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Several archaea of the Euryarchaeota present a

uniquely modified Embden–Meyerhof pathway that

involves only four of the classical enzymes present in

the canonical pathway [1]. One of the most striking

features of this modified glycolysis is the phosphoryla-

tion of glucose and fructose 6-phosphate by ADP as

the phosphoryl donor, instead of ATP. These ADP-

dependent kinases are homologous to each other and

they show no sequence similarity to any of the hitherto

known ATP-dependent enzymes. It was therefore pro-

posed that they were part of a new family of kinases

[2]. The presence of these ADP-dependent enzymes has

been reported in several members of the Thermo-

coccales [2–5], and also, on the basis of kinetic and
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In several archaea of the Euryarchaeota, the glycolytic flux proceeds

through a modified version of the Embden–Meyerhof pathway, where the

phosphofructokinase and glucokinase enzymes use ADP as the phosphoryl

donor. These enzymes are homologous to each other. In the hyperthermo-

philic methanogenic archaeon Methanocaldococcus jannaschii, it has been

possible to identify only one homolog for these enzymes, which shows both

ADP-dependent glucokinase and phosphofructokinase activity. This

enzyme has been proposed as an ancestral form in this family. In this work

we studied the evolution of this protein family using the Bayesian method

of phylogenetic inference and real value evolutionary trace in order to test

the ancestral character of the bifunctional enzyme. Additionally, to search

for specificity determinants of these two functions, we have modeled the

bifunctional protein and its interactions with both sugar substrates using

protein–ligand docking and restricted molecular dynamics. The results

show that the evolutionary story of this family is complex. The root of the

family is located inside the glucokinase group, showing that the bifunc-

tional enzyme is not an ancestral form, but could be a transitional form

from glucokinase to phosphofructokinase, due to its basal location within

the phosphofructokinase group. The evolutionary trace and the molecular

modeling experiments showed that the specificity for fructose 6-phosphate

is mainly related to the stabilization of a negative charge in the phosphate

group, whereas the specificity for glucose is related to the presence of some

histidines instead of glutamines ⁄ asparagines and to the interaction of this

ligand with a glutamic acid residue corresponding to Glu82 in the bifunc-

tional enzyme.

Abbreviations

ADP-GK, ADP-dependent glucokinase; ADP-GK ⁄ PFK, ADP-dependent glucokinase ⁄ phosphofructokinase; ADP-PFK, ADP-dependent

phosphofructokinase; rvET, real value evolutionary trace.



genomic data, Verhees et al. proposed the operation of

this pathway in some methanogenic archaea of the

Methanococcales and Methanosarcinales. [6]. Recently,

Ronimus and Morgan [7] reported a close homolog for

these enzymes in higher eukaryotic genomes that has

significant ADP-dependent glucokinase activity.

To date, the structures of the ADP-dependent gluco-

kinases (ADP-GKs) from Thermococcus litoralis [8],

Pyrococcus furiosus [9], and Pyrococcus horikoshii [10],

and the ADP-dependent phosphofructokinase (ADP-

PFK) from P. horikoshii, have been solved (Protein

Data Bank: 1U2X). Surprisingly, despite the low

sequence identity of these enzymes with the hitherto

known ATP-dependent kinases, they can be classified,

from a structural point of view, as members of the

ribokinase superfamily [8]. The ribokinase-like fold is

basically composed of an eight-stranded b-sheet sur-

rounded by eight a-helices, three on one side and five

on the other. This family was first proposed by Bork

et al. [11] on the basis of sequence alignments only, as

the first structure for a member of this family was pub-

lished 5 years later [12]. Members of this family com-

prise ATP-dependent kinases of fructose 6-phosphate,

fructose 1-phosphate, tagatose 6-phosphate, fructose,

ribose, and nucleosides. Now, with more structural

information available, it has been possible to recognize

that the ribokinase superfamily also contains enzymes

that can transfer the c-phosphate of ATP to some vita-

mins involved in B6 synthesis, such as pyridoxal kinase

[13] and ADP-dependent kinases. Thus, this superfam-

ily can be subdivided into three major groups: the

ATP-dependent sugar kinases described earlier by

Bork; the ATP-dependent vitamin kinases; and the

ADP-dependent sugar kinases. The main structural dif-

ference between the vitamin kinase enzymes and the

other two groups is that the former present only the

core aba ribokinase-like fold (large domain), whereas

the enzymes belonging to the other groups have, in

addition, a small domain composed always of a

b-sheet and sometimes of some a-helical insertions.

This domain acts as a lid in the active site, and has

been proposed as a good phylogenetic marker for the

evolution of this superfamily [14]. Although the struc-

tures of several members of this superfamily are avail-

able, there are few reports that address, from a

structural perspective, the evolution of the group [14].

As a result of the biological importance of the

identity of the phosphoryl donor, some attention has

been given to the structural determinants for the

ATP ⁄ADP specificity [8]. On the other hand, to the

best of our knowledge, there are no studies addressing,

from a structural point of view, the issue of the sugar

specificity. Probably, this is mainly because there is no

structure of an ADP-PFK cocrystallized with fructose

6-phosphate available to date.

The hyperthermophilic methanogenic archeon Met-

hanocaldococcus jannaschii has just one ADP-depen-

dent enzyme, which has been kinetically characterized

by two different groups [6,15]. Interestingly, this

enzyme has significant ADP-dependent kinase activity

with glucose and fructose 6-phosphate. Inhibition stud-

ies showed that probably both sugars can bind to the

same site in the enzyme [15]. On the basis of this

feature, it was proposed that this enzyme is an

ancestral form from which the two separated specifi-

cities originated through gene duplication. However,

although several dendrograms have been published for

the ADP-dependent family, there are no phylogenetic

studies available.

In this work, we analyze the evolution of the ADP-

dependent family of kinases using the Bayesian method

of phylogenetic inference and real value evolutionary

trace (rvET) [16] to test the ancestral character of

the bifunctional enzyme and to search for specificity

determinants of function. Also, we have modeled

the ADP-dependent glucokinase ⁄phosphofructokinase
(ADP-GK ⁄PFK) enzyme and its interaction with

glucose and fructose 6-phosphate. To the best of our

knowledge, this is the first time that a structural model

of protein bound to fructose 6-phosphate has been

available for a member of the ribokinase superfamily.

Results and Discussion

Evolutionary analysis of the ADP-dependent

kinase family

To study the evolution of the archaeal members of the

ADP-dependent family, a phylogenetic tree was con-

structed using the Bayesian method of phylogenetic

inference with the eukaryotic members as the out-

group. The archaeal group presents ADP-GKs and

ADP-PFKs, whereas the eukaryotic group presents

only ADP-GKs. For this reason, it seems reasonable

to assume that the divergence between the archaeal

and eukaryotic groups occurred prior to the gene

duplication event in the archaea. On the basis of this

hypothesis, the eukaryotic group was chosen as the

outgroup.

The inferred tree was very robust with regard to the

improvements in the alignment used in terms of topol-

ogy and posterior probability (not shown). Also, it

was very similar to the dendrogram proposed by Roni-

mus and Morgan [7] using the maximum parsimony

and neighbor joining methods. It shows basically five

groups: the ADP-GKs from eukaryotic sources (out-



group sequences), the ADP-GKs from the Thermococ-

cales, the ADP-GKs from the Methanosarcinales, the

ADP-PFKs from the Thermococcales and Methanococ-

cales, and the ADP-PFKs from the Methanosarcinales

(Fig. 1). Surprisingly, the root of the cladogram was

not between the ADP-PFKs and the ADP-GKs.

Instead, it was located between the ADP-GKs from

the Thermococcales and Methanosarcinales. This means

that there was not a bifunctional origin as was

proposed early by Sakuraba et al. [15]. The two

ADP-PFK groups appear in the same clade as the

Thermococcales ADP-GKs. Unfortunately, the only

characterized gene from a methanogenic source is

the ADP-GK ⁄PFK from M. jannaschii. On the basis

of the evolutionary trace and phylogenetic results (see

below), it is possible that the ADP-PFKs from the

Methanosarcinales can also use glucose as a phos-

phoryl acceptor. This could be important, especially

for the operation of the Embden–Meyerhof pathway

in Methanococcoides burtonii, as the ADP-GK gene in

this organism has a large C-terminal deletion and this

protein is probably not functional. Interestingly, the

rest of the sequence shows the same conservation pat-

tern of the other glucokinases, suggesting that either

the event is recent or that this protein is still perform-

ing its function in some way.

To test the robustness of the root’s place, a new

rooting was performed using other members of the

ribokinase superfamily as the outgroup. Again, the

root of the group appears in the same place with a

high posterior probability (not shown).

To explain the topology of the obtained phylo-

genetic tree, more than a gene duplication event is

necessary, because the ADP-GKs from the Thermo-

coccales appear to be more similar to the ADP-PFKs

than to other ADP-GKs. One possible explanation

could be that a gene duplication event occurred after

the divergence between the Thermococcales and Meth-

anosarcinales, and later, a lateral gene transfer event

added the ADP-PFK activity to the methanogenic

group. A similar scenario for the generation of paral-

ogous proteins involving lateral gene transfer has

been proposed by Gogarten et al. [17]. To test this

hypothesis, the archaeal genes included in the former

analysis were grouped according to their relative syn-

onymous codon usage [18]. The clustering of the

genes shows basically two groups (Fig. 2). One of

them is formed by the genes from methanogenic ar-

chaea, and the other is formed by the genes from the

hyperthermophilic archaea. This shows that the

codon usage of these genes is in good agreement with

the phylogeny of the archaeal group, and does not

support the horizontal gene transfer proposal. How-

ever, this methodology fails when the lateral move-

ment has occurred early in evolution, because codon

usage is masked through time due to the accumula-

tion of several mutations. This means that it is possi-

ble that the event that we are searching for is too

ancient to be captured by this methodology. How-

ever, it has been shown that horizontal gene transfer

is continuously modifying the prokaryotic genomes

and that the rate of transfer of housekeeping genes is

Fig. 1. Phylogenetic tree of the ADP-dependent sugar kinase family. The eukaryotic group was used as the outgroup. The posterior probabil-

ity of each split is shown in the nodes. The distance to the outgroup sequences does not represent the distance in the real tree, because

they are only used in the figure to point out the place where the root of the archaeal part is located. The position of the bifunctional enzyme

is highlighted by bold letters.



significant [19]. The only exception in the clustering

seen in Fig. 2 is the ADP-GK from Methano-

thrix thermophila, which appears inside the hyper-

thermophilic archaeal group. Then, the codon usage

of this gene was compared to the codon usage of the

whole genomes of the archaea used in the phyloge-

netic inference in terms of relative adaptiveness [20].

This analysis showed that, in fact, the codon usage

of this ADP-GK is more similar to the codon usage

of the Thermococcus genus than to its own genome

(Fig. 2, inset). M. thermophila is a thermophilic ar-

cheon that can grow at temperatures between 35 �C
and 75 �C, whereas the archaea from the Thermococ-

cales can grow between 65 �C and 100 �C. This small

temperature overlap suggests that M. thermophila can

live in the same habitat as some of the Thermococ-

cales (at least in terms of growth temperature), giving

the possibility of lateral gene transfer. Although this

does not explain the topology of the phylogenetic

tree, it provides evidence to confirm that lateral gene

transfer occurred within this family. However, when

the same procedure is used to compare the ADP-

GKs and ADP-PFKs from the Methanosarcinales

with their genomes, it is not possible to see any sig-

nificant difference (not shown).

Molecular modeling of the bifunctional enzyme

To study in detail the structural determinants of the

sugar specificity within the ADP-dependent kinase

family, the structure of the ADP-GK ⁄PFK enzyme

from M. jannaschii was modeled using homology

modeling. The active site of these enzymes is located

in a cleft between the two domains. It has been

previously reported that binding of the phosphoryl

acceptor can change the relative orientation between

the large and small domains in several kinases of the

ribokinase superfamily [10,21,22]. Specifically, the two

domains approach each other when the ligand is

bound, changing the enzyme from an open to a

closed conformation. For this reason, the bifunctional

enzyme was modeled in two different conformations.

Table 1 shows the protein quality scores for the

models used in the further analysis. In general,

the models show above 92% of their residues within

the core residues of the Ramachandran space and a

Fig. 2. Codon usage comparison for the ADP-dependent genes from archaeal sources. Dendrogram grouping the genes according to their

average difference in relative synonymous codon usage. Inset: comparison between the codon usage of the ADP-GK from M. thermophila

and the genomes of the archaea included in the relative synonymous codon usage analysis in terms of relative adaptiveness.



very low percentage of them within the disallowed

regions. The prosa2003 combined Z-score [23] is very

close to that expected for a protein of 462 residues.

Also, proq [24] shows that all the models are classified

as good models and the verify3d scores [25] of the

chosen models are always above 0.1. The protein qual-

ity scores for the 30 models constructed are available

in supplementary Table S1.

The models for the open and closed conformations

are available in the Protein Model DataBase (http://

mi.caspur.it/PMDB/) with the accession numbers

PM0075152 and PM0075151 respectively.

To study in more detail the conformational change

induced by the phosphoryl acceptor, models of the two

conformations were compared using dyndom [26]. The

angle of closure between the domains is about 47�.
The analysis showed that 13 (Val27, Asp28, Ala29,

Glu102, Glu103, Arg104, Lys170, Ile171, Asn172,

Arg173, Ala201, Ser202, and Arg203) of the 462 resi-

dues in the protein act as a hinge, whereas the others

belong to one of the two domains (Fig. 3). These resi-

dues belong to the coils between the domains and to a

small part of the b-sheet of the small domain. Of these

13 residues, only Val27, Asp28, Ala29 and Arg104 are

well conserved among the ADP-dependent kinase fam-

ily. Of these, Asp28 is the only one that seems to be

involved in sugar binding for both specificities (see

below). Lys170 and Arg203 are well conserved within

the ADP-PFK family, and seem to be related to ligand

specificity (see below). Asn172 is an interesting residue;

it also seems to be related to sugar discrimination,

because it forms part of a conserved asparagine ⁄histi-
dine position in ADP-PFK and ADP-GK respectively.

Glu102 and Glu103 are located in a region where there

is at least a glutamic acid and a hydrophobic residue

or another glutamic acid in all the thermophilic

enzymes. In the mesophilic enzymes, there are always

two hydrophobic residues. It has been shown that for

a thermophilic ⁄mesophilic adenylate kinase pair, the

rate of opening of the nucleotide-binding lids is the

limiting step for the observed kcat [27]. As a result of

the rigidity of the thermophilic enzyme, it was not able

to perform catalysis at low temperatures. A similar

mechanism could be operating in the ADP-dependent

family, and those glutamic acids could be related to

the rigidity of the hinge.

When the results of the rvET analysis [16] are

mapped in the structures of the enzymes, two obvious

Table 1. Quality measurements of the chosen protein models in the open and closed conformation. The VERIFY 3D values presented are the

sum of the scores for all the residues

PROSA 2003 VERIFY 3D PROCHECK PROQ

Z-score

Core

(%)

Allowed

(%)

Generally

allowed (%)

Disallowed

(%) LGSCORE MAXSUB

Open conformation )12.85 195.09 92.3 6.6 0.9 0.2 5.716 0.534

Closed conformation )12.59 201.53 92 6.8 0.7 0.5 6.724 0.644

Templates

1U2X )13.99 213.9 93.1 6.9 0 0 6.956 0.642

1UA4 )14.32 220.67 93.3 6.2 0.5 0 7.562 0.776

Fig. 3. Comparison between closed and open conformations of the

bifunctional enzyme. Upper: The residues acting as a hinge

between both domains are shown in orange. Lower: crystal struc-

ture of the ADP-PFK from P. horikoshii (left) and the ADP-GK from

P. furiosus (right). Each residue is colored according to its rho value

from the rvET analysis for the corresponding specificity.



patterns emerge (Fig. 3). First, it is clear that the

ADP-PFK group has more conserved residues than

the ADP-GK group. This seems reasonable, as the for-

mer group is evolutionarily newer. Second, a group of

highly conserved residues in a cleft between the two

domains, which forms the active site of these enzymes,

can be seen. It is interesting that when the enzymes are

in the closed conformation, the residues form a very

dense cluster, which is not the case for the open con-

formation. From this point of view, it seems reason-

able to assume that the closed conformation of these

enzymes is necessary for the proper orientation of the

ligands to produce catalysis as observed for other

members of the superfamily [9,21,22].

Protein–ligand interaction modeling

The ADP-GK ⁄PFK from M. jannaschii shows signifi-

cant activity with glucose and fructose 6-phosphate

in vitro. However, the relevance of this enzyme in the

phosphorylation of these two sugars in vivo depends

on the intracellular concentration of the metabolites as

well as the specificity of the enzyme for them. It has

been previously shown that this enzyme has specificity

constants (kcat ⁄Km) of 7.5 · 105 s)1 m
)1 for fructose 6-

phosphate and 1.2 · 104 s)1 m
)1 for glucose [15]. For

two competing substrates such as these, this means

that in an equimolar mixture of both sugars, the rate

at which fructose 6-phosphate is phosphorylated will

be approximately 60 times higher than the rate at

which glucose is phosphorylated at any substrate con-

centration [28]. This shows that, in fact, the enzyme

from M. jannaschii is an unspecific phosphofructoki-

nase, as can be also deduced by its position in the

ADP-PFK branch of the phylogenetic tree (Fig. 1).

Beyond this fact, the high Km value seen for glucose

could be a consequence of a high intracellular concen-

tration of this metabolite. If this is true the ADP-

GK ⁄PFK could be performing both functions in vivo.

It has been previously suggested by Verhees et al. that

the modified Embeden–Meryerhof pathway could be

operative in this archeon, on the basis of the presence

of the ADP-GK ⁄PFK enzyme (characterized in that

publication just as ADP-PFK) and other characteristic

enzymes of the pathway, such as glyceraldehyde-3-

phosphate ferredoxin oxidoreductase [6]. The occur-

rence of the dual function in vivo would then be in

good agreement with that hypothesis. Interestingly, it

has been shown that this enzyme can use acetyl phos-

phate as phosphoryl donor, with a kcat value similar to

that obtained with ADP, but with a higher Km value

[6], demonstrating that there is promiscuity in both

binding sites.

Another member of the ribokinase superfamily from

M. jannaschii that is very similar to the ATP-depen-

dent phosphofructokinase group has been character-

ized [29]. This enzyme was reported as a nucleoside

kinase and, although it has a broad substrate specific-

ity, it cannot use fructose 6-phosphate as a phosphoryl

acceptor.

In order to obtain docking results comparable with

the kinetic parameters measured for the bifunctional

enzyme [15], the protonation state of the ionizable resi-

dues in the protein was predicted in the H++ server

[30] at the pH value used in the kinetic characterization.

It has been observed for the members of the ADP-

dependent kinase family that the optimum pH value is

lower for the phosphofructokinase activity than for the

glucokinase activity [2–4]. To address this point, the

protonation state of the ionizable residues in the bifunc-

tional enzyme was also predicted using a pH value of

7.8, which is close the pH optimum for the glucokinase

activity. There are several residues with significantly

shifted pKa values, as could be predicted for a protein

with several ionizable residues. Among them, four

lysines change their protonation state in the pH range

studied (6.5 or 7.8). Lys9, Lys170, Lys178 and Lys238

were protonated at pH 6.5, whereas they were

uncharged at pH 7.8. Of these four residues, Lys170 is

the most interesting in relation to the sugar specificity

problem. In the rvET experiments, this residue appears

to be important for ligand discrimination, and also, in

Escherichia coli Pfk-2, a member of the ribokinase

superfamily, a structurally equivalent residue is crucial

for fructose 6-phosphate binding (R. Cabrera and

V. Guixé, unpublished results). This observation could

explain the lower pH optimum for the phosphofructo-

kinase than the glucokinase activity in the family.

Beyond the different way that ligands bind to the

active site, one would expect that the catalytic mecha-

nism would be conserved among members of a protein

superfamily. In the ribokinase superfamily, it has been

shown that an aspartic acid acts as the catalytic base

in the phosphoryl transfer reaction, and that site-direc-

ted mutagenesis of this residue causes a dramatic loss

of activity [9,31,32]. Additionally, a hydrogen bond

between this residue and the OH phosphoryl acceptor

in the ligand has always been seen by X-ray crystallo-

graphy in members of the superfamily [9,21,22,33,34].

In the bifunctional enzyme, this aspartic acid corre-

sponds to Asp442. In order for a docking conforma-

tion to be considered ‘correct’, there must be a contact

between this residue and the phosphoryl acceptor OH

group in the sugar.

The docking experiments described below showed

that, as was mentioned before, the open conformation



of the enzyme was not appropriate for catalysis. When

the docking experiment was performed with glucose as

the ligand, 11 clusters of solutions were encountered

using a 0.5 Å clustering cut-off. The most populated

one contains 18 conformations with dissociation con-

stants estimated at 298 K around 25 mm. Asp442

makes a hydrogen bond with the C2 hydroxyl group,

whereas the C6 hydroxyl group makes two hydrogen

bonds with the Asn26 and Asp28 side chains. The

backbone of Gly107 also makes a hydrogen bond

with the endocyclic oxygen. This suggests that the

conformation is not appropriate for catalysis, as

the hydroxyl acceptor is far away from the catalytic

base.

When the ligand was fructose 6-phosphate, there

were 37 clusters using the same cut-off as above, show-

ing that, in fact, it was not possible to find a low-

energy binding site. However, all the lower-energy

clusters show substrate conformations that are bound

to the protein mainly through ionic interactions with

the phosphate group of the sugar and that are far

away from the catalytic Asp442.

When glucose was docked to the closed conforma-

tion of the bifunctional enzyme, only three clusters

were encountered. The first of them showed 48 confor-

mations, and they are very similar to the conformation

seen for glucose in the ADP-GK from P. furiosus [9].

The lower estimated free energy of binding in this clus-

ter was )2.51 kcalÆmol)1, which corresponds to a Kd

of 14.36 mm at 298 K, i.e. about one order of magni-

tude higher than the observed Km of 1.6 mm.

In the case of the docking between the closed con-

formation and fructose 6-phosphate, 20 clusters were

encountered. The first cluster showed only three con-

formations, with a very broad range of estimated free

energy of binding. The second cluster contained nine

conformations. The ring of the sugar in this cluster

binds in a very similar position to that of glucose.

Additionally, the phosphoryl acceptor OH group

makes a hydrogen bond with the lateral chain of

Asp442. For these reasons, this cluster was used for

further analysis. The lower estimated free energy of

binding in this cluster was )5.79 kcalÆmol)1, which

corresponds to a Kd of 56 lm at 298 K, what is about

five times higher than the observed Km of 10 lm.

Although there are differences between the predicted

and observed binding free energies, the higher affinity

of the enzyme for fructose 6-phosphate than for

glucose is consistent with the kinetic data. Interest-

ingly, when the same experiments are performed with

the partial charges of the ligands derived using the

Gasteiger method [35] the results are structurally very

similar, but the predicted dissociation constants are

1.20 mm and 2.9 lm for glucose and fructose 6-phos-

phate respectively, which are in good agreement with

the experimental data. However, the ‘quantum

mechanics-derived’ charges are theoretically more

appropriate.

Searching for contacts between the sugars and the

protein, we inspected a 5 Å radius. Glucose makes

contact with Asn24, Asn26, Asp28, Glu82, Gly107,

Gln108, Ile111, Asn172, Ile174, Arg197, Ile199,

Gln235, Val438, Gly439, and Asp442 (Fig. 4). Fruc-

tose 6-phosphate has the same contacts, with the

exception of Glu82 and the inclusion of Arg203 and

Lys170. The last residue is beyond the 5 Å cut-off, but

it appears to make a weak ionic pair with the phos-

phate group of the ligand (Fig. 4).

Among the several contacts between the proteins

and the sugars, only five residues seem to be important

for the sugar specificity, on the basis of the rvET anal-

ysis (Fig. 4). This is a very striking result on the basis

of the differences between a pyranose and a furanose

phosphate, and it suggests high plasticity of the sugar-

binding site within this protein family.

The Glu82 side chain makes a hydrogen bond with

the OH group of C2 in glucose, but makes no contact

with fructose 6-phosphate. The rvET rho values for

this position in the alignment were 1 for the gluco-

kinase group, 1.89 for the phosphofructokinase group,

and 2.44 for the whole family. This residue has been

proposed to be important for the discrimination of

glucose specificity over fructose 6-phosphate [9,15].

Interestingly, this residue is present in all the methano-

genic ADP-PFKs, suggesting the possibility of these

enzymes binding glucose. Asn172 and Gln235 interact

with the phosphate group when the ligand is fructose

6-phosphate. When the ligand is glucose, Asn172 inter-

acts with the C3 hydroxyl group, whereas Gln235

makes a hydrogen bond with the side chain of Glu82.

The equivalent residue to Gln235 in the ADP-GK

from P. furiosus makes contact with the C1 hydroxyl

group of glucose through a water molecule [9]. This

interaction is not seen in our simulation, due to the

absence of water. Asn172 and Gln235 are strictly con-

served as asparagine and glutamine in the phospho-

fructokinase group. On the other hand, the Asn172

position is occupied by a highly conserved histidine,

whereas the Gln235 position is occupied by glutamine

or histidine in the glucokinase group. The explanation

for this preference is not clear.

Lys170 and Arg203 interact with the phosphate

group of fructose 6-phosphate through a weak ionic

pair and a strong salt bridge respectively, as judged by

their distance. Within the phosphofructokinase group,

these residues are strictly conserved, whereas in the



glucokinase group, the Lys170 position has an rvET

rho value of 2.76 and the Arg203 position is a gap. In

the glucokinase group, the two positions that follow

Arg203 in the alignment are negatively charged

residues that may repel the negative charge of the

phosphate group in fructose 6-phosphate and thus

prevent the binding of this ligand.

To test the stability of the contacts seen in the docking

experiments and in order to refine the interaction with

ligands, especially for fructose 6-phosphate, short

A B

C D

E

Fig. 4. Protein–ligand interaction modeling results. (A) a-D-glucose docked in the closed conformation of the bifunctional enzyme after the

energy minimization procedure. (B) Set of representative frames of the a-D-glucose molecular dynamics simulation. (C) b-D-Fructose 6-phos-

phate docked in the closed conformation of the bifunctional enzyme after the energy minimization procedure. (D) Set of representative

frames of the b-D-fructose 6-phosphate molecular dynamics simulation. (E) Results of the rvET analysis for all the residues within 5 Å from

the ligands. The results for the glucokinase specificity are shown in black, those for the phosphofructokinase specificity in light gray, and

those for the whole family in dark gray. Lys170 is beyond the 5 Å cut-off, but it seems to be important for phosphate binding. Residues

201, 207, 236 and 274 are not in contact with the ligand, but they are included in the 5 Å radius. Rho values for Val438, Gly439 and Asp442

were calculated excluding the ADP-GK from Methanococcoides burtonii, as the gene encoding this has a C-terminal deletion and the protein

is probably not functional.



restricted molecular dynamics simulations were per-

formed with the final docking results. Figure 4 shows a

representative set of frames for each simulation. The

interactions were conserved in the 0.5 ns of simulation,

showing that the predicted contacts are stable. However,

the hydroxyl acceptor in both ligands turned towards

the sugar ring in the simulations far from the catalytic

base, to interact with Arg197 and Gly439. This interac-

tion occurred through the whole simulation for fructose

6-phosphate, and was intermittent with the interaction

with Asp442 in the case of glucose. Arg197 and Gly439

have been seen to interact with glucose through a pair of

water molecules in the crystal structure of P. furiosus

[9]. The absence of these water molecules within the

active site in the molecular dynamics simulations could

explain the observed behavior. Although the position of

the internal water for glucose could be predicted by

copying the ones seen in the crystal structure of the

ADP-GK from P. furiosus, there is no way to predict the

internal waters for fructose 6-phosphate. Because in

the closed conformation the active site is very deep

in the protein structure, it would require an extremely

long dynamic simulation to see the waters from the

salvation sphere and to place them correctly within the

sugar binding site.

In conclusion, we have shown that the root of the

ADP-dependent kinase family is within the glucokinase

group, which refutes the hypothesis of the ancestral

character of the bifunctional enzyme. The results also

suggest at least one horizontal gene transfer event in

this family. Finally, it seems that the principal determi-

nant for the fructose 6-phosphate specificity is the

presence of residues with the capability to stabilize

the negative charge of the phosphate group, whereas

the presence of the Glu82 side chain and the preference

for histidine over asparagine ⁄ glutamine are key

elements for glucose specificity in the active site.

Experimental procedures

Sequence and structural alignments, evolutionary

trace, codon usage, and phylogenetic analysis

The structure of the ADP-GKs from P. horikoshii, P. furio-

sus and T. litoralis (Protein Data Bank: 1L2L, 1UA4, and

1GC5, respectively) and the structure of the ADP-PFK

from P. horikoshii (Protein Data Bank: 1U2X) were struc-

turally aligned using the ce-mc program [36]. Additionally,

each pdb file was split off into small and large domains. A

new structural alignment was performed for the separated

domains using the deepview program [37]. Using these two

structural alignments, a final sequence alignment was con-

structed. All the archaeal sequences for ADP-dependent

kinases available in the GenBank nonredundant database

were aligned in clustalx [38] using the structural align-

ment previously constructed as a profile, and finally, this

alignment was corrected manually. Then, the sequences of

the eukaryotic ADP-GKs were aligned in clustalx with

the former alignment. This final alignment was again cor-

rected manually, using the secondary structure prediction

performed by the JPRED server [39] (available at http://

www.compbio.dundee.ac.uk/~www-jpred) for the Mus

musculus ADP-GK as a guide.

To study possible specificity determinants within this

family, an rvET [16] analysis was performed for the archa-

eal sequences, including both specificities and the two speci-

ficities separately.

A phylogenetic tree for the archaeal ADP-dependent

family of kinases was constructed using the Bayesian

method of phylogenetic inference implemented in mrba-

yes 3.1 [40,41]. The eukaryotic sequences were used as the

outgroup. To test the possibility of horizontal gene transfer

in this family, the genes were grouped according to their

relative synonymous codon usage with the gcua 1.2

software [18]. Additionally, the ADP-GK gene from

M. thermophila was compared with all the archaeal

genomes included in the phylogenetic analysis, using the

graphical codon usage analysis software [20]. Also, ADP-

PFKs and ADP-GKs from the Methanosarcinales were

compared to their own genomes using the same procedure.

Molecular modeling of the bifunctional enzyme

As it has been shown that binding of the phosphoryl-accep-

tor ligand can change the angle between the two domains

in members of the ribokinase superfamily, the bifunctional

enzyme was modeled in two different conformations. The

open conformation was modeled using 1U2X as template.

This enzyme has 40% sequence identity with the ADP-

GK ⁄PFK. There is a unique structure in the closed confor-

mation (1UA4) that shares only 25% sequence identity with

the ADP-GK ⁄PFK. Because this level of sequence similar-

ity produces models that are not appropriate for the studies

performed in this work, 1U2X and 1UA4 were used as tem-

plates, as follows. 1U2X was split off into its large and

small domains and then aligned with 1UA4. Later, the

closed enzyme and also the two fragments were used as

templates for the closed conformation.

Fifteen models were constructed for each conformation

with modeller 8 [42]. The quality of the models was evalu-

ated using prockeck [43], prosa2003 [22], verify3d [25],

and proq [24].

Partial charge derivation and docking

experiments

To test the results of the rvET analysis, a-d-glucose and

b-d-fructose 6-phosphate were docked to the best model of

the enzyme in each conformation. The atomic partial
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charges of each molecule were derived with the red iii pro-

gram [44], using the rigid body reorientation algorithm and

the RESP-A1 model for the charge fitting. The quantum

mechanics software used was pc-gamess 7.1 (A. A. Gran-

ovsk, http://classic.chem.msu.su/gran/gamess/index.html).

The derivation for fructose 6-phosphate was performed

using the multimolecule approach with b-d-fructose and

methyl-phosphate as fragments.

The Km measurements performed by Sakuraba et al. [15]

were performed at pH 6.5 for fructose 6-phosphate and glu-

cose. To take this effect into account, the protonation state

of the ionizable residues was predicted at pH 6.5 in each

conformation using the web server H++ (available at

http://biophysics.cs.vt.edu/H++) [30]. After this proce-

dure, partial charges were added with the charmm force

field [45].

The docking experiments were performed with auto-

dock 4 [46], with the protonation states in accord with the

pH values used in the kinetic experiments performed by

Sakuraba et al. [15]. Fifty separated runs of the Lamarkian

genetic algorithm using 2 500 000 energy evaluations and

the other parameters as default were performed for both

ligands in the open conformation. The same procedure was

used for the closed conformation, except that when the

ligand was fructose 6-phosphate, the number of energy

evaluations was raised to 25 000 000.

All of the side chains were rigid in the experiments with

the open conformation and in the experiment with the

closed conformation and glucose. After the modeling proce-

dure, the side chain of Lys170 pointed far from the binding

site in the closed conformation, probably due to charge

constraints in the absence of the phosphate group of fruc-

tose 6-phosphate. For this reason, this side chain was free

to move when the ligand was fructose 6-phosphate in this

conformation.

In the two docking experiments that involved glucose,

only the bond between C5 and C6 was free to rotate,

whereas when the ligand was fructose 6-phosphate, the

bonds between C1 and C2, C5 and C6, C6 and O6, and O6

and the phosphorous atom were free to rotate.

Restricted molecular dynamics experiments

To test whether the interactions predicted by the docking

experiments for both sugars in the closed conformation

were stable, restricted molecular dynamics simulations were

performed. The system was solvated with the smallest possi-

ble sphere of water, and all the simulations were performed

with namd 2.6, using the spherical boundary condition and

the shake constraints [47]. The systems were minimized

with 1500 iterations of the conjugated gradient algorithm.

Later, the system was equilibrated at 300 K for 50 ps, and

then the simulation was extended for 0.5 ns using a time

step of 2 fs. All of the residues with at least one atom

inside a 7 Å radius of the ligand were free to move,

whereas the others were fixed in the equilibration and simu-

lation steps. All of the atoms were free in the minimization

procedure. Both simulations were performed using the

charmm force field [45,48,49]. The parameters for glucose

were available in charmm. For fructose 6-phosphate, we

used the parameters for the sugar phosphate available for

the nucleic acids [48,49]. The same partial charges used in

the docking experiments were used here.

All the structural figures were drawn, and the trajectory

analyses were performed, using the vmd software [50].
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