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Abstract—This review highlights the later stages of protein secretion in bacilli, which include protein release from the mem-
brane and their translocation through the cell wall. Mechanisms of release of secreted polypeptides into the medium differ in
Gram-positive and Gram-negative bacteria due to different structure of their cell envelope. Exogenous factors including
molecular chaperons that can influence polypeptide folding may be also involved in later stages of protein secretion in bacil-
li. In Gram-positive bacteria protein secretion also depends on structural components of the cell wall. Certain evidence exists
that maintenance of the secretory function is important for normal development of the sporulation process in these bacteria.
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SECRETION. GENERAL INFORMATION

Secretion is a rather complex multistage process,
including translocation of protein molecules through the
cytoplasmic membrane from the cytoplasm (where they
have been synthesized) to a specific destination to outer
cellular compartments or the culture medium. During
this secretion proteins pass through all stages of their bio-
genesis; they undergo conversion of inactive precursors
into active macromolecules. The secreted proteins con-
tain an additional N-terminal sequence known as a signal
peptide. This signal peptide promotes the export process.
It interacts with membrane protein and cytoplasmic pro-
tein components, which prevent folding of the secreted
protein and maintain conformation of this protein favor-
ing its transmembrane translocation. A special protein
complex, translocase, catalyzes transmembrane protein
translocation. During protein translocation a special sig-
nal peptidase located on the outer surface of the cytoplas-
mic membrane removes the signal peptide and the protein
is released from the membrane. Some translocated pro-
teins that underwent processing remain in the mem-
brane-bound state until complete folding. This stage may
involve specific protein chaperons, which in contrast to
cytoplasmic unfoldases facilitate formation of tertiary
and even quaternary structures.

Transmembrane protein translocation is a basic cell
process, which shares significant similarities among
Gram-positive and Gram-negative bacteria and also
eukaryotes. There are several excellent reviews by M. A.
Nesmeyanova [1-3] and others [4, 5] which highlight

molecular mechanisms of protein secretion through the
bacterial membrane including co-translational and post-
translational translocation, the concept of coupling of
protein translocation with transmembrane phospholipid
movement, and the energetics of these processes.

In spite of certain similarity of protein translocation
through cytoplasmic membrane, differences in structure
of cell envelope of Gram-positive and Gram-negative
bacteria determine different routes of protein secretion
into the external medium after protein release from the
membrane. In bacilli secreted proteins initially cross the
cytoplasmic membrane and then during translocation
through the cell wall and release into extracellular medi-
um they undergo post-translational modifications. In
these bacteria the main differences in protein secretion
are related to the later stages of protein (polypeptide)
export.

Here we consider molecular mechanisms of terminal
stages of protein secretion in Gram-positive bacteria.

Bacilli secrete more proteins than other microor-
ganisms and this implies high efficacy of their secretory
apparatus. Many bacillus strains are employed in indus-
try for production of amylases and proteases and their
annual production is about 1000 tons [6]. Such high
productivity of the industrial strains is achieved by
employment of classic methods of selection of cultiva-
tion media and optimization of promoter functioning
[7]. Bacilli attract much attention as potential producers
of heterologic proteins. They secrete proteins into the
cultivation medium and this fact significantly simplifies
isolation of these proteins. The genome of these
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microorganisms is completely sequenced [8] and a wide
range of gene engineering and biotechnological methods
is available now for solution of numerous problems.
Nevertheless, studies have revealed rather ineffective
secretion of heterologic (especially eukaryotic) proteins
by the recombinant strains and this limits potential use
of these microorganisms. One possible reason of such
ineffectiveness may be related to problems in transloca-
tion of certain polypeptides at late stages of protein
export. This may result in imbalance between processes
of their translation and translocation, accumulation of
inactive protein precursors, which cannot acquire final
conformation and therefore are cleaved by cellular pro-
teases [5, 7]. Certain evidence exists that differences in
production of extracellular proteins by Bacillus subtilis
are consistent with different stability of corresponding
mRNAs [9].

Recently, several rate-limiting steps of protein
secretion have been identified in B. subtilis; they are
related to the export mechanism and also to properties
of the secreted polypeptides [10]. Heterologic proteins
may form insoluble complexes in the cytoplasm due to
absence of chaperons required for their proper folding
[11]. Incorrect processing of heterologic protein precur-
sor may also limit the secretion process [12]. Specific B.
subtilis folding chaperons (PrsA and others) bound to
the outer surface of membrane may also limit secretion
of some heterologic proteins [7]. The cell wall of bacilli
may also be an impermeable barrier for release of
eukaryotic proteins [13]. In some cases low yield of a
sought protein may be attributed to its high sensitivity to
proteases which bacilli secrete into the cultivation medi-
um (some proteases are bound to the cell surface) [14,
15].

The effectiveness of secretion which depends on
properties of the secreted protein is related to later stages
of the protein export: processing and protein transloca-
tion through the cell wall [10]. This was demonstrated
during comparative study of B. subtilis secretion of four
heterologic proteins: Bacillus licheniformis o-amylase
(AmyL, EC 3.2.1.1, molecular mass of 55 kD),
Escherichia coli B-lactamase (Bla, EC 3.5.2.6, 30 kD),
human pancreatic a.-amylase (HPA, EC 3.2.1.1, 50 kD),
and a single chain anti-lysozyme antibody (SCA-Lys)
[10]. The protein secretion was investigated under identi-
cal conditions of expression under the same signal pep-
tide. Use of radioactive label, fluorescent probes, and
immunoblotting revealed that all heterologic proteins
were normally transported through the cytoplasmic
membrane of B. subtilis. Effectiveness of expression was
determined by steps which followed after the transloca-
tion. The rate-limiting steps in secretion of Bla, AmyL,
and SCA-Lys were processing, translocation through the
cell wall, and proteolysis. After the transmembrane
translocation HPA was accumulated in the cell due to
lack of folding of this protein. (Mature conformation of
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this protein molecule results from formation of three
disulfide bonds.) It was demonstrated that B. subtilis oxi-
doreductases required for effective secretion of disulfide
bond containing proteins did not operate correctly in the
case of HPA. These studies revealed an obvious need for
elucidation of the rate-limiting steps in the secretion of
heterologic proteins and their correction by gene engi-
neering manipulations with host strains.

Sec-PROTEINS

Secreted proteins are transported through the bacte-
rial cytoplasmic membrane by preprotein translocase;
several integral membrane proteins, SecY, SecE, SecG,
and SecDF, are involved in its formation [16-19].
Peripheral membrane protein SecA plays a key role in the
initiation of protein translocation through the cytoplas-
mic membrane; this protein specifically interacts with the
signal sequence and also with certain sites of the mature
protein [20]. SecA possess ATPase activity which is stim-
ulated by high affinity interaction with precursors of the
secreted proteins [21]. Variations in their structure are
crucial for the interaction with SecA protein.
Comparative analysis of secretion of B. subtilis levansac-
charase (EC 2.4.1.10, 50 kD) and a.-amylase (EC 3.2.1.1,
68 kD) revealed significant differences in binding of pre-
cursors of these proteins with SecA during exponential
growth when the cellular level of SecA is subjected to
marked variations [22]. Secretion of levansaccharase cor-
related with the cell level of SecA, whereas a-amylase
secretion increased only in the case of significant reduc-
tion of SecA protein level. The authors concluded that the
difference of protein secretion induced by changes of
SecA content corresponds to the difference in the affinity
of precursors of the secreted proteins to SecA. In E. coli
cells exoprotein precursors are fixed in the state favorable
for translocation; this involves unfoldase SecB. B. subtilis
lacks any homolog of unfoldase SecB [22], which was not
found even after analysis of the full genome sequence [8].
Perhaps, during maturation of proteins in bacilli chaper-
one function may be attributed to structural domain of
the precursor (propeptide) located between signal peptide
and the protein sequence corresponding to the mature
protein [5]. It is also possible that specific cytoplasmic
factors (e.g., pH, metal ion concentrations, etc.) may
mimic chaperone function.

This suggests the importance of information accu-
mulated in the precursor sequence, including sites of the
mature polypeptide sequence. Using E. coli alkaline
phosphatase (EC 3.1.3.1, 80 kD) it was shown that effec-
tiveness of secretion of mutant proteins with amino acid
substitutions in the N-terminal region of the mature
polypeptide chain depends on their locations: the closer
the amino acid substitution is located to the signal peptide
the less effective secretion is [23].
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PROCESSING

Two signal peptidases type I (SipS and SipT) and one
signal peptidase type II (Lsp) are involved in processing of
secreted proteins of B. subtilis. SipS and SipT remove sig-
nal polypeptide of proproteins and Lsp cleaves signal pep-
tide of polyprotein [24, 25]. Processing of spore-specific
TasA protein requires special SipW peptidase which was
recently identified [26]. Two recently found constitutive
signal peptidases, SipU and SipV, are expressed at low
level over all phases of B. subtilis growth [24, 25].

The two component regulatory system DegS—DegU
controls SipS transcription; this means that SipS expres-
sion is regulated by the same factors as the expression of
most secreted hydrolases of B. subtilis [12]. In contrast to
F. coli signal peptidase lack of SipS is not critical for pro-
tein secretion and survival of B. subtilis. In this case a rate
of processing of some protein reduces whereas the rate of
processing of Bacillus amyloliquefaciens a-amylase (EC
3.2.1.1, 50 kD) and two unidentified proteins increases.
Thus, substrate specificity of the signal peptidase deter-
mining the rate of signal peptide processing is one of the
main factors determining protein secretion in bacilli
[27].

After processing, signal peptides are cleaved in the
membrane or cytoplasm. Oligopeptides formed during
such cleavage may also have signal function [28]. These
results suggest an important role of peptidases involved in
hydrolysis of signal peptides. In was shown that the
genome of B. subtilis contains two genes, encoding SppA
and TepA proteins, which are homologous to peptidase A
hydrolyzing signal peptides of E. coli [28]. Based on
homology to known proteases we may suggest that TepA
and SppA peptidases are required for specific degradation
of signal peptides and the hydrolytic products restrain
protein translocation [28]. These peptidases have differ-
ent subcellular distribution: SppA is an integral mem-
brane protein of B. subtilis, whereas TepA is located in the
cytoplasm. Loss of both enzymes significantly influences
membrane translocation of exoprotein precursors in
bacilli.

EFFECT OF EXOGENOUS EFFECTORS
ON PROTEIN SECRETION

Most secreted proteins of bacilli are folded into
mature conformation on the outer surface of the cyto-
plasmic membrane. The kinetics of protein folding plays
an important role at the stage of protein release into the
medium. Comparative study of gene expression of B. sub-
tilis levanase (SacC) (EC 3.2.1.26, 75 kD) under control
of inducible promoter and signal sequence of levansac-
charase (SacR) in B. subtilis degU32(Hy) strain and also
genes encoding B. subtilis levansaccharase and o.-amylase
revealed that the rate of protein translocation through the
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cell wall correlated with the rate of folding of correspon-
ding proteins irrespectively of the size of the molecules
[29].

In E. coli effectors restraining protein folding
(unfoldases) have been identified in the cytoplasm. They
maintain the state of protein competent for its export.
Effectors localized on the outer surface of the cytoplas-
mic membrane of B. subtilis promoting protein folding to
native conformation cause irreversible translocation.
Different effectors are involved in protein folding.

PrsA protein. Specific proteins, foldases, constitute
one group of such effectors. The following foldases are
involved into formation of tertiary and quaternary struc-
tures of secreted proteins: BdbB, BdbC, BlaP, and PrsA
[7, 10, 30]. The latter, membrane bound lipoprotein PrsA
is a peptidyl-prolyl-cis/trans-isomerase (EC 5.2.1.8). Its
protein domain is located at the outer surface of the cyto-
plasmic membrane and facing to the cell wall [7, 31].
Activation of PrsA was observed during the posttransla-
tional phase of secretion; PrsA is required for secretion of
(almost) all exoproteins [7, 32].

Membrane-bound PrsA functions as extra-cytoplas-
mic chaperone during folding of secreted proteins after
translocation through the membrane. Increase of PrsA
synthesis by using multi-copied plasmid in B. subtilis cells
significantly caused 2-6-fold increase of output of a-
amylases and proteases into the cultivation medium [7].
In PrsA-deficient strains of B. subtilis accumulation of
exoproteins including o-amylase and subtilisin (EC
3.4.21.62, 27.5 kD) sharply reduced [32]. Study of
inducible expression of the chimeric protein
subtilisin—alkaline phosphatase in PrsA3 mutants of B.
subtilis revealed complete loss of its activity [32]. This
suggests that in vivo PrsA acts as a chaperone, operating at
later stages of secretion; it promotes formation of a
mature conformation of the secreted proteins at the stage
of their release into the cultivation medium. A direct rela-
tion exists between the number of PrsA molecules in wild
types of B. subtilis (20,000) and the number of secreted
molecules of a-amylase [33]. Sharp reduction of PrsA
content in B. subtilis cells results in the change of cell
morphology and subsequent cell death. Lack of PrsA-like
proteins in E. coli cells raises reasonable question about
the possible functioning of these lipoproteins as specific
chaperones in the cell wall of Gram-positive bacteria.

Computer analysis revealed that the genome of B.
subtilis contains about 300 genes encoding secreted pro-
teins possessing N-terminal signal peptide [25]; 114 of
them are lipoproteins bound to cytoplasmic membrane.
The importance of lipoproteins for cell homeostasis of B.
subtilis was demonstrated by using signal peptidase II-
deficient mutants [25]. Processing of PrsA was essential
for survival of B. subtilis cells cultivated at low or high
temperatures (but inessential for bacterial growth at
37°C), for the development of competent state of the
cells, for normal sporulation, and subsequent spore ger-



1210

mination. Cells lacking signal peptidase II were charac-
terized by low rate of accumulation of lipid-modified pre-
cursor of PrsA. Secretion of a-amylase was significantly
impaired in these mutants. Lack of alternative lipoprotein
splicing by signal peptidases type I was quite unexpected
for these bacilli.

In B. subtilis lipid modification is controlled by the
Igt-gene [30]; lgr-mutants were totally viable and unmod-
ified forms of PrsA and BlaP were functionally active.
However, they were unable to bind to the membrane and
be released into the cultivation medium. This was accom-
panied by reduction of total amount of cell-bound
lipoproteins. Low level of PrsA lipoprotein caused
impairments in total protein secretion (/g-mutant phe-
notype).

Metal cations. Metal cations represent the other
group of exogenous folding effectors in bacilli. Membrane
of B. subtilis is surrounded by rather thick cell wall (from
10 to 50 nm) of heteropolymeric matrix that consists of
peptidoglycan and teichoic acids [34]. Carboxyl groups of
peptidoglycan and teichoic acid phosphate groups deter-
mine anionic nature of B. subtilis cell wall, which can
bind positively charged cations, Ca®*, Fe**, etc. [34, 35].
During export into the cultivation medium secreted pro-
teins have to cross the cell wall (as the terminal stage of
secretion) and acquire mature conformation in this com-
partment before release into the medium.

It was suggested that the difference in concentration
of metal ions (Fe3" and Ca®") on the inner and outer sur-
faces of the cytoplasmic membrane of bacilli is important
for folding reaction of secreted polypeptides possessing
metal-binding sites in the mature structure [36]. The rate
and effectiveness of metal-dependent folding is crucial for
production of these proteins. In this case the driving force
for protein translocation corresponds to chemical asym-
metry of certain effector between cis- and frans-sides of
the membrane; this force represents the result of coupling
of two processes: protein folding and its translocation
through cytoplasmic membrane [37].

In tertiary and quaternary structures of many bacilli
secreted proteins Ca’*-dependent sites have been identi-
fied. For example, BPN' (or Carlsberg) subtilisin (EC
3.4.21.62, 27.5 kD) possesses two different Ca’*-binding
sites, characterized by high (K, 10> M™!) and low (K,
32 M) affinity to this cation [38]. The low affinity bind-
ing site can bind Ca?* only in Ca’**-enriched medium
(>40 mM), which was not found in the natural environ-
ment. Thus, low affinity binding sites may be involved
into secretion only when protein are in the cell wall layer,
which is characterized by rather high concentration of
Ca?". The fact that Ca®" is immobilized on polymers of
the cell wall seems to favor conformation transition of
secreted protein due to higher affinity of immobilized cal-
cium for secreted proteins than that of the free ion [39].
Such secretion may also occur via chaperone-independ-
ent export.
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Extracellular levansaccharase of B. subtilis (SacB)
was employed as the first model for such studies [40]. The
gene encoding this protein does not have the nucleotide
sequence responsible for the propeptide region localized
between signal peptide and the mature structure, which
functions as endogenous chaperone in bacilli and is
involved in coupling and secretion [5]. The low affinity
Ca*' binding site (K, 0.8:10° M~ at pH 7.0) was identi-
fied in the mature levansaccharase structure. Amino acid
substitution in this region (Thr2631Ile) changed the affin-
ity for Ca®* and reduced effectiveness of the polypeptide
secretion [41]. The cell wall of B. subtilis may concentrate
(up to 100-120-fold) Ca>". This provides high concentra-
tion of Ca?" (>2 mM) at the external side of cytoplasmic
membrane. Such membrane microenvironment provides
conformational transition of levansaccharase molecule
during secretion and leads to formation of mature extra-
cellular protein. So it was concluded that Ca?" plays the
key role at the last stage of secretion of this protein in the
medium [40].

Secretion of B. subtilis levansaccharase occurs in two
stages [42]. The first stage includes proteolytic cleavage of
the N-terminal signal followed by formation of mem-
brane bound enzyme. The second stage is the secretion
limiting stage consisting of release of this enzyme from
the membrane into the medium, and this is accompanied
by conformational changes in the exported protein.

The levansaccharase unfolding-folding transition
depends on the enzyme ionization [41]. During cultiva-
tion of B. subtilis at pH < 6.0 the concentration of H" at
the outer surface of cytoplasmic membrane may exceed
corresponding H* concentration by 200-fold [43]. The
effect of transmembrane ApH on B. subtilis protein secre-
tion was described earlier [44], but the mechanism of this
effect remained unclear. Now certain evidence exists that
H* and Ca?* are involved in protein folding coupled to its
secretion. At 30°C in the absence of Ca?" in vitro, rela-
tively small shift of pH value from 7.4 to 6.0 [45] resulted
in complete folding of levansaccharase which was due to
rapid shift between equilibrium of unfolding—folding
states. High Ca®>* concentrations (>5 mM) acted as the
catalyst of protein molecule folding at pH > 7.0. In vivo
experiments employing label at 30°C revealed that in
Ca’"-free medium the rate of the second step of levansac-
charase secretion depended on pH of the medium. In
acidic medium (at pH 5.8) the secretion was more effec-
tive. At pH > 7.0 the presence of Ca?* was more essential
for the secretion process. At higher temperature (48°C)
both factors, low pH and Ca?* concentration values are
required for effective secretion. Levansaccharase with
altered affinity for Ca>" (Thr263Ile) was actively secreted
only in acidic medium (i.e., under Ca’"-independent
conditions).

Thus, it was shown that the concentration of the
external effectors (H" or Ca®"), which was maintained
between cis/trans sides due to properties of bacterial cell
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wall, plays the key role at later stages of protein secretion
in bacilli.

The extracellular B. subtilis o.-amylase is another
example of protein secretion [46]. The a-amylase secre-
tion pathway is similar to that of levansaccharase [45].
Both pathways include a cleavage of signal peptide fol-
lowed by the formation of the membrane-bound form
[47] and subsequent polypeptide release into the medium.
The latter depended on the conformational rearrange-
ment of the protein molecule.

The comparison of effectiveness of secretion of these
proteins by B. subtilis revealed that the enzymes exhibit
different affinity with respect to Ca?* [45, 46]. The main
difference in the secretion of a.-amylase and levansaccha-
rase consists in kinetics of these processes: the rate of pro-
cessing of signal peptide was higher in the case of a-amy-
lase, whereas the release of a-amylase was two times
higher than that of levansaccharase. The use of fluores-
cent methods revealed the intermediary folding product
at the stage of release of B. subtilis o.-amylase from the
membrane into the cultivation medium [47]. This inter-
mediate was inactive, and it was characterized by a rela-
tive stability to proteases. It was shown that the interac-
tion underlying cation transfer from a ligand to ligand
(e.g., teichoic acid to the protein) is more thermodynam-
ically favorable than the binding of fully hydrated cations
from the solution [39]. The transition of a protein mole-
cule into mature conformation requires the presence of
Ca”". (Although, the metal ions were not preserved in the
associated state with the mature protein form.)
Production of the mutant B. subtilis a-amylase, charac-
terized by increased total positive charge of the protein
globule, was significantly lower than in the case of the ini-
tial strain. The folding rate of the mutant protein exhibit-
ed the pronounced dependence on the presence of Ca?"
in the medium. The increase of Ca’" concentration
caused an increase in the enzyme production [48]. To
determine the effect of total charge of the protein mole-
cule on later stages of B. licheniformis o.-amylase secre-
tion mutant protein with p/ of 5.0 and 10.0 and also
native protein with p/ of 7.0 were used [49].
Physicochemical characteristics and enzymatic proper-
ties of these enzymes remained virtually preserved. It was
shown that the positively charged protein interacts with
the components of the cell wall and this significantly
influences the pathway for its release into the outer envi-
ronment.

Thus, the formation of native conformation of
secreted proteins occurs in the outer compartments of
bacilli and this is mainly determined by environmental
conditions. Their changes cause the formation of prod-
ucts with incomplete folding which are cleaved by pro-
teases. This process coupled to the protein release into the
medium through the cell wall matrix is the rate-limiting
step of secretion. Some processes of uncontrolled secre-
tion are exceptions. In some cases B. subtilis protoplasts
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were used in experiments and the disruption of their cell
wall resulted in significant reduction of a-amylase secre-
tion [46]. Another fate (under stress conditions) was the
blockade of secretion of other proteins by overexpression
of stress proteins [50, 51].

We studied the secretion of various hydrolytic
enzymes by Bacillus intermedius. One of selected
enzymes, guanyl-specific ribonuclease (EC 3.1.4.23,
12.3 kD), contains a large number of hydrophobic amino
acid residues and in the absence of cysteine residues this
provides high resistance of the enzyme over a wide range
of pH and temperature [52]. The subtilisin-like thiol-
dependent serine protease (EC 3.4.21.62, 32.5 kD) is
characterized by increased content of Asx and Glx
residues; it has 1-3 residues of half-cystines per molecule.
This provides the maintenance of relatively stable confor-
mation. Calcium ions are involved in stabilization of the
protein molecule [53]. The alkaline phosphatase (EC
3.1.3.1, 46 kD) molecule lacks free SH groups or S—S
bonds; this enzyme is characterized by relative stability
[54]. In contrast to RNase, which is stable in the range of
pH 2-10 and resistant to heating up to 90°C the protease
is resistant (pH 6.3-10.5, and there was 10% inactivation
during exposure for 30 min at 55°C), whereas phos-
phatase is a labile protein (pH 8-10, and there was 60%
inactivation during 30 min at 55°C).

There was a coincidence between the dynamics of
synthesis of polyadenylated mRNA in B. intermedius cells
and dynamics of extracellular enzyme synthesis (RNase
and phosphatase) in phosphorus free synthesis, and also
correlation between accumulation of poly(A)"RNA and
alkaline protease synthesis in these bacteria [55].
Electrophoretic and immunological analyses of products
obtained after translation of bacterial poly(A)*RNA in
oocytes of the clawed frog (Xenopus) allowed identifica-
tion of certain hydrolases [56]. Thus, it was shown, that
the extracellular hydrolytic enzyme mRNA of B. inter-
medius was polyadenylated and this increased its stability,
which promoted maintenance of high level of hydrolase
syntheses during attenuation and full stop of the growth of
the culture.

Our data suggest differences in localization and
secretion of these proteins. In contrast to RNase which
bacteria almost completely released into the cultivation
medium (>99%) [57], the phosphatase (70%) and pro-
tease (~10%) were found in catalytically active form in
the cytoplasmic membrane. Active RNase was found in
the cell wall; it represented less than 1% of the secreted
enzyme [58]. Immunoblotting did not reveal the presence
of RNase or its intermediate products in the membrane
fraction [59]. In contrast to RNase, secretion of protease
and phosphatase occurs via two stage mechanism which
involves formation of active membrane bound form [60,
61]. The terminal stage of secretion, release of phos-
phatase and protease, requires the presence of metal ions
(Co*" and Ca?"). Metal cations do not influence RNase
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export. The mutant protein with substitutions of amino
acid residues involved formation of elements of secondary
structure of the mature molecule was employed in the
studies. Substitution of Trp34 for Asn involved in the for-
mation of o-helical structure at the N-terminus of
ribonuclease molecule caused blockade of protein
translocation but did not prevent protein interaction with
membrane [59]. It was concluded that effectiveness of
RNase secretion depends on the rate of formation of sec-
ondary elements in the protein molecule. The RNase
molecule is characterized by spontaneous formation of
active conformation [62] which is realized after translo-
cation and processing. Our data suggest that structural
properties influence routes of their release from bacterial
cells into the medium. Thus, later stages of exoprotein
secretion in bacilli may be realized via different mecha-
nisms that are determined by structural features of the
secreted proteins.

We found hydrolases, particularly proteases, which
bacteria secrete at later stages of spore formation, corre-
sponding to spore maturation and sporangium autolysis
[63]. Study of B. intermedius subtilisin gene expression by
the recombinant strain of B. subtilis deficient in extracel-
lular proteases revealed the same course of enzyme accu-
mulation as in initial strain. Subtilisin was secreted into
the medium at the initiation stage of spore formation in
the culture, whereas maximal level of subtilisin secretion
corresponded to late stages of sporulation. However, we
observed some changes in physicochemical characteris-
tics of the enzyme (e.g., insignificant shift of pH optimum
for this protease). It is possible that changes in microen-
vironment may influence the process of enzyme activa-
tion. The process of spore formation is characterized by
significant changes in the structure of the cell wall [64].
This leads to changes in composition and concentration
of folding effectors (molecular chaperones involved in
subtilisin maturation, Ca?" concentration), which can
influence formation of mature structure of this enzyme.

ROLE OF MATURE SEQUENCE IN SECRETION

Signal peptides of protein precursors in bacilli are
replaceable and heterologic proteins are secreted by B.
subtilis cells with different efficacy [65]. This suggests that
mature sequence of exported polypeptides plays a certain
role in protein secretion [66].

The kinetics of signal peptide cleavage was analyzed
for a set of heterologic proteins of recombinant strains of
B. subtilis [66, 67]. Hybrid proteins included sequences
of each of four polypeptides, E. coli alkaline phos-
phatase, staphylococcus protein A (42 kD), RNase (EC
3.1.4.23, 12.382 kD), and B. amyloliquefaciens levansac-
charase (EC 2.4.1.1, 50 kD), and one of signal peptides
of the following extracellular proteins of B. amyloliquefa-
ciens: alkaline protease (EC 3.4.21.62, 27.5 kD), neutral
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protease (EC 3.4.24.3, 38 kD), RNase, and levansaccha-
rase. It was shown that in any of heterologic precursors
the rate of signal peptide cleavage was determined by
both signal peptide structure and the mature sequence
[68]. Effects of most point mutations in the signal pep-
tide of alkaline protease depended on the sequence of the
mature protein (alkaline protease or alkaline phos-
phatase of E. coli) [66].

Deletion in the mature sequence of B. licheniformis
subtilisin caused accumulation of protein precursor in the
membrane [69]. It was concluded that secretion was dam-
aged at the stage of protein translocation or protein
release from the membrane. Certain evidence exists that
the mature sequence influences protein release from the
membrane after signal peptide removal: mutant B. subtilis
levansaccharase with substitution at the 336 position was
not released from the membrane [70].

ROLE OF CELL WALL IN LATE STAGES
OF SECRETION

Cell wall is the other critical factor at final stages of
protein secretion in bacilli. Cell wall forms the microen-
vironment for completion of protein export and forma-
tion of mature conformation of exported proteins. In
bacilli cell wall consists of peptidoglycan with covalently
bound teichoic acids. In this microenvironment protein
binding in vivo is realized together with changes occurring
in this compartment during translocation. In vegetative
bacillus cells the cell wall and teichoic acids contain D-
alanine residues, which finally determine density of total
negative charge of the cell surface [71]. Free hydroxyl
groups in teichoic acids may be substituted for D-alanine
residues; this reduces negative charge of the cell wall and
its ability to bind cations required as cofactors for post-
translational protein folding. Experiments with label
revealed that effectiveness of exoprotein secretion by pro-
toplasts which are formed after cell wall removal was sig-
nificantly lower than by intact B. subtilis cells [72]. This
demonstrates cell wall requirement for effective secretion.
Proteins translocated through the cell wall in partially or
completely folded state may be subjected to temporal
association with cell wall components. In the case of o.-
amylase secretion longer time interval required for its
release into the medium than in the case of levansaccha-
rase may be attributed to their different affinity to cell wall
components [47].

Impairments in exoprotein secretion in mutants of
B. subtilis deficient by foldase PrsA3 were overcome by
suppressor mutation in the dlt-operon, controlling D-
alanylation of teichoic acids [73]. In wild type B. subtilis
cells free hydroxyl groups of phosphoric acid residues in
lipoteichoic and teichoic acids may be substituted with
D-alanine residues by 50 and 25%, respectively [71]. dit-
Mutants were characterized by the absence of D-alanine
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in teichoic acids of the cell wall. The change in total
charge of cell wall promoted activation of some proteins
localized on the outer surface of the membrane; such
activation of PrsA-lipoprotein resulted in stimulation of
release of polypeptides which are folded in PrsA-depend-
ent manner [73]. Increased total negative charge of cell
wall increases affinity with respect to Ca?" and this pro-
motes posttranslational folding of Ca?*-dependent pro-
teins. Reduction of PrsA level below 200 molecules per
cell abolished cell growth due to impairments of cell wall
polymer synthesis. dlt-Mutation not only suppressed
prsA3-mutation but also maintained cell growth under
PrsA deficit. Thus, the absence of D-alanylation stabi-
lizes proteins essential for synthesis of cell wall compo-
nents.

For characterization of the interaction between a
secreted exoprotein and cell wall components, refolding
kinetics of levansaccharase and o-amylase of B. subtilis
was investigated in vitro in the presence of polyphosphates
of various length (2 < n < 65) at pH 7 and 37°C [74].
Soluble anionic polymers simulated the role of teichoic
acids. In contrast to a-amylase, levansaccharase rapidly
formed native structure in the presence of polyphosphates
(n > 16) even in the absence of Ca?". This effect explains
the different rate of translocation of these proteins
through the cell wall.

Study of expression of the a-amylase gene under
control of the sacR signaling sequence in strain B. subtilis
degU32(Hy) by using impulse protein labeling revealed
that the rate of release of enzyme molecules after cleavage
of signal peptide decreased in the period of steady state
phase (¢, = 2 min versus 7, , = 3.2 min in the exponential
phase of growth) [75]. Effectors controlling the stage of
release (PrsA level or Ca?*-binding properties of cell wall)
remained unchanged. The difference in effectiveness of
secretion might be attributed to changes in structural
components of the cell wall, which are observed at differ-
ent stages of growth of microorganisms. It is also possible
that stability of o-amylase mRNA varies at different
phases of growth [9].

Thus, folding properties play essential role in the
mechanism of protein secretion in bacilli. Folding kinet-
ics of secreted proteins depends on composition and
amount of specific effectors in microenvironment and
also on chemical composition and total charge of the cell
surface, which are determined by structural components
of the cell wall. Realization of certain mechanisms of pro-
tein release into the medium depends on properties of the
protein structure.

SECRETION AND SPORULATION

Studies of protein secretion are especially interesting
at the steady state growth phase which is accompanied by
initiation of spore formation. The formation of spore-
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specific proteins is characterized by diversity of posttrans-
lational modifications, including proteolytic processing,
protein-dependent transfer directed to correct interac-
tion of individual components, and delivery into spore
compartments [76]. Endospores are covered by a protein
shell, which provides resistance of spores and their ability
to monitor environment and rapid onset of germination
under favorable conditions [77]. The spore shell consists
of a group of heterogeneous proteins, which includes
more than 20 polypeptides of molecular masses ranged
from 6 to 69 kD. They form three structural layers.
Assembly of proteins constituting this shell is a rather
slow process that is accompanied by significant morpho-
logical changes in the cell [77, 78]. A protein of molecu-
lar mass of 30 kD was isolated from spores of B. subtilis
gerE-mutant; this protein is crucial for assembly of the
spore shell [76]. The N-terminal sequence of this protein
shared homology with product of gene fasA. Expression of
this gene is controlled by ocH and formation of mature
conformation of TasA depends on SipW signal peptidase
type I [76]. The mature polypeptide was found in super-
natant of sporulating culture and also inside cells right
after the beginning of sporulation. So, it was concluded
that TasA is secreted into the prespore compartment at
the stage of septa formation. Later, after prespore engulf-
ing by the parent cell TasA is activated in the septoproxi-
mal field located between two spore membranes; this is
required to center the organization of internal layers of
forming spore shell. The protein TasA represents the first
example of polypeptide involvement in assembly of pro-
teins of the spore shell. The production of these proteins
is not specific for the parent cell [76, 79, 80]. Based on
these data, the authors consider protein secretion as a
specific mechanism required for spore shell formation. It
is possible that assembly of this shell is initiated during
septa formation via synthesis of certain proteins that are
directly secreted to the prespore compartment. This is
consistent with results that synthesis of components of
secretion machinery (Sec-proteins) is required at inter-
mediate stages of differentiation [81]. Spontaneous sup-
pressor mutations obtained on the basis of secAl2-
mutant of B. subtilis (deficient by SecA) are localized in
transmembrane SecY-protein. The expression of early
sporulation genes kinA and spo0A encoding histidine
kinase and transcription factor for induction of sporula-
tion genes was preserved in the suppressor mutants [81].
It was concluded that translocase functioning coupled to
Sec-proteins is necessary for the development of sporula-
tion in B. subtilis cells.

ROLE OF FtsH-PROTEIN IN SECRETION
IN BACILLI

FtsH-protein belongs to the prokaryotic AAA-pro-
tein family (ATPases associated with multiple cell activi-
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ty). The AAA-proteins are involved in secretion of
polypeptides, assembly of integral membrane proteins,
proteolysis, cell cycle control, etc. FtsH is an integral
protein of 70.7 kD. Its N-terminus contains hydrophobic
segments which are anchored at phospholipid mem-
branes by two transmembrane loops [82]. The region
including from 25 to 95 amino acid residues flanks at the
outer side of the membrane. The C-terminal conservative
domain is exposed to the cytoplasm; it contains ATP-
binding domain and a sequence similar to active site of
Zn-dependent metalloproteases [83]. There are about
400 molecules of FtsH-protein in the cell. Mutation
analysis revealed that FtsH is involved in proteolytic
degradation of SecY molecules unbound to SecE; FtsH
may also influence protein secretion processes [84].

In E. coli FtsH-protein is a membrane-bound ATP-
dependent metalloprotease acting with respect to tran-
scription factor o [83]. This suggests the existence of a
new mechanism of gene regulation involving rapid con-
trol of gene activity by hydrolysis of key regulatory pro-
teins by cell proteases [85-87].

A gene encoding FtsH was identified in B. subtilis
cells [88]. Mutations in B. subtilis fts H gene were accom-
panied by impaired cell growth and assembly of mem-
brane penicillin-binding proteins, PBP2A, PBP2B,
PBP4 [89]. PBP2A-protein is involved in synthesis of B.
subtilis cell wall [90]. The content of this protein in
membrane progressively decreases during transition to
sporulation when there is no need for cell wall elonga-
tion. PBP2B-protein is employed for asymmetrical septa
formation and therefore it is required for cell growth and
sporulation [91]. The function of PBP4 remains unclear.
In B. subtilis FtsH is involved in regulation of PBP pro-
tein assembly.

In bacilli ftsH-mutation causes cell response after
spore formation and action of high salt concentrations
[89]. Cell functioning in normal medium and renewal
of cell growth are accompanied by 2-fold increase of
ftsH transcription. Increase of fts H gene expression dur-
ing stress in bacilli resembles response of E. coli cell to
heat shock [83]. Since FtsH is anchored to the mem-
brane by two transmembrane domains, this site might
function as a part of sensor domain responding to stress
conditions. Structural features of FtsH are suggested to
be similar with integral membrane components of sig-
nal transducing systems, but search for homology of
genes encoding corresponding proteins did not give
positive results [82].

Certain evidence exists that B. subtilis ecs-operon
encodes ABC-transporter, which is a part of a signal-
transducing mechanism,; it is also involved in regulation
of synthesis of components of protein secretion machin-
ery and synthesis of exoproteins [92].

It was shown that ftsH gene expression reduced dur-
ing cell differentiation; spollE gene was not expressed in
ftsH-mutant [89]. SpoVM-polypeptide which consists of
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26 amino acid residues (3 kD) inhibited activity of
FtsH-protease [93, 94]. Production of o-factors (ot and
o) and spore-specific genes was impaired in spoVM-
and fts H-mutants. Analysis of double mutations spo VM-
ftsH revealed, that the interaction between SpoVM and
FtsH is required for termination of engulfment of pres-
pore by the parent cell. At a new level of complexity the
transcription control by means of peptide inhibitors cir-
culating between inner and outer cell surfaces as infor-
mation messengers plays a key role for substantiation of
a new regulatory mechanism in microbial systems [49,
95, 96].

There is increasing evidence that FtsH has multiple
functions in prokaryotic cells. Mutations of the ftsH gene
are highly pleiotropic; they affect cell growth, viability,
events associated with protein—membrane interaction,
secretion, assembly of polypeptides in membrane, and
spore formation. Mutation analysis revealed that FtsH
may function as chaperone promoting protein secretion
and proteolysis of various proteins including transcription
control factors.

Thus, after transmembrane translocation secreted
proteins pass through the cell wall and undergo posttrans-
lational modifications at the final stage of secretion. This
results in formation of stable three-dimensional struc-
tures of protein molecules, which are preserved over the
whole period of their life in the surrounding medium. The
rate and effectiveness of polypeptide folding are critical
factors in production of corresponding proteins and
enzymes. Maintenance of posttranslational control on
the structure and function of protein depends on the
presence of various folding effectors, molecular chaper-
ones, and also ATP-dependent proteases, which can rec-
ognize specific domains, exposed at unfolded sites of the
exported polypeptides [97]. Molecular chaperones and
folding effectors localized at the external surface of bacil-
li are involved in protein folding and prevention of protein
aggregation, whereas energy-dependent proteases irre-
versible eliminate damaged proteins. This discrimination
of functions of effectors, chaperones, and proteases
determines fate of secreted protein (whether or not the
secreted protein will be cleaved before termination of for-
mation of its mature conformation) [97]. Studies on the
role of cell wall in protein secretion in bacilli suggest that
it is an active participant of this process; the cell wall rep-
resents the microenvironment for later stages of exopro-
tein secretion and not just a mechanical permeability bar-
rier as suggested earlier [98].
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