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Abstract 

 

Chlorophyll degradation plays a myriad of physiological roles in photosynthetic organisms, 

including acclimation to light environment and nutrient remobilization during senescence. 

Mg extraction from chlorophyll a is the first and committed step of the chlorophyll 

degradation pathway. This reaction is catalyzed by the Mg-dechelatase enzyme encoded by 

Stay-Green (SGR). The reaction mechanism of SGR protein remains elusive since metal 

ion extraction from organic molecules is not a common enzymatic reaction. Additionally, 

experimentally derived structural information about SGR or its homologs has not yet been 

reported. In this study, the crystal structure of the SGR homolog from Anaerolineae 

bacterium was determined using the molecular replacement method at 1.85 Å resolution. 

Our previous study showed that three residues – H32, D34, and D62 are essential for the 

catalytic activity of the enzyme. Biochemical analysis involving mutants of D34 residue 

further strengthened its importance on the functioning of the dechelatase. Docking 

simulation also revealed interaction between the D34 side chain and central Mg ion of 

chlorophyll a. Structural analysis showed the arrangement of D34/H32/D62 in the form of a 

catalytic triad that is generally found in hydrolases. The probable reaction mechanism 

suggests that deprotonated D34 side chain coordinates and destabilizes Mg, resulting in Mg 

extraction. Besides, H32 possibly acts as a general base catalyst and D62 facilitates H32 to 

be a better proton acceptor. Taken together, the reaction mechanism of SGR partially 

mirrors the one observed in hydrolases. 
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Statement 

 

The first step of chlorophyll degradation during leaf senescence is catalyzed by Mg-

dechelatase which extracts Mg from chlorophyll. The structural and biochemical analysis 

suggested a plausible reaction mechanism in which Mg is coordinated with the 

deprotonated aspartate side chain and extracted with the help of neighboring histidine and 

aspartate residues. 
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βDDM, dodecyl β-maltoside; Chl, chlorophyll; SGR, Stay-Green; AbSGR-h, Anaerolineae 

bacterium SM23_63 SGR homolog; Mg-dechelatase, Magnesium-dechelatase 



 

1, Introduction 

 

Chlorophyll (Chl), the most abundant pigment on earth, is an indispensable molecule 

involved in the conversion of light energy and driving electron transfer during 

photosynthesis (1). Land plants and chlorophytes contain the two major types of 

chlorophyll – Chl a and b as protagonist molecules (2). In order to ensure efficient 

photosynthesis and other critical biological processes, maintenance of a balance in Chl 

metabolism becomes essential (3). Chl biosynthesis is important for effective 

photosynthetic performance during photosystem formation and adaptation to different 

environmental conditions (2). On the other hand, Chl degradation plays significant role in 

leaf senescence, fruit ripening, and seed maturation (4). Furthermore, Chl breakdown 

facilitates nutrient remobilization (5) and protects the plant against cellular photodamage 

(6). Therefore, both synthesis and degradation of Chl must be strictly regulated during the 

greening and senescence stages for ensuring plant viability. 

 

The pathway of Chl degradation can be divided into: (1) a chloroplastic phase involving 

disassembly of the thylakoid leading to the opening of the tetrapyrrole ring of Chl and (2) a 

cytosolic and vacuolar phase that includes detoxification and sorting of the linear 

tetrapyrrole (4; 7). Prior to the initiation of Chl breakdown, Chl b must be converted to Chl 

a in a two-step enzymatic process called the Chl cycle (8; 9). This cycle is needed to finely 

regulate the Chl a/b ratio, a step important for acclimatizing plants to the light environment. 

Following conversion to Chl a, the pigment is eventually processed by four enzymes: (1) 

Mg-dechelatase (10); (2) pheophytinase acting as a dephytylase (11); (3) pheophorbide a 

oxygenase which catalyzes the irreversible opening of the porphyrin ring (12) to form the 

first linear tetrapyrrole (red chlorophyll catabolite) and (4) red chlorophyll catabolite 

reductase producing the primary fluorescent Chl catabolite which are then exported from 

chloroplasts and isomerized to non-fluorescent products by the acidic pH in the vacuole 

(13; 14). C32 of primary fluorescence catabolite can be hydroxylated before exporting from 

chloroplast (14). 

 

The most important enzyme of the Chl degradation pathway is Mg-dechelatase encoded by 

the Stay-Green (SGR) gene, which is also responsible for Mendel’s green cotyledon peas 

(15). It catalyzes the extraction of Mg from Chl a to form pheophytin a in a tightly 

regulated reaction so as to prevent the formation of damaging photosensitizing Chl 

metabolic intermediates (16; 10). Therefore, SGR not only catalyzes the most crucial and 

committed step of chlorophyll degradation but also removes a metal ion from an organic 

moiety in a biochemically enigmatic reaction. Apart from green plants (land plants and 



green algae) and Glaucophytes, all other photosynthetic organisms like cyanobacteria and 

Rhodophyta lack SGR genes. On the other hand, SGR homologs are widely present in non-

photosynthetic bacteria and Archaea. Further, Obata et al. demonstrated that bacterial SGR 

homolog with high Mg-dechelating activity was horizontally transferred to the ancestor of 

photosynthetic eukaryotes (17). Although high sequence similarity exists between SGR and 

its homologs, their catalytic activity and ligand specificity differ substantially among 

species (17). For instance, Arabidopsis SGR participate in Chl degradation whereas SGR in 

Chlamydomonas reinhardtii contributes to photosystem II formation (18). In addition to 

catalyzing the rate-limiting step of Chl breakdown, SGR plays a myriad of physiological 

roles in plant growth and (19), nodule senescence in legumes (20), fruit maturation (21) and 

regulation of the expression of genes encoding other chlorophyll degradation enzymes (22). 

 

Although the biochemical reactions and key enzymes involved in the Chl metabolic 

pathway have been identified (10; 4), information on the structural aspects of these 

enzymes remain limited. In the Chl biosynthesis pathway after Mg insertion step, the 

crystal structures of Mg-chelatase and light dependent protochlorophyllide oxidoreductase 

have been elucidated, both of which catalyzes regulatory steps in the process (23-25). 

Among the enzymes participating in the four steps of Chl a conversion to primary 

fluorescent chlorophyll catabolite, the only crystal structure determined till now is of red 

chlorophyll catabolite reductase (26). We first reported the detailed structural 

characteristics of a bacterial SGR homolog from Anaerolineae bacterium SM23_63 

(AbSGR-h) using a combination of computational and biochemical approaches (27). This 

bacterium belongs to Chloroflexi, which contain both photosynthetic organisms, green non-

sulfur bacteria, and non-photosynthetic organisms. Anaerolineae bacterium SM23_63 is not 

a photosynthetic organism. Among all bacterial SGR homologs, we selected AbSGR-h 

because it is more evolutionarily related to land plant SGRs and overexpression of a soluble 

as well as active form of the protein is possible in E. coli using its general expression vector 

(17; 27).  

 

There are two classes of enzyme involved in metal removal known to date – heme 

oxygenase and Mg-dechelatase (28; 10). The former enzyme cleaves a porphyrin ring to 

extract Fe2+ in a totally different mechanism from that of Mg-dechelatase (29). Therefore, 

this study not only proposes a novel reaction mechanism for Mg-dechelatase enzyme, but 

also provides the first crystal structure of a homolog from the SGR family. Furthermore, 

this study will become a basis for further studies on this enzyme, such as those for substrate 

specificity, screening for inhibitors and evolutionary analysis.  

 

2, Results 



 

2.1 Protein expression and purification 

 

Our previous study have showed that three residues – H32, D34 and D62 in the AbSGR-h 

protein are critical for its catalytic activity, in which D34 is suggested to be involved in 

direct interaction with Chl a (27). Additionally, the presence of D34 on the surface of 

protein surrounded by a hydrophobic patch of residues, provides an ideal environment for 

interaction with the substrate. Since the main objective of this study is to delve deep into 

the reaction mechanism of Mg-dechelatase enzyme, three mutations on the aforementioned 

D34 residue were prepared to understand the effect of substitutions on the catalytic ability 

of AbSGR-h. D34 was changed to glutamate (D34E) to check whether replacement with a 

similar property amino acid altered the activity of AbSGR-h. It was also substituted with 

uncharged amino acids resulting in the formation of D34N and D34Q mutants. After 

expression of the wild-type and mutant SGRs in E. coli, the proteins were subjected to 

nickel column purification and subsequently to gel filtration analysis (Figure 1). Histidine-

tag was introduced into the N-terminal of recombinant protein for purification. Though 

histidine has affinity to metal ion and has a potential to affect enzymatic activity, 

interference by the tag in Mg extraction may be negligible because N-terminal does not 

localize near the active site in the structure as shown below. 

 

According to a previous study, AbSGR-h was assumed to exist as a hexameric complex in 

solution (27). Major peaks were detected in the elution of gel filtration at the same position 

for the wild-type and three mutant AbSGR-h (D34E, D34N and D34Q), indicating the 

presence of the hexameric form of proteins. This observation further confirms the role of 

D34 to be mainly catalytic rather than maintaining the multimeric conformation of the 

protein. The molecular weight of the purified proteins was analyzed by SDS-PAGE (Figure 

2). Both wild-type and mutant proteins appeared as single and distinct bands corresponding 

to a molecular size of approximately 18 kDa. The stained gel also showed that the purity of 

these proteins was very high. 

 

2.2 Mg-dechelating activity of SGR homolog 

 

The Mg-dechelating activity of wild-type AbSGR-h and its mutants was tested in vitro 

using Chl a as the substrate. Enzymatic activity of AbSGR-h leads to the extraction of Mg2+ 

from Chl a to form pheophytin a. Activity levels were assessed based on the amounts of 

pheophytin a using HPLC (Figure 3). An increase in the pheophytin peak on the HPLC 

profile is associated with the concomitant disappearance of the substrate Chl a. The wild-

type protein exhibited the highest Mg-dechelating activity resulting in 1:1 chlorophyll to 



pheophytin ratio in this profile. Interestingly, despite changing D34 with a similar kind of 

amino acid (Glu), the Mg-dechelating activity level of the mutant decreased substantially. 

The remaining mutations, i.e., D34N and D34Q rendered the protein inactive in spite of 

being highly soluble, implying the potential role of this residue in catalysis. 

 

2.3 Determination of kinetic parameter of SGR homolog 

 

Km and kcat were determined for WT and D34E AbSGR-h with Mg-dechelating activity 

(Figure 4). D34N and D34Q were inactive and hence not included in this assay. Purified 

proteins through nickel column and size exclusion chromatography were used. As D34E 

showed lower activity, a higher concentration (50 µM) of the recombinant protein was used 

compared with WT (5 µM). High concentrations of Chl a inhibited enzymatic activity, 

therefore the Michaelis-Menten curves were constructed with low Chl concentrations. The 

kcat value of D34E (0.00035 min-1) was significantly lower than that of WT (0.076 min-1), 

suggesting that D34 is involved in catalysis. Though Km value of D34E (6.00 µM) was 

lower than that of WT (15.91 µM), the difference was not so pronounced as that of kcat 

(Table 1). 

 

2.4 Crystal structure of AbSGR-h 

 

The crystal structure of AbSGR-h was determined using the molecular replacement method 

at 1.85 Å resolution (Figure S1). Owing to the lack of homologous templates with SGR, 

the AlphaFold2 predicted structure of rice SGR (UniProt: Q652K1) was used as a starting 

model. The crystallographic data and refinement statistics are provided in Table 2. 

 

The X-ray crystal structure shows two SGR molecules in the asymmetric unit (Figure 5a). 

Each monomeric structure comprises two α-helices, four 3-10 helices, and seven β-strands, 

as revealed by STRIDE analysis (Figure 5b). The β-strands constitute one β-sheet leading 

to the formation of a curved structure, inside which the larger α-helix (residues 92 – 120) is 

accommodated. These observations are almost in accordance with the secondary structure 

architecture of the computationally predicted structure of AbSGR-h (27). The root mean 

square deviation, based on Cα-atoms, between the crystal and computationally predicted 

structure is 1.28 Å, where the difference remains restricted to the loop regions of the two 

structures. 

 

2.5 Substrate docking analysis 

 

Molecular docking analysis considering energy-minimized free Chl a as the substrate was 



carried out in AutoDock Vina. The actual substrate of SGR in vivo is Chl a bound to 

chlorophyll-protein complexes that are embedded in the thylakoid membrane (30). The grid 

box was set around the active site of the protein such that it covers three residues – H32, 

D34 and D62, all of which are catalytically important (27). The docking analysis revealed 

interaction of the central Mg ion of Chl a with the carbonyl oxygen atom of D34 residue in 

the crystal structure of AbSGR-h monomer (Figure 6a, Supplementary File 1). The 

distance between the aforementioned atoms was found to be ~ 4.4 Å. The interaction 

between the two moieties was stable, as indicated from the binding affinity value (-7.8 

kcal/mol). 

 

3, Discussion 

 

3.1 Comparison of the crystal structure with the computationally predicted structure 

 

In this study, the crystal structure of AbSGR-h was determined using the molecular 

replacement method at 1.85 Å resolution. The crystal and computationally predicted 

structure were found to be almost identical. In our previous study, mutation in R26, Y28, 

T29, and D114 rendered the recombinant protein insoluble, suggesting that these residues 

are essential for maintaining the AbSGR-h structure form (27). The positions of these 

residues were correctly predicted in the computationally derived structure. However, the 

arrangements of the active site were slightly different (Figure 7). The turn between the 2nd 

and 3rd β-sheet was not tightly packed in the crystal structure. Thus, H32 and D34 residing 

in this region are more flexible than those in the computationally predicted structure. In fact, 

this result is in agreement with the previous study where root mean square fluctuation for 

individual residues obtained by molecular dynamics simulation showed that the site of D34 

is flexible (27). Although H32 and D34 positions were slightly different, the Cα-atoms of 

D62 were found in the same position for both the structures. However, the orientation of 

the side chains of D62 was different. In the crystal structure, the side chain faces outwards, 

which facilitate interaction of this side chain with that of H32. Although minor differences 

exist in the active site arrangement as compared to the computationally predicted structure, 

the relatively more flexibility of the same in crystal structure hints at the high accuracy of 

X-ray crystallography in the field of protein structure derivation. 

 

3.2 Enzymatic properties of AbSGR-h 

 

The kinetic parameters of AbSGR-h were examined in this study where Km was found to be 

15.91 µM. This is in concordance with the reported values of plant, green algae and 

bacterial recombinant proteins (17). Pheophytinase and pheophorbide a oxygenase catalyze 



the successive reactions of SGR. Km values of the recombinant proteins of Arabidopsis 

pheophytinase and pheophorbide a oxygenase were 14.35 µM and 6.0 µM, respectively 

(12; 31). These enzymes, involved in chlorophyll breakdown pathway, have similar 

substrate affinities. When D34 in AbSGR-h was substituted by glutamate, the Km was 6.0 

µM. This substitution did not have negative effect on the affinity of ligand to the protein, 

suggesting that D34 is indispensable for the activity but does not play a major role in the 

determination of substrate specificity. kcat of AbSGR-h was 0.076 in 1 min. Physiologically, 

this catalytic rate is too low. It may be assumed that chlorophylls as chlorophyll-protein 

complexes are better substrate for SGR. Chlorophyll solubilized with detergent is under 

different conditions from that of native chlorophyll within chloroplasts. Low reaction rates 

of the recombinant protein have also been reported in the bacteriochlorophyll anabolic 

pathway (32) and the cyanobacterial chlorophyll catabolic pathway (33). kcat of D34E was 

0.00035 in 1 min, which is much lower than that of WT AbSGR-h. D34N and D34Q 

resulted in inactivation of the enzyme. All these four recombinant proteins showed the 

same profiles in gel filtration, suggesting that mutation in D34 does not affect the 

quaternary structure. These observations suggest that the carboxyl group of this acidic 

amino acid residue is indispensable for activity and SGR is optimized to use aspartate for 

the reaction. 

 

3.3 Proposed reaction mechanism of SGR 

 

In a previous study, a multiple sequence alignment of SGR showed that H32, D34 and D62 

residues are conserved among SGR homologs (27). These three amino acids were found to 

be essential for the enzymatic activity (Figure 7) and docking simulation also suggested 

that D34 interacts with Chl a (Figure 6a). Additionally, these residues were close together 

in the tertiary structure of AbSGR-h. The observations, herein, show striking resemblance 

with the catalytic triad found in hydrolases, which is usually composed of serine, histidine 

and aspartate residues with similar spatial arrangements including some variations (34). In 

case of the catalytic triad of chymotrypsin, the side chain of S195 is polarized and 

deprotonated with the support of H57 (35; 36), while D102 is involved in the charge-relay 

mechanism. AbSGR-h has aspartate in the active site instead of serine. The distance 

between D34 side chain and H32 side chain is 3.5 Å and that between H32 side chain and 

D62 side chain is 2.6 Å (Figure 6a). In the catalytic triad of chymotrypsin (PDB accession: 

1AFQ) the distance between S195 – H57 side chains and H57 – D102 side chains are both 

2.8 Å (Figure 6b). Though the distance between D34 – H32 side chains (3.5 Å) in AbSGR-

h is longer than that between S195 and H57 (2.8 Å) of chymotrypsin, it is short enough to 

form a hydrogen bond. Perhaps, H32 of AbSGR-h probably does not need to act as a base 

catalyst as strongly as H57 of chymotrypsin, because the aspartate carboxyl group is readily 



deprotonated than the serine hydroxyl group. These observations suggest that D34, H32 

and D62 are arranged in the form of a catalytic triad to deprotonate D34 side chain, which 

is exposed to the aqueous environment and may be deprotonated easily. The deprotonated 

side chain of D34 may coordinate stably with Mg of chlorophyll, which probably 

destabilizes Mg-tetrapyrrole ring interaction, resulting in extraction of Mg from chlorophyll. 

Two protons replaced with Mg will be supplied from the stromal solution. This forms a 

plausible reaction mechanism of SGR, which needs to be tested experimentally.  

When we investigate the catalytic mechanism of SGR, another likely scenario may be that 

D34 and D62 side chains function as an acid catalyst by donating protons to nitrogen of 

pyrroles coordinating Mg, resulting in exchange of Mg with protons to produce pheophytin. 

In this case, H32 coordinates Mg. This assumed reaction is similar to Mg extraction 

observed under the acidic conditions. However, it is not likely in case of SGR. Acidic 

amino acid side chain can function as the acid catalyst as found in the lysozyme glutamate 

(37). Lysozyme glutamate is present in a protonated form because of localization in the 

hydrophobic environment, which is essential to keep the protonated form of the acidic 

amino acid residues. Though D62 localizes in the hydrophobic cavity of the active site, D34 

of AbSGR-h stays in a hydrophilic environment and thus may not be able to act as the 

acidic catalyst. Altogether, protein structure and enzymatic analysis suggest that SGR 

removes Mg by coordinating with the deprotonated side chain of aspartate and destabilizing 

the bond between Mg and pyrrole nitrogen. Co-crystallization of SGR with the pigment is 

necessary for verifying this predicted reaction mechanism in future. 

 

4, Conclusion 

 

SGR catalyzes Mg extraction from chlorophyll in a biochemically inexplicable enzymatic 

reaction where a metal ion is extracted from an organic molecule. In this study, we 

proposed the reaction mechanism of this enzyme based on biochemical and crystal structure 

analysis. Side chain of the acidic amino acid residue, D34, possibly coordinates with Mg of 

chlorophyll and destabilizes it. H32 acts as the base catalyst by accepting the hydrogen 

from D34 whereas D62 makes H32 a better proton acceptor through electrostatic effects. 

The arrangement of these amino acid residues is similar to the catalytic triad generally 

found in hydrolases. The structure of the active site was slightly different from the 

computationally predicted structure in terms of side chain orientations and inter-residue 

distances. The crystal structure revealed a more open and flexible active site when 

compared to the computationally predicted structure. Nevertheless, SGR co-crystallized 

with chlorophyll will promote better understanding of the enzyme mechanism, which 

leaves ample scope for future studies. 

 



5, Materials and methods 

 

5.1 Cloning of bacterial SGR homolog 

 

Bacterial SGR homolog from Anaerolineae bacterium SM23_63 (AbSGR-h) encoded by 

KPK94580 with optimized codon usage for E. coli was artificially synthesized according to 

a previously reported protocol (17). AbSGR-h was amplified from the artificially 

synthesized DNA using the primer sets provided in Table S1. PCR amplified DNA 

fragments were cloned into pET 30a (+) vectors (Novagen) containing a histidine-tag at the 

C-terminus using the NdeI and XhoI sites through an in-fusion cloning system (Clontech). 

Point mutations were introduced by PCR using primers as shown in Table S1. 

 

5.2 Expression, detection and purification of recombinant proteins 

 

The constructed plasmids for protein expression were introduced into E. coli BL21 (DE3). 

E. coli was grown and an auto-induction medium (6 g Na2HPO4, 3 g KH2PO4, 20 g 

tryptone, 5 g yeast extract, 5 g NaCl, 6 mL glycerol, 0.5 g glucose, 2 g lactose, 100 mg 

kanamycin in 1L) at 37oC for 16 h with 120 rpm shaking was used for expression of the 

recombinant protein (38). After induction of the recombinant protein, 200 mL of culture 

cells were harvested by centrifugation at 7,000 g for 5 min. The harvested cells were 

resuspended in buffer A (20 mM Na-phosphate pH 7.4, 100 mM NaCl, 20 mM imidazole) 

and disrupted by sonication (Branson Sonifier SFX250: output 8, duty cycle 20%) for 6 

min in an ice bath. After sonication, dodecyl β-maltoside (βDDM) was added to the final 

concentration of 0.05% (w/v) and incubated for 5 min at 25oC. The cleared supernatant of 

cell lysate was obtained by centrifugation at 15,000 g for 20 min in 4oC and then loaded 

onto a 5 mL HisTrap HP column (Cytiva) equilibrated with buffer A containing 0.05% 

βDDM using an ÄKTAprime plus system (Cytiva). The recombinant proteins were eluted 

by buffer B (20 mM Na-phosphate pH 7.4, 100 mM NaCl, 500 mM imidazole, 0.05% 

βDDM). The purified protein was further analyzed by size exclusion chromatography using 

Sephacryl S-300 HR (Cytiva) equilibrated with buffer C (20 mM Na-phosphate pH 7.4, 100 

mM NaCl, 0.05% βDDM). The protein elution profile was monitored by absorbance at 280 

nm. The molecular weight of AbSGR-h was evaluated by comparison to protein standards 

(Gel Filtration Calibration Kit LMW, Cytiva) as previously reported (27). To examine the 

purity of the protein, elution was mixed with the same volume of the sample buffer 

containing 125 mM Tris- HCl, pH 6.8, 4% (w/v) SDS, 10% (w/v) sucrose, and 5% (v/v) 2-

mercaptoethanol. Mixtures were incubated at 95oC for 1 min and 1 µg of protein was used 

for SDS-PAGE followed by staining with Coomassie Brilliant Blue for visualization. 

Protein concentration in the purified solution was quantified using the Bradford protein 



assay using bovine serum albumin as a standard. 

 

5.3 Activity assay 

 

Activity assays were performed with Chl a dissolved in dimethyl sulfoxide and at a final 

dimethyl sulfoxide concentration of 2% (v/v) in the reaction mixture. Purified recombinant 

proteins (50 µM) were incubated with Chl a (20 µM) for 10 min at 25oC in 50 µL of the 

reaction buffer comprising 20 mM Na-phosphate pH 7.4, 100 mM NaCl, 0.05% βDDM. 

Reactions were stopped by adding 200 µL of acetone, followed by centrifugation at 20,000 

g for 10 min. Reactions were analyzed by HPLC as previously reported (27). To determine 

kinetic parameter, Chl a at different concentrations (2.5, 5, 10, 20 µM) was incubated with 

WT (5 µM) or D34E (50 µM) for 20 min. Three samples were used for each concentration. 

The Michaelis-Menten curves were calculated by the least-squares method using Microsoft 

Excel Solver (Microsoft). 

 

5.4 Crystallization 

 

After removal of detergent using a desalting column (PD-10, Cytiva), crystals of SGR were 

obtained by sitting-drop vapor diffusion method at 25oC. A sitting drop was prepared by 

mixing equal volumes of AbSGR-h solution and reservoir solution containing 100 mM 

Tris-HCl (pH 8.5), 200 mM ammonium phosphate monobasic and 50% (v/v) 2-methyl-2,4-

pentanediol (Crystal Screen Kit II No. 43, Hampton Research). The initial crystals appeared 

for two days, and in the 1-2 weeks, these crystals grew to as large as 0.1 mm in their 

longest dimensions. Since the reservoir solution contained 50% (v/v) 2-Methyl-2,4-

pentanediol, the crystals were picked up directly from the sitting drop and immediately 

frozen in liquid nitrogen. This crystal diffracted up to 1.85 Å resolution and belonged to 

space group P6122 with cell dimensions of a=80.3 Å, b=80.3 Å, c=224.8 Å, =120.0. 

 

5.5 X-ray intensity data collection and structure determination 

 

X-ray intensity data was collected on BL44XU at SPring-8 (Harima, Hyogo, Japan) using 

EIGER X16M detector (Dectris) at cryogenic temperature (100 K). The diffraction data 

were processed and scaled using the program XDS (39). The initial phase was determined 

by the molecular replacement method with the program PHASER in CCP4 (40) using the 

AlphaFold2 predicted structure of rice SGR (UniProt: Q652K1) as a starting model. The 

structure model was manually built using the program COOT (41) in CCP4, and refinement 

was performed using phenix refine (42) in PHENIX. Secondary structure assignment was 

implemented using the STRIDE web-server (43). All figures showing the atomic 



coordinates were made with PyMOL (The PyMOL Molecular Graphics System, Version 2.0 

Schrödinger, LLC.). 

 

5.6 Substrate docking analysis 

 

The KEGG LIGAND database (https://www.genome.jp/kegg/ligand.html) was used for 

retrieving the structure of Chl a. It was then subjected to geometry optimization under the 

semiempirical method in HyperChemTM 8.0.8 molecular modeling software (Hypercube). 

Steepest descent followed by the Polak-Ribiere conjugate gradient algorithm was 

performed for energy optimization of Chl a until convergence was reached. Open Babel 

was used for the interconversion of structures with different file formats (44). Protein-

ligand docking study was carried out using AutoDock Vina v1.1.2 considering chain A of 

the crystal structure of wild-type AbSGR-h (45). The pre-docking parameters were set 

using AutoDock Tools v4 with the addition of polar hydrogen atoms and Gasteiger charges 

to the protein molecule (46). A grid box of 30 Å × 30 Å × 30 Å with grid spacing of 1 Å 

was set and no solvation was considered for the docking procedure. Interactions in the 

docked conformations were visualized using PyMOL. 
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Figure Legends 

 

Figure 1 Size exclusion chromatography profiles of AbSGR-h and its mutants. Protein was 

monitored by the absorbance at 280 nm. Protein markers with known molecular weights are 

also shown. 

 

Figure 2 Analysis of purity and molecular weight of purified WT and mutated AbSGR-h 

proteins. Purified proteins by size exclusion chromatography were separated by SDS-

PAGE and stained. 

 

Figure 3 Examination of activity of AbSGR-h. Chl a was incubated with gel filtration 

derived purified proteins of wild-type or mutant AbSGR-h. After incubation, pigments 

were extracted and analyzed by HPLC. Chl a and pheophytin a peaks are also shown. 

 

Figure 4 Michaelis-Menten analysis of WT and D34E mutant AbSGR-h protein. Different 

concentrations (2.5, 5, 10, 20) of Chl a was incubated with WT (5 µM) or D34E (50 µM) 

for 20 min and the accumulation of pheophytin a was monitored by HPLC.  

 

Figure 5 Overall structure of the AbSGR-h protein. (a) Cartoon representation of the 

AbSGR-h dimer (PDB ID: 7Y5Y) showing chain A (green) and chain B (blue). (b) 

Secondary structure assignment of AbSGR-h with STRIDE. Red and blue helix shows α-

helices and 3-10 helices, respectively. Green arrows indicate β-strands. 

 

Figure 6 Structure of AbSGR-h and chymotrypsin. Molecular docking analysis of Chl a 

with the crystal structure of AbSGR-h monomer was performed in AutoDock Vina (a). 

Also, the residues constituting the catalytic triad along with the distance between them for 

(a) AbSGR-h and (b) chymotrypsin have been shown. 

 

Figure 7 Structural superimposition of the crystal (green) and computationally predicted 

structure (orange) of AbSGR-h protein. Side chain of H32, D34 and D62 residues for 

crystal and predicted structure are colored in red and blue, respectively. 
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Table S1: Primer sequences used for cloning and mutation 

 

 Forward (5' → 3') Reverse (5' → 3') 

WT 
AAGGAGATATACATATGGATCA

TCTGAAACCGGAG 

GGTGGTGGTGCTCGATTTTGTAA

TCGCGCAGAATG 

D34E 
CCACAGCGAAAGCACCGGTGA

ACTGTTTCT 

CGGTGCTTTCGCTGTGGGTCAGG

GTATAGC 

D34N 
CCACAGCAATAGCACCGGTGA

ACTGTTTCT 

CGGTGCTATTGCTGTGGGTCAGG

GTATAGC 

D34Q 
CCACAGCCAGAGCACCGGTGA

ACTGTTTCT 

CGGTGCTCTGGCTGTGGGTCAG

GGTATAGC 

 

 

 



1 
 

 

 

(a) 

 

 

 

(b) 

 
 

Figure S1 Photograph of AbSGR-h crystal and X-ray diffraction pattern. (a) The crystal 

was about 0.2 mm  0.1 mm  0.05 mm, and belongs to the space group P6122 with cell 

dimensions of a=80.3 Å, b=80.3 Å, c=224.8 Å, =120.0. (b) X-ray experiments were 

performed at 100 K with a EIGER X16M detector (Dectris) on BL44XU beamline at 

SPring-8 (Harima, Hyogo, Japan). A whole image of the diffraction pattern (left) and a 

magnified view of the diffraction pattern (right). The crystal diffracted up to 1.6 Å 

resolution. 


