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ABSTRACT: Mammalian heme oxygenase (HO) possesses catalytically implicated distal ordered water
molecules within an extended H-bond network, with one of the ordered water molecules (#1) providing a
bridge between the iron-coordinated ligand and the catalytically critical Asp140, that, in turn, serves as an
acceptor for the Tyr58 OH H-bond. The degree of H-bonding by the ligated water molecule and the coupling
of this water molecule to the H-bond network are of current interest and are herein investigated by "H NMR.
Two-dimensional NMR allowed sufficient assignments to provide both the H-bond strength and hyperfine
shifts, the latter of which were used to quantify the magnetic anisotropy in both the ferric high-spin aquo and
low-spin hydroxo complexes. The anisotropy in the aquo complex indicates that the H-bond donation to
water #1 is marginally stronger than in a bacterial HO, while the anisotropy for the hydroxo complex reveals a
conventional (d,., d},z)1 ground state indicative of only moderate to weak H-bond acceptance by the ligated
hydroxide. Mapping out the changes of the H-bond strengths in the network during the ligated water —
hydroxide conversion by correcting for the effects of magnetic anisotropy reveals a very substantial change in
H-bond strength for Tyr58 OH and lesser effects on nearby H-bonds. The effect of pH on the H-bonding
network in human HO is much larger and transmitted much further from the iron than in a pathogenic
bacterial HO. The implications for the HO mechanism of the H-bond of Tyr58 to Asp140 are discussed.
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Heme oxygenase (HO)' is a widely distributed enzyme (/) that
uses heme as a substrate and cofactor to cleave the heme via three
intermediates (2—6), as depicted in Figure 1. HOs occur in at least
two forms in humans, a constitutive isozyme, designated hHO-2,
and an inducible hHO-1. Both are membrane-bound, although
the majority of the structure and function studies of the more
extensively studied hHO-1 have been carried out on a soluble
recombinant construct from which the C-terminal membrane-
anchor helix has been deleted (7). In mammals, all three products
of the reaction are vital; biliverdin, upon reduction by biliverdin
reductase, serves as a potent antioxidant (8), the liberated iron
represents ~97% of the daily requirement of iron (9), and CO
serves as a neural messenger (/0). Shorter, soluble HOs occur in
plants and cyanobacteria where the biliverdin product is a
precursor to light harvesting pigments (//) and in some patho-
genic bacteria (3—6) where they are crucial for scavenging iron
from the host. The reaction exhibits two properties of particular
interest. It is highly regiospecific, cleaving a single meso-position,
and the active species that attacks the unique meso position
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appears to result from homolytic, rather than the more common
heterolytic, O—O bond cleavage of the Fe*™—OOH unit (5, 12— 15);
the latter reaction leads to the catalytically competent oxo—ferryl
species common to the cytochromes P450 and peroxidases but
inactive in HOs.

The factors that control stereoselectivity are reasonably well
understood; the distal helix makes tight contacts with the distal
heme face so as to block three of the four meso positions, and the
distal helix backbone sterically tilts/orients the exogenous ligand
(first O,, then Fe—OOH) toward the fourth, unblocked meso
position that is attacked (/6—20). Variable stereoselectivity has
been shown to arise from the detailed isomeric manner in which
the substrate is seated within the conserved active site (20—22).
The novel environmental influences in HOs that steer the
Fe’*—0OH unit toward homolytic, rather than heterolytic,
O—0 bond cleavage are less well understood. The former
mechanism appears to be favored by the distal ligand interacting
primarily with an ordered water molecule that is part of a series of
ordered water molecules (/6—20) within an extended H-bond
network. The chemical shifts for several labile protons in this
network exhibit strong low-field bias indicative of significant
H-bonding (23—27).

While the various HOs share only limited sequence homo-
logy (2, 4), they exhibit a unique, highly conserved fold consisting
primarily of a-helices (/16—20). There is less sequence and struc-
tural homology among the diverse HOs with respect to the distal
H-bond network within which the catalytically implicated orde-
red water molecules are organized, although each HO exhibits
(16—20) similarly ordered water molecules near the distal iron
ligation site. In mammalian HOs (16, 17), a key nonligated,
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(proto)-hemin a-meso-hydroxyhemin

FiGURE 1: Intermediates in the catabolism of protohemin by heme oxygenase.
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FIGURE 2: Schematic depiction of the active site of (A) hHO—DMDH—H-0 based on the crystal structure of h(HO—DMDH—H,O illustrating
the position of the key residues Tyr58 (orange), Thr135 (dark blue), Argl36 (magenta), Gly139 (black), and Asp140 (pink) and the position of the
ligated water molecule (gray) and two catalytically implicated nonligated water molecules #1 (green) and #2 (light blue) and (B) the expected
rearrangement of H-bonds upon the deprotonation of the ligated water molecule in the h(HO—DMDH—OH complex. Differences in the length of
arrows depicting H-bonds in (A) and (B) reflect expected differences in H-bond strength—direction.

ordered water molecule (water molecule #1) is H-bonded to the
Aspl140 carboxylate, which, in turn, is also acceptor to the OH of
Tyr58 and the N.H of Arg136, as depicted schematically in Figure 2.
Mutations that abolish the Asp140 carboxylate in mammalian
HOs lead to formation of the inactive oxo—ferryl species (28, 29),
suggesting that elimination of the H-bond acceptor to the ordered
water molecule #1 leads to stronger H-bond donation by water #1
to the Fe’™—OOH unit, thereby accelerating heterolytic O—O
bond cleavage. The HO from the pathogenic bacterium Coryne-
bacterium diphtheriae (CAHO) possesses (19) a distal H-bond
network with significant sequence and structural homology to
that in mammalian HOs. The homologous Asp136 — Ala muta-
tion in CdAHO, however, leads (30) to only a ~50% inactivation,
indicating that the conserved Asp carboxylate is not as crucial in
modulating the H-bonding properties of the noncoordinated
water molecule #1 in C4HO as it is in hHO.

As an approach to understanding the differences in the distal
H-bond networks among the various HOs, we have embarked on
'H NMR studies of the resting state, substrate-bound com-
plexes (26, 27, 31), which exist in an equilibrium between the high-
spin aquo and, upon simple deprotonation, the low-spin hydroxo
complexes, as depicted in Figure 2 for hHO. Since the reaction
consists of a simple proton abstraction, it represents an ideal
model for assessing the changes in the H-bond network upon
converting from an H-bond donor (H,O, Figure 2A) to an
H-bond acceptor (OH™, Figure 2B) ligand within a basically
isostructural protein matrix. Information on the H-bond proper-
ties of both the exogenous ligand and members of the H-bond
network is stored in the chemical shifts for these paramagnetic
complexes (32, 33). The paramagnetic contribution to the
chemical shifts of all the nuclei of nonligated residues in both
complexes arises solely from the anisotropy of the paramagnetic
susceptibility tensor, y, for which the resulting dipolar shift, dg;p,
in the pertinent case of axial symmetry, is given by (32, 33)

Oap = (12usN ) ™" [y (3 cos® ¢ = DRTIC( ,y) - (1)

where, 6, Q', and R are the proton coordinates in an iron-
centered coordinate system, X', ), Z/, derived from crystal

FIGURE 3: Structure of native protohemin (PH) with R = vinyl, P =
propionate, and M = methyl and the 2-fold symmetric synthetic
substrate, 2,4-dimethyldeuterohemin(DMDH) with R = methyl. The
orientation of the magnetic axes, x, y, z, relative to the crystal-based
reference coordinate system, X', J/, 2/, is also illustrated. The angle 8
represents a tilt of the major magnetic axis, z, from the DMDH
normal, Z/; o gives the direction of the tilt as given by the angle
between the projection of z on the X', )’ plane and the X’ axis; k ~ o +
y defines the position of the rhombic axis (k is not relevant in the
pertinent case of axial magnetic anisotropy).

coordinates, Ay, is the axial anisotropy of y, and ['(af,y) is
the Euler rotation matrix that transforms the reference coordi-
nate into the magnetic coordinate system, x, y, z, when y is
diagonal. The relative orientation of the two coordinate systems
is depicted in Figure 3.

The quantitation of Ay, and I'(a,B,y), and hence dgjp, is
crucial for extraction of two distinct types of key structural
information from the observed chemical shifts. On the one hand,
dip directly monitors the H-bond properties of the ligated water
molecule/hydroxide ion (26, 27, 31, 33). For high-spin ferrihe-
moproteins, Ay is large, negative, and highly axial (26, 31, 34—36)
and arises overwhelmingly from the zero-field splitting constant,
D, as given by (32)

Ay, = —21g*B’NAD(5K*T?) ™! (2)

The value of D reflects the axial field strength of the ligated water
molecule (37), which is modulated by its H-bond donor strength
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to the distal residues (or ordered water molecules). For the
predominantly low-spin hydroxide complex, the sign of Ay,
dictates (37) whether the lone spin is in a d (i.e., (d,., d),z)l)
orbital with positive Ay, or in the d,, orbital with characteristic
negative Ay, , where weak H-bonding to the ligand hydroxide
favors the former, while strong H-bond donation favors the latter
ground state (5, 38). On the other hand, the diamagnetic
contribution to dpgg(obs) for labile protons can reflect on the
H-bond strength. It has been demonstrated that as H-bond
length decreases, the strength of the H-bond increases, and this
increase results in a low-field bias of the chemical shift (39—41).
In a paramagnetic system, however, the observed chemical shifts,
Opss(obs), for labile protons must be corrected for the para-
magnetic contribution, dg;p, to yield the diamagnetic contribu-
tion related to H-bonding, dpss(dia*), via

Opss(diax) = dpgs(0bs) — daip (3)

In order to compare H-bond strength in two different paramag-
netic derivatives, the correction for dq;, must be made for each
derivative. The necessary quantitative determination of Ay,, and
[(af,y) in eq 1 is readily achieved if sufficient experimental
Odip(obs) values can be measured and a set of crystal coordinates
is available to obtain R, €', and Q' in eq 1. Previous studies of the
same complexes of NmHO have shown that while both the aquo
and hydroxo complexes are strongly paramagnetic (substrate
methyl T}s ~5 and 15 msec, respectively (27, 31)), broadening
many of the active site signals beyond detection, the necessary
assignments are attainable by appropriately tailored 'H 2D
NMR, and the resulting quantitated dg;, values allow the
determination of the anisotropy and orientation of y.

We report herein on the 'H NMR properties of the aquo and
hydroxo complexes of human HO#1, hHO, and the inactive
point mutant (28) D140A-hHO. Native protohemin (PH) (R =
vinyl in Figure 3) results in a static orientational heterogeneity
about the a,y-meso axis (23, 42) that leads to loss of resolution
and severely complicates resonance assignments under the dia-
magnetic envelope. Hence, we emphasize the synthetic, 2-fold
symmetric substrate, 2,4-dimethyldeuterohemin (DMDH) (R =
methyl in Figure 3) that yields a homogeneous structure essen-
tially indistinguishable from that for the PH complex (23, 42).

MATERIALS AND METHODS

Preparation of hHO. The 265-residue constructs of wild-
type human heme oxygenase 1, hHO, and the Aspl40 — Ala
mutant, D140A-hHO, were prepared as reported previously
(7, 28). 2,4-Dimethylprotoporphyrin IX (Figure 3 with R =
methyl) was purchased from Mid-Century Chemicals and the
iron inserted by standard procedures (43) to yield 2,4-dimethyl-
deuterohemin (DMDH). The 1:1 mol equiv of DMDH or PH
were titrated into an apo-hHO solution buffered at pH 6.7 with
50 mM phosphate. The substrate complexes were purified by
column chromatography on Sephadex G25 and concentrated in
an ultrafiltration cell to yield ~2.5 mM in WT, hHO—DMDH—
H,0, ~2.0 mM in WT hHO-PH—H,0, and 1.5 mM in D140A-
hHO—DMDH-H,0 at pH 6.7 in 50 mM phosphate. Samples in
'H,0 were converted to “H,0 by column chromatography. The
sample pH for reference spectra in the range of 6.7—10.3 was
altered by incrementally adding 0.1 M KOH solution to the aquo
complexes, 50 mM phosphate, at 30 °C. For long-term 2D NMR
spectra at alkaline pH, the hydroxo sample was buffered at pH =
10.3 with 50 mM bicarbonate.
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NMR Spectroscopy. "H NMR data were collected on
Bruker AVANCE 500 and 600 spectrometers operating at
500 and 600 MHz, respectively. Reference spectra at 500 MHz
were collected in 'H,0 and *H,O over the temperature range
10—35 °C at repetition rates of 1 s~' (14 ppm bandwidth) and
557" (200 ppm bandwidth). Chemical shifts are referenced to
2,2-dimethyl-2-silapentane-5-sulfonate (DSS) through the
water resonance calibrated at each temperature. Nonselective
Ts were estimated from the null point of a standard inver-
sion—recovery pulse sequence. The distance of a given pro-
ton, H;, from theiron, Ry, was estimated (26, 32, 33) from the
relation Ry, = R¥*ge[T1*/T) ]V, using the heme methyl for H*
(R*re = 6.1 A and T* = 5 ms) as reference. The 600 MHz
NOESY (44) spectra (mixing time, 40 ms) were collected over
14—20 ppm spectral width at repetition rates 1-3 s~ at 20,
30, and 35 °C. The 500 MHz Clean-TOCSY (45) (to sup-
press ROESY response) spectra (spin lock 15— 40 ms)
were recorded over a spectral width of 30 and 24 ppm with
recycle rates of 1-3 s~ ', using 512 7, blocks of 128 or 256
scans each consisting of 2048 ¢, points. Two-dimensional data
sets were processed using Bruker XWIN software on a Silicon
Graphics Indigo workstation and consisted of 30° or 45°
sine-squared-bell apodization in both dimensions and zero
filling to 2048 x 2048 data points prior to Fourier trans-
formation.

Magnetic Axes Determination. The anisotropy and orien-
tation of the magnetic axes were determined (26, 27, 33, 46) by
finding the magnetic anisotropy and Euler rotation angles,
I(a,pB,y), that rotate the crystal-structure based, iron-centered
reference coordinate system, x’, )/, 2, into the magnetic coordi-
nate system, x, y, z, where the paramagnetic susceptibility tensor,
¥, is diagonal. The angle 5 dictates the tilt of the major magnetic
axis, z, from the heme normal 2/, o reflects the direction of this tilt
and is defined as the angle between the projection of the z axis on
the heme plane and the x" axis (Figure 3), and « ~ o + v is the
angle between the projection of the x, y axes onto the heme plane
and locates the rhombic axes; in the present relevant case of axial
symmetry, « is irrelevant. The magnetic axes were determined
(26, 27, 33, 46) by a least-squares search for the minimum in the
error function, F/n:

F/n = Z |8aip (0bs) —dip (calc) (4)

i=1

where the calculated dipolar shift in the reference coordinate
system, X', V', Z, (R, &, Q'), is given by eq 1. The observed dipolar
shift for a nonlabile proton, d4ip(0bs), is given by

6djp (ObS) = (SDSS (ObS) _5])55 (dla) (5)

where dpgs(obs) and dpgg(dia) are the chemical shifts, in parts per
million, referenced to DSS, for the paramagnetic hHO—DMDH
complexes and an isostructural diamagnetic complex, respectively.
Since the assigned residues in the present 'H NMR study are
within a region of the hHO enzyme shown to be structurally highly
conserved in the substrate and diamagnetic apo-hHO com-
plexes (16, 47), even to the strength of H-bonds (23, 48), we obtain
Opss(dia), by adding the porphyrin ring current induced shift (49)
using the crystal coordinates (/6) of (HO—PH—H,O0, 0, to the
observed chemical shift of apo-hHO, to obtain

(SDSS(di'cl) = Opss (apo-hHO) + 6prc (6)
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FIGURE 4: Low-field-resolved portion of the 500 MHz 'H NMR
spectra as a function of pH for the hHHO—DMDH complexes at
(A) pH 6.7, (B) pH 8.3, and (C) pH 10.3 and for the D140A-hHO—
DMDH complexes at (D) pH 6.7 and (E) pH 10.3. All complexes are
in "H,O, 50 mM in phosphate, at 30 °C. The unassigned DMDH
methyl peaks are labeled CH; propionate C,H peaks are labeled with
H, and axial His25 CgH is labeled H*.

RESULTS

Effect of pH on Chemical Shifts. The low-field portions of
the 500 MHz 'H NMR spectrum of WT hHO—DMDH com-
plexes at pH values 6.7, 8.3, and 10.3 are illustrated in panels A,
B, and C of Figure 4, respectively. The high-spin hHO—DMDH—
H,O complex dominates at low pH (Figure 4A), and the
primarily low-spin hHO—DMDH—OH complex dominates at
alkaline pH (Figure 4C). The extreme low-field portion in
Figure 4A is typical of a high-spin complex (26, 31, 33), with
only one of the six DMDH methyl peaks resolved; also observed
are four low-field, single proton peaks labeled H that arise from
propionate C,Hs. The methyl and single proton peaks exhibit 7's
of ~4—5 ms, typical of other high-spin ferrihemoproteins (33).
A fifth resolved single proton peak near 20 ppm, labeled H*,
exhibits a shorter 7 (<3 ms) indicative of the axial His25
CgH. On the high-field side (not shown), we detect two very
strongly relaxed (77 < 5 ms) and severely broadened resonances
at ~—5and ~—7 ppm on a strongly sloping baseline, of which the
latter peak appears to exhibit more intensity than for a single
proton. At intermediate pH = 8.2 (Figure 4B) the intensity of the
low-field peaks clearly decreases, and two new strongly relaxed
and broadened signals appear at ~16 and ~22 ppm, which
dominate the spectrum at pH 10.3 (Figure 4C). The strongly
hyperfine shifted DMDH signals exhibit slow exchange (50) in
the acid—alkaline transition. The two resolved and strongly
relaxed (77 ~15 ms) signals labeled CHj in Figure 4C have
intensity 3 relative to other assigned single protons, exhibit the
same T as the assigned methyls in NmHO—PH—OH (27), and
hence can be attributed to two of the six DMDH methyls in the
low-spin hydroxide complex.

Some of the weakly to inconsequentially relaxed labile proton
peaks in the spectral window 10—17 ppm for both the DMDH
(not shown; see Supporting Information Figure S1) and PH
(not shown) complexes also exhibit significant chemical shift
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FiGure 5: The Henderson—Hasselbalch plot of dpgs(obs) versus pH
for low-field-assigned labile proton peaks in the hHHO—DMDH-
complex in 'H>0, 50 mM in phosphate, at 30 °C. The apparent pK
is ~8.5, indicated by vertical arrows. The assigned residues are Tyr58
O,H (closed square), His132 N,H (closed circle), Arg85 NH (open
circle), Alal65 NH (closed triangle), and Trp96 N .H (open triangles).

difference at pH 6.7 and 10.3. These signals do not change
intensity but rather change chemical shifts with pH consistent
with fast proton exchange on the NMR time scale (50). A plot of
the chemical shift versus pH for the resolved low-field labile
proton signals of wild-type hHHO—DMDH complexes is repro-
duced in Figure 5, for which the inflection point is near pH ~8.5.
It is noted that the signal for Tyr58 O,H actually broadens, as
well as changes shift, as pH is raised, disappears near pH ~8, but
reappears at pH ~9 near 15.5 ppm and further narrows at pH
10.3. A similar plot for the WT hHO—PH complex reveals an
inflection point near pH ~8.0 (not shown).

The mutant complex exhibits resolved and relaxed DMDH
resonances at low pH (Figure 4D) and at high pH (Figure 4E)
similar to those of the same WT complex in panels A and C of
Figure 4, respectively, except that the mutant resonances are a
factor ~2—5 broader than in the WT complexes, in spite of
unchanged T'js. The much larger line widths at both pH extremes
in the mutant are also observed for the inconsequentially relaxed,
resolved labile proton signals in the 15—10 ppm spectral window
(not shown; see Supporting Information Figure S1). At inter-
mediate pH values, the low-field methyl peaks in Figure 4D lose
intensity, and the labile protons in the 15—10 ppm window
change chemical shifts in the same manner as for the WT complex
described above. An apparent inflection point for the lowest field
labile proton resonance occurs near pH ~8.5 (not shown).

Assignment Protocols. We target two classes of residues in
this study: those that possess labile protons that are significantly
low-field shifted by H-bonding (i.e., shifted to low field of 9 ppm)
and those that exhibit significant Ogp. The former involves
residues with Rg. >10 A and are assigned sequence-specifically
via standard backbone N,—N,, |, &,— N1, fi— N1, ... connec-
tions (5/) and TOCSY characterization of side chains, as
reported in detail previously (23, 48) for both hHO—DMDH-
CN and apo-hHO. For the latter residues, a more indirect, albeit
equally effective, route to assignments is necessary. Strong
paramagnetic relaxation precludes assignment of residues in
the active site unless their signals are well resolved outside the
intense diamagnetic envelope (26, 27). However, since Ogi, de-
pends more weakly on Rpe («<Rpe °) than relaxation (o< R ®).
the residues in the shell Rg. ~10—15 A (T} > ~80 ms) are
expected to be readily assignable and still exhibit sufficiently large
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FIGURE 6: Schematic depiction of the interresidue contacts predicted
by the crystal structure of h(HO—PH—H,0 and observed herein by
NMR in hHO—DMDH-H,0 and, in part, in hHHO—DMDH—-OH.
The NMR established connectivities rely on NOESY connection
over a range of temperatures among characteristic TOCSY -detected
spin systems for residues with variable magnitude dipolar shift.
Circles and squares reflect aromatic and aliphatic residues, and the
colors reflect the observed (and subsequently correctly predicted)
magnitude of the largest dipolar shifts for the residues; |d4;p,| = 1.0 (pink),
0.5 ppm < [dgip| < 1.0 ppm (blue), and 0.2 < [dgip | < 0.5 ppm;
residues with the |d4ip| < 0.2 ppm are shown in gray. Residues with
labile protons involved in relatively strong H-bonds are marked by
an asterisk, and residues whose assignment can be established
sequence-specifically are shown in bold.

ddip to quantitate the magnetic axes. We note that in this study we
have no need to establish molecular structural details; these are
provided directly by the hHO—DMDH—-H,O crystal struc-
ture (/6). Rather, our interests focus entirely on the electronic
structure and magnetic properties of the chromophore, and hence
the crystallographic data are freely utilized to make the necessary
assignments of the dipolar-shifted residues required to quantitate
the magnetic axes. Hence, we emphasize dipolar contacts among
TOCSY-detected spin systems that are predicted by the crystal
structure. Variable temperature serves as an effective “third
dimension” that guarantees the uniqueness of both scalar and
dipolar contacts.

Of particular interest in this study are the dipolar-shifted
aromatic rings and some of their key aliphatic contacts with
upfield, resolved methyls of aliphatic side chains in a remarkably
extensive aromatic cluster (/6, 47) with the predicted (and
observed; see below) contacts schematically depicted in Figure
6. The residues are color shaded to reflect the relative magnitude
of expected dg;p. Aromatic rings are much more readily assigned
than aliphatic side chains because of the much less crowded
aromatic (particularly in *H,0) than aliphatic spectral window.
The rings and aliphatic residue termini are readily characterized
in TOCSY spectra in WT complexes (not shown; seeSupporting
Information Figures S2, S3, and S4) and exhibit ring labile
proton, ring-aliphatic, and interaromatic ring NOESY contacts
of which key portions are depicted in Figures 7, 8, and 10 (and
Supporting Information Figures S5 and S6).

Helical Assignments in WT hHO—DMDH—H>0. Se-
quential backbone assignments, as were found to be the case in
the low-spin cyanide complex (23) and diamagnetic apo-
hHO (24), are restricted to helical fragments where at least one
of the member peptide NHs is resolved due to a sizable low-field
bias from H-bonding (His84-Lys86 and Leul64-Phel67) or
where peptide exchange is so slow so as to allow detection of
N;—N,,| connections in H,0 (Ile57-Ala60 and Leu93-Trp96).
These four fragments are similarly assigned here for
hHO—-DMDH-H,0. The key contacts for Leul64-Phel67 are
shown in Figure 7A,B. For this fragment, only the C,H of
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FIGURE 7: Portions of the 600 MHz 'H NMR NOESY spectrum
(spectral width 38 ppm, repetition rate 2 s~ !, mixing time 40 ms) of
hHO—DMDH—-H,0 in 'H,0, 50 mM in phosphate, at pH 6.7 and
30 °C illustrating key contacts to labile protons involved in strong
H-bonds. The sequential N,—N;, | connections for Leul64-Phel67
(A, B, C) and Leu93-Ala94 (D) are shown by arrows. The key 1le57
C,H contact to the NH of Tyr58 and the ring of Tyr114 is shown in
(D); the expected Tyr58 to Tyr137 contact is found in (E). The key
Arg85 NH to Tyrl137 ring (C) and the identification of the O,Hs
signals for Tyr114 and Tyr137 are shown in (B).

Leul64 and both C;H and CzH of Alal65 are identified by
TOCSY. The ring CsHs of both Phe166 and Phe167 are expected
to exhibit strong NOESY cross-peaks to their respective peptide
NHs. Such a cross-peak is observed in Figure 7E for Phel67, but
the same cross-peak for Phe166 could not be detected. The failure
to detect the Phe166 NH to CsH NOESY cross-peak is attributed
to the CsH resonating under the residual solvent signal; the
predicted dg;p, for this proton (see below) is consistent with this
conclusion.

Aromatic Cluster in WT hHO—DMDH—H>0. TOCSY
spectra reveal (not shown; see Supporting Information Figures
S2 and S3) the rings of seven Phe (47, 79, 95, 166, 167, 169, 178),
five Tyr (58, 107, 114, 137, 182), and two Trp (96, 101) and the
termini of three Leu (83, 93, and 141), two Ile (57, 172), two Val
(59, 77), and four Ala (60, 94, 110, 165) which exhibit sufficient
upfield ring currents and/or dg;p, to provide excellent spectral
resolution on the high-field side of the aliphatic envelope.
Inspection of the aromatic cluster depicted in Figure 6 reveals
that the above sequence-specific assignments provide the follow-
ing key entry points into the aromatic cluster, Ile57, Tyr 58,
Arg85, Leul64, Alal65, and Phel67; these residues are shown in
bold in Figure 6. NOESY spectra in "H,O identify the inter-ring
contacts of Trp96 to both Phe47 and Phel95 (Figure 7B) and
Tyr137 ring contact to Arg85 NH (Figure 7C). The NOESY
connections (Figure 7E) between a TOCSY-detected (not shown;
see Supporting Information Figure S4) aromatic ring and the
peptide NH for residue 58 (Figure 7D) identify the Tyr58 ring.
The NOESY contact of the Tyr58 ring C.H to the strongly low-
field-shifted, broad, but only very weakly relaxed labile proton at
12.8 ppm (Figure 7C) locates the key Tyr58 O, H.
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FIGURE 8: Portions of the 600 MHz 'H NMR NOESY spectrum
(spectral width 22 ppm, repetition rate 1.5 s~ !, mixing time 40 ms) of
hHO—DMDH-H,0 in *H,0, 50 mM in phosphate, at pH 6.7 and
35 °C illustrating key interaromatic contacts (A, B, C) and aroma-
tic—aliphatic (D, E) contacts. (A) Phe47-Phel67, Phe95-Trp96,
Tyr58-Tyr137, Phe79-Phel78, and Phel78-Tyr182, (B) Tyrl37-
Phel69, (shown by box where cross-peak is observed in lower
contours), (C) Phel66-Tyr58 and Phel66-Phel67, and aroma-
tic—aliphatic contacts (D) Phe169-Leu83; (E) Leul64 C,H-Phel67,
1le57-Tyr114, and Leu83, Leul41, and Ile172 contacts to the rings of
both Phel69 and Phel78.

The remaining contacts in Figure 6 are optimally detected in
“H,0 solution. The key interactions among the strongly dipolar
shifted aromatic rings of Phe47, Tyr58, Tyr177, Phel66, Phel67,
and Phel69 are illustrated in Figure 8A—C. Two characteristi-
cally strong interresidue ring—CyH contacts involving Tyr169/
Leu83 and Phel67/Leul64 are shown in panels D and E of
Figure 8, respectively. For residues with sufficiently large d4;, to
use in determining the magnetic axes (shaded in pink, green, or
blue in Figure 6), at least two independent sequences of contacts
with different residues, over a range of temperature, are observed
to confirm their assignments. The contacts involving the more
weakly shifted rings of Phe79/Tyr182/Phel78 are included in
Figure 8A. The key links of the Phe169 and Phel 78 rings to the
side chains of Leu83, Leul41, and Ile172 are shown in Figure 8E.
The Tyr134 C,H is readily detected by the predicted very strong
NOESY cross-peak to the ring of Tyrl82, and the C,H also
exhibits the expected NOESY cross-peak to the Tyr134 CsH
(not shown). The expected interactions among the aliphatic
termini are similarly observed in NOESY spectra (not shown;
see Supporting Information Figure S5). The detected interresidue
cross-peaks for the assigned residues in the aromatic cluster
completely conform to those predicted by the crystal struc-
ture (16, 47) as shown in Figure 6. Lastly, the strongly low field
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Table 1: Chemical Shift Data for Assigned Strongly Dipolar Shifted
Residues for the Aquo and Hydroxo Complexes of Human Heme Oxyge-
nase with 2,4-Dimethyldeuteroheme

hHO-DMDH-X

Opss Opss (Obs),b Opss (0bs),*
residue proton (dia)” X = H,0 X =OH"™
Phed7 CsHs 6.16 6.06 6.04

C.Hs 7.05 6.89 7.13
C:H 7.09 6.80 7.24
Tyr58 CoH 7.13 7.15 7.53
C.H 6.36 6.01 6.60
Leu83 C.H 4.43 4.08 4.52
C,H 1.10 0.97 1.20
Cs1H; 0.72 0.55 0.74
CsoHs 0.18 —0.16 0.30
Tyrll4 CoHs 6.98 7.32 6.96
C.Hs 6.641 7.13 6.66
Tyrl34 CoHs 7.47 8.40
C.Hs 7.29 8.52
Tyrl37 CoHs 7.30 7.12 7.52
C.Hs 6.93 6.79 7.03
Phel66 CoHs 5.45 47+0.2 5.35
C.Hs 6.19 4.89 5.92
CH 7.00 5.71 7.15
Phel67 CsHs 7.07 5.97 7.26
C.Hs 7.31 6.13 7.47
C:H 7.01 6.1£0.2 7.17
Phel69 C.H 3.81 3.20
CpH 2.55 2.06
CpH 2.37 2.02
CsHs 6.95 6.32 7.11
C.Hs 6.58 5.55
C:H 6.6+0.1 5.17
Ile172 C.H 3.78 3.67
CsH 1.44 1.18 1.50
C, H —=0.12 —0.32 0.00
C,,H 0.93 0.70 0.97
C,H; 0.28 0.15 0.39
CoH3 —0.47 —0.68 —-0.28
Tyr182 CoHs 6.69 6.95 6.71
C.Hs 6.95 7.22 7.02

“Chemical shift in ppm at 30 °C in 'H,0O, 100 mM in phosphate, pH 7.4,
referenced to DSS through the water signal, obtained via eq 5. *Chemical
shift in ppm at 30 °C in "H,0, 50 mM in phosphate, pH 6.7, referenced to
DSS through the water signal. ‘Chemical shift in ppm at 30 °C in 'H,O,
50 mM in carbonate, pH 10.3, referenced to DSS through the water signal.

shifted ring labile protons of Tyr114 and Tyr137 (Figure 7B) to
the respective rings are readily detected in H,O. The chemical
shifts for key residues in the aromatic cluster with significant dg;,
are listed in Table 1; the remaining data are provided in
Supporting Information (Table S1).

Magnetic Axes for WT hHO—DMDH—H,0. The rela-
tively small d i, for assigned residues with Ry > 10 A requires the
use of dpgg(dia) for an actual isostructural diamagnetic complex,
rather than the more approximate calculated chemical shifts (52)
based on the crystal structure. Fortunately, the aromatic cluster
of hHO resides in a portion of the molecular structure that
exhibits completely conserved structure in diamagnetic apo-
hHO (47, 48) and any substrate complex (16, 23), right down
to conserved H-bond strength for a labile proton within the
cluster (NH to Arg85, Alal10, Alal65, and Phel66 and OHs of
Tyr114 and Tyr137). Since the Tyr58 OH chemical shift exhibits
strongly variable low-field bias, and hence variable H-bonding, in
apo-HO and its various ligated substrate complexes (23, 48), this
residue and its closest contacts, Ile57 and Phel66, were excluded
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FIGURE 9: Plot of dgip(obs) (obtained via eq 5) versus dgip(calc)
(obtained via eq 1) for the optimized magnetic axes/magnetic anisot-
ropy obtained for h(HO—DMDH—H,O at pH 6.7 and 30 °C by a
three-parameter search for Ay,y, o (tilt direction), and f (tilt from
heme normal), with Ay, = —2.56 x 10"¥m*/mol, o = 183°, and f =
3°, where the axial anisotropy lines up with the Fe—N, (His25) vector.
The closed circles represent the input data, and open circles represent
noninput data (i.e., Tyr58).

asinput to the magnetic axes determination. The dpgg(dia) values
obtained via eq 6 are given in Table 1 (and Supporting Informa-
tion Table S1). Assuming an axial y oriented normal to the heme
(B = 0), a one parameter (Ay,,) search yielded Ay,x = —2.55 +
0.06 x 10~ m*/mol and a reasonably low residual error function,
FJn = 0.47 ppm®. Extension to a three-parameter (ct, , Ayax)
search that allows for variable orientation of the axial y tensor
relative to the heme plane leads to oo = 183 +30°, f =3 £ 1°, and
Ayax = —2.56 £+ 0.05 x 10~ m*/mol and (via eq 2) D = 9.6 +
0.2 cm™", a significantly reduced residual error function, F/n =
0.29 ppm?, and an excellent correlation between Odip(obs) and
Ogip(calc) as depicted in Figure 9; Ay, appears to be oriented
along the His25 Ns—Fe bond. The dg;p(calc) for all assigned
residues, as well as for strongly relaxed proximal and distal helical
residues with potentially sufficiently large dg;, to yield resolved
signals, are listed in Supporting Information.

Assignments in WT hHO—DMDH—OH. The sequential
N;—N;,; connections for Ile57-Ala60, His84-Lys86, Leu93-
Trp96, and Leul64-Phel67 could be observed even at pH 10.3,
with chemical shift similar to those for hHO—DMDH—H,0. Key
NOESY contacts are depicted in Figure 10, while TOCSY data
and additional NOESY data are provided in Supporting Informa-
tion Figures S4 and S6. A NOESY contact of an aromatic ring to
the backbone of the peptide NH for residue 58 locates the Tyr58
ring (not shown; see Supporting Information Figure S6). The ring
C.H, moreover, exhibits a NOESY cross-peak to the extreme
low-field, broad, labile proton signal, as shown in Figure 10C,
and confirms the important Tyr58 O,H assignment inferred
from the pH titration in Figure 5. The Arg85-Lys86 backbones
are identified by their characteristic contacts and the significant
low-field bias of the former NH and the expected Arg85 NH
contact to the rings of both Tyr58 and Tyrl137 (Figure 10D).
Similarly, the three-spin ring contact to the sequence-specifically
assigned NHs of Phel66 and Phel67 provides the ring assign-
ments.

Tyr58, Phe95, Phel66, and Phel67 provide key entry points to
the aromatic cluster in Figure 6. TOCSY spectra (not shown; see
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FIGURE 10: Portion of the 600 MHz '"H NMR NOESY spectrum
(spectral width 20 ppm, repetition rate 1.5s~", mixing time 40 ms) for
hHO—DMDH—OH in 'H,0, 50 mM in bicarbonate, at 30 °C, pH
10.3, illustrating key interresidue contacts for labile protons involved
in relatively strong H-bonds (A, B, C), interaromatic ring contacts
(A, E), and aliphatic—aromatic contacts (F) where the aromatic
cluster is depicted in Figure 6. Noteworthy is the broad cross-peak
between a broad extreme low-field labile proton peak with the Tyr
ring C.H that identifies the Tyr58 O, H. Further relevant spectra are
provided in Supporting Information Figure S6.

Supporting Information Figure S4) locate additional aromatic
rings and the termini of two Iles and one Leu that exhibit
(Figure 10) among themselves the contacts predicted for the
aromatic cluster as depicted in Figure 6. This locates all of the key
residues in Figure 6 except for Tyr134 and Leul4l. A TOCSY
peak for the Phel69 ring could not be observed, but the predicted
strong NOESY contact of the Ile172 CsHj; to an aromatic proton
at 7.1 ppm (Figure 10F) identifies the Phe169 CsH; the C.H shift
must be too close (£0.2 ppm) to resolve from the diagonal.
Contacts of low-field-shifted labile protons to the Tyr114 and
Tyr137 C.Hs (Figure 10B) locate their O, Hs. The chemical shifts
for key residues in the aromatic cluster are listed in Table 1; other
data are provided in Supporting Information (Table S1).
Magnetic Axes of WT hHO—DMDH—OH. Inspection
of the data in Table 1 reveals that the diamagnetic dpgs(dia) for
residues with significant d;, generally lies between the dpgg(obs)
for the h(HO—DMDH—-H,0 and hHO—DMDH—OH complex
or that dgi, is necessarily of opposite sign in the two complexes
and of much smaller magnitude in the latter complex. Depending
on the selection of input dg;, three- parameter searches lead to
Ayax variable over the range (0.4—0.8) x 10% m /mol and with
small to moderate tilts () <15° of the major axis; it is noted that
Ay.x 18 always positive. A reasonable set of input data yields
Afax = (0.7 £ 0.1) x 107* m*/mol, g = 15 + 4°, and o =
240 = 30°. The generally poorer fit of dgi,(0bs) vs dgip(calc) for the
hydroxo (not shown; see Supporting Information Figure S7) than
the aquo complex (Figure 9) is likely due to the different pHs of
the d4ip(dia) and dgip(obs) for the hydroxo complex and its much
smaller anisotropy that results in larger uncertainties in Ogp.
Nevertheless, the important conclusion is that Ay, is positive, as
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in low-spin hHO—DMDH—-CN, but considerably smaller and
Odip < 0.1 ppm for all labile protons of interest except the Tyr58
OH, where it is ~0.4 ppm.

Resonance Assignments in D140A-hHO—DMDH Com-
plexes. The greater line widths for all resonances for the D140A-
hHO than the WT complexes at both pH extremes (Figure 4D,E
and Supporting Information Figure S1) preclude detection of any
useful TOCSY cross-peaks and allowed only very limited differ-
entiation of intra- from inter-ring NOESY contacts (data not
shown). Only the labile proton peaks resolved on the low-field
side of the diamagnetic envelope could be assigned, based solely
on the similarity of their NOESY cross-peak pattern to those
observed for the WT complexes. This provided assignments for
several peptide H-bonds (Arg85, Alal10, Alal65, Phel66) and
two side chain N,s (Trp96, His132) in both the aquo and hydroxo
complexes. These data are given in Supporting Information
(Table S1). In particular, we were unable to locate any dipolar-
shifted aromatic rings that would allow an estimate of the
magnetic anisotropies of either complex, and could find no
evidence for a low-field labile proton that could arise from the
Tyr58 OH in either complex.

DISCUSSION

Acid < Alkaline Transition. The pK for h(HO—PH—H,0
has been reported as ~8.0 (53). The inflection in the plot of
chemical shift vs pH for the low-field signals for the h(HO—PH
complexes occurs at pH ~8.0 (data not shown), confirming the
correlation between the optically detected (53) and the presently
'"H NMR-detected acid <> alkaline transition. The chemical shift
changes with pH for the WT DMDH complex (Figure 5)
correlate with the intensity loss of the high-spin aquo complex
peaks and exhibit inflection points at pH ~8.5. The ~0.5 unit
elevation of the pK with DMDH over that with PH is consis-
tent with the stronger basicity of the former substrate; a similar
~0.5 unit elevation of the pK upon replacing vinyl by alkyl
groups has been observed with globins (54).

The rate of the acid—alkaline interconversion for WT hHO
complexes is much faster than that reported for the NmHO—
PH—H,0/OH complexes (27). The slow exchange limit for
DMDH methyls in hHO—DMDH—-H,0 dictate (50) (chemical
shift difference ~60 ppm at 500 MHz) that the exchange lifetime
7 > ~10 us, while the fast exchange limit for the Tyr58 OH peak
(chemical shift difference 2.58 ppm at 600 MHz) dictates that 7 <
100 us. An estimate of the excess line width for the DMDH
methyl composite peak at 66 ppm at the pK yields 7 ~ 40 us. For
the NmHO—PH—H,O/OH complexes all signals were in the
slow-exchange limit, and the degree of saturation transfer (27, 50)
near the pK indicates 7 ~ 50 msin NmHO, some ~10* longer than
in hHO. The more rapid proton transfer in hHO than NmHO
may arise from the larger water-filled cavities in the former
(16, 18) which would make the exogenous ligand more suscep-
tible to OH™ attack. Preliminary results’ indicate that the
acid—alkaline transition for CdHO—DMDH complexes (/9)
occurs at a rate comparable to that in hHO, with the substrate
methyls in slow exchange and all amino acid signals in fast
exchange.

Electronic/ Magnetic Properties of WT hHO—DM D H—
H,0. The low-field, resolved portion of the '"H NMR spectrum
of hHO—DMDH—H,0 resembles that of a typical six-coordinate

2See www.bmrb.wisc.edu.

Peng et al.

high-spin ferrihemoprotein (33), with substrate methyl 7's ~4—
5 ms. The pattern of the substrate methyl shifts has been
proposed to reflect the orientation of the axial His imidazole (59).
However, the centrosymmetric DMDH yields five essentially
degenerate methyl peaks. Hence the axial His orientation is not
reflected in the methyl contact shift pattern. While the methyl T's
of 4—5 ms for h(HO—DMDH—H,O0 are the same (26) as those in
NmHO—PH—H,0, the line widths in the former complex are
significantly greater than for the latter complex, in part because
hHO is 25% larger (265 aa) than NmHO (210 aa), which results
in both the normal increase in line width expected with size and
an increase in the Curie relaxation (32, 33). This increased line
width made it much more difficult to detect strongly relaxed
peaks resolved from the intense diamagnetic envelope. The value
of D for the hHO—DMDH—H,0 complex (9.6 cm ") is slightly
smaller than the value reported for the NmHO—DMDH—-H,0
complex (3/) (9.8 cm™ '), but not outside experimental uncer-
tainty.

Only two signals can be detected outside the 10 to —4 ppm
spectral window that do not arise from the heme. They resonate
upfield and are very broad and strongly relaxed and are detected
on a very strongly sloping baseline, with an apparent single
proton peak at ~—5 ppm and a strongly relaxed composite/
methyl signal near ~—8 ppm. Inspection of predicted dgip
(not shown; see Supporting Information Table S1) reveals that
the following signals could be expected to appear upfield
of ~—2.0 ppm: His25 C,H (—6.6 ppm, T} <4 ms), Glu29
C,H (=4 ppm, T} <2 ms), Aspl40 C,H (=7 ppm, 7} ~5 ms),
Glyl43 NH (=15 ppm, T} <1 ms), Gly143 C,;H (—17 ppm, T}
<1 ms), and Leul47 Cs;H; (=7 ppm, T7 ~4 ms). The His25,
Glu29, and both Gly143 signals would be much too broad to
detect on the sloping baseline; the Aspl40 C,H and Leul47
Cs1H; shift/relaxation properties are consistent with the broad
single proton peak at —5 and the more intense peak centered
at —7.

The value for Ay, could not be determined for DI140A-
hHO—-DMDH-H,0. However, the similarity in chemical shifts
to the WT complex (Supporting Information Table S1) for those
residues which could be assigned in the mutant suggests a similar
Ay ax-

Electronic/ Magnetic Properties of WT hHO—DMDH—
OH. The low-field DMDH methyls near 20 ppm with 77 ~15ms
are similar to those in other low-spin hydroxy ferrihemopro-
teins, (33) in particular to those for NmHO—PH—OH (27). The
uncertainty in the determined Ay, is much larger (fractionally)
than for h(HO—DMDH-H,O0. This results from much smaller
Ogip(obs) (by a factor ~4 smaller) than in the aquo complex.
However, as evidenced most clearly by the residues with the
largest 04, in hHO—DMDH—-H,0, the Ay, for hHO—
DMDH-OH is clearly positive, as found (23) for hHO—
DMDH-CN, but numerically much smaller than in either the
high-spin aquo or low-spin cyano complexes. The alternate S =
'/, orbital ground states, d, (d,., d,.)" and d,, (d,,)", exhibit (37)
characteristically opposite signs for the Ay,y, with the former
Ay.x >0 and the latter necessarily with Ay, <0. The presently
estimated Ay, = (0.7 + 0.1) x 10% m*/mol is clearly positive,
dictating a conventional d, ground state. The same conclusion
based on the same type of data has been reached (27) for
NmHO—PH—OH. The d,, rather than d,,, ground state is
further supported by the substrate methyl hyperfine shift pat-
terns. The hHO—DMDH—OH methyl shift pattern exhibits
significant asymmetry with two signals strongly low-field shifted
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and the other four methyls with much smaller contact shifts left
unresolved under the diamagnetic envelope, just as observed (23)
for hHHO—DMDH—-CN . The d,, ground state does not lead to
significant hyperfine shifts for substrate methyls (37) and has no
basis for inducing asymmetry among such shifts.

The value for Ay,, could not be determined for D140A-
hHO—DMDH—-OH. However, the similarity in chemical shifts
to the WT complex for those residues which could be assigned
(Supporting Information Table S1) suggests a similar Ay,y, and
hence a d,, ground state, for the mutant hydroxo complex.

H-Bonding Properties of the Exogenous Ligand. The
value of D = 9.6 cm ™! for WT hHO—DMDH—H,0 is numeri-
cally smaller (although within experimental uncertainty) than for
NmHO-DMDH—-H,0 (37) (D = 9.8 cm™ "), indicating that the
axial field strength may be somewhat stronger in the hHO than
NmHO complex, inasmuch as D depends inversely on axial field
strength (31, 56). Since the axial field strength of ligated water
increases with increased H-bond donation by the ligated water to
a distal residue (or ordered water molecule), the present data
suggest that H-bonding by the ligated water to the nonligated
water #1 (see Figure 2) is slightly stronger in hHO than NmHO.
However, the distal H-bond networks for these two HOs differ
substantially (/6, 18) in terms of the number of distal residues
interacting with the ordered water molecules. A much more
informative comparison would be between hHO and the CdHO
complexes (19, 24) for which both the distal H-bonding network
and the aromatic cluster are very similar (vide infra).

The ligated hydroxide is generally a strong-field ligand and is
expected to serve as an H-bond acceptor to the nonligated water
molecule #1 (Figure 2B). For weak to moderate H-bond dona-
tion to the ligated OH ™, the d.,, S = '/, ground state is expected
and is indeed observed for hydroxo complexes (33, 37). In the
case of very strong distal H-bonding to the ligated hydroxide, the
axial field strength could be sufficiently weakened so as to
stabilize the d,, S = 1/2 ground state (37, 3§). Such H-bonding,
and ad,, S = '/, ground state, has been proposed (5, 38) for
PaHO—PH—OH". Our findings of Ay, > 0 for both the present
hHO and the previously reported (27) NmHO hydroxo com-
plexes argue against such strong H-bonding to the ligated
hydroxide in either the hHO or NmHO complex.

Effect of Ligand Deprotonation on the H-Bond Network.
Assigned labile protons that exhibit either a significant difference
(> 0.2 ppm) in Opss(obs) between the aquo and hydroxo complex
or exhibit significant low-field shifts due to H-bonding (dpgs(obs)
to the low field of 9 ppm) are listed in Table 2. Using the Ay, and
a5 values determined above for the WT complexes, dpgss(dia*)
for each complex was obtained using eqs 5 and 3, and the results
are listed in Table 2. For hHO—DMDH—OH, dy;p(calc) for all
labile protons of interest (except Tyr58 OH) is <0.1| ppm, such
that the uncertainties in dpgg(dia*) are <[0.1) ppm. For Tyr38
OH, dgip(calc) is 0.4 ppm, and the range of parameters indicate
that uncertainty of £0.2 ppm. In the case of hHO—DMDH—
H,0, the magnetic axes are considerably better defined than for
the hydroxide compound, and the range of parameters indicate
uncertainties of 10% in dgy(calc), which translates into uncer-
tainties £0.1 ppm for all assigned labile protons except Tyr58
OH, where the uncertainty is 0.2 ppm. Hence, only differences
in dpgs(dia*) >0.2 ppm for labile protons of interest (except
Tyr58 OH with differences >0.4 ppm) can be considered
significant. Inspection of Table 2 reveals that, upon correction
for differences in dg;p, the differences in dpgg(dia*) between the
two complexes for the majority of assigned protons decrease
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Table 2: Chemical Shift Comparison for Labile Protons in
hHO-DMDH—-H,0 and hHHO-DMDH—-OH

hHO-DMDH—-H,0 hHO—DMDH—-OH

proton Opss(0bs)”  Opss(dia*)”  Opss(obs)’  Opss(dia*)”
peptide NH
Tyr58 8.72 8.80 8.94 8.85
Leu93 8.83 8.98 9.03 8.98
Phe95 7.25 7.36 7.40 7.37
Arg85 12.25 12.49 12.83 12.78
Alall0 10.62 10.50 10.48 10.48
Leul6d 7.05 7.29 7.25 7.20
Alal65 11.62 11.90 11.78 11.71
Phel66 10.80 11.23 11.23 11.30
Phel67 6.47 7.10 6.97 6.88
side chains
Tyr58 O, H 12.65 13.52 15.50 15.13
Trp96 N.H 11.43 11.63 11.49 11.44
Tyrl14 O,H 11.32 10.72 10.38 10.40
Argll17 N.H 9.22 9.11
Tyr137 O,H 10.53 10.66 10.37 10.28
His132 N,H 15.04 14.79 14.67 14.75
Tyrl82 O,H 8.77 8.52 8.50 8.51

“Observed chemical shift, in ppm, referenced to DSS via the solvent
signal for hHO—DMDH—-H,O0 in 'H,0, 50 mM in phosphate, pH 6.7 at
30 °C. "The diamagnetic contribution to the chemical shift that reflects
H-bond strength, given by eqs 1 and 3. ‘Observed chemical shift, in ppm,
referenced to DSS via the solvent signal for tHO—DMDH—OH in 'H,0,
50 mM in carbonate, pH 10.3 at 30 °C.

to <0.2 ppm. Hence, the strength of the majority of H-bonds is
conserved during the acid—alkaline transition.

The distal cavity molecular structure of hHO is strongly
conserved upon the loss of substrate (16, 23, 47, 48). Important
contributions to the structural integrity are sets of H-bonds
between two different secondary structural elements (23, 48).
Peptide NHs and side chain OHs generally participate in
relatively weak H-bonds with AG ~ 2—7 kcal/mol (39, 40).
Strong H-bonds with AG ~ 10—25 kcal/mol, called low-barrier
H-bonds (with chemical shifts in the range 17—22 ppm), have
been characterized for His ring NHs and side chain OHs that
participate in the catalytic mechanism of enzymes (40, 41, 57).
None of the peptide NHs or side chain OHs in hHO complexes
(or other HO complexes) belong to this latter class and are
considered “weak” H-bonds. However, many residues in hHO
exhibit a low-field bias relative to the same functional groups in
the overwhelming majority of other proteins (BioMagResBank?),
indicating that hHO contains several H-bonds that are stronger
than the usual “weak” H-bonds. Prominent among these
stronger than usual “weak” H-bonds are the Tyr58 OH and
Argl36 N.H donors to the carboxylate of Asp140 (Figure 2),
the Arg85 and Lys86 peptide NHs and Tyr137 OH donors to
the carboxylate of Glu62, the Ala165 and Phel66 peptide NH
donors to the carboxylate of Glu92, the His132 and Argl17
N,Hs donors to the carboxylate of Glu202, and the Alall0
peptide NH and Tyr114 OH donors to the side chain carbonyl
of Asn 210.

The deprotonation of the axial water molecule results in the
largest changes in the H-bond network for the residue most
directly linked to the ligated water molecule. Thus, the Tyr58 OH
exhibits dpgg(dia*) = 12.2 ppm for the aquo complex, whose low-
field bias indicates (40, 41, 57) it is the strongest Tyr H-bond in
hHO. Upon deprotonating the ligated water molecule, the Tyr58
Opss(dia*) moves further to low field by 1.7 ppm, indicating a
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further strengthening of the H-bond. Thus the effect of ligand
deprotonation is strongly experienced even for a residue as far as
11 A from the iron. Unfortunately, it has not been possible to
detect the Argl36 N.H signal in the aquo complex (the other
donor to Aspl40). During the acid—alkaline transition, the
H-bond strengths for Alal65 and Phel66 NHs are conserved,
the H-bond strengths of Arg85 NH and Tyr137 OH change by
~().3 ppm in opposite directions, the Lys86 H-bond is conserved,
the Tyr114 OH H-bond is slightly weaker, and the Alal110 H-
bond strength is conserved. The larger effect on the Arg85/
Tyr137 than Alal65/166 H-bond donors upon deprotonation of
the water molecule is readily rationalized by the relative proxi-
mity of these H-bonds to the strongly altered Tyr58 OH H-bond.
Thus, the Tyr137 ring makes strong contacts to both Arg85 and
Tyr58. The changes induced in the Arg85/Lys86/Tyrl137
H-bonds to Glu62, however, involve a redistribution of the
H-bond strength between the residues, not a change in the net
H-bond strength. The Lys117 and His132 N.H bonds to Glu202
are relatively distant from the active site and are hence conserved
in the acid—alkaline transition.

The effects of ligated water deprotonation on the H-bonding
network in HOs have been previously reported (26, 27) only for
NmHO. This HO exhibits little sequence homology (4) to hHO in
the H-bonding network, particularly with respect to the contacts
to the conserved, nonligated water molecules in the distal pocket.
There are two distal H-bond donors to watered molecules in
NmHO (18): one (His53 N H) exhibits only ~0.2 ppm change in
Opss(dia*) and the other (GIn49 N.H) exhibits only ~0.5 ppm
change in dpgs(dia*) upon deprotonating the ligated water (27).
It is thus clear that the distal H-bond network is much more
strongly coupled to the axial ligand in hHO than NmHO.

A much more relevant comparison of water deprotonation in
hHO would be with CdHO (19), whose distal H-bonding net-
work (24), as well as the aromatic cluster, is highly homologous to
hHO, with Tyr53, Argl32, Glyl35, and Asp136 replacing Tyr58,
Argl36, Glyl139, and Aspl40 in hHO (Figure 2). While the
assignments necessary to quantitate the magnetic axes and
anisotropies for the CdHO complexes are not yet available, a
simple pH titration shows that the Tyr53 OH chemical shift
changes by a much smaller magnitude (<0.5 ppm) upon
deprotonation of the water molecule® than presently observed
in the hHO (2.85 ppm) complex. The resonance assignment and
magnetic anisotropy/magnetic axes determinations for the re-
spective CdHO complexes will allow a comparison with hHO
both in the strength of the Tyr OH — Asp CO, ~ and ligated water
molecule — water molecule #1 (Figure 2) H-bonding strength;
such a study is in progress.

Implications for the HO Mechanism. Figure 2 depicts the
active site structure of hHO—PH—H,O (/6), which is very similar
to that of the h(HO—PH—NO structure in the retention of two
ordered water molecules labeled #1 and #2. It is reasonable to
assume that the same ordered water molecules are retained in the
dioxygen complex, but it is not clear whether ordered water
molecule #1 would be retained in the Fe**—OOH intermediate.
The Tyr58 OH chemical shift, and hence its H-bond strength, is
strongly modulated by the nature of the axial ligand. Tyr58 is
not critical to the HO reaction, (22) inasmuch as the Tyr58 —
Phe hHO mutant yields biliverdin and does not lead to detec-
table formation (22) of the inactive oxo—ferryl derivative (7).

37. Du, M. Ikeda-Saito, and G. N. La Mar, unpublished observa-
tions.
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However, the rate of biliverdin formation is retarded by a factor
of ~2 by this mutation (22). The critical role of the Asp140 — Ala
mutation that leads (28, 29) to the inactive ferryl group via
heterolytic O—O bond cleavage has been attributed to the
Aspl40 carboxylate serving as a H-bond acceptor to water
molecule #1, which, in turn, is then, at best, a weak H-bond
donor to the Fe**—OOH unit. Weak versus strong H-bond
donation to the hydroperoxy unit is expected to differentiate
between homolytic and heterolytic O—O bond cleavage, respec-
tively. The loss of the Tyr58 OH H-bond would make the Asp140
carboxylate an even stronger H-bond acceptor to ordered water
molecule #1 in the mutant. This, in turn, would make ordered
water molecule #1 a poorer H-bond donor to the exogenous
ligand and hence further favor homolytic over heterolytic bond
cleavage, which is consistent with retention of activity in D140A-
hHO. At this time, the effect of abolishing the second H-bond to
the Asp140 carboxylate (Argl36 N .H) is unknown.

It is noted that the only interaction of the Asp140 carboxylate
with the active site in mammalian HOs (16, 17) is as a H-bond
acceptor for the Tyr58 O,H, Argl36 N.H, and ordered water
molecule #1 (see Figure 2). The retardation of the rate of
biliverdin formation upon loss of the Tyr58 O,H H-bond (22)
argues for this H-bond (and that of Tyr136 N.H) having a key
role in maintaining the rigid Asp140 carboxylate orientation that
optimizes the H-bond with ordered molecule #1, that, in turn,
optimizes its H-bond donation to the exogenous ligand.

It is also possible that the Tyr58 OH H-bond is important in
steps past the initial stereoselective formation of meso-hydro-
xyheme (Figure 1), such as modulating the proportion of the keto
resonance form of meso-hydroxyheme that places the radical on
the porphyrin ring where it will react with dioxygen, facilitating
CO excision (38). It would be necessary to compare the rate of
formation of each of the three intermediates in Figure 1 for both
WT and D140A-hHO to shed additional light on the functional
significance of the Tyr58 OH H-bond strength.
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