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(57) ABSTRACT

Provided herein, is a means for development of ferrochelatase
variants with improved tolerance towards N-methyl protopor-
phyrin. Also disclosed are cell assay systems utilizing the
variants, as the variants would confer resistance to N-methyl
protoporphyrin inhibition and thereby keep heme synthesis
uninterrupted. The variants contain loop mutations that affect
the NMPP-ferrochelatase interaction, and different degrees
of NMPP tolerance are obtained with the introduction of loop
mutations in wild-type ferrochelatase. Also disclosed is
kinetic mechanism of inhibition of ferrochelatase by NMPP,
using the disclosed variants whose mutations in the “porphy-
rin-interacting loop” motif weakened the potency of NMPP
as an inhibitor.
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Figure 4
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MODULATION OF INHIBITION OF
FERROCHELATASE BY N-METHYL
PROTOPORPHYRIN

CROSS REFERENCE TO RELATED
APPLICATIONS

This application claims priority to currently pending U.S.
Provisional Patent Application 60/745,811, entitled “Modu-
lation of Inhibition of Ferrochelatase by N-Methyl Protopor-
phyrin” filed Apr. 27, 2006, the contents of which are herein
incorporated by reference.

STATEMENT OF FINANCIAL SUPPORT

This invention was made with support from the American
Cancer Society under Grant No. RSG-96-05106-TBE.

FIELD OF INVENTION

This invention relates to a means for development of fer-
rochelatase variants with improved tolerance towards N-me-
thyl protoporphyrin.

BACKGROUND OF THE INVENTION

Protoporhyrin IX ferrochelatase (protoheme ferrolyase,
E.C. 4.99.1.1; hereafter referred to as ferrochelatase), the
terminal enzyme of the heme biosynthetic pathway, catalyzes
the insertion of ferrous iron into protoporphyrin IX to yield
protoheme. Distortion of the porphyrin macrocycle has long
been recognized to be a critical step in porphyrin metallation.
Porphyrin distortion heightens metal chelation by endowing
porphyrin with an appropriate configuration for metal ion
complexation. In this configuration, the lone-pair orbitals of
the pyrrole nitrogens are exposed to the incoming metal ion.

Protoporhyrin IX ferrochelatase catalyzes the terminal step
of the heme biosynthetic pathway by inserting ferrous iron
into protoporphyrin IX. N-methyl protoporphyrin (NMPP), a
transition-state analog and potent inhibitor of ferrochelatase,
is commonly used to induce heme deficiency in mammalian
cell cultures.

SUMMARY OF INVENTION

To create ferrochelatase variants with different degrees of
tolerance towards NMPP and further understand the mecha-
nism of ferrochelatase inhibition by NMPP, the inventors
isolated variants with increased NMPP-resistance bearing
mutations in an active site loop (murine ferrochelatase resi-
dues 248-259), which was previously shown to mediate a
protein conformational change triggered by porphyrin bind-
ing. The kinetic mechanisms of inhibition of two variants, in
which P255 was replaced with either arginine (P255R) or
glycine (P255G), were investigated and compared to that of
wild-type ferrochelatase. While the binding affinity of the
P255 variants for NMPP decreased by one order of magnitude
in relation to that of wild-type enzyme, the inhibition constant
increased by approximately two orders of magnitude (K,%##
values of 1 uM and 2.3 pM for P255R and P255G, respec-
tively, vs. 3 nM for wild-type ferrochelatase). Nonetheless,
the drastically reduced inhibition of the variants by NMPP
was not paralleled with a decrease in substrate specificity
(k../K,775) and/or catalytic activity (k.,). Further,
although NMPP binding to either wild-type ferrochelatase or
P255R occurred via a similar, two-step kinetic mechanism,
the forward and reverse rate constants associated with the
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second and rate-limiting step were comparable for the two
enzymes. Collectively, these results show that P255 has a
crucial role in maintaining an appropriate protein conforma-
tion and modulating the selectivity and/or regiospecificity of
ferrochelatase.

N-methyl protoporphyrin (NMPP), a potent inhibitor of
ferrochelatase [K,~10 nM], resembles a strained substrate,
and it is precisely this non-planarity of the porphyrin ring that
has been generally accepted to confer the inhibitory proper-
ties of the alkylated porphyrin. Here, the inventors show that
loop mutations affect the NMPP-ferrochelatase interaction,
and different degrees of NMPP tolerance can be obtained
with the introduction of loop mutations in ferrochelatase.
Towards understanding the molecular basis for the effective-
ness of NMPP as an inhibitor of ferrochelatase, here, the
inventors show the kinetic mechanism of inhibition of ferro-
chelatase by NMPP, by focusing on variants whose mutations
in the “porphyrin-interacting loop” motif weakened the
potency of NMPP as an inhibitor.

An out-of-plane distortion occurs upon porphyrin binding
to ferrochelatase and this induced distortion is energetically
favorable. Further, the tilting of one of the pyrroles lowers the
energy of metal insertion by about 50 kJ mol~!. In particular,
the crystal structure of the complex between ferrochelatase
and N-methyl mesoporphyrin reveals a largely saddled-
ruffled structure, with a tilt angle in relation to the mean
porphyrin plane of approximately 36° for pyrrole ring A and
approximately 5° for the other three pyrrole rings. While most
of the distortion certainly results from the N-methyl substi-
tution, the high selectivity and affinity of ferrochelatase for
this porphyrin conformation suggest that it is the favored
distorted structure adopted by the protein-bound porphyrin
substrate and corroborates the notion that N-methyl porphy-
rins are transition state analogues for porphyrin metallation.
In fact, antibodies elicited to non-planar N-methyl porphyrins
catalyze metal ion incorporation into porphyrin. Signifi-
cantly, the mode and extent of the ferrochelatase-induced
distortion of the porphyrin substrate were recently proposed
to enhance the reaction rate by decreasing the activation
energy of the reaction and control the metal ion selectivity by
modulating which divalent metal ion is incorporated into the
porphyrin ring.

The importance of a conserved, active site loop motif (FIG.
1) in the interaction between ferrochelatase and protoporphy-
rin has been assessed using a combination of random
mutagenesis and steady-state kinetic analysis. While multiple
functional substitutions were tolerated within the 10 amino
acid-loop motif, the positions occupied by Q248, S249,
(G252, W256 and 1.257 exhibited high informational content,
as permissible substitutions were limited and only observed
in multiply substituted variants. Strikingly, resonance Raman
spectroscopy studies indicated that the degree of a specific
non-planar porphyrin deformation contributed to the catalytic
efficiency of ferrochelatase and loop variants. When com-
pared to the wild-type enzyme, the reduced non-planar por-
phyrin deformation (saddling) associated with the variants
correlated with their decreased catalytic efficiencies towards
porphyrin. Indeed, one variant with a catalytic efficiency one
order of magnitude lower than that of wild-type enzyme
produced less than 30% of the wild-type saddling deforma-
tion. The loop residues also appeared to orient, specifically,
the porphyrin vinyl substituents and likely the entire porphy-
rin macrocycle.

Ferrochelatase, the terminal enzyme of the heme biosyn-
thetic pathway is strongly inhibited by N-methylprotopor-
phyrin. The disclosed invention provides a means for devel-
opment of ferrochelatase variants with improved tolerance
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towards N-methylprotoporphyrin, which could be potentially
used in cell assay systems to study physiological responses to
heme deficiency.

This invention provides a means for development of ferro-
chelatase variants with improved tolerance towards N-methyl
protoporphyrin. Specific applications include their use in cell
assay systems, as the variants would confer resistance to
N-methyl protoporphyrin inhibition and thereby keep heme
synthesis uninterrupted.

The invention provides a means whereby ferrochelatase
variants with improved tolerance towards N-methyl protopor-
phyrin can be potentially used in cell assay systems to study
physiological responses to heme deficiency. It should be pos-
sible to determine whether the commonly observed N-methyl
protoporphyrin-induced cytotoxicity could be alleviated by
expressing constitutively P255 variants (e.g., P255R and
P255G@); these variants would confer resistance to N-methyl
protoporphyrin inhibition and thereby keep heme synthesis
uninterrupted.

This invention provides a means for development of ferro-
chelatase variants with improved tolerance towards N-methyl
protoporphyrin. Specific applications include their use in cell
assay systems, as the variants would confer resistance to
N-methyl protoporphyrin inhibition and thereby keep heme
synthesis uninterrupted.

The invention provides a tool entailing ferrochelatase vari-
ants with increased tolerance towards N-methyl protoporphy-
rin. These variants would permit investigators to work with
cell assay systems bypassing the toxicity introduced with
N-methyl protoporphyrin and heme biosynthesis inhibition.

Research and clinical laboratories working with cell cul-
tures require inhibition of heme synthesis without subsequent
cell toxicity. Heme deficiency has been recently reported to
be associated with various disorders, such as Alzheimer’s
disease, frataxin-deficiency mediated diseases and oxidative
damage resulted from hyperoxia. In these studies, N-methyl
protoporphyrin treatment of cultured cells has provided a
convenient model system to induce heme deficiency. Typi-
cally, N-methyl protoporphyrin-treated cells exhibit impaired
enzymatic activity and assembly of the mitochondrial elec-
tron transport complex IV, i.e., cytochrome ¢ oxidase (COX).
COX has been proposed to have a cytoprotective role by
removing reactive oxygen species and its deficiency renders
cells more susceptible to oxidative stress. Thus, the P255-
directed ferrochelatase variants with improved tolerance
towards NMPP have utility in cell assay systems to study
physiological responses to heme deficiency.

BRIEF DESCRIPTION OF THE DRAWINGS

For a fuller understanding of the invention, reference
should be made to the following detailed description, taken in
connection with the accompanying drawings, in which:

FIG. 1 shows the Porphyrin-interacting loop motif in fer-
rochelatase. A. Amino acid sequence alignment of porphyrin-
interacting loop motif residues; Mus musculs, SEQIDNO. 1;
Homo sapiens, SEQ ID NO: 2; Gallus gallus, SEQ ID NO: 3;
Drosophila melanogaster, SEQ 1D NO:4; Arabidopsis
thaliana, SEQ ID NO: 5; Hordeum vulgare, SEQ 1D NO: 6;
Saccharomyces cerevisiae, SEQ 1D NO: 7; Schizosaccharo-
myces pombe, SEQ ID NO 8;Escherichia coli, SEQ ID NO:
9; Yersinia enterocilitica, SEQ 1D NO: 10; Thermus thermo-
philus, SEQ ID NO: 11; and Bacillus subtilis, SEQ 1D NO:
12.P255 in murine ferrochelatase, which was analyzed in this
study, and its homologs, are boxed. B. B. subtilis ferroche-
latase active site in a complex with N-methyl mesoporphyrin
(Protein data base code 1C1H). P229 and W230 (the
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homologs of P255 and W256 in murine ferrochelatase) are
shown in ball-and-stick form. W230 is shown in close prox-
imity to ring C of N-methyl mesoporphyrin (Lecerof et al.
2000; Shi et al. 2006). The figure is labeled as follows: gray
tube, porphyrin-interacting loop motif (Q221-1.231 and
Q248-1.257, B. subtilis and murine ferrochelatase number-
ing, respectively); dark gray ball-and-sticks, N-methyl meso-
porphyrin; medium gray ball-and-sticks, P229; gray ball-
and-sticks, W230. Coordinates of the crystal structure were
obtained from the Protein Data Bank (Research Collabora-
tory for Structural Bioinformatics) and displayed using Swis-
sPDB viewer v3.7 software (Swiss Institute of Bioinformat-
ics, Lausanne, Switzerland).

FIG. 2 shows the intrinsic fluorescence of ferrochelatase.
A.Fluorescence excitation and emission spectra of wild-type,
murine ferrochelatase are shown for 0.9 uM enzyme in 10
mM Tris-acetate containing 0.05% Tween-80. The emission
spectrum exhibits a maximum at 331 nm (A, =283 nm), while
the excitation spectrum displays a maximum at 283 nm
(M.,,=331 nm). B. The intrinsic protein fluorescence is pro-
portional to enzyme concentration. Fluorescence of wild-
type, murine ferrochelatase was measured at 331 nm
(Ax=283 nm).

FIG. 3 shows the fluorescence titration of NMPP binding to
either wild-type ferrochelatase or P255 variants. Aliquots of
NMPP were added to a solution of enzyme in 10 mM Tris-
acetate, pH 8 containing 0.05% Tween-80 and incubated on
ice for 1 hr. The intrinsic protein fluorescence was monitored
at331 nm (A,,=283 nm). The K, value for NMPP was deter-
mined by fitting the data to Equation 3. The enzymes used in
each set were: A. wild-type ferrochelatase (40 nM); B. P255R
(250 nM); C. P255G (120 nM).

FIG. 4 shows transient kinetic analysis of the ferroche-
latase-catalyzed reaction. Purified variant P255R (2 uM) was
pre-incubated with protoporphyrin (10 uM) in 100 mM Tris-
acetate, pH 8 containing 0.5% Tween-80. The solution was
mixed with zinc-acetate (15 pM) to initiate the enzymatic
reaction. A. Selected pre-steady state spectra from the 3000
spectra collected during the reaction. Spectra were collected
at 96 ms, 144 ms, 192 ms, 240 ms and 288 ms since the
inception ofthe reaction. B. Time course of the reaction at 420
nm, which records zinc-protoporphyrin formation. The col-
lected data (open circles) were fitted to Equation 4 to obtain
the rate constant k.

FIG. 5 shows the concentration dependence of the rate
constants of NMPP binding to either ferrochelatase or P255
variants. Enzyme (0.5 uM) was reacted with protoporphyrin
(5 uM) and zinc-acetate (15 uM) in the presence of various
concentrations of NMPP. The pseudo first-order rate constant
kwas obtained from analysis of the time course (see Materials
and Methods and FIG. 4) and plotted against NMPP concen-
tration. The enzymes used in each set were: A. wild-type
ferrochelatase; B. variant P255R; C. variant P255G.

DETAILED DESCRIPTION OF THE PREFERRED
EMBODIMENT

In the following detailed description of the preferred
embodiments, reference is made to the accompanying draw-
ings, which form a part hereof, and within which are shown
by way of illustration specific embodiments by which the
invention may be practiced. It is to be understood that other
embodiments may be utilized and structural changes may be
made without departing from the scope of the invention.

NMPP has long been known to be a potent inhibitor of
mammalian ferrochelatase, which competes with the porphy-
rin substrate for binding to the enzyme. Since alkylation of a
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pyrrole nitrogen introduces non-planarity into the porphyrin
macrocycle, the inhibitory properties of NMPP are thought to
arise from its structural resemblance to the distorted porphy-
rin intermediate in the ferrochelatase-catalyzed reaction. In
addition, the analysis of the X-ray crystal structural of B.
subtilis ferrochelatase complexed with N-methyl mesopor-
phyrin indicated that the active site loop residues are in close
proximity to the porphyrin macrocycle. This observation led
us to hypothesize that different mutations in the loop motif
should modulate binding of N-alkylated porphyrins and con-
sequently control their potency as inhibitors of ferroche-
latase. In order to test this hypothesis, selected loop variants
were examined with respect to the kinetics of inhibition by
NMPP. Also, ferrochelatase variants with different degrees of
tolerance towards NMPP could be instrumental in cell culture
systems designed to model heme deficiency, as the use of
NMPP to inhibit ferrochelatase and heme biosynthesis is
generally accompanied with cellular toxicity.

Isolation of Ferrochelatase Loop Variants with Increased
Resistance to NMPP.

To isolate Escherichia coli Avis transformants harboring
loop variants more tolerant to NMPP than wild-type ferro-
chelatase, 33 variants isolated from a library of 214 func-
tional, ferrochelatase clones were plated on LB-ampicilin
medium containing 0.2 M, 2 uM or 20 uM NMPP. E. coli
Avis cells can only grow when hemin is added to the medium
or when the cells are transformed with an active ferroche-
latase expression plasmid. Transformants harboring a subset
of the functional loop variants including K250N, V251L,
P255R, P255G, K250M/V251L/W256Y and Q248P/S249G/
250P/G252W were grown onto LB-ampicilin plates with
increasing concentrations of NMPP. While Avis cells
expressing variants P255R and P255G could form colonies
onto medium containing more than 20 pM NMPP, Avis cells
transformed with either wild-type ferrochelatase or the other
variants could not. Based on this observation, the P255 vari-
ants were selected for further characterization.

Equilibrium Binding of NMPP to Ferrochelatase.

Tryptophan is a major contributor to intrinsic protein fluo-
rescence, and thus quenching of tryptophan fluorescence is
frequently used for detection of changes in the local environ-
ment of the fluorophore upon ligand binding. In wild-type,
murine, mature ferrochelatase, five tryptophan residues (two
of them being in the active site) contributed to the intrinsic
protein fluorescence, which exhibited an excitation maxi-
mum at ~280 nm (A,,,=331 nm) and an emission maximum at
~330 nm (A, =283 nm) (FIG. 2A). Intrinsic wild-type fluo-
rescence, as monitored at 331 nm upon an excitation at 283
nm, was linearly dependent on protein concentration (FIG.
2B). Although the P255 variants exhibited decreased fluores-
cence intensities, the same linear dependence between intrin-
sic protein fluorescence and protein concentration was
observed (data not shown). The decrease in intrinsic fluores-
cence intensity suggests that the mutations induced changes
in protein conformation, which agrees with a previous pro-
posal based on the analysis of structural models for the wild-
type enzyme and variants.

The equilibrium constant for NMPP binding to ferroche-
latase could be determined from the change in intrinsic pro-
tein fluorescence upon ligand addition. Because incubation of
ferrochelatase with NMPP resulted in reduction of intrinsic
protein fluorescence, the dissociation constant of NMPP for
either ferrochelatase or the P255 variants was estimated by
titration of the enzyme with NMPP and quantification of the
quenching effect. While the value for the dissociation con-
stant (K ;) of NMPP to wild-type ferrochelatase was 9+5 nM,
values for the variants increased by one order of magnitude
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with a K, 0f 0.16+£0.07 uM for P255R and K, of 0.30+0.10
uM for P255G (FIG. 3). In fact, the order of magnitude of the
affinity of wild-type ferrochelatase towards NMPP corrobo-
rates the results of previous studies on inhibition of bovine
ferrochelatase by NMPP. However, the stability of the ferro-
chelatase-NMPP complex was clearly diminished by the sub-
stitutions of loop residue P255. The lower affinity of the
mutated enzymes for NMPP could have resulted from altered
positioning of NMPP in the porphyrin-binding site and, con-
sequently, a weakened interaction between ligand and pro-
tein. Binding of N-methyl mesoporphyrin to B. subtilis fer-
rochelatase promotes a conformational change with widening
of the binding cleft. A loop covering residues 221-233 (i.e.,
murine residues 248-259) and the N-terminal loop flanked by
helices 1 and 2 appear to be the major participants in the
adopted “open” conformation; thus mutations introduced in
the P255 position most likely disrupt the interaction between
NMPP and the protein. Alternatively, the loop might have a
role in molecular recognition. Of the eight possible isomers of
NMPP with different non-planar distortions of the macro-
cycle, only one specific isomer was complexed with wild-
type B. subtilis ferrochelatase. The methyl group of the
selected isomer was attached to the pyrrole ring A and posi-
tioned above the mean plane of the macrocycle. Since the
present study was performed with commercially available
NMPP, which is a racemic mixture of the eight isomers, the
possibility that mutation of P255 alters the geometry of the
binding site and the selectivity of the enzyme towards the
NMPP isomer cannot presently be ruled out.

Kinetics of NMPP Inhibition.

For some enzymes, such as thrombin and pyruvate dehy-
drogenase, a two-step binding mechanism has been invoked
to characterize the enzymatic inhibition by certain substrate
analogs. The high affinity of the enzyme towards the inhibitor
has been related to the slow, second kinetic step correspond-
ing to the rearrangement of the initial, weak enzyme-inhibitor
complex into a more stable enzyme-inhibitor complex. To
evaluate the kinetic pathway for inhibition of ferrochelatase
and variants by NMPP, the kinetic steps involved in NMPP
binding to the enzymes were investigated by monitoring the
enzymatic reaction with Zn>* and protoporphyrin as sub-
strates using rapid, scanning stopped-flow absorbance spec-
troscopy. FIG. 4A illustrates representative spectra from the
3,000 spectra (350-450 nm) collected for the P255R-cata-
lyzed reaction in the absence of NMPP. The clear isosbestic
point (at 412 nm) indicated inter-conversion between the two
absorbing species, protoporphyrin and zinc-protoprophyrin
(FIG. 4A), and thus the progress of the reaction could be
monitored by following the formation of zinc-protoprophy-
rin. The time course for the first three seconds of the reaction
records a pre-steady state burst of zinc-protoporphyrin pro-
duction, followed by steady-state turnover (FIG. 4B). The
presence of a burst of zinc-protoporphyrin formation implies
that a step occurring after catalysis, which the inventors
assign to product release, is at least partially rate-limiting.

In order to obtain the pseudo first-order rate constants for
NMPP binding, the kinetic traces for zinc-protoporphyrin
formation in the presence of various concentrations of inhibi-
tor were fitted to equation 3. The hyperbolic nature of the
pseudo-first order rate constant dependence on the inhibitor
concentration suggests that NMPP binds to wild-type ferro-
chelatase (FIG. 5A) and P255R variant (FIG. 5B) via a two-
step pathway with a kinetically significant intermediate
(Scheme 1). The first step is assumed to involve the formation
of an initial complex ([FCsNMPP],), which subsequently is
rearranged into a more stable complex ([FC*NMPP],). Hence
the second step of the kinetic pathway is likely to be associ-
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ated with a slow conformational change of the inhibitor-
protein complex. The data were fit to equation 1 for a two step
process:

kaly (Eq. 1)

k:k,2+7s0
10+K;(1+—]
K,

m

where k is the pseudo first-order rate constant for the
approach to the steady-state phase, I, is the inhibitor concen-
tration, S, is the initial substrate concentration,

is the apparent inhibition constant, K, *??, and k, and k_, are
the second step forward and reverse rate constants, respec-
tively. The best fit of the points for the reaction with the
wild-type enzyme (FIG. 5A) gave values of k,=6.4 57!,
k_,=24.5 57" and K,#P=3 nM, while the fitting of the data for
the reaction with the P255R variant returned values ofk,=8.3
s71, k_,=19.3 s7* and K,%#=1 uM. A two kinetic step process
for binding of NMPP to either wild-type ferrochelatase or
P255R (i.e., a fast, initial step for NMPP binding to the
enzyme, followed by a slow step, possibly related to a con-
formational rearrangement of the protein-inhibitor complex)
is consistent with the porphyrin-triggered conformational
change of the active-site pocket deduced from the analysis of
the crystal structure of B. subtilis ferrochelatase with bound
N-methyl mesoporphyrin in comparison with that of the unli-
ganded protein. Although the loop residues (248-259, murine
numbering vis. 221-233 yeast numbering) are involved in the
porphyrin-induced, wild-type protein conformational
change, the values for the forward and reverse rate constants
of the second step (k, and k_,), which is rate-limiting in the
2-step binding pathway, were comparable between the P255R
and wild-type enzymes. Therefore the diminished inhibition
of variant P255R by NMPP (K,%?=1 uM vs. K,*?=3 nM for
wild-type ferrochelatase) cannot be accounted for by differ-
ences in these rates.

In contrast to wild-type ferrochelatase and the P255R vari-
ant, the linear dependence of the pseudo-first order rate con-
stant for NMPP binding to P255G on the inhibitor concentra-
tion (FIG. 5C) suggests that NMPP binds to the P255G
variant via a single one-step process (Scheme 2). The pseudo-
first order rate constant dependence on NMPP concentration
was best described by equation 2:

(Eq. 2)

where

and k_, are the forward and reverse rate constants, respec-
tively. By fitting the data displayed in FIG. 5C to equation 2,
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the forward and reverse rate constants were determined to be
8.2 uM™'s" and 18.7 s™*, respectively, while resolution of

e
wU'K,

yielded a value for K, of 2.3 uM. Although NMPP binding
to P255G occurred via a one-step reaction, the values for the
rate constants associated with this step (k;, and k_,) were
similar to those determined for the rate-limiting step of the
kinetic pathway for inhibition of ferrochelatase and P255R by
NMPP. This suggests that the rate of NMPP binding was
unlikely to contribute to its lessened inhibitory effect on
P255G.

While the binding affinity of the P255 variants for NMPP
was one order of magnitude lower than that of the wild-type
protein (K, values of 0.16 u8 M and 0.30 uM vs. 9 nM), the
inhibition constant increased by approximately two orders of
magnitude (K,*? values of 1 uM and 2.3 uM vs. 3 nM). These
results suggest the P255 residue is involved in conferring
specificity towards the recognition of N-alkylated porphy-
rins. Indeed, the loop residues were previously proposed to
function in specifically orienting the porphyrin vinyl substitu-
ents and probably the entire porphyrin macrocycle.

Analysis of resonance Raman spectra revealed an enhance-
ment of the vinyl stretching band v,_, of Ni-protoporphy-
rin upon binding to either ferrochelatase or loop variants.
Additionally, changes in the vinyl-related lines of hemin
bound to the P255R and P255G variants were also observed
when compared to those of wild-type ferrochelatase-bound
hemin. In particular, a downshift of the core-size marker v,
for hemin bound to P255R and P255G indicated that the
porphyrin ring was even more expanded than when hemin
was bound to wild-type ferrochelatase. These results again
implicate a mechanism of recognition and interaction
between the loop residues, including P255, and the porphyrin
ring.

Size Measurement of the Active Site Pocket.

In order to compare the size of the active site in the P255
variants with that of wild-type ferrochelatase, the volume and
Connolly’s surface area of the porphyrin-binding pocket in
the structural models were estimated using the program
CAST. The active site of wild-type ferrochelatase was found
to occupy a surface area of 2138 A% and a volume of 3015 A®,
while variant P255R had a smaller surface area of 1340 A?
and a reduced volume of 1932 A?, and variant P255G had a
surface area of only 1048 A2 and a volume of 1604 A3, Thus,
the binding pocket size was significantly reduced as aresult of
the P255 mutations. Variant P255R retained ~70% of the
volume and surface area relative to the wild-type protein,
whereas P255G only kept ~50% of the size of the wild-type
porphyrin-binding pocket. Previous structural modeling of
variants with mutated loop residues suggested that loop muta-
tions affect the active site architecture (Shi and Ferreira
2004). Based on the measurements of the porphyrin-binding
pocket and previous structural modeling of loop variants,
P255 residue appears to have a crucial role in supporting an
open conformation of the active site in wild-type ferroche-
latase. In contrast, the P255 variants are possibly impaired to
widen the active-site cleft, leading to a restricted NMPP entry
and decreased binding affinity. This possibility is consistent
with the function of proline as a conformational switch, as
demonstrated in a variety of proteins such as interleukin-2
tyrosine kinase and Hsp70 chaperones. On the other hand, the
regiospecificity of porphyrin binding is critical to ferroche-
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latase function and any variation of the steric characteristics
of'the active site of the enzyme will most certainly affect the
binding affinity for NMPP. In 1981, Ortiz de Montellano et al.
demonstrated that the potency of N-alkyl protoporphyrin
structures as to inhibit ferrochelatase depends on the specific
location of the N-alkyl group on the porphyrin ring. Isomers
with the N-alkyl group on pyrrole rings A or B were signifi-
cantly much stronger (i.e., 30-100 times) than those with the
N-alkyl group on pyrrole rings C or D. In fact, the authors
reported that “the identity of the nitrogen alkylated in the
protoporphyrin IX is a major determinant of the inhibitory
activity”. How stereoselective inhibition of ferrochelatase by
N-alkylated porphyrin is achieved was further investigated to
prove that, within the ring A-substituted (N,) and the ring
B-substituted (N ;) regioisomers and enantiomers of N-ethyl-
protoporphyrin, the N, regioisomer and the epi-N isomer
were the more potent inhibitors of ferrochelatase. Therefore,
the greater inhibitory activity of these two isomers probably
reflected their macrocycle non-planar distortions being more
on a par with that undergone by the porphyrin substrate dur-
ing ferrochelatase-catalyzed porphyrin metallation. In other
words, the N , and the epi-N isomers were stronger inhibitors
because they were more effective as transition state analogues
of the ferrochelatase-catalyzed reaction. Clearly the
regiospecificity of ferrochelatase for N-alkylated porphyrins,
including NMPP, mirrors defined interactions between por-
phyrin and protein. Mutation of P255 in murine ferroche-
latase could have disrupted this interaction and/or altered the
stereospecificity of the enzyme towards NMPP.

Despite the marked differences with respect to NMPP
binding, the variants exhibited steady-state kinetic properties
similar to those of the wild-type enzyme. While wild-type
ferrochelatase had ak_, of 4.1+0.3 min~!, the catalytic activ-
ity was slightly increased in the variants, with values ofk_,, of
7.8+0.8 min~! for P255R and 5.9+1.4 min~* for P255G. The
K, 77 value for the wild-type enzyme was 1.4x0.2 uM, and
it was slightly greater in the variants, with values 0f2.65+0.44
uM for P255R and 2.51+0.80 uM for P255G. Thus, the speci-
ficity constant for protoporphyrin, i.e., k. /K 77, was 2.92
min~'uM™! for wild-type ferrochelatase, 2.94 min~'uM" for
P255R and 2.35 min~'uM~" for P255G. These results imply
that specificity towards the physiological protoporphyrin IX
substrate is distinct from the observed selectivity towards
NMPP. One possible explanation for these findings is that the
mechanism of interaction between the enzyme and the pro-
toporphyrin substrate differs from that for inhibitor binding.
It is conceivable that the active site of ferrochelatase is opti-
mized for interaction with the protoporphyrin substrate and
retains a certain degree of plasticity towards this end. Possi-
bly, this facilitates the induction of porphyrin deformation in
the protein matrix, and in so doing, ensures the catalytic
reaction to proceed. In contrast, the constraints of the active
site towards NMPP are presumably more stringent than
towards the protoporphyrin substrate and any alterations of
the active site affect the selectivity towards NMPP. Another
possible explanation, and not necessarily mutually exclusive
from the former, is that mutations introduced in the active site
(e.g., at the P255 position) cause an alteration of the
regiospecificity of ferrochelatase, such that the mutated
active site can accommodate either a regioisomer or a com-
bination of regioisomers of NMPP different from those of the
wild-type active site. It is worth noting that 1) the commer-
cially available NMPP used in this study consists of a racemic
mixture of the eight potential isomers and 2) only one NMPP
isomer was identified in the crystal structure of the B. subtillis
ferrochelatase. The final answer to the question of whether
P255R and P255G exhibit different stereospecificity and bind
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a different NMPP stereoisomer awaits the determination of
the crystal structures of the complexes between NMPP and
P255R (or P255@G).

Finally, heme deficiency has been recently reported to be
associated with various disorders, such as Alzheimer’s dis-
ease, frataxin-deficiency mediated diseases and oxidative
damage resulted from hyperoxia. In these studies, NMPP
treatment of cultured cells has provided a convenient model
system to induce heme deficiency. Typically, NMPP-treated
cells exhibit impaired enzymatic activity and assembly of the
mitochondrial electron transport complex IV, ie., cyto-
chrome ¢ oxidase (COX). COX has been proposed to have a
cytoprotective role by removing reactive oxygen species and
its deficiency renders cells more susceptible to oxidative
stress. Thus, the ferrochelatase variants with improved toler-
ance towards NMPP can be used in cell assay systems to study
physiological responses to heme deficiency. It will be pos-
sible to determine whether the observed NMPP-induced
cytotoxicity could be alleviated by expressing constitutively
either of the P255 variants; these variants would confer resis-
tance to NMPP inhibition and thereby keep heme synthesis
uninterrupted.

Scheme 1

Two-step Kinetic Pathway for Inhibition of Ferrochelatase
or P255R by NMPP

ki k>

FC + NMPP [FCNMPP], [FC-NMPP],

Scheme 2
One-step Kinetic Pathway for Inhibition of P255G by
NMPP

ki

FC + NMPP [FC-NMPP]

EXAMPLE

Reagents. Trisamino-methane carbonate (Trizma base),
polyethylene glycol sorbitan monooleate (Tween-80), poly-
ethylene glycol sorbitan monolaurate (Tween-20) and zinc
acetate were obtained from Sigma Chemicals. TALON metal
affinity resins were purchased from BD Biosciences. E. cofi
strain Avis was a kind gift of Dr. H. Inokuchi at Kyoto Uni-
versity (Nakahigashi et al. 1991).

Genetic Selection in E. coli. E. coli Avis cells harboring
plasmids encoding active, ferrochelatase variants isolated
from a random sequence library of the loop motif were grown
16-18 hat 37° C. in LB agar medium containing 50 pg/ml of
ampicillin and varying concentrations of NMPP. For the
preparation of the NMPP-containing [B-ampicilin agar
plates, a 2 mM stock solution of NMPP was made by dissolv-
ing NMPP in 20 mM NH,OH containing 2% Tween-20. The
solution was filter-sterilized and kept at 4° C. The stock
solution was diluted 100-, 1000- and 10000-fold to prepare
LB-ampicilin plates containing 20 uM, 2 uM and 0.2 uM
NMPP. Avis cells transformed with wild-type ferrochelatase
and functional variants were grown in LB medium containing
50 pg/mL ampicilin and 0.4% (w/v) glucose at 37° C., over-
night, with shaking at 220 RPM. Each of the overnight cul-
tures was diluted 20-fold into fresh medium and grown at 37°
C. for ~1 hr until ODg,, reached ~0.4-0.5. Subsequently,
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these cultures were diluted with LB medium by 10° and 100
ul aliquots of the diluted stock were spread on LB-ampicilin
agar plates and [.B-ampicilin agar plates containing NMPP at
0.2 uM, 2 uM and 20 pM, respectively. The plates were
incubated at 37° C. for 16 hr, and the colonies on each plate
were counted. Thus, NMPP-resistant clones or clones more
tolerant to NMPP than wild-type ferrochelatase could be
selected.

Protein Purification. Wild-type, murine ferrochelatase and
variants were over-expressed, under the control of the E. coli
alkaline phosphatase promoter phoA, in BL21(DE3) cells.
The purification of the recombinant proteins bearing a N-ter-
minal penta-histidine tag, assessment of the purity by sodium
dodecyl sulfate-polyacrylamide gel electrophoresis and
determination of protein concentration and enzymatic activ-
ity were as described previously (Shi and Ferreira 2004).

Fluorescence Titration Measurements. Equilibrium fluo-
rescence measurements were made using a Shimadzu
RF-5301PC fluorimeter at 23° C. with excitation and emis-
sion wavelengths at 283 nm and 331 nm, respectively. The
decrease in protein fluorescence, due to NMPP binding, was
monitored. Purified wild-type ferrochelatase or variants,
P255R and P255G, were diluted into 3 mL of 10 mM Tris-
acetate, pH 8, containing 0.05% Tween-80, and a stock solu-
tion of NMPP at 200 uM was made by dissolving NMPP in
100 mM NH,OH containing 0.5% Tween-80. In a typical
titration experiment, aliquots of the NMPP stock were added
to the protein solution and, upon incubation on ice for 1 h, the
quenching in fluorescence was monitored as described above.
The concentration of the protein was maintained low in rela-
tion to the K, value in order to guarantee an accurate deter-
mination of the dissociation constant. The observed fluores-
cence intensity was plotted against NMPP concentration and
the dissociation constant of NMPP for ferrochelatase was
determined using the least-squares fit of each data set to
equation 3 by nonlinear regression:

(Eq. 3)

AF| (E,+L+Kd)—\/(E,+L+Kd)2—4E,L]

2F,

F=Fy-

where K, is the dissociation constant, F is the measured
fluorescence, F,, is the fluorescence in the absence of NMPP,
AF is the total change in fluorescence, E, is total protein
concentration, and L is the total NMPP concentration.

Transient Kinetic Analysis. The kinetic steps involved in
NMPP binding to ferrochelatase were assessed using
stopped-flow absorption spectroscopic analysis by monitor-
ing the enzymatic reaction in the presence of various concen-
trations of the inhibitor NMPP. The reactions were performed
using a rapid scanning stopped-flow spectrophotometer
(model RSM-1000; OLIS Inc.), equipped with a stopped-
flow mixer and an observation chamber with an optical path-
length of 4 mm. The dead time of the instrument is ~2 ms.
Scan spectra spanning the wavelength range 0347 to 574 nm
were collected at a rate of 1000 scan/sec. The syringes con-
taining the reaction components and the stopped-flow cell
were maintained at 30° C. using an external water-bath. The
concentrations of reagents loaded into each syringe were
two-fold greater than the final concentrations in the observa-
tion chamber. Enzymatic activity was monitored by follow-
ing the increase in absorbance at 420 nm for zinc-protopor-
phyrin production using Zn** and protoporphyrin as
substrates.

The enzyme and substrate stock solutions were diluted in
100 mM Tris-acetate, pH 8.0, containing 0.5% Tween-80.
The stock solutions for substrates and inhibitor were prepared
as follows: A 3 mM zinc-acetate solution was made by dis-
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solving zinc-acetate in distilled and deionized H,O. A 200
UM protoporphyrin solution was prepared by dissolving pro-
toporphyrin 1x in 50 mM NH,OH containing 0.5% Tween-
80. A 2 mM NMPP solution was prepared by dissolving
NMPP in 100 mM NH,OH containing 0.5% Tween-80. Typi-
cally, a 2 mL solution that was 1 uM in ferrochelatase and 10
UM in protoporphyrin was pre-incubated on ice for 30 min.
The porphyrin-enzyme solution was titrated with NMPP. The
mixture was subsequently transferred to one of the stopped-
flow syringes. The other stopped-flow syringe was loaded
with a reaction buffer solution of ~2 ml. that was 30 uM in
zinc-acetate. The enzymatic reaction was initiated by mixing
the contents from both syringes and reaction progression was
monitored by following the increase in absorbance at 420 nm.
The data were analyzed by fitting the observed absorbance
values to equation 4:

A= Ag+vitt 215 (1 iy Eq. 4)

where A is the observed absorbance, A, is the initial absor-
bance, v, is the steady-state velocity, v, is the initial velocity
and k is the pseudo-first order rate constant for inhibitor
binding. Equation 4 describes the progress of enzymatic reac-
tions in the presence of tight-binding competitive inhibitors.

Measurement of Ligand Binding Pocket Size. Structural
models for wild-type, murine ferrochelatase and variants
P255R and P255G were generated using the amino acid
sequence and coordinates for human ferrochelatase (Protein
Data Bank accession code 1 hrk) as the template. Sequence
alignments, molecular modeling, energy minimization and
model analysis using PROCHECK were performed on the
Geno3D servers at the Institute of Biology and Chemistry of
Proteins (IBCP) in France (Combet et al. 2002). Dimensions
of the porphyrin binding pocket in the monomeric models of
wild-type ferrochelatase and variants were calculated on the
CASTp server (Liang et al. 1998). Values for the area and
volume of Connolly’s surface of the active site cavity were
determined using the CAST program.

While the invention has been described and exemplified in
sufficient detail for those skilled in this art to make and use it,
various alternatives, modifications, and improvements should
be apparent without departing from the spirit and scope of the
invention. The present invention is well adapted to carry out
the objects and obtain the ends and advantages mentioned, as
well as those inherent therein. The examples provided here
are representative of preferred embodiments, are exemplary,
and are not intended as limitations on the scope of the inven-
tion. Modifications therein and other uses will occur to those
skilled in the art. These modifications are encompassed
within the spirit of the invention and are defined by the scope
of the claims.

SEQUENCE LISTING

<110> University of South Florida

<120> Modulation of Inhibition of Ferrochelatase by N
Methyl Protoporphyrin

<130> 1372.423.PRC

<160>12

<170> PatentIn version 3.5

<210>1

<211>10

<212>PRT

<213> Mus musculus

<400> 1

Gln Ser Lys Val Gly Pro Val Pro Trp Leu

1510
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<210>2
<211>10
<212>PRT
<213> Homo sapiens
<400> 2
Gln Ser Lys Val Gly Pro Met Pro Trp Leu
1510
<210>3
<211>10
<212>PRT
<213> Gallus gallus
<400>3
Gln Ser Lys Val Gly Pro Met Pro Trp Leu
1510
4
<211>10
<212>PRT
<213> Drosophila melanogaster
<400> 4
Gln Ser Lys Val Gly Pro Leu Ala Trp Leu
1510
<210>5
<211>10
<212>PRT
<213> Arabidopsis thaliana
<400> 5
Gln Ser Arg Val Gly Pro Val Gln Trp Leu
1510
<210> 6
<211>10
<212>PRT
<213> Hordeum vulgare
<400> 6
Gln Ser Arg Val Gly Pro Val Gln Trp Leu
1510
<210>7
<211>10
<212>PRT
<213> Saccharomyces cerevisiae
<400>7
Gln Ser Gln Val Gly Pro Lys Pro Trp Leu
1510
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<210>8

<211>10

<212>PRT

<213> Schizosaccharomyces pombe

<400>8

Gln Ser Lys Val Gly Pro Leu Pro Trp Met

1510

<210>9

<211>10

<212>PRT

<213> Escherichia coli

<400>9

Gln Ser Arg Phe Gly Arg Glu Pro Trp Leu

1510

<210>10

<211>10

<212>PRT

<213> Yersinia enterocolitica

<400> 10

Gln Ser Arg Phe Gly Arg Glu Pro Trp Leu

1510

<210>11

<211>11

<212>PRT

<213> Thermus thermophilus

<400> 11

Gln Ser Ala Gly Arg Thr Pro Glu Pro Trp Leu

1510

<210>12

<211>11

<212>PRT

<213> Bacillus subtilis

<400> 12

Gln Ser Glu Gly Asn Thr Pro Asp Pro Trp Leu

1510

Itwill be seen that the advantages set forth above, and those
made apparent from the foregoing description, are efficiently
attained and since certain changes may be made in the above
construction without departing from the scope of the inven-
tion, it is intended that all matters contained in the foregoing
description or shown in the accompanying drawings shall be
interpreted as illustrative and not in a limiting sense.

It is also to be understood that the following claims are
intended to cover all of the generic and specific features of the
invention herein described, and all statements of the scope of
the invention which, as a matter of language, might be said to
fall therebetween. Now that the invention has been described,

SEQUENCE LISTING

<160> NUMBER OF SEQ ID NOS: 12

<210> SEQ ID NO 1

<211> LENGTH: 10

<212> TYPE: PRT

<213> ORGANISM: Mus musculus

<400> SEQUENCE: 1

Gln Ser Lys Val Gly Pro Val Pro Trp Leu

1 5 10

<210> SEQ ID NO 2

<211> LENGTH: 10

<212> TYPE: PRT

<213> ORGANISM: Homo sapiens
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<400> SEQUENCE: 2

Gln Ser Lys Val Gly Pro Met Pro Trp Leu
1 5 10

<210> SEQ ID NO 3

<211> LENGTH: 10

<212> TYPE: PRT

<213> ORGANISM: Gallus gallus

<400> SEQUENCE: 3

Gln Ser Lys Val Gly Pro Met Pro Trp Leu
1 5 10

<210> SEQ ID NO 4

<211> LENGTH: 10

<212> TYPE: PRT

<213> ORGANISM: Drosophila melanogaster

<400> SEQUENCE: 4

Gln Ser Lys Val Gly Pro Leu Ala Trp Leu
1 5 10

<210> SEQ ID NO 5

<211> LENGTH: 10

<212> TYPE: PRT

<213> ORGANISM: Arabidopsis thaliana

<400> SEQUENCE: 5

Gln Ser Arg Val Gly Pro Val Gln Trp Leu
1 5 10

<210> SEQ ID NO 6

<211> LENGTH: 10

<212> TYPE: PRT

<213> ORGANISM: Hordeum vulgare

<400> SEQUENCE: 6

Gln Ser Arg Val Gly Pro Val Gln Trp Leu
1 5 10

<210> SEQ ID NO 7

<211> LENGTH: 10

<212> TYPE: PRT

<213> ORGANISM: Saccharomyces cerevisiae

<400> SEQUENCE: 7

Gln Ser Gln Val Gly Pro Lys Pro Trp Leu
1 5 10

<210> SEQ ID NO 8

<211> LENGTH: 10

<212> TYPE: PRT

<213> ORGANISM: Schizosaccharomyces pombe

<400> SEQUENCE: 8

Gln Ser Lys Val Gly Pro Leu Pro Trp Met
1 5 10

<210> SEQ ID NO 9

<211> LENGTH: 10

<212> TYPE: PRT

<213> ORGANISM: Escherichia coli
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<400> SEQUENCE: 9

Gln Ser Arg Phe Gly Arg Glu Pro Trp Leu
1 5 10

<210>
<211>
<212>
<213>

SEQ ID NO 10
LENGTH: 10
TYPE: PRT
ORGANISM: Yersinia enterocolitica

<400> SEQUENCE: 10
Gln Ser Arg Phe Gly Arg Glu Pro Trp Leu

1 5 10

<210> SEQ ID NO 11

<211> LENGTH: 11

<212> TYPE: PRT

<213> ORGANISM: Thermus thermophilus
<400> SEQUENCE: 11

Gln Ser Ala Gly Arg Thr Pro Glu Pro Trp Leu
1 5 10

<210> SEQ ID NO 12

<211> LENGTH: 11

<212> TYPE: PRT

<213> ORGANISM: Bacillus subtilis
<400> SEQUENCE: 12

Gln Ser Glu Gly Asn Thr Pro Asp Pro Trp Leu
1 5 10

What is claimed is:

1. A ferrochelatase variant comprising a mutation in the
ferrochelatase enzymatic active-site loop wherein there are
no alterations outside of the ferrochelatase enzymatic active-
site loop.

2. The ferrochelatase variant of claim 1 comprising a muta-
tion in the ferrochelatase enzymatic active-site loop wherein
Pro® of SEQ ID NO: 1, 2, 3, 7, 8, 9 or 10 is replaced with
arginine.

3. The ferrochelatase variant of claim 2 wherein the active
site of the variant has a surface area of about 1340 angstroms>
and a volume of about 1932 angstroms>.

4. The ferrochelatase variant of claim 2 wherein the variant
has a volume of about 70% of the wild-type ferrochelatase.

5. A ferrochelatase variant comprising a mutation in the
ferrochelatase enzymatic active-site loop wherein Pro® of
SEQIDNO: 1, 2,3,7,8, 9 or 10 is replaced with glycine.

6. The ferrochelatase variant of claim 5 wherein the ferro-
chelatase enzymatic active site of the variant has a surface
area of about 1048 angstroms” and a volume of about 1604
angstroms3 .

7. The ferrochelatase variant of claim 5 wherein the variant
has a volume of about 50% of the wild-type ferrochelatase.

8. A method of improving NMPP-resistance in a cell com-
prising transfecting the cell with a plasmid containing a poly-
nucleotide comprising a ferrochelatase variant with a muta-
tion in the ferrochelatase enzymatic active-site loop;

wherein there are no alterations outside of the ferroche-

latase enzymatic active-site loop.

9. The method of claim 8 wherein the Pro® of SEQ ID NO:
1,2,3,7, 8,9 or 10 is replaced with arginine.
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10. The method of claim 9 wherein the ferrochelatase enzy-
matic active site of the ferrochelatase variant has a surface
area of about 1340 angstroms® and a volume of about 1932
angstroms3 .

11. The method of claim 9 wherein the ferrochelatase vari-
ant has a volume of about 70% of the wild-type ferroche-
latase.

12. The method of claim 8 wherein the Pro® of SEQ ID NO:
1,2,3,7,8,9or 10 is replaced with glycine.

13. The method of claim 12 wherein the ferrochelatase
enzymatic active site of the ferrochelatase variant has a sur-
face area of about 1048 angstroms® and a volume of about
1604 angstroms>.

14. The method of claim 12 wherein the ferrochelatase
variant has a volume of about 50% of the wild-type ferroche-
latase.

15. The ferrochelatase variant of claim 1 comprising a
mutation in the ferrochelatase enzymatic active-site loop
wherein Ala® of SEQ ID NO: 4 is replaced with arginine or
glycine.

16. The ferrochelatase variant of claim 1 comprising a
mutation in the ferrochelatase enzymatic active-site loop
wherein Gln® of SEQ ID NO: 5 or 6 is replaced with arginine
or glycine.

17. The ferrochelatase variant of claim 1 comprising a
mutation in the ferrochelatase enzymatic active-site loop
wherein Pro” of SEQ ID NO: 11 or 12 is replaced with
arginine or glycine.
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