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ABSTRACT: The members of Bacillus species are Gram-positive, ubiquitous spore-forming
bacilli. Several genomic sequences have been made available during recent years, including Bacillus
subtilis, a model organism among this genus, Bacillus anthracis, and their analyses provided a
wealth of information about spore-forming bacteria. Some members of this species can cause serious
diseases in livestock and humans. An important pathogen in this group of organisms is B. anthracis,
which is the causative agent of anthrax. A summary of the B. subtilis genome information, based
on the publicly released sequence, that allowed for the identification and characterization of new and
novel proteins of this organism as well as similar proteins from other members of Bacillus species
is provided. The primary goal for this work is to present a review of the genome sequence-identified
genes that encode proteins involved in the sporulation, germination, and outgrowth processes. These
three processes are essential for spore development and later its transformation into a vegetative cell.
Additionally, for a few selected examples of the protein products of the identified genes, the
application of bioinformatics and modeling tools is illustrated in order to determine their likely
structure and function. Two three-dimensional models of the structures of such proteins, PrfA
endonuclease and phosphatase PhoE, are presented together with the structure-based functional
conclusions. The review of such studies provides an example of how the genomic sequence can be
utilized in order to elucidate the structure and function of proteins, in particular proteins of the
Bacillus species. Because only a limited number of proteins of Bacillus species organisms are
involved in the synthesis and degradation of spores and have been characterized to date, this
genome-based analysis may provide new insights into the developmental processes of bacterial
organism.

I. INTRODUCTION

tion, modeled or experimental, about a group of the
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The objective of this review is to summarize the
information about the genome-based identification of
proteins of Bacillus subtilis and, to a smaller extent,
Bacillus anthracis, which are involved in the spore-
forming and spore-degradation (germination and out-
growth) processes. For a selected few of such identi-
fied proteins, example analyses using the tools of
bioinformatics, structural genomics, and molecular
modeling are illustrated in order to determine their
function and structure. Another group among the
genome identified proteins are proteins with known
three-dimensional structures, determined experimen-
tally either by means of X-ray crystallography or by
nuclear magnetic resonance (NMR). The information
about these proteins, their function, and structure is
summarized. The availability of structural informa-
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identified proteins allows for their further analysis
and for the relatively reliable assignment of their
function. It is clearly evident that in the process of
identification and analyses of these proteins, a better
overall understanding of spore-forming pathogens and
their interactions with human hosts can be developed.
This insight may shed light on the elucidation of basic
scientific processes and specific function(s) these
proteins are involved in as well as discover the role of
these proteins in the pathogenesis of spore-forming
bacteria and possible other microbial organisms. The
availability of such information in addition to ad-
vancing basic science may lead to the development of
new prophylactic and/or therapeutic agents, such as
vaccines and/or antibiotics, against B. anthracis and
other spore-forming bacteria.
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Il. SPORE-FORMING BACTERIA

Members of Bacillus species, including B. subtilis,
are Gram-positive, ubiquitous, spore-forming bacilli
that can survive for years, possibly millions of years,
even in harsh environments (Figure 1A and B) (Cano
and Borucki, 1995; Kennedy et al., 1994; Slepecky,
1992). Under adverse conditions of nutrient limita-
tions vegetative cells have the ability to undergo trans-
formation into a spore in the sporulation process (Fig-
ure 1A). Spores have a totally different structure than
a vegetative cell (Figure 1B, C) and are designed to
survive under adverse conditions. Later when nutri-
ents become available, the spore is triggered into a
germination process followed by outgrowth, which
results in the synthesis of a vegetative cell. The cen-
tral part of the spore contains a core in which the
genome, minimal set of proteins and other molecules,
large amounts of Ca?* and dipicolinic acid are stored.
The spore and its core are protected on the outside by:
(1) cortex which resembles peptidoglycan structures
of Gram-positive bacteria but has a different structure
than in vegetative cells, (2) the coat that consists
largely of highly crosslinked proteins, and is some-
times surrounded by (3) exosporium that consists of
polysaccharides, lipid structures, and proteins (Driks,
1999). These various structural parts of spores are
often separated from one another by membrane layers
(Figure 1B, C).

Some of these organisms cause serious diseases
in livestock and in humans (Hanna and Ireland, 1999;
Meselson et al., 1994; Thorne, 1993). The main patho-
genic organism among this genus is B. anthracis,
which is the causative agent of anthrax (Hanna and
Ireland, 1999). B. anthracis is considered to be a
major threat as a biological warfare and terrorist agent
(Lalitha and Thomas, 1997; LaForce, 1994; Ivins et
al., 1992; Irvins and Welkos, 1988). In part due to the
recent terrorism events in the U.S., prevention and
treatment of anthrax has become a priority from the
public health perspective as well as for the medical-
scientific community working in this field. Thus, there
is a significant need to identify new strategies to
prevent and to treat disease due to spore-forming
bacterial pathogens, including B. anthracis.

Recent studies have suggested that certain Bacil-
lus species proteins could be essential for normal
spore development and degradation (Figure 1A)
(Jedrzejas, 2002a,b). Such candidate proteins include,
for example, cofactor independent phosphoglycerate
mutase (iPGM), germination protease (GPR)

(Ponnuraj et al., 2000a,b; Ponnuraj et al., 1999), peni-
cillin-binding protein-related factor A endonuclease
(PrfA-endonuclease) (Rigden et al., 2002b; Kelly et
al.,2000), and NAD* synthetase (NADS) (Devedjiev
etal.,2001). The availability of genomic sequence of
B. subtilis and other spore-forming bacterial allowed
for the additional identification of numerous other
proteins that are uniquely essential for this group of
bacteria.

lll. GENOMIC SEQUENCES OF
Bacillus SPECIES

The determination of a complete sequence of the
B. subtilis genome (strain 168) (Kunst et al., 1997)
has already been elucidated, and the information is
publicly available at www.ncbi.nlm.nig.gov under
Microbial Genomes, at www.tigr.org/tigr-scripts/
CMR2/GenomePage3.spl?database=ntbs01, or at
genolist.pasteur.fr/SubtiList. Completed genomic se-
quence for another member of bacilli is also avail-
able, alkaliphilic Bacillus halodurans strain C-125
(available at www.ncbi.nlm.nig.gov under Microbial
Genomes) (Takami et al., 2000). The genome se-
quences of other members of Bacillus species,
B. anthracis strain A2012 and Ames (Henderson et
al., 1994) and Bacillus stearothermophilus (Nazina et
al., 2001), are in the final stages of their determina-
tion and annotation, and the partially available se-
quence databases of these two bacterial organisms are
available to BLAST searches (www.ncbi.nlm.nig.gov
under Microbial Genomes) (Altschul er al., 1990).
The sequence of the Bacillus cereus genome
(Daffonchio et al., 1998) is also in progress. The
majority of the identified proteins among the Bacillus
genus are also present in non-spore-forming bacterial
organisms. Some of the genome-encoded proteins,
however, are specific only to spore-forming bacteria
due to their distinct properties when compared with
other bacteria. A number of other proteins are present
in both spore-forming and non-spore-forming bacte-
ria but those of spore formers evolved to specifically
facilitate the needs and the requirement of making
and degrading spores. For example, cofactor-inde-
pendent phosphoglycerate mutase (pgm) of Bacillus
species (the only pgm in B. subtilis) has evolved in
spore-forming bacteria to possess a distinct pH-de-
pendent activity that facilitates regulation of its activity
during spore formation (lower pH) and degradation
(higher pH, comparable to pH in non-spore-forming
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FIGURE 1. Life-cycle of spore-forming bacteria such as Bacillus subtilis. (A) Life cycle of spore-forming bacteria. Under
adverse conditions of nutrient limitations vegetative cells of Bacillus species have the ability to undergo transformation
into a spore (sporulation process). Spores have totally different structure than a vegetative cell of this organism (see
panel B of this figure) and are designed to survive for a long time under adverse conditions. When nutrients become
available the spore is triggered into a germination process followed by outgrowth, which result in the synthesis of a
vegetative cell. (B) Schematic structure of a spore. The spore core contains the genome, minimal set of proteins and
other molecules, large amounts of Ca?+ and dipicolinic acid. The cortex resembles peptidoglycan structures of Gram-
positive bacteria but has a different structure than in vegetative cells. The coat consists largely of highly crosslinked
proteins, whereas the exosporium, that is present only in some species (e.g., B. anthracis), consists of polysaccharides,
lipid structures, and proteins. These various structural parts of spores are often separated from one another by
membrane layers (Driks, 1999). (C) Electron micrograph of B. subtilis spore. Inner, outer coats, cortex, and the core
are labeled. The figure was generously provided by Dr. Adam Driks.
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bacteria). Therefore, this enzyme is essential for spore-
forming organisms but is also present in other bacte-
ria for which the pH sensitivity of this enzyme’s
activity is not present or is functionally not important
(Jedrzejas and Setlow, 2001; Jedrzejas, 2000; Jedrzejas
et al., 2000a,b).

IV. SEQUENCE OF Bacillus subtilis
GENOME

The strain 168 of B. subtilis genome consists of
a single circular chromosome, 4,214,810 base pairs in
size, with a low average G+C content of 43.5%, but
this content varies significantly throughout the chro-
mosome. Based on the identification of ~4100 pro-
tein-coding genes (open reading frames), biological
roles were assigned to only 58% of the predictions,
12% matched proteins of unknown function of other
organisms, and 26% had no database match to any
know protein (Kunst et al., 1997). In general, the
analysis of sequence of this genome suggests that
B. subtilis has a large number of transporters, includ-
ing ATP-dependent transporters (ABC type), a large
number of proteins secreted into extracellular space,
and proteins interconverting low-molecular-weight
compounds (e.g., protein members of metabolic path-
ways).

In addition to chromosomal DNA, B. subtilis or
B. anthracis as well as other members of this species,
harbor plasmids. The sequencing of four plasmids has
been completed for B. subtilis, and these sequences are
also publicly available at www.ncbi.nlm.nih.gov under
Microbial Genomes. The number of extrachromosomal
DNA in plasmids of B. subtilis varies depending on the
strain of this organism, but sequence information is
available for pTA1015 (5807 base pairs), pTA1040
(7837 base pairs), pTA1060 (natto strain; 8,737 base
pairs) (Meijer et al., 1995), and p1414 (Russian soil
isolate; 7949 base pairs) (Thorsted et al., 1999) plas-
mids. For other members of Bacillus genus multiple
plasmids have been sequenced and annotated. For ex-
ample, two strains of B. anthracis (including strain
A2012) contain two plasmids, pXO1 (181,677 and
181,654 base pairs) (Read et al., 2002; Okinaka et al.,
1999a) and pX 02 (94,829 and 96,231 base pairs) (Read
et al., 2002; Okinaka et al., 1999b), which were se-
quenced and annotated. In B. anthracis the pXO1 plas-
mid harbors the anthrax toxin genes, protective anti-
gen, lethal and edema factors (Okinaka et al., 1999a).
Additional plasmids for other members of Bacillus

species have also been sequenced and annotated

(www.ncbi.nlm.nih.gov:80/PMGifs/Genomes).

V. GENOME ENCODED PROTEINS
THAT ARE DIRECTLY RELATED TO
SPORES

The first thorough analysis of the genomic se-
quence of B. subtilis reported by Kunst et al. (1997)
identified genes coding for proteins involved in vari-
ous aspects of cellular functionality of this organism. A
case-by-case analysis of these proteins allowed for the
identification of those that are primarily involved in
spore functionality such as spore formation, and deg-
radation. The use of BLAST searches in order to con-
firm and to determine the functionality to these identi-
fied proteins was performed following standard
methodology (Altschul et al., 1990). The identified
spore-related proteins were grouped into categories as
reported by Kunst ez al. (1997). This selection of these
macromolecules was also confirmed using the website
listing of sporulation genes at www 1.rhbnc.ac.uk/bio-
logical-sciences/cutting/spo/spo_frames.html. The re-
sults of such analyses are listed, recapitulated, and
described in Table 1. Also, our own analysis of B.
anthracis genome, strain A2012, revealed that major-
ity of the spore-related proteins of B. subtilis are also
present in the B. anthracis and they likely perform
similar functions (Table 1). Therefore, the discussion
of B. subtilis genes and their proteins products pro-
vided below is relevant to B. anthracis genes and the
proteins they encode.

A. Cell Envelope and Cellular Processes

The analysis of identified protein and their group-
ings shows that the vast majority of spore-related
proteins are involved in functions related to cell en-
velope and cellular processes. Out of 866 identified
genes in this group, as many as 176 appear to be
directly related to spores. Among this broad group the
major subcategories are proteins related to cell wall
(9 genes), sensors/signal transduction (3 genes), cell
division (2 genes), sporulation (139 genes), and ger-
mination (23 genes).

The cell wall-related genes encode for proteins
in two main subgroups. One is the cell wall degra-
dation group (CwlC, CwID, and CwlJ) and the other
is a group of penicillin-binding proteins (DacB and
DacF, PdbA, PdbB, PdbE, and PdbF). CwIC is
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N-acetylmuramoyl-L-alanine amidase most likely as-
sociated with the mother cell wall and is responsible
for lysis of the mother cell (Smith and Foster, 1995).
CwlID is germination-specific lytic enzyme
(Sekiguchi et al., 1995). It bears high homology to
other cell lytic enzymes known, whereas CwlJ is
cell wall hydrolase acting in sporulation and/or ger-
mination (Ishikawa et al., 1998). CwlJ] seems to
require dipicolinic acid for activity (Paidhungat et
al., 2001). Another spore hydrolytic enzyme, SleB,
is included among enzyme related to germination
(Table 1) (Moriyama et al., 1996), and does not
seem to have dipicolinic acid requirement for its
activity (Paidhungat et al., 2001). The DacB and
DacF gene products both are penicillin-binding pro-
teins and both seem to have significant homology to
D,D-peptidase (Buchanan and Ling, 1992; Wu et al.,
1992). The remaining four penicillin-binding pro-
teins, PdbA, PdbB, PdbE, and PdbF, are involved in
spore outgrowth, septation, spore cortex synthesis,
and germination processes during the spore life cycle.

The cellular sensor/signal transduction genes are
members of two-component sensory cascade (KinA,
KinB, and KinC), which are involved in the initiation
of sporulation. KinA, KinB, as well as KinC have
significant homology to the transmitter class histidine
kinases (Trach and Hoch, 1993; Antoniewski et al.,
1990; Perego et al., 1989). KinA has the ability of in
vitro autophosphorylation (Burbulys et al., 1991). The
cell division genes code for cell division proteins FtsA
and FtsZ that are involved in sporulation by initiation
of cell division and septum formation. Homologous
enzymes to FtsA and FtsZ can be identified in Escheri-
chia coli, and there they control initiation of cell divi-
sion (Bell and Lutkenhaus, 1992; 1991; Bell et al.,
1988). Mutation in ftsA and/or ftsZ causes a filamen-
tous phenotype during vegetative growth and prevents
sporulation.

Among the sporulation genes constituting the
largest subgroup in this category, the ones encoding
proteins involved in the initiation and regulation of
sporulation, septum formation, the synthesis of cor-
tex or coat polysaccharides, and finally coat proteins
or proteins protecting DNA from damage, small acid-
soluble proteins, stand out from the large number of
macromolecules involved in this process. For ex-
ample, the cge operon consists of the cgeA, cgeB,
cgeC, cgeD, and cgeE genes. For instance, cgeA con-
tains two cistrons that encode CgeAA and CgeAB
proteins. CgeB, on the other hand, contains one cis-

tron encoding one protein. Disruption of these genes
leads to spores with altered surface properties
(www]1.rhbnc.ac.uk/biological-sciences/cutting/spo/
spo_frames.html). Spore coat proteins (inner and
outer) are coded by 22 cot genes. These form a highly
crosslinked external protein layer of spores that pro-
tects spores against various external damaging ef-
fects. Disruption of cot genes does not seem to inter-
fere with sporulation or germination processes but
often leads to spores with modified surface and, for
example, sensitivity to lysozyme degradation. Other
groups of genes coding for spore coat proteins are
yraD, yraE, yraF, yraG, as well as yrbA, yrbB, yrbC,
and ytaA genes (Table 1). Spore coat polysaccharides
are synthesized by an 11-gene operon coding for
SpsA through SpsK proteins. These proteins have
some similarity to other carbohydrate synthesis en-
zymes (Glaser et al., 1993). The proteins primarily
protecting spore DNA from damage are termed small
acid-soluble proteins (SASP). There are several types
of SASP: o, B-, o/B-, 7-SASP proteins. The y-SASP
proteins, however, do not bind to DNA, as o- and
B-SASP do, and their exact functionality is not yet
fully understood. SASPs are coded by genes sspA
through sspF (Ponnuraj et al., 2000b; Connors et al.,
1986; Mason and Setlow, 1986).

The proteins coded by genes involved in germi-
nation constitute the second largest subgroup and can
be divided into the ones coding for germination re-
sponse to germinants (products of ger genes), spore
lytic enzymes (SleB, YkvT), or spore germination
proteins. The products of ger genes are highly hydro-
phobic proteins often with multiple transmembrane
segments and are involved in initiation of germina-
tion of spores in response to germinants. Germination
response to L-alanine is coded for by the three-gene
gerA operon coding for GerAA, GerAB, and GerAC
proteins (Moir and Smith, 1990; Zuberi et al., 1987;
Feher et al., 1985). Germination response to glucose,
fructose, asparagines, and KCl is coded by two three-
gene operons, gerB and gerK (Moir and Smith, 1990).
GerD codes for germination response to L-alanine
and to glucose, fructose, asparagines, KCl (Kemp et
al., 1991; Moir and Smith, 1990). Germination pro-
tease, Gpr, degrading the DNA protein protective
coat deserves to be highlighted. The enzyme, likely a
novel glutamic acid protease (Jedrzejas, 2002a,b,
Ponnuraj et al., 2000a, b), initiates degradation of
small, acid-soluble spore proteins protecting DNA
from damage in spores.
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B. Intermediary Metabolism

Among the intermediary metabolism category
comprising 742 genes only a very limited number of
them, if any, are directly related to spores. The pro-
teins encoded by these genes are, understandably,
involved in all aspects of vegetative cell metabolism
and the majority are not specific to spore-forming
bacteria. However, some of these metabolic enzymes
have features specific to spores such as cofactor-
independent phosphoglycerate mutase (iPGM) (main
glycolytic pathway subgroup). In B. subtilis,
B. stearothermophilus, and likely in all Bacillus spe-
cies, this enzyme’s activity is strictly Mn?*-related
pH-sensitive because its regulation is essential for
preserving the deposits of spore’s energy in form of
3-phosphoglycerate (3-PGA). Decreasing the activity
of the enzyme as the pH drops in the sporulation
process facilitates the buildup of 3-PGA deposits that
are utilized immediately after initiation of germina-
tion when pH rises inside the spores. This rise acti-
vates iPGM enzyme and allows for 3-PGA conver-
sion to 2-phosphoglycerate (2-PGA) that facilitates
further metabolic chemistry performed by other en-
zymes of the glycolytic pathway and resulting in an
energy-rich molecule ATP (Jedrzejas, 2002a,b;
Jedrzejas and Setlow, 2001; Jedrzejas, 2000; Jedrzejas
et al., 2000a,b). Selected proteins of ‘phosphate me-
tabolism’ subgroup may also be related to the spore
to some extent. For example, PhoE is a Bacillus
species broad specificity phosphatase that originally
was annotated as cofactor-dependent phosphoglycer-
ate mutase (yAfR) (Rigden et al., 2002a; 2001). The
known substrates of this enzyme are AMP, fructose-
6-phjosphate, ribose-5-phosphate, CMP, 3-PGA, p-
nitrophenlyphosphate, or a-napthylphosphate.

C. Information Pathways

Information pathways genes comprise another
category of 482 genes, and the selected ones involved
in the regulation subgroup (totaling 213 identified
genes) comprise only 12 genes related to spores. No
other subgroups were identified with spore-related
genes among this category. The protein products of
these genes are primarily involved in the regulation
of transcription of spore coat proteins, for example,
or are response regulators for the initiation of sporu-
lation. The members of a two-component response
regulator for the initiation of sporulation, SpoOA and
SpoOF, are part of this group. SpollID and SpoVT are
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transcription regulators of 6&-/6%-, and 6°-dependent
genes. SplA is another transcription regulator; it regu-
lates transcription of sp/AB spore photoproduct lyase
operon involved in UV-related DNA repair that is
initiated after germination. GerE is among this group
as the protein is involved in regulation of expression
of late spore genes. The crystal structure of this mol-
ecule is also available (Ducros et al., 2001). GerE
regulates transcription involved in 6¥-dependent pro-
moters and represses transcription from other selected
promoters (Zheng and Losick, 1990). A mutation in
gerE gene abolishes cotB and cotC transcription and
compromises the transcription of cotD gene (Zheng
et al., 1992). As a consequence, the spores produced
without gerE involvement are sensitive to lysozyme
and have a modified coat structure (Feng and Aronson,
1986).

D. Proteins with Other Functions and
Unknown Proteins

The ‘other functions’ category (289 genes) has a
very limited number of spore-related genes. The only
identified genes are those that protein products are
implicated in atypical conditions and detoxification.
For the first group only 2 out of 72 genes code for
proteins related to spores, and they take part in syn-
thesis of spore coat polysaccharides. The detoxifica-
tion group genes (68 genes) have only three genes
that are spore related: three catalases (katA, katB, and
katX) that are related to hydrogen peroxide sensitivity
and resistance during sporulation or germination pro-
cesses. Mutations in katA gene result in hydrogen
peroxide sensitivity during sporulation, but katX
mutations are sensitive to hydrogen peroxide only
during the outgrowth stage of germinating spores
(Bagyan et al., 1998).

Finally, there are remaining genes in B. subtilis
that either code for proteins similar to unknown pro-
teins or completely novel proteins with no similarity
to any known protein. For these reasons the functions
of proteins in these groups are not known, and only
future research may provide some additional infor-
mation for these genes and their protein products. The
two groups encompass a total of 1721 genes, a sur-
prisingly large number, comprising ~42% of total
number of ~4100 of B. subtilis genome identified
open reading frames (Kunst et al., 1997). Some of the
proteins encoded by these genes might be related to
spores, and therefore the information included in this
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review will likely be amended in the future. Simi-
larly, Table 1 containing the list of known spore
genes will need to be updated as more information is
obtained about the unknown proteins. A large num-
ber of gene encoded protein groups in B. subtilis were
not included in this review because they are involved
in aspects of cellular functionality related specifically
to vegetative growth of B. subtilis cells and are not
directly related to spores.

VI. STRUCTURAL INFORMATION
ABOUT SPORE-RELATED PROTEINS

Only relatively few proteins of Bacillus genus
involved in either spore formation or degradation
have known three-dimensional structures (Table 2).
The majority of these known structures are related
specifically to the sporulation process (as opposed to
germination), and these are predominantly structures
of proteins involved in regulation such as response
regulators, or 6-factors’ related proteins. These pro-
teins include Bacillus species Sinl/SinR, Spo0A, and
SpoOF response regulators, SpolIAB anti-c factor, as
well as GerE transcriptional regulator. Another group
of structures is formed from proteins related to spore
polysaccharides (modification or synthesis) such as
penicillin-binding protein 5, DacB (structure of
E. coli homolog), and spore coat polysaccharide syn-
thesis protein, SpsA (from B. subtilis). In addition,
metabolic proteins have some representation among
those with the three-dimensional structures, and they
include cofactor-independent phosphoglycerate mu-
tase, iPGM, broad specificity phosphatase-PhoE, sub-
tilisin E and serine protease, AprE, and AprX, respec-
tively. Finally, the structure of Bacillus megaterium
germination protease, GPR, is available as the single
representative of the group of proteins involved in the
germination process. Overall, the structural informa-
tion about proteins related to spores, their formation,
or dissipation, is very limited at present. The ad-
vancement in the bioinformatics and structural
genomics tools available for the analysis of protein
sequences to identify homologous molecules or even
to reliably predict their three-dimensional structures
will likely change this situation in the near future.
These advances are coupled with the advances in
techniques for protein production, crystallization, and
in experimental determination of structures by X-ray
or NMR. The utilization of these methods has the
ability to generate a significant number, if not all, of

new and needed three-dimensional structures of spore
proteins of spore-forming bacteria. Two examples of
the application of both the bioinformatics sequence
analyses and the experimental or modeled structure
determination for proteins of Bacillus species are
presented below in order to illustrate the potential
utilization for such studies. Once more structures
become available, they will generate additional struc-
tural templates of proteins or protein domains. The
availability of such templates will make future struc-
ture prediction and protein structure analyses, includ-
ing functional annotation, significantly easier and more
reliable.

Vil. EXAMPLES OF HOMOLOGY
STUDIES, IMPROVED FUNCTIONAL
ANNOTATION, AND THREE-
DIMENSIONAL STRUCTURE
DETERMINATION

A. Penicillin-Binding Protein-Related
Factor A, PrfA, Is An Endonuclease
Acting on DNA

The endonuclease penicillin-binding protein-re-
lated factor A, PrfA also known as RecU, of B. subtilis
is encoded by a gene upstream of ponA in a two gene
operon, with ponA encoding the major penicillin-
binding protein of this bacterium, a class A penicillin-
binding protein 1 (PBP1). This protein is transcribed
predominantly during log-phase growth (Popham and
Setlow, 1995). PBP1 was found to play an important
role in cell division and this protein localizes to sites
of cell division, in vegetative cells of B. subtilis,
where it plays an important role in the formation of
peptidoglycan in the division septum (Pedersen et al.,
1999). Due to prfA being in the same operon with
ponA, the PrfA protein was assumed to be function-
ally linked with PBP1 and plays a role in cell wall
synthesis as well. Mutation analysis of this two gene
operon show that the mutation of prfA gene alone in
B. subtilis causes a ~twofold decrease in cell growth
rate, a severe defect in nucleoid segregation during
cell division, and a prfA/ponA double mutant was
found to severely limit cell growth (Pedersen and
Setlow, 2000). The PBP1 protein was found to asso-
ciate with the cell wall and membrane; however, the
~20 kDa recombinant PrfA was found to be a soluble
protein when overexpressed in Escherichia coli (Kelly
et al., 2000). PBP1 was localized at division sites in
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vegetative cells of B. subtilis (Pedersen et al., 1999).
Overexpression in E. coli cells revealed that PrfA was
localized in the nucleoid (Pedersen and Setlow, 2000).
Furthermore, additional mutation data surprisingly
showed the requirement of prfA for DNA repair and
recombination in B. subtilis (Fernandez et al., 1998).
These effects of the prfA mutation on nucleoid mor-
phology are similar to those of mutations inactivating
proteins that are involved in chromosome segregation
and/or chromosome condensation (Britton ez al., 1998,
Moriya et al., 1998) making PrfA involvement in
DNA recombination a distinct possibility.

In order to distinguish between the two possibili-
ties, PrfA involvement in cell wall synthesis or in
recombination, bioinformatics and structural analysis
were applied. Using a combination of sequence analy-
sis, structural fold recognition, and three-dimensional
model construction, a distant homology between Ba-
cillus species PrfA protein and the Proteus vulgaris
Pvull restriction enzyme (Cheung et al., 1995, 1994)
has been identified (Rigden et al., 2002b).

Briefly, Bacillus species PrfA sequence showed
no significant sequence similarity to any other pro-
tein (Rigden et al., 2002b). Sequence identity of
PrfA proteins from different organisms, orthologs,
is at best ~36%. Therefore, sequence-based methods
failed to identify significant proteins that would fa-
cilitate functional assignment. These methods also
failed in identifying similarity to proteins of known
structure. However, threading methods (Fischer et
al., 1999) and BLAST profile comparisons
(Rychlewski et al., 2000) identified PrfA’s struc-
tural relationship with the Pvull enzyme. Based on
this homology, a model for PrfA was constructed
(Plate 1*) with the help and validation of statistical
structural analysis with PROSA II (Sippl, 1993a,b).
The detailed analysis of such a three-dimensional
model, especially the analysis of its geometric and
structural properties, shape, and electrostatic char-
acteristics, suggested that PrfA should share with
Pvull enzyme its DNA binding ability and nuclease
activity (Plate 1B) (Rigden et al., 2002b). Such analy-
sis even allowed for the identification of possible
amino acid residues likely involved in PrfA’s activ-
ity. Based on these results, biochemical assays were
carried out that confirmed both the ability of PrfA to
bind DNA and its nuclease activity (Rigden et al.,
2002b). The mutation of selected residues suspected
in PrfA activity rendered the enzyme inactive.

* Plate 1 appears following page 193.
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These results might provide a paradigm for other
proteins of B. subtilis or Bacillus species in general
for determining reliable three-dimensional models and
model-based function determination, examination of
function, and revisitation of, often incorrect, func-
tional annotation. In the case of spore-related proteins
of Bacillus species that lack a significant number or
a database of experimentally determined structures
(Table 2), and that lack obvious sequence similarity
to any known sequence or experimental structure
does not necessarily prevent their detailed analysis.
Such analysis may include reliable structural predic-
tions and a reliable determination of function. Fur-
thermore, the increase in the number of structures
available or the development of a public database of
experimental (X-ray or NMR) three-dimensional struc-
tures would make such a process significantly easier
and more reliable. It is clearly evident that there is a
necessity for a concerted effort to increase the num-
ber of spore protein structures available in order to
provide significantly larger number of functional and
structural templates to facilitate structure and func-
tion determination. Recent global efforts in genome-
based structure determinations (structural genomics)
will most likely facilitate such result.

B. Putative YhfR Phosphoglycerate
Mutase Homolog Is Actually a Broad
Specificity Phosphatase, PhoE

Another example of bioinformatics and model-
ing type analysis that facilitate functional and struc-
tural determinations involves protein with significant
homology to more than one enzyme, a broad specific-
ity phosphatase PhoE from Bacillus species. This
enzyme was previously missannotated as a cofactor
(2,3-phosphoglycerate) dependent phosphoglycerate
mutase (PGM). The distribution of phosphoglycerate
mutases in bacterial organisms is complex because
numerous bacteria seem to have more than one PGM
enzyme present within their cell, sometimes even as
many as three PGM enzymes (i.e., in E. coli). In most
cases, some bacteria have only a cofactor-dependent
(dPGM), others only a cofactor-independent PGM
(iPGM), and some organisms, usually those with larger
genomes, seem to have both of these enzymes
(Jedrzejas, 2002a,b, 2000). Bacillus species, for ex-
ample, contain only a cofactor-independent PGM.
The three-dimensional X-ray structures for both groups
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of PGMS are available and are representative of these
groups. The iPGM enzyme structure is from
B. stearothermophilus (Jedrzejas et al., 2000a,b), and
the dPGM structure is available from E. coli (Bond et
al., 2002, 2001). In B. subtilis as well as other members
of this genus, a protein homologous to cofactor-depen-
dent PGMs has been identified by rudimentary sequence
homology analysis. This dPGM protein homolog coded
in B. subtilis by the yhfR gene does not have any PGM
activity (Rigden et al., 2001), and this lack of activity
raised a question of the true function of this protein. This
example shows how sequence analysis coupled with
careful molecular modeling of this homologous protein
demonstrated that this enzyme is actually not a mutase
but a phosphatase with broad substrate specificity.

In order to elucidate the real function of YhfR,
sequence analysis and careful molecular modeling
was performed as described in more detail below.
Searching the databases for sequence homologies with
YhfR showed significant similarity to dPGMs, fruc-
tose-2,6-bisphosphatases (F26Bpase), and o.-ribazole-
5-phosphate phosphatases (R5PPases) family of en-
zymes (Jedrzejas, 2000). For the first two of the
homologous molecules, the experimental three-dimen-
sional structures are available. This group of enzymes
constitutes a dPGM superfamily because they all share
similar o/B/a core fold motif so characteristic of even
other than PGM glycolytic proteins (Jedrzejas, 2000).
However, YhfR showed no preferred homology to
any of the molecules identified by sequence searches.
Different sequence-based methods of the identifica-
tion of the homologous molecules yielded different
top scoring, and therefore preferential, molecules.
The phylogenetic analysis of YhfR showed, however,
that this molecule is clearly different from any of the
three identified main groups of enzymes: dPGMs,
F26BPases, and R5PPases (Rigden et al., 2001).

Therefore, in addition to sequence homology,
more extensive searches and sensitive analyses were
engaged that utilize the identification of similarities
in fold and in three-dimensional structure. As was the
case for sequence homology analyses, the structural
searches also identified similar molecules to those
recognized by sequence analyses and did not identify
a closest or a preferential structure or a structural
template. However, the utilization of two structural
templates identified, dPGM and F26Bpase, facili-
tated the determination of model structure (Bates and
Sternberg, 1999). Using statistical structural analysis

* Plates appears following page 193.

with PROSA II, the templates were analyzed to deter-
mine an appropriate single template at various posi-
tions in the molecule’s sequence: dPGM or F26Bpase.
Such careful model building led to the construction of
a final three-dimensional model structure of the YhfR
molecule (Plate 2%).

Comprehensive comparison of the YhfR struc-
tural model with the structures of E. coli dAPGM (Bond
etal.,2002,2001) and rat testis F26Bpase (Yuen et al.,
1999; Hasemann et al., 1996) showed that YhfR shares
a slightly closer relationship with F26Bpase than with
dPGM (Rigden et al., 2002a; 2001). As a consequence,
conserved catalytic machinery was identified in YhfR
that was similar to that of F26BPase but with a modi-
fied binding site for substrates (Rigden et al., 2003).
When compared with F26BPase, the active site of the
YhfR model was larger and more open to, for example,
facilitate easier access of especially large substrates.
An analysis of such an active site resulted in the sug-
gestion that the enzyme would not have the mutase
activity as the substrate reorientation necessarily asso-
ciated with the mutase activity (Rigden et al., 1999)
seemed impossible. The neutral and hydrophobic na-
ture of the binding site of YhfR implied that a variety
of even large hydrophobic substrates would be able to
bind to the enzyme and be catalyzed by it. Therefore,
the detailed structural analyses suggested that the YhfR
might have a monophosphatase activity instead of
mutase activity that involves phosphatase and sub-
strate reorientation activities (Plate 2B).

The assays for phosphatase activity performed as
a consequence of modeling studies clearly confirmed
that Bacillus species YhfR is a phosphatase not a mutase.
Such activity was identified for a variety of substrates
like nucleoside monophosphates, 3-PGA, sugar phos-
phates, and two aromatic phosphomonoesters (Rigden
et al., 2001). The experimental results support the
model-based predictions of function/activity excep-
tionally well. As a result of this study, Bacillus species
YhfR was confirmed to be a broad specificity phos-
phatase and was renamed PhoE. The experimental
three-dimensional X-ray crystal structure of the en-
zyme was recently determined (Plate 3*). The struc-
ture shows remarkable similarity to the model (Plates
3 and 4) (Rigden et al., 2003).

The functional annotations of bacterial PGM
homologs, especially dPGM homologs, must be care-
fully examined and confirmed experimentally because
many of them are likely to possess phosphatase activ-
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PLATE 1. Model three-dimensional
structure of B. stearothermophilus PrfA.
(A) A model of the three-dimensional
structure of PrfA dimer with one subunit
shown as a red ribbon structure and the
other as a green with bound DNA (in gold)
is shown (Rigden et al., 2002b). The deep
crevice in the middle of a dimer is
reminiscent of a DNA binding crevice.
Such a crevice is characteristic of other
nucleases’ structures and the suggested
sliding mechanism of acting on DNA
(Rigden et al., 2002b; Breyer and
Matthews, 2001). (B) Overall distribution
electrostatic of potential. Positive potential
is shown in blue and negative potential in
red. The units of the scale are kT where k
is the Boltzmann constant and T is
temperature (scale at the top of the figure).
The catalytic site and DNA binding cleft
are shown in the center of the dimer as
indicated by a bound DNA molecule shown
in ball and stick fashion with bonds and
atoms colored by the atom type (carbon
atoms in green, oxygen atoms in red,
nitrogen atoms in blue, and phosphate
ions in yellow).
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PLATE 2. Three-dimensional structure
of B. stearothermophilus PhoE model.
(A) A model of the three-dimensional
structure of the phosphatase is shown as
ribbon (Rigden et al., 2001). The ribbon is
color coded by the secondary structure
elements (c-helices in blue, 310 helices in
purple, B-sheets in green). The structure
consists from two domains: a major one
with characteristic of glycolytic enzymes
o/B/o. core domain (bottom) and an
additional small domain built from two o-
helices and one 31¢ helix (top). (B) Overall
distribution electrostatic of potential is
shown as in Plate 1b. The substrate binding
and the catalytic site are located in the
center of the structure and in the deep
opening of the structure between the two
domains. The orientation of the molecule
is similar to that in part A of the figure.
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rfa;: Po tential

PLATE 3. Experimental, X-ray crystal
structure of B. stearothermophilus PhoE.
(A) An experimental structure of PhoE is
shown in similar orientation as the model
structure in Plate 2A,B (Rigden et al., 2002a).
The general arrangement of both domains,
the arrangement of individual structural
elements such as a-helices and B-sheets,
are very similar to those predicted in the
model. The X-ray structure confirmed the
high accuracy of the earlier model of this
broad specificity phosphatase and showed
that careful modeling studies can be
extremely useful in functional prediction(s)
for proteins. Such functional predictions
have to be, however, tested experimentally
to avoid miss-assignment of functional
annotation (Rigden et al., 2001). The active
site contains a bound phosphate ion. Two
molecules of 1,2-ethanediol are also bound
to the enzyme and shown. The bound
molecules atoms of the substrate are
depicted in a ball and stick fashion with
bonds as in Plate 1B). (B) Overall distribution
electrostatic of potential is shown as in Plate
1B and 2B. The substrate binding and the
catalytic site are located in the center of
the structure where a bound phosphate
molecule is visible. The orientation of the
molecule is similar to that in Plate 2B as
well as part A of this plate.
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ity instead of mutase. The majority of bacteria with
more than one PGM enzyme identified should have
the annotation of the putative PGM enzymes revis-
ited, analyzed using bioinformatics and modeling tools
available, and the results confirmed experimentally.
The computational methods of sequence homology
and structure-based similarity searches are developed
enough to attempt making reliable predictions about
protein structure and then function. Such predictions,
however, always need to be subsequently confirmed
by experiments. Also, three-dimensional modeling can
facilitate functional determinations of proteins even if
multiple possible structural templates are available and
no obvious preferred similarities, either in sequence
and/or in structure, are evident. Careful statistical analy-
sis in these cases to choose a proper local structural
template is necessary and has been proven successful.

VIil. OTHER MEMBERS OF Bacillus
Species

It is unlikely that the proteins encoded by the
B. subtilis genome would be specific only to Bacillus
family and would not be expressed by other members
of the Bacillus genus or other bacterial organisms. An
analysis of genomic sequences from other finished
and unfinished microbial genomes available at
www.ncbi.nlm.nih.gov under Microbial Genomes
allowed for the identification of multiple proteins that
are similar to those of B. subtilis in a variety of other
bacterial organisms. Such analysis highlighted mol-
ecules with significant sequence similarity even from
vastly different and evolutionarily distant bacteria,
and therefore these molecules are likely related in
structure and function. The presence of molecules
homologous to those of B. subtilis was especially
evident in other spore-forming bacteria, primarily other
members of Bacillus and Clostridium genera. Spe-
cific published examples of proteins for which ho-
mologs were identified in other Bacillus and
Clostridium genera organisms include cofactor-inde-
pendent phosphoglycerate mutase (Jedrzejas,
2002a,b), germination protease, and small acid-soluble
proteins (Ponnuraj et al., 2000a, b, 1999), NAD*
synthetase (Devedjiev et al., 2001), broad specificity
phosphatase PhoE (Rigden et al., 2000a; 2001), and
endonuclease penicillin-binding protein-related fac-
tor A — PrfA (Rigden et al., 2002b). Selected ex-
amples of these molecules have been discussed and
analyzed in this study.
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CONCLUSIONS

The identified spore-related proteins in the ge-
nome of B. subtilis were recognized based on the
earlier biochemical, molecular biology, or microbiol-
ogy studies performed and were also based on the
homology searches of available databases (Kunst et
al., 1997; Altschul, 1990). Additional proteins in
B. subtilis when compared with non-spore-forming
bacteria might have specialized functions specific to
spores but may also be present in other bacterial
organisms that do not have the ability to form spores.
More spore proteins might be identified in the future;
some of them will likely be recognized among the
vast number of proteins coded for in the genome that
still have unknown function(s).

The examples of sequence, functional, and struc-
tural analyses presented above show an excellent il-
lustration of the exploration of genomic sequences
through the sequence analysis and three-dimensional
modeling. Such carefully performed studies can pro-
duce reliable structural and functional predictions for
genome-encoded macromolecules. However, it seems
unlikely that automatically generated model(s) and
functional annotations using the distantly related se-
quence and/or structure-based templates could pro-
duce reliable results. A rigorous homology and mod-
eling procedure must be applied in such instances. In
both cases presented here, YhfR/PhoE and PrfA-en-
donuclease automatic sequence and/or structure analy-
ses led to errors in functional annotation and would
likely lead to errors in automated model structure
determination. An improvement of methods is neces-
sary for an easier and more reliable generation of
structures or functional annotations for cases where
no close homologous macromolecules are available
or where several homologs are identified with differ-
ent, sometimes contradictory, characteristics. Cur-
rently, close and highly proficient human interven-
tion is necessary to accomplish three-dimensional
homology structure modeling or functional annota-
tions, especially in more difficult cases.

The increased number of structures and struc-
tural domains available for proteins, in this case for
spore-related proteins, will greatly facilitate model
determination and functional predictions. Therefore,
the creation of larger databases of three-dimensional
structures or domains is necessary. The number of
experimental structures for proteins related to spores
is very small, and significantly increased effort in the
generation of such structures is clearly evident. The
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availability of such database(s) in the future might
even allow for the automation of a reliable model and
function determination for molecules with unknown
structures and either unknown or improperly anno-
tated function(s). In B. subtilis ~42% of all proteins
identified in the genome have unknown function, and
therefore unknown structure (Table 1). Such a large
number of uncharacterized proteins likely contains
significant scientific information that warrants fur-
ther investigation. The knowledge gained from such
studies will increase our understanding of B. subtilis,
all bacteria, and ultimately might contribute to better
cures for microbial diseases and their prevention.
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