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Abstract. Optical absorption spectra and resonance Ra- 
man (RR) spectra, obtained with Soret excitation, are 
reported for bis(imidazole) and bis(imidazolate) com- 
plexes of iron(II)- and iron(III)-protoporphyriri IX, pre- 
pared in aqueous conditions. Perdeuteration experiments 
on the axial ligands permitted the assignment of the sym- 
metric Fe-(ligand)2 stretching mode of Fe[x]PP(L)2 to 
RR bands at 203 ( x = I I ;  L = I m H ) ,  212 ( x = I I ;  
L = I m - ) ,  201 ( x = I I I ;  L = I m H )  and 226 cm -1 
(x = III; L = Im-) .  These frequency differences indicate 
a strengthening of the axial bonds when the imidazole 
deprotonations occur. The larger difference observed for 
the ferric derivatives reflects the stronger a-donor capa- 
bility of the Ira-  anion for iron(III) over iron(II). For the 
ferrous derivatives, the frequencies of several skeletal 
porphyrin modes (v4, Vlo, vll and V3s ) are downshifted by 
2-10 cm-J  upon deprotonation of the ligands. This ef- 
fect corresponds to an increased back-bonding from the 
metal atom to the porphyrin ring when the axial ligand 
decreases its n-acid strength. Bringing further support to 
this interpretation, an inverse linear relationship is estab- 
lished between the frequencies of v (Fe(II)-L2) and v~t. 
This correlation is expected to monitor the overall H- 
bonding state of histidine ligands of reduced cy- 
tochromes b. On the other hand, absorption measure- 
ments have characterized large pK~ differences for the 
sequential imidazole ionizations of Fe[x]PP(ImH) 2 in 
aqueous cetyltrimethylammonium bromide (9.0 and 10.8 
for x = III; 13.0 and 14.1 for x = II). These titrations 
show that Fe(II)PP(Im-)2 and Fe(III)PP(ImH)2 are 
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good proton-acceptor and proton-donor, respectively, 
and suggest a model by which heme, located in a favor- 
able environment inside a cytochrome, could couple a 
cycle of electron transfer with a proton transfer. Based on 
sequence data and structural models, it is further pro- 
posed that, in several membrane cytochromes b (b, b6, 
b559) , a positively charged amino acid residue and an 
imidazolate ligand of the ferriheme could form an ion 
pair involved in a redox control of proton transfer. 

Key words: Ligand deprotonation - Iron-ligand modes - 
Porphyrin modes - Proton transfer 

Introduction 

The redox potentials of cytochromes vary from - 400 to 
+ 400 mV. The inductive effects of the berne-side chains, 
the axial ligand composition and the hydrophobicity of 
the heine environment are the main factors contributing 
to this wide range of potentials (Falk 1964; Harbury et al. 
1965; Kassner 1972; Stellwagen 1978). Beside these fac- 
tors, more subtle effects concern the state of the axial 
histidylimidazole(s) which constitute heme ligand(s) in a 
very large majority of cytochromes. In all hemoproteins 
of this class for which crystallographic structures are 
available, the metal-bound histidylimidazole ring is found 
to be hydrogen bonded to an electronegative group of the 
polypeptide chain (Mathews et al. 1972a, b; Salemme 
et al. 1973; Takano and Dickerson 1981; Pierrot et al. 
1982). The possibility that this hydrogen bond might play 
a functional role has been proposed by Peisach and 
coworkers (Peisach et al. 1973; Peisach and Mims 1977) 
and, later, by Valentine and coworkers (Valentine et al. 
1979; Swartz et al. 1979). In particular, the influence of the 
hydrogen bond on histidylimidazole has been invoked as 
inducing a differential stabilization of oxidation states of 
cytochromes (Valentine et al. 1979). However, this effect 
cannot be evaluated without knowledge about the elec- 
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tronic and structural consequences of this interaction at- 
the porphyrin macrocycle and at its axial bonds. 

Resonance Raman (RR) spectroscopy is one of the 
most powerful techniques for characterizing heine struc- 
tures and environments of hemoproteins and model com- 
pounds (Spiro 1985; Kitagawa and Ozaki 1987; Desbois 
etal. 1984b, 1989). Thus, among several possible ap- 
proaches to the study of the H-bonding effects at the 
coordinated ligands, we have undertaken a RR investiga- 
tion on bis(imidazole) and bis(imidazolate) complexes of 
heine. Although a total deprotonation of histidylimida- 
zole has not yet been clearly characterized in a functional 
cytochrome, imidazolate (Ira-) is in fact generally consid- 
ered as the limiting form of a very strong hydrogen bond- 
ing at imidazole (ImH) (Nappa et al. 1977). In view of 
these considerations, the present paper reports a detailed 
spectroscopic investigation (electronic absorption and 
resonance Raman) of bis (imidazole) and bis (imidazolate) 
complexes of iron(II)- and iron(III)-protoporphyrin in 
various aqueous conditions. This study should be of par- 
ticular relevance in the interpretation of spectral data 
concerning b-type cytochromes in which the protoheme (s) 
is (are) coordinated by two histidylimidazole ligands. 

Materials and methods 

Protohemin (Sigma type I) dissolved in aqueous alkaline 
solution has been used throughout as a starting material. 
The bis (imidazole) complex of iron(III)-protoporphyrin 
[Fe (III)PP (ImH)2] was prepared by addition of an excess 
of imidazole (Desbois and Lutz 1981). In order to avoid 
porphyrin aggregation, a cationic (cetyltrimethylammo- 
nium bromide, Sigma) or an anionic (sodium dodecyl- 
sulphate, BDH) detergent was added at a micelle-forming 
concentration (2% [w/v]). The bis(imidazolate) complex 
of Fe(III)PP was obtained by alkaline titration of 
Fe (III)PP (ImH)2 in aqueous CTABr solutions with sodi- 
um or potassium hydroxide (see also Results and Discus- 
sion). In order to form the ferrous derivatives, heme re- 
duction was achieved by addition, under vacuum, of solid 
dithionite contained in a side arm of the Raman cell 
(Desbois and Lutz 1981; Desbois et al. 1984a). 

FePP(ImH)z - I m H ,  + O H -  

- H  + 
FePP(ImH)2 , 

FePP(imH)2 -I~H, +OH- 

-it+ 
FePP(ImH)2 . 

were excited with 413.1 nm (Coherent Innova Kr+), 
441.6 nm (Liconix He-Cd) and/or 454.5 nm (Coherent 
Innova Ar +) laser beam(s), with radiant powers of 40-  
60 roW. Improvement in signal to noise ratios of the 
resonance Raman spectra was achieved by summation of 
4-20  scans using a multichannel analyser (Tracor North- 
ern TN 1710). Under these conditions, the frequency pre- 
cision is from 0.5 to 2 cm- ~ depending on both the band 
intensity and the signal to noise ratio. 

The equilibrium constants for imidazole or imidazo- 
late binding to ferriprotoporphyrin were determined 
by spectrophotometric titrations according to methods 
previously described (Momenteau 1973; Yoshimura and 
Ozaki 1984). 

The spectrophotometric measurements were done on 
Cary 118C or Beckman DU7 recording spectrophotome- 
ters. 

Results and discussion 

Absorption spectroscopy of  iron (III) derivatives 

The electronic absorption spectrum of Fe (III) PP (ImH)2 
at pH 7.5 in a 2% aqueous cetyltrimethylammonium bro- 
mide (CTABr) solution is characterized by ~, fl and Soret 
band maxima at 562.0, 536.0 and 414.0 nm, respectively 
(Fig. 1 A). Alkaline titration of this complex results in a 
gradual redshift of the absorption bands in the 8.5-12 pH 
range, the final compound exhibiting peak maxima at 
576.0, 546.5 and 421.5 nm (Fig. 1 A). A plot of the appar- 
ent Soret maximum as a function of pH (Fig. 1 B) as well 
as titrations at fixed wavelengths (414.0 and 421.5 nm) 
(not shown) are in agreement with any of the following 
four reaction sequences: i) a sequential substitution of 
the two bound ImH for two hydroxide anions, ii) a loss 
of an acidic proton of one of the bound ImH with a pK, 
value of 9.0, followed by a substitution of the remaining 
ImH for a O H -  anion, iii) an ImH ~ O H -  substitution, 
followed by a loss of the acidic proton of the remaining 
bound lmH with a pKa value of 10.8 or iv) a sequential 
loss of the two acidic protons of the bound ImH with pK, 
values of 9.0 and 10.8, according to the following sets of 
reactions: 

FePP(ImH) (OH-)  -ImH, +OH-  FePP(OH_)2 (1) 

FePP(Imn)(Im-)  -Imn,+on- FePP( Im-) (OH-)  (2) 

FePP(ImH)(OH-) . -n+ - FePP( Im-) (OH-)  (3) 

--H + 
FePP(ImU)(Im ) : FePP(Im-)2 (4) 

Perdeuterated imidazole (da-ImD) (isotopic enrich- 
ment: 98.8%), D20  (isotopic enrichment: 99.8%), DC1 
(isotopic enrichment: 99.5%, 7.6 N in D20) and NaOD 
(isotopic enrichment: 98.5%, 9.8 N in DaO) were pur- 
chased from the Bureau des Isotopes Stables of the Centre 
d'Etudes Nucl6aires de Saclay. 

The Raman spectra were obtained using equipment 
described previously (Desbois et al. 1979, 1989). Samples 

On the other hand, the spectrum of Fe (III)PP (ImH)2 in 
a 2% aqueous sodium dodecylsulphate (NaDS) has no 
sensitivity to pH between pH 6 and pH 11 (figure not 
shown). 

In order to ensure that the spectral transitions observed 
for Fe(III)PP (ImH)2 in aqueous CTABr solutions are 
not due to a hydroxide coordination to Fe (III) PP, the bis 
(1-methylimidazole) (1MeIm) and the bis (pyridine) com- 
plexes of Fe (III) PP were titrated under identical experi- 
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Fig. l. A Electronic absorption spectra of Fe(III)PP(ImH)2 ( - )  and 
of Fe (III) PP (Im-)z (- - -) in 2% aqueous CTABr solutions; B pH- 
and hydroxide concentration-dependence of the Soret maximum of 
Fe(III)PP(ImH)2 (circle) and of Fe(III)PP(1MeIm)2 (triangle) in 
2% aqueous CTABr solutions. Ligand concentrations: 0.85 M; the 
dotted curve represents a theoretical fit to the experimental points 
according to two Henderson-Hasselbach equations with pK a values 
of 9.0 and 10.8 and implies the assumption that the Soret maxima 
are at 414.0, 417.0 and 421.5 nm for Fe(III)PP(ImH)2 , Fe(III)PP 
(ImH) (Ira-) and Fe (III)PP (Im-)2 , respectively; C pH- and OH-  
concentration-dependence of the equilibrium formation constant 
(f12) of Fe (III) PP (Ira*)2 in 2% aqueous CTABr solutions (see text); 
the dotted curve represents a theoretical fit to the experimental 
points according to two Henderson-Hassclbach equations with pKa 
values of 9.0 and 10.8 and corresponds to values of binding constant 
of 1,7x105, 5x102 and 1 .2x106M -2 for Fe(III)PP(ImH)2 , 
Fe( I I I )PP(ImH)(Im-)  and Fe(III)PP(Im )2, respectively 

mental conditions. The Fe (III) PP (1 MeIm)2 complex ex- 
hibits no significant spectral sensitivity to pH between 7 
and 9.5 (Fig. 1 B). At pH above 9.5, the Soret band is 
blue-shifted, indicative of a displacement of the bound 
1MeIm by O H -  and of the formation of a heroin-type 
complex (Soret band maximum at 399 nm). A similar 
pattern of behaviour is observed for the bis (pyridine) 
complex (figure not shown). Therefore, the alkaline tran- 
sitions observed in Fig. 1 B for Fe (III)PP (ImH)2 cannot 
be ascribed to the formation of a bis (hydroxide) complex 
of Fe (III) PP (reaction (1)). 

On the other hand, we checked that all along the titra- 
tion of Fe(III)PP (ImH)2 , two imidazole-type rings (im- 
idazole or imidazolate) remain coordinated to the ferric 
heme. For this purpose, we measured spectrophotometri- 
cally the apparent association constant of imidazole to 
FePP (III) between pH 7 and a hydroxide concentration 
of 2 M. In this large range of alkalinity, we did not 
detect any formation of an intermediate mono (ImH) or 
mono(Im-)  complex and the equilibrium data fit an 
apparent one step-binding of two nitrogenous ligands 
according to: 

Fe (III) PP + 2 Ira* ~- Fe (III) PP (Im*)2, (5) 

with the overall formation c o n s t a n t / ~ 2  equal to: 

f12 = [Fe (III) PP (Im*)z]/([Ve (III) PP] [Im*] z) (6) 

Im* representing either ImH or Im-.  The value of fiE 
is, however, pH-sensitive (Fig. 1 C). Indeed, taking into 
account the total free Ira* concentration ([Ira*]= 
[ImH]+[Im-]) and the pK, values obtained in Fig. 
1B, 32 calculated to be 1.7 x 105, 5 x 10 2 and 1.2x 
106 M -2 for Fe(III)PP(ImH)2, Fe(III)PP(ImH)(Im-) 
and Fe(III)PP(Im-)2, respectively (Fig. 1C). The low 
value obtained for the association constant of Fe (III) PP 
(ImH)(Im-) probably indicates a destabilization of the 
hexacoordinated complex when the axial ligands are in 
different ionization states. 

We therefore can safely attribute the change in 
visible spectra accompanying the alkaline titration of 
Fe(III)PP(ImH)2 in aqueous CTABr solution to a se- 
quential deprotonation of the two bound imidazoles, with 
pKa values of 9.0 and 10.8 (reaction (4)). As expected, the 
maxima of the visible absorption bands of the (ImH)(Im-) 
and bis (Ira-) complexes of ferriporphyrins are redshifted 
relative to those of the corresponding imidazole complex- 
es (Mohr et al. 1967; Davies 1973; Peisach and Mims 
1977; Nappa et al. 1977; Quinn et al. 1982). Moreover, 
the spectral data of Fig. 1 B allow an estimation of the 
Soret band maximum of Fe 011) PP (lmH) (Im-) at 417.0 _ 
0.5 nm, i.e. at a wavelength g 3  nm longer than that of 
Fe(III) PP (ImH)2. A similar small difference (2 nm) has 
been reported between the Soret peak positions of 
bis(ImH) and (ImH)(Im-) complexes of Fe(III)-tetra- 
phenylporphyrin in dry solvents (Nappa et al. 1977; 
Quinn et al. 1982). 
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Fig. 2. A High frequency regions (1 300-1 650 cm -1) 
of resonance Raman spectra of Fe(III)PP(ImH)2 in 
2% aqueous CTABr solutions at pH 7.5 (a), 10.0 (h) 
and 12.0 (e). Excitation wavelength: 441.6 rim; imid- 
azole concentration: 0.2 M (a), 0.6 M (b) and 0.18 M 
(c); summation of 4 - 6  scans; bands marked with 
two and three squares correspond to free imidazole 
and imidazolate bands, respectively; resolution: 
8 cm-  1; scanning speed: 25 cm-  I • mn-  1 ; time con- 
stant: 5 s. B pH-dependence of the low frequency re- 
gions (160-450 cm-1) of RR spectra of Fe(III)P- 
P(ImH)2 in 2% aqueous CTABr solutions. Excita- 
tion: 441.6 rim; imidazole concentration: 0.9 M; spec- 
trum a: pH=7 .0 ;  spectrum b: pH=8 .3 ;  spectrum c: 
p H = l l . 3 ;  spectrum d: [OH-]=2 .5  M; summation of 
4 - 6  scans. C Effect of ligand perdeuterations on the 
170-300 era- a regions of RR spectra of Fe (III)P- 
P(ImH)2 in 2% aqueous (HzO or D20  ) CTABr so- 
lutions. Excitation: 441.6 rim; summations of 20 
scans; imidazole (ha-ImH or d3-ImD ) concentration: 
0.2 M; pH was adjusted to 7.5 using aqueous HC1 or 
DC1. D Effect of ligand perdeuterations on the 190- 
300 cm-1 regions of RR spectra of Fe(II I )PP(Im-)2 
in 2% aqueous (H20 or D20 ) solutions. Excitation: 
441.6 nm; summations of 20 scans; imidazole (h 3- 
ImH or d3-ImD ) concentration: 0.18 M; final hy- 
droxide concentrations were adjusted at 0.1 M by ad- 
dition of aqueous NaOH or NaOD 
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Resonance Raman spectroscopy of bis (imidazole) and 
bis ( imidazolate ) complexes of iron ( II1)-protoporphyrin 

The high frequency resonance Raman (RR) spectra (1 300- 
1650cm -1) of Fe(III)PP(ImH)2 in various CTABr 
aqueous solutions at different pH values are presented in 
Fig. 2 A. Considerable changes in the relative intensities 
of skeletal porphyrin modes are observed when the pH 
is increased. All the observed frequencies are in agree- 
ment with the expected low-spin character of bis (ImH), 
mono(ImH)-mono(Im-) and bis(Im-) complexes of 
Fe (III)PP and are not significantly affected by the axial 
ligand ionizations. 

The low frequency regions (150-450cm -1) of RR 
spectra (Fig. 2 B) exhibit more significant frequency varia- 
tions with pH, especially in the 180-250cm -1 region 
where modes involving stretching of axial bonds are 
observed or expected (Desbois and Lutz 1981, 1983; 
Mitchell et al. 1987). Axial ligand perdeuteration (h3- 
ImH ~ d3-ImD) on Fe(III)PP(ImH) 2 produces a 5_+ 
1 cm-1 downshift of a weak 201 cm-1 band (Fig. 2 C). 
This isotopic sensitivity is in accord with the previous 
assignment of this band to a symmetric Fe-[N(ImH)]2 
stretching mode (Desbois and Lutz 1983; Choi and Spiro 
1983) (Table 1). In the case of the Fe(III)PP(Im-)2 com- 
plex, ligand perdeuteration (h3-Im- ~ d3-Im-) shifts a 
specific 226 cm -1 band by 4+_1 cm -1 (Fig. 2D, Table 1). 
This line is therefore assignable to the symmetric Fe- 
[N (Im-)]2 stretching mode. Indeed, a triatom calculation 
with full masses of 67 and 70 a.m.u, for h3-Im- and da- 
Im-,  respectively, gives a theoretical shift of 4.9 cm- 1. 

Fe(III) PP (ImH)2 in aqueous solutions without dis- 
persing agent (detergent or solvent) exhibits an absorp- 
tion spectrum characteristic of n-aggregation (Gallagher 
and Elliott 1973). The frequency of the Fe-[N(ImH)]2 
stretching mode of aqueous Fe (III)PP (ImH)2 which has 
been characterized at 200_+ 1 cm-1 (Desbois and Lutz 
1983; Choi and Spiro 1983; Mitchell et al. 1987) is not 

Table 1. Frequencies (cm -1) ofv~ (Fe-L2) and axial force constants 
(mdyne/~) for various bis(imidazole) and bis (imidazolate) com- 
plexes of Fe (III)- and Fe (II)-PP 

Compound v~ (Fe-Lz) K (Fe-L) b 

Fe (III) PP (ImH) 2 
aggregated 200 (195) ~ 1.60 
aqueous CTABr 201 (196) ~ 1.62 

Fe (III) PP (Ira-) 2 
aqueous CTABr 226 (222)" 2.02 

Fe (II) PP (ImH)2 
aggregated "neutral pH form" 203 (199) a 1.65 

"high pH form" 200 (196) a 1.60 
aqueous CTABr 203 (198) ~ 1.65 

Fe(II)PP(Im )2 
aqueous CTABr 212 (207)" 1.77 

a Observed frequency with perdeuterated ligands 
b Calculated force constants assuming a linear harmonic L-Fe-L 
oscillator with full masses for the axial ligands, i.e. 68 and 67 a.m.u. 
for h3-ImH and h3-Im-, respectively 

significantly affected by a pH increase from 7.5 to 11.3 
(figure not shown). This demonstrates that the axial lig- 
ands of aggregated Fe (III)PP (ImH)z cannot be ionized 
in this pH range. This conclusion is the same as that we 
can draw from the insensitivity to pH of the absorption 
spectrum of Fe (III) PP (ImH)2 in aqueous NaDS solution 
(see above). Therefore, the deprotonation effects observed 
when Fe(III)PP(ImH)2 is dissolved in aqueous CTABr 
solution appear to be linked to specific interactions be- 
tween the Fe (III)PP (ImH)2 complexes and the micelles 
of cationic detergent (vide infra). 

Absorption spectroscopy of iron ( II)-protoporphyrin 
derivatives 

The electronic absorption spectrum of Fe(II)PP (ImH)2 
in aqueous CTABr solutions shows visible bands at 560.5, 
530.5 and 426.5 nm (Fig. 3 A) and presents no pH-sensi- 
tivity between pH 6 and 12. However, titrations at high 
alkaline concentrations (higher than 0.1 M) reveal red- 
shifts of ~,/~ and Soret bands (Fig. 3 A, B). Unfortunately, 
the spectral characteristics of the final product cannot be 
directly obtained because of a detergent precipitation at 
hydroxide concentration higher than 2.6 M. Titrations at 
fixed wavelengths (426.5 and 433.0 rim) as well as a plot of 
the apparent Soret maximum as a function of the hydrox- 
ide concentration, however, allow the observation of two 
spectral transitions (Fig. 3B). The titrations at fixed 
wavelengths characterize these two transitions with half 
effects at OH-  concentrations of 0.1 and 1.26 M (Fig. 3 B, 
inset). On the other hand, a plot of apparent Soret maxi- 
mum versus hydroxide concentration (Fig. 3 B) fits with a 
Soret peak at 428,0+_0.5 nm and 436.0+0.5 nm for the 
intermediate and final product of the alkaline titration 
of Fe (II) PP (ImH)2 , respectively. These band positions 
could be attributed to a formation of mono (ImH) and 
mono (Im-) high spin complexes of Fe(II)PP. However, 
the mono (2-methylimidazole) and mono (2-methylimida- 
zolate) complexes of Fe (II) PP which are easily prepared 
in 2% aqueous CTABr solutions exhibit Sorer band 
maxima at higher wavelength (432.0 and 441.5 nm, re- 
spectively), with much lower extinction coefficients (Des- 
bois A, unpublished results). Additionally, the absorption 
spectrum of Fe (II) PP (1MeIm)z in CTABr aqueous solu- 
tion do not present any sensitivity to hydroxide addition 
(Fig. 3 B). We can therefore attribute the spectral changes 
observed in the alkaline titrations of Fe (II)PP(ImH)2 in 
aqueous CTABr solutions to the deprotonation of the 
two bound imidazoles with calculated pK, values of 13.0 
and 14.1 (Yagil 1967b). As in the case of the ferric com- 
pound, the use of NaDS in place of CTABr as a detergent 
apparently prevents the imidazole deprotonations in 
Fe (II) PP (ImH)2 (data not shown). 

Detergent effects and heme-micelle interactions 

Our spectrophotometric investigations showed that the 
Fe(II)- and Fe(III)PP (Im-)2 compounds are formed in 
the presence of CTABr, a cationic detergent, but not in the 
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presence of NaDS, an anionic one. This observation re- 
veals the strong influence of polar head groups in the 
deprotonat ion of axial ligands. Although a matter of con- 
troversy, the most simplified pictures of micellar struc- 
tures divide the micelle into three regions: a lipophilic 
core containing the surfactant tails, the Stern layer con- 
taining the head groups and a large fraction of the coun- 
terions and, finally, the Gouy-Chapman layer which ex - 
tends radially out into the aqueous phase and which con- 
tains the remaining counterions (Menger and Doll 1984; 
Paleos 1985). Considerable experimental evidence indi- 
cates that charged or polar molecules reside at the Stern 
layer (Menger and Doll 1984; Paleos 1985). Taking into 
account the polar character of the two bound ImH as well 
the ionic character of the two propionate heme groups, 
one may assume that FePP (ImH)2 is located in this mi- 
cellar region. In this case, the counterion Br -  of CTABr 
should be easily displaced by O H -  during the alkaline 
titrations. This should facilitate the ionization of bound 
ImH. In the NaDS micelles, the counterions in close 
vicinity with heine complexes would be Na +. In this situ- 
ation, the O H -  ions could not be located in the Stern 
layer and hence could not interact with the heme ligands. 
Therefore, the present experimental observations are in 
accordance with a heme located in the Stern layer of 
detergent micelles. 

Moreover, the two-step deprotonations of Fe(II)- and 
Fe (III)-PP (ImH)z indicate a difference in solvent accessi- 
bility of axial ligands or/and an electronic effect associat- 
ed with the basicity of the trans ligand. In the former 
hypothesis, the differences in the pK,  values may suggest 
that the two heme faces are in different environments and 
have different solvent accessibilities, excluding a radial 
inclusion of heine complexes into the micelles (Simplicio 
1972). An interfacial position of these complexes with one 
ImH ligand pointing toward the hydrophobic micelle 
core and the other toward the aqueous phase could easily 
explain a sequential deprotonation of axial ligands. 
Moreover, the imidazolate ligand pointing toward the 

external part of the CTABr micelle could be stabilized by 
an ionic interaction with a positively charged trimethyl- 
ammonium head group. A similar interfacial location has 
been proposed for chlorophyll a in reverse micelles 
(Brochette et al. 1987). Alternatively, the two-step depro- 
tonations of the axial ligands of Fe(II)- and Fe(III)- 
PP(ImH)2 may reflect a trans effect, the deprotonation of 
one imidazole increasing the proton affinity of its trans 
ligand. This effect could be generated by the increase in 
the negative charge on the porphyrin complex upon imi- 
dazolate formation. 

We have also to take into account that free ImH and 
I ra-  could be present in the Stern layer. In particular, 
ImH is both a H-bonding donor  and acceptor. Therefore, 
the Fe-ligand stretching modes observed in the present 
study could be affected by H-bonding interactions be- 
tween bound and free ligands. 

Resonance Raman spectroscopy of  bis (imidazole) and 
bis ( imidazolate ) complexes of  iron ( II)-protoporphyrin 

In order to differentiate the frequencies of skeletal 
porphyrin modes arising from the Fe(II)PP(ImH)2,  
Fe (II) PP (ImH) (Ira-) and Fe (II) PP  (Im-)z species, we 
used three different excitations, at 413.1, 441.6 and 
457.9 nm, each insuring optimal resonance at the Soret 
bands of each of these species (Soret maximum at 426.5, 
428 and 436 nm), respectively. Two steps of the alkaline 
titration of Fe(II)PP(ImH)2,  excited at 413.1 nm, are 
presented in Fig. 4. These spectra show that the apparent 
frequencies of skeletal modes v 4 (1 360 ~ 1 358 cm-1), vl 1 
(1 533 ~ 1 526---, 1 517 cm-1), vs8 (1 556 --* 1 554em -1) 
and Vlo (1 616--* 1 613cm -1) are significantly down- 
shifted upon ionization of one or both of the coordin- 
ated imidazoles. The vll mode appears to be the most 
sensitive to axial deprotonation. In particular, 413.1 nm- 
excitation of Fe(II )PP(ImH)2 in 0.25 M N a O H  per- 
mits us to assign a 1 526 cm -1 band to the vl~ mode of 
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Fig. 4. High frequency regions (l 300-1 650 cm -1) of RR spectra 
of Fe(II)PP(ImH)z in 2% aqueous CTABr solutions at pH 7.5 (a), 
in 0.25 M NaOH (b) and in 2.25 M NaOH (c). Excitation: 413.1 rim; 
summations of 4 5 scans; imidazole concentration: 0.9 M; bands 
marked with three squares arise from free imidazolate 

Fe(II)PP(ImH)(Im-) (Fig. 4, spectrum b). At higher 
hydroxide concentrations (2.0-2.5 M), the vlt mode 
of Fe (II)PP(Im-)2 appears as a shoulder of variable in- 
tensity at 1 517 cm -1 on the band at 1 526 cm -1 (v~ of 
Fe (II) PP (ImH) (Im-)) (Fig. 4, spectrum c). 

In the low frequency regions of RR spectra of 
Fe (II) PP (ImH)2 in aqueous NaDS solutions, a 203 cm- ~ 
band has been previously assigned to the symmetric 
stretching mode of axial ligands with the iron atom 
[v s (Fe-(ImH)2 ] (Desbois and Lutz 1981). This band is 
found again in the spectrum of Fe(II)PP(ImH)2 in 
aqueous CTABr solutions excited at 441.6 nm (Fig. 5 A, B). 
The alkaline titration of this compound permits the ob- 
servation of new Raman bands in the 200-230cm -~ 
regions (Fig. 5 A, B). At moderate hydroxide concentra- 
tions (ca. 0.1 M), a 207 cm-a line is associated with the 
Fe (II) PP (ImH) (Im-) complex (Fig. 5 B). At higher alka- 
line concentrations, this band decreases in intensity and a 
new one rises at 212 cm -1 (Fig. 5B). We assign it to the 
Fe(II) PP (Im-)2 complex. Also present in these spectra, 
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as a minor contribution, are lines at ~ 223 and 230 cm- 1 
(Fig. 5 A, B). Control experiments, using low imidazole 
concentrations (0.01-0.1 M), however show that these 
latter two bands correspond to the pentacoordinated 
complexes, Fe (II) PP (ImH) and Fe (II) PP (Ira-) (Desbois 
A, unpublished data). Furthermore, we previously char- 
acterized a specific 223 cm- 1 band for Fe(II)PP(ImH) in 
NaDS aqueous solution (Desbois and Lutz 1981). There- 
fore, the bis (base) complexes of Fe(II)PP appear to be 
slightly destabilized by high hydroxide concentrations 
and, likely, by high ionic strengths. 

Perdeuterations of axial ligands of Fe (II) PP (ImH)2, 
Fe (II) PP (ImH) (Ira-) and of Fe (II) PP (Ira -)2 in CTABr 
aqueous solutions induce the 203, 207 and 212cm -1 
bands to shift by 4 _  1, 4 _  1 cm-1 and 5 _  1 cm-1, re- 
spectively (Fig. 6 A-C). On the basis of this isotopic sen- 
sitivity, we can assign these three bands to modes involv- 
ing the symmetric stretching of axial ligands (Table 1). 

In the absence of dispersing agents, Fe(II)PP(ImH)2 
forms aggregates in which the chromophore structure 
and environment have not yet been well characterized. 
Optical absorption spectra of these aggregates exhibit 
double Soret bands which are most likely due to exciton 
interactions between neighbouring metalloporphyrins 
(Mitchell et al. 1987; Selensky et al. 1981). This splitting 
as well as the B- and Q-band intensities are pH- and ionic 
strength-dependent, as well as porphyrin- and ligand- 
concentration-dependent Figure 7 illustrates a pH effect 
on the absorption spectrum of aqueous Fe (II) PP (ImH)2 
consisting in both a redshift of visible bands and a strong 
intensity loss of the Soret transition. 

The RR spectra of aggregated Fe(II)PP(ImH)2 in 
various solution conditions have been investigated and 
indicate the existence of two spectroscopically distin- 
guishable forms (Fig. 8). Using moderate (0.1-0.2 M) or 
high (1 M) ImH concentrations, in the 7 -8  pH range, a 
"neutral pH form" predominates. The RR frequencies of 
the skeletal porphyrin modes as well as the Fe-(ImH)2 
stretching frequency are not significantly different from 
those of Fe (II) PP (ImH)2 in aqueous detergent solutions, 
the spectral differences concerning changes in the relative 
band intensity. 

On the other hand, a "high pH form" of re-re complexes 
of Fe(II)PP(ImH)2 is essentially observed in the 10- 
12 pH range, using lower imidazole concentrations (0.10- 
0.15 M), and in the 8-12 pH range, using a higher imidaz- 
ole concentration (1 M). In the higher frequency regions 
of RR spectra, modes vl~, v3s, v37 and Vlo, observed at 
1 535, 1 555, I 601 and 1 619 cm -a for the "neutral pH 
form", are upshifted at 1 539, 1 560, 1 604 and 1 616 cm- 
for the "high pH form", respectively (Fig. 8A). In the 
lower frequency regions, a 3 cm -1 downshift of the 
Fe-(ImH)2 stretching mode is detected. It occurs from 
203 cm- 1 for the "neutral pH form" to 200 cm- 1 for the 
"high pH" one (Fig. 8B). Both these bands exhibit a 
4.5+0.5 cm -1 downshift upon h3-ImH ---} d3-ImD sub- 
stitution (data not shown). These identical isotopic 
shifts show that the 203 ~ 200 cm- 1 displacement of the 
v [Fe-(ImH)2 ] mode is related to a slight pH effect on the 
axial ligands and not to a different accidental mixing of 
the axial symmetric mode with a porphyrin mode. 
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These spectral modifications probably reflect the exis- 
tence of two types of porphyrin aggregates, the equilibri- 
um between these two forms depending on the pH and 
ionic strength of the solution. In particular, a slight mod- 
ification in the H-bonding interactions of axial ligands 
(vide supra) could explain the differences observed in the 
RR spectra. 

The spectral descriptions made in this section show 
that the structures of the heine and its axial bonds are 
sensitive to the solvent conditions and composition. In 
the two following sections, we shall discuss more specifi- 
cally these structures deduced from the present Raman 
study. 

Stretching modes of axial bonds 

The symmetric Fe-[N (ImH)2] stretching mode of Fe (II)- 
and Fe (III)-PP (ImH)2 has been assigned to a band locat- 
ed at 199-203 cm-1 (Desbois and Lutz 1981, 1983; Choi 
and Spiro 1983; Mitchell et al. 1987). The RR data pre- 
sented here for the same compounds in CTABr aqueous 
solutions or in water are consistent with these earlier 
conclusions. 

We have now identified and characterized the symmet- 
ric Fe-[N(Im-)]z stretching mode of Fe(II)- and Fe(III)- 
PP(Im-)2 in aqueous CTABr solutions at 212 and 
226 cm-1, respectively. Compared to the 199-203 cm-1 

cm-1  

Fig. 5A, B. Low frequency regions of 
RR spectra of Fe(II)PP(ImH)z and of a 
mixture of Fe (II) PP (ImH) (Im-) with 
Fe(II)PP(Im-)2 in 2% aqueous CTABr 
solutions. A Low frequency regions 
(150- 450 cm- 1) of Fe (II) PP (ImH)2 at 
pH 7.5 and in 2.1 M NaOH. Excitation: 
441.6 nm; imidazole concentration: 
0.9 M; summation of 6 scans. B Hydrox- 
ide concentration-dependence of the 
180-320 cm -1 regions of RR spectra of 
Fe(II)PP(ImH)2. Excitation: 441.6 nm; 
imidazole concentration: 0.9 M 

frequency range of bis(imidazole) complexes, these fre- 
quencies show that the imidazole deprotonations of 
FePP (ImH)2 induce a strengthening of the axial bonds. 
Theoretical considerations indicate that Ira- has a stron- 
ger o- electron donor capability than ImH (Demoulin and 
Pullman 1978). For the first time, this electronic effect is 
experimentally demonstrated for the bis(imidazole) and 
bis(imidazolate) complexes of Fe(II)- and Fe(III)-PP. 
Moreover, while the oxidation state of the iron atom has 
no significant influence on the stretching mode of the 
Fe-N (ImH) bonds of FePP (ImH)2, oxidation of the iron 
of the FePP(Im-)2 complexes induces a 14 cm- 1 upshift 
of this mode (Table 1). Both a higher a bonding capability 
of Fe (III) over Fe (II) and a higher equatorial back-bond- 
ing of the metal ion in Fe(II)PP(Im-)~ than in 
Fe (II) PP (ImH)2 could explain this substantial frequency 
shift (vide infra). 

Using a triatomic linear model and the present stretch- 
ing frequencies, axial bond strengths of 1.62 and 
2.02 mdyne/,~ are calculated for the Fe (III)-N (ImH) and 
Fe(III)-N(Im-) bonds, respectively (Table 1). Consider- 
ing a Fe-N(ImH) bond length of 1.96-1.99A for 
Fe(III)PP(ImH)2 (Collins et al. 1972; Scheidt et al. 1987) 
and using Badger's rule (Herschbach and Laurie 1961), 
the present Raman data indicate that the axial bond 
lengths are shortened by 0.08/~ when the imidazoles are 
deprotonated. Up to now, a single crystal structure of a 
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Fig. 6A-C. Determination of the symmetric stretching mode of 
axial ligands with the iron atom of Fe(II)PP(ImH) 2, Fe(II)PP 
(ImH)(Im-) and of Fe(II)PP(Im-)2. A Effects of ligand per- 
deuterations on the 150-250cm -1 regions of RR spectra of 
Fe (II) PP (ImH) 2 in 2% aqueous CTABr solutions; pH were adjust- 
ed at 8.0 using HC1 (or DC1) in H20 (or D20); B effects of ligand 
perdeuterations on the 150-250 cm -1 regions of RR spectra of 
Fe(II)PP(ImH)(Im-) with Fe(II)PP(ImH)2 in 2% aqueous 
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CTABr solutions; the final hydroxide concentrations were adjusted 
at 0.12 M using NaOH (or NaOD) in H20 (or D20); C effects of 
ligand perdeuterations on the 150-250 cm- 1 regions of RR spectra 
of Fe(II)PP(Im )z with Fe(II)PP(ImH)(Im-) in 2% aqueous 
CTABr solutions; the final hydroxide concentrations were adjusted 
at 2.3 M using NaOH (or NaOD) in H20 (or D20 ). Excitation: 
441.6 rim; each spectrum is the summation of 20 scans 
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Fig. 7. Electronic absorption spectra of aggregates of Fe(II)PP 
(ImH)z in water at pH 7.5 (--) and 12.3 (- - -). Experimental condi- 
tions: aggregations were induced by the use of high porphyrin con- 
centrations (0.8 mg - ml-1) and moderate imidazole concentrations 
(0.125 M); the optical absorption spectra were measured using 
0.1 mm path length cuvettes; pH were adjusted using aqueous HC1 
or NaOH 

parent complex, namely that of the bis (4-methylimidazo- 
late) complex of Fe(III)-tetraphenylporphyrin has been 
solved (Quinn et al. 1983). For  a similar imidazole ring 
orientation relative to the Fe-N (pyrrole) bonds, the axial 
bond length is shortened by 0.060/~ upon N~-H deproto- 
nation. Our Raman data indicate that the upper limit of 
the bond shortening (0.072/~) allowed by the 0.012 
standard error of this X-ray study is most probably to be 
retained. 

No crystallographic data are available for any bis (im- 
idazolate) complex of a ferroporphyrin. However, the 
symmetric stretching mode of the axial bonds has been 
assigned at 203 and 212 cm 1 for Fe(II )PP(ImH)2 and 
Fe (II) PP (Im-)2, respectively. These frequencies corre- 
spond to force constants of 1.65 and 1.76 mdyne//~ for the 
Fe (II)-N (ImH) and the Fe (II)-N (Im -) bonds, respective- 
ly, using the above linear triatomic oscillator (Table 11. 
Assuming a Fe(II)-N(ImH) bond length of 2.00-2.02 A 
in Fe(II )PP(ImH)2 (Scheidt and Gouterman 1983), de- 
protonation of the axial ligands is calculated to shorten 
the axial bond lengths by 0.025/~, on the basis of Badger's 
rule (Herschbach and Laurie 1961). 

A 207cm -x band is associated with the Fe(II)- 
( ImH)(Im-)  complex (Fig. 5B). Its sensitivity to ligand 
perdeuteration (Fig. 6 B) allows us to identify it as one of 
the two Fe(II)-axial ligand stretching modes. Indeed, the 
symmetric (Raman active) and antisymmetric (IR active) 



330 

A 

J 

J 

x 2  

O 

j 
o 

J 

O 

\b 
i I i I , I t 

1300 1400 1500 1600 

F R E Q U E N C Y  c m  - 1  

Fig. 8A, B. RR spectra of aggregated Fe(II)PP(ImH)2. A High 
frequency regions (1 300-1 650cm -1) of RR spectra of Fe(II) 
PP (ImH)2 in water at pH 7.5 (a) and 12.3 (b). Excitation: 441.6 nm; 
imidazole concentration: 0.125 M. B pH-dependence of the low 

stretching modes of a symmetric linear oscillator (L-Fe-L) 
are transformed into two strongly coupled Raman-active 
modes in a L-Fe-L' asymmetric linear oscillator. In the 
limit that the bending force constants are much smaller 
than the stretching force constants, the Fe-L and Fe-L' 
stretching frequencies can be determined by the following 
equation (Cross and Van Vlieck 1933; Wilson 1939): 

z = 1 ( K / p  + K ' / # ' )  +_ ½{ ( K / #  + K' /# ' )2  _ (4 K K ' / M ) } ' / 2  

(7) 

where #, K and #', K'  are the reduced masses and force 
constants of the Fe-L and Fe-L' bond, respectively. The 
quantity M is equal to: 

M = (rove" m L • m L, )/(mFo + mL + mL,) (8) 

The frequencies (v and v') are given by: v = ~0(2rc c)-a 
where the sign - in (7) corresponds to the predominantly 
Fe-L stretching mode (v), the sign + being associated 
with the predominantly Fe-L' stretching vibration (v'). 

Setting the full masses of ImH and Im-  as 68 and 
67a.m.u., respectively, and deducing the stretching 
force constants of Fe-ImH and Fe-Im- bonds from 
those obtained for the symmetric complexes (1.65 and 
1.76 mdyne/A, respectively) (Table 1), a theoretical fre- 
quency is calculated at 207 cm-1 for the mode predomi- 
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frequency regions (150-350 cm -1) of RR spectra of aggregated 
Fe(II)PP(ImH)2. Excitation: 441.6 nm; imidazole concentration: 
0.125 M 

nantly involving Fe-ImH stretching. A similar calculation 
predicts a 5.1 cm-1 downshift for this mode when the 
ligand masses are increased by axial perdeuterations 
(h3-ImH ~ ds-ImD and h3-Im- ~ ds-Im-). Therefore, 
the 207 cm-a line observed for Fe(II )PP(ImH)(Im-)  can 
be assigned to a mode involving stretching of Fe-N (ImH) 
coupled with a Fe-N(Im-)  bond stretching. The mode 
predominantly involving Fe-N(Im-)  stretching is calcu- 
lated at 383 cm- 1. It is not observed in the RR spectra. 

Hence, the symmetric stretching modes of axial bonds 
of the bis (imidazole) and bis (imidazolate) complexes of 
Fe (II)- and Fe (III)-PP are observed using a 441.6 nm-ex- 
citation. This Raman activity appears neither very sensi- 
tive to the oxidation state of the iron atom nor to the 
ionization state of the axial ligands and will be particular- 
ly useful in the monitoring of the v~ (His-Fe-His) mode of 
b-type cytochromes. 

Porphyr in  modes  

The axial deprotonation of Fe (III)PP(ImH)2 has no de- 
tectable influence on the frequencies of skeletal porphyrin 
modes (Fig. 2 A). On the contrary, the frequencies of the 
v4, Vlo, vl~ and Vss modes present significant sensitivity to 
the ionization of Fe(II)PP(ImH)2 (Fig. 4). Since v 3 
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(1 493-1 492 cm- 1) is nearly insensitive to the imidazole 
deprotonations (Fig. 4), these frequency shifts cannot be 
attributed to a marked change in the porphyrin core size 
(Parthasarathi et al. 1987). Mode vl~ is the most sensitive 
porphyrin mode to imidazole deprotonation, being shift- 
ed from I 534 to 1 517 cm- 1 (Fig. 4). It is also shifted from 
1 535 to 1 539 cm -1 upon the "neutral ~ high pH form" 
transition of aggregated Fe (II)PP (ImH)2 (Fig. 8 A). This 
mode is assigned to a Cp - Cp stretching mode (Abe et al. 
1978). A larger sensitivity of the v~ 1 frequency over the v4 
frequency has been previously observed in the RR spectra 
of various divalent metal-porphyrin complexes (Kim 
et al. 1986; Ozaki et al. 1986; Boldt et al. 1988). This effect 
has been attributed to an equatorial back-bonding of the 
metal ion (Boldt et al. 1988): the lower the vll frequency, 
the higher the extent of back donation of electron density 
from the filled d~ orbitals of the ferrous ion into the empty 

* porphyrin orbitals. Taking into account that a strong e o 
back-bonding has been detected in Fe(II)PP(ImH)2 
(Choi etal. 1982; Parthasarati etal. 1987), the low 
frequency of the vlt mode of Fe(II)PP(Im-)2 can be 
attributed to an increased equatorial back-bonding. 
Assuming that the absolute frequency of the mode vH 
roughly reflects the competition which has been proposed 
to occur between the ~ system of the axial ligands and 
that of the porphyrin for the same electrons (Spiro and 
Burke 1976), this frequency is expected to be directly 
related to the stretching frequency of axial ligands with 
the iron atom. Figure 9 clearly shows an inverse cor- 
relation between these frequencies and therefore supports 
the above predictions. Although the 207 cm-1 mode of 
Fe (II) PP (ImH)(Im-) is theoretically not a pure symmet- 
ric stretching mode of axial ligands against the metallic 
ion (vide supra), this frequency also matches with its cor- 
responding vl~ frequency (1 521 cm-~), suggesting that 
the mode composition of the 207 cm- a band is not so far 
from that of a pure, totally symmetric L-Fe-L mode. As 
far as the aggregated Fe(II)PP(ImH)2 complexes are 
concerned, Fig. 9 indicates that the axial ImH ligands are 
less H-bonded in the "high pH form" than in the "low pH 
form". 

T 
E 
O 

I " I I 

aq CTABr 
" ' 0 .  b559  

210 ;ePP(lm:;; . . . . . .  q CTABr ~ "~ 4~b5  

"~ "'"(3... + . J  
I FePP(lmH)(lm-~'"*% aq CTABr 

® " . . r .  . . . .  tra, ©o,g LI,. k J  
~'~ %% aggr high pH %= 
> 2 0 0  F e P P ( I m H ) z  (~ , . ,  

I i I i I 
1 5 2 0  1 5 3 0  1 5 4 0  

V l l  c m  - 1  

Fig. 9. Relationship between the frequency (cm- 1) of the symmet- 
ric stretching mode of Fe (II) PP (ImH)2 in various aqueous condi- 
tions and of Fe (II)PP (Im-)2 in aqueous CTABr solutions and the 
corresponding frequency (cm -1) of the vii porphyrin mode (see 
text and Table 1). The straight line is drawn according the equation: 
v~ (Fe-L2)= 1 041 --(0.5465 x vxl ) 

Therefore, the vl~ frequency can in principle give an 
estimation of axial bond strengths of reduced b-type cy- 
tochromes containing two histidines as heme ligands. 

H-bonding at the coordinated histidylimidazoles 

A hydrogen bonding interaction at a histidylimidazole 
may be considered as a partial deprotonation at the N1 
site. As the strength of the H bond increases, the imidaz- 
ole ring acquires a more anionic character. Thus, H bond- 
ing at the axial histidylimidazoles is expected to introduce 
structural and electronic perturbations at the heme (fer- 
rous or ferric) which should be intermediate between 
those observed for the two limiting forms, i.e. the bis (im- 
idazole) and bis (imidazolate) complexes. Taking into ac- 
count the fact that hydrogen donor strength of an ioniz- 
able grouping is directly correlated to its intrinsic acidity 
(Meot-Ner 1988), the pKa values obtained for the ioniza- 
tions of axial ligands of Fe(II)- and Fe(III)-PP(ImH)2 
indicate that the imidazole N1-H bonds of the ferric deriv- 
ative are more polarizable by 3 -4  orders of magnitude 
than those of the ferrous derivative• Thus, H-bonding at 
the coordinated imidazoles exerts its effect almost totally 
on the ferric heine and, hence, can decrease the redox 
potential of the corresponding Fe(II)/Fe(III) couple by 
50 100 mV (Doeff et al. 1983; Quinn et al. 1983, 1984)• 
As suggested by Valentine et al. (1979), this differential 
mechanism probably constitutes an important factor in 
the fine tuning of oxidation-reduction potentials of cy- 
tochromes. 

The present RR data indicate that the H-bonding 
strength of histidylimidazoles of ferric cytochromes can 
be evaluated from the v~ (N(His)-Fe-N(His)) stretching 
frequency. As far as the ferric b-type cytochromes are 
concerned, the corresponding RR data are still scanty• 
For the ferrous complexes, a linear relationship is found 
between the frequencies of the Fe-[N(axial)] 2 symmetric 
stretching mode and the vl 1 mode (Fig. 9). This relation- 
ship can be used to estimate the H-bonding interactions 
at the coordinated histidylimidazoles of reduced cyto- 
chromes from the via porphyrin mode frequency• The 
frequency of the vl~ mode has been observed at 1 537- 
1 539 cm- 1 for isolated cyt b5 and cyt b 2 c o r e  (Adar 1975; 
Kitagawa et al. 1982; Desbois et al. 1989; Hobbs et al. 
1990). As far as the membrane cyt b are concerned, v~z has 
been observed at 1 529-1 536 cm -1 for diheme mito- 
chondrial and bacterial cyt b (Adar and Erecinska 1974; 
Adar et al. 1981; Hobbs et al. 1990) and at 1 532 cm -1 for 
chloroplast cyt b s s  9 (Babcock et al. 1985). The 1 529- 
1 536 cm -1 frequency may therefore reflect a stronger 
H-bonding at the coordinated histidylimidazoles of the 
transmembrane cytochromes than at those of globular 
cytochromes (Fig. 9). 

The crystallographic structures of calf liver cyt b5 and 
Saccharomyces cerevisiae flavocyt b 2 show similar heme- 
protein interactions (Mathews et al. 1972a, b; Xia and 
Mathews 1990). In particular, the two histidylimidazoles 
serving as the heine ligands have their planes nearly 
parallel and are each hydrogen-bonded to a carbonyl 
oxygen of the polypeptide backbone. The v t ~ frequencies 
of cyt b 5 and cyt b z are relatively high, hence indicating 
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weak H-bonding at the coordinated His of these hemo- 
proteins (Fig. 9). On the other hand, no information is yet 
available on the three-dimensional structure of any trans- 
membrane cyt b. Nevertheless, amino-acid sequences and 
amphipathic profiles predict that the peptide chains of 
cytochromes b of mitochondrial b c 1 and chloroplast b6f  
complexes are very homologous and arranged into sever- 
al c~-helices traversing the lipid bilayer (Saraste 1984; 
Widger et al. 1984; Cramer et al. 1987; Hauska et al. 
1988). In these models, the two hemes crosslink two of 
these helices via four His ligands. An inspection of amino 
acid sequences does not permit us to locate any putative 
proton acceptor residue that could interact with any of 
these His ligands. However, one may note the systematic 
presence of a basic residue (Arg, His or Lys) 3 or 5 
residues before or after the proposed His ligands (Saraste 
1984; Widger et al. 1984; Hauska et al. 1988). Although 
the actual ionization state of this residue in the membrane 
proteins is currently unknown, the low frequencies ob- 
served for the Vll mode of reduced membrane cyt b 
(1 529-1 536 cm -~) could therefore correspond to H- 
bonding interaction of at least one of the His ligands e.g. 
with a nearby basic residue. 

Iron oxidation and imidazole deprotonation 

It is well known that the acidity of the NI-H groups of 
imidazoles increases upon complexation of a metal atom 
at the N3 nitrogen (Sundberg and Martin 1974). pK, 
values of 10.3-10.5 have been determined for ImH 
complexes of oxidized myoglobin, hemoglobin and of 
FePP dimethylester while free ImH in water has a pKa 
value of 14.2-14.5 (Mohr et al. 1967; Yagil 1967a; Sund- 
berg and Martin 1974). The pK, values obtained in the 
present work for Fe(II)PP(ImH)2 in aqueous CTABr 
solutions (13.0 and 14.1), relative to those obtained for 
Fe (III)PP (ImH) 2 (9.0 and 10.8), demonstrate the strong 
influence of the oxidation state of the metal atom on the 
strength of the N t - H  bonds of bound imidazoles. The 
formal positive charge of Fe(III)PP(ImH)2, relative to 
the null charge of Fe (II) PP (ImH)z, certainly has a strong 
electron withdrawing effect on these bonds. 

From these large pK a differences (3.3-4.0 units), one 
could envision a model by which a hypothetical cy- 
tochrome bearing two axial histidylimidazoles (HisH) 
could be both an electron and a proton carrier. Since the 
deprotonation of axial imidazoles complexed to an iron- 
porphyrin stabilizes the ferric oxidation state and drops 
the potential of the metal atom by as much as 700 mV 
(Quinn et al. 1983), this hypothetical cytochrome could 
be operative under at least two of the following three 
redox couples: Fe(III)PP(HisH)z/Fe(II)PP(HisH)2, 
Fe (III) PP (HisH) (His -)/Fe (II) PP (HisH) (His -) and 
Fe (III) PP (His -)2/Fe (II) PP (His -)2, corresponding to 
high (HP), low (LP) and very low (VLP) potentials, re- 
spectively (Fig. 10). Although the pK a values which we 
measured in the present study are not physiological, par- 
ticular environmental conditions, such as proximity of 
buried polar or charged groups of the protein and hydro- 
phobicity of the heme pocket, may lower them by several 
units. Ionizations of protein histidylimidazole bound to a 

H-I- 
H is-d H~_,,~ H isHd ~ High 
F/(III)II • F i(111)11 ~ • F (111) II 
His- His- HisH 

e-~ e-~ 
VLP ~[ LP ~[ HPI~t~ e- 

His- HisH HisH 
• F/(,,). ~ • Fell(.,). ~ . ~ .  F~(,,). 

His- His- HisH H + H + 
Fig. 10. Scheme of a plausible coupling of electron and proton 
transfers in a cytochrome containing two histidylimidazoles as 
heme ligands; VLP, very low potential; LP, low potential; HP, high 
potential 

ferriheme have actually been characterized between 
pH 6.5 and 9.0 in oxidized leghemoglobin, cyt c' and 
cyt b562 (Weber 1982; Sievers et al. 1983; Moore et al. 
1985). Therefore, assuming that the difference of 3 -4  pKa 
units between Fe (III) PP (ImH)2 and Fe (II) PP (ImH)z is 
roughly kept constant between the oxidized and the re- 
duced forms of heme in hemoproteins, the mono- and 
bis-(histidine) complexes of natural iron-porphyrins are 
potentially able to transfer one or two proton(s) per elec- 
tron under favorable environmental conditions. This is 
made possible by the good H+-donor abilities of the 
mono- and bis-(ImH) complexes of the oxidized heme and 
the very high H+-acceptor abilities of the mono- and 
bis-(Im-) complexes of the reduced heme (Fig. 10). 

Coupling of electron and proton transfers 
in membrane cytochromes b 

No cytochrome is yet known which would directly 
transfer both electrons and protons from its heme and its 
axial histidylimidazole(s). However, several b-type cyto- 
chromes are more or less clearly involved in H + translo- 
cations coupled to electron transfers in mitochondrial 
(b560, b562, b566) , chloroplast (bs59, b563 or b6) , bacterial 
(b561, b565), cytoplasmic (b558) or granule (b561) mem- 
branes (Wikstr6m 1973; Hauska et al. 1983; Degli Es- 
posti 1989). 

The diheme cytochromes b of mitochondrial and bac- 
terial b c complexes and of chloroplast b6f complexes 
present several similarities concerning both functional 
and molecular aspects. As already mentioned, spatial 
models predict an assembly of 8 -9  membrane-spanning 
a-helices with the hemes confined between two of these, in 
planes perpendicular to, and near to the opposite sides of, 
the membrane (Saraste 1984; Widger et al. 1984; Cramer 
et al. 1987). The heme locations within a hydrophobic 
protein core and close to the inner and outer membrane 
faces therefore appear particularly adapted for efficient 
transmembrane electron transfers. Moreover, these cyto- 
chromes are involved in H ÷ translocations through a 
Q cycle, a b cycle and/or proton-pump mechanisms 
(Mitchell 1976; Cramer and Whitmarsh 1977; Wikstrfm 
et al. 1981; Rich 1984). Although these preceding cyclic 
pathways exclude any direct participation of hemes in the 
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proton transfers, their His ligands could, however, be 
privileged sites for a redox control of proton transloca- 
tion. From the acid-base titrations performed in this 
study, we can suggest that a histidyl residue bound to an 
oxidized heme could participate in a proton transfer 
forming, at least transiently during the turnover of cyt b, 
a histidylimidazolate ligand. As in the case of the interac- 
tion of bound Ira- with the head groups of micellar 
trimethylammonium ions, the formation and stabiliza- 
tion of a histidylimidazolate group require electrostatic 
interactions with a neighbouring, positively charged 
group provided by the protein. Sequence data on mem- 
brane cyt b locate four largely conserved Arg residues in 
close vicinity to the His residues likely constituting the 
heme ligands (Saraste 1984; Widger et al. 1984; Hauska 
et al. 1988). In some cases, one of these Arg residues is 
replaced by another basic residue, His or Lys (Hauska 
et al. 1988). Crystallographic data available for various 
b- and c-type cytochromes reveal that the heme-axial 
ligands complexes are often within potential interacting 
range with a nearby guanidium group of an Arg residue. 
Although this situation does not necessarily imply an 
actual interaction (see Mathews et al. 1972a, b; Xia and 
Mathews 1990), this positive side chain may serve to the 
neutralization of a heine propionate as observed in sever- 
al cytochromes c and c2 (Moore et al. 1984). A positively 
charged Arg side chain also may stabilize the anionic 
form of a His heine ligand in cyt c', cyt c556 or cyt b562 
(Moore et al. 1985). 

It has been proposed that, in mitochondrial cyt b and 
chloroplast b6, two Arg residues may neutralize the two 
propionate groups of each heine (Cramer et al. 1987; 
Hauska et al. 1988). Because the orientations of peripher- 
al heme groups are actually unknown, we may alterna- 
tively hypothesize that at least one of these Arg residues 
could interact with a heine ligand possessing an imidazo- 
late character. In addition, a deprotonation of a His side 
chain and its involvement in an ionic interaction with an 
Arg side chain might result into imidazole ring rotations, 
which might further propagate into larger conformation- 
al changes in the vicinity of the ferriheme pockets and 
along the transmembrane g-helices (Williams 1989). In 
this hypothesis, we may further consider a series of 
ion pairs histidinate- (axial His)-guanidium + (Arg)-propi- 
onate-(heme), which would be stabilized by hydrogen 
and ionic interactions when the heme is oxidized and 
would be suppressed by His protonation when the heme 
is reduced. This hypothetical triad could hence act as a 
redox-dependent gate for H + entry or exit. A part of the 
testing of the above models resides in further studies on 
the ferric forms of mitochondrial and chloroplast cyt b. 

Another example of cytochrome presenting some in- 
teresting analogies with the model proposed in Fig. 10 is 
constituted by chloroplast cyt b559. Indeed, this hemo- 
protein i) is both an electron carrier and a proton carrier 
(Cramer and Whitmarsh 1977); ii) its sequence suggests 
that two His, provided by two polypeptides arranged in 
transmembrane or-helices, should be the heme ligands 
(Herrman et al. 1984); iii) it exhibits at least two different 
redox forms (Rich and Bendall 1980); iv) the redox po- 
tential of the HP form is in the + 320-395 mV range and 
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Fig. 11. Scheme of redox-acid-base energy transduction between 
two electron chains; LP, low potential; HP, high potential 

is pH-independent, while that of the LP form is pH-inde- 
pendent above 7.6 (+ 140 mV) but becomes pH-sensitive 
below this pH (Bendall 1982; Ortega et al. 1988). The 
oxidized form of cyt b559 has been characterized by EPR 
spectroscopy (Bergstr6m and V~nngard 1982; Babcock 
et al. 1985). The HP and LP forms were identified as low 
spin hemes with g~ values of 3.08 and 2.94, respectively. 
This small decrease of the gz factor ( -  0.14) when going 
from the HP to the LP form was interpreted as corre- 
sponding to a decrease in the dihedral angle of axial imid- 
azole rings (Babcock et al. 1985). This modest structural 
change however appears insufficient to account for all the 
properties of cyt b559 (Walker et al. 1986). Deprotona- 
tion of both axial imidazoles in ferric heme compounds 
generally decrease the gz value by ca. 0.2 (Peisach et al. 
1973; Yoshimura and Ozaki 1984). Therefore, the 3.08- 
2.94 gz change of oxidized cyt b559 could originate from 
a deprotonation of one of the histidylimidazole ligands. 
As for mitochondrial cyt b and chloroplast cyt b 6 , an Arg 
residue positioned five residues before the proposed His 
ligands (Herrmann et al. 1984), might stabilize this an- 
ionic form in the LP oxidized cyt b559 . 

The lowering of heme redox potential upon histidyl- 
imidazole ionization could also play a key role in the 
regulation of electron flow toward different electron 
transfer chains. A reduced LP form of a cytochrome 
could serve as an electron donor to an electron transfer 
chain while its oxidized HP form could act as an electron 
acceptor from another electron chain; this cytochrome 
would thus behave as a transducer of redox energy into 
acid-base energy between two electron transfer pathways 
(Fig. 11). Cyt b559 again constitutes a good candidate for 
involving such a mechanism. In addition to its redox and 
acid-base properties described above, it is indeed func- 
tionally located between the reduced side of photosys- 
tern II and the oxidized side of photosystem I (Cramer 
and Whitmarsh 1977). 
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