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ABSTRACT. Heme oxygenases from the bacterial pathogdlessseriae meningitidignmHO) and
Pseudomonas aeruginogpa-HO) share significant sequence identity (37%)nim-HO, biliverdin 1Xo

is the sole product of the reaction, whereasHO yields predominantly biliverdin 1X. We have previously
shown by NMR that the in-plane conformation of the hemearHO is significantly different from that

of nmHO as a result of distinct interactions of the heme propionates with the protein scaffold [Caignhan,
G. A., Deshmukh, R., Wilks, A., Zeng, Y., Huang, H. W., Moenne-Loccoz, P., Bunce, R. A., Eastman,
M. A., and Rivera, M. (2002). Am. Chem. Soc. 1244879-14892]. In the report presented here, we
have extended these studies to investigate the role of the distal helix by preparing a chimersl ©f
(nm-HOch), in which distal helix residues 18742 ofnmHO have been replaced with the corresponding
residues of thé-regioselectivgpa-HO (112-147). Electronic absorption spectra, resonance Raman and
FTIR spectroscopic studies confirm that the orientation and hydrogen bonding properties of the proximal
His ligand are not significantly altered in the chimera relative those of the wild-type proteins. The catalytic
turnover of thenm-HOch-heme complex yields almost exclusivehpiliverdin and a small but reproducible
amount ofd-biliverdin. NMR spectroscopic studies reveal that the altered regioselectivity in the chimeric
protein likely stems from a dynamic equilibrium between two alternate in-plane conformations of the
heme (in-plane heme disorder). Replacement of K16 with Ala and Met31 with Lys in the chimeric protein
in an effort to tune key polypeptideheme propionate contacts largely stabilizes the in-plane conformer
conducive tod-meso hydroxylation.

Until the recent characterization of tHeéseudomonas clearly identify a role for the distal helix in sterically
aeruginosaheme oxygenas@&HO)! (1), all known heme restricting access to all but tkemeso carbon. Interestingly,
oxygenases, including those froNeisseriae meningitidis  the level of sequence identity (less than 15%) between
(nmHO) and Corynebacterium diphtheriagcd-HO) were nmHO and the mammalian enzymes is extremely low, yet
shown to specifically cleave the heme at theneso carbon  the same overall structural fold is observed in both proteins
(2, 3). In addition, the crystal structures of the mammalian (4, 10). In contrast, the level of sequence identity (37%)

heme oxygenasegl{8) and the bacteriahmHO (9-11) between thex-selectivenmHO and d-selectivepa-HO is
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GM50503 (M.R.). keeping with the previous structurally characterized HO
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(A) pa-HO (B) nm-HO

Ficure 1: Crystal structures gba-HO (A) andnm-HO (B) showing the locations of some key amino acid residues in the heme binding
site, which control the regioselectivity through the interactions between their side chains and heme propionates. The orientations of the
heme in the two enzymes are related to each other by am&flane rotation. The crystal structurespggHO andnm-HO are Protein Data

Bank entries 1SK7 and 1J77, respectively.

and Tyr-112 being replaced with Asn-19 and Phe-117, Herein, we report that replacement of the distal helix of
respectively, suggested that the absence of favorable interacthe a-selectivenm-HO, residues 107142, with those of the
tions with the heme propionate may result in thg&lQ in- o-selectivepa-HO, residues 112147, did not significantly
plane rotation of the heme pe-HO relative toa-biliverdin- alter the regioselectivity of the reaction. The chimeric protein
producing HOs (Figure 1A). When Asn-19 and Phe-117 in oxidizes heme to produce95% biliverdin IXa and ~5%
paHO were replaced with Lys and Tyr, respectively, to biliverdin IXd. Characterization of the chimeric protein by
introduce interactions with heme propionates characteristic UV —visible and resonance Raman spectroscopy suggests a
of a-biliverdin-forming enzymes (see Figure 1B} and well-organized protein with distal pocket properties similar
13C NMR studies revealed that the heme in lagHO N19K/ to those ofpa-HO. NMR spectroscopy, on the other hand,
F117Y double mutant exists in a dynamic equilibrium reveals in-plane heme disorder that accounts for the formation
between two in-plane conformations (seatings). One of theseof biliverdin 1X4.

seatings is identical to wild-typpa-HO, and the other is

more typical of then-regioselective heme oxygenaség)( EXPERIMENTAL PROCEDURES

This dynamic exchange, which amounts to a‘litGplane General MethodsPlasmid purification, subcloning, and
rotation of the heme between two seatings, profoundly affects y,cterial transformations were carried out as previously
the regioselectivity of heme oxidation, as evidenced by the yegcriped 16). Deionized, doubly distilled water was used
formation of a-biliverdin (55%), o-biliverdin (35%), and {5 5| experiments. Oligonucleotides were obtained from

p-biliverdin (10%) €2). Sigma-Genosys and used without further purification. All

The recently determined crystal structurepafHO (13) absorption spectra of the hemEO complexes were re-
(Figure 1A) confirmed that the heme pe-HO is indeed  corded on a Cary Varian Bio100 UV spectrophotometer.
rotated in-plane by-110Q relative to that of thex-hydroxy- Bacterial Strains. Escherichia colstrain DH 5 [F',

lating heme oxygenases. The crystal structungsefiO also  ara D(lac-proAB rpsL 880dacZDM15 hsdR17] was used
suggests that Lys-34 and Lys-132 are within hydrogen for DNA manipulation, and. colistrain BL21(DE3)pLysS
bonding distance of the heme propionate (Figure 1A), and a[F~ ompT hsdg (rs ms~) gal decm (DE3)] was used for
recent study has shown thatl2% a-biliverdin is formed  expression of both the wild-type and mutant heme oxygenase

when Lys-34 or Lys-132 is mutated to Ala4). constructs.
We have recently carried out an in-depth analysis of the Site-Directed Mutagenesis of nm-H®@Ilutagenesis was
Arg-177 Glu and Asp mutants iod-HO in which the for- carried out utilizing the polymerase chain reaction and the

mation ofd-biliverdin, again, is a direct consequence of an Quickchange mutagenesis kit from Stratagene (La Jolla, CA).
in-plane rotation of the heme triggered by electrostatic re- Oligonucleotides were designed to have melting tempera-
pulsion between the heme propionate and the protein scaf-tures {I,) between 65 and 7%C. All mutations were veri-
fold upon replacement of the positively charged side chain fied by DNA sequencing of the gene construct. DNA
of Arg-177 with a negatively charged Glu or Asp residue sequencing was carried out at the Biopolymer Laboratory,
(15). The introduction of electrostatic repulsion between the School of Medicine, University of Maryland. Them-HOch
heme propionate and Glu-177 results in arf &bplane construct was engineered by introducing Asrll restric-
rotation of the heme such that themeso carbon is placed tion site into the DNA sequence corresponding to amino
at the position equivalent to that occupied by tiéneso acids 1P7AIGWL ! and 1?2ALGWL 6 and aSad site in
carbon within the wild-typecd-HO protein fold, thus  the sequence corresponding to residt@&ARHL*? and
rendering thed-meso carbon susceptible to hydroxylation #GARHL*7in nmHO andpa-HO, respectively. Following
(15). confirmation of the sites by restriction digest and sequencing,
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the distal helix ofpa-HO was excised and subcloned into
nmHO utilizing the introducedSad and Aurll sites. The
nmHO mutant constructs were verified by restriction digest
and confirmed by DNA sequencing.

Expression and Purification of the Wild Type and nm-
HO Mutants.The wild-type and mutamimHO proteins were
purified as previously described,(2). A single colony of
freshly transformedE. coli BL21(DE3) plysS cells was
cultured overnight in 5 mL of LB medium containing 100
ug/mL ampicillin. The cells were subsequently subcultured
into fresh LB—ampicillin medium (100 mL) and grown at
37 °C to mid-log phase. The cells were then subcultured
(10 mL) into LB—ampicillin medium (1 L) and on reaching
mid-log phase expression were induced by addition of
isopropy! 1-thiolp-galactopyranoside (IPTG) to a final
concentration of 1 mM. The cells were grown further for
4-5 h at 30°C and harvested by centrifugation (10gG0r
20 min). Cells were lysed by sonication in 50 mM Tris-HCI
(pH 7.8) containing 1 mM EDTA and 1 mM phenyl-
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at pH 6.0, 8.0, or 10.0 with a protein concentration @fi\8.
The molar ellipticities (degrees square centimeter per deci-
mole) in the far-UV region were calculated directly using
the JASCO standard software analysis following subtraction
of the baseline spectra.

Reaction of the Hemenm-HO Complexes with NADPH
Cytochrome P450 ReductasEhe reaction of the heme
HO complexes in the presence of NADPH reductase were
carried out as previously describe?] 20). Purified human
cytochrome P450 reductase was added to the héiae
complex (10 mM) at a reductase:HO molar ratio equal to
3:1in afinal volume of 1 mL of 20 mM Tris-HCI (pH 7.5).
The reaction was initiated by the addition of NADPH in 10
mM increments to a final concentration of 100 mM. The
spectral changes between 300 and 750 nm were monitored
over a 30 min time period at 1 min intervals. Following
completion of the reaction, the product was extracted for
HPLC analysis as described previoushiy

Resonance Raman and FTIR Spectroscdépgsonance

methanesulfonyl fluoride (PMSF). The cell suspension was Raman (RR) spectra were obtained on a McPherson 2061/

then centrifuged at 270@0for 40 min.

207 spectrograph (0.67 m with variable gratings) equipped

The soluble fraction was applied to a Sepharose-Q Fastwith a Princeton Instruments liquid,Mooled CCD detector

Flow column (1.5 cmx 10 cm) previously equilibrated with
20 mM Tris-HCI (pH 7.5). The column was washed with 3
volumes of 20 mM Tris-HCI (pH 7.5) containing 50 mM
NaCl. The protein was then eluted with the same buffer with
a linear gradient of NaCl from 50 to 500 mM. The protein

(LN-1100PB). Kaiser Optical supernotch filters were used
to attenuate Raleigh scattering. A Krypton laser (Innova 302)
and a He/Cd laser (Liconix 4240NB) were used for the 413
and 442 nm excitations, respectively. Spectra were collected
in a 9C-scattering geometry on samples at room temperature.

eluted at a concentration of 150 mM NaCl, and the peak Frequencies were calibrated relative to indene and, &l
fractions were pooled and dialyzed against 10 mM potassiumare accurate at1 cm®. FTIR spectra were collected on a

phosphate (pH 7.4) (2 4 L) at 4°C. The protein was then
stored at—80 °C or reconstituted with heme as described
below.

Reconstitution of the Wild-Type and Mutant nm-HO
Proteins with HemeThe heme-nmHO complexes were
prepared as described previously,(18). Hemin was added
to the purified HO proteins at a final 2:1 heme:protein ratio.

Perkin-Elmer System 2000 equipped with a liquigtddoled
MCT detector. The protein CO/complex solutions were
sandwiched between two Cawindows with a 0.05 mm
spacer and mounted to a copper cell thermostated &€15
Preparation of HOs Reconstituted witltC-Labeled Heme.
BC-labeled o-aminolevulinic acids (ALAs) were used as
biosynthetic precursors in the preparatiod’¢f-labeled heme

The sample was then passed over a Sephacryl S-100 HRFigure 2). [1,213C]-6-Aminolevulinic acid ([1,213C]ALA)

column (3.0 cmx 100 cm) pre-equilibrated with 20 mM
Tris-HCI (pH 7.8). The protein was then eluted with 20 mM
Tris (pH 7.8), and the fractions containing the purified protein
were pooled and dialyzed (R 4 L) against 20 mM Tris-
HCI (pH 7.8) at 4°C. The protein was concentrated by an
Amicon filtration unit and stored at-80 °C. Samples for

and [543C]ALA were synthesized utilizing methods de-
scribed previouslyZ2). Heme labeled with®C was obtained

by utilizing a previously reported methodolog®3j, devel-
oped to take advantage of the fact that the first committed
precursor in heme biosynthesis dsaminolevulinic acid
(ALA) (24, 25). Thus,*C-labeled heme, which is biosyn-

NMR and resonance Raman analysis were passed down amhesized inE. coli upon addition of suitably labeled ALA,

additional Sephacryl S-100 HR column (3.0 ¢ml00 cm)

following concentration on an Amicon filtration unit.
Absorption Spectroscopy of the nm-HO Wild-Type and

Mutant Proteins.The UV—visible spectra of the wild-type

is trapped by simultaneously expressing rat liver outer
mitochondrial membrane cytochronbg (OM cyt bs) (23).
The details of the biosynthetic protocol, which entails the
expression and purification of OM cys harboring3C-

HOs and their respective mutants were recorded in 20 labeled heme, have been described previoudy. Recon-

mM Tris (pH 7.5) on a Cary 100Bio spectrophotometer. The
Fe'—CO spectra were obtained by saturating the solution
with CO followed by the addition of a few grains of sodium
dithionite. The FE—O, complexes were obtained by passage
of the Fé —CO complexes through a Sephadex G-25 column
(1 cm x 3 cm). The millimolar extinction coefficient{os)
for the heme-HO complexes was determined as previously
described 19).

Circular Dichroism Spectrophotometry of the Wild-Type
and nm-HO Mutant Complexe€ircular dichroism spectra

stitution of HO with'3C-labeled heme entails the removal
of the isotopically labeled macrocycle from OM cig,
followed by the reconstitution of HO with the purifie¢fC]-
heme to give the'fClheme-HO complex. A typical protocol
used to extract®C-labeled heme from OM cylts follows:
Pyridine (15 mL) is added to 2.5 mL of 1 mM OM clg§ in
phosphate buffery( = 0.10, pH 7.0). Slow addition of
chloroform, typically 16-12 mL, results in the precipitation

of the polypeptide, while maintaining the pyridine hemo-
chrome in the supernatant. The latter is subsequently

were measured on a JASCO J-810 spectropolarimeter in theseparated from the denatured polypeptide by centrifugation

far-UV region (196-250 nm, 0.2 nm resolution, 1.0 nm
bandwidth) at 25C in 10 mM potassium phosphate buffers

and then dried over anhydrous Mg$SOhe desiccant is
removed by filtration and the filtered pyridine/chloroform
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[1,2-13C]-ALA [5-13C]-ALA were acquired with &Jcy of 180 Hz. Data were collected
as an array of 2Kx 128 points with 320 scans pér
o increment and processed by zero filling in bdthand t,

HZN\)K/'\ i dimensions to obtain a 4k 4K matrix. This was apodized
.ot HoN with a 9C-shifted squared sine bell function and Fourier
COH transformed. WEFFNOESY @8, 29) spectra were acquired

with 30 kHz in both dimensions, 2K data pointstin 256
increments irt;, 352 scans pdy increment, and (typically)
a 40 ms mixing time. The data were processed by zero filling
in both dimensions to obtain a 4K 4K matrix, apodized
with a 9C-shifted squared sine bell function, and Fourier

= J transformed. EXSY 0) spectra were acquired in a similar
manner except that the mixing time was set to 10 ms.

RESULTS AND DISCUSSION

Expression, Purification, and Spectral Characterization

2 of the nm-HOch and nm-HO Mutani&he wild-type enzyme
and thenmHO mutant proteins were expressed and purified
HO.® ®0,H HO,C CO,H as described previously,(2). All of the proteins were judged
to be >95% pure by SDSPAGE (data not shown). The
A B Soret maxima of the resting state {Fewild-type heme-

FIGURE 2: (A) 13C labeling pattern obtained when protoporphyrin  nmHO and heme nmHO mutant proteins are very similar,
IX'is biosynthesized from [1,2:C]JALA. (B) '*C labeling pattern  ranging from 404 to 406 nm (Table 1). The Soret maxima
obtained when protoporphyrin IX is biosynthesized from'{63- for the Féd—CO complex of the wild-typenmHO K16A,
ALA. The @ symbols represent positions labeled Wit and chimeric proteins ranged from 421 to 422 nm, and those
for the the F&—0O, complexes were at 410 nm (Table 1 and
Figure 3A). The CD spectra of wild-typemHO, pa-HO,
andnm-HOch are shown in Figure 3B. All three spectra show

reconstituted with a freshly prepared solutiort3-labeled significant o-helical content, consistent with the_crystal
heme by titrating it into a 25 mL solution of phosphate buffer $tructure ofanO. In addition, t_heanOch proteln., as

(u = 0.10, pH 7.0) containing-2 «mol of HO until the judged by the increased 220 nm intensity, shows an increase
AssdAsoret 1atio No longer changes. The resultant solution is M o;gellcal content, which approximates that of wild-type
incubated at 4C overnight, then purified by size exclusion parHb.

chromatography with the aid of a Sephadex G-50 column Resonance Raman (RR) spectra obtained from the reduced
(90 cm x 2.6 cm, i.d.), equilibrated, and eluted with heme-protein complexes of wild-typemHO andnm-HOch

phosphate buffer,{ = 0.10, pH 7.0). Those fractions confirm that the interactions between the heme iron and the

containing pure protein were concentrated in Amicon Proximal histidine are unperturbed (Figure 4). Both com-
centrifugal concentrators to approximately 1 mL and then Plexes exhibit high-frequency RR spectra characteristic of a
transferred to smaller Centricon concentrators to exchangePentacoordinate ferrous high-spin heme with an intense signal
the protein into deuterated phOSphate buffer (pH 7.0, not at 220+ 1 cnr! distinctive of an iror-histidine StretChing
corrected for the deuterium isotope effect). frequency 81). Thev(Fe—His) is known to be sensitive to
NMR Spectroscopy of HO$H and 3C spectra were hydrogen bond interactions involving the proximal histidine
acquired on a Varian Un|ty Inova Spectrometer operating at and the Ol’ientation Of the imidaZO|e I’ing W|th reSpeCt to the
frequencies of 599.740%H) and 150.817 ¥C) MHz, tetrapyrrole axis; the similarity in frequencies clearly indi-
respectively'H spectra were referenced to the residual water cates that the environment of the proximal histidine is nearly
peak at 4.8 ppm, an#C spectra were referenced to an unchanged in themHOch heme complex.
external solution of dioxane [60% (v/v) in,D] at 66.66 To further examine the heme distal pocket environment,
ppm. Proton spectra were acquired with presaturation of thethe ferrous-CO complexes were investigated using
residual water peak over 10K data points, with a spectral FTIR spectroscopy. In porphyrin model compounds and
width of 30 kHz, a 150 ms acquisition time, a 200 ms hemoproteins, the [FeC=Q] band is known to be a sen-
relaxation delay, and 1024 scaf®C spectra were collected  sitive probe of the proximal and distal environment of
over 12K data points, with a spectral width of 60 kHz, a the heme group32) and has been used extensively in
100 ms acquisition time, a 25 ms relaxation delay, and studying myoglobin distal pocket variant83 34). The
400 000 scans. HMQC spectra7j were typically acquired  chimeric proteinnmHOch, has a hemeCO complex with
with spectral widths of 30 kHz fotH and 50 kHz for*C av(C=0) at 1951 cm? (Figure 5). This frequency is within
and a 200 ms relaxation delay. HMQC spectra obtained from 3 cmt of that observed ipa-HO, but 13 cm? lower than
samples containing HOs reconstituted with heme labeledin the nm-HO wild-type protein complex (Figure 5). Since
using [1,223C]ALA as a heme precursor (Figure 2A) were all three heme CO complexes share the same proximal
acquired with refocusing delays based ol@&, of 140 Hz, ligand, namely, a neutral histidine, the downshift of the
while data obtained from HOs reconstituted with heme »(C=0) in nmHOch can be assigned to an increase in the
labeled using [3¥C]ALA as the heme precursor (Figure 2B) extent of hydrogen bond interactions by the carbonyl moiety

solution transferred to a round-bottomed flask, where it is
concentrated to dryness on a rotary evaporator. The solid is
redissolved in 1.5 mL of dimethyl sulfoxide, and HO is
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Table 1: Comparison of the Electronic Absorption Features of the Wil

d-TypelO andnmHOch Complexes

Soret maxima (nm)

visible bands (nm) Soret extinction coefficient

enzyme Fd Fe'—0, Fe'—-CO Fe! Fe'-0, Fe'—-CO (mM~tcm?)
wild-type 405 410 421 630 568/538 570/539 170
nm-HOch 406 410 422 630 574/539 570/540 149
nm-HOch K16A 406 410 422 630 575/540 575/539 139
nmHOch K16A/M31K 405 410 422 630 576/539 570/540 146
220

Absorbance

500 600 700

1353

1354

200 250 300 350 400 450 500

300 1470
1426 1617
Wavelength (nm) A i 1563 |
1522
30 1 ‘
20 -
@ 1 I 1 1 1 1 1
g 107 1350 1400 1450 1500 1550 1600 1650
3 Raman Shift, cm™
g o
< Ficure 4: High-frequency region of the RR spectra of ferrous
A0 1 7 heme-protein complexes immHO (A) and nmHOch (B). The
= — inset shows the low-frequency region obtained with a 442 nm
. . . . . . excitation.
190 200 210 220 230 240 250 260
Wavelength (nm) \
Ficure 3: (A) Electronic absorption spectra aim-HOch:
Fé''—heme complex-), Fe'—CO heme complex-{ — —), and am-HO 1964
Fe'—0, complex +—). Spectra were recorded in 20 mM Tris
(pH 7.5). (B) Circular dichroism spectra noimHOch (—), nmHO °
(——), and paHO (— — —). Spectra were recorded in 10 mM e
potassium phosphate buffer (pH 7.5). 8 nm-Hoch 1951
o
0
Q
and/or an increase in the electrostatic potential of the distal < \
pocket. Changes in the distal pocket of the chimeric protein 1954
are also implicated in the plots relating the percentage of pa-HO
dissociation of the high-spin Pe-H,O complex to the low-
spin F¢'—OH complex for wild-typenm-HO, pa-HO, and
nm-HOch (Figure 6B). Wild-typenm-HO exhibits a [, of 1900 1950 2000

9.2, whereas that measured fan-HOch, at 8.3, is closer

to the K, of 8.0 measured fopa-HO. The shift in the K,

of nmHOch toward that ofpaHO, together with the
electronic absorption, FTIR, and Raman spectral character-
istics, indicates that the distal pocket environmennin
HOch is similar in nature to that gfa-HO, rather than that

of nmHO.

Catalytic Turnaer of the nm-HO Mutant ProteinsAs
previously reported, the NADPH cytochrome P450 reduc-
tase-supported catalytic oxidation of hemenlogrHO yields
a-biliverdin as the sole product (Table 2). ThenHO
chimera imHOch), in which the distal helix residues of
nmHO were replaced with those p&HO, gavea-biliverdin
as the primary product of the reaction with a detectable and
reproducible fraction ob-biliverdin (Table 2). As will be
described below, the altered regioselectivitynim-HOch is
a result of a dynamic in-plane rotation of the heme.

Wavenumber, cm”

Ficure 5: FTIR spectra in the 19662000 cn? region of the
heme-CO complex formed immHO, nmHOch, andpa-HO.

Furthermore, the discrepancy between the percentage of
o-biliverdin produced in the chimeric protein and that
predicted from the NMR studies, as will be described below,
is most likely due to the slight difference in heme orienta-
tion (approximately 19 betweennm-HOch and wild-type
pa-HO. The result of this slight difference in heme orientation
is that it introduces increased steric hindrance in the chimeric
protein such that the)-meso carbon is less reactive.
Therefore, the resulting channeling of the reactivity through
the more competent-selective heme seating is responsible
for the amount ofd-biliverdin being smaller than that
expected from the NMR data. To investigate this phenom-
enon in more detail, we incorporated two additional muta-
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Table 3: *H and*3C NMR Chemical Shifts for the Wild-Type
nm-HO—CN Complex (30°C and pH 7.0)
g position H (ppm) 13C (ppm)
£ 1-Me 8.19 -17.41
2 3-Me 21.12 —47.68
9 5-Me 9.80 —22.36
g 8-Me 10.27 —24.26
2-Vo 14.64 —
2-Vp —5.18,—-6.18 194.08
4-Va 8.26 —
. . . . 4-Vp —-2.51,-3.11 151.60
300 400 500 600 700 mesoe -1.70 44.97
Wavelength (nm) osor Sa 2730
120 mesoo 7.19 22.22
6-P-o 1.61, 16.83 —
100 | 6-P$ -0.72,—2.93 116.41
7-Po 5.79,12.92 -
80 7-PS —-0.97,—2.05 104.48

60 -
macrocycle. The latter was accomplished by carefully

positioning the'*C label in the heme precurséraminole-
vulinic acid. Hence, heme labeled at four methyl, two vinyl-
S, two propionate3, and two carbonyl carbon (Figure 2A)
. : . _ . was obtained from [1,2%C]-6-aminolevulinic acid ([1,25C]-

6 7 8 9 10 1 ALA), and heme labeled at the meso carbons was prepared

pH from [5-13C]ALA (Figure 2B). Chemical shifts corresponding

FIGURE 6: (A) Electronic absorption spectra of thexHO—heme to_ *Hand™C _nuc_lei in the he".‘e maqocyde were identified
complex as a function of pH. pH-dependent changes in absorptionWith @ combination of one-dimensional nondecouptéd
were brought about by incremental addition of NaOH to a solution and two-dimensional HMQC spectra. THel resonance
of Fe"'—H,O hemenm-HO in 20 mM Tris. (B) The [, for the assignments were subsequently obtained from a NOESY map
transition from the high-spin Fe-H,O complex to the low-spin (Figure S1 of the Supporting Information). The resonance

Fe''—OH complex was measured by following the absorption at g . - . -
404 nm and by fitting the data to the Henderstiasselbach assignments obtained in this manner (&) for the wild-

% lonized

40

20

equation: wild-typepa-HO (®), nmHO (W), andnm-HOch (a). typenmHO—CN complex (Table 3) are in good agreement
with those previously reported at 2& (35).
Table 2: Regioselectivity of Heme OxygenationrimHO and The high-frequency portion of théH NMR spectrum
nmHOck corresponding to themHOch—CN complex (Figure 7C)
biliverdin isomer ratio (%) shows several new peaks between 9 and 26 ppm when

compared to théH NMR spectrum of the wild-typenm

nm-HO protein o B 0 y ; )
it 100 o o 0 HO—CN (Figure 7A) orpa-HO—CN (Figure 7B) complex.
\:]V:T}Hé%eh 95 0 5 0 The presence of these new peaks in %IjIeNMR spec-
nmHOch K16A 65 0 35 0 trum is suggestive of in-plane heme disordé2,(13).

nm-HOch K16A/M31K 5 0 95 0 Assignment of these resonances, summarized in Table 4, was

2 The percentage of each isomer was obtained by integration of the @8Complished using the strategy outlined above and the
peaks within each chromatogram. The reported values are an averagelipolar connectivities in the WEFINOESY spectrum
obtained from five separate experiments. The standard deviation isshown in Figure 8. In this manner, the methyllresonances
+5%. at 20.35, 12.95, 10.36, and 6.40 ppm were identified to

correspond to the 3-Me, 8-Me, 5-Me, and 1-Me groups,

tions, nmHOch K16A andnmHOch K16A/M31K, in an respectively (see Figure 7C), in heme conformer I.
attempt to engineer heme propionagmlypeptide interac- As has been pointed out above, our previous work with
tions aimed at stabilizing the in-plane heme conformation HO has shown that heme in these enzymes can readily ro-
conducive tod-meso carbon hydroxylation (see Table 2). tate in plane by as much as Y012, 13). It was therefore
The results obtained from these studies (discussed in theconceivable that the less intense set of not yet assigned heme
following section) demonstrate that the introduction of key methyl'H resonances could be correlated to the heme methyl
polypeptide-heme propionate contacts permits the construc- resonances of conformer | by exchange spectroscopy (EXSY).
tion of a chimeric enzyme that oxidizes heme to mostly Indeed, the EXSY spectrum of tien-HOch—CN complex
(95%) o-biliverdin. (Figure 9) demonstrates that each of the four methyl

NMR Spectroscopic StudieBhe wild-type and chimera  resonances from heme conformer | exhibits a strong ex-
proteins were converted to the corresponding low-spin change cross-peak with resonances identified to originate
cyanide-inhibited forms to facilitate their investigation by from heme methyl protons in an HMQC spectrum. These
NMR spectroscopy. Unambiguous assignmeritbénd!3C exchange connectivities (summarized below) permit the
resonances originating from the heme active sitarefHO assignment of heme methyl resonances in heme conformer
andnmHOch was facilitated by well-documented strategies Il (see Figure 7C). Taken together, these observations suggest
(12, 13, 36) that utilize judicious labeling of the heme a dynamic exchange between two in-plane heme conformers
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y y T y " . T . Ficure 8: WEFT—NOESY spectrum of cyanide-inhibitedm:
26 24 22 20 18 16 14 12 10 HOch at 30°C. The dipolar connectivities between the heme
L . . resonances from conformer | are similar to that observed in the
H chemical shift (ppm) NOESY spectrum of themHO—CN complex (Figure S1) and
FiURE 7: Downfield portion of theH NMR spectra of cyanide- ﬁani)%tﬁceg 35\50”3"\23:\/81\/‘65 1,\;|Mi_;52’;\/ﬁ7_|;2'v€a_7’ meso-
inhibited (A) nmHO, (B) pa-HO, (C) nmHOch, (D) nmHOch o« 3-Me— 4-V = 4-V, — 5-Me — 6-F,. 7-R, and 7-f can
K16A at 30°C and (E)nmHOch K16A/M31K at 35°C. be recognized by their cross-peaks with 8-Me.

that is similar to exchange we observed with mutants of the type nmHO (Table 4), which suggests that the in-plane
bacterialpaHO andcd-HO (12, 15). conformation of | is similar to that seen in the wild-type
enzyme, where thé angle is 135. This in-plane conforma-

conformer | conformer Il tion of the heme imm-HOch is expected to place tbemeso
3-Me(l) 20.35 ppm = 3-Me(Il) 8.37 ppm carbon in a position where it is susceptible to hydroxylation,
8-Me(l) 12.95 ppm = 8-Me(ll) 23.43 ppm which is consistent with the catalytic formation of mostly
5-Me(1) 10.36 ppm = 5-Me(ll) 24.14 ppm -biliverdin (Table 2). In comparison, the order of heme
1-Me(l) 6.40 ppm = 1-Me(ll) 17.70 ppm o ( )- P ,

methyl*H chemical shifts obtained for conformer Il inm-
The plot in Figure 10 shows the pattern of isotropic shifts HOch (5-Me> 8-Me > 1-Me > 3-Me) suggests an angle
predicted for heme methyl groups as a function of the angle of ~45°. This finding indicates that conformers | and Il are

(®) between the axial ligand plane and the moleculaxis related to one another by a95° in-plane rotation of the
(37). The order of methytH chemical shifts exhibited by  heme, as has been schematically illustrated in Scheme 1. This
the wild-typenm-HO—CN complex at 30C is as follows: dynamic equilibrium between the two in-plane heme con-

3-Me > 8-Me > 5-Me > 1-Me (21.12, 10.27,9.80, and 8.19 formers is clearly manifested in the exchange cross-peaks
ppm, respectively; Table 4). In the context of the plot of of the EXSY spectrum in Figure 9. A consequence of in-
Figure 10, this pattern suggestaangle of approximately  plane heme rotation is that the macrocycle adopts an
135°. This angle is in good agreement with that observed in orientation similar to that observed in wild-tyge-HO,

the crystal structure oimHO (10). The relative intensity ~ where the two propionate groups are exposed to the aqueous
of the methyl peaks originating from conformer | in tine environment (Scheme 1 and Figure 1A). Previous NMR
HOch—CN protein (see Figure 7C) clearly indicates that this spectroscopicl2) and X-ray crystallographicl@) studies

is the predominant conformer in solutior{0% abundance). = demonstrated that th& angle in wild-typepa-HO is 33.
Further, the methylH chemical shifts originating from this  This in-plane conformation places themeso carbon where
species are similar to those observed in the spectrum of wild-it is susceptible to hydroxylation, thus explaining the unusual

Table 4: Heme MethytH Chemical Shifts (parts per million) at 3€ and pH 7.0

nm-HOch—CN nm-HOch K16A-CN nm-HOch K16A/M31K—CN
position nmHO—CN pa-HO—CN | 1l | 1l | 1l
1-Me 8.19 20.80 6.40 17.70 5.78 17.56 8.33 18.32
3-Me 21.12 4.41 20.35 8.37 21.24 8.62 22.32 8.09
5-Me 9.80 25.34 10.36 24.14 9.64 24.34 9.82 23.84
8-Me 10.27 18.46 12.95 23.43 13.99 22.67 13.64 22.04

order 3>8~5>1 5>1~8>3 3>8>5>1 5>8>1>3 3>8>5>1 5>8>1>3 3>8>5>1 5>8>1>3
P (deg) ~135 ~35 ~130 ~45 ~130 ~45 ~130 ~40
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Ficure 10: Plot illustrating the dependence of the heme methyl chemical shifts o #egle made by the projection of the proximal

histidine-imidazole plane and the molecubaiaxis. Conformer | immHOch exhibits ab angle similar to that characteristic oi-HO,
whereas conformer Il exhibits @ angle of 43, which is 10 larger than that characteristic p&HO.

production ofd-biliverdin by this enzyme. It is therefore efficient, which would account for the formation of only 5%
possible that the TOdifference in the in-plane heme d-biliverdin, despite the presence of 85% equilibrium
orientation observed betweamHOch (@ = 45°) and wild- population of conformer Il (see Figure 7C). The dynamic
type paHO (@ = 35°) places thed-meso carbon of  equilibrium between | and Il, on the other hand, replenishes
conformer Il innmHOch in a position where it is sterically | and channels the reaction toward the oxidation of con-
protected from attack by the terminal OH in theé'FeOOH former I, which results in the formation of maindybiliver-
oxidizing species. Consequentlg-hydroxylation is less  din. In this context, it is important to point out that X-ray
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Scheme 1

JOOH

HOOC COOH

Conformer I Conformer I1

o - biliverdin 0 - biliverdin

crystal structures7, 11) suggest steric interactions in the The number of peaks in the downfield portion of the NMR
distal pocket of HO that steer the HOOigand to lie al- spectrum corresponding to themHOch K16A mutant
most on top of the meso carbon susceptible to hydroxyla- (Figure 7D) suggests that the heme in this protein samples
tion: a-meso ina-biliverdin-producing enzymes arddmeso at least two in-plane conformatiori&C labeling of the heme
in the o-biliverdin-producingpaHO (12, 13). Hence, it is methyl groups facilitated identification of these resonances;
reasonable that if the in-plane heme rotation observed ina WEFT-NOESY spectra allowed assignment of the heme
the nmHOch protein does not position thi@meso car- methyl*H resonances in conformer |, and an EXSY (Figure
bon where it can be readily attacked by the'FeOOH S2 of the Supporting Information) spectrum facilitated as-
moiety, oxidation of th@&-meso carbon would be inefficient.  signment of the heme methifi resonances in conformer II
We have previously observed the same phenomenon in the(Table 4). The relative populations of conformers | and Il
cd-HO R177E mutant, where the reaction is channeled inferred from thetH NMR spectrum would suggest the for-
toward formation of 55%-biliverdin while the percentage  mation of approximately 50%- anda-biliverdin, a predic-
of the heme rotational conformer predicted from the NMR tion that approximates the 358ebiliverdin formed bynm-
data suggests only 5%biliverdin would be producedlf). HOch K16A (Table 2). Hence, the data are consistent with
Organizing the Aciie Site by Building Stabilizing Heme the notion that replacing Lys-16 with Ala eliminates a
Propionate-Polypeptide ContactsPrevious work with stabilizing interaction that promotes the heme seating con-
pa-HO mutants showed that replacing Phe-117 with Tyr and ducive to o-meso hydroxylation. However, théid NMR
Asn-119 with Lys leads to heme in-plane disorder as a (Figure 7D) and EXSY (Figure S2 of the Supporting Infor-
consequence of promoting stabilizing contacts between thesenation) spectra aim-HOch K16A clearly demonstrate that
side chains and the heme propionat&®),(in addition to substantial in-plane heme disorder still exists. Moreover, the
those built in the wild-type protein for stabilization of the formation of lesg)-biliverdin than the amount predicted from
wild-type heme seating. Subsequently, the crystal structurethe relative abundance of the two heme seatings, as predicted
of pa-HO showed that the wild-type seating is stabilized by from the NMR spectrum, suggests that oxidation of the
electrostatic interactions between the heme propionates and-meso carbon remains relatively inefficient. In this context,
Lys-34 and Lys-13213) (see Figure 1). Construction of it is interesting that them-HOch K16A/M31K forms 95%
nmHOch replaced Tyr-112 with Phe, the equivalent of o-biliverdin (Table 2) and displays 84 NMR spectrum
Phe-117 inpaHO. However, the chimeric protein still  (Figure 7E) that exhibits three heme methyl peaks resolved
harbors Lys at position 16, which may account for stabilizing from the diamagnetic envelope of resonances. The magnitude
the heme in an in-plane conformation that is conducive to and order of these resonances sugge$t angle of~40°,
o-meso hydroxylation. In addition, althoughmHOch which is similar to that of wild-typ@a-HO. Closer inspection
contains the equivalent of Lys-132, the residue equivalent of the*H NMR spectrum of Figure 7E reveals the presence
to Lys-34 is Met. It is therefore possible that in-plane heme of small peaks, likely originating from the alternative in-
disorder innmHOch is a consequence of interactions that plane heme conformation (conformer I) which would account
lead to the stabilization of both the-hydroxylating (Lys- for the small fraction ofo-biliverdin produced (Table 2).
16) ando-hydroxylating (Lys-127) seatings. This hypothesis Labeling the heme methyl groups witfC demonstrates that
was tested by preparing two mutants of the chimeric protein, these peaks split into doublets. In addition, the EXSY spec-
nmHOch K16A andnmHOch K16A/M31K. trum of Figure S3 of the Supporting Information demon-
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strates that the in-plane heme conformation (conformer I)

that gives rise to these low-intensity heme methyl resonances
is in dynamic exchange with the more abundant conformer

Il. These findings allow us to conclude that the introduction
of Lys-31 into thenmHOch K16A mutant greatly stabilizes
the in-plane conformation conducive demeso hydroxyla-

tion, which is manifested in the dynamic exchange between

heme conformers | and Il and in the formation of 95%
and 5%a-biliverdin. It is also possible that thé angle
(~40°) in nmHOch K16A/M31K approaches more closely
that of wild-typepa-HO (@ ~ 35°) than those of them
HOch andnmHO K16A mutants ¢ ~ 45°), which relieves

some of the steric hindrance and increases the efficiency of

o-regioselective oxidation.

Concluding RemarksThe findings reported herein dem-
onstrate that replacement of the distal helbnmHO with
that corresponding tpa-HO results in a fully active chimeric

protein. This observation indicates that HO enzymes exhibit

remarkable flexibility in their ability to tune structural
elements in channeling the reactivity of the"FeOOH

intermediate toward heme hydroxylation. The NMR data on 10

the chimera protein also underscore the dynamic flexibility
of the heme binding site which allows large amplitud®§°)

in-plane rotation of the heme on a time scale of less than 10

ms (the mixing time used in EXSY spectra). In-plane heme

rotations such as those observed for the chimeric proteins
are expected to be met with steric friction between heme
substituents and polypeptide side chain and backbone. Thus,

the ease with which large amplitude in-plane heme dis-
order can be brought about, typically by suboptimal inter-

actions with the heme propionates, suggests a large degree

of plasticity in the heme binding site of HO enzymes. The

results presented herein also provide further evidence that 1
the regioselectivity and reactivity of heme oxygenase is a

dynamic interplay between steric restrictions driven by

interactions of the heme propionates with the protein scaf-

fold and modulation of the bound ligand by the hydrogen
bond network, which allows the porphyrin deformation
required to electronically configure the heme for hydroxy-
lation.

SUPPORTING INFORMATION AVAILABLE

WEFT—NOESY spectrum of cyanide-inhibitetn-HO at
30°C (Figure S1), EXSY spectrum of timenHOch K16A—
CN complex at 3C°C (Figure S2), and EXSY spectrum of
the nmHOch K16A/M31K—CN complex at 35C (Figure
S3). This material is available free of charge via the Internet
at http://pubs.acs.org.
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