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Abstract
To probe structural changes that occur when a membrane protein is transferred from lipid bilayers
to SDS micelles, a fragment of bacteriorhodopsin containing transmembrane helical segments A
and B was studied by fluorescence spectroscopy, molecular dynamics (MD) simulation, and
stopped flow kinetics. In lipid bilayers, Förster resonance energy transfer (FRET) was observed
between tyrosine 57 on helix B and tryptophans 10 and 12 on helix A. FRET efficiency decreased
substantially when the peptide was transferred to SDS. MD simulation showed no evidence for
significant disruption of helix-helix interactions in SDS micelles. However, a cluster of water
molecules was observed to form a hydrogen-bonded network with the phenolic hydroxyl group of
tyrosine 57, which probably causes the disappearance of tyrosine-to-tryptophan FRET in SDS.
The tryptophan quantum yield decreased in SDS, and the change occurred at nearly the same rate
as membrane solubilization. The results provide a clear example of the importance of
corroborating distance changes inferred from FRET by using complementary methods.
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1. Introduction
Most integral membrane proteins contain membrane-spanning α-helices. However, the
forces involved in assembling these proteins in lipid bilayers are not well understood.
Techniques of reversible unfolding have revealed how water-soluble proteins fold into
stable, biologically active structures in aqueous solution, but these techniques are not
applicable to helical transmembrane proteins. In various attempts to study the mechanism of
membrane protein unfolding, a number of experiments have been reported on the transfer of
transmembrane proteins from lipid environments into sodium dodecyl sulfate (SDS)
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detergent micelles [1, 2]. The premise of these experiments was that SDS causes significant
unfolding of helical membrane proteins. However, the structures of membrane proteins in
SDS are mostly unknown. MacKenzie et al. [3] used NMR spectroscopy to determine the
structure of the glycophorin dimer in SDS. Their results show that glycophorin has intact α-
helices and extensive inter-helix side chain interactions in SDS. Recent studies of synthetic
peptides in micelles have reached opposite conclusions about the effect of SDS on helix-
helix interactions [4, 5]. Many spectroscopic changes have been observed when integral
membrane proteins are transferred into SDS micelles. These changes have been variously
interpreted as to the extent of unfolding [6–11]. Förster resonance energy transfer (FRET)
can give information about proximity between fluorescent groups and near-by
chromophores, and a number of studies of integral membrane protein structures have
measured distances using FRET (for example [12–16]). To properly apply FRET, the energy
donor-acceptor stoichiometries must be matched, but this is often experimentally
challenging. One way to avoid this problem, as shown by Eisenhawer et al. [17], is to use
tyrosine to tryptophan FRET. Since the donors and acceptors are naturally-occurring parts of
the structure, no protein modification is necessary. In the following report, we have used
tyrosine to tryptophan FRET, along with molecular dynamics simulations and stopped flow
kinetics, to examine the conformation of a two-helix fragment of bacteriorhodopsin in lipid
bilayers and in SDS micelles.

2. Materials and methods
2.1 Materials

Purple membrane was obtained from Halobacterium salinarum S9, as previously described
[18]. The 1–71 fragment of bacteriorhodopsin, known as C-2 [19] or AB [20], was obtained
by chymotrypsin cleavage of purple membrane, followed by gel permeation chromatography
[15, 19, 21]. The AB fragment was stored in methanol:chloroform 1:1 containing 0.1 M
ammonium acetate in glass vials sealed with teflon-lined caps at −20°C. Chloroform
solutions of lipids were obtained from Avanti Polar Lipids, Inc (Alabaster, AL) and stored
under argon after opening. Small unilamellar vesicles were prepared by the method of Batzri
and Korn [22], as follows. Aliquots of column fractions containing 0.4 nmol of peptide
(about 10 μL) were mixed with 20 μL of a 20 mg/mL chloroform solution of DOPC. The
samples were dried in a stream of nitrogen and then placed in a vacuum (approx. 1 mtorr)
for 5 hrs. The residue was dissolved in 40 μL ethanol, drawn into a syringe, and then slowly
delivered through a 25 gauge unbeveled needle into 2.0 mL of rapidly stirred 0.05 M
phosphate, pH 7.0, 0.1 M NaCl. For preparation of peptides in SDS micelles, the same
drying procedure was used (omitting the lipids), and the residue was directly dissolved in
0.05 M phosphate, pH 7.0, 0.1 M NaCl, 2.0% SDS. Peptides corresponding to the A helix
(residues 1–36) and the B helix (residues 38–71) were synthesized by Bio-Synthesis, Inc.
(Lewisville, TX) using FMOC chemistry. The peptides were purified by HPLC and the
sequences were confirmed by MALDI-TOF mass spectrometry.

2.2 Spectroscopy
Steady-state fluorescence spectra were measured on a Photon Technology International, Inc.
(Birmingham, NJ) QM4 fluorometer, with corrected excitation and corrected emission.
Fluorescence lifetimes were measured by single photon counting, using a IBH 5000U Jobin
Yvon (Glasgow, UK) instrument. Samples were in 0.05 M phosphate buffer, pH 7.0, 0.1 M
NaCl. When present, SDS was at a concentration of 2.0 % w/v (i.e. 69 mM). Peptide
concentrations were 0.2 μM. Measurements were made at 23°C ± 1°. Lifetime distributions
were calculated using the Shannon-Jaynes maximum entropy method, as implemented in
Felix32 software from Photon Technology International. Stopped flow kinetics were
measured using a Bio-Logic (Claix, FR) SFM-20 instrument.
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2.3 Förster resonance energy transfer
Tyrosine to tryptophan FRET was measured by the method of Eisinger [23]. Relative
quantum yields for tryptophan, Qo, were measured by comparing fluorescence at 355 nm
from excitation at 280 nm and 295 nm, with the fluorescence normalized to constant
absorbance. Fractional absorbances of tryptophan and tyrosine, fw and fy, were calculated
from published extinction coefficients [24, 25]. The transfer efficiency, E, was calculated
from:

(1)

For comparison, E was calculated from the atomic coordinates of the AB fragment, either
from the crystal structure (Protein Data Bank file 1C3W [26]), or from molecular dynamics
simulations (see below), using:

(2)

where R is the distance between the energy donor and acceptor and Ro is the Förster critical
distance:

(3)

For the purposes of this calculation, the fluorescence quantum yield of tyrosine QD was
assumed to be 0.14 [23], the spectral overlap of tyrosine emission and tryptophan
absorbance, J, was assumed to be 4.8 × 1012 cm3 M−1 nm4 [27], and the index of refraction
of the medium, n, was taken to be 1.33. We calculated the dipole orientation factor, κ2, from
the atomic coordinates of the AB fragment.

2.4 Molecular dynamics simulations
The AB fragment was inserted into an SDS micelle consisting of 55 SDS molecules. The
starting atomic coordinates for the AB fragment were obtained from the bacteriorhodopsin
crystal structure [26]. The starting coordinates for the SDS micelle were obtained from
Braun et al. [28]. The starting coordinates for a POPC bilayer were obtained from VMD
[29]. POPC was used instead of DOPC because of the availability of the atomic coordinates
for a lipid bilayer of POPC. For the purposes of this study, the differences between the two
lipids should not be significant, because they are known to have similar hydrocarbon
thicknesses, volumes, and areas [30]. The AB-SDS complex was explicitly solvated with
11,311 TIP3 waters. Ions (80 sodium and 26 chloride) were added to electrically neutralize
the system. The whole system consisted of 37,407 atoms. All simulations of this work were
performed using NAMD 2.6. [31]. The starting peptide/membrane and peptide/micelle
structures were energy-minimized and equilibrated prior to the simulations. The periodic
boundary conditions were employed. The pressure and the temperature were maintained at 1
bar and 300 K respectively. The Langevin damping coefficient was chosen to be 5/ps. The
particle-mesh Ewald method was utilized to compute electrostatic interactions. A time step
of 1 fs was used for short-range interactions and 4 fs for long-range forces. Covalent bonds
of hydrogens were fixed to their equilibrium length. The all-atom CHARMM27 [32, 33]
force field was adopted. Equilibrium Langevin dynamics was run for 6 ns. The RMSD of the
AB backbone (excluding the two termini) was analyzed to elucidate any structural changes
during the 6 ns period of in silico experiments. Similar in silico experiments for 6 ns were
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implemented for the AB-POPC system. The system consists of AB fragment embedded in a
POPC bilayer of 260 POPC molecules.

3. Results and discussion
3.1 Tyrosine to tryptophan Förster resonance energy transfer in bacteriorhodopsin AB
fragment

The crystal structure of bacteriorhodopsin (Fig. 1) shows that Tyr 57 is 12.4 Å from Trp 10
and 10.9 Å from Trp 12 (Table 1). We calculated the expected efficiency of Tyr to Trp
FRET for each pair (equation 2), using typical values for the spectral properties of Tyr and
Trp, along with the particular orientations of donor and acceptor found in the crystal
structure. The results (Table 1) suggest that FRET between Tyr 57 and Trp 10 and 12 would
be efficient, but little FRET would be expected between the other tyrosines and the two
tryptophans. Because Trp 10 and 12 are on helix A, and Tyr 57 is on helix B, the proximity
of Tyr 57 to these Trp residues is a measure of the proximity of helices A and B, and
therefore a measure of the global folding of the peptide. If the helices become separated in
SDS micelles, as has been suggested [34], then the Tyr to Trp FRET should disappear when
peptide AB is transferred from a lipid bilayer to SDS.

The steady-state method described by Eisenhawer et al. [17] can detect Tyr to Trp FRET.
This method compares emission spectra using 280 nm excitation and emission spectra under
the same conditions using 295 nm excitation. The 295 nm spectra are scaled using emission
data above 360 nm (where no Tyr emission is expected). Figure 2 shows that tyrosine
fluorescence from peptide AB is completely quenched in DOPC vesicles, as indicated by the
coincident emission from 280 nm and 295 nm excitation. However, in SDS micelles, peptide
AB displays some unquenched tyrosine fluorescence, as indicated by the lack of coincidence
of the emission from 280 nm and 295 nm excitation below 340 nm. By contrast, the isolated
A helix, which contains one tyrosine and two tryptophans, shows similar levels of tyrosine
fluorescence in DOPC vesicles and SDS micelles (Fig. 3), as indicated by the differences
between the emission from 280 nm excitation and the scaled emission from 295 nm
excitation. Therefore, the quenching of tyrosine fluorescence in DOPC vesicles is likely to
be a property of interactions between A and B helices in DOPC vesicles, interactions that
are absent in SDS micelles or when the B helix is removed.

Tyrosine-to-tryptophan energy transfer efficiencies were calculated from equation (1) and
from the spectra in Figs. 2 and 3. The results are given in Table 2. The transfer efficiency in
DOPC, 0.89 (Table 2), is substantially greater than expected from the maximum E
calculated from the crystal structure coordinates, 0.60 (Table 1). This could be due to a
difference between the structure of helices A and B in crystals of intact bacteriorhodopsin
compared with the structure of the isolated two-helix AB peptide in DOPC bilayers. When
the AB peptide is in SDS micelles, there is a dramatic decrease in Tyr-to-Trp FRET. The
observed transfer efficiency in SDS is close to what would be expected if the A and B
helices separate completely in SDS, eliminating FRET between Tyr 26 and Trp 10/Trp 12.
The transfer efficiency observed for peptide A was about the same in DOPC and SDS (Table
2), which is expected, because the only tyrosine in a position to strongly interact with
peptide A’s two tryptophans is on peptide B (Tyr 57). However, peptide A’s single tyrosine
(Tyr 26) was predicted from the crystal structure (Table 1) to have much lower transfer
efficiency in DOPC than what was observed, again raising a question about whether the
structures in bilayers and micelles are different from the crystal structure.
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3.2 MD Simulation
In order to determine whether the crystal structure coordinates of bacteriorhodopsin are
relevant for peptide AB in lipid bilayers and SDS micelles, we computationally modeled the
structure of peptide AB in POPC and in SDS. The conformation of the AB fragment in the
crystal structure of bacteriorhodopsin (Fig. 1, left) is similar to the conformation in POPC
bilayers (Fig. 1, right, blue). The A and B helices do not separate in SDS micelles over a
simulation time of 6 ns, and no large fluctuations occur, suggesting that intrusion of SDS
monomers between the helices over a longer time period would be unlikely. However, the
protein conformation in SDS is different from the crystal and belayed structures (Fig. 1,
right, green). The backbone bends at Pro 50, causing the angle between helix A and helix B
to increase from 24.6° to 30.2°. Also, the N-terminal end of helix B unwinds one helical
turn. Nevertheless, these changes have little effect on the distances (R) between Tyr and Trp
side chains, which differ from the crystal structure distances by only 1–2 Å (cf. Tables 1 &
3). We found larger differences in the dipole orientation factors, due to molecular motion.
The range of orientation factors was calculated for a sample of frames from the simulations,
and the resulting Förester distances (Ro) and energy transfer efficiencies (E) are shown in
Table 3. In order to compare the measured and calculated transfer efficiencies, the individual
tyrosine quantum yields must be known. It is possible that some of the tyrosine’s are
quenched by interactions with near-by polar groups [35]. For example, in the belayed
structure of AB, Tyr 43 is hydrogen-bonded to Lees 30, so it is unlikely to emit. Even if Tyr
57 is the only fluorescent Tyr of AB in lipid baitlayers, it is clear from the predicted
individual transfer efficiencies (Table 3) that the measured energy transfer is higher than
expected. The higher transfer efficiency in baitlayers could be explained by an unusually
high quantum yield for Tyr 57 and unusually low quantum yields for the other Tyr groups.
The results could also be explained by ant parallel dimidiation of peptide AB, which was
previously observed in dimyristoylphosphatidylcholine bicelles [15]. In an ant parallel
dimer, Tyr 26 and 43 would be close to Trp 10 and 12 on the opposite protomer, and thus
the transfer efficiency would be higher than in a monomer. For peptide A in SDS, the
transfer efficiency calculated for Tyr 26 based on MD simulation (Table 3) is closer to the
measured result (Table 2) than the transfer efficiency calculated from the crystal structure
(Table 1). However, the MD- calculated transfer efficiencies for peptide AB in SDS are
even higher than for the crystal structure, and the discrepancy with the measured result is
even larger.

3.3 Tryptophan and tyrosine lifetimes
The emission kinetics of peptides AB, A and B were measured in an attempt to detect the
fluorescence lifetimes of the tyrosine donors of peptide AB in the presence and absence of
the tryptophan acceptors. Tyrosine emission, if detectable, would be present in 305 nm
emission from 280 nm excitation, but absent in 360 nm emission from 280 nm excitation
and absent in 305 nm emission from 295 nm excitation. The results are presented in Figure
4, as lifetime distributions calculated using the maximum entropy method. Due to
instrument and sample properties, we could not reliably calculate lifetimes below 1 ns,
preventing measurement of transfer efficiencies from fluorescence lifetimes. For peptide AB
in DOPC baitlayers (Fig. 4A, solid line), the emission has broad lifetimes at about 3 ns and
5.5 ns. These are clearly due to tryptophan, as demonstrated by the two sharp groups of
lifetimes observed when the emission is measured from 295 nm excitation (Fig. 4A, short
dashed line), which only excites tryptophan. The narrowing of the lifetimes may involve the
difference between excitation of both the 1La and 1Lb transitions at 280 nm and the
exclusive excitation of the 1La transition at 295 nm. The lifetimes from 280 nm excitation
are very well fit with two Gaussian curves (Fig. 4B, curves 2 and 3). Emission at 360 nm
(Fig. 4C, solid line) shows two lifetimes similar to those observed at 305 nm, with the 5.5 ns
component contributing more at 360 nm than at 305 nm. It is not clear whether the each
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lifetimes corresponds to a separate tryptophan in a particular environment or whether both
tryptophans have mixtures of lifetimes. In the MD simulation, the structure of peptide AB
shows Trp 10 in close contact with Thr 5, whereas Trp 12 is in a non-polar environment.
Peptide B is useful for analyzing tyrosine lifetimes in the absence of tryptophan acceptors.
Three of the four tyrosine groups of peptide AB are on peptide B and none of the
tryptophans. Thus, the emission from peptide B (Fig. 4D) is exclusively from tyrosine, and
no energy transfer to tryptophan is possible. Two broad groups of lifetimes are observed: a
large amplitude group at about 4.5 ns, and a smaller amplitude group at about 2.5 ns. This
distribution of lifetimes is similar to curve 5 in Fig. 4B, which is the small difference
between the Gaussian curves representing the tyrptophan lifetimes (Fig. 4B, curve 4) and the
observed lifetime distribution (Fig. 4B, curve 5). This result provides some insight into the
unexpectedly large amount of tyrosine-to-tryptophan FRET observed (Fig. 2A, Table 2). If
the larger-than-expected FRET is caused by ant parallel dimers, then curve 5 might
represent monomers, having unquenched tyrosine’s, in equilibrium with the dimer. On the
other hand, the absence of tyrosine emission in Fig. 2A would be explained if all tyrosine’s
were quenched through interactions with polar groups, instead of transfering their excitation
to tryptophans via FRET. However, if this were the case, then the unquenched form would
not be detectable (formation and breaking of polar interactions would be faster than the
fluorescence lifetime). Thus, curve 5 can be interpreted as additional evidence for ant
parallel dimer formation. In SDS micelles, the main component of peptide B lifetimes shifts
to about 3 ns (dashed line, Fig. 4D). This is also a major component of the emission kinetics
of peptide AB in SDS micelles (long dashed line, Fig. 4A). In SDS, peptide AB excited at
295 has one main lifetime component at 4.5 ns (not shown), due to tryptophan. Thus, the
large component of lifetime amplitudes observed in SDS in the 2 to 5 ns range must
correspond to a mixture of tryptophan and unquenched tyrosine emission. This suggests that,
in SDS, the quenching that occurs in DOPC baitlayers has disappeared, presumably due to
dissociation of dimers. The transfer of peptide AB from a belayed environment to SDS
micelles was previously shown to cause a decrease in the protein absorbance [25] and also a
decrease in the fluorescence quantum yield [36]. The fluorescence lifetime differences
between DOPC baitlayers and SDS micelles (Fig. 4A,C) are consistent with this, showing
changes to shorter lifetimes in SDS.

3.4 Tyrosine environments
The results in Fig. 4 do not explain why so little tyrosine-to-tryptophan FRET is observed in
SDS micelles. We looked closely at the tyrosine environments in the MD simulations and
found that in lipid baitlayers, Tyr 57 is surrounded by hydrocarbon chains from the lipids
(Fig. 5A). By contrast, in SDS the phenol OH of Tyr 57 is tightly hydrogen-bonded to water
molecules as part of a hydrogen-bonded chain (Fig. 5B). Therefore, the most likely
explanation of the low FRET in SDS is that Tyr 57 is quenched by a chemical interaction
with water.

3.5 Tryptophan environments
The fluorescence lifetime differences between DOPC baitlayers and SDS micelles (Fig.
4A,C) could be due, in part, to the peptide AB conformational change that was indicated by
the MD simulation. This change includes distortion of the backbone and a change in
interhelix angle, altering the environment of Trp 12. In baitlayers, a string of aliphatic side
chains (Ile 11, Leu 15, 19 and 22) interact, locking the two tryptophans into a roughly
parallel arrangement, sandwiching Ile 11 between them. In SDS, the bending of the
backbone moves the aliphatic chains further apart, releasing Ilea 11 from between the
tryptophans and allowing Trp 12 to rotate 90°. This puts Trp 12 more in contact with SDS
molecules than its conformation in baitlayers. If the conformational change lags behind the
dissolution of the vesicles, the tryptophan fluorescence may report both the change of
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environment and also the peptide AB conformational change. Membrane protein
conformational changes were previously detected primarily on a time scale of seconds when
intact bacteriorhodopsin was transferred from a lipid environment to SDS micelles [2]. In
contrast, micelle formation typically occurs in microseconds. Therefore, we used stopped
flow fluorometry to compare the rate of vesicle dissolution to the rate of protein adjustment
after transfer to SDS.

The results of stopped flow mixing of vesicles with SDS are shown in Fig. 6. The rate of
vesicle dissolution in SDS was measured by the change in FRET between NBD-PE and
lissamine rhodamine B-PE [37] after the vesicles dissolve (Fig. 6B). The kinetics were fit
with two exponentials with rate constants of 110±7 sec−1 and 12.4±1.7 sec−1 in
approximately a 2:1 amplitude ratio. The kinetics of the change in peptide AB fluorescence
(Fig. 6A) were fit with two exponentials with rate constants of 141±21 sec−1 and 11.8±1.7
sec−1 in approximately a 1:1 amplitude ratio. Thus, both rate processes that are observed
when the vesicles dissolve are reflected in changes in the peptide AB fluorescence that occur
with essentially the same kinetics. Therefore, the quantum yield changes we observe in
peptide AB are most likely due to changes the SDS environment, rather than large
conformational changes of the peptide.

4. Conclusions
In conclusion, we find from MD simulation no evidence for SDS-induced separation of the
two transmembrane helices of the AB peptide. Instead, there is a small rearrangement of the
protein backbone in SDS micelles. Because the SDS micelle structure is more open than a
lipid belayed, water molecules are able to penetrate into the micelle, and several waters form
a strong H-bonded interaction with Tyr 57. This interaction probably decreases the quantum
yield of Tyr 57 in SDS, which results in the disappearance of tyrosine to tryptophan FRET.
The presence of water molecules interacting with Tyr 57 might be detected by resonance
Raman spectroscopy [38].

This study highlights a limitation of FRET. When only one type of donor-acceptor pair is
used to probe a structural change, environmental effects could be misinterpreted as changes
in proximity. A recent report on the effects of SDS on helix-helix interactions of
transmembrane peptides may be an example of this problem [5]. FRET was measured
between a fluorescein donor and a tetramethylrhodamine acceptor on dimers of glycophorin
transmembrane helices in dodecyl maltoside micelles. With increasing amounts of added
SDS, the observed level of FRET declined, which was interpreted as evidence for SDS-
induced helix separation. However, the observed change might be an environmental effect
caused by the increased surface charge density in the mixed micelles containing higher mole
fractions of negatively charged SDS. Both the FRET donor and acceptor are known to be
sensitive to environmental effects. The quantum yield of fluorescein decreases dramatically
below pH 7 [39], and tetramethylrhodamine self-quenches by dimidiation [40]. In studies of
structural differences induced by environmental changes, it would be a good practice to
corroborate FRET changes either by using several donor-acceptor pairs having different
chemical properties, or by measuring additional physical properties.
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Abbreviations

AB peptide containing amino acids 1–71 of bacteriorhodopsin

DOPC 1,2-dioleoyl-sn-glycero-3-phosphocholine

FRET Förster resonance energy transfer

MD molecular dynamics

POPC 1-palmitoyl–2-oleoyl-sn-glycero-3-phosphocholine

SDS sodium dodecyl sulfate
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Figure 1. Structure of bacteriorhodopsin peptide AB
Left side: Amino acids 5–71 from the crystal structure of bacteriorhodopsin (Protein Data
Bank 1C3W), comprising transmembrane helices A and B. Tryptophan (W) and tyrosine (Y)
residues are indicated. Right side: Superposition of peptide AB structures from final frames
of MD simulations in POPC belayed (blue) or SDS micelle (green). Figure generated using
Molmol [41].
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Figure 2. Fluorescence emission spectra of peptide AB
Solid lines: 280 nm excitation. Long dashed lines: 295 nm excitation, with emission scaled
to same intensity in 390–400 nm region as from 280 nm excitation. Short dashed lines:
difference between emission spectra from 280 nm and 295 nm excitation. A) Peptide AB in
small unilamellar vesicles of DOPC. B) Peptide AB in SDS micelles.
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Figure 3. Fluorescence emission spectra of peptide A
Solid lines: 280 nm excitation. Long dashed lines: 295 nm excitation, with emission scaled
to same intensity in 390–400 nm region as from 280 nm excitation. Short dashed lines:
difference between emission spectra from 280 nm and 295 nm excitation. A) Peptide A in
small unilamellar vesicles of DOPC. B) Peptide A in SDS micelles.
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Figure 4. Fluorescence lifetimes
Lifetimes calculated from emission kinetics using maximum entropy method. A) Emission
at 305 nm from peptide AB: solid line, in DOPC baitlayers excited at 280 nm; long dashed
line, in SDS micelles, excited at 280 nm; short dashed line, in DOPC baitlayers excited at
295 nm. B) Gaussian curves (lines 2 and 3) fit to lifetimes of peptide AB in DOPC
baitlayers excited at 280 nm (line 1). Line 4: sum of lines 2 and 3. Line 5: difference
between lines 1 and 4. C) Emission at 360 nm from peptide AB: solid line, in DOPC
baitlayers excited at 280 nm; long dashed line, in SDS micelles, excited at 280 nm. D)
Emission at 305 nm from peptide B: solid line, in DOPC baitlayers excited at 280 nm; long
dashed line, in SDS micelles, excited at 280 nm.
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Figure 5. Tyrosine 57 environments in baitlayers and SDS micelles
Peptide AB backbone helices shown in red; Tyr 57 van der Waals surface shown in gray
(carbon), white (hydrogen) and red (oxygen). Solvent accessible surface shown in tan. A)
Last frame from MD simulation of peptide AB in POPC belayed. No water molecules are
within 3.5 Å of Tyr 57. B) Last frame from MD simulation of peptide AB in SDS micelle.
Four water molecules (cyan) are within 3.5 Å of Tyr 57, forming a H-bonded chain that
includes the phenol oxygen. Images prepared using Jmol (http://www.jmol.org/).
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Figure 6. Kinetics of DOPC belayed dissolution in SDS micelles
A) Change in peptide AB fluorescence (excitation, 285 nm; emission, >290 nm) after
mixing equal volumes of DOPC baitlayers with 0.4% SDS. B) Change in NBD-PE
fluorescence (excitation, 470 nm; emission 520 nm). Dark current gives a signal of -0.07 V.
Vesicles alone under the conditions in A) give a constant signal at 0.14 V. Data in B) is
offset by 0.25 V for clarity.

Renthal et al. Page 16

Biophys Chem. Author manuscript; available in PMC 2012 December 1.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

Renthal et al. Page 17

Ta
bl

e 
1

C
ry

st
al

 st
ru

ct
ur

e 
Ty

r t
o 

Tr
p 

di
st

an
ce

s a
nd

 c
al

cu
la

te
d 

en
er

gy
 tr

an
sf

er
 e

ff
ic

ie
nc

ie
s

A
cc

ep
to

r
D

on
or

κ2
R

o
R

E

W
10

Y
26

0.
19

9
12

.5
27

.1
0.

00
9

Y
43

0.
02

5
8.

8
33

.1
0.

00
04

Y
57

0.
28

2
13

.2
12

.4
0.

59
7

Y
64

0.
07

0
10

.5
18

.8
0.

02
9

W
12

Y
26

0.
53

6
14

.7
22

.8
0.

06
8

Y
43

2.
47

4
19

.0
29

.4
0.

06
8

Y
57

0.
02

9
9.

0
10

.9
0.

24
8

Y
64

0.
08

4
10

.8
21

.9
0.

01
4

D
is

ta
nc

es
, R

, (
Å

) m
ea

su
re

d 
be

tw
ee

n 
ce

nt
er

 o
f T

yr
 ri

ng
 a

nd
 m

id
po

in
t o

f b
on

d 
be

tw
ee

n 
Tr

p 
C
δ2

 a
nd

 C
ε2

 (s
ee

 F
ig

. 1
). 

D
ip

ol
e 

or
ie

nt
at

io
n 

fa
ct

or
, κ

2 ,
 F

ör
es

te
r c

rit
ic

al
 d

is
ta

nc
e,

 R
o,

 a
nd

 e
ne

rg
y 

tra
ns

fe
r

ef
fic

ie
nc

y,
 E

, c
al

cu
la

te
d 

fr
om

 e
qu

at
io

ns
 (2

) a
nd

 (3
) a

s d
es

cr
ib

ed
 in

 te
xt

.

Biophys Chem. Author manuscript; available in PMC 2012 December 1.



N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

Renthal et al. Page 18

Table 2

Measured relative quantum yields and calculated energy transfer efficiencies

Peptide medium Qo fw (280 nm) E

AB
DOPC 0.961 0.649 0.889

SDS 0.582 0.53 0.111

A
DOPC 0.916 0.881 0.29

SDS 0.844 0.772 0.32

Relative quantum yields of peptide emission (Qo) measured from Figs. 2 & 3. Energy transfer efficiency calculated from equation (1).
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