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Lignin-derivable bisphenols are potential alternatives to bisphenol A (BPA), a suspected endocrine disruptor;
however, a greater understanding of structure—activity relationships (SARs) associated with such lignin-
derivable building blocks is necessary to move replacement efforts forward. This study focuses on the
prediction of bisphenol estrogenic activity (EA) to inform the design of potentially safer BPA alternatives.
To achieve this goal, the binding affinities to estrogen receptor alpha (ERa) of lignin-derivable bisphenols
were calculated via molecular docking simulations and correlated to median effective concentration
(ECs0) values using an empirical correlation curve created from known ECsg values and binding affinities
of commercial (bis)phenols. Based on the correlation curve, lignin-derivable bisphenols with binding
affinities weaker than ~—6.0 kcal mol™* were expected to exhibit no EA, and further analysis suggested
that having two methoxy groups on an aromatic ring of the bio-derivable bisphenol was largely
responsible for the reduction in binding to ERa. Such dimethoxy aromatics are readily sourced from the
depolymerization of hardwood biomass. Additionally, bulkier substituents on the bridging carbon of
lignin-bisphenols, like diethyl or dimethoxy, were shown to weaken binding to ERa. And, as the bio-
derivable aromatics maintain major structural similarities to BPA, the resultant polymeric materials should

possess comparable/equivalent thermal (e.g., glass transition temperatures, thermal decomposition
Received 18th March 2021

Accepted 14th June 2021 temperatures) and mechanical (e.g., tensile strength, modulus) properties to those of polymers derived

from BPA. Hence, the SARs established in this work can facilitate the development of sustainable
polymers that maintain the performance of existing BPA-based materials while simultaneously reducing
estrogenic potential.
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1. Introduction

Bisphenol A (BPA) is one of the most important precursors to an
array of polymeric systems, such as epoxy resins, polysulfones,
and polycarbonates, among others."* These polymeric mate-
rials are used extensively in numerous applications, particularly
for biomedical and food contact products (e.g., dental cement
composites, food containers, infant bottles)."** However, BPA
is known to leach from polymeric products and can potentially
enter the human body.>” BPA also is a suspected endocrine
disruptor compound because it can mimic the natural estrogen
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hormone 17B-estradiol (E2) by binding to estrogen receptor
alpha (ERa).>*°** The disruption of the endocrine system can
lead to severe human health impacts, including diabetes,*
obesity,’® cardiovascular diseases,'® reproductive disorders,"”
and cancer.>'® Therefore, several countries have restricted or
eliminated BPA use in food contact applications.** In fact, the
European Chemicals Agency has listed BPA in its “Candidate
List of Substances of Very High Concern”.”* In an attempt to
address this issue, a next generation of materials was developed
and marketed as “BPA-free,” yet these systems often contain
BPA alternatives like bisphenol F (BPF), tetramethyl bisphenol A
(TMBPA), tetramethyl bisphenol F (TMBPF), or bisphenol S
(BPS) that may still have endocrine disruption capability.?
Thus, there remains a need for alternatives to BPA that possess
minimal or no estrogenic activity (EA).

Lignin is the most abundant feedstock for potential biobased
aromatic chemicals and serves as a platform for the development
of a wide range of renewable polymers.>**>*3¢ Bulk lignin mainly
consists of three subunits: p-hydroxyphenyl (H) (no methoxy
groups on the aromatic ring), guaiacyl (G) (one methoxy group on
the aromatic ring [monomethoxy]), and syringyl (S) (two methoxy
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groups on the aromatic ring [dimethoxy]) groups.“>**** The
compositions of these units can vary as a function of biomass
source: softwoods contain a majority of G units, hardwood
include a mixture of G and S units, and grasses contain a mixture
of H, G, and S units.>** Additionally, the structural heteroge-
neity*® and limited reactivity®® of bulk lignin can lead to materials
with inconsistent properties, and the odor and dark color of bulk
lignin limit its use to lower-value applications.>*® Several
methods, such as pyrolytic, catalytic, and enzymatic depolymer-
ization, can break down bulk lignin into smaller, well-defined
aromatics with useful moieties, particularly phenolic hydroxyl
and methoxy units.*”***¢ These inherent functionalities of lignin
aromatics can be leveraged to generate performance-advantaged
polymeric materials (i.e., polymers with the improved properties
relative to those of incumbent systems). Moreover, the methoxy
groups on lignin-aromatics are likely helpful to mitigate the
toxicity concerns of conventional aromatics.>®

Recently, lignin-derivable bisguaiacols (renewable bisphe-
nols) have been reported as potentially safer alternatives to
commercial bisphenols,>'*'*~* with the suggestion being that
their methoxy substituents ortho to the hydroxyl group sterically
reduce binding to estrogen receptors mediated by those phenolic
hydroxyls.>*'® Additionally, these bisguaiacol-based polymeric
systems retained desirable thermomechanical properties.*” For
example, 4,4-methylenedianiline (MDA)-cured diglycidyl ethers
of the bisguaiacols exhibited glass transition temperatures (7,s)
between ~111 °C and ~151 °C, 5 wt% degradation temperatures
(Tas9S) between ~344 °C and ~368 °C, and glassy storage moduli
(E') between ~2.0 GPa and ~3.2 GPa at 30 °C." These thermo-
mechanical properties were comparable to those of the MDA-
cured diglycidyl ether of BPF (T ~ 138 °C; Tgs0, ~ 375 °C; E' ~
2.4 GPa at 30 °C) likely because of the structural similarities of the
bisguaiacols to BPF.*” Notably, these properties (i.e., Tg, Tas0, and
E') were slightly lower than those of the MDA-cured diglycidyl
ether of BPA (T ~ 167 °C; Tyso,, ~ 381 °C; E' ~ 2.5 GPa at 30 °C).*
The differences in thermal and mechanical properties between
bisguaiacol-based polymeric systems and BPA-based analogues
are likely a result of the absence of substituents on the bridging
carbon in common bisguaiacols, allowing free rotation of the
resultant polymer backbone.> By incorporating substituents such
as dimethyl, diethyl, or dimethoxy on the bridging carbon, the
T,s of these renewable polymeric systems can be increased to the
point of being comparable to those of the BPA variety.” However,
it is also important to investigate the structure-activity relation-
ships (SARs) of the lignin-derivable bisphenols with respect to
ERa as a function of both methoxy-group content on the aromatic
rings and substituents on the bridging carbon to streamline
materials design.

To this end, computational approaches often can be
a rapid,* cost-effective,* and less materials-intensive method
for compound investigation.** For instance, in silico techniques
such as molecular docking are applied widely in the pharma-
ceutical and food industries to predict ligand-target interac-
tions and SARs.*** Molecular docking simulations can follow
a structure-based design procedure that uses statistical free-
energy perturbation (FEP) calculations.”®* FEP computations
can enable evaluation of the effects of structural differences on
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the affinity of a bisphenol to ERa.*® The typical outputs are
a docking pose for the selected bisphenol and a measurement
of the binding strength (or binding affinity) of a bisphenol to
binding sites of the receptor.”® A stronger binding to ERa
indicates the formation of a more stable complex between the
ERo and phenolic hydroxyl groups of the bisphenol due to
interactions, such as hydrogen bonding.>*-*® Hence, by investi-
gating the binding affinities of bisphenols with ERa, SARs of
lignin-derivable bisphenols to ERa can be established.

The aim of this study is to investigate the SARs of lignin-
derivable bisphenols with respect to ERa to understand how
the EA is impacted by the methoxy-group content on the aromatic
rings and by the nature of the bridging group substituents of
these bisphenolic compounds. To achieve this goal, first, an
empirical correlation curve was developed to predict the median
effective concentration (ECs) of lignin-derivable compounds
using the known ECs, values of several petroleum-derivable (bis)
phenols. The appropriate data were obtained from an in vitro
study,* and the associated binding affinities were calculated via
molecular docking simulations. Second, the influence of
methoxy-group content on bio-derivable bisphenol interactions
with ERa was evaluated to elucidate the significance of phenolic
aromatics (hardwood-derivable versus softwood-derivable) on EA.
Furthermore, the role of the substituents on the bridging carbon
(e.g., dimethyl, diethyl, or dimethoxy) of these bisphenols on EA
was studied to assess their effect on toxicity. The EAs of the
lignin-derivable bisphenols were examined along with those of
BPA and commercial alternatives, such as TMBPA, TMBPF, and
BPS, to benchmark the toxicity of lignin-bisphenols. Finally, the
implications with respect to structure-property relationships in
next-generation, renewable polymers are briefly discussed to
guide the design of new materials.

2. Experimental

2.1. Compounds analyzed

Bisphenols as a function of methoxy-group content (from 0 to 4)
and with an unsubstituted, dimethyl-substituted, diethyl-
substituted, or dimethoxy-substituted bridging carbon were
analyzed, and are summarized in Table 1. The nomenclature of the
compounds in this study describes the number of methoxy
substituents on the aromatic rings and the type of bridging
functional group. For example, BP(0,1)(Un) denotes a bisphenol
with zero methoxy groups on the right-most aromatic ring, one
methoxy group on the left-most aromatic ring, and an unsub-
stituted bridging carbon. Similarly, BP(1,2)(Me) indicates
a bisphenol with one methoxy group on the right-most aromatic
ring, two methoxy groups on the left-most ring, and a dimethyl-
substituted bridging carbon. Additional molecules are described
in a similar fashion using Et to represent diethyl substituents and
MeO to represent dimethoxy substituents on the bridge.

2.2. Receptor and ligand preparation

The structure of ERa was obtained from the Protein Data Bank
(1A52)°°-%* as a PDB file, and its bonding ligand, E2, was deleted
from the receptor using the software, Chimera 1.15.%* The ERa

© 2021 The Author(s). Published by the Royal Society of Chemistry
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Table 1 Bisphenols as a function of methoxy-group content on the aromatic rings and substituents on the bridging carbon
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was prepared for docking using AutoDockTools 1.5.6,* and
water molecules were deleted from the estrogen receptor to
avoid distortion of the pose search.®® Subsequently, polar
hydrogens were added to the ERa, as the AutoDock Vina 4.0
software®® uses the United Atom Model to represent molecules,
which considers polar hydrogens for calculations.®** Addi-
tionally, all Gasteiger charges were computed because the
software scoring function was calibrated using Gasteiger
charges on the receptor.”® The PDB file was converted to
a PDBQT format that could be used later to calculate the
binding affinities.

© 2021 The Author(s). Published by the Royal Society of Chemistry

BP(2,2)(Et)

Common ligands were downloaded from the Protein Data
Bank® and saved as PDBQT files using AutoDockTools.** For
cases in which the necessary molecules were not available in the
Protein Data Bank, the molecules were drawn using the
ChemDraw 19.0 software package®® or ACD ChemSketch Free-
ware Version,*® converted to three-dimensional structures, and
saved as PDBQT files using Open Babel 2.3.1.”° The respective
molecular structures then were opened in AutoDockTools, and
the polar hydrogen atoms were added to the respective struc-
tures.®” Subsequently, the Gasteiger charges were computed so
that the software's scoring function could be calibrated.®”

RSC Adv, 2021, 11, 22149-22158 | 22151
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Additionally, the torsion tree was defined to set the rigid and
rotatable portions of the molecule because AutoDock Vina
requires that information for the docking algorithm.” Finally,
the structures of the respective bisphenols were saved as PDBQT
files.

2.3. Molecular docking calculations

The most common binding sites of ERa to E2 were selected
from the literature.””® The binding sites were confirmed with
the Schrodinger 2020-3 software package,” which identifies the
ligand sites of a specific protein once a molecule is inserted in
the estrogen receptor. These binding sites corresponded to:
methionine (MET) 343, leucine (LEU) 346, threonine (THR) 347,
LEU 349, alanine (ALA) 350, glutamic acid (GLU) 353, trypto-
phan (TRP) 383, LEU 384, LEU 387, MET 388, LEU 391, arginine
(ARG) 394, phenylalanine (PHE) 404, MET 421, LEU 428, and
LEU 525. A grid box large enough to cover all active binding
sites, 54 A x 62 A x 56 A, was built in AutoDockTools, and a text
file containing all of the grid box coordinates was created. The
binding affinities in kcal mol ™" were calculated with AutoDock
Vina. The software displayed nine binding affinity values, which
ranged from the lowest to the highest root mean square
distance (RMSD) between a hydroxyl group on the bisphenol
and the binding site on the ERa. The binding affinity with the
lowest RMSD value was chosen as it represents the most
favorable binding interaction.”’® Finally, the binding positions
and orientations were visualized using PyMOL 4.6,”” by opening
the output PDBQT file created from AutoDock Vina.®*””

2.4. Correlation curve to relate binding affinities to toxicity

Toxicity data on the EA of E2, petroleum-based phenols, and
bisphenols were collected from the literature.*® The ECs, values
of E2, BPA, BPF, 4,4-cyclohexidelene bisphenol, 4,4-ethyl-
idenebisphenol, 4,4-dihidroxybenzophenone, 4-(1-adamantyl)
phenol, 4-tert-octylphenol, 4-benzyloxyphenol, 4-hydrox-
yoctanophenone, 4-octylphenol, 4-butoxyphenol, 4-hydrox-
ypropiophenone, 4-propoxyphenol, and 4-propylphenol are
listed in Table S1.1°° Additionally, the binding affinities of these
compounds, were calculated using molecular docking simula-
tions in AutoDock Vina. The specific binding affinity values of
E2 and these (bis)phenols also are provided in Table S1.1 The
logarithms of the inverse of the ECs, [log(ECs5, ')] data were
plotted against the binding affinities for all the compounds,
and a linear relationship was obtained, as shown in Fig. 1a. This
empirical curve was used to predict the log(ECso ') of the
lignin-derivable bisphenols from the binding affinities calcu-
lated via molecular docking, as shown in Fig. 1b.

2.5. SARs of lignin-derivable bisphenols

The binding affinities of several bisphenol compounds were
computed using molecular docking simulations. The targets
were chosen by varying the number of aromatic methoxy-
substituents from 0 to 4, as well as the nature of the bridging
carbon substituents (Fig. 2a). First, the binding affinities of
compounds lacking methoxy groups on the aromatic rings [i.e.
(0,0)] were calculated to set a benchmark for commercial
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Fig. 1 (a) Correlation curve for log(ECso %) values of E2, commercial
phenols, and bisphenols generated from in vitro data,*® and (b) pre-
dicted log(ECso™") values of lignin-derivable bisphenols estimated
from their binding affinities, which were calculated from the linear
relationship shown in panel a. The dashed line at log(ECso™") = 5,
represents a cutoff value of 10 um. The region above the dashed line
shows compounds with estrogenic potential, and the region below the
dashed line indicates potentially ‘safe’ compounds.>®78

bisphenols, such as BPF and BPA. Second, lignin-derivable
bisphenols with a methoxy group on one ring or both rings
[i.e. (0,1), (1,1)] adjacent to the phenolic hydroxyl groups were
examined to determine the impact of monomethoxy aromatics
on the reduction of EA. Third, the influence on binding affini-
ties of lignin-derivable bisphenols with two methoxy moieties
on one aromatic ring [i.e. (0,2)] was studied to elucidate the
significance of dimethoxy aromatics on estrogenic potential.
Fourth, by keeping one hydroxyl group hindered and further
increasing the methoxy-group content around the other
phenolic hydroxyl [i.e. (1,2)], the effect of the increased methoxy
groups on the EA was evaluated. Fifth, the binding affinity of
bisphenols with dimethoxy substituents around both phenolic
hydroxyl groups [i.e. (2,2)] was assessed to provide insights
about the steric bulk created near binding sites. Finally, the role
of the substituents on the bridging carbon (e.g., unsubstituted,
dimethyl, diethyl, or dimethoxy) of these bisphenols on EA was
investigated within each of the above-mentioned parameter sets

© 2021 The Author(s). Published by the Royal Society of Chemistry
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Fig. 2 (a) The binding affinities of bisphenols as a function of methoxy-group content from 0 to 4: (b) unsubstituted bridging carbon, (c)

dimethyl-substituted bridging carbon, (d) diethyl-substituted bridging carbon, and (e) dimethoxy-substituted bridging carbon. The dashed line at
—8.0 kcal mol™! represents compounds with a potential for significant EA, and the dashed line at —6.0 kcal mol™! indicates potentially ‘safe’

compounds.

to understand the function of these bridging substituents on
estrogen binding.

2.6. Water/octanol partition coefficient (log P) estimations

The chemical structure of each individual bisphenol was an
input to the online platform http://chemicalize.org by Chem-
Axon 2020, which displays atoms in MarvianSpace.” Subse-
quently, the log P value for the respective bisphenol was
generated. Similarly, the log P value for each isomer was pre-
dicted after inputting the respective chemical structure. The

© 2021 The Author(s). Published by the Royal Society of Chemistry

log P results in http://chemicalize.org were predicted from
a pool of predefined group/fragments, as per existing data in
Viswanadhan et al.*

3. Results and discussion

3.1. Correlation curve to relate in silico binding affinities
with EC5, values

A correlation curve was generated from known ECs, values,
and the binding affinities of commercial (bis)phenols were
calculated using AutoDock Vina software (Fig. 1a). As the

RSC Adv, 2021, 11, 22149-22158 | 22153
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binding affinities are empirically related to the ECs, values, the
correlation curve enabled the establishment of an EC5, cutoff
value of 10 uM (~25 times higher than that of BPA [EC5, = 0.42
uM]), above which, the EA could be considered undetect-
able.”>”®®'  As such, binding affinities weaker than
~—6.0 keal mol™" are related to ECs, values higher than 10.0
uM.>*7%8 Molecular docking simulations were used to calculate
the binding affinities of twenty bio-derivable bisphenols to ERa.
All compounds bonded to the ERa via their hydroxyl group,
primarily at the ARG and GLU ligand sites, as presented in Table
S2.7 The results, i.e., the binding affinities of bisphenols, were
placed on the correlation curve, and the ECs, values of lignin-
derivable bisphenols were estimated as shown in Fig. 1b. It is
worth noting that BPA had a binding affinity of —8.5 kcal mol ™",
whereas eight of the lignin-derivable bisphenols, ie.,
BP(1,2)(Me), BP(2,2)(Me), BP(0,2)(Et), BP(1,2)(Et), BP(2,2)(Et),
BP(0,2)(MeO), BP(1,2)(MeO), and BP(2,2)(MeO), had binding
affinities between ~—6.0 keal mol™ " and —5.3 keal mol ™~ *. These
affinities corresponded to ECs, values that were greater than
10.0 uM [i.e., log(ECs5, ") lower than 5.0], suggesting that these
bio-derivable biphenolic monomers are most likely to exhibit
undetectable EA in in vitro studies.**”*%* With this framework,
we examine the SARs of lignin-derivable to understand how the
EA was impacted by the methoxy-group content and the
bridging group substituents of these monomers.

3.2. SARs of lignin-derivable bisphenols

Bisphenols with no methoxy groups on the rings, such as
BP(0,0)(Un) [BPF], BP(0,0)(Me) [BPA], BP(0,0)(Et), and
BP(0,0)(MeO), had binding affinities to ERo. of —7.7 keal mol *,
—8.5 kcal mol™', —8.3 kcal mol™, and —7.6 kcal mol™*,
respectively. These compounds were used to assess how
changing the methoxy-group content of the bisphenols affected
binding affinities. The binding affinities to ERa for bisphenols
with (0,1) and (1,1) methoxy groups on the aromatic rings were
nearly equivalent to their (0,0) analogues. For example,
BP(0,0)(Un) had a binding affinity of —7.7 kcal mol %,
BP(0,1)(Un) had a binding affinity of —7.9 kcal mol™", and
BP(1,1)(Un) had a binding affinity of —8.0 kcal mol . The
different substituents at the bridging carbon of these
compounds also did not significantly affect the binding affinity.
For instance, BP(0,1)(Un), BP(0,1)(Me), BP(0,1)(Et), and
BP(0,1)(MeO) had binding affinities of —7.9 kecal mol ',
—8.4 kcal mol™, —8.1 kcal mol™* and —7.7 kcal mol %,
respectively. Therefore, bisphenols with one methoxy group on
the rings [i.e. (0,1), (1,1)] likely may not possess enough steric
hindrance around the phenolic hydroxyl groups to limit access
to the appropriate regions within ERa.

Interestingly, the compounds with two methoxy groups on
a single aromatic ring [e.g., (0,2)] showed significantly weaker
binding to ERa than those with one methoxy group on each
aromatic ring [e.g., (1,1)]. For instance, BP(0,2)(Un) had
a binding affinity of —7.1 kcal mol™', and BP(1,1)(Un) had
a binding affinity of —8.0 kcal mol™" (Fig. 2b). As another
example, BP(0,2)(Me) had a binding affinity of —7.6 kcal mol™*
and BP(1,1)(Me) had a binding affinity of —8.6 kcal mol™*
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(Fig. 2c). Similarly, BP(0,2)(Et) possessed a binding affinity of
—5.9 keal mol ™', whereas BP(1,1)(Et) had a binding affinity of
—7.7 keal mol " (Fig. 2d), and BP(0,2)(MeO) exhibited a binding
affinity of —5.7 keal mol ™", while BP(1,1)(MeO) had a binding
affinity of —7.5 kcal mol " (Fig. 2e).

Thus, the two methoxy moieties on one aromatic ring appear
to be important in the reduction of binding affinities to ERa,
and these dimethoxy aromatics are a signature of hardwood
biomass. As highlighted in the above results, the two methoxy
groups on one aromatic ring (0,2) may severely hinder the
accessibility of one phenolic hydroxyl group to the docking
ligands. On the other hand, in the case of one methoxy group on
each aromatic ring (1,1), both the phenolic groups can still be
accessible to ERa. However, it is noted that for BP(0,2)(Un), the
lack of substitution at the bridging carbon may leave the
molecule sterically unencumbered enough to allow the
remaining phenolic hydroxyl access to the binding pockets.
Therefore, BP(0,2)(Un) [binding affinity of —7.1 kcal mol~'] had
a significantly stronger binding with ERa in comparison to
bisphenols with bulkier substituents, such as BP(0,2)(Et)
[binding affinity of —5.9 keal mol~"] or BP(0,2)(MeO) [binding
affinity of —5.7 keal mol™"].

To probe the impact of the increased methoxy-group content
on the EA, the binding affinities of bisphenols with (0,2)
methoxy groups on the aromatic rings were compared with
those of their (1,2) analogues. The results suggested that,
binding affinities of compounds with (0,2) methoxy groups were
stronger than those of BP(1,2)(Me), BP(1,2)(Et), and
BP(1,2)(MeO), respectively. In contrast, bisphenols with an
unsubstituted bridging carbon showed an opposite trend. For
example, BP(0,2)(Un) had a binding affinity of —7.1 keal mol ,
and BP(1,2)(Un) a binding affinity of —7.5 kcal mol .

Following from the above results, an increase in methoxy-
group content on the aromatic rings should increase steric
bulk around phenolic hydroxyl groups and thus reduce the
interaction with binding sites. However, in the case of bisphe-
nols with no bridging substitution, the incorporation of a single
methoxy substituent on the left-most ring produces insufficient
steric hindrance [i.e., BP(1,2)(Un)] to prevent phenolic access to
ERa. This reasoning could explain why BP(1,2)(Un) did not
follow a similar trend of reduced binding affinity with
increasing methoxy-group content in comparison to the other
(0,2) analogues with a substituted bridging carbon.

In support of the above points, lignin-derivable bisphenols
with (2,2) methoxy groups on the aromatic rings showed
significantly reduced binding affinities versus bisphenols with
(1,2) methoxy groups on the rings (Fig. 2a-e). For example,
BP(2,2)(Un) had a binding affinity of —6.3 kcal mol ™", whereas
BP(1,2)(Un) had a binding affinity of —7.5 kcal mol " (Fig. 2b).
Moreover, BP(1,2)(Un) exhibited a greater binding affinity than
comparable bisphenols with bulkier substituents (like
dimethyl, diethyl, or dimethoxy) on the bridging carbon. To
expound, BP(1,2)(Me), BP(1,2)(Et), and BP(1,2)(MeO) had
binding affinities of —6.1 kcal mol ™", —5.4 kcal mol™*, and
—5.6 kcal mol ™", respectively (Fig. 2c-e, respectively). Addi-
tionally, bisphenols with (2,2) methoxy groups, i.e., BP(2,2)(Un),
BP(2,2)(Me), (BP(2,2)(Et), and BP(2,2)(MeO), showed binding

© 2021 The Author(s). Published by the Royal Society of Chemistry
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affinities between —5.6 kcal mol ' and —5.4 kecal mol "
Together, the presence of two methoxy groups (2,2) adjacent to
both the phenolic hydroxyl groups on both of the rings could be
crucial to restrict access to the binding pockets via a steric
hindrance pathway.

3.3. Effect of isomers on binding affinities with ERa

It is important to consider the impact of isomeric structures
(i.e., the position of hydroxyl groups on bisphenols) on EA, as
estrogen binding most likely occurs at phenolic hydroxyl
groups. Therefore, the binding affinities of several isomers of
bisphenol, such as p,p’', mp’, op’', mm’', 0,0', and o,m’, were
calculated. As reported in Table S3, many of the isomers had
a difference of less than 0.6 kcal mol™" in their binding affini-
ties within the same chemical-formula family. However, in the
case of bisphenols with at least one of the methoxy moieties on
the rings, there were a few exceptions, e.g., those with more than
a 1.5 kcal mol ' difference in binding affinities, such as
between m,p’-BP(1,1)(Et) [binding affinity of —8.6 kcal mol ']
and o,m’-BP(1,1)(Et) [binding affinity of —6.9 keal mol ']. As
another example, p,p'-BP(1,1)(Un) [binding affinity of
—8.0 kcal mol '] and m,p’-BP(1,1)(Un) [binding affinity of
—7.1keal mol ™, each] had ~1.0 keal mol ™ variation in binding
affinities. This behavior also is in agreement with an in vitro
study,® in which an isomeric mixture of BP(1,1)(Un) exhibited
different EA as per relative content of p,p’, mp’, and op'-
isomers.® Additionally, as per an in vitro study conducted using
an MCF-7 cell proliferation assay and a VM7Luc4E2 trans-
activation (reporter gene) test, BP(1,1)(Un) likely resulted in
lower EA in comparison to BPA owing to the inherent methoxy
groups on lignin-aromatics. A few additional isomer sets with
significant differences in binding affinities can be found in
Table S3.1 Thus, certain lignin-derivable bisphenols can influ-
ence estrogen binding depending upon the position of phenolic
hydroxyl groups. As there was no general trend of a particular
isomer being less or more toxic, it is difficult to comment on the
exact mechanism from the dataset herein.

3.4. Impact of log P values on binding affinities with ERa

The log P values reflect the hydrophobicity of the bisphenols,
which also may play a role in interactions with ERa.**"*> More
positive log Pvalues are associated with greater hydrophobicity,
and more negative log P values are suggestive of stronger
hydrophilicity.**® It is expected that the more hydrophobic
a bisphenol, the greater the probability that it will interact with
ERa.*** Therefore, the log P values of all the bisphenols and
their respective isomers were calculated wusing http://
chemicalize.org by ChemAxon™ and are listed in Table S3.1
First, the influence of methoxy groups on the rings (from 0 to 4)
on the log P values of the bisphenols was analyzed. As the
number of methoxy groups on the rings increased from 0 to 4,
the log P value of the respective bisphenols decreased (see
Fig. S17). For instance, the log P values for BP(0,0)(Un) and
BP(2,2)(Un) were 3.4 and 2.8, respectively. Similarly, BP(0,0)(Et)
had a log P value of 4.9 versus a log P value of 4.3 for BP(2,2)(Et).
Additional examples can be found in Table S3.f These data
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suggest that the decreased hydrophobicity of these bisphenols
is in agreement with the lessening of the binding affinity to ERa
as per molecular docking simulations. Second, the role of the
different bridging substituents on the log P values was investi-
gated. Bisphenols with a dimethyl-substituted bridging carbon
exhibited higher log P values than those with an unsubstituted
bridging carbon. The log P value for BP(0,0)(Un) was 3.4,
whereas BP(0,0)(Me) had a log P value of 4.0. Furthermore,
bisphenols with a diethyl-substituted bridging carbon showed
higher log P values than their analogues with a dimethyl-
substituted bridging carbon. For example, BP(0,0)(Me) had
a log P value of 4.0, and BP(0,0)(Et) had a log P value of 4.9.
Thus, bisphenols with a diethyl-substituted bridging carbon are
more hydrophobic than bisphenols with an unsubstituted or
a dimethyl-substituted bridging carbon. Although diethyl-
substituted bisphenols exhibited the highest log P values (in
comparison to other bisphenols), the increased hydrophobicity
alone did not significantly impact the binding affinities, as the
bisphenols with diethyl-substituted bridging carbon had lower
binding affinities than those with a dimethyl-substituted
bridging carbon. This behavior suggests that the docking
mechanism may not be dictated by hydrophobicity alone,”*
without the consideration of the steric effects that appear to be
the major factor in the reduction of EA.

3.5. Toxicity comparison of lignin-bisphenols and
commercial BPA alternatives

Finally, the EAs of the lignin-derivable bisphenols were bench-
marked against those of BPA and commercial alternatives, such
as TMBPA, TMBPF, and BPS, which had binding affinities
between —8.3 keal mol " and —7.9 kcal mol " (Fig. 3). Several
renewable bisphenols, such as BP(1,2)(Me), BP(2,2)(Me),
BP(0,2)(Et), BP(1,2)(Et), BP(2,2)(Et), BP(0,2)(MeO), BP(1,2)(MeO),
and BP(2,2)(MeO), exhibited much lower binding affinities,
between ~—6.0 kcal mol™" and —5.3 kcal mol™?, than their
commercial counterparts. The reduced binding strength, and
resulting decreased EA potential, in the lignin-derivable
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Fig. 3 Binding affinities of E2 (grey), BPA and commercially available
BPA alternatives (red), and lignin-derivable bisphenols (blue). The
dashed line at —8.0 kcal mol™ represents compounds with a potential
of EA, and the dashed line at —6.0 kcal mol~! indicates potentially ‘safe’
compounds.
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compounds is likely because of the restricted interactions of ERa
with phenolic hydroxyl groups as a result of the methoxy moieties
adjacent to those phenolic hydroxyls. Similarly, bulkier substit-
uents on the bridging carbon of lignin-bisphenols, like diethyl or
dimethoxy, could provide additional steric bulk to lower the
binding affinities to ERa. Therefore, increased steric hindrance
in lignin-bisphenols may be a necessary factor in the design of
potentially “safe” BPA alternatives. Additionally, as most of these
lignin-derivable aromatics are structural analogues to BPA,
resulting next-generation polymers may offer comparable/
equivalent thermal (T, Tq4se,) and mechanical properties (E') to
polymers derived from commercial bisphenols.>*

4. Conclusion

This work discusses the SARs of lignin-derivable bisphenols as
a function of inherent methoxy-group content on the aromatic
rings and with various substitutions at the bridging carbon
linkages. An empirical correlation curve enabled estimation of
the ECs, values of lignin-derivable monomers using their
binding affinities calculated via molecular docking simulations.
From the correlation curve, eight of the bio-derivable bisphe-
nols had binding affinities weaker than ~—6.0 kcal mol™"
suggesting that they would have non-existent or minimal EA
(relative to BPA), as dictated by their empirically generated ECs,
values. Analysis of the SARs suggests that hardwood-derivable
aromatics can be crucial in designing BPA alternatives as two
methoxy groups on a single aromatic ring significantly lowered
bisphenolic binding affinities to ERa. This effect likely is
a result of the increased steric hindrance around binding
pockets (introduced by the methoxy groups) that restricted the
phenolic hydroxyl moieties from binding with the estrogen
receptor. Additionally, the incorporation of dimethoxy or
diethyl substituents on the bridging carbon of the lignin-
bisphenols similarly reduced the binding affinities, also likely
as a result of the steric effects. As these bio-derivable bisphenols
maintain major structural similarities with BPA, the resultant
polymeric materials should possess comparable/equivalent
thermochemical properties relative to BPA-based systems.
Hence, these potentially safer, lignin-based bisphenols are

promising candidates as replacements for commercial
bisphenols.

Abbreviations

ALA Alanine

ARG Arginine

BP Bisphenol

BPA Bisphenol A

BPF Bisphenol F

BPS Bisphenol S

E Storage modulus

EA Estrogenic activity

ECs5o Median effective concentration
Et Diethyl-substituted

ERa Estrogen receptor alpha
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E2 17B-estradiol
FEP Free-energy perturbation
G Guaiacyl
GLU Glutamic acid
H p-hydroxyphenyl
LEU Leucine
log(ECso ')  Logarithm of the inverse of ECs
log P Octanol/water partition coefficient
MDA 4,4-Methylenedianiline
Me Dimethyl-substituted
MeO Dimethoxy-substituted
MET Methionine
PHE Phenylalanine
RMSD Root mean square distance
S Syringyl
Tds% Temperature of 5% weight loss (degradation)
Ty Glass transition temperature
THR Threonine
TMBPA Tetramethyl bisphenol A
TMBPF Tetramethyl bisphenol F
TRP Tryptophan
Un Unsubstituted
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