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Abstract: The *H and3C hyperfine shifts of the heme methyls of horse heart ferricytochroinave been
measured over the temperature range-2333 K in order to interpret the “anomalous” temperature-dependence

of the hyperfine shifts in terms of their pseudocontact and contact shifts. By taking advantage of the available
pseudocontact shifts for protein nuclei measured at 303 and 323 K (Santos, H.; TurneEuUD. L. Biochem.

1992 206, 721-728), the metal-centered pseudocontact shifts have been analyzed in terms of a thermally
accessible excited state lying 35590 cnt?! to higher energy which has a magnetic susceptibility tensor with

the rhombic anisotropyAym, which is rotated by 90to that of the ground state. The metal-centered
pseudocontact shifts have been evaluated at all temperatures at which the chemical shifts were measured, and
these calculated values were used to evaluate the contact shifts of each heme methyl for the two nuclei. The
temperature dependence of the heme methyl contact shifts fottathd13C, assuming a thermally accessible
excited state, was then used to evaluate the spin density for thesfpumole heme carbons to which the
methyls are attached. The ligand-centered pseudocontact shifts have been estimated and found to give a modest
contribution to the experimental behavior. Tieand!3C data are highly self-consistent. The present analysis
provides deep insight into the electron distribution on the porphyrin ring in low-spin Fe(lll) hemes.

nances of both the reduced and oxidized forms of the proteins,
assignment of thé’Fe resonance of the reduced prot€in,
assignment of the majority of the protelhl resonances and

R determination of three-dimensional protein structure of cyto-
chromesc from several different organismg,22 and studies
of protein dynamics, especially protein folding/unfold#tg?®

Introduction

Since Kowalsky’s pioneering report of the 56.4-MHz proton
NMR spectrum of horse heart cytochromim 1962 there have
been many extensive studies of various aspects of the NM
spectra of a number of cytochromes These studies have
included assignments of thgéil-11 and 13C12-16 heme reso-

*To whom correspondence should be addressed. (11) Moore, G. R.; Pettigrew, G. WCytochromes c; Eolutionary,
T Department of Chemistry, University of Florence. Structural and Physicochemical AspecBpringer-Verlag: Berlin, 1990;
* Department of Soil Science and Plant Nutrition, University of Florence. and references therein.
§ University of Arizona. (12) Santos, H.; Turner, D. LFEBS Lett.1986 194, 73—77.
'On leave from the Institute of Chemical Kinetics and Combustion, (13) Gao, Y.; Boyd, J.; Williams, R. J. Eur. J. Biochem199Q 194
Russian Academy of Sciences, Novosibirsk, Russia. Current address:355-365.
Ideation International, Inc., 21800 W. Ten Mile Rd., Suite 119, Southfield, (14) santos, H.; Turner, D. LEur. J. Biochem1992 206, 721-728.
MI 48075. (15) Turner, D. L.; Williams, R. J. FEur. J. Biochem1993 211, 555~
(1) Kowalsky, A. J.J. Biol. Chem.1962 237, 1807-1819. 562.

(2) Witthrich, K.; Keller, R. M.Biochim. Biophys. Acta978 533 195—
208.

(3) Keller, R. M.; Schejter, A.; Wihrich, K. Biochim. Biophys. Acta
198Q 626, 15-22.

(4) Senn, H.; Eugster, A.; Whrich, K. Biochim. Biophys. Actd983
743 58-68.

(5) Senn, H.; Wthrich, K. Biochim. Biophys. Actd983 743 69—-81.

(6) Senn, H.; Wthrich, K. Biochim. Biophys. Actd983 746, 48—60.

(7) Keller, R. M.; Withrich, K. Biochim. Biophys. Act&981, 668 307—
320.

(8) Senn, H.; Cusanovich, M. A.; Whrich, K. Biochim. Biophys. Acta
1984 785 46-53.

(9) Senn, H.; Bame, H.; Withrich, K. Biochim. Biophys. Actd984
789 311-323.

(10) Feng, Y. Q.; Roder, H.; Englander, S. Biochemistry199Q 29,
3494-3504.

S0002-7863(98)00261-3 CCC: $15.00

(16) Turner, D. L.Eur. J. Biochem1993 211, 563-568.

(17) Baltzer, L.J. Am. Chem. S0d.987, 109, 3479-3481.

(18) Pielak, G. J.; Auld, D. S.; Betz, S. F.; Hilgen-Willis, S. E.; Garcia,
L. L. In Cytochromes c: a multidisciplinary approac8cott, R. A., Mauk,
A. G., Eds.; University Science Books: Sausalito, CA, 1996; and references
therein.

(19) Qi, P. X.; Beckman, R. A.; Wand, A. Biochemistry1996 35,
12275-12286.

(20) Baistrocchi, P.; Banci, L.; Bertini, |.; Turano, P.; Bren, K. L.; Gray,
H. B. Biochemistryl996 35, 13788-13796.

(21) Banci, L.; Bertini, I.; Bren, K. L.; Gray, H. B.; Sompornpisut, P.;
Turano, P Biochemistryl997 36, 8992-9001.

(22) Banci, L.; Bertini, I.; Gray, H. B.; Luchinat, C.; Reddig, T.; Rosato,
A.; Turano, P.Biochemistryl997 36, 9867-9877.

(23) Roder, H.; Elove, G. A.; Englander, S. Wature1988 335 700~
704.

© 1998 American Chemical Society

Published on Web 08/05/1998



1H and 3C Isotropic Shifts of Ferricytochrome ¢ J. Am. Chem. Soc., Vol. 120, No. 33, 183983

Chart 1 +
T\cav nodal plane CH3 i
N hyper-Curie
CH, ﬁ ﬂ ) Curie
R \ 4 hypo-Cu.rie
e - non-Curie
a o
& \ anti-Curie
CH, CH, = X
50 ‘ >
. = , 1T (K)
g ) anti-Curie
Withrich and co-workers first showed, usingi NMR o \ .
spectroscopy, that there are two types of methionine-bound type o ‘ :°”'CC“”?
| cytochromesc from bacterial sources which differ in the / ypo-mare
chirality of the bound methionine and thus produce large Curie
differences in the shifts of the heme substituénts. The hyper-Curie

imidazole and methionine axial ligands remove the pseudoaxial
symmetry of the Feheme moiety, which is shown in Chart 1;
the d,and d,orbitals, which are degenerate in axial symmetry, _ ) o .

are split by the combined effect of the prbitals of imidazole Figure 1. Schematic drawing re_portln_g the possmle cases of temper-
and methionine. The average nodal plane of these ligandsature dependences of a hyperfine shifted signal. The sign, the slope,
determines the molecularandy directions by giving rise to and the sign of the intercept univocally identify a Curie, hypo-Curie,
linear combinations of the porphyrim orbitals and metal d hyper-Curie, and non-Curie type temperature dependences (see text).
orbitals of the typé

from unpaired spin density in prbitals of pyrrole carbons,
— ; and thus, for carbons are of opposite sign to attached protons,
91 = Cosp(ldelt Im + sinfld I 1m0 and (i) the contact shifts dominate over the metal-centered
— R pseudocontact shifts, and the latter are negative for both rféclei.
¢, = cosf(id Lt Im = sinfid St ImD (1) A peculiarity of the hyperfine shifts 38C andH nuclei of the
where is the angle between the mean axial ligand nodal plane four methyl groups of the heme moiety is that the slope of the
and the reference axis system of the heme. The hemef[emlperature dependence of ca}rbons' and of their attached'protons
macrocycle tends to fix the andy axes along the Fe-pyrrole 1S dlffe_zrent: qut of the hyperf_me_shlfts of the heme substituent
nitrogen axes, whereas the grbitals of the axial ligands tend ~ Nuclei do not intercept zero in linearTLplots, as would be
to move them toward directions which depend on frengle expected from the Curie law. Somg of them have Iarger slopes
which describes the linear combination of theahd g, orbitals and, therefore, intercepts Of_ opposite sign to the Sh'fts? some
that is aligned with the nodal planes along (and perpendicular Others have smaller slopes (intercepts of the same sign) or even
to) the average plane orientation of the axial ligands. Kaflus, Slopes of opposite sign to the shifts (so-called anti-Curie
and, more recently, Turné28have shown that the spin density behavior). Because the use of terms such as Curie, non-Curie,
distribution on the heme carbons depends on this angle and ordnd anti-Curie temperature dependence is not unequivocal in
the energy separatiahE, betweenp; and¢,. These very same  the literature, the observed behaviors and the terminology used
parameters also determine, with a counterrotation rule, thein this paper are summarized in Figure 1. According to this
molecular axes of the magnetic susceptibility ter#&é%. In turn, terminology, in low-spin Fe(lll) porphyrin centers, particularly
magnetic susceptibility anisotropy is the origin of the pseudo- the cytochromes, methyl carbons 8 and 3 are hyper-Curie,
contact shifts. Therefore, the origin of the hyperfine shifts (the methyl carbons 5 and 1 are hypo-Curie, methyl protons 8 and
chemical shifts of the paramagnetic oxidized species minus the3 are approximately Curie, and methyl protons 5 and 1 are anti-
chemical shifts of the diamagnetic reduced species), both contactCurie (see below, Figure 2). All of these definitions are based
and metal-centered pseudocontact, in low-spin Fe(lll) cyto- upon the extrapolated (linear) temperature dependences, as are
chromes, is in principle well understood. This description holds apparent from the measurements made over ambient tempera-
as long as the molecularaxis is perpendicular to the heme tures, i.e., those over which heme proteins are stable. We feel
plane, which has been found to be an acceptable approximatiorthat it is worth addressing these fine details, which may provide
in many case®? a deeper insight into the unpaired electron distribution in the
As expected, the signs of the hyperfine shifts of protons and heme ring. Our approach is based on the following assump-
carbons of methyl heme substituents are different: proton methyltions: (i) there are two states described by wave functins
hyperfine shifts are downfield and carbon methyl hyperfine and¢,, which are separated by an enewy,; (ii) there are
shifts are upfield. Indeed, (i) the contact shifts mainly arise two magnetic tensors associated withandgs; (iii) the proton
(24) Bai, Y. W.. Sosnick, T. R.. Mayne, L. Englander, S. Btience and carbon shifts of heme methyl substituents depend on the
1995 269 192-197. spin density in the porbital of the pyrrole carbon to which the
(25) Taler, G.; Schejter, A.; Navon, G.; Vig, I.; Margoliash, E. methyl is attached. The experimental data to be fit are the

Bio(czgf)’“s"ﬁ%é?g%?"“é fﬁﬁﬁf?ﬂ Karplus, MMol. Biol, 1071, 57 hyperfine shifts of the four methyl carbons and protons at 11

93-115. temperatures between 278 and 328 K¥drand six tempera-
(27) Karplus, M.; Fraenkel, G. KJ. Chem. Phys1961, 35, 1312 tures in the same range f&#fC. The experimental magnetic
1323. susceptibility anisotropies are available at 303 and 328 Fe

(28) Turner, D. L.Eur. J. Biochem1995 227, 829-837. : . . . e
(29) Shokhirev, N. V.; Walker, F. AJ. Am. Chem. Socl998 120, results of this analysis are satisfactory in terms of the fitting of

981-990. the experimental data and provide information on the product
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a 40 — chromebs® have been satisfactorily analyzed with a two-level
model and partial estimate of the pseudocontact contribgétion.
The energy differenceSE, calculated by this fitting procedure
for these two ferriheme proteins and several model ferriheme
systems are eminently reasonable in terms of d-orbital energy
204 differences calculated from ERRvalues®* However, the issue
1 of the apparently different behavior &fi and'3C resonances
. in the same compound, and in particular the different tem-
perature dependence, has not been addressed in detail or
understood.
In this work, we have found thaH and!3C hyperfine shifts

are indeed consistent with each other and that a part of the reason
10 for the anti-Curie temperature dependence of#Heshifts of
. two methyl groups as compared to the hypo-Curie temperature
20 = === dependence of thEC shifts of the same methyl groups is due
4 to the opposite signs of the metal-centered pseudocontact and
.30 : : : . . . . “l contact shifts fofH. If properly analyzed, hyperfine shifts of

! l J I | ' ! ! either nucleus can be used to obtain the electron densities at
the pyrrole carbons. A modest contribution of the ligand-
1000/ T centered dipolar term to tH&C hyperfine shifts is found to be

consistent with the data.

30 ~—

Shifts, ppm

Experimental Section

Horse heart cytochromewas purchased from Sigma Chemical Co.
as a lyophilized powder and used without further purification. The
NMR samples were prepared i@, in 100 mM phosphate buffer,
pH 7.0 (uncorrected for the isotope effect). The sample of the reduced
form of the protein was obtained adding solid dithionite directly into
the NMR tube under Ar atmosphere.
All NMR experiments were performed on a Bruker DRX-500
spectrometer operating at 500.13 MHz proton Larmor frequency. The
IH—1C heteronuclear multiple quantum coherence experiments (HM-
QCY*® were recorded using a 5-mm inverse detection probe without
decoupling during acquisition to avoid sample overheating. A recycle
time of 300 ms and a refocusing time of 2.5 ms were used. All spectra
were acquired in the phase-sensitive mode using standard pulse
sequences and processed using XWINNMR Bruker software. Proton
1 chemical shifts were referenced to the solvent, which in turn had been
calibrated to TMS. Carbon chemical shifts were referenced to external
DSS. Due to the digital resolution of the 2D spectra,*fiiechemical
1000/ T shifts are estimated to be accurateti6.3 ppm.
Figure 2. Curie plot of the experimental (closed symbols) and contact
(open symbols) shifts of (a) thi1 and (b) the'C resonances of the
heme methyls:a, 1-Me; H, 3-Me; ¢, 5-Me; @, 8-Me; v, Met-Me.

Shifts, ppm

2.9 3.0 3.1 3.2 33 34 3.5 3.6 37

Results and Discussion

of the McConnell constar®y*° and the spin densities at the p The *H chemical shifts of the heme and Met-80 methyls of
orbitals of the pyrrole carbons to which the methyls are attached. horse heart cytochrome have been obtained from 1D NMR
The hyperfine shift of the Met-80 G+has been monitored to ~ Spectra at 11 temperatures; part of these data are listed in Table
rule out the possibility of methionine detachment over this 1, and the complete data set is presented in Table S1 (Supporting

temperature range, as may occur in some His-Met-coordinated/nformation). The'3C chemical shifts of the same groups were
cytochromes, or with &= 1/,—5/, spin equilibrium, as occurs ~ obtained from 2D HMQC spectra at six temperatures, and the

in the case oEscherichia coliperiplasmic Cytochrome562_3l data for 298 K are also listed in Table 1, again with the complete

Previous to this work, two different temperature dependencesdata set reported in Table S1. After subtraction of the
of the hyperfine shifts within a given set of nuclei (e.g., the diamagnetic shifts (listed in Table 1), the experimental hyperfine
four methyl protons or the four methyl carbons) were accounted shifts of the proton and the carbon nuclei of the heme methyl

for by a two-level treatmeri¢:28.3234 14 temperature- substituents and of the axial ligand Met-80 methyl are obtained

dependence data okplysiacyanometmyoglobir#2 and cyto- for each of the temperatures. In Figure 2, the temperature

dependences of the proton and carbon hyperfine shifts of the

g(l)g m%cg”;e_'"ﬂ;',\'ﬂv';' gh,e\l"_"YF;hyfl?fgLi“é 724_87_63\', alker F. A four heme methyl groups is reported. As already reported in
Chiu, M. L.; Sligar, S. GBiochemistry1991, 30, 2156-2165. "7 the literaturét® the IH and13C resonances, respectively, of the

(32) Peyton, D. H.; La Mar, G. N.; Pande, U.; Ascoli, F.; Smith, K. M., same methyl group, have different sign and different temperature
Pandey, R. K.; Parish, D. W.; Bolognesi, M.; Brunori, Biochemistry dependence. In particular, the proton shifts of all thesCH

1989 28, 4880-4887. " . . .
(33) Keller, R. M.; Withrich, K.; Debrunner, P. GProc. Natl. Acad. groups are positive while the carbon shifts are negative. As

Sci. U.S.A1972 69, 2073-2075. anticipated, the'H shifts of the 8- and 3-Ckgroups have
(34) Shokhirev, N. V.; Walker, F. Al. Phys. Chenil995 99, 17795~

17804. (35) Mller, L. J. Am. Chem. S0d.979 101, 4481-4484.
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Table 1. Experimental Chemical Shifts (ppm) of Selected Resonances of the Héxi Ligand Moiety in Horse Heart Cytochrone

T (K) 5exp 6dia 6pc cal(%J 6me:355 cmflc éIcAE:BSS cmt échE:355 cmt 6fCAE:590 cmt
HM1
298 7.04 3.46 —4.02 —0.09 7.62 7.59
303 7.16 3.46 —3.92 —3.90 —0.09 7.65 7.62
323 7.75 3.46 —3.45 —3.48 —0.10 7.71 7.75
HM3
298 32.29 3.84 —-1.74 —0.53 30.10 30.15
303 31.76 3.84 —1.50 —1.68 —0.53 29.56 29.57
323 29.96 3.84 —1.50 —1.47 —0.49 27.59 27.45
HM5
298 10.03 3.58 —4.90 —0.22 11.43 11.37
303 10.23 3.58 —4.80 —4.76 —0.23 11.49 11.44
323 11.11 3.58 —4.19 —4.24 —-0.23 11.69 11.72
HM8
298 35.23 2.16 —2.10 —-0.84 35.22 35.25
303 34.58 2.16 —1.96 —2.04 —0.83 34.51 34.53
323 32.30 2.16 —1.90 —-1.79 -0.77 31.90 31.88
Cm1
298 —16.5 15.4 —5.32 —0.36 —26.67 —26.67
303 154 —5.19 —5.16 —0.36
323 15.4 —4.57 —4.60 —0.34
CM3
298 —54.2 15.2 —1.99 —0.61 —67.44 —67.49
303 15.2 —2.82 —-1.92 —0.60
323 15.2 —1.84 —1.68 —0.54
CM5
298 —23.3 15.0 —6.36 -0.71 —31.93 —31.94
303 15.0 —6.22 —6.18 —0.70
323 15.0 —5.44 —5.51 —0.67
CMm8
298 —68.5 131 —2.50 —1.80 —79.15 —79.16
303 13.1 —2.32 —2.42 —1.76
323 131 —2.27 —2.12 —1.62
HE3
298 —24.20 —-3.30 3.46 —24.19 —24.25
303 —23.69 —3.30 3.02 3.35 —23.54 —23.59
323 —-21.39 —-3.30 3.44 2.93 —21.15 —-21.10
CE
298 15.3 154 13.19 —13.31 —13.39
303 154 12.31 12.78
323 15.4 12.03 11.29

aFor each resonance, the experimental data obtained at various temperatures are répgrteaéther with the shift of the corresponding
resonances in the reduced fordy{) determined at 298 K and considered invariant with temperature. The metal-centered pseudocontact shift
contribution at the shiftd,c) for each resonance is reported. The latter values were calculated as reported in the text with the magnetic anisotropy
parameter reported in Table 2 using the X#fajata as structural model. The ligand-centered pseudocontact shiftsnd the Fermi contact shifts
(6rc) were calculated as described in the té¥hdependently at 303 and 323K using ecf Rising eq 5.

normal Curie dependence with temperature, while the corre- fine shifts is necessary. For this purpose, the metal-centered
sponding'3C resonances exhibit a hyper-Curie dependence with pseudocontact shift of the methyl nuclei at all the temperatures
large downfield intercepts at infinite temperature. Also, the of the experimental measurements should be evaluated. The
resonances of the 5- and 1-gbroups have different behavior metal-centered pseudocontact shifts of nuclei can be calculated
for the two nuclei: The protons exhibit anti-Curie behavior with at different temperatures with the Kurland and McGarvey

downfield intercept, while the carbon resonances exhibit hypo- equatiod® once the magnetic anisotropies and the principal

Curie dependence with intercepts at upfield values. Further- directions of the tensors at the various temperatures are known.

more, the dependence of the shifts with respect Toid/not The latter parameters, in turn, can be determined by fitting the
perfectly linear, but shows a small curvature, which has also experimental shifts of those nuclei which are separated from
been observed in other cytochroniés®® the metal ion by several bonds so as not to experience any

Analysis of the Data. (a) Metal-Centered Pseudocontact ~ contact contribution to the shift, nor any ligand-centered
Shifts. To proceed with the analysis of the hyperfine shifts contribution. A number of pseudocontact shifts of protein nuclei
and their temperature dependence, separation of the metalcan be obtained from the literature data at 303 and 323 K.
centered pseudocontact and contact contributions to the hyper-They allow the determination at these temperatures of the axial

(36) Bangi L Berini 12 Cambria M. T2 o and rhombic anisotropies of the magnetic susceptibility tensor

anci, L.; Bertini, I.; Cambria, M. T.; Capozzi, F.; Dikiy, A&ur. ine: i ;
3. Biochem1994 219, 663669, % Ayax @nd Ay, and Qf the thrge Prmupal directions of the

(37) Moratal Mascarell, J. M. Donaire, A.; Salgado, J.; Jimenez, H. R.; tensor from the following equation:

Castells, J.; Piccioli, MFEBS Lett.1993 343 305-308.

(38) Bertini, I.; Luchinat, C.; Macinai, R.; Martinuzzi, S.; Pierattelli, R.; (39) Kurland, R. J.; McGarvey, B. R.. Magn. Reson197Q 2, 286—
Viezzoli, M. S.Inorg. Chim. Actal998 269 125-134. 301.
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Ope = (1/127r%[ Ay, (3 co$ 0 — 1) +
Cl,) Ay, Si’ 6 cos 2]
= Kpc[AXaxGax + (3/ Z)AthGrh] (2)

whereKPe = 1/12zr3, andr, 6, andQ are the polar coordinates
of the nuclei,Gax = (3 cog 6 — 1), Gy, = sir? 0 cos X2, and

the magnetic axes determined by the principal directions of the

x tensor;Ayax and Ay, are defined as
Aax = Xzz ™~ (1/2)(Xxx + ny)
A%rh = Xxx — Ayy

where y; are the principal components of the magnetic
susceptibility tensor. The five parametengfy, Ay, and the

three Euler angles that are conventionally used to define the

orientation of the tensor in the molecular frame) for each of
the two experimental tensors are reported in Table 2. The
calculations have been performed using both the X%and
solutior?? structural data to give an idea of the possible
uncertainties in the fitting procedure, that critically depend on
the availability of a structural model.

From the knowledge of the tensor parameters at 303 and 323
K, the metal-centered pseudocontact shifts for the heme protons
and carbons at these two temperatures can be evaluated usin

eq 2# The calculated values are reported in Table 1. The

temperature dependence of the metal-centered pseudocontac
shifts at all other temperatures can be inter-/extrapolated from.
the values at these two temperatures. However, if two electronic

levels separated bXE, are populated in the temperature range
investigated, as in the present case, the metal-centered pseud

contact shift for any nucleus can also be expressed as a sum o

two terms arising from each electronic functignand ¢, for

each level, weighted by their Boltzmann populatidhsand
f2:26,28,34

fj_ — 1/(1+ e—AE,,/kT); f2 — e—AE,,/kT/(l + e—AE,,/kT) (3)

Banci et al.

Table 2. Parameters Characterizing the Magnetic Susceptibility
Tensor as Obtained (a) from an Independent Fit of Experimental
Pseudocontact Shifts at Two Temperatures and (b, c) from a
Simultaneous Fit of Both Data Séts

AXaX Ath

struct  temp  (m®x (m® x o B y

data (K) 10%9) 109 (deg) (deg) (deg)
(a) Independent Fit at Each Temperature
X-ray 303 2.94 —-1.22 22.9 146 —20.9
323 2.65 —0.99 25.0 141 —-22.6
REM 303 2.98 —1.36 16.2 153 217
323 2.68 —1.15 15.9 151 -215
AXlax A)Crh AXZax

struct temp (M¥x (M*x (M3x o B y

data (K) 109 10°» 109 (deg) (deg) (deg)

(b) Fit of Both Temperature Sets with EqAE = 355 cnT?)

X-ray 303,323 4.79 —-1.74 —-6.61 235 144 —-215
REM 303,323 4.84 -194 -6.58 16.0 152 —21.6
(c) Fit of Both Temperature Sets with Eq AE = 590 cnt?)
X-ray 303,323 394 —-1.34 —1231 235 144 —-214
REM 303,323 4.02 —-1.49 -12.74 16.0 152 —-21.6

aSeparate fits have been performed using the Xorand the
restrained energy minimized (RERA)solution structure coordinates.

plane. This assumption is more realistic the more therdbital
is separated from the other two.
(2) The temperature dependence of greomponents is linear
with 1/T.*?2 This assumption is not so severe, as a different
gsmperature dependence would not alter significantly the actual
v[alues nor change the conclusions.
(3) AE, is in the range between 355 and 590 @ntfrom
independent estimat®s

In this way, the data at the two temperatures (303 and 323

c;(_) for the nuclei of residues not directly bound to the heme

an be fit simultaneously to eq 5, which derives from eq 4 with
he conditionsAy 1 = —Ayaih = Ayrh, Giax = Goax = Gax and
Gim = Gom = Grh.
6pc(T) = Kpc(298m([AX1ax298Gax + (3/2)Ath298Grh] fl +
[AXZaXZQSGax - (3/2)AthZQBGrh] fz) (5)

Therefore, the total metal-centered pseudocontact shift for each The two magnetic tensors are therefore obtained (Table 2).

nucleus can be expressed as

6pc = Kpc[(AX1axGlax + (S/Z)AXlrhGlrh)fl +
(AXZaxGZax+ (3/ Z)AXZrhGZrh)fZ] (4)

whereAyiax Axarm andAy2ax Ay2m are the components of two
limiting tensors,Ay; and Ay, for the ¢, and ¢, levels#?

In eq 4, the effect of temperature on the metal-centered
pseudocontact shifts arises both from a change in popul&tion

andf, with temperature and from the temperature dependence

implicitly associated with eacjp tensor*? At this point three
assumptions are introduced, which are validated a posteriori.
(1) The rhombic components gf andy, differ by a 90
rotation. This assumption arises from the fact thatnd ¢,
must be orthogonal and approximately related by arétation
about the heme axis which is taken as normal to the heme

(40) Bushnell, G. W.; Louie, G. V.; Brayer, G. . Mol. Biol. 199Q
214, 585-595.

(41) For the present calculations, tHé and'3C resonances for which
a firm assignment was reportédvere selected.

(42) Indeed, we cannot rigorously talk ofyaensor of a level, as thg
tensor would be more appropriate. However, for homogeneity of notation,
we leavey, which is related tay by the relationshig, = uo(g2us®(S +
1)/3kT, if second-order Zeeman contributions are sritalt?

Note thatAy1.2% and Ay24,2% turn out to have different signs
and similar magnitude® The above approach permits not only
the evaluation of the metal-centered pseudocontact shifts of the
nuclei of interest at all temperatures where the experimental
data are available (in this case the heme methyls and methionine
methyl) but also their decomposition into the two contributions

(43) Horrocks, W. D., Jr.; Greenberg, E.BBochim. Biophys. Act&d973
322, 38—-44.

(44) Horrocks, W. D., Jr.; Greenberg, E.I8ol. Phys.1974 27, 993~
999.

(45) The range ofAE, values spans those calculated from the EPR
g values. These have been reported by Mailer and Td§lgs: = 3.06,gyy
= 2.25, andgx« = 1.25, and using the three-orbital spiarbit mixing
treatment of Griffitd” and Taylor!® theseg values yield a splitting between
the d and d orbitals, /4, of 1.478. Depending on the value chosen for
A (400 cnt! as we have used previoustyor 240 cnt! as Turner has
used®29, this means that 355 V < 590 cntl. If we then assume that
~ AE,, this yields a reasonable range of values.

(46) Mailer, C.; Taylor, C. P. SCan. J. Biochem1972 85, 1048~
1055.

(47) Griffith, J. S.Proc. R. Soc. Londo&956 235 23—36.

(48) Taylor, C. P. SBiochim. Biophys. Actd977, 491, 137-149.

(49) Walker, F. A.; Huynh, B. H.; Scheidt, W. R.; Osvath, SJRAm.
Chem. Soc1986 108 5288-5297.

(50) This finding is consistent with the theoretical expectation #hat
and ¢, of eq 1 should have, > gy > g« andg, < gy < gy respectively
(see, e.g., ref 29), and with angular overlap calculations performed by us
(unpublished results) using the CAMMAG progr&t??
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from the ground and excited states. The best-fit parametersare g  so

shown in Table 2. j
The calculated metal-centered pseudocontact shift values for 40 —]
the methyl nuclei of the heme moiety and the methionine ligand ]
are reported in Table 1. It is worth noting that the metal- 30 —
centered pseudocontact shifts for the 1 and 5 methyl nuclei are _
large for the ground state and small for the excited state, whereas 20 —
the reverse is true for the pair of methyls 3 and 8. This indicates § i
that, as already noted, theandy axes of the two tensors are : 10 —
not far from the pyrrole nitrogen directions, so that a methyl £ 4
pair from two opposite pyrrole rings is close to experiencing ¢, _|
the largest in-plane metal-centered pseudocontact shift in the A
ground state, and the other pair is close to experiencing the 10 —
smallest metal-centered pseudocontact shift. A
(b) Contact Shifts. The Fermi contact contribution to the 20
methyl proton and carbon chemical shifts can be related to the |
spin density for each electronic level in the corresponding 20
function of the p orbital of a-pyrrole carbon to which the U L L L DL L L B
methyl is attached, again weighed by its Boltzmann popula- 0o 05 10 15 20 25 30 35 40
tion.2628 |n general, the Fermi contact shift for each nucleus N 1000/ T
and a singleS = 1/, ground state is given by
b 10 —
Orc = (AWNGBSS + 1)/KTyy = .
21GBS(S+ 1)/ Tyy = KQuolyyT (6) 1
-10 —
whereQy is a constant known as the McConnell constdand 20 ]
is expressed in hertz. For methyl groups attached%cabons ]
with unpaired electron spin densjt§ in the p orbital, the values £ -30 —
Qq = 70-75 MHz53% and Qc = —39 MHz have been g .
reportedtt-28.55.56 |n a two-level system, in analogy with eqs 4 k) 0 ]
and 5, the Fermi contact shift for each nucleus is given by 6 50
O(T) = KfC(QN/ YNy 1+ p5 7o) ) 0 ]
(c) Fit of the Hyperfine Shifts. The sum of eqs 5 and 6 0 j
can then be fit to the experimental hyperfine shifts using only -80 —
p1™ and po” as adjustable parameters. Thevalues are then ]
satisfactorily compared with thetdkel coefficients calculated 20 rrrrtrtrrr Tt T
from the simple Hakel program described previousty>’ The 00 05 10 15 20 25 30 35 40
results are reported in Figure 3 and Tables 1 and 3. The good 1000/ T

quality of the fits suggests that the main source of deviation rjq,re 3. Curie plots for the isotropic shifts of (a) the protons and (b)
from Curie law in these systems indeed arises from the he carbons of the methyl groups of ferricytochromea, 1-Me; M,
temperature-dependent change in the population of the two3-Me; @, 5-Me; ®, 8-Me; v, Met-Me. The lines represent the fit to
levels,fi; andf,, which is reflected in both the metal-centered the data with aAE, = 355 cnt? (see text).

pseudocontact and contact shifts. The quality of the fit and the
values of thep parameters are not much altered by changing
AE; within the two chosen limiting values (see Tables 1 and
3). Theps™ andp,™ values for each of the four methyl nuclei Htickel coefficients 'H coefficient = *C coefficient

for both'H and3C (Table 3) consistently show alternation in  posi- AE, ground excited ground excited ground excited
tion cm™ state  state state state state state

Table 3. Spin Density Coefficient Obtained from ldkel MO
Calculation and fromiH and'3C Fermi Contact Shifts

(51) Cruse, D. A,; Davies, J. E.; Gerloch, M.; Harding, J. H.; Macking,
D. J.; McMeecking, R. F. CMMAG, a FORTRAN computing package, 1 355 0.00829 0.01177 0.001 0.021 0.004 0.021

1979. 590 0.002 0.034 0.005 0.029
(52) Stratemeier, H.; Hitchman, M. A.; Comba, P.; Bernhardt, P. V.; 3 355 0.01029 0.00865 0.016 0.011 0.0260.003
Riley, M. J.Inorg. Chem.1991, 30, 4088-4093. 590 0.016 0.000 0.018-0.017
(53) Derbyshire, WMol. Phys.1962, 5, 225-231. 5 355 0.00829 0.01177 0.000 0.035 0.005 0.025
(54) Tan, H.; Simonis, U.; Shokhirev, N. V.; Walker, F. A, Am. Chem. 590 0.003 0.056 0.006 0.035
So0c.1994 116, 5784-5790.
(55) Bolton, J. R.; Fraenkel, G. KI. Chem. Phys1964 40, 3307 8 ggg 0.01750 0.00098 0810920_0 0%303 0 ognggggg
3320. ) . p .
Met 355 —0.018 0.018-0.002 0.030
(56) Goff, H. M.J. Am. Chem. S0d.981, 103 3714-3722. Met 590 0015 0040 0001 0040

(57) In these Hakel calculations carried out using the program MPOR-
PH>*we have assumed that the orientation of the nodal plane of the highest-
energy (half-filled) orbital is determined equally by the orientation of the ) .
nodal planes of the filled:-symmetry p orbital of Met-80 and that of the ~ magnitude, i.e., large for the ground state and small for the

histidine imidazole, as concluded by Turner. This places the nodal plane aycited state or vice versa. This is a result that gives further

of thes orbital of the heme at an angle ofldlockwise from the nitrogens h hol Vsi T | f h ial
of pyrrole rings | and 11l and leads to the ekel coefficients tabulated in ~ SUPPOrt to the whole analysis. he values for the axia

Table 3. methionine nuclei are also reported in Table 3 (see below).




8478 J. Am. Chem. Soc., Vol. 120, No. 33, 1998 Banci et al.

(d) Ligand-Centered Pseudocontact Shifts. The appre- the opposite order of sizes as compared to the ground state.
ciable spin density on the pyrrole carbons in one or the other Such behavior is to be expected for a fitting procedure such as
of the two levels may also contribute a nonnegligible ligand- the one used herein, and for the same reason, large spin densities
centered pseudocontact siff€S Goff ° suggested, on the basis  match better than small ones. Small calculated spin densities
of analysis of the’3C hyperfine shifts of model ferriheme  may even turn out to be negative in some cases and may thus
complexes, that the ligand-centered dipolar term is of the samepe assumed to be essentially zero. However, the “experimental”
sign and is possibly comparable in magnitude to the contact spin densities in the ground state are consistently larger for the
term, at least for carbons that are themselves part ofithe  carhon positions in the ground-state orbital when determined
system, while Turner has assumed that this contribution should gy 13¢ data than from théH data. This may indicate a larger
be negligible for methyl groups, for which the carbonnist Qc/Qy ratio than the value of 0.56. Larg&c/Qy values have

involved in ax system'®2® The determination of the ligand- 555 been deduced from data on several other heme préiéfns.
centered pseudocontact shift is a difficult task also for the case . . L .
The p values obtained from the axial methionine nuclei

of a single level. A single level is characterized by a single set d t Thevh b lculated using th
of g values but the ligand atoms contribute only slightlygto eserve a comment. They have been calculated using the same
McConnellQ values for the methyl protons and carbon as those

anisotropy because theiris small. The contribution ta\y L .
from the anisotropy of the experimental valueBf femains® for heme methyls, which is not necessarily correct. The fact

Therefore, ifAy is taken to be the same and scaled for the spin that thep values on the sulfur.atqm calculated from the proton
densities all over the ligand, an overestimate or upper limit of &nd carbon data on the methionine methyl group turn out to be
the ligand-centered pseudocontact shift is obtained. Such anSO similar in size and positive in the excited state suggests that
estimate can be obtained without increasing the number of Most of the unpaired spin density sensed by the two nuclei arises
parameters by reca”ing that (|) tmensor centered on arhm from a R orbital on the sulfur atom. This is consistent with
ligand nucleus is only scaled in magnitude but not in anisotropy, the excited state being involved im bonding. The sizable
and thus, the ligand-centered pseudocontact shift maintains thenegative spin density for the methyl protons and near-zero spin
same orientation as the metal-centered pseudocontact shift indensity for the methyl carbon in the ground state may be
the molecular frame; (ii) the geometric relationships between indicative of a sizable contribution from spin polarization effects
any heme substituent and the tensors centered on the adjacerdr from o delocalization via ther symmetry lone pair orbital
pyrrole carbon are known; and (iii) the scaling factors for each of sulfur. The observed coefficients for the ground-state orbital
electronic state are just proportional to tpe values of that must thus be the balance of these (negative) contributiods
state®® The complete equation taking into account ligand- (positive)  contributions, because there must be a strang

centered effects on all heme atoms can be written as bonding component in the ground state. Otherwise, the me-
thionine ligand would not affect the orientation of the nodal
5hyp(1j =[1- Z(,oli”f1 + pZi”fz)]apc(‘D + 0(T) + plane of ther orbitals of the heme.
' A closer look at the experimental and fitted data for the
ZKi'c[(/oli”fl + 05" 5)(298M) ([ A 100 G + contact shift shows that there is a systematic variation in the
|

calculated versus observed shifts for each of the heme methyls

Cl) D" Gl f1 + [Aza” Gai — (1A Gil 1] (Figure 3, Table S1). Although it is not much larger than the
8) expected experimental error, there is a consistent trend that
calculated heme methyl proton contact shifts are smaller at the

whered,(T) is given by eq 59(T) is given by eq 7, and the highest and lowest tempera_tures, and Iarger_ at the midd_le
sumi is over the ligands bearing spin density contributing to temperatures, than the experimental contact shifts. The devia-

the ligand-centered pseudocontact shifts. For our purposes, thdions are greatest for the protons that have the largest calculated
ligand-centered term can be limited to the adjacent pyrrole contact shifts and smallest for those having the smallest contact

carbon. K{ is given by the reciprocal of the third power of the  shifts. The same trend is observed for ¥@ contact (or contact
distance between methyl proton or carbon and the centers ofplus ligand-centered dipolar) shifts. The sizes of the deviations
electron density of the 2prbital situated about 0.7 A above decrease as the value AE, decreases. Such deviations are
and below the heme plane. The fit of the experimental data to not greater thag=0.07 ppm for*H and not much larger fof*C
eq 8 provides values for the ligand-centered contributions which and are similar to the experimental error in each case. It is
are reported in Table 1. As is evident, the values, although therefore difficult to determine whether these are meaningful
small, are not negligible. However, the fit of the experimental trends or not. We could consider further reasons that may
data yields results of quality comparable to those obtained with account for these minor deviations, such as other thermally
the sum of eqs 5 and 7. The ligand-centered contributions areaccessible excited states, temperature-dependent chemical equi-
thus not negligible, but their influence on the goodness of the |ibria involving detachment of the methionine, inversion of the
fit and the p values is modest. Therefore, ligand-centered methionine chirality, temperature-dependent effects on the
pseudocontact shift contributions are consistent with the presentprotein conformation that influence the energy gap between the
data but are not required to account for the data within the tyo electronic statesAE,, etc. All of these phenomena may
approximations used. ) o introduce a temperature dependence in the energy separation
(e) Overview of Spin Densn_y Data. As is evident fro“m the betweeng; and$,. Owing to the relatively simple two-state
data of Table 3, the comparison between calculatedkBiu o 4e| ysed which, for example, neglects admixture of the d
coefficients and “experimental” spin densities obtained from .1 and second-order Zeeman efféétéas well as the very

the heme methyl shifts is quite acceptable (of the same ordersma” sizes of the deviations observed, we have not pursued
of magnitude) for théH data, considering the crudeness of the their analysis further '

simple Hickel calculations. The ground-state spin densities
match the Huakel coefficients more closely than do the spin (58) Banci, L.; Bertini, I.; Pierattelli, R.; Vila, A. dJnorg. Chem1994
densities of the excited state, which should be approximately 33, 4338-4343.
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Conclusions are in agreement to within 50% with those estimated from the

In this paper, we have addressed the so-called anomaloué“ethyl carbon contact shifts, even uging unmodified literature
behavior of the hyperfine shifts of carbon nuclei and protons values for the Mc(?onneﬂ}; anq ignoring the I|gand-c_entered_
of methyls of the heme of cytochromes Indeed, the pseudocontact shift contribution to the carbgn shifts. This
experimental evidence that two methyl protons, but not their @greement holds for both the ground and excited states.
carbons, have anti-Curie temperature dependence is at first In conclusion, the present analysis provides deep insight into
glance surprising. However, it is the larger contribution of the the electronic distribution on the porphyrin ring in low-spin
metal-centered pseudocontact shifts for carbons and the oppositée(lll) hemes and completes the previous detailed attempts of
sign of the contact shift for the two nuclei that are the major other workers. These results should serve as a useful reference
contributors to the apparent difference in the Curie behavior of point for future papers dealing with these systems.
these two nuclei. The present analysis provides a complete
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