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Figure 2, Structures of various optically pure primary amines.

Thus, we have developed a simple, practical and enantio-
selective method for the synthesis of a chiral primary amine
using L- or D-amino acid as a starting material.
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Cytochrome ¢; (cyt ¢;) isolated from a sulfate-reducing bac-
terium, possesses four c-type heme groups per molecule. It
is involved in the electron-transport systern in the bacteria,
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as a partner of hydrogenase. Since the crystal structure of
oyt ¢z from Destdfovibrio vulgaris Miyazaki F (DyMF) is avail-
able at 0.18 nm resolution,' the relationship between its st-
ructure and redox behavior can be discussed in detail. The
final goal is to elucidate the structural factors which deter-
mine the redox potentials of each of the four hemes. In this
study, the total assignment of heme methyl and propionate
signals was carried out.

DoMF was cultured in medium C? Cyt ¢; was purified
according to the procedure reported previously.’ In NMR
experiments, a trace amount of hydrogenase was add to a
1.3 mM cyt ¢3 solution (molar ratio, ca. 0.00]1) as a redox
catalyst. The hydrogenase was purified from DyMF cells ac-
cording to the reported method.* Partial reduction (referred
to as the intermediate redox stage hereafter) of a cyt ¢; solu-
tion was achieved by controlling the ratio of hydrogen and
argon gases in an NMR tube. '"H NMR spectra were obtained
on a Bruker AM 400 NMR spectrometers at 30 C. Chemical
shifts are presented in parts per million relative to an inter-
nal standard of 2.2-dimethyl-2-silpentane-5-sulfonate (DSS).
Saturation transfer experiments were carried out for various
intermediate redox stages in order to assign heme methyl
resonances in the five macroscopic oxidation states. Sixteen
free induction decays (FID) were accumulated alternately
under on-resonance and off-resonance irradiation for 1s, Nu-
clear Overhauser effect (NOE) experiments were performed
with typically 0.1s preirradiation and accumulation of 8000
transients. One thousand transients were accumulated for
each FID. Two-dimensional (2D) TOCSY(HOHAHA) spectra
were measured at 30 T with a data size of 512x2048, spectral
width of 8064 Hz and mixing time of 26.6 ms. 2D NOESY
spectra were measured with the same data size, spectra
width of 12820 Hz and mixing time 60 ms.

The NMR spectra of DyMF cyt ¢; in various redox stages
were discussed previously>® The assignment of 13 heme
methyl signals (designated as A-M) has been performed.®’
Among them, signals J (13.46 ppm) and L (10.30 ppm) were
classified to each heme groups on the basis of the first and
second reduction fractions, R!' and R (the term of electron
distribution probability was used in the reference). Unfortu-
nately, they did not include the major reduction step (R™>
0.5). It was shown for cyt ¢; from D. vulgaris Hildenborough
{DvH) that the reduction behavior of signal J is unusual?
Since ] was the key signal in the heme assignment,” our
assignment for hemes 2 and 3 was questioned® Qur assign-
ment for hemes 1 and 4 was consistent signals A, H, I, K
(heme 4) and B, F, G, M (heme 1) are on the firm basis.
To make the correct assignment, we have carried out the
total assignment of the heme methyl and propionate signals.

Saturation transfer experiments have been carried out
again for signal ] at p’H 7.0 to determine the chemical shifts
of heme methyl J in all reduction steps (macroscopic oxida-
tion states). As shown in Figure 1, signal J could be identi-
fied in the five macroscopic oxidation states.

The chemical shifts were 1346, 13.86, 1145, 12.10 and
about 4.7 ppm for the fully oxidized (S;), one-electron re-
duced (5)), two-electron reduced (8;), three-electron reduced
(S;) and fully reduced (S,) states, respectively. The chemical
shift for the fully reduced state was also confirmed in the
assignment of the heme protons of ferrocytochrome ¢; (un-
published data). The unusual behavior of signal J was similar
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Figure 1. Saturation transfer NMR difference spectra of DyMF
cyt ¢; at p*H 7.0 and 30 T. The irradiated position are indicated
with arrows. S, S, S S; and S stand for the fully oxidized,
one-electron reduced, two-electron reduced, three-electron re-
duced and fully reduced states, respectively.

to that found for DvH ¢yt ¢;. Since signal J was mainly re-
duced in the fourth step, J should be classified to heme
3 (the heme numbers indicating the order of bonding to
the primary sequence} as indicated by Park e al® J was
assigned to the methyl protons at C-2 of heme 3 on the
basis of interheme NOE?®® (the IUPAC-IUB nomenclature was
also used for the heme carbons and protons in this paper).

We have shown that heme methy) groups at C-2 and C-
7 are transferred from the methyl group of methionine in
DyMF cells. By specific deuteration, a heme methyl signal
at 6.44 (signal O} was ascribed to the heme methyl group
either at C.2 or C.7 of heme 2 or 3.° Furthermore, inter-
heme NOE was observed for a pair of signal G and O as
shown in Figure 2a.

The strongest interheme NOE signal was observed for
the pair of signals I and J.* According to the crystal structure,
the interproton distance between C-12' of heme 1 (signal
G) and C-2' of heme 2 is 0.312 nm. It is the second shortest
in all interheme methyl proton distance. Now, signal O can
be ascribed to the heme methyl group at C-2 of heme 2.

The proton signals of six propionate groups were identi-
fied.? Assignment of B-CH; of the propionate at C-13 of heme
1 was completed by the 2D NMR experiments at different
p’H. Since the assignments were connected with those of
heme methyl signals, the heme number of two propionate
groups should be revised. In addition to them, two sets of
ABXY connectivity have been identified in a 2D TOCSY
spectrum. They were confirmed also by 1D NOE difference
spectra. One of them, irradiating at proton of the propionate,
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Figure 2. NOE difference spectra of DyMF ferricytochrome ¢3
at pH 7.1 and 30 €. Heme methyl signal G (a) and an o-CH,
signal of a propionate (b) were irradiated. O and P are the labels
for the heme methyl signals. IUPAC-IUB nomenclature of ¢-type
heme is presented on the top.
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Figure 3. Parts of 2D-TOCSY and NOESY spectra of ferricyto-
chrome ¢; at pPH 7.1 and 30 C. Connectivities in the TOCSY
spectrum are shown by solid lines and the correlation with the
NOESY cross peaks are shown by broken lines.

is shown in Figure 2b. A weak signal at 042 ppm can be
assigned to a heme methyl group (signal P). Since this signal
also appears in the NOE difference spectrum on irradiation
at signal J,* this can be assigned to the heme methyl group
at C-18 of heme 3, which is the second nearest one from
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Table 1. Resonance assignments of heme methyl and propionate
protons of DyMF ferricytochrome ¢; at pH 7.0 and 30 €

Heme number Position Chemical shift/ppm
2'CH; 1892 (F)
7'CH; 9.60 (M)
12'CH, 18.07 (G)
1 18'CH; 29.27 (B)
h2' 13'CH; 041, —392
13°CH; 142, —220
17'CH, 5.79, 446
17°CH, 2.65, 241
2'CH, 6.4 (O}
7'CH, 2021 (D)
12'CH, 2049 )
2 18'CH; 751 (N)
h3’ 13'CH. 11.36, 4.67
13°CH, 067, —0.63
17'CH; 222, 0.71
17°CH, —0.35, —057
2'CH, 1346 ()
7'CH,4 10.30 (L)
12'CH, 1991 (E)
3 18'CH; 042 (P)
hd’ 13'CH, 17.67, 16.05
13%CH. 008, —118
17'CH, 671, —232
17°CH, 0.30, —3.60
2'CH; 17.47 (H)
7'CH, 1064 (K)
12'CH, 1651 (O
4 18'CH, 3046 (4)
hl’ 13'CH; —0.23, —-376
13’CH, 0.20, 0.60
17'CH; 9.62, 6.12
17°CH;, 362, 3.35

{ ). labels of the heme methyl signals in the text and hi’, the
heme numbering according to the order of the major reduction.

2-CH; of heme 3 (J). The TOCSY connectivity of the last
propionate is shown in Figure 3.

From NOESY cross peaks, the heme methyl group in the
proximity (signal N) could be identified (Figure 3). On irra-
diation at signal N, an NOE signal was observed at signal
O (the spectrum is not shown). Since the second nearest
heme methyl group from 2-CH; of heme 2 (O} is that at
C-18 of heme 2, signal N can be assigned to it. This was
confirmed by an NOESY cross between the B proton of 17-
propionate of heme 2 and His67 C/H, the interproton dis-
tance of which is 0.326 nm according to the crystal structure.
Now, signal L is the only one left and should be ascribed
to 7-CH; of heme 3. The assignment could be carried out
consistently just by moving signal J from h3' to hd'. The
assignments of heme methyl groups and propionate groups
were summarized in Table 1.

The heme’ assignment was revised for hemes 2 and 3 (se-
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quential heme number). OQur next target is to elucidate the
structural factors which determine the redox potentials of
each of the four hemes on the basis of the assignments es-
tablished in this work.
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It has been reported that the electrochemical hydrodimeri-
zation of a,B-unsaturated ketones, esters, and nitriles pro-
ceeds vig anion radicals in aprotic media in the absence
of metal cations, and allyl radicals in protic media, respec-
tively.! As previously noted for sequential C-C bond forma-
tion zi¢ one electron transfer, methods for intramolecular
B-coupling reaction of activated olefins have been limited
to electrochemical hydrodimerization and n-Bu;SnH.? Recent-
ly, it has been reported that intramolecular cyclization of
activated dienes with magnesium metal in methanol at room
temperature proceeds smoothly.®* we proposed that reactions
proceed vig allyl radical intermediate resulting from one
electron transfer to activated olefins followed by protonation
of anion radicals in the presnece of proton donor, methanol.!

Here we report that intramolecular hydrodimerization of



