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Carnocyclin A (CclA) is a potent antimicrobial peptide from
Carnobacterium maltaromaticurn UAL307 that displays a
broad spectrum of activity against numerous Gram-positive
organisms. An amide bond links the N and C termini of this
bacteriocin, imparting stability and structural integrity to this
60-amino acid peptide. CclA interacts with lipid bilayers in a
voltage-dependent manner and forms anion selective pores.
Several other circular bacteriocins have been reported, yet only
one (enterocin AS-48) has been structurally characterized. We
have now determined the solution structure of CclA by NMR
and further examined its anion binding and membrane channel
properties. The results reveal that CclA preferentially binds
halide anions and has a structure that is surprisingly similar to
that of AS-48 despite low sequence identity, different oligo-
meric state, and disparate function. CclA folds into a compact
globular bundle, comprised of four helices surrounding a hydro-
phobic core. NMR studies show two fluoride ion binding modes
for CclA. Our findings suggest that although other circular bac-
teriocins are likely to have diverse mechanisms of action, many
may have a common structural motif. This shared three-dimen-
sional arrangement resembles the fold of mammalian saposins,
peptides that either directly lyse membranes or serve as activa-
tors of lipid-degrading enzymes.

Bacteriocins are a diverse group of ribosomally synthesized,
antimicrobial peptides produced by bacteria. Those made by
Gram-positive bacteria are usually cationic and typically have
30-70 residues (1-3). These peptides are substantially more
active than conventional antibiotics against numerous patho-
genic and drug resistant bacteria, including virulent strains of
Staphylococci, Enterococci, Listeria, and Clostridia, but they
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display virtually no toxicity toward eukaryotic cells. The circu-
lar bacteriocins are a unique group, characterized by an amide
bond linking the N and C termini of the peptide. They exhibit
enhanced stability to pH and temperature variation and are
resistant to numerous proteases, in contrast to many linear bac-
teriocins. This stability derives, in part, from the cyclic struc-
ture of the peptide (4). Interestingly, circular peptides are not
unique to bacteria; they have also been discovered in plants and
animals and exhibit a diverse range of bioactivities. Typically,
the circular peptides from these higher organisms are shorter in
length and contain at least one disulfide bond, further bracing
the structure and enhancing stability (5, 6).

We recently isolated carnocyclin A (CclA)? from Carnobac-
terium maltaromaticum UAL307 and employed tandem mass
spectrometry amino acid sequencing and genetic analysis to
confirm that it is a circular bacteriocin (7). This 60-residue pep-
tide displays a broad antimicrobial spectrum and is particularly
potent against the serious food pathogen Listeria monocyto-
genes. The producer strain has recently been approved in the
United States as an additive for preservation of processed meat
products.

Eight other circular bacteriocins have been reported. These
include enterocin AS-48 (8), butyrivbriocin AR10 (9), circularin
A (10), gassericin A and reutericin 6 (11, 12), subtilosin A (13,
14), uberloysin (15), and most recently, lactocyclicin Q (16).
Gassericin A and reutericin 6 have identical primary sequences
but differ by the presence of one p-alanine, resulting in different
spectra of activity and secondary structure profiles (11). Acido-
cin B is considered a putative circular protein, as it shows 98%
sequence identity to gassericin A and reutericin 6, but its circu-
lar nature has not been confirmed (17). Of these bacteriocins,
subtilosin A is atypical; it is significantly shorter (35 amino
acids), anionic, and contains unique thioether bridges linking
cysteine sulfurs to the a-carbon of other residues (13, 18, 19).
As such, subtilosin A represents a unique class of bacteriocins
(13) and will not be included in the present discussion of the
other circular bacteriocins. These range from 58-70 amino
acids in length, are cationic, and contain a large number of
hydrophobic residues (4).

2 The abbreviations used are: CclA, carnocyclin A; a, a-helix; MES, 2-(N-mor-
pholine)ethanesulfonic acid; AS-48, enterocin AS-48; NOE, nuclear Over-
hauser enhancement; HPLC, high performance liquid chromatography;
TAPS, [(2-hydroxy-1,1-bis[hydroxymethyllethyl)amino]-1-propanesulfo-
nic acid; r.m.s.d., root mean square deviation; HSQC, heteronuclear single
quantum coherence; TOCSY, total correlation spectroscopy; COSY, corre-
lation spectroscopy; NOESY, NOE spectroscopy.
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To date, the structure of only one of these circular bacterio-
cins has been in reported. In 2000, Gonzilez et al (20)
described the NMR solution structure of AS-48, revealing that
it consists of five helices encompassing a compact hydrophobic
core. The covalent bond linking the N and C termini of the
peptide was found to reside within the fifth helix. In 2003, crys-
tallographic studies supported the proposal that at physiologi-
cal pH, AS-48 exists as a water soluble dimer, in which the
hydrophobic faces of the individual monomers are in contact
and polar interactions with the aqueous solvent are maximized
(21). However, upon interaction with a membrane, this dimer
undergoes a conformational change, exposing its hydrophobic
faces and facilitating insertion into the membrane. The three-
dimensional structure of AS-48 shows a significant charge sep-
aration across the molecule, as a cluster of lysines at one end of
the molecule imparts a high degree of positive charge on the
surface of the peptide. This charge localization is believed to be
crucial for insertion of the peptide into the membrane through
a mechanism known as molecular electroporation (20, 22, 23).
Functional studies of AS-48 have shown that this peptide
causes nonselective pore formation in lipid bilayers, thereby
allowing for the free diffusion of ions and low molecular weight
solutes across the membrane (24). A similar mode of action has
been reported for gassericin A and reutericin 6 (11).

We have now determined the three-dimensional solution
structure of CclA by NMR. Our results reveal that CclA
assumes a globular structure, consisting of four helices sur-
rounding a compact, hydrophobic core. The global architecture
of CclA and its surface features are remarkably similar to those
of AS-48, suggesting a common structural motif for circular
bacteriocins that closely resembles the saposin fold, a con-
served structural moiety found within the saposin and saposin-
like polypeptide families (25, 26). Functional studies show that
CclA forms anion selective channels in lipid bilayers (27). We
have further characterized these ion channels by examining the
anion selectivity of the pores and the effect of pH on channel
conductance. NMR studies demonstrate that CclA binds fluo-
ride in two different ways. The results show that despite the
shared structural motif of a sapsosin fold, circular bacteriocins
can have unique functional properties.

EXPERIMENTAL PROCEDURES

Expression and Purification of CclA and {**N,"3>C}-CclA—
CclA was purified from C. maltaromaticum UAL307 as previ-
ously described (7). For NMR studies, CclA was prepared as a
doubly labeled {**N,**C} sample by growing the producer orga-
nism in isotopically enriched Celtone CN Complete Media
(Cambridge Isotope Laboratories, Inc., Andover, MA). Purifi-
cation of {*°N,*>C}-CclA was identical to that of the unlabeled
bacteriocin.

NMR Spectroscopy of CclA—{*°N,**C}-CclA was dissolved in
20 mM sodium phosphate (pH 5.9) in 90% H,O and 10% D,0O to
a final concentration of ~1 mm. To prevent sample degrada-
tion, 1 mm EDTA, 1 mMm NaNj, and protease inhibitors (Roche
Applied Science, Laval PQ) were added. 100 uMm 2,2-dimethyl-
2-silapentanesulfonic acid was added for referencing. NMR
spectra were acquired on a Varian Inova 600 MHz spectrome-
ter, equipped with an HCN probe and z axis pulsed field gradi-
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ents. For backbone chemical shift assignments, the following
experiments were performed: 2D-{*'H-"°N}-HSQC, 3D-{"H-
15N}-TOCSY-HSQC, 3D-HNCO, 3D-CBCA(CO)NH, 3D-
HNCACSB. For side chain assignments, the sample was lyophi-
lized and dissolved in an equivalent volume of 100% D,O, and
the following experiments were performed: 3D-HCCH-
TOCSY, 2D-{'H-'3C}-HSQC (full and aliphatic), 2D-TOCSY
and 2D-COSY. Structural restraints were obtained from the
following experiments: 3D-{'H-'°N}-NOESY-HSQC, 3D-
{'"H-"3C}-NOESY-HSQC, 2D-NOESY and 3D-HNHA. Data
were processed with NMRPipe (28) and analyzed with
NMRView (29).

Structure Calculations—The structure of CclA was calcu-
lated with CYANA 2.1 (30), using nuclear Overhauser effect
(NOE) restraints obtained from the '°N- and '3C-edited
HSQC-NOESY and 2D-NOESY experiments and angle re-
straints derived from analysis of the HNHA experiment and
from TALOS (31). A combination of manually and automati-
cally assigned NOEs were used and calibrated within CYANA
according to their intensities. After seven rounds of calculation
(10,000 steps per round), a total of 657 NOE restraints, 43
e coupling constants, and 98 dihedral angle restraints
were used in the final calculation. The 20 lowest energy confor-
mations, with no NOE violations of >0.3 A and no residues in
the disallowed region of the Ramachandran plot, were chosen
as representative of the solution structure of CclA. Coordinates
for CclA have been deposited in the Protein Data Bank (code
2KJF), and chemical shift assignments have been deposited in
the BioMagResBank (code 16319). Electrostatic surface calcu-
lations were computed with APBS (32), and figures were gen-
erated using PyMOL.

Secondary Structure Analysis and Homology Modeling—The
secondary structure of the circular bacteriocins was predicted
with both the Jpred3 (33) and PSIPRED (34, 35) protein struc-
ture prediction servers. To allow for the possibility of secondary
structure across the N and C termini, each sequence was sub-
mitted twice, as follows. In the first instance, the regular linear
sequence was submitted, and coil regions were identified from
the output. The sequence was then swapped so that a coil
region would become the new N terminus, and the former
N-terminal residues were added to the C terminus of the
sequence. This modified sequence was then submitted for anal-
ysis. For homology modeling, the sequences of AS-48, CclA,
circularin A, uberolysin, and lactocyclicin Q were aligned with
ClustalW (36). The sequences were imported into DeepView
Swiss-Pdb viewer (37) and were fitted onto the structure of
either AS-48 (Protein Data Bank code 1E68) or CclA, according
to the Clustal W alignment. The models were then submitted to
the Swiss-Model server for further refinement (37).

Functional Studies of CclA Ion Channels—Lipid bilayers and
CclA liposomes were prepared as described previously (27).
CclA liposomes were added to the bilayer, and single channel
recording was carried out as previously described. For anion
permeability studies, single channel recording experiments
were performed under asymmetric ionic conditions. The cis
chamber contained 0.5 M NaCl, and the trans chamber con-
tained 0.5 M NaX, where X was F~, Br~, NO;, CH,COO™, or
H,PO, —. Both chambers were buffered with 10 mm HEPES
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(pH 7.4). For pH experiments, the buffer solution was changed
from HEPES (for pH 7.4) to either MES for pH 5.0 or to TAPS
for pH 9.0. For symmetric pH studies, the same buffer solu-
tion was used in both the cis and trans chambers, whereas for
asymmetric studies, the cis chamber contained the lower pH
solution.

Fluorine NMR Studies—CclA was dissolved in 90% H,O and
10% D,O water to a concentration of 1 mm. The pH of the
sample was 3.8, due to residual trifluoroacetic acid following
HPLC purification. The sample was titrated with sodium fluo-
ride (adjusted to pH 3.8) by addition 0f 0.5, 1, 1.5, 2, and 3 molar
eqs of sodium fluoride. The resulting one-dimensional fluorine
spectra were monitored by NMR on a Varian VNMRS 500 MHz
spectrometer equipped with a 'H '°F Z gradient probe capable
of '°F direct detection. Control experiments with sodium fluo-
ride and trifluoroacetic acid in the absence of protein were also
performed at pH 3.8.

RESULTS AND DISCUSSION

Preliminary Structural Studies—Prior to initiating NMR
studies, a stereochemical analysis of the constituent amino
acids in CclA was done, as two of the circular bacteriocins (gas-
sericin A and reutericin 6) are known to contain b-residues (11).
Following hydrolysis, derivatization, and chiral gas chromatog-
raphy mass spectrometry, it was found that that CclA contains
only L-amino acids (supplemental Fig. 1). Complete experimen-
tal details are listed in the supplemental data. To determine the
oligomeric state of CclA under different pH and salt conditions,
a combination of dynamic light scattering and NMR experi-
ments were performed. Our results show that, in contrast to
AS-48, CclA is monomeric under physiological conditions
(details listed in supplemental data).

Chemical Shift Assignments of CclA—To facilitate NMR
studies, a {*°N,'*C}-labeled sample of CclA was prepared by
growing the producer organism in isotopically enriched com-
plex media. The ""N-HSQC spectrum of CclA shows good
spectral dispersion, with 58 of the 60 amides displaying unique
chemical shifts (supplemental Fig. 3). A suite of three-dimen-
sional, triple resonance experiments allows full assignment of
the backbone resonances of CclA (38). Chemical shift index
analysis (39) of the a-carbons suggests that CclA contains four
distinct helices, separated by short loops (data not shown). In
addition, chemical shift index values indicate that the N and C
termini of CclA are involved in a helical segment. Complete
side chain chemical shift assignments were achieved through a
combination of homonuclear and heteronuclear multidimen-
sional experiments.

Structure of CclA—The structure of CclA was calculated with
CYANA 2.1 (30), using a combination of manually and auto-
matically assigned distance constraints generated from NOE
experiments and angle constraints from the HNHA experiment
and the program TALOS (31). A family of 20 structures, repre-
sentative of the solution structure of CclA, was obtained. This
ensemble of structures is well superimposed, as shown in Fig. 1.
The structural statistics for this ensemble of structures are
listed in Table 1. CclA contains four helices, comprised of res-
idues GIn®-Ala?° (al), Val**~Leu®! (a2), Leu**-GIn>? (a3),
and Ile**~Tyr* (a4). The linkage between the N and C termini
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FIGURE 1. Overlay of the 20 lowest energy conformers of CclA. A, back-
bone representation. Residues 1 and 60, which are covalently linked by a
peptide bond, are highlighted in blue and red, respectively. B, cartoon repre-
sentation. Helices a1, a2, a3, and o4 are colored blue, green, yellow, and red,
respectively. The N-to-C linkage is indicated with an arrow.

TABLE 1
Structural statistics for CclA®
NOE restraints 657
Intraresidual (|i — j| = 1) 209
Short range (|i — j(z 1) 179
Medium range (1 <|i — j| <5) 144
Long range (i — j| = 5) 125
Dihedral angle restraints (® and W)” 98
Coupling constants (*/;;nia) 43

Ramachandran plot®

@/V in most favored region 94.0%
@/WV in additionally allowed region 6.0%
®/W¥ in generously allowed region 0.0%
@/WV in disallowed region 0.0%
Atomic r.m.s.d. (A)
Backbone atoms (residues 1-60) 0.62 £ 0.16
Backbone atoms (residues 1-32 and 38-60) 0.53 £ 0.12
Heavy atoms (residues 1-60) 1.02 +0.13
Heavy atoms (residues 1-32 and 38-60) 0.93 £ 0.09

“20 lowest energy structures.
? Generated with TALOS.
¢ For residues 1-60.

of CclA is located within a4. In general, the helices are con-
nected by short, well defined loops. However, a longer, more
flexible loop is located between helices 2 and 3. This region,
spanning Gly*? to Gly*’, contains three glycines and exhibits
the highest degree of flexibility in the structure. When these six
residues are excluded from the r.m.s.d. calculation, the r.m.s.d.
of the ensemble decreases from 0.62 A to 0.53 A. The four
helices of CclA are amphiphilic, with extensive packing of
hydrophobic side chains into the interior of the protein (Fig.
2A). Several long range NOEs between hydrophobic side chains
help stabilize the arrangement of the four helices.

Surface Features of CclA— Although most of the hydrophobic
side chains of CclA are in the hydrophobic core, there are sev-
eral solvent exposed hydrophobic residues (Fig. 2B). These res-
idues form a hydrophobic strip that runs along the interface of
al and a2. The crystal structure of AS-48 exhibits similar fea-
tures, as the formation of a water soluble dimer arises from
interactions between hydrophobic residues on the surfaces of
al and a2 (21). As our results show that CclA does not form
dimers in solution, these hydrophobic patches could assist
interaction of the peptide with the lipophilic portion of the
target membrane. CclA also has a hydrophobic cleft encircling
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FIGURE 2. Structural characteristics of CclA. A, ribbon diagram depicting
the compact, hydrophobic core of CclA. Hydrophobic sidechains are
drawn as sticks. B, surface plot illustrating solvent exposed hydrophobic
residues. Yellow indicates hydrophobicity from lle, Leu, Val, and Phe.
C, electrostatic surface potential of CclA. Blue and red indicate positive and
negative charge, respectively. Key residues are labeled. The helical dia-
grams show the orientation of CclA.
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FIGURE 3. Comparison of CclA and AS-48. A, structural alignment of the two bacteriocins. CclA is blue, and
AS-48is green. The helices of each are labeled accordingly. B, sequence alignment of CclA and AS-48, according
to ClustalW (36). Residues shaded in gray represent helical regions. Conserved residues are denoted with an
asterisk; conservative substitutions are indicated with a colon, and semi-conservative substitutions are indi-

cated with a period.
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the turns connecting a4/al and o2/a3. This region may be
crucial for recognition and interaction with the enzyme(s)
responsible for the cyclization of the N and C termini of CclA.
The cyclization of CclA requires the loss of a four residue leader
sequence (MLYE) and the covalent union of two leucine resi-
dues, ultimately located within a4. The point of linkage is sur-
rounded by this cleft, and, as such, the hydrophobic nature of
the cleft may facilitate interaction of the linear pre-CclA with
the cyclization enzyme(s), help bring the termini of the peptide
into close proximity, and stabilize the hydrophobic residues
that must contact each other.

In addition to hydrophobic patches, the surface of CclA
exhibits a prominent positive region, located along a3 and a4
(Fig. 2C). CclA contains five lysine residues, four of which are
located within this stretch (Lys*®, Lys®!, Lys®®, and Lys>°).
Again, a similar situation is seen with AS-48, wherein seven
lysines reside in this section (20). In the case of AS-438, it has
been suggested that this positive charge is essential for mem-
brane insertion through a mechanism known as molecular elec-
troporation (20, 23). According to this mechanism, when a pep-
tide carrying sufficient charge density binds to the surface of a
membrane, the local electric field associated with the peptide
causes destabilization of the membrane, allowing for insertion
of the peptide (40). However, it has also been shown that that
this region alone is not sufficient for antibacterial activity. In
2004, Jiménez et al. (22) reported that a fragment of AS-48,
bearing these charges and adopting a similar helical conforma-
tion to the native peptide, did not exhibit antibacterial activity.
As such, this charged portion of the peptide must act in concert
with other portions of the bacteriocin to exert the killing effect
on target bacteria.

Comparison of CclA to AS-48—The structure of CclA is
remarkably similar to that of AS-48, even though their
sequences share only 30% identity. Both structures are highly
compact, globular peptides, comprised of four or five helices
enclosing a hydrophobic core. The two structures align surpris-
ingly well, with an r.m.s.d. of ~3.0 A across the entire sequence
(Fig. 3). The superposition of CclA and AS-48 shows that in
general, the helices are similar in length and assume similar
orientations. For both structures, a1 and a2 are closely aligned,
as are o4 of CclA and o5 of AS-48.
In both molecules, the covalent
linkage between the N and C ter-
mini resides in the last helix, at
approximately the same three-di-
mensional location. In addition to
having a similar architecture, CclA
shares many surface features with
AS-48, particularly the hydrophobic
o3 and cationic sections discussed
above.

The most notable difference
between CclA and AS-48 is that the
latter contains an additional helix.
Alignment of their structures illus-
trates that a3 of AS-48 and the
extended strand of CclA occupy the
same relative location. Because

a3lo4

odlo5

~LVAYGIAQGTAEKVVSLINAGLTVGSIISILGGVTVG—-=———— LSG---VFTAVKAAIAKQGIKKAIQL

sk * kekx g X
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(A) Group i
CclAa -LVAYGIAQGTAEKVVSLINAG---LTVGSIIS-ILG-G--——-— VTVGLSGVFTAVKAAIAKQGIKKAIQL (60)
LactQ LIDHLGAPRWAVDTILGAIAVG----NLASWVL-ALVPG-PGWAVKAGLATAAAIVKH----QGKAAAAAW (61)
AS-48 MAKEFGIPAAVAGTVLNVVEAGGWVTTIVSILT-AVGSGGLSLLAAAGRESIKAYLKKEIKKKGKRAVIAW (70)
CirA VAGALGVQTAAATTIVNVILNAGTLVTVLGIIA-SIASGGAGTLMTIGWATFKATVQK-LAKQSMARAIAY (69)
Uber LAGYTGIASGTAKKVVDAIDKGAAAFVIISIISTVISAGALG-AVSASADFIILTVKNYISRNLKAQAVIW (70)
* s weiss @ . T w @ 3 * 33 s
(B) Group ii
GassA IYWIADQFGIHLATGTARKLLDAMASGASLGTAFAAILGVTLPAWALAAAGALGATAA (58)
Reut6 IYWIADQFGIHLATGTARKLLDAMASGASLGTAFAAILGVTLPAWALAAAGALGATAA (58)
B-AR10 IYFIADKMGIQLAPAWYQDIVNWVSAGGTLTTGFAIIVGVTVPAWIAEAAAAFGIASA (58)
*hokhkgohkokh, Swne s Se R *h kgk g
(C) CclA lactocyclicinQ circularin A uberolysin
7 A > »
s’ < )
aly

(N

FIGURE 4. Sequence alignment and predicted secondary structure for the group i and group ii circular
bacteriocins. Sequences were classified into groups i (A) and ii (B), as suggested by Cotter et al. (1) and aligned
with ClustalW (36). Residues highlighted in pink are predicted to be helical, and residues highlighted in green
are predicted to be either extended strand or helical. Conserved residues within are denoted with an asterisk;
conservative substitutions are denoted with a colon, and semi-conservative substitutions are indicated with a
period. C, structural features of the group i circular bacteriocins. Lactocyclicin Q was homology modeled after
CclA, whereas circularin A and uberolysin were modeled after AS-48. The top panel depicts the helical orienta-
tion of the peptides, and the bottom panel illustrates hydrophobic patches resulting from L, |, V, M, F, and W

Group i contains the disparate bac-
teriocins (CclA, lactocyclicin Q,
AS-48, circularin A, and uberoly-
sin), whereas the highly homolo-
gous bacteriocins (gassericin A,
reutericin 6, and butyvibriocin
AR10) comprise group ii. Our
results reveal that even though CclA
and AS-48 have low sequence iden-
tity, their three-dimensional struc-
tures are remarkably similar. Addi-
tionally, CD studies of gassericin A
and reutericin 6 and sequence anal-
ysis of lactocyclicin Q indicate
that these bacteriocins also contain
helical secondary structure ele-
ments (11, 16). We propose that
both groups of circular bacteriocins
share the common overall struc-
tural motif of a saposin fold (25).
To investigate this, we examined
their potential structures through a
combination of secondary structure
prediction (using JPRED and PSI
servers) and homology modeling
(Fig. 4).

For the group i circular bacterio-
cins, sequence alignment shows
that the greatest similarity exists
among the N-terminal domain of

(yellow). A black arrow indicates the position of the N-to-C cyclization.

CclA is shorter than AS-48 by 10 residues, it is unable to form a
well defined helix at this site. Other differences can be observed
between a3 of CclA and a4 of AS-48. In particular, a3 of CclA
is longer and has a slight bend, and its N-terminal portion does
not overlay well with a4 of AS-48. As can be seen from the
overlay, the extended strand and kink in a3 allows the shorter
CclA to maintain its overall alignment with AS-48.

The program DALI (41) was used to identify proteins with
similar features to CclA. As expected, the highest similarity was
with AS-48 (Z,..,. 6.9 and r.m.s.d. 2.7 A across 58 residues). In
addition, several saposin and saposin-like peptides were also
identified. Saposins A and C (42), which act as lipid degrading
enzymes and are known to interact with the cell membrane,
were found to be remarkably similar to CclA (saposin A: Z

4.5 and r.m.s.d. 2.4 A across 53 residues; saposin C: Z,_,. 3.9
and r.m.s.d. 2.4 A across 50 residues), despite very low sequence
similarity. In addition, the saposin-like peptides amoebapore A
(43) and NK-lysin (25), which lyse bacterial and eukaryotic
cells, also displayed high structural similarity to CclA (amoeba-
pore A: Z_ . 4.2 and rm.s.d. 2.9 A across 54 residues; NK-
lysin: Z_..,. 3.2 and r.m.s.d. 2.6 A across 51 residues). The
sequence and structural alignment of CclA to these saposin and
saposin-like peptides is illustrated in supplemental Fig. 4.

Do the Circular Bacteriocins Share a Common Structural
Motif?—It has been suggested that the circular bacteriocins be

divided into two subclasses according to their sequence (1).
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these peptides, and this region is

predicted to contain two distinct
helices, ranging approximately from residues 8 —20 and 20 —34.
For both CclA and lactocyclicin Q, a stretch of six or seven
residues with a high number of helix breaking residues (glycines
and prolines) is found after a2, followed by a long helical sec-
tion. Indeed, this prediction matches the observed structure of
CclA in which a long extended loop separates a2 from a3 and a
short tight loop demarks a3/a4. For the longer bacteriocins
AS-48, circularin A, and uberolysin, an additional helical seg-
ment is predicted. As can been seen from the sequence align-
ment and the superposition of CclA with AS-48, this extra helix
is located after o2. Thus, it is likely that circularin A and ubero-
lysin contain five helices (like AS-48), whereas the shorter cir-
cular bacteriocins have four helices. To further examine these
structures, we performed homology modeling of the group i
bacteriocins. Lactocyclicin Q was modeled after CclA, whereas
circularin A and uberolysin were modeled after AS-48. For
comparison, we also predicted the structure of CclA by thread-
ing it onto AS-48. The resulting model of CclA matched well to
the experimental NMR solution structure, with very slight dif-
ferences in the orientation of the four helices. The structural
and surface features of CclA and AS-48 also match the pre-
dicted structures of the other bacteriocins of group i. All these
bacteriocins have a nonpolar core with hydrophobic patches on
their surfaces (Fig. 4C). In addition, they exhibit substantial
positive patches on their surfaces, though in slightly different
locations (supplemental Fig. 5). Inspection of the aligned pri-
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mary sequences (Fig. 44) shows that CclA, AS-48, and circula-
rin A have a high density of basic residues toward the end of
their C-terminal domains (a3/aa4 for CclA and a4d/a5 for
AS-48 and circularin A), whereas the sequence of uberolysin
shows several basic residues in both the extreme N and C ter-
mini (a5/al). Lactocyclicin Q differs from the other bacterio-
cins in this regard. Its basic residues are more uniformly distrib-
uted along the sequence of this peptide, with only a small
positively charged patch located at the turn connecting a3/a4.
The homology model of lactocyclicin Q also shows several neg-
atively charged patches on the surface of this bacteriocin (sup-
plemental Fig. 5).

For the highly homologous bacteriocins of subgroup ii (gas-
sericin A, reutericin 6, and butyvibriocin AR10), sequence anal-
ysis predicts four helices, approximately equal in length, located
between residues 16-25, 29-38, 40-49, and 52-5 (Fig. 4B).
They are separated by short loops containing either glycines or
prolines. This group, although homologous to each other,
shares very low similarity to the group i bacteriocins. Further-
more, the physical properties of this subgroup are different, as
these peptides contain many more acidic residues and have
predicted isoelectric points (pI ~5) much lower that those of
subgroup i (pI ~10). Nonetheless, it appears likely that the
overall structure of this group of bacteriocins closely matches
that of CclA, with four helices enclosing a compact hydropho-
bic core with an overall saposin fold.

CclA Ion Channel Characteristics—Recent studies have
shown that CclA forms anion selective channels in lipid bilayers
(27). We have further characterized the permeability of these
channels by performing a series of anion substitution experi-
ments, using either monatomic halide anions (F~ and Br™)
or polyatomic monovalent anions (H,PO,, NO;, and
CH,COOQO"). For each anion, the observed single channel con-
ductance was linear, within the range —100 mV to +100 mV
(supplemental Fig. 6), and was equal to (in picosiemens): 50.2
(E), 1634 (Br~), 924 (H,PO;), 154.4 (NO), and 110.9
(CH;COO™). The permeability sequence, deduced from the
reverse membrane potentials, follows the pattern NO; >
Cl” > CH,COO™ >F >Br > H,PO, and corresponds to
the sixth Eisenman permeability sequence (44). This pattern
suggests that the electrostatic interaction energy between an
anion and a channel binding site is much larger than the dehy-
dration energy needed to tear the permeant anion out of water
(44).

We also examined the effect of pH on the functional proper-
ties of the CclA pores. Under different pH conditions, the I-V
relationship for the CclA channels were linear and acidic con-
ditions facilitated channel conductance (supplemental Fig. 7).
Under symmetric conditions, the conductance was measured
to be 134.8, 154.1, and 226.8 picosiemens at pH 9.0, 7.4, and 5.5,
respectively. The largest conductance (372.2 picosiemens) was
observed under asymmetric conditions in which the cis cham-
ber was set at pH 5.5, and the ¢rans chamber was set at pH 7.4.
These results suggest that the pH of the solution does not affect
channel conformation, as conductance was observed at all of
the pH values tested. This is in agreement with our NMR stud-
ies that show minimal change in spectral dispersion of CclA
across a broad range of pH conditions.
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Although pH does not affect channel conformation, it has a
pronounced effect on the stability of the CclA pore. Under
acidic conditions, greater conductance is observed, suggesting
that the CclA ion channel is more stable and that anion perme-
ation is facilitated. At neutral pH, the five lysine side chains of
CclA would be protonated, imparting a localized, positive
charge on the molecule. At lower pH, the side chain of Glu'?
would also be protonated, further enhancing the net positive
charge of the molecule. This net positive charge is likely a key
component in both attracting CclA to the anionic lipid mem-
brane and facilitating membrane insertion via molecular elec-
troporation (40). A similar argument has been proposed in the
case of pore formation by AS-48 (20, 23).

Unlike AS-48, pore formation by CclA is voltage-dependant;
the membrane potential affects both CclA channel activation
and kinetics. Channel activation occurs with negative potential
(—100 mV) and subsequent inactivation with positive potential
(100 mV) (supplemental Fig. 84). This effect occurs on the time
scale of seconds to minutes, and thus, is much slower than the
voltage-dependent effects observed in voltage-gated ion chan-
nels, such as sodium and potassium channels (45). CclA chan-
nel gating is affected by applied membrane potentials (supple-
mental Fig. 8B). At —100 mV, the averaged open time was 1.6 s
and 3.1 s at —80 mV. The membrane potential had no signifi-
cant effect on CclA channel gating in the range of —40 to 40 mV
(data not shown).

Fluoride Binding to Ccl[A—Because our functional studies
revealed that CclA is capable of transporting fluoride ions, we
examined the interaction between fluoride and CclA by NMR.
In an initial set of experiments, CclA was titrated with sodium
fluoride, and the chemical shift of the fluoride was monitored
by '’F NMR. The results reveal at least two modes of binding
between fluoride and CclA (Fig. 5). Prior to the addition of
exogenous fluoride, a small peak at —156.9 ppm is apparent.
This endogenous fluoride likely originates from exposure to
Teflon®, which has been shown to produce small amounts of
fluoride ion in aqueous solution (46). Excess CclA immediately
captures this. Upon addition of sodium fluoride (0.5 and 1.0
molar eq), another peak appears at —156.3 ppm. Further addi-
tion of sodium fluoride (1.5, 2.0, and 3.0 molar eq) yields a third
peakat —155.2 ppm. This third peak has a chemical shift equiv-
alent to that observed for fluoride anion in the absence of CclA
(pH 3.8) and represents unbound fluoride. Thus, the results
indicate at least two different binding modes between CclA and
fluoride. At low concentrations of anion, fluoride assumes one
particular mode of binding; this mode is subsequently replaced
by another as the concentration of this anion increases and
exceeds a molar equivalent.

Because the interaction between fluoride and CclA could be
observed by '°F NMR, the effect of fluoride on the backbone
amides and lysine side chains of CclA was examined by NMR
spectroscopy. Upon addition of sodium fluoride, no changes in
the backbone amides of CclA were observed in the regular >N-
HSQC spectrum. Using an upfield "*N-HSQC experiment,
three of the five lysine e-amino groups were detected, and the
identity of these groups was assigned with a "»N-TOCSY-
HSQC spectrum (details are listed in the supplemental data).
However, no significant changes in the spectra of these side
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FIGURE 5. "°F NMR spectra of sodium fluoride titrated against CclA (1 mm
in 90% H,0 and 10% D,0, pH 3.8). Spectra were recorded on a 500 MHz
Varian VNMRS spectrometer. The fluoride signal present in the 0 eq sodium
fluoride spectrum is due to endogenous fluoride interacting with CclA.

chains were detected when fluoride was added. This is not sur-
prising, as CclA binds and transports different anions, includ-
ing acetate and presumably trifluoroacetate. Purified CclA con-
tains trifluoroacetate as its counterion from the HPLC
purification, which can be seen by a large peak at —78 ppm in
the "F NMR spectrum. Hence, prior to addition of sodium
fluoride, the residues involved in fluoride binding are likely
already held in an anion-binding conformation due to interac-
tion with trifluoroacetate, and no significant structural rear-
rangement of CclA occurs. Similarly, the effect of other anions
(phosphate and chloride) on the backbone structure of CclA
did not result in any detectable changes by *>’N-HSQC. Taken
together, the results suggest that the two different peaks
observed by *°F NMR for fluoride bound to CclA may be due to
different hydrogen-bonding ligands (e.g. water and protonated
e-amino groups of lysine) attached to this anion at a single site.

In summary, our studies show that despite varied sequence
similarity, the circular bacteriocins likely share a common
structural motif. This consists of four or five conserved « heli-
ces enclosing a compact hydrophobic core with the common
architecture of the saposin fold. The bacteriocins with longer
primary sequences are able to adopt the additional helix, which
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is located after helix a2. This architecture imparts unique sta-
bility to these potent antimicrobial peptides and undoubtedly
mediates their individual modes of action at the target mem-
brane. The structures of CclA and AS-48 and the homology
models of circularin A, uberolysin, and lactocyclicin Q show
that a cluster of basic residues imparts a highly localized posi-
tive charge on the surface of the peptide. This conserved motif
is likely responsible for attracting the peptides to the surface of
the anionic target membrane. Differences in individual mech-
anism, such as anion transport by CclA and pore creation by
AS-48, most likely result from variations of surface features on
the conserved framework. Further structural and mutational
studies on the circular bacteriocins will help elucidate how
these peptides exert their killing action.
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