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Abstract 

Amino acid sequences of enzymes that catalyze hydrolysis or phosphorolysis of the N-glycosidic bond in nucleo- 
sides and nucleotides (nucleosidases and phosphoribosyltransferases) were explored using computer  methods for 
database similarity search and multiple alignment. Two new families, each including bacterial and eukaryotic en- 
zymes, were identified. Family I consists of Escherichia coli AMP hydrolase (Amn), uridine phosphorylase (Udp), 
purine phosphorylase (DeoD), uncharacterized proteins from E. coli and Bacteroides uniformis, and, unexpectedly, 
a group of plant stress-inducible proteins. It is hypothesized that these plant proteins have evolved from nucleo- 
sidases and may possess nucleosidase activity. The  proteins in this new family contain  3 conserved motifs, one 
of which  was found also in eukaryotic  purine nucleosidases, where it corresponds to  the nucleoside-binding site. 
Family I1  is comprised of bacterial and eukaryotic thymidine phosphorylases and  anthranilate phosphoribosyl- 
transferases, the relationship between  which has not been suspected previously. Based on the known tertiary struc- 
ture of E. coli thymidine  phosphorylase, structural interpretation was given to  the sequence conservation in this 
family. The highest conservation is observed in the N-terminal a-helical domain, whose  exact function is not known. 
Parts of the conserved active site of thymidine  phosphorylases and  anthranilate phosphoribosyltransferases were 
delineated.  A motif in the putative  phosphate-binding site is conserved in family I1 and in other phosphoribosyl- 
transferases. Our analysis suggests that certain enzymes of very similar specificity, e.g., uridine and thymidine 
phosphorylases,  could have evolved independently.  In contrast, enzymes catalyzing such different reactions as 
AMP hydrolysis and uridine phosphorolysis or thymidine phosphorolysis and phosphoribosyl anthranilate syn- 
thesis are likely to have evolved from common  ancestors. 
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Enzymes that catalyze hydrolysis or phosphorolysis of the 
N-glycosidic bond in nucleotides, nucleosides, and related com- 
pounds are central to salvage pathways of nucleotide metabolism 
and  are also important in de  novo synthesis of nucleotides and 
certain amino acids (Table 1; reviewed by Lin, 1987; Neuhard 
& Nygaard, 1987). Nucleosidases are involved in the regulation 
of the intracellular concentration of nucleotides and allow  utiliza- 
tion of ribose and deoxyribose as a source of carbon and energy. 
Phosphoribosyltransferases provide, via 5-phosphoribosyl- 
1-pyrophosphate (PRPP), a crucial link  between nucleotide and 
amino acid metabolism. The substrates of  these  enzymes are very 
diverse, but the reacting groups always involve phosphate and 
ribose or deoxyribose (Table 1). The interest to  the nucleosid- 
ases has been enhanced by the recent observation that human 
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platelet-derived endothelial cell growth factor is identical to thy- 
midine phosphorylase (Barton et al., 1992; Ishizawa & Yamada, 
1992). Phosphoribosyltransferases also have attracted consid- 
erable attention because  deficiency in these  enzymes  leads to var- 
ious metabolic disorders in humans, e.g., Lesch-Nyhan disease 
(Stout & Caskey, 1985). 

A single organism, i.e., Escherichia coli, which has been stud- 
ied  in the most  detail, encodes numerous nucleosidases and 
phosphoribosyltransferases, including enzymes that catalyze es- 
sentially identical reactions but  differ in their specificity toward 
the nucleotide base (e.g.,  thymidine  phosphorylase,  uridine 
phosphorylase, and purine phosphorylase; see Table 1). A num- 
ber of nucleotide sequences of genes encoding these enzymes 
from all types of organisms have been reported (Table 1). The 
3-dimensional (3D) structure has been determined for human 
purine nucleoside phosphorylase (PNP; Ealick et al., 1990) and 
E. coli thymidine  phosphorylase (DeoA; Walter et al., 1990), 
leading to detailed characterization of the respective active cen- 
ters. Except for  the obvious similarity between human  TYPH 
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Table 1. Nucleosidases, phosphoribosyltransferases, and related enzymesa 
__ - 

Protein/ 
geneb Organism(s) 

Enzymatic 
activity 

MJquaternary 
structure' 

Metabolic 
pathway 

Pyrimidine 
salvage 

References 

Neuhard & 
Nygaard, 1987 

Reaction 

Uridine + Pi = 
ribose-I-P + 
uracil 

Purine (deoxy)- 
ribonucleoside + 
Pi = (deoxy)- 
ribose-I-P + 
purine 

AMP + Hz0 = 
adenine + ribose- 
5-P 

Purine (deoxy)- 
ribonucleoside + 
Pi = (deoxy)- 
ribose-I-P + 
purine 

Thymidine + Pi = 
ribose- 1 -P + 
thymine 

Thymidine + Pi = 
ribose- 1 -P + 
thymine 

Anthranilate + 
PRPP = N-  
phosphoribosyl- 
anthranilate + PPi 

Anthranilate + 
PRPP = N- 
phosphoribosyl- 
anthranilate + 
PP,; chorismate + 
L-glutamine = 
anthranilate + 
pyruvate + 
L-glutamine 

Adenine + PRPP = 
AMP + PPi 

Guanine + PRPP = 
GMP + PP,; 
xanthine + 
PRPP = XMP + 
PPI; hypoxan- 
thine + PRPP = 
HXMP + PPi 

Hypoxanthine + 
PRPP = IMP + 
pp, 

Uracil + PRPP = 
UMP + PP; 

Orotate + PRPP = 
OMP + PPi 

Udp/udp 

DeoD/deoD 

E. coli 

E. coli 

Uridine 
phosphorylase 

8 x 22 

6 x 23.7 Purine nucleoside 
phosphorylase 

Purine salvage Neuhard & 
Nygaard, 1987 

Amdamn E. coli AMP glycosylase 6 x 52 Purine salvage Leung & Schramm, 
1980; Leung 
et al., 1989; 
Neuhard & 
Nygaard, 1987 

Neuhard & 
Nygaard, 1987; 
Lin, 1987; Ealick 
et al., 1990 

Mammals, 
B. subtilis, 
M. leprae 

Purine salvage PNP Purine nucleoside 
phosphorylase 

3(2) x 32 

DeoA/deoA E. coli Thymidine 
phosphorylase 

2 x 45 Thymidine 
salvage 

Neuhard & 
Nygaard, 1987; 
Lin, 1987; 
Walter  et al., 1990 

Yoshimura et al., 
1990; Bartonet 
al., 1992 

Crawford, 1989; 
Kim et al., 1993 

TYPH Human Thymidine 
phosphorylase 
(=PD-ECGF) 

Anthranilate 
phosphoribosyl. 
transferase 

2 x 45 

2(?) x 36 

Thymidine 
salvage 

TrpD/trpD 
(Eubacteria) 

Eubacteria, 
archaea, yeast, 
plants 

Second step in 
tryptophan 
biosynthesis 

TrpG/trpG E. coli and sev- 
eral other bac- 
terial species 

Anthranilate 
phosphoribosyl- 
transferase (with 
N-terminal gluta- 
mine aminotrans- 
ferase domain) 

2 x 58.3 First and second 
step in trypto- 
phan biosyn- 
thesis 

Pittard, 1987; 
Crawford, 1989 

Adenine phospho- 
ribosyltransferase 

Guanine  phospho- 
ribosyltransferase 

Apt/apt (E. coli) 

Gpt/gpt (E.  coli) 

Eubacteria, 
eukaryotes 

Eubacteria, 
eukaryotes 

2 x 20 Purine salvage Neuhard & 
Nygaard, 1987 

3 x 16.9 Purine salvage Neuhard & 
Nygaard, 1987 

? x 20 Purine salvage Neuhard & 
Nygaard, 1987 

Hpt/hpt 
(L .  lactis) 

Eubacteria, 
eukaryotes 

Hypoxanthine 
phosphoribosyl- 
transferase 

Uracil phospho- 
ribosyltransferase 

Orotate phospho- 
ribosyltransferase 

3 x 23.5 Pyrimidine Neuhard & 
salvage Nygaard, 1987 

2 x 23.4 Fifth  step in Neuhard & 
pyrimidine Nygaard, 1987 
biosynthesis 

(continued) 

UPP/UPP 
(E. coli) 

PyrE/pyrE 
(E. coli) 

Eubacteria, 
eukaryotes 

Eubacteria, 
eukaryotes 
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Table 1. Continued 

Protein/ Enzymatic 
geneb  Organism(s) activity 

PurF/purF Eubacteria, 
(E.  coli) eukaryotes 

HisG/hisC Eubacteria, 
(E.  coli) eukaryotes 

PncB/pncB E. coli 
(E. coli) 

NadC/nadC S. typhimurium 

PrsA/prsA  Eubacteria, 
(E.  coli) eukaryotes 

Glutamine  phospho- 
ribosyltransferase 

ATP phosphoribo- 
syltransferase 

Nicotinate phospho- 
ribosyltransferase 

Quinolinate phos- 
phoribosyltrans- 
ferase 

Ribose-phosphate 
pyrophosphokinase 
(PRPP synthetase) 

M,/quaternary Metabolic 
Reaction structureC pathway References 

L-glutamine + 4(3) X 53 First step in de Neuhard & 
PRPP = novo purine Nygaard, 1987 
L-glutamate + biosynthesis 

phoribosylamine 
PPI + 5-ph0~- 

ATP + PRPP = 
1-(5-phospho-D- 
ribosyl)-ATP + 
PPI 

Quinolinate + 
PRPP = 
NaMN + PPI + 
co2 

Nicotinate + 
PRPP + ATP = 
NaMN + PPI + 
ADP + Pi 

ATP + ribose- 
5-phosphate = 
AMP + PRPP 

6 x 33 

? x 44 

2 x 3 1  

5 ( ? )  X 31 

First step in 
histidine 
biosynthesis 

NAD 
biosynthesis 

NAD 
biosynthesis 

PRPP synthesis 
for de novo 
and salvage 
pathways of 
nucleotide 
metabolism 

Winkler, 1987 

White, 1982; 
Tritz, 1987 

White, 1982; 
Tritz, 1987 

Neuhard & 
Nygaard, 1987 

a Only enzymes for which sequence information is available were included. 
Where sequences are available for several organisms, the proteidgene name is for  the  organism(s) indicated in parentheses. 
The first number is the number of identical subunits and the second number is the M r .  

(endothelial  growth  factor) and E. coli thymidine phosphory- 
lase encoded by the deoA gene (Barton et al., 1992), and the 
somewhat lower similarity between human PNP and partial nu- 
cleosidase sequence from Bacillussubtilis (Wu et al., 1992), no 
significant relationships have been derived from analysis of 
amino acid  sequences of nucleosidases. On the other hand, com- 
parative analysis of the  amino acid sequences of phosphoribo- 
syltransferases has revealed a conserved motif that has been 
implicated in PRPP binding (Busetta, 1988; de Boer & Glick- 
man, 1991). 

In this work, using computer  methods for sequence analysis, 
we delineate 2 new families of nucleosidases and phosphoribo- 
syltransferases, each including  unexpected relationships between 
enzymes that catalyze very different reactions. 

Results and discussion 

Comparison of the  amino acid sequences of nucleosidases with 
the nonredundant sequence database  (National Center for Bio- 
technology Information, NIH) using the BLASTP (Altschul 
et al., 1990) program revealed highly significant similarity be- 
tween E. coli purine  phosphorylase (DeoD) and uridine  phos- 
phorylase (Udp), with the probability of matching by chance (P) 
about  More unexpectedly,  significant  similarity ( P  = 
3.6 X lo-’)  was observed between human thymidine phosphor- 
ylase (TYPH) and E. coli anthranilate  phosphoribosyltransfer- 
ase (TrpG). Further analysis by iterative database search using 
BLASTP, TBLASTN (screening of a nucleotide sequence data- 

base translated in 6 reading frames for similarity to  an  amino 
acid sequence), and multiple alignment using the MACAW pro- 
gram (Schuler et al., 1991) showed that these pairs  of relatively 
strongly similar proteins belonged to 2 distinct families of en- 
zymes that have not been described previously. 

Family I: Bacterial nucleosidases and plant 
vegetative storage proteins 

Family I included DeoD, Udp, E. coli AMP glycosidase (Amn), 
uncharacterized  proteins from E. coli, Bacteroides uniformis, 
and Treponemapallidum, and, unexpectedly, bark storage pro- 
teins and wound-induced proteins (BSP-win4 family) from pop- 
lars (Fig. 1). Other  than  the  aforementioned  relationship 
between DeoD and  Udp, these proteins showed only limited  sim- 
ilarity to each other, with P values between 0.1 and 0.01. Nev- 
ertheless, analysis of BLAST outputs  for mutually consistent 
pairwise alignments and multiple alignment using MACAW 
(Schuler et al., 1991) showed that the similarity concentrated in 
3 distinct, conserved motifs (Fig. 1). The probability of obtain- 
ing each of these blocks by chance alone, as computed using 
MACAW, was below lo-’ (only 1 of the closely related BSP- 
win4  sequences  was  used for these calculations; see Methods and 
Schuler et al. [1991] for details of significance evaluation by 
MACAW), suggesting that the observed relationship is function- 
ally and evolutionarily  relevant.  Therefore,  it is likely that  the 
uncharacterized proteins belonging to this family, including the 
plant stress-induced proteins, possess nucleosidase activity. 
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I 

pred ic t ion  
AMN-ECOLI 263 ALITADQQGITLVNIQVGPSNAKTICDALA 

bbllllllbbbbblllllllllaaaaaaaa 

NP  BACUN  45 ISASAEQMTIINPGMQSPNAAIIMDLLSAI 

UDP-ECOLI 52 WRAELDQKWIVCSTQIGGPSTSIAVEELA 
DEOD-ECOLI 48 FTGTYKQRKISVMGAQMGIPSCSIYTKELI 

BSPl POPLAR 81 ASGTLNGSSIVWKTGSASVNMATTLQILL 
PFS-ECOLI 33 YTGQLNQTEVALLKSGIGKLGATLLL 

BSPZ POPLAR  76 AIGTLNARYIVYVKIGGNSVNAAIAVQILL 
consensus 

p red ic t ion  
AMN-ECOLI 
NP BACUN 

UDP-ECOLI 
DEOD-ECOLI 

BSPl POPLAR 
PFS-ECOLI 

BSP2 POPLAR 

PNPA-HUMAN 
PNPA-MOUSE 
PNPA  YEAST 
consensus 

p red ic t ion  
AMN-ECOLI 
DEOD-ECOLI 
UDP-ECOLI 
PFS-ECOLI 
BSPl POPLAR 
BSPZ POPLAR 
NP  TREPA (311 

h...h.G..U..h..G............M 
A 

I1 - nucleoside binding 
bhhh~~~lll7”1””””7”’? 

5 VCYIGACGGLRKVRPL-ADYVLAAA 71 
4 CLFLGKCGGIDKKNRI-GDLILPIA (58) LO84729 
10 IIRVGSCGAVLPAVKL-RDWIGMG 62 
6 PLRIGTTGAIQPAINV-GDVLVTTA 75 
8 IINTGSAGGLAPTLKV-GDIWSDE 69 
7 VIYFGNAGSLDKKWPGDVSVPEA 114 
7 IIAFGSAGSLDKESIVPGDVSVPLA 114 

p5A- I I -PlB I I -p6A- I 
110 LVVTNAAQQLNPKFEV-GDIMLIRD 155 M13953 
110 LWTNAAQGLNPNFEV-GDIMLIRD 155 P23492 
128 LIVTNAAGGINAKYQA-CDLMCIYD ( 0) X69426 

hh..... GSU.....h  .D&.h... 

I11 

NLSRAVAIDMESATIAAQGYRFRVPYGTLLCVSD 53 P15272 
aaaaaaaaaaaaaaaaalll???bbbbbbbbbbl 

QAMGVMNYEMESATLLTMCASQGLRAGMVAGVIV 32  P12758 
EKYGILGVILMEAAGIYGVAAEFGAKALTICTVSD 35 PO9743 

NFPQAIAVEMEATAIAAVCANFNVPFWWWISD 22 P24247 
DNFDAKTADTTSASVALTSLSNEKLMQGVSN 38 S13580P 

I REFGAAGVEMEQAAPAAVASVNGVPFVIIRCISD 31 M30941g 
IWFNVSTADQESAAVAWTSLSNEKPFIVIRGASN 39 L20233g 

.... h..hE..a..&h.........h..&..h.. 
D 

Fig. 1. Conserved sequence motifs in the nucleosidase family I. 
The alignment of family I proteins was constructed using the 
MACAW program, and  the boundaries of the 3 conserved blocks 
were determined so as to achieve  maximum statistical significance. 
The distances between the blocks as well as the distances from pro- 
tein ends are shown by numbers. For  the putative ribose-binding 
motif ( I I ) ,  the alignment additionally includes mammalian purine 
nucleoside phosphorylases (PNPs)  and the  putative PNP from 
yeast. The protein sequence from Mycobacrerium leprae that is 
related to eukaryotic PNPs (GenBank U00022; E.V. Koonin, un- 
publ. obs.) is not shown; the related  sequence from B. subri/is(PIR 
A42708) is incomplete and includes only the C-terminal part of 
the  protein  downstream  from motif 11. The consensus includes 
amino acid residues or pairs of similar residues that are conserved 
in all of the aligned sequences. U designates a bulky aliphatic res- 
idue ( I ,  L, V, or M); & designates a bulky hydrophobic residue 
( I ,  L, V, M, F, Y, or W); h designates any  hydrophobic residue 
( I ,  L, V, M, F, Y, W, C .  or A); s designates a small residue (G ,  
A, or S); and  dot designates any residue. The secondary structure 
for  human PNP is from  the published 3D structure;  A  and  B des- 
ignate 2 distinct &sheets found in this protein (Ealick  et al., 1990). 
The secondary  structure for family I proteins is the consensus of 
predictions for individual proteins (a designates an a-helix, b des- 
ignates a &sheet, and 1 designates a loop).  The asterisk designates 
the  alanine residue in human PNP that interacts with the nucleo- 
side ribose. Each  sequence is accompanied by its  accession number 
in SWISS-PROT, PIR (P), or GenBank (g). The partial sequences  of 
putativenucleosidases from yeast, Bacreroidesunijormis(BACUN), 
and Treponemapallidum  (TREPA) have not been described pre- 
viously and were  identified in this study by database searches  using 
the TBLASTN program. 

The proteins  of the nucleosidase family I also  contained  a re- 
gion of  low similarity to eukaryotic purine nucleoside phosphor- 
ylases (PNPs). This similarity has been detected by BLAST 
searches but failed to  attain statistical significance. It was re- 
markable, however, that this region coincided with the con- 
served motif I1 (Fig. 1). The regular expression [&C][&C]x2 
[GN]x~[GAS]UX~[UA]X,-~D&X[UC] (alternative  residues are 
shown in brackets; U designates a bulky aliphatic residue, 
namely I ,  L, V, or M; & designates a bulky hydrophobic resi- 
due, namely I, L, V, M, F, Y ,  or W; and x designates any resi- 
due) was specific for family I and eukaryotic PNPs, with only 1 
false positive  (insect general odorant-binding protein 1 precursor; 
SWISS-PROT P31418) selected during  the  database screening. 

Inspection  of the 3D structure of human PNP (Ealick et al., 
1990) showed that the conserved motif comprised part of the ac- 
tive center. The central feature of the  PNP  structure is a dis- 
torted  &barrel  that  consists of  2  0-sheets, one of them 
8-stranded (sheet A) and  the other  one 5-stranded (sheet B). Mo- 
tif I1 includes 3  b-strands, two of which belong to sheet A and 
one  to sheet B (Fig. 1). The  turn between @SA and 0 1B (or in 
other words, at  the interface between the 2 P-sheets) and  BIB 
strand itself are directly involved in nucleoside binding. In par- 
ticular, the backbone  amido group of  alanine 116  (Fig. 1) forms 
a hydrogen bond with the ribose 3’ hydroxyl  (Ealick et al., 1990). 
Although  this residue is not conserved in all of the proteins  of 
family I, this and  the  adjacent positions contain mostly small 
residues, namely glycines and serines (Fig. l), that  are likely to 

perform  the same function. Therefore, we  believe that  the struc- 
ture of the ribose-binding  part of the nucleoside-binding site is 
partially conserved between family I and eukaryotic PNPs. De- 
tailed comparisons failed to reveal any  other sequence conser- 
vation between these groups of proteins. 

The functions  of the 2 other conserved motifs in the  (puta- 
tive) nucleosidases of family I remain  unknown. It is plausible 
that motif I, which appears  to contain  a  hydrophobic  P-strand 
separated by a flexible loop  from  a downstream cr-helix (Fig. l), 
may be the phosphate-binding site (Saraste et al., 1990; Schulz, 
1 992). 

Delineation of family I resulted in prediction of nucleosidase 
activity for several uncharacterized  proteins.  In  particular, pfs 
protein appears  to be a new, not identified previously nucleo- 
sidase in E. coli; it  is distinct from inosine phosphorylase (XapA) 
whose sequence is not yet available because the respective genes 
are located in different regions of the chromosome (Brun et al., 
1990). Interestingly, thepfsgene is adjacent  to  the dgt gene en- 
coding dGTP phosphohydrolase, another enzyme of nucleotide 
metabolism (Wurgler & Richardson, 1990). Conceivably, dGTP 
phosphohydrolase and  the new nucleosidase may be function- 
ally linked. BSP-win4 family proteins in poplars are encoded by 
a family of physically linked genes and  are induced by various 
stress signals, namely, elevated nitrogen level, short photope- 
riod, or mechanical wounding; BSP proteins serve as transient 
nitrogen  deposit in bark (Parsons et al., 1989; Clausen & Apel. 
1991; Coleman et al., 1992;  Davis et al., 1993). Nucleosidase ac- 
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tivity appears to be compatible with a stress-related function be- Family ZZ: Thymidine phosphorylases and anthranilate 
cause  it would increase the intracellular pools of free bases and phosphoribosyltransferases 
pentoses that could be reused for biosynthetic processes. Alter- 
natively, it  is possible that  the storage  function of BSPs is un- Family I1 consisted of bacterial and mammalian thymidine phos- 
related to their  proposed nucleosidase activity; an obvious phorylases and numerous  anthranilate phosphoribosyltransfer- 
parallel is the recruitment  of  various enzymes as animal lens ases from bacteria, archaea,  and yeast (Fig. 2). Anthranilate 
crystallins (Piatigorsky, 1993). phosphoribosyltransferase is a ubiquitous enzyme that catalyzes 

DeoA  Ec 
structure 

TYPH  Mp 
TYPH  hum 

TrpG  Ec 
TrpD  Ac 
TrpD  Vp 

TrpD Ba 
TrpD B1 

TrpD Bs 
TrpD L1 

TrpD Tm 
TrpD Mt 
TrpD  Hv 
TrpD At 
TrpD  Sc 
YbiB  EC 
prediction 
consensus 

structure 

DeoA  Ec 
TYPH  Mp 
TYPH  hum 

TrpG  EC 
TrpD  Ac 
TrpD  VP 
TrpD E1 
TrpD  Ba 

TrpD Bs 
TrpD L1 

TrpD Tm 
TrpD Mt 
TrpD  Hv 
TrpD At 
TrpD  Sc 
YbiB  EC 
prediction 
consensus 

8 

39 
6 

203 

4 
6 

4 
9 

4 
4 
6 
4 

111 
4 

26 
10 

I - a-helical  domain 

-al-- ------a2------ ---"-a3"""- """-a4----- 
IRKKRDGHALSDEEIRFFINGIRDNTISEGQ~TIFFHDMTMPBRVSLTMAlIRDSG 
IELKKNKKKLSQDQINFCISGLVNKSIPDYQISALLMAIWFNGLDDNBLYFLTKANIDSG 
I R M K R D G G R L S E A D I R G F G S A Q G A Q I Q A M L M A I R L R G M D L E B T S V L T Q A L A Q S G  .. **: : :::*** t .. *::e e ::::: t *  :e : te : : 
L E K L Y Q A Q T L S Q Q E S H Q L F S A V V R G E L K P E Q L A l U L V m K I A  
LNRIVNQLDLTTEEMQAVMRQIM'TGQCTDAQIQAFLMGNlWKSETIDBIVGAVAVYRELA 
INKLYEQQSLTQEESQQLFDIIIRGELDPILlUBALTALKIKGETPDBIAGAAKALLANA 
LNAYLDNPTPTLEEAIEVFTPLTV~EYDDVHIATIRTRGEQFADIAGAAKPSWUIA 
FNKIYESKSLNQEESYQLFKSIALGKINEIQLsSILTAYQYHGESEKBILGAIYAPSERM 
LEKVMSGRaPTENEMNMLANSIIQGELSEVQIASFLVALKMKGEAASPL'TGLARALQKAA 
LQLCVDGKTLTAGEAETL"MMAAEMTPSEYWILS1LAHRGETPEBLAGFVKAYRAHA 

MNDIMDFRNLSEDEAHDLMEMIMDGEMGDVQIAULTALAYKGETVDBITGFARAKRERA 
L K K L V E F E D L T F E E S R Q V M N F I M S G N A T D A Q I M i B L V A W l E K S  

IETLIDRVALSETEAESSLEFLL-NEANEALIBABLVLLRAKGETYEBIVGLARAMMKHA 
1ER"SGADLTVEEARRPPRGRSSEDATEAQIQALLAALWAKGETEABIAGFAQGMRDAA 

GRGKNHARDLDRDTARGLYAHMLNGEVPDLELQQVLIALRIKGEGEABMLGFYEANQNHT 
DALLVILSLLQKCDTNSDESLSIYTKVSSFLT~R~KLDH~EYI~KAVLRHSDLV 

structure 

TYPH  Mp 
DeoA  Ec 

TYPH  hum 

TrpG  EC 
TrpD  Ac 

TrpD B1 
TrpD Ba 
TrpD L1 
TrpD B s  
TrpD Tm 
TrpD Mt 

TrpD At 
TrpD HV 

TrpD Sc 
YbiB  Ec 
prediction 
consensus 

TrpD VP 

aaaaalllllllaaaaaaaaaaaallllaaaaaaaaaaaaaalllaaaaaaaaaaaaaaa ......... U. .................... U..hh..U........B ... h...h.. . .  
D 

I1 - phosphate  binding 

==PIA== 
t t t  

"--a5""- ==P2A= - - - -a6- - - - 

13 IVDKHSTQQVGDV---TSLMLGPMVMCGG--YIPMISGRQLQHTGQTLDKLESI 
12 LIDKH~IGDK---VSIALRPILVSFDL--GVAKLSGRQLQF'TGQTIDKLESI 
12 LMKHSTQQVGDK---VSLVLAPALAACGC--KVPMISGRQLQH'TGQTLDKLESI 

9 FADIVQTQQDGSNSINISTASAFVAAACGL--KVAKHQNRSVSSKSQSSDLLAAP 
:*e* t * *  t *e** *e : t t : :  :e: :: 

10 LVDIVQTQQDGQNLFNVSTASSFVIAAAGA--TIAKHQNROVSSKSQSSDLLEQA 
9 FADIVQTQQffiHNTINISTTAAFVAAACGL--KVAKHQNRSVSSKSQSSDLLDSF 
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10 VVDACQTQQDRFKSYNVSTAAAIZAAAAGV--KVAKHQNRAVTGSCQGADILEAA 
9 SSDTAQTQQDDYNTINVLDPTTRSSMAPGAAAVAKHQNYSVSSSSQSADVLEVA 
8 AVDIVQTQQDGANTVNISTGSSILAAAC----KVAKQQNRSSSSACQSADVLEAL 
17 ILDIVQTQQDGQNTFNVSTSAAIVASQIQGL-KICKHQGKASTSNSQAGDLIGTL 
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Fig. 2. Conserved sequence motifs in family 
11: thymidine phosphorylases and anthranilate 
phosphoribosyltransferases. The consensus 
shows the conserved amino acid residues with 
1 possible exception; residues that  conform to 
the consensus are highlighted by bold. Aster- 
isks show identical residues, and colons show 
similar residues in the sequences of human 
TYPH  and E. coli TrpG.  The secondary struc- 
ture for DeoA is from the  published 3D structure 
(Walter et al., 1990); the secondary structure 
for  anthranilate phosphoribosyltransferases is 
the consensus of predictions. Daggers denote 
the amino acid  residue that directly contacts the 
phosphate in DeoA; exclamation marks show 
residues that contact  the pyrimidine base. For 
the other details and designations see  legend to 
Figure 1. Ec, E. coli; Mp, Mycoplasmapyrum; 
Ac, Acinetobacter calcoaceticus; Vp, Vibrio 
parahaemolyticus; B1, Brevibacterium lactofer- 
mentum; Ba, Buchnera aphidicola; LI, Lac- 
~ O C O C C U S  lactis; Bs, Bacillus subtilis; Tm, 
Thermotoga maritima; Mt, Methanobacterium 
thermoautotrophicum; Hv, Haloferax  vol- 
canii; At, Arabidopsis thaliana; Sc, Saccharo- 
myces cerevisiae. 
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the  second  step  in  tryptophan  biosynthesis  (Table 1; reviewed 
by Crawford, 1989). Apart  from  the  already  mentioned highly 
significant  similarity between human  TYPH  and E. coli TrpG, 
BLAST  searches  detected  moderate  similarity  between  various 
anthranilate phosphoribosyltransferases and  thymidine  phos- 
phorylases, with P values  between 0.1 and 0.001. The region  of 
highest conservation in most of  these  analyses included a block 
of  about 60 amino acid  residues that  in  the  majority  of  the  fam- 
ily I1 proteins is located near  the  N-terminus (with the exception 
for 2 domain  enzymes  of  tryptophan  biosynthesis,  e.g., E. coli 
TrpG  that  contain  the  N-terminal  anthranilate  synthetase  do- 
main).  Subsequent multiple alignment analysis  revealed 2 addi- 
tional  conserved  blocks (Fig. 2) .  For  the set of 6 sequences 
including  the E. coli and  human  thymidine  phosphorylases,  to- 
gether with 4 diverse  sequences of anthranilate  phosphoribosyl- 
transferases,  the  random  matching  probabilities  for  each of the 
2 N-terminal  blocks  were  below  as  computed  using 
MACAW. 

The  alignment of  family I1 is readily interpretable in terms  of 
the  known 3D structure  of E. coli thymidine  phosphorylase, 
DeoA (Walter et  al., 1990). The  protein molecule  consists  of the 
small a-helical  domain  and  the large a/fl domain.  The  a-helical 
domain is comprised of amino acid  residues 1-65 and 163-193. 
Strikingly, it  is this  domain  that is most highly conserved be- 
tween thymidine  phosphorylases  and  TrpD  (blocks I and 111 
in  Fig. 2 containing 011-4 and a9,  respectively). Secondary 
structure prediction  indicated that  the respective regions of TrpD 
have a-helical  conformation  and,  for  the  N-terminal  part of the 
domain, suggested an  almost  perfect  alignment  of  the 4 helices 
in  TYPH  and  TrpD (Fig. 2). The  N-terminal  portion of the a- 
helical domain,  and  in  particular a 1 and 013, is involved  mostly 
in  subunit  interaction  in  the  DeoA  dimer.  On  the  other  hand, 
sequence conservation in a4,  including the nearly invariant glu- 
tamic  acid  (Fig. 2) ,  may suggest  a more  specific,  not yet de- 
scribed  function.  The  distal  part of the  a-helical  domain 
containing a 9  is implicated in the pyrimidine  base binding (Wal- 
ter et al., 1990). Because the  geometry  of  the  anthranilate  ring 
is similar to  that  of a pyrimidine, it  seems likely that in TrpD 
this region contributes  to  the  anthranilate-binding site. 

The  middle  conserved  alignment  block I1 in Figure 2 belongs 
to  the  large a/fl domain  of  DeoA  and  contains  the  phosphate- 
binding site (Walter et al., 1990). This  region  includes 2 flexi- 
ble loops between PIA and as ,  and between 02A  and a6,  both 
of which contribute  to  phosphate  binding.  The  conservation in 
the  first  of  these  loops, which bears  general  resemblance to  the 
phosphate-binding  loops  in  other classes of  enzymes,  e.g., 
ATPases  and  kinases  (Saraste  et  al., 1990; Schulz, 1992; KOO- 
nin, 1993), is particularly  striking  (Fig. 2; this  loop is dramati- 
cally altered in E. coli YbiB,  suggesting that  despite  the highly 
significant  similarity to  TrpD,  this  protein  may lack the  phos- 
phoribosyltransferase activity). This segment  belongs to  one of 
the  regions of highest conservation in the  complete  alignment 
of  TrpD (Kim et al., 1993). Previous sequence comparisons  and 
structural  modeling  indicated  that  this  motif  appears  to  be  con- 
served in  almost  all phosphoribosyltransferases and is located 
in a 0-strand-loop-a-helix  unit  within  the  putative  structural 
core  (Argos  et  al., 1983; Busetta, 1988; de Boer & Glickman, 
1991; Fig. 3). It  has been speculated  by  these  authors  that  the 
conserved  motif is part  of  the  PRPP-binding site. The  conser- 
vation in thymidine  phosphorylases  that do  not interact  with 
PRPP rather indicates that it is a specific form of the  phosphate- 
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Fig. 3. Conservation of the  phosphate-binding motif in  thymidine phos- 
phorylases and various groups of phosphoribosyltransferases. Closely 
related sequences are omitted. The consensus shows amino acid  residues 
conserved in the majority of the enzyme groups. The motif could not 
be identified in nicotinate phosphoribosyltransferase and quinolinate 
phosphoribosyltransferase. Secondary-structure prediction is based on 
the experimentally  determined 3D structure of  DeoA, our prediction for 
anthranilate phosphoribosyltransferases, and  the  published  model of the 
conserved phosphoribosyltransferase core (Busetta, 1988; de Boer & 
Glickman, 1991). The designations are as in  Figures I and 2. Phospho- 
ribosyltransferases: AnthrPRT, anthranilate; ATP-PRT, ATP; APRT, 
adenine; UPRT, uracil; HPRT, hypoxanthine (guanine); OPRT, oro- 
tate; AmPRT, glutamine; RPPK, ribose pyrophosphate kinases (PRPP 
synthetases). 
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binding loop,  the function of which  is not limited to  PRPP bind- 
ing.  It  has  to be emphasized  that  the  conservation of the 
phosphate-binding site between family I1 and  other phospho- 
ribosyltransferases is  very limited, barely detectable by auto- 
matic methods of  sequence analysis, and becomes apparent only 
upon  comparison of multiple alignments for different families 
(Fig. 3). 

Concluding remarks: Implications for enzyme evolution 

The present analysis of the relationships between the  amino acid 
sequences of nucleosidases and phosphoribosyltransferases 
showed that in these enzymes sequence similarity does  not nec- 
essarily reflect similarity between the catalyzed reactions. En- 
zymes that catalyze the same  reaction and may be even capable 
of utilizing identical substrates may show no  appreciable se- 
quence similarity to each other, like uridine phosphorylase (Udp) 
and thymidine  phosphorylase  (DeoA), or very  weak similarity 
at  the level of a  degenerate conserved motif, like anthranilate 
phosphoribosyltransferases and other  groups of phosphoribo- 
syltransferases.  Functional convergence may account for the 
analogous specificity in at least some of these cases (Doolittle, 
1994). 

In contrast, enzymes that catalyze very different reactions may 
share significant sequence similarity and probably have evolved 
by divergence from a  common  ancestor. Examples of such un- 
expected similarities were found in both enzyme families de- 
scribed here. In family I, there is a clear distinction between the 
reactions catalyzed by Amn and such proteins as Udp  and DeoD, 
with the former being a hydrolase and the latter being phospho- 
transferases (Table 1); thus, this family unites enzymes that  for- 
mally  even belong to different classes. Obviously, however, the 
chemical moieties involved in both reactions are  the same, i.e., 
phosphate, ribose, or deoxyribose, and a  purine or pyrimidine 
base. This identity of the chemical constituents may account for 
the conservation of the enzyme structure. Essentially the same 
pertains to thymidine phosphorylases and  anthranilate phos- 
phoribosyltransferase in  family I1 that catalyze  superficially very 
different  reactions and  are involved in different biochemical 
pathways (salvage pathway of nucleotide metabolism and amino 
acid biosynthesis, respectively). Again, however,  chemically, the 
ingredients are very similar, namely phosphate,  ribose, or de- 
oxyribose, and a  nitrogen-containing  compound with a single 
aromatic ring (thymidine or anthranilate, respectively). 

Significant sequence conservation between enzymes that cat- 
alyze different reactions may be widespread. Relevant examples 
include  haloalkane dehalogenase and epoxide hydrolase (Jans- 
sen et al., 1989; Ollis et al., 1992); creatinase, methionyl amino 
peptidase, and prolidases (Murzin, 1993); asparagine synthetase 
and aspartyl  tRNA synthetase (Furukawa et al., 1992); and pu- 
tative active centers of numerous phosphoesterases that hydro- 
lyze a wide variety of substrates  (Koonin, 1994). 

Materials and  methods 

Sequences  and databases 

Amino acid and nucleotide sequences were retrieved from  the 
nonredundant sequence database (NRDB) that is constructed by 
merging nonidentical entries from SWISS-PROT, PIR,  and 

translated versions of GenBank and EMBL sequence databases 
at  the National  Center for Biotechnology Information (NIH). 

Computer-assisted sequence  analysis 

Amino acid  sequences  were compared with the NRDB using pro- 
grams based on  the BLAST algorithm (Altschul et al., 1990). 
The BLASTP  program was  used to screen the  amino acid se- 
quence database and the TBLASTN program was  used to screen 
the conceptual  translation of the nucleotide sequence database 
in 6 reading frames. The BLAST algorithm provides the signif- 
icance estimate for each ungapped pairwise alignment produced 
in the  database search using the statistical theory of asymptotic 
extrema1 distribution for high-scoring segments (Karlin & Alt- 
schul, 1990, 1993; Altschul et al., 1994). For  all  database 
searches,  the  amino acid substitution  matrix BLOSUM62 
(Henikoff & Henikoff, 1992,  1993) was employed.  Composi- 
tionally biased segments in the query sequences that may pro- 
duce  spurious “hits” in database searches were detected and 
masked using the SEG program (Altschul et al., 1994; Wootton 
& Federhen, 1993). 

Multiple amino acid sequence alignments were constructed 
using the MACAW program (Schuler et al., 1991).  MACAW 
produces alignments consisting of ungapped blocks separated 
by unaligned spacers of variable length by parsing compatible 
high-scoring  segments  detected by pairwise comparison of  all  se- 
quences in a set. The statistical significance of each block is cal- 
culated  separately using a  generalization of the theory for 
pairwise alignments (Karlin & Altschul, 1990; Schuler et al., 
1991). The  boundaries of the blocks are adjusted so as to max- 
imize the significance. The  probability of obtaining  a block by 
chance increases  with the growth of the “search space.” Usually, 
the search space is set to be equal to  the product of the lengths 
of the compared sequences. Therefore, MACAW actually pro- 
vides significance estimates given that  the set of sequences un- 
der  comparison has been initially  delineated  using some 
independent  criteria.  In addition, MACAW may overestimate 
the significance if a subset of closely related sequences is in- 
cluded in the analysis. To alleviate this  problem, only 1 repre- 
sentative of  each  of  such subsets was  included  in the calculations. 

Screening of the NRDB for amino acid patterns (regular ex- 
pressions) was performed using the  program  PAST  (R.L. 
Tatusov,  unpubl.). 

Protein secondary structure was predicted using the recently 
developed neural network method (Rost & Sander, 1993). 
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