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SUMMARY
Ferrochelatase (protoheme ferrolyase, E.C. 4.99.1.1) is the terminal enzyme in heme biosynthesis
and catalyzes the insertion of ferrous iron into protoporphyrin IX to form protoheme IX (heme). Due
to the many critical roles of heme, synthesis of heme is required by the vast majority of organisms.
Despite significant investigation of both the microbial and eucaryotic enzyme, details of metal
chelation remain unidentified. In this work we present the first structure of the wild-type human
enzyme, a lead-inhibited intermediate of the wild-type enzyme with bound metallated porphyrin
macrocycle, the product bound form of the enzyme, and a higher resolution model for the substrate-
bound form of the E343K variant. These data paint a picture of an enzyme that undergoes significant
changes in secondary structure during the catalytic cycle. The role that these structural alterations
play in overall catalysis and potential protein-protein interactions with other proteins, as well as the
possible molecular basis for these changes, is discussed. The atomic details and structural
rearrangements presented herein significantly advance our understanding of the substrate binding
mode of ferrochelatase and reveal new conformational changes in a structurally conserved π helix
that is predicted to have a central role in product release.
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INTRODUCTION
Heme is a cofactor found in essentially all aerobic organisms and a majority of anaerobes and
facultative organisms. Most organisms that possess heme synthesize it themselves1. With the
exception of Caenorhabditis elegans and related helminthes2, heme acquired via dietary
sources is generally degraded to release free iron and is not utilized as a source of cellular
heme3. While the traditional textbook roles for heme as a cofactor include hemo- and
myoglobins, cytochromes and a handful of enzymes, considerable evidence has emerged that
demonstrates a central role for heme in regulation of gene transcription4; 5, as a gas sensor6,
in the regulation of circadian rhythm7, during development8 and in RNAi processing9.
Disordered heme metabolism can have profound developmental and health consequences10;
11.
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The terminal step in heme biosynthesis is the insertion of ferrous iron into protoporphyrin IX
to make protoheme IX12. This step, catalyzed by the enzyme ferrochelatase, thus represents
the convergence of two cellular pathways: the synthesis of the organic macrocycle
protoporphyrin and the supply of ferrous iron13. These two pathways are tightly regulated
since their substrates are both chemically reactive and potentially damaging to the cell14; 15.
Ferrochelatase was the first enzyme activity to be identified with a recognized function as a
biological metal chelator16; 17. While there was considerable questioning early on about the
physiological need for such an enzyme, it is now clear that chelatases and metal chaperones
are key elements of biological systems18; 19; 20; 21; 22; 23.

Ferrochelatases among all organisms are highly conserved at the level of tertiary structure
although there is less than ten percent conservation at the level of amino acid sequence13.
Crystal structures for the enzyme from Bacillus subtilis24; 25; 26; 27; 28, Saccharomyces
cerevisiae29, and human30; 31; 32 have been published along with a number of structure/
function studies33; 34; 35; 36; 37. Based upon enzymatic studies that demonstrated strong
competitive inhibition of ferrochelatase by N-alkyl porphyrins38, Lavalee39 proposed that N-
alkyl porphyrins, because of their distorted macrocycle, may represent a transition state analog
for the ferrochelatase reaction13; 40. This proposal has been reviewed, discussed and refined,
but has been generally accepted. Putative experimental validation for such a model came from
studies with catalytic antibodies produced with N-methylmesoporphyrin (N-MeMP) as
antigen. These catalytic antibodies bind porphyrin and in doing so distort the macrocycle so
that divalent cations of the appropriate size are nonspecifically chelated into the porphyrin41;
42; 43. A similar mode of action is envisioned for ferrochelation catalyzed by DNA- and
RNAzymes44; 45. It was, however, the series of structural studies on ferrochelatase from B.
subtilis with bound N-MeMP that seemed to solidify this argument26; 28.

The most recently reviewed ferrochelatase catalytic model proposes that the enzyme undergoes
relatively minor structural motion as the porphyrin molecule binds in a distorted (ruffled or
saddled) conformation46. Metallation is then facilitated by macrocycle distortion and product
release from the active site is due to the strain created by metal insertion28. However, recent
structural data from human ferrochelatase with bound porphyrin substrate challenges the view
that the enzyme exhibits only minor backbone movement and opens slightly upon porphyrin
binding26. Specifically, a substrate bound form of human ferrochelatase revealed that the
active site mouth closes around the porphyrin substrate with a select group of active site
residues becoming reoriented so as to substantially remodel the shape of the active site
pocket30; 31. The resulting question then becomes is there protein molecular motion involved
in product release, or does it occur simply due to planarization of the macrocycle after metal
insertion? Given that protoporphyrin macrocycle distortion is only about 12° in the human
ferrochelatase structure31 as opposed to the 35° distortion of N-MeMP in the B. subtilis
ferrochelatase structure26; 46, it would seem that planarization alone would not be a driving
factor in product release.

Ferrochelatase binds porphyrins with micromolar affinity47, which is similar to what is found
for heme binding by many hemoproteins. In hemoproteins the binding of heme is frequently
stabilized in part by a coordinating histidine ligand to the heme iron. Interestingly, the available
crystal structures of ferrochelatases show the presence of a conserved histidine residue (H263
in human) in the active site that is appropriately positioned for ligation with the heme iron.
Thus, with an active site that binds the porphyrin macrocycle with avidity and the presence of
a possible ligating histidine residue, it is not clear what would destabilize heme binding at the
active site to sufficiently cause heme release. The answer to this question becomes even more
intriguing if the conserved histidine residue is involved in insertion of the ferrous iron since
this represents a very stable heme binding mode in biology. This question is further complicated
for eucaryotes in that another acceptable heme ligand, M76 (human numbering), is positioned
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near the center of the porphyrin macrocycle on the opposite side of the active site from
H26331. While it can be argued that in vivo a heme chaperone system may exist to directly
acquire heme from ferrochelatase and transport it to the site of utilization, the fact that in
vitro assays of the enzyme have reasonable product release rates demonstrates that
ferrochelatase can “eject” the protoheme product34; 48.

Herein we present structural data for human ferrochelatase that we propose represent snapshots
of several stages of the turnover mechanism. Some of these data demonstrate that following
metallation the conserved π helix on one side of the active site pocket is unwound resulting in
the presence of an extended “tongue and chin” of the active site mouth. We propose that this
conformational alteration and the reorientation of H263 and one porphyrin propionate
substituent are involved in product ejection from the active site. In addition, it may be
envisioned that this structural alteration plays a role in making and breaking contacts with other
proteins such as protoporphyrinogen oxidase49; 50; 51 or presenting a new binding surface
for a heme transport protein.

RESULTS
Structures of the wild-type human ferrochelatase enzyme and the initial steps in catalysis

After extensive screening, crystals of wild type human ferrochelatase were obtained in the
current study under a number of conditions. The crystals for the two structures of the wild-type
enzyme reported herein were obtained in the presence of the salts ammonium chloride (WT1)
or manganese chloride (WT2). Consistent with the structure of the R115L variant of human
ferrochelatase that was originally reported32, the enzyme forms a homodimeric structure with
each monomer consisting of two similar domains composed of β-α-β motifs and each subunit
possessing a single [2Fe-2S] cluster. The wild type enzyme also adopts a predominantly open
conformation that is similar to what has been observed for the R115L variant31; 32. However,
a comparison of the electron density observed in the active site for the two data sets reveals
some significant differences.

Most significant is the nonequivalence of the density in the active site of the A versus the B
monomer for the WT1 data set (Fig. 1a). In the A monomer the density is best represented by
the presence of just cholate molecules which have been reported previously for the R115L
variant of human ferrochelatase31; 32. In contrast, modeling of cholate molecules alone in the
active site of the B monomer resulted in the presence of a 10 sigma peak in the difference
(1Fo-Fc) map (Fig. 1b). Modeling of a heme molecule into the B monomer in the same
orientation as is found for the macrocycle in the E343K variant31 is consistent with an iron in
the position of the 10 sigma peak, but shows less than ideal density for the complete tetrapyrrole
macrocycle. This may simply indicate a partial occupancy of heme and detergent. Despite the
differences in occupancies observed between the active site of the A and B monomers, a
superposition of the A and B subunits reveals very few differences in the overall secondary
structure, which may be attributable to the partial occupancy of heme in the B subunit. The
main differences between chain A and chain B are found in the side chain and main chain atoms
of residues 90 to 115. This region corresponds to the upper lip region, which shows significant
movement in the protoporphyrin IX bound structure31.

For the data set collected on crystals with manganese chloride added to the purified protein
(WT2) there exist three chloride binding sites that were not observed in the WT1 crystals. Two
of these sites are in addition to the previously reported chloride site seen in the higher resolution
data of the R115L variant31. The positions of these sites and a composite omit map generated
with the simulated annealing protocol are shown in Supplemental Figure 1. The recently
identified chloride binding sites are found at either end of the α helix (α16) formed by residues
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395–400. The role of these chloride atoms is currently unknown other than as counterions to
residue side chains.

Porphyrin binding
The initial structure reported for human ferrochelatase was an R115L variant of the enzyme.
Crystallization of the wild type protein was not accomplished under the conditions attempted
at that time. Recent structural data on ferrochelatase that has the wild type R115 has revealed
that the R115 side chain is an important player in substrate binding31. Consistent with this
observation are kinetic data (Table II) showing that the Kcat for the R115L variant is slightly
lower than that of the wild type enzyme, but the Km for porphyrin is slightly higher. Because
of the resolution of the data previously reported for the E343K variant and the pseudo-
symmetrical nature of the protoporphyrin IX, it was possible to model the substrate in two
orientations with a negligible impact on the R factor31. Since kinetic data clearly demonstrate
that the two propionate groups are not equivalent52, it is crucial to properly orient the substrate
in order to further advance our understanding of the mechanism of human ferrochelatase. The
higher resolution data reported here for the E343K variant unequivocally place the 6 position
propionate group at the N-terminal end of a π helix in human ferrochelatase (Fig. 2). The higher
resolution data also provide a better orientation of the additional substrate molecule bound just
outside of the active site (Supplemental Fig. 2). The orientation of the second protoporphyrin
IX molecule is consistent with the binding mode of the substrate molecule bound within the
active site. A pair of arginine residues (R114 and R115 in the human enzyme) are found in the
upper lip region and interact directly with the substrate on the outside and inside of the active
site.

Within the active site several amino acid side chains are close enough to have van der Waals
contacts with the substrate (Fig. 3). These include residues L92, L98, T198, V305 (which are
well conserved in most ferrochelatases), and Y276 and W310 (which are identical in all known
ferrochelatases). These highly conserved hydrophobic residues may support the closure of the
active site and/or exclusion of water as well as participate in porphyrin substrate orientation.

Metallation and product release
Ferrochelatase is inhibited by a number of divalent cations including lead53. Lead is a weak
competitive inhibitor with respect to iron and because of this it was initially thought that a lead-
inhibited enzyme would have lead bound by the same set of residues that bind iron. With an
ionic radius of 0.98 Å vs 0.64Å for ferrous iron it was not known if lead could access the active
site or be inserted into protoporphyrin IX. To further investigate lead as a potential inhibitor
of human ferrochelatase the enzyme was incubated with protoporphyrin IX and lead during
crystallization. Data collection and phasing by molecular replacement revealed a 20 σ peak
(well above the 9 σ peak for each iron in the [2Fe-2S] clusters) in the active site of each
monomer as well as density consistent with protoporphyrin IX. Given that the data was
collected at 0.98 Ǻ, the lead atom should have an anomalous signal that is at least two times
larger than that of iron.

While an anomalous signal consistent with this prediction was observed, the potential lead
position could not be refined suggesting a partially occupied site or poorly defined site. All of
the structures that are currently available for lead-porphyrin compounds show that the lead is
situated out of the mean plane of the porphyrin with an approximate N-lead bond distances of
2.37 to 2.4 Ǻ54; 55. Similar to what was found with ferrochelatase, in these inorganic
complexes the lead atom appears to be highly disordered. Consistent with these observations,
the best R-factors for our lead-porphyrin ferrochelatase model and the structures of known
lead-porphyrin compounds are obtained if the lead atom is modeled with partial occupancy on
either side of the protoporphyrin IX as is shown in Figure 4a. A significant amount of additional
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density was observed on either side of the protoporphyrin IX. As lead acetate was used during
preparation of the crystals, it is not surprising that the placement of an acetate moiety
coordinated to the lead could accommodate the observed density nicely, if given a partial
occupancy similar to the lead atoms (Supplemental Fig. 3a). A minor exception to this occurs
on one side of the lead porphyrin moiety in the B monomer where the density was best fit by
modeling in molecular oxygen (Supplemental Fig. 3b). Considering the resolution of the data
(2.3 angstroms) and the observation that lead-porphyrin species are meta-stable, further work
will be needed to accurately describe the atomic details of the lead inhibition of ferrochelatase.

In the lead-porphyrin bound enzyme several additional observations were made. First, in
comparison to the binding mode of protoporphyrin IX alone in the E343K variant, the
propionate at position 6 of the lead porphyrin is oriented such that it folds back towards the
center of the macrocycle. Second, and most strikingly, the conserved π helix56 is “unwound”
from residues 340 to 349. In addition, the imidazole of H263 is no longer located 3.0 Å from
the center of the macrocycle but is now approximately 5 Å distant (depending upon the
orientation of the imidazole either 4.5 Å or 5.3 Å from the closest pyrrole nitrogen). Other
residues that are found in a different spatial orientation in the lead-inhibited structure relative
to the wild-type enzyme include M76, R164, F337, E343 and H341. The lead-inhibited enzyme
also has a slightly more “open” conformation in comparison to the protoporphyrin IX bound
structure. These observations are shown in Figure 4a and underscore the dynamic nature of
ferrochelatase.

During a series of kinetic studies on human ferrochelatase variants an F110A variant was noted
to possess significant amounts of bound heme as isolated (data not shown). Kinetic
characterization of this variant revealed an active enzyme with unaltered Kms, but with a
diminished Kcat with respect to the wild-type enzyme (Table II). Crystallization of this enzyme
yielded data consistent with enzyme that had product bound. These data are presented in Figure
4b and clearly reveal the presence of a heme group within the active site. More importantly,
the F110A variant data reveal that the propionate at position 6 is bent back towards the
metallated porphyrin, the side chain of H263 is moved and the π helix is unwound, as we
observed for the lead inhibited wild-type enzyme. Additional density on either side of the heme
group in the F110A variant data set was also observed. The slightly higher resolution clearly
indicated that the heme group had two non-protein ligands and that imidazole, which was
present in the elution buffer, was one of the ligands while bicarbonate could be modeled as the
other. With respect to the bound imidazole in the F110A variant active site, it is of interest that
it occupies the same position as the imidazole side chain of H263 in the E343K variant and the
wild-type ferrochelatase. In the heme-bound F110A variant the imidazole is spatially oriented
to be a ligand to the heme iron and we believe that this stabilizes product binding in the enzyme
active site. In support of this view is the observation that it was not possible to obtain crystals
of enzyme-bound heme when efforts were made to remove imidazole from the purified enzyme.
Many of the same residues that were observed to have altered orientation in the lead inhibited
wild-type data relative to the lead-free wild-type structure occupy similar spatial orientations
in the heme bound F110A variant structure.

In both the lead-bound and F110A variant data sets an extensive number of residues associated
with the π helix are clearly repositioned which results in a significant change in the overall
shape of ferrochelatase with the extension of a “chin,” as well as a substantial change in surface
potential encompassing this region of the active site (Fig. 5).

DISCUSSION
Redox active metals play central roles in a wide variety of metabolic and regulatory pathways.
In spite of this, the molecular mechanism by which metal is inserted into either a cofactor or
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protein has received minimal attention until relatively recently. Although ferrochelatase was
the first enzyme activity identified as being obligately involved in iron chelation almost fifty
years ago16; 17, little real progress has been made in understanding the molecular mechanism.
This is in contrast to copper metabolism and iron sulfur cluster assembly about which entire
research fields have evolved over the past twenty years18; 19; 20.

Ferrochelatase, like many of the enzymes of the heme biosynthetic pathway, is an
evolutionarily old protein12. While primary sequences for ferrochelatase are poorly conserved,
the overall fold of the ferrochelatase enzyme from human32, yeast29, and bacteria24 is highly
conserved13. In fact, the human enzyme structure aligns quite nicely with the B. subtilis
ferrochelatase, having a root mean square deviation of 2.4 Ǻ for the Cα atoms of residues 130–
39132. In addition to substrate metal selectivity, ferrochelatases have the challenge of binding
and differentiating between two similar molecules: the substrate, protoporphyrin IX, and the
product, protoheme IX. The active site pocket must bind transiently to both of these
macrocycles in a fashion so as not to create a thermodynamic barrier to product release.

Previously we have demonstrated that porphyrin binding to human ferrochelatase involves
backbone structural movement that closes the active site mouth around the porphyrin and
results in the reorientation of a set of side chains that reshape the pocket (Supplemental Movie
1). The combination of these events causes a 12° distortion of the porphyrin macrocycle which
facilitates iron insertion30; 31. The data presented above show that following iron insertion
additional secondary structural changes occur that may facilitate heme release. The key player
in all of these structural rearrangements appears to be H263, the conserved histidine that is
located centrally in the active site. Several observations related to H263 are of note. First, in
the resting state enzyme H263, by hydrogen bonding with E343, anchors one end of a complex
hydrogen bond network within the active site30. Upon binding of porphyrin substrate this
network reorients as H263 switches from a hydrogen bond with E343 to bond with a pyrrole
nitrogen31. Mutations of H263 which prevent hydrogen bonding with E343 also cause similar
reorientations to occur30. Secondly is the observation that in the post metallation structures
the side chain of H263 is located several angstroms from its initial position and is no longer
spatially close to the center of the porphyrin macrocycle, but now sits outside the meso carbon
between rings B and C. In this position it no longer participates in any hydrogen bond network.
This is consistent with the side chain of H263 being fully protonated. Thirdly, no H263 variant
ferrochelatase has any in vivo or in vitro activity and the activity of the H263A variant is not
rescued in vitro by added imidazole35. If H263 served simply as a metal donor or proton
acceptor, then one might expect to see some activity with either the H263C variant or with
assays spiked with imidazole. Neither is observed, suggesting that the role of H263 is more
substantial.

Based upon these data we propose that the catalytic cycle for human ferrochelatase involves a
series of reactions that revolve around H263 and an active site hydrogen bond network. In this
model initial binding of porphyrin substrate allows H263 to release its hydrogen bond with
E343 and form one with a protonated pyrrole ring (most likely the B ring). This sets in motion
the reorientation of several key active site residues, which along with mouth closing, results
in macrocycle distortion. Mouth closing may be independent of the hydrogen bond network
realignment30 and dependent upon hydrophobic interactions between the fully conjugated
macrocycle and select hydrophobic active site residues such as L92, L98, V305, and W310.
Interactions between the porphyrin propionate 7 with R115 and propionate 6 with the conserved
residues S130 and Y123 effectively orient the macrocycle in proper position for
metallation31. Upon metallation two significant events occur: interactions of the 6 propionate
substituent and S130 and Y123 are broken, and H263 swings away from the metallated
porphyrin. Also occurring after metallation is movement of the guanido side chain of R114.
This is of interest since it rotates into the position occupied by F110 in the porphyrin-bound,
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closed mouth enzyme molecule. We suggest that metal insertion displaces the proton from the
pyrrole nitrogen to H263, thereby creating the imidazole cation which would be subject to
charge repulsion from the incoming divalent metal cation. This particular feature would seem
essential to ensure that a nonionized imidazole not be left near the heme iron where it would
be expected to form a stable interaction that would make subsequent removal of the heme
product problematic. This same issue argues against H263 as a metal donor in the reaction
since there appears to be no obvious mechanism in place to protonate a metal binding imidazole.
Clearly the 12° distortion of the macrocycle that has been identified31 would not provide
sufficient out of plane strain following metal insertion to pull the newly positioned iron away
from a donating imidazole group57.

Completing the catalytic cycle requires product release. This is facilitated by significant
secondary structure reorganization of the previously identified conserved π helix56 that extends
from D340 to C360 in human ferrochelatase (Supplemental Movie 1). We propose that this is
triggered by the movement of the H263 imidazole side chain and the 6 position heme
propionate. The structures of the F110A variant with bound heme and the wild type enzyme
with bound lead-protoporphyrin show that these enzymes have unwound half of the π helix
with the resultant change in the position of the conserved H341 and E343 side chains. The side
chain of D340 is moved only slightly while the backbone and side chains of H341 to G361
occupy significantly different spatial areas. The Cα of E343 is 4.4 Å distant from its site in the
resting state and the side chain is rotated about 180°. Movement of the H263 imidazole side
chain is into the area occupied by the carboxylate side chain of E343 in the resting state and
porphyrin bound structures. Movement of E343 results in disruption of the π helix and the
secondary structural perturbation extends to E351. The remaining π helix is extended, canted,
and turned relative to that segment of the π helix in the resting state enzyme (Fig. 6). It should
be noted that this entire region (340–360) has a very high B value in the crystal structures of
F110A and wild type with lead bound, indicating the dynamic nature of this region. The
reorientation of side chains results in an altered electrostatic surface contour in this region. The
conserved acid patch is eliminated, the active site mouth opens, and a relatively nonpolar
“slide” is created for the heme to exit (Fig. 5). The considerable spatial and temporally
orchestrated molecular movement that must occur during catalysis was not anticipated, but
does explain the kinetic data which demonstrated the essentially irreversible nature of the
enzymatic metallation48.

The altered configuration of the π helix as seen in the product bound structures has multiple
possible implications. First, because it alters the electrostatic nature of the putative heme exit
pathway, it may facilitate product release as discussed above. Second, the change in the surface
shape and charge that occurs when the π helix is unwound may alter the dynamics of possible
protein-protein interactions (Fig. 7). It has been suggested both experimentally and from a
structural basis that ferrochelatase may physically interact with protoporphyrinogen oxidase,
the previous enzyme in the pathway49; 50; 51. If this interaction takes place, then alteration
of the surface geometry or charge of ferrochelatase upon the completion of metal insertion may
alter the thermodynamics of this putative protein-protein interaction so as to make it
unfavorable and also facilitate interactions with a heme-accepting chaperone protein (currently
unidentified) that may the transport heme to its site of use. Thus, the structurally conserved π
helix may play a role significantly greater than just as a proton conduit during catalysis as was
previously proposed13; 35; 58. The π helix may also function in heme release and as a
modulator of protein-protein interactions. Interestingly, the surface electrostatics on the back
side of ferrochelatase are also altered in the product bound stage, which may have an impact
on possible interactions with the putative iron transporter/donor mitoferrin59.

Neither the ultimate source of iron for the ferrochelatase reaction nor path of iron transport to
the active site is identified by the current studies. Previously it has been suggested that metal
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enters via the acidic patch (E343, D340) on the π helix to ultimately be passed to H263 for
metallation25. That proposal requires that metallation and pyrrole deprotonation occur on one
surface of the macrocycle and that it employs only the single histidine residue for both
functions. It does not explain how the iron-imidazole bond that would be formed following
metallation is broken once metal insertion is accomplished. This proposal is also inconsistent
with the observed differences in the metal selectivity observed for various ferrochelatases.
Recent pre-steady state kinetic analyses have shown that the conserved residue E343 may serve
multiple roles, but that its primary function occurs after metal insertion48. Another suggestion
based largely upon kinetic analysis of site-directed mutant variants is that the iron enters via a
channel that extends from the active site pocket to the back side of the enzyme35(unpublished
data). Such a proposal is consistent with iron delivery via a matrix-located iron donor such as
the mitochondrial iron transporter mitoferrin59.

METHODS
Mutagenesis, enzyme expression and purification

Wild-type ferrochelatase was expressed and purified as previously described60; 61. The F110A
variant was created using the QuikChange® Site-Directed Mutagenesis protocol (Stratagene,
Lo Jolla, CA). Both the E343K and F110A variants were expressed and purified as previously
described35; 60.

Enzyme assay and crystallization
Wild-type and variant ferrochelatases were assayed using the previously described continuous
direct spectroscopic method62.

Wild-type and variant enzymes were concentrated to between 500 and 800 μM in concentration
buffer31. Approximately 50 μmoles of lead acetate and protoporphyrin IX were added to wild-
type enzyme prior to concentration. Manganese chloride was added following concentration
in two-fold excess of the enzyme concentration. Mother liquor for wild-type (WT1 and WT2),
wild-type with lead and protoporphyrin IX and the F110A variant was composed of 0.05M
ammonium acetate, 0.05M Bis-Tris, pH 6.5 and 40% (v/v) pentaerythritol ethoxylate (15/4
EO/OH). E343K was crystallized as previously described31.

Data collection, structure determination and refinement
Diffraction data for the WT1 and WT2 data sets were collected remotely using the SER-CAT
remote user participation program63 on beamline SER-C. All other data were collected at the
Advanced Light Source and were processed using the program HKL200064. Phases were
obtained by molecular replacement using a poly alanine model of monomer A taken from the
R115L structure published previously (PDB ID 1HRK). Iterative rounds of model building
and refinement were performed using the programs COOT65 and CNS66.

Coordinates
Coordinates for the E343K, F110A, WT1, WT2, and lead-inhibited wild type ferrochelatase
models have been deposited in the protein data bank under the accession codes 2QD1, 2QD2,
2QD3, 2QD4, and 2QD5, respectively.

Supplementary Material
Refer to Web version on PubMed Central for supplementary material.
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Figure 1.
Occupancy of the active site for WT1 and R115L. (a) Overlay of cholate residues and the side
chains of H263, R115 and M76 of the WT1 model with the model previously reported for the
R115L variant of human ferrochelatase. (b) Heme molecule modeled into the density present
in the active site of monomer B of the WT1 data with side chains of M76 below and H263
above the macrocycle ring. All atoms in the WT1 model are represented as sticks with nitrogen,
oxygen, carbon, sulfur, and iron atoms colored blue, red, tan, cyan, and black, respectively.
All atoms in the model previously reported for R115L variant are colored green in (a). In all
cases the 2Fo-Fc composite omit map was generated using the simulated annealing protocol
and is contoured at 1σ (purple and green cage in panels a and b, respectively).
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Figure 2.
Substrate binding to the E343K variant of human ferrochelatase. (a) Schematic representation
of protoporphyrin IX. (b) Cartoon representation of the overall fold of the protoporphyrin-
bound structure of the E343K variant showing the position of the substrate relative to the π
helix (colored dark blue) in human ferrochelatase. (c) Wall-eyed stereo view of the composite
omit map for the substrate and residues near the substrate in the π helix. The atoms are
represented as sticks and are colored blue, red and tan for nitrogen, oxygen, and carbon,
respectively. The 2Fo-Fc composite omit map is contoured at 1σ (green cage) and was
generated using the simulated annealing protocol with 7 % of the model being omitted per
cycle.
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Figure 3.
Model of protoporphyrin IX in the active site and composite omit map of monomer A for the
E343K data highlighting residues within van der Waals contact of the substrate. (a) View of
the porphyrin macrocycle and nearby residues on the H263 side of the pocket. (b) View of the
porphyrin in the active site looking at the substrate from the same side of the substrate as residue
M76. The atoms are represented as sticks and are colored blue, red, yellow and tan for nitrogen,
oxygen, sulfur and carbon, respectively. For clarity the 2Fo-Fc omit map is contoured at 1σ
around the substrate only and was generated as described in the legend to Figure 2.
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Figure 4.
Wall-eyed stereo diagram for the model and 2Fo-Fc composite omit map (green cage) showing
porphyrin macrocycle and the unwound π helix observed in (a) the lead-inhibited ferrochelatase
and (b) the protoheme-bound F110A variant. Also visible in are the axial ligands for the
porphyrin-bound metal: acetates in (a) and imidazole (labeled) and bicarbonate in (b). The
models are shown in ball and stick format with the nitrogen, oxygen, carbon, lead, and iron
atoms colored blue, red, tan, yellow, and black, respectively. The 2Fo-Fc composite omit map
is contoured at 1σ and was generated as described in the legend to Figure 2.
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Figure 5.
Electrostatic surface potential showing the active site region for the (a) wild type, (b) the
substrate bound, and (c) heme bound human ferrochelatase. For clarity, the upper lip and π
helix regions are highlighted. The figure was generated with PYMOL.
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Figure 6.
Cartoon representation of the structural alignment of the free, substrate-bound and product-
bound forms of human ferrochelatase. (a) Cartoon overlay of the wild-type, substrate-free
structure in cream color. Areas of significant movement are highlighted in color. The upper
lip of the active site that is altered in spatial orientation in the E343K substrate-bound variant
relative to the wild-type enzyme structure is shown in green. The unwound π helix segment of
the F110A product-bound variant enzyme is shown in red. Bound protoporphyrin IX is shown
in brick and highlighted using dots to denote the electron density. The [2Fe-2S] cluster is shown
as yellow and blue spheres. (b) Enlarged view of the bound protoporphyrin IX (brick) and
bound heme (purple) in the same spatial orientation as shown in the cartoon model. The
movement of the protoporphyrin/protoheme IX propionate 6, which is on the corner of the
macrocycle in this orientation, is highlighted by the grey arrow.
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Figure 7.
Model for the possible role of structural changes in putative protein-protein interactions.
Cartoon representation of how human ferrochelatase (Fc) might interact with
protoporphyrinogen oxidase (PPO) during binding of protoporphyrin IX. Following iron
insertion the π helix is unwound and a new binding surface is presented for the release of
protoheme to a currently unidentified heme carrier protein (HCP). The inner mitochondrial
membrane is shown as solid lines.
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Table II
Kinetic parameters for wild-type and variant ferrochelatases

kcat (min−1) Km
Fe (μM) Km

Meso (μM)
Wild-type 4.2 ± 0.2 18 ± 1.2 28 ± 2.8
R115L 3.2 ± 0.1 21 ± 1.0 34 ± 1.0
F110A 3.2 ± 0.2 20 ± 3.2 24 ± 4.7
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