
Vol. 87, No. 1, 1979 BIOCHEMICAL AND BIOPHYSICAL RESEARCH COMMUNICATIONS 

March 15, 1979 Pages 229-235 

NMR STDDIES OF P-450 MODEL SYSTEMS: 

NEW STRUCTDRAL PROBES FOR SULFUR-CONTAINING HEMOPROTEINS 

Albin P. Berzinis and T. G. Traylor* 

Department of Chemistry, University of California, San Diego 
La Jolla, California 92093 

Received December 18,1978 

SUMMARY 

A simple model for ferrous cytochrome P-450 has been investigated by 
proton and carbon-13 Fourier transform NMR. In the proton spectrum of the 8- 
phenethyl mercaptan-protoheme-CO complex, the protons a and 8 to mercaptide 
sulfur are observed 2.62 and 0.62 ppm upfield of tetramethylsilane. The 
13C0 spectra show characteristic shifts at 204.7 and 197.0 6 for neutral and 
deprotonated mercaptan complexes, respectively. 

INTRODUCTION 

Spectroscopic comparisons of model systems (1) with cytochrome P-450 

have provided rather strong evidence for a mercaptide-iron linkage in these 

hemoproteins (2). However, there still remains some disagreement concerning 

the nature of the proximal and distal ligands (3) of these and other hemo- 

proteins, such as chloroperoxidase (4), which have similar spectroscopic 

properties. 

We present here NMR studies of model compounds as new probes to provide 

more definitive characterization of the mercaptide-heme bond. 

MATERIALS ANDMETHODS 

Protoheme IX bis(dioctylamide) and bis(dimethylamide) were used for 

neutral and deprotonated conditions, respectively. The longer alkyl chain 

afforded high solubility in the aromatic thiol solvent. The protohemin bis- 

(dialkylamides) were synthesized from protohemin IX (Calbiochem) and the 

*To whom reprint requests should be addressed. 
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appropriate diamines (Aldrich), using the pivaloyl anhydride coupling proce- 

dure and purification by column chromatography as previously described (5). 

These new compounds exhibited ferrous-CO NMK spectra consistent with their 

structures. 

Deuterated solvents were obtained from Stohler Isotope Chemicals, and 

90% enriched 13C0 from Merck, Sharp and Dohme. 8-Phenethyl mercaptan (Pfaltz 

and Bauer) was distilled in vacua. Sodium dithionite (Baker) and 18-crown-6 

(Aldrich) were used as received. 

The 220 MHz proton NMK spectra were recorded on a Varian H&220/Nicolet 

TT-100 pulse/Fourier transform spectrometer, using 4 KHz sweep width and 8K 

data points. Proton-noise-decoupled 13C spectra were recorded at 20 MHz on 

a Varian CFT-20 pulse/Fourier transform spectrometer. Spectra were obtained 

using 10 mm tubes, internal deuterium lock, a 5 KHz sweep width and 8K data 

points. Chemical shifts are reported in ppm downfield of internal TMS, 

except for 13C spectra in DMSO-d6, where the solvent peak at 39.6 6 was 

used (6). 

Solutions were prepared 0.03 g in heme in NMK tubes equipped with a 

spacer for visible spectroscopy and closed by a silicone septum (7). Solu- 

tions for mercaptide NMK were prepared by dissolution of the heme and 18- 

crown-6 (-0.1 M> in DMSO-d6. After degassing, 12C0 or 90% 13C0 was admitted, 

and the heme reduced by a few microliters of D20 saturated with sodium dithi- 

onite. Phenethyl mercaptan was added to give a threefold excess over heme. 

The resultant DMSO-heme-CO complex was then titrated with approximately 1 

equivalent of 3 g deuterated dimsyl anion, prepared from DMSO-d6 and NaH (8), 

to yield the mercaptide-heme-CO complex, as judged by changes in the NMK 

spectrum. 

For mercaptan-heme-CO NMK, the heme was dissolved in pure phenethyl 

mercaptan under CO, shaken over a DPO-dithionite solution, and transferred to 

a CO-filled NMK tube. The D20 exchanged with @X2CH2SH to provide the internal 

deuterium lock. 
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Figure 1. NMR spectra of ferroprotoheme bis(dimethylamide) as the DMSO-heme- 
CO complex (lower trace) and the mercaptide-heme-CO complex (upper 
trace). 

RFSIJLTS 

The proton NMR spectrum of protoheme IX biscdimethylamide), as a ferrous 

DMSO-heme-CO complex, is shown in Figure 1 (lower trace). The resonances of 

the threefold excess of phenethyl mercaptan are also present. No evidence 

for mercaptan binding is seen in this spectrum, which is confirmed by the 

visible spectrum showing bands at 563 and 533 nm, typical of a DMSO-heme-CO 

complex (7). Titration with dimsyl anion solution gave a spectrum (upper 

trace) in which >80% of the heme was converted to the mercaptide-CO complex, 

which showed a single, broad visible band at -555 nm and a Soret band at 

-460 nm. A number of heme resonances shift upon formation of the mercaptide 

complex, but the most striking features are the bound mercaptide methylenes 
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at -0.62 and -2.62 6. Shifts for the aromatic protons of the bound ligand 

are also seen upfield of their free solution positions. 

The proton NMR spectrum of a neutral mercaptan-heme-CO complex was ob- 

tained in neat, undeuterated phenethyl mercaptan. This complex gave visible 

bands at 567 and 539 nm and a Soret band at 420 nm, in agreement with previ- 

ously reported thiol complexes (9), and in contrast to the water-heme-CO 

complexes which have a Soret band at 414 nm. Dilution with an equal volume 

of benzene, or warming or cooling the neat mercaptan-heme-CO solutions, 

caused no change in the sharp 420 nm Soret band, demonstrating complete RSH 

binding. We attribute our inability to observe bound phenethyl mercaptan NMR 

resonances to rapid exchange (10). The proton chemical shifts of these three 

complexes are shown in Table 1. 

The chemical shift values of 13C0 bound to these complexes were also 

obtained. The same visible spectral characteristics were seen as in proton 

NMR. Titration of the DMSO-heme-l3 CO complex at 207.7 6 with dimsyl anion 

led to the mercaptide-heme-l3 CO complex, which showed a large upfield shift 

to 197.0 6. This is in contrast to the value obtained in neat mercaptan for 

mercaptan-heme-13C0 of 204.7 6. Thus, a chemical shift difference of 8 ppm 

is seen in the deprotonation of mercaptan-heme-CO complexes. 

DISCUSSION 

Proton NMR studies of hemoproteins are generally carried out on para- 

magnetic complexes, in which certain heme substituents are hyperfine-shifted 

to positions outside the usual O-10 6 diamagnetic region (11). Studies of 

biologically interesting diamagnetic hemoproteins, such as oxy or carbon- 

monoxy hemoglobin, have been hampered by the fact that proton resonances for 

all heme-related groups, including the bound histidine, occur in the O-10 6 

region and are hence obscured by the envelope of the protein protons (12). 

It appeared that 13C0 would be an ideal probe for the diamagnetic com- 

plexes, inasmuch as the ligand is readily available, has a high affinity, and 
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Table 1 

Proton Chemical Shifts of the Protoheme Model in ppm Downfield of TMS 

Substituent 

Meso-H 

-ml=4 

-c=cIi, 

f; 
-CH2CH73 

Ring methyls 

-RR2 

4.19,3.21 

3.65-3.37 

2.74 

3.38 

2.76 

4.502 

3.59-3.53 

1.3 -O.ac 

Sulfur Ligand 

1) free 

Ph 7.24 

2.84-2.68 

7.20 7.14-6.99 

-CH2CH2- 

2) bound 

Ph 

2.58-2.44 2.67-2.49 

- 6.58,6.02 - 

-CH2CH2- -0.62(8),-2.62(a) - 

DMSOa 

I 
-Fe- 

I 
co 

10.04-9.87 

a.42 

6.34,6.26 
6.08,6.03 

o ,%H2-Pha 

92 

I 
-Fe- 

I 

9.61-9.36 10.24-9.24 

8.27 0.30 

6.21,6.13 6.30,6.22 
5.94,5.89 6.00.5.95 

4.02,3.09 

cfgCH 2--Phb 

*\/ 

I 
-Fe- 

I 
60 

SProtoheme IX bis(dimethylamide) in DMSO-d6. 

bProtoheme IX bis(dioctylamide) in neat phenethyl mercaptan. 

COther resonances obscured by solvent. 

is easily observable. However, studies of a variety of hemoglobins and myo- 

globins have revealed a rather small variation in the 13C shifts obtained. 

For example, hemoglobins from sources as disparate as human, rabbit, carp, 

and bloodworm all occur within 206-208 6 (13). Larger 13C-enriched ligands 

such as isonitriles show a greater protein-to-protein variation, but this 

seems to be more a function of the distal pocket than of the proximal 

ligand (14). 
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This communication presents new data for the use of 1% and 1~ NMR of 

diamagnetic proteins as diagnostic probes of electronic and structure fea- 

tures. The 13C0 chemical shift of 197.0 6 obtained for the P-450 mercaptide 

model is substantially different from values of both histidine-containing 

proteins and model imidazole-heme complexes (15). The value of 204.7 6 for 

the neutral mercaptan complex is shifted much less, but is still outside the 

region where imidazole hemoproteins such as hemoglobin occur. Thus, 

observation of the 13C0 resonances in proteins postulated to have cysteinyl 

ligands, in conjunction with the characteristic visible spectra, should con- 

firm assignment of mercaptide or mercaptan as a ligand. The sensitivity of 

these shifts to deprotonation of the sulfur might also allow probing of 

hydrogen-bonding effects. 

Perhaps even more promising are the prospects for proton NMR study of 

sulfur-containing hemoproteins. The chemical shifts of the protons a to 

sulfur in cysteine are expected to be nearly the same as those in phenethyl 

mercaptan (16). The fact that the large, ring current-induced shielding (17) 

of the porphyrin macrocycle moves the resonance of these protons in phenethyl 

mercaptide to a position -3 ppm upfield of TMS leads us to predict that a 

bound cysteinyl mercaptide residue will be directly observable. While we 

have not been able to observe bound neutral mercaptan in the lli NMR, the fact 

that the ring current of the heme dominates the position of the shifts means 

that a neutral cysteine ligand should also appear upfield of TMS. While more 

difficult to model, a diamagnetic sulfur-heme-oxygen complex would be expected 

to behave similarly, and hence be observable in the protein. 

In conclusion, IH and 13C NMR studies of sulfur-containing hemoproteins 

offer the possibility of not.only conclusively demonstrating the nature of 

the ligand in diamagnetic complexes, but also of yielding detailed stereo- 

chemical information (18). Such studies are underway in these laboratories. 

234 



Vol. 87, No. 1, 1979 BIOCHEMICAL AND BIOPHYSICAL RESEARCH COMMJNICATIONS 

ACKNOWLEDCMENTS 

We wish to thank the National Science Foundation (Grant 'CHE 75-22283) 

for support of this research, and the National Institutes of Health (Grant 

RR-00708) for the NMR facilities which were used. 

REFERENCES 

1. 

2. 

3. 

4. 
5. 

6. 

7. 

8. 
9. 

10. 

11. 

12. 

13. 

14. 

15. 

16. 

17. 

18. 

19. 

Chang, C. K. and Dolphin, D., "Bioorganic Chemistry," E. E. van Tamelen, 
Ed., Academic Press, New York, 1978, Vol. 4, pp. 37-80. This paper 
reviews the P-450 model systems. 

Gunsalus, I. C., Meeks, J. R., Lipscomb, J. C., Debrunner, P., and 
Miinck, E., "Molecular Mechanisms of Oxygen Activation," 0. Hayaishi, 
Ed., Academic Press, New York, 1974, pp. 559-613 and references cited 
there. 

Chevion, M., Peisach, .I., and Blumberg, W. A. (1977) J. Biol. Chem., 252, 
3637-3645. 

Hollenberg, P. F. and Hager, L. P. (1973) J. Biol. Chem., 248, 2630-2633. 
Gefbel, J., Cannon, J., Campbell, D., and Traylor, T. G. (1978) J. Am. 

Chem. Sot., 100, 3575-3585 
Levy, G. C. and Nelson, G. L., "Carbon-13 Nuclear Magnetic Resonance for 

Organic Chemists," Wiley-Interscience, New York, 1972, p. 23. 
Traylor, T. G., Chang, C. K., Geibel, J., Berzinis, A., Mincey, T., and 

Cannon, J., manuscript in preparation. 
Corey, E. J..and Chaykovsky, J. (1962) J. Am. Chem. Sot., 84, 866-867. 
Collman, J. P., Sorell, T. N., Dawson, J. H., Trudell, J. R., 

Bunnenberg, E., and Djerassi, C. (1976) Proc. Natl. Acad. Sci. USA, 
73, 6-10. 

Becker, E. D., "High Resolution NMR," Academic Press, New York, 1969, 
pp. 214-227. 

For example, see La Mar, G. N., Overkamp, M., Sick, II., and Gersonde, K. 
(1978) Biochemistry l7, 352-361. 

La Mar, G. N., 'Frye, J. S., and Satterlee, J. D. (1976) Biochim. Biophys. 
Acta, 428, 78-90. 

Moon, R. B., Dill, K., and Richards, J. H. (1977) Biochemistry, 16, 
221-228. 

Mansuy, D., Lallemand, J.-Y., Chottard, J.-C., and Cendrier, B. (1976) 
Biochem. Biophys. Res. Commun., 70, 595-599. 

La Mar, G. N., Viscio, D. B., Budd, D. L., and Gersonde, K. (1978) 
Biochem. Biophys. Res. Commun., 82, 19-23. 

Silverstein, R. M., Bassler, G. C., and Morrill, T. C., "Spectrometric 
Identification of Organic Compounds," John Wiley and Sons, New York, 
1974 

Abraham, R. J., Fell, S. C. M., 
2, 367-373. 

and Smith, K. M. (1977) Org. Mag. Res., 
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of a 13C0 NMR study of 

bacterial cytochrome P-45C-13CO and myoglobin-13CG by N. A. Matwiyoff 
and S. B. Philson (1972, unpublished). They reported 6 values of 
200.3 ppm and 207.7 ppm for the P-450 and myoglobin-l3CC, compared to 
our values of 197.0 and 205.5 for the corresponding mercaptide-heme-13CO 
and imidazole-protoheme-13C0 model compounds. The similar shifts of 8.5 
PP for imidazole to mercaptide and 7.4 ppm for myoglobin to p-450 pro- 
vide additional evidence for the mercaptide group in p-450-CC. 
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