.0, and decreased to approx. 20-409% of the optimal
activity at pH 10.0. However, pH sensitivity was not observed
for CKB®"!. Interestingly, the Fru-2,6-Pase activities of
CKB**4 CKB*® (results not shown) and CKB*4®* (Figure 3)
were also not affected by changes in pH. The pH profile of
CKB*%4 was similar to that of wild-type CKB (results not
shown). Thus it is reasonable to conclude that the three residues
His**, Arg!*® and Arg**" in the C-terminus play a role in the pH-
dependent regulation of the Fru-2,6-P,ase activity of CKB.

Effects of deletion and point mutations in the C-terminus of CKB
on the 6PF-2K activity of the dephospho- and phospho-forms

The 6PF-2K activities of all CKB mutants were determined. As
shown in Table 1, deletion of the final 20 residues of CKB had
little effect on kinase activity. However, further truncation of an
additional five amino acids induced approx. 2-fold increases in
both the V', and K for Fru-6-P of 6PF-2K. Phosphorylation
of wild-type CKB only slightly modulated kinase activity,
decreasing the V, by approx. 409, and increasing the K for
Fru-6-P by less than 2-fold. Phosphorylation of CKB“2%¢! had
an effect on kinase activity similar to that for wild-type CKB
(Table 1, Figure 1). However, for CKB“**®! and CKB®"e!,
phosphorylation decreased the V. of 6PF-2K by approx. 60 %,
and reduced the affinity of the 6PF-2K for Fru-6-P by approx.
10-fold (Table 1, Figure 1).

The effects of point mutations of basic residues to Ala or Glu
mimicked those of C-terminal 25- or 30-residue truncations:
CKB444A’ CKB444|)’ CKB445I)’ CKBAKA and CKBAAEA ShOWCd
slightly higher 6PF-2K V _values and 2-fold lower affinities for
Fru-6-P than wild-type CKB, and phosphorylation of these
mutants increased the K for Fru-6-P by approx. 10-fold (Table
2). For the mutants CKB*#*¥ and CKB**>%, the 6PF-2K activities
did not differ obviously from that of wild-type CKB. However,
phosphorylation of these two mutants decreased the affinity of
6PF-2K for Fru-6-P by 3-6-fold. The results suggest that these
three basic residues in the C-terminal region are involved in the
modulation of 6PF-2K activity by phosphorylation, and again
indicate the important roles of specific properties of side chains
of His*** and Arg*.

Earlier work demonstrated that chicken liver 6PF-2K is
activated by ATP, which reflects a negative co-operativity for
binding of ATP to the enzyme [14,21]. Double-reciprocal plots of
the 6PF-2K activity of CKB against ATP concentration clearly
showed two slopes (results not shown), which yielded two K
values for ATP (Table 1). Here we found that the C-terminal 30-,
25- or 20-residue deletions eliminated the activation by ATP of
6PF-2K. CKB®3%el CKB?%! and CKB¢%! exhibited typical
Michaelis—Menten kinetics with respect to ATP. The data suggest
that the C-terminal region of CKB is somehow involved in the
activation of 6PF-2K activity by ATP. However, the region
His**-Arg-Glu-Arg is not involved in this activation, since all
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Figure 4 Time course of inactivation by DEP modification of the Fru-2,6-
P,ase activity of the dephospho- and phospho-forms of CKB and its mutants

A sample of 10 xg of each protein was incubated with 1 mM DEP at 30 °C, and the reaction
was stopped at the indicated time by adding dithiothreitol to a final concentration of 10 mM.
Fru-2,6-Pyase activity was then assayed. WT, wild type; P-CKB, phospho-form of CKB. Data
shown are means =+ range from two separate experiments done in duplicate.

the point mutants still showed activation by ATP of the 6PF-2K
activity (Table 2).

Effects of the mutations on inactivation of the enzyme by DEP
modification

Previous work had suggested that the modification of His residues
at the active site of Fru-2,6-Pase by DEP could result in
inactivation [22,23]. The accessibility of the catalytic core to DEP
may indicate the extent of opening of the catalytic site. We
determined the time course of inactivation by DEP modification
of wild-type CKB and its various mutants, as well as
phosphorylated CKB. As shown in Figure 4, inactivation of
CKB*d! and CKB“**¢! by DEP modification was much faster
than that of wild-type CKB, CKB¢*%?¢! and CKB*%¢¢!; the rates
of inactivation of CKB**"™ and phosphorylated CKB were
intermediate. After being incubated in 1 mM DEP for 2 min, the
residual activities of wild-type CKB, CKB¢?d! CKB0!,
CKBe¢#de!l, CKB*e!, CKB**¥* and phosphorylated CKB were
approx. 66 %, 629%, 55%, 21%, 209%,, 359, and 449, re-
spectively of their original activity. The higher accessibility of the
active site of the Fru-2,6-Pase of CKB*%!" and CKB“%! to
DEP suggests a much more open conformation of the active sites
in these two deletion mutants. The obvious difference in in-
activation rates between CKB***4 and wild-type CKB suggests
that there may be a conformational change in the Fru-2,6-P,ase
active site that is caused by mutation of the three basic residues
to Ala. Moreover, the phospho-form of CKB was clearly more
accessible to DEP than the dephospho-form, indicating that
PKA-catalysed phosphorylation induces a more open conform-
ation of the Fru-2,6-P,ase catalytic core, which might account
for the higher Fru-2,6-P,ase activity of phosphorylated CKB.
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Figure 5 Effects of GdnHCI on the Fru-2,6-F,ase activities of the dephospho-
and phospho-forms of CKB and its mutants

The enzymes (90 z«g/ml) were incubated at 25 °C for 20 min with the indicated concentrations
of GdnHCl, and aliquots were then removed for the Fru-2,6-Rase activity assay. WT, wild type ;
P-CKB, phospho-form of CKB. The data shown are the averages of two separate experiments
done in duplicate; error bars indicate range.

Fluorescence spectra and GdnHCl-induced inactivation of wild-
type CKB, CKB®*®! CKB®?% and CKB*

In order to detect whether the various mutations alter the global
structure of the enzyme, we compared the intrinsic fluorescence
spectra of the CKB®**“¢! and CKB*4#4 mutants with that of the
wild-type enzyme in the presence of different concentrations of
GdnHCI. The fluorescence spectra for these enzymes were very
similar. There were no significant differences in the red shift of
the emission maximum or in the change in emission intensity at
335 nm in the presence of various concentrations of GdnHCI
among these enzyme preparations (results not shown). Therefore
there are no significant changes in the global structures of these
two mutant enzymes compared with the wild-type enzyme.
However, the GdnHCl-induced inactivation of CKB¢?d! and
CKBA**"4 was dramatically different from that of wild-type CKB
and CKB“%Ag shown in Figure 5, after incubation in low
concentrations of GdnHCI (0-0.6 M) at 25 °C for 20 min, the
Fru-2,6-P,ase of wild-type CKB and CKB®**' was activated.
The concentration of GdnHCI causing maximal activation was
0.5 M. At concentrations of GdnHCI exceeding 0.6 M, the Fru-
2,6-Pase was gradually inactivated. In contrast, the Fru-2,6-
Pjase activity of CKB***' and CKB**"* decreased rapidly, and
was completely lost at 0.6 and 1.0 M GdnHCI respectively.
Inactivation of the phospho-form of CKB is considerably
different from that of the dephospho-form. These observations,
consistent with the DEP modification results, demonstrate that a
C-terminal 25-residue deletion, mutation of His***-Arg-Glu-Arg
to Ala-Ala-Glu-Ala, or phosphorylation of the enzyme may
result in a much more open conformation of the Fru-2,6-P,ase
catalytic core, although there are no significant changes to the
global structure of the enzyme.

DISCUSSION

It is well known that, for the hepatic 6PF-2K /Fru-2,6-P,ase, the
N-terminal kinase domain has a repressive effect on the C-
terminal bisphosphatase, and that PKA-catalysed phosphoryl-
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ation at an N-terminal Ser residue activates the Fru-2,6-P,ase
activity. Deletion of either the N- or the C-terminus affects both
the 6PF-2K and Fru-2,6-P,ase activities. How the two catalytic
domains interact with each other is of great interest. In the
present study, we reveal that the sequence His***-Arg-Glu-Arg
within the C-terminus of CKB is the key structural element in the
bisphosphatase domain that mediates the repressive effect of
the N-terminal kinase domain on the bisphosphatase catalytic
core. In addition, our data show that the region is also responsible
for the inhibition of Fru-2,6-P,ase activity by the C-terminal
tail itself, and is involved in regulation of this activity by PKA-
catalysed phosphorylation.

Mutation of the three basic residues within the sequence
His***-Arg-Glu-Arg almost eliminated the repression of Fru-2,6-
P,ase activity by the kinase domain, suggesting that the inhibitory
effect of the N-terminal kinase domain is probably mediated by
electrostatic interactions. Importantly, the Fru-2,6-P,ase activity
of the mutants CKB*#** (or CKB***"), CKB**P, CKB*"* and
CKB*4"4 was no longer regulated by PK A-catalysed phosphoryl-
ation (Table 2), although the repression of Fru-2,6-P,ase activity
by the N-terminal kinase domain still remained to some degree
(Figure 2). Thus it is reasonable to believe that PK A-catalysed
phosphorylation probably activates the Fru-2,6- P,ase by relieving
the repression by the kinase domain that is mediated by this
sequence, or, more exactly, by the two basic residues His*** and
Argh®,

Interestingly, we found that mutation of the three basic residues
to Ala or Glu also influenced the effect of PKA-mediated
phosphorylation on the 6PF-2K activity of CKB. The PKA-
catalysed phosphorylation of CKB**44 (or CKB*#4P), CKB*45P,
CKB*"* and CKB**"* increased the K|, of 6PF-2K for Fru-6-P
by approx. 10-fold, while increasing that of the wild-type enzyme
by only approx. 2-fold (Figure 1, Table 2). These results suggest
that there may exist some direct or long-range interaction between
the sequence His***-Arg-Glu-Arg and the kinase domain.

Our results show that the C-terminal 25 amino acids of CKB
are responsible for the pH sensitivity of its Fru-2,6-P,ase activity
(Figure 3). This is consistent with a previous report by Lin et al.
[11] that the pH sensitivity of the Fru-2,6-P,ase activity of wild-
type RKB was not observed with RKB¢*¢¢!_ Interestingly, the
muscle isoenzyme, which differs from the hepatic isoenzyme only
in its N-terminal sequence, also exhibits pH-insensitive Fru-2,6-
P,ase activity, suggesting a possible interaction between the N-
and C-terminal regions [11]. The finding that mutations in the
region His***-Arg-Glu-Arg of CKB resulted in a loss of sensitivity
of Fru-2,6-P,ase to changes in pH suggests that an interaction
occurs between this region and the kinase domain.

All of our data demonstrate that the sequence His***-Arg-Glu-
Arg of CKB is a key element that links the two catalytic domains
of the enzyme. The fact that mutation of His***-Arg-Glu-Arg
to Ala-Ala-Glu-Ala renders the enzyme much more susceptible to
DEP treatment (Figure 4) and to GdnHCl-induced inactivation
(Figure 5) demonstrates that the three basic residues in this
region are very important in maintaining the Fru-2,6-P,ase
catalytic core in a tight conformation. This tetrapeptide sequence
probably interacts directly with residues in the catalytic core of
Fru-2,6-Pase and reduces the rate of breakdown of the
phosphoenzyme intermediate or the rate of product release.
Based on the crystal structures of the rat testis bifunctional
enzyme and the rat liver bisphosphatase domain [12,24], we
postulated previously that the spatial proximity of the C-terminal
tail and loop 2 of the Fru-2,6-P,ase catalytic core, which contains
11 acidic amino acids, might underlie the inhibitory effect of the
C-terminal tail on the Fru-2,6-P,ase activity [15]. The results of
the present work further support our idea, by suggesting that

electrostatic interactions between the three basic C-terminal
residues (His**, Arg**® and Arg?*®) and the acidic residues within
the loop 2 underlie the repression of Fru-2,6-P,ase activity by the
C-terminal tail.

We do not know how the sequence His***-Arg-Glu-Arg
interacts with the N-terminal kinase domain. The crystal structure
of the rat testes isoenzyme showed no direct interaction between
the C-terminal tail and the kinase catalytic core [12]. Because the
location of the N-terminal 36 residues was not visible in
the crystal structure [12], the possibility cannot be ruled out that
an interaction might exist between the N- and C-terminal regions.
However, it is also possible that the kinase and bisphosphatase
domains affect each other mutually only through a long-range
effect, and that the sequence His***-Arg-Glu-Arg plays a role in
such a long-range interaction. We may not know this for sure
until the complete structure of the enzyme is available.

As stated above, we propose that phosphorylation acti-
vates the Fru-2,6-Pase by relieving the repression by the
N-terminal kinase domain, which is mediated by the tetrapep-
tide sequence. An interesting question is whether the tetrapeptide
sequence containing three positively charged residues could be
the phosphate recognition site. However, according to the crystal
structure referred to above, the distance between the first locate;d
residue (residue 37) and the tetrapeptide sequence is approx. 42 A.
For hepatic isoenzymes, the phosphorylation site is at N-terminal
residue 30 (for CKB) or 32 (for RKB). If we assume that the
crystal structure of the testis isoenzyme basically reflects that of
the hepatic isoenzyme, there seems no possibility that the
phosphate group could interact directly with the tetrapeptide
sequence. In our opinion, the mechanism of regulation of the
hepatic Fru-2,6-P,ase by phosphorylation might be somewhat
similar to the case of glycogen phosphorylase, in which the
phosphorylation of Ser'* promotes a long-range conformational
change by introducing new charge-to-charge interactions, and
alters the catalytic site to a catalytically competent one [25,26].
For the hepatic bifunctional enzyme, phosphorylation of the N-
terminal serine residue probably activates the Fru-2,6-F,ase by
inducing an overall change in the tertiary structure of the enzyme
and by partly disrupting the interaction of the two domains.

Comparison of the kinetic properties of CK B***¥ and CKB***",
or CKB**¥ and CKB*°P, revealed that the electrostatic proper-
ties of His*** and Arg**® are responsible in large part for the role
of these two residues. However, since mutation of the two
residues to lysine also had some significant effects on the enzyme’s
properties, especially with regard to the effect of phosphorylation
on the two activities of the enzyme, the specific properties of the
side chains of the two residues must also be important. It is
noteworthy that the tetrapeptide sequence His***-Arg-Glu-Arg
is well conserved in all isoforms of 6PF-2K /Fru-2,6-P,ase. The
first two basic residues (His*** and Arg**® of CKB) are completely
conserved, whereas Glu* and Arg'*" are replaced in some
isoforms by asparagine and lysine respectively. Thus it is reason-
able to postulate that this sequence might play similar roles in
the modulation of Fru-2,6-P,ase activity in various members
of the bifunctional enzyme family.

Compared with the rat liver bifunctional enzyme, the chicken
liver enzyme behaves much more like a kinase. The V, _ratio of
6PF-2K to Fru-2,6-P,ase of CKB is approx. 18-fold greater than
that of RKB [14]. The phosphorylation of RKB greatly reduces
the affinity of the 6PF-2K for Fru-6-P by 10-15-fold [10].
However, phosphorylation of CKB did not significantly change
the K, for Fru-6-P (Table 1). For CKB the ratio of the k,,/K,
value of 6PF-2K to that of Fru-2,6-P,ase decreased 8—12-fold
upon phosphorylation, while that for RKB decreased 60-70-
fold [10], indicating that the phosphorylation of RKB switches
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the enzyme from a kinase to a bisphosphatase [9], whereas
phosphorylated CKB still retains significant kinase activity.
These facts are consistent with the particular metabolic re-
quirements of the two species: in chicken and other domestic
birds, the liver has a higher capacity for glucose utilization than
rat liver, and at least 90 9%, of body fat synthesis in birds occurs
in the liver [27,28]. The C-terminal regions of the two species-
specific isoenzymes seem to contribute critically to the distinct
effects of phosphorylation on the affinity of 6PF-2K for Fru-6-
P.For RKB®" the K  for Fru-6-P of the kinase only increases
3-fold upon phosphorylation [11], whereas for wild-type RKB it
increases 15-fold [10]. However, the K for Fru-6-P of CKB®*"*!
was elevated by 10-fold upon phosphorylation, while that of
wild-type CKB was increased by no more than 2-fold (Figure 1).
These observations indicate that the C-terminus of RKB
intensifies the repressive effect of phosphorylation on the kinase
activity, while that of CKB greatly weakens the inhibitory effect
of phosphorylation on the kinase activity. This supports the
hypothesis that the terminal regions of the various isoforms of
the bifunctional enzyme regulate the kinase and bisphosphatase
activities to suit their respective physiological needs.

We thank Dr Dianging Wu for critical reading of the maunscript. This work was
supported by grants from the National Natural Science Foundation of China (nos.
39870187 and 39525005), the Chinese Academy of Sciences, and the Shanghai
Research Center for Life Sciences.

REFERENCES

1 Pilkis, S. J., Claus, T. H., Kurland, I. J. and Lange, A. J. (1995) 6-Phosphofructo-2-
kinase/fructose-2,6-bisphosphatase: a metabolic signaling enzyme. Annu. Rev.
Biochem. 64, 799-835

2 Rousseau, G. G. and Hue, L. (1993) Mammalian 6-phosphofructo-2-kinase/fructose-
2,6-bisphosphatase: a bifunctional enzyme that controls glycolysis. Prog. Nucleic Acid
Res. 45, 99127

3 Lively, M. 0., El-Maghrabi, M. R., Pilkis, J., D’Angelo, G., Colosia, A. D., Ciavola,

J. A, Fraser, B. A. and Pilkis, S. J. (1988) Complete amino acid sequence of rat liver
6-phosphofructo-2-kinase/fructose-2,6-bisphosphatase. J. Biol. Chem. 263, 839849

4 Algaier, J. and Uyeda, K. (1988) Molecular cloning, sequence analysis, and
expression of a human liver cDNA coding for fructose-6-P,2-kinase: fructose-2,6-
bisphosphatase. Biochem. Biophys. Res. Commun. 153, 328-333

5 Darville, M. I, Crepin, K. M., Hue, L. and Rousseau, G. G. (1989) 5" flanking
sequence and structure of a gene encoding rat 6-phosphofructo-2-kinase/fructose-2,6-
bisphosphatase. Proc. Natl. Acad. Sci. U. S.A. 86, 6543—6547

6 Sakata, J. and Uyeda, K. (1990) Bovine heart fructose-6-phosphate 2-kinase/fructose-
2,6-bisphosphatase : complete amino acid sequence and localization of phosphorylation
sites. Proc. Natl. Acad. Sci. U.S.A. 87, 4951—4955

7 Sakata, J., Abe, Y. and Uyeda, K. (1991) Molecular cloning of the DNA and
expression and characterization of rat testes fructose-6-phosphate,2-kinase: fructose-
2,6-bisphosphatase. J. Biol. Chem. 266, 15764—15770

8 Ventura, F., Rosa, J. L., Ambrosio, S., Pilkis, S. J. and Bartrons, R. (1992) Bovine
brain 6-phosphofructo-2-kinase/fructose-2,6-bisphosphatase. Evidence for a neural-
specific isozyme. J. Biol. Chem. 267, 1793917943

Received 29 March 2001 ; accepted 11 May 2001

© 2001 Biochemical Society

20

22

23

24

25

26

27

28

Kurland, I. J. and Pilkis, S. J. (1995) Covalent control of 6-phosphofructo-2-
kinase/fructose-2,6-bisphosphatase: insights into autoregulation of a bifunctional
enzyme. Protein Sci. 4, 1023—1037

Kurland, I. J., Li, L, Lange, A. J., Correia, J. J., El-Maghrabi, M. R. and Pilkis, S. J.
(1993) Regulation of rat 6-phosphofructo-2-kinase/fructose-2,6-bisphosphatase. Role of
the NH,-terminal region. J. Biol. Chem. 268, 1405614064

Lin, K., Kurland, 1. J., Li, L., Lee, Y. H., Okar, D., Marecek, J. F. and Pilkis, S. J.
(1994) Evidence for NH,- and COOH-terminal interactions in rat 6-phosphofructo-2-
kinase/fructose-2,6-bisphosphatase. J. Biol. Chem. 269, 16953—16960

Hasemann, C. A, Istvan, E. S., Uyeda, K. and Deisenhofer, J. (1996) The crystal
structure of the bifunctional enzyme 6-phosphofructo-2-kinase/fructose-2,6-
bisphosphatase reveals distinct domain homologies. Structure 4, 10171029
Kurland, I. J., Chapman, B. and El-Maghrabi, M. R. (2000) N- and C-termini modulate
the effects of pH and phosphorylation on hepatic 6-phosphofructo-2-kinase/fructose-
2,6-bisphosphatase. Biochem. J. 347, 459—467

Li, L, Yao, W. Z, Lange, A. J., Pilkis, S. J., Dong, M. Q., Yin, Y. and Xu, G. J.
(1995) Expression of chicken liver 6-phosphofructo-2-kinase/fructose-2,6-
bisphosphatase in Escherichia coli. Biochem. Biophys. Res. Commun. 209, 883—893
Zhu, Z., Ling, S., Yang, Q. H. and Li, L. (2000) The difference in the carboxyl-
terminal sequence is responsible for the difference in activity of chicken and rat liver
fructose-2,6-bisphosphatase. Biol. Chem. 381, 1195—1202

Li, L, Ling, S., Wu, C. L, Yao, W. Z. and Xu, G. J. (1997) Separate bisphosphatase
domain of chicken liver 6-phosphofructo-2-kinase/fructose-2,6-bisphosphatase: the
role of the C-terminal tail in modulating enzyme activity. Biochem. J. 328, 751—756
Yang, Q. H., Wu, C. L., Lin, K. and Li, L. (1997) Low concentration of inducer favors
production of active form of 6-phosphofructo-2-kinase/fructose-2,6-bisphosphatase in
Escherichia coli. Protein Express. Purif. 10, 320324

El-Maghrabi, M. R., Claus, T. H., Pilkis, J. and Pilkis, S. J. (1982) Regulation of 6-
phosphofructo-2-kinase activity by cyclic AMP-dependent phosphorylation. Proc. Natl.
Acad. Sci. U.S.A. 79, 315-319

El-Maghrabi, M. R., Correia, J. J., Heil, P. J., Pate, T., Cobb, C. and Pilkis, S. J.
(1986) Tissue distribution, immunoreactivity, and physical properties of 6-
phosphofructo-2-kinase/fructose-2,6-bisphosphatase. Proc. Natl. Acad. Sci. U.S.A. 83,
5005-5009

Roskoski, R. J. (1983) Assays of protein science. Methods Enzymol. 99, 3—6

Li, L, Pan, L. and Xu, G. J. (1991) Properties of chicken liver phosphofructokinase-2.
Sci. China (Ser. B), 34, 916-922

Tauler, A, Lin, K. and Pilkis, S. J. (1990) Hepatic 6-phosphofructo-2-kinase/fructose-
2,6-bisphosphatase. Use of site-directed mutagenesis to evaluate the roles of His-258
and His-392 in catalysis. J. Biol. Chem. 265, 15617—15622

Pilkis, S. J., Walderhaug, M., Murray, K., Beth, A., Venkataramu, S. D., Pilkis, J. and
El-Maghrabi, M. R. (1983) 6-Phosphofructo-2-kinase/fructose-2,6-bisphosphatase from
rat liver. J. Biol. Chem. 258, 6135—6141

Lee, Y. H., Ogata, C., Pflugrath, J. W., Levitt, D. G., Sarma, R., Banaszak, L. J. and
Pilkis, S. J. (1996) Crystal structure of the rat liver fructose-2,6-bisphosphatase based
on selenomethionine multiwavelength anomalous dispersion phases. Biochemistry 35,
6010-6019

Barford, D., Hu, S. H. and Johnson, L. N. (1991) Structural mechanism for glycogen
phosphorylase control by phosphorylation and AMP. J. Mol. Biol. 218, 233—260
Lin, K., Rath, V. L., Dai, S. C., Fletterick, R. J. and Hwang, P. K. (1996) A protein
phosphorylation switch at the conserved allosteric site in GP. Science 273,
1539-1542

Pearce, J. (1977) Some differences between avian and mammalian biochemistry.

Int. J. Biochem. 8, 269-275

Mapes, J. P. and Krebs, H. A. (1978) Studies on the relationship between glycolysis,
lipogenesis, gluconeogenesis, and pyruvate kinase activity of rat and chicken
hepatocytes. Arch. Biochem. Biophys. 190, 193—201



