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ABSTRACT. A series of proximal side mutants of sperm whale metmyoglobin (metMb) that involves residues
which provide hydrogen bonds to the axial His and heme have been prepared, and the CO binding and
solution molecular and electronic structure has been investigatéld BfMR. These include Ser92(F7),
whose Q serves as a hydrogen-bond acceptor to the axial His rifityasid whose CH serves as hydrogen-

bond donor to the 7-propionate carboxylate, and His97(FG3) whose ring provides the other hydrogen-
bond donor to the 7-propionate carboxylate. 2D NMR data on the S92A-metMbCN, S92P-metMbCN
and H97F-metMbCN show that the distal structure is completely conserved and that proximal side structural
changes are highly localized. For the S92A-metMbCN, altered dipolar contacts to the F-helix backbone
show that the axial His imidazole has rotated clockwise~dy° relative to a stationary heme, while in
H97F-metMbCN, the altered heme-E helix backbone contacts reveal that the heme has rotated
counterclockwise by~3° relative to a conserved axial His. The pattern of axial His rotation was
qualitatively predicted by energy minimization calculations. The assignments and conserved structural
elements allow the determination of a set of magnetic axes whose major magnetic axis is unchanged with
respect to WT and confirms that local distal, and not proximal, interactions control the orientation of the
major magnetic axis and, by inference, the degree and direction of tilt of th&€ Refrom the heme
normal. The rhombic magnetic axes in S92A-metMbCN are rotatb@f in the opposite direction from

the established-10° rotation for the axial His ring as expected. It is shown, moreover, that the pairwise
o-, y-meso vs6-, 6-meso-H hyperfine shift differences are well predicted by the change in the location
of the rhombic magnetic axes. Carbon monoxide ligation rates experience minor but systematic perturbation
for the S92A substitutions which confirms an influence (albeit very small) for axial His orientation on
ligand affinity.

Myoglobin (Mb) is a member of the large £binding vertebrate Mbs and Hbs is thought to have evolved to
globin family that consists of @150 residue chain arranged strongly stabilize @ over CO binding, the latter of which

in eight helices (A-H) in a highly conserved globular fold  binds more strongly to heme outside the protein mag)x (
with heme sandwiched between the E and F helitgsThe There is general agreement that the stabilization of bound
heme iron is linked to Kof conserved His(F8) in the protein, O, in globins is achieved in large part by a distal residue
and the remarkably varied ligation affinities and rates serving as a hydrogen bond donor to the bound ligand, as
observed for natural genetic variants have been proposed tmbserved directly in the neutron diffraction study of MbO
be modulated by distal interactions with, in particular, (4). The factors that lead to destabilization of bound CO
residues E7 (usually His, but also GIn in vertebrates), E11 are more complex2). However, the crystal structures of
(usually Val and lle), and B10 (Leu in mammals and Phe or virtually all MbCO and HbCO find the Pé—CO unit bent

Tyr in some invertebrates)2). The distal pocket in  and/or tilted from the heme normal, and the general direction
of tilt correlates with expected steric interaction with distal

* This research was supported by grants from the National Institutes '€Sidue E11 whose orientation interferes with a linear FeCO
of Health, HL16087 (G.N.L.), GM33775 (S.G.S.), and GM 31756 unit normal to the heme5( 6). Alternatively, it has been

(S.G.S). proposed that FeCO bendtilt is controlled from the proximal
* Author to whom correspondence should be addressed at University ide bv th ial Hi ientatior (8

of California. Phone: (916) 752-0958. Fax: (916) 7&895. E-mail:  Sid€ by the axial His orientatiorv(8).

'aTEJ@Chem-“?dgVﬁ-edP- The Fé*—CN unit in cyanomet Mb and Hb can serve as
s University of linote, an extraordinarily sensitive probe of the structure of the heme

1 Abbreviations: Mb, myoglobin; metMb, met myoglobin; DSS, 2,2- Pocket since FE—CN, like F&*—0,, is a H-bond acceptor
dimethyl-2-silapentane-5-sulfonate; NOESY, two-dimensional nuclear (9—15), and like Fe-CO, prefers a linear orientation

Overhauser spectroscopy; TOCSY, two-dimensional total correlation i
spectroscopy; H97F-Mb, His97(FG3} Phe Mb mutant; S92A-Mb, perpendicular to the hemel§). In cases where crystal
serine92(F7)— Ala Mb mutant; S92P-Mb, serine92(F7 Phe Mb structures of MbCO and metMbCN have been reported, the

mutant. Fe&+CO and F&"CN units exhibit similar deformationd $—
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Ficure 1: Schematic representation of the heme and axial His93(F8) imidazole plane and the position of the conserved distal Val68(E11)
and Ala71(E11) in (A) sperm whale WT as observed in the crystal structure of MBz@r(d (B) upon a~10° clockwise rotation of the

axial His93(F8) imidazole plane relative to a stationary heme as observed from S92A-Mb. The pseudosymmetraxgsaadz , with

Z normal to the hemex, y, andz are the magnetic coordinate system in which the paramagnetic susceptibility tensor is diagonal, and are
located by the Euler rotatiorx,§,2) = (X,y',Z)I'(a,8,y) whereg is the tilt of the major orz-axis from the heme normad; is the angle

between that projection of the tilt of tteeaxis on the heme plane and tReaxis, andk ~ o + y locates the rhombic axes projected on

the heme plane. The angle between the axial His93(F8) imidazole ring antdakes is labeledp.

18). While NMR of diamagnetic globin complexes can WhereAyaxandAymn are the axial and rhombic anisotropies
provide solution structural information similar to that ob- of the diagonal paramagnetic susceptibility tenga#’, €2,
tained by X-ray crystallography, the detection of the labile R’ are the polar coordinates of a proton in an arbitrary iron-
proton in the H bond to @is severely complicated by centered coordinate systerl,y', Z, (R, 6", Q") andI'(a, 3,
resolution, and there exist no solution spectral observablesy) is the Euler rotation matrix that converts the arbitrary
that relate to the FeCO tilt. In contrast, the large magnetic  coordinate systenx, y', Z to the magnetic axes, y, z, (R,
anisotropy of metMbCN induces significant dipolar shifts 6, €2) in whichy is diagonal. The tilt of the major araxis
that provide exceptional resolution for residues close to the from the heme normal is given g, a is the direction of
heme (9, 20). Thus, resolution invariably allows the this tilt, defined as the angle between the projectioa of
detection of the distal residue labile protons and direct thex, y plane and the-axis and rhombic magnetic axes
demonstration of the H bond to the bound cyanide via projected onto the heme plane is givenby= o + y, as
detection of large isotope effects on the heme contact shiftsshown in Figure 1. The tilt of the major magnetic axis can
(21, 22. be related to the tilt/bend of the FE€N unit. In the three
The pattern of the heme pyrrole hyperfine shifts, domi- cases where crystal structurés {7, 27) and NMR deter-
nated by the contact interaction, has been shown to directlymined tilts of the magnetic axis are availabli),(13, 14,
reflect on the nature of the orbital ground state of the heme 22), both the direction and qualitative degree of the tilt of
(23—26), which, in turn, is determined by the orientation of the major axis agree well with the distortion of the-F&N
the axial His(F8) imidazole plane (with an anglavith the unit in the crystal. In other cases where only MbCO
X' axis, as shown in Figure 1). Thus, alignment of the axial diffraction data are available, the distortion of the major
His with a N—-Fe—N vector ¢ = 45° in Figure 1), leads to ~ magnetic axis in metMbCN is in the same general direction
large contact shifts solely for pyrrole A (1-GHand C (5- as the off-axis distortions of the carbonyl in MbCTb( 28).
CHy), and negligible contact shifts for pyrrole B (3-gH In this report, we investigate the influence of the proximal
and pyrrole D (8-CH), while an alignment with meso-  side mutations Ser92(F7> Ala, Ser92(F7)— Pro, and
position ¢ = 0 or 9C) results in the same spin density on His97(FG3)— Phe on the molecular, electronic and magnetic
the four pyrroles with a minimum spread of the heme methyl properties of the heme cavity of metMbCN complexes and
contact shift. Thus, for a reference structure with= 40° on the CO ligation to the reduced Mb. The two residues
(i.e., WT metMbCN), increase (decrease)gins expected are involved in hydrogen bonds that stabilize both the axial
to lead to an increased (decreased) spread of the heme methWiis imidazole ring and the heme in the cavity, as shown in

hyperfine shifts. Figure 2. The influence of those mutations will also be
The observed dipolar shifdp, for nonligated residues is  investigated by energy minimization. The orientation of the
given by His(F8) imidazole, determined by the ringMserving as a
H-bond donor to both the Ser side-chaip @&1d Leu89(F4)
1 3coH —1 backbone %), can be expected to be modulated upon
Ogip(CalC) = — o3 AYax R + abolishing the Ser @H bond @9, 30). Similarly, perturba-
3 2o x tion of the heme orientation can be expected by abolishing
éAth% T(a, B, 7) (1) the 7-propionate to His97(FG3) side-chain salt bridge.

Qualitative *H NMR studies have shown that a partial
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Ficure 2: Stereoview of the hydrogen bond and salt-bridge network for the proximal side of sperm whale Mb.

collapse of the spread of the four heme methyl contact shifts 500—-1000 steps of energy minimization using the conjugate
occurs upon substituting Ser92(F7 Ala in human met- gradient method to refine the bond angles and distances and
MbCN (30), which is consistent with rotation of the axial to allow the molecule to slowly converge to a local minimum.
His relative to the heme, but does not uniquely distinguish  NMR Spectra All *H NMR spectra were collected at 25
whether the heme or axial His rotated. The perturbation by °C on the GEQ-500 spectrometer operating at 500 MHz.
mutation of the relative orientations of the axial His and heme The chemical shifts were referenced to 'Zjitnethyl-2-

will be elaborated in terms of the relative influences on the silapentane-5-sulfonate (DSS) through the water peak. The

orbital hole and rhombic axes. 1D experiments, nonselectiies, SUPERWEFT 35), and
steady-state NOEs were carried out as described previously
MATERIALS AND METHODS (36). The 1:1 experiment3{7) was performed by using a

modified pulse sequence composed of a standatd-99,
7, 90° — y, and an optional presaturation sequence pulse that
allows comparison of two spectra with or without water
suppression. The 1D data were processed on a Sun worksta-
tion using GE UNIX Q software. All 2D experiments,
MCOSY (38), NOESY @9), and TOCSY 40), were col-
ected by using 2048 points fty; 512 blocks fot;, typically

56 scans for each block, and a repetition rages ™. The
spectral window was varied from 10 to 30 kHz, and the
mixing times were 50 ms for NOESY and 30 ms for TOCSY.
The Mbs were oxidized by excess of potassium ferricyanide The 2D Qata were processed on the S|I|con Graph|c§ (SGI)
(2-fold) in an Amicon ultrafiltration cell and exchanged into worksta}tmn using the softare p"?‘c"ag‘? Felix from B_|osym
2H,0 or 90%H,0:10%2H,0, 100 mM KCI, and 20 mM (San Diego) and the structural simulations were carried out

phosphate to a concentration ef4 mM. The mutant onMSGI u?in%the giotsym_ln?igh_w] program:{_
metMbH,O complexes were initially prepared at pH 6.3, and agnetic Axes Determinationine magnetic axes were
pH titration was carried out in the range 63.8. The determined as described in detail previously-14). Ex-

mutant metMbCN complexes were prepared by adding 20 perimental dipolar shifts for structurally conserved portions
mM KCN: pH titrations were carried out in the range 5.5 of the heme pocket were used as input to search for the Euler

9.5. The pH was measured with a Beckman 3550 pH metermtation anglesa,.ﬁ, ¥, that transform the molecglar pseudo-
equipped with an Ingold microcombination electrode. symmetry c_oordmates<[, y,z,orr, 0, &, (Figure 1)1'

CO Binding Kinetics Association and dissociation rate readily obtained from crystal coordinatég) (into magnetic
constants were measured for the binding of CO to the wild- etjxrii’ic))(ﬁ'y’ z by minimizing the following global error
type and mutant proteins according to the methods describeJ '

Mutagenesis and Protein PurificationAll the mutants
were constructed following procedures described by Springer
and Sligar 81). The oligonucleotides were inserted into
pMb122-9 plasmid, the plasmid containing the synthetic gene
of SWMb with the amino acid at position 122 corrected to
aspartic acid32). Each mutation sequence was confirmed
using the Sequenase double-stranded DNA sequencin
reagents and protocol from United States Biochemicals
(Cleveland, OH). The proteins were expresseé#cheri-
chia coli and purified as described in Abadan et &3)(

by Rohlfs et al. 84) under pseudo-first-order conditions. All _ _ s 2
reactions were carried out at 20 in 0.1 M phosphate buffer, Fin Z |6d'P(ObS) 6d'P(CaIC)1 2)
pH 7.4. where  §,(0bs)= dpsfobs)— dpsddia)  (3)

Energy Minimization The WT sperm whale Mb crystal
structure (pdblmbc.ent) was used as a starting point. Usingand dpsg0bs) is the observed chemical shift referenced to
Quanta software (Molecular Simulations), residues 89, 92, DSS. dpsddia) is the shift in the isostructural diamagnetic
and 97 were replaced by lle, Ala, and Phe, respectively. MbCO complex 41, 42) or calculated for protons whose
Hydrogen atoms were added to the structure. The structuresipsg(dia) are not available by usindpsgdia) = dtetr + Osec
were then solvated and energy minimized using the + J., wherediy is the shift in an unfolded tetra peptide
CHARMM software package (Molecular Simulations) with (43, 44), ds.cis the shift of an amino acid proton typical for
principle structure file (PSF) to calculate energies. The poor a-helices, -strand, coils, etc.45), and d is the heme-
nonbonded contacts were removed by 1000 steps of energyinduced ring current shifd@). Minimizing the error function
minimization using the steepest descent method followed by F/n in eq 2 was performed over three parameters3, v,
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Table 1: CO Binding Data of Sperm Whale Myoglobin and
Various Proximal Mutants

protein kon(@M™1s) ke (s) KoM
sperm whale WT-Mb 0.50 0.018 28
sperm whale L89I-Mb 0.53 0.013 41
sperm whale S92A-Mb 0.62 0.015 41
sperm whale S92P-Mb 0.22 0.016 14
sperm whale H97F-Mb 0.61 0.014 44
human WT MB 1.02 0.02 51
human S92A-Mb 1.34 0.01 134
pig WT Mb¢ 0.78 0.019 41
pig S92A-Mis 1.10 0.019 57

aSperm whale Mb kinetics were measured at pH 7.4 atQ0
b Human Mb kinetics taken from r&f0 were measured at pH 7.0 at 25
°C. ¢ Pig Mb kinetics taken from re29 were measured at pH 7.0 at 20
°C.

using availableAy.x and Ay. for WT metMbCN, as
described in detail previoush? 10).

RESULTS

CO Binding Kinetics All of the mutants, L89I, S92A,
S92P, and H97F, were overexpressed as holoproteiis in
coli and are stable over periods of at least a week. The
absorption spectra of the mutants are similar to the WT. An
extra peak at 630 nm appeared in all of the proximal mutants.
Initially, the extra peak was thought to be from the metMb
species, which has a peak around 635 @T).( However,
when the samples were reduced and ligated with CO, the
630 nm peak shifted to 622 nm, indicating that the peak is
not due to presence of met species. Myoglobin containing
sulfheme has absorbance at 622 M, (49) and highly
characteristic"H NMR (50) and EPR spectra5(). The

absence of detectable sulfheme was confirmed by electron 30
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mass spectrometry and NMR and EPR spectroscopy. Therigyre3: 1H NMR spectra (500 MHz) of sperm whale (A) HO7F-
620 nm peak in the absorption spectra appears to be ametMbCN, (B) WT metMbCN, (C) L89I-metMbCN, (D) S92A-

manifestation of the proximal mutation, such that all the

metMbCN, and (E) S92P-metMbCN in8 and 0.2 M NacCl, pH

detected differences in mutants are due strictly to the residue’, & 25°C. The resolved signal for the heme and Ile99(FGS) is

substitution. The rates and equilibrium constants for CO
binding to sperm whale L891-Mb, S92A-Mb, and H97F-Mb,
mutants are listed in Table 1 where they are compared to
published data on sperm whale WT Mb and the WT and
S92A-Mb mutants of pigd9) and human30) Mbs.
Energy-Minimized StructuresThe overall structure of the
mutant Mbs was conserved, and the most significant differ-
ences localized at the mutation sites and the orientation of
the axial His93(F8). The axial His imidazole ring was found
rotated clockwise (viewed from the proximal side) ©°
for L89I-Mb and by~6° for S92A-Mb, and by counter-
clockwise rotation of~5° in H97F Mb compared to that in
WT Mb.
Resonance Assignmenthe 500 MHz!H NMR spectra
of the four mutant metMbCN, together with that of WT
(Figure 3B), are shown in Figure 3; the heme methyl

labeled.

netic relaxation or shifts has been establisie?) &nd tested

on numerous mutants and natural genetic variants of met-
MbCNs and metHbCNs10—15, 18). Initial emphasis is

on completely assigning the heme which exhibits resolved
peaks for three methyls, a vinyl, and a propionate, followed
by the axial His with characteristic large low-field ring M

and GH shifts. The remaining resolved resonances and
unresolved resonances with strong to moderate temperature
dependence of the shift arise from the target residue in the
heme cavity that are needed to accurately define the magnetic
axes, as discussed in detail elsewh&el(). The residue
identities of such shifted and/or relaxed residues are unam-
biguously established by detection of the TOCSY spin
connectivities diagnostic of that residue and the dipolar
contact to other residues and the heme, as established for

assignments, as well as those for resolved resonances fokWT metMbCN. Any change in dipolar contacts among

His93(F8) and Ile99(FGs) are labeled. It is clear that, while
there is a strong similarity among all of the spectra, there
are small but systematic changes, with the low-field bias of
the heme methyls decreasing monotonically for traces A

E in Figure 3; the low-field bias for H97F-metMbCN in trace
A is larger than that for WT in trace B. The experimental
protocol for effectively obtaining unambiguous assignments

of the heme, axial His, and residues influenced by paramag-

residues and between residues and the heme reflect on
structural accommodation due to the point mutation. Since
this procedure can be presented in detail elsewhere, we refer
to and show representative data only for the most important
of the present mutants, S92A-metMbCN, in Figure 4.
Heme and Axial His The three low-field methyls exhibit
no TOCSY/COSY connectivity, but a weak NOESY cross-
peak between two locate the 1-¢€&hd 8-CH pair. NOESY
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FIGURE 4: (A) The resolved downfield portions of the 500 MHE NMR spectrum of S92A-metMbCN in 40, pH 7, at 25°C. (B)
Portions of the NOESY spectrum of S92A-metMbCN with 100 ms mixing time 4@ HH 7, at 25°C, showing the key intraheme and
heme-residue contacts.

connectivity (representative data shown in Figure 4) for these A remaining low-field resolved proton at 11 ppm exhibits
1-CH; and 8-CH, one each to a TOCSY detected vinyl TOCSY/NOESY cross-peaks to both geminal and vicinal
and propionate spin systems, identifies 1:CH-CH;, protons (the latter of which also exhibits a COSY peak to a
2-vinyl, and 7-propionate group. The third methyl also labile proton), as well as a NOESY cross-peak to a strongly
exhibits NOESY cross-peaks to a propionate with some relaxed ; ~ 25 ms) labile proton at 22 ppm characteristic
resolved peaks that must arise from 5-{Gid 6-propionate.  of the axial His ring NH, assigning the gH,C,H fragment

A second, nonresolved TOCSY-detected vinyl group exhibits of His93(F8). Two very broad (400 Hz) and strongly relaxed
NOESY cross-peaks to a methyl candidate that must arise(T, ~ 3 ms) protons near20 and—4 ppm must originate
from the remaining 4-vinyl and 3-C3H The detection of  from the His(F8) ring GH, CsH (36). The chemical shifts
NOESY cross-peaks from methyl, vinyl, and/or propionate of the heme and axial His of S92A-metMbCN, as well as
to a common strongly relaxed proton with Curie intercepts for the other two mutants, are listed in Tables 2 and 3 where
in the downfield region locates the four meso-Hs (Table 2). they can be compared to similar data for WT metMbCN. It
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Table 3: Chemical Shift for Heme Pocket Residues in Sperm
Whale Proximal Mutant MetMbCN Complexés

Table 2: Heme Proton Chemical Shifts of Sperm Whale Proximal
Mutant MetMbCN Complexés

proton L89l S92A S92P HI7F WT residue proton L891 S92A S92P H97F WT
1-CH; 19.26 16.39 15.95 19.28 18.62 Leu29(B10) CH 3.96 3.87 3.55 3.96 3.90
3-CHg 4.50 4.26 4.31 4.01 4.76 CsHs 368 372 408 371 381
5-CHs 26.45 2495 2358 27.84  27.03 CsoHs 540 524 527 540 553
8-CHs 12.99  11.03  10.70  13.19 12.88 Phe43(CD1) GHs 869 897 877 856 870
2-Hy 18.02 17.65  17.52 17.90 17.75 CHs 1252 1320 1279 1229 12.58
2-Hge -1.61 —234 —249 -164 -1.73 CH 1743 1817 1791 16.71 17.27
2-Hp —-251 -314 -318 -—246 —255 His64(E7) GH 368 372 369 368 381
4-H, 5.51 5.28 5.37 5.33 5.50 CsH' 435 524 437 430 441
4-Hge -197 -097 -085 -—218 -1.95 CH 1152 11.79 1159 11.37 11.74
4-Hg —-0.74 0.03 020 -092 —0.77 NH 238 245 241 236 237
6-Hq 9.21 9.90 10.84 9.44 9.18 Thr67(E10) GH 247 261 263 247 250
6-Hy 7.12 8.38 7.93 6.92 7.35 CsH 265 285 278 263 2.68
6-Hy 1.68 1.59 1.00 1.54 1.67 Hy —161 —1.34 —-1.31 —-156 —1.51
6-Hy -043 -075 -1.38 —048 —0.48 Val68(E11) GH —244 -195 —-1.64 —259 —255
7-Ha 1.08 0.77 1.28 —0.55 1.13 CsH 124 145 161 126 147
7-Hy -0.17 -025 -0.38 —-1.70 —0.45 C,aH; —115 —1.34 —-0.88 —1.28 —1.02
7-Hg 1.50 1.44 2.04 1.98 1.55 CoH; —0.20 —0.57 —-0.27 —1.02 —0.89
7-Hy' 0.70 0.77 0.26 0.75 0.78 Ala71(E14) GH 3.47 360 361 347 3.8
a-meseH 4.61 1.81 1.92 4.94 4.40 CHs —-016 011 0.18 —0.18 —0.12
B-meseH 1.68 3.92 4.21 1.16 2.09 Leu/lle89(F4)  GH 886 858 858 837 871
y-meseH 5.14 3.89 3.82 6.25 5.98 Ala90(F5) GH 641 6.69 647 639 6.50
d-meseH 5.12 5.28 5.16 4.30 4.09 CsHs 263 277 244 265 2.63
Admes{ObSY 148 -175 -1.82 2.97 2.1 His93(F8) NH 14.15 1325 11.96 13.75 13.90
" — 5 C.H 734 745 7.06 756 7.51
a6 !%gﬁgzdp%;n;alhzn, from DSS, at 28 and pH 7.° Data from ref CiH 1191 1030 1000 1180 1168
: : CoH' 620 6.76 759 6.28 6.43
CH —54 -51 —-45 -43 -47
is observed that the spread of the four heme methyls is ﬁfH 190 217 216 = 174 ~19.2
. ; sH 2130 22.28 2247 20.80 21.11
Sllghﬂy Iarger in H97F-metMbCN than WT metMbCN, His/Phe97(FG3) ¢H 3.60 3.64 3.05 3.86
which in turn, is larger than that for S92A-metMbCN and CsH 116 148 152 114 132
S92P-metMbCN. The prevailing qualitative mod28,26, CH —-048 -040 022 0.29 -0.48
52) for interpreting these differences in contact shifts GH 1075 1103 1070 7.61 11.07
e . : S X CH 679 647 679 8.0 6.83
indicates that the axial His93(F8) imidazole plane relative C.H 6.75
to the heme is rotated counterclockwise (viewed from the 11e99(FG5) GH 229 257 250 229 234
proximal side) in H97F-metMbCN and clockwise in S92A- gﬁﬂ —g-ég ??-&7 30;31 —g% —g-}é
- H H 2 3 - . - . - . - . - .
and 89_2P meth_CN, relative to that in WT metMbCN. j 997 —830 —810 —9.95 —9.60
Nonligated ResiduesThe resolved and strongly relaxed CH —203 —-160 —1.35 —1.64 —1.91
(T. ~ 20 ms) low-field peak at 16 ppm exhibits a NOE to a CsHs —3.93 —3.18 —3.06 —3.88 —3.83
partially resolved and moderately relaxed two proton signal Leu104(G5) ¢H 001 —004 -018 011 007
at 12 ppm, which, in turn, exhibits a TOCSY peak to 9 ppm. CuHs 042 035 033 087 nfa
. ' A ' e a | s CsoHs —1.70 —1.71 —1.95 —1.38 —1.49
The intercepts in the aromatic window in a Curie plot, |ie107(G8) GHs 0.36 —0.19 —-0.10 0.49 0.37
together with characteristic NOESY peak to the heme 3-CH Phel38(H15) GHs 705 7.06 6.88 7.05 7.02
(Figure 4), identify the complete Phe43(CD1) ring. A CHs 692 690 678 694 694
CH 7.05 7.06 6.88 7.02 7.00

resolved labile proton peak near 22 ppm (which exhibits
saturation transfer from bulk water), exhibits an NOE to the
resolved single proton peak characteristic of the His64(E7)
N.H and GHs. The moderated relaxed upfield peak-410
ppm is part of a complete TOCSY connectivity characteristic
of lle with NOESY cross-peaks to 5-GH4-vinyl, and

of a Val and the characteristic,8@ NOE to 1-CH and 8-CH

and the expected NOESY cross-peak to the 1;@-CH;,
8-CHs and 7H,, His93(F8) GHs, 2-vinyl, 3-CH and 2H;,
and 3-CH-2H, and His64(E7) GH, respectively (not shown;
see Supporting Information).

In all mutants except H97F-metMbCN, His97(FG3) was

aln parts per million from DSS, at 25C and pH 7° The CHs,
CsHs shifts, in parts per million, for Tyr146(H23) are 7.18, 7.46 (L89I);
7.18, 7.46 (S92A); 7.15, 7.43 (S92P)); 7.15, 7.38 (H9¥B)ata taken

from ref 36.

detected gH,—C,H fragment to the 5-CH the strongly
3-CH,, as eXpeCtEd SOler for ||699(FG5) The remaining relaxed U_l ~ 20 ms) ring GH contact to H|593(F8) H,
upfield resolved single proton exhibits TOCSY connectivity and the contact of & to 6-H,s. In the HO7F-metMbCN,
the Phe97(FG3) £H—CsH, fragment was detected as in WT
diagnostic for Val68(E11). The conserved complete Ala71- and the other mutants; a TOCSY-detected three-spin system
(E14), Thr67(E10), Ala90(F5), the ring of Phe138(H15), the with chemical shift in the aromatic window identifies the
isopropyl fragment of Leu104(G5), the ethyl fragment of the ring (with the expected & contact to 6H). The GHs of
lle107(G8), and isopropyl fragment of Leu29(B10) were | eug89(F4)in all mutants and of lle89(F4) in L89I-metMbCN
identified by the characteristic TOCSY cross-peak pattern were identified by their characteristic strong low-field shift
and NOESY cross-peaks to His93(F8}HC(not shown).
The chemical shifts for the residues of interest are listed in
Table 3 where they can be compared with the shift for WT

metMbCN.

The assigned distal residues exhibit in detail the same
assigned by the expected NOE from its TOCSY connectivity pattern of NOESY cross-peaks and paramagnetic relaxivity
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25 Table 4: Orientation of the Magnetic Axes for Sperm Whale
Proximal Mutants MetMbCN Complexgs
201 o orientation angles
protein input o B k=a+y F/n (ppnr)
£r L8ol 20 20 1F 30° 0.07
g d10 20 15° 40° 0.04
@ 10 p10 20 16° 30 0.07
£ ° S92A t20 10 16 50° 0.09
£ d10 10 16° 50° 0.04
= 57 p10 03 17 50° 0.11
5 S92P t20 10 15 50° 0.09
3 o- d10 20 15° 50° 0.05
p10 03 17 50° 0.10
H97F t20 20 15° 30° 0.05
-5 d10 20 15° 30 0.03
p10 20 1% 30° 0.08
wrtd t20 20 15° 30° 0.05
-10 J ' ‘ ' ' ' d10 20 15° 40° 0.03
-10 -5 0 5 10 15 20 25 pl0 20 15° 30° 0.06

bserved dipolar shift, - -
eheerved dipotar sETL ppm aThe magnetic axes were calculated by using three-parameter least-

FiIGUre 5: Plot of dgip(0bs) vsdgp(calc) for S92A-metMbCN for squares searches at 26 with Ayax = 2.02 x 10~° m3mol andAym
the optimized magnetic axes= 10°, § = 16°, andy = 40°, with = —0.453x 107 m¥mol, taken from WT metMbCNI(1). ® The angle
Ayax = 2.02 x 107° m¥mol andAyn = —0.453 x 107° mé/mol. definitions have been shown in Figure 1. The error rangelisfor 3,
The proximal and distal side input data are shown as solid circles £10° for a. and+10° for «. ¢ The total 20 protons (abbreviated as t20)
and squares, respectively, and other noninput assigned distal andre half from distal residues (d10): Leu B1QHCand G.Hs, Phe CD1
proximal residue signals are shown as open circles and squaresC;Hs, GHs and GH, Thr E10 GH, Val E11 GH, Ala E14 GH and
respectively. CsHz and lle G8 GHa. Half from proximal residues (p10): Ala F5
CqH and GHs, lle FG5 GH, CsH, C,H, C,H', C,H; and GHs and
observed in WT metMbCN1Q, 36), which can be taken as LU G5 GH and GaHs. © For comparison, the magnetic axes of WT
direct evidence for insignificant structural accommodation metMbCN were re-calculated by using the same input as those for the
g mutants.
of the distal pocket to the proximal mutation. The assigned
proximal residues in each case are the same as those
identified in WT and distal mutant metMbCN&G—15), in ~ for S92P metMbCN; see below) that the degree of At (
each case with essentially unchanged paramagnetic relaxatio@nd direction of tilt &) are essentially unchanged for the
and dipolar contact to the heme and each other except forProximal mutants when compared to similar data for WT
the mutated residues. Because Leu89(F4) in WT Mb exhibits MEtMBCN.
a variety of conformations even in WB)(likely because of The rhombic axesx) for L89I-metMbCN and HO97F-
the proximity to the “Xenon” hole §4), assignment and metMbCN are also essentially the same as those of WT
analysis of the remainder of Ile89(F4) in L89I-metMbCN metMbCN (Table 4). Howevers for S92A- and S92P-
was not pursued. Neither the S92A- nor, more surprisingly, metMbCN is larger, generally by 20than for WT and other
the S92P-metMbCN mutant exhibited detectable perturba- distal mutant metMbCN complexe$(d—15). While the 20
tions of the dipolar contact among the assigned conserveddifference is not clearly outside the experimental uncertainty
residues or to the heme. of k, the consistent increase inin the two position 92
Determination of Magnetic AxesThe magnetic axes were ~Mmutants over WT metMBCN strongly favors a counterclock-
obtained for each mutant using the proton dipolar shifts only Wise rotation of the rhombic axes (Figure 1) in the two
for conserved residues [except fafiCof lle89(F4)] as input, ~ Mutants. The Phe97(FG3) ring in H97F-metMbCN was
as reported previously for WT metMbCNLG). These  found to exhibit a good correlation betweégy(obs) and
consisted of 20 protons, 10 from residues on the proximal Ogip(Calc) when the ring center was translated relative to the
and 10 from the residues on the distal side. The calculationsimidazole by 0.4 A over the heme plane and away from the
were performed in athree_parameter Searcmf(ﬁ' y using iron. The magnitude and direction of the movement is
the magnetic anisotropies determined for WT metMbCN (as consistent with the larger size of the phenyl ring.
shown insignificantly changed in all distal mutants studies), Distinction between Axial His and Heme RotatioAs-
Ayax = 2.02 x 10°° m¥mol and Ay = —0.453 x 10°° suming that a small{10°) rotation of either heme or axial
m3mol. The fits provide an excellent correlation between ligand is a completely local phenomenon and does not
observed and calculated dipolar shifts, as shown in Figure perturb the remaining structure of the heme cavity, inspection
5. The determination df(a.,3,y), moreover, was performed  of the molecular structure of WT Mb reveals that such
using either only the 10 proximal protons or only the 10 rotation can be monitored by alteration in the dipolar contacts
distal protons, as well as using both the 10 distal and 10 between the rotating entity (heme or axial His) and backbone
proximal protons, with a summary of the results given in protons on the E and F helices. Thus, a clockwise rotation
Table 4. Inspection of Table 4 reveals that, in each case,of the His93(F8) imidazole plane by 1(Figure 1) decreases
the angles varied with the choice of input datgfas 1°, a both the intraresidue His93(F8)N—CsH and interresidue
< 10°, andx < 10°. Analysis of the influence of a variety  His93(F8) NH to Leu89(F4) GH distances by 34%,
of input data orT'(ct, 5, y) for WT metMbCN had indicated  leading to the expectation of increased NOEs +b20%
that the Euler angles have uncertaintiesdfin 5, £10° in (Or;; %) from the His93(F8) NH to these two protons. The
o, and+10° in « (10), such that it can be concluded (except quantitation of the rotation of the heme about the axial bond
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His 93 NH Ala 71 B

Thr 67 y

HisIQSB Leu 89 o
Ser92 NH------x
Ala 94 NH

Val 68 o

0 -1 ppm -2 -3
Ficure 7: Steady-state NOE difference spectra upon saturating the
13 11 9 heme 8-CHsignal in (A) WT metMbCN and (B) H97F-metMbCN
Chemical shift (ppm) in 2H,0, pH 7.0 at 25C illustrating the differences in the magnitude

of the NOEs to GH of Val68(E11) and gH3 of Ala71(E14). The

Ficure 6: Steady-state NOE difference spectra upon saturating the e ngity of the saturated 8-Giignal is identical in the two traces.

His93(F8) NH signal in (A) WT metMbCN and (B) S92A-
metMbCN in HO, pH 7.0, at 25°C, showing the different peak

intensities of HisF8(93) pH and GH, as well as the Leu89(F4) Iarge_lz (Flgu_re 7B) than .In WT _(Flgure 7A), which _IS
C.H. The intensity of the saturated;N signal is identical for the ~ Consistent with a 3clockwise rotation of the heme relative

two traces. to the stationary His93(F8) and E helix.
Influence of pH on Proximal Mutant metMbCNA pH

is conveniently achieved by monitoring the distance from titration of WT-metMbCN revealed significant heme shift
the 8-CH to the GH of Val68(E11) or GHs of Ala71(E14). changes (up to 1.5 ppm) for the heme 5-Gitllow pH that
A ~3° clockwisé rotation of the heme as viewed from the reflect a K ~ 5.2 that has been attributed to the breaking
proximal side would decrease each of these distances byof the 7-propionate-His97(FG3) hydrogen borib) in
~4%, leading to increased steady-state NOEs-26%. particular, the le99(FG5) & signal experienced an 0.8 ppm

For S92A-metMbCN, the steady-state NOEs upon saturat- shift change with pH, directly documenting the link between
ing 8-CH; to Ala71(E14) GHs; and Val68(E11) ¢H are the 7-propionate and FG corner. A similar pH titration for
essentially the same as for WT metMbCML), indicating H97F-metMbCN reveals much weaker heme chemical shift
an unchanged position of the heme relative to the protein changes £0.2 ppm) at low pH that similarly reflect akp
matrix (not shown). The steady-state NOEs resulting from ~5, with minimal pH influence on 1le99(FG5) .8 and
saturating the His(F8) M signal in WT metMbCN and  5-CHs (not shown). The significant reduced amplitude of
S92A-metMbCN are shown in Figure 6; the degree of the pH effect is consistent with the absence of a hydrogen
saturation of the His(F8) M is identical in the two traces.  bond to the 7-propionate in the mutant.
It is observed that the NOEs to His(F8)iCand Leu89(F4) The axial His93(F8) ring BH exhibited intensity decreases
C,H increase by 1530%, while that to His93(F8) M of ~35 £ 10% (saturation factoF = 0.65+ 0.10) when
decreased. These changes are in semiquantitative agreemetiie water signal is saturated at strongly alkaline, but not
with the ~10° clockwise rotation of the imidazole of His neutral, pH (not shown; see Supporting Information), indicat-
F8 relative to the stationery heme in S92A-metMbCN (Figure ing that the proton exchanges with bulk water. Together
1). For H97F-metMbCN, the steady-state NOEs to the His- with the His93(F8) WH T, ~ 25 ms at pH 8.0 (where there
(93) NoH, CsH, and LeuB89(F4) ¢H upon saturating His93-  is no saturation transfer at lower pH), the His(F8)HN
(F8) NsH are essentially the same as for WT metMbCN (not exchange rates with watek, calculated fromF = (1 +
shown). On the other hand, the steady-state NOEs from thekT1)~* (56), are similar at 26t 5 s for WT and all proximal
8-CH; to Ala71(E14) GHs; and Val68(E11) gH are~25% mutant metMbCN complexes at 2& and pH 8.6.

metMbHO Spectra The low-field portions of the 500

2The 3 clockwise rotation would similarly increase the distance .1 MHZ NMR spectra of the high-spin metMbB at pH 6
between heme 1-GHand the Val68(E11) @1 and Ala71(E14) GHs (Figure 8) reveal a total of 10 relatively narrow250 Hz)
leading to a similar decreased NOE. While a clear decrease in the NOEsignals, four methyls and six single proton peaks between

to these two signals is observed upon saturating the 3-Gié ;
magnitude of the NOE cannot be quantitated in the mutants because25 and 100 ppm, as well as a very broad composite near 40

the 1-CH overlaps the 2Hsignal at all temperatures, making it difficult  PPM (as shown in Figure 8A), for which comp!ete aS_Sign'
to quantitate the degree of 1-GKaturation. ments have been reported for W37{. The chemical shifts
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S92A mutant, even the proximal heme contacts are con-
served, with the only clearly detectable change that of the
~10° clockwise rotation of the His93(F8) imidazole ring
described above. The small change in His ring orientation
is readily accommodated by the pocket without any van der
Waals surface violations and is completely consistent with
the results of the energy minimization studies. It is assumed
that a similar reorientation of His93(F8) occurs in the less
extensively investigated S92P-metMbCN. The position of
the ring of Phe97(FG3) in H97F-metMbCN, while centered
~0.4 A further from the iron on the heme face, still makes
ideal van der Waals contact with the heme, His93(F8),
Lys96(FG2), and 1le99(FG5).

The reorientation of the axial His ring by 1Qupon
replacing Ser92(F7) is so as to place thgHNn optimal
position to make a stronger bond to the Leu89(F4) carbonyl.
The essentially unaltered exchange rate of the His93(F8) ring
————— NsH with bulk water in the proximal mutants, when
80 60 40 20 compared with WT metMbCN5E), attests to the conserved

ppm strength of the hydrogen bond, albeit with only (but optimally
FicUre 8: MM NMR spectra (500 MHZ) for the meRduo orlentgd) the Leu89(F4) carbonyl. The influence of the S92A
complexes of (A) sperm evhale vv(ild-type (Wi)th assignments ?eported mutation on théH NMR spectra of human30) and sperm

previously); (B) S92A-Mb; (C) S92P-Mb; and (D) H97F-Mb in  Whale metMbCN are very similar, with the change in the
2H,0, pH 6.3, 50 mM in NaCl, 25C. 5-CH; shift slightly larger (2.7 ppm) in human than sperm

whale (2.4 ppm) mutants. These results indicate that the

for the heme methyls are strongly conserved among the aja| His in human S92A-metMbCN is similarly rotated by
mutants and WT. The most notable difference between the ¢ |east 10,

proximal mutants and WTH NMR spectra are the chemical The very similar 7-Hs contact shifts in H97F-, S92A-,

shifts of the 7-propionate Hsignals at 75 and 25 ppm in  5nq S92P-metMbyD, when compared with the disparate
WT, which are much closer together§0 and 50 ppm) in 74 shifts in WT metMbHO (Figure 8), reflect an extended
all of the mutants. The large difference in the,Attimarily 7-propionate orientation in each of these mutants. The
contact shifts in WT metMbbO was previously showrs() essentially identical effect on the Zkontact shifts in the
to be consistent with the orientation of the ¢z needed  three proximal mutants indicates that the 7-propionate
to maintain a salt bridge to the His97(FG3) ringg). hydrogen bonds to the His97(FG3) ring and Ser92(Fy7) O
Mutation to either His97(FG3) or Ser92(F7) results in very gre severed when either of these two residues are substituted
similar 7-propionate orientations which are different from by nonpolar groups. The absence of any direct link between
that in WT. The 7H contact shifts are consistent with a pe 7-propionate and the FG corner in H97-metMbCN is
more extended orientation of the 7-propionate group that \,arified by the minimal effect of pH on the 1le99(FG5)
would be unable to hydrogen bond to either His97(FG3) or -hemical shifts, as was observed for low pH in WT
Ser92(F7). . metMbCN. The crystal structure of the pig S92L-Mb mutant
The nearly identical heme methyl contact shifts of the (eyealed a disordered 7-propionate with a severed link to
proximal mutants and WT metMb, including the low-field His92(FG3) £9). The change in NOEs between 8-Cahd
obvious meso-H peak at 40 ppm, reveal six coordinate v468(E11) GH or Ala71(E14) GHs indicate a very slight
species with a ligated water in each case. Increasing the(..3°) clockwise rotatiod of the heme relative to the static
pH resulted in each case in broadening of resonances W|thHi393(|:8) fing in H97F-metMbCN when compared to WT.
subsequent loss of intensity and the appearance of new peak§ne 7-propionate protein interaction, while likely stabilizing
in the 10-50 ppm window that are very similar to those of  {he heme binding in general, does not exert a strong control
WT metMbOH (not shown; see Supporting Information). The oyer the heme orientation. The direction of the heme rotation
similar influence of pH on line widths and chemical shifts g the same, but with smaller magnitude, than predicted for
indicates that the proximal mutations considered here do Notenergy minimization.
significantly perturb either the thermodynamics or dynamics  gyrycture-Function Correlations The potential role of
of the acid— alkaline transition of metMbS9). axial His orientation on ligation rate have been recognized
(29, 30, 60, 61), but studies to date2, 30, 33, 62) indicate
DISCUSSION that the effects are more subtle than distal influences, and
Heme Caity Structure of Mutants The conserved their complete understanding will require additional data. Our
residues in the various mutants exhibited essentially the samepresent!H NMR data substantiate &10° rotation of the
pattern of paramagnetic-induced relaxivity and dipolar axial His, which results in a-1.5-fold increase in the CO
contacts with the heme and with each other as observed inaffinity due to a small increase iy, and a small decrease
WT metMbCN (L0, 36). This is particularly the case for  of ko (Table 1). A fastek,, and slowerk,; are consistent
the distal pocket. On the proximal side, the effect of the with less His CH, CsH steric interaction with the pyrrole N
L89I mutation was minimal, as can be expected based onwhen the axial His is rotated 1from that in WT Mb. While
the residue lining an existent “vacancyd4, 58). For the the changes in rates are small, they reflect the same pattern

8-CHj

o
I
Q
(3]

™
£
6 9
® el
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as observed for humaB@ and pig 9) from WT and S92A-
Mb mutants for which a similar axial His rotation can be
inferred from the NMR at least for human S92A metMbCN.

Wu et al.

observed asymmetry in the meso-H hyperfine sifiess
(obs), defined as

However, it should be noted that the CO rates are ChangedAémes&obs/calcF %[%(obs/calc)— 65(0bs/calc)—|—

similarly in the S92A- and H97F-Mb mutants, despite
rotation of the axial His in the opposite direction. In the

d,(obs/calc)- d,(obs/calc)] (4)

latter case, the effect of the small rotation of the His plane

may be secondary to more direct electronic effects due tois quantitataively predicted by the predicted rhombic dipolar
the position 97 aromatic ring on the heme not directly shifts, Admes{calc), as has been observed for other low-spin
manifest in NMR parameters. The minimal effect of the ferrihemoproteins 18, 66), which leads to the conclusion

proximal mutations on the iron ligand reactivity is further
supported by unchange&@nd rate for the acie> alkaline
transition relative to that of WT.

The Major Magnetic Axis It is noted that the use of either
only proximal or only distal residue dipolar shifts resulted

that the contact shifts for the four meso-Hs are similar, and
that the observed asymmetmiomes{0Obs), is determined

predominantly by the rhombic dipolar shifts. Hence, changes
in the orientation of the in-plane magnetic axes should lead
to readily observable changes in the meso-H shift index given

in the same magnetic axes for each of the mutant metMbCN, by eq 4.

and, moreover, the magnitude of the tilt of the major
magnetic axes from the heme norm@al= 15° + 1°, and
direction of tilt, o = 10 £ 10°, are the same as in WT
metMbCN (Table 4) ¢, 10). Even the~10° reorientation
of His93(F8) in S92A-metMbCN (and likely S92P-metM-
bCN) fails to produce a significant change in eitloeor £.

It is noted that, for WT metMbCN, the- andy-meso-H
resonate upfield of thg- andd-meso-Hs. The experimental
Asmesd0bS)= 2.1 ppm is in relatively good agreement with
Omesdcalc)= 1.8 ppm for the determined= ~35° for WT.
Consideration of the meso-H hyperfine shifts and the
experimental rhombic magnetic axes for S92A-metMbCN

Inasmuch as both magnitude and direction of tilt of the major shows a similar magnitude but withsign changeAdmess
magnetic axis could be manipulated at will with distal residue (obs)= —1.75 ppm, relative to WT. The change in sign

mutations {1-15), the present results pedade strong
support that the major magnetic axis is controlled by distal
and not proximal interactionsIn the three cases where both
the crystal structurer( 17, 27) and solution NMR determined
magnetic axes are availabt)X 13—15), there is a very good

demands that increases (rhombic axes rotate counterclock-
wise) while the axial His plane rotates clockwise. The
Admesd0bs) = —1.75 is adequately reproduced by a°10
increase ik [Admesdcalc) = —1.65] for S92A-metMbCN.
Since thec determined by the magnetic axes necessarily has

correlation between the direction and magnitude of the off- a significant uncertainty#10°) due to the insensitivity of

axis distortion of the FeCN unit in the crystal structure

F/ntoy in eq 2, we consider the predicted by the meso-H

and the magnitude and direction of tilt of the major magnetic shift pattern, as reflected in eq 4, an additional valuable
axis in solution. These data support the notion that the majorindicator of the location of the rhombic magnetic axes.

magnetic axis in metMbCN complex reflects the tilt/bend
with Fe—CN unit as influenced by repulsive sterit0j or
attraction hydrogen-bondind.4) interactions on the distal
side of the heme. Thus, the FEN tilt appears to be
determined primarily by distal interaction, which is in
contrast to recent theoretical proposals that €E® tilt/bend

is controlled by proximal influences through the axial His
(8, 63).

Axial His Orientation and the Rhombic Magnetic Axes
Theoretically, the known His93(F8) orientation, defined by
¢ = 40° in Figure 1 ), should produce a set of rhombic
axes with angle* = 50°, since the rhombic axes are related
to the His plane by 90- ¢ (64, 65). The experimentally
determined value is ~ o + y ~ 35+ 10°. It has been
shown for WT metMbCN that the residual error function

Hence, therhombic axes clearly rotates counterclockwise
by ~10° in Figure 1 on going from WT«{ = 30°) to S92A-

or S92P-metMbCN« = 40°), in response to the axial His93-
(F8) imidazole plane rotating clockwise byl0®, as expected
(26, 64—67).

In the case of H97F-metMbCN, the experimental rhombic
magnetic axes providesathat is indistinguishable from the
value for WT metMbCN. The observed heme methyl shift
spread for this mutant, however, is larger than that in WT
(Table 2), suggesting that the orbital hole has rotated slightly
clockwise due to the rotation of the heme. Th@&yes{0bs)
= 2.9 for H97F-metMbCN is larger than the 2.1 value for
WT, and is consistent with the prediction that the rhombic
axes have rotatedounterclockwise relate to the hemeA
plot of Admesdcalc) versug indicates a gradient of 2.5 ppm

(eq 2) upon determination of the magnetic axes has a veryper 10 (not shown), rotation such that its 0.7 ppm increase

strong dependence ¢h a moderate dependence epand
only a weak dependence gnso thatc ~ o+ is least well-
defined and an uncertainty af10° is associated with its
determination by solution NMR10). The reason for this
weak dependence onis that, primarily, residues near the

in Admesd0bs) confirms that the heme has rotated clockwise
by ~3°; this value is consistent with the estimates for the
heme rotation deduced from the increased NOE between
8-CHs and Ala71(E14) GgHs or Val68(E11) GH.

It is noted that, while the presefit NMR data directly

heme periphery are influenced by the rhombic part of eq 1, confirm the predicted counter-rotation of the axial His plane
and the size of the heme precludes close approach of suctand rhombic axes, the value fodiffers from that predicted

residues to the iron.

from 90— ¢. This result would suggest that, while the axial

The cod Q dependence in eq (1) demands that the meso- His orientation is the major factor, it is not the only

Hs exhibit dipolar shifts pair the-meso-H and/-meso-H
with bias in one direction, with the pairgéimeso-H and

determinant of the orbital ground state and rhombic axes.
The electronic influence on the in-plane asymmetry due to

d0-meso-H shift biased in the opposite direction. While the two variably oriented vinyl groups, as well as hemex
meso-H experiences both contact and dipolar shifts, theinteraction with His97(FG3) and Phe43(CD1) are likely other
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contributing factors. Last, the pattern of meso-H shifts, as

influenced primarily by the rhombic dipolar shift asymmetry,

provides a completely independent indicator of the location
of the in-plane magnetic axes that agrees well with the values

obtained from the least-squares search dgrj3, and y.
Hencechanges in the pattern of the meso-H shiftsoduced

by

a protein perturbation, provide a valuable empirical

indicator of the rotation of the orbital hole (rhombic axes)

that is complementary to that of the spread of the contact

shifted heme methyl signal23§, 25, 26, 52) in comparing

the electronic structure and magnetic axes among structurally

uncharacterized low-spin ferric hemoproteins.
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Four figures (upfield portions of TOCSY and NOESY

spectra of S92A-metMbCN; schematic representation of
heme cavity dipolar connections; 1:1 spectra of WT and S92-

metMbCN; NMR spectra of WT and mutant metMyb

complexes as a function of pH) (4 pages).

information is given on any masthead page.
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