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different and those of the latter are more shifted to higher 

j values. That is, diatomic photofragments get more rotational 

angular momentum by the action of the torque of the aniso

tropy of the intermolecular potential as they depart from 

other fragment.

We can see from Table 7 that the resonance width in 

the molecular parameters chosen is around 2X10-6 eV and 

about ten times smaller than the value of rotational constant, 

16.2 X10-6 eV. That is, the resonance life time is more than 

ten times larger than the rotational period. It may be consid

ered that resonance states live long enough to forget the 

ground state information. The fact that IOS approximation 

holds well means that the decomposition takes place much 

faster than the rotation of the diatomic fragment. This deri

ves from the fact that the kinetic energy of the relative mo

tion of photofragments is thousand times larger than the 

rotational energy.
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The heme assignment of the lH NMR spectrum of cytochrome c3 of Desulfovibrio vulgaris Hildenborough within the 

X-ray structure were fully cross established according to their redox potential. The major reduction of the heme 

turned out to take place in the order of hemes IV, I, II and III (the heme numbers indicating the order of bonding 

to the primary sequence). This assignment can provide the physicochemical basis for the elucidation of electron transfer 

of this protein.

Introduction

Cytochrome 勺 are a family of low molecular weight (13 

kDa) electron-transfer protein that may be isolated from sul- 

fate-reducing bacteria.1,2 The proteins contain 4 hemes in 

a single polypeptide and show very low redox potentials.3 

Cytochrome c3 are electron carriers required for the electron 

transfer between hydrogenases4 and smaller carriers. In vitro, 

they facilitate the electron transfer from hydrogenase to fla- 

vodoxin and rubredoxin5 and are a necessary component of 

several different redox reaction in crude extracts.

•To whom correspondances should be addressed.

Crystal structures of cytochrome c3 from Desttlfovibrio de- 

sulfuricans Norway (DdN), Desulfovibrio vulgaris Miyazaki F 

伽MF) and Desulfovibrio vulgaris Hildenborough (DvH).6'9 

The two proteins are closely homologous. The redox poten

tial of cytochrome 奂 is an important parameter in under

standing its physiological role. Macroscopic and microscopic 

redox potentials were determined for a series of cytochrome 

C3 io~i3 The assignment for 应MF cytochrome c3 of the mi

croscopic redox potentials to the hemes in the crystal struc

ture has been performed by means of NMR.14 A correlation 

between the microscopic redox potentials and the crystal 

structure has been reported for cytochrome c3 from DJN?5 

It is interesting to compar the redox processes of two cy-
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Figure 1. 400 MHz lH NMR spectra of ferricytochrome c3 from 

D. vulgaris Hildenborough in 30 mM phosphate buffer (p2H 7.0) 

at 30 °C. The methyl signals are labeled alphabetically, (a) A 

normal spectrum, (b-d) NOE difference spectra. The allows indi

cate the irradiated positions. The signal 간 4.73 ppm comes from 

H2H0. The assignment of the signals is given in the text.

tochrome c3 from two different strains, Z刼MF and Z>rH. Es

pecially, the understanding of the influence of their struc

tural differences on the interheme interaction is of importa

nce. In this paper we reported 】H NMR study, through ID 

NOE measurements and 2D te사miques, of the Hildenbo

rough protein and proposed assignments of heme redox po

tentials. The result agreed with the assignment by Salgueiro 

et 시." Formore, our assignment facilitates the use of NMR 

to both monitor the interaction of cytochrome c3 with biologi

cal redox partners and analyze the orientation and dynamics 

of residues defining the heme pocket.

Materials and Methods

Desulfovibrio vulgaris Hildenborough was cultured in med

ium C.3 Cytochrome c3 was purified according to the report

ed procedure.17 The purity index (A552(red)/A280(ox)) of the

Figure 2. A section of two-dimensional TOCSY (HOHAHA) 

spectrum of ferricytochrome c3 at 30 °C, showing the J-connectivi- 

ties for the side-chain spin system of valine residue, which was 

assigned to Val-18 (see text).
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final sample was over 3.0. The purity was also confirmed 

by SDS-polyacrylamide gel electrophoresis. 400 MHz 

NMR spectra of 2.0 mM cytochrome C3 in 30 mM phosphate 

buffer (p2H 7.0) were measured at 30 °C with a Bruker AM- 

400 NMR spectrometer. Chemical shifts are presented in 

parts per million relative to the internal standard 2,2-dime- 

thyl-2-silapentane-5-sulfonate (DSS). The nuclear Overhauser 

effect (NOE) experiments were performed with 0.5 s pre-ir- 

radiation and the accumulation of 4800 transients. The dif- 

ferece spectrum was obtained by subtracting the on-resona- 

nce free induction decay (FID) from the off-resonance FID. 

2D TOCSY (HOHAHA) spectra were measured at 30 t with 

the data size of 512 X 2048, spectral width of 8064 Hz and 

mixing time of 26.6 ms. 2D-COSY spectra were measured 

at 30 °C and 50 °C with 나le data size of 512X2048 and spect

ral width of 13900 Hz. The p2H values reported in this paper 

are pH-meter readings uncorrected for isotop effects.

Results and Discussion

A 400 MHz NMR spectrum of ferricytochrome c3 is 

shown at the top of Figure 1.

As reported earlier,13 eleven heme methyl signals can be 

observed separately in the downfield region. They are la

beled alphabetically from the downfield. They were classified 

to four hemes on the basis of the electron distribution proba

bilities in the five macro욨copic oxidation states,13 namely,

heme 1; A, H, I and K,

heme 2; B, F and G,

heme 3; C and G,

heme 4; E and J,

where hemes were numbered according to the order of the 

major reduction.

NOE measurement was carried out in the NMR experi

ment. NOE difference spectra with irradiation of heme 

methyl proton at signals I, J and G are presented in Figure 

lb-d. On irradiation of proton at signal I, NOE was observed 

at signal J (Figure lc) and vice versa (Figure lb). Because 

there is no overlapping at signals I and J, and because they
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Rgure 3. Section of TOCSY (HOHAHA) spectrum of ferricyto- 

chrome c3 at 30 showing the J-connectivities for the heme 

side chain in the thioether bridge.

belong to heme 1 and heme 4, respectively, we can conclude 

that this is the interheme NOE. The crystal structure of 

this protein shows that the shortest interheme methyl carbon 
distance is 4.0 A (methyl 5 of heme IV-methyl 1 of heme 

III; Roman numbers indicating the order of bonding to the 

primary sequence). Furthermore, the NOE signal commonly 

observed at —0.98 ppm in Figure lb and c was assigned 

to the y-methyl protons of valine residue on the basis of 

the connectivities in 2D-DQFCOSY and TOCSY spectra. The 

latter is presented in Figure 2.

In the crystal structure, the carbon of y-CH3 of Val-18 

is located in the distances of 4.3 and 3.7 A from 5-CH3 of 

heme IV and 1-CH3 of heme III, respectively. No other short

er distance was found for between carbons of y-CHa of valine 

and heme IV and heme methyl groups. Accordingly, the com

mon NOE signal at —0.98 ppm in Figure lb and c can be 

assigned to y-CH3 of V시-18. A strong NOE was also observed 

at 一 0.28 ppm on irradiation at signal I (Figure 1c). The 

same NOE signal appeared on irradi가ion at signal G (Figure 

Id). This signal showed three-proton intensity. In a 2D-TO- 

CSY and COSY spectra, this signal has no cross peak, sugge

sting that this is an isolated methyl proton spins. Therefore, 

it is eCH3 of methionine. The chemical shift of this signal 

is unusually high in comparison with that of a normal me

thionine. This is consistent with the close proximity of this 

methyl grop to porphyrin rings. In the crystal structure, only 

the eCH3 of Met-11 was found to be close to heme methyl 
groups. It is located at a distance of 4.1 A and 3.9 A from 

the 5-CH3 of heme IV and the 5-CH3 of heme I, respectiv시y, 

in terms of carbon distance. Therefore, signal I and G can 

be assigned to the 5-CH3 of hemes IV and L

On irradiation at signal J, a strong NOE was observed 

at —1.98 ppm (Figure lb). The same NOE signal appeared 

on irradiation at signals I and G (Figure 1c and d). The 

signal has a three-proton intensity. The relevent part of TO

CSY spectrum is presented in Figure 3.

This chemical group should have A&X„ spin as a part of 

its coupled spin system. Such a spin system can be attributed 

to either alanine or heme side chain in the thioether bridge. 

Since the cross peak of this spin system in the TOCSY spec

trum disappeared with a longer mixing time (74.7 ms), this

Rgure 4. Correlation between the NOE network (solid lines) 
and the intercarbon distances (A) in the crystal structure. The 

assignment is given in the text.

can be assigned to the heme side chain, namely, PCH3 in 

the thioether bridge. The p-methyl group in the vicinity of 

5-CH3 of hemes I and IV in the crystal structure was 2-pCH3 
of heme III. Their carbon distances were 3.6 A and 4.8 A, 

respectively. Comparing the intensity of the NOE signals in 

Figure 1, signals I and G can be attributed to 5-CH3 of hemes 

IV and I, respectively. Signal J can be assigned to 1-CH3 

of heme III. This assignment was supported by the NOE 

among the signal I, J and side chain of Val-18 as shown 

in Figure lb and c.

The NOE network and the corresponding carbon distances 

in crystal structure were summarized in Figure 4.

The excellent matching in Figure 4 confirms the reliability 

of the assignment and suggests that the crystal structure 

is maintained in solution to a great extent.

Signal I, G and J belong to the hemes mainly reduced 

at the first, second and fourth reduction steps, respectively. 

Therefore, it can be concluded that hemes IV, I, II and III 

in the cryst지 structure are mainly reduced in this order. 

In other words, they can be assigned to hemes 1, 2t 3 and 

4 (numbering due to the order of major reduction), respec

tively.13 This assignment agreed with earlier results by Sal- 

gueira et a/..16 On the basis of this assignment, the micro

scopic redox potentials established by Park et al.13 now can 

be attributed to the individual hemes in the crystal structure. 

Thus, this complete assignment enables us to investigate the 

structural factors which determine the redox potential of 

each heme in a tetraheme protein. For example, A coopera

tive interheme interaction was shown for the pair of hemes 

2 and 3 by Park et aZ..13 This pair can be attributed to hemes 
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I and II in the crystal structure on basis of our assignment. 
Their interiron distance is 112 A and is the shortest in 

this protein. Furthermore, Phe-20r which is conserved in 

most cytochrome c3 so far se아u아iced, is heme I and imida

zole ring ligated to heme II. The cooperative interheme in

teraction would be connected with this specific conformation. 

However, this is the subject for future investigation.

Conclusions

Although the X-ray structure of cytochrome c3 from DvB. 

has been obtain8,9 its coordinates are not yet available and 

so those of cytochrome c3 from DvMF7 were used for the 

assignment of reduction state.18 The two proteins are closely 

homologous, as is the relative architecture of their four 

hemes, which is also maintained in the much less homolo

gous protein DdN.19 Furthermore, comparison of 1D-NMR 

spectra of cytochrome c3 from DvMF14 and DvH shows that 

the redox patterns are quite similar, though not identical, 

as indeed are the heme methyl group shifts for the fully 

oxidised state.

There may be small differences in the relative redox po

tentials of four hemes in the Z>vMF and DvH proteins, but 

the overall pattern appears to be the same. However, a dif

ferent order of redox potentials has been proposed for the 

much less homologous cytochrome c3 from DdN on the basis 

of single crystal EPR studies.15 Such a diffeence would reflect 

the influence of the polypeptide chain. Studies to elucidate 

the physicochemical and physiological significance of the 

control of redox potentials are currently in progress.
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