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ABSTRACT

The bacterium Dehalococcoides, strain CBDB1, transforms aromatic halides through
reductive dehalogenation. So far, however, the structures of its vitamin B2-containing
dehalogenases are unknown, hampering clarification of the catalytic mechanism and
substrate specificity as basis for targeted remediation strategies. This study employs
a quantum chemical donor-acceptor approach for the Co(l)-substrate electron
transfer. Computational characterization of the substrate electron affinity at carbon-
halogen bonds enables discriminating aromatic halides ready for dehalogenation by
strain CBDB1 (active substrates) from non-dehalogenated (inactive) counterparts
with 92% accuracy, covering 86 of 93 bromobenzenes, chlorobenzenes, chlorophe-
nols, chloroanilines, polychlorinated biphenyls, and dibenzo-p-dioxins. Moreover,
experimental regioselectivity is predicted with 78% accuracy by a site-specific
parameter encoding the overlap potential between the Co(l) HOMO (highest
occupied molecular orbital) and the lowest-energy unoccupied sigma-symmetry
substrate MO (0*), and the observed dehalogenation pathways are rationalized with
a success rate of 81%. Molecular orbital analysis reveals that the most reactive
unoccupied sigma-symmetry orbital of carbon-attached halogen X (0*c.x) mediates
its reductive cleavage. The discussion includes predictions for untested substrates,
thus providing opportunities for targeted experimental investigations. Overall, the
presently introduced orbital interaction model supports the view that with bacterial
strain CBDB1, an inner-sphere electron transfer from the supernucleophile B4, Co(l)
to the halogen substituent of the aromatic halide is likely to represent the rate-

determining step of the reductive dehalogenation.
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INTRODUCTION

Aromatic halides such as chlorobenzenes, chlorophenols, polychlorinated
biphenyls (PCBs), dibenzo-p-dioxins (PCDDs) and dibenzofurans (PCDFs), and poly-
brominated diphenyl ethers (PBDEs) are ubiquitous xenobiotics due to their intensive
use in various applications.1'5 Various halogenated aromatics such as hexachloro-
benzene, PCBs, PCDDs and PCDFs, are considered persistent and have been
restricted or banned by the Stockholm Convention.®

Detoxification of such halogenated aromatics through reductive dehaloge-

nation by anaerobic microbes may provide a remediation pathway in aquifers and soil.

It was shown that aryl halides can be effectively transformed by organohalide-respir-
ing bacteria, which employ these compounds as terminal electron acceptors in anae-
robic respiration and derive energy from the electron transfer to these substrates for
growth.”® Such organohalide-respiring microbes were found in the Chloroflexi, Firmi-
cutes, and Proteobacteria, and the genes encoding reductive dehalogenase en-
zymes were identified.® Among bacterial isolates, Dehalococcoides dehalogenate the
broadest variety of aryl halides.'®'? However, the exact dehalogenation mechanism
and its potential substrate specificity have not been clarified, limiting their scope for
targeted applications. In this context, major barriers are the low growth yield of
strains as compared to the amount of transformed aryl halides, the high oxygen
sensitivity of the reductive dehalogenases, and the presence of multiple reductive de-
halogenases."

Earlier studies showed that cobalamin is a necessary cofactor for the growth
of Dehalococcoides, suggesting that the reductive dehalogenation is catalyzed by mi-
crobial vitamin B12." In particular, the super-nucleophile cob(l)alamin was recognized

as the active species, initiating reductive dehalogenation through electron transfer to
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the aromatic halide.”'® The latter was further demonstrated by recently unraveled
crystal structures of two heterologously expressed dehalogenases, NpRdhA from
Nitratireductor pacificus pht-3B, and PceA from Sulfurospirillum multivorans.'”'® Yet,
the structures of the reductive dehalogenases from Dehalococcoides are still
unknown, leaving also unclarified whether the dehalogenation involves an inner-
sphere or outer-sphere electron transfer.

Recently, the three-dimensional structure and EPR measurements of heterolo-
gously expressed reductive dehalogenase NpRdhA from N. pacificus pht-3B in Ba-
cillus megaterium suggested an inner-sphere reaction for cob(l)alamin with 2,6-diha-
logenated aromatics.'” By comparing the ratio of transformation products of tri-
chloroethene catalyzed by cob(l)alamin and well-characterized outer-sphere agents,
outer-sphere electron transfer was excluded in Bjz-dependent reductive deha-
logenation.'® Moreover, Marcus theory analysis showed that enzymatically catalyzed
dehalogenation of tri- and tetrachloroethene was not an outer-sphere electron trans-
fer process.20 These studies imply that the organohalide dehalogenation proceeds
through an inner-sphere electron transfer mechanism. Regarding Dehalococcoides,
however, a respective clarification is still lacking.

Recent studies including computational chemistry suggest a Co---Cl interact-
ion during dehalogenation of aryl halides by Dehalococcoides mccartyi strain
CBDB1.2"%2 Interestingly, the same interaction mode is supported by the structure of
the reductive dehalogenase NpRdhA from N. pacificus pht-3B."” Computational dock-
ing with PceA from S. multivorans and NpRdhA followed by orbital analyses through
density functional theory provided further insight into the Co---Cl interaction.?® How-
ever, the sequence similarities between strain CBDB1 and strains pht-3B and S. mul-
tivorans are only 24% and 29%, respectively (sequence access codes:

WP_011308703, CbrA, CBDB1; WP_008597722, NpRdhA, pht-3B; 068252, PceA, S.
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multivorans)."” Moreover, these three strains have different substrate ranges and de-
halogenation patterns. Strain pht-3B dehalogenates 2,6-halogenated aromatics and
abstracts mono-ortho substituted halogens,'” and strain S. multivorans respires halo-

genated ethenes,'®

whereas strain CBDB1 dehalogenates a wider range of sub-
strates and mainly removes di-ortho substituted halogens.22 Even with overlapping
substrate ranges, different cobalamin-requiring strains may adopt different interaction
modes for dehalogenation. For example, cobalamin-employing Dehalococcoides and
Dehalobacter transform chlorobenzenes and chloroanilines with different dehaloge-
nation patterns, suggesting a Co---H interaction as initial dehalogenation step with
Dehalobacter 14DCB1.?? Alternatively, a Co---C (sp, sp®) interaction is also viable.
For instance, 89% of cis-chlorovinylcobalamin was obtained with chloroacetylene as

cob(l)alamin substrate,?*?

suggesting an initial Co---C (sp) interaction. In the cobal-
amin-catalyzed dehalogenation of chloroethenes, mass spectrometry showed that
chlorovinylcobalamin and alkylcobalamin were formed, providing the possibility of a
Co---C interaction.?® Moreover, a Co---C (sp?) would fit to the dehalogenation path-
ways catalyzed by cobaloxime and cobalamine complexes.?”°

In this study, experimental dehalogenation pathways are analyzed with regard
to the substrate regioselectivity, covering bromobenzenes, chlorobenzenes, chloro-
phenols, chloroanilines, polychlorinated biphenyls (PCBs), and dibenzo-p-dioxins
(PCDDs). To this end, computational chemistry is employed to identify the initial
Co(l)---substrate interaction mode through analyses of energetically dominating do-
nor-acceptor molecular orbitals. The results demonstrate that the experimentally ob-
served dehalogenation patterns can be traced back to an inner-sphere

Co(l)---halogen donor-acceptor interaction, and provide a theoretical framework for

identifying aromatic halides as CBDB1-active substrates (that undergo dehalogena-
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tion with this bacterial strain) as well as for predicting the resultant dehalogenation

pathways from their site-specific reactivities.

MATERIALS AND METHODS

Data Set. Experimental data for dehalogenation pathways of 93 aryl halides with
Dehalococcoides mccartyi strain CBDB1 (Tables S1-S3) were taken from literature
and cover the following six compound classes: 12 chlorobenzenes (no. 1-12 in Table
1), 5 bromobenzenes (no. 13-17), 19 chlorophenols (no. 18-36), 17 chloroanilines
(no. 37-53), 28 polychlorinated biphenyls (PCBs, no. 54-81), and 12 polychlorinated
dibenzo-p-dioxins (PCDDs, no. 82-93).

Computational Details. Density functional theory (DFT) employing the BP86
functional recommended for cobalamin®' with basis set Def2-SVP as implemented in
Gaussian 09 Revision D.01% has been used for the quantum chemical electronic
structure calculations including geometry optimization. The starting point of the B+»
geometry was the X-ray crystal structure of the reductive dehalogenase PceA in
Sulfurospirillum multivorans.'® Truncation through replacing the side chains of the
corrin ring by H resulted in a 45-atom model of cob(l)alamin (Co(l)Cbl) containing
Co" and corrin with a deprotonated nitrogen (Figure 1). Decomposition of the molecu-
lar orbitals (MOs) into natural bond orbitals (NBOs) and natural atomic orbitals
(NAOs) were performed with NBO 6.0.%

Donor-Acceptor Reactivity. According to second-order perturbation theory,
the interaction of an occupied donor molecular orbital (MO) ¢; with an energetically

higher unoccupied acceptor MO ¢; stabilizes orbital energy & by

2 2.¢2
c@ — (Hizersy)”  (e)®s;
1 Si—Sj ASij

(1)
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per electron, with Ag; = & — ¢ (that is negative for & < sj).34 In Eq. 1, the approximation
Hij = k- S with constant k has been introduced to express the rough proportionality
between the matrix element H; = < ¢i|H|d;> as integral of the molecular orbitals ¢; and
¢; with the Hamiltonian H, and the respective overlap integral Sj = < ¢i|¢;>. For MOs
built from atomic orbitals (AOs) x, according to the linear combination of atomic
orbitals to molecular orbitals (LCAO-MO expansion)

i = Zp. Cui Xu (2)
with coefficients (weights) c,i, the MO-based overlap integral S; can be expressed
through AO-based overlap integrals Sy, = <x,|x.> as

Sij = X Xov CpiCujSyv (3)
Taking the square yields

S§ =YXy chich - Siy + cross-terms 4)
as short-hand notation specifying only the terms with squared LCAO-MO coefficients.

For ¢; representing the HOMO (highest-occupied MO) of Cob(l)alamin as electron do-

2

nor D, ¢;; has a certain but constant value for each AO involved at the Co(l) site. Re-

garding aromatic halides as substrates, ¢; represents the lowest unoccupied MO of
interaction-suitable symmetry that acts as electron acceptor A, and so varies for dif-
ferent substrates. Note that because of the symmetry constraint imposed through the
interaction mode, ¢; is in fact above the LUMO (overall lowest unoccupied MO) for all
presently analyzed substrates except higher brominated benzenes (see also Fig. 2
below). For a particular halogen X attached to an aromatic carbon with the X valence
p orbitals px, py and p, as relevant AOs, the squared LCAO-MO coefficient can be

written as

2 _ .2 2 2
Cpx = Cpx T Cpyx T Cpx ®)
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Summation over all halogens X attached to aromatic carbons of a given substrate
yields

C;%, alX = 2X (C;xx + Cﬁyx + C;zx) (6)
Thus the donor-acceptor interaction reactivity AEpa defined through

2
(2 Cp,allX —
& N — = AE 7
DA ™ Taeps DA (7)

may serve as approximate measure for the energy stabilization obtained through
electron transfer from Co(l) as electron donor D to the valence-shell p AOs that be-
long to the lowest-energy unoccupied MO of interaction-suitable symmetry and are
located at halogen atoms X as electron acceptors A.

Inclusion of the X s valence orbitals contributing to the unoccupied substrate ¢,

of interest yields

2 _ .2 2 2 2

Cipx = Csx T Cpx + Cp x + Cp x (8)
2 _ 2 2 2 2

Csp,anx = 2x (Csx +cpx + Cpyx T Cpx) 9)
) Cszp, allX _

52 (5p) ~ S22 = A (sp) (10)

as correspondingly extended reactivity parameters. The calculations of cjx, c2x,

AEpa and AEpa(sp) have been performed with Excel employing respective Gaussian

outputs.

RESULTS and DISCUSSION

Cob(l)alamin-Substrate Orbital Interaction. Figure 2 shows the highest occupied
and lowest unoccupied MOs of Cob(l)alamin (HOMO and LUMO; A left) as well the
HOMO and the four lowest unoccupied MOs of pentachlorobenzene (HOMO, LUMO,

LUMO+1, LUMO+2, LUMO+3; A right). The HOMO of the supernucleophile cob(l)al-
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amin is essentially the Co 3d, AO (95.8%; a d orbital with lobes along the z axis that
belongs to the 3™ electron shell of Co), offering a transfer of one or two electrons to a
symmetry-compatible acceptor orbital of the substrate. Here, the interaction geo-
metry with a halogen substituent approaching Co(l) (Figure 2, B) rules out aromatic
halide MOs with Tm symmetry (1* MOs) such as the degenerate LUMO and LUMO+1,
both of which would result in a destructive (amplitude-deleting) overlap with the Co(l)
3d, AO (because two halogen MO lobes of opposite sign approach in parallel one
side of the Co(l) 3d,, lobe with just one sign). For the example of PeCB in Figure 2,
LUMO+2 is the lowest-energy unoccupied MO with appropriate 0 symmetry (o* MO)
allowing for a favourable overlap with Co(l) 3d,, and thus may act as electron accep-
tor orbital in an inner-sphere electron transfer reaction.

NBO®*? decomposition of the lowest-energy 6* MOs of the 93 aromatic halide
substrates shows that these MOs correspond mainly to the 0*c.ci or 0*c.g orbitals
located at the C—halogen linkages (typically around 60-80%), sometimes with minor
contributions from o*c.y orbitals (5-13%) at unsubstituted aromatic carbon sites
(Table S4). Except for the higher brominated benzenes (Figure S2), these acceptor
o* MOs lie energetically above the substrate LUMO (as m* MO), but represent the
lowest-energy substrate orbitals offering a shape suitable for a favourable overlap
with the donor Co(l) 3d, which in turn drives the electron-transfer reaction (Figure 2
and Figures S1-S6).

According to these findings, the Co(l)-catalyzed reductive dehalogenation
would proceed through an initial inner-sphere Co*'---X (X = CI or Br) interaction,
transferring one or two electrons from the Co(l) HOMO (3d;,) to the lowest sigma-
symmetry vacant MO at C—X (0%c.x) that weakens the respective oc.x bond as first
step of its cleavage. Further important implications are that in case the CBDB1-

catalyzed dehalogenation is governed by this donor-acceptor orbital interaction, the

ACS Paragon Plus Environment
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11

initial site of attack at the substrate would be neither an aromatic carbon
(corresponding to the earlier view that Co(l) may attack the olefin carbon followed by

263537 nor an H atom attached to an unsubstituted aromatic

B elimination of ClI)
carbon. Thus it is of interest whether the experimentally observed dehalogenation
patterns would be theoretically expected from the substrate reactivity for the above-
described donor-acceptor interaction, which is subject of the next section.
Donor-Acceptor Interaction Reactivity. In the orbital framework of the do-
nor-acceptor interaction, second-order perturbation theory provides an approximate
quantification of the energy stabilization in the initial part of the electron-transfer reac-
tion.3* A further simplification yields the term AEpa as rough measure of the donor-
acceptor energy stabilization (eq. 7, Section Material and Methods), which in turn is
defined as ratio of the sum of (relevant) squared LCAO-MO coefficients at the halo-

gen sites, cg, aix (the total halogen overlap potential provided through p orbitals), over

the energy difference of the interacting donor and acceptor orbitals, &p — €a. Here, &p
is the energy of the Co(l) HOMO mainly confined to its 3d, AO at the Co site,
whereas ¢a represents the lowest sigma-symmetry vacant (c*) MO of the substrate
with a shape suitable for a favourable (constructive) 3d,---0* interaction.

In Table 1, the donor-acceptor interaction strength in terms of the AEpa para-
meter is listed for all 93 substrates. For further evaluation, the following three subsets
have been formed: Subset | includes all 53 single-ring aromatics (chlorinated ben-
zenes, brominated benzenes, anilines and phenols; no. 1-53 in Table 1), whereas the
28 PCBs and 12 PCDDs form subsets Il (no. 54-81) and Ill (no. 82-93), respectively.
Overall, 60 of the 93 aromatic halides are active regarding CBDB1-mediated de-
halogenation (see superscript (+) in Table 1), with the remaining 33 compounds be-
ing recalcitrant (inactive regarding dehalogenation) when exposed to this bacterial

strain (see Tables S1-S3 for experimental information). For subset I, calculated AEpa
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12

discriminates experimentally active (AEpa < —12.3) from inactive (AEpa = —12.3) sub-
strates with only four exceptions (wrongly predicted active: 1,3,5-TrCB, 2,4,6-TrCA,;
wrongly predicted inactive: 2,4-DCP, 2,5-DCP), which corresponds to a prediction
rate of 92%. For subset Il, the thresholds AEpa £ —16.0 and AEpa 2 —15.2 indicate
active and inactive PCBs with three wrongly classified congeners (wrongly predicted
inactive: 2,4,5-PCB, 2,3,4,6-PCB; wrongly predicted active: 2,4,6-PCB), yielding a
prediction rate of 89%. Regarding the PCDD subset Ill, AEpa < —-12.2 and AEpa = —
7.6 discriminate active from inactive substrates. Overall, AEp, differentiates between
active and inactive aromatic halides regarding CBDB1 with a success rate of 92%
(86 of 93 compounds). Similar results are obtained when extending the AEpa calcula-
tion to include also the valence s orbital of the halogen substituents (AEpa(sp), eq.
10; Table S5). Because the misclassified 7 compounds do not differ systematically in
their electronic structure from the other substrates, these prediction errors might be
due to using a cob(l)almin model without corrinoid side chains, which may be subject
to future investigations.

Substrate Reactivity vs. Degree and Type of Halogenation. Inspection of
Table 1 reveals further that within a given class of halogenated aromatics, AEpa be-
comes increasingly negative (larger as absolute value) with increasing halogenation
of the congener except for some counterexamples. Thus, AEpa reflects the experi-
mental finding that with CBDB1, higher halogenated aromatics are generally trans-
formed faster than their lower-halogenated counterparts.21

Moreover, the AEpa values of the bromobenzenes are below (more stabilizing
than) the ones of the chlorobenzenes, indicating the lower electron affinity of the lat-
ter. Note in this context that CBDB1 dehalogenates mono-bromobenzene but not mo-
no-chlorobenzene,® which is captured by the present AEpa-based model, but would

fail to be recognized when considering only the topological substitution pattern (e.g.
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doubly-flanked halogen) of the CBDB1 substrate. Thus, all bromobenzenes are
active substrates of CBDB1 as correctly predicted for the five congeners listed in
Table 1 (no. 13-17), yielding lower-brominated benzenes and benzene as metabo-
lites. It suggests further that Dehalococcoides mccartyi strain CBDB1 could in
principle convert all bromobenzenes to benzene as ultimate metabolite.

Another experimental finding reflected by AEpa is the impact of the substitution
pattern on the rate of reductive dehalogenation. With 1,2,3-TrCB and 1,2,4-TrCB
used together as substrates for CBDB1, 1,2,4-TrCB was not dehalogenated until
1,2,3-TrCB was almost used up.* In accord with this result, calculated AEpa is larger
negative for 1,2,3-TrCB as preferred (and faster degrading) substrate. Moreover,
when comparing 2,3-DCA,1,2-DCB, 2,3-DCP and 1,2,3-TrCB, dehalogenation reac-
tivity increases with increasing electron-withdrawing power of the substituents,?!??
which correlates also with the respective AEpa values.

Finally, AEpa indicates that the reductive dehalogenation reactivity of two-ring
aromatic halides is similar to that of higher halogenated mono-ring derivatives (Fig-
ures S7-S8). For example, 2,3-DCDD (dichloro-dibenzo-p-dioxin) was transformed by
strain CBDB1 while 2,7-DCDD and 2,8-DCDD were not.*° Indeed, the AEpa values of
the latter two congeners are similar to that of non-active 2-MCDD, but significantly
less negative than that of 2,3-DCDD, indicating 2,3-DCDD is CBDB1-active whereas
2,7-DCDD and 2,8-DCDD are not.

Overlap vs Energy Component of Donor-Acceptor Interaction. The inner-
sphere electron-transfer reactivity parameter AEpa contains two components (eq. 7,

section Materials and Methods) that both affect the strength of the orbital interaction

when the electron donor and acceptor approach each other. The numerator (c;_ Al X

eq. 6, section Material and Methods) encodes the potential for spatial overlap bet-

ween the valence-shell p orbitals of the lowest substrate c* MO and a donor orbital
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with suitable shape (symmetry) at all possible halogen sites. The denominator, & —
&a, scales the energy stabilization inversely to the difference of the initial (unper-
turbed) energies of the donor and acceptor orbital.

Interestingly, subset | (53 mono-ring substrates) shows a surprisingly high cor-
relation between these two components (©* = 0.88; AEpa = a - cg, aix T b with slope a
= 0.096, intercept b = 5.6, Figure 3), and for subsets Il (28 PCBs) and Ill (12
PCDDs) the respective correlations are still significant if in each of the latter subsets
two outliers are excluded (* = 0.80 vs 0.88, slope = 0.066 vs 0.069, intercept = —4.4
vs —4.3, Figures S9-S10). These findings indicate that regarding the reductive
dehalogenation of the aromatic halides initiated by electron transfer from Co(l) to ha-
logen substituents, the substrate reactivity appears to depend in a similar manner on
the overlap potential (summed over all potential halogen sites) and the difference in
Co(l) HOMO (= 3dy) and lowest-energy substrate o* MO energies. Thus, both the
halogen overlap potential (c; ax) and the donor-acceptor orbital energy difference
(¢p — €a) alone discriminate also reasonably well active from inactive aromatic halides
(90% vs 86%, Tables S6-S7). Future investigations may show whether this holds
also for polyhalogenated aromatics containing more than one halogen atom type.

Regioselectivity and Dehalogenation Pathway. The donor-acceptor reacti-
vity parameter AEpa encodes the overall substrate potential for a reaction-inducing
overlap through its lowest o* MO at any possible halogen site. As such, AEpa cannot
discriminate between different site-specific reactivities of a given substrate. The lat-
ter, however, can be achieved through evaluating CZZ,X (eq. 5, section Materials and
Methods) that quantifies the overlap potential of the lowest c* MO through its three

valence-shell p orbitals (pyx, py, p;) at a particular halogen site X (X = Cl or Br).
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In Tables 2 and S8-S9, the respective ch values are listed for all halogen sites
of all 59 substrates that should be amenable to dehalogenation according to their
electron-acceptor reactivity AEpa. Taking 1,2,4-TrCB as example, the largest ch
value is obtained for Cl attached to aromatic carbon C,, (15.6 vs 11.3 at C4 vs 7.22 at
C4), and indeed 1,4-DCB is obtained as major metabolite with a ratio 7:3 as
compared to the second metabolite 1,3-DCB.*' For 1,2,3,7,8-PeCDD (last line in
Table 2), ch indicates that Cl at C; and C, are preferred for CBDB1-catalyzed
reductive dehalogenation, which is confirmed by the experimental finding of 2,3,7,8-
TeCDD and 1,3,7,8-TeCDD as metabolites.*’

Overall, the site-specific halogen overlap potential (C;X) identifies the most re-
active halogen substituent with a success rate of 78% (38 of 49 CBDB1-active
substrates with opportunity for regioselective dehalogenation), and is compatible with
the experimentally observed dehalogenation pathways with a success rate of 81%
(48 out of 59 active substrates). Taking 1,2,4-TrBB as further example, the bromine
substituents at C4, C, and C, yield Cﬁx values of 14.5, 20.4, and 7.76, respectively
(Table 2), indicating Br at C, as most reactive for CBDB1-mediated dehalogenation.
It follows that in this case, calculated céx predicts 1,4-DBB as major metabolite, which
agrees with experimental observation.*® Deviations between ch-based regioselectivi-
ty and experiment, however, are obtained for 11 substrates (1,2,3,5-TeCB, 2,3,6-
TrCP, 2,4,5-TrCP, 3,4-DCA, 2,3,5-TrCA, 2,3,4,6-TeCA, 2,3,4-2,3-PCB, 2,3,4,2’ 4-
PCB, 2,3,4,2,5-PCB, 2,3,4,2,3,4-PCB and 1,2,4-TrCDD). Similar results are
obtained when including the halogen valence s orbital in the halogen overlap
potential (parameter C?pX! eq. 8; Tables S10-S12). Although there is certainly room

for improvement, these findings demonstrate the power of our simplified orbital
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interaction approach to identify primary sites of CBDB1-mediated Co(l) attack as first
step in the reductive dehalogenation of aromatic halides.

Experimentally Untested Substrates. 2,3,6-TrCA and 2,3,4,5-TeCA are two
commercially unavailable chloroanilines that should be substrates for strain CBDB1
according to our AEpa reactivity parameter (Table S13). The expected metabolites
are 2,5-DCA from 2,3,6-TrCA as well as 2,4,5-TrCA (major) and 2,3,5-TrCA from
2,3,4,5-TeCA (Figure 4A, Tables S14-S15), suggesting similar dehalogenation path-
ways as observed for their chlorophenol counterparts.10

Seven untested bromobenzenes are also predicted through their AEpa values

to be CBDB1 substrates (Table S13). Here, the site-specific parameter C;X indicates

the following expected dehalogenation patterns (Figure 4B and Tables S14-S15):
1,2,3-TrBB and 1,3,5-TrBB are transformed to 1,3-DBB, 1,2,3,4-TeBB and 1,2,4,5-
TeBB vyield 1,2,4-TrBB, PeBB is dehalogenated to 1,2,3,5-TeBB and 1,2,4,5-TeBB,
and HBB is converted to PeCB. Except for 1,3,5-TrBB, these predicted pathways of
bromobenzenes are similar to the experimentally known dehalogenation pathways of
chlorobenzenes with strain CBDB1 (Table S1). However, site-specific céx would not
predict 1,3,5-TrBB as primary metabolite of 1,2,3,5-TeBB, thus contrasting with the
observed CBDB1 metabolite 1,3,5-TrCB of 1,2,3,5-TeCB.*'

According to the sequenced genome, Dehalococcoides mccartyi strain CBDB1
harbors 32 reductive dehalogenase homologous genes,* which indicates its great
potential for detoxifying organohalides in environmental matrices. So far, however, no
dehalogenase structure of this species has been determined, with the low growth
yield of strain CBDB1 and obstructions with the heterologous expression of these
complex metalloproteins representing major technical barriers. Nevertheless, compu-
tational chemistry may provide insight into the mechanism underlying the CBDB1-

mediated reductive dehalogenation. To this end, the presently introduced donor-
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acceptor orbital interaction perspective supports the view that with these bacteria, in-
ner-sphere electron transfer from B4, Co(l) to the halogen substituent represents the
rate-determining step. A further way forward could be a quantum chemical analysis

of Co(l)-catalyzed transition states of the dehalogenation reaction, following an ap-

t43-45 h46

proach undertaken for the cytochrome P450 catalysis withou or with™ inclusion
of coupling quantum chemistry with molecular mechanics. Finally, including selected
side-chains for an accordingly augmented model of cob(l)alamin may provide insight
whether and how corrinoid side-chains could affect the redox activity, and how the
latter might also be triggered by the cob(l)alamin base-off state as opposed to a

possibly preceding corrinoid base-on state.
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532
533 Tables
534
535 Table 1. Substrate reactivity in terms of the donor-acceptor interaction parameter AEpa [%/€V] characterizing the ease of inner-sphere electron
536 transfer from cob(l)alamin to aromatic halides?
No. Subset Substrate® AEpa No. Subset Substrate® AEpan  No. Subset Substrate® AEpan  No. Subset Substrate® AEpa
1 I MCB -7.85 26 I 3,5-DCP -12.3 51 I 2,3,46-TeCA"” 224 76 I 2,3,4,2.3-PcB"Y 205
2 I 1,2-DCB'" -136 27 I 2,3,4-TrCP'") 224 52 I 2,3,56-TeCA” 176 77 I 2,3,4,2' 4-PCB™ —20.5
3 I 1,3-DCB -12.0 28 I 2,3,5-TrCP'") -18.6 53 I PecA™ -324 78 I 2,3,4,2' 5-PCB™ -20.5
4 I 1,4-DCB -8.94 29 I 2,3,6-TrCP"") -16.7 54 I 2,4-PCB 116 79 I 2,3,4,2',3 4-PCB") -22.2
5 I 1,2,3-TrcB™ -20.2 30 I 2,4,5-TrCP") -15.7 55 I 2,5-PCB -8.60 80 I 2,3,4,2',4' 5-PCB")  —21.1
6 I 1,2,4-TrcB™ -16.1 31 I 2,4,6-TrCP'") -18.8 56 I 3,5-PCB -12.2 81 I 2,452 4 5-PCB" -17.2
7 I 1,3,5-TrCB -176 32 I 3,4,5-TrCP'") -20.0 57 I 2,3,4-PCB" -18.3 82 n 2-MCDD -7.52
8 I 1,2,3,4-TeCB")  -26.3 33 I 2,3,4,5-TeCP") -29.8 58 I 2,3,5-PCB -15.2 83 n 1,3-DCDD") -12.3
9 I 1,2,3,5-TeCB"! 251 34 I 2,3,4,6-TeCP") —28.0 59 I 2,3,6-PCB -15.2 84 n 2,3-DCDD" -13.8
10 I 1,2,4,5-TeCB") -209 35 I 2,3,5,6-TeCP") -236 60 I 2.4,5-PcB" -11.8 85 n 2,7-DCDD —-7.31
11 I PecB" -356 36 I PeCP'") -38.7 61 I 2,4,6-PCB -16.5 86 n 2,8-DCDD -7.65
12 I HcB™ -53.8 37 I 2-MCA -8.32 62 I 3,4,5-PcB™ -18.5 87 n 1,2,3-TrcbD™ -21.1
13 I mBB"" -15.7 38 I 3-MCA -7.61 63 I 2,3,4,5-PCB'" -18.7 88 n 1,2,4-TrcDD™ -17.0
14 I 1,2-DBB"" -276 39 I 4-MCA -6.61 64 I 2,3.4,6-PCB"" -9.77 89 n 2,3,7-Trcbp™ -14.1
15 I 1,3-DBB" —24.2 40 I 2,3-DCA™ -13.5 65 I 2,3,2’,3-PCB -15.1 90 n 1,2,3,4-TeCDD"" -19.4
16 I 1,4-DBB" -17.6 41 I 2,4-DCA -11.4 66 I 2,3,2',4-PCB -14.1 91 n 1,3,7,8-TeCDD" —20.0
17 I 1,2,4-TrBB'" -349 42 I 2,5-DCA -8.94 67 I 2,3,2',5-PCB -14.0 92 n 2,3,7,8-TeCcDD" -14.6
18 I 2-MCP -7.66 43 I 2,6-DCA -12.2 68 I 2,4,2' 4-PCB -12.6 93 n 1,2,3,7,8-PeCDD'")  —22.9
19 I 3-MCP -7.95 44 I 3,4-DCA™ -12.3 69 I 2,4,2' 5-PCB -12.2
20 I 4-MCP -7.01 45 I 3,5-DCA -11.3 70 I 2,5,2',5-PCB -10.0
21 I 2,3-bcp™ -15.9 46 I 2,3,4-TrCA" -18.2 71 I 2,3,5,6-PCB —20.0
22 I 2,4-bDcp™! -11.3 47 I 2,3,5-TrCA"") -156 72 I 2,3,4,5,6-PCB"  -33.3
23 I 2,5-bDcp™ -9.15 48 I 2,4,5-TrCA" -146 73 I 2,452 3-PCB"Y -16.3
24 I 2,6-DcP™ -13.5 49 I 2,4.6-TrCA -16.4 74 I 2,452 4-PCB" —-16.1
25 I 3,4-Dcp™ -13.2 50 I 3,4,5-TrCA" -180 75 I 2,4,52' 5-PCB™ —-16.1

537  *The 93 aromatic halides comprise 53 single-ring aromatics (subset 1) with 12 chlorobenzenes (no. 1-12), 5 bromobenzenes (no. 13-17), 19 chlorophenols (no.

538 18-36), and 17 chloroanilines (no. 37-53), 28 polychlorinated biphenyls (subset Il, no. 54-81), and 12 polychlorinated dibenzo-p-dioxins (subset Ill, no. 82-93).The
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substrate reactivity parameter AEp, encodes the overlap potential with valence-shell p orbitals of all halogen substituents as related to the energy difference bet-
ween the cob(l)amin HOMO and the lowest ¢* substrate MO of overlap-suitable shape (eq. 7, section Material and Methods); increasingly negative AEp, indi-
cates an increasing electron-acceptor strength of the substrate. Substrate notation: CB = chlorobenzene, MCB = monochlorobenzene, DCB = dichlorobenzene,
TrCB = trichlorobenzene, TeCB = tetrachlorobenzene, PeCB = pentachlorobenzene, HCB = hexachlorobenzene; BB = bromobenzene; CP = chlorophenol; CA =
chloroaniline; PCB = polychlorinated biphenyl; DD = dibenzo-p-dioxin.

®The 60 active substrates undergoing CBDB1-mediated dehalogenation are indicated by the superscript (+). The 7 substrates predicted wrongly as active (no. 7,

49, 61) or wrongly as inactive (no. 22, 23, 60, 64) are underlined. For more detailed experimental information, see Tables S1-S3.
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Table 2. Regiospecific halogen overlap potential Cf;x of CBDB1 substrates as electron

acceptor through the valence-shell p orbitals of their lowest-energy o* MO?

Aromatic halide Subset Halogen substituent position at aromatic ring
C, C, Cs Cy Cs Ce C; Cs

Chlorobenzenes

1,2,3-TrCB | 123 146 123

1,2,4-TrCB | 11.3 156 7.22

1,2,3,4-TeCB | 789 129 129 7.89

1,2,3,5-TeCB | 11.8 10.7 118 5.95

1,2,4,5-TeCB | 9.14 9.13 9.13 9.14

PeCB | 717 8.88 118 8.88 7.17

Bromobenzenes

1,2-DBB | 214 214

1,3-DBB | 19.9 19.9

1,4-DBB | 16.8 16.8

1,2,4-TrBB | 145 20.4 7.76

Chlorophenols

2,3-DCP | 20.4 15.0

3,4-DCP | 171 16.7

2,3,4-TrCP | 16.1 142 9.51

2,3,5-TrCP | 16.0 152 4.68

2,3,6-TrCP | 12.8 8.23 13.3

2,4,5-TrCP | 6.23 147 13.1

2,4,6-TrCP | 171 9.19 9.43

3,4,5-TrCP | 1.9 140 136

2,3,4,5-TeCP | 1.5 136 124 6.18

2,3,4,6-TeCP | 155 11.0 9.35 5.0

2,3,5,6-TeCP | 7.04 659 105 13.8

PeCP | 6.26 7.32 10.1 9.95 10.5

Chloroanilines

2,3-DCA | 18.7 16.3

3,4-DCA | 17.5 16.0

2,3,4-TrCA | 13.7 143 104

2,4,5-TrCA | 9.25 14.1 10.6

3,4,5-TrCA | 127 140 127

2,3,5,6-TeCA | 8.76 7.67 7.67 8.76

Polychlorinated biphenyls

2,3,4-PCB Il 1.1 144 114

3,4,5-PCB Il 1.9 138 11.9

2,3,4,5-PCB Il 5.64 9.02 9.33 5.97

2,3,4,5,6-PCB Il 6.90 924 122 9.24 6.90

Polychlorinated dibenzodioxins

1,2,3-TrCDD 11} 134 134 11.2

1,2,4-TrCDD 11} 115 12.8 8.32

2,3,7-TrCDD 11} 15.7 158 0.510

1,2,3,4-TeCDD 11} 866 115 115 8.66

1,3,7,8-TeCDD 11} 9.28 6.58 6.35 6.29

2,3,7,8-TeCDD 11} 722 7.22 722 722

1,2,3,7,8-PeCDD Il 13.1 126 105 0.430 0.510

ACS Paragon Plus Environment

@Subsets I, Il and Il comprise single-ring aromatics, polychlorinated biphenyls, and polychlorinated di-

benzo-p-dioxins, respectively.The site-specific parameter cf,x (eq. 5, section Materials and Methods)
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represents the overlap potential of a particular halogen substituent through its three valence-shell p

orbitals of the lowest o* MO of the electron-accepting substrate.

Figures

Figure 1. The structure of truncated Cob(l)alamin consisting of Co* coordinated by corrin
with a deprotonated nitrogen (C1gH21N4 ).
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Energy (eV)
o

Cob(I)alamin PeCB

Figure 2. Molecular orbital interaction between cob(l)alamin and aromatic halides, taking
pentachlorobenzene (PeCB) as example. A: HOMO and LUMO of cob(l)alamin (left) and
HOMO as well as the lowest four unoccupied MOs (LUMO .. LUMO+3) of PeCB, with
LUMO+2 as lowest 0* MO with a shape suitable for a favourable overlap with the Co(l) 3d,,
AO as almost only HOMO component. The orbital interaction is indicated through a red
dashed line. The overlaid MO energy levels of LUMO and LUMO+1 have a red edging. B:
Spatial cob(l)alamin-substrate interaction mode, illustrating the preferred electron-transfer
interaction between Co(l) 3d, and o*cc at aromatic carbon C; of the electron-accepting
substrate PeCB (interaction connection in red). In A and B, the orbital amplitude values of
0.03 and -0.03 have been selected for visualizing the blue and green isosurfaces of the

orbital lobes.
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Figure 3. Orbital energy difference Agpa = €p — €a (cob(l)alamin HOMO - lowest substrate o*
MO) vs respective orbital overlap potential C; aix (eq. 6, section Material and Methods)
covering the valence-shell p orbitals of all halogen substituents in a given substrate. For the
53 mono-ring aromatic halides (12 chlorobenzenes, 5 bromobenzenes, 19 chlorophenols, 17
chloroanilines), the linear regression equation Aépp = a - cz'i ailx + b with 7 = 0.88 has slope a

= 0.096, intercept b = —5.6, and standard error = 0.22.
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588 Figure 4. Predicted dehalogenation pathways of aryl halides for Dehalococcoides mccartyi
589 strain CBDB1. A: Pathways for two commercially unavailable chloroanilines. B: Pathways for
590 seven bromobenzenes whose dehalogenation has not yet been studied. The numerical
591  values next to halogen atoms are the quantum chemically calculated C;%x values (eq. 5,
592  section Material and Methods) that represent the site-specific overlap potential of the
593 halogen substituent through its valence-shell p orbitals of the lowest-energy o* MO of the
594  substrate. Bold arrows indicate major metabolites, and the dashed arrow shows a prediction

595 different from experimental findings for the chlorobenzene counterpart.

596
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