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Abstract Molecular dynamics (MD) simulations of three
models based on the crystal structure of the E343K variant
of human ferrochelatase were performed in this study. The
“open” and “closed” conformations of the enzyme obtained
by simulations are in agreement with the corresponding
crystal structures. The snapshots and the structure analysis
indicate that alterations of the hydrogen bonds and the posi-
tions of E347 and E351 lead to a conformational change in the
mt-helix. The hydrogen bonded form of residue R164 could be
regarded as a signal indicating alteration of the active site
conformation. When R164 forms a hydrogen bond with
D95, the active site is closed, and when a hydrogen bond is
formed with E171, the active site is open. Interestingly, the
protoporphyrin with Fe?" is observed to move noticeably out
of the enzyme while the protoporphyrin lacking Fe** remains
almost fixed. Alterations of the hydrogen bonds between the
propionate of the heme and R115, K118 and S303 trigger
movement of the heme out of the active site. Residues E347
and E351, which are located on the 7t-helix and form an acidic
path leading to a salt bridge interaction with the propionate of
the heme, accelerate the release process.
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Introduction

Ferrochelatase (protoheme ferrolyase, EC 4.99.1.1) is the
terminal enzyme in heme biosynthesis and catalyzes the in-
sertion of ferrous ion into protoporphyrin IX to form proto-
heme IX (heme) [1]. Heme is a cofactor included in hemo- and
myoglobins, cytochromes, all aerobic organisms and the ma-
jority of anaerobes and facultative organisms. Biosynthesis of
heme requires eight enzymatic steps in mammals and most
fungi, and nine in plants and most bacteria. Human and
bacterial ferrochelatase are highly conserved at the level of
tertiary structure although there is less than 10 % conservation
at the level of amino acid sequence [2]. Mutations in the
human ferrochelatase gene can lead to the disease erythropoi-
etic protoporphyria (EPP) [3, 4]. A symptom of this disease is
light-sensitive dermatitis, caused by overproduction of proto-
porphyrin and its deposition in skin and liver. In some cases, it
may even lead to fatal liver damage [5].

The mechanism of porphyrin metallation has attracted
much interest and has been studied extensively by many
groups in the past decades [6—13]. However, most of these
studies are based on the metallation process in solution
rather than in ferrochelatase. Recent works have provided
some insights into the catalytic mechanism of ferrochelatase
and the roles of some key residues [14—19]. Residues H263,
F337, H341 and E343 in human ferrocheltase, which are
located on one side of the protoporphyrin, are regarded as
involving proton abstraction from protoporphyrin during
catalysis [20, 21] and F337 also plays a key role on con-
trolling the entrances to two solvent-filled tunnels located at
the back of the active site pocket [16, 22, 23]. Fe? is
thought to be transported from the exterior of the enzyme
at D383/H231 via W227 and Y191 to the site of metallation
at R164 in human ferrochelatase [10, 20] and in yeast [23].
However, in Bacillus subtilis, a different route is employed
for ferrous ion transportation [13, 19].
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Recently, Medlock et al. [14] were the first to report the
crystal structure of the E343K variant of human ferrochela-
tase with bound protoporphyrin. By analyzing the structure,
they found that the substrate-bound structure possesses a
“closed” active site conformation while the substrate-free
enzyme (R115L) [20] has an “open” active site. The “open”
and “closed” conformations may regulate protoporphyrin
binding and product release [15, 24]. The 7t-helix (residues
340-349) is unwound in the F110A variant [15] enzyme of
bound heme. This conformational alternation from
substrate-bound to heme-free should be related to some
key residues playing important roles in the catalytic process
of the enzyme. To better understand the catalytic mechanism
of human ferrochelatase, some problems should be solved:
what leads the enzyme to open and close its mouth; why does
the conformation of the 7-helix change when ferrous ion is
imported; and which residues are involved in the substrate
entering and exiting the active site pocket. To answer these
questions, experimental results are not enough. In this paper,
we performed a series of molecular dynamics (MD) simula-
tions on three models of human ferrochelatase. The snapshot
details and structural rearrangements presented herein signif-
icantly advance our understanding of the substrate-binding
mode and the process of product release.

Computational procedure

MD simulations are used widely in the study of protein
structure and are regarded as a very useful tool with which
to study the conformational changes of proteins [25-28]. In
this study, we started from the crystal structure E343K (PDB
code 2HRE, resolution 2.5 A) [14] and performed MD
simulations at room temperature. The different model sys-
tems considered in this study were (A) E343K without
protoporphyrin, (B) E343K with protoporphyrin, and (C)
E343K with metallated protoporphyrin. MD simulations
were performed using the AMBER [29, 30] package with
the 1999 force field [31]. The parameter files and the elec-
trostatic potential (ESP) charge of the porphyrin and heme
were generated using Turbomole software [32] at the level
of BP86/6-31 G* for all atoms (Fe was described by the
DZpdf basis set) [33]. The pressure was controlled at 1 atm
and the temperature was maintained at 300 K. A cutoff for
the nonbonded interactions of 10 A was employed.

Before energy minimization, residue K343 was replaced
with residue E343. All residues were assumed to be in their
most stable protonation states at neutral pH. All Arg and Lys
residues were considered to be in a protonated state, where-
as all Asp and Glu residues were considered to be in a
deprotonated state. After a detailed study of the surround-
ings and possible hydrogen-bond networks around the His
residues, it was decided that His167 and His388 were
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protonated on the N°! atom, His230 was protonated on the
N¢? atom, and the remaining His residues were doubly
protonated. Protons were added using the leap module of
AMBER. The [2Fe-2S] cluster was modeled as follows:
Fe*" is coordinated with two S atoms in the middle and
the two S atoms of the Cys residues. A bond was set
between the Fe and the S atom using the bond command.
Each model was solvated with a 9-A octahedral periodic
water box. To neutralize the systems, 7, 5 and 5 CI" ions
were added to systems A, B and C, respectively. Finally, the
simulation system for model A is composed of a total of
5,803 protein atoms and 10,872 solvent molecules, model B
contains 5,877 protein atoms and 10,869 solvent molecules,
and model C consists of 5,876 protein atoms and 10,869
solvent molecules.

All the hydrogen atoms and water molecules were first
equilibrated by a simulated annealing molecular dynamics
calculation, followed by 10,000 steps of energy minimiza-
tion. Constant volume and pressure simulations were then
performed for 20 ps, respectively. Next, constant pressure
equilibration by main chain restraining for 50 ps, and con-
stant volume equilibration by main chain restraining for
200 ps were performed. The analysis of energy parameters
revealed that the systems were well equilibrated. A MD run of
15 ns with a time step of 2 fs was then carried out for all
systems. The trajectory was saved every 1 ps, and a total of
15,000 snapshots was taken in a production run for detailed
analysis. The results were visualized using the VMD package
[34] and Discovery studio 2.0. Various parameters derived
from the simulations are described in the following section.

Results
Stability and flexibility of the protein structures

MD simulation was carried out within 15 ns. Figure la
shows the root mean square deviations (RMSDs) from the
crystal structures for CA, C, N atoms versus simulation
time. We used the first structure of the simulation as the
reference structure in the calculation of the backbone
RMSD. As shown in Fig. la, after about 11 ns, the RMSD
of each system tends to be convergent, indicating that the
system becomes stable. The root mean square fluctuation
(RMSF) from the averaged structure provides another ap-
proach to evaluate the convergence of the dynamic proper-
ties of the system. Figure 1b—d shows the atomic
fluctuations averaged over residues for the three systems
derived from the 15 ns MD trajectories. For comparison,
the corresponding values of RMSF obtained from the ex-
perimental B factors in crystal structures are also shown in
Fig. lc. The experimental B factors are transformed to the
RMSF with the formula <Ar,>>=3B;/(87°) [35]. The RMSF
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Fig. 1 a Time dependence of the root mean square deviations
(RMSDs) from the crystal structures of human ferrochelatase and its
substrate complexes for the CA, C, and N atoms in 15-ns molecular
dynamics (MD) simulations. b—d Residue fluctuations obtained by

profile is in agreement with the experimental results
reflected by the B factors derived from X-ray crystallo-
graphic data, indicating that the MD results are reasonable.

General conformation description of the overall protein
and substrate

The initial models for MD simulation were based on the
crystal structure of E343K variant of human ferrochelatase
with the protophyrin bound, which has a so-called “closed”
active site. The upper “lip” of the mouth is formed by
residues 90—130 while the lower “lip” is composed of res-
idues 300-311 (as shown in Fig. 2a) [20]. The porphyrin
ring and nearby residues on the active site pocket are shown
in Fig. 2b—d.

The initial structure of model A was built from the crystal
structure of human ferrochelatase (E343K) by removing the
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averaging atomic fluctuations over the 15-ns simulation (black curves)
for model A (b), B (¢), and C (d) and by computing the value from the
experimentally derived B factors (red curve in ¢)

substrate (protoporphyrin). As a result, the first structure of
the protein should be in a “closed” state. After 15 ns MD
simulation the enzyme possesses an open active site confor-
mation similar to that observed for the R115L variant [20].
Both the lower and upper lips experience large movement
and the distance between them increases from 5 A to 11 A
(Fig. S1). A cross-section of the upper and lower lip of
human ferrochelatase is illustrated in Fig. 3a. The conserved
m-helix is “unwound” from residues 340 to 351 (Fig. 4a).
Model B was built directly from the crystal structure of
the E343K variant. The active site pocket is still closed after
15 ns of MD simulation. A cross-section of the upper and
lower lip of human ferrochelatase is illustrated in Fig. 3b.
Both the lower and upper lips are almost in their original
sites and the distance between them stays fixed at around
5 A (Fig. S2). The conserved 7-helix exhibits no obvious
change (Fig. 5a). A plot of the RMSD of the protoporphyrin
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Fig. 2a—d Substrate binding to
the E343K variant of human a
ferrochelatase. a Cartoon
representation of the crystal
structure E343K is shown in
green, the upper and lower “lip”
regions of the mouth have been
highlighted in yellow. b Sticks
representation of
protoporphyrin IX. The “Pr6”
and “Pr7” mean the propionate
at position 6 and 7 of the
porphyrin, respectively. ¢ View
of the porphyrin macrocycle
and nearby residues on the
H263 side of the pocket. d
View of the porphyrin
macrocycle and nearby residues
on the M76 side of the pocket.
The atoms are represented as
sticks and are colored blue, red,
vellow and green for nitrogen, Cc
oxygen, sulfur and carbon,

; H341
respectively S130 ¥

Yi23

K118

RI15

ring inside the binding pocket versus simulation time is
shown in Fig. 6a. The RMSD shows no obvious fluctuations
during the simulation time, indicating that the conformation
of protoporphyrin does not change dramatically. Compared
with the first position, the protoporphyrin ring moves just a
little (1.1 A, reference is the atom N' of the protoporphyrin,
Fig. 6b).

Model C was built from the E343K variant by adding
Fe*" into the center of protoporphyrin. After a 15-ns MD
simulation, the enzyme possesses an “open” active site
conformation. The cross-section of the upper and lower lip
of human ferrochelatase is illustrated in Fig. 3c. Although
the lower lip keeps in its original place, the upper lip
experiences a large movement, making makes the gap be-
tween the two lips larger (from 5 A to 9 A, Fig. S3).
Compared with the simulation result from model A, the
lower lip in model C has no movement. The reason could
be ascribed to the binding of protoheme, which captures
some residues thus preventing the lower lip from moving.
Given a sufficiently long simulation time, the protoheme
would be released and the lower lip should have a large
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F337

S130

movement as in model A. The conserved 7-helix is “un-
wound” from residues 340 to 351 (Fig. 7a), which is con-
sistent with the experimental result of the F110A variant
with bound heme, in which the 7t-helix is unwound from
residues 340 to 349 and has a more “open” conformation
[36] in comparison to the protoporphyrin-IX-bound struc-
ture [15]. As shown in Fig. 6a, the RMSD of the metallation
porphyrin reaches ~1.1 A during the first 50 ps, increases
to ~1.2 A at ~3 ns, and reaches ~1.5 A in the last part of
the MD simulation (from 6 to 15 ns). This result reveals
that the metallated porphyrin (heme) has moved during
the MD simulation. The direction of movement of heme is
out of the active site pocket and the distance moved is
4.0 A (relative to atom N' of the porphyrin, Fig. 6b).
Meanwhile, the propionate at position 6 is bent back
towards the center of the macrocycle, and forms a hydro-
gen bond and a salt bridge with residues K118 (2.0 A)
and S303 (3.9 A), respectively. Here, the figures in brack-
ets are the distance of the hydrogen atom from the donor
and the proton acceptor atom; the same notation is used in
the following text.
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Fig. 3a—¢ Cross-section of the upper and lower lip of human ferro-
chelatase. The initial structure is shown in green. The structures after

MD simulation are shown in red for model A (a), blue for model B (b)
and yellow for model C (c¢)

Active site structure and hydrogen bond network

The change in conformation of the enzyme could be as-
cribed to the alteration of the hydrogen bond network and

Fig. 4a,b Cartoon

representation of the first a
structure is shown in green. The
atoms are represented as sticks
and are colored blue, red,
yellow and green for nitrogen,
oxygen, sulfur and carbon,
respectively. The structure after
MD simulation is shown in red
in model A. a Structure of 7t-
helix and key neighbor
residues. b Structure of upper
lip and key neighbor residues

R115

E H263

residue orientations. In model A, the imidazole ring of
residue H263 rotates by approximately 90° (Fig. 4a). Resi-
dues E343 and H341 reorient, and a hydrogen bond is
formed between them. The distance between H263 and
E343 increases from 3.5 A to 8.2 A (measured from the
two closest atoms, the same below, Fig. S4). Meanwhile, the
side chain of R115 moves closer to E347, and forms hydro-
gen bonds with the carboxylate group of E347 (from 8.0 to
2.7 A, Fig. S5). Simultaneously, the distance between the
side chain of K118 and E351 decreases from 6.0 to 1.8 A.
Reorientation of side chains also occurs on the opposite side
of the active site pocket from H263. As shown in Fig. 4b,
M76 moves out of the active site. The rearrangement of
M76 enlarges the active site pocket which benefits the
insertion of the protoporphyrin IX. The most dramatic change
occurs at R164, which rotates more than 90°. The hydrogen
bond between R164 and the carboxylate group of D95 breaks
(from 2.8 t0 8.0 A, Fig. S6) and the residue D95 moves out of
the active site. The new position of R164 is stabilized by
hydrogen bonds between the guanido group of R164 and the
carboxylate group of E171 (1.68 A). The obvious change in
RMSD of R164 at ~5 ns in Fig. 8 corresponds to these
changes in the hydrogen bonds, which lead finally to the
transformation from the “closed” to the “open” state.

In model B, H263 shows no obvious movement (Fig. 5a).
Both H341 and E343 rotate to some extent. The distance
between the side chain of H263 and E343 increases from 2.8
to 6.0 A (form a salt bridge, Fig. S4) while the distance
between H341 and E343 increases from 1.8 to 2.4 A. How-
ever, these conformational changes do not alter the structure
of the “wound” 7t-helix. The protoporphyrin IX is fixed at
the active site by R115, S130 and Y123 (see Fig. 2¢) and the
distances from the closest residues surrounding them are
1.8 A, 2.1 A and 1.7 A, respectively. After MD simulation,
there are only a small changes in the distances between
protoporphyrin IX and the residues R115 (1.9 A) and
S130 (1.8 A). A large change occurs on residue Y123,
which forms a salt bridge interaction with the propionate
at position 7 (3.5 A). The other residues at the active site
pocket have no obvious movement (Fig. 5b).

n-helix

D95
: upper lip

H341

A 5 M76
-

G2\ 1165

R164
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Fig. 5 Cartoon representation

of the first structure is shown in a
green. The atoms are

represented as sticks and are

colored blue, red, yellow and

green for nitrogen, oxygen,

sulfur and carbon, respectively.

The structure after MD 318

simulation is shown in blue in

model B. a Structure of 7-helix

and key neighbor residues. b

Structure of protoporphyrin and 4

key neighbor residues X
R115

In model C, residues H263, H341 and E343 rotate slight-
ly (Fig. 7a). Residue R115 moves out of the active site. The
distance between the propionate at position 6 and R115
increases from 2.2 A to 4.5 A. Meanwhile, the side chain
of K118 rotates to the active site pocket, forming a hydrogen
bond with the propionate at position 6 of heme (from 6.8 A
to 2.0 A). The propionate at position 6 folds back towards
the metallated porphyrin and forms a hydrogen bond with
S303 (from 6.2 A to 3.9 A). At the same time, the residues
S130 and Y123 (shown in Fig. 2¢,d) rotate slightly and still
make hydrogen bonds with the propionate at position 7
(1.8 A and 2.0 A, respectively). As shown in Fig. 7b, on
the opposite side of the active site pocket from H263, the
side chain of M76 rotates out of the active site pocket. The
distance between the sulfur atom of M76 and the N* atom of
porphyrin increases from 3.5 A to 6.2 A. The side chain of
R164 rotates more than 90° (like model A) and the hydrogen

n-helix

H341

éH263

bond with the carboxylate group of D95 is broken (from
2.8 A to 7.0 A, Fig. S6). Residue D95 moves out of the
active site. The new position of R164 is stabilized by a
hydrogen bond with the carboxylate group of E171
(1.9 A) as in model A. The RMSD of R164 show obvious
changes at ~3 ns (Fig. 8) corresponding to these hydrogen
bonds changes.

Discussion

As mentioned above, we investigated the change in position
of residues H263, H341 and E343 located on one side of the
porphyrin that are regarded as involved in proton abstraction
from the porphyrin during the process of catalysis [20, 21].
During the simulation process of model A, the imidazole
ring of residue H263 rotates and the hydrogen bonds with

a —— Model B b
0.18 —— Model C

| f|j-{1’rf'_la'!i-= W

Porphyrin-RMSD (nm)

¥ T ' T ¥ T ¥ T
1] 2000 4000 6000  BOOO
Time (ps)

Fig. 6 a RMSDs of protoporphyrin (black) and heme (red) versus
simulation time. b The first structure of protoporphyrin is represented
in stick form and is colored green. The atoms are colored blue, red and
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green for nitrogen, oxygen and carbon, respectively. The structures
after MD simulation are shown in blue for model B (protoporphyrin)
and for model C yellow (heme). Arrow Direction of heme movement



J Mol Model (2013) 19:2509-2518

2515

Fig. 7a,b Cartoon
representation of the first a
structure is shown in green. The
atoms are represented as sticks
and are colored blue, red,
yellow and green for nitrogen,
oxygen, sulfur and carbon,
respectively. The structure after
MD simulation is shown in
yellow in model C. a Structure
of m-helix and key neighbor
residues. b Structure of upper
lip and key neighbor residues

R115

E343 and one pyrrole proton of the porphyrin (Fig. 4a) are
broken. Both H341 and E343 experience large movement.
The conformation of the 7t-helix is “unwound”. In model B,
E343 rotates to a large degree while both H263 and H341
show little change, which elongates the distance between
H263 and E343 (Fig. 5a). The 7t-helix is in a “wound” state.
For model C (with metallated porphyrin), unlike model A,
residues H263, H341 and E343 rotate to only a small degree
(Fig. 7a). However, the m-helix can be in an “unwound”
state like that of model A. These positional changes reveal
that the reorientations of residues H263, H341 and E343 do
not relate directly to the conformation of the 7-helix, al-
though H341 and E343 are located on the 7t-helix.

So, what are the key residues controlling the change in 7t-
helix conformation from “wound” to “unwound”? For mod-
els A and C, in which the 7t-helix is “unwound”, residues
E347 and E351 can form hydrogen bonds with R115 and
K118, respectively. However, for model B, in which the 7t-
helix is in the “wound” state, there are no hydrogen bonds
between these residues. Unlike the positions of residues
H263, H341 and E343, residues R115 and K118 sit at the
side of the 7t-helix. The formation of hydrogen bonds with
residue E347 and E351 will exert a pull force on the 7t-helix
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0.15 N” i # |
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Fig. 8 RMSD of residue R164 for the CA, C, N atoms in the 15 ns
MD simulations

—
‘_—:@“i’? 1

to make the other residues located on the 7t-helix reorient by
steric effect, inducing alteration of the hydrogen bond net-
work of the 7t-helix, finally “unwinding” the 7t-helix.

The side chains of M76 and R164 move closely toward
the protoporphyrin IX when it is captured by the enzyme.
However, after ferrous ion is imported into the porphyrin,
residues M76 and R164 rotate away from the metallated
product. The reason for this movement of M76 could be
ascribed to the weakened electrostatic interaction between
the methyl group on M76 and the center N atoms of the
porphyrin after Fe*" is pulled into the center of the porphy-
rin. The flexibility of residues M76 and R164 probably
make them act as tools to play the role of transporting
ferrous ion. The ferrous ion insertion process has been
described previously in human ferrochelatase [10, 20] and
in yeast [23], in which it was proposed that Fe?" is trans-
ported from the exterior of the enzyme at D383/H231 via
residues W227 and Y191 to the site of metallation at resi-
dues R164. Our QM/MM calculation gave the same result,
i.e., that the insertion pathway of Fe** into the protoporphy-
rin IX is easier from the M76 side than from the H263 side .
However, in Bacillus subtilis ferrochelatase, the insertion
path of Fe** is from the opposite side [13, 19].

Protoporphyrin is stabilized at the active site by forming
hydrogen bonds with residues R115, Y123 and S130. This
pattern is very similar to Szefczyk’s MD simulation results
on mouse ferrochelatase [37]. After ferrous ion is imported
into the protoporphyrin, residue M76 moves away from the
heme while residues Y165 and R164 move out of the active
site. The hydrogen bond between the guanido group of
R164 and the carboxylate group of D95 is broken (RMSD
shows an obvious change at ~3 ns, Fig. 8), which promotes
movement of residues 90115 out of the active site. Thus,
the active site is in the “open” state.

The electronegativity of the oxygen in the propionate at
position 6 is decreased (the calculated ESP charge changes
from —0.71 to —0.60) after the Fe*" is introduced, which
weakens the hydrogen bond between the oxygen and R115
making it easier to break. Therefore, the simulation result
shows that the hydrogen bond is broken and R115 rotates
out of the active site. At the same time, the side chain of
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K118 rotates to the active site pocket, forming a hydrogen
bond with the propionate at position 6 of heme. This alter-
nating of the two hydrogen bonds promotes movement of
the heme out of the active center (RMSD increases to
~1.2 A at ~3 ns, Fig. 6a). Furthermore, the propionate at
position 6 folds back towards the metallated porphyrin,
forming a hydrogen bond and a salt bridge interaction with
S303 and E347, respectively. This series of hydrogen bond
realignments accelerates movement of heme out of the ac-
tive site. The RMSD of heme increases to ~1.5 A (Fig. 6a).
Meanwhile, residues E347 and E351 located on the 7t-helix
form an acidic path resulting in a salt bridge interaction with
the propionate of the heme, which will facilitate the release
of metallated porphyrin.

It has been suggested that the metallation in ferrochela-
tase involves distortion of the protoporphyrin [18, 33, 37].
In the crystal structure of E343K variant (2HRE), the pro-
toporphyrin is completely planar. In our simulation results
of model B, the protoporphyrin was distorted, with the
pyrrole nitrogen atom bent toward the direction of residue
MET 76, which benefits the insertion of Fe*" from the side of
M76. However, after the ferrous ion has been imported to the
porphyrin, the resulting changes in hydrogen bonds of the
heme propionate with neighboring residues distorts the por-
phyrin ring quite a lot . At the same time, the changes in the
hydrogen bond network facilitate the release of the heme.

Based on the above results, we propose that the catalysis
process follows the procedure illustrated in Fig. 9: first, the

.

S
Pk
g
E Metallation
\
Vi 0 /( =
<Z N

Fig. 9 Proposed catalytic process for human ferrochelatase and the role of the key residues
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enzyme has an open “mouth”. Following binding of ferrous
ion in the active site, the protoporphyrin approaches the
active site pocket. H263 rotates to form hydrogen bonds
with E343 and one pyrrole proton of the porphyrin. The
protoporphyrin IX is fixed at the active site by R115, S130
and Y123. M76 rotates into the active site pocket. R164
rotates and forms a hydrogen bond with D95. The active site
is now closed. Next, the protons on the porphyrin are
extracted by H263 [20, 21]. The ferrous ion enters the
porphyrin. Then, M76 moves away from the heme. The
hydrogen bond between R164 and D95 is broken, which
induces residues 90—115 to move out. The “mouth” of the
enzyme is open, which facilitates movement of the heme out
of the active site. The propionate at position 6 of heme folds
back towards the metallated porphyrin and forms hydrogen
bonds with K118 and S303 and a salt bridge interaction with
E347, which accelerates heme release. In this process, alter-
ations in the hydrogen bond network and the positions of
E347 and E351 lead to structural rearrangements of the 7t-
helix by both steric effects and hydrogen bonding. Residue
R164 acts as a signal indicating the active site conformation
of enzyme. When R164 forms a hydrogen bond with D95,
the active site is closed, while a hydrogen bond with E171
indicates that the active site is open.

Conclusions

Our MD simulations provide insight into the conformational
movements and function of the active site residues of human
ferrochelatase. Based on these data, the simulation process
of model A can be regarded as the reverse process of
protoporphyrin insertion. A series of hydrogen bond
realignments trigger reshaping of the active site, which
facilitates the insertion of ferrous ion and protoporphyrin.
The simulation of model B shows the steady closed state of
the enzyme with protoporphyrin before metallation. The
simulation process of model C shows the process of heme
release with the mouth from “closed” to “open” state. The
“open” and “closed” conformations obtained by the simu-
lations are in agreement with the corresponding crystal
structures. Residue R164 acts as a signal showing alteration
of the active site conformation. When R164 forms a hydro-
gen bond with D95, the active site is closed; a hydrogen
bond with E171 indicates that the active site is open. The
conformational change of the 7-helix is related to the alter-
ation of the hydrogen bond and the positions of E347 and
E351. The alteration of the hydrogen bonds between the
propionate of the heme with R115, K118 and S303 trigger
movement of heme out of the active site. In addition, resi-
dues E347 and E351 located on the 7t-helix, form an acidic
path leading to a salt bridge interaction with the propionate
of the heme, accelerating the release process.
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