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Abstract: The 265-residue soluble and completely active portion of inducible recombinant human heme
oxygenase-1 (hHO), the enzyme responsible for heme catabolism, has been investigtddviy to elucidate

the molecular and electronic structure of the substrate-bound complex. 2D NMR of substrate-free hHO reveals
a cluster of nine mobile aromatic residues whose signals are largely “bleached” upon binding high-spin hemin
but reappear as new signals in the low-spin, cyanide-inhibited hHO-hemin complex. Unambiguous assignment
of the heme and axial His25 signals in the latter complex allows placement of the aromatic clusters, as well
as other TOCSY-detected side chains, into proximal, distal, or peripheral positions over specific pyrroles based
on dipolar contacts and/or relaxation effects. The three aromatic clusters are located one on the proximal side
adjacent to the axial His and the other two peripheral and distal to the pyrrole I/l junction, the site of heme
oxidation. The density of heme methyl dipolar contacts, when compared to those of globins or peroxidases,
reflects an “open” pocket, where hemin binds in the preformed aromatic cluster of hHO with pyrrole rings |
and Il and parts of pyrrole ring IV buried in the protein, with pyrrole ring Il largely exposed to the solvent,
and with the proximal side oriented toward the protein surface and the distal site toward the protein interior.
A distal labile proton has been located which serves as the H-bond donor to cyanide, is the likely origin of the
spectroscopically detected&mf ~7.6 in the hHO-hemin complex, and probably arises from the same distal
residue that serves as the H-bond donor to the activatedBased on previous reports of inconsequential
effects on HO activity upon mutating the conserved, non-heme-ligated His, the NMR detection of the conserved
distal base in H132A-hHO-CN, together with the available NMR spectral parameters, we identify the distal
base as a Tyr. The highly conserved His132 is found as one of two His groups involved in a strong,
pseudosymmetric hydrogen-bonding network that dynamically stabilizes the active-site structure.

Introduction and completely active soluble, HO-1, has been expressed, and
numerous mutants have been prepadted The currently
accepted intermediates in the stereoselective cleavage of the

heme a-meso position arex-hydroxyheme, verdoheme, and

Heme oxygenase (HOJs a membrane-bound enzyme that
catalyzes the regiospecific conversiasf heme to biliverdin

IXaa and CO. The enzyme exists in two isoforms with
essentially identical activity, the inducible HO-1 being primarily
involved in heme catabolismand the constitutive HO-2
primarily serving as a source of CQ, a putative neural
messenget. Both enzymes have been cloned? a truncated
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Fe(lll) biliverdin.1>16 However, the mechanism of activation
of the Gy involved in the cleavage reaction and the basis of the
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stereoselectivity are still incompletely understood. In the

Gorst et al.

base?® Because of the strong hyperfine fields induced by the

absence of a crystal structure or sequence homology to otherparamagnetic irof 32 1H NMR of low-spin ferriheme enzymes
enzymes, a limited understanding of the active site of HO has is capable of directly detecting the labile protons that are

been achieved on the basis of functional studiesing enzyme
mutant3’1418and modified heme¥,Cligation rate comparison
to globins?! and a variety of spectroscopic d&th.22-27

The mechanism by which HO exerts its remarkable stereo-

selectivity in attacking only the-meso bridge is only partially

hydrogen-bonded to bound ligands. In favorable cases, the
nature of the residue side chain that provides this labile proton
can be identified.

PreliminaryH NMR studies have been reportédor the
recombinant rat HO-1 (rHO) hemin cyanide complex. In accord

understood, but both electronic and steric influences have beenWith other spectroscopic methods, thd NMR data were
proposed. The stereoselectivity is enhanced by electron- consistent with a heme environment very similar to that of Mb

donating and abolished by strongly electron-withdrawing
meso substituents:?° The pattern of unpaired spin density in

rat HO-heme-CN also places the largest spin density on the

o-meso positior?* Both theH NMR spectréd* of HO-hemin-
CN and resonance Raman spettaf HO-heme-Q indicate
that the axial ligands are strongly tilted from the heme normal.

The strong steric effects suggested by these latter findings ar
consistent with the demonstration that HO-heme discriminates

against CO relative to ©much more strongly than do the
globins?!

The mechanism of © activation, in contrast to that in
cytochromes P458, does not pass through a ferryl hefighe
strong similarities of the opticaland resonance Raman spec-
tral122.23 of the heme-CO complex to those of the same Mb

€

in both the high-spin aquo and low-spin cyano complexes. It
was also observed that the initial rHO-hemin complex bound
the heme in a disordered manner aboutdhemeso axis and
that the equilibrium distribution of the two forms wa$5:45.
This nearly equal distribution of the two forms led to poor
resolution and sensitivity and precluded the determination of
structural details beyond demonstration of the heme rotational
disorder and the observation of an unusual heme contact shift
pattern based on partial heme assignments. Since these early
IH NMR assignments on rHO, it has become obvious that
human HO-1 (hHO) is superior to rHO féH NMR studies
because a much stronger preferene8:() for one of the two
heme orientations in hHO affords the higher sensitivity and
resolution necessary for more definitive NMR studies.

We report herein a 2BH NMR investigation of hHO, its

complex argue for a neutral His as the axial ligand. The 10SS amin-bound complex, hHO-hemin, and the cyanide-inhibited

of activity caused by mutation of His25 to Ala that is rescued
by the addition of imidazole establishes that His25 is the axial
iron ligand®22 Spectroscopic results on the oxidized HO-hemin
complex have been interpref8d@3in terms of a ligated water
linked strongly to a titratable distal base witlK p~7.6. The

substrate complex, hHO-hemin-CN. The study was designed
to (a) more fully characterize the electronic structure of the
heme, (b) assess the nature of the substrate-binding pocket
before and after substrate binding, and (c) elucidate the nature
of labile proton(s) for the distal base proposed to play a key

similarity of the EPR, optical, and resonance Raman spectra,ygje in activating bound © In particular, since a His as the

as well as the g of the base, to those of the analogous Mb
complexes have led to the expectatibthat the distal base is
a His. There are four universally conserved His groups in HO:

distal base is largely eliminated by mutagentsismd by the
present study of the H132A mutant, direct determination of the
nature of the distal side chain should provide guidance for

His25, the axial ligand, and His84, 119, and 132. The latter mytagenesis studies intended to establish the identity and exact
has been favored as the distal base because it falls in a highlyrole of the distal residue in the activation of,@nd the

conserved segment thought to constitute the distal pocket.stereoselectivity of heme cleavage.

However, substitutioh!318 of each of the three remaining

conserved His groups has excluded a His origin for the distal Materials and Methods
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Protein. Human heme oxygenase and the H132A mdtanere
expressed and purified as previously describeglution of the heme-
His132-hHO-1 complex from the BioGel HTP column yielded two
peaks, the first having a Soret maximum at 400 nm and the second at
404 nm. The 404-nm fraction was used in all subsequent NMR
studies?® Samples were prepared for NMR experiments by exchanging
the solvent into either a 90%1,0, 10%°2H,0, or 98%°?H,0 solution
of 100 mM sodium phosphate using an Amicon filtration device.
Samples of hHO-hemin failed to maintain a constant pH below pH
~7.5, and slowly precipitated over the time necessary to collect useful
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enzyme. This finding is consistent with the repbthat the recombinant
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is also very similar to the wild-type. Although the reproducible misfolding
or other alteration observed with the enzyme expressed inoDét8ls
remains unclear, the results with the protein expressed in BL21 cells
confirms that the human H132A mutant, like the corresponding rat en¥/me,
exhibits spectroscopic and catalytic properties similar to those of the wild-
type enzyme. His132 thus appears not to be a critical catalytic residue.
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Solution’H NMR of Substrate Binding to Heme Oxygenase

2D NMR data. For WT hHO-protohemin-CN (hHO-PH-CN), the
majority of the data were collected on a sampi2 mM in protein at

pH 8.0, for which labile proton exchange was sufficiently slow to allow
characterization of dipolar contacts. For H132A-hHO-hemin-CN, the
decreased dynamic stability led to labile proton exchange rates that
necessitated collecting NMR data at pH 7.1, at which value a sample
stable to precipitation over the 24 h needed for data collection could
be maintained only ac0.7 mM. The low concentration makes it
impractical to collect data of the same quality as for WT, but still allows
significant conclusions.

NMR Spectroscopy. 'H NMR data were collected over the
temperature range 20 °C on a G.E. Omega 500 operating at 500
MHz and processed using the MSI software, Felix 950. Reference
spectra were collected using a standard 1l-pulse experiment with
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Figure 1. Schematic representation of the dipolar contacts observed

saturation of the water resonance. Spectra were referenced to theamong a cluster of aromatic residue side chains (circles labeléd a

residual water peak through 2,2-dimethyl-2-silapentane-5-sulfonate
(DSS). WEFT spectfd were collected using recycle times ranging
from 40 to 200 ms.T, data were collected with a standard inversion
recovery sequence and were processed using a linear fit of the initial
data points in a plot of intensity vs relaxation delay. The distance to
the iron for a proton of interest Ry, is obtained from the relation

Ry = [Ty(heme CH)R e o /Ty (H)]™ D

whereReecr, ~ 6.1 A. Labile protons which exhibit saturation transfer
were detected using a 1:1 jump-and-return pulse sequngeeady-
state NOE spectra were collected by selective irradiation of the peak
of interest to>90% saturation as described previou$lyNOESY
spectr&”were collected using a 40-ms mixing time and a bandwidth
of 21.5 kHz to cover the complete spectral window with a recycle time
of 400 ms, and of 12.0 kHz to cover the diamagnetic window under
better resolution, in each case using 2048 t2 points for 512 t1 blocks.

and their aliphatic (triangles labeled-t) contacts in diamagnetic,
substrate-free hHO. Directly detected dipolar contacts between aromatic
rings (circles) are shown by solid lines connecting the appropriate
residues; dipolar contacts implied by multiple common aliphatic
contacts, but that cannot be resolved due to degeneracy, are shown by
dashed lines. NOESY cross-peaks to common aliphatic protons from
unspecified residues are shown in rectangles, with the chemical shifts,
in ppm, given. In parentheses within each ring are the number of
observed dipolar contacts to aliphatic protons.

respectively, TOCSY cross-peaks are observed (not shown);
Arom can be a Tyr or a Phe with nearly degenerate shifts for
two of the ring protons. The TOCSY cross-peaks for three
isopropyl fragments are detected in the spectral window near 0
ppm (not shown) and are labeled residuaso. NOESY
spectra (not shown; see Supporting Information) reveal that the
nine aromatic rings&g—i) and the three Leu/Val fragments

The numbers of scans per blocks are 162 and 318 for the 12.0- and(labeledm—o) exhibit interresidue dipolar contacts indicative

21.5-kHz windows, respectively, with the total data acquisition time
of ~20 h. Clean TOCSY specffawere collected over the same two
bandwidths using a MLEV-¥? mixing time of 13 ms. Data were
processed using 3&ine-squared bell apodization in both dimensions,
and zero-filled to 2048 t1x 2048 t2 data points prior to Fourier
transformation.

Results

Substrate-Free hHO. The 'H NMR spectrum of hHO in
2H,0 is typical of a highly folded globular protein (not shown).
Limited 2D *H NMR studies were carried out with an emphasis

on characterizing a cluster of aromatic residues to be subse-

of a cluster as described schematically in Figure 1. In addition,
there are numerous common dipolar contacts to other protons
whose spin system could not be ascertained because of spectral
crowding. In parentheses by each residue in Figure 1 are the
observed numbers of ring proton cross-peaks to the aliphatic
region which likely correlate with the degree that the residue is
buried in the protein interior. The three remaining rings (Arom
j» Phek, and Trpl) are relatively isolated from other aromatic
rings and have environments that are minimally perturbed upon
substrate binding (see below). The backbone of the rings could
be elucidated only for Pha and Aromj, whose GH resonate

in the relatively uncrowded window near 5 ppm. The chemical

quently shown to serve as the heme substrate binding site. Thisshifts for the aromatic ringsa—!| and the three aliphatic

characterization, moreover, was found effective only#HiaO
solution, where reasonably well-resolved NOESY cross-peaks
are dominated by intra- and interaromatic ring contacts as well

fragmentsm—o are listed in Supporting Information.
High-Spin, Substrate-Bound hHO. The binding of hemin
results in a series of poorly resolved, strongly low-field contact-

as contacts between these ring protons and upfield ring-current-shifted signals arising primarily from the heme, as shown

shifted aliphatic residues. TOCSY (13-ms mixing time) spectra
(not shown) reveal relatively narrow cross-peaks fot8
relatively mobile aromatic rings, of which 12 (labeled by italic
lower case lettera—i) are of interest herein. A nine-ring{

i) cluster will be shown to constitute the substrate binding site,
whereas the other threg) serve as convenient markers for
conservation of structure upon substrate binding. The rings are
labeled Trp, Phe, and Arom when three, two, and one,

(34) Gupta, R. KJ. Magn. Reson1976 24, 461—-465.

(35) Plateau, P.; Gueron, M. Am. Chem. Sod982 104, 7310-7311.

(36) Thanabal, V.; de Ropp, J. S.; La Mar, G. N.Am. Chem. Soc.
1987 109, 265-272.
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1979 71, 4546-4553.

(38) States, D. J.; Haberkorn, R. A.; Reuben, DJ. Magn. Resorl982
48, 286-292.

(39) Griesinger, C.; Otting, G.; Whrich, K.; Ernst, R. RJ. Am. Chem.
Soc.1988 110, 7870-7872.

(40) Bax, A.; Davis, D. GJ. Magn. Resonl985 65, 355-360.

previously for the rHO-hemin comple®. The TOCSY and
NOESY maps (not shown) in the aromatic window exhibit a
very significantly reduced number of relatively narrow intra-
ring cross-peaks relative to substrate-free hHO, of which only
three closely resembled the aromatic residues observed in
substrate-free hHO, namely the “isolated” rings of ArprRhe

k, and Trpl (shifts given in Supporting Information).

Low-Spin, Substrate-Bound, Cyanide-Inhibited hHO. (i)
Sample Heterogeneity. The normal “diamagnetic” portion of
the 500-MHz'H NMR spectrum of hHO-hemin-CN closely
resembles that of substrate-free hHO (not shown), arguing
against any global structural transition associated with substrate
binding. The resolved low- and high-field portions of the 500-
MHz 'H NMR spectra of hHO-PH-CN ifH,0 immediately
after addition of hemin in the presence of excess cyanide are
shown in Figure 2A, and that after 3 days under the same
condition is shown in Figure 2B; the spectrum shows no further
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Figure 2. Resolved portions of the 500-MHE NMR spectra of hHO-
hemin-CN (A) immediately after binding hemin in the presence of CN
and (B) after 3 days when the sample had come to equilibrium with a
residual 3:1 ratio of major to minor isomers and (C) of equilibrated
rHO-hemin-CN showing the 55:45 heme orientational disorder. All
spectra are irtH,0, pH 8, at 25°C. Assigned peaks for the heme,
residueU, and AlaS are labeled.

changes with time. Figure 2A exhibits two sets of peaks whose
relative intensities change with time, reaching an equilibrium
ratio of ~3:1 (Figure 2B). The same initial 1:1 heterogeneity

was observelt in rHO—PH—CN, but with a resulting equilib- hs‘% A—é—g‘,u : \ F]‘;i

rium heterogeneity of55:45 (Figure 2C). Thus, hHO initially 100 90 go P 7b 6.0
binds the substrate in either orientation about the henye Figure 3. (A) WEFT reference spectrum for hHO-hemin-CNei,O
meso axis, but there is a much stronger preference for oneat 25°C;, pH 8.0, for the _8rll-ppm window; resolved peaks are Iapgled
equilibrium orientation in hHO than in rHO, making the former  as assigned. (BF) Portions of the NOESY spectrum (40 ms mixing
protein a significantly superior candidate fét NMR investiga- time, repetition time 400 ms) showing key intraresidue (also detected
tion. The number and relative intensities of the major isomer 2Y TOCSY) and interresidue NOESY cross-peaks for relaxed and
resolved resonances in the cyanide-inhibited, substrate-boun yperfine-shifted residues. The various types of protons are identified
HO and hHO | imil S’ b t or the heme ), axial His25 (--—), aromatic side chain (- - -), and

r_ ar_l compiexes ar_e v_ery simiar. . Su Sequen con- aliphatic side chains:{*). The heme peaks are labeled by the Fisher
SIderalltlon.focuse.S on the major Isomgr F’f hHO—hemln-CI\.I,.e.lnd notation and residues are labeled by uppercase letterg #at

the minor isomer is addressed only as it interferes with definitive represent an arbitrary label for all residues with shifts listed in Table
assignment of the major isomer. Because of severely reduceds

solubility and extreme pH effects on chemical shifts at acidic
to neutral pH, the optimal pH for reproducible 2Bl NMR
data on hHO-hemin-CN was found to be pt8.

of residues by their backbone connectivities. Hence, all 2D
NMR was initially carried out irfH,O, and*H,O 2D maps were

i Assi P s B fth il subsequently inspected for the impact of labile protons on the
(i) Assignment Protocols. Because of the strong influence  qoa\ar and dipolar connectivities of interest.

on ?r°ma“° side-chain Cfos?"p'?a"s of adding hgmi.n to hHO' A combination of slow (not shown; see Supporting Informa-
we first carry out a characterization of the aromatic side chains tion) and rapid repetition rate TOCSY (not shown) and NOESY
similar to that reported above for apo-HO. This is followed by i re 3D) data reveal intraresidue cross-peaks-fb8—20

the unambiguous ass?]nment _Of the h(lame and gv_(lal H's aromatic rings, of which nine, label@dl, are of interest here.
resonances. Last, we characterize by scalar connectivity (Side~ryeq other rings exhibit essentially the same shifts and dipolar
chain type) the residues in dipolar contact with the heme and/ contacts as Aronj, Phek, and Trpl of hHO and hHO-hemin

or axial His, or those that exhibit significant hyperfine shifts and are of no further interest except to confirm conserved

(temperature-dependent shifts) and/or paramagnetic rl9"3‘)('structures remote from the substrate; the shifts are listed in

ation#142 These latter residues are partitioned into proximal Supporting Information. In addition, four upfield TOCSY-

h hvl that f h i i h Setected aliphatic residue fragments, labéfedP, are observed
to a heme methyl that force the residue to lie on one or the y, iniaract with a number of the nine aromatic ringsl (not

other side, as support.ed by the presence or absence of deOIa&hown). Cross-peak intensities as a function of repetition time
contact to the axial His. reveal rings whose paramagnetic relaxivity is weak¥ 150

(iif) Aromatic Residues. 2D NMR spectra for the 510- ms; Phes, 1), moderate (106< T; < 150 ms; Phes, D, Aroms
ppm spectral window involving nonlabile protons were vastly ¢ E G, and H), and strong Tu < 100 ms; AromB). The
superior in"H;0 compared t8H,0 due to the large number of  jyterresidue NOESY cross-peaks (Figure 3D; Supporting In-
NOESY cross-peaks from labile protons (not shown). More- formation) show that aromatic rings—I participate in three
over, TOCSY spectra reveal surprisingly fewHN-C.H cor- “clusters”, with cluster4A containing four rings (Phea, D,
relations in*H,O at the pH~8 required for stable sample  Aroms C, E; NOESY data shown in Figure 3D), clustéB
solubility. This precludes standard sequence-specific assignmengontaining two rings (Phe, 1), and clustetC involving three

— - — rings (AromsB, G, H), as shown schematically in Figure 4.

gi%g Si,”énf"zﬁad“é'aé'o‘sb,“j ' ISB_';O Egﬁgﬁ%ﬁgfaﬁ,ﬁf Gefl,?,j_ Am. Clusters4A and4B are connected via dipolar contact between

Chem. Soc1994 116, 8772-8783. aliphatic residuesM andN (data not shown). The backbone
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Figure 4. Schematic representation of the dipolar contacts observed 7Ha ;?@!9 T 0 s @ °
among a cluster of aromatic residue rings (circles labeled.pand \74)(.‘)!\(!“ """ : ‘ """ ’ U o
their aliphatic residue (triangles labeledH¥®) contacts in hHOPH— Uﬁ‘v’* .
CN. The solid lines indicate interresidue NOESY cross-peaks. NOESY . . :
cross-peaks to common aliphatic protons from unspecified residues are - ' mg,
shown in rectangles, with the chemical shifts, in ppm, given in the 50-—H's 254
rectangle. In parentheses below the aromatic ring labels are giventhef | | § | | & 7} .ded e 1CHA —
number of observed dipolar contacts to aliphatic protons. i 3
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8CH N — ———-.———'His25 2
2Ha A ° —+—@- ||His 255 = — p 2
2Hp J -@. K —?——‘—mu L s ~
C @7 8CHg ! —&— 2Ha—L—$ E
(1M scre——P— & ]
15l7 10's PPM -2 s
Figure 6. Portions of the NOESY map (40 ms mixing time, repetition
rate 400 ms) of hHO-hemin-CN itH,O at 25°C, pH 9, illustrating
dipolar contact among strongly relaxed resonances of the heme, axial
His25, AlaS, and residué). Heme protons are identified by the Fisher
notation, and unassigned residue protons are labeled by upper caseletters
A—Z that represent an arbitrary label for the residues with chemical
shifts listed in Table 1. Heme protons are labeled by solid lines, His25
proton by dashed lines, and aliphatic residue protons by dotted lines.
7THa
7““'6 A common characteristic of all low-spin ferrihemoproteins
is that the GHs of the axial His exhibit substantial contact shifts,
with at least one of the two gEis resolved to the low field of
9 ppm30:31L4F43 TOCSY (Figure 5D,G) and NOESY spectra

_

e T ™ ——— ; —— (Figures 3D and 6H,E) reveal that the remaining low-field and
15.8 PPM 100 906000 -15 -30 -45 -60

_ ) o strongly relaxed T1 &~ 70 ms) single-proton peak at 9.3 ppm
Figure 5. Portions of the 500-MHz TOCSY spectrum (13 ms mixing  (Figure 3A) exhibits the scalar and dipolar connectivity to two
time, repetition time 400 ms) of hHO-hemin-CNH;0 at 25°C, pH protons that are diagnostic of thgk—CyH of His25. TOCSY

9, illustrating scalar connectivities among strongly relaxed protons for spectra in'H,0 failed to resolve an additional cross-peak to

the heme substituents, axial His2gHz—C,H fragment, AlaS, Ala R, . e
residueQ, and residudJ. Heme protons are identified by the Fisher the Q{‘H’ _and neither GH exhibited a NOESY Crpssépeak to
notation, and assigned residue protons are labeled by upper caseletterd® His ring NH, as generally observed in globifis®3 It is

A—Z that represent an arbitrary label for the residues with chemical concluded that the axial Hisdd and peptide NH most likely

shifts listed in Table 1. exchange rapidly with solvent at this pH. The very strongly
relaxed (expected; ~ 3 ms) axial His ring CHs are likely

could be assigned only for Phédsand C because the s under the diamagnetic envelope, with one apparent under the

resonate in the relatively uncrowdeet6-ppm window (protons  high-field shoulder in a WEFT spectrdfn(not shown). The

A’ and C in Figure 3D). chemical shifts and;s are listed in Table 2. This accounts for

all low-field resolved nonlabile proton peaks and leaves
signals are conveniently detected in thel®-ppm portion of unassigned three upfield-resolved peaks labeled S, U, U in

a WEFT spectrum shown in Figure 3A. Combination of rapid Figure 2B. ) . . o
repetition rate TOCSY (Figure 5) and NOESY (Figure 6) spectra () Other Proximal Residues. Aromatic clusterC in Figure
in 2H,0 leads to the complete assignment of the heme by the 4 IS unambiguously located on the proximal side (ArBming,
standard dipolar connectivity about the heme periphery (Figure Ty ~ 80 ms;Ree ~ 5 A) by its NOIT: to His25 @Hs (Figure
6). These connections involve the four TOCSY-detected vinyl 3D), ahd the AronB to 8-Ch (strong; Figure 3D) and to 1-GH
and propionate side chains (Figure 5A,C,D,F,G), the four (weak; not shown), Aron to 7H, (Figure 3E) NOESY cross-

ety wih o TOCSY connecity and e four sorgly P2 AoCE SUSC over ol I and e pyse IV
relaxed T1 ~ 35 ms) meso-H with no TOCSY connectivity J ’ y 9 ’ 9 9

but strongly low-field intercepts in Curie plots® The TOCSY peak and a NOESY cross-peak from a labile proton to

chemical shifts, nonselectivigs, and slopes in a Curie plot are aring proton indicate that Arois a Tyr. Arom(Tyr)B makes
X . ’ ’ P - ~ure plota two further key contacts. One is to a TOCSY-detected (Figure
listed in Table 2, where they are compared with more limited

data previously reportétifor rHO-PH-CN. (43) Emerson, S. D.; La Mar, G. Miochemistry199Q 29, 1556-1566.

(iv) Heme and Axial His Assignment. Several key heme




8880 J. Am. Chem. Soc., Vol. 120, No. 34, 1998 Gorst et al.

Table 1. NMR Spectral Parameters for Nonligated Residues in peak between the residueandV protons, despite contact to

HHO-PH-CN 3-CH;, argues for placing residué on the opposite, or distal,
label side chain chemical stift side from residue). Consideration of the pattern of dipolar
A Phe 8.81(6.4), 8.14(6.3), 8.10(75) shifts supports such placement of these two residues (see
B Tyr 6.45(2.1), 5.81(2.08.16 Discussion). Last, Phie of cluster4B exhibits NOESY cross-
C Arom 8.30(5.9), 6.91(5.7) peaks to both 2K 3-CH; (Figure 3E,F), as well as Al@methyl
D Phe 7.69(5.9), 7.5(6.4), 6.35(4.7) (Figure 3B), placing it adjacent to the pyrrole I/Il junction.
E  Arom 6.99(4.0), 7.71(6.5) ResidueN in Figure 4, moreover, shows a strong contact to the
F Phe 7.37, 6.96, 6.62 Ala SCHs (Figure 6F). The only weak relaxation and minimal
G Arom 6.44, 6.78 _ 3 (Figure 6F). The only weak relaxation and minima
H Arom 6.36, 6.93 dipolar shifts for clustedB rings place it more likely at a
| Phe 6.97, 7.08, 7.46 peripheral rather than at the proximal position relative to the
J  aliphatic 2.71¢-0.6) heme (see below). Thus, numerous residues are in contact with
M aliphatic (CH).CH) -0.23,0.22,1.27 the proximal heme at all but pyrrole 1ll, as shown in Figure 7.
N aliphatic (CH—CH) -~ —0.14, 0.43, 1.06 Neither the 5-CHnor 4H, exhibits significant intense NOESY
O aliphatic ((CH).CH) 0.10, 0.22, 0.35, 3.24 , : ,
P aliphatic ((CH).CH) —0.11,0.09, 2.21 cross-peaks that involve non-heme protons. The chemical shifts
Q Val24(?) 6.23(0.8), 3.05(2.5), 2.9710), andT; values for proximal residues are included in Table 1.
4.2(4.0)8.1 (vi) Distal Residues. In the absence of any definitive
R Ala 0.02(1.0), 3.61(3.6) . X . \ . ;
S  Aa —2.38(8.5) [140 ms},2.24(5.8) |n.forma.t|on on distal residues, assignment of reS|dues.to the
T  aliphatic 5.20(4.2), 2.7(2.5) distal side has to be based on the presence of relaxation and
U Asp(?) —5.5(10) [35 ms]—3.6(9) [50 ms], 3.1 dipolar shifts and theabsenceof dipolar contacts to the
vV aliphatic 0.91(7.9) numerous located proximal residues that contact all but pyrrole
W Tyr 16.4[18 ms], 8.80(5.0), 7.78(6.0) lll. The only remaining unassignaesokedsignals are those
5o, a0 Tl 10 7 8 pom upfield (Figure 2B), labelet (for residueU), which exhibit a
7 His 14.6Q 7.05. 6.8 TOCSY (Figure 5B) and strong NOESY (Figure 6C) cross-

—— - peaks between them de_spite extreme parama_lg_netic re_lgxation,
| ' Shifts in ppm from DSS ifH;0, pH 8.0, at 25°C, except for 1.5~ 35 55 ms, While neither peak exhibits additional
abile protons (shown in italics), which are itH,0.? Apparent Lo
intercepts, in ppm referenced to DSSTat = 0, in a Curie plot for ~ 1OCSY cross-peaks, they both exhibit sizable NOESY cross-
protons with significant dipolar shifts, are given in parentheses after peaks to a proton at3 ppm (Figure 6F), which we assign as
shift. ¢ Shifts in italics are for labile proton§.NonselectiveTss, in ms, the third proton of an AMX spin system (but for which
for resolved or partially resolved resonance are given in square bracketsya|axation likely interferes with detection of the vicinal cross-
peaks). Residué&) protons exhibit NOESY cross-peaks (or
steady-state NOEs; not shown) to the hemgs%l8H;s (Figures
6B,F) but to no other proton. The relaxivity places (via eq 11)
the resolved residud protons~4.5 and~5.0 A from the iron
and, in the absence of NOESY cross-peaks to the axial His (or
any other proximal residue), necessarily demands that the side
chain of residue U is highly isolated afids close to the iron
over pyrrole 11l on the distal side of the heme

5F), moderately relaxed AR with weak upfield dipolar shifts
(Figure 3C), whose NOEs to 8-GKFigure 3C) and 1-Ckl(not
shown) place it at the proximal pyrrole I/IV junction. The other
contact is to a strongly relaxed and upfield dipolar-shifted,
resolved methylT; ~ 140 ms,Ree~ 6.2 A) (Figure 3B), spin-
coupled (Figure 5F) to a strongly upfield dipolar-shifted single
proton which is characteristic of another Ala (labeled &a . . .
The AlaS CH; NOESY cross-peak to His25,8 (Figure 6F), The clusterdA rings fail to exhibit NOESY cross-peaks to

3CH;s (Figure 6P), and 2K(Figure 6L) clearly places it on the any _o_f the nUMErous assigned pro>§imal residues. I—_|encez the
proximal side over the pyrrole I/ll junction, as shown schemati- Si9nificant dipolar shifts and relaxation argue for a distal side
cally in Figure 7. location for the cluster. The clustdA rings do not exhibit

The only other dipolar contact for His25 is to a strongly low- NOESY cross-peaks to the heme; however, weak steady-state

. ; ; P ; ; NOEs to PheA and PheE upon saturating the 3-GH(not
field-shifted proton (Figure 3D) which is spin-coupled (Figure . :

5E) to two strongly low-field-shifted protons for a residue shown), a NOESY crossl-(peak from PA&O ?'Sltal residuek,
labeled Q. The low-field proton is spin-coupled to an obvious and a NOESY cross-peak between resiLief cluster4A and

NH-CH, indicating that residu® is a Val. The low-field residueN of cluster4B on the heme periphery place clustex

dipolar shift, together with the presence of a Val conserved in N the distal side over the site of attack of the heme, as shown
hHO and rHO (for which the same contacts are observed), schematically in Figure 7.
supports the assignment of residQeas Val24. The absence The 8-CH; exhibits a very strong NOESY cross-peak (Figure
of NOESY cross-peaks to either the heme, clud@ror Ala 6E) to a moderately relaxed proton at 2.68 ppm, with little
Splace residu® on theproximalside in the vicinity of pyrrole ~ temperature dependence, which exhibits a TOCSY cross-peak
Il and the pyrrole II/Ill junction, as shown in Figure 7. to a peak at 5.2 ppm with a low-field dipolar shift (labeled
Interestingly, both residu® (Val24) and Arom(Tyr)B fail to residueT). The inability to detect additional TOCSY cross-
exhibit NOESY cross-peaks to any residue not in contact with Peaks does not allow identification of the residue side chain
the heme. but suggests a low-field-shifted Ala. The absence of NOESY
The heme 3-Chimakes dipolar contacts to two aliphatic Cross-peaks from residdeto the proximal AlaR or Arom(Tyr)
protons with significant dipolar shifts. A strong NOESY cross- B over pyrrole IV necessarily places residlien the distal side.
peak to a proton at 0.9 ppm with vesubstantial upfield dipolar It is clear that the distal side provides fewer dipolar contacts to
shift (not shown) but with no detectable TOCSY cross-peak is the heme than the proximal side. The schematic structure of
assigned to an aliphatic residde a weak NOE to Pher the active site of hHO is shown in Figure 7.
indicates a proximal origin. The other proton, with an NOE to (vii) Labile Protons. Our interest here is restricted to labile
the 3-CH at 2.7 ppm, exhibits a sizablew-field dipolar shift protons sufficiently close to the iroRée < 6 A) to potentially
for an aliphatic residu&/. The absence of a NOESY cross- modulate reactivity. One such labile proton, labe2ad Figure
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Table 2. NMR Spectral Parameters for the Heme and Axial His Protons in HRB-CN
hHO-hemin-CN rHO-hemin-CN, H132-hHO-hemin-CN,
position Opsg0bs} on® (T71=0) Ti¢ms Opsg0bs) Opsg0bs)
1-CH; 4.95 13 d d
3-CHs 19.63 5 95 225 19.79
5-CHs 9.04 16 10.0 9.03
8-CH; 10.48 10 120 10.6 10.59
2H, 15.68 9 86 16.0 15.52
2Hgs —4.22,—-4.23 9 115 —-48,-53 —4.00,—4.19
4H, 10.09 10 d 10.05
4Hgs 1.77,2.52 ~0 d 1.95
6H, 11.75 5 120 11.9 11.63
6H, 10.62 5 120 11.4 10.77
6Hgs 0.40 1 d 0.44
7H. 15.87 0 100 16.0 15.68
TH, 5.68 14 d 5.66
THgs —0.45 4 d 0.68
o-meso-H —5.10 16 35 -5.8 —4.99
p-meso-H 7.60 8 d 7.22
y-meso-H 3.84 11 d d
0-meso-H 7.13 10 d d
His25 GH 9.13 0 86 9.45 9.13
His25 GH' 10.19 -2 10.52 10.2
His25 GH 4.30 0 d d
His25 ring CH —-25 <5 -3.0 d

a Shifts in ppm from DSS, in 26O, 100 mM in phosphate, pH 8.0,
¢ NonselectiveTy, in ms. 4 Not assigned.

8A,B, exhibits a resolved peak in the extreme low-field window,
with T; &~ 20 ms Ree &~ 4.5 A). Relevant portions of the low-

at 2&. P Intercept, in ppm from DSS, af ! = 0, in a Curie plot.

shown) with bulk solvent (Figure 8A,B). Proto8sind4 clearly
arise from a pair of His rings (labeled H&and HisZ) N.Hs

field 40-ms NOESY spectrum are illustrated in Figure 8C,D. with NOESY cross-peaks to thel@s and GHs in the aromatic
Labile proton2 exhibits a single strong NOESY cross-peak to window (Figure 8D). It is noteworthy that Hi¥ and HisZ

a presumed nonlabile proton at 8.0 ppm (Figure 8D; a weaker rings also exhibit a pseudosymmetric environment in that they
cross-peak is seen at 7.78 ppm), and the two are assigned to @xhibit identical patterns of dipolar contacts in the aliphatic
residueWw, for which peak? is a side-chain labile proton. The  window*¢ (Figure 8C). Spectral crowding precluded sequence-
8.0-ppm peak exhibits a Curie intercept similar to that shown specific assignments of these His groups. The chemical shifts
by other aromatic protons (Table 1). Hence, logical alternative are listed in Table 1.

origins for proton2 and its dipolar contact at 8.0 ppm are a His H132A-hHO-Hemin-CN. The chemical shifts for the as-
NsH with a contact to its @H, or a Tyr OH with contactto its  signed heme axial His (Table 2) and other assigned residues
CcHs. While the expected TOCSY/NOESY cross-peak is not (see Supporting Information), including the 3:1 equilibrium
seen from the proposedi€to CsHs, a weaker, likely secondary  heme orientation disorder, are essentially the same as those for
NOESY cross-peak for labile protdhto 7.78 ppm would be a  WT, confirming a strongly conserved structure for the active
candidate for the gHs peak, whose shift is insufficiently  site. Two differences distinguish thH NMR spectra of
different from that of CHs to allow resolution from the diagonal ~ H132A-hHO-PH-CN and WT-hHO-PH-CN: labile proton peak
and cross-peaks between these two protons. Most importantly,3 is missing (see Supporting Information), and all labile protons
the shorfT; ~ 20 ms Ree~ 4.5 A), in the absence of detectable  (including 2 for residueW) show significantly more saturation
NOEs to the axial His or the other numerous proximal contacts, transfer in the former than in the latter complex. We conclude
places residudV in the distal pocket. that HisY (with labile proton3) arises from His132.

A second labile proton of interest is observed only in partially
relaxed spectra intH,O and pH ~8 (signal experiences
saturation transfer at pH 9, not shown; see Supporting Informa- . .
tion). The proton, labele8, with T; ~ 80 ms Ree =~ 5.3 A) _ Efficacy of the NMR Approach. NMR experiments de-
exhibits strong cross-peaks in a rapid repetition rate NOESY Signed to characterize strongly relaxed prot6fs*?provided
spectrum to two partially resolved nonlabile protons with the cross-peaks to map both scalar and dipolar connectivities
essentially temperature-independent chemical shifts in the for the heme and axial His. For strongly relaxed, nonligated
aromatic window (not shown; see Supporting Information). The esidues, it was possible to identify the residue type primarily
NOESY pattern and shifts allow the assignment of prdias for rgsolved signals. The aliphatic envelope was too crovyded
the NH of a His X, with the nonlabile dipolar contact due to to yield useful data for all but a few protons on the upfield

Discussion

the GH and GH of the same HisX. The failure to detect
NOESY cross-peaks from any H}6 proton to the numerous
proximal residues strongly suggests, but does not prove, that
His X is a distal residue. The chemical shifts amg for
residues with relaxed labile protons are included in Table 1.
(viii) Other H-Bonding Interactions. The low-field labile
protons,1, 3, and4 in Figure 8A,B, haveRee > 6 A, display
extreme low-field shifts indicative of very strong hydrogen
bonds, and exhibit saturation transfe® (base-catalyzed; not

(44) Sandstim, J Dynamic NMR Spectroscopcademic Press: New
York, 1982; pp 53-58.

(45) Cutnell, J. D.; La Mar, G. N.; Kong, S. B. Am. Chem. S0d981,

103 35673572.

(46) Four additional, inconsequentially relaxed, partially resolved labile
protons in the 1612-ppm window similarly are involved in H-bond
interactions which are pairwise pseudosymmetric in shifts and dipolar
contacts (not shown). The nature of these pseudosymmetric H-bond
interactions is not known, but since at least one of these residues, His132,
is completely conserved, it is likely that the interactions are important in
stabilizing the structure required for catalysis.
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17.0 16.0 15.0 ppm

Figure 8. Portions of the extreme low-field 500 MHE NMR spectra

of hHO-PH-CN in*H,0O at 25°C, pH 8.0, collected with a 1:1 pulse
sequence: (A) withoutH,O saturation and (B) witkH,O saturation.
The four resolved labile protons are labeled by numberd,lall of
which, except peak 2, exhibit significant saturation transfer due to
exchange with bulk water. Portions of the NOESY spectrum (40 ms
mixing time; 400 ms repetition rate) in the (C) aliphatic spectral window
and the (D) aromatic spectral window illustrate the dipolar contacts
for the labile protons of interest.

E; Table 1), complicating the interpretation of intercepts in terms
of proton functionality.

Nature of the Substrate-Binding Pocket. The NMR data
on substrate-free hHO reveal a cluster of at least nine interacting
aromatic residues near the protein surface that consist of at least
three Phe (Phe, b, f) and an additional six Tyr or Phe (Figure
1) groups. Phe, b, andf exhibit large numbers of aliphatic
Figure 7. Schematic representation of the substrate binding site in contacts (Figure 1), consistent with their being buried within
human heme oxygenase as characterizetHbMMR dipolar contacts the protein interior. In contrast, most of the two-spin or likely
to heme, paramagnetic relaxation, and the pattern and direction of Tyr rings (i.e., Aromc, d, &, g) exhibit minimal aliphatic contacts
dipolar shifts in the hHO-PH-CN complex. (A) Face-on view from the  (Figure 1), suggesting that they are positioned near the protein
proximal side; (B) edge-on view from thitmeso position. Proximal,  gyrface. The bleaching of many of the aromatic signals upon
Zﬁg%?glzls' ?ggpglcsttislelgas'll'?]lée;;g? ;‘g;":ﬁg ag;zz;iggﬁe éggggles'binding high-spin hemin is consistent with paramagnetic
where it is ’normal to the heme is shown in dark dashed lines, and the re_la)_(atlon by the high-spin iron. The reappearance- upon the
nodes of the dipolar shift (magic angle, where 3%ads- 1 ~ 0) are binding of CN’_ of a number of narrow aromatic signals, similar .
shown by light dashed lines. The major magnetic axis strongly tilted {0 that seen in substrate-free hHO, argues that the aromatic
from the normal £ axis) is shown in dark dotted lines, and the nodal cluster in hHO is the site of substrate blndlng Itis a reasonable
surfaces for the dipolar shifts are shown in light dotted lines. The shifts assumptiofY that the majority of the aromatic residues near the
near the respective nodes are designattéd for downfield/upfield heme in hHO-hemin-CN (Figures 4 and 7) are the same as those
dipolar shifts, respectively. that comprise the aromatic cluster in hHO (Figure 1). It appears

as if the heme intercalates into the aromatic cluster, with two

envelope. The aromatic envelope yielded useful NOESY Phe @, D) and two likely Tyr C, E) groups forming cluster
spectra inH,0, but even relaxation-edited NOESY 1hi,0 4A on the distal side, three likely Tyr groups positioned on the
provided few definitive contacts that could be clearly discerned proximal side in clusteAC, and another two Phe groups in
from artifacts. The severe spectral crowding in thel®-ppm cluster4B, in contact with the pyrrole ring | and Il junction
window and the broad lines of a 30-kDa protein, together with that is the site of oxidation of the heme. The likely key roles
the rapid exchange with solvent for many peptide NHs at the of Tyr in these clusters may account for the large number of
minimum pH of 8.0 that allowed for a stable NMR sample for completely conserved Tyr groups in HO.
2D NMR, provided the NHEH fragments of too few residues ~ While no residues can be sequence-specifically assigned in
to allow sequence-specific assignments. The presence oféither complex, the present NMR data allow the following
approximately a 25% population of the minor isomer in hHO, conclusions: (1) the heme pocket of hHHO-hemin-CN is much
although much better than the 45% population in r#4@|so more open than that in globiffsor heme peroxidasé$,with

contributed to the spectral crowding. Approaches using much  (47) Phea in hHO and PheA in hHO-PH-CN exhibit a very similar
more dilute samples at highly buffered lower pH will be dense pattern of NOESY cross-peaks to the aliphatic spectral window,

. i . . including a cross-peak to an obviougHC with a strong, low-field shift
explored. Last, the spin magnetization, as reflected in all dipolar even in diamagnetic hHO, and hence can be assumed to represent the same

shifts, has a much steeper temperature dependence than ifesidue. Similar comparison between hHO and hHO-PH-CN for other
isoelectronic cyanomet glObiﬁé',43 (i.e., as evidenced by the aromatic rings failed to provide any additional convincing correlations.

. . (48) Dickerson, R. E.; Geis, IHemoglobin: Structure, Function,
8-ppm Curie intercept for the obvious methyl of Afsand the Evolution and PathologyBenjamin/Cummings: Menlo Park, NJ, 1983.

4-ppm intercept for an obvious ring proton for Phand Arom (49) Poulos, T. LMetal lons Biol Syst 1994 30, 25—-76.
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the heme exhibiting significantly fewer dipolar contacts to the
protein matrix than in other proteiris;*3 even for the “most
buried” portion (the maximum number of non-intraheme NOEs
to a heme methyl is the five to the 3-G}(2) the heme is
bound with pyrrole | (1-CH, 2-vinyl) and parts of pyrroles Il
(3-methyl) and IV (8-CH) buried in the protein interior, while
pyrrole Ill (5-CHs, 6-propionate) and parts of pyrrole Il (4-
vinyl) and pyrrole IV (7-propionate) are likely exposed to
solvent. The presence of only a few and very weak NOEs for
the 4-vinyl and 5-CH is particularly striking. The proximal
side is toward the proteiexterior, as supported by the minimal
dipolar contact of the axial His to any residue not in direct
contact with the heme, which is in stark contrast to that in
globingt4348and heme peroxidasé?® This inference is also
consistent with the fact that both the peptide NH and riggl N
of axial His25 must be in rapid exchange with solvent. A
similarly exposed His-binding site is foutfdin cytochromes
c'. Conversely, two of the residues (PAe D) in the distal
aromatic cluste#A exhibit a large number of aliphatic contacts,
indicative of buried positions; the fewer aliphatic contacts for
Arom C, E support their more solvent exposed position
protecting the distal pocket.

J. Am. Chem. Soc., Vol. 120, No. 3438898

stabilization of the substrate pocket (MtOH exchanges some
factor>10 faster in H132A- than WT-hHO-PH-CN), it is highly
likely that the other Hi< is also a conserved His. Moreover,
if the distally placed HisX is also conserved, this accounts for
all conserved His in HO. ltis clear that the relationship between
His X, Y, Z and the conserved His84, 119, and 132 can be
established by mutagenesis atl NMR.

Heme Electronic and Magnetic Properties. As suggested
by preliminary and partial data on rHO-PH-CN, complete heme
assignment of hHO-PH-CN confirms the presence of large
spin density at positiof32, 3, 6, and 7, which reflects an orbital
hole with the axial His oriented along thed-meso axi$? as
shown in Figure 7. The non-Curie behavior for the heme shifts
likely reflects thermal population of the excited orbital state as
is common to other low-spin ferric hemoprotehislt is noted,
however, that since dipolar shift contributions are necessarily
the same foo-meso-H as foy-meso-H (see eq 2 below), the
much larger upfield shift foo- than fory-meso-H dictates the
placement ofsignificant spin density at the-meso position
and confirms an electronic contributitt°to the activation of
the a-meso position for attack. It has been n@teah rHO-
hemin-CN that the protonation of some residue with g6

Last, while sequence-specific assignments were not attainableabolishes the unusual heme contact shift pattern and leads to

in the present study, recent chemical cross-linking of the vinyls
to the protein by CBrGlidentifiecP! two peptide fragments,
45—-67 and 205-220, linked to vinyls and hence provides
candidates for aromatic contacts with the pyrrole I/Il junction.

loss of enzyme activity. The noted strong pH sensitivity of
residue U and 6-propionate proton chemical shifts to pH
indicates a potential role for residue U as the titrating residue
that is linked to a propionate and suggests the nature of the

These fragments contain two Phe groups, 200 and 213, whichresidue U spin system as that of an Asp.

are candidates for Phe and/or PheA, PheD, and two Tyr
groups, 55 and 213, which are candidates for Aierand/or
Arom C.

Side-Chain Origin of the Distal Base. The present study
finds two residues with labile protons close enough to the iron
to modulate ligand reactivity in the distal pocket (His or Tyr),
residueW (labile proton2) and HisX (labile proton5). The
His X N(H is too far away to H-bond to the bound ligand but
may play some role in the stereoselectivity, if not the activation
of the Q. The large, low-field dipolar shift and strong
relaxation of protor2, however, dictate that residW (Tyr or
His) is in van der Waals contact with, and likely provides the

H-bond to, the bound ligand and must be the distal base with

pK ~7.6 in the HG-substrate comple3é The relatively minor
effecP?2 on HO activity of mutating threée318 of the four

conserved His groups and the role of the fourth conserved His25

as axial ligand?? together with the present demonstration that
labile proton2 is conserved in H132A-hHO-PH-CN, dictate that

the distal base is not a His but a Tyr. Tyr as a distal resdidue
that H-bonds to bound ligand has been found in trematode

globins33:53.54 Mutagenesis studies to identify the distal Tyr
are in progress.

Conversely, considering the demonstration that the conserved

His132 is one of two pseudosymmetric His groupysagd 2)
involved in a strong H-bond netwdtkrelevant to the dynamic

(50) Finzel, B. C.; Weber, P. C.; Hardman, K. D.; Salemme, FJ.R.
Mol. Biol. 1985 627—-643.

(51) Wilks, A.; Medzihradszky, K. F.; Ortiz de Montellano, P. R.
Biochemistry1998 37, 2889-2896.

(52) The relatively minor effect of His mutation on HO activity is to be
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The pattern of dipolar shifts, moreover, together with the
placement of the residues relative to the heme in Figure 7, allows
some qualitative conclusions to be made as to steric influences
on bound CN. Dipolar shifts are given by the relafiot¥
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whereAyax andAy., are the molar anisotropies of the diagonal
susceptibility tensor ané, r, andQ are the polar coordinates
of protons in the magnetic coordinate system. Thus, if the major
magnetic £) axis is normal to the heme (as shown by dashed
lines in Figure 7), residued, Q, and AlaSwould be close to
the nodal plane and experience minimal dipolar shift. However,
if the major magnetic axis islted strongly toward thex-meso
position on the distal sidéshown by dotted lines), residug
and Ala S would be expected to exhibit large upfield, while
residueQ would be expected to exhibit large, low-field dipolar
shifts, as is observed. The smaller, low-field, rather than high-
field, dipolar shift for the ring of clusted4A is consistent with
such a tilt, as are the opposite direction of the dipolar shifts for
residuesV and J. The tilt of the magnetic axes has been
correlated in cyanomet Mbs with the FEN tilt induced by
steric destabilization of the usual FEN orientation normal

to the heme3>® The direction of tilt would favor the ©
orientation directed toward tleemeso-H position. Steric tilting
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of bound ligands has been notédh the FeQ unit in rHO- cyano complex. The same tyrosine may hydrogen bond to the
heme-Q and is consistent with the recently repoffestrong ferrous dioxygen complex and thus may have a catalytic role.
destabilization of bound CO over boung @ rHO-heme, as
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In summary, the NMR results described here place several
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