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ABSTRACT. The complete primary and three-dimensional solution structures of subtilog)) Alfacteriocin

from Bacillus subtilis were determined by multidimensional NMR studies on peptide produced using
isotopically labeled'FC,'*®N]Jmedium derived fromAnabaenasp. grown on sodium‘{Clbicarbonate and
[**N]nitrate. Additional samples of were also generated by separate incorporations GfQJN]-L-
phenylalanine and [J3C *>N]-L-threonine using otherwise unlabeled media. The results demonstrate that
in addition to having a cyclized peptide backbone (amide between N and C termini), three cross-links are
formed between the sulfurs of Cys13, Cys7, and Cys4 and.tpesitions of Phe22, Thr28, and Phe31,
respectively. The stereochemistry of all residueg except for the three modified ones was confirmed

to beL by complete desulfurization with nickel boride, acid hydrolysis to the constituent amino acids,
and conversion of these to the corresponding pentafluoropropanamide isopropyl esters for chiral GC MS
analysis. The stereochemistry at the modified residues was determined by subjecting each of the eight
possible stereoisomers bfto eight rounds of ARIA structure calculations, starting with the same NMR
peak files and assignments. The stereoisomer with Lthetereochemistry at Phe22:-RQ) and b
stereochemistry at Thr284{S) and Phe31o(-S) (LDD isomer) fit the NMR data, giving the lowest energy
family of structures with the best rmsd. Thus, biochemical formation of the unusual thio links proceeds
with net retention of configuration at Phe22, and inversion at Thr28 and Phe31. Model amino acid
derivatives bearing a sulfide moiety at thecarbon were synthesized by reaction of the corresponding
o-alkoxy compounds with benzyl thiol and SnCeparation of their pure stereoisomers and desulfurization
with nickel boride demonstrated that the reduction of such compounds proceeds with epimerization, in
contrast to the previously reported retention of stereochemistry for analogous reaction of steroidal sulfides.
However, desulfurization of subtilosin A to cyclic peptitlé which is inactive as an antimicrobial agent,
occurs with inversion of stereochemistry at threarbons of Phe22 and Thr28 and with 4:1 retention at
Phe31. This indicates that the desulfurization reaction proceeds via an N-acyl imine and that the structure
of the surrounding peptide controls the geometry of reduction. Posttranslational linkage of a thiol to the
o-carbon of an amino acid residue is unprecedented in ribosomally synthesized peptides or proteins, and
very rare in secondary metabolites. SubtilosinlA fepresents a new class of bacteriocins.

Bacteriocins are potent antimicrobial peptides that are The latter are extensively posttranslationally modifiéds)
ribosomally produced by bacteria, and many are useful food by enzymatic dehydration of serine or threonine residues to
preservatives]( 2). These peptides are generally cationic, give dehydroalanine or dehydrobutane moieties, which may
range from 25 to 60 amino acids in length, and can be form monosulfide lanthionine bridges through Michael attack
primarily divided into two major classes: unmodified at theg position by proximal cysteine residues. Both classes
peptides (except for disulfide bridges) and lantibioti8s (  of bacteriocins are typically produced as precursors contain-
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receptor protein in the mannose phosphotransferase systeniR spectra were determined with a Nicolet Magna 750 FT-
(11, 12). Producer organisms are insensitive to their own IR spectrometer. Mass spec (MS) were recorded with a
bacteriocins due to the production of immunity proteins Micromass ZabSpec Hybrid Sector-TOF instrument (elec-
which protect against membrane disruptid3)( As bacte- trospray ionization (ES)). HRMS reported values are for
riocins are relatively nontoxic to eukaryotic cells, they are M+H. Optical rotations were measured on a Perkin-Elmer

not only important for food preservation, but also have
prospects in animal health and as human drdg4). Nisin
A, a lantibiotic, has been used commercially for almost 50

241 polarimeter at 26C with a micro cell (200 mm; 0.9
cn?) or a standard cell (100 mm, 8 émrespectively. §]p
values are given in units of 10deg cn? g~L. Microanalyses

years as a food additive, and is now approved in over 80 were completed at the University of Alberta Microanalytical

countries 15).

Subtilosin A @) is a bacteriocin produced by the Gram-
positive spore forming bacteriuBacillus subtilisfound in
oriental fermented foodsl ), and is a highly posttransla-
tionally modified ribosomally generated peptid&,(18). The
initial proposal (7) for the sequence and primary structure
of 1 required revision following identification of its genetic
locus (8). The mature product is formed by loss of an

Laboratory. All literature compounds had I# NMR, *C
NMR, and MS consistent with assigned structures.
Growth and Purification of Subtilosin Al). Isolated
colonies of B. subtilis strain JH642 were obtained by
overnight incubation at 37C on DSM agar plates 43).
YT tubes (8 were inoculated with single colonies and
grown overnight at 37C, with shaking at 260 rpm. YT
media [1% (v/v)] was added into 7.5 mL of LB and incubated

unusually short seven amino acid leader peptide, cyclizationfor 7 h at 37°C. LB culture (1.5 mL) was then added to

of the N and C termini, and further modification of Cys,
Thr, and Phe residued ). Subsequent studies by Marx et

500 mL of prewarmed NSM medi24) and incubated for 7
h (x2). The supernatant was extracted by adding one-quarter

al. suggested that thioether bridges were present betweerthe volume ofn-BuOH and shaking fiol h (17), then it was
Cys4 and Phe31, Cys7 and Thr28, and Cys13 and Phe22poured into a separatory funnel and allowed to stand
but the exact nature of these cross-links was not establishedvernight. The organic layer was concentrated in vacuo and

(19). In a recent preliminary report, we described the
presence of novel thiol ta-carbon linkages between the
modified residues i, thereby identifying it as a new type
of bacteriocin 20). In the present work, we expand our
earlier results to elucidate the full primary and tertiary
structure determination ofl using both chemical and

the residue resuspended in MeOH (10 mL!Lof cell
culture). Subtilosin A was further purified by HPLC using a
Waters Nova-Pak cartridge column and a gradient from 24
to 76% CHCN/0.1% TFA (ag). A mixture of crude
subtilosin A in MeOH/0.1% TFA (aq) 8:2 was prepared
approximately 5 min before injection onto the column.

spectroscopic methods. In addition, we examine the forma- Fractions containing subtilosin A, which elutes at 56%;CH

tion and stereochemistry of nickel boride reductiomehio-
o-amino acid derivatives in both subtilosin A)@and model

CN were combined, concentrated in vacuo, and lyophilized.
Antimicrobial Actiity. Bacteriocin production was deter-

systems, and its use as a tool for structure elucidation of mined by the spot-on-lawn test. The indicator organism,

sulfur cross-linked peptides.

EXPERIMENTAL PROCEDURES
General. High-pressure liquid chromatography (HPLC)

Listeria Monocytogenelsl0502, was grown overnight with-
out shaking at 30C in BHI broth (7.5 mL). Serial 2-fold
dilutions (in LB broth) were spotted (206L) onto a BHI
hard agar plate, allowed to dry, and overlaid with 7.5 mL of

was performed on either of two instruments, a Beckman a 1% LI0502 inoculated BHI soft agar. Zones of inhibition
System Gold instrument equipped with a model 166 variable were measured following 16 h incubation at37. Results

wavelength UV detector set at 218 nm and an Altex 210A
injector with a 5-mL sample loop or a Rainin instrument
equipped with a Rainin UV-1 detector set at 218 nm with 1
mL and 20uL loops. Columns included a Waters Nova-Pak

are expressed in AU of bacteriocin (1 AU is the amount of
bacteriocin required to produce visible clearing on a lawn
of indicator strain).

Mass SpectroscopyMALDI-TOF mass spectrometry

cartridge (reversed-phase Pre-Pak C18, 300-A pore size, 15employed a 1:2 mixture of approximately 1 to A@/uL
um particle size column), a Vydac reverse phase 208TP1010 subtilosin A in MeOH/0.1% TFA (aq) 7:3 and a saturated

C8, 300-A pore size, 10m particle size column and a Vydac
reverse phase 208TP54, C8, 300-A pore size withuan5-
particle size. All HPLC solvents were prepared fresh daily

solution of sinapinic acid (MeOH/0.1% TFA (aq) 1:3). The
samples were analyzed on an Applied Biosystems Voyager
Elite MALDI TOF system equipped with delayed extraction

and filtered under vacuum before use. All aqueous solutionsand an ion mirror (reflectron) for improving resolution and
used milli-Q water. Labeled sodium bicarbonate and sodium mass accuracy. External calibration was performed with a
nitrate were supplied by Cambridge Isotope Laboratories mixture of bovine insulin chain B (oxidized form) and bovine

(Andover MA). All reactions were performed under dry Ar.

All solvents were purified and distilled according to Perrin
et al 21). Progress of reactions was monitored by TLC on
commercial silica gel plates (Merck 60F-254) using UV
fluorescence, ninhydrin, molybdic acid, or potassium per-

manganate for visualization. Flash chromatography employed

silica gel 60 (Silicycle, 236420 mesh) and was performed
according to the Still procedur@2?). Melting points were
determined on a Bthi apparatus using open-end capillary

tubes and are uncorrected. NMR spectra were recorded o

Varian INOVA 300, 400, 500, and 800 MHz instruments.

insulin.
Preparation of Labeled Peptonkabeled peptone media
(*3C,'>N) was produced by fermentation @fnabaenasp.

1 Abbreviations: NOE, nuclear Overhauser effect; TBDMS6ilt-
butyldimethylsilyl chloride; DMF, N,N-dimethylformamide; DSM,
Difco sporulation medium; GC, MS gas chromatography mass spec-
trometry; PFPA, pentafluoropropanoyl anhydride; SA%gdenosoyl-
methionine; SubA, subtilosin A; MoaA, molybdenum cofactor biosyn-
thesis protein A; NifB, nitrogen fixation gene B; Pqq, pyrrologuinoline
quinone; YT, yeast-tryptone; LB, Luria-Bertani; TFA, trifluoroacetic

Mhcid; BHI, brain-heart infusion; IR, infrared spectroscopy; NSM, new

sporulation medium; THF, tetrahydrofuran.
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ATCC 27899 with sodium*fC]bicarbonate (99% isotopic  additional aliquot of NaBklwas added and the reaction was
purity) and sodium PN]nitrate (99% isotopic purity) as  continued for another 5 min. A 1Q4. aliquot was removed
reported by Sailer et akf) with the following differences. and acidified by adding 36L of TFA, then microcentrifuged
An oxygen gas electrode was excluded and a BioRad modelfor 1 min at 12 000 rpm. The extent of desulfurization was
EP-1 Econo peristaltic pump replaced the syringe pumps. evaluated by MALDI-TOF, and additional aliquots of NaBH
Standing precultures dknabaenasp., (2x 500 mL) were and NiCL were added as necessary to bring the reaction to
inoculated with 10 mL of growing culture. After 12 days, completion. The mixture was then centrifuged for 10 min at
the standinghAnabaenaultures were centrifuged (%20 min 8000 rpm and purified by HPLC using a Waters C-18 Nova-
at 8000 rpm), the supernatant was discarded, and thePak cartridge column with a 24 to 76% GEN gradient
cyanobacterial pellet was resuspended with a small amountover 20 min. The retention timetrj of 14 was 17 min.

of BG-11 media. The concentrated solution fromx 2500 Fractions containingl4 were concentrated in vacuo and
mL precultures was then addexi§ L of fermentation media.  lyophilized. Mass spectral analysis b4 using an Applied
Subsequent fermentation and processing ofAhabaena  Biosystems Voyager Elite MALDI TOF system with delayed
algal cell mass followed the literature procedure. Four 8-L extraction and ion mirror (reflectron) gave M 3311.1,
fermentations were grown and the percent of isotopic corresponding to addition of six hydrogens with loss of three
enrichment was determined as described below. sulfurs from1.

Determination ofC and*N EnrichmentA Carlo Erba Hydrolysis ofl4 and Formation N-Pentafluoropropanoyl
EA1108 CHN Analyzer was coupled to a Hewlett-Packard |g45r0py| Ester Dematives of Constituent Amino Acids for

(HP) Gas chromatograph (GC) (5890 series Il) with a HP gcms AnalysisFollowing desulfurization, the dry peptide
SMS column (30 mx 0.25 mmx 0.25um film) and a HP 1 4\yas derivatized according to Alltech GC reagent instruc-
Atomic Emission detector (AED) (5921A). Samples of s included in the PFP-IPA Amino Acid Derivatization
peptone (+3 mg) were subjected to normal combustion i (cat. No. 18093). Desulfurizedi4 was hydrolyzed with
analysis on the CHN instrument and the vapor stream from i ang dried, esterified with a mixture of acetyl chloride
these samples was fed directly into the GC-AED system. 5. nropanol and dried. This was followed by addition of
The GC'AEDl as set to monitdfC at5342.574 nm3Cat e pentafluoropropanoyl group using pentafluoropropanoyl
341.712 nm, "N at 421.465 nm, andN at 420.168 nm.  5yqride at 106C. After cooling of the mixture containing
Quantification for*“C and**C isotopes was achieved Using  yhe gerivatized amino acids, excess reagents and byproducts

standards op-chlorobenzoic acid and unlabeled aréC]- were evaporated under argon. The residue was redissolved
labeled succinic acid. Benzamide samplébl{abeled and in CH,Cl, in preparation for chiral GC analysis (see

1 I5N]
unlabeled) were used as standards'fdr and™™N isotope g norting Information) with an Alltech Heliflex Chirasil-
analysis. All data were corrected for background and detectorVal Capillary column for the separation of optical isomers.
response. The amount of labeled peptone and percentageg .., injection was LL with a concentration of Lig uL ™.

of 13C and®N incorporated were as follows: fermentations - . :
‘ o Standards were prepared separately in the same fashion using
A+ B: 12.5g, 100%°C, 83%"N; C: 17.9 g, 1009%°C, 20 mg each ot-Phe,p-Phe,L-Thr, andp-Thr. A mixture

77% “N; D: 13.2 g, 100%C, 81%'*N. The percentage of L-amino acids (5 mg each of Ala, lle, Lys, Trp, Gly, Phe,
ratios of H:C:N were (56)'(34._37.)'(9_10)' . and Val) was also derivatized to evaluate efficiency of
Production of Labeled Subtilosin A combined sample separation of the column and to prepare a library. Finally, a

of labeled peptone (21 g) and 400 mL of milli-Q®l were tandard d by hvdrolvsi d derivatization of
added to each of two 2-L Erlenmeyer flasks and autoclaved isn:S"r? ZhgﬁsBp(rg%?;i‘) b)l// thX(/a ;c;%selsp?cr:c e dﬁ:'g_a 128

at 121°C for 15 min. One-half of a Quest “Once-a-day” . . . . -
vitamin (crushed with mortar and pestle) plus filter sterilized  Partial Acid Hydrolysis of Desulfurized Subtilosin 24).

solutions of 0.5 g of MgS@H,0 and 2 g of KClwere then A solution (1 mM) of desulfurized subtilosin AL8) (20 mg)
added B. subtiliswas grown and subtilosin A was purified 0 0-1 N HCl was added to a 15 mL pressure sealed tube,
as above, with the following alteration. The solution was Which was then heated at 10Q for 10 h. The sample was

centrifuged, the BUOH layer was carefully pipetted to a flask then concentrated in vacuo over NaOH. The peptide mixture
for evaporation, and the residual emulsion was reextractedWas redissolved in MeOH (8 mL) and subjected to RP-HPLC
with BUOH. using a Waters Nova-Pak C-18 cartridge column with a

Labeling with [U43C 15N]-Phenylalanine and [USC,15N]- gradient of 26-80% CHCN over 60 min. Equivalently
Threonine.Subtilosin A was produced as above with the separated fractions were combined and reduced to a volume
following adjustments. A culture (1.5 mL) of logarithmically ~©f 1 mL in a vacuum centrifuge. Each fraction was evaluated
growing cells ofB. subtilis JH642 was transferred to 500 USing electrospray LCMS (Agilent 1100 MSD) using a
mL of NSM media (with no added glucose). [8C,'N]- Phenomenex Luna 3 micron C-18250 mm LC column.
L-Phenylalanine (1 g, 98%C; 96-99%!5N) was added at ~ Peptide masses observed were compared to those predicted
0.5 g per 500 mL of NSM media. In a separate experiment, by PAWS (Protein Analysis WorkSheet) software for
[U-13C 15N]-L-threonine (1 g, 98983C; 96-99% N) was partially hydrolyzed14. The chosen fractions were then
added to 500 mL of NSM media. The cultures were shaken, lyophilized, hydrolyzed, derivatized (t-pentafluoropro-
incubated, and processed as above. panamide isopropyl esters), and analyzed employing chiral

Desulfurization of Subtilosin A tb4. NaBH, (7.5 mg)was ~ GC MS (injection volume 3iL). This procedure used for
added to a suspension df(5 mg) and NiC} (7.5 mg) in the peptide fragments was analogous to that described above
MeOH (3.75 mL) and mill-Q HO (2.5 mL) in a 15-mL  for complete hydrolysis and derivatization/analysisldf
pressure sealed tube, which was then immediately capped. Synthesis of Model Compoundsetailed protocols for the
The reaction was heated to 5@ for 5 min, then an preparation of model compound3$-13, as depicted in
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Scheme 1: Synthesis of Phenylalanine- and
Threonine-Derived Model Compounds ali€ Chemical
Shift Values for Theiro-Carbon3d

PVO O ) PVO O PVO O
! ii
OMe OMe — & oMe
NHAc MeO NHAc BnS NHAc
2 3 4
a-C 70.8, 70.6 ppm
OH O TBDMSO o} OH
jii iv,v o
OMe OMe 7~ OMe
NHAc NHAc BnS NHAc
5 6 7
a-C 74.9 ppm
. O
Bn v Bn. 0 E i
E— nantiomers
OMe OMe separated by
MeO  NHAc BnS NHAc chiral HPLG
8 9
o-C 68.0 ppm

a2 Reagents and conditions: tiBuOCI, NaOMe, MeOH, 0C — rt,
60 min, 92%; ii, BnSH, SnGJ] CH;CN, 0 °C — rt, 16 h, 68%; iii,
TBDMSCI, DMF, imidazole, 40C, 16 h, 92%; iv{-BuOCI, NaOMe,
MeOH, 0°C — rt, 60 min; v, BnSH, SnG| CH;CN, 0°C —rt, 5 h,
2%; vi, BnSH, SnCJ, CH;CN, 0°C — rt, 105 min, quant.

Scheme 2: Nickel Boride Reductions 4f7, and 9?2

PVO O ,
OMe OMe

BnS NHAc NHAc
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OH O ; OH O OH O
MOMe - /'\(U\OMe /'\i/u\OMe
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7 5 1
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mn

N L B
B"%I\OMe Bn\HI\OMe n\i)J\OMe
BnS NHAc NHAc NHAc

9 12 13

@ Reagents and conditions: i, NaBHNiCl,, MeOH, rt, 5 min, quant.;

ii, NaBHs, NiCl;, MeOH, 0°C, 15 min, quant.; iii, NaBkj NiCly,
MeOH, 50°C, 3 h, quant.
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Ficure 1: Amino acid sequence of subtilosin A)( The positions
of the posttranslationally formed linkages are indicated by solid
lines.

stereoisomers of subtilosin A. The restraints generated by
ARIA were then used to calculate 50 more structures for
each stereoisomer, using CNS 13D)(to further compare

the differences in energy and rmsd of the accepted structures.
The LDD stereoisomer, which consistently gave the lowest
energy structures, was further refined using a dynamical
annealing procedure in CNS 1.1. A total of 301 unique NOEs
resulting from the ARIA calculations and 20 dihedral angle
restraints 81) were used as constraints. Eight lowest-energy
structures, with no residues in the disallowed regions of the
Ramachandran plot, of 50 calculated were chosen to represent
the solution structure of subtilosin A in MeOH.

RESULTS AND DISCUSSION

The mature subtilosin peptide is highly resistant to
enzymatic proteolysis and is stable to moderate heat and acid
treatment. The first reported attempts to sequence the peptide
and determine the nature of its posttranslational modifications
were only partially successful in obtaining the correct amino
acid sequence and structule). It defies complete sequence
analysis by Edman degradation or mass spectral examination,
even after partial acid hydrolysis into fragments. Identifica-
tion of the genetic locus for subtilosin production allowed
prediction of the amino acid sequende), However, the
monoisotopic mass of isolatellis 3401.2+ 0.5 Da, and
differs from the calculated mass, 3426 Da, by-2% units.

This is consistent with the loss of water during cyclization
of the N and C termini, plus the loss of six hydrogens.
Although two phenylalanine and two threonine residues are

Schemes 1 and 2, are presented in the Supporting Informa-encoded by the genetic sequence, only one threonine and
tion. no phenylalanines were found by amino acid analysis of
NMR SpectroscopyAll samples for NMR spectroscopy  purified 1 (17, 18). It was proposed that linkages could exist
used 50QuL of degassed CEDH (Sigma) and 5-mm high  between the cysteine residues at positions 4, 7, and 13 and

quality Wilmad NMR tubes, and all solvents and solutions Phe31, Thr28, and Phe22, respectivél)( (Figure 1) which
were kept under argon. A suite of one-, two-, and three- would correspond to the loss of a hydrogen from each of
dimensional homo- and heteronuclear experiments werethese six residues. Such residue proximities were included
conducted at 153C on either a Varian Inova-500 or Inova- in a proposed NMR solution structure by Marx et &by,

800 MHz spectrometer, and were referenced to D&&. ( but the exact connectivity remained uncertain, with bonds
All experiments were processed using the software packagebetween sulfur and the aromatic rings of Phe22 and Phe31,
NMRPipe @7) and analyzed using the program NMRView as well as between sulfur and tfecarbon of Thr28 being
(28) with substantial in-house modifications available upon suggested. Since the cross-links could not be determined,
request (http://www.nanuc.ca). Linear prediction was used the proposed 3D structuresd) are not accurate. Like other

to increase the number of points in the indirectly detected bacteriocins, subtilosin A could not be crystallized for X-ray
dimensions by up to half the number of acquired points, and analysis, despite extensive attempts. To elucidate the exact
zero filling was used to extend both the directly and indirectly position of the cysteine sulfatphenylalanine and threonine
detected dimensions to twice the number of acquired plusbonds, NMR studies ofC*N-labeled subtilosin A were

predicted points. Spectra were apodized usingZaor /3

shifted sine bell before Fourier transformation.
Structure CalculationsEight rounds of ARIA 29), using

NOESY peaks from &C-HSQC-NOESY and®N-HSQC-

undertaken.

Labeling of Subtilosin A and NMR Assignment: Analysis
of the Cysteine-Phenylalanine and Cysteine-Threonine Bonds.
Initial NMR investigation of1 indicated that labeling with

NOESY were carried out for each of the eight possible '3C andN was essential due to extensive resonance overlap,
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which precluded unambiguous assignment of all signals. 3014 B
Although B. subtilis can be grown under a variety of
conditions, significant production of this target peptide- (5
10 mg per liter) could only be obtained on complex media
described earlierl@) and on a peptone-based formulation
derived from a cyanobacteriurAnabaenasp. £5). Use of 40 ﬁ 1 I}
commercially available algal-derived peptones was not
successful in generating substantial levels of the desired
peptide. Hence, universally3C,'*N]-enriched subtilosin A
was prepared by fermentation & subtilis JH642 on a
labeled peptone media that was generated from 32 & 50
L) of blue green algaeAhabaenasp. ATCC 27899) grown
on sodium f*C]bicarbonate and sodium®N]nitrate as the
sole carbon and nitrogen sourceXb); Levels of isotopic
labeling of the peptone samples were determined to be 85
98%13C and 7795%*°N using an unconventional method, 601
namely, combustion of small samples using elemental (CHN)
analysis equipment coupled with atomic emission determi- 654
nation of1?C/3C and™N/*N ratios in the resulting gaseous :
products. Some variation of labeling levels is observed in )
the peptone due to different amounts of unlabeled innoculum 707
(preculture) used to initiate thénabaenafermentation.
Electrospray mass spectral analysis of the lab#&lddrived 754
from B. subtilis cultures grown in this peptone medium
indicated comparable levels of labeling in the peptide.

Backbone carbon, nitrogen, and proton assignments for 70 68 64 50 40 3.0 20
the 35-amino acid cyclic peptide were determined using a 15C ppm H ppm
standard panel of NMR experiments, including HNCACB  Figure 2: NMR spectra of UFC,15N]Phe-labeled subtilosin A.
and CBCACONH (see Supporting Information). Spectra (A) 13C-COSY showing Phe €-Cj correlations. (B)!H,13C-
were recorded in methandk; due to the insolubility of ~ HSQC demonstrating that only thgg€have attached protons. The
subtilosin A in aqueous solvent. Interestingly, the chemical € and @ resonances of Phe22 and Phe31 are nearly overlapped.
shifts for thea-carbons of Phe22, Thr28, and Phe31 are Spectra recorded at 500 MHz.

354

45

130 ppm

554

downfield of compilation values3@) by approximately 10 "
ppm, which is consistent with the influence of an electro- V.
negative atom such as sulfur being directly attached. Model 3.0
compoundsl, 7, and9 were also prepared (Scheme 1), and | 7 Hp'
their a-carbon chemical shifts agree with those observed for 35 “B“ég Hor
the modified residues in subtilosin A){ Complete assign- w0l B
ment of all carbon, nitrogen, and proton chemical shifts @278']'_1‘?5
(including side chains) indicated that indeed thesgarbons 451

are fully substituted. To confirm that the amino acid

assignments are correct, universally labelé# [5N]-L- 651
phenylalanine and {C*N]-L-threonine were added to

separate fermentations Bf subtilisin unlabeled medid3C- 701 qmp7HN
COSY experiments on the selectively labeled subtilosin A

preparations verified that the resonances at 69.4, 69.8, and 7.5

72.8 ppm correspond to thecarbons of Phe22, Phe31, and

Thr28, respectively (Figure 2). The absence of cross-peaks 8.0 @;a HN
at these chemical shifts ifH,'3C-HSQC spectra further

illustrates that the thioether linkage consists of an unusual 29 28

sulfur-a-carbon bond. Analysis of long randel-*H NOEs FIGURE 3: H—H strip from a'3C HSQC-NOESY displaying NOE
observed for the modified residues unambiguously identified correlations between Cys7gHand Thr28. Spectrum recorded at
the amino acids involved in each thioether bond (Figure 3). 800 MHz.
The 3-protons of Cys4 show NOEs to the amide proton of
Phe31 and the amide and alpha protons of Gly32. Similarly amino acid residue, has not been previously observed in any
NOEs are observed between Cys7 and Thr28 and Gly29.otherribosomally synthesizeokeptide. Cyclothiazomycin, a
The only long-range NOEs involving Cys13 are to Glu23. nonribosomabpeptide fromStreptomycewith renin inhibi-
The a-carbons of the modified amino acids Phe22, Thr28, tory activity, is a rare example that has cysteine sulfur linked
and Phe31 are bonded to Cysl13, Cys7, and Cys4, respecto thea-carbon of an alanine with inversion of configuration
tively. at that center 33, 34). The other close analogy to such
This type of posttranslational modification, namely, oxida- modifications occurs in fungal diketopiperazines, such as
tive linkage of cysteine sulfur to the-carbon of another  gliotoxins, aranotins, and sporidesmirg5,(36). However,
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in these eukaryotic secondary metabolites the presence o

disulfide and trisulfide bridges, as well as thiomethyl adducts,
suggests that sulfur donor(s) other than cysteine and differen
mechanisms may be involved.

Synthesis and Desulfurization of Model Compounds.
Model compounddgl, 7, and9 were initially synthesized as
shown in Scheme 1 to examine the chemical shifts at the
a-carbons as described above. The approach relies on th
well-established oxidation of N-acy-amino acid esters to
highly reactive intermediate N-acyl imines, which then add
nucleophiles such as methand7). Treatment of the
methoxy compounds with benzyl thiol in the presence of
tin tetrachloride allows the in situ regeneration of the N-acyl
imine under nonoxidative conditions3g), which then
undergoes rapid nucleophilic addition to form the corre-
sponding sulfidegl, 7, and9, which represent a new class

Kawulka et al.

Similar treatment of enantiomerically pudeprepared by
a HPLC separation on a chiral support (Chiracel 0OJ),
generates a racemic mixture of phenylalanine derivatiZes
and 13 (see Supporting Information). Thus, desulfurization
of both the threonine and phenylalanine derivatives proceeds
with epimerization at ther-carbon. Careful examination of
the literature indicates that desulfurization of 3-aryl-3-
phenylthioflavanones also results in loss of stereochemical
integrity (Figure 5) 40). It appears that in this case the
reaction proceeds by elimination of thiol followed by
reduction of the planar achiral,f-unsaturated ketone. We
propose that in our model systems the thiol is similarly first
eliminated to form a reactive planar N-acyl imine, which is
then reduced to an amine in a nonstereospecific fashion.

Desulfurization and Hydrolysis of Subtilosin Although
the nickel boride desulfurization results in epimerization for
the model compounds and9 (in contrast to the normally
observed retention of configuration for simple sulfides), in
subtilosin A @) the bridged structure could make one face
of the intermediate N-acyl imine more accessible to reduc-
tion. It also seemed that desulfurization of this highly
fmodified peptide could assist hydrolytic cleavage of the
peptide backbone for sequencing as well as analysis of

lstereochemistry of the ostensibly unmodified amino acid

residues. As mentioned above, both hydrolysis and amino
acid sequencing of subtilosin A was problemati6,(17).
Nickel boride desulfurization tol4 was successful in
reductive cleavage of the thioether bridges, with regeneration
of the parent residues Phe22, Phe31, and Thr28, as well as

%onversion of Cysl13, Cys7, and Cys4 to alanine residues

(Figure 6) B9, 41, 42). These sulfide bridges are necessary
for antimicrobial activity, as the desulfurized compouil
is inactive (data not shown).

Following desulfurization, the resulting was submitted
to complete acid hydrolysis and conversion of the constituent
amino acids td\-pentafluoropropanamide isopropyl esters
for chiral GC MS analysis. The stereochemistry of all the
unmodified residues could thus be examined and was

of molecules. This procedure causes loss ofstereochemistryOletermined to be.. Threonine was detected as the

at the a-carbon. However, in the case of thethreonine
derivative6, the stereocontrol exerted by the configuration
at thef-carbon results in generation of only one enantiomer

of 7, whose absolute stereochemistry was determined by

X-ray crystallography (see Supporting Information). The
enantiomers 0B could be separated by HPLC on a chiral
support, but extensive attempts to obtain a crystallographic
structure were not successful.

Elegant studies on nickel boride desulfurization, in par-

stereoisomer only, and a mixturemandL stereochemistries
was observed for phenylalanine. Since there is an unmodified
threonine residue at position 6 and a modified threonine at
position 28 inl, the desulfurization and subsequent hydroly-
sis experiments show that desulfurization of Thr28 proceeds
with complete stereochemical selectivity. Detailed NMR
analysis of subtilosin A (see below) shows that prior to
reductive desulfurization the modified Thr28 ns(S con-
figuration due to priority change). The results demonstrate

tiCUIar, of steroidal SUIﬁdeS, Clearly demonstrated that such that the desulfurization of this residue proceeds with net
replacement of sulfur by hydrogen generally proceeds with jn ersionof configuration, presumably by formation of the

retention of configuration39). Hence, it appeared that this  corresponding N-acyl imine under the basic conditions
reaction might be an effective probe of the stereochemistry followed by hydride delivery from the less hindered exterior

of the sulfur toa-carbon linkages in subtilosin A. We first
examined the outcome of the nickel boride desulfurization
reaction with compound4, 7, and9 (Scheme 2).

The O-protected threonine derivative lost both the
thioether and pivalate groups. In contrast, the threonine
derivative 7 having a free hydroxy group, as well as the
phenylalanine analog8 could be successfully desulfurized
to generate thdl-acetylated amino acids. However, a mixture
of diastereomers results from desulfurization7ofas can
readily be observed b{H NMR (Figure 4).

face of the cyclic peptide.

To determine the stereochemical outcome of reduction of
the two modified phenylalanines, a limited hydrolysis with
0.1 N HCl was done ofi4to afford larger peptide fragments,
which were separated by HPLC. Although such hydrolysis
of the parent subtilosin A does not give large fragments
amenable to Edman (or mass spectrometric) sequencing, the
desulfurized compound4 can be cleaved with moderate
selectivity at less sterically crowded glycine residues. A
fragment with a mass of 1015.5 Da was isolated, corre-
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Ficure 6: (A) Reductive cleavage of thioether bridges of subtilosinLpt¢ form 14 followed by complete hydrolysis and derivatization
to determine residue stereochemistry. (B) Proposed sequence of reductive desulfurizations.

sponding to residues 26 (Gly-Pro-lle-Pro-Asp-Phe-Glu-  Phe31 i® (S). Hence, nickel boride reduction bproceeds
lle-Ala-Gly), which contains Phe22. Two fragments con- with inversionof configuration at Phe22 (a stereochemical
taining Phe31 were also separated: one with a mass of 692.4utcome in agreement with the reduction of modified Thr28)
Da, corresponding to residues2% (Gly-Leu-Phe-Gly-Leu-  and with 4:1retentionat Phe31.

Trp);? and another with mass of 635.4 Da, corresponding to
residues 3634 (Leu-Phe-Gly-Leu-Trp). Each of these
peptides was separately hydrolyzed to constituent amino
acids, which were then converted fpentafluoropropan-
amide isopropyl esters for chiral GC MS analysis as before.
The results show that in desulfurized compourd within

Taken together with the desulfurization of the model
compounds, which proceeds with complete racemization,
these results show that amino acid residues having a sulfide
substituent at the--carbon first suffer elimination of thiolate
under the basic nickel boride conditions and then the resulting

experimental error, Phe22 has exclusivelgonfiguration N-acyl imine is reduced with stereochemigal preference being
whereas Phe31 ex,ists as a 4:1 mixtureaof NMR studies, controlled by the geometry of the peptide. During desul-
of 1 (see below) show that the modified Phe22(igR furization, it was noted that two sulfurs are relatively easy

configuration because of priority change) and that modified ©© émove, (Cys#Thr2s; Cys13-Phe22) but the last sulfur
(Cys4-Phe31) requires much longer reaction times and extra

2This fragment could also contain residues-35 (Leu-Phe-Gly- additions of NiC/NaBH,. This suggests that the desulfur-

Leu-Trp-Gly). The two possibilities were not distinguished because each iZation process “unzips” the bowl-like moleculgsee below)
contains only Phe31, whose isolation was the goal of this analysis. from the Cys13-Phe22 end, with the first two reductions
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Ficure 7: Plot of overall energy versus structure number for the 50 structures calculated for each possible stereoisomer of subtilosin A.

occurring from the “exterior” surface, and the last reduction Table 1: Statistics for Structure Calculations
proceeding predominantly from what was the “interior” of

g total NOE restraints 301
the now opened bowl (Figure 6B). intraresidue 163
NMR Solution StructureSince the stereochemistry of the ~ Sequentialf —j| =1) 8
e . . - . medium range (K |i —j| < 4) 30
three modified residues ihcould not be directly established long range i — j| > 4) 27
by chemical degradation experiments, NMR structure de-  dihedral angle restraints 20
termination was used to analyze the configuration at each statistics for structure calculation [(SAM

rmsd from idealized covalent geometry

- - 15]- -
of these stereocenterd3C-HSQC-NOESY, >N-HSQC bonds (A)

NOESY, and HNHA experiments were recorded for uni- 0.0024¢ 0.0002

L . bond angles?) 0.37+0.01

versally 13C !*>N-labeled subtilosin A. Each of the eight improper torsions?) 0.28+ 0.02
possible stereoisomers of subtilosin A were submitted to eight rmsd from 0.014+ .002
rounds of ARIA calculations, starting with the same peak __ experimental distances (A)
. . . . final energies (kcal mol)
files and assignments. Similar NOE assignments were = 579453
obtained for each stereoisomer; however, the overall energies El:o:ds 28403
for each group of 20 structures varied. A further 50 structures Eimpropers 3.04+05
for each stereoisomer were generated with CNS using the EvdW° 222;132-3

) ; . : NOE . .
restraints aSS|gn_ed by ARIA (s_ee E)fpenmental Section). The coordinate precisioh(A) SACversUSSAL
stereoisomer with the configuration at Phe22 and rmsd of all backbone 20405
stereochemistries at Thr28 and Phe31 (LDD) consistently atoms (N, @, C) S
fit the NMR data the best, giving the lowest energy family  rmsd of all heavy atoms 2805

of structures with the best rmsd (Figure 7). The DDD isomer,  rmsd of all backbone atoms, 12+04
the next best, does not match the NOE data as well, and the ~__esidues 413 and 22-31
. S . rmsd of all heavy atoms, 1.8+£0.3

structures calculated for the six remaining stereoisomers residues 413 and 22-31
increase in energy and rmsd. . L a[SAlrefers to the ensemble of eight structureslo NOEs were

The structure for the LDD stereoisomer of subtilosin A yjolated by more than 0.15 A Repel= 1.0 for the final step of
was further refined, using a total of 301 unique NOESs and calculations? rmsd between the ensemble of structu®aand the
20 dihedral angle restraints (Table 1). A family of eight average structure of the ensembBAL
structures of subtilosin A was chosen to represent its
conformation in methanol. Subtilosin A forms a twisted, the structure, while allowing a degree of motional freedom
bowl-like structure, with most side chains pointing toward to the side chains and end loops. The high number of
the solvent (Figure 8). The backbone rmsd for the final family hydrophobic amino acids, which point toward the solvent,
of structures is 2 A. This relatively large value is due to a explains why subtilosin A is nearly insoluble in aqueous
paucity of medium and long-range NOEs, as most of the solutions. Many of the antibacterial peptides whose three-
side chains point outward, and there is a large proportion of dimensional structures have been determined are unstructured
glycines in the sequence. Almost all of the long-range NOES or insoluble in water, and only form regular secondary
observed arise from residues brought together by the thioethesstructure in membrane mimetic or polar solverits, 43—
bonds. The center of the molecule, bordered by the €ys4  46). Since the bactericidal activity of these peptides is exerted
Phe3l and Cys13Phe22 cross-links, is therefore better at the level of the membrane, either by direct insertion and/
defined, with a backbone rmsd of 1.2 A, or binding to cell surface receptorg, (6—12, 47), it is

The sulfide bridges are necessary for the antimicrobial reasonable to argue that NMR structures determined in
activity of subtilosin A, and constrain the central portion of nonaqueous systems are representative of biologically rel-
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modified amino acids. The enzymatic mechanism that is
responsible for this unusual posttranslational mechanism is
not yet known. However, it is possible that the process
involves attack of a nearby cysteine thiol on a highly reactive
N-acyl imine moiety, in analogy to the final step in the
chemical synthesis of model compoungis7, and9. It is
presently unclear whether such N-acyl imines are formed
directly by enzymatic dehydrogenation or by a sequence of
N-hydroxylation followed by elimination35, 36). Although
hydroxylation of thex-carbon followed by elimination could
in principle also generate such an imine, this seems less likely
as the intermediate hydroxy species would probably form
an o-keto amide. Two of the genes in tlsbo-alblocus of
B. subtilis albA and albF, are critical for production of
mature subtilosin A48). Homology between thalbA gene
product and members of the MoaA/NifB/PqqE family, which
contain Cys clusters that bind £& complexes49, 50),
suggests that this enzyme or one(s) which it generates may
catalyze the oxidation reactions during the posttranslational
modification of the presubtilosin. ThebA gene product is
homologous to radical SAM enzyme$1j. Hence, an
adenosyl radical could form the Cy®he and CysThr
linkages, possibly via a diradical mechanism that does not
directly involve an N-acyl imine. The N-terminal half of
AlbF demonstrates sequence similarity to mitochondrial
metalloproteases associated with the cytochromedioplex
(52—54). Identification of the products of these genes should
yield insights into the mechanism of this novel posttransla-
. ) tional modification, and could lead to discovery of other
FiGURE 8: (A) Superposition on the backbone of residuesla previously unknown thioether linkages in bacteriocins.
and 22-31 of the eight lowest energy structures of subtilosin A. Y . . . .
(B) Representative conformer of subtilosin A in the same orienta- _INvestigation of the nickel boride reductive desulfurization
tion, illustrating the outward pointing side chains. The positions Of 1, as well as of the model compoundls7, and9, indicates
and stereochemistry of the cross-links are indicated. (C) Coil that base-induced elimination to form an N-acyl imine occurs
representation of the backbone of subtilosin A; a break is shown first followed by reduction to the amide. This leads to
at the position of the EN terminal cyclization. complete racemization for the model compounds, but the
stereochemical outcome wifthis governed by accessibility
of the polymeric reducing agent to the relatively rigid peptide
scaffold. This is in contrast to the usual retention of
configuration observed with systems that have no acidic
hydrogens on the atom adjacent to the carbon bearing sulfur.
The combination of nickel boride reduction of a sulfur-
containing peptide and Edman sequence analysis is a
powerful tool for structure elucidation of posttranslationally
CONCLUSIONS modified _peptides.. Further_ studies on this methodolog_y and
on the biosynthetic machinery for production bfare in
We have identified a novel type of posttranslational progress.
modification, namely, a sulfur ta-carbon cross-link, inthe  AckNOWLEDGMENT
bacteriocin subtilosin AX). Such cross-links are necessary
for its antimicrobial activity, and hold the peptide in a
twisted, bowl-like conformation in methanol, with most of
the side chains pointing toward the solvent. The configura-
tions of the unmodified amino acids are gliwhereas those
of the modified residues arePhe22p-Thr28, ancd-Phe31
based on extensive NMR analysis. This means that the SUPPORTING INFORMATION AVAILABLE
biochemical formation of the sulfur t@-carbon cross-links Preparations and spectral data of compowBids3; chiral
proceeds with net retention of configuration at Phe22, and HPLC analysis of the desulfurization 8&; crystal structure
with net inversion at Thr28 and Phe31. Inspection of the of 7; chemical shifts for subtilosin A (also available from
NMR structures reveals that a twist in the structure renders the BioMagResBank (BMRB code 5860)); HN NOE, t1 and
the opposite face of the Cyst®Phe22 bond accessible in 2 data for subtilosin A; chiral GC MS analysis for complete
comparison to the Cys7Thr28 and Cys4Phe31 bonds. hydrolysis and derivatization af4 and partial hydrolysis
This orientation may be favored during the maturation of fragments 3. This material is available free of charge via
subtilosin A, resulting in the different chiralities at the the Internet at http://pubs.acs.org.

evant conformations. In contrast to many bacteriocins, which
have an overall positive charge at physiological pH, sub-
tilosin A has only one lysine and a total of three aspartate
and glutamate residues. This suggests that it may not interac
solely with the cell membrane, and may possibly first bind
to a surface receptor. The sulfide bridges may hold it in a
conformation which easily adapts to its target molecule.

We thank Leon Lau and Liang-Zeng Yan for development
of purification procedures for subtilosin A, James Hoyle for
atomic emission analyses of isotopic content, Robert Mc-
Donald for x-ray analyses, and Leo Spyracopoulos for access
to his computers.
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