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ABSTRACT: A variety of biologically active peptides exert their function through direct interactions with the
lipid membrane of the cell. These surface interactions are generally transient and highly dynamic, making
them hard to study. Here we have examined the feasibility of using solution phase '°F nuclear magnetic
resonance (NMR) to study peptide—membrane interactions. Using the antimicrobial peptide MSI-78 as a
model system, we demonstrate that peptide binding to either small unilamellar vesicles (SUVs) or bicelles can
readily be detected by simple one-dimensional '’F NMR experiments with peptides labeled with 1-4,4,4-
trifluoroethylglycine. The '°F chemical shift associated with the peptide—membrane complex is sensitive both
to the position of the trifluoromethyl reporter group (whether in the hydrophobic face or positively charged
face of the amphipathic peptide) and to the curvature of the lipid bilayer (whether the peptide is bound to
SUVs or bicelles). '°F spin echo experiments using the Carr—Purcell—Meiboom—Gill pulse sequence were
used to measure the transverse relaxation (7,) of the nucleus and thereby examine the local mobility of
the MSI-78 analogues bound to bicelles. The fluorine probe positioned in the hydrophobic face of the peptide
relaxes at a rate that correlates with the tumbling of the bicelle, suggesting that it is relatively immobile, whereas
the probe at the positively charged face relaxes more slowly, indicating this position is much more dynamic.
These results are in accord with structural models of MSI-78 bound to lipids and point to the feasibility of

using fluorine-labeled peptides to monitor peptide—membrane interactions in living cells.

Antimicrobial peptides (AMPs)' comprise a diverse family of
membrane-active peptides that are found in essentially all multi-
cellular organisms. They are components of the innate immune
system and in higher organisms are also implicated in the acti-
vation of the adaptive immune response against infection. Although
some AMPs have specific intracellular targets (/), most exert
their antimicrobial activity by binding directly to the membrane
and compromising its integrity (2, 3). AMPs make up one class of
a growing number of membrane-active peptides that include
anticancer and antiviral peptides, cell-penetrating peptides, viral
fusion peptides, and venom peptides. For all these classes of pep-
tides, interactions between the membrane lipid bilayer and the
peptide are central to their biological functions.

Although highly diverse in sequence and structure, almost
all AMPs share the property of being highly amphipathic, with
one face of the peptide being hydrophobic and the other face
presenting a cluster of positively charged residues (4—6). The
selectivity of AMPs for bacterial membranes arises primarily
from electrostatic interactions between the positively charged
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peptide and the negatively charged phospholipids that predomi-
nate in bacterial cell membranes. Eukaryotic membranes, which
contain predominantly neutral phospholipids, are usually less
susceptible to disruption by AMPs; the presence of cholesterol in
eukaryotic membranes also helps prevent membrane disruption
by AMPs (7). Upon association with the membrane, disruption
of the bacterial membrane may proceed through a number of
mechanisms, including the formation of pores, membrane thin-
ning, and detergent-like action (8, 9).

Characterizing peptide—membrane interactions is challenging
because of the transient nature of these interactions. Further-
more, the peptide may adopt different orientations with respect
to the lipid bilayer and different oligomerization states that are
concentration-dependent. Detailed structural models derived from
solid state nuclear magnetic resonance (NMR) data are available
for some AMPs bound to lipid membranes (10— 15); however,
these experiments require peptide concentrations that are orders
of magnitude higher than their physiologically active range, so it
is not clear whether such structures represent biologically active
species.

We have previously investigated the effect of incorporating
extensively fluorinated amino acids into both a-helical (MSI-78)
(16) and f-sheet (protegrin) AMPs (/7). We have shown that
fluorination can be used to modulate the biological properties
and membrane interactions of these AMPs; in particular, fluori-
nation of MSI-78 resulted in increased potency toward some
bacterial strains and protection against proteolysis when bound
to lipid vesicles. Other groups have also demonstrated that fluori-
nation is an effective strategy for modulating bioactive peptides
(18—20).

©2010 American Chemical Society
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MSI-78 GIGKFLKKAKKFGKAFVKILKK-NH,
MSI-F1 GIGKFLXKAKKFGKAFVKILKK-NH,
MSI-F2 GIGKFXKKAKKFGKAFVKILKK-NH,
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FIGURE 1: Primary sequence of MSI-78 with substitution of Lys in
MSI-F1 and Leu in MSI-F2 for trifluoroethylglycine (TfeG). Struc-
ture of the MSI-78 dimer in DPC micelles showing the position of
amino acid substitutions. Helical wheel diagram illustrating the amino
acid substitutions on the hydrophobic and hydrophilic face of MSI-78.
The Lys substitution of MSI-F1 is colored blue and the Leu substi-
tution of MSI-F2 yellow.

In this report, we have turned our attention toward using fluorine-
containing peptides to probe the interaction of AMPs with mem-
branes by exploiting the sensitive NMR properties of the °F
nucleus. The introduction of fluorine atoms into biological mole-
cules is usually minimally perturbing to structure and function,
and fluorine NMR has several advantages for studying biomole-
cular interactions (2/, 22). These include 100% natural abun-
dance and high intrinsic sensitivity, 83% of that of proton NMR,
and the high sensitivity of the '°F chemical shift to the local chemi-
cal environment. Furthermore, because fluorine is absent from
biological molecules, there is minimal background signal.

We have synthesized MSI-78 analogues that incorporate tri-
fluoromethyl groups within their sequence to probe the inter-
action of the peptide with lipid bilayers. We show that "°F solution
NMR can readily be used to detect peptide binding to lipid bilayers
and that furthermore the fluorine chemical shift change upon the
peptide binding to membranes is sensitive to the position of the
probe within the peptide. We have also used '’F CPMG relaxa-
tion dispersion experiments to examine the dynamics of the pep-
tide interacting with the membrane.

EXPERIMENTAL PROCEDURES

Peptide Preparation. Racemic 4,44-trifluoroethylglycine
(TfeG) was purchased from SynQuest Laboratories and enzy-
matically resolved (porcine kidney acylase I), resulting in 1-4,4,4-
trifluoroethylglycine having a >99% enantiomeric excess (23).
The pure amino acid was converted to its t-Boc derivative by
standard procedures. The sequences of MSI-78 derivatives are
shown in Figure 1. All peptides were synthesized by manual t-Boc
procedures on MBHA resin as described previously (24, 25).
Peptides were purified with reverse phase HPLC using a gradient
of water and acetonitrile with 0.1% TFA; excess residual TFA
was removed by a Stratosphere SPE column (Varian). Stock pep-
tide concentrations were determined using '’F NMR with a known
concentration of TFA as an internal reference. Peptide identities
were confirmed using MALDI-MS.

Lipid Preparation. 1-Palmitoyl-2-oleoyl-sn-glycero-3-phos-
phatidylcholine (POPC), 1-palmitoyl-2-oleoyl-sn-glycero-3-phos-
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pho-(1"-rac-glycerol) (POPG), 1,2-dimyristoyl-sn-glycero-3-phos-
phocholine (DMPC), 1,2-dimyristoyl-sn-glycero-3-phospho-(1'-rac-
glycerol) (DMPG), and 1,2-dihexanoyl-sn-glycero-3-phospho-
choline (DHPC) were purchased from Avanti Polar Lipids. Fresh
POPC/POPG (3:1) SUVs were prepared in PBS buffer (pH 7.4)
with 10% D,0. To make SUVs, multilamellar liposomes were
sonicated to clarity using a Fischer Scientific 550 sonic dismem-
brator, centrifuged to remove insoluble particulates, and used
immediately. Isotropic bicelles were made in PBS buffer (pH 7.4)
with 10% D,O via addition of a 3:1 DMPC/DMPG solution to a
DHPC solution giving a ¢ of 0.5, resulting in a clear, nonviscous
solution.

Circular Dichroism (CD). To examine the secondary struc-
ture, CD spectra of peptides were recorded with an Aviv 62DS
spectropolarimeter at 25 °C. Spectra of peptides in buffered
solution and in the presence of SDS micelles were recorded. Mean
residue ellipticities, [6], were calculated using eq 1:

[9] = Gobsd/IOIcn (1)

where 6,1, is the ellipticity in millidegrees, ¢ is the molar con-
centration, / is the cell path length in centimeters, and 7 is the
number of residues in the protein.

MIC Determinations. The peptide minimum inhibitory
concentrations (MICs) against Escherichia coli K12 were deter-
mined by the microdilution antimicrobial assay procedure, using
96-well plates in replicates of four, as described previously (26).

F NMR. All F NMR experiments were performed at 30 °C
using a Varian Inova 400 MHz NMR spectrometer equipped
with a double-tuned "H—"°F room-temperature probehead. Pep-
tide and lipid samples were prepared with 10% D,O in PBS
(pH 7.4). All experiments were performed at a constant peptide
concentration of 400 uM unless indicated otherwise and refe-
renced to trifluoroacetate ion at 0 ppm. "’F CPMG relaxation
dispersion experiments were performed for the two peptides in
the free state and in the presence of lipid bicelles (200 mM total
lipid, ¢ = 0.5, long chain lipids 3:1 mol/mol DMPC/DMPG and
short chain lipid being DHPC). CPMG delays (z.,,) were varied
from 0.5 to 10.0 ms with each data point recorded as a series of
standard one-dimensional transverse relaxation rate measure-
ments with 7> delays of 0.05, 0.1, 0.2, 0.4, 0.8, and 1.6 ms for free
peptide and 0.0125, 0.025, 0.05,0.1,0.2, and 0.4 ms for the bicelle-
bound peptide. Data sets were recorded with an acquisition time
of 1 sin T; along with a 10 s prescan delay and 512 scans for a net
acquisition time of 2.3—4.6 h/data point. Data were processed
and analyzed with VNMRIJ and plotted with Origin 8.0.

Theoretical R> Calculations. Intrinsic R, values for free
peptide and peptide bound to bicelles were calculated using eq 2
below (27):

1 d?
A =R = T [4J(0) + J(wp — wc) + 3J(wc) + 6J (wF)
2
2
+ 6J(wr + oc)] + % [47(0) + 3J(wc)] )
where p
u h _
d= EOTVFVCE(VCF 3)
and
¢ = (UC(UH - GL)
V3
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FIGURE 2: "F NMR spectra of MSI-F1 (left) and MSI-F2 (right) in the presence of increasing concentrations of SUVs. Spectra recorded at 30 °C

and pH 7.4 in PBS buffer with 10% D-O.

J(w) in eq 2 is defined as the spectral density at frequency
o and was calculated using eq 3

J(w):g< STy, +(1—S2)r) 5

S5\1+ 20?1+ 720?
where
1
T Tm  Te

in which g, is the permeability of free space; yr and yc are
gyromagnetic ratios of "’F and *C, respectively; / is Planck’s
constant; rcr is the C—F bond length which was taken to be 1.35 A;
wc and wg are the Larmor frequencies of '*C and "F, respec-
tively; oy — o is the CSA of the "°F spin and was taken to be 52 ppm
(28) 1,y and 7. are correlation times for global and internal
motions, respectively; 7, is assumed to be 1 ns for the free peptide
and 20 ns for the peptide bound to bicelles (29); 7 is assumed to
be 1 ps; and S is the order parameter that defines the amplitude
of the motions and is assumed to be 0.85 for peptides and bicelles.

RESULTS

MSI-78 is thought to disrupt bacterial membranes by forming
toroidal pores in the lipid bilayer (30). The peptide has been
shown to adopt a dimeric a-helical coiled-coil structure in the

2This is the value measured for 3,5,5-trifluoroleucine, the system closest
in structure to TfeG for which CSA has been measured. Although the
actual CSA might, of course, be different for TfeG, other CF;-CH,-
containing compounds for which the CSAs have been measured appear to
have similar values which suggests that this approximation is reasonable.
For example, the CSA for trifluoroalanine is 44 ppm (28); using this value
in the calculation yields calculated R, values that are ~10% lower.

presence of 3:1 POPC/POPG liposomes in which the dimer
interface is formed by contacts between hydrophobic residues
and the positively charged lysine residues that face the exterior of
the structure and interact with hydrophilic lipid headgroups (31).
Using this structural model (Figure 1) as a guide, we synthesized
variants of MSI-78 in which Lys-7 (MSI-F1) and Leu-6 (MSI-F2)
were substituted with trifluoroethylglycine (TfeG). This introduces
the CF; reporter group into the positively charged exterior and
hydrophobic core of the peptide, respectively.

Substitution of TfeG in these peptides does not appear to cause
any gross structural changes to the peptides. Both peptides exhibit
extensively helical CD spectra in the presence of SDS micelles,
and both exhibit MIC values (~4 ug/mL) against E. coli K12
strains that are similar to that of the parent MSI-78 peptide (16).

We first investigated the interaction of the peptides with small
unilamellar vesicles (SUVs), which are often used as a model mem-
brane surface. In free solution at pH 7.4, both MSI-F peptides are
unstructured and their '’F NMR spectra exhibit a well-resolved
triplet at 11.64 ppm relative to the TFA internal standard (Figure 2).
As the peptides are titrated with increasing concentrations of small
unilamellar vesicles (SUVs), a new, broadened signal is observed
upfield due to the bound peptide. Notably, when they bind SUVs,
the chemical shifts of MSI-F1 and MSI-F2 become significantly
different, which implies that the CF5 groups are sampling diffe-
rent chemical environments. The MSI-F1 peak moves upfield by
only 0.2 ppm, indicating that the environment of the CF; probe at
position 7 does not change much. In contrast, the MSI-F2 peak
moves upfield by more than 1.0 ppm, suggesting that the CF;
probe at position 6 experiences a more significantly hydrophobic
environment. The degree of peak broadening is also different for
the two peptides, with the signal due to MSI-F2 becoming more
broadened upon binding to the vesicles.
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These observations are consistent with the CF5 group in MSI-
F1 occupying a position at the interface of the peptide with the
lipid membrane surface where it may be expected to be in a more
polar environment and somewhat more mobile. In contrast,
the CF; group in MSI-F2 should be buried within the hydro-
phobic interface of the peptide dimer where its mobility would
likely be more restricted.

Titration of the peptides with SUVs also provided an estimate
for an apparent dissociation constant for the peptide—membrane
complex of approximately 5 mM (assuming 60% of the lipid mole-
cules in the SUVs are available for binding on the outer leaflet of
the lipid bilayer).

F NMR T Analysis of Peptide Binding. The presence of
even low concentrations of SUVs results in a marked broadening
of the "°F signal of the unbound peptide (Figure 2), suggesting
that chemical exchange between the bound and free peptides is
occurring on the NMR time scale. Therefore, to investigate the
dynamics of the peptide interacting with the lipid bilayer, we deci-
ded to measure the transverse relaxation times (7%) of the CF3
reporter nuclei as a function of the CPMG pulsing rate (1/zcp).
The relaxation rate, Roobs, as a function of 7., is given by eq 4
(32, 33):

I X X

R = — = —
2 T T Tar | Top + T
2
+ 1o X Xi (00)? [1 — 7™ tanh <’—P>] (4)
Tep 21

where X; and X, are the mole fractions of the free and bound
peptide, respectively; T»r and T,y are the transverse relaxation
times for free and bound peptide, respectively; 7, is the residence
time for the peptide bound to the lipid; and dw is the difference in
chemical shift between the bound and free peptides. When 7., <7y,
the chemical exchange contribution to T is removed and Ry 1S
independent of 7, As 7, increases to the point that 7., ~ 71, then
Ry Will increase as chemical exchange begins to contribute
to relaxation. When 7, > 73, the contribution from chemical
exchange reaches an asymptotic limit (maximum); however, the
sensitivity of the experiment is significantly diminished as 7,
increases. The maximum 7, value in a CPMG experiment is limi-
ted by evolution under the one-bond scalar coupling Hamiltonian.
Increasing 7., leads to interconversion between in-phase and
antiphase magnetization during the spin-echo period as well as
loss of signal intensity due to chemical exchange, which in turn
leads to large errors in Ryqp.

SUVs proved to be insufficiently stable over the longer time
periods needed to perform the CPMG measurements. Therefore,
we examined the binding of MSI-F1 and MSI-F2 to lipid bicelles,
another commonly used model membrane system. Bicelles have
the advantage of being more stable than SUVs, and although
higher lipid concentrations are needed to form them, they may be
considered better mimics of the cell membrane because, unlike
SUVs, they are not highly curved. Interestingly, compared with
SUVs, the MSF-F1 peptide exhibits a much greater change in
chemical shift on binding to bicelles, shifting upfield by ~0.4 ppm.
Similarly, the signal due to MSI-F2 shifts upfield by 1.6 ppm on
binding to bicelles (Figure 3).

The R, (=1/T5) values were measured for both peptides, in
free solution and bound to bicelles, for 1/z, values ranging from
100 to 2000 Hz. In free solution, both peptides are characterized
by an R, of ~3 Hz which, as expected, is independent of the
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FIGURE 3: '°F NMR spectral changes associated with MSI-F1 and
MSI-F2 binding to bicelles: (A) 400 uM MSI-F1, (B) 400 uM MSI-F1
in the presence of 200 mM bicelles, (C) 400 uM MSI-F2, and (D) 400 uM
MSI-F2 in the presence of 200 mM bicelles. Spectra were recorded
at 30 °C and pH 7.4 in PBS buffer with 10% D,0 and referenced to
TFA.

CPMG pulsing rate and is consistent with the CF5 group being
highly mobile in the unstructured peptide. The experiment was
then performed with MSI-F1 and MSI-F2 bound to high concen-
trations of lipid bicelles, so that contribution to Ry, due to the
free peptide is minimal and thus R,.,s = Rop,. For both MSI-F1
and MSI-F2, R,,, remains constant for pulsing rates between 200
and 2000 Hz, and only at longer pulse intervals does R,y appear
to increase. However, at these time scales, the experiment app-
roaches the limits of sensitivity and measurements are conseq-
uently accompanied by a large uncertainty in the value of Ryy,.
Although the data cannot be reliably fit to eq 4 to allow 7, to be
calculated, the experiment does allow us to put an upper limit of
~200 s~ ' on the rate at which the peptide dissociates from the
membrane (1/t).

At high CPMG pulsing rates, Ry, for the peptides represents
the intrinsic relaxation rate of the '°F nucleus with the chemical
exchange component removed. The difference between Ry, for
MSI-F1 (18 £ 1 Hz) and MSI-F2 (35 & 4 Hz) is significant and
may be attributed to differences in the dynamics of the peptide
at the two positions monitored by the probe. To gain insights into
these differences, the R, values were calculated, as described in
Experimental Procedures, for the peptides in free solution and
when bound to bicelles.

In free solution, the calculated value for Ry of 3.22 Hz, which
assumes the peptides are unstructured, agrees very well with the
experimentally determined R, for MSI-F1 and MSI-F2 (Figure 4).
Interestingly, however, in the bound state whereas the calculated
value for R,y of 38.9 Hz is in excellent agreement with that mea-
sured for MSI-F2, it is significantly larger than that measured for
MSI-F1 (Figure 4). The lower Ry, for MSI-F1 suggests that the
CF; probe at position 7 is more mobile than if it were tumbling at
the correlation time of the bicelle, although not as mobile as in
free solution. These observations are in accord with a model that
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FIGURE 4: Observed transverse relaxation rate, Ryops plotted as a
function of CPMG pulsing rate (v.p,). Data are for MSI-F1 (squares)
and MSI-F2 (circles) in buffered solution as unstructured peptides
(top) and bound to 200 mM bicelles (bottom). The calculated R, values
for free peptide and peptide bound to bicelles are indicated by the
dashed lines.

places the CF; group in MSI-F1 close to the solvent-exposed lipid
headgroups, where the side chains may be expected to exhibit
greater conformational mobility. In contrast, the model places
the CF5 group in MSI-F2 in the hydrophobic core of the peptide
dimer; here the side chain is immobile, and Ry, is dominated by
the tumbling motion of the bicelle.

DISCUSSION

These experiments demonstrate that fluorine NMR can be
used as a sensitive probe to investigate the interactions of peptides
with membranes. The '°F nucleus is intrinsically very sensitive
and 100% abundant and exhibits wide chemical shift dispersion.
Moreover, fluorinated probes can readily be incorporated into
peptides site specifically and in a nondisruptive manner as many
fluorinated analogues of amino acids are commercially available
or easily synthesized. Our experiments were routinely conducted
using peptide concentrations of 400 uM to facilitate R, measure-
ments; however, these peptides can be detected binding to bicelles
at much lower concentrations: 40 uM peptide readily detected at
a signal-to-noise ratio of 4:1 at 376 MHz after 512 scans in a spec-
trum that takes ~15 min to acquire. (With a newer spectrometer
operating at higher field strengths and modern cryogenic probes,
the sensitivity would be significantly improved.) This potentially
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allows one to study membrane—peptide interactions using this
technique at the concentration range at which they exert their
biological activity.

We demonstrated that the fluorine chemical shift is sensitive to
both the position of the probe with respect to the membrane
surface and, unexpectedly, the nature of the lipid bilayer, larger
changes in chemical shift being observed upon binding to bicelles
than upon binding to SUVs. This suggests that the peptides inter-
act slightly differently with these two systems. One explanation is
that the binding interaction is sensitive to membrane curvature:
SUVs, being spherical, exhibit positive curvature of the bilayer
and are relatively rigid, whereas bicelles, being disklike, present a
flat surface that is more flexible. The difference in membrane
topology may well result in subtle changes to the structure of the
peptide—membrane complex.

In addition to monitoring peptide binding, NMR also pro-
vides information about the dynamics of the peptide—membrane
interaction, which would be hard to obtain by other methods.
The relaxation measurements show that buried and solvent- or
lipid headgroup-exposed positions within the peptide exhibit signi-
ficantly different dynamics. Whereas the buried position appears
to tumble at the frequency of the bicelle, the exposed positions are
significantly more dynamic.

To date, solid state NMR of isotopically labeled peptides
oriented in lipid bilayers has provided the most detailed informa-
tion about dynamic aspects of peptide—membrane interactions
(34), including topological equilibria associated with the orienta-
tion of peptides relative to the membrane, the rates of lateral and
rotational diffusion, and the oligomerization state of the pep-
tides. The disadvantages of this technique include the high
concentrations of peptide required (1—2 mol %), long experi-
mental acquisition times, and the specialized nature of solid state
NMR instrumentation. In contrast, solution state measurements
are far more routinely made and spectra may be acquired more
rapidly. Our experiments are not designed to yield detailed orien-
tation information but to provide sensitive and rapid detection
of peptide—membrane interactions and dynamics that could be
applied under more physiological conditions.

In conclusion, these studies demonstrate the utility of "°F
NMR for investigating the interactions of peptides and proteins
with their membrane targets. In particular, the high sensitivity
and lack of background signal point to the feasibility of using
fluorine NMR to study peptide—membrane interactions in vivo
at physiologically relevant concentrations.
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