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The enzyme protochlorophyllide oxidoreductase (POR) catalyses a light-

dependent step in chlorophyll biosynthesis that is essential to photosynthesis and 

ultimately all life on Earth.1-3 POR, which is one of three known light-dependent 

enzymes,4,5 catalyzes reduction of the photosensitizer and substrate 

protochlorophyllide to form the pigment chlorophyllide. Despite its biological 

importance, a structural basis for POR photocatalysis has remained elusive. 

Here, we report crystal structures of cyanobacterial PORs from 

Thermosynechococcus elongatus and Synechocystis sp. in their free forms, and in 

complex with nicotinamide coenzyme. Our structural models and simulations of 

the ternary protochlorophyllide-NADPH-POR complex have identified multiple 

interactions in the POR active site that are important for protochlorophyllide 

binding, photosensitization and photochemical conversion to chlorophyllide. We 

demonstrate the importance of active-site architecture and protochlorophyllide 

structure in experiments using POR variants and protochlorophyllide analogues. 

These studies reveal how the POR active site facilitates light-driven reduction of 

protochlorophyllide by localized hydride transfer from NADPH and long-range 

proton transfer along structurally defined proton-transfer pathways.  

 

As the light-driven step in the chlorophyll biosynthetic pathway (Fig. 1), the POR 

reaction acts as the trigger for the germination of seedlings =in plants and provokes a 

marked change in the morphological development of the plant.2,3 Given this crucial 

biological role, POR has been the focus of numerous mechanistic and biophysical 

investigations. A combination of time-resolved (at the femtosecond-to-second scale) 

and cryogenic spectroscopy methods have provided some understanding of the 

mechanism of POR photocatalysis in a range of photosynthetic organisms, including 

cyanobacteria and plants. Picosecond excited-state dynamics in the 

protochlorophyllide (Pchlide) molecule are thought to result in excited state 

interactions between the substrate and active-site residues that are necessary to trigger 

the subsequent reaction chemistry.6-12 This involves sequential transfer of a hydride 

equivalent from NADPH and a proton transfer from either an active site residue or 

solvent. Proton transfer is reliant on solvent dynamics and an implied network of 

extended protein motions that occur on the microsecond timescale.13-17 Hydride 

transfer from NADPH is not concerted, but occurs in a stepwise manner that involves 



 

Pchlide excited-state electron transfer from NADPH followed by a proton-coupled 

electron transfer,18 which represents the first example of the stepwise transfer of a 

hydride equivalent reported in biology. These time-resolved studies have provided 

insight into the chemistry of catalysis across a wide range of timescales (from the 

femtosecond to the second), but the required structural basis of POR photocatalysis 

has remained unknown. This structural context is urgently required to understand how 

substrate binding, excited-state chemistry, bond making and/or breaking and the 

dynamics of photocatalysis are controlled by protein structure.  

 

Here we report the crystal structures of the apo-POR enzyme from T.elongatus(RCSB 

Protein Data Bank (PDB) code 6RNV), and NADPH-bound POR from both 

Synechocystis sp, and T. elongatus (PDB codes 6G08 and 6RNW 

respectively)(Extended Data Table 1a, Supplementary Methods), solved at 1.3 Å, 1.9 

Å and 1.9 Å resolution, respectively (Fig. 2 and Extended Data Figure 1). As a 

member of the short-chain dehydrogenase and reductase (SDR) family of enzymes, 

the overall structure of POR is similar to that of other members of the SDR family19 

and has a typical dinucleotide-binding Rossmann fold, which  comprises a central β-

sheet surrounded by six α-helices (Extended Data Figs. 1, 2). Three flexible regions of 

the structure (residues 146-160 , 228-255 and 284-291 ; hereafter denoted R1, R2 and 

R3, respectively) are not observed in the T. elongatus electron density. This 

observation is consistent with molecular-dynamics simulations of both the apo- and 

coenzyme-bound structures (Extended Data Fig. 3), which indicates these regions 

have a high degree of flexibility. Despite this, both the R1 region and the and R2 

region are ordered in the coenzyme-bound structure of Synechocystis POR and 

implicated in coenzyme binding to POR. A short loop (residues 223-229) within the 

R2 region extends from the central β-sheet, covers the nicotinamide moiety of the 

NADPH and becomes ordered upon binding of the coenzyme. A similar loop is 

observed over the coenzyme-binding pocket of other SDR enzymes, and it has 

preiously been shown that coenzyme binding causes the extended area around the 

loop to form two short α-helices that act as a lid to cover the active site, which leads 

to a ‘closed’ conformation.20-23 In this region of Synechocystis POR, only one longer 

α-helix (residues 230-239, hereafter referred to as helix 1)(Fig. 2a) is observed –  

although an additional loop (residues 148-159, hereafter referred to as loop 1) (Fig. 



 

2a) which extends from the central β-sheet, is located near helix 1. It appears that loop 

1, which is conserved in POR enzymes (Extended Data Fig. 1e, Supplementary 

Fig.1), and helix 1 are important in controlling the subsequent binding of the Pchlide 

substrate.  

 

Beyond the loop regions, our POR crystal structures identify other residues that are 

important to coenzyme binding. The SDR family of proteins uses an Asn-Ser-Tyr-Lys 

catalytic tetrad for proton transfer and stabilization of reaction intermediates,19 

however, in POR a Thr residue (Thr145) often replaces the Ser residue 

(Supplementary Fig. 1). Crystal structures of the binary POR–NADPH complex show 

that three of these residues – Asn90, Tyr193 and Lys197 (numbering refers to the T. 

elongatus POR), are directly hydrogen-bonded to the coenzyme (Fig. 2b, c). Also, 

Arg38, Lys42 and Asp63 interact with the coenzyme via a hydrogen-bonding network 

to the 2' phosphate of the molecule (Fig. 2b, c and Extended Data Fig. 4). Arg38 is 

implicated in coenzyme binding and release as it adopts alternative conformations in 

the different POR structures (Fig. 2d), a hypothesis that is further supported by the 

reduced NADPH binding affinity observed in an R38V variant.24 A water channel 

surrounding the Tyr193 and Lys197 residues of the active site is also identified in our 

structures, which could act as a potential proton relay network during catalysis (Fig. 

2e). 

 

Despite extensive efforts, crystals of the ternary POR complex (comprising POR, 

Pchlide and NADP(H)) were not obtained, as a result of the enzyme adopting an array 

of oligomeric states on binding the substrate (Supplementary Fig.2). We therefore 

used molecular docking to produce an initial model for the structure of the POR-

Pchlide-NADPH ternary complex, followed by simulated annealing molecular 

dynamics simulations and umbrella sampling to calculate the potential of mean force 

for Pchlide binding (Extended Data Figs. 3,5). Although the potential of mean force 

changes over the time course of the simulation, the lowest energy conformation and 

the approximate dissociation energy remain stable and well-defined (Extended Data 

Fig. 5d, e). The resulting binding energy ofabout 35 kJmol-1(which corresponds to a 

dissociation constant of 0.8 µM) agrees well with the experimental dissociation 



 

constant of about 2 μM (Extended Data Table 1b, Supplementary Fig. 3). The lowest 

energy conformation yields a ternary complex structure that is more rigid than the 

flexible, highly mobile structures that were observed for apo-POR and POR-NADPH 

(Extended Data Fig. 3a-c). In the ternary complex structure, helix 1 folds over the 

Pchlide and, together with loop 1, forms a lid over the active site (Fig.3a). The 

hydrophobic edge of Pchlide points towards hydrophobic regions of the enzyme 

(including the residues in helix 1) while the keto, methylester and carboxylic acid 

groups of the Pchlide molecule are positioned in a hydrophilic pocket (Fig. 3b). This 

provides numerous hydrogen-bonding opportunities and positions Pchlide in an 

orientation that is consistent with the required stereochemistry of hydride and proton 

transfer (Fig. 3c and Extended Data Fig. 5). Specific interactions include a salt bridge 

between Lys197 and the carboxylic acid side chain at the C-17 position, which also 

forms a hydrogen bond to Thr145. The central Mg2+ ion of Pchlide is ligated to two 

water molecules, one of which appears to be part of a water network that also 

involves hydrogen bonds to Tyr223 and the methylester at the C-15 position.  

 

The photocatalytic implications of the determined structures and models of the active 

ternary complex were investigated using activity, binding and inhibition studies of 

site-directed variants and analogues of Pchlide with modifications to substituent 

groups that are of potential importance to enzyme mechanism (Extended Data Fig. 6, 

Extended Data Table 1b, Supplementary Figs. S3-8). Pchlide analogues were altered 

in the nature of the substituents on ring E, the central Mg2+ ion and the carboxylic 

acid sidechain at the C-17 position, all of which have previously been inferred as 

being important in POR-catalyzed photoreduction.25 An analogue in which the 

propionic acid sidechain at the C-17 position is exchanged for a methylester group 

does not bind to POR. This analogue is also not a competitive inhibitor of the natural 

enzyme-catalyzed reaction. This emphasizes the importance of this propionic acid 

side chain in Pchlide binding to the POR active site, consistent with our structural 

models. Mutagenesis of Lys197 or Thr145 also leads to an impaired ability of POR to 

bind Pchlide substrate.24,26 This finding is consistent with the identified salt bridge 

and hydrogen bond made by these residues in their interaction with the propionic acid 

side chain of Pchilde. Additional Pchlide analogues modified at a rangeof locations of 

the porphyrin retain an ability to bind to the enzyme. These analogues also act as 



 

competitive inhibitors, albeit with affinities that are reduced compared to Pchlide 

itself (Extended Data Fig. 6, Extended Data Table 1b). Loss of the central Mg2+ ion 

and the keto group (C-13 position) led to about a 3-5-fold increase in Kd, as expected 

from proposed roles in binding via coordination with water molecules in the active 

site. Although Lys156 is situated in the loop region of the lid (in close proximity to 

Pchlide), activity measurements using a K156A variant indicate that Lys156 is not 

important for binding (Extended Data Table 1b, Supplementary Fig. 8). This is 

consistent with the lack of hydrogen-bonding from Lys156 to Pchlide in the final 

model of the ternary complex. Molecular-dynamics simulations indicate Tyr223 

facilitates the binding of Pchlide in the orientation that is required for catalysis via 

hydrogen bonding to the keto group at an intermediary phase in the binding process 

(R0 of about 17 Å in the potential of mean force in Extended Data Figs. 5,  7) but does 

not directly interact with Pchlide in the ternary complex (Extended Data Fig. 6, 

Supplementary Video 1). This is consistent with experimental binding data where a 

significant reduction of about four- and tenfold is observed in the binding of Pchlide 

to Y223F and Y223A variants of the PORs (Extended Data Table 1b, Supplementary 

Fig. 8).  

 

The POR crystal structures and ternary complex model now provide a structural basis 

to understand light-activated catalysis in POR. The extensive hydrogen-bonding 

network identified between active-site residues and Pchlide is likely to be essential for 

photochemistry, and these interactions are proposed to strengthen in the excited state 

to create an electron-deficient site at the C-17–C-18 double bond.9,10 The central Mg2+ 

ion and keto group at the C-13 position of the Pchlide are also important to Pchlide 

photochemistry (=Extended Data Fig. 8, Supplementary Fig. 9), as they facilitate 

charge separation across the Pchlide during photoexcitation.11 The active-site 

architecture of POR (Extended Data Fig. 9) is finely tuned to facilitate this excited-

state charge separation and to stabilize the strengthened dipole across the Pchlide 

molecule (Fig. 4). The positive end of the dipole is located within the hydrophobic 

pocket of the active site, in which it is stabilized by π-π stacking interactions with a 

conserved Phe residue. By contrast, the negative end of the dipole is found in a region 

of polar residues. Interactions between Thr145 and Lys197of POR and the propionic 

acid side chain of Pchlide at C-17 are important to excited-state chemistry, as shown 



 

by the fact that changes to either residue results in impaired photochemistry.10,24,26 

These excited-state interactions between Pchlide and POR stabilize a highly polarized 

C-17–C-18 double bond and enables stepwise hydride transfer from NADPH to C-

17.18 The polarized nature of the C-17–C-18 bond may also be stabilized by the close 

proximity of the hydroxyl group of Tyr193, which is known to be required for Pchlide 

photochemistry.10 By contrast, Tyr223 does not form any direct interaction with 

Pchlide (Extended Data Fig. 6, Extended Data Table 1b) and – consistent with this 

finding – the POR variants Y223A and Y223F are able to catalyze hydride transfer 

from NADPH to Pchlide (Supplementary Figs.10, 11). The donor-acceptor distance 

between the NADPH pro-S hydrogen and Pchlide C-17 is 4.5 ± 0.3 Å (Extended Data 

Fig. 6b), but this may change slightly upon photoexcitation of the Pchlide molecule. 

The subsequent transfer of a second proton to C-18 of Pchlide is from the strictly 

conserved Tyr193 of POR14,26 (Extended Data Fig. 6c) with a donor-acceptor distance 

of 4.9 ± 0.4 Å in our model  – although this distance may change upon formation of a 

Pchlide anion following reduction of the C-17–C-18 double bond. In reactions 

catalyzed by other members of the SDR family, the catalytic Tyr is replenished 

through a proton relay mechanism.19 In the basis of the crystal structures reported 

here, the adjacent Lys197 is implicated in modulating the ionization properties of 

Tyr193. As the Y223A and Y223F variants of POR possess reduced rates of proton 

transfer (Supplementary Fig. 11), the water network coordinated by Tyr223 may also 

be important in this proton relay mechanism. The crystal structure of POR reported 

here should enable computational and time-resolved structural–mechanistic studies of 

the complete enzyme reaction cycle to provide the spatial, temporal and energetic 

understanding across multiple timescales (for example femtoseconds-to-seconds), and 

thereby address a major challenge in biological catalysis.  
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Figure 1. The light-driven reduction of the C-17-C-18 double bond of Pchlide to 

form chlorophyllide. The reaction is catalysed by POR and is a key regulatory step 

within the chlorophyll biosynthetic pathway. Catalysis involves excited-state 

interactions between the Pchlide and protein, which lead to sequential hydride transfer 

from NADPH to the C-17 position and proton transfer to the C-18 position.     

 



 

 

Figure 2. Crystal structures of light-dependent POR. a, Synechocystis POR crystal 

structure with NADPH bound in the active site (Supplementary Methods). The 

regions colored orange are the missing loops in T. elongatus POR, which are present 

in the crystal structure of Synechocystis POR. b, Structure of the coenzyme-binding 

site of T. elongatus POR. Hydrogen bonds between key residues and NADPH are 

shown as red dashes. The electron density for NADPH (omit 2Fo-Fc map contoured at 

1σ) is colored green. c, Comparison of the coenzyme-binding site of T. elongatus 

POR and Synechocystis POR. The NADPH is colored as green (T. elongatus) or red 

(Synechocystis) stick. d, Comparison of the conformation of Arg38 in apo- and 

NADPH-bound structures of T. elongatus POR. The electron density for Arg38 (2Fo-

Fc map contoured at 1σ) in the apo-POR structure is colored blue; In the NADPH-

POR complex, Arg38 is colored cyan. e, Potential water channel surrounding key 

residues in NADPH-bound structure of T. elongatus POR. Water molecules are 



 

shown as red balls, and hydrogen bonds between key residues and water molecules 

are shown as red dashes.  

 

 

Figure 3. Structural model of the POR-Pchlide-NADPH ternary complex. a, The 

overall structure of the POR-Pchlide-NADPH ternary complex showing the structural 

changes upon Pchlide binding. The loop, helix and Pchlide molecule colored in green 

show the Pchlide entering the binding pocket and loop, helix and Pchlide molecule 

colored in red show the final binding position of Pchlide. b, View of the Pchlide 

binding pocket. The red surface represents hydrophobic residues and the blue surface 

represents hydrophilic residues. c, Structure of active site of the T. elongatus POR 

showing the hydrogen-bonding network around the Pchlide molecule. Water 

molecules are shown as red balls; potential hydrogen bonds are shown as red dashes.  

 



 

 
Figure 4. A structural basis for light-dependent reaction chemistry in POR. 

Mechanistic scheme that illustrates potential structural reorganization of Pchlide-

binding site upon excitation.  
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Extended data figures 

 

Figure 1. Crystal structures of T. elongatus and Synechocystis POR. (a) T. 

elongatus apo-POR. (b) T. elongatus POR with bound NADPH. (c) Synechocystis 

POR with bound NADPH. The protein structure is colored according to secondary 

structure, α-helix cyan, β-sheet magenta and loop green. (d) Alignment of the 



 

different POR crystal structures solved in the present work. Magenta, apo structure of 

T. elongatus POR; yellow, structure of NADPH-bound T. elongatus POR; blue, 

structure of NADPH-bound Synechocystis POR. The regions colored orange are the 

missing loops in T. elongatus POR, which are present in the crystal structure of 

Synechocystis POR. (e) Evolutionary conservation of Synechocystis POR structure. 

Based on the phylogenetic relations between homologous sequences, evolutionary 

conservation of amino acid positions in Synechocystis POR protein has been 

performed through the online ConSurf server.39 

 

 

 

 



 

 

Figure 2. Comparison of Synechocystis POR structure with SDR family protein 

β-ketoacyl reductase (PDB: 2B4Q). (a) Overall structure of β-ketoacyl reductase 

protein (colored by secondary structure). (b) Alignment of Synechocystis POR (blue) 

and 2B4Q (orange). NADPH is shown as a red stick. 

 



 

 

Figure 3. Molecular dynamics simulations of T. elongatus POR. Overlays of 

structures from unrestrained MD simulations at 500 ps intervals for (a) apo enzyme, 

(b) NADPH complex and (c) ternary complex. (d) RMSD (root-mean-squared 

deviation) vs. time and per-residue RMSF (root-mean squared fluctuation), calculated 

for the protein non-hydrogen atoms. (e) Distance distributions for the PChlide binding 

coordinate R0 and the distances between the hydride donor and acceptor atoms (R1) 

and the proton donor and acceptor atoms (R2). 

 



 

 

Figure 4. Electron density map for NADPH bound to T. elongatus and 

Synechocystis POR. (a) NADPH anaerobic soaking with T. elongatus POR crystal. A 

low resolution 3.5Å electron density map (FEM) contoured at 1 sigma (green mesh) 

along with an Fo-Fc omit map contoured at 4 sigma (magenta mesh) is shown for the 

NADPH region of an anaerobically soaked T. elongatus POR crystal. An all atom 

coloured stick representation of the aerobically soaked high resolution NADPH-POR 

structure and associated active site interactions are shown along with a stick 

representation of the anaerobically soaked NADPH in green. (b) Structure of the 

NADPH binding site of Synechocystis POR. Hydrogen bonds between key residues 



 

and NADPH are shown as red dashes. The electron density for NADPH (omit Fo-Fc 

map contoured at 3σ) is colored green. 

 

 

 

 



 

Figure 5. Modelling of the T. elongatus-Pchlide-NADPH ternary complex. Three 

stages of modelling the T. elongatus-Pchlide-NADPH ternary complex. The structures 

are aligned and superimposed, with each panel highlighting a different structure in 

blue (the other two in grey): (a) crystal structure with the chosen docked Pchlide 

structure; (b) the structure after 20 ns annealing; (c) the final representative structure. 

The flexible residues during docking are shown in yellow ball and stick representation 

and the Pchlide molecule is shown in green stick representation. (d) PMF calculated 

by umbrella sampling as a function of R0 (see Methods) for 50 ns umbrella sampling 

(black) as well as the first 20 ns (blue) and the last 20 ns (red). (e) Population 

distributions for each bin, each sampled for 50 ns. (f) PMF was calculated by 

umbrella sampling as a function of R0 (distance between Pchlide Mg2+ and lower edge 

of the POR binding pocket; see Methods). The dip in the PMF at R0 ≈ 17 Å 

corresponds to the formation of a hydrogen bond between Y223 and the Pchlide keto 

group. 

 



 

 

Figure 6. Configuration of the active site and donor-acceptor distance of the T. 

elongatus POR-NADPH-Pchlide ternary complex model. (a) Active site of the T. 

elongatus POR-NADPH-Pchlide ternary complex. The hydrogen bonding network 

around the Pchlide and NADPH molecules are shown as red dashes. The donor-

acceptor distance for hydride/proton transfer is shown as blue dashes. Water 

molecules are shown as red balls. (b) View of the active site of T. elongatus POR 

highlighting the donor-acceptor distance for hydride transfer (shown as blue dash). (c) 

View of the active site of T. elongatus POR highlighting the donor-acceptor distance 



 

for proton transfer (shown as blue dash). (d) Summary of the activity, binding and 

inhibition data for the Pchlide analogues. The structures and apparent kcat, Km, Kd and 

Ki (where applicable in each case) are shown for Pchlide (I), protopheophorbide (II), 

C17 methylester Pchlide (III), C13OH Pchlide (IV) and C13C15 methylester Pchlide 

(V). The red circles show the regions of the Pchlide molecule that have previously 

been shown to be important for activity (central Mg, ring E and the side chain at the 

C17 position). The structures of all of the Pchlide derivatives described in the present 

study are shown with the modifications indicated by dashed red circles. 

 



 

 

Figure 7. Hydrogen bonding interactions between Tyr223 and the C13 keto 

group during Pchlide binding. Change in hydrogen bonding between Tyr223 and 

Pchlide C13 keto group during Pchlide binding. (a-g). Plots of the distance R0 

between Pchlide Mg2+ and base of POR binding pocket (black) and the distance RHB 

between the Tyr223 hydroxy proton and keto oxygen (blue) from 20 ns MD 

simulations at increasing R0 values; (h) average RHB for each 0.5 Å bin for R0; (i) 

extended 100 ns MD simualation with R0 restrained at 1.7 Å to further illustrate the 



 

stability of the hydrogen bond between Y223 and keto group. As the Pchlide leaves 

the binding pocket (from j to m), the protein backbone is shown as a gray cartoon, the 

Tyr 223 residue is free to move around and form a transient hydrogen bond with the 

C13 keto group of Pchlide to ‘guide’ the Pchlide into its final orientation. At each 

stage the Pchlide and Y223 molecules have been highlighted with thicker sticks in the 

figure. 

 

 

 

 

 

 



 

 

Figure 8. Evolution Associated Difference Spectra (EADS) resulting from global 

analysis using a sequential model of visible transient absorption data collected 

between 0.6 ns and 2.7 µs. EADS are shown for Pchlide (a), POR with NADPH and 

Pchlide (b), protopheophorbide (c), POR with NADPH and protopheophorbide  (d), 

C13C15 methylester Pchlide (e), POR with NADPH and C13C15 methylester pchlide  

(f), C13OH Pchlide (g), POR with NADPH and C13OH Pchlide  (h). All data could 

be fitted using 2 EADS, except for POR with NADPH and Pchlide, which required 3 

EADS due to the formation of the hydride transfer intermediate (see spectrum in red 

in b). The absence of any additional intermediates for the Pchlide analogues in the 

presence of POR implies impaired photochemistry. 

 



 

 



 

Figure 9. Potential interactions in T. elongatus POR ternary complex model. (a) 

The Pchlide molecule was chosen as the ligand, POR protein and solvent were chosen 

as the receptor. The 2D interaction map was calculated through Molecular Operating 

Environment software (Chemical Computing Group). (b) The NADPH molecule was 

chosen as the ligand, POR protein and solvent were chosen as the receptor. The 2D 

interaction map was calculated through Molecular Operating Environment software 

(Chemical Computing Group). 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



 

 

 

 

 

 

Extended data tables 

 

 



 

Table 1. Data collection and kinetics parameters of POR  

(a) Data collection and refinement statistics (molecular replacement). *A single 

crystal was used for each data collection. **Values in parentheses are for highest-

resolution shell. (b) Kinetics parameters of T. elongatus POR substrate analogues and 

variants. 1Ki values were measured for non-active substrate analogues. NA: not 

applicable for non-active substrate analogues. The values shown in the table are mean 

± standard error, n=3 for steady state kinetics measurements, n=5 for hydride 

and proton transfer measurements. 
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Sample preparation and site directed mutagenesis

All chemicals were obtained from Sigma-Aldrich. The POR gene from Thermosynechococcus 

elongatus was codon optimized for overexpression in E. coli, synthesized (GeneArt, 

ThermoFisher) and subcloned into pET21a with a C-terminal 6-His tag. The Synechocystis

PC6803 POR gene was cloned into the pE-SUMO3 expression vector.27 Site-directed 

mutagenesis of the por gene was performed using the QuikChange kit (Stratagene) to mutate 

residues. The primers that were used (MWG Eurofins, Germany) are shown in the 

supplementary information (Table S1). The correct mutations were confirmed by DNA 

sequencing (MWG Eurofins, Germany). The recombinant plasmids were transformed into E. 

coli BL21 (DE3) and protein was expressed by growing transformed cells in LB containing 

100 µg/mL ampicillin at 25 until OD600 reached 0.6-0.8 followed by induction with 0.3mM 

isopropyl- -D-thiogalactopyranoside overnight. Cells were harvested by centrifugation at 6 

resuspended in lysis buffer (20 mM HEPES pH 7.5, 500 mM 

NaCl, 25 mM imidazole, 1 mM DTT for T. elongatus POR or 20 mM Tris-HCl, pH 7.4, 300

mM NaCl, and 20mM imidazole for Synechocystis POR) and lysed by sonication (15 x 15 s).

After centrifugation at 20,000 rpm the supernatant was loaded onto a 5-ml

HiTrap FF crude column and eluted by a 0.02–0.3 M imidazole gradient. The Synechocystis

POR was treated with protease SENP2 to remove the SUMO tag, dialyzed into 20 mM Tris-

HCl pH 7.4, 0.05 M NaCl, loaded onto a 5-ml Hitrap Q HP column and eluted by a NaCl 

gradient (0.05–0.5 M). Both proteins were further purified by a Superdex 75 gel filtration 

column and pure protein fractions were collected and concentrated for crystallization.



Crystallization, data collection, and structure determination

Synechocystis POR was concentrated to 26 mg/ml in 20 mM Tris-HCl pH 7.4, 150 mM NaCl 

and T. elongatus POR was concentrated to 10 to 15 mg/mL in 20 mM HEPES pH 7.5, 150 mM 

NaCl and 1 mM DTT. Crystallization was performed using the sitting drop vapor diffusion 

technique (200

T. elongatus POR, crystals were obtained from 0.01 M zinc chloride, 0.1 M sodium acetate pH 

5.0,  20 % w/v PEG 6K (A12, PACT screen, Molecular Dimensions Ltd., Newmarket, UK)

after incubation at 4 over a period of ~72 h. For Synechocystis POR crystals were obtained 

with 20 % PEG3350 in 0.2 M tri-lithium citrate, 0.01 M zinc chloride after incubation at 20

for approximately 10 days. Although coenzyme-bound POR crystals were obtained by soaking 

(T. elongatus) or co-crystallization (Synechocystis) with NADPH, it should be noted that this 

form of the coenzyme is unstable and it is likely that crystals contained a mixture of NADPH or 

NADP+ as the bound ligand. It is impossible to distinguish which form of the coenzyme is 

present in the crystals as similar R factor and R free values are obtained for each (NADP+:

R=0.1550, R free= 0.1930, NADPH: R=0.1549, R free= 0.1930). However, lower resolution 

data obtained from crystals of T. elongatus POR soaked for 5 minutes under strictly anaerobic 

conditions with NADPH (thus avoiding formation of NADP+) reveal the coenzyme binds in a 

similar conformation (Extended data Figure 4). Crystals were cryo protected with the addition 

of 20% PEG 200 to the reservoir solution prior to flash cooling in liquid nitrogen. Individual 

datasets were collected from single cryo protected crystals at beamlines i03, i04 and i04-1

(Diamond Light Source) for T. elongatus POR and at SSRF BL17U beamline for Synechocystis

POR. All data were indexed, scaled and subsequently integrated with Xia2. Structure 

determination was initially performed by molecular replacement in Phaser using a search model 

derived from the previously solved oxidoreductase structure from Mycobacterium 

paratuberculosis (3RD5). A combination of automated and manual rebuilding and refinement 

in Phenix and COOT were used to produce each of the refined models. Validation with both 

Molprobity and PDB_REDO were integrated into the iterative rebuild process. Complete data 

collection and refinement statistics are available in Extended data Table 1b. The atomic 

coordinates and experimental data have been deposited in the Protein Data Bank

(www.pdb.org). All figures were made using PyMOL software. It was not possible to obtain 

crystals of the ternary complex, either by co-crystallization or by soaking. To prepare the 

ternary complex, the purified POR protein was incubated overnight with equal molar 

concentration of Pchlide and excess NADPH (more than 10 fold) at room temperature. The 

sample was concentrated and loaded onto a gel filtration column (Superdex 200) in 20 mM 



HEPES buffer with 150 mM NaCl and 1mM DTT. Binding of the Pchlide substrate causes 

oligomerization of the POR protein (Figure S2), resulting in an inhomogeneous mixture of 

oligomeric states of protein.

Synthesis of Pchlide and Pchlide analogues

The Pchlide substrate was produced and purified Rhodobacter capsulatus ZY5 cultures.28 All 

Pchlide analogues were synthesized from pheophorbide a and analyzed by NMR and mass 

spectrometry analyses.11

Steady-state activity and substrate binding measurements.

The concentrations of the different pigments were determined using the following extinction 

coefficients in aqueous solution: NADPH, 6.22 mM-1cm-1 at 340 nm; Pchlide, 24.95 mM-1cm-

1 at 630 nm; and Chlide, 69.95 mM-1cm-1 at 670 nm. Steady-state activity measurements were 

carried out at 40°C using a Cary 50 spectrophotometer (Agilent Technologies) to measure the 

initial rates of Chlide production over a range of Pchlide concentrations of 0.1 µM POR and 

100 µM NADPH in 0.1 % Triton X-100, 0.1 % (v/v) 2-mercaptoethanol, 50 mM Tris/HCl, 

pH 7.5.  A 625 nm high power LED (Thorlabs Inc.) provided continuous illumination (100 

mole m-2 s-1) during the reaction assay. The Km and Vmax values were obtained by fitting the 

initial rates of Chlide synthesis against the concentration of Pchlide to the following equation:

Activity assays to measure the apparent inhibition constants (Ki
app) for Pchlide analogues 

were performed using 0.1 µM POR, 10 µM Pchlide and 100 µM NADPH over a range of 

Pchlide analogue concentrations. The Ki
app values for the analogues were obtained by plotting 

the percentage inhibition versus the analogue concentration and fitting to the Morrison 

equation: 

The binding of Pchlide was measured by following the red-shift in absorbance at 642 nm and 

the binding of the Pchlide analogues was monitored by measuring changes in fluorescence 

emission spectra at increasing POR concentrations in a Cary Eclipse fluorimeter (Agilent 



Technologies), using an excitation wavelength of 430 nm and slit widths of 5 nm. The apparent 

Kd

concentration of POR using the following equation:

All data were fitted using Origin 9.0 Software (OriginLab, Northampton, MA).

Laser flash photolysis

Absorption transients at 696 nm were measured in a 1 cm pathlength cuvette at 298 K using 

an LKS-60 flash photolysis instrument (Applied Photophysics Ltd).14 Dark assembled 

enzyme-NADPH-Pchlide ternary complex samples were excited with a 6 ns laser pulse at 532

nm (~180 mJ) using the second harmonic of a Q-switched Nd-YAG laser (Brilliant B, 

Quantel). The reaction samples were prepared by taking 1 µM Pchlide and 250 µM NADPH 

in the presence of 50 µM enzyme for wild-type POR and 100 µM enzyme for the Y223F and 

Y223A variants. Rate constants were measured from the average of at least five time 

dependent absorption measurements by fitting to a single exponential function. 

Ultrafast pump-probe transient absorption spectroscopy. 

Measurements were carried out as described previously19 using an excitation wavelength of 

450 nm with 0.5 µJ pulse power and a beam diameter of ~ 150 µm. Samples (1.5 ml) were 

flowed at a rate of approximately 30 ml/min through a 0.2 mm pathlength quartz cell (at room 

temperature) to ensure that a different area of the sample is excited with each pump laser 

pulse. Samples were measured upon for <5 minutes to prevent any signals arising from any 

Chlide product in the reaction mixture. Samples were prepared in the dark containing 500 M

POR, 200 M Pchlide (or Pchlide analogue) and 4 mM NADPH in 50 mM Tris-HCl, pH 7.5 

with 0.1 % 2-mercaptoethanol, and 0.5 % Triton X-100. Data were collected for

approximately 30 mins per dataset at random time delays ranging between 300 fs and 2 µs 

and the datasets were analyzed globally using the open-source software Glotaran.29



Computational methods

1. Building a full-length ternary structure of T. elongatus POR. A full-length model of T. 

elongatus POR was built from the NADPH-bound T. elongatus crystal structure with the 

missing loops taken from the NADPH-bound Synechocystis crystal structure, with necessary 

mutations (Figure S1) performed using Scwrl4.30

2. Molecular Docking. Initial structures of Pchlide-bound T. elongatus POR were generated

by docking using AutoDock Vina.31 Loop 1 and helix 1 were not included as these are very 

flexible regions whose precise conformations will affect the conformation of Pchlide. The 

search volume was a cube with 60 Å sides with the nicotinamide nitrogen of NADPH as the 

centre and an exhaustiveness of 75 was used to generate 20 conformations. The following 

residues were flexible during the docking: Y94, T145, K194 and Y223. Crystallographic 

waters were not included in the docking process. The highest-scoring structure that is 

consistent with the stereochemistry was selected for further modelling. Loop 1 and helix 1 

were rebuilt before further modelling. 

3. Molecular Dynamics (MD) simulations parameters. All MD simulations were carried out 

in Gromacs 5.0.432 using the Amber14 force field33 with the system in a solvation box of at 

least 12 Å with counter-ions generated in AmberTools, retaining crystallographic waters,

totalling 48,561 atoms for the ternary complex and 48,483 and 48,416 atoms for the NADPH-

bound and apo structures, respectively. The following parameters were used: constant 

pressure (1 bar), 10 Å van der Waals and electrostatic cutoffs, particle mesh Ewald for long-

range electrostatics, LINCS bond restraints and periodic boundary conditions and a 2 fs time 

step. Bonding parameters for Pchlide and NADPH were generated using the AmberTools 

ANTECHAMBER module34 and charges were parameterized by RESP fitting to a HF35 / 6-

31G* structures optimized in Gaussian09 Revision D.01.36 Initial parameters were generated 

for protopheophorbide, and Mg2+ parameters were added by fitting to Gaussian09 distance 

and angle scans in a B3LYP37 model with the LANL2DZ38 basis set applied to the Mg and 6-

31G* to the other atoms (Figures S12 and S13). The NADPH and Pchlide parameters used are 

listed in Gromacs format in the supporting information. Unrestrained MD simulations of all 

three forms of the enzyme were performed to confirm the stability of the final ternary 

complex model and compare the relative structural flexibilities of the NADPH-bound and apo 

structures. These simulations were run for 650 ns to ensure that convergence of the RMSD 

plots (Extended data Figure 3).



4. Simulated Annealing. The candidate ternary structures were relaxed by simulated 

annealing, with 20 1 ns heating and cooling cycles applied as follows (for a total of 20 ns): 

500 ps at 300 K, 100 ps heating to 340 K, 300 ps at 340 K and 100 ps cooling to 300 K. No 

constraints were applied to the protein, but the following distance restraints were applied to 

maintain the Pchlide in a bound conformation relative to the protein and NADPH, with a 

force constant of 10 kJ mol-1 Å-2: (i) between Pchlide C17 and NADPH C1 (the proposed 

hydride donor, r0 = 2 Å), (ii) between Pchlide C18 and Y193 hydroxyl proton (the proposed 

proton donor, r0 = 2 Å); (iii) between Pchlide C17 and L143 C (at the base of the active site 

pocket, r0 = 9 Å). The structure after 20 ns of simulation was chosen for further modelling 

(Extended data Figure 5). 

5. Umbrella sampling. The potential of mean force (PMF) for Pchlide binding was calculated 

as a function of the distance between the Pchlide Mg2+ and the base of the active site pocket, 

defined as the C of residues N90, L143 and L222. Sampling was carried out in bins no more 

than 0.7 Å apart (Extended data Figure 5) with a force constant of 25 kJ mol-1 Å-2, for a total 

of 50 ns per bin. A representative structure was chosen from the structures within the range 

14.5 Å < R < 14.7 Å. For these structures the RMSD was calculated for heavy atoms of the 

Pchlide, NADPH nicotinamide group and sidechains of first-shell residues around the Pchlide 

(residues 94, 144, 145, 146, 152, 153, 156, 157, 158, 193, 194, 197, 223, 224, 225, 226, 227, 

228, 230, 232, 233, 236, 240, 244, 246, 247), and the structure with the smallest RMSD 

relative to the average structure was selected. 
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2. Supplementary Figures:





Figure 

S1 Multiple sequence alignment of POR proteins from different organisms. Alignment of 

POR protein sequence from cyanobacteria and plants was carried out using the online 

PRALINE multiple server. The leader sequences from the plant PORs have been removed 

before alignment.



Figure S2. Elution profiles of T. elongatus POR after purification on gel filtration 

column. a) Purified T. elongatus POR alone. b) T. elongatus POR and NADPH c) T. 

elongatus POR ternary complex (T. elongatus POR with NADPH and Pchlide).



Figure S3. Analysis of spectral changes associated with Pchlide binding. (a) Absorbance 

spectra of Pchlide (2.35 M) in the presence and absence of either POR (25 M) + NADPH 

(250 M). (b) The ratio of absorbance at 642 nm to 630 nm of Pchlide (2.35 M) measured at 

various POR concentrations in the presence of 250 M NADPH. All measurements were 

recorded at 25°C. 



Figure S4. Analysis of spectral changes associated with protopheophorbide binding. (a)

Fluorescence emission spectra of protopheophorbide (0.5 M) in the presence and absence of 

either POR (22.5 M) + NADPH (250 M). (b) The ratio of fluorescence at 676 nm to 645 

nm of protopheophorbide (0.5 M) measured at various POR concentrations in the presence 

of 250 M NADPH. (c) Inhibition of POR activity at increasing concentrations of 

protopheophorbide.



Figure S5. Analysis of spectral changes associated with C17 methylester Pchlide binding.

(a) Fluorescence emission spectra of C17 methylester Pchlide (0.5 M) in the presence and 

absence of either POR (60 M) + NADPH (250 M). No spectral changes could be observed 

<250 M POR and no measurable inhibition of POR activity was detected at increasing C17 

methylester Pchlide concentrations.



Figure S6. Analysis of spectral changes associated with C13OH Pchlide binding. (a)

Fluorescence emission spectra of C13OH Pchlide (0.5 M) in the presence and absence of 

either POR (30 M) + NADPH (250 M). (b) The ratio of fluorescence at 600 nm to 592 nm 

of C13OH Pchlide (0.5 M) measured at various POR concentrations in the presence of 250 

M NADPH. (c) Inhibition of POR activity at increasing concentrations of C13OH Pchlide.



Figure S7. Analysis of spectral changes associated with C13C15 methylester Pchlide

binding. (a) Fluorescence emission spectra of C13C15 methylester Pchlide (0.5 M) in the 

presence and absence of either POR (30 M) + NADPH (250 M). (b) The ratio of 

fluorescence at 600 nm to 592 nm of C13C15 methylester Pchlide (0.5 M) measured at 

various POR concentrations in the presence of 250 M NADPH. (c) Inhibition of POR 

activity at increasing concentrations of C13C15 methylester Pchlide.



Figure S8. Steady-state activity of wild type and selected variants of T. elongatus POR. 

The steady-state activity was measured over a range of Pchlide concentrations for (a) wild 

type, (b) K156A variant, (c) Y223A variant and (d) Y223F variant. All data were fitted to the 

Michaelis-Menten equation to obtain Km and kcat values as described in the Methods.

±



Figure S9. Visible transient absorption spectra at selected time delays after 

photoexcitation at 430 nm. Time-resolved visible spectroscopy data recorded between 0.6 ns

and 2.7 µs for Pchlide (a), POR with NADPH and Pchlide  (b), protopheophorbide (c), POR 

with NADPH and protopheophorbide (d), C13C15 methylester pchlide (e), POR with 

NADPH and C13C15 methylester pchlide (f), C13OH Pchlide (g), POR with NADPH and 

C13OH Pchlide (h).



Figure S10. Kinetic transients of hydride transfer for wild type and selected variants of 

T. elongatus POR. The rate of increase in absorbance at 696 nm, corresponding to hydride 

transfer, measured for (a) wild type, (b) K156A variant, (c) Y223A variant and (d) Y223F 

variant. All data were fitted to a single exponential equation to obtain observed rate constants 

as described in the Methods. All the measurements were repeated three to five time, 

±



Figure S11. Kinetic transients of proton transfer for wild type and selected variants of T. 

elongatus POR. The rate of decrease in absorbance at 696 nm, corresponding to proton

transfer, measured for (a) wild type, (b) K156A variant, (c) Y223A variant and (d) Y223F 

variant. All data were fitted to a single exponential equation to obtain observed rate constants 

as described in the Methods. All the measurements were repeated three to five time, 

±



Figure 

S12. DFT structures for parametrization of Pchlide. (a) Protopheophorbide and (b)

Pchlide, optimized with the B3LYP functional and the LANL2DZ basis set for Mg and 6-

31G* for all other atoms.

Figure S13. DFT scans for parameterization of Pchlide Mg2+ bonding parameters. (a) N-

Mg distance, (b) C-N-Mg angle, (c) N-Mg-N angle and (d) C-C-N-Mg dihedral, as defined in 

(e). Force constants, k, are shown in each plot. Note that the MM parameters do not treat 

anharmonicity, only the quadratic portion of the plot in (a) was included in the fitting.



3. Supplementary Tables

Table S1. Primers used for T. elongatus POR variants. 

Primer Sequence 5' to 3'
K156A-F TAAAGAATTAGGTGGCGCAATTCCGATTCCGGCA
K156A-R TGCCGGAATCGGAATTGCGCCACCTAATTCTTTA
Y223A-F GCATTGTGTTTAATAGCCTGGCTCCGGGTTGTGTTGCAGATA
Y223A-R TATCTGCAACACAACCCGGAGCCAGGCTATTAAACACAATGC
Y223F-F TTGTGTTTAATAGCCTGTTTCCGGGTTGTGTTGCAGATA
Y223F-R TATCTGCAACACAACCCGGAAACAGGCTATTAAACACAA



4. MD Parameters for NADPH and PChlide




































