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Abstract

Rieske-type non-heme iron oxygenases/oxidases catalyze a wide range of transformations. Their 

applications in bioremediation or biocatalysis face two key barriers: the need of expensive 

NAD(P)H as a reductant and a proper reductase to mediate the electron transfer from NAD(P)H 

to the oxygenases. To bypass the need of both the reductase and NAD(P)H, using Rieske-

type oxygenase (Stc2) catalyzed oxidative demethylation as the model system, we report Stc2 

photocatalysis using eosin Y/sulfite as the photosensitizer/sacrificial reagent pair. In a flow-

chemistry setting to separate the photo-reduction half-reaction and oxidation half-reaction, Stc2 

photo-biocatalysis outperforms the Stc2-NAD(P)H-reductase (GbcB) system. In addition, in a 

few other selected Rieske enzymes (NdmA, CntA, and GbcA), and a flavin-dependent enzyme 

(iodotyrosine deiodinase, IYD), the eosin Y/sodium sulfite photo-reduction pair could also serve 

as the NAD(P)H-reductase surrogate to support catalysis, which implies the potential applicability 

of this photo-reduction system to other redox enzymes.
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Introduction

Rieske-type oxygenases are a class of non-heme iron enzymes widely distributed in 

nature.1–5 The most well-characterized Rieske-type reactions are those involved in the 

degradation of aromatic compounds.6–7 In recent years, several Rieske-type oxygenases 

in natural product biosynthetic pathways were reported,2 including RedG/McpG-catalyzed 

cyclization in prodiginine biosynthesis,8 arylamine oxidation in pyrrolnitrin biosynthesis,9 

the oxidation of chlorophyll a to chlorophyll b by chlorophyllide a oxygenase,10 

hydroxylation of salvigenin by flavone-8-hydroxylase,11 steroid metabolism,12 guaiacol 

O-demethylation,13 several steps in the biosynthesis of shellfish toxin saxitoxin,14 paralytic 

shellfish toxin and azomycin biosynthesis.15–16

A soil bacterium Sinorhizobium meliloti 1021 uses N,N-dimethylproline (stachydrine 1) as 

a carbon and nitrogen source.17 In the stachydrine catabolic operon (Stc2-Stc3-Stc4, Scheme 

1a), Stc2 is a Rieske-type oxygenase and Stc3/Stc4 pair are the Stc2 reductase pair. In 

many Rieske-type oxygenases, the reductase and ferredoxin are fused into one-protein.18 

Our recent crystallographic work19 indicates that Stc2 is a trimer arranged in a head-to-tail 

fashion (Scheme 1c), similar to other Rieske oxygenases.4 In each Stc2 monomer, the 

distance between the mononuclear iron and the [2Fe-2S] cluster is ∼46 Å, while the 
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mononuclear iron site in one subunit and the Rieske-type [2Fe-2S] cluster in an adjacent 

subunit are linked together via Glu201 at a distant of ∼12 Å (Scheme 1d).19 In Rieske 

oxygenases, cooperation between subunits is needed for the efficient electron transfer and 

catalysis. Genetic studies suggest that Stc3 and Stc4 are the Stc2 reductases and the Stc2-

Stc3-Stc4 complex catalyze the N-demethylation of stachydrine to N-methylproline.17, 19 

In this process, NAD(P)H and stachydrine each provide two electrons in an overall four-

electron O2 reduction process.

In our prior report using dithionite as the reductant, a very low Stc2 demethylase activity 

was observed (one turnover in hours of incubation time),19 and the low activity might be 

attributed to a combination of several factors. First, dithionite can compete with the reduced 

Stc2 for reacting with O2, an oxygen dilemma faced by many oxygenase/oxidases.20–21 

Second, Stc2 and dithionite may not have proper interactions, which limits the electron 

transfer efficiency. To overcome this challenge, in IspG- and IspH-based catalysis reported 

by us, methylviologen was used as an electron transfer mediator to facilitate the reduction 

of their [4Fe-4S] clusters by dithionite.22–23 Third, studies in some other enzyme systems 

suggested that the dithionite reaction products may inhibit enzymatic activity.24 In addition, 

the Rieske oxygenase reaction mechanism and the related electron transfer and protonation 

processes remain unclear.

There is a growing interest in the application of oxidase/oxygenase-catalyzed reactions 

in bioremediation or in the production of value-added products.25–28 Besides obtaining 

enzymes with a sufficient level of activity, to be economically competitive, two additional 

issues need to be addressed: 1) Rieske-enzymes require an appropriate reductase or 

reductase pair to achieve optimal catalytic performance;6, 18 and 2) NAD(P)H is 

expensive.29 In P450s or flavin-dependent oxygenases/oxidases, at least four methods have 

been explored to address these challenges. First, NAD(P)H is regenerated by an enzymatic 

system (e.g., formate dehydrogenase using formate as the sacrificial reagent).30 Second, 

NADP+ could be reduced electrochemically or photochemically.29, 31 Third, in whole-cell-

based biocatalysis, a cell permeable photosensitizer is used to support photo-reduction to 

regenerate NAD(P)H, reduce the reductases, or directly provide electrons for oxygenases.32 

Fourth, it has been reported recently that photo-activated NADH could directly deliver 

electrons to reduce iron-sulfur clusters,33 which eliminates the need of a reductase system.

Our prior Stc2-stachydrine co-crystallization efforts suggested that there may be other 

means to achieve non-NAD(P)H based reduction of Stc2.19 Our X-ray crystallographic 

analysis revealed a Stc2-proline complex, instead of the Stc2-stachydrine complex, 

attributed to a successful stachydrine demethylation reaction where X-ray radiation exposure 

during the synchrotron data-collection process provided the electrons needed for Stc2-

catalyzed N-demethylation reaction.19 This unexpected result motivated us to explore 

NAD(P)H-reductase free Stc2 photo-biocatalysis that we present here. After screening a 

list of photo-sensitizers, sacrificial reagents, and buffer systems, we identified the eosin Y/

sodium sulfite photo-reduction pair that bypasses the need of both NAD(P)H and a reductase 

to support the Stc2-catalyzed stachydrine N-demethylation reaction (Scheme 1b). We further 

demonstrate that under flow-chemistry settings, the performance of the Stc2-eosin Y/sodium 

sulfite photo-biocatalytic process outperforms the Stc2-NAD(P)H-reductase system. Finally, 
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we illustrate that in addition to Stc2-catalysis, the eosin Y/sodium sulfite pair could also 

serve as the photo-reduction system in several other Rieske enzymes and a flavin enzyme.

RESULTS AND DISCUSSION

Stc2 was overexpressed and purified following our previously reported protocol.19 The 

purified Stc2 had 1.9 ± 0.08 iron and 1.1 ± 0.1 sulfide per protein monomer (Figure S1). 

Ru-complexes tris-(bipyridine)Ruthenium(II) ([Ru(bpy)3]2+) has been widely used in both 

synthetic organic chemistry and enzymatic catalysis.34–36 To examine the feasibility of 

Stc2 photo-biocatalysis, we first examined [Ru(bpy)3]2+ as the photo-sensitizer. Under an 

anaerobic condition, we mixed 100 μM of Stc2 and 10 μM [Ru(bpy)3]2+ in the presence 

of 20 mM ascorbate as the sacrificial reagent. The above mixture was illuminated under a 

430 nm LED light with a power density of 9.76 mW/cm2 in an anaerobic chamber. The 

UV-visible spectrum of the solution was monitored over time (Figure 1b and Figure S2). 

The absorbances associated with the oxidized Stc2 Rieske [2Fe-2S]2+ cluster at 460 nm and 

550 nm decreased within the first 15 min of illumination without further changes beyond 

this time point. The resulting Stc2 UV-visible spectrum closely matches that of dithionite 

reduced Stc2, implying the reduction of Stc2 iron-sulfur cluster (Figure S3a).

To provide further support for the successful reduction of the Rieske [2Fe-2S]2+ cluster in 

Stc2 to its [2Fe-2S]+ state by the [Ru(bpy)3]2+/ascorbate pair under LED light illumination, 

we characterized the above Stc2 samples using EPR spectroscopy. Specifically, a mixture 

containing 500 μM Stc2, 500 μM stachydrine, 25 μM [Ru(bpy)3]2+, and 1.5 mM ascorbate 

in 20 mM Tris-HCl, pH 8.0 buffer, was placed under the same 430 nm LED light source 

for 1 hour. The reduced Stc2 sample was divided in two. One was frozen directly for EPR 

analysis without further treatment and the other was treated with NO before EPR analysis. 

The EPR spectrum of the reduced Stc2 sample (black trace, Figure 1c) was best fit by 

quantitative simulations using a combination of two species (two red traces, Figure 1c), with 

g values of 2.01,1.92, 1.73 for species A and g values of 2.01, 1.92, 1.76 for species B. 

Both species are consistent with the properties of a reduced Rieske [2Fe-2S]+ cluster with 

2His-2Cys coordination.37 Non-heme Fe(II) centers are typically EPR silent. To detect the 

ferrous active site, half of the reduced Stc2 sample was treated with NO (Figure 1d). NO 

is commonly used in EPR characterization of non-heme iron enzymes as an O2 surrogate,38 

and when bound, forms an EPR-accessible {S = 3/2}7 complex (using the Enemark-Feltham 

notation).39 The EPR spectrum shows a majority of species near g = 4, typical of {S = 3/2}7 

species.40–41 The splitting of the two features at 4.12 and 3.96 (with E/D = 0.015) reflects 

the asymmetry of the complex. Additionally, the signal near g = 2.04 is from the dinitrosyl 

iron complex (DNIC), which is a common degradation product of [2Fe-2S]1+ in the presence 

of NO.42–43 The signals near g =1.92 and 1.75 are from the reduced [2Fe-2S]+.44–45 Results 

from these EPR spectra are consistent with the reduction of the Rieske iron-sulfur cluster to 

its [2Fe-2S]+ state and the presence of mononuclear non-heme iron center in the Fe2+ state 

in the reduced Stc2.

After demonstrating the successful reduction of Stc2 by the [Ru(bpy)3]2+/ascorbate pair 

under LED light illumination, we conducted the stachydrine N-demethylation reaction 

under both single-turnover and multiple turnover conditions and monitored the reaction by 
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1H-NMR spectroscopy (Figure 1e). Upon mixing the photo-reduced Stc2 protein-substrate 

mixture with O2-saturated buffer under single turnover conditions (200 μM Stc2, 200 μM 

stachydrine, 20 μM [Ru(bpy)3]2+, and 20 mM sodium ascorbate in 20 mM Tris-HCl, pH 

8.0), mono-methyl proline was observed (~ 2.82 ppm for the N-methyl group in trace i, 

Figure 1e), suggesting that the reaction is complete in mixing time (within minutes). In 

contrast, the reaction required hours to achieve one turnover when dithionite was used as 

the chemical reductant in our prior report.19 Therefore, the photo-reduction system indeed 

behaves differently from the chemical reduction system.

To provide further evidence to support that the N-demethylation reaction is due to Stc2 

photocatalysis, we conducted two control experiments: a dark reaction and another reaction 

in the absence of Stc2. The dark reaction mixture contained all of the components except 

that the mixture was incubated under dark for 30 min. and then mixed with O2 containing 

buffer in a dark room. Within 5 min., the mixture was quenched by chloroform treatment to 

denature the Stc2 protein. The aqueous layer was then analyzed by 1H-NMR spectroscopy. 

No N-demethylation of stachydrine was observed under dark conditions (trace ii, Figure 1e). 

For the second control experiment, the reaction was conducted under the same conditions as 

the trace ii reaction in Figure 1e, except that Stc2 protein was excluded. In the absence of 

Stc2 (trace iii, Figure 1e), the two the N-methyl group signals (~ 3.17 ppm and ~ 2.97 ppm) 

from stachydrine were observed, while, no signal from the mono-methyl proline (~ 2.82 

ppm) was detected. The results in these reactions (trace i – iii, Figure 1e) suggest that the 

photo-reduced Stc2 indeed is capable of catalyzing stachydrine N-demethylation reaction.

After demonstrating that the [Ru(bpy)3]2+/ascorbate pair could serve as the photo-reduction 

system to support Stc2-catalysis under single-turnover conditions, we next explored the 

reaction progress under multiple-turnover conditions. In the multiple turnover reaction, the 

mixture (2 mM strachydrine, 20 μM Stc2, 100 μM [Ru(bpy)3]2+, and 20 mM of sodium 

ascorbate in 20 mM Tris-HCl, pH 8.0 buffer) were stirred in an O2 atmosphere while 

illuminated by a mercury-vapor lamp (125 W with a power density of 25-40 mW/cm2) or a 

LED lamp. After 1 hour, the reaction mixture was quenched and analyzed by 1H-NMR 

(trace iv in Figure 1e). Surprisingly, the 1H-NMR spectrum does not show detectable 

amounts of product formation when the Ru[Ru(bpy)3]2+/ascorbate pair was used under 

multiple-turnover conditions (trace iv in Figure 1e) .

The single turnover results (Figure 1e) indicate that [Ru(bpy)3]2+/ascorbate pair serves as a 

photo-reductant for Stc2, and the reduced Stc2 is catalytically active. However, the system 

performs poorly under multiple-turnover conditions. This discrepancy may be due to several 

reasons:46 1) the lifetime of the photo-sensitizer activated state may be too short, resulting in 

poor protein reduction efficiency; 2) after electron-transfer from the photo-sensitizer to the 

enzyme, the back-electron transfer from the reduced Rieske iron-sulfur cluster [2Fe-2S]+ to 

[Ru(bpy)3]2+ might be fast, which could also result in a poor Stc2 reduction efficiency; and, 

3) the sacrificial reagents may not be appropriate, which competes with the reduced enzyme 

to react with O2.20–21 To further improve the performance of Stc2 photo-biocatalysis, we 

screened a list of photo-sensitizers, sacrificial reagents, and buffer systems under both single 

and multiple turnover conditions, with special emphasis on catalysis under multiple turnover 

conditions.
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The screening comprised varying three main factors (Table S1 for the complete list):31, 36

1. Photo-sensitizers. We evaluated inorganic nanoparticles and organic dyes, e.g., 

TiO2, Zinc porphyrin, [Ru(bpy)3]2+, eosin Y, rose B, and rhodamine B.

2. Sacrificial reductants. We examined the efficacy of commonly used 

sacrificial reagents, including ethylenediaminetetraacetic acid (EDTA), 

tris(hydroxymethyl)aminomethane (Tris), ascorbate, formic acid, dithionite, 

methionine, sodium sulfite, 2(N-morpholino)ethanesulfonic acid (MES), 

2-[4-(2-hydroxyethyl)piperazin-1-yl]ethanesulfonic acid (HEPES), and 3-(N-

morpholino)propanesulfonic acid (MOPS).47–48 We have also examined another 

reagent that had not been previously examined, sodium sulfite.

3. Electron mediators. We also tested redox mediators commonly used in 

photo-reduction systems, e.g., methyl viologen, TiO2, CdSe/ZnS quantum dots, 

Ir(ppy)3, Ir(pCF3-ppy)3, [Ir(dtbbpy)(ppy)2]PF6, [Ir{dF(CF3)ppy}2(dtbpy)]PF6, 

eosin Y, 5-carboxyeosin, and 5-maleido-eosin Y.

Three representative 1H-NMR spectra for each variable listed above are shown in Figure 

2 and more details are in Table S1 and Figure S4–6. Due to the difficulties faced in the 

[Ru(bpy)3]2+/ascorbate pair in achieving multiple-turnover, in these screening efforts, we 

focused on Stc2 photo-biocatalysis under multiple-turnover assay conditions. As shown in 

Figure 2, among the combinations we screened, the eosin Y/sodium sulfite pair has the 

best performance (trace iv, Figure 2). Further addition of titanium dioxide mediator only 

leads to a slightly better performance. Stc2 reduction progress using the eosin Y/sodium 

sulfite pair mediated photo-reduction was then monitored (Figure 3b). Using only 0.3 μM 

eosin Y, which is 0.3% relative to the Stc2 concentration, Stc2 was fully reduced after 40 

min. In the presence of an excess amount of sodium sulfite, with 0.15%, 0.3%, 0.42%, and 

0.6% eosin Y load relative to Stc2 concentration, we have measured the Stc2 reduction 

rate. Reduction progress was monitored by UV-visible spectroscopy at various time points. 

Reduction kinetics are calculated based on the decrease in 460 nm and 550 nm absorption 

features associated with the oxidized [2Fe-2S]2+ cluster in Stc2 (Figure 3b, 3c, and Figure 

S7). While [Ru(bpy)3]2+ in Figure 1 was present in 5-10% molar equivalents of Stc2 

concentration, as little as ~0.3% molar equivalents of eosin Y relative to Stc2 could catalyze 

complete photo-reduction Stc2 (Figure 3b) and analysis of the reduction traces give a Stc2 

photo reduction 2nd order reduction rate constant k of ~0.17 min−1•μM−1, which confirms 

the eosin Y/sulfite pair’s efficacy as a Stc2 photo-reduction system.

After the quantitative analysis of the Stc2 reduction rate under various eosin Y 

concentrations (Figure 3), we re-evaluated Stc2 catalysis under multiple-turnover conditions. 

At a Stc2:eosin molar ratio of 1:0.5, a turnover number of ~20-30 was observed (Figure 

4b and Figure S8). In these multiple turnover reactions, to quantitatively measure the 

concentrations of stachydrine and N-methylproline, a known concentration of ethylviologen 

was added into the NMR samples to serve as an internal standard. Achieving a turnover 

number of ~20-30 under multiple turnover conditions is a significant improvement in 

comparison to the results in our prior report, where dithioniate was used as the reductant and 

one turnover could take a few hours.19
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While the [Ru(bpy)3]2+/ascorbate pair reported in Figure 1 supports Stc2-catalysis under 

single-turnover conditions, its performance is poor under multiple-turnover conditions. 

In the prior sections, we suggested possible attenuating factors:46 1) the lifetime of the 

activated state of the photo-sensitizer; 2) the reduction rate of the activated photo-sensitizer 

by the sacrificial reagent, 3) the electron transfer between [Ru(bpy)3]+ and Stc2; 4) the 

competition between various reductants and reduced Stc2 for reacting with O2 (the O2 

dilemma referred in literature).20–21 Screening of photo-sensitizers, sacrificial reagents, 

and buffer systems under both single and multiple turnover conditions possibly addressed 

reasons 1 – 3 and improved the turnover numbers (e.g., Stc2 reaction under batch reaction 

conditions shown in trace i, Figure 4b). In addition, it has been reported in literature that 

the photo-oxidation product of sulfite is sulfate,49 which may not affect the enzyme activity. 

However, the O2 dilemma has not been directly addressed yet. One potential solution is to 

separate the photo-reduction half-reaction and the oxidation half-reaction. To address this 

need, we incorporated flow-chemistry50 into Stc2 photo-biocatalysis (Figure 4a).

The general setting is shown in Figure 4a. The system was split into two halves: light 

reaction (Stc2 photoreduction) and dark-reaction (Stc2 catalysis). The reaction mixture is 

circulated between the two halves driven by a peristaltic pump. The reaction mixture (20 μM 

Stc2, 2 mM stachydrine, 20 μM eosin Y, and 20 mM sodium sulfite in 20 mM Tris-HCl, 

pH 8.0) was placed in the reservoir. The solution was pumped into the PFA tube, which was 

illuminated by either the LED light or by the white light. For the peristaltic pump used in 

this experiment, its maximal capacity is 6 mL/min. The volume of the PFA tube exposed 

to light is 3 mL. Therefore, the photoreduction half-reaction time is ~ 30 seconds. Based 

on the photoreduction rate constant of 0.17 min−1•μM−1 determined previously (Figure 3), 

a residence time of 30 seconds in the PFA tube is long enough to reduce most Stc2 for 

catalysis.

To apply flow-chemistry in Stc2-catalysis, another challenge is in the oxidation half-

reaction, where O2 (gas) is the oxidant. In gas-liquid reactions in synthetic organic chemistry 

under flow-chemistry settings, the gas is delivered into microreactors to produce segmented 

flow (also called slug flow or Taylor flow). The slug-flow setting could significantly increase 

gas-liquid interface to improve the reaction performance.51 Unfortunately, when we applied 

this method to deliver O2 or air into the Stc2 reaction mixture, foaming of the Stc2 reaction 

mixture caused protein inactivation. To address the O2 delivery issue in photo-biocatalytic 

flow-chemistry setting, we decided to generate O2 in situ by taking advantage of the reaction 

catalyzed by chlorite dismutase (CLD).52 CLD catalyzes the decomposition of chlorite to 

chloride and O2 with kcat as high as 2 × 104 s−1. Such a high kcat for chlorite dismutase 

ensures that when ClO2
− solution is introduced into a CLD-containing solution, molecular 

oxygen (O2) will be produced in situ almost instantaneously. In this new design, the mixture 

is reduced in the PFA tube under LED light illumination in the photo-reduction half, and 

chlorite solution and CLD are introduced to the reduced solution through another pump to 

generate O2 in situ to initiate the oxidation half reaction. In this setting, the photo-reduction 

and oxidation half reactions were separated (Figure 4a). For example, in the Figure 4b trace 

ii experiment, the CLD/chlorite ratio used is 1:1200 and the chlorite delivery rate is from 7.2 

μmol/h to 2.0 μmol/h, which matches with the Stc2 circulation rate in the reaction mixture 

to minimize the production of O2 in excess. Under these conditions, we can successfully 
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further improve the turnover numbers to 65 – 70 in at least three replicates (1H-NMR of the 

reaction in trace ii, Figure 4b). In the current setting, the turnover rate and turnover numbers 

are limited by the peristaltic pump-controlled solution circulation rate. Based on the results 

from our current settings, by adjusting the photo-reduction time (tube length to minimize 

photo-bleaching) and the peristaltic pump-controlled circulation rate, the performance of this 

photo-biocatalytic system has the potential to be further optimized.

For mononuclear non-heme iron enzymes, it is common to have self-inactivation after 

certain number of turnovers. Due to this reason, a total turnover number of ~100 or 

less is common.53–54 This is certainly true for Stc2 too and it is also possible that the 

turnover number for Stc2 in the flow-chemistry setting reported in Figure 4b is close to 

the maximal capacity already. To provide a benchmark for quantitative evaluation of the 

performance of this photo-reduction system, we further characterized Stc2-catalysis using 

an NAD(P)H-reductase system. Because the expression of the two Stc2 reductases (Stc3 

and Stc4) is problematic, we turned our focus to another Rieske-enzyme, glycine betaine 

N-demethylase, which also catalyzes an oxidative demethylation reaction.55 In contrast to 

the Stc2 system, the glycine betaine N-demethylase has only one reductase and has been 

successfully overexpressed. We cloned and overexpressed glycine betaine N-demethylase 

reductase (GbcB) from P. aeruginosa. We then examined the Stc2 reaction under multiple 

turnover conditions using NADH-GbcB as the reduction system. The quantitative analysis of 

the NMR result in trace iii, Figure 4b indicate that the turnover number for this enzymatic 

reduction system is ~35-40. The results (trace ii vs trace iii, Figure 4b) demonstrate that 

using the eosin Y/sodium sulfite pair photo-catalytic system in flow-chemistry setting, Stc2 

photo-biocatalysis is at a level comparable or outperforms the NAD(P)H-reductase system.

With the success in Stc2 photo-biocatalysis, the other question is whether eosin Y/sodium 

sulfite pair can be applied to other enzymes. We further examined this photo-reduction 

system in a few other Rieske enzymes, including hydroxylation reaction catalyzed by 

carnitine monooxygenase (CntA),56–57 caffeine N-demethylation catalyzed by NdmA,58–59 

and glycine betaine N-demethylation by GbcA.55 Beside iron-sulfur clusters, flavin 

is another common cofactor for redox-chemistries or for electron-transfer processes. 

Therefore, we also selected a flavin-dependent enzyme, iodotyrosine deiodinase (IYD),60–62 

to test the potential application of the eosin Y/sodium sulfite pair in flavin-enzyme photo-

biocatalysis. These genes were synthesized by Genscript. The codon-optimized genes were 

sub-cloned into IBA-pASK-3plus vector. For the Rieske enzymes, their overexpression and 

purification protocols were similar to those used in Stc2 overexpression (Supplementary 

method and Figure S9). For IYD, the codon optimized gene was sub-cloned into pET28a-(+) 

vector, and overexpressed in E. coli with supplementation of 0.1 mM of riboflavin in 

the culture media (Supplementary method and Figure S9), and then purified by Ni-NTA 

affinity chromatography. We tested the activity of these purified proteins using the eosin 

Y/sodium sulfite pair under multiple turnover conditions in batch reactions in a manner 

similar to Stc2 (Figure 2). In batch conditions, the eosin Y/sodium sulfite pair could support 

these photo-biocatalytic transformations (Figure 5). For the NdmA reaction, the reactions 

were analyzed by HPLC (Figure 5a). To further confirm the identities of the products, 

the corresponding fractions were collected and then characterized by high resolution mass 

spectrometry (Figure S10–11). Consistent with literature reports,58–59, 63–64 the eosin Y/
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sulfite pair does support NdmA-catalysis. For the CntA-catalysis, GbcA-catalysis and IYD-

reaction, we directly monitored the reaction by 1H-NMR because the methyl group in CntA, 

GbcA substrates and the aromatic hydrogens in the IYD substrate have distinct chemical 

shifts and do not overlap with the buffer or protein signals. 1H-NMR clearly support the 

success of CntA- (Figure 5b and Figure S12), GbcA- (Figure 5c and Figure S13) and 

IYD-catalysis (Figure 5d and Figure S14). The reaction product assignments were further 

confirmed by spiking the NMR samples with the product standards.

For Rieske oxygenases, especially for those that are involved in the degradation of aromatic 

compounds,6–7 they do have some level of flexibility in accepting alternative substrates. S. 
meliloti 1021 is a soil bacterium, using N,N-dimethylproline (stachydrine 1) as a carbon and 

nitrogen source.17 In order to make use of stachydrine as a carbon and nitrogen source, Stc2 

might have evolved to improve the substrate specificity. After the establishment of the Stc2 

photo-biocatalytic system under multiple turnover conditions, we have also selected a few 

substrate analogs for characterization to test Stc2 substrate flexibility. Besides stachydrine, 

Stc2 does accept glycine betaine as an alternative substrate, producing di-methylglycine as 

the product (Figure S15). When histidine betaine (trimethylhistidine or hercynine) was used 

as the substrate, no detectable activity was observed. For the other Rieske enzymes listed in 

Figure 5, none of their substrates could be accepted by Stc2 as an alternative substrate either. 

Therefore, consistent with the capacity of S. meliloti 1021 to use stachydrine as the carbon 

and nitrogen source, Stc2 might have been evolved to increase its specificity for stachydrine, 

which limits Stc2’s capacity to use alternative substrates.

CONCLUSIONS

In this work, using Stc2-catalyzed stachydrine N-demethylation as the model system, we 

describe a NAD(P)H- and reductase-free photo-reduction system (eosin Y-sulfite pair). 

Under multiple turnover conditions, the performance of this photo-reduction system is 

comparable to the native NAD(P)H-reductase system. By further introducing the flow-

chemistry setting to separate the photo-reduction half-reaction and the oxidation half-

reaction, we further improved the performance of Stc2 photo-biocatalystic system. In our 

flow-chemistry setting, there might be a small amount of unreacted O2 left in the photo-

reduction half-reaction. However, Stc2-eosin Y/sodium sulfite already works better than the 

batch reaction and the Stc2-NAD(P)H-reductase system. These results highly suggest that 

the flow-chemistry setting could partially address the O2 delivery issue. In a few other 

selected Rieske enzymes (NdmA, CntA, GbcA), and flavin-dependent enzyme (IYD), the 

eosin Y/sodium sulfite pair could also serve as a surrogate for their reductases or reductants. 

Recently, cell permeable photosensitizers have been examined in supporting Rieske-type 

oxygenase activity in whole-cell systems.65 Eosin Y is cell permeable and sulfite is a 

common metabolite. Therefore, it may also worth exploring this photo-reduction system 

in whole-cell catalysis. With the growing interest in applying oxidase/oxygenase catalyzed 

reactions in bioremediation and in biocatalysis for the production of value-added products, 

the eosin Y-sulfite pair photo-reduction might be useful in these applications.
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EXPERIMENTAL SECTION

Materials:

Reagents and photosensitizers were purchased from Sigma-Aldrich. Stachydrine was 

synthesized based on the previously published protocol.19 Proton nuclear magnetic 

resonance spectra were recorded using an Agilent 500 NMR (500 MHz VNMRS). 

Chelex-100 resin was purchased from Bio-Rad laboratory. The Iron content was quantified 

by MP AES atomic emission spectroscopy (Agilent).

Cell growth and purification of Stc2.

Stc2 gene sequence was codon optimized for Escherichia coli by Genscript and sub-cloned 

into the IBA-pASK-3plus vector, with EcoRI and XhoI restriction sites. Competent cell 

pDB1281/BL21 was transformed with the plasmid and a single colony was inoculated 

into 50 mL LB media supplemented with 50 μg/mL kanamycin and 100 μg/mL ampicillin 

resistance at 37 °C overnight. Then, 10 mL of seed culture was used to inoculate 1 L of LB 

media supplemented with 50 μg/mL kanamycin and 100 μg/mL ampicillin at 37 °C. When 

OD600 nm reached 0.2, arabinose was added to 5g/L final concentration. At OD600 nm = 

0.6 ~ 0.8, protein overexpression was induced with anhydrous tetracycline to 0.5 mg/L final 

concentration. The protein was overexpressed at 25 °C for 14 hours. The cell was collected 

by centrifugation. The protein purification process was performed inside an anaerobic glove 

box (Coy Laboratory Products). 9 g of Stc2 cells were suspended in 50 mL of anaerobic 

lysis buffer (100 mM Tris-HCl, 150 mM NaCl, pH 8.0). 45 mg of lysozyme was added into 

the cell suspension, which was incubated on ice for 30 min with shaking. Before sonication, 

sodium ascorbate and ferrous ammonium sulfate were added to 0.4 mM and 0.2 mM 

(respectively) final concentrations. The cell suspension was disrupted by sonication (505 

Sonic Dismembrator). Supernatant and cell debris were separated by centrifugation at 19500 

rpm, 4 °C for 45 min. The supernatant was loaded to 20 mL of strep-tag resin and shaken 

on ice for 40 min. The flow through was collected and the resin was washed by lysis buffer 

and the target protein was eluted by lysis buffer supplemented with 2.5 mM desthiobiotin. 

The Stc2-containing fractions were combined and concentrated by ultrafiltration with 10 

kDa membrane. The concentrated protein was frozen by liquid nitrogen and stored at −80 °C 

freezer. The purity of protein purified is analyzed by SDS-PAGE analysis.

Iron content quantification of Stc2.

20 μL of 0.90 mM Stc2 was diluted by adding 980 μL 2 % (w/w) HNO3. The protein 

precipitates were removed by centrifugation at 16000 rpm for 10 min. Iron standards (0.125 

ppm to 2 pm) were made by diluting 1000 ppm iron stock solution by 2 % (w/w) HNO3 

and used to make a calibration curve. The iron content was analyzed by atomic emission 

spectroscopy. The iron content was calculated based on the protein concentration, iron 

concentration, and sample dilution factor.

Stc2 sulfur quantification of Stc2.

A previously reported protocol was followed.66 200 μL of 90 μM Stc2 was added to a 2 mL 

plastic tube with stir bar. 600 μL of 1% zinc acetate was added and 30 μL of 12 % NaOH 
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was added immediately with stirring until the solution was well mixed. After the solution 

was sat for 1 hour, 150 μL of 0.1 % N,N-dimethyl-p-phenylenediamine solution was added 

to the mixture and stir gently. Then, 30 μL of 23 mM FeCl3 was added. The precipitates 

were removed by centrifuge at 15500 rpm for 20 min. A670 nm, A710 nm, and A750 nm were 

collected and A670 nm was used for analysis, with ε670 nm = 34.6 cm−1•mM−1. Based on 

this analysis, the labile sulfur content was quantified as 1.1 ± 0.1.

Stc2 single turnover reaction using sodium dithionite as the reductant.

A 0.5 mL reaction with 200 μM Stc2, 200 μM stachydrine, 400 μM sodium dithionite in 20 

mM Tris-HCl, pH 8.0 buffer was mixed in the anaerobic gloves box and incubated on ice 

for 10 min. Then, the reaction mixture was removed out of the anaerobic box and connected 

to an oxygen balloon. The reaction was stirred in air at room temperature for 2 hours. The 

protein precipitated was quenched by adding 300 μL chloroform and vortex for 5 min. The 

protein precipitates were removed by centrifugation at 15500 rpm for 10 min. The water 

layer was collected and lyophilized. The sample was dissolved in 300 μL of D2O. The 

product formation was analyzed by 1H-NMR.

We used ethyl viologen as an internal standard to normalize sample concentrations. Turnover 

numbers could be calculated by the relative intensities of the signals for N-methyl groups in 

staychydrine vs mono-methyl proline. This is possible because the methyl group signals for 

stachydrine and mono-methyl proline are well-separated from all of the other signals of the 

reaction mixture.

Stc2 single turnover reaction using [Ru(bpy)3]2+-sodium ascorbate photo-reduction 
system.

A 0.25 mL reaction mixture contained 400 μM Stc2, 400 μM stachydrine, 40 μM 

[Ru(bpy)3]2+, and 40 mM sodium ascorbate in 20 mM Tris-HCl, pH 8.0 buffer in the 

anaerobic gloves box and incubated on ice for 10 min. The sample was placed under 430 

nm LED light with a power density of 9.76 mW/cm2 in the anaerobic box for 1 hour. Then, 

the reduced mixture was taken out of the gloves box and mixed with 0.25 mL of oxygenated 

20 mM Tris-HCl, pH 8.0 buffer. The reaction was stirred at the room temperature for 5 min. 

The protein was quenched and precipitated by adding 300 μL chloroform and vortexed for 5 

min. The protein precipitates were removed by centrifugation at 15500 rpm for 10 min. The 

aqueous layer was collected and lyophilized. The sample was dissolved in 300 μL of D2O. 

The product formation was analyzed by 1H-NMR.

Screening of photo-sensitizers of Stc2-reaction under multiple turnover conditions.

To identify the suitable photosensitizers with improved turnover number for Stc2, multiple 

photo-sensitizers were tested. One typical reaction was composed of 0.25 mL mixture 

with 40 μM Stc2, 4 mM stachydrine, 40 mM sodium ascorbate, 200 μM photosensitizers 

([Ru(bpy)3]2+, eosin Y, rhodamine B, rose bengal or Zinc- porphyrin) or 1 mg of solid 

form of photosensitizers (TiO2, or mesoporous graphitic carbon nitride (mpg-CN) in 20 mM 

Tris-HCl, pH 8.0 buffer. The mixture was incubated on ice for 10 min in the anaerobic 

gloves box. Then, the reaction mixture was transferred out of the gloves box and quickly 

mixed with 0.25 mL oxygenated, 20 mM Tris-HCl, pH 8.0 buffer. The reaction mixture 
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was stirred at room temperature for 1 hour under the bright mercury-vapor lamp light (125 

W, 25-40 mW/cm2
.). Ethyl viologen was added to 1 mM final concentration as an internal 

standard. The reaction was quenched by adding 300 μL chloroform and vortex for 5 min. 

The protein precipitates were removed by centrifugation at 15,500 rpm for 10 min. The 

water layer was collected and lyophilized. The sample was dissolved in 300 μL of D2O. The 

product formation was analyzed by 1H-NMR.

Screening of sacrificial reagents of Stc2-reaction under multiple turnover conditions.

One typical reaction was composed of 0.25 mL mixture with 40 μM Stc2, 4 mM 

stachydrine, 40 mM sacrificial reagents (sodium ascorbate, Na2SO3, methionine, Na2S2O4, 

diethyldithiocarbamate, triethanolamine, EDTA, MES, HEPES, fomic acid, NaHPO3 and 

Na2S), 200 μM eosin Y in 20 mM Tris-HCl, pH 8.0 buffer. The mixture was incubated on 

ice for 10 min in the anaerobic gloves box. Then, the reaction mixture was transferred out 

of the glove box and quickly mixed with 0.25 mL oxygenated 20 mM Tris-HCl, pH 8.0 

buffer. The reaction mixture was stirred at room temperature for 1 hour under the bright 

mercury-vapor lamp light. Ethyl viologen was added to 1 mM final concentration as an 

internal standard and the reaction was quenched by adding 300 μL chloroform and vortex for 

5 min. The protein precipitates were removed by centrifugation at 15,500 rpm for 10 min. 

The water layer was collected and lyophilized. The sample was dissolved in 300 μL of D2O. 

The product formation was analyzed by 1H-NMR.

Screening of electron mediators of Stc2 reaction under multiple turnover conditions.

One typical reaction was composed of 0.25 mL mixture with 40 μM Stc2, 4 mM 

stachydrine, 40 mM Na2SO3, 4 mM methyl violgen or 0.1 mg of other electron 

mediators (TiO2, CdSe/ZnS quantum dots, Ir(ppy)3, Ir(p-CF3-ppy)3, Ir(dtbbpy)(ppy)2 and 

(Ir[dF(CF3)ppy]2(dtbpy))PF6), 200 μM eosin Y in 20 mM Tris-HCl, pH 8.0 buffer. The 

mixture was incubated on ice for 10 min in the anaerobic glove box. Then, the reaction 

mixture was transferred out of the gloves box and quickly mixed with 0.25 mL oxygenated 

20 mM Tris-HCl, pH 8.0 buffer. The reaction mixture was stirred at room temperature for 

1 hour under the bright mercury-vapor lamp light. Ethyl viologen was added to 1 mM 

final concentration as an internal standard. The reaction was quenched by adding 300 μL 

chloroform and vortex for 5 min. The protein precipitates were removed by centrifugation 

at 15,500 rpm for 10 min. The water layer was collected and lyophilized. The sample was 

dissolved in 300 μL of D2O. The product formation was analyzed by 1H-NMR.

Screening of substrate selectivity of Stc2 reaction under multiple turnover conditions.

One typical reaction was composed of 0.25 mL mixture with 300 μM Stc2, 3 mM 

substrates (glycine betaine, histidine betaine, L-carnitine, caffeine, 3-iodo-L-tyrosine), 40 

mM Na2SO3, 150 μM eosin Y in 20 mM Tris-HCl, pH 8.0 buffer. The mixture was 

incubated on ice for 10 min in the anaerobic gloves box. Then, the reaction mixture was 

transferred out of the gloves box and quickly mixed with 0.25 mL oxygenated 20 mM Tris-

HCl, pH 8.0 buffer. The reaction mixture was stirred at room temperature for 1 hour under 

the bright mercury-vapor lamp light. Ethyl viologen was added to 1 mM final concentration 

as an internal standard. The reaction was quenched by adding 10 μL 6 M hydrochloric acid 

and vortex for 5 min. The protein precipitates were removed by centrifugation at 15,500 rpm 
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for 10 min. The water layer was collected and lyophilized. The sample was dissolved in 300 

μL of D2O. The product formation was analyzed by 1H-NMR.

Stc2 flow-chemistry.

A 5 mL reaction mixture with 20 μM Stc2, 2 mM stachydrine, 20 μM eosin Y and 20 

mM Na2SO3 in 20 mM Tris-HCl, pH 8.0 buffer was placed in a reservoir as the starting 

solution. Set up the flow system as shown in Figure 4b. The reaction mixture was circulated 

between the two halves driven by a peristaltic pump. The solution was pumped into a 

3mL PFA tube, which was illuminated by either the LED light or by the white light. The 

peristaltic pump used in this experiment, operated at a flow rate of 6 mL/min. Therefore, the 

photoreduction half-reaction time is ~ 30 seconds before exiting the PFA tube. 5μM CLD in 

20 mM Tris-HCl, pH 8.0 buffer and 1.25 mM NaClO2 in 20 mM Tris-HCl, pH 8.0 buffer 

were prepared separately and transferred into a sealed 10 mL syringe for delivering. The 

CLD/chlorite ratio is: 1:1200 and the chlorite delivery rate is from 7.2 μmol/h to 2.0 μmol/h 

which matches with the Stc2 circulation rate in the reaction mixture. The CLD solution was 

mixed with the sodium chlorite solution first and then mixed with the reduced Stc2 reaction 

mixture. In some reactions, we supplement some additional eosin Y to compensate the loss 

of eosin Y due to photo-bleaching. At the end of the reaction, the mixture was lyophilized 

and dissolved in 1 mL D2O and analyzed by 1H-NMR.

Stc2 reaction under multiple turnover conditions using NADH-GbcB as the reduction 
system.

A 0.25 mL mixture with 40 μM Stc2, 4 mM stachydrine, 40μM GbcB, 40μM FAD and 6mM 

NADH in 20 mM Tris-HCl, pH 8.0 buffer. The mixture was incubated on ice for 10 min in 

the anaerobic gloves box. Then, the reaction mixture was transferred out of the gloves box 

and quickly mixed with 0.25 mL oxygenated 20 mM Tris-HCl, pH 8.0 buffer. The reaction 

mixture was stirred at room temperature for 1 hour. Ethyl viologen was added to 1 mM 

final concentration as an internal standard and the reaction was quenched by adding 300 μL 

chloroform and vortex for 5 min. The protein precipitates were removed by centrifugation 

at 15,500 rpm for 10 min. The water layer was collected and lyophilized. The sample was 

dissolved in 300 μL of D2O. The product formation was analyzed by 1H-NMR.

Stc2 photo-reduction kinetics using [Ru(bpy)3]2+ and sodium ascorbate as the photo-
reduction system.

1 mL reaction mixture with 100 μM Stc2, 2 mM stachydrine, 20 mM sodium ascorbate, 10 

μM [Ru(bpy)3]2+ in 20 mM Tris-HCl buffer was mixed in the anaerobic box and sealed in 

the air-sealed quartz cuvette. The reaction mixture was incubated under the 430 nm LED 

light with a power density of 9.76 /cm2. The UV scan at different time points from 350 nm 

to 700 nm was collected by Cary UV-vis spectrometer.

Stc2 photo-reduction kinetics using eosin Y and Na2SO3.

1 mL reaction mixtures contained 2 mM of stachydrine, 100 μM Stc2, 20 mM sodium 

sulfite, and eosin Y as the photo-sensitizer at four different concentrations (0.15 μM, 0.3 

μM, 0.42 μM, and 0.6 μM). These reaction mixtures were placed under the mercury lamp’s 
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white light in an air-sealed quartz cuvette. The UV scan at different time points from 

350 nm to 700 nm was collected by Cary UV-vis instrumentation. The reduction progress 

was moni-tored by collecting UV-visible spectra at various time points. Reaction progress 

reflected as a percentage of total Stc2 reduction by monitoring the Electronic Absorption 

band at 460 nm which is associated with the oxidized [2Fe-2S]2+ cluster in Stc2. Kinetic 

data were fit using the KinTek Explorer software to directly simulate the processed data and 

to fit the data to single-exponential curves (Figure 3b, 3c, and Figure S7).

Eosin Y concentration dependence in Stc2 multiple turnover reaction.

After demonstrating that eosin Y could serve as a photo-sensitizer for Stc2 reduction, 

the ratio between Stc2 and eosin Y was optimized to improve the total turnover number. 

One typical 0.25 mL reaction was composed of 40 μM Stc2, 40 mM Na2SO3, various 

concentrations of eosin Y (0.4 μM, 2 μM, 4 μM, 10 μM, 20 μM, 40 μM, 120 μM, 200 μM 

and 400 μM) in 20 mM Tris-HCl, pH 8.0 buffer. The mixture was incubated on ice for 10 

min in the anaerobic gloves box. Then, the reaction mixture was transferred out of the gloves 

box and quickly mixed with 0.25 mL oxygenated 20 mM Tris-HCl, pH 8.0 buffer. The 

reaction mixture was stirred at room temperature for 1 hour under the bright mercury-vapor 

lamp light. The reaction was quenched by adding 300 μL chloroform and vortex for 5 min. 

The protein precipitates were removed by centrifugation at 15,500 rpm for 10 min. The 

aqueous layer was collected and lyophilized. The sample was dissolved in 300 μL of D2O. 

The product formation was analyzed by 1H-NMR.

Preparation of NO-Stc2 sample for EPR analysis.

Standardization of PROLI-NONOate stock solutions: All samples were prepared in a Coy 

Laboratories anaerobic chamber. First, PROLI-NONOate (Cayman Chemical Company) 

stock solutions were prepared and standardized following a previously established 

methodology.67 Briefly, approximately 10 mg PROLI-NONOate were dissolved in 1 mL of 

deoxygenated 10 mM NaOH on the same day of EPR sample preparation. The NO delivery 

equivalents of the PROLI-NONOate stock solution were standardized by the reaction of the 

generated NO with FeIIEDTA at pH 7. A 50 mM stock solution of Fe(NH4)(SO4)2•6H2O 

was prepared fresh and mixed 1:1 (v/v) with 100 mM EDTA at pH 7. 10 μL PROLI-

NONOate solution was mixed with 490 μL of 50 mM HEPES pH 7.0, followed approx. 60 

s later by the addition of 500 μL of the EDTA stock solution. The resultant mixture was 

quantified by measuring the absorbance at 440 nm of the FeIIEDTA-NO complex (ϵ440nm = 

900 M−1•cm−1). With the stock solution of PROLI-NONOate standardized, an appropriate 

volume of stock PROLI-NONOate was diluted in 10 mM NaOH to prepare 1 mL of 5 mM 

NO(g) equivalents solution. This solution was used for the preparation of the EPR samples.

Stc2 EPR sample preparation: An 1 mL reaction mixture with 0.5 mM Stc2 was mixed 

with 0.5 mM stachydrine, 25 μM [Ru(bpy)3]2+ and 1.5 mM ascorbate in anaerobic 20 mM 

Tris-HCl, pH 8.0 buffer was set up in the anaerobic gloves box and incubated under the light 

for 1 hour. Then the sample was equally split into two portions. One portion was directly 

aliquoted into an EPR tube for EPR spectroscopy directly. Another portion was treated with 

PROLI-NONOate to 0.6 mM final concentration. Then the sample was aliquoted to another 
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EPR tube for EPR spectroscopy. The samples were frozen and stored in the liquid nitrogen 

until the EPR measurement.

EPR Spectroscopy.

X-Band EPR spectra were collected on a Bruker ELEXYS-II E500 EPR spectrometer 

equipped with a helium continuous flow cryostat model ESR 900 (Oxford Instruments, 

Inc.). The temperature was controlled with an Oxford Instruments ITC 503 Digital 

Cryogenic temperature controller. Unless otherwise noted, all spectra were recorded using 

the following standard parameters: modulation frequency, 100 kHz; modulation amplitude, 

10 G; conversion time, 100 ms; time constant 3.6 ms; microwave frequency 9.38 GHz. 

Microwave power and sample temperature were adjusted to ensure spectra were non-

saturating. EPR signals were quantified relative to a 2.78 mM CuIIEDTA standard at pH 4.0 

in 10% (v/v) glycerol. The CuII of known concentration was from a commercially-certified 

AAS standard solution in 2% nitric acid (Sigma Aldrich).

Quantitative spectral simulations were performed using the software SpinCount developed 

by M.P. Hendrich.68 The simulations were calculated with least-squares fitting using the spin 

Hamiltonian:

H = βB ⋅ g ⋅ S + D[Sz
2 − S(S+1)/3 + (E/D)(Sx

2 − Sy
2)],

Where D and E are the axial and rhombic zero-field splitting parameters, and B represents 

the applied magnetic field.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1. Stc2-catalysis using a [Ru(bpy)3]2+-ascorbate pair as a photo-reduction system.
a), Scheme of Stc2-catalyzed N-demethylation reaction with [Ru(bpy)3]2+ as the photo-

sensitizer (PS). b), Stc2 reduction time-course monitored by UV-visible spectroscopy. The 

control used is the [Ru(bpy)3]2+ solution. c), EPR spectrum of reduced Stc2, which contains 

two species, A and B (red traces). Experimental data (in blue) are overlaid with simulation 

(black trace). The insert is the full EPR spectrum, showing no other species. d), EPR 

spectrum of NO treated reduced Stc2. The features near g = 4 correspond to {S = 3/2}7 

species, with E/D = 0.015. The signal at g = 2.04 is DNIC, and the g = 1.92 and 1.75 signals 

are from [2Fe-2S]+. e), 1H-NMR spectra of Stc2-catalyzed stachydrine N-demethylation 

reaction [N-methyl group signals of the substrate (1) and product (2) in 1H-NMR spectrum], 

under single turnover condition (trace i); under dark (trace ii); in the absence of Stc2 

(trace iii); and under multiple turnover conditions (trace iv) using [Ru(bpy)3]2+ as the 

photo-sensitizer and ascorbate as the sacrficial reagent.
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Figure 2. 1H-NMR Screening of the Stc2 photo-reduction system components under multiple 
turnover conditions.
Photo sensitizer, sacrificial reagent, and electron mediators were screened in a sequential 

manner. First, photo-sensitizers were screened using sodium ascorbate as a sacrificial 

reagent in Tris-buffer (e.g., zinc porphyrin in trace i, eosin Y in trace ii, [Ru(bpy)3]2+ in 

trace iii). Second, with eosin Y as the photosensitizer, sacrificial reagents were screened 

(e.g., Na2SO3 in trace iv; Na2S2O4 in v; and formic acid in vi). Third, using eosin Y/Na2SO3 

pair, additional electron mediators were screened (e.g., titanium dioxide in trace vii; CdSe 

quantum dots in viii; and methyl viologen in ix). More complete list is in Table S1.
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Figure 3. Eosin Y/sodium sulfite photo-reduction system for Stc2 reaction.
a), Scheme of Stc2-catalyzed N- demethylation reaction with eosin Y as the photo-sensitizer 

and sulfite as the sacrificial reagent. b), Time course of Stc2 reduction under various eosin 

concentrations. The reaction mixture contained 2 mM stachydrine, 100 μM Stc2, 0.15 – 0.6 

μM of eosin Y, and 20 mM sodium sulfite in 20 mM Tris, pH 8.0 buffer. c), Stc2 reduction 

time-course monitored by UV-visible spectroscopy. The UV spectra were collected at 0 min 

(red trace) and 40 min (dark blue trace). The same mixture without Stc2 is set up as control 
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(black trace, with 0.3 μM of eosin Y) to show the change of UV-visible spectra during the 

photoreduction process.
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Figure 4. Further optimization of Stc2 photo-biocatalysis and a comparative characterization 
between the Stc2-photo-biocatalysis and the Stc2-NAD(P)H-reductase system.
a), Flow-chemistry setting in Stc2-catalysis by separating the photo-reduction half-reaction 

and the oxidation half-reaction. To address the O2 delivery challenge in flow-chemistry, 

chlorite dismutase (CLD) mediated in situ O2 production was further introduced into Stc2-

catalysis. b), a representative 1H-NMR spectrum [the methyl group signals for substrate 

(1) and product (2) in 1H-NMR] of Stc2 reaction under the multiple turnover reaction 

condition using eosin Y/Na2SO3 photo-reduction system (trace i) in batch reaction; under 
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an optimized eosin Y concentration flow-chemistry setting, which further improved the Stc2 

turnover number to ~65-70 (trace ii); and Stc2 reaction using GbcB as the reductase and 

NADH as the reductant (trace iii).
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Figure 5. Additional examples of eosin Y/sodium sulfite pair supported photo-biocatalytic 
transformations.
a), Reaction scheme and HPLC profile of NdmA reaction, under multiple turnover condition 

(trace i), a control without protein (trace ii) and the 2nd control without substrate (trace iii). 

b), Reaction scheme and 1H-NMR analysis of CntA reaction under single turnover condition 

(trace i) and a control without protein (trace ii) [methyl signals for the substrate (5) and 

the product (6) in 1H-NMR spectrum]. c), Reaction scheme and 1H-NMR analysis of GbcA 

reaction [methyl signals for the substrate (7) and the product (8) in 1H-NMR spectrum]. d), 

Reaction scheme and 1H-NMR analysis of IYD reaction (aromatic hydrogen signals for the 

substrate (9) and product (10)].
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Scheme 1. The Stc2-catalyzed stachydrine N-demethylation reaction.
a), The Stc operon from S. meliloti 1021 and the proposed Stc2-catalyzed N-demethylation 

reaction using its biological reductases Stc3 and Stc4. b), Stc2-catalyzed N-demethylation 

reaction using a photo-reduction system with the help of photo-sensitizers (PS). c), The 

overall structure of Stc2 trimer. d), Stc2 active site, including its mononuclear non-heme 

iron site, the Rieske-type [2Fe-2S]2+ cluster on an adjacent subunit, and Glu201 used to link 

them.
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