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Subtiling a A2-mino acid peptide with poent antimicrobial activity, hus been solsted trom Buedlus sublifiv ATCCH63). The chemical structure
tas been confirmed by the unambiguous sequencespeciiie assignment of its 'H NMR specirum. Detailed NMR analysis reveated that subuilin is
w rather texdble molecule: the only observed conformational contraints were those impossd by the cyclic structures created by the tanthionine and
Jmethyilanthionine vexidues, These revults siggest that in ngueous solution subtilin und the homologous peplide nisin have smilar conformations.

Subtilin: Lantibioties; HPLC, NMR: Peptide contormation

. INTRODUCTION

Subxilin [1] belongs to o group of post-translational
modified peptides known us lantibiotics [2] which in-
cludes nisin, epidermin, gatlidermin and pep-S. These
peptides have in common the presence, as a result of
post-transtational modification a number of didehy-
droamino ucid. mese-lanthionine and (25.38,6R)-3-
methyllanthionine residues: the latter two residues in-
troduce thioether bridges at various locations in the
molecule, resulting in a series of cyclic units. The strue-
tural gene for the precursor of subtilin has been cloned
and sequenced [3), Tt er . odes a S6-residue peptide, com-
prising of u 4-residue leader sequence tollowed by 2 32-
residue sequence which ¢orresponds to mature sabtilin
exeept it contains serine, threonine and cysteine as pre-
cursors of the above deseribed wedificd amine acids.
Subtilin inhibits the: growth of a diverse spectrum of
Gram-positive bacteria. The likely mechanism for the
observed antimicrobial activity is the voltagesdependent
formation of pores in the cytoplasmic membrane [4).
hence resulting in the ccllular cfflux of clectrolytes,
awino acids and ATP, and subscquently cell death.

Subtilin (Fig. 1) is structurally welated (> 60%
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wlentity) to nisin {3], which is used us a food preserva-
tive. The chenical structure of subtilin was proposed by
Gross and his co-workers in 1973 on the basis of exten-
sive chemical and enzymatic degradation studies {1).
However, the results of these studies have yet been con-
tirned by modem physicochemical methodology. e.8.
2D NMR and high resolution mass spectroscopy. As
part of our ongoing programme on the biosynthesis and
structure-activity relationship studies of nisin and ve-
lated tantibiotics [6.,7). we have now contirmed the
chemical structure of subtilin by 'H 2D NMR spectro-
scopy. and used NMR (o obtain information on its
solution contormation.

2. EXPERIMENTAL

Subtilin was isolated Grom a 24 b Becilles yooen %0 ATCCR0A Calluie
supernatant as follows: the actdified (pH 2 3 sepediaaaat (LO 1) was
extracted with butanol {2 x 250 mi}, and the combined extract was
concentrated  vacwo to 100 ml This solution was then added
dropwise 1o stirred acetone (S0 ml) at $°C over 4 period of’ 30 min.
The resultant suspension was ceatrifuged, and the supernatamt was
added dropwise to acetone (350 mi) over a period of 30 min with
stivring at $°C, The cosuing precipitate was isolated by ecatrifugation.

The isolated precipitate was dissolved in 0.5% agueous acetic acid
(100 m), tilter-sterilised, and lyophilised to give a white amorphous
solid. Thiz materia? was then puritied by semi-preparative RP-HBLC
ona Kromasil KR 100-5C8 column (8.0 x 250 mm). The solvents used
were: (A)0.1% aqueous trifluoroacctic acid and (B) 0.1% trifluoroace-
lie acid in 9% agueous acctonitrile, Elution was with a linear gradient
from J0% to 46% B in 12 min, at a flow rate of 2.60 mi/min, monitoring
the offluent atl 278 nm. Fraclions containing subtilin were con-
centrated in vacue at 30°C and lyophilised.

Analytical RP-HPLC was carriced out on cither a Kromasil KR10C-
5C8 or Mucleosit NC120-5C18 column (4.6 x 250 mm) at a flow ratc
of 1.20 mi/min, wmonitoring the effluent at 230 nm. Aninicrobial
activitics were estimated by an agar diftusion assay.

Publistied by Elsevier Science Publishers B.V.
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Al NMR measurements were carried out ob o Broker AMX 600
spectiometer operating ab 600,14 MHz. Sawples containing 2 mM
subtilin in 83% H.O/18% DO (pH 2,50, with phosphoric awid) were
utitised. Use of higher concentrations led wo agaregution of the pep-
tide, with  comsequent brouderting ol the resonanee lines. 3D NMR
speetn were acquired amd processed in the phasessensitive mode using
time proportional phase incrementition methads, HOHAHA wnd
NOESY spectea were aeguived as described previously [6]. In the
HOHAHA experiments # MLEV-17 mixing sequence (with duzations
40, 8O and 120 ms) was used 8], and the A0 resonange wis sups
pressed uning a combination of 5ot presaturation und o | =~ | pubse
sequence (9] The NOESY experiments cployed mining periods of
130 to 400 w,

Al ditn wore processd in the phase-sensitive mode asing cither o
Gansstan windlow function or o sihe-bell square function with o 27,
phuse shilh,

Structure caleulintions were earricd out using the hybrid wetvic
matrix distanee geomenry - dynumic simulated anncaling approich
[10]. The distance grometry cateuwdation was petfvrind using the pro-
gram DSPACE, trom which ten strustures were then subjected o the
dynimical simulited annealing process wsing the progrm XPLOR
(U], Allenteutativny weie carried out on a Sthicon Graphics 1D2S.GY
workstation amd an Alang ©X30-3 computer.

3. RESULTS AND DISCUSSION

Subtilin was readily purified from the culture broth
of Bacillus subtilis ATCC 6633 after 24 h growth at
37°C with vigorous shaking (250 r.p.m.). Bricfly. the
purification involves an initial butanol extraction -
acctone precipitation followed by semi-preparative RP-
HPLC on a Kromasit CS§ columu 1o afford ~20 mg of
the desired lantibiotic in >%9.5% purity trom oue litre
culture. The integrity of the isolated peptide (Fig. 2) was
cstablished by antimicrobial assays, amino acid analy-
sis, FAB-MS (MH"* found 3321.9, requires 3321.968),
and clectrospray-MS. In the latter technique, several
multiple-charge molecular ions were observed. from
which a calculated molecular mass of 3320.49 + 0.4 was
obtained: this compares favourably to the required
3320.960 for subtilin (C,44H21;N1y0,,S:). Th~ lantibiotic
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Fig. 2. RP-HPLC analysis of subtilin puritied from the culture broth
of B. subtiiis ATCC6633.
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Table I : 'H NMR (600 MHz) chemical shifts of subtilin (2 mM) in aqucous solution
{pH 2.5; H,0.85 : D;0,15) at 303 K.
8 (p.p.m.)
NH CaH CpH CyH CSH CeH
Trp1 4.48 3.50,3.55  7.37,7.68,7.19,7.34,7.81 {/nd CgHg)
10.40 (Ind NH)
Lys2 8.87 4,37 1.86,1.02 1.42,1.48 1,78 3.08
7.58 (NecHy*)
D-Ale 3 (@) 8.60 4.88 3.11,3.32
Qlud “l 7.08  4.15 1.68,1.00  2.20,2.20
AAlas § o7 5.50,5.86
Leus B.85 4,47 1,78 1,73 0.95,1.00
Alog? 8.20 4.58 3.08,3,18
D-Abus (®}—  8.82 5.16 3.49 1.48
Proo s 4,48 2.00,2.50 1.87,2.20 3.47,3.50
Gly10 8.77 3.68,4.42
Alag 11 8.03 4.08 3.09,3.72
Valt2 8.41 4.28 2.12 1.03
0-ADU13 —— 8,35 4,89 3.85 1.38
Gly14 8.30 4.11.4.28
Ala1s 8.61 4.20 1.48
Leute S 8.53 4.31 1.83 1.72 0.98,1.00
Gin7? 7.85 4.5 2.26 2.44,2.50  6.92,7.55 (YCON#)
A*Abuis 8.74 6.91 1.86
Algg19 —— 7,60 4.48 2.94,3.00
Phe20 8.10 4.68 3.15.,8.22 7.29,7.45.7.40 (CgHs)
Leu21 7.97 440 1.68 1.51 0.93,0.98
GInz2 8.25 4.36 2.12,2.20 2.47 6.82,7.51 (YCONH,)
D-Abu23 — 8.68 5.00 3.64 1.44
Leu24 S  8.02 4.72 1.96 1.64 1.00,1.06
D-Abu2s — 9.34 4.94 3.60 1.47
Alag2s 7.68  4.00 2.84,3.78
Asn27 S 8.72 5.01 2.76,2.97 6.96,7.65 (BCONH,;
Mags—— 7,74  4.32 2.81,3.70
Lys29 8.52 4.5 1.82,1.91 145 1.51 3.06
7.58 (NsHa*)
lle30 8.24  4.30 1.98 1.30,1.58; 0.96
1.04
sAla31 9.67 5.79.5.82
Lyss2 8.35 4.47 1.88,2.02  1.54 1.77 3.10

7.58 (NegHg*)

@ Alanine, and ® a-aminobutyric acid moietics of the (25.6R)-lanthionine and (25,3S,6R)-3-
mcthyllanthionine residucs.
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Fig. 3. Fingerprint region of the HOHAHA spectrum of subtilin (2 mM) in agueous sotution (pH 2.5) at 303 K with a spin-locking period of 80
ms. The NaH - CaH cross-peaks are indicated by the residue numbers of the amino acid.
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Fig. 4. NeeH-NaH region of the NOESY speetrum (1, = 300 ms) of subtilin a1 303 K. tnter-residue connectivities ane indicated by the residue
numbets,

was then analysed by 'H NMR spectroscopy. Complete
sequence-specific resonance assignment of subtilin i
aqueous solution was achieved by application of several
2D NMR techniques described in detail for nisin [6),
and the results are sumimarised in Table L.

The strategy used for the resonance assignment is
based on that proposed by Witthrich [12] for small
proteins. Resonances were first assigned to individual
types of amino acids by determining the relayed scalar
conncctivitics from the backbone amide NH tc the side-

60

chain aliphatic CHs using the HOHAHA spectra
(MLEV-17 pulse scquence [8], t = 40 (Fig. 3) and 80
ws). For example, the characteristic spin systems of Gly
[ABX]. Ala [A;MX] and Val [{A;)MPX] can be readily
identificd. In analogy to nisin, the ABMX and the uni-
que A;MPX spin systems of the Al and Abu moieties
respectively were also identified. The long-range and
rclayed NH-CSH-Cy #H, connectivities led to delinca-
tion of the complete spin system for the dehydrobu-
tyrine (4Abu"®) residue.
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FFig. & Summary of the sequentinl tesonance assignments of () subiitin audin (h) nisin in agueous solution. The solid ban indicate the prosense
of NOE conneetivities between resducs.

This was followed by sequentinl assignment, based on
u search for short range NOESY cross-penks between
the CaH, CBH or NH of residue (i) and the NH of
residue (i+1) in the sequence. Fig. 4 shows the NaH-
Na# region of 8 NOESY spectrum; using the unique
single occurrence of the Phe residue, the sequence “Leu-
Glu-4Abu-Ala~-Phe-Leu-Gin-Abu-Leu’ was readily es-
tablished. Thus, in a similar manner, the complete se-
quence was determined (Fig. §5. The Z stereochenmistry
for the alkenic moiety in AAbu'™ was established by the
chremieal shift of the CrH. (F1.86) and vaambiguousiy
contirmed by the observation of intraresiduc AAbuN&H

- CyH, and sequentinl JAWUCSH - Ala NH NOESY
cross-peaks and benee confirmation of the structure.
The temperature dependence of the amide NH chemi-
cal shifts was determined over the range 283 to 303 K.
The relatively lower temperature coefficient values ob-
served for the backbone amide NHs of Glu), Ala’,
Ala. Gy, GIn", Al ', AL™® and Aly™ indicate
that these protons are either soiveni-shiclde:! andior
wmvoived in intramolecular H-bonds (Table 11). The
amide Na & of Ala . Q' and Ala ** are ™ost probably
ivolvad in stable intramoelecular H-bonds, saceadardy
the Al"' Naff----O=CAbu* stabilising a f-turn in Ring

Table N

Comparison of the temperaiure coctticients (-a8:47 % 10 pp/K) of the backbone amide
NH for nisin and subtilin in aqueous solution

Nixin

Subtilin

~ AT % 10}

8.0-16.6 2310 1217 9.5-164

35-59 05-td

Amino acid
restdues rosidues:
G" (3N,
G" (4.3,
AM (S,
AZ (Y

Remaining 1 AL,
13 ha 3
G A,

ANMY Remaining  EU AL AMLQUL

AW residues: GMoA®. A®
G (1.6). Ax
AB™ (7.0),
L™ (6.5)
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Fig. 6. Superposition of 10 structures of ring € in subtilin (grey lines)

and tisin (blaek lings), derived from NMR data using previously

deseribed protocol [13), with optimal superposition for the backbone
of residues 1719,

B. The corresponding amino acid residues in nisin were
also observed to display significantly lower temperature
coetlicients (Table 11, hence suggesting that the two
lantibiotics adopt similar conformation/s in aqueous
solution. Interestingly. substituiion of Gly"™ (found in
nisin) by the more rigid AAbu in subtilin does not
appear to affect the conformation of Ring C which
adopis a great e of ttexibility (Fig. o).

Analysis using distance constraints derived from ob-
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served NOEs (some of which are summarised in Fig. §)
revealed that subtilin, like nisin [13] is a rather Aexible
molecule and the only defined conformational features
were those imposed by the lanthionine residucs; only
scquential and no long-range NOE was obscrved.

Despite the striking similarity in the conformation
and chemical architecture, subtilin and, nisin_ display
quile dilferent  spectrum ol anumncrobml- ctivities
against Gmm-posnivc organisms. Indeed, subtilin in-
hibits the growth of' nisin-producing Lactococcus lactis,
and vice versa, Further work is currently in progress to-
understand the structure-activity relationship of each
lantibiotics.
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