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SUMMARY. The low temperature optical spectra in the region of the Qoo (a-band) 
and QGl (&band) transitions of model heme complexes for b- and c-type cyto- 
chromes were measured and the results discussed in terms of the similarities 
and differences to the spectra of horse heart cytochrome 2 and other heme- 
proteins. Comparisons of the resolved vibronic components of the 401 and 8' 
bands were made to the recent resonance Raman spectra of hemeproteins. Tenta- 
tive assignment of the 8' band to QO2 type transitions has been proposed. 

The application of low temperature optical techniques to low-spin ferrous 

cytochromes (1,2) has resulted! in the resolution of ambient temperature QGC 

(a-band) and QOl (S-band) transitions into a number of distinct components, the 

number, energy and intensity of which appear characteristic of the particular 

protein. However, assignments of the resolved components either to the struc- 

ture or function of the protein have not been indicated, and thus discussion 

of these spectra has been restricted to comparisons between hemeproteins (3,4). 

The recent crystallographic structures of cytochromes 2 (5), 2 (6) and k5 (7) 

and the proton magnetic resonance spectra of cytochromes 23 (8) have indicated 

the axial ligand coordination in these proteins. Based on these studies we 

have examined the low temperature absorption spectra of the appropriate model 

heme complexes for these b- and c-type cytochromes in an attempt to understand _ 

the unique protein spectra by comparison to systems of minimal structure. 

EXPERIMENTAL. Horse heart cy-tochrome 2 (Type IIa and VI), equine protohemin IX 
(grade I), N-acetyl-DL-methionine and N-a-acetyl-L-histidine from Sigma and C. 
krusei cytochrome c (2X crystallized) from Calbiochem were used as received. 
5. rubrum cy-tochrome r;l (A272/A&15 = 0.22) was a gift from Dr. R. G. Bartsch. 
2. ethylicium 2K cytochrome 3 (A28G/A418 = 0.065) was a gift from Dr. T. E. 
Meyer. E. coli cy-tochrome b 
dure of Itagaki and Hager (9 . -5 

62 (A562/A280 = 1.37) was isolated by the proce- 
The heme E octapeptide of cytochrome c (Type 

IIa) was prepared by the method of Harbury and Loach (10). 
Absorption spectra were recorded on a Cary 14R spectrophotometer equipped 

with a high intensity light source and an expanded scale O-0.1, 0.1-0.2 slide- 
wire. Liquid-nitrogen temperature spectra measured in the vitrified state of 
50% aqueous glycerol were obtained with a Rho Scientific spectrodewar using 
spectral cells of ca. 1.0 cm optical path length. Detailed procedures for 
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obtaining low temperature spectra have been described elsewhere (11). Anaero- 
bic solutions of ferrous heme complexes and hemeproteins were prepared by 
reduction with a minimal excess of NazS204 under an argon atmosphere. Heme 
concentrations were in a range of ca. 20 to 40 uM as determined by optical 
measurements. The c-type model heme complexes were prepared from the heme 2 
octapeptide of cytochrome c, which provides axial coordination of one histi- 
dine residue to the heme iron (10). Addition of excess N-acetyl-methionine 
(12) or N-a-acetyl-histidine yielded the desired hexa-coordinate c-type model 
complexes (5,6,8). The desired b-type model heme complex (7) was prepared by 
adding excess N-a-acetyl-histidine to protoheme IX. 

RESULTS. The Q,, transition in the three model heme complexes at 77'K is 

characterized by a single symmetric absorption band which is in contrast to the 

well-known splitting of the Q,, band found in mammalian cytochrome c, as seen 

in Figure 1, k5 and numerous other cytochromes (2). Optical measurements of a 

bisimidazole mesoheme IX complex extended to liquid-helium temperatures yielded 

no further increase in resolution of the single symmetric Qoo band observed at 

77OK, even though reconstituted mesoheme IX cytochrome k5 exhibits splitting 

of the Qoo band at near ambient temperatures (13). The absence of splitting in 

the model spectra suggested comparisons be made to hemeproteins which have been 

reported to exhibit single Q,, bands at 77OK. However, re-examination of various 

proteins, as seen in Figure 1, reveals an asymmetry or splitting of the QOo band 

in the vitrified state of 50% aqueous glycerol for g. rubrum cytochrome 2, c. 

ethylicium cytochrome c3 and E. & cy-tochrome k562, which have not been pre- 

viously observed (l,g,lb). In agreement with previous studies (1,15) the only 

protein examined which remained a single symmetric Qoo band was C. krusei cyto- 

chrome 2. 

The low temperature spectra in Figure 2 represent the spectral region of 

the Qol transition for the model heme complexes and cytochrome + Model spectra 

in the Qol region show a resolution of component bands similar to those seen in 

the hemeproteins; moreover, the degree of resolution appears dependent on the 

axial ligands and on the porphyrin, as seen in Figure 2. In view of the diffuse 

nature of these overlapping bands, which precludes a critical assignment of the 

small differences observed in the model spectra, analysis of the Q,, region is 

presented in terms of the dominant similarities. Resolved bands found in the 

model complexes can be grouped into different regions according to the energy 
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Figure 1. Hemeprotein optical spectra of QOO band at 77'K. All proteins in 
50% glycerol (v/v). Cytochrome 2 in 50 mM phosphate pH 7.4. Cy-tochrome in 2 
75 mM Tris-Cl pH 7.3. Cytochrome 23 in 5 mM phosphate pH 7.8, 0.1 M in NaCl. 
Cytochrome b+62 in 0.33 M phosphate pH 8.0. 

difference Qov-Qoo , which occur at ca. 360, 740, 1000, 1200, 1300, 1440, 1630 

-1 cm . In horse heart cytochrome cthere is a direct correspondence in number, 

relative intensity and energy to the four high energy bands at ca. 1200, 1300, 

1440 and 1630 cm -1 in the model systems. The major difference is found in the 

lower energy bands where there appears to be a doubling of bands in the protein 

corresponding to the transitions at ca. 360, 740 and 1000 cm -1 in the model 

systems. In regards to C. krusei cytochrome 5, the optical spectra in the Q,, 

region are very similar to that observed for mammalian cytochrome 2 with the 

one exception of the absence of resolved doubling corresponding to the transi- 

-1 tion at ca. 740 cm in the model systems. 

The low temperature spectra in Figure 3 represent the spectral region of 

the 8' band, as designated by Estabrook (16), for the model complexes and cyto- 
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Figure 2. 
(v/v), ca. 

Optical spectra of Q 
40 mM in phosphate ~I?l8~? at 770K- 

Model complexes in 50% glycerol 
. . Effective concentrations: N-acetyl- 

methionine 2.0 M, N-acetyl-histidine 1.0 M. C 
1. Vertical lines on spectra indicate 100 cm' T 

ochrome 2 as described in Figure 
divisions 

tion. 
from each Qoo transi- 

Transition energies based on (Qov-Qoo) difference (cm-'); for cytochrome 
c, transitions arbitrarily based on lower energy &Co peak. Subtract 110 cm-1 
for each protein transition relative to higher energy &CC peak. 

chrome c. Resolution in this region is comparable to that observed in the model 

spectra in the Qol region. Thus the extent of resolution in the B' band in 

Figure 3 appears dependent on the axial ligands and porphyrin, which parallels 

that observed in the Qol band in Figure 2. The resolvable bands found in the 

model complexes can be grouped into regions at ca. 2300, 2600, 2830, 3100 and 

3450 cm-l according to their energy dfiference from the Qoo transition. In the 

8' band of cy-tochrome cthere is a direct correspondence in number, relative 

intensity and energy to all five resolved components in the g' band of the 

model complexes. 

DISCUSSION. The absence of splitting in the Qoo band of the model complexes 

is the most distinguishing feature of the optical spectra when compared to most 

hemeproteins. The optical splitting of the Qoo transition, which is consistent 
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Figure 3. Optical spectra of 8' band at 77'K. Identical conditions and. 
descriptions as indicated in Figure 2. 

with the removal of the double degeneracy (17) of the lowest excited state of 

the prosthetic group, appears to be influenced by the protein environment around 

the heme and its axial ligands. Recent X-ray determinations (5,6,7) do in fact 

indicate a preferred orientation of the imidazole rings of the histidine 

residues with respect to the heme plane, which appears stabilized by the ter- 

tiary structure of the protein. Such preferred stereochemical orientations of 

axial ligands would not be predicted in the simple model systems, and may 

reflect the inability to resolve the QOO transition into components in the 

model heme complexes. In regards to the spectrum of C. hrusei cytochrome c, 

it should. be noted that although the axial ligands appear to be identical to 

mammalian types, the heme environment is distinguishingly unique from numerous 

mammalian type cytochormes 2 (18). 

The similarity of resolved Qol vibronic transitions in the model complexes 

and hemeproteins is evident when the spectra are normalized in energy units 
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relative to the QOO transition; the similarity extends into the 8' region and 

when comparing spectra derived from different porphyrins. The numerous reso- 

nance Raman spectra (19) reported for cytochrome 2 have indicated that the vi- 

brational modes that provide vibronic intensity in the electronic absorption 

spectrum will show increased intensity as resonance is approached in the Rsman 

spectrum (20). The excited state vibronic character of the Qol band and possi- 

bly the S' band allows comparison with the ground state vibronic spectra, 

whereby analogous assignments from ground state vibrations are considered for 

the transitions in the electronic spectra. Fundamental vibrations in the region 

of ca. 1100-1650 cm -1 , which dominate the Rsman spectrum of cytochrome 2, have 

been attributed to numerous in-plane stretching modes of the porphyrin skeleton 

(19). Using the nomenclature of Spiro (19) these frequencies have been assigned 

to porphyrin bond stretching modes of the relative order (21) Cb-Cb > Ca-Cm> 

C,-N > C,-Cb as well as &Cm-H bond bending modes, whose energies appear on both 

sides of the Ca-N bond stretches. In both the hemeprotein and model complexes 

the Qol band draws significant intensity in this vibronic region of the excited 

state as indicated by the transitions at ca. 
-1 1200, 1300, 1440 and 1630 cm . 

The Rsman spectra also indicate three other regions of fundamental vibronic 

intensity at ca. 350, 750 and 900-1000 cm -l (19,221, t o which there is an 

evident correlation of optical transitions in the protein and model complexes 

at ca. 360, '740 and 1000 cm-l, Low energy ground state vibrations at ca. 350 

-1 and 750 cm , which have been tentatively assigned to iron-pyrrole nitrogen 

(23) or iron-histidine nitrogen (24) stretching modes and to out-of-plane heme 

bending modes (23) respectively, correlate with transitions at ca. 360 and 

740 cm-' in the Qol band. The S' band corresponds to energy differences (2200- 

3500 cm-') that have been reported for combination and overtone vibronic modes 

(between ca. 2200 to 3000 cm-') in the Raman spectrum of cytochrome 2 (22). 

The low intensity of this band and the apparent correlation of fundamental 

vibrations at ca. 1200, 1300, 1440 and 1630 cm-l in the Q,, band to overtone 

vibrations at ca. 2300, 2600, 2830 and 3100 cm -1 respectively in the B' band 
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supports the assignment of overtone (or combination) transitions to the 8' 

band. More descriptive correlations of the QO, and 8' band transitions must 

await the resonance Raman spectra of these model heme complexes, but in view 

of the apparent vibronic nature of the 8' band to combination and overtone 

modes in the Q transition, we propose that these transitions be collectively 

represented as the QO, band. 
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