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Halogen Bonding Interactions of Haloaromatic Endocrine
Disruptors and the Potential for Inhibition of lodothyronine

Deiodinases
Craig A. Bayse*™

Halogen bonding (XB) is a potential mechanism for the
inhibition of the thyroid-activating/deactivating iodothyronine
deiodinase family of selenoproteins through interactions with
halogenated endocrine disrupting compounds (EDCs). Trends
in XB interactions were examined using density functional
theory for a series of polyhalogenated dibenzo-1,4-dioxins,
biphenyls, and other EDCs with methylselenolate, a simple
model of the Dio active site selenocysteine. The strengths of
the interactions depend upon the halogen (Br > Cl), the degree

Introduction

Over a decade ago, our computational models suggested a link
between halogen bonding (XB)"? and the activity of the
iodothyronine deiodinase (Dio) selenoproteins that regulate
concentrations of thyroid hormones (TH).®! The Dio family
removes iodine from polyiodinated thyronines like thyroxine
(T,) to activate and deactivate thyroid signaling (Figure 1A).*®
Dios are regioselective, with Type Il (Dio2), removing an iodine
from the outer ring of T, to make the active TH triiodothyronine
(T;). Type lll (Dio3) only deiodinates the inner ring while Type |
(Dio1) can activate either site, depending upon functionaliza-
tion of the substrate. In our proposed mechanism, an initially
formed XB intermediate is stabilized by the protein to convert
the non-bonding interaction to a nucleophilic attack at the
aromatic iodine. Subsequent experimental studies and compu-
tational models have provided strong support for this initial
hypothesis.”'" Additionally, hydrogen shuttle pathways to
facilitate deiodination via this mechanism were identified in the
crystal structure of the Dio3 monomer."? Although less
abundant than other chalcogens and halogens, selenium and
iodine are incorporated into the TH signaling pathways due to
the high nucleophilicity of selenium and the low electro-
negativity of iodine, both properties that contribute to strong
XB.
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of substitution, and the position of the acceptor. In terms of
donor-acceptor energies, interactions at the meta position are
often the strongest, suggesting a link to the topology of THs,
especially for outer-ring deiodination of thyroxine, which
occurs at a meta iodine, and produces the active TH. However,
relationships between XB interaction strengths and potential
for Dio inhibition should be made in the context of the binding
to the active sites, the topology of which are not fully
characterized.
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Figure 1. (A) Regioselectivity of Dio selenoproteins for inner- or outer-ring
deiodination. (B) MO diagram for a donor-acceptor interaction.

A number of polyhalogenated aromatic hydrocarbons
(PHAHSs) are listed on the Endocrine Disruption Exchange'’s
(TEDX)""® catalog of potential endocrine disrupting compounds
(EDCs)™?" and many are known to inhibit TH signal
pathways.'”??” PHAHs have primarily been used as flame
retardants in a variety of industrial applications.”®* These
persistent organic pollutants (POPs) have made their way into
the food chain through chemical spills and leaching from waste
including electronic waste and microplastics.®?*>* Although the
primary pathway for PHAH endocrine disruption appears to be
through inhibition of the aryl hydrocarbon receptor (AhR),®”
they may also affect TH activation by Dio proteins. Halogen
bonding of PHAHs to the Dio active site selenocysteine (Sec)
residue to prevent TH binding and activation is a potential

© 2023 The Authors. ChemistrySelect published by Wiley-VCH GmbH


http://orcid.org/0000-0002-3490-576X
http://crossmark.crossref.org/dialog/?doi=10.1002%2Fslct.202300781&domain=pdf&date_stamp=2023-06-21

Research Article
ChemistrySelect

doi.org/10.1002/slct.202300781

Chemistry
Europe

European Chemical
Societies Publishing

mechanism for Dio inhibition,*” which has been demonstrated
for polychlorinated biphenyls (PCB) and polybrominated
diphenyl ethers (PBDE).*****¥ Evidence is also emerging for
inhibition by other polybrominated biphenyls (PBB), polychlori-
nated dibenzo-1,4-dioxins (PCDDs), polybrominated dibenzo-
1,4-dioxins (PBDDs), and other PHAHs® ™ For example,
2,3,7,8-tetrachlorodibenzodioxin (TCDD) decreased Dio activity
in rats;*~" the similarity of its topology to THs may contribute
to its toxicity."? Additionally, tetrabromobisphenol A (TBBPA)
decreases T3 levels in zebrafish embryos and affects Dio
expression.>>*4

Our analysis of intermolecular interactions such as XB is
rooted in the terminology of Lewis acid/base theory - the
donation of electron density from a Lewis base donor to a
Lewis acid acceptor. In this context, we avoid the IUPAC
terminology which assigns the XB acceptor as the Lewis base
and the XB donor as the R—X* acceptor. The most widely
discussed feature of XB is the concept of a o-hole in the
electrostatic potential (ESP) along the bond axis of a halogen
atom.”™ From the viewpoint of our group and others, this
model, while observable, downplays the partial covalency of
donor-acceptor interactions and limits the analysis of trends
where discussion in terms of bonding theory is more
intuitive.”**® Further, the o-hole observed in the electrostatic
potential is a consequence of the occupation of MOs in the
acceptor molecule.”” In C—X bonds, the composition of the
bonding MO is weighted toward the electronegative X. As
electronegativity decreases down the halogen group, the
contribution of X to the bond decreases, specifically in the p-
orbital aligned along the bond axis. As a result, electron density
is depleted along the bond axis while the p-orbitals perpendic-
ular to the axis are unaffected leaving a positive dimple in the
electrostatic potential.®

Within the bonding model, XB is described as the donation
from a filled orbital on the Lewis base to an accepting R—X*
orbital (Figure 1B).”****? The decreased contribution of X to
the R—X bonding orbital results in an increase in its contribu-
tion to the R—X* antibonding acceptor orbital as the X
electronegativity decreases. The resulting large X lobe in R—X*
can overlap more strongly with the filled donor MO for a more
favorable XB interaction. The XB donor-acceptor interaction
energy (AE,_,), measuring the stabilization of the donor MO by
donation into the acceptor MO, will be inversely related to the
strength of the R—X bond. The weaker the bond, the lower the
energy of the R—X* acceptor orbital. Because the bonds weaken
down the halogen group, XB increases as F<Cl<Br<I. XB
strengths are additionally dependent on the Lewis basicity of
the donor (XB acceptor). Of the natural amino acids, Sec is the
most nucleophilic, more so than the more abundant Cys,
making it an ideal choice for deiodination.

Our group has previously explored the strengths of XB
between PCBs, PBDEs, and THs and their possible inhibition of
deiodinase activity.®*®*% While various groups have investi-
gated bonding within XB complexes using methods like
Atoms-in-Molecules (AIM),** we have focused on the Wiberg
Bond Index as a cost-effective means to quantify trends in
bond strength. This paper expands our examination to selected
PCDDs, PBDDs, PBBs, and polybrominated benzene EDCs
(Table 1). These molecules were selected from compounds
reported to influence TH signaling and/or those listed on TEDX
as potential EDCs. Trends in XB strengths were calculated using
DFT from donor-acceptor complexes of the PHAHs with MeSe™
as a simple model for the Sec active site. Interaction strengths
depend on the halogen, its position, and the degree of
substitution.

Class PHAHs

Table 1. PHAHSs included in this study.

1 0 9
2 8
X— | |—|}(
3l 0 P
4 6

X=Cl, PCDD: =Br, PBDD

2 2 2B Br
/A A
Bri— /
5 B B 5§
PBB

Monohalogenated dibenzo-1,4-dioxins  2-MC(B)DD
Dihalogenated dibenzo-1,4-dioxins 2,3-DC(B)DD, 2,7-DC(B)DD

Trihalogenated dibenzo-1,4-dioxins
Tetrahalogenated dibenzo-1,4-dioxins
Pentahalogenated dibenzo-1,4-dioxins
Hexahalogenated dibenzo-1,4-dioxins
Heptahalogenated dibenzo-1,4-dioxin
Octahalogenated dibenzo-1,4-dioxin
Dibromobiphenyls
Tetrabromobiphenyls
Hexabromobiphenyls
Heptabromobiphenyls
Decabromobiphenyl

Polybrominated benzenes

2,3,7-TrC(B)DD, 2,3,7-TrC(B)DD
1,3,6,8-TC(B)DD, 1,3,7,9-TC(B)DD, 2,3,7,8-TC(B)DD

1,2,3,7,8-PC(B)DD

1,2,3,7,8,9-HC(B)DD, 1,2,3,4,7,8-HC(B)DD, 1,2,3,6,7,8-HC(B)DD
1,2,3,4,6,7,8-HpC(B)DD (HpC(B)DD)

1,2,3,4,6,7,8,9-0C(B)DD (OC(B)DD)

2,2"-PBB (PBB-4), 3,3'-PBB (PBB-11), 4,4'-PBB (PBB-15)

2,2',4,4'-PBB (PBB-47), 2,2',6,6'-PBB (PBB-54), 3,3',4,4-PBB (PBB-77)
2,2'4,4'5,5"-PBB (PBB-153), 2,2'4,4',6,6'-PBB (PBB-155), 3,3',~4,4',5,5'-PBB (PBB-169)
2,2'3,4,4,5,5'-PBB (PBB-180)

DBB (PBB-207)

2,4-dibromophenol, 2,4,6-tribromophenol, pentabromophenol (PBP), pentabromoethylbenzene (PBEB), tetrabromo-

bisphenol A (TBBPA), decabromodiphenylethane (DBDPE)
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Theoretical Methods

Structures of PHAHs and their complexes with MeSe™ were
optimized with the MO06-2X*® exchange-correlation functional
using Gaussian09."” This functional was found to perform well for
the XB18 and XB51 test sets compared to CCSD(T) calculations.””
Slight shortening of the C—Cl bond in weak XB complexes is
observed as previously reported. This effect could be attributed to
reorganization of the R—X* orbital to increase the contribution of X
which also affects the R—X bond by shifting the polarization toward
the carbon end to shorten the bond.®®’? Carbon, hydrogen, and
oxygen were represented with a triple-C basis set that included
polarization functions. The Wadt-Hay effective core potential basis
set was used for chlorine, bromine, and selenium and augmented
with diffuse and polarization functions.”” Optimized geometries
were confirmed as true minima by vibrational frequency analysis.
Natural Bond Orbital (NBO) donor-acceptor interaction energies
(AEy_.,) from second-order perturbation theory as the stabilization
of a filled o-type orbital by the interaction with an empty o*-type
orbital, Wiberg bond indices (WBIs),"¥ and compositions of R—X
orbitals were calculated values were calculated using NBO 3.0 as
implemented in Gaussian 09.”® ESP and AIM calculations were
performed using the Multiwfn package.”

Results

XB strengths were calculated for the optimized complexes of
MeSe™ with selected PCDDs, PBDDs, PBBs, and other potential
EDCs (Table 1). Relative energies corrected for the zero-point
vibrational energy for formation of the XB complex were
calculated as AE,,. =E,,.(XB complex)—E,,.(PHAH)—E,,.(MeSe").
In the following discussion, XB complexes are labeled accord-
ing to the position at which XB takes place. For example, Se-2-
OCDD indicates an XB interaction at the 2-position of OCDD.

Polyhalogenated Dibenzodioxins

Measures of XB strength (AEy ., WBIs, etc, Figure 2) are
consistent with previously reported trends,*® with the stronger
C—Cl bonds of PCDDs weakly interacting (AE,,, = —2-—13 kcal/
mol) with MeSe™ compared to the PBDDs (AE,,=—9-
—26 kcal/mol). XB at the 1-position of OCDD and OBDD are the
strongest of the series (AE,,.=—12.1 and —24.9 kcal/mol,
respectively). Monohalogenated 2-PCDD forms the weakest XB
interaction (AE,,.=—2.0 kcal/mol) with 2-PBDD (—10.2 kcal/
mol) comparable to fully substituted OCDD. Increasing the
substitution of electron withdrawing (EW) groups depletes the
ring electron density and lowers the energy of the unoccupied
Gpx orbitals (better Lewis acid) to strengthen the XB
interaction (Figure 2A). Similar trends are found for the density
at the XB critical point in AIM calculations (Figure 3), which is
generally more than double for donation to the C—X bond of
TBDD versus TCDD (Figure 3C). Ancillary hydrogen bonds to
the MeSe™ methyl group can provide additional stabilization to
the XB, especially for the weaker Cl---Se interactions where the
CH; protons are attracted to the chloride lone pairs (Figure 3C).
As previously reported, the LUMOs of polychlorinated aro-
matics have m* rather than C—CI* character.”® In many of the
PBDDs, the m* MOs of the conjugated aromatic rings can also

ChemistrySelect 2023, 8, 202300781 (3 of 8)

be lower in energy than the C—Br* orbitals. The lowest C—CI*-
type orbitals of PCDDs are more destabilized relative to the
HOMO compared to their PBDD analogues (Figure 4). These
results are consistent with the relative strengths of the C—Cl
and C—Br bonds.

The AE,,. values for each set of PXDDs arrange into three
clusters with respect to the %X contribution to the R—X* orbital
(Figure 5). The weakest XBs are found for meta halogens with
no adjacent EW group. PXDD with one EW group adjacent to a
meta and ortho halogen increases the %X in R—X* and shifts to
lower AE,,.. Conversely, the decreasing %X contribution to the
R—X bonding MO increases the size of the o-hole in the ESP
(Figure 5B). Having two adjacent EW groups further increases %
X in the R—X* orbital for the most favorable overlap with the
donor Se Ip orbital and strongest series of XB interactions.
Within each cluster, additional substitutions further increase
the %X contribution for stronger XB interactions. In asymmetric
PXDDs, interactions are stronger on the more substituted ring,
but the inductive effect of substitutions on the other ring also
influences XB strength. For example, in 1,2,3,4,7,8-HC(B)DD, the
XB interaction on the disubstituted ring is 2-3 (6) kcal/mol
lower in energy than tetrasubstituted ring and 1.3-1.4 kcal/mol
lower than in 2,3,7,8-TC(B)DD.

The low contribution of Cl to the R—CI* orbital (%Cl < 50 %)
limits its ability to overlap with the Se Ip donor orbital
compared to the less electronegative Br (%Br=50-53%). Both
halogens have lower %X contributions than R—I* orbitals which
can exceed 60% in highly activated bonds.”® The donation of
electron density into the R—X* orbital lengthens and activates
the R—X bond and shortens the X::-Se distance in proportion to
its bond strength (Figure 2B). The C—Cl bonds are least affected
in PCDDs where increased chlorination contributes to activa-
tion by up to 0.025 A with Cl---Se close contacts ranging from
3.1 to 3.4 A. In contrast, weaker C—Br bonds are lengthened by
0.04-0.25 A with Br---Se contacts ranging from 2.6 to 3.2 A. The
X--:Se bond distances correlate with the donor-acceptor
energies (AE,_,) with Cl---Se values lower and covering a
narrower range (4-14 kcal/mol) than for the PBDDs (18-
61 kcal/mol) as expected from the relative C—X bond strengths.
The shortest distances and strongest donor-acceptor interac-
tions are found for the highly substituted OXDD (X=Cl, 3.12 A,
13.8 kcal/mol (Se-1-OCDD); X=Br, 2.69 A, 61.2 kcal/mol (Se-2-
OBDD). At long X:--Se distances, the AE,_, values approach
zero whereas at short distances the donor-acceptor interaction
can exceed 60 kcal/mol. The short X---Se distances are signifi-
cantly less than the sum of the Se and X van der Waals
distances (3.65 (Cl) and 3.75 (Br) A) consistent with the partial
covalent nature of XB interactions as described in the bonding
model and measured by the accumulation of electron density
in the X:--Se WBIs. In the strongest interactions, such as Se-2-
OBDD, the Br---Se WBI approaches 0.5, while the C—Br WBI
deceases from 1.061 to 0.604, bond orders consistent with the
three-center-four-electron (3c4e) hypervalent bond limit of a
strong halogen bond.®**'787® |n contrast, Cl--Se WBIs in PCDDs
are lower than the weakest Br---Se interactions with even the
most highly substituted only 0.2.
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Figure 2. Relationships between (A) the R—X* orbital energy and the XB interaction energy, (B) the lengthening/activation of the C—X bond and the XB
interaction energy, (C) the X:--Se XB distance and the donor-acceptor energy, and (D) the %X contribution to the R—X* orbital for the set of PCDDs, PBDDs,
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Figure 3. (A) Comparison of the electron density at the XB critical point from AIM calculations. The density increases with lower energy acceptor R—X* MOs.

(B) Increased electron density at the XB critical point correlates with more favorable XB interactions. AIM calculations were performed using the Multiwfn
software package. (C) QTAIM diagrams of the XB complexes of MeSe™ with 2,3,7,8-TCDD and 2,3,7,8-TBDD. Orange spheres and lines indicate critical points and
connecting paths. Values for selected densities at the critical point (o(rc)) are given.
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Figure 4. Selected optimized structures of PXDD-MeSe~ XB complexes with X::-Se distances and corresponding R—X*-type orbitals. Energies of the LUMOs

relative to the HOMO are provided in parentheses.

Polybrominated Benzenes and Biphenyls

XB complexes of a select series of eleven PBBs and six
polybrominated benzenes/phenols were calculated for compar-
ison to previous results for PCBs, PBDEs, and PBDDs (Figure 6).
PBBs from stronger XB interactions than PCBs®®” (AE,,.=—2-
—16 kcal/mol (PCBs) vs —9-—26 kcal/mol (PBBs)) and generally
follow similar trends to the PBDDs above for %Br contributions
to the R—X* orbital and measures of XB strength (AE,_,, WBIs,
etc., Figure 2). For the disubstituted series 2,2’-PBB, 3,3'-PBB,
and 4,4'-PBB, the meta and para positions with respect to the
biphenyl bridge form similar XB interactions in terms of AE,,
with AE,_, slightly more favorable for meta. As for PCBs, the
strongest interactions overall in terms of AE,,. are found at
ortho positions flanked by additional bromine centers due to
electrostatic interactions between the MeSe™ methyl group and
the opposite ring. Donor-acceptor energies AE,_,, tend to be
most favorable at the meta and para positions. For example,
the strongest interactions to 2,2',3,4,4,5,5-PBB are to the 3-

ChemistrySelect 2023, 8, €202300781 (5 of 8)

and 4-positions (AE,_,=75.1 and 70.7 kcal/mol, respectively)
of the most substituted ring. As for the PBDDs, the strong
interactions of highly substituted PBBs have similarly activated
C—Br bonds and Br---Se WBI bond orders close to 3c4e bonds
(i.e., WBI=0.475 in Se-4-DBB and 0.461 in Se-4-DBDPE). The
MeSe™ donor bridges the ortho bromines of the two rings of
DBDPE with weaker individual XB interactions (AE4_,=
16.8 kcal/mol), but a stronger than expected overall interaction
((AE,pe=—31.6 kcal/mol).

Like PCBs, PBBs have been classified as coplanar (dioxin-
like) or non-coplanar (non-dioxin-like) even though none of
these molecules are coplanar. Early researchers made a false
assumption about the dioxin-like potency of PCBs and PBBs
lacking ortho substitutions, drawing these molecules as planar-
like dioxins. For example, the potent 3,3',4,4',5,5'-PBB has a 41°
dihedral angle between the rings. The high toxicity of the so-
called coplanar or dioxin-like PBBs could be attributed to their
greater flexibility for adapting to protein binding sites. The
non-dioxin-like PBBs are locked into a twisted conformation

© 2023 The Authors. ChemistrySelect published by Wiley-VCH GmbH
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Figure 5. (A) Comparison of the XB interaction energy AE,,. with the %X contribution to the R—X* orbital. Results cluster by the number of electron-
withdrawing (EW) groups for the PCDDs, PBDDs, PBB, polybrominated benzenes (PBBz) and polybrominated phenols (PBPh). (B) ESP plots of selected PCDDs
and PBDDs. Values of the potential at the o-hole are given in kcal/mol. Note that the size of the o-hole increases as the %X contribution to the R—X bonding

MO decreases. Plots generated using PyMol.””!

Figure 6. Selected optimized structures of polybrominated aromatic-MeSe™
XB complexes and corresponding R—Br*-type orbitals.

with the inter-ring dihedral angle near 90° with even less
flexibility in the twist than PCBs due to the larger size of the
bromine centers. While highly substituted PBBs like PBB-180 or
PBB-207 may form strong interactions with MeSe, their greater
steric bulk and rigidity could limit their binding to Dio.
Polybrominated benzenes/phenols follow the same trends
as other PHAHs with the exception that hydroxyl substitutions
shift the trends for XB at positions ortho to hydroxyl groups
(Figure 2). Of the series, the weakest interaction is found for Se-

ChemistrySelect 2023, 8, 202300781 (6 of 8)

4-2,4-DBP and the strongest for Se-2-PBP. Hydrogen bonding
to Br draws electron density away from the Ips orthogonal to
the XB axis for an overall stronger interaction. In Se-2-PBP, this
electrostatic interaction stabilizes complex formation for Se-2-
PBP (AE,,.) over XB at the meta and para positions which have
stronger donor-acceptor interactions (AE,_,=60.7 (0), 79.1 (m),
78.9 (p) kcal/mol). As a result, these examples, with the
exception of TBBPA, are outliers to the general trends for
polybrominated aromatics included in this study.

Discussion

Sufficient experimental data on Dio inhibition by these PHAHs
is not yet available for comparisons with trends in XB strength.
However, increase in XB strength would generally be expected
to correlate with enhanced endocrine/thyroid disruption and
Dio inhibition through tighter binding to the active site Sec.
Nonetheless, the predictive power of these trends regarding
regioselectivity is muted by the contributions of substrate
interactions with the residues of the binding pocket. The
strongest interactions to T, are found for the outer ring iodines,
which, while consistent with the selectivity of Dio2, inner ring
deiodination by Dio3 demonstrates that the manner of TH
binding to the active site contributes significantly to selectivity.
However, the trends in XB strength may provide insight into
the potential for an PHAH to undergo dehalogenation or
reversibly bind to the active site. From the lack of deiodination
of 3-T, at the low end of the TH range, we proposed a
threshold for the initial XB interaction that needs to be
exceeded for dehalogenation to take place.*™ The range of XB
strengths for polybrominated aromatics overlap with that
expected for iodothyronines (AE,,.=—21-—33 kcal/mol) with

© 2023 The Authors. ChemistrySelect published by Wiley-VCH GmbH

85U0| 7 SUOWILIED B8O 3(deot(dde auy Aq peusenob are ol YO ‘@SN JO S3|nu 10} ARiq 1T 8UIUO AB]IAA UO (SUOHIPUOO-PUB-SWLIBYW0D" A3 1M AReaq 1ol JUO//Stny) SUORIPUOD pue swie | 8u188s *[£202/80/10] Uo Areiqiauljuo A8|im AiseAIIN UoILOQ PIO Ad T800£Z0Z 1018/200T 0T/I0p/W0d" A8 | 1mAelq1jeul juo ado.ne-ALs Iweyoy/sdny wouy papeojumod ‘vz ‘€402 ‘6¥S9S9E2



Chemistry
Europe

European Chemical
Societies Publishing

Research Article

ChemistrySelect doi.org/10.1002/slct.202300781

at least one position of several highly substituted polybromi-
nated aromatics similar to that of 3-T, (e.g., Se-4-HpBDD
(—23.7 kcal/mol), Se-1-OBDD (—24.9 kcal/mol), Se-2-PBB-207
(—25.2 kcal/mol), and Se-1-PBP (—25.6 kcal/mol)) suggesting
the potential for debromination of these molecules. Highly
substituted PBDEs that XB to MeSe™ with similar strength to
THs have been shown to be debrominated by Dio proteins.®®"
However, PCDDs are substantially weaker, even for the most
substituted congeners, and would not be expected to undergo
dehalogenation by Dios, nor have these products been
observed experimentally.

Full bond breaking in the gas phase is limited by the
instability of the aromatic carbanion but is facilitated by
protonation in the protein or bulk solvent. The insignificant
activation of the C—Cl bond (or the C—Br bond in low
substitution brominated aromatics) does not allow for enough
negative charge to accumulate on carbon for it to have
sufficient proton affinity to undergo dehalogenation. Trapping
the Dio active site through XB of a nonreactive PHAH inhibits
activity by blocking TH binding and deiodination. In the case of
Dio2, which turns over more slowly that Dio1 and Dio3, PHAH
binding or debromination may cause ubiquitination and
destruction of the protein.

Just as Dio reacts regioselectively with THs, PHAHs may be
most effective against Dios with similar substitutions.®* Where
Dio1 deiodinates at either site and may be inhibited by a wide
range of PHAHSs, Dio2 activates T4 to T3 by removing an outer-
ring iodine, which is meta to the ether linkage to the inner ring.
The similarity between TBBPA and the outer ring of T4 gives it
high affinity for transthyretin,®® suggesting that it may also
affect Dio2, likely through an unreactive XB interaction given
the magnitude of its XB interaction (AE,,.=—13.3 kcal/mol).
PHAHs capable of XB at the meta position, such as 2,3,7,8-
TC(B)DD and 3,3',4,4',5,5-PBB, may be more effective against
this Dio and maintain low conversion to T3. For the highly
potent 2,3,7,8-PCDD, the four-fold symmetry of dioxin centers
with meta halogens may be similar enough to the topology of
thyroxine’s outer ring to strongly interact with TH binding sites
such as in Dio2. Increasing the degree of halogen substitution
could strengthen the interaction, for example Se-2-HCDD is
slightly stronger than Se-2-TCDD (AE,,.=—9.2 vs —6.6, respec-
tively). Dio3 deactivates T3 and T4 by removing an inner-ring
iodine, which is ortho to the linkage to the outer ring. PHAHs
with favorable XB at the ortho position, such as OC(B)DD or
2,2',4,4-PBB, may preferentially inhibit Dio3. In either case,
considering the XB interaction strength alone using the simple
MeSe™ model is insufficient to predict binding trends for the
protein because secondary interactions with the binding
pocket are omitted. For example, an O--| interaction detected
in molecular dynamics simulations may contribute to the
regioselectivity of Dio3 for inner-ring deiodination.”

Conclusions

Polyhalogenated organic compounds are well known to disrupt
endocrine signaling processes. In addition to the major path-
way of binding to AhR, these PHAHs may also inhibit the

ChemistrySelect 2023, 8, €202300781 (7 of 8)

thyroid hormone activating/deactivating Dio proteins through
XB to the active site Sec. Interactions of the PCDD, PBDD, and
PBB classes of potential EDCs with MeSe™ as a simple model of
the Dio active site Sec follow the expected trends for XB (Br >
Cl). Donation into the weaker C—Br bonds is facilitated by low-
lying C—Br* orbitals that are weighed toward the halogen for
stronger overlap with the donor orbital. XB strengths are
additionally dependent on the position of the halogen and the
degree of substitution. Halogens meta to the dioxin bridge or
the biphenyl linkage are preferred. Adjacent electron with-
drawing groups also activate the C—X bonds for stronger XB
interactions. Although these calculations shed light on XB
trends in these PHAHSs, they are less effective for predicting
inhibition of Dio in the absence of knowledge of the
interactions with the Dio active site. PHAHs that are topolog-
ically similar to target THs are expected to have the highest
affinity for Dios, transport, and receptor proteins. Future
experimental work on the relationship between PHAH exposure
and Dio activity would help to clarify the role of XB and provide
knowledge of topography of the TH binding site that may aid
in drug design.
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