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Nuclear Magnetic Resonance Solution Structure of Pisl, a Group B Immunity
Protein that Provides Protection Against the Type Ila Bacteriocin Piscicolin 126,
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ABSTRACT: Lactic acid bacteria produce and secrete bacteriocins. These bacteriocins are potent antimicrobial
peptides that are active against other closely related bacteria. As a means of self-protection, producer
organisms also express immunity proteins. Immunity proteins are generally located on the same genetic
locus and are cotranscribed with the bacteriocin. Although some cross immunity between bacteriocins
has been observed, immunity proteins are typically highly specific. Immunity proteins for the type Ila
bacteriocins range from 81 to 115 amino acids in length and display substantial variation in their sequences.
Nonetheless, such immunity proteins have been classified into three groupings (groups A, B, and C)
according to sequence homology. The structures of a group C (ImB2) and two group A (EntA-im and
PedB) immunity proteins have previously been reported. We herein report the nuclear magnetic resonance
solution structure of the remaining class of the type Ila immunity proteins. Pisl, a 98-amino acid protein,
is a group B immunity protein conferring immunity against piscicolin 126 (PisA). Like ImB2, EntA-im,
and PedB, Pisl folds into a globular protein in aqueous solution and contains an antiparallel four-helix
bundle. Compared to ImB2 and EntA-im, PisI has a substantially longer and more flexbile N-terminus,
but a shorter C-terminus. No direct interaction between the bacteriocin and immunity protein is observed
by NMR in either aqueous or membrane mimicking environments. This further suggests that the mechanism
that mediates immunity is not due to a direct bacteriocin—immunity protein interaction but rather is receptor-
mediated. It has now been confirmed that the four-helix bundle is indeed a structural motif among the

6427

Department of Chemistry, University of Alberta, Edmonton, Alberta, Canada T6G 2G2, and Quebec/Eastern Canada High Field

type Ila immunity proteins.

Bacteriocins are ribosomally synthesized antimicrobial
peptides. Lactic acid bacteria (LAB)' produce a variety of
bacteriocins that are active against closely related species,
including food-borne pathogens such a Listeria monocyto-
genes. In general, these bacteriocins exhibit no toxicity to
human or eukaryotic cells. As such, there is extensive
research into the potential of these bacteriocins for use in
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food preservation and as human therapeutics (/—4). The type
IIa, or pediocin-like, bacteriocins make up an important class
of antimicrobial peptides produced by LAB. The first type
ITa bacteriocin to be purified and fully characterized was
leucocin A (5). To date, more then 30 type Ila bacteriocins
have been identified (2). These heat stable peptides are small
(37—48 residues), cationic, and highly antilisterial. There is
a high degree of sequence homology in the N-terminal
domain of these peptides, characterized by the consensus
sequence YGNGVXC and a conserved disulfide bridge
(2, 3, 6, 7). The three-dimensional solution structures of four
type Ila bacteriocins (leuA, CbnB2, curvacin A, and two
sakacin P variants) have been reported (8-17). These
structures reveal that in membrane mimicking environments,
the cationic N-terminus assumes a 3-sheet structure, whereas
the hydrophobic and/or amphiphilic C-terminal end of the
peptide is o-helical. The far C-terminus folds back over the
helix with a hairpin loop. The two domains of the bacteriocin
are connected by a hinge region, which allows them to move
relative to each other (2, 4, 8, 10, 11). Subsequent modeling
studies of a variety of other type Ila bacteriocins have
confirmed this structural pattern among the type Ila
bacteriocins (/2, 13). Studies involving mutations to this class
of bacteriocins, as well as hybrid bacteriocins, have shown
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that the antimicrobial specificity is governed by the C-
terminal domain of the bacteriocin (/3-18).

Bacteriocins are generally are co-expressed with their
cognate immunity proteins (/9, 20). Although some cross
immunity has been observed (/9, 27), immunity proteins are
highly specific, ensuring that the producer organism is
protected from its own bacteriocin (2—4, 19). While there is
high degree of sequence homology between the type Ila
bacteriocins, the same is not true for their immunity proteins.
The type Ila immunity proteins range in size from 81 to 115
amino acids, and the level of sequence homology varies from
5 to 85% (19). As with the bacteriocins, studies on hybrids
of the type Ila immunity proteins suggest that the C-terminal
domain of the protein confers immunity and is involved in
specific recognition with its cognate bacteriocin (12, 18). The
mechanism of immunity is not fully understood. It has been
shown that the activity of the type Ila bacteriocins is receptor-
mediated (22), and it is believed that this receptor is part of
the mannose phosphotransferase system (EIL™") (23-27).
It has therefore been hypothesized that immunity proteins
also interact with this system, either by preventing the
bacteriocin from binding to it, by blocking pore formation,
or perhaps by directly interacting with the bacteriocin
(19, 24, 28, 29).

The type Ila immunity proteins have been classified into
three groups, according to sequence homology (/9) (Figure
1). To date, structures from two of these classes have been
reported. In 2004, we published the NMR solution structure
of ImB2, a group C immunity protein. Our work revealed
that under aqueous conditions this protein assumes a well-
defined structure with an antiparallel four-helix bundle. The
helices are nearly parallel with each other, resulting in tight
packing and the formation of a hydrophobic core in the center
of the protein. A large, flexible loop connects a3 and a4.
The C-terminus contains a fifth helix and an extended strand,
which runs perpendicular to a3 and 04 (30). Subsequently,
the structures of two group A immunity proteins (EntA-im
and PedB) were reported (31, 32). Like ImB2, these proteins
contain an antiparallel four-helix bundle. However, in EntA-
im and PedB, the loop between a3 and a4 is more clearly
defined. Residues from this loop are incorporated into the
hydrophobic core, and a3 and a4 acquire a triangular
relationship relative to each other. In the absence of a fifth
helix and extended C-terminus, the third helices of EntA-
im and PedB are straight, rather than kinked (as observed
for o3 in ImB2) (32).

In this study, we report the three-dimensional structure of
Pisl, a group B type Ila immunity protein that confers
immunity to piscicolin 126 (33, 34). The NMR solution
structure of this 98-amino acid protein reveals that is it
comprised of a four-helix bundle, similar to the reported
structures of ImB2, EntA-im, and PedB. The structure of
this group B immunity protein now confirms that the four-
helix bundle is a common structural motif for the type Ila
immunity proteins.

MATERIALS AND METHODS

Bacterial Strains and Culture Conditions. Bacterial strains
and plasmids used in this study are described in Table SI of
the Supporting Information. Carnobacterium maltaromati-
cum UAL26 and Carnobacterium divergens LV13 were
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grown in APT broth as previously described (33). For cloning
experiments and overexpression in unlabeled media, Es-
cherichia coli K12 TB1 and BL21(DE3) cultures were grown
in Luria-Bertani (LB) broth at 37 °C and 200 rpm or on LB
agar at 37 °C. For overexpression experiments involving
labeled media, E. coli K12 TB1 cultures were grown in
Celtone-CN rich medium (Spectra Stable Isotopes) and E.
coli BL21(DE3) cultures were grown in isotopically enriched
M9 minimal medium (see the Supporting Information for
the recipe) at 37 °C and 200 rpm. Medium containing
ampicillin (100 pg/mL) was used for selection of transfor-
mants. Stock cultures of C. maltaromaticum UAL26, C.
divergens LV13, and E. coli were maintained at —78 °C in
APT broth and LB broth with 20% glycerol.

Construction of malE—pisl and malE—pisA Fusions.
Genomic template DNA was prepared from C. maltaromati-
cum UAL26 using the DNeasy tissue isolation kit (Qiagen).
Both PisA and PisI genes were amplified with PCR, using
the appropriate primers (Table SII of the Supporting Infor-
mation) following standard protocol. Only the DNA encoding
the mature part of piscicolin 126 was amplified. The resulting
PCR products were purified with the QiaQuick PCR puri-
fication kit (Qiagen) and subjected to agarose gel electro-
phoresis to confirm the correct size. pMAL-PisA and pMAL-
PisI were constructed by cloning the PCR products containing
pisA and pisl into pMAL-c2x (New England Biolabs) as
follows. The PCR products were first trimmed with T4
polymerase (Invitrogen) and dNTPs (Invitrogen) to remove
3’ overhangs and then digested with HindIIl. pMAL-c2x was
simultaneously digested with Xmnl and HindIIl. DNA
manipulation and transformation of the resulting plasmids
into E. coli K12 TB1 were carried out according to the
manufacturer’s protocol (New England Biolabs). The DNA
inserts were sequenced using the primers LGMALE and
LGM13PUC (Table SII of the Supporting Information) and
fluorescent dideoxy-chain terminators (Amersham DYEnamic
ET kit) and analyzed on a 3730 DNA analyzer (Applied
Biosystems). The recombinant plasmids were isolated and
transformed into E. coli BL21(DE3) competent cells (Strat-
agene) according to the manufacturer’s protocol.

Purification of [3C,"”’N]Pisl and [">N]Pisl. Tnitial produc-
tion of the '*C- and 'SN-labeled fusion protein was achieved
by growing E. coli K12 TB1, transformed with the pMAL-
Pisl plasmid, in [*C,"”N]Celtone-CN rich medium. However,
this host strain was not amenable to growth in minimal
medium. Therefore, E. coli BL21(DE3) cells were trans-
formed with the same plasmid, producing a clone capable
of growth in M9 minimal medium, utilizing ('"’NH,),SO, and
[U-13C]-p-glucose (99% isotopic purity, Cambridge Isotope
Laboratories) as the sole nitrogen and carbon sources,
respectively. In either case, the cells were grown at 37 °C
and 200 rpm, in the appropriate medium, containing 100 ug/
mL ampicillin. When the ODgg of the cell culture reached
0.5, overexpression of the recombinant protein was induced
by the addition of isopropyl 5-D-thiogalactopyranoside to a
final concentration 0.3 mM. The culture was incubated for
an additional 3 h. The cells were then harvested by
centrifugation, resuspended in amylose column buffer [20
mM Tris-HCI (pH 7.4), 200 mM NaCl, 1 mM EDTA, 1 mM
NaN3, and 1 mM DTT] and subsequently stored at —78 °C.
Cell lysis was achieved by the addition of lysozyme (0.1
mg/mL) and three consecutive freeze—thaw cycles, followed
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Group A:
LeuA-im —MREKNNILLDDAKIYTNKLYLLLIDRKDDA-GYGDICDVLFQVSKKLDSTK-~--NVEALI 55
MesY-im ~MKKKYRYLEDSKNYTSTLYSLLVDNVDKP~GYSDICDVLLQVSKKLDNTQ-~~SVEALI 55
EntA-im =MKEKN====—— AKQIVHELYN-DISISKDP-KYSDILEVLQKVYLKLEKQKYELDPGPLI 51
DivI-im —MKCE======— SKQVVHELYN-SLDQSD-——--MEDIKEVLLKVYKKLEDSK---ENVFPLI 45
PedB-PA MNKTKSEHIKQQALDLFTRLQFLLOKHDTIEPYQYVLDILETGISKTKHNQ--QTPERQA 58
PedB-PP MNKTKSEHIKQQALDLFTRLQFLLQKHDTIEPYQYVLDILETGISKTKHNQ--QTPERQA 58
OrfY-im -MTNQ----EIAKENIHTLYNSLMAHPDKSNALLDITDVLSQVYLTLETAK---NPEVLV 52

. . . L .
LeuA-im NRLVNYIRITASTNRIKFSKDEEAVIIELGVIGQKAGLNGQYMADFSDKSQFYSIFER=====— 113
MesY-im NRLUVNYIRITASTYKIIFSKKEEELIIKLGVIGQKAGLNGQYMADFSDKSQFYSVFDQ=====— 113
EntA-im NRLVNYLYFTAYTNKIRFTEYQEELIRNLSEIGRTAGINGLYRADYGDKSQF === ——m e e e 103
DivI-im NRLVNFIYFTAFNQKLHFNEEQESMIRKLSEIGQTAGLNGVYRSSYGDKTQF === m=====m== 97
PedB-PA RVVYNKIASQALVDKLHFTAEENKVLAAINELAHSQKGWGEFNMLDTTNTWPSQ-======m==— 112
PedB-PP RVVYNKIASQALVDKLHFTAEENKVLAAINELAHSQKGWGEFNMLETTNTWPSQ=====—===—- 112
Oorfy-im NRLANYIYSVGFG-KIHLNKSEEQLLIDLGAYGQRAGWNGVYRGDCTSKAEFFNYSDARKYARV 115

* PRP ce e . . * 3 .
Group B:
PisI MGKLKWFSGGKERSNQAENIITDLLDDLKTDLDNESLKKVLENYLEELKQKSASVPLILS 60
MunKsS-im MSNLKWFSGGDDRRKKAEVIITELLDDLEMDLGNESLRKVLGSYLKKLKNEGTSVPLVLS 60
EntCL-im MSNLKWFSGGDDRRKKAEVIITELLDDLEIDLGNESLRKVLGSYLEKLKNEGTSVPLVLS 60
LisA-im IKKVKWYSGGDERGEKAIGLILELLKELNTNSDSQLLOQEVLNKYKEELENKGSSVPLVLS 60
SakX-im MSKVKWFSGGVERGNQAVQIINELLNDDKIISDS-PLEITLKKYRIELQQKESSIPFILS 59
SakP-im MKILKWYSGGKDRGERANDIIGQLLLDLNHDPKNEHLEAILINYQNEIKRKESSVPFILS 60
DivT2-im MKINQKYYNNKEQIQAAIPIVRNILDKLNGDNQE-ELKGMLINFQNELWSPKLDA-LLLN 58
OrfB3-im = e MATITDLLNDLKIDLGNESLONVLENYLEELEQANAAVPIILG 43
orf285-im —-==MKWYSGGSERSEQAIITIKALLTDLQDASKGPALQTVLTTYQAELESKKASVPLILS 57

H sk, *, * L 1 LR R
PisI RMNLDISKAIRNDGVTLSDYQSKKLKELTSISNIRYGY- 98
MunKsS-im RMNIEISNAIKKDGVSLNENQSKKLKELMSISNIRYGY- 98
EntCL-im RMNIEISNAIKKDGVSLNENQSKKLKELISISNIRYGY- 98
LisA-im RMNLAISHAIRKNGVILSDTQS-TIKELTSLSSIRYGYF 98
SakX-im RMNLDISKALRSDPNQLSKEQTNKLKNLTSLSNIRYGY- 97
SakP-im RMNISIANTIRRDRLILTDFQEDKLKLLTALSNIRYGY- 98
DivT2-im RMCLDISNCLVSNGIILSKEESNSFKDLFKLIQTSEK-- 95
OrfB3-im RMNIDISTAIRKDGVTLSEIQSKKLKELISISYIKYGY- 81
orf285-im RLNLAIANALQEDGLTLSAAQSEQVKAITALSNIRYGY- 95
L : H *, H P H

Group C:
EntP-im MESN-KSFNKVLELTETALATPEIKKDKNLCEILEKVK=---ASAAKGEFYYDYKKEFQPA 56
SakA-im MEKADYKKINSILTYTSTALKNPKIIKDKDLVVLLTIIQ---EEAKQNRIFYDYKRKFRPA 57
Bac3l-im ==MD--KQQELLDLLSKAYNDPKINEYEGLKDKLFECAK--RLTTNETNIGEVCYKLSTI 54
CbnBM1-im MIKD-EKINKIYALVKSALDNTDVKNDKKLSLLLMRIQ---ETSINGELFYDYKKELQPA 56
ImB2 --MD-IKSQTLYLNLSEAYKDPEVKANEFLSKLVVQCAGKLTASNSENSYIEVISLLSRG 57

: . 32 . * ‘el T % H L : H
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CbnBMl-im ISMYSIQHNFRVPDDLVKLLALVQTP ====m=—=———— KAWS = ==GF === ==——m 88
ImB2
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FIGURE 1: Sequence alignment of (putative) immunity proteins for various type Ila bacteriocins. Sequences were aligned using ClustalW
(46) and arranged into groups according to the work of Fimland et al. (/9). Group A: immunity proteins for leucocin A (5), mesentericin
Y105 (47), enterocin A (48), divercin V41 (49), pediocin PA-1 (49), pediocin PP-1 (32), and an orphan immunity protein with no corresponding
bacteriocin, OrfY-im (50). Group B: immunity proteins for piscicolin 126 (33), muntdicin KS (57), enterocin CRL35 (52), listeriocin 743A
(53), sakacin 5X (54), sakacin P (55), an orphan immunity protein with no corresponding bacteriocin (DivT2-im) (49), an orphan immunity
protein with no corresponding bacteriocin (OrfB3-im) (56), and an orphan immunity protein with no corresponding bacteriocin (Orf285-
im) (57). Group C: immunity proteins for enterocin P (58), sakacin A (59), bacteriocin 31 (60), carnobacteriocin BM1, and carnobacteriocin
B2 (56). Amino acids are colored according to physicochemical characteristics as follows: blue for acidic, red for basic, magenta for
hydrophobic, and green for polar (and glycine). Conserved residues are denoted with an asterisk, conservative substitutions with a colon,

and semiconservative substitutions with a period.

by sonication. The resulting solution was centrifuged, and
the lysate was applied to a column of amylose resin (New
England Biolabs). The column was washed with amylose
column buffer, and the fusion protein was eluted with column
buffer containing 10 mM maltose, according to the manu-
facturer’s protocol. The resulting protein solution was

dialyzed against water, lyophilized, and stored at —78 °C
until further use. PisI was cleaved from MalE using Factor
Xa. Factor Xa (0.5%, w/w) was added to a 1 mg/mL solution
of the fusion protein in column buffer [20 mM Tris-HCI (pH
8.0), 100 mM NaCl, and 2 mM CaCl,]. The mixture was
allowed to digest at room temperature for 18 h. AEBSF was



6430 Biochemistry, Vol. 47, No. 24, 2008

then added to the solution (final concentration of 0.1 mM)
to irreversibly inhibit the enzyme and prevent secondary
cleavage. Pisl was purified with cation-exchange chroma-
tography using SP Sepharose (Pharmacia), followed by RP-
HPLC, using a C18 column. See the Supporting Information
for cation-exchange and HPLC methods. The purity of the
peptide was assessed by MALDI-TOF spectrometry. The
purified peptide was lyophilized and stored at —78 °C.
Purification of [°’N]PisA. E. coli BL21(DE3) cells harbor-
ing the pMAL-PisA plasmid were grown at 37 °C and 200
rpm in M9 minimal medium containing 100 ug/mL ampi-
cillin and (’NHy4),SOy as the sole nitrogen source. Overex-
pression and purification of the MalE—PisA fusion protein
were carried out in the same manner as previously described
for the MalE—Pisl fusion protein. During the cleavage of
PisA from MalE with Factor Xa, it was discovered that PisA
precipitated out of solution. Thus, the salt concentration of
the Factor Xa buffer solution was increased to 150 mM NaCl.
The fusion protein was dissolved (1 mg/mL) in buffer, and
0.5% (w/w) Factor Xa was added. Digestion was complete
after 8 h at room temperature, with gentle stirring. AEBSF
was then added to inhibit the enzyme and prevent secondary
cleavage. The peptide was purified by RP-HPLC, using a
C18 column (see the Supporting Information). The purity
of the peptide was assessed by MALDI-TOF spectrometry.
The purified peptide was lyophilized and stored at —78 °C.
NMR Spectroscopy of [PN]Pisl and ['3C,">N]Pisl. NMR
samples contained ~0.5 mM protein in a 90% H,0/10% D,O
mixture or 100% D,0O, 20 mM sodium phosphate (pH 5.9),
1 mM EDTA, 1 mM NaN;, and 50 uM 2,2-dimethyl-2-
silapentane-5-sulfonate sodium salt (DSS). NMR spectra
were recorded at 25 °C on Varian Inova 500 and 800 MHz
spectrometers equipped with triple-resonance HCN cold
probes and z-axis pulsed-field gradients (PFGs). The fol-
lowing experiments were used for backbone and side chain
'H, BC, and PN resonance assignments: "N HSQC, "N
HSQC-TOCSY, SN HSQC-NOESY, HNHA, HNCACB,
CBCA(CO)NH, C(CO)NH, '*C HSQC, '*C HCCH-TOCSY,
13C HCCH-COSY, and '3C HSQC-NOESY. NMR spectra
were processed using NMRPIPE and analyzed with NMR-
View (35, 36). Data were multiplied by a 90°-shifted sine-
bell squared function in all dimensions. Indirect dimensions
were doubled by linear prediction and zero-filled to the
nearest power of two prior to Fourier transformation.
Additional details are provided in the Supporting Information.
Structure Calculations. NOE restraints were obtained from
the "N- and *C-edited HSQC-NOESY experiments, and ¢
angle restraints were derived from analysis of the diagonal
peak to cross-peak intensity ratio in the HNHA experiment.
The structure of Pisl was calculated by using the CANDID
module in CYANA 2.1 (37), using a combination of
manually and automatically assigned NOEs (manual inspec-
tion of the peaks was necessary due to the presence of
degraded material). Peaks were calibrated according to their
intensities. A family of 100 random structures was generated
and subjected to simulated annealing, with 10000 torsion
angle dynamic steps. After seven rounds of calculation, 2627
of the initial 2915 peaks were assigned. After accounting
for symmetric peaks, a total of 1725 upper distance restraints
and 76 ¢ dihedral angles were used in the final round of
calculations. The 20 lowest-energy conformations (no NOE
violations of >0.3 A with no residues in the disallowed
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region of the Ramachandran plot) were chosen as being
representative of the solution structure of Pisl. The backbone
rmsd for residues 13—92 was 0.56 A. Structural statistics
were calculated with CYANA and MOLMOL (38). Figures
were generated with PyMOL (http://www.pymol.org),
PDB2PQR (39), APBS (40), and MOLMOL. Coordinates
have been deposited in the Protein Data Bank (http://
www.rcsb.org/pdb), as entry 2K19. Chemical shift assign-
ments have been deposited in BMRB as entry 15763 (http://
www.bmrb.wisc.edu/). Additional details are provided in the
Supporting Information.

Titration of [PN]PisA with Pisl. ['"'N]PisA was dissolved
in the same buffer used for the NMR studies of Pisl
(described above). The SN HSQC spectrum of ['SN]PisA
was recorded in the presence of 0, 0.5, 1.0, and 2.0 molar
equiv of unlabeled Pisl. Spectra were acquired at 25 °C on
a Varian Inova 600 MHz spectrometer. To induce helicity
in the C-terminal region of the bacteriocin, PisA was
dissolved in a 1:1 mixture of trifluoroethanol and aqueous
buffer as follows. ['N]PisA was initially dissolved in
aqueous buffer [40 mM sodium phosphate (pH 6.0), 2 mM
EDTA, 2 mM NaNj, and 100 4uM DSS]. An equivalent
volume of d3-TFE was then added. The concentration of
['>'N]PisA was estimated to be 0.6 mM by UV absorbance
at 280 nm. The N HSQC spectrum of [PN]PisA was
recorded in the presence of O and 1.1 molar equiv of
unlabeled Pisl (also prepared in a 1:1 TFE/aqueous buffer
mixture).

Protein Concentration. Protein concentrations were de-
termined by measuring the UV absorption at 280 nm. The
molar extinction coefficients for the proteins were calculated
using ProtParam (4/) available on the ExXPASY database
(http://expasy.org).

RESULTS

Chemical Shift Assignment of Pisl. Pisl is a 98-amino acid
protein, with 15 leucines, 7 isoleucines, 12 lysines, and 11
serines (comprising 46% of the protein). To facilitate NMR
studies, this protein was overexpressed as a maltose-binding
fusion protein and grown in either 3C- and '“N-enriched
medium or 'N-enriched medium. The fusion protein was
purified over an amylose column and subsequently cleaved
with Factor Xa. Pisl was purified by cation-exchange
chromatography, followed by RP-HPLC. The amide cross-
peaks in the "N HSQC spectrum of Pisl are relatively well
dispersed, despite the high degree of multiplicity (Figure 2).
Although there is some overlap, all of the expected amide
protons could be assigned, except for the first two residues,
which could not be observed due to rapid exchange with
solvent. Sequential backbone and Cot and Cf3 chemical shift
assignments for PisI were obtained by analysis of HNCACB
and CBCA(CO)NH spectra. Further side chain assignments
were made by analysis of CCONH, "N HSQC-TOCSY, *C
HCCH-TOCSY, and *C HSQC experiments. Almost com-
plete backbone and side chain 'H, ’N, and '3C assignments
were obtained (~99%, with 96 of 98 residues fully assigned).
Secondary chemical shift analysis of the assigned a- and
[-carbons indicated that PisI was highly structured and likely
contained four distinct helices (data not shown) (42).

Structure of Pisl. A family of 20 structures, representative
of the solution structure of Pisl, was obtained using CYANA
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FIGURE 2: N HSQC spectrum (800 MHz) of PisI in 20 mM sodium
phosphate (pH 5.9) at 25 °C. Cross-peaks from Asn and Gln side
chains are indicated with horizontal lines; those from Arg are
highlighted in yellow, and the Trp side chain is not shown. All
other cross-peaks are labeled by residue number. The top panel
shows the full spectrum. The gray box is enlarged in the bottom
panel for clarity.

Table 1: Structural Statistics for PisI

distance restraints

total no. of NOE restraints 1725
intraresidual (i —j = 1) 553
short (i —j = 1) 442
medium (1 <i—j <5) 444
long i —j=5) 286
no. of ¢ angles 76
average target function value 1.83 £0.14
rmsd (A) for residues 13—92
backbone 0.56 = 0.10
heavy atoms 1.03 £0.12
Ramachandran plot
most favored (%) 83.9
allowed (%) 16.1
additionally allowed (%) 0
disallowed (%) 0

2.1. The structural statistics characterizing these structures
are summarized in Table 1. As shown in Figure 3, the final
ensemble of 20 structures is well-defined between residues
R13 and N92. Pisl consists of a four-helix bundle, flanked
by a flexible N-terminus and slightly more rigid C-terminus.
Heteronuclear NOE data show an average NOE of 0.75 from
residues S14—S91, which would be expected for a structured,

Biochemistry, Vol. 47, No. 24, 2008 6431

FIGURE 3: Superposition of the 20 lowest-energy structures on the
backbone of the o-helices. Helices 1—4 are labeled and colored
blue, green, red, and magenta, respectively. (A) Looking down the
axis of the helix. The N- and C-termini have been omitted for
clarity. (B) A 90° rotation into the plane of the paper shows the
side view of the structure. The N- and C-termini are labeled and
colored gray.

globular protein (data not shown). This value is slightly
smaller for certain residues in the loops connecting the
helices, but overall, the loops are also relatively rigid. The
N-terminus of the protein is quite mobile, as evidenced by
negative NOE values for residues K3—KS5, and values of
<0.5 for residues W6—K13. The helices of PisI are relatively
straight and range in length from 12 to 19 amino acids. al
is formed by residues R13—K29, a2 by residues K38—K49,
a3 by residues V55—D73, and o4 by residues D79—192.
Angles of 28°, 7°, 32°, and 15° are found between the pairs
formed by ol and 02, 02 and a3, a3 and a4, and o4 and
a1, respectively. The hydrophobic side chains of the helices
pack tightly and form the interior of the four-helix bundle,
as evidenced by numerous interhelical NOEs. Most polar
and hydrophilic residues face the aqueous exterior
(Figure 4A).

Titration of [’N]PisA with Pisl. NMR was used to monitor
the interaction between the bacteriocin PisA and its immunity
protein, Pisl. Under aqueous conditions, PisA is unstructured,
as evidenced by CD spectroscopy (see Figure S1 and Table
S1 of the Supporting Information). The titration of PisI with
[N]PisA did not cause significant changes in the "N HSQC
spectrum. We repeated the experiments under membrane
mimicking conditions. The addition of 50% TFE induces
helicity in PisA, as evidenced by the CD data (see Figure
S1 and Table S1 of the Supporting Information) and by the
change in spectral dispersion of the amide cross-peaks in
the PN HSQC spectrum of PisA, compared to aqueous
conditions. However, addition of immunity protein did not
result in any further change in the spectrum of PisA.

DISCUSSION

Structure of Pisl. To confirm that Pisl is the cognate
immunity protein for piscicolin 126 (PisA), we have heter-
ologously expressed Pisl in PisA-sensitive host, such as C.
maltoaromaticum LV17C and C. divergens LV13. The
transformed strains show complete loss of sensitivity to PisA
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A. Pisl

B. ImB2

Kes '74Q81 o

FIGURE 4: Helical wheel diagrams of (A) Pisl, (B) ImB2, and (C)
EntA-im. The helices are labeled and arranged in approximately
the same orientation as seen when looking down the axis of the
four-helix bundle. Helix 5 of ImB2 has been omitted. Residues are
labeled and colored as follows: blue for acidic, red for basic,
magenta for hydrophobic, and green for polar (and glycine).

compared to the control, verifying that PisI imparts immunity
to PisA (data not shown). The NMR solution structure of
Pisl reveals that it folds into an antiparallel four-helix bundle,
with a long, flexible N-terminus and a shorter, more rigid
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FIGURE 5: Electrostatic surface potential of Pisl. A ribbon diagram
is shown for reference, and the termini and helices are colored and
labeled: (A) viewing the negatively charged region and (B) viewing
the positively charged region. Blue indicates positive charge and
red negative charge. Key residues are identified.

FIGURE 6: Hydrophobic surface of Pisl. A ribbon diagram is shown
for reference, and the termini and helices are labeled. In the surface
plot, red indicates hydrophobicity from Ile, Leu, and Val. Key
residues are labeled on the surface plot and colored red in the ribbon
diagram.

C-terminus. There are also some unique surface features that
can be identified. PisI has both negatively and positively
charged regions. The large, negatively charged groove is
formed by residues in al (E18, D23, D26, and D27) and
o4 (D79 and E87) and extends down to the loop between
ol and a2 (D31, D33, and E35) (Figure 5A). Many of these
residues are conserved among the group B immunity proteins
(Figure 1). The positively charged patch is located at the
junction of the N-terminus of al (K11 and R13), the loop
connecting a2 and a3 (K51), R61 of a3, and the C-terminus
of a4 (R95) (Figure 5B). Like the negatively charged region,
several of these residues are also conserved within the group
B immunity proteins, particulary R13, R61, and R95 (Figure
1). PisI also has a small, hydrophobic pocket, located near
the connecting loop of a3 and a4 (Figure 6). This pocket is
comprised of 166, 170, V75, L77, and L85. All of these
residues are very highly conserved in the group B immunity
proteins (Figure 1). Since protein—protein interactions gener-
ally involve hydrophobic interactions, this region may be
involved in the interaction between the immunity protein and
its receptor. Sequence alignment shows that of the three
groups of immunity proteins, the group B proteins are most
similar in sequence (Figure 1). It is therefore likely that the
structure of Pisl is representative of the other group B
immunity proteins.

Comparison of Group B Immunity Proteins to Group A
and C Immunity Proteins. The structures of three type Ila
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FIGURE 7: Superposition of Pisl (blue) with EntA-im (orange) and
ImB2 (green). The diagram on the left shows the view down the
axis of the bundle and the diagram on the right illustrates the helical
overlap of the proteins. The N- and C-termini and helices are
labeled. (A) PisI and EntA-im. (B) PisI and ImB2.

immunity proteins have previously been reported. ImB2
belongs to subgroup C, whereas EntA-im and PedB both
belong to subgroup A. By comparing the structure of Pisl
to ImB2 and EntA-im, it is apparent that there are both
similarities and differences among these three subgroups.

The four-helix bundle is a conserved motif among the type
ITa immunity proteins. Pisl, along with the group A and C
immunity proteins, consists of a four-helix bundle which
folds around a hydrophobic core. Despite the low degree of
sequence homology between Pisl and ImB2 (13%) and EntA-
im (17%), the four-helix bundle of Pisl overlaps very well
with these proteins (Figure 7). The backbone rmsd value for
the alignment of Pisl to ImB2 and PisI to EntA-im is 1.9
and 1.5 A, respectively. Inspection of the helical wheel
diagrams of Pisl, ImB2, and EntA-im shows that for each
protein, the core of the four-helix bundle is comprised of
hydrophobic side chains, whereas hydrophilic and polar side
chains reside on the exterior surface of the protein. There
are slight variations in the position of charged and exposed
hydrophobic residues between the three subgroups (Figure
4), but overall, the architecture of the four-helix bundle is
very similar.

Recently, it has been proposed that the group A and C
immunity proteins can be distinguished on the basis of
differences in their three-dimensional structures. It was
suggested that the absence of a fifth helix, as well as the
straightened loop connecting a3 and a4, in the group A
immunity proteins was a feature unique to this subclass (32).
However, the structure of Pisl (group B) contradicts this
claim. Like EntA-im and PedB (both group A), PisI lacks a
fifth helix. The connecting loops between the helices in PisI
are all well-defined. In fact, PisI overlays just as well with
both EntA-im (1.5 A) and PedB (1.4 A) as EntA-im and
PedB overlay with each other (1.3 A). Furthermore, the
interhelical angle between a3 and a4 of Pisl is ~32°, which
is almost identical to the angle of 30° reported for the same
helical pair in PedB. Like PedB, Pisl also has two hydro-
phobic residues (V75 and L77) in the connecting loop
between 03 and a4 that are aligned in the interhelical space
and participate in formation of the hydrophobic core. These
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findings suggest that the four-helix bundle is highly con-
served between the group A and B immunity proteins, and
these subclasses cannot be distinguished on a structural basis.
The observed differences between ImB2 and the group A
and B immunity proteins are most likely a result of ImB2
being atypical. ImB2 is significantly longer than any other
group C immunity protein. As such, it is unlikely that the
other group C immunity proteins would contain a fifth helix.
Although some group A immunity proteins are similar in
length to ImB2 (such as LeuA-im, MesY-im, and PedB),
the structures of EntA-im and PedB show no electron density
in the C-terminal region of the protein, indicating that this
region is unstructured. Thus, the presence of a fifth helix
appears to be unique to ImB2. It is interesting to note that
the cognate bacteriocin, carnobacteriocin B2, is the longest
(48 amino acids) of the type Ila peptides.

There are many similarities in the surface features of the
group A, B, and C immunity proteins. Like PisI, the structure
of EntA-im is reported to have a negatively charged patch
(31). Although the participating residues are slightly different,
the relative location of this patch is very similar to that of
Pisl. Structural models for several other group A immunity
proteins, including two hybrid proteins, are also predicted
to display this negative region (37). The positively charged
region is also common to all three subgroups. For the group
A immunity proteins (EntA-im and PedB), this region is
formed by residues in o2 and a3 and the connecting loop
between these helices (37, 32). For the group C immunity
protein ImB2, this region is located in the flexible loop
connecting a3 and o4 (30). Although the position of this
patch varies among the three subclasses, the presence of such
a region is conserved and in all cases is located in the
C-terminal half of the protein. It has been suggested that
this region may be involved in attracting the immunity
protein to the surface of the cell membrane (30).

As previously discussed, Pisl has a small hydrophobic
pocket. The group C immunity protein, ImB2, also displays
such a patch, albeit in a different location. In ImB2, this
pocket is formed by hydrophobic residues in a2 and a3.
Sequence alignment shows that the group A immunity
proteins have hydrophobic residues corresponding to the
same location in ImB2 and, therefore, likely display a
hydrophobic pocket in this region. It has been suggested that
this hydrophobic patch may mediate protein—protein interac-
tion between the immunity protein and its putative receptor
(30). Since all three subclasses exhibit this hydrophobic
patch, this region may be critical for imparting immunity.

The most prominent difference between PisI and the other
type Ila immunity proteins is the length and flexibility of
both the N- and C-termini. Pisl has a longer, more flexible
N-terminus compared to the group A and C immunity
proteins. On the other hand, the C-terminus of Pisl is
significantly shorter. Both the N- and C-termini of Pisl
contain several polar or charged residues that are well-
conserved within the group B immunity proteins. Studies
involving hybrid immunity proteins (/8, 19), as well as
shortened variants of PedB (32), suggest that the C-terminal
portion (extreme C-terminus in the case of PedB) of the
protein is involved in specific recognition. However, this
work has only used immunity protein and hybrids derived
from subgroup A. Since PisI shows such a marked difference
in its N-terminus, this region may also be involved in
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recognition. In fact, two residues in the N-terminus (K11
and R13) contribute to the positively charged patch of the
protein. If this patch helps attract the protein to the cell
membrane, then the N-terminus of the protein may also be
crucial for recognition. Sequence alignment of the group B
immunity proteins shows that this region is highly conserved.
To investigate the importance of the N-terminus, the effect
of mutations to the N- and C-termini of the group B
immunity proteins will need to be studied. Alternatively,
hybrid proteins involving the group B immunity proteins may
shed light on the role of the N-terminus.

Lack of Direct Interaction between PisA and Pisl. The
mechanism of action between the type Ila immunity
proteins and their bacteriocins is not well understood.
Various experimental approaches have been used to probe
this interaction. Quadri et al. detected no binding between
ImB2 and microtiter plates coated with CbnB2 (43).
Several groups have observed that the extracellular
addition of immunity protein in the presence of bacteriocin
did not confer protection to sensitive strains, whereas
heterologous expression of the immunity protein resulted
in complete protection (12, 19, 20, 44). Immunity proteins
are located intracellularly, with a very small proportion
(~1%) associated with the cell membrane (20, 45). CD
studies of EntA-im and LeuA-im showed that these
proteins are a-helical in water and exposure to membrane
mimicking environments did not increase the helicity,
implying that the type Ila immunity proteins do not
interact strongly with membranes (/2). Recently, Nes and
co-workers used immunoprecipitation experiments to
demonstrate that the immunity protein for lactococcin A
(not a type Ila immunity protein) forms complexes with
the IIC and IID components of the man-PTS complex only
in the presence of externally applied lactococcin A. In a
similar manner, they explored the interaction of enterocin
P and sakacin A with their respective immunity proteins
(both group C) and also observed that the flag-tagged
immunity proteins formed complexes with the man-PTS
system upon exposure to bacteriocin (24). This supports
the hypothesis that the man-PTS system plays a key role
in the mechanism by which immunity proteins protect cells
against their bacteriocins (19, 30).

Even if immunity is receptor-mediated, it is still unclear
whether the immunity protein and bacteriocin interact
directly. We have previously used NMR to explore the
potential interaction between an immunity protein and its
cognate bacteriocin by titrating ['"'N]ImB2 with 1.5 molar
equiv of CbnB2. The "N HSQC spectrum of ImB2 before
and after the addition of CbnB2 showed no changes, thus
implying that there was no direct binding between the
immunity protein and its bacteriocin (30). It has been
suggested that a direct interaction may only occur once the
bacteriocin is membrane-bound and hence structured (/9).
A recent study by Soliman et al. used molecular dynamics
simulations to study the interaction between ImB2 and
CbnB2 in a lipid bilayer environment. They reported weak
interactions between the immunity protein and bacteriocin
(28). In this study, we again used NMR to search for an
interaction but this time monitored the "N HSQC spectrum
of the bacteriocin, rather than the immunity protein. Under
aqueous conditions, the bacteriocin PisA is unstructured. As
expected, the addition of PisI to [''N]PisA did not cause
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significant changes in the "N HSQC spectrum, thus indicat-
ing that there is no significant interaction. We repeated the
experiments under membrane mimicking conditions to see
if an interaction could be observed once the bacteriocin had
assumed secondary structure. In the presence of TFE, PisA
assumed helical structure; however, addition of immunity
protein did not result in any further change in the spectrum
of PisA. These results suggest that even when the bacteriocin
is in the vicinity of the membrane and has assumed secondary
structure, there is no significant interaction with the immunity
protein that leads to further structuring of the bacteriocin.
Thus, the mechanism by which immunity proteins provide
protection to producer cells is likely mediated through a
putative receptor for the bacteriocin. This receptor appears
to be the IIC and/or IID subunits of the mannose phospho-
transferase EII™*" system. However, details of the interaction
among immunity protein, receptor, and bacteriocin remain
elusive.

CONCLUSIONS

The type Ila immunity proteins are divided into three
groups (A, B, and C) based on sequence homology. To date,
three type Ila immunity protein structures have been reported:
two from group A (EntA-im and PedB) (37, 32) and one
from group C (ImB2) (30). PisI represents the remaining
group of these proteins and completes the structural inves-
tigation into the type Ila immunity proteins. It is now clear
that the four-helix bundle is a conserved structural motif
among these immunity proteins. The greatest difference
between the group B immunity proteins and the other
subgroups is the length of the N-terminus. For the group B
immunity proteins, this region may be involved in recogni-
tion. Studies involving the activity of either mutant or hybrid
proteins, based on the group B proteins, will help elucidate
the role of the N-terminus. The details of how immunity
proteins protect producer cells remains unclear. Previous
studies have shown that the specificity and activity of
immunity proteins rely on the C-terminal half of the protein,
and it has also been shown that immunity proteins interact
with the cytoplasmic portions of the IIC and/or IID compo-
nents of the EIl{™" system. It seems unlikely that there is a
direct interaction between immunity protein and bacteriocin
in the absence of the receptor protein. Isolation of the IIC
and IID components of the EII™*" system and investigations
into the interactions of this receptor with bacteriocins and
immunity proteins will help reveal the mechanisms of target
specificity and immunity.
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