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Abstract

Spinach 5-phospho-ribosyl a-1-diphosphate (PRPP) synthase isozyme 4 was synthesiZestierichia

coli and purified to near homogeneity. The activity of the enzyme is independeptitihhibited by ADP

in a competitive manner, indicating a lack of an allosteric site; and it accepts ATP, dATP, GTP, CTP, and
UTP as diphosphoryl donors. All of these properties are characteristic for class || PRPP syithasdses

for ATP and ribose 5-phosphate are 77 anduA8, respectively. Gel filtration reveals a molecular mass of

the native enzyme dfiL10 kD, which is consistent with a homotrimer. Secondary structure prediction shows
that spinach PRPP synthase isozyme 4 has a general folding similar to Beatilidis subtilisclass | PRPP
synthase, for which the three-dimensional structure has been solved, as the position and extent of helices and
B-sheets of the two enzymes are essentially conserved. Amino acid sequence comparison reveals that
residues of class | PRPP synthases interacting with allosteric inhibitors are not conserved in class || PRPP
synthases. Similarly, residues important for oligomerization ofBhsubtilisenzyme show little conser-

vation in the spinach enzyme. In contrast, residues of the active siBe sifibtilis PRPP synthase show
extensive conservation in spinach PRPP synthase isozyme 4.

Keywords: Kinetics; nucleotide synthesis; oligomerization; phosphoribosylpyrophosphate (PRPP); sec-
ondary structure prediction

The enzyme 5-phospho+ibosyl a-1-diphosphate (PRPP) PRSgene. Three genes encoding PRPP synthase have been
synthase (ATPp-ribose-5-phosphate pyrophosphotransfer-identified in mammalian organisms (Tatibana et al. 1995).
ase, EC 2.7.6.1) is encoded b¥PRSgene and catalyzes the Results of analysis of gene libraries of the flowering plants
reaction: ribose 5-phosphate (Rib-5-P) + ATP PRPP +  Arabidopsis thalianand spinach$pinacia oleracephave
AMP (Khorana et al. 1958). PRPP is an important precursoidentified five and foulPRSgenes, respectively. Two of the
in the biosynthesis of purine, pyrimidine, and pyridine spinachPRSgene products have been shown, or proposed,
nucleotides and of the amino acids histidine and tryptophato be located in organelles, whereas a third is located in the
(Hove-Jensen 1988, 1989). Prokaryotes contain prge cytosol (Krath et al. 1999; Krath and Hove-Jensen 1999).
gene, whereas generally eukaryotes contain more than one Two classes of PRPP synthases exist. Class I, the “clas-
sical” PRPP synthases, is represented by the enzymes from
Reprint requests to: B. Hove-Jensen, Department of Biological Chem-E_SChe”Ch_Ia coli S_f_ilmone"a enter_'C$erova_r Typhlmu-
istry, Institute of Molecular Biology, University of Copenhagen, 83H rium, Bacillus subtilis and mammalian organisms. Class I
Splvgade, DK-1307 Copenhagen K, Denmark; e-mail: hove@mermaidggonsists of PRPP synthase isozymes 3 and 4 from spinach
molbio.ku.dk; fax: 45-3532-2040. . e
Article and publication are at http://www.proteinscience.org/cgi/doi/ a_nd.A' _tha“anaand appears to be SpeCIfIC for pIant;. The
10.1101/ps.11801. distinction between the two classes is based on their enzy-

Protein Sciencg2001), 10:2317-2324. Published by Cold Spring Harbor Laboratory Press. Copyright © 2001 The Protein Society 2317



Krath and Hove-Jensen

matic properties: dependence onfér activity, allosteric 1.8-

regulation, and specificity for diphosphoryl donor. Thus, the v

activity and stability of class | PRPP synthases is dependent

on P, whereas class Il PRPP synthases are independent of 1.2 ° o

P.. Enzymes of class | are inhibited allosterically by purine
ribonucleoside diphosphates, whereas class Il enzymes are

not. Finally, class | enzymes use ATP or, in some instances,

dATP as well as diphosphoryl donors, whereas class Il en- 0.6-
zymes have much broader specificity, accepting dATP,

GTP, CTP, or UTP in addition to ATP. The dramatic dif-

ferences in enzymatic properties are also reflected in the 0s : : : : -
low amino acid sequence similarity between the two classes 0 2 4 6 8 10
(Krath and Hove-Jensen 1999, 2001; Krath et al. 1999). UTP (mM)

In the present work, we report the properties of recom-_ ) . o
ig. 1. Saturation of PRPP synthase activity by UTP. Activity was deter-

. . . E
binant staCh PRPP Synthase Isozyme 4 and show that tm#ed as described in Materials and Methods. The Rib-5-P concentration

enzyme belongs to class |_|- A comparison of the PrediCteQVas 3.0 mM. The MgGlconcentration was at least 2 mM in excess of the
secondary structure of spinach PRPP synthase isozyme UirP concentrationy is expressed gsmol/(min x mg of protein). The data

with that of B. subtilis PRPP synthase is presented. Thiswere fitted to Equation 4.
comparison, together with amino acid sequence compari-

son, reveals residues important for catalysis and regulation . o
of PRPP synthases. with respect to Rib-5-P. Inhibition by AMP was noncom-

petitive with respect to both ATP and Rib-5-P (Fig. 3A-D).
The mode of inhibition and the calculated inhibition con-

Results stants are listed in Table 2. These data indicate a steady state
. _ . ordered Bi Bi mechanism.
Properties of spinach PRPP synthase isozyme 4 Spinach PRPP synthase isozyme 4 required afi' on-

pngntration in excess of the ATP concentration for maximal
p activity. Therefore, the enzyme required free Min addi-
elatpn to ATP-bound M§*, a requirement similar to that ob-
served for other PRPP synthases. With?Mthe activity

Recombinant spinach PRPP synthase isozyme 4 was
duced in ank. coli strain in which the endogenous PRP
synthase gene was deleted. The enzyme was purified to n

homogeneity as described in Materials and Methods. Amin 0 i ith 1A
acid sequencing of the purified enzyme showed the N-ter¥/aS 25% of that obtained with 9 whereas the Shzyme
was inactive with C&', C*, Co?*, Cw¥*, Fe*, Ni%", or

minal amino acid sequence to be Met-Glu-Lys-Pro-Asn-_ <> ) A
Zn“" (data not shown). Maximal enzyme activity was ob-

Thr, as expected from the nucleotide sequence. X : X
The activity of the enzyme was independent af FRur- served between pH 8.5 and 9.3, determined with Tris/HCI,
Na“-K*/phosphate, or glycine/HCI buffer systems. Maximal

thermore, the addition of;fhad no effect on the enzyme o o2
activity at least up to 80 mM of Rdata not shown). The activity was at 37°C in Tris/HCI at pH 8.5 (data not shown).

enzyme accepted ATP, dATP, GTP, CTP, or UTP as a
diphosphoryl donor._ With ATI_D’ dATP’ _GTP’ or CTP as Table 1. Kinetic constants of spinach PRPP synthase isozyme 4
substrate, hyperbolic saturation kinetics was observed,
whereas with UTP, substrate inhibition was observed (Fig. Ko Kappy Vinax Vapp
1). Kinetic constants are given in Table 1. Inhibition by Substrate

. o . M l/(min x f protei

ADP was linear competitive with respect to the substrate - pmol/{min X mg of protein)
ATP (Fig. 2; Table 2). Addition of GDP had no effect with Rib-5-P  48+12

; ATP 77+10 16.2+0.5
either ATP or GTP as substrate (data not shown). 4ATP g4+ 15402

The effect of the ATP concentration on initial velocity 51p 490 + 58 6.4+0.2
was measured at different concentrations of Rib-5-Pctp 680 + 130 42402
Double-reciprocal plots of the data resulted in intersectingJTP 500 + 200 6.6+2.1

lines characteristic of a sequential mechanism (data not

shown). TheK,, and V., values for ATP and Rib-5-P are @Kinetic constants were determined as described in Materials and Meth-
. ‘1 Tabl m 1 p mdax inhibiti VS d ods. Standard errors are those given by the computer program.

given in Table 1. Product inhibition analysis was USed t0 the concentration of ATP was varied from 0.05 to 1.00 mM and the

distinguish between an ordered and a random mechanisnioncentration of Rib-5-P was varied from 0.125 to 2.00 mM in the pres-

Rib-5-P and ATP were varied at different fixed concentra-f%‘z ((J:for?(.:%r?:r’\;tilz)ﬂr?g‘.dATP GTP, CTP or UTP was varied from 0.125 to

tions of the products PRPP or AMP. Inhibition by F>RPPS.O mM at 3.0 mM Rib-5-P aynd Mg’gtln at least 2 mM excess of diphos-

was competitive with respect to ATP and noncompetitivephoryl donor concentration.
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0.9 conditions, spinach PRPP synthase isozyme 4 eluted with a
1/v 4 molecular mass of 106 kD (i.e, again as a trimer; Fig. 4).
Spinach PRPP synthase isozyme 3 eluted at a similar posi-
tion. The size of the subunit of the latter enzyme is identical
0.6 to that of spinach PRPP synthase isozyme 4; thus, this en-
zyme also eluted as a trimer.

°3
03 Implications of amino acid sequence on enzyme
: °2 function
The secondary structure of spinach PRPP synthase isozyme
1 4 was predicted as described in Materials and Methods.
0 =7 Application of a combination of various prediction methods

101 1/A'|2'P 1/3 M 4 5 was used to improve the reliability of the prediction (King
(1/mM) et al. 2000). The resulting secondary structural elements
Fig. 2. Kinetics of inhibition of PRPP synthase activity by ADP. Activity Were aligned with the secondary structure Bf subtilis
was determined as described in Materials and Methods. Double-reciproc® RPP synthase (Eriksen et al. 2000). The position and ex-
plots of initial velocity versus ATP at four concentrations of ADP are tent of helices angs-sheets of the two enzymes were con-
shown. The concentrations of Rib-5-P and Mg@ere 1.0 and 5.0 mM, ~ garyed except for the positions of the secondary structural
respectively. The concentration of ATP was varied from 0.2 to 2.0 mM in . .
the presence of different concentrations of ADP: 1, 0.0 mM; 2, 0.5 mM; 3,e|ement3 Corre_Spond_mg @AC, BSC, _andofz_N (Flg_. 5)' .
1.0 mM; 4, 2.0 mM. The lines represent fitting of the data set to Equa- Eighteen amino acids have been identified as involved in
tion 2. the binding ofa,-methylene ADP to the allosteric site of
B. subtilisPRPP synthase (Fig. 5). Of these, only Arg55 of
. . B. subtilis PRPP synthase is conserved in spinach PRPP
The quaternary structure of spinach PRPP synthase isQythase isozyme 3 and 4. Six point mutations of the human
zyme 4 was analyzed by gel filtration. The enzyme eluted agpps1gene causing PRPP synthase 1 superactivity have
a single symmetrical peak at a position equivalent to a MOpeen identified as responsible for uric acid overproduction
lecular mass of 115 kD. The molecular mass of the subunif, | gout (Fig. 5). The six recombinant enzymes have been
calculated from the deduced amino acid sequence is 354, acterized (Becker et al. 1995). The substitutions result
kD, indicating that the enzyme eluted as a trimer. ldenticaj, enzymes with less sensitivity to allosteric inhibition by

results were obtained in Tris- or phosphate-based buffer,pp compared to normal human PRPP synthase 1. In ad-
To see if the presence of MGATP had an influence onthe 4y, |ess pis required for activation of the mutant forms

molecular architecture of the enzyme, gel filtration was Per-4f human PRPP synthase 1 compared to the normal enzyme.
formed in the presence of ATP and ffg Under these 15 of the mutant forms of human PRPP synthase 1 have
the amino acid substitutions, Asp52(58) His and

Table 2. Inhibition of spinach PRPP synthase isozynie 4 Leul28(135) - lle (the homologous positions for tHe.
subtilis PRPP synthase are shown in parentheses). Spinach
Kis Kii PRPP synthase isozyme 3 and 4 have histidine and isoleu-

cine, respectively, at these positions. A third amino acid

Substrate  Inhibitor ~ Mode of inhibition ~ wM e )
substitution of human PRPP synthase 1 is Ala189(194)

Rib-5-P AMP non competitive 380+63 3900 +570 . ; : :
Rib-5-P PRPP non competitive 330+36 2200+ 140 Valh.SIm"a.rl)h SpII:I'?aCE PEPP Sy?t?]ase IS.OZym.e 4 hagdvallne
ATP AMP®  noncompetiive  430+62 5600+ 1600 &l this position (Fig. 5). None of these six amino acids are
ATP PRPP competitive 160+ 8 among the 18 residues identified as involved in the binding
ATP ADP competitive 1107 of «,B-methylene ADP at the allosteric site described

above. The mutant forms of human PRPP synthase 1 re-
2Inhibition constants were determined as described in Materials and Methsemb|e the spinach PRPP synthase isozyme 3and 4 by their

ods. Standard errors are those given by the computer program. R . .
®The concentration of Rib-5-P was varied from 0.1 to 2.0 mM in the lack of inhibition by ADP and reduced requirement or In-

presence of 0.0 to 2.0 mM AMP, 1.0 mM ATP and 5.0 mM MgClI dependence of;Ror activity.
“The concentration of Rib-5-P was varied from 0.1 to 2.0 mM in the  Seyen amino acid residues have been identified as in-

presence of 0.0 to 2.0 mM PRPP, 1.0 mM ATP and 5.0 mM MgCl R .
9The concentration of ATP was varied from 0.05 to 1.0 mM in the pres-VOIVed in binding of the SAMP moiety of a,3-methylene

ence of 0.0 to 2.0 mM AMP, 1.0 mM Rib-5-P and 5.0 mM MgCl ADP to the active site oB. subtilisPRPP synthase. These

€ The concentration of ATP was varied from 0.1 to 2.0 mM in the presenceresidques are Phe4l Asp43 Glu45s Arg102 GIn103
of 0.0 to 2.0 mM PRPP, 1.0 mM Rib-5-P and 5.0 mM MgCl . L ' ! ' o
" The concentration of ATP was varied from 0.2 to 2.0 mM in the presench‘rglosl and H'5136 (E_r|!<sen et .al' 2000)'_ Two Oth(?r r_ES|'
of 0.0 to 2.0 mM ADP, 1.0 mM Rib-5-P and 5.0 mM MggCl dues have been identified as involved in ATP binding,
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Fig. 3. Product inhibition of PRPP synthase. Activity was determined as described in Materials and Methods. The concentration of
MgCl, was 5.0 mM. A) Double-reciprocal plot of initial velocity versus ATP at four concentrations of PRPP. The concentration of
Rib-5-P was 1.0 mM. The concentration of ATP was varied from 0.1 to 2.0 mM in the presence of different concentrations of PRPP:
1, 0.0 mM; 2, 0.5 mM; 3, 1.0 mM and 4, 2.0 mM. The lines represent fitting of the data set to Equati®)nIbuble-reciprocal plot

of initial velocity versus Rib-5-P at four concentrations of PRPP. The concentration of ATP was 1.0 mM. The concentration of Rib-5-P
was varied from 0.1 to 2.0 mM in the presence of different concentrations of PRPP: 1, 0.0 mM; 2, 0.5 mM; 3, 1.0 mM and 4, 2.0 mM.
The lines represent fitting of the data set to EquatiorC3 ouble-reciprocal plot of initial velocity versus ATP at four concentrations

of AMP. The concentration of Rib-5-P was 1.0 mM. The concentration of ATP was varied from 0.05 to 1.0 mM in the presence of
different concentrations of AMP: 1, 0.0 mM; 2, 0.5 mM; 3, 1.0 mM and 4, 2.0 mM. The lines represent fitting of the data set to Equation
3. (D) Double-reciprocal plot of initial velocity versus Rib-5-P at four concentrations of AMP. The concentration of ATP was 2.0 mM.
The concentration of Rib-5-P was varied from 0.1 to 2.0 mM in the presence of different concentrations of AMP: 1, 0.0 mM; 2, 0.5
mM; 3, 1.0 mM and 4, 2.0 mM. The lines represent fitting of the data set to Equation 3.

Aspl34 and Lys198 (Fig. 5). Six of these nine amino acidsach PRPP synthase isozyme 4 is given in parentheses): 1le78

were conserved in spinach PRPP synthase isozyme 3 and(&er), Leull7 (Thr), lle140 (Glu), Asp145 (Ser), Aspl87

The conserved residues were Phe4l, Asp43, Argl05Lys), and Arg199 (Val) (Eriksen et al. 2000).

Aspl34, His136, and Lys198. The amino acids of the Rib-5-P binding motif were also
Analysis of the crystal structure &. subtiliSPRPP syn- conserved in spinach PRPP synthase isozyme 4; as before,

thase also identified amino acids involved in the associatioithe folding in this region was conserved (Hove-Jensen et

of subunits. Two types of associations were found (Fig. 5)al. 1986; Willemoés et al. 1996).

with a total of 19 residues involved. Of these, only five were

conserved in the spinach sequences (lle73, Leu77, Leuubiscussion

GIn139, and Phel43 of thB. subtilis PRPP synthase se-

quence). Several of the remaining residues were quite difwe have shown that spinach PRPP synthase isozyme 4

ferent in the spinach an®. subtilis PRPP synthase se- belongs to class Il PRPP synthases. This conclusion was

guences. Examples of these were (numbering refers to tHeased on the enzyme’s-lidependent activity, its relaxed

B. subtilissequence; the corresponding amino acid of spinspecificity towards nucleoside triphosphates as diphospho-

2320 Protein Science, vol. 10
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corresponding to Arg105 and His141 of spinach PRPP syn-
thase isozyme 4.

Contrary to the conservation of amino acids of the active
site, very little, if any, conservation was found among the
amino acids identified as important in forming the allosteric
site of B. subtilisPRPP synthase or among residues of hu-
man PRPP synthase 1 identified as involved in modulation
of enzyme activity by ribonucleoside diphosphates. The
[ ] only conserved residue is Arg57 of spinach PRPP synthase
10 20 30 a0 isozyme 4 (Arg55 oB. subtilisPRPP synthase). An SO

Eluticn time (min) ion, which is an analog of;Poccupied a position similar to

. N }he B-phosphorus o#,3-methylene ADP in one complex of
Fig. 4. Determination of the molecular mass of PRPP synthase by ge -
filtration. Chromatography was performed as described in Materials anaCryStaIS ofB. subtilisPRPP synthase. It has_ been postulated
Methods with 50 mM Tris/HCI (pH 7.6) containing 2.0 mM ATP, 5.0 mm that class | PRPP synthases must have either ADR at P
MgCl, as the solvent. PRPP synthase activity was determined as describdhis position at any time (Eriksen et al. 2000; Willemoés et
in Materials and Methods. Symbol®, activity of spinach PRPP synthase g|. 2000). This lack of an allosteric binding site seems to be

isozyme 4@, activity of spinach PRPP synthase isozyma3galibration the basis for the -Hndependence of class Il PRPP syn-
of the column with the following compounds: thyroglobulin (molecular thases !

mass 670 kD)B-amylase (200 kD), bovine serum albumin (66 kD), car- .
bonic anhydrase (29 kD), and ADP (0.4 kD) (Sigma Chemical Co., St. The quaternary structure of PRPP synthase is a matter of

Louis, MO). constant debate. The enzyme from rat liver appears to con-
sist of two different but related subunits (Sonoda et al.
1998). The precise number of subunits in the native enzyme
ryl donor, and its simple competitive inhibition by ADP. is unknown, but a structure with higher states of aggrega-
Currently, Class Il contains one additional well-character-tion, 16 and 32 subunits, has been suggested for the human
ized member, spinach PRPP synthase isozyme 3 (Krath armhzyme (Becker et al. 1977; Meyer and Becker 1977). The
Hove-Jensen 2001). Despite their similar properties, the twatructure of the enzyme froB. subtilishas been defined as
enzymes also differ. Spinach PRPP synthase isozyme & homohexamer by crystallographic analysis. Oligomeriza-
shows substrate inhibition with GTP and hyperbolic satution of B. subtilis PRPP synthase occurs primarily by hy-
ration kinetics with UTP, a reciprocal result of that observeddrophobic interaction of the3N with thea4N helix and by
for spinach PRPP synthase isozyme 4. Although both spininteraction of thex1C helix with theB6C strand. Additional
ach PRPP synthase isozyme 3 and 4 were inhibited in ateractions occur among 3-10 helices and by hydrogen
competitive manner by ADP, only spinach PRPP synthaseonding (Asn70 with Glu71) or salt bridges (Lys116 with
isozyme 3 was inhibited by GDP. Aspl45 and Asp187 with Arg199). Although the secondary
The identity of the amino acid sequence of the two spin-structure alignment revealed that most of the elements are
ach enzymes with that of thB. subtilisenzyme is 23%, conserved amon@. subtilis PRPP synthase and spinach
whereas the identity of the amino acid sequence of spinacRRPP synthase isozyme 4, only five of the 19 amino acid
PRPP synthase isozyme 4 with that of isozyme 3 is 75%esidues shown to interact with each other were conserved.
(Krath and Hove-Jensen 1999). We observed a remarkabla particular, no conservation was found among the residues
difference between spinach PRPP synthase isozyme 4 amdsponsible for stabilization by formation of hydrogen
B. subtilis PRPP synthase in conservation of amino acid$onds or salt bridges. This low conservation in spinach
participating in the binding of nucleotide to the active site PRPP synthase isozyme 4 of residues involved in oligomer-
versus amino acids participating in the binding of nucleotidezation of B. subtilisPRPP synthase is consistent with the
to the allosteric site. Thus, 67% (six out of nine) of the proposed trimeric, rather than a hexameric, structure of
residues of the active site Bf subtilisPRPP synthase were spinach PRPP synthase isozyme 4. The question of oligo-
conserved in spinach PRPP synthase isozyme 4, whereagerization is particularly important in view of the partici-
only 6% (one out of 18) of the residues of the allosteric sitepation of amino acids from two subunits in the formation of
of B. subtilis PRPP synthase were conserved in spinachthe active site ofB. subtilis PRPP synthase. Among the
PRPP synthase isozyme 4. Prominent residues ligating theemino acids oB. subtilisPRPP synthase mentioned above,
adenine moiety to the active site Bf subtilisPRPP syn- Phe4l, Asp43, and Glu45 are donated by one subunit,
thase are Phe4l, Asp43, Glu45, and Argl02. The correwhereas Argl02, Argl05, and His136 are donated by a
sponding residues of spinach PRPP synthase isozyme 4 asecond subunit (Eriksen et al. 2000). This arrangement may
Phe4l, Asp43, Asn47, and Ser102. Other important residudse retained in spinach PRPP synthase isozyme 4. The allo-
ligate to the phosphate chain of the nucleoside triphosphatsteric site ofB. subtilisPRPP synthase is formed by amino
these are Argl05 and His136 of tie subtilis enzyme  acids from three subunits. It is of interest to note that five of

MW Bo

Activity (nmol/min mL)
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Fig. 5. Alignment of amino acid sequences of spinach PRPP synthase isozyme 3 and34 sutitilisPRPP synthase. Abbreviations:

S3, spinach PRPP synthase isozyme 3; S4, spinach PRPP synthase isozyme 4 (Krath and Hove-JenBanBLOS#)tilis PRPP
synthase (Nilsson et al. 1989). Numbergglft) indicate amino acid position. Circles above the spinach PRPP synthase isozyme 3
sequence indicate positions with identical amino acids in the three sequences. Elements of secondary stBicsuigtili PRPP
synthase are indicated by amino acids in italgsbeet), bold¢-helix), or italics and bold (a 3—10 helix and a flexible loop) (Eriksen

et al. 2000). The designation of each structural element is given belo®. thebtilisPRPP synthase amino acid sequence. Similarly,
predicted secondary structural elements of spinach PRPP synthase isozyme 4 are indicated in italics and bold Bissiabtilie
sequence. Green shading indicates amino acid residues of the activeBitsutitilisPRPP synthase. These residues were identified

by analysis of the crystal structure obtainedogB-methylene ADP in complex with the enzyme, by analysis of Ehecoli prs-1

specified mutant PRPP synthase altered in Asp129 (homologous with Asp134®f shétilissequence; Bower et al. 1989), or by
analysis of affinity labeling ofS. entericadPRPP synthase His131 (homologous with His136 ofBhsubtilissequence; Harlow and
Switzer 1990), or of. coli PRPP synthase Lys194 (homologous with Lys198 ofBhsubtilisenzyme; Hilden et al. 1995). Blue
shading indicates amino acid residues of the allosteric sitB.aubtilis PRPP synthase identified by analysis of the binding of
o,B-methylene ADP in the crystal structure (Eriksen et al. 2000). The amino acid sequence motifs identified previously and designated
by divalent metal ion-nucleotide binding (Bower et al. 1989) and by Rib-5-P binding (Hove-Jensen et al. 1986; Willemoés et al. 1996)
are indicated by lines above the spinach PRPP synthase isozyme 3 amino acid sequence. Grey shading indicates amino acid residues
identified as involved in the formation of the so-called bent dimeB ofubtilisPRPP synthase. Black shading (white letters) indicates
amino acid residues identified as involved in the formation of the so-called parallel dirBersabtilisSPRPP synthase (Eriksen et al.

2000). Red shading (white letters) of tBe subtilisPRPP synthase sequence indicates amino acids homologous with amino acids
altered in the human PRPP synthase 1 owing to point mutations iRRI$&1gene. Asp187, which belongs to this group of amino
acids, is shaded in black. The amino acid of the mutant variant of human PRPP synthase 1 is shown H&lsulitigssequence

as a white letter with red shading. The actual alterations of human PRPP synthase 1, with the position of the homologous amino acid
of B. subtilisPRPP synthase shown in parentheses, were: Asp%lis (Asp58), Asn113- Ser (Asn120), Leul28- lle (Leul35),

Aspl82 - His (Asp187), Alal89- Val (Alal94). In addition, the alteration His192 GIn was found in human PRPP synthase 1
(Becker et al. 1995)B. subtilishas aspartate at this position.
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the six amino acid residues identified as involved in regu-Scientific Equipment, London, UK). Debris was removed by cen-

lating human PRPP synthase 1 are located in or very clos@fugation at 10,000 rpm for 15 min. Streptomycin sulfate (10%

to the secondary-structural elements that are involved if¥/¥) " 50 MM Tris/HCI at pH 7.6) was added to a final concen-
tration of 1% and the precipitate was removed by centrifugation at

subunit interactions. Therefore, it is possible that these 000 rpm for 15 min. Protein precipitating between 45% and
amino acids take part in allosteric regulation by altering65% saturation of (NE),SO, was recovered and dissolved in 50

subunit—subunit interactions. Thus, the difference betweemM Tris/HCI (pH 7.6). Protein precipitating between 5% and 15%
spinach PRPP synthase isozyme 4 dhdsubtilis PRPP (w/v) polyethyleneglycol 6000 was recovered and dissolved in 50

. . . : - . .«mM Tris/HCI (pH 7.6) and applied to a column (1.0 x 25 cm) of
synthase in the oligomeric structures is consistent with dif Dyematrex Gel Blue B (Millipore, Lexington, MA). After washing

ferences in allosteric properties and vice versa. the column with three volumes of 50 mM Tris/HCI (pH 7.6) pro-
tein was eluted with a gradient of KCI (0.0-0.5 M) in 50 mM
Materials and methods Tris/HCI (pH 7.6) at a rate of 1 mL/min. Fractions containing

PRPP synthase activity were combined, dialyzed against 50 mM

: . . Tris/HCI (pH 7.6) and applied to a column (1.0 x 30 cm) of DE52
Bacterial strain and growth medium (Whatman, Maidstone, UK). Protein was eluted with a gradient of
The E. coli strain used was HO108&raC,,, araD A(lac)u169  NaCl (0.0-0.5 M) in 50 mM Tris/HCI (pH 7.6) at a rate of 1
trpam Mal,, rpsL relA thi supF deoD gsk-3 udfiprs-4F lacl? mL/min. Fractions containing PRPP synthase activity were com-
zzf:Tn10) (Krath and Hove-Jensen 2001). Cells were grown atbined, concentrated in a Centriprep-10 concentrator (Amicon,
37°C in NZY broth (Hove-Jensen and Maigaard 1993) supple-Bedford, MA), dialyzed against 50 mM Tris/HCI (pH 7.6) con-
mented when necessary with ampicillin (100 mg/L), tetracyclinetaining 50% glycerol, and stored at —20°C. The yield was 15 mg
(10 mg/L), isopropyl 1-thig3-p-galactopyranoside (5@.M) or of >95% pure enzyme as evaluated by SDS-PAGE and Coomassie
NAD (40 mg/L). Brilliant Blue-staining (Laemmli 1970). The specific activity was
16.2 pmol/(min x mg of protein). Automated Edman degradation
. . . o was performed by the Department of Biochemistry and Nutrition,
Manipulation of PRPP synthase isozyme 4-specifying the Technical University of Denmark. Protein content was deter-

cDNA mined by the bicinchoninic acid procedure with chemicals pro-

A plasmid containing an inducibRRS4allele was constructed as Vided by Pierce Chemical Co. (Rockfort, IL) using bovine serum
fol‘l)ows. PCR with DgNA of pHO304 as the template (Krath and albumin as the standard (Smith et al. o1985). Activity of purified
Hove-Jensen 1999), the oligodeoxyribonucleotide€BGACG FKFﬁgtE :XQIE%S\/%_‘SV;:S:[?S;S’:S ell:trasgti;safsro?ﬁsccczllsrendn Eﬁ‘c’)'r%i‘f"y
TTAACCCAAGCT TT TAAGAGGAGAAAT TAACTAT GGAGA : - :
AACCCAACACG(So4Hinc) and 5CCATGCCATGGTCATA tography were assayed for PRPP synthase activity by a one-point
TCTGAAGAGCGTC (So4Nco) (Hobolth DNA Syntese, Hillergd, 3SS&-

Denmark) as primersPyrococcus furiosusDNA polymerase
(Gibco Brl, Paisley, UK), and the four deoxyribonucleoside tri- | filtrati

phosphates was performed by standard procedures in a Trio-Theﬁe litration

moblock (Biometra, Gottingen, Germany). The underlined nucleoxast protein liquid chromatography was performed using a Bio
tides of the So4Hinc oligodeoxyribonucleotide indicate the codong ggic system with UV detection at 280 nm at room temperature
specifying the N-terminal end of spinach PRPP synthase isozym@sjo-Rad, Hercules, CA). Enzyme (3G0y) was applied to a gel

4 polypeptide. Italicized nucleqtides indicate recognition sites Offjjtration column (1.0 x 30 cm) of Superose 12, which has a lower
the restriction endonucleasedindill of So4Hinc or Ncd of ¢yt off limit of 5 kD (Pharmacia, Uppsala, Sweden). Protein was
So4Nco. The amplified DNA was purified (Qiagen, Hilden, Ger- g ted isocratically in 50 mM Tris/HCI (pH 7.6) in 50 mM Na
many) and digested by restriction endonucleasiedill andNcd, K*/phosphate buffer (pH 7.6) or in 50 mM Tris/HCI (pH 7.6)

ligated by T4 DNA ligase toHindlll, Ncd-digested DNA of  ontaining 2.0 mM ATP, 5.0 mM MgG] in either case the rate
pUHE23-2 (H. Bujard, pers. comm.), and transformedttacoli was 0.5 mL/min.

strain HO1088 followed by a selection for Pi@landel and Higa

1970; Hove-Jensen 1989). The nucleotide sequence of the result-

ing plasmid, pBK869, was determined by using an Abi Prism 310Analysis of kinetic data

DNA Sequencer as recommended by the supplier (Perkin-Elmer,

Foster City, CA); the expected sequence was revealed. Initial velocities are average values of determinations at three en-

zyme concentrations. Results of initial velocity experiments and of

e . . product inhibition studies were fitted to the following equations

_Purlflcat|on of recombinant spinach PRPP synthase using the UltraFit program (version 3.01; Biosoft, Cambridge,

isozyme 4 UK). Equation 1 is the rate equation for a sequential Bi Bi mecha-

4 L NZY broth supplemented with ampicillin, tetracycline, and NiSm. For competitive, noncompetitive and substrate inhibition the
isopropyl 1-thiog-p-galactopyranoside were inoculated with 200 initial velocities were fitted to Equations 2, 3, and 4, respectively.
mL of an overnight culture of strain HO1088/pBK869 and incu- Equation 5 is the Michaelis-Menten equation for hyperbolic sub-
bated with shaking for 20 h. The following procedures were car-Strate saturation kinetics (Cleland 1963).

ried out at 4°C. Cells (16 g of wet weight) were harvested by

centrifugation (Sorvall, Wilmington, DE, GS3 rotor) at 6000 rpm v = Vi AB/[K B + Ky A + KK, + ABJ 1)
for 12 min, resuspended in 0.9% NaCl, collected by centrifugation V=V [Kapp (1 + 1/Kis) + §] )
(Sorvall, SS34 rotor) at 10,000 rpm for 15 min, resuspended in 60 V= Vo [Kapp (L +17Kig) + S(1 +1/K5)] 3
mL of 50 mM Tris/HCI (pH 7.6) and homogenizedrfé x 1 min V= Vopp [Kopp+ S+ (/K] (4)
in a Soniprep ultrasonic disintegrator (model 150; Measuring and V=V [Kapp + S (5)
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in which v is the initial velocity,V,,.,is the maximal velocityK, Hove-Jensen, B. 1988. Mutation in the phosphoribosylpyrophosphate synthe-

andK,, are the Michaelis-Menten constants for the varied substrate t@se generfs) that results in simultaneous requirements for purine and

A or B, respectively, and,,, is the dissociation constant for sub- pyrimidine nucleosides, nicotinamide nucleotide, histidine, and tryptophan
’ ’ 1a

trateA. V. is th t imal velocit is th in Escherichia coliJ. Bacteriol.170: 1148-1152.
strateA. Vap, IS the apparent maximal velocl K’app IS the appar-  poye-Jensen, B. 1989. Phosphoribosylpyrophosphate (PRPP)-less mutants of

ent Michaelis-Menten constant for the varied subst&te; and Escherichia coli Mol. Microbiol. 3; 1487-1492.

Kis are the inhibitor constants for inhibitdrobtained from the  Hove-Jensen, B. and Maigaard, M. 19&cherichia coli rpiAgene encoding
effect on intercept and slopes, respectively, &nés the inhibitor ribose phosphate isomerase JA.Bacteriol. 174: 6852—-6856.

constant for the substra@(Cleland 1963). Jones, D.T. 1999. Protein secondary structure prediction based on position-

specific scoring matricesl. Mol. Biol. 292: 195-202.
Kabsch, W. and Sander, C. 1983. Dictionary of protein secondary structure:
. . . . Pattern recognition of hydrogen bonded and geometrical featBregol-
Computer-assisted analysis of amino acid sequences ymers22: 2577-2637.

. . . . Karplus, K., Barrett, C., and Hughey, R. 1998. Hidden Markov models for
Amino acid sequences were aligned with the ClUStalx_prOQra_rn detecting remote protein homologidioinformatics14: 846—856.
(Thompson et al. 1997). Secondary structure was predicted witRhorana, H.G., Fernandes, J.F., and Kornberg, A. 1958. Pyrophosphorylation of
PSI-PRED (Jones 1999), JPRED (Cuff et al. 1998), SAMT99 ribose 5-phosphate in the enzymatic synthesis of 5-phosphorylribose 1-py-
(Karplus et al. 1998), PHD (Rost and Sander 1993), Prof (Ouali = rophosphated. Biol. Chem230: 941-948.

. : ing, R.D., Ouali, M., Strong, A.T., Aly, A., ElImaghraby, A., Kantardzic, M.,
and King 2000), and DSSP algorithms (Kabsch and Sander 1983% and Page, D. 2000. Is it better to combine predictioRsdtein Eng.13:

15-19.
Krath, B.N. and Hove-Jensen, B. 1999. Organellar and cytosolic localization of
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