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Abstract 

The cyclic voltammograms and ESR spectra are 
reported for a series of ligands coordinated to hemin 
and the ferric hemeoctapeptide (H8PT). The ligands 
consist of small anions as well as five membered and 
six membered aromatic and nonaromatic heterocycles 
with nitrogenous and oxygenous donor atoms. The 
electrochemistry of the heme-ligand complexes is 
studied in DMF solution. The axial imidazole coordi- 
nation from the histidine in H8PT has the effect of 
attenuating the potential shift caused by the ligand 
occupying the tram axial position. 

Introduction 

The great variety of processes in which heme 
proteins participate is due in part to the rather unique 
physical properties of iron in a porphyrin environ- 
ment. The literature contains many reports of heme 
complexes which are described as synthetic models 
of the various heme proteins [2-81. The success of 
model complexes in simulating metalloproteins is 
evidenced by our increased knowledge of the intricate 
nature of heme proteins [9-l 11, much of this 
knowledge provided by model complexes. 

Recently, several groups have reported studies on 
the ferric heme octapeptide (H8PT) isolated from 
cytochrome-c as a model system for many heme 
proteins [12-221. The ferric heme octapeptide is 
illustrated in Fig. 1. The advantage of this heme pro- 
tein model is that some of the protein environment 
is maintained by the presence of peptide, while the 
molecular size (MW 1500) is much more manageable 
than that of the native cytochrome c. 

The peptide portion of the ferric heme octa- 
peptide is covalently linked to the porphyrin ring and 
is also attached to the iron via the histidine residue 
with axial imidazole coordination. The remaining 
axial position of the iron in the H8PT may be oc- 
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Fig. 1. Diagram of the heme octapeptide unit showing the 
peptide portion attached to the porphyrin. The histidine 
residue is bonded to one axial position via the imidazole 
group. 

cupied by various exogenous ligands. In this work the 
H8PT and hemin chloride are treated with a series of 
ligands in order to observe the change in electroactiv- 
ity and electron structure of the heme unit upon 
coordination of the axial position(s) by the added 
ligand. The ligands consist of small anions as well as 
five and six membered aromatic and non-aromatic 
heterocycles with nitrogenous and oxygenous donor 
atoms. The heme-ligand complexes are characterized 
by cyclic voltammetry and ESR spectroscopy. 

Experimental 

Materials 
Spectroscopic grade N,N-dimethylformamide 

(DMF) was obtained from Matheson, Coleman & Bell 
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pared by dissolving 0.1 mmol hemin in 3 ml of DMF 
saturated with the appropriate solid ligand or its 
sodium salt. The ratio of ligand to heme was greater 
than 100 in all cases. 

The heme octapeptide complexes were prepared 
by adding 0.05 mmol H8PT to a 1 ml solution of 1: 1 
ethylene glycol/40 mM phosphate buffer (PH = 7.1), 
saturated with the appropriate ligand. 

The ESR measurements were carried out at 77 K, 
using a Varian-E3 Spectrometer (X-band), equipped 
with a liquid nitrogen temperature device. Because of 
the 77 K temperature limitation, and the sizeable 
spin-lattice relaxation, no signals could be resolved 
for some low spin complexes. In such cases, literature 
values for 4 K measurements were substituted, when 
available. 

and was fractionally distilled from calcium oxide 
prior to use. The background electrolyte tetra-n- 
butyltimonium perchlorate (TBAP) was used as 
supplied by Pfaltz and Bauer Inc. The ligands were 
used as supplied by the various chemical suppliers, 
principally Aldrich Chemical Co. Inc. & J. T. Baker 
Chemical Co. The hemin was obtained from SIGMA 
Chemicals and recrystallized from DMF. The heme 
octapeptide was isolated following a published pro- 
cedure [20]. 

Electrochemistry 

The potential ramp was provided by a P.A.R. 175 
Universal Programmer coupled to a P.A.R. 173 Po- 
tentiostat which contains a P.A.R. 176 Current-to- 
Voltage converter. These were used to drive both a 
Houston Instruments 2000 X-Y recorder and a 
Tektronix Inc. Type 564B Storage Oscilloscope. 

The electrodes were platinum button working 
electrode, platinum foil auxiliary electrode and either 
a platinum wire or silver/silver chloride reference 
electrode in a cell requiring a minimum sample 
volume of 2 ml. The platinum wire reference electrode 
was used for convenience and potentials were mea- 
sured against an internal ferrocene standard [23]. 

In each case the background electrolyte and sol- 
vent were scanned over +l V to ensure no residual 
material from the previous experiment and that there 
was no contamination of solvent/solute. The ligand 
was dissolved in the DMF/TBAP solution and tested 
for electroactivity. If the ligand was electroactive 
then the region of this activity was noted in order 
not to assign porphyrin activity to ligand activity. 
Hemin was then added and after a short period, 
during which N,-boil-off from liquid nitrogen was 
bubbled through the solution, the cyclic voltammo- 
gram was recorded. 

To check for consistency of the potential measure- 
ment both the Ag/AgCl reference electrode and a 
saturated calomel electrode (SCE) were used to de- 
termine E of the Fc/Fc+ (ferrocene/ferrocenium) 
couple. E vs. SCE = 470 mV (4 measurements), 
E vs. Ag/AgCl = 535 mV (12 measurements), ‘AE’ = 
65 mV and compares favorably with the potential of 
70 mV directly measured between SCE and Ag/AgCl 
in 0.1 M TBAP in DMF. (In aqueous KCI, the expec- 
ted value is 58 mV). 

ESR 
The solvent used to prepare the hemin complexes 

was DMF. The hemin solutions of pyridine (PYR), 
4-picoline (4-PIC), quinoline (QUIN), and pyridine- 
N-oxide (PYR-NO), were prepared by dissolving 0.1 
mmol hemin in 3 ml of a solution prepared as a 2:l 
ligand/DMF pair. The DMF was used to increase the 
solubility of the hemin. Complexes of the ligands: 
azide (N3-), imidazole (IM), 4-cyanopyridine (4- 
CNPYR), and 4-phenylpyridine (4@PYR) were pre- 

Results and Discussion 

The ESR spectra of hemin/L and H8PT/L com- 
plexes where the axial ligand, L, is DMF (solvent), or 
N3- are illustrated in Fig. 2. Table I lists the ESR 
values for several hemin/ligand and H8PT/ligand com- 
plexes along with their assigned spin state configura- 
tion. The spectra may be readily interpreted as arising 
from high spin iron(W) in hemin and H8PT solvent 
complexes, a mixture of high and low spin iron(II1) 
in hemin/Ns- and low spin iron(III) in H8PT/Ns-. 
The low spin state of iron in H8PT/Ns- at 77 K is 
consistent with the ground state assignment based on 
the observed [22] temperature dependent spin equi- 
librium of this complex at higher temperatures. In 
general, the more strongly bonded nitrogenous and 
CN ligands will produce an iron(III) electronic con- 
figuration tending toward low spin. The oxygenous 
ligands will tend to produce high spin ferric heme 
complexes. The spectra in Fig. 2 and the spin state 
assignments are very similar to those obtained by 
Neya and Morishima [24] for the hemin/ligand 
adducts in DMSO solutions. 

Figure 3 illustrates a typical cyclic voltammogram 
obtained for the hemin/4-picoline complex in DMF 
solution with 0.1 M TBAP supporting electrolyte. 
Several other types of ligands were tested with hemin 
in DMF solution and the results of these experiments 
are summarized in Table II. 

Table II also compares the voltages obtained from 
cyclic voltammetry for the imidazole, pyridine and 
4-picoline adducts with hemin measured in a macro- 
cell (2 ml volume) and a microcell (100 yL volume) 
described in Fig. 4. Data were recorded in both cells 
to determine the validity of the small volume cell in 
the electrochemical investigation of the heme octa- 
peptide. Our results indicate that the microcell with 
the working electrode separated from the other two 
electrodes by a solvent/electrolyte soaked porous 
glass gives reliable results. 
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Fig. 2. ESR spectra of hemin ligand adducts in frozen solution at 77 K. a) hemin/L in DMF, b) HIPT/L in ethylene glycol: phos- 
phate buffer solvent. The solutions were prepared as described in text. 
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TABLE 1. ESR Values for Some Low Spin Complexes. 

G. J. Hamilton, J. W. Owens, C. J. O’Connor and R. J. Kassner 

Ligand Hemin g-value Spin state Ref. H8 PT g-value Spin state Ref. 

DMF 5.91,2.0 HS a 

NJ- 5.21, 280,2.08, 1.74 HS/LS 2.81,2.14, 1.71 LS a 

CN- 3.6,2.3, 1.0 LS : 3.28, 1.97,1.16 LS C 

PYR 2.45, 2.15, 1.89 LS d 3.29,2.06, 1.70 LS C 

Im 2.96, 2.17, 1.54 LS a 
4-CN PY R 3.25,2.25, 1.10 LS e 
Quinoline 3.48, (others) (unresolved) LS e 
4-@PYR 3.46, 2.42, 0.81 
4-(picoline) LS e 
F- 6.00,2.00 HS f 5.52,2.17 HS a 
Ethylene glyol/HaO PO4 buffer 5.27,2.06 HS a 

aThis work. bK. Wuthrich, Strut. Bonding, 8, 53 (1970). CG. McLendon and M. Smith, J. Am. Chem. Sot., 103,4912 
(1981). dE. von Goldammer, H. Zorn and A. Daniels,J. Eiochem., 57,291 (1975). eM. Iwainzumi and C. T. Migita, J. Am. 

&em. Sot., 103, 4378 (1981). fMomenteau et al., Biochim. Biophys. Acta, 320, 652 (1973). 
small contribution of LS signal. hThe spectrum indicates a small contribution of HS signal. 
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Fig. 3. Cyclic voltammogram trace of hemin 4-picoline ad- 
duct. Experimental conditions are indicated in the figure. 

Since only small quantities of the heme octa- 
peptide were available, a microcell was required to 
obtain the cyclic voltammogram (CV) of 100 E.IL 
quantities of solution. The reference solution and the 
microsolution were degassed before measurements 
were taken. A cyclic voltammogram scan of H8PT: 
CN- in DMF using the microcell is shown in Fig. 5. 
Table III lists the results of the CV measurements for 
several H8PT ligand adducts using the microcell. 

Initially an attempt was made to correlate the 
E 1,2 with the pK, values of all the ligands investi- 
gated. This comparison had been done previously for 
a series of 3- and 4substituted pyridines and of car- 
boxylic acids and of benzoic acids [25-311. How- 
ever, in our study, the l&and changes include not 

WORKING 

gThe spectrum indicates a 

Fig. 4. Schematic diagram of the micro-electrochemical cell 
used to record cyclic voltammograms of H8PT ligand ad- 
ducts. This cell allows measurement with sample volumes in 
the 100 PL range. 

only those from 5 and 6 membered rings containing 
N and 0 donor atoms but also steric effects asso- 
ciated with coordination of quinoline and 2-picoline 
N-oxide. 

Observations and generalizations are rather dif- 
ficult to justify with such a broad range of ligands. 
However, our data indicate that the more sterically 
crowded ligands, produce highly asymmetric CV 
traces which are indicative of a loss of ligand upon 
reduction of iron(II1) to iron( Variation in scan 
width has shown that the widely separated waves are 
related; e.g. with 4_cyanopyridine, the oxidation wave 
at +230 mV (vs. Ag/AgCl) is only achieved if the scan 
is extended beyond -220 mV (vs. Ag/AgCl) at which 
potential the reduction peak for the complexed 
hemin appears. 
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TABLE II. Representative Data for Hemin (L)a vs. F,+/F,. 

Ligand PIG W/Z WV) Comments 

Imidazole 6.95 -730 ‘Macrocell’ 
-715 ‘Micro&’ 

Pyridine 5.25 -435 ‘Macrocell’ 
-435 ‘Microcell 

4-Picoline 6.02 -450 
Morpholine 8.33 -770 
Pyridine-N-oxide 0.79 - 790 
4-Picoline-N-oxide 1.29 -750 

10T3 M Heme octapeptide 

1O-3 M KCN 

10-l M TBAP 

Scan Rate 500mVIsec 

E I,* q - 435 mV 

AEp : 70 mV 

I 
‘PA 

Fig. 5. Cyclic voltammogram trace of H8PT ligand adduct. 
Experimental conditions are described in the figure. 

TABLE III. Data for Hemeoctapeptide (L) vs. Fc+/Fc. 

Ligand 

Imidazole 
Pyridine 
Morpholine 
2-Picoline-N-oxide 
Pyridine-N-oxide 

PI& 

6.95 
5.25 
8.33 

0.79 

AEl, (mV) 

-765 
-660 
-770 
-715 
-740 

Scan rates up to 100 V/set indicate little or no 
change in both reduction and oxidation potentials. 
This means that any rearrangement of the iron(U) 
coordination sphere is faster than our instrumenta- 
tion will reasonably observe. If rearrangement were in 
the range available, two peaks might be expected on 
the oxidation scan and the peak resulting from the 
rearranged iron(U) coordination sphere would be 
expected to decrease with increasing scan rate. 

Since there is a change in electronic structure and 
spin state as the coordination ligand is varied for 
heme systems, we had hoped to investigate the 
resultant electrochemical effects of this phenomena. 

However, a correlation between the reduction poten- 
tial of the Fer”/Fe” couple and the spin state of the 
iron species has not been observed in the data ob- 
tained by Kadish and co-workers [32-391 on some 
other heme and non-heme iron complexes. 

An interesting correlation is evident when the 
reduction potentials of hemin/L are compared with 
H8PT/L for the series of ligands studied. The effect 
of the ligand on the value of the reduction potential 
is attenuated in the HSPT/L adduct when compared 
to the hemin/L adduct. The range of AEr,, potentials 
(relative to the ferrocene internal standard) spanned 
by the hemimadducts is from AEr,* = -345 mV for 
the pyridine adduct to AE,,, = -790 mV for the 
pyridine N-oxide adduct. This is a range of a little 
more than 350 mV. The potential difference of 295 
mV between the imidazole and pyridine complexes 
of hemin may be compared to a difference of 316 
mV between the hystidyl imidazole [7] and pyri- 
dine [40] complexes of mesoheme [41]. The po- 
tentials spanned by the H8PT/L adducts is from 

AE,,, = -660 mV for the pyridine adduct to AE,,, = 
-770 mV for the morpholine adduct, or a range of 
only 110 mV. The potential difference of 105 mV 
between the imidazole and pyridine complexes of 
H8PT is consistent with a difference of 102 mV be- 
tween the imidazole [13] and pyridine [42] com- 
plexes of the heme undecapeptide from cytochrome 
c in aqueous solution at 30 “C. 

It is interesting to note that in addition to attenu- 
ating the voltage shift due to the ligand, the AEr,a 
values are shifted toward the value measured for 
hemin/imidazole. It therefore appears that the coor- 
dination of the histidyl imidazole group in the H8PT 
has a stabilizing effect on the reduction potential of 
the iron heme system. This effect may be important 
for the finely controlled voltages that occur in the 
cytochrome respiratory cycle. 
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