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In the spectrum of uniformly 15N-labeled cytochrome c3 , the coordinated imidazole group on oxidation. Cytochrome c3

relative linewidths of the doublet peaks of the 15N-coupled imido is a tetraheme protein of a sulfate-reducing bacterium. All
proton of the coordinated imidazole group were reversed on oxida- the hemes take the low spin state. The heme irons are dia-
tion. This inversion was explained by the interference relaxation magnetic and paramagnetic in the fully reduced and fully
process between the electron–proton dipolar and 15N– 1H dipolar oxidized states, respectively. The inversion of the relative
interactions. The inversion can be used to assign the imido protons

linewidths was elucidated by the relaxation interference ef-of the coordinated imidazole groups in heme proteins. q 1998
fect induced by the paramagnetic center in this paper.
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We have uniformly labeled cytochrome c3 from Desulfovi-
INTRODUCTION brio vulgaris Miyazaki F with nitrogen-15. The assignment

of the NMR signals of the proton and nitrogen-15 of the
polypeptide backbone has been carried out both for the fullyIt has been indicated that the relaxation mechanism of

two coupled dissimilar half-spins involve the interference reduced and fully oxidized states. During the assignment, it
has turned out that the change in the oxidation state reversescross-correlation relaxation, leading to the different line-

widths of the doublet peaks. Such phenomena were reported the relative linewidths of eight 15N-coupled proton signals.
One of those is presented in Fig. 1. While the linewidth offor the NH proton signals of tRNA (1, 2) and 19F and 31P

signals of pyridoxal fluorophosphate in glycogen phosphry- the signal at lower field is broader than that at higher field in
the fully reduced state, the linewidth at higher field becomeslase b (3) . Theoretical analysis of such relaxation mecha-

nism has been carried out as well (4, 5) . Taking advantage broader than that at lower field in the fully oxidized state.
The former is the case with all 15N-coupled protons in theof the interference term, the chemical shift anisotropy can

be estimated even in the solution NMR. A set of pulse se- fully reduced state. The assignment of the signals shown in
Fig. 1 have been established by the sequential assignmentquences have been developed to measure the relaxation inter-

ference effect and to estimate the reduced chemical shift of the backbone protons and 15N’s and assignment of the
side chain protons. The sections of the 2D NOESY spectraanisotropies of the amide nitrogen-15 of a protein (6) . The

obtained 15N chemical shift anisotropy of the amide in ubi- including the signals of interest are presented in Fig. 2, indi-
cating that they are clearly the imido proton of histidine. Onquitin was correlated to the order parameter of the NH bond

at each position, suggesting that it can be used for the analy- the basis of these results, the signals in Fig. 1 were attributed
to the imido proton of His-52 coordinated to heme 2 ofsis of the dynamic structure of a protein (6) . The analysis

of the chemical shift anisotropy of the amide protons for cytochrome c3 . The detail of the sequential assignment will
be published elsewhere. The assignment indicates that thethree proteins has been reported quite recently (7–9) .

In the spectrum of uniformly 15N-labeled cytochrome c3 , inversion of the relative linewidths of the doublet peaks of
a coupled proton on oxidation should be induced by thewe have found the inversion of the relative linewidths of

the doublet peaks of the 15N-coupled imido proton of the appearance of the paramagnetic center.
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J dd(v) , J cc (v) , and J cd (v) are the spectral densities for
dipolar autocorrelation, chemical shift anisotropy (CSA) au-
tocorrelation, and dipolar–CSA cross-correlation, respec-
tively. B0 , gH, gN, h , m0 , rNH, and (s\ 0 s⊥) are the static
magnetic field, gyromagnetic ratios of proton and nitrogen-
15, Planck constant, magnetic permeability, the length of
the NH bond, and the chemical shift anisotropy (CSA) of
the proton, respectively.

This treatment can be applied to the fully reduced cyto-
chrome c3 . For an axially symmetric CSA tensor in a rigid
body under isotropic rotational diffusion, these spectral den-
sities are given by

J dd(v) Å J cc (v) Å J cd (v) /P2(cos u) [7]

P2(cos u) Å (3 cos2u 0 1)/2, [8]

where u is the angle between the unique axes of the CSA
and dipolar tensors (6) . Although Eq. [7] is no longer rigor-
ous in the presence of the internal motion, it remains a good
approximation provided u is small and the relative orienta-

FIG. 1. Proton NMR spectra of the imidazole imido proton of His-
tion of the dipolar and CSA tensors is independent of the52 of uniformly 15N-labeled cytochrome c3 from Desulfovibrio vulgaris
internal motion (6, 8) . When it is the case, the superscriptsMiyazaki F in the fully reduced (A) and fully oxidized (B) states. The

labels on the top of the signals stand for the 15N-coupled components shown in the spectral density function may be dropped, and J(v)
in Eqs. [1] and [2]. Cytochrome c3 from Desulfovibrio vulgaris. Miyazaki F and h can be described as (6)
was uniformly 15N-labeled and purified as reported elsewhere (24) . HMQC
spectra were obtained with a Bruker AMX500 NMR spectrometer at 307C.
The protein was dissolved in a 20 mM phosphate buffer (90% 1H2O/10%

J(v)Å S 2tc / (1/ v 2t 2
c )/ (10 S 2)t / (1/ v 2t 2) [9]2H2O), at pH 7.0 (A) and pH 5.0 (B). Partial slices for the proton dimension

are presented. Matrix size was 4K 1 512, and spectral widths were 10 1 hÅ 2ad{4J(0)/ 3J(vH)}P2(cos u) , [10]
7.6 and 13.2 1 7.6 kHz for the reduced and oxidized states, respectively.
The curve fitting was carried out for the spectra with the digital resolution
of 1.2 and 1.6 Hz/point for the reduced and oxidized states, respectively.

where S , tc , and t are the generalized order parameter of
the NH bond, the rotational correlation time of the protein,
and (t01

c / t01
e )01 , respectively. The time constant te is

According to Goldman, the transverse relaxation rates of the determined by rapid internal motions. The angle u should
two resonance lines of a proton coupled with 15N (v (1)

H Å vH be small for the intrinsic proton CSA (8) . However, the ring
/ (1

2)J and v (2)
H Å vH 0 (1

2)J; J õ 0) can be given as (4) current shift should be taken into account in the case of the
imidazole coordinated to the heme iron (10) . Even if the

R (1)
2 Å l / h [1] size of the CSA in the ring current shift tensor is similar to

the intrinsic proton CSA, u is about 187. Therefore, u is stillR (2)
2 Å l 0 h, [2]

small. For a protein with the molecular weight of about
14,000 such as cytochrome c3 , we can neglect J(vH) at thewhere
resonance frequency of 500 MHz as a first approximation
(9) . The typical value of S 2 for the NH bond involved inl Å d[4J dd(0) / 4a 2J cc (0) / 3J dd(vH)
the secondary structure in a protein is about 0.85 (6) . Since

/ 3J cc (vH) / J dd(vH 0 vN) the fluctuation of the imidazole group coordinated to the
heme iron should be more suppressed than that of the peptide/ 3J dd(vN) / 6J dd(vH / vN)] [3]
backbone and te ° tc , the contribution of the second term

h Å 2ad[4J cd (0) / 3J cd (vH)] [4] of J(0) should be small. Thus,

d Å (m0 /4p)2g 2
Hg

2
Nh 2 / (80p 2r 6

NH) [5]

a Å 0(16p 2 /3m0)B0(s\ 0 s⊥)r 3
NH/hgN. [6] J(0) É S 2tc . [11]
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FIG. 2. His-52 related sections of 2D NOESY spectra of uniformly 15N-labeled cytochrome c3 from Desulfovibrio vulgaris Miyazaki F in the fully
reduced (A) and fully oxidized (B) states. His 52 NH, ring NH, a, b, and b * stand for the signals of the backbone NH, imidazole NH, aCH, and two
bCH2 protons of His-52, respectively. Ala 68b is the bCH3 proton of Ala-68. The assignment of the signal is shown on the line for a lateral line and
either at the top or at the bottom for a vertical line. The His-52 NH was assigned by the sequential assignment of the backbone protons. The a, b protons
of His-52 and Ala-68 were assigned by 2D TOCSY. Then, the ring NH of His-52 was assigned by 2D NOESY as shown here. The assignment was also
confirmed by the NOE cross peaks between the ring NH and Ala-68bCH3 protons (A) and between the ring NH and Lys-63 aCH protons (not shown
here) . The spectra were obtained with a Bruker DRX600 NMR spectrometer at 307C. The protein was dissolved in a 20 mM phosphate buffer (90%
1H2O/10% 2H2O), at pH 7.0 (A) and pH 5.0 (B). NOESY spectrum (A) was measured with a mixing time of 100 ms, and a spectral width of 8680
Hz in both dimensions. The digital resolutions were 8.48 and 4.24 Hz/point for F1 and F2, respectively. NOESY spectrum (B) was measured with a
mixing time of 25 ms, and a spectral width of 35,970 Hz in both dimensions. The digital resolutions were 35.13 and 17.56 Hz/point for F1 and F2,
respectively.

Therefore, the transverse relaxation rates of the two compo- We need the rotational correlation time of cytochrome c3 to
calculate CSA. It was estimated from reported values fornents can be simplified as
RNase H1 (11) , calbindin (12) , calmodulin (13) , cyto-
chrome c550 (14) , and partially deleted cytochrome b5 (15)R (1)

2 Å 4d{1 / a 2 / 2aP2(cos u)}S 2tc [12]
by the linear least-squares method, assuming that it is pro-

R (2)
2 Å 4d{1 / a 2 0 2aP2(cos u)}S 2tc . [13] portional to the molecular weight. The obtained value was

6.7 { 0.8 ns at 307C. Since JNH is negative, the linewidths
There are also additional relaxation contributions such as of the components 1 and 2 in the reduced state in Fig. 1 are
dipole interactions with nearby protons, exchange broaden- 25.6 and 29.6 Hz, respectively. The linewidths were obtained
ing, field inhomogeneity, and nonresolved J couplings from by curve fitting assuming a Lorentzian lineshape. From Eq.
farther protons, which are the same for both peaks. They [14] and estimated tc ,
can be eliminated by the subtraction of Eq. [13] from Eq.
[12] which gives (s\ 0 s⊥)S 2P2(cos u) Å 018 { 2 ppm, [15]

where rNH is assumed to be 0.107 nm, which is the value forR (1)
2 0 R (2)

2 Å 16tcd{aS 2P2(cos u)}. [14]
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the hydrogen bonded imidazole NH determined by neutron magnetic center and proton, Bohr magneton, total spin of
the paramagnetic center, and parallel and perpendicular com-diffraction (16) . The error comes from tc . S 2P2(cos u)

should be in the range of 1.0–0.7 in view of the assumption ponents of the g tensor, respectively (21) . A positive value
corresponds to a down-field shift as in the definition of CSA.mentioned above. In the case of the imido proton of an uracil

of a nucleoside analogue, És\ 0 s⊥É was estimated to be The angles are defined as g Å g\kk / g⊥(ll / nn) , B0rk
Å B0cos z , and B0rl Å B0sin z , r Å (r cos x)k / r sin5.7 ppm on the basis of the spin–lattice relaxation time

analysis (2) . The reduced ÉCSAÉ of the amide protons of x(l cos V / n sin V) where k , l , and n stand for unit
vectors of the axes of a Cartesian coordinate, respectively.savinase, ubiquitin, and HU protein are scattered in a wide

range from 1 to 30 ppm (7–9) . The CSA observed for OH Specifically, k is parallel to the direction of g\ which is
usually perpendicular to the heme plane. In the case of hemeand NH groups in solid organic compounds is in the range

of 010–035 ppm (17–19) . 2 of cytochrome c3 , the g tensor is not axially symmetric
In the case of the fully oxidized cytochrome c3 , the elec- (g 2

x Å 0.90, g 2
y Å 3.88, and g 2

z Å 11.09) (22) . However,
tron spin-proton (Fe– 1H) interactions are additionally in- to estimate the qualitative effect of the heme iron on the
volved in the relaxation. The dipolar interaction will contrib- chemical shift of the imido proton signal of the coordinated
ute to the interference term by altering the CSA. It should imidazole, g 2

⊥ Å (1
2)(g 2

x / g 2
y ) was assumed. From the

be noted that the CSA contribution of the electron spin is crystal structure, rFeH and x for His-52 on heme 2 were found
nonzero even if the g tensor is isotropic. There are three as 0.497 nm and 167, respectively. The largest down-field
interference cross terms contributing to the transverse relax- shift is expected for z Å 13.37 and V Å 07 with 87.5 ppm,
ation of the 15N-coupled proton. The Hamiltonian can be where the external magnetic field is almost parallel to rFeH .
written as The largest up-field shift is expected for z Å 77.37 and V

Å 1807 with 013.0 ppm. In this case, the magnetic field is
almost perpendicular to rFeH . Since the other principal valueH Å H (15N– 1H dipole) / H (1H CSA)
of the paramagnetic dipolar shift tensor is 010.0 ppm, this

/ H(Fe– 1H dipole) . [16] tensor is almost axially symmetric. The CSA in this tensor
is about 100 ppm. The unique axis of this tensor is located

In the Fe– 1H dipolar interaction, the electron spin relax- in the plane made by the NH bond vector and the heme plane
ation is so short (about 2 1 10012 s ) (20) that the effect normal (the unique axis of the ring current shift tensor) .
on proton relaxation is negligible. Here, the average electron The unique axis of the paramagnetic dipolar shift tensor is
spin polarization interacts with the proton. Therefore, the deviated from the NH vector and the heme plane normal by
dipolar field due to the net paramagnetic moment induced 207 and 167, respectively, provided that the angle between
by the external field changes the chemical shift of the proton the NH vector and the heme plane normal is 367. Therefore,
depending on the orientation of the molecule. Consequently, the unique axes of the proton CSA and the paramagnetic
the paramagnetic center adds a new contribution to the shift CSA are close to each other. However, the signs of
chemical shift tensor of the proton. Now, we can sum up these CSAs are opposite. The CSA of the imido proton of
the second and third terms of Eq. [16] as H (1H CSA *) , an imidazole without the contribution from the paramagnetic
where CSA* is the chemical shift anisotropy term including center would be in the range of 0–035 ppm (Eq. [15],
a new contribution. Then we can go back to Eqs. [1] and and Refs. (2, 7–9, 17–19)) . In view of its small size in
[2] with the CSA *. comparison with that of the paramagnetic CSA, the total

The effect of the electron spin-proton dipolar interaction CSA will be dominated by the paramagnetic one on the
on the chemical shift tensor can be estimated. A general appearance of a paramagnetic center, leading to the inversion
formula for the dipolar shift induced by a paramagnetic of the sign of the total CSA from negative to positive.
center which has an axially symmetric g tensor can be de- The contribution of the interference term to the transverse
scribed as relaxation in the fully oxidized state can be obtained using

a simple model, namely Eqs. [1] and [2]. The linewidths
DB(z , V) /B0 of components 1 and 2 of the imido proton of His-52 in the

fully oxidized state (Fig. 1) are 49.3 and 35.3 Hz, respec-Å (m0 /4p)r03b 2(3kT )01S(S / 1)
tively. Since the oxidized hemes of cytochrome c3 are para-

1 {g 2
\ cos2z(3 cos2x 3 cos2 x 0 1) magnetic, the paramagnetic relaxation should be taken into

account. According to Goldman,/ g 2
⊥ sin2z(3 sin2x cos2V 0 1)

/ 0.75(g 2
\ / g 2

⊥ )sin 2z sin 2x cos V}, [17] R * (1)
2 Å 4d{1/ a* 2/ 2a*P2(cos u *)}S 2tc/ R 9 [18]

R* (2)
2 Å 4d{1/ a* 20 2a*P2(cos u *)}S 2tc/ R 9, [19]where r , b, S , g\ , and g⊥ are the distance between the para-
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12. M. Akke, N. J. Skelton, J. Kördel, A. G. Palmer, and W. J. Chazin,of a coordinated histidine. Thus, this phenomenon can be
Effects of ion binding on the backbone dynamics of calbindin D9kused to assign the 15N-labeled imido proton signal of a coor- determined by 15N NMR relaxation, Biochemistry 32, 9382–9844

dinated imidazole group in a heme protein. The modification (1993).
of the interference term also should be the case with the 13C- 13. N. Tjandra, H. Kuboniwa, H. Ren, and A. Bax, Rotational dynamics

of calcium-free calmodulin studied by 15N-NMR relaxation mea-coupled proton signals of the chemical group coordinated to
surements, Eur. J. Biochem. 230, 1014–1024 (1995).the heme in a heme protein. Therefore, this can be a general

14. M. Ubbink, M. Pfuhl, J. Van Der Oost, A. Berg, and G. W. Canters,method for assigning the NMR signals of the coordinated
NMR assignments and relaxation studies of Thiobacillus verstuschemical groups in heme proteins. Furthermore, the electron
ferrocytochrome c-550 indicate the presence of highly mobile 13-

spin-proton dipolar cross-correlation could be another source residues long C-terminal tail, Protein Sci. 5, 2494–2505 (1996).
of the structural parameters in the investigation of paramag- 15. G. P. Kelly, F. W. Muskett, and D. Whitford, Analysis of backbone
netic proteins. dynamics in cytochrome b5 using 15N-NMR relaxation measure-

ments, Eur. J. Biochem. 245, 349–354 (1997).

16. H. Fuess, D. Hohlwein, and S. A. Mason, Neutron diffraction studyACKNOWLEDGMENT
of L-histidine monohydrate, Acta Crystallogr. Sect. B 33, 654–659
(1977).This work was partly supported by a Grant-in-Aid for Scientific Research

of Priority Area from the Ministry of Education, Science and Culture of 17. M. Mehring, ‘‘Principle of High Resolution NMR in Solids,’’
Springer-Verlag, Berlin (1983).Japan.

AID JMR 1378 / 6j2a$$$203 03-30-98 06:15:57 magas



372 COMMUNICATIONS

18. A. McDermott and C. F. Ridenour, Proton chemical shift measure- 22. C. A. Salgueiro, D. I. Turner, J. Le Gall, and A. V. Xavier, Reevalua-
tion of the redox and redox–Bohr cooperativity in tetrahaem Desul-ments in biological solids, in ‘‘Encyclopedia of Nuclear Magnetic

Resonance, Vol. 6’’ (D. M. Grant and R. K. Harris, Eds.) , pp. 3820– fovibrio vulgaris [Miyazaki F] cytochrome c3 , J. Biol. Inorg. Chem.
2, 343–349 (1997).3825 (1996).

19. A. Ramamoorthy, L. M. Gierasch, and S. J. Opella, Three-dimen- 23. Y. Higuchi, M. Kusunoki, Y. Matsuura, N. Yasuoka, and M. Kakudo,
sional solid-state NMR correlation experiment with 1H homonuclear Refined structure of cytochrome c3 at 1.8 Å resolution, J. Mol. Biol.
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