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ABSTRACT: Binding of porphyrin to murine ferrochelatase, the terminal enzyme of the heme biosynthetic
pathway, is investigated by employing a set of variants harboring mutations in a putative porphyrin-
binding loop. Using resonance Raman (RR) spectroscopy, the structural properties of the ferrochelatase-
bound porphyrins are examined, especially with respect to the porphyrin deformation occurring in the
environment of the active site. This deformation is thought to be a key step in the enzymatic insertion of
ferrous iron into the porphyrin ring to make heme. Our previous RR spectroscopic studies of binding of
porphyrin to murine ferrochelatase led us to propose that the wild-type enzyme induces porphyrin distortion
even in the absence of the metal ion substrate. Here, we broaden this view by presenting evidence that
the degree of a specific nonplanar porphyrin deformation contributes to the catalytic efficiency of
ferrochelatase and its variants. The results also suggest that the conserved Trp256 (murine ferrochelatase
numbering) is partially responsible for the observed porphyrin deformation. Binding of porphyrin to the
ferrochelatase variants causes a decrease in the intensity of RR out-of-plane vibrationglgreosaddling-

like mode that is strong in the wild-type enzyme. In particular, the variant with a catalytic efficiency 1
order of magnitude lower than that of the wild-type enzyme is estimated to produce less than 30% of the
wild-type saddling deformation. These results suggest that specific conserved loop residues (especially
Trp256) are directly involved in the saddling of the porphyrin substrate.

The terminal step in heme biosynthesis is catalyzed by each with a Rossmann-type fold. Porphyrin binds to a deep
ferrochelatase (EC 4.99.1.1, protoheme ferrolyase), which cleft between the two domainS)( which is rich in conserved
inserts ferrous iron into protoporphyrin IX to produce residues proposed to be important in metal and porphyrin
protoheme I—3). Identified in a large number of organisms, binding and catalysis7( 8).

ferrochelatgse exhibits a folding pattern and an active-sitt  Tha most widely accepted reaction mechanism for ferro-
structure W'th a high degree of homology across taxa), chelatase suggests that a critical step involves distortion of
As s_hown n th.e X-ray crystal structures of the enzyme from the porphyrin macrocycle which exposes the lone-pair
Bacillus subiilis (4, 5), human ), and Saccharomyces orbitals of the pyrrole nitrogens to the incoming metal ion

cerevisiae (7), the monomeric unit consists of two domains, (9). This notion has received support from both experimental
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Ficure 1: Amino acid sequence for the mature form of murine ferrochelatase. The porphyrin-binding loop motif is in italics and bold font

and underlined. The numbering of amino acids is according to the mouse genome sequence submitted by the Genome Exploration Research
Group in RIKEN, Japan (GenBank nucleotide accession number AK004718.2), and sequencing results in our ld@)ranatye(previously

deposited sequence (GenBank protein accession number AAA80530), two codons (i.e., for Q68 and Y69) were omitted.

complex of the catalytic antibody bound to substrate meso- saddling is @,, (D4 classification) out-of-plane deformation
porphyrin in the absence of metal ions demonstrated an out-that exposes both the protons and the lone pairs of the
of-plane macrocycle distortion with saddling, ruffling, and nitrogen atoms of the porphyrin core; thus, it is a porphyrin
some doming deformation&3). These results thus substan- deformation suitable for promoting metal insertion by
tiate the idea that the porphyrin distortion induced by the ferrochelatase.

antibody resembles that induced by alkylation and that this Molecular mechanics simulations led to the original

leads to ferrochelatase activityq, 13). Indeed, this assertion  proposal that a highly conserved sequence [Glr2481257,
was recently “quantified” with the observation that the murine ferrochelatase numbering (Figure 1)] forms a loop
activation of the Raman band assignedytg (an out-of-  (16) that is involved in porphyrin binding. With the deter-
plane porphyrin vibration) could be directly related to the mjination of the ferrochelatase X-ray structuge), this loop
degree of affinity maturation of the catalytic antibody. was subsequently confirmed to be in the active-site cleft.
Further support for this mechanism comes from different Strikingly, the active-site loop can accommodate multiple
theoretical methods (e.g., combined quantum mechanical andunctional substitutionsl@). However, certain amino acids
molecular mechanics calculations) used to calculate thewithin the loop exhibit a high informational content as
energetics associated with porphyrin distortion, especially evidenced by the limited number of tolerated substitutions
the porphyrin distortion found in the porphyrifierroche- in these positions1@). Further, kinetic analysis of selected
latase complex. These calculations established the signifi-active variants suggested that the loop mutations resulted in
cance of the nonplanar deformation of the porphyrin substratea general disruption of the interaction between the porphyrin
in relation to the ferrochelatase-catalyzed reactit®).(In substrate and ferrochelatasies),
addition to exposure of the pyrrole nitrogens to the incoming | this study using RR spectroscopy, we examine the
metal ion, two favorable consequences Were_evident. (1) Aeffects of these amino acid substitutions on porphyrin
PKa decrease of the two protonated pyrrole rings promotes gistortion and provide a detailed characterization of the
the reaction because deprotonation has to occur before metgh,olvement of some of the loop residues in porphyrin
insertion, and (2) product release may be facilitated becausegjstortion and ferrochelatase catalysis. Most significantly, we
metalloporphyrins are harder to distort than the free-base gpserve that weakened induction of the saddled deformation
porphyrin and thus have lower affinity for the active sit¢ ypon binding of porphyrin to the ferrochelatase variants is
(15). related to reduced catalytic efficiencies of the variants relative
It has been shown that wild-type murine ferrochelatase tg that of the wild-type enzyme. Trp256 plays a crucial role
can induce porphyrin distortion even without the binding of in the porphyrin distortion. Additionally, several loop variants
the ferrous iron substratel§ 17). In these studies, the  exhibit alterations in the vibrational modes that are associated
specificity of porphyrin binding was demonstrated by wjth the porphyrin vinyl and propionate groups, which
monitoring the titration of ferrochelatase with porphyrin at  syggest that reorientation and/or relocation of the porphyrin
substoichiometric porphyrin:protein ratios using RR spec- sjde chains may also occur in the mutated active sites. These
troscopy. This facilitates observation of the vibrational modes RR studies begin to establish the role of the active-site loop
of the fraction of bound porphyrins and, in particular, reveals in pinding of porphyrin to ferrochelatase and porphyrin
frequency shifts in the Raman structure-sensitive lines of the gjstortion during catalysis.
bound porphyrins that are obscured by the unbound porphyrin
present at stoichiometric ratio&q). Of special interest is
y1s, @By, symmetry (saddling-like) out-of-plane mode, which
was observed in the RR spectrum of free-base protoporphyrin Materials. Protoporphyrin IX and Ni(ll) protoporphyrin
bound to wild-type ferrochelatas&®). Out-of-plane modes  Were from Frontier Scientific, while hemin was from Sigma
of a particular symmetry gain intensity from the correspond- Chemicals. Porphyrins were used without further purification.

ing symmetric deformation of the porphyrin. Significantly, Polyethylene glycol sorbitan monooleate (Tween 80), tris-
(hydroxymethyl)aminomethane carbonate (Trizma base),

bovine serum albumin, and the bicinchonic acid protein
determination reagents were from Sigma Chemicals. HPLC-
grade HO was from Fisher Scientific. Reagents for sodium

MATERIALS AND METHODS

1 Abbreviations: hemin, iron(lll) protoporphyrin IX; NiPP, Ni(ll)
protoporphyrin IX;N-MMP, N-methylmesoporphyrin; #PP, free-base
protoporphyrin 1X; RR, resonance Raman.
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Table 1: Results of the Spectral Simulations for Protein-Bound Free-Base Protoporphyrin Based on Least-Squares Fitting with Lorentzian Line
Shapes and a Fixed Width (2.814 cinfor the y45 Line?

total total relative
v,  intensity intensity y1s  intensity intensity % of wild-type Keal KEY
protein (cm™)  (area) (area) (cmY) (area) (yigvy) relativeintensity  KLP(uM) (min~t uM1)
wild-type 673.3 1624.5
ferrochelatase 678.0 1408.8 3033.3 700.4 455.8 0.150 100.0 E=07) 0 2.93
P255R 674.3 1059.6
679.0 745.6 1805.2 701.0 244.4 0.135 90.1 2466.44 2.9%
S249A/K250Q/V251C 673.8 2166.5
678.5 1517.9 3684.4 700.8 481.8 0.131 87.0 68U 74 2.63
P255G 675.3 1752.3
682.7 514.4 2266.7  700.6 126.0 0.056 37.0 2t50.80 2.35
Q248P/S249G/K250P/G252W  674.9  6632.7
679.8 2349.2 89819 701.0 1088.9 0.121 80.7 13414 1.36¢
K250M/V251L/W256Y 676.8 3124.6
685.5 531.9 3656.5 701.3 158.6 0.043 28.8 182845 0.27

aVariant proteins are ordered in the table by decreasing catalytic eﬁicid!m‘}(m. b The % of wild-type relative intensity was determined by
normalizing the relative intensityy(s/v;) corresponding to each variant against that of the wild-type ferrochel&tbsem ref18.

dodecyl sulfate-polyacrylamide gel electrophoresis were channel liquid N-cooled CCD detector (Instruments, SA).
from Bio-Rad Laboratories. Superdex-200 gel filtration Position mode was used for CCD detection, with each section
matrix was from Amersham Biosciences. Talon metal chelate covering~500 cn1? of the Raman spectrum without moving
affinity resins were from BD Biosciences. All reagents were the grating.
of the highest purity available. The RR spectra were exported as even-X ASCII files for
Protein Purification.The wild-type murine ferrochelatase plotting with SigmaPlot (SPSS). Lorentzian decomposition
and the ferrochelatase loop variants were expressed undepf the spectra was performed using PeakFit (SYSTAT).
the Escherichia colialkaline phosphatase promofg#toAas Curve fitting was used to obtain the frequencies for the
described previouslyl). The recombinant proteins contain- centers of the structure-sensitive lines. For the region near
ing a N-terminal pentahistidine tag were purified from wild- saddling symmetry By)) mode yis, the spectral fitting
type ferrochelatase- or variant-hyperproducing BL21(DE3) procedure was adjusted to take into account the varying
cells using a previously described protocbb) with some signal:noise characteristics of the low-frequency RR spectra
modifications (8). The wild-type ferrochelatase was derived for binding of free-base porphyrin to the proteins. First, the
from the pGF47 expression plasmidief, while the loop spectra of porphyrin bound to wild-type ferrochelatase and
variants were obtained from plasmids harboring functional the quadruple mutant Q248P/S249G/K250P/G252W, which
substitutions selected from a library constructed by random exhibited the highest signal:noise ratio, were fit with all
mutagenesis of the loop motil§). parameters free, including the center, width, and amplitude
Aliquots of 200 uL of purified concentrated proteins of each Lorentzian band, as well as the slope and intercept
(typically at 100-150uM) in EQ buffer [20 mM Tris-HCI of a linear baseline. Eight lines were used to fit the frequency
(pH 8), 10% glycerol, and 150 mM NaCl] were stored in region from 580 to 780 cmt, and the average half-width at
liquid N, until they were used. Protein purity was assessed half-maximum ofy;s was determined to be 2.814 ctThis
by sodium dodecy! sulfatepolyacrylamide gel electrophore- value for the width was then fixed, and the data were refit.
sis (20), and protein concentrations were determined using These parameters were used for the constrained fits, and the

the bicinchoninic acid assag) with bovine serum albumin ~ results are reported in Table 1.
as the standard. Enzymatic Actiity Assay.Ferrochelatase activity was
Porphyrin SolutionsStock solutions were prepared by determined by monitoring the consumption of substrate
dissolving porphyrin in 10QL of 2 N NH,OH and then protqporphyrm using fe.rrous' iron as the metal substrate]n a
adding 10QuL of 10% (v/v) Tween 80 and 1.8 mL of 40. continuous spect_rpfluorlmetrlc assay condu_cted under strictly
Typically, stocks were made as 2 mM solutions and further @naerobic conditions as described previoush)( The
diluted in EQ buffer before the Raman spectra were collected. isteady—stgtetklnetlc pa(;artnete_rs f(cj)r g‘e ‘:(‘_’;'t‘.j'typg ?”ZBt’met ;”d
Resonance Raman Spectroscdpgmples for RR spectra  '00P varants were determine y nting data 1o the
were prepared by mixin% porphﬁﬁ??typicallyw/l) gnd Michaelis—Menten equation as described previousl)(
proteins (typically 6Q:M) in EQ buffer. The final concentra-
tion of detergent, i.e., Tween 80, was adjusted toul?
The samples, in a final volume 6f100uL, were transferred Binding of PP to Porphyrin-Binding Loop Variants of
into a stoppered 3 mnx 3 mm cross-section optical cell FerrochelataseSubstrate (i.e., free-base protoporphyrin 1X)
(NSG Precision Cells). Raman samples were kept on ice untilbinding at the active site of ferrochelatase variants was
the collection of spectra. Typically, the spectra were taken assessed for a JRP:protein molar ratio of 0.1 using RR
at room temperature (2&) for 2—10 min using 20 mW of spectroscopy in a fashion similar to that previously devised
laser power. The spectra were obtained using the 406.7 nmfor wild-type murine ferrochelatasé&?). Figure 2 illustrates
line of an INNOVA 304 Kr" laser (Coherent) and using a the low-frequency (Figure 2A) and high-frequency (Figure
Raman spectrometer as previously descrilde). (Briefly, 2B) regions of the RR spectra of;PP incubated with the
the spectrometer was a 0.75 m monochromator with a 2048-ferrochelatase variants at a porphyrin:protein molar ratio of

RESULTS
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A 16 porphyrin shifted to a higher frequency, albeit with dimin-
ished intensity (Figure 2A, spectrum c). Importantly, com-
parison of the spectra of free-base porphyrin, incubated with
either wild-type ferrochelatase or ferrochelatase variants

\ (Figure 2A, spectra bg), with that of free-base porphyrin
8 ‘v\ in assay buffer (Figure 2A, spectrum a) showed that a strong
o " y15 mode was activated upon protein binding.
%v%/ A RR spectra in the high-frequency region (Figure 2B) also
L exhibited distinct differences betweennFP bound to the
il ) variants or wild-type ferrochelatase and fregPR. Thev,
S’-W’Wﬁ bt line was considerably reduced in intensity for porphyrin
& e A bound both to the wild-type enzyme and to the variants
e N (Figure 2B, spectra-bg) when compared to the porphyrin
g A N in assay buffer (Figure 2B, spectrum a); in particular,ithe
. ' . , line upshifted by an additional 5 crhin porphyrin bound
300 400 500 600 700 800 to the triple mutant K250M/V251L/W256Y relative to that
Raman Frequency (cm™) of the wild-type protein (Figure 2B, spectra b and c). In fact,

the shift induced inv, of H,PP by this variant was the
greatest observed when all variants were considered and
reflected important changes in the interaction of the vinyl
group with the protein (Figure 2B, spectra-y). Further,
protein binding led to sharpening of thececy, vinyl
stretching mode of WPP in wild-type ferrochelatase and
variants (Figure 2B). While the frequency of the—cs, line
remained unchanged for porphyrin bound to the wild-type
protein and four variants (Figure 2B, spectra b anthyl
thevcacp band was broadened and downshifted in the variant
K250M/V251L/W256Y-bound species (Figure 2B, spectrum
¢), again implicating disruption of the interaction of the vinyl
group with the protein.
Binding of NiPP to Porphyrin-Binding Loop Variants of
FerrochelataseOur previous RR studies indicated that NiPP
. . . became distorted from planarity upon binding to wild-type
1300 1400 1500 1600 1700 ferrochelatasel(7). NiPP shows a strong tendency to distort
Raman Frequency (cm™) in a way that allows the porphyrin to contract around the
FiGure 2: Low-frequency (A) and high-frequency (B) regions of ~Small Ni(ll) ion, making it a sensitive probe of the active
the resonance Raman spectra @PH in assay buffer (a) or bound site. We examined the binding of this metalloporphyrin to
to wild-type ferrochelatase (b) and to porphyrin-binding loop the loop variants to assess the impact of the introduced

variants (e-g) after incubation with a WPP:protein molar ratio of : ; : ; ;
0.1: (c) triple mutant K250M/V251L/W256Y, (d) single mutant mutations on metalloporphyrin deformation. Figure 3 depicts

P255R, (e) single mutant P255G, (f) triple mutant S249A/K250Q/ the low-frequency (Figure 3A) and high-frequency (Figure
V251C, and (g) quadruple mutant Q248P/S249G/K250P/G252W. 3B) regions of the RR spectra of NiPP in assay buffer (Figure
Asterisks denote buffer lines. Vibrational modes of the major 3, spectrum a), NiPP incubated with wild-type ferrochelatase

structure-sensitive lines are labeled. (Figure 3, spectrum b), and NiPP incubated with loop variants
(Figure 3, spectra-€g). The addition of NiPP to both wild-
0.1 (Figure 2, e-9). The RR spectra of #?P in assay buffer  type ferrochelatase and the porphyrin-binding loop variants
(Figure 2, spectrum a) and,PPP incubated with wild-type  resulted in a sharpening of the RR lines of the bound
ferrochelatase (Figure 2, spectrum b) are given for compari- porphyrin in the high-frequency region of the spectra (Figure
son. There are clear differences in the RR spectra of 3B, spectra b-g) in relation to those of NiPP in assay buffer
porphyrin bound to ferrochelatase variants when compared(Figure 3B, spectrum a). Also, upon protein binding, the
to those of the porphyrin in the detergent micellar environ- v, andv,g structure-sensitive lines downshifted, while the
ment. Specifically, in the low-frequency region (Figure 2A), vinyl stretching modec—cp) Sharpened and increased in
as was found for wild-type ferrochelatase (t&fand Figure intensity (Figure 3B, spectra+n) as previously found for
2A, spectrum b), the; line upshifted from 666 cm for wild-type ferrochelatasel{). Compared with that of NiPP
porphyrin in the assay buffer to 67875 cn1t in four of bound to the wild-type protein (Figure 3A, spectrum b), the
the variants (Figure 2A, spectra-d); the largest shift (to  low-frequency region of the RR spectra of both triple
677 cmt) was detected in the porphyrin bound to the triple mutants, K250M/V251L/W256Y (Figure 3A, spectrum c)
mutant K250M/V251L/W256Y (Figure 2A, spectrum c). The and S249A/K250Q/V251C (Figure 3A, spectrum f), exhib-
v1e line [at 738 cn1t for unbound HPP in solution (Figure  ited a less pronounced splitting of the lines and broader
2A, spectrum a)] decreased in intensity and frequency for propionate lines. Also, theg line, which downshifts and
wild-type ferrochelatase-bound porphyrin and four variant- splits for wild-type ferrochelatase and all other mutants,
bound species (Figure 2A, spectra b anth)l whereas the  presents a spectral structure for both triple mutants (Figure
v16 line for the triple mutant K250M/V251L/W256Y-bound  3A, spectra ¢ and f) that is similar to that of the unbound
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Ficure 3: Low-frequency (A) and high-frequency (B) regions of

the resonance Raman spectra of NiPP in assay buffer (a) or boun h R tra of hemin i o bound
to wild-type ferrochelatase (b) and to porphyrin-binding loop the résonance Raman spectra of hemin in assay buffer (a) or boun

variants (c-g) after incubation with a NiPP:protein molar ratio of © Wild-type ferrochelatase (b) and to porphyrin-binding loop
0.1: (c) triple mutant K250M/V251L/W256Y, (d) single mutant varlar!ts (e-g) after incubation with a hemin:protein molar ratio
P255R, (e) single mutant P255G, (f) triple mutant S249A/K2500Q/ of 0.1: (c) triple mutant K250M/V251L/W256Y, (d) single mutant

P255R, (e) single mutant P255G, (f) triple mutant S249A/K250Q/
Y251C, and () auadiuple mutant Q248P/S249GIK250PIG252W. \/251¢. and (g) quadruple mutant Q248P/S249G/K250P/G252W.

Asterisks denote buffer lines.

IGURE 4: Low-frequency (A) and high-frequency (B) regions of

N|P_P in assay bu_ffer. These alterations in the RR spectra of 5| other variants exhibited smaller (typically 1.5 thshifts
variant-bound NiPP make these spectra resemble morey, the opposite direction, i.e., to higher frequencies (Figure
cIc_)ser the RR spectrum of the unbound NiPP in assay buffer4p, spectra c, f, and g). Theg line, associated with £-C;
(Figure 3A, spectrum &) rather than that of NiPP bound t0 and G—C; stretches, increased in intensity in the cases of
wild-type ferrochelatase (Figure 3A, spectrum b). This p55R and P255G as compared to that of the wild-type
suggests that, in relation to the wild-type enzyme, the triply protein, although it did not appreciably shift (Figure 4B,
_mutateq varignts have Iower affinities. for NiPP and a looser spectra b, d, and e). Both the andvss lines derived from
interaction with the porphyrin (see Discussion). vinyl-associated modes, so the fact that they changed in
Binding of Hemin to Porphyrin-Binding Loop Variants of tandem indicates significant alterations in the vinyl groups
FerrochelataseThe interaction of the loop variants with  of the variant-bound porphyrins.
hemin, an inhibitor of ferrochelatas23), was examined by In the low-frequency region of the RR spectra of the wild-
collecting RR spectra of hemin upon incubation with the type and variant-bound hemin, two different types of spectra
variants and comparing these spectra against those of freecan be distinguished: the wild-type, P255R, and P255G
hemin in assay buffer and hemin bound to wild-type enzyme spectra all exhibit similar characteristics (Figure 4A,
ferrochelatase (Figure 4). Binding of hemin to both Pro255 spectra b, d, and e), namely, a downshifiedand down-
variants resulted in a shift of the line to lower frequencies,  shifted vinyl bending lines (§C.Cp) in relation to the free
with a magnitude of 5 crt for P255R (Figure 4B, spectrum  hemin in assay buffer. The second type of spectrum is
d) and 4.2 cm? for P255G (Figure 4B, spectrum e), whereas represented by the triple and quadruple variants that exhibit
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RR spectra (Figure 4A, spectra c, f, and g) very similar to that is, a larger- line frequency is associated with a lower
that of free hemin in assay buffer (Figure 4A, spectrum a). catalytic efficiency k../K.") of the variant, and the lowest
frequency is associated with the wild-type protein. The
DISCUSSION line corresponds to aAy, in-plane pyrrole ring symmetric
deformation 17, 25); such an in-plane deformation might
be expected to accompany the saddling and other deforma-
tions that occur upon porphyrin binding. This is especially
true for saddling, which contracts the core of the porphyrin
ring. However, in-plane deformations are not expected to

these increaseH, values were associated with decreased mfluencel catalytl'c efficiency as ”."“Ch as the out-of-plane
catalytic efficiencies K./KL), the ke values were not deformat!ons which expose the_ nltr_ogens. _ _
always lower than the wild-type valuel§). The most Analysis of the steady-state kinetic parameters in relation
dramatic effect on the steady-state kinetic parameters wasio porphyrin saddling among the ferrochelatase variants
introduced with the triple K250M/V251L/W256Y mutations. indicated an approximate inverse relationshipk§f with
This variant exhibitd a 1 order of magnitude lowég./K}" the extent of saddling (Table 1). For P255R, S249A/K250Q/
than the wild-type enzyme, due to a much compromised V251C, and Q248P/S249G/K250P/G252W variants, the

porphyrin binding, as indicated by an 8-fold increasé(ﬁﬁ increasir_lgly poor interaction W?th protoporphyrin was ac-
and an~30% decrease ific; (18). In this study, we have companied by a gradual reduction in the level of porphyrin

presented an in-depth analysis of the parameters affectingS@ddling, reaching Vapl}j?s 0f80% of the wild-type level.
porphyrin binding, distortion, and catalysis of the ferro- However, while theK; " increase for the K250M/V251L/

chelatase porphyrin-binding loop variants. W256Y variant was similar to that of the Q248P/S249G/

Nonplanar Porphyrin Distortion and Catalytic Efficiency. K290P/G252W variant, the level of induced porphyrin
Analysis of the high-frequency RR spectra of wild-type Saddling was only-30% of that imposed by the wild-type

murine ferrochelatase and its active-site loop variants with Protein; this indicates a marked deficiency in the capacity
H.PP bound led us to conclude that the protein is responsible®f the K250M/V251L/W256Y variant to distort porphyprm,
for inducing important distortions in the porphyrin macro- Which may not be related solely to the effect &y,
cycle. Saddling of PP occurs upon its binding to the active- Therefore, it is likely that multiple fat_:tors can mfluence_ the
site pocket of the variants, as previously observed for wild- competency of ferrochelatase to distort the porphyrin. A
type ferrochelatasel). Significantly, the extent of substrate Maximal degree of distortion may require the optimal active-
saddling influences the catalytic efficiency of the enzyme Sit€é geometry. Alteration of the active-site residues in the
toward HPP. Theyis mode, aB,, symmetry saddling-like variants that were examined causes alterations of the por-
mode, was previously observed, and its appearance wadhyrin-binding cavity structurel@), and as a result, it may
attributed to a saddling deformation of the porphyrin upon have become unfavorable for inducing the porphyrin defor-
binding to the proteinX7, 24). Although all of the RR spectra mation necessary for catalysis. The case for ferrochelatase
of the analyzed variants and wild-type ferrochelatase exhib- may be similar to that of catalytic antibodies with ferroche-
ited strongy s lines relative to those of #PP in buffer, their ~ latase activity {4) for which certain amino acid residues
intensities varied among the different variants (Figure 2A). appear to dominate the activation of thg mode. Although
The integrated intensity of theys line, normalized to the residues of the loops in both the light chain and heavy chain
intensity of they; line for the same spectrum, can be taken contribute to mesoporphyrin deformation in the binding sites
as a measure of the degree of porphyrin sadd"ng deformationOf the catalytic antibodies, mutational analysis indicates that
induced by the different proteind4). Table 1 lists values  the heavy chain dominates the; mode activation4). The
for the ratio of the intensities QIlS andv- lines and values dominant effect of porphyrin distortion in ferrochelatase is
for the catalytic efficiencies, measured by the ratio between best illustrated by the K250M/V251L/W256Y variant, as it
the ke of the enzymatic reaction and tkg, for H,PP under ~ exhibits less than 30% of the:;s mode activation (i.e.,
steady-state turnover conditions for the wild-type and loop saddling) of the wild-type enzyme and very low activity.
ferrochelatase variants. The degree of saddling-type distortionThus, the traditional view of enzyme catalysis is epitomized
as measured by the relative intensity of theline (y15/v7) by the ferrochelatase-catalyzed reaction that is mediated by
is high when the catalytic efficiency of the variants is near the saddling deformation. Lowering of the transition state is
that of the wild-type enzyme. In contrast, the binding g H  driven by the enhanced binding energy of the strained
PP to the triple mutant K250M/V251L/W256Y produced the substrate. The induced saddling occurs at the expense of
smallest saddling of the porphyrin macrocycle (as determinedweaker binding for the planar porphyrin in the active site,
from y15/v7) among all of the examined variants: the saddled Which favors the release of a metalated product since it more
deformation is less than 30% of that of the wild-type (Table strongly prefers a planar conformation.
1), and strikingly, the catalytic efficienck&/Km) of K250M/ Consistent with the interpretation of the intensity of the
V251L/W256Y is lowered by 1 order of magnitud&g]. activatedy;s mode as a measure of the degree of porphyrin
These data are consistent with the previously proposed keydistortion, Venkateshrao et all4) recently reported that the
role for the porphyrin saddling deformation in the enzyme binding of mesoporphyrin IX to the Fab fragment of a
catalytic mechanism. ferrochelatase antibody (i.e., affinity-matured 7G12 antibody)
The catalytic efficiency of the ferrochelatase loop variants promoted the activation of theis Raman band at 680 crh
also exhibited an approximate inverse linear correlation with The intensity of the induced Raman band was approximately
the frequency of the; line of bound HPP (see Table 1);  3-fold higher for this antibody than for the inactive germline

As reported previouslyl@®), replacement of the residues
in an active-site loop disrupted the interaction between
ferrochelatase and bound porphyrin. TKg values for
protoporphyrin for a set of loop variants were increaseg-2
fold relative to that of wild-type ferrochelatasks]. Although
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precursor antibody. Intermediate intensity values were and W256 act synergistically to promote the strain of the
observed for variants in which some of the residues where porphyrin substrate cannot be dismissed, it is unlikely that
the somatic mutations had accumulated were mutated backk250 and V251 are the major determinants in porphyrin
to the germline residued4). Significantly, a trend similar  distortion for several reasons. First, in the structural model
to what we observe for ferrochelatase and its variants wasof murine ferrochelatase, the side chain of K250 is oriented
also identified with the catalytic efficiencies of the different toward the protein exteriodg), thus making it very unlikely
catalytic antibodies. Indeed, an approximate linear correlationthat K250 would contact the bound porphyrin directly.
between the logarithm of the catalytic efficiencies and the Although the side chain of V251 is oriented toward the
y15/v7 intensity ratio could be establisheti4). From these  interior of the active-site cleft, the RR spectra of the V251L
results, the investigators concluded tlya4 activation was single mutant with bound porphyrin resemble those of the
mainly proportional to the activation energy, reiterating the wild-type ferrochelatase (data not shown), indicating that the
idea that catalysis involves straining of the substrate and thatV251L mutation alone does not alter the degree of porphyrin
the active-site binding energy is evolved to lower the distortion from that observed for the wild-type enzyme.
activation energy of the reactiod4). Second, substitutions of K250 and V251 also occur in
We have observed a similar trend in the relationship S249A/K250Q/V251C and Q248P/S249G/K250P/G252W

betweeny1s intensity and catalytic efficiency, but large variants with only a mild decrease in the level of porphyrin

experimental uncertainties and few data points do not revealS2ddling, and in fact, these variants exhibited-86% of

a true correlation. However, the data are suggestive, and theyin€ Wild-type extent of activation of the porphyrin distortion
are consistent with other results obtained from quantum (Table 1). Third, the invariant W256 has its bulky aromatic

mechanical and molecular mechanics calculations, which side group oriented toward the interior of the active-site

indicated that the binding of a distorted porphyrin, particu- p_ocket_. Finally, the_ role of steric interaction in macrocycle
larly a saddled porphyrin, was thermodynamically preferred distortion was elucidated for the X-ray crystal structure of

to that of a less flexible, metalated porphyritb). These B. subtilis ferrochelatase with boundli-methylmesopor-
results accentuate the importance of an architecture of thephy”n' a competitive inhibitor of ferrochelatase (PDB entry

active site that binds a distorted porphyrin and releases alClH) ©). Analysis of the crystallographic structure indi-

. : - ted that W230, equivalent to the murine W256 residue
flatter, metalated porphyririlf). Collectively, these studies cate ) ) ; '
of the loop variants and wild-type ferrochelatase indicate that lt'ﬁs m_the prox(|jr_n|tty of tr]le bounstﬁorfhy?ﬁ)(hln pa_rc;lculﬁr,_

a reduced level of saddling is associated with a decrease in € minimum distance rom@ € tryptophan side ¢ a|r'1&
catalytic efficiency k/K-) and an increase iK>" (Table to the nitrogen of pyrrole ring C of porphyrin is ca. 3

1 and ref18) suggestiné]n that the nonplanar crgnformation (Flgure 5)- _Thus, the mdole ring of the tryptophan reS|due
of the porphyrin substrate is favored in the interaction with is well-positioned to tilt the pyrrole group down, in the

the active site during the catalytic reaction. Studies involving oo+ required to produce the observed saddling. In
X 9 yt . ) . 9 addition, the methyl group connected to the nitrogen atom
synthetic nonplanar porphyrins in solvents of different

. . -_of the opposite pyrrole ring (i.e., ring A) also acts to tilt
polarity also have suggested that sad_dllng affects the potc_annaldown this pyrrole. Together, these factors contribute to the
energy surfaces to allow porphyrin to access multiple

p i th I barriers f h d strong saddling observed in the crystal structure of ferro-
configurations with small energy barriers from the grouna . ., 5i45e complexed with eithidrmethylmesoporphyrin or
state £6). A similar mechanism may be used in the protein

i : - .. Cu(Il) mesoporphyrin. In conclusion, although a synergistic
matrix to solvate the porphyrin substrate and to facilitate its oot may exist in the K250M/V251L/W256Y variant, the
conversion into catalytically competent conformations. In this W256Y substitution would make it difficult for the side group
regard, it is probable that the sa.ddled'structure representSy reach the proximal pyrrole ring and tilt it down, since
ghte grtlnlund St?jﬁ C()J thef porpl;yrﬂprotelnl complex.t Ad'. ¢ tyrosine presents a phenolic ring shorter than the indole ring
s ol e i S snee e M DPophen, Ths Substton 256 i e less bl
. o .~ tyrosine would be expected to weaken the porphyrin distor-
reduced symmetry of the macrocyle might facilitate catalysis {jo, ‘The results of this RR study agree with the previous
by promoting the proper alignment of porphyrin. interpretation of the crystallographic structure of tBe
Active-Site Porphyrin-Binding Loop and Porphyrin Dis-  subtilis ferrochelataseN-methylmesoporphyrin complex,
tortion. This RR examination of the conformation of met- suggesting that, in the active site, aromatic stacking of the
alloporphyrins (NiPP and hemin) and the natural porphyrin indole ring of Trp with a pyrrole ring of porphyrin is
substrate (pFPP) bound to the loop variants indicated that important in generating nonplanarity.
the loop residues, particularly the conserved tryptophan Other Structural Changes upon Porphyrin Binding.
residue (W256 in murine ferrochelatase), induce porphyrin addition to modulating the saddling of the porphyrin core,
saddling. The degree of distortion was lowest in the K250M/ the mutations introduced into the active-site loop disrupt the
V251L/W256Y variant, which also exhibited the lowdst: interaction between the porphyrin vinyl groups and ferro-
and the higheska{Kﬁf values. Previously, we demon- chelatase, as indicated by the shifts and intensity changes of
strated that functional substitutions at the W256 position were the vinyl-related RR lines. For PP, the vcecp Vinyl
very limited, whereas K250 and V251 tolerated multiple stretching band was sharpened upon protein binding (Figure
replacements and thus were less likely to play a critical role 2B), suggesting that the vinyl groups had less freedom of
in porphyrin interaction X8). Significantly, independent, = movement and restricted orientation within the protein
single mutations of W256 to Y, F, or R yield proteins of matrix. However, the vinyl lines of #PP bound to the variant
poor stability, which cannot be purified with the current K250M/V251L/W256Y appear to be less defined than in the
available methods. Although the possibility that K250, V251, spectra of the wild-type protein and the other variants.
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of the vinyl groups in protoporphyrin, but not insertion of
metal into the physiological substrate protoporphyrin L&)(

Additional support for the idea that ferrochelatase can
function to orient the vinyl groups comes from the enhance-
ment of thevcacp Vinyl stretching band of NiPP upon
binding to ferrochelatase and loop variants (Figure 3B). There
are also important changes in the vinyl-related lines of hemin
bound to the P255R and P255G variants; specifically, the
vinyl-related linevsg intensifies (Figure 4B, spectra d and
e). The mutations introduced into the porphyrin-binding loop
appear to alter the global structure of the active site and
consequently control the porphyrin ring that can be accom-
modated. Using, as a core-size marke29), hemin shows
an expansion of the core of the porphyrin ring when bound
to the wild-type protein (Figure 4). A downshift o for
hemin bound to P255R and P255G implies that the ring is
further expanded when compared to the wild-type ferro-
chelatase. The upshift @t in the K250M/V251L/W256Y,
S249A/K250Q/V251C, and Q248P/S249G/K250P/G252W
variants indicates that the ring core is less expanded than in
the wild-type protein; similarly for NiPPy, andv,o down-
shifted upon binding to the variant proteins (Figure 3B),
suggesting that the core of the ring was similarly enlarged
in the protein environment of the wild-type ferrochelatase
and variants. While unbound NiPP adopts both planar and
nonplanar conformations in solution, as shown by the
deconvolution of the asymmetrig,, band into planar and
nonplanar components, only a nonplanar form is observed
in the mutated protein environmerit).

Structural changes other than saddling are evident in the
RR spectra. Althoughv,, v3, and vio of NiPP exhibited
downshifts suggestive of the same overall porphyrin in-plane
distortion for the wild-type and all the ferrochelatase variants,
the assayed variants did not exhibit line shifts in the low-
frequency region of the RR spectra as extensive as those
observed for the wild-type ferrochelatase (Figure 3). NiPP
bound to the triple (K250M/V251L/W256Y and S249A/
Ficure 5: Three-dimensional views of the interaction between the K250Q/V251C) and quadruple (Q248P/S249G/K250P/

invariant tryptophan residue and the active-site-bound porphyrin ; .
using the crystallized complex d@. subtilis ferrochelatase and G252W) variants led to a less pronounced splitting of the

N-MMP (PDB entry 1C1H) as a model structure. The bacterial WO lines near the position af; (Figure 3A). In addition,
W230 (purple) in the conserved loop motif (yellow) is shown to the relative intensity of the propionate lines near 375 nm
contact pyrrole ring C of the bound porphyrin macrocycle (cyan). changes less upon binding to wild-type ferrochelatase than
The mdet?yl group OtN'MMP islattaphedEDpyrfroltﬁ ring A. rYVhe” for these variants. Finally, the line includimg a line known
\rgzvgreocycrlggre eraon%eé) )i/:lr%eclcgg}?viise mgnnereinp;atﬁelysng and to b_e _sensitive to macrocycle and sub_stituent c_onformat_ior_ls,
B. exhibits a spectral shape for these variants that is more similar
to that observed for the porphyrin free in solution than that
Specifically, HPP bound to K250M/V251L/W256Y shows for the wild-type bound species. These results are all
a broadening and downshift of tlre.—c, band and an upshift  indicative of a looser and less specific interaction between
of v,, a vinyl-sensitive macrocycle vibration (Figure 2B, NiPP and the active site of the triple and quadruple variants.
spectrum c), relative to those of the wild-type protein. A Similar features are observed (Figure 4) when these variants
downshift of thevcaecp vinyl stretching mode indicates are incubated with hemin, an inhibitor of the enzyme. For
rotation of the vinyl side chains into the plane of the example,v; did not exhibit any appreciable downshift as
porphyrin core, and broadening of the band suggests thatopposed to that of the wild-type protethemin complex,
the vinyl groups may have more motional freedom or adopt andv; in the high-frequency spectral region appeared to be
multiple alternative conformation27, 28). Thus, itis likely more like that of hemin in buffer than that of hemin bound
that the loop mutations cause more global changes in theto the wild-type protein. Overall, the NiPP and hemin RR
active-site structure, which result in weakened interaction results for the multiple variants are indicative of less specific
of the vinyl substituents with the protein matrix. Curiously, binding to the protein and a less pronounced porphyrin
the restrictions on the vinyl substituents imposed by the distortion induced by these variants in comparison with wild-
protein are not unique to ferrochelatase, since catalytic type ferrochelatase.
antibodies with ferrochelatase activity catalyze insertion of In conclusion, the conserved active-site loop motif in
metal into mesoporphyrin, which has ethyl groups in place ferrochelatase plays an important role in porphyrin binding
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and distortion. Most significantly, the induced porphyrin
saddling is shown to modulate the catalytic efficiency of
ferrochelatase toward its substrate, and the invariant tryp-
tophan is a major protein determinant of the saddled
conformation of the macrocycle. Additionally, the loop
residues function in specifically orienting the porphyrin vinyl

substituents and likely the entire porphyrin ring.
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