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Over one-quarter of all plant genes encode proteins of unknown function that can be further classified as proteins with obscure
features (POFs), which lack currently defined motifs or domains, or proteins with defined features, which contain at least one
previously defined domain or motif. Although empirical data in the form of transcriptome and proteome profiling suggest that
many of these proteins play important roles in plants, their functional characterization remains one of the main challenges in
modern biology. To begin the functional annotation of proteins with unknown function, which are involved in the oxidative stress
response of Arabidopsis (Arabidopsis thaliana), we generated transgenic Arabidopsis plants that constitutively expressed 23
different POFs (four of which were specific to Arabidopsis) and 18 different proteins with defined features. All were previously
found to be expressed in response to oxidative stress in Arabidopsis. Transgenic plants were tested for their tolerance to oxidative
stress imposed by paraquat or t-butyl hydroperoxide, or were subjected to osmotic, salinity, cold, and heat stresses. More than
70% of all expressed proteins conferred tolerance to oxidative stress. In contrast, >90% of the expressed proteins did not confer
enhanced tolerance to the other abiotic stresses tested, and approximately 50% rendered plants more susceptible to osmotic or
salinity stress. Two Arabidopsis-specific POFs, and an Arabidopsis and Brassica-specific protein of unknown function, conferred
enhanced tolerance to oxidative stress. Our findings suggest that tolerance to oxidative stress involves mechanisms and

pathways that are unknown at present, including some that are specific to Arabidopsis or the Brassicaceae.

On average, 20% to 40% of all eukaryotic genomes
sequenced to date contain genes that encode for proteins
of unknown function (Gollery et al., 2006). We recently
used several different bioinformatics approaches to
annotate genes of unknown function in Arabidopsis
(Arabidopsis thaliana; Gollery et al., 2006, 2007; Horan
etal., 2008). One such approach used a hidden Markov
model protein family (HMMPFAM) search to identify
all proteins that contain no previously defined do-
mains or motifs. These unknown proteins were termed
proteins with obscure features (POFs) and were dis-
tinguished from proteins with defined features (PDFs),
which contained at least one previously defined domain
or motif (Gollery et al., 2006, 2007). In a comparison
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among 10 different eukaryotic proteomes, including
yeast (Saccharomyces cerevisiae), Schizosaccharomyces pombe,
Arabidopsis, rice (Oryza sativa), Drosophila melanogaster,
Anopheles gambiae, Caenorhabditis elegans, Mus musculus,
Rattus norvegicus, and Homo sapiens, POFs were found
to be similar to PDFs in their relative contribution to
biological function, as indicated by their transcript
expression, participation in protein-protein interac-
tions, and association with mutant phenotype (Gollery
et al., 2006). Surprisingly, 60% of the POFs identified
within the different proteomes were, on average, spe-
cies specific, compared to only 7.5% of the PDFs
(Gollery et al., 2006). POFs were also found to contain
more disordered structure and were shorter and more
hydrophilic than PDFs (Gollery et al., 2006). A compar-
ison among the Arabidopsis, rice, and poplar (Populus
trichocarpa) proteomes identified over 2,000 POFs that
were specific to Arabidopsis and revealed that POFs
were mainly represented as singletons within the dif-
ferent plant proteomes (Gollery et al., 2007).

The identification of over 5,000 proteins of unknown
function in Arabidopsis suggests that many of the
known pathways and networks currently being stud-
ied in Arabidopsis include additional genes and pro-
teins that have an unknown function (Gollery et al.,
2007; Horan et al., 2008). Some of these can be iden-
tified using correlation studies, which are based on
transcriptome profiling analyses (Horan et al., 2008).
In addition to the proteins with unknown function that
might participate in known pathways and networks,
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many POFs and PDFs in plants can serve unknown or
possibly novel functions involved in basic or special-
ized processes and might comprise new and undis-
covered pathways (Gollery et al., 2006, 2007). The
identification of genes with unknown function, such as
POFs, which are unique to Arabidopsis, might suggest
that some of these proteins are associated with or
involved in processes that are unique to Arabidopsis
or the Brassicaceae (Gollery et al., 2007). An additional
possibility, however, is that some POFs fold and func-
tion much like some of the known proteins but do not
share any sequence similarity to them (Siew and
Fischer, 2004; Gollery et al., 2006). Additionally, some
POFs and PDFs might represent misannotated proteins
or genes (Gollery et al., 2006). The functional character-
ization of genes with unknown function might provide
an insight into the role of unknown proteins in differ-
ent organisms and has become a major goal in modern
biological research (Fischer and Eisenberg, 1999; Alonso
et al., 2003; Chothia et al., 2003; Siew and Fischer, 2003;
Roberts, 2004; Gollery et al., 2006, 2007).

To begin the functional characterization of proteins
with unknown function in Arabidopsis, we identified 41
different proteins of unknown function that respond to
endogenous oxidative stress in Arabidopsis (Davletova
et al., 2005a) and constitutively expressed them in
transgenic plants. We specifically chose oxidative stress
as our source for genes of unknown function, because
this stress is considered to be common among many
different aerobic organisms, and many of the known
pathways and genes involved in the response of dif-
ferent organisms to oxidative stress have overlapping
functions and/or structural similarities (Asada and
Takahashi, 1987; Halliwell and Gutteridge, 1999; Mittler
et al.,, 2004; Halliwell, 2006; Vandenbroucke et al.,
2008). We found that more than 70% of the expressed
unknown proteins conferred tolerance to oxidative
stress. In contrast, the majority of expressed unknowns
(>90%) did not confer tolerance to the other stresses
tested, and approximately 50% of the expressed un-
known proteins rendered plants more susceptible to
osmotic or salinity stress. Two Arabidopsis-specific POFs
and an Arabidopsis- and Brassica-specific protein of
unknown function, which contained a zinc finger do-
main, conferred enhanced tolerance to oxidative stress
when expressed in transgenic plants. Our findings
suggest that tolerance to oxidative stress in Arabidop-
sis involves different proteins, pathways, and mecha-
nisms that are unknown at present, including some
that are specific to Arabidopsis or the Brassicaceae.

RESULTS

Selection of POFs and PDFs and Generation of
Transgenic Plants

In a previous study, we conducted a detailed Gene-
Chip (ATH1) time-course analysis comparing wild-type
plants to knockout plants lacking the key hydrogen
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peroxide (H,O,) scavenging enzyme cytosolic Apx1
(ascorbate peroxidase 1) subjected to a moderate
treatment of light stress (Davletova et al., 2005a). This
treatment resulted in the endogenous accumulation of
H,0, and oxidized proteins in the knockout plants com-
pared to the wild types during light stress (Davletova
et al., 2005a). Of the 3,915 transcripts that were found
to be significantly altered in their expression in knock-
out-Apx1 plants, compared to wild types, during this
treatment, 119 were designated as unknowns by the
GeneChip (ATH1) annotation (Davletova et al., 2005a).
Fifty of these were selected based on their mRNA
abundance in the knockout plants (exceeding a 2-fold
increase threshold), the availability of pUni clones
(Yamada et al., 2003), and the lack of internal restric-
tion sites used for cloning into the binary vectors. Of
the 50 clones selected, 41 clones were successfully used
in the generation of transgenic plants. As shown in
Table I, 23 of these proteins were designated as POFs
and 18 as PDFs (unknowns that contained a previously
defined domain or motif).

All pUni clones obtained from the Arabidopsis
Biological Resource Center (Yamada et al., 2003) were
PCR cloned into pGEM-T vectors and sequenced.
They were then cloned into a modified pGreen binary
vector (Hellens et al., 2000; Suzuki et al., 2008) as an in-
frame fusion protein upstream to GFP and expressed
in transgenic plants under the control of the cauliflower
mosaic virus (CaMV) 35S promoter (35S5::POF-GFP;
C-terminal fusion). At least 15 independent transgenic
lines were initially obtained for each unknown protein.
These were scored based on the presence of the select-
able marker (hygromycin), GFP imaging, and transcript
and protein expression. Two homozygous indepen-
dent lines with similar expression levels of the POF-
GFP transcript/protein were then selected for each
gene for further analysis.

To examine the relationship of the different unknown
proteins to other organisms, their predicted amino acid
sequences were compared with the National Center for
Biotechnology Information nonredundant, as well as
EST, databases translated in all reading frames, and a
BLAST E-value cutoff of 10~° was used to determine
sequence homology with other organisms (http://
www.ncbinlm.nih.gov/; Gollery et al., 2006, 2007; Ta-
ble I). The proteins were then classified as Arabidopsis-
specific (i.e. homology was found only to Arabidopsis),
plant-specific (i.e. homology was found to at least one
other plant; with the exception of AT5G18040 and
AT2G22080 that had homology only to Arabidopsis
and Brassica napus and were designated as such), or
found to have homologs in other plants or organisms,
including algae, microbes, and/or animals (Table I).
Altogether, we identified four Arabidopsis-specific,
two Arabidopsis- and Brassica-specific, and 25 plant-
specific proteins. Interestingly, despite the relative sim-
ilarity in transcript expression in response to oxidative
stress between plants and animals (Vandenbroucke et al.,
2008), only three of the unknown proteins identified
and selected for analysis in Arabidopsis had homologs
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Table I. Annotation, homology, and predicted length of the proteins expressed in transgenic plants

A summary of the different proteins with unknown function expressed and characterized in transgenic plants. The locus, pUni, and predicted length

are given on the left for each clone. Homology to other organisms determined by a BLAST cutoff value of 10~

search are given on the right. *, Has homolog in Xanthomonas.

6 and annotation based on an HMMPFAM

Length

Locus pUni Clone (Amino Acids) Homology Annotation
AT1G11210 U13249 308 Plant Contain DUF761 domain
AT1G13340 U51136 409 Plant, microbial Contain DUF292 domain
AT1G14870 U24063 152 Plant Contain PLAC8 domain
AT1G19020 U11998 86 Plant Unknown (POF)

AT1G21520 U50590 66 Arabidopsis Unknown (POF)

AT1G27330 U22724 68 Plant, animal, microbial Contain ribosome associated
membrane RAMP4 domain

AT1G32220 U17408 296 Plant, algae, fungi Contain epimerase/dehydratase
domain

AT1G50170 U20498 225 Plant, microbial Contain Cbix domain

AT1G50290 U14460 134 Arabidopsis Unknown (POF)

AT1G52200 U22606 190 Plant Contain PLAC8 domain

AT1G64360 Ue61211 85 Arabidopsis Unknown (POF)

AT1G72060 U62101 81 Plant Contain Ser-type endopeptidase
inhibitor domain

AT1G73120 U60254 109 Plant Unknown (POF)

AT1G78410 U21397 108 Plant Contain VQ motif

AT1G80130 U09684 305 Plant Unknown (POF)

AT2G04795 U12390 95 Plant Unknown (POF)

AT2G15560 U61937 489 Plant, animal, microbial Contain DUF537 domain

AT2G19310 U18059 162 Plant Contain HSP20/a-crystallin domain

AT2G21195 U23029 93 Plant Unknown (POF)

AT2G22080 U61331 177 Arabidopsis, Brassica Contain zinc finger domain

AT2G24150 u10208 344 Plant, animal, microbial Contain HIylll domain

AT2G40000 U10524 435 Plant Contain Hs1pro-1 domain

AT2G41650 S66967 66 Arabidopsis Unknown (POF)

AT2G44240 U14883 402 Plant* Contain DUF239 domain

AT3G08670 uU61987 567 Plant Unknown (POF)

AT3G10020 U13057 149 Plant Unknown (POF)

AT3G14430 U23423 76 Plant Unknown (POF)

AT3G16670 U22022 154 Plant Unknown (POF)

AT3G20340 U63078 115 Plant Unknown (POF)

AT3G23910 Uu19105 421 Plant Unknown (POF)

AT3G51610 u24527 230 Plant, algae Unknown (POF)

AT3G60980 U24736 412 Plant Contain pentatricopeptide repeat
domain

AT4G08940 U61884 395 Plant Contain ubiquitin hydrolase domain

AT4G12000 U20042 306 Plant, microbial Contain SNARE domain

AT4G17070 U14323 240 Plant, algae Unknown (POF)

AT5G18040 U11383 252 Arabidopsis, Brassica Unknown (POF)

AT5G19875 U61271 123 Plant Unknown (POF)

AT5G27830 U09971 300 Plant, algae Unknown (POF)

AT5G43750 U50098 212 Plant Unknown (POF)

AT5G50350 U24198 584 Plant Unknown (POF)

AT5G59080 U11769 135 Plant Unknown (POF)

in animals (AT1G27330, AT2G15560, and AT2G24150;
Table I). It should be noted, however, that the domain
and homology identification for the proteins included
in this study is likely to change with time as more plant
sequences and HMMPFAM models will be deposited
in public databases (Gollery et al., 2006, 2007).

Oxidative and Abiotic Stress Assays

To examine the stress tolerance of the different trans-
genic lines expressing proteins of unknown function,
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seedlings of transgenic plants were subjected to dif-
ferent oxidative and abiotic stresses, as described pre-
viously (Davletova et al., 2005b; Mittler et al., 2006;
Ciftci-Yilmaz etal., 2007; Miller et al., 2007). As controls,
we used seedlings of transgenic plants that expressed
GFP under the control of the CaMV 35S promoter
(355::GFP) and seedlings of wild-type plants.

As shown in Figure 1 and Supplemental Table S1,
more than 70% of the lines expressing proteins of
unknown function were found to be more tolerant
to oxidative stress imposed by paraquat or t-butyl
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Figure 1. Tolerance of transgenic Arabidopsis seedlings expressing proteins of unknown function to oxidative stress. A, Root growth
assays showing tolerance to t-butyl hydroperoxide in seedlings of transgenic plants. B, Root growth assays showing tolerance to
paraquat in seedlings of transgenic plants. C, A composite protein gel blot showing the expression level of the different fusion
proteins using GFP antibody. Molecular size of the different proteins is indicated in Supplemental Table S1. Two independent lines
were tested for each construct. WT, Control wild-type seedlings; AT2G41650 to AT2G40000, transgenic seedlings expressing
different proteins of unknown function under the control of the CaMV 35S promoter and fused in frame to the N terminal of GFP.

hydroperoxide (35 or 29 out of 41, respectively). In were found to be more sensitive to osmotic or salinity
contrast, as shown in Figure 2 and Supplemental Table stresses (21 or 27 out of 41, respectively). An inverse
51, the majority of expressed unknowns did not confer correlation between tolerance to oxidative stress im-
tolerance to osmotic or salinity stresses (>92%; 38 and posed by paraquat and salinity was identified in 46%
38 out of 41, respectively), and approximately 50% of the lines (a total of 19 different lines; Figs. 1B and 2B;
of the lines expressing protein of unknown function Supplemental Table S1). This finding was in agreement
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Figure 2. Tolerance of transgenic Arabidopsis seedlings expressing proteins of unknown function to osmotic and salinity stresses.
A, Root growth assays showing tolerance to osmotic stress in seedlings of transgenic plants. B, Root growth assays showing
tolerance to salinity in seedlings of transgenic plants. Two independent lines were tested for each construct. WT, Control wild-
type seedlings; AT2G41650 to AT2G40000, transgenic seedlings expressing different proteins of unknown function under the
control of the CaMV 35S promoter and fused in frame to the N terminal of GFP.

with our previous observation made with knockout-Apx1
plants that showed an inverse correlation between
tolerance to salinity and oxidative stress (Ciftci-Yilmaz
et al., 2007).

As shown in Figure 3 and below for Arabidopsis
and/or Arabidopsis- and Brassica-specific proteins,
the tolerance of selected lines was tested against a
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range of paraquat and t-butyl hydroperoxide concen-
trations to confirm the results shown in Figure 1 (ob-
tained with one concentration of paraquat and t-butyl
hydroperoxide). As shown in Supplemental Figure S1
and compared to the results obtained with oxidative,
salinity, and osmotic stresses (Figs. 1 and 2; Supple-
mental Table S1), tolerance to cold or heat stress was
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Figure 3. Tolerance of transgenic Arabidopsis seedlings expressing
proteins of unknown function to oxidative stress. A, Root growth assays
showing enhanced tolerance to a range of t-butyl hydroperoxide
concentrations in seedlings of transgenic plants. B, Root growth assays
showing enhanced tolerance to a range of paraquat concentrations in
seedlings of transgenic plants. Two independent lines were tested for
each construct.

not dramatically enhanced in the transgenic lines.
With the exception of AT5G19875 and AT1G11210,
no significant effects were also observed in the germi-
nation of the different lines in the presence or absence
of 0.5 uM abscisic acid (Supplemental Fig. S2; Supple-
mental Table S1).

As shown in Figure 1C, the expression level of the
different unknown proteins between the different
constructs did not correlate with the resistance phe-
notype (i.e. some constructs with a low expression
level in both lines tested showed enhanced tolerance to
oxidative stress compared to other lines with a high
level of expression in both lines tested). This result
suggested that the mechanism of action of the different
unknown genes is different and that for some genes,
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even a low expression level is sufficient to result in
high tolerance to oxidative stress.

Analysis of Arabidopsis-Specific POFs

To further characterize the four Arabidopsis-specific
POFs identified in this study (Table I), we examined
their relative mRNA abundance in response to different
abiotic stresses, as monitored by microarray (Affyme-
trix GeneChip) experiments and deposited in public
databases (Zimmermann et al., 2004; Miller and Mittler,
2006). As shown in Figure 4, AT2G41650 was mainly
expressed in roots in response to oxidative stress,
AT1G64360 was mainly expressed in roots in response
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Figure 4. A and B, Expression of four Arabidopsis-specific POFs and an
Arabidopsis- and Brassica-specific protein of unknown function in
response to different abiotic treatments in leaves (A) and roots (B) of
wild-type plants. Microarray expression data was obtained from
Genevestigator (Zimmermann et al., 2004) and is presented as fold
expression compared to control untreated (Miller and Mittler, 2006).
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to osmotic stress, AT1G21520 was mainly expressed in
roots in response to salt stress, AT2G50290 was mainly
expressed in roots and leaves in response to heat stress,
and AT2G22080 (an Arabidopsis- and Brassica-specific
protein used as a control) was mainly expressed in
leaves in response to cold stress. At least based on their
transcript expression patterns (Fig. 4; Davletova et al.,
2005a), the different Arabidopsis-specific POFs appear
to have a putative function in Arabidopsis during
stress.

As shown in Figure 5, constitutive expression of
four of the five proteins selected for further analysis
(AT1G64360, AT1G21520, AT2G50290, and AT2G22080)
resulted in an accelerated flowering time phenotype
when grown under short-day conditions. An altered
flowering time phenotype was previously observed for
certain oxidative stress mutants grown under con-
trolled growth conditions (Pnueli et al., 2003; Rizhsky
et al., 2003; Miller et al., 2007).

As shown in Figure 6, constitutive expression of two of
the Arabidopsis-specific POFs (AT1G21520, AT1G50290)
and the Arabidopsis- and Brassica-specific protein with
unknown function, which contained a zinc finger
domain (AT2G22080), conferred enhanced tolerance
to oxidative stress imposed by a range of different
concentrations of paraquat or t-butyl hydroperoxide.
To test whether the enhanced tolerance of transgenic
plants expressing these proteins was associated with a
general decrease in the level of reactive oxygen species
(ROS), we used Amplex Red to measure H,O, in 5-d-
old seedlings of transgenic plants expressing GFP or
AT1G21520, AT1G50290, and AT2G22080 fused to GFP
grown on agar plates in the presence or absence of 0.1 uM
paraquat. As shown in Figure 7A, transgenic seedlings
expressing AT1G21520, AT1G50290, or AT2G22080
accumulated less H,O, compared to control plants
when grown on agar plates that contained paraquat. In
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Figure 5. Early flowering phenotype in transgenic plants expressing
Arabidopsis-specific POFs and an Arabidopsis- and Brassica-specific
protein of unknown function. Measurements of leaf number at time of
flowering under short- and long-day conditions are shown in transgenic
plants expressing Arabidopsis-specific POFs.
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Figure 6. Tolerance of transgenic Arabidopsis seedlings expressing
Arabidopsis-specific POFs or an Arabidopsis- and Brassica-specific
protein of unknown function to oxidative stress. A, Root growth assays
showing enhanced tolerance to a range of t-butyl hydroperoxide
concentrations in seedlings of transgenic plants. B, Root growth assays
showing enhanced tolerance to a range of paraquat concentrations in
seedlings of transgenic plants. Two independent lines were tested for
each construct.

contrast, no differences were observed between the
levels of H,0O, in control seedlings or seedlings of
transgenic plants expressing AT1G21520, AT1G50290,
or AT2G22080 grown on agar plates in the absence of
paraquat (Supplemental Fig. S3).

To test whether the enhanced tolerance of transgenic
plants expressing AT1G21520, AT1G50290, or AT2G22080
to oxidative stress was associated with enhanced expres-
sion of known reactive oxygen scavenging enzymes, we
conducted RNA and protein gel-blot analysis on these
transgenic plants grown under controlled growth con-
ditions. As shown in Figure 7, B and C, this analysis
revealed that expression of the key reactive oxygen
scavenging enzymes Apxl1, thylakoid APX (tylAPX),
stromal mitochondrial APX (s/mAPX), catalase 2
(Cat2), copper-zinc superoxide dismutase 2 (CSD2),
or iron superoxide dismutase 1 (FSD1) in transgenic
plants grown under controlled growth conditions was
not elevated or did not correlate with enhanced toler-
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Figure 7. Accumulation of H,O, and protein and transcript expression
in transgenic Arabidopsis seedlings expressing Arabidopsis-specific
POFs or an Arabidopsis- and Brassica-specific protein of unknown. A,
Accumulation of H,O, in roots of 5-d-old seedlings grown in the
presence of 0.1 um paraquat. B, RNA gel-blot analysis showing the
expression of transcripts encoding the reactive oxygen scavenging
enzymes APX1, CAT2, and FSD1 in transgenic plants grown under
controlled growth conditions. Ribosomal RNA was used to control for
RNA loading. C, Protein gel-blot analysis showing the expression of the
reactive oxygen scavenging enzymes tylAPX, s'mAPX, CSD2, and GFP
in transgenic plants grown under controlled growth conditions. Rubisco
large subunit (RBCL) was used to control for protein loading. Size and

Plant Physiol. Vol. 148, 2008

Proteins of Unknown Function

ance to oxidative stress (Fig. 6) or accumulation of H,O,
(Fig. 7A; Supplemental Fig. S3). Because elevated ex-
pression of Apxl, tylAPX, s/mAPX, Cat2, CSD2, or
FSD1 could be used as a measure for endogenous
oxidative stress in plants (Mittler et al., 2004), these
results might also indicate that, at least with respect to
the classical markers for internal oxidative stress, the
transgenic plants tested did not suffer from an internal
oxidative stress. As shown in Figure 8, AT2G22080 ap-
peared to be localized to nuclei, AT1G50290 appeared
to be localized to the cytosol but excluded from nuclei,
and AT1G21520 appeared to be localized to the endo-
plasmic reticulum and perhaps other cellular mem-
brane systems.

Expression of AT1G50290 in Yeast

To determine whether constitutive expression of
some Arabidopsis proteins with unknown function
will confer enhanced tolerance against oxidative stress
to other organisms, we transformed and tested the ox-
idative stress tolerance of yeast expressing the follow-
ing proteins: AT2G41650, AT1G72060, and AT3G10020
(proteins that did not confer enhanced tolerance to oxi-
dative stress in transgenic plants; Fig. 1), and AT5G19875,
AT5G59080, AT5G43750, AT5G18040, AT3G51610,
AT4G12000, AT1G52200, AT1G78410, AT1G21520,
AT1G80130, AT1G73120, AT1G50170, AT2G04795,
AT1G27330, At1g50290, AT2G19310, AT2G44240, and
AT2G40000 (proteins that did confer enhanced toler-
ance to oxidative stress in transgenic plants; Fig. 1).
Two different yeast strains were used for these assays:
wild-type yeast (BY4743) and a yeast mutant lacking
the transcription factor Yapl that is essential for toler-
ance to oxidative stress (in the BY4743 background;
termed YaplA; Kuge and Jones, 1994). Transformed
and untransformed yeast were subjected to oxidative
stress imposed by paraquat or t-butyl hydroperoxide
as described by Tién Nguyén-nhu and Knoops (2003)
and Davies et al. (1995). In contrast to the results
obtained with plants (Fig. 1), none of the genes ex-
pressed in yeast was able to enhance the tolerance of
transgenic yeast (YaplA) to oxidative stress (Supple-
mental Fig. S4). These results might suggest that, at
least with respect to their functionality in yeast, the
majority of proteins identified in this study did not
have a general antioxidative function.

One of the proteins tested, AT1G50290, an Arabidopsis-
specific POF, was found to have a negative impact on
the oxidative stress tolerance of yeast. As shown in
Figure 9, A and B, expression of AT1G50290 in yeast
rendered yeast (wild type or YaplA) more susceptible
to oxidative stress imposed by paraquat or t-butyl
hydroperoxide. Expression of AT1G50290 in yeast (wild

loading factor for the GFP fusion proteins in C is: 35S::GFP, 46 kD,
1X loading; AT1G21520, 53 kD 1X loading; AT1G50290, 61.7 kD, 20X
(concentrated); AT2G22080, 65 kD, 1X loading.
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Figure 8. Imaging of GFP in root tips of transgenic
seedlings expressing Arabidopsis-specific POFs or
an Arabidopsis- and Brassica-specific protein of
unknown function, which conferred tolerance to
oxidative stress, grown under controlled growth
conditions. The different unknown proteins or
POFs were expressed in plants under the control
of the CaMV 35S promoter and fused in frame to
the N terminal of GFP.

type or YaplA) was also found to have a deleterious
effect on growth in the absence of oxidative stress (Fig.
9B). As shown in Figure 9C, expression of AT1G50290
in wild-type yeast resulted in enhanced accumulation
of H,O, in the growth media of cells grown under
controlled growth conditions. In contrast to these find-
ings, expression of AT1G50290 did not result in accu-
mulation of H,O, in transgenic plants grown under
controlled growth conditions (Supplemental Fig. S3).

DISCUSSION

ROS are produced in cells in response to many
different abiotic or biotic conditions, and their uncon-
trolled accumulation can lead to oxidative stress
(Asada and Takahashi, 1987; Halliwell and Gutteridge,
1999; Kovtun et al., 2000; Mittler, 2002; Apel and Hirt,
2004; Foyer and Noctor, 2005; Asada, 2006; Halliwell,
2006; Van Breusegem and Dat, 2006). Enhanced toler-
ance to oxidative stress, brought about by constitutive
expression of a single protein (Figs. 1, 3, and 6) might
result from a number of different mechanisms: (1) the
expressed protein might have a direct scavenging
activity that can detoxify certain species of reactive
oxygen; (2) the expressed protein might be part of a
cellular network, or signal transduction pathway that
protects the cell from damage caused by oxidative
stress or is involved in the detoxification of reactive
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oxygen, and its constitutive expression enhances the
activity of this network or pathway; or (3) the ex-
pressed protein might alter plant metabolism, causing
the accumulation of reactive oxygen and indirectly
activating the cells’ scavenging, protection, and/or
repair mechanisms against oxidative stress similar to
some transgene-induced lesion mimics (Mittler and
Rizhsky, 2000).

Previous studies have shown a direct correlation
between enhanced tolerance to oxidative stress and
enhanced tolerance to different abiotic stresses, lead-
ing to the assumption that enhancing the ability of
plants to scavenge reactive oxygen would also en-
hance the ability of plants to tolerate other stresses (e.g.
Roxas et al., 1997; Deak et al., 1999; Kovtun et al., 2000;
Rivero et al., 2007). Interestingly, in our hands, the
majority of transgenic plants expressing proteins of
unknown function and showing enhanced tolerance to
oxidative stress (Fig. 1) did not show enhanced toler-
ance to osmotic, salinity, heat, or cold stresses (Fig. 2;
Supplemental Fig. S1; Supplemental Table S1). This
finding could suggest that the expressed unknown
proteins do not have a general reactive oxygen scav-
enging activity that would have made them more
tolerant to other stresses (Roxas et al., 1997; Deak et al.,
1999; Kovtun et al., 2000; Rivero et al., 2007). A direct
scavenging activity would have also made at least
some of the yeast cells expressing the unknown pro-
teins more tolerant to oxidative stress. However, none

Plant Physiol. Vol. 148, 2008
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Figure 9. Enhanced sensitivity to oxidative stress in yeast cells expressing AT1G50290. A, Plate growth assays of wild-type yeast,
Yap14, and Yap1A transformed with AT1G50290, showing enhanced sensitivity to oxidative stress induced by paraquat and
t-butyl hydroperoxide in Yap1A cells transformed with AT1G50290. B, Liquid media growth assays of wild-type yeast, wild-type
yeast transformed with AT1G50290 (top), Yap14, and YapT1A transformed with AT1G50290 (bottom), showing suppressed
growth and enhanced sensitivity to oxidative stress induced by paraquat and t-butyl hydroperoxide in yeast cells transformed
with AT1G50290. C, Accumulation of H,0, in the growth media of wild-type yeast cells transformed with AT1G50290. H,O,
was determined in the media of log phase cells as described in ““Materials and Methods.” [See online article for color version of

this figure.]

of the 18 different proteins with unknown function
that enhanced the tolerance of transgenic plants to
oxidative stress enhanced the tolerance of yeast cells to
oxidative stress, suggesting that these proteins do not
function to directly scavenge ROS, such as superoxide
radicals or lipid peroxides.

The finding that the expressed proteins with un-
known function did not confer enhanced tolerance to
other abiotic stresses might also suggest that they did
not alter plant metabolism in a way that will indirectly
trigger the cells’ scavenging, protection, and/or repair
mechanisms against general or oxidative stress (Roxas
etal., 1997; Deak et al., 1999; Kovtun et al., 2000; Mittler
and Rizhsky, 2000). Moreover, with the exception of
AT1G50290 (Fig. 9), none of the unknown proteins
tested in yeast exhibited deleterious effects on growth
or caused yeast to have an altered susceptibility to
oxidative stress (Supplemental Fig. S4). This finding
supports the possibility that constitutive expression of
proteins with unknown function in plants did not have
an indirect effect on cellular metabolism causing a
generalized stress tolerance response (Mittler and
Rizhsky, 2000).

Plant Physiol. Vol. 148, 2008

At least two different findings, therefore, point to a
high specificity in the function of the expressed pro-
teins with unknown function: (1) enhanced tolerance
to oxidative stress caused by their constitutive expres-
sion did not cause a general cellular effect that made
plants more tolerant to other stresses (Figs. 1 and 2;
Supplemental Fig. S1); and (2) an inversed correlation
was found for at least 19 of them between tolerance to
oxidative stress imposed by paraquat and tolerance to
salinity (Figs. 1 and 2; Supplemental Table S1). We
previously found that knockout plants lacking Apx1
were more susceptible to oxidative stress but were
more tolerant to salinity stress (Ciftci-Yilmaz et al.,
2007). The finding that constitutive expression of 19
proteins with unknown function, which were identi-
fied in knockout-Apx1 plants as responsive to internal
oxidative stress (Davletova et al., 2005a), caused plants
to become more tolerant to oxidative stress but more
susceptible to salinity or osmotic stress could suggest
that these proteins have very specific functions that are
tied to the pathway(s) activated in knockout-Apx1
plants. The differences observed between the tolerance
of the different lines to paraquat, which functions by
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enhancing the cellular rate of superoxide radical pro-
duction, and tolerance to t-butyl hydroperoxide, which
functions by inducing lipid peroxidation (Figs. 1, A
and B), could also suggest that the different unknown
genes have specific functions within the ROS gene
network (Mittler et al., 2004).

Because the majority of expressed proteins with
unknown function appear to have a specific oxidative
stress tolerance phenotype when expressed in trans-
genic plants (Figs. 1 and 2; Supplemental Figs. S1 and
S2), they could be involved in different networks that
protect cells from specific aspects of oxidative stress.
This hypothesis is based on the finding that they do not
enhance tolerance to other abiotic stresses, many of
them cause plants to become more susceptible to os-
motic or salinity stresses, and many of them do not
protect yeast against oxidative stress. These findings
are in agreement with our previous hypothesis that
genes of unknown function are highly specific to dif-
ferent organisms and function as part of specific cellu-
lar networks (Gollery et al., 2006, 2007). Our findings,
therefore, demonstrate that the study of proteins
with unknown function could unravel new and spe-
cialized functions that could be phylogenetically
specific.

Our characterization of Arabidopsis- and Arabidopsis-
and Brassica-specific proteins of unknown function
revealed that three of these proteins enhanced the
tolerance of plants to oxidative stress (Fig. 6). The
constitutive expression of these proteins did not en-
hance the production of H,0O, in plants grown under
controlled growth conditions (Supplemental Fig. S3),
did not result in the enhanced expression of known
reactive oxygen scavenging mechanisms (Fig. 7, B and
C), and did not cause plants to be more tolerant to
salinity or osmotic stresses (Fig. 2), suggesting that at
least in plants, they did not cause the enhanced
production of reactive oxygen, thereby triggering a
general oxidative stress response. Because of their high
specificity to reactive oxygen stress, it is possible that
these proteins function as part of an Arabidopsis- or
Arabidopsis- and Brassica-specific network that is
involved in cellular repair and/or protection against
oxidative stress. It appears, therefore, that Arabidopsis
and/or Brassica plants could contain specific path-
ways, unknown at present, that are involved in the
protection of cells against oxidative stress. These
pathways could function in different cellular compart-
ments (Fig. 8) and could interact with different devel-
opmental pathways (Fig. 5). The possible existence of
repair and/or protection pathways against oxidative
stress that are specific for Arabidopsis or the Brassi-
caceae is very interesting, because oxidative stress is
considered to be a general type of stress common to
many different organisms (Asada and Takahashi, 1987;
Halliwell and Gutteridge, 1999; Mittler et al., 2004;
Halliwell, 2006; Vandenbroucke et al., 2008). Our
study, therefore, highlights the need to characterize
phylogenetic-specific proteins of unknown function in
different organisms, because these could shed light on
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new and possibly novel pathways involved in differ-
ent aspects of plant metabolism.

The approach of using microarray expression data
as a tool to predict function for proteins of unknown
function (Horan et al., 2008) appears to be a good
approach, because over 70% of the proteins tested in
this study showed an oxidative stress response phe-
notype (Figs. 1 and 2). We are in the process of
generating a database that includes the abiotic stress-
phenotypic characterization of over 1,000 knockout
mutants (Alonso et al., 2003) for proteins of unknown
function (Gollery et al., 2007; unpublished data) with
the goal of identifying additional pathways and mech-
anisms involving proteins of unknown function in
Arabidopsis.

MATERIALS AND METHODS
Plant Growth, Transformation, and Molecular Analysis

Arabidopsis (Arabidopsis thaliana ‘Columbia’) plants were grown under
controlled conditions (21°C, 100 umol m~2 s7%; Suzuki et al., 2005) and
monitored for growth and flowering time as described by Miller et al. (2007).
RNA and protein were isolated and analyzed by gel-blot analysis (Rizhsky
etal., 2003; Davletova et al., 2005a, 2005b). cDNA probes corresponding to the
following Arabidopsis genes were used for the RNA gel blots shown in Figure
7: APX1, AT1G07890; Cat2, AT4G35090; FSD1, AT4G25100. Antibodies for
APX1, tylAPX, s/mAPX, and RBCL were obtained as described by Miller et al.
(2007). Antibodies to CSD2 were obtained from Agrisera, and antibodies to
GFP were obtained from CLONTECH. pUNI clones (Yamada et al., 2003) were
obtained from the ABRC, PCR cloned into pGEM-T (Promega) using gene-
specific primers (Supplemental Table S2), and sequenced. The resulting
plasmids were then digested and cloned in frame to GFP (C-terminal fusion)
into a modified pGreen vector (Suzuki et al., 2008). GFP, or GFP fused in-frame
to the C terminal of the different unknown proteins, were expressed in plants
under the control of the 355 CaMV promoter (Hellens et al., 2000; Suzuki et al.,
2008). Transgenic plants were generated using the floral dip method (Zhang
etal., 2006), and homozygous lines were selected using hygromycin resistance
and RNA and protein blots. In addition, plants were visualized for GFP using
a Nikon Eclipse E400 epifluorescence microscope or an Olympus IX 81 FV
1000 confocal microscope, as described by Suzuki et al. (2008). Analysis
of microarray data available from https://www.genevestigator.ethz.ch
(Zimmermann et al., 2004) was normalized and performed as previously de-
scribed (Miller and Mittler, 2006).

Stress Assays

For the analysis of stress tolerance, seeds of the wild type and two
independent homozygous transgenic lines for 355::GFP or 355::POFs-GFP
were surface-sterilized with bleach and placed in rows on 1% agar plates (0.5X
Murashige and Skoog medium) containing different concentrations of para-
quat, t-butyl hydroperoxide, NaCl, sorbitol, or abscisic acid (Sigma-Aldrich),
as described by Davletova et al. (2005b), Mittler et al. (2006), Ciftci-Yilmaz et al.
(2007), and Miller et al. (2007). Each row of seeds (25-30 seedlings) placed on a
plate was divided into two parts: control seeds and seeds of transgenic plants
expressing the different proteins of unknown function. Thus, the different
seeds were placed side-by-side on the same plate. Plates were maintained
vertically in a growth chamber (21-22°C, constant light, 100 umol m~?s ") and
percent germination and root length were scored 5 d after seed plating. Four-
or 5-d-old seedlings grown on 0.5X Murashige and Skoog agar plates were
also subjected to heat stress (38°C; 24 h) or cold stress (10°C; 48 h) and scored
for percent germination and root length as described by Davletova et al.
(2005b), Mittler et al. (2006), Ciftci-Yilmaz et al. (2007), and Miller et al. (2007).
All experiments were repeated at least three different times, each with at least
three different technical repeats. Results are shown as mean and sE bars.
Statistical analysis was performed as described in Suzuki et al. (2008).
Significant difference between each construct (35S::POFs-GFP) and the
355::GFP control was assigned only when both lines tested for each of the
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constructs were f test significant at P < 0.05. To image H,O, accumulation in
seedlings subjected to oxidative stress, 5-d-old seedlings grown in the pres-
ence of paraquat or t-butyl hydroperoxide were treated with 0.2 um Amplex
Red (Molecular Probes) for 1 h and imaged with a Kodak 2000MM image
station (Davletova et al., 2005b).

Characterization of Proteins with Unknown Function in
Yeast Cells

pUni clones were digested with EcoRI and Notl, cloned into pESC-His
vector (Stratagene) under the GAL10 promoter, and transformed into wild-
type BY4743 ([4741/4742] MATa/MATa his3A1/his3A1 leu2A0/leu2A0
lys2A0/+met15A0/+ ura3A0/ura3A0; American Type Culture Collection
no. 201390) and YaplA mutant (MATa/MATa his3A1/his3A1 leu2A0/
leu2A0 lys2A0/ +met15A0/ + ura3A0/ura3A0 AYAP1; American Type Culture
Collection no. 4030569) yeast (Saccharonyces cerevisiae) strains. Empty plas-
mids were also transformed into the yeast strains as controls. Transformants
were selected on solid minimal media that contained yeast nitrogen base
(Difco) and —His Dropout supplement (per 20 g/L of Gal; SG-His; Clontech).
Transformants grown overnight in liquid SG-His media were subjected to
stress on solid SG-His media supplied with either 2 mm methyl viologen
(Acros Organics) or 0.25 mm t-butyl hydroperoxide (Sigma-Aldrich) as serial
dilutions (Tién Nguyén-nhu and Knoops, 2003) or subjected to the same
oxidative stress treatment in liquid SG-His media (Davies et al., 1995).

Amplex Red Hydrogen Peroxide/Peroxidase Assay kit (Molecular Probes)
was used for the detection of H,O, in the growth media of yeast. Yeast were
grown overnight in SG-His liquid media up to mid-log phase, and 50 uL of the
growth media was used to detect H,O, according to the manufacturer’s
instructions. For each sample, four replicates were used, and 50 uL of working
solution (100 um Oxired probe [MBL International], 0.2 units/mL horseradish
peroxidase, Type II [Sigma-Aldrich]) supplied with 0.05 M sodium phosphate,
pH 7.4, was added to each sample. Reactions were incubated at room tem-
perature as recommended, and fluorescence was measured with a VICTOR® V
Multilabel Counter (model 1420; PerkinElmer) using excitation at 531 nm and
emission at 595 nm.

Supplemental Data

The following materials are available in the online version of this article.

Supplemental Figure S1. Effect of heat or cold on root elongation of
transgenic plants expressing genes of unknown function.

Supplemental Figure S2. Effect of abscisic acid on root elongation of
transgenic plants expressing genes of unknown function.

Supplemental Figure S3. Accumulation of H,O, in roots of 5-d-old
seedlings.

Supplemental Figure S4. Yeast growth assays performed with wild type,
Yapl mutants, and Yapl mutants transformed with different Arabi-
dopsis genes.

Supplemental Table S1. Summary of stress tolerance of the different lines.

Supplemental Table S2. Primers used for the cloning of the different
proteins with unknown function.
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