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Abstract: Solution 1H NMR has been used to elucidate the magnetic properties and electronic structure of
the prosthetic group in high-spin, ferrous deoxy myoglobin from the sea hare Aplysia limacina. A sufficient
number of dipolar shifted residue signals were assigned to allow the robust determination of the orientation
and anisotropy of the paramagnetic susceptibility tensor, ø. The resulting quantitative description of dipolar
shifts allows a determination of the contact shifts for the heme. ø was found to be axial, with ∆øax ) -2.07
× 10-8 m3/mol, with the major axis tilted (∼76°) almost into the heme plane and in the general direction of
the orientation of the axial HisF8 imidazole plane which coincides approximately with the â-,δ-meso axis.
The factored contact shifts for the heme are shown to be consistent with the transfer of positive π spin
density into one of the two components of the highest filled π molecular orbital, 3eπ, and the transfer of
negative π-spin density, via spin-spin correlation, into the orthogonal excited-state component of the 3eπ

molecular orbital. The thermal population of the excited state leads to strong deviation from the Curie law
for the heme substituents experiencing primarily the negative π-spin density. The much larger transfer of
negative spin density via the spin-paired dπ orbital into the excited state 3eπ in high-spin iron(II) than in
low-spin iron(III) hemoproteins is attributed to the much stronger correlation exerted by the four unpaired
spin on the iron in the former, as compared to the single unpaired spins on iron in the latter.

Introduction

NMR spectra of paramagnetic hemoproteins are unique in
that not only can they, under appropriate conditions, be inter-
preted almost as effectively as for a diamagnetic analogue to
yield the molecular structure,1-3 but the resulting hyperfine shifts
near the active site yield a wealth of information on the elec-
tronic structure and magnetic properties of the active site not
available for a diamagnetic derivative.1,4,5 The majority of the
systems studied possess low-spin, ferric hemin for which there
exist relatively robust quantitative interpretive bases for both
the contact and dipolar shifts.5-16 While fewer high-spin ferric

hemoproteins have been investigated in detail, the results provide
a relatively simple, and for the contact shifts only empirical,
correlation between molecular structure and electronic/magnetic
properties.5,17-24 The least understood iron oxidation/spin state
is high-spin iron(II) heme, which is the only functional para-
magnetic state of globins,25,26 one of two functional states27 of
ferricytochromesc′, as well as one in many heme enzymes.28,29

There are two mechanisms that contribute to1H NMR hyper-
fine shifts,δhf. One is the contact shift for the ligands to the
iron,2 δcon, given by

Q is a constant (∼60-75 MHz for a methyl group experiencing
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(23) Déméné, H.; Tsan, P.; Gans, P.; Marion, D.J. Phys. Chem. B2000, 104,

2559-2569.

δcon
i ) -QF〈Sz〉/γiBo (1)

Published on Web 06/20/2003

8494 9 J. AM. CHEM. SOC. 2003 , 125, 8494-8504 10.1021/ja035256u CCC: $25.00 © 2003 American Chemical Society



π spin densityFi, on an adjacent aromatic nucleus), and〈Sz〉 is
the spin magnetization that is approximately∝ Bo/T. The other
is the dipolar shift,δdip, exerted by the iron on all nuclei, which
is given2,5,10,30by

∆øax and ∆ørh are the axial and rhombic anisotropies of the
paramagnetic susceptibility tensor,ø, in the magnetic coordinate
system,x, y, z (or R,θ, Ω), whereø is diagonal. The anglesθ′,
Ω′ and distanceR from the Fe define a proton in an arbitrary,
iron-centered reference frame,z′, y′, z′ (as provided by suitable
crystal coordinates), andΓ(R,â,γ) is the standard Euler rotation
that converts the reference (x′, y′, z′ or R, θ′, Ω′) into the
magnetic (x, y, z or R, θ, Ω) coordinate system (see Figure 1).
Both the anisotropies of the tensor,ø, and its orientation (Γ-
(R,â,γ)) can be determined by NMR if sufficient dipolar-shifted
resonances can be assigned and crystal coordinates for their
positions in the reference frame are available.5,10,30

Relatively few reports have addressed the heme hyperfine
shifts in small, high-spin ferrous hemoproteins.19,31-42 Only two

systems have been studied in any detail (both anisotropy/
orientation ofø and quantitated spin distribution for heme),
deoxy Mb43 from several mammals,39,40 and one ferrocyto-
chromec′.23,42 Heme methyl peaks have been assigned in two
other ferrocytochromesc′19,41 and an insect deoxy Mb,44 but
neither the anisotropies nor orientations ofø were determined.
The two detailed studies40,42showed that the anisotropies arise
overwhelmingly from zero-field splittings (as indicated by T-2

dependence of dipolar shifts) but that the tensors are strongly
tilted away from the heme normal.23,40,42This is in sharp contrast
to both low-spin5 and high-spin iron(III) where the major
magnetic axis is oriented close (within 15°) to the heme
normal.5,22-24 The directions of the tilts of the major magnetic
axes in the two high-spin ferrous systems did not reveal what
molecular structural properties of the active site (axial His
imidazole plane orientation, nonligated distal water molecules)
control the orientation.23,40,42Moreover, it has not been possible
to propose a description of the nature of the spin transfer
mechanism responsible for the heme contact shifts.40,42Finally,
the magnitudes of the magnetic anisotropy differ significantly
for the two systems40,42 thought to possess very similar high-
spin iron(II). Precedence for observing a major axis tilted
strongly from the heme normal in high-spin ferrous hemopro-
teins exists in several other spectroscopic observables.45,46

One approach to improving the understanding of the NMR
properties of high-spin ferrohemoprotein is to pursue quantitative
studies ofø and heme spin distributions in homologous proteins
which have been crystallographically characterized. In this con-
text, the Mb from the sea hareAplysia limacinaprovides an
appropriate comparison to mammalian Mbs, since its axial His
F8 imidazole plane is aligned close to the meso-Fe-meso
vector,47 while in mammalian Mb it is aligned closer to a N-
Fe-N vector.48 Whereas a crystal structure ofAplysia deoxy
Mb has not been reported, structures have been reported for
numerous other oxidation/spin/ligation states ofAplysiaMb49-51

to indicate that the majority of residues maintain strongly
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Figure 1. Schematic structure of the active site ofAplysia limacinaMb
showing heme (and the Fisher numbering system), the axial His F8, and
key assigned (completely or partially) residues on the proximal (rectangles)
and distal (circles) sides of the heme. The lines between heme and residues
and among residues reflect the observed (and expected) heme-residue and
interresidue NOESY cross-peaks. The reference (x′, y′, z′) and magnetic
(x, y, z) coordinate systems are shown, where the angleâ is the tilt of the
major (z) magnetic axes from the heme normal (z′), R defines the projection
of the tilt (and hence the direction) referenced to thex′ axis, and the rhombic
axes,x, y, when projected on thex′, y′ plane, are given byκ ≈ R + γ. The
angle φ defines the relative orientation of the projection of the axial
imidazole plane and thex′ axis.

δdip ) (12πµoNa)
-1[3∆øax(3 cos2 θ′ - 1)R-3 +

2(sin2 θ′ cos2 Ω′)R-3]Γ(R,â,γ) (2)

NMR of Deoxy Aplysia Mb A R T I C L E S

J. AM. CHEM. SOC. 9 VOL. 125, NO. 28, 2003 8495



conserved positions relative to the iron in different oxidation/
ligation/spin states. We report herein a detailed1H NMR
assignment of both the heme and dipolar-shifted protons in
Aplysiadeoxy Mb that allows us to determine the orientation
and anisotropy ofø as well as quantitate the unpaired spin
density distribution on the heme.

Experimental Section

Protein Samples.RecombinantAplysia limacinaMb was expressed
in E. coli and purified as described in detail previously.52 The deoxy
Mb complex was formed by adding 3 equiv of dithionite to thoroughly
degassed 2.0 mM1H2O and2H2O metMb samples at pH∼8.2. The
prepared deoxy Mb samples reproduced both the previously reported
optical52 and1H NMR spectra.31 TheAplysiaMb samples reconstituted
with specifically deuterium-labeled hemins were generated by prepara-
tion of apo-Mb using standard methods.53 The desired heme was titrated
to yield 1:1 apo-Mb:heme stoichiometry, as determined spectropho-
metrically, and as reported in detail for the same complexes previously.54

The four labeled hemins are 1-C2H3,3-C2H3-hemin, 5-C2H3-hemin,
1-C2H3,8-C2H3-hemin, and 2-CR2H1-Câ

2H2-hemin and led to∼0.5 mM
2H2O solutions of deoxy Mb and those described previously.54

NMR Spectra. 1H NMR spectra were recorded at 500 MHz on a
Bruker AVANCE spectrometer. NonselectiveT1swere estimated from
the null in the inversion recovery after a 180° pulse, (T1 ≈ τnull/ln 2).
Chemical shifts were referenced to 2,2-dimethyl-2-silapentane-5-
sulfonate, DSS, via the residual solvent signal. Uncertainties are
estimated at(15% for resolved peaks and(25% for partially resolved
peaks. TheR-6

Fe-i dependence of nonselectiveT1s1,55 together with a
T1 ≈ 50 ms for a heme methyl (RFe ≈ 6.1 Å), a measuredT1i (in ms)
for proton i is related to its distance to the iron,RFe-i via

Reference spectra were recorded at 1 to 3 s-1 repetition rates over
a 16 kHz spectral width and at 5 s-1 on a 50.0 kHz spectral width with
presaturation of the residual solvent signal. WEFT spectra56 were
collected at a repetition rate of 5 s-1 and with relaxation delays between
260 and 100 ms. Steady-state NOE difference spectra were obtained
by saturating 30-60% the desired resonance for 100 ms and subtracting
the trace from a trace recorded when the same saturation power was
applied well off-resonance to all peaks, as discussed in detail previ-
ously.1,57 NOESY58 (bandwidth 60 kHz,τm ) 40 ms) and clean-
TOCSY59 (40 kHz, τm ) 20 ms) 1H NMR spectra in2H2O were
recorded over the temperature range 30° to 45 °C at 500 MHz at a
repetition rate of 3 s-1 (to enhance cross-peaks for relaxed, at the
expense of relatively weakly relaxed, protons) using 512 t1 blocks of
2048 t2 points, each consisting of 192 scans per block. The 2D data
were processed with a 30°-shifted sine-squared function and zero-filled
to 2048× 2048 points prior to Fourier transformation.

Magnetic Axes Determination.The magnetic axes were determined
by a least-squares search for the minimum in the error function:10,30

where the calculated dipolar shift in the reference coordinate system,

x′, y′, z′ or R, θ′ Ω′, (crystal coordinates47) is given by eq 2, with∆øax

and ∆ørh as the axial and rhombic anisotropies of the diagonal
paramagnetic susceptibility tensor. The observed dipolar shift,δdip(obs),
is given by

where δDSS(obs) and δDSS(dia) are the chemical shifts, in ppm,
referenced to DSS, for the paramagnetic Mb complex and an isostruc-
tural diamagnetic complex, respectively. In the absence of an experi-
mental δDSS(dia), it may be reliably estimated from the available
molecular structure ofAplysiametMb47 via

where δtetr, δsec, and δrc are the chemical shifts of an unfolded
tetrapeptide relative to DSS,60 the effect of secondary structure61 and
ring currents62 on the shift, respectively. The contact shift for the heme
and axial His F8 is determined by

Results

Assignment Protocols. The assignments rely on three
experimental parameters, scalar (TOCSY)59 connections within
a residue, dipolar (∝ rij

-6), (NOE63 or NOESY58) connections,
and paramagnetic relaxation;55 eq 3 (∝ RFe-i

-6).
The resolved portions of the 500 MHz1H NMR spectra of

Aplysiadeoxy Mb in2H2O at several temperatures are illustrated
in Figure 2A-C. Peaks are labeled by upper case letters for
the major (∼75%) and lower case letters for the minor (∼25%)
of the heme orientational isomers,54,64,65using the Fisher notation
for the heme. The spectrum at 30°C in Figure 2 reveals six
resolved or partially resolved methyl group signals (three-proton
signals over a wide temperature range), one low-field, five high-
field, all with T1s≈ 50( 10 ms (Tables 1, 2). Hence, relaxation
properties are insufficient to clearly discriminate between heme
and amino acid methyl peaks. Moreover, because of the
relatively small hyperfine shift dispersion, the spectral conges-
tion due to heme orientational disorder54,64,65 (note resolved
minor component peaks labeled 3-cH3, 1-ch3 and 5-ch3 in Figure
2A), moderate T1 relaxation and significant Curie (T2) relax-
ation,66,67 it was not possible to detect the key TOCSY cross-
peak for several of the strongly hyperfine shifted peaks. In these
cases, assignments were guided by the expected relaxation ( eq
3) and dipolar (NOESY, NOE) contacts among heme substit-
uents and between heme and nearby residues, as predicted in
the metMb crystal structure.47 Difficulties with resolution are
partially solved by carrying out the NOESY and relaxation
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RFe-i ) 3.1T1i
1/6 (3)

F/n ) ∑
i)1

n

|δdip(obs)- δdip(calc)|2 (4)

δdip(obs)) δDSS(obs)- δDSS(dia) (5)

δDSS(dia) ) δtetr+ δsec+ δrc (6)

δcon ) δhf - δdip(calc)) δDSS(obs)- δDSS(dia) - δdip(calc) (7)
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measurements over a wide temperature range.68 Last, as initial
assignments of residues establish thatδdip exhibits strictlyT-2

dependence,40,42 predicted intercepts in a plot of shift versus
T-2 can be used to infer the functionality of proton sets. The
key role of heme-residue contacts in the assignment protocol
demands that the heme substituents be assigned first and
unambiguously, which, in the absence of an isotope-labeled
polypeptide, dictates the use of isotope-labeled hemes.40

Isotope Labeling. The resolved portions of the 500 MHz
1H NMR spectra ofAplysiadeoxy Mb at 35°C containing native
hemin and four different isotope-labeled hemins are illustrated
in Figure 3A-E. The selective loss of intensity (vertical arrows)
of major component (Mi) and minor component (mi) methyl
groups uniquely assigns (Figure 3A-D) the four heme methyls
of the major, and all but the 8-CH3 (which is not resolved) of
the minor component. Deuteration of the 2-vinyl group leads
to loss of only a single low-field proton peak (Figure 3E) which,
in combination with itsT1 ∼50 ms (Table 1), identifies the 2HR

and dictates that neither 2Hâc nor 2Hâe are resolved. These
assignments are listed in Table 1.

Steady-State NOEs.The1H NMR spectrum ofAplysiadeoxy
Mb in 1H2O, as those of all other investigated monomeric deoxy
globins,5,26,38,69exhibits one strongly relaxed (T1 ≈ 10 ms), labile
proton peak near 90 ppm (not shown) that can only arise from
the His F8 ring NδH.5,69 Saturation of this peak (not shown)
exhibits a weak NOE to a moderately relaxed, resolved, low-
field shifted single proton peak at∼13 ppm at 30° (Figure 2A)
that is uniquely identified as the His95(F8) Câ1H via its T1. A
strong NOE (not shown), as well as a strong NOESY cross-
peak to Câ1H (Figure 4G), locates the geminal partner His95-
(F8) Câ2H. Last, the saturation of the broad and strongly relaxed
(T1 ≈ 10 ms,RFe ≈ 4.5 Å via eq 7), extreme high-field peak
(Figure 2E) leads to comparable NOEs to both 1-CH3 and
8-CH3, uniquely assigning theδ-meso-H. The reference spec-
trum at 41.2°C in Figure 2C suggests the presence of some
strongly relaxed,T1 <̃ 10 ms, peaks labeled A,B under narrower
peaks in the 10-18 ppm window. A WEFT trace56 that
suppresses weakly relaxed protons shows these peaks more
clearly, withT1 estimates 5 and 10 ms, respectively (Figure 2D),

(68) Qin, J.; La Mar, G. N.J. Biomol. NMR1992, 2, 597-618.
(69) La Mar, G. N. InBiological Applications of Magnetic Resonance; Shulman,

R. G., Ed.; Academica Press: New York, 1979; pp 305-343.

Figure 2. Resolved portions of the 500 MHz1H NMR spectra ofAplysia
deoxy Mb in 2H2O, pH 8.5 at (A) 30°C, (B) 36.2°C, and (C) 41.2°C,
illustrating the strong and differentiated temperature dependence of both
position and line width of resolved resonances; (D) Partially relaxed
spectrum at 41.2°C (repetition rate 3 s-1, relaxation delay 70 ms), illustrating
the position and relaxation properties of strongly relaxed lines not readily
recognized in the normal NMR trace; and (E) steady-state NOE difference
spectra upon saturating the strongly relaxed (δ-meso-H) peak at-15 ppm.
Resonances for the major (i.e., 5-CH3), minor (i.e., 5-ch3) are labeled by
upper case and lower case letters, respectively.

Figure 3. Resolved portions of the1H NMR spectra ofAplysiadeoxy Mb
in 2H2O, pH 8.6 at 35°C containing (A) native hemin; (B) 5-C2H3-hemin;
(C) 1-C2H3,3-C2H3-hemin; (D) 1-C2H3,8-C2H3-hemin; and (E) 2-CR2H-
Câ

2H2-hemin. M and m designate methyls in major and minor heme
orientational isomers in solution, respectively. The selective loss of intensity
is shown by vertical arrows and allows the unambiguous assignment of all
four heme methyls for the major (∼80%) deoxy Mb component (heme
orientation as drawn in Figure 1) and three of the four heme methyls
(positions 1, 5, 3) for the minor (∼20%) deoxy Mb component (heme rotated
by 180° aboutR,γ-meso axis relative to that in Figure 1).
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and also locates an additional relaxed signal at 10 ppm withT1

≈ 20 ms (labeled H105ε). The resonances labeled A-C are too
strongly relaxed and too close to the diamagnetic envelope to

allow detection of steady-state NOEs that can be separated from
off-resonance effects and artifacts, and hence, no information
for assignments is available except theT1s; peak B may have

Table 1. 1H NMR Spectral Parameters for the Heme and Axial His in Aplysia Limacina Deoxy Mb

case II

residue proton δDSS(obs)a T1, msb δDSS(dia)c δhf
d δdip(calc)e δcon(calc)f cytochrome c′g

sperm whale
deoxy Mbh

heme 1-CH3 -5.20 60 3.6 -8.8 -5.7 -3.1 -1.8 7.2
3-CH3 20.98 60 3.8 17.2 2.7 15.0 15.5 5.0
5-CH3 -3.32 60 2.5 -5.9 -5.2 -0.7 -5.8 15.7
8-CH3 -10.09 60 2.6 -13.7 -4.8 -8.9 -9.7 3.5
2HR 26.10 45 8.4 17.7 0.8 16.9
2Hâc -0.11 5.7 -5.8 0.8 -6.6
4HR -0.89 8.6 -9.5 -6.6 -2.9
4Hâc 11.56 ∼80 6.3 5.3 -1.9 7.2
4Hât 8.09 6.6 1.5 -1.8
6HR 21.43 60 4.2 17.2 -0.5 17.7 18 7.9
6HR′ 17.61 45 4.2 13.4 1.4 12.0 13 1.7
7HR 19.95 60 4.2 15.7 4.1 11.6 20 6.9
7HR′ 18.99 45 4.2 14.8 1.3 13.6 41 11
R-meso-H i 9.9 9.6
â-meso-H i 9.3 -17.9
γ-meso-H i 10.0 9.6
δ-meso-H -16.4 ∼10 9.9 -26.3 -19.0 -7.3

His95(F8) Câ1H 13.62 65 1.2 11.8 0.0 11.8
Câ2H 5.97 0.8 5.1 2.3 2.8

a Chemical shift, in ppm, referenced to DSS, in2H2O solution at pH 8.5 and 36°C. b T1, in ms, estimated by null point in a 180°-τ-90° T1 determination.
c Chemical shift for diamagnetic analogue given by eq 6.d Hyperfine shifts given by eqs 6 and 7.e Dipolar shift obtained by eq 2 with∆øax ) -2.07× 10-9

m3/mol, R ) 310°, â ) 76° (case II magnetic axes).f Contact shift obtained via eqs 2, 5, and 7 using case II magnetic axes.g Published data42 for R.
capsulatusferrocytochromec′. h Published data40 for sperm whale deoxy Mb.i Not assigned.

Figure 4. Low-field portion of the 500 MHz1H NMR NOESY spectrum (repetition rate 3 s-1, mixing time 50 ms) ofAplysiadeoxy Mb in2H2O 100 mM
phosphate, pH 8.5 at 36° illustrating key interresidue (A, C-E), intraresidue (G), heme-residue (B, C, F, H), and intraheme (F, H, I) dipolar connections.
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an intensity larger than one proton; all three peaks exhibit only
weak temperature dependence.

Heme Assignments.NOESY spectra that allow the assign-
ment of the remainder of the heme are shown in Figures 4 and
5. Two pairs of low-field protons, labeled H6R, H′6R and H7R,
H′7R (Figure 2A), exhibit very strong NOESY cross-peaks within
each pair (Figure 4I), with H6R and H7R exhibiting NOESY
cross-peaks to the assigned 5-CH3 (Figure 5G) and 8-CH3
(Figure 5A), respectively. The large hyperfine shifts, geminal
nature of each pair, and proximity to the pyrrole C or D methyls,
together with their relaxation (T1 ≈ 50-70 ms) indicative of
protonsR to the heme, identify the propionate 6HRs and 7HRs.
The relaxation of H4âc (T1 ≈ 80 ms), and the geminal partner
4Hâc (Figure 4F), and the NOESY to 3-CH3 (Figure 4H) identify
the 4-vinyl Hâs; a NOESY cross-peak to an unresolved but broad
and relaxed proton at-0.2 ppm locates the H4R (not shown).
The unambiguously assigned 2-vinyl H2R exhibits NOESY
cross-peaks near∼0 ppm which represent at least H2âc, and
possibly also 2Hât (not shown). Candidates for the propionate
Hâs are observed upon saturating the 6HR and 7HRs (not shown),
but since these protons do not play any role in subsequent
assignments, they are hence ignored. The heme assignments are
listed in Table 1.

Active Site Residue Assignments.TOCSY connections (not
shown; see Supporting Information) among a series of upfield
shifted protons with significant dipolar shift (three of which
are at least partially resolved single proton peaks at one

temperature) yield a complete seven-spin system with four of
the protons exhibiting NOESY cross-peaks to 1-CH3 (Figure
5B) and 8-CH3 (Figure 5D). The pattern of NOESY cross-peaks
to the two heme methyls, together with expected steady-state
NOEs from theδ-meso-H (Figure 2E), unambiguously and
stereospecifically identifies the complete Arg70(E14).47 Two
weakly dipolar shifted, aliphatic three-spin systems are detected
(Supporting Information), one of which exhibits NOESY cross-
peaks to the 1-CH3 (Figure 5C). The variable temperature
intercepts (Table 2) indicate that the two upfield peaks are due
to methyls. The NOESY cross-peak to the 1-CH3 of this
isopropyl fragment identifies the terminus of Leu71(E15). An
AMX spin system whose temperature dependence reflects a CRH
for one proton (Table 2) locates a CRHCâH2 fragment whose
NOESY cross-peaks to the 5-CH3 (Figure 5C) and 4-vinyl (not
shown) are consistent with arising from the backbone of Phe42-
(C7). This assignment is confirmed by NOESY cross-peaks of
this fragment to a TOCSY-detected (not shown; see Supporting
Information), three-spin aromatic ring (Figure 4D) which also
exhibits the NOEs to 4-Hâ (Figure 4F) as predicted solely for
Phe42(C7). A three-spin (not shown) aliphatic fragment exhibits
NOESY cross-peaks to both the Phe42(C7) (not shown) and
4-vinyl Hâs (Figure 4F) that is diagnostic for Ser39(C4). The
position of assigned residues and the key dipolar contacts are
illustrated schematically in Figure 1.

The two remaining, upfield-shifted, nonheme methyl groups
exhibit T1s≈ 50 ms andRFe ≈ 6 Å that can only arise from the
two methyls of Val100(FG4). In accord with this interpretation,
a weak cross-peak is observed by one to the 5-CH3, as well as
to Phe42(C7) (Figure 5C), which leads to the stereospecific
assignment to the two methyls. Weak NOESY cross-peaks
between these two methyls (Figure 5C), as well as to a strongly
relaxed single proton and strong NOESY cross-peaks to a less
strongly relaxed but upfield shifted protons (Figures 4C, 5C)
are consistent with the expectation47 for the CâH and CRH of
Val100(FG4). The expected His95(F8) Câ1H to Val100(FG4)
CâH NOE is also observed (Figure 4C).

The assignment of other aliphatic protons is facilitated by
first considering aromatic rings. The TOCSY spectra for the
aromatic spectral window display numerous connectivities for
aromatic rings (not shown; see Supporting Information). A
TOCSY-detected, two-spin system (Figure 4E) with one strongly
relaxed ring proton exhibits an NOESY cross-peak to Val100-
(FG4) Cγ1H3 (Figure 4C), as expected47,70 solely for CδH of
Phe105(G5). The CδHs also exhibits NOESY cross-peaks to a
low-field shifted AMX fragment (not shown) whose CRH also
exhibits an NOESY cross-peak to the 3-CH3 (Figure 4H), as
expected for the backbone of Phe105(G5). TheT1 ≈ 40 ms for
the broad Phe105(G5) CεHs peak (Figure 2A, D) is consistent
with the expected distance in the crystal structure; the CúH at
RFe ≈ 4 Å is expected to be extremely broad withT1 < 5 ms.
An upfield shifted, three-spin aromatic ring (not shown; see
Supporting Information) exhibits NOESY cross-peaks to both
1-CH3 (Figure 4B) and Arg70(E14) (Figure 4D), as expected
solely for Phe74(E18). A low-field shifted, three-spin ring
exhibits numerous intense NOESY cross-peaks to a very weakly
shifted Phe ring (Figure 4E), with inter-ring contacts that are
unique to the Phe28(B9) and Phe122(H15) rings. Both the 1-CH3

(70) Bolognesi, M.; Coda, A.; Frigerio, F.; Gatti, G.; Ascenzi, P.; Brunori, M.
J. Mol. Biol. 1990, 213, 621-625.

Figure 5. High-field portion of the 500 MHz1H NMR NOESY spectrum
(repetition rate 3 s-1, mixing time) 50 ms) illustrating key intraheme (A,
F, Q), heme-residue (B, D, F, G), intraresidue (C, E), and interresidue (C)
dipolar contacts.
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and the assigned Phe28(B9) ring exhibit (Figure 4D) weak
NOESY cross-peaks to another three-spin ring that the crystal
structure identifies47 as Phe134. A two-spin aliphatic system
with low-field dipolar shift and intercepts for methyls, has one
methyl with NOESY contact to Phe28(B19) (Figure 4E) and

another to 3-CH3 (Figure 4H) which identify Cγ1H3 and Cγ2H3

of Val108(G8).
Two partially resolved resonances, a strongly relaxed methyl

(T1 ≈ 40 ms,RFe ≈ 5.5 Å) and a strongly relaxed single proton
(T1 ≈ 30 ms,RFe ≈ 5.5 Å) (Figure 2A, B) fail to exhibit any

Table 2. 1H NMR Spectral Parameters for Dipolar-Shifted Heme Pocket Residues in Aplysia Limacina Deoxy Mb

case I case II T-1 plotk T-2 plotm

residue proton δDSS(obs)a T1,b ms[calc]c RFe,Åd δDSS(dia)e δdip(obs)f δdip(calc)g δDSS(calc)h δdip(calc)j δDSS(calc)i slope δint slope δint

Phe28(B9) CδHs 7.05 10 6.6 0.4 0.8 0.4 0.5 5.4 0.8 6.2
CεHs 8.46 ∼200 8.5 7.4 1.0 2.6 0.9 1.3 4.2 2.0 6.4
CêH 8.85 ∼200 8.5 7.6 1.2 3.3 1.1 1.5 4.2 2.2 6.3

Ser39(C4) CRH 4.15 10 5.0 -0.9 -0.1 -0.7 -0.5 5.7 -0.7 4.9
Câ1H 4.46 8.7 4.5 0.0 0.6 -0.1 -0.2 4.9 -0.2 4.6
Câ2H 4.50 10 4.5 0.0 0.6 -0.3 0.0 4.5 -0.1 4.5

Phe42(C7) CRH 2.71 10 4.5 -1.8 -1.2 -1.7 -1.4 7.1 -2.1 4.9
Câ1H -0.24 7.7 3.8 -4.1 -2.7 -3.9 -3.1 9.6 -4.7 4.6
Câ2H 0.49 7.7 3.6 -3.1 -2.6 -3.2 -2.1 7.3 -3.2 3.9
CδHs 6.01 9.4 7.7 -1.7 -1.2 -1.9 0.1 10.4 -2.1 8.2
CεHs 6.42 11 7.6 -1.2 -0.6 -1.1 -8.2 9.1 -1.3 7.7
CúH 6.53 12 7.5 -1.2 -0.5 -1.3 -4.4 7.9 -0.7 7.3

Phe43(CD1) CRH 3.52 8.1 4.7 -1.2 -1.8 -1.3 -7.6 6.6 -1.6 5.2
CδHs 7.5 7.2 -2.5 4.8 0.0 7.2
CεHs [30]c 5.5 5.9 -6.3 -0.4 2.9 8.8
CúH [7]c 4.3 3.6 -8.7 -5.1 6.0 9.6

Ile67(E11) CRH -6.00 35 5.5 3.8 -9.8 -7.2 -9.5 -7.2 17.4 110 5.8
CâH [120]c 6.7 1.1 -3.1 0.7 -1.7 -0.6
CγH3 -1.98 45 6.1 1.1 -3.1 -0.1 -2.6 -1.3 2.3 34. 1.5
Cγ1H [-5.1] [3]c 3.7 -1.9 -12.1 -14.0 -3.2 -5.1
Cγ2H [-15.1] [12]c 4.7 -2.8 -14.8 -17.6 -10.8 -13.6
CδH3 [0.8] [20]c 5.0 -3.6 -4.4 -8.0 4.4 0.8

Arg70(E14) CRH 2.84 9.9 4.4 -1.6 -1.2 -1.8 -1.2 6.6 -1.8 4.7
Câ1H -2.36 130 7.9 3.3 -5.7 -3.6 -5.2 -4.3 11.5 -6.6 4.5
Câ2H -0.57 ∼150 7.0 2.7 -3.3 -2.1 -3.2 -2.5 7.5 -3.8 3.4
Cγ1H -0.85 ∼150 6.9 2.3 -3.1 -2.1 -2.4 -1.7 4.8 -2.7 1.9
Cγ2H -1.20 8.2 2.6 -3.8 -3.5 -3.6 -2.9 8.3 -4.5 3.5
Cδ1H 2.01 9.1 3.2 -1.2 -1.2 -1.4 -1.0 5.2 -1.5 3.6
Cδ2H 2.35 9.9 3.2 -0.9 -1.4 -1.2 -0.8 4.9 -1.1 3.5

Leu71(E15) CγH 2.46 8.5 2.5 -0.1 0.3 -0.4 -1.0 5.4 -1.5 4.0
Cδ1H3 0.30 10 0.5 -0.2 0.5 -0.6 -1.0 3.4 2.6 1.8
Cγ2H3 -0.33 10 0.3 -0.6 0.1 -0.7 -1.7 5.2 1.5 2.4

Phe74(E18) CδHs 6.13 10 7.2 -1.0 -0.4 -0.6 -0.7 8.2 -0.9 7.2
CεHs 5.84 9.5 6.9 -1.0 1.4 -0.6 -0.6 7.8 -1.0 6.8
CúH 5.96 9.5 6.7 -0.8 -1.4 -0.0 0.2 5.3 0.3 5.6

Phe91(F4) CδHs 7.0 6.8 -3.0 3.7 0.6 -7.4
CεHs [30]c 5.4 6.2 0.1 6.1 -1.2 5.0
CúH [10]c 4.5 6.0 2.7 8.7 3.3 9.3

Phe98(FG2) CδHs [60]c 6.0 6.7 - 2.0 8.7 -0.6 8.1
CεHs [90]c 6.5 7.2 - 6.2 13.3 2.2 9.4
CúH [9.3] 7.7 7.7 - 4.8 12.5 1.6 9.3

Val100(FG4) CRH 1.29 8.6 3.7 -2.4 -1.7 -2.0 -1.6 6.6 -2.5 3.9
CâH -2.46 [70]c 6.2 1.2 -3.6 -5.1 -3.9 -2.5 5.5 -3.9 1.6
Cγ1H3 -2.80 55 6.1 0.2 -3.0 -2.3 -3.2 -2.2 4.4 -3.5 0.9
Cγ2H3 -6.91 45 5.8 0.6 -7.5 -5.7 -7.9 -5.8 12.0 -9.2 2.7

Gln104(G4) Câ1H 1.29 8.4 2.3 -1.0 1.5 -0.2 -0.6 3.1 -1.5 2.9
Câ2H 1.53 8.1 2.7 -1.2 0.3 -0.6 -0.2 2.2 -0.3 1.9
Cγ2H 0.50 9.8 1.9 -1.4 -0.2 -1.4 -1.6 5.5 -2.4 3.0

Phe106(G5) CRH 5.06 9.0 4.3 0.8 2.2 1.1 0.6 3.2 0.9 4.1
Câ1H 3.61 9.9 3.2 0.4 1.1 0.9 0.7 1.4 1.1 2.5
Câ2H 3.27 10. 2.9 0.4 0.7 0.8 0.5 1.7 0.8 2.5
CδHs 8.01 8.0 6.3 0.7 1.5 1.3 0.8 5.4 1.3 6.7
CεHs 9.06 40 5.7 7.0 2.1 2.4 2.9 2.3 1.5 3.7 5.2
CúH [5]c 4.2 3.9 3.9 8.2 12.1 12.7 16.6

Val108(G8) Cγ1H3 1.61 9.5 0.5 1.1 2.6 0.9 0.3 0.6 0.5 1.1
Cγ2H3 3.02 8.0 1.3 1.7 4.4 1.7 1.6 -2.3 2.3 0.6

Peak A 13.8 ∼10 ∼4.5 0.8 5.9
Peak B 11.0 ∼10 ∼4.5 0.5 6.0
Peak C 10.29 ∼30 ∼5.5 0.4 5.9

a Chemical shifts in ppm referenced to DSS at 36°C in 2H2O at pH 8.6.b ObservedT1, ((20% uncertainty), in ms, as estimated from null point,τnull, in
an inversion-recovery experiment.c T1 calculated based on eq 6 and the distance given in the metMb crystal structure (47).d Distance to the iron, in Å, in
the Aplysia metMb crystal structure (47).e Chemical shifts, in ppm, referenced to DSS for diamagnetic analogue calculated via eq 6 and metMb crystal
structure (47).f Observed dipolar shift obtained via eq 5.g Dipolar shift calculated on the basis of the case I magnetic axes,∆ø

ax ) +2.50× 10-8 m3/mol,
R ) 220° andâ ) 88°, and theAplysiametMb crystal coordinates (47).h Predicted chemical shift, referenced to DSS, obtained via eqs 2, 5, and 6 for the
case I magnetic axes.i Dipolar shift calculated on the basis of the (case II magnetic axes)∆øax ) -2.07× 10-9 m3/mol, R ) 310°, â ) 76° and theAplysia
metMb crystal structure (47).j Predicted chemical shift referenced to DSS, obtained via eqs 2, 5, and 6 for the case II magnetic axes.k The slope, in ppm
K, and intercept,δint, in ppm, atT f ∞, of a plot ofδDSS(obs) versusT-1. m The slope, in ppm K, and intercept,δint, in ppm, atT f ∞, of a plot ofδDSS(obs)
versusT-2.
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TOCSY cross-peaks. The relaxation of the methyl and its NOE
to the ring of Phe28(B9) (Figure 4C), however, are diagnostic
for the CγH3 of Ile67(E11). A strong NOESY cross-peak
between Ile67(E11) CγH3 and an aromatic ring identifies the
Phe68(E12) ring (Figure 4C); a weak NOESY cross-peak
between this ring and Leu71(E15) CδH3 confirms the assignment
(not shown). TOCSY detects two four-spin aromatic rings that
must arise from the only two Trp, Trp14(A12) and Trp130-
(H22). A weak NOESY cross-peak of one Trp to the ring of
Phe68(E12) (not shown) and the other to Leu71(E15) (Figure
4D) identify Tyr14 and Trp130, respectively. The 5-CH3 exhibits
an intense NOESY cross-peak to a relatively strongly upfield-
shifted proton (Figure 4C) with intercept of an CRH that must
arise from the Phe43(CD1) CRH, and NOESY cross-peaks by
a pair of protons to both the 3-CH3 and 4-vinyl locate the likely
CâHCγH2 fragment of Gln104(G4) (not shown).

Plots of the chemical shift for heme pocket residue protons
versus absoluteT-1 andT-2 yield intercepts atT f ∝, δint(T-1),
andδint(T-2), as listed in Table 2. The chemical shifts for the
assigned residues in an isostructural, diamagnetic analogue are
calculated via eqs 5 and 6, on the basis of the crystal structure,47

and theδDSS(dia) values are included in Tables 1 and 2. A strong
correlation is observed between the expected diamagnetic
position for all amino acid residue signals and the intercepts
for the T-2 (not shown; see Supporting Information) but not
the T-1 (not shown) correlation. Moreover, a plot ofδdip(obs)
versus slope in a shift versusT-2 plot is essentially linear (not
shown, see Supporting Information) which argues10,40 for the
presence of a single, well-defined molecular structure for the
active site and its immediate environment.

Magnetic Axes.The δdip(obs) for 28 definitively assigned
protons with significant dipolar shifts, together with the crystal
coordinates ofAplysia metMb,47,70 allowed the determination
of both the anisotropy and orientation of theø tensor. Based
on previous work with both mammalian deoxy Mb40 and
ferrocytochromesc′,23,42 where the rhombic anisotropy was
found to be much smaller than the axial term, our initial
determination was restricted to an axial system, where a search
for the degree of tilt,â, and direction of tilt,R, was carried out
for the complete range of both angles and∆øax. A plot of the
residual error function,F/n ( eq 4), versus∆øax in Figure 6
reveals the expected (in fact, required)71 double minimum, one
with a positive∆øax, case I (∆øax ) +2.50( 0.08× 10-8 m3/
mol, R ) 220( 10°, â ) 88 ( 2°), one with a negative∆øax,
case II (∆øax ) -2.07( 0.08× 10-8 m3/mol, R ) 310( 10°,
â ) 76( 2°), with the tilt directions for cases I and II differing71

by ∼90°. However, the residual error function for case II is
considerably smaller than that for case I (see Figure 6). A plot
of δdip(obs) versusδdip(calc) for cases I and II are illustrated in
Figure 7. It is clear in Figure 7 that case II, with the lower
residualF/n, exhibits a remarkably good correlation between
observed and predictedδdip, while the data for case I leads to
a correlation where the majority of the data points deviate
systematically from the ideal slope of 1, and where the deviation
increases in the same direction for large upfield or downfield
shifts. In consideration that we have to use the crystal
coordinates ofAplysia metMb47 because those of deoxy Mb
are not available, extension of this study to quantitate the

expected very small∆ørh for case II was not considered
productive and hence abandoned for the present.

The magnetic axes, however, must meet two further condi-
tions to be considered realistic and robust; they must account
for strongly relaxed and unassigned resolved signals A, B, C
in Figure 2 (aromatic protons), and they cannot predict resolved

(71) The expected double minimum, with opposite sign anisotropies and with
a 90° rotation of the major axis, results from the change of sign for both
∆ø and the geometric factor, (3cos2θ - 1), for the majority of residues.

Figure 6. Plot of the residual error function,F/n, (eq 6), upon optimizing
the anglesâ (degree of tilt of major magnetic axis) andR (direction of tilt
of major magnetic axis) for all possible positive and negative values of
∆øax. The expected double minima are observed, where the two minima
necessarily involve a change in the sign of∆øax and an∼90° rotation of
the direction of the tilt (such that most of the geometric factors in eq 1
change sign). The two minima are case I,∆øax ) 2.50× 10-8 m3/mol, R
) 220°, â ) 88°, and case II,∆ø ) -2.07× 10-8 m3/mol, R ) 310°, â
) 76°, with the residual error function significantly lower for case II (F/n
) 0.15) than case I (F/n ) 1.43).

Figure 7. Plot of δdip(obs), obtained via eqs 4 and 5, versusδdip(calc)
obtained via eq 1, using the magnetic anisotropies and orientation for case
I (A) and case II (B), as defined in text and Figure 8. The straight line with
unit slope represents an ideal fit. Note the excellent correlation in panel B
but the systematic deviations to the upper left in panel A.

NMR of Deoxy Aplysia Mb A R T I C L E S

J. AM. CHEM. SOC. 9 VOL. 125, NO. 28, 2003 8501



signals with weak to moderate relaxation that are not observed.
The δdip(calc) andδDSS(dia) and eq 6 allow the estimation of
the position,δDSS(calc), and T1s (via eq 3) for these residues
and all unassigned residues which lead to such signals and the
relevant data are included in Table 2. For the heme, both cases
I (see Supporting Information) and II (Table 1) agree in
predicting large upfieldδdip(calc) forâ- andδ- and large low-
field δdip(calc) for R- and γ-meso-H. Theδ-meso-H is found
upfield, but a low-field bias by as little as∼5 ppm would make
the â-meso-H undetectable (note: case II predicts∼4 ppm
further upfieldδ- thanâ-meso-H shift). The low-fieldR- and
γ-meso-H would resonate under the multiple, less strongly
relaxed, low-field peaks and would most likely be undetectable.
Hence, the meso-H data only slightly favor case II.

The rings of four strongly relaxed Phes 43(CD1), 91(F4),
98(FG2), and 105(G5) are predicted to exhibit strong to
moderate low-fieldδdip for case II and provide several candidates
for both peaks A and B. While none of these residues predict
theT1 to peak C, it would require a relatively small (0.5 to 1.0
Å) change inRFe from the metMb crystal structure to account
for the observedT1. It is noted, moreover, that two rings, Phe43-
(CD1) and 98(FG2), lie across the nodes in the dipolar field
(Table 2), such that theirδdip are probably not accurately
predicted. Reduction of metMb to deoxy Mb is expected to lead
to a more out-of-plane position of the Fe and, hence, to an
increase inRFe to distal residues. In contrast, case I predicts
upfield δdip(calc) for all but the Phe105(G5) of the same four
relaxed rings and, hence, could account, at the most, for one of
the three peaks A-C. Hence, the peaks A-C are consistent
with case II but not case I.

The CH2CH3 fragment of Ile67(E11) is predicted to exhibit
large and comparable upfieldδdip for both cases I and II.
However, the extreme relaxation predicted for two of the three
protons, and the variability of the orientation of the side chain
in different crystal structures,47 indicates strongly relaxed signals
that could well be lost under the multiple, less strongly relaxed,
upfield peaks. Hence Ile67(E11) does not differentiate between
cases I and II. Last, case I predicts strongly upfield shifted and
resolved, but only weakly to moderately relaxed, methyl signals
for both Leu29(B10) and Val67(E7), and no such signals are
observed. In contrast, case II predicts small to moderate low-
field shifts which place these signals well within the diamagnetic
envelope, as must be the case. Hence, the analysis of predicted
shift for unassigned residues signal overwhelmingly favors case
II over case I. This analysis leads us to conclude that the
presently described orientation and anisotropy ofø as described
by case II is both realistic and robust.

Evaluation of Heme Contact Shifts.The qualitative deter-
mination of the anisotropy and orientation ofø for case II allows
the estimate ofδdip for the heme at 36°C and, together with
theδhf obtained via eq 8, yieldsδcon(calc) for each methyl and
meso-H, as listed in Table 1. For completeness, we include the
δdip, δcon obtained for case I in the Supporting Information. The
δDSS(obs) for the heme methyls and CRHs over the 25-45 °C
temperature range, together with the estimationδdip(calc) at each
temperature (determined by theT-2 scaledδdip(calc) deduced
at 36°C via case II), result in the heme methyl and CRHs δcon

for each temperature. The resulting hemeδcon(calc) values are
plotted versusT-1 (Curie plot) in Figure 8. It is clear in Figure
8 that the three upfield methyls exhibit considerably steeper

than T-1 (Curie) behavior predicting sign changes ofδcon in
the 50-120°C range, while the low-field 3-CH3 and propionate
CRH peaks exhibit much closer toT-1 (Curie) behavior.

Discussion

Magnetic Properties. The quantitative fit of the observed
and predicted dipolar shifts, as illustrated in Figure 7B, the
consistency of the observed resolved resonance with prediction
of dipolar shifts for unassigned residues in the heme cavity,
and the good correlation between theδDSS(dia) calculation via
eq 6 and the intercepts atT f ∞ in a shift versusT-2 plot,
δint(T-2) (Supporting Information) lead to four important
conclusions. First,ø exhibits essentiallyaxial symmetry; second,
the axial anisotropy is negatiVe, ∆øax ) -2.07 × 10-8 m3/
mol; third, themajor magnetic, (z-), axis is tilted nearly into
the heme plane(â ) 76°) in the approximate direction,R )
310°, of the R-meso position (see Figure 1); and last, the
anisotropy arises predominantly from zero-field splittingthat
accounts for theT-2 dependence of dipolar shifts40,42and where
the observed∆øax translates toD ≈ 20 cm-1.

It is noted that the tilt direction ofø is within 5° of the axial
His imidazole plane orientation.47 Strong tilting of the major
magnetic axes well off the heme normal has been reported for
the other extensively studied high-spin ferrous hemopro-
teins.23,40,42 No structural bases have been offered for these
observations, and the present study does not enlighten us further.
It is expected that the results of similarly quantitative1H NMR
studies of other crystallographically characterized deoxy globins
from a variety of genetic origins will be necessary before a
pattern emerges.

Comparison with Other High-Spin Ferrous Hemoproteins.
The presentAplysiadeoxy Mb1H NMR study is consistent with
those on mammalian deoxy Mb’s and ferrocytochromec′ in
that they agree that dipolar shifts exhibit strictlyT-2 dependence
that dictates they all arise from zero-field splitting.40,42 The
mammalian deoxy Mb complexes (human, horse, sperm whale)

Figure 8. Plot of heme methylδcon versusT-1 (Curie plot), obtained via
eqs 4- 5 based onδDSS(obs) over the temperature range 30-45 °C and
δdip(calc) at 36°C, where the magnetic axes were determined, and with
δdip(calc) scaled byT-2, as demanded by theδint(T-2) ≈ δDSS(dia). The
data illustrated include 1-CH3 (4), 3-CH3 (2), 5-CH3 (0), 8-CH3 (O), 2-HR
(b), 6-HRs (9), and 7-HRs ([) contact shifts.
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differ from Aplysia Mb in exhibiting magnetic anisotropy40

whose magnitude is half as large as that observed presently.
Moreover, a determination of the magnetic axes for sperm whale
deoxy Mb leads to the expected double minimum with different
signs for the axial anisotropy and∼90° rotation of the major
axis,71 but the quality of the NMR data were insufficient to
clearly distinguish whether the positive and negative signs of
∆øax are, in fact, correct. This ambiguity in the sign of∆øax,
which has not been resolved to date, can be traced to the
availability of fewer assignments40 with less certainty in the
mammalian Mb’s thanAplysiadeoxy Mb. The fewer and less
certain assignments for the mammalian deoxy Mbs, in turn, can
be traced to the much more severe spectral congestion than in
Aplysiadeoxy Mb’s, and this problem is due to the much smaller
magnetic anisotropy and, hence, increased spectral congestion
in the former complexes. It is noted that the total spectral spread
for mammalian Mb’s35,38-40,67,72 (∼22 ppm) is only half that
for Aplysiadeoxy Mb (∼42 ppm). Since the heme methylT1s
≈ 50 ms are comparable for all deoxy globins studied to
date35,38-40 and exhibit strong Curie relaxation,67 increasing the
magnetic field to improve dispersion in mammalian deoxy Mbs
leads to poorer, rather than better, resolution for the strongly to
moderately shifted protons. It is clear that, in the mammalian
deoxy Mb’s, progress will be made in definingø only if the
protons which experience smallδdip, but are sufficiently far from
the iron so as to experience negligible Curie relaxation, can be
assigned by standard sequence-specific approaches using15N
labeled globin chains. Such studies are planned on sperm whale
deoxy Mb.

The ∆øax described forAplysiadeoxy Mb is very similar in
magnitude, butoppositein sign, to the quantitatively character-
ized magnetic axes/anisotropy reported23,42 for R. capsulatus
ferrocytochromec′. The major magnetic axis is also tilted
significantly from the heme normal in the cytochromec′ (∼30°),
but in a direction approximately perpendicular to the axial His
imidazole orientation, although the imidazole is oriented
similarly with respect to the heme in those two hemoproteins.47,73

It is not possible at this time to assess the reasons for these
differences.

Nature of the Heme Contact Shifts and Spin Delocaliza-
tion. The determination of robust magnetic anisotropy and
orientation for Aplysia deoxy Mb allows the calculation of
δdip(calc) for the heme substituent and, via eq 6, the estimation
for δcon. Theδcon values for case II are listed in Table 1 (similar
data for case I are given in Supporting Information), which can
be compared with the previously reported factoredδcon for the
same substituents for sperm whale deoxy Mb40 andR. capsulatus
ferrocytochromec′42 (last two columns). The most striking result
is the remarkably similar contact shift pattern forAplysiadeoxy
Mb and ferrocytochromec′,42 as well as other41 ferrocyto-
chromesc′, both of which differ, qualitatively and quantitatively,
from those in mammalian deoxy Mb’s.40 The similarity in the
pattern, together with the similar axial His plane orientations
along the generalR, γ-meso axis forAl deoxy Mb47 and
ferrocytochromesc′,73 shows for the first time that, even though
the zero-field splitting and the orientation may differ, similar
His orientations lead to very similar contact shift patterns. It

had been proposed19,41 that the heme methyl hyperfine shift
pattern characteristic of ferrocytochromesc′ andAplysiadeoxy
Mb with similar axial His orientation is the result of the dipolar
shifts due to the magnetic anisotropy. It is clear in Table 1 that
the upfield 1, 3, 5-, 8-CH3 and the downfield 3-CH3 hyperfine
shifts are primarily due to contact, rather than dipolar shifts.

The heme contact shift pattern is characterized by relatively
small, both upfield and downfield,δcon that is approximately
2-fold symmetric with respect to the axial His plane (along the
â-,δ-meso vector), all of which argues for the predominance of
π-spin delocalization over the heme. Moreover, the relative
smallδcon for theδ-meso-H dictates that the filled 3eπ orbitals,
rather than vacant 4eπ porphyrin molecular orbitals, MOs,
interact with theπ-bonding d orbitals.5,74,75For the coordinate
system in Figure 1, the two 3eπ MOs, 3eπ(xz+yz) and 3eπ(xz-
yz), which interact with the dπ orbitals (xz+ yz) and (xz- yz),
respectively, are shown in Figure 9A and B. The pattern of
contact shifts (see below) dictates that the orbital ground state
in axial symmetry arises from [(xz + yz)(xz - yz)]3(x2 - y2)-
(z2)(xy); in lower symmetry, the two dπ levels are split. The
positiveπ spin density (low-fieldδcon for CRH’s) at positions
2-, 3-, 6-, and 7- (Table 1) thus dictates that the ground
state has a singly occupied (xz + yz) that results in direct
(positiVe) spin delocalization by transfer of partial spin to 3eπ-
(xz+yz), as illustrated in Figure 10A. The upfield CRH δcon for

(72) Wüthrich, K. NMR of Proteins and Nucleic Acids; Wiley & Sons: New
York, 1986.

(73) Tahirov, T. H.; Misaki, S.; Meyer, T. E.; Cusanovich, M. A.J. Mol. Biol.
1996, 259, 467-479.

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

(75) Walker, F. A. InThe Porphyrin Handbook; Kadish, K. M., Smith, K. M.,
Guilard, R., Eds.; Academic Press: Boston, 1999; Vol. 5, pp 81-183.

Figure 9. Schematic representation of the distribution of the majority of
the spin density (density∝ size of circle) over the symmetry-adapted
porphyrin MOs that can interact with the two dπ orbitals on iron: (A) 3eπ-
(xz+ yz) capable of interacting only with d(xz+ yz) and (B) 3eπ(xz- yz)
capable of interacting solely with d(xz - yz).

Figure 10. Schematic depiction of the mechanism that leads to positive
or negativeπ spin density in the porphyrin. (A) The singly occupied dπ
possesses one parallel (positive) spin, and the porphyrin 3eπ MO possess
paired spins. Donation of a fraction antiparallel (negative) spin to the singly
occupied dπ leaves a fraction parallel (positive spin) in 3eπ MO. (B) Both
dπ and 3eπ are doubly occupied. Spin-spin correlation with the four parallel
spins on Fe results in favoring parallel (positive) spin in dπ, which results
in net antiparallel (negative spin) in 3eπ. Note the unequal lengths of the
positive and negative spin arrows for both the iron and porphyrinπ MO in
B.
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positions 1-, 4-, 5-, and 8- (Table 1) dictate thatnegatiVe
π spin density appears in 3eπ(xz-yz) (Figure 9B). Such negative
π spin can be expected on the basis of spin-spin correlation
between the four (positive) unpaired iron spins and the paired
spins in (xz- yz), which results in netnegatiVe π spin density
in the 3eπ(xz-yz), as depicted schematically in Figure 10B. Thus
the orbital ground state places moderate positiveπ spin density
into 3eπ(xz+yz) and small negativeπ spin density into 3eπ(xz-
yz) and accounts for the observedδcon pattern over the heme.

The first excited orbital state, (xz + yz)2(xz - yz)(x2 - y2)-
(z2)(xy), however, reverses the effect by placing positiveπ spin
into 3eπ(xz-yz) and negativeπ spin into 3eπ(xz+yz). The
thermal population of this excited orbital state would lead to
sizable low-fieldδcon for CRH’s at positions 1-, 4-, 5-, and
8- and accounts for the considerably steeper thanT-1 behavior
for 1-CH3, 5-CH3, and 8-CH3 (Figure 8), predicting sign changes
in the temperature range-50° to 20°C. Such temperature data
for δDSS(obs) has not been reported for the other high-spin
ferrohemoproteins studied in detail, so the generability of this
effect cannot be gauged at this time. Similar anomalous non-
Curie temperature behavior in the case of low-spin iron(III) has
been shown to be characteristic of thermal populations in two
orbital states.4,5,11-14 It is predicted that the same upfield shifted
heme methyls in ferrocytochromesc′ will exhibit the anomalous
temperature behavior observed here and that a similar orbital
ground state is occupied. The mammalian deoxy Mb’s fail to
exhibit any heme methyl or propionate CRH with upfield δcon,
which would imply a smaller orbital splitting, and hence a
greater population of the excited orbital state. The limited
reported temperature data are consistent in that the CRH’s at
pyrroles B and D exhibit larger deviations from Curie behavior
than the CRH’s on pyrroles A and C.40 A difference in the orbital
splitting between mammalian andAplysia deoxy Mb is sup-
ported by the difference in the magnitude of the magnetic
anisotropies and, hence,D values.

The presently proposed correlation mechanism which gives
rise to negativeFπ spin density in the 3eπ MO that interacts
with the doubly occupied dπ should manifest itself similarly in
low-spin iron(III) hemoproteins. However, upfieldδcon for heme
CRHs have not been reported to date. This strongly enhanced
effect of the spin correlation that results in thissignificant

negativeπ spin density on the heme inS) 2 iron(II), but none
or little in S) 1/2 iron(III) hemes, is completely consistent with
the fact that the paired spins in the filled dπ are much more
effectively correlated by the four unpaired spins in the former,
than the single unpaired spin in the latter oxidation/spin state.
The potential presence of this correlation effect inS ) 1/2
ferrihemoproteins, however small, would interfere with the
quantitative interpretation of hyperfine shift patterns in terms
of ligand orientation(s)14,15,76,77and of the temperature depen-
dence of the shifts in terms of the orbital spacing.12,13 Recent
detailed theoretical calculations of spin density for low-spin
ferriheme models have proposed78 the presence of both positive
and negativeπ-spin density on the heme.

It is clear that an improved understanding of the NMR spectra
of high-spin ferrous hemoproteins requires not only the deter-
mination of the anisotropy and orientation of the paramagnetic
susceptibility tensor from a variety of proteins with varied active
site geometry but also the detailed study of the temperature
dependence of both dipolar and contact shifts.
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