[4Fe-4S]-mediated proton-coupled electron transfer enables the ef-
ficient degradation of chloroalkenes by reductive dehalogenases
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ABSTRACT: Reductive dehalogenases (RDases) are key enzymes involved in the degradation of organohalide compounds.
Despite extensive experimental and computational studies, the catalytic mechanism of RDases remains unclear. We show
here that the proximal [4Fe-4S]** cluster of the reductive dehalogenase PceA can mediates a proton-coupled electron trans-
fer (PCET) process to quench the substrate radical. Such [4Fe-4S]*-mediated PCET process is enhanced by both exchange
and super-exchange interactions. The participation of [4Fe-4S]* in mediating a PCET process in RDases is unexpected,
though well known in reducing Co(II). In addition, in RDases the Arg3o5 residue acts as an efficient proton donor for the
PCET reactions. The deprotonated Tyr246 serves to maintain the favorable conformation of Arg3os during catalysis, and
sustains its proton donation ability, which is requested during the PCET reaction. Such a novel mechanism enables the
efficient detoxification of chloroalkene pollutants by the reductive dehalogenase PceA. These results highlight the critical role

of the proximal [4Fe-4S] «

1.INTRODUCTION

Organohalides are widely used in agricultural, dyestuff,
chemical, and pharmaceutical industries.! These com-
pounds are usually toxic and can cause persistent environ-
mental pollution. As such, nature has evolved several path-
ways for degradation of organohalogen compounds, in-
cluding: a hydrolytic pathway utilized by haloalkane
dehalogenases,*3 redox or non-redox pathways mediated
by flavin-dependent dehalogenases,* an oxidative pathway
mediated by heme-dependent dehaloperoxidase>® and a
reductive pathway mediated by reductive dehalogenases
(RDases).79

RDases belong to the subfamily of cobalamin(B12)-de-
pendent enzymes, which contain two [4Fe-4S] clusters ca-
pable of transporting the reduction equivalents during the
catalytic reactions.” In particular, the closest [4Fe-4S] clus-
ter is just 8.4 A away from the Co center of cobalamin in
the RDase PceA (Figure 1a), which enables an efficient elec-
tron transfer from the [4Fe-4S] cluster to the active site of
the enzyme."™ Unlike the hydrolytic enzymes which have
a limited substrate scope, RDases can act on various haloal-
kenes, and reduce the corresponding C-X (X=Cl, Br) bonds
to C-H bonds.3 Thus, RDases are useful for the detoxifi-
cation of haloalkene pollutants such as perchloroethylene
(PCE) and trichloroethene (TCE), which are widely used in
dry cleaning.

To date, a number of RDases including TmrA,'>*°
CfrA, 78 VerA,92° CbrA,>»2 PceA32325 and NpRdhA'426 have
been characterized. Among these, the well characterized

PceA can catalyze the reductive dehalogenation of alkenyl
chlorides and bromides.>32728 A typical reaction of PceA
involves the dechlorination of PCE, which can be succes-
sively dechlorinated to TCE and cis-dichloroethylene
(DCE). As shown in Figure 1a, PceA has an amphiphilic ac-
tive site on the B face of its corrin ring (PDB: 4URo0).5 The
hydrophilic residues Tyr246, Asn272, Arg3os are located on
the left side of the substrate, while the hydrophobic resi-
dues Phe38 and Trp376 are situated on the right side.

It is recognized that the enzymatic dechlorination of
PCE by PceA is initiated by the reduction of Co(II) to the
reduced Co(I)-state of cobalamin (Figure 1b).3 The fol-
lowing dechlorination reactions involve two separate elec-
tron transfers (Figure 1b). While one electron could be do-
nated by the reduced Co(l), the origins of the second elec-
tron transfer is still unresolved. Given that the [4Fe-4S]
cluster is in close proximity to the substrate, the second
electron could be donated by [4Fe-4S] cluster via an outer-
sphere mechanism. In addition, the identity of the proton
source for the formation of the new C-H bond is being de-
bated.3* It is unclear if the proton is supplied by the pro-
tonated Tyr246'3%3° or another residue.

To address these questions concerning the dechlorina-
tion of PCE by PceA, molecular dynamics (MD) simula-
tions and quantum mechanical/molecular mechanical
(QM/MM) calculations have been carried out. Our studies
demonstrate that the most favored mechanism involves an



inner-sphere C-Cl homolysis followed by PCET. In partic-
ular, our calculations reveal that the proximal [4Fe-4S]*
cluster participates as an electron donor, mediating a PCET
process that quenches the radical intermediate. Thus, the
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proximal [4Fe-4S]* cluster is non-innocent in the PceA ca-
talysis. Moreover, our study demonstrates that the efficient
proton donor is Arg3os, which has not been anticipated
previously.3293°
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Figure 1. Structure and mechanism of PceA. (a) Crystal structure of PceA in complex with TCE (PDB: 4URo). Distances
between the closest Fe atoms of the [4Fe-4S] clusters and the Co atom of the norpseudo-Bi2 are shown in red arrows. (b)
Overall reactions for the reductive dechlorination of PCE catalyzed by PceA.

2.METHODS

2.1 System setup and MD simulation. The crystal struc-
ture of the PceA complexed with the substrate TCE
(PDB:4URo0) was used to build the model system. The TCE
molecule was manually replaced with PCE. Only chain B
was retained in our study. The protonation states of titrat-
able residues (His, Glu, Asp) were assigned on the basis of
pK, values by PROPKA3! and visual inspection of local H-
bonding networks. Histidine residues His4o, His357 and
His449 were protonated at the & position, Hisi87 and
His4o0 were protonated at the ¢ position, and the glutamic
acid residue Glu33 whose pK; value is 8.24, was protonated.
All other Asp and Glu residues were deprotonated. Because
the protonation state of Tyr246 has been debated with ref-
erence to the crystal structure’ and in previous computa-
tional studies,**3° both the protonated and deprotonated
states of Tyr246 were considered in our study. The LEAP
module in Amber 183 was used to add the missing hydro-
gen atoms. The general AMBER force field (GAFF33) was
used for the substrate, PCE, while the RESP method3* was
used to calculate the partial atomic charges at HF/6-31G*.
The force field for the cobalamin active site and the [4Fe-
4S] cluster were parameterized using the MCPB.35 To neu-
tralize the total charge of the system, 10 Na* ions were
added to the surface of the protein, and the resulting pro-
tein was solvated with a 15 A layer of TIP3P3¢ waters. We
used the Amber ff14SB37 force field for the protein residues.

After the setup, the energy of the system was minimized

by 5000 steps of steepest descent and 5000 steps of conju-
gate gradient methods. Then the system was heated from
o K to 300 K under a canonical ensemble for 0.5 ns with a
2 fs time step. Subsequently, a 1 ns density equilibration
was performed under the NPT ensemble at 300 K and 1.0
atm pressure to get a uniform density after the heating dy-
namics. Subsequently, we removed all restraints on the
protein and further equilibrated the system for 4 ns under
an NPT ensemble to obtain the well settled pressure and
temperature. Finally, a productive MD run was conducted
for 50 ns. During all MD simulations, the covalent bonds
containing hydrogen were constrained using SHAKE .38 All
simulations were performed with the GPU version of the
Amber 18 package.*

2.2 QM/MM methodology. All QM/MM calculations
were performed using ChemShell3® combining Turbo-
mole# for the QM region and DL_POLY# for the MM re-
gion. Residues within 12.0 A of the Co atom were included
into the active region. The electronic embedding** scheme
was employed to account for the polarizing effect of the
enzyme environment on the QM region. Hydrogen link at-
oms® with the charge-shift model4t were applied to treat
the QM/MM boundary. B3LYP# has been proved to be a
successful functional for studying iron-based metalloen-
zymes*® and cobalamin systems in previous studies.?>4
During QM/MM calculations, the QM region was studied
by B3LYP at two levels of theory. The QM region consists
of the truncated cobalamin, the proximal [4Fe-4S] cluster,



the PCE substrate, the side chains of Tyr382, Tyr246,
Arg305, Gluss, and several key water molecules (see Figure
S1). For geometry optimization, all-electron basis of Defz-
SVP (labeled B1) was used. The energies were further cor-
rected with the larger basis set Def2-TZVP (labeled B2).
The dispersion correction was included with Grimme’s
D3BJ#® method. The DL-FIND# optimizer was used in the
geometry optimization. The transition states were deter-
mined as the highest point on the potential energy surface
along the reaction coordinates, for which a small incre-
ment of 0.02 A was used for scanning near the transition
states. All transition states (TSs) were located by relaxed
potential energy surface (PES) scans followed by the full TS
optimizations using the P-RFO optimizer. Given the high
computational cost of QM/MM MD-based free energy cal-
culations and the very large QM region (148 atoms) in the
present study, we use the electronic energy barriers as es-
timates of the free energy barriers in the enzyme. For com-
parison, we also tested the first step of mechanism (ii) (in-
ner-sphere C-Cl homolysis process) with QM/MM MD-
based metadynamics, which gives a free energy barrier of
4.4 kcal/mol (Figure S20). Such free energy barrier of 4.4
kcal/mol is in close agreement with the electronic energy
barrier of 3.4 kcal/mol (Figure 4), suggesting that the en-
tropy correction plays minor effects in the catalytic reac-
tions of metalloenzymes.5°-5

2.3 Electronic structure of the [4Fe-4S]** cluster in PceA.

In cases in which the [4Fe-4S]** cluster acts as the electron
donor in the dehalogenation in PceA, six broken-symmetry
electronic states of [4Fe-4S]"* cluster were consideredsss®
(See Figure S2). In the [4Fe-4S]** cluster, the exchange in-
teractions of d-electrons favors the high-spin state on each
individual Fe, while super-exchange interactions between
different Fe atoms favor the antiferromagnetic coupling be-
tween the Fe-Fe pairs.575® Thus, the [4Fe-4S] cluster nor-
mally has a low-spin ground state, e.g. S=1/2 for [4Fe-4S]**.>
According to the spin-coupling combinations of four Fe at-
oms, six electronic states are available for the [4Fe-4S] clus-
ter (Figure S2). For instance, as shown in Scheme 1, a.of
denotes that Fe1 and Fe2 have the net spin of o, while Fe3
and Fe4 have the net spin of f.
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Scheme 1. [llustration of one of the six electron states of [4Fe-
4S] cluster considered in this study, a: aof. o and B represent
the orientation of 3d orbital electrons on each Fe. (The b-f
states are shown in Figure S2)
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The low-lying electronic states of [4Fe-4S] cluster are
complicated and single-reference DFT calculations may
not perfectly describe all the low-lying electronic states.®
However, only the ground states of the [4Fe-4S]* and [4Fe-
4S]** species are involved in the present study, and the sin-
glet ground state wavefunction of the [4Fe-4S] cluster from
the broken-symmetry DFT (BS-DFT)® has the same spin
coupling pattern with that from DMRG-CASSCF¢. In addi-
tion, BS-DFT has been proven to be practical for studying

catalytic reactions of metalloenzymes.’557 For example, a
recent work has shown that BS-DFT methods are reliable
for the electronic structure of FeMoco in nitrogenase,” as
well as for redox potential calculations in iron-sulfur clus-
ters.”? Unlike small model [4Fe-4S] clusters,%747° the cur-
rent system with a large QM region (148 atoms) is challeng-
ing to study with MC-SCF methods. As such, we think that
BS-DFT is still a practical method for studying catalytic re-
actions in complex metalloenzymes like PceA, despite its
well-known deficiencies.

3.RESULTS AND DISCUSSION

3.1 Possible mechanisms of dechlorination investi-
gated in this study. As shown in Figure 1a, the binding
conformation of the substrate is unfavorable for the nucle-
ophilic attack of Co(I) on the carbon of PCE. This disfavors
mechanisms where [Co(III)]-C species is the intermediate
proposed based on in vitro cobalamin dechlorination stud-
ies.7778 This is in line with our QM/MM calculations, show-
ing that nucleophilic attack of Co(I) onto PCE requires a
high activation energy, over 55 kcal/mol (see Figure S8).
Thus, mechanisms involving the formation of Co-C bond
can be ruled out safely.

Since both the Co(I) and the proximal [4Fe-4S]* cluster
may function as electron donors for PceA reactions, we
consider the four electron-transfer routes, (I)-(IV), which
are displayed in Scheme 2.
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Scheme 2. Mechanisms proposed in the present work for
dechlorination of PCE by PceA.

Mechanisms (I) and (II) contain the formation of Co-Cl
bond. In mechanism (I), the nucleophilic attack by [Co(I)]
on a Cl substituent of PCE is coupled with the proton
transfer to the substrate, leading to the formation of TCE
and [Co(III)]-Cl. In mechanism (II), a Co(I) mediated C-Cl
bond homolysis firstly produces the substrate radical,
which is followed by a [4Fe-4S]*-mediated PCET to
quench the radical, affording the product.

Mechanisms (III) and (IV) involve an outer-sphere sin-
gle electron transfer (SET) mechanism mediated by either
the Co(I) center or the [4Fe-4S]**. However, our QM/MM
calculations show that the reductive C-ClI cleavage via ei-
ther one of the outer-sphere mechanisms (III) and (IV) are
highly unfavorable thermodynamically. For mechanism
(III), our QM/MM-scanning shows that the energy in-



creases steadily as the C-Cl distance increases, and no sta-
ble intermediate can be located along the scanned energy
profile (Figure Sg). In mechanism (IV), the C-Cl elongation
first causes a conformational change of the substrate, and
further C-Cl elongation leads to the steady increase in en-
ergy (Figure S10). Thus, both mechanisms (IIT) and (IV) can
be reasonably ruled out.

Therefore, in the following sections, we focus on mech-
anisms (I) and (II) in Scheme 2. In particular, both the
Tyr246-deprotonated and Tyr246-protonated states will be
discussed and compared.

3.2 Source of the proton. Dechlorination requires proton
to complete the catalytic transformation (Scheme 2). How-
ever, the proton source has been highly controversial.3293°
Since the absolute pK, is relatively challenging to compute,
we have estimated the pK, shift in the presence of Arg3os
and Asn272. Our calculations suggest the presence of H-
bonding interactions from Arg3os and Asn272 can reduce
the pK, of Ty246 by ~3.7 (Figure S21). Such value is roughly
consistent with what has been found in acetoacetate de-
carboxylase.” As the normal tyrosine has a pKj value of 10.1,
the pK, with Arg3os and Asn272 is estimated to be 10.1-
3.7=6.4. Such pK, value of 6.4 suggests that Tyr246 is in the
deprotonated state in the experimental pH (7.5~8).3 Thus,
the low pK, of Tyr246 is caused by the two strong H-bonds
with Asn272 and the positively charged Arg3os. To eluci-
date the source of the proton, we performed two different
MD simulations on PceA in complex with PCE: one uses a
protonated Tyr246 residue and the other a deprotonated
Tyr246. Figure 2 shows representative snapshots from
these MD simulations. Different from the crystal structure
(PDB: 4URo0) where the substrate is slightly far away from
the Co atom as a water molecule is axially coordinated to
the Co atom. Both MD simulations on Tyr246-protonated
and Tyr246-deprotonated states show that the water mol-
ecule was spontaneously dissociated from Co(I) and thus
the substrate can approach the Co atom as shown in Figure
2. Such finding suggests that the Co(I) center has quite
weak binding affinity for water.
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Figure 2. Representative snapshots during the MD simula-
tions of protonated and deprotonated Tyr246 states in PceA.
(@) The active site and H-bonding networks for the Tyr246-
protonated state; (b) The active site and H-bonding networks
for the Tyr246-deprotonated state. Key distances are given in
A.

When Tyr246 is protonated, the two H-bonds with
Asn272 and Arg3os which exist in the crystal structure

(shown in Figure 1a) are completely broken (see Figure 2a).
Instead, the hydroxyl group of Tyr246 forms a new H-bond
with a neighboring water molecule (Figure 2a), while
Arg3os forms a strong H-bond with the amide group from
the corrin ring. However, when Tyr246 is deprotonated,
(Figure 2b), Asn272 and Arg3os form two strong H-bonds
with the O atom of Tyr246, with O-H distances of 1.81A and
1.80A, respectively. Such H-bonding networks are in good
agreement with the crystal structure,3 indicating that
Tyr246 should be deprotonated.

For the Tyr246-deprotonated state (Fig. 2b), no proton
channel is available for the protonation of the Tyr246-O-.
In addition, the negatively charged Tyr246-O- forms two
strong H-bonds with Arg3os and Asn272, which inhibits
the protonation of Tyr246-O". Given these two factors, the
deprotonated Tyr246 could not possibly function as the
proton donor for the catalysis of PceA. Indeed, we have in-
vestigated the mechanism (I) and (II) with the protonated
Tyr246, and found the reactions are quite unfavorable
compared to the one reported later in Figure 5 (the de-
tailed results and discussions can be found in Figure S3-S7
and relevant discussions in SI). For the deprotonated
Tyr246 state, there are two possible proton sources: (1) the
active site residue Arg3os, which is in proximity to PCE,
may function as a proton donor for the catalysis, and (2)
the protonated Glu33 which form a water chain to PCE and,
may constitute another proton source. Both two proton
sources have been considered later.

3.3 Mechanism (I) with the deprotonated Tyr246 (Fig.
2b). For mechanism (I), the reaction is initiated by the nu-
cleophilic attack of [Co(I)] on the chloride, which is cou-
pled with the proton transfer to the substrate (see Scheme
2). In cases in which Tyr246 is deprotonated, both Arg3os
and the protonated Glu33 can be the possible proton source
(see Figure 2b). For mechanism (I) with the proton source
of Arg3o5, our QM/MM calculations show the reaction has
a barrier of 20.1 kcal/mol, leading to the product TCE in a
single step (Figure 3 and Figure Su1). If the protonated Glus3
acts as the proton donor, the reaction requires a slightly
higher barrier of 21.3 kcal/mol (Figure S12), indicating that
Arg3os is slightly favored over the protonated Glus3 in the
proton donation for mechanism (I).
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Figure 3. QM/MM calculated results for the first step reaction
in the dechlorination of PCE through mechanism (I) in the
Tyr246-deprotonated state (Arg3os acting as the proton
source). (a) QM(UB3LYP/B1)/MM-optimized reactant RC1. (b)
QM(UB3LYP/B2)/MM-calculated barrier (kcal/mol) in this
step. The dispersion corrections are included in the relative en-
ergies. Key distances are given in A



3.4 Mechanism (II) with the deprotonated Tyr246 (Fig.
2b). In mechanism (II), in Scheme 2, the first step involves
a reductive cleavage of the C-Cl bond, leading to [Co(II)]-
Cl species and a substrate radical species. As shown in Fig-
ure 4, starting from RC2 (same structure as RC1, is denoted
here as RC2), Co(I) can donate an electron to facilitate the
homolytic C-Cl bond cleavage, while the departing Cl- ion
can coordinate simultaneously to Co, forming [Co(II)-Cl]
species. This step has a tiny barrier of 3.4 kcal/mol, which
is quite favorable kinetically (also see Figure S13).

In the second step of mechanism (II), the [4Fe-4S]* clus-
ter functions as an electron donor to mediate a plausible
PCET process, that quenches the TCE radical, and pro-
duces TCE (Scheme 2 (II)). In this process, the proton can
be supplied by the Arg3o5 or the protonated Glu33 (see Fig-
ure 2b).

(a) RC2 (b)
Cl Cl
Sub A al &/m al )\/CI
1.74 (C" AE*=3.4
Cl H —_—
£ 3.46] H AE=0.2 ¢l
% &
VB12 RC2 IC2

Figure 4. QM/MM calculated results for the first step reaction
in the dechlorination of PCE through mechanism (II) in the
Tyr246-deprotonated state. (a) QM(UB3LYP/B1)/MM-
optimized reactant RCz. (b) QM(UB3LYP/B2)/MM-calculated
barrier (kcal/mol) in this step. The dispersion corrections are
included in the relative energies. Key distances are given in A.
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Figure 5a shows the QM/MM calculated energy profile for
this PCET process (Arg3o5 acting as the proton source) in
all six broken-symmetry electronic states,545¢ while Figure
5b displays the QM/MM optimized structures involved in
the most reactive electronic state (state d). As shown in
Figure s5a, the six electronic states are almost degenerate
energetically. The relative barriers of PCET can be largely
correlated with the relative energies of different electronic
states of 1C3. In IC3d, it is seen that Arg3o5 maintains a
short distance of 3.39A to the carbon of PCE. Starting from
IC3d, the proton transfer from the Arg3os to the carbon of
PCE can drive the electron transfer from the [4Fe-4S]*
cluster to the substrate radical, leading to the formation of
[4Fe-4S]>* cluster and the product, TCE.

As shown in Figure 5a, the lowest barrier via TS3d is mod-
erate, 1.8 kcal/mol, and the reaction exothermicity is ~30
kcal/mol, indicating this PCET process is quite favorable
kinetically and thermodynamically. For comparison, we
also investigated the alternative proton source of the pro-
tonated Glu33 (Figure Si4). However, at the most reactive
electronic state, the Glu3z-mediated PCET has a higher
barrier of 16.5 kcal/mol, indicating the Arg3os-mediated
PCET process is favored over that of the Glu33-mediated
pathway.

Inspection of Figure 5b shows that the distance between
the substrate C atom and the H atom of Arg3os has de-
creased from 3.39 A in IC3d to 1.69 A in TS3d. However, the
spin population of the [4Fe-4S]** cluster remains the same
in IC3d and TS3d (Figure 5b). All these observations sug-
gest that the proton transfer precedes the electron transfer.
After surmounting TS3d, one electron from [4Fe-4S]* is
spontaneously transferred to the substrate, and thereby fa-
cilitates the subsequent proton transfer to the substrate,
and generating the final TCE product. Clearly, the proton
transfer from Arg3os to the substrate radical triggers the
electron transfer from [4Fe-4S]** to the substrate radical,
leading to an asynchronous PCET.

Figure 5c shows the electron shift diagrams for the rep-
resentative electronic state (IC3d—P3d), while other elec-
tronic states share similar electron shift diagrams. In all the
six electronic states, the [4Fe-4S]"* cluster can supply a
spin-up a electron rather than a B electron for the PCET
reaction (see Figure 5¢). Upon the donation of an o elec-
tron, the d-block of Feg achieves five spin-parallel elec-
trons (right panel, Figure 5¢), which brings about the max-
imum exchange stabilization®-8 in the Fe4 block. In addi-
tion, all d-electrons in the right-hand [4Fe-4S]** cluster are
now antiferromagnetically coupled (9 a electrons vs. 9 B
electrons), and this leads to a maximum super-exchange in-
teractions in the [4Fe-4S]** cluster.®3 Thus, the electron
transfer during the PCET process is enhanced by both ex-
change and super-exchange stabilizing interactions.®

Once the product TCE was generated in P3d, we assume
it would diffuse out of the active site, as evidenced from
experiments.” As Arg3os is deprotonated after PCET (see
Figure 5), it has to be re-protonated for the next cycle. To
identify the plausible proton channel, we have carried out

MD simulations, which revealed an obvious proton chan-
nel consisting of the protonated Glu33 and six water mole-
cules (Figure S22).

3.5 The Tyr246-deprotonated state has evolved to ac-
celerate the catalysis of PceA. Among all the mecha-
nisms that have been investigated, our study demonstrates
that the stepwise inner-sphere mechanism (II), which is
mediated by the [4Fe-4S]* cluster and Arg3os in the
Tyr246-deprotonated state, is the most favorable pathway
for the PceA-catalyzed dechlorination of PCE.

In the Tyr246-protonated state, our MD simulations
show that the original H-bonding interactions with Arg3os
and Asnz72 is completely disrupted (Figure 2a). This leaves
Tyr246 as the only feasible proton donor for the PCET re-
action, which occurs at the expense of a high barrier of 21.3
kcal/mol (Figure S5 and S6), ~10 kcal/mol higher than the
Argzos-mediated PCET process in the Tyrz46-deproto-
nated state (TS3d in Figure 5). Obviously, the deprotona-
tion of Tyr246 remarkably accelerates the catalysis of PceA.
Such a finding may well rationalize the catalytic roles of
highly conserved Tyr246, Asn272 and Arg3o5. On one hand,
the strong H-bonding interactions with both Asn272 and
Arg3o5 can maintain the deprotonated state for Tyr246,
which can in turn stabilize the conformation of Arg3os for
proton donation (Figure 2b). By contrast, with a proto-
nated Tyrz246, Arg3zos will undergo fast conformational
change and move away from the substrate (Figure 2a).

Moreover, the weak salt-bridge interaction between Tyr-
O- and Arg3os is favorable for the proton donation by
Arg3os5, which can in turn facilitate the PCET reaction. To
verify this hypothesis, we compared the acidity of Arg3os
with the salt-bridge interaction of Tyr-O- against that of a
carboxylic acid, while the salt-bridge interaction with
Glu/Asp residues is strong and quite prevalent in proteins.
Our QM model calculations show that the deprotonation
energy of Arg3os with a carboxylic acid is 4.71 kcal/mol
higher than that of Arg3os with Try-O- (Figure S15). Obvi-
ously, the Tyr246-deprotonated state is favorable for the
proton donation from Arg3os, which can in turn facilitate
the PCET reaction.

3.6 Further validation of our mechanism. In the EPR
experiment by Diekert et. al, the lack of a 35C1/37Cl (su-
per)hyperfine splitting (denoted as Ay) leads them to rule
out the existence of [Co(II)]-Cl species in PceA-PCE.>
However, in the presence of excess chloride salts, Leys and
coworkers measured an A;(35Cl) value of ~70 MHz for the
[Co(IT)]-Cl species in NpRdhA, which is an another Bi2-de-
pendent RDase.* For comparison, we also calculated the
Au(3Cl) value of the [Co(IT)]-Cl species on the basis of a
cluster model of PceA by ORCA (Figure $16).84%7 Our cal-
culations led to an A;(35Cl) value of 58 MHz, which is close
to the value determined by EPR experiment. Thus, both
EPR experiments and our calculations indicates that the
Au(35Cl) value of [Co(II)]-Cl species is rather small, sug-
gesting that detection of [Co(II)]-Cl species during the cat-
alytic cycle requires EPR experiments with high resolution.
In addition, if the chloride ion undergone a fast dissocia-
tion from the [Co(II)]-Cl species during the catalytic cycle,



the short-lived [Co(II)]-Cl species could avoid any spec-
troscopy detection. To verify such possibility, we have in-
vestigated the Cl- dissociation with and without a single
electron transfer from [4Fe-4S]** cluster. Our calculations
show the direct Cl- dissociation without the participation
of an electron is unfavorable kinetically and thermody-
namically (Figure S17). However, when a SET from [4Fe-
4S]* cluster is involved, the Cl- dissociation will occur
spontaneously. In addition, our calculations show that
such SET process is quite favorable thermodynamically,
with an exothermicity of 9.3 kcal/mol (Figure S18).

In a very recent study, Brunold and coworkers proposed
the Co(I)-mediated SET mechanism (see mechanism (III)
shown in Scheme 2) using the ONIOM calculations.® In
this study, the leaving chloride ion can be stabilized by the
Arg3os and the amide group of the Bi2 cofactor. To verify
this possibility, we have constructed a similar structure ac-
cording to this work. However, our QM/MM optimization
shows that the Cl- dissociated intermediate is unstable, and
gets ultimately coordinated to Co(II) (Figure Si9). Along
with our finding that Co(I)-mediated SET mechanism is
highly unfavorable kinetically and thermodynamically
(Figure Sg), we assume that the Co(I)-mediated SET mech-
anism is unlikely for chloroalkenes. Given that C-Br bond
is much weaker and a better electron acceptor than C-Cl
bond, we expect that Co(I)-mediated SET mechanism
would be more accessible for the degradation of bromoal-
kenes, especially for the aromatic bromide with low reduc-
tion potential. Such substrate-dependent reactivity of
RDases is worthwhile to investigate in our future work.

3.7 Catalytic cycle of the PCE dechlorination by PceA.
Based on our comprehensive computational study, we pro-
pose a catalytic cycle of PceA in Scheme 3. Starting from
the reduced Co(I) state (1), the Co(I) mediated C-Cl bond
homolysis firstly affords the [Co(II)]-Cl species and the
substrate radical (2). Such reaction step was demonstrated
to be facile in our QM/MM study and previous study.?®
Then, our calculations reveal that the radical quenching is
mediated by an unusual PCET process, during which the
proton is donated by the adjacent Arg3os residue, while
the electron is donated by the proximal [4Fe-4S]** cluster.
Such reaction step affords the product TCE, along with the
[Co(IT)]-Cl intermediate (3). Though the function of [4Fe-
4S]* cluster as the electron donor in reducing Co(1II) is well
recognized in RDases, its participation in mediating a
PCET process is unexpected in previous experimental and
computational studies. Given that in some reductive
dehalogenases (e.g. NpRdhA™), the position of Arg is re-
placed by a Lys residue, it is possible that Lys residue may
serve similar roles as Arg. Such possibility warrants exam-
ination in further study. Our study suggests that the final
dissociation of Cl- can be assisted by a SET from [4Fe-4S]*
cluster, which would lead to the formation of [Co(I)] for
the next cycle.
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Scheme 3. Catalytic cycle of the PCE dechlorination by
PceA.

3.8 Radical quenching via the PCET reaction in [4Fe-
4S]-dependent metalloenzymes. [4Fe-4S]-dependent
metalloenzymes are widespread in organisms.8-%° In addi-
tion to [4Fe-4S]-dependent reductive dehalogenases, a su-
perfamily includes the [4Fe-4S]-dependent radical S-ade-
nosylmethionine (SAM) proteins, which can
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Figure 6. PCET-mediated radical quenching in [4Fe-4S]-de-
pendent metalloenzymes: (a) the cobalamin(Bi2)-dependent
enzyme PceA; (b) the radical SAM enzyme MoaA; (c) the rad-
ical SAM enzyme BISE.

catalyze a panoply of challenging transformations using
the common 5’-dAdo radical intermediate.9-9-In the cobal-
amin(B12)-dependent PceA dechlorination on PCE, we
have shown that an unexpected PCET reaction is involved
in the radical quenching, during which the electron is do-
nated by the proximal [4Fe-4S] cluster, and the proton
comes from the adjacent Arg3os residue (see Figure 6a).
Interestingly, this finding is reminiscent of the radical SAM
enzyme MoaA,% in which a PCET process mediated by the
adjacent Argiy residue and the auxiliary [4Fe-4S] cluster
have been proposed for the reduction of the N-centered



radical intermediates in the catalytic cycle (see Figure 6b).
We expect that a similar PCET process could be partici-
pated to quench an enol radical intermediate in the radical
SAM enzyme BISsE,* producing the enol intermediate (see
Figure 6¢). Thus, the radical quenching by the [4Fe-4S]*-
mediated PCET could be a common mechanism in [4Fe-
4S]-dependent metalloenzymes.

3.9 Dechlorination of TCE by PceA. We also investigated
the dechlorination of TCE by PceA, which affords the prod-

uct of cis-1.2-DCE.3 As our study shows that mechanism (II),

which involved an inner-sphere C-Cl homolysis followed by
[4Fe-4S]*-mediated PCET is greatly favored over other
three mechanisms for PCE, all our QM/MM calculations of
TCE are limited to mechanism (II). On the basis of crystal
structure of PceA-TCE complex (PDB:4URo), MD simula-
tions (Figure S25 and S26) have been performed. As shown
in Figure 7 and Figure S25, three representative confor-
mations (A, B, C) were characterized from clustering anal-
ysis, while the ratio of A, B and C are 61.1%, 1.2% and 37.6%
respectively. As shown in Figure 7a, for the major confor-
mation A, our QM/MM calculations show that the first step

for the reductive cleavage of the C-Cl bond involves a bar-
rier of 8.1 kcal/mol and endothermicity of 4.9 kcal/mol rel-
ative to RC8 (Figure S27). For the second step of Arg3os and
[4Fe-4S]*-mediated PCET process, the reaction involves a
barrier of 1.5 kcal/mol at the most reactive electronic state
(d, BaaP) (Figure S28). Thus, the dechlorination reaction
has an overall barrier of 4.9+11.5=16.4 kcal/mol and the
product for the conformation A is cis-1,2-DCE. Similarly,
the QM/MM calculated barriers are 7.4+11.2=18.6 kcal/mol
in conformation B (Figure S7b and Figure S29-S30) and
9.8+11.4=21.2 kcal/mol in conformation C (Figure 7c¢ and
Figure S31-S32), respectively. Given that the population of
conformation A (61.1%) is much higher than that of confor-
mation B (1.2%) and the barrier of dechlorination in con-
formation A (AE”=16.4 kcal/mol) is lower than that in con-
formation B (AE”=18.6 kcal/mol), the reaction would lead
to the major product of cis-1,2-DCE, which is in good agree-
ment with the experimental finding.
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Figure 7. Three representative conformations (A, B, C) of TCE characterized from clustering analysis of MD simulations and
QM(UB3LYP/B2)/MM-calculated barriers (kcal/mol) for the dechlorination of TCE through mechanism (II) in the Tyr246-depro-
tonated state. The dispersion corrections are included in the relative energies. (a) Conformation A. (b) Conformation B and (c)

Conformation C.

4. CONCLUSION

In this study, we have performed MD simulations and
QM/MM calculations to investigate the molecular mecha-
nism of the dechlorination of PCE and TCE by reductive
dehalogenase PceA. Among various mechanisms (I to IV,
shown in Scheme 2) investigated in this study, we found
that mechanism II, which involved an inner-sphere C-Cl
homolysis followed by PCET is greatly favored over other
three mechanisms.

Specifically, our calculations show that the proximal
[4Fe-4S] cluster can mediate a PCET process to quench the
TCE radical. Such the [4Fe-4S]-mediated PCET process is
enhanced by both exchange and super-exchange stabilizing
interactions. In this process, the proton is supplied by the

active site residue Arg3os rather than by the widely-pro-
posed Tyrz246. The deprotonated state of Tyr246 is main-
tained by the H-bonding interactions with Asn272 and
Arg3o0s, and is critical to the dechlorination of PCE. The
Tyr246-deprotonated state not only serves to maintain the
favorable conformation of Arg3os for catalysis, but also
sustains the proton donation ability of Arg3os, whereas the
acidity of Arg3os is key to the rate-determining PCET re-
action. Though the function of [4Fe-4S]** cluster as the
electron donor in reducing Co(II) is well recognized in
RDases, its participation in mediating a PCET process is
unexpected in previous experimental and computational
studies. Such [4Fe-4S]*-mediated PCET could be a com-
mon mechanism for radical quench in [4Fe-4S]-dependent



metalloenzymes. Given that different haloalkene substrate
have different C-X bond strength (X=halogen), different
polarizability of the dissociated X, as well as the different
redox potential, we expect that RDases may adopt flexible
routes for the degradation of various haloalkenes.
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