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ABSTRACT Nisin is a lantibiotic, a member of a family of polypeptides containing
lanthionine with antimicrobial activity. Nisin-producing microorganisms require im-
munity proteins for self-protection from nisin itself. Lactococcus lactis, a microorgan-
ism that synthesizes nisin, has an integral NisFEG ABC transporter and an Nisl lipo-
protein that function in nisin immunity. Here, we present the crystal structure of the
full length of Nisl,, ., a lipid-free form of Nisl, determined at 1.9-A resolution. As
with the nuclear magnetic resonance (NMR) structures of the N- and C-terminal do-
mains of Nisl, Nisl,, - is composed of N- and C-terminal domains, both of which dis-
play a fold similar to that found in Spal, a lipoprotein with immunity against subtilin
in Bacillus subtilis. The full-length structure of Nisl,, . reveals a large, deep cleft by the in-
terdomain association, one side of which is occupied by the residues important for im-
munity. Opposite the cleft, a shallow groove is found where nisin-interacting resi-
dues are distributed in the periphery composed of the C-terminal negative patch.
Based on a sulfate ion found in the large and deep cleft, a model of Nisl in complex
with a farnesyl diphosphate backbone of lipid Il is proposed, suggesting a mecha-
nism for increasing the chances of encountering nisin.

KEYWORDS nisin, lantibiotics, Nisl, immunity protein, Spal, Lactococcus lactis, crystal
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acteriocins are proteinaceous antimicrobial agents produced naturally by bacteria

and have been categorized as alternatives to traditional antibiotics (1). Lantibiotics
belonging to the class | bacteriocins, which involve posttranslational modifications, have
inhibitory and killing activity against clinically important strains, such as Streptococcus
pneumoniae, methicillin-resistant Staphylococcus aureus (MRSA), and vancomycin-resistant
enterococci (VRE) (2), and have been studied with the intent to generate derivatives
with properties suitable for general medical applications (3, 4). Lantibiotics are synthe-
sized through posttranslational modifications such as dehydration and cyclization,

producing lanthionine or methyllanthionine, and are secreted to the extracellular
space (5). Received 20 September 2017 Returned for
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Nisin, the first identified lantibiotic, is produced by Gram-positive bacteria, such as December 2017

Lactococcus lactis (6) and Streptococcus uberis (7). Nisin is produced from the posttrans- Accepted manuscript posted online 8
lational modification of an inactive precursor, NisA (8), and the cleavage of a leader January 2018
sequence containing 21 amino acids, which is required for extracellular transportation Citation Jeong JH, Ha SC. 2018. Crystal
. . . . . tructure of Nisl in a lipid-free form, the nisi
(8). After synthesis of the NisA precursor, NisB and NisC catalyze the dehydration of B A
immunity protein, from Lactococcus lactis.
serine and threonine residues and the cyclization of these dehydrated residues with a Antimicrob Agents Chemother 62:201966-17.
cysteine residue, which is limited to the region consisting of 34 amino acids, excluding https.//doi.org/10.1128/AAC01966-17.
the leader sequence (9, 10). The modified preprotein is then transported by NisT (11) Copyright © 2018 American Society for
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nated rings A, B, C, D, and E from the N terminus to the C terminus, with the last two
rings intertwined.

One of the mechanisms of antimicrobial activity by nisin is based on pore formation
in the cytoplasmic membrane of Gram-positive bacteria (13). However, pore formation
by nisin differs from that of other antimicrobial peptides in that nisin pore formation is
targeted. Lipid Il, the final intermediate precursor for peptidoglycan synthesis, provides
docking sites for nisin on the membrane (14). It has been shown that after interaction
with lipid I, the C-terminal tails of nisin molecules are inserted into the membrane and
associate each other to form the pore (15). Nuclear magnetic resonance (NMR) studies
of the nisin-lipid Il complex have shown that the N-terminal A and B lanthionine
rings of nisin form a structure like cage for specific binding to the pyrophosphate
moiety of lipid Il, corroborating the specific binding of lipid Il by nisin (16). In addition
to antimicrobial pore formation, an alternative mode of antimicrobial activity of lan-
tibiotics, including nisin, is the targeting lipid Il. It has recently been shown that nisin
kills bacteria by impairing the growth of bacterial compartments that require contin-
uous synthesis of peptidoglycan, such as the septum, via the segregation of lipid Il (17).

As a self-protection strategy against lantibiotics, genes of immunity proteins are
found together with genes for the biosynthesis of lantibiotics (18-21). For example,
nisin-producing L. lactis bacteria use an integral ATP-binding cassette (ABC) transporter,
NisFEG, and a specific lantibiotic binding protein, Nisl. It has been shown that NisFEG
can function as an immunity protein by transporting nisin out of the cytoplasmic
membrane, thereby removing nisin from the membrane (22). Nisl carries out its
immune activity by binding to nisin, thereby preventing nisin from reaching its
target molecules (22-24). Nisl is a lipoprotein and, as a preprotein, it consists of 245
amino acids. The N-terminal leader sequence containing a lipobox consensus
sequence (16-GLSGCY-21), where the cysteine residue is modified with a diacylglycerol
moiety, functions as a secretion signal, and the N-terminal 19 amino acids before the
cysteine residue of the lipobox are removed during posttranslational modification (18,
25). The resulting Nisl protein is anchored to the extracellular surface of the cytoplasmic
membrane and confers immunity to nisin. Nisl also exists as a lipid-free form (LFNisl) in
the media, probably due to escape from lipid modification (26). A functional study with
C-terminally truncated Nisl mutants showed that the C-terminal fragment consisting of
21 amino acids is important for nisin immunity, specifically by inhibiting nisin-mediated
pore formation (27, 28). Recently, structural studies of the isolated N- and C-terminal
domains of Nisl using NMR revealed that Nisl consists of two structurally similar
domains, both of which are structurally homologous to Spal, an Lanl immunity protein
to subtilin in B. subtilis, but whereas the N-terminal domain is specific for the interaction
with the membrane, the C-terminal domain is involved in the recognition of nisin (24,
29). Currently, the structure of the full length of Nisl is not available, limiting the
information about the organization of the N- and C-terminal domains of Nisl.

A line of evidence suggests that Nisl exerts its immunity by blocking nisin from
reaching its target molecules, such as lipid Il, through a direct interaction (22-24).
However, the molecular mechanism by which Nisl protects nisin-producing strains from
nisin is poorly understood. One of the reason could be the absence of the 3D structure
of the full length of Nisl, which could provide a structural basis for biochemical and
biophysical studies. In order to gain an insight into the organization of the N- and
C-terminal Spal folds of Nisl, the crystal structure of the full length of Nisl has been
determined. Interestingly, the interdomain association of the N- and C-terminal do-
mains of Nisl produces a deep cleft and a groove formed by the N- and C-terminal
domains of Nisl, which might be an important binding site of nisin or other molecules.

RESULTS AND DISCUSSION

Overall structure of Nisl,, .. A truncated version of L. lactis Nisl (Nisl,,_c; residues
22 to 245) without the N-terminal signal peptide leader sequence and the lipobox
(LSGG; residues 17 to 20) was used for structural studies (Fig. 1). Initially, native Nisl,,_c
was used for crystallization, but it did not produce any crystals. As a rescue strategy for
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FIG 1 Structure-guided sequence alignment. Structure-guided sequence alignment of the N- and C-terminal domains of Nisl,,_. from L. lactis with those of Spal
from B. subtilis. Identical and similar residues are shown in bold, gaps are shown with hyphens, and internal disordered residues are underlined. The residue
numbers are relative to those of the methionine residues in the prelipoproteins before processing of the N-terminal leader sequence. Secondary structures
(B-strand, arrows; a-helix, rectangles) of Nisl,, - are shown above the alignment and colored in the scheme as in Fig. 2A, and those of Spal are shown in orange
below the alignment. For the 21-amino-acid fragment of the C-terminal domain of Nisl,,.., which includes the 5-amino-acid C-terminal fragment (pink), the
loops of the secondary structures are also shown with thick lines. The numbers of the secondary structures are assigned only to B-strands comprising the
B-barrel structure, and those of Spal are based on the published report (29).

crystallization, reductive methylation of the lysine residues of Nisl,,_- was carried out to
generate methylated Nisl,,_c (30). Because of the simplicity of the steps for chemical
modification and its direct applicability to purified proteins (30, 31), reductive methyl-
ation has been used for getting an initial crystal or crystals to diffract better. Impor-
tantly, several studies showed that native and methylated proteins have very similar
structures and maintain their biochemical activity (32-34). Therefore, methylated
Nisl,,_c was crystallized and was used for structural determination as described before
(35). We then determined the X-ray crystal structure of Nisl at a resolution of 1.9 A with
an R,on Of 17.6% and an Ry of 20.9% using the single anomalous dispersion (SAD)
method (Table 1). The N-terminal (residues 22 to 27), C-terminal (residues 244 to 245),
and internal residues (residues 130 to 136 and residues 196 to 206) were not traced,
due to the poor electron density map. There was one Nisl,, - molecule in the asym-
metry unit.

The structure of Nisl,,_c is composed mainly of B-strands (Fig. 2). Nisl,,_c consists of
an N-terminal domain (residues 22 to 133) and a C-terminal domain (residues 134 to
245), which are structurally homologous despite the sequence identity being less than
14% (Fig. 1). Therefore, Nisl,,_¢ is arranged in a tandem repeat of structurally similar
domains. This is consistent with the NMR structures of the isolated N- and C-terminal
domains (24). As with the structures of the isolated N- and C-terminal domains, the
structures of the N- and C-terminal domains display a similar fold that was first reported
in the structure of Spal, a lipoprotein with immunity function against subtilin lantibiotic
from B. subtilis (Fig. 2B). The N-terminal domain has a B-barrel structure consisting of
seven antiparallel twisted B-strands within one B-sheet with the strand order B1, 82,
B3, B7, B6, B5, and B4. The anti-parallel B-sheet composed of B4 and S5 is relatively
longer than the other strands, so that approximately half of the B-sheet protrudes from
the core of the twisted B-sheet. The C-terminal domain has a similar B-barrel structure
compared to the N-terminal domain, which is arranged in the strand order 38, B9, 10,
B14, B13, B12, and B11. The B11 and B12, which are structurally equivalent to B4
and B5 in the N-terminal domain, also protruded from the core of the twisted
B-sheet (Fig. 1 and 2A). The N- and C-terminal domains are connected by a link loop
(residues 115 to 136), which is an extra region of the N-terminal domain excluding
the core of the twisted B-sheet. Part of the link loop (residues 130 to 136) is not
modeled due to the poor electron density map. Rather than just connecting the
structurally homologous domains, the link loop is folded together around the core of
the twisted B-sheet of the N-terminal domain on the side of the B-sheet consisting of
B3 and B7 (Fig. 2A). In the NMR structure of the isolated C-terminal domain, the link
loop was not definable, although the loop was included in the N-terminal region of the
isolated C-terminal domain (24). Finally, the C-terminal domain is packed against the
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Link loop

FIG 2 Structure of Nisl,, .. (A) Ribbon diagram of Nisl,,_ .. The region comprising the p-barrel structure
(residues 22 to 114) and the link loop region (residues 115 to 136) of Nisl,,  are displayed in green and
purple, respectively. The C-terminal domain (residues 134 to 245) of Nisl,, . is colored dark blue, except
for the 21-amino-acid fragment, which is light gray, and the C-terminal 5 amino acids, which are
magenta. The sulfate ion, which is derived from the crystallization solution, is shown in the stick model
(oxygen in red and sulfur in yellow). Each secondary structure as described in Fig. 1 and the N- and C
termini, are labeled. (B) Stereo view of the structural superposition of the N- and C-terminal domains of
Nisl,, . and Spal (PDB accession number 2LVL). For clarity, the link loop region of the N-terminal domain
of Nisl,,_c is not included. The ribbon diagrams of the N- and C-terminal domains of Nisl,, - and Spal are
displayed in green, blue, and orange, respectively. The N- and C-terminal domains can be superimposed
on those of Spal with RMSDs of 3.1 A and 2.8 A over 87 and 87 Ca atoms, respectively. The domain
boundaries of the N- and C-terminal domains of Nisl,, - and the N- and C termini of Spal are indicated
with the N and C labels.

link loop region of the N-terminal domain using the side of the twisted B-sheet
containing the B12-313 loop and B9-B10 loop, resulting in a tightly compact associ-
ation. One sulfate ion molecule resides in a pocket formed by packing between the N-
and C-terminal domains, mediating the interactions between the link loops of the
N-terminal domain and the C-terminal domain using hydrophobic and hydrogen
bonds. It is notable that the B-barrel region of the N-terminal domain is not involved
in interdomain interactions with the C-terminal domain (Fig. 2A).

The secondary structure assignments of Nisl,,_c are consistent with the results from
recent studies of the prereport on NMR resonance assignments of Nisl,,_, except for
breaking of the long continuous B-strand into two B-strands and the conversion of
loops to a 3, a-helix, which might account for by the dynamic properties of Nisl,,_c in
solution (36). The B3, B5, B10, and B11 are broken into two B-strands, and the loops
ranging from Asp166 to Glu168 and from Lys223 to Ser224 form 3,, a-helix and
B-strand in solution (24).

Comparison of the N- and C-terminal domains. A sequence alignment using the
N-terminal 112 residues and the C-terminal 112 residues shows limited sequence conser-
vation with approximately 14% identity, demonstrating that the N- and C-terminal domains
are not related to each other (Fig. 1). However, a structural superposition reveals that the
two domains have a similar structural fold (Fig. 2B). The B-barrel structures (residues 28 to
115 of the N-terminal domain; residues 137 to 243 of the C-terminal domain) of the N-
and C-terminal domains are overlapped with a root mean square deviation (RMSD) of
2.5 A over 86 Ca atoms calculated using the DaliLite program (37) (Fig. 2B). This
deviation is comparable with the RMSD of 2.5 A resulting from the superposition of the
NMR structures of the isolated N- and C-terminal domains over 108 Ca atoms (24). The
B-barrel structures of the N-terminal domain determined by NMR and X-ray crystallog-
raphy are almost identical with those of an RMSD of 1.4 A over 88 Ca atoms (see Fig.
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S1 in the supplemental material). Similarly, the B-barrel structures of the C-terminal
domain determined by different methods are also almost identical with those of an
RMSD of 1.2 A over 95 Ca atoms (see Fig. S1 in the supplemental material). The B-barrel
structures of both domains have nearly identical number of residues for each structur-
ally equivalent strand. However, there are considerable differences when comparing
loops, especially in the loop linking B4 with B5 in the N-terminal domain and the
structurally equivalent B11-B12 loop in the C-terminal domain. The B11-812 loop is
relatively long, although half of the loop is structurally disordered (Fig. 1 and 2A).

Comparison with other structures. Similarly to results obtained with the NMR
structure of the isolated N- or C-terminal domain (NMR), searches of similar folds using
the Dali server with the N-terminal domain containing the B-barrel and the link loop
resulted in the highest Z score, 7.4, with Spal, the lipoprotein with immunity against
subtilin from B. subtilis (PDB accession number 2LVL) (29). The next most similar
structure was a putative adenylate cyclase from Bacillus halodurans (PDB accession
number 2GFG) with a Z score of 2.8, which was due to a similar fold characterized by
the antiparallel B-sheets.

Nisl,,_c contains two structural modules that have previously been shown to be
associated with lantibiotic immunity through the NMR structure of Spal (29). It is well
known that Spal functions in immunity against subtilin in B. subtilis (38). The sequences
of the N- and C-terminal domains have approximately 15% and 16% sequence identi-
ties with Spal, respectively. However, the antiparallel twisted B-barrel structures of the
N- and C-terminal domains overlap Spal by RMSDs of 3.1 A and 2.8 A over 87 and 87
Ca atoms, respectively (Fig. 2B). The B-barrel structures of the N- and C-terminal
domains consist of seven strands, whereas those of Spal consist of six strands, and the
region of Spal that corresponds to 31 of the N- and C-terminal domains of Nisl,,_ folds
into an a-helix (Fig. 1). It is also worth noting that, while the B-sheets B4/85 and
B11/B12 in the B-barrel structures of the N- and C-terminal domains, respectively, form
continuous long antiparallel B-sheets, there is a break in the structurally corresponding
B-sheets B3a-PB3b/B4a-B4b in the B-barrel structure of Spal (Fig. 1). In Spal, flexible
loop 1 contains approximately 26 residues between (B3a-£33b and B4a-B4b and is
extended out from the B-barrel structure. In Nisl,, ., loop 1 between B11 and B12 in
the C-terminal domain has a similar residue number, and the N-terminal domain is
composed of 10 residues, suggesting that the structure of the C-terminal domain is
more similar to that of Spal.

Nisin-binding site. C-terminal truncation studies were previously performed to
identify the nisin-binding site of Nisl (27). A deletion mutant lacking a 5-amino-acid
C-terminal fragment (residues 241 to 245) showed a 78% loss in immunity, indicating
that this region is very important for immunity. Deleting 21 amino acids (residues 225
to 245) from the C terminus, which contains the 5-amino-acid C-terminal fragment,
further decreased immunity. However, deletion of 74 amino acids (residues 172 to 245)
from the C terminus, which contains 21 amino acids including the 5-amino-acid
C-terminal fragment, did not further affect immunity, suggesting that the C-terminal
21-amino-acid fragment of Nisl provides specificity to nisin and, thus, might be critical
for the nisin binding (27). In the structure of Nisl,, -, the C-terminal 5-amino-acid
fragment comprises half of 814, and the C-terminal 21-amino-acid fragment comprises
the B13/B14 antiparallel B-sheet (Fig. 1 and 2A), suggesting its important role as a
structural frame. The C-terminal 5-amino-acid fragment mediates extensive interactions
with the residues, such as lle156, Tyr157, and Ser158 in 810 and Glu227 and Ala228 in
B13 (Fig. 3). By analogy, the loss of immunity observed in the 21-amino-acid deletion,
an approximately 10% immunity decrease compared with the 5-amino-acid deletion,
might also be due to a collapse of the B-barrel structure. Importantly, it was shown that
the deletion of the 21 amino acids results in unfolding of the C-terminal domain (24).
However, the C-terminal 21-amino-acid fragment contains a secondary structural ele-
ment (813 and B14) conferring structural integrity, as well as residues residing in the
loop region (B13-B14 and B12-B13 loops). Thus, it cannot be ruled out that this
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Ala228 Tyr157

]
Th2#1 Lys242

B10

Val243

Ser158 lle156

FIG 3 The 5-amino-acid fragment in the B-barrel core of the C-terminal domain. Closeup view of the
interactions of the 5-amino-acid fragment with the neighboring residues in the B-barrel structure. Only
three residues (Thr241, Lys242, and Val243) are shown. The last two C-terminal residues (Gly244 and
Asn245) are invisible due to the poor electron density map. The residues belonging to the 5-amino-acid
fragment (magenta), the interacting residues from B13 (gray), and the interacting residues from 310
(blue) are shown in the stick models. The dashed lines and red ovals indicate the hydrogen bonds and
water molecules, respectively.

fragment might be involved in direct interactions with nisin. Recently, NMR titration
experiments showed that 1le233 and Asn234, which reside in the 313-B14 loop, are
involved in the nisin interaction (24). It is worth noting that among the C-terminal 21
amino acids, Asp236 contributes a negative surface patch (Fig. 4A), and Leu225, Thr226,

FIG 4 The cleft and groove of Nisl,, . The distribution of the electrostatic potentials of Nisl,, . The potentials are shown in the range of
—80 kT/e (red, negative potential) to + 80 kT/e (blue, positive potential). The views are from the shallow groove (A) and from the deep
cleft (B). The residues involved in the interaction with nisin (in blue rectangles) and residues belonging to the C-terminal 21-amino-acid
fragment (in gray rectangle) are shown on the negative patch of the C-terminal domain. The orientation of the surface diagram in (B) is
almost identical to that of Fig. 2A. The sulfate ion is also shown in the stick model. (C) Zoomed-in view of the deep cleft. The region marked
with the rectangle in (B) is magnified. (D) View of cross section after clipping the molecules along the straight black line as in (B). The view
is facing the N-terminal domain. The solvent-inaccessible areas are shown in gray. The sulfate ion and the water molecule below the
sulfate ion are shown with the stick model and the green sphere, respectively. (E) The distribution of residues critical for the immunity.
Residues belonging to the C-terminal 21-amino-acid fragment (light gray) and the C-terminal 5-amino-acid fragment (magenta), which is
also a part of the C-terminal 21-amino-acid fragment, are plotted on the surface model of Nisl,, - using the same color scheme as in
Fig. 2A.

March 2018 Volume 62 Issue 3 e01966-17 aac.asm.org 6


http://aac.asm.org

Crystal Structure of Nisl from Lactococcus lactis

Lys242, and Val243 contribute to the surface of the cleft formed by the N- and
C-terminal domains (Fig. 4E).

In the studies that identified a region of Nisl that was responsible for immunity
function using a series of C-terminally truncated mutants, the immune activity of the
isolated C-terminal 21-amino-acid fragment alone was also examined (27). Because Spal
is a lipoprotein known to be located on the extracellular side of the plasma membrane
and is thought to be structurally unrelated to Nisl based on low sequence identity (20,
27, 39, 40), a Spal’-'Nisl fusion mutant, where the C-terminal 21-amino-acid fragment
(residues 145 to 165) of Spal was replaced with the C-terminal 21-amino-acid fragment
(residues 225 to 245) of Nisl, was used to target the 21-amino-acid fragment to the
extracellular side of the cytoplasmic membrane (27). However, our structural studies
and the NMR structure of the isolated C-terminal domain show that Spal and Nisl
possess structurally similar folds and superpose well on each other (Fig. 1 and 2B).
When the C-terminal 21 amino acids of Spal are replaced with the C-terminal 21 amino
acids of Nisl, 85 and 6 of Spal are replaced with 813 and 314 of Nisl. As the B5/36
sheet and the B13/B14 sheet are structurally equivalent in the Spal fold, the Spal’-'Nisl
fusion mutant results in a domain swap between structurally similar proteins rather
than a domain fusion to a shuttle protein to target the extracellular side of the bacterial
cell. Therefore, it seems that the inherent structural properties of the C-terminal
21-amino-acid fragment of Nisl have not changed significantly, except for the environ-
ment surrounding the C-terminal 21-amino-acid fragment due to the domain swapping
to Spal and the different domain structure of Spal, where there is only one Spal fold.
The region swapping of a part important for specificity between the structurally similar
domains might explain the fact that the Spal’-’Nisl mutant still has immune activity
against nisin, which was measured to be approximately 50% compared with that of
wild-type Nisl. This was an interesting observation because Spal was known to have no
cross immunity against nisin (22).

The cleft and groove of Nisl,, .. One of the major differences between Nisl,,_- and
Spal is that Nisl has two B-barrel domains, yielding a polypeptide chain approximately
two times longer than Spal (Fig. 2) (24, 29). The presence of two structurally stable
B-barrel domains in one polypeptide chain might increase the chance of making
interdomain associations and creating clefts and grooves. In the case of Nisl,, ¢, the
interdomain association produces one deep cleft (Fig. 4B) and one shallow groove (Fig.
4A), which are surrounded by the N- and C-terminal domains. Residues from the link
loop region of the N-terminal domain make up the bottom of the deep cleft, and both
peripheral sides are contributed by residues from the N- and C-terminal domains (Fig.
4E). The bottom of the deep cleft has a positively charged surface, while the entrance
of the cleft is negatively charged (Fig. 4B and Q). Inside the deep cleft, there is a deep
cavity forming a narrow channel to the opposite side of the cleft, and one sulfate ion
lies on the positively charged surface of the cavity (Fig. 4C). Under the sulfate ion, one
water molecule resides at the narrowest region of the channel (Fig. 4D). The shallow
groove, which is on the opposite side of the deep cleft, is wide open with a positively
charged bottom and is flanked by extended negatively charged patches (Fig. 4A).
Interestingly, the residues, such as Tyr172, Asp174, Glu232, and Asn234, which were
shown to be involved in the nisin interaction (24), are distributed in the negative patch
of the C-terminal domain (Fig. 4A).

The sulfate ion in the deep cleft is involved in the interactions between the link loop
regions of the N-terminal domain and the C-terminal domain, using extensive hydro-
gen bonds and hydrophobic interactions. Arg125 from the link loop region of the
N-terminal domain and Tyr152 from the C-terminal domain interacts with O, or O,
oxygen atoms of the sulfate ion using the atoms of the side chains, whereas the
interactions of Ala123 from the link loop region and Leu225 and Thr226 from the
C-terminal domain with the sulfate ion are mediated through hydrogen bonds involv-
ing amide and carbonyl groups of the peptide backbone (Fig. 5). Gly119 and Lys122
from the link loop region and Ser224 from the C-terminal domain also contribute to
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A

Val121

Ala123

Val121

CB

CG2

FIG 5 Sulfate ion in the deep cleft of Nisl,, . (A) Detailed view of the interactions of the sulfate ion with
Nisl,,_c. The side chain and backbone atoms making contacts with a sulfate ion are shown with the stick
models (carbon, as in Fig. 1B) (nitrogen in blue, oxygen in red, and sulfur in yellow). The hydrogen bonds
are represented with dashed lines, and the green ovals indicate water-mediated interactions. (B)
Two-dimensional view of the interaction. The diagram was produced using LigPlot (46). The hydrogen
bonds are shown using dashed lines, and hydrophobic contacts are shown using an arc with spokes
radiating to a binding partner. Water molecules (W1 and W2) are also included.

interactions with the sulfate ion through hydrophobic interactions. Notably, Leu225
and Thr226, which belong to the 21-amino-acid fragment that was shown to influence
the immune activity of Nisl, make contacts with the sulfate ion (Fig. 5B). It is also worth
noting that the deep cavity has an extra space open to the channel, which is capable
of holding approximately one more molecule similar in size to a sulfate ion and which
is not dominated by negative or positive charges (Fig. 4C).

Lipid Il provides the docking sites for nisin on the membrane where pore formation
is initiated (14). In this study, the structure of Nisl,,_- was determined and found to
contain a sulfate ion residing in a deep cleft formed by the N- and C-terminal domains.
Interestingly, the sulfate ion resembles the phosphate group of pyrophosphate moiety
of the lipid Il intermediate, which has been shown to be the target of nisin (see Fig. S2
in the supplemental material). Therefore, it may be possible that the deep cleft of Nisl
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Ala123

Leu225\ Thr2z6

FIG 6 Simulated docking of a farnesyl diphosphate backbone variant of lipid Il. The diphosphate group
and 3 isoprene repeats were docked on the sulfate ion in the cleft. (A) Modeled farnesyl diphosphate
variant and sulfate ion in the cleft of Nisl,, - shown with the surface model (the N-terminal domain,
green; the link region, purple; the C-terminal domain, dark blue). The farnesyl diphosphate variant and
sulfate ion are shown with stick models (P in orange, S in yellow, O in red, and C in cyan). The view is
from the deep cleft. (B) Zoomed-in view in the cleft. Residues making contacts with a sulfate ion are
shown in stick models as in Fig. 5B.

where the sulfate ion is found is used for a binding site for lipid Il, thereby increasing
the chances of encountering nisin. When a farnesyl diphosphate backbone containing
3 isoprene repeats is docked into the cleft using the AutoDock Vina program, the
phosphate group of the diphosphate moiety fits well on the sulfate ion in the cleft (Fig.
6). The inner deep side of the cleft interacts with the diphosphate group, while the
other side is open, suggesting a space that could accommodate a bulky molecule such
as the peptidoglycan subunit of the lipid II, consisting of N-acetylglucosamine and
N-acetylmuramic acid with a pentapeptide group (Fig. 6). It is also worthwhile to note
that the nisin-interacting residues are prevalent in the negative patch opposite to the
deep cleft (Fig. 4A). The subsequent biochemical and structural studies involving both
Nisl and a derivative containing the properties of lipid Il are anticipated to corroborate
this suggested idea.

MATERIALS AND METHODS

Protein production. Selenomethionine (SeMet)-labeled Nisl,, - was produced using PASM autoin-
duction medium (41) and purified as described previously (35). The construct for encoding Nisl,,
(residues 22 to the C terminus) was designed to express the GIn22 residue as the start residue, which is
the second residue after the Cys20 residue to which a diacylglycerol moiety is attached. Briefly,
SeMet-labeled Nisl,, - was expressed with a N-terminal tobacco etch virus (TEV) protease-cleavable
Hiss-tag in Escherichia coli BL21 Star (DE3) cells (Invitrogen). The protein was purified with the sequential
steps of His affinity chromatography, Hiss-tag cleavage by TEV protease, a second His affinity chroma-
tography to remove cleaved His, tags, and size exclusion chromatography. The reductive methylation of
SeMet-labeled Nisl,, - was performed with the same procedures as that for the native protein as
described previously (35).

Crystallization and data collection. The crystals of methylated SeMet-labeled Nisl,, - were opti-
mized with the hanging-drop vapor-diffusion method with protein samples at a concentration of 20 mg -
ml~" and VDX plates (Hampton Research) using the optimized crystallization condition of native Nisl,,_.
reported previously (35). The best crystals were grown similarly under a condition consisting of 30 to 40
mM ammonium sulfate, 0.1 M Na-acetate pH 4.6, and 16 to 18% polyethylene glycol (PEG) 4000. A single
crystal detached from a cluster of orthorhombic crystals using a nylon loop was soaked briefly in the
reservoir solution supplemented with 30% glycerol and then flash-frozen directly in a 100-K nitrogen
stream. A single anomalous dispersion (SAD) data set consisting of 360 frames of X-ray diffraction data
at selenium peak energy (0.97917 A) was collected on an ADSC Q270 charge-coupled-device (CCD)
detector at beamline 7A of the Pohang Light Source Il (PLS II) at the Pohang Accelerator Laboratory (PAL,
Pohang, South Korea) using 1° oscillations. The data were indexed and scaled with the HKL-2000 software
package (42). The crystallographic data statistics are summarized in Table 1.
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TABLE 1 Data collection and refinement statistics for Nisl,,_ ¢

Statistic Se-Met Nisl,,_?
Data collection
Space group P2(1)2(1)2(1)
Cell dimensions
a b, c(A 45.98, 76.86, 76.66
o By () 90, 90, 90
Resolution (A) 30.0-1.9 (1.97-1.9)
Rnerge? (%) 7.4(32.3)
<l/a ()> 11.1(9.7)
Completeness (%) 98.3(95.7)
Redundancy 13.2(12.4)
Structure refinement
Resolution (A) 30.0-1.9
Reflections, total/test set 21,483/1,971
Ruork/ Reree® 17.6/20.9
No. of atoms, protein/sulfate ion/water 1,604/5/188
RMSD4
Bond lengths (A) 0.007
Angles (°) 1.02
Average B-factors (A2) for:
Protein 24.2
lon 19.8
Water 34.5
Ramachandran plots (%)
Favored region 96.9
Allowed region 3.1

aThe numbers in parentheses are statistics from the highest-resolution shell.

bRmerge = 2 llobs = lavgl/lonss Where Iy, is the observed intensity of individual reflection and /,, is average
over symmetry equivalents.

Rwork = 2 ||Fo| = |F|l/Z |Fo|, where |F | and |F | are the observed and calculated structure factor amplitudes,
respectively. Rp.e Was calculated with 9.1% of the data.

dRMSD, root mean square deviation.

Structure determination. Determination of the location of the selenium sites, phasing, electron
density modification of the initial map, and initial model building were carried out with the AutoSol
wizard in the PHENIX package (43) using the SAD data set. The missing parts of the autotraced model
were built manually using Coot (44). The model then was subjected to iterative manual model building
and refinement with Coot and the PHENIX package, respectively. The final model was completed with the
addition of water molecules, which was carried out by automatic addition using the PHENIX package and
further manual inspection using Coot with the aid of the Fo-Fc map. The model of Nisl,, - converged to
an R, of 17.6% and an R, of 20.9%, which was calculated with 9.1% of the reflections. The statistics
of refinement are presented in Table 1. All figures of the molecular model were prepared with PyMOL
(http://www.pymol.org).

Docking simulation. Molecular docking of a farnesyl diphosphate backbone variant of lipid I (the
diphosphate group and 3 isoprene repeats) was performed using the Autodock Vina program (45). The
variant of lipid Il was derived from the nisin-lipid Il complex (PDB accession number 1WCO) (16).
The center of the grid box (x: 28 A, y: 62 A, z: 51 A) was set between the Ca atoms of Thr36 and Thr226
and the size of the grid was 20 X 20 X 20 A.

Accession number(s). The atomic coordinates and structure factors were deposited in the Protein
Data Bank under accession number 5XHB.

SUPPLEMENTAL MATERIAL
Supplemental material for this article may be found at https://doi.org/10.1128/AAC
.01966-17.
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