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Abstract
Electron transfer occurs through heme-Fe across the cytochrome c protein. The current models of long range electron 
transfer pathways in proteins include covalent σ-bonds, van der Waals forces, and through space jump. Hydrogen-bond-
linked pathways of delocalized electron units in peptide units and polar side chains of amino acid residues in proteins and 
internal water molecules are better suited for intramolecular atom-to-atom electron transfer in proteins. Crystal structures 
of cytochrome c proteins from horse (1HRC), tuna (3CYT), rice (1CCR), and yeast (3CX5) were analyzed using pymol 
software for ‘Hydrogen Bonds’ marking the polar atoms within the distance of 2.6–3.3 Å and tracing the atom-to-atom 
pathways linked by hydrogen bonds. Pathways of hydrogen-bond-linked peptide units, polar side chains of the amino acid 
residues, and buried water molecules connect heme-Fe through axially coordinated Met80-S and His18-N have been traced 
in cytochrome c proteins obtained from horse, tuna, rice and yeast with an identical hydrogen-bonded sequence around the 
heme-Fe: Asn-N–water-O–Tyr-O–Met-S–heme-Fe–His (HN–C=N)–Pro-Asn-Pro-Gly (peptide unit, HN–C=O)—water-O. 
More than half of the amino acid residues in these pathways are among the conserved list and delocalized electron units, 
internal water molecules and hydrogen bonds are conspicuous by their presence.
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Introduction

Cytochrome c is a typical example of electron transfer 
proteins. Its heme-Fe, held by the four pyrrole nitrogen 
atoms, undergoes redox changes characterized by differ-
ential absorption spectra. It is a water soluble basic pro-
tein present ubiquitously on the outer surface of the inner 

membrane of mitochondria in animal cells and is one of 
the most conserved proteins [1]. Cytochrome c is in posi-
tion to receive electrons from cytochrome bc1 and pass 
them to cytochrome aa3 to reduce dioxygen to water [2]. 
Electrons need to travel across the protein to reach and 
depart from heme-Fe. The purpose of the study is to find 
pathways suitable for electron transfer in cytochrome c 
proteins.

Structural elements in intramolecular electron 
coupling in a protein

Directed electron transfer in a path of “way in, a trap and 
way out” occurs in proteins, including enzymes, accord-
ing to Moore and Williams [3]. Proteins in bulk, however, 
are insulators as the band gap (activation energy) is high 
3 eV and above, and this increased further on denatura-
tion [4]. Long-range electron transfer in selective poly-
peptide structures and the pathway models was revived 
in 1990 [5–7]. Electron transfer rates were measured by 
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using a flash-quench technique from heme-Fe to ruthenium-
liganded histidine residues in the surface of cytochrome c 
protein [7, 8]. Gray et al. [5] included some hydrogen bonds 
and many covalent bonds for connectivity in the proposed 
pathways. In contrast to earlier conservative distancing, 
covalent σ-bonds, van der Waals forces, and through space 
jump are now included in the suggested electron transfer 
pathways in cytochrome c.

The concept of molecular wire for electron transfer

Lehn and coworkers demonstrated electron transfer across 
membranes by placing synthetic modified carotenes, called 
carioviologens, having conjugated double bonds and ‘elec-
troactive ends’ in the β-ionone rings in vesicles [9]. Reso-
nance shifting of the alternate double bonds in a conjugated 
chain delocalizes the π-electrons over the entire structure 
facilitating electron transfer over the distance. This led to the 
concept of ‘molecular wire’. With no delocalization, carbon 
chains with covalent bonds are likely to be poor for electron 
transfer.

Application of the molecular wire concept for long 
range electron transfer in proteins needs several small 
units of π-electron clouds bridged into a pathway. A 
protein can be viewed as a polypeptide chain of repeat-
ing alternate peptide units (O=C–N–H) and Cα atom of 
amino acid residues. The delocalized π-electrons of pep-
tide units would have made the polypeptide chain a good 
molecular wire but for the poorly-conducting σ-carbon 
bonds of the linking Cα atoms. The ubiquitous α-helix in 
proteins has an intrinsic helical chain of hydrogen bonds, 
referred as ‘soliton’ [10] as a constituent of the helical 
sequence of alternating peptide group and hydrogen bond 
[⋯O=C–N–H⋯O=C–N–H], named ‘suprahelix’ [11], 
indicating its existence over a helix. Such suprahelical 
sequences can facilitate transfer of electrons provided the 
π-clouds of the peptide units are bridged by the connecting 
hydrogen bonds.

Hydrogen bond in electron transfer

By molecular orbital calculations, Chandra et al. [12] found 
that “delocalization of an extraneous electron is pronounced 
when it enters low-lying virtual orbital of the π-electronic 
structures of peptide-linked by hydrogen bonds”, thus sup-
porting electron transfer.

Experimental support for hydrogen bond facilitating 
electron transfer became available with the early report by 
Therien et al. [13] including a firm statement: “In contrast 
to generally accepted theory, electron coupling modulated 
by hydrogen-bond interface is greater than that provided by 
an analogous interface composed entirely of carbon–carbon 

σ-bonds”. Nishino et al. [14] recently reiterated that “a 
H-bond conducts electrons better than a covalent σ bond 
at short range” based on the experiments with scanning 
tunneling microscopy measuring the electron transfer “via 
spontaneous formation of chemical interaction between the 
tip and sample molecules”. These unambiguous new experi-
mental findings support hydrogen bonds, rather than cova-
lent σ bonds, as bridging elements in atom-to-atom elec-
tron transfer pathways for intramolecular electron transfer 
in proteins. We report here that such pathways are present 
in cytochrome c proteins.

Methods used in identifying the pathways

Crystal structures of oxidized forms of cytochrome c pro-
teins from different sources (PDB file names in parenthe-
sis), animal-horse (1HRC), fish-tuna (3CYT), plant-rice 
(1CCR), and microorganism-yeast (Saccharomyces cer-
evisiae) (3CX5), were analyzed using pymol software for 
‘Hydrogen Bonds’ starting from heme by finding the resi-
dues less than 4 Å distance and manually marking all the 
polar atoms including the water molecules which are within 
the distance of 2.6–3.3 Å except the unconventional one. 
The unconventional hydrogen bonds described for proline 
[15] and methionine [16], and buried water molecules are 
included to make connections in the pathways.

Results

Hydrogen bond‑linked pathways in cytochrome c 
proteins

Heme-Fe, embedded in the surrounding protein with only 
an edge exposed, is reduced on arrival of an exogenous elec-
tron and is reoxidized when the electron departs. Separate 
paths appear to exist for entry and exit of an electron in 
horse heart cytochrome c protein as they can be separately 
blocked by modifying amino acid residues and by specific 
antibodies [2]. Thus the passing electron travels across the 
protein. Coordinated to the four pyrrole nitrogen atoms, Fe 
in the heme is axially connected to His18-N and Met80-S on 
either side of the plate [17], a conserved structural feature in 
cytochromes c. Together these must be serving as a platform 
connected to tracks for assisted transfer of electrons using 
atoms that form hydrogen bonds. We identified, for the first 
time, pathways consisting of delocalized electron units (pep-
tide and polar groups of side chains of amino acid residues, 
linked by hydrogen-bonds in cytochromes c proteins pass-
ing through Met80-S—heme-Fe—His18-N on the two sides 
of the heme plate to the surface) (Fig. 1). Connectivity by 
hydrogen bonds, but not by covalent bonds, is the distinctive 
feature of these pathways.
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Common features of the pathways in cytochrome c 
from different sources

In the four sources examined the common features are delo-
calized electron units (peptide units and side chains of histi-
dine, arginine, asparagine, and aspartate), polar side chains 
(tyrosine-OH, threonine-OH, lysine-NH), buried conserved 
water molecules (wt)-O, heme-propionate (HmDpro)-OH, 
all linked by hydrogen bonds (Fig. 2). More than half of 
the amino acid residues in these pathways are among the 
conserved list. Delocalized electron units and internal water 
molecules along with hydrogen bonds are significant by their 
presence.

Pathways dependent on H‑bonds and covalent 
bonds in linking with His33: a comparison

The pathway emerging from His18 includes His33, one 
of the ruthenium-modified histidine residues found to be 
in electronic coupling with heme-Fe [7, 8]. These experi-
ments gave evidence for electron transfer from His18 near 
the heme-Fe to His33 near the surface. Two pathways are 
shown together in Fig.  3 for comparison. The pathway 
described here (A) depends on 10 hydrogen bonds, 4 delo-
calized electron units. 4 water molecules and no Cα-atom 
for connectivity. The other pathway (B) used 10 covalent 
bonds, 1 hydrogen bond, 3 Cα-atoms, but no water mol-
ecule, in order to fit with the observed electron transfer to 

Fig. 1  Pathways linked by hydrogen bonds through heme-Fe in 
cytochrome c proteins. Hydrogen bonds are shown as green broken 
lines. The atoms involved in the path are identified as colored spheres 
[oxygen (red), nitrogen (blue), carbon (light gray), sulfur (yellow), 

iron (brown)] labeled with the respective name and water (wt)-oxygen 
with the number. The heme plate is shown in orange line with blue 
for the pyrrole-nitrogens. The polypeptide backbone is shown as light 
gray wire in the background. (Color figure online)
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ruthenium-modified His33 [7, 8]. These flash-quench experi-
ments support both the pathways involving electron transfer 

between His18 and His33 and the pathway is more efficient 
in electron transfer when linked with hydrogen bonds com-
pared to covalent σ-bonds [13, 14].

Identical initial segments of the pathways

The initial segments of the pathways (Fig. 4) linking heme-
Fe are nearly identical. The internal water molecules near 
the heme plate, bound by hydrogen bonds with conserved 
amino acid residues, provide connectivity in the initial 
segments of the pathways. Without them the pathways 
remain incomplete. The role of buried water molecules 

Fig. 2  Pathways of atoms O, N, C in delocalized units and side-
chains of amino acid residues connected by hydrogen bonds in the 
cytochrome c proteins. The notations are the same as in Fig. 1. Delo-
calized electron units are shown as follows: peptide units (O=C–N 
or N–C=O) (orange); His  (Nε–Cε–Nδ), Asn  (Nδ–Cδ=O) (blue); side 
chain atoms are identified by their position as superscript; C=O and 
N–H shown in the pathway correspond to the peptide groups (pep-
tide bond-NH of N52 is hydrogen-bonded to the peptide bond-C=O 
of T49). The early sections of the pathways on either side of heme-Fe 
shaded light gray are identical for atleast upto three hydrogen bonds 
and 10 atoms. (Color figure online)

◂

Fig. 3  Pathways dependent on 
hydrogen bonds and covalent 
bonds connecting His18 and 
His33. Notice 11 hydrogen 
bonds in pathway A and 10 
covalent bonds in pathway B 
for connecting the two histidine 
residues
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in the redox function, suspected for a long time, is thus 
explained [17].

A comparative distribution of the constituents of the path-
ways present in these four sources is given in Table 1. Of 
the total number of amino acids in the range of 104–114 in 
cytochrome c proteins from over 100 sources analyzed, 38 
amino acids are invariant of which 19 are identical in all. 
The core axial ligand Met80-S–Fe–N-His18 in the heme is 
fully conserved. The structural elements are similar such 
that polypeptide backbones fold in cytochrome c proteins 
with good overlap [1]. In view of these common features 
it is unsurprising that similar hydrogen-bond-linked path-
ways connecting delocalized electron units and polar side 
chains occur in all cytochrome c proteins known for electron 
transfer.

Discussion

Modification of Tyr67-OH in horse heart protein is known 
to block reduction of the heme-Fe, but not it oxidation [2], 
and it is the first to be connected to Met80-S. This can be 
the pathway for reduction is suggestive. The His18 branch, 
we surmise, is the oxidation route.

Some branches with multiple ends at the surface occur in 
the pathways (not shown) probably to accommodate multiple 
interactions cytochrome c is known to have with other mito-
chondrial cytochromes (bc1 and aa3) [18]. In a preliminary 
study we found similar pathways in these proteins with some 
links to those in cytochrome c (unpublished data) indicating 
extended electron transport chain.

The buried water molecule, wt112 (horse heart), con-
nects with three conserved residues of Tyr67, Asn52, and 
Thr78 through hydrogen bonds [19–21], and all these are 
held close to the heme. This water molecule, along with 
hydrogen-bond-linked Tyr67 and Asn52, moves consist-
ent with the redox state of cytochrome c and is believed to 
“participate in the mechanism of action of cytochrome c” 
[17, 19]. Interconnection of Met80-S, Tyr67-O, wt112-O, 
Asn52-N by hydrogen bonds was recorded earlier [19], sans 
recognition of electron transfer potential.

Delocalized electron systems such as O=C–O–H (Asp, 
Glu), O=C–N–H (peptide group, Asn, Gln), –N=C–NH 
(His, Arg) and other reactive groups such as C=O, N–H, 
O–H, and S–H present in amino acid residues do inter-
connect by hydrogen bonds into a pathway. Indicating the 
important constituents of π-electron clouds and H-bonds, 
these are referred as π-H pathways [22]. Coincidentally π-H 
pathways utilize the four basic structural features of protein, 
peptide bond, side chain polar groups, hydrogen bond, and 
folding. These pathways exist in proteins in general and their 
functions are not known.
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Fig. 4  Identical initial segments of the pathways in cytochrome c in the four sources

Table 1  A comparison of the numbers of the constituents of conserved amino acid residues, water molecules, delocalized electron units (peptide 
units and polar side chains) and hydrogen bonds in the pathways through heme-Fe of cytochrome c proteins

Source (PDB) Conserved/total amino 
acid residues

Bound water 
molecules

Hydrogen 
bonds

Peptide units Polar side 
chains

Total atoms

Horse heart (1HRC) 10/18 5 21 6 3 64
Tuna fish (3CYT) 12/16 2 17 5 3 55
Rice (1CCR) 7/10 2 8 3 2 31
Yeast (3CX5) 14/24 6 21 6 5 77



Molecular and Cellular Biochemistry 

1 3

References

 1. Banci L, Bertini I, Rosato A, Varani G (1999) Mitochondrial 
cytochromes c: a comparative analysis. J Biol Inorg Chem 4:824–837

 2. Margoliash E, Shelagh F-M, Tulloss J, Kang CH, Feinberg DL, 
Brautigan DL, Morrson M (1973) Separate intramolecular path-
ways for reduction and oxidation of cytochrome c in electron 
transport chain reactions (monoiodotyrosine 74 cytochrome c/4-
nitrobenzo-2-oxa-1,3-diazole lysine 13 cytochrome c/bis-phe-
nylglyoxal arginine 13 cytochrome c). Proc Nat Acad Sci USA 
70:3245–3249

 3. Moore GR, Williams RJP (1976) The electron-transfer proteins. 
Coord Chem Rev 18:125–135

 4. Eley DD, Spivey DI (1960) The semiconductivity of organic sub-
stances. Trans Faraday Soc 56:1432–1442

 5. Gray HB (1990) Long-range electron transfer in proteins. 
Aldrichimica Acta 23:86–93

 6. Beretan DN, Onuchic JN, Betts JN, Bowler BE, Gray HB (1990) 
Electron tunneling pathways in ruthenated proteins. J Am Chem 
Soc 112:7915–7921

 7. Therein MJ, Selemen M. Gray HB, Chang I-Jy, Winkler JR 
(1990) Long-range electron transfer in ruthenium-mediated 
cytochrome c: evaluation of porphyrin-ruthenium electronic cou-
pling in Candida krusei and horse heart proteins. J Am Chem Soc 
112:2420–2422

 8. Wuttke DS, Bjerrum MJ, Winkler JR, Gray HB (1992) Electron-
tunneling pathways in cytochrome c. Science 256:1007–1009

 9. Arrhenius TS, Blanchard-Desce M, Dvolaitzky M, Lehn J-M 
(1986) Molecular devices: carioviologens as an approach to 
molecular wires-synthesis and incorporation into vesicle mem-
branes. Proc Natl Acad Sci USA 83:5355–5359

 10. Davydov AS (1973) The theory of contraction of proteins under 
their excitation. J Theor Biol 38:559–569

 11. Ramasarma T, Vijayan M (1974) Suprahelical arrangements of 
hydrogen bonds in peptide helices. FEBS Lett 41:307–309

 12. Chandra AK, Sudhindra BS, Vijayan M, Ramasarma T (1978) A 
theory on the migration of an extraneous electron across hydrogen 
bonds in polypeptides. J Theor Biol 74:1–9

 13. De Rege PJF, Williams SA, Therien MJ (1995) Direct evaluation 
of electronic coupling mediated by hydrogen bonds: implications 
for biological electron transfer. Science 269:1409–1413

 14. Nishino T, Hayashi N, Bui PT (2013) Direct measurement of elec-
tron transfer through a hydrogen bond between single molecules. 
J Am Chem Soc 135:4592–4595

 15. Deepak RNVK, Sivaramakrishnan R (1967) Unconventional N–
H⋯N hydrogen bonds involving proline backbone nitrogen in 
protein structures. Biophys J 110:1967–1979

 16. Mundlapati VR, Ghosh S, Bhattacherjee A, Tiwari P, Biswal HS 
(2015) Critical assessment of the strength of hydrogen bonds 
between the sulfur atom of methionine/cysteine and backbone 
amides in proteins. J Phys Chem Lett 6:1385–1389

 17. Bushnell GW, Louie GV, Brayer GD (1990) High-resolution three-
dimensional structure of horse heart cytochrome c. J Mol Biol 
214:585–595

 18. Smith HT, Ahmed AJ, Millet F (1981) Electrostatic interaction of 
cytochrome c with cytochrome c1 and cytochrome oxidase. J Biol 
Chem 256:4984–4990

 19. Takano T, Dickerson RE (1981) Conformation change of 
cytochrome c: II. Ferricytochrome c refinement at 1·8 Å and 
comparison with the ferrocytochrome structure. J Mol Biol 
153:95–115

 20. Luntz TL, Schejter A, Garber EA, Margoliash E Luntz TL, Sche-
jter A, Garber EA, Margoliash E (1989) Structural significance 
of an internal water molecule studied by site-directed mutagen-
esis of tyrosine-67 in rat cytochrome c. Proc Natl Acad Sci USA 
86:3524–3528

 21. Berghuis AM, Guillemette JG, McLendon G, Sherman F, Smith 
M, Brayer GD (1994) Role of a conserved internal water molecule 
and its associated hydrogen bond network in cytochrome c. J Mol 
Biol 286, 786–799

 22. Ramasarma T (2000) In praise of the hydrogen bond. In Lal M, 
Lillford PJ, Naik VM, Prakash V (eds) Supramolecular and col-
loidal structures in biomaterials. Imperial College Press and the 
Royal Society, London, pp 450–462


	Hydrogen bond-linked pathways of peptide units and polar groups of amino acid residues suitable for electron transfer in cytochrome c proteins
	Abstract
	Introduction
	Structural elements in intramolecular electron coupling in a protein
	The concept of molecular wire for electron transfer
	Hydrogen bond in electron transfer
	Methods used in identifying the pathways

	Results
	Hydrogen bond-linked pathways in cytochrome c proteins
	Common features of the pathways in cytochrome c from different sources
	Pathways dependent on H-bonds and covalent bonds in linking with His33: a comparison
	Identical initial segments of the pathways

	Discussion
	Acknowledgements 
	References


