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ABSTRACT: Various fluorescence experiments and computer simu-
lations were utilized to gain further understanding of thromboxane A2
synthase (TXAS), which catalyzes an isomerization of prostaglandins H2
to give rise to thromboxane A2 along with a fragmentation reaction to
12-L-hydroxy-5,8,10-heptadecatrienoic acid and malondialdehyde. In this
study, 2-p-toluidinylnaphthalene-6-sulfonic acid (TNS) was utilized as a
probe to assess the spatial relationship and binding dynamics of ligand−
TXAS interactions by steady-state and time-resolved fluorescence
spectroscopy. The proximity between TNS and each of the five
tryptophan (Trp) residues in TXAS was examined through the
fluorescence quenching of Trp by TNS via an energy transfer process.
The fluorescence quenching of Trp by TNS was abolished in the W65F
mutant, indicating that Trp65 is the major contributor to account for
energy transfer with TNS. Furthermore, both competitive binding experiments and the computer-simulated TXAS structure with
clotrimazole as a heme ligand strongly suggest that TXAS has a large active site that can simultaneously accommodate TNS and
clotrimazole without mutual interaction between TNS and heme. Displacement of TNS by Nile Red, a fluorescence dye sensitive
to environmental polarity, indicates that the TNS binding site in TXAS is likely to be hydrophobic. The Phe cluster packing near
the binding site of TNS may be involved in facilitating the binding of multiple ligands to the large active site of TXAS.

Thromboxane A2 synthase (TXAS) catalyzes an isomer-
ization of prostaglandins H2 (PGH2) to form thrombox-

ane A2 (TXA2) but also alternatively performs a fragmentation
reaction, producing 12-L-hydroxy-5,8,10-heptadecatrienoic acid
(HHT) and malondialdehyde (MDA).1 TXA2 is a potent
inducer of vasoconstriction and platelet aggregation and has
been implicated as an autocrine or a paracrine lipid mediator
contributing to a variety of cardiovascular and pulmonary
diseases such as atherosclerosis, myocardial infarction, and
asthma.2−4 Because of its unstable epoxy bond, TXA2 is
relatively labile with a half-life of ∼30 s in aqueous solution,
hydrolyzing to the biologically inactive thromboxane B2

(TXB2) without the need of an enzyme.5 On the other hand,
the biological functions of HHT and MDA are still unclear,
although MDA has been shown to participate in the formation
of proteins, phospholipids, or DNA adducts that may
contribute to the etiology of human diseases.6,7

TXAS, a 59 kDa protein, belongs to the cytochrome P450
superfamily.8,9 Unlike other microsomal P450s that catalyze
mono-oxygenation, TXAS catalyzes an isomerization of an
endoperoxide and does not need molecular oxygen, reductase,
or any other external electron donor. Previous results from
UV−visible, magnetic circular dichroism (MCD), and electron

paramagnetic resonance (EPR) spectra indicated that recombi-
nant human TXAS has a typical low-spin ferric heme,10 which is
in good agreement with the initial work with TXAS isolated
from human platelets.11 “Truth diagram” analysis of heme EPR
revealed that the distal pocket in TXAS is relatively
hydrophobic, similar to that in P450cam but distinct from the
more polar pockets in chloroperoxidase and nitric oxide
synthase.10 Spectral binding assays showed that TXAS binds
strongly to relatively bulky ligands such as clotrimazole and
miconazole, indicating that the distal binding domain of heme
is spacious. However, the structural information about TXAS is
still limited at present because of the lack of X-ray
crystallographic structure. Therefore, unraveling the structur-
al−functional relationships of TXAS remains an essential step
in understanding the catalytic mechanism of TXAS. Although
homology building studies with TXAS using P450BM3 as a
template have been reported previously,12,13 it may be
necessary to carefully reexamine the three-dimensional (3D)
structural model because of their low levels of identity based on
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sequence alignment. Several protein crystal structures have
recently been elucidated; the cytochrome P450 3A4 (CYP3A4)
heme protein domain showed a significantly high level of
sequence identity and homology with TXAS.14,15 The well-
characterized crystallographic data of CYP3A4 are thought to
provide the most useful structural information so far for
modeling studies with TXAS.
Fluorescence quenching of the indole chromophore has been

widely used for a variety of proteins to explore the topological
information and hence structurally related properties. This is
mainly due to the fact that the fluorescence of the indole
chromophore is highly sensitive to the environment.16−19 To
gain a better understanding of the structural−functional
relationships of TXAS, we used fluorescence spectroscopy, in
combination with systematic site-directed mutagenesis, to
probe the TXAS−ligand interaction via the ligand-associated
change in the fluorescence property of Trp. In this study, we
chose TNS, which has been used as a probe for examining
protein−ligand dynamics of CYP3A4, a major enzymatic
determinant of drug and xenobiotic metabolism.20−23 TNS
fluoresces weakly at ∼500 nm in aqueous solution and intensely
fluoresces at 425−460 nm only when bound to a hydrophobic
pocket of a protein. TNS−TXAS binding dynamics was
investigated using both steady-state and time-resolved
fluorescence spectroscopy. Human TXAS contains five Trp
residues; the fluorescence property of Trp in TXAS was used to
monitor the accessibility of Trp residues in ligand-bound TXAS
and their microenvironment.24 The results, in combination with
systematically mutating Trp sites in TXAS and competitive
binding experiments with clotrimazole and Nile Red, provided
spectroscopic evidence of the nature of the ligand binding
environment of the TXAS as well as identification of the
proximity between tryptophan residue(s) and the bound TNS.

■ MATERIALS AND METHODS
Expression and Purification of Recombinant Human

TXAS. Recombinant human TXAS and its mutants were
expressed and purified as described by Hsu and Wang25 with
slight modifications. In brief, the constructs were designed by
replacing the first 28 amino acid residues in the N-terminal
transmembrane domain with the hydrophilic sequence
MAKKTSS for TXAS cDNA. A four-histidine tag was added
to the C-terminus of TXAS constructs to facilitate protein
purification. The expression constructs for the recombinant
TXAS proteins carrying single mutations (W31F, W65F,
W133F, W203F, and W466F), in which the Trp residues at
positions 31, 65, 133, 203, and 466 were individually mutated
to phenylalanine (Phe, F), were generated from the TXAS
construct mentioned above according to the instructions for the
QuikChange site-directed mutagenesis kit (Stratagene).
The expression constructs for the recombinant TXAS protein

with multiple mutations were derived from the single-mutant
recombinant TXAS constructs either by subcloning using
appropriate restriction endonucleases or by site-directed
mutagenesis. All constructs were validated by DNA sequencing
prior to protein expression. The resulting TXAS cDNAs were
transformed into Escherichia coli strain BL21/(DE3)pLys for
protein expression. Bacterial cultures were grown in 2×YT
medium with 50 μg/mL ampicillin (37 °C, 220 rpm) to an
OD600 of 0.4−0.5. δ-Aminolevulinic acid (δ-ALA, 0.25 mM)
was then added to the resulting culture and the culture grown
for an additional 30 min prior to the induction of TXAS
expression with lactose (∼110 mM; 30 °C for 18−20 h at 200

rpm). The cells were then harvested by centrifugation (6500
rpm for 15 min) and then frozen at −80 °C. To purify
recombinant TXAS, the cell pellets were first thawed and then
resuspended in sodium phosphate buffer (50 mM, pH 7.5;
containing 0.1 M NaCl, 10% glycerol, 10 μg/mL DNase, and 2
mM MgCl2) at a buffer solution:cell pellet ratio of 4:1 (v:w)
and then lysed by sonication at 4 °C. TXAS proteins were
further solubilized by the addition of NP-40 (3%) with stirring
(4 °C, overnight). The TXAS-containing supernatant was
collected by centrifugation (4 °C and 30000 rpm) and
subjected to purification via a Ni-NTA column (Qiagen)
followed by a hydroxyapatite chromatography column to
maximize the purity as previously described.25 The concen-
tration and purity of the resulting TXAS enzymes were
determined by the A418/A280 ratio, adjusted to 40 μM by
dilution with NaPi buffer (200 mM, pH 7.5; containing 10%
glycerol, 0.2% cholic acid, and 0.05% lubrol), and stored at −80
°C. All purified mutant TXASs exhibited a Soret peak at 418
nm similar to that of the wild type in UV−vis spectra.

Optical and Fluorescence Spectroscopy. Absorption
studies were performed with a Thermo Evolution 100 UV−vis
spectrophotometer (scan rate of 5 nm/s). Fluorescence studies
were performed with a Thermo Aminco Bowman Series 2
instrument with a nitrogen lamp (aperture of input and output,
4 nm; scan rate, 5 nm/s). Corrections for the inner filter effect
have been made with the following equation26
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where F is the corrected fluorescence intensity and Fobs is the
background-subtracted fluorescence intensity of the sample. Aex
and Aem are the measured absorbances at the excitation and
emission wavelengths, respectively.
Dissociation constants (Kd) were determined by fitting the

data with a one-site saturation ligand binding equation using
Sigma Plot version 10.0.
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The Kd in the inset of Figure 2 was determined by a one-site
ligand binding fitting equation expressed as
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where Fmax and Fmin are the maximal and minimal fluorescence
intensity corresponding to ligand concentration [S], respec-
tively.
Nanosecond−microsecond lifetime studies were performed

with an Edinburgh FL 900 photon-counting system with a
hydrogen-filled lamp as the excitation source. Detailed
fluorescence lifetime measurement has been described
previously.27 In brief, nanosecond lifetime studies were
performed with an Edinburgh FL 900 photon-counting system
with a hydrogen-filled lamp as the excitation source with a 40
kHz repetition rate. The emission decays were analyzed by the
sum of exponential functions and convoluted with the
instrument response function (IRF), which allowed partial
elimination of instrument time broadening and thus rendered a
temporal resolution of ∼300 ps.
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where τ is the lifetime and αi is the time zero amplitude due to
each decay time (τi). To obtain useful structure information
from energy transfer, the measured efficiency must be related to
the distance between the two fluorophores. FRET efficiency E
can be obtained by measuring the fluorescence intensity
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where FDA is the fluorescence of the donor with the acceptor
and FD is the fluorescence of the donor without the acceptor.
Förster distance R0 can be derived from eq 6.28
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where QD is the quantum yield of the donor, NA is Avogadro’s
number, and I is the overlap integral between the extinction
spectrum of the acceptor and the normalized emission
spectrum of the donor. Most investigators assume a random
orientation of the donor and acceptor transition dipoles
resulting in a value of 2/3 for κp

2. In theory, κp
2 for any

restricted motion can range between 0 and 4, depending upon
the orientation. However, it is generally believed that the
pocket in TXAS being probed is rather spacious, rendering a
high flexibility that may account for the absence of crystal
formation for TXAS. On this basis, the assumption of 2/3 for
κp

2 may be justified. It is worth noting that a value of 2/3 for κp
2

has been used frequently in FRET studies of proteins.29,30 Also,
the value for the refractive index of the medium (nD) is 1.4,
which is generally adopted in protein research.
Homology Modeling Structure of Human TXAS. The

primary sequence of human TXAS used in this study was
obtained from NCBI (GenBank entry AAH41157.1) that was
derived from TXAS cDNA containing 1602 nucleotide bases,

which is translated to 534 amino acid residues. A search for
secondary structures with homology to TXAS was performed
using Basic Local Alignment Search Tool (BLAST). The
accuracy of the sequence alignment is very important, because
the position of the amino acid within the framework depended
entirely on this alignment. The similarity between TXAS and
the heme protein domain of CYP3A4 covered more than 90%
of the TXAS residues. The crystal structure of human
microsomal CYP3A4 [Protein Data Bank (PDB) entry
1TQN)] was selected as the template structure for the
homology target structure of TXAS. The molecular modeling
procedure followed a modification of the strategy developed for
other mammalian P450s.12 Briefly, TXAS was first aligned with
the heme protein domain of CYP3A4 based on protein
sequence similarity. The conserved helices and strand frame-
work of the CYP3A4 template provided the coordinates for the
main chain of TXAS by transferring the crystal structure
coordinates of the CYP3A4 template to the aligned
components of TXAS. The amino acid side chains of TXAS
were then placed on the main chain model, with each side chain
conformation set to the most common dihedral angle. The
loops between helices were then inserted into the model. These
loop conformations were modified using the loop refinement
method to optimize a segment of the protein structure. The
structure and orientation of the heme in TXAS were adopted
directly from the X-ray coordinates of the CYP3A4 heme.
Finally, an energy minimization routine with 105 steps of the
steepest descent was performed for the heme-containing TXAS
model causing minor shifts in the position of coordinates to
remove steric clashes between atoms and produced a
reasonable peptide folding. This allowed the root-mean-square
(rms) force to be decreased to −0.5 kcal mol−1 Å−1. Profiles-3D
and Ramachandran Plot were used to check the validity of the
3D TXAS structure by measuring the compatibility of the
simulated TXAS structure with the sequence of TXAS.

Figure 1. Alignment of amino acid sequences of human TXAS and CYP3A4. Analysis of pairwise sequence alignment using the dot matrix method
shows a final overall alignment that is 32.7% identical and 57.2% similar between TXAS and P450 3A4.
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Molecular Dynamics (MD) Simulations of Clotrima-
zole and TNS-Docking TXAS. The TNS and clotrimazole
structures were generated, optimized, and docked into the
pocket of TXAS using the CHARMM-based molecular
dynamics docking algorithm. The docking was monitored
with a continuous energy calculation, allowing the tracking of
the empirical location of the lowest-energy orientation of
probes TNS and clotrimazole in the cavity. The flexibility of the
probe was addressed by including different orientations of its
rotatable side chains in the docking procedure. For analyses of
the docked TNS−clotrimazole−TXAS complex, 108 conforma-
tion structures were generated, among which representatives of
the stable conformations were selected on the basis of the
energy level of the structures. The numbers of remaining
conformations were then minimized by using the docking
results with the lowest energy as a starting point for further MD
simulations.

■ RESULTS AND DISCUSSION
Amino Acid Sequence Comparison between TXAS

and CYP3A4. The homology of the amino acid sequence
between TXAS and other P450 heme protein superfamily
members was assessed to select a suitable ligand for the
fluorescence probe experiments and structural simulations. The
search of amino acid sequence homology by means of
comparing TXAS with the nonredundant protein database
using the BLAST algorithm revealed that TXAS exhibits its
greatest level of homology with CYP3A4 [32.7% identical and
57.2% similar (Figure 1)]. The crystal structure of human
CYP3A4 was resolved independently with or without bound
ligand.14,31 Both results showed good structural agreement and
revealed a relatively large substrate binding cavity to
accommodate either large ligands or multiple smaller ligands
for cooperativity. It was also suggested that an unexpected
peripheral binding site may be located above the Phe cluster,
which may be related to the possible existence of allosteric
regulation.14 When TNS was used as a fluorescent probe to
investigate its binding to CYP3A4, it was revealed that TNS
indeed bound in the active site and exhibited a concentration-
dependent inhibition of CYP3A4 activity.21 Because of the high
degree of sequence similarity between TXAS and CYP3A4,
TNS was selected as a probe, and CYP3A4-based structural
simulation was employed to characterize the location and
topography of the ligand binding site(s) of TXAS.
Fluorescence Probe Experiments. To assess the spatial

relationship of ligand binding to TXAS, TNS−TXAS binding
dynamics was examined using both steady-state and time-
resolved fluorescence spectroscopy, which would provide
valuable information about the location of TNS binding. The
experiment in which the UV−visible difference spectra were
generated by titration of wild-type TXAS with increasing
concentrations of TNS (from 0 to 98 μM) showed that
addition of TNS did not perturb the immediate environment of
the heme iron in TXAS, as evidenced by no apparent changes
of the difference spectra around the Soret band (>410 nm)
with an increase in TNS concentration (see Figure S1 of the
Supporting Information). This is in sharp contrast to a previous
observation by Lampe and Atkins, who concluded that TNS
bound to the distal heme site of CYP3A4 and thus perturbed
the heme spin state of CYP3A4.21 The absence of the Soret
peak shift suggested that there was a lack of direct binding of
TNS to the heme iron of TXAS. In addition, the intrinsic
protein Trp fluorescence was evaluated to probe the binding

site of TNS in TXAS. Upon titration of TXAS with TNS (from
0 to 98 μM), the steady-state Trp fluorescence decreased while
emission from TNS increased (Figure 2), indicating a possible

energy transfer between TNS and Trp residues or a TNS-
induced conformational change of the Trp environment. Using
one-site ligand binding fitting (eq 3) of Trp emission from 290
to 375 nm, an apparent dissociation constant (Kd) of 34 ± 5
μM was found (Figure 2). The observation of TNS−Trp
interaction and the lack of TNS-induced heme iron spin-state
perturbation indicated that TNS is likely to bind in a remote
corner of the heme active site or at a distinct peripheral site of
TXAS.
This distinct characteristic for binding of TNS to TXAS was

further investigated by the addition of clotrimazole, a well-
known high-affinity heme ligand for TXAS.10 The difference
spectral perturbation titration (Figure 3) illustrated the binding
of clotrimazole to the TXAS−TNS complex showing a peak at
431 nm and a trough at 412 nm with an apparent Kd of 0.5 ±
0.1 μM as fit with a one-site saturation ligand binding model.
The heme iron spin-state perturbation indicated strong binding
between clotrimazole and heme in the TXAS−TNS complex.
However, the addition of clotrimazole to the TXAS−TNS
complex caused negligible changes in the fluorescence intensity
or peak of TNS (Figure 3B), illustrating that TNS is not
competitively displaced by the binding of clotrimazole. This
result was in contrast to that observed for CYP3A4 in which
TNS was replaced by erythromycin (ERY)21 in a similar
competitive binding experiment against ERY. This finding
further confirmed that TNS does not interact directly with the
heme iron in TXAS.
Because TNS could quench emissions from Trp in TXAS,

the five Trp residues (Trp31, Trp65, Trp133, Trp203, and
Trp446) in TXAS were mutated individually to define the exact
Trp residue that is in the proximity of TNS. Five TXAS
mutants (W31F, W65F, W133F, W203F, and W446F) were
constructed by individually mutating each of all five Trp
residues in wild-type TXAS to Phe. The fluorescence emission
spectra of Trp residues (excited at 280 nm) were then recorded
for the wild type and each mutant TXAS titrated with various
concentrations of TNS. The apparent Kd values for binding of

Figure 2. Emission spectra of titration of TXAS (2 μM) with TNS
(from 0 to 98 μM) excited at 280 nm. Increasing concentrations of
TNS quenched emission from tryptophan but increased emission from
TNS. The arrows indicate increasing TNS concentrations. The inset
shows the total fluorescence area under the curve from 290 to 375 nm
is integrated, and the data are plotted as a function of TNS
concentration and fit to eq 3, yielding a Kd of 34 ± 5 μM.

Biochemistry Article

dx.doi.org/10.1021/bi301400t | Biochemistry 2013, 52, 1113−11211116



TNS to TXAS mutants were not significantly different from
each other (25 ± 7 μM for W31F, 15 ± 3 μM for W65F, 27 ±
4 μM for W133F, 42 ± 5 μM for W203F, and 17 ± 4 μM for
W446F). The wild type and all TXAS mutants except W65F
showed obvious decreases in fluorescence emission intensity
integrated from 290 to 375 nm with an increasing TNS
concentration (from 0 to 98 μM) compared with that of no
TNS control (Figure 4), and none of Trps was quenched

drastically by either heme or the local microenvironment (the
estimated fluorescence intensity ratios for each Trp in TXAS
are listed in Table S1 of the Supporting Information),
suggesting that Trp65 is the major contributor in energy
transfer with TNS. This is further confirmed by using a
quadruple Trp mutant (W31F/W133F/W203F/W446F) con-
structed to test this hypothesis by mutating Trp31, Trp133,
Trp203, and Trp446 to Phe, leaving only one Trp, Trp65.
When excited at 280 nm, this quadruple mutant exhibited a
strong fluorescence quench (∼85%) upon addition of 98 μM
TNS (Figure 4).
The excited-state decay of TNS bound to TXAS was then

analyzed to further probe the spatial relationship between TNS

and the Trp residues. There are five Trp residues in TXAS.
Therefore, a certain variation in the excited-state relaxation
dynamics may be expected. According to previous reports, in a
protein, the main difference among each Trp lifetime was
primarily due to the polarity and perturbation from neighboring
amino acids and the microenvironment around the Trp
residues. Interpretations of the complex decay of tryptophan
fluorescence are generally classified into two categories, ground-
state heterogeneity (e.g., rotamer model) and excited-state
reaction (e.g., relaxation model), while the specific origin is still
pending resolution. In brief, proteins are heterogeneous
systems with various internal motions that cover a wide range
of correlation (in time domain), including the nanosecond time
window of fluorescence.32 Nevertheless, in general, tryptophan
lifetimes are known to be reduced when exposed to polar
environments.33,34

As shown in Table 1, we have made attempts to fit two
components of each Trp, which has been commonly adopted
for the study of tryptophan lifetimes in a protein context.32 The
Trp65 lifetime can be resolved in a straightforward manner in

Figure 3. (A) Difference absorption spectra of TNS (56.6 μM)-bound 2 μM TXAS titrated with 0−0.9 μM clotrimazole. The inset shows the
absorbance difference between 431 and 412 nm (ΔAbs431−412), among different clotrimazole concentrations that are fit by a one-site saturation
ligand binding equation, yielding a Kd of 0.5 ± 0.1 μM. (B) Fluorescence emission spectra of TNS (56.6 μM)-bound TXAS (2 μM) titrated with
clotrimazole (from 0 to 5 μM) excited at 280 nm.

Figure 4. Relative tryptophan emission from 290 to 375 nm of various
TXAS Trp mutants (2 μM) titrated with TNS (from 0 to 98 μM)
excited at 280 nm. W31F/W133F/W203F/W446F is a quadruple Trp
mutant with only W65 preserved. The fluorescence intensity is
normalized to the fluorescence emission of respective mutants without
addition of TNS.

Table 1. Fluorescence Lifetime Parameters for Tryptophan
in TXAS with or without TNSa

sample τ1 (ns) (α1) τ2 (ns) (α2) τ3 (ns) (α3)

wild-type TXAS 1.3 (0.17) 3.6 (0.52) 6.1 (0.31)
wild-type TXAS with 50 μM TNS 1.3 (0.22) 3.7 (0.78)
W31F TXAS 1.1 (0.18) 3.5 (0.52) 6.0 (0.30)
W31F TXAS with 50 μM TNS 1.1 (0.19) 3.6 (0.81)
W65F TXAS 1.4 (0.31) 3.5 (0.69)
W65F TXAS with 50 μM TNS 1.2 (0.29) 3.4 (0.71)
W133F TXAS 1.4 (0.25) 3.7 (0.58) 5.9 (0.17)
W133F TXAS with 50 μM TNS 1.3 (0.12) 3.7 (0.88)
W203F TXAS 1.1 (0.12) 3.5 (0.74) 5.9 (0.14)
W203F TXAS with 50 μM TNS 1.2 (0.04) 3.5 (0.96)
W446F TXAS 1.3 (0.18) 3.6 (0.30) 6.0 (0.52)
W446F TXAS with 50 μM TNS 1.3 (0.21) 3.7 (0.79)
W31F/W133F/W203F/W446F
TXAS

1.2 (0.10) 5.9 (0.90)

W31F/W133F/W203F/W446F
TXAS with 50 μM TNS

1.2 (0.06) 4.0 (0.94)

aThe system response limit is 0.3 ns.
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W31F/W133F/W203F/W446F TXAS without TNS (1.2 ns,
5.9 ns, χ2 = 1.1) and with 50 μM TNS (1.2 ns, 4.0 ns, χ2 = 1.2).
While the short decay component remains nearly unchanged,
the decrease in the decay time from 5.9 to 4.0 ns is obvious,
which implies an efficient energy transfer between Trp65 and
TNS (vide infra). In yet another approach, the fluorescence
lifetimes of the other four Trp residues (Trp31, Trp133,
Trp203, and Trp446) were measured in W65F TXAS. We
started the fitting from the assumption of four distinct lifetimes
for four Trp residues s for the long decay component ranging
from 3.0 to 6.0 ns. In this approach, similar to that of Trp65 in
W31F/W133F/W203F/W446F TXAS, we assumed that the
∼1 ns short decay component remained unchanged among all
Trp residues because of its short life span and hence less
quenching by any other processes. In other words, only one
variable was used to fit the short decay component, but four
variables were applied for the long decay component during the
fitting process. As a result, the best fit gave four very close long
decay component, which was considered to be virtually
irresolvable if we took into account the uncertainty of error.
In yet another approach, upon using only one decay rate
constant to fit the long decay component, we obtained lifetimes
of 1.4 and 3.5 ns for short and long decay components,
respectively, with a statistical confidence factor (χ2) of 1.2. The
latter value is very close to an average of four individual fitted
decay constants. Therefore, except for Trp65 (τ ∼ 5.9 ns),
which is expected to have the longest fluorescence lifetime
because of its proximity to the more nonpolar and/or
hydrophobic environment, we concluded that the other four
Trp residues are in a similar polar and/or proximal amino acid
environment, as indicated by the fluorescence lifetime of ∼3.5
ns. Furthermore, the longer lifetime of Trp65 can be distinctly
separated from those of the other four Trp residues. This is
further supported by the fitting of W31F TXAS, W133F TXAS,
W203F TXAS, W446F TXAS, and even wild-type TXAS, the
results of which always show a separable, long decay
component of 5.9−6.1 ns that can reasonably be ascribed to
the fluorescence lifetime of Trp65 (Table 1).
Along the same line, we further performed the TNS titration

and obtained Trp decay times for W65F TXAS of 1.2 and 3.4
ns for short and long decay components, respectively, upon
addition of 50 μM TNS (the same concentration used for
titration of W31F/W133F/W203F/W446F TXAS). The
reduction in lifetime from 3.5 to 3.4 ns indicated only minimal
quenching via the energy transfer process by the other four Trp
residues. This, together with the TXAS homology model,
yielded Trp distances listed in a later section, leads us to
conclude that there is no obvious energy transfer between TNS
and the other four Trp residues. As described in the
computational section below, the inefficient energy transfer
process is plausibly caused by the combination of two factors:
longer TNS−Trp distance and shorter Trp fluorescence
lifetime (3.5 ns vs 5.9 ns for Trp65). As a result, thereafter,
we focused on Trp65 because of its distinctly short distance
toward TNS and hydrophobic environment (vide infra).
On the basis of the mechanism of Förster resonance energy

transfer, the Förster distance (R0) of energy transfer between
TNS and Trp was calculated to be 25 Å (eq 6). Accordingly,
the distance (r) between TNS and Trp65 (point center) was
deduced to be 19 Å. Details of the relevant calculation are
provided in the Supporting Information. Note that the
observed variation in the fluorescence intensity decay ratio
(Figure 4) and in the decrease in the lifetime of wild-type and

mutant TXAS (Table 1) was primarily due to the perturbation
from neighboring amino acids and the microenvironment
around each Trp residue. For example, to a certain extent,
amino acids such as aspartate, glutamate, lysine, and arginine
may slightly quench Trp fluorescence.32

Additionally, Nile Red, a hydrophobic dye sensitive to
environmental polarity,35 was utilized to investigate compet-
itiveness and the microenvironment of the TNS binding site in
TXAS. Titration of TXAS with Nile Red resulted in the
enhancement of emission at 632 nm, which occurred in a
concentration-dependent manner with an apparent Kd of 2.7 ±
0.3 μM by fitting to a one-site ligand saturation binding model
(Figure 5). In contrast to the effect of clotrimazole, the addition

of Nile Red to the TXAS−TNS complex decreased the
fluorescence intensity of TNS (Figure 5B). However, the
fluorescence lifetime of TNS in TXAS did not change in the
absence (1.8 ns) or presence (1.7 ns) of 6.9 μM Nile Red. This
indicated that there is no obvious energy transfer between TNS
and Nile Red. Thus, TNS is most likely to be competitively
displaced by the binding of Nile Red to TXAS. In other words,
upon competitive replacement with Nile Red, TNS is ejected

Figure 5. (A) Emission spectra of TXAS (2 μM) titrated with Nile
Red (from 0 to 6.9 μM) excited at 550 nm. Increasing concentrations
of Nile Red enhance the emission of Nile Red. The arrows indicate
increasing Nile Red concentrations. The inset shows the total
fluorescence area under the curve from 560 to 800 nm is integrated,
and the data are plotted as function of Nile Red concentration and fit
by the one-site saturation ligand binding equation, yielding a Kd of 2.7
± 0.3 μM. (B) Fluorescence emission spectra of TNS (56.6 μM)-
bound TXAS (2 μM) titrated with Nile Red (from 0 to 6.9 μM)
excited at 280 nm.
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from TXAS to the solution. This is further supported by the
fact that TNS fluoresces very weakly in aqueous solution in the
region of ∼500 nm. Because Nile Red is known to exhibit a
high emission yield when located in a hydrophobic environ-
ment, these results imply that the TNS binding site in TXAS,
which is in the proximity of Trp65, is likely to be hydrophobic.
TXAS Structure and Probing the Heme Active Site

with TNS. On the basis of the MD simulations, the distance
measurements between Trps and TNS in TXAS are illustrated
in Figure 6A. The measurements show that Trp65 is the closest
to TNS at a distance of ∼14 Å compared to the other four Trp
residues (Trp31, Trp133, Trp203, and Trp446), with distances
of >25 Å. As shown in Figure 6B, our comprehensive docking
simulations suggest that the binding sites for clotrimazole and
TNS, localized to the solvent-accessible surfaces of the
substrate access channel extending toward the heme active
site, in TXAS are not mutually exclusive. This indicates that
TNS binds to a remote corner of the heme pocket, as in the
case of testosterone binding in CYP3A4.14

To characterize the ligand binding site, the probing
molecules, TNS (blue) and clotrimazole (purple), along with
relevant encompassing residues in the heme pocket of TXAS
are presented in panels B and C of Figure 6. The common core
of the heme pocket consists of helix I and the B−C loop
connecting helices B and C, which include residues N110,
R111, W133, R137, F337, R410, R413, and R478. The
hydrophobic binding site of TNS consists of part of helix A,
the F−F′ loop, and helices F and G. The residues forming this
hydrophobic pocket include N349, F217, F218, E219, F220,
F409, F64, and W65; among them, N349 and E219 anchor
TNS tightly, as shown in Figure 6C. It is also noteworthy that
such a Phe cluster is reminiscent of that was observed and
reported for human CYP3A4 in the literature.14 Moreover, this
Phe cluster packing above the heme active site cavity may form
a less polar, water-deficient microenvironment. Trp65 is
observed to be involved in this hydrophobic pocket; in
contrast, residues Trp31, Trp203, and Trp446 are located on
the water accessible protein surface, and Trp133 interacts with
the heme peripheral propionate matrix (Figure 6A).36

Apparently, Trp65 is located in a less polar environment
compared to the other four Trp residues in TXAS.
Overall, the TXAS active site is much more open in the

vicinity of heme, and the cavity volume is more uniformly
distributed than the sinuous cavity of its counterenzyme
prostacyclin synthase (PGIS) (PDB entry 2IAG).37 Compared
with that of PGIS, the larger volume of the active site around
the heme vicinity of TXAS reflects more flexibility in ligand(s)
binding at the distal site of heme. Thus, we speculate that this
adaptive active site in TXAS might be capable of binding
multiple ligands simultaneously because of its large size and
flexibility.

■ CONCLUSION
In summary, using TNS as a fluorescence probe, the proximity
between TNS and each of the five tryptophan residues in TXAS
was examined through the FRET process. Together with the
mutation of TXAS at five individual Trp sites, the results
showed that Trp65 is the major contributor to account for
energy transfer with TNS, implying that TNS is in the
proximity of Trp65. The distance between TNS and Trp65 is
estimated to be 19 Å. As for the location of TNS, competitive
binding experiments using clotrimazole reveal that, in contrast
to CYP3A4, heme and TNS do not interact with each other in

TXAS. On the contrary, TNS is displaced by Nile Red, a
hydrophobic dye sensitive to environmental polarity, indicating
that the TNS binding site in TXAS is likely to be a hydrophobic
pocket. The result in combination with a computer simulation
experiment leads us to conclude that TXAS, like CYP3A4,

Figure 6. Structures of TNS- and clotrimazole-bound TXAS. (A) The
relevant Trp residues, W31, W65, W133, W203, and W446, are shown
with center-to-center distance measurements for TNS (in angstroms).
(B) Illustration of the solvent access channels that connect the heme
active site to the protein surface. The channel edges are outlined by
the black dashed lines. Two different ligands, TNS (blue) and
clotrimazole (purple), docking in TXAS and related Phe residues in
the pocket. (C) Probing molecules, TNS (blue) and clotrimazole
(purple), along with relevant encompassing residues in the heme
pocket of TXAS (in angstroms).
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possesses a large active site, which can accommodate TNS and
clotrimazole without mutual interaction between TNS and
heme. The Phe cluster packing near the binding site of TNS
may be involved in facilitating the binding of multiple ligands to
the large active site of TXAS.
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