AEM

Journals.ASM.org

The Canonical Twin-Arginine Translocase Components Are Not
Required for Secretion of Folded Green Fluorescent Protein from the

Ancestral Strain of Bacillus subtilis

Anthony J. Snyder,* Sampriti Mukherjee,” J. Kyle Glass,” Daniel B. Kearns,” Suchetana Mukhopadhyay®

Department of Molecular and Cellular Biochemistry® and Department of Bio\ogy,b Indiana University, Bloomington, Indiana, USA

Cellular processes, such as the digestion of macromolecules, phosphate acquisition, and cell motility, require bacterial secretion
systems. In Bacillus subtilis, the predominant protein export pathways are Sec (generalized secretory pathway) and Tat (twin-
arginine translocase). Unlike Sec, which secretes unfolded proteins, the Tat machinery secretes fully folded proteins across the
plasma membrane and into the medium. Proteins are directed for Tat-dependent export by N-terminal signal peptides that con-
tain a conserved twin-arginine motif. Thus, utilizing the Tat secretion system by fusing a Tat signal peptide is an attractive strat-
egy for the production and export of heterologous proteins. As a proof of concept, we expressed green fluorescent protein (GFP)
fused to the PhoD Tat signal peptide in the laboratory and ancestral strains of B. subtilis. Secretion of the Tat-GFP construct, as
well as secretion of proteins in general, was substantially increased in the ancestral strain. Furthermore, our results show that
secreted, fluorescent GFP could be purified directly from the extracellular medium. Nonetheless, export was not dependent on
the known Tat secretion components or the signal peptide twin-arginine motif. We propose that the ancestral strain contains
additional Tat components and/or secretion regulators that were abrogated following domestication.

Protein secretion is the process by which a cell expends energy
to export a protein through at least one membrane to various
locations of the cell exterior. Bacteria have evolved numerous pro-
tein secretion systems that differ in the number and identity of
proteins they secrete and the number of membranes that the cargo
proteins must transit (1, 2). Although many protein secretion sys-
tems are specific determinants of bacterial virulence, others, like
the Sec (generalized secretory) and Tat (twin-arginine translo-
case) secretion systems, are fundamental export pathways that are
conserved in all domains of life (3-5). Whereas the Sec system
secretes proteins that are in their unfolded state, the Tat pathway
exclusively secretes fully folded, active proteins from the cell (6—
10). How the various protein export components specifically rec-
ognize their protein substrates is complex. Comparing the Sec and
Tat secretion systems, there are differences in the signal peptides
that target proteins for secretion and the complexes that mediate
transport of cellular proteins to the cell exterior.

The signal peptides that are characteristic of the Sec and Tat
secretion systems are similar in that they exhibit three features: an
N-terminal positively charged region, a hydrophobic a-helical re-
gion, and a C-terminal region that may contain a proteolytic
cleavage site (11-13). When comparing Sec and Tat signal pep-
tides, the Tat signal peptides have alonger leader sequence prior to
the hydrophobic a-helical helix, an a-helical region that is less
hydrophobic (14), and more basic residues before the a-helical
region, including two consecutive arginine residues (RR; some-
times RK) (14-19). The subtle differences between the two types
of signal peptides are enough to dictate which secretion pathway,
either Sec or Tat, is used to direct protein export.

Tat transport systems are composed of multiprotein complexes
that are embedded within, and secrete fully folded proteins through,
the plasma membrane (4). Precisely how the Tat system accommo-
dates the variable sizes and diverse shapes of cargo proteins remains
unclear, but it is thought to be dependent on the structural organiza-
tion of the transport complex (4). The canonical Tat transport com-
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plex, such as the one found in Gram-negative Escherichia coli, is
composed of at least three subunits: TatA, TatB, and TatC (20—
23). TatC is a multipass transmembrane protein that interacts
with TatB and recognizes the substrate signal peptide (24-28).
Once bound, the TatBC export protein complex is thought to
recruit TatA protomers to create an active translocon (29-32).
The extent of TatA polymerization may dictate the size of the
active export channel (21, 32). The precise role of TatB is unclear;
however, this subunit does interact with the signal peptide fol-
lowing substrate binding (24, 25, 33). In certain bacteria, a
TatA homologue, called TatE, is present and carries out a func-
tion that is redundant with TatA (34). It is not known which
subunit consumes the proton-motive force to power protein se-
cretion (35, 36).

Although most bacteria utilize only a single set of Tat proteins,
the laboratory strain of Bacillus subtilis (PY79) encodes two sets of
Tat homologues, named TatAdCd and TatAyCy. The TatAd and
TatAy proteins function in a manner analogous to that of both the
E. coli TatA and TatB proteins, whereas TatCd and TatCy function
in a manner analogous to that of TatC (37—41). The Tat system in
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TABLE 1 Bacterial strains used in this study

Strain Genotype

3610 Wild type (undomesticated ancestral strain)

PY79 swrA”Y7? sfp® (domesticated strain)

DK174 Ampr AaprE AnprE Abpr Avpr Aepr AwprA epsH::tet amyE::Py, o, ., -PhoDsp-GEP spec tatCy::cat

DK176 Ampr AaprE AnprE Abpr Avpr Aepr AwprA epsH::tet amyE::Py, ...~ PhoDgp-GFP spec tatCd::kan tatCy::cat
DK537 Ampr AaprE AnprE Abpr Avpr Aepr AwprA epsH::tet amyE::Py, ,,,.,-GEP spec

DK538 Ampr AaprE AnprE Abpr Avpr Aepr AwprA epsH::tet amyE::Py,,., .,.-"“PhoDs,-GFP spec

DK540 Ampr AaprE AnprE Abpr Avpr Aepr AwprA epsH::tet pgsB::TnYLB kan amyE:P,, . ,,.x-PhoDg,-GFP®™ His spec
DK941 Ampr AaprE AnprE Abpr Avpr Aepr AwprA epsH::tet tatCy::cat

DK956 Ampr AaprE AnprE Abpr Avpr Aepr AwprA epsH::tet tatCy::cat tatCd::kan

DK1120 Ampr AaprE AnprE Abpr Avpr Aepr AwprA epsH::tet tatCd::kan

DK1151 Ampr AaprE AnprE Abpr Avpr Aepr AwprA epsH::tet amyE::Py, ., ,,.~PhoDgp-GFP spec tatCd::kan

DK1389 Ampr AaprE AnprE Abpr Avpr Aepr AwprA epsH::tet amyE::Py, .., - AmyEgp-GFP spec

DK1463 Ampr AaprE AnprE Abpr Avpr Aepr AwprA epsH::tet amyE::Py, ,,,.- PhoDgp-GEP spec tatAc::mls tatAdCd::kan tatAyCy::cat
DK1655 epsH::tet amyE::Py, ..~ PhoDgp-GFP spec (PY79)

DS2569 Cured strain (3610 lacking pBS32)

DS6329 Ampr AaprE AnprE Abpr Avpr Aepr AwprA

DS9659 Ampr AaprE AnprE Abpr Avpr Aepr AwprA epsH::tet

DS9673 epsH::tet amyE::P,, .,,..-PhoDgp-GFP spec

DS9677 Ampr AaprE AnprE Abpr Avpr Aepr AwprA epsH::tet amyE::Py, ...~ PhoDgp spec

DS9678 Ampr AaprE AnprE Abpr Avpr Aepr AwprA epsH::tet amyE::Py, ., ,,;-PhoDgp-GFP spec

B. subtilis encodes a fifth Tat protein of unknown function, called
TatAc, but does not encode a homologue of the E. coli TatB pro-
tein (42—45). Despite containing two Tat pathways, the repertoire
ofidentified Tat-secreted proteins in B. subtilis is relatively limited
(46, 47). PhoD, an alkaline phosphatase, is secreted via TatAdCd,
whereas YwbN, a protein of unknown function, and QcrA, a com-
ponent of the cytochrome ¢ complex, are secreted via TatAyCy
(42, 43,47, 48). It is not known if additional proteins are secreted
by these systems.

Secretion of proteins via the Tat system is advantageous be-
cause proteins fold and mature in the host cytoplasm before being
secreted directly into the medium, but development of a heterol-
ogous Tat secretion system in B. subtilis has been challenging (6—
10). Previous work has shown that expressing green fluorescent
protein (GFP) fused to the TMAO reductase (TorA) Tat signal
peptide in E. coli resulted in Tat-dependent secretion of folded
GFP into the periplasm (49) and to the extracellular medium if the
B. subtilis TatAdCd exporter was expressed in place of the native E.
coli TatABC exporter (50). In contrast, expressing a similar TorA-
GFP construct in B. subtilis resulted in the secretion of unfolded or
nonfluorescent GFP (8). Alternatively, expressing GFP fused to E.
coli Tat signal peptides derived from either AmiA, DmsA, or
MdoD in B. subtilis resulted in Tat-independent secretion under
high-salinity conditions (51). It was inferred that Tat-indepen-
dent secretion of GFP was mediated by the Sec pathway due to the
similarities in signal peptide structure and accounting for the
transport of unfolded protein (51). Finally, it has been demon-
strated that the E. coli AppA protein can be secreted from B. sub-
tilis when fused to the PhoD signal peptide (PhoDygp) (52).

In this work, we show that when GFP is fused to the native B.
subtilis PhoDgp and expressed in the 3610 ancestral strain of B.
subtilis, folded, fluorescent GFP can be secreted directly into the
extracellular medium. Although our GFP construct was designed
to contain the hallmarks of a Tat-secreted protein, export of
folded GFP was not dependent on the canonical Tat machinery
components or the twin-arginine motif in the signal peptide. Our
data are not consistent with spurious recognition and secretion
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through the constitutive Sec pathway. We hypothesize that the
ancestral strain of B. subtilis encodes an as-yet-unidentified export
pathway and/or export regulator that may have been lost during
domestication of the laboratory strain.

MATERIALS AND METHODS

Growth conditions for strain construction. B. subtilis strains were grown
in Luria-Bertani (LB; 10 g tryptone, 5 g yeast extract, 5 g NaCl per liter)
broth or on LB plates fortified with 1.5% Bacto agar at 37°C. When ap-
propriate, antibiotics were included at the following concentrations: 10
pg/ml tetracycline, 100 pg/ml spectinomycin, 5 pg/ml chloramphenicol,
5 pg/ml kanamycin, and 1 pg/ml erythromycin plus 25 pg/ml lincomycin
(termed MLS, for macrolides-lincosamides-streptogramin B).

SPP1 phage transduction. To 0.2 ml of dense culture grown in TY
broth (LB broth supplemented after autoclaving with 10 mM MgSO,, and
100 pM MnSO,), serial dilutions of SPP1 phage stock were added and
statically incubated for 15 min at 37°C. To each mixture, 3 ml TYSA
(molten TY supplemented with 0.5% agar) was added, poured atop fresh
TY plates, and incubated at 37°C overnight. Top agar from the plate con-
taining nearly confluent plaques was harvested by scraping into a 50-ml
conical tube, vortexed, and centrifuged at 5,000 X g for 10 min. The
supernatant was treated with 25 pg/ml DNase I (final concentration)
before being passed through a 0.45-pm-pore-size syringe filter and stored
at 4°C.

Recipient cells were grown to stationary phase in 2 ml TY broth at
37°C. Cells (0.9 ml) were mixed with 5 .l of SPP1 donor phage stock. Nine
milliliters of TY broth was added to the mixture and allowed to stand at
37°C for 30 min. The transduction mixture was then centrifuged at
5,000 X g for 10 min, the supernatant was discarded, and the pellet was
resuspended in the remaining volume. The cell suspension (100 wl) was
then plated on TY fortified with 1.5% agar, the appropriate antibiotic, and
10 mM sodium citrate.

Strain construction. All constructs were first introduced into either
the domesticated strain PY79 or the cured undomesticated strain DS2569
by natural competence and then transferred to the 3610 background using
SPP1-mediated generalized phage transduction (Table 1) (53, 54).

In-frame deletions of genes encoding extracellular proteases. To
generate the Abpr in-frame markerless deletion construct, the region up-
stream of bpr was PCR amplified using the primer pair 1739/1740 and
digested with EcoRI and Sall, and the region downstream of bpr was PCR
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amplified using the primer pair 1741/1742 and digested with Sall and
BamHI. The two fragments were then simultaneously ligated into the
EcoRI and BamHI sites of pMiniMAD2, which carries a temperature-
sensitive origin of replication and an erythromycin resistance cassette, to
generate pDP311 (55).

To generate the Avpr in-frame markerless deletion construct, the re-
gion upstream of vpr was PCR amplified using the primer pair 1743/1744
and digested with EcoRI and Sall, and the region downstream of vpr was
PCR amplified using the primer pair 1745/1746 and digested with Sall and
BamHI. The two fragments were then simultaneously ligated into the
EcoRI and BamHI sites of pMiniMAD2, which carries a temperature-
sensitive origin of replication and an erythromycin resistance cassette, to
generate pDP312.

To generate the AnprE in-frame markerless deletion construct, the
region upstream of nprE was PCR amplified using the primer pair 1747/
1748 and digested with EcoRI and Sall, and the region downstream of
nprE was PCR amplified using the primer pair 1749/1750 and digested
with Sall and BamHI. The two fragments were then simultaneously li-
gated into the EcoRI and BamHI sites of pMiniMAD?2, which carries a
temperature-sensitive origin of replication and an erythromycin resis-
tance cassette, to generate pDP313.

To generate the AaprE in-frame markerless deletion construct, the
region upstream of aprE was PCR amplified using the primer pair 1751/
1752 and digested with EcoRI and Sall, and the region downstream of
aprE was PCR amplified using the primer pair 1753/1754 and digested
with Sall and BamHI. The two fragments were then simultaneously li-
gated into the EcoRI and BamHI sites of pMiniMAD2, which carries a
temperature-sensitive origin of replication and an erythromycin resis-
tance cassette, to generate pDP314.

To generate the Aepr in-frame markerless deletion construct, the re-
gion upstream of epr was PCR amplified using the primer pair 1755/1756
and digested with EcoRI and Xhol, and the region downstream of epr was
PCR amplified using the primer pair 1757/1758 and digested with Xhol
and BamHI. The two fragments were then simultaneously ligated into the
EcoRI and BamHI sites of pMiniMAD2, which carries a temperature-
sensitive origin of replication and an erythromycin resistance cassette, to
generate pDP315.

To generate the AwprA in-frame markerless deletion construct, the
region upstream of wprA was PCR amplified using the primer pair 1855/
1856 and digested with EcoRI and Xhol, and the region downstream of
wprA was PCR amplified using the primer pair 1857/1858 and digested
with Xhol and BamHI. The two fragments were then simultaneously li-
gated into the EcoRI and BamHI sites of pMiniMAD?2, which carries a
temperature-sensitive origin of replication and an erythromycin resis-
tance cassette, to generate pDP319.

To generate the Ampr in-frame markerless deletion construct, the re-
gion upstream of mpr was PCR amplified using the primer pair 1759/1760
and digested with EcoRI and Xhol, and the region downstream of mpr was
PCR amplified using the primer pair 1919/1770 and digested with Xhol
and BamHI. The two fragments were then simultaneously ligated into the
EcoRI and BamHI sites of pMiniMAD2, which carries a temperature-
sensitive origin of replication and an erythromycin resistance cassette, to
generate pDP320.

Each in-frame markerless deletion plasmid was concatemerized by
passage through recA™ E. coli and introduced by natural competence into
B. subtilis strain PY79 by single-crossover integration by transformation at
the restrictive temperature for plasmid replication (37°C) using MLS re-
sistance as a selection. SPP1 phage-mediated generalized transduction
into B. subtilis strain 3610 or an appropriate recipient then transduced the
integrated plasmid. To evict the plasmid, the strain was incubated in 3 ml
LB broth ata permissive temperature for plasmid replication (22°C) for 14
h and serially diluted and plated on LB agar at 37°C. Individual colonies
were patched on LB plates and LB plates containing MLS to identify MLS-
sensitive colonies that had evicted the plasmid. Chromosomal DNA from
colonies that had excised the plasmid was purified and screened by PCR to
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determine which isolate had retained the deleted allele. After one in-frame
deletion of the protease strain was confirmed, the next deletion construct
was introduced. The series of deletions culminated in strain DS6329 con-
taining a series of seven protease deletions. Each deletion was confirmed
by PCR length polymorphism.

tat mutants. The AtatCd::kan insertion deletion allele was generated
by isothermal assembly using primer pairs 3252/3253, 3254/3255, and
3250/3251 to PCR amplify regions upstream and downstream of tarCd
and a kanamycin drug resistance gene (pDG780), respectively, to obtain
the insertion deletion construct ITADBKG6.

The AtatAdCd::kan insertion deletion allele was generated by isother-
mal assembly using primer pairs 3252/3860, 3254/3255, and 3250/3251 to
PCR amplify regions upstream and downstream of tatAdCd and a kana-
mycin drug resistance gene (pDG780), respectively, to obtain the inser-
tion deletion construct ITASM31 (56, 57).

The AtatCy::cat insertion deletion allele was generated by isothermal
assembly using primer pairs 3256/3257, 3258/3259, and 3250/3251 to
PCR amplify regions upstream and downstream of tatCy and a chloram-
phenicol drug resistance gene (pAC225), respectively, to obtain the inser-
tion deletion construct ITADBKS.

The AtatAyCy::cat insertion deletion allele was generated by isother-
mal assembly using primer pairs 3256/3861, 3258/3259, and 3250/3251 to
PCR amplify regions upstream and downstream of tatAyCy and a chlor-
amphenicol drug resistance gene (pAC225), respectively, to obtain the
insertion deletion construct ITASM32 (56, 57).

The AtatAc::mls insertion deletion allele was generated by isothermal
assembly using primer pairs 3866/3867, 3868/3869, and 3250/3251 to
PCR amplify regions upstream and downstream of fatAc and a erythro-
mycin drug resistance gene (pAH52), respectively, to obtain the insertion
deletion construct ITASM33 (56, 57).

Inducible constructs. To generate the inducible amyE:P,,, .-
PhoDyg,, spec construct pTM1, a PCR product containing PhoDg,, (signal
peptide) was amplified from B. subtilis 3610 chromosomal DNA using the
3903/3904 primer pair and cloned into the HindIIl and Nhel sites of
pDRI111 containing a spectinomycin resistance cassette, a polylinker
downstream of the Py, .« promoter, and the gene encoding the Lacl
repressor between the two arms of the amyE gene (58).

To generate the inducible amyE::P,, ,,.~PhoDgp-GFP spec construct
pTM2, a PCR product containing gfp was amplified from B. subtilis strain
DS908 chromosomal DNA using the 3069/3070 primer pair, digested with
NotlI and Sall, and cloned into the NotI and Sall sites of pTM1 (58).

Theinducible amyE::P,, .~ GFP spec construct pTM7 was generated
by QuikChange site-directed mutagenesis (Stratagene, La Jolla, CA) using
primers TM885/TM886 and the pTM2 construct as a template. The in-
ducible umyE::Physpmlk—AAPhoDSP—GFP spec construct pTM8 was gener-
ated by QuikChange site-directed mutagenesis (Stratagene, La Jolla, CA)
using primers TM883/TM884 and the pTM2 construct as a template. The
inducible amyE::Physpa,,k—PhoDSP-GFP6XHi5 spec construct pTM9 was gen-
erated by QuikChange site-directed mutagenesis (Stratagene, La Jolla,
CA) using primer pairs TM887/TM888 and the pTM2 construct as a
template.

To generate the amyE::Py, ..~ AmyEgp-GFP spec construct pTM14, a
PCR product containing AmyEg;, (signal peptide) was amplified from B.
subtilis 3610 chromosomal DNA using the TM1013/TM1014 primer pair.
The PCR product was used as the primer in a QuikChange site-directed
mutagenesis (Stratagene, La Jolla, CA) reaction with the pTM7 construct
serving as the template.

Growth conditions for GFP secretion under phosphate-limiting
conditions. The indicated strains were grown overnight at 25°C in high-
phosphate defined medium (HPDM) [50 mM Tris (pH 7.1), 3.03 mM
(NH,),SO,, 6.8 mM trisodium citrate, 3.04 mM FeCl;, 1 mM MnCl,, 3.5
mM MgSO,, 0.01 mM ZnCl,, 0.5% glucose, 0.05% Casamino Acids, 10
mM L-arginine, and 3.5 mM KH,PO,] (59) supplemented with 1 mM
IPTG (isopropyl-B-p-thiogalactopyranoside). The next day, the cells were
pelleted at 6,300 X g for 15 min at 25°C, washed three times with low-
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phosphate defined medium (LPDM) [50 mM Tris (pH 7.1), 3.03 mM
(NH,),SO,, 6.8 mM trisodium citrate, 3.04 mM FeCl;, 1 mM MnCl,, 3.5
mM MgSO,, 0.01 mM ZnCl,, 0.5% glucose, 0.05% Casamino Acids, 10
mM L-arginine, and 0.065 mM KH,PO,] (59), and resuspended in fresh
LPDM (optical density at 600 nm [ODg,,] of 2.0) supplemented with 1
mM IPTG. The resuspended cells were grown at 25°C. At the indicated
time points, cell culture was harvested and spun at 16,000 X g for 15 min
at 25°C to pellet the cells. The cleared medium was removed and retained
for fluorescence and Western blot analysis. GFP fluorescence (excitation
at 495 nm, emission at 508 nm) within the cleared medium was measured
using a Synergy H1 hybrid plate reader (BioTek, Winooski, VT). Relative
fluorescence units were normalized to account for differences in cell den-
sity.

Western blot analysis of cell lysates and growth medium. Cell pellets
from 1 ml of cell culture were resuspended in 100 pl oflysis buffer (20 mM
Tris [pH 7.0], 10 mM EDTA, 1 mg/ml lysozyme, 10 pwg/ml DNase I, 100
pg/ml RNase I, and 1 mM phenylmethylsulfonyl fluoride [PMSF]) and
incubated for 30 min at 37°C. Following cell lysis, the lysates were solubi-
lized in reducing SDS sample buffer. The medium harvested from 1 ml of
cell culture was precipitated using trichloroacetic acid (TCA). The precip-
itated medium was solubilized in 50 pl of reducing SDS sample buffer.
The solubilized cell lysates and solubilized medium were analyzed by SDS-
PAGE and probed with a monoclonal antibody recognizing GFP (Clon-
tech Laboratories, Mountain View, CA) and polyclonal antibodies recog-
nizing SigA (courtesy of Masaya Fujita) and alkaline phosphatase D
(PhoD) (courtesy of Joerg Mueller). The volumes of cell lysates and TCA-
precipitated medium that were loaded onto the SDS-PAGE gels were nor-
malized to account for differences in cell density.

Fluorescence microscopy. The indicated strains were grown over-
night at 25°C in HPDM supplemented with 1 mM IPTG. The next day, 1
ml of cells was pelleted and resuspended in 100 pl of HPDM. Ten micro-
liters of cell suspension was applied to a microscope slide and immobi-
lized with a coverslip. The cells were imaged for GFP fluorescence using an
Olympus 1X71 fluorescence microscope (Olympus, Center Valley, PA).
All images were captured with the same magnification and exposure set-
tings. False coloring and background normalization were done equally for
each image.

Quantitation of GFP expression levels by quantitative reverse tran-
scription-PCR (qRT-PCR). The indicated strains were grown overnight
at 25°C in HPDM supplemented with 1 mM IPTG. The next day, 5 ml of
cell culture was mixed with 750 pl of stop solution (5% phenol diluted in
100% ethanol) and spun at 6,300 X g for 10 min at 4°C. The cell pellet was
resuspended in 500 pl of methanol and spun again at 16,000 X g for 1 min
at 4°C. The cell pellet was resuspended in 475 .l of lysis buffer (10 mM
Tris-Cl [pH 8.0], 1 mM EDTA, 0.5 mg/ml lysozyme, and 0.5% SDS) and
incubated at 37°C for 45 min. Following cell lysis, 25 wl of 3 M sodium
acetate (pH 5.2) and 500 .l of phenol were added to each sample. The
samples were incubated for 6 min at 64°C. RNA was isolated from cell
lysates using phenol-chloroform extraction followed by ethanol precipi-
tation. Residual DNA was removed using RQ1 DNase (Promega, Madi-
son, WI) by following the manufacturer’s protocol. After DNase diges-
tion, RNA was isolated using phenol-chloroform extraction followed by
ethanol precipitation. The precipitated RNA was resuspended in 50 pl of
RNase-free water.

The RNA prepared as described above (500 ng) was mixed with random
hexamer reverse transcription (RT) primers. The samples were incubated at
94°C for 5 min and 70°C for 5 min and then transferred to ice. Once on ice, an
RT mixture containing 50 mM Tris-HCI (pH 8.3), 75 mM KCl, 10 mM
dithiothreitol, 3 mM MgCl,, 0.5 mM deoxynucleoside triphosphate, RNase
inhibitor (GenScript, Piscataway, NJ), and ImProm-II reverse transcriptase
(Promega, Madison, WI) was added to each sample. Following addition of
the RT mixture, the samples were incubated at 25°C for 5 min, 42°C for 45
min, and 75°C for 15 min.

The cDNA prepared as described above (2 pl) was mixed with 1X
Brilliant SYBR green reagent (Stratagene, La Jolla, CA) and 250 nM for-
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ward and reverse detection primers (TM860/TM861 for GFP detection or
TM858/TM859 for SigA detection) to a final volume of 25 pl per well in a
96-well plate. Multiple qRT-PCR measurements were made for each sam-
ple. The fold difference in GFP RNA abundance was calculated using the
delta delta comparative threshold cycle method (AAC,). SigA RNA levels
were used as the reference. Expression of PhoDgp-GFP RNA was stan-
dardized to 1.0.

Purification of secreted GFP®*™, The B. subtilis strain integrated
with PhoDgp-GFP®™ M was grown overnight at 25°C in HPDM supple-
mented with 1 mM IPTG. The next day, the cells were pelleted at 6,300 X
g for 15 min at 25°C, washed three times with LPDM, and resuspended in
fresh LPDM (ODy, of 2.0) supplemented with 1 mM IPTG. The resus-
pended cells were grown at 25°C. After 6 h, the medium was harvested by
pelleting the cells at 6,300 X g for 15 min at 25°C. The cleared medium was
dialyzed into loading buffer (20 mM phosphate [pH 8], 300 mM NaCl,
and 10 mM imidazole) and filtered using a 0.2-pm-pore-size syringe fil-
ter. The filtered medium was loaded onto a HisTrap FF crude column (1
ml) (GE Healthcare, Piscataway, NJ). Protein was eluted from the column
by step gradient using elution buffer (20 mM phosphate [pH 8], 300 mM
NaCl, and 300 mM imidazole). GFP fluorescence (excitation at 495 nm,
emission at 508 nm) within each fraction was measured using a Synergy
H1 hybrid plate reader (BioTek, Winooski, VT). The fractions (1 ml) were
also precipitated using TCA. The precipitated fractions were solubilized in
50 wl of reducing SDS sample buffer, analyzed by SDS-PAGE, and probed
with a monoclonal antibody recognizing GFP (Clontech Laboratories,
Mountain View, CA). Equal volumes of each TCA-precipitated fraction
were loaded onto the SDS-PAGE gels.

Liquid chromatography-tandem mass spectrometry (LC-MS/MS)
analysis. Five nanograms of the top and bottoms bands of purified
GFP®™ M were digested with chymotrypsin (Sigma-Aldrich, St. Louis,
MO) for 18 h at 37°C. The digests were quenched with 1% formic acid
(Sigma-Aldrich, St. Louis, MO). Six microliters of digested protein was
loaded onto a C,4 reversed-phase trapping column (15-mm, 100-pwm-
inner-diameter capillary packed with 5-pm Magic C18AQ particles with
200-A pore sizes; Michrom Bioresources, Auburn, CA) and washed with
approximately 20 wl of solvent A (3% acetonitrile, 0.1% formic acid).
Peptides were separated by elution through a 15-cm reversed-phase
nano-LC column (75-pwm-inner-diameter capillary pulled to a tip and
packed with 5-pm Magic CI8AQ particles with 100-A pore sizes;
Michrom Bioresources) by increasing solvent B (0.1% formic acid in ace-
tonitrile) from 5% to 40% at 250 ml/min over 30 min and electrosprayed
directly into the source of an ion trap mass spectrometer, which recorded
mass spectra and data-dependent tandem mass spectra of the peptide ions
(LCQ Deca XP; ThermoFinnigan, San Jose, CA). Data-dependent tandem
mass spectra were recorded by acquiring a precursor mass spectrum fol-
lowed by two tandem mass spectra of the two most intense ions from the
precursor scan (unless excluded by the dynamic exclusion algorithm, in
which case the next most abundant ions were selected). Spectra were
automatically interpreted using the database searching tool Mascot v1.9
(Matrix Science, Boston, MA) and manually validated.

RESULTS

The ancestral strain of B. subtilis can secrete folded, recombi-
nant GFP. Previous studies to investigate the capacity of Tat signal
peptides to direct Tat-dependent export of functional, heterolo-
gous proteins from laboratory strains of B. subtilis achieved lim-
ited success (8, 51, 52). Since commonly used laboratory strains
are heavily domesticated, we hypothesized that secretion effi-
ciency was strain dependent (60). We determined the amount of
secreted protein in the laboratory strain PY79 and the ancestral
strain 3610. Each strain was grown overnight in high-phosphate
defined medium (HPDM), and the next day the cells were washed
and grown in phosphate-limiting or low-phosphate defined me-
dium (LPDM). Phosphate starvation upregulates expression of
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FIG 1 Total protein secretion from laboratory (PY79) and wild-type ancestral
(3610) strains of B. subtilis under phosphate-limiting conditions. The indi-
cated strains were grown overnight in HPDM. The next day, the cells were
washed and resuspended in LPDM. Medium aliquots were collected at 0 and 6
h after growing in LPDM, precipitated with TCA, and analyzed by SDS-PAGE.

The gel was Coomassie stained. Migration of molecular mass standards is
indicated to the right of the panel.

the TatAdCd transporter, which in turn mediates Tat-dependent
secretion (42, 43). After 0 and 6 h of incubation under reduced
phosphate conditions, the medium was harvested, TCA precipi-
tated, and analyzed by SDS-PAGE. The ancestral strain showed a
dramatic enrichment of extracellular proteins compared to the
laboratory strain derivative (Fig. 1).

Enhanced extracellular protein accumulation can be explained
as either increased diversity of secreted proteins or enhanced se-
cretion of extracellular proteases that commensurately increased
the number of degradation products. We hypothesized that the
ancestral strain background would improve Tat-dependent secre-
tion of heterologous proteins. To investigate Tat-dependent se-
cretion of a heterologous protein, we fused GFP to the Tat signal
peptide derived from B. subtilis alkaline phosphatase D (PhoDgp-
GFP) (Fig. 2A) (43). PhoDgp-GFP was designed so that no residual
amino acids would remain at the N terminus of GFP following
cleavage of the signal peptide. The construct was integrated into
the B. subtilis genome at the ectopic amyE locus in PY79 and 3610
and expressed from an IPTG-inducible Py, .« promoter. The
endogenous PhoD and its cognate TatAdCd export machinery,
however, are expressed in response to phosphate starvation (42,
43). To determine if PhoDgp-GFP could be secreted under condi-
tions similar to those for PhoD, strains were grown overnight in
HPDM. The next day, the cells were washed and resuspended in
either HPDM or LPDM and grown for an additional 6 h. PhoDgp-
GFP expression and secretion were monitored by Western blot
probing with anti-GFP (a-GFP) and anti-PhoD (a-PhoD) anti-
bodies and by GFP fluorescence in the medium (Fig. 2B and C). As
a control for cell lysis, cell lysates and supernatants were probed
for the housekeeping sigma factor SigA, which is a cytoplasmic
and constitutively expressed protein. When expressed in the PY79
laboratory strain, PhoDgp-GFP accumulated intracellularly (Fig.
2B, lysate lanes). Furthermore, the cytoplasm of expressing cells
was highly fluorescent (data not shown); however, after growing
under phosphate starvation conditions, GFP was not detected in
the medium (Fig. 2B and C).
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To maximize the chances of successfully secreting folded GFP,
we next introduced the PhoDgp-GFP construct into the 3610 an-
cestral strain that was simultaneously mutated for all seven known
extracellular proteases (here referred to as the A7 strain) (61-70).
Expression of PhoDgp-GFP in the A7 strain resulted in fluorescent
protein within the cytoplasm of expressing cells (data not shown).
In contrast to the laboratory strain, we observed extracellular ac-
cumulation of fluorescent (properly folded) GFP, and protein se-
cretion was enhanced in LPDM compared to its level in HPDM
(Fig. 2D and E). The a-PhoD antibody recognized cytoplasmic
but not secreted GFP, indicating that signal peptide cleavage was
correlated with export. Furthermore, SigA was not detected in the
medium, demonstrating that GFP secretion was not due to cell
lysis (Fig. 2D). Taken together, we conclude that fluorescent GFP
was secreted from the A7 strain when fused to a Tat signal peptide.

To examine the relevance of deleting the extracellular pro-
teases, we expressed PhoDg,-GFP in the 3610 ancestral strain that
produced each of the seven proteases (wild-type ancestral). West-
ern blot analysis showed that intracellular PhoDg,-GFP (Fig. 2F,
lysate lanes) and secreted GFP (Fig. 2F, medium lanes, and G)
were present for each strain. Although the presence of the extra-
cellular proteases did not seem to have a significant effect on
folded PhoDgp-GFP processing and yield (as determined by fluo-
rescence) (Fig. 2G), the A7 strain was used as our preferred ex-
pression strain unless otherwise indicated.

Purification and characterization of secreted GFP®*™, The
results shown in Fig. 2 indicated that multiple GFP bands (each
differing in electrophoretic mobility) were secreted following
PhoDgp-GFP expression under phosphate-limiting conditions.
These bands may represent alternative cleavage products of the
signal peptide (or of GFP) that arise prior to or concurrent with
export. To examine the nature of these bands, we purified and
characterized secreted GFP. To aid in purification, we generated a
strain that expressed PhoDg,-GFP with a C-terminal His tag
(PhoDgp-GFP M%) (see Fig. S1A in the supplemental material).
qRT-PCR, fluorescent images of expressing cells, and Western
blot analysis indicated that PhoDg,-GFP® ™ was made at lower
levels than PhoDgp-GFP (see Table S3 and Fig. S1B and C); how-
ever, we still observed multiple GFP®*™* species in the lysates and
in the medium (see Fig. SIC).

After growing the strain expressing PhoDgp-GFP*™ ' under
phosphate-limiting conditions, the medium was collected, dia-
lyzed, and applied to a Ni** -agarose column. After several washes,
GFP®*Mi was eluted from the column with increasing amounts of
imidazole. When fractions were collected and examined for GFP
fluorescence, two prominent fluorescent peaks were observed
(Fig. 3A). The fractions that contained maximum fluorescence
were precipitated with TCA and analyzed by SDS-PAGE and
Western blot analysis (Fig. 3B, upper and lower, respectively).
These analyses revealed two GFP bands (top and bottom) that
were present in fractions with peak fluorescent intensity and mi-
grated at approximately the same molecular weight as GFP®!!s,
To our knowledge, this is the first report that folded, fluorescent
GFP can be secreted and purified from Gram-positive B. subtilis
supernatants.

The top and bottom bands of purified GFP**™, as indicated
by their reaction with the o-GFP antibody (Fig. 3B, lower), were
excised from the SDS-PAGE gel, digested in-gel with chymotryp-
sin, and analyzed by LC/MS-MS to identify specific peptides cor-
responding to GFP®*"* (Fig. 4; also see Tables S4 and S5 in the
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FIG 2 Protein secretion from laboratory, A7 ancestral, and wild-type ancestral strains of B. subtilis under phosphate-limiting conditions. (A) Endogenous PhoD
gene arrangement and PhoDg,-GFP construct design. The predicted molecular mass of each protein is indicated in parentheses. (B and D) Expression and
secretion of total GFP from laboratory (B) and A7 ancestral strains (D). The indicated strains expressing PhoDg,-GFP were grown overnight in HPDM
supplemented with 1 mM IPTG. The next day, the cells were washed and resuspended in either HPDM or LPDM supplemented with 1 mM IPTG. After 0 and
6 hin LPDM, the cells were lysed and the medium was precipitated with TCA. The cell lysates and precipitated medium were examined by Western blot probing
with a-GFP, a-PhoD, and a-SigA antibodies. The migration of PhoDg,-GFP, PhoD, and SigA bands is indicated to the left of each blot. The migration of
molecular mass standards is indicated to the right of each blot. (C and E) Secretion of folded, fluorescent GFP from laboratory and A7 ancestral strains. The
indicated strains expressing PhoDgp-GFP were grown overnight as described for panels B and D. At the indicated time points, the medium was harvested and GFP
fluorescence was measured. Relative fluorescent units were normalized to account for differences in cell density. Results from one representative experiment are
shown. (F and G) Expression and secretion of total GFP (F) and secretion of fluorescent GFP (G) from wild-type (WT) ancestral and A7 ancestral strains. The
indicated strains were grown and the samples were prepared as described for panels B through E. Relative fluorescent units were normalized to account for
differences in cell density. Results from one representative experiment are shown.
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FIG 3 Purification of GFP®*"* secreted from B. subtilis. The A7 3610 strain expressing PhoDgp-GFP®M was grown overnight in HPDM supplemented with
1 mM IPTG. The next day, the cells were washed and resuspended in LPDM supplemented with 1 mM IPTG. After 6 h in LPDM, the medium was harvested,
dialyzed into loading buffer, and applied to a Ni*"-agarose column, and protein was eluted from the column with increasing concentrations of imidazole. (A)
GFP fluorescence in fractions collected off the Ni** column. (B) The indicated fractions were TCA precipitated and analyzed by SDS-PAGE. The gel was either
Coomassie stained (upper) or examined by Western blot probing with an a-GFP antibody (lower). Migration of the top and bottom GFP®*™* bands is indicated
to the left of each panel. The migration of molecular mass standards is indicated to the right of each panel.

supplemental material). Each sample had ~50% peptide coverage
to GFP®*H_ Interestingly, the top band contained peptides that
corresponded to the last four amino acids of the PhoD signal pep-
tide and the first six or seven amino acids of GFP (EVNASKGEEL
and EVNASKGEELF, respectively) (Fig. 4A; also see Table S4). We
conclude that the top band was the result of noncanonical Tat
signal peptide cleavage. We did not obtain N-terminal peptides
for the lower band, but since the lower band is smaller and fluo-
rescent, it potentially represents most, if not all, GFP.

Secretion of folded GFP can occur in a Tat- and Sec-indepen-
dent manner. Our results show that folded, fluorescent GFP was
successfully secreted from B. subtilis by fusing an N-terminal Tat
signal peptide; however, Tat-independent secretion of a heterolo-
gous Tat-tagged protein has been previously reported (51). Thus,
we wanted to determine if PhoDg,-GFP was secreted in a Tat-
dependent manner. Toward this end, we generated strains that
contained individual and double deletions of the two known Tat
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signal peptide recognition proteins, TatCd and TatCy (24-26,71).
qRT-PCR, fluorescent images of expressing cells, and Western
blot analysis indicated that each Tat deletion strain expressed
PhoDgp-GFP at similar levels (see Table S3 and Fig. S2 in the
supplemental material). After growing under phosphate-limiting
conditions, we observed similar levels of secreted GFP (total [Fig.
5A, medium lanes] and folded [Fig. 5B]) for each Tat deletion
strain. We also monitored export of endogenous PhoD in the
presence or absence of PhoDgp-GFP induction (Fig. 5C; also see
Fig. S3). PhoD was expressed under phosphate-limiting condi-
tions, but as previously reported, secretion was blocked specifi-
cally when TatCd was absent (43).

We next generated a quintuple mutant that disrupted all of the
predicted Tat secretion proteins: TatAd, TatCd, TatAy, TatCy, and
TatAc. Despite these deletions, export of total GFP was not abolished
and did not appear to be reduced (Fig. 5D, medium lanes). The quin-
tuple deletion also did not affect secretion of folded GFP after 6 h in
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Top band of purified GFP&*His

PhoD signal peptide (PhoD,) start

GFP start

MAYDSREDEWVQKLKEESFONNTFDRRKFIQGAGKIAGLSLGLTIAQSVGAFEVNASKGE
ELFTGVVPILVELDGDVNGHKFSVSGEGEGDATYGKLTLKFICTTGKLPVPWPTLVTTEFA

YGLQCFARYPDHMKQHDFFKSAMPEGYVQERTIFFKDDGNYKTRAEVKFEGDTLVNRIEL

KGIDFKEDGNILGHKLEYNYNSHNVYIMADKQOKNGIKVNFKIRHNIEDGSVQLADHYQON

TPIGDGPVLLPDNHYLSTQSALSKDPNEKRDHMVLLEFVTAAGITHGMDELYKHHHHHH

Bottom band of purified GFP®&*His

PhoD signal peptide (PhoDsy) start

GFP start

MAYDSRFDEWVQKLKEESFONNTEFDRRKEIQGAGKIAGLSLGLTIAQSVGAFEVNASKGE
ELFTGVVPILVELDGDVNGHKFSVSGEGEGDATYGKLTLKFICTTGKLPVPWPTLVTTFA

YGLQCFARYPDHMKQHDFFKSAMPEGYVQERTIFFKDDGNYKTRAEVKFEGDTLVNRIEL

KGIDFKEDGNILGHKLEYNYNSHNVYIMADKQKNGIKVNFKIRHNIEDGSVQLADHYQON

TPIGDGPVLLPDNHYLSTQSALSKDPNEKRDHMVLLEFVTAAGITHGMDELYKHHHHHH

FIG 4 Mass spectrometry analysis of purified GFP**"". The top and bottom bands of purified GFP**"* (Fig. 3B) were isolated and subjected to in-gel digestion
with chymotrypsin. The digests were analyzed by LC-MS/MS to identify specific peptides corresponding to GFP**'™. (A and B) Peptide coverages of the top and
bottom bands of purified GFP****, The sequence identified by LC/MS-MS is in boldface and is underlined within the PhoDg,-GFP** " sequence.

LPDM (data not shown). Thus, we conclude that GFP secretion was
mediated independently of the known Tat pathway; therefore, the
rules that govern export of heterologous proteins may differ from
those of endogenous PhoD.

It has been hypothesized that one route for GFP secretion is
spurious recognition and transport through the Sec pathway (51).
Because the Sec pathway is essential for bacterial survival (3, 5), we
could not analyze PhoDg,-GFP expression and secretion from
strains containing deletions of Sec components. Instead, for com-
parison, we fused GFP to the Sec signal peptide derived from
a-amylase AmyE and expressed the construct from the IPTG-
inducible Py« promoter (called AmyEgp-GFP) (72). After
growing cells overnight in HPDM supplemented with IPTG, we
detected very small amounts of intracellular AmyEg,-GFP expres-
sion by Western blotting (Fig. 6A and B, lysate lanes). Further-
more, GFP was not found in the medium following expression
under phosphate-limiting conditions (Fig. 6A, AmyEg,-GFP me-
dium lanes). Thus, we were unable to demonstrate export of
folded GFP using the AmyE Sec signal peptide. We also note that
enhancement of PhoDgp-GFP secretion under phosphate starva-
tion conditions is incongruent with transport through the consti-
tutively active Sec pathway (Fig. 2D and E). Taking these find-
ings together, we infer that the Tat-independent mechanism of
PhoDgp-GFP secretion is also Sec independent.

Changing the timing or amount of IPTG induction does not
influence the GFP secretion pathway. Our results show that GFP
secretion is (i) enhanced under phosphate starvation conditions
and (ii) independent of the canonical Tat export machinery. We
hypothesized that our experimental approach contributed to the
observed Tat-independent export phenotype. For example, ex-
pression of endogenous PhoD and the TatAdCd machinery oc-
curs only in response to phosphate-limiting conditions (42, 43);
however, in our system, PhoDg,-GFP expression was induced
with IPTG prior to and during phosphate starvation. To deter-
mine if the timing and/or amount of IPTG induction influenced
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which protein secretion pathway was utilized, we used two alter-
native experimental conditions. In the first experiment, we de-
layed PhoDgp-GFP expression until after the cells were resus-
pended in LPDM (Fig. 7A). In the second experiment, we induced
PhoDg,-GFP expression with 10-fold less IPTG (in both HPDM
and LPDM) throughout the time course (Fig. 7B). Regardless of
the experimental conditions, we observed comparable levels of
total GFP secretion from the A7 and ATatCdCy strains (Fig. 7A
and B, compare medium lanes of the A7 and ATatCdCy strains).
These results are consistent with Tat-independent export irre-
spective of the amount or timing of PhoDgp-GFP induction.

As an alternative approach, we also attempted to express the
TatAdCd and/or TatAyCy export machinery artificially under
an IPTG-inducible promoter in HPDM so the production of
PhoDgp-GFP and the transport complexes would occur simulta-
neously. Overexpression of the Tat machinery components re-
sulted in significant amounts of cell lysis as determined by detec-
tion of SigA in the supernatant during Western blot analysis (data
not shown). Previous work has shown that overexpressing the B.
subtilis TatAdCd exporter in E. coli causes leakage of periplasmic
content into the medium, perhaps due to a compromised bacterial
membrane (50).

GFP secretion is enhanced by the Tat signal peptide. Tat sig-
nal peptides are characterized by a conserved (but not essential)
twin-arginine (RR) motif, which is thought to play a role in cargo
recognition during Tat-dependent export (15, 20, 73, 74). To de-
termine if the RR motif was required for protein export in our
system, we mutated the conserved arginine residues in PhoDyg to
two alanine residues (called “*PhoDgp-GFP) (Fig. 8A). PhoDgp-
GFP and **PhoDys,-GFP expressed to comparable levels (see Ta-
ble S3 and Fig. S4 in the supplemental material). Consistent with
Tat-independent export, we observed similar levels of secreted
GFP (total [Fig. 8B, medium lanes] and folded [Fig. 8C]) for the
PhoDgp-GFP- and **PhoDgp,-GFP-expressing strains.

We also expressed untagged GFP to determine how much GFP
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FIG 5 GFP secretion from B. subtilis Tat deletion strains. (A) Secretion of total GFP in single or double Tat mutants. The indicated strains (in a A7 3610
background) were grown overnight in HPDM supplemented with 1 mM IPTG. The next day, the cells were washed and resuspended in LPDM supplemented
with 1 mM IPTG. At the indicated time points, the cells were lysed and the medium was precipitated with TCA. The cell lysates and precipitated medium were
examined by Western blot probing with a-GFP and a-SigA antibodies. (B) Secretion of folded GFP. The indicated strains were grown overnight as described for
panel A. At the indicated time points, the medium was harvested and examined for GFP fluorescence. Relative fluorescent units were normalized to account for
differences in cell density. Results from one representative experiment are shown. (C) Expression and secretion of endogenous PhoD in the single and double Tat
mutants. Samples were prepared as described for panel A. The migration of molecular mass standards is indicated to the right of each blot. (D) Secretion of total
GFP in a quintuple Tat mutant in a A7 3610 background. Samples were prepared as described for panel A. The cell lysates and precipitated medium were
examined by Western blot probing with a-GFP, a-PhoD, and a-SigA antibodies.

was secreted in the absence of a Tat or Sec signal peptide (Fig. 8A).
We observed reduced secretion of total and folded untagged GFP
compared to PhoDgp-GFP (Fig. 8B and C). The reduced extracel-
lular accumulation of untagged GFP likely was not due to greater
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sensitivity to proteolytic degradation; Western blot analysis did
not show lower-molecular-weight GFP degradation products (ei-
ther in cell lysates or in the medium; data not shown). As expected,
expression and secretion of endogenous PhoD only occurred un-
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FIG 6 Expression of GFP fused to the AmyE Sec signal peptide in B. subtilis. (A) Secretion of total GFP. The indicated strains in a A7 3610 background were
grown overnight in HPDM supplemented with 1 mM IPTG. The next day, the cells were washed and resuspended in LPDM supplemented with 1 mM IPTG. At
the indicated time points, the cells were lysed and the medium was precipitated with TCA. The cell lysates and precipitated medium were examined by Western
blot probing with a-GFP, a-PhoD, and a-SigA antibodies. Migration of PhoDg,-GFP and SigA bands is indicated to the left of each blot. The migration of
molecular mass standards is indicated to the right of each blot. In panel B, the SDS-PAGE gel was overloaded with sample and the blot was overexposed to

visualize the AmyE,-GFP band.

architecture, proteins need to transit only a single membrane to be

der phosphate-limiting conditions (Fig. 8D). Thus, maximum se-
secreted directly into the extracellular medium (75, 76). The Tat

cretion of folded GFP was enhanced by the PhoD signal peptide;

however, the twin-arginine motif, and indeed the signal peptide,
was dispensable.

DISCUSSION
B. subtilis is an attractive model for the synthesis and secretion of

pathway, in particular, exports proteins that fold in the cytoplasm;
thus, this pathway may allow for the large-scale production of
functional proteins that require the reducing environment of the
cytoplasm to fold and/or contributions from cytoplasmic cofac-
tors to undergo maturation (6-10). In this work, we demonstrate

that folded GFP can be secreted from B. subtilis. GFP was fused to

heterologous proteins, as it is harmless, grows rapidly, and has a
the Tat signal peptide derived from alkaline phosphatase D

facile genetic system. Furthermore, due to its Gram-positive cell
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FIG 7 GFP secretion from B. subtilis under modified IPTG induction conditions. (A and B) Secretion of total GFP. The indicated strains in a A7 3610 background
were grown according to the outlined schematics. After 6 h in LPDM, the cells were lysed and the medium was precipitated with TCA. The cell lysates and

precipitated medium were examined by Western blot probing with a-GFP, a-PhoD, and a-SigA antibodies. The migration of PhoDg,-GFP and SigA bands is
indicated to the left of each blot. The migration of molecular size standards is indicated to the right of each blot.
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FIG 8 Signal peptide-dependent GFP secretion from B. subtilis. (A) Sequence of the PhoD signal peptide fused to GFP. The mutation site in the twin-arginine
motif is indicated with black circles. The GFP construct with no signal peptide is shown below. The predicted molecular mass is indicated in parentheses. (B and
D) Secretion of total GFP (B) and endogenous alkaline phosphatase D (PhoD) (D). The indicated strains in a A7 3610 background were grown overnight in
HPDM supplemented with 1 mM IPTG. The next day, the cells were washed and resuspended in LPDM supplemented with 1 mM IPTG. At the indicated time
points, the cells were lysed and the medium was precipitated with TCA. The cell lysates and precipitated medium were examined by Western blot probing with
a-GFP and a-SigA antibodies (B) or a-PhoD and «-SigA antibodies (D). Migration of PhoDgp-GFP, GFP, and SigA bands (B) or PhoD and SigA bands (D) is
indicated to the left of each blot. The migration of molecular mass standards is indicated to the right of each blot. (C) Secretion of folded GFP. The indicated
strains were grown as described for panel B. At the indicated time points, the medium was harvested and examined for GFP fluorescence. Relative fluorescent

units were normalized to account for differences in cell density. Results from one representative experiment are shown.

(PhoDgp-GFP) and secreted in response to phosphate-limiting
conditions. Interestingly, PhoDgp-GFP export did not require the
known B. subtilis Tat proteins (TatAdCd, TatAyCy, and TatAc) or
the signal peptide twin-arginine motif. Importantly, secretion of
folded, fluorescent GFP was achieved in the ancestral strain of B.
subtilis but not in a laboratory strain derivative.

Domestication of B. subtilis laboratory strains altered many
phenotypes found in the ancestral strain, including the loss of
biofilm formation, swarming motility, antibiotic synthesis, and
polyglutamate production and the gain of high-frequency trans-
formation (54, 77-81). Genome sequence comparisons indicate
that the domesticated laboratory strain PY79 descended from the
ancestral 3610 strain, and previous studies have shown that some
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of the phenotypic differences in PY79 can be genetically repaired
with 3610 alleles (54, 60, 78-81). Here, we find that the domesti-
cated PY79 variant is highly reduced for protein secretion (Fig. 1).
Laboratory strains encode a promoter defect that reduces expres-
sion of DegQ, a protein that activates extracellular protease secre-
tion through the DegS/DegU two-component system (79, 82, 83);
however, reduction in extracellular protease secretion in the lab-
oratory strain might be predicted to improve extracellular protein
accumulation and does not seem to account for the observed re-
duction. The genetic reason for a generalized decrease in protein
secretion in PY79 is unknown. We conclude that the enhanced
secretion exhibited by the ancestral 3610 strain is advantageous
for protein secretion studies.
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We observed export of folded GFP from the ancestral strain
even when each of the five genes that encode Tat secretion proteins
was deleted from the B. subtilis genome (Fig. 5). Tat-independent
secretion of Tat-tagged proteins was reported previously and was
attributed to promiscuous cargo recognition by the Sec pathway
(51). We propose that Sec likely is not responsible for Tat-inde-
pendent secretion of Tat-tagged GFP for the following reasons. (i)
Although the Tat and Sec signal peptides have casual similarity,
there are significant differences that ensure export fidelity (14—
19). (ii) Secretion of folded GFP was enhanced under phosphate
starvation conditions (Fig. 2D and E), whereas the Sec machinery
is constitutively expressed (3, 5). (iii) High levels of fluorescent
PhoDgp-GFP accumulated within the cytoplasm of expressing
cells (see Fig. S1B, S2A, and S4A in the supplemental material),
whereas the Sec machinery requires unfolded cargo. (iv) Fusing a
Sec signal peptide to GFP (AmyEg,-GFP) resulted in poor protein
expression and secretion (Fig. 6). (v) Folded GFP was secreted at
low levels when expressed without a Tat signal peptide (Fig. 8B
and C). (vi) No evidence was presented to support the hypothesis
of promiscuous secretion of folded protein by the Sec system in
the original report (51). We infer that an as-yet-undiscovered se-
cretion system is activated under phosphate-limiting conditions
(or other cellular stresses) and may be responsible for recognition
and secretion of PhoDgp-GFP.

In contrast to PhoDgp-GFP, secretion of endogenous PhoD
required the TatAdCd exporter (Fig. 5C; also see Fig. S3 in the
supplemental material). When analyzing the exported proteins,
extracellular PhoD was present as a single species, whereas
PhoDgp-GFP was present as multiple bands (both in cell lysates
and in the media), suggesting aberrant proteolysis. Mass spec-
trometry analysis of secreted GFP®*™* revealed evidence for ab-
errant signal peptide cleavage (Fig. 4), potentially due to improper
interactions with an unidentified cellular factor that aids in the
identification and cleavage of proteins that are secreted indepen-
dently of the Tat system. In addition, we found that PhoDgp,-GFP
secretion did not require the signal peptide twin-arginine motif
(Fig. 8B and C). We conclude that the rules that govern secretion
of endogenous PhoD and PhoDgp-GFP differ. We infer that the
primary and/or tertiary structure information contained outside
the signal peptide of PhoD, or other Tat-dependent proteins, is
critical for conferring secretion apparatus specificity.

Previous studies have investigated the capacity of Tat signal
peptides to direct Tat-dependent export of heterologous proteins
from B. subtilis laboratory strains. When GFP was fused to an E.
coli-derived Tat signal peptide and expressed in B. subtilis, GFP
was secreted into the extracellular medium; however, the exported
protein was not properly folded (as determined by a lack of GFP
fluorescence in the medium) (8). In contrast, expressing a similar
GFP construct in E. coli resulted in Tat-dependent export of
folded protein to the periplasm (49). Thus, the mechanism that
regulates signal peptide recognition may differ between hosts, per-
haps explaining why Tat-dependent secretion of heterologous
proteins is generally successful in E. coli but not B. subtilis. In this
work, we demonstrated that fusing GFP to the Tat signal peptide
derived from endogenous PhoD resulted in secretion of folded
protein. The primary reason for our success seems to be due to our
use of the undomesticated, ancestral 3610 strain of B. subtilis. We
speculate that the ancestral strain contains additional Tat compo-
nents, regulators, or alternative export systems that were abro-
gated following domestication.
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