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Gramicidin S (GS) is a nonribosomally synthesized decapeptide from Aneurinibacillus migulanus. Its pronounced antibiotic
activity is attributed to amphiphilic structure and enables GS interaction with bacterial membranes. Despite its medical use for
over 70 years, the peptide-lipid interactions of GS and its molecular mechanism of action are still not fully understood. There-
fore, a comprehensive structural analysis of isotope-labeled GS needs to be performed in its biologically relevant membrane-
bound state, using advanced solid-state nuclear magnetic resonance (NMR) spectroscopy. Here, we describe an efficient method
for producing the uniformly '*C/**N-labeled peptide in a minimal medium supplemented by selected amino acids. As GS is an
intracellular product of A. migulanus, we characterized the producer strain DSM 5759 (rough-convex phenotype) and examined
its biosynthetic activity in terms of absolute and biomass-dependent peptide accumulation. We found that the addition of either
arginine or ornithine increases the yield only at very high supplementing concentrations (1% and 0.4%, respectively) of these
expensive >’C/">N-labeled amino acids. The most cost-effective production of '>C/">N-GS, giving up to 90 mg per gram of dry cell

weight, was achieved in a minimal medium containing 1% '>C-glycerol and 0.5% '’N-ammonium sulfate, supplemented with
only 0.025% of '>C/">N-phenylalanine. The 100% efficiency of labeling is corroborated by mass spectrometry and preliminary
solid-state NMR structure analysis of the labeled peptide in the membrane-bound state.

he cyclic decapeptide gramicidin S (GS) contains a repeat se-

quence of five amino acids (cyclo[°Phe-Pro-Val-Orn-Leul,),
including the unusual ornithine (Orn) and D-phenylalanine
(PPhe) (Fig. 1A). Since its discovery about 70 years ago, GS has
been used as a topical antibiotic in Russia and neighboring coun-
tries, exploiting its pronounced antimicrobial activity against
Gram-positive bacteria (1, 2). For example, GS is the bioactive
agent in GrammidinNeo, the lozenge against sore throat and
mouth ulcer produced by the Russian JSC Valenta Pharmaceuti-
cals. Notably, despite a long medication history, no clinical cases
of bacterial resistance against GS have been reported, which sug-
gest that this peptide may be an exceptionally promising resis-
tance-free antibiotic (3).

The biological activity of GS was first described as membrano-
lytic, which is believed to determine its profound antimicrobial as
well as hemolytic activities in vitro. Less acknowledged are GS
activities not directly related to interaction with membrane bilay-
ers: the peptide has been shown to inhibit membrane enzymes,
such as bacterial NADH dehydrogenase and cytochrome bd ter-
minal oxidase (4), and to delocalize the peripheral cell division
regulator MinD, the lipid II biosynthesis protein MurG, and cy-
tochrome ¢ (5).

The main molecular target of GS is supposed to be the plasma
membrane of susceptible bacterial species, where an accumulation of
the amphiphilic peptide leads to a loss of the barrier function and an
irreversible increase in permeability for ions and metabolites (6). This
concentration-dependent effect leads to membrane depolarization
(7) and an overall dysfunction of the cellular osmoregulation, which
starts already at GS levels well below the respective MICs (8). How-
ever, the structure-function relationship of the peptide and its de-
tailed molecular mechanism of action at the plasma membrane, i.e.,
its interaction with the lipid bilayer, are still lacking a consensus view.
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Over the last decades, the molecular structure of GS has been studied
by a variety of biophysical methods, including nuclear magnetic res-
onance (NMR) in solution and X-ray crystallography. The peptide
has an antiparallel 3-sheet conformation, in which the two -strands
are fixed by two type-II" B-turns and by up to four intramolecular
hydrogen bonds (9, 10). The two reported crystal structures agree on
the fold, but they differ significantly in the atomic details (11, 12).
Surprisingly, GS does not readily produce X-ray quality single crys-
tals; hence, highly artificial crystallization conditions were applied in
both cases, in part explaining these discrepancies. The picture is
somewhat more consistent for the NMR-derived structures that have
been obtained in membrane-mimicking solutions, such as dimethyl
sulfoxide (DMSO) (13) or a CHCl;-methanol mixture (14), but in
most NMR studies GS derivatives have been used rather than real GS.
Most significantly, GS is a membrane-active peptide; hence, func-
tionally relevant structural information should be acquired when it is
bound to a genuine lipid bilayer. To the best of our knowledge, except
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FIG 1 GS structure and nonribosomal GS biosynthesis. (A) Sequence, cyclic structure, and nomenclature of GS. (B) Involvement of amino acids in the
nonribosomal GS biosynthesis and assembly of the protein complex consisting of GrsA and GrsB synthetases.

for a single computational study involving molecular dynamics sim-
ulation (MD) of GS in DMPC (1,2-dimyristoyl-sn-glycero-3-phos-
phocholine) (15), there is no atomic structure available so far for
native GS embedded in a phospholipid membrane. Given the prob-
lems with crystallization, the only available method for solving the
atomic structure of GS in native membranes is solid-state NMR spec-
troscopy, for which entirely unperturbed, uniformly *C/**N-labeled
molecules are required.

GS is synthesized nonribosomally by two complementary syn-
thetases, GrsA and GrsB (Fig. 1B). The biosynthesis starts with the
activation, thioesterification, and racemization of phenylalanine
by GrsA synthetase. GrsB further catalyzes activation of the con-
stituent amino acids that follow. Polymerization begins with the
transfer of D-phenylalanine on GrsA to the 4-phosphopantheth-
eine residue of GrsB peptidyl carrier protein (pan-PCP) and pro-

3594 aem.asm.org

Applied and Environmental Microbiology

ceeds through a sequential thiolation and transpeptidation reac-
tion via pan-PCP on GrsB (16). Penultimately, two pentapeptides,
one bound as an ester to the active-site serine of the terminal
thioesterase domain (TE) and the second bound as a thioester to
the adjacent pan-PCP, are ligated to a decapeptidyl-pan-PCP,
which is finally cyclized on TE (17). The effectiveness of this un-
usual way of biosynthesis depends on multiple factors, such as
growth temperature, medium composition, and phenotype vari-
ability; therefore, GS production is not a trivial task (18).

Under optimal growth conditions, the nonribosomal biosynthe-
sis of GS proceeds error free and is more cost-effective than chemical
peptide synthesis. High-yield microbiological production of GS by
fermentation of the natural producer Aneurinibacillus migulanus
requires a growth medium that contains a large amount of amino
nitrogen. This condition makes uniformly '*C/'*N-labeled media
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very costly. Furthermore, the overall yields from nonribosomal
peptide biosynthesis depend strongly on the individual amino ac-
ids supplemented, as they deviate in this respect from the “nor-
mal” biosynthesis involving ribosomes. Indeed, standard ap-
proaches using media that are fully supplemented with stable
isotopes—as developed for the production of recombinant ribo-
somally produced proteins in Escherichia coli—are not suitable for
GS fermentation. These peculiarities of the growth conditions for
the GS producer strain prompted us to develop a new, cost-effec-
tive medium for preparing uniformly '>C/'°N isotope-labeled GS.
In this paper, we describe the production of suitably labeled GS by
fermentation of the natural producer strain A. migulanus DSM
5759 in media supplemented with stable >C/"°N isotopes. Appli-
cation of '>C/"°N-labeled GS could be also useful for investiga-
tions of GS interactions with membrane proteins and surround-
ing phospholipids as well as for structural studies of the GS-based
nanofibers (19).

MATERIALS AND METHODS

Materials. Yeast extract with 5% amino nitrogen, agar for microbiology,
D-pantothenic acid as a calcium salt, commercial GS, unlabeled glycerol,
L-amino acids (phenylalanine, arginine, histidine, ornithine, glutamic
acid, methionine), pyridoxine hydrochloride, and matrices for matrix-
assisted laser desorption—ionization (MALDI) mass spectrometry were
obtained from Sigma-Aldrich (Munich, Germany). Bacto tryptone with 4
to 6% amino nitrogen and Noble agar were purchased from Becton, Dick-
inson & Co. (Heidelberg, Germany). '>C-labeled glycerol, '*N-labeled
ammonium sulfate (both with >99% isotope enrichment), and the uni-
formly '*C/'*N-labeled amino acid -phenylalanine (>98% for both iso-
topes) were obtained from Euriso-Top GmbH (Saarbriicken, Germany).
Inorganic salts, solvents, and other chemicals were of the highest quality
available. Water was purified with a MilliQ Biocell system (Merck Milli-
pore, Darmstadt, Germany) and used for all solutions, including media.

Phenotype control of producer strain. Aneurinibacillus migulanus
DSM 5759 was received from DSMZ (Deutsche Sammlung von Mikroor-
ganismen und Zellkulturen, Braunschweig, Germany). It had been char-
acterized earlier to consist of an entirely rough phenotype with a convex
center, which is capable of GS production (18). Spores were obtained in
NBYS medium, containing the following (in g/liter): Bacto tryptone (5.0),
meat extract (3.0), yeast extract (5.0), MgCl,-6H,0 (0.2), CaCl,-2H,0O
(0.1), MnCl,-4H,0 (0.01), and FeCl;-6H,O (0.0002). The first three salts
(salt solution 1) and a solution of FeCl;-6H,0 in 0.01 M HCI (salt solution
2) were prepared separately as 1,000-fold concentrated stocks. NBYS cul-
tures were grown 48 to 50 h and washed with sterile water (8,000 X g at
4°C for 10 min). Suspensions of spores and vegetative cells were heated for
20 min at 80°C to destroy vegetative cells, followed by washing with sterile
ultrapure water. Concentrated spore suspensions were stored in sterile
water with 30% glycerol at —20°C. Due to phenotype instability, the spore
suspension was always used to first inoculate yeast peptone (YP) medium
(18, 20) with Bacto tryptone and yeast extract (each 50 g/liter), i.e., under
conditions that should promote the development of rough phenotypes
(18). Subsequent plating of this culture onto the surface of LBY agar (10
g/liter Bacto tryptone, 10 g/liter yeast extract, 5 g/liter NaCl, and 30 g/liter
microbiological agar) was used as a control to check the colony morphol-
ogy.

Fermentation media and inoculation material. The compositions of
the chemically defined media with glycerol, which were supplemented
with different compounds as nitrogen sources, are summarized in Table 1.
Ultrapure water and 10-fold-concentrated stock solutions of glycerol
were autoclaved, and 10-fold-concentrated amino acids solutions, phos-
phate buffer, Tris-HCI (pH 7.4 at 25°C), and 40-fold-concentrated solu-
tions of D-pantothenate and pyridoxine hydrochloride, as well as 1,000-
fold-concentrated salt solutions 1 and 2 (see above), were sterilized by
membrane filtration (cellulose membrane filter with pore diameter of
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TABLE 1 Composition and GS yield in different chemically defined
media® used in this work

Content (g/liter) in:

Component or GSyield ~ GAT® G4/4° GATF1 GATF2
Glycerol 10.0 10.0 10.0 10.0
(NH,),S0, 5.0 5.0 5.0
L-Arginine 10.0

L-Phenylalanine 1.0 1.0 0.25
L-Methionine 0.5

L-Histidine 1.3

K,HPO, 6.5 6.5 6.5 6.5
KH,PO, 1.7 1.7 1.7 1.7
Tris-HCl 6.0 6.0 6.0
MgCl,-6H,0 0.2 0.2 0.2 0.2
CaCl,-2H,0 0.1 0.1 0.1 0.1
MnCl,-4H,0 0.01 0.01 0.01 0.01
FeCl;-6H,0 0.0002 0.0002 0.0002 0.0002
GS yield (mg/liter) 109 =24 1356 =156 173 +24 263 = 35

“ GAT, basal minimal medium; G4/4, medium found to be optimal for GS production;
GATF1 and GATF2, phenylalanine-containing GAT media. GATF2 was found to be the
optimal minimal medium and the most cost-effective in terms of *C/**N-GS
production.

b Analogous to 1% G2T6 medium used in reference 22, but reduced here in ammonium
sulfate and Tris.

¢ Analogous to fructose-containing medium from reference 24.

@ GS average yield + standard deviation over several (1) independent fermentation
experiments (for GAT, n = 6; for G4/4, n = 10; for GATF1, n = 6; for GATF2, n = 4).

0.22 pm; Sarstedt, Niimbrecht, Germany). Chemically defined media
were prepared by combining aliquots of these stocks. Each 40 ml of me-
dium (in 350-ml Erlenmeyer flasks) was inoculated either with cells from
the overnight preculture, grown in LBY liquid medium, or with cells from
3- to 5-day-old colonies of A. migulanus DSM 5759. Rough individual
colonies from LBY agar were resuspended in 150 mM NaCl. Inoculation
volumes were determined by measurement of the optical density at 660
nm (ODgy,) and adjusted to 10° CFU/ml. All experiments were done at
least in duplicate or with more repetitions at a temperature of 40°C, which
is optimal for A. migulanus (1).

Extraction of GS. Aliquots of 1 ml were removed from the fermenta-
tion flasks every 2 to 4 h after the OD, reached a value of 2 to 3. The cells
were immediately centrifuged (5,000 X g at ambient temperature for 10
min) and frozen at —20°C. Later, the obtained pellets were resuspended in
the preextraction solution (150 mM NaCland 20 mM HCI) and incubated
at 80°C for 15 min to facilitate the extraction of GS. The suspensions were
diluted 1:1 with absolute ethanol, and GS was extracted by agitation for 1
h at 30°C. The cell debris was removed by centrifugation, and the amount
of GS in the 50% ethanolic extract was determined either using a bioassay
or directly by chromatography.

Quantification of GS using a bioassay. The concentration of GS was
determined using an agar plate diffusion bioassay with Bacillus subtilis
ATCC 6633 as a test organism. The initial GS extract was diluted 2-, 4-, 5-,
or 10-fold, and 50 pl of each dilution was pipetted into 9-mm wells that
had been punched into an agar plate containing spores of the test organ-
ism (inoculation dose, 10* CFU/ml). The nutrient agar for the plates (5
g/liter Bacto tryptone, 3 g/liter beef extract powder, 20 g/liter KCI, 15
g/liter agar [Difco Agar Noble; Becton, Dickinson and Co.], pH 7.0, set at
25°C) was prepared according to the method described in reference 20.
Calibration curves for the radius of growth inhibition were obtained from
high-performance liquid chromatography (HPLC) traces of pure GS. The
range of GS concentrations from the 50% ethanolic extract showed a
linear concentration dependence over the range of 25 to 250 mg/liter. The
pure solvent (50% ethanol) was used as a negative control, as it did not
inhibit bacterial growth. To facilitate GS diffusion through the agar, the
plates were refrigerated at 4°C for 22 h before incubation at 37°C for 20 h.
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Absolute yields (in milligrams per liter) were used for calculation of spe-
cific biomass-dependent GS production (in milligrams per gram, dry cell
weight), according to the method described in reference 20.

Quantification of GS and phenylalanine consumption using chro-
matography. To determine low concentrations of GS by reverse-phase
(RP)-HPLG, a 0.5-ml aliquot of each extract was first dried in a Univapo
100H vacuum concentrator (Froebel, Lindau, Germany) and then redis-
solved in 50 pl of 50% ethanol, to obtain a concentration 10-fold higher
than that of the initial extract. Analytical RP-HPLC was performed on a
chromatographic system from Jasco Germany GmbH (Gross-Umstadt,
Germany) equipped with a diode array detector. A reverse-phase analyt-
ical Grace Vydac C,4 column (4.6 by 250 mm) from Grace Davison Dis-
covery Sciences (Deerfield, IL, USA) was used, with a linear water/aceto-
nitrile gradient (relevant part of the gradient: 45 to 90% B in 15 min) at
35°C. The mixture of 10% acetonitrile and 90% water was used as “solvent
A,” while “solvent B” was composed of 90% acetonitrile and 10% water;
both solvents were supplemented with 5 mM HCI as the ion-pairing
agent. For all samples, a constant injection volume of 20 pl was applied.
The total area of the GS peak as determined by the Jasco ChromPass
software at 257 nm was used as a measure of concentration. Two individ-
ual calibration curves were constructed for the ranges of 10 to 100 mg/liter
and 0.1 to 1 g/liter.

To determine the residual concentration of phenylalanine in the cul-
ture medium, the biomass was centrifuged and 20 .l of the supernatant
was directly loaded onto the analytical column. A linear gradient of 0.1%
CF;COOH versus 10% methanol was used on the same analytical column
as described above at 40°C. The calibration curve was constructed with
concentrations of L-phenylalanine ranging from 0.1 to 1.2 g/liter.

RESULTS

Phenotype control and optimization of the inoculation proce-
dure. Since the phenotype variations of GS producer strains de-
termine the GS production (18), the phenotype control of inocu-
lation material for each experiment is required. The GS
fermentation medium can be inoculated by using either spores
(21), an overnight preculture (20), or a cell suspension from bac-
terial colonies (Fig. 2A). Our multiple attempts to inoculate di-
rectly with spores (data not shown) showed this approach to be
rather irreproducible. Inoculation with an overnight preculture
led to faster exponential growth but slower GS biosynthesis than
inoculation with cells obtained from colonies (Fig. 2B). A maxi-
mum GS yield of about 200 mg/liter was reached in 48 h by the
former inoculation strategy, whereas the latter approach needed
only 28 to 30 h for the same yield in the GATF1 medium (glycerol-
ammonium sulfate-Tris-phenylalanine) supplemented with 0.1%
arginine. Based on these results, in all further experiments colo-
nies were used for inoculation.

Effects of amino acids and vitamins. Fermentation of GS in
the basal minimal GAT medium (glycerol-ammonium sulfate-
Tris, without any amino acids) even at the optimal growth tem-
perature of 40°C resulted in exceptionally poor GS yields (Table
1). On the other hand, amino nitrogen-rich G4/4 medium, which
contains phenylalanine, arginine, histidine, and methionine, was
found to facilitate peptide biosynthesis very well.

However, the addition of such uniformly 13C/'*N-labeled
amino acids for producing an NMR sample would be extremely
expensive. Since the two media differ in their nitrogen sources,
besides the total amount of nitrogen, it appears that the GS yield is
determined by the way in which nitrogen is supplied. As the next
step, we therefore compared urea, ammonium chloride, and am-
monium sulfate as a nitrogen source in a glycerol-containing min-
imal medium for A. migulanus strain DSM 5759. Only ammo-
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FIG 2 Impact of inoculation on GS fermentation. (A) General scheme for
inoculation: 1, direct application of spores; 2, spore germination in YP me-
dium; 3, control of the colony morphology; 4, preparation of the preculture; 5,
inoculation of the fermentation medium with colony cells; 6, inoculation of
the fermentation medium with the preculture. (B) Influence of inoculation on
the growth profile (solid circles, left axis) and GS production (empty circles,
right axis). Black, inoculation with the preculture (steps 2, 3, 4, and 6); red,
inoculation with colony cells (steps 2, 3, and 5).

nium sulfate was able to support GS production, in agreement
with previous observations (22) for the type strain ATCC 9999.
Notably, the authors reported a yield of 100 mg/liter GS with 12
g/liter ammonium sulfate, but we also checked results with 10 and
5 g/liter and obtained the same 100-mg/liter yield independent of
concentration. Obviously, using less ammonium sulfate is more
economical for labeling experiments, so we kept this lower con-
centration. Moreover, being also a sulfur source, the addition of
ammonium sulfate justifies the omission of '>C/'’N-methionine
from the fermentation medium. Next, we proceeded to supple-
ment the minimal GAT medium separately with each of the re-
maining three amino acids (Phe, Arg, His) used in the G4/4 me-
dium, with the aim to reduce their amounts. Due to its known
function of being the direct inducer of the nonribosomal synthesis
of GS (23, 24), phenylalanine was initially maintained in all tested
media at the recommended concentration of 0.1% (but see below)
(23). A positive effect of arginine and histidine can be clearly seen
in Fig. 3, as the GS yield almost tripled in the case of 1% arginine.
Such increase in production is apparently most pronounced for
the amino-nitrogen-rich amino acids, since an experiment with
supplemented glutamate, on the other hand, facilitated the initial
growth but dramatically reduced the peptide production in
GATF]I (Fig. 3B and C), although glutamate in bacteria is a source
for biosynthesis of arginine, ornithine, and proline.
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GATF1 + 0.1% His 231 +40.3
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FIG 3 Growth and GS production in GATF1 medium supplemented with
selected amino acids. Monitoring of growth (filled signs, left axis) and GS
production (empty signs, right axis) in the presence of 1% arginine (circles)
and 0.1% arginine (squares) (A) and in the presence of 0.1% histidine (circles)
and 1% glutamate (squares) (B). The curves presented are mutually compara-
ble, since they belong to one set of experiments in which the cultures were
inoculated with the same cell suspension. (C) Mean values of the maximal GS
production as an average over several independent experiments (for GAT and
GATF1, n = 6; for GATF1 with 1% glutamate and GATF1 with 1% arginine,
n = 2; for GATF1 with 0.1% histidine and GATF1 with 0.1% arginine, n = 5).

Vitamin B (calcium D-pantothenate) is a specific precursor of
4'-phosphopantetheine and a constituent of coenzyme A, which
acts as a prosthetic group in many acyl carrier proteins. As an
ubiquitous cofactor, coenzyme A plays a central role in the energy
metabolism and in general in the anabolic processes. In bacteria
that produce peptides by nonribosomal peptide synthesis, coen-
zyme A also participates in the transferase reactions, e.g., switches
the GS synthetase of A. migulanus from its inactive apo- to the
active holo-form (25). Our results in GATF1 media revealed that
calcium pantothenate on the one hand exhibited the expected
concentration-dependent stimulatory effect on the initiation of
GS production, but on the other hand it also promoted the overall
growth of A. migulanus and did not increase significantly the final
GS yield (Fig. 4A). Biosynthesis of GS requires 10 ATP molecules
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FIG 4 Impact of vitamins on growth and GS production. (A) Monitoring of
growth (filled signs, left axis) and GS production (empty signs, right axis) in
GATF1 medium with calcium pantothenate (vitamin B;) added in a final
concentration of either 0 WM (circles), 20 wM (triangles), or 70 WM (squares).
(B) Growth and GS production in G4/4 medium supplemented with pyridox-
ine hydrochloride (vitamin By) calculated from two independent experiments.

to synthesize a single peptide (Fig. 1B), which leads to significant
competition with the other energy-consuming processes in the
cell (growth, division, etc.). Over the tested concentration range
below 70 M, we observed that the two opposing stimuli balanced
each other; hence, the actual biomass-proportional yield of GS
remained unchanged at about 60 mg/g dry cell weight. However,
when supplemented with 70 wM calcium D-pantothenate, the ab-
solute yield of GS in milligrams per liter increased to about 30%
already at 30 h of fermentation (Fig. 4A). These observations sug-
gest that GS yields are influenced not just by the presence of amino
acids but also by the metabolic status of the producing cells. This
supposition can be further supported, at least with respect to the
anabolic/catabolic balance of amino acids, by testing the action of
pyridoxine hydrochloride. In bacterial cells, pyridoxine hydro-
chloride is transformed into pyridoxal phosphate (vitamin By) in
an ATP-consuming enzymatic reaction. B is a key cofactor in
catabolic reactions of amino acids like transamination and decar-
boxylation. Thus, in a way similar to that of the B; action above,
competition for ATP may affect GS biosynthesis.

As summarized in Fig. 4B, bacterial growth and GS biosynthe-
sis dropped to the levels typical for GATF1 medium when pyri-
doxine hydrochloride was added at a high concentration (200 mg/
liter) to the G4/4 medium, which had been otherwise optimal for
biosynthesis (Table 1).

Optimization of phenylalanine concentration. The optimal
phenylalanine concentration for GS production has been previ-
ously reported as 0.1% (23), based on the range of tested concen-
trations of 1, 0.5, 0.1, and 0.01%. We challenged this value by
examining in more detail the concentration range from 0.1 to
0.025%, and we monitored full-growth curves to assess the bio-
mass and process of GS accumulation. The initial growth during
the first 26 h slowed down in proportion to the given concentra-
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FIG 5 Optimization of phenylalanine concentration and impact of ornithine. Growth profile (A) and GS production (B) in GAT medium, supplemented with
different concentrations of phenylalanine: 0% (filled circles, solid line), 0.025% (empty circles, solid line), 0.05% (filled squares, dotted line), 0.1% (empty
squares, dotted line). (C) Phenylalanine consumption in the fermentation medium as monitored by HPLC. (D) Growth profile (solid signs, left axis) and GS
production (empty signs, right axis) in GATF2 medium only (squares) and in GATF2 medium supplemented with 0.4% ornithine (circles).

tion of phenylalanine (Fig. 5A). However, further cultivation led
to an inversion of the biomass accumulation, as the higher OD
values were reached in the presence of the lower phenylalanine
concentration. Surprisingly, the lowest tested concentration of
phenylalanine stimulated also the highest GS production (Fig.
5B). This effect can be explained by the efficiency of phenylalanine
consumption. In the concentration range from 0.1 to 0.05% (6 to
3 mM), only about 20% of the amino acid was consumed. In the
fermentation culture with 0.025% (1.5 mM), on the other hand,
the phenylalanine uptake by the cells reached almost 80% (Fig. 5C).
Given that the highest yields were obtained under these conditions,
this low concentration was found to be optimal for GS biosynthesis in
minimal medium. This particular medium (GAT + 0.025% of phe-
nylalanine) was named GATF2 and was used for the final optimiza-
tion step.

Stimulation of GS production by ornithine. Since arginine is
a precursor of ornithine and proline, which are immediate com-
ponents of GS (Fig. 1B), as a next step we studied the effects ob-
tained by direct addition of ornithine. The new GATF2 medium
was supplemented in a concentration range from 0.025 to 0.4%.
As expected, a general promotion of both biomass accumulation
and GS production was observed (Fig. 5D). In the presence of
ornithine, the production of GS almost doubled already in the
exponential growth phase. This effect was maintained during the
idiophase (the main stage of secondary metabolite production
according to reference 26), reaching almost 160% of the GS yields
in basal minimal GAT medium. Notably, the idiophase itself was
much more pronounced in the presence of ornithine.

Analytical procedures and characterization of the '*C/"°N-
labeling. We applied standard physicochemical methods for char-
acterizing the yield and labeling efficiency of the peptide. In par-
ticular, quantitative determination of the absolute amounts of
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peptide was done by HPLC, while matrix-assisted laser desorption
ionization—time of flight (MALDI-TOF) mass spectrometry was
used to quantify the extent of '>C/"*N incorporation (Fig. 6A and
B). A bioassay, based on the antimicrobial activity in an agar dif-
fusion assay, was used to additionally determine the functional
activity of the GS-containing solutions.

Gratifyingly, quantification results were found to agree be-
tween the two methods used. The comparison of our product as
obtained under ultimately optimized conditions against commer-
cial unlabeled GS indeed confirms 100% labeling efficiency (Fig.
6A). This very high degree of labeling for a biological producing
system in the case of GS may be due to the nonribosomal nature of
the biosynthesis. Nonetheless, as all 60 of the carbons and all 12 of
the nitrogens of GS were isotope substituted and very few partially
labeled species were detected, we conclude that our production
protocol was successful.

The ultimate aim of producing ">C/'°N-GS is to perform a
comprehensive multidimensional solid-state NMR structure
analysis of the membrane-bound peptide. To demonstrate that
such a sample has been successfully obtained, we have collected
NMR spectra of the fully labeled peptide that was reconstituted in
lipid bilayers. The 1-dimensional solid-state magic angle spinning
(MAS) ’C- and '"’N-NMR data (Fig. 6C and D) show that all
expected signals are present, indicating again the complete label-
ing, with impurity levels below 1%.

Solid-state NMR spectroscopy. Solid-state NMR was used for
a preliminary investigation of the structure of >C/'°N-labeled
peptide in multilamellar lipid vesicles. A set of phase-alternated
recoupling irradiation scheme (PARIS) and dipolar assisted rota-
tional resonance (DARR) spectra were collected with mixing
times ranging from 20 to 60 ms, and a representative example is
presented in Fig. S1 in the supplemental material. Since the NMR
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FIG 6 Physicochemical characterization of the '>C/'*N-GS produced here. (A) MALDI-TOF spectra of commercial unlabeled GS (upper [gray], theoretical
m/z = 1141.7) in comparison with the produced '*C/*>N-GS (lower [black], theoretical m/z = 1213.7), showing 100% labeling efficiency. Experimental m/z values are
shown. (B) Typical RP-HPLC trace recorded at 220 nm (GS peak is indicated). (C, D) Solid-state MAS-NMR spectra of *C/*>N-GS reconstituted into bilayers of
1,2-di-O-tetradecyl-sn-glycero-3-phosphocholine at a peptide/lipid ratio of 1/20, measured at 25°C: >’N-NMR spectrum (C); ">C-NMR spectrum (D).

spectra contained only one set of resonances for each residue, we
conclude that the symmetry of the cyclic structure was maintained
in the membrane-bound state under the solid-state NMR condi-
tions.

The assignment of the observed '°C resonances was based on
the expected intra-residue cross-peak patterns from the individual
amino acids of GS and on the characteristic chemical shift regions
of the corresponding nuclei. The assigned chemical shifts of GS
are listed in Table S1 in the supplemental material, and the results
of the dihedral angle prediction by TALOS+ are shown in Table
S2 in the supplemental material.

DISCUSSION

The prime objective of this study was to optimize the laboratory-
scale fermentation of GS in chemically well-defined minimal me-
dia with the strain Aneurinibacillus migulanus DSM 5759. We con-
sider this a practical example of producing a nonribosomally
synthesized peptide and achieving a high yield of '>C/'*N-labeled
GS in the most economical way. To reach this microbiological
aim, we have evaluated both the inoculation and fermentation
strategies and the composition of the growth medium. The pro-
duction of GS was characterized by quantifying not only the ab-
solute yield but also the labeling efficiency, such that the best pro-
duction method could be selected by ultimately judging the price
of the isotope-labeled media used to obtain the product. The se-
lection of the producer strain was based on the following criteria.
There are several commonly available strains known as GS pro-
ducers: the type strain Aneurinibacillus migulanus (formerly Ba-
cillus brevis) ATCC 9999 (DSM 2895), two other strains of A.
migulanus maintained in DSMZ, i.e., DSM 5658 and DSM 5759
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(27), and the Bacillus brevis strain Nagano (28). We have previ-
ously described the correlation between colony morphology, the
extent of growth, spore formation, cultivation temperature, and
GS production (18). We have explained the strong phenotype
dissociation into nonproducing phenotypes of the strains avail-
able in culture collections by their cultivation at inappropriate
temperatures (<40°C) and unsuitable media. Among the above-
mentioned strains in our preliminary screening studies, the en-
tirely rough (producing) phenotype of A. migulanus DSM 5759
showed the highest GS yields in the chemically defined G4/4 me-
dium and was therefore used for the present investigation.

Here, we were able to demonstrate that the reproducibility of
GS production depends strongly on the nature of the inoculation
material. Some essential differences in GS production had previ-
ously been noted when the fermentation media were inoculated
with spores (21) or with vegetative cells from a liquid preculture
(24, 29). We suggest that this phenomenon can be attributed to
the pronounced phenotype instability of A. migulanus (18). Only
by careful phenotype control or by inoculation directly with cells
from rough colonies (Fig. 2) is it possible to obtain reproducible
fermentation results.

A comprehensive understanding of the GS biosynthesis path-
way in the producer cells provides important clues for optimizing
the isotope-labeling protocols. A major peculiarity of the GS bio-
synthesis is its nonribosomal nature. This means that the optimal
conditions may differ considerably from the standard isotope-
enrichment approaches commonly used for the production of re-
combinant proteins, e.g., in E. coli. Therefore, it was not surprising
that none of the standard isotope-supplemented media developed
for the production of recombinant proteins in E. coli (Celtone,
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Martek-9, Spectra-9) could promote growth and GS biosynthesis
in A. migulanus (data not shown).

A. migulanus utilizes two nonribosomal peptide synthetases
for GS biosynthesis, both having a modular architecture (17).
GrsA synthetase functions as a phenylalanine-racemase and cata-
lyzes the ATP-dependent transformation of L-phenylalanine into
D-phenylalanine (30). Epimerization initiates the biosynthesis
and naturally requires phenylalanine (23, 24), which explains the
direct role of phenylalanine as an inducer. Indeed, we found that
the addition of even low phenylalanine concentrations (1.5 mM)
to the minimal fermentation medium could significantly
(>150%) enhance the peptide biosynthesis in our experiments
(Fig. 4B). GrsB synthetase is responsible for the sequential peptide
bond formation of all five constituent amino acids, in each of the
two equivalent pentapeptide chains. The five peptidyl-carrier pro-
teins (thiolation domains) of both GS synthetases play a key role in
peptide biosynthesis. It is known that the posttranslational mod-
ification of these domains through the attachment of 4’-phospho-
pantetheine converts the inactive apo-proteins into their active
holo-forms. The activated amino acids are then attached cova-
lently as thioesters to the SH groups of 4’-phosphopantetheine,
and only in this form are they able to form the peptide bond in the
subsequent condensation reaction (31). Indeed, we observed that
supplementation of GATF1 minimal medium with the 4'-phos-
phopantetheine precursor (vitamin Bs) (Fig. 3A) facilitates the
bacterial growth and the initial biosynthesis of GS (absolute yield
after 30 h). However, this did not lead to an increase in biomass-
dependent GS production. This is because GS is produced only by
those cells that have reached a certain age (idiophase), i.e., imme-
diately after the specific growth rate has started to decrease (32).
Since 4'-phosphopantetheine not only is necessary for GS biosyn-
thesis but also stimulates many reactions of the primary metabo-
lism, it appears that a significant fraction of the cell population
remained in the exponential growth phase, i.e., in the nonproduc-
ing tropophase (26). Therefore, despite the large biomass values
obtained with the high concentration of vitamin B, the final yield
of GS did not increase significantly, mainly as a result of the low-
ered specific biosynthetic activity of the whole bacterial popula-
tion. The transition of A. migulanus cells into the GS-producing
idiophase has been shown to be induced by depletion of one or
more essential nutrients (33). In the chemically defined minimal
medium, phosphorus and sulfur limitation, for instance, led to the
highest specific activities of the GS synthetases and enhanced rel-
ative GS production (34). All starvation-induced processes in Ba-
cillus species, such as sporulation, competence development, or
production of secondary metabolites, are mutually competitive
and are regulated at the level of gene expression (35).

Being a secondary or “special” metabolite, which is not essen-
tial for bacterial growth but rather needed for environmental sur-
vival (33), GS is produced only under specific nutritional condi-
tions and depends strongly on a high level of amino nitrogen in the
fermentation medium (36). A record overproduction of GS up to
2.5 g/liter has been previously achieved in the complex amino
nitrogen-rich YP medium (20), but this medium is not available in
a uniformly >C/"’N-supplemented form. To develop a chemi-
cally defined minimal medium, the nutrition components should
therefore be carefully evaluated within the limited set of available
and affordable isotope-labeled chemicals. For example, A. migu-
lanus cannot grow with glucose as a sole carbon source (37).
Therefore, glucose-containing minimal media, which are gener-
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ally used for uniform labeling, cannot be employed to produce GS.
A. migulanus can utilize only fructose, glycerol, or inositol as a
single carbon source (22); hence, only these substrates in the iso-
tope-enriched form can be used. In the chemically defined me-
dium with glycerol, the best nitrogen sources are ammonium
phosphate, ammonium sulfate (22), or ammonium succinate
(21). However, these salts, especially ammonium sulfate, increase
the acidity of the medium, which could be a reason for the low GS
yields noted earlier (36). Acidification can be compensated for by
adjusting the buffer: addition of 12 g/liter Tris-HCl at pH 7.4 into
the medium with glycerol and ammonium sulfate supports the
growth and increases the yield of GS compared to the Tris-free
medium (20). For this reason, we used the GAT (glycerol-ammo-
nium sulfate-Tris) medium as the basal medium for optimizing
the cost-effective minimal conditions, lowered here in ammo-
nium sulfate and Tris contents. Since Tris is not consumed in the
metabolic reactions, it can be used without isotope enrichment.

It has been previously demonstrated that GS biosynthesis can
be stimulated by the addition of phenylalanine, arginine, histi-
dine, and methionine to the fermentation media, using a chemi-
cally defined F4/4 medium (23, 38). In this F4/4 medium, fructose
and the four amino acids serve as the sole sources of carbon, ni-
trogen, and sulfur (23, 24). Since uniformly >C-labeled fructose
was not available at the time when we started our work, we opti-
mized the production of GS within the framework of the minimal
glycerol-based GAT medium (see above) and a G4/4 medium,
which is identical to F4/4 except that glycerol replaces the fructose
(29). Strategically, we supplemented GAT with the same four
amino acids as in F4/4, with the exception of methionine, which is
needed only as a sulfur source and is therefore redundant in the
presence of ammonium sulfate. We were able to show (Fig. 5A and
B) that the phenylalanine concentration can be reduced down to
0.025% (1.5 mM) for the highest GS production in minimal GAT
basal medium. The addition of arginine to the medium stimulated
GS production as expected, presumably due to two effects: a sta-
bilization of the GS synthetase (38) and an induction of the argi-
nase that produces ornithine and proline in A. migulanus (39). A
similar degree of stimulation was observed when ornithine was
supplemented (Fig. 5D). However, a significant increase in the
specific biosynthetic activity occurred only at rather high concen-
trations (0.4 and 1%, respectively, for ornithine and arginine),
which negatively affects the production costs in view of the price
for these '*C/'*N-labeled amino acids (Fig. 7).

As mentioned above, the pronounced phenotype instability
of the GS producer strains causes major reproducibility prob-
lems in fermentation studies. Not only the inoculation material
but also some nutrition factors (medium composition) con-
tribute to the dissociation of the GS-producing rough pheno-
types into the undesirable smooth ones. For example, supple-
mentation of histidine and arginine stabilizes the smooth
variant and should thus lead to a rough-to-smooth dissociation
over prolonged cultivation (40). This in turn means that the
addition of arginine (or histidine) can have a dual effect on GS
biosynthesis: immediately, it should have a positive effect by
stimulating the cell-specific biosynthesis, but in the long term
it will have a negative effect due to dissociation of the bacterial
population. Even without the latter process, an arginine-in-
duced stimulation is not worthwhile when judging the high
price of ’C/'°N-labeled Arg (Fig. 7). We therefore recommend
a simple GATF2 medium (glycerol-ammonium sulfate—Tris—
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to GAT medium pro mg GS
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FIG 7 Typical GS yields and respective mean costs of GS production in vari-
ous GAT-derived media, supplemented with uniformly '*C/!*N-enriched
amino acids. The price estimation is based on the catalogue prices for the
isotope-labeled amino acids by CortecNet (Voisins-Le-Bretonneux, France).

0.025% phenylalanine) as the most cost-effective choice for the
biosynthesis of '>C/'*N-labeled GS. For instance, compared to
the use of standard GAT medium (no amino acids), the savings
with GATF2 (using '>C/'°N-labeled phenylalanine) amount to
about €500 per gram of labeled peptide.

Finally, the solid-state NMR experiments of uniformly '>C/
""N-labeled GS in lipid membranes have not only served to prove

angle ¢, degrees
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the quality of the desired product but also delivered a set of pre-
liminary structural data to calculate the functionally relevant
membrane-bound conformation of GS. We were able to demon-
strate that MAS-NMR investigations are possible in a solid-state
mode and to draw several structural conclusions. We achieved
almost complete assignment of the GS backbone and of the '*C,/
°Cg chemical shifts. Since the '>C, and *Cg chemical shifts of
each residue depend largely on the local backbone and side chain
conformations (41), we were able to cross-compare the existing
GS structures (derived from X-ray crystallography, from NMR in
solution, and from theoretical studies) with the new data on GS
determined here in proper lipid bilayers. Even though the number
of structural constraints is limited and additional experiments are
needed to obtain a complete atomic-resolution model, it is clear
from Fig. 8 that the overall picture of the short double-stranded
B-sheet that is flanked by B-turns remains unchanged, as previ-
ously obtained in isotropic solutions and in crystals. This similar-
ity suggests that the GS backbone has a considerable conforma-
tional rigidity, which implies further that it was justified in three
studies (42—44) to assume that the conformation of monomeric
GS remains essentially the same upon realignment into an oligo-
meric 3-barrel pore.

Further structural refinement will be possible by evaluating the
obtained NMR data in combination with molecular dynamics
simulations and "*C chemical shift calculations at the quantum-
chemical level of theory and by additional ""N-NMR measure-
ments, but this is within the scope of a separate publication. The
current paper is focused on the critical process of producing *C/
""N-labeled GS, whereupon a fermentation procedure was devel-
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FIG 8 Backbone torsion angles for each of the amino acids in the GS peptide, as determined by various structural methods. GS structures are denoted with
Roman numerals: I, GS in 1,2-di-O-tetradecyl-sn-glycero-3-phosphocholine (DM-O-PC), as determined in this work by solid-state NMR; II, GS in DMPC,
calculated by all-atom MD (15); III, GS in DMSO, calculated by all-atom MD (45); IV, GS in methanol, calculated by all-atom MD in reference 46; V, GS in
DMSO, determined by liquid-state NMR (13); VI, GS in CHCl;-methanol, determined by solution state NMR (14); VII, GS in crystal, grown in the presence of
ureaand HCI (11); VIII, GS in crystal, grown in the presence of TFA and HCI (12); IX, free GS structure (in vacuo) as predicted in reference 9; X, free GS structure

(in vacuo) as predicted in reference 10.
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oped. The method allows 100% labeling efficiency and is cost-
effective, as was desired for being practically useful. We suggest
that similar approaches could be successful for production of iso-
tope-edited material of other nonribosomally synthesized pep-
tides.
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