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Identification of a novel phosphatase sequence motif
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Abstract: We have identified a novel, conserved phosphatase se-
quence motif, KXXXXXXRP-(X;.54)-PSGH-(X3; 54)-SRXXXXX
HXXXD, that is shared among several lipid phosphatases, the
mammalian glucose-6-phosphatases, and a collection of bacterial
nonspecific acid phosphatases. This sequence was also found in
the vanadium-containing chloroperoxidase of Curvularia inaequa-
lis. Several lines of evidence support this phosphatase motif iden-
tification. Crystal structure data on chloroperoxidase revealed that
all three domains are in close proximity and several of the con-
served residues are involved in the binding of the cofactor, vana-
date, a compound structurally similar to phosphate. Structure—
function analysis of the human glucose-6-phosphatase has shown
that two of the conserved residues (the first domain arginine and
the central domain histidine) are essential for enzyme activity. This
conserved sequence motif was used to identify nine additional
putative phosphatases from sequence databases, one of which has
been determined to be a lipid phosphatase in yeast.

Keywords: chloroperoxidase; homology; glucose-6-phosphatase;
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Phosphatases (phosphohydrolases) catalyze the hydrolysis of phos-
phoester and phosphoanhydride bonds of a diverse set of substrates
including phosphorylated sugars, proteins, nucleic acids, and lipids
(Boyer et al., 1961). Various criteria have been used to classify
phosphatases into families. For example, phosphatases are classi-
fied on the basis of characteristics such as the molecular nature of
the phosphate-containing substrate (phosphomonoester or phos-
phodiester), substrate type (proteinaceous or non-proteinaceous),
substrate specificity (glucose-6-phosphatases, protein-tyrosine phos-
phatases), pH optimum (acid and alkaline phosphatases), size (high
and low molecular weight phosphatases), and on the identity of the
enzyme residue that is transiently phosphorylated during catalysis
(histidine, serine, and cysteine phosphatases) (Boyer et al., 1961;
Walsh, 1979; Vincent et al., 1992; Ostanin et al., 1994; Stone &
Dixon, 1994).
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Another useful means of classification is one based on amino
acid sequence homology. Conserved amino acid sequence data
provides the opportunity to search for structurally and functionally
related proteins by computer and to tentatively identify the func-
tion of proteins encoded by newly sequenced genes. Several motifs
(signature sequences) identifying phosphatase function have been
described. For example, the (I/V)HCXAGXGR(S/T)G sequence
is found in protein-tyrosine phosphatases (Stone & Dixon, 1994),
the DXH-(X~,5)-GDXXD-~(X-.,5s)-GNH(D/E) sequence is found
in the serine/threonine protein phosphatases (Zhuo et al., 1994),
and the RHG sequence is found in 6-phosphofructo-2-kinase/
fructose-2,6-bisphosphatase, phosphoglycerate mutases, and sev-
eral acid phosphatases (Bazan et al., 1989). In this report we de-
scribe the identification of a novel phosphatase signature motif
KXXXXXXRP-(X7.54)-PSGH-(X3,_54)-SRXXXXXHXXXD. This
motif was found in a family of glucose-6-phosphatases, nonspe-
cific acid phosphatases, and several lipid phosphatases. Moreover,
we have used this motif to identify additional putative phospha-
tases currently reported as hypothetical gene products in sequence
databases.

Discussion: In our effort to identify possible lipid phosphatase
genes, we used the Escherichia coli pgpB gene product (Icho,
1988) in a BLAST search of sequence databases at the National
Center for Biotechnology Information (NCBI) (Altschul et al.,
1990). The protein showing the greatest similarity was the pgpB
homologue from Haemophilus influenzae Rd (Fleischmann et al.,
1995). The alignment of E. coli and H. influenza pgpB proteins
showed two ungapped segments covering nearly the entire length
of each protein and two short regions of concentrated amino acid
identity. Additional proteins containing similar sequences included
two nonspecific acid phosphatases, one neutral phosphatase, a sin-
gle ATP diphosphohydrolase, and three hypothetical gene prod-
ucts. On examining these sequences we found alignments defining
two short conserved domains (PSGH and SRXXXXXHXXD, where
X represents any residue) (Table 1). Using the conserved residues
found in these two domains, we performed additional BLAST
database searches and identified five additional phosphatases, seven
“hypothetical” gene products, and a chloroperoxidase that also
contained these sequences (Table 1). A third conserved domain
(KXXXXXXRP), N-terminal to the PSGH sequence, was sub-
sequently identified following our analysis of the chloroperoxidase
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Table 1. Phosphatase motif consensus sequence and protein alignments®
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Protein (source, accession #) Domain 1°¢ Domain 2 Domain 3¢ Reference®
PGPf phosphatase (E. coli, P18201) 96-~KDKVQEPRP~54-PSGH-36-SRLLLGMHWPRD-254 Icho, 1988

PGP phosphatase (H. influenzae, P44570) 93-KALFEEPRP~54-PSGH-41-SRVRLGMHYPID-241 Fleischmann et al., 1995
PAE phosphatase (M. musculus, D84376) 119-KYTIGSLRP-39-YSGH-44-SRVSDYKHHWSD-283 Kai et al., 1996
Glucose-6-phosphatase (H. sapiens, P35575) 75~KWILFGQRP-31-PSGH-49-SRIYLAAHFPHQ-357 Lei et al., 1993

Glucose-6-phosphatase (R. norvegicus, L37333)
Glucose-6-phosphatase (M. musculus, P35576)
Phosphatase (7. denticola, L25421)

Apyrase (S. flexneri, U04539)
NS-phosphatase® (S. zyphimurium, S14515)
NS-phosphatase (M. morganii, P28581)
NS-phosphatase (P. stuartii, P26975)

Acid phosphatase (Z. mobilis, P14924)
Hypothetical (S. cerevisiae, U51031)'
Hypothetical (S. cerevisiae, U33057)
Hypothetical (8. cerevisiae, X87371)
Hypothetical (S. cerevisiae, Z28278)
Hypothetical (C. elegans, Z68105)
Hypothetical (C. elegans, U28738)
Hypothetical (C. elegans, U39648)
Hypothetical (Synechocystis sp., D64003)
Hypothetical (D. mobilis, S01073)
Hypothetical (B. megaterium, S32217)
Chloroperoxidase (C. inaequalis, X85369)

71-KWILFGQRP~31-PSGH-49-SRIYLAAHFPHQ-353
75~-KWILFGQRP~31-PSGH-49-SRIYLAAHFPHQ-357
82-KRILKIPRP-17-PSGH-54-SRVYLGVHYPTD-341
123~KEYYKRVRP-23-PSGH-31-SRVICGAHWQSD-246
122~KKYYMRTRP-23-PSGH-31-SRVICGAHWQSD-232
132~KEHYMRIRP-23-PSGH-31-SRVICGYHWQSD-249
132~KEKYMRIRP-23-PSGH-31-SRVICGYHWQSD-248
131~-KNNWNRKRP-23-PSGH-31-SRIVCGAHWFSD-264
117~KNWIGRLRP-39-PSGH-46-SRTQDYRHHFVD~-289
135-KLIIGNLRP-41-PSGH-38-SRVIDHRHHWYD-275
127~KDYWCLPRP-20-PSSH-42-GRIYCGMHGILD-409
128-KDYWCLPRP-20-PSSH-42-GRVYCGMHGMLD-404
160-KCYVGRLRP-44-PSGH-47-TRVTDNWHFPTD-318
143-KHVVGRLRP-41-YSGH-45-SRITDNKHHWSD-341
82 -KFYFHRERP-17-PSGH-31-SRVALGRHYITD-345
133-KPFFNRTRP-12-PSGH-39-ASMYCRVHWATD-240
77-KHLFNTPRP-12-PSGH-33-SRLYLRAHYPID-225
106-KLFFQRARP-13-PSGH-41-SRIYLGVHYPSD-216
352-KWEFEFWRP-39-PSGH-84-SRIFLGVHWRFD-609

Haber et al., 1995
Shelly et al., 1993
Ishihara & Kuramitsu, 1995

Kasahara et al., 1991
Thaller et al., 1994

Pond et al., 1989

Kjems & Garrett, 1987
Rauschenbach et al., 1993
Simons et al., 1995

CONSENSUS SEQUENCE KXXXXXXRP

PSGH SRXXXXXHXXXD

#Protein sequences were aligned relative to their phosphatase motifs. The three phosphatase motif domains are indicated at top.
®Numbers preceding domain 1 indicate length in amino acids of N-terminus.

“Numbers between domains indicate amino acid spacer lengths.

9Numbers following domain 3 indicate total number of amino acids in each protein.
¢All sequences listed without reference were deposited directly into databases.

fPGP: phosphatidylgiycerol phosphate.

8PAL: phosphatidic acid.

"NS: nonspecific.

iIdentified as diacylglycerol pyrophosphate (DGPP) phosphatase.

crystal structure (Messerschmidt & Wever, 1996) and protein se-
quence alignments. For clarity, we will refer to the sequence near-
est the N-terminus, KXXXXXXRP, as domain 1, the centrally
located PSGH sequence as domain 2, and the sequence nearest the
C-terminus, SRXXXXXHXXD, as domain 3.

All three domains are between four and eleven amino acids in
length and include three or four conserved residues. Separating
each of the three domains are protein segments ranging from 12 to
54 amino acids in length. Furthermore, the order of all three do-
mains in each protein is invariant. We propose that the three iden-
tified conserved domains collectively define a new phosphatase
signature motif. A consensus sequence and list of 23 established or
hypothetical proteins possessing this phosphatase signature motif
is presented in Table 1. The largest group of proteins of known
function are phosphomonoesterases. They are found in a diverse
range of organisms from bacteria to humans. The known and pre-
dicted phosphatases vary in size from 216 to 357 residues in length
and include both membrane-bound and cytosolic predicted forms
(Icho, 1988; Pond et al., 1989; Lei et al., 1993; Thaller et al., 1994;
Ishihara & Kuramitsu, 1995; Kai et al., 1996). The single known
nonphosphatase is the vanadium chloroperoxidase of Curvularia
inaequalis and it is the largest at a predicted 609 amino acids.

We can make some predictions that test the significance of this
alignment data: (1) the conserved residues are essential for enzyme

function, and as such, may be found at the catalytic site, and (2) the
listed hypothetical gene products are phosphatases. In addressing
these predictions, we found evidence supporting the identification
of the phosphatase signature motif in the recent publications on the
crystal structure of the vanadium chloroperoxidase of C. inaequa-
lis and a structure—function analysis of the membrane-bound hu-
man glucose-6-phosphatase.

The enzyme chloroperoxidase catalyzes the oxidation of halides
in the presence of hydrogen peroxide and requires the cofactor,
vanadium. Orthovanadate (vanadate) is the biologically active form
of vanadium (Willsky, 1990) and is structurally similar to ortho-
phosphate (Clarkson, 1993). As such, vanadate is also known to
compete in enzymatic reaction involving orthophosphate, appar-
ently by molecular and ionic mimicry (Clarkson, 1993). Further-
more, many enzymes that function via a phosphoenzyme
intermediate, including some phosphatases (Singh et al., 1981), or
that bind ATP or other high-energy phosphate compounds (Cantley
et al., 1978; Karlish et al., 1979), are sensitive to vanadate. Thus,
information on the binding of vanadate by chloroperoxidase could
be useful in modeling a “phosphatase active site” relevant to our
list of known and putative phosphatases.

The crystal structure of an azide-chloroperoxidase complex
(Messerschmidt & Wever, 1996) shows the conserved motif resi-
dues participating in the binding of the enzyme cofactor, vanadate.
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The bound vanadate assumes a trigonal bipyramidal coordina-
tion within the enzyme pocket with the central metal and three
peripheral nonprotein oxygens equatorial to the azide ligand at
one apical position and the €2 nitrogen of His 496 at the other
apical position. This trigonal pyramidal coordination is remark-
ably similar to that described for the nucleophilic attack of or-
thophosphate (Walsh, 1979; Vincent et al., 1992) and suggests a
structural and catalytic model for this conserved phosphatase
motif. The features of this model include: (1) nucleophilic attack
of the substrate’s phosphoryl group by the histidine of domain 3
and production of a phosphoenzyme catalytic intermediate, (2)
conserved arginine residues of domains 1 and 3 hydrogen bind-
ing to the equatorial phosphoryl oxygens, and (3) the histidine
of domain 2 participating in the protonation of the substrate
leaving group.

Additional data supporting the significance of these conserved
residues are available from studies of the human glucose-6-
phosphatase. Humans deficient for glucose-6-phosphatase are af-
flicted with glycogen storage disease (GSD) type la. Previous
investigations of the glucose-6-phosphatase encoding gene of GSD
type la patients have identified several residues essential for nor-
mal enzyme function including Arg 83 (Lei et al, 1993). This
residue is the conserved arginine in domain 1 of the phosphatase
motif. In addition, earlier experiments on glucose-6-phosphatase
indicated that a phosphoenzyme intermediate is formed during
catalysis, and that a histidine residue is the phosphoryl acceptor
(Feldman & Butler, 1972; Countaway et al., 1988). Using site-
directed mutagenesis to study the structure-function relationship
of the human glucose-6-phosphatase, Lei et al. (1995) separately
introduced amino acid substitutions for Arg 83 and His 119 (the
conserved histidine present in domain 2) and tested the mutated
enzymes for glucose-6-phosphatase activity. All tested amino acid
substitutions for those two residues (including the conservative
Lys substitution for Arg 83) resulted in loss of glucose-6-phosphatase
activity. Finally, although most of the conserved amino acids of
domain 3 are present in the human glucose-6-phosphatase, those
residues were not investigated in that study (Lei et al., 1995). The
proposed glucose-6-phosphatase topology model predicts domain
3 on the opposite and noncatalytic side of the membrane from
domains 1 and 2. In light of the evidence presented here for a
three-domain phosphatase motif, the glucose-6-phosphatase topol-
ogy model may need reconsideration.

In conclusion, we have identified a conserved phosphatase se-
quence motif that can serve as a predictor of phosphatase enzyme
function and that indicates homology among known bacterial acid
phosphatases, glucose-6-phosphatases, several lipid phosphatases,
and the vanadium-containing chloroperoxidase of C. inaequalis.
The following existing experimental evidence supports the identi-
fication of this phosphatase signature motif: (1) these conserved
sequences are conceptually present in 13 known phosphatases, (2)
the crystal structure of chloroperoxidase shows the conserved res-
idues forming a vanadate-binding enzyme pocket and suggests a
model for the binding of phosphorylated substrates by this family
of phosphatases, (3) structure—function analysis of the human
glucose-6-phosphatase indicates two of the absolutely conserved
residues (arginine of domain 1 and histidine of domain 2) are
essential for enzyme function, and (4) a current database “hypo-
thetical” gene product (accession #U51031) having this phospha-
tase signature motif, has been identified as a diacylglycerol
pyrophosphate (DGPP) phosphatase of Saccharomyces cerevisiae
(Zeimetz & Carman, in prep.).
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