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ABSTRACT: Previous optical and electron paramagnetic
resonance (EPR) spectroscopic studies of the newly
discovered peroxynitrite scavenging pseudoperoxidase from
Leishmania major (LmPP) suggested that ferric LmPP
contained a six-coordinate low-spin (6cLS) heme with a
thiolate ligand, presumably a cysteine, bound to its heme iron.
To identify the axial ligands of LmPP, we exploit a systematic
mutational analysis of potential heme ligands. On the basis of
UV−visible and EPR spectroscopy, we report that the
substitution of the proximal His206 with alanine in LmPP
alters the 6cLS to a five-coordinate high spin (5cHS) form at pH 4.0 that has a spectrum characteristic of a Cys-ligated 5cHS
derivative. The electronic absorption and EPR analysis of all alanine-substituted Cys and Met single mutants establish that when
Cys107 is replaced with alanine, a new species appears that has a spectrum characteristic of a histidine-ligated 5cHS derivative at
pH 4.0. Together, these results suggest that His206 and Cys107 act as the proximal and distal axial ligands in ferric LmPP,
respectively. However, the electronic properties of reduced wild-type LmPP are similar to those of known 5cHS His-ligated heme
proteins at pH 8.8, indicating that the thiolate bond was broken upon reduction. Furthermore, the wild-type protein was only
partially reduced at pH 4.0, but the E105L mutant was completely reduced to form a 5cHS ferrous heme. These results imply
that the presence of an acidic residue near the distal site may prevent reduction of the heme iron at acidic pH.

Heme proteins make up one of the most versatile classes of
proteins in biology with respect to their functions,

including oxygen transport and storage, peroxide/oxygen
activation to oxygen insertion, active membrane transport,
electron transfer, signal transduction, and control of gene
expression.1,2 The functional diversity and spectral character-
istics of this class of proteins have mainly been attributed to the
structural machinery of the protein environment that builds up
the heme active site, especially the uniqueness of the proximal
axial ligand and residues located in the distal pocket.
Cytochromes, globins, heme oxygenases, and the majority of
peroxidases employ a histidine residue as the proximal ligand in
its protonated or deprotonated form.3,4 Catalases utilize a
tyrosine phenolate proximal axial ligand,5 whereas a cysteine
thiolate ligand is found in the cytochrome P450 (P450),1

Caldariomyces fumago chloroperoxidase (CPO),6 nitric oxide
synthase,7,8 cystathionine β-synthase (CBS),9 and CO-sensing
transcription factor (CooA) proteins.10 Biochemical, spectro-
scopic, and X-ray crystallographic studies of wild-type and
mutant enzymes have significantly contributed to our under-
standing of the structure−function aspects of heme proteins.
Recently, site-directed mutagenesis has allowed researchers to
determine the axial ligation of the heme proteins in different
forms, e.g., ferric, ferrous, and ferrous CO forms of heme iron.
Among all the axial ligands identified for heme proteins to

date, thiolate ligation through Cys has received the most
attention. This type of ligation has been shown to be important

to the reactivity and spectral characteristics of P450, NOS,
CPO, CBS, and CooA.1,8−10 The hemes in human CBS and
CooA are 6cLS in both ferric and ferrous states.10−12 Recent
EPR, X-ray absorption,9 and resonance Raman13 spectroscopic
characterization of the CBS has led to the assignment of the
heme axial ligands as histidine and cysteine, respectively, in
both oxidation states. Reduction of the heme results in
retention of the thiolate ligand and a large red shift in the
Soret peak to 450 nm. In contrast, reduction of CooA results in
replacement of the thiolate ligand, Cys75, with a neighboring
histidine residue, His77, and retention of the six-coordinate
state with the Soret peak at 424 nm.10,14 The recently
determined crystal structure of CooA,15 along with mutagenesis
studies,16 has revealed that the ligand trans to His77 in ferrous
CooA is Pro2.
A novel type of pseudoperoxidase (LmPP) has been recently

proposed to exhibit peroxynitrite degrading activities in the
Leishmania parasite.17 On the basis of homology modeling, its
sequence is ∼14% identical and ∼40% conserved with the class
I peroxidase, but it lacks a distal site His.17,18 The other feature
that distinguishes LmPP from peroxidase enzymes is the
presence of a Cys205 residue in front of the proximal His206.
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The optical and EPR spectra of LmPP are similar to those of
both CBS and CooA, having thiolate-ligated 6cLS heme in
ferric states.17 Like those of CooA, the optical spectra of
ferrous−CO complexes show the Soret absorption maxima at
420 nm. A possibility might be the replacement of proximal
ligand Cys205 by a neighboring His206 residue during
reduction.
Herein, we describe the spectroscopic characterization of the

LmPP mutants (H206A, C205A, C205A/H206A, E105L, and
C107A) in the FeIII, FeII, and FeIICO states using the
techniques of electronic absorption. Our studies reveal that
the two axial ligands in FeIII LmPP are histidine 206 (not
cysteine 205) at the proximal site and cysteine 107 at the distal
site of the heme iron.

■ MATERIALS AND METHODS
Materials. Ni2+-nitrilotriacetate resin and imidazole were

obtained from Sigma-Aldrich. The sources of other reagents
were described previously.17,19,20 Peroxynitrite (Calbiochem, La
Jolla, CA) was purchased as an aqueous solution (180−200
mM) and stored frozen at −80 °C until it was use. The stock
solution was diluted with 0.005 M NaOH, and the peroxynitrite
concentration was determined spectrophotometrically before
each experiment by measuring the absorbance at 302 nm (ε302
= 1705 M−1 cm−1).
Mutagenesis. Site-directed mutagenesis of LmPP DNA in

the pET15B expression plasmid (encoding amino acids 48−346
and a six-His tag at the N-terminus) was performed using the
QuikChange site-directed mutagenesis kit from Stratagene.
Table S1 of the Supporting Information showed both sense and
antisense primers for mutant proteins. The mutations were
confirmed at the molecular biology core facility of the Indian
Institute of Chemical Biology.
Protein Expression and Purification. Wild-type and

mutant enzymes were overexpressed in Escherichia coli BL21
D3 and purified using Ni2+-nitrilotriacetate affinity chromatog-
raphy as reported previously.17 After the crude extract had been
loaded, the column was washed with washing buffer [50 mM
phosphate buffer (pH 6.0) containing 0.1 mM ascorbate and 1
mM PMSF; 10 column volumes] and then washed further with
50 mM phosphate buffer (pH 5.25, 10 column volumes). The
pure enzyme was eluted with 500 mM phosphate (pH 4.0) and
then dialyzed three times against 50 mM phosphate (pH 4.0)
to adjust from 500 to 50 mM phosphate. The purified enzyme
was concentrated and stored at −80 °C. The heme was
identified and quantified at pH 4.0 by the pyridine−
hemochrome method.17 Concentrations of C205A, E105L,
and wild-type LmPP were determined from the 423 nm
absorbance of the heme, using extinction coefficients of 71, 75,
and 69 mM−1 cm−1, respectively. Concentrations of C205A/
H206A and H206A were determined from the absorbance at
382 nm of the heme, using extinction coefficients of 93 and 89
mM−1 cm−1, respectively. The concentration of C107A was
determined from the 408 nm absorbance of the heme, using an
extinction coefficient of 89 mM−1 cm−1.
Peroxynitrite Scavenging Activity Measurement. The

rate of ONOO− decay in the presence or absence of the
different types of LmPP proteins was measured by stopped-
flow spectroscopy at 100 mM phosphate buffer (pH 6.0).17,18,21

The rate of reactions was measured by following the decrease in
absorbance changes at 340 nm instead of 302 nm due to the
wavelength limitation of our stopped-flow spectrophotometer.
The multiple-turnover number of ONOO− degradation is

expressed in inverse seconds. Reactions were initiated by
rapidly mixing 4.0 μM wild-type or mutant enzymes in the
presence of 100 mM phosphate buffer (pH 6.0), with 400 μM
peroxynitrite in 0.005 N NaOH. The molar extinction
coefficient of ONOO− is 868 mM−1 cm−1 at 340 nm.

Imidazole Complex of the Wild Type and Mutants.
The pH of the stock solution of imidazole was adjusted to 6.0
with HCl. Scans from 700 to 350 nm of wild-type LmPP and its
mutants were taken before and after addition of 50 mM
imidazole at room temperature in the presence of 50 mM
potassium phosphate buffer (pH 6.0).

Formation of FeII Species of the Wild Type and
Mutants. Ferric wild-type LmPP and its mutants in 50 mM
Tris-HCl buffer (pH 8.8) were bubbled using nitrogen gas to
remove any oxygen contamination to semianaerobic conditions,
and a pinch of solid dithionite was added to the cuvette. Then
samples were scanned from 350 to 700 nm at room
temperature. Each set of experiments was conducted using
freshly purified enzymes to prevent any change in the spin state
due to the freezing, thawing, and storage of enzymes.

Spectra of the FeII−CO Complex of the Wild Type and
Mutants. Ferric wild-type LmPP and its mutants were reduced
to the ferrous state using a stoichiometric excess of dithionite,
and CO gas was bubbled through a needle into the cuvette fit
with an airtight syringe. Immediately a spectrophotometric scan
from 700 to 350 nm was performed at room temperature on a
Shimadzu-2550 UV−vis spectrophotometer. In each experi-
ment, spectra of freshly purified enzymes were recorded in the
presence of 50 mM Tris-HCl buffer (pH 8.8) or 50 mM
phosphate (pH 4.0) at 25 °C.

Electron Paramagnetic Resonance Measurements. X-
Band EPR spectra were recorded on a Jeol (JESFA200)
apparatus. Spectra were recorded in 50 mM potassium
phosphate at pH 4.0 for 0.2 mM LmPP and 50 mM potassium
phosphate buffer at pH 6.0 for LmP.

■ RESULTS
Homology Modeling. On the basis of the homology

model,22,23 the structural features of LmPP are found to be
similar to those of peanut peroxidase.24 Taking advantage of the
coordinates of the model, we have searched for the distal and
proximal ligands that interact with the ferric heme iron of
LmPP. Figure 1 depicts all cysteine and methionine residues of
LmPP, distal glutamate 105, and the possible interactions
between the heme iron and the proximal histidine 206 residue.
Furthermore, the distances from proximal His206 and Cys205
residues from heme iron are 2.13 and 7.09 Å, respectively. In
addition, the model structure predicts that the distances from
distal Glu105 and the closest Cys107 residue to the heme iron
are 5.96 and 16.05 Å, respectively.

Spectral Feature of Ferric Mutants. The optical spectra
of wild-type LmPP showed the Soret peak at 423 nm with other
peaks as the α band at 570 nm, the β band at 538 nm, and the δ
band at 360 nm (Table 1). These types of spectral bands were
characteristic of six-coordinate low-spin heme species with Cys
ligated as reported for various heme proteins (Table 1).25−27

Our spectroscopic analysis indicated that the replacement of
Cys71, Cys199, Cys205, Cys268, Cys284, Met324, and Met120
with alanine did not alter the heme spin state, which closely
resembled that of the wild type (Table 1), suggesting a lack of
involvement of these residues in the formation of the ligand of
the heme iron. In addition, a similar type of spectral band was
observed with the replacement of Glu105 with leucine at the
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distal site. Interestingly, UV−visible spectra of the H206A and
C205A/H206A mutants showed a blue shift of the Soret peak
at 382 nm with the disappearance of the α band at 570 nm
(shoulder) and the β band at 538 nm and the appearance of the
CT1 band at 640 nm and the CT2 band at 515 nm (Table 1
and Figure 2). Earlier spectroscopic data of high-spin P450CAM
and CPO showed Soret peaks at 391 and 396 nm with CT1
bands at 509 and 515 nm and CT2 bands at 646 and 650 nm,
respectively.28,29 These spectral peaks are characteristic of
cysteine five-coordinate high-spin heme as reported for nitric

oxide synthase, CPO, and P450CAM.
28−30 On the other hand,

the optical spectra of the C107A mutant showed a typical
histidine five-coordinate high-spin heme with a Soret peak at
408 nm and corresponding charge transfer bands CT1 and
CT2 at 527 and 630 nm, respectively (Table 1 and Figure 2).
The EPR spectra of wild-type LmPP and the E105L mutant

show nearly identical sets of g values (2.56, 2.27, and 1.87 for
the imidazole complex of the ferric P450 and 2.52, 2.28, and
1.88 for the ferric BxRcoM2), which can be seen from Figure 3
and in Table 2. The ferric H206A mutant had a high-spin EPR
signal (Figure 3; Table 2 for summary) analogous to the spectra
of cysteine-ligated ferric P450CAM and CPO with g values in the
range of 7−8.31,32 In contrast, the ferric C107A mutant had a
high-spin EPR signal (Figure 3; Table 2 for summary)
analogous to the spectra of histidine-ligated ferric LmP with g
values in the 5.78 region.
Figure 2 compares the electronic absorption spectra of ferric

H206A, C205A, C205A/H206A, E105L, and C107A mutants
at various pH values. The pH-dependent changes in the
coordinates of H206A, C205A/H206A. and C107A mutants
were observed in 50 mM phosphate buffer (pH 4.0 and 7.5). At
pH 4.0, H206A, C205A/H206A. and C107A mutants included
high-spin heme, whereas the wild type, C205A, and E105L
included 6cLS derivatives. As the pH is increased to 7.5,
H206A, C205A/H206A, and C107A mutants generated 6cLS
derivatives; however, the electronic spectra of the mutants were
different (αmax values for H206A and C205A/H206A of 380,
420, 540, 580, and 640 nm; αmax values for C107A of 417, 540,
and 577 nm).
Sometimes external ligand imidazole can bind at position 6 in

high-spin ferric heme and display distinguishable spectral
features depending on whether the fifth ligand is a histidine

Figure 1. Structural model showing the positions of proximal histidine,
distal glutamate, and all cysteine and methionine residues in LmPP.
The amino acid residues of LmPP are numbered. On the basis of the
published X-ray crystallographic structures of peanut peroxidase
(Protein Data Bank entry 1sch), we constructed a three-dimensional
model by homology modeling. Prediction of the three-dimensional
structure of LmPP was conducted by knowledge-based homology
modeling using the SWISS MODELWORKSPACE22 and PyMOL.59

Table 1. Comparison of Absorption Peak Positions and (Milli)molar Absorptivity (mM−1 cm−1) for Ferric Wild-Type LmPP,
LmPP Mutants, and Other Heme Proteins

protein ligands δ Soret β α CT ref

wild-type LmPP His/Cysa 360 (29) 423 (69) 538 (5.8) 570 (4.6) 640 (0.6) this work
C71A LmPP His/Cysa 360 (29) 423 (69) 538 (5.8) 570 (4.6) 640 (0.6) this work
M120A LmPP His/Cysa 360 (29) 423 (69) 538 (5.8) 570 (4.6) 640 (0.6) this work
C199A LmPP His/Cysa 360 (29) 423 (69) 538 (5.8) 570 (4.6) 640 (0.6) this work
C205A LmPP His/Cysa 360 (32) 423 (71) 538(8.2) 570(6.1) 640(0.8) this work
C268A LmPP His/Cysa 360 (29) 423 (69) 538 (5.8) 570 (4.6) 640 (0.6) this work
C284A LmPP His/Cysa 360 (29) 423 (69) 538 (5.8) 570 (4.6) 640 (0.6) this work
M324A LmPP His/Cysa 360 (29) 423 (69) 538 (5.8) 570 (4.6) 640 (0.6) this work
E105L LmPP His/Cysa 360 (20) 423 (75) 538 (7.1) 570 (5.7) 640 (0.4) this work
RrCooA Pro/Cys 362 (nr) 424 (nr) 540 (nr) 574 (nr) 649 (nr) 25
BxRcoM-2 His/Cys 354 (nr) 423 (nr) 541 (nr) 565 (nr) 640 (nr) 46
hCBS His/Cys 365 (nr) 428 (nr) 550 (nr) ND 650 (nr) 27
H206A LmPP Cysa ND 382 (89) ND ND 515 (12), 641 (4.2) this work
C205A/H206A LmPP Cysa ND 382 (93) ND ND 515 (15), 641 (5.5) this work
P450 (HS) Cys ND 391 (nr) ND ND 509 (nr), 644 (nr) 28
H206A LmPP with ImH ImH/Cysa 360 (25) 423 (67) 538 (6.0) 570 (4.7) 640 (0.5) this work
C205A/H206A LmPP with ImH ImH/Cysa 360 (23) 423 (70) 538 (5.6) 570 (4.3) 640 (0.6) this work
P450CAM with ImH ImH/Cys 358 (nr) 425 (nr) 542 (nr) 574 (nr) 638 (nr) 33
C107A LmPP Hisa ND 408 (89) ND ND 527 (12), 630 (5.1) this work
LmP His ND 409 (nr) ND ND 502 (nr), 640 (nr) 38
C107A LmPP with ImH His/ImHa ND 413 (98) 534 (8.5) 565 (5.0) ND this work
LmP with ImH His/ImH ND 413 (nr) 537 (nr) 565 (nr) ND 38

aPredicted axial ligand. Spectra of the ferric enzyme with and without the imidazole complex were assessed in the presence of 50 mM phosphate
buffer at pH 6.0 and 4.0, respectively. ND and nr indicate not detected and not reported, respectively. The value of the millimolar extinction
coefficient is given in parentheses.
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or cysteine residue.33,34 Therefore, we used imidazole to
observe whether there was any change in Soret or visible peaks
in the wild type and mutants. We found that the wild type,
E105L, and C205A exhibited no changes in their spectral
features at pH 6.0 in the presence of 50 mM imidazole,
indicating that the fifth and sixth ligands were tightly bound

with heme iron (Figure 4). The Soret maxima of H206A and
C205A/H206A were red-shifted from 382 to 423 nm with an α
band at 570 nm (shoulder) and a β band at 538 nm in the
presence of 50 mM imidazole (Figure 4). These types of
spectral changes occurred in cysteine five-coordinate ligated
heme with external imidazole as reported for both nitric oxide
synthase and cytochrome P450.33,35 Similarly, the C107A
mutant was a red-shifted from 408 to 412 nm with an α band at
565 nm (shoulder) and a β band at 535 nm via the addition of
50 mM imidazole (Figure 4), typical of bis(imidazole) ligation
as in cytochrome b5.

36,37 These types of spectral bands were
characteristic of imidazole-bound histidine-ligated heme as
reported for various histidine-ligated peroxidases.38

Another approach to study the heme iron ligation is by
reduction of the ferric enzymes with dithionite at different pH
values (acidic and alkaline). Like high-spin histidine-ligated
heme proteins,39,40 the FeII state of the wild type, C205A,
C107A, and E105L displayed noticeable spectral features and
showed a Soret peak at ∼428 nm and a visible peak at 557 nm
indicating that the ferrous state of these enzymes had a 5cHS
heme at pH 8.8 (Figure 5 and Table 3). Interestingly, UV−
visible spectra of the FeII state of H206A and C205A/H206A

Figure 2. pH-dependent spectral studies of wild-type LmPP and its mutants. Wild-type and mutant enzymes were scanned in the presence of 50 mM
phosphate buffer at pH 4.0 (···) and pH 7.5 (). Visible regions were amplified 8-fold from 500 to 700 nm. Each spectrum is representative of three
independent purifications in respective buffers. The concentrations of the wild type, E105L, C107A, C205A, H206A, and C205A/H206A were 5.8,
4.2, 3.2, 4.7, 3.8, and 3.4 μM, respectively.

Figure 3. X-Band EPR spectra of 0.2 mM wild-type LmPP and its
mutants in 50 mM phosphate (pH 4.0) containing 0.1 mM DTPA and
X-band spectra of 0.2 mM wild-type LmP in 50 mM phosphate buffer
(pH 6.0) containing 0.1 mM DTPA. The microwave power,
modulation frequency, microwave frequency, and measurement
temperature were 10 mW, 100 kHz, 9.1 GHz, and 77 K, respectively.

Table 2. X-Band EPR Parameters of Ferric Wild-Type
LmPP, LmPP Mutants, and Other Heme Proteins

protein ligands g values ref

wild-type LmPP His/Cysa 2.44, 2.24, 1.84 this work
E105L LmPP His/Cysa 2.44, 2.24, 1.84 this work
RrCooA Pro/Cys 2.46, 2.25, 1.89 10
BxRcoM-2 His/Cys 2.52, 2.28, 1.88 46
hCBS His/Cys 2.49, 2.31, 1.87 27
P450 (imidazole) Cys/Imi 2.56, 2.27, 1.87 31
CPO (HS) Cys 7.6, 4.3, 1.8 32
P450 (HS) Cys 7.9, 4.0, 1.8 31
H206A LmPP Cysa 7.43, 4.23, 2.3 this work
C107A LmPP Hisa 5.78, 4.24, 2.19 this work
LmP His 5.78, 4.23, 2.07 this work

aPredicted axial ligand.
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showed a Soret peak at 412 nm with the appearance of the αβ
band at 557 nm (Figure 5 and Table 3) indicating that the
ferrous states of both mutants were 5cHS heme with cysteine
ligated.41 To authenticate these data by an alternative method,
the ferrous states of heme proteins were treated in parallel with
carbon monoxide.42 When the ferrous−CO complexes of the
wild type and all mutant proteins were studied, all exhibited
spectroscopically identical Soret maxima at 420 nm, β bands at
540 nm, and α bands at 568 nm (Figure 5 and Table S2 of the
Supporting Information). Although the axial ligand of both
H206A and C205A/H206A (ferric or ferrous) was found to be
cysteine, they exhibited a Soret peak around 420 nm with a β
band at 540 nm and an α band at 568 nm (Figure 5), indicating
that these mutants behaved like P420 rather than P450.43,44

At pH 4.0, both of the dithionite-treated C107A and E105L
mutants showed Soret peaks at ∼428 nm and visible peaks at
557 nm indicating that the heme irons of these enzymes were

completely reduced (Figure 6, solid line). On the other hand,
the hemes of the wild type and all mutant proteins (except for
C107A and E105L) were only partially reduced at pH 4.0 as
judged by the two visible αβ bands in the visible region (539
and 568 nm) (Figure 6, solid line) that were very close to those
(538 and 570 nm) of their ferric forms. It has been shown that
the low-spin form of anionic ligand-ligated heme proteins is not
quickly reduced with dithionite (for example, P450 2B4).45

However, Figure 6 shows the formation of complete ferrous−
CO complexes for all the wild-type and mutant LmPPs (dotted
line) because CO might influence an equilibrium shift between
the ferric and ferrous state of hemes to complete the ferrous
state by forming the ferrous−CO complex.
We compared ONOO− scavenging activity among wild-type

LmPP and its mutants by measuring their multiple-turnover
rates in the presence of 100 mM phosphate buffer (pH 6.0).
The ONOO− decomposing activities for the wild type, H206A,

Figure 4. Soret and visible absorption spectra of the ferric wild type and mutants in the presence of 50 mM phosphate buffer (pH 6.0) with (---) or
without () 50 mM imidazole. The concentrations of the wild type, E105L, C107A, C205A, H206A, and C205A/H206A were 2.9, 4.0, 2.2, 2.5, 2.3,
and 2.0 μM, respectively.

Figure 5. FeII- and CO-bound spectral characteristics of the wild type and mutants in 50 mM Tris-HCl buffer (pH 8.8). Ferric enzymes were
reduced to FeII enzymes using solid dithionite, and ferrous enzymes were bubbled with CO to produce the FeII−CO complex. Each scan was
representative of six independent experiments. The concentrations of the wild type, E105L, C107A, C205A, H206A, and C205A/H206A were 5.3,
7.0, 5.0, 7.5, 4.0, and 4.3 μM, respectively.
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C205A/H206A, and C107A were 23 ± 2.0, 1.2 ± 0.1, 1.4 ±
0.08, and 37.4 ± 3.2 s−1, respectively. The C107A mutant
exhibited 1.5-fold higher activity than the wild-type enzyme,
whereas the catalytic activities of both H206A and C205A/
H206A mutants were much lower than that exhibited by the
wild-type enzyme. This marked decrease in the activity of the
wild type reflects the fact that the sixth thiolate ligand in LmPP
might prevent interaction of ONOO− with the heme iron. The
data of both H206A and C205A/H206A mutants suggested
that either the proximal site of the heme was less accessible to
ONOO− or the reactivity of the distal site thiolate bond
containing LmPP with ONOO− was lower than that of wild-
type LmPP.

■ DISCUSSION
The EPR spectrum of wild-type ferric LmPP shows a single
rhombic EPR signal (g values of 2.46, 2.25, and 1.89),17 with a g
value anisotropy characteristic of LS thiolate-bound heme.11 In
addition, the optical absorption spectrum of wild-type LmPP is
like that of the 6cLS thiolate-ligated heme protein.10,46

However, we note that the ferrous−CO absorption band at
∼450 nm in the chloroperoxidase and the cytochrome P450,
which originate from a thiolate ligand,11 is not observed in the
CO-bound ferrous wild-type LmPP spectra.17 Thus, the
following two possible axial ligand combinations have been
proposed to explain the characteristics of optical spectral bands
in ferric and CO-bound ferrous LmPP.
(i) Like RrCooA,10 the ferric heme iron of wild-type LmPP

may be coordinated by cysteine (thiolate) (Cys205) at the
proximal site and by the nitrogen of the distal site unknown
residue. When the heme is reduced, the cysteine (thiolate) is
replaced with a neighboring histidine (His206), which poises
the protein for binding CO via replacement of the distal site
residue. However, the C205A mutant exhibits electronic
absorption spectra in its ferric, ferrous, and ferrous−CO
forms that were indistinguishable from those of the wild-type
protein (Table 1). These results can rule out the possibility of
proximal ligand as a cysteine in the ferric state of LmPP. In
contrast, H206A and C205A/H206A mutants show substantial

Table 3. Comparison of Soret, Visible Absorption Maxima
(nanometers), and (Milli)molar Absorptivities (mM−1 cm−1)
for Ferrous Wild-Type LmPP, LmPP Mutants, and Other
Heme Proteinsa

ferrous enzyme ligands Soret βα ref

wild-type LmPP Hisb 428 (73) 557 (10) this
work

C71A LmPP Hisb 428 (73) 557 (10) this
work

M120A LmPP Hisb 428 (73) 557 (10) this
work

C199A LmPP Hisb 428 (73) 557 (10) this
work

C205A LmPP Hisb 428 (74) 557 (8.0) this
work

C268A LmPP Hisb 428 (73) 557 (10) this
work

C284A LmPP Hisb 428 (73) 557 (10) this
work

M324A LmPP Hisb 428 (73) 557 (10) this
work

E105L LmPP Hisb 428 (75) 557 (6.5) this
work

RrCooA His/Pro 425 (nr) 529 (nr), 559
(nr)

10

BxRcoM-2 His/Met 425 (nr) 532 (nr), 562
(nr)

46

hCBS His/Cys 448 (nr) 540 (nr), 570
(nr)

27

H206A LmPP Cysb 412 (52) 557 (8.6) this
work

C205A/H206A
LmPP

Cysb 412 (54) 557 (8.6) this
work

P450 (HS) Cys 408 (nr) 560 (nr) 28
C107A LmPP Hisb 428 (105) 557 (11) this

work
LmP His 436 (nr) 559 (nr) 38
aThe stable ferrous enzymes were obtained by addition of dithionite in
the presence of 50 mM Tris-HCl buffer (pH 8.8). nr indicates not
reported. bPredicted axial ligand. The value of the millimolar
extinction coefficient is given in parentheses.

Figure 6. FeII- and CO-bound spectral characteristics of the wild type and mutants in 50 mM phosphate (pH 4.0). Ferric enzymes were reduced to
FeII enzymes using solid dithionite, and ferrous enzymes were bubbled with CO to produce the FeII−CO complex. Each scan was representative of
six independent experiments. The concentrations of the wild type, E105L, C107A, C205A, H206A, and C205A/H206A were 4.3, 7.0, 5.0, 4.3, 4.3,
and 3.5 μM, respectively.
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changes in optical and EPR spectra compared to that of wild-
type LmPP. The optical spectra of both H206A and C205A/
H206A mutants are similar to those of high-spin cytochrome
P45028,33 and nitric oxide synthase,47 indicating that thiolate
ligation is retained in this variant at the distal site and
suggesting that His206 is a ligand at the proximal site in the
oxidized form of LmPP. Furthermore, the spectra of imidazole-
bound H206A and C205A/H206A mutants are identical with
those of the wild-type protein, providing further support for the
thiolate/imidazole ligand assignment for ferric LmPP. Further
evidence of stable cysteine ligation in the H206A mutant comes
from the EPR spectrum of the high-spin state (Figure 3), which
has a distinguishing characteristic of 5cHS ferric thiolate-bound
heme proteins such as P450CAM or CPO displaying g values in
the range of 7−8 (see Table 2).32,48

(ii) The heme in LmPP is unusual and resembles (but is also
distinct from) that found in the hCBS.49,50 Thus, the alternative
possibility is that the ferric heme iron of wild-type LmPP is
coordinated by the nitrogen of histidine (His206) at the
proximal site and by the thiolate of the cysteine residue at the
distal site. The proposed model structure based on molecular
dynamics calculation and energy minimization cannot predict
the possible distal site cysteine residue within 3 Å of heme iron.
Except for the C107 mutant, all LmPP Cys and Met variants
(C71A, C199A, C205A, C268A, C284A, M120A, and M324A)
display normal amounts of heme-containing LmPP and exhibit
electronic absorption spectra of the ferric, ferrous, and ferrous−
CO forms that are identical to that of the wild-type protein
(Table 1). In contrast, the C107A mutant shows a considerable
amount of alteration in optical spectra compared to that of
wild-type LmPP. The spectrum of the C107A mutant is similar
to that of high-spin peroxidase,51 indicating that histidine
ligation is retained in this variant at the proximal site and
suggesting that Cys107 is a ligand in the distal site in the
oxidized form of LmPP. Further evidence of stable histidine
ligation in the C107A mutant comes from the EPR spectrum of
the high-spin state (Figure 3), which has a unique characteristic
of 5cHS ferric histidine-bound heme proteins such as LmP,
which displays g values of ∼6.0 (Table 2).
On the basis of mutational and spectroscopic analysis, our

data presented in this study indicate that both His206 and
Cys107 act as the axial ligands in the ferric state of the E105L
mutant. Although the ferric state of the E105L mutant is
identical with the ferric wild-type protein, a central question in
this study is why the dithionite can be fully reduced in the
E105L mutant but partially reduced in wild-type LmPP at acidic

pH (Figure 6). The reason for such an extremely slow
reduction of the heme iron of wild-type LmPP may be the
lowered redox potentials of anionic ligand-ligated hemes versus
those of neutral ligand-ligated hemes even though the observed
factor appears to be more kinetics than equilibrium. The
anionic residue (E105 in LmPPs) at the distal site of the heme
iron might prevent the heme reduction at acidic pH. Thus,
removal of C107 (heme axial anionic ligand) or E105 (anionic
side chain) might eliminate such kinetic and equilibrium
barriers for dithionite reduction of the heme. It is well-known
that the formation of a complex of ferrous heme with an
anionic thiolate ligand is usually not easy to achieve, although a
ferric adduct with the same type of ligand can be obtained
without any difficulty. This is mainly due to weakening of the
heme iron−anionic ligand bond (i.e., charge repulsion) caused
by an increased negative charge on iron upon reduction.52,53

Only built-in systems in heme proteins such as a (multiple) H-
bond(s) to the ligated anionic donor atom would support and
stabilize thiolate−ferrous heme iron coordination.54 High pH
values would also help as is the case for alkaline cystathionine
β-synthase.27 Like hCBS,50 the ferric heme iron of wild-type
LmPP is coordinated by cysteine (thiolate) (Cys107) at the
distal site and by the imidazole of the proximal site His206
residue, but the Soret band of ferrous wild-type LmPP (428
nm) is different from that of the ferrous state of hCBS (450
nm) at alkaline pH. One possibility is that, when the heme in
wild-type LmPP is reduced, the cysteine (thiolate) distal bond
may be broken and the subsequently reduced state of wild-type
LmPP can display a high spin with histidine ligated. As seen for
wild-type LmPP, earlier ligand switching is reported in many
heme proteins that are cysteinate-bound in the ferric state and
do not retain such coordination in the ferrous state, like the
inactive P420 forms of P450s,43 and the inactive C420 form of
CPO,44 the CO-sensing CooA protein,10,55 proximal His-to-
Cys mutants such as that of myoglobin,56 the CCP mutant,34

and heme oxygenase.57

We have conducted mutational studies in LmPP and have
made a possible schematic diagram of axial ligands of ferric and
ferrous forms (Figure 7). On the basis of our results, we
propose that the resting state of FeIII LmPP is low-spin and six-
coordinate with His206/Cys107 axially coordinated, as
illustrated in Figure 7. The FeIII heme of LmPP is 6cLS with
cysteine 107 (thiolate) as one of the ligands, and this cysteine
(thiolate) is lost upon reduction. As seen previously for
hCBS,27 the pH dependence of the rate of FeII LmPP formation
suggests that both an axial anionic ligand (C107) and an

Figure 7. Possible schematic diagram for redox-dependent ligand switching in LmPP that explains the observed spectroscopic data of wild-type
LmPP and its mutants.
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anionic residue (E105) within the distal site of heme are
controlling the kinetic and equilibrium barriers for dithionite
reduction of the heme. Thus, removal of any one of them might
eliminate these barriers.
Finally, this study aimed to determine whether a link exists

between the axial sixth ligand of heme iron and the ONOO−

degrading activity in the physiological pH range. One
possibility is that the axial distal ligand of the heme iron
might regulate the ONOO− degrading activity through the
displacement of its six-coordinate environment. Earlier
metmyoglobin work demonstrated that a five-coordinate ferric
heme (His-heme) structure is favored over a six-coordinate
heme for catalytic peroxynitrite decomposition.58 The behavior
of ONOO− degrading activity in our LmPP mutants is very
similar to that of earlier distal and proximal mutants of
metmyoglobin.58 Although the distal site axial ligand of LmPP
prevents the ONOO− degrading activity, it cannot be
determined why the six-coordinate low-spin heme coordination
mode (His−heme−Cys) is present in this particular type of
peroxynitrite scavenging pseudoperoxidase (LmPP).
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