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Development and Application of a High Throughput Assay System 
for the Detection of Rieske Dioxygenase Activity 

 Cristina Preston-Herrera,a Aaron S. Jackson,a Brian O. Bachmann,b Jordan T. Froese*a

Herein we report the development of a new periodate-based 

reactive assay system for the fluorescent detection of the cis-diol 

metabolites produced by Rieske dioxygenases. This sensitive and 

diastereoselective assay system successfully evaluates the 

substrate scope of Rieske dioxygenases and determines the relative 

activity of a rationally designed Rieske dioxygenase variant library. 

The high throughput capacity of the assay system enables rapid and 

efficient substrate scope investigations and screening of large 

dioxygenase variant libraries. 

Rieske dioxygenases that play a role in the bacterial metabolism 

of aromatic compounds in the soil demonstrate the potential of 

these organisms to adapt to the carbon sources available in 

their environment.1,2 The pathways responsible for the 

metabolism of aromatic compounds in such organisms typically 

begin with the regio- and stereoselective dihydroxylation of the 

aromatic “pollutants”, catalyzed by Rieske dioxygenases (Figure 

1).1-3 Following his discovery of this enzymatic transformation, 

Gibson developed a blocked mutant (P. putida 39D),3(c) and later 

a transgenic E. coli strain (JM109 pDTG601A),4 which were 

capable of accumulating the cis-diol metabolites in 

fermentation cultures. To date, the action of Rieske 

dioxygenases remains the only known enzymatic method for 

the preparation of cis-diol metabolites of this type from 

aromatic compounds.5  

 

With the availability of organisms capable of accumulating cis-

diols in fermentation cultures, these metabolites became 

available in large quantities. The relative promiscuity of Rieske 

dioxygenases allows these enzymes to recognize and convert a 

wide range of substrates, resulting in the identification of over 

400 cis-diol metabolites from toluene dioxygenase alone,6 the 

most commonly utilized of these enzymes for synthetic 

purposes. These factors have facilitated the application of 

Rieske dioxygenase metabolites in the synthesis of a wide 

variety of valuable compounds (Figure 1).7 

 

Despite the relative promiscuity of Rieske dioxygenases, the 

substrate scopes of these enzymes are limited by the sterics and 

electrostatics of their potential substrates.8-10 These limitations 

have prevented Rieske dioxygenases from being applied in 

many potential synthetic sequences or have forced the 

development of circuitous synthetic routes to introduce the 

large or polar groups which cannot be accommodated by the 

enzyme. Furthermore, the limitations on the substrate scopes 

of these enzymes have also precluded their application in the 

bioremediation of many common aromatic pollutants. To 

alleviate these restrictions, several research groups have 

applied enzyme engineering techniques to expand the 

reactivity of Rieske dioxygenases.10 These studies demonstrate 

the power of enzyme engineering to broaden the substrate 

scope and alter the selectivity of these enzymes. Despite the 

success of these reports, their scope has been limited by the 

throughput of the dioxygenase variant assay systems utilized or 

by the range of potential substrates that are amenable to these 

screening systems.10 The available Rieske dioxygenase variant 

screening methods, including the colorimetric indigo assay, 

detection of metabolites through High Performance Liquid 

Chromatography (HPLC) or Gas Chromatography (GC), and the 
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Figure 1: Asymmetric dihydroxylation of aromatic substrates catalyzed by 
Rieske dioxygenases, and examples of the synthetic utility of the resultant cis-
diol metabolites.7(g,n,q,r,y)   
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detection of real-time activity through the use of oxygen 

electrodes have recently been reviewed.11 These methods, 

while effective, provide limited information on the variant’s 

activity for various substrates (in the case of the indigo assay), 

or require highly specialized equipment which increases cost 

and limits throughput.11 To establish a universal platform for 

the development of improved Rieske dioxygenases through 

enzyme engineering, a highly sensitive, accessible, cost-

effective and generalizable screening system for these enzyme 

systems is required. 

 

Over time, technological advances in expression vectors,12 gene 

synthesis and cloning,13 mutagenesis platforms,14 and high 

throughput screening15 have significantly lowered the barrier to 

entry into engineering enzymes through structure-based design 

and directed evolution. To facilitate the engineering of Rieske 

dioxygenase enzymes through directed evolution, the 

development of a highly sensitive and selective assay system 

which can detect the relative activity of Rieske dioxygenase 

variants is required. The successful development of such an 

assay system will enable the identification of enzymes with 

expanded substrate scopes from large variant libraries and the 

facile determination of the substrate scope of any Rieske 

dioxygenase enzyme. 

Results and Discussion 

 

Assay Development 

 

In addition to the Rieske dioxygenase-specific screening 

methods described,11 previous enzyme engineering studies 

have employed various other methods for the detection of 

enzymatic metabolites with cis-diol moieties, including 

saccharides. These methods include the direct detection of 

these compounds using fluorescent, boronic acid-

functionalized probes,16 and techniques that rely on the 

derivatization of these compounds to produce a detectable 

analyte such as the Gibbs assay.10(g,h,m),17 Our exploratory 

studies employing fluorescent boronic acids to detect Rieske 

dioxygenase metabolites did not demonstrate sufficient 

sensitivity for practical applications with cell extracts. With  the 

many reports of highly sensitive detection of aldehyde-

functionalized compounds using fluorescent probes,18 we 

determined to employ the well-known conversion of cis-diol 

metabolites to their corresponding dialdehydes through 

oxidation with sodium metaperiodate19 to produce a detectable 

analyte, as has previously been used in the detection of sialic 

acid.19c This reaction was shown to proceed rapidly and to 

completion in buffered aqueous solutions using excess sodium 

metaperiodate (Figure 2A). This approach provides the 

additional advantage of producing a bifunctional dialdehyde 

analyte, with the theoretical potential to form multiple 

conjugates with a fluorescent probe. To facilitate initial studies 

on the proposed assay system, 1 L-scale fermentation of 

toluene was performed with E. coli (JM109 pDTG601A) 

expressing toluene dioxygenase,4 the extraction of which 

provided sufficient quantities of the cis-diol metabolite for 

initial studies. These exploratory studies demonstrated a 

concentration-dependent fluorescence response when the 

dialdehyde produced by cis-diol oxidation was treated with the 

fluorescent reporter fluoresceinamine (Figure 2B),21 which has 

previously been shown to exhibit markedly increased 

fluorescence upon derivatization of the primary amine,22 and to 

readily form fluorescent imine conjugates with aldehydes in 

aqueous solution.18(e) 

 

To maximize the sensitivity of this cis-diol detection system, the 

assay parameters were varied to determine the reaction 

conditions which would afford the maximum level of sensitivity. 

Investigation of various buffering systems as the medium for 

the assay indicated that the greatest fluorescence response 

could be achieved when the reaction was performed in 0.1 M 

HEPES (N-2-hydroxyethylpiperazine-N′-2-ethanesulfonic acid) 

buffer, while significantly lower fluorescence responses were 

observed when the reaction was performed in 0.1 M TRIS 

(tris(hydroxymethyl)aminomethane) buffer (Figure 3A). This 

lowered response in TRIS buffer can be accounted for by the 

ability of the three hydroxyl moieties of TRIS buffer to 

coordinate to the metaperiodate oxidant, limiting the reactivity 

of the oxidant towards the cis-diol metabolites.23 Having 

identified HEPES buffer as the best-performing buffer medium, 

the fluorescence response was investigated at various pH levels 

within the HEPES buffering range.23 These studies indicated a 

correlation between the acidity of the HEPES buffer medium 

and the magnitude of the fluorescence response (Figure 3B). A 

similar result was observed when 0.1 M phosphate buffer was 

employed as the medium for the assay (Supplementary 

Information, Fig. S1). These results can be attributed to the 

acid-catalyzed imine formation required to form the fluorescent 

dialdehyde-probe conjugate. Although fluorescein derivatives 

 

Figure 2: (A) Coupled reactions employed by the fluorescence-based assay 
system for the detection of cis-diol metabolites; (B) Concentration-dependent 
fluorescence response of the assay to the presence of cis-diol metabolites. All 
studies were performed in triplicate; all measurements demonstrated S. D. 

<5%; fluorescence responses normalized to negative control ([I - I0] / I0).   
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are known to form multiple, pH-dependent ionic equilibria (pKa 

of the monoanionic form of fluorescein is ~6.7),23 and the 

various ionic states of fluorescein are known to exhibit differing 

spectral properties,24,25 only the monoanion and dianion 

species of fluorescein derivatives are known to exhibit 

fluorescence.24(b) Therefore, this data likely indicates an 

improved formation of the fluoesceinamine-dialdehyde 

conjugate under acidic conditions as opposed to an improved 

fluorescence output for the protonated conjugate. Further 

studies identified the optimal pH for the assay system, striking 

a balance between the required acid-catalyzed imine formation 

and the decreased fluorescence of the protonated conjugate, to 

be ~6.5 (Supplementary Information, Fig. S2). To facilitate the 

performance of the assay under these conditions without 

risking acid-catalyzed aromatization of the cis-diol metabolites, 

the oxidation step was performed in buffered solution at pH 7.2, 

and the subsequent conjugation performed at pH 6.5. pH values 

were adjusted upon addition of the fluorescent probe solutions, 

acidified with calibrated amounts of HCl. Time course studies 

indicated an increase in fluorescence response over extended 

reaction times (Figure 3C), henceforth standardized at 5 hours. 

Studies varying the concentration of the fluorescent probe 

confirmed previous reports which reported optimal 

fluorescence response with the use of a final fluoresceinamine 

concentration of 0.1 mM (Supplementary Information, Fig. 

S3),18(e) and these studies also indicated a maximal fluorescence 

response at sodium metaperiodate concentrations in large 

excess from 10 mM - 50 mM (Supplementary Information, Fig. 

S4). These optimization studies demonstrated the capacity of 

the assay system to produce significant increases in 

fluorescence with cis-diol concentrations at or below 10 µM 

under the optimized conditions (Figure 3D). A relative increase 

in fluorescence response at analyte concentrations below that 

of the probe, which could indicate the formation of a bis-

probe/dialdehyde adduct in the presence of excess probe was 

not observed, nor was a relative decrease in fluorescence 

response at low analyte concentrations that could indicate 

internal self-quenching26 of such a bis-adduct (Figure 3D, 

Supplementary Information, Fig. S5). Henceforth, the 

described optimized assay system is referred to as the 

(meta)periodate fluorescein cis-diol assay (MPFCD). 

 

Having established the utility of MPFCD for detecting cis-diol 

metabolites in buffered aqueous solutions, it remained to 

determine whether this system could detect the cis-diol 

metabolites produced by respiring cells expressing Rieske 

dioxygenases. To facilitate increased expression of the toluene 

dioxygenase genes, novel expression vectors were generated 

using the pCDF-Duet-1 template. The requisite ferredoxin 

(todB), reductase (todA) and dioxygenase β (structural)-subunit 

(todC2) were cloned from pDTG601A4 into pCDF-Duet-1 MCS-2 

to generate the novel pCP-01 vector. This vector, lacking the 

catalytic dioxygenase subunit, acted as an assay control in all 

future experiments. The catalytic dioxygenase (todC1) was then 

cloned into MCS-1 of pCP-01 to generate the catalytically active 

pCP-02 vector. Using this expression system, a checkerboard 

assay was performed, wherein a 96-well plate was alternately 

inoculated with single colonies of E. coli (BL21 (DE3) pCP-02) 

 

Figure 3: Assay Optimization Studies; (A) Fluorescence response in varied buffer solutions (0.1 M, pH 7.2); (B) Fluorescence response in 0.1 M HEPES buffer at varied 
pH levels; (C) Time-course fluorescence response in 0.1 M HEPES buffer (pH 6.8); (D) Fluorescence response in 0.1 M HEPES buffer (pH 6.8) with low cis-diol 
concentrations. All studies were performed in triplicate, with 0.1 mM fluoresceinamine and 10 mM NaIO4. Data points with error bars not visible demonstrated S. D. 
<5%. Fluorescence responses normalized to negative control ([I - I0] / I0). 
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expressing the catalytic dioxygenase, and E. coli (BL21 (DE3) 

pCP-01) not expressing the catalytic dioxygenase and grown 

overnight (Figure 4). These seed plates were then used to 

inoculate fresh 96-well plates where they were grown to 

exponential phase, pelleted and resuspended in minimal 

media,20 following the Marley method.27 Cultures were 

subsequently induced and incubated with 2 mM toluene 

substrate. Following incubation with the substrate, the cultures 

were pelleted, and the supernatant transferred to a new 96-

well assay plate and treated under the MPFCD conditions 

described. The significant increase in the fluorescence response 

observed from cultures expressing the full toluene dioxygenase 

system over those lacking the catalytic dioxygenase (Figure 4B) 

demonstrated the power of this assay system to detect cis-diol 

metabolites produced by respiring cells. Additional studies 

performed with purified cis-diol metabolites and “spent” 

minimal media confirmed that the fluorescence response 

detected in this assay was within the linear range of the assay 

under these conditions (0.5-30 RFU, 10-500 µM, 

Supplementary Information, Fig. S5). 

 

Application in Substrate Scope Determination 

 

The ability to rapidly determine the substrate scope of a given 

Rieske dioxygenase without the need for enzyme isolation and 

anaerobic reaction conditions, or the need for medium-scale 

fermentation and metabolite isolation, has practical 

applications in synthesis, biocatalyst engineering, and 

bioremediation. When planning synthetic routes, it is often 

necessary to determine whether an aromatic compound will be 

accepted as a substrate, a process which typically necessitates 

medium-scale fermentation, extraction, and subsequent 

analysis.8 Furthermore, genomic studies have putatively 

identified many dioxygenases of completely untested substrate 

scope to be present in a variety of organisms.28 As our MPFCD 

allows for 96 individual cultures to be grown simultaneously per 

assay plate, with the potential for multiple plates to be used, we 

envisioned a valuable application for this assay system in 

determining the substrate scope of Rieske dioxygenase 

enzymes. To evaluate this application of the assay system, a 96-

well plate of E. coli (BL21 (DE3) pCP-02) cultures expressing 

toluene dioxygenase was prepared, including E. coli (BL21 (DE3) 

pCP-01) cultures as a negative control. These cultures were 

grown and incubated with a small library of aromatic substrates 

(Figure 5A) as described. The results of this substrate scope 

analysis (Figure 5B) were consistent with the established 

substrate scope parameters of toluene dioxygenase,6,8-10 

including decreasing activity being detected with an increase in 

the steric size of alkyl substrates (toluene, ethylbenzene, n-

propylbenzene, n-butylbenzene), and the lack of a significant 

fluorescent response from highly polar substrates 

(phenethylamine, benzamide, etc.). The ability to rapidly 

evaluate a wide range of potential aromatic substrates for 

Rieske dioxygenases will provide a valuable tool for synthetic 

chemists in evaluating potential synthetic sequences, and in 

 

 

Figure 5: Toluene dioxygenase substrate scope is analyzed using the designed 
assay system (n = 4 for each substrate). Fluorescence responses normalized 

to negative control ([I – I0] / I0)]. 

 

Figure 4: (A) Schematic overview of the procedure for the whole-cell checkerboard assay; (B) Normalized fluorescence response data for checkerboard assay with 3σ 
threshold indicated (4.83). The statistical effect size (Z’) for this assay was calculated as 0.78. Fluorescence response of cultures expressing toluene dioxygenase (E. 
coli BL21 (DE3) pCP-02) (n = 30) were normalized to the mean fluorescence response of cultures not expressing toluene dioxygenase ( E. coli BL21 (DE3) pCP-01) (n = 
30; [I – I0] / I0).  
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determining the substrate scope for as yet uncharacterized 

Rieske dioxygenases. 

 

Application in Enzyme Engineering 

 

The primary goal of the assay development described was to 

provide a high throughput means of assessing the relative 

activity of Rieske dioxygenase variants. Such an assay system 

would afford the ability to perform directed evolution studies 

with the goal of expanding the substrate scope of Rieske 

dioxygenases. To evaluate the utility of MPFCD for this 

application, saturation mutagenesis was applied to produce a 

library of toluene dioxygenase variants.29 For proof of concept 

studies, the leucine-272 active site residue was selected for 

saturation mutagenesis for its proximity to bound substrates 

and for its potential to be mutated to a more polar residue, 

which could potentially coordinate and stabilize more polar 

substrates (Figure 6).30,31 A plasmid library of mutations at this 

position was generated via PCR using the ‘NNK’ protocol. 

Following transformation of the plasmid library bearing toluene 

dioxygenase leucine-272 mutants, single colonies from this 

library were inoculated into individual wells in a 96-well plate, 

and these seed plates were incubated overnight. Seed plate 

cultures were used to inoculate fresh assay plates and then 

stored in 60% glycerol at -80 oC. Assay plates were grown 

according to the Marley method as described,26 and were 

incubated with the native substrate toluene. Following 

incubation with the aromatic substrate, assay plates were 

treated under MPFCD conditions to detect the relative amount 

of cis-diol metabolite produced by leucine- 272 variants (Figure 

7B). To confirm the initial results of this assay, representative 

examples of plasmids containing both active and inactive 

mutant dioxygenases (as determined by MPFCD) were isolated 

from cultures stored in seed plates. Isolated mutant plasmids 

were retransformed into E. coli BL21 (DE3), which were cultured 

and carried through the assay system again. Repetition of the 

assay protocol with isolated mutant plasmids confirmed the 

relative activity of the enzyme variants identified as active for 

the native substrate (toluene) in the first analysis (Figure 7C). 

Results for the variant identified as inactive in the first analysis 

were similarly confirmed. Mutants applied in validation studies 

were submitted for sequencing, which confirmed mutations 

from leucine to phenylalanine, and leucine to valine as retaining 

activity towards the native substrate (Figure 7C). A mutation 

from leucine to proline was shown to abolish enzyme’s activity 

for the native toluene substrate. To determine whether the 

identified active site mutations resulted in alterations to the 

substrate selectivity of the enzyme, the L272F and L272V 

variants were subjected to screening with a small library of 

substrates (Figure 8A) as described. Although the L272F variant 

demonstrated a similar reactivity profile to the parent enzyme 

(Supplementary Information, Fig. S7), the L272V mutation was 

shown to significantly alter the substrate selectivity relative to 

the parent (Figure 8B). This active site mutation resulted in a 

shift in substrate selectivity, which favoured sterically larger 

substrates (ethylbenzene, n-propylbenzene, (2-

chloroethyl)benzene) over the native substrate (toluene), and 

in a near complete loss of activity for the benzyl alcohol 

substrate. These results represent the first identification of the 

leucine-272 active site residue of toluene dioxygenase as 

playing a significant role in determining the substrate selectivity 

of the enzyme. These initial studies clearly demonstrate the 

utility of MPFCD in determining the relative activity of 

dioxygenase variants, and determining the effects of specific 

point mutations on the enzyme’s activity. Further, these results 

also demonstrate the potential of this assay system in 

identifying Rieske dioxygenase variants with significantly 

altered reactivity. 

 

Figure 7: (A) Schematic overview of the procedure for the whole-cell toluene 
dioxygenase L272 variant screening assay; (B) Activity of toluene dioxygenase 
L272 variants relative to the parent enzyme (n = 172). Fluorescence response 
of each variant was normalized to the mean fluorescence response of the 
negative control ([I – I0] / I0)]. Parent activity range was determined from 
positive controls (E. coli BL21 (DE3) pCP-02), with the fluorescence response 
normalized to the negative control ([I – I0] / I0)]; (C) Validation of initial assay 
results confirms the activity of L272F and L272V variants, and the inactivity of 
the L272P variant (n = 8).  Fluorescence responses normalized to the mean 
fluorescence response of the negative control ([I – I0] / I0)].   

 

Figure 6: Visualization of the toluene dioxygenase active site with bound 
substrate (toluene, purple).30 Residues within 7.0 Å of the bound substrate 
are included. Image was generated with ChimeraX software.32 
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Conclusions 

 

In summary, we have developed a sensitive and general assay 

system for the diastereoselective detection of Rieske 

dioxygenase activity, which we have herein named as MPFCD. 

Optimization studies identified conditions under which the 

greatest levels of sensitivity can be achieved from MPFCD, 

including the use of non-coordinating buffering systems as the 

reaction medium and mildly acidic conditions for conjugation. 

Proof of concept studies confirmed the utility of MPFCD in 

analyzing the substrate scope of Rieske dioxygenases and in 

determining the relative activity of Rieske dioxygenase variants. 

In the latter application, the assay system facilitated the 

identification of active site mutations that are or are not 

tolerated and the identification of enzyme variants with 

significantly altered reactivity. In comparison to existing 

screening systems employed in Rieske dioxygenase engineering 

studies that rely on the intrinsic fluorescence/absorbance 

properties of potential substrates10(d,e,l), the tendency of 

metabolites to rearomatize to produce a detectable 

analyte,10(g,h,m) or the variant’s specific activity for indole,11 

MPFCD offers substantially enhanced sensitivity and additional 

versatility due to its reliance only on the presence of a vicinal 

diol moiety for analyte detection. Further, MPFCD is suitable for 

high-throughput applications unlike most GC/HPLC-based or 

oxygen electrode-based screening platforms and can be 

performed without the need for specialized equipment unlike 

the Flow-Injection Analysis (FIA) techniques that have been 

applied in high-throughput screening.11 The use of only readily 

available and low cost reagents, and the lack of need for 

specialized equipment makes MPFCD an accessible and 

economical option for the high-throughput screening of Rieske 

dioxygenase variants. Unlike oxygen electrode-based screening 

platforms however,11 the detection of the fluorescent analyte 

by MPFCD is temporally separated from the production of the 

desired metabolites owing to the need for the removal of the 

respiring cells and pH adjustment prior to analysis. For this 

reason, MPFCD does not provide information on the rate of 

oxidation by Rieske dioxygenases. Future studies will expand 

the mutagenesis and screening work, with MPFCD being applied 

in identifying Rieske dioxygenase variants with expanded 

substrate scope or improved selectivity. The development of 

such Rieske dioxygenases will provide valuable synthetic tools 

by broadening the range of cis-diol metabolites that are 

available for synthetic applications, provide a starting point for 

engineering, and determine the scope of environmental 

remediation pathways. 

Experimental Section 

General experimental 

E. coli JM109 (pDTG601A)4 was generously donated by Prof. 

David T. Gibson (1938–2014) and Prof. Rebecca Parales 

(University of California, Davis). E. coli JM109 competent cells 

were obtained from Agilent Technologies. E. coli BL21 (DE3) 

competent cells were obtained from ThermoFisher. Plasmid 

isolation/purification was performed using New England 

Biolabs Monarch® miniprep kit. Transformations of 

electrocompetent cells were performed on an Eppendorf 

Eporator®. Whole cell assay cultures were grown in Greiner Bio-

One polystyrene clear, round-bottom 96-well plates. 

Fluorescence analyses were performed using a Biotek® 

SynergyTM H1 monochromator-based multi-mode plate 

reader, using Corning® polystyrene black, opaque flat-bottom 

96-well plates. All reagents were obtained from MilliporeSigma 

unless otherwise stated. Media were made at pH 7.2 and 

ampicillin or streptomycin were added at 100 and 50 µg/mL 

respectively. All E. coli cultures were maintained at 37 oC unless 

otherwise stated. 

 

Preparative scale production of (1S,2R)-3-methylcyclohexa-3,5-

diene-1,2-diol20,27 

 

E. coli JM109 electrocompetent cells were transformed with 

isolated pDTG601A plasmid containing the toluene dioxygenase 

genes,4 and selected on LB agar containing ampicillin overnight. 

Single colonies were inoculated into 5 mL LB medium containing 

ampicillin and incubated with shaking overnight. Cultures (2 x 

500 mL LB with ampicillin in 2000 mL Erlenmeyer flasks) were 

inoculated with 5 mL overnight culture each and incubated with 

 

Figure 8: Toluene dioxygenase L272V variant substrate scope is analyzed using 
the designed assay system and compared to the activity observed with the 
parent enzyme (n = 4 for each substrate). Fluorescence responses normalized 
to negative control ([I – I0] / I0)]. 
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shaking. Growth of the cultures was monitored via optical 

density measurement at 600 nm. Upon reaching an OD600 of 0.5 

- 0.6 AU, 500 mL cultures were pelleted and resuspended in 

minimal media (KH2PO4 – 7.5 g/L; citric acid – 2 g/L; MgSO4
.7H2O 

- 5 g/L; trace metal solution - 2 mL/L [Na2SO4 - 1 g/L; MnSO4 - 2 

g/L; ZnCl2 - 2 g/L; CoCl2.6H2O - 2 g/L; CuSO4
.5H2O - 0.3 g/L; 

FeSO4
.7H2O - 10 g/L; pH 1.0]; conc. H2SO4 - 1.2 mL/L; ferric 

ammonium citrate - 0.3 g/L; glucose – 4 g/L; thiamine (34 mg/L); 

pH 7.2)7k containing ampicillin. After 1 h of recovery in minimal 

media, the cultures were induced to a final concentration of 1 

mM IPTG and the incubation temperature decreased to 30 oC. 

After a 2 h induction period, neat toluene substrate was added 

directly via pipette to the cultures, in two portions, to a final 

concentration of 2 mM. The cultures were incubated with the 

toluene substrate for 3 h, and subsequently pelleted and the 

supernatant decanted. The combined supernatant was then 

extracted with 3 x 500 mL EtOAc, and the combined extracts 

were dried over anhydrous MgSO4. The dried extract was 

concentrated and the (1S,2R)-3-methylcyclohexa-3,5-diene-

1,2-diol metabolite was purified by flash column 

chromatography (3:2 EtOAc:hexanes) (~120 mg isolated yield). 

 

Assay protocol for optimization studies 

 

Stock solutions of (1S,2R)-3-methylcyclohexa-3,5-diene-1,2-diol 

were prepared in 0.1 M specified buffer systems. Stock 

solutions of NaIO4 were freshly prepared immediately prior to 

use in the assay. Stock solutions of fluoresceinamine were 

prepared in methanol. 100 µL of (1S,2R)-3-methylcyclohexa-

3,5-diene-1,2-diol stock solutions were transferred in 96-well 

black opaque assay plates (Greiner Bio-One, Cat. # CLS3915). 

Negative controls were included for each assay plate (buffer 

media without (1S,2R)-3-methylcyclohexa-3,5-diene-1,2-diol 

was used, negative controls otherwise treated in an identical 

fashion). Oxidative cleavage was initiated by adding 50 µL of 

NaIO4 stock solution to each well, and the assay plate was 

incubated with shaking at room temperature for 30 mins. 

Aldehyde detection was performed by the addition of 50 µL of 

fluoresceinamine stock solution (0.4 mM) to each well. Assays 

plates were incubated with shaking at room temperature for 5 

h (unless otherwise stated). Fluorescence response from each 

well was analyzed at 485 nm (ex), 520 nm (em), and normalized 

to the fluorescence response of the negative controls ([I – I0] / 

I0)]. 

 

Vector Construction 

 

A 2.1-kbp DNA fragment including todC2BA was PCR amplified 

from pDTG601A4 using primers TODC2BAF 

(GTATAAGAAGGAGATATACAATGATTGATTCAGCCAAC) and 

TODC2BAR 

(TATCCAATTGAGATCTGCCATCACGTTAGGTCTCCTTC) and 

cloned into the NdeI site of pCDF-Duet-1 using NEBuilder® HiFi 

DNA Assembly (New England Biolabs) to yield plasmid pCP-01. 

todC1 (1.4-kbp) was then amplified from pDTG601A4 using 

primers TODC1F 

(ACTTTAATAAGGAGATATACATGAATCAGACCGACACATCAC) 

and TODC1R 

(TGATGGTGATGGCTGCTGCCTCAGCGTGTCGCCTTCAG) and 

cloned into the NcoI site of pCP-01 using NEBuilder® HiFi DNA 

Assembly (New England Biolabs) to yield plasmid pCP-02. 

 

Whole-cell fermentation 96 well-plate assay protocol20,27 

 

E. coli BL21 (DE3) electrocompetent cells were transformed 

with isolated pCP-02 plasmids expressing toluene dioxygenase 

(parent and/or mutant libraries), and with isolated pCP-01 

plasmids as negative controls. The transformation cultures 

were incubated on LB + streptomycin plates overnight.  Single 

colonies were inoculated into 160 µL LB + streptomycin media 

with 0.3% glucose in a 96-well round bottom seed plate and 

incubated with shaking overnight. All plates included 3 or more 

wells containing E. coli BL21 (DE3) pCP-02 cells expressing the 

parent toluene dioxygenase enzyme (positive control), and 3 or 

more wells containing E. coli BL21 (DE3) pCP-01 (negative 

control). Seed plates were used to inoculate 5uL into 155 µL LB 

media containing streptomycin in a fresh 96-well round bottom 

assay plate, and the cultures were incubated with shaking 2.5 h. 

The assay plates were then pelleted, and the supernatant 

discarded. Cultures were resuspended in 160 uL minimal media 

(see above) containing streptomycin and incubated for a 1 h 

recovery period. Following this, the cultures were induced to a 

final concentration of 0.5 mM IPTG and the incubation 

temperature reduced to 30 oC. After a 2 h induction period, 

aromatic substrates were added as 68 mM stock solutions in 

DMSO to a final concentration of 2 mM. Cultures were 

incubated with aromatic substrates for 1 h at 30 oC, after which 

the cultures were pelleted. A 100 µL portion of supernatant 

from each well was transferred to 96-well black opaque assay 

plates. Reaction was initiated by adding a 50 µL of NaIO4 stock 

solution to each well to a final concentration of 10 mM, and the 

assay plates were incubated with shaking at room temperature 

for 30 mins. Cleaved diols were detected by adding 50 µL of 

fluoresceinamine stock solution (prepared with 3 µL conc. HCl 

(11.65 M) / 1 mL fluoresceinamine solution) to each well to a 

final concentration of 0.1 mM. Assays plates were incubated 

with shaking at room temperature for 5 h. Fluorescence 

response from each well was analyzed at 485 nm (ex), 520 nm 

(em), and normalized to the mean fluorescence response of the 

negative controls ([I – I0] / I0)]. 

 

Mutant library generation 

 

pCP-02 was used as the template for toluene dioxygenase 

mutant library generation. Saturation mutagenesis was 

performed using the QuikChange® XL II kit (Agilent 

Technologies). Amplification was performed using an ABI 

GeneAmp® 9700 Thermal Cycler. Mutagenic primers were 

designed with the aid of the QuikChange® primer design tool 

(Agilent Technologies) (toluene dioxygenase L272 forward 

primer – 

CTATGTCGGCGACCCCAATNNKATGCTTGCCATCATGGGG; 

reverse primer – 

CCCCATGATGGCAAGCATMNNATTGGGGTCGCCGACATAG). 
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Sequencing analyses were performed by GenHunter© 

corporation (Nashville, TN). 
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