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NMR Structures of the Histidine-Rich Peptide LAH4 in Micellar
Environments: Membrane Insertion, pH-Dependent Mode of
Antimicrobial Action, and DNA Transfection
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ABSTRACT The LAH4 family of histidine-rich peptides exhibits potent antimicrobial and DNA transfection activities, both of
which require interactions with cellular membranes. The bilayer association of the peptides has been shown to be strongly
pH-dependent, with in-planar alignments under acidic conditions and transmembrane orientations when the histidines are dis-
charged. Therefore, we investigated the pH- and temperature-dependent conformations of LAH4 in DPC micellar solutions and
in a TFE/PBS solvent mixture. In the presence of detergent and at pH 4.1, LAH4 adopts helical conformations between residues
9 and 24 concomitantly with a high hydrophobic moment. At pH 6.1, a helix-loop-helix structure forms with a hinge encompassing
residues His10–Ala13. The data suggest that the high density of histidine residues and the resulting electrostatic repulsion lead to
both a decrease in the pK values of the histidines and a less stable a-helical conformation of this region. The hinged structure at
pH 6.1 facilitates membrane anchoring and insertion. At pH 7.8, the histidines are uncharged and an extended helical confor-
mation including residues 4–21 is again obtained. LAH4 thus exhibits a high degree of conformational plasticity. The structures
provide a stroboscopic view of the conformational changes that occur during membrane insertion, and are discussed in the
context of antimicrobial activity and DNA transfection.
INTRODUCTION
Amphipathic peptide sequences are produced, stored, and
secreted by many organisms, including fungi, plants,
insects, amphibia, and humans (1–4). They serve many
important functions in life, such as cell-to-cell signaling
and antimicrobial protection, and are used in biotechnolog-
ical applications such as cell penetration and transfection—
activities that are linked to the transport of large cargo
molecules into the cell interior (5–8). For example, to fight
antimicrobial infections, the innate immune system of many
species employs cationic peptides (1,2), and many of these
or related sequences also exhibit cell-penetrating activities
(4,9). Therefore, intricate interactions with cellular mem-
branes are a key prerequisite for many of the above-
mentioned biological functions. To develop their biological
activities, the peptides have to interact with the lipid bilayer,
which directly constitutes their site of action and/or has to
be passed before the peptides can enter the cell interior
(1,10).

Studies using biophysical methods to examine the
membrane interactions of amphipathic peptides have
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revealed a complex behavior with lipid-, temperature-,
and pH-dependent morphologies of the supramolecular
complexes and a wide variety of peptide topologies and
aggregation states in the membrane (11,12). Furthermore,
after they are released, many amphipathic peptides are
soluble in water, where they occur as monomers or aggre-
gates and subsequently target themembranes of other species
(12). Several models have been proposed to explain the pore-
forming properties of these peptides, including the barrel-
stave, wormhole, and carpet models (13–15). These models
have been included in phase diagrams similar to those estab-
lished for lipid or detergent-lipid mixtures, as such complex
representations are needed for a complete description of all
the possible membrane-peptide morphologies (11).

To investigate membrane insertion and the interactions
that control the membrane topology of amphipathic pep-
tides, researchers designed a series of sequences in which
the core regions are composed predominantly of leucines,
alanines, and four histidines, resulting in a family of
peptides known as LAH4 (16,17). Due to the presence
and arrangement of the histidines, one can not only change
the membrane topology in a pH-dependent manner (16,18),
but also test the energetic contributions associated with the
transition of the peptide orientation from parallel to the
surface to a transmembrane alignment (19–21). The transi-
tion pH reflects a fine balance between the ionization state
of the histidines, as well as hydrophobic and other interac-
tions. The parent LAH4 polypeptide consists of 26 amino
acids, is soluble in aqueous solution (where it is mono-
meric under acidic conditions), and forms small aggregates
at neutral pH (22). Of note, the pronounced antibiotic
doi: 10.1016/j.bpj.2010.05.038
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activity of LAH4 at pH 5.5 indicates that antibiotic action
is caused by amphipathic helices aligned along the surface
of the membrane, rather than by the formation of a specific
transmembrane pore structure (17,23,24). More recently, it
was shown that LAH4 and several of its derivatives exhibit
potent DNA and siRNA transfection activities while at the
same time the transfection complex maintains its antibacte-
rial activity (25–28). During transfection, the peptide/DNA
complexes use an endosomal pathway that involves a
shift to acidic environments and thus correlates with the
pH-induced topological transitions of the membrane-asso-
ciated peptide (25,26).

So far, the molecular details of membrane insertion of
amphipathic peptides remain largely unknown (29,30). In
this work, we sought to characterize the conformations
of membrane-associated LAH4 using two-dimensional
(2D) solution NMR spectroscopy in micellar solutions as
a function of temperature and pH, as well as in
a membrane-mimetic solvent mixture. We were able to
obtain a stroboscopic view of the conformational and topo-
logical changes that occur during membrane insertion. The
structural data are discussed in the context of the peptides’
membrane insertion and the concomitant antibiotic and
DNA transfection activities.
MATERIALS AND METHODS

Peptide synthesis

The peptide LAH4 (MW: 2777; sequence: KKALLALALHHLAHLALHL

ALALKKA-NH2) was prepared by solid-phase peptide synthesis on Milli-

pore 9050 or ABI433 automatic peptide synthesizers using Fmoc chemistry.

A fourfold excess of Fmoc-protected amino acids (Bachem, Heidelberg,

Germany; Applied Biosystems, Weiterstadt, Germany) was used during

chain elongation. After TFA cleavage was achieved, the peptide was puri-

fied by preparative HPLC using an acetonitrile/water gradient in the pres-

ence of 0.1% TFA and a 214 nm detection wavelength. The identity and

high purity of the product was confirmed by MALDI mass spectrometry

and analytical HPLC. After lyophilization, the TFA counterions were

exchanged in 5% acetate (v/v).
NMR experiments

To investigate the structure of LAH4, 6 mg of the lyophilized peptide were

dissolved in a mixture of 50% (v/v) deuterated TFE (TFE-d3) in PBS

(115 mM NaCl, 8 mM KH2PO4, 20 mM Na2HPO4, pH 7.0) or added to

a DPC-d38 micellar solution in PBS. The TFE-d3 and perdeuterated DPC

(DPC-d38) were purchased from Promochem (Wesel, Germany). When

different peptide/detergent ratios were screened (31), the best resonance

linewidths were obtained from samples consisting of 200 mM DPC,

2 mM peptide, 0.02% sodium azide, and 10% of D2O. Without further titra-

tion, the addition of peptide decreased the pH to ~6. The pH values for the

samples were adjusted to 4.1 or 7.8 by the addition of 1 M stock solutions of

H3PO4 or Na3PO4. Before NMR measurements were performed, the

micellar solutions were vortexed for 2 h followed by 5 min of centrifugation

at 1000 g to remove impurities.

One-dimensional (1D) and 2D NMR experiments were performed at

300 K or 317 K on a DRX500 spectrometer (Bruker Biospin, Rheinstetten,

Germany) equipped for pulsed field gradient spectroscopy. For 1H assign-

ments, 2D TOCSY (32), NOESY (33), ROESY (34), and DQF-COSY (35)
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spectra were recorded. Water suppression in TOCSY was performed by

means of a jump-return pulse sequence (36), and a MLEV17 spin-lock

(37) of either 25 ms or 70 ms was used. In addition, NOESY and

ROESY experiments with 100 ms mix times and a WATERGATE pulse

sequence (38) were recorded. When considered useful, additional NOESY

experiments with 200 ms mix times were acquired. For the DQF-COSY

experiment, presaturation of the water resonance during the relaxation

delay was performed. All phase-sensitive 2D experiments were recorded

using the time-proportional phase incrementation method (39). For these

experiments, 96–160 transients for 600–650 t1 increments with 2048

complex data points were collected. The relaxation delay between succes-

sive transients was 1.2–1.5 s. The spectral width was set to 7002 Hz in

both dimensions. Before Fourier transformation was performed, the data

along the t1 dimension were zero-filled to 1024, and a sine square apod-

ization function in t1 and a Gaussian window function with �10 Hz

line-broadening in the t2 dimension were applied. All of the data were pro-

cessed with XWINNMR software (Bruker Biospin, Rheinstetten,

Germany). Residues were assigned by using the in-house-written software

ccnmr and glxcc (40). Proton chemical shifts are reported with respect to

the H2O signal (4.75 ppm relative to tetramethylsilane).

The chemical shift assignments for LAH4 in 50% TFE or DPC micelles

at different pH values were obtained using the standard method as previ-

ously described (41). Additionally, to improve the assignment of ambiguous

sequential resonances, spin diffusion was considered.
Structure calculations

Distance constraints were extracted from the NOESY and ROESY spectra

with a 100 ms mix time, and, when available, NOE cross-peaks that became

visible after 200 ms of mix time were taken into consideration to confirm

the presence of otherwise weak intensities. The cross-peaks were classified

according to their intensities as weak, medium, or strong, with upper-limit

distances of 5.0, 3.4, and 2.8 Å, respectively. Only the interresidual NOE-

derived restraints were used during the calculation procedure, resulting in

a total of 178 and 157 distance restraints for the structures at pH 4.1 and

6.1, respectively. Hydrogen-bonding restraints were also used for the deter-

mination of structures (14 and 11 hydrogen bonds for the structures at pH

4.1 and 6.1, respectively). Calculations were performed using the Xplor-

NIH v2.17 program with only a few changes (42). The calculations started

from extended conformations using the torsion angle dynamics simulated

annealing protocol written by Stein et al. (43). During the high-temperature

dynamics, the first cooling period was set to 10,000 steps per cycle. The

second cooling involved 6000 steps, and the final Powell minimization

was increased to 100 steps per cycle with kNOE ¼ 50 kcal/Å2. This calcu-

lation was followed by molecular-dynamics refinement in explicit water

(44). For each condition, a total of 200 structures with no distance restraint

violation higher than 0.5 Å were calculated, and the 20 most stable confor-

mations were extracted to represent the peptide structure. The quality of the

resulting ensembles was assessed by application of the PROCHECK-NMR

and AQUA alghorithms (45). The program MOLMOL 2K.2 was used to

calculate the pairwise RMSDs for both sets of calculated structures and

to generate the structural models shown (46).

As another calculation methodology, we also employed the program

CNS, which takes into account intraresidual restraints as well as restraint

upper limits that are derived from internuclear distances between histidine

ring hydrogens. This procedure is described in more detail in the Supporting

Material. The mean structures over the corresponding ensemble and the

best structures at pH 6.1 and pH 4.1 in the presence of DPC are accessible

through the Protein Data Base (2KJO and 2KJN).

Chemical shift information is available through the BMRB Database

(accession numbers 16332 and 16332 for pH 4.1 and 6.1 (317 K), respec-

tively). Additional chemical shift data in 50% TFE in PBS (6827) or in

the presence of DPC at pH 6.1/300 K and pH 7.8/317 K (6886) are

also available.
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RESULTS

Secondary structure in 50% TFE-PBS

The graphic representation shown in Fig. 1 of NOEs ob-
tained in 50% TFE in PBS, a solvent that mimics the hydro-
phobicity of membranes, reveals a number of daN (i, iþ3)
and dab (i, iþ3) correlations. At the same time, the daN
(i, iþ4) and dNN (i, iþ1) NOE cross-peaks are weak or
absent even at long NOE mixing intervals. Furthermore,
the CSIs of the Ca protons lack a clear high local density
of upfield shifts (Fig. 1 A), which would be indicative of
stable a-helical structures (47). This ensemble of data
suggests that in TFE solution, the peptide exhibits a modest
propensity for helical structures in the L4–L23 region.
FIGURE 1 Graphic summary of NOEs observed for LAH4 in (A) 50%

TFE-PBS, (B) DPC micellar solutions at pH 6.1 and 317 K and (300 K.

The thickness of the lines represents strong, medium, and weak NOE

intensities. The helical domains indicated correspond to the statistical anal-

ysis of simulated annealing calculations (panel B) or to regions where at

least two of the following are observed: daN (i, iþ3), daN (i, iþ4), dab
(i, iþ3), dNN (i, iþ2), strong dNN (i, iþ1), and high density of helical

CSI (47).
Under these conditions, the first two lysines, the NH reso-
nance of A3, and the side chains of K24 and K25 remain
undetectable. The C-terminal amide exhibits resonances at
6.88 and 7.31 ppm, and these chemical shifts are summa-
rized in Table S1.
Secondary structure in DPC micelles

Structure of LAH4 at different temperatures and pH 6.1

Although isotropic TFE/water mixtures are advantageous
for solution-state NMR spectroscopy due to the peptides’
fast reorientational correlation times in this environment,
a much better representation of the interfaces of phosphati-
dylcholine bilayers can be obtained from DPC micelles.
Therefore, NOESY and TOCSY spectra of the LAH4
peptide at pH 6.1 were recorded in DPC micellar solution
at 300 K and 317 K. Because the spectra at 317 K were
better resolved, assignment of the peptide was initially per-
formed at this temperature and thereafter compared with the
spectra obtained at 300 K. The NH-Ha region of the
TOCSY spectra of LAH4 at 317 K and pH 6.1 is shown
in Fig. 2 A. The corresponding NOE correlations in the
NH-NH region are summarized in Fig. 1 B. At this temper-
ature, a continuous pattern of daN (i, iþ3), daN (i, iþ4),
FIGURE 2 The NH-Ha region of TOCSY spectra of LAH4 in DPC

micellar solutions at 317 K is shown. (A) pH ¼ 6.1. (B) pH ¼ 4.1.

Biophysical Journal 99(8) 2507–2515



FIGURE 3 The NH-NH region of the 2D NOESY spectrum in DPC

recorded at pH 6.1 and 300 K, with the assignment of cross-peaks shown.

FIGURE 4 Graphic representation of NOEs observed for LAH4 in DPC

micellar solutions at 317 K and pH values of (A) 7.8 and (B) 4.1. The thick-

ness of the lines represents strong, medium, and weak NOE intensities. The

helical domains have been identified by the rules specified in the legend to

Fig. 1.
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a number of dab (i, iþ3), and several strong dNN (i, iþ1)
connectivities are indicative of a-helical structures encom-
passing residues A3–L9 and H14–K24.

At 300 K, the interresidual contacts in the region encom-
passing residues L5–A22 are suggestive of helical structures
(Fig. 1 C). Between L9 and H14, contacts such as NH-NH or
daN (i, iþ3) or daN (i, iþ4), which are typical for the defini-
tion of helical structures, are less abundant or missing, sug-
gesting a less stable helical conformation in the central
region of the peptide (hatched box in Fig. 1 C), and reflect-
ing to some extent the situation observed at the higher
temperature (Fig. 1 B).

Structures of LAH4 at 317 K and different pH values

Because proton activity plays such an important role in the
topology and biological activities of LAH4, we investigated
the structure of membrane-associated LAH4 as a function of
pH (16,17,20,23). Significant changes in the number,
magnitude, and position of the cross-peaks were observed
upon alterations in pH, and required independent assign-
ments of the resonances at each pH condition (Fig. 2).
Although an overall high degree of a-helicity was observed
in the presence of DPC under all conditions investigated,
changes in the chemical shifts as well as the NOE patterns
(compare Fig. 1 B and Fig. 4) indicated the occurrence of
pH-dependent conformational differences and/or changes
in the interaction with the micellar environment, in agree-
ment with histidine pK values of ~6 (16,18).

At pH 7.8 the pattern of NOE intensities indicates an a-
helical structure between L4 and L21 (see Fig. 4 A). The
helical structure at pH 7.8 is confirmed by the CSIs of the
Ca protons, which show a strong tendency toward negative
values throughout the sequence. The small number of NOE
cross-peaks, the missing NH resonances, and the weak NH-
NH contacts suggest that the termini, involving K1–A3 and
A22–A26, are unstructured. At pH 7.8 only the HD2 atoms
of the histidines are visible in the spectra, whereas at pH 6.1
and pH 4.1 the HE1 protons are also detectable (Fig. 3).

A graphic representation of unambiguously assigned
NOE intensities at pH 4.1 is shown in Fig. 4 B. The pattern
and intensities of the interresidual contacts are consistent
with a-helical conformations in the L9–K24 region. Of
note, the number of medium-range NOEs observed for resi-
dues A9–H14 is greater under acidic conditions (Fig. 4 B)
than at pH 6.1 (Fig. 1 B), suggesting that LAH4 adopts
a better-defined a-helical structure. Although the CaH
chemical shifts, as represented by their CSIs (Fig. 1 B and
Fig. 4 C), are less negative than those at pH 7.8, on average
they are considerably below those observed for random coil
conformations. Furthermore, the secondary shifts of CaH
and NH show an oscillating pattern with a 3–4 residue
repeat as observed for other amphipathic helices (48).
Although the N-terminal part seems unstructured at all pH
values, its overall character appears to be different at acidic
pH, where the NH of K2 is visible (Fig. 4).
Biophysical Journal 99(8) 2507–2515
Detailed structural folds of micelle-associated LAH4
at pH 6.1 and pH 4.1

Starting from extended conformations and using the exper-
imental NOE intensities obtained at 317 K, we performed
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simulated annealing calculations for LAH4 in the presence
of DPC at pH 6.1 and pH 4.1. Fig. 5 shows the backbone
superposition of the 20 lowest-energy structures that were
generated using Xplor-NIH. Fig. 5 A represents the set of
structures for LAH4 at pH 4.1, and panels B and C show
that obtained for pH 6.1. Whereas at pH 4.1 an uninterrupted
a-helical region encompassing residues L9–K24 is evident,
the structures at pH 6.1 are characterized by two helical
domains (A3–L9 and H14–K24) separated by a mostly
unstructured region comprising residues H10–A13, where
only a few experimental restraints are available (Fig. 1 B).

When the Ramachandran angular distribution is
analyzed, 75.2% and 73.3% of the residues occur in the
most favored regions for the structural models obtained at
pH 4.1 and 6.1, respectively (Table 1). When only the resi-
dues belonging to the well-structured regions are taken into
account, these fractions rise to 91.2% at pH 4.1 and to
FIGURE 5 Stereo view of the backbone superposition of the 20 lowest-

energy structures at pH 4.1, where region 9–24 (A) is considered for super-

position of the coordinates, and at pH 6.1, where the regions 3–9 (B) and

14–24 (C) are considered separately for superposition of the structures.
89.7% at pH 6.1. This shows that most of the residues that
fall into the least-favored regions of the Ramachandran
plot belong to regions in which only a few distance restraints
are measured. The assessment of the RMSD values for each
ensemble showed a marked convergence of the conforma-
tion of the well-defined segments in the polypeptide chain.
For the calculated models at pH 4.1, the RMSD is 0.43 Å
for the backbone of the a-helix comprising L9–K24. For
the data set obtained at pH 6.1, the backbone RMSDs of
the helical regions A3–L9 and H14–K24 are 0.48 Å and
0.53 Å, respectively.
DISCUSSION

The cationic linear amino acid sequence LAH4 is a represen-
tative of a large family of antimicrobial peptides (3,23), and
in addition has been found to be a potent vector for carrying
nucleic acids into the eukaryotic cell interior (6,28). To
perform these biological activities, the peptide has to
interact with and/or cross cellular membranes (1,10,26).
When amphipathic peptides transfer from the water to the
membrane phase, they are thought to first interact with the
membrane interface, where they adopt an (helical) amphi-
pathic 3D structure (30,49) (Fig. 6, C, D, and G). Although
this initial membrane-interacting state is characterized by
alignments of the peptide along the membrane surface
(Fig. 6 G), transmembrane orientations of some of the
more hydrophobic sequences (Fig. 6 I) are subsequently
observed in a second step (12,50). These transitions have
been well investigated and characterized in a quantitative
manner for LAH4 in lipid bilayers, where pH-dependent
in-plane and transmembrane alignments have indeed been
observed (16,19,20).

Here, we studied the structural details that are associated
with such topological transitions by using multidimensional
solution-state NMR spectroscopy in micellar and isotropic
membrane-mimetic environments. A first inspection of the
chemical shift and NOE information indicates that, although
helical secondary structures are predominant, the peptide
undergoes a number of structural transitions upon changes
in solvent, temperature, or pH (Fig. 1, Fig. 4, and Fig. 5).
When added at concentrations > 0.1 mM to PBS buffer,
pH 7.0, without cosolvent, LAH4 exhibits considerable
line-broadening and little chemical shift dispersion. This
is in agreement with previous studies in which, under related
conditions, the peptide exhibited a predominantly random
coil character (23) and formed aggregates of ~40 nm hydro-
dynamic diameter (22). However, upon addition of 50%
TFE, the NMR spectra suggest that LAH4 occurs as a mono-
mer, while at the same time the NOEs indicate a modest
propensity of the peptide to form helical conformations
between residues 4 and 23 (Fig. 1 A). Of interest, the helical
conformations are more stable in DPC micellar environ-
ments than in TFE, although this solvent has been suggested
to promote the formation of helical secondary structures
Biophysical Journal 99(8) 2507–2515



TABLE 1 Statistics of the NMR structural evaluation of LAH4 in DPC micellar solution at pH 4.1 and 6.1 using Xplor-NIH

Structural restraints from NMR spectroscopy pH 4.1 pH 6.1

Total NOE 262 238

Intraresidue 84 81

Interresidue 178 157

Hydrogen bonds 14 11

Ramachandran Analysis

Residues in most favored regions 75.2% 73.3%

Residues in additionally allowed regions 7.2% 17.3%

Residues in generously allowed regions 1.9% 5.0%

Residues in disallowed regions 6.1% 4.4%

Coordinate precision for selection (residue

numbers)

9–24 3–9 14–24

Pairwise RMSD of the backbone (Å) 0.43 5 0.14 0.48 5 0.20 0.53 5 0.18

Pairwise RMSD for all heavy atoms (Å) 1.11 5 0.24 1.31 5 0.26 1.44 5 0.27
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(51), which underlines the importance of choosing the
appropriate membrane model system. A comparison of the
LAH4 spectra obtained in TFE (Fig. 1 A) with those re-
corded in the presence of DPC at 300 K or 317 K (Fig. 1,
B and C, and Fig. 4) suggests that in TFE/PBS 50/50 the
structural features represent an intermediate state, and the
full helical character is induced only upon association
with membrane interfaces.

Therefore, we focused our attention on the structural
analysis of LAH4 in the presence of DPC micelles, which
better mimic the membrane and at the same time can be
characterized by rotational correlation times sufficiently
fast for solution-state NMR structural investigations (52).
Although in the presence of detergent LAH4 adopts
predominantly a-helical conformations under all conditions
tested, the delineations of these helices vary in a pH-depen-
Biophysical Journal 99(8) 2507–2515
dent fashion (Fig. 1, B and C, Fig. 4, and Fig. 5). A long,
well-defined amphipathic helix spanning residues 9–24 is
present at pH 4.1, and at the same time the most N- and
C-terminal residues remain largely disordered (Fig. 5 A).
At this pH value, the histidines are charged (16) and all
locate at the polar face of an amphipathic helical structure
(Fig. 6 A). Therefore, under acidic conditions the peptide
aligns parallel to the surface of lipid bilayers (16,18), as
illustrated in Fig. 6 G.

When the pH is increased to 6.1 (317 K), subtle confor-
mational transitions occur and two helical domains are
formed encompassing residues 3–9 and 14–24 (Fig. 1 B
and Fig. 5, B and C). The pH is within the range in which
LAH4 changes from in-plane to transmembrane topologies
(16,18), and therefore this structure is of particular interest.
The flexible loop region connecting the two helices
FIGURE 6 (A) Backbone traces of the mean

structures of LAH4 showing the histidine heavy

atoms mostly affected by pH changes. The mean

structure of the peptide at pH 6.1 is displayed in

blue, and the red trace represents the mean struc-

ture at pH 4.1. The superposition of both structures

is based on the helical region encompassing the

region between H14 and L23. (B) Space-filling

model of the structure obtained at pH 6.1 and

317 K, representing the positive surface charges

of the polypeptide in blue and the negative charges

in red. The C-terminus is shown to the left. (C)

Model representations of the LAH4 peptide in

solution (random coil and monomeric at low pH

(22,23)), of the structures in micellar environments

(D–F) and in lipid bilayers (G–I). The surface-

oriented topology at acidic pH (D and G), the tran-

sition state (E and H), and the transmembrane

alignments at pH > 7 are shown (F and I) as

measured in oriented phospholipid bilayers (G–I)

(16) or by analogy (D–F). Panels D–F summarize

the structural features observed in this work,

whereas panels G–I combine these findings with

the membrane topology obtained from oriented

phospholipid bilayers (16,18).
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probably enables the membrane insertion of one helix at
a time, thus facilitating the realignment process in a manner
comparable to models proposed for the voltage-gating
mechanism of alamethicin (53).

Finally, when the pH is changed from 6.1 to 7.8, LAH4
reverts to a long a-helix encompassing residues 4–21
(Fig. 4 A). At this pH the peptide adopts transmembrane
alignments in oriented phosphatidylcholine membranes
(Fig. 6 I) (16,18). Correlation times faster than the micellar
complex, concomitant with isotropic averaging, suggest that
the termini are unstructured and exposed to the water phase.
The chemical shifts for the histidine side-chain resonances
indicate that all four of them are deprotonated at pH 7.8.
In addition, the transmembrane alignment of the peptide
in oriented bilayers (Fig. 6 I) and paramagnetic shift
measurements in DPC micellar environments (P. Bertani
and B. Bechinger, unpublished results) suggest that they
are deeply inserted into the hydrophobic core of the micelle
(Fig. 6 F) (16,18).

Therefore, when changing from acidic to neutral condi-
tions, the helical domain shifts from a C-terminal to
a more N-terminal localization, and at the same time the
histidine side chains lose their charges and pronounced
alterations in membrane topology occur. The concomitant
environmental changes, as well as the favorable interactions
of the protonated histidine side chains (at acidic pH) with
the negative end of the helix dipole (54), probably
contribute to these modulations of the secondary structure.

It should be noted that the NOE-based calculations yield
a family of structures (Fig. 5) that include conformations
with helix delineations somewhat different from the
consensus regions indicated throughout this work, reflecting
the large conformational space and the dynamics of these
peptides. Not only do they exhibit conformational freedom
when associated with the membranes, they can also
exchange between the water and the micellar environment.
Indeed, membrane insertion and helix formation have
been shown to be tightly connected processes (55), and
the observed temperature dependence of the LAH4 spectra
at pH 6.1 (Fig. 1, B and C) suggests that entropic contribu-
tions related to hydrophobic interactions have an effect on
the penetration of the helices into the micelle and the
conformational preferences of the peptide. Furthermore,
temperature-dependent changes in the shape and phase
behavior of the detergent/peptide mixtures may play a role
in determining LAH4’s interactions with the micellar inter-
face (56).

By assigning resonances at three different pH values, we
were able to correlate the previously determined titration
curves with specific histidine residues (16). The H10,
H11, H14, and H18 side chains exhibit pK values of 5.8,
5.4, 5.7, and 6.0, respectively, and on average are signifi-
cantly reduced when compared to histidine protonation in
aqueous solution. In an a-helical conformation, these sites
are in close proximity, and repulsion between like charges
potentially contributes to the decrease in pK and a more
unstable helix conformation in the center of the peptide
(Fig. 5 A and Fig. 6 A). Of note, the H11 ring system exhibits
the highest degree of conformational freedom (Fig. 6 A) and
is well positioned to interact with the DPC interface (16).
The early deprotonation of the histidines probably correlates
with a deeper penetration of these residues into the
membrane and ultimately a transmembrane alignment of
the peptide.

Circular dichroism and magic-angle spinning solid-state
NMR results indicate that LAH4 also adopts predominantly
a-helical conformations in the transfection complex with
DNA (26). Of interest, LAH4 has the required length of
26 amino acids and at pH 6.1 forms a helix-turn-helix motif
similar to other DNA-binding motifs (57). Therefore, it is
possible that a related conformation is also present in the
transfection complex, although at the present time the
detailed structure of the peptide in this environment remains
a matter of speculation. However, a thermodynamic analysis
of the LAH4-DNA association indicates a high coverage of
DNA by the peptide (1 peptide/2 bp at pH 7.5), which is
reduced by about twofold when the pH is decreased (26).
The peptide-DNA interactions are predominantly electro-
static at neutral pH; however, van der Waals, hydrophobic,
and other energies contribute under acidic conditions (26).
Such changes in the thermodynamic signature indicate con-
siderable pH-dependent structural rearrangements within
this supramolecular complex. It is noteworthy that the trans-
fection process occurs via an endosomal pathway, and that
acidification of this organelle results in the release of a large
number of peptides and consequently lysis of the endosomal
membranes (26) by a mechanism that is probably related to
the lysis of bacterial membranes.

When Vogt and Bechinger (23) investigated the antimi-
crobial activity of LAH4 in a pH-dependent manner, they
found that the peptide killed bacteria at neutral and acidic
pH, although it was more active at low pH when oriented
along the membrane surface. Here, we present the structure
of LAH4 as obtained under acidic conditions in membrane
environments (Fig. 5 A and Fig. 6 A) where the peptide
forms an amphipathic a-helix that is inserted into the mem-
brane interface and is oriented parallel to the membrane
surface (Fig. 6 G) in agreement with its high hydrophobic
moment (16). Under these conditions, the peptide imposes
a high curvature strain on the membrane and severely
disrupts the bilayer packing, which can explain the break-
down of electric resistance, pore formation, and cell killing
(11,58). When the pH is increased, the peptide transiently
adopts a wedge-like conformation. Bent helical structures
have also been observed for the highly lytic peptide melittin,
for the channel-former alamethicin, and for antimicrobial
peptides of the magainin class (e.g., pardaxin and LL-37)
(53,59–62). Of note, our work shows that the conformation
of the polypeptide in DPC micelles exhibits a high degree of
plasticity, being temperature-, pH-, and solvent-dependent,
Biophysical Journal 99(8) 2507–2515



2514 Georgescu et al.
and therefore can adjust to a variety of environmental
parameters, with several of these configurations being
involved in its interesting biological activities.
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