
Transient complexes of haem proteins
Volkov, O.M.

Citation
Volkov, O. M. (2007, February 28). Transient complexes of haem proteins.
Leiden Institute of Chemistry/MetProt Group, Faculty of Mathematics and
Natural Sciences, Leiden University. Retrieved from
https://hdl.handle.net/1887/11002
 
Version: Corrected Publisher’s Version

License:
Licence agreement concerning inclusion of doctoral
thesis in the Institutional Repository of the University
of Leiden

Downloaded from: https://hdl.handle.net/1887/11002
 
Note: To cite this publication please use the final published version (if
applicable).

https://hdl.handle.net/1887/license:5
https://hdl.handle.net/1887/license:5
https://hdl.handle.net/1887/license:5
https://hdl.handle.net/1887/11002


 

 

 

 

 

 

 

 

References 
 



References 

154 

 1.  Janin, J. Kinetics and thermodynamics of protein-protein interactions, in Protein-Protein Recognition, 

C. Kleanthous, Ed. (Oxford Univ. Press, New York, 2000), pp. 1-32. 

 2.  Schreiber, G. & Fersht, A. R. Interaction of barnase with its polypeptide inhibitor barstar studied by 

protein engineering. Biochemistry 32, 5145-5150 (1993). 

 3.  Schreiber, G., Buckle, A. M. & Fersht, A. R. Stability and function: two constraints in the evolution of 

barstar and other proteins. Structure 2, 945-951 (1994). 

 4.  Crowley, P. B. & Ubbink, M. Close encounters of the transient kind: protein interactions in the 

photosynthetic redox chain investigated by NMR spectroscopy. Acc. Chem. Res. 36, 723-730 (2003). 

 5.  Prudêncio, M. & Ubbink, M. Transient complexes of redox proteins: structural and dynamic details 

from NMR studies. J. Mol. Recognit. 17, 524-539 (2004). 

 6.  Radic, Z., Kirchhoff, P. D., Quinn, D. M., McCammon, J. A. & Taylor, P. Electrostatic influence on 

the kinetics of ligand binding to acetylcholinesterase. Distinctions between active center ligands and 

fasciculin. J. Biol. Chem. 272, 23265-23277 (1997). 

 7.  Schreiber, G. & Fersht, A. R. Rapid, electrostatically assisted association of proteins. Nat. Struct. Biol. 

3, 427-431 (1996). 

 8.  Lo Conte, L., Chothia, C. & Janin, J. The atomic structure of protein-protein recognition sites. J. Mol. 

Biol. 285, 2177-2198 (1999). 

 9.  Crowley, P. B. & Carrondo, M. A. The architecture of the binding site in redox protein complexes: 

implications for fast dissociation. Proteins 55, 603-612 (2004). 

 10.  Crowley, P. B. Transient protein interactions of photosynthetic redox partners. Ph.D. thesis (Leiden 

University, Leiden, The Netherlands, 2002). 

 11.  Liang, Z. X., Jiang, M., Ning, Q. & Hoffman, B. M. Dynamic docking and electron transfer between 

myoglobin and cytochrome b5. J. Biol. Inorg. Chem. 7, 580-588 (2002). 

 12.  Worrall, J. A. R., Liu, Y., Crowley, P. B., Nocek, J. M., Hoffman, B. M. & Ubbink, M. Myoglobin and 

cytochrome b5: a nuclear magnetic resonance study of a highly dynamic protein complex. Biochemistry 

41, 11721-11730 (2002). 

 13.  Smoluchowski, M. V. Versuch einer mathematischen Theorie der Koagulationskinetik kolloider 

Loeschungen. Z. Phys. Chem. 92, 129-168 (1917). 

 14.  Tsai, C. J., Lin, S. L., Wolfson, H. J. & Nussinov, R. Studies of protein-protein interfaces: a statistical 

analysis of the hydrophobic effect. Prot. Sci. 6, 53-64 (1997). 

 15.  Northrup, S. H. & Erickson, H. P. Kinetics of protein-protein association explained by Brownian 

dynamics computer simulation. Proc. Natl. Acad. Sci. U. S. A. 89, 3338-3342 (1992). 

 16.  Kang, C. H., Brautigan, D. L., Osheroff, N. & Margoliash, E. Definition of cytochrome c binding 

domains by chemical modification. Reaction of caboxydinitrophenyl- and trinitrophenyl-cytochromes c 

with baker's yeast cytochrome c peroxidase. J. Biol. Chem. 253, 6502-6510 (1978). 

 17.  Eltis, L. D., Herbert, R. G., Barker, P. D., Mauk, A. G. & Northrup, S. H. Reduction of horse heart 

ferricytochrome c by bovine liver ferrocytochrome b5. Experimental and theoretical analysis. 

Biochemistry 30, 3663-3674 (1991). 



References 

155 

 18.  Adam, G. & Delbruck, M. Structural Chemistry and Molecular Biology, A. Rich, N. Davidson, Eds. 

(Freeman, San Francisco, 1968), pp. 198-215. 

 19.  Berg, O. G. & von Hippel, P. H. Diffusion-controlled macromolecular interactions. Annu. Rev. 

Biophys. Biophys. Chem. 14, 131-160 (1985). 

 20.  von Hippel, P. H. & Berg, O. G. Facilitated target location in biological systems. J. Biol. Chem. 264, 

675-678 (1989). 

 21.  Sommer, J., Jonah, C., Fukuda, R. & Bersohn, R. Production and subsequent second-order 

decomposition of protein disulfide anions. Lengthy collisions between proteins. J. Mol. Biol. 159, 721-

744 (1982). 

 22.  Berg, O. G. Orientation constraints in diffusion-limited macromolecular association. The role of 

surface diffusion as a rate-enhancing mechanism. Biophys. J. 47, 1-14 (1985). 

 23.  Camacho, C. J., Weng, Z., Vajda, S. & DeLisi, C. Free energy landscapes of encounter complexes in 

protein-protein association. Biophys. J. 76, 1166-1178 (1999). 

 24.  Camacho, C. J., Kimura, S. R., DeLisi, C. & Vajda, S. Kinetics of desolvation-mediated protein-protein 

binding. Biophys. J. 78, 1094-1105 (2000). 

 25.  Sheinerman, F. B., Norel, R. & Honig, B. Electrostatic aspects of protein-protein interactions. Curr. 

Opin. Struct. Biol. 10, 153-159 (2000). 

 26.  Northrup, S. H., Boles, J. O. & Reynolds, J. C. L. Brownian dynamics of cytochrome c and cytochrome 

c peroxidase association. Science 241, 67-70 (1988). 

 27.  Gabdoulline, R. R. & Wade, R. C. Protein-protein association: investigation of factors influencing 

association rates by brownian dynamics simulations. J. Mol. Biol. 306, 1139-1155 (2001). 

 28.  Bendall, D. S. Protein Electron Transfer, D. S. Bendall, Ed. (BIOS Scientific Publishers, Oxford, 

1996). 

 29.  Hervás, M., Navarro, J. A. & De la Rosa, M. A. Electron transfer between membrane complexes and 

soluble proteins in photosynthesis. Acc. Chem. Res. 36, 798-805 (2003). 

 30.  Maneg, O., Malatesta, F., Ludwig, B. & Drosou, V. Interaction of cytochrome c with cytochrome 

oxidase: two different docking scenarios. Biochim. Biophys. Acta 1655, 274-281 (2004). 

 31.  Simonneaux, G. & Bondon, A. Mechanism of electron transfer in heme proteins and models: the NMR 

approach. Chem. Rev. 105, 2627-2646 (2005). 

 32.  Keilin, D. On cytochrome, a respiratory pigment, common to animals, yeast, and higher plants. Proc. 

R. Soc. London, B 98, 312-339 (1925). 

 33.  Keilin, D. Proc. R. Soc. London, B 104, 206-252 (1929). 

 34.  Banci, L. & Assfalg, M. Mitochondrial cytochrome c, in Handbook of Metalloproteins, A. 

Messerschmidt, R. Huber, T. L. Poulos, K. Wieghardt, Eds. (Wiley, Chichester, 2001), pp. 33-43. 

 35.  Berg, J. M., Tymoczko, J. L. & Stryer, L. Oxidative phosphorylation, in Biochemistry, 5, J. M. Berg, J. 

L. Tymoczko, L. Stryer, Eds. (Freeman, New York, 2002), pp. 491-526. 

 36.  Barker, P. D., Mauk, M. R. & Mauk, A. G. Proton titration curve of yeast iso-1-cytochrome c. 

Electrostatic and conformational effects of point mutations. Biochemistry 30, 2377-2383 (1991). 

 37.  Bushnell, G. W., Louie, G. V. & Brayer, G. D. High-resolution three-dimensional structure of horse 

heart cytochrome c. J. Mol. Biol. 214, 585-595 (1990). 



References 

156 

 38.  Sherman, F., Taber, H. & Campbell, W. Genetic determination of iso-cytochromes c in yeast. J. Mol. 

Biol. 13, 21-39 (1965). 

 39.  Sherman, F., Stewart, J. W., Parker, J. H., Inhaber, E., Shipman, N. A., Putterman, G. J., Gardisky, R. 

L. & Margoliash, E. The mutational alteration of the primary structure of yeast iso-1-cytochrome c. J. 

Biol. Chem. 243, 5446-5456 (1968). 

 40.  Willie, A., McLean, M., Liu, R. Q., Hilgen-Willis, S., Saunders, A. J., Pielak, G. J., Sligar, S. G., 

Durham, B. & Millett, F. Intracomplex electron transfer between ruthenium-65-cytochrome b5 and 

position-82 variants of yeast iso-1-cytochrome c. Biochemistry 32, 7519-7525 (1993). 

 41.  Pollock, W. B. R., Rosell, F. I., Twitchett, M. B., Dumont, M. E. & Mauk, A. G. Bacterial expression 

of a mitochondrial cytochrome c. Trimethylation of Lys 72 in yeast iso-1-cytochrome c and the alkaline 

conformational transition. Biochemistry 37, 6124-6131 (1998). 

 42.  Dumont, M. E., Ernst, J. F., Hampsey, D. M. & Sherman, F. Identification and sequence of the gene 

encoding cytochrome c heme lyase in the yeast Saccharomyces cerevisiae. EMBO J. 6, 235-241 

(1987). 

 43.  Louie, G. V., Hutcheon, W. L. & Brayer, G. D. Yeast iso-1-cytochrome c. A 2.8 Å resolution three-

dimensional structure determination. J. Mol. Biol. 199, 295-314 (1988). 

 44.  Kraulis, P. J. MOLSCRIPT: a program to produce both detailed and schematic plots of protein 

structures. J. Appl. Crystallogr. 24, 946-950 (1991). 

 45.  Banci, L., Bertini, I., Rosato, A. & Varani, G. Mitochondrial cytochromes c: a comparative analysis. J. 

Biol. Inorg. Chem. 4, 824-837 (1999). 

 46.  Louie, G. V. & Brayer, G. D. High-resolution refinement of yeast iso-1-cytochrome c and comparisons 

with other eukaryotic cytochromes c. J. Mol. Biol. 214, 527-555 (1990). 

 47.  Baistrocchi, P., Banci, L., Bertini, I., Turano, P., Bren, K. L. & Gray, H. B. Three-dimensional solution 

structure of Saccharomyces cerevisiae reduced iso-1-cytochrome c. Biochemistry 35, 13788-13796 

(1996). 

 48.  Berghuis, A. M. & Brayer, G. D. Oxidation state-dependent conformational changes in cytochrome c. 

J. Mol. Biol. 233, 959-976 (1992). 

 49.  Banci, L., Bertini, I., Bren, K. L., Gray, H. B., Sompornpisut, P. & Turano, P. Solution structure of 

oxidized Saccharomyces cerevisiae iso-1-cytochrome c. Biochemistry 36, 8992-9001 (1997). 

 50.  Strittmatter, C. F. & Ball, E. G. A hemochromogen component of liver microsomes. Proc. Natl. Acad. 

Sci. U. S. A. 38, 19-25 (1952). 

 51.  Strittmatter, P. & Velick, S. F. The isolation and properties of microsomal cytochrome. J. Biol. Chem. 

221, 253-264 (1956). 

 52.  Nelson, D. L. & Cox, M. M. Lipid biosynthesis, in Lehninger Principles of Biochemistry, 4, D. L. 

Nelson, M. M. Cox, Eds. (Freeman, New York, 2005), pp. 787-832. 

 53.  Estabrook, R. W., Hildebrandt, A. G., Baron, J., Netter, K. J. & Leibman, K. A new spectral 

intermediate associated with cytochrome P-450 function in liver microsomes. Biochem. Biophys. Res. 

Commun. 42, 132-139 (1971). 

 54.  Hultquist, D. E. & Passon, P. G. Catalysis of methaemoglobin reduction by erythrocyte cytochrome b5 

and cytochrome b5 reductase. Nature (London) New Biol. 229, 252-254 (1971). 



References 

157 

 55.  Mauk, M. R. & Mauk, A. G. Interaction between cytochrome b5 and human methemoglobin. 

Biochemistry 21, 4730-4734 (1982). 

 56.  Mathews, F. S. b-Type cytochrome electron carriers: cytochromes b562, b5, and flavocytochrome b2, in 

Handbook of Metalloproteins, A. Messerschmidt, R. Huber, T. L. Poulos, K. Wieghardt, Eds. (Wiley, 

Chichester, 2001), pp. 159-171. 

 57.  Stayton, P. S., Fisher, M. T. & Sligar, S. G. Determination of cytochrome b5 association reactions. 

Characterization of metmyoglobin and cytochrome P-450cam binding to genetically engineered 

cytochrome b5. J. Biol. Chem. 263, 13544-13548 (1988). 

 58.  Funk, W. D., Lo, T. P., Mauk, M. R., Brayer, G. D., MacGillivray, R. T. A. & Mauk, A. G. Mutagenic, 

electrochemical, and crystallographic investigation of the cytochrome b5 oxidation-reduction 

equilibrium: involvement of asparagine-57, serine-64, and heme propionate-7. Biochemistry 29, 5500-

5508 (1990). 

 59.  Velick, S. F. & Strittmatter, P. The oxidation-reduction stoichiometry and potential of microsomal 

cytochrome. J. Biol. Chem. 221, 265-275 (1956). 

 60.  Mathews, F. S., Argos, P. & Levine, M. Three-dimensional Fourier synthesis of calf liver cytochrome 

b5 at 2.8 Å resolution. Cold Spring Harbor Symp. Quant. Biol. 36, 387-395 (1972). 

 61.  Durley, R. C. & Mathews, F. S. Refinement and structural analysis of bovine cytochrome b5 at 1.5 Å 

resolution. Acta Crystallogr. , Sect. D: Biol. Crystallogr. 52, 65-76 (1996). 

 62.  Arnesano, F., Banci, L., Bertini, I. & Felli, I. C. The solution structure of oxidized rat microsomal 

cytochrome b5. Biochemistry 37, 173-184 (1998). 

 63.  Argos, P. & Mathews, F. S. The structure of ferrocytochrome b5 at 2.8 Å resolution. J. Biol. Chem. 250, 

747-751 (1975). 

 64.  Banci, L., Bertini, I., Ferroni, F. & Rosato, A. Solution structure of reduced microsomal rat cytochrome 

b5. Eur. J. Biochem. 249, 270-279 (1997). 

 65.  Altschul, A. M., Abrams, R. & Hogness, T. R. Cytochrome c peroxidase. J. Biol. Chem. 136, 777-794 

(1940). 

 66.  Yonetani, T. Studies on cytochrome c peroxidase: II. Stoichiometry between enzyme, H2O2, and 

ferrocytochrome c and enzymic determination of extinction coefficients of cytochrome c. J. Biol. 

Chem. 240, 4509-4514 (1965). 

 67.  Chance, B., Devault, D., Legallais, V., Mela, L. & Yonetani, T. Kinetics of electron transfer reactions 

in biological systems, in Fast Reactions and Primary Processes in Chemical Reactions, S. Claesson, 

Ed. (Interscience, New York, 1967), pp. 437-464. 

 68.  Conroy, C. W. & Erman, J. E. pH titration study of cytochrome c peroxidase and apocytochrome c 

peroxidase. Biochim. Biophys. Acta 537, 396-405 (1978). 

 69.  Yonetani, T. & Ray, G. S. Studies on cytochrome c peroxidase: I. Purification and some properties. J. 

Biol. Chem. 240, 4503-4508 (1965). 

 70.  Goodin, D. B., Mauk, A. G. & Smith, M. Studies of the radical species in compound ES of cytochrome 

c peroxidase altered by site-directed mutagenesis. Proc. Natl. Acad. Sci. U. S. A. 83, 1295-1299 (1986). 



References 

158 

 71.  Goodin, D. B., Mauk, A. G. & Smith, M. The peroxide complex of yeast cytochrome c peroxidase 

contains two distinct radical species, neither of which resides at methionine 172 or tryptophan 51. J. 

Biol. Chem. 262, 7719-7724 (1987). 

 72.  Goltz, S., Kaput, J. & Blobel, G. Isolation of the yeast nuclear gene encoding the mitochondrial protein, 

cytochrome c peroxidase. J. Biol. Chem. 257, 11186-11190 (1982). 

 73.  Goodin, D. B., Davidson, M. G., Roe, J. A., Mauk, A. G. & Smith, M. Amino acid substitutions at 

tryptophan-51 of cytochrome c peroxidase: effects on coordination, species preference for cytochrome 

c, and electron transfer. Biochemistry 30, 4953-4962 (1991). 

 74.  Teske, J. G., Savenkova, M. I., Mauro, J. M., Erman, J. E. & Satterlee, J. D. Yeast cytochrome c 

peroxidase expression in Escherichia coli and rapid isolation of various highly pure holoenzymes. 

Protein Expres. Purif. 19, 139-147 (2000). 

 75.  Savenkova, M. I., Satterlee, J. D., Erman, J. E., Siems, W. F. & Helms, G. L. Expression, purification, 

characterization, and NMR studies of highly deuterated recombinant cytochrome c peroxidase. 

Biochemistry 40, 12123-12131 (2001). 

 76.  Poulos, T. L., Freer, S. T., Alden, R. A., Xuong, N., Edwards, S. L., Hamlin, R. C. & Kraut, J. 

Crystallographic determination of the heme orientation and location of the cyanide binding site in yeast 

cytochrome c peroxidase. J. Biol. Chem. 253, 3730-3735 (1978). 

 77.  Poulos, T. L., Freer, S. T., Alden, R. A., Edwards, S. L., Skogland, U., Takio, K., Eriksson, B., Xuong, 

N., Yonetani, T. & Kraut, J. The crystal structure of cytochrome c peroxidase. J. Biol. Chem. 255, 575-

580 (1980). 

 78.  Finzel, B. C., Poulos, T. L. & Kraut, J. Crystal structure of cytochrome c peroxidase refined at 1.7-Å 

resolution. J. Biol. Chem. 259, 13027-13036 (1984). 

 79.  Bonagura, C. A., Bhaskar, B., Shimizu, H., Li, H., Sundaramoorthy, M., McRee, D. E., Goodin, D. B. 

& Poulos, T. L. High-resolution crystal structures and spectroscopy of native and compound I 

cytochrome c peroxidase. Biochemistry 42, 5600-5608 (2003). 

 80.  Yonetani, T. Studies on cytochrome c peroxidase: IV. A comparison of peroxide-induced complexes of 

horseradish and cytochrome c peroxidases. J. Biol. Chem. 241, 2562-2571 (1966). 

 81.  Jordi, H. C. & Erman, J. E. Cytochrome c peroxidase catalyzed oxidation of ferrocyanide by hydrogen 

peroxide. Transient state kinetics. Biochemistry 13, 3734-3741 (1974). 

 82.  Yonetani, T. & Schleyer, H. Studies on cytochrome c peroxidase: IX. The reaction of ferrimyoglobin 

with hydroperoxides and a comparison of peroxide-induced compounds of ferrimyoglobin and 

cytochrome c peroxidase. J. Biol. Chem. 242, 1974-1979 (1967). 

 83.  Schulz, C. E., Rutter, R., Sage, J. T., Debrunner, P. G. & Hager, L. P. Mössbauer and electron 

paramagnetic resonance studies of horseradish peroxidase and its catalytic intermediates. Biochemistry 

23, 4743-4754 (1984). 

 84.  Yonetani, T., Schleyer, H. & Ehrenberg, A. Studies on cytochrome c peroxidase: VII. Electron 

paramagnetic resonance absorption of the enzyme and complex ES in dissolved and crystalline forms. 

J. Biol. Chem. 241, 3240-3243 (1966). 

 85.  Sivaraja, M., Goodin, D. B., Smith, M. & Hoffman, B. M. Identification by ENDOR of Trp 191 as the 

free-radical site in cytochrome c peroxidase compound ES. Science 245, 738-740 (1989). 



References 

159 

 86.  Erman, J. E., Vitello, L. B., Mauro, J. M. & Kraut, J. Detection of an oxyferryl porphyrin π-cation-

radical intermediate in the reaction between hydrogen peroxide and a mutant yeast cytochrome c 

peroxidase. Evidence for tryptophan-191 involvement in the radical site of compound I. Biochemistry 

28, 7992-7995 (1989). 

 87.  Erman, J. E. & Vitello, L. B. Yeast cytochrome c peroxidase: mechanistic studies via protein 

engineering. Biochim. Biophys. Acta 1597, 193-220 (2002). 

 88.  Takano, T., Kallai, O. B., Swanson, R. & Dickerson, R. E. The structure of ferrocytochrome c at 2.45 

Å resolution. J. Biol. Chem. 248, 5234-5255 (1973). 

 89.  Salemme, F. R. An hypothetical structure for an intermolecular electron transfer complex of 

cytochromes c and b5. J. Mol. Biol. 102, 563-568 (1976). 

 90.  McLendon, G. & Hake, R. Interprotein electron transfer. Chem. Rev. 92, 481-490 (1992). 

 91.  Mauk, A. G., Mauk, M. R., Moore, G. R. & Northrup, S. H. Experimental and theoretical analysis of 

the interaction between cytochrome c and cytochrome b5. J. Bioenerg. Biomemb. 27, 311-330 (1995). 

 92.  Durham, B., Fairris, J. L., McLean, M., Millett, F., Scott, J. R., Sligar, S. G. & Willie, A. Electron 

transfer from cytochrome b5 to cytochrome c. J. Bioenerg. Biomemb. 27, 331-340 (1995). 

 93.  Smith, M. B., Stonehuerner, J., Ahmed, A. J., Staudenmayer, N. & Millett, F. Use of specific 

trifluoroacetylation of lysine residues in cytochrome c to study the reaction with cytochrome b5, 

cytochrome c1, and cytochrome oxidase. Biochim. Biophys. Acta 592, 303-313 (1980). 

 94.  Reid, L. S., Mauk, M. R. & Mauk, A. G. Role of heme propionate groups in cytochrome b5 electron 

transfer. J. Am. Chem. Soc. 106, 2182-2185 (1984). 

 95.  Rodgers, K. K., Pochapsky, T. C. & Sligar, S. G. Probing the mechanism of macromolecular 

recognition: the cytochrome b5 - cytochrome c complex. Science 240, 1657-1659 (1988). 

 96.  Mauk, M. R., Mauk, A. G., Weber, P. C. & Matthew, J. B. Electrostatic analysis of the interaction of 

cytochrome c with native and dimethyl ester heme substituted cytochrome b5. Biochemistry 25, 7085-

7091 (1986). 

 97.  Burch, A. M., Rigby, S. E. J., Funk, W. D., MacGillivray, R. T. A., Mauk, M. R., Mauk, A. G. & 

Moore, G. R. NMR characterization of surface interactions in the cytochrome b5 - cytochrome c 

complex. Science 247, 831-833 (1990). 

 98.  Willie, A., Stayton, P. S., Sligar, S. G., Durham, B. & Millett, F. Genetic engineering of redox donor 

sites: measurement of intracomplex electron transfer between ruthenium-65 cytochrome b5 and 

cytochrome c. Biochemistry 31, 7237-7242 (1992). 

 99.  Northrup, S. H., Thomasson, K. A., Miller, C. M., Barker, P. D., Eltis, L. D., Guillemette, J. G., Inglis, 

S. C. & Mauk, A. G. Effects of charged amino acid mutations on the bimolecular kinetics of reduction 

of yeast iso-1-ferricytochrome c by bovine ferrocytochrome b5. Biochemistry 32, 6613-6623 (1993). 

 100.  Hom, K., Ma, Q. F., Wolfe, G., Zhang, H., Storch, E. M., Daggett, V., Basus, V. J. & Waskell, L. NMR 

studies of the association of cytochrome b5 with cytochrome c. Biochemistry 39, 14025-14039 (2000). 

 101.  Shao, W., Im, S. C., Zuiderweg, E. R. P. & Waskell, L. Mapping the binding interface of the 

cytochrome b5 - cytochrome c complex by nuclear magnetic resonance. Biochemistry 42, 14774-14784 

(2003). 



References 

160 

 102.  Banci, L., Bertini, I., Felli, I. C., Krippahl, L., Kubicek, K., Moura, J. J. G. & Rosato, A. A further 

investigation of the cytochrome b5 - cytochrome c complex. J. Biol. Inorg. Chem. 8, 777-786 (2003). 

 103.  Eley, C. G. S. & Moore, G. R. 1H-NMR investigation of the interaction between cytochrome c and 

cytochrome b5. Biochem. J. 215, 11-21 (1983). 

 104.  Whitford, D., Concar, D. W., Veitch, N. C. & Williams, R. J. P. The formation of protein complexes 

between ferricytochrome b5 and ferricytochrome c studied using high-resolution 1H-NMR 

spectroscopy. Eur. J. Biochem. 192, 715-721 (1990). 

 105.  Millett, F., Miller, M. A., Geren, L. & Durham, B. Electron transfer between cytochrome c and 

cytochrome c peroxidase. J. Bioenerg. Biomemb. 27, 341-351 (1995). 

 106.  Nocek, J. M., Zhou, J. S., de Forest, S., Priyadarshy, S., Beratan, D. N., Onuchic, J. N. & Hoffman, B. 

M. Theory and practice of electron transfer within protein-protein complexes: application to 

multidomain binding of cytochrome c by cytochrome c peroxidase. Chem. Rev. 96, 2459-2490 (1996). 

 107.  Pelletier, H. & Kraut, J. Crystal structure of a complex between electron transfer partners, cytochrome 

c peroxidase and cytochrome c. Science 258, 1748-1755 (1992). 

 108.  Poulos, T. L. & Kraut, J. A hypothetical model of the cytochrome c peroxidase - cytochrome c electron 

transfer complex. J. Biol. Chem. 255, 10322-10330 (1980). 

 109.  Zhou, J. S. & Hoffman, B. M. Cytochrome c peroxidase simultaneously binds cytochrome c at two 

different sites with strikingly different reactivities: titrating a "substrate" with an enzyme. J. Am. Chem. 

Soc. 115, 11008-11009 (1993). 

 110.  Zhou, J. S. & Hoffman, B. M. Stern-volmer in reverse: 2:1 stoichiometry of the cytochrome c - 

cytochrome c peroxidase electron-transfer complex. Science 265, 1693-1696 (1994). 

 111.  Mauk, M. R., Ferrer, J. C. & Mauk, A. G. Proton linkage in formation of the cytochrome c - 

cytochrome c peroxidase complex: electrostatic properties of the high- and low-affinity cytochrome 

binding sites on the peroxidase. Biochemistry 33, 12609-12614 (1994). 

 112.  Miller, M. A., Geren, L., Han, G. W., Saunders, A., Beasley, J., Pielak, G. J., Durham, B., Millett, F. & 

Kraut, J. Identifying the physiological electron transfer site of cytochrome c peroxidase by structure-

based engineering. Biochemistry 35, 667-673 (1996). 

 113.  Mei, H., Wang, K., McKee, S., Wang, X., Waldner, J. L., Pielak, G. J., Durham, B. & Millett, F. 

Control of formation and dissociation of the high-affinity complex between cytochrome c and 

cytochrome c peroxidase by ionic strength and the low-affinity binding site. Biochemistry 35, 15800-

15806 (1996). 

 114.  Mei, H., Geren, L., Miller, M. A., Durham, B. & Millett, F. Role of the low-affinity binding site in 

electron transfer from cytochrome c to cytochrome c peroxidase. Biochemistry 41, 3968-3976 (2002). 

 115.  Stemp, E. D. A. & Hoffman, B. M. Cytochrome c peroxidase binds two molecules of cytochrome c: 

evidence for a low-affinity, electron-transfer-active site on cytochrome c peroxidase. Biochemistry 32, 

10848-10865 (1993). 

 116.  Pappa, H. S. & Poulos, T. L. Site-specific cross-linking as a method for studying intramolecular 

electron transfer. Biochemistry 34, 6573-6580 (1995). 



References 

161 

 117.  Pappa, H. S., Tajbaksh, S., Saunders, A. J., Pielak, G. J. & Poulos, T. L. Probing the cytochrome c 

peroxidase - cytochrome c electron transfer reaction using site specific cross-linking. Biochemistry 35, 

4837-4845 (1996). 

 118.  Guo, M., Bhaskar, B., Li, H., Barrows, T. P. & Poulos, T. L. Crystal structure and characterization of a 

cytochrome c peroxidase - cytochrome c site-specific cross-link. Proc. Natl. Acad. Sci. U. S. A. 101, 

5940-5945 (2004). 

 119.  Nakani, S., Viriyakul, T., Mitchell, R., Vitello, L. B. & Erman, J. E. Characterization of a covalently 

linked yeast cytochrome c - cytochrome c peroxidase complex: evidence for a single, catalytically 

active cytochrome c binding site on cytochrome c peroxidase. Biochemistry 45, 9887-9893 (2006). 

 120.  McLendon, G. Control of biological electron transport via molecular recognition and binding: the 

"Velcro" model. Struct. Bonding (Berlin) 75, 159-174 (1991). 

 121.  Moench, S. J., Chroni, S., Lou, B. S., Erman, J. E. & Satterlee, J. D. Proton NMR comparison of 

noncovalent and covalently cross-linked complexes of cytochrome c peroxidase with horse, tuna, and 

yeast ferricytochromes c. Biochemistry 31, 3661-3670 (1992). 

 122.  McLendon, G., Wallin, S. A., Miller, R. M., Billstone, V., Spears, K. G., Hoffman, B. M. & Zhang, Q. 

Thermodynamic and kinetic aspects of binding and recognition in the cytochrome c / cytochrome c 

peroxidase complex. J. Am. Chem. Soc. 115, 3665-3669 (1993). 

 123.  Jeng, M. F., Englander, S. W., Pardue, K., Rogalskyj, J. S. & McLendon, G. Structural dynamics in an 

electron-transfer complex. Nat. Struct. Biol. 1, 234-238 (1994). 

 124.  Yi, Q., Erman, J. E. & Satterlee, J. D. Studies of protein-protein association between yeast cytochrome 

c peroxidase and yeast iso-1-ferricytochrome c by hydrogen-deuterium exchange labeling and proton 

NMR spectroscopy. Biochemistry 33, 12032-12041 (1994). 

 125.  Moore, G. R., Cox, M. C., Crowe, D., Osborne, M. J., Rosell, F. I., Bujons, J., Barker, P. D., Mauk, M. 

R. & Mauk, A. G. N-ε,N-ε-dimethyl-lysine cytochrome c as an NMR probe for lysine involvement in 

protein-protein complex formation. Biochem. J. 332, 439-449 (1998). 

 126.  Yi, Q., Erman, J. E. & Satterlee, J. D. 1H NMR evaluation of yeast isoenzyme-1 ferricytochrome c 

equilibrium exchange dynamics in noncovalent complexes with two forms of yeast cytochrome c 

peroxidase. J. Am. Chem. Soc. 116, 1981-1987 (1994). 

 127.  Wang, X. & Pielak, G. J. Equilibrium thermodynamics of a physiologically-relevant heme-protein 

complex. Biochemistry 38, 16876-16881 (1999). 

 128.  Pielak, G. J. & Wang, X. Interactions between yeast iso-1-cytochrome c and its peroxidase. 

Biochemistry 40, 422-428 (2001). 

 129.  Worrall, J. A. R., Kolczak, U., Canters, G. W. & Ubbink, M. Interaction of yeast iso-1-cytochrome c 

with cytochrome c peroxidase investigated by [15N, 1H] heteronuclear NMR spectroscopy. 

Biochemistry 40, 7069-7076 (2001). 

 130.  Dominguez, C., Boelens, R. & Bonvin, A. M. J. J. HADDOCK: a protein-protein docking approach 

based on biochemical or biophysical information. J. Am. Chem. Soc. 125, 1731-1737 (2003). 

 131.  Stonehuerner, J., Williams, J. B. & Millett, F. Interaction between cytochrome c and cytochrome b5. 

Biochemistry 18, 5422-5427 (1979). 



References 

162 

 132.  Mauk, M. R., Reid, L. S. & Mauk, A. G. Spectrophotometric analysis of the interaction between 

cytochrome b5 and cytochrome c. Biochemistry 21, 1843-1846 (1982). 

 133.  Ng, S., Smith, M. B., Smith, H. T. & Millett, F. Effect of modification of individual cytochrome c 

lysines of the reaction with cytochrome b5. Biochemistry 16, 4975-4978 (1977). 

 134.  Rodgers, K. K. & Sligar, S. G. Mapping electrostatic interactions in macromolecular associations. J. 

Mol. Biol. 221, 1453-1460 (1991). 

 135.  Miura, R., Sugiyama, T., Akasako, K. & Yamano, T. An NMR study on the interaction between 

cytochrome b5 and cytochrome c. Biochem. Int. 1, 532-538 (1980). 

 136.  La Mar, G. N., Budd, D. L., Viscio, D. B., Smith, K. M. & Langry, K. C. Proton nuclear magnetic 

resonance characterization of heme disorder in hemoproteins. Proc. Natl. Acad. Sci. U. S. A. 75, 5755-

5759 (1978). 

 137.  Keller, R. M. & Wüthrich, K. Structural study of the heme crevice in cytochrome b5 based on 

individual assignments of the 1H NMR lines of the heme group and selected amino acid residues. 

Biochim. Biophys. Acta 621, 204-217 (1980). 

 138.  La Mar, G. N., Burns, P. D., Jackson, J. T., Smith, K. M., Langry, K. C. & Strittmatter, P. Proton 

magnetic resonance determination of the relative heme orientations in disordered native and 

reconstituted ferricytochrome b5. Assignment of heme resonances by deuterium labeling. J. Biol. Chem. 

256, 6075-6079 (1981). 

 139.  Nicholls, A., Sharp, K. A. & Honig, B. Protein folding and association: insights from the interfacial and 

thermodynamic properties of hydrocarbons. Proteins 11, 281-296 (1991). 

 140.  Merritt, E. A. & Bacon, D. J. Raster3D: photorealistic molecular graphics. Methods Enzymol. 277, 505-

524 (1997). 

 141.  Gao, Y., Boyd, J., Williams, R. J. P. & Pielak, G. J. Assignment of proton resonances, identification of 

secondary structural elements, and analysis of backbone chemical shifts for the C102T variant of yeast 

iso-1-cytochrome c and horse cytochrome c. Biochemistry 29, 6994-7003 (1990). 

 142.  Rodríguez-Marañón, M. J., Qiu, F., Stark, R. E., White, S. P., Zhang, X., Foundling, S. I., Rodriguez, 

V., Schilling, C. L. III, Bunce, R. A. & Rivera, M. 13C NMR spectroscopic and X-ray crystallographic 

study of the role played by mitochondrial cytochrome b5 heme propionates in the electrostatic binding 

to cytochrome c. Biochemistry 35, 16378-16390 (1996). 

 143.  Crowley, P. B., Rabe, K. S., Worrall, J. A. R., Canters, G. W. & Ubbink, M. The ternary complex of 

cytochrome f and cytochrome c: identification of a second binding site and competition for 

plastocyanin binding. Chem. Bio. Chem. 3, 526-533 (2002). 

 144.  Qian, C., Yao, Y., Ye, K., Wang, J., Tang, W., Wang, Y., Wang, W., Lu, J., Xie, Y. & Huang, Z. 

Effects of charged amino-acid mutation on the solution structure of cytochrome b5 and binding between 

cytochrome b5 and cytochrome c. Prot. Sci. 10, 2451-2459 (2001). 

 145.  Ren, Y., Wang, W. H., Wang, Y. H., Case, M., Qian, W., McLendon, G. & Huang, Z. X. Mapping the 

electron transfer interface between cytochrome b5 and cytochrome c. Biochemistry 43, 3527-3536 

(2004). 

 146.  Worrall, J. A. R., Reinle, W., Bernhardt, R. & Ubbink, M. Transient protein interactions studied by 

NMR spectroscopy: the case of cytochrome c and adrenodoxin. Biochemistry 42, 7068-7076 (2003). 



References 

163 

 147.  Ubbink, M. & Bendall, D. S. Complex of plastocyanin and cytochrome c characterized by NMR 

chemical shift analysis. Biochemistry 36, 6326-6335 (1997). 

 148.  Guiles, R. D., Sarma, S., DiGate, R. J., Banville, D., Basus, V. J., Kuntz, I. D. & Waskell, L. 

Pseudocontact shifts used in the restraint of the solution structures of electron transfer complexes. Nat. 

Struct. Biol. 3, 333-339 (1996). 

 149.  Deep, S., Im, S. C., Zuiderweg, E. R. P. & Waskell, L. Characterization and calculation of a 

cytochrome c - cytochrome b5 complex using NMR data. Biochemistry 44, 10654-10668 (2005). 

 150.  Morar, A. S., Kakouras, D., Young, G. B., Boyd, J. & Pielak, G. J. Expression of 15N-labeled 

eukaryotic cytochrome c in Escherichia coli. J. Biol. Inorg. Chem. 4, 220-222 (1999). 

 151.  Ozols, J. & Strittmatter, P. The interaction of porphyrins and metalloporphyrins with apocytochrome 

b5. J. Biol. Chem. 239, 1018-1023 (1964). 

 152.  Margoliash, E. & Frohwirt, N. Spectrum of horse-heart cytochrome c. Biochem. J. 71, 570-572 (1959). 

 153.  Boucher,W. AZARA 2.7. Department of Biochemistry, University of Cambridge. 

ftp://www.bio.cam.ac.uk/pub/azara/ (2002). 

 154.  Kraulis, P. J. Ansig - a program for the assignment of protein 1H and 2D NMR spectra by interactive 

computer graphics. J. Magn. Reson. 84, 627-633 (1989). 

 155.  Helgstrand, M., Kraulis, P. J., Allard, P. & Hard, T. Ansig for Windows: an interactive computer 

program for semiautomatic assignment of protein NMR spectra. J. Biol. NMR 18, 329-336 (2000). 

 156.  Kannt, A., Young, S. & Bendall, D. S. The role of acidic residues of plastocyanin in its interaction with 

cytochrome f. Biochim. Biophys. Acta 1277, 115-126 (1996). 

 157.  Brünger, A. T. X-PLOR 3.1 Manual (Yale Univ. Press, Yale, 1992). 

 158.  Hubbard,S.J. & Thornton,J.M. NACCESS. Department of Biochemistry and Molecular Biology, 

University College London. http://wolf.bms.umistac.uk/ (1993). 

 159.  Gordon, S. L. & Wüthrich, K. Transient proton-proton Overhauser effects in horse ferrocytochrome c. 

J. Am. Chem. Soc. 100, 7094-7096 (1978). 

 160.  Braun, W., Bosch, C., Brown, L. R., Go, N. & Wüthrich, K. Combined use of proton-proton 

Overhauser enhancements and a distance geometry algorithm for determination of polypeptide 

conformations. Application to micele-bound glucagon. Biochim. Biophys. Acta 667, 377-396 (1981). 

 161.  Zuiderweg, E. R. P. Mapping protein - protein interactions in solution by NMR spectroscopy. 

Biochemistry 41, 1-7 (2002). 

 162.  Bonvin, A. M. J. J., Boelens, R. & Kaptein, R. NMR analysis of protein interactions. Curr. Opin. 

Chem. Biol. 9, 501-508 (2005). 

 163.  Ubbink, M., Worrall, J. A. R., Canters, G. W., Groenen, E. J. J. & Huber, M. Paramagnetic resonance 

of biological metal centers. Annu. Rev. Biophys. Biomol. Struct. 31, 393-422 (2002). 

 164.  Arnesano, F., Banci, L. & Piccioli, M. NMR structures of paramagnetic metalloproteins. Q. Rev. 

Biophys. 38, 167-219 (2005). 

 165.  Ubbink, M., Ejdeback, M., Karlsson, B. G. & Bendall, D. S. The structure of the complex of 

plastocyanin and cytochrome f, determined by paramagnetic NMR and restrained rigid-body molecular 

dynamics. Structure 6, 323-335 (1998). 



References 

164 

 166.  Crowley, P. B., Otting, G., Schlarb-Ridley, B. G., Canters, G. W. & Ubbink, M. Hydrophobic 

interactions in a cyanobacterial plastocyanin - cytochrome f complex. J. Am. Chem. Soc. 123, 10444-

10453 (2001). 

 167.  Lange, C., Cornvik, T., Díaz-Moreno, I. & Ubbink, M. The transient complex of poplar plastocyanin 

with cytochrome f: effects of ionic strength and pH. Biochim. Biophys. Acta 1707, 179-188 (2005). 

 168.  Díaz-Moreno, I., Díaz-Quintana, A., De la Rosa, M. A. & Ubbink, M. Structure of the complex 

between plastocyanin and cytochrome f from the cyanobacterium Nostoc sp. PCC 7119 as determined 

by paramagnetic NMR. The balance between electrostatic and hydrophobic interactions within the 

transient complex determines the relative orientation of the two proteins. J. Biol. Chem. 280, 18908-

18915 (2005). 

 169.  Pintacuda, G., Park, A. Y., Keniry, M. A., Dixon, N. E. & Otting, G. Lanthanide labeling offers fast 

NMR approach to 3D structure determinations of protein-protein complexes. J. Am. Chem. Soc. 128, 

3696-3702 (2006). 

 170.  Ma, C. & Opella, S. J. Lanthanide ions bind specifically to an added "EF-hand" and orient a membrane 

protein in micelles for solution NMR spectroscopy. J. Magn. Reson. 146, 381-384 (2000). 

 171.  Donaldson, L. W., Skrynnikov, N. R., Choy, W. Y., Muhandiram, D. R., Sarkar, B., Forman-Kay, J. D. 

& Kay, L. E. Structural characterization of proteins with an attached ATCUN motif by paramagnetic 

relaxation enhancement NMR spectroscopy. J. Am. Chem. Soc. 123, 9843-9847 (2001). 

 172.  Iwahara, J., Anderson, D. E., Murphy, E. C. & Clore, G. M. EDTA-derivatized deoxythymidine as a 

tool for rapid determination of protein binding polarity to DNA by intermolecular paramagnetic 

relaxation enhancement. J. Am. Chem. Soc. 125, 6634-6635 (2003). 

 173.  Iwahara, J., Schwieters, C. D. & Clore, G. M. Characterization of nonspecific protein-DNA interactions 

by 1H paramagnetic relaxation enhancement . J. Am. Chem. Soc. 126, 12800-12808 (2004). 

 174.  Gaponenko, V., Sarma, S. P., Altieri, A. S., Horita, D. A., Li, J. & Byrd, R. A. Improving the accuracy 

of NMR structures of large proteins using pseudocontact shifts as long-range restraints. J. Biomol. 

NMR 28, 205-212 (2004). 

 175.  Prudêncio, M., Rohovec, J., Peters, J. A., Tocheva, E., Boulanger, M. J., Murphy, M. E. P., Hupkes, H. 

J., Kosters, W., Impagliazzo, A. & Ubbink, M. A caged lanthanide complex as a paramagnetic shift 

agent for protein NMR. Chem. Eur. J. 10, 3252-3260 (2004). 

 176.  Vlasie,M.D., Comuzzi,C., Van den Nieuwendijk,A.M.C.H., Prudêncio,M., Overhand,M. & Ubbink,M. 

Long-range distance NMR effects in a protein labeled with a lanthanide-DOTA chelate. Chem. Eur. J. 

(2006), in press. 

 177.  Gillespie, J. R. & Shortle, D. Characterization of long-range structure in the denatured state of 

staphylococcal nuclease. I. Paramagnetic relaxation enhancement by nitroxide spin labels. J. Mol. Biol. 

268, 158-169 (1997). 

 178.  Gaponenko, V., Howarth, J. W., Columbus, L., Gasmi-Seabrook, G., Yuan, J., Hubbell, W. L. & 

Rosevear, P. R. Protein global fold determination using site-directed spin and isotope labeling. Prot. 

Sci. 9, 302-309 (2000). 



References 

165 

 179.  Battiste, J. L. & Wagner, G. Utilization of site-directed spin labeling and high-resolution heteronuclear 

nuclear magnetic resonance for global fold determination of large proteins with limited nuclear 

Overhauser effect data. Biochemistry 39, 5355-5365 (2000). 

 180.  Dedmon, M. M., Lindorff-Larsen, K., Christodoulou, J., Vendruscolo, M. & Dobson, C. M. Mapping 

long-range interactions in α-synuclein using spin-label NMR and ensemble molecular dynamics 

simulations. J. Am. Chem. Soc. 127, 476-477 (2005). 

 181.  Liang, B., Bushweller, J. H. & Tamm, L. K. Site-directed parallel spin-labeling and paramagnetic 

relaxation enhancement in structure determination of membrane proteins by solution NMR 

spectroscopy. J. Am. Chem. Soc. 128, 4389-4397 (2006). 

 182.  Hustedt, E. J. & Beth, A. H. Nitroxide spin-spin interactions: applications to protein structure and 

dynamics. Annu. Rev. Biophys. Biomol. Struct. 28, 129-153 (1999). 

 183.  Hubbell, W. L., Cafiso, D. S. & Altenbach, C. Identifying conformational changes with site-directed 

spin labeling. Nat. Struct. Biol. 7, 735-739 (2000). 

 184.  Borbat, P. P., Costa-Filho, A. J., Earle, K. A., Moscicki, J. K. & Freed, J. H. Electron spin resonance in 

studies of membranes and proteins. Science 291, 266-269 (2001). 

 185.  Arora, A. & Tamm, L. K. Biophysical approaches to membrane protein structure determination. Curr. 

Opin. Struct. Biol. 11, 540-547 (2001). 

 186.  Budil, D. E., Lee, S., Saxena, S. & Freed, J. H. Nonlinear-least-squares analysis of slow-motion EPR 

spectra in one and two dimensions using a modified Levenberg-Marquardt algorithm. J. Magn. Reson. 

120, 155-189 (1996). 

 187.  Bulaj, G., Kortemme, T. & Goldenberg, D. P. Ionization-reactivity relationship for cysteine thiols in 

polypeptides. Biochemistry 37, 8965-8972 (1998). 

 188.  Finiguerra, M. G., Blok, H., Ubbink, M. & Huber, M. High-field (275 GHz) spin-label EPR for high-

resolution polarity determination in proteins. J. Magn. Reson. 180, 197-202 (2006). 

 189.  Murzyn, K., Róg, T., Blicharski, W., Dutka, M., Pyka, J., Szytula, S. & Froncisz, W. Influence of the 

disulfide bond configuration on the dynamics of the spin label attached to cytochrome c. Proteins 62, 

1088-1100 (2006). 

 190.  Iwahara, J., Schwieters, C. D. & Clore, G. M. Ensemble approach for NMR structure refinement 

against 1H paramagnetic relaxation enhancement data arising from a flexible paramagnetic group 

attached to a macromolecule. J. Am. Chem. Soc. 126, 5879-5896 (2004). 

 191.  Vitello, L. B., Huang, M. & Erman, J. E. pH-dependent spectral and kinetic properties of cytochrome c 

peroxidase: comparison of freshly isolated and stored enzyme. Biochemistry 29, 4283-4288 (1990). 

 192.  Wertz, J. E. & Bolton, J. R. Basic instrumentation of electron spin resonance, in Electron Spin 

Resonance: Elementary Theory and Practical Applications, J. E. Wertz, J. R. Bolton, Eds. (Chapman, 

London, 1986), pp. 21-37. 

 193.  Cavanagh, J., Fairbrother, W. J., Palmer III, A. G. & Skelton, N. J. Protein NMR Spectroscopy: 

Principles and Practice (Academic Press, London, 1995), pp. 17-19. 

 194.  Handbook of Chemistry and Physics 62, R. C. Weast, Ed. (CRC Press, Boca Raton, Florida, 1981). 

 195.  Schwieters, C. D., Kuszewski, J. J., Tjandra, N. & Clore, G. M. The Xplor-NIH NMR molecular 

structure determination package. J. Magn. Reson. 160, 66-74 (2003). 



References 

166 

 196.  Zhang, Q., Marohn, J. & McLendon, G. Macromolecular recognition in the cytochrome c - cytochrome 

c peroxidase complex involves fast two-dimensional diffusion. J. Phys. Chem. 94, 8628-8630 (1990). 

 197.  Poulos, T. L., Sheriff, S. & Howard, A. J. Cocrystals of yeast cytochrome c peroxidase and horse heart 

cytochrome c. J. Biol. Chem. 262, 13881-13884 (1987). 

 198.  Kang, S. A. & Crane, B. R. Effects of interface mutations on association modes and electron-transfer 

rates between proteins. Proc. Natl. Acad. Sci. U. S. A. 102, 15465-15470 (2005). 

 199.  Iwahara, J. & Clore, G. M. Detecting transient intermediates in macromolecular binding by 

paramagnetic NMR. Nature 440, 1227-1230 (2006). 

 200.  Zhou, J. S., Nocek, J. M., DeVan, M. L. & Hoffman, B. M. Inhibitor-enhanced electron transfer: 

copper cytochrome c as a redox-inert probe of ternary complexes. Science 269, 204-207 (1995). 

 201.  Volkov, A. N., Ferrari, D., Worrall, J. A. R., Bonvin, A. M. J. J. & Ubbink, M. The orientations of 

cytochrome c in the highly dynamic complex with cytochrome b5 visualized by NMR and docking 

using HADDOCK. Prot. Sci. 14, 799-811 (2005). 

 202.  Kresheck, G. C., Vitello, L. B. & Erman, J. E. Calorimetric studies of the interaction of horse 

ferricytochrome c and yeast cytochrome c peroxidase. Biochemistry 34, 8398-8405 (1995). 

 203.  Clackson, T. & Wells, J. A. A hot spot of binding energy in a hormone-receptor interface. Science 267, 

383-386 (1995). 

 204.  Bogan, A. A. & Thorn, K. S. Anatomy of hot spots in protein interfaces. J. Mol. Biol. 280, 1-9 (1998). 

 205.  Erman, J. E., Kresheck, G. C., Vitello, L. B. & Miller, M. A. Cytochrome c / cytochrome c peroxidase 

complex: effect of binding-site mutations on the thermodynamics of complex formation. Biochemistry 

36, 4054-4060 (1997). 

 206.  Leesch, V. W., Bujons, J., Mauk, A. G. & Hoffman, B. M. Cytochrome c peroxidase - cytochrome c 

complex: locating the second binding domain on cytochrome c peroxidase with site-directed 

mutagenesis. Biochemistry 39, 10132-10139 (2000). 

 207.  Jelesarov, I. & Bosshard, H. R. Isothermal titration calorimetry and differential scanning calorimetry as 

complementary tools to investigate the energetics of biomolecular recognition. J. Mol. Recognit. 12, 3-

18 (1999). 

 208.  Morar, A. S., Wang, X. & Pielak, G. J. Effects of crowding by mono-, di-, and tetrasaccharides on 

cytochrome c - cytochrome c peroxidse binding: comparing experiment to theory. Biochemistry 40, 

281-285 (2001). 

 209.  Wiseman, T., Williston, S., Brandts, J. F. & Lin, L. N. Rapid measurement of binding constants and 

heats of binding using a new titration calorimeter. Anal. Biochem. 179, 131-137 (1989). 

 210.  Jelesarov, I. & Bosshard, H. R. Thermodynamics of ferredoxin binding to ferredoxin:NADP+ reductase 

and the role of water at the complex interface. Biochemistry 33, 13321-13328 (1994). 

 211.  Mark, A. E. & van Gunsteren, W. F. Decomposition of the free energy of a system in terms of specific 

interactions. Implications for theoretical and experimental studies. J. Mol. Biol. 240, 167-176 (1994). 

 212.  Brady, G. P. & Sharp, K. A. Decomposition of interaction free energies in proteins and other complex 

systems. J. Mol. Biol. 254, 77-85 (1995). 

 213.  Boresch, S. & Karplus, M. The meaning of component analysis: decomposition of the free energy in 

terms of specific interactions. J. Mol. Biol. 254, 801-807 (1995). 



References 

167 

 214.  Ford, D. M. Enthalpy-entropy compensation is not a general feature of weak association. J. Am. Chem. 

Soc. 127, 16167-16170 (2005). 

 215.  Dunitz, J. D. Win some, lose some: enthalpy-entropy compensation in weak intermolecular 

interactions. Chem. Biol. 2, 709-712 (1995). 

 216.  Creighton, T. E. Physical interactions that determine the properties of proteins, in Proteins: Structures 

and Molecular Properties, 2, T. E. Creighton, Ed. (Freeman, New York, 1993), pp. 139-170. 

 217.  Chothia, C. & Janin, J. Principles of protein-protein recognition. Nature 256, 705-708 (1975). 

 218.  Connelly, P. R. & Thomson, J. A. Heat capacity changes and hydrophobic interactions in the binding of 

FK506 and rapamycin to the FK506 binding protein. Proc. Natl. Acad. Sci. U. S. A. 89, 4781-4785 

(1992). 

 219.  Dunitz, J. D. The entropic cost of bound water in crystals and biomolecules. Science 264, 670 (1994). 

 220.  Crowley, P. B., Vintonenko, N., Bullerjahn, G. S. & Ubbink, M. Plastocyanin-cytochrome f 

interactions: the influence of hydrophobic patch mutations studied by NMR spectroscopy. Biochemistry 

41, 15698-15705 (2002). 

 221.  Crowley, P. B., Diaz-Quintana, A., Molina-Heredia, F. P., Nieto, P., Sutter, M., Haehnel, W., De la 

Rosa, M. A. & Ubbink, M. The interactions of cyanobacterial cytochrome c6 and cytochrome f, 

characterized by NMR. J. Biol. Chem. 277, 48685-48689 (2002). 

 222.  Gallivan, J. P. & Dougherty, D. A. Cation-π interactions in structural biology. Proc. Natl. Acad. Sci. U. 

S. A. 96, 9459-9464 (1999). 

 223.  Crowley, P. B. & Golovin, A. Cation-π interactions in protein-protein interfaces. Proteins 59, 231-239 

(2005). 

 224.  Paddock, M. L., Weber, K. H., Chang, C. & Okamura, M. Y. Interactions between cytochrome c2 and 

the photosynthetic reaction center from Rhodobacter sphaeroides: the cation - π interaction. 

Biochemistry 44, 9619-9625 (2005). 

 225.  Chervenak, M. C. & Toone, E. J. A direct measure of the contribution of solvent reorganization to the 

enthalpy of ligand binding. J. Am. Chem. Soc. 116, 10533-10539 (1994). 

 226.  Fetrow, J. S. & Baxter, S. M. Assignment of 15N chemical shifts and 15N relaxation measurements for 

oxidized and reduced iso-1-cytochrome c. Biochemistry 38, 4480-4492 (1999). 

 227.  Naghibi, H., Tamura, A. & Sturtevant, J. M. Significant discrepancies between van't Hoff and 

calorimetric enthalpies. Proc. Natl. Acad. Sci. U. S. A. 92, 5597-5599 (1995). 

 228.  Weber, G. Van't Hoff revisited: enthalpy of association of protein subunits. J. Phys. Chem. 99, 1052-

1059 (1995). 

 229.  Weber, G. Persistent confusion of total entropy and chemical system entropy in chemical 

thermodynamics. Proc. Natl. Acad. Sci. U. S. A. 93, 7452-7453 (1996). 

 230.  Stites, W. E. Protein-protein interactions: interface structure, binding thermodynamics, and mutational 

analysis. Chem. Rev. 97, 1233-1250 (1997). 

 231.  Ferrari, M. E. & Lohman, T. M. Apparent heat capacity change accompanying a nonspecific protein-

DNA interaction. Escherichia coli SSB tetramer binding to oligodeoxyadenylates. Biochemistry 33, 

12896-12910 (1994). 



References 

168 

 232.  Bruzzese, F. J. & Connelly, P. R. Allosteric properties of inosine monophosphate dehydrogenase 

revealed through the thermodynamics of binding of inosine 5'-monophosphate and mycophenolic acid. 

Temperature dependent heat capacity of binding as a signature of ligand-coupled conformational 

equilibria. Biochemistry 36, 10428-10438 (1997). 

 233.  Murphy, K. P. & Freire, E. Thermodynamics of structural stability and cooperative folding behavior in 

proteins. Adv. Protein Chem. 43, 313-361 (1992). 

 234.  Weber, G. Thermodynamics of the association and the pressure dissociation of oligomeric proteins. J. 

Phys. Chem. 97, 7108-7115 (1993). 

 235.  Spolar, R. S., Livingstone, J. R. & Record, M. T. Jr. Use of liquid hydrocarbon and amide transfer data 

to estimate contributions to thermodynamic functions of protein folding from the removal of nonpolar 

and polar surface from water. Biochemistry 31, 3947-3955 (1992). 

 236.  Sturtevant, J. M. Heat capacity and entropy changes in processes involving proteins. Proc. Natl. Acad. 

Sci. U. S. A. 74, 2236-2240 (1977). 

 237.  Bhat, T. N., Bentley, G. A., Boulot, G., Greene, M. I., Tello, D., Dall'Acqua, W., Souchon, H., 

Schwarz, F. P., Mariuzza, R. A. & Poljak, R. J. Bound water molecules and conformational 

stabilization help mediate an antigen-antibody association. Proc. Natl. Acad. Sci. U. S. A. 91, 1089-

1093 (1994). 

 238.  Impagliazzo, A. & Ubbink, M. Mapping of the binding site on pseudoazurin in the transient 152 kDa 

complex with nitrite reductase. J. Am. Chem. Soc. 126, 5658-5659 (2004). 

 239.  Impagliazzo, A. Transient protein interactions: the case of pseudoazurin and nitrite reductase. Ph.D. 

thesis (Leiden University, Leiden, The Netherlands, 2005). 

 240.  Elcock, A. H., Gabdoulline, R. R., Wade, R. C. & McCammon, J. A. Computer simulation of protein-

protein association kinetics: acetylcholinesterase-fasciculin. J. Mol. Biol. 291, 149-162 (1999). 

 241.  Matthew, J. B., Weber, P. C., Salemme, F. R. & Richards, F. M. Electrostatic orientation during 

electron transfer between flavodoxin and cytochrome c. Nature 301, 169-171 (1983). 

 242.  Kang, S. A., Marjavaara, P. J. & Crane, B. R. Electron transfer between cytochrome c and cytochrome 

c peroxidase in single crystals. J. Am. Chem. Soc. 126, 10836-10837 (2004). 

 243.  Hoffman, B. M., Celis, L. M., Cull, D. A., Patel, A. D., Seifert, J. L., Wheeler, K. E., Wang, J., Yao, J., 

Kurnikov, I. V. & Nocek, J. M. Differential influence of dynamic processes on forward and reverse 

electron transfer across a protein-protein interface. Proc. Natl. Acad. Sci. U. S. A. 102, 3564-3569 

(2005). 

 244.  Cai, M., Huang, Y., Sakaguchi, K., Clore, G. M., Gronenborn, A. M. & Craigie, R. An efficient and 

cost-effective isotope labeling protocol for proteins expressed in Escherichia coli. J. Biomol. NMR 11, 

97-102 (1998). 

 245.  Yonetani, T. Studies on cytochrome c peroxidase: X. Crystalline apo- and reconstituted holoenzymes. 

J. Biol. Chem. 242, 5008-5013 (1967). 

 



<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /All
  /Binding /Left
  /CalGrayProfile (Dot Gain 20%)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Warning
  /CompatibilityLevel 1.4
  /CompressObjects /Tags
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJDFFile false
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /ColorConversionStrategy /LeaveColorUnchanged
  /DoThumbnails false
  /EmbedAllFonts true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams false
  /MaxSubsetPct 100
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveEPSInfo true
  /PreserveHalftoneInfo false
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts true
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 300
  /ColorImageDepth 8
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /FlateEncode
  /AutoFilterColorImages false
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 600
  /GrayImageDepth 8
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /FlateEncode
  /AutoFilterGrayImages false
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 1200
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /FlateEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile (None)
  /PDFXOutputCondition ()
  /PDFXRegistryName (http://www.color.org)
  /PDFXTrapped /Unknown

  /Description <<
    /FRA <>
    /JPN <FEFF3053306e8a2d5b9a306f30019ad889e350cf5ea6753b50cf3092542b308000200050004400460020658766f830924f5c62103059308b3068304d306b4f7f75283057307e30593002537052376642306e753b8cea3092670059279650306b4fdd306430533068304c3067304d307e305930023053306e8a2d5b9a30674f5c62103057305f00200050004400460020658766f8306f0020004100630072006f0062006100740020304a30883073002000520065006100640065007200200035002e003000204ee5964d30678868793a3067304d307e30593002>
    /DEU <>
    /PTB <>
    /DAN <>
    /NLD <>
    /ESP <>
    /SUO <>
    /ITA <>
    /NOR <>
    /SVE <>
    /ENU <>
  >>
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [595.276 841.890]
>> setpagedevice


