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I. INTRODUCTION 

In most organisms, the biosynthesis of the purine, pyrimidine, and pyridine 
nucleotides, as well as the aromatic amino acids, histidine, and tryptophan, involves a 
group of ten enzymes known as phosphoribosyltransferases (PRTases). Each of these 
enzymes is highly specific for a nitrogenous, generally aromatic base, a divalent metal ion 
and c~-D-5-phosphoribosyl 1 -pyrophosphate (PRPP). In all cases, cleavage of the 
pyrophosphate moiety of P R P P  is accompanied by the anomeric inversion of the 
ribofuranose ring resulting in a P-N riboside monophosphate (Figure 1). The 
participation of nonheme iron as well as nucleotide substrates or effectors has also been 
observed. 

Several PRTases are allosterically regulated by a variety of effectors and hence 
function as key control points in their respective metabolic pathways. Generally these 
enzymes are multimeric assemblages composed of two to six subunits which sometimes 
occur as bifunctional complexes with a subsequent enzyme of the pathway. In some 
cases, the state of subunit aggregation can also influence the catalytic characteristics of 
the protein. Distinct isoenzymic species of the PRTases are not believed to exist although 
physical and kinetic variations occur between the PRTases of different organisms. In 
vertebrates, several PRTases exhibit a striking organ specificity while others are found in 
varying levels in most tissues. In all organisms, the PRTases are subcellularly confined to 
the soluble cytoplasmic fractions. 

To date, seven of these proteins, hypoxanthine-guanine PRTase (HGPRTase), orotate 
PRTase (OPRTase), adenine PRTase (APRTase), quinolinate PRTase (QPRTase), 
ATP-PRTase, glutamine-amido PRTase (Gln-aPRTase), and anthranillate PRTase 
(Anth-PRTase) have been homogeneously isolated. Amino acid sequencing studies have 
been initiated only on QPRTase, ATP-PRTase, and Anth-PRTase. Despite the lesser 
degree of purity of the remaining PRTases, all have been physically and kinetically 
characterized. A detailed examination of each enzyme is the subject of the following 
sections. 

11. PYRIDINE NUCLEOTIDE PHOSPHORIBOSYLTRANSFERASES 

The biosynthesis of NAD from nicotinate was first observed in mammalian liver. The 
enzyme responsible, nicotinate PRTase (NPRTase), was subsequently isolated and 
found to require PRPP and magnesium as co-substrates. Later investigations 
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FIGURE I .  Reactions catalyzed by the phosphoribosyltransferases. 

demonstrated that nicotinamide and quinolinic acid also served as precursors to N A D  in 
similar divalent metal-PRPP requiring reactions. While quinolinic acid is synthesized in 
all organisms by one or  more pathways, nicotinic acid and nicotinamide must be 
obtained exogenously. Consequently, biosynthesis of N A D  from quinolinate via 
QPRTase is considered a de novo pathway while NPRTase and nicotinamide PRTase 
(NAmPRTase) are designated as salvage enzymes. The relationship of each enzyme to 
N A D  synthesis is shown in Figure 2. 

A. Nicotinate Phosphoribosyltransferase (NPRTase) 
NPRTase (EC 2.4.2.11; Figure 1 ,  #7) has been isolated in various states of purity 

from baker’s yeast,lW4 Ehrlich ascites cells,’ Astasiu longu,6 bovine liver,’ human 
 erythrocyte^,^'^ Bacillus subfilis, l o  and several other microorganisms. ‘]-I3 The enzymes 
from these organisms have been divided into three classes depending on their response to 
ATP. While the enzyme from the protozoan A .  longu is not affected by ATP, a second 
class, represented by baker’s yeast and microorganisms, is dependent on ATP for 
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FIGURE 2. Pyridine nucleotide biosynthetic pathways. 

activity. In the latter cases, ATP acts as a co-substrate and is cleaved to A D P  and Pi 
stoichiometrically with nicotinate mononucleotide for ma ti or^.^'^ The third group, found 
in mammals, also stoichiometrically cleaves ATP although it is not necessary for 
a ~ t i v i t y . ~ - ~  In this case ATP acts as a positive allosteric effector by lowering the Michaelis 
constants for the  substrate^.'^^ A reduction in K,s from 20- to  50-fold has been reported 
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FIGURE 3. Proposed mechanism of yeast nicotinate phosphonbosyltransferase. 

for the human erythrocyte enzyme for P R P P  and nicotinate, re~pectively.~ Studies with 
bovine liver NPRTase indicate a single ATP binding site.’ 

Detailed kinetic studies on the mechanism of NPRTase and the involvement of ATP 
have been done only on the baker’s yeast ~ y s t e m . ~  In the absence of P R P P  and nicotinate, 
ATP will phosphorylate the enzyme via a Ping-Pong@ type mechanism after which 
substrate addition is random sequential. Release of inorganic phosphate occurs only 
after addition of both remaining substrates. If, however, all substrates are present 
simultaneously, a sequential mechanism operates where ATP is bound first followed by 
random binding of nicotinate and PRPP.  This mechanism is illustrated in Figure 3. 
Turnover numbers varying from 4 to  99 molecules NAMN per minute per enzyme 
molecule have been 

NPRTase is highly specific for nicotinic acid showing no activity toward nicotinamide, 
quinolinate, purines, or  pyrimidines.2 However, the purine nucleotides GTP and ITP 
and, to a lesser extent, the pyrimidines CTP and UTP may replace the ATP 
r e q ~ i r e m e n t . ~ ” ” ~  In all cases, the nucleotide triphosphate interacts with the enzyme as a 
Mg” c ~ m p l e x . ” ~  The stability of the yeast protein to thermal denaturation is enhanced in 
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Table l a  
PHYSICAL AND KINETIC PROPERTIES OF THE 

PHOSPHORIBOSYLTRANSFERASES 

Sedimentation 
coefficient 

0 Enzyme Native mol wt Number of subunits s 20,r 

NPRTase 

N ArnPRTase 
QPRTase 

Gln-aPRTase 

HGPRTase 

APRTase 

OPRTase 

UPRTase 

ATP-PRTase 

Anth-PRTase 

43,000 (3) 

86,000 (9) 
64,000 (16) 
70,000 (28) 

165,000 (25) 
168,000 (40) 

222,000 (26) 

198,000- 205,000 (56)  

73,000--82,000 (7) 

210,000 (37) 

194,000-224,000 (46) 

200,000 (45.47) 
202,000-2210,000 (57) 
270,000 (51, 52) 
57,000 (64) 
98,000 (86) 

108,000 (79) 
105,000-I 10,000 (85) 

22,000 (90, 93) 
34,000 (89, 92) 
38,200 (91) 
40,000 (94) 
45,000 (100) 
26,000 (105, 113) 
32,000 (106) 
39,000 (103) 
40,000 (108) 
80,000 (121) 

100,000 (122) 

67,000 (134) 
200,000 (142) 
215,000 (129) 
45,000 (145) 
80,000 (146) 

200,000 (141) 
130,000 (147-149) 

- 
2 (28) 
3, 2 species (25) 
6 (37, 40) 
8 (37) 

Min. 2 ( 5 1 ,  52) 
3 -4 (46) 
4 (45,47, 57) 

4 (79, 85, 86) 

2 (105, 108, 113) 

2 Distinct polypep- 
tide species (121) 

Subunit structure of 
unknown cornpo- 
sition ( I  19) 

2 (134) 
6 (129) 

l(145) 
2 (146-149) 
6 (141) 

- 
6.8 (31) 
7.8 (26) 
8.0 (27) 
9.9 (25) 

9.3 (57) 
10.0 (47,51,52) 

5.0 (69) 

5.78 (79) 
5.9 (78) 
6.65 (85) 
2.85 (90, 93) 
3.32 (91) 
3.35 (89, 92) 

5.5-5.6 (77) 

2.9 (106) 
3.4 (103) 

8.83 (129) 
9.6 (126) 

4.1 (153) 
4.4 (157) 
5.8 (148) 

the presence of some nucleotide analogs as well as the substrates PRPP and n i~ot ina te .~’~  
Regardless of the class, the enzyme has a broad pH optimum ranging from 5 to 10 with a 
maximum near 8 . 0 . ~  

The molecular weight of the native enzyme from mammals has been estimated to be 
between 43,000 and 86,000, with the higher values obtained in the presence of ATP.3’7’9 
The yeast enzyme has a molecular weight of approximately 43,000, suggesting the 
mammalian enzyme is a dimer.”9 A summary of the properties of the enzyme is given in 
Tables la, 1 b, Ic, and Id. 
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Enzyme 

NPRTase 

NAmPRTase 

QPRTase 

Gln-aPRTase 

HGPRTase 

APRTase 

OPRTase 

UPRTase 

ATP-PRTase 
Anth-PRTase 

Table l b  
PHYSICAL AND KINETIC PROPERTIES OF 

PHOSPHORIBOSY LTRANSFERASES 

Frictional 
ratio (f/fo) 

- 

- 

1.08 (25) 
1.33 (27) 
1.49 (37) 

1.54 (51) 

- 

1.16 (89, 91) 

- 

- 

- 
- 

Stokes 
radius (A) 

- 

- 

49.1 (27) 
57.8 (37) 

65.7 (51) 

36.0 (60, 69) 
36.6 (79) 

24.9 (89, 92) 
26.0 (91) 

- 

- 

- 
- 

Isoelectric point 
(PI) 

4.3 (27) 
5.3 (26) 
6.0 (28) 

5.2 (57) 

5.1 (64) 
5.6, 5.7, 5.9 (78) 
5.6, 5.85, 5.9 (70) 
5.7, 5.8, 6.0 (60) 
6.2, 6.4, 6.6 (61) 
4.78 (89) 
4.85 (92) 
5.1 (95) 
5.65 (90, 93) 
- 

5.27, 5.35 (121) 

pH optimum 

6.5-8.0 (9) 
7.5 (7) 
8.0 (3, 4) 
8.0-9.0 (2) 
6.5-9.0 (18) 
7.5-9.5 (15) 
8.0 (16) 

6.1 (36) 
6.2 (30) 

7.0 (31) 
7.1 (25) 

8.5-9.0 (17) 

6.5-7.7 (28) 

8.5-9.0 (26) 
6.0-9.0 (57) 
6.5-8.5 (56) 
6.6-8.6 (46) 

7.5 (50) 
7.1-9.1 (59) 
8.4 (65) 
8.5 (64) 

10.5 (61) 

6.8-7.4 (49) 

7.4-9.5 (89, 92) 
7.8 (94) 
8.6 (95) 
10.0 (90, 93) 
6.9, 8.0-8.5 (101) 
8.0 (102, 109) 
8.0-9.2 (105) 
8.5-9.0 (103) 
7.8 ( 1  18) 

8.5 ( 1  22) 
8.5 (128) 
7.5 (147) 
7.6 (148) 

7.8-8.0 (120) 

B. Nicotinamide Phosphoribosyltransferase (NAmPRTase) 
In addition to  NPRTase, a similar enzyme utilizing nicotinamide, Mg", PRPP,  and 

ATP, NAmPRTase (EC 2.4.2.12; Figure 1, #8), has been partially purified from rat 
l i ~ e r , ' ~ ' ' ~  erythrocytes," and Ehrlich ascites cells." Again, two classes of enzyme appear 
to exist based on the effect of ATP. The ATP requirement for the rat liver enzyme can be 
replaced with elevated levels of PRPP-Mg++16 while ATP is an absolute requirement in 
the other systems. Studies with the Ehrlich ascites protein indicate that other nucleotides 
including GTP, UTP, CTP or their mono- and diphosphates will not substitute for 

Kinetic studies on the rat liver enzyme have shown ATP to be a positive allosteric 
effector. The reaction mechanism appears to be ordered or iso-Theorell-Chance with 

ATP. l 

C
ri

tic
al

 R
ev

ie
w

s 
in

 B
io

ch
em

is
tr

y 
an

d 
M

ol
ec

ul
ar

 B
io

lo
gy

 D
ow

nl
oa

de
d 

fr
om

 in
fo

rm
ah

ea
lth

ca
re

.c
om

 b
y 

89
.1

63
.3

4.
13

6 
on

 0
1/

06
/1

2
Fo

r 
pe

rs
on

al
 u

se
 o

nl
y.



8 CRC Critical Reviews in Biochemistry 

Enzyme 

NPRTase 

N AmP R Tase 

QPRTase 

Gln-aPRTase 

HGPRTase 

APRTase 

OPRTase 

Table l c  
PHYSICAL A N D  KINETIC PROPERTIES OF 

PHOSPHORIBOSY LTRANFERASES 

Michaelis constants (M) 

Mechanism Preferred base PRPP 

UPRTase Ping-Pong@ (121) 

ATP-PRTase 

Anth-PRTase 

Hybrid sequential and hybrid 1.85 X (2) 7.7 x (2) 
Ping-Pong@ (4) 2.5 X - 4.0 X - 

2.1 x I O - ~  (7) 5.0 x (7) 
2.4 X (8) 

Ordered sequential or iso- 1.0 x (17) 3.8 X (17) 
Theorell-Chance (16) 2.96 X (15) 1.62 X (18) 

3.57 x lo-s (15) 
Ordered sequential (38) 7.0 X (31) 4.5 X 10.’ (28) 
Sequential (25, 26, 28) 1.2 x (28) 5.0 X l0-’(30) 

6.0 X 10.’ (30) 7.4 x 10.’ (25) 
1.2 X (25, 36) 1.1 x 1 0 . ~  (26) 
1.3 X lo-‘ (26) 1 . 8  x 1 0 . ~  (36) 

1.4 X lo-’ (56) 4.8 x I O - ~  (50) 

2.0 x 10.’ (53) 

Ordered sequential (57) 1.0 X 10.’ (48, 52) 6.0 X 10.’ (48) 
1.1 x I O - ~  (57) 3.0-9.0 X (53) 

1.6 X 10.’ (49, 50) 
1.7 X 10.’ (46) 

Hybrid ordered sequential 5.2 X 10.’ (61) 4.0 X (74) 
Ping-Pong@ (75) 2.3 X loT5 (64) 5.3 X (61) 

Ordered sequential (74) 2.5 X 10.’ (75) 5.0 X (64) 

random sequential reverse 2.4 x (74) 2.6 X (68) 

Ping-pong@ (89, 94, 96-98) 1.0 X (90, 93) 5.0 X (90, 93) 

Ordered sequential forward, 1.2 x (65) 2.0 x I O - ~  (65) 

(80) 2.0 x 10.’ (75) 

1.4 X (92, 96) 2.0 x 10.’ (94) 
3.7 x (99) 

1.25 X lo-‘ (94) 6.0 X (92) 

6.2 X 10.’ (96) 
Ping-Pong@ (108) 1.3 X (104) 4.1 X (104) 

2.0 x (110) 1.5 X 10.’ (105) 
1.6 X (102) 4.5 x (102) 

5.5 X (106) 1.6 x lo-’ (110) 
1.7 X lo-’ (109) 2.1 x 10-5 (101) 
2.2 x 10.’ (105) 3.2 X 10.’ (106) 
3.2 X lo-’ (101) 3.5 x lo-’ (108) 
3.3 X 10.’ (103) 6.2 X 10.’ (103) 
3.8 X 10.’ (108) 
7.0 x 1 0 . ~  (122) 1 . 1  x 10-5 (122) 
2.0 x 10-6 (119) 2.0 X 10.’ (117, 120) 
4.0 X (117) 2.6 X 10.’ (121) 
7.7 x (118) 
8.5 X (120) 
2.1 x m5 (121) 

Ordered sequential (123, 124) 1.1 x (123) 1 . 1  X 10-’(123) 
2.0 x (126) 5.2 X 10.’ (127) 
3.4 x 10 .~  (127) 6.7 X lo-’ (126) 

Ordered sequential (147) 4.0 X (148) 8.3 X (147) 
6.7 X (147) 1.0 X 10.’ (148) 

1.6 X lO-’(154) 
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Enzyme 

NPRTase 

N AmPRTase 
QPRTase 

Gln-aPRTase 

HG PRTase 

APRTase 

OPRTase 

UP RTase 
ATP-PRTase 

Anth-PRTase 

Table Id 
PHYSICAL AND KINETIC PROPERTIES OF THE 

PHOSPHORIBOSYLTRANSFERASES 

Turnover number 
(mol prod per Prosthetic groups Exogenous 

minute per or additional Substrate-induced Essential sulfhydryl 
mole enzyme) substrates thermal stability residues requirement 

4 (4) 
99 (3) 

< I  (15) 
9.5 (27) 
54 (28) 

145 (24) 
27 (48) 

508 (57) 
3595 (46) 

125 (60) 
240 (69) 
734 (61) 

1435 (78) 
22 (90) 

325 (89) 
560 (94) 
832 (91) 

1320 ( 1  16) 
2600 (108) 

40 (121) 
862, (129) 
1148 (127) 

85 (147) 
186 (145) 
754 (148) 

1641 (146) 

ATP (2-4, 7, 9, 1 I )  ATP (3) 
GTP (3) 
Nicotinate (3) 
Pi (2, 3) 
P R P P  (2, 3) 

ATP (15-18) - 
- Quinolinate (28) 

Fej SZ (45) - 

Nonheme 

- P R P P  (61, 71 
iron (48, 57) 

76) 

AMP, adenine, 
PPi (96, 98) 

( N H J ) ~  SOJ (95) 
P R P P  (96-98) 
- 

UMP (121) 
His (126) 

- - 
Lys, His, +(25, 28) 

Arg, -(39) 
CYS (39) 
Cys (45, t (45 ,  46, 48) 

46, 48) 

Cys(71, +(65,71,75) 
75) 

LYS (71, 
8 1-83) 

Cys (90, t(89, 90, 96, 

97 -(94,99) 
92, 96, 97) 

LYS (97) 
- +(102, 104, 

105, 110, 
113) 

-(103) 
Cys(l21) f(117) 
Cys (126, +(126, 129, 

130, 130) 
143) 

His (126) 

Lys (156) 149) 
Cy~(153)  +(145, 147- 

P R P P  bound first and PPi the first product released.16 Michaelis constants for the 
substrates vary over several orders of magnitude depending on the source of the enzyme 
(Table lc). The turnover number for the rat liver enzyme has been estimated to  be less 
than 1 molecule of NMN produced per hour per enzyme m01ecule.l~ Similar to 
NPRTase, NAmPRTase is active over a broad pH range with a maximum near 8.0.15317318 
However unlike the nicotinate enzyme, NAmPRTase, is rapidly inactivated at  a n  acid 
pH1’,’* and is moderately thermally ~ t a b 1 e . l ~ ” ~  

The  molecular weight of the rat liver enzyme has been estimated to be about 64,000“ 
using gel filtration. N o  data are available on the subunit composition of NAmPRTase. 

C. Quinolinate Phosphoribosyltransferase (QPRTase) 
In the absence of exogenous nicotinate or  nicotinamide, most organisms are still able 

to synthesize NAD.19-23  The enzyme responsible, QPRTase (EC 2.4.2.19; Figure #6), 
has been homogeneously isolated or crystallized from b a ~ t e r i a , ~ ~ - ~ ~  hog liver,27 castor 
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bean,28 “Shiitake” m~shroom, ’~  and beef liver.3o In mammals, QPRTase is found only in 
liver and kidney, and consequently these organs are the only sites of de novo NAD 
~ynthesis.~’ Quinolinate and Mg”-PRPP are the sole  reactant^^^'^^'^''^^ in all organisms 
although the synthesis of quinolinate varies between plant, mammalian, and bacterial 

Similar to NPRTase and NAmPRTase, QPRTase is highly specific for its nitrogenous 
substrate, quinolinic acid (QA). Studies with substrate analogs have shown that positions 
number two- and three-carboxylate groups are both necessary for The metal 
ion requirement, however, can be substituted by other divalent cations such as CO”, Zn”, 
Mn++, and Cd++.26,28,30,36 While a divalent metal ion is necessary for catalysis, beyond an 
optimal concentration it becomes inhibit~ry.’~,’~,~’ This effect may be reversed by the 
addition of purine or pyrimidine nucleoside triphosphates which presumably act by the 
chelation of metal ion. Consequently, at optimal metal ion concentrations, nucleoside 
triphosphates are inhibitory.32 

Kinetic studies on the bacterial, plant, and mammalian enzymes have shown that the 
substrates bind via a sequential mechanism forming a ternary complex before any 
product is r e l e a ~ e d . ~ ~ ’ ~ ~ ‘ ’ ~  The order of substrate binding has not been established 
although preliminary work in this laboratory suggests the order to be: (1) PRPP 1, 
(2) QA 1, (3) NAMN t ,  (4) PPi t .  The reaction products of QPRTase have been identified 
as only NAMN, inorganic pyrophosphate, and C02 in all organisms. The elimination of 
the two-carboxy group has been postulated to be nonenzymic due to the enhanced 
electro-negativity of the ring carbon number 2 on formation of the quaternary ring 
r ibonu~leot ide .~~ Michaelis constants for both substrates are similar in magnitude to 
those from NPRTase and NAmPRTase although a considerable variation occurs among 
species (Table Ic). Like NPRTase, the thermal stability of QPRTase is enhanced by the 
presence of its substrates.28 

Chemical modifications of the hog liver enzyme have demonstrated that Arg, Lys, Cys, 
and His residues are necessary for activity, with Lys, Cys, and His associated with the QA 
binding site.39 The enzyme contains five titratable SH groups per subunit and the single 
exposed residue appears to be near the active center.39 While QPRTase from mammalian 
tissues does not require added thiol protectants, the bacterial and plant enzymes require 
sulfhydryl reagents for ~ t a b i l i t y . ~ ~ ’ ~ ~  The amino acid composition of hog liver QPRTase 
shows a higher-than-average content of hydrophobic amino acids and a greater ratio of 
acidic to basic residues, resulting in the acidic isoelectric point of 4.32 (Tables 1 b and 2). 
The amino terminus of the enzyme appears to be blocked.40 

The entire amino acid sequence of hog liver QPRTase has not yet been determined 
although some sequence data are available on several isolated peptide 
These fragments do not show any sequence homologies with the other PRTases where 
sequence information is known. However, an active center lysyl peptide has recently been 
identified by convalently labeling the hog liver protein with the radioactive product 
analog [6-I4C] nicotinic acid mononucleotide 2’,3’-dialdeh~de.~’~ The first nine residues 
of this fragment (Arg, Gly, Val, Ser, Phe, Lys, Ser, Cys, Leu) contain the labeled lysine 
and were found to be identical to residues 143 to 150 of ATP-PRTase from Salmonella 
typhimurium.l’2 

QPRTase from hog liver contains six identical subunits of molecular weight 28,000 to 
34,000.37,41 The molecular weight of the castor bean enzyme subunit is similar at 35,000 
although the native molecule appears to exist as a dimer. Furthermore, it has been 
observed that more than one polypeptide species may be present.2s The pseudomonad 
protein has the same parent molecular weight as the mammalian enzyme, but seems to be 
composed of three identical subunits of molecular weight 54,00025 (Table 1 a). However, 
QPRTase from the bacterium Alcaligenes eutrophus has been reported to contain eight 

systems.20-23J3-35 
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subunits of molecular weight 27,500.26 Frictional ratios obtained from crystalline 
bacterial and mammalian QPRTase range from 1.08 to 1.49 indicating that both native 
proteins are compact despite possible differences in subunit c o m p ~ s i t i o n . ~ ~ ’ ~ ~  Recent 
studies with the hog liver enzyme have suggested that QPRTase is a g ly~oprote in ,~~ 
although the observation could not be confirmed in this laboratory. 

111. PURINE NUCLEOTIDE PHOSPHORIBOSYLTRANSFERASES 

The initial and rate-limiting step of purine nucleotide biosynthesis is catalyzed by the 
regulatory enzyme glutamine-amido PRTase (Gln-aPRTase). The product, 
5-phosphoribosylamine (see Figure l), is then transformed to inosine monophosphate 
(IMP) through a series of nine complex enzymatic steps utilizing four molecules of ATP. 
The nucleoside monophosphates of adenine, guanine, and xanthine are subsequently 
formed by modifying IMP (Figure 4). 

In addition to de novo synthesis, purine nucleotides are also derived from preformed 
purine bases. These bases, which may arise from the degradation of nucleic acids or in the 
diet, are reutilized by the salvaging enzymes HGPRTase and APRTase. Analogous to 
the PRTases of pyridine nucleotide metabolism, Gln-aPRTase, HGPRTase, and 
APRTase utilize a-PRPP, a divalent metal ion (ideally Mg”) and a nitrogenous base. 
However, base specificity for the purine PRTases is somewhat broader. The scheme of 
purine nucleotide synthesis and reutilization is shown in Figure 4. 

A. Glutarnine-arnido Phosphoribosyltransferase (Gin-aPRTase) 
Gln-aPRTase (EC 2.4.2.14; Fig. 1,  #3) has been characterized in b a ~ t e r i a , ~ ~ - ~ ~  yeast,47 

pigeon liver,4s human lymph~b las t s ,~~  human p la~enta , ’~- ’~  and other mammalian 
systems. 49S0.5 5 3  The enzyme has been isolated to homogeneity from pigeon and chicken 
liver,4R*57 B. ~ubtilis.~’ Escherichia ~ o l i , ~ ~  and rat liver.s6 As is characteristic of most 
PRTases, Gln-aPRTase is highly specific for C X - P R P P . ~ ~  Magnesium or manganese is 
necessary for optimal catalytic activity, although Coff and Ca” are also somewhat 

The nitrogenous ligand in this case is either glutamine or a m m ~ n i a . ~ ~ * ’ ” , ’ ~  
The binding sites for each alternate substrate are topologically separate although site-site 
interaction has been observed in the human placental53 and E. colt6 enzymes. In addition 
to substrate binding sites Gln-aPRTase exhibits one or more type of inhibitory 
nucleotide binding ~ i t e ~ . ~ ~ - ~ ~ , ~ ~ , ~ ~  These feedback regulatory sites have the highest affinity 
for the purine nucleotides AMP and GMP with less activity toward their di- and 
triphosphates or pyrimidine nucleotides.46~4’-50.’3”57 The kinetics of purine nucleotide 
inhibition also vary with the source of the enzyme, from simple competitive inhibition for 
PRPP49 to more complex allosteric interactions with both s ~ b s t r a t e s . ~ ~ ~ ~ ~ ~ ~ ~  

The synthesis of 5-phosphonbosylamine by Gln-aPRTase is irreversible and proceeds 
via a sequential mechanism with PRPP binding The Michaelis constants for 
each substrate are somewhat higher than those of other PRTases, ranging from 0.06 m M  
to 2.0 m M  (Table Ic). Gln-aPRTase exhibits a broad pH profile with a maximum near 

Turnover numbers at the pH optimum vary from 125 to 3595 in the pigeon 
liver4’ and E. ~ o l i ~ ~  enzymes, respectively. 

Gln-aPRTase from all species studied appears to be a tetrameric molecule with a 
subunit molecular weight of approximately 50,00045346x48351,57 In vivo, monomers 
(PI = 5.2) may be covalently linked through disulfide bonds into functional dimers, two 
of which associate into a tetrameric Furthermore, the equilibrium 
between dimers and tetramers is influenced by purine nucleotides as well as PRPP. 
Human placental Gln-aPRTase dimers associate to an inactive tetramer in the presence 
of purine nucleotides while the tetramer is converted to active dimers by PRPP.” 

7.0.46,49,50,56,57 
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PRPP P-RibNH2 

0 fcoi 

FIGURE 4. Purine nucleotide synthesis and reutilization. 

C
ri

tic
al

 R
ev

ie
w

s 
in

 B
io

ch
em

is
tr

y 
an

d 
M

ol
ec

ul
ar

 B
io

lo
gy

 D
ow

nl
oa

de
d 

fr
om

 in
fo

rm
ah

ea
lth

ca
re

.c
om

 b
y 

89
.1

63
.3

4.
13

6 
on

 0
1/

06
/1

2
Fo

r 
pe

rs
on

al
 u

se
 o

nl
y.



14 C R C  Critical Reviews in Biochemistry 

However, effector-induced association is not observed with the avian liver enzyme and 
dimeric and tetrameric forms are both active.48 The amino acid compositions of avian 
liver and E. coli Gln-aPRTase have recently been determined and are given in Table 2. As 
can be seen, the amino acid compositions of the two enzymes differ considerably. 

A unique feature of Gln-aPRTase is the presence of three nonheme Fe++atoms in each 
m o n ~ r n e r . ~ ’ ’ ~ ~ , ~ ~  The iron atoms are necessary for catalytic a ~ t i v i t y ~ ’ , ~ ~ , ~ ~  and have been 
proposed to be NHs-carrying ~ e n t e r s . ~ ~ , ’ ~  A single iron atom associated with the P R P P  
binding site can be removed by chelators while the remaining two are released only in the 
presence of denaturing concentrations of t h i o l ~ . ~ ~  Gln-aPRTase from B. subtilis contains 
two atoms of inorganic sulfide per subunit and a single Fe++ center and a ferredoxin-like 
Fez Sz center has been ~uggested.~’ However, the pigeon liver enzyme apparently does not 
contain acid labile sulfur and a monomer-S-Fe-S-monomer model has been p r o p o ~ e d . ~ ’  
In contrast t o  Gln-aPRTase from B. subtilisand pigeon liver, the E. colienzyme has been 
reported to contain no iron, and iron salts do  not enhance the activity of this enzyme.46 

B. Hypoxanthine-Guanine Phosphoribosyltransferase (HGPRTase) 
HGPRTase (EC 2.4.2.8; Figure 1,  #1) catalyzes the Mg”-dependent transfer of a 

ribosyl phosphate group from a - P R P P  t o  the number 9 imidazole nitrogen atom of the 
purine bases hypoxanthine, guanine and, to a lesser extent, ~ a n t h i n e . ” - ~ ’  The enzyme 
has been characterized in baker’s several b a ~ t e r i a , ~ ’ - ~ ~  rodent brain and 
liver,61,68-7 I HeLa cells,72 mouse lymphoma,73 and most extensively in human 
e r y t h r o ~ y t e s . ~ ~ ’ ~ ~ ’ ~ ~ ~ ~ ~ - ~ ~  Magnesium or manganese are the most effective cations while 
other cations such as Bat+, Ca”, and Zn++ are i n h i b i t ~ r y . ’ ~ , ~ ~ ~ ~ ’ ~ ~ ~  As with other PRTases, 
Mg”-PRPP is the active form of PRPP59371375,80 and beyond and optimal concentration 
Mg” is inhibitory.’97647x0 Although the enzyme is specific for PRPP,  six thio or 0x0 
derivatives as well as 1-methyl analogs are bound to the e n ~ y r n e . ’ ~  The imidazole portion 
of the purine ring is necessary for substrate binding although imidazole alone is not 
bound.” 

The amino acid residues involved in binding the substrates have been studied by 
chemical modification of the rat liver and human erythrocyte enzyrne~.’’~~’ HGPRTase 
was found t o  be inactivated by sulfhydryl and free-amino modifying reagents but 
protected from inactivation by Mg++-PRPP.71975 The involvement of an  amino group in 
binding P R P P  has also been suggested by the irreversible inactivation of HGPRTase by 
periodate-oxidized P R P P  and GMP.81-83 Here the presumptive formation of a Schiff‘s 
base of a free-amino function and the ribosyl-dialdehyde is prevented by the inclusion of 
M g+*- P R P P. I-*’ 

Early kinetic studies on human HGPRTase established that P R P P  was first bound to 
the However, depending on the concentration of magnesium ion, a Ping- 
Pong@-type mechanism involving a phosphoribosyl-enzyme or an ordered sequential 
mechanism appeared to  be in ~ p e r a t i o n . ~ ’  More recently, an analysis of the reaction in 
both forward and reverse directions has suggested a hybrid mechanism, where the 
ordered addition of PRPP,  then purine, is followed by the random release of Mg“- 
nucleoside phosphate and Mg”-PPi complexes7’ (Figure 5). The Michaelis constants for 
hypoxanthine, guanine and P R P P  are fairly typical for PRTases varying from to 

M (Table Ic). The enzyme is active over a broad pH range with either guanine or 
hypoxanthine with an alkaline optimum of 8.0 to 10.0.59,6’,64,65,84 The turnover number 
for HGPRTase ranges from 125 to 1435 (Table Id) depending on the source of the 
enzyme. 

The molecular weight of native human erythrocyte HGPRTase has been variously 
estimated as 60,000 to 85,0005996”,76-7q,84’85 with similar values obtained for Chinese 
hamster, rat brain6’,70,84 and mouse liver.69 A single subunit species with molecular 
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IMP PPi 

PPi IMP 

FIGURE 5 .  
phosphoribosyl-transferase. 

Proposed mechanism of human erythrocyte hypoxanthine-guanine 

weights from 25,000 t o  35,000 have been consistently found, suggesting a dimeric or 
trimeric parent molecule.6”69~70~76-79~84’85 However, cross-linking highly purified human 
HGPRTase (subunit mol wt 24,000) with imidoesters o r  glutaraldehyde clearly indicates 
a tetrameric structure.79 Tetrameric and dimeric heteropolymeric species have also been 
observed in hybrid mouse-human cells.86 Also, gel gradient electrophoresis of the human 
erythrocyte and Chinese hamster brain enzymes in the presence of P R P P  gives a native 
molecular weight of 105,000 to 110,000 (subunit mol wt 26,000), again suggesting a 
tetramer. In the absence of PRPP,  trimeric species of molecular weight -78,000 are also 
observed.*’ P R P P  appears to stabilize the molecule by enhancing its thermal 

Although vertebrate HGPRTases are likely tetrameric, the enzyme 
from yeast has been reported to be a monomer of mol wt 51,000.64 

Despite the occurrence of a single type of polypeptide subunit, the native molecule 
exhibits a t  least three isoelectric species.60’61’68’70’7s Three major forms (of identical 
catalytic characteristics) with PIS of 5.6, 5.7, and 5.9, and 6.2, 6.4, and 6.6 have been 
found for the human erythrocyte60778 and Chinese hamster6’ enzymes, respectively. This 
heterogeneity has led t o  the suggestion of isozymic forms of H G P R T ~ S ~ . ~ ~ , ~ ’ , ~ ~ , ~ ~  Since 
HGPRTase is encoded by a single gene on the X c h r o r n o ~ o m e , ~ ~  the isozymes has been 
proposed to  be posttranslational alterations of a single gene product.60,8s388 However, 
recent work with the human and Chinese hamster enzymes has shown that 
electrophoretic heterogeneity is eliminated by including the protease inhibitors phenyl- 
methyl-suifonyl-fluoride and 6-aminohexanoic acid as  well as P R P P  during purifica- 
tion.” Furthermore, HGPRTase from baker’s yeast displays only one isoelectric 
species.64 

Despite the overall physical and catalytic similarities of HGPRTase from different 
mammalian species, immunologic cross-reactions of antibodies to a given species d o  not 
occur with the enzyme from another species.68387 Since the amino acid composition of 
only human HGPRTase is known (Table 2), an explanation for the lack of cross- 
reactivity based on amino acid content cannot as  yet be given. However, the 
immunological and uniqueness of mammalian HGPRTase does not prevent interspecies 
hybridization.86 This suggests a preservation of the amino acid residues involved in 
subunit contacts. 

stability.59-61,7 I ,76-78,85 
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C. Adenine Phosphoribosyltransferase (APRTase) 
The second enzyme involved in purine nucleotide salvage is APRTase (EC 2.4.2.7; 

Figure 1, #2). The enzyme has been isolated to  homogeneity from several mammalian 
as well as ba~ te r i a . ' ~  Characteristic of the PRTase family, the enzyme requires 

a divalent cation for activity. Cation specificity for mammalian APRTase appears 
broader, with Mg", Mn+t, and Ca++ being most effective, but still showing substantial 
activity with Co", Ni", Zn", and Ba++.92,9s,96 The enzyme from E. coli, however, exhibits 
an absolute requirement for Mg" or Mn++ and Ba", Ca" and Zn" are highly 
inhibitory.94 APRTase from Ehrlich ascites tumor cells is the only PRTase where the 
binding of phosphoribosyl pyrophosphate has been extensively studied.97 The binding of 
P R P P  analogs has indicated that the 5-phosphate and 1-pyrophosphate groups are 
critical t o  binding and that the ribofuranose ring serves only as a spacer t o  keep these 
groups separated by a specific distance. Again, the Mg" complex of P R P P  is the 
biologically active form. 

The purine base specificity appears t o  be limited to adenine, 2,6-diamino purine and 
4-amino 5-imidazole carboxamide (an intermediate in de novo purine 
bi 0s y n t hesi s .)89'92394'99 Studies with monkey liver APRTase have shown that substituents 
on the two position of the purine ring as  well as ring nitrogen methylation significantly 
reduces binding. However, substitutions on the 6-amino group as well as ring position 
number 8 do not prevent binding.99 Similar to HGPRTase, P R P P  (and also adenine, 
AMP, and Mg"-PPi) stabilizes the enzyme against thermal i r ~ a c t i v a t i o n . ~ ~ - ~ ~  Chemical 
modification of APRTase has implicated both sulfhydryl and amino functions in the 
binding of PRPP,  suggesting an ion pairing of a lysine residue with the phosphate groups 
of P R P  P.90397 

Kinetic studies on APRTase from human  erythrocyte^,^^'^^ E. ~ o l i , ~ ~  and Ehrlich 
ascites ~ e l l s ~ ' , ~ ~  have suggested a Ping-Pong@ type mechanism. Initially, P R P P  is bound 
followed by the release of PPi, forming an  enzyme-ribosylphosphate intermediate. 
Subsequent addition of adenine then releases AMP. Michaelis constants again vary with 
different organisms but range from to to to lo-' M f o r  adenine and PRPP,  
respectively (Table lc). The enzyme from mammals exhibits a broad pH optimum 
ranging from 6.5 to  10 (Table 1) with maximal turnover numbers ranging from 22 to 832 
for pure e n ~ y m e . * ~ - ~ " ~ ~  

The molecular weight of the native APRTase molecule has been estimated from 20,000 
to 45,000 from several mammalian  specie^^^-^^ as well as A single acidic 
polypeptide species (PI  = 4.55, 4.85, and 5.65) of mol wt 11,000 to  18,000 has been 
isolated from human red blood  cell^*^'^' and rat respectively. The ambiguity in 
subunit composition of human erythrocyte APRTase has recently been resolved with 
a highly purified enzyme preparation. A native molecular weight of 38,200 and subunit 
molecular weight of 17,000 to 18,000 suggested a dimeric parent molecule. This was 
confirmed by cross-linking the enzyme with dimethylsuberimidate and peptide 
mapping." However, the rat liver enzyme appears to be a monomer in the native state." 
The amino acid composition of this purified enzyme (Table 2) shows a high content 
(33%) of hydrophobic amino acids. The cysteine content of six residues per dimer agrees 
favorably with the four residues per native molecule found for the rat liver enzyme." 

8 9 , 9 7 9 9  

IV. PYRIMIDINE NUCLEOTIDE PHOSPHORIBOSYLTRANSFERASES 

In contrast to the complex multienzyme system of purine nucleotide biosynthesis, the 
pyrimidine nucleotides are synthesized in a few relatively straightforward steps. In a 
sequence of three enzymatic reactions, the precursor molecules aspartate and carbamyl 
phosphate are condensed, cyclized, and oxidized to  form orotic acid. The subsequent de 
novo step, catalyzed by orotate phosphoribosyltransferase (OPRTase), condenses orotic 
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FIGURE 6 .  Pyrimidine nucleotide synthesis and interconversions. 

acid with a - P R P P  to form the primary pyrimidine nucleotide, orotidine 5'-phosphate 
(OMP). Further modification of OMP leads sequentially to  the uridine, cytosine, and 
thymidine nucleotides. 

Similar to the salvaging pathways of purine nucleotide metabolism, free pyrimidine 
bases are also recycled. In mammals, pyrimidine reutilization is catalyzed entirely by 
OPRTase and consequently this enzyme functions in both biosynthetic and salvaging 
operations. In addition to OPRTase, plants, bacteria, and yeast also contain a uracil- 
specific enzyme. The reactions of pyrimidine synthesis and salvage are shown in Figure 6. 

A. Orotate Phosphoribosyltransferase (OPRTase) 
OPRTase (EC 2.4.2.10) catalyzes the Mg"-dependent reversible formation of 

orotidine 5'-phosphate from a -PRPP and orotic acid (Figure 1, #4). In all organisms thus 
far examined, OPRTase exhibits an absolute requirement for Mg++Io1-Io5 with optimal 
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activity achieved at -5 m M Mg”ion.102.105 Studies with substrate analogs have 
demonstrated that the enzyme from human and beef erythrocytes requires a 2,4-diketo- 
substituted pyrimidine nucleus.10s Other substrates utilized by OPRTase include 5-  
fluoroorotate, uracil, thymine, their 6-aza and 5-halo derivatives, xanthine, and, to a 

However, the specificity for orotate appears to be much lesser extent, uric acid. 
greater in other organisms.102”07~108 

Detailed kinetic studies of OPRTase in yeast in forward and reverse directions indicate 
that the reaction proceeds via a Ping-Ponga-type mechanism.lo8 Similar to APRTase, 
the binding of PRPP results in an enzyme-phosphoribosyl intermediate followed by the 
release of PPi. The subsequent addition of orotate to this complex effectively constitutes 
a double displacement reaction which should proceed with retention of anomeric 
configuration. To  rationalize the observed inversion of configuration, these authors have 
proposed that the enzyme stabilizes a ribose-phosphate carbonium ion. Other sugar 
phosphates tested were poorly bound to the enzyme. OPRTase from protozoans,109 
p1ants,Io2 yeast,”’ and mammallO1’lOs’l10 all exhibit a pH optimum of 7.5 to  9.0. Michaelis 
constants range from (Table 1) for both orotate and PRPP and turnover 
numbers from 1320 to 2600 have been reported for the purified yeast enzyme (Table Id). 

OPRTase from all organisms studied thus far (except yeast) is found in vivo as a 
bifunctional enzyme complex with the next enzyme of the sequence, orotidylate 
decarboxylase (ODCase).101’1027104~106’109-1 As a consequence of this association, OMP is 
channeled from OPRTase to ODCase without an appreciable accumulation of 0MP.l’’ 
Furthermore, as OMP is generated a conformational change is induced in the complexIo6 
which results in the stimulation of OPRTase activity.Il2 This may provide a mechanism 
for conformational communication between sequential enzymes. 

In the presence of guanidine.HC1, the 0PRTase:ODCase complex from human 
erythrocytes may be separated into its individual components. The complex was found to 
be composed of an OPRTase dimer of mol wt 26,000 (subunit mol wt 13,000) and an 
ODCase dimer of mol wt 40,000 (subunit mol wt 20,000)105,113 OPRTase activity in the 
absence of ODCase was dependent on the presence of exogenous thiols. Reconstitution 
of the complex resulted in the full restoration of both OPRTase and ODCase activities. 

In yeast, OPRTase is not associated with ODCase.1037108.116 However, like the 
mammalian enzyme, it is composed of two identical subunits of mol wt. -20,000 each.Io8 
The activity of the yeast enzyme is not influenced by sulfhydryl blocking reagents.Io3 The 
physical properties of OPRTase are given in Table 1. 

101,105,106 

to 

B. Uracil Phosphoribosyltransferase (UPRTase) 
In mammals, a single enzyme, OPRTase, is responsible for the salvage of pyrimidine 

bases. However, in b a ~ t e r i a , ” ~ - ~ ~ ~  yeast,120”21 and plant cells122 a uracil-specific enzyme is 
also found. UPRTase (EC 2.4.2.9; Figure 1, #5) catalyzes the synthesis of uridine 
monophosphate from uracil, a-PRPP and Mgtt11931203122 In pea seedlings, the divalent 
metal ion requirement is satisfied only by Mg”and Mn+’ is strongly inhibitory.122 Again, 
the Mg” complex of PRPP appears to  be the active form.1219122 In addition to uracil, the 
pea enzyme will also utilize 6-aza and 5-fluoro uracils, although at a much slower rate. 

UPRTase from E. coli is a regulatory enzyme whose maximal activity is dependent on 
the presence of GTP or GDP.117,1’9 The plant and yeast enzymes apparently are not 
affected by guanosine nucleotides.120’122 

Kinetic studies on highly purified UPRTase from baker’s yeast have suggested a Ping- 
Ponga-type reaction mechanism. Although the substrate binding order was not 
determined for the yeast enzyme, there is some evidence that E. coli UPRTase binds 
PRPP Michaelisconstants for uracil and PRPP have been determined for several 
organisms and vary from to lo-’ M (Table Ic). The pH optimum for the yeast,120 
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pGN'R2 - 
HO OH 

HO 0 

Anthranillate: 

= Qc0; 

HO OH 
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ATP: 

R, 6 R, =Adenine ring atoms 
of ATP 

R, = H 

FIGURE 7. Amadori  rearrangement of Trp and His biosynthesis. 

plant,Iz2 and enzymes ranges from 7.8 to 8.5. The turnover number for the 
pure yeast enzyme has been reported to be approximately 40. Similar to other PRTases, 
UPRTase is inhibited by mercurials. Since this inhibition is blocked by UMP, it has been 
suggested that the enzyme has an essential thiol(s) near the active center."' UMP has also 
been reported to  enhance the thermal stability of the enzyme.12' 

The quaternary structure of UPRTase has been most extensively studied in bakers' 
yeast.I2' The molecular weight of the native enzyme was determined to be approximately 
80,000 with two distinct subunit species of molecular weights 27,000 and 58,000. 
Furthermore, two isoenzymic species of the enzyme could be identified by gel 
electrophoresis and isoelectric focusing (PI = 5.27 and 5.35). Similar to the yeast enzyme, 
pea UPRTase has an apparent molecular weight of approximately 100,000'22 although 
the E. coli enzyme appears to be o1igoromeric.l" 

V. PHOSPHORIBOSYLTRANSFERASES OF HISTIDINE 
AND TRYPTOPHAN BIOSYNTHESIS 

Unlike most mammals which depend on a dietary supply of histidine and tryptophan, 
bacteria and other lower organisms are able to synthesize these amino acids de now.  The 
first enzymatic steps of His and Trp synthesis are catalyzed by separate Mg"-dependent 
PRTases which utilize ATP and anthranilate, respectively, as nitrogenous ligands. The 
products of these reactions, p hosphoribosyl-ATP and phosphoribosyl-anthranilate, 
then undergo a complex rearrangement (Amadori rearrangement, see Figure 7) which 
opens the phosphoribosyl ring. In the next series of reactions, various carbon atoms of 
the ribose skeleton are degraded or modified such that two of these atoms are 
incorporated into the tryptophan molecule and all five retained in histidine. Hence, in 
contrast to nucleotide synthesis and salvage, the ribosylphosphate moiety of PRPP is 
utilized as a source of structural carbon. 

C
ri

tic
al

 R
ev

ie
w

s 
in

 B
io

ch
em

is
tr

y 
an

d 
M

ol
ec

ul
ar

 B
io

lo
gy

 D
ow

nl
oa

de
d 

fr
om

 in
fo

rm
ah

ea
lth

ca
re

.c
om

 b
y 

89
.1

63
.3

4.
13

6 
on

 0
1/

06
/1

2
Fo

r 
pe

rs
on

al
 u

se
 o

nl
y.



20 CRC Critical Reviews in Biochemistry 

A. ATP-Phosphoribosyltransferase (ATP-PRTase) 
ATP-PRTase (EC 2.4.2.17; Figure 1, #9) is the first enzyme in the biosynthetic 

pathway of histidine. It catalyzes a divalent metal-dependent condensation of a-PRPP 
with the number 1 adenine ring nitrogen of ATP to form phosphoribosyl-ATP (PRib- 
ATP). Similar to other PRTases, Mg" or Mn++ are the most effective cations and the 
Mg" complexes of both substrates are believed to be the catalytically active  form^.'^^-'*^ 
Other cations such as Zn", Ag", Cd", Ni", Cu", and Co", as well as high concentra- 
tions of Mg" strongly inhibit the e n z ~ m e . ' ~ ~ ' ' ~ ~  Substrate analog studies with highly puri- 
fied ATP-PRTase from S. typhimurium indicate that the enzyme is specific for ATP and 
PRPP although ADP and AMP compete for the ATP binding site.'16 Initial velocity and 
product inhibition studies in the forward (biosynthetic) and reverse directions have 
suggested an ordered bibi mechanism where ATP is bound before PRPP and PRib-ATP 
is released after PPi.123,124*'27 The equilibrium constant for the reaction does not favor the 
synthesis of PRib-ATP and it has been suggested that the forward reaction is facilitated 
by the hydrolysis of PPi by pyrophosphatases.'26 Michaelis constants for both substrates 
range from lo-' to  (Table Ic) at an optimal pH of -8.5.12' Turnover numbersfor the 
S. typhirnurium enzyme ranging from 862 to 1148 (Table lc)'27,129 have been reported. 

Similar to other PRTases, ATP-PRTase is stabilized by thiol reagents. 126,129*130 The 
enzyme contains a total of five cysteine residues per subunit (Table 2), none of which are 
buried. Chemical modification of these residues with mercurials inactivates the protein 
and results in a disaggregation of the subunits.'26313o Other stabilizers of ATP-PRTase 
include histidine, Na', Mg", and ATP. 126*129'130 

In most organisms, ATP-PRTase is a complex regulatory protein composed of six 
identical subunits of mol wt 33,000 to 35,000.129"3'7132 It is allosterically inhibited by the 
biosynthetic end product AMP,'34 and also by guanosine 
tetraphosphate synergistically with histidine.I3' Studies with the normally dimeric ATP- 
PRTase from E. coli have demonstrated that His and AMP cause the enzyme to associate 
into a hexamer. Each dimeric species (mol wt -67,000) was shown to bind a single His 
molecule.'34 In other systems, each subunit binds one His molecule (in the hexameric 
form) generating a conformational change in the 

In addition to the substrate and allosteric modulator binding sites, ATP-PRTase binds 
histidyl-t RNA.'27'137 Complexation studies with the S. typhimurium enzyme have 
demonstrated, however, that only 0.3 molecules of tRNA are bound per h e ~ a m e r . ' ~ ~  
ATP-PRTase is an autoregulatory protein which regulates the expression of its own gene 
through direct interaction with histidine operator attenuator DNA.13'-14' 

The complete amino acid sequence of ATP-PRTase from S. typhimurium has recently 
been determined by automated Edman degradation and DNA sequence data.132 The 
enzyme subunit is comprised of 299 amino acids with no apparent regions of high 
hydrophobic or hydrophilic character. However, near the amino terminus of the enzyme, 
a cluster of basic residues followed by a cluster of acidic residues was found. In the section 
on QPRTase, it was noted that a linear sequence of nine residues containing an active 
center lysine of QPRTase was also found in ATP-PRTase. This suggests that residues 
143 to 150 of ATP-PRTase are near the active center of the enzyme. Interestingly, a 
sequence of 40 residues of ATP-PRTase was observed to contain 13 residues which could 
be aligned with corresponding residues in the sequence of glyceraldehyde-3-phosphate 
dehydrogenase near the active center cysteine. 

B. Anthranilate Phosphoribosyltransferase ( Anth-PRTase) 
Anth-PRTase (EC 2.4.2.18; Figure 1, #lo) catalyzes the second reaction in the 

biosynthetic pathway of Trp. Like ATP-PRTase it is found only in bacteria and lower 
organisms.'44 Three distinct molecular species of Anth-PRTase have been identified in 
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different bacterial genera. The smallest of these, found in the enteric bacterium Serratia 
marcescens, is monomeric and has a molecular weight of -45,000.145 A second form, 
typified by the species Erwinia carotovora, is a dimeric molecule with a subunit 
molecular weight of *40,000.146 The largest form of the enzyme also exhibits glutamine 
amidotransferase activity (the first enzyme of the pathway) and is a dimer with a subunit 
molecular weight of 65,000.147-149 Glutamine amidotransferase of Serratia has a 
molecular weight of approximatdy 20,000 andagene fusion with Anth-PRTase has been 
postulated to  have generated the bifunctional species of Escherichia coli and 
Sa~moneIIa.150-152 

Anth-PRTase catalyzes the formation of a P-amino glycoside with the free amino 
group of anthranilate and PRPP. The reaction is specific for PRPPlS3 and typically 
Mg”-dependent 147, 148,1533 154 although the enzyme is also active with Mntt and 
Kinetic studies on the monomeric and dimeric aggregate of Salmonella typhimurium 
Anth-PRTase suggest an ordered sequential mechanism where PRPP is the first 
substrate bound.I4’ However, the pattern of PPi product inhibition varied with the 
aggregation state of the enzyme. Michaelis constants for anthranilate and PRPP were 
essentially identical for the monomeric and dimeric forms with magnitudes of 
approximately M (Table lc). Turnover numbers for the different species of pure 
enzyme range from 85 to 1641 145-148 at a pH optimum of -7.5 to  8.0 (Table 1d).145,347,148 

Chemical modification of cysteine residues strongly inhibits Anth-PRTase from 
Aerobacter a e r o g e n e ~ ‘ ~ ~  and S. typhimurium. Is’ Furthermore, Anth-PRTase from S. 
typhimurium exhibits a pyridoxal-phosphate reactive lysine associated with the PRPP 
binding site.Is6 The enzyme is also allosterically inhibited by tryptophan, the metabolic 
end product of the p a t h ~ a y . ~ ~ ~ , ’ ~ ~ * ~ ~ ~ , ~ ~ ~  Similar to  the interaction of histidine with ATP- 
PRTase, Trp produces a conformational change in Anth-PRTase.Is4 

N-terminus sequencing of Erwinia and Serratia Anth-PRTase has revealed a 
considerable hom01ogy.l~~ The first residue of the Serratia sequence corresponded to the 
fourteenth residue of Erwinia and 73% of the remaining 26 sequenced residues were 
idential. The extra N-terminal Erwinia residues have been implicated to be involved in 
dimer f0rmati0n. l~~ Homologies with sequence data from the other PRTases were not 
apparent. 

VI. FEATURES OF THE PHOSPHORIBOSYLTRANSFERASE FAMILY 

Similarities in the physical and catalytic properties of the PRTases suggest that they 
may share common structural features. These features could be dictated by chemical 
constraints imposed by the substrate molecules (convergent evolution), or, more likely, 
they may represent structural information inherited from a common ancestral protein 
(divergent evolution). An inspection of Table 1 shows that PRTase subunit molecular 
weights range from 13,000 (OPRTase) to approximately 53,000 (Gln-aPRTase), 
corresponding to -118 to 482 amino acids. Therefore, a minimal “core” protein 
exhibiting PRTase activity should contain approximately 1 18 residues and additions to 
this basic structure should be associated with the binding of various other substrates, 
prosthetic groups, or cofactors. From the previous sections it can be seen that only 
QPRTase, HGPRTase, APRTase, and OPRTase are purely phosphoribosyltrans- 
ferases, which do  not bind regulatory molecules or cofactors. Furthermore, this group 
exhibits the lowest molecular weights of the PRTases rangingfrom 13,000 to 28,000. The 
remaining enzymes of the PRTase family interact with one or more additional molecules 
and have higher moIecular weights (40,000 to  53,000). It is also noteworthy that 
QPRTase, which catalyzes a reaction similar to that catalyzed by the 0PRTase:ODCase 
complex, has a molecular weight very nearly the sum of the complex components (13,000 
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and 20,000 respectively). QPRTase may, therefore, represent a covalently linked 
bifunctional enzyme arising from a gene fusion as observed with the amidotransferase 
property of Anth-PRTase. 

Where the information is available, the PRTases are found to be acidic proteins with 
generally alkaline pH optima(Tab1e 1 b). Sincecysteine appears to be involved in PRTase 
catalysis (Table Id), the alkaline pH optimum may be a reflection of the participation of a 
thiolate anion in the mechanism. Recent studies on kinetic isotope effects in ATP- 
PRTase, OPRTase, and HGPRTase have indicated that /3 glycoside formation proceeds 
through an SNl carbocation reaction involving a carbonium Furthermore, it has 
been proposed that both APRTase and OPRTase stabilize carbonium ion intermedi- 
a te~ .~*’~’*  This stabilizing function, which may be performed by an ionized cysteine 
residue, is consistent with the requirement for exogenous sulfhydryl reagents observed 
for most of the PRTases and the substrate protection against mercurial inhibition for 
several. 

In addition to the cysteine residue(s) required for PRTase catalysis, lysine also appears 
to be associated with the binding of substrate. At the moderately alkaline pH optima 
characteristic of these enzymes, lysine residues are protonated and the role of the 
essential lysines may, therefore, be to ion-pair with the phosphates of the common 
substrate PRPP. This is consistent with the identification of a common active center lysyl 
peptide in both QPRTase and ATP-PRTase. This further suggests that the amino acid 
sequence near the substrate binding sites of the other PRTases may also be conserved. 

Kinetically, the PRTases appear to favor an ordered sequential mechanism of 
glycoside formation where a-PRPP is bound to the enzyme first. However, a t  least two of 
these enzymes utilize a Ping-Pong@-type mechanism involving an enzyme-nbosylphos- 
phate intermediate. Since the implied double displacement of a Ping-Pong@ reaction 
would lead to a retention of configuration, it has been proposed that a carbonium ion 
intermediate is common to both types of mechanism.15B From Table l c  it can be seen that 
the Michaelis constants for both substrates do not reflect mechanistic differences. 
Furthermore, the Kms observed for a given PRTase generally vary as much between 
species as between different members of the enzyme family 

A striking feature of PRTase catalysis is their collective low turnover number (Table 
Id). Expressed on an s-l basis, values ranging from <<I up to 43 are obtained. This 
compares with an average of about lo2 s-’ for intracellular enzymes and is far below 
enzymes such as catalase and carbonicanhydrase which operate at >lo5 s-’.’~~ Again, this 
characteristic could be a constraint imposed by the chemistry involved or a common 
inherited feature. 

A reason for the acidic nature of the PRTases is not evident from the amino acid 
compositions listed in Table 2. The percentage of both acidic and basic residues of these 
five PRTases compares well with the “average” content of most proteins. However, the 
content of hydrophobic residues is consistently higher than average and is largely due to 
the greater leucine contribution. Since leucine favors a-helix formation’60 one might 
speculate that the PRTases also have a greater than average a-helix content. 
Alternatively, the hydrophobicity of the PRTases may be a reflection of the nature of 
enzyme-substrate interaction. 

Since all of the PRTases are specific for PRPP, each of the enzymes may utilize a 
common architectural principle in the binding of this substrate. The conserved 
lysyl peptide of QPRTase and ATP-PRTase may be a reflection of such a principle. 
Furthermore, since a mononucleotide is generally the product of each enzyme, the 
structural features of a PRPP binding fold might also be expected to accommodate the 
binding of a nucleoside monophosphate. Consequently, a PRPP fold might exhibit a 
topological homology to the mononucleotide domain observed in various dehydro- 

to  M ) .  
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genases and kinases.’61’’62 This super-secondary structural grouping of three parallel 
strands of &pleated sheet and two a-helices has been recognized as binding a variety of 
mononucleotides as weil as aromatic dye  analog^.'^^.'^^ Recent work with yeast OPRTase 
has demonstrated that the enzyme is tightly bound to cibacron blue-linked SepharoseB 
and is specifically eluted by PRPP and OMP.’16 Since this behavior has been regarded as 
diagnostic for the presence of a mono- or dinucleotide fold,12’ OPRTase may contain a 
similar structural feature. In a similar fashion, QPRTase is bound and specifically eluted 
by substrate from fluorescein dye-linked Sepharose@.’6’ Furthermore, salicylate has 
been found to be a competitive inhibitor of nicotinate (K, = 1.6 X 10-4M) in NPRTase.’ 
Since both salicylate and fluorescein dyes have been demonstrated to bind in a 
hydrophobic pocket in the nucleotide fold,166-’68 related structural features may also 
occur in QPRTase and NPRTase. 

VII. MOLECULAR DISEASES OF 
THE PHOSPHORIBOSYLTRANSFERASES 

Several inherited metabolic disorders in man are known to be caused by abnormalities 
of the purine and pyrimidine phosphoribosyltransferases. The clinical symptomology of 
these disorders is highly variable and reflects, in part, the marked heterogeneity of 
molecular lesions affecting these enzymes. Defects in physical and catalytic properties as 
well as in rates of synthesis have been documented for the PRTases of these metabolic 
pathways. Since UPRTase is not found in man, the mutations of OPRTase affect salvage 
and de novo synthesis. (See Section IV. A., B.). However, of the purine nucleotide 
PRTases, only the salvaging enzymes HGPRTase and APRTase appear to have 
demonstrated mutations. Abnormalities of the pyridine nucleotide PRTases have not 
been observed. 

A. The HGPRTase Deficiencies 
The complete or near complete lack of measurable HGPRTase activity in all tissues is 

associated with a debilitating neurologic disease known as the Lesch-Nyhan syn- 
drome. ’ 6 9  Th,: disease in its most severe forms is clinically characterized by irregular, 
spastic and athetoid movements, retardation, and a unique compulsion for self- 
mutilation. Individuals with this disease excrete excessive amounts of uric acid and tissue 
deposition of urate salts may lead to renal failure and arthritic gout. The overproduction 
of uric acid is the result of an increased rate of de novo purine biosynthesis. This is 
believed to be caused by the greater availability of PRPP (due to its decreased utilization 
by HGPRTase) for the first step of de novo synthesis catalyzed by Gln-aPRTase. 
Furthermore, in the absence of the physiological tissue levels of GMP and IMP, feedback 
control of Gln-aPRTase may be inhibited.87 

Early immunologic studies suggested that some patients with classic Lesch-Nyhan 
disease produce normal quantities of catalytically inactive and electrophoretically 
altered H G P R T ~ s ~ . ’ ” - ’ ~ ~  Although this is consistent with a mutation in a structural 
gene, the absence of CRM’ material in other patients argues that the rate of HGPRTase 
synthesis has been affected. However, this lack of cross-reactivity is currently believed to 
be due to structural alterations in the antigenic sites of the m o l e c ~ l e . ~ ’ ~ ’ ~ ’ ~  

A second category of mutants exhibiting a partial deficiency of HGPRTase (-1% to 
30% normal) is also characterized by gouty arthritis and renal damage, but self-inflicted 
mutilation does not occur.173 Since brain tissue is particularly dependent on the purine 
salvage p a t h ~ a y s , ’ ~ ~ ’ ’ ~ ’  the higher levels of HGPRTase found in these patients may 
retard the accumulation of toxic m e t a b o l i t e ~ ’ ~ ~ ’ ’ ~ ~ - ’ ~ *  or the depletion of intermediates or 
cofactors necessary for normal central nervous system (CNS) f ~ n c t i o n . ~ ” ’ ~ ~  
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The examination of HGPRTase levels in gouty subjects has revealed a multitude of 
molecular defects associated with partial deficiency. Changes in the physical properties 
of the enzyme such as increased18' or d e c r e a ~ e d ' ~ ~ - ' ~ ~  thermal sensitivity have been 
correlated with changes in electrophoretic m0bi1ity.I~~ A mutation reducing the in vivo 
stability of the enzyme has also been reported.'" A large number of kinetic variants have 
been observed affecting sensitivity to product i n h i b i t i ~ n , ' ~ ~ , ' ~ ~  substrate specificity,'" 
and substrate affinities for PRPP as well as h y p o ~ a n t h i n e . ~ ~ ~ , ~ ~ ~ , ' ~ ~  Alterations in 
electrophoretic properties are also associated with these changes in Michaelis 
c o n ~ t a n t s . ' ~ ~ ' ' ~ ~  Evidence for changes in the antigenic determinants of the HGPRTase 
molecule comes from the lack of CRM' material in some patients with partial 
deficiency. 

HGPRTase characterized from Lesch-Nyhan patients as well as those with the partial 
deficiencies suggests that the HGPRTase structural gene is highly mutable. The 
HGPRTase gene has been located in the X chromosome and the abnormal traits are 
recessive in ~harac te r .~ '  Since Lesch-Nyhan patients do  not survive long enough to 
reproduce, this severe form of HGPRTase deficiency affects only males. 

189,190 

B. The APRTase Deficiencies 
Similar to HGPRTase, both partial and complete deficiencies of APRTase have been 

Erythrocyte APRTase activities in partially deficient demonstrated in man. 
individuals range from 8 to 45% of although clinically most patients are 
asymptomatic. Despite the generally benign nature of the partial deficiency, hyperuri- 
cemia, gout, and tissue deposits of urate may also be associated with the 
disorder. 191,193-19s Population screening of normouricemic and hyperuricemic individuals 
has identified at least two classes of partial deficien~ies.'~' One group was characterized 
by a decreased half-life of peripheral erythrocyte APRTase while a second group 
exhibited a selective reduction in leucocyte activity. Alterations in charge, Stokes radius, 
and kinetic properties were not observed. The frequency of partial APRTase deficiency 
has been estimated to be about l % . I 9 l  

Thus far, there have only been six reported cases of complete APRTase 
deficiency. 192,198-200 The defect is clinically manifested by elevated levels of urinary 
adenine and 8-hydroxyadenine as well as urolithiasis due to 2,8-dihydroxyadenine stone 
formation. Presumably tissue levels of adenine, which are increased due to the lack of 
APRTase, and further oxidized to the insoluble hydroxyadenines by xanthine 
0 ~ i d a s e . I ~ ~  The nature of the molecular defect(s) in complete APRTase deficiency has not 
been determined. Pedigrees of families with the complete deficiency indicate an 
autosomal recessive mode of disease transmissi~n.~~~~'~~-~~~ 

173,191,192 

C. Abnormalities of the 0PRTase:ODCase Complex 
In contrast to the purine nucleotide pathways, a single phosphoribosyltransferase, 

OPRTase, is involved in both the de n o w  synthesis and salvage of the pyrimidine 
nucleotides in man. As previously described, human OPRTase is found as a tightly 
associated bifunctional complex with the subsequent enzyme of the pathway, ODCase. 
Two types of defects have been identified in this complex which result in the near 
complete deficiency of both OPRTase and ODCase activities (type I) or of ODCase alone 
(type 11). Clinically, both of these disorders are indistinguishable and are characterized 
by poor growth, megaloblastosis associated with hypochromic anemia, and excessive 
amounts of orotic acid excreted in the urine.202 Residual OPRTase activity in the type I 
disorder and the normal OPRTase activity of the type I1 disorder also result in elevated 
urinary orotidine. Similar to the HGPRTase deficiencies, both of these disorders are 
associated with an accelerated rate of de novo pyrimidine biosynthesis.202 This has been 
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proposed to result from a reduction in feedback inhibition of carbamyl phosphate 
synthetase by the pyrimidine nucleotides or by activation of the enzyme by PRPP.’03 
Since orotic acid itself is not a toxic metabolite, etiologically the metabolic disorder is 
believed to result from a pyrimidine starvation with subsequent perturbations to normal 
nucleic acid and cofactor 

Studies on the properties of the complex from a type I patient revealed a change in 
electrophoretic mobility and thermal ~ tab i l i ty .~’~  This suggests a structural gene 
mutation in one or both of the complex enzymes. Due to the tight association of these 
enzymes in man and their instability when separated, a structural change in one could 
influence the activity of the other. The specific defects affecting OPRTase or ODCase 
separate from the complex have not yet been identified. Like the APRTase deficiencies, 
abnormalities of the 0PRTase:ODCas.e complex are autosomally transmitted. 

D. Phosphoribosylpyrophosphate Synthetase (PRPP Synthetase) 
In view of the discussion in “Features of the Phosphoribosyltransferase Family” that a 

PRPP binding fold might be a common structural feature of the PRTases, it is interesting 
to examine some of the properties of the enzyme which synthesizes PRPP. PRPP 
synthetase catalyzes the divalent metal and phosphate-dependent formation of PRPP 
from ATP and r i b o ~ e - 5 - P . ~ ~ ~ - ~ ~ ’  The enzyme from human erythrocytes2” and rat liver206 
is highly specific for both substrates with Michaelis constants on the order of 
M at a pH optimum of approximately 7.2 to 8.8. The native enzyme is an oligomer of 
identical subunits of molecular weight 32,000 to  40,500,205~206~20a and an isoelectric point 
of 4.7 to 5.1 .205,206,208 Similar to the PRTases, it is inactivated by sulfhydryl modifying 
reagents and stabilized by rner~aptans .~~’  Kinetically, the enzyme proceeds via an 
ordered bibi mechanism where ribose-5-P is bound first and PRPP is released 
PRPP synthetase is a complex regulatory enzyme which is inhibited by a variety of 

to  

purine, pyrimidine, and pyridine nucleoside phosphates and 2,3-diphosphoglycer- 
ate.209,2 10  

Although deficiency disorders of PRPP synthetase have not been observed, a number 
of defects yielding a hyperactive enzyme have been reported. Since tissue levels of PRPP 
partially govern the rate of de novo purine biosynthesis in man,2” overproduction of 
PRPP leads to an acceleration of purine synthesis with concomitant appearance of gouty 
symptomology. The hyperactivity of these PRPP synthetase variants is a consequence of 
mutations in both catalytic and regulatory sites of the m ~ l e c u l e . ~ ’ ~ ’ ~ ’ ~ ’ ~ ’ ~  Structural 
alterations affecting an increased activity per enzyme molecule, change in electrophoretic 
mobility, and decrease in thermal stability have been identified in one family.208 A second 
kinetic variant is characterized by an increased affinity for ribose-5-P and, hence, is 
catalytically more active than the normal enzyme at a given level of r i bo~e-5 -P .~ ’~  As 
described above, PRPP synthetase activity is subject to feedback inhibition by 
nucleotides and 2,3-diphosphoglycerate. A regulatory mutant has been described where 
the sensitivity of the enzyme to these inhibitors is markedly reduced although the kinetic 
properties of the enzyme are The pedigrees of these PRPP synthetase 
variants suggest an X-linked mode of t r a n s m i s ~ i o n . ~ ’ ~ ’ ~ ’ ~  

VIII. SIGNIFICANCE 

The study of protein tertiary structures has revealed that functionally related proteins 
are frequently topologically similar.’62 This observation has led to the concept that 
function may dictate structure (convergent evolution) or that structural and functional 
homology reflects a common evolutionary origin (divergent evolution). Evidence has 
been presented suggesting that the PRTases constitute a class of functionally and perhaps 
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structurally related proteins. Since neither complete amino acid sequence nor tertiary 
structural information is yet available for the PRTases, potential evolutionary 
relationships can only be inferred from similarities in their physical-chemical properties 
and from limited sequence homologies. The significance of these similarities is 
underscored by the high incidence of structural abnormalities in the PRTases and PRPP 
synthetase. This suggests that those structural features responsible for binding PRPP 
share either a common instability to random mutation or enhanced acceptance of 
mutational events. The former possibility would, therefore, imply the existence of a 
“tight” or efficient catalytic domain which tolerates few perturbations to its structure. 
Alternatively, a greater acceptance of random mutation could suggest that the PRTases 
play less crucial metabolic roles and hence are less stringently selected against. Since 
convergent evolution to either possibility is unlikely, it is proposed that the PRTases 
arose divergently from an ancestral protein associated with the binding of PRPP. 
Furthermore, it is suggested that the PRTase deficiency disorders are a consequence of 
mutations to a common structural domain. 
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