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NMR Studies of a Model Antimicrobial Peptide in the Micelles of SDS,
Dodecylphosphocholine, or Dioctanoylphosphatidylglycerol

Guangshun Wang*

The Structure-Fun Laboratory, Eppley Institute for Research in Cancer and Allied Diseases, University of Nebraska
Medical Center, 986805 Nebraska Medical Center, Omaha, NE 68198-6805, USA

Abstract: NMR analysis of GI-20 in three micelles revealed that arginine side-chain eH" resonances are well resolved in
dioctanoylphosphatidylglycerol (D8PG), allowing observations of peptide-lipid interactions. Structural differences in SDS
and D8PG underscore caution with the use of SDS. Peptide chemical shifts are proposed to be a useful indicator of mi-

celle environments.
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INTRODUCTION

Antimicrobial peptides are host defense molecules of
innate immunity. As effector molecules, they are capable of
rapidly eliminating invading pathogenic microbes such as
bacteria. As signaling molecules, they may trigger adaptive
immune responses in vertebrates to initiate a second round of
attacks on invading microbes. Cumulative evidence suggests
that it is more difficult for bacteria to develop drug resistance
against antimicrobial peptides than traditional antibiotics. As
a result, there is growing interest worldwide to develop novel
antimicrobial agents based on natural antimicrobial peptides
[1-4]. The 2007 version of the antimicrobial peptide database
(APD) holds more than 780 entries identified from a variety
of species, ranging from bacteria, fungi, amphibians, insects,
to mammals, including humans [5]. While some of the pep-
tides in the database have a wide-spectrum of toxicity to bac-
teria, viruses, fungi, and cancer cells, others show selective
toxicity on bacteria with little effects on mammalian cells. It
is the latter class of antimicrobial peptides that is of great
therapeutic importance. The selectivity of these peptides is
attributed to the fundamental differences in the membrane
composition and structure of bacterial and human cells [6].
While human cellular membranes are composed primarily of
zwitterionic phosphatidylcholines, bacterial membranes are
rich in anionic phosphatidylglycerols (PGs). Electrostatic
interactions between anionic lipids in bacterial membranes
and cationic peptides may be the key for cellular selectivity
of antimicrobial peptides.

Antimicrobial peptides are also good models for struc-
tural studies of membrane proteins, one of the most challeng-
ing problems of modern structural biology [6-11]. Three-
dimensional structures of antimicrobial peptides have greatly
improved our understanding of their mechanisms of action.
Structures of representative peptides can be viewed at the
antimicrobial peptide database website http://aps.unmc.edu/
AP/main.html [5]. Because of the complexity of the bacterial
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membranes, such peptide structures were mainly determined
by solution NMR using membrane-mimetic models such as
organic solvents or detergent micelles. Both deuterated SDS
and DPC micelles are widely employed [7-11]. They share
the same 12-carbon alkyl chain (Fig. 1A & B). While nega-
tively charged SDS is used to mimic bacterial membranes,
DPC, with an identical head group to phosphatidylcholines
in human cells, is utilized to mimic human cellular mem-
branes. Because the major anionic lipids in bacterial mem-
branes are PGs, structural studies in such a membrane-
mimetic model should provide long-desired insight into pep-
tide-PG interactions at atomic resolution. As a consequence,
my laboratory has been exploring the utilization of PGs as an
alternative bacterial membrane model for structural studies
of bacterial membrane-targeting peptides such as antimicro-
bial peptides [12-18]. Our major findings are summarized
here: (1) The chain length of PGs, ranging from six to 10,
had little effect on the conformation of the bacterial mem-
brane anchor peptide [13]. (2) PG micelles dominate the
translational diffusion coefficients of the peptide-lipid com-
plex and the complex size increases with lipid chain length
[14]. (3) The spectral line width of the micelle-bound pep-
tides increases with the increase in lipid chain length. Taken
together factors such as peptide structures, peptide-lipid ra-
tios, and spectral line widths, D8PG (Fig. 1C) was chosen as
a model [13]. (4) Aromatic rings of phenylalanines are useful
probes for the penetration depth of the peptide into the D8PG
micelle [15,17]. (5) Intermolecular NOE cross peaks were
also observed between interfacial cationic arginine side
chains and anionic D8PG [18]. (6) Similar structures were
observed for short peptides (~13 residues) in SDS and D8PG
[12,15,16]. These short peptides include the bacterial mem-
brane anchor from E. coli, antibacterial and anti-cancer pep-
tide aurein 1.2 from Australian frogs, and an aurein 1.2 ana-
log derived from the only cathelicidin LL-37 from humans.
Because of the limited cases, the structural similarities ob-
served in SDS and D8PG should not be generalized. Indeed,
we report here that SDS may induce unwanted structural
artifacts. The model peptide (GI-20) used in this study corre-
sponds to residues 13-32 of human LL-37 with the positions
between residues 113 and G14 swapped [18], leading to the
final peptide sequence GIKEFKRIVQRIKDFLRNLV. The
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residue numbering of LL-37 is adopted with the first residue
as residue 13. Our results obtained in SDS, DPC, and D8PG
micelles allow us to appreciate, for the first time, the unique-
ness of D8PG in providing an excellent spectral window for
observing peptide-PG interactions. Our studies also suggest
that peptide chemical shifts may be utilized as useful probes
for micellar environments.
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Fig. (1). Chemical structure of SDS (A), DPC (B), and D8PG (C).
MATERIALS AND METHODOLOGY

GI1-20 with C-terminal amidation (> 95% pure) was syn-
thesized and purified by Genemed Synthesis (San Francisco,
CA). Deuterated SDS and DPC were purchased from Cam-
bridge Isotope Laboratories (Andover, MA). Protonated
D8PG (> 98%) was purchased from Avanti Polar Lipids
(Alabaster, AL). Chloroform was removed from D8PG un-
der a stream of nitrogen gas followed by evaporation under
vacuum overnight.

NMR Spectroscopy

Three NMR samples were prepared by mixing the pep-
tide (2 mM) with a particular lipid or detergent at molar ra-
tios of 1:40, 1:60, and 1:5 for SDS, DPC, and D8PG, respec-
tively. Such ratios were found to be sufficient to stabilize the
structure of the peptide. In addition, each sample contains
10% D0 as the field-locking signal. The pH of each sample
was adjusted to 5.4 by using microliter aliquots of HCI or
NaOH solution and measured directly in the 5-mm NMR
tube with a micro-pH electrode (Wilmad-Labglass).

NMR Data were recorded on a Varian INOVA 600-MHz
NMR spectrometer equipped with a triple-resonance cryo-
genic probe with z-axis gradient capability. For either SDS-
or DPC-containing peptide sample, TOCSY [19-21], DQF-
COSY [22], and NOESY [23] spectra were collected in the
States-TPPI mode. Typically, the mixing time was 75 ms for
TOCSY and 100 ms for NOESY. For the D8PG-containing
peptide sample, a 2D NOESY spectrum (75 ms) was re-
corded with 440 increments (64 scans each) in t1 and 2K
complex points in t2 time domains, using a spectral width of
8500 Hz in both dimensions with the *H carrier on water. In
TOCSY and NOESY experiments, the water signal was sup-
pressed by WATERGATE [24] and in the DQF-COSY ex-
periment water was suppressed by presaturation during spin
relaxation. For all the samples, a natural abundance (*H, °N)
HSQC spectrum [25] was collected, typically with 30 incre-
ments (512 scans each) in the indirect dimension (60 incre-
ments in D8PG). The carrier was placed at the water reso-
nance (4.7 ppm) in the proton dimension (spectral width
8500 Hz) and at 118.2 ppm in the nitrogen dimension (spec-
tral width 2200 Hz). A natural abundance HSQC spectrum
correlating aromatic **C (spectral width 3000 Hz, 30 incre-
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ments) and *H (spectral width 8500 Hz) was collected. In
deuterated micelles, another HSQC for aliphatic *3C and *H
was also recorded to extract natural abundance **Cot and
3CB chemical shifts.

NMR data were processed on a Silicon Graphics Octane
workstation (SGI) using the NMRPipe software [26]. The
time domain data were apodized by a 63° shifted squared
sine-bell window function in both dimensions, and zero-
filled prior to Fourier transformation. For natural abundance
HSQC, the data in the indirect dimension was doubled by
linear prediction prior to Fourier transformation. Since ani-
onic DSS is known to interact with cationic peptides [12],
proton chemical shifts of the peptides were referenced to
external DSS at 0.00 ppm. NMR data were analyzed with
NMRDraw in the NMRPipe package [26] and PIPP [27].

Three-Dimensional Structural Calculations

The structure of GI-20 in complex with D8PG was calcu-
lated based on both distance and angle restraints by using the
simulated annealing protocol in Xplor-NIH [28] as described
previously [18]. The structures of the peptide in DPC and
SDS were determined in the same manner. In brief, the dis-
tance restraints were obtained by classifying the NOE cross-
peak volumes into strong (1.8-2.8 A), medium (1.8-3.8 A),
weak (1.8-5.0 A), and very weak (1.8-6.0 A) ranges. The
distances were calibrated on the basis of the typical NOE
patterns in an o helix [7]. The backbone ¢ and y angles of
GI-20 in SDS and DPC micelles were predicted by TALOS
[29] based on *Ho, N, *Ca., and **CB chemical shifts. A
broader range (+20°) than predicted (usually < *10°) was
allowed for each angle in structural calculations. A covalent
peptide structure with random ¢, y, and y angles but trans
planar peptide bonds was used as a starting structure. The
peptide structural template was amidated at the C-terminus
using X-PLOR. In total, 100 structures were calculated and
an ensemble of 20 structures with the lowest total energy
was chosen for structural analysis. This accepted structural
ensemble also satisfies the following criteria: no NOE viola-
tions greater than 0.50 A, RMSD for bond deviations from
ideality less than 0.01 A, and RMSD for angle deviations
from ideality less than 5°. Structures were viewed and ana-
lyzed by MOLMOL [30] and PROCHECK [31].

RESULTS AND DISCUSSION

1. D8PG Is Unique in Providing an Ideal Window for
Detecting Arg-PG Interactions

Fig. (2) presents select spectral regions of GI-20 in SDS,
DPC, and D8PG micelles. The backbone amide region of the
peptide covers a broader spectral range in DPC (9.2-7.5
ppm) or D8PG (9.1-7.5 ppm) than in SDS (8.6-7.7 ppm). A
wider spectral region was also observed previously in
DHPG, D8PG, or D10PG for the amide protons of the bacte-
rial membrane anchor than in SDS [12]. The NMR signals of
GI1-20 in the three micelles were assigned by using the stan-
dard procedure [7]. In SDS, the aromatic and arginine eH"
resonances overlap (Fig. 2A). In DPC, the same arginine
resonances overlap with the backbone amide region (Fig.
2B). In D8PG, however, the arginine eH" chemical shifts are
located between the backbone amide and aromatic proton
resonances of the peptide (Fig. 2C). Because the PG head
group is biologically more relevant, the best spectral resolu-
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tion observed in this spectral region for GI-20 in D8PG is
remarkable. Since the interactions between peptide cationic
residues and anionic lipids are believed to be critical for se-
lective bacterial membrane targeting, the ideal location of the
arginine side chain resonances in the spectrum (Fig. 2C)
facilitates the observation of the Arg-PG interaction by
NMR. Indeed, we previously demonstrated that both the
aromatic rings and arginine side chains of antimicrobial pep-
tides showed intermolecular NOE cross peaks with D8PG
[17,18]. Thus, the current NMR study of the peptide in SDS,
DPC, and D8PG micelles enabled us to appreciate the
uniqueness of D8PG in terms of NMR spectra for the first
time (Fig. 2).
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Fig. (2). Part of the NOESY spectra of peptide G1-20 in differ-
ent micelles. Panel (A) is the peptide inSDS micelles at a pep-
tide/SDS ratio of 1:40, pH 5.4, and 25°C, panel (B) is the peptide in
DPC at a peptide/DPC ratio of 1:60, pH 5.4, and 25°C, and panel
(C) is the peptide in D8PG at a peptide/lipid ratio of 1:5, pH 5.4,
and 30°C. The labile eH" chemical shifts of the three arginine side
chains of the peptide measured in D8PG at 25°C to 30°C differ by
only 0.02 ppm. The signals for the backbone amide protons of N30,
L31, and V32 (black), aromatic side chains of F17 and F27 (green),
and arginine eHN side chains (R19s, R23s, and R29s, in red) are
labeled in color. In panel (B), R19 adjacent to R29 was too weak to
see in this plot. Note the signal overlaps between the aromatic and
arginine side chains in SDS and the overlaps between peptide back-
bone amide and arginine side chain protons in DPC.

2. Three-Dimensional Structures of GI-20 in SDS, DPC,
and D8PG Micelles

To evaluate the impact of different micelles on the struc-
ture of the peptide, we also determined the structure of GI-20
in SDS (Fig. 3A) and DPC (Fig. 3C). The 3D structure of
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GI-20 in D8PG (Fig. 3B) was reported previously [18]. Se-
lect statistical data are listed in Table 1. Clearly, the helical
region of GI-20 in DPC is identical to that in D8PG. How-
ever, the structure of GI-20 in SDS differs at the N-terminus,
which is not a-helical. Such a structural difference is deter-
mined by the NOE differences of the peptide in SDS com-
pared to the two phosphate-containing micelles. In particu-
lar, the Ho-HN;j.3 and Hoy-HNj.4 types of NOE connectiv-
ities of the peptide are more homogeneous in DPC or D8PG
than in SDS (see supporting Fig. S1).

A

Fig. (3). Ribbon diagrams of representative structures of GI-20
in different micelles. The structures were determined in the pres-
ence of SDS (A), D8PG (B), and DPC (C), respectively. The im-
ages were made using MOLMOL [30].

To find additional support for the subtle structure differ-
ence for GI-20 in SDS and D8PG, we also compared the
backbone chemical shift plots of the peptide in three mi-
celles, since chemical shifts are well known to contain struc-
tural information [7,34]. The backbone amide proton plots
superimpose nicely in D8PG and DPC (Fig. 4A). The plot in
SDS s also similar except for the N-terminus (residues 13-
18). Such a difference in amide proton chemical shifts may,
or may not, reflect structural difference. However, the Ho
chemical shifts in the same peptide region also deviate in
SDS (Fig. 4B), suggesting conformational change. Based on
the average Ha secondary shift of the peptide divided by 0.4
[34], the helicities of GI-20 in the three micelles were calcu-
lated. While the helicity was 82% in SDS, the values in
D8PG and DPC were higher at 93% and 97%, respectively,
consistent with the more helical structure determined in the
latter two micelles with native lipid head groups (Fig. 3).

To understand the structural difference, we also exam-
ined the 3D structures of the peptide, especially in the N-
terminal region where differences occurred. An acidic side
chain (Glul6) was found to be located in the interfacial re-
gion of the amphipathic structure [18]. Thus, it is likely that
stronger electrostatic repulsions between this acidic Glul6
side chain and the negatively charged SDS head group dis-
torted the helical structure locally. The similar electrostatic
repulsions are expected to be reduced in D8PG and the
weakest in DPC. This is because sulfate is related to a strong
acid while phosphate is related to an intermediate acid. This
offers one possible interpretation for the above helicity order
(DPC > D8PG > SDS) observed in the three micelles.
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Table 1. Structural Statistics for G1-20 Bound to SDS, DPC, or D8PG Micelles
NOE restraints SDS DPC D8PG [18]
Intra-residue 78 83 75
Sequential 65 67 63
Short range 44 70 44
Total 187 220 182
Chemical shift-derived angles 36 36 34
RMSD for superimposing residues 14-31 (A)
Backbone 051 0.49 0.55
Heavy atoms 1.21 1.18 131
All atoms 1.53 1.47 1.61
Ramachandran plot (backbone angles)
In the most favored region 100% 100% 94.4%
In the additional allowed region 0% 0% 5.6%
Dominate helical region in the structural ensemble 17-31 14-31 14-31
SDS and DPC have been in use for many years and it is
not surprising that subtle structural differences were ob- A
served previously in some cases [e.g. 32, 35, 36]. Neverthe- ol A —$-sos
less, the interpretation of those structural differences might T \ —-DorG |
be more complex since the head group of SDS differs from o = A
that of DPC not only chemically but also in charge (Fig. 1). = 8
Our structural comparison of GI-20 in SDS and D8PG here %
enabled us to narrow down the possibilities to the sulfate
group rather than the negative charge. Thus, it is a good idea 7 14 16 18 20 22 24 26 28 30 32
to be cautious with the use of strong ionic detergents such as
SDS as a membrane-mimetic model for structural studies of B 44 N
membrane proteins. Because we observed a good correlation . Pz N X /\
between backbone 3D structures and How chemical shifts of E 4
the peptide, comparison of How chemical shifts should be a g
useful indicator for potential structural change in SDS rela- < 3.6 —$-sDs
. . .. W —%-DPC
tive to those in phospholipids. T ¥ —
3.2
. . . 14 16 18 20 22 24 26 28 30 32
3. Peptide Chemical Shifts as a Useful Probe for the .
Types of Micelles Residue Number
Since peptide side chains are expected to directly associ- c D
ate with the micelles, we also plotted the chemical shifts for £ 16 76—~
hydrophobic aromatic F17 and F27 (Fig. 4C) as well as the < ) AN
eH" chemical shifts of R19, R23, and R29 of GI-20 (Fig. T 74 7 a— AN
4D). The chemical shifts of the hydrophobic F17 and F27 L ) SN\
varied only slightly, suggesting similar hy_dro_phobic en\_/i- g o) M— \\\
ronments in all three micelles. However, significant varia- S — —£z
tions were observed for cationic side chains. The magnitude 7 |—f2 7 AR

of arginine eH" chemical shift is in the following order: DPC
> D8PG > SDS (Fig. 4D). In agreement, an earlier study
found that the arginine eH" resonances of human apolipopro-
tein A-1 peptides were on average 0.43 ppm larger in zwitte-
rionic DPC than in anionic SDS [32]. In contrast, chemical
shift data for lysine NH3" side chains are rare in the litera-
ture, probably due to fast exchange on the NMR time scale.
However, the chemical shifts of the lysine side chain NH5"

DPC D8PG SDS

DPC D8PG SDS

Fig. (4). Chemical shift plots for the backbone a-protons (A),
amide protons (B), aromatic H resonances of hydrophobic side
chains of phenylalanines F17 and F27 (C), and eH" resonances of
cationic arginine side chains (D) of the peptide (GI-20) in SDS,
DPC, and D8PG micelles. The lines are color-labeled in each panel.



NMR Studies of a Model Antimicrobial Peptide in the Micelles

protons of a human apolipoprotein A-lI-mimicking peptide
[33] were found to be smaller in SDS than in DPC. Thus, the
upfield shifts of cationic side chain resonances in SDS may
be general. Importantly, the order of chemical shifts of argin-
ine side chain in SDS, D8PG, and DPC (Fig. 4) appear to be
correlated with the strength of the detergent head groups.
The stronger the head group, the smaller the chemical shifts.
Likewise, we previously observed that the magnitude of
backbone amide chemical shifts for the N-terminal residues
(L2 and F3) of the bacterial membrane anchor is PGs > alkyl
sulfonates > SDS (see supporting Fig. S2) [14]. The shifts
for L2 and F3 in sulfonates are nearly identical, indicating
the hydrophobic chain length or chain branching had little
effect. Therefore, these chemical shift orders appear to corre-
late with the strength of ionic interactions between the pep-
tide and detergents. A detergent head group is regarded as
strong if the corresponding acid is strong (as measured by
pKa).

CONCLUSION

PGs are not only critical for selective bacterial membrane
targeting by cationic antimicrobial peptides [6], they are also
known to be essential for other molecular events in bacteria
such as signal transduction [37] and normal functioning of
voltage-dependent K* channel KvAP [38]. Our comparative
NMR study of a model membrane peptide in SDS, DPC, and
D8PG enabled us to appreciate the uniqueness of the PG
head group for the first time. This is reflected in the interme-
diate values in terms of both chemical shift (Fig. 4D) and
helicity of the peptide. It is remarkable to find that D8PG, as
a biologically more relevant model, also yielded the best-
resolved NMR spectra (Fig. 2). In particular, the location of
the arginine eH" side chain resonances between the back-
bone amide and the aromatic resonances opened an excellent
spectral window for observing the interactions between cati-
onic peptides and anionic PGs. Indeed, intermolecular NOE
cross peaks have been detected between interfacial arginines
of the GI-20 and D8PG, providing direct evidence for Arg-
PG interactions by solution NMR [18]. The magnitude of the
chemical shifts of the arginine side chains in SDS, D8PG,
and DPC suggests that chemical shifts are useful reporters of
the micelle environments. The similarities of DPC and
D8PG in terms of NMR spectra and peptide backbone struc-
tures may result from the common phosphate moiety in the
lipid head groups (Fig. 1). This study also allowed us to bet-
ter evaluate the impact of SDS on the structures of GI-20.
The structural differences observed in SDS and D8PG indi-
cate that SDS may cause structural artifacts probably due to
stronger-than-desired electrostatic interactions. Our results
support the use of DPC or D8PG with native lipid head
groups as membrane-mimetic models. Indeed, based on the
quality of HSQC spectra, the Girvin group found that single-
chain PGs (lysoPGs) are useful for several membrane pro-
teins with 1-4 transmembrane helices [39]. In addition, Cross
and colleagues found that DPC gave useful NMR spectra for
most of the membrane proteins investigated in their study
[40]. Taken together, we propose that DPC and PGs be util-
ized as the first choice as membrane-mimetic models for
structural studies of membrane proteins by NMR. If diffi-
culty is met, other membrane-mimetic models, including a
mixture of lipids containing DPC or PGs, may be pursued
[41].
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ABBREVIATIONS

NMR = Nuclear magnetic resonance

DHPG = Dihexanoylphosphatidylglycerol

D8PG = Dioctanoylphosphatidylglycerol

D10PG = Didecanoylphosphatidylglycerol

DPC = Dodecylphosphocholine

DQF-COSY = Double-quantum filtered correlation spec-
troscopy

DSS = 2,2-dimethyl-silapentane-5-sulfonate  so-
dium salt

HSQC = Heteronuclear single quantum coherence

NOE = Nuclear Overhauser effect

NOESY = Nuclear Overhauser enhancement spec-
troscopy

PGs = Phosphatidylglycerols

ppm = Parts per million

RMSD = Root mean square deviation

SDS = Sodium dodecylsulfate

TOCSY Total correlation spectroscopy
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Fig. (S1). NOE connectivities of GI-20 in SDS, DPC, and D8PG micelles. The thickness of the lines indicates NOE intensity (strong, me-
dium, and weak). Question marks indicate uncertainty due to spectral overlap. Hydrophobic residues are in green and interfacial hydrophilic
residues are in red.
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Fig. (S2). The backbone amide proton chemical shifts of the bacterial membrane anchor peptide in sodium hexanesulfonate (SHS), Sodium
nonanesulfonate (SNS), SDS, DSS, DHPG, D8PG, and D10PG at pH 5.4 and 25 °C. Please refer to references [12] and [13] for additional
experimental details. See the text for additional detergent abbreviations.



