
Journal of Chromatography B, 782 (2002) 151–163
www.elsevier.com/ locate/chromb

Review

G ene function on a genomic scale
a , ,1 b ,1*Lars M. Steinmetz , Adam M. Deutschbauer

aDepartment of Biochemistry, Stanford University School of Medicine, Stanford, CA 94305,USA
bDepartment of Genetics, Stanford University School of Medicine, Stanford, CA 94305,USA

Abstract

The ability to obtain experimental measurements for thousands of genes has revolutionized our view of biological systems.
While traditional studies of gene function evaluated many different properties for a single gene, genomic approaches can
measure a single property for thousands of genes. Over the last years, genomic approaches have been developed to measure
many different properties, including gene expression, deletion phenotype, and protein characteristics. The promise of
integrating these datasets has made it attractive to test whether genomic approaches can determine gene function with
accuracy comparable to single gene approaches.
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1 . Introduction [1], came the startling discovery that the function of
over half of the|6200 reported open reading frames

Sequencing projects are yielding new gene se- (ORFs) was unknown. Many other eukaryotic
quences faster than biologists can discover their genomes have since been sequenced, including the
function. Four years ago with the sequence of the wormCaenorhabditis elegans [2], the fly Drosophila
first eukaryote, the yeastSaccharomyces cerevisiae melanogaster [3], the plantArabidopsis thaliana [4],

and recently our own human species [5,6]. These
genomes contain more genes than in yeast, with over
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An understanding of gene function does not derive type, and protein characteristics. How has each
from knowledge of a single variable, rather it approach been used and what are its limitations?
becomes more complete with information about
multiple variables including expression pattern,
splice variants, mutant phenotype, protein-encoding 2 . mRNA transcript analysis
ability, protein interaction partners and protein
localization. In model organisms where experimental The largest efforts to characterize gene function on
manipulation is feasible, individual, single-gene ex- a genome-wide scale have focused on measuring
perimental approaches have traditionally been ap- mRNA expression levels with hybridization-based
plied. However, single-gene approaches are insuffi- approaches. High-density DNA arrays, also known
cient to meet the challenges of the genome, therefore as microarrays [7,8], enable mRNA levels to be
highly parallel and systematic strategies have been measured on a massively parallel, high-throughput
developed. They address gene function from three scale (Fig. 1). Expression analysis with arrays is
different levels: mRNA transcription, mutant pheno- easy to carry out and can be applied to practically

Fig. 1. mRNA transcript analysis in yeast. Cultures are grown in two different media conditions, depicted here for low and high salt. Cell
samples are collected from each condition to isolate mRNA. Isolated mRNA is fluorescently labeled (shown here for four genes) and
hybridized to a high-density array containing complementary sequences to each gene. Differences in mRNA abundance between the two
conditions are inferred by differences in the hybridization signals on the arrays. In this example one mRNA (blue) is expressed only under
high salt and shows no expression in the low salt condition.
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any organism. This has made it attractive to test expression [21]. Analysis of a transcription factor
whether functional information can be gained from mutation in yeast attributed 96–99% of the initially
measuring the mRNA transcript level under a variety measured expression changes to a secondary effect
of conditions for every gene in the genome. that turned out to be a change in the growth rate of

A tight correlation between transcription and yeast [22]. Likewise, the ongoing analysis of gene
function exists during development. For example, deletion phenotypes in yeast has revealed little
genes that function specifically in particular stages of correlation between fitness effect and expression
the cell-cycle often show a cell-cycle dependent level [23–26]: genes with a change in deletion
periodicity of expression [9–11]. In addition, experi- phenotype between two conditions often did not
ments of meiosis in yeast [12,13], metamorphosis in show a significant change in mRNA expression level
flies [14], serum response in human [15], and a between the same two conditions and vice versa
collection of conditions in worm development [16] (Fig. 2). These measurements suggest that mRNA
are rich in examples where genes with similar transcript analysis is a powerful tool for obtaining a
function have a similar expression profile. However, rapid initial assessment of the activities in a genome
a major drawback of mRNA expression analysis is but prediction of function requires caution.
that mRNAs are not functional entities themselves, The analysis of gene expression information may
but rather are transmitters of information from the be aided by focusing on genes that are not differential-
genome to the proteome where function is enacted. ly expressed under most conditions, except for one.
The inference of function from mRNA expression is Those genes that change expression only under one
therefore indirect and rests on the assumptions that particular condition are most likely pathway-specific
the execution of cellular processes and the activation and biologically relevant. However, this extension
of molecular pathways are tightly regulated and that also requires that one be able to clearly distinguish
evolutionary selection is likely to have limited splice variants, a problem that has been largely over-
transcription to times when protein products are looked. Although alternative splicing is not a problem
needed [17]. Therefore, predicting function of un- in yeast where 70% of the genome is protein-coding
characterized genes based on similarity in expression sequence and only 238 spliced transcripts exist [27], it
to genes of known function demands an answer to is a problem in higher eukaryotes. Only|1.5% of the
two difficult questions: (1) if a gene is found to be human genome is protein-coding and 99% of genes
expressed in a particular pathway, is it important for are spliced with an estimated median of seven exons
that pathway? And (2) if a gene is found not to be per human gene [5]. Because protein isoforms carry
expressed, is it not important for that pathway? out different cellular functions and an estimated 35–

Changes in transcript levels may not reflect 59% of human genes have at least two protein iso-
changes in protein expression due to differences in forms [28], distinguishing differently spliced tran-
translation, protein modification or degradation. scripts is important. Array designs that verify ex-
Early comparisons of mRNA and protein levels have pressed transcripts [29] and detect alternative splicing
yielded contradictory results about their correlation [30] need to be applied.
[18,19]. A recent analysis of 289 genes showed a As demonstrated by studies of the cell cycle or
correlation of 0.61 between protein-abundance ratios multicellular eukaryotic development, genes with
and mRNA-level ratios and noted that 15 of 30 similar function are often transcriptionally co-reg-
proteins with clear changes in protein abundance did ulated. Therefore knowing the temporal and spatial
not show any change in mRNA level [20]. Consider- regulation of transcription may be a better indicator
ing that genes compete for cellular resources such as of gene function than changes in expression level
polymerase enzymes and transcription factors, it is alone. One key aspect of understanding transcription-
possible that an expression change in one gene will al regulation is identifying the transcription factors
affect the transcript rates of all other genes with and regulatory sequences that control gene expres-
which it competes. As a result, a global understand- sion. One powerful approach combines chromatin
ing of gene regulation may be necessary before one immunoprecipitation (ChIP) with DNA microarray
can fully understand the significance of changes in analysis. This approach worked for finding the
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Fig. 2. The correlation between mutant phenotype and mRNA expression levels in the response of yeast to high salt. Fitness measures for
all homozygous deletion strains (|4700 total) were assayed in parallel using a molecular bar-coding approach (seemutant phenotype
analysis section and Fig. 3) to identify 103 deletion strains with a salt hypersensitive phenotype. The sensitivity value for each strain was
calculated as the negative natural logarithm of the likelihood of observing the experimental values by chance (see Ref. [24] for more details
on data analysis). Larger sensitivity values indicate greater fitness defects in high salt. The salt expression data were obtained from Ref. [72],
from which 531 genes were identified with a 10-fold or greater fluctuation in expression during growth in high salt. A plot of the 103 salt
hypersensitive deletion strains against their fold expression change shows that the majority of genes required for salt tolerance are not
differentially expressed greater than 10-fold during salt treatment.

sequence vicinity of transcription factor binding sites similarities in expression profile. Although success-
with high accuracy [31,32]. An alternative approach ful in isolated cases [9,10,34], this approach seems to
measured the mRNA expression level of genes in depend heavily on the biological problem that is
strains containing transcription factor mutations [33]. studied and how tight the co-expression is defined
The idea is that genes that are activated in expression and measured. All three approaches confirm that
by the transcription factor will not be transcribed in transcription factor binding sites are found at many
the mutant compared to a wild-type culture. How- more places than are bound by transcription factor,
ever in a comparison, the ChIP technology has the illustrating the importance of combining computa-
advantage of overcoming the problem of having to tional analysis with experimentation.
distinguish primary from secondary effects. Similar A final application of mRNA transcript analysis to
advantages of ChIP exist over expression level gene function uses expression levels as a detailed
studies that predict regulatory sequence motifs by molecular phenotype or signature profile. Applied to
aligning upstream sequences of genes that show group deletion mutants by similarity in their mRNA
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transcription responses, this approach can be used to collections of custom mutations and greatly facilitate
predict new gene function for uncharacterized gene biological discovery. In yeast, a consortium of
products based on similarity in signature profile to laboratories used a PCR-based approach to generate
characterized genes [35]. This approach requires one ‘‘knock-outs’’ of all open reading frames in the yeast
experiment per gene deletion mutant and scaling it to genome by homologous recombination [24]. Due to
the genome is therefore a challenge. lower targeting efficiencies and practical considera-

tions in maintaining deletion collections, genome-
wide knock-outs have yet to be reported in the other

3 . Mutant phenotype analysis organisms where the homologous recombination
system is developed: mouse [44], Drosophila [45],

Rather than expression level, the phenotypic con- and sheep [46]. An alternative approach is to use
sequence of mutations has more often been used as a RNA molecules to selectively silence the function of
critical determinant of gene function. Traditionally, a target gene [47]. The leading technology, applic-
geneticists have randomly mutagenized organisms able to a wide range of model systems, is RNA
with the goal of generating phenotypes of interest. interference (RNAi) in which double-stranded RNA
Subsequent identification and cloning of the mutation (dsRNA) corresponding to a particular gene selec-
strongly suggests a role for the corresponding gene. tively degrades its transcript thereby eliminating the
While this ‘‘forward genetic’’ approach has yielded function of that gene. The primary advantages of
functional information for many genes, it is too time RNAi are the ease of dsRNA synthesis and the
consuming to analyze the thousands of uncharacter- flexibility of inhibition. The user can spatially and
ized genes identified by sequencing projects. The rise temporally control the interference reaction. One key
of functional genomics has ushered in a new disadvantage of RNAi is that the effects are not
paradigm for large-scale phenotypic analysis of gene permanently inheritable. In addition, injected dsRNA
mutations. For given organisms, genome-wide efforts may be of limited use in whole organisms or tissues
are currently under way not only to generate muta- due to difficulty of targeting multiple cells at once.
tions in all genes, but also to develop systematic For analyzing mutations in all genes in a genome,
approaches to examine mutant phenotypes in a high- high-throughput methods of phenotypic analysis are
throughput manner. necessary. Among these, the ones for microorga-

Methodologies for mutagenizing genomes can be nisms are most developed. One such approach,
separated into two general classes: random and developed in yeast and termed genetic footprinting
direct. Random integration into the host genome [48], takes advantage of gene-specific PCR primers
using transposons or gene trap vectors remains a to follow the fitness of thousands of transposon
simple and cost-effective method for generating large insertion mutants over time. Although genetic foot-
numbers of mutations. Such an approach has been printing is applicable to any microorganism for
applied extensively to the genomes of Drosophila which sequence data is known, this approach is
[36,37], yeast [38], bacteria [39], mouse [40], and limited by the fact that a specific PCR reaction needs
plants [41]. While serving as a useful tool for to be carried out for each gene in the assay. A
inducing many mutations, approaches based upon second approach is based upon tagging mutant
random integration require sequencing [38] or pool- strains with different DNA sequences and using
ing methods [42,43] to identify integration events in hybridization to distinguish mutant variants. This
specific genes. In addition, all genes are not equally technique was first developed for transposon muta-
amenable to integration, therefore, other approaches genesis in the bacteriaSalmonella typhimurium and
are necessary to achieve full genome saturation. termed signature-tagged mutagenesis [49]. Although

Directed mutagenesis programs have the obvious proven useful in a number of bacterial species [50],
advantage in that the user controls the precise nature this approach typically involves random transposon
of the mutation without prior knowledge of mutant mutagenesis, thereby potentially missing critical
phenotype. These ‘‘reverse genetic’’ approaches ap- genes. More recently, a systematic approach using
plied on a genome-wide scale will result in large directed mutagenesis has been achieved in yeast
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[23]. Molecular tags enable massively parallel analy- a genomic scale for a number of organisms where
sis of a large number of strains to obtain a quantita- the phenomenon is developed including flies [55],
tive measurement for each individual strain (Fig. 3). zebrafish [56], mice [57], and human cultured cells
Recent applications have focused on diverse pro- [58]. Studies of the latter and other cell lines may be
cesses such as sporulation [25], mitochondrial func- aided by dsRNA arrays, in which cells are overlaid
tion [26], UV sensitivity [51], and the nonhomo- on a surface containing dsRNA at defined locations.
logous end joining pathway NHEJ [52]. The molecular and cellular consequences of a spe-

In multicellular eukaryotes, the ability to generate cific gene inhibition can be followed by microscopy-
mutations currently outperforms our capacity to based assays [59].
analyze their phenotypes in detail. One confounding As the techniques of homologous recombination
issue is the complexity of phenotypes in higher and RNAi are optimized, the loss of function
organisms which are often more difficult to detect. phenotypes for thousands of genes of common model
Specific assays that screen through thousands of organisms should be elucidated. However, as the
deletion lines to identify individual mutants for results from yeast clearly demonstrate, the disruption
specific cellular processes are needed. This is dif- of many genes will not result in a detectable
ficult because whole multicellular organisms cannot phenotype due to redundancy at the individual gene
be ‘‘pooled’’ as easily as microorganism. Despite or pathway level. Other techniques, including the
these problems, efforts are currently under way to functional analysis of genes at the protein level or
determine the loss of function phenotype of all worm systematic construction of double deletions [60] will
genes using RNAi [53,54]. For example, to study be necessary to determine the function of these
function of essential genes in the early embryo, genes.
Gonczy et al. injected double-stranded RNA corre-
sponding to 2174 genes of chromosome III into the
germline to generate fertilized eggs lacking the 4 . Protein analysis
targeted transcript. Time-lapse differential interfer-
ence contrast microscopy was used to examine the The function of genes is mediated by the activities
first cell division of the zygote to identify 136 gene of their encoded proteins. Therefore, measuring
products that are required for specific aspects of the mRNA transcript levels and analyzing mutant
cell division. This result demonstrates that RNA phenotypes are insufficient by themselves to under-
silencing techniques can be used to systematically stand the molecular function of proteins, and hence
dissect early developmental systems using loss of the genes which encode them. A global view of
function mutations that could not be propagated in genome function is incomplete without an under-
the adult organism. Although not yet reported, RNA standing of protein activity and dynamics. Similar to
silencing methodologies can in theory be applied on the revolution in genomics, systematic approaches

Fig. 3. Parallel phenotypic analysis using molecular bar-coding in yeast. (A) Each open reading frame (ORF) in the yeast genome was
disrupted via homologous recombination of a targeting cassette. In addition to the regions of homology to the target locus, each targeting
cassette was constructed with two unique 20 base pair sequences, or molecular tags, that serve as unique strain identifiers [73]. A universal
selectable marker (Kanamycin resistance) and common PCR priming sites (CP) enable PCR amplification of tags in a complex mixture of
DNA. (B) An example of parallel phenotypic analysis is illustrated here for a simplified pool of four deletion strains, each of which carries a
single molecular tag. Prior to selection, total genomic DNA is extracted from the starting pool, all molecular tags amplified in a single PCR
reaction, and the tags hybridized to an oligonucleotide array containing the tag complements. Visualization of bound product on the array is
accomplished using biotinylated primers together with a fluorescent-streptavidin conjugate. Because all strains are present in the starting
pool, all probes exhibit a hybridization signal (colored in the illustration for simplicity). The pool is then subjected to selection, in this case
growth for 20 population doublings in media containing a high salt concentration. In this example, the deletion strain with a ‘‘blue’’ tag
exhibits a relative fitness defect in salt media compared to the deletion pool average. Note the absence of blue signal on the array following
hybridization of the molecular tags from the ‘‘selected’’ pool. By comparing tag hybridization signals before and after selection, strains with
specific fitness defects are identified in parallel. Currently, this approach is being applied to deletion pools representing all nonessential
ORFs (|4700) in the yeast genome.



L.M. Steinmetz, A.M. Deutschbauer / J. Chromatogr. B 782 (2002) 151–163 157



158 L.M. Steinmetz, A.M. Deutschbauer / J. Chromatogr. B 782 (2002) 151–163

are being developed to analyze the expression level, hybrid screen. A promising alternative to the two-
localization, biochemical activity, interaction part- hybrid approach involves the isolation of native
ners and modifications of all proteins encoded by protein complexes by affinity purification followed
genomes. This emerging field of biological discov- by individual identification of components by mass
ery, termed proteomics [61], is technically challeng- spectrometry (Fig. 4) [68]. Two groups have scaled
ing due to diverse properties of individual proteins. this approach to a genomic level in yeast with

Proteomic strategies require the identification of encouraging results [69,70]. Gavin et al. purified 589
proteins and their quantification. Identification is protein assemblies from yeast and could identify 232
typically carried out by separating a protein sample distinct protein complexes containing 231 unclas-
by two-dimensional gel electrophoresis or chroma- sified proteins, providing a higher-order map of the
tography followed by mass spectrometry of each yeast proteome in addition to providing functional
protein in a fraction. The main problem for insight for unclassified proteins.
proteomic studies is, however, complexity. From The large-scale analysis of proteins has also been
crude cell extracts, measurements of only the most applied to at least three other questions that are
abundant proteins can be obtained. Affinity chroma- relevant to studies of gene function: sub-cellular
tography can enrich for specific lower abundance localization, post-translational modifications, and
proteins but yields only a subset of the proteome. Of biochemical activity. Transposons engineered with
great promise are new developments in mass spec- reporter genes such as the green fluorescent protein
trometry that promise to extend the analysis of crude (GFP) were used to follow the localization of many
cell extracts to moderate and low abundance proteins fusion proteins in a single cell context [38]. High-
by using more sensitive and precise detection mecha- density protein arrays, such as those described
nisms [62]. The use of chemically labeled protein recently for the yeast proteome [64], were used to
samples has enabled two or more samples to be address not only protein activity and interaction
analyzed in parallel and has already been used to partners, but also subtle modifications such as phos-
quantitate differences in the most abundant proteins phorylation. GST fusions of all yeast proteins were
between two crude cell extracts [63]. As an alter- isolated in a comprehensive approach to assay for
native, protein arrays offer a platform for measuring new biochemical activities [71]. Although
differences in abundance between specific proteins proteomics presents many technical challenges, over-
for which antibodies are available [64]. coming these issues is important because proteomics

Individual proteins typically mediate their function can be applied to many different organisms to
through their interaction with other proteins, either provide an informative measurement of gene func-
transiently through modifications such as phos- tion.
phorylation or as a component of a multisubunit
complex. Therefore, knowledge of the interaction
partners of a given protein suggests function if prior 5 . Conclusions
information of one of the proteins has been obtained.
The yeast two-hybrid approach is a flexible tech- Each of the three approaches to gene function
nique that takes advantage of the interaction of two discussed here is insufficient by itself. Current results
fusion proteins to activate a reporter gene in yeast confirm expectations from single-gene analysis, that
[65]. However, two genome-wide analyses of two- each approach measures a different variable and gene
hybrid interactions in yeast revealed a lack of function cannot be determined with knowledge of
reproducibility and large percentage of false positive only a single variable. A thorough knowledge of
and false negative results [66,67]. Positive interac- gene function requires an integration of approaches.
tions identified by this approach are complicated by This can only be achieved if the significance of each
the possibility that under native conditions the measurement is assessed with the same standards of
proteins do not localize together or they are present rigor that have been applied to single gene studies.
at a low concentration and only interact under Only then can genome-wide data be applied to make
artificially high concentrations as used in the two- specific and accurate discoveries for individual



L.M. Steinmetz, A.M. Deutschbauer / J. Chromatogr. B 782 (2002) 151–163 159

genes, which when integrated will achieve a detailed,
but systems-level understanding of how cellular
function and responses take place.
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