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ABSTRACT: Lantibiotics are peptide-derived antimicrobial agents that are ribosomally synthesized and
posttranslationally modified by a multienzyme complex to their biologically active forms. Nisin has attracted
much attention recently due to its novel mechanism of action including specific binding to the bacterial
cell wall precursor lipid II, followed by membrane permeabilization. Nisin has been commercially used
as a food preservative, while other lantibiotics show promising activity against bacterial infections. The
posttranslational modifications are believed to be carried out by a multienzyme complex. At present the
enzymes catalyzing the formation of the lantibiotic signature structural motifs, dehydroalanine (Dha),
dehydrobutyrine (Dhb), lanthionine (Ln), and methyllanthionine (MeLn), are poorly characterized. In an
effort to gain insight into the mechanism by which lantibiotics are biosynthesized, the cyclase enzymes
involved in the synthesis of nisin and subtilin (NisC and SpaC, respectively) have been cloned, expressed,
and purified. Both proteins exist as monomers in solution and contain a stoichiometric zinc atom. EXAFS
data on SpaC and a C349A mutant are in line with two cysteine ligands to the metal in the wild-type
enzyme with possibly two additional histidines. The two cysteine ligands are likely Cys303 and Cys349
on the basis of sequence alignments and EXAFS data. The metal may function to activate the cysteine
thiol of the peptide substrate toward intramolecular Michael addition to the dehydroalanine and
dehydrobutyrine residues in the peptide.

Nisin and subtilin are pentacyclic, posttranslationally
modified peptides that belong to the lantibiotic family of
bacteriocins. Lantibiotics possess high antimicrobial activity
against Gram-positive bacteria, including staphylococci,
streptococci, and clostridia, and have been used for a variety
of applications including food preservation (1, 2). Their
unique structural motifs, including dehydroalanine (Dha),
dehydrobutyrine (Dhb), lanthionine (Ln), and methyllanthio-
nine (MeLn, Figure 1), are responsible for their biological
activity and are the basis for their adopted family name (2,
3). These unusual structures are introduced posttranslationally
into a ribosomally synthesized peptide by a multienzyme
complex. Nisin and subtilin owe their bactericidal activity
to the depolarization of energized cell membranes through
pore formation. Nisin is effective at concentrations that are
several orders of magnitude lower than many other pore-
forming antibacterial agents and is significantly more potent
toward Gram-positive intact cells than liposomes. This
unusual profile was recently explained by the observation

that nisin initially associates with membrane-bound lipid II,
an intermediate in cell wall biosynthesis (6-8).

A number of open reading frames surrounding the lanti-
biotic structural genes have been sequenced. Putative roles
have been assigned to each protein ranging from biosynthesis,
transport, and regulation to immunity against lantibiotics. The
LanB,1 LanC, and LanP proteins are thought to be involved
in biosynthesis of the mature products (2). After ribosomal
production of the prepeptide, LanB-catalyzed dehydration
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FIGURE 1: Four characteristic structural motifs found in lantibiotics.
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of serine and threonine residues in the C-terminal region
putatively generates multiple Dha and Dhb residues, respec-
tively (e.g., Figure 2 for subtilin). In the second step, the
LanC enzymes are thought to mediate the regio- and
stereoselective cyclization of cysteine residues onto these
dehydroamino acids to assemble the thioether ring structures
(9). In some lantibiotic-producing organisms, the LanB and
LanC proteins are absent, and a single protein, LanM having
homology to the LanC enzymes at its C-terminus, is
produced instead (10, 11). These LanM proteins are postu-
lated to carry out both dehydration and cyclization reactions.
In the ultimate step, the unmodified N-terminal leader
sequence is proteolytically removed by LanP to yield the
mature, active lantibiotic.

Nisin is produced byLactococcus lactisand has been used
as a biopreservative for over 30 years (12). Subtilin, produced
by Bacillus subtilis, possesses 63% sequence identity to nisin
(13), including the presence of lanthionine and methyl-
lanthionine rings of identical size and relative position (Figure
2). The biosynthetic genes for the production of both
compounds have been completely sequenced (14, 15). The
putative dehydratases SpaB and NisB have been overex-
pressed (16, 17), but the cyclases NisC and SpaC have
received little attention. The homologous proteins EpiC and
PepC involved in the production of the lantibiotics epidermin
and Pep5 have been purified, but their activity could not be
tested due to the absence of a dehydrated peptide substrate
(18, 19). As part of our efforts to understand the biosynthesis
of lantibiotics (17, 20-22), we have undertaken the task of
cloning, overexpressing, and purifying the two cyclase
enzymes involved in subtilin and nisin biosynthesis, SpaC
and NisC. We show here that both proteins are monomers
in solution and contain a stoichiometric zinc. The metal

coordination environment of SpaC was investigated by
EXAFS. Our results suggest that these proteins may be
members of a growing family of proteins that utilize zinc
for activation of thiol substrates.

MATERIALS AND METHODS

Materials. The lantibiotic-producing strainsL. lactis11454
andB. subtilis6633 were obtained from the American Type
Culture Collection. Chemically competentEscherichia coli
DH5R cells (subcloning efficiency) were purchased from
GibcoBRL, and media were purchased from Difco labora-
tories. Oligonucleotide primers were synthesized by Operon
Technologies, and cloned Pfu polymerase was obtained from
Stratagene. Deoxyribonucleotides and T4 DNA ligase were
purchased from either Boehringer Mannheim or GibcoBRL.
Restriction enzymes and proteinase K were from GibcoBRL,
and calf intestinal alkaline phosphatase was provided by
Promega. The QuikChange site-directed mutagenesis kit was
purchased from Stratagene. Tris(hydroxymethyl)aminomethane
(Tris, Fisher) buffer contained 20 mM Tris, pH 7.5 at 4°C.
TE buffer contained 10 mM Tris, 1 mM EDTA, and 0.08%
Triton X-100, pH 7.5.

General Methods. Molecular biological manipulations
were carried out using standard techniques (23). Cell
disruption was performed with a Sonics and Materials Vibra
Cell model sonicator. Protein purification was accomplished
by column chromatography using either peristaltic pumps
from Pharmacia Biotech or a BioCAD purification system
from PerSeptive Biosystems. Mass spectrometry was per-
formed by the Mass Spectrometry Laboratory at the Uni-
versity of Illinois using electrospray ionization (ESI) or
matrix-assisted laser desorption ionization (MALDI). Protein

FIGURE 2: Proposed biosynthetic pathway for subtilin.
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concentrations were determined using both the biuret or
Bradford methods using bovine serum albumin as standard;
the values obtained with both methods were in close
agreement ((5%) and were also consistent ((8%) with
values determined using a theoretical molar absorptivity
constant extinction coefficient calculated on the basis of
amino acid content. Using the Lowry assay provided values
that were somewhat different from the other three methods
and resulted in protein concentrations that were higher by
1.3-fold. All metal and thiol content values reported herein
are based on the values determined by the Bradford assay.
Automated peptide synthesis was performed on a Rainin
Model PS3 peptide synthesizer. RP-HPLC was performed
on a Rainin system (Dynamax Model SD-200 pump and
Model UV-1 detector).

Construction of OVerexpression Plasmids. B. subtilis
ATCC 6633 was grown in TY medium (0.8% tryptone, 0.5%
yeast extract, 0.1% glucose, and 0.5% NaCl).L. lactisATCC
11454 was grown in M17 broth supplemented with 0.5%
glucose. The genomic DNA ofB. subtiliswas purified by
harvesting the cells at 4750g for 10 min followed by
resuspension in TE buffer and boiling for 5 min. After
subsequent centrifugation for 5 min at 16000g the supernatant
was removed and stored at-20 °C. A DNAzol kit obtained
from Molecular Research Center, Inc., was used to isolate
L. lactis genomic DNA. A PCR fragment containing the
coding sequence of SpaC was acquired usingB. subtilis
genomic DNA as template and a forward primer (5′-CAT
GCC ATG GAA AGA GGC ACT GTA TCA A-3′) with an
integratedNcoI site and a reverse primer (5′-CGG GAT CCT
TAA ATT AAT GCT TTT GT-3′) containing aBamHI site.
ThenisCPCR fragment was obtained usingL. lactisgenomic
DNA as template and a forward primer (5′-CCG CTC GAG
ATG AGG ATA ATG ATG AAT AAA-3 ′) including an
XhoI site and a reverse primer (5′-CGG GAT CCT CAT
TTC CTC TTC CCT CCT TT-3′) containing aBamHI site.
The PCR products were digested with the requisite enzymes
and ligated into alkaline phosphatase-treated pET15b
(Novagen) linearized with the same restriction enzymes. The
resulting vectors encoded either the native SpaC protein
(p15SC1) or an N-terminal six-histidine-tagged NisC fusion
protein (p15NC1). ThespaC and nisC inserts were com-
pletely sequenced by the Biotechnology Center at the
University of Illinois at Urbana-Champaign.

Construction of Expression Systems for SpaC Mutants.An
overlap extension PCR (OE-PCR) method was utilized to
introduce the C303A mutation using purified p15SC1 as the
template. Two oligonucleotide primers flanking the gene
were used (forward, 727-GCACTCATACAGGGAAT-
TAAAGTAAAGG-754; reverse, CGGGATCC(BamHI)-
1326-TTAAATTAAT AATGCTTTTGTCCAATC-1299) in
combination with the following mutagenic primers (under-
lined codons encode the desired amino acid substitution):
900-TGCTTGGGCTTATGGAAGACCTGGTGTA; reverse,
916-TTCCATAAGCCCA-AGCATCTCTGCTAAA. Typical
template DNA concentrations were∼0.1-0.2 ng/mL. Two
separate PCR reactions were carried out, each containing one
flanking primer and one mutagenic primer. The two PCR
products were purified from the agarose gel after DNA
electrophoresis and used for OE-PCR reactions in which all
components except the primers were combined and subjected
to 5 PCR cycles, followed by addition of the outside primers

and amplification over 25 additional cycles. The resulting
DNA contained the correct mutation as determined by
sequencing of both strands. The C349A mutation was
obtained using the QuikChange kit using the protocol
supplied by Stratagene using the following primers: forward,
GGGGAATTTTTTCACCTACCATAGCTCATGGTTAC-
AGCG; reverse, CGCTGTAACCATGAGCTATGGTAG-
GTGAAAAAATTCCCC. The mutation was verified by
sequencing. The OE-PCR fragment of C303A SpaC was
inserted between theBseRI andBamHI sites of p15SC1. The
resulting plasmid was treated withNcoI and BamHI, and
the excised gene was ligated into pET28a that had been
digested with the same enzymes. Colonies were tested for
the presence of the insert by double digest withNcoI and
BamHI. Plasmids obtained from those colonies testing
positive were digested withBseRI andXhoI and ligated into
pGEX-6p1 containingspaCthat had been digested with the
same two enzymes.

OVerexpression and Purification of His-Tagged NisC.To
isolate thenisC gene product,E. coli strain BL21(DE3)
containing p15NC1 was grown overnight in 20 mL of Luria-
Bertani (LB) medium containing 100µg/mL ampicillin (LB
amp). The cells were harvested at 4750g, and the supernatant
was decanted. The cells were resuspended in fresh LB amp
(20 mL), and this suspension was used to inoculate 2 L of
LB amp medium. The culture was incubated at 37°C with
agitation until the OD600nmreached 1.1; then isopropylâ-D-
thiogalactoside (IPTG, Acros) was added to a final concen-
tration of 0.1 mM. The cells were grown at 25°C for 8 h
and harvested by centrifugation at 6690g for 15 min at 4
°C. The resulting cell paste (7.8 g) was resuspended in 23
mL of binding buffer (20 mM Tris, 5 mM imidazole, 0.5 M
NaCl, pH 7.6). Hen egg white lysozyme was added to a final
concentration of 0.2 mg/mL, and the mixture was frozen with
liquid nitrogen and stored at-80 °C overnight.

The His-tagged (26) protein was isolated using a BioCAD
system and a 9× 1 cm POROS 20 metal chelate column
(PerSeptive Biosystems) charged with NiSO4. The lysed cell
mixture was thawed at room temperature and centrifuged at
18900g for 30 min at 4°C. The supernatant was filtered
through a 0.45µm syringe-tip filter and applied to the
charged column at a flow rate of 3 mL/min. The following
steps were carried out at a flow rate of 8 mL/min. The
column was washed with binding buffer (100 mL) followed
by a 30 mM imidazole buffer (20 mM Tris, 0.5 M NaCl,
pH 7.6, 70 mL). The protein was eluted with a linear gradient
of 30-500 mM imidazole (20 mM Tris, 0.5 M NaCl, pH
7.6, 100 mL). Fractions were monitored by UV-vis spec-
troscopy at 280 nm and SDS-PAGE. The fractions contain-
ing NisC were concentrated by Amicon filtration with a YM-
30 ultrafiltration membrane (Millipore) and stored at 4°C.
After removal of the histidine tag by thrombin cleavage, six
extra amino acids (GSHMLE) remained at the N-terminus
of NisC.

For metal analysis, His6-NisC was also purified without
the use of nickel affinity chromatography. The cell paste
(7.98 g) was resuspended in Tris buffer (24 mL), and hen
egg white lysozyme was added to a final concentration of
0.2 mg/mL. The suspension was frozen with liquid nitrogen
and stored at-80 °C. It was thawed on ice and centrifuged
at 46000g for 30 min at 4°C. The supernatant (27 mL) was
treated with streptomycin sulfate (5% solution, 5.5 mL). The
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suspension was stirred at 4°C for 15 min and then
centrifuged at 46000g at 4°C for 30 min. Ammonium sulfate
(10.2 g) was added to the resulting supernatant (32.5 mL,
302 mg total protein) over 15 min at 4°C to provide a 50%
saturated solution. It was stirred for an additional 15 min
and then centrifuged at 46000g at 4 °C for 30 min.

The ammonium sulfate pellet (1.02 g) was redissolved in
Tris buffer (2.25 mL) and was loaded onto a Sephadex G-25
column (Pharmacia-Biotech, 32.5× 2.5 cm, 160 mL settled
gel) previously equilibrated with Tris buffer (1 L). Fractions
exhibiting a UV-vis reading>0.2 at 280 nm were pooled.
A 25.5 × 2.5 cm column charged with DEAE-Sepharose
Fast-Flow anion-exchange resin (Pharmacia-Biotech, 125 mL
settled gel) was equilibrated with Tris buffer (1.1 L). The
G-25 gel filtration product (48 mL, 145 mg total protein)
was loaded directly onto the column bed. The column was
washed with Tris buffer until the eluent had a negligible
absorbance at 280 nm. The column was eluted with a linear
NaCl gradient (0-1 M, 800 mL), and the fractions were
examined using SDS-PAGE. The fractions containing His6-
NisC were combined and concentrated by Amicon filtration
with a YM-30 ultrafiltration membrane (Millipore). The
concentrated solution from the anion-exchange column (1.5
mL, 19 mg total protein) was loaded onto a 150× 1.5 cm
Sephacryl S-200 column (265 mL settled gel, Pharmacia-
Biotech) previously equilibrated with Tris buffer containing
0.1 M NaCl (600 mL). The column was eluted with Tris
buffer containing 0.1 M NaCl, and 4 mL fractions were
collected. The fractions were analyzed by SDS-PAGE.
Those containing His-NisC were combined and concentrated
by Amicon filtration with a YM-30 ultrafiltration membrane
(1.9 mg).

CleaVage of the His Tag with Thrombin.The His6-NisC
sample was incubated overnight with thrombin (10 units of
thrombin protease/mg of His-NisC) at 22°C. The resulting
NisC protein was purified either by nickel affinity chroma-
tography on a Hi-Trap column (Pharmacia, 1 mL) or by size
exclusion chromatography on a Sephacryl S-200 column (150
× 1.5 cm, 265 mL settled gel).

SpaC OVerexpression and Purification.For purification
of recombinant SpaC,E. coli BL21(DE3) cells containing
p15SC1 were grown overnight in LB amp at 37°C with
agitation (20 mL). The cells were sedimented, resuspended
in fresh LB amp (20 mL), and then added to 2 L of LB
amp. After incubation at 37°C with agitation until the
OD600nmreached 1.3, IPTG was added to a final concentration
of 0.3 mM. The cells were grown at 25°C for 8 h and
harvested by centrifugation at 3130g for 30 min at 4°C.
The cells (8.3 g) were resuspended in Tris buffer (25 mL),
and hen egg white lysozyme was added to a final concentra-
tion of 0.2 mg/mL. The suspension was frozen with liquid
nitrogen and stored at-80 °C.

Purification was carried out as described for the non-nickel
affinity purification of His6-NisC. The frozen suspension of
cell paste was thawed on ice and centrifuged at 46000g for
30 min at 4°C. The supernatant (24 mL, 151.9 mg total
protein) was treated with streptomycin sulfate (5% solution,
4.5 mL), and the resulting supernatant (28 mL, 132.5 mg
total protein) was brought to 50% saturation with ammonium
sulfate (8.8 g). The ammonium sulfate pellet (0.4 g) was
redissolved in Tris buffer (2.5 mL) and desalted on a

Sephadex G-25 column (32.5× 2.5 cm, 160 mL settled gel).
The protein was purified by DEAE-Sepharose anion-
exchange chromatography (25.5× 2.5 cm, 125 mL settled
gel) using a linear NaCl gradient (0-1 M) in Tris buffer.
The fractions containing SpaC were combined and concen-
trated by Amicon filtration with a YM-30 ultrafiltration
membrane (Millipore). The concentrated solution (4 mL, 5.3
mg total protein) was loaded onto a 2.5× 41.6 cm Sephacryl
S-200 column (200 mL settled gel) and eluted with Tris
buffer. The fractions containing SpaC were combined and
concentrated by Amicon filtration (4.5 mg).

Expression and Purification of SpaC Mutants.An over-
night culture ofE. coli BL21(DE3) cells carrying the pGEX-
6p1 plasmid containing the gene sequence for C303A SpaC
was grown in LB amp at 37°C with shaking (100 mL). The
cells were divided into three aliquots of 30 mL and pelleted,
followed by resuspension in 1 mL of fresh LB. Each 1 mL
aliquot was added to 3 L of LB amp andgrown at 37°C
with shaking until the OD600nmreached 1.1. Overexpression
of the protein was induced by addition of IPTG to a final
concentration of 1 mM, and the medium was supplemented
with ZnCl2 to a final concentration of 100µM. Cells were
grown at 20°C for 20-24 h and harvested by centrifugation
at 15000g for 20 min at 4 °C. The cells (17.2 g) were
resuspended in 100 mM KCl, 10% glycerol, 20 mM HEPES,
pH 7.5, 1 tablet of protease inhibitor cocktail (Boehringer-
Mannheim), and 10µg/mL DNase I (30 mL), frozen in liquid
nitrogen, and stored at-80 °C.

Cells were lysed by sonication, and cellular debris was
pelleted by centrifugation at 29000g for 45 min at 4°C. The
resulting supernatant was loaded slowly (0.5 mL/min) onto
a preequilibrated glutathione-Sepharose column (Amersham
Bioscience, 25 mL bed volume). The column was washed
extensively with 20 mM Tris and 100 mM NaCl, pH 8.3,
and the GST fusion protein was eluted with 20 mM Tris,
100 mM NaCl, and 16 mM glutathione (reduced), pH 8.3
(100 mL). Fractions containing GST mutant fusion protein
were combined and treated overnight at 4°C with Prescission
protease according to Amersham protocols. Cleaved SpaC
mutant was purified from GST by Q-Sepharose anion-
exchange column chromatography (20 mL bed volume),
eluting with a linear gradient of 100 mM to 1 M NaCl in 20
mM Tris, pH 8.3. Fractions containing SpaC mutant protein
were combined and concentrated by Amicon filtration (2.6
mg).

Molecular Mass Determination.Gel filtration was carried
out using a 150 cm× 1.5 cm column with Sephacryl S-200
(265 mL) as the matrix. The column was eluted using Tris
buffer containing 0.1 M NaCl at a flow rate of 0.6 mL/min.
The following protein standards (Sigma) were applied to the
column for calibration and subsequent estimation of the
native molecular masses of SpaC and NisC: blue dextran
(2000 kDa, void volume),â-amylase (200 kDa), alcohol
dehydrogenase (150 kDa), bovine serum albumin (66 kDa),
carbonic anhydrase (29 kDa), and cytochromec (12.3 kDa).
Samples (2 mL) were applied in Tris buffer with 0.1 M NaCl
and 10% glycerol. Fractions (4 mL) were collected, and the
protein elution was followed by the absorbance at 280 nm
and SDS-PAGE. In addition, the aggregation state was
probed by HPLC using a Bio-Sil SEC 250-5 column (300
mm × 7.8 mm, Bio-Rad), eluting with 0.1 M sodium
phosphate buffer, pH 6.8, containing 0.15 M NaCl and 0.1
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M sodium azide at a flow rate of 1 mL/min. Size exclusion
HPLC was performed using a Beckman Gold system (model
125 solvent module and model 166 detector), monitoring at
280 nm. A mixture of the following protein standards (25
µL) was injected for estimation of the native molecular
masses of SpaC and NisC: thyroglobulin (670 kDa), IgG
(158 kDa), ovalbumin (44 kDa), myoglobin (17 kDa), and
vitamin B12 (13.5 kDa).

InductiVely Coupled Plasma Mass Spectrometric (ICP-
MS) Analysis.All flasks and beakers were prerinsed with
20% HNO3 and Millipore water. Dialysis was performed
using slidealyzers (Pierce) presoaked in Tris buffer containing
10 g/L Chelex-100 (Bio-Rad), in the Na+ form, to remove
divalent cations. The standard enzyme preparation involved
dialysis or Centricon centrifugal filtration. Dialysis was
carried out with four changes of Tris buffer (1:1000), with
25-50 g/L Chelex-100 in the beaker, over a total time of
48 h at 4°C. Centrifugal filtration was performed with Tris
buffer (1:10, pretreated with 50 g/L Chelex) with at least
four changes of buffer. Samples were frozen with N2(l) and
analyzed at the University of Michigan Department of
Geological Sciences to determine the metal content by
inductively coupled plasma mass spectrometry (ICP-MS).

PAR and DTNB Assays.The zinc content was also
determined using a spectroscopic assay based on the absorp-
tion change at 500 nm associated with the formation of a
zinc complex with 4-(2-pyridylazo)resorcinol (PAR, Sigma).
The procedure used is a variation of the protocol used by
Hunt et al. (27). Prior to the assay, adventitious metals were
removed from both SpaC and NisC by extensive dialysis as
described above, and the buffers were pretreated with 50
g/L Chelex-100. Freshly dialyzed protein solutions of SpaC
and NisC tested negatively for adventitious Zn2+ using 0.1
M PAR. The protein-bound zinc was released by denaturation
and addition of the thiol-modifying reagent 5,5′-dithiobis-
(2-nitrobenzoic acid) (DTNB, Acros). The reactions were
performed in 20 mM Tris, pH 7.5, with 4 M guanidine
hydrochloride (Gdn-HCl). The metal assays contained ap-
proximately 9µM SpaC or NisC in 20 mM Tris, 4 M Gdn-
HCl, and 0.1 M PAR, pH 7.5, and were titrated with 1 mM
DTNB in the same buffer to release all cysteine-bound metal
(0-82 µM DTNB). The assays were performed at room
temperature, and the titrant was added using plastic pipet
tips to avoid contamination by metal syringe needles. The
absorbance at 500 nm was measured, and the titration was
judged to be complete when no further significant change
was observed. The concentration of Zn2+ was determined
using a standard curve prepared by dilutions of a zinc atomic
absorption standard (0.0-15.3µM). Background absorbance
at 500 nm due to the minimal increase upon addition of
DTNB was determined using an identical titration of a
sample of the protein lacking the PAR reagent. The control
values observed were subtracted from the experimental value
detected with PAR.

The absorbance readings at 412 nm obtained by the
addition of DTNB to samples lacking PAR were recorded
and used to estimate the number of free cysteine residues in
each enzyme. The titrations were judged to be complete when
no further significant change at 412 nm was observed and
an excess of DTNB over the theoretical number of cysteines
in each protein had been added. The concentration of 2-nitro-
5-thiobenzoate anions released on reaction with reduced thiol

groups on the protein was determined using a standard curve
that was prepared using fresh dilutions ofâ-mercaptoethanol
(Aldrich, 0.0-15.3 µM).

Synthesis of a Dehydropeptide as Substrate for SpaC.The
linear total synthesis of a dehydropeptide corresponding to
residues 2-32 of the substrate for SpaC (SKFDDFDLDV-
VKVSKQDSKITPQWKDhaEDhaLCA) was conducted in
two steps. A peptide containing phenylselenocysteine at
positions 26 and 28 was performed on Wang resin using
standard Fmoc SPPS protocols with HBTU in NMM/DMF
for the coupling steps (20). The HPLC trace of the resulting
crude peptide mixture (0.144 g) was complex, and a number
of peptide species were present as determined by MALDI-
MS, with the desired mass the most abundant peak, followed
closely by an M-71 peak, presumably formed by premature
elimination of one of the phenylselenides and subsequent
Michael addition of a piperidine molecule used in the Fmoc
deprotection steps. After purification by reverse-phase (RP)
HPLC on a preparative Vydac C-18 column [MALDI-LRMS
m/z calcd for (M+ 1)+ 3823.7, found 3823.9], the cysteine
residue was protected as the ethyl disulfide by reaction of
the peptide (8 mg) with 5.2µmol of 2-benzothiazole ethyl
disulfide (28) in a mixture of water (0.131 mL) and ethanol
(0.131 mL) [MALDI-LRMS m/zcalcd for (M+ 1)+ 3883.7,
found 3884.0]. The overall yield of the peptide synthesis
including cysteine protection was 0.3%. The purified peptide
was dissolved in a mixture of acetonitrile (20µL) and water
(20 µL), and an aqueous solution of H2O2 (3%, 1 µL) was
added. After being stirred for 1 h at 25°C, another aliquot
of aqueous H2O2 (3%, 2µL) was added. After an additional
30 min, the reaction was diluted with 1:1 acetonitrile:water,
and the target dehydropeptide was purified by analytical RP-
HPLC [MALDI-LRMS m/z calcd for (M + 1)+ 3566.7,
found 3570.0]. The peptide was then incubated with SpaC
in the presence of TCEP to reduce the ethyl disulfide
protecting group on the cysteine. The reaction was followed
by HPLC, and a new peak with identical mass as the
substrate was observed that was attributed to a cyclization
product. However, the rate of its formation was identical to
control reactions in the absence of enzyme.

X-ray Absorption (XAS) Data Collection and Analysis.
XAS data were collected at the Stanford Synchrotron
Radiation Laboratory (SSRL) on beam lines 7.3 (BL 7.3)
and 9.3 (BL 9.3) operating at 3.0 GeV with beam currents
between 100 and 50 mA. Si220 monochromators with 1.2
mm slits were used to provide monochromatic radiation in
the 9.431-10.517 keV energy range. Harmonic rejection was
achieved either by detuning the monochromator 50% at the
end of the scan (10517 eV, BL 7.3) or by means of a
rhodium-coated mirror with a cutoff of 13 keV placed
upstream of the monochromator (BL 9.3). The protein
samples were measured as frozen glasses in 20-30%
ethylene glycol at 11-14 K in fluorescence mode using
either a 13-element (BL 7.3) or 30-element (BL 9.3) Ge
detector. On BL 7.3 the count rate of each detector channel
was kept below 110 kHz while the rise in fluorescent counts
through the edge was kept below 20 kHz per channel. Count
rates were linear over this range, and no dead-time correction
was necessary. On BL 9.3 a Soller slit assembly fitted with
a 6µ Cu filter was used in conjunction with the 30-element
detector to decrease the elastic scatter peak and protect
against detector saturation. Here, maximum count rates per
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channel did not exceed 40 kHz. The summed data for each
detector channel were then inspected, and only those channels
that gave high-quality backgrounds free from glitches, drop
outs, or scatter peaks were included in the final average. Data
analysis was performed as previously described in detail (29,
30). First, a blank data file collected under identical condi-
tions and detector geometry was subtracted from the summed
experimental data. This procedure removed any residual Cu
Kâ fluorescence from the Cu filter which was still present
in the detector window and produced a flat preedge close to
zero. Background subtraction was carried out using the
PROCESS module of EXAFSPAK (31) using a Gaussian
preedge and fourth-order spline fit withk4 weighting in the
postedge region (spline range 9665-10517.7 eV, spline
points 9665, 9949, 10233, 10517 eV). TheE0 (start of the
EXAFS) was chosen as 9665 eV, and thek3-weighted data
were Fourier transformed over the rangek ) 2.11-15.04
Å-1. Simulations (including the calculations of phases and
amplitudes) were performed by curve fitting using the
program EXCURVE (curved-wave small atom approxima-
tion) (32) as previously described (29, 30). This allowed for
inclusion of multiple scattering pathways between the zinc
center and the atoms of imidazole rings of histidine residues.
Parameters refined in the fits were coordination numbers,
distances, and Debye-Waller (DW) factors for Zn-ligand
interactions. Zn-histidine outer shell pathways were initially
set at values typical for Zn-imidazole complexes (Cam-
bridge Data Bank) but were allowed to vary from these
values up to a maximum of(0.15 Å-1. Ef, a small correction
to the threshold energyE0, was also refined but was
constrained to take the same value for all shells of scatterers.
The amplitude reduction factor was set at 0.90. The goodness
of fit was judged by a fitting parameter,F, defined as

whereN is the number of data points.

RESULTS

Cloning and Isolation of SpaC and NisC.The spaCand
nisCgenes were amplified by PCR of genomic DNA isolated
from B. subtilisandL. lactis, respectively. Two sequences
have been reported forspaCwhich differ by 5 base pairs
(14, 24). The sequence that was cloned here matches that
reported by Hansen and co-workers (GenBank accession
number M83944). Similarly, two sequences have been
reported fornisC, one of which is shorter by the first 12
base pairs (33). The gene cloned fromL. lactisATCC 11454
in this work included these 12 base pairs, and the sequence
agreed with that determined by Engelke et al. (15) (accession
number Z18947). TheNcoI and BamHI cloning sites of
pET15b were used for insertion of thespaCgene, resulting
in expression of the native SpaC protein. ThenisCgene was
inserted into theXhoI andBamHI cloning sites, resulting in
the expression of an N-terminal histidine-tagged fusion
protein. Using this construct, six extra amino acids (GSH-
MLE) remain at the N-terminus of NisC after removal of
the His6 tag with thrombin. Both thespaCand nisC gene
products were heterologously expressed inE. coli as soluble
proteins at 25°C and low IPTG concentrations.

SpaC was purified using successive anion-exchange and
gel filtration chromatographic steps in a final yield of 2 mg/L
of cell culture (Figure 3). His6-NisC was obtained by Ni2+-
(NTA) affinity chromatography providing highly purified
protein. The overexpression level of His6-NisC was consider-
ably lower than observed with SpaC, resulting in limited
quantities of protein. The molecular weights of the recom-
binant proteins determined by mass spectrometry were in
good agreement with the theoretically calculated values
(SpaC, ESI-LRMSm/zcalcd 49353; found 49353( 49; His-
NisC, MALDI-LRMS m/z calcd 50338; found 50344( 50;
GSHMLE-NisC, MALDI-LRMS m/z calcd 48586; found
48577( 49). Moreover, the identity of SpaC was verified
by N-terminal Edman degradation. The aggregation state of
each purified recombinant enzyme was assessed by gel
filtration chromatography. All three proteins (SpaC, His6-
NisC, and NisC) eluted from a Sephacryl S-200 column with
a retention time consistent with a monomer. Furthermore,
the samples were analyzed by HPLC and compared to
standard samples confirming the monomeric form of the
proteins.

Metal Content of SpaC and NisC.The proteins expressed
in cells grown on unsupplemented media were analyzed for
metal content using ICP-MS (see Materials and Methods).
The results revealed that SpaC contained zinc with a
stoichiometry of 0.64, and NisC purified without using Ni2+-
(NTA) affinity chromatography contained zinc with a stoi-
chiometry of 0.61. Supplementation of the growth medium
for bacteria expressing SpaC increased the zinc content of
the protein to 0.84 equiv. No significant amounts of other
metals were detected in these experiments, and the measured
levels of zinc in the buffer used for the experiment were
essentially negligible. A spectrophotometric assay using the
metallochromic indicator PAR was used subsequently to
verify the metal content (27). In the absence of denaturant,
metal ions could not be detected, suggesting that PAR by
itself cannot extract zinc from either SpaC or NisC. After
treatment with guanidine hydrochloride and DTNB to trap
reactive cysteines as disulfides, formation of the orange Zn-
(PAR)2 complex was observed. For quantitative experiments,
the reactions were carried out with 0.1 M PAR and 8-9
µM protein. Under these conditions (pH 7, 0.1 M PAR,<12
µM Zn), over 98% of the zinc is in the 1:2 Zn:PAR complex
(27). The color change was immediately visible upon mixing
the solutions, and the initial absorbance at 500 nm increased

FIGURE 3: Purification of SpaC: M, low-range marker; lane 1, cell
supernatant; lane 2, (NH4)2SO4 pellet; lane 3, partially purified SpaC
after DEAE anion exchange; lane 4, SpaC after S200 gel filtration;
lane 5, as in lane 4 but at a higher load.
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only slightly thereafter over a period of hours. As shown in
Figure 4, addition of DTNB released 1.2 equiv of zinc per
SpaC polypeptide. Release of 0.86 equiv of zinc was
observed per NisC polypeptide (data not shown). A higher
zinc content determined by the colorimetric method com-
pared to ICP-MS analysis has been observed previously for
other zinc proteins (34, 35).

Probing the Presence of Cysteine Disulfides in SpaC and
NisC.After denaturation with guanidine hydrochloride in the
absence of PAR, treatment of the enzymes with DTNB
resulted in an increase in the absorbance at 412 nm. The
concentration of free thiol in the proteins was determined
using either the extinction coefficient for liberated 2-nitro-
5-thiobenzoate (13600 M-1 cm-1) or a calibration curve
generated from the reaction of DTNB withâ-mercapto-
ethanol with both methods giving similar values. Addition
of excess DTNB released 8.5( 0.6 equiv of 2-nitro-5-
thiobenzoate per SpaC, in reasonable agreement with the
seven cysteines in the SpaC sequence. Using the same
procedure with NisC released 3.6 equiv of 2-nitro-5-
thiobenzoate. NisC possesses six cysteine residues, which
suggests that the purified protein contains one disulfide.

XAS Analysis of SpaC.Two independent data sets were
collected on different samples, one on BL 7.3 extending to
k ) 15 Å-1 and the second on BL 9.3 extending to 12.8
Å-1. Both gave superimposable results. The Zn K-edge
EXAFS and Fourier transform for the BL 7.3 data set are
shown in Figure 5. Intense oscillations are seen in the
EXAFS out tok ) 15 Å-1 together with a first shell peak in
the transform atR ) ∼2.3 Å (phase corrected). This pattern
is typical of metal-thiol coordination. Given the evidence
for two absolutely conserved cysteine residues and two
conserved histidine residues (see Discussion), we chose a
Zn(Cys)2(His)2 model for initial EXAFS simulations. Un-
filtered EXAFS data were used in these fits, with multiple
scattering contributions from imidazole Câ (C2/C5) and Cγ/
Nγ (N3/C4) outer shell interactions. This combination of
scatterers gave an excellent fit to the data, with a shell of
two imidazoles at 2.01( 0.01 Å and a shell of two sulfur
atoms at 2.28( 0.005 Å. The Debye-Waller (DW) terms
for the Zn-S shell (2σ2 ) 0.005( 0.001 Å2) are normal
for thiol ligands in the first coordination sphere of a metal
ion (36) and suggest that the Zn center is indeed coordinated
by two cysteines. The DW terms for the histidine shell (2σ2

) 0.008 ( 0.002 Å2) are elevated somewhat relative to
typical values for first shell scatterers (36, 37), which may

either suggest some heterogeneity in Zn-N(imid) bond
length or the presence of a non-histidine O/N scatterer.

EXAFS studies on members of the family of Zn-thiol-
containing alkyl transferase enzymes have shown a vari-
ety of coordinations ranging from Zn-S4 (38) and Zn-S3-
(O/N) (39) to Zn-S2(O/N)2 (40-42), where one of the O/N
ligands is replaced by the thiol substrate to generate a Zn-
S3(O/N) environment upon substrate binding. The tetrahedral
Zn site of the metalloregulatory protein SmtB exhibits Zn-
S(O/N)3 coordination with some evidence for a carboxylate
ligand (43), while theE. coli Zn sensor Zur contains two
Zn binding sites with ZnS3(O/N) and Zn(O/N)3 environments,
respectively (44). Thus every combination of S and N/O
coordination is represented in Zn biochemistry. In the case
of SpaC, it seems likely that Zn is ligated by two cysteine
residues, but the identity of the accompanying O/N ligands
is less certain.

With the above systems as background information, further
simulations were carried out with the aim of limiting the
possibilities for the identity of the N/O shell. The approach
used was to generate fitting surfaces and/or contour maps
of the goodness of fit parameterF versus coordination
numbers of both the cysteine and O/N shells, with DW terms
fixed at physically reasonable values for first shell scatterers
(2σ2 ) 0.005 Å2). For this analysis we used thek ) 15 Å-1

BL 7.3 data since the extended data range would provide
better resolution between Zn-S and Zn-O/N shells (36).
With DW terms of the first shell held constant, variation of
the S and N/O coordination numbers over a continuous range
between 1 and 3 generates the surface shown in Figure 6A,
with the contour map (equivalent to the projection of the
surface on thexy plane) shown in Figure 6B. Inspection of
these three-dimensional maps indicates that the S coordina-
tion number is extremely well-defined at 2 (2.143 at the
minimum). The N/O coordination number is less well
defined, however, corresponding to a shallower minimum
at 1.86. When the N/O shell was further refined against its
DW factor (with the S shell coordination held at 2.0), the
coordination number again minimized around 2.0, but the
shell could tolerate a broader range of both occupancy (1.5-
2.5) and DW (0.005-0.02 A2) (Figure 6C,D). This analysis

FIGURE 4: Spectroscopic estimation of zinc content of SpaC as
established by a PAR assay in the presence of Gdn-HCl and DTNB
(see text). FIGURE 5: Fourier transform and EXAFS (inset) of the Zn center

in SpaC. The Fourier transform (phase-corrected) was calculated
from k3 data extending fromk ) 2.11-15.04 Å-1. The experimental
data are depicted by thick black lines, while the simulation
corresponding to 2Zn-S at 2.28( 0.005 Å and 2Zn-N/O at 2.01
( 0.01 Å is shown by thin red lines.
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shows that the EXAFS amplitudes are dominated by the more
intense S shell, and accordingly, it not possible to unambigu-
ously define the number of N/O (imidazole/water/carboxylate
ligands). However, for all fits,F is a minimum at∼2 N/O
scatterers per zinc. A zinc site composed of 2Zn-S at 2.28
Å and 2Zn-N/O is thus fully consistent with the data.

The above analysis is broadly in line with the findings of
Penner-Hahn and co-workers (36) regarding the ability to
use XAS to define coordination numbers in a mixed S/N/O
environment and illustrates a general property of EXAFS
methodology: distances are determined to a much higher
accuracy than coordination numbers. Bond valence sum
analysis (BVS) (45-48) provides a method of correlating
this accurate distance information with the less precise
coordination numbers, using an empirical relationship derived
from crystallographic data on the wide variety of model
complexes tabulated in the Cambridge Structural Database.
The BVS of a metal complex is defined by the equation

where ri is the experimentally determined metal-ligand

distance for shelli andr0,i is an empirical value, which has
been determined for theith metal-ligand pair such that the
valence of the metal ion is satisfied. For Zn(II) the bond
valence sum must equal its oxidation state of 2; hence the
sum of contributions for the 2Zn-S and 2Zn-N/O contribu-
tions must equal 2. Usingr0 values of 2.09 and 1.74 for
Zn-S and Zn-N/O shells, respectively (37, 46, 47), we
calculate a BVS of 2.16 for the EXAFS-derived coordination
site. The fact that the calculated value is above 2 suggests
that the valence of the Zn ion is more than satisfied by the
two sulfur and two N/O ligands at their respective distances
and argues against higher coordination numbers for the N/O
shell. Unfortunately, the accessible quantities of purified
protein were insufficient for XAS analysis of NisC.

Zinc Content and EXAFS of SpaC Mutants.To further
investigate the ligand environment of the zinc in SpaC, two
mutants of the two conserved cysteines were generated,
C349A and C303A. These proteins were expressed poorly
and showed low solubility using the pET system used for
wild-type SpaC. Expression as a fusion protein to glutathione
S-transferase (GST) resulted in improved expression and
allowed purification of the proteins. The GST fusion was

FIGURE 6: Surfaces and contour maps of metrical parameter space versus goodness of fit parameterF. (A) Surface generated by variation
of Zn-S coordination number (1.0-3.0) against Zn-N/O coordination number (1.0-3.0). Debye-Waller factors (2σ2) were fixed at 0.005
Å2. (B) Contour map representing the projection of the surface of panel A onto thexy plane. The minimum in the map (F ) 0.542) occurs
at 2.143 Zn-S and 1.857 Zn-N/O scatterers. (C) Surface generated by variation of Zn-N/O coordination number (0-4.0) against Zn-
N/O Debye-Waller factor (0-0.03 Å2) with Zn-S coordination (Debye Waller) fixed at 2.0 (0.005 Å2). (D) Contour map generated by
projection of the surface of panel C onto thexy plane. The minimum in the map (F ) 0.517) occurs at 2.29 Zn-N/O scatterers, DW)
0.013 Å2.

BVS ) Σi exp[(r0,i - ri)/0.37]
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removed by proteolysis of the linker connecting the two
proteins with prescission protease, and after additional chro-
matographic steps (see Materials and Methods) the mutants
were obtained in high purity (>95%). ICP-MS analysis of
both mutants indicated that they contained reduced amounts
of Zn, 0.2-0.3 equiv per mutant polypeptide.

A 260 µM sample of C349A was analyzed by EXAFS to
determine whether the spectrum was consistent with the loss
of a coordinated cysteine residue. Experimental and simulated
FT and EXAFS for the mutant are shown in Figure 7 and
show a significant reduction in the intensity of the first shell
in the FT and the EXAFS oscillations, consistent with the
loss of scattering from a Zn-S interaction. The mutant
spectrum was analyzed using the WT parameters as a starting
parameter set. When the sulfur shell coordination number
and DW factor were allowed to float freely, the model refined
to 1.2 S with a DW term (2σ2) of 0.012 Å2. This DW term
is large for a first shell scatterer. When the DW term was
fixed at 0.005 Å2 (the value determined for the Zn-S shell
of the WT protein), the Zn-S coordination number refined
to 0.8. In both of these fits an additional lowZ scatterer was
required to reproduce the EXAFS and FT amplitudes. The
best fit using integral coordination numbers (F ) 0.596) is
shown in Figure 7, with 2Zn-N(His) at 2.02 Å (2σ2 ) 0.002
Å2), 1Zn-S(Cys) at 2.28 Å (2σ2 ) 0.009 Å2), and 1 lowZ
scatterer (O/N) at 1.91 Å (2σ2 ) 0.009 Å2). These data
provide strong evidence that C349 is a ligand to Zn and that
in the mutant it is either replaced by solvent or that some
other O- or N-donor from a protein residue is recruited to
replace the zinc-thiol interaction. In this regard, fits employ-
ing 3Zn-His and 1Zn-Cys interactions were statistically
equivalent to the fit shown in Figure 7.

Unfortunately, C303A was not amenable for EXAFS
analysis as the protein proved unstable upon concentration
leading to precipitation. Samples of C303A at lower con-
centration (100µM) were not useable for XAS analysis.

DISCUSSION

The biosynthesis and mode of action of lantibiotics have
been extensively investigated for several decades. Despite
the cloning of the entire biosynthetic gene clusters for several
family members, the details of the posttranslational modi-
fications are unclear, and in vitro reconstitution has

remained elusive. Genetic investigations have given a basic
picture of the events involved (Figure 2) but have not
provided insight into the mechanism by which these trans-
formations occur. Yeast two-hybrid assays and coimmuno-
precipitation studies have suggested that SpaC and NisC are
present as part of a multienzyme complex with the dehy-
dratases SpaB and NisB and the ABC transporters SpaT and
NisT. The two-hybrid studies also suggest that SpaC and
NisC undergo self-association in vivo (49, 50). Our observa-
tions with heterologously expressed and purified proteins
indicate that the SpaC and NisC are monomers in solution,
suggesting that for these recombinant proteins any self-
association is weak. In lantibiotic-producing strains these
interactions may be enforced by oligomerization with the
other components of the multienzyme complex. In fact, ABC
transporters are usually dimeric (51, 52) and may provide a
membrane anchor that results in a complex that involves
multiple LanC proteins. The enzymatic activity of neither
SpaC nor NisC can be addressed at present because the
putative substrates for the cyclase enzymes are 56-57 amino
acid peptides containing the unnatural dehydroamino acids
Dha and Dhb. They cannot be directly accessed by bacterial
expression, and to date no in vitro activity has been reported
for the dehydratase (LanB) enzymes (15, 17, 53), the
catalysts that generate the substrates for the cyclases (16,
54). In this work, we tested the cyclase activity with a
synthetic truncated substrate representing SpaS2-33 pre-
pared by Fmoc-based solid-phase peptide synthesis using the
methodologies we developed previously for preparation of
dehydropeptides (see Materials and Methods) (20, 21). This
peptide contained two Dha residues at positions 26 and 28
and a cysteine at position 30 and served as a potential
substrate for the formation of the A-ring of subtilin.
Unfortunately, no cyclization activity could be detected with
SpaC above background. This lack of activity could be due
to the substrate being a truncated version of the true substrate
or because other components of the multimeric lantibiotic
synthetase were absent.

Despite the inability to demonstrate cyclization activity,
our characterization of the SpaC and NisC proteins provides
the first clues as to how the dehydrated peptide substrate
may be activated toward intramolecular nucleophilic addition.
As evidenced by the spectrophotometric assays, both proteins
contain a stoichiometric amount of zinc. The ICP experiments
provide levels of 0.6-0.7 equiv of zinc for protein purified
from cells grown on unsupplemented medium. These levels
are comparable with those reported for several other zinc
enzymes with cysteine ligands including methylcobamide:
coenzyme M methyltransferase (0.8 equiv) (55), cobalamin-
independent methionine synthase (0.7 equiv) (56), and
cobalamin-dependent methionine synthase (0.7-0.8 equiv)
(57). The zinc in SpaC and NisC could provide structural
integrity or act as a Lewis acid for the electrophilic activation
of a carbonyl group (58). Although we cannot rule out a
structural role for zinc in the LanC enzymes nor that it
activates the carbonyl of Dha and Dhb residues, our results
in combination with studies on other proteins suggest that
the metal may instead activate the cysteine residues for
Michael addition to the dehydroamino acids.

An increasing number of enzymes catalyzing S-alkylation
reactions have been found to contain zinc ions in their active
sites, including the prototypical Ada protein (59, 60), the

FIGURE 7: Fourier transform and EXAFS (inset) of the Zn center
in C349A SpaC. The experimental data are depicted by thick black
lines, while the simulation corresponding to 1Zn-S at 2.28( 0.01
Å, 2Zn-N(His) at 2.02( 0.01 Å, and 1Zn-O at 1.91( 0.01 Å
is shown as thin red lines.
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cobalamin-dependent and -independent methionine synthases
(56, 57, 61), protein farnesyltransferase (62-64), epoxyal-
kane:coenzyme M transferase (65), and methylcobamide:
coenzyme M methyltransferase (42, 55). The zinc in these
metalloenzymes is believed to activate the thiol of their
substrates by lowering the pKa and enhancing the reactivity
at neutral pH. For example, the pH dependence of the binding
of the peptide substrate to farnesyltransferase indicates that
the pKa of the cysteine is lowered from 8.3 for the free
peptide (GCVLS) to approximately 6.4 upon binding to the
enzyme (63). One noticeable feature that is common among
this family of enzymes is the presence of two or more
cysteine residues in the zinc coordination sphere and an
overall net negative charge. In the founding member of the
class, the DNA repair protein Ada features a Cys4 coordina-
tion environment resulting in a net-2 charge. One of these
cysteines is highly activated for nucleophilic addition and
repairs methylated DNA lesions (59). The cobalamin-
dependent methionine synthase and betaine homocysteine
transferase each contain three Cys ligands to the metal and
presumably one water that is replaced by the homocysteine
substrate to again provide an S4 coordination (57, 66). In
cobalamin-independent Met synthase two cysteines and one
histidine make up the protein ligands with the homocysteine
substrate as the fourth ligand giving a net charge of-1 (56).
Similarly, farnesyl and geranylgeranyl transferase provide a
CysHisAsp coordination environment with the cysteine of
the substrate displacing a water ligand during catalysis (64,
67). The net negative charge of the zinc site in all these
enzymes has been shown to be important in model studies,
which have confirmed the increased reactivity of thiolates
coordinated to an electron-rich Zn center (68-75). In these
studies, the nucleophilicity of a zinc-bound thiolate was
estimated to be between that of a free thiolate and a thiol
(69, 73). Recent mutagenesis studies on protein farnesyl-
transferase have also supported the importance of the net
negative charge for catalysis (76).

The LanC proteins involved in the biosynthesis of several
lantibiotics share low sequence similarity (∼20-30%, Figure
8). Only very few amino acids are strictly conserved, but
these include two cysteine residues (Cys284 and Cys330,
NisC numbering) and two histidines (His212 and His331)
(Figure 8). These residues are also conserved in the C-
terminal part of the LanM proteins (10, 77). The surrounding
sequence environments of these residues do not display
significant homology with the metal binding ligands of any

of the cysteine-rich zinc sites discussed above. However,
many of the established members of this class of metallo-
proteins do not display sequence similarity between their
respective metal binding motifs. Given the proposed role of
the LanC enzymes to catalyze the Michael addition of
cysteine residues onto the dehydrated peptide, it is plausible
that the cysteine nucleophile is activated by zinc in analogy
with other proteins catalyzing thiol alkylation. To sustain a
reasonable rate of lanthionine formation at neutral pH,
activation of the cysteine thiols of the substrate by depro-
tonation is required. For instance, the rate constant for the
addition of free thiols toR,â-unsaturated centers is 1010-
fold smaller than observed for the corresponding thiolates
(78). Similarly, we have found that nonenzymatic biomimetic
cyclization to form the B-ring of nisin and subtilin only takes
place at pH>8 (20, 21). As a working model, the two
conserved cysteines of the cyclase could provide two of the
ligands to the metal, with the thiolate of the substrate
generating the typical negatively charged zinc binding site.
Our EXAFS data on wild-type SpaC and the C349A mutant
are fully consistent with two sulfur ligands to the zinc in
the former and just one thiolate ligand in the latter. These
studies also indicate two other N/O ligands in wild-type SpaC
that may be two conserved histidines, but their identity is
less well defined. In the zinc-thiolate proteins discussed
above, the coordination number in the catalytically active
form of the protein is 4. Hence either the substrate would
have to replace one of the two histidine ligands or the
coordination environment of the resting enzyme involves 2
Cys, 1 His, and one other ligand, possibly water. At present,
we have been unable to test the binding of substrate to NisC
or SpaC as the full-length dehydrated peptide is not available.

If only one of the two conserved His residues serves as
metal ligand, the second His could function as a base to
deprotonate the cysteine of the substrateor to protonate the
enolate formed upon conjugate addition (e.g., Scheme 1 for
the formation of the B-ring of subtilin and nisin). It should
be noted that because of theanti stereochemistry of the
addition of the cysteine to theSi-face of the dehydroamino
acid and the subsequent protonation of the enolate from the
opposite face, the conserved His cannot fulfill the role of
both active site base and acid. Interestingly, in the past two
years, several reports have shown that mammalian erythro-
cytes from human and mouse contain proteins that show high
homology with the LanC proteins (81-84). These proteins,
the function of which is currently unknown, have been

FIGURE 8: Sequence alignment of conserved areas of several LanC proteins: PepC, putative cyclase involved in Pep5 biosynthesis, and
EpiC, putative cyclase involved in epidermin biosynthesis.
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designated the generic name LANCL for LanC-like proteins
and are expressed in high levels in testis and brain. Given
the conserved putative metal binding residues, we speculate
that these proteins are involved in alkylation of thiol
substrates.

Clearly, other roles for the zinc center in NisC and SpaC
can be proposed, including activation of the carbonyl of the
R,â-unsaturated centers. However, coordination to the car-
bonyl electrophile during the alkyl group transfer seems
difficult for the formation of the smaller lanthionine rings.
It has been shown in NMR studies that the four amino acid
B-ring present in both nisin and subtilin attains aâ-turn
conformation in which the N-H of the cysteine residue is
hydrogen bonded to the carbonyl of the dehydrobutyrine
(Scheme 1) (85-88). It is likely that this interaction is also
present in the transition state for ring formation and metal
coordination to the central carbonyl appears difficult, al-
though not impossible. Whether the substrate indeed binds
to the zinc site or whether the metal fulfills a structural role
such as that observed recently in the McbB protein involved
in the biosynthesis of microcin B17 (35) remains to be
determined in future studies.
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