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Abstract. Ribokinase (RK) and adenosine kinase
(AK) catalyze the phosphorylation of ribose and
adenosine to ribose-5-phosphate and AMP, respec-
tively. Belonging to the RK family of proteins, these
enzymes share a number of unique structural and
functional elements. Extensive work has been carried
out on many aspects of these enzymes in recent years,
and we summarize the wealth of information currently
available on them. The topics covered include de-
scriptions of the primary and three-dimensional

structures of AK and RK, their phylogenetic relation-
ships, biochemical aspects of these enzymes including
their reaction mechanisms and ionic requirements,
and also work on certain inhibitors of these enzymes.
The cellular metabolism and transport of ribose and
adenosine are also briefly discussed, as well as the
beneficial effects of ribose and adenosine in physiol-
ogy and how these effects can be harnessed for
pharmacological purposes.

Keywords. Adenosine kinase, ribokinase, NXXE motif, gene structure and mutants, enzyme inhibitors, PfkB
family of proteins, phosphate dependency, adenosine and ribose metabolism.

Introduction

Ribokinase (RK) and adenosine kinase (AK) are two
important enzymes belonging to the RK family of
proteins that share a number of unique primary and
tertiary structural elements. RK catalyzes the phos-
phorylation of ribose to ribose-5-phosphate (R-5-P),
using ATP as a phosphate donor: Ribose + ATP — R-
5-P + ADP. This is the first step in ribose metabolism
and functions to trap ribose within the cell after its
uptake. The phosphorylated sugar can then enter the
pentose phosphate pathway (PPP) for energy produc-
tion, or be used as a carbon source for the synthesis of
nucleotides, histidine, and tryptophan [1, 2]. Adeno-
sine kinase (AK) catalyzes the phosphorylation of
adenosine to AMP, also using ATP as a phosphate
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donor: Adenosine + ATP — AMP + ADP. As one of
the most abundant nucleoside kinases in mammalian
tissues [3, 4], AK is the first enzyme in the anabolic
pathway of adenosine utilization. Hence, it plays a key
role in the regulation of intracellular and extracellular
levels of adenosine, which exhibits a potent neuro-
modulating property [5, 6]. Interestingly, both AK and
RK are implicated in tissue-protective mechanisms
against various ischemic insults.

Although RK and AK were discovered more than 50
years ago [7, 8], and extensive work has been carried
out on different aspects of these enzymes, there is no
review available that summarizes the wealth of
information on them. The purpose of this review is
to introduce readers to the excellent work covering
different aspects of RK and AK.
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Enzymes N-terminal sequence C-terminal sequence
RBSK_ECOLI 41 GGkGaNQAvaAgR----- SganiafiactG 249 DTiAAGDtfnGALI
RBSK_BACSU 38 GGkGaNQAvaAaR----- LgaqvfmvgkvG 236 DTtGAGDtfnAAFA
RBSK_YEAST 37 GGkGINQAaaIgKlknpsSRysvrmignvG 277 DTtGAGDtf1GGLV
RBSK_HUMAN 52 GGkGaNQCvgSaR----- LgamtsmvckvG 263 DTtGAGDsfvGALA
ADK_MYCTU 47 GGvGgNMAfaIgV----- LggevalvgaaG 251 DPtGVGDafrAGFL
ADK_YEAST 63 GGaGgNTArgSaYvl---GagqvvyfgsvG 287 DTnGAGDafaGGFM
ADK_MOUSE 79 GGsGqNSMkvAqWliqge-PhkaatffgciG 310 DTnGAGDafvGGFL
ADK_HUMAN 80 GGsGgNSIkvAqWmiqq-PhkaatffgciG 311 DTnGAGDafvGGFL
K1PF_BACSU 36 GGKGiNVSrlLkR----- HhvaskalgfvG 243 NSvGAGDsvvAGFL
K1PF_ECOLI 39 AGKGiNVAkvLKkD----- LgidvtvggflG 249 STvGAGDsmvGGLI
K1PF_MYCPN 34 GGkGiNMAivMaL----- FgikptvltflG 241 STtGAGDt11GVFL
KHK_MOUSE 40 GGnGsNSCtvLsL----- LgarcafmgslA 252 DT1GAGDtfnASVI
KHK_HUMAN 40 GGnGsNSCtvLsL----- LgapcafmgsmA 252 DT1GAGDtfnASVI
KDGK_ECOLI =~ 27 GGAGINTSvylaRqvdp-AaltvhyvtalG 258 DTtAAGDsfsAGYL
LACC_STRPN 36 GGKGINVTrvLsE----- FgdsvlatglvG 247 NPvGSGDstvAGIS
FRLD_ECOLI 24 GGnGvNVAvyCtR----- YgiqpgcitwvG 218 DTmGAGDsfiAGFL

Figure 1. Conserved signature sequences of the RK family enzymes. Conserved amino acid residues are shown capitalized in the
alignment. Abbreviations for the enzymes: RBSK, ribokinase; ADK, adenosine kinase; KI1PF, 1-phosphofructokinase; KHK,
ketohexokinase; KDGK, 2-dehydro-3-deoxygluconokinase; LACC, tagatose-6-phosphate kinase; FRLD, fructoselysine kinase; INGK,
inosine kinase; and HLDE, bifunctional enzyme D-hepta-D-heptose-7-phosphate kinase / D-hepta-D-heptose-1-phosphate adenosyl-
transferase. Abbreviations for the species: ECOLI, Escherichia coli; BACSU, Bacillus subtilis; MYCTU, Mycobacterium tuberculosis;

MYCPN, Mycoplasma pneumoniae; and STRPN, Streptococcus pneumoniae.

Overview of the RK family of proteins

RK genes have been found in both prokaryotes and
eukaryotes, and sequence comparisons have shown
that they belong to the PfkB family of carbohydrate
kinases [9], which phosphorylate the hydroxymethyl
groups of a variety of sugar moieties. The PfkB family
of enzymes, thus, is also referred to as the RK family,
and forms one of the three non-homologous branches
of sugar kinases, along with the hexokinase family and
the galactokinase family [9]. Initially, the RK family
consisted of a small number of evolutionarily related
enzymes. Beside RKs from Escherichia coli and yeast,
other members of this group included fructokinase,
1-phosphofructokinase,  6-phosphofructo-2-kinase
(PtkB or PFK2), tagatose-6-phosphate kinase, and
inosine kinase (INGK) [9]. Since then, many other
enzymes have been added to the RK family, including
AK [10, 11] and 2-dehydro-3-deoxygluconokinase
[12].

The members of the RK family are identified by the
presence of two highly conserved sequence motifs
(Fig. 1). The first motif is found in a glycine-rich area
located in the N-terminal region of these enzymes.
This motif includes two consecutive glycine residues
that form part of the hinge between the lid domain and
the opa domain (see next section) [13-16]. The
second motif, which is found in the C-terminal region,
is involved in ATP binding and the formation of an
anion hole [13-16]. This motif also contains a
conserved aspartic acid residue which serves as a
catalytic base [13-16]. A search of the Swiss-Prot
entries (release 54.5 of 13 November, 2007) with the

above two sequence motifs (PROSITE [17, 18]
accession numbers PS00583 and PS00584, respective-
ly) resulted in 213 overlapping hits. These matches
included all of the previously mentioned enzymes of
the RK family, as well as new members such as
fructoselysine kinase and the bifunctional enzyme D-
hepta-D-heptose-7-phosphate kinase / D-hepta-D-
heptose-1-phosphate adenosyltransferase from vari-
ous sources. The list also includes a number of
uncharacterized sugar kinases, mostly of bacterial
sources.

Although the overall sequence identity between the
members of the RK family is less than 30 %, their
crystal structures are very similar [13-16]. Retaining
the overall structure composed of the large ofa
sandwich domain and the small lid domain, enzymes
in this group differ only to a small extent with respect
to the sugar substrate-binding moiety and peripheral
structures. On the other hand, the two other families
of sugar kinases, hexokinase and galactokinase, have
vastly different three-dimensional structures from
that of the RK family, showing different frequencies
and orders of a-helices and -strands [19, 20]. At the
sequence level, the enzymes of these three families do
not show significant sequence similarity [9].

Despite large differences in their primary and tertiary
structures, some enzymes in the hexokinase and RK
families show similar substrate specificity and carry
out identical functions. For instance, fructokinases
from Zymomonas mobilis, Streptococcus mutans,
Lactococcus lactis and Bacillus subtilis [21 -24] belong
to the hexokinase family, showing all of the character-
istic sequence patterns of this family. The other
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Figure 2. Phylogenetic tree of
RK family enzymes. The tree
was constructed using the pro-
gram ClustalX (version 1.83)
with full-length sequences as in-
puts, and the number of bootstrap
trials was 1000. Adenosine kinase
from M. tuberculosis is shown
boxed in red. Abbreviations:
SCRK, fructokinase; K6PF2, 6-
phosphofructo-2-kinase;

SALTY, Salmonella typhimuri-
um; VIBAL, Vibrio alginolyti-
cus; SHIFL, Shigella flexnery;
RHILO, Rhizobium loti;
STRCO, Streptomyces coelicol-
or; TOXGO, Toxoplasma gondii;
LACLA, Lactococcus lactis;
CLOPE, Clostridium perfrin-
gens; ENTFA, Enterococcus fae-
calis; RHOCA, Rhodobacter
capsulatus; and MYCGE, Myco-
plasma genitalium. Please refer
to the legend for Figure 1 for
other abbreviations.
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fructokinases, such as the ones from E. coli, Klebsiella
pneumoniae, Salmonella typhimurium, Vibrio algino-
Iyticus and potato [25-27], belong to the RK family,
and do not show significant sequence similarity to the
fructokinases of the hexokinase family. These en-
zymes have likely resulted from adaptations of differ-
ent structural frameworks for the same function, i.e.
convergent evolution [9].

One can also observe convergent evolution leading to
similar substrate specificity within one structural
family. For instance, the ability to utilize adenosine
as a substrate appears to have arisen at least twice in
the RK family. AK activity until recently was only
found in eukaryotic organisms. However, a recently
identified enzyme from Mycobacterium tuberculosis
has been denoted as the first, and thus far the only
bacterial AK [28]. Sequence alignment indicates that
AK from M. tuberculosis contains areas which are
conserved in other AKs, including residues involved in
the binding of the substrates [28]. The M. tuberculosis
enzyme, however, shows greater overall sequence
similarity (representing both identical and conserved
substitutions) with RK and fructokinase (35 % ) than it

does with other AKs (less than 24 %) [28]. AKs from
other sources, on the other hand, show more than 50 %
sequence similarity with each other. In a phylogenetic
tree for the RK family of proteins, M. tuberculosis AK
branches with the RKs and fructokinases, while other
AKs form a separate branch in the tree (Fig. 2) [28].
The substrate specificity of the M. tuberculosis en-
zyme, when measured in terms of catalytic efficiency
(k/K,,), is also very different from that of other
eukaryotic AKs. While human AK favours adenosine
approximately 900-fold over ribose as a substrate, M.
tuberculosis AK does so only about 9-fold. Further-
more, the M. tuberculosis enzyme can also phosphor-
ylate fructose as effectively as it can phosphorylate
ribose [Park and Gupta, unpublished data]. Thus, the
exact role and the preferred substrate(s) of this
putative M. tuberculosis AK in vivo remain to be
determined. However, based upon the results of
sequence alignment and biochemical studies, as well
as the fact that AK is not found in other bacteria, the
AK activity exhibited by the M. tuberculosis enzyme
appears to have resulted from convergent evolution.
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Figure 3. Structure of an E. coli ribokinase subunit. (A) Ribbon diagram showing the ‘closed’” form of the enzyme, bound with the
substrates, ribose (red) and ADP (magenta). The afja domain and the lid domain are boxed and labeled. The image was constructed using
PyMol (version 0.93) with the PDB file IRKD, and coloured according to the residue number (orange at the N-terminus and blue at the C-
terminus). (B) Topology diagram showing the organization and lengths of a-helices and -strands. The helices and strands are labeled in
corresponding colors, as seen in the ribbon diagram. Residue numbers indicate the start and end of each secondary structure.

The RK family of proteins/enzymes has adapted to
very broad substrate specificity within a distinct
overall structural framework. Low sequence similarity
between the family members, as well as their broad
distribution throughout all three domains of life,
supports the idea that the common ancestor of the
RK family enzymes diverged from their ancestor at a
fairly early stage of evolution.

Structural aspects of RK and AK

Structure of RK

The first three-dimensional crystal structure of RK
was determined in 1998, with the E. coli protein [29].
RK exists in solution as a homodimer [30], and each
monomer consists of two domains (Fig. 3) [29]. The
large domain is formed by a nine-stranded [3-sheet,
which is flanked by 10 a-helices. This apa sandwich
domain provides most of the specific binding inter-
actions for the substrates, ribose and ATP [29]. The
smaller domain, which is composed of four 3-strands,
acts as a lid over the active site (Fig. 3A). The outer
face of this 3-sheet provides an interface for the dimer
interaction, through which the two p-sheets of the
dimer pack orthogonally to each other, forming a
flattened B-barrel [29]. The cross-over segment of
each subunit also contributes in forming the active site
of the dimer partner. The substrate ribose binds in the
cleft between the oafa sandwich domain and the

smaller f-sheet (lid) domain [29]. The nucleotide
binding site is located in a groove in the af3a subunit
near the ribose-binding site, but is not entirely covered
by the smaller lid-like domain [29]. The anion hole, a
feature shared by all members of the RK family [13—
15], is created by the main-chain nitrogen atoms of
residues 252-255, and is present adjacent to the active
site [29].

Comparison of the apo structure of RK to its
substrate-bound forms shows a drastic conformational
alteration [16, 29]. Although the internal configura-
tion of the afa sandwich domain and the lid domain
remain essentially the same, their spatial relationship
is vastly different. This conformational change can be
described as an opening and closing of the lid domain,
if the apa domain is taken as a point of reference [16].
In this case, the apo structure takes the ‘open’
conformation, exposing the ribose-binding site. The
substrate-bound structure, on the contrary, takes the
‘closed’ conformation, in which the bound ribose is
almost completely buried under the small lid domain.
Measurements of the C*torsion angles show that lid
opening affects the main-chain conformation of
residues 39-41, 96 and 113 [16]. These residues form
a hinge between the two domains and include the GG
switch, another structural feature shared by all
members of the RK family [13-16].

Different structures of RK suggest that the large
conformational change plays an important role in the
function of the enzyme. Based on these structures,
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Figure 4. Structure of adenosine kinase. (A) Ribbon diagram of human AK showing two bound adenosine molecules (red and magenta),
with the enzyme structure coloured in a rainbow scheme (orange at the N-terminus and blue at the C-terminus). (B) Close-up view of
Toxoplasma gondii AK active site. Bound adenosine and AMP-PCP are shown in red and magenta, respectively. A number of other
important structural features are also shown in this structure: (i) the surface of the anion hole (in blue); (ii) the surface which the GG switch
makes (in cyan); the catalytic base Asp318 (in yellow); and Argl136 of the lid domain which shows a close contact with the bound nucleotide
(in green). The diagrams were constructed with the PDB files 1BX4 (human) and 1LII (7. gondii), using PyMol (version 0.93).

Sigrell et al. [16, 29] have proposed a mechanism by
which the RK reaction proceeds. Initially in the open
form, the enzyme allows the entry of ribose, which
binds to the active site in the afa sandwich domain.
Ribose binding induces closing of the lid, which is
likely to increase the enzyme affinity for the second
substrate ATP. The residue Asp255 is believed to
function as the catalytic base which abstracts a proton
from the O5’-hydroxyl group of ribose. The negatively
charged O5’ atom then makes a nucleophilic attack on
the y-phosphate of ATP, resulting in a pentacovalent
transition state. This transition state is stabilized by
the anion hole in which the y-phosphate of ATP is
positioned. Subsequent movements of the lid domain
are supposed to induce the breakdown of the tran-
sition state, after which the enzyme takes the open
conformation again. The products, R-5-P and ADP
are released and the enzyme is ready for another
round of catalysis. This sequence of events suggests an
ordered Bi Bi reaction mechanism, similar to those
proposed for other carbohydrate kinases, which may
also show induced fit upon sugar binding [20].

Structure of AK

The human form of AK was characterized by Math-
ews et al. [14], soon after the RK structure was solved
[29]. The active form of AK is a monomer, which is
also composed of an afo sandwich domain and a

smaller lid domain (Fig.4A) [14]. The ofoa fold
contains a central nine-stranded [-sheet and 10
flanking a-helices, and forms the core of the overall
structure. The lid domain is composed of a five-
stranded f3-sheet flanked by two a-helices on the side
exposed to the solvent. This structure differs from the
RK structure [16,29] in that AK has two additional a-
helices and an additional -strand in the lid domain.
Overall, AK shows a remarkable structural homology
to RK (compare Figs.3A and 4A), despite low
sequence identity.

When the structures of AK [14] and RK [16] are
superimposed, the substrates and their interacting
partners occupy similar three-dimensional space. The
residues involved in binding of the sugar substrates
show a moderate level of conservation between the
two enzymes. Phe302 of AK and Phe257 of RK, which
are involved in hydrophobic contacts with the sub-
strates, are absolutely conserved in the RK family [14,
16]. On the contrary, Ala136, Leul6, and Phe170 of
AK differ from the corresponding residues of RK,
enabling adenosine binding instead of ribose [14, 16].
In AK, Alal36 replaces Ile112 of RK and allows for
more room necessary for larger adenosine. Leul6 of
AK replaces Asnl4, forming part of the hydrophobic
pocket for the purine base. Phe170 replaces Glu143 of
RK and introduces stacking interaction with the
adenine base of adenosine. The residues involved in
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ATP binding, on the other hand, show a high level of
identity between the two enzymes. These residues
include Asn196, Asn223, Glu226, Thr265, and Gly267
of AK that correspond to Asnl166, Asn187, Glu190,
Thr223, and Gly225 in RK [14, 16]. These residues are
also conserved in the other members of the RK family
[14].

Further insight into AK structure and function was
provided when the Toxoplasma gondii (a parasitic
protozoan) AK structure was solved [15]. In this study,
the structures of both the apo and substrate-bound
forms were solved, and their comparison revealed
drastic conformational alterations. The most striking
change is the 30° hinge bending caused by the binding
of adenosine, which brings the large and small
domains together [15]. This bending is likely brought
about by the GG switch formed by residues Gly68 and
Gly69, which undergo large torsional changes as they
interact with adenosine (Fig.4B) [15]. A similar
bending motion is observed in RK upon ribose
binding, but of a smaller magnitude (17°) [16].
Subsequent ATP (AMP-PCP in the crystal structure)
binding to the adenosine-enzyme complex induces
less dramatic but nonetheless important conforma-
tional changes [15]. As a result, an anion hole is
created around the (3- and y-phosphates of the ATP,
which is further stabilized by residue Arg136 (Fig. 4B)
[15].

Based on these observations, Schumacher et al. [15]
have proposed a detailed catalytic mechanism for AK.
The first step involves the binding of adenosine to AK
in the open form. The binding of adenosine ‘turns on’
the GG switch, which results in the hinge bending and
the subsequent burial of the substrate. The closing of
the lid then increases the enzyme affinity towards
ATP, which induces formation of the anion hole in the
active site. The catalytic base Asp318 (Asp300 in
human AK) deprotonates the 5'-hydroxyl group of
adenosine, which then attacks the y-phosphate of
ATP. The anion hole induces and stabilizes the
pentacovalent transition state, typical of an in-line
S\2 displacement reaction. Mg** bound with the ATP,
on the other hand, functions to neutralize the negative
charges on the nucleotide and to enhance the leaving
group ability of ADP. Upon completion of the
catalysis, the substrates part the enzyme in the order
of ADP and AMP, since the adenosine-binding site is
more deeply buried in the structure.

Biochemistry of RK and AK

Ionic requirements of RK and AK
Although their structures vary, carbohydrate kinases
are thought to function by similar catalytic mecha-

Adenosine kinase and ribokinase

nisms. All known carbohydrate kinases require diva-
lent cations, such as magnesium, which act as an
electrophilic catalyst for the transfer of the phosphate
group [31]. Divalent cations are thought to neutralize
the negative charges on the phosphate groups of the
nucleotide, and the actual substrate of these enzymes
is the chelate of the metal and ATP [31]. RK, as a
carbohydrate kinase, also requires divalent cations for
its catalytic activity. It was shown that, besides
magnesium, other metal ions such as Mn*", Co*",
Ca*', Ni*", and Cu®" could also satisfy the divalent
cation requirement of RK [32]. For both of the
mammalian (calf liver) and bacterial (E. coli and
Salmonella typhimurium) forms of RK, no activity was
seen in the absence of divalent metal ions [7, 32-35].
Many of the ATP-utilizing enzymes show an addi-
tional requirement for monovalent cations, such as
potassium and cesium. Two general mechanisms have
been proposed for this type of enzyme activation: i)
direct (catalytic) and ii) indirect (conformational)
mechanisms [36, 37]. RK also requires monovalent
cations for activation. For instance, E. coli RK is
activated by potassium and cesium with an apparent
K, of 5mM and 17 mM, respectively [31]. This enzyme
is also activated by NH,* [33], and a similar pattern of
ionic effects was observed in S. typhimurium RK [32].
A structural analysis of E. coli RK by Andersson et al.
[31] suggests that RK is an example of an enzyme
which is activated by monovalent cations via a
conformational change (indirect mechanism) [37].
The structure of RK in the presence of cesium shows
that the ion binds between the two loops adjacent to
the anion hole of the active site (at residues 249-251
and 285-294). It is proposed that the interaction
between the monovalent ion and these residues assists
formation of the anion hole [31]. The enzyme is then
activated for catalysis, as the anion hole functions to
induce and stabilize the transition state.

The true phosphate-donating substrate of AK is also
the complex of ATP and a divalent metal ion. In
support of this concept, the absence of magnesium
resulted in a lack of enzyme activity in human
placental AK [38]. In the presence of magnesium,
optimal activity appeared at pH values at which ATP
and the divalent cation exist primarily in the com-
plexed form [38]. It has been demonstrated that, as
seen in RK, other divalent metal ions such as Mn?*,
Ca’", Co*', and Ni*' can substitute Mg®" for AK
activity [39]. AK’s preference for divalent cations,
however, seems to be species- and/or tissue type-
specific, as enzymes of different sources show dissim-
ilar responses to varied metal ions [39].

Of universal observation in studies with enzymes of
various sources is the effect of free magnesium on the
activity of AK. In a reaction mixture, ATP exists in
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Table 1. Substrate specificity of RK for various simple sugars.

Relative enzyme activity
Varied substrate

E. coli® S. typhimurium ° L. major* Calf® Human®
D-Ribose 100 (309.7) 100 100 (36.0) 100 100 (40.58)
2-Deoxy-D-ribose 31 80 = 75 -
D-Erythrose - <3 0? - -
D-Threose - - 0 - -
D-Arabinose 0.74 <3 0 0 4
D-Ribulose - <3 - 0 -
D-Xylulose - - 0 - -
D-Xylose 1.06 <3 - 0 0.4
D-Fructose 0.28 - 0 0 0.1

a

The relative activity of these enzymes was calculated based on catalytic efficiency (k. /K,,), which was determined for each sugar

substrate. The catalytic efficiency values at 100 % activity of these enzymes are shown in the parentheses (in s"'mM™).

b

The relative activity of these enzymes was calculated based on reaction rates measured at a single concentration of each substrate (10

mM and 1 mM for the S. typhimurium and calf liver enzymes, respectively).

c
d

Compound not tested for the enzyme.

several different states of ionization depending on the
pH of the solution. Mg*" binds to ATP*", the fully
dissociated species of ATP, and forms MgATP*", the
true substrate of AK. An excess amount of MgCl, in a
reaction results in saturation of available ATP*", and
thus presence of free Mg®" ions. Interestingly, the
activity of AK increases as the level of free Mg*" in the
reaction increases [38—-44]. Once passed the optimal
concentration, however, free Mg*" leads to inhibition
of AK [38-44]. This observation suggests that AK
represents an example of an ATP-utilizing enzyme,
which requires an additional effect of divalent cation
for optimal catalysis. Other examples of such enzymes
include phosphoribosylpyrophosphate (PRPP) syn-
thetase [45-47]. The secondary divalent ion in this
group of enzymes is generally known to adjust the
protein conformation and/or to interact with the other
substrate at the active site [48].

Substrate specificity of RK and AK

RK shows high specificity towards its phosphate-
accepting substrates. While the enzyme boasts ex-
tremely efficient phosphorylation of D-ribose and 2-
deoxy-D-ribose, other simple sugars have shown to be
poor substrates [7, 32—35]. Table 1 summarizes the
results of the substrate specificity studies carried out
with RKs of different sources. These data suggest that
RK is not only inefficient in phosphorylating tetroses
and hexoses, but is also highly sensitive to substitution
or variation of the configuration except at the C-2
position of the pentoses. Other compounds tested
include ribose-2-phosphate, ribose-3-phosphate, ad-
enosine, thymidine, cytidine, 2-deoxyadenosine, 2-
deoxycytidine, 2-deoxyguanosine, and 2-deoxyuri-
dine, which have shown no substrate activity [7, 49].
Phosphoryl donor specificity of RK, in comparison to
that for the sugar substrate, has not been as exten-

In the original literature, authors reported ‘no activity’ instead of providing numeric values.

sively studied. CTP, added instead of ATP to a
reaction, resulted in comparable enzymatic activity
in calf liver RK [7]. In E. coli RK, GTP displayed
activity, but at a level which was two orders of
magnitude lower versus ATP [33]. S. typhimurium
RK, on the other hand, was shown to accept several
ribonucleotides (ITP, GTP, CTP) and deoxyribonu-
cleotides (dATP, dGTP, dCTP) as good phosphoryl
donors, in addition to ATP [32]. Other compounds,
including UTP, TTP, XTP, phosphoenolpyruvate, and
acetyl phosphate, did not act as phosphate donors for
this enzyme [32].

Unlike RK, AK shows remarkably broad specificity
for the phosphate-accepting substrate. Alteration of
the ribosyl moiety of adenosine is well tolerated,
although this decreases catalytic efficiencies by two-
to fivefold [50]. The 3’-hydroxyl and 4'-hydroxyl-
methyl groups may be in either trans or cis conforma-
tion, but the presence of a 2’-hydroxyl group in the
trans position is an important structural requirement.
For example, 2’-deoxyadenosine, which lacks the 2'-
hydroxyl group, is a poor substrate of AK [50].
However, AK is still important for 2’-deoxyadenosine
salvage in Trypanosoma brucei [51] and in mammalian
cell lines deficient in deoxycytidine kinase [52].
Substitution or addition of functional groups in the
purine base moiety can also be well accepted. In fact,
compounds such as 8-azaadenosine show even higher
phosphorylation efficiency than the natural substrate,
adenosine [50]. The nucleosides and their analogues,
which are efficiently phosphorylated by AK, generally
differ from adenosine at the 2-, 6-, 7-, 8-, and 9-
substituents [50, 53, 54]. With respect to the phos-
phate-donating substrate, ATP and GTP are the
preferred nucleotides for AK, although a number of
other compounds can substitute in the catalytic
reaction [40, 43, 54, 55].
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Substrate inhibition and reaction mechanism of AK
The AK reaction is unique because the substrate
adenosine, which is phosphorylated by the enzyme,
shares the same structural base as the phosphoryl
group donor, ATP. Consequently, both adenosine and
its phosphorylated product AMP bind to the ATP site
[56], resulting in enzyme inhibition. As this compli-
cates the inhibition pattern of the enzyme, AK
represents an example of an enzyme whose catalytic
mechanism is difficult to determine using biochemical
methods. Indeed, numerous kinetic studies have failed
to reach a consensus in this regard. Chang et al. [57],
for instance, suggested a two-site ping-pong mecha-
nism, while several others claimed ordered Bi Bi
mechanisms [38, 58, 59]. The order of substrate
binding and product release determined in each of
these studies also differed from one another. The
information obtained from the structures of human
[14] and T. gondii AK [15], on the other hand, allowed
clear understanding of the reaction mechanism of the
enzyme. As previously described, an ordered Bi Bi
mechanism was suggested, in which adenosine is the
first substrate to bind, and AMP the last product to be
released [15]. This reaction mechanism is in good
agreement with the result of the biochemical studies
by Palella et al. [38] and Rotllan et al. [43].

Adenosine-AMP exchange activity in AK

Another interesting aspect of AK is the adenosine-
AMP exchange activity exhibited by this enzyme. In
characterizing purified AK from rat liver, Mimouni et
al. [59, 60] discovered that when radioactive adeno-
sine and non-labeled AMP were added to the enzyme,
the result was formation of labeled AMP. This
exchange reaction, which was dependent on the
presence of ADP and Mg”" [59], was also seen with
AK from other sources [61]. Although the exact
mechanism of adenosine-AMP exchange activity is
not clearly understood, it can be explained with the
backward reaction of AK. In the exchange reaction,
ADP serves as a carrier compound which shuttles a
phosphate group from one adenosine to another, and
thus is absolutely required [59]. Similar to the
adenosine-phosphorylating activity of AK, the ade-
nosine-AMP exchange activity of the enzyme also
shows a dependence upon the presence of pentavalent
ions and free Mg”", indicating that these two activities
are related.

Adenosine kinase and ribokinase

Regulation of RK and AK by inorganic phosphate

Phosphate or pentavalent ions dependency of RK and
AK

Another important biochemical characteristic of RK
and AK that has been discovered in recent years is that
their catalytic activities show a nearly complete
dependence upon the presence of pentavalent ions
(PVIs) such as phosphate. This property was first
demonstrated with Chinese hamster AK in 1996 [62]
and with E. coli RK in 2001 [63]. The addition of
inorganic phosphate in both cases led to an increase in
the maximum velocity of the enzymes, as well as a
decrease in the K, for their substrates, adenosine and
ribose [42, 44, 63]. Interestingly, other PVIs such as
arsenate and vanadate were also able to substitute for
phosphate as activators of these enzymes, showing
similar kinetic effects [42, 44, 63]. AKs isolated from
different sources (viz. human, Chinese hamster,
spinach, yeast, Leishmania donovani and Trypanoso-
ma brucei) were all stimulated by inorganic phos-
phate, indicating that PVIs dependency is a conserved
property of the enzyme [42, 51, 64]. However, there
can be some species variation in the kinetic details of
PVI dependency, as phosphate was found to slightly
increase (two-fold) the K, for adenosine for 7. brucei
AK [51].

In addition to AK and RK, there are three other
enzymes which have previously been reported to
exhibit phosphate dependency: 6-phosphofructo-1-
kinase (EC 2.7.1.11) [65], 6-phosphofructo-2-kinase
(EC 2.7.1.105) [66], and phosphoribosylpyrophos-
phate synthetase (EC 2.7.6.1) [47]. Like AK and
RK, these enzymes are all involved in the transfer of
phosphate from ATP to a sugar-derived substrate.
Furthermore, inorganic phosphate affects all of these
enzymes in a manner similar as seen for AK and RK,
resulting in increased V., of the enzymes and reduced
K., for the sugar substrates within similar concentra-
tion ranges. It is interesting that all of these enzymes
are involved in the production of essential metabo-
lites, which is sensitive to the state of cellular energy. It
fits then that the activities of these enzymes are
regulated by inorganic phosphate, which provides an
important index of the cellular energy status. The
concentration of inorganic phosphate in guinea pig
hearts, for example, was 1.7, 7.1, and 13.9 mM under
normal, mildly hypoxic, and severely hypoxic condi-
tions, respectively [67]. Inorganic phosphate results in
half maximal velocity of AK and RK at about 2 mM,
and maximal velocity at about 10 mM concentration
[35, 68, 69]. The physiological level of inorganic
phosphate therefore allows a full range of regulation
for AK and RK.
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Table 2. Molecular structures of AK activators and inhibitors.
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Phosphorylated compounds that are activators and
inhibitors of AK and RK

The activation of AK and RK by phosphate and other
PVIs has led to an examination of the effect of other
phosphorylated compounds on the activities of these
enzymes. These studies have identified many phos-
phorylated compounds which activate AK and RK
[35, 68, 69]. Some of these compounds are shown in
Table 2. Kinetic studies with the activator compounds
showed that they act by a mechanism similar to that
seen with phosphate, resulting in increased V,,, of the
enzyme and reduced K, for adenosine [35, 68, 69].
Most of the phosphorylated activators are important
cellular metabolites (mostly high-energy metabo-

lites), and thus may have a physiologically relevant
role as regulators of phosphate-dependent enzymes.
Interestingly, a number of other compounds that are
structurally related to the activators were found to
inhibit AK and RK (Table 2) [35, 68, 69]. The inhibitor
compounds acted in a competitive manner with
respect to the activating phosphate, indicating that
they are binding to the same site on these enzymes [35,
68, 69].

Comparison of the chemical structures of the activa-
tors and inhibitors of AK and RK has identified
certain distinguishing features [69]. The simplest
activating compounds, such as phosphate, arsenate,
and vanadate, contain a pentavalent core atom which
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A
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B
Enzymes NXXE motif

RBSK_ECOLI 183 iitpNetEaeklt
RBSK_BACSU 179 yltpNehEasilf
RBSK_HUMAN 195 vfecNesEaeilt
ADK_MYCTU 191 yl1ftNdyFwd111
ADK_YEAST 214 viiaNesEaeafc
ADK_MOUSE 236 ilfgNetEaatfa
ADK_HUMAN 236 ilfgNetFaatfa
K1PF_BACSU 177 lmkpNhhElgemf
K1PF_ECOLI 183 lvkpNrrEleiwa
K1PF_MYCPN 174 1mkpNrdEfvamv
LACC_STRPN 180 vikpNneElsqll
INGK_ECOLI 250 ilamNedFaealt
HLDE_ECOLI 191 11tpNlsEfeavv

Figure 5. NXXE motif. (A) Close-up view of E. coli ribokinase showing Asn187 (cyan) and Glu190 (blue) from the NXXE motif, and the
bound phosphate (yellow). This phosphate has shown to form direct and indirect hydrogen bonds with the residues of the NXXE motif.
Ribose (red) and ADP (magenta) are also shown in the structure. (B) Sequence alignment showing the conserved region in various

enzymes from the RK family.

is connected to four oxygen atoms. Higher electro-
negativity of oxygen results in a partial positive charge
on the pentavalent atoms of these compounds. All of
the other activators have the general structure O;* P-
X-R, in which the X atom is oxygen or nitrogen (Table
2). The electronegativity of the X atom in these
compounds is further stabilized by the R group due to
the inductive effect. As a result, these compounds also
have a partial positive charge on the core pentavalent
atoms (Table 2) [69]. In contrast to the activators, the
inhibitors of AK have a methylene (-CH,-) group
adjacent to the core phosphorous atoms. Due to the
electron-donating characteristic of this group, the
partial positive charges on the core pentavalent atoms
of these compounds are weaker than those in the
activating compounds. The partial charge on the core
pentavalent atom was calculated to be 1.29-1.37 for
the activators and 0.95-1.17 for the inhibitors [69].
The hypothesis is then that both the activators and
inhibitors, sharing similar structures, can bind to the
phosphate regulatory site on AK and RK [69].
Although bound to the regulatory site, the inhibitor
compounds cannot promote catalysis due to the low
net positive charge on the core pentavalent atom.

The NXXE motif and its role in phosphate and
magnesium activation of AK and RK

A crystal structure of RK has been solved with a
bound phosphate in the active site, which makes close
contacts (direct and indirect hydrogen bonds) with the
residues Asnl187 and Glul90 (Fig.5A) [29]. These
residues are highly conserved in the RK family
(Fig. 5B) [42]. For instance, the corresponding resi-

dues are conserved in AK (Asn223 and Glu226 in
human, and Asn239 and Glu242 in Chinese hamster),
and occupy similar three-dimensional space [14, 29].
In the crystal structure of human AK these residues
form hydrogen bonds with a bound magnesium ion
through a bridging water molecule [14]. We have
proposed that asparagine and glutamic acid residues
at these positions constitute a new sequence motif,
NXXE, which is a common characteristic of the RK
family [42]. The importance of the NXXE motif in
phosphate activation of AK has been studied by site-
directed mutagenesis [42]. Unlike the wild-type
enzyme, which showed negligible activity in the
absence of phosphate, the N239Q and E242D mutants
showed substantial activity without phosphate. Addi-
tion of phosphate did not cause significant stimulation
in these cases. In contrast to these mutants, the N239L
and E242L. mutants of AK showed no significant
activity both in the absence and presence of phos-
phate.

The dependence of AK activity on free magnesium, as
well as the presence of a bound magnesium ion in the
human AK structure [14], suggests a requirement of a
catalytic Mg®" at the active site. The E242D and
N239Q mutants showed lower affinity for free Mg*",
indicating that the effect of free Mg®" on AK activity is
closely related to that of the phosphate ion [42].
Recently, a mutation in the Glu190 residue of E. coli 6-
phosphofructo-2-kinase, which corresponds to Glu242
in CHO AK, was also reported to result in an enzyme
with an altered Mg** requirement [70]. These results
indicate that the Asn and Glu residues of the NXXE
motif are required for proper binding of the catalytic
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Mg*" ion at the active sites in these enzymes. Although
the exact role of this magnesium ion is not yet clear, it
is speculated that it helps in the formation of the
transition state of the reaction by increasing the
electrophilicity of the y-phosphorous atom of the
nucleotide [70, 71].

Based on these observations, a model describing the
role of activating phosphate and free Mg*" in AK
catalysis has been proposed [68]. In this model
(Fig. 6), when a phosphate or an activator compound
binds to the NXXE motif, it facilitates binding of free
Mg’" and also the substrate adenosine to the active
site. The binding of adenosine induces closing of the
lid domain and increases the enzyme’s affinity for the
second substrate ATP. While the catalytic residue
Asp316 deprotonates the 5'-hydroxyl end of adeno-
sine, the activator compound enhances the electro-
philicity of the 3-phosphorous in ATP by withdrawing
charge via its interaction with the non-bridging oxy-
gen of the B-phosphate. Here, the net positive charge
on the core pentavalent atom of the activator is
important for its interaction with the oxygen atoms.
The catalytic magnesium ion, on the other hand, may
have a similar interaction with the y-phosphate of
ATP. Due to the increased electronegativity of the f3-
and y-phosphorous atoms then, the electrons on the
bridging oxygen are drawn towards the phosphorous
atoms, making the bonds between them weak and
elongated. The deprotonated 5'-hydroxyl end of
adenosine subsequently attacks the positive center
of the y-phosphate, forming the transition state. In the
final step, the y-phosphate is transferred to adenosine,
and the products AMP and ADP are released.

Itis reasonable to assume that the catalytic steps of the
RK reaction also proceed as described for AK, based
on several observations: (i) Inorganic phosphate,
arsenate, and vanadate all have very similar effects
on the kinetics of both enzymes [44, 62, 63]. (ii) Other
phosphorylated activators of AK also activate RK,
whereas the structurally related inhibitors of AK all
inhibit RK, without exception [68, 69]. (iii) The
NXXE motif, which has shown to be important for
phosphate activation in AK, is absolutely conserved in
RK [42]. (iv) The tertiary structures of AK and RK are
extremely similar, showing a high level of conserva-
tion especially at the catalytic site [14, 29]. The fact
that the NXXE motif is conserved in members of the
RK family suggests that other enzymes from this
family might also share catalytic mechanisms in
common with AK and RK.
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Studies of mutants affected in AK and gene structures
of AK and RK

Isolation and characterization of mutants affected in
AK

As previously discussed, AK shows a very broad
specificity for its nucleoside substrate, allowing phos-
phorylation of numerous adenosine analogues. Some
of these compounds, such as toyocamycin and tuber-
cidin, are highly toxic to various cell types, and a
number of others exhibit antibacterial, antifungal,
antiviral, and antineoplastic properties [72-75].
Based upon their chemical structures, the adenosine
analogues can be grouped into two broad classes.
Compounds such as toyocamycin and tubercidin, and
also adenosine, contain a carbon-nitrogen bond in the
ribosidic linkage, and are referred to as N-nucleosides.
Other analogues such as formycin A, formycin B, and
9-deazaadenosine, where a carbon-carbon bond links
the ribose sugar to the purine base, are referred to as
C-nucleosides [76].

Mutants of mammalian cells resistant to toxic levels of
adenosine analogues have been selected from several
cell types and species [77-80] (see [73] for the
summary of additional studies and references). The
most commonly observed mutants from different cell
lines are affected in AK, and they are unable to
convert adenosine analogues into phosphorylated
forms, which are correlated with their cytotoxicity
[73]. Most of these mutants contain no detectable AK
activity in cell extracts, and they exhibit high level of
cross-resistance to various N- as well as C-adenosine
analogues [73, 81]. The resistance phenotype of these
mutants behaves recessively in cell hybrids formed
with sensitive cells. Such mutants are referred to as
Class A mutants. Interestingly, in the CHO cell, the
spontaneous frequency of Class A mutants is unusu-
ally high (10~ to 10~ mutations/cell/generation which
is about 100- to 10,000-fold higher than the frequency
of similar mutants in other cell lines) [73, 82]. The
genetic basis for this phenomenon is not fully under-
stood, but this could be related to the differences in the
number of functional AK gene copies in various cell
lines [83]. It has been suggested that CHO cells, where
such mutants were obtained at high rates, contain only
a single functional AK gene copy [82].

Another interesting kind of mutant affected in AK
has been obtained in CHO cells by selecting in the
presence of C-nucleosides formycin A and B [81].
These novel mutants (referred to as Class B) exhibit
cross-resistance to, and are unable to phosphorylate,
various C-adenosine analogues, while remaining sen-
sitive and fully capable of phosphorylating N-adeno-
sine analogues [84]. The genetic lesion in these
mutants thus specifically prevents the phosphoryla-
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Figure 6. A model showing the
activating effect of inorganic
phosphate and interactions be-
tween different ligands at the
active site of AK. Initially, bind-
ing of the activator facilitates
binding of free Mg*" as well as
the substrate adenosine to the
active site. This induces closing of
the lid domain, which in turn
increases the enzyme affinity for
the second substrate ATP. (A)
Once ATP is bound, the activator
compound enhances the electro-
philicity of the P-phosphorous
atom by withdrawing charge via
its interaction with the non-
bridging oxygen of the B-phos-
phate. The net positive charge on
the core pentavalent atom of the
activator compound is important
forits interaction with the oxygen
atom. The catalytic magnesium
ion, on the other hand, may have
a similar interaction with the vy-
phosphate of ATP. Due to the
increased electronegativity of the
- and y-phosphorous atoms, the
electrons on the bridging oxygen
are drawn towards the phospho-
rous atoms, making the bonds
between the - and y-phosphate
weak and elongated. In the
meantime, the catalytic residue
Asp316 deprotonates the 5'-hy-
droxyl end of adenosine. (B) The
positive center of the y-phos-
phate attracts the negative
charge developed on the 5'-hy-
droxyl of adenosine after proton
abstraction by the catalytic base
Asp316. Argl48 helps stabilize
the negative charges on the non-
bridging oxygens of the y-phos-
phate. (C) The vy-phosphate is
transferred to adenosine. The
arginine residue flips back, and
the products ADP and AMP are
released. The positions of the
substrates, ligands, and amino
acid residues in this figure are
based on the structural data for
AK and RK. The thick, hatched
lines indicate hydrogen bonds.
The X atom in the activating
compound generally is oxygen
or nitrogen.
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tion of C-adenosine analogues without any effect on
N-adenosine analogues. What is also intriguing with
the Class B mutants is that, although these cells are
sensitive to N-nucleosides, no AK activity (using
adenosine, a N-nucleoside) could be detected in their
cell extracts [84]. Some other mutants affected in AK
(Class C) show reduced phosphorylation and affinity
of certain adenosine analogues to which they exhibit
increased resistance [73].

Gene structure of AK

The sequence of AK cDNA from human and Chinese
hamster cells was first determined in 1996 [10, 11].
Subsequent work on AK gene structure has revealed
that AK genesin mammalian organisms are extremely
large [83, 85]. Human AK is estimated to be >550 Kb
long, and the genes from rat, mouse, and Chinese
hamster are also very large [83, 85]. Both human and
Chinese hamster AK genes have identical structures,
consisting of 11 exons whose length ranges from 36 to
173 bps and total 1.1 Kb [83, 85]. The lengths of the
intervening introns in the human genome varies from
4.2 Kb to >126 Kb [83, 85]. The ratio of the noncoding
to coding sequence for human AK (i.e. >550) is the
highest known for any gene in mammalian or other
organisms. In contrast to the mammalian genes, AK
genes in other eukaryotic organisms are small [83].
Saccharomyces cerevisiae and Schizosaccharomyces
pombe, for instance, have no introns in their AK genes.
In Drosophila melanogaster and Caenorhabditis ele-
gans, the AK genes are only 1.5 and 1.3 Kb long,
containing two and four small introns, respectively.
Arabidopsis thaliana, on the other hand, has 10 small
introns, which makes the overall length of the AK
gene 2.4 Kb long [83].

Another unusual feature of AK gene structure in
mammalian cells is that in various species (viz. human,
mouse, and Chinese hamster) it is closely linked to the
gene for the p3A subunit of the clathrin adaptor
protein-3 (AP-3 u3A gene) [83, 85]. In all of these
species, the genes for these two proteins are linked in a
head-to-head fashion, and are transcribed from a
single bi-directional promoter. The possible signifi-
cance of the close linkage of these two genes and their
sharing a common promoter is presently not clear.
The knowledge of AK gene structure has permitted
characterization of mutants affected in AK at molec-
ular levels. Southern and Northern blot analyses on a
number of Class A mutants of CHO cells show that
they contain large deletions leading to loss of several
introns and exons [10, 83]. It is possible that the
unusually large size of the AK gene and of its
intervening introns is responsible for these deletions
and also the high spontaneous frequency of the Class
A mutants. Interestingly, in a number of these
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mutants, the deletion affecting the AK gene also
extends into the neighboring AP-3 u3A gene, leading
to loss of all of its introns and exons [85]. The AP-3
u3A adaptor protein is involved in vesicle-mediated
protein sorting, and an alteration in this protein has
been observed in Hermansky-Pudlak syndrome, a
genetic disorder characterized by defective lysosome-
related organelles [86, 87].

Gene structure of RK

Recently, the gene for RK in human cells has been
characterized [35]. The human RK gene, which is
located on chromosome 2, is approximately 110 Kb
and comprises 8 exons that vary in length from 63 to
189 nucleotides. Interestingly, human RK shows a
much higher degree of sequence identity to the RK
sequences from protists species (viz. Trypanosoma
cruzi and Entamoeba histolytica) and various bacteria
(viz. E. coli, Bukholderia cepacia, etc.) in comparison
with the homologues from plants (Arabidopsis thali-
ana) and fungi (Saccharomyces cerevisiae) [35]. These
results are unexpected as fungi and plants are more
closely related to the animals than bacteria [88]. It is
thus possible that RKs from plant and fungi species
have originated independently from those in animal
and protist species. It is also possible that the plant and
fungi RK sequences, which have not been character-
ized biochemically, may correspond to some other
sugar kinases.

Studies with transgenic mice affected in AK

In contrast to other enzymes involved in the purine
salvage pathway, such as adenosine deaminase, purine
nucleoside phosphorylase, and hypoxanthine-guanine
phosphoribosyltransferase (Fig. 7A), whose deficien-
cy leads to a variety of genetic disorders in humans
[89], no disease linked to the AK locus has been
identified [90, 91]. However, in transgenic AK '~
mice, lack of AK has been shown to result in the
development of acute neonatal hepatic steatosis,
which leads to early postnatal mortality [92]. Two
abnormalities of hepatic metabolism have been sug-
gested to contribute in the development of steatosis in
these mice: ATP depletion and inhibition of trans-
methylation reactions [91]. The absence of AK leads
to loss of adenine nucleotides in favour of accumu-
lation of adenosine. This leads to reduced metabolic
capacity of mitochondria in the liver, which contrib-
utes to the development of steatosis [91]. Adenosine is
also an important by-product of the transmethylation
reactions catalyzed by various S-adenosylmethionine
(SAM)-dependent methyltransferases (Fig. 7B) [91].
This reaction produces S-adenosylhomocysteine
(SAH), which is hydrolyzed by SAH-hydrolase into
homocysteine and adenosine. If adenosine is not
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promptly removed by the action of AK, this will result
in accumulation of SAH, which in turn inhibits various
transmethylation reactions that are crucial for a wide
variety of cellular processes [93, 94]. Thus, although
AK is a salvage pathway enzyme, its cellular function
is essential for the growth of organisms. This provides
plausible explanations for the early postnatal lethality
of AK™” mice and also why mutants affected in AK
have not been obtained in humans.

Boison and co-workers have carried out extensive
work in recent years on the role of adenosine and AK
in the development of epilepsy in a mouse model
system [90, 95, 96]. According to these authors, the
underlying pathogenic mechanism of epileptogenesis
is astrocyte dysfunction that leads to overexpression
of AK. The increased expression of AK in turn
reduces ambient adenosine, which plays a central role
as the inhibitory neuromodulator and endogenous

anticonvulsant in neuronal cells. Their studies with
transgenic mice that either overexpress or under-
express AK in the brain, where the incidence of
epileptic seizure is either enhanced or greatly reduced,
provide strong suggestive evidence for the AK
hypothesis of epileptogenesis [90, 95, 97-99].

Ribose metabolism and its importance

Ribose metabolism

D-ribose is one of the most abundant and important
sugars in biological systems [100]. Before entering the
metabolic pathway, ribose needs to be phosphorylated
by RK. The resulting ribose-5-phosphate (R-5-P) is
then used for synthesis of nucleotides and other co-
factors, or for energy production. Ribose has received
much attention in recent years, as a metabolic supple-
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ment for the heart [101]. Under normal conditions,
energy-rich nucleotides are continuously produced in
the heart to fulfill metabolic requirements. An abso-
lutely essential compound in the production of purine
and pyrimidine nucleotides is phosphoribosyl-5-pyro-
phosphate (PRPP), which is generated from R-5-P by
the enzyme PRPP synthetase. In de novo synthesis
(Fig. 7A), PRPP undergoes a series of reactions with
other metabolic precursors, such as amino acids, CO,,
and NHj, in order to produce nucleotides [102]. In the
salvage pathway (Fig. 7A), PRPP is used to salvage
and recycle the free purine and pyrimidine bases
resulting from nucleotide catabolism [102]. Under
pathologic cardiac conditions such as ischemia, how-
ever, the availability of PRPP is limited, thus hamper-
ing nucleotide synthesis [103, 104]. Nucleosides and
bases produced via degradation of nucleotides then
diffuse into the vascular space, and become lost from
the tissue during reperfusion [105]. The repletion of
nucleotides following ischemic insults has shown to be
important in the recovery of mechanical function of
the heart [102]. Supply of ribose, which is metabolized
into R-5-P, the immediate precursor of PRPP, thus
enhances the cells’ ability to regenerate ATP and
helps restore proper function.

The beneficial effects of supplemental ribose on the
cardiovascular system have been extensively studied
during the past three decades. In numerous animal
models of cardiac and cerebral ischemia, cardiac
hypertrophy, and cardiomyopathy, ribose administra-
tion has shown to recover and enhance diastolic
function by replenishing myocardial adenine nucleo-
tides [106—108]. Subsequent investigations with
human subjects have also demonstrated cardio-pro-
tective effects of supplemental ribose. Patients with
severe coronary artery disease have shown signifi-
cantly increased tolerance to exercise-induced ische-
mia when treated with oral ribose [109]. In patients
undergoing aortic valve replacement, supplementa-
tion of ribose prevented deterioration of the left
ventricular function which was commonly seen in the
untreated control group [110]. Furthermore, admin-
istration of ribose in congestive heart failure patients
significantly improved diastolic function and ventila-
tory efficiency, leading to an improvement in quality
of life [111, 112]. Showing no signs of adverse
reactions in a number of toxicity studies [113, 114],
the safety of ribose as a nutriceutical has been well
accepted.

Ribose transport

Despite its importance, phosphorylation of free ribose
following its transport into the cell is a little-inves-
tigated pathway in mammals. However, a substantial
body of knowledge about ribose transport is available
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in a bacterial system. In E. coli, ribose transport is
controlled by the rbs operon, which encodes six
proteins, RbsDACBKR [115]. These proteins are
normally expressed at a low level, but induced in the
presence of ribose [1]. The general pathway is as
follows [115]. (i) Ribose enters the periplasm through
pores in the outer membrane. (ii) Ribose is recognized
and bound by RbsB, which then binds to the RbsAC
membrane complex. (iii) ATP hydrolysis by RbsA on
the cytoplasmic side of the membrane brings ribose
into the cell. Once in the cytoplasm, ribose undergoes
a conformational change by the action of RbsD. This is
anecessary step in ribose utilization, since RK (RbsK)
binds to ribose in its furan form [29], whereas RbsB
binds to the pyran form [116].

In eukaryotic cells, ribose transport has only been
characterized in the parasitic protozoa Leishmania
[117, 118]. In contrast to its bacterial counterpart,
ribose transport in Leishmania species does not occur
by an active transport mechanism, as it is insensitive to
metabolic inhibitors and uncoupling agents [117].
Instead, a carrier-facilitated transport mechanism has
been suggested, as free intracellular ribose exchanges
diffusively with exogenous deoxyribose [117]. RK
from Leishmania major was recently cloned, se-
quenced, and characterized as the first enzyme of its
kind in the Leishmania genus [34].

Adenosine metabolism and related therapeutic
applications

Adenosine metabolism

The purine nucleoside adenosine shows neuromodu-
lating properties with a broad range of physiological
responses in mammalian tissues via interaction with
adenosine receptors. Much recent interest in adeno-
sine metabolism has arisen from the discovery that
adenosine receptor-mediated signals are involved in
the protection of cells and tissues undergoing ischemic
stress. Under normal oxygenated conditions, the rate
of ATP catabolism and anabolism are equal, and the
concentration of ATP is maintained at a much higher
level (at least 10 times higher) than that of ADP [119,
120]. Under conditions of tissue stress or trauma, such
as ischemia or hypoxia, however, the oxygen supply is
inadequate for oxidative phosphorylation of ADP to
regenerate ATP, and the ATP/ADP ratio is compro-
mised. The increasing concentration of ADP results in
an increase in the concentration of AMP, which in turn
is hydrolyzed to adenosine [121, 122]. Due to the
increased cytosolic concentration, adenosine is re-
leased into the extracellular space, where it can bind to
adenosine receptors. The protective effects of adeno-
sine receptor-mediated responses include coronary
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vasodilation, neuronal activity reduction, platelet
aggregation inhibition, anti-inflammatory activity,
angiogenesis, and ischemic preconditioning [123-
129]. For this reason, adenosine has been variously
called as ‘signal of life’ and ‘body’s natural defense’.
Interstitial concentrations of adenosine have been
found as high as 30 uM within the myocardium [130],
30 uM in the brain [131], and 100 uM in the spinal cord
[132], during a hypoxic episode. The cytosolic con-
centration of adenosine under normoxic conditions,
on the other hand, was estimated to range between
0.01 and 0.1 uM [133, 134]. The concentration of
adenosine is tightly regulated by AK and adenosine
deaminase (ADA), which catalyze the phosphoryla-
tion and deamination of adenosine, respectively
(Fig. 7B). The K, of ADA for adenosine is in the
range of 25-150 uM [135, 136], whereas that for AK is
in the range of 25 nM — 1 pM [11, 137-139]. Since the
K,, of AK for adenosine is much lower than that of
ADA, AK is the principal enzyme responsible for
regulating the level of adenosine.

While the AK and ADA are the main enzymes
responsible for the catabolism of adenosine, there are
three enzymes which are involved in the formation of
adenosine. The most important source of adenosine
quantitatively is the AMP-selective cytosolic 5'-nu-
cleotidase (c-NI), which has been suggested to be
responsible for approximately 76 % of adenosine
production in mammalian cells (Fig. 7B) [140, 141].
Another important enzyme responsible for the pro-
duction of adenosine via hydrolysis of AMP is ecto-5'-
nucleotidase (e-N) [142], a glycoprotein found pri-
marily in the plasma membrane of eukaryotic cells
[143]. The contribution of e-N to the total pool of
adenosine in mammalian cells is estimated to be
between 24 and 30 % [144, 145]. In addition to these
two enzymes, adenosine can also be produced from S-
adenosylhomocysteine (SAH) via SAH-hydrolase
(Fig. 7B). The reaction catalyzed by SAH-hydrolase
is reversible, and the direction of its activity is
dependent on the local concentrations of homocys-
teine [146]. The enzyme however, generally favours
the hydrolysis of SAH as both homocysteine and
adenosine are rapidly metabolized [147].

Adenosine transport

Because adenosine is hydrophilic, it requires speci-
alized transport systems for its movement across the
plasma membrane. There have been two major classes
of nucleoside transport systems described in mamma-
lian cells, the equilibrative (ENT) and the concen-
trative (CNT) nucleoside transporters [100, 148, 149].
The equilibrative system can mediate the transport of
adenosine and other nucleosides in both directions,
according to the nucleoside concentration gradient
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across the cell membrane. Thus far, four transporter
proteins belonging to the equilibrative system have
been cloned and identified, which are widely distrib-
uted in various cell types [149]. In contrast to the
equilibrative system, the concentrative system medi-
ates nucleoside transport in a uni-directional manner,
coupled to that of the sodium ion. Six functionally
different nucleoside transport activities belonging to
this class have been identified, of which three have
been characterized at the protein/gene level [148,
149]. The requirement for a Na* gradient is generally
specific for these transporters, and their substrate
specificity differs greatly from one another [148].

In contrast to the mammalian cells, all of the proto-
zoan nucleoside transporters identified to date belong
to the ENT family, showing sequence and topology
homology to the members of mammalian ENTs [150].
Nucleoside transporters are important in the bio-
chemistry of parasitic protozoa due to their absolute
reliance upon the salvage of preformed purines from
their vertebrate and invertebrate hosts. The first genes
for protozoan nucleoside transporters were cloned
from Leishmania donovani by functional complemen-
tation of an adenosine-pyrimidine transport-deficient
mutant [151]. Since then, a number of additional
adenosine/nucleoside transporters have been identi-
fied in organisms such as Leishmania major, Trypa-
nosoma brucei, Toxoplasma gondii, and Plasmodium
falciparum [150, 152].

Inhibitors of AK as therapeutic agents

As mentioned, adenosine shows a broad range of
tissue-protective effects as an endogenous neuromo-
dulator. The nucleoside is released into the extrac-
ellular space at specific sites during conditions of
physiological stress and trauma, including ischemia,
seizures, inflammation, and pain [153]. By activating
various adenosine receptors on the cell surface,
adenosine acts to limit tissue damaging and restore
normal function [154]. Utilization of exogenous
adenosine for pharmacological purposes, however, is
difficult to achieve due to its short half-life in the
interstitial fluid, which is of the order of seconds [155].
Inhibition of AK, on the other hand, provides a means
to amplify the tissue-protective effects of adenosine
by helping maintain its elevated level in the extrac-
ellular compartment. Since the release of endogenous
adenosine is highly localized to tissues under stress,
the effects of AK inhibition may only be pronounced
at these specific sites [156]. In view of this potential as
a pharmacological agent, there has been a great
interest and effort to identify and optimize AK
inhibitors.

One of the most extensively characterized groups of
AK inhibitors consists of structural analogues of
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adenosine, such as 5-amino,5'-deoxyadenosine
(5NH,dAdo), 5-iodotubercidin (5IT) and 5'-

deoxy,5-iodotubercidin (5'd-5IT). With ICs, values
on the order of several nanomoles, these compounds
are highly potent in inhibiting AK in vitro [157].
Although these compounds have shown positive
effects in several animal models of pain, seizure, and
ischemia [158-161], their pharmacological utility is
largely compromised due to short plasma half-lives,
poor bio-availability, lack of target selectivity, and the
potential to form cytotoxic metabolites [161, 162]. In
an effort to optimize these AK inhibitors for better in
vivo properties, a large series of 5NH,dAdo and 5IT
derivatives were synthesized and tested [161, 163,
164]. As a result of rounds of structure-activity
relationship studies, a number of diaryltubercidin
analogues were identified as potent inhibitors of AK.
Compounds such as GP790 and GP3966, for example,
showed inhibition of human recombinant AK at low
nanomolar concentrations [161, 163, 164]. When
tested for anticonvulsant, anti-inflammatory, and
analgesic properties in animal models, these com-
pounds showed high efficacy with relatively mild
adverse effects [161, 163, 164].

In addition to optimizing nucleoside analogue AK
inhibitors, there has been a great effort in identifying
novel, non-nucleoside AK inhibitors. Some of the
most promising non-nucleoside AK inhibitors belong
to two different classes, the pyridopyrimidine and the
alkynylpyrimidine derivatives. These two groups of
compounds were derived from an initial high-through-
put screening lead [157], and have been subjected to
rigorous rounds of structure-activity relationship
studies [165-169]. Compound ABT-702, an example
of pyridopyrimidine for instance, shows an I1Cs, value
of 1.7 nM in vitro, and is comparably as efficient as
morphine in animal models of pain [157]. An alky-
nylpyrimidine compound, 5-(4-(dimethylamino)-
phenyl)-6-(6-morpholin-4-ylpyridin-3-ylethynyl)pyri-
midin-4-ylamine, which shows levels of efficacy sim-
ilar to ABT-702 [157], was recently crystallized with
human AK [157]. Both the pyridopyrimidine and
alkynylpyrimidine derivatives, in animal studies,
showed little effect on motor coordination, mean
arterial pressure, and heart rate, at effective doses for
pain relief [165-169]. Other recently identified non-
nucleoside AK inhibitors include N-(5,6-diphenyl-
furo[2,3-d]pyrimidin-4-yl)-propionamide and 2-[2-
(3,4-dihydroxy-phenyl)-5-phenyl-1H-imidazol-4-yl]-
fluoren-9-one [64]. Both of these compounds potently
inhibited human AK in vitro and in cultured cells in a
concentration-dependent manner [64].
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Conclusion and future directions

RK and AK were discovered more than 50 years ago,
and there has been much progress in understanding
these two important enzymes within the last decade or
so. The structures of both RK and AK from various
bacterial and eukaryotic sources have been solved,
and have provided crucial information regarding
ligand binding and reaction mechanisms. The mech-
anism of phosphate (or PVI) dependency, a unique
catalytic property shared by RK and AK, is finally
starting to emerge after recent biochemical studies.
Both these enzymes carry out important metabolic
reactions, and the therapeutic potentials of the
substrates of these enzymes, ribose and adenosine,
are now well recognized. The gene structures of RK
and AK in mammalian systems have also become
known within the last decade and have revealed
several interesting features, opening the door for
further studies. Recently, AK was identified as a key
target for the prediction and prevention of epilepsy in
a mouse model system, and these studies need to be
extended to humans.

Although much work has been done with respect to
ribose transport and its phosphorylation in bacterial
systems, its eukaryotic counterpart is poorly under-
stood. In light of the cardio-protective effects of
supplemental ribose, ribose transport in mammalian
systems, especially in humans, needs to be investigated
in greater detail. In recent years, many inhibitors of
AK have been identified which need to be further
evaluated in clinical settings. If proven effective, AK
inhibitors will represent a new group of drugs with
analgesic, anti-inflammatory, and anti-epileptogenic
properties, as well as cardio-protective properties.
Another potentially interesting area for future studies
is the phosphate (or PVI) dependency of other
enzymes. As mentioned in this work, there are several
enzymes which also show phosphate dependency, such
as 6-phosphofructo-1-kinase, 6-phosphofructo-2-kin-
ase, and phosphoribosylpyrophosphate synthetase,
whose exact phosphate activation mechanisms are
not known. Some of these enzymes, 6-phosphofructo-
2-kinase in particular, belong to the RK family of
enzymes, and share similar primary and tertiary
structures with RK and AK. The phosphate activation
mechanism of AK described in this work may apply to
additional enzymes with a common structural basis.
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