
APPLIED AND ENVIRONMENTAL MICROBIOLOGY,
0099-2240/99/$04.0010

July 1999, p. 2895–2900 Vol. 65, No. 7

Copyright © 1999, American Society for Microbiology. All Rights Reserved.

Delineation of Key Amino Acid Side Chains and Peptide
Domains for Antimicrobial Properties of Divercin V41,

a Pediocin-Like Bacteriocin Secreted by
Carnobacterium divergens V41

PARWIN BHUGALOO-VIAL,1,2 JEAN-PAUL DOULIEZ,1 DANIEL MOLLÉ,3

XAVIER DOUSSET,2 PATRICK BOYAVAL,3 AND DIDIER MARION1*
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Divercin V41 (DV41) is a class IIa bacteriocin produced by Carnobacterium divergens V41. This antilisterial
peptide is homologous to pediocin PA-1 and contains two disulfide bonds. To establish the structure-activity
relationships of this specific family of bacteriocin, chemical modifications and enzymatic hydrolysis were
performed on DV41. Alteration of the net charge of this cationic bacteriocin by succinylation and acetylation
revealed that, in a certain range, the electrostatic interactions were surprisingly not necessary for the activity
of DV41. Cleavage of DV41 by endoproteinase Asp-N released two fragments N1[1–17] and N2[18–43]
corresponding to the conserved hydrophilic N-terminal and the variable hydrophobic C-terminal sequences,
respectively. Inhibitory assays showed that only the C-terminal fragment was active, and after trypsin cleavage
at Lys42 or disulfide reduction it lost its inhibitory activity. These results suggested that both hydrophobicity
and folding imposed by the Cys25-Cys43 disulfide bond were essential for antilisterial activity of the C-terminal
hydrophobic peptide. Chemical oxidation of tryptophan residues by N-bromosuccinimide demonstrated that
these residues were crucial for inhibitory activity since modification of any one of them rendered DV41 inactive.
On the contrary, only the modification of all the three tyrosine residues caused a total loss of antilisterial
activity. These latter results strengthened previous results suggesting that the N-terminal domain containing
the YGNGV consensus sequence was not involved in the binding of DV41 to a potential specific receptor on
listerial cells.

Lactic acid bacterium (LAB) bacteriocins are antimicrobial
peptides which could be useful as natural and nontoxic food
preservatives. These compounds could also be considered for
other applications in human health and may provide new ap-
proaches for dealing with antibiotic-resistant bacteria (22).
LAB bacteriocins can be generally divided in two main classes,
the lantibiotics and nonlantibiotic peptides. Among the latter,
the class IIa bacteriocins (17) are cationic heat-stable and
membrane-active peptides, containing one or two disulfide
bonds. Members of this group are amphiphilic with a hydro-
philic conserved NH2-terminal domain and a hydrophobic
variable COOH-terminal of equivalent size. The structure of
leucocin A, a class IIa member with one disulfide bond, has
been recently obtained by nuclear magnetic resonance (12).
The hydrophilic domain forms a three-strand antiparallel
b-sheet stabilized by an intramolecular disulfide bond, while
the C-terminal domain forms an amphipathic helix in lipid
micelles. This structure is compatible with the pore-forming
properties of pediocin-like bacteriocins (5).

If it is now accepted that the membrane is the primary target
of bacteriocins, it is still not known how the peptide inserts into
membrane to form a structured pore. In the first step of ad-
sorption onto membranes, the necessity of a specific receptor is

still discussed (4, 5). As for other membrane active peptides
and proteins (8, 9, 19, 29), this process could only require the
highly hydrophobic and cationic character of the bacteriocin. A
preliminary response can be done by changing chemically, en-
zymatically, or genetically the chemical structure of some
amino acid side chains. For example, Fleury et al. (11) and
Quadri et al. (24) have recently shown from synthetic mesen-
tericin Y105 and recombinant carnobacteriocin B2 mutants,
respectively, that changing just a residue in both the N- and the
C-terminal domains induces important and often complete loss
of the inhibitory activity of the corresponding bacteriocins.
Chen et al. (3) in studies with synthetic peptides have sug-
gested that the N-terminal is involved in the electrostatic in-
teraction of class IIa bacteriocins with anionic membrane
phospholipids of target cells.

As a part of these structure-function studies we have per-
formed, for the first time, different chemical and enzymatic
modifications on divercin V41 (DV41), a class IIa bacteriocin
containing two disulfide bonds. DV41 is a 43-amino-acid pep-
tide of 4,509 Da with two disulfide bonds, produced by Car-
nobacterium divergens V41 (21, 23) (Fig. 1). The results high-
lighted the respective roles of the conserved N-terminal and
variable C-terminal domains, as well as of some amino acid
side chains.

MATERIALS AND METHODS

Chemicals and enzymes. Tetranitromethane (TNM), dithiothreitol (DTT),
hydroxylamine, and trifluoroacetic acid (TFA) were purchased from Sigma-
Aldrich Fine chemicals (St. Quentin Fallavier, France). Iodoacetamide, succinic
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anhydride, and N-bromosuccinimide (NBS) were from Merck (Darmstadt, Ger-
many). Acetic anhydride was from Prolabo (Gradignan, France). Sequencing-
grade endoproteinase Asp-N and trypsin were from Boehringer Mannheim
(Meylan, France). High-performance liquid chromatography (HPLC)-grade ace-
tonitrile (ACN) was purchased from SDS (Marseille, France).

Bacterial strains, culture conditions, and production of DV41 and inhibitory
activity. C. divergens V41 isolated from fish viscera (ENITIAA, Nantes, France)
and Listeria innocua F (IFREMER, Nantes, France) were maintained at 280°C
in MRS broth (6) containing 15% (vol/vol) glycerol. Before use, the strain was
cultivated twice for 24 h at 30°C in MRS broth (Biokar, Beauvais, France).

C. divergens V41 was grown on a Tween-deficient MRS medium. Temperature
was maintained at 20°C, and pH was regulated at 6.5 by automatic addition (SET
2M; SGI, Toulouse, France) of 6 N NaOH (23). Inhibitory activity was tested
against L. innocua F, grown in Elliker medium (Biokar, Beauvais, France)
containing 10 g of agar per liter. The 10 ml of DV41 or modified DV41 was
spotted onto agar plates containing the indicator strain. Bacterial activity was
monitored by monitoring the appearance of an inhibition zone (1).

DV41 was purified from the supernatant of a 2-liter culture of C. divergens V41
by using Triton X-114 phase-partitioning technique (2). Briefly, Triton X-114 was
added to the culture medium at up to 2% (wt/vol) at 4°C. After heating at 35°C
and phase separation, the lower detergent-rich phase was removed, diluted 10
times with water and loaded onto a carboxymethyl cellulose C200 (Amicon,
Beverly, Mass.) column (20 by 2.5 cm). The excess of the nonionic detergent was
washed out by elution with deionized water. DV41 was eluted with a gradient of
from 100% deionized water to 100% 0.7 M NaCl in deionized water. Fractions
containing DV41 were detected by absorbance at 280 nm and by the inhibition
spot assay. DV41 was desalted and purified by preparative reversed-phase HPLC
(RP-HPLC) as described below.

The protein concentration was determined by the bicinchoninic acid proce-
dure as described by the supplier with bovine serum albumin as a standard
(Pierce Europe, Oud Beijerland, The Netherlands).

Chemical modifications. DV41 was reduced and alkylated according to the
method of Yan et al. (30). Then, 200 mg of peptide was dissolved in 0.1 M
Tris-HCl (pH 8.5) buffer containing 6 M guanidine chloride. A 50 M excess of
DTT was added. The reaction was allowed to proceed overnight at room tem-
perature under a nitrogen atmosphere. Then, iodoacetamide was added (10
times the mass of DTT used), and the mixture was placed in the dark for 1 h
under nitrogen.

DV41 was succinylated according to the method of Klotz (18). A total of 100
mol of succinic anhydride per mol of amino group (ε-NH2 and NH2-terminal)
was added in small aliquots to a vigorously stirred solution of DV41. The pH was
maintained at 8.0 to 8.5 by the addition of 1 M NaOH with a pH stat (645
Multi-Dosimat). The reaction was allowed to proceed during 1 h at room tem-
perature.

Acetylation of DV41 was carried out according to the method of Riordan and
Vallee (25). A 3 M excess of acetic anhydride was added per mol of NH2 group.
A basic pH (ca. 10) was maintained by the addition of 1 M NaOH with a pH stat.

Tryptophan residues were oxidized by the addition of NBS at room temper-
ature according to the procedure described by Spande et al. (28). Oxidation of
tryptophan to oxindolealanine was followed by measuring the absorbance of
these chromophores on a Cary E1 spectrophotometer (Varian) and by the
decrease of the intensity of tryptophan fluorescence on a Fluoromax spectrofluo-
rimeter (SPEX, Edison, N.J.). DV41 (11 mmol) was solubilized in a 50 mM
sodium acetate solution (pH 4.5), and small aliquots (1 ml) of 10 mM NBS in the
same buffer were added. For spectrophotometry, a scan was recorded at from
240 to 350 nm to monitor the increase of absorbance at 250 nm (oxindoleala-
nine), while the absorbance at 280 nm corresponding to tryptophan residues
decreased. For spectrofluorimetry, the emission spectra of tryptophan residues
were recorded from 300 to 400 nm with an excitation wavelength set at 295 nm.

Nitration of tyrosine residues was performed as described by Sokolovsky et al.
(27). Aliquots from a freshly prepared stock solution of 25 mM TNM in 96%

ethanol were mixed thoroughly with pure DV41 (20 to 30 mM) solubilized in 0.1
M NH4HCO3 (pH 8.0). Nitration proceeded for 60 min at 25°C.

Enzymatic cleavage of DV41. Endoproteinase Asp-N was used as recom-
mended by the supplier. The lyophilized enzyme was suspended in 50 ml of
distilled water, resulting in a buffer concentration of 10 mM Tris-HCl (pH 7.5).
DV41 was solubilized in a 50 mM sodium phosphate buffer (pH 8.0). The enzyme
was added in a ratio of 1:50 (wt/wt). Digestion was allowed to proceed at 37°C for
18 h.

For the cleavage with trypsin, the lyophilized enzyme was solubilized in deion-
ized water containing 0.01% (vol/vol) TFA. The peptide was dissolved in a 20
mM ammonium acetate buffer (pH 8), and the enzyme was added in a ratio of
1:100 (wt/wt). Digestion was allowed to proceed at 37°C for 12 h.

Purification of modified DV41 and endoproteinase peptides. After nitration,
excess reagent was eliminated by using batch ion-exchange chromatography.
Carboxymethyl cellulose C200 gel was added to the reacting medium, and ad-
sorption was allowed to take place for 30 min at room temperature. The gel was
then washed with deionized water, and finally the modified DV41 was eluted by
using 0.1 M Tris-HCl (pH 8) buffer containing 0.5 M NaCl.

All of the modified and cleaved peptides except acetylated DV41 were finally
purified by analytical RP-HPLC. The samples were loaded on a C18 Nucleosyl
column (250 by 4.6 mm, 5-mm-diameter particles, 300 Å; CIL, Bordeaux,
France). Elution was performed at 50°C with a linear gradient from 100%
deionized water with 0.06% TFA (solvent A) to 100% ACN with 0.04% TFA
(solvent B) in 50 min at 1 ml/min. Peptides detected by absorbance at 220 nm
were collected manually. To prevent from cross-contamination, only a fraction of
the corresponding absorbance peaks (generally near the top of the peak) was
collected.

To purify acetylated DV41, semipreparative RP-HPLC was performed at
50°C. The sample was loaded on a C18 Nucleosyl column (250 by 10 mm, 300 Å,
5-mm-diameter particles; CIL). After the loading, the salt was washed away by
elution with 100% solvent A for 10 min. Then, the peptides were subjected to a
linear gradient from 80% solvent A to 100% solvent B in 30 min at 3 ml/min and
were detected by their absorbance at 280 nm.

Mass spectrometry and amino acid sequencing. Molecular mass was deter-
mined by using an API-III Plus mass spectrometer (Sciex, Thornhill, Canada)
equipped with an atmospheric pressure ionization source (Electro-Spray mass
spectrometer [ES-MS]). The sample analysis was carried out either by an on-line
coupling between MS and RP-HPLC (LC-MS) or by using infusion pump syringe
at a flow rate of 5 ml/min. RP-HPLC columns (Symmetry C18; Waters Corp.,
Milford, Mass.) were eluted at a flow rate of 250 ml/min with a split to the MS
ionization source that was set at a flow rate of 30 ml/min. The instrument scale
for the mass-to-charge (m/z) ratio was calibrated with the ions of the ammonium
adduct of polypropylene glycol. Scan data were obtained with Tune 2.5, and mass
calculation was done with Biomultiview 1.2 (Software package Sciex).

The N-terminal amino acid sequence of DV41 was obtained by Edman deg-
radation performed on a model 447A gas-phase sequencer equipped with an
on-line 120A phenythiohydantion amino acid analyzer (Applied Biosystems,
Foster City, Calif.).

RESULTS

Endoproteinase cleavages of DV41. Endoproteinase cleav-
ages were performed on nonreduced DV41. The endoprotein-
ase Asp-N cleaves at the N-terminal end of the aspartic and
cysteic acids. Since DV41 possesses only one aspartic residue
at position 18, two peptides were obtained, N1 and N2, which
were eluted in RP-HPLC at 25 and 38% ACN, respectively
(Fig. 2A). ES-MS revealed that N1 stood for the NH2-terminal

FIG. 1. Amino acid sequence of divercin V41 from C. divergens V41 (21). The modified residues are in boldface letters. N1 and N2 are the resulting fragments
obtained after endoproteinase Asp-N digestion, and T1 and T3 are the resulting fragments after trypsin digestion. An asterisk indicates the cysteine residue involved
in the disulfide bridge that maintains the two fragments.
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fragment, 1-17, while N2 corresponded to the C-terminal frag-
ment, 18-43 (Fig. 1 and Table 1). N2 and the native DV41 were
eluted at the same retention time. Since ES-MS revealed trace
amounts of DV41 in the N2 peak, N1 and N2 peptides were
first separated on the basis of their net charge by use of a batch
cation exchanger. N1 and especially DV41, as positively
charged peptides (net charge 13), were retained on the cation
exchanger, while N2, with a null net charge, was not. The
unbound material was desalted and purified by RP-HPLC,
yielding pure N2 for biological inhibitory assays. Both N1 and
the native DV41 were retained on the ion exchanger and fur-
ther eluted with 0.1 M Tris (pH 8) containing 0.5 M NaCl.
Finally, RP-HPLC afforded peptide N1. Antimicrobial assays
revealed that N1 was totally inactive, whereas N2 still displayed
activity against L. innocua (Table 1).

Trypsin specifically cleaves peptide bonds at the carboxyl
side chains of lysine and arginine. DV41 displayed only four
potential cleavage sites at Lys2, Lys13, Lys14, and Lys42 (Fig.
1). Three main peaks were obtained by RP-HPLC after 12 h of

incubation of DV41 with trypsin (Fig. 2B). One of them (T2)
displayed the same retention time as DV41, and ES-MS con-
firmed that T2 corresponded to the nonhydrolyzed bacteriocin
(Table 1). At an enzyme/DV41 mass ratio of 1:100, trypsin
hydrolysis was not complete. At higher enzyme/DV41 ratios,
i.e. 1:50 and 1:20, we only observed an increase of T1 and T3
in regard to T2, and no other cleavage sites were obtained
(results not shown). According to ES-MS, T3 was shown to be
the 3-43 fragment, indicating that DV41 was cleaved at Lys2
(Table 1). ES-MS showed that tryptic peptide T1 had a mo-
lecular mass of 4,527 Da, which corresponded to the mass of
DV41 plus 18 Da (Table 1). This revealed that the bacteriocin
was indeed cleaved into two fragments that were still attached
by a disulfide bridge (Fig. 1). Amino acid sequencing of T1
yielded two subsequences, TKYYG and XWVD. X corre-
sponded to a blank cycle in Edman degradation and was in-
terpreted as a cysteine residue involved in a disulfide bond.
These results suggested that the cleavage site was at Lys14.
Therefore, T1 stood for fragments 1-14 and 15-43 linked by the
disulfide bond Cys10-Cys15. T1 and T3 were still able to inhibit
the growth of L. innocua. These results are in good agreement
with those obtained with Asp-N cleavage, since both T1 and T2
contained the active N2[18-43] fragment.

When trypsin was added to an Asp-N hydrolysate, two new
main peaks were collected by analytical HPLC (results not
shown). The first peak, with a molecular mass of 1,672 Da
(Table 1), corresponded to peptide 3-13–15-17, in other words,
to peptide N1 cleaved at Lys2, Lys13, and Lys14. As expected,
this peptide was not active since N1 was not active. The second
peptide, with a molecular mass of 2,534 Da (Table 1), corre-
sponded to the fragment N2 [18-43] cleaved at Lys42. This
fragment was composed of peptide 18-42 linked to Cys43 by
the Cys25-Cys43 disulfide bond. This peptide showed no in-
hibitory activity (Table 1). These results suggested that the
folding imposed by the disulfide bond Cys25-Cys43 was essen-
tial for the activity of the N2 peptide.

Role of disulfide bonds on the antimicrobial activity of
DV41. To determine the contribution of the disulfide bridges
Cys10-Cys15 and Cys25-Cys43 (Fig. 1) to the antimicrobial
activity of DV41, they were reduced by DTT and alkylated with
iodoacetamide. This alkylating agent was chosen because it
does not change the net charge of the peptide as does iodoace-
tic acid or hydrophobicity as does 4-vinylpyridine. The alkyla-
tion was complete, as confirmed by ES-MS (Table 2), and the
corresponding peptide was totally unable to inhibit growth of
L. innocua. Therefore, it can be deduced that disulfide bonds
were mandatory for antilisterial activity.

Modification of the net charge of DV41. Acylation of DV41
was performed to show whether its cationic nature (net charge
13) was essential for inhibitory activity. First, succinylation
yielded negatively charged succinyl lysine together with the
N-terminal and two serine residues, as revealed by ES-MS
(Table 2). Serine residues were restored by treating the succi-
nylated DV41 with 0.5 M hydroxylamine for 1 h. As a conse-
quence, the threonine residues were also converted to hydrox-
amic acid. In both cases, the succinylated DV41 was not active
against L. innocua. Second, DV41 was acetylated by acetic
anhydride neutralizing the lysine positive charge. In this case,
only the four lysine residues and the NH2 terminus were mod-
ified (Table 2). The acetylated peptide conserved its inhibitory
activity.

Modification of the aromatic side chains. LC-MS revealed
the presence of different compounds after the addition of NBS
(Fig. 3). W2 corresponded to DV41 with three oxidized tryp-
tophan residues, while W3 and W4 corresponded to DV41
with one oxidized tryptophan (Table 2). The proportions of

FIG. 2. RP-HPLC of endoproteinase digests. (A) Asp-N digest of divercin
V41. N1 and N2 correspond to fragments 1-17 and 18-43, respectively. (B)
RP-HPLC of tryptic digest of divercin V41. T1 and T3 correspond to fragments
1-14–15-43 and 3-43, respectively, and T2 corresponds to DV41.
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W3 and W4 were similar, and the slight difference of their
retention times indicated that each corresponded to DV41
modified at different tryptophan positions. W5 corresponded
to unmodified DV41. Two other compounds, W1 and W6,
were observed by LC-MS with molecular masses of about 843
and 66,000 Da, respectively (Fig. 3 and Table 2). W6 might
correspond to an aggregate of covalently oligomerized DV41
(modified and native) by disulfide bond rearrangement. These
unknown compounds were not further characterized. Even
with just one oxidized tryptophan residue, no inhibitory activity
was observed. Therefore, each tryptophan residue was essen-
tial to antimicrobial activity.

Finally the tryrosine residues were modified by nitration
with TNM. Three main peaks, Y1, Y2, and Y3, were collected

by RP-HPLC, and ES-MS allowed us to classify them as DV41
with one, two, and three modified residues (Fig. 4 and Table
2). Only the peptide with all the three nitrated tyrosine resi-
dues did not exhibit any inhibitory activity against L. innocua.

DISCUSSION

While some studies have been done by using amino acid
substitution and or by truncating the peptide sequence (11, 24),
no similar data are available for class IIa bacteriocins contain-
ing two disulfide bonds, such as pediocin PA-1. In this study,
we used DV41, a bacteriocin which is highly homologous to
pediocin PA-1 and which has been recently characterized (21).

The cationic nature of membrane-active peptides is gener-

TABLE 1. Experimental and calculated molecular masses of the fragments obtained after endoproteinase hydrolysis

Endoproteinase
Molecular

mass from ES-
MS (Da)

Calculated molecular
mass (Da) Identified fragment(s) Inhibitory activity against

L. innocua F

Native divercin 4,508.6 6 0.3 4,509.2 1–43 1c

Endoproteinase Asp-N
N1: NH2 terminus 2,012.1 6 0.1 2,011.3 1–17a 2
N2: COOH terminus 2,516.1 6 0.1 2,515.9 18–43 1

Trypsin
T1: cleavage at Lys14 4,527.4 6 0.4 4,527.2 1–*10-14 1

P
*15–43b

T3: cleavage at Lys2 4,279.5 6 0.4 4,279.9 3–43 1

Asp-N followed by trypsin
Cleavage at Lys2 and Lys13 1,672.19 6 0.3 1,671.9 3–*10-13 2

P
*15–17

Cleavage at Lys42 2,534.3 6 0.5 2,534.0 18–*25-42
P 2
*43

a Boldface letters indicate the cleavage site.
b Cysteine residues involved in the disulfide bridge that maintains the two fragments are indicated by asterisks.
c 1 and 2, presence and absence of inhibitory activity, respectively.

TABLE 2. Experimental and calculated masses of chemically modified peptides

Chemical modification(s) Molecular mass from
ES-MS (Da)

Calculated molecular
mass (Da) Modification Inhibitory activity against

L. innocua F

Reduction and alkylation 4,741.9 6 0.1 4,741.1 Reduction of SS bonds and formation
of S-amidomethyl-cysteines

2

Nitration 4,554.2 6 0.4 (Y1) 4,553.6 1 Tyr-NO2 1
4,598.2 6 0.6 (Y2) 4,599.5 2 Tyr-NO2 1
4,643.2 6 0.2 (Y3) 4,643.5 3 Tyr-NO2 2

Succinylation 5,208.6 6 0.1 5,207.6 Succinylation of Ser-OH, ε-NH2 (Lys)
and NH2 terminus

2

Restoration of Ser after
succinylation
(hydroxylamine, 0.5 M)

5,033.6 6 0.6 5,034.3 Succinylation of ε-NH2 (Lys) and
NH2 terminus

2

Formation of hydroxamic-Thr
Acetylation 4,720.8 6 0.1 4,720.6 Acetylation of ε-NH2 (Lys) and NH2

terminus
1

Oxidation 842.7 6 0.5 (W1) Unknown compound NDa

4,555.2 6 1.5 (W2) 4,557.4 Three Trp modified 2
4,524.2 6 1.5 (W3) 4,525.4 One Trp modified 2
4,525.4 6 1.5 (W4) 4,525.4 One Trp modified 2
4,509.5 6 0.5 (W5) 4,509.4 DV41 1

65,986.0 6 16.0 (W5) Unknown compound ND

a ND, not determined.
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ally essential for their insertion in membranes, probably be-
cause they interact strongly with anionic membrane phospho-
lipids, as demonstrated with nisin (7) and pediocin PA-1 (2).
Upon succinylation, DV41 is transformed into a highly anionic
peptide (net charge of 27) and loses its activity, probably
because repulsive forces impair interaction with the anionic
phospholipids of the membrane. However, acetylated DV41
still displays inhibitory activity. This observation could be con-
tradictory since acetylated DV41 is anionic (net charge, 22)
and succeeds in interacting with the membrane. In the case of
membrane-active cationic peptides or proteins, acetylation of
lysine leads generally to a loss of membrane toxicity (13, 14).
However, Gallagher et al. (12) reported similar results on
leucocin A, a class IIa bacteriocin with just one disulfide bond.
In DV41, as in leucocin A, most of the acetylated residues are
found in the N-terminal hydrophilic part. The inhibitory activ-
ity of acetylated DV41 is in agreement with Asp-N cleavage,
which shows that the C-terminal hydrophobic domain, i.e.,
fragment 18-43, with a null net charge is still active. Further-
more, it is worth noting that acetylation of lysine also increases
peptide hydrophobicity. These results provide the first evi-
dence that the hydrophobicity of DV41 and especially of the
C-terminal peptide is more important than the cationic char-
acter of the bacteriocin for the inhibitory activity. This is in
agreement with the oxidation of the hydrophobic tryptophan

residues which induced a loss of inhibitory activity in DV41.
Similar results have been obtained with Trp37-deleted mesen-
tericin Y105 (11) and Phe33-Ser33 substitution in the C-ter-
minal of carnobacteriocin B2 (24). These results could suggest
that increased hydrophobicity of C-terminal domain would
drive insertion in target membrane to such a degree that elec-
trostatic interaction would no longer be rate limiting. However,
for mesentericin Y105, the C-terminal end alone does not
display any antibacterial activity (11). The hydrophobicity of
the C terminus of DV41 is not sufficient to maintain antimi-
crobial activities since the cleavage at Lys42 by trypsin induced
a loss of antilisterial activity of the Asp-N 18-43 fragment. This
cleavage and disulfide reduction are detrimental to the folding
of the C-terminal part. Therefore, it is obvious that in the case
of DV41, both folding and hydrophobicity are needed for the
expression of inhibitory activity. These results strengthen the
previous hypothesis that the disulfide bond found in the C
terminus is mandatory to the activity of class IIa bacteriocin
containing two disulfide bonds (5).

The importance of the C-terminal hydrophobic part on the
inhibitory activity has already been addressed by Fimland et al.
(10). However, in the case of mesentericin Y105, Fleury et al.
(11) have shown that the N terminus is also essential to the
bacteriocin activity. It has been suggested that, in addition to
its role in the recognition by a receptor, it could also play a role
in the electrostatic interaction with anionic lipids of the target
membrane (3). In the case of DV41, these electrostatic bonds
are not necessary since acetylation still maintains an inhibitory
activity. Furthermore, the trypsin cleavages which either re-
move the two residues at N terminus or break the loop stabi-
lized by the disulfide bond Cys10-Cys15 generates peptide
fragments which are still able to inhibit the growth of L. in-
nocua. The latter cleavage by trypsin is in agreement with
previous observations suggesting that the disulfide bond in the
N-terminal conserved hydrophilic domain is not essential to
the antilisterial activity (5). Only the modification of aromatic
tyrosine and especially tryptophan residues are detrimental to
the activity of DV41. However, it was necessary to modify all
three tyrosine residues to obtain a complete loss of inhibitory
activity. On the contrary, replacing Tyr3 by phenylalanine in
carnobacteriocin B2 (24) and truncated mesentericin Y105
(fragment 4-37) (11) yielded peptides with a drastic decrease in
activity. Therefore, our results are in agreement with previous
results (3) providing evidence that the conserved YGNGV
sequence is not directly involved in membrane recognition.
The formation of the bulky tyrosine nitroderivatives probably
impairs peptide-peptide interaction and therefore impairs
proper oligomerization of the bacteriocin within the mem-
brane to form a functional pore.

We have previously postulated that the tryptophan residues
of the N-terminal domain could play a major role in the inter-
action and orientation of bacteriocin on the membrane surface
(1). The present study further supports the importance of these
residues for the inhibitory activity of class IIa bacteriocins. This
is not surprising since tryptophan residues are known to play
an essential role in the adsorption and orientation of am-
phiphilic peptides and proteins in membranes due to their
capacity to form both hydrogen and hydrophobic bonds with
the polar and nonpolar groups of polar lipids (9, 16, 20, 26). In
particular, Trp16 and Trp19 at the joining part of the N- and
C-terminal domains could play a major role in the proper
orientation of these domains within the membrane (1). In the
case of the anionic acetylated DV41, both tryptophan residues
and peptide hydrophobicity could promote membrane inser-
tion to such a degree that electrostatic interaction would no
longer be rate limiting.

FIG. 3. LC-MS of oxidized DV41 by NBS. See Table 2 for details.

FIG. 4. RP-HLPC of nitrated DV41 with 25 mM TNM in 96% ethanol at
25°C for 60 min. Y1, Y2, and Y3 represent modified DV41 with 1, 2, and 3
nitrotyrosine derivatives, respectively.
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Finally, this structure-function study shows that, in the case
of DV41, N-terminal conserved peptide is not necessary in
order to have an antimicrobial activity. However, when this
domain is present its structural integrity and some key residues
such as tryptophan are essential for maintaining the inhibitory
activity. This domain could facilitate and could be necessary
for a proper orientation of the peptide at the surface of mem-
branes and for a subsequent anchoring of the hydrophobic
C-terminal within the hydrophobic core of membrane bilayers
to form a functional pore. However, the hydrophobicity of the
C-terminal domain and especially the presence of a disulfide
bond which imposes folding constraints on this domain are
essential for a proper orientation of DV41 within membranes.
At the moment, it is not possible to generalize these conclu-
sions to the other class IIa bacteriocins with two disulfide
bonds, but these results open new perspectives for further
studies with peptide variants provided by peptide synthesis or
site-directed mutagenesis.
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