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Abstract

To unravel the mechanism of CPO-catalyzed regioselective oxidation of indole, the structure of
the CPO-indole complex was studied using NMR relaxation measurements and computational
techniques. The dissociation constant (Kp) of the CPO-indole complex was calculated to be
approximately 21 mM. The distances (r) between protons of indole and the heme iron calculated
from NMR relaxation measurements and molecular docking revealed that the pyrrole ring of
indole is oriented toward the heme with its 2-H pointing directly at the heme iron. Both Kp and r
values are independent of pH in the range of 3.0-6.5. The stability and structure of the CPO-indole
complex are also independent of the concentration of chloride/iodide ion. Molecular docking
suggests the formation of a hydrogen bond between the N-H of indole and the carboxyl O of Glu
183 in the binding of indole to CPO. Simulated annealing of the CPO-indole complex using r
values from NMR experiments as distance restraints reveals that the van der Waals interactions
were much stronger than the Coulomb interactions in indole binding to CPO, indicating that the
association of indole with CPO is primarily governed by hydrophaobic rather than electrostatic
interactions. This work provides the first experimental and theoretical evidence for the long-
sought mechanism that leads to the “unexpected” regioselectivity of CPO-catalyzed oxidation of
indole. The structure of the CPO-indole complex will serve as a lighthouse in guiding the design
of CPO mutants with tailor-made activities for biotechnological applications.
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Chloroperoxidase (CPO), a heme-thiolate protein secreted by the marine fungus
Caldariomyces fumago (), is a versatile enzyme (@ capable of catalyzing a broad spectrum
of chemical reactions including halogenation (3), dehalogenation (), N-demethylation ),
dismutation @, epoxidation (®), and oxidation ("-11). Therefore, CPO has been the subject of
numerous biotechnological investigations due to its potential applications in synthetic
chemistry as well as pharmaceutical industry (12-15), Most interestingly, CPO-catalyzed
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oxidation and epoxidation reactions proceed with high regio- and enantio-selectivity (6.8 16),
Tremendous efforts have been made during the past few decades to understand the
mechanism of CPO’s regio- and enantio-selectivity 17-19). Most of such studies are focused
on the structures of CPO-substrate complexes. The structural feature of CPO-substrate
complexes will shed light on the structure-function relationships of heme proteins in general
and the structural basis of the diverse catalytic activity, strict substrate specificity, and high
regio- and enatio-selectivity displayed by CPO in particular. The definitive structure of
CPO-substrate complexes will also provide pivotal information regarding the topology of
the heme active center of CPO, the residues involved in the catalytic cycle, the location/
orientation of substrate binding, and the mechanisms of CPO-catalyzed reactions. Such
information will serve as a lighthouse for designing more efficient CPO mutants that target
specific substrates and produce desired products that are difficult to obtain under mild
conditions (20). Unfortunately, the structural information on CPO-substrate complexes
remains scarce despite the great efforts made with the application of the most powerful
techniques available including X-ray crystallography and NMR spectroscopy.

X-ray crystal crystallography is one of the most powerful techniques for elucidating the
three dimensional structure of enzymes and their complexes with substrates. The crystal
structure of CPO has demonstrated the presence of a substrate-binding site with an opening
above the heme that enables organic substrates to approach the oxoferryl oxygen of CPO
compound | @), It is generally expected that substrate binding would result in noticeable
structural changes to the protein. Surprisingly, the structures of CPO-ligand complexes are
indistinguishable from that of the ligand-free protein (?1). On the other hand, the crystal
structure of CPO complexed with its natural substrate, 1,3-cyclopentanedione (CPDO),
(PDB code: 2CIX) revealed another surprising picture in which the active methylene group
of CPDO is not oriented towards the heme iron (22), This is in good agreement with the
results reported from an NMR relaxation study of CPO-CPDO complex in solution (23), To
date, 2CIX is the only crystal structure of CPO complexed with a substrate. The limited
crystal structural data on CPO-substrate complexes is mainly attributed to the difficulty of
diffusing organic substrates into CPO crystals (22),

Nuclear magnetic resonance (NMR) spectroscopy is an alternative technique to X-ray
crystallography for probing the structural information of proteins and their complexes with
substrates in solution. Particularly, in heme proteins, the enhanced nuclear relaxation
induced by the paramagnetism of the heme (24 25) was often used to establish the structure
and stability of enzyme-substrate complex (24 26:27) NMR relaxation studies have been
successfully used in determining the structural features of CPO complexed with various
substrates including phenols (28), sulfides (29), and the natural chlorination substrate,
CPDO (&),

Molecular mechanics studies have become an important complement to NMR and X-ray
experiments in exploring heme proteins and their interactions with substrates at the atomic
level (30.31) The NMR-determined distances between the substrate and the heme iron can be
used as restraints in simulation studies utilizing a simulated annealing protocol (32 33), This
protocol has been successfully applied to studies of substrate binding to several other
hemoproteins (34 35, This success has prompted us to investigate the mechanisms of CPO-
catalyzed regioselective oxidation of indole using both NMR and computational techniques.

The CPO-catalyzed oxidation of indole to oxindole was first reported in 1979 (36), Van
Deurzen et al. further reported that the oxidation of substituted indoles yields the
corresponding oxindoles and the reactivity of the substituted indoles depends on the nature
and the position of its substituent (7). However, to our best knowledge, the structural basis
for CPO-catalyzed unusual regioselective oxidation of indole remains undefined. Based on
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the structure of indole, the oxidation would be expected to occur at the 3-position of indole,
which possesses the highest electron density and is thus most susceptible to attack by
oxidizing agents and by other electrophilic reagents (36). It is obvious to suspect the indolic
N-H group as a structural feature controlling the position of oxidation, even though indole is
an extremely weak base. However, the presence of a hydrogen-bond between the indole N—
H group and an unknown group at the CPO active site has proven to be insufficient to
explain the regiospecificity of indole oxidation (38). Therefore, a detailed structural
characterization of CPO-indole complex would offer greater insight into the mechanisms of
CPO-catalyzed oxidations and solve the long lasting puzzle of the unusual product from
indole oxidation.

The aims of the present work are to reveal the orientation of indole binding at the active site
of CPO, to identify the residues involved in the formation of CPO-indole complex, and to
elucidate the mechanism of CPO-catalyzed regioselective oxidation of indole. The
interaction of indole with CPO was probed using longitudinal NMR relaxation and two
computational methods, molecular docking and simulated annealing. The dissociation
constant of CPO-indole complex and the distances between the protons of indole and the
heme iron of CPO are obtained. The effect of pH and halide ion on the binding of indole
with CPO is presented. Simulated annealing and molecular docking of indole in the active
center of CPO are provided. Our results showed that a complex with a Kp of approximately
21 mM is formed between CPO and indole with indole’s 2-H pointing towards the heme
iron. This structural feature satisfactorily explains the unusual product observed from CPO-
catalyzed oxidation of indole. It is concluded that formation of CPO-indole complex is
responsible for the escorted delivery of oxygen from CPO compound | directly to the 2-
position of indole.

MATERIALS AND METHODS

Materials

Caldariomyces fumago (ATCC number: 16373) was purchased from ATCC (Manassas,
VA). Unless otherwise specified, all chemicals were of analytical grade and were purchased
from Sigma-Aldrich (St. Louis, MO).

Chloroperoxidase Expression and Purification

CPO was isolated and purified according to published protocols (38 39) with slight
modifications. CPO preparations with Reinheitszahl values (Rz, Azgg nm/A278 nm ratios) of
1.4 or higher were used. The stock solution of CPO was prepared by repetitive (>6 times)
isotope exchange of aqueous protein solution with D20 in a Centriprep-30 centrifugal filter
device. The concentration of CPO was determined by measuring the absorption at 398 nm
using a molar extinction coefficient of 9.12 x 104 M~1cm=1(1),

Preparation of Stock Solutions and NMR Samples

A stock solution of indole (14.0 mM) was prepared by dissolving 32.8 mg indole in 20.0 mL
of warm D,0 in a vortex mixer. Stock solutions of 1.0 M chloride and iodide ion were
prepared from their potassium salts in D,O. Solutions of 1.0 M and 0.1 M DCI were
prepared by dissolving DCI (35% wi/w) in D50 to adjust the pH of all test solutions. The
samples used for NMR experiments contained 2-12 mM indole and 0.1 (or 0.01) mM CPO
in 100 mM phosphate buffer with 99.9% D,0. The final volume of all NMR samples was
500 pL.
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Structural Characterization of Indole by NMR

Proton NMR measurements were conducted on a Bruker Avance 600 MHz NMR
spectrometer at 298.0 K. Proton chemical shifts were referenced to the internal reference
4,4-dimethyl-4-silapentane-1-sulfonic acid (DSS). The NMR data were processed using
Topspin, version 2.1. The line width was obtained from proton spectra by fitting the proton
peak to a Lorentzian line shape.

T, Relaxation Experiments

The longitudinal relaxation time (T4) was determined using the standard inversion-recovery
method with 180°-7-90° pulse sequence (49). Eleven spectra were recorded for each sample,
with the inter-pulse delay v ranging from 0.5 to 25.0 s. For each spectrum, 32 scans were
acquired. The T4 values were calculated by fitting Equation 1, where v is the interval
between 180° and 90° pulses, M, is the Z-component of nuclear magnetization (represented
by the intensity of the peak) when the interval is t, Mg is the is the Z-component of the
nuclear magnetization when the interval is infinite, and p is a parameter that equals to 2.0 at
an exactly 180° pulse.

M,=My(1—p-eT) ()

Dissociation Constants of CPO-Indole Complex

The longitudinal relaxation rate (T1ops 1) is the weighted average of the relaxation rates of
the free substrate (T1¢"1) and the bound substrate (T1,~2 ) 41). Thus, the relaxation-time
values (T1ops 1, T1¢ 1, and Tqp 1) are related as shown in Equation 2 when only one
molecule of substrate binds to a molecule of enzyme, where Ty is the relaxation time of
the indole obtained from the relaxation experiment, Ty is the relaxation time of indole
obtained from the relaxation experiment in the absence of CPO, Ty} is the relaxation time of
the CPO-bound indole, Kp is the dissociation constant of the CPO-indole complex, Eg is the
initial CPO concentration, and Sy is the initial indole concentration.

1 1 -t s 1 1 L I 1 1 L
Tiops Ty
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Location of Indole Binding Site

The location of indole in the active site of CPO can be determined from the distances (r)
between indole protons and the heme iron of CPO calculated according to the Solomon-
Bloembergen equation (Equation 3) (24 27.42) 'where | is the permeability of free space, y
is the gyromagnetic ratio of the proton, g is the electronic g-factor, pg is Bohr magneton, S is
the spin state of the heme iron of CPO, o and as are the nuclear and electronic Larmor
frequency, respectively, r is the distance from proton nuclei to the heme iron, and  is the
correlation time that describes the dipolar interaction between the ligand and the
paramagnetic iron in solution. A value of 7, = 8.8x1071 s was used for CPO (29). When the

observed proton is in the extreme narrowing conditions (w? 72 < 1,w?72 > 1), as is usually
the case for high-spin hemoproteins (2% 43) Equation 3 is simplified to Equation 4, which
was used in calculating the distances in this work.

1 _2 MngHiS(SH)[
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o=

r(em)=[(8.66 x 10Ty, 7.]° 4

Additionally, Ty, is related to Tqy, through Equation 5, where T4 is the relaxation time in
diamagnetic states, Ty is the relaxation time in paramagnetic states, and gy, is the lifetime
of the enzyme-substrate complex. Since both T14 and 7y are negligible compared to Ty in
our case (23.28.29) T1p is approximately the same as Ty,

1 1 1
Tw T Timtr, ©
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Molecular Docking

Molecular docking for the preferred orientation of indole and 1-methylindole within the
active site of CPO was performed with the software package AutoDock (“4), version 4.2.3.
The results from molecular docking studies provided the starting position of indole for
distance-restrained simulated annealing. The structure of CPO for docking indole and 1-
methylindole was taken from the X-ray structure (PDB code: 2CPO). Additionally, 14 of the
glycosylation sites were removed from the CPO structure, and the pyroglutamic acid (Pca)
residue was replaced by a proline residue, since parameters for sugars and the Pca residue
are unavailable in the GROningen MOlecular Simulation (GROMOS) force field 4) that
was used in our simulated annealing. The removal of sugars from CPO should have
negligible effect on substrate binding, because CPO without glycosylation is still highly
active (46), Furthermore, the manganese ion was removed from the CPO structure, as
manganese-free CPO (47) was used in our NMR experiment. The crystallographic water in
the PDB file was removed to reduce any interference from that water during docking.

Both the indole and 1-methylindole structures were built by MarvinSketch, version 5.9, in
the JChem software package (ChemAxon, Ltd.) and further optimized with ORCA (48),
version 2.9, using second-order Mgller-Plesset perturbation theory (MP2)(49) and the def2-
SVP basis set®0). AutoDockTools®®D), version 1.5.4, was used to add Gasteiger charges to
CPO (+1.00 was added manually on Fe), indole, and 1-methylindole, respectively. During
simulation, the CPO structure was kept rigid. Indole or 1-methylindole was simulated in a
box centered at the heme iron, which was confined using a grid size of 30 x 30 x30 A3 box
with 0.375 A spacing. Docking consisting of 60 separate simulation runs was performed
with 25 million energy evaluations per run.

Distance-restrained simulated annealing

Distance-restrained simulated annealing and energy minimization for CPO-indole complex
were performed with the Groningen MAchine for Chemical Simulation (GROMACS)
package 2, version 4.6, using the GROMOS96 53a6 force field (45). The force field was
augmented with the parameters developed in this work (see Table S1). The parameters for
indole were built using the PRODRG2 server (33). The partial atomic charges of indole were
assigned by analogy with the equivalent functional group, tryptophan, in the GROMOS96
53a6 force field (54). The bonded parameters and partial atomic charges for the heme ligated
with cysteine were derived using Seminario’s method (%) and CHELPG (CHarges from
Electrostatic Potentials using a Grid based) (°6) method, respectively (see supporting
information); the van der Waals parameters were those already in the force field.

The CPO-indole complex was solvated with simple point charge (SPC) waters 7). The
protonation states of the titrable amino acid residues of CPO were assigned as follows: +1
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for His, Lys; -1 for Glu, Asp; and neutral for Tyr. The protein has a net charge of —16, and
s0 16 Na* ions were added to create a neutral system for simulation. Periodic boundary
conditions were imposed using a truncated octahedral box created from an 82 x 82 x 82 A3
cube. After deletion of overlapping waters, 12644 waters remained. A shift method with a
14 A cutoff was used for the calculation of Lennard-Jones interactions. Electrostatic
interactions were calculated with the particle mesh Ewald method (PME) 8), using a cutoff
of 12 A for real-space interactions, a Gaussian width parameter of 3.84195 A, an FFT grid
determined with the fourier spacing method using a maximum spacing of 1.2 A, and fourth-
order interpolation for reciprocal-space interactions. A relative dielectric constant (g,=1.0)
was used. All bond lengths were constrained using the LINCS algorithm (59, Positional
restraints were placed on the backbone a-carbon during simulated annealing. Indole was
restrained with a force constant of 600 kJ mol~1 nm=2 using the NMR-derived distances
between the protons of indole and the heme iron (see Table S2). A time constant of 50 ps
was applied to the distance restraint, while the violation of the distance restraint was the
square root of the product of the time-averaged violation and the instantaneous violation.
Brief energy minimization of CPO-indole complex was performed using the conjugate
gradient method to eliminate unrealistic van der Waals contacts. The system was rapidly
heated to 800 K, cooled to 300 K over 150 ps, and allowed to equilibrate for 100 ps at 300
K, using a 2 fs timestep. The analysis below is based on Coulomb and Lennard-Jones
interaction energies calculated during the last 50 ps, root-mean-square deviations (RMSDs)
calculated with respect to the starting structure, and snapshots of the indole molecule bound
to CPO during the last 50 ps of MD simulation.

RESULTS AND DISCUSSION
Proton NMR Spectrum of Indole in the Presence of CPO

Figure 1 compares the 1H NMR spectra of 5.7 mM indole in the absence (Figure 1A) and
presence of varying amount (0.01, 0.02, 0.05, 0.08, and 0.1 mM, Fig. 1B-F) of CPO at pH
6.0. The six main peaks (Figure 1A) can be easily assigned, based on the splitting pattern
and shift positions, to the protons of indole shown in Scheme 1: 7.32 ppm (2-H), 6.51 ppm
(3-H), 7.63 ppm (4-H), 7.08 ppm (5-H), 7.17 ppm (6-H), and 7.47 ppm (7-H). The 1-H was
not observed due to its fast exchange with D20. After addition of CPO, the doublet from 2-
and 3-H (Figure 1A) was changed to two broad singlets due to the paramagnetism of the
heme in CPO (Figure 1B), suggesting the close promximity of these protons to the heme
iron. Further increasing the concentration of CPO led to more significant broadening of
these peaks (Figure 1B—F). It is also noted that as CPO concentration was increased, all
indole resonances broadened coupled with noticeable shift in their resonance positions
(Figure 1B-F). For instance, the chemical shift of 4-H changed from 7.63 to 7.61 ppm. The
change in chemical shifts results from the dipole-dipole interaction between indole and the
heme iron (25, while line broadening of the signals is due to paramagnetic enhancements of
the transverse nuclear relaxation rates (T,~1) of indole caused by the heme iron (2%). The
results shown in Figure 1 indicate that a reasonably stable CPO-indole complex is formed
with indole bound near the heme center of the protein. More importantly, the NMR signal
from all indole protons can be clearly observed, making it possible to obtain the orientation
of indole in the active center of CPO because multiple distances between substrate protons
and the heme iron can be experimentally determined.

As the concentration of CPO increased from 0.01 to 0.05 mM, the linewidth of the 2-proton
increased from 2.47 to 54.37 Hz (Figure 1B-D). The peak of 2-H was broadened so severely
that it became hardly observable when the concentration of CPO reaches 0.08 mM or higher
(Figure 1E-F). The linewidth of 3-H also increased dramatically from 4.27 to 59.64 Hz
(Figure 1B—F) as the concentration of CPO was increased from 0.01 to 0.1 mM, although
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the broadening effect was not as profound for that observed for 2-H. In contrast, other peaks
were less broadened than those of the 2- and 3-H. For instance, the linewidth of 4-H
increased gradually from 4.00 to 15.71 Hz in the range of the CPO concentration tested
(Figure 1B—F). This suggests that protons in the pyrrole ring are closer to the heme iron than
protons in the benzene ring of indole with 2-H being the closest. The systematic broadening
of indole proton resonances observed here is consistent with our previous study of CPO-
CPDO complex (23),

Dissociation Constant of CPO-indole Complex

To evaluate the binding affinity between CPO and indole, the longitudinal relaxation time
(T1) of indole protons was measured in the presence of 0.1 mM CPO and different
concentrations of indole (2.8-11.0 mM) at pH 6.0. Figure 2 shows the nice exponential fit of
signal intensities (M,) as a function of the delay time () as defined in Equation 1, using the
resonance at 7.61 ppm (4-H) as an example. Similar fits are obtained for other protons of
indole (data not shown). Therefore, T1qps Of 4-H (Figure 2A—E) can be obtained from
Equation 1 (1.51s,1.63s,1.79s, 1.85 s, and 1.92 s, respectively). The increase in T1gps iS
attributed to the increase of the fraction of free indole as its concentration is increased.

Figure 2F shows a plot of Eq(1/T1ops-1/T15) ™1 versus Sq for 4-H. The fitted straight line
demonstrates the reliability of the data (R2=0.9957). The Kp value can be calculated as the
intercept of the fitted line divided by its slope using Equation 2. The Kp calculated from
Figure 2F was approximately 21 mM as listed in Table 1. This value is dramatically
different from the Ky (3.3 mM) for CPO catalyzed oxidation of indole (69). The
inconsistence between Kp and Ky, are most probably due to the fact that Ky, is affected by
many species involved in the entire catalytic process, while Kp is soly determined by the
stability of the enzyme-substrate complex. Higher Kp than Ky, has been observed for
complexes between CPO and other substrates (23). To verify the results from our NMR
studies, the Kp value for CPO-indole complex was also studied using difference optical
absorption techniques. Result from our UV-Vis studies is in good agreement with those
derived from our NMR studies (data not shown).

Figure 3 shows plots of Eq(1/T1ops-1/T15) ™1 versus Sq for other protons. All correlation
values of the fits (R2) were higher than 0.98. It should be noted that linear fits could only be
obtained for 2- and 3-H in the presence of 0.01 mM CPO. Protons in the benzene ring of
indole did not give reliable results in 0.01 mM CPO solution and thus do not fit into
Equation 2 possibly due to the weak paramagnetic effect at low enzyme concentrations and
long distances from these protons to the heme iron. Therefore, a higher concentration of
CPO (0.1 mM) was used to measure the relaxation rates of protons on the benzene ring of
indole. Table 1 lists the dissociation constant (Kp) of the CPO-indole complex at pH 6.0.
The Kp values obtained from the relaxation property of different protons in indole are quite
consistent, further proving the validity of the relaxation method in probing the structural
properties of heme protein-substrate complexes. The average of Kp calculated from all
protons of indole is ~21 mM, indicating a weak binding of indole to CPO. This value is
comparable to the reported Kp of 33 mM for the binding of CPDO to CPO (23), The stability
of CPO-indole complex also compares nicely with that of indole-P450 BM3 complex 61,

Distances between the Heme Iron and the Protons of Indole

To reveal the orientation of indole in the active site of CPO, paramagnetically induced NMR
relaxation of indole in the presence of CPO was used to calculate the distance between the
heme iron and the protons of indole. Table 1 lists the NMR relaxation time, T1p_and the
calculated distances between the protons of indole and the heme iron of CPO. These
distances are consistent with those obtained for alky phenyl sulfides (8.0-10.9 A) (29),
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phenols (5.6-9.3 A) (28) and CPDO (7.1 A) (23) binding with CPO. Examination of Table 1
revealed that the pyrrole ring of indole is closer than the benzene ring to the heme iron. The
distance between the heme iron of CPO and the 2-H of indole is the shortest. This position
happens to be the location at which the C—H oxidation takes place, indicating that the
oxidation of indole proceeds by a direct insertion of oxygen from the oxyferryl intermediates
of CPO. Furthermore, the use of these distance constraints (Table S2) in advanced
computational methods such as simulated annealing (62 63) can provide the precise
orientation and position of indole in the active site of CPO, which will be presented in
Distance-Restrained Model of CPO Complexed with Indole.

Effect of pH on Indole Binding to CPO

To check the effect of pH on indole binding to CPO, the Kp and the distances from 2- and 3-
H to the heme iron were determined in the pH range of 3.0-6.5 due to stability restriction of
CPO (Table 2). It has been reported that in the absence of hydrogen peroxide, CPO is stable
up to pH 6.5 (64,65 The relaxation time of 3-H of indole cannot be determined at pH < 4.0
due to acid-catalyzed tautomerization of the N-protonated species (¢6) that leads to the
exchange of 3-H with deuterated solvent. Therefore, the Kp values listed in Table 2 were
derived from Tq of 2-H only. Surprisingly, both the dissociation constant, Kp, and the
distance, r, between the 2-H of indole and CPO heme iron were independent of pH in the pH
range tested (Table 2), indicating that no ionizable group is involved in indole binding to
CPO. This is in conflict with the fact that the activity of CPO catalyzed oxidation of indole
is strongly pH dependent. Similar as most heme peroxidases, CPO uses compound | rather
than the resting state enzyme itself to oxidize substrates. Therefore, our results imply that
the effect of pH on CPO’s catalytic activity is primarily due to changes in the rate of
formation of CPO compound I rather than the formation of CPO-substrate complexes,
especially for hydrophobic organic substrates. It should be noted that the observed pH
inertness of indole binding to CPO is also at odds with the case of CPDO where an ionizable
group with a pKa between 4.5 and 6.5 is involved in the formation of CPO-CPDO

complex (23), The ionizable group has been suggested to be either a carboxylate residue (Glu
183) or a histidine imidazole group (His 105) (23). Since CPDO is polar, it may require
hydrogen bonding with Glu 183 or His 105 to stabilize its binding with CPO. In contrast to
CPDQ, indole is neutral and hydrophobic; therefore, its binding with CPO would naturally
be dominated by hydrophobic interactions with the enzyme. The X-ray structure of CPO has
revealed the presence of a putative hydrophobic channel for the approach of organic
substrates to the heme active site (22), At the bottom of this hydrophobic channel, two
phenylanalines, Phe 103 and Phe 186, serve as the gate keeper in controlling substrate
selectivity of CPO. Therefore, these two residues are likely to be the principal contact sites
for the hydrophobic interactions between CPO and indole.

Association of Indole with CPO in the Presence of Halide lon

It is well known that halides (including chloride, bromide, and iodide) are co-substrates of
CPO-catalyzed halogenations (. Although CPO from Caldariomyces fumago is incapable
of catalyzing the halogenation of indole, halide binding sites have indeed been identified by
a recent X-ray diffraction study of CPO 62). To probe the effect of chloride and iodide on
the binding of indole to CPO, the Kp and the distances from 2- and 3-H to the heme iron in
the presence of chloride and iodide were measured. Both Kp and the distances displayed
negligible dependence on the presence of chloride and iodide (Table 2 and Table 3),
indicating that chloride and iodide do not affect the binding affinity and orientation of indole
to CPO. This is consistent with the previous report of CPO-CPDO complex in the presence
of chloride ion (23) and is supported by the absence of chloride binding sites in chloride-
soaked crystals of CPO (2 22). However, the essentially identical Kp of CPO-indole complex
in the presence of varying concentrations of iodide is somewhat surprising as CPO does
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have three iodide binding sites at the distal heme pocket (22). The effect of iodide on
substrate binding was confirmed by our previous study on CPO-CPDO complex, which
displayed a dramatic increase in Kp (from 33 to 123 mM) as the concentration of iodide is
increased (23). This was later rationalized by possible steric clashes between CPDO and CPO
bound iodide, since the distance between the carbonyl oxygen of CPDO and CPO bound
iodide is only 1.9 A (22)_ It is thus proposed that the effect of iodide ion on the binding of
substrates to CPO depends on the specific structure and nature of the substrates. Substrates
such as CPDO that undergo halogenation reactions are affected by the presence of iodide,
while substrates undergoing other transformations are not, implying that iodide binding
results in little or no structural rearrangement for the substrate binding site of CPO. For
CPO-catalyzed chlorination reactions, chloride ion is captured by compound 1 (67 68)
without the need for a bound chloride ion at the active site of CPO. This is plausible because
the physiological environment where CPO functions has sufficient chloride ion to satisfy its
need for chlorination reactions.

Molecular Docking Models of Indole Bound to CPO

As a first step in determing the preferred orientations of indole within the active site of CPO,
computer-aided docking of the molecules including indole and its N-methyl derivative into
the active site of CPO was performed. During 60 Autodock runs, only one cluster of poses
for indole (or its derivative) was observed. The key issue described here is the position and
orientation of the substrate with respect to the heme and Glu 183 in the active site of CPO,
since Glu 183 is postulated to be the acid-base catalyst in compound I formation (69 70) and
thus to tune the catalytic activity of CPO (1), Figure 4A shows the CPO-indole complex
deduced from molecular docking. The pyrrole ring of indole faces the heme with the 2-H
being the closest to the heme iron. The orientation of indole observed here is consistent with
that derived from the distances between the protons of indole and the heme iron in our
relaxation experiments (Table 1). Additionally, the N-H of indole is 1.7 A from the y-
carboxyl group of Glu 183, indicating that, potentially, a hydrogen bond can be formed
between the N-H of indole and Glu 183. This hydrogen bond, even if it does form, is not
sufficient to be the major factor in keeping indole in its binding site in CPO (36). However, it
is reported that the hydrogen bond between Glu 183 and the alcoholic OH group directs
benzyl alcohol or 2-phenylethanol to a specific orientation (72, To further elucidate the
function of a hydrogen bond formed between the N-H of indole and Glu 183, 1-
methylindole was also docked into the active site (Figure 4B). It is observed that the methyl
group of 1-methylindole points toward the heme, not Glu 183. Thus, the orientation of 1-
methylindole is different from that of indole within the active site of CPO (Figure 4A). This
is attributed to both the hindrance from a bulkier methyl group and the disruption of the
putative hydrogen bond between indole and Glu 183. This also confirms that the N-H of
indole does play a role in the binding of indole to CPO, since 1-methylindole is indeed
hardly oxidized by CPO (38). Therefore, the observed negligible effect of pH on the Kp of
the CPO-indole complex from our NMR relaxation studies can be attributed to the extremely
low pKa of Glu 183 within the active site of CPO.

The binding energy, which is the free energy released by the formation of the complex
between the substrate and the enzyme, is an important parameter for evaluating the
bioaffinity of the substrate for the enzyme (73). The docking study resulted in binding
energies of —23.2 kJ/mol for the CPO-indole complex and —21.9 kJ/mol for the CPO-1-
methylindole complex. Compared to the binding of substrates to P450, such as indole (-53.5
kJ/mol) (74) and ticlopidine (-32.6 kJ/mol) (") | the binding of indole to CPO is apparently
weaker. This agrees with the conclusion from our NMR relaxation experiments (Table 1).
The slight smaller (in magnitude) binding energy of 1-methylindole to CPO relative to that
of indole, can be partly attributed to loss of a hydrogen bond with Glu 183.
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Distance-Restrained Model of CPO Complexed with Indole

To further investigate the interaction between indole and CPO, simulated annealing of the
CPO-indole complex was performed using the distances calculated from our NMR
relaxation studies at pH 5.0 (Table S2). Mean interaction energies of CPO with indole were
calculated for the last 50 ps of the simulatedannealing. The root-mean-square deviation
(RMSD) of the coordinates of CPO in the CPO-indole complex relative to the crystal
structure reaches a constant values (~1.4 A) in the last 50 ps, indicating stability of the CPO-
indole complex. Figure 5 depicts the structural model of indole in the active site of CPO
deduced from simulated annealing. Ten equally-spaced snapshots from the last 50 ps of
simulation are overlaid. The orientation of the indole is seen to be quite stable. The distances
between the protons of indole and the heme iron observed in Figure 5 are ~2 A smaller than
those of NMR results (Table S2). This is consistent with previous results in which the
distances between the protons of CPDO and the heme iron of the crystal structure of a CPO-
CPDO complex 22) (4.9 A) are much smaller than those of a relaxation measurement (23)
(7.1 A). Furthermore, differences between distances obtained with the distancerestrained
model and the NMR results are also observed in a study of the CYP1A1-phenacetin
complex (78, Such differences may be attributed to the fact that NMR results reflect an
ensemble of multiple orientations of the substrate in the active site (/). In spite of such an
ensemble, there should be only one major indole orientation as indicated by the significant
broadness of NMR peaks of 2- and 3-protons of indole compared to other protons (Figure
1). Therefore, the distance-restrained model investigated here should be sufficient for
studying the mechanism of regioselective oxidation catalyzed by CPO. It is observed that
residues within 5 A radius of indole are Val 67, lle 68, Leu 70, Ala 71, Asn 74, Phe 103, lle
179, Val 182, Glu 183, Phe 186, and Ala 267. The side-chain RMSDs of these residues,
except for Glu 183, averaged over the last 50 ps are comparable to the corresponding root-
mean-square fluctuations (RMSFs) (see Table S3). The RMSD of Glu 183 turned out to be
much larger than the corresponding RMSF, suggesting that the substantial adjustment of the
orientation of the charged Glu 183 side chain is a prerequisite for indole binding at the
active site. This is consistent with a previous study (") showing that Glu 183 mobility is
critical for the catalytic reactivity of CPO. Furthermore, the residues in the active site
strongly interacting with indole are of critical importance; identification of these residues
can serve as a lighthouse for designing better CPO mutants for the oxidation of not only
indole but also similar types of organic substrates. Therefore, the interaction energies
between the active-site residues and the indole molecule were examined (Table S4).

The calculated Coulomb and Lennard-Jones potential energies of indole bound to CPO
(Table S3) can be interpreted as representing electrostatic and hydrophobic interactions,
respectively. A strong Coulomb interaction (=25.7 kiJ/mol) was found between indole and
Glu 183, indicating the presence of a hydrogen bond between bound substrate and Glu 183.
This agrees with our molecular docking studies of this system. His 105 in CPO has been
postulated to form a hydrogen bond with and modulate the acidity of Glu 183 (77: 78), The
interaction between His 105 and Glu 183 helps hold Glu 183 in its place to interact with
iron-bound hydrogen peroxide that facilitates the formation of compound I. It has been
demonstrated that chemical modification of His 105 is detrimental to CPO-catalyzed
oxidations (79). In order to learn whether His 105 can affect indole binding to CPO, the
interaction between His 105 and indole was evaluated. It was found that only a small
repulsive Coulomb interaction (4.3 kJ/mol) exists between His 105 and indole, indicating
that His 105 has little direct effect on indole binding to CPO, although His 105 can
indirectly influence indole binding via its effect on the orientation and pKa of Glu 183.
Additionally, a weak Coulomb interaction (=2.1 kJ/mol) was found between indole and Val
67. Surprisingly, the Coulomb interaction between indole and Asn74 was also weak (-1.2
kJ/mol), indicating that the interaction between Asn 74 and indole is not essential for
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substrate binding. This is quite different from the case of polar substrates such as ethylene
glycol and dimethyl sulfoxide, which interact with Asn 74 extensively (22).

The van der Waals interaction (—103 kJ/mol) was much higher than the Coulomb interaction
between CPO and indole (-30 kJ/mol) from our simulated annealing studies. This indicates
that the formation of the CPO-indole complex is mainly governed by hydrophobic
interaction, rather than hydrogen bond or electrostatic interactions. Specifically, indole
interacts strongly with several key hydrophobic residues including Leu 70, Phe 103, lle 179,
Val 182, and Phe 186 at the active center of CPO. These residues contribute —6.6 to —10.4
kJ/mol per residue to the formation of the CPO-indole complex (see Table S4). This agrees
with reports that these hydrophobic residues interact significantly with hydrophobic
substrates such as cis-B-methylstyrene (71.89) and anthracene (82,

This structural model (Figure 5) is in good agreement with the fact that the catalytically
active form of CPO is compound | intermediate with O as the axial ligand. Assuming an Fe-
O bond of 1.65 A in CPO compound | (82) and the structure of CPO-indole complex derived
from distancerestrained model remain essentially unchanged after formation of compound I,
the distance between oxoferryl oxygen and 2-C of indole would be ~2.6 A. This short
distance agrees with the direct transfer of oxygen to the oxidation site (2-C) of indole.
Although the flexibility of CPO’s distal pocket is important to tune the catalytic reactivity of
CPO (71, the assumption of the same structure may hold as the crystal structure of CPO-
ligand adduct (1) and the hydroperoxoferric intermediate, compound 0 (83), are
indistinguishable from that of CPO. Furthermore, the binding of substrates should weaken
the Fe-O bond in the transition state, ensuring the efficient transfer of O from compound | to
substrate, as demonstrated by the elongation of Fe-O distance in the oxidation of dimethyl
sulfide by compound | of cytochrome P450 (84),

Mechanism of CPO-Catalyzed Oxidation of Indole

On the basis of our NMR relaxation measurements and the distance-restrained models
presented in Figure 5, a mechanism for CPO-catalyzed regioselective oxidation of indole is
proposed (Scheme 2). As for all CPO catalyzed reactions, the oxidation of indole is initiated
by the binding of a neutral hydrogen peroxide molecule to the heme iron of CPO (Fe'!l,
Scheme 2, ). Binding of H,O, to the heme iron is facilitated by the transfer of one of the
peroxide hydrogens to the carboxyl oxygen of Glu 183(. The hydrogen ion is then
delivered to the distal oxygen of the peroxide as the peroxide bond is heterolytically cleaved
to produce an oxoferryl m-cation radical intermediate (Fe!V=0e+, Scheme 2, I1) known as
compound I. Formation of compound | has been observed and characterized through many
different techniques including electron paramagnetic resonances (EPR) (%), Méssbauer (89),
X-ray absorption (82), and electron nuclear double resonance spectroscopy ). Single
electron reduction of compound | by indole converts compound | to compound 11 (Scheme
2, 111, 87) and generates an indole radical intermediate (Scheme 2, IV). The presence of
substrate intermediates as carbon-centered radicals has been established in P450-catalyzed
reactions (88). Additional evidence in favor of such a radical intermediate is provided by
EPR studies of lactoperoxidase in the sulfoxidation (%) and by 1H NMR and EPR studies of
a synthetic heme system in the epoxidation of styrene (°0). In addition, the hydrogen-atom
abstraction of the substrate is also presumed to be the mechanism in CPO-catalyzed
demethylation of N,N-dimethylanilines (°1). Green and Bukowski et al. suggested that the
hydrogen-atom abstraction from reducing substrates is facilitated by the axial thiolate
ligand (92 93) Reduction of compound I1 results in the transfer of the ferryl oxygen to the
substrate and the regeneration of the initial ferric resting state of CPO. Consequently, 2-
hydroxyindole is formed (Scheme 2, V), which spontaneously tautomerizes to the stable
oxindole (Scheme 2, VI). Similar mechanisms have been reported in CPO-catalyzed
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oxidative dehalogenation (®4). Furthermore, our results clearly indicate that the consecutive
electron transfers occur between the 2-position of indole and CPO intermediates, since 2-H
of indole is pointing directly to the heme iron. Therefore, CPO-catalyzed oxidation of indole
has a regioselectivity at the 2-position.
CONCLUSION

The work presented here provides insights into the mechanism of CPO-catalzyed
regioselective oxidation of indole. Association of indole with CPO was confirmed from both
linewidth and longitudinal relaxation time measurements of the proton NMR signals of
indole. Significantly, the precise orientation of indole in the CPO heme cavity was deduced
from our results. The dissociation constant of the CPO-indole complex was calculated to be
~21 mM, and the distances between protons of indole (2-, 3-, 4-, 5-, 6-, and 7-H) and the
heme iron of CPO were 4.3 A, 5.6 A, 9.2 A 105 A, 10.7 A, and 9.7 A, respectively. In the
pH range of 3.0-6.5, the dissociation constant of the CPO-indole complex and the position
of indole in the active site are independent of solution pH. It was also found that the
presence of halide (chloride and iodide) ion negligibly affect the stability of the CPO-indole
complex and the binding geometry of indole in the active site of CPO at pH 6. Molecular
docking of indole into the active site of CPO revealed that the pyrrole ring of indole points
to the heme and the 2-H of indole is the closest to the heme iron, confirming the results from
NMR studies of the CPO-indole complex. This indicates a direct-insertion mechanism of
oxygen into the C—H bond at the 2-posion of indole and provides the first experimental
explanation for the “unusual” regioselectivity of CPO catalyzed oxidation of indole. On the
other hand, molecular docking of 1-methylindole reveals that the methyl group points
toward the heme iron, not Glu 183 as in the case of indole. These docking studies suggest
that the N—H of indole plays an important role in the binding of indole to CPO. The
observed pH independence of indole binding to CPO in our pH effect experiments may be
attributed to the low pKa of Glu 183, which remains fully deprotonated within the pH range
tested in our experiments. Furthermore, simulated annealing of the CPO-indole complex
indicates that the Coulombic interaction between indole and Glu 183 is much stronger than
that between Val 67, Asn 74, and His 105. Finally, our study demonstrated that the
association of CPO with indole is mainly governed by hydrophobic interactions rather than
electrostatic interactions. This work provides the first experimental and theoretical
explanation for the observed “unexpected” regioselectivity of CPO catalyzed oxidation of
indole. Our results will also serve as a lighthouse in guiding the engineering of CPO into an
efficient biocatalyst for synthetic and pharmaceutical applications.
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ABBREVIATIONS
CPO chloroperoxidase
CPDO 1,3-cyclopentanedione
CYP1Al cytochrome P450, family 1, member Al
DSS 4,4-dimethyl-4-silapentane-1-sulfonic acid
Kp the dissociation constant
MD molecular dynamic
MP2 second-order Mgller—Plesset perturbation theory
NMR nuclear magnetic resonance
Rz Reinheitszahl
RMSD root-mean-square deviation
SPC simple point charge
T longitudinal relaxation time
P450 cytochrome P450, P450 BM3, Cytochrome P450 BM3
PDB protein data bank
Pca pyroglutamic acid
PME particle mesh Ewald method
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Figure 1.

The effect of the concentration of CPO on the proton NMR spectra of indole. The spectra
(A-F) was obtained in 10 mM deuterated phosphate buffer (pH 6.0) containing 5.7 mM
indole and a fixed concentration of CPO.
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NMR relaxation experiments for 4-proton of indole in the presence of CPO. (A-E) The plots
of peak intensities at 7.61 ppm as a function of inversion recovery time (t). The
experimental results (dots) was obtained in 100 mM deuterated phosphate buffer (pH 6.0)
containing 0.1 mM CPO and (A) 2.8 mM indole, (B) 5.5 mM indole, (C) 8.3 mM indole,
(D) 9.7 mM indole, and (E) 11.0 mM indole. The curve presents the exponential fit to
Equation 1. (F) The plot of Eg[1/T10ps—1/T17] 71 as a function of the concentration of indole
(Sp). The linear line presents the least-squares fit to Equation 2 and is used to estimate the

Kp.
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The plots of Eq[1/T10ps-1/T1£]71 @s a function of the concentration on indole (Sg) for (A) 2-
proton, (B) 3-proton, (C) 5-proton, (D) 6-proton, and (E) 7-proton of indole. The relaxation
experiment were carried out (A-B) in 10 mM deuterated phosphate buffer containing 0.01
mM CPO and varying the concentration of indole, or (C-E) in 100 mM deuterated phosphate
buffer containing 0.1 mM CPO and varying the concentration of indole. To plot the label on
y axis clearly, Eq[1/T1ops-1/T1¢]~2 of (A) and (B) was plotted in the unit of uMsS.
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Figure 4.
Ribbon and stick representations of (A) indole and (B) 1-methylindole docking in the active

site of CPO. There was only one orientation of indole and 1-methylindole found in docking.
The indole and 1-methylindole are colored green. Heme is shown as red sticks, and Glu 183

is shown as yellow sticks.
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Figure 5.

The distance-restrained model of indole in the active site of CPO. Residues within a5 A
radius of indole are Val 67, lle 68, Leu 70, Ala 71, Asn 74, Phe 103, lle 179, Val 182, Glu
183, Phe 186, and Ala 267. The side chains of Leu 70, Phe 103, lle 179, Val 182, Glu 183,
and Phe 186 are shown for the sake of clarity. To differentiate the protein residues from the
substrate, the indole molecule are colored green, the heme is colored red, and the carbons of
the residues are colored blue.
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7.17 ppm

The CPO-Catalyzed Oxidation of Indole to 2-oxindole Using Hy0,2P.
aThe indole structure is labeled with proton chemical shifts. °Proton number assignments are
shown.
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Proposed Mechanism of CPO-Catalzyed Oxidation of Indole.
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The dissociation constant (Kp) of CPO-indole complex and the distances (r) between the protons of indole and

CPO heme iron?

position 8 (ppm) T, (b T &) Kp(mM)
2-H 7.31 6.8x107° 4.2 21
3-H 6.50 3.7x1074 55 26
4-H 7.61 7.2x1073 9.1 21
5-H 7.06 1.6x102 10.4 22
6-H 7.15 1.8x1072 105 20
7-H 7.44 9.9x1073 9.5 19

aLI'he relaxation experiments were performed in 10 mM deuterated phosphate buffer (pH 6.0) containing 0.01 mM CPO to measure the & and T1 of

2- and 3-protons or 0.1 mM CPO for the other protons by changing the concentration of indole from 2.8 to 11.0 mM.

b . .
The average was from two independent experiments.
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