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Abstract: In contrast to high-spin ferrous paramagnetic heme proteins, the chemical shifts of the heme protons
are very unusual in the ferrocytochromes Magnetic susceptibility studies dRhodobacter capsulatus
ferrocytochromec’ in frozen solutions have been performed and indicat&San 2 spin state and a large
negative axial D) zero-field splitting parameter—18.3 cnm?) as well as a significant rhombi&) value

(—4.9 cnth). The 'H and 5N resonances have been extensively assigned by TOEESQC, NOESY-

HSQC, and HSQENOESY—-HSQC 3-D heteronuclear experiments performadac8 mMsample labeled

with 15N. Based on short-range and medium-range NOEs ahaxt¢hange rates, the secondary structure
consists of four helices: helix-1 {330), helix-2 (34-49), helix-3 (78-97), and helix-4 (103117). The®N,

HN, and H: chemical shifts of the reduced (or ferro) state are compared to those previously assigned for the
diamagnetic carbon monoxide complex form. From the chemical shift differences between these redox states,
the orientation and the anisotropy of the paramagnetic susceptibility tensor have been determined using the
crystallographic coordinates of the ferric state. Values-28 and—3 cnr! have been inferred fdd andE,

and thez-axis of the tensor is tilted approximately°3@om the normal to the heme. The paramagnetic chemical
shifts of the heme protons have been determined and split up into Fermi shift and the dipolar shift contributions.
The pattern of the contact shifts is very unusual, exhibiting a 2-fold symmetry, and is discussed in terms of
molecular orbital interactions between the porphyrin macrocycle and the imidazole ring.

Introduction characterized in solution fdRhodopseudomonas palustri,

in the solid state, for thd&khodobacter capsulatuSt. Louis
strainc Cytc present low redox potentials varying froml0

to +100 mV?Z8and, at present, their physiological role remains
unknown. As their concentration levels in photosynthetic
bacteria are regulated by the presence of light and oxygen, it
has been postulated that they play some role in a metabolic
pathway active during photosynthedisThey also occur in
*To whom correspondence should be addressed. E-mail: pierre@ denitrifying nonphotosynthetic bacteria, where they might be

The cytochromes' (Cytc)! are class Il cytochromes which
are characterized by heme attachment to the C-terminal region
of the protein, histidine as an axial ligand, and the absence of
a second axial ligan8Typically, Cytc are dimers made of two
identical subunits, each consisting of a four-helix bundle
structural motif®4 but monomeric species have also been
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relevant state of Cytds considered to be the reduced state, as protons, but no characterization of the contact shifts has been

the characteristic EPR spectrum of ferriCytas not been
detected in vivé.On the other hand, although purified ferroCytc
binds CO, intact cells do not bind the CO which would be
expected from their Cytccontent! As compared to other
hemoproteins, the magnetic properties of Cyie unique. In

performedt®a.efMoreover, ferroCytg in contrast to myoglobin

or hemoglobin, present a splitting of the Soret band, which is
interpreted as a d-type hyperporphyrin spectrum resulting from
a charge transfer between occupiedrbitals of the macrocycle

to the g orbital of the iron in a highly asymmetric heme

most species, the heme Fe has been described as a quantuenvironment® This has led us to fully characterize the reduced

mechanical admixture of high and intermediate spBis=(°/>
and %,) in the oxidized (or ferric) staté.For this reason,
ferriCytc have been widely characterized by NMREPR!!
Mdossbauer spectroscopy MCD,*® resonance Ramaf,and
EXAFS spectroscop$f In contrast, only a few studies have

state of a Cytcin order to understand the structural and/or
magnetic properties at the basis of this unusual chemical shift
pattern.

In paramagnetic proteins, the observed chemical shift is
described by

been devoted to the magnetic properties of the reduced ferrous
state, despite its physiological interest. In this state, the heme
Fe is high spin$= 2), as indicated by Mssbauer spectroscdy ) )
and magnetic susceptibility measurements at room tempetéture, Wheredobs dum, anddpm are the observed, diamagnetic, and

and pentacoordinate, as inferred from resonance Rafnan, Paramagnetic (or hyperfine) shifts, respectively. The paramag-
MCD, 3 and EXAFS datd® These iron properties are analogous Netic shift arises from two contributions, the Fermi contact due

to those observed by Msbauer, EPR, or magnetic susceptibility 0 SPin density delocalization along chemical bonds and the

6obs: 6dm + 6pm (1)

studies for deoxymyoglobi#&!’ or deoxyhemoglobin¥. How-

dipolar shift linked to the electron dipolar fietd.For nuclei

ever, the pattern of the paramagnetic shifts of the four methyl Not scalar coupled to the paramagnetic cenlgs, reduces to

protons is reversed in the Cytevith respect to those of
myoglobinst®1”hemoglobing,/ and model compounds such as
microperoxidase-14 or iron(ll) porphyrins!® NMR studies have

the dipolar (or pseudocontact) effect and is described by the
general equatich

essentially focused on the assignment of the paramagnetic hem@pm = (121 /(3 €08 6 — 1)(r,, — Y0tx + 1)) +
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(Sin” 0 cos 2) (1, — %)} (2)

where yxx 2y, and yz, are the principal components of the
magnetic susceptibility tensor and 0, and ¢ are the polar
coordinates of the nucleus in the reference frame defined by
the principal axes of thg-tensor with the origin at the electronic
density center.

Thus, provided the protein structure, from which the geo-
metric factors, 0, and¢ can be inferred, has been independently
obtained by either X-ray crystallography or NMR, the experi-
mental determination od,m allows one to characterize the
orientation and magnitude of the magnetic susceptibility tensor
and, in turn, the Fermi shift for the protons of the metal ligands.
Determination of these parameters reveals information on the
magnetic properties of the metal at room temperature which
are difficult to determine by other techniques. Numerous NMR
studies of low-spin heme proteins including cytochromés?3
cytochromes,?* and cyanometmyoglobifshave shown that
the chemical shift difference between the oxidiz&l={ 1/,)
and reducedS = 0) states can be used to derive the electronic
g-tensor and detect structural differences between the redox
states.
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In high-spin hemoproteins, the dipolar shift generally arises concentration) in buffer containing 100 mM PQH 6.0). Oxygen

from the existence of a significant zero-field splitting, and the was removed by blowing argon gas over the solution surface for
susceptibility values in eq 2 are given by approximately 15 min. The sample was reduced by the addition of

approximately 10 mg of sodium dithionite (Janssen Chimica) and sealed.
_ 1 _ Under these conditions, the sample was stable for several months. For
Alax= Xaz ™ 10t + 2yy) = the HY exchange experiments, the sample was concentratefiCatat
S+ 1)(2S— 1)(2S+ 3)g2ﬁ2 approximately 2 mM (heme concentration) in buffer containing 100
5 D (3) mM PO, (pH 6.0) and lyophilized. Deoxygenated,® containing
30T approximately 10 mg of sodium dithionite was added at the start of
Ay = _ _ the NH exchange experiment. Completion of the reduction reaction
2 = O XW) - was checked by the absence of any of the characteristic heme methyl
S+ 1)(2S— 1)(2S+ 3)gzﬁ2 resonances of the oxidized form between 60 and 90 ¥pm.
2 2E (4) NMR Experiments. NMR experiments were performed on Bruker
30€°T AMX400 and AMX600 spectrometers equipped withl and 5N
double-resonance probes operating at a temperature of 300 K. For the
whereD andE are the axial and rhombic zero-field splitting 2D HSQC experiments, the spectral widths for the direct and indirect
parameterg! 26 dimensions were 7 and 30 ppm, respectively. The carrier positions for
To our knowledge, very few NMR studies of high-spin ferric  *H and **N were 8.40 and 117.4 ppm, respectively. Spectra were
heme proteins have used chemical shift differences betweenacquired with 160 complex points thand 16 scans pé increment,
redox states to deriv® and probe for structural differences ~for a total experimental time of 2 h. The 3D TOCSMSQC, NOESY-

between redox stat@éAs the reduced state is also paramag- HSQC: and HSQENOESY-HSQC experiments were similar to the

netic. the lack of a diamaanetic referen revents th fTOCSY—HMQC,29 NOESY—HMQC 2° and HMQG-NOESY—HM-
etc, the lack ol a dlamagnetic relerence prevents thé use o QC* experiments previously described except for the following

eq 1 for this purpose. As yet, such a study has not been per-p,qifications: (1) a bettefN resolution can be obtained with the HSQC
formed for a ferriCytg although the observed chemical shifts  sequence compared to that with the HMQC sequ¥rarel (2) pulsed
of protons located in the heme cavity are in agreement, for the field gradient3® were added to suppress undesired coherence transfer
monomeric Cytt of Rsp. palustriswith the predicted shifts  pathways. In addition, the WATERGATE sequeHomas added for
using theD value typical of high-spin iron proteins and a model solvent suppression in the TOCSHSQC and NOESY-HSQC
built from the structure of th&khodospirillum molischianum  experiments. For the TOCSYHSQC and NOESY-HSQC experi-
Cytc 10 ments, Fhe spectrgl width§ féirl, 1N, and'H were 7, 30, and 12 ppm,

In the case of ferrou$ = 2 hemoproteins, the situation js  espectively; carrier positions foH, *N, and'H were 8.40, 117.4,
more complex, as thg-tensor is not necessarily isotropfand and 4.75 ppm, respectively. Spectra were acquired with 256 complex

L _ . points int;, 80 complex points ir,, and 8 scans pdg/t; increment,
derivation ofg-tensor values or thB value from the magnetic resulting in a total experimental time of approximately 60 h. For the

susceptibility tensor components nt_ae_qls complementary studiesq-ocsy_HSQc experiment, the isotropic mixing time was 40 ms (not
such as EPR or magnetic susceptibility measurements. So farjnciuding delays), and the field strength of té WALTZ-16 spin
the iron magnetic properties have been characterized only onjock was 12 kHz. For the HSQENOESY-HSQC experiment, the

sperm whale deoxymyoglobin, and data evidenc8 a2 spin spectral widths for'®N, >N, and *H were 30, 30, and 7 ppm,
state and a contribution of a large zero-field splitting (ZFS) respectively; carrier positions féfN, N, and*H were 117.4, 117.4,
factor rather than an anisotropy of thetensort® and 8.40 ppm, respectively. Spectra were acquired with 92 complex

In the present work, we have performed magnetic susceptibil- POINts int, 92 complex points irt, and 16 scans pey/t; increment

ity experiments as a function of the temperature, which indicate g‘g?;’ﬁﬁrismegta' time 60 th)-t';c’r the Not,ESHSch"’;%d HS?:e "
that the iron(ll) is in an isolated spin state over the studied range. NOESY~HSQC experiments, the mixing time was 120 ms. For the
N-edited experiments, further solvent suppression was accomplished

We have extensively assigned the resonances in the reduce%y weak presaturation (approximatefyB; ~ 10 Hz) during the
state ofRb. cgpsulatu@ytc’ by a comblna_tlon of 3D hetero- relaxation delay of 1.2 s. The field strengths for WALTZ-16 decou-
nuclear experiments. We show that medium-range NOEs andpjing of 14 and*N were 2.8 and 2.1 kHz, respectively. Quadrature
HN exchange rates are consistent with a four-helix bundle detection in the indirectly detected dimensions was obtained by the
structural motif, similar to the oxidized state and the CO TPPI-States methd.1D spectra were collected either with the normal
complex form. ThéH and*®N resonances of the ferriCytand sequence with water presaturation or using the WEFT seqdéSpin-

the diamagnetic carbon monoxide complex form have been lattice relaxation times were measured using an inversieaovery
previously assignet9-28and we have determined the orientation Pulse sequence with a recycle time afh&H). _

of the magnetic susceptibility tensor axes and the magnetic Al data were processed using the FELIX program version 2.1
anisotropy from M, He, and®sN chemical shift differences with (Molecular Simulations Inc., San Diego, CA). The indirect dimensions

. . of 2D data sets were multiplied by a skewed sine bell function and
the diamagnetic state. The ZFS of the reduced state has beerQero-filled to result in 1024x 512 matrixes. For all 3D data sets, the

estimated and agrges with the amplitude qnq the signs of thenumber of data points in the indirect dimensions was increased by 25%
parameters determined by magnetic susceptibility measurements

The respective contributions of the Fermi contact shift and the _ (29) Marion, D.; Driscoll, P.; Kay, L. E.; Wingfield, P.; Bax, A;

: . Gronenborn, A. M.; Clore, G. MBiochemistry1989 28, 6150-6156.
dipolar shift have been separated and analyzed. (30) Kay, L. E. Marion, D.; Bax, AJ. Magn. Reson1989 84, 72—
A

84.
Materials and Methods (31) Ikura, M.; Bax, A.; Clore, G. M.; Gronenborn, A. \I. Am. Chem.
) ) ) S0c.199Q 112 9020-9026.

Protein Preparation. Preparation of'N-labeled Rb. capsulatus (32) Bodenhausen, G.; Ruben, Bhem. Phys. Lettl98Q 69, 185-
Cytc has been previously describ®8For the assignment experiments,  189.
the sample was concentrated at@ to approximately 8 mM (heme (33) Bax, A.; Pochapsky, S. Magn. Resonl992 99, 638-643.

(34) Sklena, V.; Piotto, M.; Leppik, R.; Saudek VJ. Magn. Reson.

(26) Kurland, R.; McGarvey, GJ. Magn. Resonl97Q 2, 286-301. 1993 102 241-245.

(27) Rajarathnam, K.; La Mar, G. N.; Chiu, M.; Sligar, S.; Singh, J.; (35) Shaka, A.; Keeler, J.; Frenkiel, T.; Freeman,JRMagn. Reson.
Smith, K.J. Am. Chem. So04991 113 7886-7892. Kao, Y.-H.; Lecomte, 1983 52, 335-338.
J. T. J.J. Am. Chem. S0d.993 115 9754-9762. (36) Marion, D.; Ikura, M.; Tschudin, R.; Bax, A. Magn. Resor1989

(28) Tsan, P.; Caffrey, M.; Lawson, M.; Cusanovich, M. A.; Marion, 85, 393-399.
D.; Gans, P., manuscript in preparation. (37) Hochmann, J.; Kellerhals, H. Magn. Resonl98Q 38, 23—39.
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using linear predictiof€ The resulting data were multiplied by a skewed Magnetic Susceptibility MeasurementsData were collected on a
sine bell function and zero-filled prior to Fourier transformation. Final 100uL sample of ferroCyt¢ 3 mM heme concentration in D, with
3D matrixes were 51 128 x 256, 512x 128 x 256, and 512« an SHE model 905 SQUID susceptometer. Before measurements, the

128 x 128 real points for the TOCSYHSQC, NOESY-HSQC, and quartz sample holder was first left overnight in a HF solution to

HSQC-NOESY—HSQC, respectively. For convenient analysis of 3D  eliminate ferromagnetic contaminants, washed in distilled water,

data sets, 2D strips were generated as previously deséfibed. sonicated, and rinsed with distilled water. Measurements were made
Computer Modeling. Calculation of a solution structure d®b. between 4.2 K and room temperature for three magnetic fields, 1, 2.5,

capsulatusferriCytc has been hampered by the inability to assign and 5 T. The data were first corrected for the empty holder contribution,

backbone resonances in close proximity to the Fe center and the absenceecorded under the same conditions. The diamagnetic contribugion

of observable NOEs between the heme moiety and the protein, due tofrom the protein and BD to the susceptibility was evaluated assuming

paramagnetic effects on relaxatit#d The geometric factors, 6, and that the susceptibility follows a polynomial law at high temperatures:
¢ were therefore determined using the X-ray crystal structurlnf

capsulatusferriCytc.* For this analysis, the program Insightll (Mo- Yobd T:H) ~ M {T,H)/H = a, + bHT‘l + (:HT‘2 (8)
lecular Simulations, Inc.) was used to add proton coordinates. The

reference frame was defined as having the origin at the Fe&-thés whereay is an estimate ofq. This value was then subtracted from
perpendicular to the plane defined by the pyrrolic nitrogensxtagis the experimental dat&.Fits of the data were made assuming that the

nearly lying along the N(II)-N(I) direction, and thef-axis along the  system is made of n moles of noninteracting heme units whose states
N(IV) —N(lI) direction. All the calculations were made for the two  gre described by the classical effective spin Hamiltortan,
crystallographic subunits of the dimer in order to account for possible

atom position differences between them. The magnetic susceptibility _ 2_1 2_ o2

tensor orientation was defined by the three Euler angle8, andy H = pSgH + DI(S, fSS+ )+ B S/) ©)
relative to the molecular reference axes described above. The two
anisotropic components of the magnetic susceptibility tensor were
obtained from eq 2 by minimization of the following target function:

D andE are the ZFS axial and rhombic factors, respectively, and the
g-tensor is taken to be isotropic.
Data were adjusted by minimization of the residual

F= (Adgps— Opm)” (5) T\2

resiue R= z (MpdTi H) — Mcalc(Tiin)); (10)
where Adops is the difference between the reduced and diamagnetic ' i
chemical shifts andpn is calculated from eq 2. The residuals for the
overall fits were defined aB/N whereN is the number of residues.
The residuals for the individual fits were defined as

= - de [a(In Z(T_i,H,0
AAS = Adgps— Oy 6) T, H) = KT, 56 o [ 2 (in (Erli ”q)))]HfH

The optimization of the three Euler angles 3, andy and the two (11)
componentA\yax = (xzz — Yol + 2yy)) @nd Ay = (xx — xyy) Was

achieved by means of a simulated-annealing algorithm developed in where N, is the Avogadro number and(T_i,H,0,¢) the system
the laboratory’® As the axes, y, andz are arbitrary; this gives up to partition function for an orientatiofl, ¢ in the magnetic field system’s
six pairs of values of\y.x and Ay, related to one another by circular ~ frame?

permutation of thex-, y- andz-axes and consequently to six degenerate

minima with the sam&/N. In agreement with the EPR convention of ~Results

Blumberg# we chose the axis system in which the largest component Magnetic Susceptibility and Electron Paramagnetic Reso-
is along z and the smallest alomgi.e., |[xzd > |yl > lxxd)-

Structural changes were detected from the analysis of the residuals’12NC€ Spec_troscopy Resultdo characterize the spin state of
AA® for each nucleus, as described by Feng & 8kich changes are  the iron(ll) in the Rb. capsulatugerroCytc, we performed
considered only if the difference between experimental and calculated Magnetic susceptibility measurements and EPR spectroscopy.
dipolar shifts|AAd| is larger than the estimated precision which arises Figure 1 illustrates the temperature dependence of the molar
both from the measurement of the chemical shifts (0.04 ppm for protons, effective magnetic moment observed in the ferroCgample
0.4 ppm for*N) and the accuracy of the crystallographic coordinates for three applied magnetic fields. The values taken by the molar
Al. The uncertainty associated witiim depends oAl and the atom  effective magnetic moment above 100 K are in the range 4.8
posit_ion and_ can be evaluated by eq 7 which corresponds to the 5.2 ug and are, therefore, in good agreement with the value
maximal variation ofdpm for an atomic dlsplacement_ dfl. In the expected for 1 mol of isolated spin quintuplet: 4,89 No
present studyAl was taken as 0.3 A for all the nuclei. excited state having a spin value different from that of the

20 ground state is thermally accessible, at least below 1000 K, as
Adpn = ( a—?m + Tsind W )AI @) indicated by the absence of a wide variation of the effective
magnetic moment between 100 and 250 K.

EPR Spectra.EPR spectra were recorded with an X-band Bruker ~ In Figure 2, the molar magnetization is plotted against the
EMX spectrometer equipped with a dual-mode ER4116 cavity and an field/temperature ratio for the three magnetic fields. The
Oxford Instrument ESR-900 continuous-flow helium cryostat. The difference observed between the three isofield curves indicates
solution of 5 mMCytt was transferred to an EPR quartz tube. The the presence of a strong ZFS interactidihe solid lines shown

using the nearest-neighbor pivot metti6dhe calculated magnetization
value M(T;, Hi) is given by the formula

20

1 aépm
()

vl o5

tube was frozen, and the EPR spectra were recortietiain the in Figures 1 and 2 correspond to the adjustment results. The
parallel mode. adjustment has been performed using the assumptions described
(38) Olejniczak, E.; Eaton, HI. Magn. Reson199Q 87, 628-632. in the Materials and Methods section and the results are shown

(39) Caffrey, M.; Brutscher, B.; Simorre, J.-P.; Fitch, J.; Cusanovich, in Table 1. The derived ZFS interaction parameters-at8.3
M.; Marion, D. Eur. J. Biochem1994 221, 63—75.

(40) Blackledge, M.; Cordier, F.; Dosset, P.; Marion, DAm. Chem. (42) Day, E. P.; Kent, T. A;; Lindhal, P. A.; Mk, E.; Orme-Johnson,
Soc.1998 120, 4538-4539. W. H.; Roder, H.; Roy, ABiophys. J.1987, 52, 837-853.
(41) Gaffney, B. J.; Silverstone, H. J. BMR of paramagnetic molecutes (43) Kahn, OMolecular MagnetismVCH Publishers: New York, 1993.

Berliner, L. J., Reuben, J., Eds.; Plenum Press: New York, 1993; Vol. 13,  (44) Serra, P.; Stanton, A. F.; Kais,5.Chem. Physl997 106, 7170~
pp 1-57. 7177.
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Figure 1. Temperature dependence of the molar effective magnetic

moment of the ferrocytochronet from Rb. capsulatugor three values
of the applied magnetic field. Circke 1 T, square= 2.5 T, triangle=

5 T. The three lines through the data are the magnetic moment curves

calculated using the effective spin Hamiltoniam=€ 2, D = —18.3
cm 1, andE/D = 0.27). The molar effective magnetic moments in the
range 4.8-5.2ug are in good agreement with the value 4Q0xpected
for an isolatedS = 2 spin-state.
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Figure 2. Molar magnetization of the ferrocytochronee of Rb.
capsulatusplotted against3H/KT for three values of the applied
magnetic field. Circle= 1 T, square= 2.5 T, triangle= 5 T. The

three lines through the data are magnetization curves calculated usinggtas of the I, H®

the effective spin Hamiltoniang(= 2, D = —18.3 cn1?, andE/D =
0.27). The presence of a strong ZFS interaction is indicated by the
nonsuperimposition of the isofield curves.

Table 1. Calculated Zero-Field Splitting and Rhombic Splitting
Factor

H (T) n2 D (cm™) nP TIC® residuat
1 0.303 —-16.4 0.28 4.74 4.5
25 0.305 —19.5 0.30 6.60 5.7
5 0.306 —-19.5 0.28 7.25 5.4
simule 0.304 —18.3 0.27 f 18.8

@ Number of micromoles of paramagnetic iron center in the sample.
This value was fitted during the calculatidhE/D ratio. ¢ Temperature-
independent correction: deals with the uncertainty present in the
estimate ofyqia With eq 8 (in 101° emu).9 Residual of the fit. Values
are given in 10 emw?-K2. €A unique set of data was used for the
simultaneous fit of the three isofield curvéd.IC values for the isofield
curves at 1, 2.5, ah5 T are 5.00, 6.74, and 7.34, respectivélgum
of the residuals for the three isofield curves.

cm™1 for the D factor and 0.27 for the rhombic fact&D. A
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Figure 3. 2D representation of the NOESYHSQC 3D experiment
for the sequential assignment Bb. capsulatuserrocytochromec’
residues A10%+L114. The mixing time was 120 ms. Each residue is
presented as a small region of the 2D spectrum taken atthe
frequency and centered at the' frequency (Table S1, Supporting
Information). Arrows are drawn for short-range interresidue NOEs. The
presence along the sequence of consecutiwegicharacteristic of a
helical conformation between A101 and L114.

compounds, such as deoxymyoglobin or model compotihds,
and therefore is in agreement with the proposed spin state of
the iron in the ferroCytc

Cytochrome ¢’ Assignment. (&) Spin System Identification.
In the TOCSY-HSQC 3D experiment, intraresidueNHH*
correlations are observed for 106 of 126 non-proline amino
acids, and N—H? correlations are observed for 86 of 112 non-
proline and non-glycine amino acids. In contrast, correlations
for the H', H9, etc. are missing for many long-chain amino acids.
The missing W—H® correlations in the TOCSY¥HSQC
experiment are presumably due to increased transverse relaxation
or 3N nuclei close to the paramagnetic
center. In addition to this effect, the incomplete TOCSY transfer
in the long side chain could originate from the slow tumbling
rate of the protein. Finally, we note that a single set of
resonances is present in the TOCSNSQC experiment for the
reduced state, indicating that the ferroCytomplex either is
in a monomeric state or is a symmetric dimer, as previously
observed for the ferriCytdoy X-ray crystallography??

(b) Sequential Assignment and Secondary Structurelhe
IH and N resonances oRb. capsulatusferroCyt¢ were
sequentially assigned by the NOESMSQC 3D experiment,
in whichIHN—15N pairs are correlated to intra- and interresidue
1H,2° and by the HSQENOESY-HSQC 3D experiment, in
which HN—15N pairs are correlated to interresiddeN.s!
Assignment of residues A101 to L114 using NOESSQC
is illustrated in Figure 3. In this figure, each residue is
represented by a small region of the 2D plane at a giviin
frequency and centered at a giveN frequency. Short-range
dvng,i+1), dengi+1), and dingi+1) connectivities are shown by
horizontal lines. A summary of the short-range and medium-

slight disagreement between the data and the fit has beenf@nge @eng,i+3) connectivities observed in NOESYSQC is
observed only at very low temperatures for the strong magnetic 9iven in Figure 4. In addition, the relative"Hexchange rates

field value d 5 T and could be due to intermolecular antifer-
romagnetic coupling.

The EPR spectrum of a frozen solution of ferroCyias been
recorded using the parallel mode (Figure S1, Supporting
Information). A single large asymmetric resonance signal is
observed with a minimum af = 8.38. This spectrum displays
a similar shape and frequency as for other high-spin ferro

are presented. Together tltleygi+3) connectivities and HN
exchange rates suggest that there are four helical regidRis.in
capsulatugerroCytc: residues 3-29, 33-49, 78-97, and 103
117. In total, backboné&H and!*N have been assigned for 116
of the 126 residues present Rb. capsulatusCytc'.

(45) Hendrich, M. P.; Debrunner, P. Biophys. J1989 56, 489-506.
Yu, B.-S.; Goff, H. M.J. Am. Chem. S0d.989 111, 6558-6562.



1800 J. Am. Chem. Soc., Vol. 121, No. 9, 1999 Tsan et al.

1 10 20 30 40 50 60
ADTKEVLEAREAYFKSLIGGSMKAMTGVAKAFDAEAAKAEAAKLEKILATDVAPLFPAGTSSTOL
0000000 6000 0000086008 0000000 00000000000000000 00 00000000

— W
dNN

doy - I S B S
dgy W E——— -1 W I W7 W

duN(i,i+3) _— —_—— —_— —

Q ) Q )

70 80 90 100 110 120
PGQTEAKAAIWANMDDFGAKGKAMHEAGGAVIAAANAGDGAAFGAALQKLGGTICKACHDDYHEEDI
000 000000000000 0000000008000 90 90000000000000000

dyy N N B

deN(,i+3)

Figure 4. Schematic summary of the sequential connectivities for the assignm&fit alapsulatugerrocytochromee’. No distinctions are made

for the relative intensities of the NOEs because the presence of the centrally located paramagnetic center leads to nonuniform relaxation rates
within the molecule. Unassigned residues are boxédinkslow exchanget(, > 5 min) are identified by filled circles, and™in fast exchange

(tz2 < 5 min) are identified by open circles. The helical regions identified bydtkgi+s and slowly exchanging Mare shown by solid lines. The

dotted lines for helix-1 and helix-4 represent the expected helical structure based on the X-ray struRtureagfsulatuserriCytc .4

(c) Assignment of Side-Chaint>NH. The side-chairt®NH A |
resonances of Q67, W75, N77, N100, and Q112 were identified M
by the TOCSY-HSQC 3D experiment and assigned by the 110 100 90 80 |
NOESY—HSQC 3D experiment. Specifically, the side-chain B C
15NH of W75 was assigned by a TOCSY correlation to thelC ﬁ : :

which exhibits NOEs to the previously assigne#l &hd H of
W?75. The side-chaif®NHs of N77 and N100, and of Q67 and
Q112, were assigned by NOEs between tRdH and the
previously assigned Hand H, H? and H, respectively. In
contrast, the side-chaiftNHs of R10, H89, H122, and R126
were not apparent in the TOCSHSQC or NOESY-HSQC

3D experiments. A summary of the chemical shifts is given in

65 55 45 35

40 30 20 10 0 -10 -20

the Supporting Information.
(d) Assignment of the Iron(ll) Ligand Protons. In Figure Chemical shift (ppm)
5, a 1D spectrum of the ferroCytef Rb. capsulatuss shown. Figure 5. 1D spectra of the ferrocytochroneeof Rb capsulatusThis
This spectrum is similar to those reported for the ferroCgic spectrum shows the general but unusual pattern of three upfield and
Chromatiumvinosum Rhodospirullum rubrumand Rhodo- one downfield methyl resonances of ferroCyfthe full spectrum was

cyclus gelatinosy¥2ef with the classical pattern of three recorded with a water presaturation of 150 ms, a spectral width of
methyl resonances shifted upfield and the fourth downfield. We 25000 Hz, and 200 000 scans. Insets were taken from a spectrum
observe several large resonances shifted out of the “diamagnetic*écorded at 315 K using a WEFT sequetieeith a spectral width of -
envelope and whose chemical shiffg, relaxation times, and 100 000 Hz, 1024 scans, a recycling time of 10 ms, and a relaxation
proposed assignments are reported in Table 2, together with!™e f 30 ms between the 8@uises and the refocalizing pulse. A,
those of homologous CytcHeme protons have been assigned His122 NH; B, His122 GH; C, His122 GH; B, propionate 17 F,

. . . His122p; G, propionate 13 I, methyl-7; K, His1224'; L, propionate
using 2D NOESY experiments #H.0 and 1D NOE experi-  13. N methyl-2; P, methyl-12, Q, methyl-18. Tentative assignments
ments. First, the assignment has been initiated at the fowr CH for peaks D, H, J, and M are reported in Table 5. I, N, P, and Q peaks
resonances at5.5, —9.14,—12.1, and 16.5 ppm. The NOE integrate for three protons; J, K, and L peaks integrate for more than
observed between the resonance—&t2.1 and —5.5 ppm one proton.
supports the assignment of adjacent methyl-2 and methyl-18
(data not shown). Propionate-bi#protons were identified as  The a-proton of His122 was assigned as giving the strongest
resonance pairs correlated by strong NOE with one of these NOE correlations with thg-protons. We assigned tentatively
two methyls, therefore assigned to methyl-18. Propionate-13 the resonances at 47 and 55 ppfv (= 3000 Hz) to the gH
o-protons were identified as resonance pairs correlated by strongand GH of the imidazole of His122 on the basis of similar
NOE with one of the two remaining methyls, which was features in the deoxymyoglobin and model compourigas
consequently assigned as methyl-12. Methyl-3 and methyl-8 indicated in Table 2, these assignments are in agreement with
have been tentatively assigned as giving the strongest correlathose reported for thR. gelatinosusCytc' . 10f
tions with methyl-2 and methyl-7, respectively. Thgrotons Magnetic Susceptibility Tensor Determination.Magnetic
and NH of His122 were assigned following the assignments properties of the reduced state as well as potential structural
of similar signals in homologous Cytar deoxymyoglobind®a.f differences between states can be assessed using eq 2. It is,
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Table 2. Chemical Shift and Longitudinal Relaxation Time of the T e e e N M

Ligand Protons irRb. capsulatus-errocytochrome' and Relative 1 ¢ .
Compounds .1 @ 2
chemical shift (ppnf) ] : o "
protor? caps$ gelat vinos  rubr é e I °°+$ C
methyl-2 (N) —5.49 (43) —9(35) -75 -8 - _:_g* _______ s & ;ﬁ; :
thiomethyl-3 05 g Franet ca R T |
thiomethine-3 s ] @ ®y o ST ;
methyl-7(1) 16.53 (38) 17 (45.1) 18.5 23 g %4 ¢ 34'1‘* -
thiomethyl-& -15 g % ® i
thiomethine-8 S ] o o a
methyl-12 (P) —9.14 (42) —12(36.4) -12.2 -—10 ] o '
propionate-13(G) 20.4 (45) 20.5 (56) - +
propionate-13(L)  13.77(24) 14 (34) 5 20 © o @
propionate-17 12.19 (17) 11 )
propionate-17(E) ~ 24.18 (41) 24 (17.2) _ _ residue number _
methyl-18 (Q) —~12.1(43) —14(38.2) -16.6 —12 Flgure_: 6. Cqmpanson of the observed and calculatégprramagnetic
His 8 (8") (K) 13.8 (30) 14 (22.3) chemical shifts for the ferrocytochrone of Rb. capsulatusOpen
His 8" (B) (F) 22.6 (23) 24 (13.2) circles: calculated paramagnetic chemical shifts; crosses, observed
His N1H (A) 100.6 104 paramagnetic chemical shifts. Thé shifts of glycines were excluded,
His C;H (C) 47 (<1) due to the absence of stereospecific assignments. Values=argo°,
His CH (B) 55 (<1) B =267y =16 Ayax=3.82x 10733 m?, Ay = —1.15x 1073 mq.
aChemical shifts are referenced to theQHresonance and are bl Lty T T T TN TR T
accurate to+0.02 ppm.Heme protons are named following the A E 18 3
IUPAC recommendations. Letters in parentheses correspond to the peakg Eog e
labeling in Figure 5¢This work, measured at 300 K, pH 6.0. In & 3 £ 3 . E
parentheses are indicated thein milliseconds. TheT; values were 3 3 3
obtained by fitting the peak intensities as a function of the delay in § 3 ¥* E oS o 3
inversion-recovery measuremerftéieme protons chemical shiftsand g o . Eo Lo . e
longitudinal relaxation times of the ferroCyterom R. gelatinosus é 3 £ 3 PN E
recorded at 295 K and pH 5. ¢Proton chemical shifts of the < E R ¢ ) b
ferroCyt¢ from C. vinosum recorded at 298 K and pH 7% A E 1, 0. 3
Assignments of the methyl protons are only tentative and based on = Eo . 3
chemical shift values.Proton chemical shifts of the ferroCytirom B — A

Rsp. rubrunrecorded at 303 K% Assignments are only tentative and

based on chemical shift values. HN calculated values (ppm) 15N calculated values (ppm)

however, necessary to assume that the electron density of the !9u'® 7 Comparison of the experimental paramagnetic chemical
ferrous state is located at the Fe center, a simplification which Sh:ﬂsl otf éhe.t':: t(hA) a"dlt N t()lts)' W'éhf the fr?e!":‘la?t‘i/d ld'pc"ar shifts
is only justified for nuclei that are located at least 10 A away ggoc%a:ezsw _ ; rzsu i% 83'281(;303”%3 Ay — 7a1uf55 Xarfé;
from the metal centeft This criterion is satisfied by all of the 113 "Te line corresponds to thew. x function.
backbone nuclei considered in the present discussion.

The magnetic susceptibility tensor components can be derivedparison of the observed and calculated ehemical shifts
from eq 2 by a least-squares fittingNHthemical shifts were  (Figure 6) illustrates the very good agreement between the data
initially excluded from the calculation because they are sensitive and the calculation. On the second unit of the dimer, similar

not only to paramagnetic effect but also to H-bondthg™N results were obtained for the orientation and the amplitudes of
chemical shifts were also excluded from the initial calculation they-tensor components (Table 3). Th& Bhd'®N dipolar shifts
because they are sensitive to interactions betweefithetomic calculated from the optimized parameters obtained with the H

orbitals and those of neighboring atofisin addition to set are shown in Figure 7 as a function of the experimental
H-bonding and paramagnetic effects. Glycine shifts were values for the A subunit. As illustrated by this figure, the
excluded, as they were not stereospecifically assigned. In thecalculated paramagnetic shifts folVHit very well with the
initial stage, we used the complete set for 89 &hd the experimental shifts. Calculations with the'tér'>N chemical
coordinates of the A subunit. The fit resultedAya= 3.82 x shifts performed for the two subunits are reported in Table 3.
1033 m® and Ay = —1.12 x 10733 m3, with F/IN = 4.1 x We found the same orientation and the same axial susceptibility
103 ppn? (Table 3). Surprisingly, the-axis of they-tensor anisotropy for all sets of protons. Only a slight variation of less
was found to be tilted approximately 3@way from the heme  than 15% is observed for the rhombic anisotropy. i set
normal axis. The whole conformational space was thus exploredalso gives comparable values of the axial and rhombic aniso-
in order to look for other minima on the heme symmetry axes. tropy but yields a slightly lower tilt of the-axis.

We found no minima other than the six expected by circular  In a second stage, atoms which exhibitad\d| larger than
permutation of the-, y- andz-axes (see Materials and Methods). the sum of the experimental error of the chemical shift (0.04
Therefore, for the following calculation stages, the conforma- ppm for'H and 0.4 ppm fo#5N) and the uncertainty due to the
tional space exploration was restricted to the quadrant containingaccuracy of the coordinates (see Materials and Methods) (i.e.,

the minimum corresponding tiz4 > |yl > lxxd. A com- 13 H, 13 HN, and 20"N of subunit A and 10 ¥, 12HN, and
15 i i
(46) Golding, R.. Pascual, R.. Stubbs, Mol. Phys.1976 31 1933, ;9 N of subunit B) were dlscardeq from the calculatfThe
(47) Wagner, G.: Pardi, A.; Wuthrich, K. Am. Chem. Sod.983 105, fit for the proton sets resulted in the same values of the
5948-5949. orientation as well as the amplitude of the axial and rhombic

(48) Martin, G.; Martin, M.; Gouesnard, 3°N NMR Spectroscopy ; ; ;
Springer: New York, 1981. Glushka, J.; Lee, M.; Coffin, S.; Cowburn, D. anisotropy (Table 3). In contrast, using the restrictéd set

J. Am. Chem. S04989 111, 7716-7722. Braun, D.; Wider, G.; Wuthrich, ~ gave a comparable tilt of the-axis but larger values of the
K. J. Am. Chem. S0d.994 116, 8466-8469. axial and rhombic anisotropy.
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Table 3. Calculated Angles and Components of the Magnetic Susceptibility Tensor for the Ferrocytochminib. capsulatus

atom set (subunit) o (deg) 32 (deg) y2(deg) Axad Ay F/N¢
Full Set
89 H* (A) 40 27 3 3.82 —-1.12 4.1
89 H (B) 42 28 1 3.86 -1.13 3.9
101 HY (A) 37 27 9 3.89 —0.91 4.0
101 HY (B) 38 28 8 3.95 —-0.92 3.6
101N (A) 24 25 23 3.44 —-1.19 129.4
101%N (B) 26 22 17 3.27 —1.15 141.3
89 H* + 101 HY (A) 37 27 7 3.84 —1.00 4.2
89 H* + 101 HY (B) 39 28 6 3.90 —1.00 4.0
Restricted Set
76 H(A) 39 26 6 3.82 -1.15 2.3
79 H* (B) 41 27 3 3.85 —1.16 2.3
88 H' (A) 35 28 11 3.85 —-0.87 3.0
89 HN (B) 38 28 8 3.89 —0.86 3.2
8115N (A) 20 26 30 451 —~1.46 455
825N (B) 20 28 33 4.72 —1.67 43.0
76 H* 4 91 HN (A)¢ 36 (0.5) 27 (0.3) 9(1) 3.84 (0.05) —1.01 (0.09) 3.1
79 H* + 90 HN (B) 39 28 6 3.89 —1.01 31

a2The component axes were chosen following the Blumberg convefitibim 10733 mé. ¢ In 1072 ppn?. @ The numbers in parentheses correspond
to the uncertainties calculated using Monte Carlo simulafiéns.

Table 4. Dipolar and Contact Contribution in the Paramagnetic
Chemical Shifts of the Heme Protons Rb. capsulatus
Ferrocytochrome' and Sperm Whale Deoxymyoglobin

chemical shift (ppm)
heme atorh  paran? dipolaf contact SWM dip®? SWM cont

methyl-2 -92 -74 -18 —-3.12 7.2
thiomethyl-3 -18 —3.05 13
S thiomethyne-3 —2.4
Zaxisy Ta methyl-7 12.7 —-2.8 15.5 2.17 4.9
thiomethyl-8 -3.1 -34 0.3
thiomethyne-8 —8.2
Figure 8. Position of the magnetic susceptibility tensor in the methyl-12 -129 -71 -58 —2.36 15.7
ferrocytochrome’ of Rb. capsulatusOn the right-hand side, the heme  propionate-13f 16 -2.3 18 —-1.64 7.9
has been rotated 9@round the heme normal with respect to the left propionate-13f 10 -3.0 13 -0.70 1.7
side. Location of the imidazole ligand is the inverse in the Cyiith propionate-1¥" 20 -0.3 20 2.09 6.9
respect to myoglobins. Heme substituents were named following the propionate-17° 9 —2.4 11 2.65 4.11
IUPAC recommendations. The molecular ax¥sY(Z) have theZ-axis methyl-18 —-157 —-60 —97 0.62 35
normal to the heme, with thi-axis oriented following the N(lIF- 5-H —33
N(l) direction, and are in dashed lines. The magnetic axgsz)( are ig: _151"3
indicated in bold lines, with thg-axis pointing toward the front of the 20-H _19'9
figure. )

a2 Nomenclature of the heme protons of the ferroCytdlowed
In a last stage, the procedure has been repeated with thdUPAC recommendation$.Obtained from the difference between
combined sets of Hand H' chemical shifts, and these final  ferroCytc and the diamagnetic CO compl&x.© Calculated from the
values are discussed. Uncertainties on the orientation and thé{/alues of magnetic susceptibility tensor determined in this work and

incinal | h b . d using M he coordinates of the heme protons of the ferriCygtructure®
principal component values have been estimated using Monted gpained from the difference of the observed paramagnetic shift and

Carlo simulation® and are reported in Table 3. The principal the calculated values of the dipolar shifrom ref 16./ Paramagnetic
axes of theg-tensor are shown in Figure 8. From the values of shifts of the propionate protons have been estimated using values

Ayax andAyqh, we have calculated a ZFS axial paramédenf measured in the reduced cytochrorog, of Ectothiorhodospira
—23.84 0.2 cnt! and a ZFS rhombic factdE of —3 + 0.1 halophllla,62 as they have not been specifically assigned in the dia-
cm~t from egs 3 and 4, assuming that the system can be magnetic form.
described by eq 9 with an isotropigtensor.
Last, calculations assuming a dimeric state for the Gyé&re
performed but no improvement of the fit was obtained.
Contact Shift of the Iron Ligands. In accordance with the
metal-centered hypothesis, the magnetic susceptibility tensor wa
determined using protons located 10 A and more away from
the iron center. For other protons, a rigorous calculation of the

dipolar shift should include a ligand-centered contribufibn.
However, this approach still provides an estimate for the dipolar
shift, which has been used to derive the contact shift for the
ligand protons. The calculated dipolar and contact shifts are
S(:ompared with the data on sperm whale deoxymyoglShin
Table 4. We observe positive contact shifts and consequently
high positive spin density delocalization on’CZ13, and C17

(49) The following atoms were excluded from the fit:H5, 20, 31, 48, for the Rb. capsulatugerroCytc. In contrast, C2 C12, and

;‘gv % g? 8;’ ;21679% i‘?}gf& r?i?g 332'51 SZUSbUZnGIt 2\572&3%43%4%557465’ C18' experience weak and negative contact shifts. Contact
74 77,79, and 81 in subunit A; 23, 25, 26, 27, 31, 33, 39, 41, 43, 74, and Contribution of 1.2 ppm is observed for thiomethyl-3, which
79'in subunit B15N: 4, 5, 6, 7, 9, 12, 22, 32, 34, 39, 47, 49, 59, 68, 72, 74, suggests the presence of a significant spin delocalization &n C3
86, 104, and 108 in subunit A; 4, 5, 6, 9, 12, 32, 34, 39, 42, 47, 49, 51, 59,
68, 72, 74, 77, 86, 104, and 108 in subunit B. (51) Bertini, I.; Luchinat, C. INNMR of paramagnetic molecules in

(50) Cordier, F.; Caffrey, M.; Brutscher, B.; Cusanovich, M. A.; Marion,  biological systemsLever, A. B. P., Gray, H. B., Eds.; The Benjamin/
D.; Blackledge, M.J. Mol. Biol. 1998 281, 341-361. Cummings Publishing Co.: Menlo Park, NJ, 1986; pp-84.
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Table 5. Predicted Values of the Chemical Shift and the
Longitudinal Relaxation Times for the Protons of the Heme Cavity
in the Ferrocytochrome’ of Rb. capsulatus
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structural and magnetic properties of the physiological form of
a Cytc. We assigned for the first time the backbone nuclei of
a ferrous high-spin hemoprotein. The remaining unassigned

_ Dre-r® T Odp®  Ocad  Oerf residues correspond to those in close proximity to the heme
residue _atom (A)  (ms) (ppm) (ppm) (ppm) peak binding site (F14L18, C118-E127) and hence the paramag-
F14 HN 6.9 93 76 156 1.2 netic center.

Fl4  HA 509 15 107 155 37 Structural Properties of the Ferrocytochrome c'. As no

Fl4 HE1 3.97 3 235 253 98 D structure is yet available, very little information is available on

F14 HB2 5.3 20 14.2 16.5 32 J e . . . .

Fl4 HD¥ 438 15 274 350 222 the ferrocytochrome', in particular in the direct neighborhood

F14 HE* 4.58 2 51 125 7.9 of the iron. Our results allows us to gain structural insights into

F14 HZ 4.77 12 0.7 8.3 2.5 this physiological form. First, the secondary structure of the

L17  HB1 6.16 47 —48 -—4.1 1.2 reduced state consists of four helices, helix-+§B), helix-2

ti7 HB2 56 27 -11 -06 11 (34-49), helix-3 (78-97), and helix-4 (103117), and does

L17 HD1*  5.30 9 -19 -26 2.2 oL . -

G18  HN 6.82 87 -25 6.7 0.9 not show.5|gn|f|car.1t differences f_rom that of the oxidized state

E55  HZ 617 47 -04 63 1.0 and the diamagnetic state, as derived by NMR spectrodteiiy

Cl18 HA 4.98 13 9.7 135 3.7 KorlL and X-ray crystallography/Dipolar shift analysis for the reduced

C118 HB1 4.68 9 98 122 45 state ofRb. capsulatu€ytc has allowed us to probe for redox-

gﬁ? Hgi g-ig ‘152 g-g g-‘?‘ é-i dependent structural changes. Generally, protons that exhibit
: ‘ : ‘ chemical shifts in poor agreement with the calculated shift are

Cl121 HB2 6.69 76 3.1 51 2.3 . .

H122 HN 566 28 108 17.6 29 KorL Iinterpreted as undergoing redox-dependent structural changes.

H122 HA 5.58 25 3.8 6.4 2.0 Accordingly, considering the Hdata set, redox-dependent

R126 HB1 6.26 52 —06 2.0 0.8 structural changes appear to be very limited between the reduced

R126 HB2 524 17 -56 -32 18 M and the diamagnetic state as well as between solution and crystal

R126  HG1 6.16 4r —41 08 states. Protons that show deviations above the criterion defined

R126 HG2 6.98 100 -1.9 0.5 . . . - .

R126 HD1 516 16 -06 15 in Materlals and Methods_ are primarily located in the loop

R126 HD2 3.98 3 —96 4.8 regions. Moreover, the fair agreement for the amide protons

a Distance between the iron center and the proton calculated from
the coordinates of the oxidized forth.  Calculated fromTiy =
Tamed(rre—r/rFe-mer),® With Tiver = 40 ms.C dgpp Was calculated using
the orientation and the optimized magnetic tenser 36°, § = 27°,

y = 9°, Ayax = 3.84 x 1073 mS, Ay= -1.01 x 1072 m?, and the
coordinates of the oxidized forfi. ¢ Calculated as the sum of the
chemical shifts measured in the diamagnetic framd d4j. © Calcu-
lated from the uncertainty on the coordinates as described in Materials
and Methods' For protons of aromatic rings or methyl groups, we take
as the relaxation time the estimation of the relaxation time for the nearest
proton of the metal center and as the dipolar or chemical shift value
the mean of the dipolar or chemical shift of the protons in chemical
exchange? Tentative assignment from the similarity between the
measured parameters and calculated parameters. The letters correspo
to the peak labeling in Figure 8The T; value of M peak is 20t 5

ms.

Assignments of Protons Located in the Heme CavityThe
electronic relaxation time in the ferroCytan be derived from
the heme methyT; under the assumption of a purely dipolar

supports the lack of major changes in the hydrogen bond
networks involving these nuclei between the different redox
forms. In contrast, the agreement between the observed and
calculated paramagnetic shifts for tH& backbone atoms is
quite poor, as is that in the oxidized fodhSuch a situation
has been also observed for the only other known example:
cytochromebs.2%P At this time, we have no explanation for this
different behavior.

Redox-dependent change could be expected in the iron
environment. Indeed, in the CO complex diamagnetic state, the
hexacoordinated iron is thought to be in the porphyrinic plane

@ in theN-butylisocyanide comple® whereas the iron is

displaced out of the plane in the pentacoordinated high-spin
state, as shown by model compounds or myoglobin structres.
Moreover, the coordination of the carbon monoxide could lead
to a displacement of some residues around the coordination site
for ligand fitting. Unfortunately, due to the relaxation induced

relaxation with the electrotk. This assumption seems reasonable by the paramagnetic iron, the structural probes on the backbone
as theT; values for the four methyls groups are rather similar are too scarce for a precise description of this region, and the
despite very different contact shifts (Tables 2 and 4). From the paramagnetic shifts cannot be efficiently used because of line
observed values ofF, we obtain an electronic relaxation time broadening. The agreement of the predicted chemical shifts and
of about 4x 1079 s, of the same order of magnitude as those Ti values of some of the protons located in the heme cavity

reported for deoxymyoglobin and deoxyhemoglobin.
The 'H T in the heme cavity can then be predicted using
the structure coordinates of the oxidized form and the relation

(12)

In the same way, the chemical shift of these protons can be
estimated from their chemical shift in the diamagnetic CO

complex form and the calculated dipolar shift. From the data
predicted for these protons, resonances out of the “diamagnetic”
part of the spectrum have been tentatively assigned and ar
reported in Table 5.

Discussion

In this study, we have characterized the reduced paramagneticy_

form of a Cyt¢. This allows us to gain some insights into the

with the chemical shifts andl; values of resonances observed
outside of the diamagnetic part suggests, however, that iron
reduction does not induce large structural changes in the heme
environment. Assignment of these protons is underway to
investigate more precisely this point.

Finally, most backbone nuclei do not exhibit anomalous
chemical shifts and are thus not experiencing structural changes
between the different redox statesRif. capsulatu€ytc. This
observation is in agreement with previous NMR studies on other
heme proteins not related to the CytEor example, redox-
dependent structural changes were limited to a few residues in

€he cytochromesc,2223 cytochrome B2* and myoglobir??

Together, these observations support the lack of large-scale

structural changes in heme proteins.

(52) Scheidt, W., R.; Gouterman, M. lron Porphyrin, Part | Lever,
B. P., Gray, H. B., Eds.; Addison-Wesley Publishing Co.: Readings,
MA, 1982; pp 89-139. Takano, TJ. Mol. Biol. 1977, 110, 569-584.
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Magnetic Properties of the Ferrocytochrome & Magnetic
susceptibility measurements show that the iron(ll) is in a

thermally isolated spin state. Besides, no admixing of spin states

take place in the reduced form, in contrast with the oxidized
form. Although a spin state lower than 2 with a significant
orbital contribution cannot be formally excluded, the value of
the effective magnetic moment is that of a spin-dBly 2 state,
which is in agreement with the spin state expected from the

pentacoordination of the iron. Assuming that the system can

be described by eq 9 with an isotrogitensor affords a negative

D value of about—20 cnt!, which is in good agreement,
considering the different experimental techniques, with that
obtained in solution from the determination of tjeensor.
Interpretation of the zero-field splitting parameter values is

Tsan et al.
2 (1,
3 (1;) 71 (15.5)
(40_534 Cy (30-40)
Ny Cp (5-16)
(80)
Co (25

Figure 9. Electronic spin delocalization on the heme (left) and His122
(right) in the ferrocytochrome’ of Rb capsulatusThe propionate
groups point toward the front of the figure. Location of the imidazole

beyond the scope of this work. It can be noted, however, that ligand is the inverse in the Cytaith respect to myoglobins. Heme

negative values oD have also been observed in deoxymyo-
globin® and in other iron(Il) compounds.

NMR studies of model porphyrin compounds suggest that
the dipolar effects on chemical shift are generally small for the
S = 2 statel? indicating weak magnetic anisotropy in these
compoundg>33However, in the ferroCyt¢paramagnetic shifts
of similar magnitude as in the ferriCytevere observed as
evidence of a large magnetic susceptibility anisotropy in the
reduced form. In comparison with myoglobin, the axial magnetic
anisotropy in the ferroCytds about 3 times larger than that in
the deoxymyoglobitf and comparable to low-spin iron(lll)
compounds$?! Moreover, the ferroCytexhibits a nonnegligible
rhombic anisotropy, as inferred from the NMR and susceptibility
results.

Interestingly, thez-axis orientation of the magnetic suscep-
tibility tensor does not coincide with the F& imidazole
direction, in contrast with high-spin iron(lll) hemoprote#fs,
but is tilted about 30toward the 5-meso proton. This direction
is approximately perpendicular to the H122 imidazole plane,
as determined by X-ray crystallography in both the oxidized

and diamagnetic forms (Figure 8). Such a tilt has been also

observed by NMR spectroscopy in sperm whale deoxymyoglo-
bin.’® The location of thez-axis above the porphyrin plane

substituents were named following the [IUPAC recommendations. Open
and full circles on the pyrrolic positions correspond to positive and
negative electronic spin density, respectively. Dashed circles correspond
to spin delocalization inferred from symmetry. The estimated contact
shifts are indicated in parentheses.

the other hand, this difference could be explained by an
indetermination on the-axis orientation in myoglobins or, as
proposed from resonance Raman spectroscopy results, by a
rotation of the histidinyl plane around the i bond between
ferri- and ferroCytt!* As the location of the tilt plane is either
perpendicular or parallel to the histidinyl ring, the symmetry
break could be due to an interaction between one of the
d-orbitals of the iron and the-orbital of the His ligand. In
oxidized [4Fe-4S}" iron—sulfur clusters, of (approximat€y,
symmetry, theg-tensor principalz-axis is tilted by up to 20
from its expected location parallel to ti molecular axi$®

A phenomenological model taking into account d-orbital mixing
has been proposed to interpret such an observationy20%
mixing, linked to symmetry lowering from the ide@h, one,
turns out to be sufficierf€ This implies that a slight shift from
symmetry could result in large variations of the magnetic
properties. Determination of the three-dimensional structure of
a ferroCyt¢ as well as of the magnetic susceptibility tensor
orientation in other iron(ll) hemoproteins is clearly needed to

cannot be unambiguously characterized in the latter case, as, ther investigate the exact origin of the tilt

two solutions fit the data: the-axis is either located in the
imidazole plane with a negative ZFS axial parameter or
perpendicular to the imidazole plane with a positive ZFS axial
parametet® In horse deoxymyoglobin, where the electric field
gradient (EFG) tensor and the magnetic tensor are aligned,
deviation of the principal axis of the EFG tensor from the heme
normal has also been observed by Sdbauer spectroscopy.
As in sperm whale myoglobin, its orientation was not unam-

biguously determined; however, one of the solutions corresponds

to a 40 tilt of the z-axis from the heme normal andyaaxis in

the heme plane and approximately perpendicular to the imida-

zole plane. The tilt of the magnetic susceptibility tensor axis,
observed not only in the ferroCytdut also in different
myoglobins, seems to be a common feature of high-spin iron-
(I1) hemoproteins. Explanation of such a shift from the usual
4-fold symmetry induced by the porphyrinic ligand is not
straightforward, especially as the tilt occurs along other direc-
tions in myoglobins. The difference in the tilt direction could
be, however, related to the counterrotation of gHensor and
the axial ligand described for th&= 1/, hemoprotein§® On

(53) Horrocks, W.; Greenberg, ®iochim. Biophys. Actd973 322
38—44.

(54) Kent, T.; Spartalian, K.; Lang, G.; Yonetani, Biochim. Biophys.
Acta 1977 490, 331—-340.

(55) Shokhirev, N. V.; Walker, F. Al. Am. Chem. So¢998 120, 981—
990.

Contact Shifts of the Heme Protons.On the basis of the
dipolar contribution, the contact shift contribution (and the
orbitals involved in the spin density delocalization) can be
determined. For His122, a large positive contact contribution

s measured along the side chain (see Figuret®0(ppm on

the N1H andt-10 ppm on the €). Such values are in agreement
with the large contact shift expected from the interaction of the
monopopulated dorbital with the ligand and the-spin density
delocalization'®

In hemic compounds, the lobes of the highest d-orbital (the
de-y?) are oriented toward the four nitrogens of the ring.
Consequently, a single occupancy of this orbital must lead to
positive spin density on the pyrrolic position through the
o-orbitals and results in large downfield shifts. This mechanism
has been put forward to explain the large downfield shifts
observed for pyrrolic or methyl protons in ferric high-spin
models or protein&? In high-spin ferrous compounds, thg gz
orbital is also monopopulated, and downfield shifts of pyrrolic
protons in model complexes and methyl protons in hemoproteins
have, indeed, been obsen/fdvioreover, as shown in the sperm
whale myoglobin, the contact shift values actually support a
significant positive electron spin density on these positions (see
Table 4), which has been ascribeddepin delocalizatiod®

(56) Lepape, L.; Lamotte, B.; Mouesca, J.-M.; Rius,JGAm. Chem.
S0c.1997, 119 9757~9770.
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In contrast, the electron spin delocalization in the ferroCytc feature. For deoxymyoglobin, the imidazole plane eclipses two
appears to be more complex. Whereas large downfield shifts Fe—-N(pyrrole) bond¥ as in the model of myoglobin [He
are effectively found for some methyl positions, upfield shifts (OEP)(2-MeHim)} 57in a position thermodynamically the most
for other nuclei on the same pyrrolic ring are also observed. favorable?® In the Cyt¢, the imidazole plane nearly bisects the
Moreover, the amplitude of the positive contact shift is twice Fe—N pyrrole bondg,a thermodynamically unfavorable position
as large as in deoxymyoglobin. The distribution of the spin probably strained by the covalent links between the polypeptidic
density shows a 2-fold symmetry defined by a plane perpen- chain and the heme. In the same way, the structure of the
dicular or parallel to the imidazole plane and presents a patterndeoxymyoglobin ofAplysia limacin&® indicates a nearly similar
compatible with sign alternation along the heme position. position of the imidazole plane to the Cytavhile the pattern

A first explanation would be that the spin density delocal- of the methyl resonances is also similar to that of C§idt
ization occurs only through interaction of the iron orbitals with could be speculated that these structural constraints lead to
m-orbitals of the porphyrin moiety. This however implies that perturbations of the symmetry around the iron which, in turn,
the de—y2 is either unoccupied or doubly occupied; both hypoth- allow unusual mixing of orbitals. From this point of view, it
eses can be excluded on the basis of the iron pentacoordinamust be noted that the (OETPP)(Fe)Cl, which displays important
tion13-15 and the magnetic susceptibility and EPR data. An distortion of the macrocycle due to steric constraints, shows
alternate explanation relies on two simultaneous spin density magnetic properties similar to those of ferriCyik
delocalizations: the expectedspin delocalization due to the
monooccupation of the xly2 and a concomitant density Acknowledgment. We thank Dr. Martin Blackledge for
occurring through the interaction of the ringorbitals and the critical reading of the manuscript and Dr. Jean-Marie Mouesca
dx;and g orbitals of the iron. The observed upfield shift would and Dr. Catherine Bougault for helpful discussions. This work
result from a larger negative spin density, which balances on has been supported by the Centre National de la Recherche
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o-carbons of propionate 13 and 17 are larger here than in the
deoxymyoglobin: a positive spin density probably adds up to
those due ta-spin delocalization. This leads us to propose a
negativer-spin density on the 7, 13, and 17 pyrrolic positions
when the 2, 8, 12, and 18 positions experience posithapin
density, as illustrated in Figure 9. If this pattern holds true, the
nature of ther-orbital implicated in the spin delocalization must
be addressed. Indeed, therbitals of the porphyrin ring, which
are generally involved in spin delocalization, are either the filled
3e(r) or the empty 4et*), owing to their symmetry properties.
The spin density distribution of these orbitals is, however, JA9820745
inconsistent with the pattern deduced from the observed contact — :
shift, i.e., alternate signs on the same pyrrolic unit. Molecular Ans.wc)hz(r:n.elsdé&vgég1(%??(%’3%59’9%89' Y.J; Reed, C. A; LangJG.
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compounds, and in particular to deoxymyoglobin, Cygxhibits M (35%%?'%%2f?§g"5';%%e?ggs_'gfﬁ“' G.; Coda, A.; Ascenzi, P.; Brunori,

a high magnetic susceptibility anisotropy, leading to large (60 withrich, K.; Hochmann, J.; Keller, R. M.; Wagner, G.; Brunori,
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Note Added in Proof. To convert to SI units (#mol) the
magnetic anisotropy, the values must be multiplied N4
(Ng = 6.02 x 10%3).

Supporting Information Available: One table (assignments
for the IH and 5N chemical shifts ofRb. capsulatuserrocy-
tochromec’) and one figure (EPR spectra at 4.2 K) (PDF). This
information is available free of charge via the Internet at
http://pubs.acs.org.




