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We herein demonstate, via near infrared magnetic circular 
dichroism (NIR-MCD) and electron paramagnetic resonance 
(EPR) spectroscopy, that replacement of Phe82 by His in an 
iso-1-cytochrome c mutant1-2 from the yeast Saccharomyces 
cervisiae results in bis-His ligation of the heme iron. Because 
His82 is the only His on the distal side of the heme, it apparently 
coordinates the iron in place of the normal Met ligand even though 
the latter is still present in the mutant protein at position 80. This 
is an unprecedented example of a change in heme iron coordination 
structure achieved through site-directed mutagenesis in which 
neither of the original amino acid ligands has been replaced. 
Instead, mutagenesis of a residue two amino acids away from the 
wild-type distal ligand produces this interesting change in 
coordination structure. Exchanging one amino acid for another 
by site-directed mutagenesis has become a popular methodology 
in probing enzyme mechanisms. The change in coordination 
structure following mutagenesis presented herein, necessarily 
involving at least local peptide chain disordering, indicates that 
the presumption of identical active site topology or metal ligation 
following isometric amino acid replacement may not always be 
valid. 

The NIR-MCD spectra (Figure 1) of ferric iso-1 -cytochrome 
c with Cysl02 replaced by Thr (C102T, employed herein as the 
wild-type1) and the double mutant also having Phe82 replaced 
by His (F82H) show only positive features characteristic of ferric 
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(1) (a) Our version of wild-type yeast iso-1-cytochrome c, the C102T 
variant,"1 is structurally identical to the wild-type protein'0 but is more amenable 
to biophysical studies.'11 Variant proteins are described using the one-letter 
code1* with the original residue given first, followed by the residue number 
and the new residue. Throughout this paper, the numbering system for higher 
eukaryotic cytochromes c is used." (b) Cutler, R. L.; Pielak, G. J.; Mauk, 
A. G.;Smith,M.ProteinEng. 1987, /,95-99. (c) Gao,Y.; Boyd, J.;Williams, 
R. J. P.; Pielak, G. J. Biochemistry 1990,29,6994-7003. Gao, Y.; Boyd, J.; 
Pielak, G. J.; Williams, R. J. P. Biochemistry 1991,30,1928-1934. Berghuis, 
A. M.; Brayer, G. D. / . MoI. Biol. 1992,223,959-976. (d) Betz, S. F.; Pielak, 
G. J.; Biochemistry, 1992,31,12337-12344. (e) IUPAC-IUB. J. Biol. Chem. 
1985, 260, 14-41. (0 Moore, G. R.; Pettigrew, G. W. Cytochromes c: 
Evolutionary, Structural and Physiochemical Aspects; Springer-Verlag: 
Berlin, 1990. 

(2) Hilgen, S. E.; Pielak, G. J. Protein Eng. 1991, 4, 575-578. 
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Figure 1. Near-IR magnetic circular dichroism spectra of 2.07 mM 
ferric F82H cytochrome c (—) and of 3.08 mM ferric C102Tcytochrome 
c ( ), obtained in 50 mM potassium phosphate buffer, pD 7.00 
(corrected as observed pH + 0.44, ref 13), 277 K, 1.41 T, 0.1-cm path 
length. C102T is employed herein as the wild-type. 

low-spin heme proteins.3 The NIR-MCD and corresponding EPR 
data are summarized in Table 1, along with those for horse 
cytochrome c, its imidazole complex, and additional bis-His and 
His/Lys ligated examples. The NIR-MCD spectra of ferric 
C102T and F82H,4 as well as the UV-vis MCD in both ferric 
and ferrous states (data not shown),5 compare well with those of 
native horse cytochrome c and its imidazole complex, respectively.6 

These observations are consistent with His/ Met and bis-His 
ligation for the C102T and F82H variants, respectively. 

Replacement of the invariant surface residue, Phe, by Ser at 
position 82 results in formation of a solvent channel to the distal 
side of the heme, with Ser being oriented approximately in the 
same location relative to the heme as Phe82 is in the wild-type 
protein.7 It is therefore possible that water or hydroxide is "the 
heme iron distal ligand in F82H. However, all His/H20 ligated 
heme iron proteins are at least partially high-spin at neutral pH; 
F82H is exclusively low-spin as indicated by the complete absence 
of a derivative-shaped MCD feature between 1000 and 1100 nm 
(9090-10 000 cm-1) that is typical of high-spin ferric heme 
complexes.8 Hydroxide (or other oxygen donor) ligated low-spin 
heme proteins exhibit Eci between 9775and9300 cnr1,4b whereas 

(3) (a) Stephens, P. J.; Sutherland, J. C; Cheng, J. C; Eaton, W. A. In 
Proceedings of the International Conference on Excited States in Biological 
Wo/ecu/ej;Birks,J.B.,Ed.;Wiley: New York, 1976; pp 434-442. (b)Nozawa, 
T.; Yamamoto, T.; Hatano, M. Biochim. Biophys. Acta 1976, 427, 28-37. 

(4) (a) Thomson and co-workers4b-d have shown that UV-vis MCD cannot 
be used to distinguish His/Met from bis-His ligated ferric porphyrins. 
However, the UV-vis MCDs of such adducts in the ferrous state differ 
significantly in the ratio of MCD signal intensities for the Soret region relative 
to the visible region. It therefore appears that UV-vis MCD can differentiate 
between these two ligand sets in the ferrous state. Further studies addressing 
this point are underway, (b) Gadsby, P. M. A.; Thomson, A. J. J. Am. Chem. 
Soc. 1990,112, 5003-5011. (c) Thomson, A. J.; Gadsby, P. M. A. / . Chem. 
Soc.,DaltonTrans.l990,\92\-\92Z. (d)Cheesman,M.R.;Greenwood,C; 
Thomson, A. J. Adv. Inorg. Chem. 1990, 36, 201-255. 

(5) Hawkins, B. K. Ph.D. Dissertation, University of South Carolina, 
Columbia, SC, 1992. 

(6) (a) Vickery, L.; Salmon, A.; Sauer, K. Biochim. Biophys. Acta 1975, 
386, 87-98. (b) Rawlings, J.; Stephens, P. J.; Nafie, L. A.; Kamen, M. D. 
Biochemistry 1977,16,1725-1729. (c) Kobayashi, N.; Nozawa, T.; Hatano, 
M. Bull. Chem. Soc. Jpn. 1981,54,919-920. (d) Gadsby, P. M. A.; Peterson, 
J.; Foote, N.; Greenwood, C; Thomson, A. J. Biochem. J. 1987,246, 43-54. 

(7) (a) The heme moiety of the Phe82Ser mutant has been demonstrated 
to be His/Met ligated via X-ray crystallography.71''' (b) Louie, G. V.; Pielak, 
G. J.; Smith, M.; Brayer, G. D. Biochemistry 1988, 27,7870-7876. (c) Gao, 
Y.; Boyd, J.; Pielak, G. J.; Williams, R. J. P. Biochemistry 1991, 30, 7033-
7040. 

(8) Dawson, J. H.; Dooley, D. M. In Iron Porphyrins, Part III; Lever, A. 
P. B., Gray, H. B., Eds.; VCH: New York, 1989; pp 1-135. 
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Table 1. EPR Parameters and Energies of Near-IR Charge-Transfer Bands of Low-Spin Ferric Hemoproteins 

protein 

cytochrome <* 
C 102T' 
F82H'' 
cytochrome C-ImH'' 
cytochrome a> 
cytochrome C}h 

cytochrome C}1 

cytochrome c-alk/ 

gz 

3.07 
3.10 
2.96 
2.96 
3.03 
3.02 
2.96 
3.33 

EPR g values" 

Sy 

2.23 
2.25 
2.23 
2.26 
2.21 
2.25 
2.29 
2.05 

gx 

1.26 
1.35/ 
1.51/ 
1.51 
1.45 
1.50 
1.59 
1.13* 

peak wavelength of 
near-IR CT band* (nm) 

1725' 
1725 
1510 
1480« 
1564 
1548 
1502 
1480 

£cr (cm-1)' 

5797 
5797 
6623 
6757 
6394 
6460 
6658 
6757 

ligation of heme 

His/Met 
His/Met 
His/His 
His/imidazole 
His/His 
His/His 
His/His 
His/Lys 

" g values ordered as expected for typical heme iron complexes although no single-crystal experiments have been performed. * Peak wavelength of 
MCD at 277 K, 1.41 T for this work; MCD at 4.2 K, 5 T for work reported in ref 4b.c EQT = 107(peak wavelength)-'. * This work. Horse cytochrome 
c, cytochrome C-ImH; ImH, imidazole. C102T and F82H refer to the appropriate variant of yeast iso-1-cytochrome c, ref 1; C102T is employed herein 
as the wild-type. • These values are in excellent agreement with those reported in ref 4b. /Estimated from the relation Lg^ = 16, as the experimental 
location of the g value is uncertain owing to a low transition probability or the possibility of confusion with other signals. * Cytochrome a from cytochrome 
c oxidase complex, ref 4b. * Cytochrome C} Norway, pD 6.5, ref 4b.' Desulphovibrio vulgaris cytochrome c$, ref 4b. J Alkaline horse cytochrome c 
(pD 11.0), ref 4b. * Experimental location of g value is uncertain because of low transition probability or to the possibility of confusion with other signals. 

the value of £ C T observed for F82H is 6623 cm-1. The NIR-
MCD spectral properties of the F82H variant therefore rule out 
water, hydroxide, and other oxygen donors as the distal ligand 
to the heme iron. 

Gadsby and Thomson have described a protocol for the 
identification of axial ligands in low-spin ferric protoporphyrin 
IX complexes.41'-'' Comparison of NIR-MCD and EPR param­
eters for samples with unknown coordination to those of standards 
with known ligation leads, in general, to unambiguous axial ligand 
assignment. NIR-MCD can be used as the sole technique in 
distinguishing His/Met, bis-His, His/H20, His/OH, and His/ 
Cys axial ligand sets.9 However, NIR-MCD alone is not sufficient 
to differentiate bis-His from His/amine ligation.4b_d Alkaline 
horse cytochrome c (pD 11.0) is known to be His/Lys bound and 
exhibits a charge-transfer band (2?CT) at 6757 cm-', while the 
n-butylamine adduct of soybean leghemoglobin presents its 
transition at 6452 cnr'.4b Thus the ECT values for His/amine 
ligated examples overlap the range of 6135-6757 cm-' (imidazole-
bound leghemoglobin and horse cytochrome c-imidazole,4b 

respectively) observed for known Wr-His adducts. The charge-
transfer band for F82H (6623 cm-1) lies within this range. 

The NIR-MCD data (Table 1) provide strong exclusionary 
evidence concerning the distal ligand in the F82H variant; it is 
not Met, Cys, water, or hydroxide. This leaves Lys and His as 
candidates; His/Lys and bis-His complexes can readily be 
distinguished by EPR in conjunction with NIR-MCD using the 
Gadsby-Thomson protocol. F82H exhibits g values virtually 
identical to those of the imidazole complex of horse cytochrome 
c and in good agreement with those observed for several bis-His 
examples (Table 1). Furthermore, the EPR parameters observed 
for F82H are substantially different than those seen for horse 
cytochrome c (pD 11.0), known to have His/Lys heme ligands.4b 

Although some bis-His ligated systems have g: as high as 3.55, 
these exhibit characteristic non-Gaussian features with a cutoff 
on the low-field edge leading to a ramp-shaped appearance for 
gr,

4b which is not seen for F82H. This evidence provides additional 
support for the conclusion that F82H is bis-His coordinated. The 

(9) A recent report'b questions the use of £cr/EPR parameters to elucidate 
heme iron ligand sets as published by Thomson and co-workers.4 A series of 
cytochromes c exhibits NMR features consistent with His/Met ligation, but 
EPR g values suggest bis-His ligation. However, the NMR experiments were 
conducted at 298 K and the EPR at 10 K. The apparent dichotomy raised 
by Teixeira et al. may be the result of changes in heme iron coordination upon 
freezing. Accordingly, NIR-MCD should be conducted at both temperatures 
to eliminate this possibility, (b) Teixeira, M.; Campos, A. P.; Aguiar, A. P.; 
Costa, H. S.; Santos, H.; Turner, D. L.; Xavier, A. FEBS Lett. 1993, 317, 
233-236. 

absence of Met ligation is also fully supported by 1H NMR. No 
resonances indicative of Met ligation to the heme in either the 
ferrous or the ferric oxidation state were observed.10 

In the absence of a three-dimensional structure for the F82H 
variant, it is not possible to rigorously define the geometry of the 
protein. However, there are no histidines on the distal side of the 
heme in the wild-type protein.'' Residues -7 to 50 la are proximal 
to the heme; histidines 18 (proximal ligand), 26, 33, and 39 are 
thus all unavailable as distal ligands unless major conformational 
changes have occurred as a result of replacing Phe82 by His. 
Such changes, which would likely interdict formation of the 
necessary three-dimensional binding and electron-transfer do­
mains, are unexpected.12 Although mutagenesis of a residue two 
amino acids away from the wild-type ligand would not be expected 
to affect the heme iron coordination, the spectral evidence 
presented herein shows that the distal ligand of the F82H variant 
is His82 rather than Met80. 

In summary, we have used the Gadsby-Thomson NIR-MCD/ 
EPR protocol to determine that the heme iron of a novel 
cytochrome c, F82H, is ligated by His 18 and His82. This novel 
ligation-state change must result from local disordering of the 
cytochrome c active site upon exchanging Phe82 for His. Thus, 
His82, a residue two amino acids away from the wild-type distal 
Met ligand, binds at the heme iron in F82H. As Phe and His 
are roughly the same size, this study provides an important caveat 
for site-directed mutagenesis studies, namely, local order may 
not be preserved even if the amino acids exchanged are of similar 
size. This point is particularly relevant for studies of metal-
loenzymes, in which, as demonstrated herein, the ligation state 
of the metal may be altered following site-directed mutagenesis. 
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(10) Hilgen-Willis, S.; Pielak, G. J., unpublished observations. 
(11) (a) Louie, G. V.; Brayer, G. D. J. MoI. Biol. 1990,214,527-555. (b) 

Takano, T.; Dickerson, R. E. J. MoI. Biol. 1981,153,95-115. (c) Dickerson, 
R. E.; Takano, T.; Eisenberg, D.; Kalai, O. B.; Samson, L.; Cooper, A.; 
Margoliash, E. J. Biol. Chem. 1971, 246, 1511-1533. 

(12) Further studies addressing the issue of heme ligation and activity in 
vivo are underway. 

(13) Glasoe, P. K.; Long, F. A. J. Phys. Chem. 1960, 64, 188-190. 


