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Abstract

We have identified 39Arabidopsis thalianaESTs encoding germin-like proteins (GLPs) and have completely
sequenced 25 of these cDNAs. Our analysis demonstrates that theArabidopsisgenome contains a gene family with
at least 12 GLP genes. Comparisons with other known germins and germin-like proteins indicate that theseAra-
bidopsisGLP subfamilies are unique from wheat germin. All other known GLPs fall into one of these subfamilies.
The translated GLPs show approximately 35% amino acid identity with other GLPs outside of their subfamily and
significantly higher levels of identity within their respective subfamily. The 3′ ends of many of the GLP cDNAs are
heterogeneous and several sites of polyadenylation are used. Ten of the GLPs have N-terminal signal sequences
and most appear to be exported from the cell. Structurally, the GLPs are predicted to have a high content ofβ-
pleated sheet. Seven conserved regions ofβ-sheet were found in each of the GLP proteins along withα-helices
located at both N- and C-termini. These same structural elements are also conserved in wheat germin. With one
exception, all GLP family members contain at least one N-glycosylation site. All of these sites are conserved in
an unstructured loop betweenβ-1 andβ-2. Genes for two of these GLPs were identified in genomic sequences
previously deposited in the GenBank. The GLP3b gene is physically linked to the polyubiquitin 4 gene. The 3′ end
of the GLP3b mRNA is only 0.5 kb from theubq4 start of transcription. Analysis of the GLP3b promoter shows
the presence of a single putative auxin-response sequence located at−124 to−111 upstream from the 5′ end of
the GLP3b mRNA. The GLP9 gene was identified in anArabidopsiscontig from Chromosome 4.

Abbreviations:GLPs, germin-like proteins; ABRC,ArabidopsisBiological Resource Center at The Ohio State
University (arabidopsis+@osu.edu).

Introduction

Germin1 is a 130 kDa homopentameric protein [43]
first detected in germinating cereals. Later, this protein
was found to be present in cereal cell walls, and still
later by combined analysis of its genetic coding ele-
ments and assay of its possible activity was found to
be an enzyme: oxalate oxidase (for review, see [38]).

1 Journal Paper No. J-17352 of the Iowa Agriculture and Home
Economics Experiment Station, Ames, Iowa. Project No. 3340.

Germin is expressed primarily in germinating embryos
of monocots.

Proteins with sequence identity to germins have
been identified from wheat [37] as well as from other
plant species. The expression of these germin-like pro-
teins (GLPs) varies widely among plant species. In
Sinapis alba, a germin-like protein, SaGLP, is ex-
pressed in a circadian oscillation in the epidermis and
spongy parenchyma of young leaves [26]. This accu-
mulation occurs in the extracellular spaces and when
the primary cell wall material is lost, the SaGLP is
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no longer detected. In the ice plant,Mesembryante-
mum crystallinum, a germin-like protein (McGLP) is
expressed in roots and decreases in response to salt
stress [47]. The sequence of a GLP from Japanese
Morning Glory,Pharbitis nil (PnGLP), has also been
deposited in the GenBank [50], but no information is
available on its expression. Extracellular GLPs that
share both immunological identity and sequence iden-
tity with wheat germin have also been identified in
embryogenic cell cultures of Caribbean pine,Pinus
caribaea [16]. These proteins are not expressed in
nonembryogenic cell cultures.

Recently, germin has been identified as an oxalate
oxidase [19, 38]. Oxalate oxidase catalyzes the ox-
idative breakdown of oxalate (C2H2O4) into 2 CO2
plus H2O2. It has been suggested that germin con-
tributes to cell wall restructuring [38, 60] by producing
H2O2 which is required for the peroxidase catalyzed
cross-linking of many cell wall components [21, 56].

An alternative recent proposal for the function of
germin and germin-like proteins is that these proteins
may be involved in plant defense [34, 33]. Hydro-
gen peroxide has been shown to play a central role
in plant defenses. H2O2 has direct antimicrobial ef-
fects [34], and has also been proposed to function as
a second messenger in the activation of defense gene
expression, including phytoalexin biosynthetic path-
way, hypersensitve responses and the PR responses
[3, 13, 14, 39]. Further, H2O2 participates in oxida-
tive crosslinking of structural cell wall proteins [9, 10,
56] and induces specific genes encoding enzymes such
as glutathioneS-transferase that are involved in plant
protection [39].

Some experimental evidence supporting the role of
germin-like proteins in plant defense already exists.
Indeed, a possible role for germins in plant defense
was suggested prior to the identification of their en-
zymatic activity. Germins are conspicuous in their
presence in rust-resistant, domesticated wheat and
other cereal crops [35]. Recently, it was independently
shown by several groups that both germin and oxalate
oxidase activity increase during powdery mildew at-
tack of barley [20, 28, 60]. Whether this increase in
the germin-like proteins of barley in response to pow-
dery mildew is a result of a specific pathogen mediated
induction or a response to altered osmotic state is not
yet clear. Nevertheless, because theArabidopsisGLPs
have not been associated with a known enzyme activ-
ity, the association between these proteins and plant
defense remains tenuous.

Recently, it has become clear that multiple forms
of germin-like proteins exist in plants. Three germin-
like proteins were recently identified fromArabidopsis
[46]. These proteins were termed Germin 1, Germin
2, and Germin 3; however, our analysis of theAra-
bidopsisgermin-like protein gene family indicates that
these proteins are not true germins and we suggest
that they be termed germin-like proteins rather than
germins. We have undertaken this characterization of
theArabidopsisGLP gene families to establish a con-
cise framework of allArabidopsisGLPs for the further
study.

Materials and methods

cDNA sequencing

DNA sequence reactions were performed using the
Applied Biosystems Prism Dye-deoxy Cycle Se-
quencing Kit. The reactions were run on an Applied
Biosystems Prism 377 DNA sequencer, Perkin-Elmer
Corp. Sequence was initiated from known vector se-
quences. On the basis of these runs, primers specific
to each GLP sequence were constructed to extend the
DNA sequence. DNA sequences were performed in
duplicate or triplicate for each run. Each strand was
completely sequenced, including sequencing through
all restriction sites and the entire sequence of each
cDNA was confirmed on the opposite strand.

DNA analysis tools

EST database searches were conducted using several
on-line tools, including: the University of Minnesota
search engines of EST Analysis Files using WAIS
(http://lenti.med.umn.edu/general−cdna/wais−search.
html) and BLASTn ([2] at http://lenti.med.umn.edu/-
cgi-bin/blast/blastn.cgi), the TIGR databaseArabidop-
sis EST name searcher (http://www.tigr.org/tdb/at/-
searching−at/at−name−search/at−name−search.html),
the Agricultural Genome Information Server database
search engine (http://probe.nalusda.gov:8300/cgi-
bin/query) and the NCBI dbEST search engine
(http://www.ncbi.nlm.nih.gov/dbEST/index.html).

The identity of each completed cDNA sequence
was verified using BLAST homology searches of
the GenBank [2]. The Wisconsin GCG package [22]
and DNA Strider [41] were used for a variety of
analyses on the DNA and protein sequences. The
N-terminal signal sequences were identified using
the PSORT protein sorting prediction tool ([49] at
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http://psort.nibb.ac.jp/). The molecular mass and the
pI were computed with the ExPASy Compute pI/Mw
tool ([8] at http://expasy.hcuge.ch/ch2d/pi−tool.html).
The secondary structure was analyzed with the Pro-
tein Predict tool at EMBL in Heidelberg ([52, 53]
at http://www.embl-heidelberg.de/predictprotein/pre-
dictprotein.html).

Results

Arabidopsiscontains a large multigene family of
GLPs

To identify already cloned germin-like proteins, we
searched theArabidopsisEST GenBank submissions
for germin-like proteins. These ESTs have been iso-
lated from 16 different cDNA libraries prepared for the
Arabidopsisgenome project in the USA and in France
[1].

This search identified 39 cDNAs encoding GLPs
from 35,680 total cDNAs in theArabidopsisEST data-
bases. Thus, mRNAs encoding GLPs represent about
0.1% of all of the mRNAs cloned in these libraries.
All of these ESTs were obtained from ABRC and
25 of these clones were completely sequenced. To-
wards the end of our analyses, nine clones (primarily
GLP1s, GLP3bs and GLP5s) were assigned to their
respective gene families after partial sequencing. The
identity and GenBank accession numbers of each of
the cDNAs used in this study are shown in Table 1.

In addition, ArabidopsiscDNAs encoding three
germin-like proteins termed At-Germ1 [51], At-
Germ2 [25], and At-Germ3 [46] have been deposited
in GenBank. These cDNAs have been included in our
analysis of the germin-like proteins fromArabidopsis.
One GLP1 cDNA apparently has been lost from the
ABRC collection [23].

Expression of the GLP cDNAs

Alignment of the DNA sequences of the 39 sequenced
GLP cDNAs identified at least 12 unique sequences
that are expressed from theArabidopsis thaliana
genome. The sequences GLP1, GLP2, and GLP3 cor-
respond to the earlier published Germin 1, Germin
2, and Germin 3 sequences [25, 46, 51]. The re-
maining sequences were named GLP4 through GLP10
in the order in which they were sequenced. Two of
these, GLP2 and GLP3, have duplicate sequences
that are nearly identical and are named GLP2a/2b and
GLP3a/3b.

The frequencies that each GLP clone was identi-
fied are also presented in Table 1. Of allArabidopsis
GLP cDNAs, 36% (14/39) encoded the GLP1 pro-
tein. The second most abundant GLP cDNA identified
was GLP3b (6/39) followed by GLP5 (5/39), GLP2a
(3/39), GLP3a (2/39) and GLP10 (2/39). The remain-
der of the GLPs (GLP2b, GLP4, GLP6, GLP7, GLP8
and GLP9) were identified from single clones. Thus,
based upon the frequency of cloned transcripts it ap-
pears that the GLP1 gene is expressed at 2.5 to 14
times higher levels than other GLP genes.

The majority of these ESTs were isolated from
libraries made of mRNA from pooled tissues; conse-
quently, little information is available on their expres-
sion. Some clones, however, were isolated from tissue
specific libraries, and for these clones we can iden-
tify the tissues where the genes are expressed. As is
shown in Table 2, for the most highly expressed GLP,
GLP1, several clones were isolated from young shoots
and whole seedlings. GLP1 clones were also found in
libraries constructed from etiolated as well as green
tissues. For the second most abundant GLPs, GLP3b
and GLP5, several clones were isolated from the same
library derived from 3-day old seedling hypocotyls.
One GLP3b clone was isolated from a cDNA library
prepared from sliced leaves that were incubated in
liquid culture. It is thus interesting to note that for
those clones where a tissue of identity can be assigned,
the vast majority come from young shoots, etiolated
and green seedlings or from hypocotyl shortly after
germination. The only clones that were not present
in young tissues were the GLP2a/b clones that were
expressed in immature siliques. In every case, these
GLP2 clones, representing 10% of all the GLP clones
isolated, were isolated from siliques. The remainder of
the clones, GLPs 3a, 4, 6, 7, 8, 9, and 10, represent-
ing 26% of the isolates, could not be assigned to any
tissues of origin.

The GLP cDNA family

To evaluate the relationships between these cDNAs,
the nucleotide sequences were aligned with the GCG
tool, ‘PileUp’ [22]. This program creates a multiple
sequence analysis using progressive pairwise align-
ments. It also generated the dendrogram shown in Fig-
ure 1A. This figure shows the relationships between
all published germin and GLP cDNAs. Of all GLP
cDNA sequences analyzed, GLP7 is the most unique.
This clone does not appear to have any close rela-
tives among any of theArabidopsisGLPs examined or
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Table 1. Classification of germin-like proteins fromArabidopsis.

Number of GLP GenBank accession numbers EST clone

clones found locus this worka previous name

14 GLP1 U75189 H36759 178G21T7

U75190 T13617 21C9T7

U75196 Z30804/5 43546/7 VBVBC10e

U75197 N38578 220E6T7

U75201 T22370 104E20T7

U75206 T22353 104D20T7

U95034 W43261 249C3T7

U95035 T14124 47F11T7
b T88402 156B13T7
b Z18183 14032
b,c N38403 216C14T7
b,d X91921 (At-GERM1)
b AA067403 88L19T7
b AA067568 85C7T7

3 GLP2a U75192 Z17674 14147 (YAP134T)

U75204 Z17644 14105 (YAP091T7)
b AA395913 304B1T7

1 GLP2b b,d X91957 (At-GERM2)

2 GLP3a U75188 T44248 111F21T7

U75203 T14021 45D6T7

6 GLP3b U75193 T44629 128A6T7

U75195 T42098 110H21T7

U75205 H76449 195B22T7
b Z26437 (At-GERM3)
b AA042754 E8E6T7
b AA040958 E2F12T7

1 GLP4 U75187 T42670 114H1T7

6 GLP5 U75191 H36918 180L10T7

U75198 N38123 219H4T7

U75199 N38257 222A11T7

U75200 R65243 168B5T7
b T46829 145C14T7
b AA041156 E2C8T7

1 GLP6 U75194 R84146 157N14T7

1 GLP7 U75202 T88481 157B12T7

1 GLP8 U75207 T44499 125O15T7

1 GLP9 U81294 N65240 223N10T7

2 GLP10 U95036 W43342 250C6T7

b AA042591 269F10T7

aSequences of clones used in this work were deposited in GenBank as new accessions with
links to the older accessions that were only partially sequenced.
bThese clones were partially sequenced. The resulting sequence was sufficient to assign these
clones to their respective families.
cGenBank locus N38403 contains the sequence of a germin-like protein, however, we re-
quested this clone twice from ABRC. Both times the clone supplied was of a different cDNA
related toZea maysIAA glucose synthase (GenBank U81293) [23]. Apparently the clone
having the sequence reported in GenBank locus N38403 has been lost.
dTheArabidopsis thalianaclone for At-Germ1, At-Germ2, and At-Germ3 were isolated and
characterized by Dr M. Raynal and coworkers (Université de Perpignan, France)
eClones 4346 (Atts2554) and 43547 (Atts2555) are the same clone sequenced from either
end.
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Table 2. Tissue of cDNA origin

Protein % of Clones Expression

GLP1 36 etiolated seedlings

whole seedlings

green shoots

GLP 2a/b 10 immature siliques

GLP3b 15 seedling hypocotyl, 3-day

sliced leaves in liquid culture

GLP5 13 seedling hypocotyl, 3-day

all others 26 mixed tissues

among any previously characterized germin-like pro-
teins. The remainder of the GLPs belong to one of four
subfamilies. The wheat and barley germins form one
subfamily (the true germins) that is dissimilar from
all other germin-like protein subfamilies. None of the
ArabidopsisGLPs are closely related to the true wheat
germins. The GLP subfamily 1 consists of theAra-
bidopsisGLPs (GLP2a, GLP2b, GLP6 and GLP9)
and theMesembryanthemum crystallinumgermin-like
protein, McGLP. The GLP subfamily 2 consists of the
ArabidopsisGLPs (GLP4, GLP5, GLP8 and GLP10).
No non-Arabidopsismembers of this GLP subfamily
2 have been identified to date from any plant species
other thanArabidopsis. Finally the GLP subfamily 3,
which is the most abundant (comprising 56% of all
ArabidopsisGLP cDNAs), consists of theArabidop-
sis GLPs (GLP1, GLP3a, and GLP3b) as well as the
GLPs isolated fromPharbitis nil, Brassica napusand
Sinapis alba. The BnGLP cDNA is most like theAra-
bidopsisGLP1 cDNA while the SaGLP cDNA is most
similar to the GLP3 cDNAs. The PnGLP is the most
dissimilar of the GLP subfamily 3 clones; however,
based upon the conservation of methionine at position
105 (see below), this clone is a GLP1 member.

The majority of the GLP cDNAs are near full-
length with 5′-untranslated regions between 30 and
50 nucleotides long. Exceptions are GLP7, GLP9 and
GLP10, each of which is incomplete. The GLP7 clone
is missing ca. 200 to 250 nucleotides from the 5′ end
resulting in about 70 amino acids missing from the N-
terminal sequence of the protein. Nevertheless, the re-
maining sequence of GLP7 is sufficiently distinct from
the other GLPs, indicating that it is a novel GLP. The

GLP9 cDNA is missing its 5′-untranslated region and
at least one or possibly more codons at the N-terminus
of the GLP9 protein. The GLP10 cDNA is missing
its 5′-untranslated region and approximately 15 amino
acids at the N-terminus of the GLP10 protein.

With the exception of GLP8, none of the full-
length cDNAs had the optimal translation initiation
sequences identified by Kozak [32]. For those GLP
families in which multiple cDNAs were sequenced,
we found that the 3′ polyadenylations sites were very
heterogeneous with utilized sites spread over as much
as 100 nucleotides (data not shown).

Closely related GLPs
We have identified two GLP members (GLP2 and
GLP3) that each have distinct but very closely re-
lated multiple cDNAs. We have therefore termed these
GLP2a/b and GLP3a/b. We characterized 3 members
GLP2 clones, all of which belonged to the GLP2a
subfamily. We did not characterize any GLP2b clones,
but the AtGerm2 cDNA (GenBank X91957) was suf-
ficiently different from the GLP2a clones to indicate
a separate gene. We identified eight GLP3 clones,
two GLP3 members being GLP3a, and six members
consisting of GLP3b.

Differences between GLP2a and GLP2b.There were
seven point mutations observed as differences between
the GLP2a and GLP2b cDNAs (Table 3). Two of these
were transitions and five were transversions. All oc-
curred within the coding region of the cDNAs. In
contrast to the GLP3 genes, there were no deletions
observed between GLP2a and GLP2b. Of the seven
point mutations, six resulted in changes in the amino
acid sequences between GLP2a and GLP2b.

Differences between GLP3a and GLP3b.We iden-
tified 23 nucleotide sequence differences between the
cDNAs encoding GLP3a and GLP3b. These were scat-
tered throughout the cDNAs (Table 3). Fifteen of these
differences were point mutations and the remaining
eight were deletions. Fourteen of these point mutations
occurred within the coding region of the cDNAs. The
remaining one occurred just after the stop codon in the
3′ untranslated region. No mutations were identified in
the 5′-untranslated region. Of the 15 point mutations,
transversions occurred at five locations while transi-
tions occurred at the remaining 10 locations. With one
exception all of the point mutations are silent. The
single non-silent point mutation is an A→ C transver-
sion occurring at position 209 of the cDNA resulting
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Figure 1. Germin and germin-like protein sequences in plants. A. Relationships of the GLP cDNAs. The dendritogram was prepared with
the GCG tool, PileUp. The sequences used for this analysis were At-GLP1 (GenBank Accession U75206); At-GLP2a (U75192); At-GLP2b
(X91957); At-GLP3a (U75188); At-GLP3b (U75195); At-GLP4 (U75187); At-GLP5 (U75198); At-GLP6 (U75194); At-GLP7 (U75202);
At-GLP8 (U75207); At-GLP9 (U81294); At-GLP10 (U95036); Ta-Germin 2.8,Triticum aestivumgermin gene 2.8 (M63223, nucleotides
1695–2725); Ta-Germin 3.8,Triticum aestivumGermin gene 3.8 (M63224, nucleotides 1217–2238); Hv-72,Hordeum vulgareC 72 Germin
(U01963); SaGLP,Sinapis albagermin-like protein (X84786); McGLP,Mesembryanthemum crystallinumgermin-like protein (M93041);
PnGLP,Pharbitis nil germin-like protein (D45425); BnGLP,Brassica napusgermin-like protein (U21743). The frequency that each of the
ArabidopsisGLPs were found is presented below their names. The subfamilies of germin-like proteins are GLP7, germin, GLP subfamily 1,
GLP subfamily 2, and GLP subfamily 3. B. Amino acid identity between all germins and germin-like proteins. Following alignment of these
translated amino acid sequences from the cDNAs and genes shown in A, the sequences were compared to determine the identity between each
pair of sequences. The data in the upper right quadrant compares the ranges of identity between the non-Arabidopsisgermins and GLPs with
each of theArabidopsisGLP family groups.
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Table 3a.Differences between At-GLP2a and At-GLP2b.

Position Type GLP2a GLP2B Mutation

1 196 point G C Gly63→ Ala63

2 301 point G T Arg98→ Leu98

3 303 point A G Ile99→ Val99

4 323 point C G Gly105 (silent)

5 327 point A G Asn107→ Asp107

6 412 point A T Gln135→ Leu135

7 413 point A T Gln135→ Leu135

in a Lys-59 to Thr-59 change between GLP3a and
GLP3b. All of the deletions occurred within the 3′-
untranslated region. Seven of the eight deletions were
single nucleotide deletions, and the remaining one was
a deletion of 18 nucleotides that is absent in GLP3b
but is present in GLP3a.

GLP proteins

The relatedness of the germin-like proteins (deduced
from the GLP cDNAs) is shown in Panel B of Figure 1.
The data is presented as the percent identity between
the various GLPs. All the GLPs share at least 31%
identity at the amino acid level. GLP7 shows the low-
est level of amino acid identity with the other GLPs
(31 to 36%). This is similar to the identity found at the
nucleotide level. The wheat and barley germins also
share low levels of amino acid identity with the other
GLPs. The GLPs in subfamily 1 share 72 to 82% iden-
tity with each other (excluding the GLP2a to GLP2b
identity, 98%). In general, theMesembryanthemum
GLP shares less identity with the otherArabidopsis
subfamily 1 GLPs than theseArabidopsisGLPs share
among themselves. TheArabidopsiscDNA most like
theMesembryanthemumGLP is GLP9. The GLP sub-
family 2 shows 46 to 53% identity among themselves,
and lower levels of identity with other GLPs. Finally,
subfamily 3 shows 62% identity at the amino acid level
between GLP1/GLP3a and GLP1/GLP3b. As seen
above, the GLP3a and GLP3b share nearly complete
(>99.5%) identity. The inset at the upper right of panel
B, shows theSinapis albaGLP shares 94% amino acid
identity with each of theArabidopsisGLP3 proteins
but lower identity (64%) with the GLP1 protein. The
Brassica napusGLP shares 88% amino acid identity
with theArabidopsisGLP1 protein and lower identity
(63%) with the GLP3 proteins. ThePharbitis nilGLP

shares 55 to 58% amino acid identity with all of the
GLP subfamily 3 proteins.

By aligning 19 published germins and GLP cD-
NAs, we identified 16 completely conserved amino
acid residues among all 19 clones from the seven
species (data not shown). A further 11 amino acids
are conserved in 18 of the 19 germin and GLP cD-
NAs. Among only theArabidopsisGLPs, there are
31 identical amino acid residues. These residues are
polydisperse throughout the proteins.

The most highly conserved region occurs near
the middle of the proteins. From amino acids
107 to 119, there is a region with nearly 50%
conserved identity. This conserved sequence is
GxxPh/pHT/hHPG/RAT/SE, where h signifies a hy-
drophobic residue. This is the same sequence that
identifies a region of similarity withPhysarum
spherulin proteins [6, 36]. The conservation in this
region is also variable among the various GLP subfam-
ilies. This conservation is greatest in GLP subfamily
3. These GLPs have a conserved hydrophobic residue
(either Leu or Met) at position 5 and a Gly at position
10, while all other germins and GLPs conserve a Pro
at position 5 and an Arg at position 10. In the GLP
subfamily 3, a leucine is present at position 5 of this
sequence in GLP3a, GLP3b and SaGLP proteins and
the methionine is present in this position in GLP1,
BnGLP and PnGLP proteins. Whether this region of
highest conserved identity among the GLPs bears any
significance to enzyme function is not clear. However,
the finding of class specificity in sequence conserva-
tion among the different family groups may indicate
that the different family groups could play different
roles within plants.

A pair of conserved cysteines is located near the
N-terminus throughout the GLP family and may form
a disulfide bond. No other conserved cysteines were
identified. However, GLP3a, GLP3b, GLP4, GLP5
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Table 3b. Differences between At-GLP3a and At-GLP3b.

Position Type GLP3a GLP3b Mutation

1 120 point T C Asp29 (silent)

2 146 point A T Gly38 (silent)

3 209 point A C Lys59→ Thr59

4 375 point T C Val114 (silent)

5 399 point G A Gly122 (silent)

6 411 point T C Ser126 (silent)

7 414 point T C Ala127 (silent)

8 429 point A G Leu132 (silent)

9 435 point A T Thr134 (silent)

10 438 point T C Leu125 (silent)

11 447 point T A Gly138 (silent)

12 513 point A G Leu160 (silent)

13 552 point G A Gln173 (silent)

14 657 point A G Gly208 (silent)

15 675 point A T 3′ UTR

16 693 deletion T – 3′ UTR

17 701 deletion C – 3′ UTR

18 756 deletion – TTCTTCTAATGATTTGGT 3′ UTR

19 802 deletion G – 3′ UTR

20 805 deletion – T 3′ UTR

21 807 deletion T – 3′ UTR

22 813 deletion C – 3′ UTR

23 834 deletion – C 3′ UTR

and GLP7 also contain a single, unpaired cysteine.
These unpaired cysteines are found in GLP4 near the
N-terminus (C3), in GLP3a and GLP3b near the mid-
dle of the protein (C120), in GLP5 at the C-terminus
(C208) and in GLP7 at C50.

Each of these germin-like proteins was analyzed
for protein sorting signals and localization sites us-
ing the PSORT analysis tool, which identifies the
existence of signal sequences using several methods
[44, 48, 57]. With the exception of GLP4, which is
predicted to contain a non-cleavable N-terminal se-
quence, all of theArabidopsisGLPs contain a signal
peptide between 17 and 23 amino acids in length.
The GLP4 sequence lacks all elements of a cleavable
N-terminal sequence, including: the charged residues
near the N-terminus, the hydrophobic core and an ala-
nine within the first 25 amino acids. The remaining
signal sequences are presented in Table 4. Most of
these sequences have charged residues in either the
second or third position followed by a long stretch of
hydrophobic amino acids. All signal sequences with
the exception of GLP6 end with an alanine residue.

The secondary structure of each GLP was analyzed
using the Protein Predict tool at EMBL, Heidelberg.
Theα-helical content is relatively low in all of these
proteins, ranging from 3% to 20%. In contrast, theβ-
sheet ranges from 27% to 43%. The percent nonstruc-
tured (Loop) is ca. 55% for all GLPs. The location
of these secondary structural elements along the GLP
polypeptide backbones is shown in Figure 2.

As expected for all GLPs in which there is a
predicted cleavable N-terminal signal sequence, each
signal sequence contained anα-helix. In each of these
cases, theα-helix extends until near the site of signal
sequence cleavage. The GLP4 protein does not contain
a cleavable N-terminal sequence and likewise does
not contain anα-helical region near the N-terminus.
Instead, this protein contains a predictedβ-sheet struc-
ture near the N-terminus which is not found in the
other proteins. In addition to theα-helix located at
the N-terminus in most GLPs, there is anotherα-helix
located at the C-terminus for 11 of the 12 GLPs. GLP5
does not contain this C-terminalα-helix.

Most of the predicted secondary structures found
in the GLP gene family consist of 7 highly con-



937

Figure 2. Predicted secondary structures of the GLP cDNAs. The protein sequences determined from each GLP cDNA was analyzed for folding
patterns by the Protein Predict tool at EMBL in Heidelberg using the proteins predicted from the sequences listed in the legend to Figure 1.
The identity of each GLP cDNA is presented at the right of each structure. Two conservedα-helices are labeledα-1 andα-2. The conserved
β-structures are labeledβ-1 throughβ-7. Predicted sites of N-glycosylation are indicated.
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Table 4. Comparison of GLP proteins.

Pre-protein Mature proteina Signal sequencea Potential

N-glycosyl

Protein MWb pIb MW pI sites

GLP1 21559 9.3 19654 9.0 MLRTIFLLSL LFALSNA 59 (NTT)

GLP2a 23925 6.5 21567 6.2 MRVSQSLVPF AIIALVLSFV NA 77 (NVT)

GLP2b 23868 5.9 21510 5.6 MRVSQSLVPF AIIALVLSFV NA 77 (NVT)

GLP3a 21863 6.8 19564 6.3 MKMIIQIFFI ISLISTISFA 62 (NTS)

GLP3b 21836 6.3 19537 5.8 MKMIIQIFFI ISLISTISFA 62 (NTS)

GLP4 c – 21457 6.3 non-cleavable signal sequence 120 (NNT)

GLP5 21793 5.8 19397 5.8 MASPTLTLLL LLTTVSFFIS SSA 70 (NNT)

GLP6 24093 5.9 22167 5.3 MRVSKSLILI TLSALVIS 78 (NVT)

GLP7d – – – – – 5 (NVT)

GLP8 23033 8.9 20684 8.9 MARSMIPIFV TFNLVAAHMA LA 70 (NSS)

GLP9e 23244 5.8 21071 5.8 MTIK SLSFLAALS LFALTLPLVI A 77 (NVT)

GLP10f − − 21733 7.9 ...VIVLA 35 (NIT)

53 (NNT)

aThe N-terminal signal sequences were identified using the PSORT protein sorting predictor tool at
‘http://psort.nibb.ac.jp/’. The sequence of the mature protein was obtained by removing the predicted N-terminal
signal sequences from the translated cDNA sequences.
bThe molecular weight and pI analysis were performed using the ExPASy Protein Mw/pI tool at
‘http://expasy.chuge.ch/ch2d/pi− tool.html’.
cThe GLP4 protein contains a non-cleavable N-terminal signal sequence, therefore, this protein does not contain a
‘pre’ form.
dThe GLP7 protein is missing ca. 70 N-terminal amino acids, and was hence not analyzed.
eGLP9 is a nearly complete cDNA, but it is missing several amino acids from the N-terminus. The sequence provided
here was determined from the GLP9 genomic sequence.
fGLP10 is incomplete and could not be analyzed in a ‘pre’ form. The signal sequence and the N-terminus of the
mature protein was evaluated by adding amino acids 1 to 15 from the GLP3 protein to the GLP 10 N-terminus and
processing as with the others.

servedβ-pleated sheet domains, found primarily in
the C-terminal half of the proteins. The N-terminal
half of the proteins is less structured. Interestingly,
most of these conservedβ-structures are flanked
by absolutely conserved amino acid residues. These
conserved residues are frequently glycine. Glycine
residues are often conserved in enzymes for flexibil-
ity in enzyme structure and function [59]. In addition
to the major conservedβ-structures, several smaller
regions of secondary structure were also identified.
Severalα-helix andβ-sheet regions were found occur-
ring primarily in the large unstructured region between
β-1 andβ-2.

Finally, the structural elements were also deter-
mined for the wheat germin 3.8. As is shown in
the figure, the wheat germin 3.8 protein is extremely
similar to the Arabidopsis GLPs. It contains the
same predictedα-helices andβ-structures that are
conserved throughout theArabidopsisGLP families.
These structural similarities confirm the relationship
between the germins and the other GLPs. While it is

not clear that the enzymatic activities are conserved
between the different subfamilies, the folding patterns
of the proteins are probably very similar.

Possible sites of N-glycosylation are also illus-
trated in Figure 2. Ten of the 12 GLPs contain a
single N-glycosylation site located between amino
acids 60 and 80 (see Table 3). The GLP4 protein has
lost this site of N-glycosylation, however, this pro-
tein has acquired a new site located at Asn-120. The
GLP10 protein has acquired a second potential N-
glycosylation site near by the conserved site. Thus, all
ArabidopsisGLPs contain one or two putative sites of
N-glycosylation as does wheat germin [29].

The molecular mass and the calculated pl for each
GLP pre-protein and each mature GLP is also pre-
sented in Table 4. The molecular mass of each of the
mature GLPs is 21 to 22 kDa. This is similar to the
sizes of other germins and GLPs.
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The GLP3b gene is physically linked to the
polyubiquitin 4 gene

BLASTn homology searches [2] were performed on
each of the GLP cDNAs. The BLAST search for
one of these, GLP3b, identified a region of identity
with the Arabidopsis thalianapolyubiquitin 4 gene
(ubq4; GenBank accession number U33014 [12]). The
GLP3b clone shares near 100% identity with the up-
stream region of theubq4 gene. The 3′ end of the
GLP3b transcript maps to only 500 nucleotides from
the start of theubq4gene. Thus, the genomic arrange-
ment of the GLP3b-ubq4 locus is presented in Fig-
ure 3. Like the wheat germins [36], the GLP3b gene
does not contain introns.

The wheat gf-2.8 germin gene contains auxin reg-
ulatory elements in the proximal promoter [36] and
is also responsive to IAA [27, 34]. Therefore, we
searched the GLP3b promoter for the presence of pu-
tative regulatory elements. Two sequences similar to
the SAUR A box reported by McClureet al. [42],
(TGATAAAGG and TGACAAAA) were located at
−357 to −349 and−204 to −196 upstream from
the 5′ end of the GLP3b clone respectively. In ad-
dition, A single putative auxin-responsive element,
GTACCATGC, similar to the SAUR B′ box sequences
reported by McClureet al. [42], was located at−599
to−591 upstream from the 5′ end of the GLP3b clone.
Thus, the GLP3b gene may also be auxin-responsive.
A TATA box, TCTCTATATAAAC, which is nearly
identical (10/13) to the canonical plant TATA sequence
[30], was identified at 36 nucleotides upstream from
the 5′ end of the GLP3b cDNA.

GLP9 resides on chromosome 4

Blast searches also revealed that the GLP9 gene is
localized to a fragment of chromosome 4 (ESSA I
contig fragment 1) that was recently deposited in the
GenBank [7]. The GLP9 gene shown in Figure 3 is
located between 145 kb and 155 kb of the ESSA I
contig fragment 1.

The GLP9 cDNA is incomplete at its 5′ end. Com-
parisons of the cDNA and genomic sequences permits
us to identify those amino acids missing at the N-
terminus of the preGLP9 protein. Analysis of these
sequences indicates that the GLP9 reading frame ends
66 nt upstream from the 5′ end of the GLP9 cDNA
and identifies only a single methionine codon in frame
with the GLP9 cDNA coding sequence. This in frame
methionine codon is 11 nucleotides upstream from the

5′ end of the GLP9 cDNA and encodes a Met-Thr-
Ile-Lys tetrapeptide that we have taken as the true N-
terminus of the preGLP9 protein. This sequence was
used in all analyses of the preGLP9 protein (above).

Because the GLP9 gene is incomplete at the 5′
end, the length of the 5′ UTR is also unknown. Two
potential TATA boxes were identified in the proximal
GLP9 promoter. Both of these sequences have similar
degrees of identity (10/13) with the canonical plant
TATA box [30]. The first is located 77 nucleotides
upstream from the methionine start codon and the
second is located 100 nucleotides upstream from the
methionine start codon.

The 2471 bp intergenic region between the GLP9
coding region and the coding region of the 5′-flanking
genes, a rat SVP homologue must contain promoter
sequences required to drive each of these genes.
Analysis of this intergenic region demonstrated no sig-
nificant stretches of either direct or inverted repeats.
Like the GLP3b promoter, an auxin A regulatory
element, TAATGAAAG [42], was identified in the
GLP9 promoter at−280 to−272 upstream from the
methionine start codon. In addition, two Box 1 light-
regulating elements [24] TTTCAAA were identified
in the proximal GLP9 promoter at−295 to−289 and
−182 to−175 upstream from the methionine start
codon. These sequences may function to express the
GLP9 protein in a circadian oscillation as has been
found with other GLPs (26). In contrast to the GLP3b
gene and the true germin genes that have been previ-
ously analyzed, the GLP9 gene contains a single 92 bp
intron interrupting the coding region of the preGLP9
protein at amino acid Val-44.

Discussion

Our interest in germin-like proteins stems from the re-
cent observations that germin-like proteins may func-
tion in plant defenses [19, 28, 60]. TheArabidopsis
GLPs are not yet known to be associated with an
enzyme activity that can be directly linked to plant de-
fenses. Nevertheless, the similarity of theArabidopsis
GLP proteins at the amino acid sequence and protein
structural levels to the cereal germin proteins indi-
cates that these proteins are highly related and may
share biological activities. To examine the role of
germin-like proteins in plant defenses we have begun
by characterizing all of the germin-like cDNAs that
have been isolated from numerousArabidopsiscDNA
libraries. This analysis has demonstrated that there are
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Figure 3. Structure of genes encoding GLP3b and GLP9. DNA sequences for theArabidopsis thalianaGLP3b and GLP9 genes were identified
in GenBank searches. The genomic sequences are represented by the horizontal lines. Various identified genes are indicated by the hatched
boxes located on the arrows. The direction of the arrows indicate the direction of transcription. The GLP genes are indicated by the striped
boxes in the center of the fragment. Introns are presented as V-shaped structures below the various genes. A scale of gene size is presented
below the chromosomal fragments.

at least 12 transcribed GLP genes within theArabidop-
sisgenome. The proteins encoded by these mRNAs all
share a minimum of 31% amino acid identity. These
12 sequences fall into four related subfamilies which
show a higher level of conserved amino acid identity
among the subfamily members.

With a single exception, all of the translated pro-
teins contain an N-terminal signal sequence. The N-
terminal signal sequences vary in length from 17 to 23
amino acids and all show characteristics of classical
N-terminal signal sequences, (i.e., anα-helical core
regions flanked by charged amino acids, ending in an
alanine). With the exception of GLP4 which does not
contain a cleavable N-terminal signal sequence, the
accumulation of the proteins are predicted to occur at
three different sites; outside the cell, in the vacuole and
at the plasma membrane.

This predicted pattern of intracellular localization
is similar to that of the PR proteins in plants [40]. PR
proteins are also found as multigene families having
both acidic and basic forms that accumulate both in-
tracellularly and extracellularly [45, 55]. However, it
is not known whether the acidic and basic forms of
theArabidopsisGLPs accumulate at different cellular
locations as the PR proteins do.

Dratewka-Koset al. [18] indicate that germin con-
tains a long stretch of uncharged amino acids that may
mediate its homopentameric assembly. We therefore
examined the GLP clones for distribution of charge.
The average overall density of charged residues is
14.8% for all of the mature GLPs. However, the charge
distribution is heterogeneous in the GLP family. There

are two regions with a low charge density having only
2.5% charged residues throughout these regions. The
first region is located between amino acids 60 to 99 in
theβ-1 toβ-2 loop and contains the conserved site of
N-glycosylation. The second stretch is found at amino
acids 169 to 198 and overlaps both theβ-6 andβ-7 re-
gions. For comparison, the average charge density was
calculated for the three remaining regions (N-terminus
to amino acid 59: amino acids 100 to 168; and amino
acids 199 to C-terminus). These three regions show
24.5%, 19.2% and 24.8% charged residues, respec-
tively. The uncharged region in wheat germin is lo-
cated at amino acids 147 to 180 of the mature protein
[18]. This corresponds to our charge deficient region
2 that is present among theArabidopsisGLPs. If this
region is responsible for the homopentameric nature
of these proteins as proposed by Dratewka-Koset al.,
it is possible that the conservedβ-6 andβ-7 structures
may mediate this interaction.

The finding that germin-like proteins may be gly-
cosylated is not surprising since many secreted pro-
teins in both plants and animals are glycosylated.
However, the finding of a conserved glycosylation site
in all of the GLPs is intriguing. In 11 of the 12 distinct
clones examined, there are conserved glycosylation
sites within a stretch of only 10 amino acids. In addi-
tion, the site of N-glycosylation in wheat germin is at
position 47 and/or 52 of the mature polypeptide [18].
Thus, this site of glycosylation within the germins and
GLPs has been conserved in both monocots and dicots,
over a timeframe of about 125 million years [17].
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The mRNAs produced from several of the GLP
genes were found to be quite heterogeneous at their
respective 3′ ends. Correct mRNA 3′ formation is an
essential step in gene expression [58], and consensus
sequences have been identified for a variety of eukary-
otic mRNAs including plants [15]. For the majority of
the GLP mRNAs, apparent polyadenylation sites sim-
ilar to those identified by Joshi [31] were recognized.
However, when the polyadenylation sites of 10 of the
GLP1 mRNAs were examined, 50% of the mRNAs
did not contain a consensus polyadenylation signal in
the proximity of the polyadenylation sites. In those
mRNAs that did not utilize a consensus polyadenyla-
tion signal, there was a sequence, CATTG, located 15
to 19 nucleotides upstream from the polyadenylation
site that has been previously implicated in polyadeny-
lation [4]. This signal is complementary to regions
within the small nuclear RNA U4, and suggests that
U4 small nuclear ribonuclear proteins (snRNPs) may
mediate polyadenylation in a manner similar to the
role of U1 snRNPs in splicing [5]. The finding that this
signal is as efficient as the ATTAAG signal indicates
that mRNA processing and polyadenylation is hetero-
geneous in plants. Further evidence of this comes from
the GLP5 mRNAs in which non-consensus polyadeny-
lation signals are used 75% of the time.

The proximity of the end of the GLP3b transcript
to theubq4 start signals should affect the expression of
one or both of these genes. It should be noted though
that both of these genes are apparently functional be-
cause multiple GLP3b transcripts as well as multiple
ubq4transcripts have been cloned as ESTs. However,
when transgenic plants were prepared expressing GUS
under the control of theubq4promoter, this promoter
was identified as a ‘poor’ responder (J. Callis, per-
sonal communication). It may be that this observed
poor level of expression of theubq4promoter in trans-
genic plants can be attributed to a functional gene in
the proximal promoter. The proximity of the GLP3b
gene to theubq4 gene raises some interesting ques-
tions regarding the genome organization and structure
in Arabidopsis. We have found such close proximity
of one gene to another is not uncommon. In separate
studies we have identified an EST located within the
promoter of theA. thalianaUMP synthase gene (Kafer
and Thornburg, unpublished). The 3′ end of this EST
maps to within 520 nucleotides of the 5′ end of the
UMP synthase cDNA. Thus, intergenic regions within
theArabidopsisgenome are frequently quite short.

Whether additional GLP sequences will be found
in association with regions further upstream from

the polyubiquitin genes will require further analysis.
However, it should be noted that the polyubiquitin
gene family and the germin-like protein gene family
are both large, relatively homologous gene families. It
may be that additional associations between the two
gene families will be noted with time.
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