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Abstract

The classification and study of gene families is emerging as a constructive tool for fast tracking the elucidation of gene function.
A multitude of technologies can be employed to undertake this task including comparative genomics, gene expression studies, sub-
cellular localisation studies and proteomic analysis. Here we focus on the growing role of proteomics in untangling gene families in
model plant species. Proteomics can specifically identify the products of closely related genes, can determine their abundance, and
coupled to affinity chromatography and sub-cellular fractionation studies, it can even provide location within cells and functional
assessment of specific proteins. Furthermore global gene expression analysis can then be used to place a specific family member in
the context of a cohort of co-expressed genes. In model plants with established reverse genetic resources, such as catalogued T-DNA
insertion lines, this gene specific information can also be readily used for a wider assessment of specific protein function or its
capacity for compensation through assessing whole plant phenotypes. In combination, these resources can explore partitioning of
function between members and assess the level of redundancy within gene families.
© 2004 Elsevier Ltd. All rights reserved.
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1. Introduction

Historically, and for largely technical reasons, genes
and their products have generally been studied as single
entities. In this post-genomic era, with publicly available
data from genome and EST sequencing projects, it is
evident that most genes are not singletons but exist as
members of gene families. Consequently, the polypep-
tide products of genes operate alongside similar proteins
in cells that are encoded by other members of their gene
families. The development of gene and protein specific
technologies has paved the way for studying the ex-
pression and contribution of the individual members of
such families and allows us to begin to answer questions
about both partitioning of functions between members
and redundancy within gene families. With the com-
pletions of both the Arabidopsis and rice genomes (Kaul
et al., 2000; Goff et al., 2002) recent publications have
utilised these genomic resources to build a picture of
particular gene families. By taking a genomic perspec-
tive, researchers are able to define a gene family in the
context of their gene of interest. The study of gene
families will not only simplify the task of elucidating the
function of every type of protein, but will also help us
appreciate the evolutionary pressures leading to the ex-
pansion and preservation of gene duplicates within plant
genomes. In this review we overview the scale of the
gene family issue in model plants and consider research
contributions that attempt to tackle it. We have not
tried to systematically review all the literature, but give
references to illustrate key aspects of gene family func-
tion and redundancy that have been discovered through
experimentation to date. We especially consider the
place of proteomic approaches, both applied and po-
tential, in determining the expression, location and
function of specific gene family products in plants.

2. Plant functional genomics — why study gene families?

John Donne placed individual people in the context
of their society in the early 17th century when he wrote
“no man is an island, entire of itself, every man is a piece
of the continent, a part of the main” (Donne, 1999). The

same concept can also be applied to our understanding
of genes and proteins. Genes have their place and pur-
pose in genomes and proteins their location and func-
tional significance in the context of proteomes. The
immediate influence of the wider genome and proteome
on the individual gene and protein are thus seen in the
operation and evolution of gene families.

2.1. Defining gene families

A gene family can be defined as ‘a set of genes coding
for diverse proteins which, by virtue of their high degree
of sequence similarity, are believed to have evolved from
a single ancestral gene’ (Lackie and Dow, 1999).
Grouping genes into their respective families in this
manner is an important step towards the comprehensive
annotation of genomes (Dayhoff, 1976). It is important
to note that this is not simply an anthropomorphic ex-
ercise of society building in genomes. Rather, it is an
attempt to understand function, sub-functionalisation
and gene redundancy within the context of the best and
most complete set of information available. At present
this information is largely raw genome sequence and
predicted open reading frames, hence the emphasis on
primary sequence in gene family definition.

A variety of parameters could in theory be utilised to
define families but those most commonly used are de-
grees of primary sequence identity and shared functional
motifs or domains (Wu et al., 2003). Many of the larger
families or ‘superfamilies’ are grouped together based on
a shared motif or domain and consequently may be
comprised of members with disparate functions, despite
a common ancestry. The MYB family of DNA-binding
proteins (Stracke et al., 2001), the protein kinase su-
perfamilies (eg. Hrabak et al., 2003; http://plantsp.sds-
c.edu/) and the glutathione S-transferase (GST) family
of detoxification proteins (Wagner et al., 2002) in Ara-
bidopsis are good examples of such families. The MYB
family is comprised of over 130 proteins that have sig-
nificant sequence identity in the conserved DNA-bind-
ing domain but vary greatly outside this region. Other
than acting as transcriptional regulators, their gene
targets and specific roles differ substantially. The protein
kinase superfamily contains about 1000 members in-
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volved in many aspects of structural and constitutive
phosphorylation through to rapid signalling in defence
responses (http://plantsp.sdsc.edu/). The GST super-
family of 53 members collectively exhibit a variety of
enzymatic activities ranging from their GSH-transferase
activity to glutathione peroxidase, isomerase and dehy-
droascorbate reductase activity (Wagner et al., 2002).
Such large families can be considered as a whole, but
can also be grouped into smaller sub-classes or clades
using methods such as sequence similarity or in-
tron:exon structure, which further aids the overall
analyses by simplifying the larger families into poten-
tially more related functional groupings. Fig. 1 shows
the example of the GST superfamily sub-divided into six
classes based on amino acid identity and intron:exon
placement. This type of analysis shows that the plant
specific phi and tau classes clearly dominate both in
terms of GST gene numbers and expression levels and
reveals highly expressed members within each class.
Consideration of the spatial arrangement of genes
within the genome may also be informative. Superfam-
ilies may arise from both local duplication events,
leading to clusters of closely related genes being located
side by side, and also large-scale duplication events,
leading to closely related genes being located on different
chromosomes or on different regions of the same chro-
mosome. In the case of the GST family, 35 of the 53
GST genes occur in 12 clusters, each cluster containing
members of a single class and pointing to a multitude of
local duplication events. Approximately half of the GST
genes also lie in segmentally duplicated regions of the
genome (Fig. 1(B)). For example a cluster of four phi
GSTs: F4, F5, F6 and F7 reside in a segmentally du-
plicated region common to chromosomes 1 and 4, where
GSTF2 is found. These duplications result in gene
family members, often encoding highly similar protein
products, being encoded in different chromosomal en-
vironments and often having very different expression
patterns. Thus defining the exact gene responsible for a
protein is vital since it allows knowledge of the com-
plexity of gene families and the origin of family members
to be considered in the interpretation of data.

2.2. Scale of families in model plants

The post-genomic analyses of Arabidopsis and rice
have revealed an unexpected predominance of gene
families. In fact 65% of predicted proteins from Arabid-
opsis are now considered to belong to multi-gene families
(Fig. 2). The specific functional analysis of each gene
within every gene family remains an enormous task for
researchers to consider. However, the identification and
appreciation of gene families has allowed researchers to
target their resources towards specific members or sub-
groups as representatives of the whole. By taking such an
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Fig. 1. (A) A diagrammatic representation of the Arabidopsis thaliana
GST super-family. Unrooted bootstrapped (n = 1000) phylogenetic
tree based on a multiple sequence alignment using 53 full-length GST
protein sequences. The number of ESTs (TIGR gene indicies) for each
individual GST is represented by the volume of the corresponding
sphere. Such phylogenetic trees obtained from sequence alignment
analysis are one of the more common methods for visualising intra-
family relationships. The more closely related members form clades
and potentially share some similar functions within the context of an
entire superfamily. Computer based alignments and the analysis of
protein or nucleotide sequences can be undertaken through a variety of
packages, including CLUSTAL W (Thompson et al., 1994), PHYLIP
(Felsenstein, 1993) and PAUP (Swofford, 2003). (B). Distribution of
duplicated GST genes over the five Arabidopsis chromosomes. Close to
half of the GST genes have arisen via large-scale duplication events
and 23 are located within segmentally duplicated regions of the Ara-
bidopsis genome (information obtained from TIGR). The distribution
of the GSTs residing in segmental duplications is indicated with con-
necting lines.
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Fig. 2. The distribution of gene singletons and paralogous family
members within the Arabidopsis genome. Sixty-five percent of genes
belong to a gene family. The gene family data were obtained from The
Institute for Genomic Research (TIGR: (Wortman et al., 2003) and
was created using sequence identity and protein domain matches on
the ~28,000 predicted proteins from Arabidopsis compiled by TIGR.

approach, 25,498 predicted genes from Arabidopsis can
be reduced to 11,601 distinct groups (Kaul et al., 2000)
while a subset of ~40,000 predicted rice genes reduced to
~15,000 discrete families (Goff et al., 2002). With this
knowledge, several routes can be taken for analysis.
Firstly, researchers can work on a family set in order to
dissect its function or functions. To undertake such a
task, gene and protein specific technologies must be
employed for the analysis of each individual member.
Alternatively, gene families can be considered as func-
tionally redundant sets. This route should be approached
with caution, but in the context of the significant task of
dealing with a multitude of permutations it may be the
best route for a global appreciation of genome function,
even if some subtleties are lost. This approach can po-
tentially fast-track functional determination by allowing
knowledge to be extrapolated for similar genes and will
be especially valuable for members with high sequence
identity. These closely related members may represent

functional homologs with co-ordinated responses or
duplicates that act redundantly. In Arabidopsis, 50% of
all proteins belong to families with at least five members
(Fig. 2). It appears that tandem gene duplications and
segmental duplications have been major driving forces or
at least the mechanistic processes in the explosion of
many of these gene families (Kaul et al., 2000). For ex-
ample, segmental duplication is responsible for 6303
gene duplications while 1582 arrays of tandem duplica-
tions contain 4140 genes in Arabidopsis (Kaul et al.,
2000). But these processes do not account for all of the
apparent duplications found in Arabidopsis and many
genes with high levels of sequence similarity are scattered
throughout the genome. Comparing the chromosomal
locations of family members can reveal whether gene
duplications were a result of tandem or chromosomal
segmental duplications. Thus genomic resources can be
extremely useful in building an informative picture of
gene families that can then help to direct experimental
work either to provide a list for reductionist work on a
single family, or to provide a framework for a simplifi-
cation of the gene loci list into putative functional
groups.

2.3. Resources for studying plant gene families

Building a genomic picture of a gene family can be a
time consuming task, especially for researchers not fa-
miliar with the specific class of proteins it encodes. With
the finalization of the Arabidopsis genome sequencing
and annotation projects, a number of research articles
have attempted to define many prominent gene families
in this model species (Table 1). Multiple web-based re-
sources have also appeared such as the ‘gene families
list” at The Arabidopsis Information Resource (TAIR),
which relies on researchers submitting lists of genes that
belong to families (http://www.arabidopsis.org/info/
genefamily/genefamily.html). Currently the list com-
prises 5369 genes and 740 families but while many

Table 1

A list of some of the major characterised Arabidopsis superfamilies
Family Members Function References
Protein kinase ~1000 Signalling PlantsP: http://plantsp.sdsc.edu/; Hrabak et al. (2003)
F-box proteins 568-694 Miscellaneous Gagne et al. (2002); Kuroda et al. (2002)
Pentatricopeptide (PPR) repeat ~450 RNA processing http://www.evry.inra.fr/public/projects/ppr/ppr.html
Cytochrome P450 272 Metabolism http://arabidopsis-p450.biotec.uiuc.edu/
bHLH factors 162 Transcription Bailey et al. (2003)
MYB factors 133 Transcription http://www.mpiz-koeln.mpg.de/myb/
Phosphatases 131 Signalling PlantsP: http://plantsp.sdsc.edu/
ABC proteins 129 Transport Sanchez-Fernandez et al. (2001)
Zinc finger (C3HC4) 125 Miscellaneous http://arabidopsis.med.ohio-state.edu/AtTFDB/index.jsp
UDP-glucosyltransferase 121 Metabolism http://www.biobase.dk/P450/
AP2/EREBP factors 120 Transcription http://arabidopsis.med.ohio-state.edu/AtTFDB/index.jsp
MADS box factors 104 Transcription Martinez-Castilla and Alvarez-Buylla (2003)

Gene families compiled using combinations of sequence identity and by the presence of defined functional domains.
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Table 2

The top 10 most abundant gene families in Arabidopsis based on the number of protein matches per InterPro domain (Mulder et al., 2003)

Family Members Function InterPro do-
main
Protein kinase 1055 Signalling IPR0O00719
Ser/Thr protein kinase 799 Signalling IPR008271
F-box domain 650 Miscellaneous IPR0O01810
TPR domain 575 Miscellaneous IPR008941
Leucine-rich repeat 544 Miscellaneous IPROO1611
Zinc finger (C3HC4) 492 Miscellaneous IPR001841
Pentatricopeptide (PPR) repeat 457 RNA processing IPR002885
HMG-I/HMG-Y (A + T-hook) 385 DNA processing IPR000637
MYB DNA-binding domain 344 Transcription IPR001005

families are well defined, the annotation of others ap-
pears somewhat preliminary. The Plant Specific Data-
base has further extended these families at TAIR and
integrated them with EST counts, sub-cellular localisa-
tion predictions, membrane/soluble scores and an au-
tomatic functional assignment from the Munich
Information Center for Protein Sequences (MIPS)
to add an extra dimension of functionality to these
family lists (http://genomics.msu.edu/plant_specific/in-
dex. html). An alternative approach to the methodical
assessment of families based on whole sequence protein
similarity is simply the automated use of functional
motifs or domains to define families (Table 2). Use of
this approach in Arabidopsis provides a complementary
view of superfamilies, which sometimes confirms the
results from whole sequence similarity studies, and
sometimes provides overlapping family structures
(compare Tables 1 and 2). Ultimately, links to phylo-
genetic trees and expression analyses could be incorpo-
rated into these family description structures. These
types of resources are likely to become an important
way of obtaining some idea of the size and phylogeny of
gene families and utilising the detailed knowledge of
other researchers.

3. Making the most of gene specific technologies

The experimental study of gene families relies on the
ability to readily distinguish between related members.
Traditional methods for following gene expression, such
as northern hybridisation, often failed to distinguish
between the similarly sized members of gene families
and suffered from cross-hybridisation between similar
sequences. Only by separately following and identifying
individual members of gene families and their products
can we really address questions of differential expres-
sion, localisation and ultimately gene function within
families. The uses of technologies such as semi-quanti-
tative RT-PCR and more recently real-time PCR and
oligomeric microarrays can be used to address some of
these issues. These technologies can be readily designed

to deal with the confounding issue of sequence redun-
dancies within gene families.

3.1. Profiling transcript expression of gene families

A fundamental question relating to gene families is
whether gene explosion to form a particular family is
accompanied more by divergence of function or by di-
vergence of expression. In many gene families members
are expressed simultaneously in multiple tissues. Rather
than simply asking: “Is gene X expressed in tissue Y?”
we need more subtle measures of expression to tease
apart differences between related genes. This is aided by
gene specific transcript expression profiling under a
range of tissue types and conditions. An appreciation of
the subtleties of transcriptional control (e.g., dose re-
sponse, kinetics, magnitude of response) will aid in un-
covering similarities and differences amongst gene
members. This kind of analysis is important for under-
standing why highly similar genes might be preserved in
the genome and the data also forms the basis for further
functional studies.

Recent transcript profiling of gene families has re-
vealed that in most families all members are expressed at
some point in time. Gene specific analysis of the 14
multidrug-resistance related protein (MRP) ABC
transporter family members (Kolukisaoglu et al., 2002),
the 10 xyloglucan fucosyltransferase (FUT) genes (Sar-
ria et al., 2001) and 33 xyloglucan endotransglucosylase
(XTH) genes (Yokoyama and Nishitani, 2001) has re-
vealed that all members of these families were expressed.
However, individual members displayed differential ex-
pression patterns. Even highly similar genes belonging
to very tight clades appear to be expressed very differ-
ently. Other differences include tissue specificities, cell
specific and treatment specific induction patterns. It
appears that the diversification by duplication of the
XTH family has allowed for specialisation of organ-
specific expression and hormone induction rather than
variation in enzyme function (Yokoyama and Nishitani,
2001). Similar conclusions were also reached for the five
sub-families of the plasma membrane proton pump
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ATPases where duplication appears to have also allowed
for a diversification of regulation (Arango et al., 2003).
Defining the combination of transcription factors that
regulate the expression of individual members of gene
families will be very useful in order to understand how
diversification of regulation has been achieved.

Within gene families some members are often highly
expressed, perhaps providing activity at a constitutive
level, while other members are lowly expressed, possibly
expressed only in specific tissues or under more specific
conditions. Comparing EST numbers within gene fam-
ilies can often identify highly expressed members (Ra-
falski et al., 1998; Andrews et al., 2000). Thus far, this
approach appears to hold true in studies of Arabidopsis
gene families (Yokoyama and Nishitani, 2001; Dixon
et al., 2002; Wagner et al., 2002; Millar and Heazle-
wood, 2003). It may be that these highly expressed genes
are conserved across species and perform a ‘default’
role. For instance an Arabidopsis guaiacol peroxidase
expressed with abundant expression levels in most tis-
sues, that is also highly represented in EST libraries has
a specific homolog in cotton, soybean and tobacco that
are also highly expressed (Tognolli et al., 2002).

Lowly expressed members of gene families are often
overlooked and sometimes discounted as pseudogenes.
However in well annotated genomic projects, such as
that of Arabidopsis, there appear few cases where anno-
tated ORFs designated as members of gene families are
non-expressed pseudogenes. Lowly expressed genes with
few or no ESTs could potentially be induced under
specific conditions or in particular developmental stages
or tissues. Sometimes these genes appear to be more re-
sponsive to environmental cues than the highly expressed
constitutive isoforms. For example the lowly expressed
members of the gene families encoding the mitochondrial
import apparatus in Arabidopsis are specially induced
under stress conditions (Lister et al., 2004).

3.2. Reverse genetics and complementation to address
functionality

Another approach to studying gene families in-
volves addressing the question of functional redun-
dancy through reverse genetics. There are many
limitations and challenges in this approach including
the difficulty of identifying phenotypic changes. De-
termining the expression patterns of family members
may help in the analysis of gene knockouts such that
attention may be focussed on particular developmental
stages or organs where closely related members are
not simultaneously expressed. A number of studies
have used reverse genetic approaches in this way to
study function in the context of multi-gene families.
Sarria et al. (2001) analysed the nine Arabidopsis FUT
genes involved in xyloglucan biosynthesis, over-
expressed three different members, and analysed the

sugar composition of cell walls in Arabidopsis. This
study highlighted the difficulties in identifying pheno-
typic changes associated with particular genes and the
authors pointed to the need for a targeted analysis of
cell wall matrix components in order to differentiate
the role of these three members. Individual knockouts
of the Arabidopsis plasma membrane proton pumping
ATPases, in contrast, had noticeable phenotypes and
double knockouts had a lethal phenotype, suggesting
some redundancy exists in this family, a homozygous
individual knockout of a related ATPase was found to
be lethal (Arango et al.,, 2003). Gene function and
hence gene redundancy is likely a function of both
biochemical function and the spatiotemporal expres-
sion of the gene. Thus, sequence similarity amongst
family members alone will not always allow for pre-
dictions of functional redundancy. Knockouts of sin-
gle members of the syntaxin gene SYP2 and SYP4
sub-families resulted in lethality of the male gameto-
phyte in Arabidopsis (Sanderfoot et al., 2001). Thus
the proteins involved in the fusion of transport vesi-
cles to target membranes, despite extensive duplication
in Arabidopsis as compared to model eukaryotes such
as yeast, clearly serve essential non-redundant func-
tions (Sanderfoot et al., 2001).

Complementation is often used to show redundancy or
equivalence of function. However this may also be a very
crude measure of function. In their study of Arabidopsis
proton pumping ATPases, Arango et al. (2003) show that
although PMA2 and PMA4 can replace the yeast H*-
ATPase gene, they do not produce identical phenotypes.
Furthermore while different sub-family members can
functionally replace the yeast H"-ATPase gene there are
subtle differences in the degree of complementation.
Therefore these methods of measuring redundancy are
probably insufficient to determine the roles of individual
members without detailed characterisation of the com-
plementation in planta. The more knowledge we have of
the properties and functions of different families the more
chance we have of finding phenotypes in knockouts.

4. Making the most of protein specific technologies

The annotation of genome sequences coupled with
developments in mass spectrometry has meant that
proteomics can now also be fully integrated into a ge-
nomic context and protein families can be explored.
Rather than relying on a battery of specific antibodies to
try and identify protein products, single mass spec-
trometers yield peptide mass fingerprints and tandem
mass spectrometers deliver peptide sequence information
to provide a high level of downstream specificity (Graves
and Haystead, 2002). Consequently, mass spectrometry
analysis provides protein-for-gene identifications such
that a protein product can be mapped back to a single
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genomic locus in a sequenced organism. This level of
identification is critical in the study of gene families and
their individual members, providing a level of specificity
necessary for following individual gene products. How-
ever, due to limitations in the dynamic resolution of mass
spectrometry and its non-quantitative nature, pre-frac-
tionation of cellular protein is still generally required to
study more than the most abundant set of proteins in
complex cell lysates. This fractionation may come in the
form of polyacrylamide gel electrophoresis, sub-cellular
fractionation, or through column chromatography, cul-
minating in online fractionation of proteins or peptides
by HPLC (Whitelegge et al., 1998; Herbert and Righetti,
2000; Jonsson, 2001). In the following sections we de-
scribe in detail some proteomic approaches that have
proved useful for the study of gene family products.

4.1. Two-dimensional gel separations for proteomics of
protein families

2D-PAGE is a very useful method of separating
cellular proteins (Herbert, 1999). Typically 1D-PAGE
followed by western blotting and immunodetection
fails to distinguish between closely related members of
gene families unless antibodies have been carefully
raised against specific regions of the protein of inter-
est. However this antibody cross-reactivity can be
exploited in the location of multiple family members
on 2D gels. Western blots of 2D gels can be suc-
cessfully probed to locate immunoreactive proteins
(Petersen et al., 1993; Suty et al., 2003). The corre-
sponding protein spot on a duplicate Coomassie
stained 2D gel can be excised, trypsin digested and
individual protein members identified by mass spec-
trometry. The combination of immunodetection with
the high resolution of 2D-PAGE means that closely
related proteins (e.g. up to 95% identical at the amino
acid level) can be distinguished due to differences in
their isoelectric points and variation in amino acid
sequence in peptides derived by proteolysis (Millar
et al., 2001). A series of plant thioredoxins (Maeda
et al., 2003) and a strange variety of proteins that
reacted with mammalian NO synthase antibodies have
been identified by this method (Butt et al., 2003). We
have used this approach to separate the single
immunodetected band of GSTs in Arabidopsis on
ID-PAGE into a series of specific family members
detected with the same antibody on 2D-PAGE
(Fig. 3(A); Sappl et al.,, 2004). 2D-PAGE has the
advantage of providing quantitative information about
the abundance of different family members and may
also reveal post-translational modifications (Peck
et al.,, 2001). Unfortunately this analysis is time con-
suming, technically demanding and its application is
limited by difficulties in automation allowing for high
throughput.

immunoreaction
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Fig. 3. Comparison of 1D and 2D PAGE analysis of expressed
members of the GST family from Arabidopsis. (A) Anti-GST anti-
bodies detected a single band on 1D PAGE, but can be separated to 6
major and several minor protein features by 2D PAGE that are en-
coded by at least five different GST genes. (B) Coomassie blue stained
single GST elution band from GSH affinity media can be separated
into an overlapping set of protein spot features by 2D PAGE com-
prising a wider set of GST isoforms (Sappl et al., 2004).

4.2. One-dimensional gel separations for proteomics of
protein families

The similar molecular mass of gene family members,
rather than being a limitation, can also be exploited as a
useful approach for honing in on a sub-group of pro-
teins of interest. For example, gel slices from a single
lane and corresponding to the MW range of the gene
family products can be excised, trypsin digested, and
analysed by mass spectrometry to identify multiple
members simultaneously. This approach has a higher
throughput but provides only semi-quantitative data.
We have used it to identify the major mitochondrial
carrier family members that are present in Arabidopsis
mitochondria (Millar and Heazlewood, 2003) and a set
of 20 GSTs expressed in Arabidopsis cell culture (Sappl
et al., 2004).

4.3. Non-gel undirected chromatography for proteomics
of protein families

An alternative proteomic approach involves the
large-scale identification of hundreds or thousands of
proteins. Although undirected this approach has the
potential to generate a huge amount of data, allowing
for the study of many families of gene products. Spe-
cifically this involves LC-MS/MS or LC/LC-MS/MS
analysis of protein mixtures. The major analysis of the
rice proteome by this methodology revealed multiple
components of storage protein gene families, with 13
different glutelins, 10 prolamins and 7 globulins (Koller
et al., 2002). Extensive work using these techniques has
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also been carried out to identify protein sets in Arabid-
opsis (VerBerkmoes et al., 2002) and in mitochondria
(Heazlewood et al., 2004) and chloroplasts (Froehlich
et al., 2003). LC-MS/MS separations of intact proteins
from photosynthetic protein complexes have also pro-
vided broad identification of the subunits as well as in-
formation on post-translational modification and
presequence cleavage points (Sharma et al., 1997; Go-
mez et al., 2002; Whitelegge et al., 2002; Zolla et al.,
2002). Unfortunately these approaches in themselves are
not typically quantitative but techniques such as isotope
coded affinity tagging (ICAT) could be incorporated to
provide some quantitative comparison between samples
(Gygi et al., 1999).

4.4. Non-gel directed chromatography for proteomics of
protein families

A wide array of affinity chromatography media are
available for protein purification based on substrate
mimicking or other specific binding characteristics
(Burgess and Thompson, 2002; Bauer and Kuster,
2003). These can be exploited for proteomic analysis
of gene family members both to assess family member
expression and to provide a measure of functionality
to defining families in the context of the physical
properties of the protein products rather than just
protein sequence or gene structure similarities. Im-
mobilised metal chromatography is being exploited to
identify metal binding proteins involved in transport
or chelation of the metal or proteins that use the
metal in catalysis (Lopez et al., 2000; Gupta et al.,
2002). Similar techniques have also been used to iso-
late over 130 lectins with a binding affinity for man-
nose from rice resulting in the identification of a series
of mannose binding proteins (Andon et al., 2003).
Methodology for affinity isolation of polysaccharide
binding proteins in plants has also been reported
(Eckermann et al., 2002), as has the enrichment and
identification of phosphoproteins, which as low
abundance components in plant cells require affinity
purification for identification (Romeis, 2001; Hansson
and Vener, 2003). Nucleic acid binding proteins can
be affinity-purified using a variety of media and met-
abolic enzymes using ADP, ATP, NAD and NADP
resins (Schott, 1984). Bound glutathione also provides
an avenue to purify and assess the products of protein
families that utilise this tripeptide. We have used this
media to isolate a specific subset of 8 Arabidopsis
GSTs that bind this media and then separated these
on 2D gels (Fig. 3(B)). It should of course be noted
that association of proteins with complexes or ap-
parent affinity of proteins for a ligand can be op-
portunistic and final assignments of functional
association requires complementary data such as ge-
netic evidence.

4.5. Distribution of gene family products between cellular
sub-compartments

Often redundant functions are required in eukaryotes
to provide operations in separated compartments of the
cell. In such instances identical enzymatic functions
would not translate to redundancy. Two main avenues
have been presented for considering the sub-cellular
location of gene family products in this context. Firstly,
epitope tagging has been used to localise each member
of a family to a sub-cellular compartment (Kumar et al.,
2002; Hilson et al., 2003). Secondly, the results of sub-
cellular proteomic studies have been combined to ret-
rospectively define localisation of gene family products
(Jung et al., 2000). The most popular route for epitope
tagging is the generation of GFP chimeras with either
the entire protein sequence or the predicted targeting
sequence. This has been used to localise isoforms of the
branched chain aminotransferase required in amino acid
synthesis and metabolism to different organelles in
Arabidopsis by fluorescence imaging (Diebold et al.,
2002). Similar approaches have been used to localise five
geranylgeranyl diphosphate synthases to chloroplasts,
mitochondria and the ER (Okada et al., 2000) and nine
calcium-dependent protein kinases to a host of intra-
cellular locations (Dammann et al., 2003). Sub-cellular
proteomic studies have now been performed in chloro-
plasts (Peltier et al., 2002; Schubert et al., 2002; Ferro
et al.,, 2003; Froehlich et al.,, 2003), mitochondria
(Heazlewood et al., 2004), peroxisomes (Fukao et al.,
2002), nuclei (Bae et al., 2003; Calikowski et al., 2003),
ER and plasma membrane (Prime et al., 2000) and the
cell wall (Chivasa et al., 2002) of Arabidopsis (Fig. 4(A)).
When these sets are compared, discrete proteome com-
plements can be viewed for each sub-compartment.
Proteins that span multiple compartments, shown as the
intersections in the Venn diagram depicted, include
contaminants in organelle preparations but also au-
thentically multi-targeted proteins (Fig. 4(B)). These
experimentally defined sets can also be analysed for the
sub-cellular distributions of gene families to dissect their
specific functions. As an example, the gene families en-
coding malate dehydrogenase and ascorbate peroxidase
are localised in multiple compartments according to this
analysis (Table 3). Similar studies have helped to define
the sub-cellular location of products from other defence
enzyme and protein import pathway families (Chew
et al., 2003; Milla et al., 2003; Chew et al., 2004). A
significant advantage of sub-fractionation is the ability
to produce proteomic depth. Sub-cellular proteomics
can more reliably examine low abundance isoforms in
low-abundance proteomes within the cell. Such methods
have been successfully employed to illustrate that low-
abundance isoforms of particular families are actively
expressed and do not represent pseudogenes (Friso
et al., 2004; Heazlewood et al., 2004).
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Fig. 4. Proteomic analyses of Arabidopsis sub-cellular compartments. (A). Isolated sub-compartments were analysed by mass spectrometry using a
variety of techniques including 2D PAGE, LC-MS/MS and 1D PAGE. The mass spectrometer pictured is the Applied Biosystems Q TRAP™ LC/
MS/MS System (http://www.appliedbiosystems.com). (B). A Venn diagram comparing the identified overlaps between experimentally defined pro-
teomes of four sub-compartments of Arabidopsis. Mitochondria: (Heazlewood et al., 2004; Heazlewood and Millar unpublished data), peroxisome:
(Fukao et al., 2002), nucleus: (Bae et al., 2003; Calikowski et al., 2003), plastid: (Peltier et al., 2002; Schubert et al., 2002; Ferro et al., 2003; Froehlich
et al., 2003; Friso et al., 2004). The numbers in brackets represent the total sets identified from each organelle while the number outside the Venn

diagram represents the null set.

4.6. Pitfalls in gel and non-gel assessment of protein
Sfamilies

The major disadvantage of gel-based approaches is
the loss of proteins, and even whole protein families,
due to the relatively stringent requirements of isoelec-
tric focusing. Notably, low abundance proteins, highly
basic and even moderately hydrophobic proteins are
usually under-represented (Santoni et al., 1999; Gygi
et al., 2002). Further, the gel environment tends to lead
to more artefactual protein modifications such as me-
thionine oxidation and cysteine modification by acryl-

amide radicals (Swiderek et al., 1998), potentially
masking in vivo modifications such as glycosylation
and phosphorylation that are of most interest to re-
searchers (Sickmann et al., 2002). Clearly the major
disadvantage of using a non-gel approach is the diffi-
culty in readily quantifying protein member abun-
dances. Incomplete digests of samples and differential
ionization of peptides are two of the main problems
associated with quantification when using these tech-
niques (Link et al., 1999). Arraying samples on a 2D
gel enables an assessment of quantitation of various
gene family members as has been demonstrated for
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Table 3

Sub-cellular localisation of Arabidopsis gene families using proteomic data

Family Proteome location

References

Malate dehydrogenase

At3g47520 Chloroplast
At5g58330 Chloroplast
Atl1g53240 Mitochondrion
At3g15020 Mitochondrion
At2g22780 Peroxisome
At5g09660 Peroxisome
Atlg04410 Cytosol
At5g43330 Cytosol
At5g56720 Cytosol
Ascorbate peroxidase

At4g35000 cpt/perox
At4g09010 Chloroplast
At4g08390 mito/cpt
Atlg77490 Cytosol
At3g09640 Cytosol
Atl1g07890 Unknown
At4g32320 Unknown
At4g35970 Unknown

Ferro et al. (2003)
Froehlich et al. (2003)
Millar et al. (2001)
Heazlewood et al. (2004)
Fukao et al. (2002)
Fukao et al. (2002)
Inferred

Inferred

Inferred

Fukao et al. (2002), Ferro et al. (2003) and Froehlich et al. (2003)
Peltier et al. (2002), Schubert et al. (2002) and Friso et al. (2004)
Heazlewood et al. (2004)

Prediction

Prediction

Gene identifiers correspond to Arabidopsis Genome Initiative (AGI) chromosomal loci which are accessible at TAIR.

components of the outer membrane mitochondrial
import complex (Werhahn and Braun, 2002). A further
significant issue is that in some cases during analysis of
mass spectrometric data there is a failure to assign a
peptide as the product of a single genomic locus. This
will occur if the tryptic peptide comes from a conserved
region of the protein and is therefore not unique to a
single gene family member. If the sample was from a
single spot on a 2D gel then the peptide can be more
confidently assigned to a single gene based on other
matching peptides from this sample. However if the
sample is a complex mix of proteins (e.g. MW gel slice
or an LC-MS/MS sample) then the peptide cannot be
assigned with confidence. More recently several soft-
ware programs have been developed in an attempt to
deal with issues associated with the significant match-
ing of MS derived spectra derived from such complex
mixtures (Keller et al., 2002; Tabb et al., 2002; Nes-
vizhskii et al., 2003). Tryptic peptides can also arise
from alternative splice forms, so an intimate knowledge
of the gene family and EST alignments is important to
be sure that the actual proteins under study correspond
to the predicted gene models used for the mass spec-
trometry matches (Lisacek et al., 2001). In some cases,
the use of intact protein mass determinations by LC-
MS/MS (Whitelegge et al., 2002) could further com-
plement peptide analysis to define the gene family
member responsible for peptide products in complex
samples. Such an approach was recently utilised to
confirm the presence of the two parologous genes that
code for the large subunit of the oxygen-evolving en-
zyme (PsbO) from an Arabidopsis thylakoid prepara-
tion (Gomez et al., 2003).

5. Where to now? Challenges for the future in gene
families

To date research of gene families has tended to focus
on genomic organization of genes and some basic ex-
pression analysis. The next challenge is ‘functional’
characterisation and it is probable that an intimate
knowledge of the expression of gene families will greatly
aid this process. This next stage will involve under-
standing the transcriptional regulation of related genes
and appreciating the real and apparent levels of func-
tional redundancy within defined genomes in plants.
Detailed and sophisticated expression profiling of entire
gene families will shed light on the degree of differential
expression. Ultimately an intimate knowledge of the
promoter elements regulating individual genes will be
necessary to determine how members are differentially
regulated. For example, there is evidence that tandemly
duplicated polygalacturonase-inhibiting protein (PGIP)
genes encoding proteins with similar activities are co-
ordinately and differentially induced during fungal in-
fection through differing pathways (Ferrari et al., 2003).
It is proposed that differential regulation of functionally
redundant proteins might be important to ensure that
PGIPs are expressed following activation of different
pathways which will be important for antagonistic
cross-talk in signalling pathways (Ferrari et al., 2003).

A further dimension to the issue of dissecting gene
families and functionality is the structure of the protein
product. Subtle differences in primary sequence that dif-
ferentiate many members of gene families may become far
more obvious at this level. Currently there are only 57
structures specifically available for Arabidopsis proteins,
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and 12 available for rice (http://www.ncbi.nlm.nih.gov/),
although some extrapolations could be undertaken from
work being carried out on universally conserved domain
structures from other organisms such as the protein in-
teracting WD-repeat structure (Smith et al., 1999), of
which there are ~60 members present in Arabidopsis.
Global analysis of protein structures by a combination of
fold recognition and domain threading has begun with the
recent release of the iGAP genome annotation of Ara-
bidopsis (Li et al., 2003), but the value of this resource for
multi-gene family studies remains undetermined.

The central question still remains as to why some
genes are prone to duplication and are subsequently
retained while others are not. It is possible that multi-
gene families allow for a finer control of expression and
protein function through sub-functionalisation. By
partitioning functions among multiple genes there is
thus simply more capacity for specialisation. But what is
the force preventing all genes from forming complex
families? Potentially it is difficult to co-ordinate the ex-
pression of large gene families efficiently and this acts as
a negative balance against genome expansion. We also
need to ask, what properties or functions do large gene
families have in common? A perusal of the major fam-
ilies indicates that for the sequenced genomes of Ara-
bidopsis and rice many are involved in plant defence,
secondary metabolism and signalling (Kaul et al., 2000;
Goff et al., 2002). It may be that genes required to un-
dertake quick, large transcription responses are prone to
becoming gene families. Such a development may help
provide a readily tuneable on/off switch for a variety of
specialised functions in response to a host of stimuli. In
contrast, metabolic functions, house-keeping compo-
nents and structural proteins which are more constitu-
tively expressed, tend to be encoded in smaller gene
families and more significantly these classes contain
many singleton genes in plants.
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