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Conformation, Dynamics, and Insertion of a
Noncysteine-Containing Protegrin-1 Analogue
in Lipid Membranes from Solid-State NMR

Spectroscopy

Rajeswari Mani,” Alan J. Waring,” and Mei Hong*®

Disulfide-bonded [3-hairpin structures are common among anti-
microbial peptides. Disulfide bonds are known to be important
for antimicrobial activity, but the underlying structural reason is
not well understood. We have investigated the membrane-bound
structure of a disulfide-deleted analogue of the antimicrobial
peptide protegrin-1, in which the four Cys residues were replaced
by Ala. The secondary structure, dynamics, and topology of this
Ala-PG1 peptide in the membrane were determined by using
magic-angle-spinning NMR spectroscopy. Conformation-depen-
dent *C isotropic chemical shifts of multiple >C-labeled residues
were obtained from 1D cross-polarization and direct-polarization
spectra, and from 2D J-coupling-mediated ">C-">C correlation
spectra. Most labeled residues exhibited two conformations: a
random coil and a p-sheet structure. The dual-conformation
property was present in both anionic lipid bilayers, which mimic
the bacterial membrane, and zwitterionic cholesterol-containing

Introduction

Antimicrobial peptides (AMPs) form part of the innate immune
system of animals and plants and are involved in killing a
broad range of pathogens by destroying their cell mem-
branes.” They are capable of destroying microbes within mi-
nutes of contact, and are thus promising resistance-free antibi-
otics. Many structural-activity studies have been carried out to
develop more potent antimicrobial sequences that have little
or no cytotoxicity against host cells.”

Protegrin-1 (PG-1) is one of the first discovered disulfide-sta-
bilized AMPs. It was isolated from porcine leukocytes®™ and is
active against Gram-negative bacteria, Gram-positive bacteria,
fungi, and viruses in the low pgmL~" range.”’ A large number
of mutations have been carried out on PG-1 to understand the
structure-activity relationship.?*”" A key finding has been that
the two disulfide bonds in PG-1 are crucial for high antimicro-
bial activity and for maintaining the p-hairpin fold of the pep-
tide. Substitution of all four cysteines in the wild-type peptide
with alanine (Ala-PG1) results in markedly reduced activity:**
the minimum inhibitory concentrations are more than 16-fold
weaker than the wild-type peptide against methicillin-resistant
Staphylococcus aureus and > 64-fold weaker against Pseudomo-
nas aeruginosa.® On the other hand, when cysteines are mu-
tated to threonines, which have high preference for a 3-strand
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bilayers, which mimic the eukaryotic cell membrane. The mobility
of the peptide was measured by using a 2D C-H dipolar-shift cor-
relation experiment. The random-coil fraction was highly mobile
whereas the 3-sheet component was rigid. 'H spin diffusion from
the lipid chains to the peptide indicates that the f-sheet compo-
nent was well inserted into the anionic membrane, but surface
bound in the cholesterol-containing neutral membrane. Thus, the
removal of disulfide bonds changed some PG-1 molecules to
highly mobile random coils that were poorly associated with the
lipid membrane, but other molecules retained a (3-sheet confor-
mation and had a similar membrane-binding topology to the
parent peptide. Thus, the reduced antimicrobial activity of Ala-
PG1 was largely due to the reduced number of insertion-compe-
tent [3-sheet molecules, rather than uniformly weakened activity
of identically structured peptides.

conformation, and the original B-turn position of the parent
peptide incorporates a turn-promoting b-proline derivative,
the B-hairpin fold is retained in solution and the peptide re-
tains most of its antimicrobial potency.”® Despite the rich infor-
mation obtained from these structure-activity studies, little is
known about the three-dimensional structure of PG-1 ana-
logues in the lipid bilayer.

In this work, we use solid-state NMR spectroscopy to investi-
gate the membrane-bound structure of the linear Cys-to-Ala
PG-1 analogue, Ala-PG1. We have determined its conformation,
dynamics, and depth of insertion in lipid bilayers of two differ-
ent compositions, and compared them with those of wild-type
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PG-1, which has been extensively characterized by solid-state
NMR spectroscopy.®"® Our previous study of Ala-PG1 with
high-resolution 'H NMR spectroscopy showed that the peptide
is completely unstructured in solution.”' However, when
bound to the lipid membrane, Ala-PG1 exhibits '>C isotropic
chemical shifts that are indicative of both the random-coil con-
formation and B-strand structure. These C chemical shifts are
obtained from a combination of 1D and 2D correlation spectra
that selectively detect either rigid or mobile components, and
the random-coil fraction is found to be highly dynamic. Quan-
titative C-H dipolar couplings were measured to confirm that
the random-coil molecules undergo large-amplitude motion
while the p-sheet component is nearly completely immobi-
lized. Lipid-to-peptide 'H spin-diffusion experiments indicated
that the (-sheet fraction of Ala-PG1 has a similar membrane-
specific insertion motif as the wild-type peptide—it inserts into
anionic POPE/POPG membranes but remains on the surface of
zwitterionic POPC/cholesterol membranes. These results give
insights into the origin of the reduced antimicrobial activity of
the disulfide-deleted peptide.

Results
Backbone conformation of Ala-PG1 from '*C chemical shifts

Figure 1 shows the *C magic-angle-spinning (MAS) spectra of
(Phe12, Ala13, Val14)-labeled Ala-PG1 in POPE/POPG (3:1)
membranes at a peptide/lipid (P/L) molar ratio of 1:15. Each
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Figure 1. One dimensional 3C MAS spectra of (Phe12, Ala13, Val14)-labeled
Ala-PG1 in POPE/POPG (3:1) membranes at 298 K. A) CP spectrum showing
B-sheet signals (denoted by the superscript, s). B) Double-quantum-filtered
CP spectrum removed the lipid peaks and selected only the peptide signals.
C) DP spectrum showing additional signals from the random-coil fraction
(denoted by the superscript, c). Dashed lines are used to guide the eye for
peak assignment.
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residue was uniformly labeled with *C and "N. The peaks
were assigned based on the characteristic >C chemical shifts
of amino-acid residues in proteins."”™ The Ca and CB shifts of
all three residues in the cross-polarization (CP) spectrum indi-
cate B-sheet conformation (Figure 1A): the Co chemical shifts
are smaller than the random-coil values while the Cf3 chemical
shifts are larger than the random-coil values. To simplify the
spectra and remove the background lipid *C signals, we ap-
plied a double-quantum filter (DQF) in which SPC-5 was used
as the *C-"*C mixing sequence.® The DQF removed the lipid-
chain signals that overlapped with Val Cf and Ala Cf3, and thus
clarified the peak assignment (Figure 1B).

It is well known that 'H,"*C cross-polarization selectively de-
tects rigid components in a mixture due to its requirement for
'H-"3C dipolar couplings. The signals of mobile segments are
suppressed because motion reduces the dipolar coupling. To
observe all possible conformational and dynamical compo-
nents in Ala-PG1, we measured a direct polarization (DP) *C
spectrum, in which a *C 90° pulse was used to excite the *C
magnetization. The DP experiment preferentially detects
mobile components because it does not require dipolar cou-
plings and because mobile segments have short *C T, relaxa-
tion times. Indeed, the DP spectrum of Ala-PG1 shows a more
complex pattern with two peaks for each Ca and Cf label (Fig-
ure 1C). In addition to the B-sheet signals, the second set of
signals had chemical-shift characteristics of a random-coil con-
formation. Its presence in the DP but not the CP spectrum in-
dicates that this random-coil fraction is mobile, as expected for
this conformation.

To further enhance the spectral resolution and better distin-
guish the coil and sheet resonances, we carried out a 2D-corre-
lation experiment, CTUC-COSY,"” to assign the *C resonances.
This experiment utilizes *C-">C J coupling to transfer the *C
coherence,"”'® which is necessary for observing cross peaks of
mobile molecules. We combined the CTUC-COSY sequence
with DP to detect the mobile portion of Ala-PG1 and with CP
to detect the rigid component of the peptide. The experiments
were carried out at 298 K, in the liquid-crystalline (LC) phase of
POPE/POPG bilayers. Only labeled peptide *C sites can give
cross peaks, while the background lipid '>C signals are ob-
served along the diagonal.

Figure 2 shows the 2D CTUC-COSY spectra of (Phe12, Ala13,
Val14)-labeled Ala-PG1 in POPE/POPG membranes with DP
(Figure 2 A) and CP (Figure 2B) as the magnetization-excitation
method. A total J coupling mixing time of 10.8 ms was used.
Clear Alaof, Pheaf, Valof, and ValBy cross peaks were ob-
served for both the random coil and p-sheet fractions of the
peptide. From these spectra we obtained accurate chemical
shifts for Ca and Cp, which are sensitive to the backbone con-
formation.

The same 1D CP and DP experiments and 2D CTUC-COSY
experiments were applied to (Leu5, Ala6, Phe7)-labeled Ala-
PG1 and (Ala15, Val16)-labeled Ala-PG1. The resulting spectra
confirmed the presence of both random-coil and f3-sheet con-
formations in these regions of the peptide (Figures ST and S2
in the Supporting Information). Table 1 summarizes the Ca and
CP chemical shifts of all labeled sites of Ala-PG1 in the POPE/
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Figure 2. Two dimensional 13C-1B¢ J-coupling mediated CTUC-COSY spectra of (Phe12, Ala13, Val14)-Ala-PG1 in
POPE/POPG membranes. A) The '>C magnetization was prepared by using DP. B) The '*C magnetization was pre-
pared by using CP. Superscripts ¢ and s denote random coil and 3-sheet signals, respectively. The total J-mixing

time was 10.8 ms; spectra were acquired at 298 K under 9 kHz MAS.

Table 1. "*C Ca and CB chemical shifts (ppm) of labeled residues in Ala-
PG1 in POPE/POPG membranes.
Residue Sites o coil 0 sheet
Leu5 Ca 53.5 523
B 412 444
Ala6b Ca 50.8 49.8
] 17.1 214
Phe7 Ca 55.9 -
B 375 -
Phe12 Ca 55.7 544
] 377 420
Ala13 Ca 50.8 49.5
cp 17.6 210
Val14 Ca 60.2 579
B 30.8 336
Ala15 Ca 50.4 49.2
Ccp 17.1 203
Val16 Ca 60.5 584
B 306 330

POPG membrane. Phe7 did not exhibit any [-sheet signal in
the CP spectrum; this suggests that there is intermediate time-
scale motion at this residue in the B-sheet peptide, which in-
terferes with cross polarization and 'H dipolar decoupling.

To determine if Ala-PG1 conformation is affected by mem-
brane composition, we repeated the chemical-shift measure-
ments in POPC/cholesterol membranes. Most chemical shifts
were similar to those measured in the POPE/POPG membrane,
except that Leu5, Ala6, and Phe7 only exhibited random-coil
and no f-sheet signals. Thus, the intermediate timescale
motion of Phe7 implied in the POPE/POPG membrane appears
to be present in the POPC/cholesterol membrane as well, and
affects more residues than in the POPE/POPG membrane.

Figure 3 summarizes the Co and Cf3 secondary shifts of all la-
beled residues, and was obtained by subtracting the observed
chemical shifts by the random-coil shifts."” The rigid compo-
nent (m) exhibited large negative Ca secondary shifts and posi-
tive CP secondary shifts; this indicates a 3-sheet conformation.

ChemBioChem 2007, 8, 1877 — 1884
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chemical shifts. To capture both
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Figure 3. The 3C secondary shifts of Ala-PG1 in: A) and C) POPE/POPG (3:1)
membranes, and B) and D) POPC/cholesterol (1.2:1) membranes. Filled bars
indicate the rigid component of the peptide detected in the CP spectra, and
open bars denote the mobile component observed in the DP spectra. Nega-
tive Ca secondary shifts and positive C[3 secondary shifts indicate the f3-
sheet conformation.

excite the '*C magnetization. Figure 4 shows several represen-
tative doubled-DIPSHIFT curves for Ala-PG1 in POPE/POPG
membranes. The true Co-Ha dipolar couplings, which were
obtained by dividing the observed couplings by the MREV-8
scaling factor of 0.47 and the doubling factor of 2, ranged
from 2.5 to 6.8 kHz for the coil conformation but were close to
the rigid limit of 22.7 kHz for the -sheet conformation. The
Ca-Ha order parameters were obtained by dividing these true
couplings by the rigid-limit value of 22.7 kHz (Table 2). Some
dipolar dephasing data did not completely fit with a single
coupling, but required a small range of dipolar couplings. We
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Figure 4. Representative C-H dipolar dephasing curves of Ala-PG1 in POPE/POPG membranes, extracted from the indirect dimension of 2D DIPSHIFT spectra.
A) The Val14 Ca cross section at 60.3 ppm corresponds to the random-coil conformation. A DP-DIPSHIFT experiment was used to obtain the data. B) The
Val14 Ca cross section at 57.6 ppm corresponds to the f-sheet conformation. A CP-DIPSHIFT experiment was used to obtain the data. C) The Phe12 Ca cross
section at 55.7 ppm was obtained from a DP-DIPSHIFT experiment. The best-fit true dipolar couplings, which were obtained by dividing the observed cou-
plings by the MREV-8 scaling factor and the doubling factor, are indicated for each dephasing curve.

Table 2. Ca-Ha dipolar order parameters, Scy, for labeled residues in Ala-
PG-1 in POPE/POPG and POPC/cholesterol membranes.
Residue POPE/POPG POPC/cholesterol
Senr coil Scwr Sheet Scw coil Scir Sheet
Leu5 0.14-0.23 0.80-0.90 0.19 -
Alaé 0.19-0.23 0.80-0.90 0.23 -
Phe7 0.26-0.30 - 0.19-0.21 -
Phe12 0.19-0.30 0.80 - 1.0
Ala13 0.19-0.23 1.0 0.33-0.39 1.0
Val14 0.26 0.56-0.66 0.19 0.98
Ala15 0.12 1.0 0.21 1.0
Val16 0.11-0.14 0.94-0.98 0.12-0.14 0.75-0.80

express these results as an order parameter range. For residues
for which the coil-sheet isotropic peaks were not well resolved,
the dephasing data were found to be best fit by using a mix-
ture of small and large dipolar couplings. An example is shown
for Phe12 (Figure 4C) for which the dephasing curve was best
fit by using a 1:1 mixture of 5.3 and 18 kHz, which represent
the couplings for the coil and sheet fractions, respectively.

Table 2 quantitatively shows that in the POPE/POPG mem-
brane Ala-PG1 had low-order parameters of 0.11 to 0.30 for
the random-coil component, but had larger-order parameters
of 0.80 or higher for most sites of the 3-sheet component. This
indicates that the random-coil peptide backbone undergoes
large-amplitude motions while the p-sheet conformation is
mostly rigid. The same difference was observed in the POPC/
cholesterol membrane; this indicates that peptide mobility
was little affected by membrane composition.

Location of Ala-PG1 in anionic and neutral lipid bilayers

Since the random-coil fraction of Ala-PG1 was highly mobile, it
was most likely only loosely, if at all, associated with the mem-
brane, and thus retained its solution-state conformation. But
whether the rigid -sheet fraction inserts into the anionic lipid
membrane like the parent peptide is not clear. To determine
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the depth of insertion of the (-sheet fraction, we carried out
lipid-to-protein 'H spin-diffusion experiments. The experiment
detects 'H spin diffusion from mobile lipids to the rigid pep-
tide by correlating the lipid 'H signals with peptide *C signals.
The experiment requires 'H-"*C cross polarization and immobi-
lized peptide, thus the mobile fraction of Ala-PG1 was not
detected. Figure 5A shows a representative 2D spectrum of
(Phe12, Ala13, Val14)-labeled Ala-PG1 in POPE/POPG bilayers,
and was measured with a spin diffusion mixing time of
529 ms. The cross-peak intensity between the peptide *C and
lipid CH, and water protons indicates the proximity of the pep-
tide to the middle and surface of the lipid bilayer, respectively.
Figure 5B shows the sum of the 'H cross sections at the three
Ca slices and the Phe12 C slice. The CH, peak was already
visible at a short mixing time of 100 ms; this indicates that the
peptide lies near the lipid acyl chains.

To quantify the minimal distance between the peptide and
the lipid CH, or H,O groups, we plotted the cross-peak intensi-
ties as a function of the square root of the mixing time.”” The
intensities were corrected for 'H T, relaxation and normalized
to the 100 ms H,0O peak intensity (Figure 5C). Further, since
the equilibrium CH, intensity was only 62% of the H,0O intensi-
ty, as seen in the 1D 'H direct-excitation spectrum, the CH,
cross-peak intensities from the 2D spectra were divided by
0.62 to reflect the fact that even after complete equilibration
of the 'H magnetization, the CH, intensity will still only be
62% of the H,O intensity. The resulting experimental buildup
curve was fit by using a 1D lattice model for magnetization
transfer.?" The diffusion coefficients for the lipid and peptide
were 0.012 and 0.3 nm”ms™, respectively, which were similar
to the values used and estimated previously.?"?? For the lipid-
peptide interface, a diffusion coefficient of 0.0005 nm?ms™"
was found to best reproduce the shape of the buildup curve.
The resulting gap between the peptide and lipid chain CH,
groups was found to be 6 A. This was 4 A longer than the
wild-type peptide, and indicates that Ala-PG1 inserts into the
lipid-chain region but does not fully reach the center of the
membrane. The H,0O buildup curve, which was simulated by

ChemBioChem 2007, 8, 1877 — 1884
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Figure 5. 'H spin diffusion data of Ala-PG1 in POPE/POPG membranes. A) 2D *C-detected 'H spin diffusion spectrum of (Phe12, Ala13, Val14)-labeled Ala-PG1
at a mixing time of 529 ms. Only the rigid component of the peptide was detected; dashed lines indicate the "C slices summed for display in B). B) Sum of
the 'H cross sections of peptide "*C signals at various mixing times. C) CH, (@) and H,0 (o) buildup curves after 'H T, correction, normalization to the water
peak at 100 ms, and normalization to the equilibrium intensity. Best-fit curves for CH, (—) and H,0 (-----) were obtained with a distance of 6 and 2 A, re-

spectively.

using diffusion coefficients of 0.03 nm?’ms™' for water and

0.00225 nm?’ms~" for the peptide-water interface, rose faster
than the CH, buildup curve; this indicates that some of the
residues in the Ala-PG1 -sheet were exposed to water.

In the POPC/cholesterol membrane, the CH,-to-peptide
'H spin-diffusion buildup curve rose much more slowly than in
the POPE/POPG bilayers. A representative 2D spectrum and
the sum of the Ca 'H cross sections are shown in Figure 6 A
and B. The CH, peak was not visible until 400 ms. Buildup
curves for the CH, and H,0 peaks are shown in Figure 6C. The
H,O buildup curve was fit by using a distance of 4.0 A, but the
CH, buildup was much slower and was best fit with a distance
of 25 A. Thus, Ala-PG1 lies on the surface of the POPC/choles-
terol membrane, far from the hydrophobic core of the bilayer.

Discussion

The above data indicate that the Cys-to-Ala analogue of PG-1
exhibits a mixture of random-coil and -sheet conformations
that have different dynamics and insertion depths in the lipid
membrane. This differs from the conformation of Ala-PG1 in
aqueous solution, which is completely unstructured, as shown
by 'H high-resolution NMR spectra." Thus, the lipid bilayer
promotes partial folding of the peptide to the (3-sheet confor-
mation. This suggests that apart from the disulfide bonds, the
amino-acid sequence of PG-1 encodes a preference for the f3-
sheet conformation. This coil-to-sheet conformational change
as the peptide binds to the membrane is observed for both
POPE/POPG and POPC/cholesterol bilayers. Previous CD experi-
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Figure 6. 'H spin-diffusion data of Ala-PG1 in POPC/cholesterol membranes. A) 2D 3C-detected 'H spin-diffusion spectrum of (Phe12, Ala13, Val14)-labeled
Ala-PG1 at a mixing time of 841 ms. Only the rigid component of the peptide was detected. B) Sum of the 'H cross sections of Phe12 and Ala13 Ca. for vari-
ous mixing times. The CH, signal was absent until 400 ms. C) CH, (e) and H,O (o) buildup curves. Best-fit curves for CH, ( ) and H,O (----- ) were obtained
with a distance of 25 and 4 A, respectively.
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ments on Ala-PG1 bound to simulated S. aureus and E. coli
lipids indicated a combination of a-helical and [3-sheet confor-
mations for P/L higher than 1:30, and increased helical content
at lower P/L"! These data suggest that the B-sheet conforma-
tion of Ala-PG1 is enhanced by high peptide concentrations;
this is consistent with the strong -sheet signals seen in the P/
L (1:15) spectra here. The NMR spectra directly resolve the
random-coil and B-sheet conformations through their distinct
frequencies; thus the conformational heterogeneity is unam-
biguous. The lack of the a-helical conformation in the NMR
samples compared to the CD data could be partly due to the
higher peptide concentration of the NMR samples. However, it
should be noted that CD spectroscopy of membrane-bound
proteins suffers from background scattering from lipid vesicles,
thus is a less reliable method than NMR spectroscopy, in which
lipid signals are usually well resolved from peptide signals and
lipid signals can be further filtered out by double-quantum
experiments.

The dynamical difference between the two conformations of
Ala-PG1 as measured by the C-H dipolar couplings and the
CP/DP spectral comparison confirms the expectation that the
random-coil fraction is highly mobile whereas the [(-strand
fraction is immobilized. The latter data suggest that the [3-
strand Ala-PG1 inserts as oligomers in the membrane. Oligo-
merization reduces the exposure of polar backbone groups
such as N—H and C=0 to the hydrophobic lipid chains, and
has been detected and characterized in detail in wild-type PG-
1.1222

An increasing number of proteins in the solid state have re-
cently been observed to exhibit intramolecular dynamic heter-
ogeneity, so that a part of the protein gives clear signals in the
NMR spectra while other residues are invisible.”*? However,
few proteins have been reported to exhibit dramatic dynamic
heterogeneity between different molecules as a result of con-
formational differences. In the present case, this heterogeneity
is clearly due to binding to the lipid membrane, since in the
absence of the lipid bilayer the peptide was completely
random coil. The ability of the lipid bilayer to induce (3-strand
formation from an unstructured peptide is a remarkable find-
ing of this study.

The depth of insertion of the (-sheet Ala-PG1 differs be-
tween the anionic membrane and the zwitterionic cholesterol-
containing membrane: the peptide inserts into the hydropho-
bic region of the anionic membrane but remains surface
bound in the cholesterol-containing membrane. This mem-
brane-specific topology is very similar to wild-type PG-1.2? The
only difference is that wild-type PG-1 inserts all the way to the
center of the anionic membrane with a minimum distance of
2 A to the CH, groups, while Ala-PG1 has a somewhat longer
minimum distance of 6 A. The inserted topology of the -
strand Ala-PG1 is distinct from the random-coil conformation
of the peptide, which is either not associated or only loosely
affiliated with the membrane.

The bimodal nature of Ala-PG1 structure and the similarity
of the B-strand conformer to the wild-type peptide in terms of
dynamics and insertion depths suggest that the reduced anti-
microbial activity of Ala-PG1 is both due to the reduced
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amount of the peptide able to bind to the lipid membrane to
inflict damage, and to a possible weakening of the bound pep-
tide’s membrane-disruptive ability. Our previous *'P NMR line-
shape analysis of glass-plate oriented lipid membranes showed
that Ala-PG1 causes less, but not zero, membrane disorder
compared to wild-type PG-1."" As judged from the *'P line-
shape, the amount of disorder induced by Ala-PG1 is ~20-
times lower than that of the wild-type PG-1;" this is in rough
agreement with the 16-64-fold reduction in antimicrobial ac-
tivity. Since the amount of the B-sheet intensity in the *C MAS
spectra is clearly more than 10% but rather approximately half
of the total intensity of each site, the random-coil fraction of
the peptide should only reduce the antimicrobial activity by a
factor of 2-3. The actual one order of magnitude reduction in
activity implies that the inserted -sheet fraction of the Ala-
PG1 mutant is much less active than the wild-type peptide.

The current data do not indicate whether the p-strand frac-
tion of Ala-PG1 folds into [ hairpins or remains as [3 strands.
The key potential sites for the 3 turn, Arg9, Arg10, and Arg11,
were not labeled here due to the high cost of labeling with
Arg. If the rigid fraction of Ala-PG1 exists as a straight strand,
then its intrinsic membrane-lytic activity should be lower than
the 3 turn parent molecule because of the lower amphiphilicity
of the linear molecule. The importance of the $-hairpin fold for
antimicrobial activity has been examined by solution NMR and
circular dichroism studies,” and has been reported in a related
peptide, tachyplesin.?>~?”

The present work points to the importance of using '>C
direct-polarization and J-coupling-based polarization transfer
experiments to detect mobile components in membrane pro-
teins by NMR. The *C DP CTUC-COSY experiment is ideal for
this purpose. The cross peaks of the mobile components in
the 2D CTUC-COSY spectra are well resolved by the use of
constant-time evolution and by linear prediction, and the
cross-peak intensities relative to the diagonal peaks are also
higher than in dipolar-driven correlation experiments.

In summary, we have determined the membrane-bound
conformation, dynamics, and topology of a linear analogue of
protegrin-1, and found that the removal of the cysteine disul-
fide bonds results in a mixture of random-coil and [3-sheet con-
formations. The former is highly dynamic and likely not associ-
ated with the lipid membrane, whereas the latter is rigid and
inserts into the anionic lipid bilayer, similar to the parent pep-
tide, PG-1. Thus, the reduced antimicrobial activity of the linear
peptide is due to the reduced number of insertion-competent
membrane-lytic [-sheet molecules, rather than uniformly
weakened activity of identically structured peptides.

Experimental Section

Sample preparation: All lipids were purchased from Avanti Polar
Lipids (Alabaster, AL, USA) and used without further purification.
Uniformly *C- and "N-labeled amino acids were purchased from
Sigma-Aldrich and Cambridge Isotope Laboratories (Andover, MA,
USA). The Ala-PG1 sequence differs from wild-type PG-1 in that all
four Cys residues at positions 6, 8, 13, and 15 were replaced by Ala
(NH,-RGGRLAYARRRFAVAVGR-CONH,). It was synthesized by using
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standard Fmoc solid-phase peptide synthesis protocols, and puri-
fied to 95% by using reverse-phase HPLC. Three peptide samples,
which incorporated labeled Leu5, Ala6, Phe7 (sample 1), Phe12,
Ala13, Val14 (sample 2), and Ala15, Val16 (sample 3), were synthe-
sized.

The peptides were reconstituted in lipid membranes by mixing
lipids and peptide first in trifluoroethanol/methanol (3:1). The sol-
vents were vacuum dried and the resulting peptide-lipid film was
packed in a rotor and hydrated to 35% with water. All membrane
samples had a peptide/lipid molar ratio (P/L) of 1:15. Only phos-
pholipids, POPC, POPE, and POPG, but not cholesterol, were includ-
ed in the lipid molar amount calculation. A POPE/POPG (3:1) mix-
ture was used to mimic the bacterial cell membrane, and a POPC/
cholesterol mixture (12:10.5) was used to mimic the red blood cell
membrane.

NMR spectroscopy: Solid-state NMR spectroscopy experiments
were carried out by using a Bruker DSX-400 spectrometer that was
operated at a resonance frequency of 400.49 MHz for 'H and
100.70 MHz for "*C. Typical radiofrequency (rf) pulse lengths were
5 us for C and 4 ps for 'H. A CP contact time of 0.5 ms was used.
The "*C chemical shift was referenced externally to the a-glycine C’
signal at 176.49 ppm on the tetramethylsilane (TMS) scale.

A 2D J-coupling-mediated correlation experiment, CTUC-COSY, de-
veloped by Mueller and co-workers,™ was carried out to obtain
3C resonance assignment. The experiment was conducted at 298 K
under 9000 kHz MAS for all samples. The initial *C magnetization
was prepared either with '3C direct polarization by using a *C 90°
pulse, or with cross polarization from 'H. The constant-time evolu-
tion period includes both the polarization transfer and T, evolu-
tion. A soft *C & pulse of 388.9 us was applied on resonance with
B3CO to selectively invert the CO signal, while a 7 pulse of 166.7 us
was applied at 38 ppm, in the aliphatic region. The net result was
that only the aliphatic Co—CX (X=, v, d, etc.) cross peaks were
detected in the 2D spectra. The T, evolution times ranged from 8.8
to 11.2 ms, and the 2D spectra were processed with linear predic-
tion in the w, dimension to enhance the resolution. A 'H decou-
pling field of 71 kHz was used during T,, while a weaker decou-
pling strength of 62 kHz was used during the z filter and the T, ac-
quisition time. Each 2D experiment took 18 to 24 h.

A variant of the 2D dipolar chemical-shift correlation experiment
(doubled DIPSHIFT) was used to measure residue specific Ca-Ha
dipolar couplings.?®? The dipolar doubling was achieved by using
a moving C 180° pulse during the rotor period while keeping 'H
homonuclear decoupling on for the entire rotor period.” This al-
lowed dipolar couplings to be measured with higher accuracy than
the undoubled DIPSHIFT experiment. The reduction of the mea-
sured Ca-Ha dipolar coupling from the rigid-limit value was indi-
cative of peptide backbone motion. We used MREV-8 for 'H homo-
nuclear decoupling,”**® in which the 'H pulse length was 4.7 ps.
The sample was spun at 3.546 kHz. The dipolar dephasing curves
were fit by using a home-written simulation program to obtain the
couplings. These were divided by the MREV-8 scaling factor of 0.47
and the doubling factor of 2 to give the true coupling of each site.
The true coupling was then scaled by the rigid-limit C-H dipolar
coupling of 22.7 kHz to give the order parameter, S¢,,.

The 2D “C-detected 'H spin diffusion experiments were carried out
with Ala-PG1 at 298 K at 5 kHz MAS. A 'H T, filter of 1 ms was used
before the evolution period to remove the peptide 'H polarization.
After "H chemical-shift evolution without homonuclear decoupling,
a mixing time of 25-841 ms was applied to allow 'H spin diffusion
from the mobile lipids and water to the rigid peptide. The result of
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the polarization transfer was detected through the peptide "C sig-
nals. To obtain 'H buildup curves, the H,0 and CH, peak heights
from the 1D 'H cross sections were plotted as a function of the
square root of the mixing time. The intensities were corrected for
'H T, relaxation and scaled relative to the H,O intensity in the
100 ms spectrum. For the CH, buildup curve, additional scaling
with the fraction of the equilibrium intensity of the CH, peak rela-
tive to the H,O peak in the direct-polarization 'H spectrum was
applied.

Abbreviations

PG-1: protegrin-1; AMP: antimicrobial peptide; POPC: 1-palmitoyl-
2-oleoyl-sn-glycerol-3-phosphatidylcholine; POPG: 1-palmitoyl-2-
oleoyl-sn-glycerol-3-phosphatidylglycerol; POPE:  1-palmitoyl-2-

oleoyl-sn-glycero-3-phosphatidylethanolamine; CTUC-COSY: con-
stant-time uniform-cross-peak correlation spectroscopy; DP: direct
polarization; CP: cross polarization; MAS: magic-angle spinning;
DIPSHIFT: 2D dipolar-chemical shift correlation.
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