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Reversible protein phosphorylation is critically important in the modulation of a wide variety of cellular functions. Several
families of protein phosphatases remove phosphate groups placed on key cellular proteins by protein kinases. The complete
genomic sequence of the model plant Arabidopsis permits a comprehensive survey of the phosphatases encoded by this
organism. Several errors in the sequencing project gene models were found via analysis of predicted phosphatase coding
sequences. Structural sequence probes from aligned and unaligned sequence models, and all-against-all BLAST searches,
were used to identify 112 phosphatase catalytic subunit sequences, distributed among the serine (Ser)/threonine (Thr)
phosphatases (STs) of the protein phosphatase P (PPP) family, STs of the protein phosphatase M (PPM) family (protein
phosphatases 2C [PP2Cs] subfamily), protein tyrosine (Tyr) phosphatases (PTPs), low-M, protein Tyr phosphatases, and
dual-specificity (Tyr and Ser/Thr) phosphatases (DSPs). The Arabidopsis genome contains an abundance of PP2Cs (69) and
a dearth of PTPs (one). Eight sequences were identified as new protein phosphatase candidates: five dual-specificity
phosphatases and three PP2Cs. We used phylogenetic analyses to infer clustering patterns reflecting sequence similarity and
evolutionary ancestry. These clusters, particularly for the largely unexplored PP2C set, will be a rich source of material for

plant biologists, allowing the systematic sampling of protein function by genetic and biochemical means.

Reversible protein phosphorylation modulates
many cellular functions including cell cycle events,
growth factor response, hormone and other environ-
mental stimuli, metabolic control, and developmen-
tal processes (Andreeva and Kutuzov, 1999;
Chernoff, 1999; den Hertog, 1999; Iten et al., 1999;
Schillace and Scott, 1999; Luan, 2000). As a paradigm,
protein kinases and phosphatases add or remove
phosphate groups on critical enzymes and regulatory
proteins. Kinases differ in their phosphoryl amino
acid substrate specificity: some act at Ser/Thr resi-
dues, some act at Tyr residues, and some can act at
both (“dual-specificity” kinases). Despite these dif-
ferences, all protein kinases share characteristic
structural motifs and similar folded structures
(Hanks and Hunter, 1995).

Phosphatases can be similarly grouped by sub-
strate specificity into Ser/Thr, Tyr, and dual-
specificity classes. However, in contrast to kinases,
phosphatases represent a more structurally and evo-
lutionarily diverse group. The STs originally were
subdivided into the protein phosphatase 1 (PP1) and
protein phosphatase 2 (PP2) groups based upon dif-
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ferential sensitivity to small molecule inhibitors. PP2
proteins are further distinguished by metal ion re-
quirements: PP2Cs require Mg*? and protein phos-
phatases 2B (PP2Bs) require Ca*?, whereas protein
phosphatases 2A (PP2As) have no ion requirement
(Cohen, 1989). The proteins of the PP1, PP2A, and
PP2B groups share sequence similarity and now com-
prise the PPP sequence family. PP2C sequences, how-
ever, lack sequence similarity to the protein phospha-
tase P (PPP) family, and together with pyruvate
dehydrogenase phosphatase and other Mg">-
dependent Ser/Thr phosphatases (STs), comprise the
protein phosphatase M (PPM) sequence family (Bar-
ford, 1996; Cohen, 1997). Despite their lack of se-
quence similarity, members of the PPP and PPM
families share a similar structural fold (Das et al.,
1996), suggesting a common mechanism of catalysis.
Several conserved acidic residues complex metal
ions, which are essential to activity (Egloff et al.,
1995; Goldberg et al., 1995; Griffith et al., 1995). A
metal-bound water molecule acts as a nucleophile to
directly displace phosphate from the substrate amino
acid (Lohse et al.,, 1995) in an acid base catalytic
mechanism.

Tyr phosphatases have a distinct evolutionary ori-
gin and catalytic mechanism from the STs. The “con-
ventional” Tyr phosphatases are those specific for
phosphorylated Tyr residues (PTPs), whereas dual-
specificity phosphatases (DSPs) act at both Tyr and
Ser/Thr residues. Both phosphatase types comprise a
common evolutionary family. They contain a cata-
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lytic core motif with a conserved Cys residue, which
acts as a nucleophile, displacing the phosphate group
from the substrate and forming a phosphoryl-
cysteinyl intermediate. A positionally conserved Asp
participates in the removal of the phosphate group
(Fauman and Saper, 1996). The low-M, protein Tyr
phosphatases (LMW-PTPs) constitute an evolution-
arily distinct group, which have converged on a sim-
ilar catalytic mechanism (Ramponi and Stefani, 1997).

Most knowledge of the structure, mechanism, and
function of protein phosphatases has been derived
from work in animal and fungal systems. Knowledge
of plant proteins has begun to emerge in the last few
years, but is still incomplete. The structure and ex-
pression patterns of the Ser/Thr phosphatases have
been intensively investigated, but relatively little is
known about their function. In contrast, functional
information is available for a few well-studied
PP2Cs, but relatively few members of this large fam-
ily have been thoroughly investigated. The recent
completion of the genomic sequence of Arabidopsis
now permits the analysis of a complete set of plant
protein phosphatases and their evolutionary relation-
ships, which will facilitate their functional study in
plant development and physiology.

RESULTS
Assessment of Gene Prediction Quality

Sequence annotations were subjected to the quality
assessment procedure detailed in “Materials and
Methods.” Gene predictions (122) were examined,
with the following breakdown: PP2C (76), DSP and
“DSP like” (17), ST (27), PTP (1), and LMW-PTP (1).
Twelve sequences were ultimately rejected at the
final alignment stage (sequences indicated in figure
legends), leaving a total of 110 initial candidate Ara-
bidopsis phosphatase sequences. Two additional se-
quences (At5g04540 and At3g10550) were accepted
into the data set during revision without an exami-
nation of their annotation quality. Table I summa-
rizes our assessment of the quality of the gene struc-
tures for phosphatases predicted by the Arabidopsis
genome sequencing project, using the error detection
procedures detailed in “Materials and Methods.” Of
the 110 predictions for confirmed protein phospha-
tases, we found five instances of extra exons in the
annotated sequence, four instances of missing exons,
and 15 instances of duplicated sequences. For se-
quences with exon errors, corrected versions have
been deposited with the PlantsP database (http://
plantsp.sdsc.edu). For the duplicated sequences, we
determined if the duplicates were likely to be bio-
logic in origin (i.e. genuine genomic gene duplica-
tions) or artifacts of data recording during the ge-
nome project. We examined the chromosome of
origin of the duplicates, the gene order of neighbors
of the duplicates, and searched the expressed se-
quence tag (EST) database for hits supporting alter-
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Table I. Annotation errors in protein phosphatase sequences

Annotation Error Arabidopsis National Center for Biotechnology
Sequence No. Information (NCBI) Protein gi Nos.
Extra exon At2g20630 4512655
At4g28400 7488280
At4g31750 7486331
At2g35680 4263787
At2g42810 4512673
Missing exon At4g28400 7488280
At1g68410 6714350
At3g52180 4678947
At5g53140 9757995
Duplication At4g28400 2842482, 7269694
At4g31860 7270089, 4584525
At4g26080 4538937, 7269459
At4g27800 7269633, 4972111
At3g15260 6997172, 9294253
At4g33920 727034, 3297816
At4g38520 4467139, 7270835
At4g31750 3281853, 7270078
At4g32950 3688176, 7270242
At1g43900 8778653, 7523669
At3g12620 9294356, 12321955
At1g71860 7239513, 12324541°
At4g11240 5596470, 7267823
At4g26720 4455195, 7269524
At4g03080 3924596, 7270178

? Fragmentary duplication—sequence truncated by end of BAC.

native splice variants. By these criteria, all duplicates
appear to be project artifacts.

Inventory of Phosphatase Sequences

Of the 112 Arabidopsis phosphatase candidates,
there is a preponderance (69) of PP2Cs, only one PTP,
23 STs, 18 DSPs, and one LMW-PTP. Some se-
quences, in several phosphatase classes, achieved
high scores in database searches (either by profile
analysis or by repetitive family BLAST analyses), but
lacked critical catalytic residues, and therefore were
rejected as functional phosphatases. However, these
sequences, indicated in figure legends, may be evo-
lutionarily related to the functional sequences. Two
sequences (Atlg05000 and At2g32960) are “DSP
like.” These sequences have a Glu residue (E) at a
critical catalytic position usually occupied by an Asp
(D). Though this is usually considered a conservative
substitution, its uniqueness to these sequences ren-
ders their catalytic activity as problematic. Eight
sequences are classified here as new candidate phos-
phatases (i.e. not previously annotated as phospha-
tases): five DSPs and three PP2Cs (see figure legends).

In the PP2C class, a set of conserved motifs has
been defined (Bork et al., 1996), and a crystal struc-
ture obtained (Das et al., 1996). Four conserved Asp
(D) residues coordinate a divalent metal ion (Mg>* or
Mn**) essential for catalytic activity. In addition to
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these acidic residues, there are other conserved mo-
tifs in the catalytic domain. In the fourth motif, a
Thr (T) was found to be invariant in the first PP2C
to be characterized, including the sequence whose
three-dimensional structure has been solved. More
recently, however, some plant phosphatases have
been characterized that contain a Cys (C) in this posi-
tion. PP2C5 of Arabidopsis (sequence At2g40180) and
MP2C of Medicago sativa (gi:7488754) have been ex-
pressed in bacteria and shown to have phosphatase
activity in vitro (Meskiene et al., 1998; Wang et al.,
1999). Our search retrieved a number of other Arabi-
dopsis sequences having a Cys at this same position:
Atlg67820, At3g17090, At4g38520, At2g28890, At5g-

02400, At2g30020, At3g12620, At3g55050, Atlg07160,
At5g02760, At3g09400, At4g33920, At1g07630, At3g-
16560, At5g66080, At5g06750, and At3g51370. We in-
clude these as valid PP2C candidates based upon this
experimental work.

Structural, Evolutionary, and Functional
Relationships among Phosphatase Sequences

ST Phosphatases

An alignment of 221 ST catalytic domain sequences
produced the pattern of relationships depicted in
Figures 1, 2, and 3. These relationships are presented
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Figure 1. Radial phylogenetic tree from ST protein phosphatase sequence comparisons. Correspondence between taxon or
sequence number and NCBI protein gi number is given in Figures 2 and 3. Branch lengths are in arbitrary units. Arabidopsis
sequence numbers are in bold and branches leading to these taxa are broad. Branches shown as dashed lines are presented

as one-half of their true length.

910

Plant Physiol. Vol. 129, 2002



as a radial phylogenetic tree with neighbor joining
(NJ) (Saitou and Nei, 1987) branch lengths (Fig. 1)
and as a topographic cladogram with representative
bootstrap values (Figs. 2 and 3). The sequences are
from a broad array of organisms: animals, plants,
fungi, protists, and bacteria.

PP7 (At5g63870) is part of a cluster (sequences
1-12) containing animal EF hand-containing protein
phosphatases (PPEFs) sequences and the Drosophila
melanogaster protein RdgC. A PP5 cluster (sequences
13-25) contains one Arabidopsis sequence. Sequences
26 through 29 form a cluster consisting of three bac-
terial sequences plus an Arabidopsis sequence. The
latter contains a chloroplast motif, and together with
this clustering pattern, this suggests a chloroplast
(and ultimately bacterial) origin. A large and well-
supported cluster (sequences 30-54) contains the
PP2B (calcineurin) subclass, all of which are animal
or fungal sequences. This confirms previous failures
to find PP2B catalytic subunit sequences in plants. A
PP2A cluster is formed by sequences 56 through 96,
which contains five Arabidopsis sequences. A PP4
cluster (sequences 98-108) contains two Arabidopsis
sequences, whereas a PP6 cluster (sequences 109-
119) has one Arabidopsis protein. Sequences 124
through 128 form a phosphatase cluster that contains
four Arabidopsis members; these proteins all have a
large N-terminal extension, but their function is un-
known. Sequences 166 through 188 comprise a diver-
gent plant PP1 cluster, containing eight Arabidopsis
sequences (summarized in Table II).

The majority of ST phosphatase sequences belong
to the same protein homology group (Group 1), with
the exceptions being sequence 10 (Group 4), sequence
22 (Group 3) and sequence 27 (Group 2; Figs. 2 and
3). There is a single genomic DNA homology sub-
group represented within each cluster defined by
protein phosphatase domain similarity (homology
group letters, Figs. 2 and 3). Most of the genes have
one or more homologs (83%; Table III). The disper-
sion pattern of these genes shows a minority of tan-
dem duplicates (42%) and a majority of more widely
distributed copies (58%).

Dual-Specificity Phosphatases (DSPs)

An alignment of 169 DSP catalytic domain se-
quences produced the pattern of relationships de-
picted in the radial tree of Figure 4 and the topo-
graphic cladograms shown in Figures 5 and 6. Most
of the sequences are derived from non-plant spe-
cies—animal being the most numerous, with fungal,
bacterial, and viral sequences also represented. The
single largest functional group represented is formed
by the mitogen-activated protein kinase (MAPK)
phosphatases, which together comprise several clus-
ters: sequences 42 through 56, 57 through 65, 70
through 78, and 91 through 93. There are no plant
sequences in these clusters.

Plant Physiol. Vol. 129, 2002
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Sequences 113 through 122 form a cluster that re-
ceives high bootstrap support in both NJ (95%) and
parsimony (85%). There are eight sequences from
animal species, and two from Arabidopsis. The ani-
mal sequences are phosphatase and tensin homologs
(PTENS). Sequence At3g50110 (gi: 11358703) is anno-
tated as a putative protein phosphatase. Sequence
At5g39400 is annotated as a putative protein phos-
phatase under gi number 10177687, but is noted as
“PTEN like” under gi number 15241737 (a clearly
synonymous no. with a few small exon differences
from 10177687).

Sequences 123 through 126 are Arabidopsis pro-
teins annotated as unknown function. At2g32960 and
At1g05000 are “DSP like” as previously noted. Se-
quences 137 through 142 comprise a cluster with high
bootstrap support in both NJ (100%) and parsimony
(82%). This cluster contains animal “myotubularin”
proteins. The two Arabidopsis sequences are anno-
tated as “myotubularin like.” Sequences 143 through
150 form a cluster with moderate to strong bootstrap
support (96% NJ and 70% parsimony), and consist of
a mixture of animal and plant sequences, including
sequences from Arabidopsis. Sequences 151 through
154 are from animals, and form a tight cluster. These
are “Laforins,” from a particular form of epilepsy
called Lafora disease. Sequences 155 through 157 are
three Arabidopsis proteins that are associated with
the Laforin cluster with moderate support in NJ (79%
bootstrap support) and somewhat weaker support in
parsimony (41% bootstrap support).

There are six protein homology groups represented
within the DSP phosphatase class (Figs. 5 and 6). For
the most part, each cluster defined by phosphatase
domain similarity comprises a single protein homol-
ogy group. The exceptions are sequences 38 and 86,
which are dispersed members of protein homology
Group 1. A minority of the genes have homologs
(44%; Table III). All duplicate genes are dispersed on
different chromosomes.

PP2C Phosphatases

An alignment of 169 PP2C phosphatase catalytic
domain sequences produced the pattern of relation-
ships depicted in the radial tree of Figure 7 and the
topographic cladograms of Figures 8 and 9. A major-
ity of the sequences (90) are from plants, with the
remainder representing a diversity of organisms: an-
imals, protists, bacteria, and viruses.

There are eight distinct clusters that are designated
as “all plant,” containing the following groups of
sequences: 2 through 14, 15 through 20, 21 through
33, 38 through 39, 52 through 60, 61 through 72, 106
through 109, and 165 through 167. Two sequence
clusters consist of Arabidopsis sequences only: 73
through 77 and 90 through 98. The sequences in
“Plants #6” and “Arabidopsis #1” have substantial
similarity to animal (“78-84:Animal #1”) and fungal
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Figure 2. Topographic cladogram with additional information for ST protein phosphatase sequences 56 through 165. Branch
lengths for the cladogram are unit length. Representative bootstrap values are shown; the value above the line is the ClustalW NJ
value, and the value below the line is the maximum parsimony value (see “Materials and Methods”). Taxon number is as shown
in Figure 1, and an appropriate NCBI gi number is provided for each taxon. Information for Arabidopsis sequences is in bold and
branches leading to these taxa are broad. The PlantsP plant phosphorylation database (Legend continues on facing page.)
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(“85-87:Fungal #1”) sequences, as evidenced by the
moderate bootstrap support for a common node con-
necting these clusters (75% NJ bootstrap support and
68% parsimony bootstrap support).

Very few of the Arabidopsis sequences have been
experimentally characterized. The cluster “Plants #1”
(2-14) contains sequences At5g57050 (“ABI2”) and
At4g26080 (“ABI1”), two proteins involved in the
abscisic acid (ABA) signaling pathway. Several se-
quences in this cluster are annotated as being “ABA1
like.” Sequence 45 is kinase-associated protein phos-
phatase (KAPP), which has been shown to be a mod-
ulator of a receptor-like kinase signaling pathway. It
forms a small cluster with two other plant sequences
from Oryza sativa and Zea mays (“45-47:KAPP Clus-
ter”), but is not closely related to any other Arabi-
dopsis protein.

Most PP2C phosphatase sequences belong to a sin-
gle protein homology group (Group 1; Figs. 8 and 9).
The exceptions are sequences 74 through 77, which
are in protein homology Group 2, and sequence 73,
which represents a fusion of components from both
of these protein homology groups. Most clusters de-
fined by phosphatase domain similarity contain more
than one DNA homology group. A majority of the
genes (74%) have homologs (Table III). The disper-
sion pattern of gene copies shows about one-half as
many tandem duplicates (31%) as more widely dis-
tributed copies (69%).

DISCUSSION
ST Phosphatases

The structures of ST phosphatases of the PPP fam-
ily have been intensively investigated. Our results
confirm, with a larger data set and more comprehen-
sive analysis methods, patterns of relationships pre-
viously published by others. Cohen (1997) produced
a distance tree showing that the PP4s and PP6s are
most closely related to the PP2As, and that these
are all in turn more closely related to PP1s than they
are to PP2Bs. An examination of our radial ST tree
shows that the same relationships hold true when
two tree inference methods are used. Andreeva and
Kutuzov (1999) showed that Arabidopsis PP7 clus-
tered with animal PPEF and D. melanogaster rdgC,
and that this cluster is most closely related to the
PP5s. This pattern is confirmed in our data set. Fi-
nally, the relative topological relationships of all ma-
jor ST protein phosphatase groups (PP1, PP2A, PP4,

Arabidopsis Phosphatases

PP5, PP6, PPEF/rdgC/PP7, and PP2B) displayed in
these two previous distance trees are confirmed in
our analysis using both neighbor joining and maxi-
mum parsimony. As has been noted in previous in-
vestigations, we failed to find any recognizable PP2B
catalytic subunit sequences encoded by the genome
of Arabidopsis.

Before the completion of the Arabidopsis genomic
sequence, Lin et al. (1998, 1999) performed a survey
of known PP1 phosphatase sequences. They pro-
duced trees by both distance and parsimony methods
with consistent topologies, showing distinct clusters
containing animal and plant sequences. Our analysis,
performed with a larger data set, confirms their find-
ings. In particular, our data reveals a pattern of well-
supported subclusters among the plant sequences,
which is very similar to that observed by Lin et al.
(1999). Table II presents these subclusters, with their
bootstrap support, and includes common sequence
nomenclature to facilitate comparison with this ear-
lier work.

Finally, our analysis of the ST phosphatases of the
PPP family should assist future experimental work
by allowing classification of some Arabidopsis se-
quences into established groups, and focusing atten-
tion on a novel group of unknown function. Our trees
show that sequence At2g42810 belongs to the PP5
class, and that sequence Atl1g50370 is a PP6. Se-
quences 124 through 128 form a well-supported clus-
ter of unknown function, whose first sequence is
from the protist Plasmodium falciparum, and contains
a long N-terminal extension preceding the phospha-
tase catalytic domain. All of the Arabidopsis se-
quences except At2g27210 contain a putative trans-
membrane region.

DSPs

Proteins of the DSP class dephosphorylate sub-
strate proteins at both Tyr and Ser/Thr residues.
These proteins have received a great deal of attention
in animal and fungal systems as regulators of signal-
ing cascades involving multiple levels of protein ki-
nase activity. Classic examples of these systems are
the MAPK pathway in mammalian cells involving
RAS-associated factor, MAP and ERK kinase, and
EGF-regulated kinase (Lewis et al., 1998); the envi-
ronmental stress-activated mammalian pathway in-
volving p38 and c-Jun kinase (Lewis et al., 1998); and
the mating pheromone MAPK cascade in budding

Figure 2. (Legend continued from facing page.)

(Gribskov et al., 2001) identification number is shown for all plant sequences. The cluster designations shown correspond
to those shown in Figure 1. The Institute for Genomic Research ID numbers are shown for the Arabidopsis taxa. For all other
taxa, the organism encoding the protein is shown. Standard nomenclature as taken from the NCBI taxonomy database
(Wheeler et al., 2000) is used for all free-living organism names; virus abbreviations are shown in “Materials and Methods.”
Homology group, based on protein and DNA sequence alignments, is as defined in “Materials and Methods.” The following
sequences were rejected at the final alignment stage: At3g19980, At1g48120, At1g20320, and At5g10900.
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172y . faba

173 M. safiva

(174} . domestica

178) At2g39840

i M

salva

—{ {178) M. sativa
{179 Q. safiva

(180} M. safiva

{181) C. reinhardti

{182) Z. mays

(183 M. safiva

(184) At1g64040

(185 Atdg11240

(186) At5g27840

(187 Al3g05580

91 (188) P wulgaris
'E;- {191) G. polyedra
(192} A diftonii

_(—1 {193} A diftoni
(194) C. reinharditii

(195} S. pambe

(186) S. cerevisiap

(187) S cemevisiae

{198) €. niculans

199) 5. pombe

{200}  D. discoideum

201) P. tetaurelia

(202)  R.norvegicus

203) H. sapiens

(204) M. musculus

(205) D. melanogaster

(206) 0. melanogaster

91 207) C.elegans
77 208) C.elegans
(209} H.curvata

210) D. melanogaster

—{_4 (211} D. melanogaster
212) D. melanogaster

21 H. sapiens

@214) Q. cunicuius

215 H. sapiens

@216 O. aunicuius

@173 R.norvegious

218) H. sapiens

219) H. sapiens

(220) M. muscuius

221) X. lagyis

(1) M. musculus

[—1: 2) H. sapiens

)] T. niotipes

4) M. musculus

&) H. sapiens

{B) H. sapiens

7y C. elegans

90 {8) C. elegans
(9) D melanogaster

99 am At5_lg 870
(11) bruei

(12) T. brucei

(13} H. sapiens

i14) H. sapiens

(15} B.norvegious

(18)  R.norvegious

17y H. sapiens

(18) H. sapiens

19) X. lagvis

120) D. melanogaster

21} C. elegans

99 22) At2g42810
71 23) . crassa
24) S. pomnbe

25) S cemvisiag

28 P. abyssi

27 At1g0o7010

{28) D.radiodurans

2D A spPCC7121

(30) H. sapiens

{31} R.norvegicus

{323 X. lagvis

{33) X, lagvis

(34} H.saniens

(39) H. sapiens

{36) H. sapiens

37) D. melanogaster

(38) D. melanogaster

(38) P. yessoerisis

(40} C.elegans

(41} D melanogaster

42) S. mansoni

(43) F. neoformans

(44 M. crassa

(45) E. nidulans

48) S. pombe

47} S. pombe

(48] R narvegios

49) S. cerevisiae

[G10)] 8. cervisiae

B1) S. perevisiae

100 52) D.discoideumn
83) D.discoideun

154} P. tetraurelia

155) L. major

HCBI
Protein gi

15232651
15237829
1345762
15227080
7435127
7435126
7209508
7435134
5917726
1346758
7435125
7435132
7435129
1346764
7435133
7435136
130709
1346763
15222607
15237111
15241059
15230010
1348765
1297315
1346750
1346753
5053113
130699
472523
6320980
130707
130697
244882&
478781
227436
45086005
12836039
7291149
13467561
7500166
1353085

2586409

1
15292929
3063551
9356819
1122831
837761
1683530
1709745
2135921
12653213
2407639
7299242
6434472
15228006
2290382
4538589
6321562
2073464
15222267

8324030
11907548
3213204
280768
11036840
5031583
7435138
2499730
7573837
7495214
1352671
8250651
3334282
1352578
1352677
11263010
2499731
8394033
171151
3560
6323465
2130166
2570229
2511537
7687918

PlantsP Homology
o]

26796
26803
10147
26786
10321
10320
11446
11754
11200
26791
10322
11752
11751
101489
11753

10121
10148
26781
26799
26805
26794
10150

26804

26788

26785

Cluster

Group Designation

ST-1e

ST-1e

sT-le
166 - 188:
All Plant
PP-1

ST1e

ST-1e

ST-1e

ST-1e

8T-1e
202 - 221:
All Animal
1-12:
Animal
and Plant
All PPEF

rdgC / PP-7

sT4a
13- 25:
Animal
and Plant
All PP-5

S$T-3a

ST2a 26-29:
Bacterial-like
PPPs
30 - 54:
Ca-dependent
Calmodulin-

stimulated

Calcineurin A
PP-3 (PP-2B)

Figure 3. Topographic cladogram with additional information for ST protein phosphatase sequences 166 through 55.
Continuation of Figure 2; see legend to Figure 2.
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Table Il. Arabidopsis sequences in plant PP1 subclusters of the PPP phosphatase family

Percent Bootstrap Arabidopsis Tree Taxon
ST Class Support for Cluster® Member(s) No. Comments

Subcluster 1 99% (NJ) At3g46820 166 Annotated, confirmed by tree (“TOPP5”)
100% (Pars) At5g59160 167 (“TOPP2")

Subcluster 2 100% (N)) At2g29400 169 (“TOPP1”)
99% (Pars)

Subcluster 4 81% (NJ) At2g39840 175 (“TOPP4")
53% (Pars)

Subcluster 5 96% (NJ) At4g11240 185 (“TOPP7")
89% (Pars) At1g64040 184 (“TOPP3")

Subcluster 6 100% (NJ) At5g27840 186 Annotated, confirmed by tree (“TOPP8”)
100% (Pars) At3g05580 187 Putative PP1, confirmed by tree (“TOPP6”)

21,000 total neighbor joining (NJ) bootstrap replicates, 200 total maximum parsimony (Pars) bootstrap replicates.

yeast (Saccharomyces cerevisine; Wittenberg and Reed,
1996). Recently, plant systems have been intensively
investigated for the presence of components of MAPK
signaling pathways (for summary, see Ichimura et al.,
2000; Jouannic et al., 2000). There is now evidence for
the use of several such cascades in plants; for example,
the ethylene hormone response pathway, responses to
various biotic and abiotic stresses (e.g. pathogen in-
fection, touch and wounding, dehydration, and low
temperature), and cell cycle regulation.

The functional significance of MAPK phosphatases
(MKPs) in animals is clearly reflected in their
prominence in the DSP tree. There are four clusters,
together comprising 30 sequences. Interestingly,
there are no plant sequences in any of these clusters.
The only Arabidopsis sequences in our DSP set
with demonstrated MKP activity are At3g23610
(“AtDSPTP1”), which has been shown to inactivate in
vitro an Arabidopsis MAPK (“AtMKP4”; Gupta et
al., 1998), and At3g55270 (“AtMKP1”), which was
identified as a mutation that increased Arabidopsis
sensitivity to genotoxic stress treatments. The wild-
type protein was shown to dephosphorylate MAPK
proteins (Ulm et al., 2001). The former sequence clus-
ters with sequence At3g06110 in our tree, suggesting

Table Ill. Gene homology data

Phosphatase Class

ST PP2C DSP
No. of genes 23 69 18
Proportion of genes with 82.6 (19) 73.9 (51) 44.4 (8)
homolog [% (num)]
No. of homologous 8 34 13
groups
Tandem duplications 42.1 (8) 31.4(16) 0
[% (num)]
Duplications in same 15.8 (3) 7.8 (4) 0
chromosome
[% (num)]
Duplications in different 42.1 (8) 60.8 (31) 100 (8)
chromosomes
[% (num)]

Plant Physiol. Vol. 129, 2002

that this might be a logical target for testing for MKP
activity. Aside from this one association, there are no
other clustering patterns in our tree that might sug-
gest possible Arabidopsis MKP candidates.

We observed the clustering of two Arabidopsis
sequences (one of them previously unrecognized)
with animal PTENs (sequences 113-122). Human
PTEN was originally noted as a tumor suppressor
protein whose loss through mutation is involved in a
number of human cancers (Maehama and Dixon,
1999; Vazquez and Sellers, 2000). Arabidopsis pro-
teins have been previously reported which share se-
quence similarity and cluster with two other groups
of animal proteins that contain members implicated
in human disease (Ganesh et al., 2001; Laporte et al.,
2001). These relationships were confirmed in our DSP
tree: myotubularins (sequences 137-142) and Lafor-
ins (sequences 151-154). The prototype myotubularin
(MTM1) is mutated in myotubular myopathy, a dis-
order of skeletal muscle development. Mutations in
the human Laforin gene (EPM2A [Epilepsy progres-
sive myoclonus 2A]) produce a form of inherited
epilepsy with neurological degeneration known as
Lafora disease (Minassian et al., 2000). For each of
these three groups, it has been demonstrated that the
animal protein has a multidomain structure, and that
regions other than the phosphatase domain used in
this study for our alignments is functionally signifi-
cant, and perhaps involved in disease. Assessment of
the significance of the corresponding Arabidopsis
proteins will have to await reports detailing struc-
tural analysis of these non-phosphatase protein re-
gions, and in vivo functional studies.

PP2C Phosphatases

Evidence from a variety of organisms implicates
protein phosphatases of the PP2C class as negative
modulators of protein kinase pathways activated by
various types of environmental stress. In mammalian
cells, PP2C activity modulates stress signaling medi-
ated by AMP-activated protein kinase in response to
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42-56: All 57-65: All
Vertebrate Vertebrate
MKP-1, MKP-2 MKP-3 70-78: All
(DSP 1, 2, 4, 5) (DSP 6, 7) Animal
e T MKP-7
66-67 (DSP 8)
33-35:
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Mouse 4 26 495 5'3 5785 g9
/ 38 40\ 4 47 %0 64168/ 70-72 7377
27-29: 3734 3538 47 78
Primate DSP 32 79-82
30 83
4 84
23-25: 27 5. g
A. thaliany 26 -
% a9 91-93:
88
» A % MKP-6
21 2 / 91
20 i 94-97:
1g 19 o \ Human and
17 96 Mouse
15 10 %78 Unknown
14 991’00 Proteins
13 101
12 102
" 10 103-105
9 106
’ s
7 .
6 = 109 108-112:
5 3 110 Al
2 11112 Primate
27 DSP4A3
169 13
114
1% 115
165 116
164 17 _
T62 118 113f122-
164 119 Animal
158 122 PTEN
120—121 Proteins
157 123
1
124
198 10 g0 47 182 1597 127", 125
154 " 149 145 134133 1311 126
1143 136 30 123-126:
1461“14 135 A. thali
0.1 \ 141 439 137 . thaliana
142 1
151-154: 140 38 —
Laforin " 128-131:
Epilepsy 143-149: 132.135:. Human
DSPs Plant, Animal _ 137-142: Yoast cDC14
Unknown Myotubularin CDC14
Proteins DSPs

Figure 4. Radial phylogenetic tree from DSP sequence comparisons. Correspondence between taxon or sequence number

and NCBI protein gi number is given in Figures 5 and 6. Figure

energy depletion (Moore et al., 1991; Corton et al.,
1994; Rodriguez, 1998) and the p38 and c-Jun kinase
MAPK pathways responding to environmental fac-
tors (Hanada et al., 1998; Takekawa et al., 1998; Luan,
2000). In budding yeast, PP2C proteins appear to
antagonize the hyperosmotic stress response medi-
ated by the pathway ending in the MAPK HOG1
(Maeda et al., 1994; Rodriguez, 1998). PP2Cs are also
involved in the negative modulation of stress re-
sponse signaling in fission yeast (Schizosaccharomyces
pombe; Shiozaki and Russell, 1995; Gaits et al., 1997;
Rodriguez, 1998).

Before the completion of the Arabidopsis genome
sequencing project, relatively few PP2C proteins

916

characteristics are as described in legend to Figure 1.

were known in plants. ABI1 and ABI2 were originally
identified as a result of mutations, which conferred a
phenotype of insensitivity to the actions of the hor-
mone ABA (Leung et al., 1994, 1997, Meyer et al.,
1994). KAPP was originally identified as an interact-
ing protein with a receptor-like kinase (RLKS5; Stone
et al., 1994). Biochemical and genetic studies suggest
that KAPP acts as a negative modulator of the CLV1
signaling pathway (Williams et al., 1997; Stone et al.,
1998; Luan, 2000).

In this study, we have analyzed 69 PP2C proteins
encoded by the Arabidopsis genome, including three
that were not previously recognized as protein phos-
phatases. Several sequences in the “Plants #1” cluster

Plant Physiol. Vol. 129, 2002



Taxan A, thaliana
Humber TIGR ID
or Organism
(1) L. major
2) PBCvitus

3) L. major
4) C.elegans

&) S. pombe

B) P. falciparum
@) L. major
B) S. cerevisiae
E. coli

(10} E. coli
(113 P. abyssi
(12} P. harikoshii
13 H. sapiens
(14) H. sapiens

{15) M. musculus

{16) M. muscuius

(7 H. sapiens

(18) M. musculus

el

{19) M. musculus

H. sapiens

D. melanogaster
D. melanogaster

—
(=3
(=]

At3g33610

g

At3g06110

Atbg23720

100

H. sapiens

100 99
NA

R. norvegicus
M. musctulus

M. musculus

C. eugametos

20}
21)
122}
23)
20
(25)
(286) D. melanogaster
27)
(28)
(29)
(30)
31)
(32)

D. melanogaster

100

33) M. musculus

J1

100

34) M. musculus

(35) vl. musculus

(36) Chilov.

Z. mays

37)
(38) At3g55270

(39) D. melanogaster

'

{40) D. melanogaster

41 H. sapiens
42) H. sapiens
43) R.norvegicus
44)  R.narvegicus
(45) G. gallus

48) X. lagvis
47) H. sapiens
{48) H. sapiens

{49) G. gallus

100
98

(50) H. sapiens

51) . musculus

52) M. musculus

53) H. sapiens

100

o0
~

54) H. sapiens
55) H. sapiens
(568)  R.norvegicus
(57} H. sapiens

a8) H. sapiens
(a9} H. sapiens
{60} H. sapiens
681} X. laevis
62} H. sapiens
{63}  R.norvegicus

B4) H. sapiens

{65) . musculus

|

{68) H. sapiens

B7) H. sapiens

95

o0
=]

{68) D. melanogaster
(69) C. elegans

Z70) H. sapiens
71) M. musculus
{72) H. sapiens
(73) H. sapiens
74 1. musculus
75} V. musculus
(786} M. musculus
77} IV, musculus

(78) C. elegans

(79) H. sapiens

(80) . musculus

81) M. musculus

(82) H. sapiens

(83) D. melanogaster

84) D. melanogaster

NCBI
Protein gi

13661966
9631873
8250399
4850183
7490514
7484273

11071790
6322217

12515305
2485601
7521582
7519260

181840
1633321

12843112
7305011
7705959

12838241

12844790

13128968
7293532
7294466

15229482

15230637

15237812
7293616
6005956

11560052

12835696

12863553
2499760
7677501

13277360

12845353

12858039
7461112

13540264

15233224
9971154
6714841

1362885
5670259
292375
454335
1363195
642013
5911130
13627057
5015037
1418834
4503419
13477171
5822131
1151178
1418936
2498750
1871539
13435759
12707568
13652222
7293827
7495405
1109782
5679156
13538013
13548677
13625393
13625395
13625397
13625389
2499753
6005812
12848466
11528506
13637219
2959744
7298988

PlantsP Homology
1D Group

26905 DSP-la
26908 DSP-1b
26911 DSP-1¢

26910 DSP-1d

Arabidopsis Phosphatases

Cluster

Designation

23 -24:
A. thaliana

27 - 29:
Primate
DSP

33 -35:;
Mouse

42 - 56: All
Vertebrate
MKP-1, MKP-2
(DSP 1,2,4,5)

57 - 65: All
Vertebrate
MKP-3
(DSP 6,7)

70-78:
All Animal
MKP-7
(DSP-8)

Figure 5. Topographic cladogram with additional information for DSP protein phosphatase sequences 1 through 84. Taxon
number is as shown in Figure 4. Figure characteristics are as described in legend to Figure 2. The following sequences are newly
identified protein phosphatase candidates (previously annotated as putative or unknown): At3g10940, At2g35680, At3g01510,
At5g56610, and At3g02800 (designated in the figure with the symbol 1). Sequences At1g05000 and At2g32960 are designated
as “DSP like” (see text and “Methods and Materials”). Sequence At3g19420 was rejected at the final alignment stage.
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Taxan A. thaliana HCBI PlantsP Homology Cluster

Number TIGRID  Protein gi 1D Group Designation
or Organism
B5) L.majar 13122215

86) At2g04550 15228155 26904 DSP-le
87) Mtanpvirus 5565848

(88) Senpyvitus 9634247
89) S. pombe 7493222
sg?) C. elegans 2398999
91} M. mustulus 40996
100 92%  M.musculus 12805325 91-93:
100 B3) H. sapiens 5902002 -
94) H. sagiens 4929222 MKP 6
100 (@5 H sapiens 12743260 94-97:
70 (g% MH musculus %g‘;gggz Human
{ . sapiens 7
©8)  C oligans 7495385 and Mouse
{99) C.elegans 7499877 Unknown
(100) D. melanogaster 7301895 Proteins
(101) H. sapiens 414585
(102} C.elegans 7507711
(103} H. sapiens 8923413
(104) H.sapiens 12854609
(105) M. musculug 128364585
(108) D. radiodurans 7473742
H 8;) R. capsulatis 2554838
J H. sapiens 4158 . .
100 {109} M muscils 6679547 108 - 112:
98 1105 H.sapiens 6857822 All
(12 M misalis 12995088 Primate
. musculus
(113)  H.sapiens 1916328 DSP4A3
(114) H. sapiens 2655025
{115 D. melanogaster 5566204 113 - 122:
{118) H.sapiens 13644443 " )
(1173 X lagvis 5669107 Animal
(118) D.relanogiaster 5566296 PTEN
95 119)  At3g50110 15229669 36238 DSP-2a Protei
35 {120 H.Sapiens 138543573 roteins
121} H.sapiens 13620097
(122)  At5g39400 15241737 36231 DSP-=2b
(123)  At3g028001 15232985 36151 DSP3a
100 (124)  At5q16480 15237359 36141 DSP-3a 123 - 126:
T00 (125)  At1g05000 15220383 36176 DSP-3a A. thaliana
(126)  At2g32060 2702271 36165 DSP-3a :
im o hoems s
4 . sapiens 73256 - .
100 (129)  Hsapons 3136330 128 - 131:
96 (1303 H.sapiens 4502697 Human
(131) H.sapiens 135641468 cDC14
100 {132) 5. cerevisiae B70756 132 - 135:
(133} 8. cerevisiae 14318551 '
(134) g cerevisiae 407518 Yeast
{135) _cenevisiae 171183 cDC14
(136) S.pambe 7160233 ¢

95
137) M. muscults 3883000 .
100 (138)  H.sapiens 4557896 137-142:
(139)  At5g04540 15238196 53353 DSPa Myotubularin
82 (140)  At3g10550 15228320 53346 DSP-4a DSPs
{1413 D.melanogaster ~ 7293198
1142) H.sapiens 8077083
{143) O.safva 14090343 35183 143 - 149:
{144} O.safiva 13560092 36211 :
(145)  At2g356807 15227468 26903 DSP-5a Plant,
96 (146)  At5g566101 15241273 26912 DSP-5a Animal
g G b e
. muscuius s
(149} D. melanogaster 7301043 Proteins
(150} C.elegans 75000584 .
(151) H.sapiens 11321613 151 - 154
o B8 ahe o
. harvegicus N
100 (134) i musaius 6753764 Epilepsy
(155)  At3g52180 15231155 26907 DSP6a DSPs
(156)  At3g015107 15232135 36241 DSP-6b

(157)  At3g10940" 15228410 36244 DSP-6c

79

41
(158} Wacdnia 2772707
(159) Yarola 9627605
(180) Raccoon pox 2489758
{161 Myoxma 533249
(162) f wius 533265
(183 Myoxma 9633705
(164) Sheeppox 4884707
(165) YabaMTv. B6831611
(168) Tanapox 9715383
(167) Yabadikev. 12085055
(168) MC virus 9629014
(189) 9634808

Fowlpox

Figure 6. Topographic cladogram with additional information for DSP protein phosphatase sequences 85 through 169.
Continuation of Figure 5; see legend to Figure 5.
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have marked similarity to ABI1, and might be logical
candidates for testing in ABA signaling. The “KAPP
cluster” is small, and contains only one sequence
from Arabidopsis. It has been suggested that this

Figure 7. Radial phylogenetic tree from PP2C protein phosphatase sequence comparisons. Correspondence between taxon
or sequence number and NCBI protein gi number is given in Figures 8 and 9. Figure characteristics are as described in legend
to Figure 1.

of biochemical experiments should allow the plant
research community to most rapidly and efficiently
canvas the diversity of functional capacities the col-
lection of clusters represents.

might imply a promiscuous function of the KAPP

protein, binding to a number of substrate molecules
(Rodriguez, 1998). There is little information to guide
hypotheses concerning the functions of the other se-
quences located in the various PP2C clusters.
Therefore, the bulk of these PP2C sequences hold
out both challenge and promise for future under-
standing of plant biology. The clusters with high
bootstrap support documented in this study repre-
sent groups of sequences with highly similar struc-
tures, which might be expected to serve similar func-
tions. Thus, a systematic use of these clusters to
guide the isolation of knockout lines and the design

Evolution of Phosphatase Genes in Arabidopsis

Gene homology can be inferred by reference to
conservation of exon/intron architecture, by conser-
vation of protein structure, and by the degree of
similarity of the coding DNA and encoded amino
acid sequence. We have used these properties to-
gether to assess the pattern of duplication of genes
encoding the various classes of protein phosphatases
in Arabidopsis. We have adapted the criteria of Riech-
mann et al. (2000), in a comparative genomic study of
transcription factors in Arabidopsis and other organ-
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Taxan A. thaliana HCBI PlantsP Homology Cluster
Humber TIGRID  Protein gi 1D Group Designation
or Organism

1) D. melanogaster 49727586
2) Atbgb1760 15242182 26892 PP2C-a

100 @) M. u¥'stallinum 3643082 10785 2-14:
(4)  Atlg72770 15218595 26832 PP2C-1b Plant #1
97 (5)  Atsg57050 15242022 26894 PP2C-1b

(6) At1g26080 15236110 26878 PP2C-1b
) L. J;Jpl:lniDJS 4336434 10894

At5g59220 15237839 26895 PP2C-lc

(9) Al2g29380 15227078 26847 PP2C-lc

am Al1g07430 15222398 26825 PP2C-Ic

an At3q11410 15229745 26856 PP2C-1c
(12} F sylvatca 7768151 17089
(13) M. tabacum 10432445 16395
14) . tabacum 10432448 16398

100 (15)  At1ge7820 15220548 26820 PP2C-1d
(16) S. stapfanus 6478146
98 (17)  Af2g40180 15225656 26854 PP2C-le 15- 20:
{18) _sativa 7488754 16823 Plant #2
(19)  At2g30020 15227687 26844 PP2Cf
(200  At1g07160 15222312 26838 PP2C-If
(21)  Atbg53140 15238658 26838 PP2C-1
28 22y At1g43000 15218577 26826 PP2C-1
35 (23)  At4g31750 15236065 26881 PP2C-1h
44 (21)  At5g24930 15238651 26898 PP2C-1h
(25)  At5310740 15240803 26891 PP2C-lh
83 (26)  At2g34740 15226814 26842 PP2C-1i 21- 33:

(30> At2g20630 15225392 16852 PP2CA
€31 Al1g78200 15218259 26831 FPP2C-1
(32) At1g22280 15219854 26839 PP2C-1k
3 Atlg34750 15218759 26813 PP2C-1k
(34) D.discoideun 7489898

(27)  At3g15260 15232538 26865 PP2CA] Plant #3
@8)  Ljaponicus 4336435 10895 an
85 {20)  At4g28400 15235283 26880 PP2C-j

35) 5. pambe 730251
36) 5. ergvisiae 464326
@7 S. cerevisiae 546853
100 (38)  At4g27800 15234274 26879 PP2CA| 18- 39:
_’1 00 [EE T cr;l/stallinum 3643090 10788 "
, (40)  Atlg18030 15220916 26840 PP2C-Im Plant #4
41) D. melanogaster 7290521
—{_‘ @2)  M.muscuus 8394015
43) H.sapiens 4505987
44) @ intestralis 7522132
92 (45} At5q19280 15239690 26902 PP2C-In 45- AT
—4_¢ (46) .mays 7489782 16888 | KAPP
100 {473 O.saiva 7489541 16872
{48)  P.fadpaum 8248755 Cluster
(49) Mse pox 9631478
——I_| i50) Amepox 9964433
51 Mse pax 9631561
(52) O.safva 9909177 18198
(53)  At3g62260 15228717 26873 PP2C-l0
54) M.oystlinum 3643085 10786
99 (55)  At1g48040 15221047 26828 PP2C-1p 52- 60:
(56)  At3017250 15229005 26860 PP2C-1p Plant #5
100 (57)  At20925620 15224766 26849 PP2C-1q
— (53) _safiva 10140768 16186
(59)  At2¢33700 15226152 26841 PP2C-Ir
(60)  At3g51470 15230495 26871 PP2C-Ir
(61)  At5Q02760 15241952 26889 PP2C-1s
100 (62)  At5g06750 15240143 26890 PP2C-t )
100 (63)  Al4933920 15235152 26884 PP2C-t 61-72:
(64)  At3g17090 15228961 26863 FPP2C-lu Plant #6

(65) Atig38520 15233913 26885 PP2C-1s

AtSg66080 15239244 26896 PP2C-1s

At3g51370 152304656 26870 PP2C-1s
.satva 13357263

~J Joo

FaNy V5]
VRED D
20X E2

M. orystalinum - 4206122 10877
F sylvaca 7768153 17092
(71)  At3g12620 15230540 26867 PP2C-1s
(72)  At3g55050 15233166 26872 PP2C-lIs
100 (73)  Al3g16560 15228250 26861 PP2C{1Da | 73 77.
75 (74)  At2g288907 15226985 26848 PP2C-2a A thali
100 (75)  AtTgo7630 15222471 26822 PP2C-2a - thaliana
68 (76)  At5g02400 15241790 26888 PP2C-2a #
| (77)  At3g094007 15232663 26857 PP2C-2a
78) Celegans 7206843
90 79 D.reio 9965408 78- 84:
77 80y H.sapiens 7243077 Anima.l #1
55 75 (81) R.norvegicus 12585294
75 a2) H. sapiens 8923960
77 (83) B.tauus 414797

(84)  R.naorvegicus 9508963

Figure 8. Topographic cladogram with additional information for PP2C protein phosphatase sequences 1 through 84. Taxon
number is as shown in Figure 7. Figure characteristics are as described in legend to Figure 2. The following sequences are
newly identified protein phosphatase candidates (previously annotated as putative or unknown): At2g28890, At3g09400,
and At1g75010 (designated in the figure with the symbol 1). The following sequences were rejected at the final alignment
stage: At2g46920, At2g35350, At3g23360, At3g27140, At4g08260, Atdgl1040, and At1g17550.
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Figure 9. Topographic cladogram with additional information for PP2C protein phosphatase sequences 85 through 169.

Continuation of Figure 8; see legend to Figure 8.
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Taxan A. thaliana
Number TIGR ID
or Organism

85) S. pombe
{86) 8. cerevisiae
87) N. rassa
(88) M. musculus
(89) H. sapiens
(90} At1g03590
(91} Atbq01700
(92) At3g02750
(933 Atbg36250
(943 At1g979630
(95) At1g16220
96) At3q16800
90 At3g05640
(98) Atbg27930
(99) Atdg32950
(100} At5g26010
(1017 M. orystalinum
(102) Atlg7zs010t
103) 3. pombe
ao4) A13906270
(105) A12q20050
(108) At1g09160
107 At1g68410
{108) At1g47380
{109) . safiva
(110 At3g63340
111} At3963320
(112} D. melanogaster
{113) R naorvegicus
114 H. sapiens
(115) H. sapiens
16 H. sapiens
117) C.elegans
{118) C.sp. CG5161
{119y C. bri%]sae
(120} X. fasfdiosa
{121y P. aeuginosa
(122) C. prneumaniag
{123} M. lepras
(124} M. tuberculosis
(125) At2g40860
{128) M. musculus
{127y R.narvegicus

{128) H. sapiens
{129) L. major
(130) H. sapiens
131) B. faurus
132) . muscoulus
133) H. sapiens

(134)  R.norvegicus
(135) M. mustulus
(136) M. musculus
137} M. musculus
{138) R.norvegicus
(139)  R.narvegicus
(140)  R.norvegicus
(141} H. sapiens
142) B. taurus
(143} D. melanagaster
(144) D. melanogaster
(145) C. elegans

146) C. elegans
(1473 L. chagasi
{148y L. donovani
{149) S. pombe
150y S. pombe
(151) S. pombe

(152} S. cerevisiag
(153) 8. cerevisiag
(154 3. cemevisiae
(155) C. elegans
(156) C. elegans
(157) D. melanogaster
(158) D. melanogaster
(158) P. tetraurelia
{160} M. musculus
(161} B. taurus
(162) H. sapiens
(163) D. melanogaster
(164) C. elegans
(165) Z.mays
(166) At2g25070
(167} At1g31860
{168) P. faldparum
169 E. histolytica

NCBI
Protein gi

7522535
6324664
11355709
12850332
6330129
15218856
15241037
15232961
15239351
15219434
19219170
15228871
15230022
15241088
15233997
15239565
3643088
15222086
3183379
15230681
15225289
15217454
15221404
15220185
14025015
15229414
15229412
7298474
5478793
7681862
13631950
7662472
1706730
6154829
2997788
11362624
11352564
8153416
7476087
7478812
15226767
12833397
12018278
13540531
7940270
548442
10720177
12005828
3372872
548445
548444
12566519
2137765
12666521
228508
1083767
9931618
10720178
7301785
7301459
7499800
8745545
548446
2665676
1171963
1171964
1076914
5320934
465515
1622933
1352682
75608306
7291977
7292339
1352686
5093538
3122591
3122589
7302240
1708517
12003990
15224677
15236548
7494393
6683634

PlantsP
1D

26816
26887
26859
26901
26824
26818
26864
26858
26900
26883
26899

36204

26868
26850
26817
26833
26821

26875
26874

26855

26851
26882

Homology
Group

PP2C-1v
PP2C-1w
PP2C-1v
PP2CAV
PP2C-1v
PP2C-1v
PP2C-1x
PP2C-1x
PP2C-1x
PP2C-1y
PP2CAZ

PP2C-3a

PP2C-1A
PP2C-1A
PP2C1B
PP2C-1B
PP2C-1B

PP2CAC
PP2CAC

PP2C1D

PP2C-1E
PP2C-1E

Arabidopsis Phosphatases

Cluster
Designation

85- 87:
Fungal #1

90- 98:
A. thaliana
#2

106 - 109:
Plant #7

130 - 146:
Animal #2

149 - 154:
Fungal #2

155 - 158:
Animal #3

165-167:
Plant #8
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isms, for assessing the presence and chromosomal
distribution of homologs. The result, summarized in
Table III, is an intriguing data set where there are
distinct differences between the various protein
phosphatase structural classes in the proportion of
genes with homologs and their chromosomal distri-
bution, and the correspondence between clusters as
revealed by phosphatase domain similarity and ho-
mology groups derived from whole protein and
genomic DNA sequence similarity analysis. These
data should prove useful for future detailed analyses
of protein phosphatase gene evolution.

MATERIALS AND METHODS

Assessment of the Quality of Genome Project
Gene Predictions

The following procedure was developed to assess the
quality of predicted genomic sequence. A keyword search
of the NCBI nonredundant protein database was per-
formed in ENTREZ to retrieve Arabidopsis sequences an-
notated as putative protein phosphatases. The nucleotide
sequence corresponding to each protein was submitted to
analysis by two gene prediction programs: GENSCAN
(Burge and Karlin, 1997) and GENMARK (Lukashin and
Borodovsky, 1998). The amino acid sequence predicted
from these gene-finding programs was used as a query in
a BLASTP search of the nonredundant database. The an-
notated sequence appeared as a high-scoring hit, and the
alignment of the two sequences was compared. Discrepan-
cies (e.g. amino acid residues present in one sequence but
missing in the other) were investigated further. This was
done by using as an experimental reference the nucleotide
sequence present in the NCBI EST database from Arabi-
dopsis. Because an EST is derived from a single-pass read
of a transcribed mRNA, it provides an anchor for a gene
prediction. Our predicted nucleic acid coding sequence
was used as a query in a BLASTN search of the EST
database. Strong hits to Arabidopsis sequences were exam-
ined further. The EST sequence was then translated, and its
amino acid sequence aligned with both the annotated
amino acid sequence and our predicted amino acid se-
quence. The amino acid sequence, which agreed with the
EST translation, was deemed to be correct.

Construction of Sequence-Specific Probes for Protein
Phosphatase Structural Subclasses

We constructed sequence probes specific for the various
subclasses of protein phosphatase: PTP, ST, DSP, and
PP2C. The procedure was as follows.

First, a starting alignment was obtained, either from the
published literature, or from the “seed” alignment in the
protein families (Pfam) database (Bateman et al., 2000) of
Hidden Markov models. Sequences in each subset were
aligned with the multiple sequence alignment program
CLUSTALW (Higgins et al., 1996), using default settings
for gap penalties. These alignments were then examined
and edited by hand as required. Finished alignments were
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then used to construct sequence “profiles” according to the
refined method of Gribskov and Veretnik (1996; http://
motifweb.sdsc.edu/). In brief, this involves weighting the
various sequences to reflect a more accurate random dis-
tribution, and construction of a position-specific scoring
matrix that summarizes the probability of occurrence of
each possible amino acid residue at each sequence position.
This profile was then used to search databases (NCBI non-
redundant database, NCBI all-plants database, or The In-
stitute for Genomic Research Arabidopsis database) for
high-scoring sequences. In certain instances, an alternative
procedure was used to acquire candidate sequences for
further analysis. Sets of unaligned sequences were
searched for conserved motifs by application of the “ex-
pectation maximization” approach, using the MEME pro-
gram (Bailey and Elkan, 1995; http://meme.sdsc.edu/
meme/website/meme.html). These motifs were then used
to search the NCBI nonredundant protein database for
high-scoring Arabidopsis sequences using the MAST pro-
gram (Bailey and Gribskov, 1998; http://meme.sdsc.edu/
meme/website/mast.html).

Resulting candidate sequences were then placed into the
multiple sequence alignment using the “Profile/Structure”
alignment feature of CLUSTALW. Resulting alignments
were then examined and edited by hand. In particular, we
sought to confirm the presence of amino acid residues
known to be highly conserved and catalytically active in
the phosphatase domain of the various protein phospha-
tase structural subclasses. A very useful compilation of
these conserved motifs and residues for various phospha-
tase subclasses is presented and referenced in the study of
Shi et al. (1998). A rigorous standard was applied, and only
those sequences containing all necessary residues were
retained in the alignment. The modified alignments were
then used to construct new sequence profiles, and search
the databases again, in an iterative fashion, until no further
sequences were retained in the alignments. Finally, the
alignment was purged of duplicate sequences.

Repetitive Search of Databases for Candidate
Phosphatase Sequences

The BLAST algorithm (Altschul et al., 1997) was used
repetitively to search databases for new phosphatase can-
didate sequences (Gribskov et al., 2001). The procedure
used was similar to that previously published under the
moniker “family pair-wise search” (Grundy, 1998). In brief,
starting groups containing known phosphatase sequences
were used in sequential queries in BLASTP database
searches. Those database sequences that obtained high
scores from a number of these query sequences (i.e. were
common “hits” for this query sequence group) were then
retained for further analysis. These candidate protein phos-
phatase sequences were then entered into the multiple
sequence alignments described above, and screened for the
presence of critical conserved and catalytic residues. Those
sequences possessing these residues were retained as new
candidate protein phosphatases.

Plant Physiol. Vol. 129, 2002



Phylogenetic Tree Inference

Multiple sequence alignments constructed as described
above were subjected to “bootstrap resampling.” In brief,
this entails randomly removing columns of data in the
multiple sequence alignment and replacing them with rep-
licated columns from elsewhere in the alignment, so that
the alignment size is not altered. These bootstrap replicate
alignments were then utilized to construct phylogenetic
trees by the neighbor joining method (Saitou and Nei, 1987)
and by maximum parsimony using appropriate PHYLIP
(Felsenstein, 1996) programs. “Consensus” trees summa-
rizing the topologies found among the bootstrap replicate
trees are presented. In the figures, clusters are usually
displayed, labeled, and discussed where the topology of
neighbor joining and maximum parsimony trees agreed,
and where the bootstrap support obtained from each
method exceeded 50%. Exceptions are made in a few in-
stances for nodes with lower support, where the relation-
ships described seemed especially noteworthy.

In the course of our database searches, we collected a
large number of sequences from a variety of organisms:
animals, plants, fungi, protists, bacteria, archaea, and vi-
ruses. Because the sequences are presented in our various
phosphatase class phylogenetic trees below, their species
of origin is abbreviated by a standard genus initial (capi-
talized) followed by the species name in lowercase. Details
about species referenced can be obtained by going to the
NCBI taxonomy web site (http://www.ncbi.nlm.nih.gov/
Taxonomy/taxonomyhome.html/). Abbreviations for vi-
ruses encoding protein phosphatases analyzed here are as
follows: Ame pox, Amsacta moorei entomopoxvirus; Chilo
v., Chilo iridescent virus; Fowlpox, Fowlpox virus; Mbnp
virus, Mamestra brassicae nucleopolyhedrovirus; Mc virus,
Molluscum contagiosum virus subtype 1; Mse pox, Melano-
plus sanguinipes entomopoxvirus; Myxoma, Myxoma virus;
PbC virus, Paramecium bursaria Chlorella virus 1; Rg virus,
Rabbit fibroma virus; Raccoon pox, Raccoon pox virus; Senp
virus, Spodoptera exigua nucleopolyhedrovirus; Sheeppox,
Sheeppox virus; Tanapox, Tanapox virus; Vaccinia, Vaccinia
virus; Variola, Variola virus; Yaba-like v., Yaba-like disease
virus; and YabaMT v., Yaba monkey tumor virus.

Gene Evolution via Homology Analysis

The main quantitative criteria used to define homology
was sequence similarity based on expect values from two-
sequence BLAST comparisons: E < e-10 for protein com-
parisons and E < e-06 for genomic DNA comparisons.
Homologs must satisfy both criteria. NCBI protein gi num-
bers were used for protein sequence, and the NCBI RefSeq
NM sequences for the genomic DNA sequence of the gene.
Protein homology group is indicated by number, and
genomic DNA homology group within each protein group
is indicated by first lowercase letter and then uppercase
letter, in the Homology Group column of Figures 2, 3, 5, 6,
8, and 9. Homology groups are assumed to arise from
genetic recombination events that have dispersed gene
copies to different locations within the Arabidopsis ge-
nome. The distribution of this dispersion is summarized in

Plant Physiol. Vol. 129, 2002
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Table III. Utilizing the criteria of Riechmann et al. (2000),
we classify homologs as “tandem duplications” if they lie
within 50 kb on the same chromosome. Homologs lying on
the same chromosome with a separation greater than 50 kb
are designated as “duplications in same chromosome.”

Received February 7, 2002; returned for revision March 5,
2002; accepted May 4, 2002.
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