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The substitution of the proximal iron ligand in heme proteins
with a noncoordinating amino acid (e.g. Ala or Gly) to create a
heme pocket capable of binding exogenous ligands has bee
applied effectively to study the stereochemical influences of the
proximal ligand on heme cavity and reactivitizor heme proteins
whose proximal His ligand has been mutated, typically exogenous
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Figure 1. UV —vis spectra of F& heme-H20A between pH 6 (spectrum
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A) and 10 (spectrum B). The fraction in the alkaline form (inset) is
calculated from pH-dependent absorbance changes at 402Dhian(l
fitted to then = 1 HendersenHasselbalch equation.

imidazole (Im) is added to assess the success of restoring proper- The UV—vis spectrum of F& heme-H20A at pH 6 (spectrum

ties of the wild-type (WT) proteiliHowever, studies on the ligation
states of mutant heme proteins devoid of innate proximal His and
of exogenous ligands (e.g. Im) have been scarce, limited to only
myoglobin (Mbf2and cytochrome C peroxidase (CERhutants.

In the present study, we have examined the ligation states of

a different class of heme complexes known as “heme oxygenase”

(HO). Found in eukaryotésand prokaryote$HO is not a heme

A, Figure 1) exhibits bands at 402, 500, and 622 nm that are
indicative of a high-spin (HS) Fé heme. At pH 10 (spectrum

B, Figure 1), a new species occurs with bands at 399, 480, and
600 nm, replacing those observed at pH 6. The absence of low-
spin (LS) bands, typically found near 575 and 540 nm, indicates
that the heme iron remains HS. This contrasts th& Feme-
HmMuO WT complex, which is both HS and LS at pH 1The

protein per se, but binds heme (1:1) and uses the heme as it9H-dependent spectral change observed fét Reme-H20A is

catalytic site for heme catabolishi Similar to Mb and CCP, the
proximal iron ligand in both mammali@mand bacteridiHO is a

His residue. In both HO systems, the proximal His is crucial for
the conversion of heme to biliverdin and extrication of the heme
iron%8 In HMuO, the first bacterial HO isolat¢dHis20 is the
proximal iron ligancf Its replacement by an Ala yields a protein,
the HmuO mutant H20A, that fails to catalyze heme degradation
to biliverdin® Here we provide the first definitive report of the
ligation states of the five-coordinate (5¢) ferric fPeheme-H20A
complex® in both neutral and alkaline environments and devoid
of exogenous Im. Moreover, we resolve the ambiguities regarding
the axial ligand of the F& heme complex of mammalian HO-1
proximal His mutant H25/42°
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reversible between pH 6 and 10 and characterized bif.20p
8.7 (inset, Figure 1), 0.3 unit lower than that for the six-coordinate
(6¢c) Fé" heme-HmMuO WT.The conversion of F& heme-H20A
from an acidic to an alkaline form offers evidence of water/
hydroxide transition in the H20A distal heme pocket. In HO-1
WT, deprotonation of a ¥D molecule bound to the heme at the
6th coordinate position to an OHis proposed to occur via
ionization by a long-range hydrogen-bond (H-bond) network
located in the distal heme pockétThe closeness of theKp
values between Fe heme-H20A and heme-HmuO WT suggests
that the group responsible for deprotonation in H20A is similar
to that in WT and that KD is bound to the distal side of the
heme iron of the 5¢c Fé heme-H20A at neutral pfH.

Cryogenic EPR of Fe¢t heme-H20A at pH 7 (panel A, solid
line, Figure 2) corroborates an¥eHS species. However, unlike
the 6¢ axially symmetric WT complex (panel A, broken line,
Figure 2) which hagrvalues 6 and 2the 5¢c F&" heme-H20A
manifests a broadeneg~ 6 region, indicating not only axiab(
= 6 and 2) but also rhombig(= 6.34, 5.68, and-2) Fet HS
species? The substitution of K90 with partially enriched k'O
(44% enrichment) induces a broadening inghe 2 signal (inset,
Figure 2.). This broadening is caused by the nuclear 3piof
the Fe-bound’0.1®> Our EPR experiments affirm that the oxygen
atom of HO is the axial ligand of the acidic/neutral 5c3F&eme-
H20A.
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Figure 2. EPR spectra, taken at 6 K, of Feheme-H20A (panel A,
solid line) and F& heme-HmuO WT (panel A, broken line) at pH 7,
and of Fé" heme-H20A at pH 10 (panel B). The inset of panel A shows
the EPR spectra of thg= 2 signal for F&" heme-H20A in H*O (solid
line) and H17O (dotted line) at pH 7. The asterisk denotes impurity signal
from CuO in the cryostat
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Figure 3. Resonance Raman spectra of'Féeme-H20A in 50 mM
CHES buffer, pH 10, prepared in MO (spectrum A) and k8O
(spectrum B). Spectrum C is the difference spectrum (A minus B).

Consistent with the aforementioned BVis spectra, the EPR
spectrum of F& heme-H20A at pH 10 (panel B, Figure 2) shows
no LS Fé" heme. Multiple HS species remain with two distinct
sets ofg-values at 6.89, 5.06, and 1.92 and 6.16, 5.84,a@d
High-frequency RF® of alkaline F&" heme-H20A corroborates
a predominantly 5¢ HS heme with intense porphyrin modes
v3, andv, at 1571, 1491, and 1372 ci respectively (Figure 3).
Low-frequency RP® reveals a Raman line at 601 chin H,'%0
buffer (spectrum A, Figure 3) that is shifted to 575¢rm H,0
buffer (spectrum B, Figure 3). The difference spectrum (spectrum
C, Figure 3) has a minimum and maximum at 575 and 601'cm
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that we assign to the(Fe—'%0H) and v(Fe—'%0OH) stretching
modes, respectively. This 26 cfrisotopic frequency shift is com-
parable to the theoretical value (24 cihexpected for an isolated
diatomic oscillator, with Fe and OHas the two oscillating units.

The detection of av(Fe—OH) indicates that OH is the axial
ligand of the alkaline 5¢c P& heme-H20A and is derived from

the ionized HO ligand of the acidic/neutral Fe heme-H20A.

The absence of detectable 6¢c LS RR and EPR signals suggests
that alkaline F&" heme-H20A is monohydroxo, not bishydrok®.

The absence of a proximal ligand in 5¢c HS heme proteins tends
to strengthen the FeOH bond, resulting in &(Fe—OH) typically
between 534 and 578 cri?31higher than that (456560 cnt?)
for 6¢ LS and HS specié8.Our v(Fe—OH) of 601 cn1! for the
alkaline Fé* heme-H20A is the highest reported for 5¢c OH-bound
heme complexes studied thus far. The Cdkial ligand of com-
plexes withv(Fe—OH) between 575 and 578 crhhas been pre-
dicted to be in a hydrophobic environment and have negligible
interactions with surrounding residu®s’® For alkaline Fé"
heme-H20A, the upshift of(Fe-OH) and the absence of an
observable BO shift in the RR measurements could indicate that
OH~ is located in a polar environment and has strong H-bonding
with its surrounding® The possibility that the H-bond is between
a dissociable group in the distal heme pocket and the oxygen
atom of OH is excluded because this would weaken the-Fe
OH bond and decreaséFe—OH).*81° Instead, we propose that
OH~ donates a H-bond to a nearby distal dissociable group and
becomes oxo-like, leading to a highéFe—OH).!8 This oxo char-
acter could be partial at low temperatures because of a temper-
ature-dependent shortening of the-f@H bond. This might be
one reason for the multiple rhombic HS EPR signals observed
earlier at 6 K.

We have also analyzed the mammalian HO-1 proximal His
mutant H25A to clarify the identity of the ligand coordinated to
its FE" heme complex. Previous reports have proposed Glu as
the axial ligand of F& heme-H25A at neutral pEf°Our results
show that its 5¢ HS acidic/neutral form converts to a different 5¢
HS alkaline form and this process is reversible (data not shéfwn).
Cryogenic EPR measurements firmly establisiOoHhs the axial
ligand of Fé" heme-H25A at pH 7 (Supporting Information).
OH™ is deduced to be the axial ligand of alkaline®Féieme-
H25A.

Overall, our study shows that, despite the absence of a proximal
His/Im, heme cavities of the proximal HisAla prokaryotic and
eukaryotic HO mutants are still capable of ligand coordination.
Having similar ligation states in neutral and alkaline environments,
both 5¢ HO mutants have pH-dependenOHOH" transitions
similar to their respective WT forms, indicating that theQHor
OH™ is bound to the distal, not proximal, side of the*Faeme.
When bound with exogenous Im, both 5¢ HO mutants resume
full catalytic activity!¢8 Hence, it is the absence of the proximal
His ligand, not a collapse of the heme pocket structure, that is
responsible for the inactivity of these HO proximal His mutants.
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