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Abstract: The 'H and3C chemical shifts for the heme methyls of low-spin, ferric sperm whale cyanomet-
myoglobin reconstituted with a variety of centrosymmetric and pseudocentrosymmetric hemins have been
recorded and analyzed to shed light on the nature of hear@ein contacts, other than that of the axial His,

that modulate the rhombic perturbation to the heme’s in-plane electronic asymmetry. The very Yimilar
dipolar shifts for heme pocket residues in all complexes yield essentially the same magnetic axes as in wild
type, and the resultant dipolar shifts allow the direct determination of the heme methyl protbiCammhtact

shifts in all complexes. It is demonstrated that, even when the magnetic axes and anisotropies are known, the
intrinsic uncertainties in the orientational parameters lead to a sufficiently large uncertainty in dipolar shift
that the methyl proton contact shifts are inherently significantly less reliable indicators of the unpaired electron
spin distribution than the methy#C contact shifts. The pattern of the noninversion symmetAf@nhcontact

shifts in the centro- or pseudocentrosymmetric hemes is shown to correlate with the positions of aromatic
rings of Phe43(CD1) and His97(FG3) parallel to, and in contact with, the heme. These results indicate that
suchz—m interactions significantly perturb the in-plane asymmetry of the hersgin distribution and cannot

be ignored in a quantitative interpretation of the heme metkylcontact shifts in terms of the axial His
orientation inb-type hemoproteins.

Introduction magnetic relaxation is sufficiently weak so as to only minimally
interfere with essentially complete assignments and, hence,
allows either local heme pocKair global € molecular structure
determination similar to that usually carried out on diamagnetic
derivatives. While there is a loss of structural information
because of the diminution of NOEs near the heme, paramagnetic
influences, such as dipolar shifts for nonligated resiéitiéor

the contact shift pattern for the herhgll12extracted fromdy

Proton NMR spectroscopy of paramagnetic hemoproteins
provides, through their hyperfine shiftéy;,' a wealth of
functionally relevant information on the active site molecular
and electronic structure that is not readily accessible in a
diamagnetic derivativé:* This informative oy, however, is
always accompanied by increased relaxation which invariably

complicates, and sometimes obviates, the utility of the conven- can serve as alternative constraints to compensate for lost
tional 1D/2D NMR experiments needed to make assignments NOEs P

and define molecular structure. Nevertheless, reasonably effec- The net hyperfine shift can be derived from the observed shift,

tive NMR studies can be carried out on all paramagnetic Sons. if the shift of a diamagnetic analoguégs is available

forms 26 with the degree of structural definition determined by and is composed of contadk. and dipolardqp, contributions:
the nature of the iron oxidation/ligation/spin statén this 246,13 P on P dips '

respect, low-spin, His-ligated hemoproteins provide the most
informativelH NMR s r here exist relativel II- _ _

. pgct a, becauszeia ere exist relatively we O = Oops — Ogia = Ocon+ 6dip (1)
developed interpretative bases &#.>~* Moreover, the para-
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Figure 1. Schematic structure of the heme cavity in sperm whale Mb
as viewed from the proximal side. Two aromatic rings parallel to, and
in contact with, the heme are the proximal His97(FG3) imidazole ring
and the distal Phe43(CD1) benzene ring. Other proximal and distal

residues of interest are shown in rectangles and circles, respectively.

The heme positions for an arbitrary hemin are labele¢h and
correspond, respectively, to positions8 occupied by native proto-
hemin (). The orientation of the magnetic axesy, z, relative to the
iron-centered, reference coordinate systemy’, Z, is defined by the

tilt, 5, of the major magnetic axes,from the heme normal, in direction

o, as defined by the projection afon the heme plane; the axis,

with the projection of the rhombic axes on the heme plane, is given by
K~ oty

density, p,, which, for a core methyl group nucleuss given

by

. Qe
con VihBo

(50 )

whereQ is a constant for a methyl proto@(C'Hs) = ~70
MHz, and a methyl carborQ(**CHz) = ~—40 MHz, B, is the
magnetic field strengthy; is the magnetogyric ratio for nucleus
i, and <S> is the electron spin-magnetization. The dipolar shift,
which is experienced by all nuclei, is given8y314

®)

where the shift due to the dominant, metal(iron)-centered dipolar
interaction,oMgip, is given by

—_ sM L
6dip_ o dip-'_(S dip

oMy = (127N,) '[2Ay,(3 co 0, — RS +
3Ax(Sin’ 0, cos )R IT(aB,y) (4)

Here,R, 0', and Q' are the coordinates of a nucleus in some
arbitrary, iron-centered coordinate systexh,y', Z (or R, 6',
Q"), as shown in Figure 1x, y, and z are the magnetic
coordinates in which the paramagnetic susceptibility tengor,
is diagonal, andAyax and Ay, are the axial and rhombic
anisotropies. The Euler angles,f3, y, rotate the reference into
the magnetic coordinate systei16 The termo‘gp, in eq 3
reflects ligand-centered dipolar shits!4is nonzero only for
heteronuclei (i.e.1°C), but is known to be small in low-spin
ferric hemoproteing?-18

(13) Kurland, R. J.; McGarvey, B. Rl. Magn. Reson197Q 2, 286—
301.
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A 4-fold symmetric low-spin ferric heme possesses a single
unpaired spin shared by the degenergtead 4, orbitals, which
results in equatk spin delocalization and hence eqtig){CHs),
for the four pyrrole ringg:11.121923 The introduction of such a
4-fold symmetric hemin into a protein matrix raises thgaihd
dy, orbital degeneracyf forces the lone spin to largely populate
one of the two linear combinations of thg,@nd d, orbitals,
and results in a significant increase in the asymmetryfer
(CHg) or p,, for the four pyrroleg:#2023The orbital ground state,
and hence methyl contact shift pattern, is determined, in large
part, by the orientation of the axial His imidazole plane(s)
relative to the hem@#11.12,17.21,2427 |f the major magnetic axis
is normal to the heme such as in cytochronyé-26 the His
orientation can be related to the pattern of the combination of
Odip and dcon 11227 For other cases where the major magnetic
axis is tilted significantly from the heme normal, such as in
globing-16:28-32 and peroxidase®;3* the magnetic axes must
be determined first. This is particularly true for heme methyl
protons wheredcon and dgip can have comparable mag-
nitudes. However, because a given yields21.26:353 much
larger dco(*3CH3) than dcon(CH3), Oni(*3CHs) can serve as an
approximatiof®21 of d¢on(13CHz).

There are, however, numerous interactions other than the axial
His orientation which are capable of modulating the heme in-
plane asymmetry, such as the nature of heme peripheral
substituent®353%(vinyls in native heminl; M = methyl, P=
propionate, V= vinyl), van der Waals interactions between the
porphyrin and residues in contact with it, and distortion(s) of
the heme planarity by nonspecific protein interactions, among
others. In fact, asymmetric peripheral substitutions of all natural
hemins actually introduce a variable asymmetry in pheor
dcor{CHg) distribution even outside the protein maff}?.23:32.3537
so that the natural hemins possess, at best, pseudo-4-fold
symmetry. It is known that different alkyl substituents (methyl,
ethyl, propionyl) inconsequentially perturb the 4-fold symmetry
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small in cytochromeg but is large in globing:3%-41 In this
report, we are interested in elucidating the origin of heme
plane asymmetry in globins induced by protein interactions other
than those from the axial Hi o this end, we have reconstituted
a variety of approximately, as well as two truly, centrosymmetric
hemins into low-spin, ferric cyanomet sperm whale Mb, and
analyzed thedy; in terms of d¢on for both *H and13C for the
heme methyls. The previously determined magnetic axes and
anisotropies of WT (wild type) metMbCN are shown to be
minimally perturbed by the chemical modifications of the
heme? thereby allowing separation 6f.nanddgi, for the heme
methyls. The hemins selected are pseudo-4-fold symmetric
M M P M hemins possessing solely methyl and propionate pyrrole sub-
stituents 2—4, and exhibitingdn(CH3) as biscyano complexes
that differ by < 5% among the methyls, and truly centrosym-
metric hemin$ and6 (etiohemin I). Also included in this study
are two heminsy (2-acetyl-deuteriohemin) an@ (4-acetyl-
deuteriohemin) (M= methyl, P= propionate, H= hydrogen,
A = acetyl), which possess strong electronic asymmetry due
M M M M to the electron withdrawing acetyl substituéh’he heme and
numerous heme pocket residue proton signals for metMbCN
4 reconstituted with hemind—8 have been assigned, and the
orientations of each of the hemins in the heme pocket have been
p M E M reportecf239-43

M M M E Experimental Section

Reconstitution of Mb. The sperm whale metMgCN samples of
hemin g, with g = 1-8, are the same samples described in detail
previously$2:3%-41.43Each sample consisted 6650 mM phosphate and
~100 mM NaCl in?H,0 at pH 7.5-8.2, in which range the chemical
M M E M shifts are essentially independent of pH.
NMR Spectra. All spectra were recorded on a Bruker AVANCE
M 5 P M 6 E 500 spectrometer operating at 500 MHz forand 125 MHz for'*C.

'H steady-state NOEs were recorded as described in detail previ-
ously?830 NonselectiveT;'s were estimated from the initial recovery
of the magnetization in an inversiemecovery experiment. All chemical
shifts are referenced to 2,2- dimethyl-2-silapentane-5-sulfonate, DSS,
via the residual solvent signdH NMR TOCSY* (25 ms mixing time)
and NOESY® (40 ms mixing time) spectra were recorded over-38
kHz spectral windows using 512 t1 blocks of 96 scans each and 2048
t2 points with repetition rates of-13 s™%. The 2D data were apodized
by a 20-30° sine-bell-squared function and zero-filled to 2042048
points prior to Fourier transformation on a Silicon Graphics Indigo
Workstation using the XWIN NMR program¥-detected *H—23C} -
HMQC spectréf at natural abundance were recorded over 36 kHz
bandwidth centered on @ and 25 kHz spectral width centered on
dioxane and consisted of 512 t1 blocks of 332 scans and 1024 t2 points
in low-spin models, as evidenced by the very similg{CHzs) with transfer time of 2.7 ms. Th&C chemical shifts were calibrated
for the four methyls of the biscyano complexes of mesoh&min  with dioxane at 66.6 ppm relative to DSS.
(which possesses methyl, propionyl, and ethyl substituents). In  The hemedgi(C*Hz) for hemin 1 were taken from ME)CO:’
the case of the-type cytochromes, all eight substituents are Comparison of thedu(C'Hs) in a diamagnetic hemirl iron(ll)
alkyl groups such that substituent effects are likely very sffiall. ~cOmPIeX"“® with Mb(1)CO reveals that protein-based ring currents

It is ObViOlj'S' however, .that this is not the case EBWF_’e (39) La Mar, G. N.; Emerson, S. D.; Lecomte, J. T. J.; Pande, U.; Smith,
hemoproteins that contain protohemfn(1), such as globins, K. M.; Craig, G. W.; Kehres, L. AJ. Am. Chem. S0d.986 108, 5568~
peroxidases, ant-type cytochromes. Rhombic influences of 5573.

heme peripheral substituents comparable in magnitude to thoseSnfﬁﬁ) Ea&kzsoth'C%gnﬁaS“ggggﬁ' 1'\12 Ziggﬁ‘é’z& K.; Rezzano, I. N;

of the axial His orientation have been demonstrétéat some (41) Hauksson, J. B.; La Mar, G. N.; Pandey, R. K.; Rezzano, I. N.;
acetyl- (i.e., heming and 8) and formyl-substituted hemins  Smith, K. M. J. Am. Chem. Sod.99Q 112, 8315-8323.
reconstituted into Mb (42) Emerson, S. D.; La Mar, G. Biochemistry199Q 29, 1545-1555.
. . L o . (43) Tran, A.-T.; Kalish, H.; Balch, A. L.; La Mar, G. N.. Biol. Inorg.
Direct evidence for significant contributions from influences chem.200q 5, 624-633.
to the rhombic asymmetry of the heme other than the axial His  (44) Griesinger, C.; Otting, G.; Wirich, K.; Ernst, R. RJ. Am. Chem.

Is the lack of inversion symmetry through the iron &af(CHs), So&és))ige:hle? 387I\(/I)_eI38r728 H.; Bachmann, P.; Ernst, RI.Rhem. Phys.

although bothdgp and dcon are expected to reflect such 197971 4546-4553.
symmetry. This deviation from inversion symmetry may be (46) Bax, A.; Griffey, R. H.; Hawkins, B. LJ. Magn. Resornl983 55,
301-315.

(38) Louro, R. O.; Correia, I. J.; Brennan, L.; Coutinho, I. B.; Xavier, (47) Thaiault, Y.; Pochapsky, T. C.; Dalvit, C.; Chiu, M. L.; Sligar, S.
A.V.; Turner, D. L.J. Am. Chem. Sod.998 120, 13240G-13247. G.; Wright, P. E.J. Biomol. NMR1994 4, 491-504.
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Table 1. Heme Methyl Proton and Carbon 13 Shifts in MetM}§N Reconstituted with Heming = 1—82

C'Hs 13CHs
Ocor(*3CHg)/
hemin pOSitiOﬁ éobsb 6diac 6hfd édipe 6conf 5obsb 6diac 6hfd 6': dlp 6conf 6con(C1H3)
1 a(l) 18.1 3.6£0.2 145+0.2 —3.6+£0.9 18.1+1.1 —37.8 13.0£05 -50.8405 —45+1.2 —46.3+1.7 —2.6+0.2
c(3) 51 3.8+£0.2 13+0.2 —4.2+0.8 55+1.0 -13.4 13.0:£05 —-26.4+0.5 —53+1.0 —21.1+1.5 —3.8+£0.8
e(5) 26.6 25£0.2 24.1+0.2 -3.4+0.9 275+1.1 -585 105+-05 —69.0+05 —4.2+1.0 —64.8+£1.5 —2.4+0.2
h(8) 12.8 3.6£0.2 9.2+0.2 —48+1.0 14.0+£1.2 —32.2 11.5+05 —43.7+05 —6.2+1.3 —37.5+1.8 —2.7+0.3
2 a(l) 215 3A0.2 17.8+£0.2 —3.6+£0.9 214+ 11 —474 11.7£05 —-59.1+05 —45+1.2 —54.6+1.7 —2.6+0.2
b(2) 18.8 3.4 0.2 15.1+0.2 -3.6+1.2 18.7+1.4 —43.2 11.7£05 -5494+05 —45+1.6 —504+2.1 —2.7+0.3
c(3) 6.5 3.7+0.2 28+02 —42+08 7.0+1.0 —-19.0 11.7405 -—-30.7+05 —54+1.0 —25.3+1.5 —3.6+0.6
d(4) 9.6 3.7+0.2 59+02 —4.1+£09 10.0+1.1 —240 11.74-05 —35.7+05 —53+1.1 —304+1.6 —3.0+£04
e(5) 245 2502 22.0+£0.2 -3.4+0.9 254+1.1 -555 10.74+05 —-66.2+0.5 —4.2+1.0 —62.0+£15 —25+0.1
h8) 11.8 3.6t0.2 82+0.2 —48+1.0 13.0+£1.2 —31.2 11.7+05 —4294+05 —6.24+1.3 —36.7+1.8 —2.84+0.3
3 a(l) 22.0 3.A0.2 18.3+0.2 -3.6+0.9 21.9+1.1 —48.3 11.7+£05 —-60.0£0.5 —45+1.2 —-55.5+£1.7 —2.5+0.2
b(2) 19.1 3.4 0.2 15.2+0.2 —3.6+1.2 18.8+1.4 —43.7 11.7+0.5 -5544+05 —45+1.6 —50.9+2.1 —2.7+0.3
c(3) 6.7 3.7+0.2 3.0+£02 —42+08 7.2+10 -19.7 11.7405 -31.44+05 —-54+1.0 —26.0+1.5 —3.6+0.7
d(4) 9.0 3.7£0.2 53+02 —-414+09 94+11 -231 11.74£05 —-348+05 —-53+1.1 -295+16 —3.1+0.5
e(5) 25.6 25:£0.2 23.1+0.2 -3.4+05 26.5+1.1 -57.2 10.74+05 —-679+05 —42+1.0 —63.7£15 —24+0.2
f(6) 22.7 2.7£0.2 20.0£0.2 —3.2+1.2 23.2+1.4 —-50.3 10.9+0.5 —-61.2+05 —41+14 —-57.1+19 —254+0.3
h(8) 11.2 3.6:0.2 7.6+0.2 —4.8+1.0 124+1.2 -304 11.74+05 —-421+05 —-6.2+1.3 —359+1.8 —2.9+0.4
4 a(l) 195 3.4 0.2 158+0.2 -3.6+0.9 19.4+1.1 —44.7 117405 -56.4+05 —45+1.2 —51.9+1.7 —2.7£0.2
c(3) 6.8 3.7£0.2 3.1£02 —424+08 73+10 —-189 11.74£05 —-30.6+0.5 —54+10 —252+1.3 —3.4+0.6
d(4) 9.6 3.7£0.2 59+02 —414+09 10.0+1.1 —25.3 11.74£05 —-37.0+0.5 —-53+1.0 -31.7£15 —3.1+0.5
e(5) 241 25:£0.2 21.6£0.2 -34+0.9 25.0+1.1 —54.6 10.7£05 -653+05 —4.24+1.0 —61.1+15 —25+0.2
h(8) 12.1 3.6£0.2 85+0.0 -48+1.0 13.3+1.2 —325 11.74+05 —-442+05 —-6.2+1.3 —38.0+£1.8 —2.840.3
5 a(l) 183 3.4 0.2 14.6£0.2 —3.6+£0.9 182+1.1 —422 11.7+05 —-5394+05 —45+1.2 —4944+17 —2.7+0.2
c(3) 84 3.7t02 4702 —-42+08 89+1.0 —245 117405 -—36.2+05 —54+1.0 —30.8+£15 —3.4+05
d(4) 93 3.7+0.2 56+02 —-41+09 98+11 —-258 11.74£05 —375+05 —-53+1.0 —-322+15 —3.3+04
e(b) 21.7 25£0.2 19.2+£0.2 -344+0.9 22.6+1.1 —49.9 10.7£05 -60.6+0.5 —4.2+1.0 -56.4+15 —254+0.2
g(7) 10.0 3.4 0.2 6.3+0.2 -4.3+0.8 10.6+1.0 —25.7 11.7£05 —-324+05 —-5.8+1.0 -31.6+15 —3.0+0.4
h(8) 12.2 3.6:0.2 8.6+0.2 —4.8+1.0 13.4+1.2 —31.6 11.7+05 —43.3+05 —6.2+1.3 —37.1+1.8 —2.8+0.3
6 a(l) 203 3.4 0.2 16.6£0.2 -3.6+£0.9 20.2£1.1 —451 11.74+05 —-56.8405 —45+1.2 —52.3+1.7 —2.6+0.2
c(3) 78 3.7+£02 41+02 —42+08 83+10 —232 11.7£05 —-349+05 —-54+1.0 —29.5+15 —3.5+0.6
e(b) 237 25£0.2 21.2£0.2 —344+0.9 246+ 1.1 —53.8 10.7£05 —-64.5+05 —4.2+1.0 —60.3+£1.5 —2.54+0.2
a(7) 7.7 3.7£0.2 4.0+0.2 —43+08 8.3+1.0 —23.2 11.7405 —354+05 —5.8+1.0 —29.6+1.5 —3.5+0.6
7 a(l) 16.1 3.4 0.2 124+0.2 -3.6+0.9 16.0£1.1 —29.4 13.0:+05 —4244+05 —-45+1.2 —379+1.7 —2.4+0.5
c(3) 39 3.7+0.2 02+£02 —42+08 44+10 —11.6 13.0£05 —-246+05 —54+1.0 —19.2+15 —4.3+0.9
e(b) 303 25+£0.2 27.8£0.2 -34+0.9 31.2+1.1 —63.8 105£05 —-743+05 —-42+1.0 —70.1+£15 —2.34+0.2
h(8) 104 3.6:0.2 6.8+£0.2 —48+1.0 11.6£1.2 —28.1 11.5+05 —39.6+05 —6.2+1.3 —33.4+1.8 —2.8+0.4
8 a(1) 85 37402 48+02 —3.6+09 84+11 —-19.7 13.0:05 —-32.7£05 —45+12 —-28.2+1.7 —3.3+0.6
c(3) 116 3.7+0.2 7.9+0.2 —42+0.8 12.1+1.0 —25.3 13.0+05 —38.3+05 —54+1.0 —329+15 —2.7+0.3

e(5) 20.0 25t£0.2 175£0.2 —34+0.9 20.9t£1.1 —48.8 105:05 —-59.3+05 —4.2+1.0 —55.1+£15 —2.6+0.2
h(8) 19.4 3.0£0.2 15.8+£0.2 —4.8+1.0 20.6+:1.2 —44.6 11.5£05 -56.1+05 —6.24+1.3 —49.9+1.8 —2.4+0.3

a Positions ah correspond to positions within the heme pocket, as shown in Figure 1 (in parentheses are the labels that correspond to positions
1-8 occupied by native hemit). ® Observed shift, in ppm referenced to DSS#ihO at 30°C. ¢ Diamagnetic chemical shift, in ppm, referenced
to DSS.4 Hyperfine shift, in ppm, at 30C, obtained from eq 15 Dipolar shift, in ppm at 30°C, obtained from eq 4, using the coordinates of
octamethyl heme inserted into Mb&0or the magnetic axes = —104+ 10°, 8 = 14+ 2°, andk = —10° + 15° and the WTAyax = 2.3 x 107°
m3/mol andAym = —0.57 x 10-2 m¥mol 3! Contact shift, in ppm at 30C, obtained from eq 1.

result in small ¢1 ppm) upfield 5-CH and 6-CH shifts due to the andAy = —0.58 x 10" m¥mol are the axial and rhombic anisotropies
aromatic rings of Phe CD1 and His FG3. Thgs(C'Hs) for other that have been accurately determined for metMBGMd found to be
hemins, and thé,(*3CHs) for all complexes, were obtained by adding invariant over a wide range of cyanomet Mb and Hb compléxe%
the protein-based ring-current perturbation to the shifts for diamagnetic The values ofdgia in €q 1 for nonligated residues were taken from
model complexe¥’3>3746The range of heme meth¥AC chemical shifts MbCO 4" The orientation of the magnetic axes is described by tit

for a variety of hemes with only alkyl substituents is very small (0.3 the major axis from the heme normal, in a direction definedbthe
ppm) such that the reported valéfesan be considered valid for all ~ angle between theaxis projection on the heme plane and thexis,

the hemes of current interest. The uncertaintiesdin(C*Hs) and with the rhombic axes defined by~ o + y, as shown in Figure 1.
Odia(**CH3) are estimated at-0.2 and+0.5 ppm, respectively. The  The resulting magnetic axes allowed the determinatioda§(C*Hs)
resultingdqis, listed in Table 1, lead tdy via eq 1. and oMgig(**CHg) via eq 4 and, assuming-qp ~ 0 for *°C, leads to

Magnetic Axes.The orientation of the magnetic axes was determined dcor(C*Hs) and dcon(**CHg), via eq 1.
for each metMbCN complex by minimizing the global error function,

F/n:415.16 Results
N IH NMR Assignments. The 500 MHz!H NMR spectra at
F/n = ZI%ip(ObS)— édip(calc]z (5) 25°C of WT methCN and the cyanomet pomplex of sperm

whale Mb reconstituted with synthetic hemids8 are repro-

where the observed dipolar shift for nonligated residue pratdns, (49) The magnetic anisotropies for WT metMb&nand dipolar shifts

ddip(0bs), is given by eq 1 witdeon = 0; Ayax = 2.56 x 108 m¥mol for the same residue protons were used in each magnetic axes determina-
tion: Phe43(CD31) [¢Hs, GHs, GH], Val68(E1l) [GH, CsH]; Ala71-

(48) Medforth, C. J. IThe Porphyrin Handbogk<adish, K., Smith, K. (E14) [CuH, CsH3], LeuB9(F4) [GH], Ala90(F5) [CH, CsHz]; His93(F38)

M., Guilard, R., Eds.; Academic Press: Boston, 1999; Vol. 5, pi8@ [NH, C.H], His97(FG3) [GH], [le99(FG5) [GH, CsH, CyHs, CHs, CsHa].
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duced in Figure 2A-H, respectively. The complete heme pyrrole
methyl proton signals in complexes of hemihis8 have been
reported'6:32:3%-414335 well as the key residues in the complexes
of hemins2, 6, 7, and8. To describe both the positions of a
methyl on the heme and the location of that methyl in the heme
pocket, two different labeling schemes are necessary. For
protohemin,1, the hemin-based conventional Fisher notation
is used that labels the pyrrole positions&, with propionates

at positions 6 and 7. To describe the position that a hemin methyl
can adopt in the protein matrix, we label the eight possible
protein-based positions by—&, as shown in Figure 1. The
correlation between-18 and a-h depends on the orientation
of the hemin in the heme pocket. For native protoherhjras
well as hemin®, 7, and8, the protein-based positions-h are
occupied by heme-based positions8, respectively. For the
other hemins, there is no unique numbering system intrinsic to
the hemin so that the methyls are labeled solely by the positions
a—h they occupy in the protein matrix, as determined and
discussed in detail previoust§***Hence, resonances in Figure

2 are labeled M(methyl, H (single proton)), where is the
position on the heme periphery (Nbr the hemin-based position

or M, for the protein-based position, methyl at position 1 or
position a) or the residue (i.e.,dgi is CeH of Phe CD1, and
Mees, Hrgs are methyl and proton of lle FG5). The key dipolar
shifted heme pocket residues needé@3¢-32to determine the
magnetic axes and define heme orientafi@re Phe43(CD1),
His64(E7), Val68(E1l), Ala71(E14), Leu89(F4), His93(F8),
His97(FG3), and lle99(FG5).

Earlier partial assignmerfts*! of Phe43(CD1), His93(F8),
His64(E10), and 1le99(FG5) based on steady-state NOEs for
hemins3—5 in metMbCN are herein augmented by standard
2D analysis as reported for numerous metMbCN complexes (not
shown)!® The’H NMR chemical shift of the heme methyls at
25 °C are summarized in Table 1, and the chemical shifts for
the key residues are listed in Supporting Information. The
expected?*%and observed, dipolar contacts among heme pocket

residues and between those residues are illustrated schematicall

in Figure 1. However, even a cursory comparison of He
NMR spectra in Figure 2 reveals that the positions of the signals
for the strongest dipolar-shifted residueg;pidof Phe43(CD1)
and H-gs, Megs of 11e99(FG5), are very similar for metMbCN
complexes ofl—8.

Heme Methyl 13C Assignments.The 'H-detected *H-13C}
HMQC spectrum of metMbCN containing native hemin
yielded the correlation for the four methyls (not shown) as
reported earlier by heteronuclear COSYand {H—13C}-
HMQC " The{*H—13C}-HMQC spectrum of metMIZ)CN at
25°C is displayed in Figure 3, in which the cross peaks in the
IH dimension that correspond to the known six heme methyl
IH shifts3° directly yield dopd**CHsz). These correlations were
confirmed over the temperature range-Bb °C. Similar spectra
for metMbCN possessing hemifds-8 (not shown) yield the
dobd*°CHz) values for all complexes of interest, which are
compared to thé3CHj shift for WT metMbCN in Table 1. The
resulting dns and d¢on(*3CHz) are listed in Table 1 along with
the publishedy proton dateg?32:39-41

Seating of the Hemin. Native protohemin,1, and its
derivatives, heming, 7, and 8, (Figure 2) all have their
propionates at the same positions, f(6) and §{7y:*?Hemin3
has been showifito orient with the lone propionate occupying
either position f(6-) or g(7-), but only the former isomer, which
is dominant, is considered here. HeMiplaces its propionates

(50) Kuriyan, J.; Wilz, S.; Karplus, M.; Petsko, G. A.Mol. Biol. 1986
192 133-154.
(51) Yamamoto, YFEBS Lett.1987 222 115-119.
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Figure 2. Resolved portions of th# NMR spectra of the sperm whale
etMb@CN complexes with variable hemiq in 2H,0, 50 mM
hosphate, 100 mM NaCl at 2&, and pH 7.5-8.2 for (A) heminl

(native protohemin) at pH 7.6, (B) hemihat pH 8.6, (C) hemir8 at

pH 8.0 (the asterisks show the location of the heme methyl peaks for

the alternate hemi8 orientatiort?), (D) hemin4 at pH 7.5, (E) hemin

5 at pH 7.6, (F) hemir6 at pH 8.0, (G) hemirv at pH 8.0, and (H)

hemin8 at pH 8.6. The heme methyl (Mand pyrrole GH (H;) peaks

are labeled by subscript= a—h, that represents the position in the

protein matrix as defined in Figure 1. The strongly dipolar-shifted

Phe43(CD1) @" (HCDl) and II699(FGS) CH (H|:(35), CsH3 (M |:(;5), and

C,Hs (Mrgs) peaks are labeled in (A), and the positions of these peaks

in the other complexes are shown by dashed lines.

at positions b(2-) and f(6), while hente has propionates at
positions b(2-) and f(6-) (as well as at position g(73).
Etiohemin | @) seats with methyls at positions a(1-), c(3-), e(5-
), and g(7-)*3 The detailed orientation of a modified hemin about
its normal relative to the protein matrix can be determined from
the relative magnitudes of the steady-state NOEs from methyls
at position a(M) and h(M,) relative to the E helix backbone
Val68(E11l) GH and Ala71(E14) @gHs, or from methyls at
positions c(M) and e(M) relative to 1le99(FG5) (Hz and GHs,
respectively?®3043These NOE patterns have been shtffh

to be essentially unchanged for hem)6, 7, and8 relative

to WT (heminl). Steady-state NOEs upon saturating these
methyls in metMbCN reconstituted with hemB+5 reveal
changes in relative NOEs af 20% which translate to changes
in orientation of< 3° about the heme norn®*%4(not shown).
Thus, it is reasonable to define the coordinates of methyis M
Mp as those that a methyl would have at positior$81n the
crystal structure of MbC®?
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o i . Figure 4. Plot of dcol(CH3) Vs dcon(*3CHg) for all heme methyls of
20 7] '9_ - the metMb@)CN complexes of heming—8. The straight line is the
0 best fit to the data points and yields an intercept@D ppm fordcon(*>-
r CHz) when dco(CtHg) is zero.
10 = P S A AL the same paramagnetic relaxation (all Phe43(CDI{¢H) ~
1H Chemical Shift, ppm 20 ms, and all [1e99(FG5) 1{C,H) ~ 65 ms), and the same

Figure 3. Portion of the'H detected 'H—13C} HMQC spectrum for NOESY contacts among these residues and to the heme, (see
the metMbR)CN complex of hemir2 (2,4-dimethyldeuteriohemin) in ~ Figure 1) as observed in WT metMbCRlattest to the strongly
2H,0, 50 mM phosphate, and 100 mM NaCl at pH 8.0 at’@5 The conserved structure in both the proximal and distal sides of the
known CH; assignmen8“!lead to the'*CHs; assignments as labeled  heme, as discussed previol#8l§2-43for the complexes of, 2,
Ma—Me, and M, showing the scalaiH—*°C cross peaks corresponding 7, and8. The structural conservation is emphasized by the very
to the six assigned €l peaks. similar magnetic axes and axial His F8 ring CH hyperfine shifts

. o among all eight complexé3.The tilt of the major axes is 14
Magnetic Axes Determination. The resonances necessary 2° in a direction given bya ~ 130 + 15 and has been

to define the magnetic axes for the previously characterized proposed 28 to reflect the tilt of the Fe CN vector toward
metMbCN complexes of hemirsand6—8 have been showd  pyirole C by interacting with both His64(E7) and Val68(E11).
to be very similar to those in W, and the reported magnetic Origin of the Contact Shifts. It is noted that the form of
axes are |nc9nsequentlal_ly altered from those of WT (not shown; SLgip for a heme methy}3C is such that it is proportions354
see Supporting Information). The assignments of the key hemeyq he delocalized: spin density at the adjacent pyrrole carbon,
pocket residues needed to define the magnetic axes were,  ihat s,

obtained for metMbCN reconstituted with hen8a-5 on the

basis of standard TOCSY and NOESY spectra (not shown), as St (13CH3) =
described in detail earlier for metMbCN W, point mu- dip
tants?8:3%and complexes reconstituted with modified hentfs.

The shifts are again very similar to those of the other complexes
of heminsl, 2, and6—8. The resulting chemical shifts are listed

in Supporting Information. The magnetic axes for the eight
complexes are all very similar (not shown) and can be described ) ) )
by a single orientationy = 130+ 15°, f = 14+ 2°, andi = wheree is a (small) proportionality constant. Hence, a p!ot of
—10 + 15°, where the uncertainties include both the range of Ocon (**CHg) versusdcon (CtHs) should yield a straight line
values obtained for different complexes and the intrinsic With an intercept of zefd:* (whether or not = 0). Such a
uncertainties for any single determinatirHence, the dipolar ~ Plot for all methyls in the metMbCN complexes of hemins8
shifts for all complexes, and the uncertainties, are obtained from S Shown in Figure 4. The data points fall on a straight line
the set of magnetic axes, with calculaiggh(:3CHs) and dgip- Who§e calculat.ed |ntercept .1510 ppm and not zero, a]though
(C'Hg) included in Table 1. The uncertainties dg(calc) are the mter_cept is zero within experlmental uncertaln_ty. T_he
determined by the range of values calculated for the uncertainties®XPectation that the data should fall strictly on a straight line
in a, B, y. By far, the largest uncertainty is due to the through the origin was the basis for an earlier innovative
contribution from the rhombic anisotropy, which, when opposite  (52) The GH ring protondys of His F8 is dominated by, and has

in sign to the contribution from the axial term, leads to been shown to be exquisitely sensitive to changes in magnetic axes among

intias irS.: 0 it metMbCN mutant$! The essentially unaltered shifts for both thé1(19.3
uncertainties iMqp as large as 40% (the largest for positions b 0.5 ppm) and GH (—4.2.+ 0.5 ppm) (see Supporting Information) among

CH,) (6)

COI‘I(

so that

eor(CHZ) = [0 *CHy) — 0" (°CHYIIL + €l (7)

and f). The resu“_ingsCO? exhibit the uncertainties of botbia the complexes of hemifi—8 strongly support highly conserved magnetic
anddgpp and are listed in Table 1. axes.

(53) Yamamoto, Y.; Nanai, N.; Chujo, R.; Suzuki, FEBS Lett.199Q
Discussion 264 113-116.

(54) Yamamoto, Y.; Nanai, N.; Chujo, B. Chem. Soc., Chem. Commun.

. . : 199Q 1556-1557.
Active Site Molecular Structure. The observation of very (505) Yamamoto, .; Komori, K.; Nanai, N.: Chujo, R.; Inoue,J Chem.

similar chemical shifts for noncoordinated amino acid residues, Soc., Dalton Trans1992 1813-1819.
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approach to determining magnetic ak¢%The predicted ratio ~ Table 2. Inversion asymmetry in Hemin Methy#C Contact Shifts
of Scor(3CHa)/dcor(CtHs) is in the neighborhood of —2.2 based as Reflected in Ratios for Pairs of Inversion-Related Methyls
solely onsr spin density on the pyrrole carbbieq 2). The Ocor(5-13CH3)/  Scor(6-*CHz)/ Scor(7-3CHg)/  Ocon(8-13CHa)/
observed ratio,dcon(*3CH2)/0cor(CH3), (assuming that the  hemin Oco(1-°CHs)  Ocor(2-°CHs)  Ocor(3-*CHs)  Ocor(4-°CHy)

ligand-centered dipolar shif‘qi,, can be neglected) is es- 1 1.404+ 0.04

sentially constant at2.6 + 0.3 and independent of spin density 2 1.14+0.02 1.21+ 0.04
for all methyls except those with very smat {0 ppm) proton 2 iigi 8-8% 1.12+0.03 1.22+0.04
shifts (Ta_b!e 1)1': Heince, the data are consistent with a small 5 114+ 002 1024002 115+ 0.04
ar_ld neghglbk_eé COn_( SCHg) in eq 3._It is likely that both the_ 6 115+ 0.02 1.00+ 0.02

failure to obtain an intercept of zero in Figure 4 and the deviation 7 1.85+ 0.05

of the d¢or(*3CH3)/cor(CH3) ratio from —2.6 for smalldcon is 8 1.96+ 0.06

due to problems in determinindgo(C'Hz) when p, is small.

The spin densityp,, determined fromdcon for proton shifts
has inherently more uncertainty than that obtained 36 comparable for 5-Chl1-CH, 8-CHy/4-CH;s, and 6-CH/2-CHs
shifts. This is due to the fact that the large uncertainty i but is minimal for 7-CH/3-CHg, as shown in Table 2.
10° and the rhombic axes derived from the magnetic axes Two important conclusions can be drawn from the data in
determination, together with the-3° uncertainty in heme  Table 2. First, it is noted that the inversion symmetry in
rotational position, translate into substantial (to 1.8 ppm) On(**CHs) is absent for all but one position (the 3-g/ACHs
uncertainties indgip. These uncertainties translate to a much pair) even in the two heming and 6, with true inversion
smaller uncertainty idco(*3CHs) thandco(CHs) becausécon symmetry and hence hemeprotein interaction other than
(*3CHg) is much larger thamgip(*3CHsz), and dni(**CHs) is through the axial His must contribute to the rhombic asymmetry
numerically thesumof the contact and dipolar contribution. Second, the degree of the asymmetry, as measured in the
However,op(CHa) is numerically thedifferencebetween the Ocor(X3CH) ratio for inversion-related methyls, is essentially the
magnitudes ofdcon and dgip, and the two contributions are  same in the truly § 6), and pseudo-2 3-5), inversion-

a At 30 °C determined from data as given in Table 1.

comparable. The more reliable roled@§(*3CHz) thandp(CtHz) ;ymmetric hemins. The Iatte_r point argues against significant
in reflecting axial His orientation has been recogni#@#22:38 influences of heme deformation @n asymmetry, because the
for some time and rested primarily on the fact th@ag, variable sizes of methyl, ethyl, and propionate groups should

dominatesins only for 13C. The present analysis establishes that induce differential distortions in the heme skeleton for hemin
13C data are more reliable thahi data even if the magnetic ~ 2—6. Thus, it may be expected that hennwhich is much

axes and molecular structure are available. more readily reconstituted intb-type hemoproteir?§ than

It is observed that th&3C/AH contact shift ratio starts to  Nemins3—6, can serve as a reliable pseudoinversion-symmetric
become numerically larger, for smalley, particularly for 3-CH hemin to p_robe for protein-based rhombic influences in other
(see Table 1), and a question arises as to whether this represen!/Ch proteins. o _ _
a distortion of the heme near 3-GHr whether it results simply The pattern of deviation from 1.0 &fcor(*CHa)/0lcor(**CHs)

from the fact thap., is small, and henc@coC!Hs) is the most ~ for inversion-related methylsandj suggests a pseudo-2-fold
uncertain of the four heme methyls. The latter basis is supported@Xis for this rhombic perturbation that passes approximately
by the data on metMBJCN in Table 1, wherecon is large for through 1-CH and 5-CH, as reflected in the ratios in Table
3-CHs, but small for 1-CH, because of the perturbation of the ~2: Essential inversion symmetry is observed solelydigr(3-
strongly electron withdrawing acetyl group. Indeed, now 35CH - *CHs) anddcor(7-*CHs). Among the numerous residti@eme

exhibits a “normal” ratio of-2.7, and the ratio for 1-Cjtises contacts in Mb, two stand out in providing aromatic rings
to —3.3. stacked approximately parallel to the heme plane, that from the

invariant Phe43(CD1) ring on the distal, and that from the
His97(FG3) imidazole ring on the proximal sigfe.r—x

interactions with the heme for the rings of Phe CD1 and His
FG3 have been implicated as modulators of reactivity in
globins®960 The asymmetry is significant and comparable for

Effect of Heme Peripheral Protein Contacts onz Spin
Density Asymmetry. Both thedcon and oMy, are expected to
reflect inversion symmetry through the iron. For native proto-
hemin, 1, the presence of an asymmetric heme substituent

destroys this inversion symmetry even outside the protein .
matrix35-37 A measure of the asymmetry can be found in the the methyl pairs 5-Chi1-Cht, 8-CHy4-Ch, and 6-CH/2-Ch,

ratio of the more reliable heme meth{iC contact shifts’ which appear to correlate with the positions of the two aromatic
O(CHYINCHy. for two metyi., . elted by (we or _1HGS, e coter f i seymmety B son e SOt
pseudo) inversion symmetry. These ratios for the different the.l-CH;IS-CI—b ector e’ hibit verv close top'npers'on svm-
methyls for heminsl—8 are listed in Table 2. The available v » EXNIbIE very inversion sy
ratios are large for heming, 7, and 8, because the strongly metry (Table 2). Hgnce, the protein-induced asymmetry in truly
perturbing vinyl and acetyl substituents destroy the inversion Inversion-symmetric hemins, as well as pseud0|r_1\_/er5|on-sym-
symmetry even outside the protein matf@236.51However metric hemins, can be_ correlated W'.th th‘? posmonm%n .
for the pseudoinversion-symmetric hemis4 and the trul3} contacts between hemin and aromatic residues. While globin
inversion-symmetric hemirs and6, the ratio for three of the ~ MUtants missing the completely invariant Phe43(CD1) are too

positions is not 1.0 but is larger and essentially the same among ulr:)st;[?]t;’le tﬁ.;? r;/gr;n'ggzt:qng tLh;SFrggo'[ggi.'g'ntgfgi]g;i nﬁl;]merous
hemins2—6. The inversion asymmetry appears significant and globins whi ISsing posit : 9:

(58) Lee, K.-B.; Jun, E.; La Mar, G. N.; Rezzano, |.; Pandey, R. K;;

(56) Yamamoto, Y.; lwafune, K.; Nanai, N.; Osawa, A.; Chujo, R.; Smith, K. M.; Walker, F. A.; Buttlaire, D. HJ. Am. Chem. Sod 991
Suzuki, T.Eur. J. Biochem1991, 198 299-306. 113 3576-3583.

(57) It is important to note that the uncertainties dg(*3CHs) for (59) Rousseau, D. L.; Shelnutt, J. A.; Ondrias, M. R.; Friedman, J. M,;
calculating the contact shift ratio for inversion-related methyls are much Henry, E. R.; Simon, S. R. Illemoglobin and Oxygen Bindinglo, C.,
lower (about one-third) than those reported in Table 1, because the largeEd.; Elsevier/North-Holland: New York, 1982; pp 22329.
contribution from the uncertain rhombic axes is not relevant, as the values  (60) Krishnamoorthi, R.; La Mar, G. NEur. J. Biochem1984 138
are identical for inversion-related methyls. 135-140.
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Theser contact contributions to the asymmetry in thepin necessary before determining if the aromatic rings stacked
density of the hemin will interfere with the quantitative perpendicular to the henfiin ferricytochromebs are respon-
deduction of the His orientation from thi,(13CHz) pattern sible for this asymmetry.
in any cyanide ligated ferric globin or peroxidase. It is
noteworthy that cytochromes generally do not possess aromatic Acknowledgment. This work was supported by National
ringszz-stacked parallel to the heme, and at least in cytochrome Institutes of Health Grants HL 16087 (G.N.L.) and HL 22252
¢, where the heme should possess pseudo-inversion symmetryfK.M.S.). The funds for purchase of the NMR instrument were
outside the protein matrix, thé.on (*3CHs) appears to more  provided by NSF Grant 9724412.
closely reflect inversion symme#§than in globins. Ferricy-
tochromebs reconstituted with the pseudoinversion-symmetric ~ Supporting Information Available: One table (chemical
hemin2 has yieldedH NMR spectré® where thedns for 1-CHg shifts for heme pocket residues for metMBCN with hemins
(~12 ppm) and 5-Ckl(~18 ppm) argue for a role of heme g = 1-6); 2 pages (pdf). This material is available free of charge
protein contacts other than those of the two axial His ligands via the Internet at http:/pubs.acs.org.
in modulating its rhombic asymmetry. More extensive, bbth
and!3C NMR studies with other pseudosymmetric hemins are

(61) Dayhoff, M. O.Atlas of Protein Sequence and Structukational (62) Mathews, F. S.; Argos, P.; Levine, \old Spring Harbor Symp.
Biomedical Research Foundation: Washington, DC, 1972; Vol. 5. Quant. Biol.1971, 36, 387—395.
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