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Simultaneous multiple alignment of available sequences of the
bifunctional enzyme 6-phosphofructo-2-kinase/fructose-2,6-bis-
phosphatase revealed several segments of conserved residues in
the 2-kinase domain. The sequence of the kinase domain was
also compared with proteins of known three-dimensional struc-
ture. No similarity was found between the kinase domain of
6-phosphofructo-2-kinase and 6-phosphofructo-1-kinase. This
questions the modelling of the 2-kinase domain on bacterial 6-
phosphofructo-1-kinase that has previously been proposed

[Bazan, Fletterick and Pilkis (1989) Proc. Natl. Acad. Sci. U.S.A.
86, 9642-9646]. However, sequence similarities were found
between the 2-kinase domain and several nucleotide-binding
proteins, the most similar being adenylate kinase. A structural
model of the 2-kinase domain based on adenylate kinase is
proposed. It accommodates all the results of site-directed
mutagenesis studies carried out to date on residues in the 2-
kinase domain. It also allows residues potentially involved in
catalysis and/or substrate binding to be predicted.

INTRODUCTION

Fructose 2,6-bisphosphate is a potent positive effector of 6-
phosphofructo-1-kinase (PFK-1), a key enzyme of glycolysis (for
reviews see [1,2]). Its synthesis and degradation are catalysed by
the bifunctional enzyme, 6-phosphofructo-2-kinase (PFK-
2)/fructose-2,6-bisphosphatase (FBPase-2). Several isoenzymes
have been identified in eukaryotic cells. They are homodimers
with two distinct catalytic sites (an N-terminal PFK-2 domain
and a C-terminal FBPase-2 domain) on each subunit. The
isoenzymes are termed the liver (L), muscle (M), heart (H), testis
(T), brain (B) and yeast (pfk26 and fbp26) isoenzymes according
to their origin. They differ in molecular mass, kinetic properties
and response to phosphorylation by protein kinases. The two
yeast isoenzymes are monofunctional and thus differ from the
others. Although they contain both domains, each yeast
isoenzyme possesses only one activity, i.e. PFK-2 activity (pfk26),
or FBPase-2 activity (fbp26). PFK-2/FBPase-2 isoenzyme
sequences are available from a number of different species and
tissues [3—13].

The three-dimensional structure of the bifunctional enzyme
has not been solved (see, however, Note added in proof). On the
basis of sequence alignment and modelling, Bazan et al. [14]
proposed that the FBPase-2 domain is homologous with the
phosphoglycerate mutase (PGM) family. All the residues in the
FBPase-2 domain that have so far been studied by mutagenesis
and the recent crystallographic study [15] confirmed the similarity
with PGM (see [2] for a review).

Moreover, Bazan et al. [14] proposed that the PFK-2 domain
was similar to bacterial 6-phosphofructo-1-kinase (PFK-1). On
the basis of this modelling, several amino acid residues were
proposed to play a role in catalysis and substrate binding.
However, the validity of the prediction was questioned by the
results of site-directed mutagenesis of several residues in this
domain. These experiments showed that the positions of the
active sites of the two enzymes are actually different [16,17].

Indeed, in bacterial PFK-1, Asp-127 acts as a general base
catalyst and Asp-129 binds Mg?* [18-20]. According to Bazan et
al. [14], these two residues correspond to Cys-160 and Asp-162 in
the PFK-2 domain. Site-directed mutagenesis of Cys-160 and
Asp-162 indicate that they are not involved in catalysis [16].
Moreover, Arg-72 in PFK-1 binds the y-phosphate of ATP and
stabilizes the transition state [21]. The Bazan model predicts that
it corresponds to Arg-104 in the PFK-2 domain [14]. Its mutation
indicates that it is involved in Fru-6-P binding and not in
MgATP binding as predicted from the modelling on PFK-1
[17,22,23].

Modelling the 2-kinase domain on bacterial PFK-1 is further
discredited by the fact that, according to Walker et al. [24] and
Traut [25], PFK-1 possesses a unique nucleotide-binding fold
(nbf), which differs from that present in most of the nucleotide-
binding proteins. Different nbfs have indeed been described and
can be grouped into three families: (i) the adenylate kinase
(AK)/p21 ras/EF-Tu/recA proteins, (ii) the protein kinases and
(iii) the actin/HSP-70/hexokinase group. The nbf of the AK
family consists of a pf-sheet surrounded by several o-helices
[24,25] and is characterized by conserved sequence patterns
called Walker A and B motifs (or kinase-1 and -2 motifs)
involved in binding phosphates and Mg** of the MgATP
complex. The nbf present in PFK-1 differs from those present in
the three families.

In this work, we used the multiple alignment program,
Matchbox [26,27], to study the sequence and structure of the
PFK-2 domain. We first identified conserved segments in the
available PFK-2 domain sequences. We also studied similarities
between the PFK-2 domain and other nucleotide-binding
proteins and found that the nbf present in the 2-kinase domain
exhibits striking similarities to that of AK. On this basis, we
propose a new model for the PFK-2 domain that is consistent
with all the results of mutagenesis of the residues in this domain.
On the basis of this new model, several residues are predicted to
play a role in substrate binding and/or catalysis. The results of

Abbreviations used: AK, adenylate kinase (EC 2.7.4.3); FBPase-2, fructose-2,6-bisphosphatase (EC 3.1.3.46); Fru-6-P, fructose 6-phosphate; nbf,
nucleotide-binding fold; PFK-1, phosphofructo-1-kinase (EC 2.7.1.11); PFK-2, phosphofructo-2-kinase (EC 2.7.1.105); PGM, phosphoglycerate mutase

(EC 5.4.2.1).
1 To whom correspondence should be addressed.
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mutagenesis of several such residues are presented in the following
paper [28].

EXPERIMENTAL

The PFK-2/FBPase-2 sequences included in the analysis were
the L isoenzymes from rat [7], bovine [8], human [9], chicken [10]
and frog [11]; the M isoenzymes from rat [12] and frog [11]; the
rat T isoenzyme [3]; the rat [3] and bovine [13] H isoenzymes; the
B isoenzyme from rat [4] and the pfk26 and fbp26 isoenzymes
from yeast [5,6]. The PFK-1 sequences were from Escherichia coli
[18], Bacillus stearothermophilus [29] and human liver [30]. The
PGM sequences were from yeast [31] and human muscle [32].
The sequences of AK were from yeast [33], E. coli [34], bovine
heart [35] and pig muscle [36].

The Blast algorithm [37] was used for searching databases and
the PHD method was used to predict secondary structures [38].
The Insight®/7 (Biosym, San Diego, CA, U.S.A.) package was
used to complete the structure alignment of AKs. A root mean
square smaller or equal to 0.1 nm (1 A) signifies a similar structure
based on a-carbon atoms.

Sequence analyses were performed using Matchbox [26,27] on
a Dec/Vax 6220 with the DFK physicochemical matrix [26], as
previously described [39], and refined with the Blosum62 amino
acid substitution matrix [40]. The first approach compares the
observed similarities with those observed by chance between
randomized sequences. Finally, boxes including similar segments
were delineated. During alignments, the scanning parameter,
corresponding to the shift allowed between compared segments,
decreased gradually from 200 to 0 residues and the cut-off
distance to match seven-residue segments was relaxed from a
severe to a more tolerant matching statistical criterion as
described [39].

RESULTS AND DISCUSSION
Statistical analyses of the relationships between sequences

The sequence analysis provided the distribution of the cumulated
frequencies of the physicochemical differences (represented by D)
between sequence segments (Figure 1). Each seven-residue seg-
ment of a sequence was compared with all seven-residue segments
of the other sequences. The distribution of the cumulated
frequencies of D between segments obtained from the original
sequences was compared with that obtained after sequence
randomization. A higher frequency of similar segments in the

RM PFK-2/FBPase-2 vs

original sequences shows a higher similarity than that expected
by chance [26]. Figure 1 presents the cumulated distribution for
the two least-related PFK-2/FBPase-2 sequences, i.e. rat muscle
and yeast pfk26. The difference between the distributions
obtained for the original and randomized sequences indicates
that they are significantly similar. As expected, this approach
provides similar results for the comparison of the FBPase-2
domain with PGM. It confirms the similarity between the
FBPase-2 domain and PGM and also validates our sequence
analysis. In contrast, there was no difference between the
distributions of D for the sequence of the PFK-2 domain and
bacterial PFK-1, suggesting that they are not related (Figure 1).
The study was extended to test several nucleotide-binding
proteins. Some of them, AK (Figure 1) and guanylate kinase
(results not shown), possess some sequence similarity to the
PFK-2 domain.

Multiple sequence alignment of the PFK-2 domain

To identify the conserved segments of the PFK-2 domain, we
made a multiple alignment of PFK-2 sequences (Figure 2). Boxes
delineate segments of highly conserved physicochemical profiles,
which in principle correspond to structurally conserved regions
[26,39]. Segments outside the boxes or separated by horizontal
lines are not aligned. The regulatory domain, which is specific for
each isoenzyme, is located at the N-terminus (the first 32 amino
acids of the L isoenzyme). Residues that have been studied by
site-directed mutagenesis and shown to be important for PFK-2
activity are all found in conserved boxes (Figure 2 and Table 1).
The PFK-2 domain is well conserved in all the sequences,
although the number of residues totally conserved in all the
sequences is low (16 9%). However, about half of these residues
are located in two relatively short segments (from 42 to 68 and
from 118 to 142), where the percentage of identity is 30 and 50 %,
respectively (74 and 72 9, similarity) corresponding to the Walker
A and B motifs.

The non-conserved regions are isoenzyme-specific and may
form loops or random coils located on the surface.

Alignment of the PFK-2 domain with AK

Matchbox and Blast methods were used to detect physico-
chemical similarities between the PFK-2 domain and other
nucleotide binding proteins. The best similarities were found
with AK, the three-dimensional structure of which is known
[44-46].
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Figure 1 Comparison of matches in original sequences before (@) and after (O) randomization between rat muscle (RM) and pfk26 PFK-2/FBPase-2

isoenzymes, between rat liver PFK-2 and E. coli PFK-1 and between rat liver PFK-2 and E. coli AK

Fi are the cumulated frequencies of the physicochemical differences O between segments of the sequences.
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Figure 2 Multiple sequence alignment of PFK-2 sequences

The PFK-2 sequences are taken from rat liver (RL), bovine liver (BL), human liver (HL), chicken liver (CL), frog liver (FL), rat testis (RT), rat muscle (RM), frog muscle (FM), rat brain (RB), rat
heart (RH), bovine heart (BH) and yeast (pfk26 and fbp26). Boxes delineate the matching regions. Letters in white on a black background show identities and similarities. Identical residues are
shown above the alignment. Residues studied by site-directed mutagenesis are indicated (£) (Table 1). Predicted a.-helices (numbered in open rectangles) and /-strands (lettered in filled rectangles)
made by the PHD algorithm are shown above the sequences and for the prediction of Bazan and co-workers below the sequences.
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Table 1 Amino acid residues of the PFK-2 domain studied by site-directed
mutagenesis

The numbering of residues corresponds to the rat liver isoenzyme.

Residue Suggested role Reference
Arg-104, Arg-225,  Fructose 6-phosphate (Fru-6-P) binding [17]
Arg-138, Arg-195 [2,41]
Asp-179, Asp-191 [28]
Gly-48 Structure of the Walker A motif [2]
Lys-54 ATP binding in the Walker A motif [42]
Arg-230, Arg-238 ATP binding [2]
Asp-130 Mg?* binding in the MgATP complex of the Walker B [43]
motif

Thr-55, Arg-139 Catalysis (Thr-55 is located in the Walker A motif) [41,42]
Lys-174 [28]

Cys-160, Asp-162  Not involved in catalysis (the corresponding residues [16]
in PFK-1, according to Bazan et al. [14] are essential
for catalysis)

Cys-160 affects affinity for MgATP

The multiple sequence alignment (Figure 3) shows that several
residues in the Walker A and B motifs involved in MgATP
binding and in stabilization of the transition state are present in

the two enzymes. They correspond to the sequences that are
conserved in the 2-kinase domain (Figure 2).

(1) The secondary structure of the first region is predicted to be
composed of a p-strand/loop/a-helix structure. It contains a
sequence found in nucleotide-binding proteins (G-48 X, GKT-
55), which corresponds to the Walker A motif [24,25]. The a-
helix following the glycine-containing loop contains in PFK-2
several conserved residues (Figure 2): Lys-54, Thr-55, Ser-58,
Lys-60, Thr-62 and Arg-63. Mutation of the conserved Lys
residue to Met in both AK and PFK-2 (Lys-54) decreased the k
by three orders of magnitude [42,47]. The crystal structure of AK
suggests that this lysine binds the #- and y-phosphates of MgATP.
The adjacent residue, Thr-55, is conserved in all the PFK-2
sequences. A similar residue is found in the same family of
nucleotide-binding enzymes: AK (Thr-15), p21 Ha-ras (Ser-17),
rec A (Thr-73), EF-Tu (Thr-25). X-ray crystallography of these
enzymes suggests that this Thr/Ser binds Mg?* in the MgATP
complex [44-46,48,49]. Mutagenesis of Thr-55 to Val, Cys or Ser
in the PFK-2 domain indicates that Thr-55 is important for
catalysis (Table 1). Moreover, mutation of Gly-48, the first
glycine residue in the loop between the p-sheet and o-helix,
abolishes PFK-2 activity (Table 1). However, it is not known
whether this glycine residue plays a structural role in the nbf.

(i1) The second segment is predicted to be composed of the
Walker B motif (end of a3-helix/loop/fD-strand) followed by a

RL PFK-2 35 PQFTN
AKYeast 1 MS S S
AK Bovine heart 1 MGASA
AK Ecoli 1
AK Pig muscle 1

RL PFK-2
AKYeast

AK bovine heart
AK Ecoli
AK1 Pig muscle

RL PFK-2
AKYeast

AK bovine heart
AK Ecoli
AK1 Pig muscle

Figure 3 Multiple sequence alignment of the PFK-2 domain with AKs

Solid boxes delineate matching regions between the sequences (only boxes including the PFK-2 domain are shown). Dashed boxes represent structurally conserved regions between AK structures.
Letters in white on a black background show identities and similarities. Identical residues are shown above the alignment. Residues that bind MgATP (#) and AMP (@) in the AKs are indicated.
Predicted oc-helices (open rectangles) and f-strands (filled rectangles) for the PFK-2 domain are shown above the sequences. cc-Helices (open rectangles) and A-strands (filled rectangles) from
the three-dimensional structure of £ coli AK are shown below the sequences. Secondary structures are numbered according to £ coli AK.



Modelling of 6-phosphofructo-2-kinase 619

INSERT domain

MAIN domain

Figure 4 Molscript [50] representation of the three-dimensional structure of AK from E. coli complexed with the inhibitor P',PS-diadenosine

5’-pentaphosphate

The MgATP-binding site is located on the left and the AMP-binding site is on the right. The predicted regions between AKs and PFK-2 which show similarity are represented in black (A). Secondary
structures are numbered according to £. coli AK. The numbering of residues corresponds to the rat liver PFK-2 isoenzyme. In conserved regions, residues playing the same role in the two enzymes

are represented in black. Residues specific to PFK-2 are shown in white (B).

loop/a4-helix structure. This region is particularly well con-
served. It contains several conserved residues of PFK-2 (Figure
2): Asp-130, Thr-132, Asn-133, Thr-134, Thr-135, Arg-136, Glu-
137, Arg-138, Arg-139. Some of these have recently been studied
by site-directed mutagenesis in our laboratory (Table 1). Asp-130
binds Mg** of the MgATP complex and is important for catalysis,
Arg-138 binds Fru-6-P and Arg-139 probably participates in
catalysis by stabilizing the transition state.

The three-dimensional structure of the MgATP-binding do-
main of AK shows a topology that is similar to the predicted
secondary structure of the PFK-2 domain (Figures 4 and 5). AK
is composed of three domains. The so-called ‘MAIN’ domain
comprises the protein core and is formed by a five-strand parallel
f-sheet (S1-pD-FA-LC-fB) surrounded by «-helices (29-al-a8-
a5). Except for the a9-helix, Matchbox and the PHD method
show that the entire structure of the MAIN domain of AK can
be found in the PFK-2 domain. The two other domains of AK
are not conserved in the PFK-2 domain. One is involved in AMP
binding («2-o3). The other, called the ‘INSERT’ domain, is
composed of a four-strand antiparallel S-sheet ( SE-SF-pG-£H).
It is involved in the induced-fit movement driving catalysis and
contains residues involved in stabilization of the transition state
during in-line phosphate transfer. The structure of AK has been
used to model the three-dimensional structure of the PFK-2
domain (Figure 5).

Position of mutated residues in the new model of the PFK-2
domain

Modelling the 2-kinase domain on AK accommodates all pre-
vious mutagenesis studies (Table 1).

MgATP-binding domain

In the model, four regions are located in the MgATP-binding
domain. The first and second are the Walker A and Walker B
motifs and have already been discussed (see above). The third
region (loop between the pE-strand and oS5-helix) is situated
between the MAIN domain and the INSERT domain. Cys-160
is located in this loop where it could interact with the ribose or
adenine rings of MgATP. This may explain why Cys-160 can be
labelled by iodoacetamide in the absence of substrates, but not in
the presence of MgATP, and by the nucleotide analogue fluoro-
sulphonylbenzoyladenosine [51]. Moreover, mutation of Cys-160
to aspartate increased the K for MgATP 15-fold [16].

The fourth region is the fG-strand and «7-helix. This region
is not present in AK and possesses an unknown tertiary structure.
The «7-helix is flanked by two residues, Arg-230 and Arg-238,
which have been studied by site-directed mutagenesis and shown
to be involved in MgATP binding (Table 1).

Fru-6-P-binding domain

The AMP-binding domain in AK is not conserved in the PFK-
2 domain. In PFK-2, this region is probably involved in Fru-6-
P binding. It seems to be delimited by the B-strand and «3-helix
(Figure 5, residues 75 to 104) and contains several residues
conserved in all PFK-2 sequences: Asn-76, Arg-81, Arg-82, Asn-
97, Glu-99 and Arg-104. Site-directed mutagenesis of Arg-104
indicated that this residue is indeed involved in Fru-6-P binding
(Table 1).

The region of the PFK-2 domain corresponding to the
INSERT domain of AK contains several residues conserved in
all PFK-2 sequences. Arg-195 has been studied and binds Fru-6-
P (Table 1). The region contains two conserved aspartate residues
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R104

Figure 5 Comparison of the topology of the two PFK-2 domain models based on the analogy with bacterial PFK-1 (A) and the similarity with AK (B)

The -strands and ac-helices are shown as arrows and boxes respectively. They are numbered as in Figure 3. MgATP and Fru-6-P are represented by unfilled and filled ovals respectively. Residues
involved in catalysis or in substrate binding are represented by hatched and dotted (for residues studied in the following paper [28]) circles. Cross-hatched secondary structures in global view
(B1) and in an enlarged view of the active site (B2) are specific to the PFK-2 domain. The other secondary structures are common to PFK-2 and AK.

(Asp-179 and Asp-191) and a conserved lysine residue (Lys-174,
replaced by a glycine in the fbp26 yeast isoenzyme). Site-directed
mutagenesis of these three residues has been studied, and the
results presented in the following paper [28] confirm their role in
substrate binding and catalysis.

Conclusion

The three-dimensional structure of the PFK-2 domain has been
suggested to resemble that of bacterial PFK-1 [14]. On the
contrary, our sequence analyses show that the PFK-1 and PFK-
2 domains are unrelated. This confirms the negative site-directed
mutagenesis studies on residues in the PFK-2 that were proposed
to be important for catalysis [16].

Our analysis shows that the predicted structure of the PFK-2
domain corresponds to the topology of AK. Figure 5 compares
the connectivity of the secondary structure of PFK-2, based on
the analogy with bacterial PFK-1, with that described here. The
model and alignment of all available PFK-2 sequences implicate
several residues to be involved in substrate binding or catalysis.
Some of these have been tested by site-directed mutagenesis

(Table 1) and confirm the validity of the theoretical study.
Moreover, we can speculate that several other residues would be
involved in catalysis or substrate binding. These are Asn-76, Arg-
81, Arg-82, Asn-97, Glu-99, Thr-132, Asn-133, Thr-134, Thr-
135. All these residues are conserved in the PFK-2 domain and
are located near the catalytic and substrate-binding sites. There-
fore the model proposed can accommodate all the site-directed
mutagenesis studies obtained so far and could help in targeting
new residues essential for catalysis and substrate binding.

Note added in proof (received 29 November 1996)

The three-dimensional structure of PFK-2/FBPase-2 was solved
and published [52] after completion of our manuscript. It entirely
confirms the structure model of the PFK-2 domain, based on
adenylate kinase, presented in this paper.
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