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Abstract

The number of proteins with functions restricted to spo-
rulation in Bacillus subtilis is proposed to be about 200.
There is an enormous amount of genetic, biochemical and
molecular biology data about this simplest cell differentia-
tion process. However, at the present, the number of known
structures of sporulation specific proteins is about ten. This
article gives a short overview about recent progress in crys-
tallization of key regulators of sporulation.

Bacillus subtilis as an example of primary
cellular differentiation

Bacillus subtilis is a model organism for the study of one of
the simplest cell differentiation processes, called spo-
rulation. Thus this nonpathogenic soil bacterium is of great
importance for basic research in general and most likely it
will be the first organism in which the cell differentiation
process will be understood at the molecular level. The
study of this process has advanced to solving the structure
of key protein regulators. This review focuses on the prog-
ress in protein crystallography oriented toward the under-
standing of sporulation mechanisms, that have been
achieved in the last couple of years. The life cycle of B.
subtilis comprises of three different processes: vegetative
growth, sporulation and germination - the spore outgrowth
(Fig. 1A). During vegetative growth, the cell grows and di-
vides in the middle, giving rise to identical progeny.
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Fig. 1A. Life cycle of Bacillus subtilis: (a) In nutritional rich medium B. subtilis grows by longitudinal growth and divides in the mid-
dle. This process is called vegetative growth. (b) In the case of nutritional deprivation, B. subtilis might enter the sporulation process. (¢)
The first clear morphological step in this process is the formation of an asymmetric septum. (d-¢) The small forespore develops into a
very resistant spore and the mother cell lyses. The spore can germinate when living conditions improve. The process of sporulation is
regulated by the depicted five sigma factors (c", 6", 6%, 6% and 6%), the last four of which are compartment specific, activated either in

the forespore or in the mother cell.

Fig. 1B. The proteins involved in the two most important steps of sporulation - the initiation of sporulation (first dashed oval) and acti-
vation of 6" and 6" (second dashed oval). The proteins with solved terciary structure are shown in filled ovals and some other protein

structures that would be most important to know are in empty ovals.
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Fig. 2. Crystal structure of some sporulation specific proteins. A. Complex of two SpoOF monomers with SpoOB dimer; aminoacid
residues of SpoOF active site are visualised on upper SpoOF molecule (PDB ID: 1F51). B. Active site of N-SpoOA; phosphorylated
Asp55 and aminoacid residues, which change their conformation during phosphorylation are shown (PDB ID: IQMP). C. Complex of
two C-terminal domain of Spo0OA in complex with DNA; helices aA-oF are depicted (PDB ID: 1LQ1). D. Structure of SinR-Sinl
complex (PDB ID: 1BON). E. Phosphorylated form of SpolIAA with site of phosphorylation pointing to solvent (PDB ID: 1H4X). F.
Complex of SpolIAB dimer with part of 6" monomer (PDB ID: 1L0O).

Initiation of sporulation

Vegetative cells are able to monitor the number of cells in
the population and the amount of nutritional substances in
the environment. In case of nutrition deprivation, the bacte-
rial cell can enter the process of spore development. There
are many proteins involved in the initiation stage of
sporulation that are important for proper chromosome seg-
regation, cytokinesis, cell length and cell shape determina-
tion. Some of these proteins play a crucial role also during
sporulation. The initiation of sporulation depends on a
complex series of external and internal signals and is strin-
gently controlled by a network of regulatory proteins of the
phosphorelay. Recently, the structure of some proteins in-
volved in this adaptive response were solved and questions
partially answered regarding interactions between the com-
ponents of this regulatory network.

This phosphorelay is an expanded version of a two-
component signal transduction system. The first compo-
nent, a sensor kinase (up to five sporulation sensor kinases
Kin A-E have been identified [1]), is autophosphorylated
by ATP on its histidine residue in response to environmen-
tal changes. The phopshoryl group is subsequently trans-
ferred to the aspartyl residue of the response regulator
SpoOF. Then phosphotransferase SpoOB transfers phos-
phate from SpoOF to the final response regulator,
transcriptional activator and repressor SpoOA [2]. SpoOF is
a typical single domain response regulator that has an a3

structure with five a-helices arranged around a central
B-sheet consisting of five parallel B-strands [3] (Fig. 2A).
The active site comprising three aspartates Asp10, Aspl1
and Asp54, and the threonine Thr82 and lysine Lys104 res-
idues is situated as a small pocket at the carboxy-terminal
end of the B-sheet. The site of phosphorylation, Asp54 is at
the bottom of the pocket and is accessible to solvent. The
overall structure and active site geometry of SpoOF is re-
markably similar to other regulatory domains such as CheY
[4], Fix J [5] or Spo0A [6].

The phosphate accumulated on SpoOF is immediately
delivered to SpoOA by the action of Spo0OB. SpoOB is a
phosphotransferase with some functional and structural
similarities with histidine kinases [7]. It is phosphorylated
on its histidine residue and forms a dimer. The monomer is
made up of two domains, an amino-terminal a-helical hair-
pin domain and a carboxy-terminal domain with an o/
fold. The crystal structure reveals that dimer is formed by
the association of the hairpin helical domains from two
molecules to form a four-helix bundle with the site of
phosphorylation His30 protruding into the solvent. There
are two active sites per dimer. The crystal structure of the
complex between SpoOF and Spo0OB [8] revealed how the
regulatory domain and phosphotransfer domain interact to-
gether (Fig. 2A). The cocrystal contained two SpoOF mole-
cules per SpoOB dimer. The al-helix of each SpoOF
molecule and the five B-a loops on the top of the molecule
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interact with the a1-helix of Spo0OB. This interaction aligns
the histidine of Spo0B with the aspartate of SpoOF in cor-
rect configuration and distance for phosphotransfer. The
hydrophobic surface of SpoOF comprised of hydrophobic
residues, Ilel5, Leul8, Pro105, Phel06 and Ile108, is in-
volved in this interaction. Since the structure of SpoOB is
very similar to the structure of histidine sensor kinases, the
SpoOB-Spo0F structure should be viewed as a model for
response regulator-sensor kinase interactions and these six
highly conserved residues may play a key role in this inter-
action.

Spo0A master control for entry into sporulation

The final acceptor of phosphate migration via SpoOF and
SpoOB is Spo0A, the response regulator and key control el-
ement in the decision to sporulate [2]. SpoOA consists of
two domains, the N-terminal phosphoacceptor (receiver)
domain and the C-terminal DNA-binding (effector) do-
main [9] connected by a flexible linker peptide. As the
DNA-binding domain is active after removal of the N-ter-
minal domain, this receiver domain is thought to inhibit the
effector domain and this autoinhibition is overcome by
conformational changes following phosphorylation of the
N-terminal domain. The crystal structure of N-SpoOA was
determined in both phosphorylated and unphosphorylated
forms [6, 10]. The overall fold of N-SpoOA perfectly
matches the structures of the regulatory domains of other
response regulators. The structure of N-SpoOA~P revealed
that phosphorylation of aspartate 55 leads to con-
formational changes at the active site (Fig. 2B). The reori-
entation of the Thr84 hydroxyl group towards the
phosphoryl group is accompanied by movement of a side
chain of Phe103 from a solvent exposed position into the
protein core. Since these active-site residues are highly
conserved among response regulators and similar changes
were observed in the structures of other activated response
regulators [5, 11], this "aromatic switch" could represent a
general mechanism of signal propagation through the pro-
tein following aspartate phosphorylation. Moreover,
mutational and biochemical studies suggest that Phel03
could be involved in dimer formation of SpoOA after
phosphorylation (unpublished data).

Recently, structures of the C-terminal domain of
Spo0A [12] and C-Spo0A in complex with DNA [13] also
were solved. The C-Spo0OA (Fig. 2C) forms a large helical
assembly comprising of six o-helices (A-F) connected by
short peptides. The structure contains a classical helix-
turn-helix (helices C and D) as a DNA binding motif. Heli-
ces A, B and F form a three-helical bundle located atop the
HTH and helix E protrudes from the bundle opposite the
HTH. The residues involved in contact with ¢* subunit of
RNA polymerase in the transcription initiation complex are
situated at the opposite end of the DNA recognition helix
and form in contrast with the rest of the structure a flexible
and mobile segment. The crystal structure of C-Spo0OA in
complex with its target DNA (Fig. 2C) revealed that two
molecules form a dimer upon binding to the tandem bind-
ing sites on the DNA. The molecules are bound in head to
tail arrangement such that the C-terminus of one molecule
(helix F) interacts with the N-terminus of another (helix B).

Helix F of one molecule and helices A and B of the second
molecule form a C-Spo0OA dimer interface. Such dime-
rization should stabilize the protein-DNA complex. Also
analytical ultracentrifugation and gel filtration experiments
revealed dimerization of entire SpoOA after phospho-
rylation [14]. These results indicate that dimerization after
phosphorylation is mediated principally by the receiver do-
main probably followed by dimerization of the effector do-
main bound on DNA. Obtained structural and biochemical
data provide an important framework for further interpreta-
tion of the mutational data of SpoOA and thus understand-
ing of the biological function of Spo0OA at the molecular
level.

Other proteins involved in initiation of
sporulation

To ensure that spore formation is the only way which en-
ables the bacterium is able to overcome unfavourable envi-
ronmental conditions, the entry into sporulation is
precisely controlled not only by the above mentioned com-
ponents of phosphorelay, but also by other proteins.
Among these, an important role belongs to the sporulation
inhibitor SinR and its antagonist Sinl [15]. SinR is a
tetrameric DNA binding protein that controls sporulation
directly through repression of spo0A and stage II spo-
rulation genes, spollA, spolIE and spollG. For sporulation
to proceed, the activity of SinR must be switched off. This
is brought about by the action of Sinl which forms
Sinl-SinR complex that is unable to bind to DNA and
therefore the repressive effects of SinR on transcription are
relieved. The crystal structure of this heterodimer [16] re-
vealed an o-helical assembly of two domains of approxi-
mately equal size, an oligomerisation domain and a
DNA-binding domain. The oligomerisation domain is
formed by four a-helices, two from the C-terminal residues
of SinR and two from the central residues of Sinl (Fig. 2D).
Recently, structure of another protein, Obg , a Spo0B-asso-
ciated GTP binding protein, involved in the sporulation
pathway, was solved [17]. This structure revealed the
unique architecture of a GTP binding protein and together
with biochemical analysis suggests a potential role for this
protein in the life cycle of B. subtilis.

Proteins involved in the activation of first
compartment specific sigma factor - c"

The first clear morphological feature of sporulation is the
formation of an asymmetric septum (Fig. 1A) that bisects
the bacterial cell into two unequally sized compartments,
the larger mother cell and the smaller forespore. The proper
positioning of this sporulation septum is dependent on
Spo0A activity, which mediates the assembly of division
proteins near the cell pole instead of at mid-cell. Such posi-
tional switch could be partially triggered through the activ-
ity of the sporulation specific protein SpollE, also a
component of the sporulation septum, that is expressed as a
result of SpoOA activity [18, 19, 20, 21]. The central do-
main of SpollE is involved in oligomerization of the pro-
tein and it is responsible for interaction with FtsZ, the
protein essential for cell division [22, 23]. SpollE protein
can dephosphorylate SpollAA-P and thus it plays a crucial
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role in activation of the first cell-type specific o factor - 6"
(Fig. 1B) [24, 25]. The crystal structure of phosphorylated
and unphosphorylated form of SpollAA was solved from
Bacillus sphaericus [26]. This single domain globular pro-
tein consists of a central sheet of five f—strands, and four
o—helices (Fig. 2E). On one face, the B-pleated sheet is em-
bedded with a pair of a-helices, while the other face is ex-
posed to the solvent. The phosphorylation site,
dephosphorylation of which is important for activation of
GF, is located at the N-terminus of the helix a2 so that the
phosphoryl group points into the solvent. Comparisons be-
tween unphosphorylated and phosphorylated SpolIAA had
shown, that structural changes accompanying phospho-
rylation are only slight. Extended hydrophobic surfaces to-
gether with flexibility in helix a3 and the following loop
indicate that this protein often undergoes a disorder to or-
der transition and therefore has a disposition for forming
stable protein-protein interactions [26]. Also the structure
of the anti-c factor SpolIAB in the complex with " of Ba-
cillus stearothermophilus was resolved [27]. SpolIAB - "
complex consists of a SpolIAB dimer bound to one " mol-
ecule so that " binding directly to the dimer interface
makes contact with both SpollAB monomers (Fig. 2F).
The whole structure of 6" is comprised of three compactly
folded domains connected by flexible linkers [27]. o' is
kept inactive in a complex with SpolIAB. In the presence
of unphosphorylated SpollIAA molecules, SpollAB binds
to SpolIAA and active c" is released. However, SpolIAB
kinase phosphorylates SpollAA, and the SpollAB-
SpolIAA complex decays, releasing so the anti-c factor
ready to block another c". SpolIAB has the ATP binding
Bergerat fold [28], found in histidine kinases and ATP-ases
of the GHKL superfamily. This consists of an o/ - sand-
wich with a four - stranded antiparallel 3 - sheet and three a
helices. In the SpollAB monomer 1 extends the four -
stranded B-sheet. Dimerization interactions occur among
B1 and a1 of each SpolIAB monomers. The ATP - binding
site is represented by Asn50, which plays a key role in che-
lating Mg**, critical for ATP-ase or kinase activity of the
GHKL superfamily members [27]. The catalytic site is
formed by Glu46, which functions as a catalytic base in the
kinase reaction [29]. SpollAA phosphorylated by SpollAB
requires the phosphatase activity of SpollE to become ac-
tive again.

After activation of 6", which follows only after comple-
tion of the sporulation septum, other compartment specific
o—factors are sequentially activated. This leads to differen-
tiation of gene expression. In the course of the sporulation
process, the mother cell engulfs the prespore and the pro-
cess of sporulation culminates with programmed death of
the mother cell. The survivor is the forespore, which ma-
tures into a very resistant spore able to outlive hostile envi-

ronments. The life cycle is completed by the process of
germination, which is initiated when the free spore returns
to conditions favorable for life.

Future perspectives

Especially interesting for our understanding of this mecha-
nism of the gene expression asymmetry would be the de-
tailed study of sporulation septa formation by solving the
crystal structure of key proteins of this cell division pro-
cess. Although the asymmetric cell division that occurs
during sporulation differs from the cell division during
vegetative growth, both processes use fundamentally the
same protein machinery [30, 31, 32]. SpollE protein is one
of'the most interesting candidates for crystallographic stud-
ies. This large (92 kDa) protein consists of three domains:
N-terminal region containing 10 membrane-spanning heli-
ces [33, 34] followed by central domain, possibly involved
in intermolecular interaction [22], and the C-terminal do-
main, which is specific protein phosphatase involved in ac-
tivation of the first forespore sigma factor [25]. Another
very interesting and highly studied sporulation specific
protein from B. subtilis is DNA translocase SpollIE [35,
36]. Recently it has been shown that this protein also coop-
erates in membrane fusion during the spore engulfment
[37]. SpollIE protein consists of a N-terminal membrane
bound domain mediating its localization to the division
septum and cytosolic C-terminal domain capable of track-
ing along DNA in the presence of ATP.

DivIVA protein is an important regulator of cell divi-
sion during vegetative growth [38] and it also has been pro-
posed to have a crucial role in the sporulation process by
anchoring the chromosomes to the cell poles prior to asym-
metric division [39]. It was shown that in its native state
DivIVA oligomerizes [40], and has a structural similarity
to myosin and other proteins having a-helical coiled-coil
structure [41].

This review is an attempt to summarize what is known
from crystallographic studies about the structure of some
of the approximately 200 sporulation specific proteins of B.
subtilis. The structures of only a small number of these pro-
teins are known due to problems associated with the crys-
tallization of the proteins. Structures for many of the
interesting candidates remain a challenge. Among them are
the membrane bound proteins and proteins with very flexi-
ble domains.
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