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Abstract: The cis -dihydroxylation of arenes by Rieske dearomatizing dioxygenases ( RDDs ) represents a powerful tool for the pro- 
duction of chiral precursors in organic synthesis. Here, the substrate specificity of the RDD benzoate dioxygenase ( BZDO ) in Ralstonia 
eutropha B9 whole cells was explored using quantitative 1 H nuclear magnetic resonance spectroscopy ( q 1 H-NMR ) . The specific ac- 
tivity, specific carbon uptake, and regioselectivity of the dihydroxylation reaction were evaluated in resting cell cultures for a panel 
of 17 monosubstituted benzoates. Two new substrates of this dioxygenase system were identified ( 2-methyl- and 3-methoxybenzoic 
acid ) and the corresponding cis -diol metabolites were characterized. Higher activities were observed for benzoates with smaller sub- 
stituents, predominantly at the 3-position. Elevated activities were also observed in substrates bearing greater partial charge at the C-2 
position of the benzoate ring. The regioselectivity of the reaction was directly measured using q 1 H-NMR and found to have positive 
correlation with increasing substituent size. These results widen the pool of cis -diol metabolites available for synthetic applications 
and offer a window into the substrate traits that govern specificity for BZDO. 

Keywords: Reiske dearomatizing dioxygenase, Benzoate dioxygenase, Ipso ,ortho- Dihydrodiols, Ralstonia eutropha B9, Substrate 
specificity 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

By comparison, the ipso ,ortho cis- dihydrodiols ( 3 ) have been 
applied far less frequently ( Hudlicky, 2018 ; Lewis, 2014 ) . These 
metabolites can be accessed through the 1,2-dihydroxylation of 
benzoic acids using toluate ( TADO ) and benzoate dioxygenases 
( BZDOs ) ( Lewis, 2015 ; Whited et al., 1986 ) . The most widely 
applied system for production of ipso ,ortho cis -dihydrodiols is Ral- 
stonia eutropha B9 ( formerly Alcaligenes eutrophus , now Cupriavidus 
necator ) whole cells expressing BZDO ( Reiner & Hegeman, 1971 ) . 
This mutant strain produces an inactive form of dihydrodihy- 
droxybenzoic acid ( DHB ) dehydrogenase ( conversion of 3 to 5 ) , 
which allows for accumulation of the benzoate diol ( 3 ) ( Johnson 
& Stanier, 1971 ) . The Myers group was one of the first to apply 
the whole-cell system to production of 3 on a preparative scale 
( 270 g ) , using it to synthesize a number of highly functionalized 
derivatives ( Myers et al., 2001 ) . Since then, R. eutropha B9 has been 
employed in several notable synthetic applications. Some exam- 
ples include preparation of tetracycline antibiotics ( Charest et al., 
2005 ) , novel heterocyclic scaffolds using cycloadditions ( Adams 
et al., 2014 ; Fischer et al., 2010 ; Jenkins et al., 1995 ; Pazos 
et al., 2015 ) , epoxiquinol natural products ( Collins et al., 2019 ) , 
pleiogenone A ( Froese et al., 2016 ) , and grandifloracin derivatives 
( Alexander et al., 2020 ) . Despite the recent surge in interest 
in these ipso ,ortho cis -dihydrodiols, applications of non-native 
substrates of BZDO are still rare ( Nash et al., 2017 ) . This is 
perhaps unsurprising given the scarcity of information about the 
substrate scope of BZDO. 

This dearth of information on BZDO substrate specificity 
is in part due to the difficulty of isolating and characterizing 
metabolites on small scale. Diols of both types ( 2 and 3 ) tend to 
rearomatize to the corresponding phenol through a dehydration 
Introduction 

The Rieske dearomatizing dioxygenases ( RDDs ) are a class of en-
zymes that have featured prominently at the interface between
biocatalysis and synthetic organic chemistry ( Barry & Challis,
2013 ) . These dioxygenases are so named because they contain a
Rieske [2Fe–2S] cluster and a nonheme mononuclear Fe catalytic
center ( Ferraro et al., 2005 ) . Since their initial discovery as com-
ponents in benzene metabolism by Pseudomonas putida ( Gibson et
al., 1968 ) , RDD enzymes have been found within hydrocarbon-
degrading pathways for a number of soil bacteria ( Ferraro et al.,
2005 ) . They share the common trait of achieving dearomatization
through a cis -dihydroxylation of the aromatic ring using an equiv-
alent of molecular oxygen ( Fig. 1 ) . This activates the ring for fur-
ther degradation, making these dioxygenases potentially useful
as bioremediation agents ( Tan & Parales, 2016 ) . 

The dihydroxylation reaction is often regio- and stereoselective,
leading to the formation of chiral dihydrodiols. This has given rise
to sustained interest in these metabolites as building blocks in
the synthesis of important small molecules ( Hudlicky, 2018 ; Lewis,
2015 ) . The ortho ,meta cis -dihydrodiols ( 2 ) are typically derived from
toluene ( TDO ) , naphthalene ( NDO ) , and biphenyl dioxygenases
( BPDOs ) expressed in whole cells ( Wackett, 2002 ) . These RDDs gen-
erally have broad substrate scopes. Over 420 distinct substrates
have been identified for these systems to date ( Hudlicky, 2018 ) . In
addition to diol formation, these enzymes have also demonstrated
the ability to catalyze reactions such as benzylic oxidation, N -
/ O -dealkylation, and formation of chiral sulfoxides from sulfides
( Johnson, 2004 ) . These non-native activities further broaden their
potential in synesthetic and bioremediation applications. 
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Fig. 1 Formation of ortho ,meta - and ipso ,ortho -dihydrodiols by Rieske 
dearomatizing dioxygenases and their role in arene metabolism in 
bacteria. 
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eaction when exposed to elevated temperature and acidic pH.
his is especially true for the ipso ,ortho cis -dihydrodiols ( 3 ) derived
rom benzoic acids, which require that the pH be adjusted to
–4 before efficient extraction during downstream processing. In
ases where multiple metabolites are possible ( 2- or 3-substituted
enzoates ) , isolation can degrade minor and/or less stable prod-
cts, leading to the reporting of skewed isomeric ratios ( Reineke et
l., 1978 ) . Less invasive methods such as high-performance liquid
hromatography ( HPLC ) , UV/vis, and stopped-flow single-turnover
inetics of isolated enzymes can measure biotransformation ac-
ivity but fail to provide sufficient characterization of metabolites
 chemo- and regioselectivity ) . This lack of clarity can make it
ifficult to extract important mechanistic information and can
amper application of metabolites derived from non-native
ubstrates. We have sought to overcome these limitations by em-
loying quantitative 1 H nuclear magnetic resonance spectroscopy
 q 1 H-NMR ) to measure the biocatalytic activity of R. eutropha B9
hole cells expressing BZDO. While the application of q 1 H-NMR
s a method for the study of enzyme-catalyzed reactions ( Brecker
 Ribbons, 2000 ) and biochemical pathways ( Barding et al., 2012 ;
immler et al., 2014 ) is known, its use to directly explore the sub-
trate scope of RDDs is not. Here, it has allowed determination of
he specific activity, carbon uptake, and the regioselectivity of the
ioxygenase reaction for a variety of monosubstituted benzoates,
hereby providing new insight into the factors governing the
ubstrate specificity of this biotransformation and elucidating
ew diol frameworks for potential application in synthesis. 

aterials and Methods 

acterial Strains and General Cultivation 

he R. eutropha B9 mutant was derived from R. eutropha 335 ( ATCC
7697 ) ( Johnson & Stanier, 1971 ) and kindly provided by Marko
ihovilovic, Vienna University of Technology. LB ( Miller )

 Sambrook & Russell, 2001 ) agar plates were streaked with
lycerol freezer stocks of R. eutropha B9 and grown for 2 days at
0°C. A preculture consisting of LB medium ( 5 ml ) was inoculated
ith a single colony and cultivated overnight ( ∼12 hr ) at 30°C
nd 200 rpm. A portion of this small culture ( 1.2 ml ) was then
dded to a 500 ml flask containing 100 ml Hutner’s mineral base
 HMB ) medium ( Fischer et al., 2010 ; Myers et al., 2001 ) that had
een complemented with 40 mM sodium succinate ( final OD 600 

 0.019 ) . The culture was grown for 12 hr at 30°C and 200 rpm
efore an aliquot ( 13.5 ml ) was taken and used to inoculate a 5 l
ALF bioreactor ( Bioengineering ) containing 3 l HMB and 40 mM
odium succinate ( final OD 600 = 0.024 ) . The batch was cultivated
t 30°C, pH 7.4, 300 rpm agitation, and 1.0 l/min aeration. The pH
as maintained at 7.4 by addition of concentrated ammonium
ydroxide and 30% ( vol/vol ) phosphoric acid. When the cells had
eached an OD 600 = 2.25 ( 10 hr ) , sodium succinate ( 50 ml, 1.25 M )
as added and the culture was induced with sodium benzoate

 15 ml, 2.0 M, 10 mM final concentration ) . After complete con-
umption of the benzoate, as indicated by a rapid spike in pO 2 

fter 2.5 hr, an additional portion ( 7.5 ml, 2 M ) was added, along
ith sodium succinate ( 30 ml, 1.25 M ) . Stirring was increased to
00 rpm and aeration to 2.0 l/min. After an additional 2 hr of
ultivation, the OD 600 had reached ∼5, at which point the cells
ere harvested by centrifugation ( Allegra TM 25R centrifuge, 8618
g , 15 min ) and washed twice with sodium phosphate buffer

 50 mM, pH 6.8 ) . The cell pellets were combined and resuspended
 final time in phosphate buffer to an OD 600 = 15. 

ubstrate Screening Experiments Using Resting 

ells 
uspensions of resting cells ( OD 600 = 15 in phosphate buffer ) were
ivided into 100 ml portions in 500 ml baffled shaking flasks and
omplemented with sodium succinate ( 1.6 ml, 1.25 M ) . The resting
ultures were placed in an orbital shaker and allowed to recover
or 20 min. at 30°C and 200 rpm. Substituted benzoate substrates
ere added to each shaking flask to reach a final concentration of
0 mM. In cases where the substrates displayed reduced solubility
n the phosphate buffer, they were first dissolved in a minimal
mount of 6 M potassium hydroxide prior to introduction into the
haking flask. Ultrasonication was used to assist in dissolving the
ubstrates as needed. A sample was taken directly after substrate
ddition and at 18 hr. The cells were removed via centrifugation
 Eppendorf centrifuge 5415D, 9300 × g , 1 min ) and the supernatant
mmediately frozen and stored at −20°C until analysis. Identified
ubstrates were assayed a second time and in duplicate using the
bove procedure but with sampling at additional time points ( 0, 1,
, 3, 6, and 18 hr ) . 

ownstream Processing and q 

1 H-NMR Analysis 
f Resting Cell Cultures 
queous broth samples were thawed and allowed to come to
oom temperature. A 1000 μl aliquot of each sample was trans-
erred to a fresh 1.5 ml microcentrifuge tube. To this aliquot
as added 100 μl of a 100 mM benzene-1,3,5-tricarboxylic acid
olution. The tubes were placed in a centrifugal vacuum con-
entrator ( Thermo Scientific, Savant ISS110 ) and concentrated
o dryness at 43°C ( ∼5 hr ) . The salts were then dried over P 2 O 5

nder high vacuum overnight to remove residual water. Samples
ere then redissolved in 700 μl D 2 O and transferred to NMR
ubes ( Wildman, Economy ) . Proton NMR spectra were acquired
sing a Bruker Ultrashield Plus 400 MHz instrument fitted with a
0-sample autochanger. The 1 H-NMR spectra were acquired using
he following parameters: acquisition time of 4.89 s, relaxation
elay of 1.00 s, 90° pulse width of 15.00 μs, 30° tip angle, 65k
ata points, and 128 scans at 298 K. Concentrations of substrates,
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Fig. 2 Quantitative nuclear magnetic resonance spectroscopy ( q 1 H-NMR ) spectra of the transformation of sodium benzoate over time with 
benzene-1,3,5-ticarboxylic acid as internal standard ( 10 mM ) . All spectra were acquired at 400 MHz in D 2 O. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig. 3 Transformation of sodium benzoate, consumption of succinate, 
and production of dihydrodihydroxybenzoic acid ( DHB ) over time by 
Ralstonia eutropha B9 resting cells in 100 ml shaking flask cultures. 

 

 

 

 

 

 

 

 

metabolites, and succinate were determined by comparison of
their integrations with that of benzene-1,3,5-tricarboxylic acid
( internal standard, 10 mM, 3H ) . Specific activity and carbon up-
take values were calculated using g CDW 

/l, which was determined
by standard curve correlation to OD 600 ( 0.4065 × OD 600 = g CDW 

/l ) .
All values were recorded in duplicate and reported as an average.

Identification of Metabolites 
The 1 H-NMR spectra ( described above ) from the final time
points ( 18 hr ) were used for structural elucidation of the ob-
tained metabolites. Where applicable, 19 F-NMR ( 376 MHz )
was used for further characterization. The products were
also confirmed by HPLC–mass spectrometry ( MS ) . Aqueous
broth samples were thawed, centrifuged ( Eppendorf centrifuge
5415D, 13,400 × g , 10 min ) , and diluted 10:1 with water. HPLC
( Agilent, USA ) , equipped with a C18 column ( Supelco, 10 cm by
4.6 mm, 5 μm ) was run at 0.8 ml/min flow rate using water–
acetonitrile ( 7:3 ) containing 1.0% acetic acid ( volume ) . The
substrates and metabolites were detected by UV absorbance
at 254 nm and MS ( API-ES, negative polarity, Agilent, USA ) . Re-
tention times of substrates were matched to those of authentic
standards. 

Computational Methods 
Geometries for the 3-substituted benzoates were optimized using
the ORCA 4.2.0 quantum chemistry program ( Neese 2011 , 2017 ) .
The M06-2X level of density functional theory ( Zhao & Truhlar,
2008 ) and the def2-tzvp basis set were used for all calculations
( Weigend & Ahlrichs, 2005 ) . The conjugate base forms of the
acids were used in the optimizations with the SMD quantum
aqueous solvation model ( Marenich et al., 2009 ) . Hirshfeld
partial charges were calculated at the same level of theory
( Hirshfeld, 1977 ) . Charges are reported as the net charge for
the C ( 2 ) –H group. In cases where different C-2 positions existed
( 3-substituted benzoates ) , the value represents the average of the
two C ( 2 ) –H groups. Van der Waal’s volumes were calculated using
MarvinSketch ( version 21.4.0, ChemAxon ) 

Results 

Evaluation of Native and Non-Native Substrates 
Using q 

1 H-NMR 

The suitability of q 1 H-NMR for the determination of BZDO activ-
ity in R eutropha B9 was first examined using the native trans-
formation. Resting cultures of R. eutropha B9 were treated with
sodium benzoate at a 10 mM concentration. At various time
points, aliquots of the culture were taken and used to prepare 
samples for 1 H-NMR analysis. The initial experiment relied on di- 
rect dilution of these aqueous samples with D 2 O and dimethyl
sulfoxide as an internal standard, but this resulted in spectra 
that were dominated by a large residual water peak. Solvent sup-
pression routines were successful in reducing this peak, but they 
significantly increased the time needed to set up and process 
each experiment. Concentration of the aqueous biotransforma- 
tion samples to their dried salts and direct analysis in D 2 O greatly
simplified the workflow and improved the overall throughput. Ac- 
quisition of 1 H-NMR spectra for each time point allowed monitor- 
ing of the biotransformation ( Fig. 2 ) . 

The native substrate ( sodium benzoate ) was rapidly trans- 
formed over the first three hours to give ipso ,ortho cis -dihydrodiol
3 . Integration of a chemical shift corresponding to benzoic acid
( 7.79–7.34 ppm, 5H ) relative to the internal standard ( 8.28 ppm,
3H, 10 mM ) allowed a straightforward calculation of the benzoate 
concentration. The concentrations of diol metabolite 3 and suc- 
cinate ( carbon source ) were likewise determined. The concentra- 
tions over time of biotransformation components are shown in 
Fig. 3 . 

Benzoate was rapidly transformed, falling from an initial con- 
centration of 10.4 mM to full consumption by t = 3 hr. This cor-
responded to an increase in the formation of cis -dihydrodiol 3 .
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Table 1. Specific Activity and Succinate Uptake by Resting Cultures of Ralstonia eutropha B9 

Substrate Specific activity a Relative activity b Specific C uptake ( succinate ) c Relative C uptake d 

( μmol/min/g CDW 

) ( % ) ( μmol/min/g CDW 

) ( % ) 

Benzoate 12 e 100 15 e 100 
2-Fluoro- 1.6 13 17 130 
2-Chloro- 0 f 0 f ( 0 g ) – –
2-Bromo- 0 f 0 f ( 0 h ) – –
2-Iodo- 0 f 0 f – –
2-Methyl- 0.75 4.9 ( 0 g ) 26 120 
2-Methoxy- 0 f 0 f – –
3-Fluoro- 12 101 ( 40 i ) 13 94 
3-Chloro- 4.9 45 ( 15 g ) 8.7 57 
3-Bromo- 1.1 9.1 ( 8 j ) 8.0 46 
3-Iodo- 0 f 0 f – –
3-Methyl- 9.1 60.0 ( 24.6 g ) 15 71 
3-Methoxy- 0.7 5.54 16 94 
4-Fluoro- 4.8 40.0 ( 40 i ) 14 110 
4-Chloro- 0 f 0 f ( 0.0775 g ) – –
4-Bromo- 0 f 0 f ( 0 h ) – –
4-Iodo- 0 f 0 f – –
4-Methyl- 0.51 3.3 ( 0.4 g ) 7.2 34 
4-Methoxy- 0 f 0 f – –

a Specific activity is defined as the quantity of benzoate transformed by 1 g cell dry weight ( CDW ) in 1 min. 
b Activity is reported as percentage relative to the specific activity of the native substrate ( benzoate ) using the same batch of resting cells. Where available, literature 
values are reported in parentheses. 
c Specific carbon uptake is defined as the quantity of succinate consumed by 1 g cell CDW in 1 min. 
d Carbon uptake ( succinate ) is reported as percentage relative to the specific carbon uptake of resting cells during the transformation of the native substrate 
( benzoate ) . 
e Indicates an average of benzoate standards from four different pools of resting cells. 
f Indicates no conversion of substrate during initial screening. 
g ( Knackmuss & Reineke, 1973 ) . 
h ( Reineke et al., 1978 ) . 
i ( Reiner & Hegeman, 1971 ) . 
j ( Reineke & Knackmuss, 1978 ) . 
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ass balance was well maintained throughout the transforma-
ion as evidenced by a steady total concentration ( substrate +
etabolite ) . This indicated that neither the substrate nor the
etabolite was being appreciably retained by the cells. The up-

ake of succinate was also tracked from an initial concentration
f 15.5 mM to 1.2 mM at t = 3 hr. From these data, the initial spe-
ific activity and carbon uptake rates were calculated ( Table 1 ) .
dentical benzoate transformations were performed with each set
f non-native substrate screens in order to establish benchmarks
or BZDO activity and carbon uptake. 
A panel of monosubstituted benzoic acids was screened for ac-

ivity against BZDO in R. eutropha B9 resting cells. As with the na-
ive benzoate transformation, initial activity and carbon uptake
ere calculated from the linear portion of the plot ( 0–2 hr ) . At
his point, substrate concentrations were high ( ∼10 mM ) and rates
ere assumed to be at or near maximum. For the purposes of
omparison, the relative activity and carbon uptake of identified
ubstrates were calculated based on the standard benzoate trans-
ormation ( Table 1 ) . 
In general, the highest activities were observed for 3-

ubstituted benzoates. The 3-fluorobenzoic acid displayed a rate
f reaction comparable with that of the native substrate. Within
he remaining 3-halogenated benzoates, the activity decreased
own the group to iodine, where no activity was observed. The
-methylbenzoic acid substrate also displayed a relatively high
ctivity ( ∼60% of native benzoate ) . The 3-methoxybezoic acid
ransformed, albeit at a significantly reduced rate. Relative carbon
ptake was proportional to relative activity in the 3-substituted
eries, except in the case of 3-methoxybenzoic acid. Here the
elative carbon uptake was similar to the native substrate while
aintaining a fraction of the activity. By comparison, the 2- and 4-
ubstituted benzoates were tolerated far less by the BZDO system.
n both cases, the only substrates with measured activity were the
uoro- and methylbenzoic acids. The lower activity of these sub-
trates provided a good opportunity to test the limits of the sensi-
ivity of this q 1 H-NMR method. Changes in substrate/metabolite
oncentration of ≥0.1 mM ( 1% change ) were routinely recorded.
oncentrations as small as 0.05 mM were observed, but they
ere not uniformly reproducible across the substrate panel. In
he 4-substituted series, the carbon uptake again tracked with
ctivity in the whole-cells. This contrasts with the large carbon
ptake ( relative to activity ) in the 2-substituted series. 

etermination of Regioselectivity and Off-Target 
ransformations Using q 

1 H-NMR 

he reported activities were based on consumption of the sub-
trate in the resting cell cultures. One of our motivations for
pplying q 1 H-NMR analysis to this system was its ability to
imultaneously provide structural information on the obtained
etabolites. This is especially critical in cases where it is possible

o form regioisomeric mixtures of products. Analysis of 1 H-NMR
pectra of 3-substituted benzoates indicated that the metabolites
ere obtained as mixtures of 3- and 5-substituted ipso ,ortho
is -dihydrodiols ( Fig. 4 ) . The exception was 3-methoxybenzoic
cid, which yielded only the 3-substituted diol. 
In all instances, the 3-substituted ipso ,ortho cis -dihydrodiols
ere favored over the 5-substituted metabolites. The ratios were
ssigned by examining coupling patterns of the alkene protons
n the 1 H-NMR ( Figs S6–S15 ) . The least selective substrate was
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Fig. 4 Final concentrations of 3/5-substituted metabolites from 

transformation of 3-substituted benzoates using Ralstonia eutropha B9 
resting cells. Final percentage conversion and time required are listed 
above each column. Cases marked with an ( * ) indicating that the 
reaction was stopped after 18 hr. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig. 5 Regioselectivity and metabolites from oxidation of 2-substituted 
benzoates by Ralstonia eutropha B9 resting cells ( benzoate dioxygenase, 
BZDO ) . ( a ) 2-Fluorobenzoic acid: the 2-fluoro metabolite was detected as 
fluoride in solution ( 19 F-NMR ) following elimination and catabolism of 
the resulting catechol ( Figure S2 ) . ( b ) 2-Methylbenzoic acid. ( * ) indicates 
that the reaction was stopped after 18 hr. 

 

 

 

 

 

 

 

 

 

 

 

 

3-fluorobenzoic acid, yielding a 1.65:1.00 ratio of 3/5-substituted
diols. Assignment of the isomeric ratio of the 3/5-fluoro benzoate
metabolites was complicated by the added proton–fluorine cou-
pling. Heteronuclear decoupling of the fluorine allowed for un-
ambiguous assignment of two isomers ( Fig. S6 ) . The presence
of the fluorine atom also allowed for characterization of the
metabolites using 19 F-NMR ( Fig. S7 ) . This provided a complemen-
tary method for determining the regioselectivity of fluorinated
metabolites. The transformation became more selective as substi-
tution moved down the halogen group. This was associated with a
decrease in overall rate of the reaction ( Table 1 and Fig. 4 ) . The 3-
methylbenzoic acid was the second most selective substrate, pro-
viding a > 13:1 ratio of 3/5-substituted products. 

The 2-substituted benzoate substrates also allow for formation
of two different isomers ( Fig. 5 ) . Examination of the 1 H and 19 F-
NMR spectra of the 2-fluorobenzoic acid transformation initially
revealed only the 6-fluoro metabolite. This was accompanied by a
significant loss of mass balance for the reaction ( Fig. S3 ) . Over the
course of the transformation, the concentration of substrate de-
creased by 8.10 mM, while the 6-fluoro metabolite reached only
a 1.55 mM concentration. The 19 F-NMR contained a singlet at
−122 ppm, which corresponded to free fluoride in solution. In-
tegration of this peak accounted for the missing mass. This was
in good accordance with Reineke, who had previously reported
the spontaneous decarboxylative defluorination of the 2-fluoro
metabolite to catechol, followed by complete catabolism by the
whole cells via the 3-oxoadipate pathway ( Reineke & Knackmuss,
1988 ) . The enzymatic oxidation of 2-methylbenzoic acid yielded
a mixture of 2-methyl diol and the benzylic oxidation products.
The latter was readily identified by the appearance of a 2H sin-
glet at 4.64 ppm, which corresponded to the benzylic methylene.
This was later matched to authentic 2- ( hydroxymethyl ) benzoate 
( NMR, LCMS ) . 

Discussion 

Investigation of BZDO activity on non-native substrates is a pow- 
erful tool for probing the mechanistic details of this RDD. This is
especially true in this case, where a lack of crystallographic infor- 
mation about the enzyme prevents detailed theoretical investiga- 
tions. Early studies of the substrate scope of R. eutropha B9 served
to establish some general trends for the RDD system: ( 1 ) meta -
substituted benzoates are favored over ortho / para and ( 2 ) larger 
substituents correlate with lower activities ( see Table 1 and refer- 
ence therein ) . Our results are in general agreement with these pre-
viously identified trends but the choice of q 1 H-NMR as a primary
method of analysis has afforded several advantages. The strength 
of NMR as a tool for qualitative structural determination facili- 
tated both the identification of two new substrates ( 2-Me and 3- 
OMe ) and the characterization of the corresponding metabolites.
The ability to quantitatively assess the transformation using the 
same measurement provided a convenient method for determin- 
ing the activity and regioselectivity of the biotransformation. This 
led to the identification of sterics as a primary factor governing 
substrate specificity and the correlation of electron-donating sub- 
stituents with greater activity of the resting whole cells. The var- 
ious aspects of the processing of monosubstituted benzoates by 
BZDO R. eutropha B9 are discussed here. 

The use of q 1 H-NMR allowed for the establishment of 2- 
methylbenzoate as a substrate. Previously, it had been evaluated 
but was reported as having no activity ( Knackmuss & Reineke,
1973 ) . This is perhaps unsurprising given its low activity and the
limitations of the analytical method employed at the time ( UV/vis 
absorption, etc. ) . The structural information provided by NMR also 
allowed for identification of 2- ( hydroxymethyl ) benzoate as the 
primary metabolite. Benzylic oxidation is known for some RDDs 
( Johnson, 2004 ) , but to our knowledge this is the first report of this
activity in R. eutropha B9. Benzylic oxidation was not observed for 
any other methyl-substituted substrates, so it is likely that this 
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ff-target activity is facilitated by the proximity of the 2-methyl
roup to the catalytic mononuclear iron center of BZDO. 
With the 3-substituted benzoates, quantitative 1 H-NMR analy-

is was also able to identify significant differences between previ-
usly reported activities and those presented here. In almost every
ase, we report higher maximum relative rates. This discrepancy
ould be due to several factors. First, our relative rates are derived
rom specific activities based on grams cell dry weight ( gCDW )
s a measure of biomass. Previous values were based on estima-
ions of aqueous protein content ( Reineke & Knackmuss, 1978 ) .
pecific activity has been reported for a BZDO expressed in grow-
ng P. putida KTSY01 whole cells ( Sun et al., 2008 ) . There, Chen re-
orted a specific activity ( formation of 3 ) of 0.09 mmol/gCDW/L/h.
 comparison to our obtained value of 0.72 mmol/gCDW/L/h in-
icates that R. eutropha B9 resting cells are a highly active plat-
orm for this transformation, though this is significantly below
he 1.2 mmol/gCDW/L/h reported for their recombinant P. putida
T2442 ( pSYM01 ) . Second, the previous activity assays with R. eu-
ropha B9 whole cells were conducted using relatively dilute sub-
trate concentrations ( i.e. ≤2 mM ) . This could lead to a failure to
chieve V max with respect to the non-native substrates. It is also
ossible that mass transfer into ( and out of ) the whole-cell sys-
em is a limiting factor at these lower concentrations. Substrate
oncentrations of 10 mM were selected here because it was the
aximum allowed by the whole-cell system. Substrate concen-

rations approaching 15 mM were generally accompanied by signs
f cell toxification ( e.g. reduced optical density and activity ) . At
0 mM substrate, we observed relative rates for 3-substituted ben-
oates ( e.g. F, Me, and Cl ) that were remarkably close to the rela-
ive turnover numbers for isolated BZDO ( Wolfe et al., 2002 ) . This
onfirmed that observed rates were indeed maximums and that
ystem was not mass transfer limited on substrate. 
Quantitative 1 H-NMR also provided rapid analysis of regioi-

omeric mixtures formed in transformations of 3-substituted
enzoates. Early investigations of these substrates identified the
resence of the 3/5-regioisomeric mixtures but either failed to
uantify them ( Reiner & Hegeman, 1971 ) or misassigned the
-substituted isomer as the major component ( Knackmuss &
eineke, 1973 ) . The use of q 1 H-NMR allowed both the identifica-
ion and quantification of the regioisomers using straightforward
nalysis of scalar coupling and integration of the chemical shifts.
fter compensating for previous misassignments, our determined
atio for the 3/5-Cl metabolites compares closely with that of
nackmuss and Reineke ( 1.82:1.00 vs. 2:1 ) . The same does not hold
rue for the 3/5-Me ratio, which they report as 7:1 ( compared with
ur 13:1 ratio ) . Isolation and derivatization of the metabolites
llowed characterization of the 3/5-Cl, Br, Me, and F regioisomers,
ut failed to provide ratios ( Reineke et al., 1978 ) . Even if ratios
ad been reported, the number of synthetic manipulations
ould have almost certainly skewed them toward enrichment of
he major isomer ( Hudlicky, 1996 ) . This is especially true given
he tendency for arene ipso ,ortho diols to undergo dehydrative
earomatization, either as a deliberate derivatization during
haracterization or inadvertently during isolation under acidic
onditions ( Lewis, 2014 ) . Here again, the presented q 1 H-NMR
ethod circumvents these obstacles by allowing direct analysis
f the metabolites without isolation or derivatization. The trans-
ormation of 3-bromobenzoic acid by R . eutropha B9 to the 3/5-Br
pso ,ortho -diol metabolites has been investigated in detail ( Griffen
t al., 2011 ) . This study is notable for its robust characterization of
he 3/5-Br metabolites ( including determination of absolute stere-
chemical configuration ) and for being the first true synthetic
pplication of non-native arene diols from R. eutropha B9. The
atio of the crude 3/5-Br isomers is reported as > 10:1 following
cidic extraction. This contrasts with our ratio of 2.87:1.00, ob-
ained from direct analysis using q 1 H-NMR. While important for
ynthetic investigations, this serves to highlight the unreliability
f using ratios measured from isolated ipso ,ortho diols for making
pecific inferences about the regioselectivity of the BZDO system.
Early on, attempts were made by Knackmuss to correlate RDD

ctivity on 3-substituted benzoates to substituent effects ( Reineke
 Knackmuss, 1978 ) . Based on a proposed mechanism of elec-
rophilic substitution of the ring, Hammett σ values were selected
o represent substituent electronic effects for RDD activity involv-
ng P. putida mt-2 and Pseudomonas sp. B13. Electron-withdrawing
roups were generally correlated to lower relative activities for P.
utida mt-2, while no correlation was found for Pseudomonas sp.
13. Extraction of more specific relationships from these data is
ade somewhat challenging by the inclusion of the relative rates

rom all reported 2-, 3-, 4-, and di-substituted substrates. The
DDs expressed in these two organisms also have dramatically
ifferent substrate specificities from BZDO in R. eutropha B9, mak-
ng direct comparison difficult. Additionally, the results from P.
utida mt-2 appear to be derived from a mixture of RDDs: a genom-
cally encoded BZDO ( Wolfe et al., 2002 ) , and a TOL plasmid-based
oluate dioxygenase ( TADO ) ( Ge et al., 2002 ) . More recent mecha-
istic investigations of the substrate specificity of BZDO from P.
utida mt-2 have suggested a positive correlation between activ-
ty and increased electron density at the C ( 2 ) –H group of sterically
nhindered substrates ( Rivard et al., 2015 ) . This further supports
 connection between substituent-based electronic effects and
ctivity in these RDDs. 
A plot of relative activity versus substituent size ( van der Waal’s

olume, V vdW 

) for the 3-substituted benzoates gave a negative
rend ( Fig. 6 ) . There were several substituents that displayed rel-
tive activities greater than what might be predicted based on
heir size ( i.e. F, Me, and OMe ) . It was noticed that these three
ubstituents had the common feature of all being net electron-
onating groups, as indicated by their negative Hammett sub-
tituent constants, σ p 

+ ( Hansch et al., 1991 ) . This was in contrast



Bent et al. | 7 

Fig. 7 Percentage relative activity of various 3-substituted benzoates as a 
function of calculated average partial charge at C ( 2 ) –H. The 
regioselectivity excess ( % ) is defined ( major isomer – minor isomer ) / 
( major isomer + minor isomer ) × 100. The van der Waal’s volumes 
( V vdW 

) are reported as relative diameters and correspond to the 
following values in cubic angstrom: H, 5.06; F, 10.74; Cl, 19.94; Br, 24.19; I, 
31.15; Me, 23.23; and OMe, 31.75. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

to the other substituents, which possess positive σ p 
+ values ( net

electron withdrawing ) . For the purposes of comparison, the elec-
tronic contributions of the substituents are represented by the
calculated Hirshfeld partial group charge at carbon 2 ( Hirshfeld,
1977 ) . As expected, the electron-donating substituents correlate
to an increased partial charge at C ( 2 ) –H. In an attempt to incorpo-
rate both electronic and steric effects into interpretation of ac-
tivity and selectivity, a plot was prepared that includes indica-
tors of both size and selectivity for each substituent ( Fig. 7 ) . For
the electron-donating substituents, there is a clear correlation be-
tween decreasing relative activity and increasing size. The trend
is similar for the net electron-withdrawing substituents ( i.e. Cl, Br,
and I ) , but the relative decrease in activity appears more sensitive
to size. The effect of electronics can best be seen by comparing
substituents across similar levels of activity. For example, fluo-
rine has twofold the V vdW 

of hydrogen but maintains an activity
that is equal to the native substrate. Comparison of the 3-Me sub-
strate with the 3-Cl and 3-Br ones provides an even starker exam-
ple of this disconnect between size and relative activity. Despite
being larger than chlorine and nearly the same size as bromine,
3-methylbenzoate has a higher activity ( 15% and 50% greater,
respectively ) . In this model, the lack of activity for 3-iodobenzoate
can be directly attributed to its size, given the similarity of its par-
tial C ( 2 ) –H charge to that of the other halogens. Similarly, the large
volume of the 3-methyoxy substituent appears to be mitigated by
its strong electron-donating capacity. When taken together, these
results are consistent with those of Lipscomb, who identified elec-
tronic contributions to activity in studies with the isolated BZDO
( Rivard et al., 2015 ) . 

Given the link between greater partial charge at C ( 2 ) –H and
higher activities, we also wished to explore possible electronic ef-
fects on the regioselectivity of the reaction ( Fig. 7 ) . The selectivity
for the 3-substituted diol over the 5-substituted diol ( expressed
as the regioselectivity excess ) is higher for substrates bearing an
electron-donating group compared with similarly sized substrates
bearing electron-withdrawing groups. For example, 3-Me and 3-Br 
have a similar V vdW 

( within 1 Å 

3 ) , but the 3-Me has a consider-
ably larger bias toward the 3-substituted isomer. The 3-Fl and 3- 
Cl substrates have comparable regioselectivities, yet chlorine is 
nearly twice as large as fluorine. For the substrates that produce
measurable quantities of both isomers ( i.e. F, Cl, Br, and Me ) , the
C-2 position being oxidized differs based on its arrangement rel- 
ative to the substituent. The 3-substituted diol is derived from a 
C-2 that is ortho to the substituent, while the 5-substituted prod- 
uct has a carbon 2 ( formally C-6 ) that is para . Examination of the
partial charges of the C-2 versus C-6 positions failed to explain 
the preference for oxidation at C-2 ( Table S1 ) . The cause of this
enhanced regioselectivity is therefore unclear. The most likely ex- 
planation is the existence of an unidentified active site interaction 
that either enhances selectivity for F, Me, and OMe or degrades it
for Br and Cl. Given the dominant contribution of steric effects,
it is likely that more substrates will need to be examined to fully
describe the relationship between structure and reactivity in this 
BZDO system. This work is currently underway in our lab and will
be reported in due course. 

Conclusion 

In summary, the application of quantitative 1 H-NMR spectroscopy 
has allowed for the rapid evaluation of a panel of monosubsti- 
tuted benzoate substrates in R. eutropha B9 whole cells. The use 
of a single spectroscopic technique to characterize metabolites 
and quantify key biochemical components of the biocatalytic sys- 
tem makes this an attractive strategy for future studies involving 
BZDO and other RDDs. Given the synthetic importance of the R.
eutropha B9 system, this will improve accessibility to non-native 
ipso ,ortho -dihydrodiols for applications in synthesis. 
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