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Abstract: Members of a new molecular family of bacterial non- 
specific acid phosphatases (NSAPs), indicated as class C, were 
found to share significant sequence similarities to bacterial class  B 
NSAPs and to some plant acid phosphatases, representing the first 
example of a family of bacterial NSAPs that has a relatively close 
eukaryotic counterpart. Despite the lack of an overall similarity, 
conserved sequence motifs were also identified among the above 
enzyme families (class B and class C bacterial NSAPs, and related 
plant phosphatases) and several other families of phosphohydro- 
lases, including bacterial phosphoglycolate phosphatases, histi- 
dinol-phosphatase domains of the bacterial bifunctional enzymes 
imidazole-glycerolphosphate dehydratases, and bacterial, eukary- 
otic, and archaeal phosphoserine phosphatases and threalose-6- 
phosphatases. These conserved motifs are clustered within two 
domains, separated by a variable spacer region, according to the 
pattern [FILMAVTI-D-[ILFRMVYI-D-[GSNDEI-[TVI-[ILVAMI- 
[ATSVILMC]-X-{YFWHKR}-X-{YFWHNQ}-X(lO2,19l)- 
{KRHNQ}-G-D-{FYWHILVMC}-{QNH}-{FWYGP}-D- 
{PSNQYW}. The dephosphorylating activity common to all these 
proteins supports the definition of this phosphatase motif and the 
inclusion of these  enzymes into a superfamily of phosphohydro- 
lases that we propose to indicate as “DDDD’ after the presence of 
the four invariant aspartate residues. Database searches retrieved 
various hypothetical proteins of unknown function containing this 
or similar motifs, for which a phosphohydrolase activity could be 
hypothesized. 

Keywords: acid phosphatase; homology; molecular family; mo- 
lecular superfamily; phosphatase; sequence motif 

Phosphohydrolases (phosphatases) are enzymes that catalyze the 
dephosphorylation of various substrates by hydrolysis of phospho- 
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ester or phosphoanhydride bonds (Boyer et  al., 1961). Phospho- 
hydrolases are ubiquitous among prokaryotes and eukaryotes. Each 
cell is normally equipped with several different such enzymes, 
which play various essential or accessory roles in the cell biology. 

Classification of phosphatases was initially based on the func- 
tional and biophysical properties of the enzyme, such as pH opti- 
mum (acid vs. alkaline), substrate profile (nonspecific vs. specific 
for certain substrates), and molecular size (high vs. low molecular 
mass). As molecular sequence data became available, it was evi- 
dent that also phosphatases, similarly to other proteins, could be 
grouped into molecular families on the basis of amino acid se- 
quence similarity. The structural criterion has led to the definition 
of various molecular families of phosphohydrolases for which sig- 
nature sequence motifs have been defined (Bairoch et al., 1995). 
The definition of similar conserved sequence motifs is useful for  a 
tentative identification of new hypothetical proteins discovered 
after large-scale sequencing projects, and may also provide in- 
sights  into  the structure-function relationships of the various 
enzymes. 

Molecular families of bacterial nonspecific acid phosphohydro- 
lases: Concerning bacterial nonspecific acid phosphohydrolases 
(NSAPs), two different molecular families were previously iden- 
tified, which we proposed to indicate as molecular classes A and B 
(Thaller et al., 1994, 1995a, 1995b). 

Class A NSAPs are secreted monomeric to oligomeric proteins 
containing a polypeptide component of approximately 25-27 kDa 
(Pond et al., 1989; Kasahara et al., 1991; Thaller et al., 1994; 
Bhargava et al., 1995; Uchiya et al., 1996). This group of enzymes 
has recently been demonstrated to share some conserved sequence 
motifs with other bacterial and eukaryotic phosphatases, suggest- 
ing that the conserved residues could be essential for catalytic 
activity and possibly part of the active site of these enzymes (Stukey 
& Carman, 1997). 

Class  B NSAPs are secreted homotetrameric metallo-proteins 
containing  a  25-kDa polypeptide component  (Uerkvitz,  1988; 
Thaller et al., 1995b, 1997a) that are completely unrelated to class 
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A enzymes at the sequence level. The sequences of four class B 
bacterial NSAPs are currently available (Table 1).  The sequence 
similarity among these enzymes is overall high (4649% of iden- 
tity), and can be followed throughout the protein length (Fig. I ) .  
Two sequence motifs, centered on the most conserved domains, 
could be proposed as signatures for these enzymes: F-D-I-D-D-T- 
V-L-F-S-S-P, located in the N-terminal moiety, and Y-G-D-[AS]- 
D-X-D-[IV] located near the  C-terminus [the PROSITE syntax 
(Bairoch et al., 1995) is used to describe the motifs]. A scan  of the 
Swiss-Prot and Swiss-Trembl databases at the Expasy Server (Ap- 
pel et al., 1994) using either signature pattern specifically returns 
the above proteins. 

Recently, while screening for production of NSAPs in nonentero- 
bacterial species, we identified an NSAP activity containing a 
polypeptide component of approximately 30 kDa in Chryseobac- 
teriurn (formerly Flavobacterium) meningosepticurn. The corre- 
sponding gene, named oZpA, was cloned and sequenced (Thaller 
et al., 1997b; M.C. Thaller, P. Ion, S. Schippa, L. Lauretti, F. 
Berlutti, & G.M. Rossolini, in prep.; EMBL/GenBank accession 
#Y 12759). The OlpA protein contains an amino-terminal signal 

sequence typical of precursors of bacterial membrane lipoproteins 
(Hayashi & Wu, 1990), and does not contain any signature se- 
quence pattern typical of other phosphatases, including those pre- 
viously proposed for class B NSAPs. Using the amino acid sequence 
of OlpA in a BLAST search (Altschul et  al., 1990) performed at  the 
National Center for Biotechnology Information, two bacterial lipo- 
proteins were identified that showed significant sequence sim- 
ilarity (27 to 45% of identity) throughout the protein length to 
OlpA (Fig. l), for neither of which the phosphatase activity had 
previously been reported: the e(P4) outer membrane lipoprotein of 
Haernophilus influenzae (Green et al., 1991) and the LlpC cyto- 
plasmic membrane lipoprotein of Streptococcus equisimilis (Case 
et al., 1997). Recloning and expression experiments confirmed that 
both of them were actually endowed with NSAP activity. Accord- 
ing to these findings, we proposed to define a third molecular class 
of bacterial NSAPs, named class C, which includes the above 
membrane lipoproteins (Thaller et al., 1997b; M.C. Thaller, P. Iori, 
S. Schippa, L. Lauretti, F. Berlutti, & G.M. Rossolini, in prep.). 
BLAST searches also showed that bacterial class  C NSAPs are 
similar (32-38% of sequence identity) throughout the protein length 
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Fig. 1. Alignment of the amino acid sequences of class B and class  C bacterial NSAPs, 
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HP1285 H. p y l o r i  """""" EPIICAWQNKX--- proteins are the same as in Table 1 
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Table 1. Members of the “DDDD” supe~ami ly  of phosphohydrolases“ 

Protein family 

Bacterial 
class B NSAPs 

Bacterial 
class C NSAPs 

Plant class C-like 

Bacterial GPHs 

Bacterial HPPases 

PSPases 

T6Pases 

Unassigned 
showing the 
“DDDD’ motif 

YAED 

COF 

Protein (organism, accession #)b 

AphA (Escherichia coli, P32697) 
AphA (Salmonella  enterica, 008430) 
NapA (Morganella  morganii, Q59.554) 
NapA (Haemophilus  influenzae, YO76151 

OlpA (Chryseobacterium  mmingosepticum, 00835 I )  
e(P4)(H. influenzue, P26093) 
LlpC (Streptococcus  eyuisimilis, 00547 1) 
HP1285 (Helicobacter  pylori, AE000633) 

APS 1 (Lycopersicon  esculentum, P27061) 
AP (Glycine  mat-, AJ223074) 
VSP (Arubidopsis  thuliana, Q39259) 

CbbZ (E.  coli, P32662) 
CbbZ ( H .  influenzue, P44755) 
CbbZ (Rhodobacter  sphaeroides, P95680) 
CbbZ (Rhodobacter  capsulatus, U23 145) 
CbbZ (Synechococcus sp.. Q55039) 
CbbZ (Synechocystis sp., P73525) 
CbbZ (Alculigenes  eutrophus, P40852) 
YvoE (Bacillus  subtilis, AF0171 13) 

(Borrelia  burgdoveri, AEOOl168) 
RifM (AmJcolatopsis  mediterranei, AF040570)e 

His7 (E.  coli, P06987) 
His7 ( H .  influenzue, P44327) 
His7 (S. enterica, P10368) 
LMBK (Streptomyces  lincolnensis, Q54364)’ 

SerB (E .  co/i, P06862) 
SerB ( H .  influenzue, P44997) 
SerB (H.  pylori, AE000578) 

SerB (Archaeoglubus  fulgidus, AE000956) 
(Methanococcus  jannaschii, Q58989) 
(Methanobacterium  thermoautotrophicum, AE00092 

(Mycobacterium  tuberculosis, AL021287) 

SerB (Saccharomyces  cerevisiae, P42941) 
(Schyzosuccharomyces  pombe, P78910) 
(Schistosoma mansoni, Q26545) 
(Homo sapiens, P78330) 

OtsB (E.  coli, P31678) 
OtsB (Rhizobium sp., P55611) 

(M. thermoautotrophicum, AE000931) 
OtsP (M. leprae, Q49734) 

(M. tuberculosis, AL009198) 
YWI I (M.  tuberculosis, Q10850)g 
TPS2 (S. cerevisiae, P3 1688) 

(S. pombe, 297209) 
(S. pombe, 299167) 
(Emericella niduluns, Q00786) 
(A. thaliunu, Z97344)h 

(Suljolobus sulfataricus, P95067) 
(S. cerevisiae Q12486) 

YNBO (S. cerevisiae, P53981) 

YAED (E.  coli, P31546) 
YAED ( H .  influenzae, P46452) 

YUPP (Mycoplasma  hominis, P4305 1 ) 
YBHA (E.  coli, P21829) 
COF (E.  coli, P46891) 
YIGL (E .  coli, P27848) 
YIGL (H.  influenzae, P44771) 

Domain AC Domain B‘ 

67-FDIDDTVLFSSP-110-YGDSDNDI-40 
66-FDIDDTVLFSSP-110-YGDSDNDI-40 
66-FDIDDTVLFSSP-110-YGDADADI-40 
65-FDIDDTVLFSSP-110-YGDSDDDV-40 

73-LDIDETVLDNSP-102-FGDNLSDF-72 
82-ADLDETMLDNSP-104-VGDNLDDF-68 
97-LDIDETVLDNSP-103-FGDNLVDF-65 
56-LDLDETVLNTFD-102-VGDTLHDF-52 

107-FDVDETLLSNLP-108-SGDQWSDL-20 
102-FDIDETTLSNLP-111-IGDQWSDL-20 
120-FDLDDTLLSSIP-108-IGDQWADL-20 

11-FDLDGTLVDSAP-166-VGDSPJTDI-55 
9-FDLDGTLVNSLP-153-VGDSKNDI-42 
5-FDLDGTLVHSAP-147-VGDSEVDA-46 
6-FDLDGTLIDSAP-146-VGDSEIDA-47 
5-FDFDGTLVDSLP-139-DGDETRDV-48 
7-FDFDGTIADTHD-139-VGDETRDI-55 
12-IDLDGTLVDSAP-148-VGDSAVDV-51 
10-FDLDGTLINTNE-141-VGDNYHDV-45 
7-FDMDGTLVNSIM-150-IGDSDVDM-43 
24-FDLDGVWDSFA-139-IGDAPTDL-49 

7-IDRDGTLISEPP-108-IGDRATDI-60 
6-IDRDGTLIDEPK-107-IGDRETDV-70 
7-IDRDGTLISEPP-108-IGDRATDI-60 

16-FDRDGVLIEATV-108-VGDRWRDV-46 

114-MDMDSTAIQIEC-143-IGDGANDL-45 
107-MDMDSTAIQIEC-143-IGDGANDL-44 
6-FDFDSTLVNAET-143-VGDGANDL-38 

183-FDVDSTLVQGEV-143-VGDGANDI-63 
133-FDMDSTLVEAEI-143-VGDGANDR-48 
9-FDFDSTLVNNET-143-VGDGANDI-39 

!I) 10-FDLDNVIIDGEA-142-VGDGANDI-323 
95-FDMDSTLIYQEV-145-VGDGGNDL-49 
80-FDMDSTLIQQEC-145-VGDGANDL-40 
12-LDVDSTVCEDEG-145-IGDGMTDA-46 
18-FDVDSTVIREEG-146-IGDGATDM-41 

18-FDLDGTLAEIKP-165-LGDDLTDE-63 
33-LDIDGTLLDLAT-165-IGDDVTDE-47 
24-TDIDGTISEIAP-166-LGDDITDA-54 
179-FDFDGTLSDIVD-174-LGDDITDE-56 
145-FDFDGTLSDIVE-170-LGDDITDE-56 
285-LDFDGTLSDIVE-172-IGDDLTDE-850 
575-FDYDGTLTPIVK-191-LGDDFTDE-110 
568-MDYDGTLTPIVR-176-AGDDRTDE-53 
579-LDYDGTLIESAR-172-AGDDKTDE-78 
1-FDYDGTLTPIVK-176-SGDDFTDE-30 

598-LDFDGTMVQPGS-174-VGDDRSDE-73 

6-VDLDGTLTEDRE-151-IGDSSTDI-51 
17-FDMDGTLCLPQP-130-VGDSFDDM-51 
7-TDFDGTVTLEDS-157-CGDGVSDL-57 

9-LDRDGTINVDHG-112-VGDKLEDM-50 
6-LDRDGTLNIDYG-111-VGDKVEDL-47 

15-IDLDGTLLADSA-204-MGDSYNDL-43 
7-LDLDGTLLTPKK-201-FGDNFNDI-44 
6-FDMDGTLLMPDH-191-FGDAMNDR-55 
6-SDLDGTLLSPDH-192-LXDGMNDA-47 
9-SDLDGTLLTPEH-194-FGDGMNDV-49 

Referencesd 

Thaller et al. (1997a) 

Thaller et al. (199%) 

I’haller et al. (1997b) 
Green et al. (1991) 
Gase et al. ( I  997) 
Tomb et al. (1997) 

Lyngstadaas et al. (1995) 
Fleischmann et al. (1995) 
Gibson et al. (1991) 

Kaneko et al. ( 1  996) 
Schaeferjohann et al. (1993) 

Fraser et al. ( 1997) 

Chiariotti et al. (1986) 
Fleischmann et al. (1995) 
Carlomagno et al. (1988) 
Peschke et al. (1995) 

Neuwald and Stauffer (1985) 
Fleischmann et al. (1995) 
Tomb et al. (1997) 

Klenk et al. (1997) 
Bult et al. (1996) 
Smith et al. (1997) 
Guerreiro et al. ( I  996) 

Davis et al. (1995) 
Collet et al. (1997) 

Kaasen et al. (1994) 
Freiberg et al. ( 1  997) 
Smith et al. (1997) 

De Virgilio et al. (1993) 

Borgia et al. (1996) 

Sensen et al. ( 1  996) 

Blattner et al. (1997) 
Fleischmann et al. (1995) 

Walkenhorst et al. (1995) 

Daniels et al. (1992) 
Fleischmann et al. (1995) 

(continued) 
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Table 1. Continued 

Protein family Protein (organism, accession #)b Domain A‘ Domain B‘ Referencesd 

COF YIDA (E.  coli, PO9997j 
YWPJ (B. subtilis, P94592) 
YO03 (H.  influenzae, P44447) 
Y  I25 (Mycoplasma  caprirolum, P53661) 
YXHE (B. suhtilis, P54947j 
Y265 (Mycoplastnu pneumoniae, P75399) 
Y265 (Mycoplasma  genitalium, P47507) 
YCSE (B. suhtilis, P42962j 
Y 125 (M. genitalium, P47371 j 
Y125 (M. pneumoniae, P7551 I )  
Y263 ( M .  genitalium, P47505) 
Y263 (M. pneumoniae, P75401) 
YAY0 (M. pneumonia?, P75360) 

(B. hurgdo~eri, AEOOI 120) 

7-IDMDGTLLLPDH-198-IGDQENDI-45 
5-IDLDGTLLNSKH-217-VGDSLNDK-43 
7-SDFNGTLLTSQH-190-FGDNFNDL-53 
6-IDIDGTVYSRKH-203-FGDGENDL-38 
6-IDMDGTLLNDHH-198-IGDNGNDL-46 
9-FDLDGTLLSWGH-206-FGDGDNDV-47 
7-FDLDGTLLSSNQ-205-FGDADNDV-46 
14-IDMDGTLLNDEQ-171-MGDSLNDI-44 
6-LDLDGTLLSKTK-207-IGDSWNDY-52 
6-LDLDGTLLSRTR-207-IGDSLNDR-48 
9-SDLDGTIVSWNP-217-CGDGDNDI-45 
9-SDLDGTIVSWNP-218-FGDGDNDI-60 
14-CDLDGTLLRYQN-210-LGDSYNDL-46 
8-SDLDGTLLLSKS-205-FGDGFNDT-50 

Burland et al. (1993) 

Fleischmann et al. (1995) 
Bork et al. (1995) 
Yoshida et al. ( I  995) 
Himmelreich et al. (1996) 
Fraser et al. (1995) 
Yamane et al. (1996) 
Fraser et al. ( 1995) 
Himmelreich et al. (1996) 
Fraser et al.  (1995) 
Himmelreich et al. (1996) 
Himmelreich et al. (1996) 
Fraser et al.  (1997) 

“Hypothetical proteins of unknown function containing motifs either typical of “DDDD’ phosphohydrolases or closely related to them are also included in the 

bAccession  numbers  for  Swiss-Prot  or Swiss-Trembl entries  are provided when available. Other accession numbers  are  for  GenBank-EMBL entries. 
‘Protein sequences  were aligned relative to their phosphatase motifs;  numbers preceding domain A indicate the distance  from the N-terminus to domain A; numbers 

between the two  domains  indicate  the length of the spacer between the two  domains; numbers following  domain  B indicate the distance from domain B  to the 
C-terminus. 

list. 

dAll  sequences listed without references were deposited directly into  databases. 
eThe R i m  phosphatase of A.  medirermnei was included into the  GPH  family  owing  to the its overall sequence similarity with other members of this family. 
‘The LMBK protein of S. lincolnensis, although being described as an IGPD,  contains  only the HPPase  domain typical of the bacterial bifunctional IGPDs. 
€The large YWI 1 protein of M. rubercu/asis, which is classified as  a glycosyl hydrolase, was included in this family  because it exhibits significant similarity to 

the E. coli T6Pase  over  a 255 amino acid overlap, being most probably a multifunctional protein with a  T6Pase  domain located at residues 241-527 and a trehalase 
domain located at residues 528-1327. 

hThe Arabidopsis rhaliana 98-kDa protein, which is classified as a trehalose-6-phosphate synthase  homologue, was included in this family  because it also contains 
a  T6Pase  domain, its structure being overall similar  to the yeast T6Pases, which are bifunctional proteins with an N-terminal trehalose-6-P synthase domain and a 
C-terminal T6Pase  domain. 

to a hypothetical protein of Helicobacter pylori (HP1285, Tomb 
et al., 1997) that could represent another member of this protein 
family, although not containing any N-terminal motif typical of 
bacterial lipoprotein signal sequences (Fig. I ) .  Two sequence mo- 
tifs, centered on the most conserved domains, could be proposed as 
signatures for bacterial class  C NSAPs: [W]-[VAL]-D-[IL]-D-E- 
T-[VM]-L-X-[NTI-X(2)-Y, located in the N-terminal moiety, and 
[IV]-[LM]-X(2)-C-D-[NT]-L-X-D-F, located near the C-terminus. 
A scan of the Swiss-Prot and Swiss-Trembl databases at the Ex- 
pasy Server (Appel et al., 1994) using either signature pattern 
specifically returns the above proteins. 

Further sequence analysis revealed that, although more dis- 
tantly, class C NSAPs are also related to class  B enzymes. The 
similarity (14-22%  of sequence identity) can be followed through- 
out the entire protein length, being stronger within two domains 
that correspond to the most conserved ones within each enzyme 
family (Fig. 1). 

Significant sequence similarity (1 2-22%  of identity) throughout 
the protein length was also observed between bacterial class C 
NSAPs and a family of plant proteins including the APSl tomato 
acid phosphatase, a soybean acid phosphatase, and an Arubidopsis 
thaliana protein for which a phosphatase activity has not been 
reported but whose primary structure is similar to the tomato and 
soybean enzymes  (Fig. 1). This represents the first example of a 
family of bacterial NSAPs that has a relatively close eukaryotic 
counterpart. Also, in this case, the similarity is stronger within two 
domains, which correspond to the most conserved ones within 
class C NSAPs and between class C and class B NSAPs (Fig. 1 ) .  

Bacterial class B NSAPs appear to be more distantly related than 
class C enzymes to the plant class C-like phosphatases (Fig. I ) .  

Definition of a new molecular superfamily of phosphohydro- 
lases: Additional analyses, performed using the sequences of  the 
two above domains as probes for homology searches, revealed that 
similar conserved domains are also present in members of other 
protein families that, although not showing an overall similarity 
with either bacterial class B or class C NSAPs, or plant class  C-like 
phosphatases, are endowed with phosphohydrolase activity. These 
include: (a) bacterial  phosphoglycolate  phosphatases (GPHs, 
EC 3.1.3.18); (b) histidinol-phosphatase (HPPases, EC 3.1.3.15) 
domains of the bacterial  bifunctional  enzymes  imidazole- 
glycerolphosphate dehydratase (IGPD); (c) bacterial, eukaryotic, 
and archaeal phosphoserine phosphatases (PSPases, EC 3.1.3.3); 
(d) bacterial, eukaryotic, and archaeal threalose-6-phosphatases 
(T6Pases, EC 3.1.3.12) (Table I ) .  

The  sequence  motifs  shared by all these  enzymes  are: 

[ATSVILMCI-X-{YFWHKR}-X-{YFWHNQ} (domain A),  and 

{PSNQYW} (domain B), separated by a number of amino acid 
residues ranging from 102 to 191 (Table 1). These structural sim- 
ilarities, together with the dephosphorylating activity exhibited by 
the members of each family, support the definition of this phos- 
phatase motif  and the inclusion of all these enzymes into a mo- 
lecular superfamily of phosphohydrolases, which we propose to 

[FILMAVTI-D-[ILFRMVYI-D-[GSNDEI-[TVI-[ILVAMI- 

{KRHNQ}-G-D-{FYWHILVMC}-{QNH}-{FWYGP}-D- 
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indicate as “DDDD’  due  to the couple of invariant aspartate res- 
idues present in each domain (Table 1).  The invariant residues 
could be essential for the phosphohydrolase catalytic activity of 
these enzymes  and part of the active site. In addition, other resi- 
dues located within the domains could be critical to the phospho- 
hydrolase activity, because the more degenerated sequence motif 
D-X-D-X-[TV]-X( 109,198)-G-D-X(3)-D is also found in mem- 
bers of other protein families that do not possess phosphohydrolase 
activity and in which this sequence pattern does not appear to be 
a typical family signature. Within each conserved domain a pref- 
erence for certain residues is  evident,  at some positions, depending 
on the protein family (Table 1) .  In particular, at position 3 of 
domain A, arginine appears to be peculiar of HPPases, while mem- 
bers of other families carry a hydrophobic residue; at position 5 of 
domain A, a negatively charged residue (aspartate or glutamate) is 
peculiar of class B and class C bacterial NSAPs and of plant class 
C-like phosphatases, while members of other families usually carry 
either  glycine (GPHs, HPPases, and T6Pases) or serine (PSPases); 
at position 1 1  of domain A, glutamate characterizes the PSPases, 
while members of the other families usually carry noncharged 
residues; at position 4 of domain B, aspartate characterizes the 
T6Pases, glycine the PSPases, arginine the HPPases, and gluta- 
mine the plant class C-like phosphohydrolases. 

Considering the above patterns and also the sequences immedi- 
ately surrounding the two conserved domains, it was possible to 
define peculiar motifs, centered around either one or both domains, 
specific for each group of “DDDD’ phosphohydrolases. In partic- 
ular, apart from the patterns already discussed for the bacterial 
class  B and C NSAPs (see above), the plant Class C-like phos- 
phatases and the ThPases are specifically recognized by motifs 
centered on domain B: I-V-G-X(2)-G-D-Q-W-X-D-L and [ILVSAI- 
G-D-D-[RKFILVI-[ST]-D-[AEI-[ASGNDI-[AGM], respectively. 
The  GPHs  are specifically recognized by a motif centered on do- 
main A: [W-X-[IF]-D-[FLMI-D-G-[TV]-[LIVI-[AIV]-[NDH]- 
[ST]-X(3)-[FILV]. The HPPases are specifically recognized by a 
motif centered on domain A, [FII-D-R-D-G-[TV]-L-I, and by a 
motif centered on domain B, S-[FY]-V-[IV]-G-D-R-X(2)-D-[IV]- 
X(2)-A.  The PSPases  are  specifically  recognized by a motif 
centered on domain A, [IV]-G-D-G-[AMG]-[NT]-D-X(2)-[MA]- 
X(3)-[AS]-X(3)-[IV]-[AG]-[FWY], and by a motif centered on 
domain B, [LFM]-D-[VLFM]-D-[SN]-T-[ILVA]-[CIV]-X(2)-E-X- 
[ILI-[DE]. 

Hypothetical proteins of unknown function possibly related to the 
“DDDD” phosphohydrolases: The proposed sequence motif spe- 
cific for members of the “DDDD’ phosphohydrolase superfamily 
was also found in three hypothetical proteins of unknown function 
(two of Saccharomyces cerevisiae and one of Sulfolobus sulfatari- 
cus; Table 1) that do not exhibit overall sequence similarity to any 
of the seven families of phosphohydrolases included in the “DDDD’ 
superfamily. It would be interesting to verify whether also these 
proteins are endowed with phosphatase activity. 

Moreover, sequence motifs very similar, although not identical, 
to that proposed for members of the “DDDD’ phosphohydrolase 
superfamily were found to be represented in the hypothetical YAED 
proteins and in members of the recently described COF family of 
hypothetical proteins (Bairoch et al., 1995; PROSITE PDOC00944) 
(Table I ) .  The YAED proteins exhibit significant sequence simi- 
larity (24-30% of identity) with the HPPase domain of the bacte- 
rial IGPDs, but are not recognized by the proposed “DDDD’ 

signature for the presence of  an asparagine residue at position 8 of 
domain A (Table 1). Members of the COF family do not exhibit 
overall sequence similarity to any of the seven families of phos- 
phohydrolase included in the “DDDD’ superfamily, but are char- 
acterized by the presence of two sequence motifs that partially 
overlap the “DDDD’ conserved domains and usually retain the 
same pattern of invariant residues. However, peculiar patterns of 
noninvariant residues and/or the length of the spacer region be- 
tween the two domains always prevent their recognition by the 
proposed “DDDD’ motif (Table 1). The hypothesis that at least 
some of these proteins may be endowed with phosphohydrolase 
activity appears suggestive and should deserve further investigation. 
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