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Synthesis and Succinylation of Subtilin-Like Lantibiotics Are Strongly
Influenced by Glucose and Transition State Regulator AbrB

Sophie M. Bochmann, Tobias SpieB3, Peter Kétter, Karl-Dieter Entian

Institute of Molecular Biosciences, Goethe University, Frankfurt, Germany

Subtilin and the closely related entianin are class I lantibiotics produced by different subspecies of Bacillus subtilis. Both mole-
cules are ribosomally synthesized peptide antibiotics with unusual ring structures. Subtilin-like lantibiotics develop strong anti-
biotic activities against various Gram-positive organisms with an efficiency similar to that of nisin from Lactococcus lactis. In
contrast to nisin, subtilin-like lantibiotics partially undergo an additional posttranslational modification, where the N-terminal
tryptophan residue becomes succinylated, resulting in drastically reduced antibiotic activities. A highly sensitive high-perfor-
mance liquid chromatography (HPLC)-based quantification method enabled us to determine entianin and succinylated entianin
(S-entianin) concentrations in the supernatant during growth. We show that entianin synthesis and the degree of succinylation
drastically change with culture conditions. In particular, increasing glucose concentrations resulted in higher entianin amounts

and lower proportions of S-entianin in Landy-based media. In contrast, no succinylation was observed in medium A with 10%
glucose. Interestingly, glucose retarded the expression of entianin biosynthesis genes. Furthermore, deletion of the transition
state regulator AbrB resulted in a 6-fold increased entianin production in medium A with 10% glucose. This shows that entianin
biosynthesis in B. subtilis is strongly influenced by glucose, in addition to its regulation by the transition state regulator AbrB.
Our results suggest that the mechanism underlying the succinylation of subtilin-like lantibiotics is enzymatically catalyzed and

occurs in the extracellular space or at the cellular membrane.

antibiotics are RiPPs (ribosomally synthesized and posttrans-

lationally modified peptide antibiotics) (1) that contain the
nonproteinogenic amino acids lanthionine and 3-methyllanthio-
nine (2). They develop strong antimicrobial activities against var-
ious Gram-positive organisms, including methicillin-resistant
Staphylococcus aureus (MRSA) and vancomycin-resistant entero-
cocci (VRE) (3, 4). Subtilin and the closely related entianin and
ericin are produced by Bacillus subtilis ATCC 6633 (B6633), B.
subtilisDSM 15029 (B15029), and B. subtilis A1/3 (BA1/3), respec-
tively. They are representatives of the class I lantibiotics, for which
nisin from Lactococcus lactis is the first-described, most prominent
member (5). Class I lantibiotics have the distinction of an elon-
gated flexible configuration, which is important for their toxic
interaction with lipid II and subsequent pore formation (6, 7).
Class I lantibiotics are further characterized by a common post-
translational modification mechanism, which is, in contrast to
lantibiotics of classes II to IV, catalyzed by two distinct enzymes,
LanB and LanC (1, 8, 9). Evidence exists that posttranslational
modification of the precursor peptide and its transport out of the
cell are mediated by a membrane-associated multimeric synthe-
tase complex, LanBTC, which, in the case of subtilin, consists of
dimers of SpaB, SpaC, and SpaT (10, 11).

Ericin differs from subtilin at four amino acid positions, and
entianin is different from subtilin at three amino acid positions
(Fig. 1A); however, these changes are largely conservative. Based
on the high similarities of their primary structures, subtilin, entia-
nin, and ericin are grouped together as subtilin-like lantibiotics.
Most relevant information on the biological activity of subtilin-
like lantibiotics has been obtained with ericin (12) and the recently
described entianin (4). The genomic organization for subtilin-like
lantibiotics is very similar, with the structural genes spas$, eriS, and
etnS (4, 12, 13), the modification and transport gene clusters
spaBTC, eriBTC, and etnBTC (4, 8, 12, 14), the immunity genes
spalFEG, erilFEG, and etnIFEG (4, 12, 15), and the genes spaRK,
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eriRK, and etmRK encoding two-component regulatory systems
(4,12, 16, 17). All biosynthetic operons of subtilin-like lantibiotics
are controlled by three independent promoters that precede, in
the case of the subtilin gene cluster, spaB, spaS, and spal (17).

The synthesis of subtilin is under the dual control of two inde-
pendent regulatory systems (17, 18). In the late growth phase, the
expression of the major transition state regulator AbrB is re-
pressed by Spo0OA (19). AbrB repression causes the derepression of
the alternative sigma factor H (o) (20, 21). Ultimately, o acti-
vates the expression of the two-component regulatory system
SpaRK, which consists of the histidine kinase SpaK and the re-
sponse regulator SpaR. Upon sensing subtilin, the histidine kinase
is autoinduced in a quorum-sensing manner and transfers the
phosphate group to the response regulator, which in turn induces
the expression of the lantibiotic structural gene, the genes of the
lantibiotic biosynthesis machinery, and the self-resistance genes
(16, 22).
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FIG 1 Subtilin-like lantibiotics undergo a special posttranslational modifica-
tion. (A) Strains producing subtilin (B6633), entianin (B15029), and ericin S
(BA1/3) share an N-terminal tryptophan residue. Amino acid residues in en-
tianin and ericin S that differ from those in subtilin are highlighted in black.
A-S-A, meso-lanthionine; Abu-S-A, 3-methyllanthionine (Abu refers to
a-aminobutyric acid); Dha, 2,3-didehydroalanine; Dhb, 2,3-didehydrobutyr-
ine. (B) A succinyl group (black) is added to the N-terminal tryptophan resi-
due (gray), which strongly diminishes antibiotic activity.

In contrast to other linear lantibiotics, subtilin-like lantibiotics
are partially succinylated at the N-terminal tryptophan residue (4,
23). This modification is restricted to this amino acid position and
does not occur at any other amino group within the molecule.
N-terminal succinylation seems to be a unique feature among
class I lantibiotics, which strongly diminishes the antibiotic activ-
ity as well as the autoinduction capacity (4, 23). So far the mech-
anism of lantibiotic succinylation remains unsolved. We previ-
ously showed that the deletion of abrB resulted in a strongly
increased subtilin synthesis, most of which was succinylated
(17, 18).

In the current study, the N-terminal succinylation of subtilin-
like lantibiotics was investigated. Succinylation was monitored in
different strain backgrounds and under different cultivation con-
ditions. The results show that the concentration of the carbon
source has a substantial impact on the degree of succinylation and
that the deletion of the transition state regulator AbrB increases
the synthesis of subtilin-like lantibiotics. The current data suggest
that succinylation of subtilin-like lantibiotics depends on an
enzyme whose expression is strongly influenced by the carbon
source concentration.

MATERIALS AND METHODS

Bacterial strains used in this study. For a description of the strains used
in this study, see Table 1.
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Culture media and culture conditions. For entianin production and
succinylation studies, Landy medium (24) and medium A (13, 25) were
used. Landy medium contained 34 mM glutamic acid, 0.1% (wt/vol) yeast
extract, 2 mM MgSO,, 6.7 mM KCl, 12 mM phenylalanine, 26 wM FeSO,,
33 uM MnSO,, 1 pM CuSO, and was adjusted to pH 7.5 with KOH before
autoclaving. Fifty ml of sterile 40% (wt/vol) glucose and 5 ml of sterile
20% (wt/vol) KH,PO, were added to 1 liter autoclaved Landy medium.
Medium A contained 10% (wt/vol) sucrose, 0.5% (wt/vol) yeast extract,
61 mM citric acid, 28 mM Na,SO,, 32 mM (NH,),HPO,, 10 mM KCI, 2
mM MgCl,, 0.3 mM MnCl,, 0.18 mM FeCls, 0.15 mM ZnCl, and was
adjusted to pH 6.8 with NH,OH before autoclaving.

For liquid cultivation, 5 ml of a fresh preculture of B15029.SB1 was
suspended in 50 ml of the respective medium in 500-ml flasks. The cul-
tures were grown with good aeration at 37°C up to 48 h. Samples were
taken over time, followed by subsequent separation of the supernatant
from cells by centrifugation at 20,400 X gatroom temperature for 10 min.

Quantification of subtilin-like lantibiotics. The absorption of vari-
ous dilutions of a purified entianin stock solution (purified and mass
spectrometrically confirmed, as described previously [4]) was monitored
at 280 nm. Molarities were calculated using the molar extinction coeffi-
cient of entianin (g&,5, = 5,750 liter mol ! em™ % ProtParam; ExPASy),
which is determined mainly by the N-terminal tryptophan residue (€,5, =
5,560 liter mol ! cm™!). From this stock solution, different dilutions
were prepared and loaded onto an analytical reverse-phase high-perfor-
mance liquid chromatography (RP-HPLC) column (5 pm; 250 by 4.6
mm; Gemini-NX). The samples were recorded at 214 nm and 280 nm.
Each corresponding entianin peak area was manually integrated using the
Agilent 1200 series ChemStation for LC 3D Systems offline program. The
peak areas were recorded in a calibration curve from which the equations
y=1312.4x — 114.51 and y = 76.829x — 20.591 were created for 214 nm
and 280 nm, respectively.

Determination of glucose. The glucose concentrations in various me-
dia were determined semiquantitatively by using Diabur-Test 5000 test
strips.

Monitoring of entianin and S-entianin production. The production
of entianin and succinylated entianin (S-entianin) was monitored by an-
alytical RP-HPLC. The supernatants were loaded directly onto an analyt-
ical RP-HPLC column. A Zorbax Eclipse XDB LC column (C,g; 5 pm
pore size; 150 by 4.6 mm; Agilent Technologies, Santa Clara, CA) was used
for chromatographic separation. Eluent A was 20% acetonitrile and 0.1%
trifluoroacetic acid (TFA), and eluent B was 99.9% acetonitrile and 0.1%
TFA. Entianin and S-entianin were eluted with a gradient of 17% to 42%
eluent B over 18 min. The entianin and S-entianin concentrations were
calculated using the equation y = 1312.4x — 114.51, obtained from the
entianin calibration.

Promoter activity assay. The activity of the promoter P, 1 _444_o6)
was monitored by quantification of the (-galactosidase ((3-gal) activity
using the reporter strain B15029.SB1 (P,,,,-lacZ). Cell pellets were resus-
pended in working buffer (20 mM B-mercaptoethanol, 60 mM Na,HPO,,
40 mM NaH,PO,, 10 mM KCl, 1 mM MgSO,, pH 7), and cell lysis was
achieved by addition of 0.2 mg/ml lysozyme and subsequent incubation at

TABLE 1 Strains used in this study

Source or
B. subtilis strain  Description” reference”
B15029 Wild type (Ent™) DSM 15029
B15029.SB1 amyE::P,,, -lacZ (Cm", Ent™) This work
B15029.TSp28  AetnS amyE::P,,,s-spaS (Neo", Spec”, Sub*)  This work
B6633 Wild type (Sub™) ATCC 6633
B15029.SWF14  abrB:cat (Cm") This work

“Ent™, entianin producer; Sub™, subtilin producer; Cm’, chloramphenicol resistant;
Neo', neomycin resistant; Spec’, spectinomycin resistant.

® DSM, German Resource Centre for Biological Material; ATCC, American Type
Culture Collection.
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FIG 2 RP-HPLC chromatograms of supernatants from entianin-producing strain B15029 (A) and subtilin-producing strain B6633 (B). Strains were cultivated
in Landy medium (top) or medium A (bottom) for 30 h at 37°C. Unsuccinylated entianin (€) and subtilin (8) elute before S-entianin (\) and S-subtilin (w),

respectively.

37°C for 30 min. The B-gal activity was measured as described previously,
with normalization to cell density (26).

RESULTS

Succinylation of subtilin(-like) lantibiotics depends on strain
background and cultivation conditions. Subtilin-like lantibiot-
ics (Fig. 1A), such as subtilin from B6633 (18, 23), ericin from
BA1/3 (12), and entianin from B15029 (4), are partially succiny-
lated at their N-terminal tryptophan residues. N-terminal succi-
nylation seems to be a unique feature for subtilin-like lantibiotics,
and the mechanism of this posttranslational modification (Fig.
1B) still is unknown. Succinylation leads to strongly diminished
antibiotic activities (4, 23) compared to those of the unmodified
lantibiotics.

We previously observed that strain B15029 produces a signifi-
cantly larger amount of entianin and less N-terminally succiny-
lated entianin than the amounts of subtilin and S-subtilin pro-
duced by B6633 (4). In Landy medium (24), the ratio of entianin
to S-entianin (1:10) was five times increased compared to the ratio
between subtilin and S-subtilin (1:50) under the same growth
conditions (Fig. 2A and B, top). To confirm that the observed
differences in entianin and subtilin succinylation were strain de-
pendent, the entianin structural gene etnS in strain B15029 was
deleted and the subtilin structural gene spaS was integrated. The
obtained ratio between unsuccinylated and succinylated subtilin
upon heterologous expression in B15029 was comparable to that
described for entianin (data not shown), strongly indicating that
the succinylation amount is strain dependent.

Furthermore, we observed for both subtilin-like lantibiotics
that the amount of succinylation does not depend solely on the B.
subtilis strain but also is strongly influenced by the medium com-
position (Fig. 2). Cultivation in medium A, a commonly used
Bacillus medium (25), resulted in a strong decrease in N-terminal
succinylation. Depending on the cultivation conditions, the
amount of S-entianin compared to that of entianin (B15029) de-
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creased from 90% in Landy medium to less than 5% in medium A.
For subtilin (B6633), the same tendency was observed with 98%
succinylation in Landy medium versus 30% in medium A; how-
ever, the amount of succinylation still was higher for the subtilin
producer B6633. This also confirms our previous findings (4) that
among different Bacillus subspecies, the amount of succinylation
varies considerably.

Quantification of subtilin-like lantibiotics. To investigate the
influence of cultivation conditions on the succinylation pattern,
we established a reliable HPLC-based method to quantify lantibi-
otic peptides in supernatants. In contrast to other lantibiotics,
subtilin-like lantibiotics share an N-terminal tryptophan residue
(Fig. 1A), which could be used for quantification due to its absorp-
tion at 280 nm. Different dilution samples of an entianin stock
solution of known concentration were loaded onto an analytical
RP-HPLC column and recorded at 280 nm and 214 nm (Fig. 3A).
The linear correlation between peak areas at 280 nm and 214 nm
and entianin amounts (in pg loaded onto the HPLC column) are
shown in Fig. 3B (for details, see Materials and Methods). The
resulting equations are y = 76.829x — 20.592 for 280 nm and y =
1312.4x — 114.51 for 214 nm, respectively. These equations enable
a reliable quantification of dissolved subtilin-like lantibiotics
based on the absorbance of the N-terminal tryptophan (280 nm)
or based on the absorbance of their peptide bonds (214 nm).

As a control for quantification, we used N-terminally succiny-
lated entianin, and protein determination of entianin and S-en-
tianin confirmed the correct correlation (data not shown). The
entianin calibration based on peak integration at 214 nm also now
enables the quantification of other linear lantibiotics of similar
size, such as nisin, that do not contain aromatic amino acids.

Expression of entianin biosynthesis genes and entianin/S-
entianin synthesis. To further investigate the medium-depen-
dent succinylation, we monitored the kinetics of entianin and S-
entianin formation and compared them to the expression kinetics
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FIG 3 HPLC-based calibration curves to determine concentrations of subti-
lin-like lantibiotics. (A) Increasing amounts of entianin (concentration was
determined via A,g, measurement) were loaded onto an analytical C,3 RP-
HPLC column and recorded at 280 nm and 214 nm, respectively. (B) Calibra-
tion curve derived from the peak areas of entianin at 214 nm, resulting in the
equation y = 1312.4x — 114.51. (C) Calibration curve derived from the peak
areas of entianin at 280 nm, resulting in the equation y = 76.829x — 20.592.

of the entianin biosynthesis gene clusters during growth in Landy
medium and medium A, respectively. In medium A, no succiny-
lation of entianin occurred until 48 h of growth, whereas in Landy
medium S-entianin synthesis coincided largely with entianin syn-
thesis after 16 h of growth (Fig. 4A and B). The entianin biosyn-
thetic gene clusters etnBTC (modification and transport) and
etnIFEG (immunity) and the entianin structural gene etnS are
under the regulatory control of the EtnRK two-component system
(4, 17, 22). After fusion of the respective promoters with the lacZ
open reading frame we could demonstrate that, similar to the
subtilin gene clusters (22), the regulation of all three promoters
(P.tupre> Pens and P mpc) showed a comparable time-depen-
dent expression pattern, although they differed in their strength of
transcription. In accordance with previous findings for subtilin,
the strongest expression was observed for the promoter of the
structural gene etnS, followed by the modification machinery
(etnBTC) and the immunity genes (etnIFEG). Based on the 3-gal
activities, we could calculate an expression ratio of 30:4:1 for P,,,,q:
P...51c:Penirec (data not shown). Due to its moderate expression
and easy quantification, P,,,,; was chosen as an indicator for entia-
nin production in the various media.

In Landy medium, cells reached the stationary phase earlier
than when grown in medium A, and cell densities were 2-fold
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higher in medium A than in Landy medium (Fig. 4C). In Landy
medium, the maximum P,,,; expression was detected after 11 h,
when cells had reached the early stationary growth phase. There-
after, P,,,,; expression decreased continuously and was hardly de-
tectable after 24 h (Fig. 4D). Remarkably, although the biosyn-
thetic genes were expressed to a maximum after 11 h, detectable
amounts of entianin first were observed after 16 h, reaching a
maximum after 24 to 30 h. S-entianin synthesis was detected first
after 24 h, reaching its maximum after 30 h. Our data show that in
Landy medium the biosynthetic enzymes remain stable in the sta-
tionary growth phase, and that no additional expression of the
entianin biosynthetic genes is needed for S-entianin synthesis. In
medium A the situation was completely different. P,,,; expression
started slowly after 9 h during transition from the logarithmic to
the stationary growth phase and reached a maximum after 30 h,
when cells were in the late stationary growth phase (Fig. 4D).
Entianin synthesis first was observed after 24 h and reached a
maximum after 30 h (Fig. 4B). No succinylation was detectable
during this time period, and minor amounts of S-entianin were
observed first after 48 h.

Glucose concentration influences the expression of etn genes
and succinylation. The two cultivation media, Landy and me-
dium A, differ mainly in the carbon source supplied, which is 2%
(wt/vol) glucose in Landy medium (24) and 10% (wt/vol) sucrose
in medium A (25). This suggested that the sugar and its concen-
tration have a major influence on succinylation. To investigate the
role of the carbon sources, we supplemented Landy medium with
increasing glucose concentrations (2% in standard Landy, 6% in
LGLUG6,and 10% in LGLU10), and we replaced the 10% sucrose in
medium A with 10% glucose (AGLU10) (Table 2). During the
investigation period of 48 h in Landy-based medium, growth was
comparable (see Fig. S1 in the supplemental material). This clearly
shows that the different sugar concentrations were neither growth
limiting nor growth inhibiting. Interestingly, the amount of un-
succinylated entianin increased in correlation with the sugar con-
centration (Fig. 5).

To calculate the amounts of entianin and S-entianin at differ-
ent time points (Table 3), this experiment was repeated. The time
point of sugar depletion was monitored for the three sugar con-
centrations provided. The amount of 2% glucose was exhausted
after 16 h of incubation (early stationary phase), and the maximal
amount of unsuccinylated entianin (6 to 7 mg/liter) was reached
shortly after this time point (Table 3). Further cultivation in-
creased the entire amount of entianin, reaching a maximum after
30 h; however, all of the additionally synthesized entianin was
succinylated (85 mg/liter). At this time point, approximately 90%
of entianin was succinylated. In Landy medium with 6% glucose
(LGLU®6), the carbon source was exhausted after 30 h. The
amount of unsuccinylated entianin in the supernatant was 3-fold
increased (20 mg/liter) compared to the amount of unsucciny-
lated entianin obtained with 2% glucose (7 mg/liter). The ratio for
entianin versus S-entianin with 6% glucose was 1:1 after 30 h of
growth. After glucose consumption the S-entianin proportion
further increased, and 70% (64 mg/liter) of the entire amount of
entianin (87 mg/liter) was succinylated after 48 h of incubation. In
Landy medium with 10% glucose (LGLU10), the amount of un-
succinylated entianin increased even more. With 42 mg/liter en-
tianin, a 2-fold larger amount was obtained upon cultivation in
LGLU10 compared to LGLU6 (20 mg/liter). After 48 h the 10%
glucose was consumed and a 3:1 ratio for entianin (45 mg/liter)

aem.asm.org 617


http://aem.asm.org

Bochmann et al.

A A 3 C

andy medium o

%
N
(o]
-0
log growth OD,,
>

mA.U. [214 nm]

L 5 10 15 20 25 30
24 h

16 h time [h]
8 15
time [min]
0.1
B €-entianin, A-S-entianin D
- 450
400
€ =
g 350
® o300
o 'c
e A 8 2 250
< 48h B2
0N =
~ o = 200
= g2
o) -
= S 150
£ 30h i
.__JL e AN 24 h 50
8 . _ 15 O35 7 e 1 13 15 17 19 21 23 25 27 30
time [min] time [h]

FIG 4 Kinetics of entianin/S-entianin synthesis and P,,,; expression during growth in Landy medium and medium A. Shown are comparative RP-HPLC
chromatograms of entianin-producing strain B15029.SB1, cultivated in Landy medium (A) or medium A (B). The y axes of all chromatograms display the same
intercepts. Depending on the cultivation medium, drastic differences can be observed for the ratio between the highly antimicrobially active lantibiotic entianin
(¢) and the N-terminally succinylated S-entianin (\) with dramatically reduced antibiotic activity. (C) Growth of entianin-producing strain B15029.SB1 in
medium A (dark gray) and in Landy medium (light gray). (D) Promoter activity (in Miller Units) of the immunity gene etnl fused with the B-galactosidase open
reading frame in entianin-producing strain B15029.SB1 upon growth in Landy medium (light gray bars) and medium A (dark gray bars). Error bars represent
the standard deviations between samples from two separate cultures (n = 2), with each measurement carried out in triplicate.

versus S-entianin (18 mg/liter) was measured. Cultivation for LGLUI10 (Table 3). This shows that the succinylation pattern de-
more than 48 h did not result in additional entianin synthesis; pends on the glucose concentration, with a maximum of succiny-
however, the ratio between entianin and S-entianin slowly shifted  lation after glucose consumption.
toward the succinylated form (data not shown). Although the With higher concentrations of glucose, the amount of unsuc-
maximal entire entianin amount with 63 mg/liter in LGLU10 was  cinylated entianin significantly increased, and maximal entianin
lower than that of Landy and LGLU®6, with approximately 90 mg/  amounts were reached after 24 h to 30 h of growth in all three
liter, the total amounts of unsuccinylated entianin in the superna-  Landy-based media, with concentrations of 6 to 7 mg/liter in
tant increased 6-fold from 7 mg/liter in Landy to 42 mg/liter in  Landy with 2% glucose, 20 to 23 mg/liter in Landy with 6% glu-
cose, and 42 to 45 mg/liter in Landy with 10% glucose. Depending
on the consumption of glucose, the occurrence of maximum suc-

TABLE 2 Variations of the culture media Landy and medium A cinylation was shifted from the early stationary phase in Landy
Medium Basic component* Sugarsource ~ With 2% glucose to the late stationary phase in Landy with 10%
Landy Landy 2% glucose glucose. This also coincided with the delayed expression of the
LGLU6 Landy 6% glucose  Diosynthetic etn genes, as shown for P, expression (Fig. 6A to C).
LGLU10 Landy 10% glucose ~ Growth curves were largely the same (see Fig. S1 in the supple-
AGLU10 Medium A 10% glucose ~ mental material), independent from the amount of glucose sup-
Medium A Medium A 10% sucrose  plied, indicating that the expression of lantibiotic biosynthesis
@ See Materials and Methods for details on the basic components. genes does not depend solely on the transition from logarithmic to
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chromatograms display the same intercepts. Increasing sugar concentrations
led to larger amounts of the N-terminally unmodified lantibiotic entianin (g),
in contrast to S-entianin (\).

stationary growth phase and that lantibiotic biosynthetic gene
clusters are influenced by glucose availability. Remarkably, higher
glucose concentrations resulted in an increased synthesis of un-
succinylated entianin and less S-entianin. The increase in S-entia-
nin concentrations occurred mainly after glucose consumption,
suggesting that succinylation is catalyzed by a glucose-regulated
enzyme. The exchange of the 10% sucrose in medium A for 10%
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glucose (AGLU10) resulted in the comparable expression of the
biosynthetic etn genes, as shown for P,,,; expression (Fig. 6D and
E). Entianin concentrations were almost the same after 30 h of
growth (Table 3), whereas after 48 h the amounts of entianin and
S-entianin slightly increased, reaching a maximum level of 82 mg/
liter with 10% glucose compared to only 59 mg/liter with 10%
sucrose. Considering the amount of cells/ml, which is twice as
high in medium A and AGLU10 as it is in Landy-based media, the
synthesis of entianin per cell number is most effective in LGLU10
medium. However, entianin concentrations in the supernatants
are highest in medium A-based media.

In summary, our results provide growth conditions for the
specific isolation of either entianin or S-entianin, whereby
AGLU10 and LGLU10 media are most suitable for entianin puri-
fication and standard Landy medium is the preferred source for
S-entianin purification (Table 3).

Transition state regulation of entianin synthesis. Our results
presented here demonstrate that succinylation is influenced by the
strain background and the amount of glucose supplied. Using
10% glucose, we could not only reduce the amount of succinyla-
tion but also significantly increase the amount of unsuccinylated
entianin. As shown here, the transition from logarithmic to sta-
tionary growth was not decisive for the expression of entianin
biosynthetic genes and entianin synthesis. We previously showed
that the expression of subtilin-like lantibiotics is regulated by a
dual-control mechanism (17) based on the expression of the two-
component system LanRK and a quorum-sensing-like activation
of LanRK by the lantibiotic itself. Transcription of LanRK is under

TABLE 3 Comparison of concentrations for entianin, S-entianin, and
total entianin over time in different culture media

Culture medium and Entianin S-entianin Entire entianin®
duration (h) (mg/liter) (mg/liter) (mg/liter)
Landy

24 6 52 58

30 7 85 92

48 6 80 86
LGLU6

24 18 15 33

30 20 18 38

48 23 64 87
LGLU10

24 39 18 57

30 42 20 62

48 45 18 63
AGLU10

24 10 BD 10

30 23 BD 23

48 62 20 82
Medium A

24 10 BD 10

30 22 BD 22

48 50 9 59

“ Entire entianin corresponds to the sum of entianin and S-entianin concentrations in
the supernatant. Maximal concentrations are indicated in boldface. The values are
obtained from one representative experiment, which was repeated at least 3 times with
standard deviations between 15 and 20%. BD, below the limit of detection.
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FIG 6 Promoter activity (P,,,;) of entianin-producing strain B15029.SB1, cul-
tivated in Landy medium with 2% glucose (A), Landy medium with 6% glu-
cose (LGLU6) (B), Landy medium with 10% glucose (LGLU10) (C), medium
A with 10% sucrose (D), or medium A with 10% glucose (E). Error bars
represent the standard deviations between samples (n = 2), with each mea-
surement carried out in triplicate.

the positive control of the alternative sigma factor H (encoded by
sigH) (17), which is involved in the transcription of several genes
during the transition from exponential to stationary growth phase
(20, 27,28). Sigma H in turn is under the negative control of AbrB
(19, 21), a major transition state regulator in B. subtilis (29) (Fig.
7). Previously, we showed that the deletion of abrB in B6633 sig-
nificantly increased the amount of subtilin produced in Landy
medium (17), most of which turned out to be succinylated (18).
Based on our findings, we questioned whether the transition state
regulator AbrB still influences entianin synthesis if high glucose
concentrations are supplied. Therefore, we compared entianin
synthesis in an abrB deletion mutant upon growth in medium A
(10% sucrose), AGLU10 (10% glucose), and standard Landy me-
dium. As shown in Table 4, the abrB deletion had an additional
significant impact on entianin production in all cultivation media.
Interestingly, the ratios of S-entianin to entianin described above
for abrB™ wild-type cells remained unchanged upon abrB dele-
tion. After 30 h of growth in Landy medium, entianin and S-
entianin concentrations increased approximately 2-fold upon
abrB deletion. After 30 h of cultivation in medium A, entianin
concentrations increased 5-fold in an abrB deletion mutant back-
ground, whereas the S-entianin concentration remained compa-
rable in the range of the detection limit. A further increase of 25%
was detected for entianin and S-entianin upon growth of an abrB
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[ etnBTC >§ etnlFEG )[etnRK

FIG 7 Biosynthetic regulation of subtilin-like lantibiotics (shown here for the
entianin producer B15029). Until entering stationary growth phase, the tran-
scriptional activation of etnRK by SigH is repressed by AbrB. When repression
is reversed in stationary phase, EtnRK can accumulate and be activated by
entianin with a quorum-sensing-like mechanism. EtnRK in turn activates the
transcription of biosynthetic genes (etnBTC), immunity genes (etnIFEG), and
the structural gene (etnS); therefore, it increases entianin production.

deletion mutant in AGLU10 medium compared to that in me-
dium A. Furthermore, due to the sigma H-driven constitutive
expression of the EtnRK two-component regulatory system, en-
tianin synthesis was detected very early, after only 10 h of incuba-
tion (Table 4). Remarkably, after 48 h of growth, we observed a
strong degradation of entianin in the abrB mutant strain (data not
shown), and a maximum yield of entianin was obtained after 30 h
of growth.

DISCUSSION

Linear lantibiotics have a strong antimicrobial potential against
Gram-positive bacteria and are of increasing importance for med-
ical treatment and food preservation. Gram-positive producers of
linear lantibiotics have established highly sophisticated regulation
and immunity systems. In contrast to other linear lantibiotics,
such as nisin, epidermin, and Pep5, a characteristic feature of sub-
tilin-class lantibiotics (subtilin, ericin, and entianin) is their N-
terminal succinylation (4, 12, 23). This posttranslational modifi-
cation occurs extensively and strongly reduces antimicrobial
activity (4, 23).

Growth conditions in general previously have been described
to strongly influence bacteriocin production (30, 31). As shown
here, the succinylation of subtilin-like lantibiotics depends not
only on the strain background but also on the carbon source pro-
vided. In medium A, succinylation of entianin was strongly di-
minished in strain B15029 until the late stationary growth phase.
This is in contrast to Landy medium, where up to 90% of the
lantibiotics were succinylated almost concomitantly with entianin
synthesis (reference 4 and this work). Cultivation under various
conditions revealed that the amount of unsuccinylated entianin
could be significantly increased in the presence of high glucose
concentrations. More than that, succinylation mainly occurred
after glucose consumption.

Until now, the biosynthesis of subtilin-like lantibiotics was
considered to be exclusively dependent on the transition to the
stationary phase due to its regulation by AbrB (17), a major tran-
sition state regulator in B. subtilis (29). However, the results pre-
sented in this work showed that the expression of the entianin
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TABLE 4 Amounts of entianin and S-entianin produced by the abrB deletion strain B15029.SWF14 and the B15029 (abrB*) strain in Landy

medium, medium A, and AGLU10 at different time points”

Landy Medium A

AGLU10

Entianin (mg/liter) S-entianin (mg/liter)

Entianin (mg/liter)

S-entianin (mg/liter)  Entianin (mg/liter) S-entianin (mg/liter)

Time point abrBmutant abrB* abrBmutant abrB* abrBmutant abrB* abrBmutant abrB* abrBmutant abrB* abrBmutant abrB"
10h 8 BD 6 BD 1 BD BD BD 9 BD BD BD
20h 15 6 78 50 78 8 4 BD 100 9 6 BD
30h 17 7 156 85 110 22 4 BD 137 23 6 BD

@ Maximal concentrations are indicated in boldface. The values were obtained from one representative experiment, which was repeated at least 3 times, with standard deviations

between 15 and 20%. BD, below the limit of detection.

biosynthetic genes was strongly retarded by increasing glucose
concentrations, although the transition to the stationary phase
was not affected. The respective maximal promoter activities
(P,,.;) were reached shortly before glucose consumption, and
maximal entire entianin amounts were reached thereafter. These
findings indicate that the regulatory effects mediated by the car-
bon source are independent from the transition state regulation of
entianin biosynthesis.

Deletion of AbrB in B. subtilis previously has been shown to
increase subtilin biosynthesis (17, 18). This could be verified for
entianin biosynthesis. Interestingly, abrB deletion did not affect
the ratios observed for entianin and S-entianin in the different
cultivation media, although entianin biosynthesis was increased
up to 6-fold. Consequently, the concentration of the carbon
source rather than the transition state regulator AbrB seems to be
important for succinylation.

N-terminal succinylation is highly specific for the N terminus
of the peptide and needs to be distinguished from lysine succiny-
lation, which is described for a broad range of organisms and
occurs at the e-amino group of the side chain of lysine (32). The
mechanism of lysine succinylation and the succinyl donor in bac-
teria are not yet clear; however, in yeast the succinylation of lysine
residues depends on succinyl-coenzyme A (CoA) originating
from the tricarboxylic acid (TCA) cycle. In vitro experiments sug-
gested that lysine succinylation occurs nonenzymatically and cor-
relates with the succinyl-CoA concentration (33). For the N-ter-
minal succinylation of subtilin-like lantibiotics, succinyl-CoA also
might be the succinyl donor. However, because none of the three
lysines within entianin or subtilin are succinylated, the underlying
mechanism is clearly different. As succinylation occurs exclusively
at the N-terminal tryptophan, this reaction must take place after
the cleavage of the leader peptide. Leader peptide processing can
occur prior to (34, 35), concomitantly with (36), or after secretion
(37-39) of the precursor peptide. In most cases, this step is medi-
ated by a specific protease (40). This is different for subtilin-like
lantibiotics produced by various B. subtilis strains, where cleavage
can be performed by one of at least three unspecific extracellular
serine proteases (41). Accordingly, succinylation should occur in
the extracellular space or attached to the cytoplasmic membrane,
which argues against a nonenzymatic reaction. The observed
strain- and glucose-dependent differences in the succinylation
amount further support an enzymatically catalyzed reaction.

Succinylation provides a negative charge to the N terminus of
subtilin-like lantibiotics, which could hinder their interaction
with lipid IT and support their release from the membrane. Charge
changes within the bacterial cell wall or the cytoplasmic mem-
brane have been described to be effective general resistance mech-
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anisms against positively charged antimicrobial peptides (42—44).
Similar to these modifications, succinylation could provide a fur-
ther defense mechanism, independent from the lantibiotic immu-
nity proteins Lanl and LanFEG (4, 12, 15). In addition, succinyla-
tion drastically reduces the autoinduction capacity (4); therefore,
it might prevent the overproduction of toxic lantibiotics.
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