Volume 308, number 3, 164-266 FEBS 11445

August 1992
€ 1992 Federution of European Biovhemivid Sociclies 00 1457952/85.00

Non-equivalent natures of the coordinated imidazole rings of cytochrome
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All of the C2 proton signals of the coordinated Ristidine residucs in the 'H NMR spectium of eytachiome ry (rom D, vdparic Miyuzaki F were

wssigned by specifie deuteration, They appeured ut extremely high fields and seattered in a wide ynge from -4 to =22 ppm. This clearly shows

that the ehemical properties of the imidazole groups are quite different from one another, The extremely high-field shifs of the €2 signal indicutes

thal some af them st carey the imidazolate-like naiure 10 some extent. This might be tesponsible for the exiremely low redox potentials of the

four hemex, On changing temperiture, most of tham showed Curif-lyp.lu clmusubhll of the €2 signals showed n xmatl p*H dependence in the range
of p'H 4.8-100,

'C.‘:.-lachrumc ey Tetraheme protein; Coardinated histicy! imigazate; Redax palentinl; 'H NMR

. INTROCDUCTION

Cytochrome ¢, is a upigque class of heme prolein
which contains four hemes in a single polypeptide [1].
Crystal structures of cytochrome ¢y from Desulfovébrio
desulfuricans  Norway und  Destelfovibrio  velgeris
Miyazaki F (DvMF) huve been reported [2.3]. All of the
Sth and 6th ligunds of the four hemes are histidyl imi-
dazoles. Oue of the remarkable features of this protein
is the extremely low redox potentiul of the four hemes
in compurison with other ¢-type cytochromes, The for-
mal potentials of sach heme (the micrascopic redox
potentials) of vMF eytochrome ¢, were estimated by
the use of NMR {4]. The values of 32 microscopic redox
potentiuls were in the range from ~265 to ~370 mV vs,
NHE (normal hydrogen electrode). The redox poten-
lials were assigned to the specific heines in the crystal
structure [8]. The crystal structure, howewver, did not
give a clue to the extremely low redex potentials. We
have carried out the assignment of the C2 (¢1) proton
signals of 'H NMR spectrum of D+MF cytochrome ¢
in this work, which suggested the role of the imidazole
rings in realizing the low redox potentials.

2. MATERIALS AND METHODS

D, vielguris Miyasaki F was cultured in medium € [1] and in
minimal medium [6] te obtain non-deuterated and deulerated eylo-
chirame . respectively. In the iatter cuse, the €2 {¢1) proton of the
histidyl imiduzole of cytochrome ¢, was spegifically deuterated by
repluacing Lhistidine of the minimal medium with deuterated 1-histids
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ine. The C2 pasition of -histidine waus deuterated by ineubaling it iy
TH,0 (99.75% Showu Denka) at p°H 8.2 und BO*C for 4% h. Cyto-
chrome ¢y was purified uccording to the reported proeedure [6). The
purity wis checked by the purity index (Agp{red WAng{ox)) and SDS.
PAGE. 400 M2 "H NMR specira sere meusured with u Bruker
AM~00 NMR spectrometer. Chemisitl shifts are presented in purts
per million (ppm} to the internal standurd 2. 2-dimethyl-2-silapentane-
Sasulfanate{D8S), The p*H vulues reporied in this puper are pH meter
seadings uncorrested for isotope effects,

3. RESULTS

There ure nine histidine residues in the cytochrome ¢,
(cyt ¢) from D. vilgaris Miyazaki F (DvMF), eight of
which ure lignnds of the four hemes. 400 MHz 'H NMR
spectra of non-deuterated and deuterated DrMF ferpi-
eytachrome oy are presented in Fig. |, In the spectrum
of nen-deuteruted cytochrome ¢ {Fig. 1A), cight ex-
tremely broad signals were observed in the region
higher than 0 ppm. which disappeared on the deutera-
tion ol the C2 position of the imidazole rings (Fig. 1B).
Thus. they can be nssigned 1o the C2 protons of the
histidy! imidazoles coordinated to the heme irous, This
means that all of the caordinated histidines could be
detected as separnte signals, They were designated as
Im,-lmy fram the low to high field. A sharp peak at
about 8.2 ppm ulso disappeared, This can be ascribed
to the C2 proton of the non-coordinated histidine (His-
67}, which agrees with the earlier assignment [§].

The chemical shifts of the C2 signals of the coordi-
nated histidines are plotied as a function o’ inverse
ubsolute temperature in Fig. 2. Most of them {ollowed
Curie's law. In the case of Im, and Im, however, the
tendency was different. Since the microscopic redon po-
tentials ol cytochrome ¢, are pH dependent [7]. and
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FFig. 1. 400 MHz '"H NMR ipecira of DyMF cytachrome oy ut (P H 7.0 and 10°C. {A) Non-deuterated, () Specificnlly deuternied a1 the C2 position
of histidyl imidazole. (Inscrt A) Whole spectrum af the nonsdeuteraied cylachrome .

deprotonution of the coordinate imidazole in the pH
range 8-9 was propased far eytachrome ¢ [B]. the chem-
ical shifts of C2 signals were examined as a funetion of
p H. us shown in Fig. 3. The change wus small in the
pH range from 4.8 1o 10. However, the titration curves
are similar to ¢ach other for the pairs, Im, and Im,, and
Im, and Im,,. und for Im,. Im, and Im,
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Fig. 1. Temperature dependence of the chemical shifts of the €2
protons of ihe coordinated histidyl imidazoles at p'H 7.0. For the
lubgls, sse Fig. 1.

4, DISCUSSION

All of the C2 protons of the ceordinated imidazole
rings of DvMF cytochrome ¢, were identified unequivo-
cally in this work. Their cherical shifts were unusually
high. It was shown in model experiments that the chem-
ical shift of the C2 proton of imidazole ring shifts
upfield by 5-19 ppm on deprotonation (imidazolate for-
mation) [3.10]. In the case of bisS-methylimidazole pro-
toporphyrin [X and monocyano-monoS-methylimi-
dazole protoporphyrin 1X, it chaaged from ~10.44 to
—18.20 ppm {9] and 2.3-16.3 ppm [10] at 25°C, respec-
tively. Furthermore, the analysis of the orientation of
the magnelic susceptibility tensor in cyanomet-
myogrobin showed that the tilt of the ligand is very
sensilive to the chemical shift of the C2 and C4 protons
of the imidazole group [11]. In the crystal strusture of
DvMF eytochirome ¢,, the vectors N%Fe of the axial
ligands are almost normal to the heme plane. namely,
seven of them are at the angle of 85-88° and one is at
83° [3]. Therefore, aithough the orientation of the mag-
netic suseepiibility tensor may contribute to the unusual
shifts to some extent, it cannot be the major factor for
the scatiered unusual shifts, A broad signal was found
at —29.9, =20.6 and -9.0 ppm for the cyanocomplexes
of horseradish peroxidase, eytochrome ¢ peroxidase [10]
anc lignin peroxidase [12]. respectively. and was as-
cribed to the C2 protan of the proximal histidine on the
basis of its exiremely broad line width. The unficld shift
of the signal was interpreted in terms of the imidazolate-
like nature of the ligand. which was used to justify the
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Fig. 3. Titration of the chemieal shifts of the C2 protons of the coor.
dinated histidyl imidazoles at 30°C. For the labels. see Fig. 1.

low redox potentials of these proteins [10,12]. An empir-
ical relationship between the chemical shift and the
redox potential was also proposed [12). Since these pro-
teins are in the high spin state under physiological con-
ditiens and cytochrome ¢, is in the low spin state, the
preposed relationship cannot be directly applied to cy-
tachrome ¢y, WNevertheless, it can be concluded from the
chemical shifts of the C2 protons that the chemical
properties of the imidazole rings coordinated 1o the four
hemes of cytochrome ¢, are quite different from one
another, and some of them are exapected to carry imi-
dazolate-like nature. The former clearly shows the nen-
equivalence of the four hemes in cytochrome ¢y. The
imidazolate-like nature of the ligands might be responsi-
ble for the extremely low redox potentials of cyto-
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chroms ¢, &s a ¢- type cytochrome. Inspection of the
crystal structure gave no clue so far for the interpreta-
tion of the abnarmal chemical shifts of the ligands.

The temperature depeadence of the chemical shifts
suggests thot the chemical shift change of at least two
ligands include structurs! contributions besides the
magnetic one from the irons. This is another piece of
evidience for the non-equivalent natures of the caordi~
nated imidazole rings. The p*H dependence showed that
there is neither deprotonation nor protonation of the
coordinated imidazole groups in the region from p*H
4.8 t0 10.0. Thersfore, any change in the redox potential
in this pH range cannot be attributed to the cocrdinated
imidazole groups.
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