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Abstract: Solution1H NMR spectroscopy has been used to characterize the cyanomet myoglobin complexes
of a variety of chemically modified hemins in order to elucidate the importance of hemin peripheral electronic,
relative to axial His imidazole-induced, rhombic perturbations in raising the orbital degeneracy of theπ-bonding
dxz,dyz orbitals. Variation of the hemin 2- and/or 4-position substituents among hydrogen, ethyl, vinyl, acetyl,
and formyl groups leads to conserved molecular structure of the heme pocket and orientation of the major
magnetic axis for the heme iron, but systematically perturbed heme methyl contact shift patterns. Two strongly
rhombically perturbed hemins with single acetyl groups on either pyrrole I or II exhibit heme methyl contact
shift patterns and characteristic deviations from Curie law that are very similar to that induced in
pseudosymmetric hemins upon incorporation into metMbCN in the alternate orientations about theR,γ-meso
axis. The perturbation due to the 4-acetyl group and the axial His bond leads to increased contact shift spread
and stronger deviations from Curie behavior compared to WT, indicative of an increased dxz/dyz spacing relative
to WT. In contrast, the perturbation due to the 2-acetyl group and axial His nearly cancel, leading to a highly
compressed methyl contact shift spread and weaker deviations from Curie behavior than WT. It is shown,
moreover, that the larger dxz/dyz splitting with 4-acetylhemin, and the smaller splitting with 2-acetylhemin,
relative to WT, result in the expected increase and decrease, respectively, for the axial His contact shift relative
to WT. Comparison of the methyl shifts for 16 peripherally modified hemins as model compounds and
incorporated into metMbCN shows that the rhombic influences are additive in each of the complexes. Thus,
the present results show that chemical functionality of the heme periphery contributes to raising the orbital
degeneracy of the heme iron and that such influences can account for orbital ground states that are not necessarily
aligned with the axial His orientation. The range of variant 2- and/or 4-substitutions have led to equilibrium
heme orientations that are largely the same as found in WT Mb, except for a 4-ethyl group, which favors the
reversed heme orientation by 2:1.

Introduction

The hyperfine shift pattern for low-spin hemins is character-
ized by the dominant contact shifts which, in approximate 4-fold
symmetry outside a protein matrix, exhibit1,2 comparable contact
shifts for the four methyl groups at positions 1, 3, 5, and 8
(labeling in Figure 1). Upon incorporation of a hemin into the
asymmetric protein environment of a low-spin cyanide-ligated
ferrimyoglobin, metMbCN,3 the approximate in-plane, 4-fold
symmetry is lifted, with the dominant contribution to the protein-
induced rhombic perturbation proposed to arise from theπ
bonding between the hemin iron and the axial His F8 imidazole

ring.4-6 The particular pattern of the hemin methyl contact shifts
thus depends on the orientation of the axial His imidazole plane
relative to the hemin.4-7 Alignment of the imidazole plane with
a N-Fe-N vector leads to an orbital ground state which allows
π delocalization only into pyrroles whose N-Fe-N axis is
normal to the imidazole plane.6 Thus, in the case of sperm whale
Mb, where the His F8 plane is nearly coincident with the NII-
Fe-NIV vector8 in the crystallographic orientation of the hemin
(A in Figure 1), the resulting (dxy)2(dxz)2dyz ground state leads
to large contact shifts for 1-CH3, 5-CH3 and small contact shifts4

for 3-CH3, 8-CH3. Even early considerations9 recognized that
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the raising of the orbital degeneracy by the protein was likely
to be comparable to kT. Thus, the hemin methyl contact shift
pattern should reflect some thermal averaging of the excited
doublet, (dxy)2(dxz)(dyz)2, for which the orbital hole, and hence
hemin methyl contact shift pattern, are reversed (i.e., large
3-CH3, 8-CH3 and small 1-CH3, 5-CH3 contact shifts) for hemin
orientation as in Figure 1A. A schematic representation of what
may be expected in the simplistic picture of an imidazole aligned
precisely along the NII-Fe-NIII vector, strict T-1 dependence
(with zero intercept) for shifts for a given orbital state, and
negligible dipolar shifts (see below) is illustrated in Figure 2
for different spacing between the dxz and dyz orbitals. In fact,
all cyanometglobins for which the complete hemin methyl
assignments are available over a range of temperature exhibit
the anomalous temperature behavior,10-16 and analysis of some
of these data been proposed to provide the spacing of the two
relevant orbital states.17 A similar phenomenon is observed in
ferricytochromes.18,19

There are several indications that there are contributions other
than the axial His to the rhombic perturbations in globins. First,
the rotational positions of the axial His8 and rhombic axes20-22

do not conform quantitatively to the counterrotation rule23,24

for these two angles. Second, two proteins with very similar
His orientation relative to the hemin, sperm whale Mb8 and
human Hb,25 exhibit some key differences in contact shift pattern
and temperature behavior.4,11,16Last, and more directly, it has
been observed that asymmetrical mesosubstitution in low-spin,
ferric tetraarylporphyrins leads to contact shift asymmetry and
deviations from Curie law indicative of resolution of the orbital
degeneracy.26 One possible such rhombic perturbation in native
protohemin, though likely less important than the axial His,27

is that due to the direct electronic influence of the 2,4-vinyl
groups, whose influence, moreover, can be modulated by
differential protein-induced vinyl/heme coplanarity. A low-
symmetry perturbation of vinyl groups on hemin, compared to
the essentially 4-fold symmetric hemin, is evident in that the
four methyl groups can exhibit significant contact shift differ-
ences even outside the protein matrix.1,2,28
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Figure 1. 2R,4R′-Hemin in the heme pocket as found in sperm whale
Mb (A) and when rotated by 180° about theR,γ-meso axis (B). The
expected dipolar shifted residues in the heme pocket and their heme
contact positions are identified by the helical (i.e., E7) or loop (FG3)
positions, with proximal and distal residues indicated by squares and
circles, respectively. The heme is labeled in the Fisher notation.x′, y′,
z′ is a pseudosymmetric, iron-centered coordinate system defined by
the crystal structure of MbCO, andx, y, z represents the magnetic
coordinate system where the paramagentic susceptibility tensor,ø, is
diagonal. The two coordinate systems are related by the Euler rotation
Γ(R,â,γ), where (x,y,z) ) (x′,y′,z′)Γ(R,â,γ), with â the tilt of the major
magnetic axis from the heme normal,R the direction of tilt, as given
by the projection of thez axis on the heme plane and thex′ axis, and
κ ∼R + γ represents the orientation of the rhombic axes projected on
the heme plane. It is noted that this reference coordinate system is
rotated by 45° relative to that used previously20,21 andR is referenced
to the+x′ rather than-x′ axis; this leavesâ unchanged, butR(new))
R(old) + 135) andκ(new) ) κ(old) - 45°.

Figure 2. Simulations of the predicted temperature dependence for
the heme methyls for the case of a (dxy)2(dxz)2(dyz) orbital ground state
that delocalizes spin density only into pyrroles I and III, with resulting
identical contact shifts for 1-CH3, 5-CH3 (A, B, C); zero contact shifts
for 3-CH3, 8-CH3 (A′, B′, C′), and thermal population of a (dxy)2(dxz)-
(dyz)2 excited orbital state that reverses the environment of the 1-CH3,
5-CH3 and 3-CH3, 8-CH3 groups, for an energy spacing of (A, A′) 150,
(B, B′) 300, and (C, C′) 600 cm-1.
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Our interest in this report is to establish how heme peripheral
substituents contribute to the rhombic environment of a hemin
in a low-spin, ferric hemoprotein using a variety of 2- and/or
4-position substituents (see Figure 1), including hydrogen (H),
methyl (M), ethyl (E), vinyl (V), acetyl (A), and formyl (F)
groups. Of particular interest are the two hemins with 2R) H,
4R′ ) A and 2R) A, 4R′ ) H, each of which exhibit strong
rhombic electronic perturbations on a single pyrrole. The methyl
peaks in the1H NMR spectra of the biscyano 2R,4R′-hemin
complexes have been assigned.2,28 The substituent electronic
influence leads to as small a spread of hemin methyl signals as
∼0.4 ppm for the nearly 4-fold symmetric 2R) 4R′ ) E or
2R ) 4R′ ) M and to as large28 a spread as 22 ppm for 2R)
A, 4R′ ) H. The questions we seek to address herein are, Do
the hemin peripheral substituents contribute to the magnitude
of the spacing between the two orbital states (dxy)2(dxz)2(dyz) and
(dxy)2(dyz)2(dxz), and, by inference, contribute to the orientation
of the orbital ground state?. And, is there a predictable
relationship between the hemin methyl hyperfine shifts for a
model and those when it is incorporated into a low-spin
ferrihemoprotein? Last, the hemin orientation in globins is
determined by subtle hemin-protein contacts that differentiate
the asymmetric placement of the 2-vinyl and 4-vinyl groups on
pyrroles I and II, with mammalian globins8,25,29,30 generally
favoring hemin orientation A in Figure 1, but with other
species,31 and in particular invertebrates12,32 exhibiting much
less preference. The present permutation of 2,4-substituents
provides an opportunity to monitor their influence on the
stability of the alternate hemin orientations.

Experimental Section

Sample Preparation.Sperm whale Mb was purchsed from Sigma
Chemical Co. Apo Mb was prepared by standard methods,33 and the
various hemes were reconstituted as described in detail previously.34,35

Protein samples were exchanged into2H2O using an Amicon ultrafil-
tration device. Twelve chemically modified hemins are used with
different substituents at positions 2 and 4 and are referred to as 2R,-
4R′-hemin. These include 2R) 4R′ ) E (also known as mesohemin);
2R) 4R′ ) H (also known as deuterohemin); 2R) H, 4R′ ) V (vinyl)
(also known as pemptohemin); and its 3-methyl deuterated derivative;
2R ) V, 4R′ ) H (also known as isopemptohemin) and its 1-methyl
deuterated derivative; 2R) 4R′ ) A (acetyl) and its 1,3-methyl
deuterated derivative; 2R) H, 4R′ ) A and its 3-methyl deuterated
derivative; 2R) A, 4R ) H, and its 1-methyl deuterated derivative;
2R ) F, 4R′ ) V (formyl) (also known asspirographishemin); 2R)
V, 4R′ ) F (also known asisospirographishemin); 2R) E, 4R) H;
2R) H, 4R′ ) E; 2H,4E-hemin and its 3-methyl deuterated derivative,
2R ) E, 4R) H and its 1-methyl deuterated derivative, and 2R) 4R′
) M (methyl), each of whose syntheses have been reported previ-
ously.36,37

NMR Spectra. 1H NMR spectra were collected on Nicolet NT500
and GE Ω-500 NMR spectrometers operating at 500 MHz. The
chemical shifts were referenced to 2,2′-dimethyl-2-silapentane-5-
sulfonate (DSS) through the water peak. The 1D experiments, nonselec-
tive T1’s, WEFT spectra,38 and steady-state NOEs were carried out as
described previously.39 The 1D data were processed on a Sun
workstation using GE UNIXΩ software; 500-MHz 2D NOESY40,41

and TOCSY42 were collected by using 2048 points fort2, 512 blocks
for t1, typically 256 scans for each block, and a repetition rate∼2 s-1.
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 2D data
were processed on the Silicon Graphics (SGI) workstation using the
softare package Felix from Biosym (San Diego) and consisted of 20-
40°-shifted sine-bell-squared apodization in both dimensions, phase
corrected and baseline straightened in both dimensions.

Magnetic Axes Determination.The magnetic axes were determined
as described in detail previously.20-22,43 Experimental dipolar shifts,
δdip(obs), for structurally conserved portions of the heme pocket, relative
to MbCO,8 were used as input to search for the Euler rotation,Γ(R,â,γ),
that transforms the molecular pseudosymmetry coordinates (x′, y′, z′
or r, θ′, Ω′ (Figure 1)), readily obtained from crystal coordinates,8 into
magnetic axes,43 x, y, z or R, θ, Ω, i.e., (x, y, z) ) (x′,y′,z′)Γ(R,â,γ), by
minimizing the following global error function:

where

whereµo is the permutability of vacuum,∆øax ) øzz - 1/2(øxx + øyy),
∆ørh ) øxx - øyy, with øii (i ) x, y, z) the components of the diagonal
paramagnetic susceptibility tensor, and

whereδDSS(obs) is the observed chemical shift referenced to DSS.δDSS-
(dia) is the shift in the isostructural diamagnetic MbCO complex44 or
calculated for protons whoseδDSS(dia) are not available by usingδDSS-
(dia) ) δtetr + δsec + δrc, whereδtetr is the shift in an unfolded tetra
peptide,45 δsecis the shift of an amino acid proton typical forR-helices,
â-strand, coils, etc.,46 andδrc is the heme-induced ring current shift.47

Minimizing the error function,F/n, in eq 1 was performed over three
parameters,R, â, γ, using available22 ∆øax) 2.48× 10-8 m3/mol and
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F/n ) ∑|δdip(obs)- δdip(calc)|2 (1)

δdip(calc))
µo

12π
[∆øax(3 cos2 θ′ - 1)R-3 +

3/2∆ørh(sin 2θ′ cos 2Ω′)R-3]Γ(R,â,γ) (2)

δdip(obs)) δDSS(obs)- δDSS(dia) (3)
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∆ørh ) -0.58× 10-8 m3/mol for WT metMbCN,22,48 as described in
detail previously.20-22 For the iron ligands, the hyperfine shifts,δhf, is
obtained through:

and this can be further factored into the contact and dipolar contribution:

Results

NMR Spectra for Biscyano 2H,4A-hemin and 2A,4H-
hemin. These two hemins serve as unique probes of peripheral
perturbation because they possess a single substitution (the acetyl
group) with electronic properties very different from that of any
other substituent on the hemin. The acetyl group can be
introduced into either pyrrole I (2A,4H-hemin) or II (2H,4A-
hemin), imparting a large and clearly “localized” rhombic
perturbation to the unpaired spin distribution. The1H NMR
spectra for the two model complexes in C2H3O2H are shown in
Figure 3, together with the previously reported assignments.28

The effect of temperature on the heme methyl hyperfine shifts,
in the form of Curie plots, is shown in Figure 4A and C. In
contrast to all other model compounds49 without A or F
substituents, the four methyls exhibit very different slopes in
the Curie plot, with the highest field methyl in each case
exhibiting strong anti-Curie behavior. In fact, 2H,4A-hemin-
(CN)2- exhibits (Figure 3A) a methyl contact shift pattern (5-
CH3 > 8-CH3 J 1-CH3 > 3-CH3) and methyl shift spread
similar to that observed for a nominally symmetric hemin
incorporated into metMbCN4,11,28 in the orientation in Figure
1A. Thus the 4-acetyl group is as effective in raising the orbital
degeneracy outside the protein matrix as is the axial His in
raising the orbital degeneracy of a more 4-fold symmetric hemin
in the pocket of metMbCN.

In contrast, 2A,4H-hemin(CN)2
- exhibits (Figure 3B) the

methyl contact shift pattern, 8-CH3 > 3-CH3 > 5-CH3 > 1-CH3,
that is the same as exhibited by a nominally symmetric hemin
upon incorporation into metMbCN with thereVersed heme
orientation28,29as in Figure 1B. Thus, an electronic perturbation
of the hemin by peripheral functional groups manifests itself in
the 1H NMR spectral parameters (shift pattern, Curie slopes)
of the low-spin, biscyano hemin models in essentially the same
fashion as do protein-induced rhombic perturbations due to the
axial His bond upon incorporation into metMbCN.

Reconstitution with Isotope-Labeled Hemins.The1H NMR
spectra of 2A,4H-metMbCN (Figure 5A) and 2H,4A -metMbCN
(Figure 5D) immediately after reconstitution,28,35in the presence

(48) These are standard SI units, as also used in ref 22. The anisotropies
in ref 20 must be multiplied by 4π; those in ref 21 must be multiplied by
12πNA for ∆øax and-8πNA for ∆ørh.

(49) Viscio, D. B.; La Mar, G. N.J. Am. Chem. Soc.1978, 100, 8092-
8096.

Figure 3. Low-field and high-field portions of the 500 MHz1H NMR
spectra of low-spin, S) 1/2,: (A) bis-cyano 2H,4A-hemin; and (B)
bis-cyano 2A,4H-hemin in C2H3O2H at 25 °C, with methyl assign-
ments.28

δhf(obs)) δDSS(obs)- δDSS(dia) (4)

δhf ) δdip + δcon (5)

Figure 4. Curie plot (chemical shift versus reciprocal absolute
temperature) for (A) biscyano complex of 2A,4H-hemin in C2H3O2H,
(B) 2A,4H-metMbCN in2H2O, (C) biscyano complex of 2H,4A-hemin
in C2H3O2H, and (D) 2H,4A-metMbCN in2H2O. Assignments are
1-CH3 (circle), 3-CH3, (triangle), 5-CH3 (square), and 8-CH3 (diamond).

Figure 5. Resolved portions of the 500-MHz1H NMR spectra of 2A,-
4H-metMbCN in2H2O, 0.2 M NaCl, pH 8.6, at 30°C: (A) immediately
after reconstitution when the two heme orientations are comparably
populated; (B) immediately after reconstitution with the 3-methyl group
perdeuterated; and (C) at equilibrium where the major or “A” orientation
predominates by∼20:1. Resolved portions of the 500-MHz1H NMR
spectra of 2H,4A-metMbCN in2H2O, 0.2 M NaCl, pH 8.6 at 30°C;
(D) immediately after reconstitution when the two heme orientations
are comparably populated; (E) immediately after reconstitution with
the 1-methyl group perdeuterated; and (F) at equilibrium when the major
or “A” orientation predominates. The positions of deuteration are shown
by vertical arrows, and peaks are labeled Ai, Bi for the heme orientation
as in Figure 1A and B, respectively, with i reflecting the heme position
of the methyl (low field) or pyrrole-H (upfield) peaks.

838 J. Am. Chem. Soc., Vol. 121, No. 4, 1999 Kolczak et al.



of cyanide, reveals two sets of signals, labeled Ai, Bi (i ) 1-8)
for the A and B hemin orientations (Figure 1), respectively, of
which one set (Bi) essentially disappears over time, as shown
in the respective NMR spectra at equilibrium (Figure 5C, F).
Spectra immediately after reconstitution with 1-C2H3-2A,4H-
hemin (Figure 5B) and 3-C2H3-2H,4A-hemin (Figure 5E)
identify the 3-CH3 peak in the “transient” isomer for the latter
and show that none of the resolved methyls for either hemin
orientation is due to 1-CH3 in the former.

In a similar fashion, one or more methyls could be identified
unambiguously in both the “transient” and equilibrium species
for all but two of the hemins of interest, 2F,4V- and 2V,4F-
hemins (see below). In the case of 2A,4A-metMbCN, isotope
labeling identified all resolved peaks (not shown; see Supporting
Information). In each of the1H NMR spectra, it was possible
to locate the resolved, low-field heme methyls solely by
intensity, while the pyrrole-H peaks appear in the characteristic
upfield spectral window.35 The chemical shifts for the obvious
hemin methyls and pyrrole-H signals, as well as the highly
characteristic resolved low-field,39,50 strongly relaxed (T1 ∼20
ms) Phe43(CD1) CúH and upfield39 relaxed (T1 ∼60 ms) Ile99-
(FG5) CγH are listed in Table 1. Following the relative peak
intensities of a methyl for each isomer after reconstitution until
equilibrium is reached (less than 1 h to several days)11,28-31

allowed determination of the equilibrium constant for hemin
orientational disorder,Keq; the values are included in Table 1.

2D Assignment of 2A,4H- and 2H,4A-metMbCN. The
complete heme, axial His, and strongly dipolar shifted residue
signals are assigned for the equilibrium heme orientation for
these two complexes, as described in detail previously for similar
metMbCN complexes21,22,39,50-52 (relevant 2D data are given
in Supporting Information). The heme could be assigned by the

standard dipolar connectivity among pyrrole substituents.50 The
proximal His signals are assigned on the basis of the charac-
teristically broad and relaxed (T1 ∼3 ms) ring CεH and CδH
and the low-field and partially resolved CâH which, via TOCSY,
locates the CâH2-CRH fragment.51 The distal residues, Phe43-
(CD1), Phe33(B14), His64(E7), Val68(E11), and Ala71(E14),
in both complexes exhibit the same intraresidue TOCSY and
interresidues and heme-residue dipolar contacts as observed
in WT.39 The proximal residues Ala90(F5), Ala94(F9), and CRH
of Leu89(F4) are assigned on the basis of completely conserved
contacts to His93(F8) relative to WT. Last, the same contacts
between His97(FG3) and pyrrole C are observed39 as in WT.

Structural perturbations could be expected for two residues
that normally make contact with the native 2-vinyl (Phe138-
(H15)) and 4-vinyl (Ile99(FG5)) groups upon substitution by
either hydrogen or acetyl groups. However, TOCSY and
NOESY spectra reveal an Ile99(FG5) with a largely conserved
orientation, with dipolar contacts to 3-CH3 and 5-CH3 in 2A,-
4H-metMbCN (Figure 6A) and 2H,4A-metMbCN (Figure 6B),
as observed39 in WT, indicating inconsequential changes in
orientation of these key residues. Similarly, the dipolar contacts
between Phe138(H15) and 1-CH3 are essentially unchanged in
the two complexes relative to WT (not shown; see Supporting
Information). Last, steady-state NOEs from the hemin 1-CH3

and 8-CH3 to the CRH of Val68(E11) and CâH3 of Ala71(E14)
are minimally perturbed13,52 (not shown) in the two complexes
relative to WT, indicating that the heme rotational position about
the heme normal is not significantly altered by the modification
of the positions 2- and 4-substituents. The chemical shifts for
the hemin methyl and the His93(F8) proton peaks for the three
complexes are listed in Tables 2 and 3, respectively.

For the other 2R,4R′-metMbCN complexes (except for R or
R′ ) F; see below), assignments due to isotope labeling at a

(50) Emerson, S. D.; Lecomte, J. T. J.; La Mar, G. N.J. Am. Chem.
Soc.1988, 110, 4176-4182.

(51) Qin, J.; La Mar, G. N.J. Biomol. NMR1992, 2, 597-618.
(52) Rajarathnam, K.; Qin, J.; La Mar, G. N.; Chiu, M. L.; Sligar, S. G.

Biochemistry1993, 32, 5670-5680.

Table 1. Chemical Shifts for Selected Heme and Amino Acid Protons in 2R,4R′-MetMbCN Complexesa

2Rb 4R′b
hemec

orientation 1-CH3 3-CH3 5-CH3 8-CH3 2H/2CH3 4H/4CH3 I99 CγH F43 CúH Keq
d

M M A 21.81 6.29 24.80 11.89 18.96 9.68 9.2 17.7
V V A 18.6 (18.2)e 4.8 (4.3) 27.1 (25.7) 12.9 (13.1) -9.6 17.3 0.05

B f (6.1) 17.7 (17.0) 12.9 (12.8) 27.3 (26.0) -9.1 17.7
H H A 18.2 (18.9) 6.6 (5.4) 24.4 (25.7) 12.5 (14.1) -21.0 -15.2 -7.9 16.3 0.05

B f (6.81) 18.4 (18.0) 12.3 (12.8) 28.9 (27.0) -13.5 -21.4 -8.9 17.1
E E A 22.0 (21.6) f (5.8) 25.3 (24.7) 13.0 (11.8) -8.7 16.8 0.10

B f (9.4) 20.0 (18.5) 11.8 (11.8) 25.6 (24.7) -7.0 16.3
A A A 11.6 (9.7) f (1.3) 26.8 (25.6) 16.4 (17.0) -8.2 17.6 0.04

B f (-2.57) 14.8 (14.0) 11.4 (12.7) 35.9 (29.9) -8.4 16.0
H V A 18.6 (20.1) f (2.9) 26.4 (26.0) 13.1 (13.4) -19.6 -9.3 16.6 0.10

B f (8.0) 17.5 (15.6) 12.2 (13.1) 27.6 (26.3) -13.0 -8.9 ?
V H A 17.8 (17.1) f (6.4) 24.8 (24.7) 12.6 (14.8) -13.9 -8.1 16.7 0.02

B f (5.0) 18.0 (19.1) 11.6 (11.8) 28.5 (27.7) -21.0 -9.2
H E A 18.7 (19.7) 7.3 23.7 (23.6) 14.4 (13.9) -19.50 -8.0 16.2 1.6

B f (7.6) 21.2 (20.0) 10.7 (10.7) 28.1 (26.8) -12.27 -8.4 15.5
E H A 21.7 (21.6) (4.2) 26.0 (25.5) 12.6 (12.1) -13.6 -8.6 16.5 ∼0.02

B g (9.5) g (16.9) g (12.6) g (25.0)
H A A 16.3 (19.1) 3.7 (-2.9) 31.0 (30.9) 10.4 (9.3) -23.3 -7.8 16.9 0.05

B f (6.9) 10.2 (9.8) 15.8 (18.0) 26.0 (22.2) -16.6 -7.8 ?
A H A 8.6 (9.9) 11.7 (12.3) 20.4 (21.2) 19.7 (23.0) -17.4 -7.8 16.5 0.05

B f (-2.2) 24.1 (25.0) f (8.3) 37.8 (35.9) -21.6 -9.8 16.0
V F A 14.2 (16.1) f (-2.7) 32.4 (31.3) 10.4 (9.8) -9.0 16.6 0.05

B f (3.9) f (9.9) 16.4 (18.4) 27.4 (22.7) -8.0 18.2
F V A 11.1 (11.2) 10.1 (9.9) 22.2 (22.7) 22.0 (22.4) -8.8 16.4 0.05

B f (-0.9) 24.2 (22.6) f (9.8) 38.2 (35.3) -9.6 18.4

a Observed shift in ppm, referenced against DDS, in2H2O, 0.2 M NaCl, pH 8.3 at 25°C. b Substituents at positions 2 and 4; M) methyl; V )
vinyl; H ) hydrogen; E) ethyl; A ) acetyl; F) formyl. c Heme orientations A (as in Figure 1A) and B (as in Figure 1B).d Equilibrium constant
for the relative stabilities of the X-ray heme orientation (Figure 1A) and 180° reversed orientation as in Figure 1B, withKeq ) [B]/[A]. e Predicted
shifts, obtained via eqs 6 and 7, in ppm referenced against DSS, are given in parentheses.f Not resolved, and hence not assigned.g The 2E,4H-
metMbCN was investigated only after equilibrium was reached.
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single position was sufficient to establish the orientation of the
hemin in the pocket and provide, by analogy to WT, the methyl
assignments presented in Table 1 (not shown; see Supporting
Information). In limited cases, selective steady-state NOEs were
determined11 to confirm methyl assignments (not shown).

Magnetic Axes Determination for 2A,4H- and 2H,4A-
MetMbCN. The magnetic axes,20-22 R (direction of tilt of the
major axis),43 â (tilt from heme normal of major axis),κ ∼R +
γ (location of rhombic axes;43 see Figure 1) at 30°C for each
complex were determined by a three-parameter least-squares
search using the WT anisotropies22,48(∆øax ) 2.58× 10-8 m3/
mol; ∆ørh ) -0.58× 10-8 m3/mol) based onδdip(obs) for the
protons on the structurally conserved assigned residues (identity
and shifts given in Supporting Information). The resulting
minimization yields43 R ) 145°, â ) 14.3°, κ ) -15° for
2A,4H- metMbCN, andR ) 155°, â ) 14.3°, κ ) -15° for
2H,4A-metMbCN, which are very similar to each other and to
the data on WT,R ) 145°, â ) 15.3°, κ ) -15° using the
same input data. The high quality of the fits is shown by the
plot δdip(obs) vsδdip(calc) for the three complexes (Figure 7),
as well as the low residual F/n (0.12 in all three cases).

Knowledge of the magnetic axes allows calculation ofδdip for
the separation of the heme methyl and axial His protons, which,
together with eqs 4 and 5, yield the contact shifts for the heme
methyls and axial His in WT and the 2H,4A- and 2A,4H-
metMbCN complexes, as shown in Table 2.

Temperature Dependence of Heme Methyl Shifts.The
temperature dependence of the heme methyl shifts in 2A,4H-
metMbCN and 2H,4A-metMbCN in a Curie plot (Figure 4B
and D, respectively) reveals the presence of both positive (Curie-
type) and negative (anti-Curie-type) slopes typical of cyano-
metglobins,10-17 as well as other low-spin ferric hemopro-
teins.18,19 The Curie slopes and apparent interecepts in Curie
plots atT-1) 0 for WT, 2H,4A- and 2A,4H-metMbCN are listed
in Table 3.

Discussion

Qualitative Comparison among 2R,4R′-MetMbCN Com-
plexes. It is noted that the strongly relaxed and two most
strongly hyperfine shifted protons on nonligated residues in
metMbCN,39 the low-field CúH for Phe43(CD1), and the high-
field CγH for Ile99(FG5), exhibit essentially invariant hyperfine
shifts of 17.0( 0.9 and-8.7 ( 0.9 ppm, respectively, as a
function of 2R,4R′ (Table 1), including WT. Since these
necessarily dipolar shifts for the nonligated residues reflect a
combination of the magnetic anisotropy, the orientation of the
principal magnetic axes, and the orientation of the Phe43(CD1)
and Ile99(FG5) side chains relative to the iron center (geometric
factors), as given in eq 2, the invariance of the shifts argues for
conservation of all three properties for variable R,R′ in
2R,4R′-metMbCN complexes. This is confirmed in detail for
2H,4A- and 2A,4H-metMbCN above. Conversely, the highly
variable contact shift dominated hemin methyl shift pattern with
R,R′ (Table 1) attests to variable rhombic electronic asymmetry.

The peripheral substituents that lead to asymmetry1,2 in the
heme methyl contact shift of less than 20% (all combinations
with R, R′ ) M, E, V, H) also result in a conserved heme methyl
contact shift pattern compared to WT metMbCN, with the 5-CH3

Figure 6. Portions of the 500-MHz1H NOESY spectra (τm ) 100
ms) showing the largely conserved intraresidue and residue heme dipolar
contacts for Ile99(FG5) in (A) 2H,4A-metMbCN at 20°C and in (B)
2A,4H-metMbCN at 30°C, both in2H2O, 0.2 M NaCl, pH 8.6.

Figure 7. Plot ofδdip(obs) versusδdip(calc) for the optimized magnetic
axes from a three-parameter search for (A) wild-type metMbCN, (B)
2A,4H-metMbCN, and (C) 2H,4A-metMbCN using the same set as
input data (solid circles). The data for Ile99(FG5) and Phe138(H15)
not used in the fit are shown in open triangles and diamonds,
respectively. The line of unit slope represents the perfect fit.
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> 1-CH3 > 8-CH3 > 3-CH3 for the X-ray (Figure 1A) heme
orientation, (i.e., the net peripheral electronic perturbations are
smaller than the protein-induced rhombic perturbations). In the
case of strong peripheral perturbation of the hemin by acetyl or
formyl groups, the methyl contact shift pattern is strongly
perturbed even outside the protein matrix,28 with the electronic
perturbation of the hemin comparable with that induced by the
protein. Hence the methyl contact shift pattern in 2R,4R′-
metMbCN with R or R′ ) A or F can be significantly altered
from that in WT. Heme methyl assignments were not pursued
for 2F,4V-hemin (spirographis) and 2V,4F-hemin (isospiro-
graphis), either as model compounds or reconstituted into
metMbCN. However, the very similar shifts in 2F,4V-hemin
and 2A,4H-hemin, either as model or in Mb (and for both hemin
orientations), and the similar shifts for 2V,4F-hemin and 2H-
4A-hemin, either as model or in Mb (again for both hemin
orientations), argue for the same assignments in the two
complexes, with the effect of a combination formyl/vinyl group
similar to that of an acetyl/hydrogen.

Modulation of the Hemin Rhombic Asymmetry in 2H,-
4A- and 2A,4H-MetMbCN. These two hemins provide unique
tests for the origin of the rhombic asymmetry because the
direction of the electronic perturbations is known. Thus the
electron-withdrawing 4-acetyl group (rhombic electronic per-
turbation approximately along the pyrrole II, IV vector) induces
an in-plane asymmetry in the model compound thatgenerates
a pattern of methyl contact shiftssimilar to that imposed on an
essentially 4-fold symmetric hemin upon incorporation into
metMbCN in the orientation as found in WT Mb (Figure 1A).
Not surprisingly, the additivity of the two similarly oriented
perturbations leads to a conserved methyl contact shift pattern,
but a significantlyenhanced spread(∼27 ppm)for the heme
methyl shifts relatiVe to WT(Table 1), in the X-ray orientation
(Figure 1A). In the same manner, the 2-acetyl group induces a
similar rhombic perturbation approximately along the pyrrole
I, III vector and results in a methyl contact shift pattern for the
model complexreVersedfrom that found in WT metMbCN (or
as found28,29in metMbCN for the hemin orientation as in Figure
1B). Thus, upon incorporation of 2A,4H-hemin into the protein
matrix in orientation A in Figure 1, the two rhombic perturba-

tions are nearly orthogonal and tend to cancel, leading to 5-CH3/
8-CH3 and 3-CH3/1-CH3 shifts that are pairwise very similar
(Table 1) and to a strongly reduced methyl shift spread of only
∼10 ppm. It is noted that, as expected, 2A,4H-hemin leads to
the larger heme methyl contact shift spread in the “reversed”,
or B heme orientation in metMbCN where the hemin electronic
and protein-induced rhombic perturbations again add.

The simple model for the spread of the hemin methyl contact
shift based on population of the alternate orbital states (Figure
2) dictates that, as the splitting between the dxz and dyz orbitals
increases (decreases), the spread of the four heme methyl shifts
increases (decreases), and the low-field methyl peaks (5-CH3

and 1-CH3) should show more positive (negative) slope and
more negative (positive) apparent intercepts in a Curie plot. A
quantitative analysis of the available data is not possible. On
one hand, both dipolar and contact shifts contribute toδhf(obs),
and, whileδdip can be estimated with the magnetic axes, its
temperature dependence is not expected to obey the simple Curie
law with zero intercept.9,22 On the other hand, the asymmetry
in the methyl contact shifts of the model 2R,4R′-hemin(CN)2-

complexes must reflect a combination of perturbations of the
coefficients of individual atoms in the molecular orbitals by
the variable substituents, and the effect of lifting of the orbital
degeneracy of dxz and dyz, which preferentially places the
unpaired spin into one or another orbital. That the latter effect
likely dominates is supported by the observations that for high-
spin for iron(III) models26,53,54 where each d orbital contains
one spin, the asymmetry in the heme methyl contact shift is
considerably smaller than in the low-spin, biscyano com-
plexes.2,26,54Moreover, the biscyano complexes of 2H,4A-hemin
and 2A,4H-hemin, with rhombic perturbation on a single
pyrrole, exhibit the expected pairs of low-field methyls with
hyper-Curie, and high-field methyls with hypo-Curie behavior
for the hyperfine shifts (Figure 4A, C), as observed in WT
metMbCN.10,11Therefore we ignore for the present the smaller
dipolar shift and any significant change in the nature of theπ
MOs.

Comparison of the hemin methyl shifts, slopes, and intercepts
in the metMbCN complexes in Table 2 and Figure 4B and D
shows that, indeed, the methyl shifts spread islarger, slopes
more positiVe, and apparent interceptsmore negatiVe, for 1-CH3

and 5-CH3 in 2H,4A-metMbCN than in 2A,4H-metMbCN. On
the other hand, the 3-CH3, 8-CH3, slopes aremore negatiVe
and the apparent intercept,56 for at least 3-CH3, is more positiVe
in 2H,4A-metMbCN than in 2A,4H-metMbCN. Thus, the
difference in the heme methyl shift patterns between the two

(53) Budd, D. L.; La Mar, G. N.; Langry, K. C.; Smith, K. M.; Nayyir-
Mazhir, R.J. Am. Chem. Soc.1979, 101, 6091-6096.

(54) La Mar, G. N.; Walker, F. A. InThe Porphyrins; Dolphin, D., Ed.;
Academic Press: New York, 1978; pp 61-157.

(55) Satterlee, J. D.; La Mar, G. N.J. Am. Chem. Soc. 1976, 98, 2804-
2808.

(56) Miki, K.; Harada, S.; Hato, Y.; Iba, S.; Kai, Y.; Kasai, N.; Katsube,
Y.; Kawabe, K.; Yoshida, Z.; Ogoshi, H.J. Biochem. 1986, 100, 277-
284.

Table 2. Separation of Dipolar and Contact Shifts for His93(F8) Protons in WT, 2H,4A- and 2A,4H-metMbCNa

WT metMbCN 2H,4A-DH-metMbCN 2A,4H-DH-metMbCN

proton δDSS(dia)b δDSS(obs) δhf
c δdip

d δcon
e δDSS(obs) δhf δdip δcon δDSS(obs) δhf δdip δcon

CRH 2.9 7.4 4.5 4.5 0 7.8 4.9 5.1 -0.2 7.5 4.5 4.7 -0.2
CâH 1.7 11.4 9.7 6.5 3.2 11.8 10.1 6.7 3.4 11.4 9.7 6.9 2.8
CâH′ 1.6 6.3 4.7 3.8 0.9 7.1 5.5 4.2 1.3 6.1 4.6 4.4 0.2
CδH 1.1 -4.3 -5.4 -4.7 -0.7 0.0 -1.1 -2.1 1.0 -4.2 -5.3 -1.4 -4.0
CεH 1.7 18.8 17.1 35.9 -18.8 22.6 20.9 34.6 -13.8 11.6 10.0 33.5 -23.4

a Shifts in ppm, at 30° in 2H2O, 0.2 M NaCl at pH 8.6.b In ppm referenced to DSS for MbCO.44 c Obtained via eq 4.d Obtained via eq 2 for
optimized magnetic axes.e Obtained via eq 5.

Table 3. Heme Methyl Shifts, Curie Slopes, and Curie Intercepts
for 2H,4A-DH- and 2A,4H-MetMbCNa

2H,4A-metMbCN 2A,4H-metMbCN

δDSS(obs)

Curieb

slope
Curiec

intercept δDSS(obs)
Curie
slope

Curie
intercept

1-CH3 16.1 4.6 0 8.5 1.1 4
3-CH3 3.9 -2.3 12 11.7 -1.0 15
5-CH3 30.4 9.5 -2 20.1 5.6 3
8-CH3 10.4 0.4 9 19.4 4.5 5

a Shift in ppm, referenced to DSS, in2H2O, 0.2 M NaCl, pH 8.0 at
30 °C. b Slope in plot ofdDSS(obs) versus reciprocal absolute temper-
ature, in ppm * K×103. c Intercept at T-1 ) 0, in ppm, referenced to
DSS.
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complexes can be qualitatively rationalized by simply a larger
rhombic splitting in 2H,4A-metMbCN, where the substituent
and protein effects add, than in 2A,4A-metMbCN, where they
largely cancel. Since 2H,4A-hemin(CN)2

- exhibits essentially
the same methyl contact shift pattern, with the same charac-
teristic temperature behavior, as a “symmetric” heme in met-
MbCN, it is reasonable to conclude that the 4-acetyl group and
the axial His bond raise the dxz, dyz orbital degeneracy by
comparable amounts. However, since a vinyl group is much
less electron withdrawing than an acetyl group, it is expected
that a vinyl group would contribute less to the splitting. At the
present, it is not possible to guage directly the influence of a
vinyl group because the available hemins all have a non-methyl
substituent at both the 2- and 4-positions, and all but methyl
and ethyl groups have a marked effect on the electron asym-
metry in even the model compound.1,2 A more quantitative
estimate of the influence of a single substituent would be to
use hemin where 2R) alkyl and 4R) V, A, H or 2R ) V, A,
H and 4R) alkyl; such studies are in progress.

The analyses of 2A,4H-metMbCN and 2H,4A-metMbCN
demonstrate that the peripheral substitution of the hemin can
significantly affect the rhombic splitting of dxz and dyz orbitals
in a predictable manner because the appropriate orientation of
both the substituent and protein-induced perturbations are
known. A converse to this is that the rhombic asymmetry in a
given low-spin ferrihemoprotein reflectsboth the electronic
effect of substituents and the orientation of the axial His
imidazole(s)and that the orbital hole does not necessarily
uniquely indicate the orientation of the axial His in ab-type
hemoprotein. In fact, instead of a heme contact shift pattern
serving as a quantitative indicator for the orientation of an axial
His, the combination of the contact shift pattern and the
crystallographically determined axial His orientation should
ultimately identify the exact nature of other protein-induced
rhombic perturbations.

Modulation of Axial His Hyperfine Shifts in 2H,4A- and
2A,4H-MetMbCN. The His93(F8) protons exhibit bothδconand
δdip, of which the latter can be calculated on the basis of the
magnetic axes determined20,22 above for these two complexes
(eqs 2, 4, and 5). The resultingδhf, δdip, andδcon for the two
subject complexes, and those for WT, are compared in Table
2. The results are consistent with previous analyses of the
hyperfine shifts in low-spin ferrihemin models54,55 and ferri-
hemoproteins19,20,22 in that primarily CεH of the axial His
exhibits significantπ contact shifts. Comparison of the His93-
(F8) shifts in 2A,4H-metMbCN and 2H,4A-metMbCN with
those in WT (Table 2) reveals that mainly CεH exhibits a
significant shift difference, which, upon factoring intoδdip and
δcon, shows that the CεH contact shift issmallerby ∼5 ppm in
2A,4H-metMbCN, andlarger by ∼5 ppm in 2H,4A-metMbCN
than WT metMbCN. On the basis of an orbital hole determined
primarily by the axial His, largeπ contact shifts areallowed
only in the ground-statedyz orbital hole and not in the excited-
state dxz orbital hole.6 This leads to the expectation that an
increased (decreased) splitting between the ground- and excited-
state orbital states should lead to increased (decreased)π contact
shifts for the axial His, as observed. Hence, the pattern of axial
His shift changes parallels the heme methyl shift changes
predicted by the simple model depicted in Figure 2.

Empirical Interpretation of Heme Methyl Shifts in 2R,-
4R′-MetMbCN. We emphasize here the effects of the protein
matrix in modifying the individual methyl shifts of a hemin
upon incorporation into metMbCN. The influence on individual
methyl groups of the hemin upon incorporation into the protein

matrix is provided by 2M,4M-hemin. Comparison of the1H
NMR spectra for the essentially 4-fold symmetric 2M,4M-
hemin-(CN)2- with that for 2M,4M-metMbCN reveals11 that
the six individual methyl groups experience chemical shift
changes∆(i-CH3), i ) 1-5, eight methyls, due to their local
environment, as given by

which yields∆(1-CH3) ) +5.3, ∆(2-CH3) ) +2.8, ∆(3-CH3)
) -9.9,∆(4-CH3) ) -6.8,∆(5-CH3) ) 8.1, and∆(8-CH3) )
-4.8 ppm. If we assume that the protein exerts a similar
“rhombic” effect,∆(i-CH3), for methyl i on each hemin in the
X-ray orientation (Figure 1A), we obtain a “predicted” heme
methyl shift,δDSS(pred) pattern for all other hemins via eq 7:

It is noted that the “addition” of the effects of the hemin
substituents (shifts in the model) and the protein influence can
predict the hemin methyl shift patterns forthe reVersed heme
orientation(Figure 1B) by simply recognizing that in the 180°
rotated heme interchange the 1T 4, 2T 3, and 5T 8 positions
(i.e., the 1-CH3 (and 3-CH3) experience the “protein” influence
reflected in the 4-CH3 (and 2-CH3) of 2M,4M- metMbCN, etc.).
The predicted shifts for each of the hemins in each of the two
orientations in 2R,4R-metMbCN are given in parentheses in
Table 1. A plot ofδDSS(obs) versusδDSS(pred) (via eqs 6 and
7) is shown in Figure 8; an excellent correlation is observed
for all but two methyls on the strongly rhombically perturbed
hemin.

Practical implications of the empirical correlation between
the hemin methyl shifts as a model compound and in metMbCN
is that assignment of hemin methyls peaks of a peripherally
functionalized hemin cyanoferrihemoprotein and in the extracted

Figure 8. Plot of δobs
i(2R,4R′-metMbCN) versusδDSS

i(pred for
2R,4R′-metMbCN) for methylsi ) 1, 3, 5, and 8 for all complexes
listed in Table 1, with the latter determined via eqs 6 and 7. The data
for the rhombical weakly to moderately perturbed hemins (2R,4R*
A or F) are shown in filled markers, while data for strongly rhombically
perturbed hemins (2R and/or 4R) A or F) are shown by open markers.
The heme positions are marked by circles (1-CH3), triangles (3-CH3),
squares (5-CH3) and diamonds (8-CH3).

∆(i-CH3) ) δi[2M,4M-metMbCN-

2M,4M-hemin(CN)]2
- (6)

δi
DSS[pred for 2R,4R-metMbCN])

δi
DSS[obs for (2R,4R′-hemin(CN)2

-] + ∆(i-CH3) (7)
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model compound should shed light on the relative orientation
of the heme and the axial His in the protein. Conversely, highly
perturbed methyl contact shift patterns in a cyanoferrihemo-
protein with an axial His could be used to deduce the nature
and/or location of peripheral functional groups on the heme.

Heme Orientational Preferences.Following to equilibrium
the methyl peak intensities for the two 2R,4R′-metMbCN
complexes generated immediately after reconstitution, together
with either 1D/2D NMR or isotope labeling,28-30,35 yields the
equilibrium constants for formation of the complex with the
heme orientation 180° rotated about theR,γ-meso axis relative
to WT Mb. The data in Table 1 show that, in all cases but one
(2H,4E-hemin), the major isomer is that with the crystal-
lographic heme orientation (Figure 1A), with theKeq ) 0.02-
0.1 for the hemins investigated. For 2H,4E-metMbCN, the bulky
4-ethyl group destabilizes the crystallograph heme orientation
(A in Figure 1) by>1.6 kcal/mol relative to the other hemins.
In fact, the “reversed” or heme orientation B in Figure 1B is
the dominantspecies in solution at ambient temperatures for
2H,4E-metMbCN. It is clear that the protein more readily
accommodates large substituents at its 2- than at its 4-position.

The present results on hemin orientation are qualitatively
consistent with previous crystallographic studies56 of 2H,4V-,
2V,4H-, 2H,4E-, and 2E,4H-metMbH2O in identifying the
predominant hemin orientation. However, in the crystal struc-
tures, only one orientation was detected, even for 2H,4E-Mb,
which exhibits a∼1:2 ratio of the isomers in solution.
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