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FIG 3 CD profile of acidocin B in SDS (solid line) and DPC (dashed line)
micelles. The peptide exhibited similar a-helical contents in both micelles.

studies using the buffered aqueous solutions and slightly polar
organic solvents tested; hence, the use of detergent micelles was
considered. Both SDS and DPC solutions completely dissolved
acidocin B. CD spectroscopic data revealed that the peptide exhib-
ited 56% and 57% a-helicity in SDS and DPC micelles, respec-
tively (Fig. 3). SDS was chosen for the NMR analysis of acidocin B,
as it may better mimic the membranes of target bacteria (45).

NMR solution structure. Isotopic labeling of acidocin B was
attempted by growing L. acidophilus M46 in '>C-, "’N-enriched
media, including Celtone complete medium (Cambridge Isotope
Laboratories, Tewksbury, MA), Bioexpress-1000 (Cambridge Iso-
tope Laboratories), and a manually prepared labeling medium
previously used for another Lactobacillus strain (46). Labeling at-
tempts were unsuccessful, as the producer organism did not grow
well in the aforementioned media. However, relatively dispersed
proton chemical shifts and a significant number of NOE cross
peaks were obtained from the two-dimensional homonuclear
TOCSY and NOESY experiments for the unlabeled peptide. These
data facilitated the elucidation of the three-dimensional solution
structure of acidocin B in SDS micelles. The TOCSY and NOESY
spectra were overlaid and the sequential resonance assignments
were determined based on the H*—H™, , , cross peaks. The chem-
ical shift assignments and NOE peak list were inputted into
CYANA 2.1 (33), and a family of 20 calculated structures was
obtained (see Fig. S2 in the supplemental material). These struc-
tures had no ¢ or s backbone angles in the disallowed region of
the Ramachandran plot. The structural statistics calculated by
CYANA and the data from the generated Ramachandran plot are
presented in Table S2 in the supplemental material. The data in-
dicate that acidocin B is highly structured, which is in agreement
with the results of the CD spectral analysis. The calculated struc-
ture contains four right-handed a-helices. The helices are folded
to form a compact globular bundle with a central pore (Fig. 4).
Helix 1 is the longest helix, with 13 amino acid residues, extending
from Gly15 to Ala27. The residues encompassing helices 2 and 3
are Gly31 to Val40 (10 residues) and Ala44 to Leu52 (9 residues),
respectively. Helix 4 is composed of 11 residues, Ala56 to Phe8,
and contains the linkage of the N and C termini. The four helices
are separated by loops composed of 3 to 6 residues. When the
relatively flexible loops are excluded from the root mean square
deviation (RMSD) calculation, the RMSD of the backbone atoms
decreases from 1.48 A to 1.26 A.

Helices 1, 2, and 4 of acidocin B are amphipathic, i.e., hydro-
phobic amino acid residues are oriented toward the core of the
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FIG 4 NMR solution structure of acidocin B (PDB code 2MWR): helix 1 is in
blue, helix 2 is in purple, helix 3 is in cyan, and helix 4 is in orange. The arrow
indicates the linkage of the N and C termini.

molecule, while the relatively hydrophilic residues are located on
the surface. The amphipathic character is most evident in helix 1,
as can be seen in Fig. 5A. Helices 2 and 4 are less amphipathic since
they are mainly composed of hydrophobic residues. Helix 3, on
the other hand, is completely hydrophobic. The hydrophobic sur-
face map (Fig. 5B) shows that acidocin B has two distinct hydro-
philic patches, but significant portions of the surface are hydro-
phobic. The electrostatic potential surface map of acidocin B (Fig.
5C) shows several anionic and cationic patches, while most of the
exposed surface is uncharged. This was expected, since the pri-
mary sequence of acidocin B has only 2 anionic (Asp6 and Asp22)
and 3 cationic (His11, Argl8, and Lys19) amino acid residues. The

FIG 5 (A) Solution structure of acidocin B showing the amphipathicity of the
helices. Hydrophobic residues are in green, while hydrophilic residues are in
white. The arrow indicates the linkage of the N and C termini. (B) Hydropho-
bic surface map as generated from PyMOL (34). (C) Electrostatic potential
surface map calculated using the APBS functionality of the PDB2PQR (version
1.8) online pipeline (35). Cationic regions are shown in red, while anionic
regions are in blue.
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Acidocin B

Gassericin A

FIG 6 Predicted structures of gassericin A and butyrivibriocin AR10 derived
from homology modeling (SWISS-MODEL) (37) using the structure of aci-
docin B as the template. Basic residues are shown in red, and acidic residues are
in blue. The arrow indicates the N- to C-terminal linkage.

Structure of Acidocin B

demonstrated surface properties could explain the difficulty en-
countered in dissolving the peptide in buffered aqueous solutions
and slightly polar organic solvents.

Homology modeling and phylogenetic tree of subgroup II
circular bacteriocins. The elucidated acidocin B structure was
then used for homology modeling of gassericin A and butyriv-
ibriocin AR10, the amino acid sequences of which are 98% and
47% identical to that of acidocin B, respectively. The generated
model structures revealed that these three subgroup II circular
bacteriocins have similar folding and surface properties (Fig. 6;
also, see Fig. S3 in the supplemental material). Other putative
members of this subgroup were identified through BLAST (38)
analysis. At least 7 putative subgroup II circular bacteriocins that
are at least 40% identical to the acidocin B precursor peptide were
identified. Alignment of their sequences identified a conserved
asparaginyl cleavage site during bacteriocin maturation (Fig. 7).
Considering this cleavage site, phylogenetic analysis of the mature
peptides revealed that members of this subgroup could be classi-
fied further into 2 subclades (see Fig. S4 in the supplemental ma-
terial).

DISCUSSION

Acidocin B was previously reported to be a linear peptide that is
composed of 59 amino acid residues (22). However, MALDI-TOF
mass spectrometry and MS/MS sequencing revealed that it is cir-
cular and is composed of 58 residues. Furthermore, the gene clus-
ter responsible for its production and maturation was found to be
very similar to that encoding gassericin A, a circular bacteriocin
from L. gasseri LA39 (5). To date, only the three-dimensional
structures of circular bacteriocins enterocin AS-48 and carnocy-
clin A have been published (17, 18). These structures facilitated a
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FIG 7 Multiple-sequence alignment of known and putative (indicated by source organisms) subgroup II circular bacteriocin precursors using Clustal W (36).
The known circular bacteriocins are acidocin B, gassericin A, and butyrivibriocin AR10. The UniProt accession numbers are in parentheses. The region
corresponding to leader peptide sequences is underlined, and the highly conserved asparaginyl cleavage site is marked by an asterisk. Conserved residues

(similarity threshold of 80%) are highlighted in black.
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better understanding of the mechanism of action of circular bac-
teriocins. The localized positive charges on the surfaces of these
bacteriocins, as revealed by the elucidated structures, have been
implicated in an initial binding interaction of the bacteriocins to
anionic phospholipids in the cell membrane of target organisms
(9,20). Mode of action studies further revealed that upon binding
and membrane permeabilization, enterocin AS-48 creates pores
that cause the discharge of ions and low-molecular-weight sub-
stances (47). On the other hand, carnocyclin A specifically trans-
ports anions through the membrane (48). Enterocin AS-48 and
carnocyclin A, however, are both subgroup I circular bacteriocins.
Members of this group exhibit physical properties that are very
different from those of subgroup II circular bacteriocins, to which
acidocin B belongs. Their characteristic high pI values (~10) and
cationic surface are not exhibited by acidocin B. These differences
may indicate some variations in their mode of action. Knowing
the structure of a representative member of subgroup II circular
bacteriocins could shed some light on their mode of action.

In order to assess the similarities and differences between the
two circular bacteriocin subgroups, the structure of acidocin B
was compared with that of carnocyclin A. The two bacteriocins are
of similar lengths, as acidocin B is composed of 58 residues, while
carnocyclin A is comprised of 60 residues. Sequence alignment of
carnocyclin A and acidocin B using Clustal W (36) revealed that
the two peptides have very low amino acid sequence identity
(17%). Subgroup I circular bacteriocins exhibit low sequence sim-
ilarity among themselves yet were proposed to display a common
overall saposin-like fold, as was demonstrated for carnocyclin A
and enterocin AS-48 (17, 18). This proposal was further extended
to subgroup II circular bacteriocins. Previous secondary structure
predictions using Jpred3 (49) and PSIPRED (50, 51) servers sug-
gested that subgroup Il circular bacteriocins contain 4 a-helices of
similar lengths (17). This was indeed observed for acidocin B,
approximately at the proposed positions. Circular dichroism re-
vealed that acidocin B has a helical content of 56% in SDS micelles,
while carnocyclin A was previously reported to be approximately
36% a-helical in water and 52% a-helical in 50% trifluoroetha-
nol, which is a structure-inducing solvent (9). The estimated
a-helical content was confirmed by NMR analysis, since both aci-
docin B and carnocyclin A were indeed composed of a bundle of 4
helices. However, the overall fold of acidocin B did not precisely
overlie that of carnocyclin A (data not shown). The observed dif-
ferences could be attributed to a number of factors, such as the
solvent that was used for structural elucidation. The solution
structure of carnocyclin A was obtained using water as the solvent,
while for acidocin B, a membrane-mimicking SDS micelle was
employed. Studies have shown that certain peptides undergo con-
formational changes from a free state in water to a membrane-
bound form in membrane mimetic solvents (52, 53, 54). The
structure of carnocyclin A in water shows that helix 3 is almost
perpendicular to helix 1 (17), while helix 1 and 3 of acidocin B are
almost parallel. It was not possible to obtain the NMR solution
structure of acidocin B in water due to solubility issues. Acidocin
B was initially soluble in aqueous medium at a low concentration,
since isolation and purification were done in an aqueous environ-
ment. However, the solubility of the concentrated peptide in water
was not sufficient for NMR analysis, and hence comparison of its
structure with carnocyclin A using the previously used solvent
conditions was not possible.

The stark contrast in the physical properties of acidocin B and
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carnocyclin A could also explain the variations observed in their
overall folding. Aside from the very low sequence similarity, one of
the major differences between the two bacteriocins is the am-
phipathicity of their helices. All of the four helices of carnocyclin A
are amphipathic, while acidocin B has only 1 amphipathic and 2
weakly amphipathic helices. The surface features of the two bac-
teriocins are also different. Acidocin B has a highly hydrophobic
surface, which is not the case for carnocyclin A. A characteristic
feature of carnocyclin A which is shared among subgroup I circu-
lar bacteriocins is the high number of basic residues and a prom-
inent positively charged surface (17). Since acidocin B has only 3
basic residues, the presence of a highly cationic surface was not
expected. Surface analysis revealed that it has both positive and
negative patches but is mainly composed of uncharged, hydro-
phobic surfaces, which could signify that the initial recognition of
acidocin B on the cell membrane could be attributed mainly to
hydrophobic interaction.

Aside from acidocin B, there are two other known circular
bacteriocins that belong to subgroup II, namely, gassericin A and
butyrivibriocin AR10. Gassericin A is produced by L. gasseri LA39,
while butyrivibriocin AR10 is produced by Butyrivibrio fibrisol-
vens AR10. The bacteriocin reutericin 6 from L. reuteri LA6 was
previously thought to be another subgroup II circular bacteriocin
but was later found to be identical to gassericin A (55). Acidocin B
shares 98% sequence identity to gassericin A, differing only in
residue 24, where acidocin B has valine and gassericin A has me-
thionine (Fig. 1A). A previous study established the insolubility of
gassericin A in aqueous solution (44), similar to what was encoun-
tered with acidocin B. In the same study, CD data showed that
gassericin A is a-helical in 60% isopropanol. The amino acid se-
quence of butyrivibriocin AR10, on the other hand, is 47% iden-
tical to that of acidocin B (Fig. 1A). Given the sequence similarity
among the known subgroup II circular bacteriocins, homology
modeling using the SWISS-MODEL server (37) was done. As ex-
pected, gassericin A and acidocin B have similar electrostatic and
hydrophobic surface properties (Fig. 6; also, see Fig. S3 in the
supplemental material). The hydrophobicity of the surface of the
butyrivibriocin AR10 model is also similar to that of acidocin B. It
also has minimal charges on the surface, but unlike gassericin A
and acidocin B, where the charged residues are located in helices 1
and 4, butyrivibriocin AR10 has an additional acidic residue in
helix 3.

Although only three subgroup II circular bacteriocins have
been characterized, putative genes encoding other members of
this subgroup are more widespread. BLAST (38) analysis identi-
fied at least 7 putative subgroup II circular bacteriocins that show
at least 40% identity to the acidocin B precursor peptide. These
putative bacteriocin-like peptides are encoded by species within
the genera Lactobacillus, Streptococcus, and Bacillus. Sequence
alignment of these putative bacteriocins revealed that the aspar-
aginyl cleavage site identified for gassericin A, acidocin B, and
butyrivibriocin AR10 is totally conserved among putative sub-
group I circular bacteriocins (Fig. 7). This suggests that an endo-
peptidase that specifically cleaves C-terminally to this highly con-
served asparagine residue may be responsible for the release of the
leader peptide and may indicate that the members of this sub-
group share similar biosynthetic machinery. The endopeptidase
may have an S1 subsite highly specific for Asn, an S1’ subsite
specific for residues with a branched aliphatic side chain (Ile/Val/
Leu), and an S2' subsite preferring those with bulky side chains
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(Tyr/Val/Asn). Subgroup II bacteriocins have leader sequences
ranging from 22 to 42 residues, which are generally longer than
those of subgroup I circular bacteriocins. Based on this putative
cleavage site, the known circular bacteriocins and the predicted
mature bacteriocin-like peptides are shown in the phylogenetic
tree in Fig. S4 in the supplemental material, together with their pI
values. Phylogenetic analysis of these known and putative bacte-
riocins revealed that members of this subgroup could be classified
further into 2 subclades. The first subclade consists of bacteriocins
found solely in members of the genus Lactobacillus and contains
acidocin B and gassericin A. On the other hand, the second sub-
clade is a more diverse group, with members coming from the
genera Bacillus, Lactobacillus, Butyrivibrio, and Streptococcus, and
contains butyrivibriocin AR10.

In conclusion, this study confirms the circular nature of acido-
cin B and describes the three-dimensional solution structure of
this bacteriocin in the membrane-mimicking SDS micelle solvent
system. This is a structure of a circular bacteriocin belonging to
subgroup II. The elucidated structure revealed that acidocin B is
composed of four helices that are folded to form a compact, glob-
ular bundle having a central pore. Surface analysis showed that
hydrophobic and uncharged residues dominate the surface of aci-
docin B, which could potentially signify that initial binding to the
cell membrane of target organisms is mediated by hydrophobic
interaction. Elucidating the solution structure of acidocin B is a
prerequisite to acquiring a deeper understanding of its properties
and better molecular insights on how it operates in nature. Future
work to determine the mode of action of subgroup II circular
bacteriocins, like acidocin B, may ultimately lead to their in-
creased utilization in food preservation, probiotics, and other ap-
plications.
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