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Abstract. Skin extracts of frogs are a rich source of pharmacologically active peptides such as caeruleins, tachykinins,
bradykinins, thyrotropin-releasing hormone, bombesin-like and opioid peptides. A large variety of antimicrobial peptides has
been isolated fromRana species. These peptides, grouped in several families on the basis of differing length and distinct ac-
tivity, were found to have one structural motif in common: an intramolecular disulfide bridge located at the C-terminal end,
forming a seven-member ring, which was designated ‘Rana box’. Brevinin 1E is a 24-residue antimicrobial peptide isolated
from the skin of a frog,Rana brevipoda. This peptide shows a broad range of antimicrobial activity against prokaryotic cells
but shows very much hemolytic activity against human red blood cells. The solution structure of Brevinin 1E was studied by
using CD (circular dichroism) and NMR (nuclear magnetic resonance) spectroscopy. CD investigation revealed that Brevinin
1E adopts random structure in aqueous solution but adopts mainlyα-helical structure in TFE/water (6 : 4, v/v) solution. The
three-dimensional structure of Brevinin 1E was determined in 60% TFE/water solution using homonuclear NMR spectroscopy.
This peptide showed mainly anα-helical structure with amphipathic property. Its three-dimensional structure is similar to those
of other peptides such as magainin, nigrocin and ranalexin. Therefore, Brevinin 1E can be classified into the family of antimi-
crobial peptides containing a single linearα-helix that interact with target microbial membrane, leading to cell death through
disruption of membrane integrity.

1. Introduction

The history of antimicrobial peptides runs in parallel with the penicillin work. It starts in 1939 with
Dubos’ demonstration that ‘an unidentified soil bacillus’ produced some antimicrobial compounds that
could prevent pneumococcal infections in mice. The year after, Hotchkiss and Dubos reported a partial
purification of the bactericidal substances produced by this soil bacterium, now identified asBacillus
brevis. Then, in 1941–1942, they described how, starting from aB. brevis culture, they had purified and
crystallized tyrocidine and gramicidin and shown them to be composed of amino acids, some of them
D-amino acids. Both these antibacterial peptides turned out to be more or less toxic; tyrocidine to the
extent that it could never be used to treat an infection. However, before penicillin became available,
gramicidin was to a limited extent used as a therapeutic agent [7,9].

Ever since magainin was discovered from African clawed frog,Xenopus laevis, quite a number of an-
timicrobial peptides were discovered subsequently in other frog species such as Ranidae [10]. In 1992–
1994, for example, a novel family of antimicrobial peptides, brevinins [33,37], esculentins [34], ranalexin
[13], and gaegurins [25] have been detected in the skin ofRana brevipoda, Rana esculenta, Rana cates-
beiana, andRana rugosa, frogs of the family of Ranidae, respectively. These peptides are characterized
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by the presence of two cysteine residues in positions 1 and 7 as counted from the carboxyl terminus.
These peptides consist of 20–46 residues in length and adopt one or two amphipathicα-helical struc-
tures.

From the extensive studies on structure–function relationship of these peptides, the mechanism of an-
timicrobial activity has been proposed: Electrostatic interactions between the lysines and the negatively
charged phospholipid head group of the target cell promote binding to and accumulation of the helical
peptide on the outer leaflet of the membrane. The bound peptide lies on the membrane with its long
helix axis parallel to membrane surface. At low concentrations, the peptide adsorbs to the membrane as
a monomer. At higher concentrations, the membrane-bound peptide begins to self-aggregate and equili-
brates with a multimeric water-filled pore (two to six monomers in a rosette) in which the hydrophilic
residues of the individual monomers face inward and the apolar residues interact with the acyl chains of
the lipids. This transition occurs at roughly the same critical concentration required for cytotoxic activity,
implying that the peptide insertion into the membrane is responsible for cytotoxicity. A transmembrane
electric potential, negative inside, enhances the pore-forming activity of the peptide favoring insertion by
interacting with the permanent dipole moment of the peptide that is oriented along the long axis of the
helix. The solvent-filled unspecific pores, by permeating the membrane to various substances including
ions, cause the electric potential to dissipate across the membrane, leading to death of the microbial cell.
Although these models explain the permeating effect of helical antimicrobial peptides, they do not ac-
count for their remarkable specificity of action, which may be partly explained by the difference in lipid
composition of the membrane of the target cells and the exact nature of the peptide’s side chains.

For animals, these antimicrobial peptides serve as immune substances and they are primary defense
agents of innate immunity rather than secondary metabolites [23,40]. Their potential use as drugs is mo-
tivated in part by the increasing spread of bacterial resistance to conventional antibiotics, in part because
endogenous antibiotics may offer a new avenue to the therapy of infectious diseases [19]. The elucidation
of the structure–activity relationship of antimicrobial peptides is the key step for the development of a
new peptide antibiotics.

Up to the present the structures of the many amphibian antimicrobial peptides have been determined
[14,18,22,24,26,42,43]. Among these peptides, magainin is the representative antimicrobial peptide,
which has been extensively studied by solution and solid-state NMR spectroscopy [3–6,11,12,24,29,
46]. Magainin adopts a single amphipathic helix and is known to interact directly with bacterial cell
membrane and to destroy the ionic gradient across the cell membrane by forming ion channels [46].
Among the peptides isolated from Ranidae, the structures of ranalexin have been also determined and
the mechanism of activity of these peptides is known to be similar to that of magainin [14,35].

In this study, the solution structures of Brevinin 1E, a 24-residue antimicrobial peptide, were deter-
mined in 60% trifluoroethanol solution by using NMR to investigate the structure-activity relationship.

2. Materials and methods

2.1. Materials

2,2,2-Trifuoroethanol-d3 (99.5%,d3-TFE) was purchased from Aldrich. 99.95% D2O was obtained
from Sigma and Sephadex G-50 and carboxymethyl-Sepharose CL-6B were purchased from Amersham
Pharmacia. All other chemicals were of analytical grade obtained from various manufacturers.
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Fig. 1. Sequences of Brevinin 1E and sequence alignment with other antimicrobial peptides from Ranidae. The boxed region
indicates the ‘Rana box’ existed in Ranidae.

2.2. Sample preparation

The synthetic peptide with a disulfide bridge between C18 and C24, corresponding to the amino acid
sequence of Brevinin 1E (Fig. 1), was purchased from AnyGen, Co., Ltd., South Korea, and used for
further analysis. The sequence and purity of the synthetic peptide were confirmed by mass spectroscopy
and HPLC.

2.3. Minimal inhibitory concentration and hemolytic activity

The standard assay of an antimicrobial activity was measured as described previously [25]. Bacterial
cells were grown overnight in Luria–Bertani (LB) media and inoculated into 5 ml of molten 0.6% LB
agar with final 107 colony forming units (CFU)/ml, which was overlaid on a 150 mm Petri dish containing
solidified 2% LB agar. After the top agar hardened, 3–10µl of peptide samples were dropped into the
3-mm wells on the surface of the top agar and completely dried before incubating overnight at 37◦C.
Antimicrobial activity was determined by observing the zone of suppression of bacterial growth around
the 3-mm wells. Minimal inhibitory concentrations (MIC) against various bacteria were determined by
incubating 106 CFU/ml of cells in LB media including variable amount of peptides. Cell growth was
quantified by measuring OD600 of the culture suspension.

Hemolysis induced by Brevinin 1E was determined by incubating a 10% (v/v) suspension of human
red blood cells (RBC) in phosphate-buffered saline with the appropriate amount of Brevinin 1E at 37◦C
for 10 min. After centrifugation at 10,000×g for 10 min, the optical density at 350 nm of the supernatant
was measured. The relative optical density was compared to that of the suspension treated with 0.1%
Triton X-100 defined % hemolysis.

2.4. Circular dichroism (CD) spectroscopy

Circular dichroism (CD) spectra were obtained on a JASCO J-715 spectropolarimeter to investigate
the secondary structure of Brevinin 1E. Samples were prepared by dissolving the peptide to the concen-
tration of 50µM in various solvents: aqueous solution, TFE/water (7 : 3, 6 : 4, 5 : 5, 4 : 6, 3 : 7, and 2 : 8
v/v, pH 4.0) solutions and 5 mM dodecylphosphocholine (DPC) (pH 4.0). The spectra were measured
between 190 and 250 nm. Three consecutive scans per sample were performed in a 2 mm cell at 20◦C.
Three scans were added and averaged, followed by subtraction of the CD signal of the solvent. The
helicity of the peptides was estimated from the mean residue ellipticity at 222 nm [47].
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2.5. Nuclear magnetic resonance (NMR) spectroscopy

Samples for NMR measurements were prepared as 2.5 mM peptide ind3-TFE/water (6 : 4, v/v), pH 3.0.
Data acquisitions for the homonuclear double quantum filtered correlation spectroscopy (DQF-COSY),
total correlation spectroscopy (TOCSY), and nuclear Overhauser effect spectroscopy (NOESY) spectra
of Brevinin 1E were carried out at 40◦C on Bruker DRX-500 and DRX-600 spectrometers equipped with
a gradient unit. All NMR spectra were acquired using the TPPI method. Data matrices contained 4000×
512 points and 64 scans were accumulated. Two-dimensional (2D) TOCSY spectra were acquired with
a mixing time of 60 ms. 2D NOESY spectra were acquired with mixing times of 200, 250, and 300 ms,
respectively. For detecting theαH protons resonating at the same frequency as water, the WATERGATE
sequence [31] was used to suppress the solvent signals in the NOESY experiments. Assignment of spin-
systems to individual amino acids was achieved using DQF-COSY and TOCSY spectra, while complete
resonance assignment was obtained by the combined use of TOCSY and NOESY spectra, following the
sequential assignment strategy [28]. The amide proton exchange experiments were carried out ind3-TFE
/D2O (6 : 4, v/v) at 40◦C. All NMR spectra were processed by using NMRPipe [15] software package
and were analyzed with the NMRView program in Linux machine (RedHat 7.1). The NOESY spectra
of Brevinin 1E in TFE/water solution obtained at 40◦C were used for volume measurement of the NOE
cross-peaks. Chemical shifts were referenced to methyl signals of sodium 4,4-dimethyl-4-silapentane-1-
sulfonate.

2.6. Structure calculation

Distance restraints were obtained from the homonuclear and NOESY spectra with 200 ms mixing
times. Comparisons were made to the 200 and 300 ms NOESY spectra to assess possible contributions
from spin diffusion. All NOE data were classified into three classes, strong, medium, and weak, cor-
responding to upper bound interproton distance restraints of 3.0, 4.0, and 5.0 Å, respectively. Lower
distance bounds were taken as the sum of the van der Waals radii of 1.8 Å. As no stereospecific assign-
ment could be made for the methyl and methylene protons, appropriate pseudoatom corrections were
applied [27]. To generate the structures of Brevinin 1E, a total of 291 distance restraints and 15 backbone
dihedral angle restraints, which is inferred from DQF-COSY experiments, were used. Three additional
restraints were added to define the disulfide bridge between Cys18 and Cys24. The target values of S(18)–
S(24), S(18)–Cβ (24), and S(24)–Cβ(18) were set to 2.20(±0.02) Å, 2.99(±0.5) Å, and 2.99(±0.5) Å,
respectively [30]. Three-dimensional structures were calculated by using the simulated annealing and
energy minimization protocol in the program CNS1.1 [2] and Aria1.1. The structures were analyzed
by PROCHECK3.5.4 [39] and MOLMOL. All structure figures were generated with MOLMOL and
CHIMERA.

3. Results and discussion

3.1. Primary structures of Brevinin 1E

Brevinin 1E has two conserved cysteines delineated by a disulfide bridge in the C-terminal region
(rana box), which is characteristic of the antimicrobial peptides from Ranidae. The sequence homology
between Brevinin 1E and other peptides from Ranidae is high (Fig. 1). The starting N-terminal residues
of Brevinin1E are similar to those of relatively short (20–24 residue long) antimicrobial peptides from
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Table 1

Antimicrobial activities of Brevinin 1E against various microorganisms

Microorganism MIC (µg/ml)
Brevinin IE

Gram-positive bacteria
Bacillus subtilis ATCC 663 6.3
Micrococcus luteus ATCC 10240 6.3
Staphylococcus aureus ATCC 6538p 6.3

Gram-negative bacteria
Escherichia coli ATCC 25922 12.5
Shigella dysentariae ATCC 9752 25
Salmonella typhimurium ATCC 14028 100
Citrobacter freundii ATCC 6750 25
Klebsiella pneumoniae ATCC 10031 12.5
Serratia marcescens ATCC 271 17 >200
Proteus mirabilis ATCC 25933 >200
Pseudomonas aeruginosa ATCC 27853 100

Table 2

Hemolytic activity of Brevinin IE against human red blood cells

Concentration (µg/ml) Hemolysis of human red blood cells (%)
Brevinin IE

0 0
25 25.8
50 47.38

100 189.21

Ranidae. These highly conserved two N-terminal residues (F1 and L2) are known to be involved in the
peptide–micelle interaction due to their strong hydrophobicity [14]. Brevinin 1E has two proline residues,
which are highly conserved in the antimicrobial peptides from Ranidae. These residues are known to be
essential for antimicrobial activity [26]. From these views, Brevinin 1E has a similar primary structural
characteristic compared with other antimicrobial peptides from Ranidae.

3.2. Minimal inhibitory concentration and hemolytic activity

The antimicrobial spectra of Brevinin 1E were determined by measuring the MIC. Table 1 shows the
MIC values of Brevinin 1E against various bacteria. Gram-positive bacteria showed especially high sen-
sitivity to this peptide. Gram-negative bacteria showed different sensitivity to peptides in accordance with
each bacterial species. Brevinin 1E showed good activities in the MIC value of 12.5µg/ml against the
Gram-negative bacteria,Escherichia coli andKlebsiella pneumoniae, and they were moderately active
againstShigella dysentariae andCitrobacter freundii whereas they were poorly active againstSalmonella
typhimurium, Pseudomonas aeruginosa and had no effect onSerratia marcescens andProteus mirabilis.

In a conventional assay on human RBC, Brevinin 1E exhibited severe hemolytic activity. Addition of
Brevinin 1E to human RBC up to 100µg/ml causes severe hemolysis (Table 2). Brevinin 1E has been
known to exhibit much hemolytic activity unlike many other antimicrobial peptides from Ranidae [34,
35]. In the case of the derivative of Brevinin 1E, the elimination of the intra-disulfide bridge did not
decrease the antimicrobial activity but did decrease the hemolytic activity [35]. And it was known that
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Fig. 2. CD spectra of Brevinin 1E in aqueous solution (×), in 60% TFE/water solution (�), in 5 mM DPC (•).

Fig. 3. DQF-COSY (left) and NOESY (right) spectra of Brevinin 1E. NMR measurements were fulfilled using Burker DRX
(600 MHz) in 60%d3-TFE/water, pH 3.0, 313 K.

the appearance of numerous contiguous apolar residues in a helix is necessary for a significant hemolysis
to occur [38]. Brevinin 1E has more apolar residues in N-terminal helix than other antimicrobial peptides
from Ranidae. Therefore, it is suggested that the hydrophobic nature of the intra-disulfide bridge and
apolar residues in a helix are important for the strong hemolytic activity [35].

3.3. Secondary structure

Many membrane peptides and proteins are insoluble in water, which make it difficult to study the
solution structure by using NMR spectroscopy. Brevinin 1E is highly soluble, despite of forming the
unordered structure, in water. It has been reported that several membrane peptides such as magainin
and ranalexin are also soluble in water and their structures in TFE/water solution are similar to those in
DPC micelles [14,24]. In many cases, TFE has been used as helix-promoting solvent, since it induces
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Table 3
1H resonance assignment of Brevinin IE in 60%d3-TFE/water solution, pH 3.0, 313 K

HN Hα Hβ Hγ Others
Phe1 n.d.a 4.329 n.d.a n.d.a n.d.a

Leu2 7.759 4.747 1.623 1.623 Hδ0.987
Pro3 4.462 2.350/2.080 2.104 Hδ3.826/3.567
Leu4 7.377 4.238 1,698 1.698 Hδ0.988
Leu5 7.500 4.277 1.747 1.747 Hδ1.020/0.976
Ala6 7.641 4.197 1.539
Gly7 7.984 3.959/3.879
Leu8 7.900 4.297 1.938/1.848 1.733 Hδ0.962
Ala9 8.193 4.139 1.554
Ala10 7.942 4.169 1.544
Asn11 7.710 4.668 2.777/2.647 HNγ7.140/6.592
Phe12 8.108 4.766 3.209 Hδ7.319/Hε7.221/Hχ7.273
Leu13 8.295 4.346 1.928/1.622 1.830 Hδ0.97
Pro14 4.360 2.427/1.864 2.212 Hδ3.812/3.501
Lys15 7.293 4.220 2.106/1.982 1.548 Hδ1.689
Ile16 7.803 3.934 2,027 1.652/1.227/0.963 Hδ0.909
Phe17 8.480 4.305 3.222 Hδ7.304/Hε7.221/Hζ 7.209
Cys18 8.411 4.410 3.214
Lys19 7.945 4.222 2.168/2.042 1.611 Hδ1.748
Ile20 8.280 3.973 1.964 1.759/1.344/0.971 Hδ0.896
Thr21 7.812 4.196 4.196 1.021
Arg22 7.845 4.182 2.230 1.717 Hδ3.313
Lys23 8.047 4.532 2.090/1.742 1.538 Hδ1.742
Cys24 7.789 4.675 3.601/3.298
n.d.a, not detected.

helical structure only in peptides with a tendency toward helix formation [16,20,44]. Since the secondary
structure of Brevinin 1E in a 60% TFE/water solution is similar to that in DPC micelles (Fig. 2), the
three-dimensional structure of Brevinin 1E was calculated in 60% TFE solution.

The conformational behaviors of Brevinin 1E in aqueous buffer, the TFE/water solutions and in do-
decylphosphocholine (DPC) micelles were investigated by using CD spectroscopy (Fig. 2). From the
CD spectra of Brevinin 1E in aqueous buffer, it was found that Brevinin 1E has no regular secondary
structure. However, in the presence of membrane mimetics such as TFE/water solution and DPC mi-
celles, the CD spectra of Brevinin 1E showed two minima at 208 and 222 nm and a cross-over point
at about 200 nm, which are characteristic of the presence of a highlyα-helical conformation. The helix
content increased upon increasing TFE and detergent concentration, and then maximal helix content was
reached at 60% TFE and 5 mM DPC micelles, respectively. The helix contents in 60% TFE solution and
5 mM DPC micelles were estimated to be about 49.1% and 77.3%, respectively. These results indicate
that the helicity of the Brevinin 1E increased in micellar environments. This conformational transition
of Brevinin 1E from random-coil in aqueous solution toα-helix in membrane-mimetic environments
reflects its potentiality of interaction with membrane.

The helical structure of Brevinin 1E in TFE/water solution was precisely investigated on the basis of the
NOE data. The short and medium interresidue NOE cross-peaks identified in this study and dNN (i, i+1)
cross-peaks are presented in Fig. 3. In Brevinin 1E, the intramolecualr disulfide bond between Cys18 and
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Table 4

Structural statistics for Brevinin IE

Structural statistics 〈SA〉a

R.m.s deviation (Å) with respect to mean
Whole residues

Heavy backbone atoms 1.23± 0.46
All heavy atoms 2.09± 0.47

Residues 6–17 (helix region)
Heavy backbone atoms 0.52+ 0.18
All heavy atoms 1.10± 0.19

R.m.s deviation from experimental distance restraints (Å) (291) 0.0082± 0.0005
R.m.s deviation from backbone torsion angle restraints (◦)c (15φ) 0.0418± 0.0220
R.m.s deviation from idealized geometry

Bonds (Å) 0.0011± 0.00005
Angles (◦) 0.3925± 10.0017
Impropers (◦) 0.1127± 0.0038

Measures of structure quality
Final energies (kcal mol−1)

E total 24.75± 0.35
E bond 0.50± 0.05
E angle 17.46± 0.15
E improper 0.39± 0.03
E VDW 4.93± 0.30
ENOE 1.46± 0.16

PROCHECK analysis
Ramachandran analysis (30 structures)

Most favored regions from Ramachandran plot (%) 80.4
Additionally favored regions from Ramachandran plot (%) 19.6
Generously favored regions from Ramachandran plot (%) 0
Disallowed regions from Ramachandran plot (%) 0

a〈SA〉 are the final 30 simulated annealing structures.
bNone of the〈SA〉 structures exhibited distance violations> 0.3 Å.
cThe backbone torsion angle (φ) restraints were derived from DQF-COSY spectra.

Cys24 could be inferred from the presence of the NOE cross-peaks of Cys18Hβ–Cys24Hβ , Cys18NH–
Cys24Hβ , Cys18Hα–Cys24Hβ , Cys18Hβ–Cys24Hα and Cys18Hβ–Cys24HN. These results revealed that
Brevinin 1E is composed of anα-helix like other antimicrobial peptides from Ranidae such as ranalexin
[14] with high sequence homology.

3.4. Three-dimensional structure

The complete assignment of the1H resonances is given in Table 3. Total 291 distance restraints and 15
backbone dihedral angle restraints were used for calculating the structure of Brevinin 1E in TFE/water
solution. No hydrogen bond restraints were used because of their fast amide proton exchange rate. Sim-
ulated annealing (SA) calculations were run to produce structures with a common fold that were in
good agreement with the experimental restraints and had low total energies. Out of 200 structures, 165
structures with no distance violation larger than 0.5 Å and no dihedral violation larger than 5◦ were se-
lected. Then, the 30 structures with the lowest energies were chosen to represent the solution structure
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Fig. 4. Superimposition of the backbone atoms (N, Cα, and C′) of 30 structures (left). The structures of Brevinin 1E were
aligned for the best overlap of residues 6 to 17. The ribbon presentation of average structure is shown (right). The top of
structures exhibits flexible N-terminal region.

Fig. 5. Backbone and side chains of residues 6–17 are shown as a conic presentation (left). Residues 6–17 are showed as a neon
presentation (right). Hydrophobic and hydrophilic residues are indicated as light and dark gray, respectively. The direction of
view is perpendicular (left) and parallel (right) to the helical axis, respectively.

of Brevinin 1E (Table 4). As shown, the structure is depicted by one locally well-defined helix, which
is composed of residues 6 to 17 (Fig. 4). The convergence of C-terminal conformation in Brevinin 1E
reveals the formation of intraresidue disulfide bridge between Cys18 and Cys24. The overall structural
feature of Brevinin 1E is similar to that of magainin and nigrocin (Fig. 6). Structural statistics for the
mean and 30 converged structures were evaluated in terms of structural parameters, as shown in Table 4.
In Brevinin 1E, the 30 final converged structures exhibited an RMSD about the mean coordinate posi-
tions for residues 1–24 being 1.23 Å for the backbone atoms (N, Cα, C′) and 2.09 Å for all heavy atoms.
The high value of RMSD of whole structures is due to the flexible terminal region (Fig. 4). On the other
hand, the helix from residues 6 to 17 have well defined structures, with average RMSDs of 0.52 Å for the
backbone atoms. Therefore, Brevinin 1E has well defined linearα-helix spanning residues 6–17 (Fig. 4).
The backbones of the N- and C-terminal are poorly defined in TFE/water solution, being probably due to
some flexibility of this region. The N-terminal region may be involved in the interaction with membrane
through the hydrophobic residues (L2), which may play the similar role like F1 and L2 of ranalexin [14].
Amide protons were exchanged fast in TFE/water solution. These results are probably due to the loose-
ness ofα-helical conformation in the experiment conditions. The three-dimensional fold of Brevinin 1E
is generally amphipathic in the helix region (Fig. 5). This typical amphipathic helix has been thought to
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Fig. 6. Structure comparison of of Brevinin 1E (middle) with magainin (left) and nigrocin 2 (right).

be important for the antimicrobial activity [1,8,13,25,32,34,36–38]. In many cases, the amphipathic na-
ture ofα-helical peptide is known to be important for membrane binding [17,21,41,45]. The amphipathic
feature of Brevinin 1E is expected to mediate the interaction with microbial membranes, ultimately lead-
ing to disruption of membrane integrity. These results suggest that the overall three-dimensional fold of
Brevinin 1E is similar to those of other antimicrobial peptides of about 20 residues length from Ranidae,
and therefore they may have a similar action mechanism at the structural level.

4. Conclusion

The first solution structure of Brevinin 1E in 60% TFE/water solution was determined and the am-
phipatic helix motif of Brevinin 1E is similar to those found in many antimicrobial peptides from frog.
It could be concluded that Brevinin 1E is classified into the family of antimicrobial peptides containing
a single linear amphipathicα-helix that interact with target microbial membrane, leading to cell death
through disruption of membrane integrity.
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