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Several aromatic amino acid residues and haem resonances in the
fully reduced form of Desulfovibrio gigas cytochrome c, are
assigned, using two-dimensional 'H n.m.r., on the basis of the
interactions between the protons of the aromatic amino acids
and the haem protons as well as the intrahaem distances
known from the X-ray structure [Kissinger (1989) Ph.D. Thesis,
Washington State University]. The interhaem interactions
observed in the n.m.r. spectra are in full agreement with the
D. gigas X-ray structure and also with the n.m.r. data from
Desulfovibrio vulgaris (Hildenborough) [Turner, Salgueiro,
LeGall and Xavier (1992) Eur. J. Biochem. 210, 931-936]. The
good correlation between the calculated ring-current shifts and

the observed chemical shifts strongly supports the present
assignments. Observation of the two-dimensional nuclear-
Overhauser-enhancement spectra of the protein in the reduced,
intermediate and fully oxidized stages led to the ordering of the
haems in terms of their midpoint redox potentials and their
identification in the X-ray structure. The first haem to oxidize is
haem I, followed by haems II, III and IV, numbered according
to the Cys ligand positions in the amino acid sequences [Mathews
(1985) Prog. Biophys. Mol. Biol. 54, 1-56]. Although the haem
core architecture is the same for the different Desulfovibrio
cytochromes c,, the order of redox potentials is different.

INTRODUCTION

Cytochrome ¢, from the sulphate-reducing bacterium
Desulfovibrio gigas is a monomeric tetrahaem protein of low
molecular mass (13.5 kDa) and low redox potential [1]. Each of
the four haem prosthetic groups is covalently attached to a
polypeptide chain of 112 amino acids by two thioether linkages
provided by cysteine residues. The haem axial ligands are histidine
residues.

The physiological role of cytochrome ¢, in Desulfovibrio
remains unclear. It appears to be the electron-exchange partner
of the periplasmic hydrogenase found in Desulfovibrio species
and an essential component of the electron-transfer chain coup-
ling the oxidation of molecular hydrogen by hydrogenase to
sulphate reduction [2,3].

Although cytochrome c, has been found in all Desulfovibrio
species examined so far, there is surprising variation in the amino
acid sequences of protein from the different species. The
sequences of six cytochrome c¢, molecules have now been
determined and a sequence alignment has been proposed [4].
This alignment indicates that, of the 107-116 residues in the
molecule, only 24 are strictly conserved. Of these, 16 are cysteine
or histidine residues directly involved in binding of the haems.
Both the X-ray structures of cytochrome c, from several species
[5-8] and n.m.r. data [9,10] suggest that the relative orientation
and arrangement of the four haems is conserved in spite of the
low sequence similarity. There are aromatic residues close to the
haems in all cytochrome ¢, molecules. It is noteworthy that one
phenylalanine is similarly located and conserved in all six
cytochromes [4). This phenylalanine [5,7] is close to haems I and
Il in D. baculatus (Norway 4) (F34), D. vulgaris Miyazaki strain
(F20) and D. gigas (F24), where the haems are numbered
according to the Cys ligand positions in the amino acid sequences

[11]. While phenylalanine and tyrosine residues are present in all
six cytochrome c, molecules [4], tryptophan is found only in D.
gigas (W68), D. salexigens (W41) and D. desulfuricans (El
Algheila z) (W41). The X-ray structure shows that, in D. gigas
[7], W68 is located close to the four haems, F12 close to the
propionate groups of haems I and IV, Y46 close to haem I, and
Y69 close to haem IV (Figure 1). The location of the aromatic
amino acids for the cytochromes ¢, from D. gigas, D. vulgaris
and D. baculatus are summarized in Table 1.

The Fe?* ion in the reduced form of the protein is low-spin
(electron spin quantum number S = 0) and the n.m.r. spectrum
is that of a diamagnetic protein with a few resonances shifted by
the strong ring currents of the porphyrins. In its oxidized form
the Fe®* ion has an electron spin quantum number S = 1/2, and
the unpaired electron has a dramatic effect on the 'H-n.m.r.
spectrum of the protein, owing to its hyperfine interaction with
neighbouring nuclei.

The electron distribution in a four-centre molecule leads to 16
microscopic redox states [12] which can be grouped in five
macroscopic stages, connected by four one-electron steps. Each
of the five stages (numbered 04, according to the number of
oxidized haems) comprises a number of intermediate oxidation
states which have the same number of oxidized haems. In the D.
gigas cytochrome c,, intermolecular electron exchange (between
different stages) is slow on the n.m.r. time scale, but intra-
molecular exchange (within the same stage) is fast [1]. Conse-
quently, a separate set of n.m.r. resonances is observed for the
protons of the haems in each stage, their relative shifts being
governed by the relative microscopic redox potentials of the
haems [1,13].

Cytochrome c, is of considerable structural interest, not only
because of the unusually low redox potentials of the haem iron
atoms in the molecule, but also because of the complex network

Abbreviations used: 2D, two-dimensional; TOCSY, total correlation spectroscopy; Hi, meso protons at positions 5, 10, 15 and 20; Hi', thioether
protons 3' and 8'; Mi', methyl group protons 2', 7', 12" and 18'; Mi?, thioether methyl protons 32 and 82; NOESY, nuclear-Overhauser-enhancement

spectroscopy; DSS, 4,4-dimethyl-4-silapentane sodium sulphonate.
§ To whom correspondence should be sent.
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Figure 1 Orientation of the haems and selected aromatic residues from
the X-ray co-ordinates of file dgc,.pdb (see the Materials and methods
section)

Haem numbering follows the Cys ligand positions in the amino acid sequence [11].

Table 1 Location of the aromatic amino acids with respect to the haems
in cytochrome ¢, molecules from three Desulfovibrio species

Amino acid and position

Cytochrome
[ Haem...| 1 n v Reference
D. gigas F12, F24, W68 F24, W68  F12, Y69,  [7]
Y46, W68 W68
D. vulgaris F20, Y43 H67, F76  F20, Y65, [6]
(Miyazaki) Y66
D. baculatus Y8, F34 F88 F34 F72,F88  [5]
(Norway 4)

of haem—haem co-operativities [1,14]. The main purpose of the
present work was to complete the assignment of the proton
resonances of the four haems and of the aromatic amino acids of
cytochrome ¢, from D. gigas, in the reduced state, using two
dimensional (2D) 'H n.m.r. in conjunction with the calculated
ring currents and the interproton distances known from the X-
ray structure [7]. The assignment of the haem proton resonances
in the reduced, intermediate and fully oxidized stages leads to the
ordering of the four haems in terms of their midpoint redox
potentials and to their identification in the X-ray structure. This
assignment allows further comparative analysis of structure and
function in this molecule. *H n.m.r. studies on the protein in the
reduced, intermediate and fully oxidized stages have been used
to identify the resonances of four methyl group protons which
belong to four different haems in each of the five stages of
oxidation.

MATERIALS AND METHODS

D. gigas (N.C.I.B. 9332) cytochrome ¢, was purified as previously
described [15], dialysed against distilled, deionized water at 4 °C,
freeze-dried twice from H,O (99.9 atom %) and dissolved in

2H,0 (100 atom %) to a concentration of 2 mM. The pH was
adjusted with NaO*H and/or *HCIl; pH values refer to meter
readings uncorrected for the isotope effect.

Solutions of the fully reduced protein were obtained by adding
25 ug of hydrogenase purified from D. gigas [16] to 0.4 ml of the
protein solution, under N,, and then substituting H, for N,. The
sample was maintained under H, pressure. Samples were allowed
to reoxidize by substituting N, for H, and gradually introducing
small aliquots of air into the n.m.r. tube, with a Hamilton
syringe, through serum caps.

The 'H-n.m.r. spectra were obtained using a Bruker AMX-500
spectrometer equipped with a Bruker X32 computer. The data
were collected at 298 K and with 1.3 s water presaturation,
unless otherwise specified. Temperatures were adjusted with an
Eurotherm temperature controller and a Haake thermostatic
bath.

The total-correlation-spectroscopy (TOCSY) (50 ms mixing
time) experiment was performed using the MLEV spinlock
sequence [17,18]. The 2D nuclear-Overhauser-enhancement-
spectroscopy (NOESY) [19] experiments were performed at 50,
200 and 400 ms mixing time with the fully reduced protein, and
with a mixing time of 25 ms for the protein in intermediate stages
of oxidation.

Chemical shifts are presented in p.p.m. relative to 4,4-dimethyl-
4-silapentane sodium sulphonate (DSS), but formate was used as
an internal reference.

The ring-current shifts were calculated from the crystal struc-
ture of cytochrome c, from D. gigas at a resolution of 0.25 nm [7]
with the classical Johnson—-Bovey model [20] using eight pairs of
current loops to represent each haem, with the parameters
obtained by Cross and Wright [21]. These shifts were corrected
for the effect of the aromatic side chains [10].

Computer-graphics models were manipulated in a Silicon
Graphics workstation using the Sybyl software; X-ray co-
ordinates for cytochrome ¢, from D. gigas were kindly supplied
by Dr. Larry C. Sieker [7].

RESULTS AND DISCUSSION
Resonance assignment in the reduced protein

Although the general features of the n.m.r. spectra of
ferrocytochrome ¢, from D. gigas have been discussed [22,23],
the proton resonances of the four haems and of the aromatic
amino acids have not been assigned specifically.

In the protein from D. wvulgaris (Hildenborough), specific
assignments for the four haems were obtained by comparing the
observed chemical shifts with calculated values for the ring
current shifts which arise from other haems and aromatic residues
[10]. Observation of both interhaem n.O.e.s and connectivities
between aromatic and haem protons confirmed these assign-
ments. The shape, number and relative intensity of the peaks
observed in the NOESY spectra (Figures 2a and 2b) of ferro-
cytochrome ¢, from D. gigas indicate that several of the haem
proton resonances overlap (Table 2), making the assignment
more difficult. Thus a different strategy was followed in the
n.m.r. studies of this protein, beginning with the identification of
resonances whose assignment is obvious. The X-ray structure [7]
shows that several of the aromatic amino acids of the protein are
located quite close to the haems. In particular, W68 is close to
protons of all four haems (Figure 1, and Tables 1 and 3).
Therefore all possible aromatic-amino-acid proton resonances
were identified, and the expected W68—haem interactions [7] were
used to make the assignments listed in Table 3. Once the
chemical shifts of a few protons from each haem were known, the
remaining haem proton resonances could be identified by locating
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Figure 2 (a) NOESY 'H-n.m.r. spectrum of ferrocytochrome ¢, from D. gigas (2 mM 2H,0, pH 9.74) and (b) the same, but with a mixing time of 400 ms

(a) The experiment was performed at 500 MHz and 298 K with 1.3 s water presaturation, a mixing time of 50 ms and 2048 (F,) x 512 (F,) data points. The spectrum was transformed using a
cosine multiplication in £, and a shifted sine-bell multiplication in £, with zero-filling to 1024 data points in F,. The Arabic numerals represent the several haem and amino acid resonances listed
in Table 2. Because some of the resonances fall in crowded regions of the spectrum the meso-thioether, meso-methyl and meso-thioether methyl proton connectivities (numbered from 17 to 48)
are labelled instead of the main diagonal resonance positions. Broken lines show the W68 connectivities, whereas continuous lines represent those of F12. Interhaem, tryptophan—phenylalanine
and tryptophan—haem proton n.0.e.s are represented by open circles, triangles and hexagons, respectively. (b) The spectrum was transformed using a cosine multiplication in £, and a shifted
sine-bell multiplication in £, with zero-filling to 1024 data points in £;. The Arabic numerals represent the several haem and amino acid resonances listed in Table 2. Broken lines show the W68
connectivities, whereas continuous lines represent those of F12. Additional interhaem, intrahaem, tryptophan—phenylalanine and tryptophan—haem proton n.O.e.s are represented by open circles,

squares, triangles and hexagons respectively.

the expected intrahaem connectivities. Finally, the interhaem
n.0.e.s and the calculated ring-current shifts were used to confirm
the proposed assignments.

The individual aromatic amino acids present in a protein can
be identified in 2D 'H-n.m.r. spectra [24] by their characteristic

patterns of cross-peaks. Those of the tryptophan (W68) and of
the phenylalanine (F12) are clearly observable in the 50 ms
TOCSY spectrum (results not shown), which correlates nuclei
belonging to the same spin system. The specific assignment of
this phenylalanine was made by considering the interactions
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Table 2 Chemical shifts (6) of haem and aromatic amino acid proton resonances in reduced cytochrome ¢, from D. gigas (temperature 298 K; pH 9.74)

Chemical Aromatic

Reso- meso shift Reso- Thioether Reso- Methy! Reso- amino
nancet Proton (6) (p.p.m.) nancet proton & (p-p-m.) nancet proton 8 (p.p.m.) nancet acid & (p.pm.)
1 H20 (1ny* 10.18 17 H3' (Il 6.82 25 M2' (It 4,60 49 W68 (H-7) 8.26
2 H5 (II1) 9.80 18 H8' (Ilty 6.51 26 M18' (IIl) 3.74 50 F12 (H-4) 7.98
3 H15 (IV) 9.80 19 H3' (1) 6.48 27 M7' (Ill) 381 51 W68 (H-6) 7.69

H15 (1) 9.80 20 H8' (IV) 6.14 28 M12' (Il 3.42 52 F12 (H-3,5) 748
5 H10 (llf) 9.60 21 H3' (V) 5.96 29 M7' (1) 3.28 53 F12 (H-2,6) 7.25
6 H5(1) 9.58 22 H8' (1) 5.62 30 M2' (IV) 3.59 54 W68 (H-5) 6.90
7 H15 (1) 9.41 23 H8' (I1) 5.60 3 M18' (IV) 333 55 W68 (H-4) 6.46
8 H5 (Il) 9.32 24 H3' (I1) 5.60 32 M7' (Il 3.22
9 H20 (IV) 9.32 33 M2' (Il 3.93
10 H5 (IV) 9.18 4 M32 (Ill) 2.90 34 M18' (If) 324
1 H20 (1) 9.18 42 M8?2 (lll) 2.84 35 M7 (IV) 3.00
12 H15 (lll) 918 43 M32 (1) 210 36 M12' (Iv) 375
13 H10 (IV) 9.06 44 M32 (V) 1.82 37 M2! (1) 320
14 H20 (1) 8.90 45 M8?2 (1) 1.80 38 M18' (1) 3.20
15 H10 (Il) 8.88 46 M8?2 (1) 0.84 39 M12' (il) 315
16 H10 (1) 8.36 47 M82 (IV) 0.66 40 M12' (1) 3.07

48 M32 (Il 0.56

* The Roman numerals in parentheses represent the haem numbers following the Cys ligand positions in the amino acid sequence [11].
1 These numbers refer to peaks in Figure 2. Because some of the resonances fall in crowded regions of the spectrum the meso-thioether, meso-methyl and meso-thioether methyl proton
connectivities (numbered from 17 to 48) are labelled instead of the positions on the main diagonal.

Table 3 Intensities of the W68—haem proton n.0.e.s versus the internuclear
distances taken from the X-ray structure [7]

The intensities are: S (strong), M (medium), W (weak), VW (very weak), O (obscured by other
peaks) and — (not observable).

Intensity of the
connectivity
Distance S —

Connectivities (nm) Mixing time (ms)...50 200 400
W68 (H-7)-M12' (IV) 0.3312 S S S
W68 (H-5-M2' (II) 0.3657 S S S
W68 (H-6)-M12' (IV) 0.4141 W M S
W68 (H-6)-M12' () 0.4338 S S S
W68 (H-6)-M2' (II) 0.5327 S S S
W68 (H-5-M12' (1) 0.5337 w  w W
W68 (H-4-M2' (lly 0.5349 w 0 0
W68 (H-7)-H15 (IV) 0.5594 - w o w
W68 (H-5-H20 (1) 0.5722 - W W
W68 (H-6)-M2' (lll) 0.5929 - W w
W68 (H-7)-M12' () 0.6328 - W W
W68 (H-7-M2' (Ill) 0.6619 - W W
W68 (H-7)-M2" (Il 0.7655 - w M

between W68 and F12, observable in the NOESY spectra (Figures
2a and 2b), since the X-ray structure [7] shows that the only
aromatic residue close to W68 in F12. In fact, the distances
between H-7 of the W68 side chain and H-2,6 and H-3,5 of the
F12 side chain are 0.290 nm and 0.295 nm respectively. The
NOESY spectrum at a mixing time of 50 ms (Figure 2a) shows
the short-range interactions (less than about 0.55 nm) [9,10].
Longer-range interactions require longer mixing times (200 and
400 ms). For the sake of clarity, only a few of the aromatic amino
acid, and intra- and inter-haem interactions are indicated in
Figures 2(a) and 2(b) (compare with Tables 3 and 4). The 50 ms
NOESY spectrum (Figure 2a) shows a weak cross-peak between

a proton resonance of W68 and a proton resonance of F12 at
7.48 p.p.m., and a slightly stronger cross-peak between the same
proton of W68 and another proton resonance of F12 at
7.25 p.p.m. Thus the W68 resonance belongs to H-7 and the F12
resonances to H-3,5 (7.48 p.p.m.) and H-2,6 (7.25 p.p.m.). The
NOESY and TOCSY spectra show cross-peaks between H-2,6
(7.25 p.p.m.) and H-3,5 (7.48 p.p.m.) of F12 and a one-proton
resonance of this same residue which is assigned to H-4
(7.98 p.p.m.). A larger number of interactions between the
protons of W68 and F12 is observable in the 400 ms NOESY
spectrum (Figure 2b), and the relative intensities of the cross-
peaks agree with the internuclear distances known from X-ray
data [7]. The chemical shifts of the W68 and F12 protons are
listed in Table 2.

A diagram of haem c is shown in Figure 1 of the preceding
paper [32], numbered according to the IUPAC-IUB nomencla-
ture [25]. In the spectrum of the reduced protein (Figure 2a) the
meso protons give rise to 16 one-proton intensity signals in the
region of 8-11 p.p.m. The eight thioether proton peaks appear
between 5 and 7 p.p.m.; 16 signals of three-proton intensity,
corresponding to the haem methyl groups, are observed in the
region 3-5p.p.m., and the thioether methyl protons appear
between 0.5 and 3 p.p.m. The interactions between each thioether
proton and its vicinal thioether methyl proton are observable in
a 50 ms TOCSY spectrum (results not shown).

Table 3 lists the interactions between W68 and haem protons
and compares the intensities of the cross-peaks observed at 50 ms
(Figure 2a), 200 ms (spectrum not shown) and 400 ms (Figure
2b) with the distances taken from the crystal structure [7].
Observation of the W68—haem proton-resonance connectivities
leads directly to the specific cross-assignment of several signals to
individual haems in the X-ray structure: meso protons H20,,
(9.18 p.p.m.) and H15,, (9.80 p.p.m.), and methyl protons M 12},
(3.07 p.p.m.) and M2!;, (3.93 p.p.m.). Methyl protons M12*,
(3.75p.pm.) and M2!,,, (4.60 p.p.m.) were assigned by
comparing their distances to protons H-7 and H-6 of W68 with
the intensities of the respective interactions (Table 3).



N.m.r. studies of Desulfovibrio gigas cytochrome ¢, 913

To identify the remaining resonances of each haem, the
structure of haem ¢ (Figure 1 of [32]) must be considered. For
example, in haem II, the assignment of H20 and M2! leads to
that of M 18! (3.24 p.p.m.) (Figure 2a). The n.O.e. between M2!
and meso proton HS of the same haem is shown in Figure 2(b).
The short-range connectivities between HS (9.32 p.p.m.) and
H3!, HS and M3? become evident in Figure 2(a). The spectra
indicate that the chemical shift of M7' is 3.22 p.p.m., and
consequently H10 resonates at 8.88 p.p.m. Indeed, although the
connectivity between M7' and H10 is obscured by other
resonances, the n.O.e.s between H10 and H8! and H10 and M8?
are easy to identify (Figure 2a), and the interactions between M7*
and H8' and M7' and H3! are observable in both spectra
(Figures 2a and 2b). The meso proton at 9.41 p.p.m. is H15. In
fact, it interacts with the propionate protons at 3.17-4.34 p.p.m.
(Figure 2a), and an n.O.e. is observed between H15 and M18.
Only M12? remains to be assigned. Figure 2(b) shows an n.O.e.
between H15 and a resonance at 3.15 p.p.m., which is, therefore,
assigned to M121.

A similar approach was used for the specific assignment of the
other haem protons. Table 2 lists all the resonances and their
respective chemical shifts, and Table 4 lists the interhaem

Table 4 Intensities of the interhaem n.0.e.s versus the internuclear
distances taken from the X-ray structure [7]

The intensities are: S (strong), M (medium), W (weak), VW (very weak), O (obscured by other
peaks) and — (not observable).

Intensity of the

connectivity
Distance
Connectivity (nm) Mixing time (ms)...50 200 400
H10 (IV)-M2' (1) 0.3359 S S S
H5 (11y-M82 (1) 0.3740 S S S
M2 (II-H8' (IV) 0.3973 S S S
H10 (1)-M32 (II1) 0.4434 0 S S
H20 (lI-H8' (IV) 0.4591 w w w
M7' (I)-H8' (1) 0.4602 - WwoWw
H10 (1}-M32 (Il) 04777 0 S M
H20 (Il1-M8? (V) 0.5057 w S M
H20 (l1y-H10 (V) 0.5280 - w w
M12' (I-H3' (1)) 0.5329 M S S
M12' (I-H3' () 0.5369 - WoW
M18' (liy-Hg' (Iv) 0.5434 0 0 0
H10 (I-H3" (1) 0.5435 - - W
H10 (1I-M2' (11) 0.5453 - Wwow
M12" (IV)-H3" (lll) 0.5486 - W
H10 (1-H3' (Il 0.5491 0 0 0
H10 (1)-H5 (Il1) 0.5528 - - W
H10 (IV)-M32 (1)) 0.5537 - W W
H5 (11l)-M82 (IV) 0.5903 - W M
M2' (I-H3" (1) 0.6133 - 0 0
H15 (1-M32 (Il 0.6378 - woow
H5 (lIy-M2' (1) 0.6564 0 0 0
H20 (I-M12' (V) 0.6580 0 0 0
H5 (I)-M12' (1) 0.6593 - 0 0
H10 (1-M7" (II1) 0.6622 - - VW
H10 (I-M2' (1) 0.6980 - - W
H20 (I-M7" (11 0.7083 0 0 0
H15 (-H3' (II) 0.7290 - - W
H5 (I)-M7" (1) 0.7304 0 0 0
H20 (I-M7" (IV) 0.7375 - woow
H20 (I-M12' (1) 0.7915 - w M
H20 (I-M12' (1) 0.7989 0 0 0
H5 (I-M12' (1) 0.8012 - - w
H5 (H)-M12' (IV) 0.8122 0 0 0

M32
1.5
Ma?
'+
1 A mg?
05 1 xy THO Mm12! ,
| g M7
. E 3
0 Y

o :
v hlle]
»
H3's *
2
M2'g M3
9 8 7 6 5 4 3 2 1

Observed shifts (p.p.m.)

-0.5 H20m

Calculated shift deviations (p.p.m.)

0

Figure 3 Plot of the calculated ring-current shifts versus the observed
chemical shifts (Table 2) for all the protons of the four haems of cytochrome
¢, from D. gigas

The several protons are represented by the symbols: Haem | (4 ), Haem Ii (), Haem il (IB)
and Haem IV (7). The lines show the best fits with a unit slope for each set of protons. The
calculated ring-current shifts were obtained as described in the Materials and methods section.
The starting chemical shifts for all the haem protons, from which the shift deviations were
obtained, were calculated in the same way, using the crystal structure and the observed
chemical-shift data for cytochrome ¢ [10].

connections and compares the intensities of the cross-peaks
observed at 50 ms (Figure 2a), 200 ms (spectrum not shown) and
400 ms (Figure 2b), with the distances taken from the crystal
structure [7]. The ordering of the cross-peak intensities at each
mixing time with respect to the internuclear distances is not
monotonic as a result of variable spin-diffusion effects [26]. The
interhaem n.O.e.s observed are in perfect agreement with the
known three-dimensional structure [7], confirming that the above
assignments are correct and that the arrangement of the haems
in solution and in the crystal structure is similar.

A plot of the ring-current-shift deviations for the haem protons,
calculated as described in Materials and methods section, versus
the observed chemical shifts (see Table 2) is shown in Figure 3.
The values of the shifts in the absence of any ring-current
contribution (meso 9.36 p.p.m., thioether 6.13 p.p.m., methyl
3.48 p.p.m. and thioether methyl protons 2.12 p.p.m.) were
obtained by correcting the observed shifts in the horse
cytochrome ¢ spectrum [10]. The graph shows a good correlation,
which strongly supports the previous assignment. Indeed, the
calculation predicts that the meso proton with the largest
downfield shift is H20,,;, which agrees with the experimental data
in the sense that this meso proton is connected through n.O.e.s to
the thioether H3!, the methyl group M2! and the thioether
methyl group protons M3?, all displaying the largest downfield
shifts. Similarly, meso proton H10,, the thioether H8!, the
methyl group M12', and the thioether methyl group protons
MB82, are all strongly shifted upfield. The calculated and the
observed values for the shifts (Figure 3) show that the thioether
methyl group M3?, and the methyl group M7!,, and the thioether
methyl group protons M82, have large upfield shifts.

Paramagnetic shifts

As stated above, since the interconversion between oxidation
states belonging to the same stage (intramolecular electron
exchange) is fast on the n.m.r. time scale (> 10°s7) and the
interconversion between states belonging to different stages
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Figure 4 NOESY 'H-n.m.r. spectrum of cytochrome c, from D. gigas (2 mM in 2H,0) in an intermediate stage of oxidation

The experiment was performed at 500 MHz and 276 K with 1.8 s water presaturation, a mixing time of 25 ms and 2048 (F,) x 512 (F,) data points. The spectrum was transformed using a Gaussian
apodization (Ib = —15 Hz, gb = 0.12) in £, and a shifted sine-bell multiplication in £, with zero-filling to 1024 data points in £. The cross-peaks connecting the chemical shifts of three methyl
groups in stages 0—2 to their shifts in stage 3 have been labelled. The Roman numerals |11 identify the haems in the protein structure which, coincidentally, is also the order of their redox
potentials starting from the lowest one. The superscripts (0—3) indicate the particular oxidation stage.

Table 5 Chemical shifts (5) of one methyl group from each haem in the five oxidation states, and the corresponding oxidation fractions, x,

Three of the methyl groups are identified, and the particular haem each one belongs to is specified by a subscript Roman numeral. The assignment of the methyls from haems | and IV are ambiguous:
the shifts of M1 8‘, and M2‘, are identical in the reduced form, and the shift differences for haem IV in stages 0—3 are too small to monitor, so the assignment is made in the fully oxidized form.

é (p.p.m) %
Stage  M18'/M2', M7, Mi2', M1g',/M2', Migi/M2, M7, M12',, M18,/M2',
0 3.22/3.22 324 35 3.59/3.33 0.0 0.0 0.0 00
1 27.67 7.18 480 - 0.786 0173 0.068 -
2 27.10 21,59 1013 - 0.768 0.808 0.339 -
3 34.16 25.66 22.34 54 0.995 0.987 0.960 0.065
4 34.32 25.96 23.13 32.88 1.0 1.0 1.0 1.0

(intermolecular exchange) is slow [1], a separate set of signals is
observed for the haem protons in each of the five different stages.
Thus at each stage their chemical shifts depend on the ratio
between the molar fractions of the states in which the haem
considered is oxidized and the states in which the same haem is
reduced.

In earlier work, several of the haem-methyl-group resonances
were monitored through the different oxidation stages using
several series of selective one-dimensional saturation-transfer
experiments at different solution redox potentials [1]. The selec-
tive irradiation required for one-dimensional saturation-transfer
experiments is difficult to achieve in crowded regions of the
spectrum, but that selectivity is not necessary in 2D 'H n.m.r.,
and a single experiment provides the information of many
saturation-transfer experiments [27-29].

With the assignment of the haem proton resonances of
ferrocytochrome ¢, from D. gigas completed, observation of

intermediate stages of oxidation allows the ordering of the haems
in terms of their midpoint redox potentials:and their identification
in the X-ray structure Recently, the four haems of D. vulgaris
(Hildenborough) cytochrome c, were cross-assigned according
to their redox potentials in this way [28]. Each individual haem
resonance in an intermediate stage of oxidation is cross-assigned
to its position in lower stages of oxidation and finally to the fully
reduced stage. The result is a self-consistent network of cross-
peaks leading to the unambiguous assignment of each haem
group in the crystal structure. The NOESY data for cytochrome
¢, from D. gigas in a solution poised at a redox potential at which
oxidation stages 0-3 co-exist are shown in Figure 4. The peaks
corresponding to three methyl groups belonging to three different
haems are indicated. To minimize contributions from extrinsic
paramagnetic shifts (the result of interhaem pseudocontact shifts
[1]), the methyl groups chosen point towards the protein surface
and are, therefore, far from the other haems. Table 5 lists the
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chemical shifts of the three methyl groups (stages 0—4) together
with those of a fourth methyl group belonging to the last haem
to oxidize, in the five redox stages. Cross-assignment from stage
3 to the fully oxidized form was achieved by using the NOESY
spectrum of a solution in which stages 3 and 4 were the dominant
forms (results not shown). This spectrum also revealed exchange
peaks for methyls of the fourth haem, which remains almost fully
reduced in stages 0-3. The small shifts of these methyls in the
early stages of reoxidation make it difficult to follow them back
to their positions in the fully reduced protein, but a methyl-
methyl n.O.e. observed in the fully oxidized form is sufficient
to assign the peak at 32.88 p.p.m to either M18!,, or M2! ..
According to the X-ray data [7], both these methyls also point
towards the protein surface.

Table 5 also shows the degrees of oxidation calculated for each
haem from the ratio of the paramagnetic shifts of the methyl
groups at each stage to their total shifts in the fully oxidized
protein. These results are in agreement with earlier work [1,30],
and it is now possible unequivocally to cross-assign the previously
calculated midpoint redox potentials to the individual haems in
the structure (Table 5). Haem I has the most negative redox
potential (—340 mV), followed by haems II (—285mV), III
(—280 mV) and IV (—205 mV) [30].

Conclusions

The agreement between the n.m.r. (the present study) and the
crystallographic data [7] shows that the above assignment is
correct and that the arrangement of the haems in solution and in
the crystal structure is similar. Recent n.m.r. studies of
cytochromes ¢, from D. vulgaris (Hildenborough) [9] and D.
baculatus (Norway 4) [10] and X-ray data for D. gigas [6] and D.
vulgaris [7] show that the arrangement and orientation of the
haems is maintained in all these proteins. The pattern of n.O.e.s
observed between protons belonging to different haems are
identical for cytochrome c, molecules which differ as much as
70% in their primary sequence. It is remarkable how such
relatively small molecules stabilize the four paramagnetic centres,
maintaining a similar basic architecture.

However, these cytochromes c, differ in the order of redox
potentials [28,31]. 2D *H-n.m.r. redox studies on cytochrome c,
from D. vulgaris (Hildenborough) show that the first haem to
oxidize is haem III, followed by haems II, I and IV [28], and the
assignment of the midpoint redox potentials of D. baculatus
(Norway 4) using e.p.r. spectroscopy of single crystals indicates
that haem II oxidizes first, followed by haems I, IV and III [31].
The e.p.r. results of D. baculatus (Norway 4) are compatible with
the cross-assignment obtained by n.m.r. studies (the preceding
paper [32]). Studies on the influence of the polypeptide chain in
controlling the observed differences, as well as their mechanistic
implications, are now in progress.
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