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Key Words

Differentiation

A stable change in global patterns of gene expyaassually producing a recognizably
different type of cell.
Morphogenesis

The creation or development of an organism’s discelorphology, structure and form.

Development
A genetically programmed combination of differetibtea and morphogenesis.

Cell cycle

The orderly progression of events during cell feséition through phases of growth, DNA
replication, chromosome segregation and cell diigcytokinesis).
Protein kinase

An enzyme that phosphorylates itself and/or othetgins. Major categories of protein
kinase are named according to the amino acid sheecifically phosphorylated eg. tyrosine protein
kinases phosphorylate target proteins on tyrossglues.
Sigma factor

A subunit of bacterial RNA polymerase that dirduiteding of the polymerase to specific
DNA sequences (promoters) resulting in the trapsion of downstream genes. Sigma factors form
a family of polypeptides, each of which recogniaetifferent promter sequence and so directs
transcription of a different set of genes.

Transcription factor

A DNA-binding protein that is not part of the RNAlgmerase but which binds to specific
DNA sequences and regulates the expression of ymgartes by activating or inhibiting
transcription.
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Signal transduction

The process whereby extracellular or intracellyséysical or chemical signals elicit a series
of intracellular biochemical events in which eavlr@ either activates or inhibits the next.

Holdfast

A specialized attachment organ (of a multicell@deganism) or organelle (of a unicellular
organism).
Flagellum

A long, thin cellular appendage that is responditeswimming motility — in the case of

bacteria a rigid, helical, hollow filament that fiffons as a propellor attached to a rotary motor in
the cell membrane through a semi-flexible coupling.

Pilus
A long, fibre-like appendage on a bacterial cddittis thinner than a flagellum.

Pseudopod or pseudopodium

A region of an amoeboid cell that does not contaégmbrane-bounded organelles and is
extended outwards during amoeboid movement.

Spore

A specialized, dormant, resistant cell formed ageans of dispersal from and survival of
harsh conditions.

Endospore

A spore formed from a daughter cell within the mesanle of a mother cell in certain
bacterial species (notably of the genBeillus andClostridium).

Sorus
A cluster or mass of spores.

Development is not restricted to large multicelitdaimals and plants but is also a feature
of the life cycles of microorganisms. The envirominef a microorganism is rapidly changeable so
that both eukaryotic and prokaryotic microbes hewalved developmental strategies to enhance
their nutrient-scavenging abilities or in more extie circumstances to form dormant, resistant cells
(spores). The spores can survive under harsh ¢onslithat do not support growth and can be
dispersed to other environments that do. The emmtesf pathogeni€lostridiumspecies are
amongst the most resistant cells on earth and diesiruction (or removal) is the key criterion for
successful microbiological sterilization. Developited programmes in microbial pathogens are
initiated in response to infection of the host afay important roles in pathogenesis. However the
best understood examples of microbial developmenhat pathogens but free-living microbes. The
general principles underlying microbial developmarg being elucidated by their study.
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1. Introduction

Biologists don’t usually think of microbial modetganisms when asking questions about
the fundamental mechanisms of development. Yet gvére most complex of metazoans,
development involves cells doing things in an cedeway through space and time — growing,
dividing, adhering to one another and to the sahstn, differentiating, moving, secreting and,
above all, communicating — and the fundamental mgisims of what cells do evolved very early in
the history of life. So it should not surprise addarn that the molecular mechanisms at the logéart
these cellular processes in development are frelyusmilar.

At the same time, every organism in the tree efhi&s faced its own unique problems in
using these primeval molecular mechanisms to nheeteeds of its “chosen” life style. Each has
accordingly evolved its own developmental programumngng its own unique selection of
molecular techniques to carry them out. So we atesurprised either that organisms belonging to
different phylogenetic lineages have often optediftierent molecular mechanisms to perform
similar developmental functions or that in somedges, particular molecular mechanisms have
been elaborated upon, used and reused in manyeditfeiological roles while others are not used
at all.

An example of these principles is to be found mtiniversal use of protein kinase cascades
in signal transduction pathways controlling devebent. Yet there are differences. The histidine
protein kinases are used in developmental sigmgiathways in all of the major bacterial groups
and in many eukaryotic lineages including the futige slime moulds and the plants but not, it
seems, in metazoan animals. Noone knows why thefusstidine kinases was abandoned in the
animal lineage, but retained in the next most ¢tyosdated eukaryotic lineages. The bacteria, @ th
other hand, appear to make little, if any use efgtrine/threonine protein kinases so ubiquitously
found in eukaryotic organisms. Differences likesttgll us that there is nothing about one class of
kinase compared to the other that makes its usmeaisfor particular signalling purposes. They
also identify classes of molecules that could ktemtaally used as targets for drug or antibiotic
therapy. Histidine kinase signalling pathways pgstite in bacterial pathogenesis and are therefore
potential antibiotic targets.

What then might be the general principles to bamgel from our current understanding of
development in eukaryotic and bacterial microbesaffempt to answer this question | have opted
in the following sections to discuss microbial depenent by describing what we know about
developmental pathways in five well studied systentisree bacterial and two eukaryotic. The
emphasis is on the signalling cascades that cocethilar activities in development. Having
examined each of these five systems in some detaihclude by noting general features that seem
to be shared by all.

2. Bacteria

2.1 Cell cycle control and morphogenesis @aulobacter crescentus

Bacteria are usually thought of as exhibiting oherdy a limited number of cellular
morphologies — rods, cocci or spirals — that is atonously present in every cellaulobacter
crescentuss different. An aquatic bacterium, common in fneater environments characterized by
low and patchy nutrient level€aulobacter’sunique cell cycle involves polarized differentiamti
and cytofission to produce two morphologically whist cells — a nondividing, motile, swarmer cell
and a sessile, stalked cell that is able to pregie®ugh cell division (Figure 1). The swarmet cel
is able to disperse by both random and chemotswiilmming motility to nutrient-rich
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microhabitats where it differentiates, losing itdgy flagella and pili to replace them with a stalk
and holdfast. Through these it attaches to thetsathsn and begins progression through the cell
cycle just as did the mother cell from which it velsived. It is this cell cycle, with its two
dramatically different cell types, that has m&iilobactera favourite organism for studying the
mechanisms of cell cycle control, polarized différation and morphogenesis in bacteria.

Figure 1. The cell cycle and flagellar
morphogenesis iCaulobacter (a)
The motile swarmer cell on the left
loses its flagellum, retracts its polar
pili and differentiates into a stalked
cell which enters S phase and
progresses through the cell division
cycle. The differentiation of two
distinct daughter cells begins in the
predivisional cell (inset, panel A) with
distinct morphogenetic events
occurring at the stalked (ST) and
swarmer (SW) poles. After cytofission
(inset, panel B) the stalked daughter
cell is able to resume cell cycle
progression whereas the swarmer cell
is arrested in growth phase (G1) until
such time as it has differentiated into a
stalked cell. The bars show the timing
of various morphogenetic events
during the cell cycle. (b) In the
predivisional cell a cascade of
sequentially dependent inductions of
flagellar gene expression and assembly
events result in biogenesis of the
flagellar apparatus at the swarmer
pole. Horizontal bars show the timing
of expression of the four sequentially induced s#asof flagellar biosynthesis genes. Panel (apidified from Figure 1
of Jacobs-Wagner (2004). Panel (b) contains infaiomagresented in Figure 1 of England & Gober (2004set image
courtesy of Jeanne S. Poindexter, Barnard Coll@gkimbia University.

2.1.1 CtrA — a master regulator of cell cycle progressiorand polar
morphogenesis

At the heart of the molecular machinery controll@gulobactermorphogenesis is a protein
called CtrA, a DNA-binding protein that functions a transcriptional activator and repressor to
regulate the expression of genes involved in DN#tsysis and cytofission, flagellar motility and
chemotaxis. CtrA is the final response regulata multicomponent phosphorelay system of the
histidine protein kinase type that is universatlyrid in bacteria and archaea, as well as in some
eukaryotes (edictyostelium discoideumThe phosphorylation cascade in such systenmtiated
by an autophosphorylating histidine protein kinasgeéch is activated (or inhibited) by reception of a
signal in the form of a ligand binding to its sendomain. The phosphate is initially attached to a
conserved histidine residue in the transmitter dorofthe kinase, whence it is subsequently
transferred (sometimes via multiple phosphotrahfieran aspartate residue in the receiver domain
of the same or a different protein — the respoagalator that mediates the final response. In
multicomponent systems, multiple phosphotransfessged from the primary histidine to the final
aspartate via alternating histidine and aspartsiglues in transmitter and receiver domains
respectively of what can be distinct polypeptides.
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The sequencing of the entire genom€otrescentusade possible a comparative
microarray analysis of gene expression in a wildtgpd temperature-sensitiweA loss-of-function
mutant. Nearly 20% of thea. 3700 genes i€aulobacterare cell-cycle regulated and the
microarray studies revealed that about one-thirthe$e are controlled by CtrA, either directly or
indirectly. Many of the direct targets were founddmimmunoprecipitation of DNA fragments that
had been cross-linked to CtrA. This approach idiedti55 promoters (regulating 95 genes) that
bind and are presumably controlled by the actitesphorylated form of CtrA (CtrA~P). The
binding site is a conserved nonameric DNA sequemat#f that is found not only in CtrA-regulated
promoters but also at 5 sites within the chromodamgin of replicationori. Binding of CtrA~P
to ori prevents the initiation of DNA synthesis and emtrys phase. CtrA~P also represses
expression of the early cell division gdit&Z, the product of which forms a ring that circumbes
the cell at the division site and assembles theleeldivision proteins there at the inner faceicd
cytoplasmic membrane.

In keeping with its regulatory roles, the leveldQifA in Caulobacteroscillate in synchrony
with the cell cycle and differ in stalked and swarroells (Figure 2). The levels of the
phosphorylated form of CtrA change in concert whta levels of the protein itself. After
accumulating in the late predivisional cell, CtrArdPnains at high levels in swarmer cells where it
represses cell cycle progression at the point of@émo S phase and also induces the gene
expression cascades involved in swarmer cell @iffeation (eg. those involved in pilus and
flagellar assembly). In the stalked cell at theedrd replication, CtrA~P levels are low, the piote
having been both dephosphorylated and also degtad€thXP proteases. These two mechanisms
of inactivating CtrA are redundant — mutaitA alleles that either are resistant to proteolysi® o
inactivation by dephosphorylation are not lethdde Tnutants progress through the cell cycle
normally because in each case the alternative Daétivation mechanism (dephosphorylation or
degradation) is still present and active at the@meate cell cycle stage. As expected, a CtrA
mutant that is both constitutively active and paseresistant causes cell cycle arrest at the G1-S
transition.

Figure 2.

Schematic representation of the
regulatory mechanisms that modulate the level
of CtrA~P (in grey) during the cell cycle. From
Figure 2 of Ausmees & Jacobs-Wagner (2003).

The disappearance and
inactivation of CtrA at the end of G1
relieves its repression of replication,
allowing the cell to enter S phase and
initiate DNA synthesis. Also relieved is
the autoinhibitory repression ofrA
expression by high levels of CtrA~P
bound to the low affinitgtrA
promoter, P1. ThetrA expression that
results is autocatalytic because of
CtrA~P-mediated induction through a
second, high affinity promoter, P2.

Consequently CtrA~P levels rise again to high Iewelthe late predivisional cell, where they
prevent initiation of another round of replicatiand again represirA expression through the P1
promoter site.
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2.1.2 Morphogenesis in the swarmer cell — flagellar biogeesis

Having accumulated in the predivisional cell, CtFApersists in the swarmer cell but is
absent from the stalked cell. In the swarmer cotnpeamt of the predivisional cell it initiates a gene
expression cascade whose outcome is the diffetedts&avarmer cell and whose most obvious and
best understood feature is flagellar biogenesis.cah50 gene products required for flagellar
assembly irCaulobacterbelong to 4 classes: Class I, the master regu|@toA); Class I,
including a > transcription factor (FIbD) and the first flageltomponents to be assembled (the
MS ring — FliF; the switch — FIiG,M,N; the flageituspecific secretion system — FIhH,
Flil,J,0,P,Q,R); Class lll, polypeptides formingteuparts of the basal body and hook; Class IV,
the flagellar filament (Figure 1).

Once initiated by CtrA~P, the assembly of the flegeapparatus proceeds in three major
stages defined by the onset of supply of the réqui®lypeptides encoded by the Class II, Il and
IV genes. Within each stage, the assembly of tis paogresses in a sequentially dependent
manner — the incorporation of each polypeptide depg upon the assembly of those before it. The
start of each major assembly stage is defineddieak point at which the synthesis of polypeptides
for that stage can begin only if the precedingestaas been completed. Thus the Class Il genes are
induced in the predivisional cell by CtrA~P, theamulation of which constitutes the Classl/II
check point.

The product of one of the Class Il genes, FIbDtsractive phosphorylated form in turn
induces the Class lll and IV genes in the swarnoé pf the predivisional cell. However FIbD
activity also depends upon two other Class Il pnste- FIbE and FliX. FIbE was thought to be the
kinase that phosphorylates FIbD, but recent evidasniggests that it activates FIbD by some other
means. FliX functions as the check point sensdrdétects proper assembly of the inner parts of
the flagellar basal body — FliX interacts direatligh FIbD at its N-terminus and only permits its
activation when this Class Il/lll check point haseh reached. Active FIbD~P not only induces the
Class lll and IV genes, but it also feeds baclefwress early Class Il genes.

Although both Class lll and Class IV genes are gaduby FIbD~P, the otherwise very
stable Class IV mMRNAs are targeted for degraddiiothe binding to them of the FIbT protein.
This protein is present throughout the cell cyaleits activity is inhibited by completion of the
assembly of the flagellar motor, complete with hobkis constitutes the Class Ill/IV check point.
Only when this check point has been reached, ar€liiss IV mRNAs stabilized so that flagellin
synthesis and completion of the entire flagellgvaaptus can proceed.

2.1.3 Phosphorelays regulating the cell cycle and morphemesis
CtrA is active only when phosphorylated at the eowsd aspartate residue in its receiver
domain (Asp51) and its activation by this meansoistrolled by at least three converging
phosphorelay cascades (Figure 3).

Figure 3. Model of the signal transduction
network controlling the activity of the
master response regulator, CtrA. Response
regulators and histidine kinases are shown
as circles and boxes respectively. Barred
ends indicate inhibition and arrowheads
indicate activation. The dotted arrow
indicates that the functions of the indicated
upstream kinases are unknown. The
molecular nature of the indicated signals
that initiate the phosphorelays shown are
unknown. Modified from Figure 3 of
Ausmees & Jacobs-Wagner (2003).

The first of these involves CckA, a histidine piotkinase that is responsible for CtrA activation
y
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during the cell cycle. Consistent with its upstreahe as a CtrA activator, CckA is essential for
viability and temperature-sensitive mutants of gmstein exhibit similar or identical phenotypes to
temperature-sensitive CtrA mutants. However Cckéerdlered dispensable by expression of a
constitutively active CtrA derivative (CtrAD51E)ahdoes not require phosphorylation for activity.
Because CckA contains its own response regulateiver domain at its C terminus, it is
anticipated that CckA passes phosphates to CtrAwvias yet unidentified intermediate histidine
phosphotransferase in a multicomponent phosphaorelay

The second phosphorelay pathway regulating Ctriviicts mediated by DivL, a sensory
kinase whose interactions with CtrA have been destnated genetically. Although it possesses all
the conserved regions of the histidine kinase $apely, DivL is unusual in possessing an
autophosphorylatable tyrosine residue (Tyr550)kiadtof histidine. A cold sensitivivL allele is
genetically suppressed (ie. the wildtype phenotypestored) by a specifatrA allele (called
sokA. This phenomenon of suppression is a classicatgeindicator of interactions between the
corresponding encoded proteins. It is supportetigncase byn vitro biochemical evidence that
DivL can phosphorylate CtrA.

DivK is a response regulator protein that direotlyndirectly controls the levels of active,
phosporylated CtrA, probably by accelerating btglrdephosphorylation and its degradation by
ClpX proteases. The cold-sensitdi@K341allele causes cell cycle arrest at the G1-S tians+
initiation of replication is blocked, genes invodvm replication fail to be induced and the ClpX-
mediated degradation of CtrA does not occur. Thetrapm histidine kinases that regulate DivK
include the nonessential proteins PleC and Div¥itro they can catalyse both the phosphorylation
and the dephosphorylation of the response regulita¢. However theilin vivo actions appear to
be opposed — DivJ phosphorylates and PleC dephpgates DivK so that its phosphorylation
levels are reduced in a DivJ mutant but increasedRleC mutant. Two additional cytoplasmic
histidine kinases of unknown function, CckN and Ockave been identified in yeast two-hybrid
screens as interacting partners of DivK.

The response regulator DivK and its upstream histifinases constitute the third
phosphorelay cascade leading to CtrA and regulasnactivity. Just as theokAallele ofctrA
suppresses a conditiordiVL allele, it also suppresses mutant allelegdioK, divJ andpleC. This
provides a genetic demonstration of interactiorte/ben CtrA and the proteins encoded by these
three genes. DivJ and PleC also interact with ara#sponse regulator protein, PleD, whose
phosphorylated form activates proteolytic degramtatif FliF leading to loss of the flagella,
transition to the stalked form and entry to S phage phosphorylated form of PleD is an active di-
guanylate cyclase that synthesizes cyclic di-guaeasonophosphate (c-di-GMP) from 2 GTP
molecules. In some other bacteria this small mdéeaats as an allostearic regulator activating
cellulose synthase, but its downstream targe@amlobacterare not known.

2.1.4 Dynamic subcellular localization of phosphorelay poteins controlling
cell division and morphogenesis

Fusing the gene encoding jellyfish Green FluoresBeotein (GFP) with that for specific
Caulobactersignalling proteins made it possible to use flsoemnce microscopy to study their
dynamic localization in living cells during the teycle (Figure 4). Each of these signalling pnosei
exhibits a characteristic pattern of localizatibattreflects its functions in morphogenesis and cel
division. From being dispersed throughout the inogioplasmic membrane CckA translocates in
the predivisional cell to the poles, particulattg tswarmer pole where it can phosphorylate CtrA
and initiate flagellar assembly. It returns todtgginal diffuse membrane distribution by the time
cell division is complete. DivK translocates frohetcytoplasm in the swarmer cell to both poles in
the predivisional cell where it is regulated byeitDivJ (at the stalked pole) or PleC (at the
swarmer pole). By the time division is completey®Ohas been released from its polar location in
the swarmer cell to return to its original distflon. However it remains localized at the stalked
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pole in the stalked cell. At the stalked pole Dnauld activate
DivK and so promote dephosphorylation and degradaif CtrA,
favouring progression through the cell cycle. Dgraarly
differentiation of the stalked cell, PleC is reled$rom the newly
forming stalked pole and moves to the opposite mbiere it would
keep DivK inactive and CtrA active in inducing fiedgr biogenesis.

Figure 4. Localization of some morphogenetic signalling piregeduring the
Caulobactercell cycle. CckA and PleC are membrane-bound gobt@s shown
between being dispersed throughout the membranearantrated at the
indicated poles. DivJ, when present, is always eotrated at the stalked (ST)
pole. DivK cycles between a diffuse cytoplasmicaliation in swarmer cells and
concentration at the indicated poles in predivial@and stalked cells. The lengths
of the arrows indicates the time spent between stge of differentiation. From
Figure 2 of Jacobs-Wagner (2004).

What controls these very striking localization pats? For the most part the answer to this
guestion is not yet known but some elements ofitehanisms involved have emerged. Firstly,
correct polar localization of DivK depends upon gpioorylation of its conserved receiver aspartate
and recruitment by DivJ at the stalked pole. SelypmivK release from the swarmer pole requires
PleC, presumably because of the PleC-mediated dpphoylation of DivK. Thirdly, the release of
PleC itself from the future stalked pole requiréss own catalytic activity while its localization
to the swarmer pole requires a protein with simdaalization patterns called PodJ. Fourthly, a 61-
residue sequence in the cytoplasmic linker regidhe® sensor domain of DivJ has been shown to
be necessary for its proper localization. Finalig localization of all of these proteins to thereot
pole depends on MreB, a bacterial homologue oétharyotic cytoskeletal protein, actin. MreB
forms a filament that oscillates during the celileybetween a spiral form running the length of the
cell and a medial ring. The ring could be an intediate in a reversal of polarity of the spiral laes t
flagellated swarmer pole matures into a stalkeé.pol

Clearly, although much remains to be elucidateel ctirrect localization of signalling
proteins inCaulobactermorphogenesis both controls and is itself depenaeon the phosphorelay
cascades in which these proteins participate.

2.2 Sporulation and differentiation inBacillus subtilis

Caulobacteris not the only bacterium that differentiates itvm cell types. Under
conditions of high population density and staruatimany gram positive bacteria belonging most
notably to the generBacillus (aerobic) andClostridium(anaerobic) can differentiate to form an
endospore enclosed within a mother cell which syibesietly perishes (Figure 5).

The endospore is an extremely heat- and dessic&sistant quiescent cell that is of medical
significance because some endospore-forming baatéboth genera are human pathogens (eg.
Bacillus anthraciscausative agent of anthrax, adldstridium tetani causative agent of tetanus). It
is the extreme resistance properties of bactemdbspores that determine the minimum
requirements for successful sterilization of cidtaredia, equipment and surgical instruments.
Phylogenetic studies have shown that the imposigmialling interactions and central mechanisms
for sporulation are conserved amongst all endosfooreing bacteria. What seems to change the
most in different lineages is the sensor domairth®feceptor kinases that transmit relevant
environmental information to the cells. This implidat different environmental signals relevant to
endospore formation are monitored by the diffesg@cies — as might be expected given the very
varied habitats in which they live, including oiklls, salt lakes, soil or infected mammalian hosts.
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Endospore formation (Figure 5) has been most intelysstudied in the saprophytic soil bacterium,
Bacillus subtilis
Figure 5. The key stages of the sporulation cycle in
Bacillus subtilis(from Figure 1 of Errington, 2003).
The inset (from “Todar’s Online Textbook of
Bacteriology”, www.textbookofbacteriology.net,
Kenneth Todar, 2002) shows electron micrographs of
sporulating cells at each of the major stages. The
formation of endospores is a complex and highly-
regulated form of development in a relatively sienpl
(procaryotic) cell. In alBacillus species studied, the
process of spore formation is similar, and can be
divided into seven defined stages (0-VI).The
vegetative cell (Stage 0) begins spore development
when the DNA coils along the central axis of thi ce
as an "axial filament" (Stage 1). The DNA then
separates and one chromosome becomes enclosed in
plasma membrane to form a protoplast (Stage Il Th
protoplast is then engulfed by the mother cell
membrane to form a intermediate structure called a
forespore (Stage lll) . Between the two membranes,
The core (cell) wall, cortex and spore coats are
synthesized (Stage V). As water is removed froen th
spore and as it matures, it becomes increasingly he
resistant and more refractile (Stage V). The mature
spore is eventually liberated by lysis of the mottedl. The entire process takes place over a geri®-7 hours and
requires the temporal regulation of more than S5Quengenes. Inset image and description of theestagre kindly
provided by Kenneth Todar.

WhenB. subtiliscells reach stationary phase they enter a soecti@sition state in which
they must choose between several possible sursiraikegies — endospore formation, nutrient
scavenging and transformation. Nutrient scavenginige strategy of first choice and involves
expression of genes for chemotaxis towards nutseutces, secretion of antibiotics that inhibit
competitors and the secretion of extracellular emes; such as proteases, that degrade
environmental macromolecules into their constitadat uptake as nutrients. If the adverse
conditions that elicit the nutrient scavengingteigg persist but do not worsen significantly, 1-10%
of the cells will opt for the transformation strgye This involves the cell differentiating to becem
competent for the uptake of exogeneous DNA (retbase the environment by the lysis of other
cells). This can lead to formation of recombinagitscwith new combinations of genetic
information that could enhance survival. Becausispore formation is a complex energy-
intensive process, the cell only commits itselfitis path as a last resort in response to integjrate
information from multiple environmental and physigical signals. These signals converge on the
phosphorylated form of a master regulator prot8pg0A~P, whose levels determine whether or
not the cell enters the sporulation pathway. A¢rimediate SpoOA~P levels, only the nutrient
scavenging and (in some cells) transformationesgiat are pursued. When SpoOA~P reach high
enough levels, cells will abandon the nutrient scayng strategy, forego the transformation
strategy and sporulate.

2.2.1 SpoOA and the phosphorelay in endospore formation

In Figure 6, which shows the basic outline of therslation phosphorelay mechanism, a sensor
histidine kinase autophosphorylates the conseristidlime in its transmitter domain and then
passes this phosphate to an aspartate in the eeckimnain of SpoOF. The phosphate is thence
passed via a histidine in Spo0B to an aspartatéue$n the receiver domain of Spo0A, the final
response regulator. Although only one sensor kirsasbown in Figure 6, there are in fact 5
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different sensor kinases (KinA to KinE) B subtilisthat send signals into this phosphorelay
(Figure 7).

Figure 6.TheBacillus
subtilis sporulation
phosphorelay (from Figure
1 of Stephenson & Hoch,
2002).

The two most important of these, in order of sigaifice, are KinA and KinB. The other kinases on
their own seem able only to generate intermedetel$ of SpoOA~P, sufficient for the nutrient
scavenging and competence pathways, but insuffiddeimduce sporulation. Although it is clear
that sporulation is initiated primarily by stanatiand high cell density, the molecular identibés
the signals to which the sensor kinases respondré@wn.

Figure 7. Regulation of the phosphorelay and the
initiation of sporulation irBacillus subtilis
During the growth phase AbrB represses genes
involved in the three stationary phase survival
strategies (boxed) — sporulation, nutrient
scavenging and transformation. At the onset of
stationary phase, multiple signals result in atyivi
of the phosphorelay producing intermediate levels
of phosphorylated SpoOA. These levels of
SpoOA~P are sufficient to support the nutrient
scavenging and eventually in some cells the
transformation strategy for survival. Under more
extreme circumstances of nutritional stress and
high density, several positive feedbacks can
combine with the lifting of several negative
restraints to elicit production of high levels of
SpoO0A~P. At these high levels, the expression of
sporulation-specific genes is induced and the cell
progresses down the pathway of endospore
formation. Green ellipses indicate proteins whose
activity stimulates the phosphorelay, while red
ellipses indicate proteins whose activity inhibits
it. Arrowheads indicate stimulatory interactionsldrarred ends indicate inhibitory interactions.e8éurows stand for
interactions at the transcriptional level (geneurttbn or repression) and red arrows stand fordatéons at the protein
level (activation or inhibition). MekR, MekB and &K are AbrB-repressible proteins involved in theelepment of
transformation competence. Other proteins are iestin the text.

Spo0A~P is an active DNA-binding protein that candtion either as a positive or a
negative regulator of transcription and has beemshn recent microarray studies to induce,
directly or indirectly, the transcription of 349rges (66 of them in combination with the sigma
factor 7). ThespollA spollGandspollE promoters are amongst those that are directlyciediby
Spo0A~P and the corresponding gene products p&gnéaal roles in Stage Il of sporulation (see
later). These genes are also induced indirecty0A~P via Sinl. The synthesis of Sinl is
induced by SpoOA~P and once made, Sinl interadts 3inR preventing it from repressing its
target genes.

SpoA~P also directly or indirectly represses exgigesof as many as 242 different genes,
includingabrB which encodes a transcriptional repressor. Abn@sponsible for repressing
stationary phase and sporulation functions duteggrowth phase. Its targets are up-regulated by
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SpoOA~P indirectly by removal of AbrB-mediated regsion. One of these target gersgm0H
encodes the sigma factof which targets RNA polymerase to at least 49 premsotontrolling at
least 87 early sporulation genes. These includ&ittfepromoter and secondary, highly active
promoters fospoOFandspoOA By this means a positive feedback is establishatresults in a
new, higher level of SpoOA~P committing the celspmrulation.

The phosphorelay leading to SpoOA~P accumulatigtationary phase cells is subject not
only to the positive controls described, but atsad¢gative controls which prevent the cell from
committing to sporulation inappropriately or prearaty. There are several such negative control
mechanisms.

The first mechanism for limiting SpoOA~P accumulatis mediated by cellular GTP levels
which serve as the main indicator of the statustefmediary metabolism. During growth GTP
levels are high (1-3 mM), but they drop signifidgntpon entry to stationary phase. Two proteins
have been implicated in sensing GTP levels — Cadily stages) and Obg (later stages). CodY in
its GTP-bound form is a repressor of stationarysphaporulation genes includisgoOA

The second mechanism for restraining SpoOA~P acladiom is by the action of SpoOE, a
phosphatase which specifically dephosphorylate9&pB. Without SpoOE, SpoOA would become
maximally phosphorylated even at low levels of\attiof the phosphorelay. SpoOE expression is
subject to AbrB-mediated repression.

The third mechanism for restricting SpoOA phosplatign is mediated by pentapeptide
pheromone signals. The precursors of the pentajespéire small polypeptides of about 40 amino
acids that are secreted and processed proteolytmgbkide the cell, then imported via specific
transport systems (products of thygp andapp operons) into the cell where they inhibit the Rap
family phosphatases RapA, B and E. The extraceladacentrations of the signalling pentapetides
depend upon the density of stationary phase cglthat only at high cell density do they prevent
the dephosphorylation of SpoOF and thereby allovestrained phosphorelay to produce maximum
SpoOA~P levels.

The fourth mechanism for limiting the activity dfet sporulation phosphorelay is inhibition
of the KinA kinase by the Kipl protein, which isé@f antagonized by KipA. The expression of Kipl
and KipA is controlled by carbon and nitrogen sestco that phosphorelay is inhibited by the
availability of nutrients and the cell will persistth the nutrient scavenging strategy rather than
sporulate.

The fifth mechanism by which SpoOA~P levels ardtkohis by Soj-mediated repression of
expression 0§po0A Soj also represses thpollA,EandG operons which are targets for SpoOA~P
induction and its repressive activity is antagodibg Spo0J. During growth the interaction between
Spo0J and Soj serves what appears to be a conyadéferent function in partitioning
chromosomes into daughter cells. However thesedisp roles may be intimately connected —
during sporulation Spo0J is required to localize&ahe poles, probably in association with the
chromosomal origin of replicaticoriC. Key spopromoters elsewhere may be liberated from Soj
repression by this means, which could thus constétfinal checkpoint, delaying progression of
sporulation until the chromosome has been replicatel theoriC regions have segregated.

2.2.2 Mother-daughter communication in endospore formation — a
spatiotemporally regulated sigma factor cascade

Once the cell has embarked on endospore formasi@result of the accumulation of high
enough levels of SpoOA~P, a gene expression cassauduced which is coupled to
morphogenetic events such as septation to forrfotiespore and its subsequent engulfment by the
mother cell. This gene expression cascade is dreled by timed, serially dependent expression of
specific sigma factors each of which associatéss iturn with the RNA polymerase core enzyme,
targeting it to a specific set of promoters (Fig8yeThe first of the sigma factors to be inducesl a

Eand T, whose genes belong to theollGandspollAoperons respectively (Figure 7). Both

12



Preprint version.

proteins are synthesized prior to septum formaticam inactive form and both operons also encode
proteins that regulate the activities of their catgnsigma factors. Only after septum formation do
these two sigma factors become activein the mother cell and™ in the forespore.

Figure 8. The mechanisms
involved in the regulation of
sigma factors in the
compartmentalized sporulating
cell. The symbol and
appropriate letter indicates the
sigma factors, and precursor
proteins of these sigma factors
are indicated as pro-and the
appropriate letter. The status of
sigma F (F) in each
compartment post septation is
indicated at the top of the
figure. A vertical line represents
the asymmetric septum, which
divides the mother cell and the
forespore. Arrows indicate
activation. Circular arrows
indicate autoregulation. Those
proteins associated with the
membrane are illustrated as
embedded in the septum.
Unknown regulatory
mechanisms are indicated with a
guestion mark. From Figure 2 of
Phillips and Strauch (2002).

Septum formation is thus a critical event in ort¢tegsg other events in spore formation and
only when the septum has formed, is the cell ircalady committed to sporulation. The formation
of the septum is a specialized cell division ewbat uses much of the same cellular machinery as
normal cell fission including the FtsZ ring whiabrins in this case not at the middle of the cell but
near one end. FtsZ is one of the proteins whosiasis is induced directly by SpoOA~P and the
resulting rise in its cellular concentration is @esary for ring formation during sporulation. Digrin
sporulation FtsZ initially forms two rings locatadar the cell poles, one of which (usually the
larger) is subsequently “selected” for septum fdioma SpollE, a protein phosphatase also
necessary for" activation (see later), is required for correageiment of the ring. There, as in
normal cell division, FtsZ acts as a scaffold fecruitment of other cell division proteins to the
division site and possibly as a GTP-powered cotitesstructure.

With the FtsZ ring in place, septation proceeds lpyocess of membrane invagination and
initial synthesis of some cell wall material whishater removed (this lends support to the ided th
spore formation evolved as a modified form of ndrogdl division). Septation is complete before
the entire forespore chromosome has been segregatesl spore compartment. During
chromosome segregation the chromosomal origingdicegion, oriC, is translocated and anchored
to the poles by a mechanism that is not underdtobéhvolves several proteins — DivIVA, Spo0J,
Soj and RacA. However, only about 30% of the chreomae, centred arourdiC, is initially
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located within the forespore. The rest is subsetiyigansported there from the mother cell over a
period of 10-15 minutes by a DNA translocase, Sgolt is during this brief period when the
forespore is bereft of about 2/3 of the genes wthidgemother cell has 2 copies of them, that some of
the critical asymmetries between mother and fonespre established. These asymmetries cause the
two cells to embark on different programmes of gexgression as shown in Figure 8.

One such asymmetry arises from the location oSihallA operon on the opposite side of
the chromosome fromriC. SpollAB is an anti-sigma factor (and protein ldaawhich, in the
mother cell, is bound to” keeping it inactive. However SpollAB is labile $mt its concentration
drops rapidly in the forespore in the period befiebvery of the SpollA operon to that
compartment. This would result in activation &fonly in the forespore. The second, and perhaps
most important asymmetry is that the SpollE profinsphatase which is associated with the
division machinery, is delivered into the forespafter septation by a SpolllE-dependent
mechanism. There it dephosphorylates the proteatl/Sf in opposition to the kinase activity of
SpollAB. Dephosphorylated SpollAA displacesfrom its complex with SpollAB, so that the
sigma factor is free to associate with RNA polynseralhe combined effects of increased SpollE
and decreased SpollAB concentrations in the fomesgiuis result in the activation of-mediated
gene transcription there but not in the mother. cell

Amongst the genes whose transcription is directed tis spollRwhose gene product is
secreted into the intermembrane space of the sepbumded by the forespore and mother cell
membranes. There it activates the SpollIGA proteas@tegral membrane protein located in the
septal membrane of the mother cell. On the motékeside of the membrane, the activated
SpollGA proteolytically cleaves prof to release active® and so initiate E-dependent gene
expression in the mother cell.

Another of the -dependent genes expressed in the forespsmolfiG which encodes®,
the next sigma factor to be deployed in the forespdowever, € is also synthesized in an inactive
form. Its activation depends upon the proteins daddn thespolllA operon transcribed only in the
mother cell by E-directed RNA polymerase. The SpolllA proteins iaigally located in the mother
cell septal membrane and after engulfment are fantiode topologically equivalent outer forespore
membrane. How, from this location, they activafeés unknown, but having been thus activatéd,
directs the transcription of a suite of genes anftirespore involved in spore maturation and
germination. Amongst the®-dependent genes$polVBwhose protein product in the forespore
somehow sends a signal to activate the SpolVFRpset that resides the mother cell septal
membrane in an inhibitory complex with SpolVFA aBaffA.

The role of the activated SpolVFB protease in tlieh@r cell membrane is to activate the
final mother cell-specific sigma factor, encoded bgigK. Expression o$igK depends upon€ in
two ways. FirstlysigK is transcribed from a“-driven promoter. SecondlgigK in manyBacillus
strains is interrupted by a 48 kbp element callddthat is excised precisely by a site-specific
recombinase (SpolVCA) whose expression also depemds (as well as on SpollD). SpolVCA is
encoded within thekinelement itself. Transcription in the mother cetih “-driven promoters
results in the assembly of the outer spore coapandiuction of dipicolinic acid, which is
accumulated as its calcium salt by the maturingespmvery high concentrations and is responsible
for many of its essential resistance propertiesa&of the “-dependent gene products are also
responsible for the eventual lysis of the mothdr-ea form of programmed cell death — that occurs
after spore maturation is complete.

2.3 Differentiation and morphogenesis iMyxococcus xanthus

Caulobacterdifferentiation occurs as part of the growth cyatel does not depend upon the
presence of neighbouring cells, whereas sporulati@acillusis initiated under starvation
conditions at high cell densities when growth iderger an option. The social bacterium
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Myxococcus xanthuskes this cooperativity one step further in itgpng behaviour and fruiting
body formationM. xanthuss one species of the myxobacteria, gliding baztiat live in soil
environments and, under conditions of starvatichtagh density, aggregate together to form true
multicellular structures that contain resistantnoant spores (Figure 9).

Figure 9.

Fruiting bodies of myxobacteria. (A)
Myxococcus fulvus?hase contrast. Bar, 50
mm. (B) Stigmatella aurantiacaPhase
contrast. Fruiting body is about 150 mm tall.
(C) Chondromyces crocatuSlide mount,
phase contrast. Bar, 100 mityxococcus
xanthusfruiting bodies are similar in
morphology (but not pigmentation) to those of
M. fulvus From Figure 1 of Dworkin (1996).

Myxococcugells exhibit two different forms of gliding maty that can be separated
genetically and are mediated by completely differaachanisms. Adventurous or A motility is
exhibited by isolated cells, while social or S ritytirequires close association between cells and i
exhibited only in groups. The mechanism of A muyiis still not understood. S maotility is
mediated by extension and retraction of Type IVauild also requires the lipopolysaccharide O-
antigen on the cell surface as well as polysacdb#rotein appendages called fibrils. During
growth, S motility allowsdVl. xanthuscells to migrate together in groups and prey treiobacteria
by secreting enzymes that lyse and digest the maatezules of their victims. This so-called “wolf
pack” behaviour supports faster growth becausbetoboperative effect of many cells secreting the
necessary lytic enzymes. Under starvation condit®motility allows myxobacteria to aggregate
and form fruiting bodies, within which a proportiohthe cells differentiate into round myxospores.
Mutants deficient in S motility are therefore ureatd aggregate and sporulate.

2.3.1 Initiation of development by starvation and extracdular signals

The primary signal that initiates developmenMnxanthuss starvation. As in other
bacteria, this elicits the so-called stringent oese whereby nutritional stress is sensed by the
stalling of protein synthesis and accompanyingvatitn of RelA, the ribosome-associated
(P)ppGpp synthase. The resulting increase in (pppe&ncentrations regulates transcription
leading to decreased rRNA synthesis, cessationoofth and increased expression of early
developmental genes. Amongst these are genes egqaditeins whose activity leads to production
of extracellular developmental signals (morphogéina) accumulate and thus convey cell density
information to the developing myxobacteria.

The extracellular signals controlling early devetammt were originally discovered
genetically by testing the ability of pairs of ndaveloping mutants to restore one another’s ability
to develop normally when mixed together. This pmeanon was called extracellular
complementation by analogy with genetic complente@ntan which two different mutant genomes
are mixed within a cell (by appropriate geneticsses) and tested for restoration of normal
behaviour. Extracellular complementation testsadfypise combinations of mutants revealed 5
distinct groups, A to E. Whereas mixtures of clien different mutants within the same group
were unable to form fruiting bodies, mixtures oftamis from different groups could undergo
normal development. These results indicated thaantsi within each extracellular
complementation group were deficient in the proiuncof a specific extracellular factor or signal
that could still be supplied by mutants from aetiént group.

The mutants within each group have been found poess developmentally regulated genes
normally up to a characteristic time in developm&svelopment was arrested at this time point
which therefore represented the time at which #teeellular signal missing in that group would
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normally have been deployed. Thus the order obadti development of the 5 extracellular signals
was found to be B,A,D,E,C (Figure 10).

Figure 10.

Multicellular
morphogenesis in
Myxococcus
xanthus On the
developmental

timeline, the
black  triangles
indicate the

expression time

of developmental

genes expressed in all cells before the initiatib@-signalling; the hatched triangles indicate ¢xpression time of C-
signal-dependent genes, all of which are only esq@é in sporulating cells. The time of action & #to E signals is
indicated by the arrows below the timeline. Cellldarangements during the different stages ofifrgibody formation
are shown above the timeline. The greyscale calguoif cells according to the intensity profile simowan the right
indicates the level of C-signalling in individuatlts during the different morphological stages.72th, cells inside the
fruiting bodies have matured to spores, and this ceiaining outside the fruiting bodies are thegbeeral rods. From
Figure 1 of Andersoet al.(2003).

The mutant genes associated with the extracekolaplementation groups M. xanthus
have been identified and, in some cases, provigesdb the identity of the corresponding signal.
The genes in the A group aaegA,B,CandD. Two of thesegsgAandasgD encode histidine
protein kinases with both kinase and response aemutiomains. AsgB is a putative transcription
factor with a helix-turn-helix DNA-binding motif e its C terminus, while AsgC is the RNA
polymerase sigma factor® (also known as SigA or RpoD). AsgA and/or D codilig:ctly or
indirectly sense the accumulation of the alarm ke (p)ppGpp and activate AsgB- and AsgC-
directed transcription of genes encoding the egthalar proteases that produce the A-signal. These
extracellular proteases are secreted and hydrosissurface proteins whose constituent amino
acids accordingly increase locally in concentratman average of about 25 uM. This is insufficient
to support growth but sufficient for a subset af@mnino acids (tryptophan, proline, phenylalanine,
tyrosine, leucine and isoleucine) to jointly conge the A-signal. Proteins involved in transducing
the A-signal include SasS, a histidine kinase, dasR, its cognate response regulator.

Apart from the A-signal, the best understood ofSlextracellulaM. xanthus
developmental signals is the C-signal. The prockpseduct of the only C group gerosgA the
authentic C-signal appears to be the 17 kD C-teahmpartion of the 25kDa CsgA protein. CsgA is
secreted by developirlg. xanthiscells and processed by an extracellular proteapeoduce the
active C-signal. The full length CsgA protein sisanemology with short chain alcohol
dehydrogenases (SCADSs), its N terminal region doimg the NAD-binding motif and the C
terminal portion containing the catalytic domaiheTabsence of the NAEbinding site from the
active C-signal suggests that the protein’s putatinzymatic activity does not play a role in its C-
signalling capabilities. Exogeneous addition ofhaibte active, N-terminally truncated form and the
full length form of CsgA are able to rescue devatept in C-group mutants, the full length form
doing so by first being clipped by extracellulaofgases as in normal development.

The three remaining extracellular signals (B, D Bj@re less well characterized. The only
gene in the B group issgAwhich encodes a protein sharing homology withEheoli Lon
protease. The nature of the B-signal is still naderstood but its generation requires the BsgA
protein and so may depend, directly or indiredaily,a proteolytic event. As is the case with A-
signal transduction, a histidine kinase (SpdS)rasgonse regulator (SpdR) pair are involved in B-
signal transduction. The only gene in the D graugisgAwhich encodes an initiation factor for
translation, IF3. Point mutations @sgAreduce the efficiency of sporulation but do nahptetely
prevent it, while disruption of the gene is letidesumably the generation of the D signal depends
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more sensitively than other cellular functions oms aspect of IF3 activity in translation initiatio
The generation of the E-signal depends upondgsggenes which encode the Ednd E1 subunits

of branched-chain keto acid dehydrogenase. Thigneeproduces coenzyme A-linked forms of the
fatty acids isovalerate, methyl butyrate and ispiaié suggesting the possibility that these short
chain branched fatty acids might constitute thegial. Consistent with this, the defect in E group
mutants can be rescued by exogeneous supply dilesate.

2.3.2 C-signal transduction and sporulation after aggregéon

Four of the fiveMyxococcusnorphogenetic signals are involved in early depelent — the
first six hours after the onset of starvation, dgnvhich time there is little overt morphological
change in the lawn of starving bacteria. After @iisoof development, the cells begin to aggregate to
form mounds that will develop into mature fruitibgdies. This change and the associated shifts in
gene expression patterns are initiated by the @asid\lthough C-signal can rescue development in
csgAmutants when supplied exogeneously in soluti@msmission of the C-signal between cells
during normal development depends on direct enehtbeell contacts because CsgA (full length
and clipped) is membrane-bound and (presumablglilcad at the poles. Such end-to-end contacts
between cells are more frequent in aggregatin@siseof cells and most frequent within mounds,
so that the aggregation process results in an@ddecrease in the level of C-signalling and
provides a link between it and the stage of morghegis that has been reached.

C-signal transduction pathways lead from an unifledtreceptor(s) to three different
responses in the cells that are separated in sppaceme — C-signal amplification, aggregation and
sporulation in mounds (Figure 11).

Figure 11.

Model of the C-signal transduction pathway. Theesadtic illustrates the C-signal transmission betwee
neighbouring cells. For simplicity, the componeintthe pathway are only shown in the cell on tighti These
components are also present in the cell on theltethis cell, onlycsgAis shown to illustrate the signal amplification
loop labelled ‘2'. The second signal amplificatioop is labelled ‘1. HPK indicates the hypothetiEauA histidine
protein kinase. Modified from Figure 2 of Andersatral. (2003).

The first of the three C-signalling pathways letmlkeightened induction of transcription of
csgAand so to an increase in the level of C-signa¢ pitoteins encoded by thet operon, ActA to
D mediate this response. ActA is a histidine kinase ActB is its cognate response regulator that
activatescsgAtranscription, while ActC and D somehow control doerect developmental timing
of csgAexpression. A consequence of this positive feddizathat the level of C-signalling
continues to increase once it has been initiated.
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The second of the C-signal-mediated responsegregation and, as noted above, it also
feeds back to increase the level of C-signallingniesyeasing the frequency of end-to-end contacts
between cells. The earliest recognized compondtieitransduction pathway leading to
aggregation is the activation (possibly by phosplation) of FruA, a DNA-binding response
regulator whose expression was induced earlieeugldpment by the A- and E-signals. FruA, in its
turn, activates the Frz chemotaxis-like signaliygtem and this leads to aggregation. The Frz
proteins include homologues of the major chemotaixjealling proteins irk. coli. FrzCD is a
methyl-accepting chemotaxis protein (MCP) homologhese role is presumed to be analogous to
the MCPs okE. coliwhich function as receptors and transmembranabktggmsducers. However
FrzCD differs from them in being a soluble, cytgpac protein, implying that the signals to which
it directly responds must be intracellular, hav&iiiper entered the cell or been produced in resgpons
to an extracellular signal. Cytoplasmic MCPs arevkm in other bacteria as weRRhodobacter
sphaeroidedor example. FrzE is a hybrid histidine kinasehwiatalytic and response regulator
domains related respectively to the CheA and CHefmotaxis proteins d&. coli. A second
chemotaxis-like signalling system, the Dif systesp contributes to S motility and aggregation in
response to lipidic (dioleoyl phosphatidyl ethamaillae) signals released by neighbouring cells. It
includes DifA, a transmembrane MCP whose extralzlldomain seems too small to specifically
bind an extracellular water-soluble ligand. Thesrmembrane domains of DifA may interact
directly with specific lipid ligands or indirecthjia other macromolecules in the membrane such as
the polysaccharide fibrils that adorn the surfac® oxanthuscells. Both the fibrils and the lipid
seem to be required for aggregation based on Sitwd@ther proteins of the Dif signalling system
controlling S motility are DifE (a CheA homologued DifD (a CheY homologue).

The third C-signal transduction pathway involvesA-mediated induction of the genetic
programme leading to sporulation. PhosphorylatioRroA by an unknown upstream histidine
kinase leads to induction of FruA~P-dependent genel aslevTRSand repression of genes such
asdofAwhose expression depends upon the unphosphoryatéd It is this shift in gene
expression at high C-signalling levels that leadghosphorylation.

The three C-signalling pathways indicated are &blontrol the timing of morphogenesis
because they differ in the threshold levels of @halling activity required for their activation. Ui&
the early, low levels odsgAexpression are sufficient to activate further esprorvia the Act
proteins. By 6 hours of development the C-signgllevels have reached the threshold for eliciting
aggregation. As the cells enter aggregation streardghen form mounds the level of C-signalling
through end-to-end contacts increases to the pdiete for some of the cells within the mounds
sporulation is induced. Other cells within the madsialtimately undergo autolysis in a form of
programmed cell death while the peripheral rodis @éhich failed to enter the aggregates, embark
on a completely different programme of gene expoaesd hus, inMyxococcus xanthud,is
contact-mediated C-signalling that provides theessary check-points allowing the extent of
morphogenesis to regulate gene expression.

3. Eukarya

3.1 Cell cycle control and differentiation in Saccharomyces
cerevisiae

Eukaryotic microorganisms, like their prokaryotigighbours, face fluctuating levels of
nutrients and food supplies in the environment, l&eedthem have evolved survival strategies to
deal with these uncertainties. The baker's y8astcharomyces cerevisihas a choice of different
developmental pathways when faced with decliningient levels (Figure 12).
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Figure 12. Cell differentiation during the
life cycle of the budding yeaSt cerevisiae
In the presence of abundant nutrients, yeast
cells can proliferate as either haploid or
diploid vegetative cells via a mitotic cell
cycle. However, they can differentiate in
several ways in response to both internal and
environmental cues. Diploid cells, when
starved for nutrients, can progress down
either of two pathways of differentiation.
Cells starved for nitrogen in the presence of
a fermentable carbon source can differentiate
into a filamentous form known as
pseudohyphae, which are capable of
invading the substratum. Alternatively, cells
starved for nitrogen on a poor carbon source
can undergo meiosis and sporulation to
generate haploid cells. Haploid cells of both
mating types (a and) can proliferate via a
mitotic cell cycle during which they can
convert to the other mating type via a
programmed DNA rearrangement known as
mating-type switching. In addition, when
exposed to peptide mating pheromone
secreted by cells of the other mating type, hapteits can differentiate into gametes capable dfrgdo form a zygote
competent to give rise to diploid vegetative cdfisom Figure 1 of Wittenburg and La Valle (2003).

At low nitrogen levels in the presence of an abuhd@rmentable carbon source the
normally unicellular, diploid yeast switch to aafihentous form of growth during which the cells
elongate, bud at the pole opposite the last sitgtokinesis and fail to separate from daughtdscel
after budding. This results in the generation ofticellular pseudohyphae, so called because of
their macroscopic similarity to the true hyphadilainentous fungi or molds which are composed
of multinucleated (coenocytic) tubes of continuow®plasm. The pseudohyphal growth form of
Saccharomycesan be considered a nutrient scavenging mode eltingated form has a more
favourable surface to volume ratio for nutrientakg and the filamentous growth allows
penetration of the substratum for potentially bredtecess to nutrient sources.

When both nitrogen and fermentable carbon soumeekeking, diploid yeast cells undergo
meiotic divisions to produce a packet (ascus) ¢omig four haploid progeny called ascospores —
two of each of the mating typasand . The process of meiosis provides an opportunitgémetic
recombination between the members of each painr@incosomes in the diploid. Just as is the case
for Bacillus subtiliscells that become transformation competent, nanboations of genetic
information could arise from this process that miggtter suit their bearers to altered
environmental circumstances. The ascospores dastamsto dessication, heat, freezing and some
chemical agents (although not as resistant asrlatadospores) and can be dispersed in that form
to environments more suited to growth. They thpsagent a potent survival strategy for yeast cells
that have fallen on hard times.

Germination of the ascospores produces haploid gedls that are able to grow vegetatively
just as did the diploid parent from which they wdegived. However, if a nearby cell is of the
alternative mating type, each of the two haplo&sponds to a pheromone released by its partner by
differentiating into an elongated, pear-shaped gar&led a ‘shmoo’. During shmooing, the cells
elongate towards one another in a chemotaxis-likegss, meet and fuse to form a new diploid
zygote. Additionally, during growth, yeast mothetls that have budded at least once undergo a
process called mating type switching, whereby copighe alternate mating type alleles are placed
into the mating type expression site on chromosbim€hus even a solitary ascospore that has by
misfortune (or by the design of an experimentexd itself without sexually compatible
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neighbours will generate them during growth anagado produce diploids homozygous at all
except the expressed mating type loci.

3.1.1 Pseudohyphal growth

Of the two alternative differentiation pathways ope a starving diploid yeast cell,
pseudohyphal growth is the less well studied. Hawéwis clear that one of the fundamental
features of this form of growth is an alteratiortlud cell cycle — the (ohase of the cell cycle
(following mitotic division (M phase) and precediBNA replication (S phase)) is shortened, while
the G phase (following S and preceding M) is lengthetieid.the prolonged period of polar cell
growth in G that generates the elongated morphology of tHepdel to unipolar budding. This
shifting of the cell cycle results from modulatiohthe two major cell cycle checkpoints controlling
entry to the S and M phases respectively. As ieratlukaryotic cells these check points are
controlled by cyclin-dependent protein kinases (GPWhich consist of a catalytic (the kinase) and
a regulatory subunit (cyclin). I8. cerevisia@ single catalytic subunit, Cdc28, is used in
conjunction with several different cyclins whicleamployed at different stages of the cell cycle.
Three G cyclins (CIn1-3) control passage thoughdad entry to S while four mitotic or B-type
cyclins (CIb1-4) control entry to and passage ttoonifosis.

The pathways that induce pseudohyphal growth dwysactivating the gcyclins (firstly
CIn3, which in turn induces synthesis of CIn1 amd2Fand inhibiting the mitotic cyclins so that
passage through,;@nd entry to S is accelerated while entry to nistas the end of &is delayed
(Figure 13). The two best studied pathways inval\MAP kinase cascade or cAMP-activated
protein kinase A. In the former case the pathwayaiaos most of the elements involved in mating
pheromone responses (see later) but leads to phiytgion of a different MAP kinase - Kss1.
Both pathways lead to activation of transcriptiantbrs that would induce expression qfdgclins.
In addition to these two pathways, the transcriptaxtor Xbpl and the cyclin-inhibiting tyrosine
kinase Swel play roles in filamentation althougbcpgely how they are integrated into the
signalling pathways is not clear.
Figure 13. Proposed pathways regulating cyclin-dependenskimauring pseudohyphal differentiation in
Saccharomyces cerevisiderom the nutritional signals that elicit filametion, the pathways proceed via activation of a
MAP kinase phosphorylation cascade, cAMP-activatedein kinase (PKA), Swel tyrosine protein kings€In/CDK
inhibitor), or the stress-induced transcriptiontdac
Xbp1l. Stell is the yeast equivalent of mammalian
MAPKKK (MAPKK kinase), Ste7 the equivalent of
MAPKK (MAPK kinase) and Kss1 is a MAP
kinase (MAPK). Flo8 and Tek1/Stel?2 are
transcription factors. Unphosphorylated Kss1
inhibits Ste12 and its phosphorylation relieves thi
inhibition. Flo8 and Tek1/Stel2 are transcription
factors. The pathways activating Swel and Xbpl
are uncertain and both may be coupled to the MAP
kinase pathway. A variety of other proteins whose
activities influence CDK activities also have
corresponding effects on filamentation. Green
ellipses indicate proteins whose activity stimuate
apical growth, while red ellipses indicate proteins
whose activity inhibits it. Arrowheads indicate
stimulatory interactions and barred ends indicate
inhibitory interactions. Blue arrows stand for
interactions at the transcriptional level (gene
induction or repression) and red arrows stand for
interactions at the protein level (activation or
inhibition).
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3.1.2 Meiosis and sporulation

S. cerevisiagygotes enter meiosis and sporulation when degavdoth a nitrogen source
and a fermentable carbon source. The entry to fisai@pends both upon repression of the G
cyclins so that the mitotic cycle is arrested i &d upon induction of the transcription factoelm
which elicits transcription of meiosis-specific gsnFigure 14). Both are a response to starvation,
but Imel is expressed only in diploid cells hetggms at the mating type locus fATa/ ). This
is because in haploid cells the transcriptionalil@gr Rmel is active, both in repressiivtEl
expression and in inducing; @yclin expressionME1 expression is also repressed by th€€GKs
containing cyclins CInl or CIn2 (CIn1-2/CDKs). Iddition, CIn1-2/CDKs inhibit the nuclear
localization of Imel with the result that it canmateract with target DNA sequences. Accordingly
only starving, diploid cells embark upon meiosis.

Figure 14.

Regulation of cyclin-dependent protein kinase
(CDK) during meiosis and sporulation. Diploid cells
undergo meiosis and sporulation when starved for
nitrogen and a fermentable carbon source but grow
vegetatively when both nitrogen and carbon sousces
abundant. A: Imel, the primary inducer of meiosis-
specific genes, and G1 cyclins, which promote einiiy
the mitotic cell cycle are subject to differentiagulation
by the Rmel,a haploid-specific repressor of mej@sid
SBF, the primary G1-specific transcriptional actbraB:
The primary repressor of B type cyclin/CDK activity
during meiosis, Sicl, and the major transcriptional
activator of CLB genes, Ndt80, are differentially
regulated by the meiosisspecific protein kinase2me
Clb-associated CDKs are also subject to inhibibgrihe
Swel protein kinase until synapsis and recombinatie
complete. From Figure 2 of Wittenburg & La Valle
(2003).

During mitotic growth of both haploids
and diploidsJME1 expression is repressed
partly by CIn1-2/CDKs and partly by the
transcriptional regulator SBF (which also
induces the @cyclins). Under these same
conditions the Imel polypeptide is also
inactivated by virtue of being excluded from
the nucleus and being inhibited from
interacting with its transcriptional co-activator
Ume6. Thus mitotic growth and meiotic
sporulation are mutually exclusive.

Amongst the genes whose expression is induced &%/ldme6 upon entry into meiosis is
IME2 which encodes a meiosis-specific protein kineme2 phosphorylates and so promotes the
proteolytic destruction of Sicl, an inhibitor oftotic CDKs containing the cyclins Clb5 and Clb6
(CIb5-6/CDKs). At the same time Ime2 activates Nidt®e major transcriptional activator of
CLBL1-6 expression. As a result of these two activitiebnel, the B-type cyclins are activated and
elicit progression though the events of meiosituiiog DNA replication, synapsis/recombination
and meiotic division. Along the way, Swel functi@ssa check point kinase to inhibit Clb1-
4/CDKs and meiotic progression until chromosomeapgis and recombination events are
completed properly.
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Swel also plays a check point role in mitosis riggtg progression until the actin
cytoskeleton is properly assembled in preparatomédding and, as noted above, it monitors
filamentation signals during pseudohyphal growtbwHt monitors these disparate signals is not
known and is one example of the gaps in our unaedstg of yeast cell differentiation pathways
that remain to be filled.

3.1.3 One locus, three cell types

The result of meiotic sporulation is an ascus dairtg four haploid ascospores, two of each
mating type & and ), derived from one parental diploid cell. Whegérminates, each haploid cell
can begin vegetative growth and mitotic prolifevatiHowever the presence of mating pheromones
from cells of the opposite mating type will inducether differentiation — gametogenesis or
shmooing — as a prelude to mating. For this to Qdbe cells of each mating type must synthesize
and release its corresponding pheromone and nagseapress a receptor for the pheromone of the
opposite mating type. In other words, vegetatiggtywing yeast cells can be one of three distinct
cell types — diploid, haploid, and haploid . The different patterns of gene expression inghes
three cell types result from the expression of ntatype-specific transcription factors encoded by
the mating type alleles in residence at the mdiipg MAT) locus on chromosome IlI.

The genetic configuration of the mating type loousach of these three cell types is shown
in Figure 15.
Figure 15. The mating type locus iBaccharomyces
cerevisiaeThe locus on Chromosome Ill can be
divided into 5 regions based upon their presence in
the two mating type allelebATa andMAT , and in
the two silent copies on the lefi}L) and right
(HMR) arms of Chromosome Ill. The tWdAT alleles
differ only in the approximately 700 bp region Y
which thus has two alleles Ya and .YEach of the Y
regions contains divergent promoters for two
transcripts as indicated by the arrows. Most of the
coding sequence of the encoded polpeptides is
contained within the Y region. TRAT 1 transcript
is repressed in thdATa/ diploid by the
Matal/Mat 2 heterodimer. The X and Z1 regions are
shared wittHMR, while the W and Z2 regions are shared WML. These provide regions of sequence identity that
promote the strand alignment and annealing invoinete gene conversions that lead to mating typteking.
As described in the previous section, in hapl@llisahe transcriptional repressor Rme prevent
expression of Ime and diploid-specific genes. H®v&ME expression is itself repressed in the
diploid by a heterodimer of the Mt co-repressor and the M@ homeodomain DNA-binding
protein. Cells of the two haploid mating types diveir differences to the activities of tMAT
gene products in combination with the Mcm1 polyppt Mat 2/Mcm1 represses-specific
genes, while Matl/Mcm1 induces the expression eEpecific genes. In a haplogédcell, neither of
theMAT gene products is present so that the constitstate prevails a-specific genes are
expressed and-specific genes are not. M& has no known function, while Mt exerts its
function only in the diploid state where it can done with Mat 2.

3.1.4 Gametogenesis and mating

The process of gametogenesis leading to matinglisced in haploid and cells by
pheromones secreted by neighbouring cells of tipesie mating type. The pheromones bind to
their cognate receptors (Ste2 for théactor, Ste3 for the-factor) of the ubiquitous eukaryotic
GPCR (G-Protein Coupled Receptor) family and theedizit dissociation of the and  subunits
of the associated G-protein. The Geterodimer released in this way then interacts amd
activates the Ste20 protein kinase which phospateyIStell, a MAPKK kinase (MAPKKK). The
ensuing phosphorylation cascade culminates inataiv of the MAP kinase Fus3 which, in its
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turn, phosphorylates and activates two target protethe transcription factor Stel2 and the CDK

inhibitor Farl (Figure 16).

Figure 16.Signal transduction pathways controlling
gametogenesis iBaccharomyce®8inding of the
pheromone to its cognate receptor (Ste2factor
receptor, Ste3 = a factor receptor) causes a
conformational change and dissociation of the
hetertrimeric G-protein (Gpal =subunit, Ste4 =
subunit, Stel8 = subunit). The Ste4/Stel8 |
heterodimer activates Ste20 a serine/threoninejorot
kinase which initiates the MAP kinase
phosphorylation cascade. Stell (MAPKKK), Ste7
(MAPKK) and Fus3 (MAPK) are each in their turn
phosphorylated by the preceding kinase and thereby
activated. At the end of the phosphorylation cascad
Fus3 phosphorylates and activates the CIn/CDK
inhibitor Farl as well as the transcription facke12.
As described in the text, the former causes celecy
arrest in G1 and formation of mating projections,
while the latter causes pheromone-inducible gene
expression. Arrowheads indicate stimulatory
interactions and barred ends indicate inhibitory
interactions. Blue arrows stand for interactionthat
transcriptional level (gene induction or represyion
and red arrows stand for interactions at the pmotei
level (activation or inhibition).

Stel2~P initiates the characteristic pheromone+titgr® changes in gene expression that
accompany gametogenesis. For example, pheromaimtnt induces a 20-fold increase in the
expression oKAR3, which encodes a kinesin-like motor protein regghifor nuclear fusion. At the
same time, Farl that has been phosphorylated 8/iRbibits the G CDKs — both CIn3/CDK-
mediated induction of CIn1,2 expression and CIMQEX activities are suppressed, so that the cell
cycle arrests in G1 phase. In addition, Far1~Psindind activates Cdc24, a GTP Exchange Factor
(GEF) for the small GTP-binding protein Cdc42. Thismotes release of GDP and binding of GTP
to Cdc42, activating its role in actin filament mgitment to and promotion of the mating projections
that lend shmoos their characteristic elongatecohmmogy. Cdc42 also plays an important role in
actin recruitment during budding ov vegetativelgwing cells.

As is the case with so many critical developmeetaints, Farl activation is coupled to the
cell cycle and is autocatalytic. ThE&RL expression is limited to G1 and is induced sdiadaby
pheromone signalling. Furthermore the Farl prageaiso phosphorylated by CIn/CDK, an event
which promotes its ubiquitination and proteolytegdadation. By inhibiting CIn/CDK activity Farl
thus facilitates its own stabilization in G1. Afiéd,, when CIn/CDK levels are high, the protein
becomes labile because of its CDK-mediated phogtdtam. This pattern of regulation means that
Farl-mediated gametogenesis and mating are resttictG1l. Mutants that lack Farl still exhibit
normal pheromone-induced gene expression beca&et? activation, but gametogenesis and
mating are impaired. Restricting mating to G1 cawates it with nuclear events, ensures that each
mating partner contributes a single spindle potatyt(SPB) for participation in nuclear fusion and
guarantees correct stable ploidy after fusion aleiun the zygote. Furthermore the formation of
the mating projection in a shmoo may be effectindy i G1 when the cell is not budding.

3.1.5 Silent copies of the mating-type alleles and matintype switching
In homothallic yeast strains, mating can occur ahoaal population of cells derived from a
single haploid ascospore. This occurs becausesgitbnomenon of mating type switching whereby
experienced mother cells (ie. those that have lidtieeast once) switch mating types before
budding again. Mating type switching involves caygythe mating type allele present at one of the
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silent lociHML or HMR into the mating type locUdAT to replace the existing alleles at that site
(Figure 17).

Figure 17.

Mating-type switching at thBlATa locus. The HO endonuclease creates a double-straadt at the Y/Z1
border of theMAT locus and initiates gene conversion by using tlemtstdonor. The two donor lodHML andHMR)
are maintained in a transcriptionally inactive ¢hatin structure (indicated by diagonal stripeshd&dtshared regions of
homology are indicated. The preference foriML donor inMATa cells is mediated by the recombination enhancer
(RE) region located ~17 kb centromere-proximaHidL. The positions oHML, RE, the centromerd MAT and
HMR are indicated. Figure kindly provided by Prof. Jaber, Brandeis University
(http://www.bio.brandeis.edu/haberlab/jehsite/doriinml).

Unlike MAT, HML andHMR are each flanked by a pair of related but distdanhcer regions—
HML-E, HML-I, HMR-E, HMR-I — sequences which are binding sites for a compigroteins that
collaborate to produce a transcriptionally silexgion of about 3 kb of highly ordered
heterochromatin between the E and the | silenapresees. These proteins include Sirl-4 (Silent
Information Regulator proteins), DNA-binding prateiRapl and Abfl, proteins of the Origin
Recognition Complex (ORC) which assemble at DNAicagion origins, proteirtrans-acetylases
and deacetylases and chromatin assembly factors.

Each of the 4 silencer regions is able to act asrigim of replication when placed into an
extrachromosomal plasmid, but does not functiosugt normally. Thus although the ORC
proteins in this case are needed for silencing tleeyot normally initiate replication at these site
The Sir proteins do not bind directly to the DNAt indirectly via other DNA-binding proteins in
the complexes. The Sir proteins also play othexsral the cells — in gene silencing at telomeres, i
maintaining mitotic chromatin structure, in limigimates of recombination and in stabilizing rDNA.
These functions also have repercussions for cafjdwity — Sir proteins promote longevity in yeast
cells and Sir2-like proteins (sirtuins — NAldlependent deacetylases) do the same in animadseTh
and many other proteins are required for or aéencing, enhancing or weakening it, and their
roles are not all understood.

Because of the transcriptional silencing of L andHMR loci, only the mating type
alleles at theMAT locus are expressed and thus control the genessipn patterns associated with
the haploid mating type or with diploidy (see es)li The switching of mating types that occurs in
homothallic yeast strains is initiated by the datgief HO, a site-specific endonuclease that
recognizes a 24 bp sequence at the border of tlegign with the Z region iMAT (Figure 15).

24



Preprint version.

The silencing oHML andHMR also protects them from recognition and cleavage®, so that
only theMAT locus is cut to leave a 4 base-pair, 3'-overhamgaxh side of the cleavage site. The
3’ ends are resistaim vivo to exonucleolytic digestion, but the 5’-ends amecpssed by 5’-to-3’
exonuclease activity which includes a trio of iat#ing proteins (Rad50, Mrell and Xrs2). This
yields long, single stranded 3’ tails both sideshef cut site, one of which extends through the Y
region and the other of which extends through thegfon. The latter invades the homologous
region ofHML or HMR, as the case may be, where it is extended adredd® cut site through the
Y region using the silent alleles as template,iceptd and subsequently used to displace the
remaining 3’ tail at th&MAT locus. The non-reciprocal nature of this gene ewsion means that a
copy of the silent alleles has now replaced thgirai alleles at thtMAT locus.

Because there are two silent loci containing matlypeg alleles the process of mating-type
conversion involves a selection of eithéyIL or HMR as the donor locus. This selection is not
random -MATa cells almost always us¢ML as the donor anblAT cells useHMR. Since the
great majority of strains carryalleles aHML anda alleles aHMR, this results in high rates of
mating-type switching. This donor selectivity reésdfom activation of the left{ML) end of
chromosome lll for mating-type donation (and farammbination) inMIATa cells and its inactivation
in MAT cells (makingHMR the only donor available). A 270 base-pair seqeeatiedRE
(Recombination Enhancer) that is responsible foiodselectivity has been identified on the left
arm of chromosome Il , 17 kilobase pairs to tlghtiofHML. This 270 bp sequence contains four
regions (A to D) that are highly conserved amoulifé¢rent Saccharomycespecies.

Region C ofREincludes a consensus binding site, an operatareseg, to which the
Mat 2/Mcml repressor binds. At other such sites irggr@me, this represses the expression of
nearbya-specific genes but in this case, in conjunctiothwihe Tupl and Ssn6 proteins, it
inactivatedHML selection, suppresses other recombinational evetiie region and elicits the
assembly of a chromatin structure with tightly pfhaucleosomes. MATa cells, with Mat 2
absent, Mcm1 binds to the same site and activagesegion for recombination attML selection.
Thus a 2 base-pair mutation in the operator eliteméhe ability of Mcm1 to bind to it and
abolishes the preference fdML in MATa cells. Furthermore, a mutant Mcm1 with reduceditgbi
to bind to the operator also impaH$/L preference itMATa cells.

Regions A and D, as well as another nearby sequeggan (designated E) have been found
to contain sites foin vivo binding of two transcriptional activators — thekileead proteins Fkh1l and
Fkh2 and the associated protein Ndd1. As is the fraghe Mcm1 site in Region C, the Fkh1/Fkh2
binding sites in Regions A,D and E do not funciiimtranscription regulation but in activation of
HML donor preference.

The process of mating type switching is one ofitést understood examples of a
developmentally regulated DNA rearrangement thattions in the regulatory cascades involved in
cellular differentiation. A prokaryotic example wiving excision of an intervening sequenskitf)
was described in the earlier sectionBacillus sporulation.

3.2 Differentiation and morphogenesis iDictyostelium discoideum

Yeast differentiation is fundamentally a unicellutgiocess - even the pseudohyphae,
although multicellular, do not contain specializeils communicating with one another and serving
different functions in the whole multicellular asg@age. In this respect, the social amoeba (or
cellular slime mouldpictyostelium discoideuns different. In the wilDictyosteliumamoebae lead
a predatory lifestyle, actively hunting bacterizctotactically (bacterially secreted folate and pthe
pterins serving as the attractants) and feedinthhem by phagocytosis. Like the prokaryotic
myxobacteriaPictyosteliumamoebae, when starved at high density, will difiée¢e and aggregate
chemotactically (towards secreted cAMP signal®ventually form a multicellular fruiting body
within which the cells specialize to form differdigsues with different functions (Figure 18). The
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choices by cells as to which differentiation patim@take have already been made at the mound
stage of development when they first differentiate recognizably different cell types - prespores
and several sub-classes of prestalk cells — aslevéy differential expression of cell type-spiecif
genes. The different cell types have been markezkpyession of reporter genes sucleaZ under
the control of cell type-specific promoters andrtldevelopmental fates mapped (Figure 18).

Figure 18. Multicellular development iDictyostelium

Panel A. A montage of scanning electron
micrographs of stages in tlBactyosteliumlife
cycle. Successive developmental stages are shown
proceeding anticlockwise from the early aggregate
formed by chemotactic aggregation of starving
cells. The mature fruiting body is approximately 2
mm high. The original image was kindly provided
by M.J. Grimson and R.L. Blanton, Biological
Sciences Electron Microscopy Laboratory, Texas
Tech University.

Panel B. Diagrammatic representation of
culmination where, for the sake of clarity, the than
of pstB cells that will form the outer basal dise¢
Panel C) is not shown. TleemApromoter can be
divided into two parts, a proximal part (teemA
region) that directs expression predominantly in
the cells within the tip (ie. in the pstA cells)da
distal part (theecmOregion) that directs
expression in cells in the back of the prestalk
region (the pstO cells) and in a subset (pstO:ALC
cells) of the Anterior-Like Cells (ALC). The whole
ecmApromoter (theecmAOpromoter) directs
expression in all these cell sub-types and havae bee
termed the pstAO population. From Plate 6 of
Maedaet al(1997). Image kindly provided by
Prof. J.G. Williams, University of Dundee.

Panel C. PstB cell behaviour at
culmination. The pstB cells are defined by
selective staining with neutral red and becausg the
express thecmBgene at a high level relative to
theecmAgene. They have a complex movement
pattern during slug migration. In this
representation, for the sake of simplicity, separat
pstA and pstO populations are not shown, but the
behaviour of the entire pstAO population is
represented. From Plate 7 of Maedal. (1997).
Image kindly provided by Prof. J.G. Williams,
University of Dundee.

Although cells in the mounds and later

stages of development are predestined to

differentiate according to the

developmental fate map shown in Figure

18, they are not irrevocably committed to

do so. In fact, right up until the final
stages of differentiation with the deposition o 8pore or stalk cell wall, they are able to
transdifferentiate into the other cell types orrededifferentiate and return to the vegetativeestat
under appropriate conditions. This developmentsttity is important in the changeable soll
environment for a fragile organism that might gasiiffer mechanical injury with tissue loss during
development.
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Unlike the myxobacteridDictyosteliuminterposes between the aggregation stage and the
final formation of the fruiting body, a multicelld migratory stage - the "slug”, so called because
of its superficial resemblance to garden slugs. dlbg is phototactic and thermotactic - behaviours
which are controlled by a specialized region irtigsand designed to take the organism to the soil
surface, the most advantageous place from whidisfzerse the spores of the fruiting body. The
slug contains several different tissues and cpigy distinguishable on the basis of subtle
morphological differences and different patterngefie expression (Figure 18). Intercellular signals
and associated intracellular signalling cascadagaiathe initial transition from growth to
development, the subsequent process of chemotaggregation, the formation of the slug and its
motile behaviour, the morphogenetic processesttiasform the slug into a fruiting body as well
as the spatial patterns and proportions of itstgptts. Not surprisinghbictyosteliumdevotes more
of its ca. 12000 genes to signal transduction than any etk#rstudied microorganism.

3.2.1 The transition from growth to development

Like the prokaryoteB8acillusandMyxococcusnd the eukaryot8accharomyces
Dictyosteliumdifferentiation is elicited in response to two pragignals - shortage of nutrients and
signals from neighbours. At the onset of starvatsibhigh cell density, polysomes are disassembled
(and later reassembled), the expression of gropieiic genes (such as those encoding UMP- and
GMP-synthetases) is repressed and the earlieslogenentally induced genes are expressed.
Although the precise molecular nature of the stammasignal is not understood, at least one signal
has been characterized that informs the cellsef ttensity in a growing culture. That signal isFPS
(PreStarvation Factor), a 65 kD protease-sensitiMeheat-labile glycoprotein that is secreted into
the medium. Its concentration is proportional t® ¢lell density and reaches the threshold for
eliciting development about 4 generations priathend of the exponential phase of growth. PSF
induces some of the first genes to be expressedgidevelopment when added to growing cells
that would otherwise not express them. These iratadA (encoding the major cAMP receptor
used during chemotactic aggregatigpgsA(which encodes a secreted cCAMP phosphodiesterase
needed during aggregation) and members of theidisagene family (possibly used during
aggregation for cell-substratum interactions). Hesvehis response is inhibited by the presence of
bacteria, so that the PSF response effectively mnesishe ratio of amoebal to bacterial cell density
When exhaustion of the bacterial food supply becimeninent, the first events in the growth to
development transition are induced.

The PSF receptor has not been identified but sewgracellular signalling proteins have
been identified as playing roles in the PSF sigraaisduction pathway (Figure 19). YakA is a
protein kinase whose absence results in celldaildab aggregate and fail to repress growth-specif
genes at the onset of starvation. YakA is a merabtre family of Dyrk (Dual specificity Yak-
related kinases) found in a variety of eukaryateduding Saccharomyces, Drosophitand
mammals, where their functions in the cell cycld development, when known, appear to be
analogous to those of YakA Dictyostelium The use of a temperature-sensitive YakA mutant
allowed demonstration that it plays essential rtdtesughout development, downstream of G-
protein-coupled receptors. PufA is a member ofpilnailio/FBF family of proteins that bind to
specific sequences at the 3' ends of target RN#strépts, preventing their translation. In this way
the Drosophilapumilio protein, together with the nanos protd&imds to nanos response elements
(NREs) in the mRNA for the hunchback protein, intiily its expression. PufA iDictyostelium
binds to similar sequence elements found near'teedBof the coding sequence of the mRNA of
PKA (Protein Kinase A, cAMP-dependent protein kija$ufA was found by virtue of the fact that
in a YakA-deficient mutant, disrupting tipeifAgene restores starvation-induced PKA synthesis and
development. PufA is expressed during growth bsagjpears after a couple of hours of starvation.
While present and active it keeps PKA expressi@psessed at the translational level even after
transcription of thgpkaCgene has been initiated in the earliest stagds\alopment.
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Figure 19. The Prestarvation Factor (PSF) signalling
pathway for initiatingDictyosteliumdevelopment.
PSF binds to an unknown receptor presumably
belonging to the GPCR (G Protein Coupled Receptor)
superfamily and elicits a signalling cascade that
activates the protein kinase YakA which in turn
phosphorylates and inhibits the RNA-binding protein
PufA. In its active, nonphosphorylated form, PufA
binds to the 3’ end of cAMP-dependent protein
kinase (PKA) mRNA preventing its translation. Once
made and activated, PKA induces downstream genes
directly or indirectly by phosphorylation of target
proteins, ultimately regulating specific transdopt
factors such as Myb2 or CRTF (CAMP Responsive
Transcription Factor). Growth phase-specific
transcripts are repressed and aggregation-specific
transcripts are induced. These include those reduir
for synthesizing and secreting CAMP such as adényly
cyclase A (ACA) and for sensing and responding to
extracellular cAMP signals, such as the cAMP
receptor (CAR1). This establishes an autoactivaiegback loop for induction of early developmeéfdakA also
phosphorylates other targets to arrest cell cyagnession at the phase shift point PS where egitfrom the cell
cycle and enter differentiation. Arrowheads indécstimulatory interactions and barred ends indigdtibitory
interactions. Blue arrows stand for interactiorfe@fng protein expression (at the transcriptiargbost-transcriptional
level) and red arrows stand for interactions afifgcprotein activity (activation or inhibition).

Intracellular cAMP signals, through PKA, act as teasignals throughowictyostelium
development and, like so many key developmentaladsy are autocatalytic in nature. The genes
whose transcription is induced by PKA-activateshs$i@iption factors include those encoding the
major adenylyl cyclase involved in aggregation (AC#he cAMP receptor (CAR1), the extracellular
cAMP phosphodiesterase (PDE) whose activity keepkdround extracellular cAMP levels low
during aggregation and the phosphodiesterase tohi$DI) that prevents premature destruction of
the extracellular cAMP signal in the earliest stagkaggregation. One of the responses to
extracellular cAMP is activation of ACA to produsesre cAMP which is secreted as the
extracellular attractant during aggregation, buicllalso functions as an intracellular signal
activating PKA. PKA-signalling also represses gimspecific transcripts. Two of the transcription
factors that participate in these signalling patyswdownstream of PKA are Myb2 and CRTF
(cAMP Response Transcription Factor).

Another action of PSF signalling through YakA iscewse cell cycle arrest. Conditional
YakA overexpression causes growth arrest, whilevtrespecific genes including PufA continue to
be expressed in YakA-deficient mutants. As is #ieavith some rapidly growing embryonic cells
in metazoa, th®ictyosteliumcell cycle includes only a very short or nonexiste1 phase.
Experiments with synchronously dividing cell pogidas have revealed that starving cells progress
about 2/3 of the way through G2 before they extaall cycle and differentiate. The cells that are
closest to this point at the onset of starvatidfedntiate first, are presumably the first to star
extracellular cAMP signalling, and become therdi®y/cells at the centres of aggregation. During
subsequent differentiation in the aggregates tihefepentially differentiate into prespore cells and
ultimately into spores. The later arrivals, inityedt the periphery of the aggregates, preferdntial
become prestalk cells, entering the tip and ultatyadbbrming the stalk.

There are other proteins involved in the growtltéwelopment transition whose roles are
not yet completely clear, including GdtA (a largegegral membrane protein) and AmiB which
appears to act upstream of Myb2 (as mutant pheastyan be suppressed by ectopic expression of
Myb2). Clearly there is more to be learned abowt development is initiated iDictyosteliumbut
a solid foundation for future work has been laid.
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3.2.2 Chemotactic aggregation

PSF informs the cells of imminent depletion of baeterial food supply and induces early
gene expression in preparation for aggregatione@me food supply has been exhausted and
starvation has begun, PSF production declines aet¢@nd secreted protein called CMF
(Conditioned Medium Factor) assumes the role dlbdensity-dependent signal. CMF is an 80 kD
glycoprotein whose presence is required aboveesitiiotd concentration for the onset of
aggregation. Starved mutant cells lacking CMF aua&ble to respond to extracellular cAMP signals
with the normal C# influx, cGMP synthesis or CAMP synthesis and tbaynot aggregate unless
CMF is supplied exogeneously. However they becaspansive to cAMP within 10 seconds of
exposure to CMF, suggesting that CMF’s permissotipa in aggregation is to regulate cCAMP
signal transduction. CMF also induces expressianmimber of developmentally regulated genes
including those encoding gp80 (a cell-cell adhesimtecule involved in aggregation) and SP70 (or
CotB, a protein expressed in prespore cells ineggges). The details of the CMF signalling
pathways remain unknown but there appear to beaat two CMF receptors with affinities in the
nanomolar range — a G-protein-coupled receptoragigg cCAMP responsiveness and a 50 kD
transmembrane protein with two or three predictaddmembrane domains (CMFR1) mediating
CMF-induced gene expression.

The first hours of differentiation iDictyosteliumrender the cell competent to begin
synthesizing, secreting and responding to the chémagstant cCAMP. The cAMP signals are
detected by cAMP receptors belonging to the ubtmsiteukaryotic GPCR family with their seven
transmembrane domains, extracellular ligand-bindaggous and intracellular signalling domains
that couple to heterotrimeric G proteins. TheredacAMP receptors iDictyostelium cAR1-4
encoded by the genearA-D, two with high affinities (CAR1,3 - in the nM raegand two with
lower affinities (CAR2,4 - in theM range). The major receptor involved in aggregatsocARL.
Binding of extracellular cAMP to cAR1 elicits thr&ads of response -

1. synthesis and secretion of CAMP so that the chamac#nt signal is relayed from one cell to the
next,

2. chemotactic movement towards the source of cAM#&habthe cells aggregate,

3. expression of aggregation-specific genes incluthioge required for cAMP responses so that
once it has been initiated, aggregation is an atébgic process.

During aggegation the cAMP signal is pulsatile watperiod of about 6 minutes and it
spreads through the field of aggregation-compeierdbae as waves that emanate from the
aggregation centre. This occurs because the cAlHRkelicits synthesis and secretion of further
cAMP by neighbouring cells, while at the same tem&acellular phosphodiesterase degrades the
CAMP left behind in the back of the passing wavee $ignal transduction pathway involved in
cAMP signal relay is shown in Figure 20. BindingcdfMP to cARL1 elicits a conformational
change in the receptor and dissociation of therb&tmeric G-protein G2  from the receptor to
release the2 subunit and the heterodimer. The2 subunit stimulates some of the downstream
events involved in chemotaxis, such as cGMP syighesiile the heterodimer stimulates
phosphatidylinositol-3 kinases (PI3K1-3) to phosptaie phosphatidyl inositol bisphosphate
(PIP2) converting it to PIP3. PIP3 recruits thetgiro CRAC (Cytosolic Regulator of Adenylyl
Cyclase) through its PH (Pleckstrin Homology) damiai the membrane from where it activates
ACA (Adenylyl Cyclase A). Other proteins that paipiate in this process include ERK2
(Extracellular Signal Regulated Kinase 2), Ras@nlass (a guanine nucleotide exchange factor
that activates Ras) and Rip3 (Ras Interacting Rr@je The recruitment of CRAC to the plasma
membrane occurs locally in the cell in the regibhighest cAMP concentration, closest to the
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CcAMP source. This would be the leading edge ofgaregating cell. However the adenylyl cyclase
is localized at the opposite end of the cell wissnghesis and secretion of CAMP relays the
attractant signal to cells further out from theraggtion centre. Clearly information must pass from
the leading edge to the rear of the cell to activeCA, but the nature of this information trangger
unknown.
Figure 20.The regulation of adenylyl cyclase A.
Binding of cCAMP to the serpentine receptor
CcAR1 induces dissociation of the heterotrimeric
G-protein, G2, into its and  subunits. The
subunits induce activation of
phosphatidylinositol-3 kinase (PI3K) in a manner
that is not yet understood. PI3K converts
phosphatidyl inositol [4, 5] bisphosphate (PIP2)
into phosphatidyl inositol [3, 4, 5] trisphosphate
(PIP3). PIP3 binds to the pleckstrin homology
domain of CRAC, the Cytosolic Regulator of
Adenylyl Cyclase and thereby recruits CRAC
from the cytosol to the plasma membrane, where
it can participate in adenylyl cyclase A (ACA)
activation. A set of proteins, including the MAP
kinase, ERK2, the small G-protein, RasC, the guanircleotide exchange factor, RasGEF, the Rasaktteg Protein
(Rip3), and a novel protein, pianissimo (Pia) dse aequired for ACA activation. The interactiorfslese proteins
with each other and with CRAC and ACA have nothyen clarified. cCAMP produced by ACA is rapidly ssted to
further activate ACA in a positive feedback loognding of cCAMP to cAR1 blocks ACA activation viaregative
feedback loop, that is little understood. Extradell CAMP is degraded by the phosphodiesterase Relsigh
terminates both loops and returns cells to thelleasétable state. From Figure 2 of Sasdral. (2002).

Amoeboid motility involves different cytoskeletatents in different parts of the cell —
pseudopod activation and extension at the leadigg,aetraction in the rear. Chemotactic signals
activate both of these processes in such a waytaartslate a shallow extracellular attractant
gradient into steep intracellular signalling ansip@nse gradients — a fast, local pseudopodium
activation signal at the leading edge and a sloglehal pseudopodium inhibition signal elsewhere.
This spatially polarized response is not due taligrets of chemoreceptor or associated G-proteins,
as fluorescently tagged forms of these are digebuniformly or close to uniformly around the cell
surface. Instead it is the activation of PI3 kirsaaethe up-gradient or leading edge which exhibits
the first dramatic asymmetry in chemotactic signglevents. Their action is opposed by that of
PTEN, a phosphatase which converts PIP3 (phosphatkitol triphosphate) back to PIP2. After
a chemotactic stimulus, the PI3 kinases phophay#®?2 to form PIP3 in the membrane at the
leading edge of the cell. At the same time PTENctiIs initially distributed in the cell membrane
uniformly over the entire cell surface, is displddeom the front leaving it localized in the rear
portions of the cell. This accentuates furtherRHe3 gradient in the membranes created by the PI3
kinases. The phenotypes of null mutants show th&iNPand all three P13 kinasesictyostelium
contribute to chemotactic orientation — PI3K2 te greatest extent, followed by PI3K1 and PI3K3.
The activation of PI3 kinases involves their dynatnanslocation from the cytoplasm to the
membrane by an unknown recruitment mechanism #yaemtls upon their N-terminal domains.

Once recruited to the membrane, the PI3 kinaseactineated by a Ras protein through their
Ras-binding domains to synthesize PIP3. This resuithe recruitment of several PH domain
proteins to the site including, not just CRAC (abeve), but also the docking protein PhdA and
Akt/PKB protein kinase. PhDA acts at the leadingeetb facilitate the assmbly there of the
necessary proteins for pseudopodial extensiondimduF-actin. PhDA-null mutants are defective
in actin assembly at the leading edge. Amongstatget proteins for the Akt/PKB kinase is PAKa,
itself a protein kinase homologous to the mammapiab-activate kinases (PAKSs). Surprisingly, in
response to an attractant stimulus, PAKa transégdat the posterior of the cell where it associates
with the actomyosin cytoskeleton. PAKa activitytire rear cortex of the cell inhibits myosin heavy
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chain kinase, causing dephosphorylation of the mylosavy chain by uncharacterized
phosphatases. This activates myosin assembly ipbda thick filamants, its association with actin
and its participation in actomyosin contractionert€al contraction of the rear of the cell is
inimical to pseudopodium extension. Thus the reloneof PAKa to the rear after its PKB-
mediated phosphorylation at the leading edge pesvadmeans whereby localized pseudopodium
activation (in the front) can be coupled to andoagpanied by a pseudopodium inhibition signal
elsewhere (in the rear).

PTEN and PAKa are not the only signalling molecui&®se site of action in chemotaxis is
in the rear cortex. Attractant binding also eliitsinflux of extracellular Ga that occurs primarily
in the rear cortical regions of the cell via botG-grotein-dependent and G-protein-independent
pathway. A number of the actin-binding proteing tlegulate its assembly into a cross-linked
network of filaments are Garegulated. In particular the actin cross-linkimgtgin, -actinin, is
C&*-inhibited while the actin filament severing anggig protein, severin, is aactivated. The
combined effect of elevated €an these proteins would be a shortening of thia &itiments and
a reduction in the extent of their cross-linkingisTcould facilitate the myosin-mediated sliding of
actin filaments required for contraction of therreartex. However prevention of the Cinflux
either with C&" channel blockers or by disruption of tipéA (IP3-receptor-like protein) gene has
no obvious effect on chemotaxis, so that the pessite for C&" fluxes in chemotaxis remains
elusive.

Another small molecule whose concentrations ine@sesponse to an attractant stimulus
(a second messenger) is cGMP. In this case thetmisg genetic evidence in the form of mutant
phenotypes that cGMP plays an important role inragbsin-mediated contractile events that
inhibit pseudopodium extension in the rear corféhe intracellular concentrations of cGMP are
controlled by two guanylyl cyclases (GCA and sGfx ¢hree phosphodiesterases (PDE3,5 and 6)
one of which (PDEG) prefers cAMP over cGMP as astale. The guanylyl cyclases are activated
either directly or indirectly by the2 subunit that has been liberated from its hetienetic G-
protein-receptor complex by cAMP binding to thegtor. Their action is countered by the
phosphodiesterases, one of which (PDE5) is itstifated by cGMP at an allostearic site separate
from the catalytic site. cGMP is a small highlyfd#fible molecule highly suited to carrying a global
pseudopodium inhibition signal to all parts of t&d upon attractant stimulation. It binds to two
proteins (GbpD and GbpC) whose combined activitigi&te a phosphorylation cascade
terminating at the phosphorylation of the regublatmht chain (RLC) of myosin Il (Figure 21).

RLC phosphorylation by MLCKA (Myosin Light Chain Kase A) and other unidentified kinases
activates both the association of myosin with tttenacytoskeleton in the rear cortex and its
catalytic activity in contraction.

Figure 21.

Model of the function of GbpC and GbpD. The
cyclic nucleotide binding domains (cNBD) of the cBM
binding proteins GbpC and GbpD bind cGMP leadinthe
activation of the Ras guanine exchange factor dosnai
(RasGEF), which activates the small G-protein donjBas)
of GbpC. This results in the activation of the ldaalomain
of GbpC (MAPKKK), which stimulates a phosphorylatio
cascade eventually leading to the phosphorylationymsin
Il and chemotaxis. Modified from Figure 4 of Bosair&
van Haastert (2002).
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Chemoattractant stimulation Bictyosteliumamoebae has been reported to elicit a number
of other molecular events whose roles in chemotapgsunclear or controversial. These include K
efflux and H influx, phospholipase C-mediated release of imb4dif4,5-triphosphate and an
associated release of Cérom the endoplasmic reticulum into the cytoplasmaddition, all of the
described intracellular signalling processes thediiate both cAMP signal relay and chemotaxis are
transient in the face of a constant extracellufvlP stimulus. This is a result of adaptation
processes that are poorly understood and inclutarbunot limited to phosphorylation of the
intracellular C-terminal domain of the cAMP recapfbhe phosphorylated receptor has reduced
affinity for cCAMP. Adaptation not only renders thesponses transient, but also ensures that cells
respond to relative changes in attractant concsmtreather than to the absolute levels of the
attractant.

The final response to pulsatile cAMP signallingidgraggregation is induction of
aggregation-specific gene expression. This begitisthwe early starvation-induced differentiation
events as soon as intracellular cAMP and PKA leastssufficient for PKA activation. However,
with the arrival of each wave of extracellular cAMRe adenylyl cyclase ACA is activated and the
intracellular levels of cAMP rise dramatically befanost of it is secreted. The resulting pulsatile
activation of PKA induces further expression of r@ggtion-related proteins including gp80 or
contact sites A (csA) which mediates end-to-endamirof cells in aggregation streams. These
contacts facilitate but are not essential for theiral aggregation process. Contact sites A was one
of the earliest cell-cell adhesion molecules (CARkdshe isolated from any organism and the
methods used to identify it were subsequently agpduccessfully to mammalian systems. During
the course of aggregation the expression of anaithenylyl cyclase (ACB) is induced and, although
it is not activated by extracellular cAMP signat;ontributes to basal CAMP synthesis and
secretion rates and thus to the activation of PB@th ACA and ACB contribute to the supply of
intracellular cAMP to activate PKA beyond aggregatinto the later stages of development.

3.2.3 Postaggregative development and cell type choice

The result of chemotactic aggregation is that #iks crowd together into aggregation
streams and then into aggregates that with timerhe@ver more tightly packed. One consequence
of this is the accumulation of a suite of extradell protein factors that sense cell density andaac
break up aggregate streams thereby preventing gaggsefrom becoming too large. One of these
factors is CF (Counting Factor) which is a high ewollar weight complex (~450 kD) of several
polypeptides including countin (40kD) and CF50 (BPkAnother of the secreted proteins affecting
aggregate size is a homologue of countin calleahtdo? that is not part of CF. The ability of CF to
promote the disintegration of aggregation streaasstieen attributed to the combined effects of
subtle changes in CAMP signal relay, cell-cell egibie, and actomyosin-mediated chemotactic
motility.

A second consequence of cells crowding togetheraggregates is that the extracellular
cAMP levels experienced by the cells continue $e during aggregation to reach micromolar
concentrations in the mound and slug stages. Aethencentrations, binding to the high affinity
receptors CAR1 and cARS is saturated so that evémeiface of pulsatile CAMP signals, these
receptors perceive a constant stimulus that indexpgession of genes important for
postaggregative development. These genes include(GBox Binding Factor) a transcription
factor required for the expression of postaggregajenes, LagC (a cell surface signalling
molecule) and RasD (a small GTPase of the Ras fsupiéy). GBF binds to a defined GC-rich
sequence element in the promoters of these gehied ttee G-box and is required for the
transcription of both prespore-specific and préssplecific genes. GBF is activated by high cAMP
concentrations through the cAR1 cAMP receptor @-protein-dependent manner. Extracellular
CAMP thus acts as a cell density-sensing signelifjtsoupling the progress of morphogenesis to
expression of the appropriate genes.
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The morphogenetic movements required for slug ftionaand migration as well as
culmination are controlled by high concentrationvesmof cAMP that are relayed through the
developing tissue in a manner analogous to the svalzeAMP that orchestrate the movements of
aggregating cells earlier in development. These PANaves can be sensed by the low affinity
cAMP receptors cAR2 and cAR4 which are expressdidese later stages of development.

Although high extracellular cAMP concentrations a@utive GBF are necessary for the
expression of developmentally regulated genes durastaggregative development, they are not
sufficient on their own to ensure proper morphogenand differentiation into the correct cell types
in the correct spatiotemporal sequence. This regudditional information to inform cells of their
appropriate developmental fate and position imtiodticellular aggregate. This information takes
two forms. The first is historical — cells that lpgped to be in the mid-to-late G2 phase of the cell
cycle at the time of starvation begin to differatgiand enter the aggregate first, occupying its
central regions where they preferentially diffefata into prespores and ultimately spores. The late
arrivals initially occupy the outer layers of theaumd and preferentially locate (sort) to the tip as
prestalk cells. The second type of information infimg cells as to their correct developmental
choices takes the form of coupled extracellulanalg; These induce cells to choose either the
prestalk or prespore differentiation pathways withrespondingly different locations in the
aggregate and different fates in the final fruitbagly (Figure 18). They are also responsible for
regulation of cell type proportions, which remagfatively constant both in the face of major
variations in slug size and after mechanical tratorthe slug resulting in removal of parts of the
tissue (such as might occur accidentally in theesoiironment or be deliberately performed by an
experimenter!). Slugs that have been injured ig Way reorganize their tissues to form normal
slugs with the correct proportions and locationghefdifferent cell types.

The best understood of these extracellular sigedsfferentiation Inducing Factor (DIF) a
dichlorinated hexaphenone which is produced imtbend and later stages of development and
induces cells to differentiate into stalk cellsthe presence of high extracellular cAMP
concentrations (required both for prespore andtaliedifferentiation), DIF will cause most cells in
a suspension culture to enter the stalk differéntigpathway, as assayed by expression under the
control of the prestalk cell-specifecmAandecmBpromoters. DIF does this both by repressing
prespore-specific gene expression and inducingglkespecific gene expression (although there
are at least two genes expressed preferentiafiyastalk cells that are not DIF-inducibtagB and
carB). The prestalk differentiation pathway leadingtalk cell formation is a form of programmed
cell death that differs from, but shares some featwith apoptotic and necrotic cell death pathways
in mammalian cells. Interestingly enough, DIF hasrbfound to induce cell death in mammalian
cells as well, making it a potential antitumour rige

Although the pathways involved in DIF biosynthasi®ictyosteliumhave been elucidated,
the signalling pathways involved in DIF-induced ge&xpression remain to be clarified - the only
signalling molecule known to be involved is intrégkar c&". DIF treatment elicits a slow
prolonged elevation of intracellular free®C#evels that temporally coincides with induction of
ecmBexpression, a marker for late prestalk differaira Artifically inducing a similar elevation
of intracellular C4&' levels by pharmacological inhibition of ATP-driv&&* pumps in the
endoplasmic reticulum also causesnBexpression. Conversely, inhibition of the DIF-icdd
C&* elevation preventscmBexpression. The induction of expression of an {&antestalk gene,
ecmA by DIF precedes and is independent of the elevaticC&* concentration. Thus there are at
least two different DIF signalling pathways — onedlved in “early” prestalk gene expression that
is independent of ¢4 and a C&-dependent pathway involved in “late” prestalk gerpression.

What is the relationship between the cell cyclaifegd and DIF-mediated choices of cell
type? This was investigated by determining the BdRsitivity of cells starved at different stages of
the cell cycle. Cells starved late in the cell eyahich preferentially differentiate into prespores
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were less sensitive to DIF than “stalk-loving” sedtarved earlier in the cell cycle. Thus the cell
cycle-regulated preferences for particular celeymay be a result of differential DIF-sensitivity.
On the other hand, a mutant that is DIF-deficient fot totally DIF-less) still shows relatively
normal development, suggesting that cell type eh@amot completely DIF-dependent. It is possible
that in normal development, cell type preferencesratially based on the stage of the cell cydle a
which cells entered starvation and that the rolBI&fis to reinforce this and to generate correct
proportions of the two cell types.

How would DIF allow cells to sense cell numberucts a way as to produce correct cell
type proportions in the multicellular tissue of #lag? DIF is produced by prespore cells which are
however, comparatively resistant to its stalk-irttgcactivity. Prestalk cells are much more
sensitive to DIF and also produce a DIF dechloenakich degrades it so that DIF concentrations
in the slug are lower in the tip region. These praps can explain how DIF regulates cell type
proportions as follows. An overabundance of prespetls would result in overproduction of DIF
and underproduction of the dechlorinase so thatl®€els would rise. This would cause some cells
to transdifferentiate from prespore into prestakscand thereby lead to a decrease in DIF leydls.
some point the decreased DIF levels would no lobgesufficient to induce further
transdifferentiation, but would be sufficient teepent the more DIF-sensitive prestalk cells from
converting back into prespore cells. Converselgréstalk cells were overabundant, DIF levels
would drop too low to prevent some of them fronmsdifferentiating into prespores and producing
more DIF .... until its levels rise sufficiently ttadilize the prestalk/prespore proportions. Witli DI
being responsible for regulating the proportionpraispore and prestalk cells in aggregates, their
spatial separation in the slug results from the thaat prestalk (pstA) cells sort chemotacticatly t
the tip. This differential sorting behaviour of ttigferent cell types couples the spatial arrangegme
of cells to their differentiation state.

The differentiation of the different cell typesictyosteliumaggregates must require the
activity of cell type-specific transcription fackoMWhereas GBF is a necessary transcription factor
for both prestalk and prespore-specific genestrmescription factors STATa and STATc regulate
differentiation specifically in the stalk pathwadoth belong to a family of transcription factorsth
are activated by tyrosine phosphorylation. In matranaells STAT phosphorylation is mediated
by receptor tyrosine kinases (receptors with ammaslular tyrosine kinase catalytic domain) and
Janus kinases (JAKs) coupled to ligand-inducedpteceligomerization. IDictyosteliumno JAK
homologues have been found and the tyrosine kimaspsnsible for STAT phosphorylation
remain unidentified. STATa induces some prestaliegdegcudA and represses others (eg.
ecmB. The main defect in STATa deficient mutants ipiacocious expression of late prestalk
genes exemplified by the markexmB so that they are expressed throughout the pkegtgion.

The phosphorylation of STATa is dependent on thRETAAMP receptor (but independent of
heterotrimeric G-proteins) and leads to its homatigation, activation and translocation to the
nucleus. During normal development, STATa initiddigalizes to the nucleus in all cells in the
mounds but this is maintained subsequently ontipigells. Within minutes of exposing cells to
exogeneous DIF, STATc is phosphorylated and traasbal to the nucleus. It repressemAand is
responsible for the differential expressioreofmAin different sub-populations of prestalk cells.
Like STATa, STATc can also function as an activatbgene expression, for example in induction
of gapAandrtoA expression in response to hyperosmotic stress.

The major roles of both STATa and STATc in prestiifierentiation appear to be as
repressors. There must also be a positive trarnserg regulator responsible for DIF-induced
prestalk gene expression. DimA is a bZIP/bRLZ fgrtidnscription factor that is required for DIF
induction of prestalk genes — a DimA null mutardgurces but is unresponsive to both endogenous
and exogenous DIF.
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Our understanding of the signalling molecules aathyways required for regulating cell type
choice and proportions Iictyosteliumis still very incomplete. Other proteins for whictutant
phenotypes indicate roles in these pathways indluel@utative transcriptional regulators rZIP
(which contains a RING-type Zhbinding domain, a leucine zipper and an SH3 bigdirotif) and
Wariai (a homeobox protein preferentially expresaethe mound stage). Disruption of the genes
encoding rZIP or Wariai cause, respectively, inseseor decreases in the proportion of prespore
cells. The upstream signalling pathways controltiefj type proportions include MEKK(a
MAPKK kinase) whose absence causes a decrease prdportion of prespore cells.

3.2.4 Culmination and terminal differentiation

Dictyosteliumslugs migrate for a variable period of time detewxi by genotype and by
environmental conditions - low humidity, high iorstrength, overhead light, low cell density prior
to aggregation and small slug size are amongstitbemstances that favour an earlier decision to
cease migration and culminate. During developneciyosteliumcells use as a source of energy
proteins from vegetative growth and earlier develeptal stages that are no longer required.
Ammonia is released as a waste product of thisggmand used as a morphogenetic signal. Many
of the conditions that affect the decision to culaté do so by influencing the concentrations df fre
ammonia in and around the tip of the migrating slimyv NH; levels induce culmination. Overhead
light, for example, causes the slugs to spend rimme with their tips lifted into the air as a retsof
phototactic responses. This allows gaseous tdiéscape more rapidly from the slug with a
concomitant decrease in the concentrations iniphe t

Culmination proceeds by a series of morphogeneticaments in which pstA cells enter a
stalk tube funnel in the central regions of theatiy differentiate into stalk cells as they move
downwards in the direction of the substratum re¢ato other cells in the aggregate. Terminal
differentiation of stalk cells involves enlargemand vacuolization of the cell, laying down of a
cellulosic cell wall and, ultimately, membrane tk@awn and cell death. The beginning of this
process is marked by expressioreomBand other late prestalk genes as the cell erfierstalk
funnel. The other cells ascend the nascent statkf@sns and the prespore cells amongst them
undergo terminal differentiation to form a dropdéspores atop the stalk in the mature fruiting
body (Figure 18). The terminal differentiation gioses involves cell dehydration and shrinkage, the
production of a peculiar cytoskeletal structures (fictin rod) responsible for the elongated, shghtl
curved shape of mature spores and the laying déwhespore wall - an extracellular matrix of
cellulose and proteins whose incorporation intodba&t involves extrusion of the contents of
specialized vacuoles found in prespore cells.

As with all of the other major stagesictyosteliumdevelopment, intracellular cCAMP
signals activating PKA are essential for termirieiledentiation. Thus precocious maturation of both
stalk and spore cells occurs in response to tredtwi¢h the active, membrane permeant cAMP
analogue 8-bromo-cAMP and in mutants that overesgtige catalytic subunit of PKA (PKAC), or
are deficient in the inhibitory, regulatory subumitPKA (PKAR) or which lack RegA — a cAMP
phosphodiesterase that limits the accumulatiomto@cellular cAMP. Conversely, maturation of
both cell types is inhibited by overexpression ofiaant form of the regulatory subunit that
permanently inhibits the catalytic subunit becatiggno longer responsive to cCAMP. These results
show that a further elevation of intracellular cAM&centrations and correspondingly higher
levels of PKA activity act as the signal to peronitinitiate terminal differentiation and culminatio

What causes cAMP levels to increase at the timenvelnémination is initiated? Current
evidence indicates that extracellular ammonia s&gdetected by the cell surface receptor DHKC
act to inhibit the initiation of culmination (Figen22). DHKC null mutants exhibit accelerated
morphogenesis like mutants deficient in RegA or RK&onversely, culmination is delayed by
overexpression of a DHKC mutant form that lacksibi#KC sensor domain and may be
constitutively active in signalling. This arrestdevelopment can be overcome either by addition of
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8-bromo-cAMP or by a deficiency in the RegA cAMPopphodiesterase. The precocious
culmination of the DHKC null mutant cannot be resgtlby ammonia (which normally delays
culmination) presumably because the mutant is @n@béense the presence of ammonia. The
decision to culminate is thus mediated in normaktlpment by a drop in extracellular ammonia
levels which relieves the DHKC-mediated activatidriRegA and thereby allows intracellular
CAMP levels to rise.

Figure 22. Signaling pathways controlling
sporulation. During culmination, protein
kinase (PKA) is essential to trigger spore
encapsulation. PKA activity is dependent on
the level of intracellular cAMP (which
controls the dissociation of the PKA-C and
PKA-R subunits), which is the result of the
balance between synthesis by the adenylyl
cyclase (AC) and degradation by the hybrid
protein phosphodiesterase/response regulator
RegA. The pathway leading to the
stimulation of RegA activity is proposed to
be regulated by extracellular ammonia
accumulation and involves a classical two
component signaling phosphorelay,
including the hybrid histidine kinase DHKC
and the phosphodonor RdeA. Gene
disruption of any of these components results
in the interruption of the cascade initiated by
DHKC and induces rapid sporulation. In
addition to ammonia, two peptides, SDF1
and SDF2 released by the prestalk cells, have
been proposed to activate intracellular
pathways, the final output of which seems to
be a modulation of PKA activity. SDF2 is

probably processed by the protease/ABC transpdegB/C and is probably a ligand for the histidimeslse DHKA.

The downstream components of DHKA are so far unkndHKA shares partially redundant functions witthad

histidine kinase, DHKB, a potential receptor fosaidenine, an inhibitor of germination. From Figbiref Aubry and

Firtel (1999).

DHKC is one of five histidine protein kinases foundictyostelium- homologues of the
histidine kinases ubiquitously found in bacterighslling systems. The phosphotransfer from
DHKC proceeds via the phosphoshuttle protein Rdé#clwhas been shown by genetic suppressor
analysis to lie upstream of RegA. RegA is a homadogf the bacterial response regulators with an
N-terminal response regulator domain and a C-teahuAMP phosphodiesterase catalytic domain.

For culmination to proceed successfully, morphogenand gene expression in
differentiating spores and stalk cells must be doated and correctly timed. This coordination is
achieved by intercellular signals that mediate cemication between cells and regulate the
differentiation process (Figure 22). Two such sigieave been identified. They are secreted
peptides called Spore Differentiation Factors 1 28DF1, molecular mass ~1100 Da and SDF2,
molecular mass ~1300 Da) which were identifiedrankiasis of their ability to elicit spore
encapsulation in aim vitro assay. The encapsulation response to SDF1 takes &b minutes and
requiresde novoprotein synthesis, while prespore cells encapsuhead matter of minutes in
response to SDF2. SDF1 is produced at the onsetimination when it induces the expression of
culmination-specific genes, while SDF2 is made iateulmination when it elicits a wave of
encapsulation that passes downwards through tire spass or sorus. SDF2 binds to the cell
surface receptor DHKA, another of théctyosteliumsensory histidine kinases. DHKA null mutants
exhibit a specific defect in sporulation — theynfoiruiting bodies with long stalks and few spores.
This phenotype can be rescued by 8-bromo-cAMP ,K&@ overexpression or by inactivation of
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either RegA or PKAR. The pathway downstream of DH&GRnecting it to Reg A is unknown, but
the upstream production of SDF2 has been showrtigaleto involve the TagB and TagC
membrane proteins expressed on prestalk cells eTpreseins have a predicted protease domain
suggesting their role in SDF2 production may berblytic processing of a larger precursor
polypeptide.

The final targets of signalling pathways in ternhidiéferentiation are specific transcription
factors which are activated or inhibited as a tesulspore cell differentiation these include Byal
and SrfA. Stalky null mutant prespore cells diffdrate into stalk cells rather than spores. SrfA nu
mutants produce abnormal, nonviable spores. Ik sl differentiation one of the important
transcription factors is STATa - STATa null mutadts1’t form stalks and fail to culminate.

3.2.5 Spore maturation and germination

Dictyosteliumspore coats contain 9 major glycoproteins (andraber of minor proteins)
and the polysaccharide galuran which are synthésizprespore cells where they are stored in
preformed complexes in specialized vesicles — respesicles (PSVs). The PSV contents are the
main markers for prespore cells. During encapsaatif the spores the PSVs fuse with the plasma
membrane extruding their contents which then fdrengrotein component of the spore coat.
During subsequent spore maturation, cellulosenth&gized and extruded though the plasma
membrane and the coat protein complexes bindvia ibne member of the complex, SP96, which
is a cellulose binding protein. The final maturatis 210 nm thick and has a complex trilaminar
structure with an outer protein layer, a doublefayf cellulose fibrils and an inner protein and
galuran layer, with the galuran concentrated reaptasma membrane. Towards the end of spore
maturation the spore polysomes break down to shilgtssomes and trehalose accumulates to high
concentrations in the cytoplasm where it serves lasat shock protectant and as an energy source
during later germination.

The spores are prevented from germinating prenlgtiur¢he sorus by extracellular
accumulation of a specific germination inhibitois@hdenine (an adenine analogue), and of high
concentrations of ammonium phosphate and other lgggsoGermination is induced by removal of
these (as would occur if the sorus were dispersedtihe environment) in combination with a brief
heat shock and in the presence of amino acidsatidgcthe existence of a food supply. Both
discadenine and high osmolarity inhibit germinatiyrmaintaining high levels of cAMP and
correspondingly high activities of PKA activity. & meceptor for the discadenine signal that inhibits
germination is DhkB, another of tictyosteliumsensor histidine kinases that elicits high cAMP
levels by inhibiting the RegA phosphodiesterases ddmosensor in spores is the third adenylyl
cyclase oDictyostelium ACG, which is directly activated by high osmatatio synthesize cAMP.
Another signalling protein involved in germinati@phospholipase C which cleaves PIP2 to form
diacyl glycerol and inositol 1,4,5-triphosphate3)PDiacyl glycerol in the membrane and IP3 in the
cytoplasm both act as small signalling moleculesgad messengers) in eukaryotes, respectively
activating protein kinase C and the opening of @aannels in the endoplasmic reticulum.
Phospholipase C deficient mutants are unable td gleomination once it has been initiated, even
in appropriate conditions that are inimical to sual of the emerging amoeba. The upstream signal
for phospholipase C activation in spores and thvendtream events that control abortion of
germination are unknown. Spore germination isfiselevelopmental programme that is poorly
understood but includes expression of two celldagieich hydrolyse cellulose in the spore coat to
allow emergence of the amoeba within.

4. Conclusion

The following general principles of microbial despiment may be gleaned from what is
known about well studied bacterial and eukaryofstems.
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1. Microbial development is usually initiated in resige to nutritional stress, frequently in the
form of a shortage of nitrogen combined with highl density which is senseadia secreted
signalling molecules. Developmental programmesipnesbly evolved independently in
multiple lineages as a means of escaping the deadlsequences of starvation. The exception,
Caulobacter in which development is a constitutive part af tiell division cycle, lives in
nutrient-poor aquatic environments, may be undastmt nutritional stress and so may receive
little advantage by having development as an optiatiernative to growth.

2. The signalling pathways that initate developmewbive protein kinase cascades. Bacteria
primarily use phosphorelays involving histidine tgia kinases and response regulators — the so-
called two-component signalling systems. Eukaryasestyrosine- and serine/threonine protein
kinases as well as histidine kinases.

3. Signalling pathways for development tend to coneargon a master regulator whose activity
controls entry to major developmental stages egh-€R in Caulobacter Spo0O~P irBacillus
subtilis PKA in Dictyostelium

4. Signalling pathways for initiating development usugerminate with changes in the
phosphorylation state and activity of transcripéibregulators that either induce or repress
developmentally regulated genes.

5. Differentiation is coupled to the cell cycle andleembark upon differentiation only after cell
cycle arrest at a specific stage of the cell cyEle particular cell cycle stage at which this
occurs can differ in different organisms eg. ety gametogenesis in late G1 by yeast; onset
of differentiation in middle to late G2 lictyostelium

6. Development involves serially dependent, coordichnges in gene expression whereby genes
are induced in major groups under the control ofitmn transcription factors and each major
shift in gene expression is induced by componeitiseoprevious one eg. sigma cascades in
Bacillus cAMP-elicited PKA signalling irDictyosteliumafter the onset of starvation.

7. Transitions between the major morphogenetic stagagsievelopmental programme involves
checkpoints that couple morphogenesis to diffeatioth. This ensures that morphogenetic
events and gene expression are coordinated egtisepghBacillusendospore formation and
the sigma factor cascade in the mother cell andotfespore; initiation of culmination by
ammonia loss from thBictyosteliumslug when the tip is raised from the substratunafo
extended time.

8. Differentiation of two or more cell types is coandted by intercellular signals eg. cross-talk
between th@&acillus forespore and mother cell; cAMP-, DIF- and SDFAdated signalling
interactions between differentiating spores antk stlls inDictyostelium

Although the details differ, these fundamental giptes of development seem applicable to
organisms from widely divergent goups. The reasmdoubt is a combination of convergent
evolution and the original presence in ancestiid of the central mechanisms for signal
transduction and gene regulation.
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