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Abstract 

The combination of EPR and low-temperature near-IR magnetic circular dichroism spectroscopies have been used to investigate the 
axial ligation of the cytochromes in the cytochrome bc I complexes from bovine heart mitochondda, Rhmlolmcter capsulatus, 
Rhodobacter sphaeroides, and RhcMo.~l~irilhmt rubntm, and the purified cytochromes t" i from bovine heart mitochondria, Rb. capsulams 
and Rb. sphaeroides. The possibility of axial ligation of cytochrome c~ by the amino terminus of the polypeptide was also assessed by 
acetylating the N-terminus of Rb. capsulatus cytochrome c I and comparing the properties of the acetylated and unmodified samples. The 
results are consistent with bis-histidine axial ligation for the high- and low-potential b-type cytochromes and histidine/methiooine axial 
ligation for the c~-type cytochrome in the intact cytochrome bc~ complexes. Purified samples of cytochrome c h are mixtures of two 
forms, one with histidine/methiooine and the other with bis'-histidine axial ligation. The form with bis-histidine axial ligatioa is also 
as~mbled in the MI83L mutant of the Rb. capsulams cyt bt h complex in which the methionine residue coordinating cyt c~ is replaced 
by a leucine. The bis-histidine form appears m be an artifact of dissociation of cytochrome c~ from the cytochrome bc I complex and is 
greatly enhanced particularly in the bacterial cytochromes th by sample handling and the addition of 50% (v/v)  ethylene glycol or 
glycerol. 

Keswords: Cytochrome hot: Cytochrome ('t: EPR: Magnetic circular dichroism: Mitochondrion: Photosynthetic bacterium 

1. In t roduct ion  

Ubiquinol-cytochrome c oxidoreductases (cyt bc I com- 
plexes) are oligomeric electron transfer enzymes located in 
the inner membrane of mitochondria and the plasma mem- 
brane of  bacteria (for recent reviews see Refs. [I-6]) .  They 
play key roles in respiration in eukaryotic cells and in 
respiration, cyclic photosynthetic electron transfer, denitri- 

Abbreviafons: cyt. c~,,Iochrome: cytochmme bcl complex, ubiquinol- 
cytochrome c. oxidoreducta.~: DMG. decanoyI-N-methylglucamide: 
HALS. highly anisonopic low-spin: tV~fIMCD. (variable-temperature) 
magnetic circular dichroism: ENDOR. electron-nuclear double resonance: 
Act. wavelength of the MCD maximum of the porphyrin(~)-to-Fdlll) 
charge transfer bands in the near-lR MCD spectrum. 
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fication, and nitrogen fixation in a diverse range of bacte- 
rial cells. In all cases they catalyze electron transfer from 
ubiquinol to cyt c or c v which is coupled to the genera- 
tion of the electrochemical potential gradient across the 
membrane, thereby providing an energy source for ATP 
synthesis and other energy-requiring processes. The mech- 
anism of this energy transduction has been extensively 
investigated and some form of protonmotive Q-cycle 
mechanism is currently accepted by most researchers, 
While there is as yet no high-resolution crystal structure 
for any cyt bc~ complex, the combined efforts of numer- 
ous groups have produced a consistent picture of the 
subunit structure as well as the type and spatial arrange- 
ment of the redox centers. The cyt bc~ complexes of 
photosynthetic bacteria have generally proven simpler to 
study than the functionally equivalent mitochondrial corn- 
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plexes, because of their relatively simple subunit composi- 
tion (three or four subunits compared to ten in the mito- 
chondrial cyt be" I complex) [3.4.7]. the availability of 
mutants [3.4]. and the ability to monitor the passage of a 
single electron through the complex in sita after activation 
of the photosynthetic electron flow by a short laser flash 
[7.8]. 

Cyt bc I complexes contain four electron-carrying pros- 
thetic groups [I-6]. The cyt b subunit contains two in- 
equivallent b-type hemes (designated b H and b L to distin- 
guish the higher and lower potential heroes). Cyl c] con- 
tains a single c-type heme that is covalently bound via two 
thioether linkages formed by reaction of heme vinyl groups 
with two cysteine residues. The Rieske subunit contains a 
single Rieske-type [2Fe-2S] iron-sulfur cluster. The spe- 
cific residues that ligate the Fe atoms of these prosthetic 
group'; have been tentatively identified on the basis of 
spectro~opic and/or mutagenesis results. EPR and EN- 
DOR studies coupled with mutagenesis results have identi- 
fied the two histidines and two cysteines that ligate the 
reducible and non-reducible Fe sites of the [2Fe-2S] clus- 
ter. respectively [9-11]. The HALS-type EPR signals of 
cyt brt and bt. in mitochondrial and bacterial cyt &~ 
complexes have been interpreted in terms of bis-histidyl 
coordination with near perpeudi-~alar arrangements of the 
imidazole rings [12]. This is supported by room-tempera- 
ture near-lR MCD studies of cyt b purified from yeast 
mitochondria [13] and mutagenesis studies of the four 
totally conserved histidines in the Rhodobacter.v~haeroide.~ 
cyt bc L complex [14]. While histidine/methionine axial 
ligation appears most likely for cyt c~ in both mitochon- 
drial and photosynthetic membranes, not all the data is 
consistent with this assignment and definitive spectro- 
scopic data is not available for the photosynthetic systems. 

EPR and near-IR MCD studies of oxidized cyt c~ 
purified from yeast mitochondria revealed a mixture of 
two species with the dominant component having histi- 
dine/methionine axial ligation based on the wavelength of 
the MCD maxima of the porphyrin (~r)-to-iron charge 
transfer bands (h.c~) [13]. The EPR spectra of Rb. 
xphaeroide.s cyt oz. both as isolated and in the intact cyt 
bc~ complex, are also consistent with this assignment 
[15.16]. However. the near absence of the characteristic 
methionine-to-iron charge transfer band at 695 nm and the 
recent resonance Raman studies of cyt cz isolated from 
bovine heart attd Rb. xphaeroides suggest significant dif- 
ferences in axial ligation compared to cyt c at neutral pH 
[17]. Moreover. recent crystallographic studies lbr the 
functionally related cyt f of the chloroplast I,,,.l complex 
have revealed novel axial heme ligation involving histidine 
and the amino terminus of the polypeptide [18]. Perhaps 
the most convincing support for histidine/methionine ax- 
ial ligation for cyt c~ comes from sequence comparisons 
and mutagenesis studies. In addition to the CXXCH heme 
binding domain which is present in all c I- and f-type 
cytochromes sequenced thus far. a methionine (MI83 in 

the numbering of the mature protein from Rhudobacter 
capsulatu.O is conserved in all cyts c]. but not in cyts f 
[19]. Furthermore. mutation of this residue to a leucine in 
Rb. t'upxulatlls (MI83L mutant), resulted in a complete 
loss of catalytic activity, concomitant with a dramatic shift 
in the midpoint potential of cyt t. I (AE~ = -390  mY) 
[19]. This is consistent with the commonly held view that 
methionine coordination is responsible for the high redox 
potential of cyt t" t (typically around + 300 mV cerxus 
NHE). A similar loss of catalytic activity has been reported 
for the equivalent mutation in yeast cyt cz. although in this 
ca.~ the heme moiety was not assembled [20]. 

Here we report a systematic study of the axial ligation 
of heme prosthetic groups in cyt bt'! complexes from 
bovine heart mitochondria and three photosynthetic bacte- 
ria. Rb. t'ap.sulatus. Rb. xphaeroides, and Rhodospirilhuu 
nlbnm~, using the combination of low temperature near- 
IR-MCD and EPR spectroscopies. In addition, the conse- 
quences of the M 183L mutation on the axial ligation of cyt 
c~ in Rb. cup.~'ulatux have been investigated. Both the 
intact cyt bc] complexes and the purified cyts c~ (except 
R. ntbrum cyt c~ ) have been investiga,ed. Taken together. 
these two spectroscopic methods provide a discriminating 
method for determining axial heine ligation [ 13.21-23] and 
near-lR-MCD is particularly adept at identifying hemes 
with histidine/methionine axial ligation [24.25]. The pos- 
sibility of axial ligation of cyt c~ by the amino terminus of 
the polypeptide as found in cyt f .  was also as~ssed by 
acetylating the N-terminus of Rb. cap.~ttlatttx cyt c I and 
comparing the properties of the acetylated and unmodified 
samples. The results support histid~ne/histidine and histi- 
dine/methionine axial ligation for the b-type and e~-type 
hemes in the intact complexes, respectively. However. they 
also reveal that cyt c~ can be converted to an alternative 
form with bis-histidine axial ligation, and that this form is 
particularly prevalent in purified samples of bacterial cyts 
t '  I . 

2. Materials and methods 

The cyt bt'~ complexes from bovine heart mitochondria. 
wild-type Rb. t.upsulunls. R. rubnun. Rb. sphaeroides. 
and the Rb. cap.~ulatnx MI83L cyt c" I mutant were pre- 
pared and assayed for quinol:cyt c oxidoreductase activity 
as previously described [16.19.26-28]. Cyt cj was isolated 
from the cyt bt" I complex of bovine heart mitochondria 
[29]. Rb. capsulams [19] and Rb..whaeroide.~ [30] accord- 
ing to the published procedures. In the ca~ of Rb. t'apxtt- 
httus cyt c I. an additional gel filtration chromatography 
step on a Pharmacia Superdex-75 HR 10/30 column was 
utilized to remove a residual amount of Rieske protein. 
Concentrations of the cyt bt" I complexes and cyt t. I sam- 
pies were determined optically using the published extinc- 
tion coefficients [16.19.26-30]. Purified Rb. t'apsnlatus 
cyt c I was acetylaled using the procedure developed by 
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Takemori et al. [31] for the acetylation of equine cyt c. 
The cyt ct samples used for these experiments were 
judged to be at least 95% pure based on gel electrophoresis 
and amino acid sequencing results. A 140-fold molar 
excess of acetic anhydride was added gradually, with 
continuous stirring, to a sample of cyt c I to which sodium 
acetate had been added (final concentration equivalent to 
50% saturation) and which was maintained at 0°C. After 
30 min. the sample was dialyzed against I0 mM sodium 
phosphate buffer (pH 7.4) for 12 h at 4°C with tour 
changes of burlier. As for the unmodified sample, the 
acetylated sample was concentrated using an Amicon ultra- 
filtration cell (YMI0  membrane) and stored at -20°C.  
Redox titrations of unmtxlified and acetylated Rh. capsula- 
tu.~ cyt c t were carried out using a Johnson Research 
Foundation spectropbotometer according to the method of 
Dutton [32]. with the apparatus and data analysis tech- 
niques described previously [26]. Samples of unmodified 
and acetylated Rh. capsulam.¢ cyt c I for amino acid 
.sequencing were applied to Applied Biosystems ProSpin'" 
sample preparation cartridges containing a ProBIot TM 

poly(vinyl difluoride) (PVDF) membrane following proto- 
cols supplied by the manufacturer. The PVDF membranes 
with bound protein were recovered and placed in Porton 
Instruments Model PI2020 Protein Sequencer with an on- 
line Beckman Gold HPLC system for N-terminal sequence 
analyses, lsoelectric focusing was performed using a Phar- 
macia Phast System and "Phast" gels ( p l  3-9).  

Samples were oxidized with femcyanide prior to spec- 
troscopic studies and excess ferricyanide was removed by 
Amicon uhrufiltration during exchange from the H,_O to 
D,O buffering medium (required for near-lR MCD stud- 
ies). Low-temperature absorption was recorded on the 
samples used for VTMCD studies using a Shimadzu 
UV3101PC UV/v i s ib l e /nea r - lR  spectrophotometer fitted 
with an MPC 3100 large cell compartment that accommo- 
dates the MCD magnet in the light path. Samples for 
low-temperature absorption and near-IR-MCD studies con- 
tained 50-60% ( v / v )  d_~-ethylene glycol or d3-glycerol to 
enable optical quality glasses to form on freezing. Near-IR 
and UV/v i s ib le  MCD spectra were recorded using a Jasco 
J-730 and J500C spectropolarimeter, respectively, inter- 
faced to an Oxford Instruments SM3 superconducting 
magnet (magnetic field. 0 - 5  T: sample temperature 1.5- 
300 K) using the protocols described elsewhere [33.34]. 
EPR spectra were recorded on a Braker Instruments ESP 
300D X-band spectrometer equipped with an Oxford In- 
struments ESR 900 liquid helium flow cryostat. 

3. Results 

3.1. Spectroscopic studies of boz'ine heart ntitochondrial 
~:vt bc t complex and (3"t ct 

Near-IR VTMCD spectra for oxidized bovine heart cyt 
bc I complex and isolated cytochrome cj at pD 8 and 10 
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Fig. I. VTMCD spectra of bovine heart cyt be= complex and isolated cyt 
c" I. (a) Cyt hc'j complex. 63 p.M in Tris-DCI buffer (pD 7.8). with 0.7% 
DMG and 51)c/~ d:-ethylene glycol. Spectra recorded with an applied 
magnetic field of 4.5 T at 1.71 K. 4.22 K, 9.6 K. and 52 K. (b) Cyt ct, 
285 #M in 15 mM KP,/d:O butler (pD 8.0). with 50% d,-ethylene 
glycol. Spectra recorded with an applied magnetic field of 4.5 T at 1.88 
K. 4.22 K and 9.3 K. (c) Cyt c I, 103/.tM in 25 mM CAPS/d:O buffer 
(pD 10.1)). with 50c/; - d2-ethylene glycol. Spectra recorded with an 
applied magnetic field of 4.5 T at 1.72 K, 4.22 K. and 9.6 K. (d) 
Difference spectrum. (c) minus (b) at equivalent temperatures. The 
difference spectra were constructed to minimize the intensity at 1850 nm. 
All MCD bands increase in intensity with decreasing temperature. 

are shown in Fig. I. Absorption spectra of the samples in 
the MCD magnet were measured at 1.6 K to assess the 
oxidation state of cyt ct. In all cases cyt c t was judged to 
be fully oxidized. EPR spectra for the identical samples 
used in the VTMCD studies are shown in Fig. 2. The EPR 
spectra (,f the cyt bc~ complex and cyt ct at pD 8 are in 
excellent agreement with the previously published data 
[12] and the features at g = 3.79. 3.43, and 3.37 (ascorbate 
reducible component underlying the g = 3.43 feature in 
the cyt hc~ complex spectrum) are assigned to the low 
field components of the low-spin Fe(lll)  resonances of cyt 
b t .  cyt b H, and cyt c~. respectively, in addition to the 
g = 3.37 feature, isolated samples of bovine heart cyt c= 
also exhibited a slower relaxing resonance g = 2.95. 2.25, 
1.53 that is more pronounced at higher temperatures a n d / o r  
lower microwave powers, see inset in Fig, 2. This addi- 
tional species was evident in samples of yeast cyt c t [13] 
and is clearly present (although not commented on) in the 
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Fig. 2. EPR spectra of bovine heart cyt/~-= complex and isola|ed cyt q.  
(a) Cyt bq complex. (b) Cyt ct at pD 8.0. (c) Cyt q at pD 10.0. The 
spectra w'ere recorded at 10 K and the instrument .settings were: mi- 
crowave power. 10 roW: modulation amplitude. 0.64 mT: microwa~ 
frequency 9.6 GHz. The in.~t shov,.s an expanded field range tot the cyt 
c I sample at pD 8.0 at a l e m p e r d t u r e  of 35 K and a microwave power of 
100 roW. The samples are described in Fig. I. 

previously published spectra of bovine cyt c I [12]. The 
relative concentration of the g = 3.37:g = 2.95 species 
was estimated to he 4:1 by integration of the low field 
absorption-shaped components under non-saturating condi- 
tions and correcting for the different transition probabili- 
ties according to the published procedure [35]. Raising the 
pD to 10. resulted in an irreversible increase in the 
g = 2.95 species, see Fig. 2, and the relative concentrations 
of the g = 3.37:g = 2.95 species was estimated to be 2:3 
at pD  10. 

The changes in the EPR accompanying isolation of cyt 
c t and increasing the pD from 8 to 10 are mirrored by 
changes in the porphyrin(~-)-to-Fe(lll) ch,qxge transfer 
bands in the near-iR MCD spectra, see Fig. !. Low-spin 
Fe(ll i)  hemes have two porphyfin(zr)-to-Fe(lll) charge 
transfer bands in the near-lR region. Both exhibit posi- 
tively signed MCD transitions and the lower energy com- 
ponent almost invariably has the larger intensity [13,21- 
23]. The energy of these transitions, as assessed by the 
wavelength of  the MCD maxima (ACT), has been shown to 
be extremely sensitive to the nature of the axial ligands. 
Taken together with EPR data, this provides a discriminat- 
ing assessment of  heme axial ligation [13,21-23]. 

Four distinct low-spin Fe(Ill) heme species are apparent 
in the MCD spectra shown in Fig. I. Each has a tempera- 
ture-dependent near-IR MCD spectra indicative of  transi- 
tions originating from an S =  I / 2  ground state, and each 
can be correlated with a specific EPR signal. A summary 
of the ACT salnes and intensities and assignments for the 
dominant species is given in Table !. Comparison of the 
cyt &'t and c t (pD 8) spectra shows that the Act = 1850 
nm component originates from the eyt ct species with the 
g = 3.37 low-field EPR feature. This is in the range estab- 
lished for heroes with hist idine/methionine axial coordina- 
tion (1740-1950 rim) and the low temperature MCD inten- 
sity under comparable conditions ( A e =  180-230 M - j  
c m - t  at 4.2 K and 4.5 T) is similar to that reported for 
other hemes with hist idine/methionine axial ligation (Ae  
= 176-330 M - t c m  - t  at 4.2 K and 5 T) [21,23]. The 
Ac- r = 1590 and 1660 nm components in the eyt bct 
near-IR MCD spectra must therefore originate from the 
two b-type heroes in cyt b suhonit. Preliminary MCD 
studies of  samples poised at progressively lower potentials 
(data not shown) suggest that the ~CT = 1590 and 1660 nm 
component correspond to cyt b L and b a,  respectively. The 
latter is just outside the range established thus far for 
hemes with hist idine/hist idine (or hist idine/ imidazole)  
axial ligation 0 5 0 0 - 1 6 4 0  nm) [21,23]. However, the 
anomalously high MCD intensities (Ae  = 590 M-1 c m - t  
for cyt b L and Ae = 360 M - I c m -  ~ for cyt b a , at 4.2 K 
and 4.5 T) [22], coupled with the HALS-type EPR spectra 
[12] and the mutaganesis results for the closely related 
bacterial complexes [14]. all support bi.s~histidine ligation 

Table I 
Near-IR VTMCD spectra and a.,;signments for cyt bq cobnplexes and isolated cytochmmes q 

~y[ h L Cyt b n 

/k-r (nm) Ae  ( M -  i cm-  ~ ) Acx (nm) 

Cy! ('1 

A~(M - I  cm -E ) ACT (rim) Ae (M-=cm - I )  

Bovine heart cyt bq 1590 590 
Bovine heart cyt cl (pH 8) 1850 230 
Rh. sphaeroides cyt bc I 1590 520 
Rb. sphueroides cyt c I (pH 8) 1520 181) 
Rh. capsuhmts cyt bc I 1590 81)0 
Rb. cap.~ulam.~ cyt c z (pH 8) 1520 230 
R. nfbrum cyt b(" i 1620 530 

1660 360 1850 

1660(sh) 310 1890 

1650(sh) 450 1880 

1670 360 1850 

180 

150 

70 

150 
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for both hemes with near-perpendicular arrangement of the 
imidazole rings. Hence the MCD results for cyt b H serve 
to extend the range of ,~cr values for bis-histidine heroes 
to 1500-1660 rim. The MCD spectra fiat cyt c~ at pD IO 
and the pD !0 minus pD 8 difference spectra show that 
the cyt c t species with the g = 2.95 low-field EPR feature 
exhibits porphyrin(~')-to-Fdlll) charge transfer MCD 
bands with Act = 1510 urn. This lies within the rap.ges 
established for histidine/histidine and histidine/amine 
(lysine or N-terminal amine) axial ligation, 1500-1640 nm 
and 1480-1550 nm, respectively, and close to the one 
example currently known of hisddinate/raethionine axial 
ligation, i.e., high-pH form of E. coli cyt bst_,, ACT = 1550 
nm [21]. The latter might be expected to exhibit a methion- 
ine(S)-ro-Fc(Ill) charge transfer band close to 695 nm, but 
this was not apparent in the absorption or VTMCD spectra 
of cyt c, at pD 8 or pD I0. 

3.2. Spectroscopic studies o f  Rb. sphaeroides c:vt bc l com- 
plex and cvt c n 

Near-iR VTMCD spectra for oxidized Rb. sphaeroides 
cyt bcn complex and isolated cyt c x (pD 8) are shown in 
Fig. 3. Parallel low-temperature UV/visible absorption 
studies (!.6 K) on the identical samples confirmed that all 
cytochromes were all fully oxidized in both samples. EPR 
spectra of the samples used for VTMCD investigations, 
i.e., in a D20 buffer with 53-57% (v/v)  d2-ethylene 
glycol are shown in Fig. 4. In addition, Fig. 4 shows EPR 
spectra for as prepared samples of the cyt bcn complex and 
cyt c~, and for a cyt c~ sample after exchange into a D:O 
buffer, but before addition of ethylene glycol. The EPR 
spectra of the Rb. sphaeroides cyt bcn complex and cyt c n 
are in good agreement with the published data and the 
low-field components centered at g = 3.78, 3.49 and 3.36 
are accordingly assigned to cyt b L, cyt b u and cyt c,, 
respectively. In addition the samples used in this work 
showed an additional, slower-relaxing resonance with a 
low-field component at g = 2.96. EPR in this spectral 
region were not reported in previous studies. Such reso- 
nances are commonly observed for irreversibly denatured 
b-type bemes [36] and very similar spectra are observed 
for bis-imidazole Fe(lll) porphyrin complexes which are 
devoid of the constraints of protein conformation [37]. 
FuRher evidence that this resonance originates from dena- 
tured hemes comes from the observation that it increases 
in intensity relative to that of the g ~ 3.78, 3.49 and 3.36 
species with sample handling, e.g., compare spectra Fig. 
4a and b. However, this is a minor component even in the 
cyt be~ saraples used for VTMCD studies. Spin quantita- 
tion estimates for this sample, based on the area under the 
low-field absorption-shaped features under non-saturating 
conditions after correction for relative transition probabili- 
ties. indicate that the g -- 2.96 species accounts for _< 40% 
of the spin intensity of each of the other three components. 

More dramatic effects on the EPR properties of cyt c k 
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Fig. 3. VTMCD spectra of Rb. sphaeroides cyt bc I complex and isolaled 
cyt cj. (a) cyt bcj complex. 31 p.M in 50 mM Tris-DCI buffer (pD 8.0). 
400 mM NaCI. with 0.02% dodecyl maltoside and 53% d2-ethylene 
glycol. Spectra recorded with an applied magnetic field of 4.5 T at 1.72 
K. 4.22 K. and 8.9 K. (b) cyt c,. 62 p.M in 25 mM Tris-DCI buffer (pD 
8.0). with 57% d_,-ethylene glycol. Spectra recorded with an applied 
magnetic field of 4.5 T at 1.64 K. 4.22 K and 9.5 K. All MCD bands 
increase in intensity with decreasing temperature. 

were observed when samples of the isolated cyt c I were 
prepared for VTMCD investigations, see Fig. 4c,d,e. As 
for cyt c~ from bovine heart mitochondria, the EPR spec- 
tra are a mixture of two resonances with low-field compo- 
nents at g = 3.36 and 2.96. However, in contrast to bovine 
cyt c,, the ratio of these two species in Rb. sphaeroides 
cyt c n was found to he very dependent on the extent of 
sample handling and the presence of the glassing agent 
(55% (v/v)  d2-ethylene glycol or d3-glycerol). The rela- 
tive concentration of the g = 3.36:g = 2.96 species was 
estimated as for bovine cyt c,, see above, and varied from 
4:1 in the as prepared sample (i.e., after one freeze-thaw 
cycle), to 2:3 after H20/D20 buffer exchange, to > 80% 
g = 2.96 species after addition of d2-ethylene glycol or 
glycerol. Formation of the g = 2.96 species was irre- 
versible and independent of pH over the range 6-10. 
Samples exhibiting predominantly the g ~ 3.36 or the 
g = 2.96 species in the frozen EPR samples were fully 
reducible using excess ascorbate (I raM) as judged by 
EPR studies of ascorbate reduced samples and comparative 
UV/visible absorption studies of oxidized, ascorbate-re- 
dt,ced and dithionite-reduced samples. 
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Fig. 4. EPR spectra of Rh..~phaer.ides cyt h~" I complex and isolated cyt 
c I. (a) Cyt h('= complex. 66/.tM in 15 mM Trir;-HCI bufl;:r (pH 8.n), 4(X) 
mM NaCI. with 0.01% dodecyl maltoside and 10r/~ glycerol. (b) Cyt hi"  I 

complex, sample as used for VTMCD studies and described in Fig. 3. (c) 
Cyt c I. 474 p.M in 50 mM Tris-HCI buffer (pH 8.(I). (d) cyt ('l- 130 #M 
in 50 mM Tris-DCI buffer (pD 8.01. (e) Cyt ¢'1 :,ample as ur, ed for 
VTMCD studies and described in Fig. 3. The spectra were recorded at In 
K and the instrument settings were: microwa~.'e power. In mW: mtv.lula- 
tion amplitude. 1.62 roT: microwave fi'equency 9.6 GHz. 

The EPR results facilitated interpretation of the dra- 
matic differences in the near-IR VTMCD properties of cyt 
c I in Rb, sphaeroides cyt bc~ complex compared to the 
isolated protein, see Fig. 3. and in samples purified from 
boviqe heart mitochondria compared to those purified from 
Rb. sphaeroMes, cf. Fig. I b and 3b, and Table I. The 
near-IR VTMCD spectra tbr the Rb..~phaeroides cyt hc I 
complex are similar to those of the bovine cyt &-~ com- 
plex and can be assigned by direct analogy, see Table I. 
The major differences lie in a less well-defined band at 
1660 nm from cyt b H. a shift in the cyt c~ ACT value to 
1890 rim. and a more pronounced shoulder at ~ 1520 nm 
which is attributed to species responsible for the g = 2.96 
EPR resonance. However. the intensity ( . 1 ~ =  150 M 
cm-~ at 4.2 K and 4.5 T) and wavelength of the charge 
transfer band at 1890 nm provides convincing evidence 
that the majority of the cyt c'~ in the Rb. sphaeroides cyt 
bc] complex has hist idine/methionine axial ligation. In 
contrast, the purified cyt ~.~ from Rb. sphaeroides is 
devoid of MCD bands in the 1740-1960 nm region that 
would be indicative of a heine with hist idine/methionine 

axial ligation. Rather near-IR MCD spectrum indicates a 
homogeneous low-spin Fe(III) heme with ACT = 1520 rim. 
This MCD spectrum is clearly associated with the g = 2.96 
EPR signal and is very similar to that deduced by differ- 
ence techniques for the g = 2.96 species in alkaline bovine 
cyt ct. cf. Figs. I and 3b. The close similarity in the EPR 
and MCD properties of the g = 2.96 species in bovine and 
Rb. sphaeroides cyt (h indicates similar axial ligation. As 
indicated above, the near-IR MCD properties are most 
consistent with histidine/histidine, hist idine/amine,  or 
histidinate/methionine axial ligation. Careful inspection of 
the absorption and VTMCD spectra gave no indication of 
a band close to 695 nm that might be associated with 
methionindS)-to-Fe(!!l) ch.Jrge transfer. 

3.3. Spectroscopic studies of  u'ild-type and the crt c t 
MI83L mutant o f  Rb. t'apsulatus tTt bc I complex and ¢:vt 
C I 

Near-iR VTMCD spectra for oxidized Rb. capsulauts 
cyt b¢' I complex, wild-type and the cyt c[ MI83L ntutant, 
and isolated cyt c I (pD 8) are shown in Fig. 5. Parallel 
low-temperature UV/v i s ib le  a~'sorption studies ( 1.6 K) on 
the identical samples confirmed that all cytochromes were 
tully oxidized in these samples. EPR spectra of fully 
oxidized samples of Rb. capsulatus cyt bc I complex 
(wild-type or MI83L mutant) or isolated cyt c t have not 
been published previously and one of the objectives of this 
work was to characterize the EPR properties of cyt c] in 
this bacterial cyt bct complex. Fig. 6 shows a comparison 
of the EPR spectra for the oxidized and ascorbate-reduccd 
wild-type complex and the oxidized MI83L mutant com- 
plex, in addition to EPR spectra of the MCD samples of 
the wild-type cyt bc I complex and purified cyt cj (i.e., in 
a D,O buffer with 53-60% ( v / v )  d,-ethylene glycol). 
EPR- spectra of the b-type cytochromes in ascorbate-re- 
duced samples of the Rb. capsulatus cyt bc~ complex 
have been reported previously [28] and the results concur 
with those presented in Fig. 6. i.e., g = 3.78 and g = 3.44 
components corresponding to cyt bt. and cyt b H. respec- 
tively. Two additional low-field components of low-spin 
Fe(lll) heme resonances were observed to higher field in 
the oxidized samples. One is an ascorbate-reducible com- 
ponent centered at g = 3.16. This resonance is also not 
observed in oxidized cyt b~" I samples containing the cyt c I 
M I83L mutation, which are devoid of a high-potential cyt 
c" I [19]. Hence the g = 3.16 species is attributed to cyt c t 
in the intact cyt bc= complex. As Ibr the Rb. r, phaeraides 
cyt bc~ samples, the Rb. capsulatus cyt bc~ samples used 
in this work also exhibited a g = 2.95 resonance that is not 
ascorbate-reducible and is attributed to denatured b-type 
hemes. EPR spectra in this region were not shown in 
previously published spectra [28]. Spin quantitation esti- 
mates, based on the area under the low-field absorption- 
shaped features under non-saturatir,~ conditions after cor- 
rection for the relative transition pro. abilities, indicate that 
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Fig. 5. VTMCD spectra of Rh. capsulattts eyt hc t complex, wild-type 
and eyt c I MI83L mutant, and isolated cyt c I. (a) Wild-type cyt hc I 
complex. 73 p.M in 25 Tds-DCI buffer (pD 8.0), 100 mM NaCI. with 
0.1~ dodecyl maltoside and 55c,~ - d:,-ethylene glycol. Spectra recorded 
with an applied magnetic field of 4.5 T at 1.63 K. 4.22 K and 9.4 K. (b) 
Cyt c I MI83L mutant of the cyt hc I complex. 80 p.M in 25 Tris-DCI 
buffer (pD 8.0). 100 mM NaCI. with 0.1% dndecyl mahoside and 53% 
d,-ethylene glycol. Spectra recorded with an applied magnetic field of 4.5 
T at 1.59 K. 4.22 K and 10.5 K. (c) Cyt c I. 114 p.M in 50 mM Tri,;-DCI 
buffer (pD 8.0). 20 mM NaCI, 2 mM dithiothreitol. 2 mM EDTA. with 
0.4oh sodium eholate and 60~'h d.,..ethylene glycol. Spectra recorded with 
an applied magnetic field of 4.5 T at 1.64 K. 4.22 K and 9.7 K. All MCD 
bands increase in intensity with decreasing temperature. 

the g = 2.96 resonance accounts for approximately 50ck 
and the g = 3.16 resonance accounts for approximately 
30% of the spin intensity of each of two b-type cy- 
tochromes. 

The oxidized Rb. capsulams cyt bc I sample used for 
MCD studies exhibited similar EPR spectra to the as 
prepared samples except for enhanceme~ t of the g = 3.16 
species relative to the g = 2.96 species, cf. Fig. 6a and d. 
such that it corresponds to approximately 50% of the spin 
intensity of each of b-type eytochromes. The MCD sample 
of cyt c~ from Rb. t'apsulauts showed only the g = 2.96 
resonance with no indication of the g = 3.16 resonance 
attributed to cyt c t in the intact Rb. capsulattts cyt bc z 
complex. Indeed thus far we have been unable to observed 
the g =  3.16 resonance in any purified sample of Rb. 
capstdatus cyt c t. Freshly prepared samples without added 
glassing agent and prior to D , O / H z O  buffer exchange 
only exhibited the g = 2.96 resonance. However, the puri- 

fled cyt c~ samples are all completely reduced by ascor- 
bate (I mM). as judged by EPR and UV/vis ib le  absorp- 
tion studies, and the EPR properties were invariant to pH 
over the range 8-10.  

The near-iR VTMCD results for wild-type and the cyt 
c t MI83L mutant form of Rb. capsulatns cyt bc I complex 
and cyt c~, see Fig. 5 and Table I, support and facilitate 
assignment of the EPR results and provide insight into the 
axial ligation ofcy t  c= in the MI83L mutant. The wild-type 
and cyt c~ MI83L mutant cyt bc I complexes have compo- 
nents with ACT = 1590 nm and 1650 nm (shoulder) that 
are attributed to cyt bt. an eyt b u. respectively, by anal- 
ogy with the bovine and Rb. sphaeroides cyt bc z com- 
plexes. The shoulder at 1520 nm is more pronounced than 
in the bovine or Rb. sphaeroides cy{ bc I complexes which 
is consistent with the increased intensity in the g = 2.95 
resonance. Moreover, the relative intensity of this feature 
is dramatically enhanced in the M I83L mutant, indicating 

i n=V8 3,, 376 I 
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Magnetic Field (roT) 
Fi E. 6. EPR spectra of Rh. cap:.'uhmts cyt hc I complex, wild.type and cyt 
c' I MI83L mutant, attd isolated cyl t'l" (a) Wild-type cyt hc I cmrlplex. 
100 p.M in 50 mM Tris-HCI buffer (pH 8.0). _200 mM NaCI. with 0.2c; 
dodecyl maltoside, (b) Ascorbate-mdueed wild-type cyt hi' I cofflplex, as 
described in (a) with 1.5 mM ascorbate. (c) Cyt c I MI83L mutant of the 
cyt hc I cmnplex. I00 p.M in 50 mM Tris-HCI hefti:r (pH 8.0). 200 mM 
NaCL with 0.2(~ dodeeyl mahoside. (d) Wild-type cyt bc I complex, 
sample as used for VTMCD studies and described in Fig. 5. (e) Cyt el. 
sample as used fi)r VTMCD stndies and described in Fig. 5. The spectra 
were recorded at 10 K and the iustruntem settings were: nticlViW~l~,e 
power. IO roW: modulation amplitnde. 1.62 it'lT; microwave frequency 
9.6 GHz. 
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Fig. 7. VTMCD spectra of R. ntbrum cyt bc I complex. Cyt bc I 
complex. 43/.tM in 35 mM MOPS buffer (pH 7.4). I mM MgSO.~. with 
0.2% dodecyl maltoside and 55% d:-ethylene glycol. Spectra recorded 
with an applied magnetic field of 4.5 T at 1.64 K. 4.22 K and 8.7 K. 

that cyt c t in this mutant has Act = 1520 nm and is 
responsible at least in part for the g = 2.95 resonance. The 
wild-type sample has a weak MCD band with ACT = 1880 
nm that is indicative of a heme with hist idine/methionine 
axial ligation and assigned to the ascorbate-reducible g = 
3.16 resonance. In accord with the low relative intensity of 
the g = 3.16 species in the EPR spectrum, the MCD band 
is approximately half the intensity of the equivalent band 
in the Rb. sphaeroMes cyt btq complex. The MCD sample 
of the purified cyt c~ shows no indication of a heme with 
hist idine/methionine axial ligation and exhibits solely the 
ACT = 1520 nm MCD spectrum that is the hallmark of the 
g = 2.96 species. It appears that the spectroscopic proper- 
ties of the form of Rb. capsulatu.v cyt c I that exhibits the 
g = 2.96 resonance are very similar to the form of cyt cj 
induced via the MI83L mutation. However, they must 
differ in terms of their midpoint potential since cyt c t is 
not reduced by ascorbate in the cyt bc~ samples containing 
the MI83L mutation in cyt c~ [19]. 

3.4. VTMCD studies o f  the R. rubrum Cvt bc I complex 

Near-IR VTMCD spectra for the R. rubrum cyt bc~ 
complex are shown in Fig. 7 aiid summarized in Table I. 
Insufficient sample was available for parallel EPR studies. 
Nevertheless. the MCD data provide strong evidence that 
this complex has at least four distinct low-spin Fe(lll)  
heroes and rational assignments can be made based on the 
resulted presented above for mitochondrial and bacterial 
cyt bc I complexes: ACT = 1620 nm. cyt bL: ACT = 1670 
nm (shoulder). cyt bL: '~CT = 1850 rim. cyt c~: ACT = 1520 
nm. denatured b-type and possibly c r t ype  cytochromes. 

The intensity of the 1850 nm band, as compared with the 
other cyt bc~ complexes investigated herein, is consistent 
with the majority of the cyt c~ having hir, t idine/methionine 
axial ligation in the intact complex. 

3.5. Properties o f  N-wmdnal-acetylated Rb. capsulams c I 

Recent x-crystallographic data have established histi- 
dine!N-terminal  amine axial ligation for cyt f in the 
chloroplast cyt b o f  complex, which is functionally equiva- 
lent to cyt c I in the cyt bcl complex. The possibility of 
this type of coordination in bacterial cyts c I prompted an 
investigation of the properties of Rb. capsnlauts cyt c I 
acetylated at the N-terminus. 

Rb. capsulams cyt c~, separated from the intact cyt bc~ 
complex and purified as described in Section 2, showed a 
single Coomassie-staining band with an apparent Mr of 
29000. after polyacrylamide gel elec~'ophoresis in the 
presence of SDS, and a single band in isoelectric focusing 
( p l =  5.6). These observations and the pattern observed 
during amino acid sequencing of the protein (see below), 
suggest that the cyt cl samples used in these experiments 
are > 90% pure. In its reduced form. the purified Rb. 
capsulatus cyt c I has a-band. /]-band and Sorer-band 
absorbance maxima at 552.5 nm, 523.5 nm and 417.5 nm, 
respectively. The a-  and /3-bands are shown in Fig. 8. 
These a-band and l~-band maxima are essentially identical 
to those for the cyt c~ in the intact Rb. capsulatus cyt bc~ 
complex [28]. Spectrophotometric redox titrations indicate 
an Em value for the isolated, purified cyt c I of + 2 6 0  + l0  
mV. see Fig. 9. close to the value o f +  290 mV reported 
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Fig. 8. Reduced minus oxidized difference absorption spectra for native 
and aeetylated Rb. capsulatu~ cyl c I. The reacdon mixture contained 
either native Rb. cap.~ulams cyt c I (upper panel) at a concentration of 
19.4 FM. or acetylated Rb. capsulams cyt c I (lower panel) at a 
concentration of 9.! #M. in l0 mM poP, slum phosphate bufl~r (pH 7.4) 
containing 0.25~ sodium cholate. 
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for the cyt c, in the intact Rb. capsulams cyt be1 complex 
[28].The isolated Rb. capsulatus cyt c l, like the intact Rb. 
capsulatus cyt bc I complex [38], co-chromatographs with 
Rb. capsulatus cyt c 2 during gel filtration chromatography 
at low ionic strength, but not at high ionic strength (data 
not shown), indicating that separation of the Rb. capsula- 
ms cyt c I from the other subunits of the eyt bc I complex 
does not eliminate its ability to form an electrostatica!ly 
stabilized complex with its physiological electron acceptor. 

The gene, referred to as petC, coding for cyt c, in the 
Rb. capsulatus strain used in these experiments had been 
sequenced previously [39]. However, this gene codes for a 
precursor form that is larger than the mature form of the 
cytochrome [39] and the exact cleavage site for the cyt c t 
leader sequence had not been definitively established. We 
have determined that the amino acid sequence of the first 
20 amino acids at the amino-terminal region of the iso- 
lated, purified Rb. capsulatus cyt c I is NSNVPDHAFS- 
FEGIFGKYDQ, in exact agreement with that predicted 
from the nucleotide sequence [39], if a 21-amino-acid 
leader sequence is cleaved off during processing of the 
cytochrome. It should he noted that an identical leader 
sequence cleavage site, leaving asparagine as the N-termi- 
nal amino acid of the mature cyt c I, was reported previ- 
ously for the cyt cj [40] that was erroneously identified as 
a Rb. sphaeroides protein, but which, in fact, was from an 
unidentified strain of Rb. capsulatus [41]. 

Rb. capsnlatus cyt c t, acetylated as described in Mate- 
rials and Methods, shows three Coomassie-staining hands 
after isoelectric focusing (data not shown), only one of 
which had a p i  significantly lower than that of the un- 
acetylated control. This indicates that the acetylated sam- 
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Fig. 9. Oxidation-rednetion Siltations of Rb. capsulams cyt c,. The 
reaction mixture contained either native (n)  or acetylated (M) Rb. 
capsulatus cyt c t m a concentration of 5.7 p.M in 50 mM Tris-HCI buffer 
(pH 7.0). containing 100 mM NaCI and 0.1 mg/ml dodecyl mahoside. 
The following mediator dyes were also preens: 25/tM 2.5-dihyoroxy-p- 
henzoquinoac, 35 /tM diaminodurene, 25 /,tM 1.2-naphthoquinone and 
25/tM phenazine methosulfaw. The .solid and dashed lines represent the 
~st fits for single components that follow the Nemst equation for a 
one-eh.'ctron carder for the acetylaled and native samples, respectively. 
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Fig. 10. Amino acid sequencing of native and acetylated Rb. capsulatus 
cyt cp The left-hand column shows the data obtained for the native. 
unmodified protein and the right-hand column the data obtained for the 
acetylated sample, 194 pmol of protein was loaded in each ca~ ,  

pie was a mixture of cyt c, acetylated to different degrees. 
with most of the protein acetylated to a small extent. 
Nevertheless, .~cetylation at the N-terminus was essentially 
complete, as documented by the observation that the pro- 
tein was at least 91% blocked in amino acid sequencing 
trials, see Fig. 10. Blocking the N-terminal a-amino group 
of Rb. capsnlams cyt c I by acetylation bad essentially no 
effect on the either the a-band and /3-.band regions, see 
Fig. 8, or on the E m value of the cytoehrome, see Fig. 9. 
Acetylation did not decrease the reduced mbtus oxidized 
extinction coefficient for the eytochrome in the a-band 
region and, in fact, may have increased it somewhat. 
Values of 15.9 _ 1.0 and 18.5 =t= 1.0 mM -l  cm -s for the 
reduced minus oxidized extinction coefficient at 552.5 nm 
were determined, based on alkaline pyridine hemochmma- 
gen determinations of the total heme present [42], for the 
control and acetylatcd cytochromes, respectively. While 
the quantities of aeetylated cyt c, obtained were insuffi- 
cient for meaningful EPR and VTMCD analyses, the ob- 
servation that acetylation of more than 90% of the t~-amino 
group of the N-terminal asparagine of Rb. capsulatus cyt 
c~ had no effect on either the absorbance spectrum or E m 
value, strongly suggests that, unlike cyt f [18], the N- 
terminal amino group does serve as a ligand to the heme of 
Rb. capsulatus cyt c I. 

4. Discussion 

The results presented herein represent the first near-IR 
VTMCD study of any intact eyt bc I complex and demon- 
strate the utility of this technique, when combined with 
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parallel EPR studies, for identifying the axial ligation of 
hemes in multicytochrome complexes. For intact cyt b¢ h 
complexes, the results confirm the axial ligation of the 
individual cytochromes deduced from mutagenesis and 
EPR studies, i.e.. bis-histidine axial ligation for cyt b L 
(Ace = 1590-1620 nm. AE=520-800 M -~ cm -~ at 4.2 
K and 4.5 T) and cyt b n (Ace = 1650- 1670 nm. A6 = 
310-450 M- '  cm -; at 4.2 K and 4.5 T). and 
histidine/methionine axial ligation for cyt c~ (AcT = 
1850-1890 nm. A r =  140-180 M-" cm -] at 4.2 K and 
4.5 T). Near-perpendicular orientation of the histidine imi- 
dazole rings is responsible for the HALS-type EPR spectra 
and the anomalously high intensity of the porphyrin(zr)-to 
Fe(Ill) charge transfer transitions in the near-lR VTMCD 
spectra of the cyts b. The properties of cyt ct in the Rb. 
capsulatus cyt bc~ complex are somewhat anomalous 
compared to the other three cyt be~ complexes investi- 
gated in this work. The low field component of the EPR 
signal is centered at g = 3.16 compared to g = 3.37 and 
3.36 in the bovine heart and Rb. sphaeroides cyt bc I 
complexes, respectively, and the near-IR MCD and EPR 
results taken together indicate that approximately half of 
Rb. capsulatus cyt be, complex used in these studies has a 
cyt c t with histidine/methionine axial ligation. Since the 
purified samples of all the cytochromes c~ investigated in 
this work all show evidence of two forms which differ in 
terms of heine axial ligation, it seems likely that cyt c~ 
heterogeneity is the must probable reason for the substoi- 
chiometric amounts of histidine/methionine cyt c~ in Rb. 
capsulatus cyt bc I. 

The bacterial cyt bc] complexes investigated in this 
work. but not the bovine heart cyt bcj complex, showed 
evidence for the presence some denatured b-type cy- 
tochromes which are characterized by a g = 2.95 EPR 
signal and near-lR MCD bands v, ith Ace = 1520 nm. 
These spectroscopic properties are similar to those of 
bis-imidazole Fdlll) porphyrins, imidazole derivatives of 
myoglobin and horse heart cyt c. and many bis-histidine 
hemoproteins [21-23]. Hence the changes in MCD and 
EPR properties are attributed to subunit denaturation 
and/or  dissociation within the cyt bq  complex leading to 
relaxation of the near-perpendicular arrangement of the 
histidine imidazole ring of the b-type cytochromes. How- 
ever. the present work clearly demonstrates that both b-type 
and el-type hemes can he responsible for species exhibit- 
ing g=2.95  EPR signals with At-r = 1520 nm. This 
species is found in varying amounts in purified samples of 
bovine heart. Rb. capsulatus and Rb. sphaeroides cyt c~. 
it appears to form irreversibly at the expense of the 
histidine/methionine cyt c~ that is present in the intact cyt 
bc~ complexes, as a result of sample handling (i.e.. freez- 
ing/thawing and buffer exchange), the addition of 50% 
(v/v)  ethylene glycol or glycerol, or. at least in the case of 
bovine heart cyt ct. a shift to more alkaline pH. (While 
results are presented only for samples treated with ethylene 
glycol, identical results were observed within experimental 

error for .samples containing 50-60% glycerol.) Moreover. 
a form of cyt cj with very similar spectroscopic properties 
is present in the mutant Rb. capsulams cyt bc~ complex in 
which the coordinating methionine has been replaced by 
leucine (MIg3L mutant). The cyt c I from Rb. capsulatus 
shows the greatest propensity for conversion to the g = 
2.95 species and we have as yet be.en unable to identify the 
form with histidine/methionine axial ligation in purified 
samples, in light of the intensity of the g = 2.95 resonance 
in the EPR and the A = 1520 nm feature in the MCD of 
the Rb. capsulatus eyt bc I complex, it seems likely that 
the g = 2.95 form of cyt c~ is present even in the intact 
complex and that both b- and crtype cytochromes con- 
tribute to these features. 

From the above discussion, it is evident that the spec- 
troscopic data for the g = 2.95 form of the cyt c~ complex 
are consistent with bis-histidine axial ligation and hence 
the replacement of the ligming methionine by a histidine 
residue. Further support for this interpretation comes from 
the observation that the spectroscopic properties are ahnost 
identical to those in the F82H mutant of yeast cyt c 
(g=2.96.  2.26. 1.51 and Ace = 1510 rim) in which the 
coordinated methionine (Met-80) is replaced by His-82 
[43]. Despite the remarkable similarity in spectro~opic 
properties, the cyt c I and cyt b-derived g = 2.95 species 
differ in terms of midpoint potential. While more work is 
required to obtain precise E m values, purified samples of 
Rb. capsulatus and Rb. sphaeroides cyt c I containing 
exclusively the g = 2.95 form are completely reducible by 
ascorbate, whereas cyt c, in the MI83L mutant of Rb. 
capsulauls cyt bc~ complex and the denatured b-type 
cytochromes are not ascorbate-reducible. This difference in 
midpoint potentials does not necessarily dictate differences 
in axial ligation, since it is clear that the heme environment 
as well as the nature of the axial ligands plays an impor- 
tant role in determining the midpoint potential [44.45]. 
However. it is worthwhile considering alternative axial 
ligation possibilities for the g = 2.95 form of cyt c~. 

Among the known types of axial heme ligation, bistidi- 
nate/methionine and histidine/amine (lysine or N-termi- 
nal amine) are both viable alternatives to bis-histidine for 
the g = 2.95 form of cyt q .  based on the near-IR MCD 
data. Ace = 1520 nm [21-23]. To our knowledge there is 
only one well characterized example of histidinate/ 
methionine axial ligation. E. coil cyt b.so_, at pD 10.5, 
which has Acr = 1520 nm and g = 2.79. 2.26, and i.67 
[21]. Clearly without a wider range of examples, this type 
of axial coordination cannot be ruled out based on spectro- 
scopic data alone. Furthermore in the case of purified 
bovine heart cyt c,. the g = 2.95 form only appears at 
alkaline pH (pD 10.0). There are three main arguments 
against histidinate/methionine axial ligation: (I)  conver- 
sion to the g = 2.96 form appears to he irreversible; (2) 
the histidine/methionine form was not recovered on low- 
ering the pH (down to pD 6.0); (3) a species with very 
similar spectroscopic properties is observed in M183L 
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mutant. Generally the absence o f  a 695 nm in the VTMCD 
and absorption spectra would he convincing evidence 
against axial ligation by methionirte, but the near absence 
o f  such a band for purified cyts c, which are predomi- 
nantly in the his t idine/methionine form shows that this is 
unlikely to be a reliable criterion in this instance. 

The studies o f  the N-terminal acetylated Rb. cap.~ulattts 
cyt  c, provide no indication that the N-terminal amine is 
involved with axial heme coordination as has been shown 
to be the case in cyt  f [18]. Moreover.  the EPR properties 
o f  g = 2.95 form of  cyt  c I are quite distinct from known 
examples o f  ferribemes with h is t id ine /amine  (lysine. N- 
terminal amine, or  exogenous amine) which have HALS- 
type resonances with g > 3.3 [21.24.25]. Hence, it is un- 
likely that the heterogeneity in purified samples of  cyt  c, 
is related in any way  to the alkaline transition o f  cyt  c 
which has been show to be associated with replacement of  
coordinated methionine by an adjacent lysine at alkaline 
pH [461. 

The results presented herein provide evidence for two 
forms of  cyt  c I that differ in terms of  axial ligation, 
his t idine/methionine versus bis-histidine. Both are high 
potential ( >  + 1 5 0  mV). since they are completely re- 
duced by ascorbate. The his t id ine/methionine form domi- 
nates in intact cyt  bc  t preparations and it seems likely that 
the bis-histidine form is an  artifact o f  dissociation o f c y t  c I 
from the cyt  I ,g  complex,  coupled with medium effects on 
the structure o f  the solubilized subunit. ,~ similar bis- 

histidine form of  eyt  g .  albeit with a lower midpoint 
potential (E, ,  = - 7 4  mV [19]). appears to be assembled in 
the M i 8 3 L  mutant  o f  the Rb. capsulatus cyt  b g  complex 
in which the methionine residue coordinating cyt  c m is 
replaced by a leucine. The propensity for  conversion to the 
bis-histidine form ".,aries for  different wild-type cyts c, 
(bovine heart < Rb. sphaeroides = R. rubrum < Rb. capsu- 

latus) Inspection and computer  assisted alignments o f  the 
~quenees  o f  these cyt  c , .  does not reveal a second 
conserved histidine that could be a candidate for  the new 
ligand. However,  several histidines are available and it 
may be significant that both R. ntbnm~ and Rb. capsulanls 
eyt g have histidines in close proximity to the coordinat- 
ing methionine; H-X3-M and H-X.vM. respectively. 
Whether  or  not the bls-histidine form is functional for  
electron transport in wild-type cyt  bc I complexes remains 
to be established. Overall.  the results serve to emphasize 
the importance o f  spectroscopic studies on intact mem- 
brane-bound complexes, and show that purification and 
medium effects, particularly the addition o f  50% ( v / v )  
ethylene glycol or  glycerol,  can alter the axial ligation of  
cyt  g .  
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