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ABSTRACT: The terminal step in heme biosynthesis, the insertion of ferrous iron into protoporphyrin IX
to form protoheme, is catalyzed by the enzyme ferrochelatase (EC 4.99.1.1). A number of highly conserved
residues identified from the crystal structure of human ferrochelatase as being in the active site were
examined by site-directed mutagenesis. The mutants Y123F, Y165F, Y191H, and R164L each had an
increasedKm for iron without an alteredKm for porphyrin. The double mutant R164L/Y165F had a 6-fold
increasedKm for iron and a 10-fold decreasedVmax. The double mutant Y123F/Y191F had low activity
with an elevatedKm for iron, and Y123F/Y165F had no measurable activity. The mutants H263A/C/N,
D340N, E343Q, E343H, and E343K had no measurable enzyme activity, while E343D, E347Q, and H341C
had decreasedVmaxs without significant alteration of theKms for either substrate. D340E had near-normal
kinetic parameters, while D383A and H231A had increasedKms for iron. On the basis of these data and
the crystal structure of human ferrochelatase, it is proposed that residues E343, H341, and D340 form a
conduit from H263 in the active site to the protein exterior and function in proton extraction from the
porphyrin macrocycle. The role of H263 as the porphyrin proton-accepting residue is central to catalysis
since metalation only occurs in conjunction with proton abstraction. It is suggested that iron is transported
from the exterior of the enzyme at D383/H231 via residues W227 and Y191 to the site of metalation at
residues R164 and Y165 which are on the opposite side of the active site pocket from H263. This model
should be general for mitochondrial membrane-associated eucaryotic ferrochelatases but may differ for
bacterial ferrochelatases since the spatial orientation of the enzyme within prokaryotic cells may differ.

Ferrochelatase (protoheme ferrolyase, EC 4.99.1.1) cata-
lyzes the terminal step in heme biosynthesis, the insertion
of ferrous iron into protoporphyrin IX to form protoheme
IX (heme) (1, 2). In eukaryotes, the enzyme is nuclear-
encoded, synthesized in the cytoplasm, and translocated to
the mitochondrion where it is proteolytically processed to
its mature size of∼42 kDa (3). Within the mitochondria,
ferrochelatase is associated with the inner mitochondrial
membrane with the active site facing the mitochondrial
matrix (4, 5). Ferrochelatase has been isolated from a variety
of sources, and the gene encoding the enzyme has been
cloned and sequenced from more than 40 species, including
bacteria (6-9), yeast (10), plants (11), and animals (12-
15). Overall, there are fewer than 10% of the residues in the
core portion of the enzyme that are identical in all known
ferrochelatases. An NO-sensitive [2Fe-2S] cluster has been
identified and characterized in recombinant animal ferro-
chelatases (15-21), but it is absent in the plant enzymes.

Available data on substrate specificity and kinetic param-
eters indicate that the mechanism of catalysis is conserved,
although substrate specificity varies slightly among species
(see ref1 and references therein). Mammalian ferrochelatase
utilizes Fe2+ as the physiological metal substrate; however,
other divalent cations such as Co2+ and Zn2+ can serve as
alternate substrates.Bacillus subtilisferrochelatase is unusual
in the utilization of Cu2+, and not Co2+, as an acceptable
substrate in vitro (22). In all ferrochelatases, Hg2+, Mn2+,
and Cd2+ are strong inhibitors while Pb2+ is a less effective
inhibitor (1, 22, 23). Ferrochelatase is thought to utilize an
ordered reaction mechanism where iron binds prior to
porphyrin (24). Following the binding of the metal ion,
distortion of the porphyrin to a nonplanar conformation
facilitates porphyrin metalation (25-27). This distortion has
been demonstrated by resonance Raman spectroscopy to be
a doming (26, 28) or ruffling (29) of the porphyrin macro-
cycle. Concomitant with metalation of the macrocycle, two
protons are removed from pyrrole nitrogens.

Details of the enzyme mechanism along with the nature
of the specific amino acids involved in catalysis remain
largely unknown. Recently, the three-dimensional structure
of B. subtilisferrochelatase (30) along with the structure of
the enzyme-N-methylmesoporphyrin complex were pub-
lished (27). These data clearly demonstrated the orientation
of the distorted macrocycle in the active site with the center
of the porphyrin ring centered directly over the equivalent
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of human H263, and provide strong support for the macro-
cycle distortion model for iron insertion. In this investigation,
a combination of site-directed mutagenesis and kinetic
analyses in conjunction with the recently determined structure
of human ferrochelatase (31) is used to study selected active
site residues in human ferrochelatase. A model for metalation
and porphyrin deprotonation is proposed on the basis of these
data that is consistent with solution-based metalation models,
but varies from models previously proposed by others for
ferrochelatase. In addition, it is proposed that iron is initially
bound on a surface of the enzyme that is distinct and
physically separated from the active site pocket. Iron is then
shuttled to the site of metalation via a series of highly
conserved residues.

MATERIALS AND METHODS

Bacterial Strains and Enzyme Purification.All recombi-
nant human ferrochelatase plasmids were expressed in
Escherichia colistrain JM109 (17). In some experiments,
proteins were expressed inE. coli ∆hem H, which lacks any
endogenous ferrochelatase activity, to determine if the
expressed protein had any in vivo activity that could
complement these cells (6, 8). Recombinant wild-type and
mutant His-tagged human ferrochelatases were expressed and
purified as previously described (32).

Construction of Mutants.All mutants constructed in the
current work were verified by sequencing the expression
cDNA. For H263 mutants, the entire coding region of the
expression vector was sequenced twice from both directions
to confirm that no additional mutations were present. The
mutants D340E, E343D, D383A, H230A, H231A, H263A,
and H263C were produced using the previously described
method of Deng and Nikoloff (33). The plasmid pHDTF20,
containing wild-type human ferrochelatase, was used as a
template (17). The procedure was modified by performing
the extension reactions at higher temperatures to improve
primer specificity using high-temperature Vent DNA Poly-
merase and Taq DNA Ligase (New England Biolabs, Boston,
MA) at theTm of the mutagenic primer. Positive clones were
confirmed by double-stranded sequencing by thefmol
sequencing procedure (Promega, Madison, WI).

D383A, D340N, E343Q, E347Q, H230A, W227Y, R164L/
C, Y165F, R164L/Y165F, Y191C/A/H, and Y123F were
generated following the Quikchange protocol of Stratagene
(La Jolla, CA). Both sense and antisense primers containing
the required alterations were produced for each mutation.
Colonies were screened by sequencing of purified double-
stranded plasmid DNA by thefmol sequencing procedure
(Promega) or by the Molecular Genetics Instrumentation
Facility at the University of Georgia.

Determinations.Protein concentrations were determined
spectrophotometrically using an extinction coefficient of
46 900 M-1 cm-1 at 278 nm. The intactness of the [2Fe-2S]
cluster was accessed by the presence of characteristic spectra,
and when possible, the stoichiometry was determined using
the 330 nm peak (εM ) 6000 M-1 cm -1). Enzyme activity
was measured with ferrous iron and protoporphyrin IX
(Porphyrin Products, Logan, UT) as substrates using a
modification of a real-time direct spectroscopic assay (2).
Assay mixtures contained 100 mM Tris-HCl (pH 8.1), 0.5%
Tween 20, 10-100µM protoporphyrin IX, and 10-120µM

ferrous ammonium sulfate. Approximately 1 nmol of ferro-
chelatase was added last to start the reaction, and assays were
conducted at 25°C. Activity is expressed as the number of
nanomoles of heme per minute per nanomole of ferroche-
latase. Kinetic parameters were determined from data sets
of 10-14, assays and the reported values represent averages
of three experiments with less than 10% deviation.

Determination of the Amount of Protein-Bound Porphyrin.
For quantitation of protoporphyrin associated with the E343K
mutant, a sample of the purified protein was placed into 2.7
N HCl and centrifuged to remove the denatured protein, and
the resulting supernatant was analyzed by UV-visible
absorption spectroscopy. Peaks at 410, 556, and 600 nm were
observed, and the respective extinction coefficients of 262,
13.5, and 5.57 mM-1 cm-1 were utilized to determine the
amount of protoporphyrin in the sample (34).

RESULTS

Characteristics of Carboxylate Mutants.The conserved
residues D340, E343, and E347 (Figure 1 and Table 1) which
were altered via site-directed mutagenesis had enzyme
activity significantly different from that of the wild-type
human enzyme (Table 2). All of these purified mutant
enzymes have intact [2Fe-2S] clusters and are as stable upon
storage as the wild-type recombinant human ferrochelatase.
In mutants D340E, E343D, and E347Q, theKms for iron and
porphyrin substrates are similar to those of the wild-type
enzyme but theVmaxs for both E343D and E347Q are
decreased approximately 8-fold compared to that of the wild-
type ferrochelatase. For mutants D340N, E343K, E343H, and
E343Q, measurable enzyme activity is absent. Interestingly,
all of these inactive mutants are purified with a significant
amount of protoporphyrin bound to the protein (Figure 2),
and it was found that the nature of the amino acid substitution
at E343 has an effect upon the amount of bound protopor-
phyrin, with the greatest amounts being present in the E343K
mutant enzyme. The porphyrin content of E343K was
analyzed and found to be that of protoporphyrin IX with a
stoichiometry of 0.4-0.5 porphyrin molecule/ferrochelatase
monomer. Upon storage at 4°C for several days, none of
the bound protoporphyrin (absorbance maximum at 410-
413 nm) was converted into protoheme (absorbance maxi-
mum at 424 nm). This is in contrast to wild-type ferroche-
latase which as purified via the His-tag procedure occasionally
has an absorbance indicative of a mixture of both bound
protoporphyrin and protoheme which is all converted to
protoheme within minutes of isolation (unpublished observa-
tions).

Characteristics of Aromatic Mutants.Y123 and Y165 were
mutated to phenylalanine since this replacement preserves
the size and aromatic nature yet removes the polar hydroxyl
functional group of these residues. Both of these ferroche-
latases have intact [2Fe-2S] clusters, and as shown in Table
2, Y123F has a 2-fold increasedKm for iron and a slightly
loweredVmax while Y165F has a 50% increasedKm for iron
and an increasedVmax. The double mutant Y123F/Y165F has
only minimal enzyme activity which was too low to obtain
accurate kinetic data. Y191H was produced since it is a
known human erythropoietic protoporphyria missense muta-
tion (35). This mutant enzyme exhibits a 4-fold increased
Km for iron, but little change in theVmax or Km for porphyrin.

9822 Biochemistry, Vol. 40, No. 33, 2001 Sellers et al.



The double mutant Y123F/Y191F has an 8-fold increased
Km for iron, a 2-fold increasedKm for porphyrin, and low
activity. The conserved residue W227 was mutated to
W227Y and found to have a 2-fold increase inKm for iron,
but little change inVmax or Km for porphyrin.

Characteristics of Arginyl and Histidyl Residues.R164
was mutated since it is located in the active site pocket
adjacent to Y165 opposite from H263. The R164L mutant
has a normalKm for porphyrin, but a 2-fold increasedKm

for iron. The double mutant R164L/Y165F exhibits a 6-fold
increasedKm for iron and a 10-fold decrease inVmax.

The H263A, H263N, and H263C mutants were produced,
and all of these enzymes as isolated possess intact and stable
[2Fe-2S] clusters; however, in contrast to published claims
for H263A (36), none of these proteins have any enzyme
activity, and none complement the ferrochelatase deficient
E. coli ∆hemH. All of these mutants have bound protopor-
phyrin as isolated (413 nm), and this is not converted into
protoheme upon storage (Figure 2). Incubation of H263A
with 300 mM imidazole overnight did not result in the

conversion of porphyrin to heme, suggesting that the
exogenously supplied imidazole could not intercalate into
the complex structure and replace the missing side chain of
H263. The H341C mutant was found to have kinetic
parameters similar to those of some of the carboxylate residue
mutants described above. It has essentially unchangedKms
for both substrates but a decreasedVmax. The H341C protein
as isolated contains no residual porphyrin or protoheme
(Figure 2).

Characteristics of D383, H230, and H231.From the
crystal structure of human ferrochelatase, it was shown that
exogenously added Co2+ was bound to the protein via
ligation by D383 and H231 (31). These two residues were
individually mutated to alanine, and the adjacent H230 was
changed to an alanine. Kinetic data (Table 2) show that the
D383A and H231A mutants both had a decreased affinity
for iron as would be anticipated if these residues were

Table 1: Conserved Amino Acid Residues of Ferrochelatasea

identical residues highly conserved residues

G77 Q302 V85 P168 V287 E347
P79 S303 F88 M177 W301 I348
D95b W310 L89 P192 G306 L381
R115b L311 L107b S195 L311 V385
Y123 P313 I111b W227 D316
S130 F337 I132 I241 P334
P131 E343 G127 S261 D340
H263 G128 L265 I342
P266 R164 G273 T344
Y276 Y165 D274 L345

a The numbering is for human ferrochelatase. This analysis is based
upon 44 eukaryotic and prokaryotic ferrochelatase sequences in public
databases. Identical residues are those that occur in more than 95% of
the sequences. Highly conserved residues are those with conservative
replacements in more than 95% of the sequences.b These residues are
identical or highly conserved in ferrochelatases that possess this protein
segment.

FIGURE 1: Pile-up analysis of selected ferrochelatases. Sequences shown are for the human,Saccharomyces cereVisiae, andB. subtilis
enzymes. Identical residues among sequences in this alignment are shown in black boxes. The numbering is for the Pile-up alignment and
does not correspond strictly to any of the individual sequences shown due to the insertion of spaces to optimize the alignment.

Table 2: Effect of Amino Acid Replacements on the Activity of
Human Ferrochelatase

altered residue Km
Fe (µM) Km

proto (µM) Vmax (min-1)

none (R115L) 9.3 9.0 6.6
D340E 9.1 11.2 5.7
D340N - - 0
E343D 9.8 12.3 0.7
E343Q/H/Ka - - 0
E347Q 9.8 12.3 0.8
H341C 8.3 NDb 1.9
H263A/C/N/Ma - - 0
W227Y 20.2 8.3 8.6
Y123F 16.0 11.0 3.6
Y165F 14.0 7.8 7.6
Y191F 12.5 9.0 3.5
Y191H 40.0 9.5 6.3
Y123F/Y165F - - 0
Y123F/Y191F 80 22 <0.1
R164L 19.0 9.0 6.3
R164L/Y165L 55 NDb 0.7
H231A 40 NDb 10
D383A 33 NDb 11.5
H230A 9.5 NDb 6.7

a All mutants had identical properties.b Not determined.
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involved in substrate-iron binding. Interestingly, H230A
exhibited little alteration in enzyme activity from wild-type
parameters even though in human ferrochelatase H231 is
located adjacent to H230 in the structure (31).

DISCUSSION

The enzymatic reaction catalyzed by ferrochelatase, the
insertion of a divalent cation into a planar macrocycle, is
interesting from both a chemical and thermodynamic view-
point. During catalysis, the enzyme transiently binds ferrous

iron, protoporphyrin, and heme. For metalation to occur,
several criteria must be met: (1) porphyrin ring distortion,
(2) outer-sphere complexation, (3) dissociation of the iron-
ligand complex, and (4) pyrrole proton loss (25). To satisfy
these demands, ligands must exist which will bind the
substrates with sufficient avidity and specificity to facilitate
catalysis, but must be arranged so that subsequent product
release is favorable. Solution studies of porphyrin metalation

FIGURE 2: UV-visible spectra of human ferrochelatase mutants. In the spectra shown on the left, the highest absorbance (at 410 nm) is for
the mutant E343K (3.2µM) while the spectrum for E343H (3.0µM) has a lower Soret absorbance with a maximum at 413 nm. Due to the
large porphyrin absorbance, the typical [2Fe-2S] cluster features at 320 and 450-550 nm are not distinguishable. The spectra shown on the
right are for human ferrochelatase H263C (11.6µM) and H341C (10.4µM) mutants. The spectrum for the H263C mutant enzyme exhibits
a distinctive Soret absorbance at 412 nm, while the H341C mutant has no apparent Soret and exhibits only features of the [2Fe-2S] cluster.

FIGURE 3: Cross section of the lower lip of human ferrochelatase
showing the spatial relationship of H263 to the adjacent conserved
residues D340, H341, E343, and E347. All of these residues reside
on the same side of the pocket with the distance between H263
and E343 being approximately 3 Å. The numbering of structural
features in the diagram is that of Wu et al. (31).

FIGURE 4: Cross section through the active site pocket of human
ferrochelatase showing the location of key residues and the proposed
catalytic model for human ferrochelatase. The porphyrin substrate
enters into the active site pocket from the membrane (top of the
figure), and iron is shown to enter (dashed red line) from the
previously identified site at H231/D383 (31). Residues H263, E343,
H341, and D340 are proposed to be involved in the two-proton
extraction from the pyrrole NHs (dashed blue lines). Porphyrin
metalation occurs from R164 and Y165 which are on the opposite
side of the pocket from H263.
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reactions show that ferrous iron is inserted into protopor-
phyrin and displaces the two pyrrole protons, rather than
having porphyrin deprotonation occurring prior to metal
insertion (37, 38). Thus, it is likely that the exit route taken
by the two pyrrole protons is on the opposite side of the
macrocycle from which the iron initially approaches. In the
current study, we have examined residues that may be
involved in proton abstraction and substrate-iron ligation.

Previously, H263 had been suggested to be a substrate
iron ligand based upon a reported alteration in theKm for
iron in an H263A mutant (36). However, it is clear from the
current study that ferrochelatase with H263 replaced with
Ala, Asn, Met, or Cys has no enzyme activity and that the
kinetic data reported by Kohno et al. (36) must have been
able to be attributed to contaminatingE. coli ferrochelatase
that was present in the crude cell extracts used by these
workers. The fact that all mutants at H263 have no
measurable activity does not eliminate this residue as a
potential iron ligand, but strongly suggests that its role must
be key to catalysis. Mutation of this corresponding histidyl
residue in ferrochelatases ofDrosophila melanogasterand
E. coli also resulted in a total loss of activity (data not
shown). On the basis of these data and the spatial position
of H263 in the active site, we suggest that H263 is not an
iron ligand, but plays the key role as an acceptor of a proton
from the porphyrin macrocycle. Such a role is common for
active site histidyl residues in a variety of other enzymes.

It has been suggested that the highly conserved carboxylate
residues D340, E314, and E347 may be involved in porphyrin
proton abstraction (1, 39). If these residues participate in
proton abstraction from the porphyrin ring during catalysis,
then substitution of these carboxylates with the corresponding
amides or conversion into a basic residue would be expected
to slow or block the removal of protons, leading to an
enzyme with substrate(s) bound, but little or no product
formation. The results of the experiments described above
for purified human ferrochelatase demonstrate that the

mutants E343Q/H/K and D340N all have no measurable
enzyme activity and contain bound protoporphyrin, not
protoheme, when they are isolated. Ferrochelatases that
possess mutations in this region that are less severe (i.e.,
D340E, E343D, and E347Q) still possess enzyme activity
and have unalteredKms for both substrates, but decreased
Vmaxs. Located near the conserved carboxylates is H341
(Figure 3) which, when mutated to H341C, behaved in a
fashion similar to that of the carboxylate residue mutants,
suggesting that it may also play a role in proton abstraction.
These data imply that alteration of the carboxyl rich region
effects enzyme turnover, but does so without altering the
affinity of the enzyme for either of its substrates. Thus, the
role of the carboxyl rich region, which is located immediately
adjacent to H263 (Figure 3), may be to serve as a conduit
for the pyrrole protons to be shuttled out of the active site.
This conclusion is consistent with data from studies with
cytochrome oxidase (40) and bacteriorhodopsin (41) which
provide characterized models for side chain carboxylates in
proton movement. Support for the pyrrole proton shuttle
model may come from higher-resolution crystallographic data
of wild-type and mutant human ferrochelatases that should
reveal hydrogen-bonding patterns among these residues.

It has been suggested that in theB. subtilisferrochelatase
(27, 30) and the cobalt chelatase ofSalmonella typhimurium
(42) the residues corresponding to human H263, D340, E343,
and E347 may play a role in substrate metal binding as well
as proton abstraction. However, it seems unlikely from steric
considerations and solution porphyrin metalation studies (37,
38) that these residues participate in both proton abstraction
and substrate-iron binding. While it may be that H263 helps
to “pull” the iron into the macrocycle and, thereby, facilitates
metalation, the localization of H263 on the same side of the
pocket as D340, E343, H341, and E347 would mean that
the residues responsible for initially coordinating the substrate
iron must reside on the opposite side of the catalytic pocket.

FIGURE 5: Position of putative iron-binding residues in human ferrochelatase. On the left is a cross-section ribbon diagram of human
ferrochelatase showing the positions of putative iron-binding and metalation residues. The diagram illustrates the position of residues D383
and H231 which have been demonstrated to bind exogenously supplied cobalt (31), and residues W227, Y191, R164, and Y165 which are
suggested to be involved Fe2+ transport into the active site. Y123 is also shown along with the position of H263. Residues H231, W227,
Y191, R164, and Y165 are linearly aligned with Y191 being at the bottom of the active site pocket. R164 and Y165 are located in the
center of the pocket and are directly opposite from H263. In this view, Y123 is located well behind these other residues. On the right is
shown a space-filling diagram with the locations of D383, H231, and W227 given. L384 and H231 are labeled, but are not highly conserved
residues among all ferrochelatases.
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X-ray crystallographic studies of aB. subtilis ferroche-
latase-N-methylmesoporphyrin complex crystal with exog-
enously supplied copper clearly demonstrated demethylation
of the alkylated porphyrin, and insertion of copper into the
distorted macrocycle (27). From these data, the authors
suggested that metalation with iron may occur from the
histidyl side of the pocket and involve the equivalent of
human H263 and E343. Two pieces of data that are
significant in this study is that neither demethylation nor
metal binding was observed with Zn2+ and that a metalation
pathway involving only this portion of the active site cannot
account for the difference in metal specificity seen with the
B. subtilis ferrochelatase versus other characterized ferro-
chelatases. Since the kinetic data presented above for the
mutants of the carboxylate rich region are not consistent with
a role for these residues in iron binding, we would suggest
that the copper cation adventiously binds to the anionic
carboxylate patch of theB. subtilis enzyme-porphyrin
complex and migrates to the available histidyl residue where

it then reacts with the alkylated porphyrin, catalyzing the
demethylation.

On the basis of studies of inhibition of ferrochelatase by
a Zn-N-methylporphyrin species, Lavallee (25) has proposed
that one of the ferrous iron ligands of ferrochelatase may
include a Lewis base, and R164 of human (K87 ofB. subtilis)
may serve that role. The side chains of R164 and Y165 are
centrally located in the active site pocket directly opposite
H263 in a position that would appear to be ideal for final
iron binding prior to porphyrin metalation (Figure 4). A role
for these residue side chains in metalation is also strongly
supported by the kinetic parameters of the R164L and Y165F
mutants. While it seems a bit unusual that the ligands for
ferrous iron in ferrochelatase would include tyrosyl residues
rather than carboxylates, the presence of acidic side chains
in the proximity of the metalation site may favor the reverse
reaction, demetalation (38). Tyrosyl residues, especially in
tandem, are common ligands for stable ferric iron chelates;
however, in ferrochelatase, there is a need for only a transient
ferrous iron-ligand interaction, and it is clear from the
structure that at no time could the iron molecule be
simultaneously ligated by two tyrosyl side chains. Y123,
which is also highly conserved and on the same “lip” as R164
and Y165, is spatially too distant to simultaneously partici-
pate in the coordination of iron unless there is significant
molecular movement.

H231 and D383 were identified in the crystal structure of
human ferrochelatase as ligands for exogenously supplied
cobalt, thereby suggesting that this site may represent the
initial binding site for substrate iron (31) (see Figure 5).
However, this site is located on the opposite side of the
molecule from the active site opening and is more than 20
Å from H263 at the center of the active site. Thus, additional
residues must be involved in the movement of iron into the
active site and in porphyrin metalation. Interestingly, there
are a number of conserved residues (W227, Y191, R164,
and Y165) that appear to span the region from H231/D383
to the active site (Figure 5). Ferrochelatases with mutations
at W227, Y191, R164, and Y165 have altered substrate metal
affinities without an alteration in porphyrin affinity (Table
2) as one would expect for residues involved in metal
coordination. Both W227 and Y191 are too distant from the
active site to serve a role in direct metalation, but may serve
a role in the movement of the iron from H231 to R164/Y165.
It is of note that ferrochelatase ofB. subtilis, which does
not use Co2+ like human ferrochelatase, but instead will use
Cu2+, has only W227 conserved and, as in other Gram-
positive bacterial ferrochelatases, does not possess R164,
Y165, and Y191. Instead, it has K87 (164), H88 (165), and
A114 (191).

On the basis of the data presented above and previously,
we propose a model where iron binds initially at H231 and
D383 in human ferrochelatase and is translocated by a group
of highly conserved residues (W227 and Y191) into the
interior of the protein at the enzyme’s active site. Actual
metalation into the distorted porphyrin macrocycle would
occur from R164 and Y165 with simultaneous proton
abstraction mediated by H263 and the conserved carboxylates
(Figure 4). This model implies that in human ferrochelatase
access to the active site occurs via two distinct routes for
the two substrates. Porphyrin enters the active site from the
membrane-facing surface, while iron approaches from the

FIGURE 6: Surface potential diagram of human ferrochelatase with
bound cobalt. Acidic residues are red and basic regions are blue.
The cobalt atom is shown as a yellow ball. The dimer is shown
with the dimer interface occurring in the middle of the figure. The
bottom figure represents the top of the molecule if one considers
the active site pocket-containing surface which is proposed to be
located in the membrane to represent the bottom of the molecule.
Because this surface of the protein is directly opposite from the
active site entrance and the 2-fold symmetry of the dimer, both
putative iron-binding sites are located on a common surface and
would be exposed to the mitochondrial matrix. The top view
represents a side view of the dimer. The site of one bound metal is
clearly visible at the back of a recessed pocket.
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surface of the molecule that is exposed to the mitochondrial
matrix. Interestingly, the identified metal binding site at D383
is located within a pocket-like feature which could be
envisioned as a potential docking site for an iron donor or
transporter protein (Figure 6). This proposal is consistent with
a previous suggestion that iron for heme synthesis in yeast
is linked to a specific mitochondrial transport system (43,
44). It should be noted that this model may be general only
for mitochondrial-associated eukaryotic ferrochelatases since
the spatial orientation of ferrochelatase within prokaryotic
cells may differ, especially for the soluble ferrochelatases
such as that found inB. subtilis. In these instances, iron entry
may occur via a slightly different route, but would still be
expected to result in metalation in the active site from the
opposite side of the porphyrin macrocycle as deprotonation
occurs.
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