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Abstract: Solution’H NMR spectroscopy has been used to characterize the cyanomet myoglobin complexes
of a variety of chemically modified hemins in order to elucidate the importance of hemin peripheral electronic,
relative to axial His imidazole-induced, rhombic perturbations in raising the orbital degeneracyrefdineling

dx,, 0y, orbitals. Variation of the hemin 2- and/or 4-position substituents among hydrogen, ethyl, vinyl, acetyl,
and formyl groups leads to conserved molecular structure of the heme pocket and orientation of the major
magnetic axis for the heme iron, but systematically perturbed heme methyl contact shift patterns. Two strongly
rhombically perturbed hemins with single acetyl groups on either pyrrole | or Il exhibit heme methyl contact
shift patterns and characteristic deviations from Curie law that are very similar to that induced in
pseudosymmetric hemins upon incorporation into metMbCN in the alternate orientations abagt-theso

axis. The perturbation due to the 4-acetyl group and the axial His bond leads to increased contact shift spread
and stronger deviations from Curie behavior compared to WT, indicative of an incregdsggspacing relative

to WT. In contrast, the perturbation due to the 2-acetyl group and axial His nearly cancel, leading to a highly
compressed methyl contact shift spread and weaker deviations from Curie behavior than WT. It is shown,
moreover, that the larger4by, splitting with 4-acetylhemin, and the smaller splitting with 2-acetylhemin,
relative to WT, result in the expected increase and decrease, respectively, for the axial His contact shift relative
to WT. Comparison of the methyl shifts for 16 peripherally modified hemins as model compounds and
incorporated into metMbCN shows that the rhombic influences are additive in each of the complexes. Thus,
the present results show that chemical functionality of the heme periphery contributes to raising the orbital
degeneracy of the heme iron and that such influences can account for orbital ground states that are not necessarily
aligned with the axial His orientation. The range of variant 2- and/or 4-substitutions have led to equilibrium
heme orientations that are largely the same as found in WT Mb, except for a 4-ethyl group, which favors the

reversed heme orientation by 2:1.

Introduction

The hyperfine shift pattern for low-spin hemins is character-
ized by the dominant contact shifts which, in approximate 4-fold
symmetry outside a protein matrix, exhifitomparable contact
shifts for the four methyl groups at positions 1, 3, 5, and 8
(labeling in Figure 1). Upon incorporation of a hemin into the
asymmetric protein environment of a low-spin cyanide-ligated
ferrimyoglobin, metMbCN, the approximate in-plane, 4-fold
symmetry is lifted, with the dominant contribution to the protein-
induced rhombic perturbation proposed to arise from Ahe
bonding between the hemin iron and the axial His F8 imidazole
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ring.*~6 The particular pattern of the hemin methyl contact shifts
thus depends on the orientation of the axial His imidazole plane
relative to the hemifi=7 Alignment of the imidazole plane with

a N—Fe—N vector leads to an orbital ground state which allows
7 delocalization only into pyrroles whose-NFe—N axis is
normal to the imidazole plarfeéThus, in the case of sperm whale
Mb, where the His F8 plane is nearly coincident with the-N
Fe—N,y vectof in the crystallographic orientation of the hemin
(A in Figure 1), the resulting (g)%(dx)%dy, ground state leads
to large contact shifts for 1-G§15-CH; and small contact shifts
for 3-CHs, 8-CHs. Even early consideratiohsecognized that
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Figure 1. 2R,4R-Hemin in the heme pocket as found in sperm whale S 5 s o
Mb (A) and when rotated by 18bout thea,y-meso axis (B). The ‘g’ 7
expected dipolar shifted residues in the heme pocket and their heme ° //
contact positions are identified by the helical (i.e., E7) or loop (FG3) 1 5 - T T Ty T T T
positions, with proximal and distal residues indicated by squares and ﬁ/// )
circles, respectively. The heme is labeled in the Fisher notatipyl, e A
Z is a pseudosymmetric, iron-centered coordinate system defined by 0 : | ,
the crystal structure of MbCO, anx] y, z represents the magnetic 0 1 2 3 4
coordinate system where the paramagentic susceptibility tepsisr, B 5
diagonal. The two coordinate systems are related by the Euler rotation T x10°K

T'(a,B,y), where &y,2) = (X,y',.Z)['(a,,8,y), with f3 the tilt of the major Figure 2. Simulations of the predicted temperature dependence for
magnetic axis from the heme normalthe direction of tilt, as given the heme methyls for the case of aft{dx)?(dy,) orbital ground state

by the projection of the axis on the heme plane and tkieaxis, and that delocalizes spin density only into pyrroles | and Ill, with resulting
k ~o. + y represents the orientation of the rhombic axes projected on identical contact shifts for 1-C§15-CH; (A, B, C); zero contact shifts
the heme plane. It is noted that this reference coordinate system isfor 3-CHs;, 8-CH; (A’, B’, C'), and thermal population of a {)P(dy,)-
rotated by 45 relative to that used previough?* anda is referenced (dy»)? excited orbital state that reverses the environment of the 3,-CH
to the+x rather than—-x' axis; this leaveg unchanged, buk(new)= 5-CH; and 3-CH, 8-CH; groups, for an energy spacing of (A})A50,
o(old) + 135) andk(new) = «(old) — 45°. (B, B') 300, and (C, Q 600 cnT™.

the raising of the orbital degeneracy by the protein was likely for these two angles. Second, two proteins with very similar
to be comparable to kT. Thus, the hemin methyl contact shift His orientation relative to the hemin, sperm whale S\imd
pattern should reflect some thermal averaging of the excited human Ht?® exhibit some key differences in contact shift pattern
doublet, (g)%(dk,)(dy)? for which the orbital hole, and hence and temperature behavibt!*¢Last, and more directly, it has
hemin methyl contact shift pattern, are reversed (i.e., large been observed that asymmetrical mesosubstitution in low-spin,
3-CH;z, 8-CHs and small 1-Ch, 5-CHs contact shifts) for hemin  ferric tetraarylporphyrins leads to contact shift asymmetry and
orientation as in Figure 1A. A schematic representation of what deviations from Curie law indicative of resolution of the orbital
may be expected in the simplistic picture of an imidazole aligned degeneracy® One possible such rhombic perturbation in native
precisely along the N-Fe—Ny; vector, strict T! dependence  protohemin, though likely less important than the axial His,
(with zero intercept) for shifts for a given orbital state, and is that due to the direct electronic influence of the 2,4-vinyl
negligible dipolar shifts (see below) is illustrated in Figure 2 groups, whose influence, moreover, can be modulated by
for different spacing between thg.nd g, orbitals. In fact, differential protein-induced vinyl/heme coplanarity. A low-
all cyanometglobins for which the complete hemin methyl symmetry perturbation of vinyl groups on hemin, compared to
assignments are available over a range of temperature exhibithe essentially 4-fold symmetric hemin, is evident in that the
the anomalous temperature beha¥bi® and analysis of some  four methyl groups can exhibit significant contact shift differ-
of these data been proposed to provide the spacing of the twoences even outside the protein mat?é®
rele_vant orbital state¥.A similar phenomenon is observed in (18) Keller, R. M. Wahrich, K. Biochim. Biophys. ACta972 285 326
ferricytochromeg?19 336. McDonald, C. C.; Phillips, W. DBiochemistry1973 12, 3170-3186.
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IH NMR Study of Heme Rhombic Asymmetry in MetMbCN

Our interest in this report is to establish how heme peripheral

J. Am. Chem. Soc., Vol. 121, No. 483B99

NMR Spectra. *H NMR spectra were collected on Nicolet NT500

substituents contribute to the rhombic environment of a hemin and GE Q-500 NMR spectrometers operating at 500 MHz. The

in a low-spin, ferric hemoprotein using a variety of 2- and/or
4-position substituents (see Figure 1), including hydrogen (H),
methyl (M), ethyl (E), vinyl (V), acetyl (A), and formyl (F)
groups. Of particular interest are the two hemins with=2R,

4R = A and 2R= A, 4R = H, each of which exhibit strong
rhombic electronic perturbations on a single pyrrole. The methyl
peaks in the!H NMR spectra of the biscyano 2R,4Remin
complexes have been assigiéd.The substituent electronic

chemical shifts were referenced to "2¢dmethyl-2-silapentane-5-
sulfonate (DSS) through the water peak. The 1D experiments, nonselec-
tive T1's, WEFT spectrd and steady-state NOEs were carried out as
described previousl§? The 1D data were processed on a Sun
workstation using GE UNIXQ software; 500-MHz 2D NOES*¥+4*
and TOCSY? were collected by using 2048 points for 512 blocks
for t;, typically 256 scans for each block, and a repetition rafes™.
The spectral window was varied from 10 to 30 kHz, and the mixing
times were 50 ms for NOESY and 30 ms for TOCSY. The 2D data

influence leads to as small a spread of hemin methyl signals aswere processed on the Silicon Graphics (SGI) workstation using the

~0.4 ppm for the nearly 4-fold symmetric 2R 4R = E or
2R = 4R = M and to as larg® a spread as 22 ppm for 2R

softare package Felix from Biosym (San Diego) and consisted f 20
40°-shifted sine-bell-squared apodization in both dimensions, phase

A, 4R’ = H. The questions we seek to address herein are, Do corrected and baseline straightened in both dimensions.
the hemin peripheral substituents contribute to the magnitude Magnetic Axes Determination.The magnetic axes were determined

of the spacing between the two orbital stateg){(tk,)?(dy,) and
(dyy)?(dy2)?(dy), and, by inference, contribute to the orientation
of the orbital ground state?. And, is there a predictable
relationship between the hemin methyl hyperfine shifts for a
model and those when it is incorporated into a low-spin
ferrihnemoprotein? Last, the hemin orientation in globins is
determined by subtle hemitprotein contacts that differentiate
the asymmetric placement of the 2-vinyl and 4-vinyl groups on
pyrroles | and Il, with mammalian globi&3>2930generally
favoring hemin orientation A in Figure 1, but with other
species! and in particular invertebrat&s*2 exhibiting much

as described in detail previousl¥.?243 Experimental dipolar shifts,
daip(0bs), for structurally conserved portions of the heme pocket, relative
to MbCOg8 were used as input to search for the Euler rotatifn,3,y),

that transforms the molecular pseudosymmetry coordinatey' (2

orr, 8', Q" (Figure 1)), readily obtained from crystal coordinatésto
magnetic axe$lx,y, zorR, 0, Q, i.e., &y, 2 = (XY, Z)['(a,3,7), by
minimizing the following global error function:

Fin= z |04(0bS) — dg(calc)? @)

where

less preference. The present permutation of 2,4-substituents

provides an opportunity to monitor their influence on the
stability of the alternate hemin orientations.

Experimental Section

Sample Preparation.Sperm whale Mb was purchsed from Sigma
Chemical Co. Apo Mb was prepared by standard metfddsd the
various hemes were reconstituted as described in detail previthisly.
Protein samples were exchanged i##O using an Amicon ultrafil-
tration device. Twelve chemically modified hemins are used with

different substituents at positions 2 and 4 and are referred to as 2R,-

4R-hemin. These include 2R 4R = E (also known as mesohemin);
2R = 4R = H (also known as deuterohemin); 2RH, 4R =V (vinyl)
(also known as pemptohemin); and its 3-methyl deuterated derivative
2R =V, 4R = H (also known as isopemptohemin) and its 1-methyl
deuterated derivative; 2R= 4R = A (acetyl) and its 1,3-methyl
deuterated derivative; 2R H, 4R = A and its 3-methyl deuterated
derivative; 2R= A, 4R = H, and its 1-methyl deuterated derivative;
2R=F, 4R =V (formyl) (also known aspirographishemin); 2R=

V, 4R’ = F (also known agsospirographishemin); 2R= E, 4R= H;
2R=H, 4R = E; 2H,4E-hemin and its 3-methyl deuterated derivative,
2R=E, 4R= H and its 1-methyl deuterated derivative, and2RR

= M (methyl), each of whose syntheses have been reported previ-

ously36:37

(28) La Mar, G. N.; Budd, D. L.; Viscio, D. B.; Smith, K. M.; Langry,
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N. Biochim. Biophys. Actd985 829, 268-274.

(30) La Mar, G. N.; Yamamoto, Y.; Jue, T.; Smith, K. M.; Pandey, R.
K. Biochemistryl985 24, 3826-3831.

(31) Levy, M. J.; La Mar, G. N.; Jue, T.; Smith, K. M.; Pandey, R. K,;
Smith, W. S.; Livingston, D. J.; Brown, W. 0. Biol. Chem 1985 260,
13694-13698.

(32) La Mar, G. N.; Smith, K. M.; Gersonde, K.; Sick, H.; Overkamp,
M. J. Biol. Chem.198Q 255 66—70. Peyton, D. H.; La Mar, G. N.
Gersonde, KBiochim. Biophys. Actd988 954, 82—94.

(33) Teale, F. W. JBiochim. Biophys. Actd959 35, 543.

(34) Antonini, E.; Burnori, M.; Caputo, A.; Chiancone, E.; Rossi-Fanelli,
A.; Wyman, J.Biochim. Biophys. Actd964 79, 284-292.

(35) La Mar, G. N.; Toi, H.; Krishnamoorthi, R. Am. Chem. So¢984
106, 6395-6401.

(36) Smith, K. M.; Eivazi, F.; Langry, K. C.; Almeida, J. A. P. B;;
Kenner, G. W.Bioorg. Chem1979 8, 485-495.

_ Mo ' —3
dap(cale) = 151 Axa(3 cog ¢ — )R 3+
312Ay,(sin?0’ cos )R T (a,B,y) (2)
whereu, is the permutability of vacuumyax = xzz — L1200 + xyy)s

Ay = X — Xy With xii (i = X, y, 2) the components of the diagonal
paramagnetic susceptibility tensor, and

Ogip(0bs)= dps{0bs)— dpsddia) 3)

wheredpsqobs) is the observed chemical shift referenced to &
(dia) is the shift in the isostructural diamagnetic MbCO comffiex

 calculated for protons whosgesqdia) are not available by usinipss

(dia) = Oter + Osec T Ore, Whereodierr is the shift in an unfolded tetra
peptide’® dsecis the shift of an amino acid proton typical farhelices,
p-strand, coils, et andd,. is the heme-induced ring current sHift.
Minimizing the error functionfF/n, in eq 1 was performed over three
parametersq, 3, y, using availabl& Ay.= 2.48 x 10-8 m¥mol and

(37) La Mar, G. N.; de Ropp, J. S.; Smith, K. M.; Langry, K..ZLAm.
Chem. Soc1983 105 4576-4580.

(38) Gupta, R. KJ. Magn. Resan1976 24, 461-465.

(39) Emerson, S. D.; Le Mar, G. Biochemistryl99Q 29, 1546-1556.
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1979 71, 4546-4553.
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286—296.

(42) Griesinger, C.; Otting, G.; Wrich, K.; Ernst, R. RJ. Am. Chem.
Soc 1988 110, 7870-7872.

(43) The reference coordinate system used previdishy%.252has been
redefined to bring it into conformity with that used elsewhere, withxhe
y axes passing through the pyrrole-Ne—N rather than the meso-Fe-
meso axis; moreoven is defined as the angle between the projection of
thezaxis on they’ plane and the' rather than the-x' axis. The definition
of  is unchanged, but leads tqnew)= o(old) + 135°, x(new) = «(old)
—45°,

(44) Mabbutt, B. C.; Wright, P. EBiochim. Biophys. Actd985 832
175-185. Dalvit, C.; Wright, P. EJ. Mol. Biol. 1987 194, 313-327.
Theriault, Y.; Pochapsky, T. C.; Dalvit, C.; Chiu, M. L.; Sligar, S. G;
Wright, P. E.J. Biomol. NMR1994 4, 491-504.

(45) Bundi, A.; Withrich, K. Biopolymers1979 18, 285-297.

(46) Wishart, D. S.; Sykes, B. D.; Richards,F.Mol. Biol. 1991, 222,
311-333.
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Figure 3. Low-field and high-field portions of the 500 MH# NMR 1 ranew’ et
spectra of low-spin, $= 1/2,: (A) bis-cyano 2H,4A-hemin; and (B) 9.0+ L 3 H"’f : 8
bis-cyano 2A,4H-hemin in &;0°H at 25 °C, with methyl assign- 1 ————t
ments?8 5.0 JPWPYIN
] 1 1 Sl SO
Aym = —0.58 x 10°8 m¥mol for WT metMbCN??48as described in 107 400y’ 3 . 3
detail previously?®~22 For the iron ligands, the hyperfine shiftsy;, is 1
obtained through: 2 B4 32 34 52 84 35 94
_ ' CTx1e Kt
Op(0bs)= dpsgobs)— dpsddia) (4)

Figure 4. Curie plot (chemical shift versus reciprocal absolute
temperature) for (A) biscyano complex of 2A,4H-hemin itHgO?H,
and this can be further factored into the contact and dipolar contribution: (B) 2A,4H-metMbCN in?H,0, (C) biscyano complex of 2H,4A-hemin
in C?HzO?H, and (D) 2H,4A-metMbCN ir?H,O. Assignments are
Op = 5dip + O¢on (5) 1-CH; (circle), 3-CH;, (triangle), 5-CH (square), and 8-Ci{diamond).

Ay A
A 1 8
Results 5 E‘gﬁ 99
NMR Spectra for Biscyano 2H,4A-hemin and 2A,4H- \. j F H A

hemin. These two hemins serve as unique probes of peripheral

perturbation because they possess a single substitution (the acetyl i :
group) with electronic properties very different from that of any l ' ‘l Ml E : :
other substituent on the hemin. The acetyl group can be . 9 J\,,_______&___J‘_

introduced into either pyrrole | (2A,4H-hemin) or 1l (2H,4A-
hemin), imparting a large and clearly “localized” rhombic
perturbation to the unpaired spin distribution. Thé NMR
spectra for the two model complexes ifHZGO?H are shown in
Figure 3, together with the previously reported assignmeénts.
The effect of temperature on the heme methyl hyperfine shifts,
in the form of Curie plots, is shown in Figure 4A and C. In
contrast to all other model compoud@svithout A or F
substituents, the four methyls exhibit very different slopes in
the Curie plot, with the highest field methyl in each case
exhibiting strong anti-Curie behavior. In fact, 2H,4A-hemin-
(CN),~ exhibits (Figure 3A) a methyl contact shift pattern (5-
CHz > 8-CH; = 1-CH; > 3-CHg) and methyl shift spread
similar to that observed for a nominally symmetric hemin ; ;
incorporated into metMbCAN1-28in the orientation in Figure § B
1A. Thus the 4-acetyl group is as effective in raising the orbital Jv«.____l._.,si_
degeneracy outside the protein matrix as is the axial His in T T o eem oL

30
raising the orbital degeneracy of a more 4-fold symmetric hemin _. i
in the pocket of metMbCN. Figure 5. Resolved portions of the 500-MHE NMR spectra of 2A,-

. _ . 4H-metMbCN in?H;0, 0.2 M NaCl, pH 8.6, at 30C: (A) immediately
In contrast, 2A,4H-hemin(CN) exhibits (Figure 3B) the after reconstitution when the two heme orientations are comparably

methyl contact shift pattern, 8-GH# 3-CHg > 5-CHs > 1-CHs,  populated; (B) immediately after reconstitution with the 3-methyl group
that is the same as exhibited by a nominally symmetric hemin perdeuterated; and (C) at equilibrium where the major or “A” orientation
upon incorporation into metMbCN with theeversed heme  predominates by-20:1. Resolved portions of the 500-MHH NMR
orientation282%as in Figure 1B Thus, an electronic perturbation  spectra of 2H,4A-metMbCN iH.O, 0.2 M NaCl, pH 8.6 at 30C;

of the hemin by peripheral functional groups manifests itself in (D) immediately after reconstitution when the two heme orientations
the 'H NMR spectral parameters (shift pattern, Curie slopes) are comparably populated; (E) immediately after reconstitution with
of the low-spin, biscyano hemin models in essentially the same the 1-methyl group perdeuterated; and (F) at equilibrium when the major

fashion as do protein-induced rhombic perturbations due to the©" “A” orientation predominates. The positions of deuteration are shown
axial His bond upon incorporation into metMbCN by vertical arrows, and peaks are labeledB\for the heme orientation

as in Figure 1A and B, respectively, with i reflecting the heme position
(48) These are standard Sl units, as also used in ref 22. The anisotropies?f the methyl (low field) or pyrrole-H (upfield) peaks.

Tz:zer\j 2?orm K;t baeng1 ugg:\ifdfc?ry f;;gthhose in ref 21 must be multiplied by Reconstitution with Isotope-Labeled HeminsTheH NMR
A X - A rh- .
(49) ViSCiO? D. B.; La Mar, G. NJ. Am. Chem. S0d.978 100, 8092~ Spectra of 2A,4H-methCN (Flgure 5A) and 2H,4A -metMbCN

8096. (Figure 5D) immediately after reconstitutiéh3°in the presence
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Table 1. Chemical Shifts for Selected Heme and Amino Acid Protons in 2RM&MbCN Complexes

hemé

2R®  4R® orientation 1-CH 3-CHs 5-CH; 8-CHs 2H/2CH; 4H/4ACH; 199CH F43 GH Ked

M M A 21.81 6.29 24.80 11.89 18.96 9.68 9.2 17.7

\Y; \Y; A 18.6 (18.2F 4.8 (4.3) 27.1(25.7) 12.9(13.1) -9.6 17.3 0.05
B f(6.1) 17.7(17.0) 12.9(12.8) 27.3(26.0) -9.1 17.7

H H A 18.2(18.9) 6.6 (5.4) 24.4(25.7) 125(14.1) —21.0 -15.2 -79 16.3 0.05
B f(6.81) 18.4(18.0) 12.3(12.8) 28.9(27.0) —13.5 —-21.4 —8.9 171

E E A 22.0(21.6) f(5.8) 25.3(24.7) 13.0(11.8) —-8.7 16.8 0.10
B f(9.4) 20.0(18.5) 11.8(11.8) 25.6(24.7) -7.0 16.3

A A A 11.6 (9.7) f(1.3) 26.8 (25.6) 16.4(17.0) —8.2 17.6 0.04
B f(—2.57) 14.8 (14.0) 11.4(12.7) 35.9(29.9) —8.4 16.0

H V A 18.6 (20.1) f(2.9) 26.4(26.0) 13.1(13.4) —19.6 -9.3 16.6 0.10
B f(8.0) 17.5(15.6) 12.2(13.1) 27.6(26.3) —13.0 —8.9 ?

\% H A 17.8(17.1) f(6.4) 24.8 (24.7) 12.6(14.8) —-13.9 -8.1 16.7 0.02
B f(5.0) 18.0(19.1) 11.6(11.8) 28.5(27.7) —21.0 —-9.2

H E A 18.7(19.7) 7.3 23.7(23.6) 14.4(13.9) —19.50 -8.0 16.2 1.6
B f(7.6) 21.2(20.0) 10.7(10.7) 28.1(26.8) —12.27 —8.4 155

E H A 21.7(21.6) (4.2) 26.0(25.5) 12.6(12.1) —13.6 -8.6 165  ~0.02
B g(9.5) g(16.9) g(12.6) g(25.0)

H A A 16.3 (19.1) 3.7¢29) 31.0(30.9 104(9.3) —233 -7.8 16.9 0.05
B f(6.9) 10.2 (9.8) 15.8(18.0) 26.0(22.2) —16.6 -7.8 ?

A H A 8.6 (9.9) 11.7(12.3) 20.4(21.2) 19.7 (23.0) —17.4 -7.8 16.5 0.05
B f(—2.2) 24.1(25.0) f(8.3) 37.8(35.9) —21.6 —9.8 16.0

Y F A 14.2 (16.1) f(-2.7) 32.4(31.3) 10.4(9.8) -9.0 16.6 0.05
B f(3.9) f(9.9) 16.4 (18.4) 27.4(22.7) —8.0 18.2

F \% A 11.1(11.2) 10.1(9.9) 22.2(22.7) 22.0(22.4) —8.8 16.4 0.05
B f(—0.9) 24.2 (22.6) (9.8) 38.2(35.3) —9.6 18.4

2 Observed shift in ppm, referenced against DDSHpO, 0.2 M NaCl,

pH 8.3 at 28C. P Substituents at positions 2 and 4;#¥Imethyl; V=

vinyl; H = hydrogen; E= ethyl; A = acetyl; F= formyl. ¢ Heme orientations A (as in Figure 1A) and B (as in Figure F&quilibrium constant
for the relative stabilities of the X-ray heme orientation (Figure 1A) and 18@ersed orientation as in Figure 1B, wkh, = [B]/[A]. ©Predicted
shifts, obtained via eqs 6 and 7, in ppm referenced against DSS, are given in parenhtdesessolved, and hence not assigné@ihe 2E,4H-

metMbCN was investigated only after equilibrium was reached.

of cyanide, reveals two sets of signals, labeledBi\(i = 1—8)

for the A and B hemin orientations (Figure 1), respectively, of
which one set (B essentially disappears over time, as shown
in the respective NMR spectra at equilibrium (Figure 5C, F).
Spectra immediately after reconstitution with 2Hz-2A,4H-
hemin (Figure 5B) and 34Ei3-2H,4A-hemin (Figure 5E)
identify the 3-CH peak in the “transient” isomer for the latter
and show that none of the resolved methyls for either hemin
orientation is due to 1-CHlin the former.

In a similar fashion, one or more methyls could be identified
unambiguously in both the “transient” and equilibrium species
for all but two of the hemins of interest, 2F,4V- and 2V,4F-
hemins (see below). In the case of 2A,4A-metMbCN, isotope

standard dipolar connectivity among pyrrole substitughtie
proximal His signals are assigned on the basis of the charac-
teristically broad and relaxedr{ ~3 ms) ring CH and GH
and the low-field and partially resolved;& which, via TOCSY,
locates the gH,—C,H fragment®! The distal residues, Phe43-
(CD1), Phe33(B14), His64(E7), Val68(E11), and Ala71(E14),
in both complexes exhibit the same intraresidue TOCSY and
interresidues and hemeesidue dipolar contacts as observed
in WT .39 The proximal residues Ala90(F5), Ala94(F9), angHC
of Leu89(F4) are assigned on the basis of completely conserved
contacts to His93(F8) relative to WT. Last, the same contacts
between His97(FG3) and pyrrole C are obsefd&d in WT.
Structural perturbations could be expected for two residues

labeling identified all resolved peaks (not shown; see Supporting that normally make contact with the native 2-vinyl (Phe138-

Information). In each of théH NMR spectra, it was possible
to locate the resolved, low-field heme methyls solely by

(H15)) and 4-vinyl (lle99(FG5)) groups upon substitution by
either hydrogen or acetyl groups. However, TOCSY and

intensity, while the pyrrole-H peaks appear in the characteristic NOESY spectra reveal an 1le99(FG5) with a largely conserved

upfield spectral window? The chemical shifts for the obvious
hemin methyls and pyrrole-H signals, as well as the highly
characteristic resolved low-fief#;5° strongly relaxed T, ~20
ms) Phe43(CD1) ¢ and upfield® relaxed 1 ~60 ms) 1le99-
(FG5) GH are listed in Table 1. Following the relative peak
intensities of a methyl for each isomer after reconstitution until
equilibrium is reached (less thal h to several dayg}-28-3!
allowed determination of the equilibrium constant for hemin
orientational disordereq the values are included in Table 1.
2D Assignment of 2A,4H- and 2H,4A-metMbCN. The

orientation, with dipolar contacts to 3-Glnd 5-CH in 2A,-
4H-metMbCN (Figure 6A) and 2H,4A-metMbCN (Figure 6B),
as observed in WT, indicating inconsequential changes in
orientation of these key residues. Similarly, the dipolar contacts
between Phel38(H15) and 1-ghre essentially unchanged in
the two complexes relative to WT (not shown; see Supporting
Information). Last, steady-state NOEs from the hemin 1;CH
and 8-CH to the GH of Val68(E11) and gH3 of Ala71(E14)

are minimally perturbed>52 (not shown) in the two complexes
relative to WT, indicating that the heme rotational position about

complete heme, axial His, and strongly dipolar shifted residue the heme normal is not significantly altered by the modification
signals are assigned for the equilibrium heme orientation for of the positions 2- and 4-substituents. The chemical shifts for
these two complexes, as described in detail previously for similar the hemin methyl and the His93(F8) proton peaks for the three

metMbCN complexed-22:39.5652 (relevant 2D data are given

in Supporting Information). The heme could be assigned by the

(50) Emerson, S. D.; Lecomte, J. T. J.; La Mar, G.]NAm. Chem.
Soc.1988 110, 4176-4182.
(51) Qin, J.; La Mar, G. NJ. Biomol. NMR1992 2, 597-618.

complexes are listed in Tables 2 and 3, respectively.
For the other 2R,4RmetMbCN complexes (except for R or
R’ = F; see below), assignments due to isotope labeling at a

(52) Rajarathnam, K.; Qin, J.; La Mar, G. N.; Chiu, M. L.; Sligar, S. G.
Biochemistry1l993 32, 5670-5680.
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Figure 6. Portions of the 500-MHZH NOESY spectrat, = 100

ms) showing the largely conserved intraresidue and residue heme dipola

contacts for l1e99(FG5) in (A) 2H,4A-metMbCN at 2€ and in (B)
2A,4H-metMbCN at 30°C, both in?H,O, 0.2 M NacCl, pH 8.6.

single position was sufficient to establish the orientation of the

hemin in the pocket and provide, by analogy to WT, the methyl

Kolczak et al.

3dip(calc), ppm

10 Fr—r——"7+—Frr7—TrT—r—————
-10 5 0 5 10

8dip(obs), ppm

Figure 7. Plot of 4ip(0bs) versuggip(calc) for the optimized magnetic
axes from a three-parameter search for (A) wild-type metMbCN, (B)
2A,4H-metMbCN, and (C) 2H,4A-metMbCN using the same set as
input data (solid circles). The data for 11le99(FG5) and Phel38(H15)
not used in the fit are shown in open triangles and diamonds,
respectively. The line of unit slope represents the perfect fit.

Knowledge of the magnetic axes allows calculatiordg§ for

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

Temperature Dependence of Heme Methyl ShiftsThe
temperature dependence of the heme methyl shifts in 2A,4H-
metMbCN and 2H,4A-metMbCN in a Curie plot (Figure 4B
and D, respectively) reveals the presence of both positive (Curie-
type) and negative (anti-Curie-type) slopes typical of cyano-
metglobinsi®17 as well as other low-spin ferric hemopro-
teins181° The Curie slopes and apparent interecepts in Curie
Plots atT—1= 0 for WT, 2H,4A- and 2A,4H-metMbCN are listed
in Table 3.

Discussion

Qualitative Comparison among 2R,4R-MetMbCN Com-
plexes. It is noted that the strongly relaxed and two most

assignments presented in Table 1 (not shown; see Supportingstrongly hyperfine shifted protons on nonligated residues in
Information). In limited cases, selective steady-state NOEs were metMbCN3? the low-field GH for Phe43(CD1), and the high-

determined to confirm methyl assignments (not shown).
Magnetic Axes Determination for 2A,4H- and 2H,4A-
MetMbCN. The magnetic axe¥, 22 o (direction of tilt of the
major axis)? j (tilt from heme normal of major axisk, ~a +
y (location of rhombic axe$? see Figure 1) at 36C for each

field C,H for 1le99(FG5), exhibit essentially invariant hyperfine
shifts of 17.0+ 0.9 and—8.7 + 0.9 ppm, respectively, as a
function of 2R,4R (Table 1), including WT. Since these
necessarily dipolar shifts for the nonligated residues reflect a
combination of the magnetic anisotropy, the orientation of the

complex were determined by a three-parameter least-squaregrincipal magnetic axes, and the orientation of the Phe43(CD1)

search using the WT anisotropié4® (Ayax = 2.58 x 108 m3/
mol; Ay = —0.58 x 10-8 m¥mol) based orgi,(0bs) for the

and 1le99(FG5) side chains relative to the iron center (geometric
factors), as given in eq 2, the invariance of the shifts argues for

protons on the structurally conserved assigned residues (identityconservation of all three properties for variable R,R

and shifts given in Supporting Information). The resulting
minimization yield$® o = 145, = 14.2, ¥ = —15° for
2A,4H— metMbCN, ando. = 155, § = 14.3, « = —15° for
2H,4A-metMbCN, which are very similar to each other and to
the data on WTo = 145, § = 15.3, x = —15° using the
same input data. The high quality of the fits is shown by the
plot d4ip(0bs) vsdgip(calc) for the three complexes (Figure 7),
as well as the low residual F/n (0.12 in all three cases).

2R,4R-metMbCN complexes. This is confirmed in detail for
2H,4A- and 2A,4H-metMbCN above. Conversely, the highly
variable contact shift dominated hemin methyl shift pattern with
R,R (Table 1) attests to variable rhombic electronic asymmetry.
The peripheral substituents that lead to asymmétiy the
heme methyl contact shift of less than 20% (all combinations
with R, R =M, E, V, H) also result in a conserved heme methyl
contact shift pattern compared to WT metMbCN, with the 5;CH
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Table 2. Separation of Dipolar and Contact Shifts for His93(F8) Protons in WT, 2H,4A- and 2A,4H-metMbCN

WT metMbCN 2H,4A-DH-metMbCN 2A,4H-DH-metMbCN
proton 6Ds§dia)) 6D5§obs) One® (3dipd Ocor® (sosiobs) Onf 6dip Ocon (SDstbS) Ont 6dip Ocon
CoH 2.9 7.4 4.5 4.5 0 7.8 4.9 51 -0.2 7.5 4.5 47 —-0.2
CsH 1.7 11.4 9.7 6.5 3.2 11.8 10.1 6.7 34 11.4 9.7 6.9 2.8
CsH’ 1.6 6.3 4.7 3.8 0.9 7.1 55 4.2 1.3 6.1 4.6 4.4 0.2
CsH 1.1 —4.3 -54 47 —-0.7 0.0 -1.1 -21 1.0 —4.2 -53 -14 —-4.0
CH 1.7 18.8 17.1 359 -—-18.8 22.6 20.9 346 —13.8 11.6 10.0 335 —234

a Shifts in ppm, at 30in 2H,0, 0.2 M NaCl at pH 8.6 In ppm referenced to DSS for MbC®. ¢ Obtained via eq 49 Obtained via eq 2 for
optimized magnetic axe8Obtained via eq 5.

Table 3. Heme Methyl Shifts, Curie Slopes, and Curie Intercepts  tions are nearly orthogonal and tend to cancel, leading to §-CH

for 2H,4A-DH- and 2A,4H-MetMbCN 8-CH; and 3-CH/1-CH; shifts that are pairwise very similar
2H,4A-metMbCN 2A,4H-metMbCN (Table 1) and to a strongly reduced methyl shift spread of only
Curi®  Curie Curie  Curie ~10 ppm. It is noted that, as expected, 2A,4H-hemin leads to
dpssebs)  Slope  intercept dpsqobs) slope intercept the larger heme methyl contact shift spread in the “reversed”,
1CH: 161 16 0 85 11 2 orB heme_ orientation in me_thCN Whe_re the he_mln electronic

3-CH; 39 -23 12 11.7 —1.0 15 and protein-induced rhombic perturbations again add.

5-CH; 304 9.5 -2 20.1 5.6 3 The simple model for the spread of the hemin methyl contact
8-CHs 10.4 0.4 9 194 4.5 5 shift based on population of the alternate orbital states (Figure

a Shift in ppm, referenced to DSS, #,0, 0.2 M NaCl, pH 8.0 at 2) dictates that, as the splitting between thgathd d, orbitals
30 °C. " Slope in plot ofdpsg0bs) versus reciprocal absolute temper- increases (decreases), the spread of the four heme methyl shifts

ature, in ppm * Kx10% ¢Intercept at T* = 0, in ppm, referenced to  increases (decreases), and the low-field methyl peaks (-CH
Dss. and 1-CH) should show more positive (negative) slope and
. more negative (positive) apparent intercepts in a Curie plot. A
> 1-CHg > 8-CHs > 3-CH; for the X-ray (Figure 1A) heme  qantitative analysis of the available data is not possible. On
orientation, (i.e., the net peripheral electronic perturbations are gne hand, both dipolar and contact shifts contributébs),
smaller than the protein-induced rhombic perturbations). In the 5nq while 4 can be estimated with the magnetic axes, its
case of strong peripheral perturbation of the hemin by acetyl or temperature dependence is not expected to obey the simple Curie
formyl groups, the methyl contact shift pattern is strongly |aw with zero intercept22 On the other hand, the asymmetry
perturbed even outside the protein matfixyith the electronic in the methyl contact shifts of the model 2R 4emin(CN)"
perturbation of the hemin comparable with that induced by the complexes must reflect a combination of perturbations of the
protein. Hence the methyl contact shift pattern in 2R;4R  coefficients of individual atoms in the molecular orbitals by
metMbCN with R or R= A or F can be significantly altered e variable substituents, and the effect of lifting of the orbital
from that in WT. Heme methyl assignments were not pursued degeneracy of ,d and ¢, which preferentially places the
for 2F,4V-hemin gpirographig and 2V,4F-hemin igospiro- unpaired spin into one or another orbital. That the latter effect

graphig, either as model compounds or reconstituted into |ikely dominates is supported by the observations that for high-
metMbCN. However, the very similar shifts in 2F,4V-hemin spin for iron(lll) model865354where each d orbital contains

and 2A,4H-hemin, either as model or in Mb (and for both hemin ;e spin, the asymmetry in the heme methyl contact shift is
orientations), and the similar shifts for 2V,4F-hemin and 2H- considerably smaller than in the low-spin, biscyano com-

4A-hemin, either as model or in Mb (again for both hemin plexesz2654Moreover, the biscyano complexes of 2H,4A-hemin
orientations), argue for the same assignments in the two gnq 2A,4H-hemin, with rhombic perturbation on a single
complexes, with the effect of a combination formyl/vinyl group  pyrrole, exhibit the expected pairs of low-field methyls with
similar to that of an acetyl/hydrogen. hyper-Curie, and high-field methyls with hypo-Curie behavior
Modulation of the Hemin Rhombic Asymmetry in 2H,- for the hyperfine shifts (Figure 4A, C), as observed in WT
4A- and 2A,4H-MetMbCN. These two hemins provide unique  metMbCN211 Therefore we ignore for the present the smaller
tests for the origin of the rhombic asymmetry because the dipolar shift and any significant change in the nature ofsthe
direction of the electronic perturbations is known. Thus the MOs.
electron-withdrawing 4-acetyl group (rhombic electronic per- Comparison of the hemin methyl shifts, slopes, and intercepts
turbation approximately along the pyrrole Il, IV vector) induces iy the metMbCN complexes in Table 2 and Figure 4B and D
an in-plane asymmetry in the model compound eterates  shows that, indeed, the methyl shifts spreadhiger, slopes
a pattern of methyl contact shiftsmilar to that imposed onan  more positie, and apparent interceptsore negatie, for 1-CHs
essentially 4-fold symmetric hemin upon incorporation into gnd 5-CH in 2H,4A-metMbCN than in 2A,4H-metMbCN. On
metMbCN in the orientation as found in WT Mb (Figure 1A).  the other hand, the 3-GH8-CH, slopes aremore negatie
Not surprisingly, the additivity of the two similarly oriented gnd the apparent intercetfor at least 3-CH, is more positie
perturbations leads to a conserved methyl contact shift pattern,jy; 24 4A-metMbCN than in 2A,4H-metMbCN. Thus, the

but a significantlyenhanced spreag~27 ppmjfor the heme gifference in the heme methyl shift patterns between the two

methyl shifts relatie to WT(Table 1), in the X-ray orientation : _

(Figure 1A). In the same manner, the 2-acetyl group induces a, (5§>,) BF;JC{]dY'E- Lé#a Masfy Séyq:fgf%%éf-&égmlth, K. M.; Nayyir-
2 . . . azhir, R.J. Am. Chem. So — .

similar rhombic perturpatlon approximately glong the pyrrole (54)'La Mar, G. N.. Walker, F. A. IThe PorphyrinsDolphin, D., Ed.:

I, Il vector and results in a methyl contact shift pattern for the academic Press: New York, 1978; pp-6157.

model complexeversedfrom that found in WT metMbCN (or 28(()55’35) Satterlee, J. D.; La Mar, G. N. Am. Chem. Sod976 98, 2804~

8,29 in ori i in Ei .

as found®2%in metMbCN for the hemin orientation as in Figure < Zo L 1o ada S - Hato, v.: tba, S Kai, Y.: Kasai, N.: Katsube,

1B). Thus, upon incorporation of 2A,4H-hemin into the protein vy ."awabe, K.; Yoshida, Z.; Ogoshi, H.. Biochem 1986 100, 277—

matrix in orientation A in Figure 1, the two rhombic perturba- 284.
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complexes can be qualitatively rationalized by simply a larger
rhombic splitting in 2H,4A-metMbCN, where the substituent .
and protein effects add, than in 2A,4A-metMbCN, where they 1
largely cancel. Since 2H,4A-hemin(CN)exhibits essentially
the same methyl contact shift pattern, with the same charac-
teristic temperature behavior, as a “symmetric” heme in met-
MbCN, it is reasonable to conclude that the 4-acetyl group and N
the axial His bond raise thexsl dy, orbital degeneracy by
comparable amounts. However, since a vinyl group is much
less electron withdrawing than an acetyl group, it is expected
that a vinyl group would contribute less to the splitting. At the
present, it is not possible to guage directly the influence of a
vinyl group because the available hemins all have a non-methyl A
substituent at both the 2- and 4-positions, and all but methyl
and ethyl groups have a marked effect on the electron asym-
metry in even the model compoufd.A more quantitative B A —
estimate of the influence of a single substituent would be to -5 5
use hemin where 2R alkyl and 4R=V, A, Hor 2R=V, A, 3pss (pred), ppm
H and 4R= alkyl; such studies are in progress. Figure 8. Plot of ded(2R,4R-metMbCN) versusdpsd(pred for
The analyses of 2A,4H-metMbCN and 2H,4A-metMbCN 2R,4R-metMbCN) for methyls = 1, 3, 5, and 8 for all complexes
demonstrate that the penpheral Subsututlon of the hem|n Canllsted in Table. 1, with the latter determined via egs 6 and 7. The data
significantly affect the rhombic splitting ofgdand ¢, orbitals ~ for the rhombical weakly to moderately perturbed hemins (2R#R
in a predictable manner because the appropriate orientation ofA or F) are shoyvn in filled markers, while data for strongly rnombically
both the substituent and protein-induced perturbations areperturbed hemins (2R and/or 4R/ or F) are shown by open markers.
. . . The heme positions are marked by circles (15 ktiangles (3-CH),
known. A converse to this is that the rhombic asymmetry in a gqares (5-Ch and diamonds (8-C#.
given low-spin ferrihemoprotein reflectsoth the electronic
effect of substituents and the orientation of the axial His matrix is provided by 2M,4M-hemin. Comparison of thd
imidazole(s)and that the orbital hole does not necessarily NMR spectra for the essentially 4-fold symmetric 2M,4M-
uniquely indicate the orientation of the axial His inbaype hemin-(CN}~ with that for 2M,4M-metMbCN reveal$ that
hemoprotein. In fact, instead of a heme contact shift pattern the six individual methyl groups experience chemical shift
serving as a quantitative indicator for the orientation of an axial changesA(i-CHs), i = 1—5, eight methyls, due to their local
His, the combination of the contact shift pattern and the environment, as given by
crystallographically determined axial His orientation should
ultimately identify the exact nature of other protein-induced A(i-CH,) = 0'[2M,4M-metMbCN —
rhombic perturbations. . _
Modulation of Axial His Hyperfine Shifts in 2H,4A- and ZMAM-hemin(CN)}~ (6)
2A,4H-MetMbCN. The His93(F8) protons exhibit both,,and
Odip, Of which the latter can be calculated on the basis of the
magnetic axes determin®é? above for these two complexes
(egs 2, 4, and 5). The resultiny, ddgip, and dcon for the two
subject complexes, and those for WT, are compared in Table
2. The results are consistent with previous analyses of the
hyperfine shifts in low-spin ferrihemin modét$° and ferri-
hemoprotein®2%-22 in that primarily CH of the axial His i
exhibits significantr contact shifts. Comparison of the His93- 9 psdPred for 2R,4R-metMbCNj=

@

N
b
)
> Co

_k

o
; .
x>
<

3pss(ebs), ppm

which yieldsA(1-CHg) = +5.3, A(2-CHg) = +2.8, A(3-CHg)

= —9.9,A(4-CH;) = —6.8, A(5-CHs) = 8.1, andA(8-CHg) =
—4.8 ppm. If we assume that the protein exerts a similar
“rhombic” effect, A(i-CHs), for methyl i on each hemin in the
X-ray orientation (Figure 1A), we obtain a “predicted” heme
methyl shift, opsqpred) pattern for all other hemins via eq 7:

(F8) shifts in 2A,4H-metMbCN and 2H,4A-metMbCN with 5iDss[0b5 for (2R,4R-hemin(CN) ] + A(i-CH,) (7)
those in WT (Table 2) reveals that mainly.HC exhibits a

significant shift difference, which, upon factoring intg, and It is noted that the “addition” of the effects of the hemin
dcon shows that the &1 contact shift issmallerby ~5 ppm in substituents (shifts in the model) and the protein influence can

2A,4H-metMbCN, andarger by ~5 ppm in 2H,4A-metMbCN  predict the hemin methyl shift patterns fore reversed heme
than WT metMbCN. On the basis of an orbital hole determined orientation(Figure 1B) by simply recognizing that in the 180
primarily by the axial His, larger contact shifts areallowed rotated heme interchange the-14, 2<> 3, and 5< 8 positions
only in the ground-statel,, orbital hole and not in the excited- (i.e., the 1-CH (and 3-CH) experience the “protein” influence
state ¢, orbital hole® This leads to the expectation that an |eflected in the 4-Chl(and 2-CH) of 2M,4M- metMbCN, etc.).
increased (decreased) splitting between the ground- and excitedThe predicted shifts for each of the hemins in each of the two
state orbital states should lead to increased (decreassm)tact orientations in 2R,4R-metMbCN are given in parentheses in
shifts for the axial His, as observed. Hence, the pattern of axial Taple 1. A plot ofdpsgobs) versusipsdpred) (via egs 6 and
His shift changes parallels the heme methyl shift changes 7) is shown in Figure 8; an excellent correlation is observed
predicted by the simple model depicted in Figure 2. for all but two methyls on the strongly rhombically perturbed
Empirical Interpretation of Heme Methyl Shifts in 2R,- hemin.
4R'-MetMbCN. We emphasize here the effects of the protein  Practical implications of the empirical correlation between
matrix in modifying the individual methyl shifts of a hemin  the hemin methyl shifts as a model compound and in metMbCN
upon incorporation into metMbCN. The influence on individual is that assignment of hemin methyls peaks of a peripherally
methyl groups of the hemin upon incorporation into the protein functionalized hemin cyanoferrihemoprotein and in the extracted
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model compound should shed light on the relative orientation The present results on hemin orientation are qualitatively
of the heme and the axial His in the protein. Conversely, highly consistent with previous crystallographic stufifesf 2H,4V-,
perturbed methyl contact shift patterns in a cyanoferrihemo- 2V,4H-, 2H,4E-, and 2E,4H-metMbi® in identifying the
protein with an axial His could be used to deduce the nature predominant hemin orientation. However, in the crystal struc-
and/or location of peripheral functional groups on the heme. tures, only one orientation was detected, even for 2H,4E-Mb,
Heme Orientational PreferencesFollowing to equilibrium which exhibits a~1:2 ratio of the isomers in solution.
the methyl peak intensities for the two 2R;4RetMbCN ) .
complexes generated immediately after reconstitution, together Acknowledgment. The authors are indebted to Dr. Z. Xia
with either 1D/2D NMR or isotope labelird§; 3035 yields the for providing Figure 2 and for valuable dlscu_ssmns. '!'h|s
equilibrium constants for formation of the complex with the research was supported by grants from the National Institutes
heme orientation 180otated about the,y-meso axis relative ~ Of Health, HL16087 (G.N.L.) and HL22252 (K.M.S.).
to WT Mb. The data in Table 1 show that, in all cases but one
(2H,4E-hemin), the major isomer is that with the crystal-
lographic heme orientation (Figure 1A), with tKgq = 0.02—
0.1 for the hemins investigated. For 2H,4E-metMbCN, the bulky
4-ethyl group destabilizes the crystallograph heme orientation
(A in Figure 1) by>1.6 kcal/mol relative to the other hemins.
In fact, the “reversed” or heme orientation B in Figure 1B is
the dominantspecies in solution at ambient temperatures for
2H,4E-metMbCN. It is clear that the protein more readily
accommodates large substituents at its 2- than at its 4-position.JA983045X

Supporting Information Available: Six figures tH NMR
spectra of 2A4A-, 2V, 4F-, 2F,4V-, 2H,4V-, 2V ,4H-, 2H,4E-
and 2E,4H-metMbCN and portions of NOESY maps for 2A,-
4H- and 2H,4A-metMbCN, and three tables (chemical shifts
for 2R,4R-hemin(CN"); chemical shifts for heme and heme
pocket residues in 2H,4A-metMbCN and 2A,4H-metMbCN).
See any current masthead page for ordering information and
Web access instructions.



