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Introduction

General aspects of metabolism 
Metabolism is the sum of all chemical transformations that occur in a cell or 
organism. It is a highly coordinated and directed cell activity, although it 
may at a first glance seem unordered and randomly arranged (Lehninger, 
1993). Metabolism has been divided into two major branches. Catabolism is 
the set of reactions where nutrient molecules are converted into smaller 
products while energy and reductive power are produced in the form of ATP 
and NADH or NADPH. Anabolism (or biosynthesis) is another set of 
reactions where smaller molecules are arranged into more complex 
structures, which includes both production of the cell's own characteristic 
molecules, as well as production of fatty acids, proteins and other 
macromolecules. As catabolism is productive in terms of energy and 
reductive power, anabolism is demanding. It requires both energy and 
reductive power.  

Metabolic pathways can be linear, branched or even cyclic. In general, 
catabolic pathways are convergent and anabolic pathways are divergent. 
Since both anabolism and catabolism normally take place in an organism at 
the same time, some sort of regulation is needed so as to prevent wasteful 
reactions (for example, at the same time degrading and synthesizing the 
same fatty acid); when one occurs, the other is prevented. 

Although many highly specialised metabolic pathways exist and some 
may exist in only a number of species, the central metabolic pathways are 
few in number and very similar in all forms of life. These include glycolysis 
(the pathway for degradation of glucose, the major fuel in almost all living 
cells), the TCA cycle, and the pentose phosphate pathway. The pentose 
phosphate pathway, in which hexoses can be oxidised to pentoses, is 
sometimes called one of the secondary metabolisms of glucose (Lehninger, 
1993).
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The pentose phosphate pathway 
The pentose phosphate pathway occurs in the cytoplasm of all cells. One of 
the most important functions of this pathway is to produce reductive power 
(NADPH) required for the cell's anabolic processes, such as the production 
of fatty acids and steroids. In mammals this pathway is mainly active in 
tissues with a high requirement for NADPH, such as liver and adipose tissue. 
In other tissues, such as skeletal muscle, this pathway can be virtually 
absent. A second, equally important function of the pentose phosphate 
pathway, is production of essential pentoses, in particular ribose 5-
phosphate.

The pentose phosphate pathway is divided into two phases. The first is 
usually called the oxidative phase and comprises the first steps in glucose 
degradation: It is the phase where glucose 6-phosphate is converted into 
ribose 5-phosphate (via ribulose 5-phosphate) in four reactions, with the 
release of two molecules of NADPH, (Figure 1). Depending on the cellular 
needs, the pathway can end here. If the demand for NADPH is high, ribulose 
5-phosphate and ribose 5-phosphate can be recycled into glucose 6-
phosphate and can then re-enter the oxidative phase of the pathway. 

The second phase is called the non-oxidative phase. It is in this phase that 
ribulose 5-phosphate (5C) is converted into glyceraldehyde 3-phosphate 
(3C) and fructose 6-phosphate (6C) via ribose 5-phosphate (5C) or xylulose 
5-phosphate (5C), as shown in Figure 1. Ribose 5-phosphate is the key 
metabolite in the formation of ribose moieties of nucleotides and nucleic 
acids (via phosphoribosylpyrophosphate). It is also involved in the synthesis 
of sedoheptulose 7-phosphate, a precursor for the heptose moieties of the 
lipopolysaccharide of the outer membrane cell wall, as well as in the 
formation of erythrose 4-phosphate, an intermediate in the biosynthesis of 
the aromatic amino acids. Hence, the pathway provides 5C sugars for 
biosynthesis, but also introduces sugar phosphates into glycolysis or 
gluconeogenesis (in the form of glyceraldehyde-3-phosphate and fructose 6-
phosphate).

All reactions of this phase of the pathway are reversible and so can be 
used to convert hexose phosphates into pentose phosphates. Thus this 
pathway can work both in a catabolic and an anabolic fashion. This feature is 
essential in the fixation of CO2 by photosynthetic organisms and plants. 
Moreover, in addition to metabolizing ribose, the pentose phosphate pathway 
is the only pathway that allows Escherichia coli to utilize D-xylose and L-
arabinose (Sprenger, 1995). 
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Figure 1. The pentose phosphate pathway. Enzymes discussed in the thesis are 
ribokinase (RK) and ribose 5-phosphate isomerase A and B (RpiA and RpiB). 
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Ribose uptake in Escherichia coli

D-ribose is one of the metabolites Escherichia coli actively can seek out 
though chemotaxis and use as sole source of carbon and energy. The bacteria 
have several means of recruiting the sugar from the environment. The high 
affinity transport system for ribose is located in the rbs operon at 84 min in 
the E. coli chromosome (Lopilato et al, 1984). The operon consists of the 
three structural genes for ribose high-affinity transport (rbsA rbsC rbsB;
coding for two transport components and the periplasmic binding protein, 
respectively) and the gene for the kinase responsible for phosphorylating the 
sugar after entry into the cytoplasm, ribokinase (rbsK) (Ilida et al., 1984). A 
fourth gene have also been described, rbsD, although the gene product is of 
unknown function. (Kim et al., 2003). The operon is under the negative 
control of the ribose repressor, rbsR, which is positioned distal to the operon 
and seems to be transcribed independently (Lopilato et al., 1984). The 
operon is induced in the presence of ribose (Anderson & Cooper, 1969; 
Hope et al., 1986; Ilida et al., 1984).  

Bacteria with a deficient high-affinity transport system can still grow on 
ribose, indicating the presence of a low-affinity transport system (Ilida et al.,
1984). These low-affinity ribose transport systems, as there are several, 
include the system responsible for high-affinity transport of the rare sugar D-
allose (Kim et al., 1997), as well as the high-affinity transport system for D-
xylose (Song et al., 1998). Recently, it was demonstrated that ribose can also 
be transported via a mutated form of the glucose transporter, PtsG (Oh et al.,
1999).

Ribose can take many forms in solution. The most common form is the -
pyranose form (59%), which is the form the periplasmic ribose binding 
protein binds during ribose uptake; after this comes in decreasing order of 
abundance, the -pyranose (20%), -furanose (13%) -furanose (7%) and 
the free aldehyde form (0.1%) (Drew et al., 1998).  

Enzymes discussed in the thesis: Ribokinase and Ribose 
5-phosphate isomerases 
The enzymes discussed here are those involved in the first steps of ribose 
metabolism, ribokinase and ribose 5-phosphate isomerase (Figure 1). 
Phosphorylation of ribose by ribokinase (RK) is the first reaction in the 
metabolism of exogenous ribose and is required for keeping ribose inside the 
cell. Ribokinase also plays a role in degradation of nucelic acids.  

After phosphorylation, the sugar can enter the pentose phosphate pathway 
in the aldehyde form, ribose 5-phosphate, or in the ketose form, ribulose 5-
phosphate, and is metabolised according to the cell's requirements. The 
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conversion between these two sugar phosphates is performed by ribose 5-
phosphate isomerase (Rpi). 

RK from E. coli has been under study for some years; the three 
dimensional structures of the apo enzyme, as well as in binary and ternary 
complexes, have been determined (Sigrell et al., 1998, 1998b, 1999). E. coli

has two genetically and biochemically distinct isomerases, both of which 
structures have previously been unknown.  
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Methods

Protein expression, purification and crystallization 

RK

Most of the crystallographic and kinetic studies of RK (both wt and S294K 
mutant) were done with N-terminal His-tagged enzyme; only the RK 
structure with cesium (RK-Cs) was obtained with the untagged protein 
described earlier (Sigrell, 1997). Expression was performed in E. coli with 
L-arabinose as inducer. Induction was typically performed for 4 hours. Lysis 
of the cells were usually done with sonication. Purification involved cobalt 
affinity chromatography (TALON; Clonetech). Purity was checked with 
SDS and native gel electrophoresis. 

RpiA and RpiB 

Both enzymes were provided by our collaborators in Canada; Alexei 
Savchenko, Steven Beasley, Aled Edwards and colleagues. 

Crystallization

Crystallization of RK and RpiA was performed by the method of vapour 
diffusion in either hanging or sitting drops.  
Streak seeding was required for crystals of RK mutant S294K and the 
crystals of RK in complex with cesium. In the latter case, several rounds of 
streak seeding were required to produce crystals of sufficient quality that x-
ray data could be collected. 
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Steady state kinetics 

RK

The kinetic parameters of wt RK and RK mutant S294K were determined 
using a pH sensitive assay performed in water. The assay is based on the 
proton release during each cycle of catalysis; the reaction is followed at 430 
nm using Phenol red as color indicator. The reaction was typically measured 
at ~ pH 7.6 - 8.0 

The assay solution typically contained in 1 ml (depending on the 
particular assay): 10 mM MgCl2, 140 mM KCl, 5 mM of either ribose or 
ATP. As the reactions were performed in water, the pH was adjusted using 
NaOH; the reaction was started with the addition of enzyme. 
The rates could be calculated using a conversion factor of 1 AU = 17.3 
nmole H+/ ml. All measurements were performed at 20º C. 

RpiA and RpiB 

Like most isomerase reactions, the ribose 5-phosphate isomerase reaction is 
an equilibrium, and can in theory be measured in either direction. The 
kinetic parameters of RpiA and RpiB were here determined with an assay 
that is based on the production of ribulose 5-phosphate (that is, the reaction 
is measured in the "forward" reaction, from ribose 5-phosphate to ribulose 5-
phosphate). The ketose group on ribulose absorbs light in the UV range and 
the reaction can thus be followed at 290 nm (Wood, 1970). The 
concentration of ribulose 5-phosphate produced could be calculated using 
Lambert-Beers law with  (ribulose 5-phosphate)=72/cm*M (Wood, 1969).  

The assay solution typically contained in 1 ml: 50 mM Tris-HCl pH 7.8 
(RpiA); when assaying RpiB, the solution also included 150 mM NaCl and 5 
mM MESNA. The measurements were performed at 37º C. 

Treatment of data 

Data from the kinetic assays were treated using the method of Hanes-Woolf 
where [S]/v vs [S] is plotted. The slope is equal to 1/Vmax and the intercept 
on the y-axis is Km/Vmax (e.g. the opposite of the information as found in 
Lineweaver-Burke plots). 
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Dead end inhibition 
Dead end inhibition experiments were performed with the isomerases, RpiA 
and RpiB, using the method described in the last section. Full analysis was 
performed only with arabinose 5-phosphate (for RpiA). 

Product inhibition 
A product inhibition study was undertaken with wt RK with the assay 
described earlier. These experiments were performed at sub-saturating 
concentrations of substrate: ribose was held constant at either 0.15 mM or 
0.3 mM and ATP was held constant at 0.15 mM. The variable substrate was 
varied between 0.025-0.4 mM. The measurements were performed at 22º C 

Fluorescence spectroscopy 
Fluorescence measurements were performed with RK (1 µM) in a buffer 
containing 30 mM Tris-HCl, pH 8.0, 10 mM MgCl2 and 140 mM KCl at 
room temperature. Excitation and emission bandwidths were 4 nm and 16, 
respectively. Excitation wavelength was chosen at 294 nm to minimize 
interference from the nucleotide (the absorption maximum is at 280 nm); 
329 nm was chosen as emission wavelength, based on an emission spectrum. 

RK was titrated with a stock solution of 10 mM AMP-PCP, which was 
added in 5 µl aliquots, until no further changes in the fluorescence signal 
were observed. Experiments were repeated in the absence and presence of 5 
mM ribose. Corrections were applied during data collection for dilution, and 
for RK and AMP-PCP absorption at both excitation and emission 
wavelengths. Ribose did not absorb or emit at the wavelengths used. 

Data were fitted to the formula F = Fmax/(Kd/[AMP-PCP] + 1), where 
F is the observed fluorescence change at a given AMP-PCP concentration 

and Fma is the maximum fluorescence change at infinite ligand 
concentration; Kd and Fma were the fitted parameters. 

Crystallographic methods 
The apo structures of RpiA and RpiB were solved by the method of Multiple 
Anomalous Dispersion (MAD) by Rong-guang Zhang and Andrzej 
Joachimiak, (Structural Biology Center, Argonne National Laboratories, 
USA) as a part of a structural proteomics project (http://www.mcsg.anl.gov; 
http://www.uhnres.utornonto.ca/proteomics).
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All other structures were solved using the method of Molecular 
Replacement (MR) using MOLREP (Vagin et al., 1997). Data were 
processed either by the HKL package (Otwinowski et al., 1997), or by 
Mosflm and Scala (as implemented in the CCP4 suite of programs). 

Ribokinase structures were solved using the PDB entry 1RKD without 
substrates and waters as search model. The structure of RpiA with bound 
inhibitor was solved with the most open chain of the apo enzyme structure as 
a search model.  

Wilson statistics for the RK mutant S294K showed twinning and the 
twinning fraction was determined by the Crystal Twinning Server 
(http://www.doe-mbi.ucla.edu/Services/Twinning/;Yeates, 1997). 

When appropriate, the structures were automatically traced with 
ARP/wARP (Perrakis et al., 1997). After MR, the typical protocol would 
include an initial rigid body refinement in Refmac5 (Murshudov et al.,
1997), after which the calculated phases would be used together with the Fo's 
in the autotracing. 

Where autotracing was not used, the first cycle of refinement was usually 
performed in CNS using simulated annealing (SA). Refinement was either 
performed with Refmac5 or CNS (Brünger et al., 1997). Inclusion of waters 
made use of CNS or ARP/wARP. Inspection of electron density maps and 
manual rebuilding was performed in O (Jones et al., 1991).
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RK from E. coli

Ribokinase (EC 2.7.1.15) phosphorylates ribose in the presence of 
magnesium and ATP, as the only known enzyme to perform this reaction 
(Hope et al., 1986). The central role of ribokinase for ribose utilization in E. 

coli was first acknowledged in the late 1960's, when it was shown that a 
strain lacking ribokinase was not able to grow on ribose (Anderson & 
Cooper, 1969). Ribokinase is induced by significantly lower levels of ribose 
than the other structural genes in the operon and its expression is less 
sensitive to catabolite repression (Hope et al., 1986). Expression of 
ribokinase can either be promoted by the common rbs promoter, or by a 
putative internal promoter, which may be the reason why the gene shows 
expression patterns distinct from the other rbs operon members (David et al.,
1970a; Hope et al., 1986).  

Ribokinase was first cloned from E. coli in 1986 by Hope et al and the 
molecular weight was deduced to be approximately 33 000 kDa. Ribokinase 
is a dimer in solution (Sigrell et al., 1997). The enzyme belongs to the PfkB 
family of carbohydrate kinases (now often called the ribokinase family) and 
was the first in the family to have its structure determined (Wu et al., 1991; 
Sigrell et al., 1998).  

Adenosine kinase (AK), which phosphorylates adenosine in presence of 
ATP, has been solved recently from human and Toxoplasma gondii 

(Mathews et al., 1998; Schumacher et al.,2000). AK is a monomeric enzyme 
with a fold remarkably similar to RK including the /  domain and active 
site lid. As AK does not form dimer interactions, the outer side of the lid 
domain have some addional helices. 
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Overall structure of RK 
RK is a dimer composed of two identical subunits (Sigrell et al., 1998). Each 
subunit has a central /  domain which consists of a twisted nine-stranded -
sheet flanked on both side by helices, four on one side and five on the other. 
A protruding -sheet domain, formed by two insertions in the central /
domain, forms the dimerization interface. An approximate 90º bend in two 
of the -strands makes it possible for one subunit to donate residues to the 
active site of the other member of the pair, Figure 1 and 2. The two -sheet 
domains pack together to form a flattened -barrel; this is the main 
dimerization interface.

Figure 2. Top and bottom, the ribokinase subunit and dimer, respectively. The -
strands are coloured in dark gray, helices and coils in light gray. The dimer 
interaction takes the form of a flattened barrel; the interaction between the subunits 
is mainly hydrophobic. 
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Active site and substrate binding 
There is one active site per RK subunit, situated at one end of the central -
sheet of the / -domain. The substrate ribose binds in a cleft between the 

/ -domain and the -sheet domain; the latter forms a lid covering the active 
site (Figure 3).

Figure 3. A ribokinase subunit with bound substrates (black) as in Figure 2. Ribose 
binds under the -sheet domain which also functions as a lid covering the active site.  

All specific interactions to ribose are made by the / -domain while the lid 
contributes interactions of mainly hydophobic character. Ribose binds to 
ribokinase in an -furanose form, and adopts the unusual O4 endo puckering 
(Sigrell et al., 1998).  

Ribokinase is more open if ribose is not bound to the enzyme (Sigrell et 

al., 1999) (Figures 2 and 3). Binding of ribose is associated with a 
conformational change where the /  domain moves toward the lid in a rigid 
body movement. The effect of the movement is to trap the substrate. Ribose 
is almost completely shielded from solvent when bound. 

The nucleotide binds further along the /  domain (Figure 3 and 4). 
Compared to binding of ribose, binding of nucleotide causes less dramatic 
changes in ribokinase structure. The structural changes are focused in two 
loops close to the binding site. These loops relax away from the binding site 
when nucleotide are absent, a feature seen in all nucleotide-free structures of 
ribokinase. The binding seem less tight than binding of ribose; the direct 
interactions between the nucleotide and enzyme are relatively few.  

The proposed catalytic residue Asp255 is located close to an oxyanion 
hole formed by backbone nitrogens at an active site helix (Figure 4). The 
anion hole, together with a conserved lysine, are thought to stabilize the 
transition state during catalysis. 
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Figure 4. For clarity, only one subunit is shown. The lid covering the active site is 
indicated in darker shade of grey than the rest of the enzyme. Ribose binds under the 
lid and the nucleotide binds further along the main body of ribokinase. The proposed 
catalytic residue Asp255 as well as the active site anion hole formed by backbone 
nitrogens of residues 252-255 are shown in black. 

Solved RK structures
Table 1 summarises the structures of ribokinase solved to date. The first RK 
ternary complex included ribose and ADP, AMP-PNP had been added to the 
crystallization solution. The following structures included a complex with 
only ribose and the structure of the apo enzyme. A second ternary complex 
in the space group P212121 was produced in hope to obtain a transition state 
complex. The last complex included ribose and the non-hydrolysable ATP 
analogue AMP-PCP. Although not presented to the general public (e.g. 
PDB), it has been presented in a thesis by Jill Sigrell in 1998. 

Table 1: Solved RK structures. 

Structure PDB code Active site content Reference 

apo enzyme 1RKA ribose, ADP, Pi Sigrell et al., 1999 
complex with ribose 1RKS Ribose, Pi Sigrell et al., 1999 

original ternary 
complex 1RKD ribose, ADP, Pi Sigrell et al., 1998 

the P212121 complex 1RK2 ribose, ADP Sigrell et al., 1999 
complex with AMP-

PCP
- ribose, AMP-PCP, Pi Paper IV 



14

Proposed mechanism 
Based on the information acquired from the structural studies on RK, a 
kinetic mechanism was proposed. Ribose was suggested bind first to a more 
open enzyme, triggering the closure of the lid over the substrate. Only after 
this would ATP bind, accompanied by small adjustments in the nucleotide 
binding area. This order of events was suggested because the major 
structural conformational changes observed when ribose binds; such 
mechanisms are often suggested to prevent premature hydrolysis of ATP.  

The conserved active site residue Asp255 activates ribose by removal of 
the hydrogen on O5* of ribose. O5* then attacks the -phosphate of the 
nucleotide in an in-line SN2 mechanism. The penta-coordinated transition 
state would be stabilised by a suitably placed conserved lysine (Lys43) and 
also by the anion hole. ADP would be the first product to leave the enzyme. 
This product is not covered by the lid and could in principle leave after the 
reaction was completed. Opening of the active site would release ribose 5-
phosphate and the enzyme would be prepared for another cycle of catalysis. 

Objectives 
Although RK had been under study for several years, many aspects of its 
function and action were still unknown. For example, the supposedly 
divalent metal ion requirement of RK had not been tested and the kinetic 
parameters were still undetermined. A new kinetic assay had to be found to 
address these questions properly, as the coupled assay used previously 
included pyruvate kinase, which requires magnesium for activity. So, my 
first task was to devise an assay method that would overcome such 
problems. The new assay gave unexpected results, which eventually lead to 
two new ribokinase structures, both of which will be presented here.  

The previously proposed kinetic mechanism was based on structural data 
only, and had no support from mechanistic studies. Naturally, this was not 
ideal, and both kinetic and other functional studies were planned. 

Furthermore, the first RK structure with bound trinucleotide (Table 1) had 
shown the -phosphate to bind too far from O5* of ribose for catalysis to 
occur; crystallization experiments to produce a reactive-ready ternary 
complex with ATP was planned. 
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Results: RK; paper I and IV 

Activation by monovalent ions 

The new assay was based on proton release during the course of reaction, 
which could be followed by colour changes in a pH indicator. This simple, 
clean assay opened up many new possibilities for testing various aspects of 
RK catalysis. However, the first results suggested that something was 
missing from the reaction mixture. RK had a kcat of 40 s-1 in the coupled 
assay, compared to approximate 1 s-1 in the new assay. When the 
components of the coupled assay were individually tested in the new assay, 
it was evident that the missing element was potassium. Potassium ions were 
found to activate RK with a Kd of 5 (+-2) mM. Cesium ions (often used in 
crystallographic studies as a substitute for potassium due to its larger number 
of electrons) were also found to activate with a Kd of 17 (+-4) mM. Using the 
new assay, the activation was calculated to be at least 40-fold. The activation 
was specific for potassium and cesium, as the effect was not observed with 
sodium or lithium. 

Monovalent ion binding site 

Crystals of RK co-crystallized with cesium, magnesium, ribose and the ATP 
analogue AMP-PCP (RK-Cs structure) were obtained in the P212121 space 
group found previously in the 1RK2 structure (Table 1). 

The asymmetric unit in this space group contains 4 subunits, i.e. two 
dimers of ribokinase. Inspection of the initial sigmaA weighted 2Fo-Fc  and 
Fo-Fc maps revealed four very large electron density peaks, one in an 
equivalent position in each of the four molecules of the asymmetric unit. 
These peaks were also the first to be picked in the automatic water-picking 
routine used. When treated as water molecules, these atoms temperature 
factors refined to 2-3 Å3, suggesting a species with more electrons than 
water. These atoms were thus assigned as cesium ions; no other cesium ion 
with comparable occupancy could be found. 

The monovalent ion binding site is located close to, although not in direct 
contact with, the anion hole of the active site (Figure 6). 
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Figure 5. The monovalent ion binding site relative the ribose and nucleotide. The 
interactions to the monovalent ion are made by main chain oxygens of residues 249, 
251, 285, 288 and 290, and side chain oxygens of residues Asp249 and Ser294. The 
coordination can best be described as pentagonal bipyramidal. 

Residues involved in binding the ion are drawn from two loops and include 
residues 249, 251, 285, 288, 290 and 294; residue 251 is placed immediately 
preceding the anion hole (comprised of residues 252-255 as shown in Figure 
4), Figure 5. 

Mode of activation 

Inspection of previously solved RK structures at first gave no indication of 
how the activation seen in the kinetic experiments was achieved; all but one 
RK structure have this site occupied, apparently by water, and no 
conformational change could be observed. 

Comparisons with AK were more fruitful. Four of the six available AK 
structures had a monovalent binding site analogous to the one found in RK. 
In addition, there seemed to be a correlation between the presence of a 
monovalent binding site and formation of an active site anion hole. It has 
been noted earlier that the anion hole is not formed in all AK structures. It 
was believed that either an active site sulfate ion or the presence of the -
phosphate of a trinucleotide would cause an additional turn of the helix to 
unwind and the anion hole to be created (Schumacher et al., 2000). A 
functional anion hole is a prerequisite for catalysis as the extra turn of the 
helix blocks the active site. 

Furthermore, two AK structures have the presumptive binding site 
occupied by water molecules; one has a suspiciously low temperature factor 
of 2.5 Å3. A third structure showed electron density in the appropriate 
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position when maps calculated using the deposited structure factors, 
although no atom had been modelled at that position. 

As the helix-to-anion hole transition has been observed in AK (Figure 6), 
it was easy to envision a situation where a monovalent ion of RK could 
either enforce a conformational change in the local structure, or 
alternatively, stabilize the conformation at the anion hole; either would 
certainly affect the efficiency of the enzyme. 

Figure 6. Monovalent ion binding site in RK-Cs (black); the cesium ion is shown as 
a black sphere. Two structures of tAK are superimposed; the apo structure (light 
grey) does not have a formed anion hole nor a monovalent ion binding site analogus 
to RK. However, the ternary complex of tAK with bound adenosine and nucleotide 
(grey) have both an anion hole and monovalent ion; the monovalent ion binding site 
is occupied by an atom with a temperature factor of 2.5 Å3 (small grey sphere).  

Various aspects of RK structure 

Substrate binding 

The substrate ribose binds in a very similar manner in all RK structures 
presented here (Figure 7). Trinucleotides, either in the form of AMP-PCP or 
the true substrate ATP, were included in all crystallization trials, and 
observed to bind in the active site of the enzyme in all complexes presented 
here. In two of these, the structures of RK mutant S294K (RK-S294K; 
described in more detail below), and RK-Cs, the trinucleotide is in the form 
of the non-hydrolysable ATP analogue AMP-PCP. The third structure (RK-
ATP) has a bound molecule of ATP; reaction was prevented in this case by 
omitting the divalent metal ion from the crystallization or protein solution. In 
addition to this, another RK-trinucleotide structure had already been 
produced (RK-PCP) and was presented in a thesis by Jill Sigrell (now 
Sigrell-Simon) in 1998, although it has not been yet been released to the 
general public. 
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Figure 7. Overlay of structures of RK-ATP (dark grey), RK-S294K (grey) and the 
original ternary complex with ribose and ADP (light grey). Active site residue 
Asp255 is shown in black, as well as the active site anion hole. The view is similar 
to the one in Figure 4. 

The trinucleotide binds to RK in a very similar manner in the RK-PCP, 
S294K-PCP and RK-ATP complex structures. Figure 7 shows that the 
trinucleotides also bind RK in a manner very similar to ADP as well.  

The -phosphate is placed close to the anion hole and interacts with 250-
O and main-chain nitrogen atoms of residues 253 and 254. Although in close 
proximity to the anion hole, the nucleotide adopts a conformation unsuitable 
for catalysis. In all complexes the distance between the -phosphorous atom 
and O5* of ribose is ~6 Å, which is slightly too long for attack on the 
phosphate group. 

A nucleotide conformation not observed before was found in one of the 
subunits in the RK-Cs complex structure. In molecule C, the ribose moiety 
adopts a O2' endo puckering compared to the normal O2' exo puckering 
found in all other RK structures with bound nucleotide. This can probably be 
explained by the presence of the guanidino group of a nearby arginine, 
pushing the nucleotide from its normal position. This new nucleotide 
conformation probably has no functional meaning. The nucleotide in 
molecule D in the same structure is altogether absent, and the protein in the 
nucleotide binding area adopts a conformation observed in nucleotide-free 
structures.

Active site pentavalent ions 

The RK-ATP and S294K-PCP structures also show a bound pentavalent ion 
in the proximity of the active site. This was first observed as a phosphate for 
the original ternary complex, and have been found in all structures produced 
with the same crystallization condition (1RKS, RK-PCP; (Table 1)). In the 
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present structures, this ion is most likely a bound phosphate in the S294K-
PCP structure, and a sulfate in the RK-ATP complex. The ion interacts with 
side chains of conserved residues (Asn187 and Glu190) and backbone 
nitrogens on the /  domain as well as backbone nitrogens on the 
contributing lid domain of the other subunit. As was described earlier 
(Sigrell, 1999), the presence of a phosphate ion contributes an additional 
interaction between these two domains. 

Lid movements in RK 

RK has been observed to adopt different lid positions in the structures 
crystallized in the P212121 space group, e.g. the RK-Cs structure. This was 
observed in the first structure solved in this space group (Table 1) and was 
thought to reflect different low energy variations of the lid position. 
Interactions anchoring the lid to the /  domain are in fact few in number, 
and include residues close to the anion hole. As these alternate lid positions 
have to date only been observed in structures produced in the absence of 
phosphate, it is very likely that this ion helps to stabilize the lid in the 
position observed in most RK structures, as was suggested earlier (Sigrell et

al., 1999). As nearly identical lid positions were seen in the RK-Cs structure, 
it is likely that these lid conformations result from differences in crystal 
packing.

Functional studies on wt RK 

Steady state kinetics 

The kinetic parameters were determined using the pH dependent assay. In 
presence of potassium, the Km of ribose and ATP are approximately 0.11 
mM and 0.15 mM, respectively. When potassium is absent, the Kms are 
decreased to 0.06 mM for both substrates. The activation of potassium is ~4 
fold, compared to 40 observed earlier. The reason for this is not clear, it can 
be seen to originate from an increased activity in absence of potassium rather 
than a decreased activity with potassium. This could reflect difficulties in 
obtaining a totally ion-free sample in the presence of the His-tag. 

Kd measurements of ribose and AMP-PCP 

The Michaelis-Menten constants are in accord with independent Kd

measurements for both substrates. The Kd of AMP-PCP was determined to 
be 0.13 mM ± 0.01 mM in the absence of ribose and 0.08 ± 0.05 mM in the 
presence of 5 mM ribose. The overall fluorescence signal is smaller in the 
presence of ribose than in its absence, which probably can be accounted for 
by the changes in RK structure introduced by ribose (including lid closure). 
The Kd for ribose in absence of nucleotide has been determined by 
calorimetry to have an upper limit of 0.1 mM (unpublished data). 
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Product inhibition study 

Product inhibition experiments were performed on RK as an extension of the 
kinetic and fluorescence studies. The experiments were performed at sub-
saturating concentrations of the constant substrate. Data obtained from sub-
saturating conditions are presumed to be easier to interpret, possibly by 
lowering the risk of obtaining various abortive complexes. In addition, true 
saturation can be difficult to obtain if the substrate causes any kind of 
inhibition.  

Figure 8 show the pattern of inhibition obtained from the product 
inhibition experiments. When ribose is the variable substrate and either 
ribose 5-phosphate or ADP is added as product inhibitors, the observed 
pattern of inhibition is non-competitive (Figure8, the two top plots). Non-
competitive inhibition is also observed when ATP is the variable substrate 
and ribose 5-phosphate is the added product inhibitor (third plot). The fourth 
combination, measured with variable ATP with ADP as added product 
inhibitor, resulted in a different inhibition pattern (fourth plot).  

Only an ordered sequential mechanism gives an inhibition pattern with 
three non-competitive inhibition patterns. In such a mechanism, the 
predicted pattern for the first substrate to bind and the last product to leave is 
always competitive (as they both prefer to bind to the same enzyme form, 
binding of one will prevent the binding of the other). Whether the fourth plot 
is indeed competitive should be checked with more data points, or possibly 
with other methods, since there are technical difficulties in carrying out the 
assays with high ADP concentrations. If this combination is indeed 
competitive, it would mean that ATP is the first substrate to bind and ADP is 
the last product to leave. In any case, three of the current plots clearly show 
non-competitive inhibitions, and so provide adequate reason to re-evaluate 
the view of substrate binding in RK.  
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Figure 8. The plots show from top to bottom: 1) variable ribose, ribose 5-phosphate 
as added product inhibitor; 2) variable ribose-ADP as added product inhibitor; 3) 
variable ATP, ribose 5-phosphate as added product inhibitor; 4) variable ATP, ADP 
as added product inhibitor. The data is plotted using the method of Hanes-Woolf 
([S]/v vs [S]) in which competitive inhibition is observed as parallel lines whereas 
non-competitive inhibition has an increasing slope. 
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Verification of the monovalent ion binding site: RK mutant 
S294K function and structure 

A mutant was prepared in hope that it would produce an enzyme not 
dependent on potassium for full activity. It was noted at the graphics display 
that Ser294 was ideally placed for such an experiment if it was replaced by a 
lysine. A related experiment had been done with pyruvate kinase (which also 
is activated by monovalent ions), where an active site residue replaced by a 
lysine makes the enzyme ion independent (Laughlin et al., 1997).  

Kinetic assays showed the S294K mutant to be as efficient a catalyst in 
the presence of potassium, as in its absence. Furthermore, the Km's for ATP 
and ribose in the presence and absence of potassium are approximately the 
same, 0.5 and 1.2 mM, respectively. These values are much higher than for 
the wild-type enzyme and indicate that the enzyme structure has been 
somewhat compromised. 

The mutant was co-crystallized with ribose and AMP-PCP. One RK 
dimer was located in the asymmetric unit. Electron density for residues 
immediately preceding the mutated residue (residues 289-293) was weak in 
both subunits; these residues comprise a loop which could only be modelled 
in one molecule. The increased Km observed for the substrate ribose 
probably arises from this disordered loop region where Ala291, which 
normally participates in forming the active site of the substrate ribose, now 
has moved and makes interactions with the lid domain of the same subunit. 

As we had hoped, and as the kinetic data indicated, the -amino group of 
the mutated lysine mimics the monovalent ion and is placed in the binding 
site in a manner similar that has been observed for cesium. The -amino 
group makes interactions to 249-O, 285-O, 288-O and OD2 of Asp249. The 
additional interaction to 251-O is slightly longer (~3.5 Å) when cesium is 
replaced by the -amino group of lysine. 
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Discussion 

Ion binding 

Many kinases require the presence of monovalent cations for full activity 
(Evans et al.,, 1966). In general, two modes of activation exist; the ion can 
either take an active part in the chemical process of the reaction, or it can 
enhance the structural stability of the active enzyme. The nature of a 
monovalent ion required for activation of an enzyme is usually quite 
specific. Enzymes activated by potasssium are usually also activated by 
rubidium and ammonium, but to a lesser extent - if any - by sodium and 
lithium (Suelter, 1970). This is in accord with the results we have on RK. 
Activity measurements with RK in presence of different monovalent cations 
show that the activation is quite specific for the "potassium type" of ion, a 
group to which also cesium belongs. 

Of the metal ions important for proteins, potassium and magnesium are 
generally found inside the cell, while sodium and calcium usually are 
excluded (Glusker, 1991). The relatively high concentration of potassium 
found in most bacteria is a major contributor to cytoplasmic osmotic 
pressure (Epstein et al., 1993). As the cytosolic enzymes that are activated 
by potassium require relatively low concentrations of the ion to show 
activation (Walderhaug et al., 1987), the monovalent ion is not likely to act 
as an enzyme regulator in vivo. Indeed, the Kd of RK for potassium is 
approximately 5 mM and as the intracellular concentrations of potassium in 
E. coli is 100 to 150 mM, RK should be saturated with potassium at all 
times.

RK is, to our knowledge, the first enzyme in which the activation by a 
monovalent ion has been shown to have a structural rather than catalytic 
role. The location of the binding site prevents the ion from actively taking 
part in the reaction, but the proximity to the active site anion hole suggest its 
presence to be important for structural reasons. Comparisons to AK support 
this theory. Very recently, AK from Mycobacterium tuberculosis has been 
proven to be activated by monovalent cations; it is not unlikely that others 
will follow. If not specifically tested, this dependence may go unnoticed, 
particularly if coupled assays including pyruvate kinase are used (Yamada 
et al., 1981), or potassium is added for other reasons (for example as a 
counter-ion in a buffer). 

Recently, an ADP dependent glucokinase from Thermococcus litoralis 

(PDB code 1GC5; Ito et al., 2001) has been structurally determined. It was 
found to have a fold similar to RK and AK, including an anion hole. As is 
the case for AK, this kinase is monomeric and shields the outer face of the 
lid domain with -helices. Although no monovalent cation binding site exists 
as in RK and AK, it is interesting to notice a lysine residue placed on one 
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helix just behind the anion hole, analogous to the position of the monovalent 
ion in RK. This residue forms a hydrogen bond to a serine placed on the loop 
immediately preceding the anion hole. It thus seems likely that some form of 
stabilization of this part of the enzyme is a feature shared by other enzymes 
with similar structures in the RK protein family.  

Binding of nucleotides and phosphates 

Nucleotide binding is thought to be one of the most conserved structural 
features present in the RK family of related kinases; all these enzymes can 
use ATP as phosphoryl group donor although the particular amino acids with 
which it interacts are not necessarily strictly conserved (Campobasso et al.,
2000; Cheng  et al., 2002). 

To date, several ternary complexes of RK with bound nucleotide have 
been structurally determined. All structures presented here were crystallized 
in the presence of a trinucleotide, either in the form of AMP-PCP (S294-
PCP, RK-Cs) or the true substrate ATP (RK-ATP). Compared to the original 
ternary complex with bound ADP it is clear that RK binds both di- and 
trinucleotides in an almost identical fashion. However, the -phosphate is not 
in a productive conformation, as the two reactive atoms on the respective 
substrate are always observed to be too far apart for catalysis. A 
conformational change in the nucleotide would be the easiest way to obtain 
the correct arrangement. Presumably the divalent metal ion, essential for 
catalysis, also helps; RK seems unable by itself to provide the necessary 
framework.  

It is also possible that the lid movements seen in some RK structures also 
could affect the binding of nucleotide. Whether the different lid positions 
observed reflect productive or nonproductive modes of lid positioning, it is 
clear that lid position could affect the position of the -phosphate of the 
trinucleotide; the rest of the nucleotide is not covered by this domain. 

It is still unknown if the bound phosphate that has been found in several 
RK structures to date has a function. As noted earlier (Sigrell et al., 1998), 
the ion binds to conserved residues and may form a link between the 
domains of RK, which may stabilising a particular closed conformation of 
the lid. Indeed, the most closed conformations have only been observed in 
structures crystallized in presence of a pentavalent ion. Results for AK are 
contradictory; AK has been found to be both activated by inorganic 
phosphate (Maj et al., 2000; 2002), and unaffected by the same ions 
(Sakowicz et al., 2001). In a recent study of RK (Maj et al., 2001), it was 
shown that RK too is activated by inorganic phosphate; the ion seems to 
increase the apparent affinity of the substrate ribose and also increases the 
rate of reaction (the same effects reported for AK). If the ions found in the 
RK structures have a function in RK activity, affects on lid position are the 
most obvious means of doing so.  
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Aspects of RK kinetic mechanism 

The kinetic mechanism refers to how and in what order substrate molecules 
bind to form enzyme-substrate complexes and how products are released 
(Cleland, 1972). For bisubstrate/biproduct reactions, the most common 
kinetic mechanisms include sequential (either in a random or ordered 
addition of substrates) or ping-pong mechanisms. In a sequential mechanism, 
all substrates combine with the enzyme before the first product is released, in 
contrast to a ping-pong mechanism where the first product is released before 
the last substrate binds (Cleland, 1972). In most cases, there does not seem 
to be a clear advantage for random binding of substrates compared to an 
ordered substrate binding or vice versa in a sequential mechanism, when it 
comes to catalysis. However, it could be important for other reasons; for 
example, the order of substrate binding and product release can be an 
important factor in how enzymes are regulated in vivo (Fromm, 1979). 

Product inhibition methods are often used when the kinetic mechanism is 
studied. Although the experiments usually are easy to perform, interpreting 
the results can sometimes be difficult. In particular, this is the case when 
nonproductive enzyme complexes are formed, which can affect the 
measurements in a number of ways. These complexes include both 
reversible enzyme-substrate-product complexes (so called abortive 
complexes) and complexes with enzyme which include two molecules of the 
same product, enzyme-product2. However, both abortive and enzyme-
product2 complexes can often be detected upon inspection of replots of either 
slope (1/Vmax) or interscept (Km/Vmax) vs product concentration. Abortive 
complexes result in hyperbolic replots while enzyme-product2 complexes 
exhibit parabolic replots. 

Product inhibition experiments with RK resulted in three non-competitive 
inhibition patterns and one of apparently mixed inhibition, which is only 
consistent with an ordered sequential binding of the substrates. The 
measurements of the three substrate-product combinations yielding the non-
competitive inhibition show very little scatter of the data. The fourth plot 
shows more scatter, which makes it more difficult to assign a particular 
inhibition pattern. But even so, it is quite clear that this combination yields 
an inhibition pattern very different from the other three combinations. As a 
preliminary result it would then be most consistent with the data to assume 
ATP to be the first substrate to bind and ADP the last product to leave. This 
is in accord with the independent Kd measurements of AMP-PCP performed 
in the absence and presence of ribose, which show that the presence of 
ribose does not greatly affect the binding of the nucleotide, which would 
ideally be the case if ribose indeed binds first. 

In the earlier proposed kinetic mechanism, it was suggested that ribose 
would bind first and ribose 5-phosphate would be the last product to leave. If 
so, applying the same method of analysis as used in the results section, the 
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result from the measurement with variable ribose and ribose 5-phosphate as 
added product, would give a competitive rather than non-competitive 
inhibition. However, the presence of abortive complexes can make a 
predicted competitive inhibition show non-competitive behaviour. Abortive 
complexes would result in hyperbolic replots of Km/Vmax, but inspection of 
the replots does not show a hyperbolic pattern in any case (plots not shown). 
In fact, two of the replots look slightly parabolic (both replots with ADP as 
added product inhibitor) which would, if anything, suggest the presence of 
an enzyme-product2 complex rather than an abortive complex. This is 
particularly true for the measurements of the ATP-ADP combination. 

This is the first study of the kinetic mechanism of RK. The mechanism of 
the related enzyme AK had been under thorough study for many years, but 
no conclusive support for one kinetic mechanism has been obtained. 
Proposed mechanisms include an ordered sequential mechanism where the 
order of binding of substrates and release of products varies (Henderson et

al., 1971; Hurley et al., 1985; Hawkins et al., 1987; Mimouni et al., 1994), 
as well as a ping-pong mechanism (Chang et al., 1983); in any case, most 
studies have suggested adenosine to bind prior to ATP. One of the problems 
concerning the study of AK seemed to originate in the fact that the enzyme 
is is subject to substrate inhibition by both adenosine and ATP (Maj, 2002). 
One of the products, AMP, has been found to stimulate AK activity, which 
also adds to the confusion (Hawkins, 1987). The structural studies available 
for AK have been supportive of the idea that adenosine is likely to bind first. 
The main reason for this is the observation that binding of adenosine is 
associated with a large conformational change, analogous to the one in RK 
when ribose binds, which moves a key ATP binding residue into the active 
site (Schumacher et al., 2000).  

The kinetic mechanism of any enzyme will depend not only on enzyme 
function, but also on enzyme structure. Thus, it is not unlikely that the 
supposed requirement of ordered binding with ATP as the first substrate to 
bind reflects this. It is easy to visualize a scenario where ATP is prevented 
from binding as the second substrate, as the binding of ribose triggers the 
closure of the active site lid and might thus hinder the nucleotide from 
binding, although the lid only marginally covers the nucleotide binding site.  

It is likely that the results presented here can be extrapolated to AK, and 
possibly also to the ADP dependent glucokinase described earlier. As the 
question remains whether AK uses monovalent ions to pre-form the active 
site anion hole discussed earlier, or whether the anion hole can form when 
the lid is closed, another sequence of events can be suggested. In such an 
event, ATP is the first substrate to bind, which forces the helix to unwind 
and to create the anion hole. Binding of adenosine would then trigger the 
closure of the active site lid, just as ribose does. 

An intriguing observation has been made with pyridoxal kinase, another 
RK family member, which recently was structurally determined. This 
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enzyme has the /  fold shared by all family members, but lacks the active 
site lid. Pyridoxal kinase has been reported to have a random sequential 
mechanism, which has been speculated to originate from the lack a lid (Li, 
2002).

Outlook
The results presented here have altogether changed our view of the action of 
RK. In a strict ordered sequential binding, the first substrate to bind would 
ideally influence the binding of the second substrate, increasing the affinity 
of this substrate. At the time of writing, we don't know whether the presence 
of a trinucleotide affects the binding of ribose; surely, it would be an 
interesting field for further investigation. 

Verification of the product inhibition study needs to be done, preferably 
with dead-end inhibition experiments.  

Despite a divalent ion (either as magnesium or manganese ions) has been 
added in almost all crystallization experiments with RK, no such ion have 
been found in the active site. Now we have a new approach for localizing the 
ion; crystals with the true substrates (RK-ATP) could be used for soaking 
experiments. 
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Ribose 5-phosphate isomerases from E. coli

Ribose 5-phosphate isomerase (EC 5.3.1.6) converts ribose 5-phosphate to 
ribulose 5-phosphate and vice versa. The enzyme was first described from 
yeast (Horecker et al., 1951), and has been studied in E. coli since the 
1970's. It was in E. coli where the first observation was made that two 
different enzymes are capable of catalysing this reaction (David et al.,
1970a). The different isomerase activities were shown to originate from two 
different enzymes distinguishable by their biochemical characteristics, such 
as stability to heat, apparent affinity for the substrate ribose 5-phosphate, 
inhibition of metabolites and sensitivity to iodoaceteate (David et al., 1970b; 
Essenberg & Cooper., 1975). David et al proposed that the reactions were 
not equivalent and that they were in fact catalysed by different enzymes in 

vivo.
One isomerase was found to be constitutively expressed and was 

responsible for 99 % of the isomerase activity during growth on nutrient 
broth; this enzyme was designated RpiA (Skinner et al., 1971; Essenberg et 

al., 1975). The other enzyme, RpiB, was inducible by ribose in strains 
devoid of RpiA (Skinner et al., 1971), but was not detectable in strains 
harbouring both isomerases, suggesting that the action of RpiA prevents 
RpiB of being induced, presumably by reducing the cellular pools of ribose 
(Essenberg  et al., 1975).  

Later it was shown that only RpiA is needed for ribose prototrophy 
(Skinner et al., 1971; Hove-Jensen et al., 1993). rpiA negative strains are 
ribose auxotrophs despite the presence of rpiB encoding RpiB, but can use 
ribose as a carbon source (Skinner et al., 1971). However, rpiA negative 
mutants readily mutate to ribose prototrophy. The regained isomerase 
activity was thought not to originate from RpiA revertants, but was caused 
by a mutation in a regulatory gene that promotes constitutive expression of 
RpiB (Skinner et al., 1974; Sorensen & Hove-Jensen, 1996). Growth of 
double mutants requires ribose as well as a sugar convertible to xylulose 5-
phosphate (glucose or xylose), presumably because ribose 5-phosphate 
isomerase activity is completely lacking (Sorensen & Hove-Jensen, 1996).  

Recently, it has been suggested that ribose 5-phosphate isomerase activity 
is not the primary function of RpiB (Sorensen & Hove-Jensen, 1996), but it 
was not until the operon responsible for D-allose utilization in E. coli was 
mapped and analysed that a different role for RpiB was suggested (Kim et 

al., 1997). They provided some evidence to suggest that RpiB was in fact 
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involved in allose utilization. The regulator of the allose operon, alsR was 
found to be identical to rpiR, the regulator for rpiB gene expression. 
Although potentially involved in allose metabolism, conflicting results 
concerning the significance of RpiB in allose metabolism exist (Kim et al.,
1997; Poulsen & Maigaard, 1999).  

RpiA is a highly conserved enzyme with no primary sequence similarities 
to other known protein families (Pfam; http://www.sanger.ac.uk/Software 
/Pfam). RpiA was first cloned in 1993 from E. coli (Hove-Jensen & 
Maigaard, 1993). Molecular mass estimation with gel filtration showed RpiA 
to have a molecular mass of 45 000 kDa (Essenberg & Cooper, 1975). The 
ORF consists of 219 codons and the enzyme was thus likely to be dimeric 
(Hove-Jensen & Maigaard, 1993). A mutagenesis study of the spinach 
enzyme had pin-pointed some conserved residues, including two asparatates 
and one lysine, as potentially interesting in terms of catalysis (Jung et al.,
2000).

RpiB belongs to the RpiB-LacAB family of enzymes, which to date 
includes RpiB and both LacA and LacB subunits of the D-galactose 6-
phosphate isomerase, LacAB (Sorensen & Hove-Jensen, 1996). The 
molecular mass of RpiB has been estimated to 32 000 - 34 000 (Essenberg & 
Cooper, 1975), which correlates well with a dimeric enzyme with a subunit 
of 149 amino acids (Sorensen & Hove-Jensen, 1996). LacAB has been 
biochemically characterized in some strains of Staphylococcus aureus,
Lactococcus lactis and Streptococcus mutans (Bissett et al., 1980; Rosey  et 

al., 1991; van Rooijen  et al., 1991). The enzyme catalyses the conversion of 
D-galactose 6-phosphate into D-tagatose 6-phosphate or vice versa in 
organisms that utilize lactose by a PEP-PTS (phosphoenolpyruvate 
phosphotransferase) system.  

Partly purified LacAB has a molecular mass of 100 kDa (Bisset et al.,
1980); both A and B chains are required for full activity (Rosey et al., 1991). 
LacAB from S. mutans can replace RpiB in E. coli (Sorensen & Hove-
Jensen, 1996) although the reverse has not been tested. Galactose 6-
phosphate isomerase activity is not known in E. coli (Sorensen & Hove-
Jensen, 1996; Rosey et al., 1991). 

The reaction 
The reaction catalysed by aldose-ketose isomerases that work on sugar 
phosphates are usually of the type where a cis-1,2-enediol(ate) intermediate 
is formed during the course of reaction (Fersht, 1999). The reaction requires 
a open chain form of the sugar which is present in very low amounts in 
solution (the most common forms of ribose 5-phosphate are the -furanose
form, 64% and the -furanose form, 36%; these species can convert via the 
open chain form in an ordinary acid or base catalysis).  
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Figure 9 summarises the reaction. The reaction itself consists of two proton 
movements; a group have to transfer a proton between C2 and C1, while 
another group transfers a proton between O2 to O2. Stabilization of the 
negatively charged intermediate is an important steps in the catalysis 
(Frierberg & Åqvist, 2001). 

Figure 9 The isomerase reaction. The enzyme require and open chain form of the 
sugar and may or may not be involved in the ring opening event.  

Objectives 
This part of my work started when we was contacted by the head of a 
structural proteomics project and was invited to participate in the study of 
the both isomerases. They had then solved the structures of the apo enzymes 
and wanted to get in touch with people interested in participating in 
functional studies of these enzymes. As we had already started to work with 
the spinach version of RpiA, this was an offer we could not refuse. 
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Results: RpiA and RpiB; Paper II, III, V 

Structure of RpiA 

RpiA is crystallized as a dimer, presumably the species relevant in biology. 
Each subunit has an /  fold with three -sheets and 6 -helices (Figure 10). 
The protein surfaces forming the dimer interaction are very complementary 
in shape; the major part of the interactions between the subunits are non-
polar.

Figure 10. (A) The RpiA dimer. (B) Topology diagram of the RpiA monomer. 
Active site residues are shown as stars. 

The two subunits have slightly different conformations. The movement can 
be described as a rigid body movement and the result can be observed as 
differences in a groove on the protein surface.  
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When searching the PDB for similar structures using the DALI server 
(Holm, 1993), it was found that portions of RpiA show similarity to the 
alcohol dehydrogenase family. The N-terminal part of RpiA (sheets A and B 
and helices 1- 4) show the greatest similarity to other enzymes (including 
the connectivity). 

Structure of RpiB 

RpiB forms a dimer of dimers in the crystallographic asymmetric unit. Each 
subunit has a /  fold with a parallel -sheet, flanked on both sides of 
helices, 3 on one side and 2 on the other. An additional helix from the other 
subunit packs together with the latter (Figure11). 

Figure 11. (a) The RpiB dimer. (b) topology diagram of the subunit of RpiB. Active 
site residues are shown as stars. 
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Previous studies have shown RpiB to be dimeric in solution, which is in 
contrast to the tetrameric form found in the crystal structure. Although the 
largest buried surface area is between the molecules forming the dimer 
shown in Figure 10a, a considerable area is also buried in the dimer-dimer 
interaction.

DALI searches did not find any relevant relationships to other known 
enzyme structures. 

Structural analysis of the apo enzymes 

As the isomerase structures were solved as apo enzymes, initial analysis of 
the structures was performed as a combined analysis of sequence 
information, mutagenesis (RpiA) or biochemical data (RpiB).  

It was fairly easy from only sequence conservation to identify a pocket on 
the surface of RpiA which was likely to hold the active site. A mutagenesis 
study of the spinach protein had already pin-pointed three residues (Asp81, 
Lys94 and Asp84 in decreasing order of importance) as being interesting in 
terms of putative active site residues (Jung et al., 2000); these coincided with 
the presumptive active site (Figure 12). The active site was in fact the same 
groove on the protein surface that was noticed earlier in the context of 
conformational difference between the two subunits in the asymmetric unit.  

Figure 12. The RpiA subunit color coded according to sequence conservation, where 
dark grey is most conserved and white least conserved. The other subunit is 
implicated by ribbons. Residues important for catalysis is labeled in bold; residues 
implicated in phosphate binding in italics. 
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The negatively charged phosphate moiety of the substrate was suggested to 
lie close to a highly conserved patch of serines, threonines and lysines, at the 
opposite end of the site from the putative catalytic residues.  

RpiB proved to be a more difficult task. When mapping the sequence 
conservation onto a subunit structure, no cavity which could comprise the 
active site was found. The conserved patches were either to shallow or not 
sufficiently conserved to be implicated in binding a substrate. The kinetic 
analysis of the E. coli enzyme had, however, implicated an active site 
cysteine, which was in accord with biochemical results by Essenberg et al

demonstrating RpiB to be sensitive to iodoacetate (Essenberg, 1975). The 
search for the most highly conserved cysteines resulted in the location of the 
active site between the subunits of the dimer, shielded from the protein 
surface as shown in Figure 13. 

Figure 13. The RpiA subunit color coded according to sequence conservation, where 
dark grey is most conserved and white least conserved. Putative residues important 
for catalysis is labeled in bold; residues implicated in phosphate binding in italics. 

It thus became apparent that the residues active in catalysis and phosphate 
group binding originate from different subunits; three of the most conserved 
residues, Cys66, Asp9 and His10 are positioned on one, while a relatively 
conserved patch of positively charged residues (arginines and histidines) that 
suggested a putative phosphate binding site, were placed on the other. 

Kinetics and inhibition 

The Km of both RpiA and RpiB for ribose 5-phosphate are similar, 3.1 mM 
and 1.2 mM, respectively. However, RpiA is a significantly better catalyst 
than RpiB, with a kcat of 2100 s-1 compared to 69 s-1 for RpiB. Arabinose 5-
phosphate (which differs from ribose 5-phosphate only in the configuration 
of the C2 hydroxyl group) is a competitive inhibitor of RpiA (Ki of 2.1 mM), 
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but inhibits RpiB only weakly. Neither MgCl2 nor KCl affects the reaction 
rates in either case. RpiB needed, however, a reducing agent for full activity. 

Structure of RpiA with bound inhibitor 

RpiA in the presence of arabinose 5-phosphate was crystallized in the same 
crystallization condition as the apo form. As differences in the active site had 
been observed, the hope was that at least one site would bind inhibitor. The 
structure of RpiA in complex with arabinose 5-phosphate confirmed our 
analysis from of the apo enzyme. Clear and well defined electron density for 
inhibitor was found in both active sites. The phosphate moiety of the 
inhibitor was placed close to the residues predicted to bind the phosphate 
group (Figure 14). The inhibitor was bound to the enzyme in a -furanose
form (the most common form of ribose 5-phosphate in solution, although not 
the most common form of arabinose 5-phosphate) with its C2 and C1 
positioned close to the conserved residues identified as potential catalytic 
residues.

Figure 14. Inhibitor arabinose 5-phosphate bound to RpiA active site. The final Fo-
Fc map before including the inhibitor in the refinement is shown together with the 
position of the inhibitor from the last cycle of refinement. The interesting atoms in 
term of catalysis, C1 and C2, are marked with asterisks. 

The hydroxyl group of C1 is interacting with Asp81 and Lys94. The role of 
Lys94 would probably be to stabilise the negatively charged intermediate 
during catalysis. The C2 hydroxyl group interacts with and Lys94 and 
another conserved residue, Glu103, which had not been identified in the 
spinach mutagenesis study. However, this residue had been shown to be 
important in catalysis both by us (unpublished work on the spinach enzyme) 
and in a study of the archeal enzyme (Ishikawa et al., 2002).  
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Docking experiments 

As no inhibitor had been identified for RpiB, a set of docking experiments 
was performed as a part of another project studying RpiB from 
Mycobacterium tuberculosis. All forms of ribose 5-phosphate as well as 
ribulose 5-phosphate were used in the docking experiments. RpiA was 
analyzed as well, since one inhibitor complex structure was known and 
could be used for verification of the method. 

RpiB

The furanose form of ribose 5-phosphate was found to bind both RpiBs very 
similarly. The phosphate group does indeed bind to the predicted phosphate 
binding site. The crystal structure of Mycobacterium tuberculosis RpiB
confirms this, as a molecule of inorganic phosphate in fact binds at the same 
place. His100 seems to be involved in ring opening as O4 of the furanose 
substrate binds close to this residue. Cys66 can act in concert with Asp9, 
while His10 seem to be involved in phosphate binding rather than catalysis.  

RpiA

The same mode of binding observed in the crystal structure is found when 
the arabinose 5-phosphate inhibitor is docked to the active site. Interestingly, 
docking experiments with ribose 5-phosphate suggests that the binds with an 
approximately 180º flip of the plane of the sugar ring. The hydroxyl group of 
C1 is then positioned close to Asp84 and C2 is close to Lys94 and Glu103 
(compare with Figure 14). Of the three residues determined previously to be 
important for catalysis, Asp84 is the least important. This is in accord with 
the suggestions of the docking results, suggesting an involvement in ring 
opening. From the complex structure it had not been evident why this 
residue was important. It is thus likely that Glu103 and Asp81 are working 
in concert during the reaction. 

Genome searches 

A genome search using only fully sequenced genomes from all three 
kingdoms of life deposited at NCBI (http://www.ncbi.nlm.nih.gov) was 
performed in November 2000. The initial idea was to find out how common 
RpiB was, that is, how many genomes had both isomerases; we had no doubt 
that RpiA would be a universal enzyme. To our surprise, we could see that 
RpiB was more widespread than we originally assumed. About one sixth of 
the searched bacterial genomes had both isomerases in their genomes, and as 
much as one third had RpiB as the only isomerase in the genome. At the 
time RpiA was found exclusively in eucaryotes and archaea, but the result 
suggested all the same that RpiA was not in fact a universal enzyme. 
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However, either RpiA or RpiB was present in all genomes, indicating that 
the reaction itself is essential.  

One group of bacteria appeared to contain strange features in the 
deposited RpiB sequences. This was the group of Actinobacteria that 
includes Mycobacterium, Corynebacterium and Streptomyces. The most 
obvious feature of this group was that it contained a version of the enzyme 
where the active site Cys66 was replaced by glycine. As no copy of RpiA 
was found, this suggested the enzyme to be active despite the active site 
mutation. Furthermore, a kinetic study on the M. tuberculosis RpiB by 
Annette Roos showed that it was as efficient a catalyst as the E. coli enzyme. 

An unexpected difficulty when performing the analysis was the 
remarkable similarity of RpiB to LacA and LacB, the two polypeptides 
constituting D-galactose 6-phosphate isomerase. RpiB shares approximately 
30 and 35 % sequence identity with LacA and LacB respectively, which 
means cross-hits are very common in the searches. However, it was 
relatively easy to find sequence patterns that could be used for correct 
categorization of most RpiB-like sequences. The first part of RpiB has 
strong similarity with LacB and the second half has equally strong similarity 
to LacA; an alignment visualising this can be found in Paper IV. 

In addition to the species where LacAB has been characterized 
biochemically, LacAB was found in Clostridium as well as in several strains 
of Staphylococcus and Streptococcus not included in the studies made 
earlier. Additional searches made in June 2003 identified the first eucaryotic 
RpiB sequence. It was from the unicellular protozoa Giardia lamblia and 
Trypanosoma brucei. The genome of Giardia lamblia is completely 
sequenced and no sequence of RpiA has been found. In plants (Arabidopsis 

thaliana and Oryza sativa), RpiB-like domains have been found in proteins 
involved in DNA damage repair, a reasonable description given the need for 
ribose 5-phosphate in that context. 

Discussion 
It is not clear why nature has two unrelated enzymes to perform the 
isomerization reaction that interconverts ribose 5-phosphate and ribulose 5-
phosphate. RpiA has always been believed to be the universal enzyme, 
identified as early as 1951 in yeast (Horecker et al., 1951). The additional 
isomerase was first described in E. coli in the early 1970's, when David et al

identified two distinct ribose 5-phosphate isomerase activites originating 
from two distinct enzymes (David et al., 1970). Since then there has been 
considerable debate about the true activity of the second isomerase, some 
workers suggesting that the pentose phosphate isomerase activity was only a 
secondary function. Two independent studies have suggested the enzyme to 
be involved in the utilization of the sugar D-allose in Escherichia coli (Kim 
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et al., 1997; Poulsen & Maigaard, 1999). The enzyme was propose then to 
function primarily as a D-allose 6-phosphate isomerase, although it was not 
clear whether this enzyme was absolutely required for growth on allose. 
Furthermore, these studies have only focused on certain strains of E. coli K-
12, and a systematic study of other E. coli strains, or other species, has not 
been performed. 

The structural studies of these two isomerases have offered insights into 
how two structurally very distinct enzymes are capable of performing the 
same reaction. Not only is the catalytic apparatus different, but also the 
entire active site architecture. The active site of RpiA and its residues are 
drawn from only one subunit of the dimer. The structure of RpiA with bound 
inhibitor arabinose 5-phosphate, showed that the enzyme can bind substrate 
in a furanose ring form. Isomerization requires an open chain, which implies 
that ring opening is carried out, at least in part, by the enzyme prior to 
catalysis. This is contrast to RpiB, which have an active site positioned 
between the dimer; active site residues are drawn from both subunits. The 
residues interesting in terms of putative catalytic residues (D9 and C66) are 
drawn from one subunit, while the other contributes positively charged 
residues well-suited to binding the negatively charged phosphate group of 
the substrate. RpiA is thought to react via an cis-enediol(ate) intermediate 
(Jung et al., 2000) which can be suggested also for RpiB after this study. 

The differences in active site settings of the two isomerases suggest 
differences in binding substrate and reaction, supported by their different 
susceptibility to inhibition by arabinose 5-phosphate. Interestingly, RpiA is a 
better catalyst than RpiB, possibly due to the active site lysine in RpiA, 
which is perfectly positioned for stabilising the intermediate. Computations 
have susggested that stabilising of the negative charged intermediate is in 
general is the most important step in isomerization reactions (Feierberg & 
Åqvist., 2002). RpiB does not have a good candidate as an equivalent for 
this residue. Furthermore, sequence conservation shows that very few 
residues useful for an acid-base catalysis exist in the active site of E. coli

RpiB. The only likely candidates are Asp9 and Cys66 in the E. coli enzyme. 
Another highly conserved residue is His100, located close to the predicted 
phosphate binding residues. Docking experiments suggest this residue to be 
involved in a ring opening event 

Crystallographic studies of RpiA with the inhibitor arabinose 5-phosphate 
show the inhibitor bind in a -furanose form to the enzyme. The same mode 
of binding is found when the same inhibitor is computationally docked to the 
active site. Surprisingly, docking experiments with ribose 5-phosphate show 
a 180º flip of the ring, although this sugar is still anchored in the phosphate 
binding site in the same manner for arabinose 5-phosphate. In the docking 
studies with the ribose 5-phosphate, O1 is positioned close to Asp84, 
suggesting an involvement in ring opening. As this residue has proved to be 
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involved in catalysis by mutagenesis studies, this is in fact more plausible 
than the mode of binding observed for the arabinose 5-phosphate inhibitor.  

Genome searches have shown that two types of RpiB exist. This would 
explain the problem when analysing the apo enzyme from E.coli  Most of 
the genomes searched have the E. coli type enzyme with an active site 
cysteine (Cys66), while the structure of RpiB from M. tuberculosis shows it 
to have an alternate version using an active site glutamic acid. To date, this 
version have only been found in the Actinobacteria group. 

The genome searches together with the kinetic data presented here, 
suggest that RpiB is a key player in ribose metabolism in many bacteria. The 
putative involvement in metabolism of the rare sugar allose does not prevent 
it from being involved in the metabolism of ribose, as the enzyme seem to be 
induced by both ribose and allose (Kim Ket al., 1997; Poulsen & Maigaard, 
1999). Since allose is extremely rare in nature, a role in ribose metabolism 
seems a more likely role in general. The question remains of how many 
bacteria have means to obtain or utilize allose. Preliminary BLAST 
(http://www.ncbi.nlm.nih.gov/BLAST/) and KEGG (http://www.genome.ad 
.jp/kegg/) seaches for similar components orthologous to the ones found in 
E. coli gave no result. 

Outlook
The results presented here provide an excellent start for further studies of 
these enzymes. Active site mutants of RpiB from E. coli (mutated residues 
are D9 and C66) have already been obtained, and kinetic studies suggest 
both to be involved in catalysis. Structural studies if these mutants is of 
course of interest. As pathogenic bacteria in some cases (as M. tuberculosis)
have only RpiB, this enzyme could be of medical interest. 
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Summary in Swedish 

I den här avhandligen presenteras strukturella och funktionella studier av två 
enzymer som verkar i ribos fosfat shunten i bakterien Escherichia coli.
Ribos fosfat shunten är en metabolisk väg där sockerformer som glukos och 
ribose kan brytas ned, för att frige energi och NADPH. Ribokinas är det 
enzym som fosforylerar ribos i närvaro av ATP och magnesium. Det är det 
första steget i metabolism av ribos. Detta enzym har studerats i några år och  
dess tre dimensionella struktur är känd. 

Även om strukturbestämningen av ribokinas har lett till många nya 
insikter, så var det mesta av enzymets funktioner fortfarande okända. Utifrån 
de strukturer man hade till hands, hade en kinetisk mekanism föreslagits men 
det var otillfredsställande att det saknades experimentella bevis for 
mekanismen.

Ribos 5-fosfat isomeras är det enzym som konverterar ribose 5-fosfat till 
ribulos 5-fosfat eller vice versa. E. coli har två biokemiskt och genetiskt 
särställda isomeraser. Man har utgått från att det vanligaste av dem, RpiA 
finns i alla levande organismer, och att det mindre enzymet, RpiB, bara finns 
i vissa bakterier, men man har även ifrågasatt RpiB's roll i metabolismen av 
ribose; två oberoende studier har visat att enzymet kanske istället medverkar 
i metabolismen av den närbeslaktade sockerformen allos. 

Våra studier visar att ribokinas aktiveras av kaliumjoner, något som inte 
var känt tidigare. Med hjälp av strukturbestämning av enzymet med bunden 
jon har vi sett att den binder i närheten av det aktiva sätet, men att jonen 
förmodligen inte är delaktig i själva reaktionen som ribokinas katalyserar. 
Genom jämförelser med ett beläktat enzym tror vi oss förstå att dessa joner 
kan aktivera enzymet genom att stabilisera en konformation av proteinet i 
närheten av en struktur i proteinet som ger ökad aktivitet. 

Vi har också fått resultat som visar på att den tidigare föreslagna kinetiska 
mekanismenkan kan vara felaktig. Våra studier visar på att substratet ATP 
faktiskt kan vara den molekyl som binder till ribokinas först; inte ribos som 
det tidigare föreslagits. Fler mätningar måste göras för att kunna fastslå detta 
med större säkerhet. 

Strukturbestämning av de bägge isomeraserna har visat att är mycket 
olika, något som främst belyses i deras respektive aktiva säten. 
Inhiberingsexperient visar att arabinos 5-phosphat som inhibierar RpiA, är 
en mycket dålig inhibitor till RpiB.  
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Genomsökningar på helt sekvenserade genom har ocksa visat att RpiA 
inte är det universella enzym man antagit och att RpiB är mycket mer 
utbredd än vad som tidigare har anats. Tillsammans med de kinetiska data 
som läggs fram här, kan man fastslå att detta enzym förmodligen har en roll i 
metabolismen av ribos. 
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