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Abstract

The site-specific motion of Arg residues in a membrane-bound disulfide-linked antimicrobial
peptide, protegrin-1 (PG-1), is investigated using magic-angle spinning solid-state NMR, to better
understand the membrane insertion and lipid interaction of this cationic membrane-disruptive
peptide. C-H and N-H dipolar couplings and 13C chemical shift anisotropies were measured in the
anionic POPE/POPG membrane and found to be reduced from the rigid-limit values by varying
extents, indicating the presence of segmental motion. An Arg residue at the p-turn region of the
peptide shows much weaker spin interactions, indicating larger amplitudes of motion, than an Arg
residue in the B-strand region of the peptide. This is consistent with the exposure of the B-turn to
the membrane surface and the immersion of the B-strand in the hydrophobic middle of the
membrane, and supports the previously proposed oligomerization of the peptide into B-barrels in
the anionic membrane. 13C T, and 1H Ty, relaxation times indicate that the B-turn backbone
undergoes large-amplitude intermediate-timescale motion in the fluid phase of the membrane,
causing significant line broadening and loss of spectral intensity. This study illustrates the strong
correlation between the dynamics and the structure of membrane proteins and the capability of
solid-state NMR spectroscopy for providing detailed information on site-specific dynamics in
complex membrane protein assemblies.
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Introduction

Molecular motion is common in membrane proteins and is often intimately related to the
function and lipid-interaction of these molecules. Solid-state NMR (SSNMR) spectroscopy
is a versatile tool to characterize molecular dynamics on a wide range of timescales
(picoseconds to seconds) and to determine the amplitude of anisotropic motion. Large-
amplitude segmental motion has been reported, for example, for a bacterial toxin that
spontaneously inserts into the lipid membrane as a result of its intrinsic conformational
plasticity [1], a lipidated Ras signaling protein [2], the catalytic domain of a membrane-
bound enzyme [3], and the loops of the seven-transmembrane-helix protein rhodopsin [4]. In
addition to internal segmental motion, whole-body reorientation has been discovered for
many small membrane peptides of both B-sheet and a-helical secondary structures [5-7].
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Protegrin-1 (PG-1) is a broad-spectrum antimicrobial peptide found in porcine leukocytes
[8,9]. It is a B-hairpin molecule stabilized by two disulfide bonds and contains six Arg
residues (RGGRLCYCRRRFCVCVGR). PG-1 achieves its antimicrobial function by
forming non-selective pores in the microbial cell membrane that disrupt the membrane’s
barrier function [10,11]. Recently, the high-resolution oligomeric structure of PG-1 at the
pores was determined using 1H and 1°F spin diffusion NMR techniques [12]. The peptide
was found to self-assemble into a transmembrane B-barrel in bacteria-mimetic anionic
POPE/POPG membranes. 13C-31p distance constraints indicate that the Arg residues in
these transmembrane B-barrels are complexed with lipid phosphates [13], suggesting that the
charge neutralization by ion pairing reduces the free energy of peptide insertion into the
hydrophobic part of the membrane, and the consequent tethering of lipid headgroups may be
the cause for toroidal pore formation.

The experiments that yielded the equilibrium oligomeric structure of PG-1 and the toroidal
pore morphology of the lipid membrane were carried out at low temperatures of about
—40°C, in the gel phase of the membrane, to eliminate any motion that would average the
distance-dependent dipolar couplings. On the other hand, PG-1 carries out its antimicrobial
action in the liquid-crystalline (LC) phase of the membrane, where it is expected to be more
mobile. How the dynamics of PG-1 and its Arg sidechains affect toroidal pore formation has
not yet been studied. If Arg-phosphate complex formation is true, then the functional groups
involved in the complex — the guanidinium ions, the lipid phosphates, and possibly water —
should be less mobile than in their respective bulk environments. Thus, understanding Arg
motion in PG-1 in the lipid membrane may provide additional insight into guanidinium-
phosphate interaction. More generally, although the motion of long-chain amino acid
residues has begun to be investigated in microcrystalline proteins [14-16], motion of the
same residues in membrane proteins is still scarcely studied by NMR. Arg is particularly
common in many medically important membrane peptides and proteins such as
antimicrobial peptides (AMPs) [17], cell-penetrating peptides [18,19], and voltage-sensing
domains of ion channels [20].

In this work we report the amplitudes of microsecond timescale motions of Arg and other
residues in PG-1 bound to the POPE/POPG membrane. We found that an Arg in the p-strand
part of the molecule, which is embedded in the hydrophobic interior of the membrane, is
much less mobile than an Arg in the B-turn part of the molecule, which is exposed to the
membrane surface. This is consistent with the oligomeric structure and lipid interaction of
this antimicrobial peptide.

We first characterized the dynamic structure of PG-1 in POPE/POPG bilayers by variable-
temperature 13C and 1N CP-MAS experiments. A series of CP spectra were collected
between 243 K and 308 K for PG-1 containing U-13C, 15N-labeled Args, Leus, and Argyy,
and 1°N-labeled Phey,. As shown in Figure 1, the Ca peaks of Args and Leus are much
sharper and higher than the Ca peak of Argy;. At 295 K, the full widths at half-maximum
(FWHM) of Arg,4 and Leus Ca’s are ~3 ppm, compared to 6 ppm for Argy; Ca. As the
temperature decreases, the Argy; Ca intensity increases significantly. This suggests that in
the liquid-crystalline phase of the membrane Argq1 backbone undergoes large-amplitude
intermediate-timescale motion that becomes frozen in the gel phase of the membrane, while
the Arg, and Leus Ca sites are more rigid. In other words, the p-turn backbone is more
mobile than the p-strand backbone. A similar trend is observed in the 1°N CP-MAS spectra
(Figure 2). The backbone Na peaks of Arg, and Leus are sharp and well resolved, with
FWHM of 2 — 3 ppm at 283 K, while the Argy; Na peak is broad and overlaps with Pheq»
Na, giving a FWHM of 9 ppm for the combined peak at 283 K. Only at 243 K do the Argyq
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Na and Phej, Na peaks become resolved. We assigned the No peaks by 13C-15N 2D
correlation experiments (data not shown) [21].

To distinguish the contribution of static structural heterogeneity versus dynamic disorder to
the linewidths, we measured the 13C T, of Arg, and Argy; at two different temperatures,
283 K and 243 K, using the Hahn echo experiment. Table 1 shows the 13C apparent
linewidths, A*, read off from the CP spectra, and the 13C homogeneous linewidths, A,
obtained from the T, values according to A = 1/xT,. At 243 K, the homogeneous linewidths
of Arg, and Argq4 are similar, indicating that motion is largely frozen. However, the
apparent linewidth of Argq1 backbone Ca. (604 Hz, or 6.0 ppm) is much larger than Arg, Ca
(222 Hz, or 2.2 ppm), indicating that there is much larger conformational disorder at the [3-
turn backbone than at the -strand. In comparison, the sidechains of Arg, and Argqq at 243
K exhibit similar homogeneous linewidths as well as similar apparent linewidths, indicating
that both the static and dynamic heterogeneities are comparable for the two sidechains. At
283 K, Argq1 Ca exhibits both larger A and larger A* than Argy Ca, indicating that the B-
turn backbone has greater dynamic as well as static disorder than the p-strand backbone. In
contrast, the sidechain of Argy1 has narrower A and A* than the Arg, sidechain, indicating
that Argq1 sidechain undergoes faster motions than Argg.

To obtain information on the motional amplitudes of the Arg sidechains, especially the
guanidinium group, we measured the 13C chemical shift anisotropy (CSA) of C(, the center
of the guanidinium ion. We chose the intermediate temperature of 283 K for the CSA and
the subsequent dipolar coupling experiments, since at this temperature the spectra have the
best overall combination of resolution and sensitivity. The theoretical phase transition
temperature of the POPE/POPG (3:1) membrane is 291 K, thus the spectra theoretically
correspond to the gel-phase membrane, but the phase transition is likely broadened by the
peptide. The peptide mobility closer to the physiological temperature may be extrapolated
from the 283 K data and is expected to be higher, but the differences between residues
should be similar. We used the 2D separation of undistorted powder patterns by effortless
recoupling (SUPER) experiment [22] to recouple the CSA interaction and correlate it with
the isotropic 13C chemical shift. Figure 3 shows the 2D SUPER spectra and 1D cross
sections of the model compound Fmoc-Arg(MTR)-OH, and Arg, and Argy; in PG-1 bound
to the POPE/POPG membrane. For the dry powder sample Fmoc-Arg(MTR)-OH, the C(
cross section yielded a CSA anisotropy parameter 8, defined as the difference between the
largest principal value 3,, and the isotropic shift djso, 0f 78 ppm. This CSA is the rigid-limit
value, since C-H dipolar couplings of the sidechain carbons in this model compound have
nearly rigid-limit values (Table 2). In comparison, PG-1 Arg,4 and Argyq CC both give
reduced CSA’s: the Argy CC 6 is 47.3 ppm whereas the Argqq C{ CSA is much smaller, 10.3
ppm. These correspond to a motional scaling factor of 0.13 for Argqq and 0.61 for Argg.
Thus, the Argy; sidechain has larger-amplitude motion than Argy. Since T data indicate
narrower homogeneous linewidths of Argy; Cé and C( than Argg, the Argy1 sidechain
motion is both faster and larger in amplitude than the Arg, sidechain.

To obtain more quantitative information on the motional amplitude, we measured C-H and
N-H dipolar couplings, whose tensor orientation and rigid-limit coupling strength are
exactly known. The dipolar couplings were readily measured using the 2D dipolar-chemical
shift correlation (DIPSHIFT) experiment to yield the bond order parameter, S = 8/3. Figure
4 shows representative DIPSHIFT curves of Args and Argyq in POPE/POPG-bound PG-1.
Ca-H represents the backbone, while C5-Hy, Ne-H and Nn-Hy represent the sidechains. The
order parameters are compiled in Table 2. Both the backbone Na and Co of Arg4 and Leus
exhibit nearly rigid-limit couplings, with order parameters of 0.93-1.00. In contrast, the
Argy; Ca and Na have significantly lower order parameters of 0.70. Thus, the p-strand
backbone of the peptide is immobilized in the POPE/POPG membrane at this temperature,
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while the Argy; backbone retains significant local segmental motion. For resolved sites (C3,
Ne, and Nn) in the sidechains, Arg, and Leus also have stronger dipolar couplings than
those of Argq4, indicating that the B-strand sidechains have smaller amplitudes of motion,
consistent with the variable-temperature spectra and the CSA results. Some 13C sites in the
sidechain, such as Arg Cp, Cy, Leu Cy and C3, overlap with the lipid peaks, so we used a
double-quantum (DQ) filtered DIPSHIFT experiment to suppress the lipid signals and
measure the C-H couplings of these Arg sites [1]. Figure 5 shows representative 1D DQ
spectra and DQ-DIPSHIFT dephasing curves of Arg4 and Leus. Argyq has prohibitively low
sensitivity in the DQ-DIPSHIFT experiment due to unfavorable motional rates at this
temperature and is thus not measured. Table 2 shows that in general, the sidechain order
parameters decrease with increasing distance from the backbone. Argq4 at the B-turn, which
is close to the membrane surface, has much higher amplitudes of motion, or much lower
order parameters, than Arg, and Leus in the B-strand part of the peptide, which is embedded
in the membrane [12].

To obtain further information on the rates of motions of these residues, we measured the 1H
Ty, relaxation times, listed in Table 3. Most sites in Argy, Leus and Argy; have similar 1H
Ty, values (1.6 — 2.6 ms), except for Argy; Ha, which has a much shorter Ty, (0.83 ms) than
Arga Ha (2 ms). This is consistent with the 13C T, data indicating more pronounced
intermediate-timescale motion of the -turn backbone compared to the B-strand backbone.

Discussion

The solid-state NMR data shown here indicate that the B-turn backbone undergoes large-
amplitude segmental motion on the microsecond timescale, while the p-strand backbone is
mostly immobilized in the POPE/POPG membrane in the liquid-crystalline phase. The latter
is consistent with the previously reported immobilization of PG-1 strand residues in POPC/
POPG membranes [23]. Concomitant with the backbone mobility difference, the sidechains
also exhibit dynamic differences: Argi1 has much lower order parameters than Arg, (Table
2), indicating large motional amplitudes. Both membrane-associated Arg’s are much more
mobile than the crystalline compound Arg * HCI.

The dynamic difference between Arg, and Argq4 can be understood in terms of the self-
assembly of PG-1 and the peptide-lipid interactions. The B-strands containing Arg4 and Leus
are involved in intermolecular association with other PG-1 molecules through N-H--O=C
hydrogen bonds to form B-barrels [12,24], thus these residues should experience hindered
motion. The strand aggregation is important to PG-1 antimicrobial activity. Mutation of
Valy4 to N-methyl-Val, which disrupted hydrogen bonding of the Valy4 backbone to its
intermolecular partner, resulted in much lower antimicrobial activity [25]. In contrast, the -
turn Argqq is not involved in intermolecular hydrogen bonding and is located near the
membrane surface, thus has more motional freedom.

A second contributing factor to the different sidechain dynamics of Argq1 and Args may be
the guanidinium-phosphate interaction. 13C-31p distance data indicated that both sidechains
lie within hydrogen-bonding distance to lipid phosphates [13]. However, while the Argy
guanidinium group interacts with the phosphate groups that have moved to the middle of the
membrane as part of the toroidal pore, the Argq1 guanidinium ion interacts with phosphates
at the membrane surface with much higher mobility. Thus, the motional restriction caused
by the lipid phosphate groups is more severe for Arg, than for Argy1. We note that at the
temperature of 283 K where most dynamics data were obtained, the lipid molecules are
much more mobile than at ~230 K where the 13C-31P distances were measured. Thus, the
guanidinium-phosphate association at 283 K is likely to be transient rather than permanent.
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The high mobility of the B-hairpin tip of PG-1 dovetails the observation of an analogous f3-
hairpin antimicrobial peptide, TP-1 [26]. There, G10 at the B-turn exhibited an order of
magnitude shorter 1H Ty, than the B-strand residues. Field-dependent Ty, analysis indicated
that the shorter Ty, of G10 results from larger motional amplitudes of the B-turn and not to
rate differences from the rest of the peptide [26].

Molecular dynamics simulations of the S4 helix of the voltage-gated potassium channel
KVAP [27] suggested that lipid headgroups and water stabilize Arg insertion by forming a
hydrogen-bonded network. The effective lipid bilayer thickness was reduced to a
remarkably small 10 A near the inserted S4 helix so that water and phosphate groups can
stabilize the Arg’s in the middle of the S4 helix by hydrogen bonds [28]. Based on the
comparison of the mean-square displacement of phosphate groups near the peptide with
those far away from the peptide and the analysis of the survival function of water molecules
in the system, it was found that both phosphate groups and water molecules are much less
mobile in the vicinity of the guanidinium groups than in their respective bulk environments.
In particular, the mean residence times for water molecules hydrogen-bonded to Argg and
Argy» in the S4 helix, which are close to the bilayer surface, are much shorter than those
hydrogen-bonded to Argys and Argig, which lie in the hydrophobic core of the membrane
(90-300 ps versus 1000-2000 ps). This different residence time suggests that the water
molecules near Arg in the hydrophobic core are less mobile than those near Arg at the
membrane surface. This in turn suggests that Arg’s in the hydrophobic part of the membrane
are less mabile than those close to the bilayer surface. These are consistent with the different
mobility observed between Arg, and Argqq in PG-1.

In summary, we have measured the dipolar couplings, CSA’s, and T, and Ty, relaxation
times of key Arg residues in PG-1 in the bacteria-mimetic anionic POPE/POPG membrane.
The linewidths and motional scaling factors show that the B-turn Argq; near the membrane
surface is significantly more mobile than the B-strand Arg, and Leus in the hydrophobic part
of the membrane. The different mobility is consistent with the location of the residues with
respect to the membrane, the intermolecular aggregation of this peptide, and the strong Arg-
phosphate interaction. Thus, the site-specific dynamics of PG-1 correlate well with its
topological and oligomeric structure. Solid-state NMR is shown to be a useful tool for
elucidating the relation between membrane protein dynamics and its structure.

Experimental section

1-palmitoyl-2-oleoyl-sn-glycero-3-phosphatidylethanolamine (POPE), and 1-palmitoyl-2-
oleoyl-sn-glycero-3-phosphatidylglycerol (POPG) were purchased from Avanti Polar Lipids
(Alabaster, AL). PG-1 (NH,-RGGRLCYCRRRFCVCVGR-CONH5) was synthesized using
Fmoc chemistry as previously described [7]. Three PG-1 samples were synthesized,
containing U-13C, 15N-Arg, and 15N-Leus, U-13C, 15N-Arg;; and 15N-Phe;,, U-13C, 15N-
Leus. U-13C, 15N-labeled Arg was obtained from Spectra Stable Isotopes (Columbia, MD)
as Fmoc-Arg(MTR)-OH.

POPE and POPG lipids (3:1) were mixed in chloroform and blown dry under N, gas. The
mixture was then redissolved in cyclohexane and lyophilized. The dry lipid powder was
dissolved in water and subjected to five cycles of freeze-thawing to form uniform vesicles.
An appropriate amount of PG-1 to reach a peptide-lipid molar ratio (P/L) of 1 : 12.5 was
dissolved in water and mixed with the lipid vesicle solution, incubated at 303 K overnight,
then centrifuged at 55,000 rpm for 2.5 hours. The pellet was packed into a MAS rotor,
giving a fully hydrated membrane sample.

NMR experiments were carried out on a Bruker DSX-400 (9.4 Tesla) spectrometer
(Karlsruhe, Germany). Triple-resonance magic-angle spinning (MAS) probes with a 4 mm
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spinning module was used. Temperatures were controlled by a Kinetics Thermal Systems
XR air-jet sample cooler (Stone Ridge, NY) on the 400 MHz system. Typical 90° pulse
lengths were 5 — 6 ps for 13C and 1°N, and 1H decoupling fields of 50-80 kHz were

used. 13C chemical shifts were referenced externally to the a-Gly 13C” signal at 176.49 ppm
on the TMS scale. 15N chemical shifts were referenced externally to the N-acetyl-Val 15Na
signal at 121.72 ppm.

13C-1H and 1®N-1H dipolar couplings were measured using the 2D DIPSHIFT experiment
[29] at 3.0-3.5 kHz MAS with MREV-8 for 1H homonuclear decoupling. Pulse lengths of
3.5 us were used in the MREV-8 pulse train. The N-H DIPSHIFT experiments were
performed with dipolar doubling [30,31] to increase the precision of the measured
couplings. Some 13C sites overlap with lipid peaks, so the double-quantum-filtered (DQ)
DIPSHIFT experiments [1] were used to measure these dipolar couplings. The DQ filter
used SPC5 homonuclear dipolar recoupling sequence [32]. The 13C CSA was measured
using the 2D SUPER experiment [22] under 3.5 kHz MAS. The corresponding 13C field
strength was 42 kHz. 1H rotating-frame spin-lattice relaxation times (T1p) was measured
using spin-lock field strengths of 50-62.5 kHz. The 13C and 1°N 1D spectra were measured
between 243 and 308 K. All DIPSHIFT, SUPER and T, experiments were carried out at
283 K.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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B0 16 0
13C dis / ppm 13C diso/ ppm

Figure 1.

13C CP-MAS spectra in PG-1 bound to the POPE/POPG membrane (P/L = 1:12.5) from 243
K to 308 K. A) Amino acid sequence of PG-1. Labeled residues are shaded. B) 13C CP-
MAS spectra of Arga, C) 13C CP-MAS spectra of Leus, D) 13C CP-MAS spectra of Argy;.
Peptide peaks are assigned and annotated.
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R11Ne¢
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15lO 160 50 15I0 160 50
15N diso/pPm 15N diso/PPmM

Figure 2.

15N CP-MAS spectra of PG-1 in the POPE/POPG membrane at various temperatures. A)
Arga, Leus. B) Argyq and Phey,. Assignments were obtained from 13C-15N 2D correlation
spectra (not shown).
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250 260 1%0 160
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Arg C( chemical shift anisotropies from the SUPER experiment. The 2D SUPER spectra are
shown in A), C), E) and the corresponding CZ 1D cross sections are shown in B), D), F). A,
B) Fmoc-Arg(MTR)-OH. C, D) PG-1 Argg4. E, F) PG-1 Argq;. The PG-1 data were

measured at 283 K in the POPE/POPG membrane.
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Figure 4.

13C-1H and 1°N-1H DIPSHIFT curves of several sites of Arg, (closed squares) and Argqy
(open circles) in PG-1 at 283 K. A) Ca-H. B) C3-Hy. C) Ne-H. D) Nn-Hy. Argyq gives
weaker couplings than Argy, indicating larger motional amplitudes.
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1D 13C DQ filtered spectra and DQ-DIPSHIFT curves of Arg, and Leus in PG-1 in the
POPE/POPG membrane. A) 1D DQ spectrum of Argy. The Cp and Cy peaks no longer
overlap with the lipid peaks. B) DIPSHIFT curves of Args CB (squares) and the crystalline
amino acid Gly Ca (circles). The Gly Ca data give the rigid-limit coupling for CH, groups,
which is 22.9 kHz. C) DIPSHIFT curve of Argy Cy. D) 1D DQ spectrum of Leus. The Cy
and C6 peaks no longer overlap with the lipid peaks. E) DIPSHIFT curve of Leus Cy. F)
DIPSHIFT curves of Leug C (diamonds) and the crystalline amino acid Ala Cp (circles).
The Ala Cj data give the rigid-limit coupling for methyl groups, which is 8.1 kHz. This is
one-third of the one bond C-H coupling due to the three-site jump of the CH3 group.
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1H Ty, (ms) of POPE/POPG-bound PG-1 at 283 K and of crystalline Arg'HCI at 295 K. Experimental

Table 3

Page 15

uncertainties are given in the parentheses. The 1H spin-lock field strengths were 50 kHz in the 15N-detected
experiment and 62.5 kHz in the 13C-detected experiments.

Sites  Argy Argyy Arg " HCI
HN 26(0.2) 22(0.3)

Ho 20(0.1) 08(.1) 88

H3 16(0.1) 1.9(0.1) 95

He 22(0.2) 26(0.2 88

Hn 19(0.2) 1.8(01) 88
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