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map of the active site only AMP and a sulphate ion were 
observed. Sulphate ion, reminiscent of the ammonium sul-
phate precipitation step of the purification, seems to bind 
tightly and, therefore, presumably occupies and blocks the 
ribose 5-phosphate binding site. The activity of S. solfatari-
cus PRPP synthase is independent of phosphate ion.

Keywords  PRPP · Thermophile · Acidophile · Nucleotide 
synthesis · Crystallisation

Abbreviation
PRPP	� 5-Phospho-d-ribosyl 1-α-diphosphate

Introduction

The compound 5-phospho-d-ribosyl 1-α-diphosphate 
(PRPP) is a precursor in the biosynthesis of purine and 
pyrimidine nucleotides, the amino acids histidine and tryp-
tophan as well as the co-factor NAD (Hove-Jensen 1988, 
1989). In most of these reactions nitrogen of various aro-
matic bases or ammonia functions as a nucleophile, which 
attacks the anomeric carbon of PRPP with the formation 
of N-glycosidic bonds and with inversion of configuration 
(Lieberman et al. 1955). Variants of this scheme are deca-
prenyl-phosphate phosphoribosyltransferase and a phos-
phoribosyltransferase of methanopterin biosynthesis, where 
the nucleophiles are oxygens resulting in the formation of 
O-glycosidic bonds (Huang et al. 2005; White 1996), and 
4-aminobenzoate phosphoribosyltransferase, where the 
nucleophile is the decarboxylated carbanion of 4-amin-
obenzoate resulting in the formation of a C-glycosidic 
bond (Rasche and White 1998). In all cases diphosphate 
is the leaving group, which is subsequently hydrolysed to 
Pi by diphosphatase. Microorganisms such as Escherichia 
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coli contain 10 enzymes, designated phosphoribosyltrans-
ferases, which utilise PRPP as a substrate (Jensen et  al. 
2008). The synthesis of PRPP is catalysed by PRPP syn-
thase (ATP: d-ribose 5-phosphate pyrophosphotransferase, 
EC 2.7.6.1) in a reaction, where the β,γ-diphosphoryl 
group of ATP is transferred to the C1 hydroxyl of ribose 
5-phosphate: ribose 5-phosphate + ATP → PRPP + AMP 
(Kornberg et al. 1955). The enzyme requires a Mg2+-ion as 
an activator in addition to that complexed with ATP (Swit-
zer 1969). PRPP synthase, encoded by a prs gene in most 
organisms, is ubiquitously found among free-living organ-
isms, lacking only in certain specialised intracellular para-
sites such as chlamydiae (Xie et al. 2002).

Several classes of PRPP synthases have been identi-
fied (Krath and Hove-Jensen 2001a). Class I constitutes 
the “classical” PRPP synthase represented by the enzymes 
from organisms such as the bacterial species Bacillus subtilis 
(Arnvig et al. 1990), Bacillus caldolyticus (Krath and Hove-
Jensen 1996), E. coli (Hove-Jensen et al. 1986), Salmonella 
enterica serovar Typhimurium (Switzer 1969), the three iso-
forms of mammals such as man and rat (Taira et al. 1987), 
as well as isozymes 1, 2 and 5 of Arabidopsis thaliana and 
isozymes 1 and 2 of spinach (Krath et al. 1999; Krath and 
Hove-Jensen 1999). Class I PRPP synthases have hexam-
eric quaternary structure; diphosphoryl donor capacity is 
limited to ATP and, in some instances, dATP. The enzymes 
are allosterically inhibited by either of the ribonucleoside 
diphosphates ADP or GDP or both. Finally, they are acti-
vated by phosphate ion (Pi), which may be regarded as an 
allosteric activator, as Pi-binding competes with ribonucleo-
side diphosphate-binding at the allosteric site (Willemoës 
et al. 2000). The crystal structure of some class I enzymes 
have been determined, namely B. subtilis PRPP synthase 
and human PRPP synthase isoform 1 (Eriksen et  al. 2000; 
Li et al. 2007). Class II PRPP synthases show broad diphos-
phoryl donorspecificity by accepting GTP, CTP or UTP (in 
addition to ATP and dATP). Allosteric regulation has not 
been detected among these enzymes, and, finally, their activ-
ity is independent of Pi (Krath and Hove-Jensen 2001a, b). A 
three-dimensional structure of a class II PRPP synthase has 
not been published. Following the characterisation of Meth-
anocaldococcus jannaschii PRPP synthase the existence 
of class III PRPP synthases was postulated. M. jannaschii 
PRPP synthase revealed limited diphosphoryl donor capac-
ity, lack of allosteric regulation by ribonucleoside diphos-
phate and activation by Pi, whereas a tetrameric quaternary 
structure was determined (Kadziola et  al. 2005). Thus, the 
characteristics of M. jannaschii PRPP synthase appeared to 
be a mixture of those of class I and II. PRPP synthase from 
Mycobacterium tuberculosis appears to belong to class I. The 
quaternary structure is hexameric (Alderwick et  al. 2011; 
Breda et al. 2012; Lucarelli et al. 2010), and the activity is 
allosterically inhibited by ribonucleoside diphosphate (Breda 

et al. 2012). Contradictory to this, it has been reported that 
M. turberculosis PRPP synthase activity is independent of Pi 
and that GTP, CTP and UTP (in addition to ATP) could be 
used as diphosphoryl donors (Breda et al. 2012), i.e. class II. 
Additionally, the structure of PRPP synthase from the ther-
mophilic, acidophilic archaeon Thermoplasma volcanium 
revealed properties different from class I, II and III PRPP 
synthases with the enzyme’s quaternary structure being a 
dimer. Results of kinetic analysis of this enzyme have not 
been published (Cherney et al. 2011).

In the present study, the structure of PRPP synthase 
from the acidophilic, thermophilic arachaeon Sulfolobus 
solfataricus was determined revealing a bent dimer oli-
gomerization, which seems to be a common feature among 
PRPP synthases in defining the adenine specificity of the 
substrate ATP. Implications of oligomeric structure on reg-
ulatory properties of PRPP synthase are discussed.

Materials and methods

General

Restriction endonucleases and T4 DNA ligase were pur-
chased from New England Biolabs (Boston, MA). Mate-
rials for the isolation of plasmid DNA was obtained from 
Qiagen (Hilden, Germany). Molecular mass standards were 
obtained from Biorad (Hercules, CA). Carrier-free 32Pi 
(Nex-53) was purchased from Perkin Elmer (Boston, MA).

Gene synthesis

The recombinant S. solfataricus PRPP synthase-specifying 
gene was synthesised chemically and inserted into the pGS4 
vector (Geneart, Regensburg, Germany). The sequence was 
designed to match the optimal codon usage of E. coli. In 
addition, the AT-content was reduced from 65 to 51 %, and 
internal, putative ribosome-binding sites and chi sites were 
avoided. The designed sequence upstream of the translation 
initiation codon was GAATTCATTAAAGAGGAGAAAT 
TAACTATG, where a restriction endonuclease EcoRI rec-
ognition site is indicated in italics and the AUG-specifying 
sequence is indicated in bold. The open reading frame was 
followed by TAATAACCATGG, i.e. a sequence specifying 
two translation stop codons, which are indicated in bold, and 
a restriction endonuclease NcoI recognition site, which is 
indicated in italics. The designed sequence was excised by 
digestion with EcoRI and NcoI and ligated to DNA of the 
expression vector pUHE23-2 (H. Bujard, University of Hei-
delberg, personal communication), which had been previ-
ously digested by the same restriction endonucleases. This 
procedure resulted in the generation of pHO565. Nucleo-
tide sequencing revealed the expected sequence of the insert 
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of pHO565 of which the coding sequence is ATGATTAT 
TATTGGCGGCAGCGCGACCAACGGCATTGAT 
GAAAGCCTGAGCAAAATTCTGAGCATTCCGCTG 
GTGAAAGTGGAAAACAAAATCTTTCCGGATGGC 
GAAAGCTATATTCGTGTGCCGAGCAGCATTCGT 
GATGAAGAAGTGCTGCTGGTTCAGACCACCGAT 
TATCCGCAGGATAAACATCTGATCGAACTGTTTCT 
G AT T G C G G A A AC C AT T C G T G AT C T G G G C G C 
GAAAAAACTGACCGCGATTGTGCCGTATCTGGC 
CTATAGCCGTCAGGATCGTCGTTTTAAAGATG 
GCGAAGCGATTAGCATTAAAACCATCCTGCAT 
ATTCTGAGCGAAGTGGGCGTGAACACCCTGGTG 
GTGGTGGAACCGCATAAACCGGAAGAACTGAGC 
TATTTTAAAGGCGAACTGAAAATCGTGCATCCG 
TATCATCAGATTGCGCGCAAAATCAAAGAAAT 
CATCGAAGATCCGTTTATTCTGGCCCCGGATCGTG 
GTGCGCTGGATCGTGCGCGTAAAATTGCGGAA 
GAAATCAACGCGCCGTATAGCTATATTGAAAAA 
GAACGTGATCGTACCACCGGCGAAGTGCGTAT 
TAAAGAAGCGCCGAACATTAACCTGAAAGGCAAA 
GATGTGGTGATCATCGACGATATTATTAGCACCG 
GCGGCACCATTGTTCAGGCGACCCGTCTGGCCTA 
CAGCCTGGGTGCGAAAAGCGTTACCGCAGCAGC 
CATTCACCTGCTGCTGGTTGGCGGTGCGAAA 
GAACGTCTGCGTGAAGTTGGTGTTAAAACGCT 
GATTGGCACCAACACCATCAACGTGAACGATAAA 
GATATCATCACCATCGATGTGAGCCAGAGCATTGC 
CCTGAGCCTG. The gene containing this open reading 
frame is designated prsSs.

Cell growth and prsSs gene expression

E. coli strain HO1088 (Δprs-4::KanR/F´lacIq TetR), which 
lacks endogenous PRPP synthase activity (Krath and Hove-
Jensen 1999, 2001a), was transformed with pHO565 by 
selecting for ampicillin resistance. The prsSs gene furthermore 
complemented the Δprs-4::KanR allele, indicating the syn-
thesis in E. coli of active PRPP synthase. Cells were grown 
at 37  °C in NZY medium supplemented with ampicillin 
(100 mg L−1) and tetracycline (10 mg L−1) with aeration by 
shaking (Hove-Jensen and Maigaard 1993). Cell growth was 
monitored as optical density (OD) at 436 nm. An OD436 of 
1.0 (1 cm path-length) corresponds to approximately 3 × 1011 
cells L−1. At an OD436 of approximately 1.5, isopropyl 
1-thio-β-d-galactopyranoside was added to a concentration of 
0.50 mM to induce expression of prsSs. Incubation continued 
for additional 6 h. Cells were collected by centrifugation. Cell 
pellets were stored at −20 °C if not used immediately.

Purification of PRPP synthase

Purification was performed at 4 °C unless otherwise stated. 
Cells were resuspended in 50  mM Tris/HCl, pH 7.6 and 

broken by ultrasonic treatment in a Soniprep ultrasonic 
disintegrator (model 150, Measuring and Scientific Equip-
ment). Cell debris was removed by centrifugation and to 
the supernatant fluid, 0.1 volume of streptomycin sulphate 
[11 % (w/v) in 50 mM potassium phosphate buffer, pH 7.6] 
was added. Following centrifugation the supernatant fluid, 
the “crude” extract, was heated to 75 °C for 15 min. Dena-
tured protein was removed by centrifugation, and the super-
natant fluid, the “heat” fraction, was 40  % saturated with 
solid ammonium sulphate. The precipitated protein was 
removed by centrifugation, and the supernatant was satu-
rated to 60 % with solid ammonium sulphate. Precipitated 
protein was removed by centrifugation, dissolved in 50 mM 
Tris/HCl, pH 7.6, and dialysed against the same buffer to 
generate the “40/60” fraction. The purity was evaluated by 
SDS-PAGE and Coomassie Brilliant Blue staining (Lae-
mmli 1970). Protein content was determined by the bicin-
choninic acid procedure with bovine serum albumin as the 
standard (Smith et al. 1985).

Assay of PRPP synthase activity

The standard assay of PRPP synthase activity at 60 °C was 
performed as follows. Extract or enzyme (10 μL), appro-
priately diluted in 50  mM Tris/HCl, pH 7.6 containing 
bovine serum albumin (1 g L−1), was mixed with 90 μL of 
a reaction cocktail (both prewarmed at 60  °C) containing 
2.0 mM [γ-32P]ATP (approximately 1 kBq per assay) pre-
pared as previously described (Jensen et al. 1979), 5.0 mM 
ribose 5-phosphate, 4.0 mM magnesium chloride, 20 mM 
sodium fluoride (omitted in assays of the purified enzyme), 
50 mM Tris/HCl, pH 7.6. Samples (10 μL) were removed 
at intervals (usually 10, 30 and 60 s.) and mixed with 5 μL 
of 0.33 M formic acid. This 15 μL was applied to polyeth-
yleneimine-cellulose plates (Baker-flex, J. T. Baker). After 
drying, PRPP and ATP were separated by thin-layer chro-
matography with 0.85 M potassium dihydrogen phosphate, 
which had been previously adjusted to pH 3.4 with 0.85 M 
phosphoric acid, as solvent. Radioactivity was quantified 
with the Cyclone Storage Phosphor System (Perkin Elmer, 
Wellesley, MA). Specific activity is expressed as μmol 
(min × mg of protein)−1.

Crystallisation

All crystallisation experiments were performed with AMP 
and ribose 5-phosphate added to the protein solution 
(12.7 mg/mL in 50 mM Tris/HCl pH 7.6) to a concentra-
tion of 10 mM of both compounds. Crystallisation condi-
tions were tested by vapour diffusion as sitting or hanging 
drops. An initial JCSG+ screen (Qiagen) (Newman et  al. 
2005) was set up by a robot (Oryx, Douglas Instruments) in 
a 96-well plate with reservoir volumes of 100 μL and drop 
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sizes of 0.4 μL. The drop composition was of 25 % reser-
voir and 75 % protein solution. Optimisation experiments 
were done in 24-well plates with 1 mL reservoirs, and total 
size drops of 4 μL were set up manually with ratios 2:2 or 
3:1 of protein and reservoir, respectively. Crystals used for 
data collection were grown from reservoirs composed of 
14 % PEG10000 with 0.2 M diammonium citrate, pH 5.0 
and grew to a size of 350 × 100 × 100 μm3.

Data collection

Diffraction data were obtained at beamline 911–2 of 
the MAX-lab synchrotron source facility in Lund, Swe-
den. Data were collected at 120 K using crystals with no 
added cryo-protection. Images were collected over 180 
degrees with 1° of oscillation per image. Single images 
were evaluated with the program Xdisp (Otwinowski and 
Minor 1997). Data were later indexed, integrated and 
scaled using the programs Denzo and Scalepack (Otwinow-
ski and Minor 1997, 2001). Data were also analysed with 
HKLview from the CCP4 program suite to determine the 
space group (Collaborative Computational Projekt Num-
ber 4 (1994). The CCP4 suite: programs for protein crys-
tallography). The space group was determined as P21 with 
cell dimensions a = 80.2 Å, b = 92.8 Å, c = 138.3 Å and 
β = 90.91°. The crystal diffracted to 2.8 Å resolution. Sta-
tistics are shown in Table 1.

Structure determination

S. solfataricus PRPP synthase structure was solved by 
molecular replacement using Phaser with M. jannaschii 
PRPP synthase as search model (McCoy et al. 2005). The 
amino acid sequences of S. solfataricus and M. jannaschii 
PRPP synthases share 36  % identity. Six copies of the 
search model were placed in the asymmetric unit display-
ing consecutive translational function Z scores of 3.6, 20.8, 
11.0, 17.2, 17.9 and 18.8.

Refinement

S. solfataricus PRPP synthase structure was refined using 
simulated annealing and NCS restraints with Phenix.refine 
(Afonine et  al. 2005). The structure was manually cor-
rected between rounds of refinement at the graphics using 
Coot (Emsley and Cowtan 2004). Refinement statistics are 
shown in Table 1.

Amino acid sequence analysis

Amino acid sequences were aligned with the Multalin soft-
ware (Corpet 1988).

Protein data bank accession codes

The atomic coordinates and structure factors have been 
deposited in the Protein Data Bank (PDB code 4TWB), 
Research Collaboratory for Structural Bioinformatics, Rut-
gers University, New Brunswick, NJ (http://www.rcsb.org).

Results

Cloning and expression of the S. solfataricus prs gene 
and purification of PRPP synthase

The native S. solfataricus prs gene was isolated by PCR 
with S. solfataricus DNA as the template. This gene, when 
harboured in the expression vector pUHE23-2, readily 
complemented the E. coli  Δprs-4 allele. Activity of PRPP 
synthase, although low, was detectable in crude extracts of 
cells expressing the S. solfataricus prs gene. A gene prod-
uct of the expected molecular mass (32  kDa), however, 
was undetectable by SDS-PAGE followed by staining with 
Comassie Brilliant Blue. To circumvent these problems, the 
gene was synthesised chemically as described in “Materials 
and methods” and designated prsSs. In general, the codon 
usage was changed to match that of highly expressed E. 
coli genes. Specifically, 15 arginine-specifying AGA or 
AGG triplets were changed to CGT, and 27 isoleucine-
specifying ATA triplets were changed to ATT or ATC. The 
codon adaption index of the prsSs gene was determined as 
0.589, whereas a value of 0.129 was determined for the 
native S. solfataricus prs gene, and a value of 0.553 for the 
E. coli prs gene (Sharp and Li 1987). Induction of prsSs 
gene expression resulted in the appearance of a polypeptide 
of appropriate molecular mass by SDS-PAGE. The amount 
of this polypeptide reached a maximum 6–8 h after onset 
of induction. After overnight incubation (18–20 h) the pre-
sumptive PRPP synthase subunit band had disappeared, 
indicating the simultaneous synthesis and degradation (data 
not shown).

Table 1   Data and refinement statistics

Data statistics

 Resolution (Å) (outer shell) 20–2.80 (2.90–2.80)

 Rmerge (%) 8.9 (59.0)

 I/σ (I) 14.0 (2.4)

 Completeness (%) 97.9 (98.1)

Refinement statistics

 Number of reflections 48,432

 Rwork/Rfree (%) 23.5/26.5

 r.m.s. bonds (Å) 0.009

 r.m.s. angles (°) 1.306

 PDB code 4TWB

http://www.rcsb.org
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PRPP synthase was purified by a three-step proce-
dure as described in “Materials and methods”. The pro-
cedure resulted in 7-fold purification, a yield of 62 % and 
an enzyme with a specific activity of 67 μmol (min × mg 
protein)−1 determined by the standard assay described in 
“Materials and methods”. The activity was determined in 
the absence of Pi, and, thus, S. solfataricus PRPP synthase 
activity is independent of Pi. SDS–polyacrylamide gel elec-
trophoresis established the molecular mass of the band rep-
resenting PRPP synthase as 34.0 kDa, which is comparable 
to the molecular mass of the deduced amino acid sequence, 
32.2 kDa.

Crystal structure and active site

The subunit of S. solfataricus PRPP synthase comprises 
291 residues. Residues 1–190 and 205–291 could be mod-
elled into the electron density at a resolution of 2.8  Å, 
while the remaining stretch 191–204 was disordered. The 
enzyme is organised as a two-domain polypeptide. The two 
domains have a very similar fold indicating gene duplica-
tion at some point in evolution. This similarity is, however, 
not detectable at the amino acid sequence level. The active 
site is situated at the interface between the two domains, 
in this structure marked by the binding of AMP and sul-
phate. We assigned the following secondary structure ele-
ments. β1: Ile2-Gly6, α2: Gly11-Ser21, β3: Pro23-Val27, 
β3’: Glu28-Phe32, β4: Glu36-Arg40, β5: Glu48-Thr56, α6: 
Pro59-Leu77, β7: Lys81-Tyr88, α8: Ile104-Glu115, β9: 
Thr120-Val124, 310: Lys128-Phe135, β11: Glu138-Val142, 
α12: Pro144-Ile156, β13: Asp158-Leu162, α14: Ala168-
Ile179, β15: Pro182-Ile186, β17: Lys210-Asp216, α18: 
Gly222-Ser234, β19: Ser239-Ala244, α20: Ala253-Gly261, 
β21: Thr264-Asn269, β22: Ile279-Ile281, α23: Val283-
Leu291, Fig.  1. In the N-terminal domain there is a six-
stranded parallel β-sheet formed by strands β3, β1, β5, β7, 
β9 and β11 which is sandwiched between helices α6, α8 and 
310 on one side and helices α2 and α23 on the other side. 
An anti-parallel hairpin composed of β3’ and β4 protrudes 
between β3 and β5. In the C-terminal domain there is also 
a six-stranded parallel β-sheet formed by strands β15, β13, 
β17, β19, β21 and β22, which is sandwiched between helices 
α12 and α14 on one side and helices α18 and α20 on the other 
side. As for the N-terminal domain there is a protrusion 
between strands β15 and β17, which consists of the catalytic 
flexible loop with missing electron density.

Although ribose 5-phosphate was present in the crys-
tallisation mixture, the compound was not found in the 
density. Rather sulphate, which was used during purifica-
tion, was seen. The sulphate oxygen atoms are accepting 
hydrogen bonding from Ser220-N, Thr221-N, Thr221-Oγ1, 
Gly222-N, Thr224-N and Thr224-Oγ1, Fig. 2. Additionally, 
AMP is bound to the active site. Here the adenine ring is 

stacked between residues Arg93 and BPhe32 (superscript 
B denotes a neighbouring subunit generated by non-crys-
tallographic twofold symmetry). Adenine-N6 is donating 
hydrogen bonding to BAsp34-Oδ2 and BGlu36-Oε2. His127-
Nε2 and Arg93-Nη1 each donate hydrogen bonding to an 
α-phosphate oxygen of AMP and, moreover, Arg93-Nη2 
bridges to a sulphate oxygen. Two more residues are in van 
der Waal contact with AMP: Gln94 with the adenine ring 
and Phe98 with the ribose ring.

The quaternary structure of S. solfataricus PRPP syn-
thase is dimeric as found also for T. volcanium PRPP 
synthase (Cherney et  al. 2011). The interface of the bent 
dimer is formed between the N-terminal domains, Fig.  3. 
The predominant interactions at the dimer interface are the 
salt bridges: AAsp34–BArg93, AArg40–BAsp100, AGlu72–
BHis111, AGlu72–BLys107, AAsp76–BLys107 and AAsp76–
BArg97, which, with their symmetry partners, result in 12 
strong interactions. These salt bridges are not conserved 
among all PRPP synthases.

Deductions from amino acid sequence alignments

Amino acid sequence alignment of S. solfataricus PRPP 
synthase with those of the closely related species Sulfolo-
bus islandicus and Sulfolobus acidocaldarius revealed 
identities of 93 and 57 %, respectively. Sequence identity 
of S. solfataricus PRPP synthase with other archaeal PRPP 
synthases is lower, 42, 41, 35 and 29 % with the PRPP syn-
thases of Pyrococcus furiosus, Pyrococcus abyssi. M. jan-
naschii and T. volcanium, respectively, whereas the iden-
tity of S. solfataricus PRPP synthase with class I PRPP 
synthase of B. subtilis and class II spinach PRPP synthase 
isozyme 4 is 25 and 17 %, respectively. Figure 1 shows an 
amino acid sequence alignment of PRPP synthase from the 
three archaeal species S. solfataricus, T. volcanium and M. 
jannaschii, class I PRPP synthase of B. subtilis as well as 
class II spinach PRPP synthase isozyme 4. Overall only 18 
amino acid residues (6 %) are identical with additional 29 
conserved amino acid residues (10 %).

A colour code is applied to amino acid residues of 
the sequences of Fig. 1. This colour code is based on the 
assignment of structural and functional properties of indi-
vidual amino acid residues of B. subtilis PRPP synthase 
as evaluated from three-dimensional structure determina-
tions (Eriksen et al. 2000, 2002; Nygaard 2001). Amino 
acid residues involved in the formation of the active site 
are typed in red in Fig.  1. These amino acid residues 
include the S. sulfolobus PRPP synthase amino acid resi-
dues mentioned above or shown in Fig. 2 (Phe32, Asp34, 
Arg 93, Gln94, His127, Ser220, Thr224), and it is evi-
dent that these residues are highly conserved among the 
sequences of the five species. In contrast, amino acid 
residues typed in blue and involved in the formation of 
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the allosteric, regulatory site of B. subtilis PRPP synthase 
are poorly conserved if at all, consistent with the lack of 
allosteric regulation of S. sulfolobus, T. volcanium and 
M. jannaschii PRPP synthases as well as spinach PRPP 
synthase isozyme 4. The partial conservation of B. sub-
tilis Leu134, Gln138, Ile139 and Phe142 may indicate 
additional functional properties of these amino acid resi-
dues. Amino acid residues involved in the formation of 
subunit–subunit interactions of B. subtilis PRPP synthase 
are shown in green in Fig. 1. Conservation is particularly 
evident among residues involved in the formation of the 

bent dimer, i.e. B. subtilis PRPP synthase amino acid 
residues Glu44-Arg84. Of these 41 residues, 21 (51  %) 
are conserved in the S. solfataricus PRPP synthase amino 
acid sequence.

Discussion

The quaternary structure of S. solfataricus PRPP synthase 
is dimeric, and, thus, resembles that of the archaeon T. vol-
canium (Cherney et  al. 2011). In contrast, the quaternary 

Fig. 1   Alignment of amino acid sequences of PRPP synthases. The 
amino acid sequences are: S.s., S. solfataricus; T.v., T. volcanium; M.j., 
M. jannaschii; and B.s., B. subtilis PRPP synthases; S.o., Spinacea 
oleracea PRPP synthase isozyme 4. Secondary structural elements of 
S. solfataricus PRPP synthase are indicated above the sequences. Beta 
sheets are indicated by arrows, helices by bars. Secondary structure 
elements are designated similarly to those of M. jannaschii PRPP syn-
thase (Kadziola et al. 2005). Amino acid residues identical in all five 
sequences are indicated by asterisks below the spinach PRPP synthase 
amino acid sequence, whereas conserved amino acid residues are indi-
cated by a dot. Conserved amino acids are valine, leucine and isoleu-
cine; phenylalanine and tyrosine; aspartic and glutamic acid; arginine 
and lysine; serine and threonine; glycine and alanine. B. subtilis PRPP 

synthase amino acid residues, which are located at the active site are 
typed in red, those which are located at the allosteric, regulatory site 
are typed in blue, whereas those involved in subunit–subunit interac-
tions are typed in green. Amino acid residues involved in formation of 
the bent dimer are typed in bold, whereas those involved in formation 
of the parallel dimer are typed in italic. Whenever amino acid residues 
of PRPP synthase of S. solfataricus, T. volcanium, M. jannaschii or 
spinach are identical or conserved relative to those of the B. subtilis 
enzyme, the colour code of the latter sequence is applied to the S. sol-
fataricus, T. volcanium, M. jannaschii or spinach amino acid residues 
as well. Relevant amino acid residues of B. subtilis PRPP synthase 
were selected on the basis of the three-dimensional structures previ-
ously published (Eriksen et al. 2000, 2002; Nygaard 2001)
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structure of PRPP synthase of the thermophilic, metha-
nogenic archaeon M. jannaschii is tetrameric and appears 
to be built by two dimers (Kadziola et al. 2005). The sig-
nificance, if any, of this structural difference for enzymatic 
properties remains to be established. Oligomerization in 
PRPP synthase is important for the enzyme’s regulatory 
properties. Although no biochemical evidence is avail-
able for PRPP synthase of S. sulfolobus and T. volcanium, 
except that the activity of the former enzyme is independent 
of Pi, the enzyme of M. jannaschii has been shown to bind 
ADP only at the active site, and that the enzyme apparently 

does not contain an allosteric site for ribonucleoside 
diphosphate inhibition (Kadziola et  al. 2005). The class I 
PRPP synthases are allosterically inhibited by purine ribo-
nucleoside diphosphates, ADP and/or GDP. The enzymes 
from B. subtilis (Eriksen et al. 2000), man (Li et al. 2007), 
and the Gram-negative Betaproteobacterium Burkholderia 
(Pseudomonas) pseudomallei (PDB code 3DAH) have hex-
americ quaternary structures. The allosteric site of B. sub-
tilis PRPP synthase has been studied in detail. It consists 
of amino acid residues provided from three subunits, i.e. 
residues located at the interphase of the bent dimer as well 

Fig. 2   Binding of the adenylate 
moiety of ATP and sulphate 
to the active site of PRPP 
synthase. Residues with atoms 
within 4 Å from the ligands 
AMP and sulphate are shown. 
Amino acid residues of two 
subunits contribute to the 
active site. Amino acid residues 
from one subunit are shown 
in colour, whereas residues 
from the second subunit are 
shown in grey and indicated by 
superscript “B” to the left of the 
amino acid name

Fig. 3   Quaternary structures 
of PRPP synthases. a Propellar, 
hexameric PRPP synthase of 
B. subtilis (Eriksen et al. 2000) 
or of human PRPP synthase 1 
(Li et al. 2007); b tetrameric 
PRPP synthase of M. jan-
naschii (Kadziola et al. 2005); 
c dimeric PRPP synthase of S. 
solfataricus (this study) or of 
T. volcanium (Cherney et al. 
2011). The bent dimer (red and 
cyan) is incorporated in all of 
the structures
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as at the interphase of the so-called parallel dimer (Eriksen 
et al. 2000). The archaeal PRPP synthases do not possess 
these subunit–subunit interactions. In addition, as shown in 
Fig. 1 the specific amino acid residues involved in the for-
mation of the allosteric site of B. subtilis PRPP synthase 
are far from conserved in the archaeal enzymes, and, more-
over, the archaeal PRPP synthases are shorter than the class 
I enzymes, and specifically lack the important amino acid 
residues close to the carboxy-terminal end of B. subtilis 
PRPP synthase. Altogether, it is evident that an evolution-
ary effect exists, with lack of allosteric regulation of PRPP 
synthase of archaeal organisms and with allosteric regula-
tion present only in class I PRPP synthases of bacteria, and 
eukaryotic organisms. Consistent with the apparent lack 
of an allosteric site in S. solfataricus PRPP synthase, the 
activity of the enzyme is independent of the presence of Pi. 
In allosterically regulated PRPP synthases Pi, an allosteric 
activator, and ADP, an allosteric inhibitor, bind to the same 
site (Willemoës et al. 2000).

In general, the specificity of the binding of the adenyl 
moiety of the substrate ATP in PRPP synthase is created at 
the interface of two subunits. In the simplest case the qua-
ternary structure is dimeric as seen for S. solfataricus and 
T. volcanium PRPP synthases (Cherney et  al. 2011). The 
tetrameric structure of M. jannaschii PRPP synthase may 
be regarded as built of two dimers, whereas the hexameric 
structures of B. subtilis (Eriksen et  al. 2000), human (Li 
et al. 2007), and B. pseudomallei PRPP synthases may be 
regarded as built of three dimers (Fig. 3). Also in the cases 
with the tetrameric and hexameric enzymes the binding of 
ATP occurs at the interface of two subunits, and more spe-
cifically at the interface of the bent dimers. In the active site 
around AMP, residues Phe32, Asp34 and His127 of S. sol-
fataricus PRPP synthase are fully conserved among PRPP 
synthases. Residues Tyr91, Arg93 and Gln94 are con-
served in all class I PRPP synthases. At the ribose 5-phos-
phate site, residues Gly223, Thr224 as well as Asp216 and 
Asp217 are fully conserved while Thr221 is conserved only 
in class I PRPP synthases. The side chains of Asp216 and 
Asp217 face the ribose moiety of ribose 5-phosphate and 
Asp217 hydrogen-binds to His127. Two other regions of 
the sequence contain fully conserved residues. Lys190 and 
Arg192 are situated in the flexible loop and have presum-
ably catalytic function. Asp165 and Gly167 are situated 
between β13 and α14 with the side chain of Asp165 hydro-
gen bonding to the ribose ring of ribose 5-phosphate (Cher-
ney et al. 2011; Kadziola et al. 2005).

As mentioned in the “Introduction”, kinetic characteriza-
tion defined class I and class II PRPP synthases, and a class 
III PRPP synthase was postulated on the basis of characteri-
zation of M. jannaschii PRPP synthase. The kinetic proper-
ties of this latter enzyme were a mixture of those of class I 
and class II PRPP synthases. Although only a few archaeal 

PRPP synthases have been characterised, the heterogeneity 
in physical and chemical properties suggest that the defini-
tion of a true class III is superfluous and that class I, class II 
and archaeal PRPP synthases may be a better definition.
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