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Consejo Superior de
Investigaciones Cientı́ficas
Pinar 19, 28006 Madrid, Spain

The bacteriocin AS-48 is a membrane-interacting peptide, which displays
a broad anti-microbial spectrum against Gram-positive and Gram-
negative bacteria. The NMR structure of AS-48 at pH 3 has been solved.
The analysis of this structure suggests that the mechanism of AS-48 anti-
bacterial activity involves the accumulation of positively charged
molecules at the membrane surface leading to a disruption of the
membrane potential. Here, we report the high-resolution crystal structure
of AS-48 and sedimentation equilibrium experiments showing that this
bacteriocin is able to adopt different oligomeric structures according to
the physicochemical environment. The analysis of these structures
suggests a mechanism for molecular function of AS-48 involving a
transition from a water-soluble form to a membrane-bound state upon
membrane binding.
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Introduction

Small a-helical peptides mediate simple anti-
microbial defense mechanisms in a number of
organisms.1 The mechanism by which a soluble
protein converts into a membrane bound protein
remains a central question in understanding the
molecular toxicity of bacterial protein toxins.2

Traditionally, small a-helical peptides have been
classified either as channel-forming peptides or
carpet-like peptides according to their mechanism
of membrane interaction. The first type undergoes

a series of remarkable changes in solubility, oligo-
merization state, structure and dynamics during
the processes of membrane binding, assembly,
membrane insertion and channel formation that
implies the generation of bundles of a-helices.3

The second type forms a carpet of surface-bound
helices, which at a sufficiently high peptide con-
centration, may result in a toroidal pore formation
via local reorganization of the bilayer structure.1

AS-48 is a 70 residue a-helical bacteriocin. It is
produced by Enterococcus faecalis subsp. liquefaciens
S-48 and it is unique in its natural cyclic structure
in which N and C termini are linked by a peptidic
bond. Its broad anti-microbial spectrum against
Gram-positive and Gram-negative bacteria,
together with its remarkable stability and solubility
over a wide pH range, suggest that AS-48 could be
a good candidate as a natural food preservative.4 – 7
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These properties are shared with other naturally
occurring circular proteins, all of them involved in
host defense.8 AS-48 appears to be derived from a
larger precursor protein; however, nothing is
known about the cleavage and cyclation steps to
produce a mature protein. Interestingly, AS-48 is
encoded in a plasmid together with other genes,
which could be involved in maturation and
secretion processes.9

There is extensive information about anti-
microbial activity and physicochemical character-
istics of the macromolecule.4 – 7 For instance, the
primary target of AS-48 is the bacterial cell mem-
brane, where it forms pores or channels of around
7 Å in diameter. This leads to a membrane
permeation not dependent on membrane
potential.10 It is also known that AS-48 activity is
pH dependent and that is related to the oligomeric
state of the protein.7 Furthermore, it has been
shown that AS-48 migrates to the hydrophobic
phase when a partition water/n-octanol experi-
ment is performed.7 AS-48 also displays a pH
dependent interaction with DPPA monolayers that
involves a rearrangement of the structure of the
protein.11 These experiments suggest that AS-48 is
inserted in the membrane prior to cell disruption.
Despite this detailed information the mechanism
for molecular function remains obscure.

The NMR structure of AS-48 at pH 3 showed
that AS-48 is a monomer consisting of a bundle of
five helices arranged with the topology of the
saposin fold.12 González et al.12 proposed a
mechanism for its anti-bacterial function which is
based on the structural similarities between AS-48
and NK-lysin. It has been suggested that accumu-
lation of positively charged NK-lysin molecules on
the membrane surface induces the formation of
pores or “molecular electroporation”.13,14 This
mechanism does not imply that the peptide inserts
into the membrane or undergoes a molecular
reorganization for its activity. The NMR structure
of AS-48 suggests that the positively charged
residues of a monomeric AS-48 would bind to the
membrane surface. The association of AS-48
molecules at this surface would cause membrane
destabilization. However, this model does not
agree with experimental studies showing that the
permeabilizing activity does not depend on mem-
brane potential.10 In addition, the distribution of
positive charges in NK-lysin and in AS-48 is topo-
logically different. The NK-lysin molecular surface
displays a central ring of arginine and lysine
residues while AS-48 displays a segregated
distribution of positively charged residues and
hydrophobic residues. Hence, a deeper analysis of
structure–function relationship may help to under-
stand the aspects of the molecular function that
remain unclear.

In this work, we provide the crystal structure of
the bacteriocin AS-48 together with sedimentation
equilibrium data. Our study shows that AS-48
displays at least, two different modes of molecular
association according to the physicochemical

environment. The analysis of these structures
suggests a mechanism for molecular function of
AS-48 that involves a structural transition between
them upon membrane binding.

Results and Discussion

Molecular and crystal structure of AS-48

The X-ray structures of AS-48 at pH 4.5 and pH
7.5 (crystal form I) were solved by single iso-
morphous replacement with anomalous scattering
(SIRAS) at 1.46 Å and 1.64 Å resolution,
respectively. Despite the different crystallization
conditions, both crystals are found to be iso-
morphous (see Table 1 and Materials and
Methods). Overall, the X-ray structure of the
AS-48 protomer is a five-helix bundle as observed
by NMR techniques12 (see Figures 1(a) and 2(a)).
Four independent molecules of AS-48 are found in
the asymmetric unit. The structure of these crystal-
lographic independent molecules is very similar
(the highest Ca backbone root-mean-square devi-
ation, RMSD, is 0.4 Å15 with respect to the various
copies in the asymmetric unit). Thus, hereinafter
and unless stated, all the results will refer to the
chain labeled A of the model at highest resolution
(pH 4.5). In addition, a different crystal form of
AS-48 was also solved at 2.8 Å resolution (crystal
form II), (see Table 1 and Materials and Methods).
This work shows that despite the different crystal
environment, AS-48 adopts the molecular structure
found in crystal form I (the highest Ca backbone
RMSD value is 0.6 Å15 with respect to the various
copies in the different crystal forms).

From the structural point of view, one of the
most striking features of the AS-48 protomers is
their remarkable amphipathic surface. A plane
containing the Ca atoms of Glu4, Glu20, Glu49
and Glu58 segregates a patch of positively charged
residues (a-helices H4 and H5 and the loop con-
necting H1 and H2) from the rest of the hydro-
phobic or uncharged surface residues (helices H1,
H2 and H3) (see Figure 1(a)). According to this,
the molecules of AS-48 in the crystal are arranged
in chains of pairs of molecules linked either by
hydrophobic interactions (dimeric form I, herein-
after abbreviated to DF-I) (see Figure 1(b)) or by
hydrophilic interactions (dimeric form II, herein-
after abbreviated to DF-II) (see Figure 1(c)). Inter-
estingly, crystal form II shows only DF-II. The
molecules within the DF-I interact through the
hydrophobic helices H1 and H2 (see Figure 1(b)).
On the other hand, the hydrophilic surfaces of
helices H4 and H5 are interacting in DF-II (see
Figure 1(c)). Both dimers are built around a non-
crystallographic 2-fold axis. The molecules of
AS-48 within DF-II are further stabilized by the
interaction of TyrB54, GluB58, GluD58 and
LysD62 with a sulfate ion (SO4

22) or a phosphate
ion (H2PO4

2) (for pH 4.5 and 7.5, respectively).
However, at pH 4.5, the high-resolution electron
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density map clearly shows that GluB58 and
GluD58 side-chains display double conformation.
Interestingly, only one conformer effectively inter-
acts with the SO4

22. This should be related with to
the protonation state of the carboxylate side-chains.
A glycerol molecule from the cryo-protectant has
also been found in the interface between
protomers. In addition, crystal form II reveals a
molecule of detergent (n-decyl-b-D-maltoside) in
the solvent-exposed hydrophobic interface
between the protomers forming DF-II (see
Figure 3(a)).

Structural comparison of the X-ray and
NMR model

Overall, the X-ray structure of the AS-48
protomers (see Figures 1(a) and 2(a)) is the same
as the structure obtained using NMR techniques.12

However, the RMSD for Ca backbone of the X-ray
structure with respect to the average NMR model
is 1.6 Å. Following Gronenberg et al.,16 one would
expect a value of around 1.0 Å considering the
precision reported for the NMR model.12 The
superposition of both models (see Figure 2(a))
shows that the main differences are found in the
loop connecting helices H3 and H4 and in the
relative position of helices H1, H2 and H4 with
respect to helices H3 and H5.13 This rearrangement
implies significant changes in the composition of
the hydrophobic core and in the molecular surface
of AS-4817 (see Figure 2(b)). Remarkably, Val18
and Ile59, which are part of the hydrophobic core
in the NMR model, are at the molecular surface in
the X-ray model. On the other hand, Leu16 and
Ile28 become solvent inaccessible in the X-ray
model. The fact that Val18 is hidden in the interface
between monomers in the DF-I, suggests that the

Table 1. Data collection, structure solution and refinement statistics

Crystal form I
Crystal form II

Native (pH 4.5) NaI derivative Native (pH 7.5) Native

A. Data collection
Space group I222 I222 I222 P41212
Unit cell (Å) 79.47, 83.40, 99.83 79.79, 83.65, 99.43 79.66, 83.88, 99.78 76.49, 76.49, 51.52
Resolution limits (Å) 25.24 (1.46) 33.90 (2.40) 19.43 (1.64) 34.3 (2.70)
I=sðIÞ 6.1 (2.4) 4.5 (3.3) 6.1 (1.4) 5.1 (1.3)
Rmerge (%)a 6.4 (28.7) 12.3 (21.5) 8.5 (51.8) 13.8 (59.1)
Completeness (%) 94.6 (94.6) 100.0 (100.0) 90.0 (90.0) 100.0 (100.0)
Multiplicity 4.0 (3.0) 9.9 (9.9) 4.3 (4.1) 9.1 (9.0)
Temp (K) 120 120 120 120

B. Structure solution
Number of sites 15
RCullis (c/a)b 0.32/0.29
Phasing powerc (c/a) 2.78/4.05
Mean FOM (c/a)d 0.37/0.26

C. Refinement
Resolution range (Å) 15.0–1.46 15.0–1.64 10.0–2.80
R factor (%) 22.6 (29.0) 19.4 (38.0) 23.6 (28.6)
R free (%) 22.35 (34.0) 21.48 (40.0) 25.6 (30.9)
Number of atoms 2369 2416 1100
Number of reflections 51,862 35,069 3777
Model
Molecules per a.u. 4 4 4 2
Solvent content (%) 55 55 55 54
Amino acids 280 280 140
Water molecules 300 384 28
Sulfate ions 5 5
Phosphate ions 2
Detergent molecule 1
Glycerol 1 1 1
RMS deviation from ideal:
Bond lengths (Å) 0.009 0.010 0.022
Bond angles (deg.) 1.260 1.314 2.141
Planar groups (Å) 0.005 0.005 0.006
Observations Loop C47–C49

is not well defined
Loop C47–C49

is not well defined
Loop C47–C49

is not well defined

a Rmerge ¼
P

hkl

PP
i lIhkl 2 Ihkll=

P
hkl Ihkl for overall resolution range and the resolution shell from 1.54–1.46 Å (for native at pH 4.5),

from 1.73–1.64 Å (for NaI derivative), from 1.73–1.64 Å (for native at pH 7.5) and from 2.70–2.85 Å (for crystal form II).
b RCullis ¼

P
½lFHl2 ðlFPH 2 lFPlÞ�=

P
lFHl for centric (c) and acentric (a) reflections.

c Phasing power ¼ mean value of the heavy-atom structure-factor amplitudes divided by the residual lack of closure.
d FOM, figure of merit. Values in parentheses are for the highest resolution shell: 1.54–1.46 Å for native data at pH 4.5, 1.73–1.64 Å

for native data at pH 7.5, 1.73–1.64 Å for the derivative and 2.70–2.85 Å for crystal form II. The native structure at pH 4.6 is taken as a
reference for the values given for NaI derivative. Solvent content calculations were performed following Andersson & Hovmöller.43
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Figure 1. (a) Stereo view of the ribbon structure representation of AS-48 structure. Charged, tryptophan and tyrosine
side-chains are displayed in stick mode. a-Helices and Glu side-chains are labeled. Ribbon representations of AS-48
(b) DF-I structure and (c) DF-II structure. Amino acid side-chains involved in the formation of both dimers are
displayed in stick mode. A phosphate ion is displayed in ball and stick mode. a-Helices are labeled. Molecular surface
representations of (d) DF-I and (e) DF-II. Hydrophobic, negatively charged and positively charged residues are
depicted in yellow, in red and in blue, respectively.
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differences between X-ray and NMR model could
be a consequence of the crystal packing. However,
as mentioned above, it is worth noting that AS-48
displays the same conformation in crystal forms I
and II despite it displays completely different
crystal environment. Hence, one would expect
that AS-48 would be able to adapt its molecular
structure to some extent according to the physico-
chemical environment. This result supports the
unfolding thermodynamic studies of AS-48 show-
ing that AS-48 should display some molecular
flexibility, since its extreme stability is mainly due
to the entropic constraints induced by the circular
organization of the polypeptide chain.18

Oligomeric state of AS-48 in solution

The association degree of AS-48 in solution at
different pH values was tested by sedimentation
equilibrium experiments (see Materials and
Methods). The results show that AS-48 is dimeric
from pH 4.5 to 8.5 (average molecular mass of
15.5 kDa, 14.29 kDa and 15.10 kDa for pH 4.5, 7.5
and 8.5, respectively; the molecular mass of the
monomeric AS-48 is 7.2 kDa). Our data show that
the dimerization constant for these pH values is at

least 1028 M21, hence it is likely the dimeric
structure is stable at physiological concentrations
of the protein. In previous studies, Gonzalez et al.12

showed that AS-48 is monomeric at pH 3. This
indicates the existence of a pH dependent dimeri-
zation equilibrium of AS-48. Taking into account
the amino acid composition of AS-48, the protona-
tion of the four glutamic acid residues at low pH
increases the total charge of AS-48 from þ6 to
þ10. Hence, it may well be that this protonation is
responsible for the stabilization of the monomeric
form of AS-48 observed in solution at pH 3.

Structure of the biological unit of AS-48
in solution

As mentioned above, AS-48 forms dimers in
solution at pH in which AS-48 crystals were
grown. There is a 10% decrease of the solvent
accessible surface area (ASA) per protomer on the
formation of DF-I.17 This value is in agreement
with those calculated for molecules of similar
molecular mass that form biological homodimers.19

An 85% of this occluded area corresponds to
hydrophobic residues (see Figure 1(b) and (d)).
This implies that DF-I displays a higher charged

Figure 2. (a) Stereo view of the superposition of the 20 best NMR models and the X-ray structure of bacteriocin
AS-48, and (b) a detail showing the main differences between them. Only a representative NMR model is displayed.
The key amino acid side-chains are displayed in stick mode and are labeled. The NMR models are displayed in yellow,
the X-ray structure is displayed in blue. a-Helices are labeled.
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to hydrophobic solvent ASA ratio than the mono-
mer. Hence, the solubility of the complex is
enhanced with respect to the monomeric structure.
These facts suggest that AS-48 adopts the structure
of DF-I in solution.

Structure of the membrane bound state of
AS-48

The molecular surface of membrane inserted
proteins presents a hydrophobic surface exposed
to the hydrophobic core of the bilayer and a polar
surface in contact with the solvent. In addition, a
more complex distribution of amino acid residues
is found in the membrane water interface. In this
area, protein surface usually displays a striped
pattern of lysine and arginine residues, aspartate
and glutamate residues, and tryptophan and tyro-
sine residues. This is a consequence of the more
complex chemical nature of this area that includes
charged phosphate heads and ester bonds of
phospholipids. In general, transmembrane protein
segments typically span a half or the total bilayer
thickness.20 –23

DF-II displays molecular surface properties of
membrane-inserted proteins. DF-II segregates the
hydrophobic moiety of AS-48, which could be
buried into the membrane, from the hydrophilic

moiety that could be exposed to the solvent. In
this situation, a belt of positively charged amino
acid residues and glutamic side-chains could
interact with the phosphate polar heads of phos-
pholipids. Remarkably, the interaction of Glu58
with H2PO4

2/SO4
22 in the crystal structure

resembles the interaction with lipid head groups.
In addition, the aromatic Tyr54 and Trp70 residues,
with affinity for the lipid-water interface, could
interact with phospholipid ester bonds carbonyl
groups as they are located below the plane formed
by glutamic side-chains (see Figures 1(c) and (e)
and 3(b)). Finally, the crystal structure of AS-48 in
the presence of detergent (crystal form II) reveals
only DF-II and provides direct evidence of the
interaction of the exposed hydrophobic moiety of
DF-II with the long aliphatic chain of a molecule
of detergent (see Figure 3(a)). Hence, it is likely
that AS-48 inserts into the membrane and that it
adopts the structure of DF-II. In this situation,
AS-48 would reach the center of a fluid bilayer
(see Figure 4).

Mechanism of membrane recognition
and insertion

The crystal structure of AS-48 shows two
different modes of molecular association, DF-I and
DF-II. The analysis of these structures suggests a
mechanism for molecular function of the toxin
that involves a rearrangement of AS-48 from the
water-soluble DF-I to the membrane-bound DF-II
at the membrane surface (see Figure 4). This
transition implies a 908 rotation of each protomer
within DF-I, in a way that the partially hidden
hydrophobic helices H1 and H2 become solvent
accessible. This would permit AS-48 to insert into

Figure 3. (a) A section of the final electron density map
(contoured at 1s) for the detergent molecule (DMT)
bound to DF-II in crystal form II. Hydrophobic and
polar helices are depicted in green and blue, respectively.
Helices are labeled A or B according to the protomer
they belong to. (b) Molecular representation of DF-II
showing the layered structure of amino acid at molecular
surface. Arg and Lys are depicted in blue, Glu in red, Tyr
and Trp in green and the phosphate ion is displayed in
ball and stick mode. A scheme of a phospholipid
molecule is also depicted.

Figure 4. Schematic representation of the mechanism
for molecular function of AS-48. The model includes the
approach of DF-I to the membrane, the transition from
DF-I to DF-II at membrane surface. Hydrophobic and
polar helices are depicted in green and blue, respectively.
The red arrow represents the direction of the intrinsic
dipolar moment of DF-I.
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the membrane. The strong dipolar moment of DF-I
(84.04 Debyes)24 could drive the approach of AS-48
to the membrane. The sedimentation equilibrium
experiments demonstrate the existence of a pH
dependent association equilibrium. This suggests
that the low pH value provided by the membrane
interface would destabilize the DF-I due to the pro-
tonation of the glutamic side-chains. As seen in the
crystal structures, this situation enables an effective
interaction of the carboxylate side-chains with the
phospholipid polar heads25,26 and the stabilization
of the hydrophobic moiety of AS-48 by the inter-
action with the phospholipid aliphatic chains.

The X-ray structure of AS-48 suggests a mechan-
ism for molecular function, that, as the biochemical
experiments suggest,4 – 7,10,11 it is not dependent on
the membrane potential, it implies an effective
insertion in the membrane and it involves a struc-
tural reorganization of a hydrosoluble dimeric
form of AS-48. The mechanism resembles the first
stages of membrane insertion of some other
toxins.3 These toxins show a quaternary structure
that shields hydrophobic residues from the solvent.
AS-48 DF-I can be described as two layers of
hydrophobic helices, H1, H2 and H3, sandwiched
between two layers of polar helices H4 and H5
(see Figure 4). These bacterial toxins change their
oligomeric state at the membrane interface making
accessible the hidden hydrophobic residues.3 The
transition from DF-I to DF-II resembles this stage.
The insertion of AS-48 into bacterial membranes
would produce the accumulation of positive
charges at the membrane surface that would
destabilize membrane potential and would lead to
pore formation and cell leakage.

Materials and Methods

Protein preparation, crystallization and
data collection

AS-48 was obtained from cultures of E. faecalis and
purified to homogeneity as described by Gálvez et al.27

The protein was concentrated to 20 mg/ml in buffer
comprising 10 mM Tris–HCl (pH 7.5). Experiments
were carried out at room temperature. Crystal form I
was grown using vapor diffusion techniques from drops
containing AS-48 and reservoir solutions (0.2 M
ammonium sulfate, 0.1 M sodium acetate trihydrate
(pH 4.5), 15% (w/v) polyethylene glycol 4000 and 0.1 M
Na–Hepes (pH 7.5), 0.8 M mono-sodium dihydrogen
phosphate) in a 1:1 ratio. Crystal form II was grown
using vapor diffusion techniques from drops containing
AS-48, 18 mM n-decyl-b-D-maltoside and reservoir sol-
ution (0.2 M ammonium sulfate, 25% (w/v) polyethylene
glycol 4000) in a 4:1:5 ratio.

Crystals were mounted in a fiber loop and frozen at
120 K in a nitrogen stream from a solution containing
reservoir solution and 20% glycerol. For derivative data
collection, a crystal grown at pH 4.5 was soaked for 20
seconds in a mother liquor solution, which contained
1 M NaI and 20% glycerol; afterwards, the crystal was
mounted in a fiber loop and frozen at 120 K in a nitrogen
stream. X-ray diffraction data were measured using

Cu Ka radiation on a Mar-Research imaging plate
detector on an Enraf Nonius rotating-anode generator.
A high-resolution data set for crystal form I at pH 4.5
was also collected in a CCD detector using the ESRF
Grenoble synchrotron radiation source at BM14 beam-
line. Diffraction data were processed using MOSFLM.28

Structure determination

Attempts to solve the X-ray structure of AS-48 by mol-
ecular replacement using NMR models failed (AMoRe29

and MOLREP30). The AS-48 structure was solved by
single isomorphous replacement using isomorphous
information corresponding to one wavelength for a NaI
derivative (see Table 1).31 The coordinates of four sites
from the NaI derivative were determined using the
Patterson interpretation routine of SHELX.32 All other
sites were obtained by difference Fourier techniques.
For this proposal and for refinement of the iodine atom
sites, all calculations were performed using programs of
the CCP4 package33 and SHARP.34 Solvent-flattening
was performed using DM.35

The experimental electron density map was good
enough to identify the position of each of the four
molecules in the asymmetric unit. Using this infor-
mation, a molecular mask and the non-crystallographic
symmetry operators were calculated. Several cycles
of density modification with molecular averaging
yield to a high quality electron density map35 and
unambiguously allowed the tracing of four polypeptide
chains of AS-48 using the program O.36

The initial model was refined first using the simulated
annealing routine of CNS.37 Several cycles of restrained
refinement REFMAC538 and iterative model building
with O36 were carried out. Water structure was obtained
using ARP.39 The refined model at pH 4.5 was used to
solve AS-48 structure at pH 7.5. Crystal form II was
solved by molecular replacement using AMoRe
(correlation coefficient and R factor of 67.3/38.3,
respectively).29 Several cycles of restrained refinement of
the initial model38 followed by iterative model building
with O36 were carried out. The stereochemistry of the
models was verified with PROCHECK.40 Ribbon Figures
were produced using MOLSCRIPT41 and RASTER.42 The
accessible surface area of the AS-48 dimer and protomer
was calculated with the program “naccess” from
LIGPLOT package.17 AS-48 molecular surfaces were
calculated with GRASP.24

Sedimentation equilibrium experiments

Sedimentation equilibrium experiments were per-
formed in a Beckman Optima XL-A ultracentrifuge
using a Ti50 rotor and six channel centerpieces of
Epon-charcoal (optical pathlength 12 mm). Samples of
AS-48 were equilibrated in 50 mM acetic acid/sodium
acetate (pH 4.5), 50 mM Tris–HCl (pH 7.5) and 50 mM
Tris–HCl (pH 8.4), and were centrifuged at 18,000 rpm
and 20 8C. Radial scans at 280 nm were taken at 12, 14
and 16 hours. The three scans were identical (equi-
librium conditions were reached). The weight-average
molecular mass (Mw) of AS-48 was determined by using
the program EQASSOC with the partial specific volume
of AS-48 set to 0.732 at 20 8C as calculated from its
amino acid composition.
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Accession numbers

The coordinates and structure factor amplitudes of
AS-48 of crystal form I, at pH 4.5 and pH 7.5, and crystal
form II have been deposited in the PDB (1O82, 1O83 and
1O84, respectively).
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