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Abstract
We have undertaken time-resolved Förster resonance energy transfer (FRET) and molecular
dynamics simulations to analyze conformations and conformational heterogeneity of an analog of
leucine enkephalin in solution and in the presence of SDS micelles. Enkephalins are opioid
pentapeptides that interact with opioid receptors in the central nervous system. We used time-
correlated single-photon counting to detect energy transfer between the N-terminal tyrosine and a
tryptophan residue substituted for phenylalanine at the 4 position. FRET from Tyr to Trp was
measured over a temperature range from 5°C to 55°C in aqueous solution. By taking into account
Tyr rotamer interconversion rates measured previously, we determined average distances between
Tyr and Trp for the two populated rotameric conformations of Tyr. Molecular dynamics simulations
(100 ns) support this analysis and indicate extensive conformational heterogeneity. The simulations
also predict that the FRET orientational factor is correlated with the Tyr-Trp separation. Failure to
account for the correlation between orientation and distance results in errors that appear to be largely
offset in YGGWL by a weighting bias inherent in the R−6 dependence of the energy-transfer rate.
The Tyr lifetimes decrease upon titration of the peptides with SDS, indicating formation of compact
conformations of the peptide in the micelle environment. This result is consistent with the conjecture
that the lipid environment may induce formation of bioactive conformations of the peptide.
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Introduction
The enkephalins are opioid pentapeptides that activate opioid receptors in the mammalian pain
response pathway. Since the enkephalins were identified in 1975,1 researchers have
investigated the conformations of these peptides and the basis for their receptor selectivity.
2-4 NMR measurements,5 infrared spectroscopy,6 Raman spectroscopy,7 and molecular
dynamics (MD) simulations8-12 indicate that enkephalins lack a well-defined secondary
structure in aqueous solution. However, these studies may not accurately represent the actual
physiological environment of the peptide interacting with an opioid receptor, and the
membrane environment may induce bioactive peptide structures.13 In hydrophobic or
membrane environments enkephalins appear to adopt more compact and structured
configurations due to interaction with the lipid bilayer.5,6,14-19 The average distance between
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the pharmacore groups (Tyr and Phe) may correlate with selectivity toward different opioid
receptors.20 Computational studies of enkephalin structure support this hypothesis.12 The δ-
opioid receptor may be sensitive to a wide range of conformations with aromatic separations
of 5 to 15 Å.12,20 Leucine enkephalin (YGGFL), which demonstrates δ-receptor activity,
appears to form structures with a wide range of aromatic sidechain separations.12

Given the structural heterogeneity in enkephalins and the importance of the spatial separation
between aromatic groups, fluorescence studies should provide an excellent tool for the analysis
of enkephalin structure. A previous FRET study of the Trp-4 analog of Met-enkephalin and
Leu-enkephalin indicated an average distance between Tyr-1 and Trp-4 of 9.3 Å.21,22

However, multiple conformational states cannot be distinguished by steady-state FRET
measurements. Time-resolved fluorescence can resolve conformations in solution by Förster
resonance energy transfer (FRET) because the presence of conformational states with a
distribution of FRET rates should result in a multiple fluorescence decay components.

In this work we demonstrate the utility of time-resolved fluorescence for detecting and
characterizing heterogeneous structure in a Leu-enkephalin analog. We use a peptide
(YGGWL) in which Trp has been substituted for Phe at the fourth position of YGGFL. This
peptide has been shown to have opioid activity similar to that of YGGFL.22 Molecular
dynamics (MD) simulations were carried out to relate the observed FRET efficiencies to
conformations of YGGWL, including rotameric conformations of the N-terminal Tyr residue.

We reported previously that the Tyr fluorescence decay of YGGFL is comprised of three
distinct exponential components, which can be related to the rotameric conformations of Tyr
about the Cα-Cβ bond: trans (t), gauche− (g−), and gauche+ (g+).23 In the present case, the
fluorescence decay of Tyr depended not only on the rotameric state of Tyr, but also on
conformational states of the peptide that affect either the Tyr-to-Trp distance or the relative
orientations of Tyr and Trp. The Tyr fluorescence decay distribution for YGGWL was
heterogeneous with FRET rates that correspond to at least two peptide conformations. The Tyr-
to-Trp distances did not change significantly with temperature in aqueous solution, suggesting
that no significant conformational changes occur over this temperature regime. MD simulations
showed multiple FRET states but also suggested a correlation between Tyr-to-Trp distance and
the FRET orientational factor. It was more difficult to determine the Tyr-to-Trp distance in
YGGWL in the presence of SDS micelles due to the complexity of the rotamer interchange
problem and the lack of information about the effect of SDS on tyrosyl photophysics.
Nevertheless, the formation of a compact state in the membrane environment was demonstrated
by a significant increase in the amplitude of a highly quenched Tyr fluorescence lifetime.

Materials and Methods
YGGFL and SDS (SigmaUltra) were obtained from Sigma (St. Louis, MO). Buffers were of
the highest grade available. YGGWL was synthesized by the Biochemical Research Service
Lab at the University of Kansas. The purity of the peptides was assessed by mass spectrometry.
The sample was dissolved in phosphate buffer at pH 7.

Steady-state fluorescence spectra were obtained on a PTI Quantamaster fluorimeter
(Lawrenceville, NJ). Time-resolved fluorescence measurements were performed with time-
correlated single-photon counting instrumentation described previously.24 Intensity decays
were collected at the magic-angle polarization to eliminate orientational contributions. The
excitation wavelength for all samples was 280 nm and the emission wavelength was centered
at either 295 nm or 305 nm with an emission monochromator bandpass of 10 nm.

Fluorescence decays were fit to a distribution of fluorescence lifetimes by maximum-entropy
(ME) analysis25,26 with the program mem3 (a kind gift from Prof. N. Periasamy). This method
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fits the data to a distribution of fixed, logarithmically-spaced lifetimes by optimizing the
amplitude surface for the distribution. The ME algorithm discriminates against sharp
modulation of the amplitudes as a function of lifetime. Hence, the method identifies a minimum
number of decay components without a priori assumptions about what that number should be.
26 However, we have found that ME analysis tends to overestimate the amplitude of short
lifetime components relative to longer lifetime components. This is troublesome for the
comparison of lifetime distributions quenched by FRET to those of the unquenched donor
fluorophore. Therefore, fluorescence decays were also analyzed by non-linear least squares
fitting to multiple exponentials. The time constants from the nonlinear least-squares analysis
were compared with the ME distributions to ensure that the peaks of the ME lifetime
distributions were accurately approximated by the nonlinear least-squares analysis.

Molecular dynamics (MD) simulations were performed with CHARMM27 version 22 with all-
atom parameters and topology, including the CMAP correction for backbone torsions. The
YGGWL peptide was generated in an extended conformation and solvated in a truncated cubic
water cell creating a system with 1633 TIP3P water molecules and 4980 atoms altogether. The
solvent cell was a bcc cell (truncated cube or truncated octahedron) based on cutting the corners
of a cube with side 47 Å. After equilibration the cell size was ca. 46 Å. Thus, the distances
between the cell faces in the x,y,z directions were 46 Å, and the distances between faces
perpendicular to cube diagonals were 40 Å. In the fully extended conformation, the maximum
dimension of the peptide was about 18 Å, so the distance between the peptide and the sides of
the cell was at least 11 A in all directions. In the simulations we used the standard force-field
charges of the residues, which reflect the ground electronic state. Our modeling of the FRET
experiments is thus based on the assumption that electronic excitation of the sidechains will
have a negligible influence on the peptide conformational distributions.

We generated several 100-ns MD trajectories of YGGWL with both cutoff and Ewald
treatments of electrostatics and with different solvent cell sizes. All these trajectories gave
similar results relating to the conformational distributions of the peptide. In the analysis of
simulation results we have selected a single trajectory (with cutoff electrostatics and cell size
defined above) for simplicity. After 100-ps equilibration with fixed peptide and 100-ps
equilibration of the whole system, a 100-ns trajectory was generated at a constant temperature
of 300 K and constant pressure of 1 atm. The simulations employed SHAKE constraints on
bonds involving hydrogen atoms, a 2-fs time step, and standard 12-Å cutoffs for the non-
bonded interactions with van der Waals terms smoothed through a switching function and
electrostatic terms truncated through a shift function. Generation of the 100-ns trajectory took
about six months on a single processor on a Linux workstation.

In trajectory analysis, we calculated the time courses of the distance R between the centers of
mass of the Trp and Tyr side chains, the peptide end-to-end distance (i.e. separation between
the Tyr and Leu alpha carbons), the backbone and side chain dihedral angles, and the vectors
of the transition dipoles of Tyr and the Trp 1La and 1Lb states. This allowed us to study the
distributions of various coordinates of interest as well as the conformational dynamics of the
peptide. The direction of the Trp La and Lb transition dipoles was based on published results.
28 Following these authors, we defined a coordinate system in the indole ring plane: using TRP
atom names, the x axis passed through the center of the CH2-CZ3 bond and the CD1 atom,
while the y axis was along the CE2-CD2 bond. The La axis formed an angle of −41° with the
x axis, while the Lb state formed an angle of 54° with x. In the trajectory analysis we calculated
the instantaneous axis directions based on atomic coordinates. For Tyr we used the short in-
plane axis as the transition dipole axis,29 defined based on centers of the CD1-CE1 and CD2-
CE2 bonds obtained from the trajectory.
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Simulated fluorescence decays were generated from the MD simulation as follows. Starting
from each step of the MD simulation, the probability of emission of a fluorescence photon and
the probability of energy transfer were tested for each subsequent step in the simulation by
comparison with a randomly selected number until the result was de-excitation of Tyr either
by fluorescence emission, nonradiative decay, or energy transfer. The probability of
fluorescence emission within a time step is related to the fluorescence radiative decay rate kr
by

(1)

where tstep is the length of a simulation time step. The radiative rate kr for tyrosine is 0.022
ns−1 24 and was assumed to be the same for each of the rotameric states of Tyr in the peptide.
In addition to the radiative rate, each rotamer has distinct nonradiative rates corresponding to
unique quenching pathways. The observed fluorescence decay rate is the sum of these rates
and the radiative rate:

(2)

The probability of non-radiative decay for each rotamer was calculated in the same manner as
in eq 1 except with the rate knr. The nonradiative rates for each rotamer consisted of two
contributions: the intrinsic nonradiative decay for each rotamer and the FRET rate. The intrinsic
nonradiative decay rate for each rotamer was taken from the YGGFL fluorescence decay rates
in the absence of rotamer interchange calculated in a previous paper.23 The rate of energy
transfer is given by30

(3)

where R is the Trp-to-Tyr distance, J is the overlap integral between the fluorescence spectrum
of the donor and the absorption spectrum of the acceptor, n is the refractive index (1.33 for
water), and the value of the orientational factor κ2 is given by30

(4)

where θT is the angle between the donor emission transition dipole and the acceptor absorption
dipole, θD is the angle between the donor emission dipole and the line connecting the donor
and acceptor point dipoles, and θA is the angle between the acceptor absorption dipole and the
line connecting the donor and acceptor dipoles. Given that J, n, and kr are the same for both
rotamers in this study, the only remaining parameters are κ2 and R.

At each time step in the simulation after a chosen starting point, the probabilities of fluorescence
emission, non-radiative decay, and energy transfer were calculated based on the simulated
distances, κ2 values, and intrinsic rotamer-specific non-radiative decay rates. These
probabilities were compared to a uniform random number between 0 and 1. If the random
number was less than the probability, the system was considered to decay according to that
pathway. If the pathway was emission, a fluorescence count was recorded with the appropriate
delay time from the starting point. Each point in the simulation was used as a starting point at
least 100 times to average over the different possible fates of each instantaneous state. Points
after 16 ns from the end of the simulation were not used to avoid end effects. In order to account
for the effects of convolution with an instrument response function, one of the experimentally
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recorded instrument response functions was used as an excitation time probability distribution,
PE(t). For each photon, a random number was generated according to this distribution and
added to the arrival time for the photon. In this way, the photon arrival times were convoluted
with the instrument response function. Analysis of this data was performed in the same way
as analysis of experimental data.

Theory
The theory of tyrosyl rotamer interchange and its effect on the fluorescence decay of the tyrosyl
residue in small peptides has been described in detail by us and others.23,31,32 That work
demonstrates definitively that rotamer interchange occurs on the time scale of the fluorescence
decay and must be accounted for to accurately describe the photophysics of Tyr in peptides.
For the present work, we extend that theory to include resonance energy transfer from Tyr to
Trp in the leucine enkephalin point mutant YGGWL. The Tyr fluorescence lifetime was used
to determine the FRET rate. In order to calculate the FRET efficiency, it was therefore
necessary to know the fluorescence lifetime of the energy donor (Tyr) in the absence of FRET.
But the Tyr lifetime depends strongly on the Tyr rotameric configuration.23,31,32 Therefore, it
was necessary to take into account the rotameric configuration of Tyr (but not of Trp, because
it is the energy acceptor and its lifetime was not measured) to determine the FRET rate. Because
only two populations were resolved in the distribution of fluorescence lifetimes, we treated
two rotameric states of Tyr (g− and t). The g+ rotamer of Tyr is neglected, but its population
appears to be quite small,23 a conclusion supported by the MD simulations.

The kinetic model is shown in Figure 1. The rate equations are given by

(5)

Here kA and kB are the intrinsic fluorescence decay rates for states A* and B* in the absence
of rotamer interchange or FRET, kAB and kBA are the rotamer interchange rates, and kAT and
kBT are the energy transfer rates for states A and B. This system of equations has the solution:

(6)

where λ and V→ are the eigenvalues and eigenvectors of the matrix in eq 5, and a and b were
determined by the relative initial rotamer populations from NMR studies, as described
previously.23 The observed fluorescence decay rates, taken either from the peak of the ME
distributions or from the discrete fits, were equated with the eigenvalues of the matrix in eq 5,
and the fluorescence decay rates and rotamer interchange rates were determined from the
fluorescence decays for YGGFL as described by eq 5 in the absence of FRET.23

Results
Fluorescence measurements

The fluorescence spectra (corrected for concentration differences) for YGGFL and YGGWL
excited at 260 nm are compared in Figure 2. Tyrosyl fluorescence was significantly quenched
by energy transfer in YGGWL relative to YGGFL. Considering the similarity between these
peptides, it is unlikely that this quenching was due to any process other than energy transfer.
A comparison of the ME lifetime distributions for YGGFL and YGGWL excited at 280 nm
over a temperature range from 5°C to 55°C is shown in Figure 3. For YGGFL (left column)
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the ME distributions reveal three peaks for temperatures up to 25°C and two peaks for
temperatures of 35°C and higher. (The ME distribution for YGGFL at 25 °C was reported
previously23 and is reproduced here for comparison.) The widths of the distributions include
contributions from noise in the data and therefore are not useful for assessing heterogeneity.
26 The presence of three components in YGGFL has been attributed to the existence of three
rotameric conformations of the N-terminal tyrosine.23,31-34 The ME distributions are
consistent with the use of three exponentials in discrete fits reported previously for YGGFL.
35,36 However, the results of discrete fits do not always yield lifetime values consistent with
the peaks of the ME distributions determined from the same data set, as noted previously.23

The distributions for YGGWL are also shown in Figure 3 (right column). Comparison with
the ME distributions for YGGFL reveal two salient differences. First, the distributions are
shifted to shorter lifetimes as expected for FRET between Tyr and Trp. Second, the lifetime
distributions for YGGWL appear broader than those for YGGFL suggesting the presence of a
distribution of Tyr-Trp distances. In order to assess the possibility of a contribution from Trp
in the YGGWL fluorescence decays at 303 nm, we also collected Trp emission in YGGWL at
350 nm (data not shown) again exciting at 280 nm. At room temperature this lifetime
distribution was broad with a maximum around 2 ns and little amplitude under 0.5 ns. In Figure
3 the lifetime amplitude at 2 ns is small, indicating very little contribution from Trp. Even a
small contribution from Trp could affect the goodness of fit, so for some of the nonlinear least
squares analyses a long lifetime was added to account for this contribution.

The temperature dependence of the amplitudes of decay components for YGGWL and YGGFL
is shown in Figure 4. (The amplitudes for the decay components for the long component in
YGGFL were reported previously23 and are shown here for comparison.) The rotamer
populations determined by NMR for Met-enkephalin,37 a peptide similar to YGGFL, are shown
as well. (Note that these are not the populations reported in the literature, but rather the
populations calculated from the coupling constants by the method of Altona et al.38 as described
elsewhere.23) The amplitudes for both peptides were close to the NMR populations at low
temperatures. As temperature increased, the amplitude of the long lifetime increased at the
expense of the short lifetime amplitude. The amplitudes for YGGWL were closer to the NMR
populations than the amplitudes for YGGFL were. This is probably the result of the shorter
Tyr lifetime relative to the rotamer interchange rate in YGGWL. They also did not show the
same degree of change with temperature as the YGGFL amplitudes. For comparison, the
rotamer populations from the MD simulation were 45% t, 55% g−.

Analysis of FRET results
In order to estimate FRET rates from the Tyr lifetime data for YGGWL shown in Fig. 3, some
simplifying approximations were needed. In principle, the lifetime distributions for YGGWL
could include contributions from the distribution of FRET rates, the rotamer interchange rates,
and other conformational interchanges that occur on the timescale of the fluorescence lifetime,
as well as from noise in the fluorescence data. It was not possible to analyze the distribution
of lifetimes quantitatively due to the complex relationship between ME distribution shapes and
the lifetimes and noise present in the measurement. Therefore, for this analysis double-
exponential fits, shown as vertical lines in Fig. 3, were used to represent the fluorescence decays
of YGGWL.

In comparing the fluorescence lifetimes for YGGFL and YGGWL, we note first that the longer
lifetime component of YGGWL at each temperature (e.g. ca. 0.5 ns at 25°C) is shorter than
the longer lifetime peak but longer than the intermediate lifetime peak in the ME distributions
for YGGFL (for temperatures ≤ 25°C) or the shorter lifetime peak (for temperatures > 25°,
where only two peaks are resolved for YGGFL). The longer lifetime component for YGGFL
(ME peak at 1.05 ns) can be assigned to the g− rotamer and the intermediate lifetime peak to
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the t rotamer (peak at 0.4 ns).23 The longest lifetime component in YGGWL has a shorter
lifetime than the g− component in YGGFL, but longer than the lifetime of the t component in
YGGFL. Because energy transfer can only make lifetimes shorter, we can unambiguously
associate the longest component in YGGWL with Tyr in the g− rotameric configuration. MD
simulations indicated that about 77% of the g− rotamer population belongs to an extended
peptide conformation (see below). Thus we expect that the longer lifetime of YGGWL should
yield the average FRET rate for the g− rotamer corresponding to this extended conformation.
Analysis of the shorter lifetime component in YGGWL is not as clear cut, since it may have
contributions from the peptide with Tyr in the t conformation plus from a g− population of Tyr
(23 % according to the simulation) associated with the peptide in a more folded conformation.
We have no way of separating these contributions to the experimental data. However, given
that the longer lifetime decay corresponds to most of the g− population, we conclude that the
shorter lifetime peak corresponds predominantly to the t rotamer and will yield an approximate
average Tyr-to-Trp FRET rate for the t rotamer.

To determine FRET rates from Tyr fluorescence lifetimes the Tyr fluorescence lifetimes were
needed in the absence of FRET, and these depend on rotameric configuration and rotamer
interchange rates. We assumed that the intrinsic Tyr fluorescence decay rates, rotamer
populations of Tyr, rates of tyrosyl rotamer interchange, and other environmental effects were
the same for YGGFL and YGGWL. These assumptions are justified by the similarity between
the two peptides with respect to both structure (Trp is a conservative substitution for
phenylalanine) and biological activity.22 The rates of tyrosyl rotamer interchange in YGGFL
were reported in a previous publication.23 Contributions from other conformational motions
were neglected in the analysis. For calculation of Tyr-Trp distances, the orientation factor κ2

was set to the orientationally averaged value of 2/3. This assumption was tested by comparison
of the experimental results with distance distributions from MD simulations and is discussed
further below.

With these assumptions the energy transfer rates for each of the observed states of YGGWL
were determined from eq 5, and the average Tyr-to-Trp distance for each rotamer was
calculated at each temperature from eq 3. This information is plotted in Figure 5. The average
distances calculated in this way for the g− and t rotamers at 25°C were 11.5 Å for g− and 8.8
Å for t. These values are in very good agreement with the average ring–to-ring distances
calculated from the MD simulations for the g− and t rotamers of Tyr (see below), suggesting
that our approach is valid. The same procedure was followed at other temperatures. Figure 5
shows that the inter-chromophore distance calculated in this way did not change significantly
as a function of temperature.

Leu-enkephalin in SDS micelles
Figure 6 shows the effect of SDS micelles on the ME distributions for YGGFL and YGGWL.
For YGGFL (left column) at low SDS concentrations the ME distributions were similar to
those observed in the absence of SDS (Figure 3), although only two peaks were resolved. For
SDS concentrations between 5 and 10 mM, the average lifetime of YGGFL showed a distinct
increase. This encompasses the critical micelle concentration of SDS (8 mM39), suggesting
that the tyrosyl chromophore interacts with micelles at SDS concentrations of 10 mM or higher.
At 20 mM SDS, no free YGGFL was present in the solution as evidenced by the lack of a
lifetime contribution at 1.5 ns (the lifetime in the absence of SDS). For YGGWL (Figure 6,
right column), the lifetimes were shorter and the distributions broader than for YGGFL. In
addition, the ME distributions displayed an increased amplitude of a short-lifetime component
at about 0.1 ns with addition of SDS. The amplitude of this component became significantly
larger for SDS concentrations of 15 mM or higher. The fluorescence decays for YGGWL in
the presence of SDS were also fit to two-exponential decay functions. Vertical lines in Figure
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6 show the results of these fits. Figure 7 plots the corresponding amplitudes of the short and
long–lifetime components for both YGGFL and YGGWL in the presence of SDS.

The increased amplitude of short-lifetime states for YGGWL above the critical micelle
concentration indicates the formation of compact conformations of the peptide. However, it
was not possible to quantify the FRET rate for the compact state for several reasons. First, the
rotamer interconversion rate could not be determined due to the lack of accurate information
about the rotamer populations and the lifetime of free Tyr in the micelle environment. Small
dipeptides containing Tyr (Tyr-Ala, Tyr-Gly, etc.) do not bind to micelles,40 so it is unlikely
that free Tyr binds to micelles and therefore its intrinsic lifetime in the micelle is not known.
In addition, as mentioned earlier, NMR coupling constants are dependent on environment,
making it difficult to assess the rotamer populations from NMR measurements. Second, the
observed short lifetimes could represent combinations of the short-lifetime rotamer population
of YGGWL in an extended conformation and the lifetime distribution of either rotamer in a
compact conformation. Since these decays were not resolved, it was not possible to determine
the interconversion rate.

Molecular Dynamics Simulations
Molecular dynamics simulations were carried out to calculate the distance distributions of
YGGWL. Figure 8 shows the trajectory of Tyr-Trp distances and the corresponding probability
distribution of Tyr-Trp distances. The distribution shows a broad range of Tyr-Trp distances
with peaks at 6.0 Å. 9.5 Å, and 13.4 Å. This distance distribution compares favorably with the
distribution of Tyr-Phe distances predicted in a 10-ns MD simulation of YGGFL,12 suggesting
that the conformational distributions for YGGWL and YGGFL are similar. It is not clear
whether minor differences between the distributions (e.g. a larger predicted population for the
shortest distance configuration in YGGFL) are due to intrinsic differences in conformational
populations or to differences in the simulation protocols. Another recent simulation of YGGFL,
however, predicted a narrower distribution of Tyr-Phe distances with a peak at 9 Å at neutral
pH.11 Our simulations predicted a much wider conformational heterogeneity, including
broader Tyr-Phe distance distribution than reported in ref 11. Compared to our calculations,
the simulations in that work used the GROMOS force field, a different non-bond truncation
scheme, a different water model, about 50% fewer waters, and much shorter trajectories of
5-10 ns. We believe that our longer trajectory and increased periodic system size give a realistic
model for YGGWL structural fluctuations because of the good agreement with experimental
data, as shown below.

The MD simulations were also used to test whether the Tyr-to-Trp distances are correlated
with the Tyr rotamer conformation. For each point in the trajectory, the rotamer configuration
was classified as t (χ1 ≈ 180°) or g− (χ1 ≈ −60°). (The g+ rotamer was not observed in the
simulation, in agreement with previous results for YGGFL.23) The calculated mean distances
are shorter for the t rotamer than for the g− rotamer. The mean distances between the centers
of mass of the Tyr and Trp sidechains were 12.8 ± 1.0 Å for structures with Tyr in g−
conformation and 10.5 ± 0.8 Å for t. These values are close to the experimental distances of
11.8 to 12.9 Å between the Tyr gauche(−) rotamer and Trp and 8.8 to 10.4 Å between the Tyr
trans rotamer and Trp (Figure 5) calculated as described above. Figure 8 also shows the Tyr-
to-Trp distance distributions obtained in the MD simulation for each rotamer. For the g−
rotamer, the Tyr-to-Trp distances were weighted strongly to an extended conformation peaking
at 13 Å, with 77% of the structures exhibiting distances above 11 Å. In contrast, the Tyr-to-
Trp distances for the t rotamer showed a more evenly distributed spread of distances from
compact to extended, with peaks at 6 Å, 9 Å, and 12 Å.

To analyze the conformations sampled in the simulation, we performed hierarchical clustering
of 100,000 structures (saved once every ps). In terms of the eight backbone dihedrals, 76
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clusters were identified for a 60° radius; the largest cluster had 12,479 members, and there
were 51 clusters with more than 500 members. In terms of the six side-chain dihedrals, there
were 57 clusters for a 60° radius; the largest cluster had 8,229 members, and 51 clusters had
more than 500 members. Thus, the peptide exhibited significant structural heterogeneity. A
few sample structures are shown in Figure 9. Among the sampled conformers there were many
in which the individual central residues (GGW) occupied extended structures, with lower
populations of left-handed and right-handed helices.

The MD simulations revealed transitions between the g− and t rotamers of Tyr on the
nanosecond time scale. Based on the Tyr rotamer trajectory, the rotamer transition rates were
estimated. A tabulation of lag times in the g− and t rotamers yielded average lag times of 2.1
± 0.5 ns in the g− rotamer and 1.7 ± 0.5 ns in the t rotamer (where the uncertainties are the
standard errors), corresponding to transition rates of 0.5 ns−1 and 0.6 ns−1, respectively. These
rates are consistent with but slightly slower than the rotamer interchange rates for Tyr in
YGGFL determined from Tyr fluorescence decays: 0.27 to 0.44 ns−1 for g− to t and 0.19 to
0.31 ns−1 for t to g−.23

In order to compare the MD simulation with experimental results, fluorescence decay curves
with FRET were calculated from the MD simulation as described in Materials and Methods.
The simulated fluorescence decays are shown in Figure 10. We analyzed the simulated decays
using exponential fits (both with and without convolution of the experimental instrument
function) and by ME analysis. Generally, the agreement between exponential fits and ME
analysis was good with the exception of the ME analysis for the simulation with FRET. Here
the ME analysis yielded three peaks in the lifetime distribution, whereas non-linear least
squares yielded two lifetimes of which the longest agrees well with the longest-lifetime
component from ME analysis and the shortest lies between the two short-lifetime ME
distributions. Otherwise, the fits to convolved and non-convolved simulated decay curves were
similar, and we chose to analyze the non-convolved decay curves. By analysis of the simulated
decay curves without FRET by the methods used previously for YGGFL,23 we found a g− to
t rate constant of 0.31 ns−1 with an equilibrium constant ([t]/[g−]) of 0.86. Direct analysis of
the first 84 ns of the trajectory gaves an equilibrium constant of 0.92 and an average g− on
time of 1.4 ns corresponding to a g− to t transition rate of 0.7 ns−1. Careful observation of the
trajectory showed that many g− to t transitions persisted for less than 3 picoseconds. If these
were omitted, the g− on time increased to 3.3 ns corresponding to a transition rate of 0.30
ns−1. Therefore, the decay analysis accurately reported the kinetics of rotamer interchange in
the absence of FRET. Experimentally, our previous paper reported an equilibrium constant
around 1.4 and a g− to t transition rate of 0.27 to 0.44 ns−1.23 Therefore, the simulated rotamer
interchange rates were similar to experiment, but the simulation underestimated the population
of the t rotamer. The result was a slower overall fluorescence decay in the simulated
fluorescence data.

To analyze the simulated lifetimes in the presence of FRET, we fixed the rotamer interchange
rate and equilibrium constant to the values determined from the simulation without FRET and
followed the same procedure as used for analysis of the experimental data. The resulting
distances calculated for the short and long-lifetime states were 9.7 Å and 13.0 Å. Direct analysis
of the first 84 ns of the simulation gives an average t distance as 10.6 Å and an average g−
distance as 12.8 Å. The similarity of these values suggests that our approach accurately recovers
the average distances with the long-lifetime distance being determined more accurately than
the short-lifetime distance. The agreement also supports the validity of the analysis of the
experimental data, which were analyzed by the same approach.

In comparison, from the experimental data we recovered a short-lifetime distance of 8.8 Å and
a long-lifetime distance of 11.5 Å. These distances are both shorter than those from the
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simulation by a slightly more than 1 Å. Thus, the slower overall simulated fluorescence decay
compared to the experimental data could be a result of a longer average Y-W distance in the
simulation compared to experiment. Another possibility is an underestimation of κ2 (i.e. an
actual κ2 greater than the value of 2/3 used to calculate the experimental distances), which
could produce such a result (see eq 3). However, in the simulation the average κ2 is less than
2/3, suggesting instead that 2/3 is an overestimate of κ2. Thus the slower simulated fluorescence
decay compared to the experimental fluorescence decay appears to result from two factors: (1)
an overestimate in the simulation of the population of the g− rotamer relative to the t rotamer
of Tyr, and (2) an overestimate of the average Y-W distance in the simulation. These two effects
may be correlated, since the average Y-W distance is greater in the g− rotamer than in the t
rotamer.

The FRET orientational factor κ2

The MD simulations also permitted calculation of the FRET orientational factor κ2. Figure 11
shows plots of κ2 versus distance for energy transfer to either the La or Lb states of Trp. It is
clear that a wide range of κ2 values was sampled over the course of the trajectory. The scatter
in κ2 values was especially broad around 7 to 10 Å. Although the values of κ2 shown in Figure
11 span a range from 0.2 to 1, the measured FRET rate is a sum over the La and Lb transitions
of Trp, given by

(7)

where J(La) and J(Lb)) are the FRET overlap integrals for energy transfer to the La or Lb states
of Trp, and κ(La)2 and κ(Lb)2 are the corresponding orientational factors. For Tyr to Trp energy
transfer, the La state accounts for 74% and the Lb state 26% of the total overlap integral.

The average κ2 values calculated from the MD simulation were 0.54 for both the t and g−
rotamers of Tyr for energy transfer to the Trp La state and 0.57 for t and 0.54 for g− for energy
transfer to the Trp Lb state. Averaged over the La and Lb states of Trp, 〈 κ2〉 was 0.55 for t and
0.54 for g−. Thus the average κ2 values were nearly the same for the two rotamers, predicting
that the observed FRET distributions reveal actual differences in distance for the two rotamers
and not orientational differences.

The MD simulations also allowed us to investigate the question of whether κ2 is correlated
with distance, an issue that has been discussed extensively by Krueger and coworkers.41 The
average values of κ2 as a function of Tyr-Trp distance R are shown in Figure 11. For energy
transfer to both the La and Lb states of Trp the average κ2 at each Tyr-to-Trp separation was
weakly correlated with distance. The data for the La and Lb states generally follow the same
trend. For distances shorter than 6 Å, κ2 was 0.4 to 0.5. For intermediate distances, close to the
first and second peaks in the distance distribution at 6 Å and 9.5 Å, the values were in the
0.6-0.8 range, at or above the rotationally-averaged value of 2/3. For longer distances κ2 tended
to exhibit lower values, in the 0.35-0.6 range. A similar behavior is shown by the distribution
of the weighted average values of the two Trp transitions. Since the population of peptide
conformations with a Tyr-to-Trp distances less than 6 Å was quite small, the overall trend is
one of decreasing κ2 with increasing distance.

Given the apparent correlation of κ2 with R, the question arises of the effect on average distances
determined by FRET. If a single average κ2 value 〈 κ2〉 is used, the apparent distance calculated
from FRET rates is given by
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(8)

where 〈κ2〉av is the average value of κ2 used in the calculation (e.g. 2/3). We have also assumed
that the radiative rate kr was constant over the ensemble. To test the effect of the distribution
of distances R and the correlation between κ2 with R, we calculated 〈Rapp〉 from the MD
simulation. Toward this end, values of R, κ2, and κ2/R6 were binned in 200 bins of 500 ps each
to model averaging over the fluorescence lifetime. In each bin, the Tyr χ1 dihedral angle was
assigned either to t or g− based on the majority conformer present. Averages 〈…〉 were computed
over the entire trajectory. The resulting averages are tabulated in Table 1.

First, we note that even if κ2 were constant over the distance distribution (e.g. due to
orientational averaging that is rapid on the time scale of the fluorescence lifetime), 〈Rapp〉
would differ from 〈R〉 because the average 〈R−6〉 is more heavily weighted at shorter distances
due to the inverse-sixth power dependence. As can be seen from Table 1, the result is deviations
of up to 20% relative to 〈R〉. In contrast, 〈Rapp〉 calculated from eq 8 differs from 〈R〉 by 5%
or less. This is apparently because the correlation between κ2 and R leads to an energy transfer
rate that is lower than it would be if κ2 were constant over the distance distribution. This can
be understood based on the distributions of R and κ2 shown in Figures 8 and 11, where it can
be seen that κ2 tends to have low values for the major peak in the distance distribution (11 to
15 Å). Thus, the good agreement between Rapp and 〈R〉 in this case appears to result from
offsetting errors from two sources: one from the average of 〈R−6〉 and the other from the
correlation between κ2 and R. Use of the orientationally averaged value of 〈κ2〉 = 2/3 resulted
in nearly the same values for 〈Rapp〉 as obtained with κ2 averaged over the MD simulation
because of the 1/6 power dependence of the calculated R on 〈κ2〉.

Discussion
Enkephalins are thought to adopt distinct conformations in binding to a receptor.42,43 Our
approach here was to characterize conformations by Tyr-to-Trp FRET in an enkephalin analog,
YGGWL, in solution and in SDS micelles. In addition, we used MD simulations to predict
distance distributions and to evaluate the effect of orientation (the κ2 factor in eq 3) on the
FRET rates.

A complication in the measurement of Tyr fluorescence decays in peptides is the presence of
up to three rotameric conformations of Tyr, each with a different intrinsic fluorescence decay
rate. Based on previous work,23,31-34 the long lifetime state of YGGWL corresponds to the g
− state in which the aromatic ring lies close to the N-terminus. The short-lifetime state is
dominated by the t rotamer in which the phenol ring points away from the N-terminus. The
proximity of the ring to the carbonyl group in this state allows charge-transfer quenching to
occur. The g+ state is also quenched, but it had a much lower population than the other two
states and did not appear at all in the MD simulation. The increased fluorescence quenching
due to FRET must therefore be evaluated for each rotameric state.

N-terminal Tyr rotamer interchange on the nanosecond time scale further affect the
fluorescence decay rates.23 It was therefore necessary to incorporate the rotamer interchanges
rates measured for YGGFL23 in order to analyze the fluorescence decays in YGGWL. It is
interesting to note that the fluorescence decay amplitudes of YGGWL match more closely to
the amplitudes predicted by NMR than do those of YGGFL (see Figure 4). This apparently is
a result of the fact that the shorter the fluorescence lifetimes are relative to the rotamer
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interchange rate, the smaller the effect of rotamer interchange on the fluorescence lifetimes.
23 Therefore, the shorter lifetimes of YGGWL are less affected by rotamer interchange than
the longer lifetimes of YGGFL.

Based on the rotamer interchange rates determined previously for YGGFL,23 FRET rates and
the corresponding Tyr-to-Trp distances (shown in Figure 5) were estimated for the g− and t
rotamers of YGGWL. The results reported here show that the average Tyr-to-Trp distance in
YGGWL does not change significantly over this temperature range. Previous work in our
laboratory showed that internal tyrosyl motions in YGGFL increase in amplitude as a function
of temperature.35 Therefore the increasing dynamics of YGGFL at higher temperatures are
likely related to a greater rate of conformational interchange rather than access to new regions
of the conformational landscape. If new extended conformations existed at higher
temperatures, one would expect new decay components with a longer lifetime to appear in the
ME distributions. Exploration of a large space of conformational states found in our 300-K
MD simulation could explain the lack of temperature dependence of the spectroscopic signals.
If the peptide is so flexible that few new structures are sampled at higher temperatures, this
would lead to similar FRET signals over a range of temperatures.

Comparison with MD simulations
The estimated Tyr-to-Trp distances agree well with the average distances determined for each
Tyr rotamer from MD simulations. This agreement lends support to the analysis method we
have used. In addition, it permits comparison to simulations of Leu-enkephalin (YGGFL). In
a 10-ns simulation12 with the TIP3P water model, YGGFL sampled a range of Tyr-to-Phe
distances from 5 to 15 Å, similar to the Tyr-to-Trp distances obtained in the simulation
presented here. The distribution of Tyr-to-Phe distances in the 10-ns simulation formed three
well defined populations with ring–to-ring distances of 6 to 8 Å, 9 to 12 Å, and 12 to 15 Å.
The similarity to the Tyr-to-Trp distance distribution sampled in our 100-ns simulation suggests
that the conformational states of YGGWL are similar to the conformational states of YGGFL.
In contrast, an SPC water simulation by Aburi and Smith resulted in an average distance of 9.6
Å between the Tyr and Phe aromatic rings in YGGFL and a distribution sharply peaked around
9 to 10 Å with a shoulder extending to longer distances.11

FRET orientational factor
The MD simulations also provide an opportunity to evaluate common assumptions about the
orientational factor κ2. The typical assumption that κ2 takes its orientationally averaged value
of 2/3 has been the subject of a great deal of attention.44,45 In as series of papers on the
conformations of peptides in solution combining molecular modeling with time-resolved
fluorescence measurements, Pispisa and coworkers have reported that that the κ2=2/3
assumption can result in significant error in the calculated distance, indicating that the donor
or acceptor fluorophore (or both) do not rotate freely.46,47 For YGGWL, based on the close
agreement between the Tyr-Trp distances predicted in the MD simulations and the values
calculated from the measured FRET rates, we can conclude that the FRET rates report actual
differences in Tyr-Trp distances rather than different orientations of the transition dipoles
relative to one another. The use of the orientationally averaged value 2/3 for κ2 does not, in
itself, result in a serious error relative to the use of the average κ2 values calculated from the
simulations (0.54 – 0.55). However, the apparent correlation between κ2 and R is a more serious
issue.

As pointed out by Krueger and co-workers, use of the orientationally averaged value for κ2

implicitly also entails the assumption that orientation and distance are not correlated.41 The
plots in Figure 11 show that indeed κ2 and R are weakly correlated. The explanation for this
behavior lies most probably in the conformational flexibility of the peptide (see below). In the
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middle range of distances, which corresponds to the majority of sampled structures, there
appear to be no restrictions of Tyr and Trp ring orientations, leading to κ2 close to the
orientation-averaged value. In the low range of sampled distances orientations appear to be
limited by collisions between the rings, while in the highly populated high range of distances
orientations are limited by the requirement that sidechains are directed in opposite directions.
In both cases this leads to κ2 values below the 2/3 average.

The FRET rate averaged over a time bin T takes the form (see eq 3):

(9)

where T has a length determined by the fluorescence lifetime in experimental measurements
or the binning time in simulations (500 ps in this case). The usual assumptions (κ2 uncorrelated
with distance and equal to 2/3) then yield an apparent distance given by

(10)

To illustrate the effect of this correlation on the calculated distances, we plotted the distance
〈Rapp〉T computed from the MD simulation (with T=500 ps, a typical fluorescence lifetime for
Tyr in YGGFL, see Fig. 3) versus 〈R〉T. The results, shown in Figure 12, indicate a strong
correlation between 〈Rapp〉T and 〈R〉T, as expected. Although the deviation between 〈Rapp〉T
and 〈R〉T can be quite large over a given time bin, the slope of the fit line is 1.1 with an intercept
of −1.4 Å, showing that the average deviation between the approximated and actual distances
is small. The deviation from diagonal appears to result from the correlation between κ2 and
R shown in Figure 11, where κ2 values are higher than 2/3 at intermediate distances and lower
than 2/3 at higher distances. Such deviations would result in a slope > 1 and intercept < 0 Å
for the plot of Rapp vs. R, as observed. As described in the Results section, the cumulate effect
in the ensemble-averaged distances is quite small, due in part to the compensating effects of
〈R−6〉−1/6 averaging. However, it cannot be expected that errors will cancel in other systems.
The results reiterate a caveat41 about the possible effect of κ2 correlation with distance in
systems with distributions of distances between fluorophores.

Conformations in the presence of SDS Micelles
The conformation of enkephalin is thought to change with the presumed formation of more
compact structures in the phospholipid membrane environment as suggested by NMR
measurements.5,14-16,18 Therefore it is of interest to observe the changes in the inter-
chromophore distance in the presence of SDS micelles. Several studies have shown that
YGGFL interacts with the membrane surface.48 The Tyr lifetime in YGGFL increases as the
SDS concentration is increased above the critical micelle concentration (Figure 6). Therefore,
the changes in the long lifetime of Tyr are very likely due to membrane interaction.

There are two possible sources of the increase in lifetime that should be considered. First, it
might be related to a change in the Tyr rotamer interconversion rate. Given the interaction of
the tyrosyl ring with the micelle, one might expect the rotamer interconversion rate to decrease.
This would result in an increase in the fluorescence lifetimes (especially the long lifetime), as
we indeed observed for YGGFL (see Fig. 6). (The relation between fluorescence lifetime and
rotamer interconversion rate is discussed in ref. 23.) One would also expect the relative
amplitude of the long lifetime to decrease. However, this did not occur, suggesting that the
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rotamer interchange rate may not be strongly affected by the micellar environment. In fact, the
amplitude of the long–lifetime component increased slightly at high SDS concentration (Figure
7, filled circles). This may reflect a change in rotamer populations caused by the membrane
environment. However, the coupling constants observed for the tyrosyl side chain are not
significantly affected by the membrane environment.49 The relationship between coupling
constants and rotamer population is itself environment dependent,38,50 but this environmental
dependence is not large, suggesting that the rotamer populations do not change drastically in
the membrane environment. Second, the increase in the long lifetime of tyrosine may result
from electronic effects. The lifetime of free tyrosine increases from 3.3 ns in aqueous solution
to 4.3 ns in 60% methanol (data not shown). Therefore, the lifetime increase of YGGFL in the
micelle can probably best be attributed to the change in local polarity and not to a significant
change in rotamer interchange rates.

The fluorescence decay of YGGWL revealed much more significant changes in fluorescence
amplitudes as a function of SDS concentration than the decay of YGGFL. From Figure 7, it is
obvious that the relative amplitude of the short lifetime distribution for YGGWL increased
significantly in the presence of micelles. Figure 7 shows these amplitudes relative to the rotamer
populations of enkephalin determined by NMR in aqueous solution. The amplitude of the short
fluorescence lifetime in the micelle was greater than that predicted by NMR in solution. If, as
suggested by NMR measurements,14 the rotamer populations are not changed by interaction
with the micelle, and if the rotamer interconversion rate is not changed significantly by the
micelle, as the anisotropy and amplitudes for YGGFL suggest, then this result indicates a
significant conformational change involving the Tyr-to-Trp distance distribution.

If YGGWL forms a compact state in the presence of micelles, the resulting decay times from
the g− rotamer in that state would be difficult to distinguish from the short lifetime associated
with the fluorescence decay of the t rotamer of Tyr in an extended conformation. As a result,
the combined amplitudes of these two short lifetime states would appear as an increase in the
total short-lifetime component in YGGWL. Changes in rotamer populations cannot account
for this increase, because a corresponding increase would have been observed for the amplitude
of the short lifetime component of YGGFL. Consequently, the lifetime distributions of
YGGWL in the presence of SDS micelles demonstrate that the peptide formed a more compact
state characterized by a shorter separation distance between Tyr and Trp. In the limit where
rotamer interconversion in the micelle is assumed to be much slower than the fluorescence
lifetimes and the relative orientations of Tyr and Trp are isotropically averaged (κ2=2/3), it is
possible to estimate the inter-chromophore distance of the compact state from the peak of the
short lifetime distribution in Figure 6 (0.09 ns). Since this lifetime represents an estimate of
the lifetime of the compact state, the average lifetime of YGGFL in 20 mM SDS (1.8 ns) was
used as reference for the calculation. Then the short lifetime corresponds to an energy transfer
efficiency of 95% and an average distance of 7.9Å, 2.0Å shorter than the average distance in
aqueous solution.

Conclusions
We have made use of time-resolved FRET in combination with ME analysis to investigate the
Tyr-to-Trp separation in YGGWL. The distances were 11.5 Å and 8.8 Å (at 25°C) for the long
lifetime state (assumed with support from MD simulations to consist mainly of Tyr in the g−
rotamer) and the short lifetime state (assumed to consist mainly of Tyr in the t rotamer),
respectively. These distances were largely independent of temperature, demonstrating that
there were likely no large scale conformational changes of YGGWL within the temperature
range studied here. The MD simulations predicted average Tyr-Trp distances of 12.8 and 10.5
Å in the g− and t conformers, respectively, in good agreement with the experimentally
determined values. Additionally, the calculated Tyr rotamer interconversion rates were in
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accord with observation and the significant structural heterogeneity found in the trajectory
provided an explanation of the lack of temperature dependence of the observed Trp-Tyr
distance. This suggests that our MD trajectory provides a realistic representation of the structure
and dynamics of YGGWL in solution. Thus, the simulation results could be used to verify our
method of extracting distances from the FRET signal and to explore the influence of assuming
full orientational averaging in FRET rate calculations. The MD results showed that the
orientational factor κ2 exhibits a characteristic variation with distance. The resulting error in
this case is small (ca. 5 %) because of the compensating effects of 〈R−6〉 averaging. However,
such a fortunate offsetting of errors need not occur in other systems.

Upon addition of SDS micelles, there was a significant increase in the amplitude of the short
lifetime component. This amplitude was greater even than the NMR rotamer population
predicted in the absence of rotamer interconversion. This cannot be attributed solely to a change
in rotamer population because the opposite effect was observed in the amplitudes of the
YGGFL lifetimes, which are sensitive to the same rotamer population changes. This shows
that a compact conformation was formed with decay rates that were indistinguishable from the
short lifetime in the extended state. As a result, quantitative estimates of the populations and
inter-ring distances are problematic for YGGWL in SDS micelles. However, the results clearly
show that this change in conformation significantly affected the Tyr-to-Trp distance, a
parameter thought to be important for receptor recognition.51 Both extended and compact states
appear to exist in the SDS micelle environment. Though it was not possible to quantify Tyr-
to-Trp distance for the compact state due to the complexity of the tyrosyl fluorescence decay,
in the limit that rotamer interconversion is slow relative to the fluorescence lifetimes and the
transition dipoles are orientationally averaged relative to one another, the distance was 7.9 Å,
significantly lower than the distances measured for aqueous solution.
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Figure 1.
Diagram for resonance energy transfer in an interchanging two state system. kAB and kBA are
the rotamer interchange rates, kA and kB are the intrinsic fluorescence decay rates of rotamers
A and B, and kAT and kBT are the resonance energy transfer rates from rotamers A and B.
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Figure 2.
Fluorescence spectra of YGGFL (solid line) and YGGWL (dashed line) corrected to account
for differences in concentration. The tyrosyl fluorescence band at 300 nm is significantly
quenched in YGGWL.
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Figure 3.
Maximum entropy distributions for the fluorescence decays of tyrosine in YGGFL (left
column) and YGGWL (right column) as a function of temperature in aqueous solution excited
at 280 nm and collected at 295 nm. The vertical lines are the lifetimes obtained from discrete
fits to two exponentials. The height of the line is proportional to the relative amplitude.
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Figure 4.
Amplitudes for the short lifetimes (squares, a1) and the long lifetimes (circles, a2) of YGGFL
(filled symbols) and YGGWL (open symbols). The YGGFL amplitudes were obtained from
Gaussian fits to the ME distributions. The YGGWL amplitudes are the result of nonlinear least
squares discrete fits. The solid lines are the steady-state populations of the g− state (lower line)
and the t state (upper line) from NMR (coupling constants from ref. 37 analyzed as described
in ref. 23). The amplitudes for YGGWL should correspond to these populations in the absence
of rotamer interconversion.
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Figure 5.
Tyr-to-Trp distances as a function of temperature for the g− state (squares) and the t state
(circles). The distances were calculated from biexponential fits to the Tyr fluorescence decays
for YGGWL.
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Figure 6.
Maximum-entropy distributions for the fluorescence decays of tyrosine in YGGFL (left) and
YGGWL (right) as a function of SDS concentration. The vertical lines are the lifetimes
recovered from a discrete fit. The height of the line is proportional to the relative amplitude.
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Figure 7.
Amplitudes for the short-lifetime (squares) and long–lifetime (circles) components for the
tyrosine fluorescence decay in YGGFL (filled symbols) and YGGWL (open symbols). The
YGGFL amplitudes were obtained from Gaussian fits to the ME distributions. The YGGWL
amplitudes are the result of nonlinear least squares fits to discrete exponentials. The solid lines
are the steady state populations of the g− state (lower line) and the g+ and t states (upper line)
in aqueous solution. At 10 mM SDS for YGGFL the amplitudes were not well fit by two
Gaussians due to the presence of multiple long lifetime states (one corresponding to the micelle
bound state and the other corresponding to the aqueous state).
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Figure 8.
A. Trajectory of Tyr-Trp distances from MD simulation of YGGWL. The distances were
averaged over 500 ps. (See text for details of the simulation.) B. Distribution of Tyr-Trp
distances from the MD simulation in 500-ps blocked averages. The solid line shows the total
distribution (0.2 Å bins). The dashed line is the distance distribution for the t rotamer of Tyr
(0.5 Å bins) and the dotted line is the distance distribution for the g− rotamer of Tyr (0.5 Å
bins).
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Figure 9.
Representative structures of YGGWL from the MD simulation. For each structure the Tyr
rotamer configuration (g− or t) and Y-W distance are noted.
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Figure 10.
Simulated Tyr fluorescence decays from the MD simulation. For each step in the simulation,
the probability of fluorescence emission was evaluated based on the Tyr decay rate with FRET
(decay with red fit line) or without FRET (decay with blue fit line). See text for further details.
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Figure 11.
A. Orientational factor 〈κ2〉 as a weighted average over the Trp 1La and 1Lb states and averaged
over 500-ps time bins (a typical fluorescence lifetime for Tyr in YGGWL) from the MD
simulation versus the Tyr-to-Trp distance averaged over the same time bins. B. Distribution
of 〈κ2〉 as a function of Y-W distance for the La and Lb states of Trp and for the weighted
average. The solid line shows the total distribution. The dashed line is the distribution for FRET
to the Trp 1La state and the dotted line is the distribution for the Trp 1Lb state.
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Figure 12.
Tyr-to-Trp distances calculated from the MD simulation with the assumption that 〈κ2〉 = 2/3
(eq 8) versus the actual Tyr-Trp distance in the simulation. Distances were calculated for 500-
ps blocks in the simulation. The line shows a linear fit and 90% confidence limits. The linear
fit yields a slope of 1.12 ± 0.03 (standard error) and an intercept of −1.4 Å ± 0.4 Å. The slope
and intercept differ from 1 and 0 Å, respectively, with high significance (p=0.0004 for the
slope and p=0.0007 for the intercept).
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Table 1

Averages calculated from MD simulation
Average g– rotamer t rotamer
〈R〉 12.8 Å 10.5 Å
〈R−6〉−⅙ 10.5 Å 8.4 Å
Rapp (eq 8) 12.2 Å

(with 〈 κ2〉av=0.53)
10.2 Å
(with 〈 κ2〉av=0.56)

Rapp (eq 8) 12.6 Å
(with 〈 κ2〉av=0.67)

10.5 Å
(with 〈 κ2〉av=0.67)
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