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ABSTRACT. Biosynthesis of the lantibiotic subtilin iBacillus subtilisis accomplished by a synthetase
complex consisting of the dehydratase SpaB, cyclase SpaC, and transporter SpaT. Genetically engineered
subtilin cyclases SpaC and related NisC and EriC proteins involved in biosynthesis of the lantibiotics
nisin and ericin A/S, respectively, were analyzed to functionally substitute native SpaC in vivo. We could
show for the first time posttranslational modification of a lantibiotic precursor peptide (subtilin) by a
hybrid lantibiotic synthetase (SpaBT/EriC). Genetically engineered SpaC alanine replacement mutants
revealed the essentiality of residues #fisTrp302, Cys03, Tyr3%4 Gly305 Cys9 and Hi$®®, as well as

the conserved C-terminal motif L{&-Ala*3&Leut3*-Leut*-lle*4! for subtilin biosynthesis. Assignment

of these strictly conserved lantibiotic cyclase residues to the NisC structure [Li, B., Yu, J. B., Brunzelle,
J. S., Moll, G. N., van der Donk, W. A., and Nair, S. K. (200&)ience311, 1464-1467] revealed the

first experimental evidence for structurinction relationships in catalytic centers of lantibiotic cyclases.
SpaC residues Hi&, Cys%3 and Cys$* are involved in coordination of the central zinc ion. The pair
His23YTyr304is discussed to act as general acid/base catalysts in lanthionine formation. Furthermore, pull-
down experiments revealed that functional inactive SpaC mutants were still able to interact with the
hexahistidine-tagged subtilin precursor peptide in vitro. Our results suggest tA&targ the C-terminal
residues of SpaC are constituents of a hydrophobic cluster which is involved in stabilization of the catalytic
center and binding of the subtilin precursor peptide.

Lanthionine-containing antibiotics, the lantibiotidy,(are

ribosomal synthesized peptides with unusual structural ele- E0)

ments such as lanthionine rings and dehydrated amino acids #N~WK&®) 0@0

(2). The Gram-positive endospore-forming soil bacterium s

Bacillus subtilisproduces more than 2 dozen antibioti8} ( Subtilin

including the lantibiotics subtilin oB. subtilisATCC 6633 cooH

(4, 5) and ericin A/S of the A1/3 strairb] and subtilosin A, Ficure 1: Structure of the lantibiotic subtilin produced I8

a macrocyclic peptide with three unusual intramolecular Subtilis ATCC 6633. Amino acids (encircled) are given in one-
letter code. Posttranslationally modified residues are as follows:

sulfide bonds 7) produced byB. ,SUbt'“‘?’ stralns andB'.' A-S-A, meselanthionine; Ab-S-A, (8 3S6R)-3-methyllanthionine
a’[hrophaeu$8),a5 well as Sub|anC|n, ad|5u|f|de'conta|n|ng (the abbreviation Ab refers to aminobu’[yric acidxA' 2,3-
lantibiotic (9, 10). Lantibiotics like subtilin or the structurally  didehydroalanineAB, (2)-2,3-didehydobutyrine.
closely related nisin dfactococcus lactiexhibit nanomolar
potency against a wide range of Gram-positive bacteria,
including various human pathogens. The antimicrobial activ- Its five sulfide rings are generated by the addition of cysteine
ity of nisin is based on pore formation in the cytoplasmic thiols to didehydroalanine and didehydrobutyrine residues
membrane (for review see réf). Lipid Il, the hydrophobic that originate from serine and threonine, respectively. The
carrier molecule for peptidoglycan monomers, appears to beposttranslational modification reactions are catalyzed by the
both a docking molecule that assists membrane targeting ofSer/Thr dehydratase SpaB and the lanthionine cyclase SpaC;
nisin (12, 13) and an integral constituent of the lethal pore hoth enzymes are associated to the transmembrane lantibiotic
associated with nisiril@l, 15) The subtilin and nisin producer transporter SpaT and form a macromolecular Comp|exy the
escape the toxic effect of their products by the action of syptilin synthetasel@). The lantibiotic cyclases SpaC and
specific self-protection (immunity) systems6( 17). NisC of B. subtilisandL. lactis, respectively, contain zinc
Subtilin is ribosomally synthesized as a precursor peptide jgns ©2), and the structure of the nisin cyclase NisC very
(5) and posttranslationally modified to its biologically active recently solved by X-ray diffraction suggested that the metal
form (18-21) (for a structure representation see Figure 1). center s tetrahedrically coordinated by two cysteines, one
* Correspondence should be addressed to this author Phone'hlsmme’ and a mple.cu!e.‘ of yvateﬁ:{). The overal Struc.ture
(+49) 69 7982 9522. Fax: +49) 69 7982 9527. E-mail:  ©Of NisC reveals similarities in fold and substrate activation
T.Stein@em.uni-frankfurt.de. with mammalian farnesyl transferas&s)
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FiGUrRe 2: Catalytic cores of lantibiotic cyclase LanC proteins. Alignment of amino acid sequences of highly conserved regions of lantibiotic
LanC proteins for the cyclization of subtilin [SpaC, Swiss-Prot accession number P3@] %(icin A/S [EriC, AAL15566 @1)], nisin

[NisC, CAA48383 @6)], epidermin [EpiC, CAA4425447)], and pep5 [PepC, CAA9002@8)]. The boxed residues NisC-CGi§ Cys30,

and His®! coordinate the central zinc ion in the crystal structure of Ni28).(Arrows indicate residues essential for the catalytic activity

of SpaC (this work); diamonds symbolize positions not affected after alanine introduction (this work). The conserved resf@ué Gly
EpiC essential for epidermin biosynthes#8,(39) is encircled (note: originally mutagenized residue¥ G of EpiC (39) correspond to

G197G2%5 after update of thepi gene sequences).

LanC proteins share only low sequence similarity-20

gene was PCR-amplified with primers SpaC1 and SpaC2

30%), and only very few amino acids are strictly conserved (see Supporting Information, Table S1) and chromosomal
(2). Because the zinc-complexing amino acids and their close B. subtilisATCC 6633 DNA, digested wittspé and Xbd,
neighborhood are among these conserved residues (Figurand cloned in-frame int8pé/Xbd cleaved pHE35, resulting

2), their essential role in lantibiotic cyclization was postulated

in plasmid pHE38 (Table 1).

(23). However, no experimental evidence has been provided Molecular Biology Technique&stablished protocols were
for the essentiality of the conserved residues for lanthionine followed for molecular biology techniqueg%). DNA was

formation. Here we describe the development of an in vivo
test system (complementation of the subtilphenotype of
AspaCcells) to investigate the capability of LanC proteins

cleaved according to the conditions recommended by the
commercial supplier (Promega), plasmids were isolated due
to the alkaline extraction procedur2gj, and PCR withPfu

or genetically engineered SpaC proteins to substitute thepolymerase (Promega) was performed according to standard

native subtilin cyclase SpaC. Furthermore, an in vitro

proceduresdb) utilizing a DNA thermal cycler (Mastercycler

substrate binding assay was used to study the interaction ofpersonal, Eppendorf). DNA was eluted from agarose gels
engineered SpacC variants with the subtilin precursor peptide.using a PCR purification kit (Qiagen).

The relevance of highly conserved amino acid positions

Subtilin Induction of spa Gene Expressids. subtilis

among lantibiotic cyclases LanC and the C-terminus of SpaC cultures were grown overnight in Landy medium (32)

for catalytic activity and/or binding of the precursor peptide
substrate was investigated.

EXPERIMENTAL PROCEDURES

Bacterial Strains, Growth Conditions, and Plasmids. B.
subtilis cells were grown in Landy mediun24) comple-
mented with 0.5% yeast extract. Liquid cultures were grown
under vigorous shaking at 3€. TheB. subtilisstrains used
in this study are listed in Table L. lactis6F3 was grown in
M17 medium Escherichia colstrains were grown in Luria
Bertani (LB} medium (Gibco). Solid media contained TY

until an ODygp0f 10—12. After a 2% (v/v) culture supernatant
of stationary growrB. subtiliSATCC 6633 cells was added,
the cultures were grown for a further 1.5 h.

Preparation of B. subtilis Cell Lysates, SBBolyacry-
lamide Gel Electrophoresis (SB®AGE), and Western
Blotting. After induction ofspagene expression with subtilin
1 mL aliquots of the cultures were centrifuged (1508
min), and the cells were suspended to a finalsgDf 1.0
in 100uL of TGD buffer [50 mM Tris-HCI, pH 7.5, 1 mM
DTT, 10% (v/v) glycerol] containing 5 mg/mL lysozyme.
After incubation (20 min, 37C) SDS-PAGE loading buffer

agar (0.8% tryptone, 0.5% yeast extract, 0.5% NaCl, 1.5% was added and SDSPAGE/western blotting was performed

agar) or LB agar (Gibco); standard incubation conditions
were overnight (1520 h) at 37°C. In case of the use of
antibiotic resistance markers, 2:§/mL phleomycin and 15
ug/mL kanamycin forB. subtiliswere used. For antibiotic
selection inE. coli we used 10Q:g/mL ampicillin and 25
ug/mL kanamycin. Recombinant plasmids were amplified
in E. coliDH5a and TG1.E. coliM15/pREP4 (Qiagen) was
used for protein overproduction. For construction of the
plasmid pHE38 used for in vitro mutagenesis, thg.f
promoter was PCR-amplified with primers promB1l and
promB2 (see Table S1 of the Supporting Information) and
chromosomaB. subtilisATCC 6633 DNA. The product was
digested withSpe and Ndd and ligated with theSpé and
Ndd cleaved plasmid pCE20 resulting in pHE35. T$paC

1 Abbreviations: LB, Luria-Bertani; Lan, lantibiotic (lanthionine-
containing antibiotic); IPTG, isopropytp-thiogalactopyranoside; PCR,
polymerase chain reaction; DTT, dithiothreitol; SDS, sodium dodecy!
sulfate; PAGE, polyacrylamide gel electrophoresis; PMSF, phenyl-
methanesulfonyl fluoride; NTA, nitrilotriacetic acid; TFA, trifluoroacetic
acid; MALDI, matrix-assisted laser desorption ionization; TOF, time
of flight; DE, delayed extraction.

with 30uL aliquots as described previous®7). Molecular
weight standards were purchased from Bio-Rad.

Cell Fractionation. The cytoplasmic fraction fronB.
subtilis was prepared with a cell fractionation method
according to re28. Briefly, after the cells were harvested
and washed (150@Q 5 min), the cell pellets were resus-
pended in 0.5 mL of TMS buffer [50 mM Tris-HCI, pH 8.0,
16 mM MgCh, 66% (w/v) sucrose] containing 1 mg/mL
lysozyme. After incubation for 45 min at 37C the
proteoplasts were pelleted (21@)A5 min, room temper-
ature) and disrupted by resuspending in 3 mL of lysis buffer
(50 mM Tris-HCI, pH 8.0, 5 mM MgSg) or PBS buffer
(137 mM NacCl, 4.3 mM NgHPQ,, 2.7 mM KCI, 1.4 mM
KH2PO,, pH 7.3) and centrifuged for 30 min (109@t 4
°C) to pellet undisrupted cells and cell debris. The super-
natant was carefully removed and centrifuged for a further
20 min (5000@, 4 °C) to separate the cytoplasmic fraction
(supernatant) from the membrane fraction (pellet). Both were
immediately used for further analyses or stored-80 °C.

In Vitro Mutagenesis of spaGSite-directed mutagenesis
followed the QuickChange protocol (Stratagene). In brief,
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Table 1: Strains and Plasmids

description ref

B. subtilisstrain

ATCC 6633 wild type, subtilin producer (Stip ATCC

AspaB spaB::ca{Cnt), subtilin nonproducer (Suf 18

AspaT spaT::karfKarr), Sub 18

AspaC spaC:::cafCnr), Sub 18

AspaS spaS::spdSpec), Sub 8

AspaC amyE::spaS Ned, Cnt; Sub this work

AspaC amyE::spaC Ned, Cn; Sub® this work

AspaS amyE::Ras AspaScells transformed with pSB27) Burkard, unpublished

lacz Cm', Spe¢, Sub

A1/3 wild type, producer of ericin A and ericin S 6
plasmid
pCE20 B. subtiligE. coli shuttle vector (Amp Kari, Phled) 18
pQEG60 E. coli expression vector specifying Higg, T5 promoter (A} Qiagen
pQEGO-HA PQEBGO derivative specifying a C-terminal HAktiag (Ap) this work
pSD27 pMLK83 derivative{1) (gusgene was cut out witkcadRl) integrative vector for Dusterhus, unpublished
B. subtilis amyHocus (A, Ned)
pCE34 PCE2018) carryingspaS(Kart, Phled) Klein, unpublished
pMB32 spaSgene with native promoter in pSD27 (ANed) Burkard, unpublished
pHEG6 spaS3' fused to HA and HiscodonsNcd/BanH! in pQE60 (Ap) this work
pCE20SubHAHiIs spaS3' fused to HA and Hiscodonsspopromoter,Pst/Xba in pCE20 this work
(Kart, Phled)
pHE34 spaC3 fused to Hig codons, overexpression i coliM15/pREP4; this work
Ncad/Bglll in pQEG0 (AP)
pHE35 SpaBpromoter regionNdd/Spé in pCE20 (Kan, Phled) this work
pHE36 spaC3 fused to Hig codons,Spe/Xbal in pHE35 (Kar, Phled) this work
pHE38 SpaCgene; wild type Spé/Xbd in pHE35 (Kari, Phled) this work
pHE38H231A pHE38 derivative, SpaC H231A mutation (Kd&hled) this work
pHE38W302A pHE38 derivative, SpaC W302A mutation (K&thled) this work
pHE38C303A pHE38 derivative, SpaC C303A mutation (K&led) this work
pHE38Y304A pHE38 derivative, SpaC Y304A mutation (Ka?hled) this work
pHE38ACF pHE38 derivative, SpaC W302A and Y304F mutation (KRhled) this work
pHE38C349A pHE38 derivative, SpaC C349A mutation (K&led) this work
pHE38H350A pHE38 derivative, SpaC H350A mutation (Kd&hled) this work
pHE44 spaCwith Pspagpromoter EcaRl in pSD27 (Ap, Ned) this work
pHE45 spaC3' 15 bp truncated (Spa@5), Spé/Xbd in pHE35 (Kari, Phled) this work
pHE46 spaC3 30 bp truncated (Spa@10), Speé/Xba in pHE35 (Kari, Phled) this work
pHE47 spaC3' 75 bp truncated (Spa@25), Spé/Xbd in pHE35 (Kar, Phled) this work
pHE48 eriC, Spé/Sad in pHE35 (Kari, Phled) this work
pHE49 nisC, Spa/Xbd in pHE35 (Kari, Phled) this work

entire plasmids were PCR-amplified in 5 of Pfu 20 uL of toluene. After toluene removal (3TC for 45 min)
polymerase buffer (2 pmol of complement oligonucleotides; the 8-galactosidase reaction was started by adding of 200
see Supporting Information, Table S1), 1.5 unitsRifi ulL of o-nitrophenyl-p-galactoside (ONPG, 4 mg/mL in
polymerase, 302M dNTP mix), and 36-50 ng of template  z-puffer) at 28°C and stopped with 50L of 1 M Nay-
DNA pHE38 (2 min at 95°C, 35 cycles of 30 s at 924C, 1 C
min at 40°C, and 20 min at 72C). Parental methylated
plasmid DNA was digested with 10 units bpnl (Promega), Enrichment of Heterologously Produced C-Terminal
and after purification of the remaining unmethylated plasmids Double-Tagged Subtilin Prepropeptideouble-tagged sub-
by the PCR purification kit (Qiagen) they were transformed tilin prepropeptide was overproducedEn coli strain M15/
into E. coli TG1. Plasmids were sequenced by SRD (Oberur- pREP4, under the control of a T5 promoter, using a modified
sel, Germany) using oligonucleotides SpaC_SEQGGC- pPQEGO (Qiagen) vector with an additional HA-specifying
GAATTTCCTACTGG-3 for alanine replacements of Tfg sequence in front of the Hissequence. Protein expression
Cys’®, Tyr®, Cys*®4 and Hi$*® and SpaC_SEQ2'6  \yas induced with 10M isopropyl 3-b-thiogalactopyra-
GACATTATCGTGGATGG-3 for His?®. . noside (IPTG) at an O of 0.8 and continued for 4 h.
Subtilin Monitoring Subtilin was detected by the subtilin Cells were resuspended in PBS (137 mM NaCl, 4.3 mM

reporter strairB. subtilis6633 ATCCAspaS amyE::Ras .
lacZ containing a subtilin-induciblg-galactosidase specify- TarQnHI\/IT %yl\/fglzmaMn nglyllﬁngl\:lLKlgbl\Tg):ep:—gﬁ? ;;?Lar')?gég by

1?3 ?:g;gﬁngﬁ?;;ﬁ%ogg T\;ra,\llr;g? ngrg;/?/nA?t\éerrrilzgS%t n sonication. Double-tagged subtilin could be enriched from
inocula of the cells were grown for a furthé h in fresh inclusion bodies obtained after centrifugation (30 min,
TY/0.3 M NaCl, culture supernatants to be tested for subtilin 3000®, 4°C). The pellet was resuspended in PBS containing
content were added, and cultures were grown for an 1 MM PMSF, 0.1 mg/mL DNase l,and 1% Triton X-100,
additional 2 h. After Olgy determination 1L aliquots were ~ centrifuged for 30 min (300@f) 4 °C), and washed twice
added to 99QuL of Z-buffer (60 mM NaHPQ,, 40 mM with PBS containing 1 mM PMSF (30 min, 300§)34 °C).
NaH,PQ;, 10 mM KCI, 1 mM MgSQ, 50 mM S-mercap- The remaining pellet was resuspended in PBS containing 8
toethanol, pH 7.0), and cells were permeabilized by adding M urea, 1 mM PMSF, and 5 mM DTT. After solubilization



Subtilin Cyclase SpaC

the sample was further centrifuged for 20 min (50§00
°C); the supernatant was carefully removed and used for
further experiments or stored at20 °C.

Isolation of a Double-Tagged Subtilin Prepropeptiger
heterologous production of SubHAHithe spaSgene was
cloned in-frame into the modified pQE60 vector which
encodes an additional C-terminal HA sequence. The Sub-
HAHisg peptide was isolated froni. coli M15/pREP4
inclusion bodies after treatment Wi8 M urea containing
buffer and nickel-NTA affinity purification.

Substrate Binding Assaickel-NTA (10 L) (Qiagen,
Hilden, Germany) was incubated with 5Q of SubHAHis;
dissolved in PBS buffer contairgn8 M urea for 30 min at
4 °C. Nickel-NTA beads were washed once with PBS
containing 8 ad 4 M urea, respectively, and once with PBS
buffer (5 s, 1000 rpm, 4C) and incubated fol h at 4°C
under shaking with cytoplasmati®. subtilis fractions
containing the subtilin synthetase subunits SpaB and SpaC
The supernatant was removed, and the nickel-NTA was
washed three times with PBS buffer (5 s, 1000 rpniC3
and resuspended inKLSDS-PAGE loading buffer.

MALDI-TOF MS.For MALDI mass spectrometric analy-
ses dried samples were dissolved inl50f 50% acetonitrile
(ACN)/1% (v/v) trifluoroacetic acid (Fluka, Buchs, Swit-
zerland). The sample (0,6L) was mixed with 0.5uL of
matrix [5 mg/mLa-cyano-4-hydroxycinnamic acid (Bruker,
Bremen, Germany) in 50% ACN/0.5% (v/v) trifluoroacetic
acid] directly on a stainless steel MALDI target [Applied
Biosystems (ABI), Darmstadt, Germany] and dried under
ambient conditions. Delayed extraction (DE) MALDI time-
of-flight (TOF) mass spectra were recorded on a Voyager-
DE STR instrument (ABI) on a nitrogen lasér£ 336 nm,
repetition rate= 20 Hz) for desorption and ionization with
an acquisition mass range from'z 600 tom/z 10000 and
the low mass gate set tovz 550. The total acceleration
voltage was 20 kV with 68.5% grid voltage on the first grid,
0.02% guide wire voltage, 200 ns delay, and a mirror voltage
ratio of 1.12. All experiments were carried out with the
reflector positive ion mode. Between 500 and 1000 laser
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Ficure 3: Complementation of spaCdeletion mutant. The subtilin
gene cluster and amylase locus of BiesubtiliSATCC 6633 strains
wild type (i), AspacC [ii, (18)], and (iii) AspaC amyE:spaS
respectively. (iv) The Subphenotype of theAspaCstrain could

be restored after transformation AspaC amyE::spa$ells with
plasmids pHE38 and pHEA48 carrying tepaC and eriC genes
under control of By, the native promoter of thepaBTCoperon
{27). Complementation was not successful with plasmid pHE49
carrying nisC. Footnote 1: The subtilin phenotype has been
determined by growth inhibition tests, MALDI-TOF MS, and an
autoinduction assay (Table S2 of the Supporting Information).

(27, 31) (original data are summarized in Table S2, Sup-
porting Information). Detection was about 10 ng/mL subtilin
(M. Burkard, K.-D. Entian, and T. Stein, to be published
elsewhere), which is 3 orders of magnitude less than the 5.2
ug/mL subtilin determined within stationars. subtilis
ATCC 6633 cultures32). TheAspaC amyEPspasspas cells
expressing the SpaC complementation plasmid pHE38
produced about 80% of the subtilin amount of Biesubtilis
wild-type cells (see also Table S2 in the Supporting Informa-

tion).

Remarkably AspaC amyE::spa$ells produced subtilin
after expression oériC (pHE48), to our knowledge the first
in vivo posttranslational modification of a lantibiotic precur-
sor peptide with a hybrid lantibiotic synthetase (SpaB-EriC-
SpaT). It seems that the close relationship between EriC,
the cyclase for the two lantibiotic peptides ericin A/§ (
and SpaC (85% sequence identity), was sufficient for

shots were accumulated for each mass spectrum. Spectrdormation of a functional hybrid subtilin synthetase complex.

were externally equilibrated using the Sequazyme peptide
mass standards kit (ABI).

RESULTS

LanC Complementation Studid® establish a system for
the investigation of genetically engineered subtilin cyclase
SpaC proteins, the Subphenotype of aAspaC deletion
mutant was complemented (Figure 3). As the promoter for
the subtilin precursor specifyirgpaSgene is located in the
3'-region of thespaCgene 27, 29, 30), the Sub phenotype
of AspaC cells (18) could only be complemented after
expression of both an additionghaScopy andspaCunder
control of their native promoter2{, 29, 30) Pspasand Rpas
(plasmid pHE38) irB. subtilisAspaC amyEPs,.sspascells.
Subtilin production was monitored by growth inhibition tests
usingMicrococcus luteusnd MALDI-TOF mass spectrom-
etry (see below). The most sensitive subtilin detection system
was based on the subtilin reporter str&@nsubtilisATCC
6633 AspaS amyE::RaslacZ that contains a subtilin-
inducible lacZ gene, and signal transduction is via the
subtilin-specific two-component autoregulatory system SpaRK

In contrast, after expression ofisC (pHE49) in AspaC
amyE::spaScells no subtilin production was detected. A
possible explanation for the dysfunction of the NisC to
substitute SpaC is missing interactions with the subtilin
precursor peptide and/or the subtilin dehydratase SpaB as
SpaC and NisC exhibit only 32% sequence identity. SDS
PAGE and immunoblotting of whole cell extracts demon-
strated homologous (SpaC) or heterologous (EriC, NisC)
production of LanC proteins as well as their stability in
ATCC 6633 cells (Figure 4A). Thus, the Sulphenotype

of the pHE49 (isC) transformedAspaC amyE::spaStrain

is not explainable by instability of the NisC protein
subtilis

Properties of Genetically Engineered SpaC Cyclases:
Subtilin Production and SpaC Stabilityto get deeper
insights into the catalytic mechanism of the subtilin cyclase
SpaC, we decided to identify amino acids involved in its
catalytic activity. Sequence alignments reveal a series of
amino acids highly conserved among LanC proteins [Figure
2 (22)]. We genetically engineered SpaC by in vitro
mutagenesis of the plasmid pHE38 (Table 1) and replaced
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A e I phenotype of tthspaC amyE::spaSstrain could be
complemented (Figure 4B). All mutants produced compa-
AllEEs s Bl 8 rable amounts of subtilin, corresponding to-8% of the
kDa subtilin amount produced b&spaC amyE::R,asspas cells
%gg expressing the wild-type SpaC from pHE38 (see also Table
€100 S2 in the Supporting Information).
o - < 75 The C-terminus of SpaC was truncated by 5 (Spgef);
<+ 50 10 (SpaCA10), and 25 amino acids (Spa&25), and
2pac I -"-""l_‘- '4. 37 furthermore, SpaC with a C-terminal Hifusion was
ki constructed. Immunoblotting demonstrated production and
B & 25 stability for all three truncated_Sp_aC speci_es (Figure 4_B, last
three lanes), whereas the Kiision protein gets rapidly
I SR ) B, degraded. All of these C-terminally engineered proteins were
not able to complement the Sulphenotype ofAspaC
Span é 33, 35888 § o AR amyE::spaells, which suggests an important influence of
g 3522 82 28s3ak=2 549 the C-terminus of SpaC in the catalytic activity and/or
kDa stabilization of the tertiary structure.
1223 SpaC Substrate Binding Assa&fter lysis of B. subtilis
133 ATCC 6633 cells with lysozyme and hypoosmotic sha28)
0 SpaB and SpaC proteins were present exclusively in the
:71-'—-_'-'"——"-—'-— cytoplasm fraction, whereas the transmembrane protein SpaT
259 - - remained in the membrane fraction (Figure 5A). This

implicates that membrane association of the subtilin syn-

FIGURE 4: Complementation of the SUlphenOtype oB. subtilis thetase Observed earllel% 34) mlght represent Only a

AspaCwith SpaC homologues and mutagenized SpaC proteins. . .
(A) Detection of LanC proteins after immunoblotting of SBS transition state. For example, in the absence of the SpaS

PAGE (10% Tris-glycine gels) separateB. subtiliscell lysates. ~ Precursor peptide the components SpaB and SpaC might be
Lanes 1 (wild type), 2 AspaC amyE::spaS 3 (AspaC amyE:: localized in the cytosol as either monomeric proteins or
spaS+ SpaC), 4 AspaC amyE:spaSt EriC), and 5 [ericin loosely associated oligomers. Membrane association does not
producerB. S”btﬂ'SAll:”G(%D ] were d"'zzal"zet.d gﬁgs)pfécéd're%ed occur until formation of a subcomplex, for example, SpaBCS,
Immunoserum. Lanes nisin proauderlactis , spal . . - FT .
amyE::spa§ and 8 AspaC amyE::spaS NisC) were detected that m_lght be a prerequisite for blndln_g to the men_1_brane
with anti-NisC antisera. The respective cells were grown in Landy SPanning transporter SpaT, and possibly, the subtilin syn-
(B. subtilig or M17 (L. lactis) media, as described under Experi- thetase complex dissociates after export of the modified
mental Procedures, and harvested in the late exponential growthprecursor peptide.

phase. (B) Immunoblots of SBSAGE (10% gels) separated of Substrate binding by subunits of the subtilin synthetase

B. subtiliscell lysates incubated with anti-SpaC immunoserum. SpaB and/or SpaC lvzed using in Vit Il-d
Cultures were grown in Landy medium and treated with a subtilin- >Pab_and/or spat was analyzed using In vitro pufi-aown

containing culture supernatant to indusgapromoter-dependent  €xperiments with the heterologously produced double-tagged
gene expression. Samples were taken during late exponential growthsubtilin precursor peptide SubHAHiésee Figure S1 of the

(ODeoo ~ 12). The subtilin-producing phenotype of the respective Sypporting Information) immobilized to Ni-NTA beads.

strains (parallel analyses without subtilin induction) is indicated in i ; P o ;
the headline. Footnotes: 1, wild-tyBe subtilisA1/3 produces the SpaC specifically interacted with immobilized SubHAkis

lantibiotic ericin, a close relative of subtilir6), 2, L. lactis 6F3 (Figure 5B, anti-SpaC blot, lanes wild type andpaB+
produces the lantibiotic nisin. chromosomally integrated SpaC) independent of the presence

of SpaB. Consistently, the SpaGtrains were avoid of a
highly conserved amino acid residues by alanine, and corresponding signalNspaBwith a transcriptional terminator
furthermore, we engineered SpaC protein with exchangesblocking the expression of the subsequspaCgene 27)
in two positions (ACF refers to the accidentally generated and Aspad. Unfortunately, SpaB interacted with Ni-NTA
SpaC double mutant with the sequence3¥ays®Phe04 no matter if the subtilin prepropeptide was present or not
instead of the wild-type sequence ¥HCys*Tyr3%%). Ge- (Figure 5B, anti-SpaB blot, lanes for wild type andpaQ.
netically engineered SpaC proteins were tested in vivo to The SubHAHig-containing Ni-NTA beads bound SpaB to
substitute the native SpaC protein. The SpaC alaninea higher extent compared to control reactions without
substitution mutants Hi&., Trp3%2 Cys% Tyr3%4 Glys%, immobilized SubHAHis (the corresponding signals are-30
Cys*9 His®C and ACF were deficient in subtilin production 50% more intensive). However, we restricted further pull-
(Figure 4B). Remarkably, all engineered SpaC proteins were down experiments on the clear and highly specific interaction
produced and highly stable (Figure 4B); less intensive signalsbetween SpaC and the double-tagged subtilin precursor
at ~40 and 30 kDa are most probably due to proteolytic peptide.
degradation; however, corresponding signals could also be The in vitro substrate binding assay was used to study if
observed for wild-type SpaC in some cases (not shown).the SpaC alterations (point mutations, truncation) had any
Conclusively, the Sub phenotype of cells expressing effects on substrate binding. For wild-type as well as plasmid-
engineered SpaC proteins was not due to an instability of encodedspaC(pHE38) expressing cells, the signal intensities
the altered proteins, as those would get rapidly degraded byfor SpaC precipitated in the presence of Ni-NTA-im-
the action of one or more of the 35 proteases encoded bymobilized SubHAHis were more than 20-fold superior to
the B. subtilisgenome 83). If residues Arg®, Lew??’, or intensities in the absence of the subtilin precursor (Figure
Sers of SpaC have been replaced with alanine, the"Sub 5C). The genetically engineered SpaC proteins with alanine
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Ficure 5: Interaction between SpaC and subtilin precursor peptide SubHAsLocalization of subtilin synthetase components. After

lysis of B. subtilisATCC 6633 cells the cytoplasmic (lanes 1, 3, and 5) and membrane fractions (lanes 2, 4, and 6) were separated by
SDS-PAGE (10% Tris-glycine gels). Immunodetection was with the indicated immunosera for SpaC (lanes 1 and 2), SpaB (lanes 3 and
4), and SpaT (lanes 5 and 6), respectively. (B) Interaction of immobilized SubHMitisSpaB or SpaC (pull-down assay). The cytoplasmic
fractions ofB. subtiliscell lysates were incubated with nickel-NTA in the preseregdr absence-) of double-tagged subtilin prepropeptide.
Strains analyzed were the wild-ty@e subtilis(ATCC 6633) and its derivativeAspaB AspaG and theAspaBstrain after chromosomal
integration of RyasspaCinto theamyElocus AspaB+ SpaC). Immunodetection was with the indicated immunoserum for SpaB or SpaC,
respectively. (C) Interaction between SubHAHI®d engineered SpaC proteins. Cytoplasmic fractions of cell lysates«p00 protein

each) were incubated with nickel-NTA in the presengg ¢r absence-{) of SubHAHis. Strains analyzed were wild-tyd®. subtilis

ATCC 6633 (native SpaChspaC(A), AspaCafter transformation with thepaCgene carrying plasmid pHE38, addspaCproducing
C-terminally truncated SpaQ\p), as well asAspaCexpressing engineered SpaC variants. Cultures were grown in Landy medium and
harvested in the late exponential growth phase @B 10—12). The cytoplasmic fractions were isolated by cell fractionation, and samples
were separated by SBFAGE. For western blotting a SpaC-directed antiserum was used. The numbers in the bottom line are quotients
of western blot signal intensities in the presence of the subtilin precursor peptjddivided by the intensities in the absence of the
prepeptide ). The figure is composed of different blots separated by solid or dashed lines, and thus, absolute signal intensities are not
directly comparable.

at positions Hi&, Cys Tyr3%4 Cys°, and His® also of the engineered SpaC variants during the time-consuming
show specific interaction with the double-tagged subtilin cell fractionation preparation protocol have to be taken into
prepropeptide: The SpaC signal intensities were more thanaccount.

10-fold stronger in the presence of SubHA(ismpared to The Double-Tagged Subtilin Precursor Peptide SubHA-
intensities in the absence of the precursor (Figure 5C). This Hiss. Expression of the C-terminally double-tagged subtilin
clearly shows that engineered SpaC variants inactive in theprecursor peptide SubHAHRigould complement the Sub

in vivo assay were still able to bind the subtilin precursor phenotype ofAspaScells (Figure 6A). Subtilin production
peptide specifically. The C-terminally truncated SpaC pro- was monitored by means of the autoinduction assay using
teins did not specifically interact with the double-tagged the reporter straildspaS amyE::RaslacZ (see also Table
subtilin prepropeptide SubHAHisis exemplified for Spa&5s S2, Supporting Information), which was superioMoluteus
(Figure 5C). This suggested that the C-terminus of SpaC growth inhibition tests on agar plates. Our results clearly
plays an important role in binding of the prepropeptide. showed production of molecule species able to induce the
Possibly, the five C-terminal amino acids are involved in subtilin-specific SpaRK two-component regulatory system.
stabilization of the catalytic center of SpaC. Since the signals Surprisingly, the double-tagged matured subtilin (calculated
for the SpaC proteins engineered at positions3®rand m/z 5699.7) was not observed by MALDI-TOF MS in
His**Cas well as the ACF mutant were relatively low (Figure butanolic extracts ofAspaS + pCE20SubHAHis cells
5C), it seems to be that the Pfpmutant did not specifically ~ (Figure 6B). Instead, the mass spectra are indicative of three
interact with SubHAHisand that at least T#f? is important different degradation productsyz 3419.7 fits with the mass
for the interaction of SpaC with the subtilin precursor peptide. of succinylated subtilin without any tag; additionally, suc-
One explanation for the low SpaC signal intensities is cinylated subtilin species carrying a C-terminal extension of
different subtilin production rates resulting in different Gly (m/z 3476.7) and Gly-Sem@/z 3563.8) were observed.
induction patterns and consequently to different SpaC Obviously, the C-terminal HA-Histag was removed, and
amounts. Such effects also have been observed if differentonly the first amino acids Gly-Ser of the C-terminal HA-
preparations of wild-typ®. subtilisATCC 6633 cells were  Hiss tag were left over. This provides experimental evidence
compared (not shown). Furthermore, variations in stability that SubHAHig is a substrate for the subtilin modification
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Ficure 6: The double-tagged subtilin prepropeptide SubHAHis
(A) Subtilin production assayed with a growth inhibition test using
M. luteus(left) and an autoinduction test (right). In the latter, the
strainAspaS amyE::RaslacZ reports the presence of subtilin via
the two-component system SpaRK that inducesgiaSpromoter-
controlledp-galactosidase specifyingcZ Strains analyzed were
wild-type B. subtilis(ATCC 6633) and the\spaSstrain, as well
asAspaScells after transformation with plasmids pCE34Sub)
and pCE20SubHAHis(+SubHAHis). Values below 15 Miller
units have been interpreted as background (Salienotype). (B)

Part of a MALDI-TOF mass spectrum of the culture supernatant Hig350

of a SubHAHig-expressindgB. subtilis AspaSstrain. Instead of a
signal for the modified double-tagged subtilin the most intensive
peaks atm/z 3419.7, 3476.7, and 3563.8 exactly fit with the

Helfrich et al.

irrespective of the electrophiles (2,3-didehydroalanine and
2,3-didehydrobutyrine) or the size and number of lanthionine
rings in lantibiotic precursor peptide387). It seems that all
lanthionine rings within a given lantibiotic are generated by
the action of a single LanC protein with a single reaction
center. A highly plausible catalytic mechanism for nisin
cylization was derived from the structural data in combination
with a docking experiment of the nisin B-ring structure
obtained from NMR spectroscopic data with Nis€3),
however, without corroboration by experimental data. One
possible way to characterize the catalytic center of LanC
proteins and to test the proposed lanthionine cyclization
mechanism is functional analyses of engineered LanC
proteins. The present work makes significant contributions
to our understanding of LanC structurinction relation-
ships. Our first important contribution was the development
of an in vivo system to test the functionality of engineered
SpaC cyclases. Using this system, we could show for the
first time the production of a matured lantibiotic (subtilin)
biosynthesized by a hybrid lantibiotic synthetase (SpaBT/
EriC).

More importantly, we provide experimental evidence that
amino acid residues of SpaC highly conserved among
lantibiotic cyclases are essential for subtilin biosynthesis.
Until now, only two reports on mutagenized/engineered LanC
cyclases exist. Froi8taphylococcus epidermidépidermin
mutants generated with ethyl methanesulfon&®) two
mutagenized EpiC proteins were found with exchanges of
two glycine residues against glutamate, respectivag). (
Furthermore, genetically engineered SpaC proteins with Ala
replacements of residues C¥sand Cy$*° Ala heterolo-
gously produced inE. coli lack the metal cofactor or
contained significantly decreased amounts oPR)( How-
ever, the functionality of the engineered proteinBirsubtilis
has never been analyzed. Our results are first experimental
evidence for the essentiality of residues &§Cys*°, and
in subtilin biosynthesis. Together with information
from the X-ray structure of NisC that the corresponding
residues of NisC Cy&* Cys% and Hig3! (Figure 7) were

calculated values for succinylated subtilin species without extension identified to coordinate the central zinc io@3), our data

(m/z 3419.6) as well as species C-terminally extended by Gly
(3476.7) or Gly-Ser (3563.8). The N-terminal succinylation of
subtilin (+100 mass) was described previoushi,(32, 49).

proteins. C-Terminal truncation of the tagged SpasS precursor
species could occur before, during, or after the secretion

substantiate the function of these residues as components of
the catalytic center.

Furthermore, our data provide evidence for the essentiality
of SpaC residues Hi& and Tye% Lanthionine formation

involves deprotonation of substrate cysteines and protonation

process. Even though the other both alternatives cannot bePf €nolate intermediates generated by conjugate addition to

ruled out, the C-terminal truncation was most likely due to
frequently occurring proteolytic “shaving-like” activities in
theB. subtilisculture supernatan8p) that are also involved
in removal of the subtilin leader sequen@®,(21). Earlier
observations showed that the C-terminally AspHagged
nisin precursor was posttranslationally modified, but in
contrast to theB. subtilissystem the tagged nisin could be
isolated from the.. lactis culture supernatanBf).

DISCUSSION

The high-resolution (2.5 A) crystal structure for nisin
cyclase NisCZ23) shows that most of the amino acids highly

the g-carbon of the didehydroalanine or didehydrobutyrine
substrates on opposite faces of the emerging lanthionine ring.
Li et al. (23) proposed general acid/base catalyst functions
for the pair Arg®YHis?'? of NisC. However, the counterpart
amino acid pair ArgP¥His?>*! represents most likely not the
general acid/base catalysts of SpaC, since SpaC residue
Arg?®is not essential for subtilin biosynthesis (Figure 4B).
Presumably, SpaC residue ¥ which has been demon-
strated to be obligate for subtilin biosynthesis and which is
highly conserved among LanC proteins and the only residue
to be considered as an acid/base catalyst in close proximity
to the catalytic center, is involved in the catalytic activity
(Figure 7). TheS. epidermidisnutant expressing epidermin

conserved among lantibiotic cyclases (Figure 2) are closely cyclase EpiC carrying an exchange of the strictly conserved
located to the central zinc ion. It is highly remarkable that Gly?* residue against glutamate was not able to produce
this reaction center is conserved among LanC proteins, epidermin. The corresponding residues of SpaC&bnd
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When engineered SpaC proteins are investigated for their
ability to interact with the subtilin precursor peptide Sub-
HAHisg, the C-terminal five amino acid residues as well as
Trp%? were identified to be important (Figure 5). This
residue, Tr§f% and GIy°® as well as the last five amino acid
residues (Ly¥"—lle**!) of SpaC were also identified to be
essential for subtilin biosynthesis (Figure 4B). As sum-
marized in Figure 7, the last 10 amino acids of NisC are
localized outside of its core structur@3j, whereas the
preceding 10 residues including A& Leu%>-Lewt%8 (coun-
terparts to SpaC-Af&e-Leu*3*-Leu*49) build a hydrophobic

(3; czegs = cluster together with T#§® (SpaC-Trg®) and stabilize the
. 4 NisC - OALLF . . . K.coo conformation of the catalytic center. SpaC is 10 amino acids
wz— SpaC - KALLI.coo shorter than NisC and ends with the sequence motif KALLI
28839 (Figure 7, insert) highly conserved among LanC proteins (not

FiGure 7: Catalytic core structure of lantibiotic cyclases. The shqwn). The esse_r_ltlallt_y of TH? _and the last five SpaC_
catalytic core structure of Nis@8) is shown including the Zt residues for subtilin biosynthesis and precursor peptide
coordinating residues C3/4 (SpaC-Cy%»9), Cys®30 (Cys*49), and binding implies important contributions of these elements
His®! (His*>). Additionally, the residues Hi¥ (SpaC-His%), in stabilization of the reaction center. A plausible explanation

Trp2® (Trp*), and Ty#* (Tyr®>) in close proximity to the catalytic o the nonfunctionality of the C-terminal hexahistidine-
center are indicated. The SpaC cyclase counterparts of these reS|due[s d SpaC S d bilizati f th Vi
(Arg?®° is the only exception) were identified to be essential for 1@99ed SpaC protein is a destabilization of the catalytic

subtilin biosynthesis (see Figure 4B). The residues close to the center, possibly due to interaction between the histidine
C-terminus Al&%, Leut%s, and Led® (for SpaC positions see the  residues and the catalytic zinc ion, and thus, the protein

insert) are most likely involved in stabilization of the catalytic core = strycture gets unstable, possibly the prerequisite for rapid
structure (see the text). The counterparts of NisC residued?His proteolytic degradation (Figure 4B).

Tyr?85to SpaC are H&YTyr3% that are discussed to be acid/base . L2 L
catalysts (see the text) are partially encircled. This figure was created Th‘? h_uge po_t(-?‘nt!al Of.'n VIvo gnd In vitro syntheses_ of
with Protein Workshop50) using the X-ray data for NisC (PDB  lantibiotics/lantibiotic derivatives inaccessible for chemical

code 2G02) Z3). peptide synthesis2@, 41—44) is highly stimulating for
further studies in lantibiotic biosynthesis. For example, a
) . ) o . recent study shows the mechanism of the highly processive
NisC Gly*®are localized in close proximity to essential SpaC | 4 dehydration catalyzed by lacticin 481 synthetase,
His**1and NisC His'?residues involved in Ztf complexing  \yhich uses ATP for phosphorylation of the Ser/Thr residues

(23). Thus, the conserved Gly residue might be part of @ yyior tg elimination to didehydroalanine or didehydrobutytine,
region involved in maintenance of the catalytic core structure. respectively 45).

When residues AR§®, Lel’?’, or Se#*® of SpaC were

replaced with alanine, the Suphenotype ofAspaC amyE:: ACKNOWLEDGMENT

spaScells could be complemented (Figure 4B). This result ) ) )
demonstrates that the corresponding residues are not involved W€ gratefully acknowledge Michael Karas, University of
in the catalytic activity of SpaC. Most likely, their Nisc ~Frankfurt, for the opportunity to use his MALDI-TOF mass

counterparts (Af°, Lel?%, or Sef?9) also do not contribute ~ SPECtrometric equipment.

to nisin cyclization. SUPPORTING INFORMATION AVAILABLE
The development of an in vitro test to investigate interac-

tions between engineered SpaC proteins with the subtilin PCR primers used in this work (Table S1), subtilin
precursor peptide was important for a greater understandingmon'tor'ng using the subtilin reporter strddn subtiliSATCC

of the function of SpaC. We showed that functional inactive 6633 AspaC amyE::spagTable S2), and a MALDI-TOF
SpaC alanine replacement mutants 28sCys3 Tyr2%4, mass spectrum of RP—HP_LC .|solated Subl—_lﬁdheterplo—.
Cys9, and Hig% are still able to interact with the subtilin ~ 90usly expressed it. coli (Figure S1). This material is
precursor. Remarkably, substrate binding was also detectecfVailable free of charge via the Internet at http://pubs.acs.org.
with engineered SpaC proteins unable to complement native
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