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Hydroxyproline-rich glycoproteins (HRGPs) are a superfamily of plant cell wall proteins that function in diverse aspects of
plant growth and development. This superfamily consists of three members: hyperglycosylated arabinogalactan proteins
(AGPs), moderately glycosylated extensins (EXTs), and lightly glycosylated proline-rich proteins (PRPs). Hybrid and chimeric
versions of HRGP molecules also exist. In order to “mine” genomic databases for HRGPs and to facilitate and guide research in
the field, the BIO OHIO software program was developed that identifies and classifies AGPs, EXTs, PRPs, hybrid HRGPs, and
chimeric HRGPs from proteins predicted from DNA sequence data. This bioinformatics program is based on searching for
biased amino acid compositions and for particular protein motifs associated with known HRGPs. HRGPs identified by the
program are subsequently analyzed to elucidate the following: (1) repeating amino acid sequences, (2) signal peptide and
glycosylphosphatidylinositol lipid anchor addition sequences, (3) similar HRGPs via Basic Local Alignment Search Tool, (4)
expression patterns of their genes, (5) other HRGPs, glycosyl transferase, prolyl 4-hydroxylase, and peroxidase genes
coexpressed with their genes, and (6) gene structure and whether genetic mutants exist in their genes. The program was used
to identify and classify 166 HRGPs from Arabidopsis (Arabidopsis thaliana) as follows: 85 AGPs (including classical AGPs,
lysine-rich AGPs, arabinogalactan peptides, fasciclin-like AGPs, plastocyanin AGPs, and other chimeric AGPs), 59 EXTs
(including SPy EXTs, SP;/SP, EXTs, SP, EXTs, SP,/SP, EXTs, a SP, EXT, “short” EXTs, leucine-rich repeat-EXTs, proline-rich
extensin-like receptor kinases, and other chimeric EXTs), 18 PRPs (including PRPs and chimeric PRPs), and AGP/EXT hybrid

HRGPs.

The genomics era has produced vast amounts of
biological data that await examination. In order to
“mine” such data effectively, a bioinformatics ap-
proach can be utilized to identify genes of interest,
subject them to various in silico analyses, and extract
relevant biological information on them from various
public databases. Examination of such data produces
novel insights with respect to the genes in question
and can be used to facilitate and guide further research
in the field. Such is the case here, where bioinformatics
tools were developed to identify, classify, and analyze
members of the Hyp-rich glycoprotein (HRGP) super-
family encoded by the Arabidopsis (Arabidopsis thali-
ana) genome.

HRGPs are a superfamily of plant cell wall proteins
that are subdivided into three families, arabinogalac-
tan proteins (AGPs), extensins (EXTs), and Pro-rich
proteins (PRPs), and extensively reviewed (Showalter,
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1993; Kieliszewski and Lamport, 1994; Nothnagel,
1997; Cassab, 1998; José-Estanyol and Puigdomenech,
2000; Seifert and Roberts, 2007). However, it has be-
come increasingly clear that the HRGP superfamily is
perhaps better represented as a spectrum of molecules
ranging from the highly glycosylated AGPs to the
moderately glycosylated EXTs and finally to the lightly
glycosylated PRPs. Moreover, hybrid HRGPs, com-
posed of HRGP modules from different families, and
chimeric HRGPs, composed of one or more HRGP
modules within a non-HRGP protein, also can be
considered part of the HRGP superfamily. Given that
many HRGPs are composed of repetitive protein se-
quences, particularly the EXTs and PRPs, and many
have low sequence similarity to one another, particu-
larly the AGPs, BLAST searches typically identify only
a few closely related family members and do not
represent a particularly effective means to identify
members of the HRGP superfamily in a comprehen-
sive manner.

Building upon the work of Schultz et al. (2002) that
focused on the AGP family, a new bioinformatics
software program, BIO OHIO, developed at Ohio
University, makes it possible to search all 28,952 pro-
teins encoded by the Arabidopsis genome and identify
putative HRGP genes. Two distinct types of searches
are possible with this program. First, the program can
search for biased amino acid compositions in the
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genome-encoded protein sequences. For example,
classical AGPs can be identified by their biased amino
acid compositions of greater then 50% Pro (P), Ala (A),
Ser (S), and Thr (T), as indicated by greater than 50%
PAST. Similarly, arabinogalactan peptides (AG pep-
tides) are identified by biased amino acid composi-
tions of greater then 35% PAST, but the protein (i.e.
peptide) must also be between 50 and 90 amino acids
in length. Likewise, PRPs can be identified by a biased
amino acid composition of greater then 45% PVKCYT.
Second, the program can search for specific amino acid
motifs that are commonly found in known HRGPs. For
example, SP, pentapeptide and SP; tetrapeptide motifs
are associated with EXTs, a fasciclin H1 motif is found
in fasciclin-like AGPs (FLAs), and PPVX(K/T) (where
Xis any amino acid) and KKPCPP motifs are found in
several known PRPs (Fowler et al., 1999). In addition
to searching for HRGPs, the program can analyze
proteins identified by a search. For example, the pro-
gram checks for potential signal peptide sequences
and glycosylphosphatidylinositol (GPI) plasma mem-
ber anchor addition sequences, both of which are
associated with HRGPs (Showalter, 1993, 2001; Youl
et al., 1998; Sherrier et al., 1999; Svetek et al., 1999).
Moreover, the program can identify repeated amino
acid sequences within the sequence and has the ability
to search for bias amino acid compositions within a
sliding window of user-defined size, making it possi-
ble to identify HRGP domains within a protein se-
quence.

Here, we report on the use of this bioinformatics
program in identifying, classifying, and analyzing
members of the HRGP superfamily (i.e. AGPs, EXTs,
PRPs, hybrid HRGPs, and chimeric HRGPs) in the
genetic model plant Arabidopsis. An overview of this
bioinformatics approach is presented in Figure 1. In
addition, public databases and programs were ac-
cessed and utilized to extract relevant biological in-
formation on these HRGPs in terms of their expression
patterns, most similar sequences via BLAST analysis,
available genetic mutants, and coexpressed HRGP,
glycosyl transferase (GT), prolyl 4-hydroxylase (P4H),
and peroxidase genes in Arabidopsis. This informa-
tion provides new insight to the HRGP superfamily
and can be used by researchers to facilitate and guide
further research in the field. Moreover, the bioinfor-
matics tools developed here can be readily applied to
protein sequences from other species to analyze their
HRGPs or, for that matter, any given protein family by
altering the input parameters.

RESULTS
Finding and Classifying AGPs

The BIO OHIO program was used to identify po-
tential classical AGPs, including the Lys-rich classical
AGPs, AG peptides, and chimeric AGPs (i.e. FLAs and
other chimeric AGPs) from the Arabidopsis proteome
(Table I). The program initially identified 64 possible
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classical AGPs by searching for biased amino acid
compositions of at least 50% PAST. Similarly, 86 po-
tential AG peptides were identified by searching for
proteins between 50 and 90 amino acids in length with
biased amino acid compositions of at least 35% PAST.
Finally, 25 potential FLAs were identified by searching
for the following fasciclin H1 motif: [MALIT]T[VILS]
[FLCM][CAVT][PVLIS][GSTKRNDPEIV]+[DNS]
[DSENAGE]+[ASQM]. The 175 proteins identified by
the program were further examined individually to
determine if they appeared to be AGPs. The presence
of a signal peptide was one such factor, as was the
presence and location of AP, PA, SP, and TP repeats,
since these dipeptide sequences are often present in
known AGPs (Nothnagel, 1997). Finally, the presence
of a GPI anchor addition sequence provided addi-
tional support, although not all AGPs have this se-
quence. By these criteria, 64 of the original 175 were
classified as AGPs; moreover, they fall into several
distinct classes: 20 classical AGPs, three Lys-rich (clas-
sical) AGPs, 16 AG peptides, 21 chimeric FLAs, three
chimeric plastocyanin AGPs (PAGs), and one other
chimeric AGP (Tables I and II). Additionally, one other
AGP was documented in the literature, AGP30, a
nonclassical or chimeric AGP, but was not identified
by the program given that its PAST value of 34% was
below the 50% threshold value used by the program
(Baldwin et al., 2001; van Hengel and Roberts, 2003).
Consequently, this AGP was added to the list of AGPs
appearing in Table II but was not counted in Table I. In
addition, four PRPs (PRP18, PRP5, PRP6, PRP16), 20
EXTs (EXT40, EXT17, EXT38, EXT19, EXT22, EXT18,
EXT15, EXT7, EXT9, EXT10, EXT2, EXT11, EXT13,
EXT16, EXT6, EXT12, EXT14, EXT8, EXT20, EXT21),
and three hybrid AGP/EXTs (HAEs; HAE1, HAE3,
HAE4) were identified by the program using the 50%
PAST rule; further information on these HRGP se-
quences is presented below.

Some AGPs, particularly chimeric AGPs, can be
below the 50% PAST threshold but were identified by
searching the Arabidopsis protein database annota-
tions and then subjecting such proteins to further
analysis (i.e. searching for signal peptides, AP, PA, SP,
and TP repeats, or GPI anchor addition sequences).
With this approach, 21 additional AGPs were found,
including two classical AGPs (AGP50C and AGP57C),
14 PAGs, and five other chimeric AGPs, including
AGP30. The locus identifiers of these sequences are
indicated in italics in Table II.

With the addition of these AGPs from the protein
database annotations, the total number of potential
AGPs became 85 and included 22 classical AGPs, three
Lys-rich classical AGPs, 16 AG peptides, 21 chimeric
FLAs, 17 chimeric PAGs, and six other chimeric AGPs
(Table II). Representative amino acid sequences of
these potential AGPs, including the predicted loca-
tions of their signal peptides and GPI anchor addition
sequences, are displayed in Figure 2 and Supplemen-
tal Figure S1. The classical AGPs ranged in size from
87 to 739 amino acids. The majority (19 of 22) were
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Figure 1. Bioinformatics workflow diagram summarizing the identification, classification, and analysis of HRGPs (AGPs, EXTs,
and PRPs) in Arabidopsis. Classical AGPs were defined as containing greater than 50% PAST coupled with the presence of AP,
PA, SP, and TP repeats distributed throughout the protein, Lys-rich AGPs were a subgroup of classical AGPs that included a Lys-
rich domain, and chimeric AGPs were defined as containing greater than 50% PAST coupled with the localized distribution of
AP, PA, SP, and TP repeats. AG peptides were defined to be 50 to 90 amino acids in length and containing greater than 35% PAST
coupled with the presence of AP, PA, SP, and TP repeats distributed throughout the peptide. FLAs were defined as having a
fasciclin domain coupled with the localized distribution of AP, PA, SP, and TP repeats. Extensins were defined as containing two
or more SP, or SP, repeats coupled with the distribution of such repeats throughout the protein; chimeric extensins were similarly
identified but were distinguished from the extensins by the localized distribution of such repeats in the protein; and short
extensins were defined to be less than 200 amino acids in length coupled with the extensin definition. PRPs were identified as
containing greater than 45% PVKCYT or two or more KKPCPP or PVX(K/T) repeats coupled with the distribution of such repeats
and/or PPV throughout the protein. Chimeric PRPs were similarly identified but were distinguished from PRPs by the localized
distribution of such repeats in the protein. Hybrid HRGPs (i.e. AGP/EXT hybrids) were defined as containing two or more repeat
units used to identify AGPs, extensins, or PRPs. The presence of a signal peptide was used to provide added support for the
identification of an HRGP but was not used in an absolute fashion. Similarly, the presence of a GPl anchor addition sequence was
used to provide added support for the identification of classical AGPs and AG peptides, which are known to contain such
sequences. BLAST searches were also used to provide some support to our classification if the query sequence showed similarity
to other members of an HRGP subfamily. Note that some AGPs, particularly chimeric AGPs, and PRPs were identified from an
Arabidopsis database annotation search and that two chimeric extensins were identified from the primary literature as noted in
the text.

predicted to have a signal peptide, and many (14 of 22)
were also predicted to have a GPI anchor. The Lys-rich,
classical AGPs ranged in size from 185 to 247 amino
acids. All three were predicted to have a signal pep-
tide, but only two were predicted to have a GPI anchor.
The AG peptides ranged in size from 58 to 87 amino
acids. All 16 AG peptides were predicted to have a
signal peptide, but only 12 were predicted to have a
GPI anchor. The FLAs ranged in size from 247 to 462
amino acids. The majority (20 of 21) were predicted to
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have a signal peptide, but only 11 were predicted to
have a GPI anchor. The FLAs are a type of chimeric
AGP; each FLA contains either one or two AGP
domains. Such AGP domains were readily visualized
with the BIO OHIO program by utilizing the sliding
windows feature to search for biased amino acid
sequences within a user-defined amino acid window
size (e.g. 80% PAST in a 10-amino acid window) that
slides along the protein sequence. Usually, such do-
mains were also apparent by examining the location of
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Table I. AGPs identified from the Arabidopsis genome based on biased amino acid compositions, size, and the presence of fasciclin domains

The number in parentheses indicates the number of proteins that had a predicted signal peptide sequence.

Classical Lys-Rich

Chimeric

Search Criteria Total AGP AGP AG Peptide FLA AGP PRP EXT Hybrid Others
=50% PAST 64 (47) 19 (16) 3 (3) 0 4 (4) 4(3) 20(17) 3(2) 10 (1)
=35% PASTand 50to 86 (36) 1(1) 0 16 (16) 0 0 0 0 0 69 (20)

90 amino acids
Fasciclin domain 25 (21) 0 0 21 (20) 0 0 0 0 4(2)

the AP, PA, SP, and TP repeat units, which was easily
done by the BIO OHIO program. The PAGs ranged in
size from 177 to 370 amino acids. The 17 PAGs were all
predicted to have a signal peptide, and 16 were pre-
dicted to have a GPI anchor. The other chimeric AGPs
ranged in size from 222 to 826 amino acids. All but one
(five of six) of these chimeric AGPs were predicted to
have a signal peptide, and only one was predicted to
have a GPI anchor as well as a signal peptide.
BLAST analysis was also conducted using The
Arabidopsis Information Resource (TAIR) WU-Blast
2.0 to identify other potential AGP sequences and to
provide insight to AGP sequences with the greatest
similarity (Table II; Supplemental Table S1). BLAST
searches were initially conducted with the filtering
option on, but they were repeated with filtering off for
those searches that found no other HRGPs. Such
analysis showed that not all AGPs can be found with
this method, but it did reveal sequences showing high
degrees of similarity. BLAST was most successful for
locating other FLAs and PAGs. In other words, a
BLAST search using any one FLA sequence found
most, but typically not all, other known FLA sequences.

AGP Gene Expression and Coexpressed HRGPs, GTs,
P4Hs, and Peroxidases

In order to elucidate patterns of gene expression for
these predicted AGPs, three public databases were
searched: Genevestigator (https://www.genevestigator.
ethz.ch/), the Arabidopsis Membrane Protein Library
(http:/ /www.cbs.umn.edu/arabidopsis/), and the
Arabidopsis Massively Parallel Signature Sequencing
(MPSS) Plus Database (http://mpss.udel.edu/at/).
While about half of the AGPs had a broad range of
expression throughout the plant, the other half
showed organ-specific expression. Notably, several
AGPs were specifically or preferentially expressed in
the pollen, while others were expressed in roots,
stems, leaves, and siliques (Table II; Supplemental
Figs. 52-55). Moreover, in examining the expression
levels of all the AGP genes, the ones specifically or
preferentially expressed in the pollen were the most
highly expressed, as indicated by their high re-
lative signal intensities. Furthermore, there was no
observed correlation between organ-specific expres-
sion and a particular AGP class or between environ-
mental stress-induced expression and a particular
AGP class.
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In order to elucidate HRGP gene networks and
identify genes involved with AGP biosynthesis, the
AGP genes were next examined with respect to coex-
pressed genes using The Arabidopsis Co-Response
Database (http://csbdb.mpimp-golm.mpg.de/csbdb/
dbcor/ath.html; Table III; Supplemental Table S2).
Unfortunately, 39 of the 85 AGPs had no coexpression
data available, so the following information was based
on the 46 AGPs for which data were available. In
analyzing the data, a focus was placed not only on
other HRGPs but on GTs, P4Hs, and peroxidases, since
GTs and P4Hs, and possibly peroxidases (Kjellbom
et al., 1997), are responsible for posttranslational mod-
ification of AGPs. In terms of AGPs being expressed
with other HRGPs, a total of 73 HRGPs were coex-
pressed with one or more AGPs. Among all HRGPs,
FLA7 was coexpressed with the most AGPs, a total of
22 different AGPs. Interestingly, several different EXT
and PRP genes were also coexpressed with numerous
AGP genes. For the GTs, 27 of the 42 members of the
GT2 family, 17 of the 42 members of the GT8 family, 11
of the 33 members of the GT47 family, and two of the
three members of the GT29 family were coexpressed
with various AGPs, to name just a few. Most notably,
two members of the GT47 family (At5g22940 and
At4g38040) were found to be coexpressed with 17 and
15 AGP genes, respectively. Also notable was the one
member of the GT29 family (Atlg08660) that was
coexpressed with 14 different AGP genes and the
three members of the GT8 family (Atlg24170,
At5g47780, Atlgl3250) that were coexpressed with
13, 11, and 10 different AGPs, respectively. In con-
ducting this GT analysis, it was observed that not all
of the CAZY members are annotated as GTs in the
coexpression database. Consequently, coexpressed
genes had to be cross-referenced against the gene
identifiers listed in the CAZY database. For the P4Hs,
five of 13 members of the P4H gene family were
coexpressed with various AGPs. Among these, one
P4H gene (At3g06300 or P4H?2) was coexpressed with
10 different AGPs. Many peroxidase genes showed
evidence of coexpression. The greatest amount of
coexpression was exhibited by At4g26010, which was
coexpressed with 13 different AGPs.

AGP Gene Organization and Mutants

Information was extracted from the TAIR and SALK
Web sites with regard to the gene structure and avail-
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Table II. Identification, characterization, and classification of the AGP genes in Arabidopsis

| dtg;‘f‘izra Name® Class Apéz/;f;f P past é{;‘g;’ SPC GPI of;;;’fg:'c Introns :ngﬁt/; Top 5 BLAST Hit HRGPs®
At1g24520 AGP50C Classical  4/1/3/1 43% 125 Yes Yes Pollen 0 1/0/1/0/0 AGP11C, AGP6C,

PAG17, AGP10C, AGP4C
At1g31250 AGP51C Classical 1/2/10/8 54% 165 Yes No Siliques 1 0/1/3/0/1  AGP9C, AGP58C,

AGP33l, PRP18, EXT51
At1g35230 AGP5C Classical ~ 8/5/7/2 63% 133 Yes Yes Siliques, sepals 0 0/0/1/0/0 AGP10C, AGP7C,

AGP4C, AGP2C, AGP1C
At1g63530 AGP52C Classical 3/12/7/6 50% 499 No No 1 1/1/3/3/0 AGP53C, AGP55C
At1g63540 AGP53C Classical 9/15/21/7 51% 635 No No Pollen 1 0/0/2/0/3 AGP52C, AGP55C
At2g14890 AGPI9C Classical 9/11/13/7 68% 191 Yes Yes 1 4/2/1/4/1  AGP18K, AGP17K,

AGP15P, PAG13, PAG8
At2g22470 AGP2C Classical 8/5/6/4 71% 131 Yes Yes Roots 0 2/6/0/0/6 AGP3C, AGP7C,

AGP4C, AGP10C, AGP5C
At2g28440 AGP54C Classical 5/5/28/0 63% 268 Yes No Pollen 0 2/0/3/0/0 AGP57C, AGPIC,

AGP1C, HAET, AGP11C
At2g45000 AGP55C Classical 15/14/14/16 56% 739 No No Roots, pollen 8 0/6/7/4/4 AGP53C, AGP52C,

LRX5, PAG10, PAG17
At2g47930 AGP26C Classical 2/2/7/3 50% 136 Yes Yes 0 4/1/0/0/0 HAET1, AGP2C,

HAE4, PERK13
At3g01700 AGP11C Classical 713/6/2 57% 136 Yes Yes Pollen 0 0/2/4/0/2 AGP6C, AGP21P
At3g06360 AGP27C Classical ~ 3/3/5/0 53% 125 Yes Yes 0 6/2/4/0/2 AGP25C, AGP9C,

AGP26C, AGP57C, AGP54C
At3g22070 AGP56C Classical 4/3/7/3 61% 178 Yes No 0 2/1/0/0/0 PERKS8, LRX3,

LRX5, EXT51, PEX3
At3g45230 AGP57C Classical 1/3/16/0 53% 175 Yes No 0 2/11/3/0/6 AGP54C
At4g09030 AGP10C Classical 6/4/5/8 57% 127 Yes Yes 0 1/2/1/0/3 AGP5C, AGP4C,

AGP6C, AGPIC, AGP2C
At4g16980 AGP58C Classical 3/1/8/4 42% 164 Yes Yes 0 2/1/0/0/0 AGP50C
At4g40090 AGP3C Classical  3/3/2/3 48% 87 Yes No Roots 0 4/0/1/0/1 AGP2C, PRP18
At5g10430 AGP4C Classical 8/11/4/9 54% 135 Yes Yes Roots 0 3/2/2/0/0 AGP7C, AGP5C,

PRP14, EXT32
At5g14380 AGP6C Classical 9/3/8/1 48% 150 Yes Yes Pollen 0 2/0/0/0/0 AGP11C, AGP1C,

AGP2C, FLA3, AGP9C
At5g18690 AGP25C Classical 1/0/9/0 61% 116 Yes Yes Stems 0 7/7/1/0/3 AGP27C, AGP26C
At5g64310 AGP1C Classical 718/12/1 72% 131 Yes Yes Roots 0  0/0/0/0/0 AGP7C, AGP2C,

AGP18K, AGP4C, AGP15P
At5g65390 AGP7C Classical 9/6/6/5 64% 130 Yes Yes Roots 0 2/0/1/0/3 AGP4C, AGP2C, AGP3C
At1g68725 AGP19K Lys-rich 19/19/16/5 50% 247 Yes No 1 0/0/1/0/0  AGP20P, AGP16P,

AGP41P, AGP15P, AGP22P
At2g23130 AGP17K Lys-rich 13/12/10/5 59% 185 Yes Yes 1 1/0/12/0/0 AGP18K, AGPI9C, AGP15P
At4g37450 AGP18K Lys-rich 13/11/16/3  66% 209 Yes Yes 1 6/2/3/0/1  AGP17K, AGP9C
At1g51915 AGP42P AG peptide 2/1/1/0 35% 67 Yes No Stamen 1 0/0/1/0/0 None
At1g55330 AGP21P AG peptide 2/2/1/0 46% 58 Yes Yes 0 0/1/0/0/0 AGP12P, AGP13P, AGP14P
At2g41905 AGP43P AG peptide 2/3/0/0 44% 61 Yes Yes nr' 0 2/3/1/0/2 AGP23P, PERK13
At2g46330 AGP16P AG peptide 3/2/0/0 41% 73 Yes No® 1 2/1/0/0/0  AGP20P, AGP41P,

AGP22P, AGP15P, AGP21P
At3g01730 AGP44P AG peptide 1/0/2/1 45% 87 Yes Yes Roots 0 1/0/3/0/3 AGP16P, EXT38
At3g13520 AGP12P AG peptide 2/2/1/0 43% 60 Yes Yes 0 0/0/0/0/1 AGP21P, AGP14P,

AGP13P, AGP15P, AGP40P
At3g20865 AGP40P AG peptide 1/1/2/0 48% 61 Yes Yes Pollen 0 4/1/2/0/2 AGP2C, AGP15P
At3g57690 AGP23P AG peptide 2/3/0/0 45% 60 Yes Yes Pollen 0 6/1/0/0/4 AGP43P
At3g61640 AGP20P AG peptide 2/1/2/0 43% 74 Yes No 1 4/3/1/0/0 AGP16P, AGP41P,

AGP22P, AGP15P, PAG6
At4g26320 AGP13P AG peptide 2/2/1/0 47% 59 Yes Yes Roots 0 2/0/1/0/0 AGP14P, AGP12P, AGP21P
At5g11740 AGP15P AG peptide 2/1/1/0 50% 61 Yes Yes 0  2/4/0/0/1  AGP12P, AGP13P,

AGP21P, AGP41P, AGP20P
At5g12880 AGP45P AG peptide 1/0/3/0 43% 73 Yes No Roots 0 6/2/2/0/3 EXT17, EXT13,

EXT20, EXT22, EXT15
At5g24105 AGP41P AG peptide 3/2/0/0 38% 63 Yes Yes nr 1 3/2/0/1/0 AGP16P, AGP20P, AGP22P
At5g40730 AGP24P AG peptide 3/3/0/0 40% 69 Yes Yes Pollen 0 3/0/0/0/1 PRP8
At5g53250 AGP22P AG peptide 2/2/1/0 38% 63 Yes Yes Pollen, roots 1 1/0/0/0/1  AGP20P, AGP41P, AGP16P

(Table continues on following page.)
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Table Il. (Continued from previous page.)

| dzﬁﬁzzr NameP Class Apéz/;g:f P past ’Xzi'gs SPC GPI ij;g;f;‘f'c Introns KE::::@ Top 5 BLAST Hit HRGPs®
At5g56540 AGP14P AG peptide 2/1/1/0 41% 60 Yes Yes Roots 3/4/2/0/1  AGP13P, AGP12P,

AGP21P, EXT31, PAG9
At1g03870 FLA9 Chimeric  6/4/4/0 31% 247 Yes Yes Roots 4/2/3/0/2  FLA13, FLAS,

FLA11, FLA12, FLA7
At1g15190 FLA19  Chimeric  3/2/7/0 33% 248 Yes No 2/0/1/0/2  FLA21, FLA20,

LRX3, HAET, EXT18
At2g04780 FLA7 Chimeric ~ 9/7/3/1 39% 254 Yes Yes 4/0/1/0/2  FLA12, FLA9,

FLA6, FLA13, FLAT1
At2g20520 FLAG6 Chimeric  5/3/2/1 34% 247 Yes No Roots 0/2/4/0/1  FLA9, FLA13,

FLA11, FLA12, FLA7
At2g24450 FLA3 Chimeric ~ 11/7/4/2 38% 280 Yes Yes Pollen 0/2/0/0/1  FLA5, FLA14,

FLA10, FLAS, FLA2
At2g35860 FLA16  Chimeric  9/6/3/1 28% 445 Yes No 1/1/1/2/3  FLA15, FLA17,

FLA18, FLA12, FLA13
At2g45470 FLA8 Chimeric ~ 13/6/8/3 43% 420 Yes Yes 4/2/5/0/1  FLA10, FLAT,

FLA2, FLA14, FLA3
At3g11700 FLA18  Chimeric  8/3/1/0 25% 462 Yes No 8/3/7/5/0 FLA17, FLA15,

FLA16, FLA6, FLA12
At3g12660 FLA14  Chimeric  2/2/4/0 35% 255 Yes Yes Stamen 2/2/0/0/0 FLA10, FLAS,

FLA3, FLA1, FLA2
At3g46550 FLA4 Chimeric  1/4/4/1 37% 420 Yes No 3/3/4/0/0  FLA10, FLA12,

FLAG6, FLA9, FLA11
At3g52370 FLA15  Chimeric  10/4/2/1 28% 436 Yes No Roots 5/6/6/1/0  FLA16, FLA18,

FLA17, FLA12, FLA6
At3g60900 FLA10  Chimeric  13/7/7/4 41% 422 Yes Yes Siliques, carpel 10/8/5/0/3  FLA8, FLAT,

FLA2, FLA14, FLA3
At4g12730 FLA2 Chimeric ~ 4/2/3/0 31% 403 Yes No 1/0/1/0/1  FLA1, FLAS,

FLA10, FLA14, FLA3
At4g31370 FLAS5 Chimeric ~ 6/6/3/3 37% 278 Yes Yes 1/0/3/0/0  FLA3, FLA14,

FLA10, FLA2, FLA8
At5g03170 FLA11  Chimeric  6/3/0/0 36% 246 Yes Yes Stems 2/0/6/0/0  FLA12, FLA9,

FLA13, FLA6, FLA7
At5g06390 FLA17  Chimeric  9/5/2/0 26% 458 Yes No 12/2/6/1/0 FLA18, FLA15,

FLA16, FLA12, FLA13
At5g06920 FLA21  Chimeric  0/0/6/2 32% 353 Yes No 0/2/4/0/0  FLA19, FLA20
At5g40940 FLA20  Chimeric  2/0/4/1 29% 424 No No 0/0/3/0/1  FLA21, FLA19, FLA12
At5g44130 FLA13  Chimeric  5/2/4/1 30% 247 Yes Yes 2/1/0/0/0  FLA9, FLAG,

FLA11, FLA12, FLA7
At5g55730 FLA1 Chimeric ~ 9/6/3/1 33% 424 Yes Yes 5/0/4/1/0  FLA2, FLAS,

FLA10, FLA14, FLA3
At5g60490 FLA12  Chimeric  6/6/2/1 35% 249 Yes Yes Stems 9/0/1/0/0  FLA11, FLA13,

FLA9, FLA6, FLA7
At2g23990 PAGI1 Chimeric ~ 7/7/3/3 39% 207 Yes Yes 0/1/0/0/1  PAG12, PAG2,

PAG15, PAG13, PAG7
At2g25060 PAG2 Chimeric ~ 3/3/3/0 31% 182 Yes Yes 3/3/2/1/0  PAG13, PAGT5,

PAG12, PAG1, PAG7
At2g26720 PAG3 Chimeric ~ 1/2/3/1 30% 206 Yes Yes 2/0/0/0/0  PAG4, PAGT6,

PAG5, PAG8, At3g53330
At2g31050 PAG4 Chimeric ~ 3/2/4/0 32% 200 Yes Yes Pollen 1/0/0/0/1  PAG3, PAG16,

PAG5, PAG8, At3g53330
At2g32300 PAG5  Chimeric  3/4/6/2 46% 261 Yes Yes Roots 0/0/1/0/0  PAG3, PAG4,

PAG16, PAGS, PAG2
At2g44790 PAG6  Chimeric ~ 0/1/3/9 42% 202 Yes Yes Roots 1/0/3/1/4  PAG9, PAGS,

PAG5, PAG3, PAG4
At3g20570 PAG7 Chimeric ~ 4/3/4/3 38% 203 Yes Yes 5/1/1/0/1  PAG2, PAG15,

PAG13, PAG12, PAG17
At3g60270 PAG8  Chimeric  3/1/8/1 38% 187 Yes Yes Roots 8/0/2/0/0  PAGY, PAG6,

PAG4, PAG3, PAG16
At3g60280 PAGY9 Chimeric  2/2/9/7 50% 222 Yes Yes Roots 1/0/0/0/5 PAGS8, PAG6,

PAG3, PAG5, PAG16

(Table continues on following page.)
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Table Il. (Continued from previous page.)

| dtg;‘;‘; Name® Class Apézg/:;f P past ’;”;'3;’ SP° GPI OE:;‘;T;:'C Introns mg@ Top 5 BLAST Hit HRGPs®
At4g27520 PAG10 Chimeric  10/4/20/4  52% 349 Yes Yes 1 7/4/0/0/0 PAG17, PAG14,

PAG11, PAG2, PAG7
At4g28365 PAG11  Chimeric  2/2/6/1 31% 199 Yes Yes 1 4/2/1/0/0 PAG14, PAG10,

PAG17, PAG12, PAG7
At4g30590 PAG12 Chimeric  4/3/3/1 31% 190 Yes Yes 1 4/3/1/0/0 PAGI1, PAGI15,

PAG13, PAG2, PAG7
At4g31840 PAG13  Chimeric  1/1/3/1 31% 177 Yes Yes 1 0/1/7/0/5 PAG2, PAGI15,

PAG12, PAG1, PAG7
At4g32490 PAG14 Chimeric  5/4/6/3 33% 221 Yes Yes Siliques 1 1/5/1/0/3 PAGI1, PAG10,

PAG17, PAG2, PAG15
At5g25090 PAG15 Chimeric  3/4/4/0 32% 186 Yes Yes Shoot apex 1 5/2/3/1/3 PAG2, PAG12,

PAG13, PAG7, PAGT
At5g26330 PAG16  Chimeric  0/2/2/1 40% 187 Yes No 1 0/0/1/1/3 PAG3, PAGH4,

PAG5, PAGS, At3g53330
At5g53870 PAG17 Chimeric  10/15/32/9 54% 370 Yes Yes 1 6/4/1/0/8 PAG10, PAG11,

PAG14, PAG7, PAG1
At1g03820 AGP28I Chimeric  2/2/1/1 24% 222 Yes No 0 8/0/1/0/4 PAG7
At1g28290 AGP31l Chimeric  10/6/5/2  43% 359 Yes No Roots 1 1/0/7/1/2  AGP30l, PRP1,

PRP11, PRP7, PAG17
At1g36150 AGP291 Chimeric  1/4/20/4 54% 256 Yes Yes Stamen 2 2/0/1/0/0 PEX1, PEX3,

PERKS, HAE1, AGP19K
At2g33790 AGP301 Chimeric  4/4/1/0 34% 239 Yes No Roots 1 7/0/1/0/0 AGP31l, PRP7,

PRP11, PRP3, PRP1
At5g21160 AGP32l Chimeric  8/8/9/2 30% 826 No No 14 1/3/7/9/3 LRX5, LRX3,

PEXT, PEX3, LRX2
At5g56330 AGP331 Chimeric  18/18/2/10 39% 350 Yes No Stamen 6 1/2/2/3/1 EXT51, LRX3,

PRP16, PEX4, PRP17

Atalics indicate a protein found using the Arabidopsis database annotation search.  PBoldface indicates a protein that was not previously
identified by Schultz et al. (2002). The letter designations in the names represent the following: C, classical AGP; P, AG peptide; K, Lys-rich classical
AGP; |, chimeric AGP.  “Signal peptide. dIndicates the number of mutants available in each location: P, promoter; 5, 5" UTR; E, exon; |, intron; 3,
3" UTR.  “Underline indicates the result of a BLAST search with filtering turned off.  ‘nr, Not reported. This indicates that data for a particular
protein are not found in Genevestigator, Arabidopsis Membrane Protein Library, or MPSS.  8Experimentally found to be GPI anchored (Schultz
et al., 2004).

able genetic mutants for each of the predicted AGP The 114 and 63 proteins identified by the program
genes. The AGP genes contained few, if any, introns. were further examined individually to determine if
Of the 85 AGPs, 46 had no introns and 32 had only one they appeared to be EXTs, with the realization that the
intron (Table II; Supplemental Table S3). One chimeric 63 proteins are a subset of the 114. The presence of a
AGP (At5g21160 or AGP32I), however, was predicted signal peptide was one such factor, as was the presence

to have 14 introns. and location of SP,, SP,, and SP; repeats, since these

Examination of the various mutant lines available peptide sequences are often present in known EXTs.
for research showed that nearly 99% (84 of 85) of the GPI anchor addition sequences are not known to be
AGP genes had one or more mutants available. Of associated with EXTs; nonetheless, testing for the
these mutants, 33% were in the promoter region, 19% presence of such a sequence was performed out of
were in the 5’ untranslated region (UTR), 25% were in curiosity. By these criteria, 57 of the 114 and 50 of the 63
an exon, 6% were in an intron, and 17% were in the 3’ proteins were classified as EXTs. While the SP, criteria
UTR (Table II; Supplemental Table S4). resulted in a high percentage of EXT sequences, they

did not locate all potential EXTs, given that the SP,
criteria were used to find more EXTs, but with a higher

Findi d Classifying EXT
rnding and Hassilying i rate of false positives. Subsequent analysis involved

The BIO OHIO program was used to identify po- examining the 57 EXT sequences and attempting to
tential EXTs by searching for SP; and SP, sequences classify them. Based upon the repeat sequences found
repeated two or more times (Table IV). The program in these EXTs, they were placed into nine classes: three

initially identified 114 and 63 potential EXTs by SP; EXTs, two SP;/SP, EXTs, 12 SP, EXTs, two SP,/
searching for these tetrapeptide and pentapeptide SP, EXTs, one SP; EXT, 12 short EXTs, 11 (chimeric)
repeats, respectively. Leu-rich repeat EXTs (LRXs) that include pollen
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Classical AGP
>At1g35230-AGP5C

OAPGPAPTISPLPATPTPSQSPRATAPAPSPSANPPPSAPTTAPPVSQPPTESPPAPPTSTSPSGAPG
TNVPSGEAGPAQSPLSGSPNAAAVSRVSLVGTFAGVAVIAALLL

Lysine-rich Classical AGP
>At2g23130-AGP17K

QSPATAPIHSPSTSPHKPKPTSPAISPAAPTPESTEAPAKTPVEAPVEAPPSPTPASTPQISPPAPSP
EADTPSAPEIAPSADVPAPALTHERERERREE T APAPGPASELLS PPAPPGEAPGPGPSDAFSPAADDQSGAQRI SVV IOMVGAAATAN
SLLVLAF

AG Peptide
>At3g13520-AGP12F
QTEAPAPSPTSDAAMEVPALFASVAALASGELE

(Chimeric) FLA
>At2g04780-FLA7

KTASPPAPVLPPTPAPAPAPENVNLTELLSVAGPFHTFLDYLLSTGVIETFQNQANNTEEGITIFVP
KDDAFKAQKNPPLSNLTKDQLKQLVLFHALPHYYSLSEFKNLSQSGPVSTFAGGQYSLKFTDVSGTVRIDSLWTRTKVSSSVESTDPVA
VYQVNRVLLPEATIFGTDVPPMPAPAPAPIVSAPSDSPSVADSEGASSPKSSHKNSGOKLLLAPTISMVISGLVALEL

(Chimeric) PAG
>At2923990-PAGL

RIINVGGSLDAWKVPESPNHSLNHWAESVRFQVGDALLFKYDSKIDSVLQVTKENYEKCNTQKPL
EEHKDGYTTVKLDVSGPYYFISGAPSGNCAKGEKVTVVVQSPNHPKPGPAAVTPTLPPKPSTTPAAPAPAPPTPSPKSSTSTMAPAPAP
AKSSAVGLVAGNGIFWASTLVAVIGLAFA

Other Chimeric AGP
>At1g28290-AGP31T

EEVNHKTQTPSLAPAPAPYHHGHHHPHPPHHHHPHPHPHPHPPAKSPVKPPVKAPVSPPAKPPVK
PPVYPPTKAPVKPPTKPPVKPPVSPPAKPPVKPPVYPPTKAPVKPPTKPPVKPPVYPPTKAPVKPPTKPPVKPPVYPPTKAPVKEPTKP
PVKPPVSPPAKPPVKPPVYPPTKAPVKPPVSPPTKPPVTPPVYPPKFNRSLVAVRGTVYCKSCKYAAFNTLLGAKPIEGATVKLVCKSK
KNITAETTTDENGYFLLLAPKTVTNFGFRGCRVYLVKSKDYKCSKVSKLFGGDVGAELKPEKKLGKSTVVVNKLVYGLFNVGPFAFNPS
CPK

Figure 2. Protein sequences encoded by representative AGP gene classes in Arabidopsis. Colored sequences at the N and C
termini indicate predicted signal peptide (green) and GPI anchor (light blue) addition sequences if present. AP, PA, SP, and TP
repeats (yellow) and Lys-rich regions (olive) are also indicated.

extensin-like (PEX) proteins, 11 (chimeric) Pro-rich
extensin-like receptor kinases (PERKSs), and three other
chimeric EXTs (Tables IV and V; Fig. 3). YXY repeats
were observed in most of the EXT sequences. Such
sequences are involved in cross-linking EXTs (Brady
et al., 1996, 1998; Schnabelrauch et al., 1996, Held et al.,
2004; Cannon et al., 2008). Forty of the 59 EXTs identified
contain this YXY sequence. Although YVY is the most
common repeat, YIY, YYY, and YAY repeats also occur
less frequently. Interestingly, several EXTs have a YPY
sequence immediately following the signal peptide.
The Arabidopsis protein database annotations were
searched, but no additional EXTs were found beyond
those already identified by the program. Additionally,
four other PERKs were documented in the literature
but were not identified by the program, because
three (At5g24400 or PERK2, Atlg68690 or PERKY,
At4g32710 or PERK14) were not included in the
Arabidopsis protein database and one (At1g52290 or
PERK15) found in the database contained only one

492

SPP. The PERK14 sequence was subsequently found
on the TAIR Web site but lacked SP,;/SP, repeats.
Nonetheless, PERK14 and PERK15, being members of
the PERK family and having publicly available se-
quences, were added in italics to the list of EXTs
appearing in Table V and subjected to subsequent
analyses. PERK2 and PERK9 were described as pseu-
dogenes on the TAIR Web site and had no sequences
available. Thus, they were not added to the table or
analyzed further. In addition, two AGPs (AGP9IC,
AGP19K) and four HAEs (HAE1l, HAE2, HAES3,
HAE4) were identified by the program using the SP,
rule. Analysis of these AGP sequences was already
presented in the AGP section above; however, the four
hybrid HRGPs were considered here along with the
EXT family members.

The three other chimeric EXTs were annotated in the
Arabidopsis protein database as late embryogenesis
abundant protein (EXT50), expressed protein (EXT51),
and plastocyanin-like protein (EXT52). EXT50, EXT51,
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Bioinformatics of Hydroxyproline-Rich Glycoproteins

Table IV. EXTs identified from the Arabidopsis genome based on SP, and SP, amino acid repeat units

The number in parentheses indicates the number of proteins that had a predicted signal peptide sequence.

Search Criteria Total EXT AGP PRP Hybrid Others
Two or more SP, 114 (52) 57 (39) 2(2) 0 4(3) 51 (10)
Two or more SP, 63 (41) 50 (36) 0 0 3(2) 10 (3)

and EXT52 contained five, seven, and three SP, re-
peats, respectively. EXT51 also contained numerous
TP and SP repeats, reminiscent of AGPs.

A hybrid HRGP was defined as a protein that
contains sequence characteristics of different HRGPs,
such as EXT and AGP sequence modules, within the
same protein. The four hybrid proteins identified in
the EXT search had sequence characteristics of both
EXTs and AGPs. Three of these hybrids, HAE1, HAE3,
and HAE4, were identified because they passed an
EXT test as well as the classical AGP test, having at
least 50% PAST and multiple PA and TP repeats. The
other hybrid, HAE2, contained two SP, repeats and
one additional SP; module but did not pass the 50%
PAST threshold, having only 43% PAST. Nonetheless,
it contained multiple AP, PA, SP, and TP repeats,
which are indicative of AGPs.

BLAST analysis was also conducted with each of the
EXTs, chimeric EXTs, and HAEs to identify other
related sequences and to provide insight to EXT se-
quences with the greatest similarity (Table V; Supple-
mental Table S1). Such analysis showed that not all
EXTs were found with this method but did reveal
sequences showing high degrees of similarity and
clearly showed many more potential EXT sequences
compared with the results from the similar strategy for
analysis of the AGPs. Such BLAST analysis of LRXs
and PERKSs proved especially effective, as a BLAST
query using any one LRX or PERK resulted in the
identification of all other members in their respective
class. Analysis of the other chimeric EXTs revealed that
only EXT52 resulted in BLAST hits; these hits were
PAG17, PAGY, and PAGI0. This result was expected,
since EXT52 contains a plastocyanin domain along
with the EXT motifs. BLAST analysis of the At4g11430
hybrid HRGP (HAE3) as the query sequence showed
similarity to both AGP and EXT genes, providing
support for its identification as a hybrid HRGP. BLAST
results for the other HAEs were less informative, with
HAE1 showing similarity to no other HRGPs and
HAE?2 and HAE4 showing similarity to only one PRP
and multiple chimeric PRPs, respectively.

As seen in Table V and in Supplemental Figure S6,
the 20 SP;, SP;/SP,, SP,, SP,/SP,, and SP; EXTs ranged
in size from 212 to 1,018 amino acids. The majority (17
of 20) were predicted to have a signal peptide, and
none was predicted to have a GPI anchor. The 12 short
EXTs ranged in size from 96 to 181 amino acids. All but
one was predicted to have a signal peptide, and
surprisingly, seven were predicted to have a GPI
anchor. The 11 LRXs ranged in size from 433 to 956
amino acids and consisted of an N-terminal Leu-rich
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repeat domain and a C-terminal EXT domain. All
but two were predicted to have a signal peptide, and
none was predicted to have a GPI anchor. The 13
PERKSs ranged in size from 509 to 760 amino acids
and consisted of an N-terminal EXT domain and a
C-terminal kinase domain. None was predicted to
have a signal peptide or a GPI anchor. The three chi-
meric EXTs contained three to seven diagnostic EXT
repeats; two had signal peptides, and none contained
GPI anchor addition sequences. The four HAEs con-
tained 219 to 375 amino acids; three had a signal pep-
tide and none had GPI anchor addition sequences. The
EXT domains/motifs in the LRXs, PERKs, and other
chimeric EXTs as well as the EXT/AGP hybrids were
readily visualized with the BIO OHIO program by
observing the locations of the SP,, SP,, and SP; repeat
units.

EXT Gene Expression and Coexpressed HRGPs, GTs,
P4Hs, and Peroxidases

In order to elucidate patterns of gene expression
for these predicted EXTs, including the various chi-
meric EXTs and four HRGP hybrids, the same three
public databases were searched as with the AGPs.
While several EXTs had a broad range of expression
throughout the plant, most of the EXT genes showed
organ-specific expression. Notably, several EXTs were
specifically or preferentially expressed in the root (27),
while several others were specifically or preferentially
expressed in the pollen/stamen (14) or siliques (one;
Table V; Supplemental Figs. S7-510). Moreover, in ex-
amining the expression levels of all the EXT genes,
many of those specifically or preferentially expressed
in the pollen were the most highly expressed ones, as
indicated by their high relative signal intensities.

Next, the EXT and hybrid HRGP genes were exam-
ined with respect to coexpressed genes (Table VI;
Supplemental Table S5). For EXTs, there was no infor-
mation for 29 out of the 59 genes in The Arabidopsis
Co-Response Database, and the four hybrid HRGP
genes were also not listed in this database. In analyz-
ing the data, a focus was placed not only on other
HRGPs but on GTs, P4Hs, and peroxidases, since GTs,
P4Hs, and EXT peroxidases are responsible for post-
translational modification of EXTs; this approach
represents one potential avenue to identify genes in-
volved in the posttranslational modification of EXTs.
In terms of EXTs being expressed with other HRGPs, a
total of 67 HRGPs were coexpressed with one or more
EXTs. The most highly coexpressed HRGP was FLA2,
which was coexpressed with a total of 15 EXTs, while
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SPs; EXT
>At1g26240-EXT20

SPs/ SP4 EXT

>At4g13390-EXT18
YDSPSSTPQYTSPYPPKNYSPYLSE POYRRQEPKYTPHPEPNVYDSPTPLPYYFP
SVYTFSPPQLYYSPSPKVE YK EENNS S L PPLTYYSPSPKVIYN
sFpPPPPYYSPSPKVGYKSPPAPs

SYYSPSPKIDYK| S TYYSPSPRVDYK]
YYSPFPKVEYK N YYSPSPKITYK

SP; EXT

>At1g23720-EXT6
MvaASYEP|S LYDSPTPKVDYK LSYSPSPKVDYK
YYSPSPKVDY

YK]

reeomm

SPSPKPTYK]

| B EYYSPSPKPTYK
PSPKVEYK TYYSPSPKVEYK

Bsuyy

SP4/ SP; EXT
>At1g21310-EXT3/5

HHYSPPHHPYLYK|

SP; EXT
>At4g08380-EXT17

KSPP)

BE B3k §

Short EXT
>At4gl6140-EXT37

spsQIADCTMCTSCDNPCOPN PRSPl T T TACPPPPSSSGGGPlly PrRSQsGs
YRPPPSSSSGGlrPrrSGoNlirrrrrr1veyFEFNPPPOsvMSGEDAKIRES YGVSFILIFSLYEGCE

Figure 3. (Figure continues on following page.)
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(Chimeric) LRX
>At1gl2040-LRX1
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VITVFDITSNRLQGPLPSSVGNMKSLEELHVANNAFTGVIPPSICQLSNLENFTYSSNYFSGRPPICAASLLADIVVNGTMNCITGLARQ
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S P CP
SPVYYPQVTP

YSKMSPSVRAYPPPPPPSP

ES SPLYYPPV
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(Chimeric) PERK

>At1g70460-PERK13

MsDSPTSSPPAPSADSAPPPDTSSDGSAAPPPTDSAPPPSPPADS| AL rsreavr - . o EEEEEE 1 Torr sl
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LEWARRVRIAIGSAKGLAYLHEDCHPKIIHRDIKSANILLDDEFEAQVADFGLAKLNDSTQTHVSTRVMGTFGYLAPEYAQSGKLTDRS
DVFSFGVVLLELITGRKPVDQYQPLGEESLVEWARPLLHKATETGDFSELVDRRLEKHYVENEVFRMIETAAACVRHSGPKRPRMVQVV
RALDSEGDMGDISNGNKVGQSSAYDSGQYNNDTMKFRKMAFGFDDSSDSGMYSGDY SVQDSRKGSNGASSEFTRNETENRNFNNRRY

Other Chimeric EXT

>At3gl9430-EXT51
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QRSPCYGVEYTCPADCPRSCQVDCVTCKPVCNCDKPGSVCQDPRFIGGDGLTFYFHGKKDSNFCLISDPNLHINAHF IGKRRAGMARDF

TWVQSIAILFGTHRLYVGALKTATWDDSVDRIAVSFDGNVISLPQLDGARWTSSPGVYPEVSVKRVNTDTNNLEVEVEGLLKITARVVP

ITMEDSRIHGYDVKEDDCLAHLDLGFKFQDLSDNVDGVLGQTYRSNYVSRVKIGVHMPVMGGDREFQTTGLFAPDCSAARFTGNGDSNN

GRSKLELPEMSCASGLGGKGVVCKR

Hybrid HRGP
>At3g50580-HAE2
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Figure 3. Protein sequences encoded by representative EXT and hybrid HRGP gene classes in Arabidopsis. Colored sequences at
the N and C termini indicate predicted signal peptide (green) and GPI anchor (light blue) addition sequences if present. SP,
(blue), SP, (red), SP; (purple), and YXY (dark red) repeats are also indicated. AP, PA, SP, and TP (yellow) repeats are indicted on

hybrid HRGP only.

FLA9 was next on the list, being coexpressed with 14
EXTs. As reported above, FLA2 and FLA9 were also
coexpressed with many AGP genes. A number of EXT
genes, including EXT9, EXT13, EXT14, EXT6, EXT10,
EXT2, and LRX4, were also coexpressed with 10 or
more EXT genes.

For the GTs, the most coexpressed was CslB04, a
member of the GT2 family, which was coexpressed
with nine EXTs. Also highly coexpressed were
Atlg24170 (GT8), Atlg74380 (GT34), At4gl5290
(GT2), and At5g22940 (GT47), all of which were coex-
pressed with seven EXTs. Notably, several of the GTs
that were coexpressed with EXTs were also coex-
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pressed with AGPs. For example, one member of the
GT8 family, At1g24170, was coexpressed with seven
different EXTs and 13 different AGPs. For the P4Hs,
four of 13 members of the P4H gene family were
coexpressed with various EXTs. Among these, one
P4H gene (At3g06300 or P4H2) was coexpressed with
six different EXTs. As reported above, this P4H gene
was also coexpressed with 10 different AGPs. Many
peroxidase genes were coexpressed, but the greatest
amount of coexpression was exhibited by At1g05240,
At3g49960, At4g26010, At5g17820, and At5g67400,
which were all coexpressed with eight different
EXTs. Interestingly, these same peroxidase genes
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Table V. Identification, characterization, and classification of the EXT genes in Arabidopsis

Locus SPy/SP/SPs/ Amino . Organ-Specific P/5/E//3 Top Five BLAST
Identifier Name® Class YXY Acids PGPl l?xpresF;ion Introns Mutants® lzit HRGPs®
Repeats

At1g26240 EXT20  SP; 2/1/40/44 478 Yes No Roots 0 1/3/2/0/0  EXT17, EXT21,

EXT22, LRX5, EXT1/4
At1g26250 EXT21  SP; 7/0/28/40 443 Yes No Roots 0 1/0/5/0/3  EXT1/4, EXT17,

EXT20, EXT22, LRX5
At4g08370 EXT22  SP; 3/1/13/18 350 Yes No 2 1/0/0/0/0  EXT20, EXT21,

EXT17, LRX1, EXT7
At4g13390 EXT18  SP./SP, 0/14/8/13 429 Yes No Roots 0 4/0/2/0/0  EXT11, EXT12,

EXT13, EXT14, EXT15
At5g19810 EXT19  SP./SP, 0/4/13/1 249 Yes No Roots 0 7/0/1/0/1  EXT39, EXT35,

EXT40, AGP9C
At1g23720 EXT6 SP, 2/61/3/34 895 No No Roots 0 1/3/0/0/0  EXT1/4
At2g24980 EXT7 SP, 3/37/0/21 559 Yes No Roots 0 0/0/1/0/1  EXT13, EXT14,

EXT11, EXT12, EXT16
At2g43150 EXT8 SP, 0/22/0/9 212 Yes No Roots 0 1/0/1/0/1  EXT10, EXT2,

EXT7, EXT6, EXT9
At3g28550 EXT9 SP, 3/70/0/35 1,018 Yes No Roots 0 0/0/1/0/0  EXT10, EXT2,

EXT6, EXT15, EXT14
At3g54580 EXT10  SP, 2/68/0/33 951 Yes No Roots 0 0/0/1/0/2  HAE3, EXT2,

EXT9, EXT1/4, PRP3
At3g54590 EXT2 SP, 2/51/0/24 743  Yes No Roots 0 2/0/0/0/0  EXT10, EXT9, EXT1/4
At4g08400 EXT11  SP, 2/31/0/26 513 Yes No Pollen, roots 0 2/1/1/0/0  EXT12, EXT14,

EXT13, EXT16, EXT7
At4g08410 EXT12  SP, 2/41/0/26 707 No No Roots 0 3/0/0/0/0  EXT11, EXT14,

EXT13, EXT16, EXT7
At5g06630 EXT13  SP, 1/29/0/17 440 Yes No Roots 0 3/2/1/0/0  EXT7, EXT14,

EXT11, EXT12, EXT16
At5g06640 EXT14  SP, 2/42/0/25 689 No No Roots 0 1/0/2/0/0  EXT12, EXT11,

EXT13, EXT7, EXT16
At5g35190 EXT15  SP, 2/12/2/8 328 Yes No Roots 0 2/0/1/0/1  EXT11, EXT12,

EXT7, EXT13, EXT16
At5g49080 EXT16  SP, 0/41/0/23 609 Yes No Roots 0 1/0/0/0/0  EXT11, EXT12,

EXT7, EXT14, EXT13
At1g21310 EXT3/5 SP,/SP, 13/27/1/14 431 Yes No Radicle, roots 1 0/1/0/2/0  EXT1/4, HAE3
At1g76930 EXT1/4 SP,/SP, 8/9/0/1 293 Yes No Roots 3 0/1/1/1/0  EXT3/5, PAG10,

PEX1, HAE3
At4g08380 EXT17  SP, 34/2/0/49 437 Yes No Roots 0 5/1/0/0/0  EXT20, EXT22, EXT21
At1g02405 EXT30  Short 0/3/0/0 134 Yes Yes Siliques 0 1/1/1/0/2  EXT33, EXT31
At1g23040 EXT31  Short 0/2/0/0 144  Yes Yes 0 4/5/1/0/1  EXT33, EXT30
At1g54215 EXT32  Short 0/1/1/0 169 Yes No 0 1/1/0/0/0  LRX6, LRX3,

LRX2, PRP17, PEX4
At1g70990 EXT33  Short 0/2/0/1 176 No Yes Roots 0 7/4/6/0/3  EXT31, EXT30
At3g06750 EXT34  Short o111 147  Yes Yes 0 5/0/2/0/8  EXT41, EXT37
At3g20850 EXT35  Short 1/0/1/2 134 Yes No Roots 0 0/0/8/0/1  EXT40, EXT39
At3g49270 EXT36  Short 0/2/0/0 148 Yes No Siliques 2 1/0/2/0/55 LRX1, LRX2,

EXT32, EXT19, EXT39
At4g16140 EXT37  Short 0/1/1/4 164 Yes Yes 0 1/0/2/0/1  EXT41, EXT34
At5g11990 EXT38  Short 4/0/1/1 181 Yes Yes 0 1/2/2/0/1  PEX4, EXT21,

LRX1, LRX3, LRX5
At5g19800 EXT39  Short 0/0/3/1 96 Yes No Roots 0 1/1/0/0/0  EXT19, EXT35, EXT40
At5g26080 EXT40  Short 2/1/3/0 141 Yes No Roots 0 2/1/0/0/0  EXT35, EXT39,

EXT19, PERK13, PAG10
At5g49280 EXT41  Short 0/2/0/2 162 Yes Yes nr' 0 2/0/1/0/1  EXT34, EXT37
At1g12040 LRX1 Chimeric 1/17/7/9 744 Yes No Roots 0 1/1/2/0/5  LRX2, LRX3, LRX5,

LRX4, LRX7
At1g49490 PEX2 Chimeric 1/13/1/0 847 Yes No Pollen 0 1/0/8/0/1  PEX1, PEX3,

PEX4, LRX5, LRX3
At1g62440 LRX2 Chimeric 4/12/6/3 826 No No Roots 2 3/1/7/5/1  LRX1, LRXS5,

LRX4, LRX3, LRX6

(Table continues on following page.)
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Table V. (Continued from previous page.)

Locus b SPy/SP/SPs/ Amino . Organ-Specific P/5/E//3 Top Five BLAST
Identifier® Name Class XY Acids SPTGPI é;xpresps)ion Introns Mutants? Sn HRGPs®
Repeats
At2g15880 PEX3 Chimeric 2/16/9/1 727 No No Pollen 1 2/1/8/0/2  PEX4, PEXT,
PEX2, LRX5, LRX3
At3g19020 PEX1 Chimeric 1/19/5/0 956 Yes No Pollen 0 0/3/7/0/0  PEX2, PEX3,
PEX4, LRX5, LRX4
At3g22800 LRX6 Chimeric 1/0/2/6 470 Yes No Root 0 3/2/5/0/1  LRX3, LRX4,
LRX5, LRX2, LRX1
At3g24480 LRX4 Chimeric 2/1/3/1 494 Yes No 0 1/2/0/0/1  LRX3, LRX5,
LRX2, LRX6, LRX1
At4g13340 LRX3 Chimeric 4/13/15/3 760 Yes No 0 1/3/2/0/1  LRX4, LRXS5,
LRX2, LRX6, LRX1
At4g18670 LRX5 Chimeric 3/1/5/3 839 Yes No 1 2/0/7/0/7  LRX4, LRX3,
LRX2, LRX6, LRX1
At4g33970 PEX4 Chimeric 4/10/4/1 699 Yes No Pollen 0  2/3/7/0/1  PEX3, PEX1,
PEX2, LRX4, LRX5
At5g25550 LRX7 Chimeric 1/0/1/1 433 Yes No Stamen 0 3/0/1/0/2  LRX4, LRX3,
LRX5, LRX2, LRX1
At1g10620 PERK11 Chimeric 2/0/0/0 718 No No Pollen 7 9/0/11/2/1  PERK12, PERK13,
PERKS8, PERK6, PERK10
At1g23540 PERK12 Chimeric 1/2/0/0 720 No No Pollen 7 9/2/3/0/0  PERK13, PERK11,
PERKS8, PERK1, PERK10
At1g26150 PERK10 Chimeric 42711 760 No No 7 4/1/2/1/0  PERKS8, PERK13,
PERK12, PERK1, PERK11
At1g49270 PERK7  Chimeric 1/4/1/0 699 No No Pollen 6 2/1/3/3/0  PERK6, PERKS5,
PERKT, PERK4, PERK13
At1g52290 PERK15 Chimeric 0/0/0/0 509 No No 7 0/5/5/2/0 PERK1, PERKS5,
PERK4, PERK6, PERK7
At1g70460 PERK13 Chimeric 3/2/2/0 710 No No Roots 7 6/4/2/1/2  PERK12, PERK1T,
PERKS8, PERK1, PERK10
At2g18470 PERK4  Chimeric 1/0/1/1 633 No No Pollen 7 3/2/6/0/2  PERK1, PERKS,
PERK5, PERK7, PERK3
At3g18810 PERK6  Chimeric 1/1/2/0 700 No No Pollen 6 9/7/2/2/1  PERK7, PERKS5,
PERK4, PERK1, PERK12
At3g24540 PERK3  Chimeric 0/1/1/0 509 No No 8 0/0/5/0/0  PERKT, PERK4,
PERK5, PERK6, PERK7
At3g24550 PERK1  Chimeric 3/0/0/0 652 No No 7 5/3/2/0/0 PERK4, PERK3,
PERK5, PERK6, PERK7
At4g32710 PERK14 Chimeric 0/0/0/0 388 No No 7 0/2/4/0/2  PERKT, PERKS5,
PERK15, PERK?7, PERK6
At4g34440 PERK5  Chimeric 2/0/0/0 670 No No Pollen 8 2/1/5/0/0  PERK6, PERK7,
PERKT, PERK4, PERK13
At5g38560 PERK8  Chimeric 5/2/2/3 681 No No 7 4/0/5/1/0  PERK10, PERK13,
PERK12, PERK11, PERK1
At3g11030 EXT50  Chimeric 0/5/0/0 451 Yes No 4 23/0/2/1/0  LRX6, LRX3,
PEX2, PEX4, LRX2
At3g19430 EXT51  Chimeric 0/7/0/0 559 No No Root 2 0/0/3/0/0  LRX3, PEX3,
PRP16, PEX1, LRX5
At3g53330 EXT52  Chimeric 0/3/0/2 310 Yes No nr 1 4/4/5/0/1  PAG17, PAGY9, PAG10
At1g62760 HAE1 AGP/EXT hybrid ~ 2/0/2/0 312 Yes No Pollen 0 1/3/1/0/0  LRX5, AGP54,
PAG10, EXT51, AGP9
At3g50580 HAE2 AGP/EXT hybrid ~ 1/2/1/0 265 Yes No Stamen 1 0/13/0/0/0 PRP8
At4g11430 HAE3 AGP/EXT hybrid ~ 2/0/2/0 219 No No 1 0/0/0/1/0  EXT37, LRXS5,
EXT19, LRX3, EXT1/4
At4g22470 HAE4 AGP/EXT hybrid ~ 2/1/0/0 375 Yes No Leaves 0 0/2/1/0/0  PRP14, PRP16,
PRP17, PRP15
“Italics indicates a protein that did not meet our search criteria but was identified previously in the primary literature. bBoldface indicates a
protein that was not previously identified in the primary literature or by Johnson et al. (2003b). “Signal peptide. dIndicates the number of
mutants available in each location: P, promoter; 5, 5' UTR; E, exon; |, intron; 3, 3" UTR. ¢Underline indicates the result of a BLAST search with
filtering turned off. Not reported. This indicates that data for a particular protein are not found in Genevestigator, Arabidopsis Membrane Protein

Library, or MPSS.
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Table VII. PRPs identified from the Arabidopsis genome based on biased amino acid composition

and repeat units

The number in parentheses indicates the number of proteins that had a predicted signal peptide

sequence.
Search Criteria Total PRPs AGP EXT Hybrid Other
=45% PVKCYT 113 (64) 15 (14) 10 (10) 31 (26) 3(2) 54 (12)
Two or more KKPCPP 2 (2) 2 (2) 0 0 0 0
Two or more PPVX[KT] 13 (11) 7 (7) 2(2) 1(1) 1(0) 2.(1)

were coexpressed with the greatest number of AGP
genes as well (Table III). Given that EXTs are known to
be cross-linked at YXY sequence motifs by an EXT
peroxidase with an acidic pl, it was interesting to ob-
serve that the At3g03670-encoded peroxidase, which
had a predicted endomembrane localization and a
predicted pl of 4.8, was coexpressed with two of the
three EXTs containing the greatest numbers of YXY
sequence repeats (i.e. EXT20 and EXT21).

EXT Gene Organization and Mutants

Information was extracted from the TAIR and SALK
Web sites with regard to the gene structure and avail-
able genetic mutants for each of the predicted EXTs. With
the exception of the PERK genes, EXT genes including
the four HRGP hybrid genes contain few, if any, introns
(Table V; Supplemental Table S6). Of the 46 non-PERK
EXT genes, 36 had no introns and eight had only one
or two introns. All four HAEs contained either zero or
one intron. One chimeric EXT (At3g11030), however,
was predicted to have four introns. In contrast, the
PERK genes contained between six and eight introns.

Examination of the various mutant lines available for
research showed that all of the EXT genes (including
HAESs) had one or more mutants available. Of these
mutants, 29% are in the promoter region, 17% are in the
5’ UTR, 30% are in an exon, 4% are in an intron, and
20% are in the 3’ UTR (Table V; Supplemental Table S7).

Finding and Classifying PRPs

The BIO OHIO program was used to identify po-
tential PRPs primarily by searching for proteins with a
biased amino acid composition of at least 45%
PVKCYT. In addition, PRPs were identified by search-
ing for KKPCPP and PPVX(K/T) sequences repeated
two or more times (Fowler et al., 1999). The program
initially identified 113 potential PRPs by searching for
45% PVKCYT and identified 13 and two potential
PRPs by searching for the PPVX(K/T) and KKPCPP
repeats, respectively. Eleven of these 13 potential PRPs
and both of these two potential PRPs were also iden-
tified with the 45% PVKCYT search criteria (Table VII).

The 113 proteins identified by the program were
further examined individually to determine if they
appeared to be PRPs. The presence of a signal peptide
was one such factor, as was the presence and location
of PPV repeats, since these peptide sequences are often
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present in known PRPs. The PRPs, like the EXTs, are
not known to contain GPI anchor addition sequences,
but the presence of such sequences was queried none-
theless. By these criteria, 15 of the 113 were classified
as PRPs. The 45% PVKCYT search criteria failed to find
all the potential PRP sequences and had a high rate
of false positives. In addition to the 15 PRPs, nine
AGPs (AGP45P, AGP56C, AGP9C, AGP7C, AGP4C,
AGP18K, AGP19K, AGP30I, AGP33I), 31 EXTs
(EXT40, EXT17, EXT32, EXT37, EXT41, LRX3, LRX1,
EXT39, EXT20, EXT21, EXT3/5, EXT8, EXT7, EXT35,
EXT9, EXT10, EXT2, EXT11, EXT13, EXT16, EXT15,
EXT18, EXT1/4, EXT22, EXT19, EXT30, PEX3, EXTS6,
EXT12, EXT14, EXT51), and three hybrid HRGPs
(HAE2, HAE3, HAE4) were found with the 45%
PVKCYT search. In addition, two AGPs (AGP4C,
AGP9C), one EXT (EXT1/4), and one hybrid HRGP
(HAE3) were found with the two PPVX(K/T) repeat
search; further information on these sequences was
presented in the AGP and EXT sections above. Three
additional PRPs (PRP8, PRP9, PRP11) did not pass the
biased amino acid test but were found instead by a
database annotation search. The locus identifiers of
these sequences are indicated in italics in Table VIII.
With these additional PRPs, 18 total PRPs were found
and subjected to further analysis. Six of the 18 PRPs
contained a non-HRGP domain along with a PRP
domain and thus were classified as chimeric PRPs. The
remaining 12 PRPs were not divided further into
subclasses (Table VIII). Representative sequences of
these two classes of PRPs are shown in Figure 4.

BLAST analysis was conducted to identify other
potential PRP sequences and to provide insight to PRP
sequences with the greatest similarity (Table VIII;
Supplemental Table S1). BLAST was somewhat suc-
cessful in identifying other PRPs, but all PRPs cannot
be found with a single BLAST search. Interestingly, the
BLAST searches showed that six of the 18 PRPs are
similar to AGP30, a nonclassical (chimeric) AGP. In
fact, when AGP30 was used as the query sequence in a
BLAST search, the top four hits were all PRPs rather
than AGPs (Table II; Supplemental Table S1). Also
consistent with these findings is the fact that AGP30
was not identified with the traditional 50% PAST
search used for AGPs but was found with the 45%
PVKCYT search used for PRPs.

The PRPs ranged in size from 126 to 761 amino acids
(Table VIII; Supplemental Fig. S11). Eleven of the 12
PRPs were predicted to have a signal peptide, but
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Table VIII. Identification, characterization, and classification of the PRP genes in Arabidopsis

L Plflgli(c“;;y Ami Organ- P/5/EN/3 Top Five BLAST
OocCus mino - ape O] ve
dentifier Name” Class PPV Acids PGP Specific Introns\ Autants? Hpits HRGPs®
Expression
Repeats

At1g15825  PRP5 PRP 1/0/4 126 No No 0 013/0/8  AGP9C, PRP6,

PRP11, PRP4, AGP19K
At1g54970  PRP1 PRP 13/0/2 335 Yes No Roots 1 00/1/1/0  PRP3, PRP7,

AGP31l, PRP6, PRP16
At2g21140  PRP2 PRP 0/4/7 321 Yes No 1 6/1/0000  PRP4
At2g27380  PRP6 PRP 22/0/24 761 Yes No Endosperm 0 6/1/1/012 EXT6, EXT10,

EXT9, PEX1, EXT2
At2g47530  PRP7 PRP 0/0/0 184 Yes No Roots 1 3/6/5/0/1 PRP1, PRP3,

AGP311, AGP30I
At3g50570  PRP8 PRP 0/0/0 189 Yes No  Stamen 0 3/0/3/012 HAE2
At3g62680  PRP3 PRP 14/0/0 313 Yes No Roots 1 2/3/7/0/5 PRP1, PRP7,

AGP30I, AGP31l, EXT1/4
At4g38770  PRP4 PRP 0/7/14 448 Yes No 1 7/0/5/1/3 PRP2, AGP55C
At5g09520  PRP9 PRP 0/0/0 130 Yes No Radicle, root 0 5/2/1/01 PRP10, AGP1C
At5g09530 PRP10  PRP 0/0/0 360 Yes No Radicle, root 0 3/0/7/07  PRP9, PRP11,

PRP4, PRP15, PRP16
At5g15780  PRP11 PRP 0/0/3 401 Yes No 1 12/6122  AGP311, AGP30I, PRP1
At5g59170  PRP12  PRP 0/0/5 288 Yes No Seeds 0 5/4/5/000  AGP55C
At1g09460 PRP13  Chimeric 2/0/4 330 Yes  Yes 2 3/0/1/00  EXT51, AGP9C,

PRP18, PRP16, PERK8
At1g62500 PRP14  Chimeric 4/0/4 297 Yes No  Shoot apex 0 6/1/0/00  PRP10, PRP9,

PRP11, PRP4, PRP15
At2g10940 PRP15  Chimeric 0/0/11 291 Yes No 1 2211/012 PRP14, PRP16,

PRP17, HAE4, AGP2C
At3g22120  PRP16 Chimeric 7/0/0 334 Yes No 0 2/0/1/0/0 PRP17, PRP14,

PRP15, HAE4
At4g15160 PRP17  Chimeric 1/0/0 428 Yes No 3 2/1/4/3/2 PRP16, PRP14, PRP15
At5g14920 PRP18  Chimeric 2/0/7 275 Yes No Petiole 3 2/1/41/1 PRP6, AGP31],

PRP16, EXT51, PEX3

“Italics indicates a protein found using the Arabidopsis database annotation search.
dIndicates the number of mutants available in each location: P, promoter; 5, 5" UTR; E,
“Underline indicates the result of a BLAST search with filtering turned off.

identified in the primary literature.
exon; |, intron; 3, 3" UTR.

“Signal peptide.

PBoldface indicates a protein that was not previously

none was predicted to have a GPI anchor. The six chi-
meric PRPs ranged in size from 275 to 428 amino acids.
All six chimeric PRPs were predicted to have a signal
peptide, and one was predicted to have a GPI anchor.

PRP Gene Expression and Coexpressed HRGPs, GTs,
P4Hs, and Peroxidases

In order to elucidate patterns of gene expression for
these predicted PRPs, the same three public databases
were searched as with the AGPs and EXTs. While most
PRPs had a broad range of expression throughout the
plant, several of the PRP genes showed organ-specific
expression. Notably, several PRPs were specifically or
preferentially expressed in the roots, while other indi-
vidual PRPs were expressed in the endosperm, shoot
apex, and petiole (Table VIII; Supplemental Figs. S12—
515). Moreover, in examining the expression levels of
all the PRP genes, endosperm-specific At2g27380
(PRP6) was the most highly expressed one, as indi-
cated by its high relative signal intensity.

Unlike the AGPs and EXTs, the PRPs displayed
some common and dramatic (i.e. approximately 8-fold

Plant Physiol. Vol. 153, 2010

or more) patterns of environmental stress-induced
gene expression. For example, eight of the PRP genes
(PRP1, -2, -8, -3, -4, -9, -10, and -15) were down-
regulated by ABA, while two of the PRP genes (PRP6
and -14) were up-regulated by ABA. In addition, three
PRPs (PRP2, -3, and -11) were up-regulated by zeatin,
three PRPs (PRP 4, -11, and -16) were up-regulated by
nematode infection, and two PRPs (PRP9 and -10)
were up-regulated by Pseudomonas syringae infection.

Next, the PRP genes were examined with respect
to coexpressed genes using The Arabidopsis Co-
Response Database (Table IX; Supplemental Table
S8). Twelve out of the 18 PRPs had data available. In
analyzing the data, a focus was placed not only on
other HRGPs but on GTs, P4Hs, and peroxidases, since
these enzymes are responsible for posttranslational
modification of PRPs; this approach represents one
potential avenue to identify genes involved in the
posttranslational modification of PRPs. In terms of
PRPs being expressed with other HRGPs, 46 different
HRGPs are coexpressed with at least one PRP. The
HRGP showing greatest coexpression was FLAS,
which was coexpressed with five PRPs; FLA8 was
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PRPs

>At2927380-PRP6

DATVKQNFNKYETDSGHAHPPPIYGAPPSYTTPPPPIYSPPIYPPPIQKPPTYSPPIYPPPIQK
PPTPTYSPPIYPPPIQKPPTPTYSPPIYPPPIQKPPTPTYSPPIYPPPIQKPPTPSYSEEMK PEBMOMPPTPTYSPPIKPPPVHKPPTP
TYSPPIKPPVHKPPTPIYSPPIKPPPVHKPPTPIYSPPIKPPPVHKPPTPTYSEBMK PEBEMHKPPTPIYSPPIKPPPVHKPPTPIYSER
fixrrrvoTPPTPIYSEBMK PPPVHKPPTPT Y SEBMK SPPVQKPPTPTYSPPTKPEPVOKPPTPTYSPPIKPEEMKPPTPT YSEBMK PPR
VHKPPTPIYS[BBMKPPPVHKPPTPIYSEBMKPPPIQKPPTPTYSPPIKPPPLQKPPTPTYSPPIKLEMIKPPTP I Y SBMK PPPVHKPP
TPIYrKPPPVHKPPTPTYSPPIKP KPPTPTYSEBMOPPPVOKPPTPTY SEBMIKPPPIQKPPTPTYSPPIKPEBMKPPTPTYSP

H

PIKP
PPVHKPPTETYSPPIKPPPVHKPPTPTYSPPIKPEBMOKPPTPTY SEBNK PBBloL PPTPT Y SEBN PEBN oV PrTPT Y S BBl pBBll o
vPPTPTYSPPIKP[llQVPPTPTTPSPPQGGYGTPPPYAYLSHPIDIRN

KPPTPTYSPPIKPPPIHKPPTPTYSPPIKPPPVHKPPTPTYSPPIKPPPVHKPPTPTYSPPIKPPPVHKPPTPTYSPPIKP

>Atdg38770-PRP4

R P EPRGSVEC VSV DS ATHSIAR VVEVVGYAESKIKTPHAFSGLRVT I DCKVNKGHFVTKGSGN I DDKGKFGLNI PHDIVSD

NGALKEECYAQLHSAAGTPCPAHDGLESTKIVFLSKSGDKHILGLKONLKFSPEICVSKFFWPMPKLPPFKGFDHPFPLPPPLELPPFL
KKPCPPKYSEEMEY PEBlpvYEPPPKKET PEBMPYVYDPPPKKEVPEBBMPV YK PPPKVELPPP I FRRBOEE - *PK I EH PEBMPV YK PPPK

1EKPEBNPvYKPPPK I EH BN PVHK LPKKPCPPKKVD P BBl PVEK PP T kKvDPBBMPVHK PPEKIVIPPPKIEHPEBMIPV YK
PPPKIEHPPIYIPPI PIYKEBMVIF pvYKEBNVVIP LPQLPPLPKFEPLPPKYIHHPKFGKWPPLP

PHP

Chimeric PRP

>At5g14920-PRP18

SNEESNALVSLPTPTLPSPSPATKPPSPALKPPTPSYKPPTLPTTPIKPPTTKEBMKPPTIPVTPVK
PPVSTPPIKLEBMQPPTYKPPTPTVKPPSVQPPTYKPPTPTVKPPTTSPVKPPT TEEMQSEBMQOPPTYKPPTSPVKPPTTTBEBMK PPTT

T-QPPTYNPPTTPVK PPTA-KPPT PPPVRTRIDCVPLCGTRCGQHSRKNVCMRACVTCCYRCKCVPPGTYGNKEKCGSCYANMKT

RGGKSKCP

Figure 4. Protein sequences encoded by representative PRP gene classes in Arabidopsis. Colored sequences at the N terminus
indicate predicted signal peptide (green). PPVX(K/T) (gray), KKPCPP (teal), and PPV (pink) repeats are also indicated.

also coexpressed with 16 AGPs. FLA9 and FLA2,
which were coexpressed with many AGPs and EXTs,
were each coexpressed with three PRPs. For the GTs,
At5g22940 of the GT47 family was coexpressed with
six PRPs, twice as many as any other GT. Moreover,
At1g24170, a GT8 family member that was coex-
pressed with many AGPs and EXTs, was not coex-
pressed with any PRPs. At3g14570 (Gsl04), a member
of the GT family 48, was coexpressed with three PRPs;
it was also coexpressed with four AGPs but no EXTs.
For the P4Hs, two of 13 members of the P4H gene
family, At3g06300 (P4H2) and At5g18900 (P4H4), were
coexpressed with two and one PRPs, respectively, as
well as with many AGPs and EXTs. For the peroxi-
dases, some peroxidase genes were coexpressed. The
greatest amount of coexpression was exhibited by
Atlg77490 (tAPX) and At2g22420 (PER17); each was
coexpressed with two PRPs. Both of these peroxidases
also were coexpressed with EXTs and AGPs.

PRP Gene Organization and Mutants

Information was extracted from the TAIR and SALK
Web sites with regard to the gene structure and avail-
able genetic mutants for each of the predicted PRP genes.
None of the 18 PRPs contained more than three introns,
with most containing either zero (eight of 18) or one
intron (seven of 18; Table VIII; Supplemental Table S9).
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Examination of the various mutant lines available for
research showed that all of the PRP genes have one or
more mutants available. Of these mutants, 32% were in
the promoter region, 14% were in the 5’ UTR, 30% were
in an exon, 4% were in an intron, and 20% were in the
3’ UTR (Table VIII; Supplemental Table S10).

DISCUSSION

The BIO OHIO Program for Finding and Analyzing
HRGP Genes Based on Biased Amino Acid Compositions
and Amino Acid Sequence Motifs

As genomes are sequenced, bioinformatic tools need
to be developed to analyze such data efficiently and
accurately. Here, we describe one such tool for the
purpose of identifying and analyzing HRGPs encoded
by nucleic acid sequences. The BIO OHIO software has
the ability to identify AGPs, EXTs, and PRPs as well as
hybrid and chimeric HRGPs. This program requires
only that the protein sequence data be available as a
data file, which is routinely generated in a completed
genome sequencing project. Here, the BIO OHIO pro-
gram was used to search the 28,952 protein sequences
encoded by the Arabidopsis genome. Several different
strategies were used by the program to identify can-
didate HRGPs. Specifically, the program has the ability
to identify proteins meeting a user-defined amino acid

Plant Physiol. Vol. 153, 2010
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Table IX. HRGPs, GTs, P4Hs, and peroxidases coexpressed with PRPs

HRGP No. of GT Locus No. of PAH Locus No. of Peroxidase No. of
Locus Name  Coexpressed Identifier Name Family Coexpressed Identifier Name Coexpressed Locus Name  Coexpressed
Identifier PRPs PRPs PRPs Identifier PRPs

At2g45470 FLA8 5 At5g22940 GT47 6 At3g06300 P4H2 2 At1g68850 2
At4g16980 AGP58C 4 At3g14570 Gslo4 GT48 3 At5g18900 P4H4 1 At1g77490 tAPX 2
At1g03870 FLA9 3 At1g07250 GT1 2 At2g22420 PER17 2
At1g52290 PERK15 3 At1g08660 GT29 2 At1g05240 1
At2g47930 AGP26C 3 At3g29320 GT35 2 At1g30870 1
At4g12730 FLA2 3 At3g46970 GT35 2 At1g71695 PER12 1
At2g04780 FLA7 2 At4g02500 GT34 2 At2g25080 GPX1 1
At3g06750 EXT34 2 At4g31780 GT28 2 At2g31570 1
At4g18670 LRX5 2 At4g39350 CesA02 GT2 2 At3g21770 PER30 1
At4g26320 AGP13P 2 At5g03760 CslA09 GT2 2 At3g28200 1
At4g37450 AGP18K 2 At5g05890 GT1 2 At3g49120 1
At5g55730 FLA1 2 At5g22740 CslA02 GT2 2 At3g49960 1
At5g56540 AGP14P 2 At5g50420 GTe8 2 At4g08770 1
At1g09460 PRP13 1 At1g06780 GT8 1 At4g09010 1
At1g23720 EXT6 1 At1g11720 GT5 1 At4g26010 ATP13a 1
At1g26150 PERK10 1 At1g13250 GT8 1 At5g17820 PER57 1
At1g28290 AGP31I 1 At1g16570 GT33 1 At5g22410 1
At2g10940 PRP15 1 At1g19360 GT77 1 At5g67400 PER73 1
At2g24980 EXT7 1 At1g21480 GT47 1
At2g33790 AGP30I 1 At1g23480 CslA03 GT2 1
At2g35860 FLA16 1 At1g27440 GT47 1
At3g11700 FLA18 1 At1g71220 GT24 1
At3g19430 EXT51 1 At1g78580 GT20 1
At3g22120 PRP16 1 At2g03220 FUTI1 GT37 1
At3g24480 LRX4 1 At2g22900 GT34 1
At3g52370 FLA15 1 At2g29750 GT1 1
At3g54590 EXT2 1 At2g31790 GT1 1
At3g60900 FLATO 1 At2g32620 CslB04 GT2 1
At4g08410 EXT10 1 At2g35650 CslA07 GT2 1
At4g09030 AGP10C 1 At3g06440 GT31 1
At4g13340 LRX3 1 At3g18170 GTe1 1
At4g15160 PRP17 1 At3g24040 GT14 1
At4g16140 EXT37 1 At3g45100 GT4 1
At4g27520 PAG10 1 At3g59100 Gsl11  GT48 1
At5g06630 EXT13 1 At3g61130 GT8 1
At5g06640 EXT14 1 At4g02130 GT8 1
At5g09520 PRP9 1 At4g07960 CsIC12 GT2 1
At5g09530 PRP10 1 At4g15290 CsIBO5 GT2 1
At5g10430 AGP4C 1 At4g18240 GT5 1
At5g14920 PRP18 1 At4g38040 GT47 1
At5g15780 PRP11 1 At4g38270 GT8 1
At5g18690 AGP25C 1 At5g05170 CesA03 GT2 1
At5g21160 AGP32I 1 At5g15650 GT75 1
At5g40730 AGP24P 1 At5g16190 CslAT1 GT2 1
At5g53250 AGP22P 1 At5g16510 GT75 1
At5g60490 FLA12 1 At5g17420 CesA07 GT2 1

At5g19690 GTe6 1

At5g24300 GT5 1

At5g41460 GT31 1

At5g47780 GT8 1

At5g53340 GT31 1

At5g54690 GT8 1

composition in full-length proteins or proteins of some
defined size. This strategy was effective in identifying
candidate classical AGPs, Lys-rich AGPs, AG pep-
tides, and certain PRPs. The program can also be used
to identify proteins containing specific, user-defined
peptide sequences repeated any number of times. This
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strategy was used to identify candidate FLAs, EXTs,
and certain PRPs. Both strategies were able to identify
candidate hybrid and chimeric HRGPs. Another
search strategy built into the program is to search for
keywords within the annotated Arabidopsis protein
database. This approach proved useful in finding
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Table X. A summary of the HRGP superfamily in Arabidopsis

Boldface entries are subtotals for the various HRGP families.

Predicted No. of:

HRGP Family HRGP Subfamily
Genes Signal Peptides GPI Anchors

AGPs Classical AGPs 22 19 14
AGPs Lys-rich classical AGPs 3 3 2
AGPs AG peptides 16 16 12
AGPs (Chimeric) FLAs 21 20 10
AGPs (Chimeric) PAGs 17 17 16
AGPs Other chimeric AGPs 6 5 1
AGPs All AGP subfamilies 85 80 55
EXTs SP; EXTs 3 3 0
EXTs SP./SP, EXTs 2 2 0
EXTs SP, EXTs 12 9 0
EXTs SP,/SP, EXTs 2 2 0
EXTs SP; EXT 1 1 0
EXTs Short EXTs 12 11 7
EXTs (Chimeric) LRXs 11 9 0
EXTs (Chimeric) PERKs 13 0 0
EXTs Other chimeric EXTs 3 2 0
EXTs All EXT subfamilies 59 39 7
Hybrid HAE (AGP/EXT) 4 3 0
Hybrid All hybrid HRGPs 4 3 0
PRPs PRPs 12 11 0
PRPs Chimeric PRPs 6 6 1
PRPs All PRP subfamilies 18 17 1
Total All AGPs, EXTs, and PRPs 166 139 63

some chimeric AGPs and PRPs not identified by the
above approaches. In addition, the program can search
for signal peptide sequences, GPI anchor addition
sequences, and repeating sequences within proteins;
such additional information in conjunction with care-
ful examination of the protein sequence was used to
manually identify candidate proteins as HRGPs. In
total, this bioinformatics approach identified 166 can-
didate HRGPs, including 85 AGPs (22 classical AGPs,
three Lys-rich AGPs, 16 AG peptides, 21 [chimeric]
FLAs, 17 [chimeric] PAGs, and six other chimeric
AGPs), 59 EXTs (three SP; EXTs, two SP;/SP, EXTs,
12 SP, EXTs, two SP,/SP, EXTs, one SP, EXT, 12
short EXTs, 11 [chimeric] LRXs, 13 [chimeric] PERKSs,
and three other chimeric EXTs),18 PRPs (12 PRPs
and six chimeric PRPs), and four AGP/EXT HAEs
(Table X).

This bioinformatics approach has advantages over
conventional BLAST searches in terms of speed and
accuracy. BLAST searches are time-consuming, requir-
ing much postanalysis data acquisition and analysis
after a list of “hits” to a query sequence is obtained.
Furthermore, BLAST analyses fail to identify all mem-
bers of an AGP, EXT, or PRP subfamily, since many of
the subfamily members have limited amino acid se-
quence similarities and/or have various repeated
amino acid sequence modules within a given se-
quence, complicating the alignment process. Nonethe-
less, BLAST analysis was used here to identify the
most closely related sequences to a given HRGP, and
by playing a version of the six degrees of separation
game, it could be used to identify many, but not all,
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HRGP members in a time-consuming, convoluted,
and laborious endeavor.

Schultz et al. (2002) previously utilized a bioinfor-
matics approach to identify candidate AGP genes from
Arabidopsis. In contrast to this study, only 52 AGPs
(14 classical AGPs, three Lys-rich AGPs, 10 AG pep-
tides, 21 [chimeric] FLAs, and four other chimeric
AGPs) were identified. The additional AGPs found in
this study are largely attributed to using an updated
Arabidopsis protein database, altering the definition
of an AG peptide to include up to 90 amino acids
(compared with 75), and analyzing HRGP-related
sequences based on annotations in the database. In
addition, Schultz et al. (2002) also identified 19 candi-
date EXT genes as a by-product of searching for AGPs
using the greater than 50% PAST amino acid bias. As
explained by Johnson et al. (2003b), these 19 genes
were subsequently examined for the presence of a
signal peptide and SP, and SP, repeat units. In con-
trast, the additional EXTs found in this study are
largely attributed to using an updated protein data-
base, to searching for SP, and SP, repeats in all the
proteins encoded by the genome (not just those pro-
teins passing the 50% PAST test), and to analyzing
HRGP-related sequences based on annotations in the
database and literature. Johnson et al. (2003b) also
reported the existence of 17 PRPs based on searching
for proteins with greater than 49% PKVY and greater
than 47% PKVL amino acid biases, similar to the
findings obtained in this study.

While most of the AGP, EXT, and PRP genes fitting
canonical sequencing parameters are now identified,
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identifying chimeric HRGPs, particularly chimeric
AGPs, remains a challenge, given that no clear con-
sensus sequence exists as for the AGPs. Thus, while we
have identified six chimeric AGPs in addition to the
FLAs and PAGs, it is likely that other proteins contain
AGP modules. For instance, two homologous Arabi-
dopsis genes, At5g64080 and At2g13820, designated
Arabidopsis XYLOGEN PROTEIN1 (AtXYPI1) and
AtXYP2, respectively, are known to contain AGP-like
regions, but they were not identified in our searches. A
glimpse of other such chimeric AGPs was provided in
a previous study, where putative GPI-anchored pro-
teins were identified by bioinformatics to reveal not
only numerous GPIl-anchored AGPs but also approx-
imately 50 other proteins containing AGP sequence
modules, but annotated as phytocyanins, stellacyanin-
like, uclacyanin-like, early nodulin-like, COBRA,
B-(1,3)-glucanases, aspartyl proteases, LTPL, SKUS5,
receptor-like kinases, and other unknown or hypo-
thetical proteins (Borner et al., 2003).

In order to identify such chimeric AGPs, the sliding
windows feature of the BIO OHIO program was
utilized. Specifically, the Arabidopsis protein database
was searched using windows of 10, 20, and 30 amino
acids and searching for greater than 80%, 90%, and
95% PAST. In order to find all 85 AGPs identified in
our searches with a sliding windows approach, an
amino acid composition of greater than 60% PAST is
required with a window size of 10 amino acids. While
this approach finds all of the AGPs predicted by our
searches, it produces many false positives in the pro-
cess, making this approach of limited usefulness in
initial searches on its own. However, the sliding win-
dows feature is especially useful to identify single or
multiple AGP modules in chimeric AGPs when iden-
tified by other approaches.

Laboratory experimentation has verified and vali-
dated this in silico approach to identifying HRGPs.
With respect to the AGPs, reports on several cloned
AGP genes and/or characterized AGP glycoproteins
in Arabidopsis exist and substantiate predictions
made by the program (Schultz et al., 2000, 2004;
Johnson et al., 2003a; van Hengel and Roberts, 2003;
Sun et al., 2005; Liu and Mehdy, 2007; Yang et al., 2007).
Moreover, at the protein level, several of the AGPs
predicted here to have signal peptides and GPI an-
chors are substantiated in these reports. With respect
to the EXTs, only three nonchimeric EXT genes (EXT1/
4, EXT2, EXT3/5) and several LRXs and PERKSs are
cloned (Merkouropoulos et al., 1999; Yoshiba et al.,
2001; Baumberger et al., 2003b; Nakhamchik et al.,
2004). Moreover, both the LRXs and PERKSs were pre-
viously examined using BLAST and other homology-
based genomic tools to identify members of these two
chimeric EXT classes, in agreement with the bioinfor-
matics findings presented here (Baumberger et al.,
2003a; Nakhamchik et al., 2004). In contrast to the
AGPs, there is little information on the EXTs at the
glycoprotein level in Arabidopsis. With respect to
the PRPs, only four PRPs are cloned in Arabidopsis,
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namely PRP1, -2, -3, and -4, and little is known about
any of the Arabidopsis PRPs from glycoprotein studies
(Fowler et al.,, 1999). Thus, this work extends and
consolidates the experimental inventory of HRGPs
and makes testable predictions with respect to the
presence (or absence) of signal peptides and GPI
anchor addition sequences. Although the majority of
HRGPs identified by this bioinformatics approach
contain signal peptides, several HRGPs do not. It is
unknown whether this represents limitations to the
predictive power of the program or is due to the
possibility that HRGPs lacking such a sequence re-
main inside the cells or are secreted by an alternative
secretory pathway, as reported in some cases (Nickel,
2003; Lee et al., 2004). For instance, all PERKSs lack a
signal peptide but are localized to the plasma mem-
brane, with the EXT region extending into the cell wall
(Nakhamchik et al., 2004). Similarly, while GPI an-
chors predicted for many AGPs are experimentally
verified in several instances, including in Arabidopsis,
it was surprising to observe here and elsewhere that
several EXTs and one PRP also have predicted GPI
anchor addition sequences (Borner et al., 2003), which
await biochemical and functional verification at the
protein and cell biology levels, respectively.

Four hybrid HRGPs containing AGP and EXT se-
quence motifs also are encoded by the Arabidopsis
genome. These hybrids, like the chimeric HRGPs,
complicate the classification system. Indeed, it is hu-
man nature to classify things into discrete categories,
but the chimeric and hybrid HRGPs remind us that
nature cares little for the organizational principles
coveted by the human mind. Consequently, it is
perhaps best to view the HRGPs as a spectrum of
molecules composed of some combination of hyper-
glycosylated AGP modules, moderately glycosylated
EXT modules, lightly glycosylated or nonglycosylated
PRP modules, and, in the case of chimeric HRGPs,
other non-HRGP modules.

HRGP Gene Expression in Development and in
Response to Biotic and Abiotic Stress

Microarray as well as MPSS data are valuable,
publicly available genetic resources for the Arabidop-
sis community, effectively revealing developmental,
organ-specific, and stress-specific patterns of gene
expression for nearly all of the Arabidopsis genes.
These resources can thus provide clues to possible
HRGP functions and/or allow researchers to focus
their research projects. For example, in looking for
phenotypic alterations in a HRGP mutant plant, mi-
croarray or MSPP data can guide the researcher in
terms of the particular developmental times, organs,
or conditions to examine in order to reveal a pheno-
type. Microarray and MPSS data are available for all
but a few HRGPs. The majority of the AGP and EXT
genes demonstrate organ-specific expression, while
the remaining genes are expressed in multiple organs.
Many AGPs, including classical AGPs, AG peptides,
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and at least one FLA, show pollen-specific expression.
Likewise, root-specific AGPs are found in each AGP
class. In contrast, pollen-specific expression of the EXT
genes is restricted to the chimeric EXTs, most notably to
certain LRXs (i.e. PEXs) and PERKSs. Root-specific ex-
pression is exhibited by certain members of virtually
all EXT classes. Approximately half of the PRPs show
organ-specific expression, mostly in roots, while the rest
are more widely expressed. Clearly, the notion that
HRGPs in a particular class have some common organ-
specific function appears unlikely, although the idea that
certain AGPs are markers of cellular identity is sup-
ported by the organ-specific expression patterns re-
vealed here (Knox et al., 1989). Comparing published
northern and reverse transcription-PCR data on selected
HRGP genes in studies conducted by various researchers
with the microarray and MPSS data has consistently
resulted in good agreement between these various
methods to determine patterns of gene expression.

The recently updated Genevestigator Web site has
considerably simplified the process of examining stress-
induced gene expression in Arabidopsis microarrays.
Virtually all HRGP genes are up- and down-regulated
by various abiotic and biotic stress conditions. With
the exception of some of the PRP genes, which exhibit
common regulatory responses to auxin, zeatin, and
infection by nematodes and P. syringae, it is difficult to
summarize the diverse array of responses exhibited by
the various HRGP genes. However, the coexpression
database analysis takes into account these data, making
common patterns of regulation much easier to recog-
nize and examine. Nonetheless, if one is interested in a
particular HRGP gene or in regulation by a particular
stress condition, the data collected here constitute an
ideal starting point for verification of this stress-
induced gene regulation and for formulating func-
tional hypotheses for particular HRGP genes.

HRGP Networks and Genes Involved in
Posttranslational Modification

One unique genetic resource available to Arabidop-
sis researchers is the coexpression database. This da-
tabase reports genes that are coexpressed with a gene
of interest based on hundreds of different microarray
gene analyses experiments. For HRGPs, this coexpres-
sion database offers the opportunity to reveal net-
works of genes associated with a given HRGP gene. In
this study, the focus was placed on elucidating HRGP
gene networks and in identifying candidate genes
involved with the posttranslational modification of
HRGPs, including genes involved with prolyl hydrox-
ylation, glycosylation, and cross-linking. With regard
to HRGP networks, it was remarkable that certain
FLAs, namely FLA2, -7, -8, and -9, were coexpressed
with so many different AGPs, EXTs, and PRPs. One
interpretation of this result is that these FLAs play
important roles in coordinating activities among var-
ious HRGP molecules; however, this and other inter-
pretations must await functional characterization of
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these FLAs. Clearly, HRGP gene networks likely exist,
given that sets of HRGP genes appear to be coregu-
lated by a variety of conditions. It is possible that such
regulatory networks are controlled by common regu-
latory sequences found in the HRGP genes. Efforts are
currently under way as an extension of this work to
identify such sequences using bioinformatics to allow
for subsequent experimental testing of these elements
and the transcription factors that bind to them.

It was hypothesized that a number of GT genes are
expressed in conjunction with various HRGP genes to
allow for the coordinated glycosylation of the encoded
core protein. Furthermore, it was hypothesized that
particular GTs would be responsible for synthesis of
the various sugar linkages associated with the arabi-
nogalactan polysaccharides attached to noncontigu-
ous Hyp residues in AGPs, while other GTs would be
associated with synthesis of the short arabinoside
oligosaccharide chains attached to contiguous Hyp
residues in EXTs and PRPs according to the Hyp
continuity hypothesis (Tan et al., 2003). It was also
hypothesized that GTs responsible for the addition
of single Gal units to Ser residues in EXTs would
be found. Moreover, based on the elucidated struc-
tures of dicot EXTs (Akiyama et al., 1980) and a
well-characterized Hyp-AG isolated from transgenic
tobacco (Nicotiana tabacum; Tan et al.,, 2004), and
knowing the specificity of GTs, a minimum of 20 trans-
ferase activities are likely to be involved in the
O-linked glycosylation of HRGPs. Specifically, for EXTs
and PRPs, we predict one Ser-a-galactosyltransferase,
at least one Hyp-B-arabinosyltransferase, one a-(1,2)
arabinosyltransferase, and two -(1,2)arabinosyltrans-
ferases, while for AGPs, we predict one Hyp-B-
galactosyltransferase, one a-(1,5)arabinosyltransferase,
at least four a-(1,3)arabinosyltransferases, at least
three 8-(1,3)galactosyltransferases, three 8-(1,6)galacto-
syltransferases that add the three branch sites on the
AG core, at least two B-(1,6)glucuronyltransferases, one
a-(14)rhamnosyltransferase, and at least two a-(1,2)
fucosyltransferases. Indeed, many GT genes are coex-
pressed with AGPs, EXTs, and PRPs. In fact, 36 different
GTs representing 19 families were coexpressed with all
three HRGP subfamilies, while some GTs are expressed
only with two subfamilies or are restricted to one
particular HRGP subfamily. While it is possible to
speculate on the activities of these various GTs with
respect to HRGPs based on their annotations and
proposed mechanisms (i.e. inverting or retaining) in
the CAZY database, such speculations would have to
be tested by developing appropriate biochemical assays
and/or obtaining and biochemically characterizing GT
mutants. Indeed, such research is currently under way
in a number of cell wall laboratories and is beginning to
yield results. For example, it was recently shown that a
mutant in the At2g35610 gene, encoding a G177 family
member, results in the production of underarabinosy-
lated EXTs (Gille et al., 2009). Thus, the At2g35610 gene
likely encodes one of the arabinosyltransferases re-
quired for EXT glycosylation and possibly for clustered
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Hyp residues in certain AGPs, consistent with the
identification of this gene in the coexpression data
presented here in Tables VI and 1II, respectively.

Although only four plant P4Hs are cloned and
characterized to date (two [P4H1 and P4H2] from
Arabidopsis [Hieta and Myllyharju, 2002; Tiainen
et al.,, 2005], one from tobacco [Yuasa et al., 2005],
and one from Chlamydomonas [Keskiaho et al., 2007]),
13 P4H genes are predicted to exist for Arabidopsis
(Vlad et al., 2007). The coexpression analysis per-
formed here shows that only one of these P4H genes,
namely P4H2, was consistently coexpressed with nu-
merous HRGPs. This indicates that this P4H likely acts
on AGPs, EXTs, and PRPs and is not restricted to a
particular HRGP subfamily. Unfortunately, no pub-
lished reports on P4H-2 mutants, or any PAH mutants
in Arabidopsis, exist at present. However, the genetic
redundancy in the P4H family may make such mutant
work difficult. Nonetheless, a report that a P4H gene
silenced by RNA interference in Chlamydomonas has an
altered wall phenotype should bolster similar work in
Arabidopsis (Keskiaho et al., 2007).

An acidic EXT peroxidase was isolated from tomato
(Solanum lycopersicum) with EXT cross-linking activity
(Schnabelrauch et al., 1996). It is also likely that PRPs
and possibly AGPs undergo similar peroxidase-
catalyzed cross-linking. In an effort to identify poten-
tial peroxidases involved with HRGP cross-linking, the
coexpression database was used. Indeed, an acidic
peroxidase (At3g03670) was identified using this ap-
proach and was coexpressed with the two most Tyr-rich
EXTs. It will now be interesting to overexpress this
enzyme for use in the EXT cross-linking assay and /or to
obtain mutants in this gene and observe whether EXT is
altered in these mutant plants in terms of more soluble
EXTs, less cross-linked EXTs, or reduced amounts of
the diisodityrosine/puchrescein cross-linking agent. It
should be noted that several other peroxidase genes are
also coexpressed and are worthy candidates for similar
types of analysis.

HRGP Mutants Are Genetic Tools to Uncover
HRGP Function

Genetic mutants are one of the most valuable re-
sources available to the Arabidopsis community, as they
provide insight to protein function and facilitate further
research to elucidate the mechanism of action. This is
clearly the case with HRGP research, where several
genetic mutants in AGPs, EXTs, and PRPs are serving as
useful tools to elucidate function. It should also be noted
that for each informative HRGP mutant, there are many
HRGP mutants that fail to reveal a phenotype. There are
many potential reasons for such failure, including but
not limited to one or more of the following: the existence
of genetic redundancy or other genetic backup systems,
the inability of certain mutants to adequately reduce
mRNA or protein levels to reveal a phenotype, and the
inability to examine the mutant under the proper envi-
ronmental conditions to reveal its phenotype.
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At present, several reports on HRGP mutants exist
in Arabidopsis, including agp17 (Gaspar et al., 2004),
agp18 (Acosta-Garcia and Vielle-Calzada, 2004), agp19
(Yang et al., 2007), sos5 (fla4; Shi et al., 2003), agp30 (van
Hengel and Roberts, 2003; van Hengel et al., 2004), rsh-
ext3 (Hall and Cannon, 2002), Irx1 (Baumberger et al.,
2001), and perk13 (Humphrey et al., 2007). All these
mutants have provided functional insights to the role
of various AGPs and EXTs. The agp17 mutant displays
resistance to Agrobacterium tumefaciens transformation
with reduced levels of AtAGP17 in the roots. An RNA
interference approach was used to silence the AGP18
and reveal its role in female gametogenesis. An agp19
mutant revealed that AGP19 plays a role in plant
growth and development, specifically in cell division
and expansion. Studies with the transposon-insertion
mutant agp30 suggest that AGP30I has a role in root
regeneration and seed germination. The sos5 mutant
study indicates that FLA4 plays a role in cell expan-
sion. The rsh-ext3 mutant shows that EXT3 plays an
important role in embryo development and cell plate
formation, while the [/rx1 and perk13 mutants indicate
roles for LRX1 and PERK13 in root hair formation and
root cell elongation, respectively.

There are currently 1,442 mutant lines available for
nearly every HRGP gene, as shown in Tables II, V, and
VIII and in Supplemental Tables S4, S7, and S10. While
this list is now current, new mutant lines are contin-
ually being added to the collection, some of which are
now being made available as homozygous knockout
lines, saving the researcher valuable time and effort. In
any event, once the mutant seed lines are received,
they must be planted and verified by PCR analysis to
confirm the presence of the mutation in the gene of
interest. Mutations existing in the exon regions gener-
ally offer the highest probability of obtaining a null
mutant and when available should probably be exam-
ined first. If a phenotype is observed in the mutant, it is
important to confirm that the mutant phenotype is
caused by the mutated gene of interest and not by
another mutation elsewhere in the genome. Such
confirmation can be achieved by studying other mu-
tant lines (i.e. allelic mutants) for a gene of interest and
observing the same mutant phenotype or by comple-
menting the original mutant with the wild-type ver-
sion of the gene of interest. Although mutants affecting
the HRGP core proteins allow for the assessment of a
particular HRGP’s functional role, obtaining mutants
in the genes responsible for HRGP posttranslational
modification (i.e. GTs, P4Hs, peroxidases) offers per-
haps even greater opportunities to address and reveal
HRGP function, as multiple HRGPs would be affected
by such a mutation.

CONCLUSION

The BIO OHIO bioinformatics program reported
here represents a valuable tool to mine genomic data-
bases for HRGP genes, including AGPs, EXTs, PRPs,

509



Showalter et al.

chimeric HRGPs, and hybrid HRGPs. While this pro-
gram was utilized to mine the Arabidopsis proteome,
it can now be utilized to examine proteomes resulting
from other plant genome projects, namely poplar
(Populus species), rice (Oryza sativa), Physcomitrella,
and Chlamydomonas. Preliminary evidence indicates,
not surprisingly, that poplar is most similar to Arabi-
dopsis in terms of its HRGP inventory, while the other
species have considerable differences from the dicot
HRGP inventory. In Arabidopsis, there are many sur-
prises with respect to the HRGP family members
beyond just finding new putative HRGPs, including
finding HRGPs that apparently lack signal peptides,
the predicted existence of GPI anchor addition se-
quences in certain EXTs, the numerous HRGPs that
show organ-specific expression, and the likely exis-
tence of coregulated HRGP networks. Depending upon
an investigator’s interest, there is now a wealth of
information provided to guide future HRGP research.
Many of these predictions will require verification or
confirmation, but hypotheses can now be formed and
specific experiments designed based on the information
presented here to facilitate future HRGP research.

Refinements to the BIO OHIO program are possible.
In particular, reducing the number of false positives
during a search and improving or developing search
strategies to identify the chimeric HRGPs, particularly
chimeric AGPs and chimeric PRPs, represent two of
the most challenging areas for improving the predic-
tive power of the program. In addition to the sliding
windows approach, other more novel approaches are
being examined to improve the predictive power of
the program, including using hidden Markov models,
neural networks, as well as supervised and unsuper-
vised learning approaches.

Finally, while the program was specifically devel-
oped to identify HRGPs from plant genomic data, it
can be readily adapted to identify other proteins or
protein families. The ability to select any amino acid
bias or sequence motif of interest should make this
program attractive to other researchers, including
those outside of the plant community, who wish to
screen whole genome protein sequences meeting their
desired criteria. In addition, this program can be used
to screen virtually any protein database, including
those created manually or from EST databases.

MATERIALS AND METHODS

Development and Basic Operation of the BIO OHIO
Bioinformatics Program

A Perl program, named BIO OHIO, was written that analyzes each
predicted protein sequence in the Arabidopsis (Arabidopsis thaliana) genome.
This program is available upon request along with a user manual describing
the use and operation of this program; however, an abbreviated version of the
program is accessible at http://132.235.14.51/functional_genomics.html. The
database used (i.e. ATH1.pep) was dated June 10, 2004, and downloaded from
The Institute for Genomic Research (ftp.tigr.org/pub/data/a_thaliana/ath1/
SEQUENCES/). The program is able to categorize proteins based on various
characteristics and patterns of amino acids as specified by the user/researcher.
For each identified protein or “hit,” the following information was provided:
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(1) the Arabidopsis Genome Initiative locus identifier and sequence name; (2)
the entire protein sequence; (3) the length of the protein; (4) the total PAST
percentage for each protein; (5) analysis for the presence of a signal peptide
within the first 50 amino acid residues; and (6) analysis for the presence of a
GPI anchor addition sequence. In addition, the program provided analysis of
repeated sequences within the proteins. In particular, the presence of AP, PA,
SP, and TP dipeptide repeats were noted, as these sequences are typically
associated with known AGPs. Protein hits were classified as AGPs if they did
not contain repeats associated with EXTs or PRPs (e.g. multiple SP,, SP;, or
PPV repeats) but contained predominantly AP, PA, SP, or TP repeats. In order
to verify the predictions easily, the program predicted signal peptides and GPI
anchor addition sequences and also allowed direct connection to the SignalP
Web site (http:/ /www.cbs.dtu.dk/services/SignalP/) to verify signal pep-
tides, the Plant big-PI predictor Web site (http://mendel.imp.ac.at/gpi/
plant_serverhtml) to verify GPI anchor predictions, and the TAIR Web site
(http:/ /arabidopsis.org/) for gene and protein information. When conflicts
arose between BIO OHIO and the SignalP Web site or the Plant big-PI
predictor Web site, data from the SignalP Web site or the Plant big-PI predictor
Web site were used.

Finding Classical AGPs and AG Peptides Using Biased
Amino Acid Compositions and Finding FLAs by
Searching for Fasciclin Motifs

Classical AGPs were identified as proteins of any length that consisted of
50% or greater of the amino acids P, A, S, and T (PAST). AG peptides were
identified as proteins of 50 to 90 amino acids in length consisting of 35% or
greater PAST. A reduced PAST level was used, since AG peptides usually
contain an N-terminal signal peptide and possibly a C-terminal GPI anchor
addition signal sequence, which can make up about half of the peptide and
contain little PAST. FLAs were designated as proteins containing the consen-
sus motif [MALIT]T[VILS][FLCM][CAVT][PVLIS][GSTKRNDPEIV]+[DNS]
[DSENAGE]+[ASQM]. This motif was constructed by comparison of all
known Arabidopsis FLAs as reported by Johnson et al. (2003a).

Finding EXTs by Searching for SP, and SP, Repeat Motifs

The program allowed for searches of any given amino acid string written
as a regular expression. Thus, EXTs were identified by searching for the
occurrence of two or more SP, (or SP;) repeats in the protein. Since some of
these hits were already annotated as PERKs in the TAIR database, we also
manually included other known members of this family from the published
literature (Baumberger et al., 2003a; Nakhamchik et al., 2004). Hits were
examined for the location and distribution of SP, and SP; repeats as well as for
the occurrence of other repeating sequences, including YXY. In addition, these
sequences were examined for potential signal peptides and GPI anchor
addition sequences as described above.

Finding PRPs by Using Biased Amino Acid
Compositions and by Searching for PPVX(K/T) and
KKPCPP Repeat Motifs

PRPs were first identified by searching for a biased amino acid composi-
tion of greater then 45% PVKCYT (Fowler et al., 1999). PRPs were also
identified by searching for the occurrence of two or more PPVX(K/T) (where
X represents any amino acid) and KKPCPP motifs (Fowler et al., 1999). Hits
were examined for the location and distribution of these repeats as well as
PPV repeat units. In addition, these sequences were examined for potential
signal peptides and GPI anchor addition sequences as described above.

Finding Amino Acid Sequence Repeats in a
Protein Sequence

Operating on a Bio::Perl sequence object, a frequency function determines
the repeating elements in a given protein sequence. The length of the
repeating elements is a parameter that can be set by specifying a minimum
length of an element and a maximum length of an element. This variability
allows a very thorough examination of the sequence. For each length that lies
between the minimum and maximum length, set in the parameters, a sliding
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window of that length is used and shifted across the sequence, in increments
of one amino acid, starting at position 1 and ending at the last position: the
length of the sliding window + 1. The discovered elements are stored in a hash
structure, with the subsequence of the sliding window as the key and the
number of occurrences as the entry. Upon this hash structure, the percentages
are computed and stored. This extended hash is then passed onto a visual-
ization function that adds html tags around a currently highlighted pattern
and thus allows the analysis of pattern distribution among the complete
amino acid sequence.

Searching User-Defined Regions (Sliding Windows) to
Find HRGP Domains in a Protein Sequence

The sliding window is a feature built into the BIO OHIO program that can
be used for looking at small sections of a protein rather than the protein as a
whole. The sliding window starts at the beginning of the protein and slides
along the sequence, searching for a biased amino acid composition in a user-
designated window size. The sliding windows feature is most useful to find
chimeric HRGPs, since only small sections of these proteins contain HRGP
motifs. The sliding window can also be used to visualize HRGP regions in
proteins found using other searches, as with FLAs or PAGs.

Annotation of Examined Sequences following
Our Analysis

Another feature of the program is the ability to create custom annotations
for genes identified following a search. This option takes the form of a box into
which one types particular keywords about the identified gene. Once the
keywords are entered for a particular gene, that gene will appear with an
asterisk in all future searches as an indicator that it was identified previously.
The keywords are also searchable so that the custom-annotated genes can
easily be found at a later time.

Finding Potential HRGPs by Searching Annotations in
the Arabidopsis Database

In addition to using biased amino acid composition and repeat searches, an
annotation search feature built into the BIO OHIO program was also utilized.
Keywords, including extensin, Pro-rich, arabinogalactan, plastocyanin, and
Hyp, were entered to see if any additional proteins in the database were
already annotated with these keywords. These proteins were then examined
as described above to determine whether they were indeed likely AGPs, EXTs,
or PRPs.

BLAST Analysis

BLAST analysis was performed on each identified HRGP using TAIR WU-
Blast 2.0 (http:/ /www.arabidopsis.org/wublast/index2.jsp) to identify other
potential HRGP sequences and to provide insight to HRGP sequences with the
greatest similarity. Specifically, the BLASTX: NT query to AA db was used
along with the AGI Proteins (Protein) database. BLAST searches were
conducted with the “filter query” option both on and off.

Elucidation of Expression Patterns of HRGP Genes Using
Public Databases

In order to elucidate patterns of gene expression for the predicted
HRGPs, three public databases were searched: Genevestigator (https://
www.genevestigator.ethz.ch/), Arabidopsis Membrane Protein Library (http://
www.cbs.umn.edu/arabidopsis/), and Arabidopsis MPSS Plus Database
(http:/ /mpss.udel.edu/at/).

Identification of HRGP, GT, P4H, and Peroxidase Genes
Coexpressed with the Predicted HRGP Genes
in Arabidopsis

All HRGP genes were examined with respect to coexpressed genes using

The Arabidopsis Co-Response Database (http://csbdb.mpimp-golm.mpg.
de/csbdb/dbcor/ath.html). At this site, “single gene query” was selected.
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Each of the HRGPs was searched using the four different matrices: nasc0271,
atge0100, atge0200, and atge0250. The default settings for coefficient and
output were used. These results were examined, and only GTs, P4Hs,
peroxidases, and other HRGPs that were coexpressed with a given HRGP
were selected.

Identification of Gene Structure and Genetic Mutants for
the Identified HRGP Genes

Information on HRGP gene structures was obtained from the TAIR
database (http://www.arabidopsis.org). In order to determine if genetic
mutants exist in each of these predicted HRGP genes, T-DNAexpress: The
SIGnAL Arabidopsis Gene Mapping Tool (http://signal.salk.edu/cgi-bin/
tdnaexpress) was utilized. All reported mutant lines were documented
following the search.

Supplemental Data
The following materials are available in the online version of this article.
Supplemental Figure S1. Amino acid sequences of AGPs.
Supplemental Figure S2. Genevestigator anatomy expression for AGPs.
Supplemental Figure S3. Genevestigator stimulus expression for AGPs.

Supplemental Figure S4. Arabidopsis Membrane Protein Library data for
AGPs.

Supplemental Figure S5. MPSS data for AGPs.
Supplemental Figure S6. Amino acid sequences of EXTs.

Supplemental Figure S7. Genevestigator anatomy expression for EXTs
and hybrid HRGPs.

Supplemental Figure S8. Genevestigator stimulus expression for EXTs
and hybrid HRGPs.

Supplemental Figure S9. Arabidopsis Membrane Protein Library data for
EXTs and hybrid HRGPs.

Supplemental Figure S10. MPSS data for EXTs and hybrid HRGPs.
Supplemental Figure S11. Amino acid sequences of PRPs.
Supplemental Figure S12. Genevestigator anatomy expression for PRPs.
Supplemental Figure S13. Genevestigator stimulus expression for PRPs.

Supplemental Figure S14. Arabidopsis Membrane Protein Library data
for PRPs.

Supplemental Figure S15. MPSS data for PRPs.

Supplemental Table S1. Results of HRGP BLAST searches with filter on
(worksheet A) and off (worksheet B).

Supplemental Table S2. HRGPs, GTs, P4Hs, and peroxidases coexpressed
with AGPs.

Supplemental Table S3. Locations of introns and exons in AGPs.

Supplemental Table S4. Locations of available T-DNA mutant lines for
AGPs.

Supplemental Table S5. HRGPs, GTs, P4Hs, and peroxidases coexpressed
with EXTs.

Supplemental Table S6. Locations of introns and exons in EXTs and
hybrid HRGPs.

Supplemental Table S7. Locations of available T-DNA mutant lines for
EXTs and hybrid HRGPs.

Supplemental Table S8. HRGPs, GTs, P4Hs, and peroxidases coexpressed
with PRPs.

Supplemental Table S9. Locations of introns and exons in PRPs.

Supplemental Table S10. Locations of available T-DNA mutant lines for
PRPs.
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