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Abstract: Solution *H 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, y. The resulting quantitative description of dipolar
shifts allows a determination of the contact shifts for the heme. ) was found to be axial, with Ayax = —2.07
x 1078 m®/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 §-,6-meso axis.
The factored contact shifts for the heme are shown to be consistent with the transfer of positive & spin
density into one of the two components of the highest filled & molecular orbital, 3e,, and the transfer of
negative z-spin density, via spin—spin correlation, into the orthogonal excited-state component of the 3e,
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 z-spin density. The much larger transfer of
negative spin density via the spin-paired dz orbital into the excited state 3e, in high-spin iron(ll) than in
low-spin iron(lll) 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-

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

preted almost as effectively as for a diamagnetic analogue to propertie17-24 The least understood iron oxidation/spin state

yield the molecular structufe? 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 derivati¥é:> The majority of the

is high-spin iron(ll) heme, which is the only functional para-

magnetic state of globir’;26 one of two functional statésof

ferricytochromeg’, as well as one in many heme enzyr@s
There are two mechanisms that contributéHdNMR hyper-

systems studied possess low-spin, ferric hemin for which there fine shifts, on. One is the contact shift for the ligands to the

exist relatively robust quantitative interpretive bases for both
the contact and dipolar shifés16 While fewer high-spin ferric
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systems have been studied in any detail (both anisotropy/
orientation ofy and quantitated spin distribution for heme),
deoxy MU from several mammaF$;*° and one ferrocyto-
chromec’.2342Heme methyl peaks have been assigned in two
other ferrocytochromes''®#! and an insect deoxy Mtf, but
neither the anisotropies nor orientationsyofrere determined.
The two detailed studié$*2showed that the anisotropies arise
overwhelmingly from zero-field splittings (as indicated by?T
dependence of dipolar shifts) but that the tensors are strongly
tilted away from the heme norm&4°42This is in sharp contrast

to both low-spin® and high-spin iron(lll) where the major
magnetic axis is oriented close (within 95to the heme
normal®22-24 The directions of the tilts of the major magnetic
axes in the two high-spin ferrous systems did not reveal what

) ) o N molecular structural properties of the active site (axial His
Figure 1. Schematic structure of the active site Ayblysia limacinaMb

showing heme (and the Fisher numbering system), the axial His F8, and imidazole pla_ne Ori_emation’ nonligate_d distal water mO|EC_UIeS)
key assigned (completely or partially) residues on the proximal (rectangles) control the orientatiod®4%42Moreover, it has not been possible

and distal (circles) sides of the heme. The lines between heme and residuego propose a description of the nature of the spin transfer
and among residues reflect the observed (and expected) heme-residue an

interresidue NOESY cross-peaks. The referentey{, Z) and magnetic
(%, ¥, 2) coordinate systems are shown, where the afigiethe tilt of the
major ) magnetic axes from the heme nornm&),(a. defines the projection
of the tilt (and hence the direction) referenced toxthexis, and the rhombic
axes)x, y, when projected on the, y' plane, are given by ~ a + y. The
angle ¢ defines the relative orientation of the projection of the axial
imidazole plane and the' axis.

ot spin densityp;, on an adjacent aromatic nucleus), aBgdis
the spin magnetization that is approximatelyB,/T. The other
is the dipolar shiftpqip, exerted by the iron on all nuclei, which
is giverf:510-30py

Saip = (121uN,) [3Ay,(3 cos ' — R +
2(sirf ' cos QR (a,8,7) (2)

Ayax and Ay, are the axial and rhombic anisotropies of the
paramagnetic susceptibility tensgr,in the magnetic coordinate
systemy, y, z (or R, 6, Q), wherey is diagonal. The angle®,

Q' and distancd from the Fe define a proton in an arbitrary,
iron-centered reference franme, y', Z (as provided by suitable
crystal coordinates), adda,3,y) is the standard Euler rotation
that converts the reference’(y', Z or R, ', Q') into the
magnetic X, y, zor R, 8, Q) coordinate system (see Figure 1).
Both the anisotropies of the tensgr, and its orientationI(-
(ou,8,y)) can be determined by NMR if sufficient dipolar-shifted

resonances can be assigned and crystal coordinates for theis

positions in the reference frame are availdbi@3°

Fhechanism responsible for the heme contact stiftaFinally,

the magnitudes of the magnetic anisotropy differ significantly
for the two systenf842thought to possess very similar high-
spin iron(ll). Precedence for observing a major axis tilted
strongly from the heme normal in high-spin ferrous hemopro-
teins exists in several other spectroscopic observébfés.

One approach to improving the understanding of the NMR
properties of high-spin ferrohnemoprotein is to pursue quantitative
studies ofy and heme spin distributions in homologous proteins
which have been crystallographically characterized. In this con-
text, the Mb from the sea hawkplysia limacinaprovides an
appropriate comparison to mammalian Mbs, since its axial His
F8 imidazole plane is aligned close to the meBe—meso
vector?!” while in mammalian Mb it is aligned closer to aN
Fe—N vector® Whereas a crystal structure Aplysiadeoxy
Mb has not been reported, structures have been reported for
numerous other oxidation/spin/ligation stateg\pfysiaMb*®-51
to indicate that the majority of residues maintain strongly
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conserved positions relative to the iron in different oxidation/ x,y,Z orR, 6" Q', (crystal coordinatéd) is given by eq 2, withAyax
ligation/spin states. We report herein a detaifédl NMR and Aym as the axial and rhombic anisotropies of the diagonal
assignment of both the heme and dipolar-shifted protons in !oara_\magnetic susceptibility tensor. The observed dipolar shiftobs),
Aplysiadeoxy Mb that allows us to determine the orientation S 9iven by
and anisotropy ofy as well as quantitate the unpaired spin

O4,(0bS)= 0 bs)— d0ps{di 5
density distribution on the heme. p(0PS)= Ops0DS) ~ Opsdcia) ®)

Experimental Section where dpsqobs) and dpsqdia) are the chemical shifts, in ppm,

) ) o referenced to DSS, for the paramagnetic Mb complex and an isostruc-
_ Protein Samples RecombinanAplysia limacinaMb was expressed  yra| diamagnetic complex, respectively. In the absence of an experi-
in E. coli and purified as described in detail previouslyThe deoxy mental dpsg(dia), it may be reliably estimated from the available
Mb complex was formed by adding 3 equiv of dithionite to thoroughly  pojecular structure oAplysiametME” via

degassed 2.0 mMH,0O and?H,O metMb samples at pH-8.2. The

prepared deoxy Mb samples reproduced both the previously reported Ops(dia) = Oyt Ogect Orc (6)
optical®? and*H NMR spectra! The AplysiaMb samples reconstituted

with specifically deuterium-labeled hemins were generated by prepara-\where der, 0se and o, are the chemical shifts of an unfolded
tion of apo-Mb using standard methdddhe desired heme was titrated  tetrapeptide relative to DSBthe effect of secondary structétend

to yield 1:1 apo-Mb:heme stoichiometry, as determined spectropho- ring currenté? on the shift, respectively. The contact shift for the heme
metrically, and as reported in detail for the same complexes previtusly. and axial His F8 is determined by

The four labeled hemins are 14ds,3-C°Hz-hemin, 5-CHs-hemin,
1—C2H3,8—C.2H3—hemin, and 2—@2H1—Cﬁ2H2—hemiq and led t.OVO.5 mM Ocon= Ont — 5dip(calc)= Opsd(0bs)— dpsdia) — 6dip(calc) )
?H,0 solutions of deoxy Mb and those described previofsly.

NMR Spectra. *H NMR spectra were recorded at 500 MHz on a Results
Bruker AVANCE spectrometer. NonselectiVgs were estimated from . .
the null in the inversion recovery after a T8ulse, T1 ~ zou/In 2). Assignment Protocols. The assignments rely on three
Chemical shifts were referenced to 2,2-dimethyl-2-silapentane-5- €Xperimental parameters, scalar (TOCSpnnections within
sulfonate, DSS, via the residual solvent signal. Uncertainties are a residue, dipolarC{ r;~6), (NOE®® or NOESY®®) connections,
estimated a#15% for resolved peaks are25% for partially resolved and paramagnetic relaxatiéheq 3 (0 Ree-i ©).

peaks. TheR % dependence of nonselectifes™*® together with a The resolved portions of the 500 MHE NMR spectra of
Ty~ 50 ms for a heme methyR¢. ~ 6.1 A), a measuredy; (in ms) Aplysiadeoxy Mb in?H,O at several temperatures are illustrated
for protoni is related to its distance to the iroRge-i via in Figure 2A-C. Peaks are labeled by upper case letters for

the major (~75%) and lower case letters for the miner25%)
of the heme orientational isomers$465using the Fisher notation
for the heme. The spectrum at 38C in Figure 2 reveals six

a 16 kHz spectral width and at 5%son a 50.0 kHz spectral width with re;solved or partiglly resolved methyl group signals. (thrge-prgton
presaturation of the residual solvent signal. WEFT spé&ttrere §|gnals ov'er awide temperature range), one low-field, five h,lgh'
collected at a repetition rate of 5'sand with relaxation delays between field, a”_ with Tl_s'% 59 i 10ms (Table_s 1'_2)_' Hence, relaxation
260 and 100 ms. Steady-state NOE difference spectra were obtained®roperties are insufficient to clearly discriminate between heme
by saturating 36-60% the desired resonance for 100 ms and subtracting @nd amino acid methyl peaks. Moreover, because of the
the trace from a trace recorded when the same saturation power wagelatively small hyperfine shift dispersion, the spectral conges-
applied well off-resonance to all peaks, as discussed in detail previ- tion due to heme orientational disor@&t* %5 (note resolved
ously*” NOESY*® (bandwidth 60 kHz,rm = 40 ms) and clean-  minor component peaks labeled 3-¢cH-ch; and 5-ch in Figure
TOCSY® (40 kHz, 7n = 20 ms)*H NMR spectra in’H,O were  2A) moderate T relaxation and significant Curie ¢¥ relax-
recor_d_ed over the terlnperature rangé 8945 °C at 500 MHz at a ation8:67 it was not possible to detect the key TOCSY cross-
repetition rate o_f 3 & (to enhance cross-peaks _for relaxed, at the peak for several of the strongly hyperfine shifted peaks. In these
expense of relatively weakly relaxed, protons) using 512 t1 blocks of . . .
2048 t2 points, each consisting of 192 scans per block. The 2D datacases, a§S|gnments were guided by the expected relaxation ( €a
were processed with a 38hifted sine-squared function and zero-filled 3) and dipolar (NOESY, NOE) contacts among heme Su_bSt't'_
to 2048 x 2048 points prior to Fourier transformation. uents and between heme and nearby residues, as predicted in
Magnetic Axes Determination.The magnetic axes were determined  the metMb crystal structur®. Difficulties with resolution are
by a least-squares search for the minimum in the error funéfigh: partially solved by carrying out the NOESY and relaxation

Ree = 31T, 3)

Reference spectra were recorded at 1 to3repetition rates over

n (58) Jeener, J.; Meier, B. H.; Bachmann, P.; Ernst, R1.RChem. Physl979
— _ 2 71, 4546-4553.
Fin= Zlédip(Obs) 6dip(calc)| (4) (59) Griesinger, C.; Otting, G.; Whrich, K.; Ernst, R. RJ. Am. Chem. Soc.
1= 1988 110 7870-7872.
(60) Bundi, A.; Withrich, K. Biopolymers1979 18, 285-297.

where the calculated dipolar shift in the reference coordinate system, 61) ?\’A{'f‘_hg& D. S.; Sykes, B. D.; Richards, F. M. Mol. Biol. 1991 222,
(62) Cross, K. J.; Wright, P. El. Magn. Reson1985 64, 220—-231.

(52) Cutruzzola, F.; Allocatelli, C. T.; Brancaccio, A.; Brunori, Biochem. J. (63) Neuhaus, D.; Williamson, MThe Nuclear @erhauser Effe¢t VCH
1996 314, 83—-90. Publishers: New York, 1989.

(53) Teale, F. W. JBiochim. Biophys. Actd959 35, 543. (64) Peyton, D. H.; La Mar, G. N.; Pande, U.; Ascoli, F.; Smith, K. M.; Pandey,

(54) Pande, U.; La Mar, G. N.; Lecomte, J. T. J.; Ascoli, F.; Brunori, M.; Smith, R. K.; Parish, D. W.; Bolognesi, M.; Brunori, MBiochemistry1989 28,
K. M.; Pandey, R. K.; Parish, D. W.; Thanabal, Biochemistry1986 25, 4880-4887.
5638-5646. (65) Nguyen, B. D.; Xia, Z.; CutruzzolaF.; Travaglini Allocatelli, C.;

(55) Banci, L.; Bertini, I.; Luchinat, CNuclear and electronic relaxation Brancaccio, A.; Brunori, M.; La Mar, G. NJ. Biol. Chem.200Q 275,
VCH: Weinheim, 1991. 742-751.

(56) Gupta, R. KJ. Magn. Resonl976 24, 461—-465. (66) Gueron, MJ. Magn. Reson1975 19, 58—66.

(57) Thanabal, V.; de Ropp, J. S.; La Mar, G.NAm. Chem. S0d987 109, (67) Johnson, M. E.; Fung, L. W.-M.; Ho, @. Am. Chem. So&977, 99, 1245~
7516-7525. 1250.

8496 J. AM. CHEM. SOC. = VOL. 125, NO. 28, 2003



NMR of Deoxy Aplysia Mb ARTICLES

T T T T
T T T T r T T T 1 26 22 18 14 10 ppm -5 -10
25 20 15 ppm -5 -10 -15 i . .
) ) ) Figure 3. Resolved portions of thtH NMR spectra ofAplysiadeoxy Mb
Figure 2. Resolved portions of the 500 MHH NMR spectra ofAplysia in 2H,0, pH 8.6 at 35°C containing (A) native hemin; (B) 52ls-hemin;
deoxy Mb in?H,0, pH 8.5 at (A) 30°C, (B) 36.2°C, and (C) 41.2C, (C) 1-C?H3,3-C?Hz-hemin; (D) 1-CHs,8-C2Hz-hemin; and (E) 2-G2H-

illustrating the strong and differentiated temperature dependence of both Cg?Hy-hemin. M and m designate methyls in major and minor heme
position and line width of resolved resonances; (D) Partially relaxed orientational isomers in solution, respectively. The selective loss of intensity
spectrum at 41.2C (repetition rate 33, relaxation delay 70 ms), illustrating i shown by vertical arrows and allows the unambiguous assignment of all
the position and relaxation properties of strongly relaxed lines not readily four heme methyls for the major80%) deoxy Mb component (heme
recognized in the normal NMR trace; and (E) steady-state NOE difference grientation as drawn in Figure 1) and three of the four heme methyls
spectra upon saturating the strongly relax@dirleso-H) peak at-15 ppm. (positions 1, 5, 3) for the minor(20%) deoxy Mb component (heme rotated
Resonances for the major (i.e., 5-gHminor (i.e., 5-ch) are labeled by by 180 abouto,y-meso axis relative to that in Figure 1).

upper case and lower case letters, respectively.

Steady-State NOEsThe!H NMR spectrum ofAplysiadeoxy
Mb in 1H,0, as those of all other investigated monomeric deoxy

dependencé42 predicted intercepts in a plot of shift versus 910Pins>2>*%%exhibits one strongly relaxed{~ 10 ms), labile
T-2 can be used to infer the functionality of proton sets. The Proton peak near 90 ppm (not shown) that can only arise from
key role of heme-residue contacts in the assignment protocolthe His F8 ring NH.>% Saturation of this peak (not shown)
demands that the heme substituents be assigned first an@xhibits a weak NOE to a moderately relaxed, resolved, low-
unambiguously, which, in the absence of an isotope-labeled field shifted single proton peak at13 ppm at 30 (Figure 2A)
polypeptide, dictates the use of isotope-labeled hefhes. that is uniquely identified as the His95(F8)€l via its T1. A
Isotope Labeling. The resolved portions of the 500 MHz ~ Strong NOE (not shown), as well as a strong NOESY cross-
1H NMR spectra oAplysiadeoxy Mb at 35°C containing native ~ Peak to GiH (Figure 4G), locates the geminal partner His95-
hemin and four different isotope-labeled hemins are illustrated (F8) G2H. Last, the saturation of the broad and strongly relaxed
in Figure 3A-E. The selective loss of intensity (vertical arrows) (T1 &~ 10 ms,Ree ~ 4.5 A via eq 7), extreme high-field peak
of major component (Mi) and minor component;(rmethyl (Figure 2E) leads to comparable NOEs to both 1;Gitd
groups uniquely assigns (Figure 3®) the four heme methyls ~ 8-Chs, uniquely assigning thé-meso-H. The reference spec-
of the major, and all but the 8-GHwhich is not resolved) of ~ trum at 41.2°C in Figure 2C suggests the presence of some
the minor component. Deuteration of the 2-vinyl group leads strongly relaxedT; < 10 ms, peaks labeled A,B under narrower
to loss of only a single low-field proton peak (Figure 3E) which, peaks in the 1618 ppm window. A WEFT tracé that
in combination with itsT; ~50 ms (Table 1), identifies the 2H suppresses weakly relaxed protons shows these peaks more
and dictates that neither 2Hnor 2Hse are resolved. These  clearly, withT; estimates 5 and 10 ms, respectively (Figure 2D),
assignments are listed in Table 1.

measurements over a wide temperature r&Agest, as initial
assignments of residues establish gt exhibits strictly T2

(69) La Mar, G. N. InBiological Applications of Magnetic Resonan&hulman,
(68) Qin, J.; La Mar, G. NJ. Biomol. NMR1992, 2, 597—618. R. G., Ed.; Academica Press: New York, 1979; pp -3683.
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Table 1. H NMR Spectral Parameters for the Heme and Axial His in Aplysia Limacina Deoxy Mb
case Il sperm whale
residue proton Opss(0bs)? T,, ms? Opss(dia)® Ot dgp(calc)® Ocon(calc)f cytochrome ¢'9 deoxy M@

heme 1-CH —5.20 60 3.6 —8.8 —5.7 -3.1 -1.8 7.2
3-CHs 20.98 60 3.8 17.2 2.7 15.0 155 5.0
5-CHs -3.32 60 25 -5.9 -5.2 -0.7 -5.8 15.7
8-CHs —10.09 60 2.6 —13.7 —4.8 —8.9 —9.7 35
2Ho 26.10 45 8.4 17.7 0.8 16.9
2Hpc -0.11 5.7 -5.8 0.8 —6.6
4Ha —0.89 8.6 -9.5 —6.6 -2.9
4Hpc 11.56 ~80 6.3 5.3 -1.9 7.2
4Hpt 8.09 6.6 15 -1.8
6Ho 21.43 60 4.2 17.2 -0.5 17.7 18 7.9
6Ho 17.61 45 4.2 13.4 14 12.0 13 1.7
THo 19.95 60 4.2 15.7 4.1 11.6 20 6.9
THo! 18.99 45 4.2 14.8 1.3 13.6 41 11
o-meso-H i 9.9 9.6
S-meso-H i 9.3 —-17.9
y-meso-H i 10.0 9.6
0-meso-H —16.4 ~10 9.9 —26.3 —19.0 -7.3

His95(F8) @G1H 13.62 65 1.2 11.8 0.0 11.8
Cp2H 5.97 0.8 51 2.3 2.8

a Chemical shift, in ppm, referenced to DSS 2O solution at pH 8.5 and 3&C. P Ty, in ms, estimated by null point in a 1867—90° T; determination.
¢ Chemical shift for diamagnetic analogue given by ef Byperfine shifts given by eqs 6 and ¥Dipolar shift obtained by eq 2 withyax= —2.07 x 10°°
m3/mol, o = 31C°, B = 76° (case Il magnetic axes)Contact shift obtained via egs 2, 5, and 7 using case |l magnetic @Reblished dat& for R.
capsulatuserrocytochromec’. " Published dat® for sperm whale deoxy MHB.Not assigned.
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Figure 4. Low-field portion of the 500 MHZH NMR NOESY spectrum (repetition rate 3's mixing time 50 ms) ofAplysiadeoxy Mb in2H,O 100 mM
phosphate, pH 8.5 at 36llustrating key interresidue (A, €E), intraresidue (G), heme-residue (B, C, F, H), and intraheme (F, H, I) dipolar connections.

and also locates an additional relaxed signal at 10 ppmTyith  allow detection of steady-state NOEs that can be separated from
~ 20 ms (labeled khs). The resonances labeled-& are too off-resonance effects and artifacts, and hence, no information
strongly relaxed and too close to the diamagnetic envelope tofor assignments is available except the, peak B may have
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Figure 5. High-field portion of the 500 MHZH NMR NOESY spectrum
(repetition rate 35!, mixing time= 50 ms) illustrating key intraheme (A,

F, Q), heme-residue (B, D, F, G), intraresidue (C, E), and interresidue (C)
dipolar contacts.

an intensity larger than one proton; all three peaks exhibit only
weak temperature dependence.

Heme AssignmentsNOESY 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, labeledsk] H's.. and Hy,
H'7. (Figure 2A), exhibit very strong NOESY cross-peaks within
each pair (Figure 4l), with K and H, exhibiting NOESY
cross-peaks to the assigned 5-CfFigure 5G) and 8-CH
(Figure 5A), respectively. The large hyperfine shifts, geminal
nature of each pair, and proximity to the pyrrole C or D methyls,
together with their relaxationTq ~ 50—70 ms) indicative of
protonsa to the heme, identify the propionate gHand 7Hs.
The relaxation of H4 (T1 ~ 80 ms), and the geminal partner
4Hg. (Figure 4F), and the NOESY to 3-GKFigure 4H) identify
the 4-vinyl Hss; a NOESY cross-peak to an unresolved but broa
and relaxed proton at0.2 ppm locates the 4 (not shown).
The unambiguously assigned 2-vinyl,Hexhibits NOESY
cross-peaks near0 ppm which represent at leasbdd and
possibly also 2l (not shown). Candidates for the propionate
Hgs are observed upon saturating the,&id 7H,s (not shown),
but since these protons do not play any role in subsequen

d

assignments, they are hence ignored. The heme assignments aR9'€ly for Phe74(

listed in Table 1.

Active Site Residue AssignmentsSTOCSY 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 1sGHigure

5B) and 8-CH (Figure 5D). The pattern of NOESY cross-peaks
to the two heme methyls, together with expected steady-state
NOEs from thed-meso-H (Figure 2E), unambiguously and
stereospecifically identifies the complete Arg70(E44Y.wo
weakly dipolar shifted, aliphatic three-spin systems are detected
(Supporting Information), one of which exhibits NOESY cross-
peaks to the 1-CH (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<Cbf this
isopropyl fragment identifies the terminus of Leu71(E15). An
AMX spin system whose temperature dependence reflecisla C
for one proton (Table 2) locates &, CsgH, fragment whose
NOESY cross-peaks to the 5-GKFigure 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 NOESs to 4-K(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 Hgs (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 T;s~ 50 ms antRe. ~ 6 A 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;@kl 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 expectatférior the GH and GH of
Vall00(FG4). The expected His95(F8):8 to Vall00(FG4)
CsH 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) G1H3 (Figure 4C), as expectéd® solely for GH of
Phel05(G5). The s also exhibits NOESY cross-peaks to a
low-field shifted AMX fragment (not shown) whose,B8 also
exhibits an NOESY cross-peak to the 3-Cfffigure 4H), as
expected for the backbone of Phel105(G5). The: 40 ms for
the broad Phel05(G5).8s peak (Figure 2A, D) is consistent
with the expected distance in the crystal structure; tHe &t
Ree~ 4 Ais expected to be extremely broad with < 5 ms.

An upfield shifted, three-spin aromatic ring (not shown; see
Supporting Information) exhibits NOESY cross-peaks to both
t1-CHs (Figure 4B) and Arg70(E14) (Figure 4D), as expected
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 Phel122(H15) rings. Both the 4-CH

(70) Bolognesi, M.; Coda, A.; Frigerio, F.; Gatti, G.; Ascenzi, P.; Brunori, M.
J. Mol. Biol. 1990 213 621-625.
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Table 2. H NMR Spectral Parameters for Dipolar-Shifted Heme Pocket Residues in Aplysia Limacina Deoxy Mb

case | case Il T~ plot¢ T2 plotm
residue proton  dpss(obs)®  Tiomsfcalcl  ReeA?  Opss(dia)  apobs)  Ogp(calc)  pss(cale)’  dgplcalc)  dpss(calc)  slope Oint slope O
Phe28(B9) GHs 7.05 10 6.6 0.4 0.8 0.4 0.5 54 0.8 6.2
C.Hs 8.46 ~200 8.5 7.4 1.0 2.6 0.9 1.3 42 20 6.4
C:H 8.85 ~200 8.5 7.6 1.2 3.3 1.1 1.5 42 22 6.3
Ser39(C4) GH 4.15 10 5.0 -0.9 -0.1 -0.7 —-0.5 57 —-0.7 49
CpH 4.46 8.7 4.5 0.0 0.6 -0.1 -0.2 49 -02 46
CpH 4.50 10 45 0.0 0.6 -0.3 0.0 45 —-0.1 45
Phe42(C7) &H 2.71 10 4.5 —-1.8 —-1.2 -1.7 -1.4 7.1 —-21 49
CpH -0.24 7.7 3.8 —-4.1 2.7 -3.9 -3.1 96 —47 46
CpoH 0.49 7.7 3.6 —-3.1 —2.6 —-3.2 —-2.1 73 —-32 39
CsHs 6.01 9.4 7.7 -1.7 —-1.2 -1.9 0.1 104 —-2.1 8.2
C.Hs 6.42 11 7.6 —-1.2 -0.6 -1.1 —8.2 91 -13 7.7
CH 6.53 12 7.5 —-1.2 —-0.5 -1.3 —4.4 79 -07 73
Phe43(CD1) &H 3.52 8.1 4.7 -1.2 -1.8 -1.3 —-7.6 66 —-16 5.2
CsHs 7.5 7.2 —-2.5 4.8 0.0 7.2
CHs [30F 5.5 59 —6.3 —-0.4 29 8.8
CH [7]° 43 36 -8.7 5.1 6.0 9.6
lle67(E11) GH —6.00 35 55 3.8 —9.8 —-7.2 —-9.5 —-7.2 17.4 110 5.8
CsH [120F 6.7 1.1 -3.1 0.7 -1.7 -0.6
C,H3 —1.98 45 6.1 1.1 -3.1 -0.1 —-2.6 -1.3 2.3 34 1.5
CaH  [-5.1] [3]° 3.7 -1.9 -121  -14.0 -3.2 5.1
CoH [-15.1] [12F 47 -2.8 -148  -176 —108 —136
CsHs  [0.8] [20]¢ 5.0 —-3.6 —4.4 -8.0 4.4 0.8
Arg70(E14) GH 2.84 9.9 4.4 —-1.6 -1.2 -1.8 -1.2 6.6 —-18 4.7
CpH —2.36 130 7.9 3.3 —5.7 -3.6 -5.2 —-4.3 115 -6.6 45
CpH —0.57 ~150 7.0 2.7 —3.3 2.1 —-3.2 —-2.5 75 —-38 34
C,H —0.85 ~150 6.9 2.3 -3.1 2.1 —2.4 -1.7 48 —-27 19
C,.H -1.20 8.2 2.6 —-3.8 -3.5 —3.6 —-2.9 83 —-45 35
Cs1H 2.01 9.1 3.2 —-1.2 -1.2 —-1.4 -1.0 52 —-15 36
CsoH 2.35 9.9 3.2 -0.9 —-1.4 —-1.2 -0.8 49 -11 35
Leu71(E15) GH  2.46 8.5 25 0.1 0.3 -0.4 -10 54 -15 40
Cs1Hs  0.30 10 0.5 —-0.2 0.5 —0.6 -1.0 34 26 1.8
C,.H3 —0.33 10 0.3 -0.6 0.1 -0.7 -1.7 52 15 2.4
Phe74(E18) GHs 6.13 10 7.2 —-1.0 -0.4 —0.6 -0.7 82 —-09 72
CHs 5.84 9.5 6.9 -1.0 1.4 —-0.6 —0.6 78 —-10 6.8
CeH 5.96 9.5 6.7 -0.8 -1.4 -0.0 0.2 53 03 5.6
Phe91(F4) GHs 7.0 6.8 —-3.0 3.7 0.6 7.4
CHs [30F 5.4 6.2 0.1 6.1 -1.2 5.0
CeH [10]¢ 45 6.0 2.7 8.7 3.3 9.3
Phe98(FG2)  GHs [60F 6.0 6.7 - 2.0 8.7 —-0.6 8.1
CHs [90F 6.5 7.2 - 6.2 13.3 2.2 9.4
CH  [9.3] 7.7 7.7 - 48 125 1.6 9.3
Vall00(FG4) GH 1.29 8.6 3.7 —2.4 -1.7 —-2.0 —-1.6 66 —-25 39
CsH —2.46 [70F 6.2 1.2 —3.6 —-5.1 -3.9 —-2.5 55 -39 16
C,Hs —2.80 55 6.1 0.2 —-3.0 —-2.3 —-3.2 —2.2 44 -35 09
CoHs —6.91 45 5.8 0.6 7.5 —5.7 —-7.9 —5.8 120 -9.2 27
GIn104(G4) GiH 1.29 8.4 2.3 -1.0 1.5 -0.2 -0.6 31 -15 29
CpoH 1.53 8.1 2.7 —-1.2 0.3 —0.6 -0.2 22 -03 19
Y2l 0.50 9.8 1.9 —-1.4 —-0.2 -1.4 —-1.6 55 -24 30
Phel06(G5) eH 5.06 9.0 4.3 0.8 2.2 1.1 0.6 32 09 4.1
CpH 3.61 9.9 3.2 0.4 1.1 0.9 0.7 14 11 25
CpoH 3.27 10 2.9 0.4 0.7 0.8 0.5 1.7 0.8 2.5
CsHs 8.01 8.0 6.3 0.7 15 1.3 0.8 54 13 6.7
CHs 9.06 40 5.7 7.0 2.1 2.4 29 2.3 1.5 3.7 5.2
CH [5]¢ 4.2 3.9 3.9 8.2 12.1 12.7 16.6
Val108(G8) CiHs 161 9.5 0.5 1.1 2.6 0.9 0.3 0.6 05 1.1
C,oHs  3.02 8.0 1.3 1.7 4.4 1.7 16 —23 23 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

aChemical shifts in ppm referenced to DSS at°86in 2H,0 at pH 8.6.> Observedry, (20% uncertainty), in ms, as estimated from null poingy, in
an inversior-recovery experiment. T; calculated based on eq 6 and the distance given in the metMb crystal structuré@tiance to the iron, in A, in
the AplysiametMb crystal structure (47§.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®Dipolar shift calculated on the basis of the case | magnetic axes= +2.50 x 10-8 m¥mol,
a = 220° andB = 88°, and theAplysiametMb crystal coordinates (47)Predicted chemical shift, referenced to DSS, obtained via egs 2, 5, and 6 for the
case | magnetic axesDipolar shift calculated on the basis of the (case Il magnetic akgs)= —2.07 x 10~® m¥mol, a. = 31¢°, 8 = 76° and theAplysia
metMb crystal structure (47) Predicted chemical shift referenced to DSS, obtained via egs 2, 5, and 6 for the case Il magnefit fzxetope, in ppm
K, and interceptgin, in ppm, atT — o, of a plot of dpsg(0bs) versug—1. ™ The slope, in ppm K, and intercedy, in ppm, atT — o, of a plot ofdpsg(0bs)
versusT 2.

and the assigned Phe28(B9) ring exhibit (Figure 4D) weak another to 3-Chl(Figure 4H) which identify G;Hs and G,Hs
NOESY cross-peaks to another three-spin ring that the crystal of Val108(G8).

structure identifie¥ as Phel34. A two-spin aliphatic system Two partially resolved resonances, a strongly relaxed methyl
with low-field dipolar shift and intercepts for methyls, has one (T1~ 40 ms,Ree~ 5.5 A) and a strongly relaxed single proton
methyl with NOESY contact to Phe28(B19) (Figure 4E) and (T; ~ 30 ms,Ree & 5.5 A) (Figure 2A, B) fail to exhibit any
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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 CHs of lle67(E11). A strong NOESY cross-peak
between lle67(E11) (s and an aromatic ring identifies the
Phe68(E12) ring (Figure 4C); a weak NOESY cross-peak
between this ring and Leu71(E15)i; confirms the assignment
(not shown). TOCSY detects two four-spin aromatic rings that
must arise from the only two Trp, Trpl4(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-gxhibits

an intense NOESY cross-peak to a relatively strongly upfield-
shifted proton (Figure 4C) with intercept of an M that must
arise from the Phe43(CD1),8, and NOESY cross-peaks by

a pair of protons to both the 3-Gtdnd 4-vinyl locate the likely
CsHC, H, fragment of GIn104(G4) (not shown).

25

20

15

Fin (ppm?)

10

40 8 & -4

2 0 2

4

Axax (x 108 m3/mol)

Figure 6. Plot of the residual error functiof/n, (eq 6), upon optimizing

Plots of the chemical shift for heme pocket residue protons the anglegs (degree of tilt of major magnetic axis) and(direction of tilt

versus absolut& 1 andT~2yield intercepts al — O, Sin(T 1),

of major magnetic axis) for all possible positive and negative values of

andoi(T~2), as listed in Table 2. The chemical shifts for the Ayax. The expected double minima are observed, where the two minima

assigned residues in an isostructural, diamagnetic analogue ar

necessarily involve a change in the sign/gfax and an~90° rotation of
the direction of the tilt (such that most of the geometric factors in eq 1

calculated via egs 5 and 6, on the basis of the crystal strutture, change sign). The two minima are casé\jay = 2.50 x 10-8 m3/mol, o
and thedpsdqdia) values are included in Tables 1 and 2. A strong = 220°, 8 = 88, and case llAy = —2.07 x 10°® m¥mol, a. = 31C°, 8

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 &fi,(obs)
versus slope in a shift verss?2 plot is essentially linear (not
shown, see Supporting Information) which argidé&for the
presence of a single, well-defined molecular structure for the
active site and its immediate environment.

Magnetic Axes. The dgip(0bs) for 28 definitively assigned
protons with significant dipolar shifts, together with the crystal
coordinates ofAplysia metMb#77% allowed the determination
of both the anisotropy and orientation of teensor. Based
on previous work with both mammalian deoxy fband
ferrocytochromesc’,2342 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/3, and direction of tilt,a, was carried out
for the complete range of both angles afghy. A plot of the
residual error functionF/n ( eq 4), versusAyax in Figure 6
reveals the expected (in fact, requirédjouble minimum, one
with a positiveAyax, case | Ayax = +2.504 0.08 x 1078 m¥/
mol, a = 220+ 10°, § = 88 & 2°), one with a negativéyay,
case Il Ayax= —2.07+ 0.08 x 1078 m¥mol, a. = 310+ 10°,

B =764 2°), with the tilt directions for cases | and Il differiflg

by ~90°. However, the residual error function for case Il is
considerably smaller than that for case | (see Figure 6). A plot
of dqip(0bs) versusggip(calc) for cases | and Il are illustrated in
Figure 7. It is clear in Figure 7 that case Il, with the lower
residualF/n, exhibits a remarkably good correlation between
observed and predictelli,, while the data for case | leads to

6
4
2
0

[
=y

o N M OO

(ppm)

ddip(calc)

]
S b & A b

= 76°, with the residual error function significantly lower for case Firf
0.15) than case IR/n = 1.43).

10 8 6 4 -2 0

dgip(obs)

(ppm)

2

4 6

Figure 7. Plot of dgip(0bs), obtained via egs 4 and 5, versug(calc)
obtained via eq 1, using the magnetic anisotropies and orientation for case
I (A) and case Il (B), as defined in text and Figure 8. The straight line with

a correlation where the majority of the data points deviate unit slope represents an ideal fit. Note the excellent correlation in panel B
systematically from the ideal slope of 1, and where the deviation but the systematic deviations to the upper left in panel A.

increases in the same direction for large upfield or downfield

shifts. In consideration that we have to use the crystal xpected very smallAy for case Il was not considered

coordinates ofAplysia metMi*” because those of deoxy Mb
are not available, extension of this study to quantitate the

(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
Ay and the geometric factor, (3¢@s— 1), for the majority of residues.

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
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signals with weak to moderate relaxation that are not observed. 20
The dgip(calc) anddpsddia) and eq 6 allow the estimation of
the position,0psgqcalc), and Ts (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
| (see Supporting Information) and Il (Table 1) agree in
predicting large upfieldgip(calc) for 5- andd- and large low-

field dgip(calc) for o- and y-meso-H. Thed-meso-H is found
upfield, but a low-field bias by as little as5 ppm would make

the f-meso-H undetectable (note: case Il predist$é ppm
further upfieldo- than-meso-H shift). The low-fieldx- and
y-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 Il

The rings of four strongly relaxed Phes 43(CD1), 91(F4),
98(FG2), and 105(G5) are predicted to exhibit strong to -10 . . . .
moderate low-fieldq, for case Il and provide several candidates 24 26 28 30 32 34
for both peaks A and B. While none of these residues predict Tix103K o
the T, to peak C, it would require a relatively small (0.5 to 1.0 ’efigs“f_g-s Eéos;zf:;ng”g%ﬁcgp ‘t’ﬁést‘f; 7;5;‘{’}?: gﬂt)éfggtsaféegr:’éa
A) change inRee from the metMb crystal structurt_e to account 6:p(calc) at 36°C, w?wsere the magnetic axrc)es were detgermined, and with
for the observed:. It is noted, moreover, that two rings, Phe43-  4,(calc) scaled byT2, as demanded by thén(T~2) ~ dpsgdia). The
(CD1) and 98(FG2), lie across the nodes in the dipolar field dataillustrated include 1-GHa), 3-CHs (), 5-CHs (00), 8-CHs (O), 2-He
(Table 2), such that theidy, are probably not accurately —(®) 6-HuS @), and 7-Hs (#) contact shifts.
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 inRee to distal residues. In contrast, case | predicts
upfield dgip(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 AC. Hence, the peaks-AC are consistent
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than T-1 (Curie) behavior predicting sign changes dgf, in
the 50-120°C range, while the low-field 3-Ckand propionate
CqH peaks exhibit much closer 61 (Curie) behavior.

Discussion

with case Il but not case I. Magnetic Properties. The quantitative fit of the observed
The CHCH; fragment of 1le67(E11) is predicted to exhibit and predicted dipolar shifts, as illustrated in Figure 7B, the
large and comparable upfieldy, for both cases | and II. consistency of the observed resolved resonance with prediction

However, the extreme relaxation predicted for two of the three of dipolar shifts for unassigned residues in the heme cavity,
protons, and the variability of the orientation of the side chain and the good correlation between ihgsg(dia) calculation via
in different crystal structureindicates strongly relaxed signals  €q 6 and the intercepts at— oo in a shift versusT 2 plot,
that could well be lost under the multiple, less strongly relaxed, 9in(T~?) (Supporting Information) lead to four important
upfield peaks. Hence lle67(E11) does not differentiate between conclusions. First; exhibits essentiallpxial symmetrysecond,
cases | and II. Last, case | predicts strongly upfield shifted and the axial anisotropy is negate, Ayax = —2.07 x 1078 m¥
resolved, but only weakly to moderately relaxed, methyl signals mol; third, themajor magnetic(z—), axis is tilted nearly into
for both Leu29(B10) and Val67(E7), and no such signals are the heme plangs = 76°) in the approximate directiory. =
observed. In contrast, case Il predicts small to moderate low- 317, of the a-meso position (see Figure 1); and last, the
field shifts which place these signals well within the diamagnetic anisotropy arises predominantly from zero-field splittitit
envelope, as must be the case. Hence, the analysis of predicte@ccounts for thd 2 dependence of dipolar shifs?and where
shift for unassigned residues signal overwhelmingly favors casethe observed\ya translates td ~ 20 cnt.
Il over case I. This analysis leads us to conclude that the It is noted that the tilt direction of is within 5° of the axial
presently described orientation and anisotropy a$ described  His imidazole plane orientatiof. Strong tilting of the major
by case Il is both realistic and robust. magnetic axes well off the heme normal has been reported for
Evaluation of Heme Contact Shifts. The qualitative deter- ~ the other extensively studied high-spin ferrous hemopro-
mination of the anisotropy and orientatiomofor case Il allows ~ teins?*4%42No structural bases have been offered for these
the estimate ofigj, for the heme at 36C and, together with observations, and the present study does not enlighten us further.
the dps obtained via eq 8, yieldd.o{(calc) for each methyl and It is expected that the results of similarly quantitatiteNMR
meso-H, as listed in Table 1. For completeness, we include thestudies of other crystallographically characterized deoxy globins
ddip, dcon Obtained for case | in the Supporting Information. The from a variety of genetic origins will be necessary before a
dpsgobs) for the heme methyls and,i&s over the 2545 °C pattern emerges.

temperature range, together with the estimadigsfcalc) at each Comparison with Other High-Spin Ferrous Hemoproteins.
temperature (determined by tAe? scaleddgip(calc) deduced The presenfplysiadeoxy Mb'H NMR study is consistent with
at 36°C via case ll), result in the heme methyl angH3 dcon those on mammalian deoxy Mb’s and ferrocytochrochén

for each temperature. The resulting hedyg(calc) values are  that they agree that dipolar shifts exhibit stricfly?2 dependence
plotted versu§ 1 (Curie plot) in Figure 8. Itis clear in Figure  that dictates they all arise from zero-field splittitfg’?2 The
8 that the three upfield methyls exhibit considerably steeper mammalian deoxy Mb complexes (human, horse, sperm whale)
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differ from Aplysia Mb in exhibiting magnetic anisotrop¥y

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 and90° rotation of the major
axis/! but the quality of the NMR data were insufficient to
clearly distinguish whether the positive and negative signs of
Ayax are, in fact, correct. This ambiguity in the sign Afax,
which has not been resolved to date, can be traced to the
availability of fewer assignmerftswith less certainty in the
mammalian Mb'’s tharplysiadeoxy 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 irfX

Aplysiadeoxy Mb’s, and this problem is due to the much smaller

3e,(xz+yz)

3e.(xz-yz)

Figure 9. Schematic representation of the distribution of the majority of
the spin density (density] size of circle) over the symmetry-adapted
orphyrin MOs that can interact with the twar drbitals on iron: (A) 3e-

z+ y2) capable of interacting only with 8¢ + y2) and (B) 3e(xz— y2
capable of interacting solely with xi{ — y2).

magnetic anisotropy and, hence, increased spectral congestion

in the former complexes. It is noted that the total spectral spread
for mammalian Mb’8538-4067.72(~22 ppm) is only half that

for Aplysiadeoxy Mb (~42 ppm). Since the heme methijis

~ 50 ms are comparable for all deoxy globins studied to
date>38-40 and exhibit strong Curie relaxati¢hincreasing 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 definingonly if the
protons which experience small;,, but are sufficiently far from

the iron so as to experience negligible Curie relaxation, can be
assigned by standard sequence-specific approaches ‘dsing

F4
A

A B

Figure 10. Schematic depiction of the mechanism that leads to positive
or negativerr spin density in the porphyrin. (A) The singly occupiegd d
possesses one parallel (positive) spin, and the porphyriiM& possess
paired spins. Donation of a fraction antiparallel (negative) spin to the singly
occupied d leaves a fraction parallel (positive spin) in,3d0. (B) Both

labeled globin chains. Such studies are planned on sperm whalelr and 3g are doubly occupied. Spirspin correlation with the four parallel

deoxy Mb.

The Ayax described forAplysiadeoxy Mb is very similar in
magnitude, bubppositein sign, to the quantitatively character-
ized magnetic axes/anisotropy repoffed for R. capsulatus
ferrocytochromec’. The major magnetic axis is also tilted
significantly from the heme normal in the cytochromé~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 hemoprot€iis.

spins on Fe results in favoring parallel (positive) spin jnwhich results
in net antiparallel (negative spin) in 3eNote the unequal lengths of the
positive and negative spin arrows for both the iron and porphyimO in

B.

had been proposé#*! that the heme methyl hyperfine shift
pattern characteristic of ferrocytochron@sindAplysiadeoxy

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-Ckland the downfield 3-Cklhyperfine

It is not possible at this time to assess the reasons for theseshifts are primarily due to contact, rather than dipolar shifts.

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
daip(calc) for the heme substituent and, via eq 6, the estimation
for dcon Thedconvalues for case Il are listed in Table 1 (similar
data for case | are given in Supporting Information), which can
be compared with the previously reported factodeg for the
same substituents for sperm whale deoxy*MindR. capsulatus
ferrocytochrome’#? (last two columns). The most striking result
is the remarkably similar contact shift pattern Aglysiadeoxy
Mb and ferrocytochrome’,*2 as well as othét ferrocyto-
chrome<’, both of which differ, qualitatively and quantitatively,
from those in mammalian deoxy Mb*8.The similarity in the
pattern, together with the similar axial His plane orientations
along the generab, y-meso axis forAl deoxy MHB7’ and
ferrocytochromes’,”® 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

The heme contact shift pattern is characterized by relatively
small, both upfield and downfieldjcon that is approximately
2-fold symmetric with respect to the axial His plane (along the
f-,0-meso vector), all of which argues for the predominance of
m-spin delocalization over the heme. Moreover, the relative
smalldcon for the 0-meso-H dictates that the filled 3erbitals,
rather than vacant 4eporphyrin molecular orbitals, MOs,
interact with ther-bonding d orbital$:”#75For the coordinate
system in Figure 1, the two 3&0s, 3g/(xzt+y2 and 3g(xz—
y2), which interact with the gorbitals &z + y2) and &z — y2),
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 fromx¢ + y2)(xz — y2]13(x2 — y?)-
(A)(xy); in lower symmetry, the two dlevels are split. The
positiver spin density (low-fielddcon for C4H’s) at positions
2—, 3—, 6—, and 7 (Table 1) thus dictates that the ground
state has a singly occupieaz(+ y2) that results in direct
(positive) spin delocalization by transfer of partial spin to,3e
(xzt+y2), as illustrated in Figure 10A. The upfield,8 dcon for
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positions -, 4—, 5—, and 8- (Table 1) dictate thahegatve
7t spin density appears in 3&z—y2) (Figure 9B). Such negative
ot spin can be expected on the basis of s{gpin correlation
between the four (positive) unpaired iron spins and the paired
spins in &z — y2), which results in nehegatie r spin density
in the 3e(xz—y2), as depicted schematically in Figure 10B. Thus
the orbital ground state places moderate positigpin density
into 3e,(xz+y2) and small negative spin density into 3gxz—
y2) and accounts for the observéd,, pattern over the heme.
The first excited orbital statexz + y22(xz — y2)(x2 — y?)-
(P (xy), however, reverses the effect by placing positivepin
into 3e/(xz—y2 and negativer spin into 3e(xzty2z. The
thermal population of this excited orbital state would lead to
sizable low-fielddon for C,H’s at positions *, 4—, 5—, and
8— and accounts for the considerably steeper ffidrbehavior
for 1-CHs, 5-CHg, and 8-CH (Figure 8), predicting sign changes
in the temperature range50° to 20°C. Such temperature data
for dpsqobs) 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(lll) has
been shown to be characteristic of thermal populations in two
orbital stated:>1+1 1t is predicted that the same upfield shifted
heme methyls in ferrocytochrome'swill 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 € with upfield d¢on,
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 tiié¢'sCat
pyrroles B and D exhibit larger deviations from Curie behavior
than the GH'’s on pyrroles A and @9 A difference in the orbital
splitting between mammalian arplysia deoxy Mb is sup-
ported by the difference in the magnitude of the magnetic
anisotropies and, hencB, values.
The presently proposed correlation mechanism which gives
rise to negativep, spin density in the 3eMO that interacts

negativer spin density on the heme Bi= 2 iron(ll), but none

or little in S= Y/, iron(lll) hemes, is completely consistent with
the fact that the paired spins in the filleg dre 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 effect3n= 1/,
ferrihemoproteins, however small, would interfere with the
guantitative interpretation of hyperfine shift patterns in terms
of ligand orientation($)-1576.77and of the temperature depen-
dence of the shifts in terms of the orbital spactAé® Recent
detailed theoretical calculations of spin density for low-spin
ferriheme models have propogéthe presence of both positive
and negativer-spin density on the heme.

Itis 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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with the doubly occupied,dshould manifest itself similarly in
low-spin iron(lll) hemoproteins. However, upfieddo, for heme
CqHs have not been reported to date. This strongly enhanced
effect of the spin correlation that results in trsggnificant
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