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The 'H-NMR signals of the heme methyl, propionate and related chemical groups of cytochrome ¢; from Desulfovibrio
vulgaris Miyazaki F (D.2. MF) were site-specifically assigned by means of 1D-NOE, 2D-DQFCOSY and 2D-TOCSY
spectra. They were consistent with the site-specific assignments of the hemes with the highest and second-lowest
redox potentials reported by Fan ¢t al. (Biochemistry, 29, 2257-2263 1990). The site-specific heme assignments were
also supported by NOE between the methyl groups of these hemes and the side chain of Val-18.

Introduction

Cytochrome ¢; is a unique class of heme proteins which
contain four hemes in a single polypeptide and show very

*To whotn correspondences should be addressed.

low redox potentials’. Crystal structures of cytochrome ¢;
from Desulfovibrio desulfuricans Norway and D, vulgaris Miya-
zaki F have been reported®®. Cytochrome c; is of great inter-
est not only from a biological point of view but also because
of its peculiar physicochemical properties. Redox potentials
are one of the important parameters for the electron transfer.
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Macroscopic and microscopic redox potentials were deter-
mined for a series of cytochrome ¢;*~% For elucidation of
the redox potentials, it is essential to assign them to each
hemes in the crystal structure. Gayda ef af. assigned the
third highest redox potential of cytochrome ¢; of D. vulgaris
Miyazaki F using electron spin resonance (ESR) study’. Fan
et al. assigned the highest and third highest redox potential
of the same protein by the use of nuclear magnetic reso-
nance (NMR)?, which contradicted the assignment by ESR.
The assignment was in conflict between chemical modifica-
tion® and ESRY for D.AN cytochrome ¢;. A complete assign-
ment of D.v. MF cytochrome ¢; was performed by NMR in
this work. The result supported the partial assignment by
Fan et al.

Expermeantal

Desulfovibrio vuigaris Miyazaki F was cultured in the me-
dium C. Cytochrome ¢; was purified according to the report-
ed procedure", The purity index (Ass; (red)/Az, (0x)) of the
final sample was over 3.0. The purity was also confirmed
by SDS-polyacylamide gel electrophoresis. 400 MHZ 'H-NMR
spectra were obtained at 30C with a Bruker AM-400 NMR
spectrometer in a 30 mM phosphate buffer solution (p?H 7.0).
Chemical shift are presented in parts per million relative
to the internal standard 2 2-dimethyl-2-silapentane-5-sulfo-
nate (DSS). In the nuclear Overhause effect (NOE) experi-
ments, 16transients were accumulated on- and off-resonance
irradiation for 0.5s, alternately. In total 4800 transients were
accumulated for each case, unless started otherwise. An NOE
difference spectrum was obtained from these free-induction
decays. Two-dimensional DQF-COSY spectra were measure
with the data size of 512X 2048, and spectral width of 25000
Hz. Two-dimensional TOCSY (HOHAHA) spectra were meas-
ured with the data size of 512X 2048, spectral width of 8064
Hz and mixing time of 26.6 ms. Data processmg was done
with sine bell sequared window.

Results and Discussion

A 400 MHz 'H-NMR spectrum of ferricytochrome ¢; is
shown in Figure 1. As reported earlier®, thirteen heme me-
thyl signals can be observed separately in the downfield re-
gion. They are labeled alphabetically from the downfield.
They were classified to four hemes on the basis of the elec-
tron distribution probabilities in the five macroscopic oxida-
tion states®, namely,

heme 1; A, H, I and K,

heme 2; B, F, G and M,

heme 3; C, D and ),

heme 4; E and L,

where hemes were numbered according to the order of the
major reduction. La Mar and his coworker reported that the
nuclear Overhouse effect (NOE) between the methyl protons
at 1 and 8 positions of a paramagnetic heme can be used
for the assignment of methyl signals”. The chemical struc-
ture of a c-type heme is given in Figure 1. NOE experiments
were carried out by irradiation the heme methyl signals A
through H one by one. As shown in Figure 2, intraheme
NOEs were observed for the pairs of A and H, and B and
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Figure 1. A 400 MHz 'H-NMR spectrum of ferricytochrome
¢; from D. vuigaris Miyazaki F at 30°C . The heme methyl signals
were labeled alphabetically. The chemical structure of a c-type
heme and the labels of the porphyrin carbons are given on top.
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Figure 2. NOE difference spectra of ferricytochrome c¢s. The
arrows indicate the irradiated positions. Definition of the labels
is given in Figure 1. 7a denotes the a-methyiene proton of the
propionate at 7 position.

F. The former was already reported by Fan e a®. Thus,
it can be concluded that signals A, B, F and H can be assign-
ed to heme methyl groups at either 1 or 8 positions. Further-
more, NOE was observed at the a-methylene signals of pro-
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Figure 3. Sections of the two-dimensional TOCSY (HOHAHA)
spectrum of ferricytochrome c; at 30T . a; the dotted and broken
lines connect aCH-BCH cross-peaks of 7-propionate of hemes
1 and 2, respectively. Solid lines connect those of 6-propionate
“ of heme 3. b; the broken and solid lines connect aCH-BCH cross-
peaks of 6-propionate of hemes 1 and 2. respectively.
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Figure 4. NOE difference spectra of ferricytochrome ¢a. The
arrows indicate the irradiated positions. Definition of the labels

is given in Figure 1. 6a and 68 denote the @-and B-methylene
protons of the propionate at 6 position, respectively.

pionate for signals A and B as can be seen in Figure 2.
Therefore, signals A and B, and those F and H can be ascrib-
ed to methyl groups at 8 and 1 positions, respectively. The
assignment of the propionate protons was confirmed by 2D-
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Figure 5. NOE difference spectra of ferricytochrome ¢z The
arrows indicate the irradiated positions. Definition of the labels
is given in Figure 1. (a), (b); in aqueous solution, {c), (d}; in
the presence of 50% {(v/v} of deuterated ethanol.

DQFCOSY and TOCSY spectra. A relevant portion of the
2D-TOCSY spectrum is presented in Figure 3. The common
NOE signals between Figure 2a and b, and Figure 2¢ and
d were assigned to 5-meso protons of hemes 1 and 2, respec-
tively. The irradiation of signals I, G, C and E also gave
rise to NOE signals at the a-methylene protons of propiona-
tes as can be seen in Figure 4. Their assignments were
carried out on the 2D-DQFCOSY and TOCSY spectra. The
connectivity is given in Figure 3. The assignment of the pro-
pionate signals observed on irradiation at signal E could also
be confirmed by 1D-NOE experiments as shown in Figure
4g and h. Thus, signals I and G can be assigned to the
methyl protons at 5 position (5-CH;), which led to the assign-
ment of K and M to 3-CH,. Signals H, F, M, D and J gave
NOE signals at B-methyl protons of the thioether bridges
as shown in Figure 2, 4 and 5. The assignment of these
signals was confirmed on the 2D-DQFCOSY and TOCSY
spectra through the connectivity with a-methine protons.
Gayda ef al. assigned heme 3 to heme II in the crystal
structure on the basis of an ESR study of D.v. MF cyto-
chrome cy’. In contrast, Fan ef al. assigned heme 3 to heme
IV in the crystal structure by NMR®. To establish the assign-
ment, this problem was examined further. The assignment
by Fan et af. was proved by the interheme NOE between
signals I and J. Since the shortest interheme methyl carbon
distance in the crystal structure is 4.2 A, between 5-CH;
of heme I and 1-CH; of heme IV, and signal I was ascribed
to either 3- or 5-CH,, signal I and J were assigned to 5-CHj
of heme I and 1-CH; of heme IV, respectively?, The NOEs
observed for signal I and propionate, and J and B-methyl
group of the thicether bridge are consistent with this assign-
ment as far as heme methyl sites are concerned. However,
the conformation in solution may be different from that in
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Figure 6. Sections of the two-dimensional TOCSY (HOHAHA)
spectrum of ferricytochrome ¢; at 30C, showing the J-connectivi-
ties for the side-chain spin system of a valine residue, which
was assigned to Val-18 (see text).

crystal, which can change the interheme distance. Since, the
crystal was obtained by adding ethanol to the solution®, the
effect of ethanol on the interheme NOE between signals [
and J was examined. As can be seen in Figures Sc and d,
the NOE did not disappear even in the presence of 50%
(v/v) ethanol. Most cytochrome ¢; precipitated at 60-65%
ethanol does not change the distance between the methyl
groups represented by signals | and J significantly. There-
fore, it is unlikely that the conformation in crystal is signifi-
cantly different from that in solution as far as the interme-
thyl distance of interest is concerned. Since irradiation of
sign ] did not induced NOE at C and D, they should be
attributed to 5- and 3-CH;, respectively. The signal at —6.68
ppm in Figures 1-4a was assigned to B-mesoproton because
its irradiation gave NOE at signal G and 4-aCH. On irradia-
tion at 4-aCH, NOE signals were observed at f-mesoproton
and 4-BCHs;, which also provide the confirmation of the as-
signment of 4-BCH; signal. These assignments were summa-
rized in Table 1. Furthermore, the NOE signal commonly
observed in Figures 53, b, c and d was assigned to the y-
methyl protons of a valine residue on the basis of the conne-
ctivities in 2D-DQFCOSY and TOCSY spectra. The latter is
presented in Figure 6. In the crystal structure, the carbon
of v-CHs of Val-18 is located in the distances of 4.3 and
37 A from 5-CH; of heme I and 1-CH, of heme IV, respecti-
vely. No other shorter distance was found for between car-
bons of y-CH; of valine and heme I and heme methyl groups.
Accordingly, the common NOE signal at —1.21 ppm in Fig-
ure 5 can be assigned to y-CH; of Val-18. This result also
supports the site-specific assignment of heme groups by Fan
et al. From the connectivity in 2D-NMR spectra, the NOE
signal at —0.85 ppm observed in Figure 5b was assigned
to the B-methine proton of Val-18 in the crystal structure
is 40 A . the appearance of NOE on irradiation at signal
1 also supports the assignment of Val-18 signals. In conclu-
sion, all pieces of evidence we obtained are consistent with
the assignment by Fan ef al. but incompatible with that by
Gayda et af. Signals 1 and J can be definitely assigned to
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Table 1. Resonance Assignments for Heme Protons in Ferricy-
tochrome ¢; of Desulfovibrio vulgaris Miyazaki F at p?H 7.0 and
30t

Heme numher . . Chemicat Heme number
in NMR Signals ~ Assignment Shift/ppm in crystal
A 8-CH; 3046
H 1-CH; 1747
1 5-CH; 16.51
1 K 3-CH; 10.64 I
8-meso 0.09
6-aCH; 023 —3.76
6-BCH; 020 060
7-aCH. 962 612
7-BCH; 362 335
2-aCH 161
2-BCH; —-0.18
B 8-CH; 29.27
F 1-CH; 18.92
G 5.CH, 1807
M 3-CH, 9.60
2 B-meso —-6.68
d-meso —3.05
6-aCH; 041 —-392
6-BCH, 142 -220
7-aCH; 579 446
7-8CH: 265 241
2-aCH =045
2-pCH; 0.68
4-¢CH —299
4-8CH, 287
C 5-CH, 2049
D 3-CH, 20.21
j) 1-CH; 13.46
3 6-aCH, 1136  4.67 v
6-BCH; 067 —0.63
2-aCH —-0.65
2-pCH; -211
4-aCH 090
4-ACH;, 1.79
E 5 or 8-CH, 19.91
4 L 1 or 3-CH; 1030
6-CH, 1767 1005
6-CH, 008 —118

the 5-methyl protons of heme I and 1-methyl protons of
heme IV, respectively. The heme assignment is given in Ta-
ble 1.

In order to characterize the other hemes, spin diffusion
from 1-CH; of heme IV to other heme methy! groups was
examined. The difference spectrum with the irradiation at
signal J for 5 s is presented in Figure 7. The spin diffusion
from signal ] to those G, H, K, and L was obsetrved. The
assignment of "H-NMR signals carried out in this work fully
supported the site-specific heme assignment by Fan ef al.
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Figure 7. A spin-diffusion difference spectrum of ferricytoch-
rome ¢;. Signal J was irradiated for 5s. Otherwise, the conditions
were same to the NOE difference spectra.

Since heme methyl groups represented by I, J, and K are
located inside of the protein according to the assignment
in Table 1, the spin diffusion from J te K is reasonable.
However, heme methyl H is exposed to the solvent in the
crystal structure. We checked the possibility of spill-over of
the power by changing the power level of the irradition. But
it was not the case. As can be seen in Figure 2b, heme
methyl H is close to the B-methyl protons in the thioether
bridge. This can provide a pathway of spin diffusion from
the interior of the protein, because the structure of the brid-
ge would be rigid.

Heme methyl G should be assigned to 5-CH; of either
heme I or lil in the crystal structure. While 5-CH; of heme
II is exposed to the solvent, that of heme III is located in
the interior of the protein. Moreover, 5-CH; of heme Il has
no rigid protons in the neighborhood in the crystal structure.

Chai-Ho Lee et al.

Therefore, it is unlikely that there is a path of spin diffusion
from J to G. It leads to a tentative assignment of signal
G to 5-CH; of heme IIL Therefore, we can tentatively assign
hemes 2 and 4 in NMR spectra to those of III and II in
crystal structure, respectively.
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Treatment of ethyl 4-carbethoxy-5,6-dihydro-1,1-dioxe-2H-1,2,6-thiadiazin-5-ylethanoate (3} with alkylamines produced

N-aikyl-5-carbethoxy-2-pyridones (4) in moderate yields.

Introduction

In recent years, we have been interested in the synthesis
of some heterocycles containing sulfamide moiety’ because

they have been found to possess a wide range of biological
activities such as anticonvulsant, hypoglycemic, antihyperten-
sive, histamine-H;-receptor antagonistic and herbicidal activi-
ties.? Unfortunately, little is known about the ring transfor-



