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Abstract

The specific insertion of a divalent metal ion into tetrapyrrole macrocycles is catalyzed by a group
of enzymes called chelatases. Distortion of the tetrapyrrole has been proposed to be an important
component of the mechanism of metallation. We present the structures of two different inhibitor
complexes: (1) N-methylmesoporphyrin (N-MeMP) with the His183Ala variant of Bacillus
subtilis ferrochelatase; (2) the wild-type form of the same enzyme with deuteroporphyrin IX 2,4-
disulfonic acid dihydrochloride (dSDP). Analysis of the structures showed that only one N-MeMP
isomer out of the eight possible was bound to the protein and it was different from the isomer that
was earlier found to bind to the wild-type enzyme. A comparison of the distortion of this porphyrin
with other porphyrin complexes of ferrochelatase and a catalytic antibody with ferrochelatase activity
using normal-coordinate structural decomposition reveals that certain types of distortion are
predominant in all these complexes. On the other hand, dSDP, which binds closer to the protein
surface compared to N-MeMP, does not undergo any distortion upon binding to the protein,
underscoring that the position of the porphyrin within the active site pocket is crucial for generating
the distortion required for metal insertion. In addition, in contrast to the wild-type enzyme, Cu?*-
soaking of the His183Ala variant complex did not show any traces of porphyrin metallation.
Collectively, these results provide new insights into the role of the active site residues of
ferrochelatase in controlling stereospecificity, distortion and metallation.
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Introduction

Metallated tetrapyrroles are required in a wide range of biological processes such as
photosynthesis, oxygen transport, respiration, drug metabolism and enzymatic oxidation.! In
biological systems, the insertion of specific divalent metal ions into tetrapyrroles is catalyzed
by a group of enzymes called chelatases. The best characterized among these are
protoporphyrin 1X ferrochelatase, the terminal enzyme of heme biosynthesis that catalyzes the
insertion of Fe2* into protoporphyrin IX (ppIX), as well as magnesium and cobalt chelatases,
which catalyze divalent metal ion insertion in the chlorophyll and vitamin B15 biosynthetic
pathways, respectively.2= The mechanism of the porphyrin metallation reaction has been
under scrutiny by organic chemists and enzymologists for more than three decades.’ Among
the tenets held for the mechanism of catalysis is distortion of the tetrapyrrole macrocycle so
as to expose the lone-pair orbitals of the pyrrole nitrogen atoms to the incoming metal ion and
facilitate formation of the first metal-nitrogen bond.2:3:" Additional factors may include the
type of distortion of the macrocycle, which may be specific for different metals, acceleration
of the rate of ligand exchange between the protein and the porphyrin, and control of specificity
of the reaction by dedicated metal chaperones that deliver the metal ion to the chelatase.
Frataxin is one such factor; it has been shown to support the ferrochelatase reaction through
iron delivery and direct interaction with the enzyme.8-11

In enzymatic reactions, distortion of the macrocycle is believed to happen upon binding of the
tetrapyrrole to the active site of the enzyme. This has been suggested by the results of several
studies, one of which was the study of porphyrin binding to murine ferrochelatase using
resonance Raman (RR) spectroscopy.12:13 This showed that the saddling deformation was the
dominating distortion in planarity. Later, it was shown that mutant variants of the murine
ferrochelatase with weakened induction of the saddled distortion had reduced catalytic
efficiency as compared to that of the wild-type enzyme. In addition, alterations in the
vibrational modes associated with the porphyrin vinyl and propionate groups were observed,
suggesting that reorientation and relocation of the macrocycle can occur in protein with mutated
active site residues.14 RR experiments also demonstrated that ferrochelatase and a catalytic
antibody, known to catalyze porphyrin metallation, induced different types of distortion, while
the activation of the Raman band describing the out-of-plane vibration was related directly to
the degree of affinity maturation of the antibody.15:16 These results clearly suggest that, to a
great extent, it is the environment of the active site that controls the orientation and distortion
of the porphyrin.

X-ray crystallographic studies of ferrochetalase from Bacillus subtilis,1” man!® and
Saccharomyces cerevisiae'1? and the subsequently determined complexes with inhibitor and
substrate revealed valuable details of porphyrin binding and interaction with the protein, and
suggested a mechanism for macrocycle distortion. Thus, the structure of the complex of B.
subtilis ferrochelatase with the potent inhibitor N-methylmesoporphyrin (N-MeMP)Z0
demonstrated that the enzyme caused additional distortion of the porphyrin, which is normally
distorted in solution due to the presence of the methyl group. This additional distortion was
mainly of a saddled-ruffled type. Moreover, only one isomer in which pyrrole ring A was N-
alkylated (regio-isomer Na) was bound in the active site pocket, showing that only a certain
type of distortion could be accommodated by the binding pocket. Interestingly, a similar type
of distortion was found in mesoporphyrin bound to a catalytic antibody capable of catalyzing
porphyrin metallation, and which was generated against N-MeMP.21 The recently published
X-ray structures of the Glu343Lys variant of human ferrochelatase in complex with pplX, of
the lead-inhibited intermediate of the wild-type enzyme, and of the Phe110Ala variant in
complex with product (heme) have shown that the porphyrin is rotated by about 100° and buried
by an additional 4.5 A deeper into the active site cleft as compared to the position of N-MeMP
in B. subtilis enzyme.?2:23 These differences in porphyrin binding and the apparent differences
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in the structures of the porphyrin binding pockets of the catalytic antibody and ferrochelatase
clearly suggest that the distortions required for the metallation reaction may be imposed by
different environments of the substrate.

We present the structures of two different inhibitor complexes: (1) the His183Ala variant of
B. subtilis ferrochelatase with N-MeMP; and (2) the wild-type enzyme with deuteroporphyrin
IX 2,4-disulfonic acid dihydrochloride (dSDP, Fig. 1). While dSDP is a weak inhibitor of
bovine and murine ferrochelatases with K; and kq in the micromolar range, N-
methylprotoporphyrin IX (N-MePP) has K; and kg in the nanomolar range.24=26 The structure
of the complex with dSDP reveals for the first time the mechanism of inhibition of
ferrochelatase by inhibitors with bulky substituents at positions 2 and 4 of the porphyrin ring.
His183 is one of the few invariant residues in the ferrochelatase family. It has been implicated
in metal binding, proton extraction and interactions with the porphyrin.2’=32 Here, we show
that His183 also contributes to control the type of porphyrin distortion and that it is
indispensable for porphyrin metallation.

Structure of the His183Ala:N-MeMP complex of ferrochelatase

The crystals of the His183Ala variant of ferrochelatase in complex with N-MeMP diffracted
to a resolution of 2.4 A, with overall three-dimensional structure similar to that observed for
the complex of the wild-type enzyme with the same inhibitor.2? The porphyrin binds with rings
A and B positioned inside the previously identified porphyrin-binding cleft, located between
the two domains of the protein. Pyrrole rings C and D, which carry the acidic propionate side
chains, point towards the solvent. The loop between helices 1 and 2 (residues 19-49) moves
away from its position in the porphyrin-free structure by about 2.4 A, while helix 2 moves
towards the porphyrin by about 1.8 A (Fig. 2a). Also, the loop between residues 224 and 233
in domain Il changes its conformation slightly to avoid a steric clash with the porphyrin. One
of the largest displacements involves the side chains of residues Tyr26, Leu43 and Phel20.
Tyr26 and Phe120 move by 7 A and 2.5 A, respectively, which avoids a steric clash with the
porphyrin, while Leu43 moves by about 2.2 A away from the new position of Tyr26 (Fig. 2a).
Interestingly, in the complex with dSDP (see below) these residues are displaced in a similar
fashion, although in this case the inhibitor does not penetrate the binding cleft to the same
extent as N-MeMP. On the other hand, helices 1 and 2, and the loop between them, when
compared to the wild-type protein, are not displaced in the dSDP complex.

A surprising feature of the complex of N-MeMP and the His183Ala variant of ferrochelatase,
as compared to the complex with the wild-type enzyme, is that a different isomer of N-MeMP
binds in the active site pocket. In the chemical synthesis of commercially available N-MeMP,
methylation of each of the four pyrrolenine nitrogen atoms can occur from both sides of the
ring, giving rise to eight different isomers with eight different out-of-plane distortions of the
pyrrole ring. A presentation of the structures of the isomers that bind to the wild-type enzyme
and to the His183Ala variant is given in Fig. 1. While wild-type ferrochelatase binds an N-
MeMP isomer with methylated pyrrole ring A (regio-isomer N ), the His183Ala variant binds
an isomer in which ring B is methylated (regio-isomer Ng). The distorted pyrrole is still facing
the space between Glu264 and Alal83 (Fig. 2a), where metals were found to bind in metal
complexes of B. subtilis ferrochelatase.3%:32 A superposition of the structures of wild-type and
His183Ala mutant complexes with N-MeMP (not shown in the figure) shows that the ethyl
group on pyrrole ring B would make too close a contact with the imidazole group of His183
(around 2 A), which explains why this isomer is not favored by the wild-type enzyme.
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Porphyrin distortion

Distortion of the macrocycle has been suggested to be one of the factors that may control the
chemical properties of porphyrins in living organisms.33:34 Normally planar in solution,
porphyrin groups may be distorted from planarity upon binding to proteins as a result of the
asymmetric environment and interactions with main- and side-chain atoms.3® To describe these
distortions, the method of normal-coordinate structural decomposition (NSD) has been
developed.38 NSD may be used to decompose the total out-of-plane distortion of a porphyrin
structure into ruffling (B1u), saddling (B2u), waving (Egx and Egy), doming (A2u) and
propellering (Alu) deformations.3# Using the NSD web server!, we calculated the type and
magnitude of the deformations that contribute to the total distortion of N-MeMP bound to wild-
type ferrochetalase and the His183Ala variant. The NSD calculations (Fig. 3) show that
saddling is the largest planarity distortion of N-MeMP bound to either wild-type ferrochelatase
or mutant protein. This is in agreement with earlier spectroscopic observations.12:13 However,
the distortion is clearly more pronounced in the complex with the His183Ala protein (—1.41
A compared to —0.958 A for the wild-type enzyme). The two structures have approximately
the same degree of ruffling, but for the inhibitor bound to wild-type protein doming is around
half of that of the His183Ala variant-bound inhibitor. Finally, the analysis shows that x-waving
is predominant in the complex with wild-type ferrochelatase, while y-waving is predominant
in the porphyrin bound to the His183Ala enzyme. In neither case does the propellering
deformation contribute significantly to distortion. It can also be seen from Fig. 3 that the
saddling distortion is almost absent from the porphyrin in solution. We have also compared
the distortions imposed on N-MeMP and mesoporphyrin by the catalytic antibody to the
distortions imposed by ferrochelatase. Although in both cases the regio-isomer N of N-MeMP
is bound, in the case of the antibody a different enantiomer is bound, with the methyl group
directed to the opposite side of the macrocycle plane as compared to the enantiomer bound to
ferrochelatase. This is reflected in the opposite sign of the deformations in ferrochelatase and
the antibody. As seen from the figure, the absolute values of the various displacements of N-
MeMP bound to the catalytic antibody and wild-type ferrochelatase are largely the same with
the exception of ruffling, which for the ferrochelatase complex is twice that of the antibody.
On the other hand, mesoporphyrin has much higher ruffling (—1.1947 A) and y-waving (0.6472
A), as compared to N-MeMP (—0.2589 A and —0.0.1286 A, respectively).

Metal soaking of the complex of N-MeMP and the His183Ala variant of ferrochelatase

Crystals of the N-MeMP:His183Ala variant complex diffracted to 1.5 A resolution.
Examination of the electron density maps calculated with F,—F. coefficients did not show any
traces of bound metal. This is in contrast to earlier soaking experiments, which showed gradual
accumulation of metal in the centre of the macrocycle and demethylation of N-MeMP.31 The
absence of metal was also evident from the high resolution of the data, since in all previous
metal soaking experiments incorporation of the metal into the porphyrin had resulted in
deterioration of the resolution and quality of the X-ray data. These results provide the most
direct evidence of the crucial role of the invariant His183 in the metallation reaction and clearly
suggest that the metal must enter into the ring from the side that faces His183. Earlier work
demonstrated that the His183Ala variant of B. subtilis ferrochelatase did not have any catalytic
activity when assayed with the substrate ppIX. In addition, metal soaking of the porphyrin-free
crystals of this protein did show any traces of metal bound close to Ala183.32 Together, these
results suggest that metal insertion into of N-MeMP and the substrate pplX follow a similar
path.

Thttp://jasheln.unm.edu/jasheln/content/nsd/nsd_weIcome.htm
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Structure of the dSDP complex with ferrochelatase

In a study of the effect of the size of substituents at positions 2 and 4 of the porphyrin ring on
binding to ferrochelatase, it was concluded that molecules with large substituents, such as in
OO'-diacetylhematoporphyrin, 2,4-bis-acetal-deuteroporphyrin, 2,4-bis-glycol-
deuteroporphyrin and dSDP, inhibit ferrochelatase with similar K; values—which were in the
micromolar range.3 In the case of dSDP kg assayed with the mouse ferrochelatase was 0.33
1M.25 Approximately the same kq value was obtained by us for wild-type B. subtilis
ferrochelatase, 0.32+£0.18 uM. We crystallized dSDP in complex with wild-type B. subtilis
ferrochelatase and data were collected to 1.8 A resolution. The overall conformation of the
complex is close to that of the wild-type ferrochelatase, with the exception of the displacement
of the side chains of the above-mentioned residues Tyr26, Leu43 and Phe120.

The inhibitor binds close to the surface of the protein, with one of the disulphonic acid groups
in close contact with the side chain of His183 and the hydroxyl group of Tyr13 (3.2 A and 2.7
A, respectively) (Fig. 4a). The second disulphonic acid group interacts with the guanido group
of Arg30 and the main-chain amide group of Asn225 (3.0 A). Further stabilization is achieved
through interactions of the backbone oxygen of 1129 with one of the pyrrole-nine nitrogen
atoms, and one of the propionate groups with the guanido group of Arg33. In addition, there
are hydrophobic interactions with 11e29, Phe120, Gly224, Thr226 and Trp230. These
interactions trap the porphyrin approximately halfway into the binding cleft, as compared to
the binding of N-MeMP, although the general orientation of the two molecules relative to the
binding pocket is the same in both cases (Fig. 4b). In this position, pyrrole rings C and D of
N-MeMP are essentially superimposed on rings A and B of dSDP This planarity of the bound
dSDP clearly suggests that a prerequisite to macrocycle distortion is its insertion into the
binding pocket of the enzyme.

Discussion

The recently determined structures of the Glu343Lys variant of human ferrochelatase in
complex with the substrate pplX, of the lead-inhibited intermediate of the wild-type enzyme,
and of the product complex of the Phe110Ala variant show that the porphyrin is bound in an
orientation that is different from that observed in the structures of the B. subtilis enzyme. In
human ferrochelatase, the porphyrin is rotated by about 100° and buried by an additional 4.5
A deeper into the active site cleft, relative to the position of N-MeMP bound to the B.
subtilis enzyme.22:23 The structures of the human enzyme also show that the porphyrin binding
cleft is in a closed conformation as compared to the porphyrin-free protein, whereas in B.
subtilis ferrochelatase the entrance to the cleft is more open after porphyrin binding. Based on
these results, it has been suggested that the mode of binding of N-MeMP to B. subtilis
ferrochelatase may not reflect the proper substrate-binding mode.22 However, our observation
that N-MeMP bound to wild-type B. subtilis ferrochelatase could be metallated while in the
complex with the His183Ala variant it could not, suggests strongly that the porphyrin is bound
to the protein in a “productive” state.

The differences in porphyrin binding and cleft conformation found in B. subtilis and human
ferrochelatase structures may be explained by factors other than improper binding of the
inhibitor. Thus, as shown in Fig. 5a, the porphyrin-binding clefts in the two subunits of S.
cerevisiae ferrochelatase have different conformations—one of which is open and similar to
the conformation of the porphyrin-free human ferrochelatase, while the other is closed and is
similar to the conformation of human ferrochelatase in complex with porphyrin. This suggests
that both variants of the structure, the closed and the open, may co-exist in solution and that
porphyrin binding just stabilizes the closed conformation. In the case of the porphyrin-free
structure of the human enzyme, several detergent molecules bound at the entrance to the cleft
seem to stabilize the open conformation of both monomers.22 In addition, comparison of the
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structures of human, yeast, B. subtilis and B. anthracis (PDB code 2C8J) ferrochelatase shows
marked differences between the bacterial and eukaryotic enzymes around the entrance to the
active site pocket. This is shown in Fig. 5b and c, where the structure of the N-MeMP complex
of the B. subtilis enzyme is superimposed on the two monomers of the S. cerevisiae enzyme
(PDB codes 1C1H and 1LBQ, respectively). The superposition shows that while helix 1 and
the loop between helices 1 and 2 are of approximately the same length in the eukaryotic and
bacterial enzymes, helix 2 is longer in the yeast enzyme (residues Thr78-Gly99 and Glu38-
Gly51inyeastand B. subtilis ferrochelatase, respectively). There is also a kink caused by Pro89
in the middle of the helix in the yeast structure. The figures show that binding of the porphyrin
to the closed conformation of the yeast (or human) ferrochelatase in the same orientation as in
the B. subtilis enzyme will result in a steric clash with main-chain and side-chain atoms from
helix 2 in the closed conformation of the protein. Thus, porphyrin binding to the human and
yeast ferrochelatase, and presumably other eukaryotic ferrochelatases, in the same orientation
as in B. subtilis, would not allow closure of the cleft. This suggests the exciting possibility that
bacterial and eukaryotic ferrochelatase may bind the porphyrin in two different orientations
and still achieve the same type of distortion required for metal insertion.

The structures of ferrochelatase with N-MeMP show clearly that only one isomer out of 8 is
bound to the enzyme. Early studies of ferrochelatase inhibition by different regio-isomers of
N-alkylated porphyrins are somewhat contradictory and difficult to explain in structural terms.
Thus, in 1980 Ortiz de Montellano et al.38 found that the four regio-isomers of N-MePP
inhibited ferrochelatase with equal potency. On the other hand, De Matteis et al.3° showed that
N-MeMP fractions Nc+Np are more potent inhibitors than Na+Npg, but for the Zn-complexes
of N-MeMP and N-MePP fractions, Na+ Np are more potent than Nc+Np. In the case of N-
ethylprotoporphyrin IX, enantiomers (R)-N and (S)-Ng were the most potent inhibitors,40
while alkylation of rings C and D resulted in only weak inhibition of ferrochelatase activity.
39,41 1t cannot be excluded that during crystallization complexes with different regio-isomers
exist in solution, but the crystallization process favors only one of the regio-isomers. However,
the suitability of a certain complex for crystallization normally suggests that this complex is
the most stable. In addition, the complex of the His183Ala variant of ferrochelatase with regio-
isomer Ng of N-MeMP clearly shows that the binding pocket has a defined structural
preference. It also shows that His183 is essential for the control of the regio-specificity and
degree of distortion of the porphyrin. It should be noted that the degree of porphyrin
deformation observed for the complexes with ferrochelatase is not unusual. For example, the
heme groups of peroxidases exhibit strong saddling (—0.6 to —0.9 A) and ruffling (-0.3 to —0.7
A), while in mitochondrial cytochrome ¢, which has a covalently attached heme group, the
heme group exhibits large ruffling (0.7-1.0A) and minor saddling deformations.36 The analysis
also demonstrated that the degree of distortion is highly conserved within a protein family. The
conservation of the residues in the binding pocket of ferrochelatase clearly suggests that the
type and degree of substrate distortion are also conserved in this case. Another active site
residue recently suggested by Shi et al.14 to affect the regio-specificity of porphyrin binding
is Pro255 (Pro229 in B. subtilis ferrochelatase). This residue is located in the loop that in B.
subtilis ferrochelatase interacts directly with the porphyrin through Trp230. The replacement
of Pro255 by any other residue may affect the conformation of the loop, which will in turn
affect porphyrin distortion.

As mentioned earlier, the amino acid residues corresponding to the invariant His183 in other
ferrochelatases has been implicated in metal binding, proton extraction and interactions with
the porphyrin.27=32 However, due to the low turnover rate of the ferrochelatase reaction (kgat
around 0.1 571 in the steady state)*2 and the exposure of the bound porphyrin to solvent,
extraction of the proton from the macrocycle could be performed directly by solvent instead
of an amino acid side chain. The present study clearly confirms that the primary function of
His183, in addition to porphyrin distortion, is metal binding and insertion into the macrocycle.
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It should also be noted that distortion of the macrocycle may be one of the factors which
facilitate proton abstraction, which suggests that His183 indirectly may also contributes to
proton abstraction.

The mode of ferrochelatase inhibition by 2,4-di-substituted porphyrins with bulky groups was
not known previously. As inferred from the structures of the complexes presented, the two
porphyrin compounds inhibit the enzyme in different ways. Although bound in the same
orientation, the bulky sulphonic groups of dSDP prevent it from accessing the lower part of
the binding cleft, resulting in a location of the macrocycle that is much closer to the surface of
the protein. This mode of binding explains the lower inhibition potency of this class of
compounds.

Materials and Methods

Preparation of protein and crystallization of B. subtilis ferrochelatase

B. subtilis ferrochelatase, expressed in Escherichia coli BL21 (DE3) as inclusion bodies, was
refolded and purified as described.43 Site-directed mutagenesis was previously performed to
construct the plasmid encoding the His183Ala variant of B. subtilis ferrochelatase.3? Crystals
of the His183Ala ferrochelatase complexed with N-MeMP (Frontier Scientific, Logan, UT,
USA) were initially grown by vapor diffusion,20 and subsequently optimized by seeding
techniques. For metal soaking, crystals were transferred to a drop containing well solution (see
below) and 5 mM CuSQOy, and soaked for either 30 min or 120 min. Crystals of ferrochelatase
in complex with dSDP (Frontier Scientific, Logan, UT, USA) were generated in a similar way,
the well solution being composed of 30% PEG 2000, 0.2 M MgCl, and 0.1 M Tris—HCI, pH
8.0. The drop contained glycine, which was required as an additive, at a final concentration of
0.1 M.

Fluorescence titration measurements

The binding of dSDP to wild-type and His183Ala variant ferrochelatases were estimated using
fluorescence titration as described for N-MePP binding to murine ferrochelatase.2® The
emission at 347 nm from 0.20 uM ferrochelatase excited at 288 nm was monitored as the
concentration of dSDP was increased, using a Fluoro-Max-2 fluorimeter (Jobon Yvon Spex).
Measurements were carried out on triplicate samples for each condition and enzyme. The kq
valuesiwere estimated from the decrease in fluorescence using the software GraphPad
Prism*.

Data collection and refinement

For collection of diffraction data, the crystals were first transferred to a drop containing well
solution and 10% PEG 400 as a cryoprotectant. A nylon loop was used to mount the crystal,
which was flash-frozen in a stream of boiled-off nitrogen. Data were collected at beamline
1911-5 at the MAX Il synchrotron radiation facility in Lund, Sweden.#4:4°> All data collected
were indexed and integrated with the XDS package.*6 Molecular replacement was employed
to obtain initial phases using the previously solved crystal structure of B. subtilis ferrochelatase
with bound N-MeMP (PDB code 1C1H) and MOLREP software.*” The structures were refined
using CNS,48 and the models were built using the graphics programs 049 and Coot.50
Statistics for the collected data and quality criteria for the refined structures are given in Table
1.

ihttp://WWW.graphpad.com/prism/Prism.htm
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ank accession codes

Coordinates have been deposited with the Protein Data Bank with accession codes 2Q3J and
2Q2N.
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Abbreviations used

pplX protoporphyrin 1X
RR resonance Raman
N-MeMP N-methylmesoporphyrin IX
dSDP deuteroporphyrin 1X 2,4-disulfonic acid dihydrochloride
N-MePP N-methylprotoporphyrin IX
NSD normal-coordinate structural decomposition
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Fig. 1.

A representation of deuteroporphyrin 1X 2,4-disulfonic acid dihydrochloride (dSDP) and the
N-methylmesoporphyrin (N-MeMP) isomer structures. (1) The (R)-enantiomer of Na, which
was bound to wild-type B. subtilis ferrochelatase. (11) The (S)-enantiomer of Ng, which was
bound to the His183Ala variant. (111) dSDP.
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Fig. 2.

Binding of N-MeMP to the His183Ala variant of ferrochelatase. (a) A stereo view showing
N-MeMP regio-isomer Ng in the active site of the His183Ala variant ferrochelatase. (b) The
electron density of N-MeMP calculated with coefficients (3Fps—2F¢alc) superimposed on the
structure of the inhibitor. All figures were prepared using PyMOL
[http://pymol.sourceforge.net/].
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Fig. 3.
NSD of the X-ray crystallographic structures of N-MeMP and mesoporphyrin bound to

ferrochelatase and a catalytic antibody. Distortion of N-MeMP in solution is shown for
comparison.
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Fig. 4.

Binding of dSDP to wild-type ferrochelatase. (a) A stereo view showing the interactions of
dSDP with ferrochelatase. (b) Superposition of the structures of ferrochelatase in complex with
N-MeMP (yellow) and dSDP (green), showing the relative position of the two inhibitors within
the porphyrin-binding cleft. (c) The electron density of dSDP calculated with coefficients
(3Fops—2Fcalc) superimposed on the structure of the inhibitors.
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Fig. 5.

Comparison of ferrochelatase structures. (a) Superposition of the S. cerevisiae ferrochelatase
structure (in yellow; PDB code 1LBQ) on the porphyrin-free (green; PDB code 2HRC) and
porphyrin complex (magenta; PDB code 2HRE) of Argl15Leu and Glu343Lys variants,
respectively, of human ferrochelatase. The porphyrin molecule (blue) is shown with sticks. (b
and c) Superposition of the B. subtilis ferrochelatase structure in complex with N-MeMP (in
gray, with helices 1 and 2 highlighted in red; PDB code 1C1H) on the yeast ferrochelatase
monomers with closed (b) and open (c) conformations. N-MeMP (green) is shown with sticks.
The steric clash of the propionic acid side-chains of N-MeMP with the protein structure is
visible in b.
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Statistics for the collected data and quality parameters for the refined structures of His183Ala ferrochelatase co-
crystallised with N-MeMP and for wild-type enzyme co-crystallised with dSDP

His183Ala:N-MeMP  Wild-type ferrochelatase:dSDP

Beamline 1911-5 1911-3
Wavelength (A) 0.90590 1.00030
Cell dimensions2 (A)

a 49.8 48.4

b 58.6 49.9

c 97.8 118.4
Resolution range (A) 20.0-2.4 30-1.8
Completeness (%) 97.9 94.1
No. unique reflections 11,648 25,719
Multiplicity 5.1 8.1
115(1)>3 (%) 91.3 94.1
Rmergel (%) 75 8.7
In the highest-resolution shell Resolution range (A) 25-24 2.0-1.8
Completeness (%) 92.3 96.4
116(1)>3 (%) 81.4 96.4
Rinerge (%) 18.1 37.0
Refinement
No. protein atoms 2455 2493
No. water molecules 140 257
Reyst (Ree) (%) 18.3 (22.8) 19.2(25.0)
Mean B-value (A2) 24.2 25.1
r.m.s.d.d

Bond lengths (A) 0.006 0.012

Bond angles (deg) 13 15
PDB code 2Q3J 2Q2N

aSpace group P212121.

Rmerge=Z|li—<I>|/ZI, where Ij is an individual intensity measurement and <I> is the average intensity for this reflection.

CRcrysFZIFobs*FcaIcl/EFobs, where Fgps and Fcglc are the ob served and calculated structure factor amplitudes, respectively. Rfree is the same
as Reryst but calculated on 5% of the data excluded from refinement.

d - -
Root-mean-square deviations (r.m.s.d.) of the parameters from their ideal values.
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