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Abstract 

Metalated tetrapyrrole molecules play crucial roles in respiration, photosynthesis, and 

biocatalysis. In this study, the chelatase activity of the bacterial magnesium 

dechelatase homologous gene, which encodes an enzyme that extracts the central 

magnesium ion from chlorophyll, was demonstrated. The recombinant protein inserted 

metal ions, such as zinc, into methyl pyropheophorbide a, a synthetic derivative of 

chlorophyll a. Mutation analysis and structural modeling suggested H32, D34, and D62 

as key residues involved in coordinating metal ions and facilitating proton extraction 

from methyl pyropheophorbide a. Chelatase activity was also found in the recombinant 

plant magnesium dechelatase protein. The bacterial gene complemented Escherichia 

coli ferrochelatase mutants. These findings provide novel insights into the mechanisms 

underlying chelation reactions. 

 

Introduction 

Cyclic tetrapyrrole molecules containing metal ions at their center are essential for 

living organisms and are used as cofactors and prosthetic groups in the metabolic 

pathway. Iron (Fe), cobalt (Co), nickel (Ni), zinc (Zn), and magnesium (Mg) ions are 

used to form functional tetrapyrroles [1-3]. When a Fe ion is inserted into 

protoporphyrin IX, coproporphyrin III, or sirohydrochlorin, heme is produced as the end 

product. Vitamin B12 and coenzyme F430 are produced when Co and Ni ions are 

inserted into sirohydrochlorin, respectively. Inserting Mg ions into protoporphyrin IX 

leads to the formation of various chlorophyll molecules essential for photosynthesis. Zn 

bacteriochlorophyll is a photosynthetic pigment in photosynthetic bacteria living under 

acidic conditions [4]. The chelatases that catalyze these reactions are ATP-dependent 

or -independent [1]. The ATP demand depends on the ease with which the chemical 

reaction proceeds. Mg chelatase is an ATP-dependent enzyme [5], whereas 

ferrochelatase is ATP-independent [6]. Mg insertion is an energetically unfavorable 

reaction since hydrated Mg ions are stable, whereas Fe ion insertion is energetically 

favorable as Fe-tetrapyrrole complexes are stable. 

While metal ion insertion is a well-characterized enzymatic process, the 

mechanisms of metal extraction vary, with some steps occurring spontaneously and 

others being facilitated by different enzymes. The first step in heme degradation is the 

oxidative cleavage of the tetrapyrrole macrocyclic ring by heme oxygenase [7], after 

which the Fe ion is spontaneously released. Although chlorophyll has a similar 

structure to heme, the extraction of Mg from chlorophyll differs from heme degradation. 

Mg is first removed from chlorophyll by Mg dechelatase, and the tetrapyrrole ring is 
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oxidatively cleaved [8]. 

Mg dechelatase has been identified in stay-green rice mutants, which have 

defects in chlorophyll degradation and retain green leaves during senescence [9]. 

Therefore, the gene encoding Mg dechelatase is stay-green (SGR or Non Yellowing1; 

NYE1). Although SGR is involved in chlorophyll degradation in green plants, 

homologous SGR genes have been identified in some non-photosynthetic bacterial 

genomes [10]. The recombinant protein of the SGR homologous gene derived from the 

Anaerolineae bacterium SM23_63 (AbSGR-h) has been characterized for its enzymatic 

properties, and its crystal structure has been determined [11,12]. Analysis of the amino 

acid substitution mutations suggested the involvement of aspartate and histidine 

residues in Mg extraction. However, the physiological functions of the SGR homolog in 

bacterial cells remain to be fully elucidated, and the reaction mechanism of Mg 

dechelatase remains nebulous. 

In this study, we investigated the chelatase activity of dechelatase to understand 

the metal ion insertion/extraction mechanisms and found that AbSGR-h inserted copper 

(Cu) and Zn into an unnatural and synthetic chlorophyll a derivative, methyl 

pyropheophorbide a (Me-pyroPheide a) (Fig. S1). Manganese (Mn), Fe, Co, and Ni 

were also inserted, albeit with lower efficiencies. This study provides novel insights into 

the mechanism underlying the enzymatic metalation/demetalation reaction. 

 

Materials and Methods 

Cloning of bacterial SGR homologs and recombinant protein preparation  

The bacterial SGR homolog from AbSGR-h, encoded by KPK94580 with codon usage 

optimized for E. coli was artificially synthesized and cloned into pET 30a (+) vectors 

(Novagen) containing a histidine tag at the C-terminus [12]. The H102A mutation was 

introduced by polymerase chain reaction (PCR) using the primers listed in Table S1, as 

previously described [12]. The constructed plasmids were introduced into E. coli BL21 

(DE3) cells for protein expression. E. coli was grown, and the recombinant protein was 

expressed in an autoinduction medium [13]. After induction of the recombinant protein, 

the cultured cells were harvested using centrifugation at 7,000 × g for 5 min. Harvested 

cells were resuspended in buffer A (25 mM Tris-HCl pH 7.5, 100 mM NaCl, and 20 mM 

imidazole) and disrupted by sonication (Branson Sonifier SFX250: output 8, duty cycle 

20%) for 6 min in an ice bath. Following sonication, dodecyl β-maltoside (βDDM) was 

added to a final concentration of 0.05% (w/v) and incubated at 25 °C for 10 min. The 

clarified cell lysate supernatant was obtained via centrifugation at 20,000 × g for 10 min 

two times and applied to a 5 mL HisTrap HP column (Cytiva) equilibrated with buffer A 
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containing 0.05% βDDM. The recombinant proteins were eluted using buffer B (25 mM 

Tri-HCl pH 7.5, 100 mM NaCl, 500 mM imidazole, and 0.05% βDDM) using an 

ÄKTAprime plus system (Cytiva). The purified protein (1 µg) was subjected to sodium 

dodecyl sulfate polyacrylamide gel electrophoresis to verify protein purity. Arabidopsis 

thaliana SGR Like (AtSGRL) with a FATT tag was expressed and purified as previously 

described [10]. 

 

Enzymatic assay 

Purified protein was diluted in buffer (25 mM Tri-HCl pH 7.5, 100 mM NaCl, and 0.05% 

βDDM) for each experiment. Me-pyroPheide a was prepared by substituting the phytyl 

group with a methyl group and removing the C132-methoxycarbonyl group from 

pheophytin a (11). Protein (10 µM), Me-pyroPheide a (40 µM), and 100 µM of metal 

ions were incubated for 15 h at 25 °C to investigate the insertion of different metal ions. 

Ferrous ions were prepared by adding small granules of dithionite to a FeCl3 solution. 

Pigments were analyzed through high-performance liquid chromatography (HPLC) 

equipped with a diode array detector to monitor on-line visible absorption spectroscopy 

(SPD-M20A, Shimadzu) on a C8 column (4.6  × 150 mm, Waters Symmetry C8, 

Waters) with eluent A (0.25 M aqueous pyridine solution: methanol: acetonitrile [1:2:1 

v:v:v]) and eluent B (methanol: acetonitrile: acetone [1:3:1 v:v:v]) (1:1) [14] at a flow 

rate of 1 mL min−1 at 40 °C. Protein (10 µM) and chlorophyll a (5 µM) were incubated 

for 30 min at 25 °C to investigate Mg extraction from chlorophyll a using the mutant 

enzyme. The pigments were then analyzed via HPLC using only eluent B. To 

investigate Zn insertion using the mutant enzyme, 10 µM protein, 2.5 µM ZnCl2, and 5 

µM Me-pyroPheide a were incubated for 30 min at 25 °C. To obtain enzymatic 

parameters, 0.05 µM protein was used and incubated for 5 min. The kinetic (kcat) and 

affinity (Km) values were obtained by fitting the data to a Michaelis–Menten plot using 

Solver (Excel, Microsoft). As the C132-methoxycarbonyl and O174-phytyl groups in 

chlorophyll derivatives have marginal effects on spectroscopic properties, Zn and Cu 

complexes were quantified using the molar extinction coefficients of Zn ( = 90.3 mM−1 

cm−1 at 658 nm) and Cu pheophytins a ( = 67.9 mM−1 cm−1 at 650 nm) [15]. The molar 

extinction coefficients of Me-pyroPheide a is the same as that of pheophytin a ( = 52.6 

mM−1 cm−1 at 664 nm). Atmospheric pressure chemical ionization-Orbitrap mass 

spectrometry (Thermo Scientific Exactive Plus, Thermo Fisher Scientific) was used to 

determine the mass of the metal complexes. 

 

Metal ion insertion by non-enzymatic reactions 
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Me-pyroPheide a was dissolved in a small volume of dimethyl sulfoxide and diluted 

with methanol. Me-pyroPheide a (5 µM), and ZnCl2 or CuCl2 (500 µM) were prepared in 

methanol, and the absorbance at 413 nm was recorded every 5 min (Multiskan GO, 

Thermo Scientific). The half-life was calculated using Solver (Excel). 

 

Complementation of hemH E. coli 

hemH-defective E. coli mutants (VS200), in which bases 468 to 874 of ferrochelatase 

are deleted [16], were obtained from the National BioResource Project of Japan. E. coli 

JM109 hemH and AbSGR-h were amplified using specific primer sets (Table S1) and 

inserted into pUC119 at the HindIII and EcoRI sites. E. coli was transformed with the 

plasmids and cultured on Luria–Bertani agar medium containing 25 µg mL−1 ampicillin 

with or without 0.2% glucose (w/v) for 2 days at 37 °C in the dark. E. coli carrying an 

empty vector served as a negative control. 

 

Results 

Examination of the metal insertion activity of AbSGR-h 

The metal insertion activity of AbSGR-h was investigated using Me-pyroPheide a as 

the macrocycle tetrapyrrole molecule since it lacks stereoisomerism at the peripheral 

C132-position [17], allowing for the accurate identification of the reaction products. This 

molecule was prepared by substituting the phytyl group to a methyl group in the C17-

propionate residue and removing the C132-methoxycarbonyl group from pheophytin a 

[18]. Me-pyroPheide a and Mn, Fe, Co, Ni, Cu, and Zn were incubated with AbSGR-h 

in an aqueous solution at 25 °C, and the pigments were analyzed (Fig. 1, Fig. S2). The 

purity of AbSGR-h was determined using gel electrophoresis (Fig. S3). Following 

incubation, new pigments were observed in HPLC, the identities of which were 

determined using mass spectrometry (Fig. S4). All the produced pigments had masses 

corresponding to each metalated molecule. The Mn and Co complexes formed low and 

broad peaks in the HPLC chromatogram (Fig. 1). Mn complexes can take various 

oxidation states [19], affecting the pigment retention time. The absorption spectrum 

(Fig. S2) and mass spectra (Fig. S4) of the Mn complex suggested that the analyzed 

Mn was Mn3+. Mass spectrometry also suggested Fe to be Fe3+ (Fig. S4). Though Co 

can also be Co3+ [20], mass spectrometry suggested that Co2+ was dominant. It is 

unclear why the Co complex has a broader peak in the HPLC chromatogram. When 

the Qy wavelengths of these molecules are ordered from shortest to longest, the order 

is consistent with that of metal chlorins in previous studies, Fe < Ni ≤ Co < Cu < Zn < 

Mn [21,22]. These observations support the accuracy of metal complex identification. 
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To exclude the possibility of non-enzymatic formation of the metal complexes, metal 

ions and Me-pyroPheide a were incubated without AbSGR-h; no metal complexes were 

formed (Fig. S5), suggesting that the formation of metal complexes is an enzymatic 

reaction. These results indicate that AbSGR-h can insert Mn, Fe, Co, Ni, Cu, and Zn 

into Me-pyroPheide a with particularly high efficiency for Cu and Zn. 

 

Characterization of enzymatic properties against Cu and Zn 

Cu and Zn were efficiently inserted; therefore, the enzymatic properties of these two 

metal ions were investigated (Fig. S6). AbSGR-h concentrations were set at 0.05 M 

and incubated for 5 min. Under these reaction conditions, the reaction product 

increases proportionately to the reaction time (Fig. S6A and B). To examine the affinity 

and kinetics of metal ion insertion, 5 M of Me-pyroPheide a was used. The Km values 

for Cu and Zn were 2.29 ± 0.28 M and 1.01 ± 0.32 M, and the kcat values for Cu and 

Zn were 2.03 ± 0.12 min−1 and 2.22 ± 0.43 min−1, respectively (Table 1). High Zn 

concentrations suppressed the metalated molecule production; therefore, the Zn 

concentration was maintained below 2.5 M. Metal ions (2.5 M) were used to 

examine the affinity and kinetics of Me-pyroPheide a. The Km values for Cu and Zn 

were 4.43 ± 0.07 M and 2.46 ± 0.19 M and the kcat values for Cu and Zn were 2.55 ± 

0.38 min−1 and 2.81 ± 0.25 min−1, respectively (Table 2). These results suggest that Zn 

is the preferred metal ion for the AbSGR-h reaction. Non-enzymatic metalation was 

also examined in methanol; Cu was preferred for the reaction (Fig. S7), suggesting that 

the high affinity of Zn to AbSGR-h plays an important role in the enzymatic chelation 

activity. 

 

Effects of AbSGR-h amino acid substitution on dechelation and chelation activity 

Mutants were constructed by substituting the conserved amino acid residues in the 

active site. The mutants targeted three amino acid residues (H32, D34, and D62) 

previously suggested to be involved in the AbSGR-h metal extraction reaction [12]. 

H102, which is located in the active site, was also mutated. This histidine residue is 

often substituted by a glutamate residue in the SGR family proteins. In the Mg-

dechelation reaction of chlorophyll a to pheophytin a, the D34N and D62N mutants 

showed almost no activity, whereas the H32A mutant showed lower activity, consistent 

with previous findings [12] (Fig. 2A, Fig. S8A). The H102A mutant exhibited no 

apparent decrease in Mg extraction activity.  

In the Zn chelation reaction of Me-pyroPheide a, the H32A, D34N, and D62N mutants 

lost their enzymatic activity (Fig. 2B, Fig. S8B). However, the H102A mutant retained 
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chelation activity. Thus, H32, D34, and D62 were involved in the chelation reaction of 

AbSGR-h, with H32 playing a more prominent role in the chelation reaction than in the 

dechelation reaction under the experimental conditions. H102 appeared to have little 

effect on the activity in both reactions. 

 

Examination of the metal insertion activity of plant SGR 

AtSGRL recombinant protein was incubated with Zn ions and Me-pyroPheide a to 

examine the metal insertion activity of plant SGR. Arabidopsis has three SGR family 

proteins: AtSGR1, AtSGR2, and AtSGRL. Since AtSGR1 and AtSGR2 recombinant 

proteins are not expressed in E. coli, AtSGRL was used for this assay. As the AtSGRL 

expression level in E. coli and its purity after Ni affinity column purification were low 

(Fig. S3), the enzymatic activity could not be normalized by protein concentration. In 

addition to Mg extraction from chlorophyll a (Fig. 3A), Zn insertion into Me-pyroPheide 

a (Fig. 3B) was observed, indicating that plant SGR can also insert metal ions into 

macrocyclic tetrapyrrole molecules. 

 

Complementation of hemH-defective E. coli 

A bacterial SGR homolog was used to investigate the catalytic mechanisms of SGR. 

However, the physiological functions of the bacterial SGR homolog in bacterial cells 

remain to be elucidated. The metal insertion activity observed in this study suggests 

that the bacterial SGR homolog functions as a ferrochelatase in cells. To test this 

hypothesis, AbSGR-h was expressed in an E. coli strain defective in hemH, which 

encodes a ferrochelatase. Mutant E. coli cannot produce heme and thus cannot grow 

without glucose supplementation. Following incubation for 2 days, the transformants 

grew on the agar medium without glucose supplementation (Fig. 4). These 

observations demonstrate that the bacterial SGR homolog functions as a 

ferrochelatase in bacterial cells. 

 

Discussion 

Identification of SGR chelatase activity 

SGR was first identified as the gene responsible for the stay-green rice mutation; 

however, its function was unknown [9]. The Mg-extracting activity from chlorophyll was 

later demonstrated through an in vitro assay using a recombinant protein of 

Arabidopsis SGR prepared using a cell-free protein synthesis system [23]. 

Consequently, SGR has been studied as a catabolic enzyme involved in the chlorophyll 

degradation pathway [8]. This study demonstrated that SGR could also catalyze the 
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reverse reaction by inserting a metal ion into a macrocyclic tetrapyrrole molecule. The 

enzymatic activity of SGR has been investigated using recombinant proteins derived 

from bacterial genes [11] as plant SGRs have not been successfully expressed in E. 

coli. Although this study used a bacterial SGR homolog, metal insertion was also 

observed in plant SGR (Fig. 3). Therefore, SGR proteins are believed to insert and 

extract metal ions via the same reaction mechanism, regardless of whether the gene is 

derived from plants or bacteria. Notably, in vitro metalation activity does not necessarily 

reflect in vivo activity. Indeed, intracellularly, the metal availability often follows the 

inverse of the Irving–Williams series, with more competitive metals maintained at low 

availability [24,25]. In this study, AbSGR-h and AtSGRL efficiently inserted Zn in vitro; 

however, Zn concentrations are tightly regulated and maintained at low levels in plant 

cells by Zn transporters [26], suggesting that Zn insertion in chloroplasts is minimal. 

Moreover, in cellular environments, metal ions can be associated with ligands rather 

than existing in hydrated forms as in in vitro assays. These ligand-bound forms are 

more favorable for metalation since they bypass the energy cost of dehydration [25], 

limiting the applicability of in vitro results to in vivo conditions. 

In this study, all metal ions were assumed to be in their divalent states at the start of 

the reactions; Fe²⁺ was prepared by adding dithionite to an FeCl3 solution. Although 

Fe²⁺ is readily oxidized to Fe³⁺ (mass spectrometry; Fig. S4), Fe²⁺ is presumed to be 

the biologically relevant substrate for the enzymatic reaction, consistent with its in vivo 

roles. Similarly, while copper is most stable in the hydrated state at divalent and thus 

Cu²⁺ was used in the in vitro assays, copper exists predominantly as Cu⁺ in cells [27], 

implying that the kinetic parameters for copper in Tables 1 and 2 may differ under 

physiological conditions. In vitro assays using recombinant proteins can aid in 

elucidating enzymatic mechanisms and enzyme engineering. However, it is essential to 

recognize the limitations of such systems in fully capturing the enzyme’s function within 

the cellular context. 

 

Metal ion specificity for AbSGR-h enzymatic reactions 

To determine the metal ion preference of AbSGR-h, we investigated the insertion 

efficiency of various metal ions into Me-pyroPheide a, resulting in the finding that Zn is 

the most favorable metal ion. Cu was preferred when Zn or Cu was coordinated to Me-

pyroPheide a in methanol (Fig. S7), consistent with the Irving–Williams series and a 

previous study using porphyrins [28].  

However, AbSGR-h preferred Zn over Cu for insertion into Me-pyroPheide a (Tables 1 

and 2). The higher insertion rate of Zn may be attributed to the higher affinity of 
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AbSGR-h for Zn than Cu ions. Computational prediction of the complex structure using 

AlphaFold3 [29] suggested that SGR coordinates Zn ions with H32, D34, D62, and 

H102 to form a tetrahedral geometry (Fig. S9A). Zinc complexes typically have a 

tetrahedral geometry, whereas cupric complexes tend to have a square-planar 

geometry. The arrangement of these four amino acid residues may be favorable for Zn. 

However, Cu is the most favorable ion when amino acid residues coordinate with first-

row transition metal ions, regardless of the overall symmetry of the binding site [30,31]. 

Although these observations suggest that Cu is the better metal ion, some chelatases, 

such as yeast ferrochelatase, also prefer Zn over Cu [32]. The reason AbSGR-h 

prefers Zn ions to Cu insertion remains unclear. Mn, Fe, Co, and Ni were inserted into 

Me-pyroPheide a using AbSGR-h; however, the efficiency was low (Fig. 1), potentially 

due to the lower insertion rate of metal ions into Me-pyroPheide a, as reported 

previously using porphyrin in an organic solution [28] rather than the affinity to AbSGR-

h. Notably, AbSGR-h successfully formed a Mn complex (Fig. 1). Mn is the least 

favorable metal ion in the Irving-Williams series, and Mn-chelated complexes are not 

used in living organisms. AbSGR-h inserted Mn into Me-pyroPheide a, suggesting that 

AbSGR-h is a highly efficient enzyme. The molecular mechanisms underlying the broad 

substrate specificity of AbSGR-h remain to be elucidated. 

 

Predicted structures and reaction mechanism of AbSGR-h 

The amino acid residues involved in chelatase coordination of metal ions vary based 

on the chelatase species. Human ferrochelatase interacts with Fe using methionine, 

arginine, and tyrosine [33], whereas methionine is substituted with tyrosine in Bacillus 

ferrochelatase [34]. Bacterial Co and Ni chelatases use two histidine residues and one 

glutamate residue [35,36]. Although these essential amino acid residues are not found 

in SGR and the overall structure of SGR differs from that of chelatase [37], the 

coordination of the metal ion with the amino acid residues is consistent with that of Co 

or Ni chelatases. Histidine residues, such as H263 in human ferrochelatase, may be 

involved in proton extraction reactions [6]. H102 in AbSGR-h corresponds to H263 in 

human ferrochelatase. H102, or a substituted glutamic acid in some SGRs, can accept 

protons from the free base; however, mutation of this histidine residue did not 

significantly decrease enzymatic activity in either the insertion or extraction of metal 

ions (Fig. 2). These observations suggest that H102 is not involved in the transfer of 

protons between the enzyme and the substrate. Therefore, H32, D34, and D62 should 

accept protons from Me-pyroPheide a in the chelation reaction of AbSGR-h, indicating 

that the proton should be extracted from the same plane as the metal insertion (Fig. 
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S9B). Similar results have been reported for Mg chelatase [5]. H1174 of Synechocystis 

PCC6803 Mg chelatase is localized at the opposite site of Mg insertion and is not 

essential for the enzymatic reaction. These metal insertion–proton extraction 

mechanisms suggest that conventional free base distortion is not expected during this 

reaction. Such a free base distortion promotes the abstraction of two protons from the 

free base and exposes the pyrrole nitrogen atoms to the incoming metal ion substrate 

[1]. In this model, protons are received by the amino acid residue that localizes to the 

opposite site of the metal ion insertion. AbSGR-h does not have the corresponding 

amino acid residue; therefore, Me-pyroPheide a distortion does not promote the 

reaction. Elucidating the proton-transfer mechanism is crucial for understanding the 

chelation mechanism. AbSGR-h is a smaller and simpler enzyme than Mg chelatase, a 

heterotrimeric and ATP-dependent enzyme [5]. Therefore, AbSGR-h is a good enzyme 

for investigating metal- and proton-exchange processes. 

The H32A mutation resulted in the loss of chelatase activity but retained a certain 

level of dechelatase activity (Fig. 2), suggesting that H32 plays different roles in 

chelation and dechelation reactions. However, the difference in the effect of H32 

substitution could have been caused by the use of different substrates, namely 

chlorophyll a and Me-pyroPheide a. In human chelatases, substituting essential 

histidine and glutamate residues alters the enzymatic activity, which depends on the 

substrate [38]. This finding suggests that caution should be exercised when 

generalizing the role of amino acid residues in enzymatic reactions based on 

observations using different substrates. Further analyses of these mutations will 

provide deeper insights into the underlying reaction mechanisms. 

The acidic side group of the free base plays an essential role in chelatase 

substrate specificity [6]. For example, protoporphyrin IX, a substrate for both 

ferrochelatases and Mg chelatases, contains two polar propionate groups, which 

interact with basic amino acid residues or main chain amides [5,39]. This study used an 

artificial substrate without acidic side groups. Side-chain modification of the Mg 

complex does not significantly affect the dechelation reaction catalyzed by AbSGR-h as 

long as the side-chain size is not markedly different [18]. These observations suggest 

that SGR accepts different substrates, regardless of the polarity of the side groups. The 

broad substrate specificity of SGR is excellent for developing new enzymes. 

 

Ferrochelatase activity of AbSGR-h 

SGR-homologous genes have been identified in some non-photosynthetic bacteria 

[10]; however, their physiological functions in bacterial cells have not yet been 
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elucidated. In the present study, AbSGR-h successfully complemented a ferrochelatase 

mutant E. coli (Fig. 4), suggesting that SGR-homologous genes have the potential to 

participate in heme biosynthesis as ferrochelatases. The ferrous ion insertion into Me-

pyroPheide a activity in vitro was not significant (Fig. 1). Ferrous ions are easily 

oxidized in solution [32], which may affect chelatase activity in vitro. Protoporphyrin IX, 

the substrate for heme biosynthesis in E. coli, has not been examined using in vitro 

assays. Metal ion insertion rates can differ from those into Me-pyroPhdeide a. Although 

AbSGR-h showed high activity with Zn, this finding does not imply that Zn is a 

physiological metal ion. Human ferrochelatase prefers Zn to Fe in vitro [40]. This study 

demonstrated the in vitro activity of AbSGR-h. However, the function of the SGR 

homolog in bacterial cells, which was not investigated, and its function was established 

only by complementing the E. coli mutant lacking ferrochelatase. Whether bacterial 

SGR homologs exhibit chelatase activity in cells should be further investigated. 

Determining the physiological function of the SGR homolog will provide insights into the 

diversity of metal complex biosynthesis in living organisms. 
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Figure legends 

Figure 1. Insertion of metal ions into methyl pyropheophorbide a (Me-pyroPheide a) by 

Anaerolineae bacterium SM23_63 (AbSGR-h). 

Purified AbSGR-h was incubated with various metal ions and Me-pyroPheide a, and 

the resulting pigments were analyzed using high-performance liquid chromatography 

(HPLC). Representative chromatograms are shown. A mixture without metal ions was 

used as a standard. Black and red arrowheads indicate Me-pyroPheide a and the 

predicted metal complexes, respectively. 

 

Figure 2. Dechelation and chelation activities of AbSGR-h and its mutants. 

(A) Dechelation activity was examined by incubating purified AbSGR-h with chlorophyll 

a, and pheophytin a levels were measured using HPLC. (B) Chelation activity was 

examined by incubating purified AbSGR-h with Zn ions and Me-pyroPheide a, and the 

Zn complexes were determined using HPLC. The controls show the results without 

AbSGR-h. Error bars represent the standard deviation (SD) (n = 3). **p < 0.01 (t-test). 

 

Figure 3. Dechelation and chelation activities of the plant Arabidopsis thaliana SGR 

Like (AtSGRL). 

(A) AtSGRL and chlorophyll a were incubated, and pigments were analyzed using 

HPLC. (B) AtSGRL, Zn ion, and Me-pyroPheide a were incubated, and pigments were 

analyzed using HPLC. Representative chromatograms are shown. 

 

Figure 4. Complementation of E. coli strain hemH with AbSGR-h. 

E. coli strain hemH was transformed with an empty vector (control) or plasmids 

harboring E. coli HemH or AbSGR-h and cultured on an agar plate with or without 0.2% 

glucose for 2 days at 37 °C. The growth rate of control cells is low, even with glucose 

supplementation. Representative cultures are shown. 
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Table 1. Kinetics parameters of AbSGR-h with 5 M Me-pyroPheide a

Metal ion Km (M) kcat (min-1) kcat/Km (M-1 min-1)

Cu 2.29 ± 0.28 2.03 ± 0.12 0.89 ± 0.08

Zn 1.01 ± 0.32 2.22 ± 0.43 2.26 ± 0.35



Table 2. Kinetics parameters of AbSGR-h with 2.5 M metal ions

Metal ion Km (M) kcat (min-1) kcat/Km (M-1 min-1)

Cu 4.43 ± 0.07 2.55 ± 0.38 0.58 ± 0.01

Zn 2.46 ± 0.19 2.81 ± 0.25 1.14 ± 0.05



Table S1. Primer sets

Sequence (5' to 3')

AbSGR-h_H102A-F CCGCCAGGCCATGCCGCTGGTTCTGGAAGC

AbSGR-h_H102A-R GCGGCATＧＧＣCTGGCGGAAGATTTTATCGC

AbSGR-h-pUC-F TGATTACGCCAAGCTTAATGGATCATCTGAAACCGGA

AbSGR-h-pUC-R GACGGCCAGTGAATTCTATTTGTAATCGCGCAGAATGC

hemH-pUC-F ATTACGCCAAGCTTAATGCGTCAGACTAAAACCGG

hemH-pUC-R GACGGCCAGTGAATTTTAGCGATACGCGGCAACAA



Me-pyroPheide a metal complex

Figure S1. Structure and reaction of methyl pyropheophorbide a (Me-

pyroPheide a ) metalation.

Me-pyroPheide a was prepared by substituting the phytyl group to a methyl

group in the C17-propionate residue and removing the C132-methoxycarbonyl

group from pheophytin a. The inserted metal ion was coordinated with the

inner, four nitrogen atoms of the core chlorin.



Figure S2. Visible absorption spectra of the pigments.

On-line absorption spectra of the predicted metal complex peaks of Fig. 1 

obtained by normalizing the highest peak. Absorptions of the Soret and Qy

bands are shown in parentheses.



Figure S3. Purified Anaerolineae bacterium SM23_63 (AbSGR-h) and 

Arabidopsis thaliana SGR Like (AtSGRL) proteins.

Purified proteins were analyzed using sodium dodecyl sulfate polyacrylamide 

gel electrophoresis and CBB staining. AbSGR-h and its mutants (1 µg), and 

AtSGRL fraction protein (1.3 µg) were analyzed. A representative gel image is 

shown. The calculated molecular sizes of AbSGR-h and AtSGRL with the 

FATT tag were 18 and 39 kDa, respectively.
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Zn complex (m/z 611.2 for [M+H]+)

Figure S4. Mass spectrometry of the predicted metal complexes.

The predicted metal complexes were isolated using high-

performance liquid chromatography (HPLC) and analyzed using 

mass spectrometry. Positive and negative mode profiles are shown 

in the upper and lower panels, respectively. The observed signals 

with mass numbers consistent with the calculated values are 

marked with red arrows in the positive mode (upper panel).



Figure S5. HPLC chromatogram of the pigments incubated without AbSGR-h.

Me-pyroPheide a and metal ions were incubated for 15 h, and the pigments 

were analyzed using HPLC at 413 nm. A mixture without metal ions was used 

as a standard. Representative chromatograms are shown.



Figure S6. Determination of enzymatic parameters.

Purified AbSGR-h (0.05 µM) was incubated with different copper (Cu) or zinc 

(Zn) ion concentrations and 5 µM Me-pyroPheide a (A) or with different Me-

pyroPheide a concentrations and 2.5 µM Cu or Zn ion (B) for 5, 10, and 15 

min. Purified AbSGR-h (0.05 µM) was incubated with 5 µM Me-pyroPheide a

and various Cu or Zn ion concentrations (C) and with 2.5 µM Cu or Zn and 

various Me-pyroPheide a concentrations (D). Error bars represent the 

standard deviation (n = 3). Representative results are shown. Metal 

complexes were determined using HPLC, and the kinetics of the enzymatic 

reaction were determined by fitting the data to a Michaelis–Menten plot.



Figure S7. Absorbance change of metal ions and Me-pyroPheide a mixture in 

methanol solution.

(A) Absorption spectral change of the mixture of Me-pyroPheide a and Cu or 

Zn ions in methanol. Spectra were monitored every 5 min for 105 min. The 

color of the line on the graph fades with the reaction time. (B) Me-pyroPheide 

a (5 µM) and Cu or Zn ions (500 µM) were solubilized in methanol, and the 

change in absorbance at 413 nm was monitored every 5 min for 105 min. 

Error bars represent the standard deviation (n = 3). The half-time of the decay 

was calculated by curve fitting of the exponential decay curve. Representative 

results are shown.



Figure S8. Pigment analysis of the reaction mixture after incubation with 

AbSGR-h variants.

Purified AbSGR-h and its mutant were incubated with chlorophyll a (A) or Zn 

ions and Me-pyroPheide a (B). After incubation, the pigments were analyzed 

using HPLC. Arrows indicate the products, pheophytin a, and the Zn complex 

of Me-pyroPheide a. Representative chromatograms are shown.
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Figure S9. Computational prediction of AbSGR-h, Zn ion, and substrate 

complex structure.

The AbSGR-h and Zn ion (A) and AbSGR-h, Zn ion, and chlorophyll a

complex structures (B) were predicted using AlphaFold3. Chlorophyll a was 

used instead of pheophytin derivatives because pheophytin derivatives are not 

available in AlphaFold3. Two Zn atoms were used as ligands for prediction. 

One more Zn ion was predicted to bind to the surface of the protein, which is 

not the catalytic site, but this was not shown.  The phytyl chain was removed 

for ease of visualization. The Zn ions are shown as gray spheres. H32, D34, 

D62, and H102 are indicated in magenta. The chlorophyll a content is 

indicated in blue. The left figures show the entire structure and the right figures 

show the enlarged catalytic sites of the complexes.


