Catalysis Science & Technology

B g Catalysis
Science &

b Technology

Production of Novel Rieske Dioxygenase Metabolites
Enabled by Enzyme Engineering

Journal: | Catalysis Science & Technology

Manuscript ID | CY-COM-02-2023-000262.R1

Article Type: | Communication

Date Submitted by the

Author: 22-May-2023

Complete List of Authors: | Osifalujo, Elizabeth; Ball State University, Chemistry
Rutkowski, Bailey; Ball State University, Chemistry
Satterwhite, Louis; Ball State University, Chemistry
Betts, Phillip; Ball State University, Chemistry
Nkosi, Angel; Ball State University, Chemistry
Froese, Jordan; Ball State University, Chemistry

SCHOLA

RONE™
Manuscripts




Page 1 of 7

Catalysis Science:& Technology

Production of Novel Rieske Dioxygenase Metabolites Enabled by

Enzyme Engineering

Received 00th January 20xx,
Accepted 00th January 20xx

and Jordan T. Froese*?
DOI: 10.1039/x0xx00000x

Despite their popularity as enantioselective catalysts, the range of
applications for Rieske dioxygenases has remained limited by their
substrate scopes and selectivity. Herein, we report the
development of dioxygenase variants with expanded substrate
scopes through rational enzyme engineering. These catalysts have
enabled the production of novel and valuable chiral metabolites.

The enantioselective dihydroxylation of aromatics is an
important process that has found utility in the production of a
wide variety of valuable compounds (Figure 1).! These
dearomatization processes have frequently been achieved
using Rieske dioxygenases (RDOs),! a class of enzymes
commonly found in soil bacteria.? In their native context,
RDOs, which consist of reductase, ferredoxin, and oxidase
components, play an important role in the metabolic pathways
by which soil organisms break down aromatic pollutants in
their environment.? In addition to their ability to catalyze the
enantioselective dihydroxylation of aromatics, RDOs have also
demonstrated the capability to effect sulfoxidation, C-H
amination, desaturation, and monohydroxylation.3® Owing to
this tremendous versatility, as well as the growing recognition
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Figure 1: Enantioselective oxidative dearomatization catalyzed by Rieske
dioxygenases, and examples of the synthetic application of the resultant
metabolites.tflnox
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of the value of environmentally sustainable catalytic methods,
RDO enzymes have remained a popular tool in the field of
organic synthesis.?

Despite the catalytic versatility demonstrated by RDOs, the
substrate scope and activity of these enzymes remain limited
by the steric and electrostatic demands of potential
substrates.”® As a result of these restrictions on the activity
and selectivity of the native enzymes, the range of synthetic
applications for RDOs has remained limited. To alleviate these
constraints on the range of applications for RDOs, enzyme
engineering has been applied to expand their substrate scopes
and to improve the activity of these enzymes for specific
classes of substrates.® These studies have been successful both
in improving the activity of RDOs for specific substrate classes,
making their application in organic synthesis more
practical,®¥®mtx10 gnd in developing RDO variants with activity
for entirely new substrates.>hn.0.4

Owing to the fact that many RDOs have evolved to
metabolize non-polar aromatics,>!! and their active sites are
therefore organized to bind non-polar substrates,?
engineering RDO variants that can effectively bind and
metabolize more polar substrates remains a challenge.
Recently, our laboratory reported engineering studies that
applied active site-targeted rational mutagenesis and high-
throughput screening to produce toluene dioxygenase (TDO)
variants with significantly improved activity for ester-
functionalized aromatics.'® Because the native TDO enzyme
can metabolize these ester-functionalized substrates at only a
very low level, 8”7 the availability of these engineered
variants has made the application of the corresponding chiral
metabolites in organic synthesis much more practical. The
success of this study led our group to expand these
engineering efforts, as we aim to develop new TDO variants
that can metabolize substrates for which the native enzyme
has no discernible activity. The success of such efforts would
provide access to new and potentially valuable chiral synthons
to the synthetic community and would expand the range of
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applications for these environmentally benign enzymatic
catalysts.

Prior to this study, no native or engineered RDO has been
available that can perform the 2,3-dihydroxylation of amine or
amide functionalized aromatics. This has left a gap in the range
of cis-diol metabolites available for use as chiral synthons in
organic synthesis. As a result, synthetic efforts targeting high-
value compounds that contain these functional groups have
required circuitous routes to introduce these functional groups
into other cis-diol metabolites (Figure 2).1t In an effort to
expand upon the range of synthetic applications available for
RDOs, and based upon previous success developing RDO
variants with improved activity for polar substrates,’® our
laboratory determined to attempt the engineering of TDO
variants with activity for amide-functionalized substrates.

Based upon the success of our previous study, which
employed a rational engineering approach, eight active site
residues were selected for saturation mutagenesis (M220,
A223, 1272, 1276, V309, L321, 1324, and F366, Figure 3), based
on their proximity to the (native) substrate when it is bound to
the active site (M220—4.9 A, A223 -39 A, 1272 -5.1 4, 1276 —
5.2 A, v309 -4.5A, 1321 -3.8A,1324-4.9 A, F366 — 4.3 A,
Figure 3)'?® and based on previous results from our lab and
others.”0 |ndividual saturation mutagenesis libraries were
generated by mutating each of the described positions using
established methods.’> A previously reported modern
expression platform for the TDO enzyme system was used as
the template for mutagenesis.'® The individual mutant plasmid
libraries were then transformed into E. coli (BL21 (DE3)), and
single colonies were cultured in 96-well plates according to our
reported, optimized protocols.1® 176 members of each variant
library were cultured and the biotransformation reactions
were carried out in 96-well plates using the model substrate
for this study, N-benzylacetamide. Using a recently reported
high-throughput, fluorescence-based assay system (Figure
4A),*3 the cis-dihydroxylation activity of each variant library
member for the model substrate was assessed alongside the
parent enzyme and the negative controls (pCP-01).13> Among
the eight enzyme variant libraries screened in this way, three
(L272, 1276, V309) contained library members that
demonstrated significant activity for the model substrate (N-
benzylacetamide). Representative screening data for the TDO
L272 variant library is shown in Figure 4B. To confirm the
described activity observed from the primary screens, plasmid
DNA from all putative hits was isolated and retransformed into
E. coli (BL21
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Figure 2: Application of the cis-diol metabolite produced from (2-bromoethyl)
benzene in the synthesis of ent-hydromorphone.t
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Figure 3: Visualization of the TDO active site with the native substrate bound
(toluene, purple).12® Residues within 7 A of the substrate are shown. Residues
selected for saturation mutagenesis are highlighted (yellow). Image generated
with ChimeraX software.4

(DE3)). Cultures expressing variants identified as putative hits
were then carried through the biotransformation and assay
protocol a second time, validating the results from primary
screens. All variants with confirmed activity upon secondary
screening were then sequenced to identify any beneficial
mutations. This sequencing analysis revealed five distinct point
mutations that conferred activity for the amide-functionalized
substrate (L272F, L272W, 1276V, V309G, and V309N). Among
these point mutations, 1276V and V309G had previously been
shown by our group to confer improved activity for ester-
functionalized substrates,’® with V309G also having been
shown to improve TDO activity for sterically bulky substrates in
other studies.’®
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Figure 4: (A) Coupled reactions employed by the fluorescence-based assay to
detect and quantify the cis-diol metabolites produced by active RDOs;'? (B)
Activity of the TDO L272 variant library members for the N-benzylacetamide
substrate (n = 176). Fluorescence response of each variant was normalized to
the mean fluorescence response of the negative controls (E. coli BL21 (DE3)
pCP-01)*3 ([I = 1]/1o) (n = 4).
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To accurately assess the relative activity of these improved
TDO variants, their cis-dihydroxylation activity for both the
model substrate (N-benzylacetamide) and the more sterically
demanding substrate N-(2-phenethyl)acetamide were tested
in parallel (Figure 5A). The results of these assays clearly
demonstrated that the TDO L272W variant possessed the
highest activity for N-benzylacetamide, while TDO V309G
possessed the highest activity for N-(2-phenethyl)acetamide
(Figure 5A). Only the TDO L272W and TDO V309G variants
demonstrated any activity for the N-(2-phenethyl)acetamide
substrate. The activity of these variants for the native
substrate (toluene) and the related non-polar substrate
ethylbenzene were also tested,
exception of the V309N variant,
approximately equal levels of activity for the native substrate
(Figure S5). The V309G mutant demonstrated ~30%
improvement in activity for the ethylbenzene substrate, while
the V309N variant lacked any activity for the native substrate
in activity for

revealing that, with the

each variant retained

and demonstrated a significant decrease
ethylbenzene (Figure S5).
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Figure 5: (A) Relative activity of variants bearing single active site mutations
for N-benzylacetamide and N-(2-phenethyl)acetamide substrates compared to
the parent enzyme (n = 6). Fluorescence response of each variant was
normalized to the mean fluorescence response of the negative controls (E. coli
BL21 (DE3) pCP-01)®3 ([l — lo)/lp) (n = 6). (B) Relative activity of doubly and
triply combined variants for N-benzylacetamide and N-(2-
phenethyl)acetamide substrates compared to the parent enzyme (n = 6).
Fluorescence response of each variant was normalized to the mean
fluorescence response of the negative controls (E. coli BL21 (DE3) pCP-01)13 ([l
—10)/lo) (n = 6).

This journal is © The Royal Society of Chemistry 20xx

Catalysis Science:& Technology

As previous studies in our laboratory and in others have
shown that combining beneficial substitutions can result in
further increases in enzyme variant activity,®° it was
determined to generate doubly and triply combined mutants
based on the individual point mutations that had been
identified as beneficial for activity on amide-functionalized
substrates. By utilizing the vector systems containing the most
beneficial single active site mutations as templates (L272W,
1276V, V309G), three doubly combined variants were
generated (L272W/1276V, L272W/V309G, 1276V/V309G), along
with one triply combined variant (L272W/1276V/V309G), using
established methods.?® The activity of these combined variants
for both the N-benzylacetamide and N-(2-
phenethyl)acetamide substrates were then tested in parallel
(Figure 5B). Based on the results of these assays, the doubly
combined TDO L272W/1276V variant clearly demonstrated the
highest activity for both N-benzylacetamide and N-(2-
phenethyl)acetamide of any variant evaluated in this study
(Figure 5B). The L272W/I1276V and 1276V/V309G variants
demonstrated approximately parental levels of activity for
both the native substrate (toluene) and ethylbenzene, while
the introduction of the L272W/V309G and the
L272W/1276V/V309G mutations resulted in significant
decreases in activity for the native substrate (Figure S5).

With the cis-diol metabolites produced from the enzymatic
dihydroxylation of both N-benzylacetamide and N-(2-
phenethyl)acetamide being previously unknown compounds (1
and 2, Figure 6), medium-scale (1 L) biotransformations were
performed with both substrates using TDO L272W/I276V as
the catalyst, to produce sufficient quantities of the metabolites
characterization. Spectroscopic and
spectrometric analysis of both compounds confirmed their
identity as predicted, with the regioselectivity of the enzymatic
dihydroxylation of both substrates being confirmed through
correlation spectroscopy (COSY-NMR) (Figures S7 and S9) and
through comparison to previously characterized cis-diol
metabolites (Figure S10). This proposed regioselectivity of the
enzymatic dihydroxylation is also supported by docking studies
discussed below.

Given the fact that the TDO 1276V variant has previously
been shown by our lab to confer improved activity for ester-
functionalized substrates,’® and that the TDO V309G variant
has similarly been shown to confer improved activity for both
ester-functionalized and sterically bulky substrates,®0 the
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Figure 6: Production of novel chiral metabolites (1 and 2) from N-
benzylacetamide and N-(2-phenethyl)acetamide using the engineered TDO
L272W/I276V variant as the catalyst.
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identification of these variants in this study was not
unexpected. Based on previous reports, it is likely that the
improved/novel activity that these mutations afford is the
result of increased space in the active site,®% which may
explain the ability of these variants to bind and metabolize N-
benzylacetamide and/or N-(2-phenethyl)acetamide, which are
sterically larger than the native substrate (toluene). The
remaining three beneficial substitutions identified in this study
(L272F, L272W, and V309N) however, have not previously
been identified as beneficial in any study, and the mechanism
by which they afford novel activity is less intuitive. To
investigate these mechanisms, homology modeling was
performed using Alphafold2!® to generate structures of these
three variants. Using these homology models, the active site
cavity was mapped for each variant using PyMOL.'” Based
upon this analysis, the L272F mutation does not appear to
significantly affect the size of the active site cavity (Figure S11).
However, docking analysis performed with Autodock Vina!® did
predict an improvement in affinity for the N-benzylacetamide
substrate with the TDO L272F homology model compared to
the affinity observed when docking this substrate with the
native enzyme (Table 1). These docking predictions were
further analyzed through molecular dynamics simulations
performed with GROMACS,'® which also revealed improved
nonbonded interaction energy between the L272F homology
model and N-benzylacetamide over the wild-type enzyme
(Table 1). Unlike the L272F mutation, the V309N mutation
does appear to slightly increase the size of the TDO active site
cavity (Figure S13). Docking studies between the TDO V309N
homology model and N-benzylacetamide yielded an identical
affinity to that observed with the TDO L272F homology model,
with molecular dynamics simulation revealing slightly
improved nonbonded interaction energy for TDO V309N over
TDO L272F (Table 1). This may be due to favorable interactions
between the polar amide substituent of the substrate and the
polar side chain of asparagine, with the docking results
positioning these groups ~3.2 A apart (Figure $14).

Table 1: Binding affinities and nonbonded interaction energies for N-
benzylacetamide and N-(2-phenethyl)acetamide among selected TDO variants and
the wild-type TDO enzyme, as predicted by AutoDock Vinal® and GROMACS™
respectively. All docking studies and molecular dynamics simulations utilized
homology models generated by Alphafold2,® with the exception of wild-type
enzyme docking which utilized the reported crystal structure of this enzyme.120

Ligand

N-benzylacetamide N-(2-phenethyl)acetamide

Affinity Nonbonded Affinity Nonbonded

(kcal/mol) | interaction (kcal/mol) interaction

energy* energy*

Enzyme (kcal/mol) (kcal/mol)

TDO (WT) -5.9 -24.7 (1.0) -6.4 -24.4 (0.5)

TDO L272F -6.7 -32.3(0.6) -7.1 -24.9 (0.4)

TDO V309N -6.7 -33.9(0.3) -6.8 -33.7(1.1)

TDO L272W -6.6 -30.8 (0.6) -6.8 -29.7 (0.9)

TDO -6.8 -29.3(0.7) -6.5 -25.3 (0.5)
L272W/1276V

*Calculated from the combined average short-range Coulombic interaction energy
and the short-range Lennard-Jones energy, as predicted by GROMACS.1®
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The most unexpected of the beneficial point mutations
identified in this study was the TDO L272W mutation. This
mutation conferred by far the greatest activity for the N-
benzylacetamide substrate of any single mutation, however, it
was expected that this mutation would significantly reduce the
size of the active site cavity. Mapping of the active site cavity
in the TDO L272W variant, using a homology model generated
with Alphafold2,® refuted the hypothesis that substituting an
active site leucine for tryptophan would significantly decrease
the space in the active site (Figure 7). Although it is
theoretically possible to envision a stabilizing interaction
between the amide substituent of the substrate and the indole
ring of the tryptophan residue, docking studies combined with
molecular dynamics simulations do not predict such an
interaction owing to the predicted positioning of the indole
ring in the active site of the TDO L272W homology model
(Figure 7C). Docking studies did predict an increase in binding
affinity between TDO L272W and N-benzylacetamide relative
to the wild-type enzyme, and molecular dynamics simulations
indicated improved nonbonded interaction energy for TDO
L272W with N-benzylacetamide over the wild-type enzyme
(Table 1). However, despite demonstrating the highest activity
for N-benzylacetamide among the TDO variants with single

Figure 7: (A) Visualization of the active site cavity of TDO (wild-type). Image
generated using the reported crystal structure of TDO!2* and with PyMOL.Y7 (B)
Visualization of the active site cavity of TDO L272W. Image generated using a
homology model of TDO L272W and with PyMOL.%” (C) Active site structure
produced from molecular dynamics simulations performed on the docking
prediction of TDO L272W with N-benzylacetamide (purple). The relative
positioning of the W272 residue is shown. Residues targeted for mutagenesis in
this study are highlighted (yellow). Docking was performed with AutoDock
Vina,!® using a TDO L272W homology model. Molecular dynamics simulations
were performed with GROMACS.'® Image was generated using ChimeraX
software.

This journal is © The Royal Society of Chemistry 20xx
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mutations identified in this study, the TDO L272W homology
model was predicted to have slightly reduced affinity and

Figure 8: (A) Comparison of the active site cavities of TDOL272W (left) and TDO
L272W/I276V (right). Images were generated using homology models of TDO
L272W and TDO L272W/I1276V with bound substrate and with PyMOL.17 (B)
Active site structure produced from molecular dynamics simulations performed
on the docking prediction of TDO L272W/I276V with N-benzylacetamide
(purple). Residues targeted for mutagenesis in this study are highlighted
(yellow). Docking was performed with AutoDock Vina,® using a TDO
L272W/I1276V  homology model. Molecular dynamics simulations were
performed with GROMACS.?® Image was generated using ChimeraX software.14
(C) Active site structure produced from molecular dynamics simulations
performed on the docking prediction of TDO L272W/I1276V with N-(2-
phenethyl)acetamide (purple). Residues targeted for mutagenesis in this study
are highlighted (yellow). Docking was performed with AutoDock Vina,'® using a
TDO L272W/1276V homology model. Molecular dynamics simulations were
performed with GROMACS.*°Image was generated using ChimeraX software.4

This journal is © The Royal Society of Chemistry 20xx
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nonbonding interaction energy with this substrate relative to
the L272F and V309N variants (Table 1). Further studies are
ongoing to more clearly elucidate the source of the increase in
activity observed for N-benzylacetamide with the TDO L272W
variant and will be reported in due course.

Given that the TDO L272W/I276V variant demonstrated
the highest activity for both the N-benzylacetamide and N-(2-
phenethyl)acetamide substrates among all the variants
evaluated in this study, a homology model of this variant was
also generated using Alphafold22® to investigate the active site
structure and substrate binding. The introduction of this
mutation appears to further remodel the active site, resulting
in slightly increased space relative to the TDO L272W variant
(Figure 8A). This is reflected in the improved binding affinity
between TDO L272W/I276V and N-benzylacetamide relative to
all other enzymes assessed in this way (Table 1). However,
although the TDO L272W/1276V variant showed significantly
improved nonbonded interaction energy with N-
benzylacetamide from molecular dynamics simulations relative
to the wild-type enzyme, this variant had slightly reduced
nonbonded interaction energy with N-benzylacetamide
relative to the TDO L272W, V309N, and L272F variants, which
demonstrated lower activity for this substrate (Table 1). Again,
although it is possible to envision a stabilizing interaction
between the amide substituent of the substrate and the indole
ring of the tryptophan residue, docking studies combined with
molecular dynamics simulations do not predict such an
interaction owing to the positioning of the indole ring in the
active site of the TDO L272W/1276V homology model (Figure
8B). Interestingly, although the TDO L272W/I276V variant
demonstrated by far the greatest activity for the N-(2-
phenethyl)acetamide substrate among all of the variants
assessed in this study, docking studies predicted that this
variant would have a lower binding affinity for N-(2-
phenethyl)acetamide than the TDO L272F, V309N, and L272W
variants, with only slightly improved binding affinity over the
wild type enzyme, which does not possess any activity for this
substrate (Table 1). A similar trend was observed in analyzing
the nonbonded interaction energies between these enzymes
and N-(2-phenethyl)acetamide through molecular dynamics
simulations (Table 1). Further studies are ongoing to more
clearly elucidate the source of the increase in activity observed
for N-benzylacetamide and N-(2-phenethyl)acetamide with the
TDO L272W/1276V variant and will be reported in due course.

Conclusions

In this study, new variants of toluene dioxygenase (TDO) were
rationally engineered that possess activity for amide-
functionalized substrates, which cannot be metabolized by the
wild-type enzyme. These engineered TDO variants afforded
access to multiple new chiral metabolites which were isolated
and characterized. In this way, this study has added to the pool
of chiral synthons available for application in organic synthesis
and provided new and valuable green-chemical tools to the
activity
observed with these engineered TDO variants, homology

chemical community. To account for the novel

J. Name., 2013, 00, 1-3 | 5
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modeling, docking analyses, and molecular dynamics
simulations were performed using Alphafold2,'® AutoDock
Vina,*® and GROMACS?® respectively. Although these studies
cannot fully account for the level of activity observed among
the engineered TDO variants, as the computed binding
affinities and nonbonded interaction energies do not directly
correlate with their observed activity levels, they do provide
important indications as to the potential source(s) of this novel
activity. These sources may include increases in the size of the
TDO binding pocket facilitating the binding of amide-
functionalized substrates which are sterically larger than the
native substrate, and the potential introduction of new non-
covalent bonding partners for the bound substrates.
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