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Supplementary Figures 

 
 

Supplementary Figure 1. Absorbance and fluorescence spectral characterization of 

chlorophyllin and chlorin e6. (a) Absorbance spectra of chlorophyllin (12.5 µM; green line), 

copper-free chlorin e6 (12.5 µM; black line) and chlorin e6 complemented with 0.9 eq. of 

Cu(II)SO4 (12.5 µM; orange line). The Soret (max = 402 nm) and Qy (
max = 630 nm) bands 

are characteristic of porphyrin rings; depletion of copper gave an expected1 red shift of the Qy 

band for chlorin e6 (
max = 657 nm). (b) Emission (solid lines) and excitation (dotted lines) 

fluorescence spectra of chlorophyllin (5 µM; Ex343/Em685, green lines), chlorin e6 (125 nM; 

Ex403/Em659, black lines) and chlorin e6 complemented with 0.9 eq. of Cu(II)SO4 (5 µM; 

Ex343/Em685, orange lines). The spectra show that copper binding quenches the fluorescence 

signal and induces a shift in the optimal excitation and emission wavelengths, which is 

consistent with changes in electronic properties. All solutions were prepared in potassium 

phosphate buffer (100 mM, pH 7.0) with 100 mM KCl and flushed with N2. 
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Supplementary Figure 2. Square-wave voltammograms for chlorophyllin compounds. 

The panels show the square-wave voltammograms obtained for (a) Chl (500 µM), (b) chlorin e6 

(500 µM), and (c) chlorin e6-Cu(II) (500 µM). All chlorophyllin compounds were prepared in potassium 

phosphate buffer (100 mM, pH 7.0) with KCl (100 mM) as supporting electrolyte in anaerobic 

conditions and protected from light using aluminum foil. The amplitude was 50 mV, the potential 

increment 2 mV and the frequency 1250 Hz. All potentials were recorded versus an Ag/AgCl reference 

electrode and were adjusted to refer to the standard hydrogen electrode (SHE) using EAg/AgCl vs. SHE = 

222.49 mV2. 
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Supplementary Figure 3. The effect of light intensity on ScAA10C-catalyzed cellulose 

oxidation fueled by Chl/light. ScAA10C reactions in (a) the presence of AscA (1 mM) and 

(b) the absence of AscA. Panels (c) and (d) show enlargements of parts of panels (a) and (b), 

respectively. Panels (a) and (c) also show data for a reaction with only AscA (1 mM). Panel (e) 

shows the approximate initial oxidation rates (expressed as µM of oxidized sites/min) as a 

function of light intensity for both systems. Note the different Y-axes; the system with AscA is 

much faster. For reactions carried out in the presence of AscA and with a light intensity of I = 

25 or 50 % of Imax the reaction was so fast that the rate (derived from the 2 first time points) is 

probably underestimated (red stars). Reactions were carried out with 0.5 µM ScAA10C in 

sodium phosphate buffer (50 mM, pH 7.0) at 40 °C, under magnetic stirring and exposed to 

visible light (I = 0-50% Imax, approx. 0-84 W.cm-2). Before product quantification, solubilized 

cello-oligosaccharides were hydrolyzed by TfCel5A, to convert the LPMO products to a 

mixture of only two oxidized products with a degree of polymerization of 2 and 3 [GlcGlc1A, 

(Glc)2Glc1A], the amounts of which were summed up to yield the concentration of oxidized 

sites. Error bars show ± s.d. (n = 2, independent experiments). Source data are provided as a 

Source Data file. 

Of note, the light intensities used in our study are higher than those used by Cannella 

and colleagues10. This Figure (and corresponding Figure 3 in the main text) show that it is 

possible to use lower light intensities, but the reactions then proceed slower.  
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Supplementary Figure 4. Control reactions to check for the occurrence of copper-

catalyzed Fenton-type chemistry. The picture shows chromatographic product profiles 

obtained in various control reactions. In the upper four reactions, the enzyme, ScAA10C, was 

replaced by different concentrations of Cu(II)SO4 (0 – 1000 M) whereas the positive control 

reaction at the bottom, contained 1 M of ScAA10C. Product profiles obtained in additional 

control reactions (no light, no enzyme or copper, no chlorophyllin) are also shown. Reactions 

were carried out in sodium phosphate buffer (50 mM, pH 7.0) at 40 C, under magnetic stirring 

with Avicel (10 g.L-1) and Chl (500 M) and exposed to visible light (I = 25 % Imax, approx. 42 

W.cm-2), as indicated. Before chromatographic analysis, the samples were treated with a 

cellulase, TfCel5A, to convert soluble products to a mixture of only two oxidized products with 

a degree of polymerization of 2 and 3 [GlcGlc1A, (Glc)2Glc1A]. The figure shows a 

superimposition of the resulting chromatograms. Minor amounts of non-specific products can 

be observed in the CuSO4 controls, which are not observed in the LPMO-containing reactions, 

which only show the expected oxidized oligosaccharides. Two independent replicates of the 

experiment were carried out. 
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Supplementary Figure 5. Control reactions to check for inactivation of the LPMO during 

incubation with Chl/light and AscA. The figure shows time courses for the release of oxidized 

products from Avicel by ScAA10C. Samples were withdrawn every 20 min and filtered to stop 

the reactions. In phase 1 (0-60 min), ScAA10C (0.5 M) was incubated with Avicel (5 g.L-1) 

in presence of AscA (1 mM) and Chl (500 M)/light. In phase 2 (60 – 120 min), subsequently 

to the 60 min sampling, the reactions were supplemented (black arrow) with fresh reaction 

components (given concentrations are final concentrations of the added material after mixing), 

as follows: Avicel (5 g.L-1) (red circles); Avicel (5 g.L-1) and AscA (1 mM) (purple triangles); 

Avicel (5 g.L-1) and ScAA10C (0.5 M) (green diamonds); Avicel (5 g.L-1), AscA (1 mM) and 

ScAA10C (0.5 M) (blue squares). To achieve this, the phase 1 mixtures (380 L) were diluted 

with solutions containing Avicel (100 g.L-1), AscA (100 mM) and/or ScAA10C (25 µM) to 

obtain the concentrations given above. Reactions were carried out in sodium phosphate buffer 

(50 mM, pH 7.0) at 40 C, under magnetic stirring and exposed to visible light (I = 25 % Imax, 

approx. 42 W.cm-2). Before product quantitation, solubilized cello-oligosaccharides were 

hydrolyzed with TfCel5A, to convert the LPMO products to a mixture of only two oxidized 

products with a degree of polymerization of 2 and 3 [GlcGlc1A, (Glc)2Glc1A], the amounts of 

which were analyzed by HPLC and summed up to yield the concentration of oxidized sites. The 

quantities of oxidized products are expressed as percentage of the quantity of products 

measured at 60 min. The dilution factor due to the addition of fresh reaction components in 

phase 2 was taken into account. Error bars show ± s.d. (n = 2, independent experiments). Source 

data are provided as a Source Data file. 
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Supplementary Figure 6. Generation and fate of ROS. Panel (a) (blue frame) shows the 

reduction cycle for O2 and derived ROS. Panel (b) (grey frame) shows potentials for reduction 

reactions potentially occurring in the systems under study. Single electron redox potentials of 

different ascorbic acid species at pH 7.0 were obtained from Figure 8 of Iyanagi et al.3. 

Reduction potential values (at pH 7.0, vs SHE) for O2 and ROS couples were retrieved from 

Wood et al.4 and those for the oxidized state (ChF) and the photoexcited triplet state (ChF*) of 

chlorophyll a from Seely et al.5. Panel (c) shows different pathways for the conversion of O2
- 

to other ROS. O2
- can be disproportionated to H2O2 spontaneously or enzymatically (by SOD) 

(pathway i) but also by manganese-binding complexes (e.g. L=phosphate6) (pathway ii). O2
- 

can also be further reduced (e.g. by AscA) to a peroxide ion (O2
2-), which is in fast equilibrium 

with H2O2 in non-alkaline conditions (pathway iii). In agreement with redox potentials (panel 

b), it has been shown in the literature that the reduction of O2
- to H2O2 can be accelerated by 

AscA7,8, as also observed here (Figure 3c). In acidic conditions, O2
- can be protonated (pKa = 

4.8) yielding a hydroperoxyl radical (pathway iv). H2O2 can be further reduced to H2O by 

reductants (e.g. by AscA) or enzymes (e.g. by catalase), as indicated in the Figure. Rate 

constants reported in panel (c) were retrieved from Augusto et al.9. DHA, dehydroascorbic acid; 

Mn, reduced free metal. 



8 
 

 
 

Supplementary Figure 7. The impact of SOD on ScAA10C-catalyzed oxidation of Avicel 

fueled by the Chl/light system. The figure shows time courses for the release of aldonic acid 

products from Avicel (10 g.L-1) by ScAA10C (0.5 µM) fueled by Chl (500 µM)/light, in 

reaction mixtures supplemented with different concentrations of SOD (0-1000 nM) and with 

no AscA. Reactions were carried out in sodium phosphate buffer (50 mM, pH 7.0) at 40 °C, 

under magnetic stirring and exposed to visible light (I = 25% Imax, approx. 42 W.cm-2). Before 

product quantification, solubilized cello-oligosaccharides were hydrolyzed by TfCel5A, to 

convert the LPMO products to a mixture of only two oxidized products with a degree of 

polymerization of 2 and 3 [GlcGlc1A, (Glc)2Glc1A], the amounts of which were summed up 

to yield the concentration of oxidized sites. This figure shows the trade-off between SOD-

catalyzed increased generation of H2O2 in the reaction mixtures, leading to higher LPMO 

catalytic rates, and enzyme inactivation. 100 nM SOD gives a higher initial LPMO rate, higher 

yields after 180 min but also signs of faster inactivation, i.e. slowing down of product formation  

in the later phase of the reaction (compared to the reaction without SOD). At higher SOD 

concentrations (i.e. higher levels of generated H2O2), the LPMO is inactivated very rapidly, so 

fast in fact that the product yield after 30 min does not reach the level reached at 100 nM SOD. 

This screening experiment was carried out once (n =1). Source data are provided as a Source 

Data file. 
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Supplementary Figure 8. The impact of the ratio between Chl and AscA on LPMO activity 

and stability. The figures show time courses for the release of oxidized products from Avicel 

(10 g.L-1) by ScAA10C (0.5 µM) in combination with different doses (0-1000 µM) of AscA (a) 

with (500 µM) and (b) without Chl. Reactions were carried out in sodium phosphate buffer (50 

mM, pH 7.0) at 40 °C, under magnetic stirring and exposed to visible light (I = 25% Imax, 

approx. 42 W.cm-2). Before product quantification, solubilized cello-oligosaccharides were 

hydrolyzed by TfCel5A, to convert the LPMO products to a mixture of only two oxidized 

products with a degree of polymerization of 2 and 3 [GlcGlc1A, (Glc)2Glc1A], the amounts of 

which were summed up to yield the concentration of oxidized sites. This figure shows that, as 

expected, AscA alone can drive the LPMO action in a concentration-dependent manner. The 

Chl/light system works without AscA, but becomes very effective in the presence of higher 

AscA concentrations. However, these latter conditions lead to rapid inactivation of the LPMO. 

This screening experiment was carried out once (n =1). Source data are provided as a Source 

Data file. 
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Supplementary Figure 9. The impact of SOD or Mn(II)SO4 on the rate of light-induced 

LPMO-catalyzed cellulose degradation. The graphs show time courses for the release of 

aldonic acid products from Avicel (10 g.L-1) by ScAA10C (0.5 µM) fueled by the Chl (500 

µM)/light + AscA (1 mM) system and supplemented with different doses of (a) SOD (0-1000 

µM) or (b) Mn(II)SO4, which remove superoxide enzymatically and chemically, respectively 

(carbonate or phosphate manganese complexes are described as SOD equivalents, see pathway 

(ii) in Supplementary Figure 6). Reactions (300 µL total volume) were carried out in sodium 

phosphate buffer (50 mM, pH 7.0) at 40 °C, under magnetic stirring and exposed to visible light 

(I = 25% Imax, approx. 42 W.cm-2). Before product quantification, solubilized cello-

oligosaccharides were hydrolyzed by TfCel5A, to convert the LPMO products to a mixture of 

only two oxidized products with a degree of polymerization of 2 and 3 [GlcGlc1A, 

(Glc)2Glc1A], the amounts of which were summed up to yield the concentration of oxidized 

sites. The results show that at the first time point, the LPMO is inactivated and that addition of 

superoxide-removing agents does not change this. This screening experiment was carried out 

once (n =1). Source data are provided as a Source Data file. 
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Supplementary Figure 10. Chl/light driven activity of other LPMOs. The figures show time 

courses for the release of oxidized products from (a) β-chitin (10 g.L-1) by SmAA10A (0.5 M) 

and (b) Avicel (10 g.L-1) by NcAA9F (0.5 M) in presence of AscA (1 mM), Chl (500 M)/dark 

or Chl (500 M)/light. The color code is provided in the figure. Reactions were carried out in 

sodium phosphate buffer (50 mM, pH 7.0) at 40 C, under magnetic stirring and exposed to 

visible light (I = 25 % Imax, approx. 42 W.cm-2). Before product quantitation, solubilized chito-

oligosaccharides were hydrolyzed using a chitobiase, SmGH20, to convert soluble LPMO 

products to chitobionic acid (A2ox) and N-acetylglucosamine, after which the former was 

quantified by HPLC analysis. Solubilized cello-oligosaccharides were hydrolyzed using a 

cellulase, TfCel5A, to convert the LPMO products to a mixture of only two oxidized products 

with a degree of polymerization of 2 and 3 [GlcGlc1A, (Glc)2Glc1A], the amounts of which 

were analyzed by HPLC summed up to yield the concentration of oxidized sites. Error bars 

show ± s.d. (n = 2, independent experiments). Source data are provided as a Source Data file. 

 

  



12 
 

 
 

Supplementary Figure 11. Inhibition of pyrogallol auto-oxidation by SOD to verify SOD 

activity. The figure shows the rate of formation of purpurogallin, measured as the change in 

absorbance at 320 nm derived from a 5-min linear time-course. Purpurogallin is generated by 

auto-oxidation of pyrogallol and its formation is dependent on the availability of superoxide 

generated during the first step of the auto-oxidation process11. The reference reaction (“Ref”) 

consists of pyrogallol (200  M) in Tris-HCl buffer (50 mM, pH 8.0) and shows maximum 

auto-oxidation of pyrogallol and, thus, maximum formation of purpurogallin. Addition of 

different amounts of SOD (0-1000 nM) inhibits the formation of purpurogallin in a dose-

dependent manner, which demonstrates that the SOD is active. All reactions were carried out 

at 25 °C. The reactions were initiated by the addition of pyrogallol and the absorbance was 

measured every 10 s for 5 min. The stock solution of pyrogallol was prepared in 10 mM HCl 

to prevent auto-oxidation. Error bars show ± s.d. (n = 3, independent experiments). Source data 

are provided as a Source Data file. 
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Supplementary Tables 

 
  

 

Supplementary Table 1. Square-wave voltammetric peak potentials of chlorophyllin 

compoundsa. 

Chl species Ep (V vs. SHE) 

Chlorophyllin 0.634 ± 0.004 V 

Chlorin e6 0.709 ± 0.003 V 

Chlorin e6-Cu(II) 0.601 ± 0.019 V 

a Chl (500 µM), chlorin e6 (500 µM), and chlorin e6-Cu(II) (500 µM) were prepared in potassium 

phosphate buffer (100 mM, pH 7.0) with KCl (100 mM) as supporting electrolyte in anaerobic 

conditions and protected from light using aluminum foil. The amplitude was 50 mV, the potential 

increment 2 mV and the frequency 1250 Hz. All potentials were recorded versus an Ag/AgCl 

reference electrode and were adjusted to refer to the standard hydrogen electrode (SHE) using EAg/AgCl 

vs. SHE = 222.49 mV2. The errors correspond to the standard deviation of three independent 

experiments.  Source data are provided as a Source Data file. 
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