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Abstract Molecular dynamics simulations of the wild-

type and variant forms of the mouse ferrochelatase in

complex with the product (haem) have been performed

using the GROMOS96 force field, in the NpT ensemble.

Ferrochelatase, the last enzyme in the catalytic pathway of

the haem biosynthesis, catalyses the reaction of insertion of

a ferrous ion into protoporphyrin IX by distorting the

planar geometry of the latter reactant. The simulations

presented aim at understanding the role of active-site res-

idues in this catalytic process. Analysis of the simulation

trajectories explains the consequences of the mutations

introduced and sheds more light on the role of the His209

residue in porphyrin macrocycle distortion. The function of

residues coordinating propionate groups of the haem

molecule is discussed in terms of stability of the substrate

and product complexes.

Keywords Haem � Heme biosynthesis � Chelatase �
Mutagenesis � Iron metabolism

Introduction

The haem molecule is widely considered to be vital, owing

to its role as a cofactor in haemoglobin. However, its

function is much wider; for instance, haem can be found as

a cofactor in cytochromes (e.g. in cytochrome P450s [1], a

family of enzymes responsible for metabolizing endo- and

exogenous compounds, including, e.g., drugs), it plays a

role in gene transcription [2] and it is also one of the factors

involved in metabolic perturbations in Alzheimer’s disease.

[3] The last step of the biosynthesis of haem, namely

insertion of the ferrous ion (Fe2?) into the protoporphyrin

IX (PPIX) molecule (Fig. 1), is catalysed by ferrochelatase

[4]. Due to this key role, ferrochelatase can be found in

bacteria and eukaryotes, including plants and animals

[5, 6]. This versatility and crucial function for living

organisms renders it an important object of study. The

generally acknowledged mechanism of the reaction

involves the following steps: binding of PPIX, distortion of

the macrocycle, metal ion insertion, which results in an

increased stiffness of the porphyrin, and product release

[7, 8, 9]. This mechanism is supported by experimental and

theoretical results: X-ray characterization of several wild-

type (WT) and variant forms of ferrochelatase, free or in the

complex with substrate, product and inhibitors [9, 10, 11,

12], mutagenetic studies [8, 13, 14] and molecular model-

ling [15]. Nevertheless, the role of the active-site residues in

the subsequent phases of the reaction and, in particular, in
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the macrocycle distortion is not quite clear. Franco et al.

[13] have studied WT and variants of the mouse ferroche-

latase—H209N and E289Q—by means of resonance

Raman and UV–vis spectroscopy and concluded that these

mutations affect the amount and type of the macrocycle

distortion. E289A and E289Q variants of recombinant

mouse ferrochelatase were found to contain endogenous

and specifically bound PPIX. Differential scanning calo-

rimetry [16] and product release kinetic studies [17] of

those variants indicated that they exhibited enhanced pro-

tein stability when compared with WT ferrochelatase, and

that Glu289 appears to be critical for the mouse ferroche-

latase catalytic process, by controlling the release of the

product. In Bacillus subtilis ferrochelatase, His183 and

Glu264 (corresponding to His209 and Glu289 in mouse

ferrochelatase) have been shown to represent the metal

binding site of the enzyme [18]. Recently, Karlberg et al.

[12] have shown that the B. subtilis ferrochelatase distorts

the porphyrin in a way similar to the mouse enzyme [14]

and that the primary function of His183, in addition to

porphyrin distortion, is metal binding and its insertion into

the macrocycle; the latter indirectly via proton abstraction.

This is despite the fact that the sequences of bacterial and

mammal ferrochelatase have only 24% similarity, with

His209 being one of the few invariant residues in the fer-

rochelatase family [5]. Quantum mechanics/molecular

mechanics calculations by Sigfridsson and Ryde [15] show

that the distortion of the protoporphyrin after the metal

insertion costs much more energy than the distortion of a

free-base protoporphyrin. This result was observed for

several ions, except Cd2?, which is an inhibitor of ferro-

chelatase [19]. Such studies motivated us to look more

closely at the role of the active-site residues in protopor-

phyrin distortion. On the basis of the X-ray structure of

human ferrochelatase [9] it is clear that Met76 and His263

(His209 in mouse) are in a position to coordinate the iron

atom. A similar model emerges from the present study,

although a covalent linkage is not considered. Molecular

modelling and the molecular dynamics (MD) method allow

to study the structure of various forms and complexes of

ferrochelatase at the atomic level and analyse the changes in

the structure caused by mutations; therefore, they are well

suited to study this problem. In this work, we choose to

focus on three forms of the ferrochelatase isolated from

mouse (Mus musculus; MFCh), namely WT, H209N and

E289Q, complexed with the product of the reaction—the

haem molecule. MD simulations are applied to study the

influence of the mutations on the structure of the mono-

meric form of the protein and the planarity of the haem

molecule. On the basis of these results, we draw conclusions

concerning the role of the porphyrin macrocycle distortion

and the function of several residues.

Methods

Homology modelling

The crystal structure of MFCh has not been resolved yet,

therefore the coordinates of this protein were determined

using the homology modelling technique, implemented in

the MODELLER program [20]. The sequence of MFCh,

deposited in the Swiss-Prot database (record Q3UC49)

[21], was aligned with the sequence of chain A of the

human ferrochelatase taken from Protein Data Bank (PDB)

record 2HRC (P22830 in Swiss-Prot) [9]. Note that the

initial 64 residues (63 in mouse) of the sequence [21]

represent a mitochondrial targeting sequence, removed in

the proteolytic processing and therefore not present in the

X-ray structure (nor in the models shown here). The sim-

ilarity of the human and mouse sequences is very high

(92%), with no insertions or deletions, ensuring that the

final structure of MFCh is reliable (Fig. 2). On the basis of

the X-ray coordinates of human ferrochelatase (2HRC),

five initial models of MFCh were generated in MODEL-

LER and the model with the lowest molecular probability

density function (PDF) value was selected for future use.

The discrete optimized protein energy (DOPE) score of this

model was evaluated and no indication of incorrect

structure was found (Fig. S1). Additionally, the final

Fig. 1 Reaction catalysed by

ferrochelatase. Pyrrole ring

symbols (A, B, C, D) and the

atom numbering used in this

paper (1–25) are shown. M
methyl, V vinyl, P propionyl
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models of MFCh were verified using the PROCHECK

program [22] and were found to be valid. Models of the

variants, H209N and E289Q, were prepared in a similar

manner, starting from the sequence taken from the Swiss-

Prot database with substituted residues. Residues 209 and

289 correspond to residues 207 and 287, respectively, in

[13] and to residues 263 and 343, respectively, in [8, 9].

Most eukaryotic ferrochelatases contain a [2Fe–2S]

cluster. It has been experimentally proven that this cluster

is present in the structure of MFCh and human ferroche-

latase [5]. However, there is no evidence for the cluster

being involved in the reaction and its position in the protein

structure is far away from the active site. For that reason,

the [2Fe–2S] cluster was not included in the models used

here. Additionally, there is a possibility of forming a

disulphide bridge between Cys269 and Cys306. Such a

bridge can be observed in two (out of four) chains in the

2QD1 X-ray structure, in the PDB [9], but it is not present

in other structures of ferrochelatases (see, for example,

records 1HRK, 2HRC, 2QD2, 2QD3, 1QD4) [9, 11]. In the

models presented here, the cysteines in question were ter-

minated with thiol groups and therefore the disulphide

bridge is not present.

To insert the haem molecule, each model was aligned

with an X-ray structure containing PPIX (record 2QD1 in

the PDB) [23], the protoporphyrin was copied into the

model and, finally, an iron atom was inserted.

MD simulations

Models of the WT and variant MFCh with haem were

optimized and equilibrated by the GROMACS package

[24], using the GROMOS96 force field (version 43A1) [25],

in the periodic boundary conditions regime. For the haem

molecule, the HEME topology was applied. The same force

field has been successfully used before, to study haem-

containing enzymes, for example cytochrome c [26]. Ini-

tially, the structures were solvated in a box of simple point

charge (SPC) [27] water molecules of 90 Å 9 90 Å 9

90 Å. The total charge of the WT model is ?6; protonation

of titrable residues (shown in Table S1) was chosen on the

basis of the ability to form hydrogen bonds with neigh-

bouring residues, exposure to the solvent, etc. Selected

water molecules in the WT and H209N model were

replaced with 38 sodium and 42 chlorine atoms, resulting in

a salt concentration around 0.1 M and the system being

neutral. In the E289Q model, 38 sodium and 43 chlorine

atoms were inserted. Next, the model was optimized with

the steepest-descent method until the maximum force

reached 2,000 kJ mol-1 nm-1. Heavy atoms of the protein

were constrained in their initial position by a harmonic

potential. Next, the system was equilibrated for 100 ps with

positional constraints on heavy atoms of the protein. All

bond lengths were constrained using the LINCS algorithm

[28]. The time step used was 2 fs. Electrostatic interactions

were evaluated using the fast particle-mesh Ewald (PME)

method [29] with a 9-Å cut-off between the direct and

reciprocal sum and cubic interpolation of the charges. Van

der Waals (Lennard-Jones) interactions were calculated

using a twin-range cut-off set to 9 and 14 Å. The neighbour

list was regenerated every ten steps. Equilibration and fur-

ther simulation of the system was conducted within the NpT

ensemble. During the equilibration phase, the Berendsen

thermostat was used [30], with a reference temperature of

Fig. 2 Alignment of the ferrochelatase sequence from various

organisms. Swiss-Prot record numbers are given in brackets.

Coloured boxes indicate the catalytic residues, His209 and Glu289.

Note that only the part of the sequence modelled in this study (359

amino acids) is shown. Sequence alignment was performed using the

ClustalW [41] Web server and visualized in Jalview [42]
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300 K and a coupling constant of 0.1 ps. The pressure was

maintained using the Berendsen barostat [30], with a ref-

erence pressure of 1 bar, a coupling constant of 1 ps and

compressibility of 4.5 9 10-5 bar-1. After the equilibra-

tion, the system was simulated for 21 ns using a time step of

2 fs. This production run was set up in a manner similar to

that for the equilibration phase, with some differences, i.e.

no constraints were applied to the system; translation and

rotation of the protein were verified every five steps and the

system was adjusted to cancel possible drift or spin of

the molecule; constant temperature was maintained using

the Nosé–Hoover thermostat [31, 32], with a coupling

constant of 0.5 ps and a reference temperature of 300 K;

and constant pressure was preserved using the Parrinello–

Rahman barostat [33], with a coupling constant of 4 ps, a

reference pressure of 1 bar and compressibility set to 4.5 9

10-5 bar-1.

In all the simulations mentioned above, a monomeric

form of the protein was considered, although the in vivo

form is probably homodimeric [34]. In fact, X-ray struc-

tures for human ferrochelatase reveal an homodimer [9],

and as MFCh shares a high amino acid sequence similarity

with its human counterpart, it seems reasonable to assume

that the mouse enzyme also has a homodimeric quaternary

structure. From the X-ray structure of the human enzyme it

is also known that the active site is located relatively far

from the interface.

In the attempt to test possible sources of ambiguity,

alternative positions of the haem molecule were consid-

ered. The models of WT, H209N and E289Q assume

position analogous to the human structure (which seems

reasonable, owing to a very high sequence identity). Two

Additional orientations of haem in the WT active site

were also tested, differing from the 2HRC model by the

haem molecule being twisted and flipped within its plane

(other orientations were disregarded, due to a steric

clash). Each of these alternative conformers (WTa and

WTb) were simulated starting from the final geometry of

the WT (thus saving the long equilibration time). The

set-up was identical to that for the simulation of the WT.

In WTa, propionate groups of the haem are pointing

towards the entrance of the active site, in WTb they are

pointing towards the back of the active site, whereas in

the WT they are positioned sideways.

Data analysis

From each trajectory, one snapshot was selected, and the

snapshots of the variant forms were aligned with the WT

structure by minimizing the RMS distance of main-chain

and haem atoms. After that, the RMS distance between

atoms of the WT and the variant forms was compared. The

snapshots were chosen in the following way: the structure

was averaged over the production period; then the RMS

deviation of the protein and the haem molecule was cal-

culated along the trajectory, with respect to the average

position; finally, a snapshot having lowest RMS value (i.e.

being closest to the average structure) was selected, at

13,529 ps for the WT, at 14,053.4 ps for H209N and at

12,191 ps for E289Q. Additionally, for validation purposes,

a second set with slightly higher RMS value was selected: at

18,123.2 ps for the WT, at 9,310.4 ps for H209N and at

8,402.4 ps for E289Q. For each trajectory, in the given

period, RMS fluctuations of Ca atoms with respect to the

average position were calculated, to find regions where

the mutation contributed to an increase or decrease in the

fluctuations. The structure of the active site and the influ-

ence of the mutations on the geometry and distortion of the

haem macrocycle were analysed in detail: the distortion of

the haem was analysed by calculating the average distance

of each atom from the plane surface and per-atom RMS

deviation from planarity. The plane equation was calculated

for the 25 numbered atoms shown in Fig. 1, using a least-

squares-fit method [35]. The distortion of the macrocycle

was also estimated using the normal-coordinate structural

decomposition (NSD) method, developed by Jentzen et al.

[36] Prior to NSD calculations, representative structures

of the haem molecule were searched for each of the

complexes (WT, H209N, E289Q). This was accomplished

by calculating the averaged structure of haem over the

production period and selecting a snapshot having the

lowest RMS deviation value, compared with this averaged

structure. These representative structures were subjected

to NSD analysis. Finally, selected contacts between resi-

dues in the active site and propionate groups of haem

were analysed by calculating the radial distribution

function (RDF) for heavy atoms forming each hydrogen

bond. Similar analysis was performed for the pair of

residues 209 and 289, which are subject to mutation, and

two residues (Met22 and His209) that can interact with

the iron atom.

Results and discussion

The mutations do not seem to alter the general structure of

the protein significantly. The most pronounced changes

take place in the loop regions, near residues 304 and 348 in

both variants (Figs. 3, 4). Residue 348 is near the place

occupied by the [2Fe–2S] cluster. Additionally, there is

significant difference in the structure near residue 253,

particularly in the E289Q variant. This is a proline residue

in another loop region, located at the entrance to the active

pocket. In the E289Q variant, this loop is covering the

active site much more than in the WT and interacts with

Arg61, which could possibly prevent the release of haem

1122 J Biol Inorg Chem (2009) 14:1119–1128
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from the active site. These differences in the structure of

WT and variant MFCh are not specific for the snapshots

chosen; Fig. S4 shows that they can also be observed for

other selections of snapshots.

The mutations also have a certain, however not large,

impact on the overall stability of the structure. In Fig. S5,

the RMS fluctuations of the Ca atoms are depicted. The

regions in which the structure becomes stiffer or more

flexible due to the mutations are shown in Fig. 5. These

are only the loop regions, but it is worth mentioning that

loop 250–258, which partially covers the entrance to the

active site, becomes more rigid in the E289Q variant.

Also, the 302–307 fragment, which is quite flexible in the

WT and the H209N variant, becomes rigid in E289Q.

This fragment is located in the helix that incorporates the

catalytic residue Glu289; therefore, its flexibility may be

related to the mutation and activity of the variant enzyme.

Figure 6 shows the interaction energy of the haem

molecule with the WT and variant enzymes. According to

the graph, the E289Q variant interacts with the haem more

strongly than the WT or H209N, which in turn exhibit a

similar amount of interaction energy. Increased interaction

in the E289Q variant may handicap the release of the

product and slow down the reaction, as previously

observed [16, 17]. Owing to the fact that the particle-mesh

Ewald method was used, the interactions are split into

short-range and long-range components and the long-range

Coulomb component is not included in this sum. The cut-

off distance for the electrostatic interactions is 9 Å;

therefore, the omitted long-range Coulomb interaction

should not affect the relative value of the sum.

In the progress of the simulation, the orientation of the

haem molecule in WT MFCh diverged only a little,

remaining similar to the orientation in the X-ray geometry

of the human enzyme [9], which was used as an initial

model. Note, that the orientation of PPIX in B. subtilis

ferrochelatase [37] (PDB code 1C1H) is significantly dif-

ferent. In the latter structure, the propionates point out of

the active site, whereas in MFCh the haem molecule is

rotated and propionates can form hydrogen bonds with

several active-site residues, including Arg61, Tyr69, Ser76

and Ser249 (Figs. 7, 8). It is possible that these residues are

responsible not only for the proper orientation of PPIX, but

also for the macrocycle distortion. Met22 is positioned

under the haem molecule, whereas the catalytic His209

coordinates the ferrous ion from above. The position of the

haem molecule in the active site is similar in both variants;

however, in the E289Q variant, the propionates of the haem

molecule are tilted in the opposite directions (up and down

Fig. 3 Superposition of the

H209N (cyan) and E289Q

(yellow) variants with the wild-

type (WT) form (magenta) of

the ferrochelatase, based on a

least-squares fit of the main-

chain and haem atoms. The

position of the replaced amino

acids is shown in red
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Fig. 4 Distance between Ca atoms in variant and WT models

calculated after least-squares fit of the snapshots from the molecular

dynamics simulations
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the plane), whereas in the WT and H209N, both propio-

nates are tilted upwards, to the side occupied by His209

and Glu289. The propionate groups are coordinated by

Arg61 and Ser76 in the WT, by Arg61, Tyr69 and Ser76 in

the H209N variant and by Arg61, Tyr69, Ser76, Ser249

and Gln289 in the E289Q variant. As can be seen from the

RDFs in Fig. 8, the propionates in E289Q are strongly

coordinated by five residues, which could be the reason for

the stronger interaction between the protein and the haem.

The function of the propionates of the haem molecule has

been investigated in other, similar systems, including

cytochrome c [26, 38]. Furlan et al. [39] used Car–Parri-

nello MD to study a truncated model of the active site. The

influence of the propionates on the rotational freedom of

His18 (analogous to His209 in ferrochelatase) was

observed. Even more interesting, the authors found a

necessity to include another ligand (fragment of Pro30),

which forms a hydrogen bond with the same histidine, to

ensure separation of the charges of propionates and histi-

dine. Indeed, in WT, WTa and E289Q models of MFCh the

contact between propionates and His209 is not observed

and His209 forms hydrogen bonds with other residues.

The orientation of the haem molecule in the MFCh

models presented here (WT, H209N and E289Q) is similar

to the orientation of PPIX and haem in X-ray structures of

human ferrochelatase [9]. Haem can also bind in the active

site in an orientation which is flipped and rotated by

approximately 45� (compare WT and WTb in Fig. S9),

suggesting that there is some conformational freedom—at

least in the product complex. On the other hand, N-meth-

ylmesoporphyrin and 2,4-disulphonic acid dihydrochloride

bound in the active site of the crystal structure of the fer-

rochelatase from B. subtilis appear to be rotated by

approximately 100� and are not buried in the active site as

deeply as in mammal ferrochelatases [12, 37]. According

to the recent work of Karlberg et al. [12], this different

orientation in B. subtilis may be sufficient to provide the

necessary distortion of the porphyrin and catalyse

the reaction. The same work explains the difference in the

binding mode between the mammal and bacterial enzymes

in terms of steric hindrance caused by one of the helices.

This is accompanied by an altered coordination of the

propionates, resulting from differences in the secondary

structure.

The catalytic role of the ferrochelatase is to distort

PPIX, which makes it easier to detach the protons from the

nitrogen atoms and exposes the electron pairs of the

nitrogens, enabling insertion of the ion [7, 15]. For that

Fig. 5 Colour-coded regions of increased flexibility (most flexible

regions in blue, also marked with circles) in WT and variant MFCh.

Note that loop 251–255 becomes stabilized in E289Q. See also

Fig. S5. Green indicates the hypothetical position of the monomer–

monomer interface (fragment of the second monomer), based on the

human enzyme
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reason, it is particularly interesting to compare the pla-

narity of the haem molecule in variant MFCh with the

model of WT enzyme. Figure 9 shows the average distance

of the haem atoms from the molecule plane (in other

words, the non-planarity of the haem bound in the active

site) and Fig. S6 shows RMS distances of haem atoms

from the plane, which illustrate how much the molecule

can be distorted. Both graphs show that the haem molecule

bound in the active site of WT protein is much more planar

and much stiffer (lower RMS values) than in the variant

proteins. The maximum average deviation from planarity is

less than 0.3 Å and the maximum RMS distance from the

plane is around 0.3 Å. This result agrees very well with the

theory that ferrochelatase preferentially stabilizes

‘‘domed’’ geometry of the protoporphyrin in the transition

state, but the product—after the insertion of the ferrous

ion—is planar and as such would be destabilized and easily

released from the active site. On the other hand, the variant

enzymes enforce distortion in the haem molecule, which

would shift the chemical equilibrium towards the reactant

state. The largest average value of the distortion from

planarity of a single atom in the H209N and E289Q

variants is around 0.5 Å on atoms 9 and 21 of the haem

molecule and around 0.4 Å on atoms 3 and 15. The haem

molecule in both variants exhibits mostly a ‘‘saddling’’

distortion. This can be seen in the ‘‘per-atom’’ analysis

(Fig. 9), as well as in the NSD results (Fig. 10). In this

form of distortion, the atoms that are most tilted are the

outer carbons of the pyrrole rings. The opposite pyrrole

rings are tilted in the same direction, i.e. rings A and C are

tilted up and B and D are tilted down. In the H209N var-

iant, the ferrous ion is pulled out of the macrocycle more

than in the E289Q variant and the WT (compare atom 25 in

Figs. 9, S6). Apparently, His209, placed in the WT and

E289Q over the iron atom, coordinates it with the nitrogen

atom of the imidazole, preventing expulsion of the ion and

distortion of the macrocycle in the product complex.

Mutation of the two active-site residues, His209 and

Glu289, alters the network of hydrogen bonds between

haem and WT protein (Fig. 8). Five residues in the active

site are able to form hydrogen bonds with propionate

groups of haem. Arg61 interacts in the WT, as well as in

variant proteins. The RDF of Arg61 (Fig. 8) has two peaks,

since typically a hydrogen bond is formed with one of the

Fig. 7 Stereo view of the active

site of variants H209N (a) and

E289Q (b) compared with the

structure of the active site of the

WT (thin lines); based on

snapshots from the molecular

dynamics simulations
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Nx atoms, whereas the other one remains within 5-Å dis-

tance. In H209N and E289Q variants, a new contact with

Tyr69 emerges and competes with Ser76 for the interaction

with one propionate group. Ser76 makes a contact with

propionate groups, which is not affected by the mutations,

whereas Ser249 forms a hydrogen bond with propionate

group only in E289Q. Only two contacts remain intact in

both mutants, namely the hydrogen bonds formed by

Arg61 and Ser76 with one of the propionate groups of

haem. Mutation of Glu289 introduces another interaction—

the mutated Gln289 periodically forms a third hydrogen

bond with the propionate coordinated by Arg61 and

Ser249. Finally, the two residues 209 and 289 interact with

one another through hydrogen bonds, but only in the var-

iant proteins. In general, the RDFs show that the hydrogen-

bond network is much stronger in the E289Q variant. For
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Fig. 8 Radial distribution

functions (RDF) of selected

contacts between active-site

residues and propionate groups

of the haem molecule (a–e),

residues 209 and 289 (f) and

active-site residues and the iron

atom (g–h)
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the six contacts shown in this figure, only E289Q possess

hydrogen bonds in all of them. The WT does not form a

hydrogen bond with Tyr69 and Ser249, H209N does not

have the contact with Ser249 and only E289Q can make an

additional hydrogen bond with the mutated residue.

Therefore, the increased interaction observed in Fig. 6

cannot be explained only by the depletion of the charge in

this mutant—apparently, structural changes caused by the

mutation enable additional contacts, which are not possible

in the WT and H209N. This additional coordination of the

propionate groups results in stronger binding of the product

and presumably also of the reactant complex, which would

explain experimental observations of endogenous and

specifically bound PPIX in the E289Q MFCh variant

[16, 17]. It could explain also significant differences in the

resonance Raman spectra of PPIX bound to the WT and to

the E289Q variant [13]. It also affects the orientation of the

macrocycle, which in the E289Q variant is displaced

towards the ‘‘entrance’’ of the active site, compared with

the WT and H209N (Fig. 7).

Simulations of the WT enzyme conformers (WT, WTa,

WTb) show that there is space for a certain freedom of

orientation of the haem in the active site. In WTb, one the

propionates forms additional hydrogen bonds with His209,

Gln248 and His287, whereas the hydrogen bond with Ser76

(found in the WT) is not present (Fig. S7). In WTb, there is

also a sodium cation, coordinated by one of the propionates

and Glu289 (not present in the WT and WTa). The energy

of the interaction between haem and protein is

slightly higher in WTb (-385 kJ mol-1) than in the WT

(-350 kJ mol-1). On the other hand, in WTa, the

interaction between haem and enzyme is weaker

(-339 kJ mol-1) and the porphyrin is displaced from the

active site (note the position of Met22 and His209 in

Fig. S9) and the saddling cannot be observed (Fig. S8). It

seems that WTa corresponds more to a situation where

haem is leaving the active pocket of the enzyme (although

on the time scale of the simulation this cannot be

observed). This is also supported by the general picture of

the hydrogen-bond network in these three models

(Fig. S7)—in the case of WTb the peaks are mostly nar-

row, whereas in the case of WTa they are broad and low

(indicating large fluctuations). In WTa, only Ser249 forms

a hydrogen bond with propionates of the haem and the

distance from catalytic His209 is significantly enlarged.

Conclusions

MD simulations of the monomeric WT and variant MFCh

prove that mutations of the active-site residues, His209 and

Glu289, have an influence on the haem and, presumably,

PPIX distortion. The impact on the macrocycle distortion

appears to be quite complex; the mutations cause subtle

changes in the geometry of the neighbourhood, which in turn

alters the coordination of the propionate groups of proto-

porphyrin by several residues, including Tyr69, Ser76 and

Ser249. On the other hand, a direct relation between the

strength of the interaction (measured in the interaction

energy) and the distortion of the macrocycle could not be

found. In the E289Q variant, the haem molecule forms more

contacts and interacts more strongly with the protein than in

the WT and H209N, but it is the H209N mutation that causes

the largest distortion. It seems that His209, apart from being

implicated in ferrous ion binding [12, 40] and proton

extraction [8], also has a role in the induction of the planar

geometry of the product. Different residues are responsible

for coordination and orientation of the porphyrin in the

mouse and bacterial enzymes.
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