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Abstract

New concepts may prove necessary to profit from the avalanche of sequence data on the genome,
transcriptome and proteome and to relate thisinformationto cdl physiology. Here, we focus on
the concept of hyperstructuresin which avariety of types of moleaules are brought together to
perform afunction. The processes resporsible for hyperstructure formation include diangesin
enzyme affiniti es due to metabalite-induction, transertion, and elevated local concentrations of
proteins and their binding siteson DNA and RNA. Wereview the evidencefor the existence of
hyperstructures resporsible for the initiation d DNA replicaion, the sequestration d newly
replicaed originsandfor cell division. Weinterpret cdl cycle progressonin terms of
hyperstructure dynamics. Finally, we speculate on hav avariety of in sili co approades could be
combined to develop rew conceptsin the form of an Integrated or Imaginary cdl —I-cdl —
which would undergo selection for growth and survival in aworld of artificial microbiology.

1 Introduction

Moleaular biology and kochemistry have provided awealth o information abou how RNA
polymerases transcribe DNA into RNA and how ribasomes then translate mRNA into proteins,
abou the nature of thase proteins and li pids and form membranes, and about other important
moleaules. Model organisms siuch as the baderium Escherichia coli are invaluable in making
sense of thisinformation. The 4.6 Mb genome of E. coli has been sequenced (Blattner et al.,
1997 andwas found,at thetime, to have 4288 protein-coding genes (cf 5885in the aikaryote
Saccharomyces cerevisiae) of which 38% had noattributed function. But even when al genes
are ascribed functions, how are we to interpret this information and wse it to predict phenotypes?
The challengeisto understand haw cdls organise their myriad constituents and processes. To
explain hav the cncept of hyperstructures may help us, here, we briefly review the baderial cdl
cycle, focussng on the problem of division, and then dscusshyperstructures. We dothisin the
light of different questions: Why might a hyperstructure language be useful? What are
hyperstructures? How dothey form? How dothey interad? How might they guide cédls
through state spaceto control growth, adaptation, dff erentiation and the cell cycle? We then
discusshow the hyperstructure concept may help in exploiting the information provided by
genome sequencing and hawv it may betested. Finaly, we alvocate the cnstruction d an
integrated cell, I-cell, as anew approach to the study of biologicd complexity.

2 The bacterial cdl cycle
The principal eventsin the baderial cdl cycleinclude:

* Initiation o chromosome replicationfroma single origin of replication
* The sequestration d newly replicated origins of replication

» Chromosome separation

» Chromosome segregation

* Cell division

* Inactivation d the division site

In the case of cell division,itis dill not clear how this event istimed, pasitioned and couped to
other events. The erliest known protein to ad in E. coli isthe tubdin-like FtsZ which migrates
from the cytoplasm to amid-cdl | ocation onthe membrane where it assemblesinto aring-like
structure and where it reauits other division proteins. What lies upstream of FtsZ? Isit yet



another protein or isit something else? We have shown that FtsZ can interad directly with
phosphdi pid membranesin the dsence of other proteins (Alexandreet al ., 200). Thisis
consistent with amajor role for membrane dynamicsin the regulation d the cell cycle asisthe
finding that membrane domains aroundthe diromosomes differ from the domain at the future
site of division (Fishov & Woldringh, 199), thislatter presumably being related to the large
domains of cardiolipin observed at the division sites and pdes (Mileykovskaya & Dowhan,
2000.

The onstraints on asolutionto the division problem for E. coli are that the division site must be:

* intheright place— midcdl —to gvedaugtters of similar sizes

* between chromosomesto avoid producing aDNA-lesscell

« formed at theright timein the cyde — perhapsto gvetheright DNA/mass @atio?

« formed a theright rate —to avoid, for example, cdls getting igger and bgger

» of the right nature —to alow membranes to curve andfuse whil st controllingion andlipid
fluxes

It isinthe context of trying to find a solution to this problem that we present hyperstructures.

3. Why invoke a hyper structur e language?

Cell s survive and sometimes grow by somehow orchestrating milli ons of moleaules of thousands
of typesto adapt to the environment and to proceed through the cél cycle. Thisentalscdls
solving the combinatorial problem of negotiating the immensity of state space sinceif ead gene

in E. coli werein either an on(transcribed) or an off (untranscribed) state, there would be 7% or
10*® on-off patterns of gene expresson (Kauffman, 19%). But there is more than this, thereis

also the goigenetic trap —cdlsin apopuation shoud na al have the same phenotype (else, for
example, asingle catastrophe would be more likely to wipe them all out). Exploring state space
effectively boil s down to: How can cell s be both efficient and robust? We ague that the answer
isthat cdlsrely onan intermediate level of organisation —hyperstructures.

4. What ar e hyper structures?
There ae two sorts of hyperstructures:

» Non-equili brium hyperstructures are large structures of diverse moleaules — genes, mMRNAS,
proteins, ions, lipids — that depend onaflow of energy/materia for their existence These
hyperstructures are assmbled to serve aspedfic function and are disassembled when nolonger
functional (Figure 1).

* Equili brium or quasi-equili brium hyperstructures are large structures that are not dependent on
aflow of energy for their existence They are not assembled o disassembled according to
whether they are required to serve afunction. Our discusson d equili brium hyperstructures will
be very limited here.

Examples of possible non-equilibrium hyperstructuresinclude:

An initiation hyperstructure resporsible for starting the initiation o replication o the
chromosome. This hyperstructure mntainsthe DnaA protein and certain of the sites on DNA to
which it binds (Norriset al., 200). DnaA isthekey proteinininitiationin E. coli and bndsto
9mer TTA/TTNCACA and éner AGATCT sites present in the origin of replicationandin



certain replication-related genes (Spedk et al., 1999. DnaA paymerisation (Weigel et al., 1999
and afluid, aadic, membrane domain (Castumaet al., 1993 Fralick & Lark, 1973) arerequired
for DnaA to be adiveininitiation.

A replication hyperstructure comprising the protein SegA plus the key enzymesin DNA

repli caion along with the genes that encode them (Norriset al., 2000. SegA sequesters newly
repli cated origins of repli caion and prevents them from being used more than orcewithin a
substantial portion d the cdl cycle (hence preventing aflurry of initiations when asingle
initiation signal isgiven). SegA isfoundin clusters (Onogi et al., 1999. It bindsto GATC
sequences and it polymerises.

A cdl division hyperstructure comprising the 10 a so dvision groteins (including FtsZ) plus
enzymes involved in peptidoglycan synthesis together with the genes that encode them, many
locaed together in the dcw cluster at the 2 min pasition onthe diromosome (Buddelmeijer et al.,
1998 Norris & Fishov, 200).

Other hyperstructuresinclude aDNA compaction hyperstructure passbly invaving MukB
which can form foci (Ohsumi et al., 200)); a nucleolus-li ke hyperstructure resporsible for
ribosome synthesis and assembly (Lewiset al., 2000 Woldringh & Nanninga, 1989; a
chemotaxis hyperstructure comprising chemotadic receptors such as Tsr with the kinase CheA
and the transducing protein CheA (Bray et al., 1998 Stock & Levit, 2000 plus, we propase, the
genes encoding these proteins. Fadorsin the formation d passble hyperstructures for transport
and glycolysis (Mitchell, 1996 Norriset al., 1999 Velot et al., 1997 are discussed below.
Examples of possible equilibrium hyper structures:

These include immiscible domains within the mndensed chromosome. Thisimmiscibili ty occurs
in the cntext of an ordered liquid, with the DNA closely layered by aregular twist (Bouligand &
Norris, 200]), a situation that may minimize entangling and fadlit ate a-expresson d the genes
within adomain. Our discusgon d equili brium hyperstructures will be very limited here.

5. How do non-equilibrium hyperstructures form?
There ae several complementary posshbiliti es:

5.1 Metabdite-induction

Theideais that:

» Nonequili brium hyperstructures form when the cell i s adively engaged in processng
substrates and dsappear when they are not

* These hyperstructures include enzymes in the same pathway and their genes

» Formation d certain of these hyperstructures may involve an interplay between dffusionin 2-
D and 3D in the sense that enzymes confined to damains in the 2-D membrane interact with
other enzymes or groups of enzymes diffusing in the 3-D cytoplasm (Figure 1)

The evidence mnsistent with this senario has been advanced for the existence of metabolons
which are ssemblies of the enzymesthat ad in successonin apathway (Velot et al., 1997. Of
course, such metabolons may themselves asociate into larger hyperstructures. Inthe cae of
seaetion, substrate binding promotes assembly of the 3 components of the ABC exporters of
Gram negative baderia eg. in Erwinia chrysanthemi the substrate (protease) bindsto PrtD (an
ABC protein) which then bindsto PrtE (membrane fusion protein) and which binds to PrtF (outer



membrane protein) (Letoffeet al., 1999. Inthe case of glycolysis, the glycolytic pathway can
be extraded as an equimolar complex of 1.65megaDathat reveds compartmentation o
substrates (Mowbray & Moses, 1976. Inthe cae of import, sugar-spedfic phospharansferase
system permeases consist of EIIC and EIID in the membrane and EIIA and EIIB in the
cytoplasm; EIlA is phasphaylated by HPr in areadion catalysed by EI with phaphate from
phaosphoendpyruvate; E2s+E1+HPr probably form a wmplex (Norriset a., 1999. Theidea
hereisthat successve enzymesin the same pathway can be adivated to hindto ore anather ina
vertical organisation. A complementary ideaisthat a single spedes of enzyme can be activated
to digomerize by substrate (Torshin, 1999; indeed, the full enzymatic activity of
glyceraldehyde-3-phosphate dehydrogenase, phasphoglycerate mutase and enolase — all
glycolytic enzymes — results from their association. Again, thishorizontal organisation could
help nucleae and stabili se hyperstructures (Figure 2).

5.2Local concentrations

The phenomenon d oligomeric proteins binding to spedfic siteson DNA has been invoked to
explain the operation d the lac and lambda repressors (Revet et al., 1999. It might also be
invoked to explain the sequestering of newly replicated origins of replication by the protein SegA
(Onogi et a., 1999. There ae variations of this theme with, for example, the posshili ty that
proteins such as the histone-like protein HU, which bindsto bah RNA and DNA (Balandina et
al., 2001, could pay important roles (see below and Figure 3).

5.3Transertion

Transertionisthe cuped transcription, translation and insertion into and through membranes of
proteins. The cytoplasmic membrane is compaosed of awide variety of lipidsand proteins 9, if
these proteins have li pid affinities, small proteolipid damains form. High rates of transertion
may create acriticd density of inserted nascent proteins that is sufficient for small proteolipid
domainsto fuse into large ones and so nucleae hyperstructure assembly (Norris, 1995 (Figure
4). For example, it might be suppcsed that the high density of transertion o the ATP synthetase
comporents, which have lipid affinities (Arechagaet al., 200Q Ksenzenko & Brusilow, 1993,
shoud result in assembly of an ATP synthesis hyperstructure.

5.4 Trandated mRNA is proteded from RNases and enzymes in metabdons are proteded from
proteases

It has been suggested that enzymes in complexes are more likely to escgpe the dtention d
proteases than when thase enzymes are nat in complexes (Mill er, 1996. An extension d this
ideais that the partitioning of enzymes into a hyperstructure protects them from proteases
(providing the latter are excluded from the hyperstructure). Hence an enzyme which has been
asembled into a hyperstructure because of its adivity is thereby preserved (i.e. active enzymes
are preferentially protected). A similar argument isthat mMRNA translated within a
hyperstructure wuld be preferentially protected from RNases on the outside of the
hyperstructure.

6. How do hyperstructuresinteract?
6.1 Shaed lipid affinities creates dhared membrane domains

It can be agued that proteins with lipid preferences may congregate with those lipidsin a
pasitive feedback fashion to form the membrane domain part of a hyperstructure (see5.3
Transertion). Similarly, it might be expeded that hyperstructures charaderised by enrichment
for aparticular lipid would also tend to associate.



6.2 Shaed binding proteins create shared cytoplasmic compartments

Theideaisthat certain abundant proteins may participate in the assembly of several diff erent
types of hyperstructures. Thiswould enable asynergy whereby the progressve formation d a
groupof hyperstructures resporsible for a set of functions would aid the recruitment of other
related hyperstructures fulfilli ng complementary functions. Candidates for these proteinsinclude
the DNA-binding proteins IHF, FIS, and HU (for references se (Ussery et al., 200)). IHF can
modu ate the transcriptional activity of promoters by influencing the loopng of upstrean DNA;
the cnsensus ste of IHF binding, YAACTTNTTGATTTW, lies within many repetitive
extragenic palindromic sequences. FIS binding to upstream regions can enhancethe
transcription d highly expressed genes; the ansensus for the FIS binding site is weak with
estimates of its numbers ranging from 6 to 68000. HU binds to DNA with noevident sequence
preference and,in so dang, influences the interadion d regulatory proteins with their specific
sites onthe DNA (Bonnefoy & Rouviere-Yaniv, 1992; HU also reaognizes certain spedfic
structures of bath DNA and RNA with very high affinity and, for example, binds to the mRNA
for RpoS (Balandina @ a., 2001 Kamashev & Rouviere-Yaniv, 200Q. In addition,there ae
over a 100 knavn adivators and repressors of transcriptionin E. coli (Ouzouniset al., 1996 and
it may be expeded that these will control the synthesis of certain digomeric proteinsimportant
in the asembly of different — bu complementary — hyperstructures.

6.3 Shaed codon peferences

There ae strong compasitional asymmetriesin codonand amino acid usage depending onthe
orientation d the genes with respect to DNA replicaion and onthe nature of the proteins
encoded. Thishasled to predictions of different compartments for the syntheses of different
proteins (Danchin & Henaut, 1997%.

6.4 Water preferences

Water exists as gedes with dfferent structures and chemical properties that affed the
distribution and adivity of cellular constituents (Robinsonet al., 1999 Wiggns, 1990. An
important but difficult questionisthe extent to which the water preferences of the cnstituents of
hyperstructures might determine hyperstructure formation and interadion.

6.5 Oscill ations/vibrations

The Min system, which isinvolved in the seledion a inadivation d the division site, oscill ates
with a periodicity of around 1minutein E. coli (Raskin & de Boer, 1999. There ae numerous
oscill atory processes in eukaryotes of which the oscill ation o protonsand & NAD(P)H in
neutrophilsis particularly exciting (Petty & Kindzelskii, 2007). Such oscill ations are candidates
for playing gobal as oppased to local organising roles. Relating them to the dynamics of
hyperstructuresis a problem that has gill to be addressed.

7. Cell division

Theregulation d cdl divisioncan nov be mnsidered in terms of the dynamics of
hyperstructures. It has been argued that one of the functions of the baderial cdl cycleisto
generate daughter cdl s with dff erent phenotypes snce thiswould alow the popuationto bah
explore dl the passhiliti es for growth offered by the environment and ke ready for a sudden
caastrophic dhange (Norriset a., 2001 Segreet al., 200Q. Inthis <enario, duing the run-upto



initi ation, the massto DNA ratio increases and certain hyperstructures becme ‘stronger’ by
attrading ever more of the cel’s resources (such as the transcriptional and translational
apparatus) whil st other hyperstructures are weskened and dsappea (Norriset a., 200)(Figure
5). Thisresultsin adropin the diversity of hyperstructures, some of which release DnaA asthey
disociate, a DnaA-initi ation hyperstructure forms, and replication d the chromosome begins.
Now suppacse that short FtsZ polymers are associated with glycolytic and aher hyperstructures
so that FtsZ is effectively sequestered (noting that, at least in eukaryotes, tubuin is asociated
with glycolytic enzymes (LIoyd & Hardin, 1999). Thisleadsusto consider two paosshiliti es.
Oneisthat the FtsZ-sequestering hyperstructures are temporarily disrupted by chromosome
replicaionto release FtsZ which can then perticipate in dvision. The other, complementary,
posshility isthat the dhanging adivity of the phaspharansferase system/glycolytic
hyperstructure diredly leadsto its own disassembly (for example, its cgpacity might exceedl
demand and lead to feaedbadk inhibition) and releases FtsZ. Thiswould be mnsistent with the
advance in dvisions in synchronous cultures of E. coli induced by addition d the non

metaboli sable, glucose analogue a-methylglucoside (Fishov, 1994 and the delay in dvisions
induced by transfer to arich growth medium (Kepes & Kepes, 1985.

Beforetrying to pu it al together, we shoud bear in mind that, all else being equal, the rates of
transcription d two copies of the same gene diverge if this geneis—vely regulated in trans but
+vely in cis (Norris& Madsen, 1995. The—veregulationin trans could result from arepressor
diffusing through the cytoplasm to ead separate stretch of DNA whil st the +veregulationin cis
could result from an RNA polymerase transcribing a gene making this particular stretch of DNA
aacessbleto another poymerase. Thisleadsto the amwnclusion, surprising for many
microbiologists, that two identicd chromosomes in the same cytoplasm (which contain many
such genes) therefore have different patterns of gene expresson. The same argument can be
made in terms of hyperstructures. a set of genesis expressed from one ciromosome to form part
of a hyperstructure; this assembly invalves positive feedbadk between the constituent ions, lipids,
proteins and nicleic adds snce a the density of one @nstituent in aregion increases, the
probabili ty increases that the density of anather constituent will also increase. Inthe context of a
cdl i n which hyperstructures compete for existence (that is, negative regulationin trans), the
result is ahighly structured, asymmetric cdl i n which ead future daughter cdl has adifferent set
of hyperstructures associated with it and these sets differ in their composition d lipids, ions,
water structures, proteins, MRNA and expressed genes (Figure 6). At present, it isdifficult to
discriminate between the diff erent ways in which the principal proteoli pid danains aroundthe
chromosomes could crede adivision site (red, ddted arrows in Figure 6). In ore scenario, the
site would simply consist of the interface between the two damains whil st in the other scenario,
the site would consist of adistinct domain between the principle two damains. There are, of
course, permutations of these passhiliti es. The essence of our proposal isthat hyperstructure
dynamics could achieve:

* separation d chromosomes during replication

« differentiation d both chromosomes and membrane

* theright placefor a site to attract and activate division enzymes (between the cthromosomes)

« theright time for the aeation d adivision site (after chromosome segregation)

» theright nature for adivision site - apatential non-bil ayer

* couping between repli cation, segregation and cdl division

 a cdcium flux (down the concentration gradient)

* orchestration d membrane-activated kinases, proteases etc.

8. The advantage of organisation at the level of hyperstructures



It has been olserved that the difficulty of administering alaboratory is propartional to the square
of the number of members of the laboratory, N (Bok, 1983. Thisdifficulty, D, isreduced if the
individuals are put into N; groups such that D equals the square of the number of groups (to
reflect groupinteractions) plus the square of the number of individualsin ead group No? (to
reflect interadions within groups) times the number of groups:

D = N*+(No?)N;

Hence D = (N/Ng)*+(No?)N/No

And D = N%/Ng?+NoN

To minimise D,

* D/* No=-2N*/Ng*+N

Hencethe difficulty is at a minimum when
No= (2N)**

Thisformulahelpsto give us afeel for the numbers of hyperstructures that may exist in a cdl.
Just considering proteins, for example, a baderium containing of the order of amillion
interading proteins would be expeded to have aounda hurdred hyperstructures. The eistence
of thisintermediate level of organisation therefore means that the problem of generating a limited
number of coherent phencotypes that are adapted to survival and/or growth is grealy simplified.

Navigation through the immensity of state space becomes a doice between 100 @ so

hyperstructures rather than 4000 pus genes — 2% on-off combinations rather than2™*®. To

generate a oherent phenotype, for example, enzymes appropriate for growth in cold oxygenated
condtions $roud na be synthesized in the same cdl at the sametime & thaose for growth in ha
anaegobic condtions. Coherence can be achieved because cell s can manage the relatively few
common fadors required to bring together a particular set of hyperstructures. The existence of
hyperstructures also all ows, we speaulate, baderia cdlsto regulate DNA replicaion and cdl
division so asto crede heterogeneous popuations that can bah grow and survive unexpeded
challenges.

9. Using the hyper structur e concept to exploit sequence data

Of the numerousin sili co approacdhes possble, we focus here on cdl ular automata which are
used to model many physical and bologicd phenomena (Vichniag 1984. Oncethe units that
constitute the aitomata have been assggned initial states, the evolution d these states can then
depend on bah the previous history of the state and onthe state of neighbaring units. Hence,
cdlular automata can be particularly suitable for modeling the dynamics of interactions between
moleaulesin 3 dmensions. We now use célular automatato ill ustrate how they might be used
to model the dfects on hyperstructure assembly of the following:

9.1 Metabdite-induction
To determine the values of the parameters governing the formation d hyperstructuresin baderia,

we have mnstructed a preliminary version d a célular automaton program (with feaures of
multi-agent systems) that smulates the dynamics of the locdi zation d the PTS and glycolytic



enzymesin bah a2 dmensional membrane and a3 dmensional cytoplasm (Le Sceller et al.,
2000. Ead unt volume represents a 10mm*10nm*10nm cubein acell that can have a
maximum volume of 200*200*200 uiit volumes or 8um®. Thisis more than sufficient to
represent E. coli which in certain growth condtions has a volume of 2 cubic microns. Ead
cubic unit volume in the membraneis surrounded by 8 ather unit volumes and ead unt volume
in the cytoplasm is surrounded by 26 ahers. At ead time step, all enzymes are mnsidered in a
randam order. Eadch can move into afree neighbaring unit volume. In this preliminary study,
there was a structuring of both membrane and adjacent cytoplasm and hyperstructures were
generated containing up to 500enzymes.

9.2 Transertion

To model the anchoring effed of transertion on rascent proteins (Figure 4), apropation d the
PTS Enzymes 11 (for example) could be permanently confined in sili co to a patch of the
membrane. Animportant parameter may therefore be thearea over which these proteins are
inserted. It isnot easy to oltain this area experimentally with current techniques (but see the
NanoSIMS below). However, this may be an instance when the simulation reveds whether
hyperstructure formationis very sensitive to the aea of transertion and therefore whether energy
shoud beinvested in performing the relevant experiments.

9.3Lipid preferences

The asegregation d proteins with the lipids for which they have pronourced affinitiesis a
patent way to producedomains. This processmay be simulated in the ‘membrane’ of cdlular
automata given these dfinities. Below (10.3), we suggest a series of experiments that could lead
to consensus squences for lipid bhinding and hence away, utimately, to convert sequence
information into the ‘lipidome’ and facilit ate the simulation o the distribution o all membrane
proteins.

9.4 Local concentrations

Using cellular automata to mode! local concentrations might exploit knowledge of DNA-binding
proteins and their sites providing DNA can aso be introduced into the model. One way to
adhieve thiswould beto divide the diromosome into chunks comparable in size to proteins.
Ead chunkwould be @nstrained inits diffusion by afunctioninversely propational to the
distance between the cdhunkin question and another chunk. It may also prove necessary to make
effortsto modd reptation, the constrained movement of polymersin a aowded solution.

9. 5DNA distribution

DNA curvature, flexibility and stabili ty have been analysed for 18 fully sequenced bacterial
genomes (Pedersen et al., 200Q. Thisreveds many significant structural feauresincluding a set
of 20regions with identicd and extreme structural properties that are proposed to function as
topdogicd domain boundries. These features are presumably related to the properties of
proteins such as HU (see6.2) which binds preferentially to unwsual structures sich as kinked o
cruciform DNA (Bonrefoy et al., 1994 Kamashev & Rouviere-Yaniv, 2000. The dalengeis
to trandate thisinformation into adynamic 3-D model taking into accourt that much of the DNA
isprobably in a dhdesteric form. One model that might be tested via cdlular automata (asin

9.4) isthat HU both binds to these aurved regions and self-associates uch that curved regions are
stacked at the edges of twisted liquid crystalli ne regions. In such amodel, the terminus region,



which has high curvature, low flexibili ty and low helix stability (Pedersen et a., 2000, might be
expeded to exhibit a distinctive padking.

9.6 Parallél approaches

In an adivity-based vision d the cdl, only asubset of its constituentsisimportant in determining
the phenatype of the cdl at any onetime (Norris, 1998. This subset comprises those @nstituents
that are active where active is considered to mean being transcribed for a gene, being translated
for amRNA, and caalysing areactionfor an enzyme. Belonging to this adive subset requires a
competition between constituents that were active in the previous time period (the status quo
fador) and constituents that ad in synergy with ore ancther (the wherencefador).

In this ction, we describe anew implementation d cell ular automata or units based onthe
related ideathat only afew unit volumes are potentially active, that is either contain amoleaule
or ahave aneighbouing unit containing amolecule. The alvantage is that memory is not
needed to store these empty units. Thisleadsto atime and memory efficient approach for
computing the successve generations of the units. The overal state of the system is determined
by the content of all the units at a given time. Computing the next generation means determining
the new state of the system after the goplicaion o al thelocd rulesto each unt. This process
must not depend onthe order the units are examined and, ideally, each unt istreaed
independently of al the other units. The standard way to represent the 3-D spaceisto use aarray
of structures to addresseach unt that often contains only anumber. Using this method, it is easy
to determine the neighbowhoodof aunit by asimple transformation d its coordinates, and then
aacessthe aray to get the values of the neighbauring units. The major drawbadk is that we must
store all the units, even the empty ones.

In our approach, we dso represent the space by athree mordinate system, bu we storein the
computer memory only the adive or potentially active units (i.e. those that are fill ed or next to
filled unts). Thisreducesthe memory cost and all ows us either to reducethe size of each unt to
have amore accurate simulation, a to simulate alarger space.

The potentialy adive cell s are stored in a hash table which allows a very fast accesstime,
comparable to the accesstime of a3-D array, if agood hesh functionis used along with an
adapted strategy to resolve allisions. Thislow cost implementation d the state of the system
can be used to reduce the time used to compute eab generationif an extra st is paid by
dugicating the representation d the space the locd rules are gplied to each adive unit using
the values from the first, current space and the result is gored in the second, new space. After all
the units of the first spacehave been processed and the second space is compl ete, the second
spacebecomes the aurrent space ad the next generation can be mmputed.

Sincethe arrent spaceis only accessed for reading values whil st the new space is only accessed
for writing results, the aurrent space can be freely accessed by multi ple processes withou
synchronisation. The new space ca be split i nto parts that can be computed separately ona
multi procesor with a amnsequent dramatic reductionin computation time. Each processrequires
itsown part of the aurrent spacebut also acts ona surroundng layer of single unitsin the parts
treded by other processes. Sinceead processonly accesses the part of another processat the
boundry, each part can be stored locally in a multi-computer networked environment.

Inthe 12 by 12, 2D example (Figure 7), processP1 only nealsto accessthe first 7 lines (O to 6)
of the aurrent space to compute thefirst 6 lines of the new space, while processP2 needs to

10



aacessthelast 7 lines (5 to 11) of the aurrent space to compute the other half of the new space
Sincethereis noread/write cnflict between P1 and P2 no synchronizationis needed. Thisis
another advantage of the inherent parall elism of thisimplementation.

9.7 Hyperstructure movements andreactions

Interactions between hyperstructures are propased to result in apre-divisional cdl with ore set of
hyperstructuresin ore half the cédl and adifferent set in the other half. Such sets of
hyperstructures may be formed onthe basis of common lipids, ions, binding proteins and/or
water properties. Movements of hyperstructures are nicely ill ustrated by the SegA-replication
hyperstructure that, during the cell cycle, goes from a single focus to two foci that then migrate to
the one-quarter and three-quarter positions (Ohsumi et al., 2002 Onogi et al., 1999. To model
how interadions between hyperstructures might lead to redistribution o hyperstructures within
the cdl, we mnsider a cdlular automaton model in which several hyperstructures can be
represented simultaneously in a marse-grained way (so that the units are bigger than single
maaomoleaules).

The ideapresented in this dion entail s providing loca rules to reproduce moleaular readion
and dffusion wsing cdlular automata. The difference between ou approach and typicd readion
diffusion processs is that the molecule concentration (in a spedfic position) is bodean: true if
thereis a set of molecules, false if there ae nore. One of the simplest systems has only one type
of moleaule on a 2-D grid (environment ). Focusing on a particular molecule ad its
neighbaurhood,it is clea that a unit plus the 8 adjacent units is a square of side 3 unts. If we
suppacse that the moleaule can move or stay in the same place, the moleaule will have 9 pcsshle
paositions (Figure 8). With cdlular automata, the state of a unit depends on its neighbaurhood.
Thus, alocd rule must be used to determine whether a unit in the 2D-grid becomes true (has
moleaules) or false (is empty). The ideais to invert the arow diredion in the previous figure.
Thus, if an empty cdl is adjacent to orefill ed cell, it has a probability of 1/9™ to become fill ed.
We can apply thisto any neighbarhood.

Given aunit in a2D-grid, the probabili ty of the unit to becometrue (filled) isp=n/9wherenis
the number of fill ed unitsinto its neighbouhood. More generaly, for adim-dimensional
environment (agrid of dimension dim), the probabili ty of one cédl to becometrueis:

p=n/N (@D

where N = 39™ Figure 9 shows the results of thisloca probabili stic rule (rule 1) with a60x60
grid at threedifferent times.

To construct a multi-moleaule hyperstructure, the next stage awnsistsin puting together different
types of molecules. In this case, the value of aunit isnaot abodean bu an integer included
between 0 and nb (number of types of moleaule). In thisway, rule (1) becomes

Po = no/N
P1= n]_/N
P2 = n2/N
Prb= Nnp / N (2
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where n; is the number of moleaules of typei into the neighborhoodand N = 3%™into the dim
dimension grid. An empty cell i s of typeO.

To choose the future type of a cdl among all the paosshiliti es, we consider ared randam number
A bounded by 0 (included) and 1 (excluded). The decision rules are the foll owing:

if ALJ[O, p[ then the considered cel isof typeO
if A [J[po, potp1[ then the considered cel is of type 1 (3)

if A J[potprt...+Pnp1, PotpPrt...+pnol then the considered cell is of type nb.

Figure 10 shows the results of this locd probabili stic rules with a 60x60 grid at three different
times and for two types of moleaule.

To study hyperstructures containing many different moleaules that can perform chemicd
readions, we dlow two dfferent moleaules to react to produce ancther type of moleaule:

mol; + mol; — moly (4)

To dothis, we aldthe following simple rule (5) to rule (3):

if the considered cell isof typei (resp.j) andthe type dhosen thanksto rule 3isj (resp.i) then
(5) the cdl will have the type k (according to rule 4)

Figure 11 showsthe evolution d the system in a60x60 grid at threedifferent times, for two types
of moleaule and that react together acwrding to rules (4) and (5) to produce athird type of
moleaule.

To observe the formation d and interadion between hyperstructures, we introduce the nation o
affinity between moleaules. In our example (Figure 12), moleaules of type 1 are adivated and
can therefore bind ore another. Moleaules of type 2 and 3 have similar behaviours. Moreover,
moleaules of type 1 can read with moleaules of type 2 to produce moleaules of type 3. Figure 12
shows fluxes of moleaules leading to the formation d a hyperstructure:

* Moleaules of type 1 come from the top d the célular automata and kind together

e Moleaules of type 2 come from the bottom of the cell ular automata and kind together too

* Molealles of type 1 react with moleaules of type 2 to produce moleaules of type 3

* Molealles of type 3 hind together and with moleaules of type 1 and type 2.

10 Experimental aspects
10.1Nano3MS

Visualizing hyperstructures diredly with conventional techniques has been dfficult sinceit
requires the m-locdlization d such dsparate dements as proteins, mRNA, genes and lipids at the
50 M scde. In secondary ion mass edrometry, asedion d biologicd material is subjjeded to
abeam of ionsthat pulverizesit to release secondary ions that are filtered by mass pedrometry
to allow animage to be obtained [Thelli er, 1993 #108}4 Recent developmentsin NanoSIMS
tecdhndogy are very promising sincethe new generation d machines provides resolution at the
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scderequired and all ows detection d isotopicaly marked probesto proteins and niwcleic agds.
This opens up the exciting passhili ty of studying hyperstructures by imaging smultaneously
both nucleic agds and upto 10 dfferent proteins at a resolution intermediate between light and
eledron microscopy.

10.20ptical waveguide lightmode spedroscopy (OWLYS)

In the cae of glycolysis, we lack detail s of the exad abundance of proteins sich as
phasphaglucose isomerase, fructose -1,6-P2 adolase, triose-P isomerase, glyceradehyde 3-
phosphate dehydrogenase A complex, and phaphaglycerate kinase. Althoughwe can oltain
these via radioadive labeling and 2-D gel eledroploresis, there ae atractive, recent techniques
such as those based onisotope-coded affinity tags (Gypi et al., 1999. More seriously, we lack
detail s of the anstants of affinity of the PTS and glycolytic enzymes. These could be obtained
using OWLS in experiments with purified proteins and substrates (Ramsden, 1993). By
introducing and removing the substrates, it may also prove possble in these experiments to
estimate the period d time for which an enzyme remains active (i.e. has ahigher affinity
constant) onceits substrate has gone (Ricard et al., 1999.

10.3MALDI-MS andES-MS

We ae presently using sensiti ve techniques of mass pectrometry to explore the posshbili ty that
concomitant with overproduction d a membrane protein is a mwmpensatory overproduction d the
lipid for which it has an affinity (Arechaga @ al., 200Q. If thisapproach is successful, a semi-
automated, general strategy might be developed in which baderia ae transformed with plasmids
ead containing a diff erent peptide (from arandom library); the ideaisto olktain thousands of
colonies, eat containing li pids resulting from the overproduction d a particular peptide. Mass
spedrometry and sequencing would then match lipids and peptides. The datawould be used to
try to derive ansensus squences to be used to interpret the genome and construct a‘lipidome’.

10.4 Atomic Force Microscopy (AFM) andthe Langmuir-Blodgett technique

Langmuir-Blodgett mondayers of phasphdipids, which assamble & the ar-water interface,
followed by transfer to a solid suppat and inspedionwith AFM, provide apowerful
combination d techniques for studying FtsZ interadion with membranes and may constitute the
beginnings of an in vitro division system (Alexandre ¢ al., 200). The daracteristics of the
lipids used along with the values of parameters obtained for fadors that interad with FtsZ, such
ascdcium, GTP and aher division proteins, might be used to try to construct anin sili co model
of the division process

11. 1-cell

Developing new concepts may prove essential to afull understanding of how acell works. To
test and develop such concepts, we alvocate the wnstruction d an Integrated or Imaginary cdl
—I-cdl —which would undergo seledion for growth and survival inaworld of artificia
chemistry (Dittrich & Banzhaf, 199§. The unit volumes that constitute an I-cdl would be
inspeded at each time step and, acrding to the moleaule(s) found,the gpropriate entry would
be consulted in atable mntaining alarge number of ‘biological’ functions (Norris & Le Scdler,
2001). These functionswould determine the interadions of the molecule with its neighbaurs and
also, viaglobal functions, with dstant moleaules. The I-cell would be fed according to different
regimes and, depending on the functions implemented, would grow and eventually divide; I-cdls
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would be analysed after seledion ower severa generations. Combinatorial problemswould be
reduced if an activity-based vision d the cell were alopted in which orly a subset of constituents
would be consulted at eadch time step; this subset would correspondto constituents that play an
adiverolein coherent cdl states via amedanism based in part on global functions and termed
competitive aherence (Norris, 1999. An I-cell might, for example, offer away to discover the
importance of aparticular organising process for example, ore based onwater structure or
tensegrity. An |-cdl might even be used to seewhether new laws of complexity emerge athe
number of organising processs in the system increases.
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Figurel

Formation d anon-equili brium hyperstructure due to changesin the dfinity of its constituent
enzymes for one another. Enzymes E1 can orly diffuse in the plane of the membrane whil st the
other enzymes, E2 to E7 dffuse in the cytoplasm. The binding of a substrate, such as a sugar, to
the E1 enzymes leads to an increase their affinity for one another and their assembly into an E1
domain. On hinding its substrate, each enzyme in the pathway aqquires an increased affinity for
the following enzyme. Thisresultsin the assembly of metabolons E1 to E7 and the asembly of
the hyperstructure (here, a group d metabolons). Note that transcription o the genes encoding
E1 to E7 and the simultaneous trandlation d the mRNA may help the assmbly of the

hyperstructure.
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Figure2

Horizontal links aid the aseembly of a hyperstructure. Oligomeric protein E3 may bind together
two identicd metabolons (E1-E5 to E1-E5) or two dfferent ones (E1-E5 to F1-F5). Inthe
former case, E3 plays arole in the asmbly of anindividual hyperstructure whil st in the latter
case E3 playsarolein theinteradion between two dfferent hyperstructures.
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Figure3

Local concentrations of oligomeric proteins can promote hyperstructure assembly. Protein E6
bindstoits ste (green) present in DNA or RNA to produce aregion d the g/toplasm enriched in
both E6 and its stes.
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Figure4

Transertion can nucleate hyperstructure assembly. Transertion, aias the wupled transcription,
tranglation and insertion into and through membranes of proteins, may enrich aregion o the
membranein the lipids (green) for which the proteins have an affinity. At acriticd density of
inserted nascent proteins, small proteolipid danains fuse into large ones and so nicleate
hyperstructure assembly.
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Figure5

Cell cycle progressas a state cycle of hyperstructures. Rectangles represent non-equili brium
hyperstructures each performing one function. Blue redangles correspondto hyperstructures
with a ommon set of lipid (or other) preferences whil st red redangles correspondto
hyperstructures with a different set of preferences.
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Figure6

The spatiotemporal control of cdl divisionby hyperstructures. The hyperstructures (the green o
blue paygons) form one of two sets depending onthe ommon preferencewithin a set for lipids,
ions, proteins etc. Ead set is asociated with a diromosome and is present in the future daughter
cdl. Thedivisonsiteisin the cytoplasmic membrane (thin redangles) at the interface between
these sets indicated by the arow. Two passhiliti es for the structure of the division site (red
arrows) which may be between the principal domains (blue and green) at either the interfaceor a

separate, spedfic domain (red).
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Figure?7

A two processexample of paralel processng. Sinceeach processdoes not neel to accessthe
spaceof the other one (except the boundry of the current space), each part can be stored locdly
in amulti-computer networked environment. The bourdary of each part isthe only information
to be shared (i.e. transmitted between the computers).
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Figure8

Movement ona2-D grid. A moleaule & timet can chocse between 9 paitions at timet+1. a
moleaule & timet can choose between 9 paitions at time t+1.

%
gl
[
19

1/9

i

25



Figure9

Diffusionin a cdlular automata system. Empty units are black and fill ed untsare yellow. States
at successve times (t=0, 10and 10Q are shown.

t=0 t=10 t=100
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Figure 10

Diffusion d 2 types of moleaule in acell ular automata system. States at successve times (t=0,
10and 10Q are shown

t=0 t=10 t=100
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Figure 11

Diffusion d 2 substrates and a product in a célular automata system. Moleaules of type 1 and
moleaules of type 2 interact to produce type 3. At time t=0, there ae only 2 types of moleaules,
type 1 (yellow) andtype 2 (light blue). At time t=3, type 3 (dark blue) appears

t=0 t=3 t=10
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Figure 12

Formation d ahyperstructure ompoundwith 3types of molecules. At time t=5 andt=20, 2
simple moleaular structures develop. Moleaules of type 1 are & the top and moleaules of type 2
are & the bottom of the cdl ular automata. At time t=50, the two structures med and produce
moleaules of type 3. Then, at time t=100,a hyperstructure with 3types of moleaules appears.

t=5 t=20 t=50 t=100
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