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Ferrochelatase catalyzes the insertionof ferrous iron intopro-
toporphyrin IX to form heme. Robust kinetic analyses of the
reaction mechanism are complicated by the instability of fer-
rous iron in aqueous solution, particularly at alkaline pH values.
At pH 7.00 the half-life for spontaneous oxidation of ferrous ion
is approximately 2min in the absence ofmetal complexing addi-
tives, which is sufficient for direct comparisons of alternative
metal ion substrates with iron. These analyses reveal that puri-
fied recombinant ferrochelatase from both murine and yeast
sources inserts not only ferrous iron but also divalent cobalt,
zinc, nickel, and copper into protoporphyrin IX to form the cor-
respondingmetalloporphyrins butwith considerablemechanis-
tic variability. Ferrous iron is the preferred metal ion substrate
in terms of apparent kcat and is also the only metal ion substrate
not subject to severe substrate inhibition. Substrate inhibition
occurs in the order Cu2� > Zn2� > Co2� > Ni2� and can be
alleviated by the addition of metal complexing agents such as
�-mercaptoethanol or imidazole to the reaction buffer. These
data indicate the presence of two catalytically significant metal
ion binding sites that may coordinately regulate a selective pro-
cessivity for the various potential metal ion substrates.

Ferrochelatase (EC4.99.1.1) catalyzes the insertion of ferrous
iron into protoporphyrin IX to form heme (1, 2). This enzy-
matic reaction represents the intersection of the coordinately
regulated porphyrin biosynthesis and iron transport pathways.
Mutations in the human ferrochelatase gene have been linked
to erythropoietic protoporphyria, a disease characterized by
protoporphyrin IX accumulation and acute photosensitivity
(3).
Ferrochelatases from a variety of sources, including mam-

mal, plant, yeast, and bacterial, have been purified and at least
partially characterized (4–7). Crystal structures are available
for the human (8), (PDB3 number 1HRK), Saccharomyces

cerevisiae (9), (PDB number 1LBQ) and Bacillus subtilis (10)
(PDB number 1AK1) enzymes, and cDNA sequences for well
more than 100 species-specific ferrochelatases can be found in
the public data base. Remarkably, only six residues are currently
known to be strictly conserved (see supplemental data Fig. 1.).
The low sequence similarity of ferrochelatasesmay be reflective
of the relatively facile nature of the porphyrin metallation reac-
tion, which readily occurs in solution or by catalysis with
abzymes (11), ribozymes (12), or DNAzymes (13). The catalytic
efficiencies of these artificial enzymes withmetal ion substrates
are dramatically lower than those reported for ferrochelatase,
however (13), and a key biological function of the enzyme may
be to bind ferrous iron tightly and thereby minimize any toxic-
ity associated with its release (14). The spectroscopic charac-
terization and biological significance of a [2Fe-2S] cluster pres-
ent in many ferrochelatases, including those from mammals,
have received intense scrutiny, but assignment of a precise bio-
chemical function remains elusive (2, 15–24).
The process whereby selective insertion of ferrous iron into

protoporphyrin IX is achieved in vivo is unresolved. Ferroche-
latase is known to catalyze insertion of divalent transitionmetal
ions other than iron in vitro, most notably zinc, but cobalt,
nickel, and copper have also each been reported to act as sub-
strates, although species-specific differences have been noted
(6, 25–27). Plausible mechanisms leading to ferrous iron spec-
ificity in vivo include the degree of protoporphyrin IX distor-
tion after binding (28, 29), channeling of ferrous iron to the
enzyme (30–33), and differential metal ion binding affinities
and catalytic rates. An improved understanding of the mecha-
nisms underlying metal ion selectivity in vivo could lead to
novel and more effective approaches to treatment of diseases
associated with heme and iron metabolism.
The intractable chemistries of the natural substrates have

hindered the development of methods for routine acquisition
of robust and unambiguous kinetic data for ferrochelatases.
Protoporphyrin IX is highly hydrophobic and aggregates or
“stacks” in aqueous solution (34, 35). This can be overcome by
the addition of detergents to the assay buffer, but the use of
more water soluble porphyrin substrates, such as mesoporphy-
rin and deuteroporphyrin IX, is common (36, 37). Furthermore,
the severe instability of ferrous ion in aqueous solution (38, 39),
particularly at neutral to basic pH, may be ameliorated by the
inclusion of complexing agents such as�-mercaptoethanol and
Tris buffer (40), but the use of complexing agents casts doubt on
the kinetic data collected under these conditions due to the
possibility that ferrochelatase reacts differentially with the
complexed and uncomplexed metal ion pools. Consequently,
the more stable metal ion substrate zinc is often utilized to
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assess ferrochelatase activity (6, 41). The routine use of non-
natural substrates to determine activity is a source of confusion
that has made it difficult to achieve a holistic understanding of
the reaction mechanism due to the distinct possibility that
results obtained with alternate substrates are not good indica-
tors of the results that would be obtained with the natural sub-
strates under similar conditions (2).
To begin to address these problems we have defined condi-

tions allowing direct kinetic comparisons of the naturally
occurring substrates to alternative metal ion substrates, in
aqueous solution devoid of strongmetal ion complexing agents.
The results indicate that multiple divalent transitions metal
ions are good substrates for ferrochelatases from both mouse
and yeast, but only iron is not subject to substrate inhibition.
The presence of two catalytically significant metal ion binding
sites suggests several future experiments, as discussed below.

EXPERIMENTAL PROCEDURES

Reagents—MOPS, Tween 80, sodium chloride, cobalt chlo-
ride hexahydrate, zinc chloride, nickel chloride hexahydrate,
and cupric chloride dihydrate were from Sigma. Ferrous
chloride tetrahydrate was obtained from Fisher. Porphyrins
were from Frontier Scientific. Blue Sepharose was from GE
Healthcare.
Overexpression, Purification, Storage,Handling, andAnalysis

of Ferrochelatase—The overexpression, purification, storage,
and handling of mature murine ferrochelatase have been pre-
viously described (42). The purification of yeast ferrochelatase
differed slightly from that formouse. The lysis buffer contained
1.5% cholate and 1.5 M sodium chloride, and the ammonium
sulfate cut used was 18–28% (w/v). The resulting pellet was
dissolved in 0.1 M Tris-HCl, pH 8.0, containing 20% glycerol,
and loaded onto the blue Sepharose column equilibrated in the
same buffer. The resin column was washed with this buffer
containing 1.5 M sodium chloride until the absorbance at 280
nm reached base line and then eluted by the further addition of
1.5% cholate to the buffer. Protein concentrations were deter-
mined by the bicinchoninic acid method using bovine serum
albumin as the standard. Reported enzyme concentrations are
based on monomeric molecular masses of 41,984 and 41,209
daltons for the murine and yeast enzymes, respectively, as cal-
culated from the primary amino acid sequences encoded by the
cDNAs for the two recombinant enzymes.
Preparation of Protoporphyrin IX and Metal Ion Solutions—

Stock solutions of protoporphyrin IX were prepared from the
commercially available hydrochloride salt by vortexing 1–3mg
in 100 �l of 2 M sodium hydroxide. This was followed by the
sequential addition of 0.5 ml of 10% (w/v) Tween 80, 4 ml of
deionized water, 90 �l of 2 M hydrochloric acid, and 0.5 ml of 1
M MOPS, pH 7.00, with thorough mixing after each addition.
Stock solutions had a final pH of slightly greater than 7.00
and were stored at 4 °C wrapped in aluminum foil for no
more than 1 week, whereupon a new stock solution was pre-
pared. Stock concentrations were determined spectrophoto-
metrically in 2.6 M hydrochloric acid using an extinction
coefficient of 297,000 M�1�cm�1 for the Soret band at 408 nm
(43). Metal ion solutions were prepared by completely dis-
solving 5 mmol of the solid (FeCl2�4H20, CoCl2�6H20, ZnCl2,

NiCl2�6H20, or CuCl2�2H20) in 5 ml of concentrated HCl and
diluting to 50ml with deionized water to yield 0.1 M stock solu-
tions in 1.2 M HCl. On the day of use aliquots of the stock
solutions were serially diluted to 10, 1, and 0.1 mM with deion-
ized water.
Determination of Ferrous Iron Stability in Ferrochelatase

Reaction Buffer—Ferrous iron stability was assayed at 30 °C
using a spectrophotometric assay wherein fluoride ion acts as a
masking agent for ferric iron (38). Ferrochelatase reaction
buffer is defined as 0.1 M MOPS, 0.4 M sodium chloride, and
0.2% (v/v) Tween 80, pH 7.00.
Progress Curve and Initial Rate Acquisition—Progress curves

and initial rates were acquired using a Shimadzu UV2401PC
spectrophotometer equipped with thermostatically controlled
cuvette holders adjusted to 30 °C by monitoring the change in
absorbance of the Soret band (44). Reactionmixtures contained
ferrochelatase reaction buffer, 3 �M protoporphyrin IX, 0.2–
100 �M divalent transitionmetal ion, and 0.1–0.5 �M ferroche-
latase. Assays were conducted in a final volume of 2.00 ml in
magnetically stirred quartz cuvettes and initiated by the addi-
tion of metal ion. Between reactions the cuvette was cleaned by
sequentially rinsingwith deionizedwater, 0.6MHCl, anddeion-
izedwater. Absorbancewas continuously recorded at 407nm in
the case of iron and cobalt or at 417 nm for zinc, nickel, and
copper. The time required to add the metal ion and close the
observation chamber was consistently 3–4 s. Control reactions
devoid of enzymewere also recorded and subtracted from those
recorded in the presence of enzyme. The first 10–20 s of the
reactions were analyzed using linear regression to obtain initial
rates. Progress curves were exported as ASCII files for analysis
using Dynafit software (45).
Estimation of ExtinctionCoefficients—Extinction coefficients

for protoporphyrin IX in ferrochelatase reaction buffer at 30 °C
were determined by observation of the signal amplitudes pro-
duced from a stock solution prepared as described above (also
see supplemental Fig. 2). The observed extinction coefficients
were 1.07� 105 M�1�cm�1 at 407 nm and 8.05� 104 M�1�cm�1

at 417 nm. Apparent extinction coefficients for conversion of
protoporphyrin IX tometallated protoporphyrins in this buffer
were determined in a similar fashion using 0.2 �M yeast ferro-
chelatase and excess metal ion to convert known concentra-
tions of protoporphyrin IX into the corresponding metallopor-
phyrins. The apparent extinction coefficients were: iron
protoporphyrin IX, 4.15� 104 M�1�cm�1 (407 nm); cobalt pro-
toporphyrin IX, 7.54� 104 M�1�cm�1 (407 nm); zinc protopor-
phyrin IX, 1.49� 105 M�1�cm�1 (417 nm); nickel protoporphy-
rin IX, 4.19 � 104 M�1�cm�1 (417 nm); copper protoporphyrin
IX, 6.26� 104 M�1�cm�1 (417 nm). Spectral changes associated
with the metallation reactions are provided as supplemental
Fig. 3.

RESULTS

Iron Stability in Ferrochelatase Reaction Buffers—The rate of
ferrous iron oxidation in aqueous solutions is dependent not
only on the concentration of dissolved oxygen but also on the
square of the hydroxide ion concentration (38). The effect of
pH on ferrous ion oxidation in ferrochelatase reaction buffer at
30 °C was investigated near neutral pH in the experiments
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recorded in Fig. 1. Strong pH dependence was observed with
half-lives at pH 6.75–7.25 and 30 °C on the scale of minutes, as
recorded in Table 1. The addition of 5 mM �-mercaptoethanol
approximately doubled the stability of ferrous iron, whereas 5
mM imidazole increased stability by about 20%.
Progress Curves for Reaction of Murine and Yeast Ferroche-

latase with Protoporphyrin IX andMetal Ions—Progress curves
for the reaction of yeast ferrochelatase with 3 �M protoporphy-
rin IX and 1 �M divalent iron, zinc, or copper indicated widely
divergent kinetic behavior for insertion of thesemetal ions (Fig.
2). Theprogress curve for iron ishyperbolic, approximatinga first-
order decay. This simplest numerical model adequate to describe
thisprogress curve is theMichaelis-Mentenequation, asdescribed
by Equation 1, where it is assumed that the enzyme is saturated
withprotoporphyrin IXduring the timecourse. InEquation1EP is
the enzyme-protoporphyrin IX complex,M is metal ion, EPM is
the Michaelis complex, and E is the free enzyme. The hyperbolic
shape of the curve occurs due to depletion of EPM as the reaction
proceeds and the requirement that kcat � k�1.

EP � M L|;
k1

k�1

EPMO¡

kcat

E � metalloporphyrin (Eq. 1)

The progress curve for zinc is more consistent with zero-
order kinetics, wherein the metal is not in rapid equilibrium
with the enzyme, and the concentration of EPM remains rela-
tively constant for the duration of the reaction. Equation 1 is

again adequate to describe this progress curve, but here, unlike
the case for ferrous iron described above, the rate that zinc
dissociates from the Michaelis complex must be comparable
with or slower than kcat (i.e. k�1 is comparable to or slower than
kcat). A close inspection of the data for zinc reveals a structured
deviation in the residual error that arises because the reaction
rate increases slightly as the substrates are consumed, suggest-
ing substrate inhibition may be a more appropriate model for
this progress curve.
The progress curve for copper (Fig. 2) is sigmoidal rather

than hyperbolic. The increase in reaction rate as copper is
depleted suggests substrate inhibition that is progressively
relieved as the instantaneous concentration of copper
decreases, and the simplest kinetic model providing a numeri-
cal fit for this progress curve while remaining consistent with
the data for iron and zinc requires the addition of the possibility
of binding a second, inhibitory, metal ion to the enzyme as
depicted in Equation 2.

EP � M L|;
k1

k�1

EPMO¡
kcat

E � metalloporphyrin (Eq. 2)
�
M

k�2/k2

EPMM

The raw data for copper protoporphyrin IX production were
fit to both Equations 1 and 2. Equation 1 was inadequate to
describe the progress curve, whereas Equation 2 yielded a good
fit to the experimental data.
The progress curveswith cobalt and nickel as substrateswere

hyperbolic, in analogy to iron (Fig. 2, inset), and those obtained
with murine ferrochelatase under identical conditions were
similar to those obtained with the yeast enzyme for each of the
fivemetal ions (not shown). Analysis of progress curves over an
extended range of zinc (Fig. 3A) or copper (Fig. 3B) concentra-
tions clearly indicated the inhibitory effects of these metal ions
on ferrochelatase.

FIGURE 1. Stability of ferrous iron in ferrochelatase assay buffer. Ferrous
chloride (100 �M) in 100 mM MOPS, 0.4 M NaCl, and 0.2% Tween 80 was
assayed at 30 °C as described (38). The pH values were 6.75 (circles), 7.00 (tri-
angles), and 7.25 (squares). The half-lives at each pH are recorded in Table 1.

FIGURE 2. Non-Michaelis-Menten kinetics of ferrochelatase from pro-
gress curves with transition metal ion substrates in the absence of che-
lating agents. Shown are progress curves of 0.1 �M yeast ferrochelatase with
3 �M protoporphyrin IX and 1 �M ferrous iron (E), zinc (F), and copper (�).
The inset includes the progress curves for ferrous iron, cobalt, and nickel, from
fastest to slowest. The progress curve for ferrous iron was corrected to
account for the rate of spontaneous oxidation.

TABLE 1
Effect of pH and buffer additives on the half-life of ferrous iron
oxidation in 100 mM MOPS, 400 mM NaCl, and 0.2% Tween 80 at
30 °C

pH Buffer additive Half-life
min

6.75 None 6.2
7.00 None 1.8
7.00 5 mM �-mercaptoethanol 3.8
7.00 5 mM imidazole 2.2
7.25 None 1.2
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Initial Rates as a Function of Metal Ion Concentration—The
possibility of substrate inhibition was investigated for Fe2�,
Co2�, Ni2�, Zn2�, and Cu2� ions for both the murine and
mouse ferrochelatases by varying the metal ion concentration
while keeping all other potential variables fixed. Assays were
conducted in ferrochelatase reaction buffer at 30 °C in triplicate
with the results in Fig. 4 and Table 2. In each case an attempt
was made to fit the data to Equation 3 for a substrate-inhibited
reaction using SigmaPlot graphing software.

Rate �
Vmax

app�Me2��

Km
app � �Me2�� � �Me2��2/Ki

app (Eq. 3)

Good fits were observed for the cobalt, nickel, and zinc data,
whereas the data for copper could not be fit due to the severity
of the inhibition. An apparent inhibitory constant could not be
estimated for ferrous iron over the concentration range tested,
although the data for yeast ferrochelatase with ferrous iron led
us to suggest that inhibition might be observed at concentra-
tions higher than 100 �M (Fig. 4F). The data for iron were
instead fit to the Michaelis-Menten equation. The specific
activity of the yeast enzyme was consistently 6–10-fold higher

than the murine, but the utilization of each metal ion was oth-
erwise very similar for the two enzymes.
Effect of�-Mercaptoethanol and Imidazole on Ferrochelatase

Progress Curves and Initial Rates—The substrate inhibition of
ferrochelatase observed in the absence of strongmetal ion com-
plexing agents indicated the presence of at least two distinct
metal binding sites on the enzyme. The possibility that metal
ion-coordinating buffer additives would compete with the
inhibitory site and thereby alleviate or mask substrate inhibi-
tion was investigated using murine ferrochelatase (Fig. 5). The
effect of �-mercaptoethanol on incorporation of divalent zinc
ion into protoporphyrin IX in ferrochelatase reaction buffer at
pH 8.0 can be seen in Fig. 5, panel A. The initial rates increased
at low concentrations of �-mercaptoethanol, consistent with
alleviation of substrate inhibition via metal ion complexation,
and then decreased at higher concentrations, suggesting metal
ion depletion. The shape of the progress curveswent fromnear-
zero order to first order as the concentration of �-mercapto-
ethanol increased.
The severe substrate inhibition observed for incorporation of

copper into protoporphyrin IX was completely eliminated by
inclusion of 3mM imidazole into ferrochelatase reaction buffer,
pH 7.00 (Fig. 5, panel B). The observed initial ratewas increased
by more than 2 orders of magnitude.

DISCUSSION

The d orbitals of transitionmetal ions form stable complexes
with a wide variety of common buffer components, including
carboxylates, phosphates, amines, sulfhydryls, sulfates, halides,
dissolved oxygen, hydroxide ion, and alcohols (includingwater)
(46). The formation of these coordination complexes is so ener-
getically favorable that virtually none of the dissolved metal
ions exist in an unliganded or “free” state in aqueous solution,
and the term “freemetal ion” is generally understood to refer to
a complexed form of the transition metal ion in which the
ligands are weakly bound and readily exchangeable, such as
with water or chloride ions. In this study we eliminated the
complexing agents Tris and �-mercaptoethanol from our fer-
rochelatase reaction buffer. Tris forms coordination complexes
with transition metal ions with equilibrium constants in the
range of 100–10,000 (40), and sulfhydryls are well known to
coordinate metal ions strongly (47). In contrast, MOPS buffer
does not form stable metal ion complexes (48, 49).
The kinetic behavior of ferrochelatase in the presence of

complexing agents such as�-mercaptoethanol and imidazole is
entirely consistent with sequestration ofmetal ion in forms that
are not substrates for the enzyme. This exogenous equilibrium
depletes the free metal ion pool and can have dramatic effects
on the measured ferrochelatase activity. Two examples of this
are shown in Fig. 5 for themost inhibitory metal ion substrates,
zinc and copper, where lower concentrations of �-mercapto-
ethanol or imidazole accelerate activity, presumably by effec-
tively competing with the inhibitory metal binding site on the
enzyme for free metal ion. At higher concentrations of com-
plexing agents, depletion of the free metal ion pool results in
conversion of the non-Michaelis-Menten progress curves
observed with these substrates into first-order decays that
could be, albeit erroneously, assumed to represent typical

FIGURE 3. Concentration-dependence of progress curves for Zn2� and
Cu2�. In A, 0.1 �M yeast ferrochelatase was reacted with 3 �M protoporphyrin
IX and 0.2–50 �M ZnCl2. The initial rate decreased with increasing zinc con-
centration, such that the curves represent, from right to left, 50, 20, 10, 5, 2, 1,
0.5, and 0.2 �M zinc. The 0.2, 0.5, and 1 �M curves are also plotted in the inset.
In B, 0.2 �M yeast ferrochelatase was reacted with 3 �M protoporphyrin IX,
0.5–10 �M CuCl2. From right to left the curves are 10, 5, 2, 1, and 0.5 �M copper.
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Michaelis-Menten enzyme kinetics rather than complex equi-
libria. With ferrous iron, which is not substrate inhibited, the
effect of complexing agents is to slow the reaction rate with no

effect on the shape of progress
curves (not shown). The activity
modifying effects of complexing
agents likely extends to all metal ion
substrates. Elimination of metal ion
complexing agents allows more
unambiguous studies of the ferro-
chelatase mechanism to be con-
ducted bymaintaining the substrate
metal ion pool in a relatively
homogenous form utilizable by the
enzyme, and in this study allowed us
to demonstrate that the enzyme is
substrate inhibited by nonferrous
iron metal ion substrates.
The stability of ferrous iron in fer-

rochelatase reaction buffer was
highly pH-dependent, as expected
(38, 39), and at pH 7.00 was reason-
ably stable and assays could be con-
ducted aerobically. Determination
of ferrous iron stability is indispen-
sable to assessing the validity of fer-
rochelatase assay conditions and
should be a routine control for fer-
rochelatase assays when iron is used
as the metal ion substrate.
The inhibition and progress

curve data indicate that ferroche-
latase contains at least two catalyti-
cally important metal binding sites.
The biological significance of an
inhibitory binding site remains to be
elucidated, and multiple possibili-
ties can be envisioned. The inhibi-
tory metal ion binding site may rep-
resent an evolutionary adaptation
toward metal ion specificity. In this
scenario the inhibitory binding site
would preferentially bind transition
metal ions other than iron, resulting
in inhibition of activity and thereby
preventing biosynthesis of metallo-
porphyrins other than heme. This
would be of heightened importance

in diseases involving imbalances in metal metabolism. For
instance, the accumulation of zinc protoporphyrin observed
during iron insufficiencymight be limited due to substrate inhi-
bition of ferrochelatase (50), and the accumulation of porphy-
rins observed in a mouse model of Wilson disease, a copper
transport disorder characterized by toxic copper accrual, may
be directly related to ferrochelatase inhibition (51). It is inter-
esting to note that the ratio of the apparent kcat for iron to that
for any othermetal ion is higher for murine ferrochelatase than
for yeast ferrochelatase (Table 2), suggesting themouse enzyme
has evolved to be more iron-specific. Future studies with ferro-
chelatases from other diverse evolutionary sources or with the
structurally homologous cobalt chelatases (52–54) should fur-

FIGURE 4. Ferrochelatase initial rates indicate selective substrate inhibition. In A–E the initial rates are for
murine ferrochelatase, whereas in F–J initial rates are for yeast ferrochelatase. Initial rates are in units of �M

product/min/�M enzyme.

TABLE 2
Apparent kinetic constants for insertion of divalent transition metals
into 3 �M protoporphyrin IX in the presence of ferrochelatase
NA, not applicable.

Murine FC Yeast FC
Km Ki kcat Km Ki kcat
�M �M min�1 �M �M min�1

Iron 0.79 � 0.19 n/a 6.6 � 0.3 0.5 � 0.1 n/a 45 � 1
Cobalt 0.12 � 0.04 22 � 3 1.3 � 0.1 0.2 � 0.1 20 � 10 11 � 4
Nickel 1.1 � 0.2 70 � 10 1.3 � 0.1 5.0 � 0.5 74 � 9 18 � 1
Zinc NA 12 � 2 1.4 � 0.1 0.19 � 0.06 1.8 � 0.4 23 � 3
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ther clarify the likelihood of evolution ofmetal ion specificity in
free metal ion pools and indirectly shed light on the probability
of direct metal ion channeling to chelatases in vivo.

Amore speculative alternative is that bothmetal ion binding
sites are part of a general processing pathway thatmagnifies the
“stickiness” of ferrous iron,minimizing the cellular toxicity that
would be associatedwith release of ferrous iron into the cellular
milieu. The requirement for such a mechanism is seldom dis-
cussed. Ferrochelatase is typically treated as a classical Michae-
lis-Menten-type enzyme, wherein the free and bound sub-
strates are in rapid equilibrium with the enzyme (37, 41). This
commonkinetic situationwould be quite deleterious to the cell,
however, because any ferrous iron released by ferrochelatase
into the mitochondrial matrix, which is approximately pH 8.0,
would be rapidly oxidized via Fenton chemistry, wasting the
considerable energy investment involved in delivering iron to
ferrochelatase in a non-toxic form and causing severe oxidative
stress to the cell. The data reported here indicate that ferroche-
latase has the capacity to bind and processes divalent metal ion
into product faster than it is released back into solution. If this

were the case with ferrous iron in vivo, it would represent a
tremendous cellular advantage. The rapid and toxic decompo-
sition of ferrous iron in aqueous solution makes it unlikely that
ferrochelatase binds iron weakly in vivo.
The residues comprising the inhibitorymetal ion binding site

have not been identified. Indeed, the identity of the primary,
catalytic metal ion binding site is not generally agreed upon.
One model proposes that the metal is bound and inserted at
residues arginine 164 and tyrosine 165 (55), whereas crystal
structures for ferrochelatase from S. cerevisiae with bound
cobalt (9) (PDB 1LX8) and for the enzyme from B. subtiliswith
bound iron (PDB2HK6), zinc (PDB1LD3), or cadmium (56, 57)
(PDB 1NOI) all identify histidine 263 and glutamate 343 at the
opposite face of the porphyrin substrate as the catalytic metal
binding site.4 Several other metal ion binding sites have also
been observed in ferrochelatase crystal structures, and each of
these are good candidates for inhibitory binding sites (Refs. 9
(PDB 1L8X;multiple cobalt binding sites), 56 (PDB 2HK6; total
of four iron binding sites), and 57 (PBD 1LD3; zinc in catalytic
site and magnesium in �-helix, and PDB 1N0I, cadmium in
catalytic site and at His-287)). Many of these sites cluster
around a �-helix predicted to undergo substantial conforma-
tional change during the course of the catalytic cycle (9, 58).
This helix is rich in acidic residues, and metal binding in this
region could impact activity bymodulating the enzyme dynam-
ics presumably required for catalytic turnover. Alternatively,
the well conserved histidine 341 residue at the base of the active
site cleft appears conspicuously placed for metal binding, and
crystals of B. subtilis ferrochelatase soaked in the inhibitory
metal ion cadmium reveal metal ion bound to both this histi-
dine and the histidine 263 glutamate 343 pair, with a distance of
9 Å between the two metal atoms (57). Detailed analyses of
point mutants in these regions should help delineate their con-
tribution to substrate inhibition. It is possible that mutation to
an inhibitory sitemight result in substantially enhanced activity
with non-ferrous iron substrates, in analogy to what is seen
when a competitor is introduced into the buffer with the wild-
type enzyme (Fig. 5B).
Considerable evidence for channeling of ferrous iron to fer-

rochelatase exists (30, 59, 60). Direct channeling, wherein the
metal atom is delivered as part of a chaperone-ferrochelatase
complex without ever being released into the surrounding
aqueous environment has not been definitively proven, but it
has been shown that themitochondrial iron chaperone frataxin
can provide a source of ferrous iron for ferrochelatase in vitro
(30). The experimental approaches reported here most closely
approximate a freemetal ion system andmay help to provide an
unambiguous kinetic benchmark against which to judge
whether frataxin,mitoferrin (31), or some other iron chaperone
might directly channel ferrous iron to ferrochelatase.
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