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Purple acid phosphatases (PAPs) are members of the
metallo-phosphoesterase family. They are characterized
by the presence of seven conserved amino acid residues
involved in coordinating the dimetal nuclear center in
their reactive site. We compared the 29 PAPs predicted
for Arabidopsis thaliana in their varieties of potential
metal-ligating residues. Although 24 members possessed
sets of metal-ligating residues typical of known PAPs, 1
member lacked four of the seven residues. For the re-
maining four members, potential metal-ligating resi-
dues were generally more similar to those in metal-de-
pendent exonucleases and related proteins. Evidence
was obtained for the expression of the majority of the 29
PAPs. To facilitate future investigations, a scheme for
naming Arabidopsis PAPs and a system for classifying
the 29 PAPs are proposed. The cDNA sequences and the
responses to phosphate deprivation of seven Arabidop-
sis PAPs (AtPAP7-AtPAP13) were characterized. For
some AtPAPs analyzed, there were fully processed tran-
scripts as well as splice variants. The splice variants of
AtPAP10 were found to associate with polyribosomes
and may be translated into a NH,-terminal truncated
protein. Phylogenetic investigations showed that At-
PAPs 7 and 8, together with similar enzymes from other
plant species, formed the low molecular weight plant
PAP group. Members of this group were more closely
related to PAPs from mammalian cells. AtPAPs 9-13,
together with kidney bean PAP, formed the high molec-
ular weight PAP group. In phosphate deprivation exper-
iments, gene transcription of AtPAP11 and AtPAP12 was
induced and increased, respectively, whereas that of the
remaining five AtPAPs was not affected by phosphate
deprivation. The present work demonstrates that struc-
ture variation and expression regulation of plant PAPs
are more complex than previously described and pro-
vides a framework for comprehensive molecular genetic
and biochemical studies of all Arabidopsis PAPs in the
future.
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In recent years, there has been considerable interest in pur-
ple acid phosphatases (PAPs).! Comparative analysis of the
structure of PAPs from higher plants and mammals has al-
lowed the identification of conserved sequence and structural
motifs in this type of enzymes from many eukaryotic species
(1-4). The definition of the conserved sequence motifs has also
aided identification of potential PAP coding sequences from
bacterial species (4, 5). However, reports on structural, bio-
chemical, and/or functional properties of the bacterial PAPs
have not yet appeared. Evolutionarily, PAPs belong to the
metallo-phosphoesterase family of proteins, members of which
also include phosphoprotein phosphatases, diadenosine tetra-
phosphatases, exonucleases, 5'-nucleotidases, and other types
of phosphomonoesterases (1, 6-12). The structure motif con-
served in metallo-phosphoesterases is the B-a-B-a- fold (1,
13-16). The amino acid residues involved in coordinating the
dimetal nuclear center (Fe(III)-M(II)) are located at the car-
boxyl ends of the parallel B-strands of the p-a-B-a-g fold. The
complement of amino acid residues involved in metal ligation
in different types of metallo-phosphoesterases has recently
been investigated based on the alignment of conserved se-
quence motifs. For PAPs, a comparison of multiple sequences
from both eukaryotic and prokaryotic organisms has delineated
seven invariant residues contained in five blocks of conserved
amino acid sequences being the ones required for metal coor-
dination (4, 5) (DXG/GDXXY/GNH(D/E)/VXXH/GHXH; bold
letters represent metal-ligating residues). For exonucleases
and structurally related proteins, there are also seven potential
metal-ligating residues that distribute in five blocks of con-
served amino acid sequences (DXH/GDXXX/GNH(D/E)/XX(G/
A)H/(G/A)HXH) (1). For phosphoprotein phosphatases and
structurally related proteins, there are only six metal-coordi-
nating residues (DXH/GDXXX/GNH(D/E)/XXXH/XXXH) (1). It
is clear that different metallo-phosphoesterases share similar-
ities in both the number and composition of their metal-ligating
residues. The purple color in the purified proteins of known
PAPs is caused by a charge transfer transition at —560 nm
from the metal-coordinating tyrosine residue to the metal li-
gand Fe(III).

Despite the presence of conserved structural and sequence
motifs, PAPs from different, or even the same, species can
differ from each other in the composition of their dimetal nu-
clear center and their overall structures. The composition of the
dimetal nuclear center in mammalian PAPs is Fe(III)-Fe(II),

! The abbreviations used are: PAP, purple acid phosphatase; AGI,
Arabidopsis genome initiative; AtPAP, Arabidopsis purple acid phos-
phatase; HMW, high molecular weight; KBPAP, kidney bean purple
acid phosphatase; LMW, low molecular weight; RT, reverse transcrip-
tion; ORF, open reading frame; TIGR, the Institute for Genomic
Research.
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whereas in plants it is either Fe(III)-Zn(II) (as in KBPAP and
PAP from soybean) or Fe(III)-Mn(II) (as in one of the PAPs
from sweet potato) (17-20). Structurally, the high molecular
weight (HMW) plant PAPs (typified by KBPAP) possess two
domains (1, 3). The NH,-domain does not have catalytic func-
tion. It is composed of two sandwiched B-sheets. By homology
modeling, the structure formed by the two sandwiched B-sheets
is later found to resemble the fibronectin type III domain com-
monly seen in animal proteins (21). The COOH-domain has the
metal center and is the catalytic domain of the enzyme. It
consists of two sandwiched mixed B-sheets that include two
B-a-B-a-B motifs. In contrast, mammalian PAPs (typified by
tartrate-resistant acid phosphatase and uteroferrin) have only
one domain in their structure with an overall fold similar to
that of the catalytic domain of KBPAP (13, 22, 23). The low
molecular weight (LMW) plant PAPs have been described only
recently, and are substantially smaller in size compared with
HMW plant PAPs (4). Homology modeling shows that LMW
plant PAPs lack the equivalent of the NH,-domain of KBPAP
and are hence structurally similar to mammalian PAPs (4).

Biochemically, HMW plant PAPs function as homodimeric
proteins with a molecular mass of ~55 kDa/monomer, whereas
mammalian PAPs are typically monomeric proteins with a
molecular mass of ~35 kDa (1-4, 13, 23). Many PAPs are
glycoproteins that are targeted to the secretary pathway (4).
One PAP from Spirodela oligorrhiza has been found to be
glycosylphosphatidylinositol anchored in the cell (24). Another
PAP from Lupinus albus may contain a third domain (with a
structure resembling that of sterol desaturases) at the carboxyl
terminus (25, 26). It is not known how common the latter two
forms of posttranslational modification are in PAPs from other
species.

In in vitro reactions, PAPs have been shown to catalyze the
hydrolysis of activated phosphoric acid esters and anhydrides
at a pH range of 4—7 (1). However, the in vivo function of PAPs
remains largely unknown. Mammalian PAPs may play a vari-
ety of physiological roles, including resorption of bone and
cartilage breakdown, iron transport, and generation of reactive
oxygen species in a Fenton-like reaction (27-29). In higher
plants, PAPs have mostly been studied for their potential in-
volvement in phosphorus nutrition because their hydrolytic
activity may aid the release of inorganic P (P,) from organic P
that is not readily available to plant cells. Two PAPs (secreted
PAP, membrane PAP) from L. albus have been shown to be
highly inducible by phosphate deprivation (25, 26). The induc-
tion and secretion of secreted PAP are specific to proteoid roots,
a structure that is specifically formed in L. albus as one of the
adaptations to phosphorus deficiency, indicating that, at least
in this species, PAPs may play an important part in phospho-
rus nutrition (26, 30). AtACP5, a PAP from Arabidopsis thali-
ana, is induced by both phosphate deprivation and oxidative
stress (31). This enzyme may be involved in phosphate mobili-
zation as well as the metabolism of reactive oxygen species in
stressed or senescent plant tissues (31). The promoter of a
separate Arabidopsis PAP gene has also been shown to be
inducible by phosphate deprivation, although in this case the
corresponding PAP enzyme has not been characterized (32). In
addition, several Arabidopsis PAPs may possess phytase activ-
ity because their proteins show high levels of homology to a
phytase recently reported from soybean (33). Given the struc-
tural and biochemical diversities described above, it is likely
that PAPs from higher plants may have yet undiscovered func-
tions, the elucidation of which may contribute significantly to
the understanding of important aspects of plant biology.

Genetically, higher plant species often contain multiple
genes coding for different PAPs. In sweet potato four PAPs
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have been described (4, 18, 19, 34). In Arabidopsis, the AGI
project has annotated 16 different PAP genes searchable at the
Institute for Genomic Research (TIGR) Arabidopsis data base.
The existence of multiple PAPs in the same species may hinder
functional investigations because of potential genetic and func-
tional redundancies. Additionally, studies on PAP may be com-
plicated by the presence in higher plants of other types of acid
phosphatases, which often react to environmental stimuli in
ways similar to PAPs. For example, the LePS2 acid phospha-
tase is strongly induced by phosphate deprivation (35). How-
ever, molecular investigations show that LePS2 is related to a
new class of phosphohydrolases rather than to PAPs (35). To
study the function of PAPs in plant biology systematically, it is
desirable to employ a plant species for which genetic knowledge
on PAPs as well as other types of acid phosphatases is already
available.

We have selected the model plant species A. thaliana in our
studies on higher plant PAPs. A search of the annotated ge-
nome data base of Arabidopsis reveals that, in addition to PAP
genes, this species also contains genes encoding several other
types of phosphatases that may share some similarities with
PAPs in reacting to physiological and environmental cues.
These enzymes include histidine acid phosphatase (1 gene),
vegetative storage protein type of acid phosphatases (10 genes),
and phosphatidic acid phosphatase (4 genes). However, PAPs
form by far the largest group of acid phosphatases in Arabi-
dopsis with 16 different members in the TIGR data base. In
this paper we report the finding of more Arabidopsis PAP
members from data base searching, comparative analysis of
conserved metal-ligating amino acid residues in 29 PAPs, and
propose schemes for naming and classifying these PAPs. We
also describe ¢cDNA cloning and amino acid sequence analysis
for seven PAPs encoded by chromosome 2. The patterns of
primary structure variation in both LMW and HMW Arabidop-
sis PAPs are also reported. As an entry point to functional
dissection, the response of the seven PAPs to phosphate depri-
vation in suspension cells is examined. Based on the work
presented here, effective strategies for further studies of Ara-
bidopsis PAPs are discussed.

EXPERIMENTAL PROCEDURES

Data Base Search, Nomenclature, and Clustering Analysis of Arabi-
dopsis PAPs—Initially, a search using the phrase “purple acid phos-
phatase” was conducted at the TIGR web site (www.tigr.org/tdb/e2k1/
ath1l/GeneNameSearch.shtml). This search resulted in the retrieval of
the predicted amino acid sequences of 16 different PAPs. In the second
stage, the predicted protein sequences were each used as query se-
quences for Blastp searches at the TAIR A. thaliana genomic blast web
page (arabidopsis.org/Blast/index.html) using the default setting. Iden-
tification of additional predicted PAPs in the Blastp search was based
on two criteria: at least 20% identical to the query sequence and the
possession of amino acid sequence elements that could be related to the
conserved sequence motifs (DXG/GDXXY/GNH(E/D)/VX,H/GHXH) de-
fined previously for PAPs. Thirteen additional predicted PAPs were
found in this step. In the third stage, the predicted protein sequences of
the newly retrieved 13 PAPs were each used as query sequences for
another round of Blastp search at the TAIR web site. However, no more
predicted PAPs were found, suggesting that the total number of pre-
dicted PAPs in the Arabidopsis genome was likely to be 29. To identify
expressed sequence tags and/or cDNA sequences for the 29 PAPs,
several nucleic acid and protein data bases, including the TIGR Arabi-
dopsis Gene Index (www.tigr.org/tdb/agi/, this site also contains full-
length ¢DNA sequences for 5000 Arabidopsis genes), MIPS (mips.
gsf.de/proj/thal/db/index.html), and GenBank™ (www.ncbi.nlm.nih.
gov/), were searched. For naming the 29 Arabidopsis PAPs according to
their positions on the different chromosomes, the prefix “AtPAP” (for
A. thaliana PAP) was used.

To establish a classification scheme for Arabidopsis PAPs, clustering
analysis of amino acid sequences was conducted. It is known from
previous work and from our study (see “Results”) that the predicted
protein sequences of some Arabidopsis genes contained localized errors
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because of imprecise prediction of intron and exon boundaries during
the annotation process. To improve the accuracy of the clustering anal-
ysis, two measures were taken. First, for the seven PAPs (AtPAP7—
AtPAP13; Table III) investigated in this study and the three PAPs
(AtPAP3, AtPAP17, AtPAP18; Table III) studied by previous research-
ers, amino acid sequences derived from cDNAs were used. Conse-
quently, in only 19 of the 29 Arabidopsis PAPs, the predicted amino acid
sequences were employed for the clustering analysis. Second, during
the analysis, the “complete deletion option” was chosen with respect to
sites involved in alignment gaps. The incorrectly predicted amino acid
sites would cause gaps in multiple alignment of sequences. The adop-
tion of the complete deletion option may minimize the impact of the
prediction errors on the clustering analysis (37). The protein sequences
of 29 PAPs were aligned using the program ClustalW 1.8
(searchlauncher.bcm.tme.edu/multi-align/multi-align.html) (36). The
alignment result was converted to MEGA format, which was then
subject to clustering analysis using several different programs (neigh-
bor joining, minimum evolution, and parsimony) at the MEGA 2 web
site (www.megasoftware.net/) (37).

Plant Materials, Phosphate Deprivation Treatment, and Detection of
AtPAP ¢DNAs—The Col-1 ecotype of A. thaliana was used throughout
this study. General conditions for plant growth and initiation and
maintenance of suspension cell cultures were the same as those de-
scribed previously (38, 39). For phosphate deprivation of suspension
cells, cells grown in phosphate-sufficient liquid medium (1 mMm P;, in the
form of NaH,PO,) were collected by vacuum, washed three times using
sterile distilled water, and dispersed into the low phosphate liquid
medium (0.01 mm P,). A cell sample was immediately taken as the day
0 control. Further samples were collected at 1, 3, and 5 days later.
Control cell samples were also taken at identical points from suspen-
sion cells grown in the phosphate-sufficient medium. For phosphate
deprivation of Arabidopsis seedlings, the method described by Haran et
al. (32) was adopted. All cell and tissue samples were stored at —70 °C
prior to RNA extraction.

Total RNA was extracted from cell and tissue samples using the
RNeasy Plant Mini Kit (Qiagen). RNA concentrations were determined
with the aid of a spectrophotometer (BioPhotometer, Eppendorf AG).
Using nucleotide sequence information of the predicted PAPs, PCR
primers were synthesized for amplifying cDNAs corresponding to the
coding regions of 20 of the 29 predicted PAPs. A complete list of the PCR
primers used in this study is available at the web site www.mpimp-
golm.mpg.de/udvardi/(under section “Supplementary Materials for
Publications”). The primers used for amplifying coding region cDNAs of
the seven PAPs encoded by chromosome 2 are listed in Table I. In each
reverse transcription reaction using the Moloney murine leukemia vi-
rus reverse transcriptase (Invitrogen) and random hexamers (New
England Biolabs), 10 ug of total RNA was used. For amplifying cDNAs
of individual PAPs, varying amounts of the reverse transcription mix
(1-3 ul) were used in 50-ul PCR reactions containing PAP-specific
primers and the high fidelity Tag polymerase ExTaq (TaKaRa). The
annealing temperature (48-55 °C) and the extension time (1-3 min)
were adjusted to suit the amplification of the coding region of individual
PAPs. After 35 cycles of amplification, the PCR products were examined
by agarose gel electrophoresis with ethidium bromide staining. The
PCR fragments of expected size were purified from the gel, followed by
cloning into the plasmid vector pPGEMT-easy (Promega). The inserts in
selected positive clones were sequenced commercially (TaKaRa). The
resulting cDNA sequences were compared with the predicted ORFs and
previously reported ¢cDNAs of Arabidopsis PAPs using various pro-
grams at the NCBI network (www.ncbi.nlm.nih.gov/).

Analysis of Splice Variants—For each of the seven PAPs (AtPAP7—
AtPAP13) that were analyzed in more detail in this study, cDNA se-
quences were determined using several clones, some of which contained
inserts of different sizes. This led to the identification of splice variants
(based on the presence of incompletely removed intron sequences in the
c¢DNAs) for two of the seven PAPs (AtPAP10 and AtPAP13). To inves-
tigate whether the splice variant of AtPAP10 was present in the cyto-
plasm and could access cellular translation apparatus, polyribosomes
were prepared from suspension cells grown in either phosphate-suffi-
cient or phosphate-limiting medium (with 1 mMm and 0.01 mm P,, respec-
tively) using sucrose density gradient centrifugation detailed in pub-
lished protocols (40, 41). In total, 12 fractions were collected from each
sucrose gradient. Total RNA was extracted from each fraction and was
further treated with RNase-free DNase (TaKaRa) to eliminate potential
contamination by genomic DNA. In analogy to the study by Petracek et
al. (41), monoribosomes were associated with fractions 4 and 5, whereas
polyribosomes were contained in fractions 6—11. To detect the distribu-
tion of wild type transcript and the splice variant of AtPAP10 in frac-
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TaBLE 1
A list of PCR primers

The underlined nucleotides form BamHI (GGATCC), Kpnl (GG-
TACC), Ndel (CATATG), or Sall (GTCGAC) restriction site.

AGlcode  Primer  For cDNA amplification

AZg0OIBB0  O18BBOF 5" CGACCATGTTCTTCTTATGGATCT 3"
O1880R 5" GOGTTCAGGTATTATGCCCATGCCT 37

At2g01890  (1890F 5" CTCCAAAGTCTCTCAATGGATAGC 37
01890R 5" GTCTGACCATCGATTAGATATCGG 3

At2g03450  03450F  5' ACGTCGACTTTTTGACTAACCACCAT ¥
03450R 5" GGTCGACAAATCTGTGTGGCAAAC 3’

At2gl6d30  16430F 5 TCAGGATCCAAAAATGGGTCGTG 3'
16430R 5" TCCGGTACCTCATAGATTCTCAAG 3°

At2glB130  1B130F 5" AACCATATGGAGTTGAGTCAC 37
IB130R 5" ACTGGATCCTAAGCAGTCTCCTCC 3°

At2g2T190  27T190F  §° GCAGGATCCTCGTCTCGGATTCAG 37
2T190R 5" CCAGGTACCACAGTCACTAACTGA 3’

At2g32770  32770F 5 CTTCTTCGCTGCAACAAAACATT 37
32770R 5" CTACTTGGTTTAGTTGCAAACCGA ¥

For splice variant analysis
WTF 5" ATACTTCTGGTTTTATCCATC 3
SVF 5" TTGTTGTTAGCTGATGTTGTG 37
Tubulin
TuF 5' GAGGGACTATGGCCGTTTAGGS'
TuR 5" CACTTCACCOGACCATTCAATGGS”

tions 4-11 by RT-PCR, 5 pug of total RNA from each fraction was
reverse-transcribed as described above. The resultant cDNA mixtures
were used for PCR amplification of wild type transcripts (using the
primers WTF and 16430R; Table I, Fig. 3A) and splice variants (using
the primers SVF and 16430R; Table I, Fig. 3A). The amplified products
were checked by agarose gel electrophoresis with ethidium bromide
staining.

Phylogenetic Investigations and Primary Structure Comparisons—
Using amino acid sequences deduced from cDNA clones, phylogenetic
relationships of AtPAP7-AtPAP13 to PAPs isolated from other eukary-
otic organisms were investigated. PAPs from bacterial species were not
included in this investigation because of some uncertainties in potential
metal-ligating residues (4). Multiple sequence alignment was carried
out using ClustalW 1.8. Phylogenetic trees were constructed using
several tree building methods (neighbor joining, minimum evolution,
parsimony) available at the MEGA 2 web site (37). For comparisons of
primary structure, the amino acid sequences of LMW PAPs (AtPAP7,
AtPAPS8) were compared with that of uteroferrin (as the representative
of known LMW PAPs), whereas the amino acid sequences of HMW
PAPs (AtPAP9-AtPAP13) were compared with that of KBPAP (as the
representative of known HMW PAPs).

Evaluation of Transcriptional Responses of AtPAPs to Phosphate
Deprivation Treatment using Semiquantitative RT-PCR—The tran-
scriptional responses of AtPAP7-AtPAP13 to phosphate deprivation
treatment were evaluated using suspension cells. During the experi-
ments, suspension cells were subject to phosphate deprivation as de-
scribed above, followed by the extraction of total RNA from both treated
and control samples. For all samples to be compared, the same amount
of total RNA (10 pg) was used in reverse transcription reactions. Prior
to PCR amplification of Arabidopsis PAPs, the cDNA content of all
reverse transcription reactions was normalized by amplifying the tran-
script of tubulin using primers TuF and TuR (Table I). In amplifying the
transcripts of AtPAP7-AtPAP12 using normalized cDNA samples, the
same set of cycling parameters (annealing temperature, 52 °C; exten-
sion time, 2 min; number of amplification cycles; Ref. 28) was employed.
In amplifying the transcripts of AtPAP13 using the same batch of
normalized ¢cDNA samples (and with annealing temperature of 52 °C
and extension time of 2 min), the number of amplification cycles had to
be increased to 32 to obtain consistent results. The kinetics of the PCR
amplifications was checked by amplifying tubulin transcripts using the
same annealing temperature and extension time but with different
numbers of amplification cycles (24, 28, 32) (Fig. 6). For comparing the
levels of AtPAP transcripts across the samples, the same amount of
reaction mixture was taken from all PCR amplifications, followed by
agarose gel electrophoresis and ethidium bromide staining. The results
were imaged using the gel documentation system Alphalmager 2200
(Alpha Innotech Corp.).

RESULTS

Comparative Analysis of Potential Metal-ligating Residues in
Arabidopsis PAPs—Repeated Blastp searches of the protein
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TaABLE II
Conserved sequence motifs containing potential metal-ligating
residues in Arabidopsis PAPs
The symbols plus (+) and minus (—) in this table indicate positive and
negative scores, respectively. EST, expressed sequence tag.

PAP®, BAC locus®  GenBank Motif
Chromosome accession 1 ] m W v
o
AtlgldTso, 1 F21F23.18 ACD2ZTE56 GDMG GDICY GNHE FLAH GHAH
Atlgliong, |1 FlaAld.11 ACDGRI9T GDMG GDISY GNHE VQGH GHYH
Atlgla7oo, 1 FIOB6.10 ACONES1T GDWG  GDNFY GNHD VIGH GHDH
Atlg23230, | F4F7.38 ACOT9374 GDWG GDNIY GNHD VVGH GHDH
Atlg52040, | Fl14G24.21 ACOIS01E GDLG GDLSY GNHE VLVH GHVH
Atlg5636D, 1 Fl4G9.2 ACO5ETES GDLG GDLSY GNHE VIVH GHVH
AtZpOIRR0 ", 2 T2IK3T ACOOTO6 GDWG  GDNFY GNHD VVGH GHDH
AtZ01890°, 2 T2IK3E ACOOT069 GDWG  GDNFY GNHD VVGH GHDH
At2p03450, 2 T4M8.12 ACOMZE4 GDMG GDISY GNHE VOQGH GHVH
Atlpl64in, 2 F16F14.7 ACHT047 GDLG GDISY GNHE VLMH GHVH
At2glB130, 2 FiD23.% ACHTZIZ SDLG GDLSY GNYE VLVH GHVH
At2g27190, 2 T22013.4 ACHOT250 GDLG GDLSY GNHE VLVH GHVH
At3gh7130, 3 TIB2.21 ACO12395 GDLG GDVSY GNHE ASWH GHVH
AGEIGISOONS  TOBRIEE  AGOIO9E  ADMH DDVAT  ONEE  EWH  GENH
AGglTT0, 3 MEB5.10 AB019230 GDWG  GDNSY GNHD VVGH GHDH
ARg20500, 3 K10D20.4 ABOOT0 GDLG GDLEY GMHE VLFH GHVH
ABRd6I20, 3 FIZMIZ90  ALISSITS  gppg! GDLSY  GNHE VLVH  GHVH
AB3g52780, 3 F3C22, 180 Al353912 GDLG GDLSY GNHE AVVH GHVH
A3g52E10, 3 F3C22.210 AL353912 GDLG GDLSY GNHE YVMH GHVH
Al3p52820, 3 F3C22.220 AL353912 GDLG GDLSY GNHE VLLH GHVH
Agl3T00, 4 F18AS.90 ALD3S528 GDLG GDLTY GNHE ATMH GHVH
Ap248%0, 4 FI3M23.30 ALD3S523 GDMG  GDLTY GMNHE FIAH GHVH
Atdg3eisn, 4 F23E13.190 ALO22141 GDLG GDLSY GNHE VMVH GHVH
AtSg34830, 5 TIELS.10 ACO19013 GDMG  GDLSY GNHE VLMH GHVH
AtSg50400, 5 MXI122.12 NCOO3076 GDMG GDITY GNHE FIAH GHVH
Consensus defined previously for PAPs e Dy ChodY. GNEE,L), - Vel GH=H

“ Represented by the AGI code.

® Bacterial artificial chromosome (BAC) locus number is obtained
from the TIGR data base.

¢ The predicted protein sequence differ from the one deduced from
c¢DNA analysis.

< This element is not present in AGI predicted protein sequence
owing to error in coding sequence prediction. Correction of the predic-
tion error allows the identification of the GDLG element in the derived
amino acid sequence.

¢ Defined by Schenk et al. (4). The bold letters represent metal-
ligating residues.

"The spectrum of potential metal ligating residues in these PAPs
differ to some extent from that of typical PAPs.

data base of Arabidopsis led to the finding of 29 potential PAPs
(Table II). In 24 Arabidopsis PAPs, the complete set of seven
invariant amino acid residues involved in the ligation of the
dimetal nuclear center in known PAPs was found (Table II).
However, in 5 of the 29 PAPs (Table II, shaded lines), the
varieties of potential metal-ligating residues differed from
those in typical PAPs. In At2g32770 (AtPAP13 in Table III),
the lack of four of the seven invariant residues was caused by
drastic changes of amino acid compositions in three of the five
sequence elements (Table II), which were deduced to hold po-
sitions for metal ligation residues by amino acid sequence
comparisons. In At2g46880, At3g10150, At5g57140, and
At5g63140 (AtPAP14, AtPAP16, AtPAP28, and AtPAP29, re-
spectively, in Table III), the varieties of potential metal-ligat-
ing residues were generally more similar to those found in
several other types of metallo-phosphoesterases from yeast,
bacterium, and human (Table II, Fig. 1) (1), some of which had
been found to possess exonuclease or phosphodiesterase activ-
ities (42—44). However, they were still considered as potential
PAPs because their overall amino acid sequences exhibited
significant levels of homology to known PAPs. As shown in Fig.
1, proteins homologous to At2g46880, At3g10150, At5g57140,
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and At5g63140 had also been found in two other plant species
(chickpea and rice).

Evidence for Expression, Nomenclature, and Classification of
Arabidopsis PAPs—The above data base search results raised
the question of whether the multiple Arabidopsis PAPs were
expressed. Several lines of evidence presented in Table III
indicated that the transcripts for the majority of the 29 PAPs
were present in Arabidopsis cells. First, in various expressed
sequence tag projects, expressed sequence tags were discovered
for 13 PAPs (Table III). Second, in public data bases, full-length
cDNA clones were isolated and sequenced for five PAP genes
(Table III). Third, in our study, we had detected the cDNAs for
20 PAPs (Table III). From Table III, it could also be seen that
previous investigators had tentatively named Arabidopsis
PAPs in different manners. Based on the finding that the great
majority of the 29 predicted PAPs were expressed, and the need
in future to carry out more systematic studies on individual
PAPs, a system for naming Arabidopsis PAPs is presented in
Table III. This nomenclature is consistent with the current sys-
tem for naming members of multigene families in A. thaliana.

Using amino acid sequences of 19 predicted PAPs and those
of 10 PAPs (AtPAP3, AtPAP7-AtPAP13, AtPAP17, AtPAP18)
derived from ¢cDNA analysis, clustering analysis was conducted
with the aim to establish a classification scheme for Arabidop-
sis PAPs. The patterns in the clustering of the 29 PAPs using
different methods were essentially similar. The result obtained
with the minimum evolution method (Fig. 2) was adopted as
the basis for a classification scheme of Arabidopsis PAPs. The
29 PAPs could be classified into three major groups (groups I,
II, and III), each with more than 95% bootstrap support (Fig.
2). A further division of the three major groups yielded eight
subgroups (Ia-1, Ia-2, Ib-1, Ib-2, Ila, IIb, IIIa, and IIIb; Fig. 2).
Except for Ia-2, statistical support for all other subgroups was
equal or greater than 95% (Fig. 2). There was a general corre-
lation between the classification of the groups and the number
of amino acid residues in the 29 PAPs (Fig. 2). Thus, most of
proteins in group I contain more than 400 amino acid residues,
all proteins in group II are composed of more than 500 residues,
and all proteins in group III comprise fewer than 400 residues
(Fig. 2). AtPAP13, for which four of the seven potential metal-
ligating residues could not be identified, clustered with
AtPAP15 and AtPAP23, creating the subgroup Ib-1 (Fig. 2).
AtPAPs 14, 16, 28, and 29 formed the subgroup Illa (Fig. 2).
Proteins in the remaining subgroups all contained the seven
invariant amino acid residues typical of known PAPs.

Characterization of Coding Region and Amino Acid Se-
quences of AtPAP7-AtPAP13—In our long term effort to ad-
dress the function of PAPs in the biology of Arabidopsis, we
focused initially on seven PAPs (AtPAP7-AtPAP13) encoded by
PAP genes on chromosome 2. With four members in group I,
one member in group II, and two members in group III, the
seven PAPs represent many of the structural and functional
diversities in Arabidopsis PAPs. In RT-PCR experiments, the
c¢DNAs for AtPAP7, AtPAPS, AtPAP9, AtPAP10, AtPAP12, and
AtPAP13 were readily amplified using total RNA samples pre-
pared from Arabidopsis cells or tissues grown under four dif-
ferent conditions (www.mpimp-golm.mpg.de/udvardi/zusaet-
zlich/index-e.html). In contrast, the cDNA for AtPAP11 was
only obtained from using RNA samples extracted from phos-
phate-deprived cells or root tissues, suggesting that the expres-
sion of this PAP was regulated by phosphate availability. In
cDNA sequencing experiments, clones containing fully pro-
cessed, wild type ORFs were identified for each of the seven
PAPs. In addition, cDNA clones harboring variant ORFs re-
taining one or more introns sequences were also obtained for
AtPAP10 and AtPAP13 (see below).
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TasLE III
Evidence for expression and nomenclature of Arabidopsis PAPs

Full-length ¢cDNA sequence in public

Detection of

AGI code Sgﬁ:ﬁ::iig data base cDNA iﬁbthis Previous name Proposed name
Ceres, Inc. GenBank® wor
Atlg13750 + - - + AtPAP1
Atlg13900 - - - - AtPAP2
Atlg14700 + - + (AY070051) + AtPAP3
Atlg25230 + - - + AtPAP4
Atlg52940 - - - - At9° AtPAP5
Atlg56360 - - - - AtPAP6
At2g01880 + — — + AtPAP7
At2g01890 + - + (AY065434) + AtPAP8
At2g03450 - - - + AtPAP9
At2g16430 + - - + At11° AtPAP10
At2g18130 - - - + At8° AtPAP11
At2g27190 + — + + Ath19, At10° AtPAP12
At2g32770 - - - + At2° AtPAP13
At2g46880 - - - - AtPAP14
At3g07130 - - - + Atl1° AtPAP15
At3g10150 - - - - AtPAP16
At3g17790 + + + (AJ133747) + AtACP5° AtPAP17
At3g20500 + - + (AY062488) + AtPAP18
At3g46120 - - - - AtPAP19
At3g52780 + - - + At4e AtPAP20
At3g52810 - - - + Atb5° AtPAP21
At3g52820 + - - + At6° AtPAP22
At4g13700 - - - + At3° AtPAP23
At4g24890 - - - - AtPAP24
At4g36350 - - - + Ath27, AtT7° AtPAP25
At5g34850 + — - + AtPAP26
At5g50400 - - - - AtPAP27
At5g57140 + - - + AtPAP28
At5g63140 - - - - AtPAP29
@ GenBank™ accession number of the cDNA clone is in parentheses.
& More details given under “Experimental Procedures” and “Results.”
¢ Described by Hegeman and Grabau (33).
@ Described by Schenk et al. (4).
¢ Investigated by del Pozo et al. (31).
* % * * * ¥
At2g46880 48 ILQVSDMHYGEG 36 IVFES 22 VAIL@HDQESD 106 APGLVYLIEIPMP 39 GVFSGHUHVNDF
At3gl0150 37 IAIFADLHFGED 28 VVYL 23 ATLF‘ NHDDASF 115 IPELIFWHIPSK 44 AVFVGHNHGLDW
At5g57140 60 ILOVADMHFGMG 36 IAFT 21 AAVLGNHDHEST 105 PPALAFFHIPIL 38 AAFMGHDHVNDE
At5g63140 49 ILQVADMHFANG 36 IVFET 21 VAILGNHDQEST 104 APGLAYFHIPLP 39 SVFVGHDHVNDE
CaPAP 59 ILQVADMHYADG 36 IVFET 21 VAVLGNHDQEGS 103 APGLAYFHIPLP 40 AVFTGHDHLNDF
OsPAP 53 VALFADLHYGEN 28 VVYL 23 ATVFGNHDDMPEF 114 IPEIIFWHIPST 46 AIFVGHNHGLDW
YLR361lc 250 IVQLADLHLGVG 35 VVETGDQRIMGDRS 22 AWVWGNHDDEGS 93 GLSMAFFHIPLP 44 VVSCGHDHCNDY
SPCC1020.05 210 ILQLSDLHYSNS 37 VLLTGDLINGDTS 21 AVNEGNHDDLGD 78 PIQMAVLHIPLK 35 LAIAGHDHVNDF
EcSbeD 3 ILHTSDWHLGQON 28 IIVAGDVFDTGSP 22 VVLAGNHDSVAT 87 LPIIATGHLTTV 28 YIALGHIHRAQI
CaPasel 46 IVQFADLHQNDC 20 VILTGDNIDGRYC 23 AAVLGNHDTESL 83 VPAFMFFHIPII 39 AIFVGHDHTNNE
EsIcc 17 ILQITDTHLFAQ 30 IVATGDLAQDQSS 17 VWLP; NHDFQPA 56 RHTLLLLHHHPL 29 YLLCGHIHQELD
|
Asm 201 ILFLTDLHWDHD 60 VYWTGDIPAHDVW 27 YPAVGNHESIPV 93 DKVHIIGHIPPG 22 AQFFGHTHVDEF

Fic. 1. Comparison of potential metal-ligating residues in At2g46880, At3g10150, At5g57140, and At5g63140 and related proteins
from plant, yeast, bacterium, and human. The nucleotides conserved in all sequences are boxed. The potential metal-ligating residues are
marked by asterisks. The number at the beginning of each sequence indicates amino acid position; the number in between the sequence elements
represents the sum of residues separating two adjacent blocks. Accession numbers for related proteins from plant, yeast, bacterium, and human
are AJ276267 (CaPAP, putative PTS protein of Cicer arietinum), AP004031 (OsPAP, hypothetical protein of Oryza sativa), NC_001144 (YLR361c,
probable membrane protein of Saccharomyces cerevisiae), AL023518 (SPCC1020.05, hypothetical protein of Schizosaccharomyces pombe), P13457
(EcSBCD, exonuclease SBCD of Escherichia coli), NC_003030 (CaPasel, predicted Icc-like phosphohydrolase of Clostridium acetobutylicum),
D16557 (Eslcc, cAMP phosphodiesterase of E. coli), and P17405 (Asm, sphingomyelin phosphodiesterase of Homo sapiens).

Comparisons of the coding sequences and derived amino acid
sequences obtained for AtPAP7-AtPAP13 in this study with
those predicted by AGI and those deposited in public data bases
by previous investigators on PAP ¢cDNAs isolated from Col-1
ecotype gave the following results. First, for AtPAPs 9-13, the
coding sequences and derived amino acid sequences from our
study were identical to those predicted by AGI. The coding
sequence and derived amino acid sequence of AtPAP12 from

this study differed from those by Cheuk and colleagues (Gen-
Bank™ accession no. AY065067) for the same PAP by a single
nucleotide and amino acid change, respectively. This minor
difference may have been caused by PCR or sequencing error.
Second, for AtPAPs 7 and 8, the coding sequences determined
by us and those predicted by AGI differed substantially. Com-
parisons among the coding sequences determined from cDNA
analysis, the predicted coding sequences and their correspond-
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FiG. 2. A classification scheme for Arabidopsis PAPs based on
clustering analysis of amino acid sequences. The clustering anal-
ysis used amino acid sequences of 19 predicted PAPs and those of 10
PAPs (AtPAP3, AtPAP7-AtPAP13, AtPAP17, AtPAP18) derived from
c¢DNA analysis. The analysis, from which the classification scheme was
derived, was conducted using the minimum evolution method (with PC
distance and complete deletion options). Bootstrap values are percent-
ages of 500 replications. The main groups (groups I, II, and III) are
further divided to yield the eight subgroups (second column). The boot-
strap values for the three main groups are boxed, whereas those for the
eight subgroups are indicated by arrows. The ranges of amino acid
residues in the predicted proteins of the different subgroups are listed
in the third column.

ing genomic sequences showed that the difference between
predicted and cDNA-derived coding regions may have been
caused by error in predicting intron-exon boundaries in
genomic sequences (data not shown). The cDNA-derived coding
sequence of AtPAPS8 also varied from the one by Yamada and
colleagues (GenBank™ accession no. AY065434) and the
one by Schenk et al. (4) for the same PAP (www.mpimp-golm.
mpg.de/udvardi/zusaetzlich/index-e.html). Schenk et al. (4) de-
termined the cDNA sequence for an Arabidopsis PAP named as
SmA¢th. In nucleotide sequence comparison, the first 780 nu-
cleotides of SmA¢h coding sequence were identical to those of
the AtPAPS8 coding region determined by us. Intriguingly, how-
ever, at the 3’ end of the coding region sequence, SmA¢h dif-
fered in multiple ways (deletions involving single or more
nucleotides, and insertions involving single nucleotides) from
AtPAPS8 coding region determined by us or Yamada and
colleagues.

Association of Splice Variants of AtPAP10 with Polyribo-
somes—The intron-containing, variant ORF of AtPAP10 and
AtPAP13 was analyzed in more detail in terms of nucleotide
sequence and structure. The genomic DNA sequence encoding
AtPAP10 consisted of eight exons and seven introns (Fig. 3A).
The complete sequence of the variant ORF of AtPAP10 showed
that the second intron was retained in the cDNA (Fig. 3A). In
contrast, all intron sequences were removed from the cDNA
containing the fully processed, wild type ORF of AtPAP10 (Fig.
3A). Similar analysis revealed that the variant ¢cDNA of At-
PAP13 was also caused by the presence of intron sequences. In
this case, two intact introns (the first and fifth intron) and the
5" half of the third intron were retained in the cDNA (Fig. 3B).
Conceptual translation of the variant ORF of AtPAP10 yielded
a hypothetical protein of 348 amino acids. The amino acid

1 2 3 4 5 6 7
A. Genomic sequence TG _—
X _. 164380
Variant ORF ATG 'i‘ roa
L T
WT ORF a‘r(" 'I‘li-\
1 2 3 4 5
B. Genomic sequence ATa l:l |: TGA
Variant ORF “l‘:‘_:}_ T j.A
WT ORF ATG TGA
Munoribusa-
C e fractions Palyribosome fractians
' 4 5 6 7 & 9 10 11
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! - Splice variant
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Ils, P-
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Fic. 3. Analysis of splice variants of AtPAP10 and AtPAP13. A,
a diagram illustrating the structure of the genomic sequence of At-
PAP10 ORF, the cDNA sequence of AtPAP10 variant ORF, and the
cDNA sequence of AtPAP10 wild type (WT) ORF. Introns are repre-
sented by boxes, exons by filled horizontal lines. The dashed lines
indicate the removal of intron sequences. ATG is start codon, TGA the
stop codon. The primer combination of WTF and 16430R was used for
detecting wild type transcript, whereas that of SVF and 16430R was
used for detecting splice variant. Diagrams are not drawn to scale. B, a
diagram illustrating the structure of the genomic sequence of AtPAP13
ORF, the ¢cDNA sequence of AtPAP13 variant ORF, and the ¢cDNA
sequence of AtPAP13 wild type ORF. The representation of different
sequence elements was the same as described in A. C, association of
wild type transcripts and splice variants of AtPAP10 with polyribo-
somes present in the different fractions of a sucrose gradient. The
polyribosomes were prepared from suspension cells grown in phos-
phate-sufficient (top panel) or phosphate-limiting (bottom panel)
medium.

sequence of this hypothetical protein was completely homolo-
gous to that of the catalytic domain of the putative wild type
AtPAP10 protein, but lacked the amino-terminal 120 amino
acid residues of the wild type protein. An attempted translation
of the variant ORF of AtPAP13 produced a hypothetical protein
of 428 amino acids. It differed from the putative wild type
AtPAP13 protein by one deletion (of 81 amino acid residues) at
the amino-terminal region, one deletion (of 37 amino acid res-
idues) at the carboxyl-terminal region, and one insertion (29
amino acid residues) approximately in the middle region of the
protein.

The above results indicated that the transcription of the
genes coding for AtPAP10 and AtPAP13 can produce wild type
(fully processed) transcripts as well as splice variants in which
intronic sequences were not completely removed. The splice
variants may be resided in either nucleus or cytoplasm. If
nuclear in origin, the splice variants may have been interme-
diates of the splice reaction. If cytoplasmic, the splice variants
may serve important functions. To distinguish the two possi-
bilities, experiments were undertaken to determine whether
splice variants were associated with polyribosomes located in
the cytoplasm. Following well established protocols that en-
tailed the separation of polyribosomes from monoribosomes
through the use of sucrose density gradient centrifugation (40,
41), polyribosome fractions were prepared from suspension
cells grown in either phosphate-sufficient or phosphate-limit-
ing medium. The distribution of wild type transcripts and
splice variants of AtPAP10 in the different fractions of the
sucrose gradients was detected by RT-PCR. The oligonucleotide
primers for the PCR had been designed for selective amplifica-
tion of either wild type transcripts or splice variants (Fig. 3A).
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Fic. 4. Phylogenetic relationships of AtPAP7-AtPAP13 to ho-
mologous proteins from eukaryotic organisms. The phylogenetic
tree presented was constructed using the neighbor joining method (with
PC distance and pairwise deletion options). Bootstrap values are per-
centages of 500 replications. The rate of amino acid substitution is
shown below the phylogenetic tree. The GenBank™ accession nos. for
the homologous proteins are AF236107 (IbPAP-LMW), AF236109 (KB-
PAP-LMW), Q05117 (PAP-mouse), P29288 (PAP-rat), P13686 (PAP-
human), P09889 (PAP-pig, uteroferrin), U18553 (PAP-Ani), Z79750
(PAP-Anid), and P80366 (KBPAP).

The wild type transcripts were associated exclusively with
polyribosome fractions in the cells grown with either phos-
phate-sufficient or phosphate-limiting medium (Fig. 3C). There
was a clear, but limited, association of the splice variant with
polyribosomes in the cells grown with sufficient phosphate
supply (Fig. 3C). However, in the cells cultured with limited
phosphate supply, the association of the splice variants with
polyribosomes became more extensive (Fig. 3C). During this
experiment, it was interesting to note the pattern for the asso-
ciation of the wild type transcripts with polyribosomes was also
affected by phosphate deprivation (Fig. 3C).

Phylogenetic and Structural Relationships of Arabidopsis
PAPs to Homologous Proteins from Other Eukaryotes—The
availability of amino acid sequences of AtPAP7-AtPAP13 de-
rived from ¢cDNA analysis permitted a more reliable assess-
ment of phylogenetic relationships of Arabidopsis PAPs to ho-
mologous proteins from other eukaryotes. In the phylogenetic
tree constructed by the neighbor joining method, there were
three clades (LMW PAPs, fungal PAPs, and HMW PAPs), each
with more than 95% bootstrap support (Fig. 4). AtPAP9-
AtPAP13 clustered with KBPAP, forming the HMW PAP clade
(Fig. 4). In contrast, AtPAP7 and AtPAPS8 clustered with LMW
PAPs from other plant species, forming one of two groups in the
LMW PAP clade (Fig. 4). In parallel with the LMW plant PAP
group was the group comprising PAPs from mammalian spe-
cies. This suggested that LMW PAPs from plants and mam-
mals might have shared a common ancestral gene in their
evolutionary history.

The amino acid sequences of AtPAP7 and AtPAPS8 could be
aligned with that of uteroferrin without the need to introduce
frequent and major gaps (Fig. 5A4). Furthermore, strong con-
servations were observed in the amino acid sequence elements
containing the seven invariant metal-ligating residues (Fig.
5A, boxed sequence elements), and in the asparagine residue
that may undergo posttranslational glycosylation modification
(Fig. bA, indicated by empty triangle). However, the three res-
idues implicated in substrate catalysis in mammalian PAPs
were not strictly conserved in AtPAP7 and AtPAPS8 (Fig. 5A,
marked by asterisks). In contrast, extensive gaps were seen in
the alignment of the amino acid sequences of AtPAP9-—
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AtPAPT MEMH======= VCFSVILMFLSIFFINGALSKLERLKHPVKKKS -~ -DGSLSFLVIGDWGRKG
AtPAPS MDSLRDVEPIKLIFSIFCLVIILSACNSTAELPRFVQPPER DGSLSFLVVGDWGERG
uF MDTWT—========== VLLILQASLVLFGAVGTRTNTRTAPTE-——-== ILREVAVGDWGGVE
AtPAPT - GFNQSLVAHQMGVVGEKLDIDFVISVGDNFYDDGLKGVNDPSFEASFSHIYTHPSLO-
AtPAPE  —-———— SYNDSOVALOMGKIGKDLNIDFLISTGDNFYDDGT ISPYDSQFQDSFTNIYTATSLO-
UF NAPFHTAREMANAKAIATTVETLGADFI LS LGDNFYFTGVHDAKDERFQETFEDVESDESLAN
AtPAPT7 KOWYSVLGNHDYRGNVEAQLSKVLTQKDWRWFCRRSFVLSSGMVDFFFADTNPFVEKY FTEPE
AtPAPS KEWYNVLGNHDYRGNVYAQLS PILROLDCRWICLRSYVVNAE IVDIFFVOTTEFVORY FDERK
urF VEWHVLAGMHDHLGNVSAQIAY SKISKRWNFESEY YRLRFKI PRSNVSVAI FMLDTVTLOGNS
* A
AtPAPT DHTYDWRNVLERNKYIS-NLLHDLDLE IKKSRATHKEVVGHHG I KTAGNHGVTQELVDQLLET
AtPAPS DHVY DWRGVLERNKY LN-5LLT DVOVALQESMAKWE IVVGHHT I KSAGHHGNTIELEKQLLEPT
UF DDFVSQQPERPRNLALARTOLAWIKKQLAAAKEDYVLVAGEY PVWS IAEHGPTHCLVKOLLEL
£

AtPAPT LEENKVDLY INGHDHCLOHIGSHG-KTQF LT SGGG-—SKAWRGHVOPRDFKELKLY YDGQ-——
AtPAPE LERNEVDLYT Nt}nm LEHISSINSGIQFMTSGGG--SKAWKGDVNDWN POEMRFY YDGO-——
uF LTTHKVTAYLCGHDHNLQYLODEN-GLGFVLEGAGNFMDPSKKHLRKVPNGY LRFHFGRENSL
AtPAPT ~GFMSLHITHSKAKFIYYDVSGNVLHRSSLSKRSAHL-————- [328]

AtPAPE ~GFMSVYTSERELRVVEYDGLGHVLHRWSTLENGVYSDI ===~ [335]

uF GGFAYVEITPKEMSVTY IEASGKSLEKTKLPRAARSEHQHRRA [313]

AtPAPS M===IAAVYTLFFFFLLISSVY SKATISISPOTLNRSGDIVV IKNSGVESPSDLOWLGIYSPPDSPHD
AEPAP10 MG-RVRKSDFGSIVLVLCCVLNSLLCNGGITSRYVRKLE ATVOMELD
AtPAP1]l M----ELSHLALVCAAIAFSSIFVVSOAGITSTHARVSE=-- -PSEEMSLE
AtPAP12 MSSRSDLKIKRVELIIFLLSVLVEFCYGGFTSEYVRGESD====== ====LPDOMELD
ALPAP13 M----VVKYTMSMSFFVIFASTVTIIVHGFPSTLDGPLNFVTAPLD: ~PNLNPIAFDLPES
EBPAP MG==———— VVKGLLALALVLNVVVVSNGGKS SNEFVRKTN= === == e e e e o KNROMPLD
AtPAPY  HFIGYKFLSDSPTHQSGSGSISLELTHLRSNYTFRIFHWTQSEINPKHODHDHNPLEGTRHLLTESNO

AtPAPI LNFRFAVNRPEQI HLSY‘[‘DNI.NE:I(R\l’\.'P‘\."TGDGE“REAR‘{GEVKDKLDNIAVARG —————— VRYEIEH
AtPAP10 FRVPCCYNAPOOVHITQGD--VEGKAVIVSWVTOE-AI THEH
AtPAP11l FPPPAGYNAPEQVHITOGD--HAGRAMI ISKVMPLNEDGSNVVTYWlASSDG ———————————— SDNK
AtPAP12 FEVPPCHNSPOOVHVTOGN=--HEGNGVIISWVTEV-KPGSKTVOYWCENE =-K3.
AtPAP13 FVKPISEFLLPEQISVSLS--YSFDSVWISWVTGEYQIGEKDSAPLODPNCYVQSIVOYRE E‘D\TRR"RKO
EBFPAFP FEVE PGYN’}\PQQ\"H I1TQGD-- LVGRA.M I1r SWV‘I‘D‘D EPGSSAVRYWSEKN-—-----==————=

VGWRDPGWT FDAVMEN LKOGIRY Y YQVG---~SDLKGWSEIHSFVSRNEG
\?GQ‘TERKWE‘F‘!‘PPEIGP

FHNY TEGY THHCLIDDLEFDTKY Y YEIG=~~=SCKWSRRFWFFI PPKSGP
NATGHSI UYNQO‘:’ 3 SENGE’MN YTSGITHAVOLTGLEPNT LY RYQUGDPSLEAMSKEY Y FRTMPKST
IAKGEMSTY-~--—==~ RF“N YSSGFIHHTTIRKLKYNTRYYYEVG--~~ LRNTT ERFSFITFPQTGL

SEETLA“MFGDMGCYTPYTTE‘IRGE:EE:SLSTVKNI LRDI EALGDSKPVIVSHIEIS‘!ER ————————
DVEYTFGLIGDLGOSYDSNITLTHY ENNET K GDISYAD-

RCSLHIRYYSDLGOTYASNOQTLYNYMSHE- GDLSYAD-
CVEYTFGLIGDLEOTYDSNSTLSHYEMNEG GDLSYAD-
NYPHRIVVAGDLGLTYNTSTVLGHILSNH- GGFSYADTYLANKTE
DVEYTFGLIGDLC QF‘DSNTTLSHYELSPK

GYS INDEE‘FTQIEPIASK\?PYHVCI;SNHEYDNPNOP’NKPDW}\
—-—'I‘VPDHDNRRNDSNGRI-A.I:.R.STJ\YQ"NIn T DFAPEIGE--=--
—DHPNHDQREWNDSYGREVEPSAAY P AR EIDYAQSISE-——-
————————————————————— RYPNHDNNEHDTHGRFVERSVAYOPHNIWTAGNHETIDFVFDIGE-———
LDCSSCHCDONGT SSDCGSCYSSGETYQPRNDYWGRFMEPLTANVET HETE
————————————————————— RYPNHDNVEWNDTWGRFTERSVAYQPWINTAGNHETEFAPEINE-—-—
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AYVYGEDSGEECEVEY SVEFNMPGHSTEATGMVEGPOSRNLY Y SYDMGSVHFVY ISTETDFLEGGEQY
RPFEFFTHRYRTFYRSSGSTEPFWYSIKRGPAY I IVLASYSAYCGEYTPQY
-TOPFEPYENRYHVPYKASOSTSPLHYSIKRASTY T TVLESYSAYDRYTPON
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ALFAFPY SFLKSDLESVNRSKTPEVVVOGHREMY TTSRKIRDAR I REKMIEHLEPLLVENNVTVALWEEVERYER
AtFAFL QWLEEEFPEVHRTETPWLIVLMHSFWYNSY--DYHYMEGETMRVMYEAHFVEYEVDVVE YER
AtPAFL SWLLODEEKEVNRSETSWLIVLVHAFWYNSN--NYHYMEGESMRVTFEFHFVENEVDIVEASHVHERYER
AtPAP12 EWLERELOGVNRTETEPWLIVLVHSPFYSSY--VHHYMEGETLRVMYEQWEVEYEVDVVE YER
AtFAFL IWLESDLIKINRSETPWVVATWSLEWYSTF--KGHYRERESMRIELEDLLYNYRVDIVENSHVDAYER
EBFAP "I‘WLKKELRKVKRSETPWLIMLMBSPL\'NS‘[——NHHE‘MEGEAMRTKFEAHTVK\'KVDWFASKV_E\YER
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ALFAFL ERVSK AYNVVE ICTPV‘(DQSAP\?
AtPAPL SKRI"“ IH‘ENITL, GMSTEVEDQHAFRI
AtPAP12 ERVSH IAYNIVN LCEPISDESAFI
AtPAP13 SNHEVYN YTLDOCGEV

EBFAF ERVSN IAYEITH LC'I‘PVKDQSAP\"
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ALPRP YITIGDGG‘{IEGIAN SFTD: P Q?EYSAFREA
RtPAP12 YITIG TOMMO: KYSAFREAS—
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EBFAP YITIGDAGNYGVIDSHMIQ POPEYSAFREAS-————
AtPAPS FGHAIFSIKNRTHAIF——————— GYFVGE——LSREKKESGVGSSNREWIQVENEET ——— [651]
AtPAP FGHALLEIKNRTHRHYGWHENHDGYAVEGDRMWEYNR-———————— FWHEVDDSPSCHS [468]
RAtPAP FGHGLLEIKNRTHAHY TWHRNEEDEAVIADSIWLEEKR- ~-¥YYLPEEETA-—- [441]
RLPAP12 ------—-——-——— YTESWNRNQDGNAVAADSVWLLNR- EWRAQEKTWLDAF [463]
AtPAP FGFGILEVENETHALWSWNRNOQDLYYLAADVIHIVRQ- ————PEMCSVCH- [516]
KEFAP FGHGMFDIKNRTHRHE SWHRNQDGVAVEADSVWEFNR- HWYFVDDST---- [459]

Fic. 5. Comparison of the primary structure of Arabidopsis
PAPs with that of uteroferrin and KBPAP. A, comparison among
AtPAP7, AtPAPS, and uteroferrin (UF). B, comparison among AtPAP9,
AtPAP10, AtPAP11, AtPAP12, AtPAP13, and KBPAP. The conserved
sequence motifs are boxed, and the metal-ligating residues are repre-
sented by bold letters. Asterisks indicate residues participating in sub-
strate catalysis in uteroferrin or KBPAP. The empty triangle marks the
site of glycosylation in uteroferrin or KBPAP. The filled triangle indi-
cates the cysteine residue involved in disulfide bond formation in KB-
PAP. The underlined residues in B represent residues conserved be-
tween the NH,-domain of KBPAP and the fibronectin type III domain of
human fibronectin.
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AtPAP13 to that of KBPAP (Fig. 5B). Substantial variation was
found in the sequence elements containing the potential metal-
ligating residues (Fig. 5B, boxed sequence elements), and, most
obviously, four of the seven potential metal-ligating residues
could not be recognized at the anticipated positions of the
amino acid sequence of AtPAP13 (Fig. 5B). In addition, strict
conservation was not found for the asparagine residues (Fig.
5B, indicated by empty triangles) previously identified as sites
of glycosylation in KBPAP, the cysteine residue (Fig. 5B, indi-
cated by filled triangle) that had been involved in the formation
of the disulfide bridge required for the dimerization of KBPAP,
and the three residues participating in substrate catalysis by
KBPAP (Fig. 5B, marked by asterisks). In a previous investi-
gation, Tsyguelnaia and Doolittle (21) found that the NH,-
domain of KBPAP shared seven conserved residues with the
fibronectin type III domain of human fibronectin. A complete
preservation of the seven residues was seen only in two of the
five Arabidopsis PAPs (AtPAP10 and AtPAP12; Fig. 5B, un-
derlined residues).

Differential Transcriptional Responses of Arabidopsis PAPs
to Phosphate Deprivation—Because suspension cultures of dif-
ferent plant species had been employed in past studies on the
regulation of many types of genes by phosphate deprivation
treatment (31, 45-53), the transcriptional responses of
AtPAP7-AtPAP13 to phosphate deprivation treatment were
investigated using Arabidopsis suspension cells. Total RNA
was prepared from both control and phosphate-deprived cell
samples. After reverse transcription, the cDNA content of dif-
ferent samples was normalized (as described under “Experi-
mental Procedures”). Care was also taken to ensure that am-
plification of the different AtPAPs entered, but did not exceed,
the exponential phase of the PCR, and to maintain equal load-
ing for all PCR samples to be checked on agarose gels. With
these optimizations, three patterns of transcriptional re-
sponses were found for AtPAP7-AtPAP13 (Fig. 6) in relation to
phosphate deprivation treatment. For AtPAP7, AtPAPS, At-
PAP9, AtPAP10, and AtPAP13, their transcript levels were not
obviously affected by low phosphate treatment (Fig. 6). The
transcript level of AtPAP12 increased upon low phosphate
treatment (Fig. 6). In stark contrast, a dramatic de novo induc-
tion of transcription was observed for AtPAP11 in response to
phosphate deprivation (Fig. 6).

DISCUSSION

Considerable insights have been gained in past x-ray crys-
tallography studies on the structure of PAPs (1, 3, 13, 23).
However, the progress in structural studies has so far not been
matched by improved understanding of the biological functions
of PAPs. To advance investigations into higher plant PAPs, we
have performed comparative analysis of multiple PAPs from
A. thaliana.

Blastp searches of Arabidopsis protein data base identified
29 PAPs encoded by this species, 24 of which possessed the
seven invariant amino acid residues involved in the coordina-
tion of the dimetal nuclear center of known PAPs. Transcripts
for the great majority of the 24 PAPs were found in Arabidopsis
cells (Table III). Furthermore, AtPAP17 (AtACP5, Table I11), 1
of the 24 AtPAPs, has been previously shown to resemble PAPs
from mammalian cells in primary structure and biochemical
properties, and to be involved in phosphate mobilization and
the metabolism of reactive oxygen species in vivo (31). On the
basis of these results, we suggest that the 24 Arabidopsis PAPs
are all likely to be active metallo-phosphoesterases, although
they may differ from each other in aspects of their in vivo
function.

In contrast to the above situation, AtPAP13 did not contain
the whole complement of the seven invariant metal-ligating
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Fic. 6. Differential transcriptional responses of AtPAP7-
AtPAP13 to phosphate deprivation treatment in suspension
cells as assessed by semiquantitative RT-PCR. Samples were
taken from phosphate-deprived (P~) as well as the control, phosphate-
sufficient (P*) suspension cultures at selected time points. Semiquan-
titative PCR assay was conducted as described under “Experimental
Procedures.” The transcript level of AtPAPs 7-10 and 13 was not
significantly affected, whereas that of AtPAP11 and AtPAP12 was
induced and increased, respectively, by phosphate deprivation treat-
ment. In these experiments, the amplification of tubulin transcripts
was used to normalize the cDNA content of different reverse transcrip-
tion reactions, and to monitor the kinetics of PCR (bottom panel).

residues typical of known PAPs, nor did it possess varieties of
potential metal-ligating residues resembling those of other
types of metallo-phosphoesterases. This indicates that At-
PAP13 may not be a biochemically active PAP. However, an
alternative physiological function for AtPAP13 in Arabidopsis
cells may still exist because its coding gene was transcribed. In
AtPAPs 14, 16, 28, and 29, the varieties of potential metal-
ligating residues resembled those of exonucleases and phos-
phodiesterases (1, 42—44). In the light of this finding, it will be
interesting to study further the structure and biochemical
properties of the four unusual AtPAPs to reveal their differ-
ences to typical PAPs. It is also worthwhile to note that pro-
teins homologous to AtPAPs 14, 16, 28, and 29 are present in
both eukaryotic and prokaryotic organisms and that the six
plant PAPs listed in Fig. 1 appear to be more similar to their
counterparts from bacterial cells in the size (and probably
primary structure as well) of their polypeptide chains. This
suggests that the bacterial and plant PAPs of this type may
have evolved with similar structural constraints and, conse-
quently, may share similarities in properties.

Based on clustering analysis, the 29 AtPAPs could be classi-
fied into three main groups, a further division of which yielded
eight subgroups (Fig. 2). Although detailed studies have yet to
be performed for the majority of the 29 AtPAPs, the following
lines of evidence indicate that the classification scheme we
proposed may reflect structural and biochemical differences as
well as phylogenetic relationships among the compared en-
zymes. First, although the classification scheme we proposed
was derived essentially from alignment of amino acid sequence
elements conserved in 29 Arabidopsis PAPs (because of the
employment of the complete deletion option during the cluster-
ing analysis), there was a general correlation between the
division of the groups and the size of the predicted proteins of
AtPAPs (Fig. 2). This indicates that our classification scheme
may reflect structure differences among the different types of
AtPAPs. Second, at the subgroup level, there was a clustering
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of AtPAPs that were likely to have similar biochemical proper-
ties. For example, most members in subgroups Ib-1 and Ib-2
have been shown to exhibit high percentages of identity to a
phytase purified from soybean seedlings. Third, in our phylo-
genetic analysis using the amino acid sequences derived from
cDNA analysis of AtPAP7-AtPAP13, it was found that the
seven PAPs partitioned in both the HMW and LMW PAP
groups (Fig. 4). AtPAP9-AtPAP13, which belonged to the
HMW PAP group (Fig. 4), were located in groups I and II of our
classification scheme. In contrast, AtPAPs 7 and 8, which were
phylogenetically close to LMW PAPs (Fig. 4), resided in group
II1. This suggests that our classification of Arabidopsis PAPs
was in accord with their evolutionary differences. It is inter-
esting to note that group II AtPAPs in our classification system
(Fig. 2) are proteins the size of which is generally larger than
that of group I members. However, based on the clustering of
AtPAP9 (a representative of group II) with AtPAP10-AtPAP12
and KBPAP in phylogenetic analysis (Fig. 4), we propose that
group II AtPAPs may still be related to the HMW PAPs in
phylogeny.

Because of phylogenetic relatedness (Fig. 4), the primary
structure of AtPAPs 7 and 8 was compared with that of utero-
ferrin (as the representative of LMW PAPs), and the primary
structure of AtPAP9—-AtPAP13 compared with that of KBPAP
(as the representative of HMW PAPs). These comparisons were
conducted with the aim to find out the patterns in the conser-
vation (or variation) of the primary structure among PAPs
functioning in plant or animal cells. Despite the fact that plants
and animals diverged approximately one billion years ago,
AtPAPs 7 and 8 and uteroferrin were remarkably similar in
terms of protein size, variety of metal-ligating residues, residue
for glycosylation, and some of the residues involved in sub-
strate catalysis. In contrast, there was extensive variation in
the primary structure among AtPAP9-AtPAP13 and in be-
tween the five AtPAPs and KBPAP. This variation included
changes in the size of the protein (as already noted in Fig. 2),
the variety of potential metal-ligating residues, potential site
for glycosylation or disulfide bond formation, the residues in-
volved substrate catalysis, and the residues that may play a
role in the structure formation of the NH,-terminal domain.
Clearly, less variation was seen in the LMW type of AtPAPs (as
represented by AtPAPs 7 and 8) when compared with the HMW
type of AtPAPs (as represented by AtPAPs 9-13) in terms of
protein size and variety of potential metal-ligating residues.
This would imply that the LMW and HMW type of AtPAPs may
have evolved in different manners, although the underlying
reasons are presently not known. From a more practical point
of view, the identification of the conservation (or variation)
pattern through primary structure comparisons may yield in-
formation on biochemical, catalytic and/or functional proper-
ties of the AtPAPs under investigation, e.g. from the alignment
shown in Fig. 5B, it may be predicted that AtPAPs 10 and 12
would resemble KBPAP in many aspects of their enzymatic
properties.

While characterizing the cDNAs of AtPAP7-AtPAP13, a sur-
prising finding was that the genes encoding AtPAP10 and
AtPAP13 produced both wild type, fully processed transcripts
and splice variants. The splice variants of AtPAP10 were found
to associate with polyribosomes, and the extent of this associ-
ation could be increased by phosphate deprivation (Fig. 3C).
The putative product of AtPAP10 splice variant may be trans-
lated and be enzymatically active, and if it is, it may behave
more like a LMW plant PAPs because of the lack of the amino-
terminal domain that would be present in the wild type en-
zyme. The putative product of AtPAP13 splice variant was also
smaller because of deletions in both amino- and carboxyl-ter-
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minal regions, and like the wild type protein, did not possess
the whole complement of the seven invariant metal-ligating
residues typical of PAPs. In animal cells, the production and
function of NH,-terminal splice variants have been demon-
strated for a number of genes (54—59). Our results indicate that
the function of some plant genes may also involve more than
one form of a protein translated from either wild type tran-
scripts or NH,-terminal splice variants. Further experiments
are needed to investigate the biochemical, catalytic, and func-
tional properties of the two putative forms of AtPAP10 in
Arabidopsis cells. In contrast to AtPAP10, functional investi-
gations in AtPAP13 may be complicated by the fact that both
forms of putative proteins (wild type protein and the product of
the splice variant) did not contain the whole complement of
metal-ligating residues.

Because of their phosphoesterase activity, it is understand-
able that past studies have found evidence for the involvement
of PAPs in phosphorus nutrition of plant cells. However, pre-
vious investigators have focused mainly on PAPs inducible by
phosphate deprivation. In our study on AtPAP7-AtPAP13, it
was found that there were three different patterns of transcrip-
tional responses of PAPs in relation to phosphate deprivation
treatment in suspension cells. The transcript level of five
AtPAPs (AtPAPs 7-10 and 13) was not affected, whereas that
of AtPAP11 and AtPAP12 was induced and increased, respec-
tively (Fig. 6). These results suggest that transcriptional re-
sponses of PAPs to phosphate deprivation are more complex
than previously reported. From the comparison of primary
structure shown in Fig. 5B, it could be seen that one of the
differences among AtPAP10, AtPAP11, and AtPAP12 (three
AtPAPs possessing the three different patterns of transcrip-
tional responses to phosphate deprivation treatment) was that
the cysteine residue involved in dimerization of KBPAP was
conserved in AtPAP10 and AtPAP12, but not in AtPAP11 (Fig.
5B). Further research is needed to study whether or not the
biochemical function of AtPAP11 involves the formation of
homodimers. Although phosphate deprivation did not appear to
change the transcript levels of AtPAPs 7-10, and 13, it affected
the association of AtPAP10 transcripts with polyribosomes
(Fig. 3C) and caused an increased level of AtPAP10 splice
variants that have the potential to direct the production of an
enzyme with potentially new properties. This indicates that, in
future studies on the function of PAPs in phosphorus nutrition
of plant cells, attention ought to be given to both inducibly and
constitutively expressed members of these enzymes.

Judging from the comparative analysis presented, there ap-
pear to be high levels of variations in the structure, transcrip-
tion regulation, and responses to phosphate deprivation in
Arabidopsis PAPs. Consequently, functional dissection for 29
AtPAPs will be a complex task, which will require the imple-
mentation of multiple strategies in research. The use of a
mutant for functional investigation of an acid phosphatase in
Arabidopsis has been reported, although it is not known
whether the affected acid phosphatase is actually a PAP (60).
As the number of knockout mutants for Arabidopsis genes
increases in various functional genomics projects, mutants
missing one or more PAPs will become important tools for
functional studies. Another important strategy will be to iden-
tify regulatory loci affecting the expression of multiple PAPs. A
MYB transcription factor required for the increased expression
of several genes under phosphate deprivation conditions has
been identified (61), one of which is that for AtACP5 (AtPAP17,
Table II) (31, 61). However, the transcription of other AtPAPs
was not reported in that work. Recently, a pho3 locus was
reported to cause a 30% reduction of root acid phosphatase
activity in Arabidopsis (62). It will be interesting to test if the
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reduction of root acid phosphatase activity by pho3 involves
reduced expression of any of the 29 AtPAPs. Finally, in addi-
tion to the above genetic strategies, a biochemical approach
aimed at comparing the biochemical properties of different
AtPAPs using in vitro expressed proteins would also generate
information useful in the interpretation of the results from the
genetic experiments. Only by combining the different research
strategies discussed above may a more complete understanding
of the function of PAPs in Arabidopsis biology be attainable.
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