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From gene to screen with yeast 
Stephen G Oliver 

With the complete sequence now available, the yeast genome 

project enters a post-sequencing phase that will concentrate 

on a comprehensive determination of gene function. Novel 

techniques have been developed to undertake genome-wide 

functional analysis at the levels of phenotype, transcript 

and protein. These include techniques for the efficient 

deletion of individual genes while tagging the deletants with 

specific oligonucleotide signatures, as well as strategies 

to quantify the physiological effects of such deletions by 

comparing growth rates and metabolite profiles under a range 

of conditions. Comprehensive approaches to the study of 

gene expression include hybridization array technology to 

identify and quantify transcripts, and the exploitation of mass 

spectometry to identify proteins resolved by two-dimensional 

gel electrophoresis. Yeast presents opportunities for the 

discovery of new human medicines both via the recognition 

of functional homologies between human and yeast genes 

and by the use of yeast to express human coding sequences 

specifying potential drug targets. 
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FANCY 
MCA 
ORFs 
SAGE 
snRNAs 

cluster homology regions 
functlonal analysis of co-responses in yeast 
metabolic control analysis 
open reading frames 
serial analysis of gene expression 
small nuclear RNAs 

Introduction 
In April 1996, the complete genome sequence of the 

brewers’ and bakers’ yeast Saccharomyces rerpvisiae was 

deposited in the public data libraries [l”]. This was 

an important event, not just because it was the first 

eukaryotic genome to be sequenced completely but also 

because it was the first cotal sequence for an important 

model organism for which there is a large constituency 

of researchers ready and able to exploit the sequence 

data. This year has already seen the completion of the 

sequence of a major model prokaryote, Esc/iekhia co/i 

(see [Z]), and that of a second, Bad/us subtilis [3,4], 

should appear this summer. Next year should see the 

appearance of the first genome sequence of a multicellular 

eukaryote, the nematode worm Caenodabditir e/egans [S]. 
Thus, for a number of experimentally tractable organisms 

across the evolutionary range, we are moving into the 

post-sequencing phase of genomic research in which 

attention will shift to the determination of the function 

of the novel genes revealed by the sequences and to an 

understanding of how the overall organization of these 

genomes affects their evolution and operation. 

In rhis article, I concentrate on how these problems 

are being tackled for 5’. cerevisiae and, in particular, 

review the approaches being adopted to elucidate the 

functions specified by the 6000 or so protein-encoding 

genes which rhe sequence reveals [6*]. Just how this 

should be achieved is a matter of some debate in the yeast 

research community, with some members arguing that 

(normal) biological research can be relied upon to reveal 

these functions [7], whereas others believe that a more 

systematic approach will be required [6’,8]. In practice, 

there is little difference between these two approaches in 

the early stages of the analysis and a common technology 

is emerging by which the yeast research communiry 

hopes to significantly improve our understanding 

a eukaryocic cell works. 

Genome organization and redundancy 
The complece yeast genome sequence provided 

surprises. The first was the number of genes 

of how 

several 

that it 

contains. At the start of the sequencing project, there 

were -1000 markers on the yeast genetic map [9] but rhe 

complete sequence reveals -6000 protein-encoding genes, 

120 ribosomal RNA genes in a large tandem array on 

chromosome XII, 40 genes encoding small nuclear RNAs 

(snRNAs) scattered throughout the 16 chromosomes, and 

273 cRN.4 genes (belonging to 43 families) that are 

also widely distributed [l”]. A second surprise was the 

large proportion of these genes which are apparently 

redundant as identical, or extremely similar, copies could 

be found elsewhere in the genome. Readers who view 

this redundancy for themselves at either of two World 

Wide Web sites [9,10] will find chat all yeast chromosomes 

share blocks of homology which can be recognized either 

at the nucleotide sequence level or at the level of the 

amino acid sequence homology displayed by the predicted 

prorein products of the open reading frames (ORFs). 

These blocks, or cluster homology regions (CHRs [l”]), 

are found both at the chromosome ends and at internal 

sites within chromosome arms. Whatever the means 

whereby this redundancy was generated. understanding its 

true nature-and developing experimental strategies with 

which to deal with it-will be central to any systematic 

attempts to elucidate gene function on a genome-wide 

scale. 

Generation of specific deletion mutants 
The small size of the yeast genome (at 12hlb, it is less 

than four times the size of that of E. co/i) and the facility 
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with which it may be manipulated using recombinant 

DNA techniques means that it is perfectly feasible to 

undertake the systematic deletion of each and every 

one of yeast’s 6000 or so ORFs. An efficient approach 

to gene deletion in yeast has been developed using a 

PCR-mediated strategy [ll] which exploits the precision 

and efficiency of the organism’s mitotic recombination 

system. An important development of this approach was 

made by Wach et al. [12]; in this method, a gene replace- 

ment cassette containing a gene (krr&l,y) which confers 

geneticin resistance on S. cmmisiae is tailed, via a PCR 

reaction, with sequences homologous to those flanking the 

target ORF in a yeast chromosome. Geneticin-resistant 

cells are selected following transformation with this PCR 

product and 95% or more of the transformants are 

found to have incorporated kamillX in place of the target 

ORE The efficiency and accuracy of this replacement 

event is due to the fact that kanMX consists of a 

drug-resistant determinant from a bacterial transposon 

which is expressed in yeast by the use of promoter and 

terminator sequences from the filamentous ascomycete 

fungus, Ashhyagossypii. Thus the only regions of homology 

to the yeast genome that the replacement cassette contains 

are those sequences, complimentary to the flanks of the 

target ORF, which the experimenter has designed and 

used as primers in the PCR reaction. Longer regions of 

homology may be generated using a nested PCR reaction 

[13,14] and this permits gene replacement in almost any 

S. cerecisiae strain, including industrial yeasts. Improved 

vectors have now been produced which permit reuse of 

the marker through in aivo excision [l&16] or the facile 

cloning of the gene replaced [17]. 

A development that will have important consequences 

for the world-wide effort to generate a complete library 

of 6000 yeast strains, each with a specific ORF deleted 

from its genome, is a method which allows each deletant 

to be given a specific oligonucleotide tag (a so-called 

“molecular bar-code” [18-l). This will not only permit 

the efficient management of the deletants within culture 

collections but also offers the prospect of the efficient 

determination of the proportions of different mutants 

in a mixed population by employing hybridization-array 

technology [19”]. This has relevance to the quantitative 

analysis of phenotype. 

Quantitative phenotypic analysis 
There are two main reasons for taking a quantitative 

approach to the analysis of the phenotypes produced 

by specific gene deletions. The first is that, as the 

different systematic genome sequencing projects progress, 

there is growing set of genes that have homologues in 

a range of organisms but in none of these organisms 

is their function understood. It is possible that these 

genes have been missed because molecular geneticists 

usually design experiments to provide qualitative answers 

to the questions posed. It may be that we are now 

presented with a group of genes the functions of which will 

only be revealed if we undertake a quantitative analysis 

of phenotype. The second reason for expecting some 

genes to have a quantitative impact on phenotype is 

genetic redundancy. If a particular gene is a member of 

a paralogous set of identical (or nearly identical) genes 

then-provided that they are all regulated in a similar 

manner and their products are targeted to the same cellular 

location-the contribution which any individual member 

of the set makes to the phenotype will, necessarily, be 

some fraction of the whole. 

I have suggested previously [6*] that top-down metabolic 

control analysis (MCA [ZO]) provides a conceptual and 

mathematical framework for the quantitative analysis of 

gene function. At the highest level of this top-down 

analysis, quantitative data can most usefully be taken in 

two ways. First, the effect of deleting or overexpressing 

a particular gene on the growth rate (or fitness) of the 

organism is measured. Differences in growth rate are best 

revealed in competition experiments as these are very sen- 

sitive to small effects [Zl]. Competition experiments using 

mutant strains generated by either Ty insertions [Z&23**] 

or by the PCR-mediated gene replacement protocol 

described above (F Baganz, SG Oliver, unpublished data) 

have been performed using various forms of quantitative 

PCR analysis to determine the proportions of the different 

competing strains in the yeast cell population. The 

analysis of yeast chromosome V by the genetic footprinting 

approach of Smith et (I/. [23**] succeeded in revealing a 

phenotype for -60% of the chromosome’s 268 predicted 

genes. Genes of known function were included in the 

analysis and acted as important controls. It was striking 

that, even for these known genes, novel (or, at least, 

unanticipated) phenotypes were often found. Such results 

suggest that quantitative data obtained by systematic 

approaches to phenotypic analysis will be important for 

achieving an holistic view of the cell in what is often 

termed integrative biology. 

The second type of data required for the hICA approach 

is the measurement of the change in the relative 

concentrations of metabolites as a result of the deletion 

or overexpression of a gene. There are some 563 low 

molecular weight intermediates on the metabolic map that 

are relevant to yeast metabolism (PR Butler, personal 

communication). Thus, the number of metabolites is an 

order of magnitude lower than the number of genes and 

that fact, alone, should prompt a consideration of the 

utility of following metabolites rather than gene products. 

It should also be possible to take advantage of the fact 

that the functions of 40-50% of the genes are already 

known. We have attempted to combine these two ideas in 

an analytical strategy which we term FANCY (functional 

analysis by co-responses in yeast) [24*]. Theoretical work 

by Rohwer et al. [ZS] has shown that some enzymes can 

be grouped into so-called “monofunctional units”. The 

useful property of such units is that perturbations in any of 
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the enzymes within them will always produce exactly the 

same co-responses outside the unit, irrespective of which 

enzyme in the unit was perturbed, and irrespective of the 

magnitude of that perturbation. Thus, across the metabolic 

map, there will be units of enzymes (of many different 

sizes) that will produce identical co-responses outside that 

unit. This property can be used for functional analysis. 

When two deletion mutants have the same co-responses, 

they will affect the same monofunctional unit. Knowing 

the unit in which one of the genes causes an effect, we 

can infer that of the other and so locate the origin of the 

changes in metabolites. Such an approach requires a fast 

and reliable way of sampling the concentration of as many 

metabolites as possible to produce a kind of metabolic 

snapshot of each of the deletants [24*]. We are developing 

a two-stage strategy to obtaining such data. In the first 

(or cladistic) phase, deletants of novel genes are grouped 

with deietants of genes of known function by comparing 

their infra-red spectra [26,27”] when grown under a range 

of conditions. This information is then used to select the 

type of metabolic snapshot to be taken in the second (or 

analytical) phase, using tandem mass spectrometry [ZS]. 

The transcriptome 
A powerful way to elucidate the function of novel genes 

uncovered by systematic genome sequencing projects is to 

determine the physiological conditions, or developmental 

stage, in which those genes are expressed and relate 

their expression patterns to those of genes the functions 

of which are well known. The availability of complete 

genome sequences presents opportunities for the efficient 

study of gene expression at the RNA level on a 

genome-wide scale. For instance, any yeast ORF is 

uniquely identified by a sequence of just 12 nucleotides, 

making yeast an ideal subject for the analysis of gene 

expression using SAGE (serial analysis of gene expression) 

technology [29]. This has been undertaken by Velculescu 

eta/. [30**] who have coined the term “transcriptome” to 

describe the complete set of expressed genes, and their 

levels of expression, under a given set of conditions. In 

their initial studies, they were able to detect a total of 4665 

gene transcripts using this approach (-75% of the total 

predicted by the sequence) with most genes belonging 

to the low expression class. Alternative approaches to 

transcriptome analysis include differential display [31] 

and hybridization-array technologies [ 19”], with the latter 

offering the best hope for high-throughput analysis of 

the transcriptome under a wide range of physiological 

and developmental conditions. Ultimately, however, the 

different approaches will compete not only in terms 

of their relative efficiency but also on which provides 

the most accurate quantitation of transcript levels (e.g. 

see [32]). What is certain is that classical Northern 

approaches to genome analysis are likely to disappear, with 

even the correlation between transcript and ORF being 

undertaken using overlapping panels of oligonucleotides 
in hybridization arrays. 

As with the FANCY approach, above, it will be important 

to use transcript analysis to group genes into functionally 

related units that will, it is hoped, contain some members 

of well-defined function. A useful route is via the analysis 

of strains deleted for single genes specifying transcription 

factors. 90 transcription factors have been identified so 

far in yeast [33] but the complete genome sequence 

suggests that this is but a fraction of the total. Thus 

the deletion of genes specifying known transcription 

factors can identify novel genes under their control and 

provide important clues as to their function [34]. The 

complementary approach is to delete a gene specifying a 

novel transcription factor and get some idea of the domain 

of biological activity under its control from the functions 

of the known genes the transcription of which it regulates. 

The proteome 
The protein-level correlate of the transcriptome is the 

proteome -the complete set of proteins found in a 

cell under a given set of conditions [35]. The yeast 

proteome is being defined by two-dimensional gel analysis 

[36,37*-l, using mass spectrometry as the method to 

identify the proteins contained within the spots on the 

gel [38,39]. Whilst this approach will now proceed apace, 

it is important (as usual) to take maximum advantage of 

the complete genome sequence. As it is only necessary 

to identify a protein fragment the mass of which is 

unique to, and therefore diagnostic of, a particular yeast 

protein-rather than the total set of fragments produced 

from each protein-it should be possible to analyze 

mixtures of proteins. Among other things, this will allow 

the identification of the components of protein complexes 

and thus provide an important biochemical correlate to 

ia &JO data on protein-protein interactions provided by 

the yeast two-hybrid approach. That technique has already 

been used to provide a complete protein linkage map of 

phage T7 [40] and similar analyses for whole organisms, 

including yeast, can be expected. 

Comparative functional genomics and human 
medicine 
If yeast can be established as a good system with which 

to pursue the functional analysis of novel genes, then it 

should be possible to exploit S. cer-misiae in the functional 

analysis of the genomes of other organisms, including 

humans. Of 170 human disease genes identified by cloning 

for function, and entered in the OMIRI database, 72 find 

homologues in yeast (as defined by a BLAST analysis with 

a cut-off of e-10); 28 of these yeast genes were discovered 

by systematic genome sequencing [41]. Correspondingly, 

of 80 human disease genes identified by positional cloning, 

some 33 find homologues in yeast including 12 genes 

identified by the genome sequencing project. This may 

suggest that about a third to a half of genes relevant 

to human disease may have close relatives in the yeast 

genome. It might be possible to increase this proportion if 

we can extend the analysis from a comparison of protein 
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sequences to a functional mapping of the genes from the 

human, and other eukaryotic, genomes onto that of yeast. 

There are already a number of examples of the functional 

compiementation of lesions in the yeast genome with 

cDNA clones from humans (e.g. see [42-45]). hloreover, 

it has recently proved possible to clone cDNA copies of 

genes from the human malarial parasite, Plasmodiumfnlci- 

par-urn in a similar manner [46,47-l. This is a particularly 

hopeful sign for the generality of this approach as, with a 

G+C content of -ZO%, the P falcipanrm genome is very 

disparate when compared to that of yeast. Thus it should 

be possible to express coding sequences from a range of 

eukaryotic human pathogens in yeast and establish fast 

and effective screens for new chemotherapeutic agents. 

Such an approach, of course, is not confined to screening 

for anti-infectious agents but-via the expression of 

heterologous G-protein-coupled receptors and all or part 

of a human or mammalian signal transduction pathway 

[48]-it is possible to use yeast to screen for drugs 

effective against systemic human diseases. A number of 

the technical difficulties that have beset such screening 

systems seem now to have been resolved by the use of 

a chimeric yeast/mammalian Ga protein to couple the 

signal from a rat somatostatin subtype 2 receptor located in 

the yeast cell membrane to a pheromone-responsive HIS3 

reporter gene, the expression of which enabled the host 

yeast cells to grow in the absence of histidine [49”]. 

This impressive achievement probably heralds an increas- 

ing use of smart yeast screens for human medicines. 

Nevertheless, it is still probably true to say that the major 

contribution that the functional genomics of S. rermisiae 

will make to human medicine will come from the vastly 

increased understanding of eukaryotic biology that it will 

provide. It is within our grasp to define the minimal set 

of functions required by a eukaryotic cell. Given that 

evolution tends to be adaptive rather than inventive, this 

may enable us to develop a general taxonomy of function 

for all eukaryotic genes. 
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