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POFs: what we don’t know can hurt us
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Over a quarter of all eukaryotic genes encode proteins
with obscure features that lack currently defined motifs
or domains (POFs). Interestingly, most of the differences
in gene repertoire among species were recently found to
be attributed to POFs. A comparison of the Arabidopsis,
rice and poplar genomes reveals that Arabidopsis con-
tains 5069 POFs, of which 2045 have no obvious homo-
logs in rice or poplar and are likely to be involved in
species- or phylogenetic-specific functions in Arabidop-
sis. The study of POFs is an important endeavor that will
shed much needed light on the genetic properties that
make any given plant species unique. Furthermore, with
respect to many species-specific features, such studies
show that we seem to be limited in what we can expect
to learn from a model plant such as Arabidopsis.

Why are POFs important?

The rapid proliferation of genomic and metagenomic
sequencing data has drawn increasing attention to the
large number of genes of unknown function, which seem
to be an integral part of the genetic blueprint of most
organisms [1-6]. On average, 15-40% of every eukaryotic
genome sequenced to date contains genes that encode
proteins with obscure features that lack currently defined
motifs or domains (POFs; see Glossary) [2]. The recent
metagenomic ocean-sequencing expedition uncovered tens
of thousands of proteins with undefined features, high-
lighting how little we know of the amazing diversity of
protein sequences [1]. But what are the roles of POFs? Is it
possible that, buried within each new genome sequenced,
there exists an entire set of pathways and genetic pro-
grams of which we are completely unaware? Here, we
discuss the role of POFs in plants and highlight the possib-
ility that they have a key role in determining ecologically
and agronomically important species-specific features of
different plants.

How to provide a measurable definition to the
unknown?

Although the term ‘gene of unknown function’ is used
broadly, it is difficult to define. How do we quantify the
unknown in genes with unknown function?

Using overall amino acid sequences similarity

One way to define a ‘gene of unknown function’ is to use a
similarity-based definition using a nucleotide or amino
acid sequence comparison or equivalent. If a gene has no
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homolog in any other genome sequenced to date, or in any
of the databases available [e.g. using a BLAST search
against all sequences in the National Center for Biotech-
nology Information (NCBI) database], then it could be
defined as an unknown. This type of classification has been
used to define orphan open reading frames (ORFans)
[3,5,6]. The total number of ORFans in the NCBI database
was recently estimated to be ~80 000, underlying the
magnitude of the problem that researchers face in under-
standing these genes and their roles [1]. However, at least
two problems are associated with the ORFan definition: (i)
although there are many proteins that have some degree of
similarity among different genomes, this similarity fails to
provide clues to a possible gene function; and (ii) the
BLAST E-value cutoff used to classify ORFans is often
not rigorously defined. Using too high (e.g. >1072), or too
low (e.g. <10~3%) cutoff values could drastically change the
annotation of an ORFan.

A similarity-based definition of an unknown can also be
used to define a protein with a homolog(s) in other genomes
or in available databases but these homologs have no
known classification. Such genes are often referred to as
expressed proteins with unknown function or hypothetical
proteins. At least two problems are also associated with
this type of definition: (i) the BLAST E-value cutoff used for
the similarity search is often poorly defined; and (ii) the
annotation of genes in the available databases is often
inaccurate or outdated. The second problem is serious

Glossary

BLAST: a program that finds protein or nucleotide sequences that are similar to
a target sequence. It provides two values: S and E. The S-score is a measure of
the similarity between the query and the sequence. The E-value is a measure of
the reliability of the S-score. The definition of the E-value is, therefore, the
probability owing to chance that there is another alignment with a similarity
greater than the given S-score.

Domain of unknown function (DUF): a domain that can be identified in a given
protein by an HMM search but has no defined function.

Hidden Markov model (HMM): a type of probabilistic model used to align and
analyze sequence datasets by generalization from a sequence profile; it is well
suited to providing a mathematical framework for profile analysis.
Hypothetical protein: a predicted protein for which there is no experimental
evidence that it is expressed in vivo.

Meta-genomic: study of the collective genomes of microorganisms (as
opposed to clonal cultures). The technique is to sequence DNA obtained
directly from the environment of the microorganism.

ORFan: orphan open reading frame (ORF) with no detectable sequence
similarity to any other sequence in the databases.

Protein families (Pfam): a large collection of multiple sequence alignments and
HMMs covering many common protein families.

Protein with defined feature (PDF): a protein that contains at least one
previously defined domain or motif.

Protein with obscure features (POF): a protein that lacks currently defined
motifs or domains.
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because many databases have missing annotations, lack
manual annotations that are required to provide a quality
check of the automated, computer-based annotations, or
are in need of frequent and methodical updates. For
example, updated information from recent studies, which
provide genetic or biochemical clues to the function of a
protein previously annotated as a hypothetical protein, is
often not included in many of the available databases.

Using HMMPFAM

A different type of classification, which might help in the
annotation of unknowns, is one that uses a hidden Markov
model protein family (HMMPFAM) search to identify
domains or motifs that can provide a putative function
for a protein. For example, a protein can be defined as a
putative protein kinase, based upon the presence of a
protein kinase domain. A protein that lacks any previously
defined domains or motifs can be classified as a POF.
Although this definition is also not an ideal one to use to
define an unknown, because functional information could
be associated with a POF (e.g. it has a defined biochemical
or genetic function, or it interacts with a protein of a known
function), it has been used in several genome annotation
projects [7].

Future definitions

It seems that there is currently a lack of an accurate or
measurable definition of unknown proteins. Moreover, it
could be argued that the broad use of this term among
biologists is complicating the interpretations of future gen-
ome annotations, in addition to current and future exper-
imental results. The answer to how to define unknown
proteins is one that could be addressed with the availability
of more sequencing data, the development of new and
dynamic bioinformatics tools dedicated to this question
and better annotation of databases. At present, we favor
the use of POFs and ORFans, although these designations
are moving targets that must be updated on a regular basis
owing to the increasing influx of new sequencing data and
the evolution of enhanced HMM models.

Why should we study POFs in plants?

The definition of POF's was recently used in a comparative
study of ten different predicted proteomes, including Sac-
charomyces cerevisiae, Schizosaccharomyces pombe, Arabi-
dopsis thaliana, Oryza sativa, Drosophila melanogaster,
Anopheles gambiae, Caenorhabditis elegans, Mus musculus,
Rattus norvegicus and Homo sapiens [2]. Proteins were
annotated as POFs, or proteins with defined features
(PDFs), based on an HMMPFAM search (E-value threshold
of 10™%) against several major signature databases, in-
cluding Pfam (http://www.sanger.ac.uk/Software/Pfam/),
TIGRFAM (http://www.tigr.org/TIGRFAMs/), SMART
(http:/smart.embl-heidelberg.de/), and Superfamily (http:/
supfam.mrc-lmb.cam.ac.uk/SUPERFAMILY) (Figure 1a). A
protein that had no match to any one of the models in any of
the databases was classified as a POF, whereas a protein
that had a match to one or more of the models in any one of
the databases was classified as a PDF. Surprisingly, it was
found that, on average, 60% of the POFs identified in the ten
predicted proteomes were species specific, compared with
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only 7.5% of the PDFs. As a group, POFs seemed to be
similar to PDFs in their relative contribution to biological
functions, as indicated by their expression, participation in
protein—protein interactions and association with mutant
phenotypes [2]. However, POFs had more predicted disor-
dered structures (i.e. regions that fail to show a consistent or
defined structure in a crystallized protein [8-11]). Such
regions show a strong correlation with biochemical studies
that suggest their involvement in protein—protein inter-
actions and also in providing key regions for regulating
the activity of a protein through a structural conformation
switch [8-11]. The high content of disordered structure in
POFs supports a hypothesis that they function in species- or
phylogenetically specific regulatory and signaling networks
[2].

To evaluate the diversity among PDF's and POF's in rice
and Arabidopsis, their sequence relatedness to each other
was compared using BLAST (Figure 1a). The percentage of
related proteins was plotted as a function of similarity
cutoff thresholds that ranged from non-stringent (BLAST
E-values >10°) to stringent (from 1072 to 107° or less)
(Figure 1b). This method of plotting similarity differences
enables the visualization of reproducible differences be-
tween PDFs and POFs across a wide range of cutoff
thresholds. As seen in Figure 1b, POF's consistently dis-
played a higher degree of divergence compared with PDF's
between the two plant proteomes [2].

The recent publication of a third plant genome, poplar
Populus trichocarpa (Pt) [12], prompted the testing of how
the addition of this genome affected the previous findings
with Arabidopsis (At) and rice (Os) [2]. As shown in
Figure 1c, using the classification method described above
(Figure 1a), >26% of the poplar predicted proteome com-
prised POFs, compared with 19% and 33% of the Arabi-
dopsis and rice proteomes, respectively.

In a comparison among the three plant proteomes,
~T75% of the unique proteins of poplar were POFs (using
a BLAST E-value cutoff of 10%, an average standard cutoff
used by many different researchers [1-3,7,13] (Figure 2a).
Following the addition of poplar to the analysis, the num-
ber of Arabidopsis-unique POFs, which was previously
found to be 3342 [2], decreased to 2045 (a decrease of
38%), whereas the number of rice-unique POFs, which
was previously 19 031 [2], decreased to 15 210 (a decrease
of 20%). At least with respect to unique POF's, the model
dicot proteome (At) was, therefore, disproportionably
affected compared with the model monocot proteome
(Os), by the addition of sequence data for the poplar
genome (Pt), which is a dicot tree species.

The disproportionably large number of POFs and
unique POFs in rice, compared with Arabidopsis and
poplar [2] (Figures 1lc and 2a), prompted the testing of
whether more POF's in rice exist as members of large
protein families. Surprisingly, as shown in Figure 2b, most
POFs in all plant proteomes tested seemed to be encoded
by single-copy genes and did not belong to members of large
protein families. Taking into account the higher proportion
of disordered structures in POFs, the shorter length of
POF's compared with PDF's, and the low level of sequence
similarity between POFs from different organisms, it was
previously proposed that POFs could represent newly
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Figure 1. Identification of POFs in the predicted proteomes of species of
interest, including At, Os and Pt. (a) The classification of PDFs and POFs in the
three plant proteomes. (b) Relative similarity between POFs and PDFs from At
and Os. The percentage of related proteins (i.e. proteins that find at least one
hit) was plotted as a function of similarity cutoff thresholds that ranged from
non-stringent (BLAST E-values >107°) to stringent (from 107° to 107%° or less).
(c) Representation of POFs (red bars) and PDFs (blue bars) in the three plant
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evolving genes or genes that are evolving much faster than
the genome average [2]. The finding that most POFs exist
in plants as singletons (Figure 2b) seems to support this
hypothesis. What, then, is the difference between poplar,
Arabidopsis and rice? Why would rice have a higher num-
ber of POFs? At least two different factors could differen-
tiate between rice and the two other plant proteomes: (i)
the annotation of genes in rice could be incomplete [13];
and (i1) in contrast to Arabidopsis and poplar, rice has been
the subject of almost 4000 years of selection and breeding
[14]. Could either breeding or inaccurate annotation be the
cause of the high number of POF's in rice? Further studies
are required to address these possibilities.

POFs seem to account for most of the species-specific
differences between the three plant proteomes. As shown
in Figure 3, POFs, which account for only 19-33% of the
total number of proteins in each proteome (Figure 1c),
have, on average, a threefold higher representation
in the class of unique proteins for each organism
(Figure 2a). The analysis shown in Figure 3 reveals that
the three plant proteomes have >1800 POF groups in
common. In contrast to the POFs that are unique to each
proteome, these shared POFs are likely to have general-
ized functions, such as those involved in cellular structure
and general metabolism or defense common among most
plants. Moreover, it is expected that domains of unknown
function (DUFs) will eventually be generated for most
of the shared POFs and deposited in major signature
databases, such as Pfam, resulting in an improved annota-
tion of POF's and PDF's, and the shrinking of the POF's pool
[2].

What more can be done to study POFs in plants?

Several different avenues of research might accelerate the
annotation of POF's in plants, including further sequencing
of plant genomes, coupled with improved annotation of
databases, large-scale mutant and transgenic characteriz-
ation for different phenotypes, such as growth, develop-
ment and tolerance to environmental stresses, and the
generation of comprehensive databases for the tertiary
structure of proteins that would add a new dimensional
tool for comparing among different genomes (i.e. structural
genomics) [1-6]. An additional reason why proteins such as
POF's are currently undefined might be related to the
sociology of science. In general, scientists have focused
their studies on relatively few organisms, and devoted
most of their resources to indepth analysis of relatively
few proteins. These are often chosen because of their
general relevance to fundamental questions in a broad
group of organisms or because they exhibit strong evol-
utionary conservation. By contrast, the study of a species-
specific protein is often a lonely pursuit. Another source of
bias could lie in the tendency, inherent to classical bio-
chemical methods, to be strongly biased towards the
characterization of folded, active proteins that have highly
ordered structures (e.g. PDFs) and for which structural
information is more readily obtained. By contrast, disor-
dered proteins (e.g. POF's) are less well studied because

proteomes. The total number of proteins in each group is given on top of each
bar.
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Figure 2. POFs account for most unique proteins among the At, Os and Pt proteomes, and are mainly encoded by single-copy genes. (a) Distribution of POFs (red bars) and
PDFs (blue bars) among proteins unique to each of the three different plant proteomes. A BLAST cutoff E-value of 107 was used to define a protein as unique (see Gollery
et al. [2] for more details). (b) POFs and PDFs in protein families from the three different plant proteomes. A BLAST E-value cutoff of 10~® was used to assign a protein to a

particular protein family [2].
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Figure 3. The distribution of (a) PDFs and (b) POFs among proteins common or unique to the At, Os and Pt proteomes (not to scale). Because the At predicted proteome is
used as the reference point, and because it is the best annotated plant proteome to date, the numbers of proteins that are common to Os and Pt, but do not appear in At,
could not be accurately predicted and are, therefore, indicated by ‘?’. The dashed arrow indicates the common POFs that could be annotated with new DUFs and eventually

be classified as PDFs [2].

they lack a readily recognized activity, and structural
information is more difficult to obtain for them [2].

Conclusion

Understanding the origins of species specificity was
recently ranked among the top 25 scientific questions of
our time, by the journal Science [15]. The increased avail-
ability of genome sequences has re-energized this effort
and enabled large-scale genome comparative studies. The
findings discussed here support a general expectation that
understanding the unique biology of a given plant species
will ultimately involve understanding the functions of an
unexpectedly large number of proteins that: (i) have no
defined motifs or domains; (ii) are likely to have significant
regions of disordered structure; and (iii) are restricted to a
single species or a closely related phylogenetic branch [2].
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Although more challenging than studying conserved or
defined proteins (e.g. PDF's), we believe that the study of
POFsis animportant endeavor that will shed much needed
light on the specific properties that makes a given plant
species unique. Furthermore, with respect to many
species-specific features, we seem to be limited in what
we can expect to learn from a model plant such as Arabi-
dopsts. Thus, for example, studying an Arabidopsis unique
POF might not contribute to our understanding of what
makes a rice plant develop in the specific manner that it
does, and vice versa. POFs could also account for ecologi-
cally important attributes that are specific for different
plants. Understanding many ecologically or agronomically
important species-specific aspects of plant biology, there-
fore, will require unraveling the function of many species-
specific POFs in different plants.
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