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Summary

Gur dream of determining the entire Escherichia coli
K12 genome sequence has bsen realized. This calis
for new gpproaches for the analysis of gene expras-
gion and function in biolegy's best-understood organ-
jem. Comparison of the E. coll genome sequence with
othars will provide important taxonomic insights and
have implications for the study of bacteriai virulence.
Approximately 20% of E. coli genes have been desig-
nated FUN genes, because they have no known func-
ticn or homologies to sequence databases. FUN genes
promise {o have an excHing impact on bacterial
research. The posl-genome era requires novel strate-
gies that address gene regulation at ¥ levei of the
entire cell. These strategies need to supersede the
reductionist approach to genetic analysis. Only then
will the genome seguence lead us ic an understand-
ing of how a bacterial celi really works.

—

Introduction

The recent completion of several bacterial genoma sequenc-
ing projects signals the end of many traditional strategies for
the analysis of gene function and & beginning for exciting
new technologies that can now be apphied to basic questions
concerning celluiar functicn. In this article, | hope to put the
impartance of the £. colf genome seguence into centext and
o consider its most interesting findings.

Why study E. coli?

E. coiiis a remarkable organism. It can use an impressive
array of molecules as carbon and nitrogen sources and
acapt rapidiy when moved from benign to toxic environ-
rents. For example, infection of mammals by virulant E.
ool strains often involves aerobic growth on nutrient-rich
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The Escherichia coli genome sequence: the end of an
era or the start of the FUN?

matgrial at neutral pH, followed by rapid ingestion nto
the contents of the stomach at a gH of 2. E. coff can sur-
vive this assault and colonize the intgstinal traci: soma
sirains can go on to cause diarrhcea or even death,

Despite its amazing versatility, some regard £. coli as
little more than a smiall bag of enzymes designed to propa-
gate cloned DNA. in fact, research on E. coif has a long
and varied history. 1I was originaily chosen as a mode!
system because of iig ability tc grow on chemically defined
media and its rapid growth rate in the lmboratory. In the
1940s and 1950s, the simplicity of ganetic analyses and
the ease of preparing enzymaltically active cell extracts
for biochamical analysis made E. coff the experimental
model ¢f choice. The conceried efforis of several gens-
rations of microbiologists, geneticists, biochemists and
others have taught us more about £, coff znd the closely
related Salmonefla typhimurium than zbout any other
organisms orni earth. Consequently, the £. cofi genome
sequence offers an unaqualled opporiunity to relate gene
sequence to biclogy. Up to now, we have focused on what
a bacterial cell needs io thrive in a few fairly specialized
niches, with too much emghasis on LB agar at 37°Cl Now,
we need to explore more exotic environments and deter-
ming what this crganism is really capable of.

Tre 4839221 bp that define E. colf

The E. coli genome project was the first to be proposed
{Biattner, 1983) and has been the proving ground for
large-scaie sequensing technology. Completion of the
sequsnce has taken § years, and the final annotated
version was deposited at Genbank in January 1897, Blat-
ner et &l {1997 describe the compiete £. coli genome
saquence, which comprises 4639221bp of seguence
coniaining 4288 putative protein-encoding genss. Thase
genes can be classified into several functional groups
{Fig. 1} Two new operons for the degradation of aromatic
compounds, six new tRMNA genes and three crypiic phages
waere found. The complete reperioire of repeated seguencas
has been defined, accounting for nearly 2% of the genome.
These include new REP, ERIC and Box C sequences scat-
tered throughout the genome. Almost 500 proteins from E.
coli {(11.8% of the total} have known three-dimensional
structures or are homologous to proteins with known struc-
tures (hitp://pedant.mips.ticchem.mpg.de/frishman/ecoli.
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Fig. 1. The function of ganes in E. cof. Genes have baen assigned
1o functional catagories, according to the data of Blatiner ef al.
{1997}, The number of unkrewn genes shown here may be
overastimaied, as discussed in the lext.

atml). Many genes of ‘unknown function’ were found for
ine first time, and these will be discussed below.

At the time of publication, the sequences of mors tha
10 organisms will be available for analysis through the
World-Wide ‘Web {www; Table 1%, Including the gencmes
of Bacillus subtilis, Archaaog!obus fuigicdus and Borrelia
burgdiorfari, which have recently bean completed. The
partiai sequences of the closely reiated 5. fyphimurium
and 3. typhi have been made available at http://genome.
wustl.edu/gsc/bacterial/saimoneila.himi.  Other incom-
plete genomes may be accessed via NGB! {National
Center for Bictechnoiogy information; hiip://www.nchi.
aimonin.gov/) or TIGR {ihe Inshiiuie of Genome Research;
nttp A www tlgr.org/).

Two www sites that have both been updated with the
complete genome sequence are particularty useful for

perfermmg BLAST searches and Swi VSP%:{O"” 2
with just a few mouse clicks. Alternatively, the ECDC. «
{hito://susi.bio.uni-giessen.de/ecde.ntml) allows ace
to gene and open reacing frame {ORF) maps of the af

Anocthar site that is a rich source for the classificatiay
E. cofi genes is provided by NCBI, but this nas v
undated with the ertire genoms sequence (hitp:,
nobinim.nih.gov/Gomplete_Genomes/).

E. cofi genomic comparisons

At 484 Mb, the E. coff genome is the largest bacterium v
sequenced {Table 1). Why is the £. coff genome s |
it does not cortain many duplicated genes or large
coding ragions; in fact, the proportion of coding ragio
is broady similar throughout zll sequenced bact

genomas, suggesting that none cortain significant '
of redundarst DNA. A usaful concept for considerin
function is that of ‘paralogues’, which have t:eef" d
as ‘homclogous genss in the same crganism
ducts perform reiatsd but not identical fu'zc:m“ '
ef al, 1996b). Arcunc half of the genes in E. coff for
ciusters of paralogues (when analysed from 75% of i
genome; Koonin et &l, 1936b). The high proportion
paralogous genes in £. coif is probably relatedto i
to agapt to novel environments. In contrast, cnly

Ong of the smallest bacterial genomes Delongs o
plasma, as a consequence of iis cbiigate parasitic
We now have the first opportunity io compars &

Table 1. Comparison of eight microbial
genama Sequences.

Proportion of

genome
Number of predicted to
Genome picieins per  enccds
Genome size (Mb) gencime nrotging
Escharichia colf 4.64 4288 B88%
aemophilus influsnzzae 133 3703 85%
Heficobacter pyiori 1.7 1580 91%
Methanococcus jannashii 1.66 1731 NA
AMyecoplasma genitalivm 0.58 4868 88%
Mycoplasma pnaumoniae D.82 677 B9%
Saccharomyces cerevisiae 12.4 5885 72%
Synechacystis spp. 3.8 3188 B87%

. The criteria used to assess the proportion of unknown: genes come from differant pu
sources and may e different.

b. Data from Koonin af g {1897).

NA. data not avaiiable.

© 1997 Blackwell Science Lid, Molecular Microbiology, 2E. +
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sukaryotic and prokaryotic genormes. |t was expected that
cukaryctas would prove to be more complex than prokary-
ates and have a much iarger number of proteins owing 10
ihe Increased complexity of thelr subcelluiar organization.
wewever, Table 1 shows that Saccharomyces cerevisiae
nge only 25% more protsins than E. colf (5886 vs. 4288
prot ins). The proportion of protein functions that are
conserved between £, cofl and veasi remains o be
determinad.

The anc of an era?

- Te aporsciate the significance of the £ coll genome
secuence, it is useful to consider the information that was
oreviously available. The genetic map of the £, colf chrormo-
some aiready contained 1858 genes (Berlyn et &/, 1896},
rmost of which had already bean defined biochemically and
genetically (Riley anc Labedan, 1986). Tre approximate
map location of unknown genas could e cbiained by
Scuthern hypridization of an ordered gene library con-
structed in lambda phage (Kohara at g4, 1987). Analysis
of global regulation of gere expression in £. coli had
- heen started by Chuang et al {1993). The laboratory of
- Naidnardt had provided us with the Gene—Protein index,
which catalogued 1158 spots from two-dimensional gels
nd ideniified 400 proteins. This index gives information
about the relative expression of these protains under
'_ varied environmental congitions {(Van Bogelen ef al,
1956). These and other crucial data have been compiied
the second volume of the invaiuatle bacterial ancyclo-
dia Escherichia coli and Salmonelia; Csllular and
Molecuwlar Biciogy {Neidharct, 188€) and represent the
- end of an era for E. colf research.

i)

Research in the post-genome era

Evan before the genoms ssguence was completed,
resgarchers had already drawn Imporiant conclusions
nased on the partial seguence data that had been made
aveilable through Genbank. Taxonomists had considered
phylogenetic questions {Ochiman and Lawrence, 1898),
svciutionary biologists had investigated protein evolution
{Koonin ef al, 1968a), evidence was amassad for hori-
zontal gene transfer within the E. coli species {Médigue
et al, 1981) and avzilable cequences were analysed in
great detail (Hénaut and Danchin, 1986).

Now that the entire genome saquence is available, we
can embark on global approaches for the analyses of E.
cofl genes. For exampis, the veast two-hybrid system
fias already proved o be an invaluabie tool for identifying
£, goli proteins that interact with each other (Fields and
Sarig, 1989). In addition, new high-affinity sites for particu-
lar DNA-binding proteins can be revealed by the genomic
SELEX procedure {Singer et al, 1997). When zllied with
the genome sequence, these methods will rapidly yield

1997 Blackweli Science Lid, Molecular Microbioiogy, 26, 417-422

Material may be protected by copyright law (Title 17, U.S. Code)

£. coli genome commentary 419

informatior: about novel interacting proteins and simplify
the tdentification of new DNA-Linding sites.

Previcusly, gene functions and regulatory information
hzve been cbtained frorn one oparon al & lime or, at most,
from single reguions. Now, the genomae offers us naw pos-
sikilities: 'chip’ technology (Be Risi 27 a/,, 1886} promises
to reveal the patterns of expression of evary gena an the
E. coli gencme. The chip containsg a grid of up o 84000
individuzl oligonucieotides or polymerase chain reaction
{PCR) products, which coliectively represent the entire
genome. Ssquential sampling of MANA afier subjecting
bacteria to physiological stress, fcllowed by hybridization
to the genomic chip, could ailow the visualization of regu-
latory cascades of gene induciion. Similar experiments
following the inhibition of transcription shiouid aliow the
simuftaneous determination of the rate of mMRNA degrada-
fion for every gene. Analysis of mRNA isolated from
strains mutatad in individuai global gene regulators
shouid lead guickly to the complete characterization of
the members of each reguion. An afternative zpproach
involves the new IVET and 8TM techniques, which could
e used to find genes expressad in novel environmantal
situaticns (Hensel anc Holden, 1686, Heithoff ei al,
19971

itig clear that the response of bacteria to external stirmui
involves more than just mRNA expression. increased
mBENA levels do not aiways lead to gresater proiein expres-
sion, beczuse the translation of mMRNA is influenced by
factors such as coden: usage, mRNA stability and protein
turnovar. Conseguenily, approaches that consider e
proteome {cefined as the 'grotein compiement axgressed
by a genome’) will be crucial. All approaches to the study of
protein exprassion by £. cofl will builg on the work of Van
Bogelen ef al. (1998} who used two-dirnensionai gel ana-
lysis to examine environmerial effects on grotein expres-
sion. New slectrospray mass spectiomelry techniques
should aliow the identification of the remaining 750 spots
from two-dimensional gals (Mann and Wilm, 1585}, allow-
ing genes to be associated with the protein reguiation pro-
files that already exist. Similar tlechniguas will be used to
icentify post-translational modifications of proteins, such
as phosphorylation or acetylation.

Genetic analyses wili be revolutionized by the availabil-
ity of the genome sequence. In future, the location of an
insertion mutation in the £. coli ganome wilk only reguire
the sequencing of less than 100bp of flanking ZNA. There
will be no need to use traditional genstic means of gene
mapping or to use conventional hybridization approaches
for the identification of clonad genes. It will be rare to clong
genes by digesting DMA with restriction erizymes, bacause
all genes can now be cloned in one step by PCR-reiated
technoiogy. We will no fonger need to sequence rovel
genes from E. cof, which shouid give us more ime 10
design interesting experiments.
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Implications for the study of bacierial virulenca

Emerging problems with ricrobial infections and increasad
bacterial antibiotic resistance lend irmpelus 1o our goal of
understanding how a bacterial cell works. Unlke virulerit
E coli, Erwinia, Shigelia, Salmonella, Yersinia and other
members of the Enterobacteriaceae, K-12 was originally
a commensal member of the gut microflora and does not
cause disease in ardimals or plants. £. colf can cause six
distinct syndromes of diarrhoes, as weil as urinary tract
and other infections. It is known that the E. coll K-12
genome contains many genes that are important patho-
gericity factors in other species, but it also iacks many sig-
nifican: virulence genes {Groisman and Ochman, 1894).
Tha E. cok genome sequence wilt allow such virulance
ganes to be identifiad and studied in the genetically amen-
able context of K-12. The different E. coli strains that cause
varied diseases have acguired sets.of specific virulence
genas on piasmids, phages or within pathogenicity istands.
A simple approach to identifying pathogenicity islanas
invoives the consiruction of a lambda gens library of a
pathogenic E. cof strain and sequencing the ends of each
clena. Subsaquent alignmant with the E. cofl K-12 seguence
would reveal gene insertions of interest.

The availability of the E. cofi and other bacterial genome
seguences is already influencing microbial vaccine ceve-
lopment. Genome sequencaes of virulent bactaria reveal
new ceil surtace proteins or virulence faciors that are cur-
rertly being tested for vaccing producfor.

The start of the FUN

Blatiner et &l {19€7) found & large proportior: {38%,) of £.
coli genes that could not be assigned a function. Howaver,
Blattrier et al. mads no attempt to predict iunctions of puta-
tive proteins that did not have simiiarity to wall-character-
ized protein families. The authors note that “when the
functionss of tha hit sequences were varied and there was
no solid agreement even for type of function, or when only
one seguence was hit, no iunclion was assigned to the
query ORF, and it was classified "unknown™’. Conss-
guently, this estimate of ‘unknown’ genes Is likely to be
an overastimata. Koonin et al {1996b) have deveioped a
more sophisticated procedurs, which relies on improved
database ssarching programs that can identify weaker,
but still statistically significant, similarities. This approach
has besen usad on an incomplete version (75%) of the
genome sequence to show that genes af unknown fune-
tion occupy 23% of the genome sequence available in
1696. Unknown genes were defined as having no estab-
lished function and having negligible or weak databass
similarity, and so represent completely new classes of
proteins. (Koonin et al,, 1986b; see hitp://www.nchi.nlm.
nih.gov/cgi-bin/Compiete_Genomes/ectable?entrez).

Material may be protected by copyright law (Title 17, U.S. Code)

| propose that we follow the example of tha yeas: e
and designate this class of genes ‘FUN
untknown; Dujor, 1996). Xoonin et al. will publ:
piete survey of FUN ganes in £. coli, which ar
to occupy around 20% of the genocme, ag
approximaiely 860 genes (E. V. Koonin, perso
nicatior. The proportions of FUN genes in othey &
range from 13% 10 29% (Table 1}.

FUN genes already offer new strategies o &
development. A number of FUN genes are conges
throughout the currently available bacterial genion
are not found in eukaryotes (represented by & 4

of essential FUN genes by insertional mutagenasis’
reveal crucial proteins, which could be the baais
aniibacterial therapies.

What will FUN genes tell us?

Tha high progortion of FUN genes offars an unexps
challenge to the £. cofi communidy. it had been 5
that masi of the genes involved in basic bioci

nity 10 identify the 880 FUN genes, as until ne
been effectively invisibie.

Visual inspection of the gensatic map of £ ¢
thai FUN genes are dispersed ihroughoul the
some, many being part of operons, others appear
be franscribed as individual genes. Are FUN ¢
servad betwsen pathcgenic and non-pathogenic bact
between Gram-negative and Gram-positive spaciss? 3
in silico (i.e. complder-based) analysis could revea
tant new gene iamiiies.

What might these FUN genes pe? Some wili 08D
viously uncharacterized players in metabolic and reg
tory processes that have aiready been identified. Some
the FUN genes may be evolutionary relics, which are
longer expressed under any conditions. Othars wil
so-cailed crypiic ganes, like the ros and gl genes (Ben
1996). Geres are termed cryptic when we have riot |
cenditions under which they are expressad, ofien partiéy
anvirormental stimuli may be identified by doing exfens
studies with a barrage of unusual chemicals and subst?
An example of a cryptic gene that was subsequernly she
to be inducibie is celF. Criginally, expression of the &
gene could only be shown at high temperatures, W
caused cell death (Droffner and Yamamsoto, 1892). 54

celF couid be induced by nickel, a compietely w
result (Guzzo and DuBow, 1994), Similar strategies &
reveal patterns of expression of FUN genes.

© 1997 Blackweli Science Ltd, Molecuiar Microbiology, 28, 417
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The 860 FUN genes couid be the first indication that £
cofi has completaly novel abilities and previously unsus-
pected properties, These may inciude survival in novel
snvironmenis, cell-cell communication, the existence of
discrete subgcelluiar microenvironmenis, nove! sensing
machanisms Involving unknown signailing molscules or
gven hitherio unknown sources of energy. Phanomens
that could be explained by FUN genes include the intrigu-
ing and complex morghogenesis observed during the
growth of £, coli colonies {Shapiro, 1995).

Does the high number of FUN genes represent a failure

for the process of genetical and biochemical researchiin £,
zoli? No, it is not the reszarch process itself that is flawed;
indeed, it has been extremely successiul in explaining many
asoects of gene expression and regulation. For instancs,
detailed genstic analyses can identify all genes involved
n simple metabolic systems, such as the /ac operen. How-
gvar, it is more difficult to identify genes invelved in novel
praCesses. The problem is not related to the iools we
have at our dispesal but to our limited imagination. Given
a particular question, a geneticist can design a screen to
dentify most types of mutations in struciurai genes or to
dissect more compléex systams by the isciation of genes
that suppress particular mutant phenotypes. Chviously,
we have not been asking the right questions. The gernome
squence gives Us the ooportunity to study all FUN genes
and to characierize their function using the powear of
Teverse genetics’ or to analyse their patterns of expres-
siors with chip technofogy {De Rist ef al, 1998).
We have already identified many giobal regulatory sys-
emns in £, coff invoiving the CRP, FIS, H-NS, {HF, LRP
and Rpo8 proteing. Nevertheless, it is conceivable that
gere expression cculd be co-ordinated in ways thal Jacob
and Monod never dreamad, FUN genas could encode a
hypothetical family of ‘integrative’ reguiaicry proteins,
which co-ordinate other cellular regulatory systems uncer
certain unknown environmental conditions. Such reguia-
tors couid have been disguised from genetic identification
by in-built recundancy or plasticity of function. Infegrative
reguiatory proteins could. function as a higher level of
‘covernment’ within £ col, conirofiing and organizing
behing the scenes.

-

Towards an integrative approach?

Untif now, £ coli research has been essentiaily reduction-
ist, involving the understanding of particular genes and
Lroteins. Much of this work is now compiste, with meta-
bolic pathways being understood down 1o the level of
threg-dimensional protein structures, However, there ara
clear limits to reductionism for molecular biologists (Bray,
1867). The challerige now is to integrate our currant know-
ledge by considering how reguiatory systems commuri-
Cale, how proteins interact and how gene expressicn is

1907 Blackwelt Scienca Lid, Molecutar Microbiclogy, 26, 417-422
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co-ordinatad. This approach offers our first hope of under-
standing how an entire organism funclicns at the most
intirnate level.

Conclusion

We now have everything we nead to complete our dis-
sectiors of £. colf and to synthesize this knowladge into
understanding the workings of an entire cali, rather than
of isciated regulatory sysiems. Now is the time for creative
ideas rather than new technology. £. coli research pre-
sents the opportunity to move from a reducticnist position
towards an integrative approach for the first time. Let us
hope tnat a concerted effort, with open callaboration
throughout the bacterial community, will help us uniock
the secrets suggested by the genome segquence.
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