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dipolar couplings and MAS.69 The larger intensity reduction in
the ReLPS/DEPE membrane suggests that IB484 may bind
more superficially to this membrane or may be less oligomerized
compared to its behavior in the POPE/POPGmembrane. Com-
parison with reported DIPSHIFT curves for various motional
rates and amplitudes69 suggests that the intermediate-time scale
motion of IB484 may occur in the 2-10 kHz regime, although
the exact rates and amplitudes depend on the motional geometry
and are outside the scope of this study.
Interestingly, the POPE/POPG membrane-bound PG-1 also

exhibited noticeable intensity asymmetry in the DIPSHIFT data
(Figure 6c), indicating that intermediate-time scale motion
was already present in the wild-type peptide. Table S1 of the
Supporting Information summarizes the C-H order parameters
and the apparent T2 decay constants (T2*) of the four peptide/
lipid combinations. In the ReLPS/DEPE membrane, PG-1 has a
much longer T2* (1.45 ms) or much less DIPSHIFT asymmetry
(Figure 6d) than IB484 (0.34 ms), suggesting that the wild-
type peptide binds more tightly to the LPS membrane than the
mutant.
Depth of Insertion from 13C-Detected 1H Spin Diffusion.

To determine the depth of insertion of the two peptides, we
conducted 2D 13C-detected 1H spin diffusion experiments. The
spin diffusion spectra were recorded for POPE/POPG samples
at 288 K and ReLPS/DEPE samples at 308 K, ∼3 K below
the corresponding phase transition temperatures. The similar
reduced temperatures make 1H spin diffusion coefficients similar
so that buildup curves can be compared between the two types of
membranes. On the basis of previous calibrations, we used the
following diffusion coefficients to extract lipid-protein and
water-protein distances:DL = 0.012 nm

2/ms for the lipid phase,
DW = 0.03 nm2/ms for water, and DP = 0.3 nm2/ms for the
peptides.26,45,48 For the lipid-protein interface, we used aDint of
0.005 nm2/ms, as verified below.

Figure 7a shows a representative 2D 13C-1H correlation spec-
trum of IB484 in ReLPS/DEPE membranes. With a 100 ms
mixing time, peptide-CH2 and peptide-water cross-peaks were
clearly observed at 1H chemical shifts of 1.3 and 4.8 ppm,
respectively. The sum of the 1H cross-peaks of CR of Arg3 and
CR of Val13 as a function of mixing time is shown in Figure 7b.
The cross-peak intensity buildup as a function of mixing time is
shown in Figure 8a for IB484 in the two membranes. The lipid
CH2 buildup curve rises much more slowly in the ReLPS/DEPE
membrane than in the POPE/POPG membrane. The latter
curve is best fit to a 2 Å distance, indicating that IB484 is inserted
into the center of the POPE/POPG membrane. The lipid chain
CH3 buildup curve (not shown) is similar to the CH2 curve,

44

confirming that the mutant is fully inserted across the membrane.
Water spin diffusion to IB484 is also fast in the POPE/POPG
membrane. Because the length of IB484 (∼26 Å) is shorter than
the POPE/POPG P-P thickness (∼45 Å), fast spin diffusion
from both water and lipid acyl chains suggests permeation of
water into the membrane. In comparison, the CH2 buildup curve
for the ReLPS/DEPE membrane is best fit to a distance of 7 Å,
indicating that IB484 is only partly inserted into the LPS mem-
brane. At the same time, the water buildup curve is also slower in
the ReLPS/DEPE membrane than in the POPE/POPG mem-
brane, corresponding to an ∼5 Å distance.
The 1H spin diffusion curves of PG-1 and IB484 in the ReLPS/

DEPEmembrane are compared in Figure 8b. Spin diffusion from
both lipid CH2 and water to PG-1 is rapid (2 Å), indicating TM
insertion of the peptide. The lipid CH2 buildup curve is clearly
faster for PG-1 than for IB484, supporting deeper insertion of the
more cationic PG-1. Water spin diffusion to PG-1 is modestly
faster than to IB484 in the LPS membrane. Because the PG-1
buildup curves were extracted from the CR signal of Arg4, which
contains labile side chain protons that can readily exchange with
water, we analyzed the water spin diffusion curve to IB484 using

Figure 5. 13C chemical shifts of PG-1 and IB484 in ReLPS/DEPE membranes. (a) Representative 2D 13C-13C DARR spectrum (40 ms mixing) of
Arg3- and Val13-labeled IB484 in POPE/POPGmembranes at 263 K. The 2D spectrum was recorded for 19 h with a maximal t1 evolution time of 6 ms,
218 t1 slices, and 160 scans per slice. (b) 1D

13C CP-MAS spectra of ReLPS/DEPEmembranes. Asterisks indicate spinning sidebands. (c) 13C CP-MAS
spectrum (black) and 13C DQ filtered spectrum (red) of PG-1 in ReLPS/DEPE membranes. (d) 13C CP-MAS spectrum (black) and 13C DQ filtered
spectrum (red) of IB484 in ReLPS/DEPE membranes. The 1D spectra were recorded between 237 and 253 K under 4-5 kHz MAS. The 1D DQ
filtered spectra were recorded with 2560 scans.
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only the Arg3 CR intensity. The resulting buildup curve (empty
circles) is the same as that obtained using the combined Arg3 and
Val13 intensities (Figure 8b, filled circles), confirming that IB484
is farther from water than PG-1.
The spin diffusion buildup curves described above were fit

using an interfacial diffusion coefficient of 0.005 nm2/ms, which
is larger than the value of 0.002 nm2/ms used previously for
liquid-crystalline membranes.45 This interfacial diffusion coeffi-
cient is a sensitive parameter in the distance fitting and is only
semiquantitatively estimated on the basis of 1H-1H dipolar
couplings.48 Although the higher Dint was consistent with the
moderate gel-phase nature (3 K below the phase transition
temperature) of the membranes in our experiments, we further
verified the interfacial diffusion coefficient by repeating the spin
diffusion experiment for POPE/POPGmembrane-bound IB484
at 298 K. Figure S1a of the Supporting Information compares the
CH2 buildup curves of IB484 and PG-1 at 298 K in the POPE/
POPG membrane.26 The two curves superimpose well, indicat-
ing that the two peptides have similar distances to the center of
the POPE/POPG membrane. Using a Dint of 0.00175 nm

2/ms,
which was previously estimated for PG-1, we obtained the 2 Å
distance for IB484, which is identical to the result at 288 K. Figure
S1b of the Supporting Information compares the buildup curves
of IB484 at 288 and 298 K in the POPE/POPG membrane. As
expected, higher temperature slowed 1H spin diffusion because

of the lower membrane viscosity, but the intrinsic depth of the
peptide is the same within this narrow temperature range. Thus,
the choice of 0.005 nm2/ms for Dint at 288 K is consistent with
the higher Dint value for liquid-crystalline POPE/POPG mem-
branes, and IB484 is inserted into the hydrophobic center of this
membrane.
Guanidinium Phosphate 13C-31P Distances. To under-

stand how Arg residues in the two peptides interact with the
lipids, we measured 13C-31P distances in both the LPS and
regular phospholipid membranes. Figure 9a shows the REDOR
data of PG-1 in ReLPS/DEPE membranes and compares them
with the previously reported POPE/POPG results.27 In the
POPE/POPG membrane, Arg4 has a short Cζ-P distance of
5.7 Å indicative of guanidinium phosphate complexation and a
CR-P distance of 6.5 Å.27 These distances suggest toroidal pore
formation by PG-1 in POPE/POPG membranes.26,27 In the
ReLPS/DEPE membrane, the Arg4 Cζ-P distance increased to
6.9 Å while the CR-P distance increased to 8.0 Å. Thus, the
guanidinium phosphate salt bridge no longer exists in the LPS-
bound PG-1. Because the 1H spin diffusion data indicate TM
insertion of PG-1 into this membrane, the lack of short 13C-31P
distances suggests that there are fewer or no lipid headgroups
in the center of the membrane, which is consistent with the
limited isotropic intensity in the static 31P spectrum of the PG-1-
containing LPS membrane (Figure 4c).
Figure 9b shows the REDOR curves of IB484 in POPE/POPG

(empty symbols) and ReLPS/DEPE membranes (filled symbols),
and a representative pair of REDOR spectra is shown in
Figure 9c. The Arg3 Cζ-P dephasing in both membranes is fit
well by a Gaussian distribution of distances centered at 5.7 Å with
a half-width of 1.5 Å. Thus, on average Arg3 has close contact
with the lipid phosphates in both membranes. For the backbone
atoms, Arg3 shows a CR-P distance of 6.4 Å in the LPS
membrane and 7.4 Å in the POPE/POPG membrane, while
Val13 has a CR-P distance of 7.6-7.7 Å in both membranes.
The accuracy of the REDOR experiment is verified by the rapid
dephasing of the lipid glycerol G1 and G3 peak (63.5 ppm),

Figure 6. C-H order parameters of IB484 and PG-1 in different
membranes by 2D DIPSHIFT experiments. (a) IB484 in POPE/POPG
membranes at 298 K under 4.5 kHz MAS. (b) IB484 in ReLPS/DEPE
membranes at 308 K under 5 kHz MAS. (c) PG-1 in POPE/POPG
membranes at 298 K under 4.5 kHz MAS. (d) PG-1 in ReLPS/DEPE
membrane at 308 K under 5.0 kHzMAS. Solid and dashed lines are best-
fit simulations without and with T2 decays, respectively.

Figure 7. 2D 13C-detected 1H spin diffusion spectra of IB484 in the
ReLPS/DEPE membrane to determine the peptide’s depth of insertion.
(a) Representative 2D spectrum, measured with a 100 ms mixing time.
(b) Sum of the Arg3 and Val13 CR-1H cross-peaks as a function of
mixing time.
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which fit to a 1:1 combination of a 2.6 and 5.2 Å distance, con-
sistent with the short intramolecular distances from these carbons to
31P. All measured 13C-31P distances are summarized in Table 2.
Although short guanidinium phosphate distances were found

for IB484 in both lipid membranes, the different depths of the
peptide obtained from the 1H spin diffusion experiment indicate

different reasons for the short 13C-31P distances. The mutant is
shallowly inserted into the ReLPS/DEPE membrane and is thus
in the proximity of the phosphate groups on the membrane
surface. In contrast, the peptide is fully inserted across the
POPE/POPG membrane; thus, the relatively short Cζ-P dis-
tance of Arg3 must result from phosphate groups embedded in

Figure 8. Analysis of 1H spin diffusion data of PG-1 and IB484 in two lipidmembranes. (a) Buildup curves of IB484 in ReLPS/DEPE (filled circles) and
POPE/POPG (empty squares) membranes, measured at 308 and 288 K, respectively. The intensity is the sum of the Arg3 and Val13 CR-1H cross-
peaks. The top panel shows spin diffusion from lipid CH2 protons to the peptide and the bottom panel spin diffusion from water to the peptide.
(b) Buildup curves of IB484 (circles) and PG-1 (triangles) in ReLPS/DEPEmembranes at 308 K. For the IB484 data, the sum of the Arg3 and Val13 CR
intensity is shown as filled circles while the Arg3 CR intensity is shown as empty circles.

Figure 9. 13C-31P REDORdata of PG-1 and IB484. (a) Distances from PG-1 Arg4CR andCζ to 31P in the ReLPS/DEPEmembrane (filled symbols).
The POPE/POPG data (empty symbols) are superimposed.27 (b) IB484 Arg3 CR and Cζ and Val13 CR data in the ReLPS/DEPE membrane (filled
symbols) vs the POPE/POPGmembrane (empty symbols). (c) Representative REDOR S0 and S spectra of IB484 in the POPE/POPGmembrane. The
mixing time was 10.7 ms. The REDOR experiments were conducted at 233-237 K under 4.0 or 4.5 kHz MAS.
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the hydrophobic region of the membrane, as in toroidal pores.
The 1.3 Å difference in the distances from the CR atoms of
Arg3 and Val13 to 31P in the LPS membrane suggests that the
C-terminus may be more deeply inserted into the membrane
than the N-terminus, due to the more hydrophobic nature of
the C-terminal strand compared to the N-terminal strand
(Figure 2a).

’DISCUSSION

Understanding the Gram selectivity of AMPs is important for
designing new antibiotics that selectively target resistant bacteria.
Previous studies of AMPs in LPS micelles or intact Gram-
negative bacteria suggested the lack of peptide insertion to be
the cause for the weaker antimicrobial activities of Gram-
negative-inactive AMPs.17-19 However, molecular structures of
AMPs in LPS-containing lipid bilayers have not been reported.
This study addresses the mechanism of Gram selectivity by
comparing the structures of PG-1 and a mutant in Gram-positive
andGram-negativemimetic lipidmembranes. On the basis of our
data, we propose four structural models (Figure 10 and Table S2
of the Supporting Information) that explain the different anti-
microbial activities of the two peptides.

Both PG-1 and IB484 adopt a robust β-hairpin fold because
of the disulfide bond constraints. Previous solid-state NMR
data and MD simulations showed that the wild-type β-hairpins

assemble into oligomeric TM β-barrels in POPE/POPG mem-
branes,26,70,71 which lead to toroidal pore defects (Figure 10a).27

The current data show that the charge-reduced mutant is
similarly inserted into the POPE/POPG membrane and also
exhibits short Arg Cζ-P distances that are diagnostic of toroidal
pores (Figure 10c). The membrane disorder is consistent with
the 31P NMR line shape of mutant-bound POPE/POPG mem-
branes, which exhibited a high isotropic peak (Figure 3b). It is
also consistent with the similar antimicrobial activities of IB484
and PG-1 against Gram-positive bacteria (Table 1).

Guanidinium phosphate salt bridges have now been observed
for many cationic membrane peptides, including the antimicro-
bial peptides PG-127 and human R-defensin 1,72 the cell-pene-
trating peptides penetratin73,74 and HIV TAT,75 and the S4 helix
of the KvAP potassium channel.76 Solid-state NMR provided the
most direct means of identifying the existence of guanidinium
phosphate complexation through distance measurements be-
tween the Arg Cζ and lipid 31P. In addition to interaction with
the lipid phosphates, the guanidinium ion can also form hydro-
gen bonds with water.77,78 Both interactions shield the positive
charge from the hydrophobic lipid chains, thus facilitating
membrane insertion of these peptides. IB484 exhibits clear
guanidinium phosphate interactions in POPE/POPG mem-
branes, suggesting that even with only two Arg residues, the
peptide is able to cause some phospholipids to reorient to lower
the free energy barrier of insertion of the peptide into the
hydrophobic region of the membrane.

While both PG-1 and IB484 induce toroidal pores in the
POPE/POPG membrane, they show different Arg CR--P
distances: the IB484 Arg3 CR atom exhibited a 1 Å longer
distance (7.4 Å) than the corresponding Arg4 CR atom in PG-1
(6.5 Å). This difference suggests that fewer phosphate groups
may reorient to contact the Arg in the mutant, as a result of the
weaker electrostatic interaction of the membrane with the þ3
charged mutant compared to theþ6 charged PG-1. The distance
difference is consistent with the 2-fold weaker antimicrobial

Figure 10. Structural models of PG-1 and IB484 in ReLPS/DEPE and POPE/POPGmembranes. (a) In the POPE/POPGmembrane, PG-1 is TM and
leads to toroidal pores with strong orientational disorder.26,27 (b) In the ReLPS/DEPE membrane, PG-1 is TM and causes barrel-stave pores with little
lipid orientational disorder. (c) In the POPE/POPGmembrane, IB484 is TM and causes toroidal pores with moderate lipid disorder. (d) In the ReLPS/
DEPEmembrane, IB484 is partially inserted without causing lipid disorder. The peptide cannot subsequently cross into the cytoplasmicmembrane, thus
explaining its weak antimicrobial activity against Gram-negative bacteria.

Table 2. 13C-31P Distances of PG-1 and IB484 in POPE/
POPG and ReLPS/DEPE Membranes

peptide residue site POPE/POPG ReLPS/DEPE

PG-1 Arg4 Cζ 5.7( 1.5 27 6.9

CR 6.5 27 8.0

IB484 Arg3 Cζ 5.7( 1.5 5.7( 1.5

CR 7.4 6.4

Val13 CR 7.6 7.7
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activity of IB484 than PG-1 toward Gram-positive MRSA
(Table 1).

In ReLPS/DEPE membranes, 1H spin diffusion data indicate
that PG-1 lies close to both water and lipid chains and is thus
inserted in a TM fashion.26 However, the peptide exhibits much
longer distances from Arg4 to 31P compared to the distances in
the POPE/POPG membrane. Although only Arg4 is measured
in this study, distances from other Arg residues to 31P will not
provide additional information about the peptide-lipid interac-
tion, because the other five Arg residues in PG-1 are located at
the hairpin tip and at the N- and C-termini; thus, they are close to
the lipid 31P regardless of whether the peptide adopts a TM or a
surface-bound structure. Among the six Arg residues, Arg4 is
closest to the hydrophobic middle of the β-hairpin and is thus
most sensitive to the absence or presence of toroidal pore defects.
The combination of 1H spin diffusion and 13C-31P distance data
indicates that PG-1 causes TM pores of the barrel-stave type in
the ReLPS/DEPE membrane (Figure 10b), where the lipid
molecules maintain their regular orientation parallel to the
membrane normal. The relative lack of orientational disorder is
confirmed by the 31P spectra (Figure 4c). These TM pores,
presumably filled with water, shield the Arg residues from the
hydrophobic lipid chains and at the same time provide a conduit
for translocation of more PG-1 molecules into the cytoplasmic
membrane, where actual cell killing occurs. The phase behavior
of the ReLPS/DEPE membrane is complex in the absence of the
peptide and has not been fully explored as a function of
temperature and composition.55,66 Nevertheless, the 31P spectra
in Figure 4 clearly show that the ReLPS/DEPE membrane has a
significant level of curvature strain in the liquid-crystalline phase
that is reduced in the gel phase. Thus, chain disorder plays a
significant role in the lipid packing of the ReLPS/DEPE mem-
brane. Binding of either peptide to the LPS membrane restored
the lamellar bilayer at high temperature, which may proceed by
chain rigidification or by the peptides counteracting the negative
curvature strain of the lipids.

The biggest difference between the mutant and wild-type PG-
1 lies in their depths of insertion into the ReLPS/DEPE
membrane. The mutant cannot insert into the center of the
LPS membrane, as shown by the slower 1H spin diffusion from
the lipid CH2; thus, it cannot cross further into the cytoplasmic
membrane. The shallow insertion of IB484 into the LPS mem-
brane, in contrast to its TM orientation in the POPE/POPG
membrane, may result from a combination of the large oligo-
saccharide moiety, the presence of six acyl chains, and the
divalent cations that neutralize the LPS negative charges. These
structural features serve to make the LPS-rich membrane more
rigid and less permeable than regular phospholipid membranes
(Figure 2). The fact that wild-type PG-1 still inserts into the
ReLPS/DEPE membrane, despite the high membrane viscosity
and impermeability, must then be attributed to the higher charge
of the wild-type peptide and the stronger electrostatic inter-
action, but the more rigid LPS molecules cannot reorient to
neutralize the Arg residues of the inserted PG-1; thus, no toroidal
pores are observed. For IB484, the smaller number of cationic
residues (two Arg residues and one Lys) weakens the electro-
static attraction with the membrane, hence abolishing TM
insertion. In the asymmetric outer membrane of real Gram-
negative bacterial cells, the LPS molecules are almost exclusively
located in the outer leaflet. Therefore, resistance against peptide
insertion may be stronger and a higher cationicity may be
required for potent antimicrobial activities.

In conclusion, the solid-state NMR data obtained here in-
dicate that Gram selectivity among β-hairpin AMPs is largely the
result of different insertion depths, which depend on the degree
of peptide binding to the membrane, which is in turn determined
by the Arg density of the peptides. Having a sufficient number of
Arg residues facilitates binding of the peptide to and transloca-
tion of the peptide across the LPS membrane of Gram-negative
bacteria, allowing subsequent disruption of the inner cytoplasmic
membrane.
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Table S1. C-H order parameters (SCH) and the apparent T2* of IB484 and PG-1 in different lipid 

membranes. T2* is the apparent decay constant in the DIPSHIFT time data due to intermediate 

timescale motion, and was measured as the decay of the last data point compared to the first data 

point. 

POPE/POPG ReLPS/DEPE 
Peptide 

Temp SCH T2* (ms) Temp SCH T2* (ms) 

288 K 0.87 0.48 
IB484 Arg3 Cα  

298 K 0.87 0.66 
308 K 0.92 0.34 

288 K  0.91 0.40 
PG-1 Arg4 Cα  

298 K 0.91 0.94 
308 K 0.90 1.45 

 



 2 

 

Table S2. Experimental constraints for the topologies of PG-1 and IB484 in POPE/POPG and 

ReLPS/DEPE membranes.  
1H spin diffusion 13C-31P distances 

Peptide Membrane Insertion model 
Lipid CH2 Water Backbone Arg Cζ  

PG-1 POPE/POPG β-barrel toroidal pore 2 Å 2 Å 5.5-6.5 Å 4.0-5.7 Å 

 ReLPS/DEPE Barrel-stave pores 2 Å 2 Å 8.0 Å 6.9 Å 

IB484 POPE/POPG Toroidal pore 2 Å 2 Å 7.4-7.6 Å 5.7 Å 

 ReLPS/DEPE Partial insertion 7 Å 5 Å 6.4-7.7 Å 5.7 Å 

 

 

 

 

Figure S1. Comparison of lipid-peptide 1H spin diffusion curves at different temperatures for 

POPE/POPG-bound peptides. (a) Buildup curves of PG-1 (open circles) and IB484 (filled 

squares) at 298 K. A Dint of 0.00175 nm2/ms was used for distance fitting. (b) Buildup curves of 

IB484 at 298 K (filled squares) and 288 K (open squares). Dint was 0.00175 nm2/ms for 298 K 

and 0.005 nm2/ms for 288 K.  

 


