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Enhancing Effect of Bacillus subtilis Ffh, a Homologue of the SRP54
Subunit of the Mammalian Signal Recognition Particle, on the Binding
of SecA to Precursors of Secretory Proteins In Vitro®
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The precursors of B-lactamase fusion proteins having the signal peptide of Bacillus
subtilis alkaline protease (pAprE-BlaH6) or penicillin binding protein 5* (pPBP5*-BlaH6)
accumulated in B. subtilis cells in the absence of SecA or Ffh. Using the five purified
precursors of secretory proteins including the two fusion proteins, B. subtilis Ffh and SecA,
we analyzed the protein targeting mechanism of B. subtilis in vitro. B. subtilis SecA
recognized the completely translated precursors of secretory proteins to which Ffh also
bound. Moreover, B. subtilis SecA-precursor complex formation was enhanced 15- to 30-
fold when the precursor and Ffh were incubated first and then SecA was added, but not vice
versa. We also found that B. subtilis SecA directly interacted with Ffh in vitro. These
results indicate that B. subtilis SecA and Ffh interact to function cooperatively in a protein
translocation pathway including other protein factors, and that Ffh, as well as SecB in
Escherichia coli, enhances the binding of SecA to presecretory proteins in B. subtilis cells.
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In mammalian cells, the signal recognition particle (SRP)
plays a central role in the recognition and targeting of
presecretory proteins to endoplasmic reticulum mem-
branes (1). SRP is a ribonucleoprotein complex composed
of one RNA (SRP 7S RNA) and six proteins (SRP9, SRP14,
SRP19, SRP54, SRP68, and SRP72) (2). SRP54 consists of
a structurally distinct N-terminal G-domain and a C-ter-
minal M-domain (3, 4). Liitcke et al. (5, 6) reported that
the M-domain of SRP54 binds to a signal peptide of a
nascent presecretory protein, probably through direct
interaction with the hydrophobic region in the signal
peptide. This causes elongation of the nascent polypeptide
chain on the ribosome to be arrested (2, 6). The complex
formed through this interaction is targeted and then binds
to a hetero dimeric SRP receptor (SRa and SRZA) on the
endoplasmic reticulum membrane, followed by transloca-
tion to the membrane (2, 6, 7).

On the other hand, a nascent presecretory protein is
thought to be recognized by molecular chaperones such as
SecB in Escherichia coli (8), and the function of SecB is to
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carry the precursor of a secretory protein to membrane
bound SecA, which is the peripheral ATPase subunit of
translocase. This process involves SecA binding to the
precursor of the secretory protein-SecB complex through
the direct interaction of SecB as well ag the leader and
mature domains of the presecretory protein (9). The
precursors of secretory proteins are then translocated
across the cytoplasmic membrane through a SecA ATPase-
dependent translocase consisting of SecE, SecG, SecY, and
other membrane proteins (9, 10). It has been revealed that
SecA promotes protein translocation during cycles of SecA
insertion and deinsertion on SecYEG on the membrane (11,
12). Therefore, it has been considered that the protein
translocation system of E. coli differs from those of
mammalian cells. However, other evidence has revealed
similarity between the protein translocation pathways of
eukaryotes and prokaryotes, although a homologue of
prokaryotic SecA has not been identified in mammalian
cells. Homologues of SRP 7S RNA and SRP54 have been
identified in animals, plants, yeasts, eubacteria, archaebac-
teria, and chloroplasts (13-15). E. coli 4.5S RNA and Ffh
protein, which are the homologues of SRP 7S RNA and
SRP54, respectively, form a complex that can specifically
interact with the signal peptide of nascent secretory
proteins (I16). Furthermore, Luirink et al. (16) proposed
that the role of E. coli SRP is that of a chaperone that is
specific for the signal sequence of nascent proteins and
which maintains them in a translocation-competent confor-
mation. The Ffh/4.5S ribonucleoprotein complex tightly
binds to FtsY, a homologue of the SRP-receptor «-subunit
(SRa) in a GTP-dependent manner (13). Therefore SRP,
SRP receptor and Sec61a (a mammalian homologue of the
SecY subunit) (17) are thought to be basically conserved in
the protein translocation pathways of prokaryotic cells.
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Recent studies indicated important roles for E. coli SRP
and FtsY in the assembly of inner membrane proteins as
opposed to the Sec machinery mediating the posttrans-
lational targeting of secretory proteins (18-21). However,
little is known about the passage of presecretory proteins
from SRP to the Sec machinery.

Bacillus subtilis is a Gram-positive bacterium that
secretes higher levels of many enzymes into the culture
media than E. coli. Homologues of E. coli SecA, SecE, and
SecY have been identified in this organism, as have an
SRP-like particle and its receptor (Srb renamed FtsY in the
B. subtilis genome project, see Ref. 30) (22-28). B. subtilis
SecA has been isolated as a homodimer of 94 kDa subunits
possessing ATPase activity that is stimulated in the pre-
gence of presecretory proteins and inverted membrane
vesicles (25, 29). A B. subtilis SecA (secA341ts) mutant
accumulates the precursor proteins of a-amylase and 8-
lactamase at 45°C (25). B. subtilis SecA cannot comple-
ment the depletion of E. coli SecA either in vivo or in vitro
(25). Homologues of E. coli SecB were not found in B.
subtilis on a computer search for the complete nucleotide
sequence of its chromosomal DNA (30).

Small cytoplasmic RNA (scRNA) is a 271 nts homologue
of SRP 7S RNA (300 nts), which has a secondary structure
similar to that of mammalian SRP 7S RNA (31). It differs
from E. coli 4.5S RNA in size (114 nts) and secondary
structure. Nakamura et al. (32) reported that B. subtilis
Ffh, a homologue of SRP54 protein, forms a complex with
scRNA in B. subtilis cells, and we found a protein that
bound to scRNA recently (Yahagi, Yamasaki, Nakamura,
and Yamane; unpublished observations). Depletion of Ffh
or scRNA inhibits the secretion of extracellular «-amylase
and S-lactamase by B. subtilis (24, 26). The B. subtilis
SRP-like particle is essential for normal cell growth and
protein translocation (26). Bunai et al. (33) and Takamatsu
et al. (34) reported that B. subtilis Ffh can intrinsically
bind to precursors of 8-lactamase (pBlaH6) and its fusion
proteins, which have the signal peptide of E. coli outer
membrane protein A (pOmpA-BlaH6), B. subtilis alkaline
protease (pAprE-BlaH6), B. subtilis penicillin binding
protein 5* (pPBP5*-BlaH6), or alkalophilic Bacillus sp.
#1011 cyclodextrin glucanotransferase (pCGTase-BlaH6)
at the site containing the hl hydrophobic region of the
M-domain. Therefore, both SecA and Ffh participate in the
translocation of a presecretory protein in B. subtilis.
However, little is known about the functional relationship
between B. subtilis SecA and Fth.

This study showed that B. subtilis SecA binding to
presecretory proteins is enhanced 15- to 30-fold when the
precursors are initially incubated with B. subtilis Ffh in
vitro. We also found that B. subtilis SecA directly interact-
ed with Ffh in vitro. We therefore propose that B. subtilis
SecA and Ffh interact to function cooperatively in a protein
translocation pathway including other protein factors.

MATERIALS AND METHODS

Strains—We used B. subtilis strain 168 (trpC2) as the
wild type strain, TB301 (&pC2, secA341) as the secA ts
mutant (35), DF46 (&rpC2, spac-1:: ffh, penP-lacl, Cm") as
a conditional mutant of Ffh (26), and E. coli strains JM109
(recAl, endA1, gyrA96, thi, hsdR17, supE44, relAl, A1-,
A(lac-proAB), ¥’ [traD36, proAB*, lacld, lacZAM15])
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(36), BA13 (F-, araD136, AlacU169, relA, rpsL, thi,
secA13*™e" supF*) (37), M15 (Nal®, Str*, rif®, lacl-,
ara~, gal~, mtl~, F-, recA*, uvr*) (Qiagen, Chatsworth,
CA), and MM52 (F-, araD136, A(lac)U169, reld, rpsL,
thi, secA51(Ts)) (38).

Antisera—W e raised rabbit anti-B. subtilis SecA (25),
rabbit anti-B. subtilis Ffh (26), and rabbit anti-CGTase
antisera (39). Rabbit anti-g-lactamase and rabbit anti-
catalase antisera were purchased from 5-3" Inc. Co. and
Poly Science Inc., respectively.

Cell Lysate Preparation—We constructed E. coli-B.
subtilis shuttle plasmids pTUBE1234 and pTUBE1235
encoding B. subtilis alkaline protease-g-lactamase fusion
protein (AprE-BlaH6) and B. subtilis penicillin binding
protein 5*-8-lactamase fusion protein (PBP5*-BlaH6),
respectively (37). The mature region of §-lactamase (40 to
283 amino acids) was fused downstream of the signal
peptide of each secretory protein. In these plasmids, the
gene encoding each recombinant 8-lactamase exists down-
stream of the tetracycline resistant gene in the same
direction and should be constitutively expressed. B. subtilis
168 or TB301 transformants carrying plasmid pTUBE1234
or pTUBE1235 were cultured in 5 ml of Luria-Bertani
medium (L-broth) supplemented with 10 zg/ml of tetracy-
cline at 30°C for 4 h. Thereafter, the transformants were
incubated for a further 2 h at 30 or 42°C. B. subtilis DF46
transformants were cultured in 10 xg/ml of tetracycline at
37°C in the presence or absence of 1 mM IPTG until the
absorbance at 660 nm reached about 0.3. The cells were
harvested by centrifugation, suspended in 100 x] buffer I
(25 mM Tris-HCI, pH 8.0, 10 mM EDTA, 50 mM glucose,
1% lysozyme), incubated at room temperature for 5 min,
and then boiled in the presence of 0.4 M Tris-HC], pH 6.8,
2% SDS, 5% mercaptoethanol, and 10% glycerol for 5 min
before use as the cell lysate preparation.

Purification of Recombinant S-Lactamases with a 6X
His Tag Using Ni-NTA Agarose Beads—We constructed
E. coli plasmids pTUE1251, pTUE1253, pTUE1254,
pTUE1255, and pTUE1256 encoding S-lactamase of E. coli
plasmid pUC18 (BlaHS6), E. coli OmpA-8-lactamase fusion
protein (OmpA-BlaH6), B. subtilis alkaline protease-g5-
lactamase fusion protein (AprE-BlaH6), B. subtilis penicil-
lin binding protein 5*-8-lactamase fusion protein (PBP5*-
BlaH6), and alkalophilic Bacillus sp. #1011 cyclodextrin
glucanotransferase-8-lactamase fusion protein (CGTase-
BlaH6), respectively (33). The mature region of 8-lactam-
ase (40 to 283 amino acids) was fused downstream of the
signal peptide of each secretory protein and six consecutive
histidine residues (6 X His tag) were connected to the C-
terminal of the £-lactamase region, as shown schematically
in the structures of the fused £-lactamases predicted from
their nucleotide sequences (Fig. 1). These fusion genes
were placed under the control of the tac promoter for
overexpression with I[PTG. To purify the precursors of
f-lactamase and other fusion proteins, the constructed
plasmids were transformed into an E. coli secA mutant
(secA13%™*¢T) (BA13). E. coli BA13 transformants carrying
pTUE1251, pTUE1253, pTUE1254, pTUE1255, and
pTUE1256 were cultured in 200 ml of L-broth containing
50 ug/ml of ampicillin at 30°C for 2 h. Thereafter, 1 mM
IPTG was added and the transformants were incubated for
a further 2 h at 42°C. The precursors of -lactamase fusion
proteins in cell lysates in buffer I (50 mM Na,HPO,-NaH,-
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PO,, pH 7.8, 300 mM NaCl, 1% SDS) were purified with
Ni-NTA agarose beads (Qiagen Inc., Chatsworth, CA). The
samples were then mixed with buffer III (50 mM Na,-
HPO,-NaH,PO,, pH 7.8, 300 mM NaCl, 8 M urea) contain-
ing 200 mM imidazole. To prepare the mature forms of the
five fusion proteins, E. coli BA13 transformants carrying
pTUE1251, pTUE1253, pTUE1254, pTUE1255, and
pTUE1256 were cultured in 200 ml of L-broth sup-
plemented with 50 zg/ml of ampicillin at 30°C for 2 h, and
then 1 mM IPTG was added for a further 3 h culture. The
mature forms of the S-lactamases were likewise purified.
The estimated purity of the proteins was over 30%, as
judged on laser densitometry of a Coomassie Brilliant
Blue-stained gel using NIH image software.

Expression and Purification of B. subtilis SecA—The B.
subtilis SecA protein was purified as described (25). An E.
coli MM52 transformant carrying pTUE855 (25), in which
B. subtilis secA was under the control of the tac promoter,
was incubated at 30°C for 6h in 2.5 liters of L-broth
containing 50 ug/ml of ampicillin. After induction with 1
mM IPTG for 4 h, the cells were harvested by centrifuga-
tion and then suspended in 10 mM potassium phosphate
buffer (pH 7.2) (80 ml). The cells were disrupted by sonic
oscillation, and then the cell debris was removed by
centrifugation. The precipitate obtained on saturation with
40 to 50% (NH,),S0, was dialyzed against 10 mM potas-
sium phosphate buffer (pH 7.2) and then applied to a
hydroxyapatite column (2.5 by 12 cm) equilibrated with
the same buffer. SecA was eluted with a linear gradient of
10 to 250 mM potassium phosphate buffer (pH 7.2). The
purity of the preparation was over 90%, as judged on laser
densitometry of a Coomassie Brilliant Blue-stained gel
using NIH image software.

Expression and Purification of B. subtilis Ffh with a 6 X
His Tag—B. subtilis Ffh with a 6 X His tag was purified
according to the method of Nakamura et al. (32). The B.
subtilis Ffh protein cloned in pTUES815 (32) was expressed
in E. coli M15 harboring pREP4 (Qiagen Inc., Chatsworth,
CA). Cells were harvested and suspended in 10 ml of buffer
IV (20 mM Tris-HCI, pH 8.0, 5 mM MgCl,, 150 mM NaCl,
10% glycerol, 0.05% NP40, 0.1 mM PMSF). Glass beads
were added and then the mixture was vigorously vortex-
mixed. The supernatant separated from the glass beads was
centrifuged. The precipitate was dissolved in 10 ml of
buffer V (0.1 M NaH,PO,, 0.01 M Tris-HCl, pH 8.0, 8M
urea) and centrifuged again. Thereafter, Ni-NTA agarose
beads were added to the supernatant. The Ni-NTA agarose
beads were finally eluted with buffer VI (same composition
as buffer V but the pH was 6.3) containing 200 mM imid-
azole. The eluted protein was sequentially dialyzed against
buffer VII (20 mM Tris-HCl, pH 7.5, 0.5 M NaCl, 50%
glycerol, 0.1 mM PMSF) containing 6, 4, 2, and 0 M urea.
The estimated purity of the protein was 95%, as judged on
laser densitometry of a Coomassie Brilliant Blue-stained
gel using NIH image software.

Ligand Affinity Blotting—Ligand affinity blotting was
performed according to a slight modification of the proce-
dure described by Snyders et al. (40). The purified B.
subtilis Ffh or catalase dissolved in buffer VII was resolved
by PAGE in the presence of 0.1% SDS and then blotted onto
a PVDF membrane. Thereafter, the blotted membrane was
coated with skim milk to block nonspecific binding and
washed with buffer VIII [20 mM Tris-HCl, pH 8.0, 154
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mM NaCl, 0.2% Tween 80 (v/v)]. B. subtilis SecA or
catalase dissolved in 10 mM potassium acetate (pH 7.2)
was applied to this membrane. We detected B. subtilis
SecA bound to transblotted Ffh on the membrane using
anti-SecA antiserum, followed by ECL (Pharmacia-
Amersham).

Identification of Ffh-SecA Complexes (Tag-Precipitated
Assay)—Buffer VII containing 0.2 nmol of B. subtilis Fth
with a 6 X His tag was mixed with 0.1 nmol of the purified
B. subtilis SecA dissolved in 10 mM potassium acetate (pH
7.2), followed by incubation for 15 min at 20°C. Ffh-SecA
complexes were pelleted using Ni-NTA agarose beads,
washed 3 times with 1 ml of buffer IX (50 mM Tris-HCI,
pH 8.0, 150 mM NaCl, 0.1 mM EDTA, 2% Triton X-100),
and then boiled for 5 min in the presence of 0.4 M Tris-HC1
(pH 6.8), 2% SDS, 5% mercaptoethanol, and 10% glycerol.
The sample was resolved by PAGE in the presence of 0.1%
SDS and then blotted onto a PVDF membrane. We detected
SecA on the membrane using anti-SecA antiserum, follow-
ed by ECL.

Identification of the Complexes of SecA and Precursors
of pB-Lactamase Fusion Proteins—Samples containing
precursors of 8-lactamase or its derivatives denatured with
8 M urea were mixed with the purified B. subtilis SecA
protein dissolved in 10 mM potassium acetate (pH 7.2),
followed by incubation for 15 min at 20°C. SecA-precursor
complexes that formed in the mixture were sedimented
using anti-SecA antiserum and protein-A-Sepharose beads
(Sigma, St. Louis). The pellets were washed three times
with buffer IX, and then boiled for 5 min in the presence of
0.4 M Tris-HC), pH 6.8, 2% SDS, 5% mercaptoethanol, and
10% glycerol. Samples were resolved by PAGE in the
presence of 0.1% SDS and then blotted onto a PVDF
membrane. We detected 5-lactamase and its derivatives on
the membrane using anti-3-lactamase antiserum, followed
by ECL.

General DNA Manipulations—DNA manipulations and
E. coli transformation were performed according to Sam-
brook et al. (41). B. subtilis was transformed by the method
of Wilson and Bott (42).

RESULTS

Translocation of B-Lactamase Fusion Proteins in B.
subtilis Cells Depends upon SecA and Ffh—To confirm that
the translocation of the g-lactamase fusion proteins is
dependent on both Ffh and SecA in B. subtilis cells, we
examined the accumulation of their precursors under Ffh
and SecA deficient conditions. Plasmids pTUBE1234 and
pTUBE1235 encoding the precursors of AprE-BlaH6 and
PBP5*-BlaH6, respectively (Fig. 1), were transformed into
B. subtilis 168, TB301 containing secA34Its (35), and
DF46, in which the entire ffh gene on the chromosome is
only expressed in the presence of IPTG (26). The TB301
and 168 transformants were cultured at 30°C overnight,
and then seeded (4%, by volume) into fresh medium for 3
h at 30°C. The cultured medium of one sample of each
transformant was shifted to 42°C, and then the strains were
incubated for 2h at 42°C. The remaining cultures were
incubated at 30°C. Cell lysates were prepared as described
under “MATERIALS AND METHODS,” and separated by
SDS-PAGE, and then the precursor and mature forms of
AprE-BlaH6 and PBP5*-BlaH6 were detected by immuno-
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blotting. At the permissive temperature, at which B.
subtilis SecA 1is expressed, no precursor accumulated in
either strain when pg-lactamase fusion proteins were
detected by immunoblotting using anti-B-lactamase
antiserum (Fig. 2, lanes 1, 3, 5 and 7). In contrast, SecA was
undetectable and the precursors of both pAprE-BlaH6 and
pPBP5*-BlaH6 were detected at the non-permissive tem-
perature in TB301 (Fig. 2, lanes 6 and 8), but not in 168
(Fig. 2, lanes 2 and 4). About 74% of AprE-BlaH6 and 85%
of PBP5*-BlaH6 were found to be in the precursor form in
TB301. We similarly examined B. subtilis DF46 transfor-
mants that were cultured for a few hours to reach an
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absorbance at 660 nm of 0.3 in the presence or absence of
IPTG. Cell lysates were prepared and accumulation of the
precursor forms of f-lactamase fusion proteins was ex-
amined (Fig. 2, lanes 9-12). In the absence of IPTG, the
level of Ffh was reduced and both precursors were detected
(Fig. 2, lanes 10 and 12), as in the absence of SecA. About
half the levels pAprE-BlaH6 and pPBP5*-BlaH6 were
found to be in the precursor form. CGTase-BlaH6 was also
found in the precursor form in both TB301 and DF46 (data
not shown). Therefore, the translocation of these three
fusion proteins requires both SecA and Fth in B. subtilis
cells.

- pBlaHé6
+ . ... -
MSIQHFRVALIPFFAAFCLPVFA mETLvﬁvf(nAEDQLG Blud0-283 B 6XHis
.. - pOmpA-BlaH6
MKKTRAIATAVALAGFATVAQA APKDNTWYTGAKLGWSQYHDTGFINNNGWHENQLGAGAFGGYQV Blad)-283 B 6XHis

+ + + v o+ -4 o
MRSKKLWISLLFALTLIFTMARSNMSAQA | AGKSSTEKK YIVGFl

4 +4 v - + 5 s
MRIFKKAVFVIMISFLIATYRVNTAHA AlDVSAKSAlIIDGASGI;VLY

++ 4 v - + - ; v
MKRFMKLTAVYWTLWLSLTLGLLSPYHA APDTSVSNKQNFSTDVIYJEMSES

Fig. 1. Schematic representation of the structures of g-lactam-
ase fusion proteins. The N-.terminal 39 amino acid residues of
pUC18 B-lactamase were replaced with the N-terminal region of E.
coli OmpA, B. subtilis AprE, PBP5*, or alkalophilic Bacillus sp. #1011
CGTase by gene manipulation. Arrowheads indicate potent cleavage

pAprE-BlaH6
W 6 His |

k) Blad0-283

pPBP5*-BlaH6
Blad0-283

M _6XHis |

pCGTase-BlaH6
6 His |

sites on each signal peptide. Gray boxes are amino acid residues
derived from the sequence encoded by the multi-cloning site of the
expression vector. These precursors have a 6 XxHis tag at their C-
termini and can be conventionally purified with Ni-NTA agarose
beads. The hydrophobic core region of signal peptide is boxed.

Bla40-283

Fig. 2. Dependence of AprE-BlaH6 and (A) (B) ©

PBP5*-BlaH6 translocation on SecA and Ffh

in B. subtilis cells. Plasmids pTUBE1234 and 168 TB301 DF4d6
pTUBE1235 encoding pAprE-BlaH6 (lanes 1, 2, ! } I I

5, 6, 9, and 10) and pPBP5*-BlaH6 (lanes 3, 4, 7, AprE PBPS* AprE PBP5* AprE PBP5*
8, 11, and 12), respectively, were introduced into — i1 DA | B f L) 1
B. subtilis 168 (wild type), TB301 and DF46. (A)  Temp. 30 42 30 42 Temp. 30 42 30 42 IPTG 4 — 4 —

and (B) Transformants of 168 and TB301 were 4

cultured at 30°C (lanes 1, 3, 5, and 7) or 42°C a
(lanes 2, 4, 6, and 8). Total proteins (10 zg each)
of cell lysates were resolved by SDS-PAGE. The
upper panels (A-a and B-c) are autograms of

S o e <n

(C) _____ (mM)

| <lp

immunoblots using anti-8-lactamase antiserum.

The lower panels (A-b and B-d) are immunoblots b
using anti-B. subtilis SecA antiserum. Arrow-
heads indicate the precursor (p) and mature (m)

--.--QSecA o

|
<ISecA | == == | <Ffh

forms of the fusion proteins in the upper panels
(A-a and B-c), and SecA in the lower panels (A-b

lane 1 2 3 4

56 7 8 9 10 11 12

and B-d). (C) DF46 transformants were cultured at 37°C in the presence (lanes 9 and 11) and absence (lanes 10 and 12) of IPTG. Total proteins
(10 ug each) were resolved by SDS-PAGE. The upper panel (C-e) is an immunoblot using anti-8-lactamase antiserum. The lower panel (C-f)
is an immunoblot using anti-B. subtilis Ffh antiserum. Arrowheads indicate the precursor (p) and mature (m) forms of the fusion proteins in

the upper panel (C-e) and Ffh in the lower panel (C-f).

J. Biochem.

ZT0Z ‘T 48qo100 Uo [eNidsoH Ue sy enybueyd e /Bio'sfeulnolpiosxo-qly/:dny wouy papeojumod



http://jb.oxfordjournals.org/

Enhancement of the Binding of B. subtilis SecA to Presecretory Proteins by Ffh

Analysis of Binding of B. subtilis SecA to Precursors of
B-Lactamase Fusion Proteins In Vitro—Direct evidence for
the SecA interaction with presecretory proteins (OmpF-
Lpp, proapolipoprotein) in E. coli was obtained by chemical
cross-linking with EDAC (43). However, whether or not B.
subtilis SecA can bind to precursors of secretory proteins
has not yet been examined in B. subtilis. We therefore
purified precursor proteins of 8-lactamase and its deriva-
tives, in which the signal peptide region was replaced with
that of E. coli OmpA, B. subtilis AprE, PBP5*, or an
alkalophilic Bacillus sp. #1011 CGTase (Fig. 1). The
precursor of BlaH6 denatured with 8 M urea was mixed
with B. subtilis SecA dissolved in 10 mM potassium acetate
(pH 7.2) in the presence of bovine serum albuminina 1:11
ratio, and incubated as described under “MATERIALS AND
METHODS.” Complexes were sedimented using anti-B.
subtilis SecA antiserum and protein-A-Sepharose beads.
The precursor of BlaH6 precipitated with SecA was sepa-
rated by SDS-PAGE and detected by immunoblotting with
anti-S-lactamase antiserum. A single band with a molecu-
lar mass corresponding to that of pBlaH6 was obtained in
the presence but not in the absence of SecA (Fig. 3, lanes 3
and 4). Corresponding bands of other precursor proteins,
pOmpA-BlaH6, pAprE-BlaH6, pPBP5*-BlaH6, and pCGT-
ase-BlaH6, were also detected (Fig. 3, lanes 5, 7,9, and 11).
In contrast, positive bands did not appear when mature
BlaH6 replaced the precursor protein (Fig. 3, lane 1). Bands
were undetectable when the mature forms of the other four
B-lactamase derivatives were added to the reaction mix-
tures (data not shown). These results indicated that B.
subtilis SecA recognizes the completely translated precur-
sors of secretory proteins denatured with 8 M urea.

Figure 3 indicates that B. subtilis SecA recognizes the
denatured presecretory proteins with signal peptides
derived from both Gram-negative and -positive bacteria,
and this coincided with the finding that the translocation of
B. subtilis a-amylase, pUC18 B-lactamase and E. coli
OmpA is dependent on SecA in B. subtilis (25, 44).
However, the E. coli secA mutant cannot grow at non-per-
missive temperatures when the wild-type B. subtilis secA*
gene is introduced (25).

B. subtilis Ffh Enhances Complex Formation between
SecA and Precursor Proteins—We investigated the rela-
tionship between Ffh and SecA in the protein translocation
pathway of B. subtilis cells. The effect of Ffh on the
formation of SecA and precursor protein complexes was
examined. We also studied the effect of SecA on the
formation of Ffh and precursor protein complexes. In the
first analysis, 0.003 nmol Ffh and 0.2 nmol precursor of

(A)mBla

Fig. 3. Presecretory protein binding activity of
B. subtilis SecA. Mature f-lactamase [mBlaH6

lane
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pPBP5*-BlaH6 denatured with 8 M urea were incubated
for 15 min at 20°C, and then 0.2 nmol SecA was added and
the mixture was further incubated for 15 min at 20°C.
SecA-pPBP5*-BlaH6 complexes formed in this reaction
mixture were sedimented using anti-B. subtilis SecA
antiserum and protein-A-Sepharose beads, and then re-
solved by SDS-PAGE. We detected pPBP5*-BlaH6 on
immunoblotting using anti-S-lactamase antiserum. The
band density was 10-fold that of the complex formed when
the pPBP5*-BlaH6 precursor was incubated without Ffh
(Fig. 4, lanes 1 and 2). The formation of Ffh-precursor
protein complexes was not enhanced by incubating SecA
and precursors before adding Ffh (data not shown). These
results indicated that B. subtilis Ffh can enhance the
interaction of SecA and pPBP5*-BlaH6.

We examined the effect of the Ffh concentration upon the
ability of Ffh to enhance SecA-precursor complex forma-
tion by using the precursors of PBP5*-BlaH6-and AprE-
BlaH6 (Fig. 5). Prior incubation of Ffh with the precursor
of pPBP5*-BlaH6 or pAprE-BlaH6 increased the maximal
amount of complexes about 30- and 15-fold, respectively
(Fig. 5, A and B) within 15 min compared with that in the
absence of Ffh. On the other hand, when an equal amount of
bovine serum albumin, which does not interact with the
precursor proteins, was added instead of B. subtilis Ffh, the

2 3 4

lane = | § EE
| | | =

| -

pPBP5*-BlaH6 ’~ 1 | ' ‘
L .
SecA - + o —
Fmh — + + -

Fig. 4. Interaction between SecA and the precursor of pPBP5*-
BlaH6 enhanced by Ffh. Purified B. subtilis Ffh (0.003 nmol)
dissolved in buffer VII (lanes 2 and 3) or buffer VII (lanes 1 and 4) was
mixed with 0.20 nmol of pPBP5*-BlaH6 denatured with 8 M urea.
SecA (0.2 nmol) dissolved in 10 mM potassium acetate (pH 7.2)
(lanes 1 and 2) or 10 mM potassium acetate (pH 7.2) (lanes 3 and 4)
was then added to these samples, followed by incubation for 15 min
at 20°C. The pPBP5*-BlaH6 bound to SecA was pelleted using anti-
SecA antiserum and protein-A-Sepharose beads. The precipitated
pPBP5*-BlaH6 was resolved by SDS.PAGE, and then detected by
immunoblotting using anti-f-lactamase antiserum.

(E)pPBP5
9 10 11 12

(B)pBla  (C)pOmpA (D)pAprE (F)pCGTase

9 3 4 s 6 7 8

(lanes 1 and 2) (A)], and precursors of S-lactamase
[pBlaH6 (lanes 3 and 4) (B)], OmpA-pB-lactamase
fusion protein [pOmpA-BlaH6 (lanes 5 and 6) (C)], of
AprE-f-lactamase fusion protein [pAprE-BlaH6
(lanes 7 and 8) (D)], PBP5*-5-lactamase fusion
protein [pPBP5*-BlaH6 (lanes 9 and 10) (E)], or

EEOEE

CGTase-f-lactamase fusion protein [pCGTase-
BlaH6 (lanes 11 and 12) (F)] (0.2 nmol each) denatur-
ed with 8 M urea were mixed with (lanes 1, 3, 5, 7,9,

A +— +— +— +— +— +-—

and 11) or without (lanes 2, 4, 6, 8, 10, and 12) 0.40 nmol of the purified B. subtilis SecA protein. The 8-lactamase bound to SecA was pelleted
using anti-SecA antiserum and protein-A-Sepharose beads. The 8-lactamase in the pellet was resolved by SDS-PAGE, and then detected by

immunoblotting using anti-A-lactamase antiserum.
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formation of SecA-precursor protein complexes did not
increase. When the efficiency of complex formation be-
tween SecA and precursor proteins was assessed using
EDAC, the similar enhancing effect was observed (data not
shown), suggesting that Ffh can directly enhance the
binding ability of SecA as to precursor proteins rather than
that the interaction of Ffh and SecA increases the amount
of Ffh-precursor protein complexes immunoprecipitated

Fig. 5. Analysis of the dependency (A)
on the concentration of Ffh of the —

Ffh-enhanced interaction between pPBP5*-BlaH6-»
SecA and precursor. Samples contain-
ing 0.20 nmol pPBP5*-BlaH6 (A) or
0.20 nmol pAprE-BlaH6 (B) denatured
with 8 M urea were mixed with 0, 4.0x
107% 4.0x107% and 4.0x 107! nmol or
0, 3.0X10™, 3.0x 102, and 3.0% 102 %

pPBP5*-BlaH6-»

Ffh concentration ___—— | Ffh concentration

BSA concentration ___——

K. Bunai et al.

with anti-B. subtilis SecA antiserum. During the incuba-
tion of Ffh and precursors, several concentrations of scRNA
were added. However, enhancement of the SecA-precursor
complex formation by Ffh was not obviously affected
(unpublished observations).

Formation of the B. subtilis Ffh-SecA Complex In
Vitro—Since B. subtilis Ffh enhanced the formation of
SecA-presecretory protein complexes, we investigated, by

(B)

= BSA concentration ———_]

nmol, respectively, of the purified B.

subtilis Ffh dissolved in buffer VII, 304 |-e-Fm
followed by incubation for 15 min at -O-BSA
20°C. SecA (0.2 nmol) dissolved in 10

mM potassium acetate (pH 7.2) was 20

added to these samples, followed by
further incubation for 15 min at 20°C.
The precursor of pAprE-BlaH6 or
pPBP5*-BlaH6 bound to SecA was
pelleted using anti-SecA antiserum and
protein-A-Sepharose beads, resolved
by SDS-PAGE, and detected by im-

—
-
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Relative binding activity
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munoblotting using anti-£-lactamase 0= 107
antiserum. The density of each band
was quantified using NIH image soft-
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ware and plotted for comparison. The relative binding activity of Ffh as to each presecretory protein, defined as the ratio of the amount of
presecretory protein co-immunoprecipitated with B. subtilis SecA to the total amount of the presecretory protein added first, was plotted against

the concentration of Ffh or BSA.

Fig. 6. Detection of complex (A)

formation between B. subtilis

Ffh and SecA by ligand

affinity blotting, and isolation lage 12

of Ffh-SecA complexes in kDu ; ‘ _
vitro. (A) Ligand affinity blot- ;

ting: Purified B. subtilis Ffh 105 —

(lanes 1, 3, and 4) or catalase
(lane 2) was resolved by SDS- 82—
PAGE and then blotted onto a
PVDF membrane. SecA (lanes 1 o JFhe*
and 2) or catalase (lane 4) was
applied to the membrane. Lane 3 |
was washed with 10 mM potas-
sium acetate (pH 7.2). Trans- [5]
blotted Ffh on the membrane was [
detected using anti-SecA (lanes
1, 2, and 3) or anti-catalase (lane

(B tane

754

SecA=0.1nmol

relative amount of SecA
3

4) antiserum. The arrow indi- Fih

cates the position of Ffh. (B) catalase -+ I;J
Tag-precipitated assay: Purified Sea =
Ffh with a 6 X His tag (0.2 nmol) il

was mixed with B. subtilis SecA Anti-SecA

(0.1 nmol) (lanes 1 and 2) or

1
1
_ syl |
LJ !
catalase o————7— T
v i N 0 005 01 015 02 025 nmol
Anti-catalase Fih concentration

mature CGTase (0.1 nmol) (lanes 3 and 4). Complexes were pelleted using Ni-NTA agarose beads and then purified. The samples were resolved
by SDS-PAGE, blotted onto a PVDF membrane, and detected using anti-SecA (lanes 1 and 2) or anti-CGTase (lanes 3 and 4) antiserum, followed
by ECL. (C) The dependency of the Ffh-SecA complex formation on the concentration of Ffh utilizing tag-precipitation: Samples containing 0.10
nmol of SecA dissolved in 10 mM potassium acetate were mixed with 0, 0.002, 0.02, and 0.2 nmol of the purified B. subtilis Ffh dissolved in
buffer VII, followed by incubation for 15 min at 20°C. Complexes were pelleted using Ni-NTA agarose beads and then purified. Samples were
resolved by SDS-PAGE and blotted onto a PVDF membrane, and the complexes were detected using anti-SecA antiserum, followed by ECL.
The density of each band was quantified using NIH image software and plotted.
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ligand affinity blotting, whether or not SecA and Ffh could
form complexes (Fig. 6A). A band was detected with anti-
B. subtilis SecA antiserum when purified Ffh was blotted
onto a PVDF membrane (Millipore) after SDS-PAGE and
then SecA was applied to the membrane. The position of
the band corresponded to the molecular mass of B. subtilis
Ffh (Fig. 6A, lane 1). In contrast, bands were undetectable
when either catalase was blotted onto the membrane (Fig.
6A, lane 2) or Ffh was blotted onto the membrane and then
catalase was applied and detected using anti catalase
antiserum (Fig. 6A, lane 4).

Furthermore, we examined SecA-Ffh binding in vitro by
means of a tag-precipitated assay using purified B. subtilis
Ffh with a 6 X His tag attached to Ni-NTA agarose beads. A
band corresponding to B. subtilis SecA was detected for the
sample mixed with B. subtilis Ffh (Fig. 6B, lane 1), whereas
no bands were detected in the absence of Ffh (Fig. 6B, lane
2). A band corresponding to the negative control, mature
CGTase, was not detected even in the presence of the B.
subtilis Fth protein (Fig. 6B, lanes 3 and 4). These results
indicated that B. subtilis Ffh and SecA directly interact to
form Ffh-SecA complexes.

To analyze the dependency of the Ffh-SecA complex
formation on the concentration of Ffh, B. subtilis SecA was
precipitated with various amounts of Ffh. The amount of
precipitated SecA increased with the Ffh concentration;
the half maximal concentration of B. subtilis Ffh protein
was about 0.03 to 0.1 nmol of the SecA protein (Fig. 6C).

DISCUSSION

Luirink et al. (16) proposed that the role of the E. coli SRP
is that of a chaperone, which specifically binds to the signal
sequence of nascent proteins and which maintains them in
a translocation-competent conformation. We found that the
processing and translocation of the precursors of g-lactam-
ase fusion proteins used in this study depend on SecA and
Fth, and that Ffh can enhance the binding activity of SecA
as to precursors 15- to 30-fold, which occurred even in the
absence of nucleotides. These results suggested that B.
subtilis SRP-like particle functions as a protein transloca-
tion-specific molecular chaperone for SecA. Furthermore,
most pAprE-BlaH6 and pPBP5*-BlaH6 accumulated in the
precursor forms in B. subtlis under the conditions of SecA
depletion, whereas about half of pAprE-BlaH6 and
pPBP5*.BlaH6 were found as precursors under Ffh-defi-
cient conditions (Fig. 2). These findings show that the effect
of SecA on the translocation of proteins is more important
than that of Ffh, and suggest that B. subtilis Ffh and other
targeting pathways of the protein translocation machinery
gather at the translocon including SecA.

E. coli SecA interacts with presecretory proteins by
recognizing the positive charge at the amino terminus of the
signal peptide (43). Although the presecretory protein
recognition mechanism of B. subtilis SecA remains to be
resolved, we showed that B. subtilis SecA, as well as Ffh,
recognizes denatured presecretory proteins with the signal
sequences of AprE and PBP5* derived from B. subtlis,
CGTase derived from Bacillus sp. #1011, B-lactamase
derived from pUC18, and OmpA derived from E. coli (Fig.
3,B,C, D, E, and F).

Hartl et al. (9) revealed that SecB increases the effi-
ciency of SecA-dependent productive binding of prepro-
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teins to E. coli inner membrane vesicles. Therefore, to
determine whether or not B. subtilis Ffh functions as a
specific molecular chaperone like E. coli SecB, we deter-
mined whether or not the formation of SecA-precursor
protein complexes is enhanced by prior incubation of Ffth
and the precursor. Approximately 15- and 30-fold more
pAprE-BlaH6 and pPBP5*-BlaH6, respectively, bound to
SecA compared with in the absence of Ffh under these
conditions (Figs. 4 and 5). In contrast, the ability of Ffh to
bind precursors was not enhanced by prior incubation of
SecA and the precursor (data not shown). Therefore, the
dominant function of Ffh in SRP-like particles will be to
enhance the formation of SecA-precursor complexes. Fth
may maintain presecretory proteins in an unfolded state,
which is necessary for SecA interaction.

To confirm that Ffh serves as a molecular chaperone for
SecA in the translocation pathway in B. subtilis, whether or
not the two machinery proteins directly interact should be
examined because the protein translocation-specific molec-
ular chaperone of SecB directly interacts with SecA in E.
coli (9, 45). We verified that SecA and Ffh interact in vitro
by means of ligand affinity blotting and a tag-precipitated
assay. B. subtilis Ffh directly bound to SecA in both assays
(Fig. 6, A and B). Ligand affinity blotting showed that the B.
subtilis Ffh protein transblotted onto a PVDF membrane
after SDS-PAGE separation could bind to the SecA protein
(Fig. 6A). On the contrary, the Ffh protein did not bind to
SecA on the membrane (data not shown). These results
suggest that the homodimeric structure of B. subtilis SecA
is important for the Ffh interaction, because the sodium
dodecyl sulfate on SDS-PAGE destroys the homodimer
structure of SecA.

Valent et al. (46) recently reported that the inner
membrane proteins recognized by SRP are inserted into a
translocon that contains at least SecA, SecY, and SecG,
which involves the release of the precursor from SRP by
FtsY and GTP in E. coli. Our finding that SecA and Ffh
cooperatively function in the protein translocation pathway
in B. subtilis are consistent with this report. We have not
yet defined the interaction between SecA or Ffh and inner
membrane proteins. E. coli Ffh may function as a molecu.-
lar chaperone by directly interacting with SecA in these
targeting cascades. Based upon the results of these experi-
ments, we propose that the B. subtilis SRP-like particle
couples with the bacterial protein translocation pathway
consisting of SecA, SecE, and SecY in B. subtilis to produce
extracellular enzymes.

We wish to thank N. Foster for critical reading of the manuscript.
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