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Abstract: The least understood mechanism during heme degradation by the enzyme heme oxygenase
(HO) is the third step of ring opening of verdoheme to biliverdin, a process which maintains iron homeostasis.
In response to this mechanistic uncertainty, we launched a combined study of X-ray crystallography and
theoretical QM/MM calculations, designed to elucidate the mechanism. The air-sensitive ferrous verdoheme
complex of HmuO, a heme oxygenase from Corynebacterium diphtheriae, was crystallized under anaerobic
conditions. Spectral analysis of the azide-bound verdoheme—HmuO complex crystals assures that the
verdoheme group remains intact during the crystallization and X-ray diffraction measurement. The structure
offers the first solid evidence for the presence of a water cluster in the distal pocket of this catalytically
critical intermediate. The subsequent QM/MM calculations based on this crystal structure explore the reaction
mechanisms starting from the FeOOH—verdoheme and FeHOOH—verdoheme complexes, which mimic,
respectively, the O,- and H,O,-supported degradations. In both mechanisms, the rate-determining step is
the initial O—O bond breaking step, which is either homolytic (for FeHOOH—verdoheme) or coupled to
electron and proton transfers (in FeOOH—verdoheme). Additionally, the calculations indicate that the
FeHOOH—verdoheme complex is more reactive than the FeOOH—verdoheme complex in accord with
experimental findings. QM energies with embedded MM charges are close to and yield the same conclusions
as full QM/MM energies. Finally, the calculations highlight the dominant influence of the distal water cluster
which acts as a biocatalyst for the conversion of verdoheme to biliverdin in the two processes, by fixing the
departing OH and directing it to the requisite site of attack, and by acting as a proton shuttle and a haven

for the highly reactive OH™ nucleophile.

1. Introduction

Heme oxygenases (HOs) are key enzymes, which are in
charge of iron recovery and of the generation of the neurotrans-
mitter CO molecule. Thus, these enzymes use O, and catalyze
the degradation of heme to biliverdin, CO, and afreeironion,
through a process in which the heme group participates as both
the prosthetic group and substrate, Scheme 1.>* It is known
that heme degradation by HO proceeds through three successive
steps of O, activation: (i) the regiospecific self-hydroxylation
of the porphyrin o-meso position to form a-meso-hydroxyheme;
(ii) conversion of hydroxyheme to verdoheme and CO; and (iii)
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the cleavage of the verdoheme macrocycle to release biliverdin
and free ferrous iron.>~° The mechanism of the first step has
been extensively studied by both experimental®~° and theoreti-
cal®® 1% means and is better understood now. The third step,
the ring opening of verdoheme, which is considered to be the
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Scheme 1. Three Steps in the Degradation of Heme Catalyzed by
HO?
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Scheme 2. Possible Resonance Structures of Ferrous Verdoheme?®
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rate-limiting step in the HO activity,'® is the most intriguing
and enigmatic step, which we attempt herein to understand by
combined experiment and theory.

Verdoheme can be nonenzymatically converted to biliverdin
(BV) by hydrolysis or by redox reactions using O, or H,0,.267%8
Early reports showed that the HO enzyme exclusively utilizes
O, for BV formation,'® whereas H,0, did not support the
verdoheme degradation by HO.® However, a recent study®
revealed that for ferrous verdoheme, but not the ferric complex,
HO degrades verdoheme through a dual pathway using either
O, or H,0, and the H,O; reaction is about 50 times faster than
the O, reaction. Additionally, the binding of O, or H,O, was
found to be the rate-determining step, and corresponding
mechanisms were then proposed.?® Thus, based on the resonance
forms of Fe(ll)—verdoheme in Scheme 2, H,O, binding may
occur either on the verdoheme iron or at the partially cationic
o-pyrrole carbon. The two binding modes will produce the
Fe—OOH or ring-OOH verdoheme intermediate complexes,
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Scheme 3. Three Possible Pathways for the Verdoheme Ring
Opening by HO Using H,O; (blue) and ROOH (Red) as Oxygen
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which are shown in (a) and (b) in Scheme 3. These two species
may in turn undergo deprotonation to form a bridged intermedi-
ate (see pathway (c) in Scheme 3). Subsequently, upon O—0O
bond cleavage, al three possible intermediates could potentially
generate BV. Do they all coexist, or is one of them dominant?
This was the question.

To discriminate the three possible pathways, the Sendai group
has recently studied the reaction of a verdoheme—HO-1 complex
with alkyl hydroperoxides,®* which yields the corresponding
alkoxy-hiliverdin. The study suggested that the bridged and ring-
OOR species are not intermediates in the process, because for
the bridged case, the liberation of the alkyl group is prohibitive,
while the ring-OOR case could be dismissed because the
reaction actually produced alkoxy BV instead of the expected
normal BV. These exclusions leave the Fe—OOR species as
the only possible intermediate (among (a)—(c) in Scheme 3)
during the alkyl hydroperoxide supported reaction. Still however,
for the H,O,-dependent reaction itself, the possibility of the
bridged intermediate could not be ruled out since here depro-
tonation is possible. Thus, the identity of the complex that
mediates the H,O,-supported reaction is still unknown.

Another dilemma concerns the role of the protein residues.
The distal Asp140 was found to play a maor role in the
degradation to BV, like in the meso-hydroxylation initial step.
Mutations of Asp140 in rat HO-1 cause a significant decrease
in the yields of BV in the O, and H,O,-dependent verdoheme
degradations.?® Hence, Asp140 is likely to play an important
role in the O—O activation by the verdoheme. As such, the
mechanism may be similar to the one™® ** proposed for the
first oxygenation by HO, meso-hydroxylation of heme, wherein,
by analogy with the first step, the Fe—OOH moiety in the
verdoheme complex can possibly interact with the nearby water
cluster in the pocket, which is stabilized by the distal Asp140
residue. The immense importance of the water cluster was
demonstrated before by the Jerusalem group, using quantum
mechanical/molecular mechanical (QM/MM) calculations.**
However, this analogy is enigmatic for the degradation to BV,
because the crystal structure of the pentacoordinated Fe(Il)—
verdoheme—human HO-1 complex®? does not show water in
the distal heme pocket, while, for the hexacoordinated low-
spin Fe(I1)—verdoheme having either water or hydroxide as a
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sixth ligand,2?* such a water cluster might exist. A recent

crystal structure work reported the presence of a water cluster
in the rat verdoheme—HO-1 complex, but the verdoheme group
in the crystal used was modified as evidenced by the finding
that the absorption spectrum of the crystal was quite different
from that of the authentic Fe(ll) verdoheme—HO complex.?
As such, the existence of a water cluster in the Fe(ll)
verdoheme—HO complex still requires proof.

To resolve the structural and mechanistic uncertainties of the
third oxidation step in the HO catalysis, we have decided to
launch a combined study of X-ray crystallography and QM/
MM calculations. The crystallographic study was performed on
a heme oxygenase from Corynebacterium diphtheriae, HmuO,
whose amino acid segquence has significant homology to those of
mammalian HOs (identity: ~34%), especidly in the active site
region (identity: ~76%).%® HmuO and mammalian HOs are smilar
in both their reaction mechanisms and crystal structures>”? Since
the instability of the oxy-verdoheme® precluded its crystalliza-
tion, the stable azide-bound verdoheme complex of HmuO was
used as a model for the oxy form. The azide ligand binds to
the heme iron of heme proteins in a bent end-on geometry as
in the case of dioxygen binding to heme proteins. The
crystallography of this complex indeed revealed the presence
of six water molecules. The subsequent QM/MM mechanistic
exploration based on this HO crystal structure confirms the
proposed reaction mechanism and highlighted once again the
paramount importance of the water cluster, for the execution
of the third oxidation step by HO, and the power of combined
experiment and theory in resolving mechanistic issues.

2. Experimental and Computational Methods

2.1. Experimental Part. 2.1.1. Crystallization of Azide-Bound
Fe(ll1)—Verdoheme—HmuO. Reconstitution and purification of
Fe(I1)—verdoheme—HmMuO were performed by a method described
earlier®® with a slight modification. The purified HmuO protein®®
was incubated with 2 mol equiv. of verdoheme in a Vacuum
Atomospher Nexus anaerobic glovebox at 2 °C for 12 h. The
mixture was passed through a short DEAE cellulose (Whatman
DE52) column equilibrated with 0.3 M potassium phosphate (pH
7.0), 0.1 M KCI to remove excess verdoheme, followed by gel
filtration on Sephadex G-25 for buffer exchange to 20 MM MES,
pH 7.0. The purified verdoheme—HmuO complex with an Abs(399
nm)/Abs(280 nm) value of 1.2 was concentrated to 18 mg/mL.

The verdoheme—HmuO crystals were grown anaerobically in
the glovebox at approximately 30 °C by a hanging drop vapor
diffusion method. The protein stock solution was mixed to generate
drops with an equal volume of a reservoir solution containing 50
mM MES (pH 5.4), 2.3—2.5 M ammonium sulfate, 0.27 M sodium
bromide, and 0.1% dioxane. Green needle-like crystals were soaked
in a cryo-protectant solution (50 mM MES (pH 5.4), 25 M
ammonium sulfate, and 25% sucrose) containing 10 mM sodium
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azide for 20 min. The single crystals of the azide-bound form of
the verdoheme—HmMuO complex were flash-frozen in the glovebox
by liquid nitrogen.

2.1.2. X-ray Data Collection. X-ray diffraction data of the azide
bound verdoheme—HmMuO complex was collected with an ADSC
Quantum 270 CCD detector using 1.0 A synchrotron radiation on
beamline BL17A at the Photon Factory, Tsukuba, Japan. The
temperature around the crystals was maintained at 100 K throughout
the data collection. The oscillation angle, camera distance, and
exposure time were 1.0°, 183 mm, and 3.0 s, respectively. The data
set consisted of 180 frames. The data were integrated, merged, and
processed with HKL-2000.%° Data collection conditions and dif-
fraction data statistics are summarized in Table S1 in the Supporting
Information (Sl). Optical absorption spectra of the crystals before
and after the X-ray diffraction data collection were recorded using
a microspectrophotometer (4DX Systems AB, Uppsala, Sweden)
in the visible region at 100 K.

2.1.3. Structure Determination and Refinement. The structure
of the azide-bound verdoheme—HmuO complex was solved by a
molecular replacement method using the structure of the ferrous
verdoheme—HmMuUO complex, the structure of which had been
determined earlier®* as an initial model. Rigid-body refinement was
performed using program CNS3? with the structure factor in the
15—3.0 A range. The phase was gradually extended with noncrys-
tallographic restraints between two molecules in an asymmetric unit
to 1.70 A resolution. The crystalographic refinements with
simulated annealing, individual B factor refinements by CNS, and
manual model correction by Coot®® were repeated. In the course
of the refinement, water molecules were added to the model. The
model was further refined using the program REFMAC5.3* After
including additional water molecules, alternative conformations for
severa residues were introduced. Refinement statistics are sum-
marized in Table S1. Atomic coordinates and structural factors have
been deposited in the Protein Data Bank under accession numbers
of 3MOO.

2.2. Computational Study. 2.2.1. Setup of the System. Only
one monomer from the asymmetric unit of the so determined X-ray
structure was used, corresponding to the protein chain A in which
the first six amino acids, which are unresolved, were omitted in
the calculations. The sucrose and sulfate anions were removed. The
distally bound azide was replaced by OOH (HOOH) groups.
Hydrogen positions were added at pH 7 on the basis of CHARMM
internal coordinates with the HBUILD facility®® and then optimized
by the CHARMM force field®® as implemented in the CHARMM
program?’ (3600 steps of steepest descent for all hydrogen atoms).
The pK, values of the titratable residues were estimated by
PKOPKA3®839 gt pH 7. Using PROPKA, the pK, values of His25,
His150, His162, and His192 suggest that these are doubly proto-
nated residues. Additionally, after a closer inspection of the PDB
file, the histidines His20, His128, His129, and His205 were
protonated at the e-nitrogen only. The additions of protons at these
positions would form reasonable hydrogen bonds to acceptors
nearby. Moreover, aspartates (Asp) and glutamates (Glu) were used
as negatively charged, and arginines (Arg) and lysines (Lys) were
used as positively charged. The total charge of the so-generated
system was —7. Then a 16-A thick water solvent layer was
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Figure 1. QM region used in this work.

constructed around the enzyme. The inner layer of 8 A of water
was then processed through a procedure involving (i) MM
optimization for 2400 steps, (ii) heating to 300 K, (iii) equilibration
for 3 ps, and (iv) a second optimization for 2400 steps. This
procedure of adding the solvent was repeated once to ensure that
not more than 100 additional water molecules were added. The
entire system consists of 15 358 atoms, including 11 508 atoms in
the solvent. For the iron hydrogen peroxide species, a proton was
added to the proximal oxygen atom.

2.2.2. QM/MM Methodology and Software. QM/MM calcula
tions were done with ChemShell,*® combining Turbomole*/
DL_POLY.*? An electronic embedding scheme™ was applied to
include the polarizing effect of the enzyme environment on the
QM region. Hydrogen link atoms with the charge shift model**
were used to treat the QM/MM boundary. The CHARMM22 force
field®® was used throughout this study for the MM part. For
geometry optimization, the hybrid B3LY P functional*>~*® and two
basis sets were used. The first one, labeled as Bla, involves
6-31+G(d) for the iron-coordinated O, molecule and the O atom
in Wat233, a double-¢ basis set LACVP* for iron, and 6-31G for
al other atoms. Bla was used for the O—O bond breaking and
HO transfer steps. The second basis set, labeled as B1b, involves
6-31+G(d) for four oxygen and two carbon atoms, i.e., O,, O in
Wat233, and the O and adjoined two carbon on the ring (see Figure
1), adouble-¢ basis set LACVP for iron, and 6-31G for al other
atoms. The latter basis set was used in the steps after the formation
of FeO(H) hydroxyl-verdoheme species (see Figure 1). In all cases,
the energy was corrected by single-point calculations with alarger
basis set B2, involving Def-TZV P for all the atoms. We also tested
the B3LY P with a dispersion correction®* (B3LY P-D), using single-
point energies at the B2 level with Gaussian09.5> We found that
al the conclusions remained intact. These results are relegated to
the SI.

B3LY P has been repeatedly shown to be capable of reproducing
both experimental and high-level calculation results for heme
systems.>® However, in the particular case of the binding of oxygen
to heme groups, B3LYP shows a large deviation from the
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(49) Hay, P. J; Wadt, W. R. J. Chem. Phys. 1985, 82, 299-310.
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experimental results, due to a lack of both multireference and van
der Waals effects.>® In order to test the system with a more suitable
functional for this case, we aso considered the B3LYP* func-
tional,>® where the exact exchange in B3LYP is decreased from
20% to 15%. The single-point B3LY P* calculations were carried
out at the B2 level using Gaussian09 on the key species in the
rate-limiting steps. B3LYP*-D results, which include dispersion
corrections, were also obtained and are given and relegated to the
Sl

2.2.3. QM Region. As shown in Figure 1, the QM region
comprises a (H)OOH-bound ferrous verdoheme complex (without
side chains of verdoheme) with its proximal ligand His20 (modeled
as imidazole) and a few key protein residues: Argl32 (modeled as
CH3NHC+(NH2)2), Asp136 (modeled as NHCH,CH,COO™), and
Gly135 (HCO), including five crystal waters that form a water
cluster through a hydrogen-bond network in the distal pocket.

2.2.4. Optimized QM/MM Region. The QM/MM optimized
region is similar to the one in our previous work,** and it included
thefollowing set of residues: Lys13, Thr16, Alal9, His20 (including
verdoheme), Glu2l, Ala23, Glu24, Met29, Leu33, GInd6, Tyrs3,
Tyrl30, Val3l, Argl32, Tyrl33, Leul34, Gly135, Aspl36,
Leul37, Ser138, Gly139, Gly140, GInl141, Va 142, 11143, Alal44,
Phel60, Tyrl61, Argl77, Phe201, Phe208; some crystal waters:
Wat232, Wat233, Wat234, Wat235, Wat238, Wat250, Wat252,
Wat262, Wat273, Wat285, Wat288, Wat303, Wat360; and solvent
waters: Solv2256, Solv2262, Solv2270, Solv2272, Solv2275,
Solv2296, Solv2317, Solv2334, Solv2360, Solv2372.

Due to the size of the optimized region, it isimportant to ascertain
that mechanisms possess contiguous energy curves by going forward
and backward in a given scan. This was done here, and all the
mechanistic steps, with two exceptions, were found to be contigu-
ous. In the first case, which involves along-range electron transfer
process, asingle-reference DFT calculation leads to state crossing.
However, this was found to have no consequences. For example,
in the triplet O—0 bond breaking in the FEOOH pathway, the
difference between the barriers for forward and backward scansis
0.6 kcal/mol (17.8 and 17.2 kcal/moal). This difference is so small
that we estimate the activation energy from the forward scan. In
the second case, which involves O—C bond formation (in the
FeOOH pathway), there is aso a proton transfer from Ogg t0
Wat233, whose degree of freedom is not covered by the scanning
coordinate. Therefore, we performed a two-dimensional (2D) scan
by adding the proton transfer reaction coordinate as a second
dimension and, hence, estimated the activation energy from the 2D
scan; again the difference compared to the 1D scan was within 0.5
kcal/mol. The full set of data, including al tried mechanisms, are
summarized in the SI, while herein we focus on the key results.

3. Results

3.1. Crystal Structure of the Azide-Bound Verdoheme—HmuO
Complex. The single crystals of the azide bound form of
verdoheme—HmMuUO were prepared and manipulated under
strictly anaerobic conditions to avoid air oxidation of the reactive
verdoheme intermediate. The verdoheme group remains intact
during the crystallization process as shown by negligible changes
in the absorption spectra (Figure Slain the Sl). The spectra of
the single crystals were typical of the azide-bound verdoheme
and were essentialy the same as those taken after the X-ray
diffraction measurements (Figure S1b in the Sl), indicating no
adverse radiation damage during the data collection. These
spectral data thus indicate that the diffraction data are originated

(53) Shaik, S.; Cohen, S.; Wang, Y.; Chen, H.; Kumar, D.; Thiel, W. Chem.
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Figure 2. Active site structures of the azide-bound verdoheme—HmMuUO
complex determined at 1.7 A resolution (molecule A). (A) A 2F,—F, map
(1.20) around verdoheme moiety. (B) An F,—F. map (3.80) calculated from
astructural model lacking the azide ligand and water molecules in the active
site.

from the azide-bound Fe(Il) verdoheme—HmuO. This is dif-
ferent from the reported loss of the bound azide during
crystallization and modification of the verdoheme group, during
the synchrotron diffraction measurements of rat verdoheme—HO-1
complex.?®

The C2 crystal of the verdoheme—HmMuO complex contains
two protein moleculesin the asymmetric unit (molecules A and
B), and their overall structures are almost superimposable with
those of the heme—HmMUO complexes.>® The two molecules of
the verdoheme—HmMuUO complex have essentially the same
conformation (root-mean-square deviation of Ca atoms in
residues 7—212is0.432 A), so that discussions below are made
on molecule A unless otherwise stated. Electron density around
verdoheme fits well with the model structure including all the
substituents of the oxaporphyrin ring (Figure 2a). The Fo—F.
map (Figure 2b) clearly shows an axial ligation of the azide
ion, and its coordination geometry (dee_n: 2.3 A, Z(Fe—N—N):
111°) issimilar to that in the azide-bound heme—HO-1 complex
(dren: 2.2 A, Z(Fe—=N—N): 117°).>" The azide ligand is
directed toward the a-meso position as found in the dioxygen
ligand of the oxy-heme—HmuO complex.?® A water molecule
(Wat233) is located within hydrogen bonding distance of the
terminal nitrogen atom of azide (2.8 A). The nearby water forms
adistal pocket hydrogen bond network consisting of Arg 132,
Aspl36, Gly135, and a water cluster (Figure 2b). This water
network in the verdoheme complex, which aso exists without
the azide ligand,* is essentially the same as that observed in
the heme—HmMUO complex.®® This structural similarity strongly
suggests that the verdoheme ring cleavage at the third step of
HO catalysis proceeds through a mechanism similar to that of
the first heme meso-hydroxylation, i.e., water-mediated activa-
tion of the Fe—OOH species.**°

3.2. Theoretical Resultsof the QM/MM M echanigtic Study. To
probe the detailed mechanism of the verdoheme ring opening
by HO, we first examined the possible intermediates and found
that the ring-OOH and bridged intermediates are much higher
in energy compared with the Fe—OOH intermediate. Specifi-
cally, the singlet ring-OOH and bridged intermediates are about
18.3 and 72.0 kcal/mol higher than the singlet Fe—OOH (see
Part 11 in the SI for details) at the UB3LYP(B2)/MM level.
Therefore, we explored only those mechanisms nascent from

(56) Hirotsu, S.; Chu, G. C.; Unno, M.; Lee, D. S;; Yoshida, T.; Park,
S. Y.; Shiro, Y.; Ikeda-Saito, M. J. Biol. Chem. 2004, 279, 11937—
11947.

(57) Sugishima, M.; Sakamoto, H.; Higashimoto, Y.; Omata, Y .; Hayashi,
S.; Noguchi, M.; Fukuyama, K. J. Biol. Chem. 2002, 277, 45086—
45090.
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Scheme 4. (a) Orbitals and Their Occupations in the Ground State
of FeOOH Verdoheme Complex; (b) Orbital Occupations for Other
States of FeOOH Verdoheme Complex
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the "OOH and HOOH bound ferrous verdoheme (FEOOH—
verdoheme and FeHOOH —verdoheme) complexes, so-called the
FeOOH pathway that is supposed to be formed during the O,-
supported reaction and the FeHOOH pathway that mimics the
H,O,-supported reaction, respectively. Additionally, as we
always recommend,> we ascertained here too that the full QM/
MM barriers, and their trends, are dominated by the QM
contribution (which involves the embedded MM charges),
whereas the MM contribution is less than 4 kcal/mol. Details
of the numerical results are summarized in the S, while here
we focus on the feasible mechanisms.

3.2.1. FeOOH Pathway. 3.2.1.1. FeEOOH—Verdoheme Com-
plex. As shown in Scheme 4, the FeOOH—verdoheme complex
(1) possesses two electromers: one is a ferric hydroperoxide
oxaporphyrin (OP) neutral radical, OP'Fe""OOH, which has
virtually degenerate open-shell antiferromagnetically and fer-
romagnetically coupled singlet and triplet states (%31 in Scheme
43), and the other, aferrous hydroperoxide oxaporphyrin cation,
OP'Fe''OOH, has a close-shell singlet and quintet state (*1” and
51 in Scheme 4b), which is 3.2 and 4.9 kcal/mol higher in energy
than ®1, respectively. In Scheme 4a we show the orbitals and
electronic configuration of 21, where the occupied n-type
oxaporphyrin orbital isvery smilar to the singly occupied orbital
in the meso-hydroxyheme species formed in the first heme
degradation step.™

3.21.2. A Reaction Mechanism for the FeEOOH Pathway.
3.2.1.2.1. Comparison of O—O Bond Breakage for the Singlet,
Quintet, and Triplet Spin States. Starting from the FeOOH
verdoheme complex (1), which can be either OPFe""OOH or
OP*Fe'O0H, the O—0 bond bresking was found to be spin-state
dependent, as described in Schemes 5 and 6. Scheme 5 shows the
processes nascent from the singlet and quintet of 1. These bond
breakage processes of 1 and 51 were found to be homolytic
(Scheme 5a and b), generating *OPFeVO[+OH] (tetraradicaloid
configuration:  de_?27* %\ dring'po) and SOP*Fe!'O[OH]
(hexaradicaloid configuration: de—2l* Gln* Lo 210* ' dot) spe-
cies, respectively. The mechanism for the close-shell singlet state
involves heterolytic O—O bond breaking, followed by a proton
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Scheme 5. Mechanism for O—O Bond Cleavage in the FeOOH Pathway Starting from (a) Open-Shell Singlet, (b) Qui
Close-Shell Singlet States®
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Scheme 6. Reaction Mechanism for the FeOOH Pathway on the Triplet Surface®
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transfer to form *OP*FeVO[OgigHo] [OwazzsH ] (2pr). The result- oy )
ing diradicaloid 12’5 involves singlet coupling of the electronsin 1}3: lgg 111 gg
thetwo F€VO z* orbitals. The O—O cleavage on thetriplet surface p /_f _ ’

issignificantly different and is shown in Scheme 6 later. However,
before describing the triplet processes, it is ingtructive to first /
compare the relative energies of the three-spin-state mechanism, 49(9.6) 21

as depicted in Figure 3. 322N

ntet, and (c)

12 17.2(14.5)
52 16.7(20.0)

12'11.3(8.9)

3.9(0.8)

Figure 3 depicts the energy profile for thisinitial O—O bond g‘g g-g} " 4
cleavage on the three spin states. It can be seen that the TS o
energies for the three spin states are very close, 17—18 kcal/ %2 -5.8(-7.0)
mol; however, while the triplet process is exothermic by 5.8 Figure 3. Calculated QM(B2)MM energy profile (in keal/mol) for the
H H | .
kcd/mOI’ the singlet (from opgn-shell singlet reactant) ?ﬂd inigtiL:al O—0 bond breaking step in the gF]?(leOpOH pathway. The relative
quintet processes are endothermic by ca. 17 kcal/mol. Using energies are noted as B3LYP (B3LYP*) values.
B3LYP*, the TS energies for singlet and triplet are ~3 kcal/
mol lower than the B3LY P values. By contrast, for the quintet recent findings for ferric heme species of allene oxide synthase.>®
state, the TS energy is 3 kcal/mol higher than the B3LY P datum. In the close-shell singlet case, the 12" intermediate obtained by

As expected, B3LY P* tends to increase the energy gap between O—0 bond heterolysis is not a real mini

imum. The OH anion

low-spin and high-spin states. This behavior is similar with our abstracts a proton of Wat233 to form 2’51, which is till 9.7
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Figure 4. Key structures in the triplet-state FEOOH pathway shown in
Scheme 5. 1 and 2 were optimized at the UB3LYP/B1a/MM level, while
3 and 4 were optimized at the UB3LYP/B1b/MM level.

kcal/mol higher than 32. In fact, the entire reaction mechanism
starting from 11’ is quite similar to that from 1. However, due
to the higher energies of 2’5y, this mechanism is relegated to
the SI (Scheme S2). On the other hand, since the barriers of
the reverse reactions back to 11 and 1 are very small compared
with the forward O—O cleavage process, these intermediates
will not accumulate, and in al likelihood, once formed they
may either revert back to *1 and °1 or decay to the much more
stable intermediate on the triplet surface. Thus it is deemed
unnecessary to explore further these two spin states.

3.21.2.2. Complete Triplet-State M echanism. Having verified
that the process will be dominated by the triplet state, we turn
now to inspect the corresponding mechanism in Scheme 6. The
geometries of the key triplet structures for the entire mechanism
are shown in Figure 4.

(58) Cho, K.-B.; Lai, W. Z.; Hamberg, M.; Raman, C. S.; Shaik, S. Arch.
Biochem. Biophys. DOI: 10.1016/j.abb.2010.07.016.
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Figure 5. Singly occupied orbital of the ring of the Fe""OH—BV"* product
(a) *4cy and (b) *4cse.

As shown in Scheme 6, the O—O cleavage nascent from the
triplet state %1 is a process that involves O—O bond breaking
coupled proton and electron transfers (BBCPET). The electron
istransferred from oxaporphyrin to the departing Og¢H moiety,
leaving behind an FEVO complex with a triplet 7% ta* .t
configuration. The departing OggH hydroxide anion concomi-
tantly abstracts a proton from the nearby H-bonded water
molecule (Wat233) in the water cluster, thus resulting in the
intermediate 32, 3OP"F€'VO[ OgigH2] [Owaz3zsH]. Inspection of
the structure of 32 (see Figure 4) shows that the water cluster
claws the OwapssH™ anion via strong hydrogen bonds, and as
such, the resulting Owa233H™ species can be viewed as a strong
base stored in the distal water cluster. From here, the reaction
bifurcates into two different pathways, which lead to *4¢; and
34¢40, as depicted in Scheme 6.

Thus, as shown in Scheme 6, the cluster-embedded OwyazssH™
species can act as a base catalyst that renders the water molecule,
HO4¢H, more nucleophilic by pulling one of its protons. In turn,
the charged HO4¢ moiety can perform nucleophilic attacks on
either C1 or C19, the carbon atoms adjacent to the oxygen atom
of oxaporphyrin. These processes produce hydroxyl-oxapor-
phyrin, 3[(OP—OH)FeVQ], 3¢y, or 33c1e. Subsequently, the 23
species undergo proton transfers, from the hydroxyl groups on
C1 and/or C19 to the F¢YO moiety, which are coupled to
electron transfers (PCET) from macrocycle to the F€VO moiety,
and to simultaneous ring openings (bond breaking). The so-
generated *4¢; and *4¢9 Species correspond to Fe""OH hiliverdin
cation radicals (FE""OH—BV'*), which will ultimately be
converted to Fe(ll)—hiliverdin by accepting 2~ and one H™.
Figure 5 shows the ring singly occupied orbitals of BV** for
the 34¢; and ®4¢y9 Species, while Figure 6 shows the complete
energy profiles. We note that the antiferromagnetic counterpart
of 34 (the single r*y, electron is antiferromagnetically coupled
to the electron of BV'*), 14’ nascent from 1/, is very close in
energy (see Scheme S2 in the S1) to 4. However, as we aready
stated, 12’5y lies 9.7 kcal/mol above its triplet coupling coun-
terpart, %2, and hence this spin-state mechanism is not considered
in detail. In summary, it is clear that the rate-limited step in the
FeOOH pathway is the first O—O bond-breaking step, with a
barrier of 17.8 kcal/mol on the triplet surface.

3.22. FeHOOH Pathway. 3.2.2.1. FeHOOH—Verdoheme
Complex. The singlet, triplet, and quintet spin states of the
FeHOOH—verdoheme complex (1-H) were investigated and
were al found to possess the ferrous hydroperoxide oxapor-
phyrin cation OP"F€'HOOH electronic structure, shown in
Scheme 7. All attempts to obtain the oxaporphyrin radical state
like %1 in the FEOOH—verdoheme complex failed. Two
conformations of the *351-H were found, and we focus herein
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Figure 6. Calculated energy profile (in kcal/mal) for the FeOOH pathway
in the triplet surface from 32 to product (%4c; and *4c;0) at the UB3LY P(B2)/
MM level. The protruding little profile for 31—32 shows the barrier for
O—0 cleavage taken from Figure 3.

Scheme 7. (a) Orbitals and Their Occupations in Singlet
FeHOOH—Verdoheme Complexes, 1-H; (b) Occupancy Diagrams
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on the most stable one for each spin state, while the other is
relegated to the Sl. In the choice conformation, the ground state
was found to be the close-shell singlet state (*1-H in Scheme
7), while the triplet and quintet states are 3.9 and 1.5 kcal/mol
higher at the UB3LYP(B2)/MM level, respectively. As might
beexpected, theFe—O bond distance of the FeHOOH —verdoheme
complex, 1-H, is longer than that in the corresponding
FeOOH—verdoheme complex (31 in Figure 4 vs*1-H in Figure
7).

3.2.2.2. Computed Reaction Mechanism. Unlikein FeOOH,
here with the FeHOOH, the singlet and triplet spin state energy
profiles run closely in energy almost throughout the pathway
and exhibit the same mechanism. The corresponding computed
mechanism is described in Scheme 8, while Figure 7 shows
the structural details of the participating species. Figures 8 and
9 summarize the computed energy profiles. We shall present
this wealth of data in order.

As shown in Scheme 8, the FeHOOH —verdoheme complex
(**1-H) undergoes O—O bond homolysis, which leads to +32-
H, corresponding to OP*Fe'"OH~[+OH], wherein the OH radical
is hydrogen bonded (H-bonded) to Gly135 and to Wat233 which

is part of the water cluster (consult Figure 7). Subsequently,
the OH radical flips and switches H-bonding partners to the
FeOH moiety in **3-H. Thisflip, along with the conformational
changes of the H-bonding network, suitably orients the OH
radical for attack on the carbon positions C1 and C19, adjacent
to the oxygen atom of oxaporphyrin, and thereby forms +%4-H.
Subseguently, the proton of the hydroxyl group on C1 and C19
is transferred to the FeOH moiety to generate *35-H. This is
followed by O—C bond breaking, leading to the formation of
the water bound Fe''—biliverdin cation radical species
(F¢"OH,—BV") 1%-H.

Turning now to Figures 8 and 9, we note a few important
features:

(a) Similar to the FeOOH pathway, here too the rate-limiting
step is the O—O bond breakage. Here the mechanism is
apparently different for the two spin states, and as shall be
analyzed later, thisis due to the electronic structure differences
of the two states (see Scheme 7). Note that the barrier on the
triplet state is very small, compared with the one for the FeOOH
pathway.

(b) Past this step, at 2-H, the two spin states attain the same
electronic configuration on iron, de_2%(77*/dy,)® wherein the
single * electron isferro-/antiferromagnetically coupled to the
electron of the departing OH radical. Consequently, the two
spin states from 2-H onward to 6-H (Figure 9) coaesce, and
the QM/MM calculations (Figure 8) show a singlet—triplet two-
state reactivity (TSR).>® Note also that the energy profile from
2-H onward is a downhill roll with very small barriers en route
to the final state 6-H.

4. Discussion

The X-ray crystallography reported herein reveals a sizable
water cluster in the distal pocket of the Fe(ll) verdoheme
complex of HmuO. Since the distal-water cluster was shown
previously'® to play a major role in the hydroxylation of the
heme by HO, the new structural data enabled us to unify the
description of the heme degradation steps by means of QM/
MM calculations and to unravel the mechanism for the
conversion of verdoheme to biliverdin (Scheme 1). The QM/
MM calculations support the previous experimental results™
that the degradation of verdoheme to biliverdin can be supported
by both O, and H,0, and that the H,O, path is more effective
(here, a lower barrier for the O—O cleavage). Thus, the QM/
MM results are in accord with experimenta facts.

However, the QM/MM calculations provided additional
essential insight that is typical for the theoretical atomistic
calculations. Thus, QM/MM calculations revealed the identity
of the complexes that initiate the degradation processes as
FeOOH and FeHOOH, specified the O—0O cleavage nature of
the rate-controlling step, and demonstrated the essential role of
the water cluster. Additionally, the QM/MM calculations
underscored the key differences between the respective O—0O
bond cleavage reactions for the O,- and H,O,-supported
reactions. The following discussion will focus on the rate-
controlling steps of the two pathways and on the role played
by the water cluster.

4.1. O—0 Bond Cleavage. The O—O bond cleavage process
isthe rate-limiting step in both FeOOH and FEHOOH pathways.
As mentioned above, the mechanism of this step is quite
different in the FeEOOH and FEHOOH pathways. Focusing on

(59) Schroder, D.; Shaik, S.; Schwarz, H. Acc. Chem. Res. 2000, 33, 139—
145.
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Figure 7. Optimized singlet state structures for reactions shown in Scheme 7. The corresponding triplet state species are similar and are relegated to the Sl.

Scheme 8. Reaction Mechanism for the FeHOOH Pathway
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Figure 8. UB3LYP(B2)/MM energy profile for the Fe—HOOH pathway
(in kcal/mol) from 1-H to 3-H. The relative energies are noted as B3LY P
(B3LYP*) values.

the lowest-energy processes, in Scheme 6 vs 8, one can see
that the FeEOOH pathway involves a complex O—O reaction
leading from 31 to 32, while the FEHOOH pathway involves
two essentially homolytic processes from both *1-H and 31-H
with the latter having a significantly smaller barrier (see Figure
8). In addition, the processes nascent from 31 involve Fe!'' while
the one from 11-H and 31-H involve Fe''. Thus, there should be
similarities aswell as differences with the O—O bond cleavages
in the first HO step (Scheme 1) and in P450 or other heme
enzymes, where the process is initiated from a low-spin
Fe''-OO0H (or F¢''-HOOH).

As noted in the description of the process in Scheme 6, the
O—0 bond cleavage, in the FeOOH pathway, involves bond-
breaking coupled proton and electron transfers (BBCPET),
whereby an electron originally delocalized in the macrocycle
of verdoheme is transferred to the O—O bond, while Wat233,
amember of the water cluster, protonates the nascent OH™. The



Ring-opening Mechanism of Verdoheme by HO ARTICLES
triplet TS3¢-H TS3c4g-H
singlet 124 1148
26 4L~z g
; -14.3 )
£ 3H ':.I
TS5¢-H f i
417 TSdp,-H |
,»?0‘:,\\_..12,? P 4 ! TSdgyp-H
20 SR 466 luss M2 TS5¢.0-H
525 Sgy-H 268 _46.9 443 N5 476 .. _ﬂnll
ey Aci-H 4cigH 487 487\
SoigH
6c-H \a284
\
-62.7
| BciH
c1 | c19
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Scheme 9. (a) Events Occurring during O—0O Bond Breaking of 31; (b) Key Orbitals of 31 and Electronic Occupancy Evolution during the
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QM/MM calculations show however that these events do not
occur synchronously, but consecutively as described in
Scheme 9.

Scheme 9a shows the sequence of events past TSI that
involves essentially O—O homolysis. Thus, on the way down,
there occurs an electron transfer from oxaprophyrin to the
departing OH radical to form 32,, followed by the proton transfer
that generates the final 32 species. Scheme 9b describes the
electronic structure changes along these phases: Initially %1 has
an Fe''(d%) configuration; one of the orbitals labeled as 7%y,
involve FeO antibonding interaction, and it possesses a matching
bonding orbital, 7y, which describes an FeO m-bonding. The
O—OH bond has a corresponding filled oo-on and vacant
0* o—on Orbital pair. In addition, the oxaprophyrin of verdoheme
has an odd electron in the orbital ¢;ing. Asthe bond is homolized
in 3TS1, the oo-on?0* 0—on® pair is converted to a singly
occupied ¢oyt located at the departing HO- radical and a ../
7%t pair which arises by overlap of the nascent oxygen radical
on Fe''—QOe with the d,, iron orbital. Past the TS species an
electron is shifted from ¢ring t0 ¢on, thereby generating 32,
wherein the departing OH has become a hydroxide anion. At
this point, Wat233 from the cluster relays a proton to the nascent
OH™ and generates, finally, the intermediate 2, *OP"FeVO-
[OdigH2][OwazzsH™]. Thisis quite a unique net-heterolytic O—O
bond cleavage process. In its homolytic stage (up to 3TS1) it
resembles the first HO step™* which is initiated by the doublet
Fe'"OOH complex, while in its el ectron-transfer-assisted stage,
it resembles the process in P450cam® and chloroperoxidase
(CPO)®* wherein the porphyrin transfers an electron to the

(60) Zheng, J.; Wang, D.; Thiel, W.; Shaik, S. J. Am. Chem. Soc. 2006,
128, 13204-13215.

(61) (a) Chen, H.; Hireo, H.; Derat, E.; Schlichting, |.; Shaik, S. J. Phys.
Chem. B 2008, 112, 9490-9500. (b) Lai, W. Z.; Chen, H.; Cho, K.-
B.; Shaik, S. J. Phys. Chem. A 2009, 113, 11763-11771.

departing OH and causes its protonation and formation of
Compound |. The calculated barrier for thisHO step (17.8 kcal/
mol) is in between the two barriers 20 kcal/mol for the first
HO step and ~15 kcal/mol for P450.

As discussed above in Scheme 7 the added proton in 1-H
generates a close-shell Fe¢'-HOOH complex, wherein the
oxaporphyrin ligand of verdohemeis acation. Thisis consistent
with the weaker o electron-donor capability of HOOH, as the
sixth ligand of iron, compared with “OOH, and is probably the
root cause why the verdoheme does not transfer an electron to
the departing OH radical as found for the FeOOH pathway.

The orbital occupancy during the O—O cleavage in the
FeHOOH path isillustrated in Scheme 10 in the singlet (a) and
triplet (b) states. Inspection of Scheme 10areveals that the O—O
homolysis transforms the initial oo—_c%0* o-o° pair of *1-H to a
singly occupied ¢opt on the departing OH radical and an in-
plane p-orbital on the oxygen of the FeOH moiety, which gains
one electron from d,,? and becomes an in-plane lone-pair (p,).
This reorganization generates F€'"'—OH with a d-block electronic
configuration d,_2%dy,?7* ;' which is antiferromagnetically
coupled to the departing OH radical. This electronic structure
of the TS continues down to the intermediate, '2-H, with
relaxation of the orbitals but without change in their natures.
The very low energy of the TS for this processis quite unusual,
and it is about 14 kcal/mol lower that in the FeOOH pathway
(4.2 vs 17.8 kcal/mol with B3LYP, 1.7 vs 15.2 kcal/mol with
B3LY P*). However, if we compare this process to the analogous
one in the first HO step, the finding is no longer surprising. In
the first hydroxylation step,* the barrier for O—0O bond cleavage
of the FE""OOH complex (20.0 kcal/mol) is also much higher
than that for the F€'"HOOH complex (11.0 kcal/mol, from the
quartet ground state). Additionally, compared with the doublet
Fe'"HOOH reactant, in the first heme-degradation step,™* the
O—0 bond cleavage process is exothermic by 2.8 kcal/mol with
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Scheme 10. Orbital Occupancy during O—O Cleavage for 1-H in
the (a) Singlet and (b) Triplet States
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a barrier of 8.2 kcal/mol, while here, in the third heme-
degradation step, the O—O bond cleavage of the Fe'HOOH
verdoheme complex is more exothermic, ca. —13.5 kcal/mol.
Therefore, according to the Bell—Evans—Polanyi principle, it
is entirely expected that the barrier for the O—O cleavage from
the verdoheme—FeHOOH complex (1-H) will be lower than
the corresponding barrier in the porphyrin—Fe"HOOH complex.

By contrast to the process nascent from the singlet state, as
seen from Scheme 10b, the electronic structure of 1-H involves
one electron in the o* 2 orbital, whereas the electronic structure
of 32-H involves a d.e_2%d,*7* .} FEOH configuration whichis
ferromagnetically coupled to the departing OH radical ¢oy. This
meansin turn that the o* 2 orbital will have to be vacated during
bond cleavage, and this requires some overlap between the o* 2
orbital and oo_olo*o-o Orbtials, as reflected in the electronic
structure of STS1-H, which shows till a single electron in a
mixed o*2—00-o orbital. Keeping this excited electronic
configuration contributes to one factor for the higher energy of
STS1-H compared to the singlet state species. The other factor
is the deformation energy of the FeHOOH moiety required to
mix the orbitals, which can be easily seen from the increased
shortening of the Fe—O bond and the deformation of the
ZFe00 angle for the triplet state. Thus, in the ST S1-H/*T S1-
H, the Fe—O bond length shortens by 0.32/0.22 A and the
/Fe00 angle increases by 11.6°/1.3° (Figure S22 vs S23),
compared with the values for 31-H/*1-H.

4.2. Functions of the Crystal Waters in the Distal Pocket.
Much like the first heme degradation step,™* in this study too,
the crystal waters in the distal pocket play an important role in
the third heme degradation step of HO catalysis. The distal water
cluster functions as a whole species, and specifically through
the water molecule (Wat233) closest to the Fe(H)OOH moiety.
Thus, in the FeHOOH pathway, which bears similarity to the
first heme degradation step, the distal water cluster stabilizes
the produced OH radical by a strong hydrogen bond (from
Wat233) and thus controls the movement of the OH radical to
facilitate subsequent attack on the a-pyrrole positions of a-meso
edge of the oxaporphyrin ring. However, in the FeOOH
pathway, which involves OH™ generation (see Schemes 6 and
9), the water cluster acts as a proton source. Specifically, Wat233
playsadual role: it actsfirst as a proton donor, which protonates
the departing OH™, and then as a proton acceptor that regener-
ates OH~, when it isrequired to nucleophilically attack C1 and/
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or C19 of the verdoheme. In other words, Wat233 and the entire
water cluster act as a shuttle that can stabilize a strongly
nucleophilic OH™ moiety and can deliver it to the o-pyrrole
carbons. Thus, the distal water cluster fixes and insulates a
highly nucleophilic resgent OH™ via strong H-bonds and through
the to-and-fro proton shuttles. As such, it functions as a strategic
biocatalyst during the entire heme degradation process.

5. Conclusions

The combination of theoretical and X-ray crystallographic
approaches, brought to bear on the enigmatic mechanisms of
the third oxidation step in heme degradation (Scheme 1) by the
enzyme HO, elucidates the mechanism and provides a great deal
of insight into thisvital process. The X-ray structure of the azido
complex of Fe(Il)—verdoheme clearly showed the presence of
a cluster of six water molecules hovering over the Fe—azide
moiety. The QM/MM calculations, initiated from this structure
by replacing azide with either HOO™ or H,O,, indicate that the
initial O—O bond breaking step is the rate-determining step in
the ring-opening transformation for both FeEOOH—verdoheme
and FeHOOH —verdoheme complexes. The FeHOOH pathway
has an extremely low barrier (only 4.2 kcal/mol), indicating in
accord with experiment® that the FeHOOH —verdoheme com-
plex is more reactive than the FeOOH—verdoheme complex.
The transition states for O—O bond breakage in the two
mechanisms are dominated by bond homolysis. However, in
the FEOOH—verdoheme path, the bond homolysis is further
coupled to electron transfer (from the verdoheme to the departing
OH) and proton transfers to and from the Wat233 member of
the water cluster, thus enabling a nucleophilic OH™ attack on
one of the a positions of the C1—-0O—C19 bay of verdoheme.
By contrast, the FeHOOH—verdoheme path is purely homolytic,
wherein the departing OHe radical attacks the C1—O—C19 bay.

The water cluster in the distal pocket was found to play a
major role in the degradation mechanism: (i) it stabilizes highly
reactive OH™/OHe species, and (ii) it orients them for a
regiochemical atack on one of the o positions of the C1—O—C19
bay of verdoheme. Thus, in the FeOOH—verdoheme pathway,
the cluster stabilizes the highly basic OH™ species, which then
catalyzes the nucleophilic attack of a water molecule on the
C1—-0—C19 bay. Similarly, in the FeHOOH pathway, the water
cluster claws by hydrogen bonds the OH radical and directs
the movement of the radical so asto facilitate the eventua attack
on the oxaporphyrinring. It islikely that the cluster also shuttles
the protons required for the fina freeing of the iron ion from
the ring-opened biliverdin. Thus, as in the previously studied
first oxidation step of heme degradation,™* here too the water
cluster acts as a strategic biocatalyst.
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