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Abstract: Comprehensive'H NMR assignments of the heme cavity proton resonances of sperm whale
metmyoglobin cyanide have provided the dipolar shifts for nonligated residues which, together with the crystal
coordinates of carbonyl myoglobin, allow accurate determination of both the anisotropies and orientation of
the paramagnetic susceptibility tensgr,in the molecular framework. The resulting axidly.x = 2.48 x

108 m¥mol, and rhombic anisotropy\y;, = —0.58 x 10~8 m3/mol, values at 25C determined from the

most complete set of dipolar shifts are determined to 2% and 6% uncertainty, respectively, and agree well
with theoretical estimates (Horrocks, W. D., Jr. and Greenberg, BM&. Phys 1974 27, 993-999).
Numerically and spatially restricted input data sets lead to larger uncertaintiegirand Ay, but do not
systematically bias the orientation of the tensor. Determination of the anisotropies and orientation over the
temperature range-350 °C shows that the susceptibility tensor orientation is minimally influenced, with both
anisotropies well-behaved, and witfy.x exhibiting a temperature behavior close to that predicted for the
system. The quantitative determination of the magnetic anisotropies over temperature allows the quantitative
separation of contact and dipolar shifts for the iron ligands. The heme contact shifts reflect the expected dominant
st spin density at pyrrole positions, but the meso-protons exhibit low-field contact shifts indicative of unpaired
spin in ao orbital. Such delocalized spin density could arise from either deformation of the heme from
planarity or the loss of/m separation for the,d dy, orbitals when the major magnetic axis is tilted strongly

from the heme normal as is experimentally observed. The observed anomalous temperature dependencies of
the heme methyl and axial His ring contact shifts, as well as that of the rhombic anisotropy, are all consistent
with thermal population of the excited orbital state. The limitations for quanitatively determining the excited
orbital state energy separation from the available NMR data are discussed.

Introduction Ont = Ogon T Ogip 1)

The potential unique and significant information content of The contact contributioncon, results from direct delocalization
the hyperfine shiftsjyy, for paramagnetic hemoproteins resulted  of the metal unpaired spin onto the ligands of the iron, the heme,
in making myoglobin, M, one of the earliest and most and ubiquitous proximal His and is given for nuclgusy
extensively studied proteins by NMROf the various para-

magnetic oxidation/spin states, the low-spB=(/,) cyanomet 5 (Aj/h) Axx | Xyy | Xzz

form was the candidate of choice because of the excellent con = 38127\, + o +g_ 2
resolution and narrow lines even for resonances close to the oooEy

iron.2 There are two potential contributionsdg, as given b§° whereyi, gi (il = xx yy, z2) are the components of the diagonal

paramagnetic susceptibilty, and spectroscopic splitting

* Correspondence author. E-mail: lamar@indigo.ucdavis.edu. Phone: ; i i i :
(530) 752-0058. FAX: (530) 752-8995. tensors, respectively, in the magnetic coordinate systers

(1) Abbreviations used: DSS, 2,2-dimethyl-2-silapentane-5-sulfonate; permeability. of Vgcuum@ is the Bohr magneton, andis the
Mb, myoglobin; MbCO, carbonmonoxymyoglobin; COSY, 2D correlation = magnetogyric ratio of the nucleu&l/h measures the amount
spectroscopy; metMbCN, cyanomet myoglobin; NMR, nuclear magnetic of spin density,pj, for nucleusj, via the relationshigf A =

resonance; NOE, nuclear Overhauser effect; NOESY, two-dimensional ~ : . _ani ;
nuclear Overhauser spectroscopy; TOCSY, two-dimensional total correlation lQpl' whereQ is a constant; low-spin ferrric hemes have the

spectroscopy; WEFT, water-eliminated Fourier transform. one UnpaWEd spinin a-bondlng d orbital. The contact shifts

(2) Withrich, K. Struct. Bondingl97Q 8, 53—121.; Phillips, W. D. In for nonequivalent nuclei map out the nature of theolecular
NMR of Paramagnetic MoleculegaMar, G. N., Horrocks, W. D., Jr.;

Holm, R. H., Eds.; Academic Press: New York, 1973; pp 4218; (4) Kurland, R. J.; McGarvey, B. Rl. Magn. Reson197Q 2, 286—
Morrow, J. J.; Gurd, F. R. NCRC Crit. Re. Biochem1973 3, 221-272. 301.

(3) Withrich, K.; Shulman, R. G.; Peisach, Broc. Natl. Acad. Sci. (5) Bertini, I.; Luchinat, CNMR of Paramagnetic Molecules in Biologi-
U.S.A.1968 60, 373-380; Withrich, K.; Shulman, R. G.; Yamane, T.; cal SystemsBenjamin Cummings Publishing Co.: Menlo Park, 1986.
Wyluda, B. J.; Hugli, T. E.; Gurd, F. Rl. Biol. Chem197Q 245 1974~ (6) La Mar, G. N. InNMR of Paramagnetic MoleculekaMar, G. N.,
1953; Sheard, B.; Yamane, T.; Shulman, RJGMol. Biol. 1970 53, 35— Horrocks, W. D., Jr.; Holm, R. H., Eds.; Academic Press: New York, 1973;
48. pp 85-126.
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Fe—CN vector from the heme norm#4and can serve as a
valuable constraint in constructing molecular models by solution
NMR.15 For simple, well-isolated spin states,and hence both
Odip @and dcon, follow the Curie 1) law. For the presers =
1/,, iron(lll), there are nearby orbital states such that both terms
would be expected to deviate signficantly from the Curie 1aw.
On the basis of the reasonable assumption that the contact
contribution dominates the heme hyperfine shift, it was shown
early that the larger contact shifts for 1-Cgland 5-CH and
smaller shifts for 3-Chland 8-CH in metMbCN are consistent
with the expectation where the bonding of the axial His
imidazole raises the,d d,, degeneracy?'3 Because of the
approximate alignment of the His imidazole along the pyrrole
B,D vectori® the lone iron spin resides primarily in.dvhich
can delocalize spin only to pyrrole A (1-GHand pyrrole C
Figure 1. Sch_ematic representation of the ps_eudosymmetric, iron- (5-CHs). However, since the spacing betweep @nd g, is
centered coordinate systert, y, z (R, ¢, ') defined by the crystal ¢, mparaple t&T,1! the temperature dependence of the methyl
coordinates of MbCO, and the magnetic axey, z(R, 8, 2), in which contact shifts is expected to deviate from the simple Curie law
the paramagnetic susceptibility tenggris diagonal. The two coordinate due to the increased unpaired spin population,afwhich, at

systems are related by the Euler angles rotafidn,,y), via [x,y,Z] - e .
= [xy,Z] T(aB.y), wheref is the angle between major magnetic the high-temperature limit, should lead to comparable spin

axis, z, and the heme normat (magnitude of the tilt of the major ~ density at all four pyrroles. Such deviations from Curie law, in
axis), o is the angle between the projection of thaxis on the heme  fact, are quite general among low-spin ferric hemoproté&in&,
plane and the axis (direction of the tilt of the major magnetic axis), ~ with the methyl with larger shifts exhibiting larger slopes than
andx ~ o + y defines the projection of the rhombic magnetic axes, T~1 (hyper-Curie), whereas the methyl with the smallest contact
X, y, on the heme plane relative 1§ y." ¢ defines the angle between  shifts show slopes much weaker th@nt (hypo-Curie) or, in

the axial His plane and thegh\Fe—Nc vector. [Note: The reference  many cases, negative slopes or “anti-Curie” behavior. Modeling
axesxX, Y, Z, have been rotated by 458ompared to previous studies the temperature dependence of heme métydnd3C contact

i 10,14,25,26 i i ! . . . .
from this lab, and a defined with respect to the-x, rather — opigq o the basis of this model has generated estimates of the
than—x' axis, to conform with other works; this leads to changes in L ag o1 .
splitting? between ¢ and d, orbitals.

the three Euler angle§(new) = j(old); a(new) = o(old) + 135’ LT . . . .
«(new) = «(old) — 45°. The difficulties in analyzing deviations from Curie behavior

of heme methyl shifts in terms of orbital spacing are that the
orbital(s) containing the unpaired spin and hence are of temperature dependencies of neitidg nor dcon are known
considerable interest in describing the irdreme and iron for a single state and it is not realistic to assume a strict Curie
His 7 bonding®8 law in light of theoretical consideratiofs.Moreover, the
The second contribution i is from the dipolar or through-  temperature dependencies of bajgax and Aym would have
space interactioh® dqp, arises from anisotropy in the para- to be known. Last, thermal population of excited orbital states
magnetic susceptibility tensor, and influences both ligated and should lead to systematic anomalous temperature dependence

nonligated residue signals according to the relationship for dcon for the axial His as well as the heme and fiy;, as
influenced byy (see below). It is therefore clear that the first
S = (127N )_1[AX 3 codp — 1)R_3 + step in such an analysis requires the quantitative separation of
ip A ax

s i B Onf INtO Ocon @nd dgip @s a function of temperatur&ince any
1Ay n(Sir? 6 cos )R IN(aB,y) (3) proton that exhibits nonzewo, (heme and axial His) also likely
exhibits nonzerdgqp, it is also obvious that the process can

whereAyax = yzz —2(ixx + xyy)s Axrh = Yxx — Xyy R ', Q'- be initiated only byfirst providing a quantitatve description
(X,y',Z) are the polar (Cartesian) coordinates of a proton in an of dqjp, Which is the only term that contributes s for
arbitrary, iron-centered coordinate system, &itd,(,y) is the nonligated residues near the heme. Recent progress in the

Euler rotation matrix that converts the arbitrary coordinate extension of 2D NMR method% 24 to low-spin ferric hemo-
10 ; :
Sg.Stenﬁl Ir_:_tr? tge mlagnﬁ_tflc ((:joordlngtT SySI'teR]d,O, .Q(()j(’y’z). (14) Rajarathnam, K.; La Mar, G. N.; Chiu, M. L.; Sligar, S. &.Am.
(Figure 1). The dipolar shifts due to delocalized spin density t0 chem. Soc1992 114 9048-9058.
a nucleus vanishes for a protdThus, dgip contains valuable (15) Feng, Y. Q.; Roder, H.; Englander, S. W.; Wand, A. J.; Di Stefano,
information on the magnitude of the anisotropies, which relate g- L. BIQChe,\TISAIMgBQ 2?_,' 135—503&58?% L-+Bertlnhgl’-;é3_relni KoL
: f 2 : : remonini, . A, Gray, H. B.; Luchinat, C.; lurano, v. Biol. Inorg.
to the electronic structure of the heme irfgr; t_he orientation Chem 1996 1. 117126 and references therein.
of the tensor which can be related to the orientations of both  (16) Kuriyan, J.; Wilz, S.; Karplus, M.; Petsko, G. A.Mol. Biol. 1986

the axial His relative to the henté13and the distortion of the 192 133-154.
(17) Satterlee, J. DAnnu. Rep. NMR Spectrosto87 17, p 80-178;

(7) LaMar, G. N.; Walker, F. AThe Porphyrins Dolphin, D., Ed.; Bertini, I.; Turano, P.; Villa, A. JChem. Re. 1993 93, 2833-2932;
Academic Press: New York, 1979, Part IV-B; pp-6157. Yamamoto, Y.Annu. Rep. NMR Spectrost998 36, 1-77.
(8) Walker, F. A.; Simonis, UBiol. Magn. Reson1993 12, 133-274. (18) Turner, D. L.Eur. J. Biochem1993 211, 563-568; Turner, D. L.
(9) Williams, G.; Clayden, N. J.; Moore, G. R.; Williams, R. J. P. Eur. J. Biochem1995 227, 829-837.
Mol. Biol. 1985 183 447-460. (19) Brennan, L.; Turner, D. LBiochim. Biophys. Actd 997, 1342
(10) Emerson, S. D.; La Mar, G. Biochemistryl99Q 29, 1556-1566. 1-12.
(11) Horrocks, W. D., Jr.; Greenberg, E.EBochim. Biophys. Acta973 (20) Shokhirev, N. V.; Walker, F. Al. Phys. Cheml995 99, 17795
322 38-44; Horrocks, W. D., Jr.; Greenberg, E.8ol. Phys.1974 27, 17804.
993-999. (21) Banci, L.; Bertini, I.; Luchinat, C.; Pierattelli, R.; Shokhirev, N.
(12) Shulman, R. G.; Glarum, S. H.; Karplus, ¥.Mol. Biol. 1971, 57, V.; Walker, F. A.J. Am. Chem. S0d 998 120, 8472-8479.
93—-115. (22) Yu, L. P.; La Mar, G. N.; Rajarathnam, B. Am. Chem. So499Q
(13) Traylor, T. G.; Berzinis, A. P1. Am. Chem. S04980,102, 2844~ 112 9527-9534.

2846. (23) Qin, J.; La Mar, G. NJ. Biomol. NMR1992 2, 597-618.
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WEFT spectr# where the slowly relaxing diamagnetic envelope was
suppressed. Steady-state nuclear Overhauser (NOE) spectra were
collected by the application of a 50-ms soft pulse with the decoupler
on resonance and with off resonance to provide a reference, with a
total recycle time of 100 ms as described previodsINOESY 3233

maanetic axe&14.2526However. neither a complete data set TOCSY 3 and magnitude COSY spectra were collected over the
9 ’ ! P emperature range-50 °C for the?H,O sample with a spectral window

has been used to determine the anisotropies and orientation ob 57 o kHz using 2048, points; 64 scans were collected for each of
the axes, nor have the uncertainties in the parameters beerms12, increments, with mixing timen, = 50 ms. The recycle time is
ascertained on which an informative temperature study can be700 ms. The NOESY spectra were also collected at 25 an8C35
based. over 10.0 kHz withr,, = 100 ms and a 1.0 s recycle time to observe
A more quantitative description of the magnitude of the the diamagnetic signals. The TOCSY spectra were collected at 25
anisotropies and orientation of the tensor in metMbCN has and 35°C over 10.0 kHz with a spin lock time of 50 ms and a
recently taken an unrelated, but equally important, interest. 1.2 S recycle time using the MLEV-17 mixing scheffidhe COSY
Detailed studies of the residu—15N dipolar contributions ~ SPectra were recorded in the magnitude mode over 12.0 kHz with a
to the backboné&N—1H scalar couplings for metMbCN partially ZOO ms recycle time. Solvent suppression, when required, was achieved
. - L . . y direct saturation in the relaxation delay period. The data were
Orlentgd Ina sf[rong magnetic f|é|7_cindlcat_ed the potentlal for processed as previously descrilfédietails are given in the figure
novel information on slow collective motions involving whole  capions,
helices in this proteif? Questions, however, have been raéed Magnetic Axes Determination. The magnetic axes were determined
on the interpretation based on potential uncertainties in both as described in detail previousi§** Experimental dipolar shiftsipss
the anisotropies and on the orientation/gf in sperm whale (obsd), for protons on nonligated residues for structurally conserved
metMbCN. Hence, a more comprehenst NMR study of portions of the heme environment (relative to the reference crystal
the solution magnetic and electronic properties of metMbCN structuré®) were used as input to search for the Euler rotation angles,
is clearly warranted to answer some of the questions raised. a, f3, y, that transform the iron-centered pseudosymmetry coordiiates

proteins has provided thé&, for numerous paramagnetically
shifted protons of sperm whale metMb&N*and a number of

its point mutantg>26 Using the crystal structure for R, Q'

(eq 3) of a structural homologue, allowed simultaneous estima-
tion of both the anisotropie®\yax Ay, and orientation of the

The goals of the present study are to (1) extend the assign-X: ¥+ Z, orR &', &, (Figure 1)), readily obtained from the MbCO
ments to all of the significantly dipolar-shifted protons in sperm
whale metMbCN, (2) evaluate the use of variable input data
that is potentially differentiately influenced by protein mobility
as input for determining the anisotropy and orientation of the

crystal coordinate¥ into magnetic axesx, y, z by minimizing the
error function

FIN(AY e Mgty & B, 7) = Zldgi0bsd)— dg(caled)?  (4)

paramagnetic susceptibility, (3) estimate the uncertainties in each
of the determined parameters, (4) determine the temperaturewith ddp(calcd) given by eq 1, and where
dependence of the anisotropy and orientation of the paramag-

netic susceptibility tensors for direct comparison with theoretical
predictionst! and by inference, (5) define the temperature

dap(0bsd)= dpsdobsd)— dpsd(dia) ®)

dependence of the contact shifts for the heme and axial His asanddpsqobsd) is the observed chemical shift referenced to PSS

well as for Aym in the context of their interpretation in terms
of the spacing of the {g)?(dy)?(dy,) and (dy)(dk,)(dy,)? orbital
states.

Experimental Section

Sample Preparation.Sperm whale myoglobin was purchased from
Sigma Chemical Co. and used without further purification. Cyanomet-
myoglobin (metMbCN) samples were prepared by addition of 1.5 equiv
of KsFe(CN}, followed by repeated dialysis against 50 mM phosphate
buffer at pH 8.6 containing 50 mM NacCl, 10 mM KCN in eith#t,0
or 90% H0O/10%2H,0 (pH uncorrected for the isotope effect). The
final protein concentration is-5 mM.

IH NMR Spectra. All of the 'H NMR spectra were collected on an
GE Omega 500 MH2H NMR spectrometer. The chemical shifts were
referenced to 2,2imethyl-2-silapentane-5-sulfonate (DSS) through the
water peak. The rapidly relaxing signals were selectively enhanced in

(24) La Mar, G. N.; de Ropp, J. 8iol. Magn. Reson1993 12, 1-78.

(25) Rajarathnam, K.; Qin, J.; La Mar, G. N.; Chiu, M. L.; Sligar, S. G.
Biochemistry1993 32, 5670-5680; Qin, J.; La Mar, G. N.; Cutruzzola,
F.; Travaglini Allocatelli, C.; Brancaccio, A.; Brunori, MBiophys. J1993
65, 2178-2190; Rajarathnam, K.; Qin, J.; La Mar, G. N.; Chiu, M. L;
Sligar, S. G.Biochemistry1994 33, 5493-5501; Zhao, X.; Vyas, K.;
Nguyen, B. D.; Rajarathnam, K.; La Mar, G. N.; Li, T.; Phillips, G. N. J.;
Eich, R. F.; Olson, J. S.; Ling, J.; Bocian, D. F.Biol. Chem1995 270,
20763-20774;

(26) Zhang, W.; Cutruzzola.; Travaglini Allocatelli, C.; Brunori, M.;

La Mar, G. N.Biophys. J.1997 73, 1019-1030; Nguyen, B., D.; Zhao,
X.; Vyas, K.; La Mar, G. N; Lile, R. A,; Brucker, E. A.; Phillips, G. N.,
Jr.; Olson, J. S.; Wittenberg, J. B. Biol. Chem.1998 273 9517—
9526.

(27) Tolman, J. R.; Flanagan, J. M.; Kennedy, M. A.; Prestegard, J. H.
Proc. Natl. Acad. Sci. U.S.A995 92, 9279.

(28) Tolman, J. R.; Flanagan, J. M.; Kennedy, M. A.; Prestegard, J. H.
Nat. Struct. Biol.1997, 4, 292.

(29) Bax, A.; Tjandra, NNat. Struct. Biol.1997, 4, 254.

(dia) is the shift in the isostructural diamagnetic MbCO comfex;

calculated for protons whosesgdia) are not available by usinipss

(dia) = Oterr + Osec T Ore, Whereoierr is the shift in an unfolded tetra
peptide® dsqcis the shift of an amino acid proton typical farhelices,

p-strands, coils, etd¢%ando, is the heme-induced ring current sHift.
Minimizing the error functionF/n in eq 4 was performed over five
parametersAyax, Aym, o, 5, and y, by using the MbCO crystal
coordinates, as described in detail previou8##,2526and subsequent
error analyses were performed with the Levenbaévigrguardt method
with the boundaries of the error functioR/n, set equal to 95.4% of

(30) Gupta, R. KJ. Magn. Resanl976 24, 461-465.

(31) Emerson, S. D.; La Mar, G. NBiochemistry199Q 29, 1545-
1555.

(32) Jeener, J.; Meier, B. H.; Bachmann, P.; Ernst, R1.Rhem. Phys
1979 71, 4546-4553.

(33) States, D. J.; Haberkorn, R. A.; Ruben, Dl.MMagn. Resori982
48, 286-292.

(34) Braunschweiler, L.; Ernst, R. B. Magn. Reson1983 53, 521—
528.

(35) Bax, A.; Freeman, R.; Morris, G.J.Magn. Resoril981, 42, 164—
168.

(36) Bax, A.; Davis, D. GJ. Magn. Resan1985 65, 355-360.

(37) The reference coordinate system used previéishy%.252has been
redefined to bring it into conformity with that used elsewhere, withxhe
y' axes passing through the pyrrole-Re—N rather than meseFe—meso
axis; moreoverq is defined as the angle between the projection ofzhe
axis on thex,y' plane and the' rather than the-x' axis. The definition of
f is unchanged, but leads tanew) = a(old) + 135°, x(new) = «(old)
—45°,

(38) 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.

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

(40) Wishart, D. S.; Sykes, B. D.; Richards,F.Mol. Biol. 1991, 222,
311-333.

(41) Cross, K. J.; Wright, P. El. Magn. Reson1985 64, 240-231.
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the confidence limit? For the iron-ligated porphyrin and axial His,  for target and other assigned residue protons are given in
the hyperfine shift is obtained via Supporting Information.

_ _ , The elusive, relaxed, distal His64(E7)HG3! with dipolar
On(0DSH)= Ops(0bSd)~ dpsd(dia) ©) contact primarily to other strongly relaxed protons, could be
which, in turn, yields the contact shift via eq 1. Estimate®gf due assigned by Steady-sta_te NOESIHho' The _reference \_NEFT
to breakdown of the point dipole approximation are.1 ppm for the ~ SPectrum of metMbCN ifH0 is shown in Figure 2B with the
proton closest to a pyrrolﬁ-carbon with 0.1% spin density; these assigned, resolved heme and His E7 signals labeled. Saturating
contributions are completely negligible compared to thel6 ppm the His64(E7) NH in Figure 2C results in NOEs to the
ddip due to the spin density on the iron. previously assignéd**Phe43(CD1) @H and Val68(E11) CHs,
as well as to an unassigned strongly relaxed proton with strong
temperature-dependent chemical shift at 2.01 ppm that must

Assignments.The majority of the previously reported WT  originate from the His64(E7) &i. After location in'H,0, it
metMbCN assignmenitd4 were based on 2D NMR data in Was possible to detect the expected weak His64(E# C
2H,0 by using the crystal structure as a guide to expected hemeNOESY cross-peaks to the Val68(E1L)H in 2H;0, as shown
contacts. Thus, all but one nonlabile proton wih, < 6 were in Figure 2D.
assigned, but relatively few protons wifRee > 7 A were Magnetic Axes.The dgip(0bsd) for a proton was used as input
identified. Subsequent work on mutant metMbCN had shown into the magnetic axes determination only if its value correlated
that assignments could, for the most part, be determinedwith its slope in a Curie plot, which is a reasonable criterion
sequence specifically via standard backbone connectifig? for establishing that the proton has a fixed position relative to
Our interest here is to assign all of the protons with eithgy the heme® 14 96 of the 109 assigned target protons satisfied
> 1 ppm orRee < 9 A by using thedgpp(calcd) from the this condition. A plot ofdgix(obsd) vs Curie slope for all of the
determined magnetic axes interactively to identify all such 109 assigned target protons with dipolar shifts is given in
candidates. The “intermediate” magnetic axes served as remark-Supporting Information and reveals that the side-chain termini
ably accurate indicators of the expected shifts for such targetof Leu F4, Val E11, and lleG8 are mobile and exhibit changes
protons, and the ultimate magnetic axes identified 122 such in the mean orientation of the residue with temperatitéLast,
target protons. The general approach for making these assignthe dipolar shifts for the side-chain protons of His E7 were
ments is given below and only spectral data relevant to assigningomitted as input from all magnetic axes determinations because
the last elusive proton close to the iron, théd®f His64(E7), the side chain can be expected to exhibit slightly different

Results

are shown. Other 2D NMR data, as well as the listinggfs orientations in metMbCN relative to MbCO. Five-parameter
(obsd), opsddia), dgip(obsd), anddgp(calcd) are given in searches were carried out at 25 using a variety of subsets of
Supporting Information. the availabledqi,(0bsd). The subsets were arranged as proximal

The fingerprint region of the TOCSY and NOESY spetira side protons (sets P), proximal and distal protons (sets PD),
reveals the characteristic backbone connectivities for three remote protons from the irorr@ A; sets R) and protons near
helical segments,Il, with TOCSY-detected side chains as the iron (<8 A; sets N). To differentiate among data that could
follows: |, LeuAlaj+1AMXi,AMX i13AMX i+4Ala+5 that must be influenced by flexibility, data subsets included helix backbone
arise from Leu89(F4yAla94(F9) with AMX;.+4 corresponding protons (set 1), helix backbone and nonmobile helix side-chain
to the backbone of the previously assigned axial His93(F8); Il, protons (set 2), set 2 plus all suitable protons on the FG turn
AMXGlyj+1Valj+2Thrj3Val+4Xj+sThri+eAlaj+7Leu+gGlyj+g that (set 3), set 2 plus all suitable protons on the CD turn (set 4),
arises from His64(E7Gly73(E16) with AMX; exhibiting the and set 2 plus all suitable protons on both turns FG and CD
expected NOESY cross-peaks to the previously reported His64-(set 5). The additional reference set labeled VT includes a
(E7) GH; and Ill, AMXiLeU1Xk2AMX kisllext4 that is representative 26 dipolar shifts which were used as input to
uniquely assigned to Phel03(G4)el07(G8) with AMX generate the magnetic axes over a range of temperatures The
exhibiting the expected NOESY cross-peaks to an aromatic ring. identity and relevant spectral parameters for the protons in each
While the C-helix backbone could not be located, a TOCSY- data set are listed in Supporting Information.
detected Thr spin and a long-chain residue (six of the seven The optimized Euler angles;, 8, and« (= o + y), and
protons) with significant dipolar shifts exhibit NOESY cross- anisotropies resulting from five-parameter searches a€2re
peaks to 4-vinyl and 5-Cilas expected for Thr39(C4) and |isted in Supporting Information. The excellent correlation of
Lys42(C7); the assignments are confirmed by the characteristicédip(obsd) vsdgip(calcd) at 25°C for the most extensive input
helicalo; — Bi+3 NOESY cross-peak. The residues Phe43(CD1), data set (see below) is shown in Figure 3A; the data for His64-
Phe46(CD4), Phe33(B14) and Leu29(B10), His97(FG3), 1le99- (E7) are also plotted using open markers. The parameters for
(FG5) have been assigned previously on the basis of uniquethe 16 independent fits lead to highly clustered parameters with
TOCSY and/or NOESY connectivities to the he#é! The total rangé’“5o. = 150+ 10°, f = 15.84+ 0.6°, k = —10 +
complete list of assigned signals is given in Supporting 5° Ay., = (2.56+ 0.08) x 10-8 m3mol andAy, = (—0.59+
Information and includes the assignment of 109 of the 122, or 0.10) x 10-8 m3mol and excellent residual error function, F/n,
90%, of the target protons withyi, = 1 ppm orRee < 9 A, as with the results summarized in Figure 4. The use of the most
well as an additional 26 protons wiRee > 9 A but with dip complete input data set, PD5, yieldgax = (2.48+ 0.03) x
> 0.5 ppm. Target protons not assigned include five due to 10-8 m3mol, or a£1% uncertainty, andy, = (—0.594 0.04)

lability and six side-chain protons likely lost because of expected x 108 m3/mol, a£7% uncertainty. Changes in thgya by
degeneracy, as well as the termini of two Leus that possess

mobility. The complete listing of assignments adig(calcd) (44) Emerson, S. D.; Lecomte, J. T. J.; La Mar, G.NAm. Chem.
S0c.1988 110 4176-4182.

(42) Shrager, R. 1J. Assoc. Comput. Mach97Q 17, 446-452; Press (45) The units of magnetic anisotropy are given in S. |. units, in contrast
W. H.; Flannery, B. P.; Teukolsky, S. A.; Vetterling, W. T. Numerical to units used previously in this 1a#8.142526Ays in ref 10 are converted to
Recipes Cambridge University Press: Cambridge, 1986, Chapter 15. S| units multiplying by 4r; those in refs 14 and 25 are converted to Sl

(43) Withrich, K. NMR of Proteins and Nucleic AcidViley-Inter- units by multiplying Ayax by 127 Na (Na = 6.02 x 10?3 and Aym by

science: New York, 1986. —87nN,, and those in ref 26 by4
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Figure 2. Portions of: (A) the normal 500 MH2ZH NMR reference spectrum of metMbCN 0O with labeling of the assigned resolved
resonances; (B) WEFTH NMR spectrum (relaxation delay, 120 ms; repetition time 300 ms) of metMbCN that emphasizes strongly relaxed lines
and strongly suppresses the intensity of the diamagnetic envelope ir-fhen spectral window; (C) steady-state WEFT-NOE difference spectrum
upon saturating the assigned His64(E7HNesonance, with each detected (and expected) NOE labeled by the residue and proton origin; (D)
portion of the NOESY spectrum (50 ms) showing the expected dipolar connection between the newly assigned HisB4gEd)\G&I68(E11)

C,2Hs.

-3.0

30% from the optimized value at 2%, followed by reopti- in dgip(calcd) at 28 translate to uncertainties dor(calcd). Curie
mizing the other four parameters, results in a much larger plots of dn(obsd) anddcor(calcd) for the heme methyls
residualF/n = 0.26, and tdarge systematic deations of the determined on the basis of the experimemig(calcd) in the

observed from the calculated dipolar shifts (not shown, see 5—-50 °C range are shown in Figure 6A and B, respectively

Supporting Information). Last, a plot 6fiip(calcd) vsdgip(obsd) (dashed lines). In Figure 6B, we also show the plotgifr

specifically for the protons which exhibit either large or (calcd) based on an assumed stiict dependence fodgis-

dominant rhombic dipolar shifts also exhibits an excellent (calcd) imposed on thég(obsd) at 25°C (solid line). The

correlation (shown in Supporting Information). temperature dependence fagq(calcd) for the His93(F8) (&,
Temperature Dependence of Magnetic PropertiesThe the only proton with sizable contact shift (Table 1) for which

results of carrying out the five-parameter least-squares searcheshe temperature dependence could be reasonably well defined,

using the 26 dipolar shifts in set VT over the temperature range is included in Figure 5B, where we also show the prediéted

5 to 50°C also resulted in excellent correlation betwekp- behavior of the contact shift vig/g.

(obsd) anddapp(caled), as shown in Figure 3ED. The effect Axial His Shifts in metMbCN Mutants. Detailed assign-

of temperature omyax and Ay is shown in Figure 5A, which  ments for the axial His resonances of a variety of sperm whale

also includes the previously r_epor%éd6 theoretical values of  gjngle, double, and triple point mutants have sh&@fthat the

the former, shown as a solid line. The effect of temperature on 53| His signals, like the nonligated residue protons, exhibit

the Euler angles is included in Figure 5€. The value ofa dramatic shift ranges of-23 ppm for GH and GHs, ~5 ppm

and 3 appear to decrease very inght_Iy with temperature, but ¢, NsH, and ~25 ppm for both CH and GH. Moreover,

the changes are only marginally outside the error limits. analysis of thedgp(obsd) for the structurally conserved, non-
Temperature Dependence of Contact ShiftsThe use of  |igated proximal side residues had, in each case, affétdéd

the daip(calcd) over the temperature range 3 °C allows the set of magnetic axes for each metMbCN mutant in a manner

determination ofdcor(calcd) according to eqs 1, 3, and 6 for  gmilar to that described above (the relevant data are tabulated

the axial His and heme methyl and meso-H signals. The sepa-j, sypporting Information). A plot 0Bgp(calcd) versusy-

ration of the shifts into their contact and dipolar contributions (obsd) for the axial His93(F8) resonances for these 16 metMbCN

at 25°C is shown in Table 1. In each case, the uncertaintities ., tant&5.26is shown in Figure 7. In each case the data points
(46) The anisotropy units in ref 11 are converted to Sl units by show a reasonable correlation and are approximated by the

multiplying by 4. straight lines through the data points. The apparent intercept in
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r than 10 input points, and 2.5& 0.10 &2%) for the most
20 A o complete data set PD5. Combining range and uncertainty bounds
Ayax at (2.584 0.10) x 10°8 m¥/mol (+5%). AlthoughAym
has a range for different input sets and an uncertainty per set
that is comparable to that fdXyay, its smaller value leads to a
less well-defined value witl\y, = (—0.604 0.10) x 1078
m3/mol (£16%) n®/mol for all searches, which improves to
—0.60+ 0.05 (~8%) for the more extensive PD5 input data
set. In general, the uncertainty in each determined value
decreases sharply with the size of the data set without a
significant change in the value. The value .y deduced
here is smaller (by-8%) than the theoretical estimafe!éand
slightly larger (by~8%) than that estimated on the basis of
less complete data sefs? Our conclusions here are that the
accuracy in the\y.x determination using the most comprehen-
sive and reliable data set is such so as to eliminate the possibility
that its value is 30% less than that reported previously, a value
that was suggestétiwould invalidate an analysi%of residual
dipolar contribution to"**N—!H coupling constants in terms of
helical mobility in a partially oriented metMbCN. Moreover, a
30% change iMyax led to plots ofdgip(obsd) vsdgip(calcd)
which exhibited large and systematic deviations from the unit
slope which were minimally improved by optimizing the
remaining four parameters (not shown; see Supporting Informa-
tion). Last, the 2.2 ppmgip(obsd) for Leu29(B10) ¢H, which
is 9.2 A from the iron, alone demandsAgax > 2.0 x 1078
ms3/mol.

The tilt, 8, of the major axis from the heme normal exhibits
a range 15.9t 0.5° for all data sets and 154 0.3 for the
most complete PD5 intput data and is the most accurately
determined Euler angle. In contrast, the direction of the tilt
-15 of the major magnetic axdéwhen projected on the heme plane,
8,,(0S) ppm exhibits a wider range, 156 8°, for all valid input sets so that

Figure 3. Plot of duy(obsd) versusay(calcd) determined by the the uncertainty per set extends to 150L0°; the range is only

magnetic axes determinations: (A) using the most complete and reliable Moderately imporved for the more complete PD sets to#51
input data set PD3 with 87 input points at 25, and using the input ~ 5°. The lower uncertainties, with minor variation in mean, with

data set A at (B) 50C, (C) 25°C, and (D) 5°C. The input data are  increased size of data set are particularly evident for the more

shown by solid markers. Also included in each case are the data for complete PD set. Last, while both (+10°) and y (£10°)

the His64(E7) ring (open marker) whose orientation in metMbCN may exhibited ranges of values with the particular data sets, the sum,

differ slightly from that in the reference MbCO structure. k = o+ y, which represents the projection of the rhombic axes
on the heme plan€, exhibits uncertainties#10°) which are

Figure 7 atgip(calcd)= 0, which should represedtonfor each  gi50 |ess than the sums of those éoandy. The Euler angles

proton for His93(F8), is defined a&* cor(T™* = 0), and the  4re within the uncertainties of values reported on the basis of

15

10

-5

P dip(calc), ppm
s

'
—
wn

-15

values for the His93(F8) protons are listed in Table 1. less complete data s&444748 and confirm the previous
) ) estimates of uncertainties in, f, « of £1, +£10, £10°,
Discussion respectively, based primarily on the sensitivity of the error

function to the variations in these angles. The poorer definitions
results of five-parameter least-squares searcheAsfer Aym, of Ay andx result Iarge]y frqm the fgct that the heme occupies
a, B, andy for 16 different input data sets ranging from only Most of the space significantly influenced by these two
six input shifts (C1) lead to highly clustered values for all pa}rameters and hence is an |ntr|n3|c.I|m|tat|on of this approach.
parameters. A graphic representation of these results is given!tis noted, however, that the correlation betwéeg(cbsd) and

in Figure 4. The only data set that deviates significantly from Odip(calcd) for protons with large contributions frofty (either

any of the others is set N1 (proton helices wRk, < 8 A), as magnitude or as fraction of total dipolar shift) correlate as
which has only six experimental data points and is dismissed Well as do the remainder of the data (not shown, see Supporting
as inadequate. For the remaining data sets, neither the size ofnformation).

the data set nor its localization (proximal, distal, near, remote)  Last, while the His64(E7) ring protons were not used as input
produced significant changes in any of the parameters, arguingin the magnetic axes determinations, the observed dipolar shifts
against significant mobility of side chains and/or loops in biasing are well-predicted (open marker, Figure 3) at all temperatures,
the magnetic axes determination. The failure to detect any biasindicating that the major difference for the His64(E7) ring in
based on proton distance to the iron or location on either helix metMbCN relative to MbC& is the rearrangement of the labile
or turn suggests that the crystal structure represents an adequate

Definition of the Paramagnetic Susceptibility Tensor.The

representahon of the mean Solutlon structure. SzéiQZBYanCI, L.; Plerattelll, R.; Turner, D. [Eur. J. Blochem1995 237,
Most accurately defined i&yax, which exhibits a total range (48) The anisotropy units in ref 47 are converted to molar anisotropies

(2.58 £ 0.09) x 1078 m®/mol (£4%) for all data with more by mulitplying by Na.
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Figure 4. Graphic representation of the mean absolute input dipolar shift (A), the number of input data points (B), the Eulét amd)lteir
uncertaintiese (C), 8 (D), andx = a + v (E), the axial (F) and rhombic (G) anisotropfeand their uncertainties, and the residual error function,

F/n (H) resulting from five-parameter least-squares searches for the anisotropies and orientation of the paramagnetic susceptibility tensor of sperm
whale metMbCN at 258C. The symbols at the bottom for the different input data sets represent: P, proximal protons; PD, both proximal and distal
protons; R, protons remote from the iron§ A); N, protons near the iron<(8 A), and 1, only helix backbone protons; 2, helix backbone and
immobile side-chain protons; 3, set 2 plus the protons on the FG-corner; 4, set 2 plus protons on the CD corner; 5, set 2 plus protons on both the
FG and CD corners; set VT is the reference data set used for the variable temperature study.

proton from the ring Nin the latter, to the ring Nin the former, experimental and theoretical results serves to validate the results.
as found®in MbO,. The values ofAy, over the same temperature range also lead
Temperature Dependence of Magnetic AxesThe experi- to a well-defined straight line, despite larger uncertainties than

mentalAyax, Ayrh, @, B, andk as a function of temperature are  for Ayax, as shown in Figure 5A. The plots of the fractional
shown in Figure 5, which also shows the theoretical fhé%s changes in boti\yax and Aym, normalized to the value at 25
for Ayax. The robust nature of the magnetic axes is affirmed by °C, are shown as dash-dot-dash-dot lines Agex and dash-
the observation of a very regular temperature dependence todot-dot lines forAym and show that the magnitude oy
Ayax that is defined by a straight line that bears remarkable decreases fractionally much more rapidthan either the
similarity to that predicted for the systethln accordance with  experimental or theoretical value fAyax. Whereas the expected
predictions for metMbCNAyax exhibits a temperature depen-  temperature behavior fakyn was not reported: the smaller
dence in the experimental accessible temperature range with enegative SOZ contribution relative to the positive FOZAgfn,
significant negative apparent intercept. This negative intercept when compared tdyax, would lead to the expectation thag,
has been showh to result from an essentially temperature- would exhibit less intrinsic “hyper-Curie” behavior thé\yay,
dependent second-order Zeeman (SOZ) contribution that is ofin contrast to what is observed (Figure 5A).

the opposite sign as the temperature dependence first-order The changes in Euler angle with temperaturef(s o, 0.6°
Zeeman (FOZ) contribution. The close parallel in both the for 5, and 6 for «), are surprisingly systematic, as shown in
magnitude and temperature dependencé\pfc between the Figure 5C-E, but are in each case less than the uncertainties

(49) Cheng, X.; Schoenborn, B. B. Mol. Biol. 1991, 222 381-399. (50) Hanson, J. C.; Schoenborn, B.NPature 1981, 53, 117—-146.
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Figure 5. (A) Plot of the determined\y.*> (closed squares) and-JAym (closed circles) as a function of reciprocal temperature (Curie plot)
obtained from five-parameter searches for the magnetic axes in the temperature+&Ag€5The solid line marked H-G represents the theoretical
values forAy.x reported by Horrocks and Greenbétd® The fractional changes with temperature (using the value 4C2s a reference) for the
experimental anisotropies are shown .« (open squares) anly:, (open circles), and the theoretical value is shown by a solid line. (B) Experi-
mentaldor{calcd) for His93(F8) @H (closed squares) as a function of temperature in a Curie plot determined as described in text. The solid lines
represent the theoretical fractional change in contact shift in eq 2 as a function of temperature, normaliz&g, n25the dasheedotted lines
represent the fractional changedm(calcd) as a function of temperature, normalized t6@5The effect of temperature on the orientation of the
magnetic axe¥] a, 3, k = a + y are shown in (C), (D), and (E), respectively.

Table 1. Separation of Contact and Dipolar Shifts for the Heme and Axial His93(F8) in MetMbCN

Opsgobsd} Opsqdia) Onr(obsdy One(int)d daip(calcdy dcor(calcd] Ocor(int)9 O* corl
heme
1-CH; 18.55 3.63 14.92 —4.2 —3.24+0.2 18.0+£ 0.2 —6.8
3-CH; 4.76 3.79 0.97 12.1 —5.0+£0.2 6.0+ 0.2 11.7
5-CH; 27.07 2.53 24.54 —6.1 —3.0+£0.2 27.5+£ 0.2 —8.6
8-CHs 12.88 3.59 9.29 1.0 —544+0.2 14.7£ 0.2 —24
a-meso-H 4.37 9.92 —5.55 0.3 —-12.1+0.5 6.6+ 0.5 0.6
f-meso-H 2.09 9.34 —7.25 7.7 —10.1+ 04 28+ 04 -1.3
y-meso-H 5.98 10.15 —4.17 1.3 —-10.5+ 04 6.3+ 0.4 0.9
d0-meso-H 4.05 9.86 —5.81 4.4 —11.94+ 0.5 6.1+ 0.5 —6.2
His(F8)
NH 13.88 7.15 6.73 —-4.1 55+ 0.1 0.9+0.1 -04+1.0
CoH 7.47 2.90 4.57 —1.4 4.6+ 0.1 0.01+ 0.1 0.8+ 0.3
CpH 11.59 1.55 10.04 —-34 6.6+ 0.2 3.4+0.2 -1.6 26+1.2
CpoH 6.35 1.72 4.63 -0.4 3.9+ 0.2 0.8+ 0.2 —-1.7 0.9+ 0.3
NsH 21.31 9.36 11.95 —-7.6 15.4+ 0.3 —-3.54+0.3 0.4 —6.8+1.6
CsH —4.78 1.13 —5.91 8.6 —4.84+0.8 —1.1+0.8 —16.1 —25+0.8
CH 18.98 1.66 17.32 —24.3 36.6+ 1.0 —19.3+1.0 10.5 —14.1+1.6

a Shifts in ppm at 25C, in 2H,0, pH 8.6.° Diamagnetic chemical shift for MbC#&. ¢ Hyperfine shift given by eq & Intercept, in ppm, at—*
= 0in a plot ofdn(obsd) versug ! (Curie plot).® Determined by eq 3 and magnetic axes for data set PD8ntact shift obtained from eq 1 and

eq 6.9 Intercept afl * = 0 in a plot of dcor(calcd) versud— (Curie plot)." Intercept atgip(calcd) in a plot ofdn(obsd) versudgp(calcd) for the
His F8 protons in 16 point mutant MbCN complex@s®

for the VT data set, and hence, it can be concluded that the Heme and Axial His Contact Shifts. The ability to quan-
structure of the heme cavity is not significantly altered in the titatively describe the dipolar shifts for 96 protons which exhibit
temperature range. These results are consistent with the minimabnly dqip allows us to quantitatively predieiyi, for the heme
structural changes observed in the 298 and 77 K crystal methyl, meso, and axial His(F8) protons, as shown in Table 1.
structure$?! The well-defined anisotropies and Euler angles and Consistent with earlier consideratiolf’the heme methyl shift
the adherence of these parameters to changes in temperaturpattern is indeed dominated by the contact shift, and the pattern
along with expectations for a well-defined solution structure of contact shifts among the four methyls is similar to that for
lead us to conclude thaH NMR has considerable promise in  the total hyperfine shifts, except that the opposite signgf
determining the anisotropy and orientation of the paramagnetic anddip leads to less fractional asymmetry in the apparent spin
susceptibility tensor in low-spin ferrihemoproteins. distribution (see below) than apparentin(obsd), as observed
(51) Frauenfelder, . Hartmann. H. Karplus, M. Kuntz, 1. D. Jr. in the Curie plots in Figure 6. Of more inte_res_t_is the resu!t that
Kuriyan, J.; Parak, F’.;Pétsko,G.A.;’Riﬁée, D.;Til’ton,”R. F.,JI".;.COI’.I‘I’]O“.)’/, each of themeso'H’s clearly eXh'bl.tS significant !OW-erId
M. L.; Max, N. Biochemistryl987, 26, 254-261 contact shiftsas was suggested earlier on the basis of much
more
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Figure 6. Curie plots for the heme methyls in metMbCN: (A)-
(obsd) (dashed lines) and (Bjo{(calcd) obtained via egs 1 and 6 using
the experimentally determined temperature dependenckf¢ralcd)
(dashed lines). The solid line in (B) shows(calcd) obtained via eq
5 of the dgip(calcd) at 25°C as forced to exhibit true Curie behavior
(OT-* with zero intercept) (1-CH open circle; 3-Chl closed circle;
5-CHs, open square; 8-Ciclosed square) of metMbCN.

primitive approaches to separation @&fi, and dcon in model
complexed:52 The porphyrin 3ef) MOs’# have significant
coefficients at the pyrrole carbons but exhibit nodes at the meso-
carbon. The lowest vacant 4§(MOs could be expected to
weakly interact with d orbitals?8 however, this would lead to
significantupfieldmeso-H contact shifts, contrary to observation.
One possible origin of this low-field meso-H contact shift is
someo-spin delocalization due to the fact that the large tilt
(~16°) of the major magnetic axis eliminates thver separation

of the d orbitals and could make the spin containipgod d,
orbitals weaklyo-bonding. The other possibility is that/zr
separation is lost due to the commonly observed deformation
of the heme from planarity. In any case, the origin of contact
shifts for the meso-H from a mechanism other tharspin
density in the 3ef) MOs of the heme could have serious

consequences for the interpretation of the anomalous temperatur(?h e

dependence of the heme methyl contact shifts in terms of the
energy separation between thg dnd d, orbital holes (see
below).

Separation 0bcon and dgip for the axial His93(F8) demon-
strates thadns for both G,H and N\H are essentially dipolar, a
conclusion that is consistent with the expectation thapin
delocalizations have no effective mechanism for extending
beyond thes-carbon of the ligated Hi%.The d¢on values for
His93(F8) show that ther spin density is primarily at ¢,
where it induces the expected large upfieighn, as noted
previously for axial His in a variety of low-spin ferrihemopro-

(52) Satterlee, J. D.; La Mar. G. N. Am. Chem. Sod 976 98, 2804
2808.
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Figure 7. Plot of dgip(calcd) versuson(obsd) for (A) N-H (open
circles), GH (open squares), &H (closed triangles) andH (closed
squares) and (B) imidazole ringsN (open triangles), §H (closed
circles), and @H (closed triangles) of the His93(F8) in 16 metMbCN
mutants for which the magnetic axes for those have been determined
and reported>?® The data points for each proton can be fit to a line
whose intercept (defined @8 c(T* = 0)) atdgip(calcd)= 0 should
correspond t@con The values 0b*con (T2 = 0) are listed in Table 1.

The identity of the mutants and the tabulated data are provided in
Supporting Information.

teins!® A lesser amount ofr spin density manifests itself at
C, where it induces the expected smallgsfield CgH
contact shift; the relative magnitude of thg:8 and GizH dcon

is consistent with the known orientation relative to the imidazole
plane® The data in Figure 5B show that the His(F8)HC
contact shift exhibits strong hyper-Curie behavior.

The robust nature of thé.on and dgip Separation is strongly
supported by the fact thalc, values for the axial His(F8)
obtained by this manner for WT metMbCN are the same, within
experimental uncertainty, as derived from the intercepthgf
(calcd) vsoni(obsd) (Figure 7) (defined* o, in Table 1) for

(53) The contact shift for a methylene proton that senses unpaired spin
7 density is0 cog v, wherey is the angle between the pxis and the
H—C—C plane® the valuesy, ~30° and 77 for CpH and GpH,
respectively, correctly predict the much larger contact shift feHC
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16 sperm whale single, double, and triple mut&#%for which
highly varied orientation in the major magnetic axis induces a
large range of shifts for the axial His. The strong similarity of
the axial Hisd¢on values obtained in these two procedures shows
that the highly variable hyperfine shifts with mutations for both
the axial His and the nonligated residues in metMbCN com-

J. Am. Chem. Soc., Vol. 121, No. 1,21999

(Figure 6B, solid lines) and the experimental temperature
dependence odgip (Figure 6B, dashed lines) alters the degree
of “hypo”- and “hyper”-Curie behavior for the methyk.,, and
would lead to different estimates AE. Second, the heme meso-
H’s exhibit contact shifts that are consistent witbminanto
delocalized spin. This could result either from the breakdown

plexes can be explained by a single, consistent interpretativeof o/ separation for g, dy, from significant tilt of the major

basis with a conserved contact shift (i.e., conserveeHrie
m-bonding) with mutation and with primarilyhe orientation
of the major magnetic axis modulatadhong the various distal
mutants.

Relevance to the Spacing for the Orbital Excited State.
A simplistic picture for the electronic/magnetic properties of
the low-spin hemin/His chromophore with the His oriented along
the N—Fe—N vectors through pyrroles B and D would have
Ayax conserved for the ground,{3f(dy,)?(dy,) and excited (d)*
(dy»)?(dyy) orbital states and\y, rotated by 90 (i.e., a change
of sign between the two statéThe ground (¢, hole) state,
moreover, would exhibit large pyrrole A(1-GHand C(5-CH),
negligible pyrrole B(3-CH) and D(8-CH) contact shifts and
large His F8 contact shifts, while the excited(dole) state
would display large contact shifts for pyrrole B(3-gHD(8-
CHa), but none for either pyrroles A(1-Gj{ C(5-CH) or the

magnetic axis from the heme normal or from the known
deformation of the porphyrin atoms from a plane. Thus, such
spin density likely also contributes to the methyl contact shift,
and the temperature of theando contribution to the methyl
contact shifts would be expected to differ. Last, the pattern of
heme methyl contact shifts shows less asymmetry than that
expected from a His F8 ring oriented withif &f the N—Fe—N
vectori® and thex = —8° determined herein is not consistent
with the x = +5° predicted® by the counter-rotation rule and
observed in model%;%¢ and suggests that the orbital hole is
not determined solely by the axial His. This latter effect would
lead to a decrease (increase)i, for the axial His F8 in the
ground (excited) orbital state. Potential contributions to the
location of the rhombic axes are the ubiquitous vinyl groups
which can conjugate with the heme and resolve the contact shift
degeneracy of the four methyls even in a model with axially

axial His. For the case where the energy spacing between thesymmetric ligand® and the strong contacts of the heme with

dy, and g, orbital holes is comparable T, and we assume
strict Curie behavior for botldgi, and dcon for a single orbital

the ubiquitous Phe43(CD1) and His97(FG3) in mammalian
lobins. Solution NMR characterization of metMbCN complexes

State, raising the temperature to populate the excited state shoul econstituted with appropriate Chemica”y modified hemin and

lead to: (1) hyper-Curie (apparent intercept of opposite sign to
the shift) and hypo-Curie (large intercept of the same sign as
the shift in a Curie plot) for methyls of pyrrole A, C and pyrrole
B, D, respectively; (2) a strong hyper-Curie behavior for the
axial His(F8)dcon, With intercept of opposite sign to the shift;
and (3) hyper-Curie behavior for the effectidg. Inspection

of Figures 5A,B and 6 reveals that this gualitatively the
behavior shown by metMbCN for the heme methyls, His F8
CH contact shift, and\y». Thus, all three manifestations of
the expected effect of thermal population of the excited orbital

state are clearly observed. More ambiguous, however, is the

route for making qualitative estimates A&.

The observed “anomalous” temperature behavior related to
population of the excited state could be interpreted in terms of
the magnitude of the orbital spacing which, in turn, could
provide detailed information on the axial HiEe bond strength.

point mutants designed to perturb aromatic heme contacts are
in progress.
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There are several factors, however, which preclude at this time JA9825550

such a meaningful interpretation for the globins. First, the
temperature dependence for b, and dqip are predictett

to be non-Curie for a given state, and the present study generategt.

(55) Oosterhuis, G.; Lang, Ghys. Re. 1969 178 439-456.
(56) Byrn, M. P.; Katz, B. A.; Keder, N. L.; Levan, K. R.; Magurany,
J.; Miller, K. M.; Pritt, 3. W.; Strouse, C. E. Am. Chem. S0d.983

experimental data to substantiate this fact. It is readily apparent1os, 4916-4922.

that the correction odns (Figure 6A) fordgp with strict Curie

(54) Shokhirev, N. V.; Walker, F. Al. Am. Chem. S04998 120, 981.

(57) Cavaleiro, J. A. S.; Rocha Gonsalves, A. M. d'A.; Kenner, G. W.;
Smith, K. M.; Shulman, R. G.; Mayer, A.; Yamante, J. Chem. Soc.,
Chem. Commuril974 392.



