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Having the complete genome sequence of Saccharomyces
cerevisiae makes us aware of the ultimate goal of yeast molecular
biology: the ‘solution’ of the cell, that is, an understanding of the
function of all ~6000 proteins (and a few RNAs) and how they
interact with each other and the environment. The recent
development of ‘genomic’ approaches for studying gene function
makes this goal seem reachable in the foreseeable future. When
this is accomplished, we will have entered a Golden Age, when
we will have the information necessary for designing truly incisive
experiments to reveal biological function.
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Abbreviations
ORF open reading frame
SmORF small ORF
YKO yeast gene knockout (collection)

Introduction
Unlike an earnest tourist, who knows exactly where he is
going and when he will arrive, a scientist usually has only
a vague idea of his destination, and seldom comes even
close to predicting his arrival time. When Bob Mortimer
embarked in the 1950s on the scientific journey that was
the yeast genome project [1], he could not have foreseen
that his genetic map would ultimately be at single
nucleotide resolution, and I doubt he had even an inkling
that it might lead to the identification of all the genes that
comprise this relatively simple eukaryotic cell. Surely he
did not imagine these things would happen before the end
of the century. Twenty years later, the goal of determining
the DNA sequence of the yeast genome was certainly in
Maynard Olson’s sights when he initiated its physical map-
ping in the late 1970s [2] but I doubt he saw the
destination as understanding the function of all of the
organism’s genes. By the time DNA sequencing had begun
in the late 1980s [3], the goal of identifying all yeast genes
was explicit, but no one came close to predicting when the
job would be done (Science 1992, 256:462). Furthermore, it
seems unlikely that anyone imagined at that time that the
contributions each of the genes makes to the life of the cell
might be known in the foreseeable future. Now that we
have had over four years to develop and implement new
experimental approaches for exploiting the complete yeast
genome sequence, our destination is clear: the ‘solution’ of
the organism, that is, an understanding of the functions
and inter-relationships of each of its ~6000 genes. When
will we reach this goal and what will it mean when we do?

The yeast genome: features
Global features of the genome
When the first complete DNA sequence of a eukaryotic
genome became available in 1996 [4], it was thought that
long-range features of yeast genome architecture might be
apparent. But early excitement over seemingly periodic vari-
ations in G+C content of some yeast chromosomes waned as
it became clear that this was not the case throughout the
genome [5]. Although the nucleotide composition within
and between chromosomes clearly varies [6,7], the biological
significance (if any) of this observation is unclear. Unclear
also is the significance of the non-random distribution of
microsatellite sequences [8–10].

Perhaps the most significant insight into genome organiza-
tion is the realization that the entire genome probably
duplicated ~150 million years ago [11]. Pieces of the dupli-
cated chromosomes subsequently translocated to different
chromosomes, followed by loss of most (~92%) of the
genes from one or the other duplicated copy, resulting in
the 55 different stretches of duplicated genes apparent in
the sequence today [12,13]. A key observation that sup-
ports this idea is that the duplicated genes in each block
are almost always in the same order and relative orienta-
tion, and their order is similar to that inferred to exist prior
to genome duplication [14,15].

Finding all the genes
Even the seemingly simple, relatively prosaic goal of the
yeast genome project — to identify all the genes of the
organism — has not been met. The genome contains
~6300 potential genes — the MIPS database [16] lists
6340 open reading frames (ORFs); SGD [17] lists 6281;
YPD [18] lists 6142 proteins — but it will be a long time
until all yeast genes have been identified unequivocally.
One reason is that small genes (<100 codons) are difficult
to recognize and too numerous to annotate [19]. About 160
of these small ORFs — smORFs, also called nORFs for
‘non-annotated ORFs’ — appear to be transcribed [20],
suggesting that they are actual genes. A recent screen for
expressed regions of the yeast genome using a transposon
containing a reporter of gene expression has identified 328
expressed smORFs [21]. Even these kinds of evidence,
however, do not definitively identify a smORF as an
actual gene as background transcription/translation of the
genome might be what is being detected in some cases.
In fact, ~15% of the reporter gene transposons that landed
in smORFs are within a larger annotated ORF, in the
same transcriptional orientation but in a different transla-
tional reading frame. Reporter gene expression in these
cases is probably caused by frameshifting of translation
of the larger ORF, which seems to occur surprisingly fre-
quently [21]. One wonders how many of the other 85% of
the smORFs identified in this way are being expressed
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fortuitously. In any case, a reasonable guess is that ~250
smORFs (±~50) are real genes. 

Many of the annotated ORFs (those ≥100 codons) are
undoubtedly not genes, but how many? Approximately
10% of them can be expected in a random sequence [22],
implying that ~600 annotated ORFs do not encode pro-
teins, giving yeast ~6000 genes (~6300 ORFs minus ~600
false ORFs plus ~250 smORFs). Some people believe
that even more of the ORFs are imposters because many
have a nucleotide composition that is unlike that of true
genes. If correct, this would leave yeast with only ~4800
genes [23,24]. It would be surprising if a yeast cell can be
built with about the same number of genes as
Escherichia coli. Indeed, our comparison of the DNA
sequences of several Saccharomyces species shows that the
sequences of most of the ORFs of unknown function are
well conserved though evolution, suggesting that most of
them really are genes (P Cliften et al., unpublished data).
This important issue cannot be resolved until we have
functional data for every gene.

Despite the fact that introns in yeast are rare and small, it
is still not straightforward to predict how the mRNA of a
yeast gene will be spliced. When this was tested for sev-
eral mRNAs thought to contain introns, ~30% of the
predictions turned out to be wrong [25]! (One shudders
to think what this means for the error rate in larger
eukaryotes!) Data from this and a variety of other studies
have been used to improve intron predictions, yielding
231 yeast genes predicted to contain introns, though this
is admittedly not a complete set [26].

Some genes, of course, do not encode proteins, making
them particularly difficult to recognize. It is fairly easy to
recognize tRNAs, thus it is likely that all of them (274) have
been found [27,28]. Forty one snoRNAs that guide most of
the ribose methylations of rRNA were predicted on the
basis of their characteristic sequence elements, then con-
firmed experimentally [29•]. A few other probable
non-protein coding RNAs were discovered by searching the
genome for RNA Polymerase III promoter sequences and
by looking in large intergenic regions for transcripts [30].
Undoubtedly, many more genes encoding either structural
or catalytic RNAs remain to be identified. Some of them
probably lie in the several sequences that do not contain
ORFs that we have found to be highly conserved in several
Saccharomyces species (P Cliften et al., unpublished data).

Finding sequence motifs
In addition to identifying all the genes, we need to under-
stand the networks regulating their expression before we
can claim to have ‘solved’ the organism. A big step in this
direction would be identification of DNA sequences that
most likely regulate gene expression. This is easy to do if
the transcription factor and its binding site are known,
allowing one to identify all the genes in the genome
potentially regulated by that protein (e.g. see [31]),

though the predictions must be experimentally verified
(e.g. see [32]). A more challenging problem is finding reg-
ulatory sequences when nothing is known about the
regulatory mechanism. This seemingly impossible task
has been accomplished by several groups that have
devised methods for identifying DNA sequence motifs
that are over-represented in a set of genes thought to be
related (usually because they exhibit a similar pattern of
expression, or because they are expected to function in
the same cellular pathway) [33–40]. These methods seem
to work well because they usually find the correct tran-
scription factor binding sites among genes whose
mechanism of regulation is known. Revealed also are
other, previously unrecognized sequence motifs that can
be tested for their role in regulating gene expression.
Similar methods have been used to identify sequences in
mRNAs that direct their splicing [41] and polyadenylation
[42]. Given the ease with which genes can be placed into
likely functional groups according to their pattern of gene
expression [37,43], or even their database annotations
[34], it is not unreasonable to expect that most (perhaps
all?) gene regulatory sequences will be identified soon,
providing an entrée to the underlying gene regulatory
mechanisms and networks.

The yeast genome: function
Now that most yeast genes have been identified, the chal-
lenge is to define the function of each of their products. This
is a big job because the portfolio of yeast genes grew >3-fold
when the genome sequence was completed [4,5]. The current
classification of yeast proteins is shown in Figure 1 (for a more
detailed list, see http://www.proteome.com/databases/YPD/ or
http://www.mips.biochem.mpg.de/proj/yeast/catalogues/fun-
cat/index.html). Note that the major category is ‘unknown’,
so we are far from our goal of ‘solving’ the organism. To
achieve this, we will need to determine the function of the
substantial number of unclassified proteins, learn much
more about the poorly defined ones, and understand how
all of them interact with each other and with the environ-
ment. Sometimes (about one-third of the time) we can
infer function of a protein on the basis of its similarity to
proteins the functions of which have been characterized in
other organisms. The clever application of computational
tools can also provide hints of protein function by linking a
protein to a group of proteins, some of which may be of
known function on the basis of several characteristics of
the protein, including its tendency to co-evolve with pro-
teins in other organisms (its phylogenetic profile), or to be
fused to other proteins in different organisms [44]. Of
course, experimental evidence is the ultimate arbiter of
gene function, and must be collected for every gene in the
genome before we can begin to pretend that the organism
is ‘solved’. The availability of new resources and approach-
es for analyzing the entire genome make me optimistic this
can be achieved in the foreseeable future. These
approaches have the potential of providing for each protein
the six fundamental pieces of information needed for pre-
dicting its function (described below).
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The effect of loss of protein function
Although yeast geneticists no longer need mutations to
lead them to genes, mutations in an ORF are still neces-
sary to confirm that it is a gene and to provide clues to the
function of the product it encodes. Fortunately, we no
longer have to rely on fickle fate to provide mutations in
genes we are interested in: we can systematically make
mutations in each of them — or at least the ones we are
able to predict. This has been accomplished recently by an
international consortium of labs that produced the yeast
gene knockout (YKO) collection, an array of ~6000
mutants, each missing a different gene [45]. The YKO col-
lection is sure to be a useful resource for discovering gene
function, as it should enable identification of all genes
whose loss of function disrupts a cellular process under
study. Even redundant genes in a pathway might be iden-
tified as it may be possible to use the YKO collection to
test the phenotypes of all 36 million double mutants
(C Boone, personal communication). 

The initial forays into phenotypic screening of all mutants
are encouraging. About 33% of the mutants exhibit an
obvious growth defect — ~18% are essential, ~15% grow
slowly on rich medium [45,46]. When a larger number of
diverse phenotypes were screened, as many as two-thirds
of the mutants exhibited at least one obvious phenotype
[21,47,48]. Although most of the phenotypes provide few
clear hints about protein function (e.g. temperature-sensi-
tive growth reveals little about gene function), it is hoped
that the accumulation of several phenotypes exhibited by
a mutant will enable formulation of hypotheses of protein
function. Indeed, recognizing groups of mutants exhibit-
ing similar phenotypes can suggest protein function [21]: if
a group contains genes that encode proteins whose func-
tion is known, the unknown genes in the group are
implicated in that function. Distribution of the YKO col-
lection to many laboratories should result in a plethora of
phenotypes for many mutants, and contribute significantly
to ‘solving’ the organism, (see http://sequence-www.stan-
ford.edu/group/yeast_deletion_project/ for information on
how to obtain the YKO collection).

Phenotyping the ~6000 mutants of the YKO collection can
be accelerated using a clever approach that enables testing
the fitness of all of them in a single overnight growth exper-
iment. This method relies on the ability to detect each
mutant through the unique DNA sequence tag (a ‘molecu-
lar bar code’) it carries, which was inserted into its genome
during the gene-disruption process [49]). Those mutants
that are underrepresented in a culture of all 6000 mutants
after growth under a particular condition identify the genes
required for growth under that condition (in rare cases, a
mutant may be over-represented after growth of the popu-
lation, which would indicate that the normal gene inhibits
growth under that condition). Application of this approach
to >2000 mutants yielded a measurable phenotype for
~40% of them [45]. Similar results were obtained by an
analogous method that employs random mutagenesis of a

large population of cells [50]. Although these approaches
are certainly efficient, I suspect they will contribute little to
‘solving’ the organism because the phenotypes they pro-
vide — usually subtle reductions in growth rate — will
seldom lead to testable hypotheses of protein function.
Nevertheless, the ‘bar codes’ have tremendous potential in
other applications [51•] and I expect that additional innova-
tive uses for them will be found.

One especially informative mutant phenotype that has just
begun to be exploited is genome-wide changes in gene
expression. Loss of function of a gene often causes the
expression of many other genes to change. Genes whose
inactivation causes similar changes in expression (both in
the levels and the timing) of a similar subset of other genes
are usually involved in the same cellular process [52••].
Thus, if mutations in several genes cause the same pattern
of changes in expression of the same set of genes, the
unknown genes in that group are implicated in the process
in which the known genes are involved. This approach has
recently been used to discover the function of several yeast
genes [52••], and promises to greatly accelerate progress
toward ‘solving’ the organism.

The effect of protein overexpression
The other side of the phenotypic coin is gene overexpres-
sion, which has proven fruitful for identifying genes
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Figure 1

Categories of yeast protein function, according to information in the
Yeast Protein Database [18] as of August, 2000. Note that each protein
was assigned only one function, despite the fact that many proteins act
in more than one process. For a more detailed list of protein function
categories see <http://www.proteome.com/databases/YPD/> or
<http://www.mips.biochem.mpg.de/proj/yeast/catalogues/funcat/index.
html>).
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involved in many cellular processes [53]. Although genes
that cause a phenotype when expressed at a high level can
be selected from random clone libraries (e.g. see [54]), one
would like to be able to test all genes systematically for their
effect on the cell when present at high levels. Unfortunately,
no resource for doing this is currently available.

Regulation of gene expression
Patterns of gene expression can provide clues to protein
function because genes whose expression pattern is similar
often encode proteins of related function. Thus, if a group
of similarly regulated genes includes some whose function
is known, the unknown genes in the group are implicated
in that function [43,55]. The development of methods to
measure expression of all genes of an organism in a single
experiment (using ‘gene chips’ [55,56]), coupled with algo-
rithms to sort the genes into similarly regulated clusters
[43], has already provided hints of the function of hun-
dreds of yeast proteins [37,52••]. It is expected that further
implementation of this approach will provide clues to the
function of many (perhaps most) of the uncharacterized
yeast proteins. In addition, whole genome expression mea-
surements have been used to identify all the genes that
respond to some transcription factors [57–62] and to dissect
several signal transduction pathways [63–66], thereby
revealing regulatory networks within the cell. The
prospects for ‘solving’ yeast are greatly improved by this
revolutionary technology, the impact of which is just
beginning to be realized. Enthusiasm for this approach,
however, is tempered by the realization that mRNA and
protein levels are often not correlated [67].

Location of the protein in the cell
The location of a protein in the cell can provide an obvious
clue to its function. It seems that epitope-tagging of yeast
proteins will enable the subcellular location of about a
third of them to be determined [21], thereby adding to our
list of functional clues for many proteins. 

Interacting proteins
Proteins that physically interact usually work in the same
process, so if a protein whose function is known is found to
physically interact with one of unknown function, the role
of the unknown protein is virtually established. Even
when a protein’s function is known, knowledge of the
other proteins it interacts with is necessary to define more
completely its role in the cell. A map of all the protein–pro-
tein interactions in the yeast cell is being constructed by
the two-hybrid method, using arrays of 6000 yeast genes
fused to a DNA-binding or transcriptional activation
domain [68,69]. Although this approach clearly yields
meaningful data [68–70], some of the interactions are
almost certainly artifacts, so the results must, of course, be
verified by more direct experiments (like all of the exper-
iments described here). A particularly promising method
for purifying protein complexes and directly identifying
their components has been described recently [71•]. It is
clear that these approaches will provide a wealth of valu-
able clues that are certain to contribute significantly to
‘solving’ the organism.

Protein activity
Perhaps the most definitive indication of a protein’s func-
tion is its enzymatic activity. Identifying a protein that has
a particular activity is a major challenge because substantial
effort is usually required for its purification. The recent
development of an array of 6000 yeast strains, each express-
ing a different epitope-tagged protein, greatly accelerates
the identification of protein activity [72••] because each
protein can be easily purified in one step using the epitope
tag. Pooling of the cells expressing the epitope-tagged pro-
teins increases the efficiency of the process. In principle,
only 84 assays are required to identify the protein that pos-
sesses the desired activity: 64 pools, each containing 96
different epitope-tagged proteins are first assayed, then the
protein in the pool exhibiting the activity is identified by
assaying the 20 pools of cells from the 8 rows and from the
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Figure 2

Progress in ‘characterizing’ yeast protein
function. The number of yeast proteins
listed as ‘known’ in the Yeast Protein
Database [18] on each date tabulated
(http://www.proteome.com/databases/YPD
/YPDfacts.html) is plotted. The dotted line
is an extrapolation of the observed rate of
progress.
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12 columns of a 96–well microtiter plate. This reduces the
time required for identifying a protein’s enzymatic activity
from months or years to just a few days! One could also
imagine using this array of proteins to identify protein–pro-
tein interactions, substrates of protein-modifying enzymes,
or drug targets. The impact this approach will have on
‘solving’ the organism is clearly immense.

The encyclopedia of yeast is sure to expand rapidly over
the next several years as these new techniques and
approaches for analyzing all the genes of the organism take
root in the research community. Fortunately, we have out-
standing curators of the encyclopedia [16–18], so we have
ready access to this growing body of knowledge. 

The yeast genome: future 
Like an earnest tourist, we can now clearly see our destina-
tion — the ‘solution’ of the organism. Can we predict
accurately when we will arrive there? Our rate of progress in
discovering yeast gene function has been remarkably linear
(Figure 2), and suggests we will know something informa-
tive about each of the 6000 yeast proteins in ~10 years. In
fact, this is probably a pessimistic estimate because spread
throughout the yeast research community of the productive
new approaches for whole-genome analysis described
above should greatly accelerate gene function discovery.

Conclusions
When we reach our goal in a few years, will we really have
‘solved’ the organism? The answer, of course, is an emphatic
No! Once we have ‘characterized’ all 6000 yeast proteins,
we will still know little about the function of most of them.
(Just look in YPD: you are unlikely to be satisfied with our
understanding of most of the proteins currently classified as
‘characterized’.) Rather than a ‘solution’ of the organism,
what we will soon produce is a fund of knowledge about it
that will enable us to devise incisive experiments aimed at
truly understanding how a yeast cell is built and functions.
In the past — and, arguably, even now — we have been
working with a woefully incomplete information infrastruc-
ture. The availability of the DNA sequences of whole
genomes partially redressed that deficiency; ‘characteriza-
tion’ of all 6000 yeast proteins will complete the first
edition of the encyclopedia of a eukaryotic cell. But, just as
an encyclopedia is only the first resource to which one turns
for fundamental (but usually superficial) information on a
topic, our ‘solution’ of yeast will serve as a resource to guide
further, more productive experimentation. Completion of
the writing of this encyclopedia of a eukaryotic cell will her-
ald the Golden Age of biology, when we can expect to gain
a deep and genuine understanding of how cells and organ-
isms function. I am looking forward to being a yeast
geneticist in the coming Golden Age!
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