
700 

Thus, it seems that when excess substrate is present, the mes- 
oxalato-bridged complex predominates, as indicated by its 
characteristic absorption spectrum. The fact that not all of the 

suggests that some of the mesoxalate may also decompose through 
another, nonredox process, before it has time to react with the 

Inorg. Chem. 1991, 30, 700-705 

or 
0 
II 

excess substrate in the solution is converted to carbon dioxide H20 + l802 + -OOC--C-COO' + 2H+ d 3C02 + 2H~0'~ 

L "OCO + H20 Cop + H20l8 7 

regenerated dinuclear cobalt-dioxygen complex. We are now 
investigating the possibility that the substrate is undergoing si- 
multaneous metal ion catalyzed decarboxylation to glyoxylic acid, 
a reaction type that has been observed in other systems with 
analogous substrates. 

The rapid equilibration of the oxygen of dissolved C 0 2  (as C 0 2  + H 2 0  * H2C03 * HC03- CO?-) with the solvent water 
molecules prevents the use of tracers from distinguishing between 
the two reaction sequences for oxygen atom transfer in the redox 
process. The I8O label may go directly to water, and then to C02,  
or simultaneously to both water and C02,  as . 

0 

1802 + -ooc--C-COO- + 2H+ I1 
d 2CO2 + 180-C-0 + H20l8 

While the tracer experiment does not distinguish between these 
two pathways, it does demonstrate that the oxidation products, 
COz and H20,  are derived from molecular oxygen through di- 
oxygen complex formation and formation of the mixed-bridged 
(tribridged) intermediate, 3. 
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Proton N M R  and optical spectral studies on a heme undecapeptide in  aqueous SDS micelles at  different pHs are reported. I n  
a micellar solution the monodispersed heme peptide is found to be encapsulated inside the hydrophobic micellar cavity. pH 
dependence of the ferric heme peptide inside the SDS micelle shows equilibrium conversion from the diaqua ferric heme at low 
pH (-2) to the monoaqua monohistidine complex at pH -6, which on further increase in pH undergoes deprotonation to give 
the monohistidine monohydroxo heme peptide complex. pH titration by optical spectroscopy shows a pK of 7.2, corresponding 
to the aqua (high-spin) + hydroxo (low-spin) transition. The cyano complex of the heme peptide in micellar solution shows a 
large spread of the heme methyl signals compared to the signals in  the cyano protohemin complex, and its spectrum is similar 
to those of cyano heme proteins. Ferrous heme peptide complexes have also been stabilized inside the SDS micelles. Optical as 
wcll as N M R  spectra of the ferrous complex suggest a five-coordination geometry. The line widths of the heme methyl resonances 
for these heme peptide complexes are much broader compared to those of the corresponding protoheme complexes but are similar 
to thosc found in the spectra of heme proteins. 

1. Introduction 
Heme peptides are obtained by enzymatic degradation of cy- 

tochrome c.Iv2 Pepsin degradation of cytochrome c gives a heme 
undecapeptide. in which the heme is bound to an eleven amino 
acid peptide chain, while tripsin digestion of cytochrome c gives 
a heme octapeptide, in which the heme is bound to an eight amino 
acid peptide chain of known sequence (Figure 1). Both the heme 
peptides contain an iron(ll1) porphyrin complex covalently linked 
to the peptide through two thioether linkages involving cysteine 
residues of the peptide and the a-carbons of the saturated vinyl 
groups on two pyrrole positions of the porphyrin ring (Figure 1). 
The N-terminal valine, lysine, and glutamic acid residues on the 
heme undecapeptide are absent in  the heme octapeptide. The 
effects of the protein environment on the electronic structure and 
properties of the heme prosthetic group in heme proteins have been 
investigated by different techniques in substituted porphyrin model 
 compound^.^^ Heme peptide complexes in aqueous solutions have 
therefore been studied by IH NMR,6,7 circular and 
UV-visible',2-' I spectroscopy as models for cytochromes and other 
heme proteins. Further interest in  the study of these heme peptides 
arises from the knowledge that they show peroxidatic ac t i~ i ty ' . '~ - '~  
similar to that of heme peroxidases. 

'Present address: Department of Chemistry, Gauhati University, Guwa- 
hati 781 014, Assam, India. 
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Previous studies6$' in aqueous solutions show that the spec- 
troscopic properties of the heme peptides have general similarity 
to those of the cytochrome c complexes, but some subtle differences 
do exist. In the case of low-spin cyano as well as pyridine com- 
plexes of heme octapeptide, the NMR resonances of the heme 
methyl protons are quite sharp and their spread is smaller com- 
pared to the spectra of the corresponding cytochrome c complexes.' 
Moreover, NMR spectra of heme peptides in aqueous solutions 
show significant pH dependence,6 associated with a spin-state 
transition similar to that observed in metmyoglobins. Tempera- 

( I )  (a) Tsou, C. L. Biochem. J .  1951, 49, 362. (b) Tuppy, H.; PalBus, S .  
Acfa Chem. Scand. 1955, 9, 353. (c) Paleus, S.; Ehrenberg, A,; Tuppy, 
H. Acta Chem. Scand. 1955, 9, 365. 

(2) Ehrenberg, A.; Theordl, H. Acta Chem. Scand. 1955, 9, 1193. 
(3) LaMar, G. N.; Walker, F. A. In The Porphyrins; Dolphin, D., Ed.; 

Academic: New York, 1979; Vol. IV,  Chapter 2, pp 61-157. 
(4) Goff, H. M. In Iron Porphyrins; Lever, A. B. P., Gray, H. B., Eds.; 

Addison-Wesley: Boston, MA, 1983; Part 1, Chapter 4, pp 239-281. 
(5)  Wiithrich, K. Sfruct. Bonding 1973, 8,  53-121. 
(6) Huang, Y .  P.; Kassner, R. J .  J .  Am. Chem. SOC. 1981, 103, 4927. 
(7) Smith, M.; McLendon, G. J .  Am. Chem. SOC. 1981, 103, 4912. 
(8) Urry, D. W.; Pettegrew, J. W. J .  Am. Chem. SOC. 1967, 89, 5276. 
(9) Urry, D. W. J .  Am. Chem. SOC. 1967, 89, 4190. 

(IO) Myer, Y .  P.; Harbury, H. A. J .  Biol. Chem. 1966, 241, 4299. 
( 1 1 )  Smith, M. C.; McLendon, G. J .  Am. Chem. SOC. 1980, 102, 5666. 
(12) Satterlee, J .  D. Inorg. Chim. Acta 1983, 79, 195. 
( 1 3 )  Mclendon, G.; Smith, M. Inorg. Chem. 1982, 21, 847. 
(14) Harbury, H. A.; Loach, P. A. J .  Biol. Chem. 1960, 235, 3640. 
( 1 5 )  Harbury, H. A.; Loach, P. A. J .  Biol. Chem. 1960, 235, 3646. 
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Heme Peptides in  Aqueous Detergent Micelles 

Heme undecapeptide 

Heme octapeptide 

Figure I .  Schematic diagram of the heme peptide. 

ture-dependent magnetic moment measurements6 of heme octa- 
peptide at different pHs suggest the presence of a spin-state 
equilibrium at both pH 7.4 and pH 12. pH-dependent magnetic 
moment measurements of the heme undecapeptide suggested that 
at very low pH the heme undecapeptide is a high-spin species and 
the spin transition is associated with a pK of 6.3 in 2% sodium 
dodecyl sulfate solution.'6 

The heme peptides have a strong tendency to form aggregates 
in simple aqueous  solution^,^^^^^*'^ which makes the study of these 
species as models for heme proteins in simple aqueous solutions 
difficult. Circular dichroism studies that while in the heme 
undecapeptide the €-amino group of lysine is involved in a 
head-to-tail typc aggregation with ca. 16 A separation between 
two heme ccntcrs in an aggregate, the aggregates in heme octa- 
peptides are formed by a stacked conformation with a heme-heme 
distance of -7 A. It has been proposed2vi6 that the lysine residue 
in heme undecapeptide forms intermolecular metal-ligand bonds 
between two peptide molecules. Because of this strong tendency 
to aggregate, the heme peptides no longer behave as models for 
the heme-active sites in proteins, which essentially have one heme 
monomeric unit in  the protein cavity. 

It has bccn shown by earlier U V - V ~ S ' ~ - ' ~  and NMRZS2* studies 
that several free-base porphyrins and iron(II1) porphyrin com- 
plexes can be solubilized and stabilized in the monomeric state 
inside the hydrophobic cavity of aqueous detergent micelles. These 
s t u d i e ~ ' ~ - ~ ~  also show that the hydrophobic environment of the 
micellar cavity mimics closely the protein environment in the heme 
cavity. It would therefore be interesting to investigate the 
properties of monomeric heme peptide complexes in a protein-like 
hydrophobic environment. The solubilization of these peptides 
in an aqueous detergent micellar solution may promote formation 
of monomeric species in  the hydrophobic micellar cavity. 
Moreover, studies in aqueous micellar solutions can avoid the 
precipitation of the heme peptide at its isoelectric point.I6 

The present paper reports a detailed NMR and UV-visible 
spectral study of heme undecapeptide and heme octapeptide 
complexes (Figure 1) inside aqueous sodium dodecyl sulfate 
micelles at different oxidation and spin states with different axial 

(16) Jehanli, A. M. T.;Stotter, D. A.; Wilson, M. T. Eur.J.  Biochem. 1916, 
71.  613. 
( a i  Simalicio. .I. Biochemistry 1972, 11, 2525. (b) Hambright, P.; 

mplicio, J . ;  Schwenzer, K .  Biochemistry 1973, 12, 1973. 
mplicio, J.; Schwenzer, K.;  Maenpa, F. J .  Am. Chem. SOC. 1975, 97, 
119 

Inorg. Nucl.  Chem. 1975, 37, 2363. 

Mazumdar, S.; Medhi, 0. K.; Mitra, S .  Inorg. Chem. 1988, 27, 2541. 
Mazumdar, S.;  Medhi, 0. K.; Mitra, S .  J .  Chem. Soc., Dalton Trans. 
1990, 1057. 
Kadish. K .  M.; Maiya, G. B.; Araullo, C.: Guilard. G. Inorg. Chem. 
1989, 28, 2725. 
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Figure 2. UV-visible spectra of 1.5 X IO" M heme undecapeptide in 
simple aqueous solution (- - -) and in 5% aqueous SDS micellar solution 
at ambient pH (-). 

ligands. The results have been used to determine the electronic 
properties of the heme peptides in micellar solutions in the mo- 
nomeric state. 
2. Experimental Section 

The heme undecapeptide (microperoxidase-l 1 or MPI l ) ,  the heme 
octapeptide (microperoxidase-8 or MPS), and sodium dodecyl sulfate 
(SDS) detergent were obtained from Sigma Chemical Co. The heme 
peptides were purified by passing through a gel filtration column 
(Sephadex G-50)12-23 equilibrated with 1 .O M aqueous ammonia followed 
by dialyzing at neutral pH against water. The purified peptides were 
lyophilized and stored desiccated in the dark at  -0 OC. Micellar solu- 
tions were prepared by warming at  50 OC a 5% solution of the SDS 
detergent containing 0.1 N TMAB (tetra-N-methylammonium bromide) 
in aqueous solution. The heme peptide complexes were incorporated 
inside the micelles by adding an aliquot of the aqueous solution of the 
purified peptide in  the aqueous micelles, and the resulting mixture was 
equilibrated at 50 OC for 1 h. The solution prepared in this way followed 
Beer's law over a range of - to 1 X lo-' M, while the heme unde- 
capeptide in aqueous solution in the absence of micelles did not obey 
Beer's law. This indicates the absence of any concentration-dependent 
self-association processes24 in micelle-encapsulated heme peptides (see 
later). The pH of the solution was adjusted by a dilute NaOH or HNO, 
solution and measured by a digital pH meter with an accuracy of f O . O 1  
unit. The micellar solutions of heme peptides a t  adjusted pH were 
allowed to equilibrate for about 1 h at 50 OC before measurements were 
taken. The cyano complexes of the heme peptides were prepared by 
adding a concentrated micellar solution of NaCN to the heme peptide 
in micelles a t  pH 9.6 and again equilibrating at 40-50 OC. The ferrous 
heme peptide was prepared by adding a small amount (-50 pL) of a 
saturated solution of Na2S204 to an alkaline (pH -9.8) solution of the 
peptide in aqueous micelles. 

NMR experiments were carried out on a Bruker 500-MHz FT NMR 
instrument. Peptide solutions 0.1-1 mM in SDS micelles in D 2 0  were 
used for the NMR studies. The pHs of the NMR samples were mea- 
sured by using a microelectrode attached to the pH meter, and no solvent 
corrections were made to the pH values. For detecting the N M R  signals 
from the heme peptide protons in micelles, it was necessary to simulta- 
neously saturate all the proton signals of detergent and water by using 
a multiple-irradiation program.20 Generally, 1000-5000 transients were 
acquired to give a good signal-to-noise ratio. The temperature of the 
NMR samples was varied and maintained (within f0.5 "C) with an 
automated variable-temperature accessory. A positive sign is used for 
downfield shifts. 
3. Results and Discussion 

(i) Effect of Micelles on Aggregation of Heme Peptides. UV- 
visible spectra of the heme undecapeptide in the presence and 
absence of micellar solution are shown in Figure 2. The sharp 
increase in the absorbance in the Soret region of the heme peptide 
upon incorporation into the micelles indicates the monomeric 

(23) Hallenbeck, P. Biochem. Biophys. Res. Commun. 1978, 83, 946. 
(24) White, W. 1. In The Porphyrins; Dolphin, D., Ed.; Academic: New 

York, 1978; Vol. V, p 303. 
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Figure 3. UV-visible spectra of 1.5 X 10-6 M heme undecapeptide in 5% 
aqueous SDS micellar solution at ( i )  pH 4.6 (-e-), ( i i )  pH 6.5 (---), and 
( i i i )  pH 9.8 (-). 

nature of the heme peptide in  micelle^.'^*^^ The histidine residue 
of both the heme peptides and the free N H 2  groups of the N- 
terminal valine and the lysine residues in MPl1  (see Figure 1) 
are potent axial ligands on the heme iron. Previous studies’ have 
proposed thc existence of three proton-transfer equilibria in the 
ferric MPI I complex, which are assigned to (i) binding of histidine 
to the heme iron by replacing axial water from the diaqua complex 
(pK, 3.4), (ii) replacement of the second water molecule by the 
a-NH2 of valine (pK, 5.8), and (iii) binding of the eamino group 
of lysine by replacement of the valine residue (pKa 7.6). The 
aggregatcs of ferric MPI 1 in aqueous solution at  ambient pH are 
formed by binding of the N-terminal valine or the +NH2 group 
of thc lysine residue of one peptide moiety to the iron of the other 
heme peptide.g*’s One axial position on the iron is however always 
occupied above pH -3 by the histidine residue in both the mo- 
nomeric and the aggregated species. Figure 2 also shows a marked 
difference in the spectral features of the heme peptide in micellar 
solution compared to that in aqueous solution. The visible regions 
of the spectra (see inset in  Figure 2) show a shift in the position 
of the band at 523 nm and an enhancement in intensity of the 
band at 630 nm upon incorporation of MPI 1 inside the micelles. 
This suggcsts that the nature of the coordination environments 
of the iron in ferric MPI I in  the presence and absence of micelles 
are different. The nature of the UV-vis spectra of MPI 1 in- 
corporated inside aqueous micelles at ambient pH is similar to 
that of m e t m y ~ g l o b i n , ~ ~  suggesting possible similarity in their 
coordination geometries, with the fifth and sixth axial sites being 
occupied by the histidine and water, respectively. 

(ii) pH Dependence of Heme Peptides in Micelles. We have 
studied by UV-vis spectroscopy the proton-transfer equilibrium 
of ferric MPI I in aqueous SDS micellar solution over a pH range 
of 1.8-1 0.3 (Figure 3) and observed a pKa at 7.2 (Figure 4), which 
corresponds to the aqua hydroxo equilibrium in the ferric 
complex. Figure 5 shows the pH variation of NMR spectra of 
this peptide complex inside the SDS micelles. At very low pH 
(ca. 1.8), the paramagnetically shifted downfield regions of the 
spectra consist of several peaks in the range 55-80 ppm over a 
broad envelope (Figure 5a). As the pH is increased above - 2, 
a second set of resonances is observed to appear in this region 
(Figure 5b). On further increase in pH, the first set of resonances 
slowly decreases in intensity and finally disappears (pH 5-6), while 
the second set of resonances becomes well-defined in the 55-80 
ppm range (Figure 5c). Increase in pH above -7 causes rapid 
decrease in the intensity of these downfield signals, which finally 
disappear (at pH ?IO), and a new set of resonances in the 10-30 
ppm range appears. These pH-dependent NMR spectra of the 
heme peptidcs were assigned by comparing the earlier assignments 

( 2 5 )  Antonini, E.; Brunori, M. Hemoglobins and Myoglobins in Their Re- 
actions with Ligands; North-Holland: Amsterdam, 197 1. 
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Figure 4. pH titration of the heme undecapeptide (ferric MPI 1) in 5% 
aqueous SDS micellar solution, showing the absorbance vs pH profile at 
1.5 X M peptide concentration: (a) 395 nm (0); (b) 408 nm (0). 
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Figure 5. ’H NMR spectra of the heme undecapeptide (ferric MPl1) 
at pH (a) 9.8, (b) 6.9, (c) 5.6, (d) 2.4, and (e) 1.8. 

of the NMR spectra of a heme protein and model ferric hemes’s4 
in aqueous solutions. 

The set of downfield resonances in Figure 5 a t  the very low pH 
(C2) has close similarity to that of a high-spin diaqua hemin 
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Figure 6. N M R  spectra of (i) the heme undecapeptide (ferric MPI 1) 
and (ii) the heme octapeptide (ferric MP8) at pH (a) 2.4, (b) 5.6, and 
(c) 9.8. 

complex in aqueous micelles, since diaqua hemin peptide complexes 
are likely to exist a t  such pHa20 The other, set of downfield 
resonanccs appearing at a somewhat higher pH (pH 5-6) has 
similarity in pattern to the heme methyl signals in aqua met- 
myoglobins.z6 Between pH 2 and pH 5, these two species coexist 
in solution at  equilibrium. The sharp signals a t  pH - 10 in the 
10-30 ppm range (see Figure 5e) are characteristic of the heme 
methyl protons of low-spin ferric heme complexes3 and may 
correspond to the hydroxo-ligated monohistidine adduct of MPI 1. 
In the intermediate pH range (7-IO), an equilibrium between aqua 
ferric MPI I and hydroxo ferric MPI I exists in the micellar 
solution. The assignment of the paramagnetically shifted heme 
methyl signals and the axial ligation of MPI 1 was further con- 
firmed by comparing its spectra with those of MP8 in aqueous 
micellar solutions (Figure 6). The close similarity in the spectra 
of MP8 to those of MPI I at all pHs suggests that both of the 
two peptides exist as high-spin diaqua species at very low pH and 
at pH above -2 the histidine residue of the peptide chain is bound 
to iron in both cases. Moreover, since MP8 is known to exist as 
the monohydroxo species a t  pH 112,6 a similar monohydroxo 
complex is expected to be present in the case of MPI 1 in aqueous 
micellar solutions at  higher pH (pH 110). This is in conformity 
with our results of the UV-visible spectroscopic study. 

The temperature dependence of the paramagnetic shift (IPS) 
of the heme methyl signals of ferric MPI 1 complexes at  pH 5.6, 
6.9. and 9.8 has been studied over the range 295-350 K. Figure 

(26) LaMar, G .  N.; Budd, D. L.; Smith, K. M.; Langry, K. C. J .  Am. Chem. 
Sm. 1980, 102. 1822. 
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Figure 7. Temperature variation of the paramagnetic shift (the IPS X 
T vs T variations) of the ring methyl proton resonances of (A) the 
high-spin monohistidine monoaqua ferric MPI 1 complex in aqueous SDS 
micelles at pH 5.6 and (B) the low-spin ferric MPI 1 complex in micelles 
at pH 9.8. 
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Figure 8. NMR spectra of the cyano complex of (a) the heme undeca- 
peptide (ferric MPI I )  and (b) the heme octapeptide (ferric MP8) in 5% 
SDS aqueous micellar solution at room temperature. 

7A shows that the paramagnetic shifts of heme protons in ferric 
M P l l  at pH 5.6 (at which the monohistidine monoaqua complex 
is the major species in the micellar solution) closely obey the Curie 
law of temperature dependence, indicating that the contribution 
of the dipolar term to the paramagnetic shift (IPS) is negligibly 
small and the paramagnetic shift in the experimental temperature 
range is predominantly contact in  rigi in.^*^'.^^ The room-tem- 
perature magnetic moments (5.3 f 0.2 and 5.6 f 0.2 pB at p!-l 
1.8 and 5.6, respectively) are consistent with its expected high-spin 
formulation. Since MP11 inside micelles is predominantly mo- 
nomeric, the magnetic moment values for the complexes at  pH 
1.8 and 5.6 suggest that both the diaqua and the monohistidine 
monoaqua ferric MPl l  complexes are high-spin (S  = 5 / 2 )  species. 
At pH 210, the complex in micelles has a magnetic moment of 
-2.1 pB at  room temperature, which is consistent with an as- 
signment of a low-spin ground electronic state (S = ' /2).  The 
temperature dependence of heme methyl resonances at pH -N IO 
also obeys the Curie law (Figure 7B). 

(27) Behere, D. V.; Birdy, R.; Mitra, S. Inorg. Chem. 1982, 21, 386. 
(28) Kurland, R.  J.; McGarvey, B. R .  J .  Magn. Reson. 1970, 2, 286. 
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Figure 9. UV-visible spectra of the ferrous heme undecapeptide (ferrous 
MPI I )  in (a)  aqueous solution in  the absence of  micelles (---) and (b) 
5% aqueous SDS micellar solution (---).  

(iii) Low-Spin Cyanide Complexes of Heme Peptides in Micelles. 
The NMR spectra of the cyano complexes of heme peptides in 
aqueous SDS micellar solution are shown in Figure 8. The 
assignments of the heme methyl protons for the cyano complexes 
are similar to those in the absence of micelles.' The paramagnetic 
shifts of the cyano heme peptide complexes lie in the region similar 
to those of other low-spin ferric porphyrin c~mplexes .~  Figure 
8 shows that the nature of the NMR spectra of the cyano ferric 
MPI 1 complex is very similar to that of MP8, indicating similarity 
in the electronic structures of the two cyano complexes. Moreover, 
the heme methyl signals in low-spin cyano complexes of the heme 
peptides are found to be quite sharp, and like those of other 
low-spin hemin complexes, the line widths of these signals are also 
almost independent of the micellar environment.21 The para- 
magnetic shifts of the heme methyl protons obey the Curie law 
in the temperature range of our study, which indicates that the 
second-order Zeeman contribution to the paramagnetic shift may 
be much smaller in cyano heme peptides compared to the cyano 
complexes of other ferric he me^.^.'^ 

( i v )  Ferrous Heme Peptides inside Micelles. Ferrous complexes 
of the heme peptide were obtained by dithionite reduction of the 
monohistidine monohydroxo complex (at pH -9.8). The esti- 
mation of Fe(1l) by the pyridine hemochrome method3 showed 
that the reduction was 295% complete. The ferrous heme peptide 
obtained in this way was found to be stable for 2-3 days in the 
dark and in the absence of oxygen. Figure 9 shows the UV-visible 
spectra of the ferrous MPI 1 complex in aqueous and in SDS 
micellar solutions. The absorption spectrum of the ferrous MPI 1 
complex in the absence of micelles (Figure 9a) is characteristic 
of six-coordinate ferrous hemes (hemochromes) with A,,, at 555, 
524, and 41 5 nm.29 On the other hand, the optical spectrum of 
the ferrous complex incorporated in aqueous micelles (Figure 9b) 
is quite different from the hemochrome spectra and is identical 
with that of the five-coordinate ferrous deoxy myoglobin complex 
with A,,, at -560 and -430 nm.29 Ferrous MPl 1 in aqueous 
micellar solution may thus have a five-coordinate ferrous heme 
with the axial coordination site probably occupied by the histidine 
molecule, similar to the case of deoxy hemoglobins and deoxy 
 myoglobin^.^^.^^ Treatment of the ferrous peptide complex in 
micellar solution with K3[ Fe(CN),] slowly regenerates the ferric 
heme peptide with spectra similar to that in Figure 3 (ferric heme 
peptide inside micelles, almost 100% regeneration). Moreover, 
since ferrous MPI 1 is prepared by dithionite reduction of the ferric 
complex at pH -9.8. the original ferric peptide species present 
at this pH must be the monohistidine monohydroxo complex in 
micellar solution. In  the absence of micelles, the axial coordination 
of the fcrric heme consists of two amino ligands (histidine and 
either the valine or the lysine residue); hence, on reduction, it gives 

w 
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Figure 10. NMR spectrum of ferrous MPI 1 in  SDS at 303 K 

the six-coordinate low-spin hemochrome species in simple aqueous 
solution. 

The room-temperature NMR spectrum of the ferrous complex 
of MPI 1 in an aqueous SDS solution is shown in Figure 10. The 
paramagnetically shifted heme proton resonances in the ferrous 
peptide complex are broad and appear in the range 20-30 ppm. 
Further, the spectrum of the ferrous MPl  1 complex closely re- 
sembles that reported for five-coordinate ferrous hemes in aqueous 
CTAB solution,29 suggesting a possible similarity in their coor- 
dination geometries. The heme proton resonances of ferrous MPI 1 
are however more downfield shifted than those of the ferrous 
protoheme complex29 but are closer to those in deoxy- 
 myoglobin^^^^^^ with respect to line widths and shifts. The 
room-temperature solution magnetic moment of ferrous MPI 1 
was measured to be 4.5 f 0.2 pB, which confirms its high-spin 
(S = 2) character. By analogy to the similar ferrous complexes 
of five-coordinate natural hemes, the paramagnetic shift in these 
complexes is also expected to be predominantly contact in origin 
with a cr-spin delocalization through the antibonding dX2-yz metal 
orbitaLZ9 The similarity in the line widths and spectral range of 
the heme protons in these ferrous complexes to the ferrous heme 
proteins suggests that, because of the larger size of the heme 
peptide, the mobility of the molecule becomes more restricted 
inside the micelles compared to the case of the protoporphyrin 
complex in micellar solutions, where the spectrum is better re- 
solved.29 

(v)  Line Widths and Spread of the Heme Methyl Signals inside 
Micelles. We note from Figures 5 and 6 that in the high-spin ferric 
heme peptide complexes the line widths of the heme methyl protons 
are significantly large in the micellar solutions (-600 Hz) com- 
pared to those reported in aqueous ~ o l u t i o n s ~ ~ ~ ~  (-200 Hz). In 
the low-spin ferric heme peptides, the change in line widths of 
heme methyl protons in micelles is not as dramatic as in  the 
high-spin complexes (see Figure 8). The heme proton signals in 
ferrous complexes of heme peptides are quite broad and could not 
be well resolved. These changes in line widths of the ring methyl 
protons of different heme complexes in aqueous micellar solutions 
have general similarity to those of heme  protein^.^^,^' 

The broadening of the heme proton resonances is mainly due 
to increase in the total correlation time ( T ~ )  of the heme complex 
inside micelles. The increase in line width, AuObs, of a para- 
magnetic complex inside micelles compared to that in a simple 
aqueous or nonaqueous solution is given as 

where u's are the line widths with the subscripts M and F referring 
to the micellar solution and simple aqueous or nonaqueous solution, 
respectively. K ,  is constant for a given proton in the porphyrin 
molecule and is given by the Solomon-Bolembergen equation.29 
~(T,)M andf(T,)p are the functions of correlation time, T,, where 
subscripts M and F correspond to the micellar solution and simple 
aqueous or nonaqueous solution, respectively. The increase in 

(30) LaMar. G. N. In Biological Applications of Magnetic Resonance; 
Shulman, R .  G . ,  Ed.; Academic: New York, 1979; p 305. 

(31) Dugad, L. B.; LaMar, G. N.; Unger, S. W .  J .  Am. Chem. Soc. 1990, 
112, 1386. 
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paramagnetic line width of the NMR signal of a given proton 
directly depends on the electron spin (S) of the paramagnetic atom. 
Apart from this, i n  the case of high-spin iron(II1) as well as 
high-spin iron(l1) hemes, the Curie spin effect on the line width 
also becomes quite significant a t  high magnetic field (e.g. 11.7 
T, corresponding to 500 MHz in our case),31 where the line width 
increases with the magnetic field and T ~ .  The observed total line 
width thus increases as the total correlation time T ,  of the proton 
increases. Thc total correlation time is given by the electron spin 
relaxation time (7,) and the rotational correlation time (7,) as 
= 1 / T ,  + 1 / T , .  I n  the case of high-spin Fe(II1) complexes (S = 
5/2), the electron spin correlation time T,  is --1O-Io to -10-I' S,~.,O 
and that for low-spin Fe(lll) complexes (S = s.,I 
The typical value of T~ for paramagnetic iron(1I) porphyrins3 is - s. The rotational correlation time (7,) of the heme com- 
plexes i n  simple solution is ca. IO-" s , ~  while T ,  for the micelle 
protons is ca. I 0-9 to s29 (which can be approximated as that 
for heme protons inside the micellar cavity). This increase in 7, 
in micellcs increases the [7,IM, and thus the line widths of the heme 
protons in micelles are expected to be larger than those of the 
protons in simple nonaqueous solutions. Since the T, values for 
high-spin Fc(lll) complexes are comparable to the T ,  values, so 
the [Tc]M values for those systems are increased more significantly 
by the changes i n  the value of T,,  leading to a large increase in 
the linc width inside  micelle^.^' However, T, for the low-spin 
Fe( I 11) species is much lower than T,  in micelles; thus, changes 
in 7, due to increase in viscosity inside the micellar cavity cause 
only a small increase in the total correlation time ( T ~ )  for these 
complexes, and since the total electron spin in low-spin iron is small 
(S = I / , ) ,  the increase in line widths of the heme proton signals 
in micellar solutions of low-spin heme complexes is much smaller 
compared to that in the case of high-spin Fe(II1) porphyrin (S 
= 5/2) complexes. Similarly, the increase in T, in micellar solutions 
only slightly affects the total correlation time, [ T , ] ~ ,  of ferrous 
hemes in micelles, but because of the large value of the unpaired 
electron spin (S = 2) and in the large magnetic field (1 1.7 T, large 
Curie spin contribution), the increase in the paramagnetic line 
widths of the heme protons in ferrous heme complexes is found 
to be quite significant. The value of electron spin relaxation time 
T~ in heme proteins (and hence the N M R  line width) varies 
considerably due to the variations in the anisotropic interactions 
of the heme moiety inside the protein cavity.32 These interactions 
include H-bonding with the nearby protein residues, axial ligation 
with histidine and/or water, and possible formation of a salt bridge 
involving the propionic acid groups. Thus, the NMR line widths 
in heme proteins may increase also due to the increase in T, inside 
the heme cavity. However, this effect is expected to be small in 
the present system of micellar solutions, where increase in T ,  is 
more significant. The presence of a large peptide side chain is 
probably responsible for the larger rotational correlation time 
compared to the case of the protoheme complexes.29 Thus, the 
heme methyl signals in the heme peptide complexes are relatively 
broader compared to those in the corresponding protoheme species. 

is - 

(32) Palmer, G. In The Porphyrins; Dolphin, D., Ed.; Academic: New York, 
1979; Vol. V,  Chapter 6 ,  pp 313-353. 
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The ferrous complexes of heme peptides show an extremely broad 
spectrum mainly because of similar reasons. 

The spread of the heme methyl signals has been a subject of 
extensive study in ferric as well as ferrous hemes and heme 
 protein^.^.,^ It has been p r o p ~ s e d ~ , ~ ~  that the spread of the heme 
methyl proton signals increases as the symmetry of the porphyrin 
complex decreases. The spread of the heme ring methyl resonances 
in the high-spin monohistidine monoaqua ferric heme peptide 
inside aqueous micelles is larger ( - 19 ppm) compared to that 
for the analogous [Fe(PP)(DMSO),] in DMSO solution (8.8 
~ p m ) . ~  Moreover, the spread of the heme methyl proton signals 
in [Fe(PPIX)(H,O),]+ is also smaller (1 1 ppm) than that of the 
heme peptide complex. In the case of aqua metmyoglobin, the 
heme methyl spread is -40 ~ p m , ~  which is much larger even 
compared to that of monohistidine monoaqua ferric heme peptides 
in micelles. The spread of the heme methyl signals in cyano 
metmyoglobin4 and ferricytochrome c cyanide5 is comparable to 
that for cyano heme peptides in aqueous micellar solutions (- 14.3 
ppm; see Figure 8). The peptide side chain in heme peptide 
complexes may cause a significant increase in the in-plane 
asymmetry of these complexes compared to similar complexes of 
protoheme, which suggests the possible role of heme plane 
asymmetry in increasing the spread of the methyl signals. 

4. Conclusions 
The NMR and optical spectral studies on heme peptide com- 

plexes in aqueous SDS micelles suggested that the hydrophobic 
parts of the heme peptide complexes preferentially enter the 
micellar cavity as monomeric species. The pH dependence of 
NMR and UV-visible spectra gave a pK, of 7.2, corresponding 
to the aqua-hydroxo transition in the ferric heme undecapeptide. 
At very low pH, the sole species was found to be the high-spin 
diaqua ferric heme peptide, and as the pH was increased to -5.6 
the high-spin monohistidine monoaquo complex was stabilized. 
At extremely high pH (-9.8), the sole species was the low-spin 
hydroxo histidine complex. The pH dependence of the heme 
peptide complex in the range -6-10 was very similar to that in 
metheme proteins, where the aqua * hydroxo transition is as- 
sociated with a high-spin * low-spin transition. The low-spin 
cyano complex of the heme undecapeptide in aqueous SDS solution 
was found to be predominantly low-spin in nature, and the effect 
of the structural asymmetry introduced by the peptide side chain 
in the heme undecapeptide and heme octapeptide complexes was 
manifested in the spread and nature of the spectra of the heme 
methyl protons. The ferrous complexes of heme peptides have 
been stabilized and characterized in aqueous SDS micellar so- 
lution. These ferrous heme peptides are five-coordinated high-spin 
species with the histidine residue of the peptide chain axially 
coordinated. The line widths of the heme methyl resonances were 
found to be similar to those of proteins. These studies indicate 
that heme peptides in aqueous micellar solution present good 
models for the heme cavity in both ferric and ferrous heme pro- 
teins. 
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