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Introduction

Completely sequenced bacternial genomes are accumulat-
ing at the rate of one per month, allowing analysis of the
distribution of genes along the chromosome. We suggest
here chat a consistent picture exists demonstrating that the
map of the cell is in the chromosome and that translation
is the dnving force in this process.

Knowledge of whole genome sequences is a unique
epportunity for studying the relatonships between genes
and their products at the global cell architecture level
[1,2]. Part of the difficulty of this study comes from the
fact that—contrary to a gencrally accepted and intuitive
idea — there is often no predictable link between structure
and function in biological objects. Being influenced by
narural selection pressure, however, there must cxist some
fitness between gene, gene products and the survival
of the organism. This indicates that observing biases
in features which would conceprually be thoughr of as
being unbiased would be the hallmark of some sclection
pressure [3]. As the genetic code 1s redundant, coding
sequences can be studied by analysing their codon usage.
If there were no bias, all cedons for a given amino acid
should be used more or less equally. This is not whar is
generally observed [4-6]. In face, it has long been observed
in Escherichia cofi that genes could be split into three
classes according to the way that codons were arranged [7]
and the same is true for Bacillus subrifis {8]. One might
think, however, that random murtations should somchow
smooth out such differences but this 1s not the case:
indeed, in the case of leucine (where six codons are used)
we find that the CUG coden is used >70% of the cases in
genes that are expressed at a high level during exponential
growth conditions, whereas CUA s expressed in <2% of
the cases [7].

Sources of the codon usage bias

What is the source of the strong codon usage biases
observed in various genes? There could be a systemaric
effect of context, some DNA sequences being favoured
or selected against. Although this could be true for some

codons, this cannot be generalised [9]. We know that
translation of mRINA into proteins requires the action of
transfer RNA molecules. As there are fewer tRINAs specific
for a given amino acid than the number of codons, this
means that some tRNAs must read several codons. A bias
in the concentration of some tRNAs might thus resulr in
a bias in codon usage. Therefore we are led to analyse
selection pressure occurring at the level of tRNA synthesis
{10]. This is the generally accepted reason for the hias that
is observed in codon usage [11,12].

Unfortunately, two facts contradict this interpretation.
First, in much the same way that one might expect a
smoothing out of bias in codon usage, similar constraints
would smooth ourt biases in tRNA svnthesis. For example,
if a tRNA gene had a strong promoter, spontancous
mutations would tend to lower its efficiency, making
transcription of this particular tRNA similar to its other
counterparts. This is truc #aless there is sclection pressure
for the converse. Second, whereas explanation for the
strong bias in a given class of genes could be explained in
this way, the same explanation cannot hold for a strong bias
in another class of genes. We know, however, both from
the study of the E. cofi and B. subrlis genomes, that two
classes of genes (class II and class 1II) display extremely
strong but Aifferent biases; a tRNA molecule cannot be
simultaneously expressed at a high level and not at a high
level.

The architecture and dynamics of the cell

The issue of codon-usage bias requires examination from
a different perspectve. In order to do so, we investigated
the nature of translation in the physies of the cell. The
cytoplasm of a cell cannot simply be considered as a
tiny test tube. One of the most puzzling features of the
cell cytoplasm organisation is that it must accommodate a
hugely long thread of DNA and chat this molecule must be
transcribed as a mulntude of RINA threads that are usually
as long as the entire cell. Anyone who has tried fly-fishing
knows what usually happens in this situation: knots are
formed everywhere. This, however, does not seem tw be
the case i che cell cyroplasm, proving chat there must be
some kind of organisation of transcription. translation, and
replication such that mRINA molecules and DNA are not
always inextricably entangled [13].

Translation

Lctr us first consider the ribosomes. The
a rbosome is ~200A3. Tn an E. cofi cell growing
exponentially in a rich medium, there are at lease 15,000
ribosomes and therefore the fraction of the cell occupied
by ribosomes is at least 12%. The remaining ribosome-free
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fraction of the cell is in fact significantly smaller if
one takes into account the volume occupied by the
chromosome (which is folded 1000-fold in the cell, like a
Pcano curve) and by the transcription and the replication
machineries. If onc now considers also that the translation
machinery rtequires an approprate pool of clongation
factors, tRNA synthetases, and tRNAs, it becomes clear
that the cyroplasm is very far from a mere test-tube
solution bur behaves more like a gel.

Furthermore, simply counting the number of tRNA
molecules doted around a ribosome, it appears that one
cannot speak about the concentration of such molecules
but only about a small and finite number. Compartmen-
talisation has been demonstrated to be important even
for small molecules, despite the fact that chey could
diffuse quickly [14]. Even in eukarvotes, channelling of
aminoacyl-tRNA for protein synthesis has indeed been
shown to occur in vre [15,16]. As a consequence, one
should consider a wanslaung nbosome as an autractor
of a certain pool of tRNA molecules. In such a case,
diffusion should only be considered as occurring locally.
The cytoplasm thus becomes a ribosome lattice, probably
undergoing relatively slow movements (with respect to
local diffusion of small molecules as well as macro-
molecules). This scenario therefore constitutes an efficient
source of selection pressure leading to the adaptation of
codon usage of the translated message as a function of its
position in the cell’s eytoplasm. If the codon usage changes
from ene mRNA molecule to another, then these different
molecules probably do not encounter the same ribosomes
in the usual life cyele of the organism; in particular, if two
genes have very different codon usage, the indication is
that the corresponding mRNAs are not made from the
same part of the cell (it is indeed difficult to see how
ribosomes sicting next to each ocher could attrace different
tRNA molecules).

Transcription

In the case of transcription, several experimentally valid
models account for a process in which the transcribed
regions are present at the surface of the chromoid in such
a way that RNA polymerasc does not have to travel around
the double helix it is unwinding and transcribing [17].
Thus mRINA threads, usuallv structured at their 3 end,
are pulled off DNA by the lattice of ribosomes, going
from one ribosome to the next one, as does a thread in
a wire-drawing machine (this is exactly the opposite view
of translation as shown in textbooks, where ribosomes
are depicted wravelling along fixed mRNA molecules). In
this process, a nascent protein is synthesised on cach
ribosome, spread throughout the cytoplasm by the linear
diffusion of the mRNA molecule frem one ribosome to the
next one, obwiating the requirement for the much slower
three-dimensional diffusion of the protein.

There is strong cxperimental evidence supporting this
process. If mRNA is indeed pulled off DNA, it must some-
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times break but broken mRNA is a potentially dangerous
molecule because, if translated, it will produce a truncated
protein and such proteins are often toxic because they can
disrupt the architecture of multisubunit complexes (this
is why many nonsense rnutants are negative dominant,
rather than recessive). If this is real then there must exist
a process for coping with such frequent accidents. The
10Sa RNA molecule fits this role nicely. When a cruncated
mRNA molecule reaches its end, the ribosome stops
translating and ‘waits”. 10Sa RNA—folded like tRNA
and charged with alanine —comes in, places its alanine
at the caraboxyl terminus of the nascent polypeptide
then takes the place of the mRNA inside the ribosome,
being translated as a short sequence: AANDENYALAA,
This tail is a motf that is used to direct it to the
proteasome, where it is degraded [18,19]. It seems likely
that the organisation of the ribosome lattice, coupled to
the organisation of the transcribing surface of the chromoid
ensures that mRNA molecules are translated parallel to
cach other in such a way that they do not become knotted.
In addition, it is important thac cranscription does not
conflict with ongoing replication, which requires specific
organisation of both processes [20,21].

Polvcistronic operons ensure that proteins having relared
functions are co-cxpressed locally, permitting channelling
of the corresponding substratcs and preduces. It also
scems likely that the structure of mRNA molecules is
coupled rto their fate in the cell and to their function in
compartmentalisation.

If we consider genes translated sequentially in operons as
being physiologically and structurally relevant, we should
also analyse mRNAs that are translated in parallel to
each other. Indeed, if there is correlation of function
andfor localisation in one dimension, there should alsc
exist a similar constraint in the orthogonal directions. How
would this be manifested? This is where codon usage
comes in again. Indeed, if ribosomes act as attractors of
tRNA molecules, the implication is of a lecal coupling
between these molecules and the codons they can use
in the message they read. This obvicusly requires that
the same ribosome mostly translates mRNAs with similar
coden usage but the consequence is that, as one goes
away from a strongly biased ribosome, there is increasingly
less availabilicy of the most biased tRNAs. In turn, the
suggestion is that there would be selection pressure for a
gradient of codon usage as one goes away from the most
biased messages and ribosomes. If this reasoning is well
founded, then the transcripts are nested around central
core(s), formed of transcripts for highly biased genes.
This fits with what is seen of the general arganisation
of genes in the chromosome, however, correlating in
particular with the observation thar the distance berween
E. co/i genes oriented in the same direction on the
chromosome 1s positively related to the expression level
of the downstream gene [22].
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Replication

A further consideration should be taken into account.
The chromosome strands must scparate from cach other
and migrate to cach of the daughter cells. This means
that there must exist some kind of repulsive force
which pushes newly synthesized chromosomes away
from each other. Although there probably are gene
products involved directly in this process [23], ribosome
synthesis —in particular from regions near the origin of
replication —performs cxactly what is required by con-
tinuously creating new ribosomes. Continuous synthesis
of ribosomes in between the replicating forks would also
provide a mechanical stress on the bacterial wall in the
middle of the cell. Koch [24] has argued convincingly
that the bactenal wail 1s indeed a stress-beanng structure.
If ribosome sources are organisers of the cell, mRNA
for genes highly expressed under exponential growth
conditions should be located near the center of rthese
organisers, whereas other mRNAs should be translated
layers all the way to the nbosomes that
are located near the cvtoplasmic membrane and which
would be involved in cotranslational membrane protein
localisation. Organisation of the genes in the chromosome
should therefore show regularities that are linked to
this architecture. Our work on the origin of the outer
membrane of E. el [25] fits well with this picture, and
strongly suggests to us that genes along the chromosome
specify the map of the cell —a kind of ‘celluloculus’

in nested

Conclusion: a question of eukaryotes

This short description of chromosomal organisation holds
for bacteria but it is clear that the situaton must be more
complex in eukaryotes, not only because of the existence
of a nucleus but also because the cell volume-gene
number ratio, has increased enormously. In this case,
we think that the split gene structure, as well as the
large membrane structure fraction (rough endoplasmic
reticulum, Golgi, mitochondria, etc.) must participate in
the translation of the genomes’ map of the cell into the
construction of the cell structure. This somehow requires a
complex interaction between transcription and translation
in a cell that separates these processes by the nuclear
envelope. It is interesting, in this respect, to sce that there
exists a splicing-dependent process that detects translation
signals [26].
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