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ABSTRACT. The final step in heme biosynthesis, insertion of ferrous iron into protoporphyrin IX, is catalyzed

by protoporphyrin 1X ferrochelatase (EC 4.99.1.1). We demonstrate that pre-steady state human
ferrochelatase (R115L) exhibits a stoichiometric burst of product formation and substrate consumption,
consistent with a rate-determining step following metal ion chelation. Detailed analysis shows that chelation
requires at least two steps, rapid binding followed by a slower ( s2) irreversible step, provisionally
assigned to metal ion chelation. Comparison with steady state data reveals that the rate-determining step
in the overall reaction, conversion of free porphyrin to free metalloporphyrin, occurs after chelation and

is most probably product release. We have measured rate constants for significant steps on the enzyme
and demonstrate that metal ion chelation, with a rate constant of 0!9&s-10 times faster than the
rate-determining step in the steady stdég:& 0.1 s'1). The effect of an additional E343D mutation is
apparent at multiple stages in the reaction cycle with a 7-fold decredse and a 3-fold decrease in

kener This conservative mutation primarily affects events occurring after metal ion chelation. Further
evaluation of structurefunction data on site-directed mutants will therefore require both steady state and
pre-steady state approaches.

The final step in heme biosynthesis, insertion of ferrous generally reflect multiple reaction steps as well as assignment
iron into protoporphyrin IX, is catalyzed by protoporphyrin  of putative catalytically significant residues on the basis of
IX ferrochelatase (protoheme ferro-lyase, EC 4.99.1.1; the an incorrect assumption that thiealkyl porphyrin inhibitor
human enzyme is hereafter called ferrochelatase). Thebinds in the same site and orientation as the native proto-
mechanisms of biological iron chelation have proven to be porphyrin substrate. Our development of a transient kinetic
of great interest with a range of studies examining reaction approach to monitoring individual reaction steps should help
kinetics (L—3), spectroscopy of bound intermediatds-6), resolve the mechanistic details of this system.

sensitivity of the reaction to structural variatioh @), and The in vivo delivery of substrates to ferrochelatase is an
behavior of the enzyme analogues, including antibodles ( area of much current activity with recent proposals suggesting
7—-9) and both DNA and RNAX0-12) that also catalyze 5 role for chaperones and for substrate channeling. The
insertion of metal ion into porphyrins. Additionally, crystal  porphyrin substrate, protoporphyrin IX, is synthesized from
structures of free enzymdg, 14), as well as with bound  protoporphyrinogen IX in a six-electron oxidation. The
metal substrate, bound porphyrin substrat,(and a tight- enzyme, protoporphyrinogen oxidase (PPEC 1.3.3.4), is
binding competitive inhibitorX6) should support confident  associated with the periplasmic side of the inner mitochon-
interpretation of the link between structure and function in grial membrane, i.e., the opposite side of the membrane from
this system. In fact, controversy remains over the role of ferrochelatasel@). A recent report on the crystal structure
individual residues in the reaction mechanism. Compare, for of 5 plant PPO reported that the membrane-associated face
example, the suggested metal ion binding site of Sellers etof this enzyme is complementary to that of ferrochelatase
al. (1) with that proposed by Gora et al); a recentreview  (20). This was in accord with previous studies that suggested
provides a fair summaryl@). In part, this difficulty arises  the two enzymes form a complex and that, in eukaryotic
when the functional Significance of individual residues is SyStemS at least, protoporphyrin IX is channeled to ferro-
assessed on the basis of steady state kinetic parameters whicfhelatase across the inner mitochondrial membrage(l).

It has also been proposed that iron is transported directly to
T Funded by the BBSRC (U.K.). ferrochelatase from the inner mitochondrial membra (
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pcﬁgr?;'st?“murl"ﬁrsz'gyz o;g%ggm%g),(fziffflli, gzg 9533;67HEF_'m2?||?' is transferred to ferrochelatase from frataxin, a putative
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Chelatases catalyze porphyrin metalation by stabilizing a enzyme). Reactions were carried out in 100 mM TRIS-HCI,
deformed porphyrin intermediate; this conclusion arises from 0.5% Tween 20, and 1 mj@-mercaptoethanol (pH 8.1) and
a series of experimental data, including resonance Ramanat 30°C. Steady state kinetic parameters were evaluated by
spectroscopy of bound porphyring, 5), cocrystallization fitting eq 1 to the initial rates using nonlinear regression
of the nonplanaN-methyl mesoporphyrin with the ferro- analysis implemented in Igor Pro (Wavemetrics Inc., Lake
chelatase fronBacillus subtilis(16), and the use of nonplanar  Oswego, OR). Values ¢, andk../Kn, were estimated using
porphyrins in generating model catalysts, including both the concentration of active enzyme derived from the active
antibodies 4, 7—9) and nucleic acids 10—12). Recent site titration described below.
theoretical calculations also support this conclusis 26),

as does the crystal structure of human ferrochelatase with a _ \ 1
bound protoporphyrin substratd8). On the basis of a Ui Dx  kFe Dix-Fe (1)
comparison of the observed rates of insertion of metal ion 1+—m 4 om K
into a nonplanar substrate analogue with steady state kinetic [Dix] [Fe] [DillFe]

parameters, porphyrin deformation has recently been pro-
posed to be the key event in determining the metal ion  Transient kinetic studies were performed on an Applied
specificity of a particular metal ion chelatasks). Photophysics Pi-star spectrophotometethvét2 mmlight

A considerable number of papers describe the steady statgpath operating in fluorescence mode or a 10 mm light path
behavior of ferrochelatase (e.g., réfs3), but there are very ~ operating in absorbance mode. To detect substrate fluores-
few reports of transient kinetics3,(27). Most functional cence, excitation light from a xenon source passed through
analysis and assessment of the significance of mutateda monochromator set at 496 nm, and emitted light was
residues has relied on steady state information. As ferroche-detected at 90through a 515 nm cutoff filter (OG515,
latase catalyzes the biologically critical conversion of a highly Schott). Absorbance traces were recorded at either 496 nm,
absorbing and fluorescent porphyrin into a nonfluorescent measuring substrate depletion, or 548 nm, measuring the
metalloporphyrin with a distinct absorbance spectrum, this level of accumulation of product. Traces were collected under
enzyme is amenable to transient kinetic analysgs\(Ve the conditions described above for steady state kinetics.
have exploited the large optical signal associated with metal Averaged tracesn(> 6) were evaluated by fitting the time
chelation in directly assessing catalytic events in the active course to eq 2
site of ferrochelatase.

[Pl = Ae % + yit ()
MATERIALS AND METHODS

Materials. Unless otherwise stated, chemicals were ob- Which describes a pre-steady state burst phase, with ampli-
tained from Sigma Chemical Co. (Poole, Dorset, U.K.). ~ tudeAand an observ_ed rate constm; followed by a linear .

Enzyme PurificationRecombinant human ferrochelatase steady state conversion of spbstrate into product' characterized
(R115L) was purified essentially as described previously 2Y @ Stéady state rate, using the data analysis software
(28). Briefly, Escherichia coli JIM109 cells containing (ProData 1'_43’ A_pplled _Photophysms, Leatherhead_, Surr_ey,
recombinant ferrochelatase were suspended in solubilization-K-) supplied with the instrument. The burst amplitude is
buffer [50 mM TRIS-MOPS, 0.1 M KCI, and 1% (w/v) proppruonal to the concentration of intact active sites
sodium cholate (pH 8.0)] containing 1 mM 4-(2-aminoethyl)- provided that the rate constant for the burst is sufficiently
benzenesulfonyl fluoride, sonicated on ice foxB0's, and ~ Jreater than the rate constant for the subsequent S&p (
centrifuged at 500afor 30 min at 4°C. The supernatant This relationship was us_ed to estlmate_the (_:oncentranon of
was loaded omta 2 mLTalon column (Clontech, Palo Alto, &N €nZyme preparation in terms of active sites.
CA), previously equilibrated with solubilization buffer. The RESULTS
column was washed with 20 mL of solubilization buffer,
and 10 mL of solubolization buffer Containing in addition 1 Human ferrochelatase can be read"y overexpressed and
M KCI. Ferrochelatase was eluted with solubilization buffer purified using established methods. This ferrochelatase
containing 300 mM imidazole. The column wash containing (R115L) shows steady state kinetic behavior and activity
1 M KCl was used to remove any endogenous porphyrin. (Figure 1) similar to those seen previously.(Steady state
Imidazole was removed by applying purified protein to a kinetic parameters were obtained by a global fit to eq 1. The
40 mL column of P-6DG (Bio-Rad, Hemel Hempstead, U.K.) apparent kinetic parameters obtained from individual
equilibrated in solubilization buffer. Pure protein was stored versus [S] curves show good agreement with the theoretical
under liquid N in 50 mM TRIS-MOPS, 0.1 M KCI, and  curves calculated from the global fit (Figure 2). The R115L
1% (w/v) sodium cholate (pH 8.0). The protein concentration ferrochelatase mutant increases stability without a significant
was determined spectrophotometrically using the calculatedimpact on enzyme activity2@); a crystal structure of this
extinction coefficiente,zg of 46 900 Mt cm* (28). mutant is available [PDB entry 1HRKLg)]. The R115L/

Enzyme Assay$&teady state rates of metal ion insertion E343D double mutant haska, substantially lower than that
were determined using ferrous iron and deuteroporphyrin IX of the R115L mutant, but they have similéy, values ().
(Porphyrin Products, Logan, UT) as substrates in a spectro-In both cases, purification using previously described
photometric assayl( 29) with 0.17 uM active R115L methods 28) yields protein with a small amount of bound
ferrochelatase (determined by active site titration, Q.iD porphyrin, which was removed by incorporating a high-salt
total enzyme) or with 0.1@M active R115L/E343D ferro-  wash (1 M KCI) into the purification procedure. This is an
chelatase (determined by active site titration, QuMtotal essential step as adventitious porphyrin reduces the concen-
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Ficure 1: Initial rates of ferrochelatase-catalyzed insertion of iron
into deuteroporphyrin at pH 8.1 in 100 mM TRIS-HCI, 2aM

Fet, 1 mM S-mercaptoethanol, and 0.5% (v/v) Tween 20 at 30 - ! Y
°C. In the tfp paneIF,) with 0.1ZM R115L ff(erro)chelatase, deu- [Vapp (W) and V/Kqpp (@)] with the following characteristic

teroporphyrin concentrations were (A) 1.8, (B) 3.6, (C) 6.3, (D) Parameters: (top) for R115L ferrochelatai§; = 7.7+ 1. 4uM,
9.9, (E) 15.3, (F) 29.7, and (G) 49.6M. The points are ~ Ko* =554 0.5uM, KFePx = 30.54+ 8.01uM?, andV = 1.21
experimental, and the theoretical lines are described by eq 1 with 4zM/min, and (bottom) for R115L/E343D ferrochelatase,® =
the following characteristic parameteriﬁge = 7.7 £ 1.4 uM, 8.2+ 1.0uM, K%X = 5.84 0.8uM, KFePx = 34.8+ 8.3 uM?,
KPx =55+ 0.5uM, KFeDix = 30.54+ 8.01uM?, andV = 1.21 andV = 0.16 + 0.01 «M/min.

uM/min. In the bottom panel, with 0.16:M R115L/E343D

ferrochelatase, deuteroporphyrin concentrations were (A) 1.9, (B)
4.0, (C) 5.9, (D) 9.9, (E) 14.9, (F) 29.7, and (G) 4%W. The 21
points are experimental, and the theoretical lines are described by
eq 1 with the following characteristic parameteﬂéfne =82+ o 2.0-
1.0uM, KP* = 5.8+ 0.8uM, KFePx = 34.8+ 8.3 uM2, andV e
= 0.16 + 0.01xM/min. g 1.9
tration of available enzyme active sites and thus the observ- 5
. . 35 1.84

able amplitude of the pre-steady state transient. o

A pre-steady state burst phase was measured using either 1.7 -
stopped-flow absorbance (data not shown) or fluorescence
spectroscopy (Figure 3). The fluorescence measurements 1.6
monitored substrate consumption. Amplitudes of product I I T T |
formation and substrate consumption were quantified from 0 2 4 6 8 10
the absorbance data. Shifts in porphyrin spectra on ferro- time /s
chelatase binding have been described previougly énd FiGURE 3. Time course of consumption of ;1 (25 uM) by

could potentially interfere with a spectroscopic active site ferrochelatase (0.6M) at pH 8.1 in 100 mM TRIS-HCI, 25aM
Fet, 1 mM -mercaptoethanol, and 0.5% (v/v) Tween 20 at 30

titration. In this case, as the enzymgorphyrin complex does °C
not accumulate, the burst in substrate consumption arises

from the loss of free substrate and can be accurately enzyme concentration. This relationship holds as the con-
quantified. Additionally, as amplitudes of substrate consump- centration of ferrochelatase is varied from 0.5 taM.

tion and product formation at 548 nm agree closely, thereis The burst in metalloporphyrin formation allows us to
little difference between the extinction coefficients of bound directly assess insertion of metal ion into the porphyrin ring.
and free product. The amplitude of the burst in product Progress curves can be described by a single-exponential
formation was calculated to correspond to 90% of the total phase followed by a linear steady state conversion of
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Ficure 4: Dependence dfous for the reaction of R115L human  Fgyre 6: Dependence dfoys for the reaction of E343D/R115L
ferrochelatase (0.5M) on deuteroporphyrin concentration at pH  yyman ferrochelatase (Qu4) on deuteroporphyrin concentration
8.1in 100 mM TRIS-HCI, 25@M Fe**, 1 mM -mercaptoethanol, 4t pH 8.1 in 100 mM TRIS-HCI, 35@M Fe2*, 1 mM f-mercap-

and 0.5% (v/v) Tween 20 at 3. The points are experimental,  tpethanol, and 0.5% (v/v) Tween 20 at 3CG. The points are
and the theoretical line is described by eq 3 and the following experimental, and the theoretical line is described by eq 3 and the

characteristic parametershe = 0.97 & 0.05 s, and K2* = following characteristic parameterse = 0.35+ 0.3 s'%, and
16.3+ 1.9uM. KX = 18.6+ 4.2 uM.
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Ficure 5: Dependence for the reaction of R115L human .
ferrochelatasg) (0.5M) or?t(l):bépr concentration at pH 8.1 in 100 ~ FIGURE 7: Dependence dfs for the reaction of E343D/R115L

mM TRIS-HCI, 50uM Dy, 1 mM f-mercaptoethanol, and 0.5% human ferrochelatase (Qu®1) on FE* concentration at pH 8.1 in

; ; 100 mM TRIS-HCI, 50uM Dx, 1 mM S-mercaptoethanol, and
(v/v) Tween 20 at 30°C. The points are experimental, and the » OV X b ; ’
theoretical line is described by eq 3 and the following characteristic 0-5% (v/v) Tween 20 at 30C. The points are experimental, and

. 1 Fe _ the theoretical line is described by eq 3 and the following
parameterskcre = 0.96+ 0.05 5%, andK,"= 79.1+ 11.2uM. characteristic parameter&ne = 0.30+ 0.03 52, andK 2= 97.6

substrate into product (eq 2). The observed rate con$tadt ( +15.7uM.

for metal ion insertion catalyzed by R115L ferrochelatase Scheme 1: Two-Step Binding of a Substrate (S) to an
exhibits a hyperbolic dependence on porphyrin concentration Enzyme (E)

with saturating ferrous iron (Figure 4). Similarly, when k. ki

porphyrin is at a saturating level, the observed rate constant

shows a hyperbolic dependence on the concentration of E+S ——— ES —<—— FP
ferrous iron (Figure 5). The R115L/E343D mutant also i x

exhibits similar hyperbolic concentration dependencies on 1 2
porphyrin (Figure 6) and ferrous iron concentrations (Figure

7). These behaviors are characteristic of a two-step mech—Where
anism with rapid substrate binding followed by a slower step, K. 4k
in this case metal ion chelation (Scheme 1). The relationship e e 74
between the observed rate constaky,s and substrate m Kig
concentration (eq 3) predicts a positive ordinal intercept if

the rate constant for on-enzyme dechelation is significant. DISCUSSION

This is not observed, so the on-enzyme metal ion chelation
can be treated as irreversible.

Even though extensive steady state analyses of both wild-
type and mutant ferrochelatases are availal)e rfo sys-

K, tematic transient kinetic analysis of the ferrochelatase-
Kobs = K +k., (3) catalyzed reaction has been carried out. We therefore
14_m investigated the pre-steady state kinetics of the ferrochelatase-

[S] catalyzed insertion of ferrous iron into a porphyrin macro-
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Scheme 2: Minimal Model for the Ferrochelatase Reaction

Fe
KS EFe /' DIX

kon
/ k’oﬁD&\\\ Kehel koqFeDIX
EFe...D|X —_— EFeD|X — E+ FeD]X
\\ k' Fe
\\ on K chel

ED + Fe
KSDIX IX off

cycle. A mutant ferrochelatase (R115L) with behavior similar needed to explain the observed kinetics. We therefore extend
to that of the wild type and a double mutant (E343D/R115L) our model to include an additional slow step after metal ion
with a substantially reduced, were studied. The observed insertion (Scheme 2). This step includes product dissociation
kinetic behavior of both ferrochelatases allowed us to and may also include a kinetically significant isomerization
conclude that chelation is not rate-determining in the steady of an enzyme-deuteroheme complex. This additional step
state and that an additional slow step is required for productis rate-determining in the steady state, and it is the main
release. The effect of the additional E343D mutation is contributor tok., (eq 4).
apparent at multiple stages in the reaction cycle, emphasizing
the benefits available from a transient kinetic analysis of kchekgﬁnx
mutant ferrochelatases. Keat = K+ K  KFeDx
A pre-steady state burst has recently been observed in the hel = —chel © Toff
murine ferrochelatase-catalyzed insertion of zinc into pro-
toporphyrin IX @7); the transient was used to make a detailed
study of binding of the inhibitoN-methyl protoporphyrin.

(4)

The rate constant for the on-enzyme dechelation reaction,
K_crel iIn Scheme 2, is negligible in the systems described

. . S here. We have included it in our model and our descriptions

Hoyveve_r, rate constants fOF insertion of metal ion into the of steady state parameters for the assessment of mutant
active site were not determined. ferrochelatases and alternative substrates, wkeyg = 0

The observed burst in formation of product demonstrates gnq analysis based on the obvious simplified forms of eqs 4
that metalloporphyrin formation is fast compared to the rate- ;4 5 would be misleading.

determining processes in the steady state. The amplitude of /5 es of K in Scheme 1 can be estimated from the
the burst phase, ca. 0.9[E], reveals that in the steady statgg|ationship between the substrate concentration and the
ferrochelatase exists as an enzymeoduct complex. This  pserved rate constant for metal ion insertion. These
provides the basis for an active site titration, allowing us to parameters relate to the quasi-equilibrium around the ES
calcqlatekcat and kca{Km. for ferrochelatasgii(o, 32). It is complex in Scheme 1 and in some cases (kex,< k)
possible that some site-directed mutations will have a 4 approximate ti, the disassociation constant for the
deleterious effect on enzyme stability, resulting in an gg complex. It is worth noting that our estimates<gfand
underestimation of steady state kinetic paramet&g; ( K, are significantly different. This arises from the significant
In the case of the steady state data presented in this papefgontribution that the EP species makektgbut not toK},
which benefit from knowledge of the active site concentra- (3),
tion, the estimated steady state parameters do not differ This minimal model for the ferrochelatase-catalyzed inser-
substantially from those described previously. This is most tion of iron into deuteroporphyrin (Scheme 2) is shown, for
probably a result of both the speed of the purification conyenience, with random binding of the two substrates. The
procedure and the stability of the purified material used for possibility of ordered binding, as seen with the bovine
steady state analysi$)( A recent study revealed that active  enzyme p), does not significantly affect our analysis. It has
site _mutatlons can stabilize a series _of mutant and W|Id-typ_e been suggested that in vivo both substrates are channeled to
murine ferrochelatases, although this effect may, at least iNferrochelatase20—24). Therefore, in vitro studies, carried

part, arise from binding to endogenous porphyB8)( out without the appropriate partner proteins, may not
This paper presents the first %etermlnatlonFof the steady accurately reflect the sequence of binding events occurring
state kinetic parametelga, kea/K ¥, andke/K;; for any in vivo. In any event, this work is concerned with the

ferrochelatase based on accurate knowledge of the activebehavior of metal ion and porphyrin in the active site of
enzyme concentration. This allows us to compare rate ferrochelatase.
constants for active site chemistigde) and for the overall In this model (Scheme 2), we propose that metal ion
reaction Kea; Without this information, it could be argued binding is fast. Previous structural models of metal ion
that the fact thakene is greater thate,was solely due to an  binding have described a multistage process in which metal
overestimation of the active enzyme concentration. binds initially in a remote site and then moves to the active
The substrate dependencekgis allows us to determine  site 34). This model is consistent with the data presented
k2 to be 0.96+ 0.05 st in the case of R115L ferrochelatase here provided that transport of iron to the active site has a
(Figures 4 and 5) and ca. 0.3'swith the E343D mutation  rate constant much greater than 0.96. s
(Figures 6 and 7). This is either the rate constant for metal Using our model, we can determine the significance of
ion chelation or that of a rapid isomerization concomitant the steady state parametéqs; and kea/Km. The turnover
with the chelation reaction. This rate constant is thus a lower number k.., contains contributions from both chelation and
limit for the metal ion chelation rate constant. As, in both product release (eq 4). Th&, values for both substrates
cases ke is much smaller thak,,, another slow step is  contain contributions from chelation and from product
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disassociation; for example, th&, for Dix with random

Hoggins et al.

significant steps on the enzyme. This approach allows us to

substrate binding and reversible metal ion chelation is equaldemonstrate that metal ion chelation, observed with a rate

t0 [KeneKoe™ + K P (Kchel + KEEP) VK, X (Kehet + K-chel

constant of 0.967%, is at least 10 times faster then the rate-

+ kEEP)]. These parameters cannot then be used asdetermining step in the steady statka(= 0.1 s).
indicators of substrate binding. This is particularly important Evaluation of structurefunction data for site-directed

for kinetic analysis of mutant enzymes whé&g values have

mutants therefore requires both steady state and pre-steady

frequently been used for this purpose. The apparent secondstate approaches. As an example, the E343D mutant, which
order rate constant for conversion of free substrate to productdisplays no alterations iK;, nevertheless shows substan-
kea!Km (€q 5), is more useful in this regard, as it reflects tial changes in pre-steady state kinetic behavior at multiple

productive substrate bindin@Z).

reaction steps with a 7-fold decreaseki; and a 3-fold

decrease ikcner This conservative mutation primarily affects

D F
&DIX — k'on 3 kchekof?DX
F ; D F
K kchel kofefDX + koff * (kfchel+ kogax)

(5)

m

events occurring after metal ion chelation.
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