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Abstract: 3C NMR spectroscopic studies have been conducted with the hydroxide complex of Pseudo-
monas aeruginosa heme oxygenase (Fe'"'—OH), where OH™ has been used as a model of the OOH" ligand
to gain insights regarding the elusive ferric hydroperoxide (Fe"'—OOH) intermediate in heme catabolism at
ambient temperatures. Analysis of the heme core carbon resonances revealed that the coordination of
hydroxide in the distal site of the enzyme results in the formation of at least three populations of Fe''-OH
complexes with distinct electronic configurations and nonplanar ring distortions that are in slow exchange
relative to the NMR time scale. The most abundant population exhibits a spin crossover between S =/,
and S = 3/, spin states, and the two less abundant populations exhibit pure, S = 3/, and S = /5, (dy)*
electronic configurations. We propose that the highly organized network of water molecules in the distal
pocket of heme oxygenase, by virtue of donating a hydrogen bond to the coordinated hydroxide ligand,
lowers its ligand field strength, thereby increasing the field strength of the porphyrin (equatorial) ligand,
which results in nonplanar deformations of the macrocycle. This tendency to deform from planarity, which
is imparted by the ligand field strength of the coordinated OH™, is likely reinforced by the flexibility of the
distal pocket in HO. These findings suggest that if the ligand field strength of the coordinated OOH™ in
heme oxygenase is modulated in a similar manner, the resultant large spin density at the meso carbons
and nonplanar deformations of the pophyrin ring prime the macrocycle to actively participate in its own
hydroxylation.

Introduction HO toward peroxides and alkyl peroxides led to the conclusion
that heme hydroxylation does not proceed via the formation of
a high-valence compound I-like specfeRather, the terminal
oxygen of the coordinated peroxide adds to a porphyrin meso
carbon, which results in the formation afhydroxyheme. In
fact, spectroscopic evidence supporting this conclusion was
recently obtained by cryoreduction of the oxyferrous complex
* of HO to produce an intermediate, identified by EPR spectros-
copy to be the FE—OOH complex, which upon warming is
converted into thex-hydroxyheme comple%® The o-meso-
hydroxyheme complex of HO undergoes a subsequent O
dependent elimination of the hydroxylatedmeso carbon as
CO, with the simultaneous formation of verdoheme (Scheme

The enzyme heme oxygenase (HO) is intimately involved in
the catabolism of heme. In this process, HO catalyzes the
electron- and dioxygen-dependent breakdown of heme to
biliverdin, iron, and carbon monoxideThe catalytic cycle of
HO (Scheme 1) starts when the ferric enzyme is reduced by
NADPH cytochrome P450 reductase to its ferrous form
followed by the coordination of £which leads to the formation
of an oxyferrous complex (fe-O,). The latter accepts a second
electron from the reductase and is thereby transformed into the
ferric hydroperoxy (F8 —OOH) oxidizing specie$which adds
a hydroxyl group to thea-meso carbon to formo-meso-
hydroxyheme (Scheme %}.Investigations of the reactivity of
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the EPR spectroscopic studies, the electron configuratiop is d

reaction that is thought to require electrons and molecular whereas at the more elevated temperatures used to conduct NMR

oxygen.
It is noteworthy that the formation of an obligatory'Fe

spectroscopic studies, the ruffled heme with thg)tetlectronic
configuration is favoreé? These findings prompted us to suggest

OOH intermediate is shared by the catalytic mechanism of HO that ferriheme centers coordinated by a peroxide ligand are likely

and that of monooxygenases (cyt P450) and peroxidases.
However, the nature of the structurinction relationships

to have the (g)* electron configuration at ambient temperatures.
Significant about the (g)* electronic configuration is the fact

that must be operative to accelerate the meso hydroxylationthat Fé' —porphyrinates possessing an unpaired electron in the
reaction that commits the enzyme to conduct heme degradation oy, orbital are significantly ruffled and place a relatively large
relative to cleavage of the €0 bond that is typical of amount of spin and electron density on the porphyrin meso
monoxygenation reactions, is not yet understood. Evidence carbonsi3-16 Thus, at ambient temperatures, the ruffled por-
gathered from X-ray diffraction and spectroscopic studies phyrinate ring is expected to aid the attack of the terminal
conducted with HO revealed a distal heme binding site that oxygen of the Fé —OOH intermediate on the meso carbi@n.
exhibits unique chemical properties relative to other heme- The crystal structures of mammalfaand bacteridl HO
containing enzymes. For instance: (i) The distal pocket of HO enzymes strongly suggest that the flexibility of the distal pocket
is devoid of a polar side chain that might stabilize a dioxygen imparted by conserved glycine residues 139 and 143 is an
ligand/~° as is typically the case in the peroxidases and globins. important and unique structural motif that characterizes these
(i) The distal helix almost grazes the heme and places the enzymes. Therefore, it is reasonable to hypothesize that upon
backbone atoms of Gly-139 and Gly-143 in human HO-1 in coordination of a hydroperoxide ligand in the distal site of HO
direct contact with the heme(iii) The distal pocket of heme  the heme molecule tends to acquire a distorted (i.e., ruffled)
oxygenase harbors a relatively rigid network of hydrogen- conformation, which is accompanied by a corresponding change
bonded water moleculé8which is believed to ensure adequate in heme electronic structure; the deformation of heme from

proton delivery to the distal O atom of the'FeO, complex,
to facilitate its reduction to the e-OOH intermediaté:1!

planarity would be facilitated by the flexible nature of the heme
pocket in heme oxygenase. Hence, the conformational flexibility

Magnetic resonance spectroscopic studies conducted withof the heme binding site is also expected to contribute to priming

models of the PE—OOH complex of HO allowed us to suggest
that the heme in this enzyme is likely an active participant in
its own hydroxylationt? Moreover, the findings from these
studies led us to propose that thd"FeOOH intermediate exists
as an equilibrium mixture consisting of a planar heme with a
(d,)%(dxzdy2)® electronic configuration (chereafter) and a ruffled
heme with a (d,dy)*(dy)* electron configuratiof? ((dx,)*
hereafter). At the very low temperatures utilized to carry out
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6089.

the heme for active participation in its own hydroxylation. These
arguments suggest that it is important to test whether the HO
fold readily permits macrocycle deformations that bring about
changes in electronic structure when a hydroperoxide ligand
binds in the distal site. Our studies with models of thé' Fe
OOH intermediate (see above) suggest that the equilibrium
between planar and distorted porphyrins favors the latter at
ambient temperatures; therefore, work aimed at studying the
electronic structure of the Be-OOH complex of HO should

be conducted near ambient temperatures. An obvious problem
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with this approach is the very high reactivity of this key concentrators equipped with 10 000 molecular weight cutoff membranes

intermediate at ambient temperatures. To circumvent this (Centricon-Millipore Co, Bedford, MA) and then transferred to Shigemi

problem, and as an initial attempt to study the chemical nature NMR tubes (5 mm) with susceptibilities matched te@(Shigemi,

of the elusive FE—OOH intermediate in HO. we have 'NC Allison Park, PA)13C spectra were acquired over 48 K data points,

undertaken a study in which hydroxide was used, as a model Ofwith a spectral width of 300 kHz, an acquisition time of 80 ms, and no

the hydroperoxide ligand. As will be shown below, we find that relaxation delay; typically, 1000000 scans were obtained in ap-
. : o roximately 24 h.

the hydroxide complex of HO (He-OH) has properties that P Y

. . The conversion of high-spin aquo (fFe H,0) to low-spin hydroxo
are distinct from the planar (i hydroxide complexes charac- (Fe'—OH) paHO was also monitored by electronic absorption

teristic of globins and peroxidases in that the heme #lFe  spectroscopy, with the aid of a Uwis S2000 spectrophotometer
OH acquires unusual electronic structures that strongly suggestocean Optics, Dunedin, FL). To this end, a solution df F&1,0 in

nonplanar distortions. water (pH 6.3) was placed in a quartz cuvette (1-cm path length) where
it was stirred continuously with the aid of a magnetic bar. This solution
Experimental Section was titrated with 0.2 M sodium hydroxide, monitoring the pH and the
electronic absorption spectrum after the addition of each aliquot of base.
Protein Preparation and Reconstitution with *C-Labeled Heme. The data from this titration were fitted to the Henderséfasselbalch
Heme oxygenase frorfPseudomonas aeruginogpa-HO) was ex- equation to obtain theky for the deprotonation of the coordinated
pressed and purified as described previotisk.1C-labeleds-amino- water.

levulinic acids (ALA) were used as biosynthetic precursors for the  circylar dichroism spectra were measured with the aid of a JASCO
preparation of protoheme IX (heme) according to previously described j.g1g spectropolarimeter in the far UV-region (3350 nm, 0.2 mm

methodology?#? [5-13C]-6-Aminolevulinic acid ([5**C]-ALA) and resolution, 1.0 mm bandwidth) at 2 in 10 mM potassium phosphate
[4-13_C]-ALA were synthesized according to methodology described pyffers at pH 6.0, 8.0, or 10.0 with a protein concentration gVa
previously?! [5-**C]-ALA was used to prepare heme labeled at the meso The molar ellipticity (deg cf dmol?) in the far UV region was

(Cm) and o-pyrrole (G,) carbons shown in Figure 5A, and f&]- calculated directly using the JASCO standard software analysis
ALA was utilized to prepare heme labeled at thg &d S-pyrrole following subtraction of the baseline spectra.

(Cp) carbons shown in Figure 5B. Isotopically labeled heme is initially

purified in its complex with rat liver outer membrane (OM) cytochrome Results and Discussion

bs.1920 1T-labeled heme is extracted from OM cytochromne as L )
follows: While the temperature is maintained & 15 mL of pyridine Characterization of the Hydroxide Complex ofpa-HO by
is added to 2.5 mL of rat OM cytochront® (1 mM) dissolved in ™H NMR and Electronic Absorption Spectroscopy. The
phosphate buffer{ = 0.1, pH= 7.0). Slow addition of chloroform electronic absorption spectra in Figure 1A were obtained upon
(10—15 mL) typically results in the precipitation of the polypeptide, titration of a solution ofpa-HO from pH 6.3 to pH 10.3. The
while maintaining the pyridine hemochrome in the supernatant. The Soret band shifts from 406 nm at pH 6.3 to 415 nm at pH 10.3,
latter is separated from the precipitate by centrifugation, allowed to concomitant with the emergence afandf bands at 540 and
equilibra_te at room temperature,_and_then dried over anhy(_irous MgSO 574 nm, respectively. The band at 630 nm, which is typically
The deS|ccar_1t is sepgrated by filtration, and the solutlpn_ is ev_aporatedconsidered a high-spin marker, is clearly present at pH 6.3 but
to dryness with th.e aid of a rotary evaporator. The solid is red'.ssowed gradually disappears as the pH is increased, until it is no longer
in 3—4 mL of dimethyl sulfoxide, and the resultant solution is ! .
immediately used to reconstitute HO. To this end, a solution (20 mL) detectat_)le at pH _10'3' These pH-depeannt Changgs in the
containing approximately 2mol of pa-HO is titrated with the solution .eleCtron'.C ab;orptlon spectra p&-HO exhibit We”'.def'ne(_j
containingC-labeled heme until the ratiysy/Asoretn0 longer changes. isosbestic points at 482, 524, and 610 nm that are indicative of
The resultant solution is incubated at@ overnight and subsequently  the equilibrium between the high-spin'FeH,0 and the low-
purified in a Sephadex G-50 column (3 ¢ 100 cm), previously spin F¢'—0OH complexes shown in Figure 1; th&pfor the
equilibrated with phosphate buffer,= 0.10 and pH= 7.0. deprotonation of the coordinated water is 8.3. The CD spectra
Spectroscopic Studies'H and**C NMR spectra were acquired on  obtained at pH 6.0 and 10.0 (Figure 1B) are essentially
a Varian Unity Inova spectrometer operating at frequencies of 598.611 superimposable and therefore demonstrate that the fopd-of
and 150.532 MHz, respectivelyH spectra were referenced to the  HQ is not affected upon increasing the pH of the solution. On
residual water peak at 4.8 ppm, aif@ spectra were referenced to an  he pasis of the above-described observations, it is possible to

external solution of dioxane (60% v/v in,) at 66.66 ppmiH spectra o oq 1 de that a stable fte-OH complex is formed at pH values
from high-spin HO were acquired with presaturation of the residual above 9.3

water peak over 137 kHz, with a 125 ms acquisition time, a 25 ms . . .
relaxation delay, and 2048 scans. Spectra from low-spin HO were also 1€ formation and properties of the hydroxide complex of

acquired with presaturation of the residual water peak, with an P&HO have also been studied My NMR spectroscopy. Thus,
acquisition time of 250 ms, and a 25 ms relaxation delay, over a spectralthe *H NMR spectrum obtained at pH 6.3 (Figure 2a) displays
width of 30 kHz.®*C NMR spectra were typically collected from  heme-methyl resonances between 60 and 80 ppm, which are
solutions containing approximately 5 mM HO in 50 mM borate buffer typical of high-spin heme active sites, where the ferric ion is
at pH 10.3; the pH readings have not been corrected for the deuteriumaxially coordinated by a His and-9 ligand$? (F€"—H,0).

isotope effect. The samples were concentrated tq250 centrifugal As the pH of the solution is increased, the relative intensity of
(17) Ratlff, M.s Zhs, W.: Deshmukh, R.: Wike, A: Stojikovic, 1. Bacteriol these peaks decreases with the concomitant emergence and
atliff, M.; Zhu, W.; Deshmukh, R.; Wilks, A.; Stojilkovic, 0. Bacteriol. .
2001, 183’ 6394-6403, ’ growth of heme-methyl peaks near 20 ppm that originate from
(18) LCalgnaan-BA.; DesFEmXJkI%, Rt.; WIIki/’I AA; _ang, Y'im HXangéE-;"mSm the low-spin F& —OH complex. The fact that at pH values
2883%'24"14;9&143923 astman, M. A Rvera, BAM. Lem. S0¢jntermediate between 6 and 10 (Figure 2b and c) one can
(19) Rivera, M.; Walker, F. AAnal. Biochem1995 230, 295-302. observe peaks originating from heme-methyl groups in the high-
(20) Rivera, M.; Qiu, F.; Bunce, R. A.; Stark, R. BBIC, J. Biol. Inorg. Chem.
1999 4, 87-98.
(21) Bunce, R. A.; Shilling, C. L., Ill; Rivera, MJ. Labelled Compd. (22) La Mar, G. N., Satterlee, J. D., De Ropp, J. S., ENsiclear Magnetic
Radiopharm.1997, 39, 669-675. Resonance of Hemoprotejr&cademic Press: New York, 2000; Vol. 5.
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Figure 1. (A) Electronic absorption spectra obtained during the titration of ferric HO with sodium hydroxide. (B) CD spectra obtained at pH 6.5 (dashed
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Figure 2. Downfield portion of the!H NMR spectra ofpa-HO obtained
at 25°C and pH 6.3 (a), 8.3 (b), 9.3 (c), and 10.3 (d).

spin F¢'—H,0, as well as those from the low-spin'fFe OH

ing the maximum and minimum differences between the high-
spin and low-spin heme-methi# signals, we could estimate
the NMR time scale to be-7 x 10* sX. On the other hand,
the IH NMR spectrum obtained at pH 10.3 (Figure 2d) does
not exhibit heme-methyl peaks in the region between 60 and
80 ppm, thus demonstrating the quantitative conversion of the
high-spin F& —H,O species to the low-spin fte-OH complex.

The high- and low-frequency portions of théd NMR
spectrum of the F&—OH complex ofpaHO (pH 10.3) are
shown in Figure 3a. This spectrum is different from that obtained
from the cyanide complex opa-HO (F€'—CN) at pH 7.4
(Figure 3b) in that the heme-methyl peaks are shifted to lower
frequencies (upfield) and the vinglresonances, which in the
Fe'—CN complex are near-8 ppm, are shifted to higher
frequencies (downfield) and therefore are no longer discernible
from the large envelope of protein resonances. THeNMR
spectrum of the Fé&—CN complex at pH 7.4 revealed the
presence of heme-methyl groups from major (Me) and minor
(me) heme orientational isomef%The 'H NMR spectrum of
the F¢'—OH complex at pH 10.3 also suggests the presence
of major and minor heme orientational isomers. The smaller
shifts of the heme methyl and heme viy/lprotons from the
Fe''—OH complex can, in principle, be interpreted as an
indication of a change in the conformation of the proximal His

complexes in the same spectrum, indicates that these two speciebgand. However, this hypothesis was discarded by studying the
are in slow exchange relative to the NMR time scale. Consider- *H NMR spectrum of the FE—CN complex at pH 10.3 (see

J. AM. CHEM. SOC. = VOL. 125, NO. 39, 2003 11845
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¥ schematic representations of Figure 4 summarize the relation-
ships betweef®C chemical shifts and electronic configurations
that are relevant to this study: (1) Spin delocalization in
Me ferrihemes with the commo8 = /,, d, electronic structure,
Me Me which are typically planar, is mainly into the porphyrin 3%(
orbital shown schematically in Figure 4. It can be seen from
the relative sizes of the circles in the schematic representation
of the 3efr) orbital that the ¢ carbons possess relatively large
electron density, the {carbons possess relatively small electron
density, and the & carbons have zero electron density. As a
consequence, low-spin,derrihemes exhibit ¢resonances at
~200 ppm, G resonances at100 ppm, and & signals near
50 ppn?®23 (Figure 4a). (2) Spin delocalization in ferrihemes
with the less commo8 = Y/, (dy)* electronic configuration is
mainly into the 3a,(r) orbital 22 which exhibits large electron
density at the G carbons and small electron density at the C
and G carbons (Figure 4). Ferrihemes possessing thg!(d
electron configuration (typically ruffled) exhibit large down-
field Cy, shifts (~1000 ppm), relatively large upfield Gshifts
(~ —300 ppm), and negligible g&shifts (~20—70 ppm¥* (see
Vg Figure 4b). The large downfield (Cshifts are a consequence
of delocalization of unpaired electron density from thgabital
into the porphyrin 3a(x) orbital of the ruffled porphyrid3
T T T Because the 3gr) orbital has negligible spin density at the

%0 201 . 1° . 0 1o C,. position, the relatively large upfield (Cshifts are a
H Chemical Shift (ppm) consequence of spin polarization from the, @arbong4
Figure 3. *H NMR spectra of (a) Fé—OH at pH 10, (b) F —CN at pH Unpaired electron density from theg,@rbital can be delocalized

7.4, and (c) FE—CN at pH 10.3 obtained at 2&. Me and me represent  into the 3ay(w) orbital only if the macrocycle is significantly
heme-methyl resonances from major and minor heme orientational isomers, . \fled. so that the nodal planes of thegbital are no longer
respectively. . ' L .

P Y in the xy plane and projections of these grbitals have the

Figure 3c), which was obtained after 3 equiv of NaCN was POPer symmetry to interact with theycorbital® (see Figure

added to a solution of the Me-OH complex at pH 10.3. This 4). (3) Ferrihemes possessing t8e= %2, (chy)*(dxady)*(d)*

spectrum shows that the chemical shifts corresponding to hemeSPiN state are also markedly nonplanar and exhibit complicated

methyl and heme viny protons of the F&—CN complex at distortions from nominaD, symmetry2%3which suggests that

pH 10.3 are almost identical to the corresponding resonancesteSe ferriheme complexes might exist in solution as a complex
mixture of interconverting conformers with similar energies.

of the Fd' —CN complex at pH 7.4, therefore strongly suggest- . | , :
ing that the conformation of the proximal His ligand and the Nonplanay hexacoorc!mated Ffeporphyrmates posses§|ng the
3/, spin state exhibit a unique pattern’8€ NMR shifts!

seating of the heme have not been perturbed at pH 10.3.5_= . .
Furthermore, when these observations are taken together withVith very large downfield ¢ shifts (~1000 ppm), large
those made from the electronic absorption and CD spectroscopicdoWnfield G shifts (~600 ppm), and large upfield (Cshifts
studies, it becomes evident that at pH 10.3 thd' F&H (~ =300 ppm) (Figure 4c)..The Iarge downfield shifts of the
complex must exhibit a fold nearly identical to that of thd'Fe Ca and G carbons are consistent with the presence of unpaired

H,O complex. The more compressed shifts of the heme methyl €/€ctron density in each of the tand d, orbitals, which are
and heme viny3 protons in the spectrum of Ke-OH, delocalized into the 3af porphyrin orbital. Because this

therefore, are suggestive of an electronic structure different from POTPhyrin orbital has zero electron density at the meso carbons,
the typical low-spin d configuration. In fact, it will be shown the large upfield G shift is a consequence of spin polarization

i i 4,27
below that the core carbon resonances df F©H indicate that from the nqghponng 3gc;:carbon2.
this species does not exist in the common low-spieldctronic The application of*C NMR spectroscopy to the study of

structure typical of the hydroxide complex of globins. heme electronic structure_ in proteins and enzymes is less
13 NMR Chemical Shifts Are Diagnostic of Heme common because the relatively low sensitivity and low natural

abundance of3C make the observation of paramagnetically

Electronic Structure. 3C NMR spectroscopy is emerging as

a powerful experimental tool to study the electronic structure (25) lkewue, T.; Ohgo, Y.; Saitoh, T.; Yamaguchi, T.; Nakamura, IMbrg.
: . : : Chem.2001 40, 3423-3434.
of model hemes. Studies conducted with low-spin ferriheme (26) Ikezaki, A.; Nakamura, Minorg. Chem 2002, 41, 6225-6236.

mplex tablish that chemical shifts originating from (27) lkewe, T.; Ohgo, Y.; Yamaguchi, M.; Takahashi, M.; Takeda, M.;
co pe.es established at chemical s S origina .g 0 Nakamura, MAngew. Chem., Int. E2001, 40, 2617-2620.
porphyrin core carbons, £ Cs, and G, permit the relatively (28) Walker, F. A. InThe Porphyrin HandboqgkGuilard, R., Ed.; Academic
i i Press: New York, 2000; Vol. 5, pp 81183.
Stralghtforward assessment of electronic struct@ré. The (29) lkeue, T.; Saitoh, T.; Yamaguchi, T.; Ohgo, Y.; Nakamura, M.; Takahashi,
M.; Takeda, M.Chem. Commur2000Q 1989-1990.

(23) Mispelter, J.; Momenteau, M.; Lhoste, J. M. Biological Magnetic (30) Simonato, J. P.;"aut, J.; Le Pape, L.; Oddou, J. L.; Jeandey, C.; Shang,
ResonanceReuben, J., Ed.; Plenum Press: New York, 1993; Vol. 12, pp M.; Scheidt, R.; Wojaczynski, J.; Wolowiec, S.; Latos-Grazynky, L.;
299-355. Marchon, J. Clnorg. Chem.200Q 39, 3978-3987.

(24) Ikeue, T.; Ohgo, Y.; Takashi, S.; Nakamura, M.; Fujii, H.; Yokoyama, M.  (31) Ikeue, T.; Ohgo, Y.; Yamaguchi, M.; Takahashi, M.; Takeda, M.; Nakamura,
J. Am. Chem. So200Q 122, 4068-4076. M. Angew. Chem., Int. E2001, 40, 2617-2620.
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Figure 4. Left: Typical porphyrin core carbon chemical shifts for (a)'Feporphyrinates with th&= 1/, d, electron configuration, (b) Fe-porphyrinates

with the S = /5, (dy)* electron configuration, and (c) Me-porphyrinates with the&S = 35, (dy)*(dxz0y2)?(d2)* electron configuration. Right: Schematic
representation (adapted from ref 15) of the8@) and 3efr) porphyrin orbitals. The relative sizes of the circles at each atom are proportional to the
calculated electron density. The possible interactions betweengthebital and the porphyrin nitrogens of a ruffled porphyrin which allow spin delocalization
into the 3ay(r) orbital are shown schematically next to this orbital.

affected'C resonances more demanding. This limitation is felt Population of the Iron-d,, Orbitals. A portion of thel3C NMR

more strongly when one is interested in observing porphyrin spectrum of Fé—OH reconstituted with heme labeled at the
C. and G carbons because it is not possible to take advantageCy,, and G, carbons is depicted in Figure 5A. If the pH of the

of directly attached protons to capitalize on the increased solution is decreased from 10.3 to 6.3, the sets of highlighted
sensitivity of the inverse-detection experimeif#t$o overcome resonances near 50 and 450 ppm become less intense until at
these problems, we have developed a biosynthetic method thapH values below 7.0 they become unobservable (see Supporting
allows the efficient preparation of*C-labeled heme from  Information Figure S1). Subsequent increase of the solution pH
judiciously labeled ALAZ! the first commited precursor in heme  results in the appearance and growth of the set of resonances
biosynthesis, by adequate manipulation of an expression systenmear 50 and 450 ppm, and at pH 10.3 the spectrum shown in
that overproduces the heme binding protein OM cytochrome Figure 5A is restored. This behavior is consistent with the
bs.1933Heme in OM cytochromés is not covalently attached  reversible equilibrium between the 'feH,O and Fé —OH

to the polypeptide. Therefor&C-labeled heme can be extracted complexes ofa-HO shown in Figure 1.

and used to reconstitute other proteins of interest. This strategy The electronic absorption aftl NMR spectra of the F—

has been successfully applied to study a complex mixture of g complex suggest a low-spin electronic configuration for this
heme orientational and heme rotational isomers present in Aspecies. However, the fact that resonances from core porphyrin

solution ofpa-HO mutantst® In the study reported herein, we carbons in Figure 5A appear near 450 ppm strongly suggests
have used heme labeled WifC at the core carbons to Study 5t the electronic configuration of the Ee OH complex is

X | !
the electronic structure of the e-OH complex. Observation not the common low-spin .d Indeed, model hemes and

of the corresponding core carbon resonances revealed the,emqonroteins possessing a low-spiretectronic configuration
presence of a mixture of Pe-OH populations which differ in _ give rise to'3C NMR spectra displaying Gresonances between
their electronic structure and degree of nonplanar porphyrin 5 and 50 ppm, resonances betweenl0 and 100 ppm, and
distortions. It is noteworthy that this information, which is Cs resonanceé between 150 and 250 HAN233¢(see Fi(::)ure
dlbrec_tlydagamahble from the13C_ NMR shifts, is not easily 4b). On the other hand, if the set of resonances at ca. 450 ppm
° Ialne y other spectroscopic means. ) can be attributed to meso carbons, it would then be possible to
C NMR Spectroscopy Reveals the Coexistence of at  conclude that the electronic structure of thé! FeOH complex
Least Three Spin States Exhibiting Different Degrees of of paHO is S = Y, (d,).1 However, it is important to note
that when [513C]-ALA is used as a precursor of heme

(32) Summers, M. F.; Marzilli, L. G.; Bax, AJ. Am. Chem. Sod.986 108
4285-4294.
(33) Qiu, F.; Rivera, M.; Stark, R. El. Magn. Reson1998 130, 76—81. (34) Goff, H. M.J. Am. Chem. S0d.981, 103 3714-3722.
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Figure 5. A portion of the3C NMR spectra obtained at 3T from a solution of the Fé—OH complex ofpa-HO (pH 10.3) reconstituted with heme

labeled at the €and G, carbons (A) and ¢and G carbons (B). The labeled carbons are highlighted @y i the structures shown to the left of each
corresponding spectrum. The chemical shifts of the peaks highlighted by an arrow have been used to construct the temperature dependence plot of Figur
6.

500

biosynthesis the ¢ and G, carbons shown in Figure 5A are
labeled?® Consequently, to determine the electronic configu- P
ration of the F& —OH complex, it is necessary to elucidate

whether the set of resonances at 450 ppm in Figure 5A originate

from Cy or from G, carbons. To this end, [$C]-ALA was 400 1 A

used to label the Cand G carbons shown in Figure 5B, and *

the labeled heme was used to reconstitute tHe-F@H complex A

of paHO. The corresponding®C NMR spectrum displays a

set of resonances between 350 and 450 ppm, whereas the region 300 1 2

near 50 ppm only shows peaks originating from the polypeptide.

These observations suggest that both theu@ the ¢ carbons

of the F&' —OH complex resonate between 350 and 500 ppm,

therefore implying that the set of resonances near 450 ppm in 200~ "

Figure 5A originate from ¢ carbons and that the set of 100 T

accompanying resonances near 50 ppm arise frgroatbons.
It is evident that the chemical shifts from thg,Cs, and G, u u = =

carbons shown in Figure 5 are not consistent with a low-spin 50 T T T T

(dyy)® electronic configuration because ferrihemes with this 82 33 3.4 3.5 3.6 8.7

electronic structure place significant unpaired electron density /T (K x 1000)

at the G, carbons. This results in large downfield 1000 ppm) Figure 6. Temperature dependence of the @), Cs (a), and G, (M)

Cm shifts and, by spin polarization, relatively large upfield chemical shifts for the Fé—OH complex of paHO. The plot was

(~ —300 ppm) G shifts (see Figure 4b). On the other hand, constructed with chemical shifts corresponding to those peaks highlighted

the G, and G chemical shifts depicted in Figure 5 are Withanamowin Figure SA and B,

reminiscent of the recently report&k= /,, S = 3/, spin state ]

crossover that is characterized by, @nd G carbon shifts a pronounced temperature dependence that shifts,tiearGons

between 300 and 600 ppm and, @hemical shifts near 0  from ~260 ppm at 0°C to ~460 ppm at 37C, and the ¢
ppm27:3The G, and G resonances shown in Figure 5 exhibit carbons from~250 ppm at 0C to~400 ppm at 37C (Figure
6). It is therefore possible to rationalize the shifts in Figure 5

(35) Ohgo, Y.; Ikewe, T.; Nakamura, Mnorg. Chem 2002 41, 1698-1700. assuming that at 37C there is approximately/sS = 35,

13¢ Chemical shift (ppm)
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Figure 7. A portion of the3C NMR spectra obtained at 3T from a solution of the Fé—OH complex ofpa-HO (pH 10.3) reconstituted with heme
labeled at the €and G, (A) and G, and G carbons (B). Peaks corresponding to the population wittSthe'/,, S= %/, spin state crossover are highlighted
in a blue box (see Figure 5).

(dy)A(0xz0h)2(dA)* and approximatel§/sS= %5, d, contribution. possible to assign them to their corresponding core carbons
As the temperature is lowered, the contributionSof Y5, d, solely on the basis of this spectrum. To circumvent this problem,
increases, and the core carbon chemical shifts approach thet is again useful to consider the spectrum obtained from the
values expected for aB = 1/,, d, Fe''—porphyrinate. This Fe''—OH complex reconstituted with heme labeled at the C
behavior of the core carbon chemical shifts in response to and G carbons (Figure 7B). Inspection of this spectrum clearly
changes in temperature is in agreement with that df+e  shows that the region near200 ppm is devoid of peaks, thus
porphyrinates known to exhibit th® = 1/,, S= 3/, spin state implying that the resonances nea00 ppm in the spectrum
crossovee! It is not yet clear why the chemical shifts of the obtained from enzyme reconstituted with heme labeled at the
Cn, carbons exhibit a shallow temperature dependence. TheC, and G, carbons (Figure 7A) can be assigned to meso
alternative equilibrium between tt&= 1/, (dy)* andS= 3/, carbons. In the same vein, the peaks near 650 ppm in the spectra
(dyz dy2)3(diy) (dA)?! can be ruled out on the basis of the of Figure 7A and B must originate from,Garbons, and the
temperature-dependent changes of the core carbon chemicapeaks centered near 1000 ppm in the spectrum of Figure 7B
shifts because at the lower temperatures one would expect thenust originate from gcarbons. The large downfield shifts for
main contribution to be from th& = %5, (dy)* ground state. o- andg-pyrrole carbons, accompanied by upfield shifted meso
Thus, at the lower temperatures, thg €hifts should be large carbons, are characteristic of &= 3%/, spin staté’ where
and positive (downfield), and the,Ghifts should be negative,  unpaired electron density in thg,@nd d, orbitals is delocalized
with the G shifts near 50 ppm. into thea- andg-pyrrole carbons via the 3g) porphyrin orbital
Figure 7A depicts a larger spectral window of i€ NMR (see Figure 4). This orbital exhibits zero electron density at the
spectrum obtained from the fe-OH complex reconstituted  meso carbons; thus the large upfield, Ghifts have been
with heme labeled at theq@nd G, carbons. Itis apparent that, ascribed to spin polarization from the neighboring carbon
in addition to the peaks described above (blue box), there areatoms?427
additional resonances near 650 an200 ppm. Although these Figure 8A depicts the entiféC NMR spectrum of the P&—
resonances clearly originate from, @nd G, carbons, it is not OH complex ofpa-HO reconstituted with heme labeled at the
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Figure 8. '3C NMR spectra (37C) of the F&' —OH complex ofpa-HO (pH 10.3) reconstituted with heme labeled at thea@d G, (A) and G, and G;
carbons (B). Peaks corresponding to the population exhibitingtae!/,, 3/, spin state crossover are highlighted by blue boxes, and peaks corresponding
to the population with thé& = 3/, spin state are highlighted by red boxes.

C, and G, carbons. In this spectrum, there are two new sets of porphyrin 3a,(xr) orbital!® and the large upfield Cshifts are
peaks, one at ca. 1300 ppm and the other at-&20 ppm, in a consequence of spin polarization from neighboring meso
addition to the resonances corresponding taSkel/,, S= %/, carbong* Thus, the peaks at 1300 antb00 ppm in Figure
spin crossover (blue box) and those corresponding to the 8A and B, respectively, indicate the presence of a population
population exhibiting the pur8= %/, spin state (red box). The  exhibiting the unusual (g)* electronic structure.

significance of the resonances near 1300 ppm -aBd0 ppm It is important to note that when CNs added to the F&—

is made clear once tHéC spectrum of the F&—OH complex OH complex ofpa-HO at pH 10.3, thé3C NMR spectrum of
reconstituted with heme labeled at, @Gnd G carbons is the resultant PE—CN complex does not display the peaks
considered. This spectrum (Figure 8B) reveals the presence oforiginating from the major population with ti&= 1/,, S= %,

a set of peaks at ca:500 ppm, which can be attributed tq,C  spin state crossover or from the minor populations with$he
carbons on the basis that the spectrum df FOH labeled at =3/, andS= 1/, (dx)?* spin states (see Figure S2). Instead, the
the G, and G, carbons (Figure 8A) also displays peaks near spectrum is almost identical to that exhibited by thé' FEN
—500 ppm. Consequently, the peaks near 1300 ppm in thecomplex at pH 7.0, which has been shown toe /5, d,. It
spectrum of Figure 8A must originate fromy,Carbons. Large is therefore apparent that tHé&C resonances in Figures 5, 7,
downfield G, shifts (506-1300 ppm) and large upfield,Ghifts and 8, which have been attributed to the presence of different
(—400 to —600 ppm) are diagnostic of He-porphyrinates populations with unusual spin states, are only present when
exhibiting the low-spin (d)* electronic structuré??4 These hydroxide is coordinated in the distal sitepg#HO. Therefore,
characteristically large downfieldGshifts result from unpaired it is reasonable to conclude that the"FeOH complex ofpa-
electron density delocalization from the irog drbital into the HO exists as a mixture of multiple (at least three) conformers,
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S=1/2, 3/2 guantum mechanically admixed or simply in fast exchange
relative to the NMR time scale. Assuming fast exchange relative
to the NMR time scale, we could estimate that the rate of
exchange should be faster than 27.0° s~%. This value was
estimated at 37C from the difference in shifts between thg C
carbons in the pur&= %/, spin state £1000 ppm) and the £
carbons in the pur& = %,, d, spin state £200 ppm). The
resonances corresponding to the population with the Bure

37°C 3/, spin state, & carbons at ca. 650 ppm ang €arbons at ca.

1000 ppm, exhibit a significantly less pronounced shift as the

temperature is lowered. However, it is interesting to note that

these resonances become less intense as the temperature is
lowered and are undetectable below 0. This behavior
suggests that the populations with the highly nonplebar

Y5, (dy)t and S = 3/, electronic configurations are in slow

exchange with the major population exhibiting e 1/,, S=

3/, crossover. For chemical exchange to be slow relative to the

NMR time scale, the exchange has to be much slower than 2.7

x 10° sl Thus, as the temperature is lowered, and the

conformational flexibility of the heme binding site is decreased,

these populations with highly nonplanar porphyrins decrease
as the equilibrium shifts toward the plar&s= 1/,, d, electronic
configuration.

Shelnutt has pointed out that multiple conformers can occur
for biological porphyrins because several potential energy
minima can result from the protein environméhThe observa-
tions described above, therefore, are in agreement with this

10°C prediction and imply that in the confines of the protein the
relative energy of the porphyrin conformers, as well as the
e ~ barriers of interconversion, can be modulated by the protein
-— and by the spin state of the macrocycle.
1100 1000 900 800 700 600 500 400 300 200 100 O Relevance to the Mechanism of Heme Hydroxylation
13 . . Carried Out by HO. Axial ligand—metalloporphyrin interac-
C Chemical Shift (ppm) tions, among other things, are known to induce nonplanar

Figure 9. 13C NMR spectra of the F&—OH complex ofpa-HO obtained distortions of the porphyrin ring’3"-38For instance, it is well

af) cgg?{g:;;ﬁﬁﬁiiraiﬁreez. istostggr;?rgémgesegﬂzgcs 3?fstr;§s majordocumented that the Coordingtion of |igan_d.s that are poor

[s)ta[zes is highlightec? by a gotted line. The downfielzd peaks cozrrepspond to O_dqnors and gO(.).dr_a.Cceptors mdufes Slgnlfl_cant pqrphyrln

the minor population with th& = 3, spin state. ruffling and stabilization of the (g)* electronic configura-

tion 13152539 Fyrthermore, crystal field theory indicates that
decreasing axial ligand field strength leads to a transition from

a low-spin to a high-spin state. TRe= %/, spin state is stabilized

when the g orbital is singly occupied and relatively close in

energy to the g, dk, and g, orbitals, and the ,d- orbital is
vacant and at significantly higher ener@#%4The de_,2 orbital

can be destabilized further by increasing the field strength of

the equatorial ligand (porphyrin), a strategy that has been utilized

by Simonato and co-workers to stabilize tBe= 3/, spin state

of model ferrihemed® Moreover, as the axial ligand field

each exhibiting a different spin state, and probably different
degrees of nonplanar distortions. At 3Z, the major population
exhibiting theS = /,, S= 3/, spin state crossover accounts for
approximately 88% of the total population, whereas those
species exhibiting th& = 3/, and theS = ¥, (dx,)* electronic
configurations account for~10% and ~2% of the total
population, respectively.

Figure 9 illustrates the temperature dependence of the

spectrum obtained from Fe-OH reconstituted with heme wrenath is decr d mpensating incr i torial field
labeled at the €and G carbons. It has been pointed out (see strengih IS decreased, a compensaling increase in equatorial e
strength occurs; the increase in equatorial field strength, in turn,

above) that the resonances corresponding to the population’ "~ . ¥
exhibiting theS = Y,, S = ¥, spin state crossover exhibit a typically results in shorter FeN, bond lengths and induces

pronounced temperature dependence, with these resonance@onplanar distortions of the macrocycle. Therefore, axial ligands

shifting upfield from ca. 400 ppm at 3T to ca. 250 ppm at ! .
° . . (36) Shelnutt, J. AJ. Porphyrins Phthalocyanine200Q 4, 386—389.
0 °C. The magnitude of the temperature-dependent shifts and(37) shelinutt, J. A.; Song, X. Z.; Ma, J. G.; Jia, S. L.; Jentzen, W.; Medforth,

i i i irecti C. J.Chem. Soc. Re 1998 27, 31-41.
the fact that the chemical shifts move in the direction of those (38) Roberts. S. A~ Weichsel, A: Qiu. v.: Shelnutt, J. A Walker, F. A

expected for the planar, low-spip domplexes suggest that low Montfort, W. R. Biochemistry2003, 40, 11327-11337.

temperatures decrease the conformational flexibility of the heme (39) %g'ﬁ'{“mv M.; Simonneaux, Q. Chem. Soc., Chem. Comma&95 2093~

pocket and shift the equilibrium toward the plangr= 1/, d, (40) Reed, C. A.; Mashiko, T.; Bentley, S. P.; Kastner, M. E.; Scheidt, W. R.;
: : ; ; ; o R Spartalian, K.; Lang, GJ. Am. Chem. So0d.979 101, 2948-2958.

electromc configuration. At this time, it is npt possible to (41) Cheng, R-J.. Chen. P-Y.: Gau, P.-R.; Chen, C.-C.. Peng. S.-Mm.

ascertain whether th8 = %,, d, and S = %/, spin states are Chem. Soc1997, 119, 2563-2569.
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with the appropriate field strength are capable of stabilizing the of HO complexes in slow exchange. By comparison, the more
unusualS= 15, (dy)* andS= ¥, spin states, which are typically  rigid heme binding site of the globins does not facilitate
associated with large nonplanar distortions of the porphyrin ring. relatively large nonplanar distortions of the heme; therefore,

It is evident from the*C NMR spectra discussed above that the binding of hydroxide results in the formation of a homo-
the hydroxide ligand in the Be-OH complex of paHO geneous population of nearly planar low-spinabmplexes.

encourages the stabilization of the énd the destabilization Itis apparent that the above-described properties of HO must
of the dz— orbital, hence giving rise to two minor populations  act in synergism so that the distal network of water molecules
exhibiting a pureS = /5, (dy)* and a pureS = 3 electronic  serves to lower the ligand field strength of the coordinated
configuration and a major population exhibiting a spin crossover peroxide, thus providing the necessary impetus for the heme to
betweenS = Y, and S = %,. It is noteworthy that these  deform from planarity. This impetus is reinforced by the
observations are in striking contrast to those made with the flexibility of the distal pocket in HO, which facilitates the
hydroxide complex of globins, in that the complexation of a conformational changes “dictated” by the field strength of the
hydroxide ligand results in the formation 8f= /5, d. globin coordinated hydroxide.
complexe§.2A plausible explanation for the unusual behayior These findings suggest that if the field strength of the
of the hydroxide complex of HO stems from at least two unique yqroperoxide ligand in the Fe-OOH intermediate could also
chemical properties shargd by all known HO_enzymes: (_1) the he modulated by the distal network of hydrogen bonds,
presence of a well-organized hydrogen-bonding network in the sjgnjficant nonplanar deformations and large spin density at the
distal site, and (2) the conformational flexibility of the heme meso carbons can indeed be expected for this complex. Thus,
binding domain. The relevance of these properties is discussedie efficient meso carbon hydroxylation reaction carried out by
below. - o HO enzymes is likely a consequence of the chemical non-
(1) In addition to heme pocket flexibility (discussed below), - jnnocence of the macrocycle. Indeed, if this concept is operative
the chemical nature of the distal pocket is likely to”contrlbute in HO catalysis, it would expand the role currently attributed
significantly to the properties exhibited by the "FeOH to the highly organized hydrogen-bond network in the distal
complex. In this context, the o!lstal pocket in h_eme OXygenase pocket of HO to include modulation of the HOGigand field
enzymes supports an extensive arjg well-defined network of strength. ENDOR spectroscopic studies have demonstrated that
hydrogen-bonded water molecufe€:*It is possible that one  his hydrogen-bond network efficiently delivers a proton to the
of these water molecules, by virtue of donating a hydrogen bond ieyminal oxygen of P6—00" to form the activated Fe—OOH
to the coordinated OHligand, decreases itsdonating ability  jntermediaté. The same study reported a second well-defined
and thereby lowers its field strength. As has been discussediy signal (denoted H2), which only appears in the ENDOR
above, lowering the axial ligand field strength leads 1o the gpectrum upon annealing of the'FeOOH intermediate to 200
stabilization of the ¢ orbital and is also accompanied by &  and suggested that proton H2 is part of the activation that
strengthening of the equatorial field. The latter induces non- |a54s to meso hydroxylatidhWe propose that proton H2, by
planar heme distortions and further destabilization of thed  yjirtye of forming a hydrogen bond with the coordinated oxygen
orbital. It is thus conceivable that the ligand field strength of , Fd'—0OOH. can modulate the field strength of the hydro-
the coordinated hydroxide, which in HO is modulated by peroxo (hydroxo in the present studies) ligand and consequently
accepting a H-bond from the distal network of water molecules, inqyce the unusual spin states and nonplanar distortions that

induces the stabilization of these unusugl electronic cor\figura- can make the heme macrocycle an active participant in its own
tions and nonplanar porphyrin conformations. (2) The different pyqroxylation.

populations with their different electronic configurations and

likely different types of nonplanar distortions appear to be in  Acknowledgment. This work was supported by NIH grants
slow exchange with one another relative to the NMR time scale. GM-50503 (M.R.) and Al-48551 (A.W.), and OCAST grant
The relatively slow rate of interconversion between populations HR00-043 (M.R.).

with different types of nonplanar distortions is likely a conse-

quence of obligatory accompanying conformational changes in ~ Supporting Information Available:  Figure S1, variable
the heme pocket. Thus, the flexibility of the pocket in HO temperature’®C NMR spectra obtained from the 'fe-OH
facilitates the relatively large nonplanar heme distortions induced complex ofpa-HO reconstituted with heme labeled at the C
by the binding of hydroxide. At the same time, heme and Gy carbons. Figure S2, Top!*C NMR spectrum of the
polypeptide interactions slow the rate of interconversion between hydroxide complex opa-HO at pH 10.3. Bottom:**C NMR
the different types of distortions (populations) relative to the SPectrum of the cyanide complexjoé-HO obtained at pH 10.3
interconversion of PE—porphyrinates not bound to a protein, (PDF). This material is available free of charge via the Internet
such that it becomes possible to observe the different populations@t http://pubs.acs.org.

(42) Li, Y.; Syvitski, R. T.; Auclair, K.; Wilks, A.; Ortiz de Montellano, P. R.;
La Mar, G. N.J. Biol. Chem2002 277, 33018-33031. JA036147I
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