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Abstract:  

Oxygen-dependent coproporphyrinogen III oxidase catalyzes the sequential decarboxylation of the 

propionate substituents present on the A and B rings of coproporphyrinogen III in the heme biosynthetic 

pathway. Although extensive experimental investigation of this enzyme has already afforded many 

insights on its reaction mechanism, several key features (such as the substrate binding mode, the 

characterization of the active site and the initial substrate protonation state) remain poorly described. 

The molecular dynamics simulations described in this paper enabled the determination of a very 

promising substrate binding mode and the extensive characterization of the enzyme active site. The 

proposed binding mode is fully consistent with the known selectivity of the active site towards 

substituted tetrapyrroles, and explains the lack of activity of the H131A, R135A, D274A and R275A 

mutants and the reasons behind the non-occurrence of catalysis on the C and D rings of the tetrapyrrole. 

An important role in this binding mode is fulfilled by G276, as its carbonyl oxygen intervenes in the 

substrate anchoring by hydrogen-bonding its ring D pyrrole NH group. The presence of this interaction 

(which is only possible with protonated NH pyrrole group), and the absence of positively-charged side 

chains close to the pyrrole nitrogen (which might stabilize the N-deprotonated pyrrole postulated in 

some mechanistic proposals) shows that the pyrrole ring is very unlikely to undergo deprotonation 

during the catalytic cycle and allow the discrimination between the previously postulated mechanistic 

proposals.  
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I. Introduction 

 

The oxygen-dependent coproporphyrinogen oxidase (EC 1.3.3.3) is a homodimeric enzyme lacking 

any cofactors1,2 which catalyzes the sequential decarboxylation of the propionate substituents present on 

the A and B rings of coproporphyrinogen III3-7 (Scheme 1). Deficient activity of coproporphyrinogen III 

oxidase causes the accumulation and non-enzymatic oxidation of coproporphyrinogen, leading to 

neurological disturbances and skin photosensitivity8. The enzyme functions as a dimer in solution, and 

both the human9 and yeast10 enzymes have been crystallized and solved at good resolutions (2.0 Å for 

the yeast enzyme, and 1.58 Å for the human variant). Site-directed mutagenesis experiments have 

shown that several conserved residues (H13111, as well as R135, D274 and R27512 – amino acids 

numbered according to the mature yeast protein) are critically important for substrate binding and/or 

catalysis, and extensive investigations with synthetic pyrroles5,13-16 have further shown that the active 

site contains different regions important for substrate recognition: the “Z” region can accommodate 

small nonpolar groups (R=H, methyl, ethyl vinyl) and discriminates against charged groups (like acetate 

and propionate), a neighbouring “Y” region binds the propionate group undergoing oxidation, and a 

third “X” region requires the presence of a propionate (or vinyl16) group (Scheme 2). Due to these 

constraints, only tetrapyrroles bearing a R-Me-Pr-Me-Pr/Vin sequence of substituents (where R is a 

small nonpolar group) may be metabolized by the enzyme. The first decarboxylation may occur even if 

the propionate groups present on the unreacting C and D rings are replaced by ethyl groups, but this 
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substitution prevents the second decarboxylation5,17, which shows that after the first decarboxylation the 

substrate either leaves the active site or undergoes a rotation in order to optimize binding affinity. The 

recognition of the substitutents on the coproporphyrinogen rings C and D also affects the kinetic 

parameters of the enzyme16,17, although the reasons for this behaviour have not yet been ascertained.  

 

In a previous report18 we used quantum-mechanical computations on small models to analyze the 

kinetic feasibility of several alternative mechanistic proposals proposed in the literature. We found that 

a one-electron oxidation of the substrate by oxygen, followed by H atom abstraction from the 

propionate sidechain by the superoxide anion thus formed (the Arigoni model9) may only occur if the 

substrate pyrrole ring is deprotonated, whereas a direct attack of an oxygen molecule by the pyrrole ring 

(the Lash model19) is possible regardless of the protonation state of the reacting pyrrole (Figure 1). The 

discrimination between these proposals requires knowledge of the pKa of the pyrrole rings in the 

enzyme-bound substrate and could not be performed at the time due to the unavailability of a three-

dimensional structure of the substrate-bound enzyme. In this work we have circumvented this problem 

by performing a computational substrate docking followed by molecular dynamics simulations and 

binding site analysis. The results enabled the determination of the substrate binding mode and the 

extensive characterization of the enzyme active site, and the discrimination between the postulated 

mechanistic proposals. 
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Figure 1: Proposed reaction mechanisms for coproporphyrinogen oxidase. A) Arigoni model9. B) Lash 

model19. The Arigoni model is energetically feasible only if the pyrrole ring nitrogen is deprotonated, 

whereas the Lash model may occur with either protonated or deprotonated substrate, although for 

simplicity only the mechanism for the deprotonated state is shown. 

 

II. Methods 

 

Molecular docking 

 

All computations were performed with the yeast coproporphyrinogen oxidase dimer structure10. The 

AutoDock program (version 4.0.1; The Scripss Research Institue, la Jolla, CA) was used in preliminary 

attempts to determine the putative binding site of coproporphyrinogen to coproporphyrinogen oxidase. 

A grid centered on the coproporphyrinogen oxidase dimer with 127×127×127 points with a spacing of 

0.525 Å was used. Each docking experiment (using a genetic algorithm) consisted of an initial 

population of 250 individuals, 100 runs, and 6.5×106 energy evaluations. Due to the high flexibility of 
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the substrate and to the narrow dimensions of the binding site, docking was performed with an 

unsubstituted cyclic tetrapyrrole, rather than with the full coproporphyrinogen substrate. The docking 

poses obtained were then used as starting points for molecular dynamics simulations after adding the 

appropriate substitutents to each pyrrole ring. 

 

Molecular dynamics 

 

All molecular dynamics simulations were run with YASARA20 with the AMBER9921 forcefield under 

periodic-boundary conditions and with explicit water, using a multiple time step of 1.25 fs for 

intramolecular and 2.5 fs for intermolecular forces. Simulations were performed in cells 10 Å larger 

than the protein dimer along each axis (final cell dimensions 116 × 94 × 77 Å3) , and counter-ions were 

added to a final concentration of 0.9 % NaCl. A 7.86 Å cutoff was taken for Lennard-Jones forces and 

the direct space portion of the electrostatic forces, which were calculated using the Particle Mesh Ewald 

method22 with a grid spacing <1 Å, 4th order B-splines and a tolerance of 10-4 for the direct space sum. 

Simulated annealing minimizations started at 298 K, velocities were scaled down with 0.9 every ten 

steps for a total time of 5 ps. After annealing, simulations were run at 298 K. Temperature was adjusted 

using a Berendsen thermostat23 based on the time-averaged temperature, i.e., to minimize the impact of 

temperature control, velocities were rescaled only about every 100 simulation steps, whenever the 

average of the last 100 measured temperatures converged. Substrate parameterization was performed 

with the AM1BCC protocol24, which assigns atomic charges by applying simple additive bond charge 

corrections (BCCs) to AM1 atomic charges and has been shown to provide a fast and robust alternative 

to HF/6-31G* ESP-fit charges for ligand parameterization for molecular dynamics applications. Protein 

sidechain protonation patterns were assigned according to Krieger et al.25. All simulations were run for 

at least 10 ns after an initial 500 ps equilibration. 

 

III. Results and Discussion 
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Figure 2: The eight possible substrate orientations in coporporphyrinogen III oxidase active site 

cavity. 

 

The distribution of the pyrrole substituents around the coproporhyrinogen III molecule is not fully 

symmetric, as the conformation of the D ring has been flipped earlier in the heme biosynthetic pathway 

in the reaction catalyzed by uroporphyrinogen III synthase26,27. Since the small asymmetry introduced 

into the molecule consists only in the interchange of a methyl for a propionate group (and vice-versa), 

the eight possible binding modes to the active site (Figure 2) are expected to show broad similarities and 

therefore the full characterization of the active site must take into account not only the determination of 

the appropriate region of the enzyme surface, but also the precise orientation of the assymetrical 

substrate in regard to the active site. The specificity of the enzyme to tetrapyrroles bearing only certain 

substitution patterns further demands that the characterization of the possible binding sites be as 

thorough as possible, and that as much attention be paid to the differences as to the similarities between 

the different symmetry-related binding poses obtained. 
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The available crystal structures9-10 show that coproporphyrinogen III oxidase may exist in two main 

conformations, distinguishable due to the relative position of helixes H2 (Ser79-Lys87) and H8 

(Arg275-Leu281), which may either move apart or towards each other, thereby opening or closing 

access from the solvent to a cavity which contains the putative active site10. Our preliminary docking 

attempts with AutoDock showed that in the “open” position a tetrapyrrole substrate may fit the solvent-

accessible narrow cavity in such a way that the substituents of two of its pyrrole rings remain totally or 

partially solvent-exposed. However, the cramped dimensions of this putative active site does not allow 

the free rotation of the substrate during the docking procedure and therefore the search for the correct 

binding conformation had to be further refined through molecular dynamics simulations. The binding 

pose obtained from docking experiments with unsubstituted tetrapyrrole was used as starting point for 

eight different molecular dynamics simulations (after inclusion of pyrrole substituents at the appropriate 

positions), representing each of the putative substrate orientations. Since the correct binding mode has 

been experimentally shown to implicate interactions with H131, R135, D274 and R275, additional 

simulations were performed with an in silico mutant where these four amino acids have been changed to 

alanine. The comparison of the simulations performed in wild-type and mutant proteins assisted our 

identification of the correct binding mode and improved the characterization of the relevant interactions 

between the substrate and the protein, as will be shown subsequently. 

The dimer structure remained quite stable along the simulations, except in a short unstructured stretch 

of the N-terminal and in the protein regions involved in the movement of the H2 helix away 

from/towards helix H8 (Figure 3). (i.e. the opening/closing of the substrate-binding cavity): these 

include the H2 helix itself (Lys79-Asp89), the loop between this helix and β-sheet S4 (His90-Gly108), 

and two β-sheet termini contacting this loop: the C-terminus of β-sheet S5 and the N-terminus of β-

sheet S6 (Glu138-Trp149). In the substrate-free subunit, the C-terminal of helix H2 remains ≈ 13.1 ± 

1.5 Å from the N-terminal of helix H8 along the simulations, whereas its N-terminal lies ≈ 15.5 ± 1.8 Å 

from the C-terminal of helix H8. In the substrate-bound subunit the average distance between the N-

terminal of helix H2 and C-terminal of helix H8 is lower than that in the substrate-free subunit in all 
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binding modes, whereas the H2 C-terminal to H8 N-terminal distance varies dramatically with the 

binding mode considered (Table 1) For all binding modes (with the exception of binding modes IV and 

VI), the quadruple mutation of amino acids H131, R135, R275 and D274 to alanine causes this inter-

helical distance to increase dramatically (Table 2), yielding a very open conformation of the active site. 

As explained in the following section, this is mostly due to movements of the substrate in the active site, 

rather than in the intrinsic flexibility of the enzyme. In all simulations performed the Root Mean Square 

Deviations of the structures  (after excluding the most flexible region between amino acids 77 and 110) 

remain low (around 2 Å) (Supporting Information). Most of the remaining variability is due to the 

unstructured N-terminal and to the loops (45-50 and 138-149) contacting the flexible 77-110 region 

(See Supporting Information for RMSF graphs). 
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Figure 3: Distances between the termini of helixes H2 and H8 in the substrate-bearing chain of 

coproporphyrinogen III oxidase (Binding mode VI). Continuous line: Cα 82-Cα 282 (N-terminal H2 – 

C-terminal H8); Broken line: Cα 89-Cα 275 (C-terminal H2 – N-terminal H8). Additional graphs for all 

other binding modes (both in wild-type and mutant protein) are available as Supporting Information.  
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Table 1: Distances (in Å) between the termini of helixes H2 and H8 of substrate-bearing (chain A) and 

substrate-free (chain B) wild-type coproporphyrinogen III oxidase. 

Binding mode Chain A chain B 

Cα 82-Cα 282 Cα 89-Cα 275 Cα 82-Cα 282 Cα 89-Cα 275 

I 16.35±1.58 12.60±1.03 14.62±1.36 13.17±1.40 

II 12.32±1.39 10.97±0.55 13.69±1.09 13.75±1.13 

III 15.93±1.06 11.95±1.17 15.75±1.40 12.88±1.39 

IV 8.77±0.78 10.02±0.37 17.05±1.54 12.37±1.20 

V 14.53±0.96 11.27±0.66 15.63±1.40 14.25±1.61 

VI 9.98±1.31 10.10±0.43 16.21±1.76 12.43±1.22 

VII 16.23±1.00 12.32±0.62 16.22±1.64 12.99±0.85 

VIII 13.12±2.12 11.08±1.15 15.46±1.45 13.06±1.59 

apoprotein 14.33±1.47 12.10±1.09 16.55±1.61 12.40±0.40 

 

Table 2: Distances (in Å) between the termini of helixes H2 and H8 of substrate-bearing (chain A) and 

substrate-free (chain B) mutant coproporphyrinogen III oxidase. 

Binding mode chain A chain B 

Cα 82-Cα 282 Cα 89-Cα 275 Cα 82-Cα 282 Cα 89-Cα 275 

I 20.17±1.28 14.16±0.84 15.22±1.91 14.90±0.91 

II 13.09±1.41 11.48±0.74 14.11±1.24 14.26±0.80 

III 17.45±1.07 13.27±1.05 17.40±1.61 12.83±0.94 

IV 11.88±1.02 10.77±0.68 17.54±1.15 12.86±0.80 

V 16.23±2.09 13.12±1.27 15.15±1.47 14.87±0.94 

VI 10.32±0.79 11.08±0.86 17.04±1.65 12.02±0.93 

VII 18.80±1.56 13.46±1.31 17.68±1.53 13.20±1.11 

VIII 18.12±1.45 15.02±1.39 16.67±1.54 14.53±1.07 
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The precise shape and limits of the active site cavity vary with substrate orientation according to the 

interactions between the pyrrole substituents and the amino acid sidechains: a detailed description of 

each possible binding mode is therefore provided in the next section. The overall shape of the active site 

cavity as well as important aminoacids interacting with the substrate in at least one orientation are 

depicted in Figure 4. In every case, the narrow confines of the substrate-binding crevice prevent the 

substrate from assuming the “domed” conformation postulated previously12,19, and impose a 

chair/chaise longue conformation instead. Unless otherwise noted, the distances mentioned in these 

descriptions are measured between the terminal carbon of methyl (or propionate) pyrrole substituents 

and Cγ (Asp residues), Cε (Arg/His residues), sidechain O (Thr/Ser residues), sidechain N (Asn 

residues) or closest carbon atom (all other residues) and averaged from simulation snapshots taken at 

7.5 ps intervals from 500-10500 ps. Where relevant, standard deviations of the distances are also 

provided.  
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Figure 4: Active site cavity in coproporphyrinogen III oxidase and surrounding amino acids (Positively 

charged: blue; negatively-charged: red, polar, uncharged: yellow; non-polar: grey). Panels A, B and C 

are related to each other through sequential ≈90º rotations around the vertical axis 
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Table 3: Comparison of predicted features of each binding mode with experimentally derived 

information. 

Binding mode Binding involves 
H131, R135, D274 

and/or R275 

Binding changed 
upon mutation of 

H131, R135, D274, 
R275 

Compatible with experimental 
constraints on the substrate 
substituents 

I No No No 

II R135 only No No 

III H131 only Yes No 

IV R135 only Yes No 

V No Yes No 

VI R135 only No No 

VII No Yes No 

VIII H131, R135, R275 Yes Yes 

 

 

III.A  Binding mode I 

This putative binding mode is not energetically favored, as the substrate molecule spontaneously 

rotates in order to avoid the solvent exposure of the two adjacent hydrophobic methyl groups present on 

rings A and D. In the stable binding pose obtained upon this rotation the binding site is wider than in 

other binding modes due to the larger amplitude of the movement of the“lid” formed by the H2 helix 

and the H2-S4 loop, and the substrate becomes tilted relative to the conformation depicted in Figure 4. 

The ring A methyl group is now surrounded by Thr283, Gly280 and Phe279. Although both the 

propionate and the methyl groups present on ring B become solvent-exposed, the methyl group is 

partially screened (within 4 Å) by Ser72 and Val74. The C ring propionate establishes weaker 

interactions with Ser117 (4.33 ± 0.56 Å away), Ser294 (4.5 Å), His131 (5.38 ± 0.42 Å) and Asn 133 

(5.47 ± 0.45 Å) whereas the A propionate interacts with Arg46 and the D propionate is stabilized 
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through short-range interactions (<4 Å away) with Ser55, Asn70, Arg287, and Ser290. No changes in 

binding mode are apparent upon mutation of H131, R135, R275 and D274 to alanine (Supporting 

information, Figure S1). The solvent-exposure of the ring B methyl group in this binding mode is not 

consistent with the experimentally verified requirement of a small non-polar substituent (rather than e.g. 

acetate13) at that position. The non-involvement of H131, R135, R275 and D274 in this substrate 

binding mode also argues against its mechanistical relevance. 

 

III.B  Binding mode II 

 

This simulation afforded a very stable binding conformation, with seven different short-range contacts 

between polar/charged side chains and the substrate propionate groups maintained throughout the 

experiment: the A propionate remains bound to Arg135 (3.94  ± 0.12 Å) and His90 (4.31  ± 0.25 Å), 

Ser117 (3.22  ± 0.17 Å) and Asn133 (4.33 ± 0.41 Å) surround propionate B, the C propionate is kept 

close to Ser72 (3.40  ± 0.16 Å) and Ser 290 (3.79  ± 0.19 Å) though hydrogen bonds, and the exposed D 

propionate negative charge is stabilized by Arg46 (4.27  ± 0.17 Å). Both the D- and the A-ring methyl 

groups remain accessible to solvent, though lined with hydrophobic residues (Val74, Phe111 and 

Phe279 for D methyl, Met86 and Phe137 for A methyl). Apart from a marked increase in the mobility of 

Arg46, no changes can be seen in the binding mode upon quadruple mutation (Supporting Information, 

Figure S2). 

 

III.C  Binding mode III 

In this putative binding mode, the propionate groups appended to the rings C and D remain solvent- 

exposed throughout the simulation. The entrance to the crevice is now narrower than in the previous 

binding modes and the protein surface surrounds the D- and A- ring methyl groups. The ring A 

propionate remains very tightly bound to the active site through strong interactions with Asn133 (3.26 ± 

0.14 Å) and His131 (3.49 ± 0.16 Å), whereas the negative charge carried by the ring B propionate is 
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stabilized by Arg287 (4.02 ± 0.19 Å), Ser72 (4.64 ± 0.52 Å), and Ser290 (4.47 ± 0.77 Å).In the mutated 

protein the B propionate more easily approaches Ser290 (3.54 ± 0.24 Å), Arg287 and Asn70 due to the 

removal of the stabilizing His131 that, in the wild type-protein, attracted propionate A and pulled the 

substrate in the opposite direction (Supporting information, Figure S3). This subtle difference in binding 

allows the entrance to the crevice to widen, so that in the mutated protein the D-ring is more exposed to 

solvent and therefore a substituent slightly larger than methyl (e.g. vinyl) may be more easily 

accommodated at this position than in the WT protein. In the WT protein there is enough free room 

around the ring B methyl to accommodate polar substituents than methyl (e.g. acetate), nn contrast to 

the experimental observation13. 

 

III.D Binding mode IV 

 

In this substrate conformation, only the substituents present on ring B are exposed to the solvent. The 

substrate remains bound to the enzyme through stable interactions involving all remaining propionates: 

propionate A interacts with Ser72 (3.30 ± 0.24 Å) and Asn70 (4.143± 0.41 Å), propionate D hydrogen-

bonds Asn133 (3.43 ± 0.17 Å) and propionate C is responsible for electrostatic interactions with His90 

(3.62 ± 0.15 Å) and Arg135 (4.11 ± 0.15 Å). In the quadruple mutant, the lack of Arg135 allows the 

substrate to change its binding mode: propionate C is now only attracted by His90 (4.11 ± 0.15 Å), 

propionate D approaches Asn133 (3.68 ± 0.32 Å), and propionate A slides past Asn70 (which is now 

left at 7.00 ± 0.46 Å), while remaining close to Ser72 (3.53 ± 0.17 Å) and approaching Arg46 (4.20 ± 

0.17 Å) (Supporting Information, Figure S4). The lack of interactions with Arg275 and His131 argues 

against the relevance of this binding mode to the catalytic effect of the enzyme, as does the solvent 

exposure of the B methyl group. 

 

III.E  Binding mode V 
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Even in the wild-type protein, binding in this conformation is almost completely due to interactions 

with only one of the substrate carboxylate groups. In this simulation, propionates A and B remain 

solvent-exposed throughout, whereas propionate C remains within short range of Ser290 (3.34 ± 0.34 

Å) and Arg287 (4.39 ± 0.32 Å). In the first 8 ns of the simulation Asn70 maintains a stable hydrogen-

bond with propionate C (≈91% of the time). Although the stability of this bond decreases after this point 

(to 54% of the time), Asn70 remains quite close to propionate C (average distance in the first 10.5 ns is 

3.48 ± 0.28 Å). Propionate D interacts only with Ser117 (3.47 ± 0.39 Å), whereas the A, B and D 

methyl groups remain quite exposed to the solvent, though surrounded by non-polar residues. In the 

simulation of the mutated protein, the crevice opens and helixes H2 move away from each other. The 

substrate partially exits the binding region, and the only surviving binding interactions are those 

between Arg287 and propionate C (3.83 ± 0.13 Å) and a new (less stable) interaction between this 

propionate and Ser72 (3.85 ± 1.03 Å). Eventually, a stable interaction between Arg46 and propionate C 

also develops, but this is not enough to maintain the enzyme-substrate complex tightly bound 

(Supporting information, Figure S5). The experimental results of enzymatic conversion of substituted 

porphyrinogens suggest that the active site should have enough free space around the position where the 

D-ring methyl is accomodated, whereas the methyl group in ring A cannot be replaced by larger 

substituents5,13-15. The relatively open environment around the A methyl group in this binding 

conformation, the paucity of electrostatic contacts between the protein and substrate, and the lack of 

interactions involving the experimentally determined amino acids, all argue against the mechanistic 

relevance of this substrate binding mode. 

 

III.F Binding mode VI 

 

In this binding mode propionate A remains solvent-exposed and bound to Arg46 (4.01 ± 0.16 Å). This 

stable hydrogen bond is present in 71% of the simulation, and never remains broken for more than 75 

consecutive ps. Propionate groups B and C remain close to Asn70 (4.1001 ± 0.45 Å) and Asn133 (3.89 
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± 0.41 Å), respectively, whereas propionate D remains strongly bound by two stable ionic interactions 

with His90 (3.70 ± 0.20 Å) and Arg135 (4.13 ± 0.15 Å). The methyl group on ring D is closely 

surrounded by Leu78, Phe279, Met86 and Phe137, which renders this binding mode (like the previous 

one) incompatible with the observed catalysis of several D-ring substituted porphyrinogens. In the 

mutated enzyme the removal of Arg135 releases propionate D, which remains attracted only by His90, 

the substrate C propionate moves further towards Asn133, and the propionate B approaches Asn70 and 

Ser72. Propionate A remains anchored to Arg46, and the binding mode maintains high similarity to that 

observed with the wild-type protein (Supporting Information, Figure S6). 

 

III.G Binding mode VII 

 

Throughout the simulation of this binding mode, the methyl groups from rings A and D remain 

exposed to the solvent. This behavior is not consistent with the lack of activity of the enzyme on 

substituted substrates bearing larger substituents than methyl (on ring A) or vinyl (on ring D). The 

simulation showed this putative binding mode to be the least stable of all those analyzed: only 

propionate A establishes stable hydrogen bonds with enzyme amino acids (Ser72, 3.43 ± 0.23 Å and 

Asn70, 4.36 ± 0.41 Å), whereas the interactions between propionate B and Arg135 and Asn 133 do not 

survive past the initial 20% of the simulation and Arg46 only sporadically interacts with propionate D. 

In the mutated enzyme, the cavity opens widely and this binding mode becomes even less effective, as 

the interaction between Asn70 and propionate A disappears, and the distance between Ser72 and 

propionate A becomes more variable and (on average) longer (4.39 ± 0.61 Å).(Supporting Information, 

Figure S7).  

 

III.H Binding mode VIII 
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In the last binding mode, propionates B and C are solvent-exposed, as is the methyl group on the C-

ring. The simulation proceeds in a most dramatic way: although the substrate propionate groups begin 

the simulation quite far from His90, His131, Arg275, several close contacts between these sidechains 

and the substrate propionates form after only 0.30 ns and create a binding arrangement than remains 

very stable throughout the simulation. This binding mode agrees the most with the experimental 

observations on the binding specificity and involved amino acids (Table 3). The substrate becomes very 

firmly anchored to the binding site through three short, very stable, salt bridges: propionate A-His131 

(3.59 ± 0.26 Å) propionate B-Arg275 (4.03 ± 0.27 Å) and propionate C-Arg46 (4.00 ± 0.19 Å). These 

electrostatic interactions further benefit from very favourable geometric arrangements, which allow 

hydrogen-bonding in 85% (His131), 90% (Arg 275) and 95% (Arg 46) of the simulation time. 

Additional interactions between Ser72-propionate D (3.36 ± 0.39 Å) and Asn133-propionate A (4.42 ± 

0.50 Å) assist the binding. During ¾ of the simulation, propionate B interacts strongly with His90 (4.63 

± 0.25 Å), but this interaction then weakens (to 5.84 ± 0.59 Å) and is replaced by interactions between 

this propionate and Arg135 (4.45 ± 0.39 Å in the last nanosecond of the simulation). At the same time, 

the distance between propionate A and Ser117 also decreases significantly (from 4.98 ± 0.47 Å to 3.42 

± 0.28 Å). In the mutated protein most of these interactions disappear and the substrate remains attached 

only through ionic/hydrogen-bonding interactions between Arg46 and propionates C and D (4.01 ± 0.31 

Å and 4.59 ± 0.36 Å, respectively) and a weak, very labile hydrogen bond between Ser72 and 

propionate D (4.44 ± 1.00 Å) (Figure 5). In the wild-type protein, an important role is played by the 

strongly conserved residue G276 in this binding mode: its carbonyl oxygen occupies a central position 

in the active site, which allows it to establish a stable hydrogen bond with the pyrrole NH groups in ring 

D (2.07 ± 0.20 Å) and also keep it close to the pyrrole nitrogens in rings C (3.32 ± 0.38 Å) and A (3.88 

± 0.27 Å). This hydrogen bond is quite stable, as it is present in 75% of the simulation snapshots and 

never remains unbroken for more than 60 consecutive ps. Except for His90, all involved aminoacids 

described are fully conserved in human, yeast, mouse, puffer fish, fly, A. thaliana, C. reinhardti and E. 

coli9. Analysis of the molecular surface reveals that the environment surrounding the ring D methyl 
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group in binding pose VIII is not fully occupied by this substituent and that, in agreement with 

experimental results, this position can accommodate non-polar substituents with two (but not three) 

carbon atoms. 

Asp274 remains close to propionate A throughout the simulation (4.70 ± 0.30 Å away from its 

carboxylate group, and 4.48 ± 0.30 Å away from its β carbon), but its negative charge is expected to 

destabilize the substrate carboxylate and its role seems to be unrelated to substrate binding. Two 

possible roles are suggested by the molecular simulations: on the one hand, its proximity to the 

propionate may facilitate the decarboxylation reaction (by increasing the energy of the negatively 

charged reactant state); on the other hand, each carboxylate oxygen in Asp274 establishes a hydrogen 

bond with a different enzyme amino acid (Tyr196 on the C-terminus of helix H4 and Thr277 on helix 

H8) and plays therefore a role in the structural stability of the enzyme. Analysis of the Tyr196-Thr277 

pair in each of the dimer subunits in the mutant and wild-type simulations (Table 4) clearly show that 

(except in the simulations of binding modes IV and VI) the mutation of Asp274 to alanine in the 

substrate-bound chain leads to an increase in the average distance and on the distance fluctuations of 

these residues relative to the non-mutated empty subunit.  

 

Table 4: Distances (in Å) between the polar hydrogens in Tyr196 and Thr227 in wild-type and mutant 

coproporphyrinogen III oxidase. 

Binding mode Chain A Chain B 

 Wild-type mutant Wild-type mutant 

I 6.56 ± 0.78 8.97 ± 1.21 5.42 ± 0.55 7.57 ± 1.10 

II 5.50 ± 0.54 7.90 ± 0.64 5.40 ± 0.54 5.27 ± 0.46 

III 5.52 ± 0.69 6.73 ± 1.11 6.16 ± 0.93 5.69 ± 0.72 

IV 8.45 ± 0.99 7.98 ± 0.61 5.47 ± 0.33 5.50 ± 0.37 

V 5.85 ± 0.75 7.73 ± 0.80 5.98 ± 0.63 5.43 ± 0.41 

VI 7.70 ± 1.43 7.87 ± 0.36 6.08 ± 0.86 6.32 ± 1.23 

VII 5.57 ± 0.46 7.02 ± 0.89 5.41 ± 0.54 5.56 ± 0.55 
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VIII 6.44 ± 0.62 9.03 ± 1.43 5.30 ± 0.46 6.48 ± 1.02 

apoprotein 7.22 ± 0.59 n.d 5.69 ± 0.63 n.d 
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Figure 5: Detailed view of binding mode VIII. Panels A-C (wild-type-protein) are related to each other 

through sequential ≈90º rotations around the vertical axis. , as are panelsD-F (quadruple mutant)  
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Figure 6: Schematic representation coproporphyrinogen III (top panel), harderoporphyrinogen III 

(center panel) and porotoporphyrinogen IX (bottom panel) to the enzyme active site 

 

The binding pose obtained from VIII also explains why only rings A and B can be decarboxylated by 

the enzyme (Figure 6). It is known experimentally that decarboxylation first occurs in the active site 

region that holds ring A, which is shown by our simulations of binding mode VIII to be the region 

surrounding Asn133 and His 131. After the negative propionate in ring A is converted to a neutral vinyl 

group the favorable interaction with His131 disappears, and the binding affinity decreases. This 

partially decarboxylated intermediate (harderoporphyrinogen III) may leave the active site, and can only 

bind again in a new conformation (rotated ≈90º vs. the original one) with the vinyl group in ring A 

occupying the original binding site of the ring D methyl (which has enough room for a two-carbon 

substituent) (Figure 6, center panel). Ring C can easily occupy the binding site originally belonging to 

ring B, due to the identical distribution of substituents in these two rings, and ring D may occupy the 

original position on ring C (in spite of the opposite distribution of substituents) because this site is 

solvent-exposed and can therefore easily accommodate a propionate group in the place of the original 

methyl group. After the second decarboxylation, the binding affinity again decreases due to the loss of 

propionate-His131 interaction, and the product (protoporphyrinogen IX) leaves the active site. 

Protoporphyrinogen may not bind the enzyme again, as the only binding modes possible (Figure 6, 

bottom panel) are now less favorable since they depend on the existence of propionate groups on rings 

A and B (see description of binding modes IV and VI above). Furthermore, these binding modes also 

place the remaining propionate groups far from the detected active site (His131, Asn133 and Ser117), 

which renders catalysis ineffective. 

 

Conclusions 
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In this study, the application of molecular dynamics simulations of enzyme in explicit solvent and 

periodic boundary conditions to the eight possible substrate orientations in coproporphyrinogen III 

oxidase active site cavity enabled the determination of the putative substrate binding mode and the 

extensive characterization of the enzyme active site, which was quite conclusive as far as the catalytic 

determinants of this particular reaction are concerned. In fact, the MD simulations described here 

enabled the determination of a substrate binding mode fully consistent with the known selectivity of the 

active site towards substituted tetrapyrroles, and explained the lack of activity of the H131A, R135A, 

D274A and R275A mutants and the reasons behind the non-occurrence of catalysis on the C and D rings 

of the tetrapyrrole. The finding of a strong hydrogen-bonding role for the invariant G276 residue in the 

successful binding mode offers a powerful argument against the reaction mechanisms that require the 

deprotonation of the reacting pyrrole ring, as this interaction is only relevant with protonated pyrrole 

nitrogens and the absence of cationic side chains close to the substrate pyrrole nitrogens prevents the 

protein from lowering the high pKa of pyrrole to values compatible with its deprotonation at 

physiological pH. Since the Arigoni mechanism (Figure 1A) is only feasible with a deprotonated 

pyrrole18, these constraints leave the Lash mechanism (Figure 1B) with neutral substrate as the only 

mechanism compatible with the experimental and computational findings. 

 

Supplementary Material Available: Coordinates of the enzyme-substrate complexes for wild-type 

and H131A/R135A/D274A/R275A quadruple mutants in the eight putative binding modes. Overview of 

the molecular dynamics simulations (RMSD, RMSF, distance between helixes H2 and H8, contacts 

between protein and substrate). Detailed views of binding modes I-VII in wild-type and quadruple-

mutated coproporphyrinogen III oxidase. 
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