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The interaction of small peptides with the lipid bilayer of
the cell membrane is important in a variety of biological

processes.1�6 These membrane-active peptides may have pro-
tective properties like antimicrobial peptides (AMPs), anticancer
peptides, and antiviral peptides or be involved in pathological
processes with peptides such as cell-penetrating peptides, viral
fusion peptides, and venom peptides. For all these classes of
peptides, interactions between the membrane lipid bilayer and
the peptide are central to their biological functions.

Characterizing peptide�membrane interactions is often chal-
lenging because of the transient and dynamic nature of these
interactions. The peptide may adopt different orientations with
respect to the lipid bilayer and different oligomerization states
that are concentration-dependent. Solid-state nuclear magnetic
resonance (NMR) experiments have used various NMR-active
nuclei to investigate the structures and orientations of AMPs
bound to lipid membranes.7�12 These include studies using
fluorine-labeled AMPs to provide information about peptide
orientation in membranes.13�15 However, these experiments
require peptide concentrations that are orders of magnitude
higher than their physiologically active range, so it is not always
clear whether such structures represent biologically active spe-
cies. Solution-phase fluorine NMR has proven to be an informa-
tive tool for investigating biological interactions, for example, in

probing the dynamics of soluble proteins16�18 and the immer-
sion depth of lipophilic molecules in lipid bilayers.19,20

AMPs make up a diverse family of membrane-active peptides
found in essentially all multicellular organisms. Although some
AMPs have specific intracellular targets,1 most exert their antimicro-
bial activity by binding directly to the microbial membrane and
compromising its integrity.21�23 Almost all AMPs are highly amphi-
pathic, with one face of the peptide being hydrophobic and the other
face presenting a cluster of positively charged residues.24�26 The
selectivity of AMPs for bacterial membranes arises primarily from
electrostatic interactions between the positively charged peptide and
the negatively charged phospholipids that predominate in bacterial
cell membranes. Eukaryotic membranes, which contain predomi-
nantly neutral phospholipids, are usually less susceptible to disrup-
tion by AMPs; the presence of cholesterol in eukaryotic membranes
also helps prevent the disruption of membranes by AMPs.27 Upon
association with the membrane, disruption of the bacterial mem-
brane may proceed through a number of mechanisms, including
the formation of pores, membrane thinning, and detergent-like
action.23,28,29
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ABSTRACT: The antimicrobial peptide MSI-78 serves as a
model system for studying interactions of bioactive peptides
with membranes. Using a series of MSI-78 peptides that incor-
porate L-4,4,4-trifluoroethylglycine, a small and sensitive 19F
nuclear magnetic resonance probe, we investigated how the
local structure and dynamics of the peptide change when it
binds to the lipid bilayer. The fluorinated MSI-78 analogues
exhibited position-specific changes in 19F chemical shift ranging
from 1.28 to �1.35 ppm upon binding to lipid bicelles. The
largest upfield shifts are associated with the most hydrophobic positions in the peptide. Changes in solvent isotope effects (H2O/
D2O) on

19F chemical shifts were observed for the peptides that are consistent with the MSI-78 solvent-inaccessible hydrophobic
core upon binding bicelles. Transverse relaxation measurements of the 19F nucleus, using the Carr�Purcell�Meiboom�Gill pulse
sequence, were used to examine changes in the local mobility of MSI-78 that occur upon binding to the lipid bilayer. Positions in the
hydrophobic core of peptide�membrane complex show the greatest decrease in mobility upon binding of the lipid bilayer, whereas
residues that interact with lipid headgroups are more mobile. The most mobile positions are at the N- and C-termini of the peptide.
These results provide support for the proposed mechanism of membrane disruption by MSI-78 and reveal new details about the
dynamic changes that accompany membrane binding.
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Our studies have focused on the potent, synthetic AMP, MSI-78
(pexiganan), which provides a convenient model system for
investigating peptide�membrane interactions. MSI-78 is thought

to disrupt bacterialmembranes by forming toroidal pores in the lipid
bilayer,30 as illustrated in Figure 1. On the basis of a combination of
solution and solid-state NMR experiments, the peptide has been
shown to adopt a dimericR-helical coiled coil structure (Figure 1) in
the presence of 3:1 POPC/POPG liposomes.31 The dimer interface
is formed by contacts between hydrophobic residues, whereas the
positively charged lysine residues face the exterior of the structure
and interact with hydrophilic lipid headgroups.

In previous studies, our group and others32�36 have demon-
strated that the incorporation of fluorinated amino acids into
AMPs is an effective strategy for modulating their biological
properties and can be used to study AMP�membrane interac-
tions. For example, we showed that incorporating hexafluoro-
leucine at four positions in the R-helical AMPMSI-78 resulted in
increased potency toward some bacterial strains and protection
against proteolysis when bound to lipid vesicles.32

Recently, we turned our attention to using fluorine-containing
peptides to probe the interaction of AMPs with membranes by
exploiting the sensitive NMR properties of the 19F nucleus. We
demonstrated that binding of MSI-78 to small unilamellar vesicles
and bicelles could easily be detected by following changes in the 19F
chemical shifts of MSI-78 variants containing L-4,4,4-trifluoroethyl-
glycine (TfeG).37 We also showed that the local dynamical proper-
ties of themembrane-bound peptide in the vicinity of the label could
be investigated by measuring the transverse relaxation rate (R2) of
the 19F nucleus using CPMG relaxation dispersion experiments.
Here we have extended these measurements to examine the
dynamics of the MSI-78�membrane complex by incorporating
CF3 probes at strategic positions throughout the peptide and
measuring the associated changes in chemical shifts, solvent isotope
effects on chemical shifts, and changes in R1 and R2 values.

’EXPERIMENTAL PROCEDURES

Peptide Synthesis.Racemic 4,4,4-trifluoroethylglycine (TfeG)
was purchased from SynQuest Laboratories and enzymatically
resolved (porcine kidney acylase I), resulting in L-4,4,4-trifluoro-
ethylglycine having a >99% enantiomeric excess.38 The pure
amino acid was converted to its t-Boc derivative by standard
procedures. The sequences of MSI-78 derivatives are shown in
Figure 2. Peptides were synthesized manually by either standard
t-Boc procedures on MBHA resin or f-moc procedures on PAL-
PEG resin, as described previously.39,40 Peptides were purified by
reverse-phase high-performance liquid chromatography using a
gradient of water of acetonitrile with 0.1% TFA; excess residual
TFA was removed by chromatography on a Stratosphere SPE
column (Varian) using 0.1% formic acid as the ion-pairing agent.
Stock peptide concentrations were determined using 19F NMR
with a known concentration of TFA as a reference. Peptide
identities were confirmed using matrix-assisted laser desorption
ionization mass spectroscopy.
Lipid Preparation. 1,2-Dimyristoyl-sn-glycero-3-phospho-

choline (DMPC), 1,2-dimyristoyl-sn-glycero-3-phospho(10-rac-
glycerol) (DMPG), 1,2-dihexanoyl-sn-glycero-3-phosphocho-
line (DHPC), and dodecylphosphocholine (DPC) were pur-
chased from Affymetrix. Isotropic bicelles were created in PBS
buffer (pH 7.4) with 10% D2O by adding a 3:1 DMPC/DMPG
solution to a solution of DHPC giving a q of 0.5 resulting in a
clear, nonviscous solution.
Determinations of MICs. The peptide minimum inhibitory

concentrations (MICs) againstEscherichia coliK12were determined

Figure 1. (A) Two views of the structure of MSI-78, determined from
NMR experiments,31 with peripheral lysine residues shown as sticks. (B)
Cartoon illustrating the mechanism for insertion of MSI-78 into a lipid
bilayer to form toroidal pores.

Figure 2. (A) Primary sequence of MSI-78 and the sequences of TfeG-
substituted peptides used in this study. (B) Positions of amino acid
substitutions mapped onto the structure of the MSI-78 dimer formed in
DPC micelles. Substitutions at hydrophilic positions (blue spheres) are
shown on the left; substitutions at hydrophobic positions (red spheres)
are shown on the right.
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by the microdilution antimicrobial assay procedure, using 96-well
plates in replicates of four, as described previously.41

1H NMR. Samples were prepared in PBS (pH 6.0) containing
10% D2O, 100 mM DPC, and 400 μM peptide. Spectra were
recorded at 30 �C using a Varian VNMRS 500 MHz NMR
spectrometer. A water suppression pulse sequence (WET) was
employed in the acquisition of NMR spectra.

19F NMR. All 19F NMR experiments were performed at 30 �C
using a Varian VNMRS 500 MHz NMR spectrometer equipped
with a double-tuned 1H�19F room-temperature probehead.
Peptide and lipid samples were prepared with 10% D2O in
PBS (pH 7.4). All experiments were performed at a constant
peptide concentration of 400 μM unless indicated otherwise and
referenced to an external standard of trifluoroacetate ion (at 0 ppm)
in PBS (pH 7.4) and 10% D2O. To measure solvent isotope-
induced changes in chemical shifts, peptide and lipid samples were
first prepared with 10% D2O in PBS (pH 7.4). The samples were
then lyophilized overnight and redissolved in 90% D2O.

19F CPMG relaxation dispersion experiments were performed
for the peptides in the free state and in the presence of lipid
bicelles (total lipid concentration of 200 mM; q = 0.5; long chain
lipids in a 3:1 DMPC:DMPG molar ratio and the short chain
lipid being DHPC). CPMG delays (τcp) were varied from 0.5 to
10.0 ms with each data point recorded as a series of standard one-
dimensional transverse relaxation rate measurements with T2

delays of 0.05, 0.1, 0.2, 0.4, 0.8, and 1.6ms for the free peptide and
0.0125, 0.025, 0.05, 0.1, 0.2, and 0.4 ms for the bicelle-bound
peptide. The pulse width was 7.9 μs. Data sets were recorded
with an acquisition time of 1 s in T1 along with a 10 s prescan
delay. Sixteen scans, with a net acquisition time of 17 min/data
point, were required to achieve adequate signal-to-noise ratios
for peptides in the free state; 32 scans, with a net acquisition time
of 35 min/data point, were required to achieve adequate signal-
to-noise ratios for peptides bound to bicelles. 19F spin�lattice
relaxation times (T1) were acquired by an inversion recovery
sequence (180��τ�90�) using a total of six τ values of 0.0625,
0.125, 0.25, 0.5, 1.0, and 2.0 s. Data were processed and analyzed
using VNMRJ and plotted using Kaleidagraph.
All other experimental details have been described previously.37,42

’RESULTS

We previously demonstrated the feasibility of using fluorine-
labeled amino acids to probe the chemical environment and
dynamics of membrane-bound peptides containing TfeG.37 TfeG
provides a useful probe, as it is relatively small (approximately
comparable to valine), is commercially available, and is readily
incorporated into peptides. The C-3 methylene group affords one
degree of rotational motion to the trifluoromethyl group, but on the
time scale of our experiments, backbone dynamics are likely to
dominate its NMR behavior. Although substitution of hydrophilic
residues, such as lysine, with TfeG obviously cannot be considered
as conservative, numerous experiments with AMPs have shown that
their biological properties and structure depend primarily on their
overall physicochemical properties and are not highly dependent
on sequence. Changes to a single site usually minimally perturb
structure and activity.

In studies of two MSI-78 variants37 incorporating TfeG at a
positively charged exterior position (Lys-7) and a hydrophobic
position (Leu-6), we demonstrated position-dependent changes
in 19F chemical shifts and transverse relaxation times upon
peptide binding to small unilamellar vesicles and lipid bicelles.

Whereas these initial studies provided a “proof of concept”, we
considered it important to conduct a more comprehensive study
to determine, more generally, how sensitive fluorine probes are
for distinguishing chemical environment and local dynamics.

In this work, we have extended our investigation by synthesiz-
ing a series of nine MSI-78 variants in which TfeG has been
introduced at strategic positions throughout the 22-residue
peptide. (We name these peptides as MSI-Fn,a when n refers to
the position in the peptide that has been substituted with the
fluorinated amino acid.) Guided by the NMR structure of the
peptide bound to lipids,31 we introduced TfeG at four hydrophobic

Figure 3. (A) Representative 19F NMR spectra illustrating changes in
chemical shift and peak width that occur when TfeG-substituted
peptides bind to lipid bicelles. The top trace in each pair of spectra is
of the free peptide and the bottom trace the peptide bound to the
bicelles. Spectra were recorded at 30 �C and pH 7.4 in PBS buffer with
10% D2O and referenced to an external TFA standard at 0 ppm. (B)
Chemical shift changes, Δδ, associated with peptide binding to bicelles
plotted as a function of label position.
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positions and at four lysine residues spaced along the length of the
peptide, including the C-terminal residue Lys-22; we also substi-
tuted theN-terminal glycine, whichmay be expected to show a large
change inmobility. The positions that were substituted are shown in
Figure 2. For each peptide, we have measured the changes in 19F
chemical shifts, longitudinal and transverse relaxation rates (R1 and
R2, respectively), and D2O-induced

19F chemical shifts that occur
upon peptide binding to lipid bicelles. This has allowed us to obtain
a detailed picture of the local changes in chemical environment
peptide dynamics that occur whenMSI-78 binds to the lipid bilayer.
Effects of TfeG Substitution on Secondary Structure and

Biological Activity. Substitution of TfeG at different positions in
these peptides does not appear to cause any gross structural
changes or changes in biological activity. The MIC values for all
the peptides were within the range of 3�6 μg/mL against E. coli
K12 strains; any differences in MICs between the parent MSI-78
peptide32 and the TfeG-labeled peptides were not statistically
significant. The peptides all appear to adopt a predominantly
random coil structure in plain buffer and exhibit extensively
helical CD spectra in the presence of SDS micelles (see the
Supporting Information). The mean residue ellipticities,Θ222, of
the peptides varied by less than 10% (�20200 cm2 dmol�1

residue�1 >Θ222 >�21900 cm2 dmol�1 residue�1) between the
different peptides and are similar to that of MSI-78 (Θ222 =
�20700 cm2 dmol�1 residue�1).
As a further check on the structural integrity of the TfeG-labeled

peptides, one-dimensional proton NMR spectra of the peptides
were recorded for the peptides bound to DPC micelles (see the
Supporting Information). In each case, the peptides exhibited well-
dispersed resonances in the amide region, characteristic of struc-
tured peptides. As expected, small changes between the spectra of
each TfeG-labeled peptide and MSI-78 were observed, which may
reflect small local structural changes and/or slight differences in
sample preparation. The resonances from the three Phe side chains
in the peptide could clearly be distinguished andwere very similar in
each case, indicating that the hydrophobic core of the dimeric
peptide bundle remains intact. Resonances from the aliphatic side
chains were obscured by signals from the lipid bicelles.
Sensitivity of 19F Chemical Shifts to the Position of

Fluorination. In the absence of lipids, all the peptides, except
MSI-F1, exhibited a sharp triplet in the 19F NMR spectrum
between 11.40 and 11.73 ppm relative to TFA (Figure 3 and
Table 1). The resonance for MSI-F1, in which Gly is substituted
with TfeG, is shifted significantly downfield at 12.15 ppm. This is
likely due to the influence of the positively charged amino group
at the N-terminus.

We then examined the binding of the fluorinated MSI-78
variants to lipid bicelles, which are commonly used as a model
membrane system. (As we have discussed previously,37 for these
studies bicelles are preferable to SUVs, which are also commonly
used to study AMP�membrane interactions. Bicelles are more
stable than SUVs and present a flat, rather than highly curved,
surface for peptide binding.) All the peptides exhibited distinct
changes in their 19F chemical shifts upon binding to bicelles,
which appeared as broadened single peaks (Figure 3).
The change in chemical shift was highly dependent on the

position of the TfeG residue (Table 1), demonstrating the sensi-
tivity of the 19F nucleus to the local chemical environment. The
positions that exhibited the largest upfield shifts, ranging from�0.9
to �1.3 ppm, are those at hydrophobic positions that are deeply
buried in the core of the coiled coil (Figure 4). The lysine positions,
which project out from the coiled coil and interact with the lipid
headgroups, exhibited smaller upfield shifts ranging from �0.06 to
�0.26 ppm. Two positions seem to deviate from this general trend.
Substituting TfeG at the N-terminal glycine position (MSI-F1)
results in a large downfield shift of 1.2 ppm;MSI-F15, inwhichAla is
substituted by TfeG, also showed a downfield shift, although this
was quite small, only 0.09 ppm.
Although fluorine chemical shifts are influenced by various

factors,43 the “anomalous” chemical shift of MSI-F15 might be
explained by the fact that the TfeG side chain is expected to
protrude toward the charged face of the R-helix (Figure 4). Its
chemical shift is likely to be influenced by the positively charged
lysine residues that are adjacent to it; this could result in
deshielding of the nucleus and thereby shift the resonance to
lower field. In contrast, substitution of Ala-9 with TfeG (MSI-F9)
places the side chain pointing into the hydrophobic core
(Figure 4), presumably resulting in a more shielded environ-
ment. The downfield shift observed when TfeG is at the
N-terminal position is harder to explain. Possibly, in its folded
state, the N-terminus of the peptide is less well solvated so that
the deshielding effect of the positively charged amino terminus is
greater. The N-terminus is also in the proximity of the amino
group of the C-terminal lysine of the peptide forming the
opposite strand of the coiled coil, which could also influence
the fluorine chemical shift.
Changes in Solvent Exposure upon Binding to Lipid

Bicelles. The 19F chemical shift is sensitive to the isotopic
composition of the solvent, e.g., whether H2O or D2O,

16,18

and this provides a means to investigate changes in solvent
exposure that may occur when MSI-78 binds to lipid bilayers. In
the absence of bicelles, changing the solvent composition from

Table 1. 19F Chemical Shifts and R1 and R2 Values for MSI-F Peptides

peptide amino acid substituted δfree
a (ppm) δbound

a (ppm) R1free (Hz) R1bound (Hz) R2free
b (Hz) R2bound

b (Hz)

MSI-F1 Gly 12.15 13.34 1.40 ( 0.05 2.55 ( 0.06 1.7 ( 0.1 27 ( 1

MSI-F6 Leu 11.64 10.34 2.18 ( 0.05 3.09 ( 0.04 3.7 ( 0.2 58 ( 9

MSI-F7 Lys 11.64 11.42 2.31 ( 0.03 3.10 ( 0.14 3.7 ( 0.2 22 ( 2

MSI-F9 Ala 11.73 10.58 2.37 ( 0.05 3.10 ( 0.14 4.1 ( 0.2 43 ( 3

MSI-F11 Lys 11.55 11.49 2.30 ( 0.04 3.06 ( 0.05 4.1 ( 0.2 27 ( 3

MSI-F15 Ala 11.47 11.58 2.26 ( 0.05 3.86 ( 0.11 3.9 ( 0.1 49 ( 3

MSI-F18 Lys 11.51 11.45 2.23 ( 0.05 3.24 ( 0.07 3.1 ( 0.1 29 ( 2

MSI-F20 Leu 11.60 10.72 2.05 ( 0.03 3.12 ( 0.09 2.8 ( 0.2 36 ( 2

MSI-F22 Lys 11.40 11.30 1.53 ( 0.06 2.27 ( 0.05 2.1 ( 0.2 20 ( 0.4

TfeG 11.62 0.54 ( 0.03 1.1 ( 0.1
aChemical shift relative to external TFA. bValue when 1/τcp = 2000 Hz.
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10%D2O to 90%D2O results in the 19F chemical shift for each of
the peptides moving fairly uniformly upfield by 0.08�0.11
ppm (see Figure 5). In the presence of bicelles, the chemical
shift changes, ΔδH2O�D2O (ΔδH2O�D2O = δH2O � δD2O), are
more variable and range from �0.01 to 0.08 ppm (changes of
e0.01 ppmwere not considered significant). In theory, positions
that are deeply buried should exhibit no changes in chemical shift
with a change in the solvent, whereas positions that are com-
pletely exposed should exhibit changes similar to those observed
for the unbound peptides. Inspection of the data reveals this to be
qualitatively true: positions 7, 11, 18, and 22, which are occupied

by lysines in MSI-78, exhibit the largest chemical shift changes
(ΔδH2O�D2O = 0.08�0.06 ppm). These are somewhat smaller
than those observed for the free peptide, indicating that interac-
tions with the lipid headgroups may reduce the level of solvent
exposure. In contrast, at positions 6, 9, 15, and 20, which are
occupied by hydrophobic residues inMSI-78,ΔδH2O�D2O is very
small (�0.01 to 0.03 ppm). This indicates a very low degree of
solvent exposure in the bound state and provides support for the
proposed structural model of MSI-78 in which these positions
form part of the hydrophobic core of the coiled coil peptide
dimer in the membrane.
Various studies of fluorinated proteins have shown that 19F

longitudinal relaxation rates (R1 = 1/T1) are generally faster for
buried residues in proteins than for solvent-exposed residues,16,18

and these measurements have been used to probe protein

Figure 4. Space filling models of the MSI-78 dimer illustrating the
chemical environment of the positions substituted with TfeG. Residues
substituted with TfeG are colored blue (hydrophilic) and red
(hydrophobic). Other hydrophobic and hydrophilic residues are colored
yellow and green, respectively. For the sake of clarity, the substituted
positions are shown on only one peptide of the dimer. The two
structures are related to each other by an ∼180� rotation about the
vertical axis.

Figure 5. Effects of solvent isotopes on 19F chemicals shift (ΔδH2O�D2O)
plotted as a function of label position. Dark gray bars show data for
peptides free in solution; light gray bars show data for peptides bound to
lipid bicelles.

Figure 6. (A) Observed transverse relaxation rates, R2,observed, for MSI-
F peptides in free solution plotted as a function of CPMG pulsing rate
(1/τcp): MSI-F1 (O), MSI-F6 (4), MSI-F7 (0), MSI-F9 (red filled
circles), MSI-F11 (red filled triangles), MSI-F15 (red filled squares),
MSI-F18 (b), MSI-F20 (2), and MSI-F22 (9). (B) Transverse
relaxation rates for peptides plotted as a function of sequence. The data
were obtained using a 1/τcp values of 2000 Hz, so that the chemical
exchange component is removed. The calculated R2 of 3.7 Hz for free
peptide is indicated by the dashed line.
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structure and folding. Therefore, we also investigated how R1
changed when the peptides bound to bicelles. The R1 values for
the free peptides range from 1.4 to 2.4 Hz, with the terminal
residues exhibiting the lowest R1 values (Table 1). The R1 values
increase fairly uniformly for the peptides on binding bicelles with
R1 values ranging from 2.3 to 3.9 Hz (Table 1). It appears that
longitudinal relaxation measurements are not especially sensitive
to differences in the local chemical environment for this parti-
cular system.
Changes in Peptide Dynamics Probed by 19F Transverse

Relaxation Rates. The transverse relaxation rates of the free
peptides (R2f) were measured using a CPMG experiment in
which 1/τcp was varied from 100 to 2000Hz. For all the peptides,
R2 values are similar and are independent of τcp (Figure 5A), as
expected for an unstructured peptide in free solution. The
experimental R2 values (Figure 5B) generally agree well with
that calculated for a random coil peptide in free solution;37

however, residues at the N- and C-termini exhibit significantly
slower R2f values (Figure 5B and Table 1). This indicates that the
ends of the peptide are more mobile than the center, which
would be expected for an unstructured peptide chain.
The transverse relaxation rates were measured for each pep-

tide bound to bicelles, R2b, using the same set of CPMG pulse
sequences. Under the conditions used in the experiment, nearly
all of the peptide was bound to the lipid bilayer (as shown in
Figure 3, no signal for the free peptide could be detected). As
discussed previously,37,44,45 when τcp is short relative to the
residence time, τb, of the peptide in the lipid, the observed R2b
values reflect the intrinsic relaxation rates of the 19F nuclei
unencumbered by chemical exchange. Under these conditions,
differences in R2b may be attributed to changes in the local
dynamics of the peptide.
The observed R2b values for all the peptides were essentially

invariant for values of 1/τcp greater than 250 Hz, consistent with
our previous results.37 At longer pulse intervals, R2b appears to
increase, indicative of chemical exchange (Figure 6A). However,
at these time scales, the experiment approaches the limits of
sensitivity because of interconversion between in-phase and
antiphase magnetization during the spin�echo period, as well
as loss of signal intensity due to chemical exchange. Therefore,
measurements are accompanied by large uncertainty in the value
of R2b, and τb cannot be reliably determined from the data.
However, the experiment does allow us to put an upper limit
on the rate at which the peptide dissociates from the membrane
(1/τb) of ∼200 s�1, consistent with our previous data.
The transverse relaxation rates measured for the CF3 reporter

group varied significantly depending upon the location of the
reporter nuclei (Figure 6B). The R2b values for each of the
peptides determined at a 1/τcp of 2000 Hz are listed in Table 1.
The hydrophobic positions exhibit the fastest relaxation rates
(e.g., Leu-6, R2b = 58 Hz; Ala-15, R2b = 49 Hz), indicating that
these residues, which are predicted to be in the hydrophobic core
of the coiled coil, are relatively immobile. Moreover, the relaxation
rates are close to the theoretical value, ∼50 Hz, predicted if
relaxation is dominated by the tumbling motion of the lipid bicelle.
Hydrophilic positions, which are predicted to be on the surface

of the coiled coil and interact with lipid headgroups, exhibit
slower relaxation rates, indicating that these positions have
greater mobility. The R2b values do not vary greatly along the
length of the peptide [e.g., Gly-1 (28 Hz), Lys-11 (27 Hz), and
Lys-18 (29 Hz)], although the C-terminal lysine appears to be
slightly more mobile. These data suggest that the N-terminus is

quite well structured when bound to the lipid and does not
appear to undergo fraying on the time scale of these experiments.
This is consistent with the significant degree of solvent protec-
tion observed for the N-terminus in the solvent isotope effect
study. The C-terminus of the peptide is more dynamic, but
compared to that of the free peptide, it is clearly less mobile and
better structured.
The changes in chemical shifts and transverse relaxation rates

observed when the peptides bind to bicelles appear to be indepen-
dent of each other. Thus, although the positions occupied by Ala-9
and Ala-15 both appear to be quite immobile (R2b = 43 and 49 Hz,
respectively), Ala-9 shifts downfield by 1.15 ppm whereas Ala-15

Figure 7. (A) Observed transverse relaxation rates, R2,observed, for MSI-
F peptides bound to lipid bicelles plotted as a function of CPMG pulsing
rate (1/τcp): MSI-F1 (O), MSI-F6 (4), MSI-F7 (0), MSI-F9 (red filled
circles), MSI-F11 (red filled triangles), MSI-F15 (red filled squares),
MSI-F18 (b), MSI-F20 (2), and MSI-F22 (9). (B) Transverse
relaxation rates for peptides plotted as a function of the position of
the TfeG probe within the peptide sequence. The data were obtained
using a 1/τcp of 2000 Hz, so that the chemical exchange component is
removed. The calculated R2 of 50.8 Hz for the peptide bound to lipid
bicelles (assuming relaxation is only due to tumbling of bicelles) is
indicated by the dashed line.
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shifts slightly upfield by�0.11 ppm. The chemical shifts of N- and
C-terminal positions change in opposite directions (1.19 and �
0.10 ppm, respectively) even though both positions exhibit similar
mobilities as judged by their R2b values (Figure 7).

’DISCUSSION

Solution-phase 19F NMR has been used to study the dynamics
of integral membrane proteins and the interactions of other
proteins with membranes;46�49 these studies use proteins la-
beled with fluorinated tryptophan, phenylalanine, and tyrosine
analogues that can readily be incorporated biosynthetically. Our
studies extend the use of 19FNMR to examine themore transient
and dynamic interactions of peptides with membranes and
provide position-specific information about how the chemical
environment and dynamics of residues in MSI-78 change upon
binding to the lipid bilayer. The results show that 19F NMR is a
sensitive and generally useful method for interrogating pepti-
de�membrane interactions in free solution.

Changes in 19F chemical shift provide a simple way of detecting
binding at concentrations that are close to those at which the
peptide is biologically active. For MSI-78, spectral shifts were
apparent for all the TfeG-labeled peptides, regardless of the position
of the label. In these studies, spectra were recorded on a 500 MHz
spectrometer at a peptide concentration of 400 μM to facilitate
CPMG experiments; however, 40 μM TfeG-labeled peptide is
readily detected at a signal-to-noise ratio of 4:1 after 64 scans in a
spectrum that takes only 2min to acquire. Another advantage is that
the wide range of chemical shift changes observed potentially allows
multiple peptides to be studied in one experiment (or multiple
fluorine probes to be introduced into one peptide), so that more
complex multicomponent interactions can be studied.

Effects of solvent isotopes (H2O vs D2O) on the fluorine
chemical shift have been employed to study the structure and
dynamics of large proteins.16,18 Our results demonstrate that this
technique also provides a simple but effective probe of pepti-
de�membrane interactions. In this case, it is evident that, even
when embedded in the membrane, the lysine positions remain
predominantly solvated whereas the hydrophobic positions are
extensively shielded from the solvent. This supports the model in
whichMSI-78 forms toroidal pores in the lipid bilayer,30 in which
the lysine side chains interact with hydrophilic lipid headgroups.

From the measurements of transverse relaxation rates along the
peptide backbone, we have obtained detailed information about the
local dynamics of MSI-78 bound to the lipid bilayer. The hydro-
phobic positions of the amphipathic peptide that form the core of
the coiled coil are the least dynamic positions. This suggests a well-
packed core in which side chain rotations are restricted. The
positively charged face of the coiled coil, which interacts with the
hydrophilic lipid headgroups, is more dynamic, although far less so
than in the unbound peptide.Moreover, positions toward the center
of the peptide appear to be less dynamic than the ends of the
peptide.Thiswould be consistentwith the peptides forming toroidal
pores in the lipid bilayer, as has been deduced for MSI-78. If we
assume the peptide sits centrally in the pore, the constriction of the
peptide by the lipid bilayer would by greatest at the center of the
pore, where the opening is narrowest.

The 19F transverse relaxation data provide new and more
detailed information about the local dynamics of peptide upon
binding to a lipid membrane. The changes in 19F chemical shifts
can only be interpreted qualitatively using the structural model of
MSI-78 determined by NMR.31 However, density functional

theory methods have been used to calculate 19F chemical shifts
for a large number of fluorinated small molecules50,51 with a
reasonable degree of accuracy. In a study particularly pertinent to
our experiments, it was found that hindered rotation of CF3
groups led to an upfield shift of the 19F signal.51 Future advances
in computational methods will likely allow 19F chemical shifts in
fluorinated peptides and proteins to be calculated. This would
permit the relationship among structure, dynamics, and chemical
shift to be quantitatively understood, providing a further tool for
analyzing peptide�membrane interactions.

In conclusion, these studies demonstrate that 19F NMR provides
a relatively sensitive and general technique for investigating the
interactions of peptides and proteins with their membrane targets.
In particular, the chemical shift and transverse relaxation rates are
highly sensitive to the position of the fluorine label in the peptide
and provide information about changes in local peptide motions.
Future work will aim toward using fluorine NMR to study
peptide�membrane interactions in vivo at physiologically relevant
concentrations.
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