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ABSTRACT. The triple mutant of the solubilized, 265-residue construct of human heme oxygenase, K18E/
E29K/R183E-hHO, has been shown to redirect the exclusiregioselectivity of wild-type hHO to
primarily 3,0-selectivity in the cleavage of heme (Wang, J., Evans, J. P., Ogura, H., La Mar, G. N., and
Ortiz de Montellano, P. R. (200®iochemistry 4561—-73). ThelH NMR hyperfine shift pattern for the
substrate and axial Hisg€l's and the substrateprotein contacts of the cyanide-inhibited protohemin and
2,4-dimethyldeuterohemin complexes of the triple mutant have been analyzed in detail and compared to
data for the WT complex. It is shown that protein contacts for the major solution isomers for both substrates
in the mutant dictate~90° in-plane clockwise rotation relative to that in the WT. The conventional
interpretation of the pattern of substrate methyl hyperfine shifts, however, indicates substrate rotations of
only ~50°. This paradox is resolved by demonstrating that the axial His25 imidazole ring also rotates
counterclockwise with respect to the protein matrix in the mutant relative to that in the WT. The axial
His25 GH hyperfine shifts are shown to serve as independent probes of the imidazole plane orientation
relative to the protein matrix. The analysis indicates that the pattern of heme methyl hyperfine shifts
cannot be used alone to determine the in-plane orientation of the substrate as it relates to the stereospecificity
of heme cleavage, without explicit consideration of the orientation of the axial His imidazole plane relative
to the protein matrix.

Heme oxygenase, HDjs a nonmetal enzyme that uses terial, and pathogenic bacterial HOs frdveisseria menin-
protohemin, PH, as both a cofactor and a substrate to producaitidis (11) andCorynebacterium diphtheria@ 2). A promi-
biliverdin, iron, and CO 1, 2), as illustrated in Figure 1. In  nent exception is the HO from the opportunistic pathogen
mammals, all three products of the300-residue, membrane- Pseudomonas aerugings@aHO, which uniquely exhibits
bound enzyme have key roles, biliverdin as the precursor tomixed j,0-stereoselectivity 3). Crystal structures of a
the powerful antioxidant bilirubind), CO as a gaseous neural variety of HOs have revealed4—20) a common HO fold
messenger), and the iron in iron homeostasB)(In plants in spite of significant sequence variations. The stereoselec-
and cyanobacteria, the soluble HO-cleaved tetrapyrrole servesivity of the reaction can be accounted for by two distinct
as a precursor to light-harvesting pigmer@s (hile in some contributions, the proximity of the distal helix backbone to
pathogenic bacteria soluble HOs appear to act primarily to the heme that blocks three of the fonesagpositions to attack
“mine” iron from host hemoglobin7, 8). While sequence by F&*OOH and a distal helix backbone interaction with
homology is limited, all HOs appear to act via the pathway exogenous iron ligands that tilts/bends/orients this ligand
depicted in Figure 1, except that the cleavage does not alwaysstrongly toward the fourth, unblockadesoposition (14—
occur at thex-mesoposition @, 7, 9, 10). Exclusivea-meso  20). The variable stereoselectivity among HOs is accounted
stereoselectivity is observed)(for mammalian, cyanobac-  for by the manner in which heme is “seated” in this

conserved active sitel8—20).

T This research was supported by grants from the National Institutes ~ Protohemin, PH, seating in HO is controlled by the
of Health, GM62830 (G.N.L.M.) and DK30297 (P.R.O.d.M.). interaction of the propionate side chains with cationic residue
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8995. E-mail: lamar@chem.ucdavis.edu. Phone: (530) 752-0958. side chains and/or H-bond donors from the protein matrix

* University of California, Davis. (14—22). A schematic depiction of the active site of hHO is
$ University of California, San Francisco. given in Figure 2; ring cleavage occurs at thesoposition

1 Abbreviations: HO, heme oxygenase; hHO, soluble 265-residue ; ;
construct of human heme oxygenase-1; TM-hHO, hHO triple mutant ,between M and M as marked with an asterisk. The

K18E/E29K/R183E-hHOPaHO, heme oxygenase froRseudomonas  individual heme substituents are not shown, but are identified
aeruginosaNOE, nuclear Overhauser effect; NOESY, two-dimensional as a— h that correspond to the positions-18 for the major

nuclear Overhauser spectroscopy; TOCSY, two-dimensional total ; i _ i ; iti
correlation spectroscopy; DSS, 2,2-dimethyl-2-silapentane-5-sulfonate; isomer in hHG-PH-CN in solution @3, 24) and to positions

PH, protohemin; DMDH, 2,4-dimethyldeuterohemi;,, contact shift; 4—1 a.nd 8— 5 for the hHO-PH CrySt?-' StrUCtureSl@a. _
Onr, hyperfine shift. 15). In either case, WT-hHO places propionates at positions
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(proto)-hemin a-meso-hydroxyhemin a-verdoheme a-biliverdin

FiGure 1: The oxidation of protohemin by heme oxygenase is shown fontstereoselective mammalian enzyme.

in HO is not detected in crystald4—20), but it is readily
detected in NMR spectral8, 23—32). The orientation of
PH relative to the protein matrix in WT-hHO, as represented
by the position of Ala28 and Phe207 in the crysti, (15)
and the major isomer in solutio23), is depicted in parts A
and D, respectively, of Figure 3.

For proper characterization of HOs with mixed and/or
altered stereospecificity, it is necessary to critically assess
and improve the physical methods which will clearly resolve

'S,‘ the molecular heterogeneity that is the basis for the mixed

- / stereoselectivity, as well as provide detailed information on

substrate seating within each isomer. The elucidation of heme
seating in solution of the cyanide-inhibited substrat©

FiGure 2: Schematic depiction of the active site of an hHO  complexes has been pursued by two distinct approaches. The
substrate complex. The substrate substituents are not displayedhatural paramagnetism of these complexes le38)4¢ large
instead their positions are labeled-ah, corresponding to the PH 1, e fine shiftsgy,, but only minor enhanced relaxation, that
positions 1— 8 for the major isomer of hHHOPH-CN in solution, low read ianment of both substrate and active sit
or 4— 1 and 8— 5 for hHHO—PH in crystals {4, 15). In either allow ready assignment or both subslrale and aclive sie
case, positions f and g are occupied by propionates in WT-hHO proton signals by conventiondH 2D NMR (33). On one
complexes, and these propionates make salt bridges to Lys18 anchand, upon separate assignment of the substrate and multiple
Arg183 (shown by dashed lines). Glu29, which must be mutated key active site residue signals, the substrate orientation

(27) to allow 9C in-plane rotation of the substrate, is also shown. . . g . .
The positions of key residues in contact with the substrate and therelatlve to the protein matrix is established by the detailed

axial His25 are shown as rectangles (proximal side) or triangles Pattern of residuesubstrate NOESY cross-peaka3( 27,
(equatorial to the heme), and the double-sided arrows reflect the31, 34). The hyperfine shifts simply provide improved
expected_14,_ _15) and observede(?_,, 24, 34) NOESY contacts resolution for the target signals.

between individual substrate positions and these residues, as well The alternate approach rests on the distinctive pattern of

as among these residues. The orientation of the axial His25 b hvl h i hifts that. i | in ferri
imidazole plane relative to the substratexis that passes between Substrate methyl hyperfine shifts that, in a low-spin ferric

positions a and b is indicated by the anglé~125’ in crystals). cyanide/His hemoprotein with the ,(J#(dy,dy,)® orbital
It is important to note that theeference coordinate system is tied ground state, directly reflectsld 26, 32, 33, 35) the

to the porphyrin, and not to the protein matrix orientation of the axial His imidazole plane, relative to the
hemin N-Fe—N vector defined by the anglg as shown in
Figure 2. The pattern of methyl shifts has been semiquan-
titatively related (35, 36) to ¢, and for the alternate
orientations of PH about itst,y-meso axis (where the
rhombic effects of vinyl groups must also be considered)
and for the synthetic pseudocentrosymmetric substrate 2,4-
dimethyldeuterohemin (DMDH), the patterns are illustrafed
1:in parts A, B, and C, respectively, of Figure 4. These
mpirical curves in Figure 4 account reasonably well for the

f and g, whose carboxylates participate in salt bridges
(represented by dashed lines in Figure 2) to the key cationic
termini of Lys18 and Arg183, respectively. Thysyersus
a-stereoselectivity resultd, 20) from an in-plane~90°
clockwise rotation of PH (as shown in Figure 3B)RaHO
relative to that in the more commam-selective HOs (as
shown in Figure 3A; methyE M, vinyl =V, and propionate
= P). The factors that determine the precise orientation o
the substrate in HOs, and hence the cleavage stereoselectivity(?
are of significant current interestd, 20, 25—27).
While only a single heme orientation is detected in crystal ~ *Itis tihmlﬂ]t:n;;if; ?gﬂ\?v?]?csrilthzh?nggSftat:gﬂcﬁgsn%?lzgeggzoﬁiggfe 4
structures 14_.20)' NMR. Studles revealed tha.t P.H’ N ;)ergtjelirr? mgtrix, but must be rotated with the substrate, as shown i% the
general, occupies two orientatioris3( 23, 28, 29) differing series parts A, B, and C of Figure 3.
by a 180 rotation about thex,y-mesoaxis, as depicted in 3The graphs for predicted hyperfine shifisy, versus the angle
Figure 3A,D for hHO, which are comparably populated upon Petween the axial His imidazole plane and the-ffe—Nc vector, ¢,
the initial binding of substrate2@, 29). This NAIUrAlLL Y- Srornicy and WakorD) (aaoms from Minlenoktey cammkamy
. . . . p://shokhirev.com/nikolai/
mesaoorientational isomerism completely consereestereo- programs/prgsciedu.html, accessed Oct 16, 2006) for the essentially
selectivity in mammalian and bacteriaiselective HOs, but  centrosymmetric DMDH (Figure 4C) and adapted to the crystallographic

; ; _ i ; PH orientation 14) (Figure 4A) and dominant solution PH orientation
results in mixed,0-stereoselectivity3, 20) in PaHO due (23) (Figure 4B) by adding upfield bias for the methyls adjacent to 2-

to hemin rotated in-plane by 9@elative to that in-stereo-  and 4-vinyl groups relative to that in DMDH, as discussed by Shokhirev
selective HOs. This,y-mesaoorientational isomerism of PH  and Walker 85).
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WT-hHO TM-hHO

(major) (minor)

FiGUrReE 4: dpsgcalcd) for (A) PH oriented about they-mesoaxis
as in Figure 3A-C (as in the crystal14)), (B) for PH oriented
about then,y-mesaoaxis as in Figure 3BF (as in the major isomer
in solution @3)), and (C) for DMDH, labeled as in Figure 36,

as a function of the angle between the axial His25 imidazole
plane and thed-axis that lies along the N-Fe—Nc vector in the
crystallographic orientation of PH (Figure 3A) and along the-N
Fe—Np vector in the solution orientation of PH (Figure 3B) and
DMDH (Figure 3G), as describédy Shokhirev et al.35). The
vertical dashed lines headed by WT;, lnd m, correspond to the
¢ values that are consistent with the metbiyl pattern in the WT,
mutant major isomers, and mutant minor isomers, respectively.

Ficure 3: Schematic depiction of the orientations, relative to the
protein matrix, of the substrate and axial His imidazole plane in
the WT- and TM-hHO complexes. The substrate methyl, vinyl,
and propionate substituents are shown as M, V, and P, respectively
Shown are the conserved positions of Ala28 and Phe207, the two
key residues that define the substrate orientation relative to the
protein matrix, and the anglgbetween the axial His25 imidazole ) ) ) ) ) .
plane and the substrate¥e—N vector -axis, tied to the via the angle¢ is that the orientation of the axial His
substrate) that defines the His plane orientation relative to the imidazole plane relative to the protein matrix is completely
substrate. The two substrates of interest are PH (2V, 4V) and conserved. It is the orientation of the hemin relative to the

DMDH (2M, 4M). The mesoposition that is cleaved in each case : : ; : .
on the basis of the seating in the protein matrix is labeled with an protein mat_rlx, and not r_elatlve to the axial His |_rn_|dazole
asterisk. (A), (D), and (G) show the substrate orientation in WT- plane, that is the determinant of the stereoselectivity of the

hHO for (A) PH oriented about the,y-mesaaxis as in the crystal ~ HO reaction.
(14) (and in the major isomer of TMhHO), (D) PH rotated by We have shown recenth27) that replacing the native,
180° about thea,y-mesoaxis relative to those in (A), as in the  cationic Lys18 and Arg183 that interact with the propionates

major solution isomer of (HOPH—-CN (23), and (G) DMDH in ! RO . N
its unique orientation in hHHODMDH—CN (39). The axial His2s ~ With anionic side chains (Glu) leads t50%a- and~50%

imidazole orientation in each case is that observed in the crystal Mixed5,0-stereoselectiveity, indicating50%~90° in-plane
(14). (B), (E), and (H) display the substrate rotated clockwiSe’ reorientation of PH in the pocket. To induce dominAr-
in-plane and the axial His imidazole plane rotated0® counter- stereoselectivity ¥ 90%), it was necessar7) to addition-
clockwise relative to those in the WT (A, D, and G, respectively) g1y replace the native anionic Glu29, which serves as an
as the candidates for the major solution isomer in-TfNHO tor to th ial His ri ith L ¢ i
complexes. (C), (F), and () show the substrates with conserved CCePIor to the axial His ring MM, with Lys (to generate
orientation but with the axial His25 imidazole plane rotate® the triple mutant K18E/E29K/R183E-hH& TM-hHO) to
counterclockwise relative to that of the WT (A, D, and G, stabilize propionate interactions in~0° in-plane rotated
respectively) as candidates for the minor solution isomers of TM  pH, Solution 'H NMR spectra of TM-hHG-PH—CN
hHO. The orientation of the substrate relative to the protein matrix revealed 27) four equilibrium isomeric forms in the ratio

is determined by either crystallography or solution substrate-to- . . : Ly -
protein NOES; tl¥e orientati>c/)n of tghe gxi{:tl histidine relative to the ©0:5:25:20, with rapid interconversion within the first and
substrate ¢) was determined by the empirical methyl and His25 last pairs. The orientation of PH in the major isomer was
CgH Ons patterns. established 27) on the basis of NOEs between PH and
characteristically Z3, 24, 39) hyperfine shifted active site
observed heme methyl shifts in characterized ferrihemopro- residues, shown schematically in Figure 2. The NMR data
teins @3, 35, 37, 38). Hence, the relations in Figure 4 have revealed that the major isomer$0%) orients PH about the
been gainfully utilized to determine the in-plane heme seating a,,y-mesoaxis as found in the crystal4, 15), but exhibits
deduced in WTPaHO (13) and in a variety of mutant6, a~90° clockwise,in-planerotation @7) (viewed from the
32) with perturbed protein contacts to the heme propionates. proximal side) relative to that in WT-hHEPH—CN (Figure
In general, a good correlation between deduced PH orienta-3A), as shown in Figure 3B, while the PH orientation for
tion and biliverdin isomer production is observed. An implicit the minor equilibrium isomer~5%) was suggested to be
assumption in interpreting the substrate methylor 13C that in the hHG-PH—H,0O crystal (Figure 3C). The other
hyperfine shifts in terms of hemin seating in the active site two isomers interconverted too rapidly to be assigned but
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were proposed?7) to arise from the alternate orientation of
PH about theo,y-mesoaxis (Figure 3E,F). Hence, it was
not possible to directly monitor the relative thermodynamic
stabilities (populations) of the “native” and90° in-plane
rotated PH. Last, we noted that the pattern of methyl
hyperfine shifts for the major isomer of TM-hHaPH—CN
was inconsistent with the deduced®°98-plane rotation of
PH.

This latter observation?() demands a re-examination of

Ogura et al.

an approximate ratio of 50:5:25:20, with assignments re-
ported only for the first of the two interconverting paigy).

The methyl peaks are labeled; Mnd m for methyls (at
positioni in the substrate skeleton in Figure 3A) for the
interconverting~50% and~5% isomers, respectively, as
reported previously 27) on the basis of spatial contacts
between PH and the assigned protein matrix for the major
isomer. The methyl peaks for the remaining two intercon-
verting isomers (25%, 20%) of TM-hHEPH—CN were not

the relationships among changes in the substrate hyperfineassigned and are simply labeled m. The “20'H NMR
shift pattern, in-plane seating of substrates in HO complexes,spectrum of TM-hHG-DMDH—CN in Figure 5B exhibits

and the orientation of the axial His imidazole plane in TM-

only very broad heme methyl lines, which become progres-

hHO. We present here a detailed analysis of the substratesively sharper as the temperature is lowered (patt Gart

and axial His hyperfine shifts of TM-hHOPH—CN for the

E of Figure 5), resolving two sets of interconverting

two interconverting isomers whose resonances were assignedesonances, labeled;dnd m for major and minor isomers,
(27) and expand our studies to the cyanide complex of the respectively, with the position assignmerds determined

DMDH (39) (Figure 3G-1) whose 2-fold symmetry about
thea,y-mesoaxis obviates the usual,y-mesoorientational
isomerism in TM-hHG-PH—CN and hence allows direct
determination of the relative thermodynamic stabilities of
propionate-protein interactions in the native aneB0° in-

below. The relative populations of the two isomers gauged
from the M:m; intensity ratio at 10C is ~3.

Substrate Seating in the Major Isomer of TM-hHBPH—
CN. We had shown Z7) qualitatively that the NOEs
experienced by Mand M, in TM-hHO—PH—-CN were very

plane rotated substrate. The disparity between the in-planesimilar to those previously reported forsNand Ms, respec-
PH orientation deduced from the alternate NMR approachestively, in WT-hHO—PH—CN, indicating an approximately

is shown to be consistent with a rotation of the axial His
imidazole plane that is conveniently monitored by the His
CsH Ot pattern.

EXPERIMENTAL PROCEDURES

TM-hHQO. The triple mutant K18E/E29K/R183E-hHO
(=TM-hHO) is the same as that reported previousty)(
The complex of DMDH (Figure 3&l) was prepared by
addition to the apoprotein of a stoichiometric amount of
DMDH (39), followed by chromatography on Sephadex G25.
A 10-fold molar excess of KCN was added to yielc~d
mM TM-hHO—-DMDH—-CN solution in ?H,O, 50 mM
phosphate; the pH ifH,0 is uncorrected and is presented
as pH (~7.1).

NMR Spectroscopy*H NMR data were recorded on a
Bruker AVANCE 600 spectrometer operating at 600.16
MHz. Reference spectra were collected over the temperatur
range 3-25 °C at a repetition rate of 17$ over a sweep
width of 70 ppm. NOESY spectrd(, 41) were recorded at
3 and 5°C over a sweep width of 6470 ppm, at a repetition
rate of 2 s and a mixing time of 40 ms, and at 2C over
a sweep width of 22 ppm, at a repetition rate of 1 and a
mixing time of 40 ms, using 512 blocks of 1024 data points.
2D data sets were processed with-88°-sine-squared-bell
apodization in both dimensions and zero field to 2048
2048 data points prior to Fourier transformation.

HPLC Analysis of Bilierdin IsomersThe regiospecifici-
ties of the reactions by hHEDMDH and TM-hHO-DMDH

were determined in the presence of catalase and superoxid

dismutase according to published methd§.(An authentic
DMDH —biliverdin dimethyl ester mixture was prepared
directly from DMDH by coupled oxidation followed by
hydrolysis as described by Bonnett et @2)

RESULTS

Molecular Heterogeneity of TM-hHO Complexes of PH
and DMDH. The resonances from TM-hHE&PH at 20°C
in Figure 5A have been shown to arise from four isomers in

e

90’ clockwise, in-plane PH orientation in the mutant (Figure
3B) relative to the WT (Figure 3A). A more quantitative
analysis of the predicted and observed NOESY intensity
ratios between Ala28 fE; and substrate methyls jvand

M. (not shown; see the Supporting Information) confirms a
90° rotation (within+5°), i.e., A¢p = ¢wr — ¢m ~ 90°.

The predicted® (35) patterns of methybys for PH as a
function of the angleg, between the NFe—N vector and
the plane of the His25 imidazole are shown in parts A and
B of Figure 4 for the alternate PH orientations about the
o,y-meso axis, as found in the hHOPH-NO crystal
structure {4), and for the dominant isomer in solution of
WT-hHO—PH-CN (23), respectively. The WT-hHOPH—

CN substrate methyl chemical shifts are reprodu@3 i
Table 1 and exhibit the patterngd# Mg > Ms > M3, which
indicatesp ~ 135’ (vertical dotted line under “WT” in Figure
4B), which is in reasonable accord (1&06°) with the value
¢ ~ 125 observed in crystal structure$4, 15).

The methyl chemical shifts for the two assigned isomers
of TM-hHO—PH—-CN are provided Z7) in Table 1. The
major isomer exhibited the patterngM Ms > M3z > M,
which indicatesp ~ 80° (vertical dotted line under “Min
Figure 4A). The methyl hyperfine shift patterns predict
differencesin ¢, A¢, between the WT-hHO and the TM-
hHO major isomerA¢ ~ 130° — 80° ~ 50° for PH. Thus,
the methyl hyperfine shift pattern alone predicts onty%0°
difference in the in-plane rotational seatings of the PH for
the major isomers of TM-hHO and WT-hHO, in contrast to
the 90 difference determined by NOESY contacts to the

‘f)rotein matrix.

Substrate Seating in the Major Isomer of TM-hHO
DMDH—CN. DMDH does not possess a unique numbering
in the Fischer notation. However, we will assign the
numbering as shown in Figure 3¢, which is the same as
that used to establish the assignments in the WT-RHO
DMDH—CN complex 89). The structure of the substrate
requires the inter-methyl NOESY cross-peaks around the
substrate periphery asgviM; (weak, w), M—M, (moderate,

m), M,—M3 (W), Ms—M4 (m), and M,—Ms (w). The NOESY
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Ficure 5: Resolved portions of the 6061 NMR reference spectra i#tH,O, 50 mM phosphate,?pl 7.1, of (A) TM-hHO-PH-CN, at 20
°C, with four isomers present with methyl (single proton) peakgH{) and m, wherei represents the methyl (single proton) assignment
for the interconverting major (50%) and minor (5%) isome2g) ((peaks for the other two isomers are labeled simply m), andEHB
TM-hHO—DMDH—CN at (B) 20°C, (C) 15°C, (D) 10°C, and (E) 5°C. Methyl peaks are labeled by;Mnd m (and single protons H
and h) for the major and minor isomers, respectively, whierepresents the position in DMDH as defined in Figure-3®@r the residue
number.

spectrum at 10°C revealed the expected five dipolar Table 1: Chemical Shifts for Active Site Residues for TM- and
connectivities between pairs of the six methyls of the major WT-hHO—Substrate Complexes

isomer (not shown; see the Supporting Information) and PH? DMDH¢
exchange cross-peakd3] to each of the minor isomer WT-hHO' TM-hHO® WT-hHO TM-hHO®
methyl peaks; the methyl chemical shifts of the two isomers _
are included in Table 1. Line broadening interfered with residue M M m Mi M m
TOCSY spectra but conserved intra- and interresidue NOE- Egmz& 443 12.69 17.00 2286?6 13%??2 311'278
_SY contacts among .reS|dues with conser«?adn the major heme M 1063 1595 1089 1913 485 19.82
isomer locate the signals for all key residues (not shown; | - M 812 1554 26.16
see the Supporting Information) assigned in TM-hHO heme M 9.04 16.37 18.33 793 24.74 20.88
DMDH—-CN (27) except the axial His25. Chemical shifts heme M 1048 2521 12.69 9.74 14.81 21.20
are listed in Table 1. The pattern of resicki2lMDH NOESY His25 GuH 9.99  9.07 10.62
cross-peaks (not shown; see the Supporting Information) areHis25 G.H 9.24 12.04 8.88
consistent with an in-planey90° rotated DMDH relative ~ Al228 GHs(Mags)  —2.25 —2.15 —2.67 297
to the WT, which is confirmed by the ratio of Ala2&/d; '.?;?igng éii g'ég é'éi é'éi
to M; and Ms NOESY cross-peaks (not shown; see the 1yr134 cHs 6.45  6.60 6.14
Supporting Information). Thr135 GHs 0.01 —051 -0.32 —0.98

The predicted 35 methyl chemical shift versug for Phe207 GH 6.50 5.27 579 480
DMDH as the substrate is illustrated in Figure 4C. For the Phe207 CH 5.85  6.13 631  5.84
WT complex, the DMDH methyl shift pattern (Table B9 Phe214 GHs 662 641 612 642
. ) : Phe214 CH 6.95 6.54 6.23  6.63
is M2 > M3 > Ms ~ Mg >M1 > My, which predictsp ~ Phe214 GH 778  7.06 6.85 7.24

130" (vertical dotted fine under "WT" in Figure 4C), which a1n parts per million, referenced to the peak for DSS?ih0O, 50

IS Very.SIm”ar to the 1250bserved in the crystalf). For mM phosphate at?i 70 b Protohemin ¢ 2,4-Dimethyldeut,erohémin.
the major isomer of TM-hHO©DMDH, the observed (Table d At 30 °C for PH oriented as in Figure 3128, 24). © At 25 °C for PH

1) shift pattern, M > Ms > M, > M4 = Mg > M3, predict$? with M; and m oriented as in parts B and C, respectively, of Figure 3
¢ ~ 80 (vertical dotted line under “Min Figure 4C). The (27). TAt 10 °C for DMDH oriented as in Figure 3G3). 9 At 10 °C
methyl hyperfine shift patterns predict differencegimae, M; and m fOL DMDH Oé'i”teq as in parts B and C, respectively, of
between the WT-hHO and TM-hHO major isomégp ~ Figure 3 as determined herein.
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130 — 80° ~ 50° for DMDH. Hence, for both PH and
DMDH complexes of TM-hHO, the orientation of the

substrate deduced from NOESY contacts to the assigned

protein matrix indicates the substrate is in-plane rotate®
clockwise in TM-hHO relative to the WT-hHO complex. In
contrast, the orientations of either PH or DMDH deduced
from the patterns of the substrate methyl hyperfine shifts
indicate only a~50° in-plane rotation of the substrate in
the mutant relative to WT-hHO. It is unlikely that the

discrepancy between the substrate in-plane orientation de-

duced from spatial contacts (NOESY connections to the
protein matrix) and the empirical correlation between the
methyl hyperfine shift pattern angl (Figure 4) reflects a

serious shortcoming in either procedure. Rather, it suggests

that yet another variable, the orientation of the His25
imidazole plane, differentiates the WT- and TM-hHO
complexes.

Stereospecific Assignment of the Axial His2618 in TM-
hHO—PH—CN. The orientation of the axial His relative to
the protein matrix is suitably probed by the uniquely
assignetiHis25 GH signals, which must be stereospecifi-
cally assigned. Such assignment of the His2BI'€ in TM-
hHO—PH—CN rests on the predicted much closer proximity
of CsH than GyH to the Lys22 backbone € (the oi—
Pi+s helical connection4, 39, 44). The relative His25 gH
to Lys22 GH distances cannot be significantly altered for
any His25 ring orientation that maintains an iron His25 bond
on an intact proximal helix. For WT-hHOPH—CN the two
His25 GH's have been showrg) to exhibit similar shifts,
with Cs;H at lower field (by~0.7 ppm, not shown; see the
Supporting Information) and exhibiting the expected strong
NOEs to Lys22 GH. Portions of the NOESY spectrum of
TM-hHO—PH—CN displaying the key His25/Lys22 contacts,
depicted in Figure 6, reveal His25's with much larger
shift differences 3 ppm) and with the gH signal, with
the stronger contact to Lys22,8, resonating at higher field.
Thus, the two His25 gH's interchange the relative magni-
tudes of the low-field bias and are more strongly differenti-
ated in the mutant than the WT complex. The chemical shifts
for His25 are listed in Table 1.

DMDH Cleavage Stereospecificityrthe P450 reductase-
catalyzed reaction of hHOPH typically produces exclu-
sively a-biliverdin (2). Coupled oxidation of DMDH leads
to all four biliverdin isomers, for which the 2-fold symmetry
of DMDH leads to identical isomers upon cleavage of either
the 5- or d-position (Figure 7A); we describe the three
possible isomers as-, 3(9)-, and y-biliverdin. The WT-
hHO complex of DMDH maintainst-selectivity ¢99%)
(Figure 7B). Superoxide dismutase and catalase were in-
cluded in all of the assays to ensure that no hydrogen
peroxide was involved in the alteration of regiospecificity.
The TM-hHO-DMDH complex, with an observed ratio of
11%a- and 89%3(0)-biliverdin (Figure 7C) favored greater
in-plane rotation than the TM-hHEPH complex with 16%

4The axial His GH's in a large variety of His/CN-ligated
ferrihemoproteins 33) and the heme propionate,@'s are the only
strongly coupled and relaxed protons that give rise to signals to the
low field of ~9 ppm. The absence of NOESY cross-peaks of such a
geminal pair of protons to either the 5- or 8-methyl peak eliminates
the propionates and uniquely identifies the axial Hi$iG (33). The
most intense NOESY cross-peak to the Hj#i@ in HOs is from the
CqH of the residue three residues closer to the N-termiBg (
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Ficure 6: Portion of the 600 MHZH NMR NOESY spectrum of
TM-hHO—PH-CN in ?H,0, 50 mM phosphate,?pl 7.1, at 5°C
depicting the His25 gH contacts (A) to Phe207, (A, B, E, G) to
Lys22 GH, and (D, F) between the two His25I€'s. The stronger
contact with Phe207 &1 and weaker contact to Lys22,8 identify
the lower field His GH as GH in the crystal {4, 15).

Absorbance at 375 nm

Retention time (min)

FIGURe 7: Regiospecificity of hHG-DMDH and TM-hHO-
DMDH as determined by HPLC analysis of biliverdin dimethyl
esters. (A) Three isomers obtained in the coupled oxidation of
DMDH. The P450 reductase supported reaction of RHBMDH
produces>99% o-isomer (B), while TM-hHG-DMDH produces
11% a- and 89%5-isomers (C). The sodium ascorbate supported
oxidation of hHG-DMDH produces>99% a-isomer (D), while
TM-hHO—DMDH produces 4%o- and 96%g-isomers (E).

o- and a combined 849%3- and o-isomers 27). In the
coupled oxidation there was an effect on the regiospecificity
of the reaction similar to that observed in the P450 reductase
catalyzed reaction, except to a greater degree. The WT-
hHO—DMDH maintainso-selectivity (Figure 7D) while TM-
hHO—DMDH produces as much as 96sisomer (Figure
7C), compared to a combined 9Q%ando-isomers for the
TM-hHO—PH complex.

DISCUSSION

Heme In-Plane Rotational Preferencghe relative inten-
sities of the M:m; peaks,~3:1 in TM-hHO-DMDH —CN,
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indicate that, for the cyanide-inhibited complex, th@0°
in-plane rotated (Figure 3H) substrate is 0.7 kcal more stable
than that with the propionate in the more “native” orientation
(Figure 3G,l). For PH, only two isomers have been charac-
terized, those comprising50% and 5%, with orientations
as in parts B and C, respectively, of Figure 3. The two
remaining, comparably populated (25%, 20%), interconvert-

ing isomers can be assumed to represent the isomers depicted

in Figure 3E,F. Thus, we can conclude that0%/75% of
PH in TM-hHO—PH-CN is in-plane rotated-90° from that
found for the WT in either solution (Figure 3D) or the crystal
(Figure 3A) (the two differing only in a 180rotation about
the a,y-mesoaxis) and~30%/25% of PH exists with the
propionates oriented similarly to those in the WT (Figure
3C,F, differing only in 180 rotation about thex,y-meso

Biochemistry, Vol. 47, No. 1, 2008127

Ficure 8: Depiction of the influence of rotation of the axial His25
imidazole plane relative to the protein matrix on the dihedral angles
¥, andW¥; between the His25 ggH and G.H relative to the normal

of the imidazole plane (dashed line) (A) as found in the crystal
structure {4, 15) and conserved in solutio2, 24) with y; slightly

axis). Thus, the preference between the native propionatesmaller thary, and hence a larger low-field contact shift foy,8

positions and those with the substrate rotated clockwise by
~90° is similar for DMDH and PH.

Axial His25 Imidazole Ring Rotation Rele#i to the
Protein Matrix A¢ ~ 90° for the substrate relative to the
protein matrix and a\¢ ~ 50° orientation of the substrate
relative to the His25 ring plane in the major isomers of TM-
hHO complexes, when compared to WT-hHO complexes,
dictate that the His25 ring must have rotated counterclock-
wise in TM-hHO (Figure 3B,H) relative to WT-hHO
complexes (Figure 3A,G). To establish such a His ring
rotation, an independent probe of the orientation of the axial
His ring relative to the protein matrix is needed. The contact
shift contribution, dcon, t0 Ons of CgH’s for a ligated His
exhibits the characteristic angular dependenceVdérof
methylene protons attached to amgpin-containing aromatic
ring given by @3, 45)

0'son 0 (C+ D cos W) 1)
whereW is the dihedral angle between the-6C;—H plane
and the normal to the imidazole plane through &hd C
andD are constraints witld > C. The expected positive
spin density 83, 45) at the imidazole Cwill result in low-
field CsH dcon The view along the £-C;y vector of the His25
ring that allows visualization of the &£ Cs—H angles and
their changes upon rotating the ring is depicted in Figure 8.
In the WT-hHO crystal structureld, 15), the two His25
CsH’s haveW(CpH) ~ 55° and Wx(CsH) ~ 65° (Figure
8A) for which eq 1 predicts a slightly larger low-fieki,on

for CsH than GyH. The dipolar shift,dqp, calculated on
the basis of published39, 46) magnetic axes reveals
comparable low-fieldq, for the two GH's. The slightly
stronger low-field bias, and hence slightly largkg,, for
Cs1H than GpH in the WT complex is consistent with the
crystal structure. It is noted that, in TM-hH&PH—-CN, the
pattern of the His25 gH Ons (Figure 6, Table 1) differs
dramatically from that of WT-hHOPH—-CN (33) (Table

1; see the Supporting Informatiom)y is significantly larger

for Cs,H and significantly smaller for gzH in the TM-hHO-
PH—CN complex than in the WT-hHOPH—-CN complex.
The decrease in/&H and increase in 3H contact shifts in
the TM-hHO-CN complex relative to the WT-hHOPH—

CN complex dictate tha’; has increased an®¥’, has
decreased in the mutant relative to the WT complex, as
depicted qualitatively in part A~ part B of Figure 8.

than GyH as observed (Table 1) and (B) as predicted when the
His25 imidazole plane is rotated counterclockwisd(®, which
results in a much smalley, (and hence larger low-field contact
shift) for Cg,H than G;H, as observed (Table 1). Thed(° rotation

of the imidazole ring requires &5° rotation about the.— bond

to conserve the HisFe bond, but this.—j bond rotation has only

a minor effect on the;; andy, values.

A more quantitative use of the axial His;l& hyperfine
shifts in terms of; and W is not possible at this time. It
would require both the relative values 6fandD in eq 1,
for which only some estimates are availab83,(45), and
the magnetic axes of the mutant to quantitajg, for which
the needed assignments are compromised by line-broadening
and spectral congestion. Nevertheless, the dramatically
altereddy; pattern of His25 ¢H in TM-hHO relative to WT-
hHO complexes provides clear proof for the counterclock-
wise rotation of the His25 imidazole plane, as depicted in
part A — part B of Figure 8. If we accept that relations
between substrate methyl hyperfine shifts in Figure 4 are
valid, then the magnitude of the imidazole plane rotation is
concluded to be~40° for each of the complexes of TM-
hHO as depicted in Figure 3B,C,E,F,H,I.

It was not possible to detec®T) the intraresidue cross-
peaks for His25 gH's in the major isomer TM-hHGS
DMDH—CN. However, the much larger exchange contri-
bution to the line width in the DMDH than PH complexes,
together with a smaller chemical shift difference between
the two isomers for His25 E's than substrate methyls,
likely places the His25 gH's in the intermediate chemical
exchange limit for the DMDH complex of TM-hHO and
renders their signals too broad to detect in the limited
accessible temperature range. However, the essentially
identical ¢ ~ 80°, and henceA¢ ~ 50° upon mutation,
deduced from the methydy pattern in both the PH and
DMDH complexes of the mutant, argues for very similar
axial His ring plane orientations in TM-hHEPH-CN and
TM-hHO—DMDH—CN.

Estimation of the Substrate Orientation in the Minor
Isomers of TM-hHOWe note that the strong contribution
of exchange to the methyl line width of the minor isomers
in equilibrium with the major isomers of TM-hHO for both
PH and DMDH precludes a direct determination of the
orientation relative to the protein matrix. The patterns of
methyl shifts, M > Ms > M3 > M, for PH and M, > Mg
> Ms > M3 > M; > M, for DMDH, in the minor isomers
of TM-hHO vyield ¢ ~ 10° (or ¢ ~ 19C°, not far from the
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18C° shown in Figure 3C,I) for both substrates, as illustrated hyperfine shift pattern, is the less unambiguous indicator of
by vertical dotted lines under “fin parts A and C, the substrate orientation. (2) The pattern of substrate methyl
respectively, of Figure 4. If we assume that the axial His25 hyperfine shifts in the mutant can be used to compare the
imidazole ring is rotated~40° clockwise in the minor in-plane substrate orientation relevant to the stereoselectivity
isomers compared to the major isomer of TM-hHO, then of substrate cleavage only if it is established that the axial
the structure would be as illustrated in Figure 3C for the PH imidazole orientation is conserved. The conservation of the
and Figure 3l for the DMDH minor isomers. Alternatively, axial His orientation need not be assumed, but can be
the difference inp between the major and minor isomers in determined from the pattern of axial Higl dnr. (3) As
Figure 4 is~70° for each substrate, which indicates the noted previously 13, 50), the distribution of in-plane
minor isomers are oriented close (within °20but not orientational isomers as detected in theNMR spectra of
identical to, that in the WT complexes. In the absence of the cyano complexes is qualitatively, but not quantitatively,
direct NOESY contacts to the protein matrix or the pattern related to the product biliverdin isomer distribution, since
of the His25 GH hyperfine shifts, the substrate orientation the in-plane seating preferences are different for the physi-
for the minor isomer cannot be more accurately described ologically relevant aquo and spectroscopically convenient
at this time. It is risky to place much emphasis on the cyano complexes.

observation that\¢ determined from the methyl: pattern The very substantial perturbation of the axial His imidazole
for the two substrates is-70° rather than~90°. The plane orientation relative to the protein matrix in the TM-
empirical correlations35) in Figure 4, while providing a  hHO mutant relative to the WT has a reasonable rationaliza-
useful framework for estimating, are only semiquantitative  tion. Crystal structures showl4, 15) that the axial His25
and based on a modds) that requires retention of inversion imidazole NH in WT-hHO serves as a donor to the side
symmetry for methyloy in the protein environment for  chain carboxylate of Glu29. The E29K mutation in TM-hHO
strictly centrosymmetric substrates, which is not observed abolishes this interaction with the imidazole ring, and some

for a variety of such substrate471—49). His ring rotational accommodation should not be unexpected.
The rapid exchange, even at &, between the two  While the key proximal helix carboxylate side chain that is
uncharacterized, interconverting isomers in TM-hHeH— the link to the axial His ring bH has not been mutated in

CN which give rise to methyl peaks labeled “m” in Figure other studies directed at modulating stereoselecti@ify Z6,

5A has precluded the assignment of either the PH methyl 30, 32), changes in axial His imidazole planes cannot be

peaks or their protein matrix contacts. However, it is discounted. In hHOX4, 15) and C. diphtheriaeHO (18),

reasonable to propose their structures as those depicted ithe Glu linked to the axial His M also makes a strong

Figure 3E,F. contact to the methyl (or vinyl) at position e in Figure 2. In
Stereoselectity of DMDH Cleavage in WT- and TM- ~ mutants that induce the 9ih-plane rotation of the substrate

hHO. Two observations are notable. One is that, in WT, both that accounts fod-mesoselectivity, a propionate replaces
DMDH and PH vyield exclusivelya-biliverdin. This is the methyl (or vinyl) at position e. It would be surprising if

consistent with the observation that the in-plane orientation this altered contact with the Glu would not perturb its link
of DMDH and PH in the WT-hHO-cyanide complexes to_the axial H!s and hence the His ring orientation. Whether
could not be differentiated b4 NMR. The second is that thls_p_erturk_)atlen _d_ue to the introduction of the _proplonate at
the ratio of isomers for DMDH cleavage, 89%- and 11% position e |s_5|gn|f|cant relevant t(_) the determination of the
a-biliverdin, is qualitatively, but not quantitatively, consistent SuPstrate orientation can be readily addressed by assfgning
with the 70% and 30% populations of the respective DMDH the His GH's in the mutants. The axial His imidazole plane
seatings determined By NMR in the cyanide complex. orientation is likely more open to modulation by_envwon-
The latter observation reminds one that the stereoselectivityMental factorsgl) than is safe to assume for the simple use
of the substrate cleavage is determined by the isomeric®f Figure 4 to determine the substrate orientation.

seating preference in the resting state, aquo complex, and
that previous'H NMR studies $0) have shown that the ACKNOWLEDGMENT

relative stabilities of alternate PH seatings about dhe We are indebted to Drs. N. Shokhirev and F. A. Walker
mesoaxis are different in the aquo and cyano complexes of for making available the Shift Pattern program.

hHO, with the former exhibiting less orientational preference
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