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ABSTRACT:. Bacteriocins produced by lactic acid bacteria are potent antimicrobial compounds which are
active against closely related bacteria. Producer strains are protected against the effects of their cognate
bacteriocins by immunity proteins that are located on the same genetic locus and are coexpressed with
the gene encoding the bacteriocin. Several structures are available for class lla bacteriocins; however, to
date, no structures are available for the corresponding immunity proteins. We report here the NMR solution
structure of the 111-amino acid immunity protein for carnobacteriocin B2 (ImB2). ImB2 folds into a
globular domain in aqueous solution which contains an antiparallel four-helix bundle. Extensive packing
by hydrophobic side chains in adjacent helices forms the core of the protein. The C-terminus, containing
a fifth helix and an extended strand, is held against the four-helix bundle by hydrophaobic interactions
with helices 3 and 4. Most of the charged and polar residues in the protein face the solvent. Helix 3 is
well-defined to residue 55, and a stretch of nascent helix followed by an unstructured loop joins it to
helix 4. No interaction is observed between ImB2 and either carnobacteriocin B2 (CbnB2) or its precursor.
Protection from the action of CbnB2 is only observed when ImB2 is expressed within the cell. The loop
between helices 3 and 4, and a hydrophobic pocket which it partially masks, may be important for interaction
with membrane receptors responsible for sensitivity to class Ila bacteriocins.

Bacteriocins produced by lactic acid bacteria (LABje pathogerlisteria monocytogeneSuch bacteriocins and the
ribosomally synthesized antimicrobial peptides that are active LAB that produce them are effective nontoxic food preserva-
against related Gram-positive bacteria but generally display tives and have exciting potential applications in human and
no toxicity toward humans or other eukaryotes—B8). veterinary medicine.

Although some are lantibioticsl(4—6) that undergo very The solution structures of three class lla bacteriocins (IleuA,
extensive post-translational modifications, such as formation ChnB2, and sakacin P) have been reportt-@6), as has
of dehydro residues and lanthionine bridges, a significant the structure of the unprocessed precursor peptide, precar-
number are only processed by cleavage of a leader peptidenobacteriocin B2 7). These results, in conjunction with
during cellular export of the mature bacteriocin. Among the recent temperature-dependent circular dichroism and mo-
latter group, the class lla bacteriocins (“pediocin-like bac- |ecular dynamics studie8®) as well as numerous reports
teriocins”) are single peptides characterized by a conservedon structure-activity relationships7, 39—41), suggest that
YGNGVXC motif in the N-terminus, with the cysteine the amphipathia-helix near the C-terminus is critical for
involved in a disulfide bridge3, 7—9). In 1991, we reported  antimicrobial activity. This is the region of the bacteriocins
the purification and the primary structure of the first of this  with a lower degree of sequence homology, both between
class, leucocin A (leuA)10), but now more than 20 such  and within each of the three groups (Figure 1). The mech-
peptides have been identified, with carnobacteriocin B2 anism is likely to involve recognition of a membrane-bound
(CbnB2) (L1) being the largest thus far (Figure 1). These receptor protein in sensitive target cel®9) The target
heat stable, cationic peptides typically have-&B amino  receptor for class lla bacteriocins appears to include one or
acid residues and display potent activity against the food more proteins of the mannose phosphotransferase system,
namely, Eljma" (42—45).
. " These in\gstiga}}io?sc Werz Su’glgoErtReg b%/htheA l'k\)latttlfaé S(_:tiencer agd The structural genes for class lla bacteriocins are usually
for;gw:;g?%%g?d? (ASEaMF?),( and the)’Caﬁadaegegseg:l:ﬁgghalijrnin nea_lr and coexp_ressed with a gene fpr an immunity protein,
Bioorganic and Medicinal Chemistry. typically encoding 88115 amino acids, that protects the

* Atomic coordinates for ImB2 have been deposited in the Protein organism from the antimicrobial action of its bacteriocin

Data Bank as entry 1TDP. Chemical shifts have been deposited in the (Eigure 2). The immunity proteins are usuallv quite specific
BioMagRes Bank as entry 6211. (Fig ): y P ya b

* To whom correspondence should be addressed. Telephone: (780)for a pa.rtlcular. baCte”PC'an)' The amino a.C'd. sequences
492-5475. Fax: (780) 492-8231. E-mail: john.vederas@ualberta.ca. of most immunity proteins of class lla bacteriocins have been
! Abbreviations: LAB, lactic acid bacteria; LeuA, leucocin A;  reported, and have recently been classified into three groups

CbnB2, carnobacteriocin B2; ImB2, carnobacteriocin B2 immunity
protein; MBP, maltose binding protein; HSQC, heteronuclear single- based on sequence homolog§3) In contrast to the

quantum coherence; preCbnB2, precarnobacteriocin B2; NOE, nuclearacteriocins, the degree of homology between the immunity
Overhauser effect. proteins is more varied. The immunity proteins in group B
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Group 1

Pediocin PRA-1 = ----- KYYGNGVTCGKHSCSVDWEKATTC I INNGAMAWATGGHQGNHKC 44
Coagulin A  ----- KYYGNGVTCGKHSCSVDWGKATTC I INNG WATGGHQGTHKC 44
Bavaricin A = ----- KYYGNGVHCGKHSCTVDWGTAIGN IGNNARANXATGXNAGG--- 41
Sakacin P = ----- KYYGNGVHCGKHSCTVDWSTAIGN IGNNAAANWATGGNAGHWN K- 43
Mundticin = 00----- KYYGNGVSCNKKGCSVDWEKATIGI IGNNSAANLATGGAAGHS K- 43
Mundticin K§ 0 0----- KYYGNGVSCNKKGCSVDWGKAIGI IGNNSAANLATGGAAGWKS- 43
Piscicolin 126 = ----- KYYGNGVSCNKNGCTVDWS KAIGI IGNNARANLTTGGAAGWNKG 44
Listeriocin 743A ----AKSYGNGVQCNKKKCWVDWESATISTIGNNS AANWATGGAAGWKS- 44
Leucocin ¢  -—---- KNYGNGVHCTKKGCSVDWEYAWTNIANNS VMNGLTGGNAGWHN- 43
Bavaricin MN - - - -TKYYGNGVYCNSKKCWVDWGQALAGGIGQTVVXGWLGGAIPG--K- 42
Divercin V4l - - - -TKYYGNGVYCNSKKCWVDWGQASGC IGQTVVGCWLGGAIPG--KC 43
Enterocin A TTHSGKYYGNGVYCTKNKCTVDWAKATTC IAGMS IGGFLGGAIPG--KC 47

* HhkkkEk * .2 * ***_ * * * *

Group 2

Sakacin ¢ == ----- KYYGNGVSCNSHGCSVNWGQAW- - - -TCGVNHLAN- - -GGHGVC---- 37
Plantaricin 423 = ----- KYYGNGVTCGKHSCSVNWEQAF - - --SCSVSHLAN- - -FGHGKC---- 37
Leucocin A ----- KYYGNGVHCTKSGCSVNWGEAF - - - -SAGVHRLAN- - -GGNGFW---- 37
Mesentericin ¥105 ~  ----- KYYGNGVHCTKSGCSVNWGERA - - - -SAGIHRLAN- - -GGNGFW---- 37
Carnobacteriocin B2 - ----- VNYGNGVSCSKTKCSVNWGQAFQERYTAGINSFVSGVASGAGSIGRRP 48

kkkkhk K . ******:* T T * ok

Group 3

Curvacin A ----BARSYGNGVYCNNKKCWVNRGEATQSIIG----GMISGWASGLAGM--- 41
Enterocin P ---ATRSYGNGVYCNNSKCWVNWGEAKENIAG - ---IVI SGWASGLAGMGH- 44
Carnobacteriocin BM1 ----AISYGNGVYCNKEKCWVNEKAENKQAITG----IVIGGWASSLAGMGH- 43
Lactoccocin MFFII @~  ----- TSYGNGVHCNKSKCWIDVSELETYKAG ----TVSN--PKDILW---- 37
Enterocin SE-K4 ----ATYYGNGVYCNKQKCWVDWSRARSE I IDRGVKAYVNGF TKVLGGIGGR 48

Bacteriocin 31 ----ATYYGNGLYCNKQKCWVDWNKASREIG----KIIVNGWVQH-GPWAFR 43

hkkk . akk . hkk .

FiGure 1: Sequence alignment of class lla bacteriocins. Class lla bacteriocin sequences were aligned using Gl2jssalvafranged

into groups based on similarities in the C-terminal region as in Fimland et3l. group 1, pediocin PA-114), coagulin (5), bavaricin

A (16), sakacin P 17), mundticin (L8), mundticin KS (9), piscicolin 126 R0), listeriocin 743A @1), leucocin C 22), bavaricin MN @3),

divercin V41 @4), and enterocin AZ5); group 2, sakacin G26), plantaricin 423 27), leucocin A (L0), mesentericin Y10528), and
carnobacteriocin B21(1); and group 3, curvacin A2Q), enterocin P 30), carnobacteriocin BM11(1), lactococcin MFFII 81), enterocin

SE-K4 32), and bacteriocin 313@3). Amino acids are colored according to physicochemical characteristics as follows: blue for basic, red

for acidic, magenta for hydrophobic, and green for polar (and glycine). Conserved residues within each group are denoted with an asterisk,
conservative substitutions with a colon, and semiconservative substitutions with a period.

contain a large number of identical and conservatively using isotopic labeling and NMR analysis. This is the first
substituted residues. The corresponding bacteriocins are alsdhree-dimensional structure of an immunity protein for a class
very similar to one another. Less homology is observed in Ila bacteriocin. The results show that ImB2 is well-structured
groups A and C, with a higher level of conservation in the in water as a four-helix bundle with a fifth helix arranged
C-terminal portions of the proteins (see below). The im- perpendicularly across helix 3. A flexible loop in the
munity protein ImB2 (111 amino acid residues), which C-terminal portion encompassing residues-%8 may be
confers resistance to CbnB2, is somewhat unusual in thatinvolved in recognition of a target protein, possibly in the
its length is similar to the lengths of immunity proteins in mannose phosphotransferase system™Ellwhich could
group A, but its sequence is the most homologous to thatthereby block the action of the bacteriocin CbnB2 without
of group C (Figure 2). The mode of action of these im- directly binding to it.

munity proteins is not known. Early studies on the immunity

proteins for CbnB2 (i.e., ImB2)1(1) and mesentericin Y105 MATERIALS AND METHODS
(48) suggest that they act within the cell to confer resistance  Purification of ImB2. Escherichia coBL21(DE3) cells

to extracellular bacteriocin. Addition of purified ImB2 to  transformed with the plasmid pLQ30@i9), expressing ImB2
media containing a sensitive organism offered no protection as a maltose binding protein (MBP) fusion, were grown with
against the bacteriocin, but expression of its structural geneshaking at 37°C in M9 minimal medium containing 100
within the cells made them fully resistart9). A very recent  ug/mL ampicillin with (**NH,),SO, and [U+3C]-p-glucose
report on hybrid immunity proteins indicates that the (99% isotopic purity, Cambridge Isotope Laboratories,
C-terminal half contains a domain that is involved in Woburn, MA) as the sole nitrogen and carbon sources,
specificity of recognition of a particular bacteriociB(j. respectively. Recombinant protein production was induced
Moreover, the results show that the effectiveness of suchwith 0.3 mM isopropyl 1-thig3-p-galactopyranoside when
immunity proteins is dependent on the strain wherein they the optical density at 600 nm of the cell culture reached 0.5.
are expressed. This suggests that the immunity proteins ofThe culture was incubated for a furthg h at 37°C, and
class lla bacteriocins recognize and bind to target protein(s)the cells were harvested by centrifugation. The cell pellet
produced by the particular organism. In this study, we was resuspended in column buffer [20 mM Tris-HCI (pH
describe the aqueous solution structure of ImB2, the im- 7.6), 200 mM NaCl, 1 mM EDTA, 1 mM Naj and 1 mM
munity protein which protects against the action of CbnB2, DTT; 40 mL/liter of cell culture]; lysozyme (0.1 mg/mL)
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Group A
Leucocin A - -MRKNNILLDDAKIYTNKLYLLLIDRKDDAGYGDICDVLFQVSKKLDSTK- - - NVEALT 55
Mesentericin Y105 --MKKKYRYLEDSKNYTSTLYSLLVDNVDKPGYSDICDVLLQVSKKLDNTQ---SVEALI 55
Enterocin A - ~MKKN---~ -~ AKQIVHELYN-DISISKDPKYSDILEVLQKVY LKLEKQKYELDPGPLI 51
Divercin V41 VHELYN-SLDQSD- - -MEDIKEVLLKVY KKLEDSK- - - ENVPLI 45
Pediocin PA-1 58

Leucocin A
Mesentericin Y105

MNKTEKSEHI KOQALDLFTRLOFLLOKHDT IEPYQYVLDILETGI SKTKHNQ--QTPERQA
. * PR .

i *

NRLVNYIRITASTNRIKFSKDEEAVIIELGVIGQKAGLNGQYMADFSDESQFYSIFER 113
NRLVNYIRITASTYKIIFSKKEEELIIKLGVIGQKAGLNGQYMADFSDESQFYSVEFDQ 113

Enterocin A NELVNYLYFTAYTNKIRFTEYQEELIRNLSEIGRTAG INGLYRADYGDKSQF ------ 103
Divercin V41 NRLVNFIYFTAFNQKILHFNEEQESMIRKLSEI GQTAGILNGVYRSSYGDKTQF - ----- 97
Pediocin PA-1 RVVYNKIASQALVDEKIHFTAEENKVLAATNELAHSQKGWGEFNMLDTTNTWPSQ---- 112
- * - * - . * - . .. - - - * . ..
Group B
Mundticin KS MSNLEWK SGGDDRREKKAEVIITELLDDLEMDLGNESLRKVLGSY LKKLKNEGTSVPLVLS 60
Piscicolin 126 MGEKLEWKSGGKERSNQAEN I ITDLLDDLETDLDNESLEKVIENY LEELKQKGASVPLILS &0
Listeriocin 7434 IKKVEKWYSGGEDERGEKAIGLILELLKELNTNSDSQLLQEVINKY KEELENKGSSVPLVLS 60
Sakacin P MEILEWYSGGKDRGERAND I IGQLLLDINHDPKNEHLEATLINYQONEIKRKESSVPFILS 60
rhk o kkk ok .ok tk okk ok A L L B A A
Mundticin KS RMNIEISNAIKKDGVSLNENQSKKLKELMSISNIRYGY- 98
Piscicolin 126 RMNLDISKAIRNDGVTLSDYQSKKLKELTSISNIRYGY- 98
Listeriocin 743A RMNLATSHATIRKNGVILSDTQS-TIKELTSLSSIRYGYF 98
Sakacin P RMNISIANTIRRDRLILTDFQEDKLKLLTALSNIRYGY- 98
LR I T R SR
Group C
Enterocin P MKSNEKS--FNEVLELTETALATPE IKKDENLCEILEKVKASAAKG--EFYY-DYKKEFQP 55
Enterocin SE-K4 MINKKEEVLGEKI IQLTNNALANPQISSDENLNNLLLKIRKEALSG- -KVFY-DLEKELQP 57
Curvacin A -MKADYKKINSILTYTSTALKNPKIIKDKDLVVLLTIIQEERKQN - -RIFY-DYKRKFRF 56

Carnobacteriocin BM1
Bacteriocin 31
Carnobacteriocin B2

-MIKDEK-INKIYALVKSALDNTDVKNDEKLSLLLMRIQETSING--ELFY-DYKKELQP 55

-MDKQ----QELLDLLSKAYND PKINEYEGLKDKLFE CAKRLTTN~--ETNIGEVCYKLST 53

-MDIKS---QTLYLNLSEAYKD PEVKANE FLS KLVVQCAGKLTASNSENSYIEVISLLSR 56
. * . .k . P .

Enterocin P ATISGFTIRNGFSTPKVLLELLAEVKTP === =======- KAWS == =GL=======-= 88
Enterocin SE-K4 TISGFTLRNNFQTPSELLELLTLIQTP - -====-====~ KGWS -=-GF == ==== -~ 90
Sakacin A AVTRFTIDNNFE I PDCLVKLLSAVETP - -~~~ -~~~ -~ KAWS ---GFS------- 90
Carnobacteriocin BM1 AISMYSIQHNFRVPDDLVKLLALVQTP----------- KAWS---GF -------- 88
Bacteriocin 31 INSEYLARHHFEMPKSITELQKFVTKEG------- QKYRGWAST -GIWS ------ 94

Carnobacteriocin B2 GISSYYLSHKRIIPSSMLTIVYTQIQKD IKNGNIDTEKLRKYE IAKGLMSVEYIYF 111
P * PRP . . s * .

FIGURE 2: Sequence alignment of (putative) immunity proteins for class lla bacteriocins. The sequences for immunity proteins corresponding
to class lla bacteriocins were aligned using Clustall®) @nd arranged into groups according to sequence alignment and phylogenetic
analysis as in Fimland et all®): group A, leucocin A 10), mesentericin Y10528), enterocin A 46), divercin V41 @4), and pediocin

PA-1 (14); group B, mundticin KS 19), piscicolin 126 20), listeriocin 743A 21), and sakacin P1({); and group C, enterocin RB(Q),

enterocin SE-K4 32), curvacin A @7), carnobacteriocin BM11(1), bacteriocin 31 3), and carnobacteriocin B2{). Amino acids are

colored according to physicochemical characteristics as follows: blue for basic, red for acidic, magenta for hydrophobic, and green for
polar (and glycine). Conserved residues within each group are denoted with an asterisk, conservative substitutions with a colon, and
semiconservative substitutions with a period.

was added, and the suspension was frozen-a0 °C being concentrated was gently mixed before further cen-
overnight. The resuspended cell pellet was then thawed andrifugation to avoid precipitation of the protein. ImB2 was
lysed by sonication. The cells were centrifuged, applied to concentrated to 0.8 mM and transferred to susceptibility-
a column of amylose resin (New England Biolabs), washed matched Shigemi NMR tubes. A sample &id,'*N]ImB2

with column buffer, and eluted with 10 mM maltose, in a ca. 98% BRO/2% HO mixture was prepared by
according to the manufacturer’'s protocol. The resulting repeatedly concentrating a sample prepared as described
protein solution was dialyzed against factor Xa cleavage above and diluting it with buffer containing 100%O.

buffer [20 mM Tris-HCI (pH 8.0), 100 mM NacCl, and 2 NMR Spectroscopyost NMR experiments were carried
mM CaCl]. ImB2 was cleaved from MBP with factor Xa out on a Varian INOVA-600 spectrometer. A seriestt

(10 ug/mg) (Protein Engineering Technology, Aarhus, HSQC spectra were recorded at 11, 15, 20, 25, 28, and 35
Denmark) overnight at room temperature. The sample was°C. The most appropriate temperature for further experiments
then passed over Q-Sepharose (Pharmacia) to remove factowas determined to be 13C, as amide cross-peaks for

Xa and MBP. ImB2 was dialyzed against a solution of 20
mM sodium phosphate (pH 6.6), 25 mM NaCl, 1 mM DTT,
and 1 mM EDTA. The protein was concentrated in Amicon
Ultra centrifugal concentrators (Millipore), spun at 3g00

Spin times were limited to 10 min, at which point the solution

residues 5574 became broader and began to disappear as
the temperature was increased. Small improvements in
spectral dispersion were also observed at lower temperatures.
Below 15 °C, the differences in the spectra were not
significant.®N HSQC-TOCSY (60 ms spin lockp(, 52),
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15N HSQC-NOESY (50 and 150 ms mixing time$)( 52), 103f e
and HNHA (3, 54) experiments were carried out for a
sample of 15N-labeled ImB2. HNCO, HNCA %5-58), bl
HNCACB (57—59), and CBCA(CO)NH 60) spectra were 107} cire
recorded for a sample dfC- and**N-labeled ImB2 in a ool e T
90/10 HO/D,0O mixture. The*C HSQC,**C HCCH-TOCSY Rs7 NH.'_;:._'“%__
(61), and’*C HSQC-NOESY 62) spectra were recorded for i | R —t
a sample of ImB2 in deuterated solvent on the Varian 3} Sl im
INOVA-800 spectrometer at the National High Field Nuclear ee 55 NI - - g
Magnetic Resonance Centre (NANUC, Edmonton, AB). £ 523::0.&5134?”6 5 e, @
Chemical shifts were referenced to an internal standard of 2 7} sne @ .Sszs%f.us
2 N5 Kzzgp

DSS 63). Data were processed with NMRpip#4, and data o Lg.., . 3"'2%":};.6295 s
analysis was performed with NMRView6%). Data were e @ — w 4129 %"2‘
multiplied by a 90-shifted sine-bell squared function in all il | o o o Toie e
dimensions. Indirect dimensions were doubled by linear s} o @@ 06, e s
prediction and zero-filled to the nearest power of 2 priorto | .. ‘e TP, W0
Fourier transformation.

Titration of ImB2 with PreCbnB2 and CbnBRreCbhnB2 wr e oF 111
and CbnB2 were prepared as described previouslydnd 2 o

dissolved in the same buffer as ImB2N HSQC spectra of
ImB2 were recorded in the presence of 0.25, 0.5, and 1 equiv
of preCbnB2 and 0.3 and 1.5 equiv of CbnB2. No changes
in the spectrum of ImMB2 were observed.

Structure CalculationsA total of 2118 NOE restraints
were obtained from'™N- and 13C-edited HSQC-NOESY
experiments, and classified as strong, medium, and weak,
corresponding to distance restraints 0f-1330, 1.8-4.0, and
1.8-5.0 A, respectively. Sixty backbong angles were
obtained from analysis of the diagonal-peak to cross-peak
intensity ratio in the HNHA experiment with torsion angles
calculated from the Karplus equatio®3j and assigned an
error of +15°. Seventy backbong angle restraints were
obtained from analysis an./dun ratios 66). They angle
restraint was set t6-30 £ 110 for dyo/dun ratios of <1
and to 120+ 100 for dyo/dgn ratios of >1. Amide protons
whose temperature coefficient was more positive th&b
ppb/K, and which were located within arhelix (based on
NOE and chemical shift data), were assumed to be hydrogen-
bonded 67). Initially, 100 structures were calculated with
CNS version 1.1€8), using torsion angle dynamics and the |
default parameters in the anneal.inp input file. A total of 86 85 84 83 82 81 80

732 intraresidue, 534 sequential, 566 medium-range, and 286 s o

long-range NOEs were employed in the first round of HGURES: '*N HSQC spectrum of ImB2. The 600 MHz spectrum
. ; - was recorded on 0.8 mM ImB2 in 20 mM sodium phosphate (pH

structure calculations. The resulting structures were subjecteds g) and 25 mM NaCl at 15C. Amide cross-peaks and Asn and

to a second round of simulated annealing with the addition Gin side chains are labeled with the corresponding residue. The
of 84 hydrogen bond restraints and 130 dihedral angle central portion (shaded) of the top spectrum is enlarged in the
restraints, determined as described above. The 15 lowestPottom panel for clarity.

energy accepted structures (no NOE violations-65 A,

no dihedral angle violations of5°) with no residues in the
disallowed region of the Ramachandran plot (excluding the
loop of residues 5872) were chosen to represent the
structure of ImB2.

9.0 85 8.0 75 7.0

E
a
(=Y
=
o

(MBP) fusion @9). Purification of the fusion protein and
subsequent cleavage with factor Xa afforded the corre-
sponding labeled immunity proteins havird8% °C and
I5N. Despite the multiplicity of similar residues, the cross-
peaks in the'>N HSQC spectrum are well-dispersed, with
RESULTS AND DISCUSSION very little overlap for 101 of 108 expected amide protons
that can be assigned (Figure 3). Sequential chemical shift
Chemical Shift AssignmentmB2 is a 111-amino acid assignments for ImB2 were obtained by analysis of HNCA,
protein containing 12 leucines, 12 isoleucines, 11 lysines, CBCA(CO)NH, and HNCACB experiments. Nearly com-
and 14 serines (44% of the molecule). To assist NMR plete backbone and side chah, 1°N, and'3C assignments
assignment, samples dfiN]ImB2 and [13C,'>N]ImB2 were were obtained (96%, with 99 residues of 111 fully assigned).
generated by fermentation in appropriately labeled medium The residues for which complete assignments were not
of E. coli BL21(DE3) cells transformed with the plasmid obtained fall in the region between amino acids 55 and 74.
pLQ300i, expressing ImB2 as a maltose binding protein Amide cross-peaks were broad and weak for residues 56,
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Ficure 4: Secondary chemical shifts: (AHo chemical shifts, (B}*Ca. chemical shifts, and (C)®*CO chemical shifts. The difference
between the observed chemical shift and the random coil value is plotted against residue B@ni#¢oins for which a chemical shift
could not be determined are denoted with asterisks. A bold line indicates the cutoff below Whighot above which {¢Ca and3CO)

the secondary chemical shift is indicative @fhelical character. The amino acid sequence and cartoons indicating the positions of the

a-helices in ImB2 are shown at the bottom.

58, 65, 66, 69, and 73 and either overlapped or missing for
residues 62, 63, 67, 68, and 74N HSQC spectra. Some
of the side chailH—'3C cross-peaks for these residues were
also not observed i®*C HSQC spectra. Side chain assign-
ments for residues 55, 59, 62, 67, 68, and 71 were partially
determined. Higher temperature (28 vs 15°C) resulted
in further broadening of the amide cross-peaks in this region
and allowed even fewer assignments to be made. Only
intraresidue of + 1 NOEs were observed for 10 of the 20
amino acid residues in this small section of the protein, which
is relatively unstructured and forms a conformationally
flexible section (see below). Secondary chemical shift
analysis for they, 8, and carbonyl carbons that were assigned
up to residue 64 is indicative ak-helical structure §9)
(Figure 4). Because of a lack of NOE data, helix 3 is well-
defined until only S55 (see below). The nascent helical
structure in this region may be forming and dissociating on
the NMR time scale, resulting in averaging of chemical shifts
and broad peaks that cannot be observed.

Structure of Carnobacteriocin B2 Immunity Proteirhe
structure of ImB2 was calculated on the basis of 2118 NOEs,

Ficure 5: NMR solution structure of ImB2. Superposition of 15
structures on the backbone of thehelices. The positions of the

N- and C-termini and the fivei-helices are given. On the left is a
view down the axis of the four-helix bundle, which is rotated 90

in the plane of the page so that the structures can be viewed from
the side in the right panel.

“ridges-into-grooves” model describes intercalations of ridges
and grooves formed by residues three positions apaft (
3,i,i + 3, ...) and four positions aparit { 4,i,i + 4, ...)

in sequence?0, 71). Angles of 23, 15°, 28, and 12 are
found between the pairs formed by helices 1 and 2, helices

130 dihedral angles, and 84 hydrogen bonds. ImB2 consists2 and 3, helices 3 and 4, and helices 1 and 4, respectively.

of five a-helices, a short turn ak-helix between helices 1

Intercalation ofi + 4 residues S5, F9, and S13 in helix 1

and 2, an unstructured/nascent helix region, and an extendedndi + 3 residues L38, A35, and V32 in helix 2 is observed,

C-terminus (Figure 5). Helices-4 form an antiparallel four-
helix bundle, folding around a well-defined hydrophobic
core. Each helix is 14 or 15 amino acids long. Helix 3 is
kinked in the middle. The C-terminal half packs in the helical
bundle, and the N-terminal half interacts with helix 5. The
hydrophobic side chains of the four-helix bundle pack tightly
in the interior on the basis of the observation of numerous
interhelix NOEs (Figure 6)o-Helices preferentially pack
together with interhelical angles of 2@&nd 50, and the

as are the correspondingt+ 3—i + 4 interactions of F9,
L12, and A15 with T39, A35, and V31, respectively. Similar
interactions are observed between the othéielical pairs.

As expected, the polar side chains face the aqueous exterior.
No long-range NOEs are observed for T7, S10, or E14 in
helix 1, E25, K29, Q33, G36, or K37 in helix 2, and T78,
Q81, K82, or K85 in helix 4. Helix 5 and the C-terminus
pack in a roughly perpendicular fashion across helices 3 and
4. The fifth helix is held across the four-helix bundle by
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Ficure 7: Comparison of the structures of the carnobacteriocin
B2 immunity protein (ImB2) and the colicin EQ immunity protein
(ImmE9) (PDB entry 1IMQ). The helices forming the four-helix
bundle are colored the same in each structure: helix 1 in blue,
helix 2 in cyan, helix 3 in green, and helix 4 in yellow. Colicin E9
binds to helices 2 and 3 (cyan and green, respectively) of ImmE9,
with additional interactions in the loop connecting helices 3 and 4.

Ficure 6: Helical wheel representation of ImB2. Helical wheels
are shown for the fiver-helices in ImB2. Amino acids are colored
according to residue type: blue for basic, red for acidic, magenta
for hydrophobic, and green for polar. Long-range NOEs between
amino acid residues that form the hydrophobic core of the protein . o .
are denoted with thin lines. H5 is distorted to illustrate that it is Unstructured loop is apparent. Data indicate a nascent helix
perpendicular to the four-helix bundle. structure can be present up to residue 64. This region may
be important for binding a putative receptor in the cell

membrane (see below).

Table 1: Structure Statistics for ImB2

total no. of NOE restraints 2118 Comparison to Colicin Immunity Proteingo date, the
intraresidue 732 i i ; ; ; ;
sequential|( — j| = 1) 534 only bacteriocin immunity proteins whose three-dimensional
medium-range (X |i — j| < 4) 566 structures have been solved are those for the unrelated
long-range i — j| > 4) 286 colicins of the Gram-negative organisi coli. Immunity

no. 0; %drgg?n bolnds _ 81430 protein and immunity proteincolicin complex structures

no. of dihedral angle restraints have been reported for colicins E3 and-H9, all of which

statistics for structure calculation SAG are DNases or RNasegX-79). Despite the difference in

rmsd from idealized covalent geometry
bonds (A)

0.0056t 0.0002

activity between these hydrolytically active colicin enzymes
and the class lla bacteriocins of Gram-positive LAB, there

bond angles (deg) 0.66 0.02 are some common structural features between the colicin
Imp:ﬂoer torsions (deg)ld' A 0.580.02 immunity proteins (for E#E9) and the ImB2 immunity
ﬁngpg‘nerrgirgse(féglr}mgﬁta istances fA)  0.040+.002 protein (Figure 7). Both are four-helix bundles, consisting
Etotal 8504 55 of antiparallel helices folding around a hydrophobic core.
Ebonds 57+5 The ImB2 immunity protein is a left-turning bundle, whereas
Eimpropers 46+ 4 the colicin immunity proteins are right-turning. Helices 1,
Evan® 2564+ 17 N . ,
E 260+ 22 2, and 4 are similar in length, ranging from 12 to 16 amino
NOE . . . N . . .
_ acids each. Helix 3 of the colicin immunity proteins is
coordinate precisich(A) [SALVs [SAQ atypically short in comparison to most four-helix bundles.
rmsd of all backbone atoms (NoCC) 1.69+ 0.30 While helix 3 of _ImBZ is_ similar to the othe_zr thr_ee _he_lices
rmsd of all heavy atoms _ 2.640.37 in length, closer inspection reveals that a kink discriminates
rSmSS%O“Z”?bg%';bone atoms, residues 0.76+0.13 between the N-terminal half, which packs against helix 5,
— an . . . .
rmsd of all heavy atoms, residues 1354 0.14 and the shorter C-terminal portion (colored green in Figure

3—55and 75-99

7), which forms part of the four-helix bundle. ThelSecoli

a[SADrefers to th ble of 15 structurello NOE immunity proteins (87 amino acids) are shorter than most
refers to the ensemble o structureblo s were : - . . - .
violated by more than 0.40 &.Scale factor for the final van der Waals class lla immunity proteins (typically 88113 amino acids)

(repel) energy term= 1.0.9The rmsd between the ensemble of (13). The colicin immunity proteins do not bind directly in
structuresSACand the average structure of the enseniblaL] the cleft where the nucleic acid binds, but rather, their binding

position interferes with the ability of the nucleic acid to fit
hydrophobic interactions of the side chains of residues K93, in its cleft completely 78, 80, 81). Conserved hydrophobic
L94, and Y97 with residues Q44, Y47, 148, and 151 in helix residues form a large part of the binding interface, but
3. Corresponding interactions of residues Y108, 1109, and mutational studies have shown that variable residues deter-
Y111 with residues L74 and Y77 in helix 4 help hold the mine the specificity of the interaction. In the case of the pore-
C-terminal region in place. The overall rmsd for the backbone forming colicins, whose activity is much more similar to
atoms of the entire protein is 1.7 A. When only the well- those of class lla bacteriocins, no structures are available
defined helical regions are taken into account, it is 0.76 A for the immunity proteins, although it is known that they
(Table 1). As mentioned above, helix 3 is well-defined to are transmembrane proteins residing in the cytoplasmic
residue S55, and NOEs indicative of helical structure are membrane, and bind the C-terminal channel domain of their
observed to residue 158. From residues-38, a relatively colicins, resulting in blockage of pore8Z 83).




11746 Biochemistry, Vol. 43, No. 37, 2004 Sprules et al.

Ficure 8: Surface representations of ImB2. At the left is a surface representation of ImB2 colored according to electrostatic potential (blue
for positive and red for negative). The basic residues in the flexible loop are labeled, and the hydrophobic pocket formed by the H2 and
H3 helices can be see in the center flanked by the blue surfaces. In the center is a ribbon representation of ImB2 in the same orientation
for reference. At the right is a surface representation of ImB2 with residues colored according to hydrophobicity (red for lle, Leu, and Val,
orange for Phe and Cys, and yellow for Ala and Met). The side chains of residued9gloop) for the ensemble of structures are also
illustrated to indicate their partial overlay of the hydrophobic pocket. Figures were generated with M88n88)(and Molscript 86).

Lack of Interaction of Immunity Protein ImB2 with Its for class lla bacteriocins upon switching solvents from water
Bacteriocin CbnB2 and a Possible Mechanism of Acfidre to dodecylphosphocholine micelles or dioleyé-phosphati-
mechanism by which class Ila bacteriocin immunity proteins dylglycerol liposomes50).
work to prevent attack by their innate bacteriocins is not yet  Several regions of ImB2, which is found in the cytoplasm
understood. No significant interaction between ImB2 and (49), may be important for its function and possible protein
ChnB2 could be observed in earlier studies using microtiter protein interactions. No transmembrane helices are predicted
plate assays19). As mentioned above, extracellular addition in ImB2, and the structure demonstrates that most hydro-
of immunity protein affords no protection against the action phobic residues are in the center of a four-helix bundle and
of the cognate class lla bacteriocin, but expression within the exterior displays more charged and hydrophilic residues.
cells renders them completely immune to external addition A large stretch of nascent-helix, followed by a loop, is
of bacteriocin to cultures1@ 49, 50, 84). In the work found between residues 58 and 72. At the end of the nascent
presented here, we used NMR analysis to reconfirm the helix is a stretch of three basic residues, namely, H65, K66,
absence of direct interaction between ImB2 and its bacte-and R67 (Figure 8). As these are positively charged in the
riocin CbnB2. A 0.4 mM sample offfN]ImB2 immunity producing cell, they could play a role in attracting or binding
protein was titrated with 1.5 molar equiv of CbnB2. No ImB2 to the cell membrane. ImB2 may then interact with a
change in the'>N HSQC of the ImB2 was observed. membrane-bound receptor protein to prevent pore formation
Analogous experiments with the bacteriocin precursor, and/or cell lysis. This variable region also partially overlays
PreCbnB2, also did not show any effect on thid HSQC a hydrophobic pocket formed by residues F26, L27, L30,
of labeled ImB2. Although ImB2 displays well-defined and V31 in the N-terminus of helix 2 and L54, L53, and
structure in water, both CbnB2 and CbnB2P are unstructuredV50 of helix 3 (Figure 8), which could be very important
in water and assume a defined conformation in only for protein—protein interactions in proposed receptor rec-
trifluoroethanol or membrane-mimicking environments, such ognition and binding. Hydrophobic residues are found at
as dodecylphosphocholine micelle35( 37). The lack of positions corresponding to ImB2 residues 27, 30, 31, 50, and
interactions in these assays, in conjunction with other studies54 in both group A and group C immunity proteins (Figure
(13, 49, 50, 84), clearly demonstrates that the immunity 2). Conserved hydrophobic residues in helix 3 of the colicin
protein does not work by sequestering the bacteriocin while immunity proteins also mediate proteiprotein interactions,
it is in the cytoplasm, either as the precursor or as the maturewith nonconserved residues in helix 2 providing specificity
peptide. These data do not strictly preclude direct interaction of binding (78). The mechanism of ImB2 may be similar to
at the cell membrane, which could possibly occur if that proposed for the immunity protein that protects against
conformational changes transpire in either or both of the the LAB bacteriocin lactococcin A8(). Although lactococ-
partners as a consequence of lipid binding. However, this cin A does not belong to class lla, its immunity protein binds
appears to be unlikely on the basis of the inability of to the cell membrane3@) and contains an amphiphilic helix.
externally administered ImB2 to protect against Cbn83) ( That immunity protein, whose three-dimensional structure
and the variations of immunity protein effectiveness depend- is not known, has been proposed to interact with the
ing on the organism in which they are express&8).(In lactococcin A receptor in the membrane and thereby prevent
addition, recent circular dichroism studies indicate that little the insertion of the corresponding bacteriocin into the cell
if any change occurs in conformations of immunity proteins surface 87). It seems likely that in the presence of the
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appropriate receptor, the nascenhelix of ImB2 in the

Biochemistry, Vol. 43, No. 37, 2004.1747

chemical shifts for ImB2 (Table S2). This material is

C-terminal portion [known to be important for specificity available free of charge via the Internet at http:/pubs.acs.org.

of protection b0)] could become more defined, further

expose the hydrophobic pocket, and assist recognition of theREFERENCES

binding partner. It is tempting to speculate that this partner 4
could be the intracellular portion of membrane-bound
protein(s) in the mannose phosphotransferase systefEll
the putative target for extracellular attack by class lla
bacteriocins 42—45).

CONCLUSIONS 3.

Although there is a high degree of sequence conservation
among class lla bacteriocins, there is limited cross-reactivity
between their associated immunity proteins and correspond-
ingly weaker sequence homology. The first structure deter- 5
mined for a class lla immunity protein, ImB2, shows that it
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bundle with a fifth a-helix and extended C-terminus that
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membrane receptors for class lla bacteriocins and investiga-
tion of their interactions on the molecular level with both
bacteriocins and their associated immunity proteins will serve
to further elucidate the manner in which the high degree of
target specificity is achieved. Understanding of the three-
dimensional structures of immunity proteins and their cognate
class lla bacteriocins provides a basis for this.
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