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ABSTRACT: The fumarate addition reaction, catalyzed by the
enzyme benzylsuccinate synthase (BSS), is considered to be
one of the most intriguing and energetically challenging
reactions in biology. BSS belongs to the glycyl radical enzyme
family and catalyzes the fumarate addition reaction, which
enables microorganisms to utilize hydrocarbons as an energy
source under anaerobic conditions. Unfortunately, the extreme
sensitivity of the glycyl radical to oxygen has hampered the
structural and kinetic characterization of BSS, thereby limiting
our knowledge on this enzyme. To enhance our molecular-level
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understanding of BSS, a computational approach involving homology modeling, docking studies, and molecular dynamics (MD)
simulations has been used to deduce the structure of BSS’s catalytic subunit (BSS) and illuminate the molecular basis for the
fumarate addition reaction. We have identified two conserved and distinct binding pockets at the BSSa active site: a hydrophobic
pocket for toluene binding and a polar pocket for fumaric acid binding. Subsequent dynamical and energetic evaluations have
identified Glu509, Ser827, Leu390, and Phe384 as active site residues critical for substrate binding. The orientation of substrates
at the active site observed in MD simulations is consistent with experimental observations of the syn addition of toluene to
fumaric acid. It is also found that substrate binding tightens the active site and restricts the conformational flexibility of the thiyl
radical, leading to hydrogen transfer distances conducive to the proposed reaction mechanism. The stability of substrates at the
active site and the occurrence of feasible radical transfer distances between the thiyl radical, substrates, and the active site glycine
indicate a substrate-assisted radical transfer pathway governing fumarate addition.

1. INTRODUCTION

Glycyl radical enzymes (GREs) catalyze some of the most
remarkable and energetically challenging free radical reactions
encountered in biology.' ™ One of these particularly important
reactions is the fumarate addition reaction, which is the first
step in the anaerobic metabolism of hydrocarbons.** The GRE
benzylsuccinate synthase (BSS) catalyzes this reaction, thereby
enabling sulfate, nitrate, and iron reducing bacterial cultures to
thrive on hydrocarbons as their primary carbon source.® The
growth of these microorganisms on metallic surfaces has a
detrimental impact as it facilitates biocorrosion in oil pipelines
and storage facilities.” Biocorrosion is also a significant problem
on naval vessels equipped with seawater-compensated fuel
ballast tanks, which must be periodically dry docked for repairs.
Recent studies indicate that biofuels are more susceptible to
undergo biodegradation than conventional fossil fuels.” With a
continuing shift toward the widespread use of biofuels, it is
believed that the adverse impact of biocorrosion will be
exacerbated. Therefore, a fundamental understanding of the
fumarate addition reaction is necessary to guide the selection of
future fuel components and/or development of inhibitors.
Understanding the ability of these microorganisms to
metabolize hydrocarbons also has potential benefits in
bioremediation of oil-contaminated soil and aqueous environ-
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ments® since aromatic hydrocarbons like benzene, toluene,
ethyl-benzene, and xylenes are known to be toxic, hazardous
pollutants.”

The intriguing free radical catalysis in BSS has been the
subject of various studies over the past decade.”'*™"* Studies
on the subunit structure of BSS suggest that it exists as a
heterohexamer (a,f3,y,) with the catalytic dyad (Cys492 and
Gly828) located in the a subunit.'® The catalytic dyad is known
to be conserved among all known GREs with the glycine
believed to be responsible for harboring the radical and the
cysteine residue responsible for mediating catalysis.” Krieger et
al. conducted electron paramagnetic resonance (EPR) studies
establishing the glycyl-based radical in BSS and proposed the
catalytic mechanism shown in Scheme 1."" The first step in the
suggested mechanism involves the H-abstraction from the
toluene substrate by the cysteine radical (Cys492e). The
resulting benzyl radical then adds to fumaric acid, forming the
succinyl radical intermediate, which then abstracts the hydro-
gen from Cys492, to regenerate the radical for subsequent
catalysis.
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Scheme 1. Steps Involved in the Proposed Catalytic
Mechanism for BSS Mediated by the Cysteine Radical
(Cys4920)”
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Upon exposure to oxygen, GREs are inactivated due to
cleavage at the radical site'® making their detailed structural and
kinetic characterization challenging. In the case of BSS, this has
precluded its structural characterization'® and limited the
current understanding of the mechanism at the molecular level
and the energetic and steric effects governing substrate and
product binding in BSS. Although the feasibility of the
proposed reaction mechanism has been demonstrated theoret-
ically with a highly reduced molecular model,'” the role of the
enzyme structure in facilitating this remarkable reaction is
currently unknown.

With the advent of computational structure prediction
techniques such as homology modeling, it is now possible to
predict the 3D structure of a protein based on its amino acid
sequence and structural information from genetically and/or
functionally related proteins. Homology modeled structures
have been successfully used in gaining significant insights into
enzymatic mechanisms and substrate binding energetics.'®™**
In this study, homology modeling has been used to provide the
structural basis from which the BSS active site topology has
been elucidated using docking techniques and guided by
existing experimental insights.'** Specific enzyme—substrate
interactions that facilitate substrate and product binding in BSS
have been identified using molecular dynamics simulations
(MD) and subsequent geometric and energetic analyses. The
parameterization of the cysteine radical coupled with umbrella
sampling techniques have enabled the evaluation of the impact
of substrate and product binding on the dynamics of the active
site as well the conformational flexibility of the thiyl radical.
The results of this study provide a structural basis to not only
interpret available biochemical data but also gain molecular-
level insights into BSS’s radical catalytic mechanism. This
sound structural basis will be critical in bridging the gap
between the lack of experimental structural data on BSS and the
pressing need to understand the molecular basis governing
anaerobic biodegradation of hydrocarbons, thereby addressing
issues in the larger context of biocorrosion and bioremediation.

2. METHODS

2.1. Homology Modeling. The amino acid sequence for the
catalytic subunit of BSS from the denitrifying bacterial strain Thauera
Sp. DNT-1 was obtained from the NCBI database (accession no.
BACO05501).>° The Thauera Sp. DNT-1 bacterial strain was chosen
since it offers a complete available sequence of the BSS operon and is
hence amenable to experimental investigations. The catalytic subunit
of BSS (BSSa) has a total of 864 amino acids with the putative radical
sites located on Cys492 and Gly828. The Basic Local Alignment
Search Tool (BLAST)?” was used to search the protein databank
(PDB) to find suitable templates for the homology model. Structures
with the highest sequence identity were all GREs: glycerol dehydratase
(GDH) (PDB ID: 1R8W),*® a GRE from Arcaheoglobus fulgidus (PDB
ID: 2F30),” and pyruvate formate lyase (PFL) (PDB ID: 2PFL).*
For this study, the available crystal structures for GREs (GDH, PFL,
and a GRE from Arcaheoglobus fulgidus) were all chosen as templates.
Modeler v9.10>" was used with multiple sequence alignment to
maximize the use of available structural information from the
templates for preparing the homology model of BSSa. The multiple
sequence alignment, performed using Salign,* of the BSSa sequence
with the templates indicated conserved homologous catalytic regions
(Supporting Information Figure 1).

A total of 100 homology models were created, and the model with
the highest GA341* score (ie, 1) and the lowest discrete
optimization potential energy (DOPE)** was chosen for subsequent
refinements. The selected structure was minimized for 100 steps usin§
the conjugate gradient algorithm in the UCSF Chimera package.®
Atom—atom clashes in this structure were detected, and further
minimizations were carried out for these structural regions. The
verify3D*® and PROCHECK® packages were used to assess the
quality of the final refined homology modeled structure.

2.2. Docking Calculations. The AutoDock suite of programs has
been successfully used in the past for detection of enzyme active sites
and substrate binding modes.***° In this study, Autodock v4.2 and
AutoDockTools (ADT v1.5.6)*" were used for two purposes, namely,
active site refinement by side chain optimization using a manual
induced-fit product docking approach and to generate initial
configurations for substrate-bound MD simulations based on the
refined active site topology.

The standard protocol of merging nonpolar hydrogens, assigning
Gasteiger charges and Autodock atom types, was followed to prepare
ligand and receptor input files. Prior to docking, torsions in the ligands
(benzylsuccinate, toluene, and fumaric acid) were specified, and
residues at the active site were kept flexible (induced fit approach).
The active site residues Val708, Leu491, and Leu390 were kept flexible
based on initial docking studies that indicated steric clashes with
substrate and product molecules thereby restricting access to the active
site cysteine (Cys492). A grid box (18 A X 18 A X 18 A) was centered
on Cys492 to encompass the active site cavity with the default grid
spacing of 0.375 A. The docking calculations utilized the standard
AutoDock force field and the Lamarckian Genetic Algorithm (LGA)
search for the lowest energy docked ligand conformers. Each docking
experiment consisted of 100 independent LGA runs with the
maximum number of energy evaluations for each LGA run set at
2 500000 with the generations set to a maximum of 27 000. The
resulting docking poses were analyzed based on their AutoDock
binding energies as well as their spatial orientation to ensure feasibility
of the fumarate addition mechanism.

To evaluate the utility of the outlined homology modeling coupled
with the docking approach, the methodology was tested on the
structurally characterized GRE system of GDH. The results of the
validation exercise indicate that this approach can indeed reproduce
substrate binding at the active site of GDH. The procedure and
detailed results can be found in section 1 of the Supporting
Information.

2.3. Molecular Dynamics (MD) Simulations. The fumarate
addition reaction is known to be catalyzed by the cysteine radical
(Scheme 1)."' Hence, for representative MD simulations of the
substrates and product at the active site, the cysteine radical was
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parameterized. A new amino acid residue type (CYR) including a new
atom type for sulfur (SV) was defined in the f99SB** force field using
antechamber and the restricted electrostatic potential (RESP) derived
charges (Supporting Information Section 2).

All MD simulations were conducted with the Amberl12 and
AmberTools12 software packages.*> For the protein—substrate
complexes, the fF99SB* force field was used for the protein and the
Generalized Amber Force Field (GAFF)* force field for ligand/s. The
following seven systems were created: (i) BSSa nonradical form, (ii)
BSSa radical form (Cys492e), (iii) BSSa radical (Cys492e) with
fumaric acid, (iv) BSSa radical (Cys492e) with toluene, (v) BSSa
radical (Cys492e) with toluene and fumaric acid, (vi) BSSa radical
(Cys492e) with R-benzylsuccinate, and (vii) BSSa radical (Cys492e)
with S-benzylsuccinate. Although experimentally it is known that
fumarate is the substrate for BSS, the active site of BSS is largely
hydrophobic in nature and would not provide an environment
conducive for charge separation. For this reason, fumaric acid instead
of fumarate was used to model the catalytic mechanism for BSS and
has hence also been used as the substrate in this study.'”

The protonation states of the amino acid residues were determined
using the H++ online webserver.” The systems were created using
tleap™® with explicit water molecules modeled using the TIP3P* water
model. The resulting system had 31 877 water molecules in a box of
dimensions 114 A X 121 A X 92 A (109233 atoms). The systems
were minimized for 2000 steps using the conjugate gradient algorithm.
The minimized systems were then equilibrated for 1 ns in the
isothermal isobaric (NPT) ensemble. A 20 kcal/mol restraint was
employed on the ligand(s) and the Cys492/Cys492e and Gly828 a-
carbon atoms during the minimization and equilibration stages. The
post equilibration simulations consisted of 40 ns unrestrained
production MD runs in the canonical (NVT) ensemble. All
simulations were conducted with the hydrogen atoms restrained
using the SHAKE algorithm*” and a time step of 2 fs. Analysis of the
trajectories was done using VMD*® and ptraj,** and standard
deviations were calculated for values reported based on these
simulations and were obtained by performing block averaging on the
40 ns trajectory. The block averaging involved splitting the 40 ns
trajectory into four blocks of 10 ns each and analyzing each block.

2.4. Binding Energy Calculations. The molecular mechanics/
generalized born solvent accessibility (MM/GBSA) implementation in
Amberl2 was utilized for the calculation of relative binding
energies.*”*® The energies were averaged over 1000 frames taken at
intervals of 20 ps. In the MM/GBSA method, the binding energies are
calculated as the sum of molecular mechanical and solvation energies
as described by eq 1

AGyy = AEyy + AGy, — TAS

solv

(1)

where AEyp is the molecular mechanical energy; AG, is the
solvation energy which together make up the enthalpic contribution; T
is the temperature in Kelvin; and AS is entropy.

AEy is calculated using a molecular mechanical force field
according to eq 2.

AEypy = AE, ma + AE

electrostatic

+ AEvdw (2)
where AE; .y is the bond, angle, and dihedral energy contribution;
AE ectrostatic 18 the electrostatic energy contribution; and AE 4, is the
van der Waals energy contribution. The solvation energy is calculated
according to eq 3.

AG

solv

internal

= AGgp + AGsy 3)

where AGgy is the electrostatic solvation energy and AGg, is the
nonpolar solvation component. The electrostatic contribution is
calculated using the generalized born (GB) model, and the nonpolar
component is estimated by solvent-accessible surface area. The
physiological salt concentration of 0.15 M was employed for these
calculations.

The entropic contributions to free energy were not considered in
this study due to their high computational cost, low prediction
accuracies, and the lack of experimental data on the binding/inhibition
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constants for BSS.>"*? For this study, the calculated binding energies
only serve as an additional validation of the predicted active site
topology by demonstrating the energetic feasibility of substrate
binding and to identify critical amino acids that facilitate binding.

Energy decomposition and computational alanine scanning experi-
ments have been successfully applied for elucidating important
enzyme—substrate interactions in various biological systems.>>”®
This approach was used here employing the sander implementation in
Amberl2. Specific enzyme—substrate interactions that stabilize the
ligands (fumaric acid, toluene, and benzylsuccinate) were identified by
decomposing the MM/GBSA energies among the active site residues.
The effect of these identified residues on substrate binding energies
(AAG 40 = AG — AG,q tyPe) was then evaluated using
MM/GBSA calculations on alanine mutants. In this case, the entropic
contributions can be justifiably neglected since they essentially cancel
out in the AAG calculations and hence provide a more accurate
insight into the free-energy contribution of a particular residue to
substrate binding. The alanine scanning experiments were performed
on the 40 ns trajectory of BSSar with both substrates (toluene and
fumaric acid) bound.

2.5. Potential of Mean Force (PMF) Calculations. The
proposed reaction mechanism for BSS assumes that the active site
cysteine mediates the reaction as in other GRE systems. This active
site cysteine is located between the substrates and the buried and
substrate-inaccessible active site glycine (that harbors the radical),
thereby possibly acting as a shuttle for radical transfer. The presence of
the radical on the sulfur atom of cysteine enables its access to a larger
conformational space, thus impacting radical transfer distances
involved in the reaction mechanism. The rotation about the dihedral
angle (N—C,—C;—S) of cysteine describes the thiyl radical’s
conformational flexibility and was hence chosen as the reaction
coordinate for the PMF calculations. The biased umbrella sampling
technique along with the unbiasing weighted histogram analysis
method (WHAM) were utilized for the construction of the
PMFs.**~®' Comparison of the PMFs for dihedral rotation in the
unbound enzyme and in the presence of the substrates and product
allowed for the evaluation of the impact of substrate and product
binding on the flexibility of the thiyl radical. The restraining potential
used was of the form shown in eq 4.

alanine mutant

; k
U:mbreuaSamplmg(idihedral) = ?n(gdihedral - 5()”)2 (4)
where is the restraining potential; k, denotes the force
constant for the restraining potential; &, denotes the equilibrium value
of the dihedral angle for each window; and &4 denotes the
instantaneous value of the dihedral angle. The umbrella sampling
simulations were spawned across 21 windows (spaced every 10°) in
the range of —100° to 100° with a restraining potential force constant
of 40 kcal/mol-rad® on the dihedral angle. Each window was
equilibrated for 250 ps followed by a production run varying from 2
to 4 ns depending on the convergence of the PMF in each window.
The convergence of the PMFs was verified by performing the
bootstrap analysis incorporated in the WHAM code which revealed
errors <0.1 kcal/mol.!

Unumbrella sampling

3. RESULTS AND DISCUSSION

3.1. BSSa¢ Homology Model. A molecular-level under-
standing of the catalytic mechanism in BSS has thus far been
elusive due to the unavailability of an experimentally
determined structure for BSS. However, the remarkable
structural homology demonstrated by the enzymes of the
GRE family and modern homology modeling techniques that
exploit these structural similarities provide a route to elucidate
the structure of BSS. The results of the BLAST search revealed
that the amino acid sequence similarity between BSSa and the
GRE family is between 26% and 30% (Supporting Information
Table 3). The multiple-sequence alignment (Supporting
Information Figure 1) of BSSa with the templates indicates
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Table 1. Matrix Depicting Sequence and Structural Similarity Amongst GREs”

BSSa GDH GRE (Areh Fulg.) PFL HPA-D
BSSo. 30% 27% 26% 24%
GDH 0.7 A 36% 28% 29%
GRE (drch. Fulg) 1L1A L1 A 23% 27%
PFL 1A 1.1 A 1.2 A 22%
HPA-D 12 A 12 A 13 A 13 A

“The top right half of the matrix denotes percentage sequence identity, and the bottom left half denotes RMSD values upon superposition of the 3-D
structures. Abbreviations used for the glycyl radical enzymes: GDH, glycerol dehydratase (PDB ID: 1R8W); GRE (Arch. fulg.), a glycyl radical
enzyme from Archaeoglobus fulgidus (PDB ID: 2F30); PFL, pyruvate formate lyase (PDB ID: 2PFL); HPA-D, hydroxy phenyl acetate-decarboxylase

(PDB ID: 2YSN).

that although there is low overall primary sequence similarity
there is significant conservation in the central and C-terminal
regions including the glycl/thiyl dyad. In spite of the fact that
GREs share low sequence identities, they have been shown to
have highly conserved 3-D structures, which is illustrated by the
relatively low root mean squared displacement (RMSD) values
of ~1 A in homologous regions (Table 1).”

A schematic representation of the secondary structure of the
BSSa homology model is shown in Figure 1. It is evident that

C—— Betasheet
C— Alpha helix

— Residue no. 197-202
B2 - Residue no. 326-331
B3 - Residue no. 392-396
B4 - Residue no. 426-431
B5 - Residue no. 455-458
B6 — Residue no. 512-515
B7 - Residue no. 611-613
B8 - Residue no. 701-704
B9 - Residue no. 766-771
(10 = Residue no. 799-803

Figure 1. Canonical glycyl radical enzyme structural motif as observed
in the homology model of BSSa. The putative radical sites Gly828 and
Cys492 are situated at the apex of two loops facing each other and
separated by 4.4 A.

the canonical GRE fold,"> observed in GRE structures,”® ™ is
also conserved in the BSSa homology model. In addition, the
BSSa homology model has the putative radical sites Gly828
and Cys492 situated at the core of the enzyme and surrounded
by the characteristic 10-stranded a/f barrel.

The homology model was subsequently analyzed using the
Verify3D*® package, which quantifies the compatibility of the
tertiary structure to its primary amino acid sequence. The
verify3D analysis (Supporting Information Figure 4) indicates
good compatibility of the homology model with its amino acid
sequence. The Ramachandran plot statistics for the homology
model reveal that 97.3% of the residues are present in the core
and allowable regions, 2.1% in the generously allowable regions,
and only 0.7% of the residues in the disallowed regions, thus
indicating good stereochemical quality.

The structure of BSS has been suggested to be similar to that
of another GRE, hydroxyphenyl acetate decarboxylase (HPA-
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D), since both enzymes are multimeric GREs.'® The recently
published crystal structure of HPA-D (PDB ID: 2Y8N) is the
first crystal structure of a heteromeric GRE and reveals that
HPA-D exists as a heterooctamer.®” Since the BSSa homology
model was made before the HPA-D crystal structure was
published, it was not used as a template in this study. However,
a structural comparison of the BSSa homology model with
HPA-D serves as another test of the structural conservation
among GREs. The structural alignment reveals a RMSD of 1.2
A for the homologous regions, with a sequence identity of 24%.
The canonical GRE fold with the 10 stranded a/f barrel and
the glycyl/thiyl residues at the apex of two loops is also
observed to be conserved between the two structures. The Car
distance for the glycyl/thiyl dyad is found to be 4.5 A in HPA-
D structure as compared to 4.4 A in the BSSa homology
model. The significant structural conservation among GREs in
the presence of low primary sequence identity indicates that the
homology modeling can indeed be used to provide a platform
for elucidating the BSSa’s active site topology.

3.2. Elucidation of the Active Site Topology in BSSa.
Although GREs share a conserved structural motif, they
catalyze reactions involving different substrates. The absence
of fumaric acid and/or toluene as substrates in previously
structurally characterized GRE systems necessitated the refine-
ment of the active site topology in the BSSa homology model.
The induced fit docking strategy involves docking calculations
of the ligand with flexible amino acid residues at the binding
site. Since the fumarate addition reaction forms an addition
product (benzylsuccinate), an active site topology capable of
accommodating the product should, in principle, be able to
accommodate the reactants. With this rationale, induced fit
docking studies of the benzylsuccinate product were carried out
to refine the active site.

It has been experimentally observed from deuterium labeling
studies that the very same hydrogen abstracted from toluene is
retained in the product benzylsuccinate molecule*® and that the
addition of toluene to fumaric acid is of syn nature.'> These
insights suggest that the productive active site topology of BSSar
must satisfy the following criteria:

i. Conduct the syn addition of toluene to fumaric acid.

ii. Position substrates suitably to facilitate feasible H-
transfer reactions for the mechanism while resulting in
the formation of a succinyl moiety that contains the
hydrogen atom originally abstracted from toluene.

iii. Favorably (energetically) bind both substrates.

Furthermore, the fumarate addition in BSS is experimentally
found to be highly stereospecific resulting in predominantly the

dx.doi.org/10.1021/ja404842r | J. Am. Chem. Soc. 2013, 135, 12279—-12288



Journal of the American Chemical Society

R-stereoisomer.”® The chirality of the methyl carbon of toluene
upon addition to fumaric acid dictates the configurational
stereochemistry of the resulting benzylsuccinate product which
can either be an R- or S-stereoisomer. The active site
elucidation using the induced fit approach was carried out for
both stereosiomers, which revealed a similar topology in both
cases. Figure 2 depicts the elucidated active site topology with

Glu509

GIn706

Figure 2. Active site topology and R-benzylsuccinate binding pose
obtained from results of the induced fit docking calculations. The
benzylsuccinate molecule is shown in licorice representation with the
carbon atoms colored cyan. The protein backbone and the residues are
indicated with ribbon and CPK representations, respectively.

the R-benzylsuccinate bound. It is observed that the benzyl ring
(toluene portion) of the succinate molecule is surrounded by
hydrophobic residues Leu491, Phe384, Leu390, and Tyr829,
and the carboxyl regions of the succinate molecule (fumaric
acid portion) are close to potential H-bonding interactions with
Ser827, GluS09, and GIn706. It is evident that this active site
topology offers two distinct binding pockets suited specifically
for toluene and fumaric acid binding. This was verified with
independent docking studies of toluene and fumaric acid at the
active site (Supporting Information Section 3).

The fumarate addition reaction has been observed in various
bacterial species that metabolize toluene.”*™*® A multiple
sequence alignment, performed using ClustalW,”” of the
amino acid sequence of BSSa from four other species of
bacteria (Figure 3) reveals 100% conservation of the hydro-
phobic and polar amino acid residues that form the putative
binding pockets for toluene and fumaric acid at the active site.
The conserved nature of these amino acids strongly suggests

that these residues are critically important to the binding of
toluene and fumaric acid. The two distinct binding pockets
create the opportunity for site-specific mutations to probe the
importance of these residues and evaluate the impact of
substrate binding on the catalysis of BSSa. The role played by
these residues is discussed in detail in the next section.

3.3. Enzyme—Substrate Interactions. Typical lifetimes of
radical intermediates in enzymatic radical reactions have
recently been observed to be around 10 ns.®® This necessitates
the stable accommodation of toluene, fumaric acid, and
benzylsuccinate at the BSSar active site over similar time scales,
which has been demonstrated here using MD simulations along
with the specific enzyme—substrate interactions responsible for
substrate/product binding. These interactions were evaluated
using geometric criteria, i.e., hydrophobic interaction distances
and hydrogen bonding analyses, as well as energetic criteria, i.e.,
MM/GBSA binding energies and its decomposition among
active site residues.

Before conducting MD simulations of the enzyme—substrate
complex, the stability of the homology model was verified using
two independent long-time (185 and 100 ns) MD simulations
in a solvated environment. The resulting MD trajectory
indicated a stable active site with a RMSD of 2.5 A and root
mean square fluctuations (RMSFs) < 0.5 A in both cases
(Supporting Information Figures 6 and 7 and Section 4).

Upon evaluating the structural fitness of the BSSa homology
model, docking calculations to the equilibrated structure were
conducted, and the binding poses obtained from docking
calculations were used as starting points for substrate-bound
MD simulations. Systems of BSSa with (i) toluene alone, (ii)
fumaric acid alone, (iii) toluene and fumaric acid, and (iv)
benzylsuccinate at the active site were run for 40 ns after an
initial equilibration of 1 ns in the NVT ensemble. The RMSDs
of the active site amino acid residues were found to stabilize at
~2 A for all systems, in agreement with the long time MD
simulations. Specific enzyme—substrate interactions observed
for substrates (Section 3.3.1 and 3.3.2) and product (Section
3.3.3) are discussed in detail below.

3.3.1. Toluene Binding. The favorable binding energetics for
toluene binding at the active site (Figure 4.2.1 and 4.2.2) are
found to be driven by interactions with hydrophobic residues.
These interactions were revealed by the MM/GBSA decom-
position analysis (Supporting Information Figure 8) as well as
the geometric analysis of toluene’s interactions at the active site,
which were quantified by tracking the separation distances over
the course of the MD simulations (Figure 4.a.1 and 4.2.2 and
Supporting Information Table 4). The cluster of hydrophobic
residues, Phe384, Leu390, Leu491, Tyr829, and Val708 is

o R [Te e oo

Th. S5p. DNT1 381 REI FIPGSND 390 491
Desulp. Toluolica 381 REI [FIPGSNDJL 3%0 491
Th. Aromatica 378 REI FIPGSND|L 387 488
A.aromaticum 378 REI [F|PGSND|L| 387 488
Azoarcussp. T 379 REI [F|PGSND|L 388 489

I
Th. Sp. DNTI 611 GWHNPI TTIV 620 701
Desulp, Toluolica 611 AWHNEVSTVV 620 701
Th. Aromatica 608 GWHNPI TSIV 617 698
A. aromaticum 608 WHNPI TTIV 617 698
Azoarcussp. T 6809 GWHNPI TTIV 618 699

PR SRR . R
CMSPGI HGR 500 501 RKTQKTRSEG 510
CMSPGLHGR 500 501 RKTQKTRSEG 510
CMAPGLAGR 497 498 RKAQKTRSEG 507
CMAPGVAGR 497 498 RKAQKTRSEG 507
CMSPGLCGR 498 499 RKTQKTRSEG 508

. e wlw - e e e efihe ..

VMPTGQANVIGL 710 821 DLI VRVISIGYS 830

VLPTGOANVGL 710 821 DLI VRVSIGYS 830

VKPTGGAVIGL 707 818 DLI VRVISIGFS 827

VKPVGOANGL 707 818 DLI VRVISIGFS 827

VLPVGQANGL 708 819 DLI VRVISIGFS 828

Figure 3. Multiple sequence alignment of the amino acid sequence of BSSa in different bacterial species: Thauera sp. DNT 1?° (used in this study),
Desulphobacula toluolica,®> Thauera aromatica,%* Aromatoleum aromaticum,®® and Azoarcus sp. T.% The hydrophobic (Phe384, Leu390, Leu491,
Val708 — continuous boxes) and polar amino acid residues (GluS09, Asn614, GIn706, Ser827 - dashed boxes) are conserved among all species.
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W

Figure 4. Active site residues identified to aid substrate binding using decomposition analysis. All residues having binding contributions greater than
0.5 kcal/mol are listed, and hydrogen bonding networks are depicted with dashed lines. The geometric analysis has been quantified and denoted as a
percentage of the simulation time for which interactions (hydrophobic or hydrogen-bonding) were observed. Also listed are the MM/GBSA binding
energies for each system, the negative values indicate favorable binding at the active site. *The hydrogen bonding contributions from Val708 are
from the protein backbone nitrogen atom. *Hydrogen bonds formed with two different atoms in GIn706.

found to aid toluene binding. It is to be noted that the residues
comprising this hydrophobic pocket are conserved in BSSa
found in other bacterial cultures (Figure 3). The presence of
fumaric acid is found to increase toluene’s interactions with
Val708, restricting its mobility and thus increasing the chances
for H-transfer to the thiyl radical (discussed in detail in Section
3.5).

In the MD simulations involving toluene, especially in the
presence of fumaric acid, two observations stand out. First, the
toluene methyl group was found to adopt conformations that
enable feasible H-transfer with the sulfur atom of Cys492e. The
heavy atom distance in the toluene—CH;Se H-transfer
transition state based on quantum mechanical (QM) studies
is 3.01 A."” This is similar to the closest distance of ~3.25 A
that is consistently observed in our MD simulations, for the
corresponding hydrogen transfer distance, i.e,, toluene’s methyl
carbon and Cys492e’s sulfur atom. Second, during the course
of the 40 ns simulation involving toluene and fumaric acid, it
was observed that the predicted toluene binding pocket
consistently facilitates the syn addition of toluene to fumaric
acid (Figure Sb).

3.3.2. Fumaric Acid Binding. While hydrophobic inter-
actions are found to drive toluene binding, H-bonding
networks at the active site are found to be critical for fumaric
acid binding. The hydrogen bonds observed during the 40 ns
simulation of fumaric acid alone and along with toluene at the
active site are denoted and quantified in Figure 4.b.1 and 4.b.2
and Supporting Information Table S. It is found that the
carboxyl groups on fumaric acid act as both donors and
acceptors for hydrogen bonds with Ser827, GluS09, and
GIn706. The importance of these active site residues in fumaric
acid binding is also revealed from the MM/GBSA decom-
position analysis (Supporting Information Figure 8) and

reaffirmed by their conservation among the other bacterial
species demonstrating fumarate addition (Figure 3).

It is known that the presence of substrates at the active site in
GREs results in a more compact active site configuration
favorable for the catalytic event as observed by tighter van der
Waals contacts in the crystal structures.®> This compacting of
the active site is also observed in the BSSa homology model. In
the presence of toluene, fumaric acid is stabilized at the active
site by hydrogen bonds with Glu509, Ser827, and GIn706
(Figure Sb), whereas in the absence of toluene, fumaric acid
interactions are observed to be more prominent with residues
on the outer regions of the productive binding pocket (Gly512
and Asn614) as shown in Figure Sc. This is reflected in the H-
bonding networks and decomposition energies of fumaric acid,
when present alone and with toluene at the active site (Figure
4b and Supporting Information Table S). Furthermore, in MD
simulations where the GluS09 and Ser 827 were beyond H-
bonding distance from fumaric acid, it was observed that
fumaric acid diffused away from the active site region, indicating
the importance of these residues in stabilizing fumaric acid at
the active site.

3.3.3. Benzylsuccinate Binding. The ability of BSS to
catalyze the reverse reaction has been experimentally
demonstrated by the exchange of p-cresol with the benzyl
portion of benzylsuccinate to form 4-hydroxy-benzylsucci-
nate."* This implies that the product benzylsuccinate molecule
must also be stable enough at the active site to undergo the
reversible reaction described above. MD simulations of both R-
and S-benzylsuccinate at the active site reveal that the succinate
product is indeed stable at the active site. A hydrogen bonding
network involving Ser827 and GIn706 residues aids this
stability (Figure 4.c.1 and 4.c.2 and Supporting Information
Table 6). The decomposition analysis also indicates that benzyl

dx.doi.org/10.1021/ja404842r | J. Am. Chem. Soc. 2013, 135, 12279—-12288



Journal of the American Chemical Society

A. Toluene

Leu390 ¢

Ser827
Cys492e

v

GIus09 GIn706

B. Toluene and Fumaric Acid

Leu390

’

Glus09 Fumaric Acid Ser827

C. Fumaric Acid %;— Tyr829
v
-

e
Leu3s0 g

o Y Cys492e
Leud91 ¢
< Ser827
b (W)
-
7 .
Glu509 Fumasichcld GIn706

Asn614 &!

Figure 5. Enzyme—substrate interactions at the active site observed
during MD simulations of (A) toluene alone, (B) toluene and fumaric
acid, and (C) fumaric acid alone at the active site. The substrates are
shown in licorice representation with the carbon atoms colored cyan.
The protein backbone and the residues close to the ligand are
indicated with ribbon and CPK representations, respectively.

succinate product binding is aided by both the hydrophobic and
polar active site residues (Supporting Information Figure 8).
Although it has been experimentally observed that the R-
stereoisomer of benzylsuccinate is predominantly formed, there
appears to be no distinction between the two isomers in their
binding characteristics and dynamics at the active site. As
observed in other enzyme systems, the preference for a specific
stereoisomer could occur through either racemization or
inversion.”””® Racemization would involve a configurational
change in the intermediate benzylsuccinyl radical that
determines the stereochemistry of the final product. This
would require sufficient residence time for the succinyl radical
intermediate and could possibly be aided by an allosteric
modification at the active site. On the other hand, if the
stereochemical preference is determined via inversion, the
stereochemistry would indicate a concerted reaction mecha-
nism which would involve the orientation of the cysteine
radical, methyl group of toluene, and fumaric acid to directly

result in the formation of R-benzylsuccinate. It has been
demonstrated, based on recent studies on alkylsuccinate
synthase, a recently discovered fumarate addition enzyme
closely related to BSS, that the stereos7peciﬁc nature of the
product is determined due to inversion.”” The orientation of
the substrates observed in this study ensures the geometric
feasibility for an inversion mechanism; however, since the
stereoisomers are a result of a distinct reaction mode,
determining the exact mechanism responsible for BSS’s
stereochemical preference for the R-isomer necessitates a
more detailed study of the plausible reaction schemes, utilizing
higher level ab initio or hybrid QM/MM methods which are
beyond the scope of this study and are the subject of further
studies on this enzyme.

3.4. Alanine Mutants Reveal the Impact of Specific
Residues on Substrate Binding. The geometric and
energetic analyses outlined above point to the involvement of
Phe384, Leu390, Leu491, Tyr829, and Val708 in stabilizing
toluene binding and Ser827, Glu509, and GIn706 in stabilizing
fumaric acid binding. Systematic point mutations of these
residues to alanine help assess and quantify their role in
enabling substrate binding. Table 2 lists the energetic impact of

Table 2. Impact of Alanine Mutations on Toluene and
Fumaric Acid Binding Energies

Mutation AAGyinding = AGmutant — AGiyid type
Effect on Toluene Binding
Phe384Ala 1.9 + 0.9 kcal/mol
Leu491Ala 1.2 + 0.7 kcal/mol
Leu390Ala 2.0 + 0.8 kcal/mol
Val708Ala 1.1 #+ 0.6 kcal/mol
Tyr829Ala 1.8 + 0.7 kcal/mol
Effect on Fumaric Acid Binding
GluS09Ala 54 + 1.9 kcal/mol
GIn706Ala 3.9 + 1.9 kcal/mol
Ser827Ala 5.7 + 1.8 kcal/mol

these mutations on toluene and fumaric acid binding. Positive
values indicate that the mutation impacts substrate binding
unfavorably and can be considered as prime candidates for
performing experimental point mutational analysis.

The alanine scanning mutations clearly indicate that the
mutations of Leu390 and Phe384 have the greatest impact on
toluene binding with binding energies shifting unfavorably by
~2 kcal/mol in both cases. The most significant impacts on
fumaric acid binding were affected by the GluS09Ala and
Ser827Ala mutations with an impact of 5.4 and 5.7 kcal/mol,
respectively. The larger perturbation seen for fumaric acid
binding is due to the stronger character of the hydrogen
bonding network as opposed to 77—z and hydrophobic
interactions that stabilize toluene. To compensate for the
smaller magnitude interactions with toluene it is found that
more hydrophobic interactions are recruited to stabilize its
binding.

3.5. Geometric Implications for the Catalytic Mecha-
nism. The glycyl/thiyl Ca (GlyCa—CysCa) distances and
glycyl Ca/thiyl sulfur (GlyCa—CysS) distances have been
described as characteristics specific to GREs. The average
values of these (GlyCa—CysCa and GlyCa—CysS) distances
observed in the seven BSSa systems prepared in this study
(Table 3) are consistent with other structurally characterized
GREs (Supporting Information Table 7). The averages and
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Table 3. Average Distances, Standard Deviations, and Percentage of Simulation Time When Feasible H-Transfer Distances
Were Observed over the 40 ns MD Trajectories of Each of the Systems

Gly828Ca—Cys492eCar

Gly828Ca—Cys492eS Cys492eS—toluene/benzylsuccinate

System average (A)
BSSa (nonradical form) 49+ 05
BSSa 6.1 + 0.7
BSSa + fumaric acid 5.5+ 0.5
BSSa + toluene 62 + 0.8
BSSa + toluene + fumaric acid 59+ 0.9
BSSa + R-succinate 6.4 + 0.5
BSSa + S-Succinate 5.6 +03

average (A) productive® average (A) productive®
40+ 03 - - -
59 + 0.6 0.0% -
6.7 £ 12 10.5% - -
5.6+ 1.1 15.3% 6.7 + 1.5 10.8%
47 £ 1.1 51.4% 53 +0.7 5.8%
41+ 04 88.1% 45+ 08 57.6%
39+ 03 97.3% 51 +1.0 39.7%

“Productive (%) indicates the percentage of the simulation time when the distance between the atoms was less than 4.5 A.

standard deviations have been calculated based on the 40 ns
simulations for each system. The standard deviation values for
these distances can be seen as an indication of the fluctuations
in the system. The significantly lower standard deviations
observed for all distances in the case with both substrates
bound (BSSa + Toluene + Fumaric Acid) is indicative of
substrate binding stabilizing the active site. This suggests that
the presence of both substrates at the active site is necessary for
the reaction and reaffirms the proposed reaction mechanism.
Martins et al. observed a reduction in the Gly—Cys distance in
HPA-D by 04 A upon substrate binding.®* The average
GlyCa—CysCa distance in BSSa is also observed to decrease
by 0.3 A upon fumaric acid and toluene binding (Table 3, Row
2—Row S). This also corroborates observations that substrate
binding results in a more compact active site.”> The average
values also reproduce the trends observed in experimental
structures where the GlyCa—CysS distance is, in most cases,
shorter than the GlyCa—CysCa distance (Supporting
Information Table 7).

It is also known that H-transfer distances in other radical
enzymes (biotin synthase, PFL activating enzymes, etc.) are in
the range of 3.5—4.1 A.°* Given the plausible radical transfer
pathway governing fumarate addition in BSS (Scheme 1), we
would expect distances between molecules involved in radical
transfer for BSS to be in the same range.'’ The MD simulations
in this study provide an opportunity to evaluate the feasibility
of the proposed mechanism for fumarate addition in BSSa. The
possible radical transfer distances in BSSa, namely, (i)
Gly828Ca—Cys492eS and (ii) Cys492eS—Toluene (methyl
carbon) or Cys492eS—benzylsuccinate (central carbon), were
evaluated from the MD simulations of the seven different
systems in this study. On the basis of the H-transfer distances
observed in radical enzymes and the Ca—S distances observed
in GRE crystal structures, a cutoff distance of 4.5 A for feasible
H-transfer distance was considered. Conformations during the
simulation meeting this cutoff were considered to be productive
(Table 3). In the MD simulations of toluene alone and with
fumaric acid, it was observed that the methyl group of toluene
pivots about its ring position resulting in higher average
distances and lower percentage of productive radical transfer
distances. This is due to the reduced interactions with Val708
and higher interactions with Leu390 in the absence of fumaric
acid. In the presence of fumaric acid the interactions with
Val708 dramatically increase, significantly stabilizing toluene. In
the case of benzylsuccinate, the lower average distances are
attributed to its decreased flexibility compared to the reactants
and stable hydrogen bonding with Ser827, GIn706, and Val
708. Most importantly, all systems consistently demonstrate
conformations for feasible H-transfer, indicating a feasible structural

12286

basis from which to initiate further studies on the reaction
mechanism.

Although the active site glycine is known to harbor the
radical (glycyl radical) and is believed to be more stable, the
thiyl radical is suggested to mediate the reaction.'””" This is
plausible considering its proximal location to both substrates
and its inherent orientational flexibility, enabling the radical
transfer reactions involved in the mechanism. To clearly
identify the impact of substrate and product binding on the
flexibility of the active site cysteine, and therefore the reaction
mechanism, the potential of mean force (PMF) for the dihedral
rotation of the thiyl radical was evaluated. In the absence of
substrates, the PMF depicts two thermodynamically equivalent
wells at —60° and +60° that are separated by an energy barrier
of 5.7 kcal/mol at 0° (Figure 6). However, upon substrate
binding, the well around +60° is made thermodynamically

12

PMF [kcal/mol]
(3]

-100-80-60-40-20 0 20 40 60 80 100
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Cys492 S - Gly828 Cu Distance [A]
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e e ey
B e =
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Dihedral Angle [Deg]

Figure 6. (Top) PMFs for the N—C,~Cy—S dihedral rotation in the
presence of substrates (X, blue), without substrates (CJ, black) and in
the presence of product (O, dark red). (Bottom) The errors in the
PMFs are <0.1 kcal/mol as determined by bootstrap analysis. Average
cysteine—glycine radical transfer distance as observed along the
dihedral angle for the three systems. The dashed line demarcates the
cutoff distance (4.5 A) for the productive radical transfer distances
assumed in this study.
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unfavorable by 9.5 kcal/mol and is separated by an increased
barrier of 9.7 kcal/mol. The presence of the product is
characterized by the same increased barrier as seen with the
substrate-bound case; however, the second well appears to be
more stable as compared to the substrate-bound case and less
stable than the unbound case. Thus, substrate/product binding
restricts the orientational flexibility of the thiyl radical to a well-
described region between —70° and —40° for the N—Ca—C;—
S torsion.

An analysis of the average CysS—GlyCa distances observed
during the 2 ns simulations at each window along the rotation
of the dihedral (Figure 6) reveals the impact of this restriction
on possible radical transfer pathways. The lowest average
radical transfer distances are found when substrate/product is
bound and occur in the thermodynamically stable well (—70°
to —40°) observed in the PMFs. This is in agreement with
experimental observations in the case of HPA-D, where Martins
et al. hypothesized that substrate binding could lead to
conformational rearrangement of the active site to generate
the thiyl radical and initiate the reaction mechanism.”> An
analysis of the productive instances (<4.5 A) for CysS-toluene/
benzylsuccinate radical transfer distances also indicates that the
productive well (—70° to —40°) is more conducive for radical
transfer.

These observations suggest that substrate binding restricts
the conformation of the cysteine residue to increase the
teasibility for radical transfer. The radical transfer pathway
scheme involved in the fumarate addition mechanism is likely
to be substrate assisted and supports the proposed reaction
mechanism (Scheme 1).

4. CONCLUSIONS

A combined computational approach involving homology
modeling, docking, MD simulations, MM/GBSA binding
energy calculations, alanine scanning, and umbrella sampling
methods have been employed to elucidate the active site
topology and the substrate dynamics in BSSa. Furthermore,
enzyme—substrate interactions in an active radical enzyme
system have been explored using MD simulations. The
successful application of the parameterized cysteine radical in
this study bodes well for its application to investigate other
enzyme systems that involve cysteine radicals. Putative binding
pockets for the substrates toluene and fumaric acid have been
identified and are found to be conserved in BSSa from various
bacterial species.

The predicted active site topology of BSSa is suggested to
consist of a hydrophobic pocket (Phe384, Leu390, Leu491,
Val708, and Tyr829) conducive for toluene binding and a polar
region (GluS09, Ser827, and GIn706) favoring fumaric acid
binding. The MM/GBSA binding energies demonstrate that
the active site topology is able to bind both substrates favorably.
Alanine scanning experiments reveal that Phe384, Leu390,
Glu509, and GIn706 are particularly important in ensuring the
binding of substrates. The hydrogen bonding network aided by
Glu509, Ser827, and GIn706 is found to be crucial in stabilizing
fumaric acid and enabling toluene addition.

In the context of the fumarate addition reaction mechanism,
MD simulations of BSSa in the presence of substrates suggests
the plausibility of the proposed mechanism by demonstrating
(i) the syn addition of toluene to fumaric acid and (ii)
facilitating a mechanism that retains the hydrogen abstracted
from the methyl group of toluene within the succinyl moiety. It
has also been demonstrated that substrate binding impacts

dynamics at the active site to favor feasible radical transfer
pathways as demonstrated by a tighter active site and the
restricted mobility of the thiyl radical. The structural basis for
the fumarate addition reaction in BSSa, elucidated in this study,
provides a link between interpreting available experimental data
and designing future studies, both theoretical and experimental
in nature, to further our limited understanding of the
remarkable free radical mechanism(s) employed by BSSa.
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