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Abstract 

A combination of 2D COSY and NOESY experiments and 1D nuclear Overhauser effect measurements have 
allowed an extensive assignment of the hyperfine-shifted heme resonances in the downfield region of the ‘H 
NMR spectrum of the fully oxidized tetraheme cytochrome ca from Desulfovibrio vulgaris, Hildenborough. Fifteen 
of the sixteen heme methyl groups were identified and assigned, some on a tentative basis. Most of the one- 
proton paramagnetic resonances were demonstrated to arise from the (w-CH, groups of the heme propionate 
side chains, and from the p-CHa groups of the iron-binding axial histidines. Assignment of methyl resonances 
to individual hemes was achieved by reference to previous calculations of electron density distributions on the 
four hemes of the highly homologous Miyazaki protein obtained by NMR data (Biochemistry, 29 (1990) 2257). 
The methyl hyperfine shift patterns are apparently different for the individual hemes. Despite the complexity of 
the system due to interheme interactions, we have determined that these patterns appear to be influenced by 
the orientation of the imidazole planes of the iron-binding axial histidines, as found for simpler monoheme 
proteins. 

Introduction** 

Cytochromes c3 are a family of low molecular weight 
(M,-13 kDa) electron-transport proteins that may be 
isolated from sulfate-reducing bacteria [l, 21. There is 
evidence that this cytochrome is a natural redox partner 
of ferredoxin and hydrogenase, and serves a key role 
in the major bioenergetic pathways of cellular metab- 
olism. In vitro it has been found to interact with 
ferredoxin, rubredoxin and flavodoxin. The protein is 
also of intrinsic interest inasmuch as the polypeptide 
backbone carries four heme units arranged in a variety 
of orientations that interact with respect to electron 
exchange, magnetic properties and the regulation of 
tertiary structure. The size of the protein has facilitated 
detailed study of its physicochemical properties by a 
variety of physical techniques. Structural data is available 
for two cytochromes c3 isolated from Desulfovibrio vul- 

*Author to whom correspondence should be addressed. 
**The abbreviations used are: NOE, nuclear Overhauser effect; 

NOESY, two-dimensional nuclear Overhauser effect spectroscopy; 
COSY, two-dimensional correlation spectroscopy; WEFT, water- 
eliminated Fourier transform; MODEFT, modified driven equi- 
librium Fourier transform. 

garis Miyazaki F [3], and Desulfovibrio desulfuticans 
Norway [4, 51, which has facilitated modelling of the 
interaction of cytochrome cg with putative biological 
redox partners [6-g]. ‘H NMR studies dealing with the 
paramagnetic resonances [9] arising from the four hemes 
have proved particularly valuable in analyzing the struc- 
ture and redox properties of the cg family, however, 
detailed assignments have been lacking [7, 10-191. Re- 
cently, lD-nuclear Overhauser effect experiments on 
D. vulgaris cytochrome cj, Miyazaky, have allowed a 
partial assignment of heme methyl signals [18, 201. In 
this paper we report an extensive ‘H NMR study, 
through 1D NOE measurements and 2D techniques, 
of the Hildenborough protein and propose assignments 
of most of the low-field hyperfine-shifted resonances. 
Such assignments facilitate the use of NMR to both 
monitor the interaction of cytochrome c3 with biological 
redox partners and analyze the orientation and dynamics 
of residues defining the heme pocket. The application 
of 2D NMR methods to paramagnetic proteins has 
only recently been demonstrated [21-241. Such methods 
have been applied mostly to heme proteins where partial 
assignments had already been established through 1D 
techniques on proteins reconstituted with isotopically- 
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labeled hemes. Subsequent 2D experiments allowed, 
in a number of cases, a full assignment of the para- 
magnetic resonances that were then used to provide 
structural details of the protein environment around 
the heme [21-321. 

The structure of heme c is depicted in Fig. 1. The 
dipolar connectivities between the l-CH, and the 8 
CH, groups and those among the propionate side chains 
in positions 6 and 7 and the 5- and 8CH, groups, 
respectively, are useful for assignment purposes. The 
network of connectivities obtained by the 2D NOESY 
and COSY maps, in conjunction with the X-ray structure 
of the Miyazaki protein (87% homology with cytochrome 
cj from D. vulgaris) (Hildenborough) [33]) and with 
reference to a partial resonance assignment reported 
by Fan et al. [20], have allowed the assignment of a 
large number of hyperfme-shifted resonances to groups 
of individual hemes. A few of these are tentative, due 
to the absence of any previous firm resonance assign- 
ments by use of isotopically labelled hemes. 

Experimental 

Desulfovibrio vuZgari.s (Hildenborough, NCIB 8303) 
was grown in an enriched Baars medium (ATCC medium 
No. 1249) at the Fermentation Laboratory, Department 
of Biochemistry, University of Wisconsin. Cytochrome 
c3 was purified as described by Tan and Cowan [34]. 
Monodimensional ‘H NMR spectra were obtained on 
Bruker AMX-400 and Bruker AM-500 spectrometers 
using 16 K data points over a 40 and 50 kHz spectral 
bandwidth, respectively. Protein concentrations for 
NOE measurements were approximately 5 mM in 50 
mM sodium phosphate buffer (D,O, pH 7). Chemical 
shifts are reported in ppm by assigning a 4.80 ppm 
value to the residual water peak. Suppression of the 
residual water signal was achieved with the super-WEFT 
pulse sequence (180-r-90-AQ + delay) [35] using recycle 
times (AQ + delay)of 300-3.50 ms and delay times (7) 
of 170-190 ms. ‘H NOE measurements on the hyperfine- 

shifted resonances [36] were obtained directly with the 
same sequence by cycling the frequency of the decoupler, 
kept on during the delay time r, according to the 
scheme: %- (w2+ S)- w2--(w2-S), where o2 is the 
frequency of the irradiated signal and 6 the off-resonance 
offset [37, 381. On- and off-resonance spectra were 
automatically subtracted during the sequence by cycling 
the received phase. The reported spectra were obtained 
with 30 000-40 000 scans. A line broadening of 10 Hz 
was used throughout. The large signal-to-noise ratio 
allowed detection of NOES as low as 0.4%. The steady- 
state NOE is the fractional change in the intensity of 
a given spin when that of a dipole-coupled spin belonging 
to the same molecule is saturated [39, 401. For an 
isolated two-spin system (ij) separated by a distance 
rij and tumbling with a correlation time r=,, if a saturating 
frequency is applied selectively to j the steady-state 
NOE on signal i is given by 

where oij is the cross-relaxation rate (proportional to 
r -“) and pi is the intrinsic spinlattice relaxation rate 
of i. In the absence of local motions, rc coincides with 
the protein tumbling time. The cross-relaxation term 
allows the internuclear distance to be estimated from 
NOE measurements. In paramagnetic systems, the large 
pi values reduce the intensity of the observed NOES. 
As a result, a large signal-to-noise is required to detect 
NOES that may ne lower than 1%. Such NOES are 
all primary, however, since spin-diffusion is quenched 
[411- 

T, values were obtained with the MODEFT sequence 
[42]. A computer-graphics analysis of the X-ray structure 
of D. vulgaris cytochrome c, (Miyazaki), which is 87% 
homologous to the Hildenborough protein [33], was 
performed with the Sybyl program (by Trypos Asso- 
ciates) on an Evans & Sutherland PS-390 terminal 
connected with a microVAX data station. 

Phase-sensitive NOESY spectra were obtained at 400 
MHz on a Bruker AMX-400 spectrometer by using the 
phase sensitive absorption mode (TPPI) [43]. The re- 
sidual water peak was suppressed by a decoupler pulse 
during the relaxation delay and mixing time. Mixing 
times of 40, 50, 80 and 100 ms were used. The best 
results, in terms of cross-peak detection, were obtained 
with a 50 ms mixing time. The data were collected 
with a 6.2 ps (90”) pulse over a 25 kHz bandwidth 
with a total recycle time of 613 ms. 2K data points in 
t,, and 1024 t, increments with 128 scans per t, were 
used. Upon zero filling in the 1, dimension, the final 
data matrix was 2Kx2K with a digital resolution of 
12.2 Hz/point. COSY experiments were carried out 
with a relaxation delay of 600 ms during which the 
water signal was suppressed by a presaturation pulse. 
512 t, increments summing 256 scans per t, were 
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recorded with 1K data points in t2 The data set were 
zerofilled to 1KX 1K. Data were processed in magnitude 
mode. Prior to Fourier transformation the 2D data sets 
were multiplied by a 45 “C (NOESY) or 0” (COSY) 
phase-shifted sine-bell squared function in both di- 
mensions. Data collection and processing were per- 
formed with standard Bruker software. 

Results 

The paramagnetic region of the 400 MHz ‘H NMR 
spectrum of D. vulgaris cytochrome cg is shown in Fig. 
2. Upper and lower case letters are used to denote 
methyl and one-proton resonances, respectively. The 
spectral parameters of the hyperfine-shifted signals are 
listed in Table 1. Care was taken in the measurement 
of signal intensities: temperature and pH were varied 
in order to resolve overlapped resonances. Fifteen of 
the sixteen methyl resonances arising from the methyl 
groups of the four hemes are observed in the range 
31-8 ppm. A group of broad resonances corresponding 
to seven to eight protons is located in the - 10 to - 25 
ppm region. These resonances were only partially de- 
tected in an early report [44], and in general were 
neglected in the subsequent NMR studies of this protein. 

Illustrative examples of the lD-NOE difference spec- 
tra obtained upon saturating in turn all the hyperfine- 
shifted resonances are reported in Fig. 2 and a map 
of the NOE connectivities in the paramagnetic region 
is reported in Table 2. Four connectivities between 
couples of methyl signals were observed: A-G, B-F, 
H-J and I-J. Of particular interest is the case of signal 

TABLE 1. Assignments for the methyl heme resonances in the 
‘H NMR spectrum of oxidized cytochrome c3 (Hildenborough) 

Peak Shift” T, (ms)” Assignment 

A 30.02 58 
B 29.73 62 
C 22.52 130 
D 22.44 124 
E 20.65 26 
F 18.73 68 
G 18.50 48’ 
H 18.42 58’ 
I 17.25 43 
J 13.82 26 
K 10.28 45 
L 10.10 48’ 
M 8.96 -d 

8-CH, heme I 
8-CHs heme II or III 
5-CH3 heme IV 
3-CH, heme IV 
8- or 5-CHS heme II or III 
l-CHa heme II or III 
l-CHa heme I 
8-CH3 heme IV 
5-CH, heme I 
l-CHa heme IV 
3-CH, heme I 
3-CH, hemes II and III 
5- or 8-CH3 heme II or III, 
l-CH, heme II or III 

“Referenced to the residual HDO water peak set to 4.8 ppm. 
T=298 K. bDetermined with the MODEFI sequence using 
different delay times. Estimated error: f 10%. cComposite 
peaks. The errors in Tr measurements are greater. dBad fit 
arising from the overlap of fast and slow relaxing resonances. 
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Fig. 2. 400 MHz ‘H NMR spectrum of oxidized D. vulgaris 
cytochrome cg (Hildenborough) and ‘H steady-state NOE dif- 
ference spectra for some of the downfield shifted hyperfine 
resonances. The upfield region of the spectrum is reported in 
the upper part of the Figure and the inset shows the broad 
resonances in the -10 to -25 ppm region. Letters A to a of 
the NOE spectra correspond to the irradiated peak. All spectra 
were obtained in 50 mM sodium phosphate buffer in 99.8% D,O, 
pH 7, 298 K. The pH value is not corrected for isotope effects. 

J where saturation yields NOES to two methyl reso- 
nances, I and H (Fig. 2, J). The inter-methyl distances 
(4.3+0.3, 4.3+0.3, 4.850.3, and 3.4~bO.2 A, respec- 
tively) were estimated by use of eqn. (1) and a correlation 
time of 4.7~ lop9 s. The first three pairs of resonances 
most probably correspond to heme l-CH,, SCH, cou- 
ples, the average distance between such methyl groups 
being estimated at 5.1 A [45], while resonances J and 
I must correspond to two methyl groups close in space 
belonging to two different hemes. 

The 400 MHz NOESY map contains, with only a 
few exceptions, all the NOE connectivities of the low- 
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field hyperfine-shifted resonances observed in the 1D 
spectra. The downfield portion of the NOESY spectrum 
in 99.8% D,O illustrating the cross peaks involving the 
paramagnetic resonances, and the diamagnetic region 
of the same spectrum are reported in Fig. 3(A) and 
(B), respectively. The full COSY map is reported in 
Fig. 4. Single proton peaks from a to i invariably show 
a strong NOE (20-50%) and a strong NOESY and 
COSY cross peak with another one-proton resonance, 
typical of a methylene couple. In particular, the pairs 
(h, 6.59), (G 4, (a, 0, (b, 7.78) (e, 9.61), (g, 6.18) 
have been recognized (numerical listings refer to the 
chemical shift of the geminal resonance falling in the 
diamagnetic envelope). Each of the first two couples 
connects with a methyl group (peak C and E, respec- 
tively), and so they can be confidently assigned to cy- 
CH, groups of heme propionate side chains. Also the 
other resolved one-proton resonances in the 10.5-11.5 
ppm region, except the broad peak j, show at least one 
very strong NOESY and COSY cross peak. 

For the sake of clarity, we will first describe the 
dipolar and scalar couplings of groups of methyl res- 
onances related by reciprocal NOES, namely A-G, B-F, 
and J-H-I, then those of the other CH, resonances 
C, D, E, K, L, and finally the connectivities exhibited 
by the one-proton resonances. 

Couple A-G 
The intermethyl contact generates the cross peak 1 

in Fig. 3(A). Peak A shows the additional NOESY 
cross.peaks 2-7 involving resonances on the region 9.5 
to -1 ppm, while G shows four cross peaks (49-52) 
with resonances in the range 1.5 to - 1 ppm. These 
connectivities suggest the assignment of peaks A and 
G to the 8-CH, and l-CH, groups of the same heme, 
respectively. Most of the NOESY cross peaks 2-7 are 
in fact consistent with the dipolar contacts of an 8- 
CH, group with the propionate chain in position 7. In 
particular, the following assignment can be proposed: 
2 (8-CH,, 7H,); 3 (8-CH,, 7H’,); 4 (8-CH,, 7H,); 106 
(7H,, 7H’,); 107 (7H,, 7H,); 117 (7H’,, 7H,). Con- 
sistently, the COSY map shows the scalar coupling of 
the 7H, proton with its geminal partner (cross peak 
23). Cross peaks given by methyl G may arise from 
the dipolar connectivity of the l-CH, group with the 
methyl group of the thioether bridge in position 2 and 
with the methine proton, though the latter usually falls 
at higher frequencies in c-type hemes 146-481. Methyl 
peaks, A, G show a common dipolar contact with a 
resonance at -0.55 ppm (NOESY cross peaks 7 and 
52, respectively). 

Couple B-F 
The inter-methyl connectivity is shown by cross peak 

8. Cross peaks 9-15 and 4148 originate from peaks 

B and F, respectively. Cross peaks 9 and 10 arise from 
the dipolar contacts of B with protons connected by 
the strong NOESY and COSY cross peaks 113 and 
25, respectively, hence most probably belonging to the 
cr-methylene couple of the propionate chain. No such 
contacts have been detected for the methyl peak F. 
Hence B must correspond to the 8-CH, group. As- 
signments of its NOESY cross peaks are: 9(8-CH,, 
7H,); 10 (8-CH,, 7H’,); 11 (8-CH,, 7H,); 113 (7H,, 
7H’,); 114 (7-H,, 7H,). The resonances at 2.60, -0.47 
and -3.74 ppm show cross peaks with both methyl 
peaks B and F (12, 42; 14, 46 and 15, 48, respectively). 
These resonances probably belong to a protein residue 
close to both the methyl groups, and one of them may 
correspond to the Smeso proton. 

Couples I-J and J-H 
The former intermethyl connectivity generates a re- 

markably strong NOE (Table 2 and Fig. 2, J) and the 
NOESY cross peak 65. As mentioned above, these two 
methyl groups are closer than a l-CH3, 8-CH, couple 
of the same heme. The X-ray structure shows that the 
l-CH, group of heme IV and the 5-CH, group of heme 
I are in close contact (methyl carbon distance =4.17 
A); another interheme methyl distance (methyl 1 of 
heme II-methyl 5 of heme III) is very similar to a l- 
CH3, 8-CH, intraheme distance. It follows that we can 
reasonably assign the I-J couple to the above short 
interheme methyl contact. The individual assignments 
are straightforward: peak J shows an additional weak 
NOE with methyl H characteristic of a l-CH3, 8-CH, 
couple (Fig. 2, J) (the corresponding cross peak is not 
observed in the NOESY map), hence J corresponds 
to methyl 1 of heme IV, H to methyl 8 of the same 
heme, and peak I to methyl 5 of heme I. Most cross 
peaks given by H and I originate from upfield-shifted 
resonances and a few of them show a three-proton 
intensity. Hence they likely correspond to dipole-shifted 
protons of residues neighboring the hemes. For peaks 
H and I the only resonances assignable to an a-CH 
proton of the adjacent propionate chain fall at 4.18 
and 6.41 ppm, respectively. The former gives rise to 
the NOESY cross peak 53 and the latter is observed 
only at a lower level and is indicated by the open 
square 76 in Fig. 3(A). Such resonances display several 
NOES, but in both cases no COSY cross peaks could 
be detected, hence their geminal partner could not be 
identified. 

Methyl C 
The methyl peak C clearly connects with a propionate 

(u-CH, pair formed by resonance h and another one 
at 6.59 ppm (cross peaks 16 and 18, respectively). The 
dipolar and scalar contacts among the propionate chain 
have been almost completely identified. NOESY and 



246 

,  ,  , ,  

10.0 7.5 5.0 pm’ 27.5 25.0 2i.5 26.0 17.5 15.0 12.5 

Fig. 3 (For figure legend please see facing page.) 

COSY cross peaks can be straigthforwardly assigned 
as follows (the NOESY peak is reported first): 89, 13 
(H,, H’,); 92, 14 (H,, H,); 93, 15 (H,, H’,); 115, 27 
(H’,, H,); 116, 28 (H’,, H’@). Further NOESY cross 
peaks between C and the propionate chain are: 22 
(CH,, H,); 23 (CH,, Hfp). Hence C is either a 5- or 
S-methyl group. A weak NOE between C and the 
composite methyl peak M was detected in 1D NOE 
experiments. Peak M in turn shows connectivities with 
the components of the above propionate chain (see 
NOESY cross peaks 87, 108, 109 and 110 between 
peak M and the above H,, H’,, H, and H’, protons, 
respectively). Hence the contact of C with M is likely 
to involve a one-proton resonance, overlapped to the 
two-methyl peak, belonging to a residue close to both 
methyl C and its adjacent propionate side chain. Un- 
fortunately, resonance M could not be satisfactorily 
resolved in its components by varying temperature and 
pH. Moreover, it shows further NOESY and COSY 
cross peaks consistent with the interaction of a heme 
methyl group with a propionate chain, with the geminal 

a-CH protons at 3.86 and 1.55 ppm (Table 3), hence 
is must contain a 5- or 8-CH, group. 

Methyl E 
The observed connectivities with the components of 

the geminal couple c, d (NOESY cross peaks 31 and 
32) indicate that peak E, like methyl C, must belong 
either to a 5- or an 8-CH, group. The following as- 
signments for the NOESY and COSY cross peaks given 
by E, c and d are straightforward: 31 (CH,, H,); 32 
(CH,, H',); 36 (CH,, H,); 62, 4(H,, H',); 63, 5 (Ha, 
H,); 64, 6 W,, H',); 70, 7 (H',, H,); 71, 8 (H',, H',); 
119, 30 (Hp, Hfp). The remaining NOESY cross peaks 
33-35 given by E cannot be assigned with the data 
available. Variable temperature experiments have shown 
that the cross peak 33, connecting E with the methyl 
resonance K, is due to a single proton signal overlapped 
to the latter methyl peak. 1D NOE experiments in- 
dicated that this signal does not connect with another 
methyl peak, so it cannot be assigned to a 6-meso 
proton. 
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Fig. 3. 400 MHz phase sensitive ‘H NOESY spectrum of oxidized D. vulguti cytochrome cj (Hildenhorough) in 99.8% D,O, pH 
7, 298 K. (A) Downfield region showing the cross peaks from the hyperfine shifted resonances. (B) Expanded diamagnetic region. 

Methyls D and L 
These resonances are not involved in lD-NOE in- 

termethyl connectivities, and no connectivities char- 
acteristic of the propionate chain could be detected 
among the relative cross peaks. Hence peaks D and 
L are likely to arise from 3-CH, groups. 

Methyl K 
This resonance shows only dipolar contacts with the 

one-proton signal i and with resonances at 2.7 and 0.48 
ppm (NOESY cross peaks 94,101 and 102, respectively). 
Though resonances i and that at 2.7 ppm are related 
by a strong NOESY (cross peak 95), no COSY cross 
peak could be detected, indicating that they are not 
the components of a methylene couple. Hence this 
methyl peak is likely to correspond either to a l-CH, 
or to a 3-CH, group. 

From the above data it appears that either methyl 
C or E must be the fourth S-CH, group whose con- 
nectivity with the l-CH, group escaped detection. 

One-proton resonances 
Five couples of one-proton signals related by strong 

NOESY and COSY cross peaks could be assigned to 
a-CH, propionate pairs due to the observed connectivity 
with the adjacent heme methyl group (Table 3). The 
remaining couples must correspond to dipole-shifted 
methylene resonances from amino acids close to the 
hemes, and in particular from /3-CH, groups of axial 
histidines, that have been characterized in several low- 
spin heme proteins [21, 22, 25, 26, 28, 49-521. Indeed, 
all the remaining hyperfine-shifted one-proton reso- 
nances exhibit dipolar and scalar couplings consistent 
with the spin system of histidine P-CH, and (u-CH 
protons. A list of NOESY and COSY connectivities is 
reported in Table 4. The pattern of cross peaks generated 
by the two-proton signal k,l is found consistent with 
a spin system originating from overlapped /3-CHs of 
two histidines, connected to the geminal partners at 
8.48 and 6.75 ppm, that possess (u-CH protons both 
resonating at 9.29 ppm. The NOESY and COSY con- 
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Fig. 4. Portion of the 400 MHz magnitude COSY map recorded using the same experimental conditions described for the NOESY 
spectrum. The downfield region containing the methyl peaks A, B, C, D, and E is omitted due to the absence of cross peaks. 

TABLE 3. a-Methylene couples of heme propionate side chains detected by lD-NOE, NOESY and COSY data in the ‘H NMR 
spectrum of oxidized cytochrome cg (Hildenborough) 

Couple” COSY NOESY 
cross peak cross peak 

NOEb 

(%I 

Assignment 

cd 4 62 34 6- or 7-H, heme II or III 
h, 6.59 13 89 56 6-H, heme IV 
9.27, 5.42 23 106 7-H, heme I 
6.37, 3.93 25 113 7-H, heme II or III 
3.86, 1.55 29 118 6- or 7-H, heme II or III 

‘ppm values are used when labelling is not available. bFrom ID-NOE experiments when available. 

nectivities showed by the other two-proton peak n,o 
indicate that one of the resonances is most probabIy 
a component of a histidine P-CH, group. Overall, seven 
of the eight P-CH,-CPCH systems of the axial histidine 
have been identified. The fact that for some of them 

Discussion 

The dipolar and scalar connectivities among the 
hyperline-shifted resonances in the ‘H NMR spectrum 
of the fullv oxidized nrotein allowed the identification 

the (u-CH proton exhibits a higher frequency than that 
, I 

of the ring position of a number of heme methyl groups. 
of one of the P-CH, protons is a feature not uncommon However, only three of them (peaks H, I and J) could 
in low-spin heme proteins [22, 51, 531. be assigned to individual hemes, in agreement with a 
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TABLE 4. /3-CHZ and CI-CH proton resonances of the iron binding axial histidines detected by lD-NOE, NOESY and COSY data 
in the ‘H NMR spectrum of oxidized cytochrome cj (Hildenborough) 

P-CHz couple” cy-CHa COSY (NOESY) COSY (NOESY) 

P-P’ P--a 

COSY (NOESY) 

P’-(y 

a, f 
b, 7.78 
e, 9.61 
g, 6.18 
k, 8.48 
1, 6,75 
n, 9.48 

6.85 
8.82 

r;28 
9.29 
9.29 
8.94 

1 (37) 2 C-1 
3 (40) - (39) 

10 (73) 9 (72) 
12 (82) 11 (80) 
17 (97) 16 (96) 
18 (98) 16 (96) 

20 (100) 73 e) 

- 
24 (111) 
19 (99) 
26 (112) 
22 (104) 
- (105) 
- (103) 

“ppm values are used when labeling is not available. 

previous report [20], since the former two are involved 
in a short interheme contact known from the X-ray 
structure. Fan d al. [20] have reported an assignment 
of methyl resonances to individual hemes in D.vuZguris 
cytochrome c3, (Miyazaki F) on the basis of the electron 
density distribution calculated from ‘H NMR saturation- 
transfer experiments performed on partially reduced 
samples. Comparison of this data with the results of 
the extensive NOE experiments described herein allow 
us to unravel the gross features of the crowded par- 
amagnetic region of the spectrum. The two proteins 
from Miyazaki and Hildenborough strains show an 87% 
sequence homology, and the pattern of the hyperfine- 
shifted resonances is very similar. From the limited 
lD-NOE experiments carried out by Fan et al. [20] it 
appears that the couples of methyl peaks A, H, and 
I, J in their labeling scheme correspond to the present 
peaks A, G and I, J, respectively. This leads to the 
clear correspondence of the peaks B and F in the two 
spectra. Moreover, peaks C, D, E of the Miyazaki 
protein should correspond to the same peaks in the 
Hildenborough protein, by noting in both cases the 
increased linewidth of signal E, and by consideration 
of the results described below. An illustrative scheme 
highlighting the relationships between the two spectral 
patterns is shown in Fig. 5 to facilitate discussion. 

Fan et al. proposed that the group of four Miyazaki 
methyl resonances A, H, I, K belong to heme I. This 
assignment is consistent with our data since the present 
peaks A and G are known to correspond to an 8-CH, 
and l-CH3 group of the same heme, peak I to a 5- 
CH,, and peak K can be assigned to a 3-CH, group. 
The methyl resonances of heme I can therefore be 
fully assigned, in agreement with the previous report. 
The assignment of peak A to a methyl group of heme 
I is supported by molecular modeling and NMR studies 
of the interaction of D. vulgaris cytochrome c3 with 
rubredoxin and flavodoxin [7], and also by NMR ex- 
periments following partial oxidation of the reduced 
protein [15], which indicate that peak A should cor- 
respond to a methyl group of one of the least readily 

DP. 2, 5 25 0 22 5 m 0 II 5 IS 0 12 5 10 0 75 

Fig. 5. Correspondence between the downfield shifted hyperfine 
resonances in the ‘H NMR spectra of oxidized D. vulgaris 
cytochrome, c3, Hildenborough (below), and Miyazaki (above, 
from ref. 20). 

oxidized hemes. Indeed heme I is proposed to have 
the highest reduction potential [20]. 

The Miyazaki methyl resonances C, D and J (cor- 
responding to the same labeling in the present protein) 
were assigned to heme IV [20]. This agrees with the 
present data on the Hildenborough protein since peaks 
C and D can be assigned to the 5-CH, and 3-CH, 
group, respectively. The intermethyl connectivity of peak 
J (l-CH, of heme IV) with peak H then fixes the latter 
resonance as the 8-CH, group of the same heme. Peak 
H (G in the Miyazaki protein) was previously assigned 
to the SCH, group of heme III [IS]. Two remaining 
groups of Miyazaki methyl resonances, each belonging 
to a distinct heme, namely B, F, G, M and E, L, N 
could not be assigned to individual hemes II and III 
[20]. With the exception of signal G (Miyazaki), labeled 
as H in our work with an assignment to heme IV, the 
present data are consistent with the idea that each of 
the above groups of resonances indeed arise from the 
same heme, but cannot provide assignments as detailed 
as above. In the former group, peaks B and F correspond 
to a 8-CH, and l-CH, group, respectively; peak M 
could overlap with the other Miyazaki resonance L to 
give the present two-methyl peak L. and could cor- 
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respond to the 3-CH, group of the same heme. As far 
as the latter group E, L, N is concerned, E was assigned 
above to either a 8-CH, or 5-CH, group, L may cor- 
respond to the 3-CH, group and N, now M in the 
Hildenborough protein, may contain both the 5- or S- 
CH, group and the l-CH, group of the same heme. 
Overall, fifteen of the sixteen methyl resonances have 
been detected. The missing 5-CH, peak, belonging to 
heme II or III, is hidden in the diamagnetic region. 

The group of broad resonances corresponding to 
seven to eight protons located between - 10 and - 25 
ppm (Fig. 2) shows a shape and a spectral position 
characteristic of axial histidine E-H protons in low spin 
ferric heme proteins [21, 25, 52, 54-591. The integrated 
intensity fits with the presence of eight such protons 
from the eight axial histidines. Such correspondence 
is unlikely to be fortuitous. Some of these resonances 
were previously assigned to heme meso-CH resonances 

WI. 
No hyperfine-shifted one-proton resonances assign- 

able to &meso protons have been detected in the 
downfield region of the spectrum. The unassigned one- 
proton peaks, i, j, and o do not exhibit the required 
dipolar contacts with the l- and 8-CH, groups, in either 
NOESY or 1D NOE experiments. On the other hand, 
several resonances, either falling in the diamagnetic 
region below 3 ppm, or upfield-shifted, were found to 
connect with the components of l-CH,, S-CH, couples, 
and so the 6-meso protons may be among these res- 
onances. Alternatively, these protons could be downfield 
shifted but their connectivities with the adjacent heme 
methyl groups may have not been detected due to their 
fast relaxation. The hyperfine shift of the meso protons 
in low-spin heme proteins is mainly dipolar in origin 
and, as demonstrated for b-type cytochromes [21], is 
strongly influenced by the orientation of the axial his- 
tidine(s). From crystallographic data the orientation is 
different for each of the four hemes in D. vulgaris 
cytochrome c, [3], and for at least two of them (hemes 
I and III) is consistent with the S-meso proton being 
shifted upfield [21]. 

The hyperfine shift pattern of the methyl groups of 
the four hemes deserves some comment. It is known 
that the distribution of the unpaired spin density over 
the porphyrin ring is controlled by the chirality of the 
axial methionine in cytochrome c [43, 47, 60-631 and 
by the orientation of the imidazole plane of the axial 
histidine(s) in the other low spin hemes, such as those 
found in cytochrome c peroxidase, myoglobin and b- 
type cytochromes [21, 25, 50, 60, 64-661. The proposed 
assignment of the methyl peaks of hemes I and IV 
(Table 1) may indicate that in cytochrome c3 the 
orientation of the axial histidines still plays a role in 
determining the methyl shift pattern, even though the 
spin distributions of the individual hemes are likely to 

be complicated by cross interactions [3, 201. Indeed, 
hemes I and IV, which are characterized by an almost 
perpendicular orientation of the histidine planes (in 
both hemes the axial imidazole groups are roughly 
coplanar) [3], display a pairwise inverted order of the 
chemical shift for the methyl groups: 8, 1, 5, 3 versus 
5,3,&l (in order of decreasing frequency), respectively. 
The lack of a firm assignment of the methyl groups to 
the individual hemes II and III prevents any further 
comparison. However, as far as the above fully assigned 
hemes are concerned, it appears that the heme methyl 
shift pattern in cytochrome cj differs from that commonly 
shown by c-type cytochromes characterized by the pairs 
8, 3; 5, 1 or 5, 1; 8,3 (in order of decreasing frequency) 
depending on the chirality of the axial methione [60]. 
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