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ABSTRACT A large number of antimicrobial peptides (AMPs) acts with high selectivity and specificity through interactions with
membrane lipid components. These peptides undergo complex conformational changes in solution; upon binding to an interface,
one major conformation is stabilized. Here we describe a study of the interaction between tritrpticin (TRP3), a cathelicidin AMP,
and micelles of different chemical composition. The peptide’s structure and dynamics were examined using one-dimensional
and two-dimensional NMR. Our data showed that the interaction occurred by conformational selection and the peptide acquired
similar structures in all systems studied, despite differences in detergent headgroup charge or dipole orientation. Fluorescence
and paramagnetic relaxation enhancement experiments showed that the peptide is located in the interface region and is slightly
more deeply inserted in 1-myristoyl-2-hydroxy-sn-glycero-3-phospho-1’-rac-glycerol (LMPG, anionic) than in 1-lauroyl-2-hy-
droxy-sn-glycero-3-phosphocholine (LLPC, zwitterionic) micelles. Moreover, the tilt angle of an assumed helical portion of the
peptide is similar in both systems. In previous work we proposed that TRP3 acts by a toroidal pore mechanism. In view of
the high hydrophobic core exposure, hydration, and curvature presented by micelles, the conformation of TRP3 in these systems

could be related to the peptide’s conformation in the toroidal pore.

INTRODUCTION

Although their primary structure is often simple, antimicro-
bial peptides (AMPs) are a challenge for structural biology
because their conformation undergoes complex dynamics
that leads to low convergence and geometrical violations
in the calculated structures (1,2). This structural diversity
is likely related to their interaction with membranes and
their mechanism of action; thus, understanding their dy-
namic behavior can assist in the strategic design of new
active molecules (3,4). These peptides are usually short
and cationic and acquire an amphipathic conformation
upon interaction with the cell membrane. They are under
intense scrutiny due to their importance for pharmacological
applications (5,6).

The mechanism of action of AMPs is an intensely re-
searched and complex field. The first step of this process
is peptide binding to the membrane. Several models have
been proposed for the AMP mechanism of action at the
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membrane level. Three of these, the barrel-stave, carpet,
and toroidal pore models, are often considered to explain
membrane permeabilization (7-9).

In an attempt to understand their interactions with bio-
membranes, AMP structures were determined by NMR,
both in solution and in the presence of interfaces (10—12).
AMPs frequently convert between different conformations
in solution, acquiring more stable conformations upon
binding to interfaces (1,13—19). NMR is a powerful tech-
nique for studying such dynamic systems (1,10). The nu-
clear Overhauser effect (NOE) can be used to calculate
the structure of AMPs, whereas chemical-shift changes
and paramagnetic effects can be used to evaluate interac-
tions with interfaces (1,20,21). Furthermore, dynamics can
be addressed using relaxation parameters (10).

In NMR experiments, due to size limitations, AMP struc-
tures are typically studied in complex with micelles. Due to
their smaller size compared to vesicles, these aggregates
generally tumble fast in the NMR timescale, yielding nar-
row lines that are adequate for spectral analysis (22).
Micelle-forming detergents provide amphipathic environ-
ments similar to those found in lipid bilayers and bio-
membranes. Micelles have different shapes and sizes
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determined by the chemical nature of their headgroups and
the length of their hydrophobic tails (23,24). Physicochem-
ical conditions such as temperature, solutes, and concentra-
tion can also affect micellar structure and eventually
influence the conformation of bound proteins or peptides,
especially the latter. In addition, in view of their size, mi-
celles present pronounced curvature, which distinguishes
them from bilayers and may affect the interface properties
and play a role in their interaction with different solutes,
and, in the case of peptides, in their conformation.

The AMP tritrpticin (VRRFPWWWPFLRR (TRP3)) has
broad antimicrobial activity against Gram-positive and
Gram-negative bacteria and some fungi (25). Three sequen-
tial tryptophan residues (WW W-F motif) flanked by two pro-
lines and four arginines render this peptide unique. These
residues are important for interaction with membranes and
for the TRP3 mechanism of action (26,27). Yang et al. (25)
found that TRP3 recognized its targets with high specificity
and efficiency while displaying low hemolytic activity.

TRP3 exists as an ensemble of conformations in solution
(13). NMR analyses indicate at least four observable confor-
mations, since four peaks can be assigned to each residue;
there are 12 peaks in the Trp indole region instead of the ex-
pected three, one for each tryptophan. However, one major
conformation is stabilized in the presence of micelles
(13,28). The structures of TRP3 and its analogs were deter-
mined in the presence of sodium dodecyl sulfate (SDS) and
dodecylphosphocholine (DPC) micelles; a turn-turn struc-
ture was found in the peptide’s C-terminal portion, encom-
passing the WWW-F motif, with a clustering of the
tryptophan side chains (13,28,29). Even in the presence of
membrane interfaces, the arginine residues (C- and N-termi-
nal regions) did not converge in the structure calcula-
tion, which is consistent with regions in conformational
exchange. Experiments in the presence of the spin label
5-doxyl stearate indicated that the peptide is located near
the micelle surface, with the aromatic side chains equally
partitioned into the hydrophilic-hydrophobic interface.
Fluorescence studies making use of the soluble fluorescence
quencher acrylamide corroborated these results (13).

The interaction of TRP3 with model membranes—mi-
celles, monolayers, and bilayers—has been studied by means
of different techniques. While the average environment of
TRP3 in bilayer vesicles of variable lipid composition was
determined from measurement of the wavelength of maximal
fluorescence emission and red edge effects, insertion of TRP3
into the vesicles was examined using tryptophan fluorescence
quenching with both soluble acrylamide and nitroxide-
labeled phospholipids, as well as by chemical modification
of the tryptophan residues with N-bromosuccinimide. The
tryptophan side chains were found to be positioned mostly
near the membrane-water interface; these residues appeared
to be more deeply inserted in vesicles containing the nega-
tively charged phosphatidylglycerol headgroup (14). In
monolayer studies, the peptide was found to interact with
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phospholipids carrying negatively charged headgroups, but
not with zwitterionic phospholipids. Moreover, it displayed
specificity toward the phosphatidylglycerol headgroup,
abundant in bacterial membranes (30), which could be
related to AMP selectivity for prokaryotic cells.

With regard to its mechanism of action, Schibli et al. (14)
suggested that TRP3 may act via toroidal pore formation. In
a study using planar lipid bilayers, electrical measurements
showed that TRP3 has ion-channel-like activity (30). Never-
theless, since the peptide is too short to form a typical pore
as in the barrel-stave model, the authors suggested that it
acts by means of a toroidal pore mechanism (30), a transient
pore formed by a mixture of peptide and lipids that does not
require bilayer spanning by the peptide. Vesicle leakage data
also suggested that membrane permeabilization occurred at
least partly by a toroidal pore mechanism (28).

In studies comparing micelles and bilayers, Bozelli et al.
(17) found that the circular dichroism (CD) spectra of TRP3
differed in both environments. Micelles consisting of lyso-
phospholipids with variable headgroup composition were
compared to phospholipid bilayers with the same headgroup
compositions; therefore, the two systems differed solely in
the fact that whereas the former compounds carry a single
acyl chain, the latter carry two. Based on the fact that the
toroidal pore model implies the formation of positive curvature
in the bilayer (8,9), the authors suggested that micellar struc-
tures could be envisioned as models of peptide and lipid orga-
nization in toroidal pores and that the conformation found for
the peptide in micelles resembles that acquired in such pores.

The aim of this work was to contribute to the understanding
of TRP3 interaction with micellar interfaces and to charac-
terize the peptide’s dynamic behavior in this process. Our
study focuses on TRP3 accommodation at the hydrophilic/
hydrophobic interface of micelles and subsequent events.
The structure and dynamics of TRP3 were examined in
the presence of micelles of different chemical nature:
zwitterionic (lysolauroylphosphatidylcholine 1-lauroyl-2-hy-
droxy-sn-glycero-3-phosphocholine (LLPC), n-dodecylphos-
phocholine (DPC), and N-dodecyl-N,N-(dimethylammonio)
butyrate (DDMAB), anionic 1-myristoyl-2-hydroxy-sn-glyc-
ero-3-phospho-(1'-rac-glycerol) (LMPG), and nonionic
(octylglucoside (OG)) (23,24,31-35). The conformational
ensemble was evaluated during detergent titration and it was
found that the peptide interacts via conformational selection.
Chemical-shift and NOE analyses suggested that TRP3's
structure was similar in all systems, in agreement with the
work of Bozelli et al. (17). Our results revealed the imperative
constraint of the WWW-F motif for the TRP3 structure ac-
quired at interfaces and showed that pre-organization in the
free state is crucial for membrane interaction. Furthermore,
it was found that the peptide is slighly more deeply inserted
in negatively charged (LMPG) than in zwitterionic (LLPC)
micelles.

Finally, since micelles present high hydrophobic core
exposure, hydration, and curvature, it is proposed that the
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results could be related to the structural and dynamic fea-
tures of TRP3 in the toroidal pore and that micelles can
be envisioned as good models for peptide and lipid molecu-
lar arrangement in toroidal pores. It is also pointed out that
results found for peptide conformation in micelles may not
be straightforwardly applicable to bilayers.

MATERIALS AND METHODS
Reagents

LLPC, LMPG, and DPC were purchased from Avanti Polar Lipids
(Alabaster, AL). DDMAB and OG were from Sigma-Aldrich (St. Louis,
MO). All detergents were used as received. Acrylamide was from
Bio-Rad (Hercules, CA), and the probe gadolinium-diethylenetriamine
pentaacetic acid-bismethylamide (Gd(DTPA-BMA)) was purchased
from GE Healthcare (Little Chalfont, United Kingdom) and used as
received.

Peptide synthesis

TRP3 was synthesized manually using solid-phase methodology (36)
with fluorenylmethyloxycarbonyl chloride (Fmoc)-protected amino
acids; the synthesis was performed as described by Amblard et al. (37)
and Chan and White (38). TRP3 was purified using reverse-phase
high-performance liquid chromatography (HPLC) until > 95%, and the
mass was checked by matrix-assisted laser desorption ionization-time
of flight (MALDI-TOF) mass spectrometry (theoretical m/z = 1901.28;
found, 1901.3). All reagents were purchased from Iris Biotech (Santa
Clara, CA), except for amino acids (LC Sciences, Houston, TX). For
labeled TRP3, the above methodology was applied using '*N-labeled
leucine (Sigma-Aldrich).

H-NMR titration

NMR samples were prepared by dissolving 2 mg of TRP3 in 9:1 (H,0/D,0)
in 500 uL to yield a final concentration of 2 mM. A stock solution of
each detergent (LLPC, LMPG, DPC, DDMAB, and OG) was prepared
by dissolving the appropriate amount in milli-Q water (Millipore, Billerica,
MA) to obtain a final concentration of 0.25 M, with pH between 4.5 and 5.0.
NMR spectra were acquired on a Bruker (Billerica, MA) 800 MHz
spectrometer equipped with a TXI 5 mm triple-resonance probe. Spectra
were acquired using the solvent suppression scheme Watergate 3-9-19 (Bruker
pulseprog p3919gp). One-dimensional (1D) 'H spectra were first acquired in
aqueous solution. Then, aliquots of detergent stock solutions were added to
achieve the desired final concentration. In all NMR experiments, temperature
and pH were maintained at 298 K and between 4.5 and 5.0, respectively.

Chemical shift assignment

Samples containing 2 mM TRP3 in the presence of 13.5 mM LLPC, 15 mM
LMPG, 100 mM DPC, 30 mM DDMAB, or 50 mM OG, and 10% D,0 in
milli-Q water at pH 4.5 were analyzed by two-dimensional NMR (2D-
NMR) experiments. The temperature was maintained at 298 K.

2D "H NMR spectra were acquired on Bruker 800 or 600 spectrometers
equipped with a TXI 5 mm triple-resonance probe. The mixing times were
300 ms for all nuclear Overhauser enhancement and exchange spectroscopy
(NOESY) spectra and 80 ms for all total correlation spectroscopy (TOCSY)
spectra with 1.2 s of recycle delay. Water suppression was performed
using a Watergate 3-9-19 pulse sequence for all TOCSY and NOESY spectra.
The number of data points in the F2 and F1 dimensions was 8192 and 512,
respectively. The data were processed using NMRPIPE (39). Chemical shift
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assignment and NOE peak list generation were performed using the
NMRView 4.1.3 (40) software package. The assignment of chemical shifts
was performed using the method developed by Wiithrich (41).

Proton T, experiments

Samples containing 2 mM TRP3 in the presence of 13.5 mM LLPC or
15 mM LMPG, and 10% D,0O in milli-Q water at 298 K, pH 4.5, were
analyzed on a Bruker Avance III 600 MHz spectrometer equipped with a
TXI 5 mm triple-resonance probe.

Proton T, relaxation times were obtained from a series of 'H 2D-NOESY
spectra with saturation recovery delays of 100, 200, 300, 400, 500, 750,
1000, and 1500 ms, as reported by Respondek et al. (20). The mixing
time for all spectra was 300 ms with 1.6 s of recycle delay. Water suppres-
sion was performed using a Watergate 3-9-19 pulse sequence. The number
of data points in the F2 and F1 dimensions was 4192 and 300, respectively.
The data were processed using the TopSpin software package (Bruker).
Subsequently, the peak intensities were fitted to Eq. 1,

1=1,(1 —e(’ﬁ)), )

to obtain the relaxation times T;. Ip and I are the peak intensities without
and with the time of recovery delays (t), respectively.

®N-Leu'! dynamic experiments

Samples were prepared using 2 mM of '*N-L!' TRP3 and an appropriate
amount of detergent to achieve final LLPC (13.5 mM) and LMPG
(15 mM) concentrations and 10% D,0. Milli-Q water was used in all exper-
iments instead of buffer and the pH was adjusted to 4.5. Experiments were
performed at 298 K.

A set of 'H-">N heteronuclear single-quantum correlation (HSQC)
spectra were recorded on a Bruker 700 MHz spectrometer equipped with
a TXI 5 mm triple-resonance probe. Chemical shift assignment and NOE
peak list generation were performed using TopSpin software (Bruker).
5N T, and N T, relaxation times were measured from spectra with
different relaxation delays: 50, 100, 200, 300, 400, 600 (triplicate), 800,
1000, and 1500 ms for T; and 16.96, 33.92, 50.88, 84.80 (triplicate),
118.72, 152.64, 169.60, and 203.52 ms for T,. The errors in the peak inten-
sities were calculated from triplicate experiments. The '"H-'">N heteronu-
clear NOEs were determined from the ratio of peak intensities with and
without saturation of the amide protons. Errors in the heteronuclear NOE
values were calculated from peak intensities and noise levels in reference
and saturated spectra. We used 4, 2, or 6 s of recycle delay for T}, T, or
heteronuclear NOE measurements, respectively.

Paramagnetic relaxation enhancement

To obtain paramagnetic relaxation enhancement (PRE), a 2 mM TRP3 so-
lution in the presence of 14 mM LLPC or 15 mM LMPG was titrated (1, 2,
3,4, and 7 mM) with the gadolinium-based paramagnetic relaxation agent
Gd(DTPA-BMA), purchased from GE Healthcare. Proton T; relaxation
times were obtained by fitting the measured intensities to Eq. 2 at each con-
centration of GA(DTPA-BMA). Then, the proton T relaxation times were
fitted linearly as a function of Gd(DTPA-BMA) concentration and the linear
coefficient for each residue was extracted and used to create a plot of PRE
versus residue number (20).

Experimental PRE values for TRP3 in the presence of LLPC and
LMPG micelles were fitted to the equation described by Respondek et al. (20),

PRE = (km/6){A + 1.5 sin[r(x — 1)] , @
— cos(7)Bcos|[1.745(x — 1) + p]}°
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FIGURE 1 TRP3 conformation ensemble. NH indole region of ID-NMR

spectra in the absence (A) and presence (B—F) of micelles. The micelle con-
centrations used were (B) 50 mM OG, (C) 13.5 mM LLPC, (D) 15 mM
LMPG, (E) 100 mM DPC, and (F) 30 mM DDMAB. The three intense
peaks in the presence of detergents mean that a major structure was stabi-
lized. The higher, intermediate, and lower chemical shift peaks were attrib-
uted to W, W5, and Wy, respectively. Spectra were collected in a Bruker
800 MHz spectrometer.

where 7 is the tilt angle, p the azimuth angle, A the immersion depth of the
helical axis at the position of the N-terminal residue, and B the helix radius
(3.25 A for Ha); « is a constant that combines several basic magnetic con-
stants with the concentration of paramagnetic probe; and x is the residue
number in the primary sequence. Fitting of Eq. 2 (2) to the experimental
PRE values was done using the Levenberg-Marquardt algorithm optimizing
four different variables: k, A, p, and 7.

Fluorescence experiments
Sample preparation

TRP3 stock solutions were prepared by dissolving the peptide in water up to
an optical density of 0.05 at 280 nm (~18 uM). These solutions were also
used to dissolve detergent and acrylamide, avoiding sample dilution.

Tryptophan fluorescence

Experiments were carried out on an Agilent Tech Cary Eclipse fluorescence
spectrophotometer equipped with single-cell Peltier for temperature control
and a 1 cm path length cuvette. Scans were run at 298 K with the following
experimental parameters: excitation wavelength of 280 nm; emission detec-
tion from 300 to 400 nm; 5 nm slit width for excitation and 2.5 nm for
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emission; and scan speed of 5 nm/s. Each experiment was repeated 10 times
to obtain an average curve.

Fluorescence quenching by acrylamide

Experiments were performed under the same conditions as above. A 4 M
acrylamide stock solution was used for titration in the concentration range
0-0.2 M. Stern-Volmer constants (42) were determined using the equation

I/T = 1 +Ksv[Q], 3)

where I and I are the fluorescence intensities in the absence and presence,
respectively, of variable acrylamide concentrations, Kgy is the Stern-
Volmer constant, and [Q] is the acrylamide concentration.

RESULTS

TRP3 has multiple conformational states in solution due to
isomerization of the two prolines adjacent to the WWW
motif (13,28). These states can be monitored by evaluating
the HN indole region of the 1D-NMR spectrum, because it
presents 12 peaks instead of three (i.e., one for each trypto-
phan residue). The presence of these peaks indicates a slow
exchange regime between conformations in the chemical-
shift timescale (43), rendering it possible to study the
ensemble of the TRP3 peptide conformations by NMR.

Fig. 1 shows the indole region of the 'H 1D spectra used
as an indicator of conformational changes. In the absence of
detergents, 12 peaks were observed (Fig. | A). The spectra
in Fig. 1, B—E, were obtained at the highest detergent con-
centration used. As previously reported, addition of deter-
gents stabilized a major conformation and the spectra
presented three predominant intense peaks with larger
chemical shift dispersion. However, minor peaks were still
observed. Although each tryptophan exhibited a different
chemical shift, their appearance in the spectrum was always
in the order W®, W7, and W&, from the lower to the higher
field.

Furthermore, the chemical shifts obtained for TRP3 in the
presence of micelles were very similar in OG, LLPC, or
LMPG, whereas distinct values were obtained in the pres-
ence of DPC and DDMAB micelles. Since OG, LLPC,
and LMPG carry hydroxyl groups in the polar headgroups,
it is conceivable that their ability to form hydrogen bonds
with the peptide’s backbone, as well as with different resi-
dues, in particular arginines (44), could play a role in the
observed chemical shift differences.

Another clear difference between the spectra in Fig. | re-
fers to the line width. Table 1 shows how the spectral line
widths measured for the indole peak vary depending on
detergent chemical nature, with TRP3/OG yielding the nar-
rowest line widths, followed by TRP3/DPC, TRP3/LLPC,
and TRP3/DDMAB, and TRP3/LMPG presenting much
larger line widths. It is widely known that this spectral
feature is related to relaxation properties (T,), i.e., to the
system’s tumbling rate, which in turn is a function of
micellar size. Table 1 also displays values of monomer
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TABLE 1 Line Width of Indole Hydrogen Peaks and Properties of the Micellar Systems
Average Line Monomer Micelle Average Micelle Micelle + TRP3 Micelle + TRP3
wo w’ wh Width MW Noge MW x 10% MW x 10°° Tapp (08)°

OG 114 11.4 13.9 12.2 269 27%¢ 7.9 11.7 5.5
90" 26.3 30.2 122
LLPC 244 20.9 17.4 20.9 439 78" 342 56.8 21.3
55' 24.1 46.7 17.9
LMPG 30.0 40.7 222 31.1 478 55¢ 26.3 43.5 16.8
DPC 26.4 19.4 15.7 20.5 351 60-80° 24.6 30.0 12.1
DDMAB 21.2 19.1 40.1 26.9 300 47% 14.1 21.1 9.0

The indole NH corresponds to aromatic He. Line width values are given in Hertz. Resonance assignment was performed using TOCSY and NOESY exper-

iments. MW, molecular weight; N,4,, aggregation number
“Approximate micelle MW using the average N,,,.
"Micelle MW estimated assuming that the peptide is fully bound.

€Apparent rotational correlation time calculated using the Stokes-Eisntein equation and the micelle MW estimated assuming a fully bound peptide.

4IN,gg values were taken from (23)%, (32)%, 34)', (47)%, (35)", (48)!, and (33).

molecular weight, aggregation number (N,g.), micelle mo-
lecular weight calculated based on N, (in the absence
and presence of peptide, assuming that the peptide is fully
bound), and rotational correlation times of the micelle-
TRP3 complex. There is not a very good agreement between
line-width variation and the size-related micellar physical
properties. However, it should be mentioned that a survey
of the literature indicates a large scatter of these values. In
addition, it should be considered that peptide binding could
have modified these properties. All these uncertainties
prevent us from drawing quantitative conclusions about
the correlation between the line widths and micellar size.
Furthermore, according to Lauterwein et al. (45), a variety
of motions—micelle overall motion, motion of the peptide
within the micelle, and motion of the hydrophobic chains
within the micelle—could contribute to the observed line
widths. Such complexity prevents us from deconvoluting
all contributions using only the indole 1D spectrum; further
data are needed to fully understand the process.

In addition, the dynamics of the bound peptide is also
probably influenced by different interactions with the
different headgroups. This seems to be particularly evident
when analyzing the effect of headgroup on the spectral
line width for the LMPG-bound peptide. This is the only
case where electrostatic interactions contribute to binding;
therefore, these interactions should play an important role
on peptide dynamics at the micelle interface. These dynamic
effects are also probably responsible for the observed differ-
ences between the different tryptophan HN indole peaks in a
given system. It is important to mention that there is no indi-
cation of a significant amount of free peptide in the spectra.

The major TRP3 structure in the different micelles

To determine the major structure in each system, TOCSY
and NOESY experiments were performed at detergent con-
centrations where no changes in chemical shifts were
observed upon increase in concentration. As shown in
Fig. 2, the NOESY spectra exhibited good line width and
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dispersion, which allowed for the unambiguous assignment
of ~90% of the resonances. These data were compared with
the spectra obtained by Schibli et al. (13,28) for TRP3 and
its analogs bound to SDS and DPC micelles.

As reported by Schibli et al. (13,28), TRP3 adopts two
successive turns in the C-terminus induced by the two pro-
line residues, the N-terminus being more extended. Addi-
tionally, the presence of NOEs between the Ho of the
prolines and the Ho and H@ of the preceding residues indi-
cates that the prolines are in a trans configuration. We found
the same NOE pattern for the proline residues in all micellar
systems, indicating that binding to the different micelles
also stabilized the trans-trans isomer.

A comparison of the spectra indicated that the chemical
shifts were very similar in all micellar systems. Fig. 3 shows
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- > 1H Chemical Shift (ppm)
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8. 8.0 75 7.0 6.0
1H Chemical Shift (ppm)

FIGURE 2 TRP3 resonance assignment. The amidic region of the
NOESY spectra of 2 mM TRP3 is shown in the presence of (A) 13.5 mM
LLPC, (B) 100 mM DPC, (C) 50 mM OG, (D) 15 mM LMPG, and (E)
30 mM DDMAB at 298 K (pH 4.8). The NH of W7 was found around 6
ppm in all spectra. All chemical shifts of the peptide hydrogens are similar,
independent of micelle nature.
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FIGURE 3 Comparison of TRP3 chemical shifts in different micelles. (A)
Correlation between the peptide HN chemical shifts in DPC and those in
LLPC, LMPG, DDMAB, and OG. (B) Difference between the Ha chemical
shifts in different micelles and random coil values, as reported by Wishart (46).

a comparison of the amidic and Ha hydrogens in the
different systems as a function of residue number. The
data demonstrate that the chemical shift values are similar,
independent of micellar nature. Because the chemical shift
reflects the chemical environment of each nucleus (46), it
is plausible to propose that the TRP3 backbone structure
is similar in all aggregates. Another indication of structural
similarity is the resemblance of the NOE patterns observed
in all micellar systems (Fig. S1). The medium-range NOEs
(G, 1 + 2) and (i, i 4+ 3)) indicate a similar backbone
behavior. These results are in agreement with those of
Bozelli et al. (17), who found similar CD spectra for
TRP3 in the presence of different types of micelles.

Pathway for structural TRP3 stabilization

Fig. 4 presents the effect of increasing detergent concentra-
tions on TRP3’s 1D '"H NMR spectra. The titration curves
were analyzed based on changes observed for the indole
peaks. The spectra are complex, displaying changes in
chemical shifts, as well as considerable broadening of
some lines.

Fig. 5 shows that increasing detergent concentrations
caused continuous changes of the chemical shifts. The
colored circles indicate a probable trajectory of the reso-
nances from the initial to the final state. However, this tra-
jectory is just a suggestion, as it is difficult to follow each
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peak unambiguously. It is worth noting that the changes in
chemical shifts started at, or approximately at, the critical
micellar concentrations (CMCs, in mM) of the detergents
(OG, 18-20 (23,32,47); LLPC, 0.4-0.9 (35.48); LMPG,
0.16 (23,49); DPC 1.5 (23,24,34,50); and DDMAB, 4.3
(33,34,51)). Line broadening can be seen at intermediate
detergent concentrations (Fig. 4), when samples contained
higher peptide/micelle ratios. In these cases, most likely,
the exchange between free and micelle-bound peptide con-
tributes to the spectral features. In addition, aggregates
different from the final micelle-peptide system are also
likely to be formed. This is clearly suggested by the spectral
changes at detergent concentrations below, or at, the CMC,
as is the case with OG and LLPC (Fig. 4, A and B). The most
dramatic effect occurs in the case of DDMAB (Fig. 4 E),
whose CMC is 4.3 mM (34,51). At 5.0 and 6.0 mM, the
detergent is essentially monomeric, whereas at 10.0 mM
about half of it should be in the micellar form. It is conceiv-
able that the observed spectra contain contributions of the
equilibria between different states of the peptide: free,
micelle-bound, and in aggregates with different peptide/
detergent stoichiometry. These data indicate that the peptide
is capable of promoting aggregation of monomeric deter-
gent, possibly via interaction between peptide and detergent
hydrophobic portions.

At the end of the titration, the final structure was attained,
as indicated by the presence of three primary indole peaks.
The final line widths were broader than those in solution
because of the formation of the TRP-micelle complex, as
mentioned above. Moreover, the movement of peaks in
the titration experiments provided interesting insights into
the changes in the conformational ensemble (Fig. 5).
Assuming that the suggested trajectories are reasonable,
the peaks labeled with the blue circle appear to change
only slightly during titration, while the peaks labeled with
orange and purple circles changed more. The trajectories
were clearly observed in the OG system (Figs. 4 A and 5
A), where the three peaks could easily be traced, most likely
because the interface is not charged, the micelle size is
small, and the final chemical shifts were not very different
from those of the initial state.

Our results suggest that the final conformation (or a
similar one) found in each micelle could already be present
in the initial ensemble. Therefore, we propose that TRP3 in-
teracts with the micelles via conformational selection, i.e.,
the bound conformation is already present in the free
ensemble and the equilibrium between conformations is
re-established upon binding (52-56).

Analysis of TRP3 dynamics by means of
relaxation parameters

We measured TRP3 relaxation parameters in solution and in
the presence of LLPC and LMPG micelles. These micelles
were chosen based on the proposal by Bozelli et al. (17) that
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their use allows mimicking the headgroup composition of
biological membranes. PC is one of the major phospholipids
in the outer leaflet of mammalian membranes and PG is one
of the main phospholipids in the outer leaflet of bacterial
membranes (57).

The dynamic profile of TRP3 can be determined by relax-
ation experiments. Therefore, we measured the longitudinal
relaxation parameters (T;) for both systems. T, values were
measured using 2D-NOESY spectra, where the delay be-
tween presaturation and the start of the NOESY sequence
was varied between 100 and 1500 ms. The intensity of the
a-protons was monitored as a function of these delays.
The T, values obtained as a function of residue number
are shown in Fig. 6. Not all residues were properly measured
because of overlap in Ha resonances, as was the case for the
Vl, PS, and P° residues, or because of line broadening, as
was the case for W’. The results revealed that TRP3 pre-
sented similar T values for all measured residues, suggest-
ing that in LLPC or LMPG micelles, the relaxation
parameters are dominated by micelle tumbling. However,
the slightly smaller values observed for residues R2, R3,
and F* were attributed to a greater flexibility in this region.
Moreover, the tryptophan residues, as well as F'°, exhibited
higher T, values, indicative of higher 7. values and therefore
stronger interaction with the micelles (Fig. 6).

The free TRP3 conformations were very difficult to eval-
uate using 'H relaxation parameters because of the inherent

114 108 10.2 9.6 detergent concentrations. The intensities were normal-

ized to facilitate visualization. Fig. S2 shows the
spectra during titration with LMPG without normali-
zation. To see this figure in color, go online.

ambiguity in their assignment. Therefore, TRP3 was labeled
with '*N-L'"!" and T, T,, and heteronuclear NOE experi-
ments were performed for '’N. Because TRP3 presents
four conformations, the '°N labeling of L' yielded four
peaks in the HSQC spectrum (Fig. S3). Table S1 shows
the relaxation parameters for the four observed peaks, repre-
senting all four conformations. The HN coupling constants
were also measured, but no significant differences were
observed. "’N-L''-TRP3 was also investigated in the pres-
ence of LLPC and LMPG micelles (Table S1). When
compared to the free state, the relaxation parameter values
changed substantially as a result of peptide-micelle interac-
tion. In addition, the comparison between T, values for
LLPC and LMPG shows that these values are lower in the
latter case, suggesting that TRP3 interacts to a somewhat
larger extent with LMPG, yielding a higher 7. value.

For a more quantitative analysis of TRP3-micelle interac-
tions, we monitored the effect of adding Gd(DTPA-BMA)
on the '"H NMR relaxation. Gd(DTPA-BMA) is an inert,
water-soluble, paramagnetic compound that displays no
specific binding to micelles or peptides (20,58). In solution,
this compound enhances the relaxation rates of nuclei
exposed to solvent through PRE. The PRE values were ob-
tained by monitoring proton longitudinal relaxation rates in
the presence of increasing Gd(DTPA-BMA) concentrations
(Fig. 7 A). The longitudinal relaxation rates, R, were calcu-
lated from a set of eight saturation-recovery 2D-NOESY
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FIGURE 5 Schematic representation of the trajectory of TRP3 He resonances as a function of detergent concentration. The changes in chemical shift upon
peptide-micelle interaction are indicated by colored circles at all concentrations tested for residues W® (orange), W’ (purple), and W® (blue). To see this

figure in color, go online.
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experiments, as described in Materials and Methods. Fig. 7
B shows the PRE values of Ha protons as a function of res-
idue number in LLPC and LMPG micelles. Overall, for both
types of micelles, the PRE effect was higher for residues R?,
R3, and F* and lower for the WWW-F residues, indicating
greater and lesser solvent exposure, respectively, based on
the T, values measured for Ha (Fig. 6). These results
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(B) PRE values as a function of residue number in LLPC (solid circles) and
LMPG (open circles) micelles. The inset shows the values for the trypto-
phans NHe and for Leu'' H5 obtained as described in Materials and Methods.
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TABLE 2 g™ of TRP3 Fluorescence Spectra and Kgy for
Acrylamide Fluorescence Quenching in the Absence and
Presence of Micelles

22 () A (o) Ksv(M )

In solution 356 - 18.2
oG 351 5 7.2
LLPC 346 10 4.0
LMPG 348 8 5.1
DPC 348 8 6.5
DDMAB 349 7 12.8
Apm ¥, maximum emission wavelength; Kgy, Stern-Volmer constant.

confirm the importance of the WWW-F region for peptide
binding to the micelle.

Analysis of peptide location and orientation in the
micelles by means of fluorescence and PRE
experiments

To assess the pepetide location in the micelles, we examined
the quenching of TRP3’s intrinsic fluorescence by acryl-
amide. Table 2 presents the values obtained for maximum
emission wavelengths (4.r,), as well as Stern-Volmer con-
stants (Kgy). As reported in the literature, the decrease in
Aem from 5 nm in OG to 10 nm in LLPC micelles when
compared to free peptide indicated formation of TRP3/
micelle complexes. Similar results were obtained in both
micelles and phospholipid vesicles (13,14,17,59). More-
over, significant changes were observed in the Stern-Volmer
constants. Fluorescence quenching decreased in the pres-
ence of micelles, indicating a decreased exposure to acryl-
amide. These results are consistent with the localization of
the tryptophans at an interfacial region. The Kgy values
were larger in the case of DDMAB, suggesting that the pep-
tide was more exposed to the aqueous phase. In contrast to
the lysophospholipids and DPC, the positive charge in
DDMAB’s headgroup (the ammonium moiety) is located
more to the interior of the interface. It is conceivable that
this region would repel the highly positively charged pep-
tide, causing it to be located at a more water-exposed site.

PRE measurements can provide information about the
orientation of peptides inserted in micelles (20,58). As pro-
posed by Respondek et al. (20), PRE experimental values
can be modeled by Eq. 2 (Materials and Methods) for helical
peptides. This equation considers helical peptides immersed
in micelles and is written as a function of three variables, the
tilt angle (7), the azimuth angle (p), and the immersion depth
of the N-terminal residue with respect to the micellar sur-
face. Taken together, these parameters can contribute to
the interpretation of the relationship between PRE values
and the orientation of the peptides in micelles.

The PRE values of the TRP3 N-terminal residue ex-
hibited one significant difference. The observed PREs
were higher in LLPC micelles, suggesting a lesser interfa-
cial insertion than in LMPG micelles. Similar PRE values
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were observed in the tryptophan region. Interestingly, the
PRE value for F'® was also different in both systems. The
smaller PRE value, therefore reflecting greater insertion,
was observed in LMPG micelles (Fig. 7 B). We also
analyzed the PRE effect on the side chains of the
WWW-L motif (Fig. 7 B, inset). The results for He of the
WWW and Hé of L' were significantly lower than that
observed for He, suggesting that these residues are inserted
more deeply in the micelle.

By fitting Eq. 2 to our experimental PRE values we were
able to determine the tilt (7) and azimuth (p) angles for the
relative orientation of TRP3 in the two different micelles
(Table S2). Based on the structures of TRP3 and its amidated
analog determined in SDS and DPC micelles, respectively
(13,28), as well as the TRP3/DPC Ramachandran plot
(Fig. S4), we assumed that residues F*—L'! have helical char-
acter. The tilt angles for TRP3 were —41.8 = 1.2° in LLPC
and —35.5 *+ 3.5° in LMPG, showing similar peptide orien-
tations in both membrane mimetic systems. However, the
calculated depths were different: —1.07 + 0.3 A in LLPC
vand —2.62 + 0.2 A in LMPG micelles. These results sug-
gest that the peptide is more inserted in the LMPG micelles.

In addition, very similar values of azimuth angles were
observed in LMPG (—60.3 = 2.2°) and LLPC (—56.8 =
2.7°) micelles (Table S2). In both types of micelles, the
azimuth angle determines the helix rotation from the micelle
surface and corresponds to the orientation of F* toward the
interior. These results are summarized in Fig. 8. The struc-
ture of amidated TRP3 in DPC (PDB: 2I1D) is displayed
based on the PRE data. The peptide appears more inserted
into LMPG toward the interior of the hydrophobic region
of LMPG micelles when compared to LLPC.

Although our results refer to micellar systems, they cor-
relate well with those of Salay et al. (31), who examined
the interaction of TRP3 with Langmuir phospholipid
monolayers of dipalmitoylphosphatidylcholine, dipalmi-
toylphosphatidylethanolamine, dipalmitoylphosphatidic
acid, and dipalmitoylphosphatidylglycerol. It was found

A

that the peptide interacted to a much larger extent with the
negatively charged phospholipids and exhibited specificity
toward the PG headgroup.

DISCUSSION

Over millions of years, the driving forces of natural selec-
tion and evolution have been related to interactions between
proteins and other molecules to perform their functions.
Biological processes involve molecular recognition, which
requires well-structured molecules able to perform specific
tasks but that also exhibit dynamic properties that render
them capable of interacting with multiple targets.

TRP3 interacts with micelles via conformational
selection

Initially, binding processes were interpreted as “lock-and-
key” recognition events where the conformation in solution
is optimal for perfect binding (60). The ability to bind to
multiple targets led to the idea of an “induced fit” process,
which implied that a conformational change occurs upon
binding (60-62). In the 1960s, two groups formulated the
theory of conformation selection, proposing that the bound
conformation was already present in solution (6,61), in equi-
librium with different proportions of other conformations
(54.,61).

Currently, the conformation selection theory has been
used to explain several types of interaction, especially in
the case of allostery (54-56). The most accepted theory is
that with conformational selection, the dominant bonding
process occurs in conjunction with structural adjustment
(induced fit) to optimize the interaction (63-67).

In this work, we showed that TRP3 interacts with mi-
celles through the conformational selection mechanism,
where the bound form is selected from a family of confor-
mations that interconvert slowly in the NMR timescale.
Structural diversity is important for the action of TRP3,

FIGURE 8 Immersion depths and orientation of
TRP3 based on PRE results. The NMR calculated
structure of C-amidated TRP3 in the presence of
DPC micelles deposited in the Protein Data Bank

2684 Biophysical Journal 111, 2676-2688, December 20, 2016

(PDB: 2I1D) represents the results in LLPC (A)
and LMPG (B) micelles. Tryptophan residues
are colored purple, phenylalanines pink, leucine
blue, and the backbone of proline residues orange.
The tilt angle for TRP3 was calculated to be —41.8
+ 1.2° in LLPC and —35.5 = 3.5° in LMPG,
showing a similar orientation in both micelles. How-
ever, the peptide calculated depth was different:
—1.07 £ 03 A in LLPC and —2.62 = 02 A in
LMPG micelles, suggesting that the peptide is
more deeply inserted in the latter. To see this figure
in color, go online.



allowing it to bind to lipid membranes of different chemical
nature.

Structural pre-organization decreases the
entropic penalty for the interaction process

Our data suggest that TRP3 presents structural pre-organiza-
tion in the free state and that this feature is crucial for mem-
brane interaction. Because the interaction of a fully flexible
peptide with the membrane leading to a stable conformation
implies a considerable decrease in entropy, the pre-organi-
zation of flexible ligands increases association constants
by decreasing the entropic penalty of the process (68).
Related information is being used in medicinal chemistry
to design molecules that prefer to adopt a bound structure
(68). In fact, this strategy has been successfully applied to
HIV protease, BANCE]1, and streptomycin (69).

Conformation of TRP3 bound to the micellar
systems

The backbone conformation of TRP3 stabilized upon
binding is very similar in all micellar systems, regardless
of the chemical nature of the detergents headgroups.
Although we have not calculated the structure, the chem-
ical shift values of the amide and a-hydrogens were very
similar for the different micelle compositions, indicating
similar micelle-bound peptide conformations. The simi-
larity of TRP3 conformations and of some of its analogs
stabilized by different micellar interfaces has been indi-
cated by NMR, CD, and fluorescence experiments
(13,14,17,29,70). Similar results were found for melittin
in micelles of various detergentes (45) and for PR-1, a
synthetic peptide modeled after the microbicide domains
of the platelet microparticle factor-4 family, in SDS and
DPC micelles (71).

The micelle-bound conformation of TRP3 can be ex-
plained at least in part by the presence of aromatic residues
and prolines. The aromatic residues, F4, W(’, W7, W8, and
F', have bulky side chains and their presence in the primary
sequence hampers the backbone motion (2). Furthermore,
the presence of proline residues (P’ and P°) further de-
creases the flexibility, imposing additional restrictions on
the backbone motion. The specific features of amino acid re-
straint may be illustrated by analysis of their Ramachandran
plots. Residues with small side chains, such as glycine, can
occupy different regions in the graph (i.e., a larger range of
angles). For amino acids with bulky side chains, a lesser
number of angles is possible, due to steric hindrance. The
Ramachandran plot will vary depending on the amino acid
sequence and the secondary structure features of the region.

Stabilization of the aromatic region was observed for
PW2, an anticoccidial peptide that has several conforma-
tions in solution and acquires a more stable one in the pres-
ence of an interface (1,72,73). PW2’s calculated structure in

NMR Study of TRP3-Micelle Interaction

the presence of SDS micelles and DPC micelles using NOEs
presented a convergent and similar conformation in the two
systems. The structures are similar primarily in the aromatic
region. The PRE data obtained using an N-terminally modi-
fied peptide containing the TOAC amino acid (TOAC-PW2)
indicated that PW2 has an ordered aromatic region
(YWWR), even in solution. Moreover, molecular dynamics
data showed that the aromatic nucleus is found in restricted
regions of the Ramachandran plot.

The presence of proline in the primary sequence imposes
important constraints on chain movement, and TRP3 has
two proline residues flanking the sequential tryptophans
(~PWWWP-~). Therefore, the aromatic region is even
more constricted.

Tryptophan has special features

Tryptophan residues play an important role on the interac-
tion of peptides with membranes (74). A large number of
studies on the topology of membrane proteins and pep-
tides shows that tryptophan prefers to reside at the lipid
interface. A number of electrostatic interactions appear
to contribute to localization, including hydrogen bonding
to the lipid carbonyl groups, cation-w interactions (in
particular with phospholipid ammonium moieties), inter-
actions between the indole dipole and the lipid bilayer’s
strong interfacial electric field, and nonspecific electro-
static stabilization (75). Phospholipid phosphate groups
have also been implied in hydrogen bonding (76). Yau
et al. (77) also pointed out that the preference of trypto-
phan for the membrane headgroup region is dominated
by tryptophan’s flat rigid shape, which limits access to
the hydrocarbon core, and by its m electronic structure
and associated quadrupolar moment (aromaticity), which
favor residing in the electrostatically complex interface
environment.

In this context, it seems reasonable that the three trypto-
phans in TRP3 will play an important role in favoring
the peptide’s interfacial location, and it helps in under-
standing why the replacement of the tryptophans by phe-
nylalanines favors the ability of this analog to penetrate
the membrane, as suggested by Schibli et al. (28). Never-
theless, as discussed by Schibli et al. (13), “the compli-
cated relationships between amino acid composition,
sequence, 3D structure, membrane interactions, antimicro-
bial activity, and hemolytic activity may not be easily ex-
plained by simple rules where one specific amino acid or
one unique secondary structure is always responsible for
a specific characteristic.”

The depth of TRP3 insertion depends on
headgroup charge

Paramagnetic relaxation experiments evinced that TRP3 is
more deeply inserted in negatively charged LMPG micelles
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than in zwitterionic LLPC micelles. These data are in agree-
ment with those found for lipid bilayers (14).

Tritrpticin interaction with highly curved micellar
systems—significance of this process for the
peptide’s mechanism of action

The available data obtained thus far, both by NMR (13,28)
and by CD (17) experiments, suggest that TRP3 acquires
similar conformations in micellar systems of variable chem-
ical composition. The data presented here corroborate these
findings and add a list of new, to our knowledge, micelle-
forming compounds that promote acquisition of a similar
conformation by TRP3. Clearly, the PWWWP°® sequence
imposes considerable constraints on TRP3’s conformation;
thus, it is plausible that the propensity of the peptide to ac-
quire the observed conformation prevails over the eventual
effects of different peptide-micelle interactions on the pep-
tide structure. As shown by the results, the different chemi-
cal nature of the detergents does lead to differences in
observed properties; however, they do not affect TR3’s
conformation to a significant extent.

The relationship between non-lamellar phases and the
mechanism of action of AMP and the role of lipid curvature
in peptide-membrane interaction have been discussed in re-
views by Haney et al. (78) and Koller and Lohner (79),
respectively. We have previously proposed that micellar
systems provide positive curvature that can be regarded
as mimicking the curvature in toroidal pores, and we sug-
gested that the conformation found for TRP3 in micelles
represents that of the peptide in the toroidal pore (17). In
this context, the results presented here contribute to the un-
derstanding of the mechanism of action of the peptide at a
molecular level.

CONCLUSIONS

In conclusion, this work has shown that the antimicrobial
peptide tritrpticin binds to micelles, irrespective of whether
their forming compounds contain neutral, zwitterionic, and
negatively charged headgroups, and irrespective of the
orientation of the headgroup dipole. The data also indicated
that the TRP3-micelle interaction occurs via conformational
selection and that the backbone conformation stabilized
upon binding is very similar in all micellar systems, regard-
less of the chemical nature of the detergent headgroups. We
also corroborated previous data that showed that the peptide
is located in the region of the membrane-water interface,
and we discuss that the presence of three tryptophan resi-
dues contributes to this location. Moreover, PRE experi-
ments provided evidence for a greater depth of peptide
penetration in negatively charged micelles.

Based on these findings and on the topographical simi-
larity of micelles and toroidal pores, we propose that pep-
tide-micelle systems can be used to mimic the molecular
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organization of peptide and lipid in the toroidal pore and
that the conformation acquired by the micelle-bound pep-
tide could resemble that acquired by the peptide in the
pore. Finally, it is important to recall that, due to experi-
mental restrictions, a large amount of peptide structure
determination by NMR is performed using micelles. How-
ever, due to the differences between the bilayer and micelle
environments, the structure found in the latter may not
always correspond to that present in bilayers.
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Four figures and two tables are available at http://www.biophysj.org/
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Figure S1. Sequential and medium range NOEs for TRP3 in 50 mM OG
(purple), 13.5 mM LLPC (blue), 15 mM LMPG (orange), 30 mM DDMAB
(gray), and 100 mM DPC (black). The results for DPC were used for
comparison with the other micelles. TRP3 showed helical propensity in all
systems, as well as similar conformations.
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Figure S2. NH indole region of TRP3 1D-NMR spectra in the presence of
increasing LMPG concentrations, without intensity normalization.
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Figure S3. 'H-""N HSQC of TRP3 in the absence and presence of 13.5 mM
LLPC or 15 mM LMPG. In absence of micelles, TRP3 presents four peaks
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Figure S4. Ramachandran Plot of TRP3 in DPC micelles (PDB: 2I11D). Note
that most of the residues (mainly the F4-L11 stretch) are in a helical region.




TABLE S1. TRP3 "°N-L"" relaxation and rotational correlation times, in the
absence or presence of micelles.

Peak 12
Peak 22
Peak 32
Peak 42

LLPC
LMPG

Ti(ms)  T,(ms)

680 + 32 390 +19
715+ 34 404 + 20
777 £38 477 £22
638 £ 30 398 £ 20

1120+ 60 405+2
1009+ 50 308z+2

Het-NOE

0.46 + 0.02
0.59+0.03
0.54 £ 0.03
0.21+£0.01

0.56 + 0.03
0.61+0.03

7 (ns)®

2.1
21
1.9
1.8

141
15.4

#TRP3 Peaks found in solution; PRotational correlation time estimated using relaxation parameters.

TABLE S2. TRP3 PRE obtained information? in the presence of micelles.

LLPC -0.73+0.02 -418=+1.2°
LMPG -0.62+0.06 -35.5=+3.5°

pz

@Angles (rad and deg) between F4 and L11: "tilt and azimuth angles.

-1.05+0.04 -568 +2.7°
-0.99 = 0.05 -60.3 +2.2°

Depth (A)
-1.07 0.3
-2.62+0.2
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