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ABSTRACT: In this work, we discuss the challenging time-
resolved fluorescence anisotropy of subtilisin Carlsberg (SC),
which contains a single Trp residue and is a model fluorescence
system. Experimental decay rates and quenching data suggest that
the fluorophore should be exposed to water, but the Trp is
partially buried in a hydrophobic pocket in the crystallographic
structure. In order to study this inconsistency, molecular
dynamics simulations were performed to predict the anisotropy
decay rates and emission wavelengths of the Trp. We confirmed
the inconsistency of the crystallographic structure with the
experimentally observed fluorescence data and performed free
energy calculations to show that the buried Trp conformation is 2
orders of magnitude (∼3 kcal/mol) more stable than the solvent-
exposed one. However, molecular dynamics simulations in which
the Trp side chain was restricted to solvent-exposed conformations displayed a maximum Trp emission wavelength shifted
toward lower energies and decay rates compatible with the experimentally probed rates. Therefore, if the solvent-exposed
conformations are the most important emitters, the experimental anisotropy can be compatibilized with the crystallographic
structure. The most likely explanation is that the fluorescence of the most probable conformation in solution, observed in the
crystal, is quenched, and this is consistent with the low quantum yield of Trp113 of SC. Additionally, some experiments might
have probed denatured or lysed SC structures. SC anisotropy provides an interesting target for the study of fluorescence
anisotropy using simulations, which can be used to test and exemplify how modeling can aid the interpretation of experimental
data in a system where structure and solution experiments appear to be inconsistent.

■ INTRODUCTION
Fluorescence anisotropy decay rates can be used to probe the
reorientational dynamics of fluorophores in proteins.1−3 In
principle, they can be computed from classical molecular
dynamics simulations (MD).4−8 In the fluorescence anisotropy
phenomenon, an isotropic distribution of fluorescent mole-
cules in solution is excited by plane-polarized light. Those
fluorophores with the absorption dipole moments oriented
favorably to the polarization and having compatible absorption
wavelengths relative to the radiation have the highest
probability of transitioning to the excited state. After this
photoselection, the excited molecules return to the ground
state through the emission of a polarized photon according to
the orientation of its emission dipole moment. The degree of
polarization of the emission is related to the reorientation of
the fluorophores in solution in the time lapse between
absorption and emission. This degree of polarization decreases
with time as the population of excited fluorophores reorient in
solution, and if the system is isotropic, it eventually becomes
completely depolarized. The reorientation rate of the
fluorophore is dependent on its molecular environment and

on the structure to which it might be attached. Thus, this
technique is used to probe information on protein local
structure and dynamics. Moreover, the solvent affects the
reorientational motions, both directly if the fluorophore is
exposed to the solution and indirectly through its effect on the
viscosity of the solution.2,4 Therefore, time-resolved fluo-
rescence anisotropy measurements can be used to study the
solvation of a protein at a microscopic level.1,4,8

The most important fluorophores in proteins are the side
chains of tryptophan (Trp) residues. However, since the
molecular environment of the Trp side chain affects not only
its reorientational dynamics but also its emission wavelength,9

understanding the experimental results from a molecular
perspective is many times complex and dependent on the
auxiliary use of modeling methods.4,8,10 To that end,
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simulation strategies to obtain the reorientational dynamics of
fluorophores in proteins have been developed.4,8 The group of
Callis, in particular, pioneered the development of hybrid
quantum mechanics/molecular mechanics (QM/MM) meth-
odologies for the prediction of fluorescence emission wave-
lengths and quantum yields.9−11 Recently, our group
developed empirical models to compute fluorescence emission
wavelengths of Trp in proteins using classical MD simulations
with the aim of providing a practical tool for the interpretation
of experimental fluorescence data.12

Here we illustrate the importance of modeling methods for
the interpretation of fluorophore reorientational dynamics in
proteins by a comparative analysis of experimental and
computed anisotropy decay rates of the serine protease
subtilisin Carlsberg (SC) protein. SC is an important enzyme
for industrial applications, and its dynamics in solution has
been studied with several methods, such as NMR techni-
ques13−15 and fluorescence spectroscopy.16 SC possesses a
single Trp residue (Trp113) and has been used as a model
system for fluorescence assays.17−20 The motions of Trp113
are not necessarily associated with the catalytic function of
SC,21 but Trp113 displays complex and interesting fluo-
rescence, and experimental results were variable and subject to
continuous debate.20,22 The crystallographic structure of SC
revealed that the Trp113 residue is partially buried in a
hydrophobic pocket, as shown in Figure 1A.23 The maximum

fluorescence emission wavelength (λmax) of Trp113 has been
shown to be very variable: it is possible to find reported
maximum-intensity emissions at 322 nm,24 331 nm,25 351
nm,18 355 nm,26 and even 360 nm.22 This variability can be the
result of preferential conformations of SC probed by the
experiments: greater values of λmax should correspond to
solvent-exposed conformations, while shorter wavelengths are
characteristic of partially buried conformations.10−12 The
emission wavelength of the crystallographic Trp113 of SC
was predicted by Vivian and Callis using QM/MM models10

and by Lopez and Martińez with classical parametric models.12

The expected maximum-emission wavelengths were 334 and
337 nm, respectively, consistent with the fact that the Trp113
is partially protected from the solvent.
The great variability of the observed maximum-emission

wavelength could also originate from autolysis of the enzyme,
releasing into the solution fragments of the protein in which
the Trp has a greater quantum yield and emission wave-
length.27 Willis and Szabo also discussed the possibility of
interference of Tyr residues in the measured fluorescence
spectra, as the quantum yield of Trp113 is low28 and there are
13 Tyr residues in SC: with excitation at 295 nm and

maximum emission at 311 nm, Tyr residues contribute
importantly to the fluorescence, but if the excitation is done
at 300 nm, only the Trp113 residue is excited, and emission
occurs at 322 nm.27 Therefore, experiments must be
performed with great care to guarantee that Trp113 is the
major emitting residue.
Experiments to probe the reorientational dynamics of

Trp113 by measuring its time-resolved fluorescence anisotropy
have been performed by different groups. Lakshmikanth and
Krishnamoorthy excited the protein at 295 nm and reported a
relatively fast complete depolarization of the fluorescence on
the subnanosecond time scale.26 Janot et al.20 obtained a lower
decay rate on long time scales, consistent with the tumbling
motions of a protein of the size of SC. They additionally
suggested that much of the fluorescence is quenched and that
multiple conformations of Trp113 should be present. Shaw
and Pal used 299 nm excitation and reported decay rates
similar to those of Janot et al.18,22 In those experiments, the
fluorescence was probed at ∼355 nm, a wavelength that differs
significantly from the expected maximum-emission wavelength
of the crystallographic Trp113. Quenching assays indicated, in
accordance with this choice of λmax, that the probed Trp113
was exposed to water, thus raising further doubts about the
consistency of the observations with the crystallographic
Trp113 conformation. However, the interpretation of these
results is even further complicated by the fact that with
excitation at 295 nm the Tyr residues might be important
emitters, while this is less likely at 299 nm.
In this work, we provide a molecular description of the role

of fluorophore conformational sampling for the reorientational
dynamics of SC Trp113. First, we obtain the fluorescence
anisotropy decay rates of Trp113 assuming the crystallographic
conformation. We observe an inconsistency between exper-
imental and MD-derived anisotropy decays of SC. The time-
resolved decays expected from the crystallographic model are
much slower than those observed experimentally because the
Trp side chain is packed into a hydrophobic pocket, leading to
reorientational dynamics on a time scale similar to that of
protein tumbling. Using free energy calculations, we confirm
that the buried conformation is more favorable in the
crystallographic structure but that an open conformation is
stable enough to be detected experimentally, for which the
emission wavelength of Trp113 is consistent with that probed
in the fluorescence anisotropy experiments of Shaw and Pal.22

MD simulations performed with Trp113 restrained to such
conformation show that sampling the appropriate molecular
environment results in improved agreement with experimen-
tally observed anisotropy decay rates. We also report the
predicted anisotropy decay rates of the SC Tyr residues, which
display great variability and could interfere with interpretation
of the experiments. We discuss the implications of these results
for the interpretation of experimental fluorescence anisotropy
experiments for SC and other proteins in general by the use of
MD simulations.

■ MATERIALS AND METHODS
Molecular Dynamics Simulations. MD simulations were

performed using standard protocols as follows: The crystallo-
graphic structure of SC (PDB ID 1SBC) was used.23 The
protein was solvated in a cubic box of 1.0 g/mL of water with
sodium and chloride ions to render the system neutral using
PACKMOL.29,30 The box sides had a length of ∼75 Å, which
guaranteed that the Trp113 residue was at least 40 Å apart

Figure 1. (A) Partially buried tryptophan conformation, as observed
in the crystallographic structure and (B) the exposed conformation
used to initialize the simulations. (C) Distance used to characterize
the exposure of the Trp side chain to the solvent: Ala29-Cβ to
Trp113-Cζ3.
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from periodic images of the protein atoms, safely avoiding
boundary effects on its dynamics. The TIP3P model was used
for water,31 and the CHARMM36 force field was used to
simulate the protein and ions.32 Simulations were performed
with the NAMD software33 using a 2 fs time step. Simulations
were run at 298.15 K and 1 atm with a 12 Å van der Waals
interaction cutoff and the particle mesh Ewald sum34 for
evaluation of the long-range electrostatic potential. Constant
temperature and pressure were maintained using a Langevin
thermostat35 (different damping coefficients were used, as
discussed in Supporting Information S2, and the figures in the
main text report the results obtained with a damping
coefficient of 10/ps) and a Langevin barostat36 with a piston
period of 200 fs and a damping time scale of 100 fs. The
systems’ energies were minimized with 1000 steps of the
conjugate-gradient method (CG) and equilibrated with 200 ps
of constant-temperature and -pressure MD with the protein
fixed, followed by 500 CG steps and 200 ps of MD with the
Cα atoms fixed and finally 2 ns of unrestrained MD.
Production simulations were then run for 20 ns. Simulations
were visualized using VMD.37 The complete equilibration/
production protocol was repeated independently 30 times, and
the reported Trp emission wavelengths and decay rates are
averages of these 30 realizations.
The crystallographic model of SC displays the side chain of

the single tryptophan residue Trp113 inserted in a cavity at the
surface of the protein.23 Time-resolved fluorescence anisotropy
curves calculated from simulations generated from this starting
structure were greatly distinct from the experimental
observations, as will be discussed. Therefore, we generated
starting structures with the Trp113 side chain exposed to
solvent. For this purpose, a 10 ns simulation with the protein
fixed except for the tryptophan side chain was performed in
vacuum at 815 K. Frames in which Trp113 was solvent-
exposed were selected as starting structures for 10 unrestrained
MD simulations using the protocol described above. Besides
these unrestrained simulations, we performed additional
restrained simulations from the solvent-exposed conformation
to prevent the reinsertion of the Trp113 side chain into the
hydrophobic pocket: the distance between atoms Cβ of Ala29
and Cζ3 of Trp113 was restricted to a minimum of 12 Å
(Figure 1C). This restraint was introduced using the Adaptive
Biasing Force (ABF) script, as implemented in NAMD, as
follows:38−40 The reaction coordinate was defined to be the
distance above, within minimum and maximum values of 12
and 100 Å. The ABF script introduces a constant restraint
potential (a semiharmonic potential with a force constant of 50
kcal mol−1 Å−2) that prevents the system from sampling
conformations beyond those limits. In an ABF calculation, a
force is introduced into the simulation to facilitate the
sampling of the reaction coordinate. This was not our
intention in this case, and hence, no ABF force was introduced
(technically, the force sampling time was set to be larger than
the total simulation time), ensuring that the motions of the
Trp residue within the limiting values specified were
determined by the physical interactions of the molecular
system only.
Free Energy Calculations of Trp113 Conformational

Equilibrium. In order to determine the relative stabilities of
the conformations of the side chain of Trp113, ABF
calculations were performed with NAMD.38−40 As for the
restrained simulations, the reaction coordinate was defined as
the distance between the Ala29-Cβ and Trp113-Cζ3 atoms.

However, the sampled distances ranged from 1.0 to 15.0 Å, in
intervals of 0.1 Å. The force constant of the restraining
potential was 50 kcal mol−1 Å−2. The sampling before the
initial application of the ABF force was 500 simulation steps at
each reaction coordinate bin. The ABF calculation was
repeated independently 20 times. We report the mean profile
and the standard error of the mean of these 20 realizations.

Calculation of Fluorescence Anisotropy Decays and
Fluorescence Spectra. The time-resolved fluorescence
anisotropy r(t) can be computed from the reorientational
dynamics of the fluorescent probe.4,8 It is the ensemble average
of the second-order Legendre polynomial [P2(x) =

1/2(3x
2 −

1)] of the correlation of the angle between the absorption (μa)
and emission (μe) dipole moment vectors. Specifically,

r t P s s t( )
2
5

( ) ( )2 a eμ μ= ⟨ [ · + ]⟩
(1)

where ⟨···⟩ indicates an ensemble average for constant t, where
t is the time delay relative to the reference instant s. Equation 1
allows the reproduction of the experimental results through
MD simulations.4,8,41 The TCF module of our in-house
analysis programs was used for the calculations (http://
leandro.iqm.unicamp.br/mdanalysis). The 1La transition dipole
moment of Trp was taken as the absorption vector, as it is the
preferred transition in polar solutions.2 It was defined as the
vector connecting the center of the bond between carbons Cδ2
and Cε2 of the Trp side chain and the nitrogen in the indole
ring. The emission dipole moment was defined as a function of
the angle θ with the absorption dipole, calculated from the
experimental anisotropy at t = 0 (r0) using

2,42

r
3 cos 1

20

2 θ= −
(2)

Experimental values of r0 are available for free tryptophan and
SC in water.26

Nonlinear curve fitting of the anisotropy curves obtained
from the simulations was performed to determine the decay
rates and weights. The exponential fits were performed on the
average decay curves of the 30 independent simulations. Table
1 reports the results of a biexponential curve fitting that
assumes two reorientational decay rates, and Table S1 reports
a triexponential fit that assumes three independent reorienta-

Table 1. Experimental and Calculated Parameters of the
Time-Resolved Fluorescence Anisotropy of Trp113 of
subtilisin Carlsberga

λmax
(nm)b r0 β1

τ1
(ns) β2 τ2 (ns)

experimental26 355 0.21 0.90 0.17 0.10 3.50
experimental22 360 0.22 0.70 0.47 0.30 10−100
crystallographic Trp
conformation

333c 0.19 0.03 1.29 0.97 86
331d

solvent-exposed Trp
conformation

355c 0.18 0.43 0.18 0.57 3−15
346d

aBiexponential fits for anisotropy decays were obtained using r(t) =
r0[β1 exp(−t/τ1) + β2 exp(−t/τ2)], where β1 and β2 are scaling factors
and τ1 and τ2 are the fast and slow characteristic reorientational times,
respectively. bλmax is the wavelength of maximum fluorescence
emission. cλmax was computed using a parametric model based on
SASA. dλmax was computed using a parametric model based on
electrostatic interactions.
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tional decay rates. The nonlinear fits were obtained using the
package minpack.lm available in R.43

Fluorescence maximum-emission wavelengths were calcu-
lated using classical parametric models 2 and 4 described by
Lopez and Martıńez.12 These models allow the prediction of
maximum-emission wavelengths based on the solvent-acces-
sible surface area (SASA) of benzene/pyrrole or on the
electrostatic interactions of the indole with water and protein
atoms. The SASAs of benzene and pyrrole were computed with
VMD.37 Electrostatic interaction energies were computed
using our MDAnalysis suite.44

■ RESULTS AND DISCUSSION

Time-Resolved Fluorescence Anisotropy of the
Crystallographic Conformation of Trp113. The SC
enzyme is an interesting target for the study of fluorescence
emission because it contains a single tryptophan residue,
Trp113, located close to the protein surface. The fluorescence
spectra of SC’s Trp113 reported by Lakshmikanth and
Krishnamoorthy26 and by Shaw and Pal22 exhibit maximum-
emission wavelengths of 355 and 360 nm, respectively (Figure
2). These wavelengths indicate that the Trp113 is exposed to
water, at least in the conformation that dominates the emission
spectra. At the same time, Willis and Szabo27 reported a
maximum-emission wavelength of 322 nm, indicating a Trp113
buried in a hydrophobic pocket, and suggested that the
emission at 350 nm could originate from fragments of SC
resulting from autolysis.
In the crystal structure of SC, Trp113 is partially buried in a

surface-accessible hydrophobic pocket.23 The expected max-
imum-emission wavelength of Trp113 in such a molecular
environment was predicted to be 337 nm using QM/MM
simulations10 or 331−332 nm using our classical parametric
models.12 Therefore, the experimental and simulation results
indicate that there is a conformational heterogeneity of the
Trp113 side chain in solution, which is sensitive to
experimental conditions to the point that different groups
obtain emission spectra consistent with different Trp solvent
accessibilities. As we will show, the solvent accessibility of
Trp113 completely determines its reorientational dynamics.
Initially we performed molecular dynamics simulations

starting from the crystallographic structure of SC and thus
with a partially buried Trp113 (Figure 1A). These simulations
were used to compute the Trp113 fluorescence wavelength
(λmax) and study its conformational dynamics. Figures 2A,B
show the experimental fluorescence spectra of SC obtained by
Lakshmikanth and Krishnamoorthy26 and Shaw and Pal,22 in

comparison with the range of λmax computed with our
previously reported models based on SASA or electrostatic
interactions.12 The calculated λmax differ from the experimental
ones (Figures 2A,B and Table 1). The simulations predict a
maximum-emission wavelength for the crystallographic Trp113
that is about 25 nm shorter than that used to probe the
reorientational dynamics in fluorescence anisotropy experi-
ments.
Nevertheless, we computed the expected time-resolved

fluorescence anisotropy decays of Trp113 resulting from its
reorientational dynamics in the simulations generated from the
crystallographic conformation. The anisotropy decays pre-
dicted from the simulations were greatly distinct from
experimental observations, as shown in Figure 2C. MD
simulations tend to predict faster decays because of the
accelerated diffusion properties of the water model (see
Supporting Information S1).8 In this case, on the contrary, the
predicted decays are much slower than the experimentally
observed ones. The simulations show that the Trp113
crystallographic conformation implies a reorientational rate
similar to that of the overall protein tumbling.

Fluorescence Anisotropy Decay Rates and Solvent
Exposure of Trp113. In order to understand the effect of the
molecular environment on the reorientational dynamics of the
Trp113 side chain, we generated solvent-exposed conforma-
tions of this residue from which MD simulations were initiated
(see Materials and Methods), as shown in Figure 1B. Initially,
10 independent simulations of 20 ns were performed, and we
observed that the Trp113 side chain returned to the
crystallographic conformation in the time span of the
simulations in six of the 10 runs. The insertion of the side
chain into the crystallographic cavity occurred at different
instants in each simulation, such that the fraction of time
sampled in the crystallographic or solvent-exposed Trp113
conformations was different in each case.
The expected fluorescence anisotropy decays from these

simulations are shown in Figure 3. There is a clear correlation
between the instant of insertion of the side chain into the
crystallographic pocket and the anisotropy decay rate. For
instance, in one of the simulations the crystallographic
conformation was restored at 1.5 ns, and the anisotropy
decay rate computed from this run is similar to that of the
crystallographic model, shown in Figure 2C. In this case, the
reorientational dynamics of the fluorophore is slow, on the
order of the protein tumbling motion. On the other hand,
simulations in which the side chain of Trp113 persisted in
being exposed to solvent display much faster reorientational
dynamics and expected anisotropy decay rates (red lines in the

Figure 2. Fluorescence emission wavelengths and anisotropy of the crystallographic conformation of Trp113 of subtilisin Carlsberg. (A, B)
Calculated estimates of λmax (red) and experimental fluorescence emission spectra (blue).22 The λmax estimates were based on (A) the SASA of the
indole and (B) electrostatic interactions between indole and water/protein. (C) Calculated (red) and experimental (blue) time-resolved
fluorescence anisotropy. Blue continuous and dashed lines correspond to the experimental data from Lakshmikanth and Krishnamoorthy26 and
Shaw and Pal,22 respectively. Pink lines in (C) show the results of each of the 30 independent simulations.
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plot in Figure 3). The greater conformational variability of the
side chain of Trp113 in solvent-exposed conformations is
evident from visual inspection of the simulations (Figure 3,
structural panels). The side chain displays only lateral motions
in the crystallographic pocket but is able to rotate in the
solvent-exposed conformation.
Relative Stability of the Protected and Solvent-

Exposed Trp113 Conformations. The simulations starting
with the solvent-exposed conformation of the Trp113 side
chain, described in the previous section, indicated that the
buried Trp side chain is thermodynamically favored in the
crystallographic SC. Therefore, we performed ABF free energy
calculations to obtain the relative stabilities of the different
Trp113 side-chain solvent exposures. A reaction coordinate (ξ)
was defined (see Materials and Methods) such that the
solvent-protected side chain is characterized by ξ ∼ 5 Å and
the solvent-exposed side chain is characterized by ξ greater
than ∼11 Å.
Figure 4 shows the free energy profile of the Trp113

conformations. Two minima were obtained, indicating that the
exposure of the Trp113 side chain to water follows a simple
conformational equilibrium. The solvent-protected conforma-
tion, which is similar to the crystallographic conformation, is
preferred. The minimum free energy of the solvent-exposed

conformations is ∼3.1 kcal/mol higher than that of the solvent-
protected side chain. Therefore, the population of the
crystallographic conformation is ∼150 times greater than
that of the exposed conformation at room temperature.
The energy barrier associated with the transition from the

solvent-protected conformation to the solvent-exposed con-
formation is ∼5.3 kcal/mol. On the other hand, the energy
barrier for the reverse reaction is much lower (∼2.3 kcal/mol).
This explains why MD simulations starting with the crystallo-
graphic conformation uniquely sample the Trp113 solvent-
protected structures. Also, MD runs starting with the solvent-
exposed conformation eventually go irreversibly (on the time
scale of our simulations) to the crystallographic conformation.
The equilibrium dynamics of these conformations impairs the
sampling of solvent-exposed structures in conventional
simulations.
At the same time, the ∼150-fold difference in the

populations of the two conformers does not rule out the
possibility of the solvent-exposed conformation being domi-
nant for the observed anisotropy if the solvent-protected
conformation is significantly quenched. Indeed, this is a
possibility discussed by Willis and Szabo27, and as we will show
below, the reorientational motions of solvent-exposed
conformations can explain the experimental decays.

Time-Resolved Fluorescence Anisotropy of Solvent-
Exposed Trp113. In order to obtain a comprehensive
sampling of Trp113 conformations associated with the
solvent-exposed scenario, simulations were performed in
which the side chain of the fluorophore was restrained to
not enter into the crystallographic pocket. The solvent-exposed
conformations of Trp113 were used as initial points for the
simulations, and the distance between atom Cζ3 of Trp113
and atom Cβ of Ala29 (in the interior of the pocket) was
restrained to be greater than 12 Å (Figure 1C). Therefore,
these simulations sampled exclusively solvent-exposed Trp113
conformations.
First, the maximum-emission wavelengths of solvent-

exposed Trp113 were estimated using parametric models
based on SASA or electrostatic interactions of the indole
group.12 The range of estimates of λmax obtained using these

Figure 3. (top) Correlation of the Trp113 side-chain conformation
and anisotropy decays from simulations generated from the
unrestrained Trp113 solvent-accessible state. From blue to dark red,
the colors indicate the instant of insertion of the Trp side chain into
the hydrophobic pocket. (bottom) The coordinates of Trp113 at
every 0.1 ns of the simulations are shown for each of the 10 runs. The
color scale represents the time evolution of the tryptophan position
during the course of the simulations.

Figure 4. Free energy profile of the conformations adopted by the
Trp113 side chain of SC. The reaction coordinate (ξ) is defined as
the distance between the Ala29-Cβ and Trp113-Cζ3 atoms. The
profile displays two well-defined Trp113 minima, consistent with the
solvent-protected side chain (characterized by ξ ∼ 5 Å) and a solvent-
exposed one (at ξ ∼ 11.3 Å). Twenty independent ABF calculations
were performed, and the mean and standard error of the mean (limits
of the light-blue region) of the free energy difference relative to the
minimum are shown.
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models are shown in Figure 5A,B, respectively. The most likely
maximum-emission wavelengths were 355 and 346 nm (Table
1), which are close to the experimental λmax used to probe the
fluorescence anisotropy. The estimated λmax values (346−355
nm) are significantly longer than that expected for Trp113
bound to the crystallographic pocket (331−332 nm). This red
shift is expected to result from exposure of the Trp113 side
chain to water.
The time-resolved fluorescence anisotropy of SC was then

computed from the simulations with Trp113 exposed to water.
As shown in Figure 5C, the decays were fast compared with
those found for the partially buried conformation of Trp113 of
SC (Figure 2C). Table 1 displays the parameters of the
biexponential fits of the average anisotropy decay curves from
the experimental reference data22,26 and from the simulations.
The simulated reorientation dynamics has a fast component

with a characteristic time of 0.18 ns, which is similar to the
fastest component of the fit reported by Lakshmikanth and
Krishnamoorthy26 (0.17 ns). Shaw and Pal,22 on the other
side, reported that the faster decay has a characteristic time of
0.47 ns. Despite the remarkable agreement between the
simulations and the results of Lakshmikanth and Krishna-
moorthy, the decay rates obtained from simulations are
expected to be higher than the experimental ones.45 Therefore,
it is not possible to unambiguously associate this fast
component to either of the experimental results.
The slower component of the decay obtained by simulations

had a characteristic time ranging between 4 and 20 ns. The fits
are not very sensitive to this component, and the
experimentally reported values range from 3.50 to 10−100
ns, indistinctly. Most determinant of the overall shape of the
anisotropy decay curves are the contributions of the fast and
slow components of the complete decays. In the experiments
of Lakshmikanth and Krishnamoorthy, the fast component
contributes 90% of the decay.26 This reflects the complete
depolarization of the emission that was observed within 2 ns.
On the other side, in the work of Shaw and Pal, the fast
component is slower and contributes only 47% of the decay, in
such a way that within 2 ns there is still a significant
polarization of the emitted light.22

The simulated decays show that the slow component is
mostly associated with the Trp113 conformations in which
there are important interactions with the protein. For instance,
as shown in Table 1, the fast component of the anisotropy
obtained from the crystallographic conformation contributes
only 3% of the decay. When the solvent-exposed Trp113
conformation is simulated, this contribution increases to 43%,
something similar to the experimental result of Shaw and Pal.

Thus, the overall shape of the anisotropy curves is significantly
dependent on the conformation of the fluorophore probed.
The time dependence of the polarization of the emission is
dependent on the extent to which the solvent-exposed
conformation of Trp113 is probed relative to the partially
buried conformation.
In view of the relative stabilities of the side-chain

conformers, as discussed above, significant quenching of the
solvent-protected conformation could explain the majority
contribution of the more mobile conformers and the difference
between the experimental decays and the crystallographic
model. Importantly, the quantum yield of Trp113 in the
crystallographic SC was estimated to be 0.009,28 which in the
lower limit is about 30 times lower than that of the most
efficient Trp emitters in proteins (∼0.31).

The Wobbling-in-a-Cone Model and the Interpreta-
tion of Janot et al. The reorientational dynamics of a
fluorescent probe with partially restricted motions can be
modeled by the wobbling-in-a-cone model.20,42,46 This model
establishes that the fluorophore can diffuse freely inside a cone
with semiangle θmax while attached to a larger molecular group
with slower reorientational motions. In this case, the
anisotropy can be expressed as20

r t r t r t( ) exp( / ) exp( / )Trp Trp p pϕ ϕ= [ − + ] − (3)

where ϕTrp is the correlation time for the motion of the Trp
(the fluorophore) in the protein and ϕp is the correlation time
of the global motion of the protein. The residual anisotropy
remaining after faster motions, rp, can be used to compute the
semiangle θmax in which the fluorophore freely wobbles.20,47

Janot et al.20 obtained SC fluorescence anisotropy decays
similar to those of Shaw and Pal22 (see Figure S2) and used
the wobbling-in-a-cone model to fit their data. Interestingly,
they obtained wobbling angles between 33° and 49°, indicating
that the Trp has a relatively wide range of motion.
We fitted the anisotropy decays obtained in our simulations

for the crystallographic and solvent-exposed conformations of
Trp113 using the same model. For the crystallographic
conformation, we obtained θmax = 8.2°, and for the solvent-
exposed conformation we obtained θmax = 32°. Thus, the
solvent-exposed conformation displays wobbling motions in
agreement with those observed by Janot et al., while the
motions in the crystallographic conformation are excessively
restricted.
Janot et al. noted as well that the high degree of static

quenching shown by this Trp residue indicates that it is
involved in a complex with a mean lifetime much longer than

Figure 5. Fluorescence emission wavelengths and anisotropy of the restrained solvent-exposed conformation of Trp113 of subtilisin Carlsberg. (A,
B) Calculated estimates of λmax (red) and experimental fluorescence spectra (blue).22,26 The calculated λmax values were estimated from (A) the
SASA of the indole group and (B) electrostatic interactions of the fluorophore side chain with the molecular environment. (C) Calculated (red)
and experimental (blue) time-resolved fluorescence anisotropy of the solvent-exposed conformation of Trp113 of subtilisin Carlsberg in water. Blue
solid and dashed lines correspond to the experimental data from Lakshmikanth and Krishnamoorthy26 and Shaw and Pal,22 respectively.
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the nanosecond time scale and suggested that this complex is
effectively nonemitting.20 They concluded that the observed
emission appears to result from a small fraction of Trp residues
that are free to move in a wide cone semiangle. This
interpretation is in complete agreement with the results
derived from our simulations. In particular, if the buried
conformation is quenched such that its emission is about 2
orders of magnitude less intense than that of the solvent-
exposed conformation, the decay would be consistent with the
simulated data according to the relative populations we
estimated.
Hypotheses for the Conformational Selection of the

Solvent-Exposed Trp113. As mentioned in the Introduc-
tion, experimental fluorescence spectra of SC have been
reported to display maximum-emission wavelengths ranging
from 322 to 360 nm.18,22,24−26 Therefore, SC appears to be
able to sample different structures in solution that imply
significantly different molecular environments for the Trp113
residue.
In the two reported time-resolved fluorescence anisotropy

experiments on Trp113 in SC, a probe emission wavelength
was chosen that corresponds to the emission of an indole
group significantly exposed to water. Therefore, independent
of the particular structure of SC in solution during the
fluorescence anisotropy experiments, the emission probed
would correspond to the population of solvent-exposed
Trp113 residues. Willis and Szabo showed that SC is subject
to autolysis and that the emission from fragments of the
protein in which Trp113 is released from a quenching
environment might be determinant for the observed emission
spectra,27 although the exact mechanism of quenching is not
clear from the crystallographic structure.24 They also showed
that with excitation at 295 nm there is still a significant
participation of the Tyr residues of SC in the observed
fluorescence. We computed the anisotropy decays of all 13 Tyr
residues of the protein, and while some are exposed to solvent
and reorient at a rate consistent with the results of Shaw and
Pal and Janot et al., faster decays consistent with the
reorientation rates obtained by Lakshmikanth and Krishna-
moorthy are not observed (Supporting Information S3). Since
Shaw and Pal excited the protein at 299 nm, the agreement of
some of the Tyr decay rates with their result is coincidental
only. Therefore, the fluorescence of Tyr residues cannot
explain the observed experimental decays.
The experimentally observed decay rates might result from

complete or partial denaturation of SC, from autolysis, or from
simple exposure of the Trp113 side chain. In fact,
Lakshmikanth and Krishnamoorthy prepared the SC solution
also under denaturing conditions and did not observe a
significant change in the emission wavelength of Trp113.26

The minor contribution of the tumbling decay rate to their
result might be indicative of the presence of a significant
population of denatured or lysed SC molecules. On the other
hand, the anisotropy decay rates obtained by Shaw and Pal22

and Janot et al.20 display an important tumbling component
that prevents the anisotropy from decaying completely on the
time scale of the experiments. Additionally, the enzyme was
shown to be active under the experimental conditions probed,
such that at least a significant population of native structures
was present. Nevertheless, they reported Trp113 to emit at a
wavelength also consistent with solvent exposure.
Therefore, the inconsistency between the experimental

anisotropy decays and those predicted from the crystallo-

graphic conformation might have different origins: (1) the
Trp113 emission is quenched in the crystallographic pocket,
such that the most important observed emission results from
the minor solvent-exposed conformations resulting from local
side-chain motions, and (2) partial denaturation or autolysis
can produce populations of solvent-exposed side chains that
dominate the fluorescence. Indeed, Willis and Szabo27 showed
that without purification the fluorescence displays a marked
red shift but also an increased emission intensity, supporting
the contamination hypothesis.
Our simulations indicate that the first hypothesis is sufficient

to explain quite reasonably the experimental anisotropy decays
of Shaw and Pal and Janot et al. by probing only the
fluorescence of locally exposed side chains in a mostly
preserved protein structure. This hypothesis is consistent
with the verified activity of SC in these experiments and
supported by the low quantum yield of the Trp113 side chain.
The second hypothesis is probably necessary to explain why
the emission is completely depolarized in less than 2 ns in the
experiments of Lakshmikanth and Krishnamoorthy.

■ CONCLUSIONS
The present work aimed at the reproduction of the time-
resolved fluorescence anisotropy decay of Trp113 of subtilisin
Carlsberg. The simulations show that the stable crystallo-
graphic conformation of the Trp side chain implies
fluorescence anisotropy decays much slower than the
experimentally observed ones. In the pocket-bound conforma-
tion, the reorientation dynamics of the Trp side chain follows
that of the protein, and the expected anisotropy decay would
be similar to the one implied by protein tumbling.
Experimentally, however, much higher decay rates were
observed, and quenching experiments suggested that the
fluorescent Trp side chain was exposed to solvent. Therefore,
there is an inconsistency between the experimentally probed
structure in solution and the crystallographic-like structure of
SC. We have shown that the population of solvent-exposed
conformations is about 2 orders of magnitude smaller than that
of the solvent-protected side chain but still relevant. To
overcome the inconsistency of the experimental decays and the
crystallographic model, solvent-exposed Trp conformations,
which are predicted to emit at the experimentally probed
wavelengths, were sampled by molecular dynamics simulations.
In this case, we obtained faster decays, improving the
consistency with the experimental data. Therefore, quenching
of the solvent-protected conformation or some local structural
fluctuation favoring the exposure of the side chain is sufficient
to reconcile the crystallographic model and the observed
anisotropy. To effectively compare experiments and simu-
lations, here we have explored a combination of methodologies
that from classical protein simulations provide emission
wavelengths and anisotropies. These methods can predict the
time-resolved fluorescence anisotropy of Trp in proteins and
provide a molecular basis for experimental observations.

■ ASSOCIATED CONTENT
*S Supporting Information
The Supporting Information is available free of charge on the
ACS Publications website at DOI: 10.1021/acs.jcim.9b00539.

Comparison between calculated and experimental
anisotropy decay and fluorescence emission wavelength
of free tryptophan in water, analysis of the dependence

Journal of Chemical Information and Modeling Article

DOI: 10.1021/acs.jcim.9b00539
J. Chem. Inf. Model. 2020, 60, 747−755

753

http://pubs.acs.org/doi/suppl/10.1021/acs.jcim.9b00539/suppl_file/ci9b00539_si_001.pdf
http://pubs.acs.org
http://pubs.acs.org/doi/abs/10.1021/acs.jcim.9b00539
http://dx.doi.org/10.1021/acs.jcim.9b00539


of the anisotropy decay rates at different Langevin
damping coefficients (0.01, 1.0, and 10 ps−1), effect of
the simulation time on the calculated anisotropy rates,
and analysis of the anisotropy decay rates of each
tyrosine residue (PDF)

■ AUTHOR INFORMATION
Corresponding Author
*E-mail: leandro@iqm.unicamp.br.
ORCID
Alvaro J. Lopez: 0000-0002-6073-6058
Leandro Martínez: 0000-0002-6857-1884
Present Address
†E.P.B.: Department of Chemistry and Biochemistry, Uni-
versity of California, San Diego, 9500 Gilman Drive, La Jolla,
California 92093-0378, United States.
Author Contributions
‡A.J.L. and E.P.B. contributed equally.
Notes
The authors declare no competing financial interest.

■ ACKNOWLEDGMENTS
The authors thank the funding agencies Fapesp (Grants 2010/
16947-9, 2018/24293-0, and 2013/08293-7) and CNPq
(Grants 302332/2016-2 and 161789/2014-5) for financial
support.

■ REFERENCES
(1) Bucci, E.; Steiner, R. F. Anisotropy Decay of Fluorescence as an
Experimental Approach to Protein Dynamics. Biophys. Chem. 1988,
30, 199−224.
(2) Lakowicz, J. R. Principles of Fluorescence Spectroscopy; Springer
Science & Business Media, 2007.
(3) Cross, A. J.; Fleming, G. R. Analysis of Time-Resolved
Fluorescence Anisotropy Decays. Biophys. J. 1984, 46, 45−56.
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