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Summary 

Modern multidimensional double- and triple-resonance NMR methods have been applied to assign the 
backbone and side-chain 13C resonances for both equilibrium conformers of the paramagnetic form of 
rat liver microsomal cytochrome bs. The assignment of backbone ~3C resonances was used to confirm 
previous 1H and ~SN resonance assignments [Guiles, R.D. et al. (1993) Biochemistry, 32, 8329-8340]. On 
the basis of short- and medium-range NOEs and backbone 13C chemical shifts, the solution secondary 
structure of rat cytochrome b5 has been determined. The striking similarity of backbone ~3C resonances 
for both equilibrium forms strongly suggests that the secondary structures of the two isomers are 
virtually identical. It has been found that the 13C chemical shifts of both backbone and side-chain atoms 
are relatively insensitive to paramagnetic effects. The reliability of such methods in anisotropic para- 
magnetic systems, where large pseudocontact shifts can be observed, is evaluated through calculations 
of the magnitude of such shifts. 

Introduction 

Cytochrome b S is a small heine-containing redox pro- 
tein that  is present in a membrane-bound  form in the 
smooth  endoplasmic reticulum of  liver microsomal  cells 
and in a water-soluble form in erythrocytes. The pr imary 
sequence is highly conserved among  various mammal i an  
and avian species (for a review, see Mathews, 1985). This 
heme protein is unusual in its functional diversity, in that 
it participates in a variety of  electron-transfer reactions. 
In the liver it is involved in the NADH-l inked  desatura- 

tion of  fatty acids (Ohsino and Sato, 1971; Shimakata  et 
al., 1972; Stri t tmatter et al., 1974). Cytochrome b5 also 
supplies electrons to cytochrome P450 in a number  of  
hydroxylation reactions (Cohen and Estabrook,  1971; 
Hildebrandt  and Estabrook,  1971; Imai  and Sato, 1977). 
In the erythrocytes its function is to reduce methemoglo-  
bin and thus maintains the physiological status of  hemo- 
globin as an oxygen carrier (Hultquist  et al., 1984). 

The crystal structure of  lipase-solubilized calf-liver 
cytochrome b 5 has been determined by X-ray diffraction 
to a resolution of 2 • (Mathews et al., 1979). Nuclear  
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magnetic resonance studies have shown that cytochrome 
b5 exists in solution as a mixture of two conformers (Kel- 
ler et al., 1976). The origins of this heterogeneity are well 
understood; it is caused by a rotation of the heine co- 
factor by 180 ~ about the c~,y-meso-axis within the heine 
binding pocket (La Mar et al., 1981). Additionally, the 
relative abundance of the two conformers is species-de- 
pendent (McLachlan et al., 1986). 

Given the wealth of structural information available, 
and due to the variety of systems that it interacts with, 
cytochrome b 5 has become a model protein to study by 
experimental and theoretical methods. For example, the 
molecular mechanisms of interprotein electron transfer 
(Salemme, 1976; Wendoloski et al., 1987), the specificity 
of protein-protein interactions (Sligar et al., 1987; Rodgers 
et al., 1988) and the mechanisms by which proteins con- 
trol heine redox potentials (Funk et al., 1990) have been 
studied in some detail. 

Our interest lies in determining protein factors that 
control heine reduction potentials and the specificity of 
protein-protein interactions during the electron-transfer 
process using rat cytochrome b 5 as a model. Although 
many species variants of cytochrome b 5 have been iso- 
lated and characterized, the rat cytochrome b 5 is unique 
in that it has the maximal detectable heterogeneity in 
solution (ratios of major and minor forms range from 
chicken 20 : 1, calf 8.9 : 1 to 6 : 4 for the rat; Lee et al., 
1994). The reason for the shift in conformer distribution 
has been attributed to the relative steric bulk of the resi- 
dues at positions 23 and 25 in the amino acid sequence. 
The chicken protein contains an isoleucine amino acid at 
position 23, whereas the bovine and rat proteins contain 
a leucine and a valine residue, respectively. The chicken 
protein differs from the bovine and rat proteins at posi- 
tion 25 in that it contains a valine instead of a leucine 
residue. Irrespective of the distribution ratio, the two 
forms differ in reduction potential by 27 mV (Walker et 
al., 1988). 

Our goal is to determine the high-resolution solution 
structure of both conformers of rat cytochrome b 5 using 
modern multinuclear, multidimensional NMR methods. 
NMR methods are most suitable for this system because 
of its small size and high solubility. Other high-resolution 
structural methods, such as X-ray crystallography, are 
nearly intractable for this particular species variant be- 
cause of the static disorder introduced by the conformers. 
The rat cytochrome b 5 is the most heterogeneous system 
that has been assigned using 2D homo- and heteronuclear 
NMR methods (Guiles et al., 1992,1993). However, given 
the complexity of the assignment problem (an almost 40% 
increase in resonances because of the two conformers), 
there is always potential for overlap resulting in ambi- 
guity of resonance assignments. This problem is further 
exacerbated when attempting to assign the paramagnetic 
form of the protein, given the increased line widths and 

missing correlation peaks, due to efficient dipolar relax- 
ation induced by the paramagnetic center. 

This study extends the previous 1H and 15N assignments 
to include 13C resonance assignments of rat ferricyto- 
chrome b 5. We have applied 3D triple-resonance hetero- 
nuclear multidimensional NMR experiments (Bax and 
Grzesiek, 1993) to obtain sequential connectivities based 
on scalar coupling between backbone ~3C and 15N nuclei. 
Sequential NOE correlations obtained from 3D double- 
resonance experiments were used as an independent con- 
nectivity path to confirm triple-resonance assignments 
and to sort out overlapping correlation peaks. Carbon-13 
resonances of C a and CO nuclei were compared to ran- 
dom-coil values for secondary shifts in order to qualitat- 
ively analyze the secondary structure of rat ferricyto- 
chrome bs. The secondary structure analysis relied on 
NOE correlations observed in 2D and 3D spectra. The 
reliability of such methods in anisotropic paramagnetic 
systems, where large pseudocontact shifts can be observed, 
is evaluated through calculations of the magnitude of 
such shifts. 

Materials and Methods 

Plasmid construction 
The synthetic gene coding for the soluble heine binding 

domain of the rat cytochrome b5 in a pUC13 plasmid 
(Von Bodman et al., 1986) was subcloned into an overex- 
pression vector pET3C, an IPTG-inducible vector con- 
taining a T7 RNA polymerase promoter and a high-affin- 
ity ribosome binding site. Detailed properties of this ex- 
pression vector have been described elsewhere (Studier et 
al., 1990). 

Reengineering of the plasmid was accomplished in the 
following manner. A unique NdeI restriction site was 
introduced at the initiation codon of the gene using PCR- 
mediated amplification (Saiki et al., 1988). The amplified 
gene could then be ligated into the pET3C vector using 
NdeI and EcoRI restriction sites. E. coli strain BL-21 
(PlysS) (which has the T7 RNA polymerase gene in its 
chromosome under the control of a lac UV5 promoter) 
was transformed with the pET3C vector containing the 
rat cytochrome b 5 gene. T7 RNA polymerase could then 
be expressed by the addition of IPTG to the media, re- 
sulting in the dramatic overexpression of cytochrome b 5. 

Purification and labeling of  rat cytochrome b 5 
Unlabelled cytochrome b 5 was produced by growing 

cells at 37 ~ in rich medium. Induction of protein ex- 
pression was achieved by the addition of 0.5 mM IPTG 
when the cells had grown to an OD of 0.6-0.8 at 590 rim. 
Cells were harvested 4 h after induction and disrupted by 
treatment with lysozyme. Reconstitution of the apopro- 
tein was accomplished using the procedure described by 
Walker et al. (1988). Estimates of rat cytochrome b 5 in 
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the lysates were made by measuring the absorbance at 
413 nm using a millimolar absorptivity of 117 (Strittmat- 
ter and Velick, 1956). 

Purification of rat cytochrome b s involves several mo- 
difications of the published procedure (Von Bodman et 
al., 1986). The reconstituted crude extract was loaded 
onto a DEAE-Sephacel (Pharmacia, Piscataway, N J, 
U.S.A.) column that was previously equilibrated with 50 
mM Tris-HC1, pH 8.0, at 22 ~ 1 mM EDTA (Buffer 
A). The column was washed with two column volumes of 
buffer and the protein was eluted with a 0-0.4 M KC1 
salt gradient (in Buffer A). Fractions containing cyto- 
chrome b 5 at concentrations greater than 20% of the 
maximum were pooled together, Amicon-concentrated 
and loaded on a G-100 Sephadex (Pharmacia) column 
and eluted with Buffer A. Fractions with A413/A280 
absorbance ratios greater than 4.5 were pooled together 
after cross-checking with gel electrophoresis and loaded 
onto a hydroxyl apatite column (Biorad, Hercules, CA, 
U.S.A.) and eluted with a 0-0.5 M (NH4)2SO4 gradient in 
Buffer A (prepared without EDTA). Fractions with an 
A4131A280 ratio > 5.85, and which showed a single band 
on gel electrophoresis, were pooled together and dialysed 
against 100 mM NH4HCO3, lyophilized, and used in the 
biophysical studies described below. The above procedure 
yielded 90-100 mg of pure protein per liter of culture 
(rich medium). 

Similar yields were obtained when the protein was 
expressed in M9 minimal media (McIntosh et al., 1987). 
Uniformly ~SN-enriched wild-type protein was prepared 
by growing cells in M9 minimal media in which ~SNH4C1 
(Cambridge Isotopes, Woburn, MA, U.S.A.; 99% ~SN) 
was used as the sole source of nitrogen. Uniformly ~3C- 
and 15N-enriched double-labelled sample was prepared by 
adding ~3C-labelled glucose (Isotec Inc., Miamisburg, OH, 
U.S.A.; 99% 13C) and 15NH4C1 as the sole sources of 
carbon and nitrogen. Due to the high cost of ~3C-labelled 
glucose, it was added to a final concentration of 2 g/1 of 
M9 medium. The yields however, dropped to 40 mg of 
pure protein per liter. Protein fractions that had a A413/ 
A280 ratio > 5.9 and that showed a single band on SDS- 
PAGE gel electrophoresis were pooled, concentrated and 
lyophilized. 

NMR sample preparation 
NMR samples were prepared by dissolving purified rat 

cytochrome b S in 100 mM phosphate buffer, pH 7.2, 
prepared in 90% H20 (10% D20 ). The pH of the solution 
was adjusted to 7.00 by addition of small aliquots of 0.1 
M NaOH. TSP was added to a final concentration of 1 
mM as an internal chemical shift standard and the vol- 
ume adjusted to 0.5 ml. Samples containing 100% D20 
were prepared in a similar manner and subsequently lyo- 
philized and exchanged with D20 (Cambridge Isotopes, 
99.996% D) repeatedly. The dissolution step employed 

99.996% D20. The NMR tube was then sealed under 
vacuum with a gas-oxygen torch. The pH values reported 
are uncorrected for deuterium isotope effects. Nitrogen- 
15-edited NMR data were acquired using a 8-mM sample 
of ferricytochrome b 5. Triple resonance and ~3C-edited 
NMR data were acquired using a 5-mM sample of ferri- 
cytochrome bs. Concentrations of the ferric protein were 
determined using an absorption coefficient of 117 mM -1 
at 413 nm (Strittmatter and Velick, 1956). 

NMR data acquisition 
All NMR spectra were recorded at 40 ~ The 3D 

HCCH-TOCSY experiment was acquired using a sample 
dissolved in D20. All other spectra were recorded using 
samples dissolved in H20. 2D 1H homonuclear NMR 
spectra (DQF-COSY, HOHAHA and NOESY) are those 
reported earlier (Guiles et al., 1993). 2D 1H-lSN HSQC 
(Bodenhausen and Ruben, 1980) and 3D lSN-edited 
NOESY-HSQC spectra (Kay et al., 1989; Marion et al., 
1989a) were recorded on an OMEGA-PSG 600 NMR 
(599.71 MHz, 1H) spectrometer. For 1H-15N correlation, 
spectrum saturation of the H20 resonance was achieved 
using the DANTE water-suppression sequence (Zuider- 
weg et al., 1986). For the 15N-edited 3D NOESY-HSQC 
experiment water suppression was achieved using phase- 
ramped SLR-shaped pulses (Shinnar et al., 1989). 

3D 15N-edited 'clean' HOHAHA-HMQC (Marion et 
al., 1989b), HNCOCA (Bax and Ikura, 1991), HNCO 
(Kay et al., 1990), and HCCH-TOCSY (Bax et al., 1990) 
spectra were recorded on a Bruker AMX 500 (500.13 
MHz, 1H) spectrometer equipped with a triple-resonance 
probe. Solvent suppression in the HOHAHA-HMQC, 
HNCOCA and HNCO experiments was achieved using 
on-resonance presaturation during the relaxation delay. In 
the HCCH-TOCSY experiment, an off-resonance phase- 
ramped DANTE pulse was used to suppress the residual 
solvent signal. 3D HNCA (Grzesiek and Bax, 1992) spec- 
trum was acquired on a Bruker DMX-600 (600.13 MHz, 
1H) spectrometer equipped with a triple-resonance gradi- 
ent probe. Pulsed field gradients were applied along the 
z-axis to purge undesired transverse magnetization (Bax 
and Pochapsky, 1992). 

2D 1H-15N correlation spectra were recorded with pro- 
ton and nitrogen spectral widths of 6006.01 and 2500 Hz, 
respectively. The spectrum was recorded with 512 t~ in- 
crements to give a final matrix of 1024" t2x 512" t~ points. 
Phase-sensitive detection in the t~ dimension was achieved 
by the method of States et al. (1982). 

3D ~SN-edited NOESY-HSQC spectra were recorded 
using a NOE mixing time of 150 ms, with spectral widths 
of 4608.29 Hz in F1 (IN), 7142.86 Hz in F2 (1H) and 
2500 Hz in F3 (15N). The size of the acquired matrix was 

* denotes complex data points. 
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Fig. 1.2D JI-I-15N HSQC spectrum of uniformly ~SN-labelled rat ferricytochrome b5 recorded at 600-MHz proton frequency. Correlation peaks 
are labelled according to the residue type and sequence number. Isomer-specific assignments are shown as A and B (major and minor) forms for 
a majority of the residues, except for those centered between 8 and 8.5 ppm in the proton dimension, and between 125 and 128 ppm in the nitrogen 
dimension, due to spectral crowding. Isomer-specific assignments for side-chain amide atoms are indicated with connecting lines. The spectrum 
was recorded at 40 ~ Sample conditions are as described in the text. 

512 x 256"x 64*. Quadrature detection in t~ and t 2 was 
accomplished using the method of States et al. (1982). 

3D ~SN-edited HOHAHA-HMQC spectra were recorded 
using a 70-ms spin-lock (mixing time) period. Spectral 
widths of 4504.54 Hz in F1 (IH), 13 200 Hz in F2 (1H) 
and 1775 Hz in F3 (15N) were used. The size of the ac- 
quired matrix was 512" x 256 x 64. Quadrature detection 
in t 1 and t 2 was accomplished using TPPI (Marion and 
Wtithrich, 1983). 

3D HNCOCA and HNCO spectra were recorded with 

spectral widths of 9259.26 Hz in F1 (1H), 1770 Hz in F2 
(15N) in both cases, and with 5030.35 Hz in F3 (13C) for 
the HNCOCA experiment and 3270.32 Hz in F3 (13C) for 
the HNCO experiment, respectively. The size of the ac- 
quired matrix for both experiments was 1024' x 80 x 100 
data points. Quadrature detection in t 1 and t 2 was accom- 
plished using TPPI (Marion and Wtithrich, 1983). The 3D 
HNCA spectra were recorded with spectral widths of 
9803.92 Hz in F1 (~H), 7507.51 Hz in F2 (13C) and 
2502.5 Hz in F3 (~SN). The size of the acquired matrix 
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was 1024x 128"x 64*. Complex data in t 1 and t2 dimen- 
sions were acquired in a States-TPPI manner (Marion et 
al., 1989c). The HCCH-TOCSY experiment was acquired 
with spectral widths of 5000 Hz in F1 (1H), 5000 Hz in 
F2 (IH) and 3448.48 Hz in F3 (13C). 

Data processing 
All data were transferred onto Silicon Graphics work- 

stations and processed using FELIX v. 2.3 NMR pro- 
cessing software (Biosym Technologies Inc., San Diego, 
CA, U.S.A.). Time domain data of the indirectly de- 
tected dimensions were increased 25% by linear prediction 
(Olejniczak and Eaton, 1990). The resulting data were 
multiplied by a 80~ sinebell and zero-filled; final 

3D matrices consisted of 512 x 512 x 256, 512 x 512 x 128, 
512 x 256 x 128, 512 x 256 x 128,512 x 256 x 128 and 512 x 
512 x 256 real points for NOESY-HSQC, HOHAHA- 
HMQC, HNCA, HNCOCA, HNCO and HCCH-TOCSY 
experiments, respectively. 

Results 

Sequential assignment of rat cytochrome b 5 
The assignment strategy we employed relied upon 3D 

triple-resonance through-bond correlation experiments, 
as described by Kay et al. (1990). Firstly, we assigned 
backbone 15N, 1H and 13C resonances employing HNCA, 
HNCOCA and HNCO experiments. These assignments 
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Fig. 2. 2D sections of the HNCA 3D experiment, indicating sequential connectivities for Gly 4z through Glu 56. Each residue is presented as a small 
region of the 2D spectrum taken at the 15N frequency and centered at the H TM frequency (Table 1). The ~SN frequency of the more abundant isomer 
corresponding to the shown plane is indicated at the top of each panel. Unambiguous assignments of both equilibrium forms can be traced in the 
HNCA spectrum. In this region of the protein, consisting of two bends and one helix (Helix III, Glu43 AlaS~ there is overlap between only one 
C~(i)-Ca(i+l) pair, i.e. Glu 49 and Ala~~ F1 = 1H (ppm); F2 = 13C (ppm); and F3 = 15N (ppm). 
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HNCA spectrum (Fig. 2), the A and B isomers are clearly distinguishable in the NOESY-HSQC spectrum. F1 = JH (ppm); F2 = ]H (ppm); and 
F3 = 15N (ppm). 

were independently confirmed and ambiguities due to 
overlap were resolved through complete sequential assign- 
ments obtained from analysis of 3D NOESY-HSQC and 
HOHAHA-HMQC experiments. Side-chain assignments 
were then completed based on the analysis of HCCH- 
TOCSY and I3CJH HSQC spectra. Sequential assign- 
ments could also be confirmed, in part, through amino- 
acid-type identification through an analysis of C ~ and C ~ 
chemical shifts (Grzesiek and Bax, 1993). Table S-I (Sup- 
plementary Material) contains a complete listing of the 
assignments obtained. 

Figure 1 shows a 600 MHz tH-15N HSQC spectrum of 
rat ferricytochrome bs, labelled with corresponding amino 
acid residues and sequence numbers for both equilibrium 
forms of the protein (the major abundance isomer is 
designated as 'A' and the minor as 'B'). The spectrum 

also shows assignments for 12 correlation peaks arising 
from side-chain amide groups of one asparagine and three 
glutamine residues. Two pairs for the major and minor 
forms of Asn 57, two pairs for Gln 49, one for Gln 13. Al- 
though we have been unable to assign the backbone 
atoms of Gln -2 (see Mathews et al. (1979) for sequence 
numbering), the remaining pair by exclusion must belong 
to Gln 4, since it is the only other residue in the sequence 
with a side-chain amide group. 

Extensive XH and 15N resonance assignments available 
from previous 500 MHz studies (Guiles et al., 1993), 
served as starting points in the sequential assignment 
process using the 3D HNCA and HNCOCA triple-reson- 
ance data. In total, resolved C a, C~(i-1) correlations were 
observed in the HNCA spectrum, for both equilibrium 
binding forms, for 73 out of 95 possible amino acids (98 
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TABLE 1 
1H A N D  15N C H E M I C A L  SHIFTS OF RE AS S IGNE D RESI- 

DUES OF RAT F E R R I C Y T O C H R O M E  b 5 

Residue Form Previous ~ (ppm) ~ Revised 5 (ppm) 

1 H 15 N 1 H 15 N 

Leu 32 A 8.73 130.1 8.49 128.6 

B - - 8.45 128.9 

His 39 A 8.77 131.0 8.79 126.9 

B - - 8.65 126.5 

Asp 6~ A 9.01 129.8 9.05 128.8 

B 8.93 130.0 8.97 129.1 
Asp 66 A 8.27 122.5 8.27 129.1 

B - - 8.17 128.5 
Glu 69 A 8.93 128.2 8.95 130.2 

B 9.01 127.9 9.03 130.0 
Leu v9 - 8.62 125.0 8.68 130.2 

Ala 88 - 7.78 126.2 7.82 133.1 

t H chemical shifts are reported relative to 3-(trimethylsilyl)propionic-d4 
acid and ~SN shifts are relative to ~SNH4C1 (WGN-01; Wilmad Glass 
Co.) and reported relative to external liquid N H  3. The amino acid 
sequence is according to Von Bodman et aI. (1986) and the sequence 
numbering is according to Mathews et al. (1979). 

Assignments  from Guiles et al. (1993). 

residues minus 3 prolines). Six pairs of residues showed 
degenerate intra- and interresidue C a resonances, which 
were easily resolved by examination of the HNCOCA 
spectrum. In all, 10 residues remain unassigned. Possible 
reasons for lack of correlation peaks corresponding to 
these unassigned residues are described in the Discus- 
sion. 

Figure 2 shows 2D slices of the 3D HNCA spectrum, 
elucidating the sequential connectivity path spanning 
residues Gly 42 through Glu $6. Comparison of Figs. 1 and 
2 indicate that differences in the ~3C~ chemical shift be- 
tween the A and B forms (e.g., Gly 41, Va145, Leu 46, etc.) 
are much smaller than the differences in 15N chemical 
shifts for the same residues. For instance, the difference 
in the ~SN chemical shift between the A and B forms are 
Gly 42 (0.3 ppm), Glu 43 (0.23 ppm), Va145 (1.08 ppm) and 
Leu 46 (0.4 ppm). In contrast, the 13C~ chemical shifts are 
0.14. 0.11, 0.24 and 0.00 ppm, respectively, for the same 
residues. Similar differences are observed for all other 
residues. Ser 7t is the only exception, in which case the 13C~ 
chemical shift difference is 1.22 ppm, whereas the 15N 
chemical shift difference is 0.23 ppm. Once the backbone 
13C assignments were completed, H~,H ~ correlations were 
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obtained from the 15N-edited HOHAHA-HMQC spec- 
trum. Sequential resonance assignments were confirmed 
through identification of short-range HNH N (i,i+l), H~H N 
(i,i+l), H~H N (i,i+l) correlations in the 3D ~SN-edited 
NOESY-HSQC spectrum. Identification of medium-range 
HNH y (i,i+2), HaH N (i,i+2) and HaH N (i,i+3) connectivi- 
ties, shown in Fig. 4, provided further confirmation of the 
sequential assignments. Figure 3 shows the sequential 
connectivity path observed in the NOESY-HSQC for the 
same region of the protein as shown in Fig. 2. Once the 
sequential assignment process was completed, the Ca/H ~, 
H ~'~'~ assignments were used to obtain side-chain carbon- 
13 assignments using the HCCH-TOCSY spectrum. By 
this method, side-chain carbon-13 assignments for nearly 
all residues in the protein were obtained. 

On the basis of the above assignment strategy, we 
propose revised assignments for some of the residues. The 
reassigned residues are Leu 32, His 39, Asp 6~ Asp 66, Glu 69, 
Leu 79, Ala 88. The proton and amide nitrogen assignments 
for these reassigned residues are given in Table 1. With 
the exception of Leu 32, the discrepancies in assigned res- 
onances, obtained using the higher resolution and far less 
ambiguous procedures described herein, are due to the 
near amide proton coincidences or overlapping clusters of 
correlation peaks which were not clearly resolved at lower 
field strengths. 

Secondary structure determination 
The secondary structure determination of rat ferricyto- 

chrome b 5 was based on the observed NOE correlations 
among backbone protons and between backbone and 
side-chain protons. A summary of these NOE correlations 
from 3D 15N-edited NOESY-HSQC are presented in Fig. 
4. The ~3Ca and 13CO chemical shifts presented in Fig. 5, 
are additional indicators of secondary structure in pro- 
teins (Spera and Bax, 1991; Wishart et al., 1991). The 
nomenclature for the elements of secondary structure is 
taken from Mathews et al. (1979). 

Helices Six regions adopting a helical conformation 
along the polypeptide backbone have been identified on 
the basis of characteristic short-range HNH N (i,i+l), HaH N 
(i,i+l), H~H N (i,i+l), and medium-range HNH N (i,i+2) and 
HaH N (i,i+3) NOE connectivities (Fig. 4). The helical 
regions are Leug-His 15, Leu32-His 39, Glu43-Ala 5~ Ala 54- 
Va161, Asp66-Ile 75 and Asp82-Lys 89. Due to overlap among 
H ~ resonances in the helical regions, we have not been 
able to unambiguously identify many H~H N (i,i+2) con- 
nectivities in the NOESY-HSQC. However, t3C~ and 13CO 
secondary chemical shifts for residues in these helical 
regions show down-field shifts from their random-coil 
values and correspond well to the secondary structure 
derived by NOEs (Wfithrich, 1986). Although H ~ chemi- 
cal shifts are also indicators of secondary structure in 
proteins, their application to proteins containing an an- 
isotropic paramagnetic center is of limited use because of 
the 'pseudocontact' (Kurland and McGarvey, 1970) 
shifts of these resonances caused by the unpaired electron 
spin. 
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fl-sheets and turns There are five segments of extended 
chain making up the pleated structure in rat cytochrome 
b 5 (Fig. 5): LysS-Tyr 7 (131), Yhr21-Leu 25 (134), His27-Tyr 3~ 
(133), GlyS~-Asp 53 ([~s) and Glu TM His 8~ (~32). Strong H~H N 
(i,i+l) NOEs as well as up-field-shifted ~3C~ resonances 
that are characteristic of [3-strand secondary structure are 
observed. Additionally unambiguous long-range NOE 
connectivities between strands indicate that four chains 
are parallel and the central chain is antiparallel, forming 
two parallel and two antiparallel ribbons. We have been 
able to identify three ~-turns in the secondary structure of 
rat cytochrome bs: AsplV-Ser 2~ (I), Leu25-Lys 28 (II), Gln 49- 
Gly ~2 (III). On the basis of the observed NOE correla- 
tions, Turn II is of type I, while Turn III is of type II. 
We have been unable to identify the nature of Turn I 
because of overlap of amide proton resonances of Asp 17 
and Lys ~9 and our inability to identify Ser TM. 

Unassigned residues 
We believe our inability to assign 10 of 98 residues in 

the paramagnetic form of rat cytochrome b 5 stems from 
either conformational exchange or solvent exchange at an 
intermediate time scale or due to enhanced T 2 relaxation, 
due to the presence of the anisotropic paramagnetic cen- 
ter. Absence of correlation peaks assignable to Pro 4~ and 
only partial sets of correlation peaks associated with Thr 65 
and Gly 41 are attributable to enhanced relaxation due to 
the paramagnetic center. Enhanced relaxation due to the 
paramagnetic center is evident globally through the obser- 
vation of increases in proton line widths (i.e., most proton 
line widths are nearly twice those observed for the dia- 
magnetic protein). Anisotropic line-broadening is also 
evident from a significant variation in peak intensities (for 
example, in Fig. 1 the Lys 34, Asp 66, Glu 43 and Glu 48 peaks 
are discernably weaker than their diamagnetic counter- 
parts). While modified Solomon-Bloembergen equations 
for anisotropic systems have been proposed (Banci, 1993 
and references cited therein), and the paramagnetic aniso- 
tropy of this system is well defined (Guiles et al., 1993), at 
present we have not accurately measured relaxation times 
nor have we attempted to predict rates based on theory. 

The majority of the unassigned residues occur at the 
N- and C-termini. Of the ten residues that are unassigned, 
four are at the N-terminus and five residues are at the C- 
terminus, which are believed to be absent due to confor- 
mational or solvent exchange on an intermediate time 
scale. These regions of the protein are disordered in the 
crystal structure (Mathews et al., 1979). Presumably miss- 
ing correlation peaks in these regions are due to enhanced 
relaxation due to chemical exchange at an intermediate 
rate. Such effects have been observed in other proteins in 
flexible loop regions (Stockman et al., 1992). Partial as- 
signments are known for the following residues based on 
C a to C~(i-1) connectivities in the 3D HNCA spectrum; 
they are: Asp 1, Ser TM, Gly 41, Thr 65 and Ser 85. 

Discussion 

Relatively few heme proteins are known for which 
backbone and side-chain carbon assignments are known 
through the application of multinuclear, multidimensional 
NMR, the only other being diamagnetic ferrocytochrome 
c 2 from Rhodobacter capsulatus (Caffrey et al., 1994). 
While the backbone assignments are known for the para- 
magnetic form of ferricytochrome c" also from Rhodo- 
bacter capsulatus (Caffrey et al., 1995), our study is the 
first to provide nearly complete backbone and side-chain 
assignments for a paramagnetic heme protein. Beside 
these two heme proteins, only one other paramagnetic 
protein, Anabena 7120 heterocyst ferredoxin (Chae et al., 
1993), an iron sulfur protein, has been studied by the use 
of multidimensional triple-resonance NMR methods. 
Previous assignments of rat ferricytochrome b 5 were ac- 
complished through transfer of assignments from the 
diamagnetic form to the paramagnetic form (Guiles et al., 
1993). This approach employed an iterative procedure 
involving assignment, followed by a determination of the 
orientation of the susceptibility tensor, which then allowed 
prediction of resonances. 

Generally, the orientation of the paramagnetic suscep- 
tibility tensor is calculated by measuring differences in 
chemical shifts between redox states and fitting the data 
to a known structure (usually derived from single crystals 
by X-ray diffraction) (Emerson et al., 1990; Feng et al., 
1990; Veitch et al., 1990). Knowledge of the orientation 
of the tensor can then enable one to predict shifts of 
nearly all other atoms. While the method is extremely 
sensitive, it is prone to errors due to a number of factors: 
(i) structural differences between the redox states can lead 
to errors in prediction of magnitude of chemical shifts; (ii) 
structural differences between the solid and solution states 
could lead to errors in prediction; and (iii) predictions of 
shifts of nuclei that lie close to the paramagnetic center (< 
7.0 A) are usually unreliable due to a breakdown of the 
point-dipole approximation. Most importantly, accurate 
assignments are essential for prediction of the orientation 
of the paramagnetic susceptibility tensor. Conventional 
two-dimensional assignment strategies are complicated by 
overlap problems caused by broad lines and scrambling 
of typical connectivity patterns. As can be seen from the 
above and other studies, three-dimensional heteronuclear 
double- and triple-resonance NMR offers a rapid method 
for assigning proteins containing paramagnetic centers 
(Chae et al., 1994; Caffrey et al., 1995). Unlike ferricyto- 
chrome c" and the cyanobacterial ferredoxin, the rat ferri- 
cytochrome b5 is low-spin in the oxidized form (S = 1/2). 
This results in longer T 2 relaxation times than in cases of 
proteins with high-spin paramagnetic centers (S = 5/2, S = 
2) (Bertini and Luchinat, 1986) which is the case with 
both ferricytochrome c' and ferredoxin. As a result we 
have been able to assign many more residues close to the 
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paramagnetic center than in earlier studies; 13 and 16 
residues for ferredoxin and ferricytochrome c', respective- 

ly, all of which lie close to the paramagnetic center, re- 
main however unassigned in these proteins. Data on sec- 
ondary chemical shifts (Fig. 5) show that, except for resi- 
dues that serve as ligands (His 39 and His 63) for the heme 
prosthetic group, all residues show the magnitudes of 
secondary shifts observed in other diamagnetic proteins. 
Indeed, it was pointed out by Caffrey et al. (1994) that 
~3C chemical shifts are unaffected by ring-current effects, 
which are also present in paramagnetic heme proteins. 
Similarly, one would expect that pseudocontact shift ef- 
fects o n  13C resonances would also be much less signifi- 
cant, in that, although the magnitude of shift effects are 
independent of the nucleus, the contribution relative to 
the intrinsic chemical shift dispersion is small. Consider, 
for example, the observed shifts for Gly  42. The geminal 
proton secondary shifts are 1.94 and 1.63 ppm in the A- 
form, and 2.08 and 1.74 ppm in the B-form, respectively. 
Both sets of shifts are substantially different fi'om the 
random-coil values (W~thrich, 1986). The t3C~ secondary 
shifts of Gly  42 are 2.3 and 2.4 ppm for the A and B 
forms, respectively, which are very similar to the values 
observed in diamagnetic heine proteins (Caffrey et al., 
1994). The predicted contribution from pseudocontact 
shifts for C ~ resonances of rat cytochrome b5 are shown in 
Fig. 5C. Secondary chemical shifts arising from secondary 
structural effects, after corrections for pseudocontact 
shifts, differ only in magnitude of shifts and not in sign 
(exceptions being Gly 4~ and Gly42). Thus, it appears that 
J~C chemical shifts provide a solid basis for determining 
the amino acid type, even in paramagnetic proteins where 
substantial pseudocontact effects are observed. In cases 
where proton chemical shifts of side-chain atoms are 
scrambled, 13C side-chain assignments would enable us to 
distinguish between various side-chain atoms. For exam- 
ple, in the assignment of side-chain carbon atoms it was 
found that the H ~' protons of Ile 7~, previously assigned at 
chemical shifts of 1.21 and 0.76 ppm, are actually 1.22 
and -0.23 ppm, respectively. Figure S-3 (Supplementary 
Material) shows the HCCH-TOCSY spectrum of the Ile 75 
side chain at the ~3C chemical shift of  CL The spectrum 
arising from a typical AX2 subspin system can be clearly 
observed, and thus helps in unambiguous assignment of 
side-chain protons based on the relative insensitivity of 
the t3C chemical shifts to paramagnetic effects. Spin sys- 
tems of other residue types are also shown in Fig. S-3. 

On the whole, the secondary structure of rat ferricyto- 
chrome b 5 in solution agrees with that obtained from X- 
ray crystallography. The assignment of helices are in ex- 
cellent agreement. However, a few small differences are 
worth noting: 

(i) In the crystal structure Helix I extends from Thr 8- 
His ~5. The nearly zero C a secondary chemical shift of Thr ~ 
suggests that it is not present in a helical domain. In 

addition, the absence of HaH N (i,i+ 3) and HNN N (i,i+ 2) 
connectivities for residue 8 provides corroborative evi- 
dence that Thr 8 is not part of a helical domain, and hence 
Helix I is assigned as extending from Leu9-His15; 

(it) The assignment of Helix III in the crystal structure 
appears confusing. Two separate reports, one assigning 
Helix III as Glu43-Gln 49 (Mathews et al., 1979) and the 
other as Gly4~Gln 49 (Mathews and Czerwinski, 1985). 
From our data it appears that Helix Il l  extends from 
Glug3-AlaS~ This is based on the following observations: 
(a) there are H~H N (i,i+ 2) and HNH TM (i,i+ 2) connectivities 
from Glu 48, and a HaH N (i,i+ 4) connectivity from Leu46; 

(b) the Ala 5~ C ~ resonance shows a 2-ppm down-field shift 
from its random-coil value. Although we do not observe 
I-[NH N (i,i+l) between Gly42-Glu 43, the ~3C~ resonances 

show 2.4-ppm and 3.6-ppm secondary chemical shifts, 
respectively. As will be discussed below, corrections to 
observed shifts, from 'pseudocontact' effects show the C a 
secondary shift of Gly  42 to be -0.9 ppm and that of G l u  43 

to be 1.6 p p m  This strongly suggests that Gly 42 is not a 
part of  Helix III. In the case of Helix V[, residues beyond 
Ile s7 were not observed in the diffraction data. Once again 
13C~ chemical shifts of Ala s8 and Lys s9 seem to indicate 
that Helix VI could extend out to Lys ~9. 

There are some differences in the assignment of 13-sheet 
elements and bends. Several self-consistent pieces of NMR 
evidence strongly suggest that residues Ile vS, Ile 76 and 
Gly 77 are not a part of 132. No inter-strand H~H N and 
H~H ~ connectivities are observed between these residues 
in 132 and residues in 133. Also, the 13C~ chemical shifts do 
not show characteristic up-field shifts of residues in 13- 
sheets. Additionally, the presence of strong H~H ~ (i,i+l) 
between Ile 75 and Ile 76, and strong HNH ~ between Ile 76 
and Gly 77 suggests that these residues form a part of a 
turn. It must be mentioned here that in the crystal struc- 
ture, backbone atoms of residues Ile 76 and Gly 77 are 
thought not to participate in the 13-sheet. Based on the 
above observations we feel justified in not including these 
residues in the 13-sheet. At present, this is a qualitative 
interpretation of the observed NOE intensities. A struc- 
ture calculation will reveal further details. We have not 
been able to confirm the 13-bend between His39Gly42, 
because our inability to assign either Pro 4~ or Gly 4L, Resi- 
dues that are very close to the paramagnetic center are 
believed to be significantly broadened by dipolar relax- 
ation and are shifted due to pseudocontact effects. 

The His 39 and His 63 residues ligated to iron show ano- 
malous 13C~ secondary chemical shifts of 10.47 ppm and 
25.92 ppm (5.7 ppm and 19.47 ppm, respectively, after 
correction for contribution from pseudocontact effects). 
The difference between the two histidines is even more 
surprising, given that the backbone torsion angles are 
nearly identical for both residues (Mathews et al., 1979). 
Unfortunately, there are no data from other paramagnetic 
heme systems available for comparison. While the proton- 
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ation states of these two histidines are well established 
(N~I proton of both histidines are hydrogen-bonded to 
backbone carbonyl hydrogen-bond acceptors; Mathews et 
al. 1979), hydrogen bonding alone cannot account for 
such shifts. In the diamagnetic form of cytochrome c2, 
Caffrey et al. (1994) have reported a ~3C~ secondary chemi- 
cal shift of 2 ppm for His ~7 (one of the axial ligands). 
Large 13Ca shifts observed in the paramagnetic form of 
the protein for the axial histidine ligands may be due to 
inductive effects (Bovey, 1988) of the metal center, or 
more likely to 'contact' interaction (Walker and Simonis, 
1993, and references cited therein) resulting from delocali- 
sation of the unpaired spin. The relative contributions to 
the observed shifts of His 39 and His 63 from either of the 
effects may be due to differences in side-chain torsion 
angles between the two residues that are not resolved in 
the crystal structure. 

The relative orientation of the two axial imidazole 
planes of histidine is thought to modulate heme orbital 
energy levels, and hence heme reduction potentials 
(Walker et al., 1986). It is known that the two equilib- 
rium forms of cytochrome b 5 possess noncoincident rhom- 
bic magnetic axes (Guiles et al., 1993) and the orientation 
of these appear to track the axial rotation of the heine 
about its normal (Pochapsky et al., 1990). Based on the 
observed dipolar shifts, McLachlan et al. (1988) have 
proposed that the magnetic axes of the heme system in 
cytochrome b 5 are predominantly controlled by axial 
interaction of heme with His 39. We have recently prepared 
site-specific mutants of rat cytochrome bs, designed to 
perturb the axial ligand-plane orientation of His 63, and we 
observed a reorientation of the magnetic axes and a 
change in reduction potential (Sarma et al., 1996), which 
suggests that in bis- imidazole axially ligated systems, 
neither imidazole interaction predominates. 

Another interesting feature that arises from this study 
is the similarity of the ~3C chemical shifts for both isomers, 
which leads us to the conclusion that the secondary struc- 
ture of the two forms are virtually identical. As we and 
others have noted previously (Pochapsky et al., 1990; 
Guiles et al., 1993), it appears that the heine reorients in 
its two possible geometries in order to accommodate steric 
requirements of the rigid hydrophobic binding pocket. As 
mentioned earlier, differences in 13CC~ chemical shifts for 
the two forms are much smaller than differences in ~SN 
chemical shifts. While it is known that solvation, hydrogen 
bonding and planarity of the peptide must play key roles 
in the position of 15N chemical shifts, at present we have 
no detailed explanation for specific differences in 15N 
chemical shifts between isomers. Now that nearly complete 
assignments for backbone and side-chain atoms are avail- 
able, it will be possible to calculate solution structures for 
both equilibrium binding forms of this protein, which will 
yield insight into the nature of protein-heme recognition 
factors that control reduction potentials in cytochromes. 

Finally, it must be mentioned that the observed differ- 
ences between crystal and solution structures may only 
reflect differences in dynamic properties of cytochrome b 5 

in solution, which could explain some of the missing 
correlation peaks. A recent molecular dynamics simula- 
tion of cytochrome b 5 indicates that the molecule is more 
dynamic in solution than can be inferred from the crystal- 
lographic B factors (Storch and Dagget, 1995). 

Conclusions 

To our knowledge, in this work the most extensive 13C 
assignments for a highly heterogeneous paramagnetic 
protein system are presented. The complete 13C assign- 
ments allow for the correction of errors made in previous 
~H and ~SN assignments, and the identification of second- 
ary structural elements in the paramagnetic form of the 
protein in solution. More importantly, the present work 
lays the foundation for unambiguous identification of 1H- 
~H correlations in 13C-edited 3D NOESY-HSQC and 
13C,15N 4D NOESY-HSQC experiments, information 
which can be used in the calculation of the solution struc- 
ture of both equilibrium conformers of rat cytochrome b 5. 
Since the orientation of the paramagnetic susceptibility 
tensor is known for both equilibrium forms of the pro- 
tein, it can be used as an additional constraint in the 
refinement of the solution structure (Gochin and Roder, 
1995). In addition, extensive assignment of 13C will allow 
for the investigation of backbone and side-chaindynamics 
by 13C relaxation experiments (Nirmala and Wagner, 
1988; Palmer III et al., 1991). 
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