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ABSTRACT: Organisms that produce reductive dehalogenases (RDases) utilize halogenated aromatic and aliphatic substances as
terminal electron acceptors in a process termed organohalide respiration. These organisms can couple the reduction of halogenated
substances with the production of ATP. Tetrachloroethylene reductive dehalogenase (PceA) catalyzes the reductive dehalogenation
of per- and tri-chloroethylenes (PCE and TCE, respectively) to primarily cis-dichloroethylene (DCE). The enzymatic conversion of
PCE to TCE (and subsequently DCE) could potentially proceed via a mechanism with the first step involving a single electron
transfer, nucleophilic addition followed by chloride elimination or protonation, or direct attack at the halogen. Difficulties with
producing adequate quantities of PceA have greatly hampered direct experimental studies of the reaction mechanism. To overcome
these challenges, we have generated computational models of resting and TCE-bound PceA using quantum mechanics/molecular
mechanics (QM/MM) calculations and validated these models on the basis of experimental data. Notably, the norpseudo-
cob(Il)alamin (Co(II)Cbl") cofactor remains five-coordinate upon substrate-binding to the enzyme, retaining a loosely bound water
on the lower face. Thus, the mechanism for the thermodynamically challenging Co(II)—Co(I)Cbl" reduction used by PceA differs
fundamentally from that utilized by adenosyltransferases (ATRs), which generate four-coordinate Co(II)Cbl species to facilitate
access to the Co(I) oxidation state. The same QM/MM computational methodology was then applied to viable reaction intermedi-
ates in the catalytic cycle of PceA. The intermediate predicted to possess the lowest energy is the one resulting from electron trans-

fer from Co(I)Cbl” to the substrate to yield Co(II)Cbl", a chloride ion, and a vinylic radical.

Introduction

Organisms that contain reductive dehalogenases (RDases)
utilize halogenated aromatic and aliphatic substrates as termi-
nal electron acceptors in a process termed organohalide respi-
ration. '* These organisms are able to couple the reduction of
halogenated substrates from human pollution or natural pro-
cesses (such as those produced by algae, sponges, and fungi**)
with a chemiosmotic production of ATP.!* Since organisms
that contain RDases occur in a variety of habitats including
marine environments, oil reservoirs, and sewage plants where
persistent halogenated compounds are found,%’ RDases natu-
rally aid bioremediation by converting halogenated com-
pounds that are toxic or carcinogenic to less toxic derivatives.®

Tetrachloroethylene (also known as perchloroethylene) reduc-
tive dehalogenase, PceA, is one such RDase found in Sulfuro-
spirillum multivorans.® PceA is a norpseudo-cobalamin (Cbl")
and [4Fe-4S] cluster containing enzyme that primarily cata-
lyzes the stepwise reduction of perchloroethylene (PCE), a
carcinogenic industrial solvent, and trichloroethylene (TCE), a
toxic dry-cleaning agent, to cis-dichloroethylene (DCE). As is
the case for other organohalide respiring bacteria, S. multi-
vorans is capable of performing the de novo biosynthesis of its
unique corrinoid, Cbl*, which lacks a methyl group at position

176 of the nucleotide loop and features an adenine in place of
the 5,6-dimethylbenzimidazole intramolecular base that is
present in cobalamins.®!°

The enzymatic conversion of PCE to TCE (and subsequently
to DCE) could potentially proceed via a mechanism that be-
gins with a single electron transfer (SET), nucleophilic addi-
tion, or direct attack at the halogen (Figure 1). In each case,
the resting state Co(II)Cbl" is reduced to the catalytically rele-
vant Co(I)Cbl" species by electron transfer through the two
[4Fe-4S] clusters.!! Supported by X-ray crystal structures of
PceA incubated with halogenated phenol substrates'? and radi-
cal trapping of propene reaction intermediates,'® the SET reac-
tion proceeds via electron transfer from Co(I)Cbl" to the sub-
strate, yielding Co(II)Cbl", a chloride ion, and a vinylic radical
(Figure 1, eq 1). The vinylic radical is further reduced either
through a transiently formed Co(I)Cbl" species or directly
from a [4Fe-4S]'* cluster, and then protonated to form TCE.
The proton donor in PceA has not been definitively identified
but has been presumed to be the Y246 residue conserved
across reductive dehalogenases.!!

While carbon isotope fractionation factors appear to support
the SET mechanism, these factors, as well as carbon and chlo-
rine isotope effects, are also consistent with a mechanism
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involving either nucleophilic addition followed by elimination
or nucleophilic addition with subsequent protonation as the
first step in trichloroethylene dechlorination.'*'® In the nucle-
ophilic addition mechanisms, catalysis is instigated by attack
of the reduced Co(I) center on one of the two equivalent car-
bon atoms of the substrate, forming a carbanion intermediate.
This intermediate can subsequently undergo chloride elimina-
tion (Figure 1, eq 2a) or protonation (Figure 1, eq 2b). Further
one-electron reduction in conjunction with protonation or
chloride elimination promotes formation of Co(II)Cbl* and
TCE.

The third mechanistic proposal invokes direct attack of the
Co(I)Cbl" species on a substrate halogen to form a Co—Cl ad-
duct that undergoes either homolytic CI-C bond cleavage
(Figure 1, eq 3a), yielding a vinylic radical and a Cl-
Co(IDCbI" species, or heterolytic C1-C bond cleavage (Figure
1, eq 3b), forming a carbanion and Cl-Co(III)Cbl*. Further
one-electron reduction and protonation results in both path-
ways converging to CI-Co(II)Cbl" and TCE. A previous com-
putational study of PceA comparing homolytic and heterolytic
cleavage of the Co—Cl adduct revealed that heterolytic C1-C
bond cleavage to yield Cl-Co(III)Cbl" is energetically more
favorable.!” A direct attack of the Co(I) center on a substrate
halogen has been proposed for Nitratireductor pacificus pht-
3B RdhA, a similar reductive dehalogenase that primarily
reduces halogenated phenols.!®* EPR studies of NpRdhA re-
vealed ”Brand ®'Br super-hyperfine splittings of the Co(I1)Cbl
signals, providing evidence of a direct halide-cobalt interac-
tion in this enzyme.'® Additionally, a similar mechanism was
established for base-promoted cleavage of aryl-halogen bonds
by Co(Il)porphyrins,'® a family of related tetrapyrroles.

Difficulties with heterologous gene expression, low growth

yields, and the oxygen sensitivity of PceA have greatly ham-
pered direct experimental studies of the PceA reaction mecha-
nism.>!?* To overcome these challenges, we have collected
magnetic circular dichroism (MCD) data of PceA in the ab-
sence and presence of substrate, generated computational
models of these states using the quantum mechanics/molecular
mechanics (QM/MM) method, and validated our models on
the basis of the experimental data. Computational models of
viable reaction intermediates were then prepared using the
same computational methodology. A comparison of the struc-
tures and relative energies of these species models provides a
means to assess the feasibility of previously proposed reaction
mechanisms employed by PceA to convert PCE to TCE.

Experimental Methods

Protein  Production. S. multivorans PceA containing
Co(II)Cbl" was isolated and purified as previously described.!!
Protein was stored at -80 °C in 30-40 mM Tris-HCL, pH 7.5
buffer.

Sample Preparation. All chemicals were purchased from Sig-
ma and used as received without further purification. Water
was purified by reversed osmosis followed by ion exchange
and filtration steps on a Millipore Milli-Q water purification
system.

Titanium(III) citrate was prepared according to a published
method?! by the reaction of 15% TiCls (in 10% HCI solution)
with sodium citrate tribasic dehydrate in a 1:2 molar ratio,
followed by neutralization with saturated sodium carbonate in
an anaerobic atmosphere to yield a dark red-brown liquid.
Absorption spectroscopy was used to verify the oxidation state
of the product on the basis of a published reference
spectrum.?



Diaquacobinamide [(H20)2Cbi**] was prepared by adding the
reductant NaBHa to an aqueous solution of (CN)2Cbi, loading
the reaction mixture on a C18 SepPack column, washing with
H20, and eluting the product with methanol, as described in a
previous report.?? (H20)2Cbi** was then reduced to Co(II)Cbi*
in an anaerobic environment via dropwise addition of saturat-
ed potassium formate in buffer. Absorption spectroscopy was
used to verify the oxidation state of the product and determine
its concentration using Beer’s Law via the reported molar ex-
tinction coefficient for Co(II)Cbi* of 11 mM'cm™ at 470 nm.>*

Electronic Absorption and Magnetic Circular Dichroism
Spectroscopies. Room temperature electronic absorption (Abs)
spectra were obtained using a Varian Cary Se spectrophotome-
ter. For oxygen sensitive samples, the sample compartment
was purged with N2 gas for 40 min prior to use. Low tempera-
ture Abs, circular dichroism (CD), and magnetic CD (MCD)
spectra were collected with a JASCO J-715 spectropolarimeter
in conjunction with an Oxford Instruments SM-4000 8 T super
conducting magnetocryostat. For low-temperature studies,
samples were prepared to a final concentration between 115-
165 uM with 55-60% (v/v) glycerol to ensure glass formation
upon freezing in liquid nitrogen. CD background and glass-
strain contributions to the MCD spectra were removed by tak-
ing the difference between spectra collected with the 7 T mag-
netic field oriented parallel and anti-parallel to the axis of light
propagation.

Generation of Computational Models and Time Dependent-
Density Functional Theory Computations. All quantum me-
chanics/molecular mechanics (QM/MM) optimizations were
performed using the ONIOM method as implemented in
Gaussian09.%° Published high-resolution (1.65 A) X-ray crys-
tallographic data of S. multivorans PceA bound with cis-
dibromoethylene (DBE) (PDB entry 4url) were used as initial
coordinates.!! PDB2PQR?* was employed to add hydrogen
atoms to all residues at a pH of 7.0. Hydrogen atoms were
added manually to Co(II)Cbl* using the PyMOL molecular
graphics system.?” While the crystal structure indicates PceA
is a homodimer, the two active sites are separated by 42 A
(Co—Co distance) with no cofactors or substrate channel be-
tween them.!! This indicates the two dimers function as inde-
pendent subunits, warranting in silico study of only one mon-
omer. Additionally, residues 417-431 were not resolved in the
X-ray crystal structure, causing residues 431-461 to be dis-
connected from the rest of the enzyme. As these residues are
far from the active site, they were removed from our models to
avoid issues with the optimization. The QM region consisted
of Cbl" with each sidechain truncated after the first carbon
atom?® (with the exception of the sidechain closest to the sub-
strate, see Figure S1), axial water, and substrate, where appli-
cable, along with amino acid residues Y246, N272, and R305.
These residues were included in the QM region due their high-
ly conserved nature among reductive dehalogenases!! as well
as their location in the enzyme active site. The QM region was
treated with the BP86 functional®*° and TZVP basis set.*! The
remainder of the enzyme was modeled using MM with the
AMBER forcefield.? Bonds that cross the boundary between
the QM and MM regions were treated with a capping hydro-
gen atom with C—C bond lengths scaled by 0.709. AMBER
parameters for the cobalamin were taken from the literature.*
The original model (generated using coordinates from PDB
entry 4url) was first optimized with a pure MM method prior
to ONIOM based geometry optimizations. The default
ONIOM convergence criteria were used for all models. The

models were optimized using a charge and multiplicity con-
sistent with low-spin Co(II) species for the resting and sub-
strate bound states (total S=1/2), low-spin Co(IIl) species for
the intermediates involving nucleophilic addition and Co—Cl
adduct formation via heterolytic CI-C bond cleavage (total
S=0), or low-spin Co(II) species for the intermediates formed
upon SET and Co—Cl adduct formation and homolytic CI-C
bond cleavage (total S=1). The root mean square deviation
(rmsd) of atomic positions between the optimized models and
published crystal structures were determined using the align
method in PyMOL.?” Figures for all models were created us-
ing PyMOL.?

After convergence of the QM/MM geometry optimizations,
the coordinates of the QM region (truncated Cbl", axial water,
and substrate, where applicable, along with residues Y246,
N272, and R305) were extracted for time-dependent density
functional theory (TD-DFT) calculations using the ORCA4.0
computational package.>* Protein residues were truncated at
their beta carbons and capped with hydrogens. TD-DFT calcu-
lations were performed with the camB3LYP* and wB97%
functionals. The def2-SVP¥7 and def2/J® basis sets were em-
ployed for all atoms except for Co and all coordinating atoms,
for which the TZVP? basis set was employed. The RIICOSX
approximation as implemented in ORCA4.0 was used to speed
up the calculation of the Hartree-Fock exchange term. With
the exception of the capping atoms explicitly replaced with H-
atoms, all MM atoms were included in the computations as
point charges with values defined by the force field used in the
QM/MM optimization. The TD-DFT calculation for
Co(INCbi" was performed with CPCM water solvation.
Isosurface plots of electron density difference maps (EDDMs)
were prepared in PyMOL using isodensity values of £0.05
au.?’ Corrin ring distortion parameters were calculated as de-
scribed elsewhere. 04!

Results

Spectroscopy. The electronic absorption (Abs) spectrum of
PceA exhibits several overlapping bands in the visible and
near-UV regions (Figure 2). These features arise from elec-
tronic transitions localized on the Co(II)Cbl® species and two
[4Fe-4S]*" clusters. More information concerning the Co-
ligand environment can be obtained using magnetic circular
dichroism (MCD) spectroscopy due to the signed nature of the
MCD signal and the much higher relative intensity at low
temperature of features arising from the paramagnetic
Co(IDCbI" species compared to those from the diamagnetic
[4Fe-4S]*" clusters. Furthermore, through the mechanism of
spin-orbit coupling, the Co(Il) ligand field (or d—d) transi-
tions that are parity-forbidden in Abs spectroscopy gain signif-
icant MCD intensity. Because the singly occupied Co 3d.*-
based molecular orbital is oriented perpendicular to the corrin
ring of Co(I)Cbl’, the ligand field transitions are particularly
sensitive to changes in the axial ligand environment. These
transitions have been previously shown to dominate the low-
energy region of the MCD spectrum.*

Consistent with published X-ray crystal structures,'' the MCD
spectrum of as-isolated PceA indicates that the cobalt center of
Co(II)Cbl" is five-coordinate with the intramolecular base
replaced by a water molecule in one of the axial positions
(Figure 3). The lowest energy feature, which arises from a
Co(Il) ligand field transition that is especially sensitive to
changes in the Co-axial ligand interaction,** is red-shifted by
~320 cm from its counterpart in the MCD spectrum of
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Co(Il)cobinamide® (Co(I)Cbi*, a mimic of base-off Cbl at
neutral pH that lacks the lower nucleotide loop and intramo-
lecular base), indicating a weaker Co—O(Hz) bond in the pro-
tein-bound Co(IT)Cbl". Due to the high similarity between the
shape of the spectrum of as-isolated PceA and Co(II)Cbi™, it is
clear that PceA binds Co(IT)Cbl* without major conformation-
al changes of the corrin ring.

Addition of TCE to PceA causes only minor changes to the
MCD spectrum, ruling out any major conformational changes
of the Co(II)Cbl” species. While the lowest energy feature is
slightly broadened in the presence of TCE, possibly reflecting
some variability in the axial Co—~OH: bond distance, our data
provide compelling evidence that the PceA-bound Co(I1)Cbl*
species remains five-coordinate even in the presence of sub-
strate. Further differences between the MCD spectra of PceA
in the absence and presence of TCE include a modest red-shift
of the metal to ligand charge transfer (MLCT) transition at
20,030 cm™! upon addition of substrate. As this MLCT transi-
tion arises from excitations between the filled Co 3d-based
and empty corrin m*-based molecular orbitals (MOs),*? the
observed red-shift likely signifies a small change in the corrin
ring conformation upon TCE binding to the enzyme active
site.
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Figure 2. Abs spectra at 4.5 K of as-isolated PceA (solid line) and
Co(IT)Cbi* (dotted line).
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Figure 3. MCD spectra at 4.5 K and 7 T of (from top to bottom)
Co(IT)Cbi*; as-isolated PceA, PceA incubated with TCE; PceA
incubated with TCE, titanium citrate, and methyl viologen; and
PceA incubated with DBE.



the Co(II)Cbl" cofactor. These predictions are consistent with
the crystal structure of DBE-bound PceA (PDB entry 4url),
which revealed that DBE does not displace the axial water
ligand of Co(IT)Cbl" and binds with both bromine atoms point-
ing away from the Co center.

OM/MM Geometry Optimizations. A whole-protein model of
PceA in the absence of substrate was generated by performing
a QM/MM optimization starting from a published high-
resolution X-ray crystal structure of PceA bound with DBE
(see Methods section). The rmsd of atomic positions between
the optimized model and the crystal structure of 0.949 A
(comparing 2553 non-hydrogen atoms) falls below the resolu-
tion of the crystal structure, 1.65 A,!' indicating that the
QM/MM optimized model is in good agreement with the
atomic positions captured in the crystallographic coordinates.
The most notable difference in the active site region between
the experimental (PDB entry 4uqu) and computed structures of
substrate-free PceA (Figure 4, A and B) involves a minor rota-
tion of Y246, the presumed proton donor during catalysis,
such that the -OH group extends slightly further over the face
of the cobalamin in the computational model. Interestingly, in
the crystal structure of resting PceA (PDB entry 4uqu'!), water
molecules are present both above and below the Co(Il) ion
(Figure 4), though the Co(II)Cbl* species is expected to pos-
sess a single axial ligand. Indeed, our optimized model shows
that only the water molecule in the lower axial position coor-
dinates to the Co(II) ion, while the water above the upper face
is rotated to participate in a hydrogen bond network.

Optimization of a PceA model with TCE added to the active
site in silico yielded a geometry in good agreement with the
crystal structure of TCE-bound PceA (PDB entry 4ur0'!), with
a rmsd of atomic positions of 0.749 A (comparing 2559 non-
hydrogen atoms) that is again well below the resolution of the
crystal structure, 1.80 A.'" Although the orientation of the
substrate in the QM/MM optimized model differs somewhat
from that observed experimentally, the distance between the
Co(II) ion and proximal carbon atom of TCE is well repro-
duced (Figure 4, C and D).

Addition of an electron to the TCE-bound PceA model con-
taining Co(II)CbI" yielded a Co(I)Cbl* species. As expected,
during the QM/MM optimization of this model, the water
molecule in the lower axial position of the Co(I) center moved
away to yield a four-coordinate Co(I)Cbl® species (Table 1).
This model is particularly noteworthy given the lack of any
(free or enzyme-bound) Co(I)Cbl crystal structure.

Validation of the Computational Models on the Basis Spectro-
scopic Results. While Abs spectroscopy is poorly suited for
characterizing the PceA-bound Co(II)Cbl" species, the MCD
data obtained in this study provide an excellent framework for
validating computational models. Importantly, the QM/MM
optimized models of substrate-free and TCE-bound PceA both
feature five-coordinate Co(II)Cbl" with a water molecule oc-
cupying the lower axial position, as stipulated by the close
resemblance of the MCD spectra obtained for these species
and free Co(II)Cbi* (Figure 3). Moreover, time-dependent
density functional theory (TD-DFT) calculations performed on
the QM region of the computational models predict a moder-
ate red-shift of the lowest-energy transitions from Co(IT)Cbi”
to PceA-bound Co(II)Cbl" (Figure 5), consistent with our
MCD spectra (Figure 3). To ascertain that the TD-DFT com-
putations correctly describe these transitions as involving pri-
marily Co(II) d—d excitations, electron density difference

maps (EDDMs) were calculated that provide a visual represen-
tation of the change in total electron density upon electronic
excitation (Figure 5, bottom). Inspection of these EDDMs
reveals that the two lowest-energy transitions correspond to
the Co(Il) dy~—>d»2 and dx.—d.2 excitations. The red-shift of
these transitions from Co(II)Cbi* to PceA-bound Co(II)Cbl*®
predicted computationally and observed experimentally may
arise from the presence of a water molecule that hydrogen-
bonds to the Co(Il) ion in the latter, which leads to a stabiliza-
tion of excited states arising from electronic excitations termi-
nating in the Co(Il) d-2 orbital. The overall good agreement
between the structures and spectroscopic properties predicted
for our computational models of PceA in the presence and
absence of substrate and available experimental data warrant-
ed the use of the same computational methodology for gener-
ating models of viable reaction intermediates.

Computational Models of Potential Reaction Intermediates.
To establish the most probable mechanism for the reduction of
PCE employed by PceA, a model was generated via QM/MM
geometry optimization of the key intermediate for each mech-
anism as highlighted in Figure 1. While no crystal structures
are available for a direct evaluation of these models, certain
geometric parameters can be compared to the experimentally
validated QM/MM optimized structure of TCE-bound PceA
and other published data to ensure the optimized intermediates
have reasonable geometries (Table 1).
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The distance between the Co ion and lower axial water varies
from 3.7 A in the computational models where the water
would not be expected to coordinate (such as the nucleophilic
addition pathways) to 2.5 A in the SET intermediate model, in
which the water molecule remains coordinated. These values
align well with the axial Co—O distances of ~2.5 — 3.6 A in a
crystal structure of resting PceA (PDB entry 4uqu'') to 2.4 A
in the QM/MM optimized model of TCE-bound PceA. The
Co—Cl distances for the mechanisms involving direct attack of
the Co(I) center on the halogen suggest that a bond has
formed, which is also reflected in the increased C— Cl(leaving)
distances. Specifically, the Co(ID)-C1 bond



Table 1. Key Bond Distances and Angles for Optimized Computational Models
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Figure 5. Top: TD-DFT computed Abs spectra for the QM region
of the QM/MM optimized models of Co(I)Cbi* (black), resting
PceA (green), and TCE-bound PceA (blue). The inset shows the
low-energy region with the Abs intensities scaled by a factor of
500. Bottom: Electron density difference maps (EDDMs) for the
two lowest-energy Co(II)Cbl® d—d transitions of resting PceA
(also representative of the other two species). Gray and red repre-
sent a loss and gain of electron density, respectively.

length of 2.59 A in the model for the intermediate formed in
the homolytic C—Cl bond cleavage pathway is consistent with
published Co—Cl bond distances,'"'® including the Co(I1)-Cl
bond distance of 2.5 A reported for NpRdhA (PDB entry
4ras'®), as well as the Co(II)-I bond distance of 2.9 A ob-

the model of the intermediate formed upon heterolytic C—Cl
bond cleavage is considerably longer than would be expected
for a six-coordinate Co(III) complex, and so is the Co—Cl
bond distance of 2.84 A, while the relatively short C—Cl dis-
tance of 1.87 A indicates that this bond is not fully broken.
Notably, a QM/MM geometry optimization of an additional
model of PceA-bound CI-Co(III)Cbl" in which both the Co—Cl
and Co—OH: bonds were shortened converged to a Co(I) spe-
cies, providing further evidence that the pathway involving
direct attack of the Co(I) center on the halogen followed by
heterolytic C—Cl bond cleavage is energetically unfavorable.
Although it is difficult to assess the feasibility of the SET in-
termediate structure directly, the distance between the Co(II)
ion and the proximal C atom of the substrate and Co(II)Cbl"
conformation in this intermediate are similar to their counter-
parts in the optimized structure of TCE-bound PceA, as ex-
pected. Lastly, the intermediates associated with the nucleo-
philic addition mechanisms both have a Co(III)-C bond dis-
tance of 2.0 A, identical to that in the methylcobalamin de-
pendent methionine synthase (PDB entry 1bmt*).

The overall distortion of the corrin ring for each intermediate
was analyzed using a variety of established parameters (Figure
6), including corrin fold angle (the angle between the planes
formed by N21, C4, C5, C6, N22, C9, and C10 and N24, C16,
C15, C14, N23, C11, and C10),* helicity (the dihedral angle
of the four central corrin nitrogen atoms), and interplanar an-
gle (the angle between the planes formed by N21, N22, and
Co and N23, N24, and Co).*! The corrin fold angle is most
informative of the conformational changes along the CoC10
axis in base-on Co(III)Cbls.*® While less informative for
Co(II)Cbl species, the corrin fold angles for the models of the
intermediates containing Co(II)Cbl" are within published

6



ranges (Table 1).#” The trans nature of the juncture between rings
A and D of the corrin macrocycle introduces a helical arrange-
ment for the four central nitrogen atoms.*® Metal free corrin
(hydrogenobyric acid) displays the largest helicity, 12.9°, while
Co(II)Cbl and all Co(III)Cbls exhibit reduced helicity values be-
cause the corrin flattens to better accommodate the square pyram-
idal and octahedral coordination preferences of Co(II) and Co(III)
ions, respectively.*! The helicity values determined for our com-
putational models of the PceA reaction intermediates generally
deviate only marginally from 0°, reflecting an essentially planar
arrangement of the four coordinating nitrogen atoms of the corrin
ring. The two outliers are the models of the addition pathway
intermediates, where direct bond formation between the Co(III)
ion and dehalogenated substrate induces more strain in the corrin
ring. This perturbation can be further understood through analysis
of the corrin interplanar angle, which characterizes the distortion
of the coordination environment of the Co center. Coordinative
strain is indicated by deviation of the interplanar angle from 0°,
the limit for square pyramidal and octahedral geometries.*' The
majority of the models have small interplanar angles, indicating
that the Co ion resides in nearly the same plane as the equatorially
ligating nitrogen atoms. Yet, the models for the addition pathway
intermediates are again the outliers and instead have interplanar
angles near 25°. This result further highlights the steric clashes
that exist between the bound substrate and corrin ring in these
organometallic intermediates.

NH;

Figure 6. Truncated structure of norpseudo-Cbl and atom number-
ing used to define the corrin fold angle (the angle between the
planes formed by N21, C4, C5, C6, N22, C9, and C10 and N24,
C16, C15, C14,N23, C11, and C10),* helicity (the dihedral angle
of the four central corrin nitrogen atoms), and interplanar angle
(the angle between the planes formed by N21, N22, and Co and
N23, N24, and Co).

Since the optimized geometries for the reaction intermediate
models are consistent with available crystallographic data and
are reasonable as judged on the basis of the structural consid-
erations presented above, a comparison of the ONIOM extrap-
olated relative energies is warranted (see Figure 7). The inter-
mediate predicted to possess the lowest energy is the one re-
sulting from electron transfer from Co(I)Cbl" to the substrate
(SET mechanism), yielding Co(II)Cbl", a chloride ion, and a
vinylic radical. Alternatively, the models of the intermediates

following Co—Cl adduct formation and heterolytic CI-C bond
cleavage or homolytic CI-C bond cleavage have the highest
relative energies of 54.2 kcal/mol and 65.8 kcal/mol (as de-
scribed above, the latter may not correspond to a true interme-
diate). These high, but not unreasonable, energies suggest that
the mechanism utilized by PceA likely does not proceed
through an attack of the Co(I) ion on a substrate halogen. In
fact, the relative energy of the TCE-bound PceA model
containing Co(I)Cbl" of 53.8 kcal/mol is lower than the
relative energies of the intermediates formed upon direct
attack of the Co(I) center on a substrate halogen. Yet, the in-
termediate following heterolytic C1-C bond cleavage can be
stabilized by protonation of the carbanion by Y246, as pro-
posed by Liao et al.'” Indeed, when we transferred the phenol-
ic proton from Y246 to the carbanion and reoptimized the
geometry, Y246 accepted a proton from R305 and the relative
energy of this model decreased to 36.0 kcal/mol (still disfavor-
ing this pathway). Finally, the model of the intermediate gen-
erated via nucleophilic attack of the Co(I) ion on the proximal
substrate carbon atom followed by elimination has a relative
energy of 35.1 kcal/mol, while the model for the nucleophilic
addition/protonation intermediate (with R305 again serving as
the ultimate proton donor) is 16.7 kcal/mol higher in energy
than the SET intermediate. Note that because homolytic
cleavage of the Co—C bond in the nucleophilic
addition/elimination intermediate formally leads to the SET
intermediate, the Co—C bond dissociation energy in the former
is seemingly —35.1 kcal/mol. This negative value reflects the
large steric strain that is present in the intermediates resulting
from direct Co—C bond formation and the favorable
interactions between the substrate (radical) and active site
residues that exist when TCE is positioned farther away from
the Co center (as in the crystal structure of TCE-bound PceA,
Figure 4C).

Discussion

Resting PceA and Effect of Substrate Binding. The X-ray crys-
tal structures of PceA in the absence and presence of substrate
show that Co(IT)Cbl" is bound base-off with a water molecule
occupying an axial position.!! These structures also indicate
that the active site cavity is lined primarily by tyrosine and
tryptophan residues, with Y246 situated within hydrogen
bonding distance of TCE in the substrate-bound PceA crystal
structure. The QM/MM optimized models for as-isolated and
TCE-bound PceA faithfully reproduce the key structural fea-
tures of the active site as observed in the crystal structures.!’
Consistent with these structures and our MCD data, the com-
putational models feature base-off Co(II)Cbl" with a slightly
elongated Co—O(Hz2) bond. Further, the QM/MM optimized
models indicate that Y246 is positioned to serve as a proton
donor during enzyme turnover, with the guanidinium group of
R305 having the correct orientation to stabilize the anionic,
deprotonated form of Y246.

Importantly, no direct interaction between the substrate Cl
atoms and Co(II)Cbl" is observed in the crystal structure of
TCE-bound PceA!' Consistent with this structure and our
MCD data, the corresponding computational model shows that
the Co(II)Cbl* cofactor remains five-coordinate upon sub-
strate-binding to the enzyme, retaining a loosely bound water
on the lower face. Thus, the mechanism for the thermodynam-
ically challenging Co(II)~>Co(I)Cbl" reduction used by PceA
differs fundamentally from that utilized by adenosyltransferas-
es (ATRs), which catalyze the Co—C bond formation step dur-

7



Single Electron Transfer

J#F ;‘ 3 s 32 cr_‘jf:g
e 7 31 b3
Co
0 kcal/mol
Nucleophilic Addition
Protonate Eliminate

b

\,A ) L7 N
-

/ -
35.1 kcal/mol

~

16.7 kcal/mol

(|

Co-Cl Adduct
Heterolytic Cleavage Homolytic Cleavage

54 2 kcal/mol

Figure 7. Computed relative energies and relevant portions of
optimized active site geometries for key intermediates of the dif-
ferent reaction mechanisms evaluated in this work. Top right: key
distances (in A) not included in Table 1 (pink, SET; orange, nu-
cleophilic addition protonation; gray nucleophilic addition elimi-
nation; teal, Co—Cl adduct formation with heterolytic CI-C bond
cleavage; green, Co—Cl adduct formation with homolytic CI-C
bond cleavage). Note that the relative energy of the intermediate
formed via Co—Cl adduct formation and heterolytic CI-C bond
cleavage is reduced to 36.0 kcal/mol when the carbanion is proto-
nated (see text).

ing adenosylcobalamin biosynthesis.**->! Upon addition of co-
substrate ATP, ATRs force Co(II)Cbl into a four-coordinate
conformation, effectively lowering the thermodynamic barrier
for Co(Il)-ion reduction. In contrast to ATRs, the cor-
rinoid/FeS protein utilizes a low potential [4Fe-4S] cluster to
facilitate the reduction of the catalytically inactive
Co(II)corrinoid species that is formed via oxidation of the
Co(I) intermediate, which occurs in about 1 out of every 100
turnovers.” Similar to the corrinoid/FeS protein, PceA con-
tains two low potential [4Fe-4S] clusters (approximately -440
mV versus standard hydrogen electrode) that serve as an inter-
nal reducing system.”>3 While the physiological reductant

remains unknown, the reduction potential of the Co(I1I/I)Cbl”
couple is raised from -490 mV to -380 mV (versus standard
hydrogen electrode) upon binding to PceA,!° probably due to a
Co—O(H2) bond elongation as revealed by our MCD data, such
that the [4Fe-4S]'* clusters are sufficiently potent to reduce
PceA bound Co(IT)Cbl".

Computational Evaluation of Viable PceA Reaction Interme-
diates. Because direct experimental studies of the reaction
mechanism employed by PceA for the reduction of PCE and
TCE to DCE have been hampered by difficulties in producing
adequate quantities of the enzyme, multiple reaction mecha-
nisms have been proposed in the literature. In this study, we
have generated whole-enzyme QM/MM models that were
validated on the basis of experimental data to assess the feasi-
bility of previously proposed reaction mechanisms.

Based on the relative energies of the computational models,
the SET mechanism proceeds via the formation of the lowest-
energy intermediate. This pathway has the added benefit of
minimizing reorganization energies during turnover, as the
vinylic radical in the computational model is found in nearly
the same location as TCE in the model of substrate-bound
PceA as well as both substrate and product in previously pub-
lished X-ray crystal structures.!! Support for similar positions
of substrate and product in the enzyme active site is also pro-
vided by our MCD data, which indicate highly similar coordi-
nation environments for PceA-bound Co(II)Cbl* in the pres-
ence of TCE and DBE, a product analogue.

Our computational prediction that the SET pathway is the
preferred mechanism for PceA is also consistent with other
data in the literature. While a nucleophilic addition pathway
was favored on the bases of carbon isotope fractionation fac-
tors along with carbon and chlorine isotope effects, it was
noted in the original publication that the isotope fractionation
factors could also support a SET mechanism.!® Furthermore,
the dual element isotope regression slopes did not evaluate a
SET mechanism as a mechanistic option.'* Support for the
formation of a Co—Cl adduct arose primarily from EPR data
collected for samples containing NpRdhA and various halo-
genated substrates.!® These data revealed a direct interaction
between the halogen and the Co. Since the data were collected
with as-isolated enzyme, not the reduced form of the cofactor,
it is unclear whether the Co—halogen interaction persists upon
Co(IT)Cbl reduction. Regardless, given the large (>4 A) dis-
tance between the Co(II) ion and nearest Cl atom in the X-ray
crystal structure!! and computational model of TCE-bound
PceA and on the basis of our MCD data, formation of a Co—
halogen bond is unlikely to occur in PceA catalytic cycle. Alt-
hough a previous computational study of PceA led to the pro-
posal that the catalytic cycle involves Co—Cl adduct formation
followed by heterolytic CI-C bond cleavage, other potential
mechanisms including SET were not evaluated in that
study.!”>4

Based on the computational models of the reaction intermedi-
ates in conjunction with an analysis of available X-ray crystal
structures,!' PceA variants Y382A or Y102A, T242A, and
F38Y would be particularly good targets to allow for a further
discrimination between viable reaction mechanisms once a
suitable enzyme expression system has been developed to
incorporate amino acid substitutions (Figure 8). Residues
Y382 and Y102 serve to orient the nascent vinylic radical in
the model of the SET intermediate. Substitution of either tyro-
sine with alanine should therefore drastically reduce the PceA
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turnover rate if the SET pathway were indeed the preferred
mechanism, and to a much lesser extent if any of the other
mechanisms were operative. Alternatively, T242 serves to cap
the pocket housing the Cl ion in the models for both the SET
and the nucleophilic addition followed by CI elimination in-
termediates. Thus, the mechanisms involving early loss of the
ClI' ion (i.e., SET and nucleophilic addition/elimination)
should be particularly sensitive to the T242A substitution.
Finally, the relatively bulky F38 lines the active site, limiting
attack of the Co(I) ion on the closest carbon atom of substrate
PCE in the early stages of the two nucleophilic addition path-
ways. The F38W substitution would increase the steric clash
between residue 38 and TCE, effectively preventing the sub-
strate from approaching the Co(I) ion while maintaining the
substrate docking distance observed both in the TCE-bound
PceA crystal structure and in the SET intermediate model.
This substitution should therefore preferentially disfavor the
nucleophilic addition pathways.

T242A
| SET, Nucleophilic
Addition/Elimination

“
({f(\a

o

1243,
F3sw R ”3 ol
1 Nucleophilic Addition & { |\

F38.

Figure 8. Proposed PceA amino acid substitutions and the reaction
pathway(s) that would show the largest rate reduction by each
substitution.

Conclusions

Because spectroscopic and biochemical studies of PceA have
been hampered by difficulties in producing adequate quantities
of this enzyme, we have generated computational models vali-
dated on the basis of X-ray crystallographic and spectroscopic
data to assess the feasibility of previously proposed reaction
mechanisms. While earlier studies have led to different con-
clusions as to the mechanism of enzymatic reductive dehalo-
genation, we have been able to rule out mechanisms involving
a Co—Cl adduct in favor of a SET initiated reaction. Compari-
son of the various intermediate models permitted identification
of amino acid residues serving important structural roles that
could be targeted by site-direct mutagenesis to allow for a
further discrimination between viable reaction mechanisms. In
addition to assisting in the design of PceA variants for future
spectroscopic and kinetics studies, this work also provides a
solid foundation for similar computational studies on transi-
tion states and the final step of the reaction mechanism.
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