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To understand the molecular mechanisms of amphiphilic membrane-active peptides, one needs to study their
interactions with lipid bilayers under ambient conditions. However, it is difficult to control the pH of the sample
in biophysical experiments that make use of mechanically aligned multilamellar membrane stacks on solid
supports. HPLC-purified peptides tend to be acidic and can change the pH in the sample significantly. Here, we
have systematically studied the influence of pH on the lipid interactions of the antimicrobial peptide PGLa
embedded in oriented DMPC/DMPG bilayers. Using solid-state NMR (31P, 2H, 19F), both the lipid and peptide
components were characterized independently, though in the same oriented samples under typical conditions
of maximum hydration. The observed changes in lipid polymorphism were supported by DSC on multilamellar
liposome suspensions. On this basis, we can present an optimized sample preparation protocol and discuss
the challenges of performing solid-state NMR experiments under controlled pH. DMPC/DMPG bilayers show a
significant up-field shift and broadening of the main lipid phase transition temperature when lowering the pH
from 10.0 to 2.6. Both, strongly acidic and basic pH, cause a significant degree of lipid hydrolysis, which is
exacerbated by the presence of PGLa. The characteristic re-alignment of PGLa from a surface-bound to a tilted
state is not affected between pH of 7 to 4 in fluid bilayers. On the other hand, in gel-phase bilayers the peptide
remains isotropically mobile under acidic conditions, displays various co-existing orientational states at pH 7,
and adopts an unknown structural state at basic pH.

© 2014 Elsevier B.V. All rights reserved.
1. Introduction

Membrane protein structure and the functional mechanisms of
membrane-active peptides can only be fully understood in the presence
of a proper lipid bilayer. Therefore – instead of employing detergent
micelles, bicelles or organic solvent mixtures – many biophysical stud-
ies rely on the use of membrane samples, consisting of multiple stacked
bilayers that contain the reconstituted peptide or protein in a liquid
PC, phosphatidylcholine; PG,
3-phosphocholine; DMPG, 1,2-
+ salt); PGLa, peptidyl-glycyl-
L-NH2]; S-state, “surface-bound”
c, 9-fluorenylmethoxycarbonyl;
acid; SSNMR, solid-state nuclear
reflection infrared spectroscopy;
HPLC, reversed-phase high-
canning calorimetry; Lα, fluid
Tm,main transition temperature
-to-lipid (molar) ratio
logy (KIT), Institute of Biological
ny. Tel.: +49 721 60843222;
crystalline and well hydrated lipid environment [1–3]. Multilamellar
vesicles are readily obtained in suspension using aqueous buffers, but
a fundamental advantage can be gained by preparing them in a macro-
scopically orientedmanner. Thisway, anisotropic information about the
alignment of a whole protein, of a secondary structure element, or of an
individual functional group becomes accessible. The most prominent
anisotropic spectroscopic techniques include solid-state NMR (SSNMR)
[1,4,5], oriented circular dichroism [6–8], attenuated total reflection
infrared (ATR-IR) [9,10], electron paramagnetic resonance (EPR) [9,11,
12], as well as scattering methods with X-rays and neutrons [13–16]. In
all these methods it is very difficult to control the pH of a sample that
has been macroscopically oriented on a solid support, so most of these
studies tend to be pursued without pH control. The common use of
distilled water together with synthetic peptides that are usually purified
under acidic conditions by HPLC implies that the resulting data might
suffer from unnaturally acidic conditions. Since the protonation state
not only of the peptides/proteins but also of certain lipids can play a
critical role in their structure and function, a critical assessment of pH
effects and potential pitfalls is timely.

From our experience, SSNMR analysis of membrane-active peptides
(MAPs) in oriented lipid bilayers is the most versatile and comprehen-
sive approach to study peptide–lipid interactions. It can provide not
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only a structural description (conformation,membrane alignment) [1,4,
17,18] and dynamical information (molecular wobble, lateral diffusion,
aggregation) [19–27] about the MAP in its functionally relevant
membrane-bound state, but it can also monitor the response of the
phospholipid matrix (lipid disorder, morphological transitions)
[28–31]. The samples typically consist of stacks of several 1000 hydrated
multibilayers that are spontaneously aligned on an inert solid support,
like glass, quartz or silicon. They are very suitable as proper membrane
models, because the lipid composition can be freely chosen [32–34], the
peptide concentration can be varied over several orders of magnitude
[17], the bilayers can be observed in their desired phase state, and it is
easy to control the membrane charge [34,35], bilayer thickness [34,
36], fluidity, spontaneous curvature [32,33]. Several reports on SSNMR
applications have been concerned with optimizing the sample prepara-
tion, e.g. to achieve perfect alignment, but theyweremainly focussed on
adjusting the solvent composition for co-solubilizing peptide and lipids
[38–41]. A commonly underestimated aspect, however, is the fact that
many studies are carried out with synthetic peptides rather than
recombinantly produced material. Synthetic peptides are routinely pu-
rified by commercial suppliers and in academic labs with RP-HPLC,
which usually employs acidic eluents. If no post-purification treatment
(e.g. neutralisation) is performed, any HPLC purified peptide carries
with itself a stoichiometric excess of acid (commonly trifluoroacetic
acid) [1,42–44]. When no sufficient buffer capacity is provided in the
sample, this acid introduced by the peptide may significantly influence
the system under study. A resulting effect can be, for instance, acid
hydrolysis of the phospholipid molecules, leading to the generation
of lyso-lipids, which will affect the membrane composition and proper-
ties [45,46]. Lipid hydrolysis as a factor modulating the behaviour of
magnetically oriented “bicelles” has been intensively studied, and
ether-linked phospholipids with reduced risk of hydrolysis are often
used to circumvent this problem [47–49]. However, even this lipid
choice is not a perfect solution, because the structure and alignment of
MAPs in ether- vs. ester-linked phospholipid bilayers has been reported
to differ [50,51].

Peptide-induced acidification or “spontaneous” hydrolysis in the
peptide-containing samples is a practical problem that all experimental
NMR spectroscopists must be aware of when using solid-supported
oriented samples. In many cases the consequences are ignored, or pre-
cautions simply involve an acquisition of 31P NMR spectra before and
after the actual SSNMR measurement in order to assess the “damage”
and to be alerted before interpreting the data. To the best of our knowl-
edge, the problem of active pH control in oriented samples has not been
explicitly discussed in the literature. Furthermore, it is well documented
that lipid polymorphism depends not only on temperature, ionic
strength and composition of the environment, but also on pH [52–55].
Since various ionizable groups are present in lipid membranes
(Table 1), the pH of a sample can directly influence the membrane
charge, spontaneous curvature and lateral pressure profile by proton-
ation/deprotonation of the lipid headgroups. The protonation state of
lipids and peptides can be further affected by the presence of anionic
lipids, as they tend to lower the pH at the bilayer surface compared to
the bulk [56].

Also the peptidic component in a membrane sample can be affected
bypH. TheHPLCderived acidity is not strongenough to cause hydrolysis
Table 1
Ionizable groups in common phospholipids and their reported pKa values [54].

Phospholipid: Ionizable group: pKa

Phosphatidylcholines phosphate b2, 2–3
Phosphatidylglycerols phosphate 3–3.5
Phosphatidyletanolamines phosphate

amine
b2, 2–3
8–11.25

Phosphatidylserines phosphate
carboxyl
amine

1.2
3.6–5.5
9.8–11.5
of the amide backbone, but the ionization state of side chains can be eas-
ily affected, and thereby the peptide conformation and its interactions
with the bilayer [56–59]. A prominent example is the pH-dependent
re-orientation of amphiphilic helices triggered by the protonation/
deprotonation of histidines [60]. Such pH-induced structural transitions
have been explored to trigger the activity of viral fusion peptides and of
ion channels, and in the design of pH-responsive materials [61–67].
Another pH-sensitive group on peptides is the N-terminus, which has
a pKa value close to 7 and may accordingly interact in different ways
with the amphiphilic bilayer.

Here, we address the fundamental question as to what extent typical
SSNMR experiments can be influenced by pHover a broad range. Namely,
whether/which pH would induce changes in the bilayer properties, and
whether/how would the alignment of an α-helical peptide (without
histidines) change upon varying the pH? To address these issues in a suit-
able test system, we chose a representative mixture of dimyristoylphos-
phatidylcholine (DMPC) and dimyristoylphosphatidylglycerol (DMPG)
in a molar ratio of 3:1. Such anionic mixtures are often used as bacterial
membrane mimics [1,4,34] and are therefore relevant for studies of anti-
microbial MAPs. The polymorphism of both lipids has been well charac-
terized, the two lipid species are almost ideally miscible [68], and their
phase transitions occur in a convenient temperature regime. DMPC/
DMPG mixtures are widely used to examine changes in other experi-
mental conditions [69–71], both alone as well as in the presence of
peptides or proteins [72,73]. This particular mixture of 3:1 has also
been used extensively before in our earlier SSNMR studies of the present
test peptide PGLa [17,34,35,37].

PGLa was selected as an exemplary peptide, being a typical cat-
ionic antimicrobial membrane-active peptide with 21 amino acids
(GMASKAGAIAGKIAKVALKAL-NH2) [74]. The peptide is unstructured
in aqueous solution but adopts an amphiphilic α-helical structure in
membrane-mimicking environments [75]. PGLa has been comprehen-
sively characterized by SSNMR, revealing several different orientational
states depending on the conditions. The helix undergoes a concentration
dependent re-alignment in DMPC/DMPG bilayers at room temperature
[17]. At low peptide-to-lipid ratios (e.g. 1:200) PGLa lies flat on the
membrane in a surface-bound “S-state”, while at higher concentration
(P/L ≥ 1:50) it adopts a tilted “T-state” that has been attributed to
the formation of antiparallel dimers [17,76]. When mixed with its syn-
ergistic partner magainin 2, hetero-oligomers are formed in which the
PGLa helix becomes aligned nearly parallel to the membrane normal
[33]. This fully inserted “I-state” suggests that transmembrane pores
have been formed, which can explain the antimicrobial mechanism.
The I-state was also observed for PGLa alone at high peptide/lipid ratios
(e.g. 1:50) in metastable gel-phase bilayers [37]. Changes between the
three states (S, T, I) can bemonitored by solid-state 19F NMR, e.g. by ob-
serving a selectively 19F-labelled peptide carrying a CF3-containing
amino acid, e.g. in the place of Ile13 [34]. This particular PGLa analogue
is a good candidate to examine the influence of pH on the re-alignment
behaviour of this well-known MAP.

Besides the 19F NMR experiments on PGLa,we also used 2HNMR and
31P NMR to monitor the pH-dependent response of the DMPC/DMPG
matrix. In addition, differential scanning calorimetry (DSC) measure-
ments on isotropic lipid dispersions with different pH values were
performed with multilamellar liposomes. As there is no ambiguity in pH
or ionic strength in these samples, they provide an independent reference
for the changes in lipid polymorphism and peptide–lipid interactions that
are observed in the oriented NMR samples.

2. Materials and methods

2.1. Peptide, lipids, buffers

PGLa was synthesized using standard Fmoc-protocols, either
as the native sequence or with a single CF3-Bpg (2-amino-2-[3-
(trifluoromethyl)bicyclo[1.1.1]pent-1-yl]ethanoic acid, obtained
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from Enamine Ltd., Kyiv, Ukraine) in position of Ile13, as previously
reported [77]. Crude material was purified by RP-HPLC (Jasco system
with diode-array detector, Groß-Umstadt, Germany), with analytical
(218TP54Vydac®) and semipreparative (218TP1010, Vydac®) C18 col-
umns, respectively (Grace, Deerfeld, USA). Linear water-acetonitrile
gradients were used (both eluents supplemented with 5 mM HCl to
avoid any 19F NMR background from 2,2,2-trifluoroethanoic acid),
as described before [42]. The collected RP-HPLC fractions were immedi-
ately freeze-dried from acidic water/acetonitrile solutions, without
neutralising the pH at this stage. The identity and purity of the product
were confirmed by analytical RP-HPLC andMALDI-TOFmass spectrom-
etry (matrix-assisted laser induced desorption/ionization with time-of-
fly detection, performed on Autoflex III mass spectrometer, Bruker
Daltonics, Bremen, Germany).

The lipids DMPC, DMPC-d54 and DMPGwere purchased from Avanti
Polar Lipids (Alabaster, USA). To obtain the desired pH values in the
oriented NMR samples, 100 mmol/L buffer solutions were prepared:
glycine/HCl for pH 2.6; Na2HPO4/citric acid for pH 4.0; Na2HPO4/
NaH2PO4 or HEPES for pH 7.0; Na2CO3/NaHCO3 for pH 10. The ingredients
were from Riedel-de-Haen (Seelze, Germany), AppliChem (Darmstadt,
Germany), or Roth (Karlsruhe, Germany), and were dissolved in milliQ®
water (Millipore, Billerica, USA). The pH was measured with a pH-meter
(pH 315i, WTW, VWR International, Darmstadt, Germany) at room
temperature, and adjusted with HCl (Roth) or NaOH (AppliChem).

2.2. DSC

DSC measurements were performed on a calorimeter VP-DSC
(MicroCal, Freiburg, Germany). Original MicroCal software was used
for data analysis. Multilamellar samples were prepared from 2 mg/mL
stock solutions of the lipids in methanol/chloroform (1:2, vol:vol).
They were mixed in the required ratio of DMPC/DMPG (3:1, mol:mol),
such that each sample contained a total of 1.3 mg (= 2 mmol) of
lipid. For the peptide containing samples, PGLa (unlabelled) was
added from a 1 mg/mL stock solution in MeOH in the requested molar
ratio of 1:200 or 1:50 peptide/lipid. The solvent was removed under a
stream of nitrogen, and the remainder was suspended in milliQ®
water and lyophilised overnight. The dried lipids were re-hydrated
with 1 mL of a degassed buffer or milliQ® water and mixed carefully.
Samples were incubated at 48 °C for 1 h, homogenized thoroughly
by vortexing, and freeze-thawed six times. Samples were stored at
−80 °Cwhen not used. Beforemeasurement, the samples were thawed
at 48 °C for 15 min and degassed for 1 min under a stream of nitrogen.
The initial heating and cooling scans of pure buffer were run before
each sample to provide the individual baselines. Afterwards, the samples
were measured with buffer solution as a reference, using ca. 0.5 mL of
sample per measurement. The temperature range was from 5 to 40 or
80 °C, with a heating rate of 1 °C per minute. Samples were equilibrated
at the starting temperature for 30min beforemeasuring. All experiments
were performed at least twice with freshly prepared samples each time.

2.3. Solid-state NMR measurements

Solid-state NMR experiments were carried out with oriented sam-
ples of DMPC/DMPG 3:1. For 2H NMR, 10% of DMPC was replaced by
DMPC-d54. For peptide containing NMR samples, the peptide-to-lipid
ratio was 1:50 (mol:mol). The required amounts of peptide and lipid
were co-dissolved in 340 μL CHCl3:MeOH (3:1, vol:vol), namely
8.5 mg (0.12 mmol) lipid and 0.5 mg (2.4 μmol) of 19F-labelled PGLa.
Twice the amount of lipid and no peptide was used for the lipid-only
samples. The solvent was evaporated under a stream of nitrogen, and
the sample was freeze-dried overnight. The dried material was
suspended in 170 μL of 100mmol/L buffer (17 μmol) and 680 μLmilliQ®
water, and the pH of thefluid suspensionwas controlledwith a portable
pH meter (pH 315i, WTW, Weilheim, Germany). All samples had the
desired pH value (+/−0.1). The pH of the non-buffered sample was
measured to be 6.1. Sampleswere then freeze-thawed10 times in liquid
nitrogen and a 48 °C water bath, with careful mixing after each cycle to
form vesicles. Samples were then distributed onto 17 glass plates (50 μL
resulting in 0.5 mg of lipid per glass plate) with dimensions of
18 mm × 7.5 mm × 0.08 mm (Marienfeld Laboratory Glassware,
Lauda-Königshofen, Germany). The glass plates were dried in vacuum
(14–17 h), stacked and covered with an empty plate. The degree of
hydration was adjusted by incubation in an atmosphere of saturated
K2SO4 solution for 14–17 h at 48 °C. The stacks were wrapped in several
layers of parafilm® and polyethylene foil to avoid dehydration. All sam-
ples were stored at−20 °C until measurement.

All solid-state NMR measurements were performed on a Bruker
Avance 500 MHz spectrometer (Bruker BioSpin, Rheinstetten,
Germany). 2H NMR experiments were carried out at 76.77 MHz using
a standard Bruker double resonance wideline probe equipped with a
goniometer. A quadrupole echo sequence without 1H decoupling was
used with a 4.5 μs 90° pulse, an echo delay of 30 ms, and 80 ms recycle
delay. Typically 25,600 scans were collected, starting the acquisition
before the echo, and left-shifting the time domain data accordingly. The
data were further processed by zero filling to 16,384 data points and a
400 Hz line broadening function, followed by Fourier transformation.

31P NMR experiments were carried out at 202MHz using a standard
Bruker double-resonance wideline probe equipped with a goniometer.
The 1H-decoupled spectra were acquired with a Hahn echo sequence
with a 90° pulse length of 7 μs, an echo delay time of 30 μs, and a recycle
delay of 2 s. 31P NMR spectra were referenced against a 85% solution
(vol) of phosphoric acid as a primary reference (Roth). Usually 800
scans were collected, and line broadening of 300 Hz was used for
processing.

19F NMR was carried out at 470 MHz with a 19F/1H double-tuned
flat-coil probe (Doty Scientific Inc., Columbia, USA). Simple single
pulse experiments with a 90° pulse width of 1.8 μs, 10–15 kHz TPPM
(two-pulse phase modulation) 1H-decoupling, and a recycle delay of
1 s were used. 19F NMR spectra were referenced by setting the fluoride
resonance of 100 mmol/L NaF (Roth,) in aqueous solution (at 35 °C) to
−119.5 ppm. Usually 6144 scans were collected, and line broadening
of 0.5–1.5 kHz was used for processing.

3. Results

3.1. Preparation of oriented NMR samples with controlled pH

The biologically relevant pH range of interest lies between 5 and 8,
reflecting the typical intra- and extracellular environments encountered
by antimicrobial peptides and by other proteins in general. HPLC-
purified peptides, however, can be rather acidic, down to pH 4 or
worse. We therefore selected four representative pH values for this
study: pH 2.6 (glycine/HCl) for highly acidic conditions, where the lipid
phosphate groups start to become protonated; pH 4.0 (Na2HPO4/citric
acid) to mimic typical conditions after HPLC; pH 7 (HEPES) to represent
ambient conditions; and pH 10 (Na2HPO4/NaH2PO4 or Na2CO3/NaHCO3)
as a control for a basic environment in which the Lys groups on PGLa
start to become deprotonated.

To optimize the preparation of mechanically aligned oriented sam-
ples for SSNMR on glass supports, we systematically varied the ratio of
buffer to peptide and also tried differentways of adding and distributing
the buffer in themultilamellar system. It wasmost critical to find a suit-
able concentration window in which the buffer capacity was strong
enough to compensate the acid from the HPLC-purified peptide, but
without introducing too much salt into the sample. High ionic strength
was found to deteriorate the alignment quality of the oriented bilayers,
and it is generally known to reduce the sensitivity of the NMR experi-
ment, increase the pulse widths, etc. The most promising samples
were obtained by the following protocol (see experimental section for
details): (i) co-solubilization of the lipids (with/out peptide) in organic
solvent, (ii) removal of solvent/drying, (iii) suspension of the peptide–
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peptide-to-lipid (mol/mol) ratio of 1:200 (b), and of 1:50 (c).

1 In repeated heating cooling cycles over ranges of either 5–40 °C or 5–80 °C, hysteresis
effects were observed for the chain melting transition, as expected from the fast heating
rate of 1 °C/min (data not shown). The pH influenced the overall lipid polymorphism in
different ways. Samples with pH 7 and 10 showed reproducible behaviour in consecutive
scans. Samples with pH 4 and below, however, were significantly changed already after a
single exposure to high temperature (80 °C), presumably due to irreversible lipid
hydrolysis.
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lipid mixture (about 10 mg) in a generous amount of aqueous buffer
(about 850 μl) with a suitable concentration (20 μmol buffer for
2.4 μmol peptide in 120 μmol lipid), (iv) pH control with a microelec-
trode and repeated freeze-thaw cycles, (v) distribution of the aqueous
suspension onto about 17 glass supports (50 μL each, resulting in
0.5 mg of lipid per plate with an area of 135 mm2 each), (vi) drying
under vacuum, (vii) stacking the plates, (viii) hydration over saturated
K2SO4 solution, and finally (ix) wrapping the stack with parafilm and
polyethylene foil to prevent drying during the NMR experiment. Good
spectra on the nuclei 31P, 2H and 19F could be obtained by this method,
as illustrated in the sections below. To ensure that the buffer capacity
was sufficient, especially under the conditions of limiting hydration in
the oriented samples, we first performed DSC experiments on a differ-
ent set of non-oriented samples containing excess buffer. This way,
the phase behaviour of the various sample conditions could be indepen-
dently characterized and compared to the SSNMR results.

3.2. DSC

DSC is commonly used to examine the thermotropic polymorphism
of lipids. Changes in the phase transitions can reveal interactions of
various agents binding to and/or inserting into the lipid matrix. This
thermodynamic technique is simple, essentially non-perturbing [78],
and broadly applicable for studying peptide–lipid systems [79,80].
Here, we used DSC to complement the SSNMR analyses below, which
were the main focus. First, as a control, suspensions of multilamellar
vesicles of DMPC/DMPG (3:1, mol:mol) were characterized at defined
pH values. Subsequently, the same experiments were carried out on
samples containing different amounts of PGLa (Fig. 1).

In a standard DSC experiment with liposomes at neutral pH, two
major endothermic events are expected for the DMPC/DMPG mixture
used. First, a less cooperative low-enthalpy transition (“pre-transition”,
Tp ≈ 14 °C) takes the lamellar gel phase (Lβ) into a rippled gel phase
(Pβ). Upon further heating, the more enthalpic, highly cooperative
chain-melting transition (“main transition”, Tm, at ~24 °C) takes Pβ
into the lamellar fluid phase (Lα) [81]. These effects could be
reproduced with two buffer systems for pH 7, namely phosphate and
HEPES. The different buffers resulted only in slightly different absolute
enthalpy values (data not shown), hence any changes in membrane
polymorphism can be directly attributed to pH effects. Using further
buffers to control the pH between 10 and 2.6, we observe a marked
up-shift in Tm and a reduction in enthalpy (Fig. 1a) with decreasing
pH. A similar effect is seen for Tp, which completely disappeared at
pH 4 and below. At an extreme pH of 2.6, the main transition turned
into a broad multi-component event ranging from 20 °C to 52 °C, and
the vesicles started to precipitate visually upon further heating (see
also footnote1). Notably, the Tm of the unbuffered sample is found to
lie between that of pH 4 and pH 2.6, suggesting that this sample may
be rather acidic, presumably due to the presence of DMPG. Its transition
occurs over a broad temperature range (25 °C to 35 °C, Fig. 1a), which
may be attributed to the known complex polymorphism of DMPG in
aqueous solutions of low ionic strength [52,53] that may have affected
the mixed DMPC/DMPG bilayers in our measurements.

When PGLa was added (Fig. 1b/c), the overall DSC behaviour
changed onlymarginally. Both transitions, Tp and Tm, occurred at slight-
ly higher temperatures than in the pure lipid mixture. At low peptide
concentration (P/L = 1:200), the main transition showed two compo-
nents at all pH values. One of them reproduced the transition in pure
lipids, while the second component is attributed to a fraction of
peptide-bound lipid molecules. This interpretation is supported by the
fact that the latter component dominates the main transition at higher
PGLa concentrations, as previously reported for PGLa and other peptides.
The lipid pre-transition was visible at low peptide concentration at
pH ≥ 7, but it disappeared completely at higher peptide concentration
of P/L= 1:50. Without any pH control, the lipid chain melting transition
occurred at temperatures between those of the pH 7 and pH 4 samples
for P/L = 1:200, and between pH 4 and pH 2.6 for P/L = 1:50. These
observations suggest that PGLa experiences and possibly exacerbates
the acidity of an unbuffered sample, which can elevate the lipid phase
transition temperature by up to 10 °C compared to pH 7.
3.3. Solid-state 2H NMR analysis of the lipid chain melting transition

To further investigate the influence of pH on the phase state of
DMPC/DMPG bilayers, we collected solid-state 2H-NMR spectra with
samples containing DMPC/DMPC-d54/DMPG 2.7:0.3:1 (mol:mol:mol),
with and without PGLa. 2H NMR lineshapes of the deuterated acyl
chains are very sensitive to molecular motions, and can thus be used
to examine the phase state of the lipids [82]. Deuteration per se, though
known to slightly shift the absolute phase transition temperatures, has
only a marginal effect on the overall lipid polymorphism in the mixed
systems, and we used a diluted isotope ratio of 1:9 (2H/1H). Given the
low temperature resolution of 5 °C in the SSNMR experiments, the
observed phase transitions should closely correspond to theDSC results,
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provided that the pH control in the oriented samples was successful, as
was indeed the case.

2H NMR spectra with oriented bilayers at different pH values were
collected over a series of temperatures, as illustrated in Fig. 2a for a rep-
resentative sample at pH 4 (the others are shown in Supporting
Fig. S1a). At low temperature, lipids in the gel-state exhibit large 2H qua-
drupolar splittings of about 100 kHz, reflecting the rigidified C2H2-
segments near the glycerol moiety (individual signals are poorly re-
solved under these conditions). When increasing the temperature to
25 °C, additional signals emerge from lipids in the Lα phase that starts
to co-exist at this temperature. At 35 °C, the outermost signals have
completely disappeared, and the most prominent spectral component
remains with a splitting below 50 kHz. This lineshape reflects a fluid bi-
layer with highly mobile acyl chains, indicating that the bilayer transi-
tion into the fluid phase is complete.

The 2H NMR spectra obtained at neutral pH reflect the expected poly-
morphic behaviour. At 25 °C the peptide-free samples are right in the
middle of the chain melting phase-transition, with gel-phase and fluid
lipids co-existing. Throughout the series of pH values, the co-existence re-
gion is found to shift to higher temperature with decreasing pH (Fig. 2b),
the sameway as in DSC. At pH 10, the percentage of gel-phase lipids was
quite small at 25 °C and had completely disappeared at 35 °C, whereas at
pH 2.6 it was still dominant at 35 °C. Also the unbuffered sample showed
an elevated chain melting transition (above 25 °C), just like in DSC,
suggesting that this sample is indeed quite acidic. The same trends were
observed for the samples containing PGLa (P/l = 1:50), namely an
elevated chain melting temperature and signs of acidification by the
presence of the peptide (see Supporting Fig. S1b).

3.4. Solid-state 31P NMR analysis of lipid order and hydrolyis

31P NMR was used to probe the response of the phospholipid
headgroups, and to evaluate the quality of alignment in the solid-
supportedmembrane samples, as it is routinely done for oriented bilayers
[38–40]. Narrow signals around 20 to 30ppmcorrespond towell oriented
phospholipids in the lamellar phase, while a broader peak near -15 ppm
indicates the presence of non-oriented domains in the sample. 31P NMR
spectra were acquired over a series of temperatures, as illustrated in
Fig. 3a for a representative sample at pH 4 (the others are shown in
Supporting Fig. S2a). The high quality of lipid orientation in this sample
is confirmed. Even though the chemical shift of the phospholipid
headgroup does not respond much to the lipid chain melting transition,
we nevertheless compared the series of pH controlled spectra at 25 °C,
as for 2H NMR above. The pure lipid samples did not showmuch change,
except for a slight shift of the DMPG signal relative to DMPC (Fig. 3b).
However, in the presence of PGLa (P/L = 1:50), dramatic effects are
seen that can be attributed to lipid hydrolysis at extreme pH values. At
pH 2.6, additional signals emerge that can be assigned to membrane em-
bedded lyso-lipids (15 ppm) and to isotropically mobile phosphorylat-
ed species (0 ppm). At the other extreme of pH 10, a large proportion of
the samples has become disordered and lost its lamellar alignment.
Overall, the extent of pH-dependent hydrolysis can be ranked as
pH 7 ≈ unbuffered ≪ pH 4 ≪ pH 10 b pH 2.6, and it is exacerbated
in the presence of high amounts of PGLa. Most importantly, however,
there is no sign of lipid hydrolysis in the unbuffered samples, neither
for the pure lipid nor in the presence of PGLa (P/L= 1:50). Even though
they were found to be somewhat acidic according to DSC and 2H NMR,
the 31P NMR data suggest that it may still be safe to investigate them
without pH control, at least with regards to the risk of lipid hydrolysis.

3.5. Solid-state 19F NMR analysis of the peptide alignment

19F NMR of a selectively CF3-labelled PGLa analogue was used to ad-
dress any pH-dependent changes in its membrane-bound behaviour.
The peptide conformation and orientation have been previously charac-
terized in a comprehensive manner by means of 19F NMR [17,37].
Therefore, the CF3-splitting of a single label in the position of Ile13 can
now be used as a fingerprint to deduce the alignment state of the entire
helix [34]. We may thus expect to recognize the signals corresponding
to the S-, T- or I-states of PGLa, which have been previously character-
ized in samples without pH control [8,17,33,35,37]. The surface-bound
S-state is characterized by a large dipolar splitting of about +7 kHz to
the left of the isotropic position,while the tilted T-state and the inserted
I-state give splittings around−3 kHz and−4 kHz, respectively, on the
right [17,37]. These latter signals may be obscured by “powder” contri-
butions from immobilized molecules (−8 kHz), and from peptides in
non-oriented domains of the bilayers (−3.5 kHz) [22].

Fig. 4 gives an overview of the 19F NMR spectra for the peptide-
containing samples with different pH, acquired over a series of different
temperatures above and below the lipid phase transition. The previously
described re-alignment of the peptide, which is known to occur around
Tm, is well reproduced in the unbuffered sample. The S➔T(or I)➔S
transition is readily discernible, as the NMR signals move from low-field
(left of the isotropic position, positive splitting) to high-field (right of
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the isotropic position, small negative splitting) and back again. It is very
reassuring to see that also the buffered sample at pH 7 displays the
same behaviour as without pH control. This important result suggests
that our earlier analyses have not been fraught with pH dependent
problems, nor did they suffer from deleterious effects of acidification.
In line with the DSC data and 2H and 31P NMR results above, the
peptide-containing samples without pH control have a moderately
acidic pHbetween 7 and 4, but this does not seem to perturb the biolog-
ically relevant peptide–lipid interactions of PGLa in DMPC/DMPG. In
fact, the sample without pH control has a better quality than in the
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presence of pH 7 buffer, as the latter spectra show a significant propor-
tion of “powder” contributions that are indicative of poorly oriented
membrane domains.

As a matter of warning, however, PGLa behaved in unforeseeable
and uncharacteristic ways in all pH controlled samples other than
pH 7. Under acidic conditions of pH 4 and 2.6, it produced an isotropic
signal when lowering the temperature towards the gel phase, suggest-
ing that the peptide was excluded from the multibilayers or segregated
in some isotropic lipid phase. The latter possibility can be excluded,
because neither the 31P or 2H NMR spectra of the lipids show any
pH 10pH 7
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electively CF3-labelled PGLa with a P/L ratio of 1:50, acquired over a series of temperatures.
samples with no pH control, so the characteristic spectra can be interpreted here like a
als with an asterisk.
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corresponding isotropic component. Such unbinding/unfolding behav-
iour has not been documented before for PGLa in oriented samples,
butmay resemble that of someother peptides [83]. The 19F NMR spectra
at pH 10 with a persistent splitting of about −2 kHz differ profoundly
from the other samples and from any previously reported data. This
splitting is not compatible with any known alignment of PGLa and
must reflect an entirely new structural state.

When passing through the lipid chain melting transition, most sam-
ples showadistinct change in spectral lineshape, so is possible to estimate
the Tm of these peptide-containing oriented multibilayers. Compared to
the phase transitions of the pure lipids, the presence of PGLa is found to
elevate Tm by about 5–10 °C in the 19F NMR series at ambient pH, in
line with the DSC and 2H NMR data above. Furthermore, it also shows a
clear trend of increasing the transition temperature with decreasing pH,
again in full agreement with DSC and 2H NMR.

4. Discussion

Biophysical experiments on macroscopically oriented multilamellar
membrane systems are typically carried out without any pH control,
and without knowledge of the pH in the sample [1,4–8,11–22,24–29,
31–42,51,77,83]. However, pH-induced effects can affect both, the lipids
[52–56] and the peptides [57–67]. It is intrinsically difficult to control
the pH in stacked multibilayers on a solid support, as these samples
are usually hydrated via the vapour phase of a saturated salt solution
with 96% relative humidity. They do not contain any excess water, un-
like liposomal suspensions or bicelles, where buffering is a standard
procedure. Here, we have demonstrated how oriented samples can be
prepared with controlled pH on glass supports with a good quality of
alignment, and we present an optimized protocol that was approved
by solid-state NMR analysis and DSC. First, we had to verify that the
buffer capacity was sufficient, and that the oriented membranes with
limited hydration behaved the same way as in suspension with excess
buffer. To this aim, the phase transitions of the two types of sample
were compared, using SSNMR for the oriented bilayers and DSC for
the multilamellar dispersions. Since the lipid phase behaviour was
found to be fully consistent amongst these two types of experiments,
we can conclude that the desired pH was indeed achieved and main-
tained in the NMR samples using the proposed protocol.

Yet, several technical challenges arise in an NMR experiment when
buffer is used. Due to the high ionic strength not only hardware adjust-
ments are problematic (e.g. tuning the probe), but also sample drying
due to the enhanced radio-frequency induced heating is more pro-
nounced than in non-buffered samples [84]. Drying can lead to marked
changes in the sample, because dehydration of lipid bilayers generally
causes an elevation of their main phase transition temperature [85].
This well-known effect is comparable in magnitude to what we ob-
served here upon acidification of DMPC/DMPG, and both phenomena
can lead to misinterpretation of the data. For example, we observed
that a temperature series from 15 °C to 55 °C (by 31P, 2H, or 19F NMR)
can significantly decrease the level of hydration, largely due to the expo-
sure to elevated temperatures. As a consequence, all Tm-associated
events (e.g. the gel–fluid phase transition detected in 2H NMR, or the
peptide re-orientation seen in 19F NMR) were shifted by about 5–10°
when measured in a consecutive (2nd) temperature series. This
means that a temperature series of only 6 h (e.g., 6 consecutive 31P
NMR spectra, each equilibrated for 30 min at the target temperature)
is already enough to cause sample dehydration. Re-hydration of the
sample in between two temperature series can attenuate this problem
to a certain extent, but the stacked sample needs to be unwrapped
and its quality of alignment can thereby deteriorate. The best precaution
is to use only freshly prepared samples directly from the hydration
chamber, as was done for all 2H 31P and 19F NMR data presented here.
Notably, the observation of peptides labelled with low-γ isotopes (15N
and 13C) tends to require tens of hours or even several days per spectrum,
and is expected to lead to more severe problems with drying.
Having found suitable buffer conditions, the effect of pH on the ho-
mogeneous DMPC/DMPG lipid mixture was compared systematically
using calorimetry and 2H NMR. Calorimetry revealed a steady increase
in the lipid chain-melting temperature upon lowering the pH (Fig. 1a),
and the same changes were seen by 2H NMR (Figs. 2b, S1a). The non-
buffered lipid samples behaved as if their pHwas close to 4, but this in-
trinsic acidity could be successfully compensated by the buffer capacity
in our pH-controlled samples. Notably, the DSC temperature maximum
of the gel-to-fluid transition (Pβ to Lα) in the non-buffered sample was
found to be significantly higher (i.e. ~34 °C instead of ~24 °C), and
the transition range was much broader (about 10 °C) than what
is typically assumed and documented for DMPC and DMPG under am-
bient buffer conditions. The latter anionic lipid (as well as other
phosphatidylglycerols) is known to exhibit rather complex phase tran-
sitions at low ionic strength. Full conversion of the unbuffered DMPC/
DMPGmixture into the Lα phase was complete only above 37 °C, mean-
ing that a sample measured around 25 to 35 °C may still be affected by
the phase transition process.

31P NMRwas used to observe the phospholipid headgroups, in order
to check for lipid hydrolysis, and to assess the quality of alignment in the
oriented samples. In addition to the considerable impact of pH on the
lipid phase transition, we observed pronounced hydrolysis under acidic
and basic conditions. Not only did 31P NMR detect large amounts of
lyso-lipids at pH 2.6 and 10 (Figs. 3b, S2a), but also the 2H NMR spectra
contained more peaks than expected (Figs. 2b, S1a). The unbuffered
sample, luckily, did not suffer from hydrolysis, just like the ones pre-
pared freshly at pH 4.

When PGLa was added to the DMPC/DMPG matrix, the prevalent
phase characteristics of the lipids remained, but the absolute phase
transition temperatures and peak widths tended to increase even
further, according to DSC and 2H NMR. At low peptide-to-lipid ratio
(P/L = 1:200), DSC showed a two-component main phase transition
at pH 7. This effect had already been reported for PGLa andwas attributed
to the formation of peptide-poor and peptide-rich domains [86–88], or to
lateral phase segregation of DMPC and DMPG based on preferential
electrostatic interaction of the cationic PGLa with DMPG [35,42]. At high
peptide concentration (P/L = 1:50), the DSC thermogram gave only a
single peak, which corresponded to the higher temperature component
of the peptide-poor samples. This observation supports the earlier inter-
pretation of peptide-rich and peptide-free membrane domains.

The structural behaviour of PGLa itself in the membrane was
monitored using 19F NMR on a peptide analogue carrying a specifically
CF3-labelled side chain (Fig. 4). In earlier work, we had resolved three
different alignment states of the amphiphilic helix in oriented DMPC/
DMPG samples, but without pH control. PGLa was found to flip from a
surface-bound S-state into a tilted T-state and an inserted I-state as a
function of peptide concentration, temperature, partner peptides, etc.
[17,33–35,37]. These structural changes were taken to explain its
antimicrobial activity by the formation of dimers and transmembrane
pores. An important result from the present study is the fact that the
same re-alignment behaviour is observed now in the buffered sample
at pH 7, which confirms that the earlier results without pH control are
still valid, and that they are biologically relevant. This conclusion is
reassuring, but the dramatic pH dependent effects seen in the other
samples with controlled acidic or basic pH are highly precarious. At
pH 4 and pH 2.6, PGLa was still properly aligned in the S-state in fluid
membranes, but in the gel-phase it became excluded from the bilayers
and produced an isotropic signal as an unbound and possibly unfolded
molecule. This interpretationmakes sense in the light of increased elec-
trostatic repulsion of the cationic peptide from a protonated, charged
lipid bilayer. At pH 10, on the other hand, the peptide assumed an
entirely unknown structure that could not be assigned, and which did
not respond to the lipid chainmelting transition. Under these conditions,
PGLa obviously lost its cationic character, since the lysine side chains
have a pKa ≈ 10.3. Overall, we can thus conclude that our unbuffered
PGLa samples were significantly acidic and must have been close to the
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edge of the acceptable pH window within which an experiment and its
interpretation are still meaningful. The same situation and note of
caution probably also apply to most other cationic membrane-active
peptides, which have been subject to an enormous number of biophysi-
cal analyses in oriented samples.

Extrapolating from the PGLa data, it is important to realize that an
unbuffered system can only be considered as “safe” if the peptide does
not possess too many acidic groups in its sequence. PGLa is an entirely
cationic peptide (4 Lys, an ionisable N-terminus, and an amidated
C-terminus), so it maintains a constant positive charge over the entire
acidic pH range. It carries only anionic counter-ions from HPLC and
does not act as a buffer itself, when dissolved in water without pH
control. Carboxylic groups, however, such as Asp or Glu side chains or
a free C-terminus, will be protonated after HPLC and can release these
protons again in aqueous solution. Anionic peptides, therefore, can act
themselves as buffers and will strongly acidify any membrane sample
that is not subject to stringent pH control. It is a trivial but important
conclusion that in unbuffered systems the risk of unwanted pH-induced
effects is much higher for intrinsically acidic peptides than illustrated
here for PGLa. Therefore, it can be recommended that those samples
should be pH controlled.

The interaction of antimicrobial peptides with bacterial membranes
usually occurs at neutral to low pH in a normal eukaryotic host, both at
the level of cells and tissues, so the need for buffering of peptides with
acidic groups should be generally realized.When investigating peptides
that exert their activity in specific environments, pH control may be-
come even more important. Peptides will encounter acidic conditions,
e.g., after being endocytosed by eukaryotic cells and upon degradation
in the lysosome. A pH-triggered endosomal escape mechanism has
been described for viral proteins and can be utilized by cell penetrating
peptides [89]. Other pH-exotic environmental niches are known, such
as habitats for the enteric, skin or oral flora. In humans, basic pH N 8 is
encountered on the skin and in the oral cavity upon exposure to certain
cosmetic products or nutrients; in certain regions of the intestinal sys-
tem; and in the ducts of the alkalinizing salivary glands and pancreas.
Basic pH has also been described, e.g., to enhance the selective steriliza-
tion of Gram-negative bacteria [90], to boost transdermal drug delivery
by cationic peptides [91], and to induce bacterial biofilms [92]. It is typ-
ically encountered in the manipulation of industrially relevant
alkaliphiles [93], or in the environment of actively alkalinizing pathogenic
microorganisms likeH. pylori or C. albicans [94]. All these situations can be
reliably studied in oriented sampleswhen preparedwith suitable buffers.
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