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Several five- and six-coordinate ferric octaalkylporphyrin (OEP) complexes [Fe(OEP)X, X = CIO,-, S03CF3-, SbFL; [Fe- 
(OEP)(3,5-C12Py)Z]C104, Py = pyridine] previously reported to display quantum mechanically admixed intermediate-spin behavior 
have been spectroscopically examined as possible models for cytochrome c’. The magnetic behavior of the complexes has been 
confirmed using N M R  and EPR spectroscopy. The magnetic circular dichroism (MCD) spectra of these complexes have been 
investigated in the Soret/visible (300-700 nm) and near-IR (700-2000 nm) regions for the first time and compared to the spectra 
of high-spin Fe(0EP)CI and low-spin [Fe(OEP)(HIm)2]CI and [Fe(OEP)(NMeIm)&X The MCD spectral features in the 
Soret/visible region of the four admixed intermediate-spin model complexes are similar in band shape and intensity to the spectrum 
reported for ferric cytochrome c’from Alcaligenes sp., NCIB 1105 (Yoshimura, T.; Suzuki, S.; Nakahara, A.; Iwasaki, H.; Masuko, 
M.; Matsubara, T. Biochim. Biophys. Acta  1985,831, 267-274). The near-IR MCD spectra of these complexes are also very 
similar to those of cytochrome c’isolated from several bacterial sources (Rawlings, J.; Stephens, P. J.; Nafie, L. A,; Kamen, M. 
D. Biochemistry 1977, 16, 1725-1729) and are distinctly different from those of known high- and low-spin ferric heme systems 
or of complexes containing a thermal mixture of high- and low-spin states. These results provide new evidence for the utility of 
MCD spectroscopy, especially in the near-IR region, as a probe of spin state in ferric heme systems and support the use of the 
quantum mechanically admixed intermediate-spin ferric porphyrins examined herein as models of cytochrome c’. 

Introduction 
The cytochromes Pare  an anomalous group of heme proteins 

found in a wide variety of photosynthetic and denitrifying bacteria.’ 
A single axial histidine bound to the c heme prosthetic group has 
been observed by X-ray crystallography.2 The heme is five-co- 
ordinate, and there are no distal residues capable of hydrogen 
bonding to endogenous ligands. Unexpectedly, the empty coor- 
dination site faces the interior of the protein and hence only small 
ligands (CO, NO, cyanide) bind to the iron.3 The general features 
of the electronic absorption spectrum of the ferric state are typical 
of high-spin heme proteins. At neutral pH, however, the magnetic 
susceptibility is unusually low and a broad derivative-shaped 
feature is observed near g = 4 in the electron paramagnetic 
resonance (EPR)4 ~pec t rum.~ In addition, a ligation-sensitive 
high-frequency resonance Raman mode is Seen that is intermediate 
in energy between those observed for high- and low-spin ferric 
porphyrins.6 MBssbauer studies of the ferric protein clearly 
indicate that only one magnetic species is present.’ Moss and 
Maltempo have proposed the existence of an intermediate-spin 
(S = 3/2) state with a quantum mechanical admixture of the more 
common high-spin (S = 

Model complexes of ferric octaethylporphyrin (OEP) and 
tetraphenylporphyrin (TPP) having a single weakly coordinating 
anionic axial  ligand (e.g. ClO4-,+II SO3CF,-,I2 SbF6-,I3 and 
C(CN),-)I4 or two  weakly basic axial pyridine ligands (e.g. 3- 
~hloropyridinel~ and 3,S-di~hloropyridine’~) have been reported 
tha t  display admixed intermediate-spin behavior similar to that 
of cytochrome c’. Structural,17 spectroscopic (Mossbauer, E P R ,  
and N M R ) ,  and magnetic susceptibility studies confirm the S = 
3/2,  S = 5 / 2  quantum mechanically admixed-spin behavior.I* 
Teraoka and Kitagawa have identified resonance Raman vibra- 
tional modes sensitive to  ligation environment for Fe(OEP)C104 
and several substituted derivatives and noted strong spectral 
similarities to  those of the native protein.19 Model studies such 
as these have provided a basis for understanding the  anomalous 
spin behavior of cytochrome c’. 

Many of the  spectroscopic techniques tha t  a r e  used to char- 
acterize heme proteins and model complexes are sensitive t o  the  
spin state of the iron. EPRZo and MossbauerZ1 spectroscopy have 
been routinely employed for the characterization of ferric hemes. 
T h e  various spin states of ferric porphyrins can be distinguished 
by ’H and 13C NMR spectroscopy.22 Magnetic circular dichroism 
( M C D )  is particularly well suited t o  the  study of heme proteins 
and porphyrin model systems.z3 All  heme iron oxidation states 

state for the  protein.* 
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(ferrous, ferric, and ferryl) exhibit MCD spectra; the technique 
is sensitive to the coordination structure of the heme complex while 
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CI2Py, 3,5-dichloropyridine; HIm, imidazole; NMeIm, N-methyl- 
imidazole. 
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Spectral Studies of Cytochrome c’ Models 

being insensitive to the surrounding environment. Previous MCD 
studies of cytochrome c’in the UV-visible region have focused 
on the native ferric, ferric-cyanide, ferrous-NO, and fe r rous40  
states.2e28 With the native ferric protein,28 it was observed that 
the MCD spectrum does not resemble those of typical high-spin 
ferric heme proteins. It was not possible to assign the spin state 
from the MCD data. 

MCD spectroscopy of femc heme systems in the near-IR region 
has been less extensively investigated. The bands in this region 
arise from charge-transfer transitions from the porphyrin mac- 
rocycle to the iron.29 The electronic absorption spectra of ferric 
heme derivatives in the near-IR region are sensitive to both spin 
and axial ligation. In one of the first studies using MCD in the 
near-IR region, Stephens and co-workers examined ferric cyto- 
chrome c’ from several sources.3o Their results, however, were 
inconclusive regarding the spin state of the cytochrome due to 
the lack of reference data “for definitively characterized mixed-spin 
species.”30 

Stephens’s results suggest that further investigation of the 
near-IR region of the MCD spectrum of model complexes of 
known spin state would lead to a clearer understanding of the 
anamolous spin state behavior of cytochrome c’. We have been 
interested in the utility of MCD as a probe of ferric heme spin 
state. To that end, we have examined the visible and near-IR 
MCD spectra of a series of f ive  and six-coordinate ferric porphyrin 
model complexes reported to display quantum mechanically ad- 
mixed-spin behavior as possible models for cytochrome c’. Our 
results show that MCD is capable of distinguishing such complexes 
from the more commonly encountered high- and low-spin-state 
species. Comparison of the data reported herein with that pre- 
viously published30 for cytochrome c’ provides further evidence 
for the existence of an admixed intermediate-spin ground state 
in the protein. 

Experimental Section 
Materials. Solvents were washed with acid and distilled from CaH, 

(CH2CI2) or sodium/benzophenone (ben~ene).~’ HPLC grade heptane 
was obtained from Fisher. Chloroform-dl (Aldrich 99.8 atom % D) was 
distilled from CaC03. Methylene-d2 chloride (100 atom % D), Fe- 
(OEP)Cl, AgClO,, AgSbF,, and AgS03CF3 were used as received 
(Aldrich). Imidazole (Eastman) and 3,5dichloropyridine (Aldrich) were 
recrystallized from ethanol and dried in vacuo overnight. 

Spectroscopic Metbods. NMR spectra were recorded at 300.16 MHz 
using a Bruker AM-300 spectrometer at ambient probe temperature 
unless otherwise noted. Spectra were obtained using a 60-kHz sweep 
width, 90° pulse with a 5-ms delay, and a 32 K word data set zero-filled 
to 64 K words before transforming. When necessary, the probe tem- 
perature was determined using published procedures and was accurate 
to f0 .5  0C.32 EPR spectra were obtained at  77 K with a Varian E-109 
Century Series spectrometer. IR spectra were measured on a Perkin- 
Elmer Model 1600 FTIR spectrophotometer using samples prepared as 
KBr pellets. Electronic absorption spectra were recorded on Varian Cary 
210 (300-750 nm) and 2300 (280-2000 nm) spectrophotometers. MCD 
spectra were obtained with JASCO Model J-4OC, J-500A (300-800 nm), 
and J-200D (750-2000 nm, indium antimony detector) spectropolarim- 
eters equipped with 1.5-T electromagnets. A specially designed, glass- 
stoppered “Y” cuvette with both 0.10- and 1.00-cm path lengths was 
used. Electronic absorption spectra were recorded before and after each 
MCD scan; only when the two showed less than 5% change were the 
MCD spectra deemed valid. MCD scans have been normalized to path 
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Table I. Proton NMR Spectral Data for Ferric Octaethylporphyrin 
Complexes 

complex“ meso methvl methvlene 
Fe(0EP)Cl -56.8 6.8 44.4, 40.9 
Fd0EP)ClOA -6.0 6.5 36.5 
Fe(0EP j c l o i b  -5.5 6.4 35.5 
Fe(OEP)S03CF3 -24.6 7.5 49.9, 34.8 
Fe(OEP)S0,CF3C -24.6 7.2 49.4, 34.6 
Fe( OEP)SbF, -5.4 6.1 39.5, 35.5 
[Fe(OEP)(3,5-C12Py)2]* -4.6 6.4 35.6 

“25 ‘C, 0.001 M, shifts in ppm relative to internal TMS. The 
chloride, perchlorate, and bis(dich1oropyridine) complexes were exam- 
ined in CD2C12, and the other adducts were studied in CDC13. 
bReference 18. cReference 12. 

length, concentration, and magnetic field strength [(M-cm.T)-l]. Data 
handling was carried out as previously de~cribed.~) 

Synthesis of Ferric Porphyrin Complexes. [Fe(0EP)(3,5-Cl2Py),]- 
C104,16 Fe(OEP)C104,9 and Fe(0EP)SO3CF3l2 were prepared and their 
integrity confirmed by NMR and electronic absorption spectroscopy 
using published procedures. Extinction coefficients for the bis(di- 
chloropyridine) adduct were determined in CH2C12 [A,,,, nm (c, (M. 
cm)-’): 387 (9.8 X lo4), 499 (9.0 X lo3), 624 (1.6 X lo3)]. Published 
extinction coefficients of the perchlorate [eSM = 1.0 X lo4 (M.cm)-’Iga 
and triflate [ejso = 1.1 X los ( M . c ~ ) - ~ ] ’ ~  complexes were utilized. Fe- 
(OEP)SbF6 was synthesized by metathesis of Fe(0EP)Cl with AgSbF, 
as reported for the analogous TPP The product was re- 
crystallized from benzeneheptane and dried in vacuo at  60 0C.34s IR 
(KBr, cm-I): v(SbF6) 656.0, 639.4. UV-vis (CH2C12) [A,,,, nm (e, 
(M.cm)-I)]: 387 (1.8 X lo5), 498 (1.3 X lo4), 620 (2.0 X lo3). The 
sample concentration was determined by conversion to the bis(imidazo1e) 
complex [es2, = 1.1 X lo4 ( M ~ c m ) - l ] ~ ~ ~  by addition of excess solid im- 
idazole. For spectral studies, [Fe(OEP)(HIm)2]Cl or [Fe(OEP)- 
(NMeIm)2]CI was prepared by dissolving Fe(0EP)Cl (5.0 X M) 
and the imidazole in the appropriate solvent.3s Due to the high moisture 
sensitivity, all intermediate-spin ferric porphyrins were prepared in an 
inert-atmosphere box (Vacuum Atmospheres) and handled in sealed 
cuvettes. 

Results and Discussion 
Quantum Mechanically Admixed Intermediate-Spin Ferric 

Porphyrins. According to Maltempo’s model for quantum me- 
chanically admixed-spin systems, the heme iron electronic envi- 
ronment contains substantial contributions from two or more heme 
iron spin  state^.^ The mechanism for the quantum mechanical 
mixing between the high-spin (S = 6A) and intermediate-spin 
(S = 3/2y 4A) states is a spin-orbit interaction. Such mixing will 
occur when the energy difference between the pure sextet (6A) 
and quartet (4A) states is comparable to or less than the spin-orbit 
coupling constant (approximately 300 cm-I). The relative con- 
tribution of each unperturbed spin state to the five resulting 
Kramer’s doublets is determined by the ratio of a crystal field 
parameter and the spin-orbit coupling constant. If the unper- 
turbed quartet state is lower in energy than the sextet, the two 
lowest energy Kramer’s doublets exhibit relatively more S = 
character, and the two highest energy doublets relatively more 
S = 5/2  character, while the intermediate doublet has total sextet 
character. This gives rise to a single species with magnetic 
properties distinct from either pure spin state. By contrast, in 
a thermal mixture, two magnetically distinguishable pure spin 
states exist in equilibrium. The difference between the two cases 
can be readily seen using spectroscopic techniques such as 
Mossbauer and EPR. Quantum mechanically admixed-spin 
species give rise to a spectral signature characteristic of a single 

(33) (a) Dawson, J. H.; Andersson, L. A.; Sono, M. J .  Biol. Chem. 1982,257, 
3606-3617. (b) Dawson, J. H.; Andersson, L. A.; Sono, M. J .  Biol. 
Chem. 1983, 258, 13637-13645. (c) Svastits, E. W.; Dawson, J. H. 
Inorg. Chim. Acta 1986, 123, 83-86. (d) Svastits, E. W.; Alberta, J. 
A.; Kim, 1.C; Dawson, J. H. Biochem. Biophys. Res. Commun. 1989, 
165, 1170-1176. 

(34) (a) ‘H NMR and EPR data are campiled in Tables I and 11, respec- 
tively. (b) Svastits, E. W. Ph.D. Thesis, University of South Carolina, 
1986. 

(35) Walker, F. A.; Lo, M.-W.; Reed, M. T. J .  Am. Chem. Soc. 1976, 98, 
5553-5560. 
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magnetic species. For the thermal mixture, the observed spectrum 
reflects the superposition of the two magnetically distinct species 
present. 

Studies of quantum mechanically admixed intermediate-spin 
ferric porphyrin model complexes have employed both TPP and 
OEP. Only the latter have been examined herein. Except for 
Fe(OEP)SbF,, the complexes have been previously prepared, have 
been structurally and magnetically characterized, and have been 
reported to exhibit admixed intermediate-spin b e h a v i ~ r . ~ , ~ ~ , ~ ~  This 
is also true for Fe(TPP)SbF6. The magnetic behavior of all the 
complexes examined herein has been characterized by NMR and 
EPR spectroscopy. 

NMR Studies. The positions of the NMR hyperfine shifts of 
ferric porphyrins have been shown to be diagnostic of the iron spin 
state.22 The chemical shifts of pyrrole protons have been correlated 
with single occupation of the dXz+ orbital. A similar correlation 
is observed for the resonances of meso protons of octaalkyl- 
porphyrins, which are sensitive to *-spin density. Species ex- 
hibiting quantum mechanically admixed-spin behavior in the 
ground state display unique hyperfine spectra.12J8 The resonance 
positions for the meso protons of such species reflect the net 
contribution of the quartet and the sextet and are characterized 
by a shift of approximately 10-25 ppm upfield relative to TMS. 
The observed meso proton resonances of the admixed-spin com- 
plexes examined herein are all shifted upfield (Table I). For the 
triflate adduct, this peak was observed at  -24.6 ppm (CDCI,), 
identical to the literature value.12 This signal was observed between 
-4 and -6 ppm in the hexafluoroantimonate, perchlorate, and 
bis(dich1oropyridine) adducts. Following Goff s interpretation,12 
we attribute the increased upfield shift in Fe(OEP)S03CF3 to a 
greater contribution from the sextet (,A, S = 5 / 2 )  to the overall 
spin. On the contrary, the less upfield shifted peaks of the latter 
three species indicate a greater contribution from the quartet (4A, 
S = 3 / 2 ) .  

In addition, variable-temperature NMR spectroscopy can be 
used to distinguish mixed-spin ferric heme complexes from pure 
low- and high-spin species. For simple, magnetically ideal 
paramagnetic molecules, the absolute value of the isotropic shifts 
should increase in proportion to 1 / T.  Previously examined ad- 
mixed-spin species such as Fe(TPP)C104, Fe(TPP)S03CF3, and 
Fe(TPP)C(CN)3 show reversed Curie law behavior.12,18 In the 
present study, anomalous behavior was observed in studying the 
temperature dependence of the spectra of Fe(OEP)S03CF3 and 
Fe(OEP)SbF6. A plot of the proton resonance position vs tem- 
perature is linear but inverted from normal Curie behavior (data 
not shown) with the greatest deviation seen for the resonance of 
the meso proton. At 222 K, the methylene protons of Fe- 
(OEP)S0,CF3 and Fe(OEP)SbF6 display two sharp signals at  
64.3 and 37.4 ppm and at  61.2 and 41.2 ppm, respectively. As 
the temperature is increased to 323 K, the methylene resonances 
of Fe(OEP)SbF6 broaden and coalesce into one signal centered 
at  36.1 ppm. Similar behavior is observed for Fe(OEP)S03CF3; 
however, two signals (46.8, 33.6 ppm) are still observed at  323 
K. The ring methyl and methylene proton resonances of another 
quantum mechanically admixed-spin octaalkylporphyrin, iron(II1) 
etioporphyrin perchlorate, also move in an upfield direction with 
increased temperature (208-325 K).’* This inverted Curie be- 
havior is characteristic of a mixed-spin species.22 However, it is 
not possible to distinguish a thermal equilibrium of spin states 
from a quantum mechanically admixed-spin species resulting from 
thermal population of Kramer’s doublets by NMR measurements 
alone.Is The NMR time scale is likely not fast enough to resolve 
resonances for “pure” spin states. 

EPR Studies. The EPR spectra of mixed-spin complexes are 
a function of the spin-mixing mechanism.20 Samples displaying 
temperature-dependent spin-state behavior will give rise to two 
sets of EPR signals, one for each spin species present. In contrast, 
a quantum mechanically admixed-spin system will give rise to a 
single set of EPR signals which is the average of the two par- 
ticipating spins. Previous EPR studies of Fe(OEP)C104?b [ Fe- 
(OEP)(3,5-C12Py)2]+,’6 and Fe(OEP)S0,CF,12 have confirmed 
the admixed intermediate-spin behavior of these species. The g 

Kintner and Dawson 

Table 11. EPR Spectral Data for Ferric Octaethylporphyrin 
Complexes 

assgnd obsd g values 
complex“ gi g2 g3 spin itateb 

Fe(OEP)C104‘ 3.83 1.97 QMAIS 
Fe(OEP)SO3CF3“ 3.79 2.02 QMAIS 
Fe(OEP)SbF6 4.03 1.99 QMAIS 
F~(OEP)(~,~-CI,PY)~ 4.23‘ 2.00’ QMAIS 
Fe(0EP)CI 6.14 f high-spin 
[Fe(OEP)(HIm)2]*g 2.95 2.26 1.51 low-spin 

“77  K, 0.001 M solution in 1:l methylene chloride/toluene glass. 
QMAIS = quantum mechanically admixed intermediate spin. 

‘Similar EPR values have been previously reported.9b “Similar EPR 
values have been previously reported.” ‘Taken from ref 16. /The ex- 
pected signal at g = 2.00 is difficult to observe at 77 K but has been 
observed for the analogous high-spin ferric photoporphyrin chloride 
complex at lower  temperature^.^^ ESimilar EPR values have been 
previously reported.46 

K) 

Figure 1. EPR spectrum of Fe(OEP)SbF6 in a 1:l methylene chlo- 
ride/toluene glass at 77 K: frequency, 9.1 1 GHz; power, 40 mW; sweep 
width, 5000 G; center, 2500 G; modulation frequency, 100 kHz; modu- 
lation amplitude, 8 G; scan time, 4 min; time constant, 0.25 s; gain, 6.3 
x 103. 

values of these complexes are listed in Table I1 along with those 
for typical high-spin,,, Fe(OEP)Cl, and low-spin, [Fe(OEP)- 
(Him)*]+, complexes. The EPR signal obtained for Fe(OEP)SbF6 
(Figure 1) confirms the admixed intermediate-spin assignment. 
Therefore, SbF6 is a sufficiently weakly coordinating anion to 
induce spin mixing in the ferric OEP system also. Trautwein, 
Weiss, and co-workers3’ have recently shown that the six-coor- 
dinate triflate/aquo-ligated complex of a tetraphenylporphyrin 
exhibits an EPR spectrum with gvalues at 5.75 and 2.00, distinctly 
different from those reported in Table 11 for the admixed inter- 
mediate-spin complexes. On that basis, we conclude that the 
admixed intermediate-spin complexes studied herein have not 
added a water ligand in solution. Trautwein, Weiss, and co- 
w o r k e r ~ ~ ~  also used MGssbauer spectroscopy to probe the properties 
of the triflate/aquo complex and, in combination with the EPR 
data, conclude that it is a weakly spin-mixed (85% S = 5 / 2 ,  15% 
S = 3 / 2 )  species. 

MCD Studies in the Soret and Visible Regions. Having es- 
tablished that the selected “intermediate-spin” complexes exhibit 
quantum mechanically admixed-spin behavior, we turn our at- 
tention to the investigation of such complexes with MCD spec- 
troscopy. MCD studies of heme iron systems have demonstrated 
the utility of the technique as a probe of spin state.23 With ferric 
myoglobin, for example, high-spin ligand adducts display much 

~~ 

(36 )  Uenoyama, H.; Sakai, K. Spectrochim. Acro 1975, 31A, 1517-1521. 
(37) Gismelseed, A.; Bominaar, E. L.; Bill, E.; Trautwein, A. X.; Winkler, 

H.; Nasri, H.; Doppelt, P.; Mandon, D.; Fischer, J.; Weiss, R. Inorg. 
Chem. 1990, 29, 2741-2749. 
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Table HI. UV-Visible Magnetic Circular Dichroism Spectral Characteristics of Ferric Octaethylporphyrin Complexes 

cytochrome c ' ~  Fe(0EP)X [ Fe(OEP)L2] 
features" C P  c104 S03CF3 SbF6 3,5-C12Py HIm' native 

403 (10.3) 378 (9.0) 375 (10.2) 382 (14.7) 378 (11.7) 398 (60.1) 402 (5.9) 
Soret 

387 384 388 389 404 

407 (-9.3) 

peak 
crossover 412 
trough 420 (-6.8) 396 (-11.8) 395 (-13.5) 395 (-21.0) 400 (-11.8) 410 (-89.2) 416 (-8.2) 

peak 528 (7.3) 525 (3.3) 525 (4.2) 518 (2.1) 524 (4.9) 548 (2.6) 522 (2.1) 
crossover 537 536 536 529 538 554 
trough 548 (-12.1) 548 (-4.7) 551 (-8.2) 545 (-4.2) 553 (-6.2) 567 (-5.6) 544 (-6.5) 

B 

555 (-6.1) 
ff 

peak 620 (2.2) 622 (0.6) 610 (3.9) 
crossover 637 630 63 1 629 634 
trough 647 (-4.2) 641 (-2.5) 640 (-1.1) 640 (-1.5) 641 (-2.0) 

658 (-1.6) 656 (-3.3) 

614 (1.1) 

638 (-2.4) 

'Values given are peak position, in nm, and peak intensities (in parentheses), in (M.cmT)-'. bSpectra obtained in benzene solution. All other 
spectra of model compounds obtained in methylene chloride solution; peak and trough positions are not sensitive to solvent. 'See ref 40 for discussion 
about previously published work with these model compounds. dCytochrome c'from olcoligenes sp., NCIB 1 1  015.28 
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Figure 2. MCD spectra in the UV-visible region (300-700 nm) of 
Fe(OEP)C104 (solid line), Fe(OEP)S03CF3 (dashed line), and Fe- 
(OEP)SbF6 (dotted dashed line) (top) and of [Fe(OEP)(3,5-C12Py)2]t 
(bottom) obtained at 25 OC with sample concentrations between 7.5 X 

weaker Soret MCD signals than low-spin ones3* The MCD 
signals in this region are dominated by C terms which are sensitive 
to both spin state and temperature. Stephens and co-workers 
described the characteristic dependence of the shape of the near-IR 
(700-2000 nm) MCD signal of the analogous ferric hemoglobin 
derivatives on the spin state.39 MCD signals in this region are 
sensitive to the iron spin state because they originate from 
charge-transfer transitions of the T orbitals of the porphyrin to 
the d,, and du. orbitals of the iron.29 

MCD studies of ferric PPIXDME and OEP model complexes 
have shown that their spectra are nearly identical to  those of 

and 1.2 X M in methylene chloride. 

(38) (a) Vickery, L.; Nozawa, K.; Sauer, K. J. Am. Chem. SOC. 1976, 98, 
343-350. (b) Vickery, L. E. Methods Enzymol. 1978, 54, 284-302. 

(39) Stephens, P. J.; Sutherland, J. C.; Cheng, J. C.; Eaton, W. A. in The 
Excited States of Biological Molecules; Birks, J. B., Ed.; Wiley: New 
York, 1976; pp 434-442. 
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Figure 3. MCD spectra in the UV-visible region (300-700 nm) of 
Fe(0EP)CI in benzene (top, 4 X lo4 M) and of [Fe(OEP)(NMeIm)2]t 
(bottom, 8 X M) in methylene chloride obtained at 25 OC. The 
portion of the bottom spectrum above approximately 435 nm has been 
enlarged by a factor of 10. 

analogously ligated protein samples.23 For example, the MCD 
spectrum of [Fe(PPIXDME)(HIm))2] in the UV-visible region 
is identical to that of the bis(histidine)-ligated ferrous cytochrome 
b5.33c The spectrum of the OEP analogue is similar in band shape 
and intensity but blue-shifted approximately 8 nm. For a study 
of c type cytochromes in which the porphyrin macrocycle has eight 
alkyl substituents, OEP is preferred over PPIXDME because of 
its octaalkyl substituent pattern. 

The MCD spectra in the Soret/visible region (300-700 nm) 
of the admixed intermediate-spin and the exemplary high-spin 
(Fe(0EP)Cl) and low-spin ( [Fe(OEP)(NMeIm)2]') complexes@ 
are plotted in Figures 2 and 3, respectively, and the relevant 
parameters are listed in Table 111. A close resemblance is seen 
in the MCD spectra of the fivecoordinate (Fe(OEP)X, X = C104, 

(40) The spectra of Fe(0EP)CI and of Fe(OEP)(NMeIm), displayed in 
Figure 3 are similar to those previously reported for Fe(0EP)CI and 
Fe(OEP)(HIm),, respectively: Kobayashi, H.; Higuichi, T.; Eguchi, K. 
Bull. Chem. SOC. Jpn. 1976, 4 ,  457-463. 
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Table IV. Near-IR Magnetic Circular Dichroism Spectral Characteristics of Ferric Octaethylporphyrin Complexes 

cytochrome cfC Fe(0EP)X [ Fe(OEP)L2]+ 
features' CI c104 SOiCFi SbF6 3,5-CI2Py HImb native 

914 (0.45) 942 (-0.25) 907 (-0.05) 967 (-0.35) 942 (-0.20) 910 (-0.10 to -0.05) 

1093 (-0.25) 1174 (0.15) 1124 (0.25) 1222 (0.25) 1186 (0.35) 1310 (sh) 1100-1172 (0.50-0.70) 
crossover 1007 1070 963 1097 1033 944-972 

crossover 1343 1312 1399 1396 1244-1 283 
1543 (-0.25) 1451 (-0.20) 1517 (-0.20) 1557 (1.05) 1322-1390 (-0.40 to -0.60) 

"Values given are peak position, in nm, and peak intensities (in parentheses, rounded to nearest 0.05), in (M.cm.T)-l. Spectra of model compounds 
Range of spectral parameters for cytochrome obtained in chloroform-dl solution. Similar MCD values have been Dreviously reported; see 

c' from several bacterial sources.3o 

S03CF3, SbF,) and six-coordinate ( [Fe(OEP)(3,5-C12Py)2]C104) 
intermediate-spin species in the Soret and visible regions (Figure 
2). The Soret region (300-500 nm) of all four MCD spectra is 
dominated by a derivative-shaped band with a peak near 375 nm, 
a trough around 395 nm, and a crossover point at 386 nm. In 
contrast, low-spin complexes such as [Fe(OEP)(NMeIm),]+ 
(Figure 3, bottom) display a much more intense derivative-shaped 
Soret band that is red-shifted by about 15 nm. The Soret MCD 
band of high-spin Fe(0EP)Cl (Figure 3, top) is also red-shifted 
relative to that of the intermediate-spin species but is somewhat 
less intense. In the visible region (500-700 nm), the spectrum 
of the low-spin complex is distinct from those of the high-spin and 
intermediate-spin cases. However, the MCD signals of the latter 
two spin types are not that readily distinguished in this region 
(Figures 2 and 3). AU of the admixed intermediatespin complexes 
examined herein exhibit a weak charge-transfer band at  640 nm. 
A similar band is seen at  638 nm in the spectrum of cytochrome 
c ' . ~ ~  The analogous band for Fe(0EP)Cl is at  647 nm and is 
entirely absent in low-spin cases. 

The MCD spectral features of the admixed intermediate-spin 
model complexes are quite similar in band shape and intensity 
to the spectrum reported for cytochrome c'(Tab1e III).28 Taken 
as a whole, the MCD spectral features of the protein in the 
Soret/visible region bear a closer resemblance to those of the 
admixed intermediate-spin model complexes than to those of 
high-spin five-coordinate  model^,^^^^'^^^ but the case is not com- 
pelling. 

MCD Studies in the Near-IR Region. The distinction between 
high-, low- and mixed-spin states of ferric hemes is especially clear 
using near-IR MCD. The bands in this region are charge transfer 
in origin arisiig from in-plane transitions from the highest occupied 
porphyrin ?r orbitals (a,,, a2J to the eg iron d r  orbitals (dxz, dy,).43 
Studies with ferric hemoglobin and myoglobin first demonstrated 
the sensitivity of near-IR MCD to spin For example, 
the spectrum of a low-spin ferric complex such as [Fe(OEP)- 
(Him),]+ (Figure 4) resembles its electronic absorption spectrum 
with a maximum at 1557 nm and broad shoulder at 13 10 n m . 3 9 * 4 4 9 4 6  

Thompson has examined several six-coordinate imidazole-ligated 
OEP complexes.46 In all cases, the spectra are positive with 
maxima between 1540 and 1610 nm and intensities of about 0.2 
(McmT)-'. The energy of the transitions correlate with the ligand 
field strength at  the iron. Additional low-spin myoglobin, hem- 
oglobin, and cytochrome c derivatives follow the same pat- 

All pure high-spin complexes examined to date give rise to a 
single derivative-shaped MCD feature in the near-IR region. For 

tern.44.47,48 

Nozawa, T.; Ookubo, S.; Hatano, M. J .  Inorf.. Biochem. 1980, 12, 
253-261. 
Ookubo, S.; Nozawa, T.; Hatano, M. J .  Inorg. Biochem. 1989, 35, 
305-317. 
Makinen, M. W.; Churg, A. K. In Iron Porphyrins, Part I ;  Lever, A. 
B. P., Gray, H. B., Eds.; Addison Wesley: Reading, MA, 1983; pp 
141-235. 
Cheng, J.  C.; Osbrne, G. A.; Stephens, P. J.; Eaton, W. A. Nature 
(London) 1973, 241, 193-194. 
Gadsby, P. M. A.; Thomson, A. J. FEBS Lett. 1982, 150, 59-63. 
Gadsby, P. M. A.; Thomson, A. J .  FEBS Lett. 1986, 197, 253-257. 
Nozawa, T.; Yamamoto, T.; Hatano, M. Bimhim. Biophys. Acta 1976, 

Kobayashi, N.; Nozawa, T.; Hatano, M. Bull. Chem. SOC. Jpn. 1981, 
427,2a-37. 

54, 919-920. 
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Figure 4. MCD spectra in the near-IR region (700-1800 nm) of Fe- 
(0EP)Cl (top) and of [Fe(OEP)(HIm),]+ (bottom) obtained at 25 OC 
with sample concentrations of 8 X 

example, Fe(0EP)Cl (Figure 4) has a trough at  1093 nm, a 
crossover a t  1007 nm, and a peak at  914 nm. The MCD peak 
is close to the electronic absorption maximum at 925 nm. Hatano 
and co-workers have examined a series of five-coordinate, high-spin 
ferric protoporphyrin IX complexes with oxygen- and sulfur-donor 
ligands.'" They showed that the energy of derivative-shaped bands 
observed between 746 and 885 nm is a function of the ligand field 
strength at the iron. The six-coordinate, high-spin fluoride adducts 
of ferric myoglobin47 and hemoglobid9 also display derivative- 
shaped curves between 750 and 1100 nm. 

The aquo and hydroxy forms of the ferric heme-octapeptide 
exist as a high-spin/low-spin thermal eq~ilibrium.4~ The near-IR 
MCD spectrum has a derivative-shaped curve corresponding to 
an absorption peak around 1000 nm plus a positive Gaussian- 
shaped curve between 1100 and 1800 mn with a maximum around 
15 10 nm similar to the corresponding absorption spectrum.M This 
pattern is a composite of the near-IR MCD spectral features of 
high- and low-spin myoglobin  derivative^.^^ As with EPR, the 
MCD spectral signature of complexes possessing a thermal 
equilibrium of high- and low-spin states is a combination of the 
spectra of the complexes with "pure" spin states. 

The MCD spectra in the near-IR region of the quantum me- 
chanically admixed-spin complexes examined (Figure 5) are all 
similar. The MCD spectra differ significantly from those of low- 
and high-spin complexes, of complexes that exist in a thermal 
equilibrium of high- and low-spin states, or of any previously 

M in chloroform-d,. 

(49) Huang, Y.-P.; Kassner, R. J. J .  Am. Chem. SOC. 1981,103,4927-4932. 
(50) Kobayashi, N.; Osa, T. Chem. Pharm. Bull. 1989, 37, 3105-3107. 
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Figure 5. MCD spectra in the near-IR region (700-1800 nm) of Fe- 
(OEP)SbF6 (solid line), Fe(OEP)C104 (dashed line), and Fe(0EP)- 
S03CF3 (dotted dashed line) (top) and of [Fe(OEP)(3,5-C12Py),]+ 
(bottom) obtained at 25 OC with sample concentrations of 2.5 X lo4 to 
2.5 X M in chloroform-d,. 

reported model complexes of known spin state. The electronic 
absorption spectra of the quantum mechanically admixed-spin 
complexes display broad, weakly absorbing bands that appear to 
overlap. The high-energy maximum is centered around 975 nm 
for all four complexes. A second band between 1125 and 1235 
nm is unique to each sample examined and corresponds to a peak 
in the MCD spectrum between 1120 and 1225 nm. The MCD 
spectrum also contains a high-energy trough between 907 and 967 
nm (Table IV) corresponding to the electronic absorption max- 
imum at 975 nm. On the basis of the near-IR electronic absorption 
studies of ferric heme systems, the bands appear to be charge 
transfer in origin and are probably composed predominantly of 
C 

The near-IR MCD spectra of the admixed intermediate-spin 
complexes examined herein display the same negative-positive- 
negative band pattern (with increasing wavelength) seen for cy- 
tochrome c' by Stephens and c o - w ~ r k e r s ~ ~  (Table IV). They 
examined the protein from several bacterial sources over a wide 
pH range (pD 1-13) and also identified a high-spin form and an 

(51) Yamamoto, T.; Nozawa, T.; Kobayashi, N.; Hatano, M. Bull. Chem. 
SOC. Jpn. 1982, 55, 3059-3063. 
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alkaline low-spin form. They found, however, that "MCD cannot 
categorically distinguish between normal S = and mixed S 
= 3/2,. ground states" due to a lack of reference data for 
"definitively characterized mixed-spin species".30 The present 
study provides those reference data. The near-IR MCD spectra 
of Fe(0EP)X (X = C104, S03CF3, SbF,) and [Fe(OEP)(3,5- 
C12Py)2]+, all of which contain an admixed S = 3/2, ground 
state, are unique (Figure 5). Because MCD bands can be positive 
or negative, the near-IR MCD spectra are far more distinctive 
than near-IR electronic absorption spectra of the same species. 
The negative-positive-negative band pattern (with increasing 
wavelength) of the admixed intermediate-spin complexes are 
readily distinguished from the positive-negative derivative-shaped 
pattern (with increasing wavelength) seen in high-spin 
from the all positive features seen in low-spin cases4 (Figure 4), 
or from the spectra of complexes containing a thermal mixture 
of high- and low-spin ~ ta tes .4~  The close similarity between the 
near-IR MCD spectra of the quantum mechanically admixed-spin 
models (Figure 5) and cytochrome c ' ~ O  (Table IV) confirms the 
proposed admixed intermediate-spin ground state of the p r ~ t e i n . ~  

ckmhdiq Remarks. Our results further demonstrate the utility 
of MCD, particularly in the near-IR region, as a probe of spin 
state of ferric heme species. We have shown that MCD is capable 
of discriminating between low-, high-, and intermediate-spin-state 
ferric porphyrins at ambient temperatures. Our results for the 
quantum mechanically admixed-spin systems, when compared with 
data for a system in thermal equilibrium between low- and 
high-spin, suggest that the technique is also able to distinguish 
between mixed-spin systems in which the two spin states are in 
thermal equilibrium and a quantum mechanical admixture of high 
(S = and intermediate spin (S = 3/2). An additional ad- 
vantage to near-IR MCD is that the results are obtained at am- 
bient temperatures in contrast to EPR and Mossbauer studies, 
which usually require temperatures below 100 K. Finally, a 
comparison of our data for the quantum mechanically admixed- 
spin complexes with MCD data for cytochrome c' found in the 
l i t e r a t ~ r e ~ * * ~ ~  provides further support for the use of these com- 
plexes as models for the mixed-spin state of cytochrome c'. 
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