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ABSTRACT: Ferrochelatase catalyzes the formation of protoheme
from two potentially cytotoxic products, iron and protoporphyrin IX.
While much is known from structural and kinetic studies on human
ferrochelatase of the dynamic nature of the enzyme during catalysis
and the binding of protoporphyrin IX and heme, little is known about
how metal is delivered to the active site and how chelation occurs.
Analysis of all ferrochelatase structures available to date reveals the
existence of several solvent-filled channels that originate at the protein
surface and continue to the active site. These channels have been
proposed to provide a route for substrate entry, water entry, and
proton exit during the catalytic cycle. To begin to understand the
functions of these channels, we investigated in vitro and in vivo a
number of variants that line these solvent-filled channels. Data

presented herein support the role of one of these channels, which originates at the surface residue H240, in the delivery of iron to
the active site. Structural studies of the arginyl variant of the conserved residue F337, which resides at the back of the active site
pocket, suggest that it not only regulates the opening and closing of active site channels but also plays a role in regulating the
enzyme mechanism. These data provide insight into the movement of the substrate and water into and out of the active site and
how this movement is coordinated with the reaction mechanism.

H eme is an essential molecule for most organisms and is a
cofactor for proteins involved in a number of cellular
processes, including aerobic respiration, carbohydrate and lipid
metabolism, nucleic acid processing, and cellular signaling.1_3
Within eukaryotes, the biosynthetic pathway is conserved after
the synthesis of the first committed intermediate, S-amino-
levulinate (ALA), while in prokaryotes, significant differences
are found at several steps. However, among all organisms, the
terminal step of the pathway, chelation of ferrous iron into the
protoporphyrin ring by the enzyme ferrochelatase, is conserved.
The two best studied ferrochelatase proteins are from the
bacterium Bacillus subtilis and humans. Both of these enzymes
have been well characterized kinetically, spectroscopically, and
structurally. Despite having sequences that are <10% identical,
they have highly similar tertiary structure and substrate
specificities. The B. subtilis protein is a soluble monomer that
probably functions in vivo as part of a multienzyme complex,*
while the human enzyme is a homodimer that is associated with
the inner mitochondrial membrane.”® Because of the reactive
nature of the substrates and product of the ferrochelatase
reaction, both substrate entry and product release must be
highly coordinated processes in vivo to prevent cytotoxicity.
Knowledge of the mechanisms by which this occurs in higher
animals is critical to our understanding of diseases resulting
from defects in iron, porphyrin, and/or heme metabolism.
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Primarily on the basis of structural studies of B. subtilis
ferrochelatase with and without the bound tight-binding
competitive inhibitor N-methylmesoporphyrin, it was suggested
that ferrochelatase functioned as a relatively rigid molecule with
an active site mouth within which substrate porphyrin bound
and distorted to allow metal insertion.” However, the
determination of the structure of human ferrochelatase with
the porphyrin substrate bound® revealed that the enzyme is
quite dynamic and that the “open” active site mouth of the
substrate free enzyme (Figure 1A) closes to tightly bind and
distort the porphyrin macrocycle. In this conformation [the so-
called “closed” conformation (Figure 1B)], the bound
porphyrin occupies a spatial position in the enzyme that is
distinct from that observed for N-methylmesoporphyrin in the
B. subtilis enzyme.”'® The closed conformation has been
observed in the substrate-bound form of human ferrochelatase
and in one subunit of the Saccharomyces cerevisiae ferrochela-
tase.'’ Additionally, structures of the product (heme)-bound
enzyme revealed a third conformational variant of human
ferrochelatase [the so-called “release” conformation (Figure
1C)1."*" In this form, a structurally conserved z-helix that
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Figure 1. Surface and cartoon representations of the three conformations observed for the human ferrochelatase dimer. (A) Open conformation as
observed in the R115L variant [Protein Data Bank (PDB) entry 2HRC]. (B) Closed conformation as observed in the substrate-bound E343K variant
(PDB entry 2QD1). (C) Release conformation from the heme-bound F110A variant (PDB entry 2QD2). The bound porphyrin and heme are
shown in the active site as spheres. The surface of the upper lip region is colored purple and the z-helix pink.

forms part of one wall of the active site'* is found to be partially
unwound, extending away from the active site pocket.
Consistent with kinetic studies demonstrating that the reaction
proceeds in an ordered fashion'>~"” with the slowest step in the
reaction being an event occurring after chelation, it has been
proposed that the rate-limiting step is most likely product
release'® and involves the unwinding of the 7-helix.">"

Interestingly, each of the three enzyme conformations (i.e.,
open, closed, and release) possesses a distinct surface contour
and surface potential around the mouth region of the enzyme.
These catalytically distinct conformational states have been
suggested to provide different surfaces upon which multiple
protein partners may bind during a complete catalytic cycle."*"?
Not surprisingly, the structural changes observed among the
three conformations are not limited to the surface of the
protein. The spatial orientation and hydrogen bonding
networks of active site residue side chains have also been
observed to vary among the three conformational states.>'*>°
Given the extent of the conformational changes that occur
upon going from the open to closed and finally the release
state, any complete catalytic model must embrace and explain
the significant protein structural rearrangements that have been
observed.

Ferrochelatase, as an enzyme that is bound to the matrix side
of the inner mitochondrial membrane, must obtain both
substrates (porphyrin and iron) and release product (heme)
across the inner mitochondrial membrane. Hints at how these
processes may occur lie in the structural differences seen in the
three known conformational states of human ferrochelatase.
While conformational changes during catalysis of human
ferrochelatase are now well accepted, the fact that all current
structures of B. subtilis ferrochelatase, including those with the
bound inhibitors N-methylmesoporphyrin and 2,4-disulfonate-
deuteroporphyrin,”'® are of the open (substrate free) form of
the enzyme has led to speculation that the bacterial and
eukaryotic ferrochelatases somehow differ in their catalytic
mechanism.”' However, no structure of the bacterial enzyme
with either bound porphyrin substrate or heme has been
characterized to date. Of note with respect to the current
discussion is the H240A human ferrochelatase structure
presented herein (below) in which the presence of a Mg*
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atom was observed coordinated via water molecules to several
residues of the conserved 7-helix and a backbone atom of K304
(Figure S1 of the Supporting Information). Mg*" ions in this
position have been observed in most B. subtilis structures, and it
is reported to be required for crystal formation of the B. subtilis
enzyme.”” We suggest that the presence of Mg*" interacting
with the z-helix probably stabilizes the protein in the open
conformation, which may explain why only this conformation
of the B. subtilis enzyme has been observed. A definitive answer
to the proposal that the bacterial enzyme operates via a
mechanism different from that of the human enzyme must
await the availability of structures of that protein with bound
protoporphyrin and product.

In addition to the incomplete understanding of the precise
role of many active site residues, information about the
mechanism of iron entry as well as steps involved in product
exit is lacking. Recent evidence that the mitochondrial inner
membrane iron transporter mitoferrin 1 and ferrochelatase
physically interact'® suggests that iron transported across the
membrane may be donated directly from mitoferrin 1 to a
surface of ferrochelatase. How the iron transits from the outer
surface of ferrochelatase to the active site is unknown.
However, a recent proposal that the extended -helix may
stretch back into the matrix space and pull iron into the active
site”*® is clearly untenable given the spatial orientation of
human ferrochelatase in the inner mitochondrial membrane.
We propose that solvent-filled channels in human ferrochela-
tase that originate at the surface and terminate in the active site
may serve as the entry route for substrate iron and/or as
aqueducts that function in substrate binding or product
release.’® The work presented herein characterizes several
stable solvent-filled channels that exist in human ferrochelatase.
Special consideration is given to the side chain of residue F337
because structural data indicate that it is involved in control of
the gating of two active site channels as well as in regulating
changes in the resting state hydrogen bonding network during
catalysis in distinct regions of the active site.

B MATERIALS AND METHODS

Mutagenesis, Protein Expression and Purification,
and Assessment of Enzyme Activity. All variants were
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created using the QuikChange site-directed mutagenesis
protocol (Agilent, Santa Clara, CA). Tunnel variants were
constructed in the R115L background.® Two exceptions to this
were the F337R variant and the S197C/F110A double variant,
which were constructed in the wild-type background.
Expression and purification of all variants were conducted as
previously described.>**** The enzyme activity of each variant
was assessed first by rescue of a ferrochelatase deficient strain of
Escherichia coli (AhemH).”**” Following rescue of AhemH,
variant ferrochelatases were assayed using the continuous direct
spectroscopic method.”®

S. cerevisiae Ahem15 Complementation and Heme
Quantitation. All wild-type and variant ferrochelatase genes
were cloned into low-copy number yeast shuttle vector pRS316
(gift from W. K. Schmidt, University of Georgia) behind a 350
bp fragment that contained the S. cerevisize ferrochelatase
promoter and targeting sequence. Human ferrochelatase
variants were constructed by using the wild-type human
terrochelatase/pRS316 vector as a template and QuikChange
mutagenesis (Agilent). Wild-type S. cerevisiae strain DY14S57
(MATa, ade6, canl, his3, leu2, trpl, ura3) and a ferrochelatase
deficient strain (Ahem15®) (gifts from J. Kaplan and R. J.
Crisp, University of Utah, Salt Lake City, UT) were utilized.
Cells were grown at 30 °C with vigorous shaking in complete
medium (1% yeast extract and 1% bactopeptone) with 3%
glycerol as a carbon source. In the AhemlS$ strain lacking the
terrochelatase-encoded plasmid, the medium was supplemented
with 1.5 mg/mL hemin (Sigma, St. Louis, MO) made fresh in
0.1 N NaOH and filter-sterilized. Competent Aheml$ cells
were made and transformed with wild-type and variant
terrochelatase pRS316 constructs using the Frozen-EZ Yeast
Transformation II kit (Zymo Research, Orange, CA). Cells
were plated and selected on CM-Uracil with 3% glycerol. The
whole cell cytochrome content was estimated using a modified
version of the previously described pyridine hemochromagen
method.* Yeast cells harboring the ferrochelatase variants were
grown and harvested in midlog phase. Cells were spheroplasted
using Zymolyase (MP Biomedicals, Solon, OH). The total
protein content of spheroplasts was measured using the BCA
assay (Pierce, Rockford, IL). Duplicate samples were used in
the hemochromagen assays. The 550 nm peak and the total
cellular protein concentration were used to calculate the total
amount of cytochromes b and ¢ because they represent the
major heme pools.

Crystallization, Data Collection, Model Building,
Refinement, and Coordinates. Protein for crystallization
was prepared as previously described.®'> All crystals were
grown using the hanging drop method by mixing 2 uL of
freshly prepared enzyme with an equivalent amount of well
solution, followed by incubation at 18 °C. The EasyXtal Crystal
support (Qiagen, Valencia, CA) was used for crystallization,
and each well contained 500 uL of the precipitating solution.
Crystals typically formed in 2—5 days. Crystals for the H240A
variant were obtained using a well solution of 0.2 M magnesium
chloride, 0.1 M Bis-Tris (pH 6.5), and 25% PEG 3350. Crystals
for the F337R and S197C/F110A variants were obtained using
the precipitating solution containing 0.1 M Bis-Tris (pH 6.5),
0.05 M ammonium sulfate, and a range of concentrations of
pentaerythritol ethoxylate (15/4 EO/OH) varying from 20 to
35%. The H240A crystals were soaked in a stepwise fashion
(2.5% increments) in mother liquor containing increasing
concentrations of glycerol to a final concentration of 15%. In all
other cases, the crystals could be frozen after the concentration
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of pentaerythritol ethoxylate (15/4 EO/OH) had been
increased to 30% in a similar manner.

All data sets for the ferrochelatase crystals were collected at
The Advanced Photon Source and SER-CAT on beamline 22-
ID. Phases were obtained by using a single monomer of
ferrochelatase, taken from the model of the wild-type enzyme
[Protein Data Bank (PDB) entry 2QD4], as a molecular
replacement search model. Molecular replacement was
performed using CNS,*' version 1.2. Initially, the [2Fe-2S]
cluster was omitted from the molecular replacement search
model so that strong positive peaks in the difference map could
be used as indicators of reasonable solutions based on the
positions of the iron atoms. Once reasonable solutions had
been identified for the entire asymmetric unit, CNS was also
used to perform rigid body refinement and to generate a
composite omit map using the simulated annealing protocol.
Iterative rounds of model building and refinement were
performed with COOT** and CNS, respectively. Typically,
the backbone and [2Fe-2S] cluster were initially modeled on
the basis of the composite omit map and difference maps, and
then the side chain atoms, complete with any potential alternate
conformations, were modeled before water molecules were
placed. Data collection and refinement statistics for all
structures are listed in Table 1. Coordinates for all structures
have been deposited in the PDB, and PDB entries are listed in
Table 1. All graphical representations were created using
PyMol,33 WinCoot,** and Caver.>®

Table 1. Data Collection and Refinement Statistics for
Variants of Human Ferrochelatase Presented Here

H240A F337R F110A/S197C
resolution range (A)®  50.0-1.8 50.0-1.8 50.0-2.5
(1.86) (1.86) (2.59)
Ry’ (%) 82 (28.1)° 89 (32.7) 87 (22.7)
/o 38 (4) 40 (5) 11 (2)
redundancy 8 (5) 9 (6) 5(3)
no. of unique 163439 165727 30208
reflections
Ryt (%) 185 17.5 23
Riee (%) 23 217 28.0
rmsd for bonds (A) 0.007 0.008 0.008
rmsd for angles (deg) 1.3 1.34 1.4
average B factor 18.0 19.2 40.8
PDB entry 3AQI 4F4D 4F4G

“Numbers in parentheses represent the lower-resolution limit for the
outer resolution shell. bRsym = Yol X Twar = TuadD 1/ Lt Tiads
where I, is the intensity of an individual measurement of the
reflection with indices hkl and (I,4) is the mean intensity of that
reflection. “Numbers in parentheses represent the value for the outer
resolution shell.

B RESULTS AND DISCUSSION

Ferrochelatase is associated with the matrix side of the
mitochondrial inner membrane.® Because the active site pocket
of ferrochelatase opens into the mitochondrial inner membrane
but does not span the membrane, the acquisition of substrates
requires the transmembrane transport of both iron and
porphyrin. Biochemical data support a model whereby
ferrochelatase acquires protoporphyrin directly across the
membrane from the previous enzyme, protoporphyrinogen
oxidase, via a transient compl(e){.36’37 In addition, with the
availability of crystallographic structures for both ferrochelatase
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Figure 2. Human ferrochelatase channels. (A) All channels present in the open conformation (PDB entry 2HRC). The channels are colored as
follows: H240 in yellow, Q139 in green, cluster in blue, and dimer interface in magenta. The active site pocket is highlighted in red and is continuous
with the H240 channel in the open conformation. (B) H240, Q139, and dimer interface channels in the closed conformation (PDB entry 2QD1).
The bound protoporphyrin IX is shown as purple sticks, and the active site pocket is highlighted in red. The Q139 channel is continuous with the
active site in the closed conformation. The side chains of residues H240, H263, and F337 are shown as sticks in each panel.

and protoporphyrinogen oxidase, in silico docking exercises
demonstrate that such an interaction can occur®® (Figure S2 of
the Supporting Information). No evidence supports the transit
of iron via the same route as porphyrin from protoporphryi-
nogen oxidase, and thus another pathway likely exists for
ferrochelatase to obtain ferrous iron. The acquisition of
substrate iron could occur from a transmembrane transporter
via the main opening to the active site pocket of ferrochelatase
only if considerable molecular motion, or rocking, of
terrochelatase occurs within the membrane.

Recent data provide support for a model of iron acquisition
from the inner mitochondrial membrane iron transporter
mitoferrin 1."* Mitoferrin 1 is a typical mitochondrial inner
membrane solute transporter that spans the membrane, so
transported iron will be available on the matrix side of the inner
mitochondrial membrane® (Figure S3 of the Supporting
Information). Hunter and Ferreira*® have proposed that
ferrochelatase may obtain iron from mitoferrin or frataxin via
the extended z-helix of the enzyme. Iron would then follow a
track composed of the conserved acidic residues along the 7-
helix. This suggestion has also been made by others for the B.
subtilis ferrochelatase in which the helix has not been observed
to extend.** This role of the 7-helix is not supported by amide
hydrogen—deuterium exchange experiments conducted with
human ferrochelatase.*' Two substantial discrepancies between
the Hunter and Ferreira model and published data currently
exist.>® First, their model is based upon a single monomer, not
the homodimer, and spatially misrepresents published data with
regard to the overall orientation of the native homodimeric
protein relative to the membrane.*”** The region they cite as
the membrane binding surface is, in fact, the dimer interface.
Thus, their homodimer would be oriented with one subunit
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completely submerged in the lipid bilayer and the other
completely exposed within the matrix space. All available crystal
structures of dimeric human ferrochelatase are consistent with a
spatial orientation in which the z-helix unwinds into the
membrane and not back up into the matrix (Figure S4 of the
Supporting Information). Second, no data show that metal ions
bind to residues of the 7-helix when it is in the unwound state.
Indeed, available data suggest that the helix extension is related
to heme release, and in the absence of heme, there is nothing to
stabilize the extended helix. Thus, the model proposed by
Hunter and Ferreira®® would require the simultaneous exit of
heme and the entrance of iron via the same path. In the absence
of product release, no substrate iron would bind, which does
not fit with the overall kinetic analysis'®**™*® or structural
studies."' 713244347 We believe that a more reasonable
hypothesis is that iron is donated from mitoferrin (or possibly
via an as yet unidentified iron chaperone intermediate) directly
to a matrix-exposed iron portal on the surface of ferrochelatase
and then transits to the active site via a solvent-filled channel.

Solvent-Filled Channels. Examination of the available
crystal structures of wild-type and variants of human
ferrochelatase (Table S1 of the Supporting Information)
reveals the presence of four solvent-filled channels within the
protein (Figure 2) that are of sufficient size to accommodate
water and/or a desolvated metal ion. In the determined
structures, these channels contain well-ordered water molecules
that show some conservation between species. In this
discussion, two channels are named on the basis of the
terminal residue of the channel within the human enzyme (i.e.,
H240 and Q139). Two additional channels are named for the
structures with which they are associated (i.e., cluster channel
and dimer interface channel).
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Figure 3. Channel and surface views of the H240 channel. Panel A shows the amphipathic nature of the H240 channel. Hydrophobic residues that
contribute to the surface of this channel are colored blue and polar residues red. The catalytic histidine, H263, and residues F337 and H240 are
shown as sticks and labeled. Panel B shows the surface representation of the matrix-exposed face of the open conformation (PDB entry 2HRC) with
residues H240 (light blue), R366 (dark blue), and E369 (red) shown as sticks.

Channel H240 is found in the human and S. cerevisiae
ferrochelatase structures. It is open to the back of the active site
pocket when the enzyme is in the open conformation (Figure
2A). Channel Q139 is a shorter channel that is present in the B.
subtilis, human, and S. cerevisiae structures. However, in the
human enzyme, it is open to the active site pocket only with
bound porphyrin (closed conformation) (Figure 2B). The
cluster channel is a tunnel found in the human enzyme that
originates at the protein surface near the opening, or lip, of the
active site pocket (at V407) and continues past the [2Fe-2S]
cluster. The lip region of the enzyme is proposed to be the
portion of the protein that is associated with the inner
mitochondrial membrane.*> The cluster channel is absent in B.
subtilis and S. cerevisiae ferrochelatases, which both lack a [2Fe-
28] cluster. Also lacking in the monomeric B. subtilis, but
present in both human and S. cerevisiae ferrochelatase, is an
internal channel starting at R298 that spans the dimer interface.

Channel H240. This channel extends from H240 on the
matrix-exposed or “back” side of the protein into the active site
pocket. The imidazole of H240 forms a flap covering the
channel end, but there is no obstruction to this side chain being
able to flip aside, thus opening a direct, although torturous,
solvent-filled pathway to the active site pocket. In the substrate
free form of the enzyme, this channel is open to the active site
(Figure 2A). However, the channel is gated at the distal end
from H240 during the catalytic cycle by the side chain of F337.
The tunnel is amphipathic in nature, with one side being polar
and the other being hydrophobic (Figure 3A). The side chains
and backbone atoms of the following residues make up the
surface of the H240 channel: F237, H240, 1241, Q302, V333,
P334, A336, F337, S339, H341, E343, T344, L348, A368, S370,
and L371. Located on the surface of the enzyme adjacent to the
opening of the H240 channel are residues R366 and E369
(Figure 3B), whose side chains are surface-exposed for possible
protein interactions.

The H240 channel in the open conformation is sufficiently
large to allow for egress of active site water as the porphyrin
macrocycle enters the active site and/or the entrance of the
desolvated ferrous iron substrate. Upon porphyrin binding, the
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benzyl side chain of F337 moves into a position to close the
H240 channel that concomitantly opens channel Q139 to the
active site. Following metal insertion and as part of the product
release mechanism, the side chain of F337 swings back to
reopen channel H240. This may facilitate the re-entry of water
into the active site as the heme product departs. The possibility
that the Q139 channel could be a site in which substrate iron is
sequestered to be available only when F337 swings to open the
channel upon porphyrin binding exists but seems unlikely
because no structure of ferrochelatase in any conformation has
been obtained with a bound iron atom in this channel.

To examine the possibility that the H240 channel serves as
an iron portal that obtains substrate iron from a donating
partner protein in situ, we conducted two sets of experiments.
In the first, we examined the impact of mutations of surface
residues R366 and E369, which surround the H240 channel
opening on the back side of ferrochelatase (Figure 3B), in vivo
by assessing the growth and heme production of cells with
these variants. In the second, the impact of altering the side
chains of channel-lining residues on enzyme activity was
determined in vitro.

The in vivo experimental model employed the ferrochelatase
deficient S. cerevisiae mutant Ahem15.”° R366 and E369 are
conserved between human and S. cerevisige ferrochelatases,
although there is a conservative replacement of the histidine at
position 240 in the human form with glutamine (N212) in the
yeast. A low-copy number plasmid encoding the S. cerevisiae
ferrochelatase promoter-regulated wild-type human ferrochela-
tase complements the AhemlS yeast mutant as well as the
plasmid-encoded S. cerevisiae ferrochelatase (Table S2 of the
Supporting Information). This complementation is of note
because the human enzyme differs from the S. cerevisiae
ferrochelatase in that it possesses a [2Fe-2S] cluster that is
essential for activity.*> A number of variant human
ferrochelatases were analyzed for their ability to support
growth and heme synthesis of AhemlS yeast. Among the
enzyme variants examined were some that have previously been
shown to have little or no measurable enzyme activity in vitro
(H263C and R164L/Y165L),> thus, these served as negative
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controls. As expected, these variants did not support normal
growth or heme production of the AhemlS yeast mutant
(Table 2).

Table 2. In Vivo Analysis of Human Ferrochelatase Surface
and Active Site Variants”

complementation of  heme synthesis (% of wild-type

variant Aheml1$ value)
Y16SF yes 56
H263C no -
R164L/Y165L no -
H240A yes 89
H240E yes 56
E369T yes 86
H240A/R366E yes 53
H240A/E369T yes 36
H231A/D383A yes 71
H231A/D383K yes 84
R290E yes 92
E289K yes 100
E289A/R290A yes 8S

“Heme synthesis values represent the average of the heme content
from three different experiments with a <10% standard deviation.

The H240 channel openings are on either side of the
homodimeric ferrochelatase as it is proposed to sit on the
membrane, thus placing them in a position that is spatially close
to where one might expect an adjacent mitoferrin molecule to
be (Figure 4A,B and Figure S3 of the Supporting Information).
To investigate the possibility that the H240 channel has a role
in substrate iron acquisition, we created variants in which the
imidazole side chain of H240 was replaced with either a smaller,
uncharged alanine (H240A) or an acidic side chain (H240E).
Interestingly, the H240A variant-expressing Ahem15 had close
to normal heme synthesis, while the H240E variant had
significantly reduced cellular heme levels (Table 2). Because
R336 and E369 are residues located on the surface in the
proximity of H240 and might be involved in complementary
charge pair interactions with an interacting, iron supply protein,
we created the H240A/R366E and H240A/E369T variants.
When these H240A/R366E and H240A/E369T double
variants were expressed in AhemlS, reduced amounts of

heme were synthesized. These data are consistent with the
hypothesis that the matrix surface of the H240 channel is
involved in obtaining iron from a donor protein.

To ensure that the H240A mutation did not have an impact
on the overall structure and/or orientation of active site
residues, the H240A variant was crystallized and its structure
determined to 1.8 A. This variant revealed a structure very
similar to the open conformation of the wild-type enzyme and
R11SL variant with a root-mean-square deviation (rmsd)
between Ca atoms of 0.358 A, as well as a similar orientation
of most amino acid side chains. One difference observed in the
H240A structure is the presence of a Mg** atom coordinated
via water molecules to several residues of the conserved 7-helix
(E347, Y352, and E351) and the backbone atoms of K304
(Figure S1 of the Supporting Information).

In addition, a selection of surface variants on the back side of
the enzyme distant from H240 that have previously been
reported to bind cobalt (H231A/D383A and H231A/
D383K)* (Figure 4A,B) were examined. Assuming that the
charged surface residues at the cobalt-binding site were
essential for metal binding and that by eliminating these
charges the affinity of the enzyme for substrate metal would be
significantly diminished, we created variants in which the
charges of the putative metal-binding residues were eliminated
(H231A/D383A) or altered by changing the acidic glutamate
to a basic lysine (H231A/D383K). None of these alterations
had any significant impact on the ability of AhemlS cells to
produce heme, suggesting that the previously identified cobalt-
binding site*™ is not necessary for normal iron delivery.

It has also been proposed by some that the small
mitochondrial matrix iron-binding protein frataxin is respon-
sible for the delivery of iron to ferrochelatase.>® Surface residues
R290 and E289 have been suggested to provide a putative
docking site on ferrochelatase for the delivery of iron from
frataxin. Thus, we individually changed the charge of both
residues (R290E and E289K) and collectively eliminated the
side chain charge of both residues (E289A/R290A), assuming
that such alterations would diminish or abolish the affinity of
ferrochelatase for frataxin. None of these variants resulted in a
significant phenotype in the complemented AhemlS yeast cells
(Table 2). This suggests that if frataxin serves as an iron donor,
it is not via this site.

- """ﬁ‘iﬁ .
e 2L

Figure 4. Location of surface residues on human ferrochelatase. Human ferrochelatase (PDB entry 2HRC) shown as as a slate surface representation
is modeled into a lipid bilayer (tan or yellow sticks) (PDB DLPC_303K*). Surface patches representing the surface of the H240A channel (R366
and E369), cobalt-binding residues (H231 and D383), and putative frataxin docking residues (E289 and R290) are colored white, magenta, and
green, respectively. Panel A shows the enzyme surface from the matrix side of the inner mitochondrial membrane, and panel B shows a side profile of

the enzyme embedded in the membrane.
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If the H240 channel is an iron portal, one would expect that
alteration of the residues lining the tunnel would have an
impact on enzyme activity. Thus, a number of H240 channel
variants were purified and characterized. For these variants, the
ability to complement the ferrochelatase-lacking E. coli AhemH
and kinetic parameters for the purified enzyme were examined
(Table 3). For two variants, individual polar side chains

Table 3. Kinetic Parameters for Wild-Type and Variant
Human Ferrochelatases®

keae rescue
K, iron (uM) K, meso (M) (min~") AhemH
wild type" 18 28 42 yes
R115L" 21 34 32 yes
N75A%° 33.8 16.8 0.96 yes
1132A ND” ND” ND” yes
QI39A ND? ND? ND” yes
QI139L 262 26.7 0.60 yes
S201A 8.4 132 1.8 yes
F237Y 13.8 ND? 0.8 yes
F237L 16 14 14 yes
H240A 27.6 12.1 342 yes
H240E 21.1 12.6 2.8 yes
H240K 27.9 17.9 4 yes
1241F 21.5 11.3 1 yes
Q302A 52.6 29.3 4.5 yes
Q302D c c c yes
V333A ND” ND” ND” yes
V3338 ND? ND? ND” yes
P334L 48.8 18.2 0.56 yes
F337A% 17.8 24.6 0.81 yes
F337R c c c no
S$339A ND? ND? ND” yes
T344A 259 20.1 0.65 yes
T344K c c c no
A368C 16.8 519 3.8 yes
A368F c c c yes
A368L 18.1 36.9 0.94 yes
$370A 39.7 114 3.1 yes
$370C 40 33 3 yes

“Values reported represent the average parameters determined from
four separate experiments with a <10% standard deviation. "Not
determined. “Not measurable.

contributing to the surface of the channel were replaced with
alanine (Q302A and S370A). In one instance, the polar
uncharged side chain of residue S370 was replaced with
cysteine, a potentially strong iron ligand. All three variants
(Q3024, S370A, and S370C) exhibited an increased K, for
iron. Variants F237Y and A368L, which introduced modest
alterations in side chain polarity or size, showed decreases in
k... A similar result was found for the P334L variant. Two more
drastic variants, F337R and T344K, lacked measurable enzyme
activity and did not complement the E. coli AhemH mutant.
Interestingly, T344 is also a component of the conserved 7-
helix and is located close to residue H341 (below). The change
in size and charge that occurs in the T344K variant may allow it
to interact with H341, resulting in the reorientation of H341
and thus loss of activity.

Unfortunately, the indisputable designation of the H240
channel as a conduit for substrate iron based upon in vitro
assays is problematic. Even if the H240 channel is the natural
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iron portal, it is reasonable to assume that variants with a partial
or completely blocked channel may still have some measurable
in vitro activity that would be attributable to iron diffusing into
the mouth of the active site in the enzyme assay. Given that
channel variants have no impact on overall enzyme structure
and, with the exception of F337, are not located within the
active site pocket, any enzyme activity diminution would be
expected to result from an inability of the channel to provide its
normal function. Variants completely lacking activity could thus
represent enzymes in which the mutation disrupts the normal
catalytic cycle. As discussed below, we posit that this is what
occurs in the F337R variant.

Channel Q139. A shorter channel that is present in all
published ferrochelatase structures is the Q139 channel. In the
wild-type human enzyme, the Q139 channel is open to the
active site only in the closed (substrate-bound) conforma-
tion.>'> However, in structures in which the active site
hydrogen bonding network has been disrupted, such as has
been reported to occur for the variants possessing the H263C
or H341C mutation, and in the F337A variant where the
physical barrier attributable to the F337 side chain is missing,
the Q139 channel is open to the active site pocket.20 N75, 1132,
T136, Q139, F163, Q190, F337, and T338 are found to line
channel Q139.

To investigate potential roles that residues lining the Q139
channel may play, enzyme variants possessing 1132A and
Q139A/L were constructed and their activity was assessed by
rescue of E. coli AhemH (Table 3). All of these variants
possessed enzyme activity sufficient to rescue the AhemH
mutant. To further investigate the QI39L variant, in vitro
assays were performed (Table 3). This variant possessed a
significantly diminished k_,. The F337A and N75A variants of
human ferrochelatase, which were produced and analyzed in
previous studies, also possess decreased kg, values.”® The
diminished enzyme activity of F337A is of note because its
structure is very similar to that of the wild-type enzyme with an
intact open conformation hydrogen bond network. The only
substantial difference between the wild-type enzyme and F337A
variant is that both the H240 and Q139 channels are
simultaneously open to the active site in the variant. N75 is
of interest because previous and current studies suggest that it
bridges the hydrogen bond networks found in the upper and
lower active site pocket (see below and ref 20).

It is of note that an equivalent to the human Q139 channel is
observed in the B. subtilis ferrochelatase structures. This
channel is continuous with the active site pocket and also
open at the protein surface in most structures,”! #2240:47,51,52
Analysis of the alanine variants of the equivalent of Q139
(residue Q63 in B. subtilis) showed decreased in vitro activity
yet unchanged in vivo activity as assessed by growth
measurements.” From the results presented herein as well as
the B. subtilis studies, the role of the Q139 channel in the
catalytic mechanism is unclear.

Cluster Channel. The cluster channel originates at the active
site lip region at residue V407, passes by the [2Fe-2S] cluster,
and ends just short of the dimer interface channel at residue
R298 (Figure S). Interestingly, it is the guanidino side chain of
R298 from the B subunit that intercalates into the A subunit
thereby blocking the A subunit cluster channel from the dimer
interface channel (below) and vice versa. The cluster channel
and its opening are lined by residues D95, D97, L98, Y194,
C196, S197, G199, §201, L1203, N204, R226, R272, Q398,
L399, S402, C403, C406, V407, N408, C411, T414, and K415.
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Figure S. Cluster channel. The cluster channel is shown in slate.
Residues that contribute to the surface of the cluster channel are
shown as sticks. For reference, the dimer interface channel is colored
magenta, active site residues H263 and F337 are shown as wheat
sticks, residue R298 from the B subunit is colored cyan, and the four
cysteine residues that serve as ligands for the [2Fe-2S] cluster are
shown as orange sticks.

Four of these residues (C196, C403, C406, and C411) are the
coordinating residues for the [2Fe-2S] cluster that forms a
portion of one wall of the channel.

Only one residue in the cluster channel was investigated, and
the kinetic parameters for the S201A (inside the channel across
from the cluster) variants are listed in Table 3. This variant
possessed diminished K.s and k. values. Given that this
residue also has access to the active site pocket, it may play a
role in the hydrogen bonding network.

The structure of the F110A/S197C variant was determined
to 2.6 A. The structure of this variant is very similar to the open
conformation with minimal differences in the orientation of
side chain residues for most amino acids (rmsd for Ca atoms of
0.448 A). This double variant rescued E. coli AhemH, although
kinetic parameters were not determined. Given its position and
the fact that the S. cerevisiae ferrochelatase lacks a [2Fe-2S]
cluster, it would appear unlikely that the cluster channel is
directly involved in iron acquisition. However, for ferrochela-
tases that possess the cluster, this channel, which provides an
aqueous channel to the cluster, may play some role in the
catalysis or regulation of activity.

Dimer Interface Channel. The dimer interface channel is
formed between the interface of the two ferrochelatase
monomers (A and B). Interestingly, the channel structure is
conserved between the human and S. cerevisiae ferrochelatases
despite the significant lack of homology of residues between
these two proteins at the dimer interface. The channel is lined
by identical residue participants from both subunits, including
V270, D274, P27S, P277, Q278, E279, S281, Y297, R298,
1299, W301, L311, G312, P313, and Q398 (Figure 6). Thus, it
possesses 2-fold symmetry with regard to charge distribution.
In the crystal structures, this channel is closed at both ends.
The channel is separated from the end of the cluster channel (A
subunit) by the side chains of R298 (of the B subunit) and
Q398 (of the A subunit). Access from the channel to the
enzyme surface is blocked by only the hydroxyl group of Y297
(of the B subunit) and the carboxyl group of E279 (of the A
subunit). One could imagine that with minimal molecular
movement the channel could open to the protein surface and/
or the cluster channels. Thus, it is not surprising that in some
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Figure 6. Dimer interface channel. The channel found at the dimer
interface is colored magenta. Residues from each subunit that
contribute to the surface of this channel are shown as sticks, and
the [2Fe-2S] clusters from each subunit are shown as red and yellow
spheres. The side chain of residue R298 from each subunit is shown as

light blue sticks.

structures one finds a glycerol molecule in this channel,'?
indicating that sufficient molecular mobility exists to allow
access of small molecules present in the crystallization solvent
to this interior channel. Because this channel does not have
access to the active site, a role for this channel in substrate
delivery is not readily apparent.

Channel Gating by F337 and Its Relationship to the
Catalytic Cycle. F337 is a conserved residue located at the
back side of the active site pocket. Structural data from human
ferrochelatase demonstrate that the orientation of the benzyl
ring of F337 determines whether the H240 or Q139 channels
are open to the active site pocket. It is of note that F337 is part
of a loop that connects f-strand 7 and the z-helix. Thus,
rotation of F337 has the potential to influence and/or be
influenced by the secondary structure of this region.

In an effort to understand what may control the movement
of F337 and determine if it serves solely as a gatekeeper or has
additional functions during catalysis, the structure and function
of two ferrochelatase variants were investigated. In one, the
benzyl side chain was replaced with the spatially smaller methyl
group of alanine (F337A), and in another, it was replaced with
a bulky, charged guanidino group of arginine (F337R). The
previously described F337A variant does not have any
alterations in the resting state hydrogen bond network in the
active site but exhibits a S-fold reduction in k..>° Thus, the
benzyl group and/or the ability to gate the H240 and Q139
channels is not essential for enzyme activity, but in its absence,
the activity of ferrochelatase is significantly impaired.

The F337R variant was constructed, expressed, and
characterized. The F337R variant has no detectable catalytic
activity and is not purified or crystallized with a bound substrate
or product as is typical of wild-type human ferrochelatase. The
structure of this variant was determined to 1.8 A. This variant
possesses an open conformation with cholate molecules present
in each active site as well as in the entry route to the active site
as is observed for the wild-type human ferrochelatase in the
open conformation. However, in the F337R variant enzyme,
one of the active site cholate molecules is rotated 180°
compared to its position in the active site of the open
conformation wild-type (PDB entry 2QD3") and RI11SL
variant ferrochelatases (PDB entry 2HRC®). This would
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Figure 7. Comparison of the active site of the inactive variant F337R and wild-type ferrochelatase. (A) Orientation of F337R in the A monomer and
the B1 conformers in the B monomer and its interactions with residues in the bottom of the active site pocket of ferrochelatase. Hydrogen bonding
interactions in the F337 variant are indicated with dashed lines and distances in angstroms. Wild-type active site residues are colored wheat, blue, red,
and yellow for carbon, nitrogen, oxygen, and sulfur atoms, respectively. Active site residues of the F337R variant are shown in slate. (B) Orientations
of F337R in the active site of the B monomer. Hydrogen bonding interactions of the B2 conformer of F337R with N75 in the top of the active site
are indicated as described in panel A. The distance between H341 and one conformer of M76 in the F337R variant is also shown. Wild-type residues
are shown as described in panel A, and those of the B monomer of F337R are colored cyan.

indicate that the overall surface potential within the active site
of the F337R variant is altered from that found in the wild-type
protein, which could alter substrate binding. Also of note is the
likelihood that the H240 and/or Q139 channel is blocked at
their entrance to the active site by the F337R side chain,
thereby preventing iron entry and/or water movement through
the channel.

Upon examination of the two subunits (“A” and “B”) of the
homodimeric F337R variant human ferrochelatase, the
orientations of the guanidino side chains of residue 337 differ
between the A and B subunits. In the A monomer, the side
chain of R337 is best modeled in a single orientation with 100%
occupancy. However, in the B monomer, the guinidino group is
best modeled in two orientations, each with 50% occupancy
(e.g, B1 and B2) (Figure 7). One of these two orientations
(B1) is identical to what is observed in the A monomer at all
times. In this orientation, the A and B1 R337 guanidino group
is within hydrogen bonding distance of the side chains of
residues H263, H341, and E343 (Figure 7A). H341 and E343
comprise part of the catalytically important 7-helix. Hydrogen
bonding between the R337 guanidino group in this
conformation and the imidazole of H341 explains the observed
90° rotation of H341 away from what is seen in the wild-type
enzyme (Figure 7A). In this orientation, H341 can no longer
participate in the hydrogen bonding network found in the wild-
type open conformation but instead forms a hydrogen bond
with a backbone amine group of the amino terminus of the 7-
helix. In structural models of the B2 monomer, the guanidino
side chain is within hydrogen bonding distance of N7$ at the
top of the active site pocket (Figure 7B). As a result, the
position and orientation of N75 are distinctly different from
those found in both subunits of the wild-type enzyme, and in
the A subunit model of the F337R variant. In addition, and only
in the B monomer, residue M76, also at the top of the active
site pocket opposite H263, is found in three distinct
conformations. In one of the M76 side chain conformations
(50% occupancy), the side chain is closer to the imidazole side
chain of H341 than it is in the wild-type enzyme structure.

The changes in active site pocket residue side chain
conformations and the hydrogen bond network observed in
the structure of the F337R variant may provide some insight
into the catalytic cycle. If one considers a model in which iron
transits past F337 in its route to chelation, replacement of the
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benzyl side chain with the positively charged guanidino side
chain in the F337R variant may mimic the presence of the
ferrous iron dication at this position. Thus, the altered
conformations seen in the variant may represent a snapshot
of an intermediate stage of the catalytic cycle. The observation
of multiple spatial conformations within the active site of the
F337R variant would be consistent with the transient
interactions of the iron atom as it moves into position for
chelation. Additionally, the spatial reorientation of H341
(above) that includes new hydrogen bonds with backbone
atoms of the z-helix will affect several steps in catalysis,
including proton abstraction and product release.

Overall, the available data support a role for F337 that is
more than that of a simple gatekeeper to the H240 and Q139
channels. The F337R variant structure, in which the hydrogen
bond network in the top of the active site is altered depending
on the conformation of residue F337R and in the bottom of the
active site pocket is partially disrupted by the altered
conformation of H341, suggests that this residue may help
coordinate structural changes between the top and bottom of
the active site and modulate the stability of the #-helix during
the catalytic cycle.

B CONCLUSIONS

The means by which iron is transported to residues in the
active site of human ferrochelatase and the precise residues
involved in active site iron binding remain unanswered
questions. At present, the only universal point of agreement
appears to be that in vivo ferrous iron and protoporphyrin IX
will be delivered directly to ferrochelatase, as both of these
substrates are potentially toxic to the cell. For higher organisms
containing a ferrochelatase whose active site faces the inner
mitochondrial membrane, the mechanism of substrate delivery
as well as the release of heme becomes substantially more
complex. A reasonable solution to delivering protoporphyrin IX
can be found in the proposed transient protein—protein
complex formed between protoporphyrinogen oxidase and
ferrochelatase,**~>® but the delivery of the ferrous iron must
involve additional steps that include desolvation of the hydrated
ion. One possible mechanism that has not been explored is the
role of enzyme channels in desolvating and delivering the metal
ion from carriers to the active site. Specifically, the existence of
several water-filled channels that originate in the active site and
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end at the protein surface could provide a sheltered conduit by
which the redox active ferrous iron substrate could enter from
the matrix side of the mitochondrial membrane and move to
the active site without being exposed to the bulk medium. Such
access would allow donation of iron either directly from a
membrane-spanning transporter (mitoferrin'®) or from a
matrix protein without exposing the reactive ferrous iron to
the matrix environment. Movement of substrate iron into the
active site in this way could provide a means by which the entry
of metal into the active site is regulated to control the ordered
reaction catalyzed by ferrochelatase.

Data provided herein support the role of the H240 channel
in iron delivery. In addition, the channel could also serve as an
aqueduct for entry and exit of water molecules from the active
site to facilitate substrate binding of both protoporphyrin and
iron, and product release. These types of aqueducts have been
observed in cytochrome P450 enzymes and are thought to
contribute to substrate binding and water-mediated proton
release.>*> Evidence of the cluster channel as an aqueduct is
supported by hydrogen—deuterium exchange studies in the
presence of iron.*' It is possible and likely that the
ferrochelatase channels could serve multiple roles and would
likely contribute to the regulation of the catalytic mechanism.

Residue F337, which lies at the convergence of the Q139 and
H240 channels in the active site, is one of the few conserved
residues in all ferrochelatases. Both kinetic and structural
studies (this study and ref 20) have suggested that this residue
serves as a channel gate and plays a role in regulating the overall
reaction mechanisms. We propose the following model for the
role of F337. In the open conformation with the resting
hydrogen bond network intact, F337 sits above H341, which
serves as a cap to the functionally important 7-helix. When the
porphryin substrate binds and the closed conformation forms,
F337 reorients and leads to the partial disruption of the resting
state hydrogen bond network and the initial destabilization of
the z-helix. The movement of F337 during the catalytic cycle
would likely result in changes in the active site electrostatics
and thus be the impetus for the observed movement of the 6-
propionate during the catalytic cycle. While heme propionates
have been shown in hemoproteins to be important in binding,
orienting, and modulating electronic properties,*® ferrochela-
tase may use changes in the electronic properties of its active
site to influence the orientation of the heme propionates and
facilitate product release. Following chelation and proton
abstraction by H263 and E343, the concomitant disruption of
the hydrogen bond network destabilizes the #-helix, allowing
for it to unwind for product release. These proposed roles of
F337 are consistent with the data presented herein as well as
previous studies.”
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