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Introduction
Protein electron transfer (ET) reactions play a critical role in 

biologically vital processes in living cells, most notably respiration 
and photosynthesis. The reactions occur between protein-bound 
prosthetic groups separated by long distances, often greater than 
10 Å and display high effi ciency and specifi city. In addition to a 
dependence on factors inherent to the long-range ET processes, 
numerous studies have revealed that intermolecular ET reactions 
requiring a balance of specific binding and fast dissociation are 
highly sensitive to protein association modes and their protein-
protein interfaces. Hence, the conformational changes of the amino 
acid residues and the behavior of solvent molecules at the interface 
formed by redox-partner proteins have the potential to regulate 
inter-protein ET1.

Recent earth science and geochemical studies have pointed out 
that the massive acceleration of the global nitrogen cycle as a 
result of the production and industrial use of artificial nitrogen 
fertilizers worldwide has led to a host of environmental problems, 
ranging from eutrophication of terrestrial and aquatic systems to 
global acidifi cation2. Denitrifi cation is one of the biological pro-
cesses contributing to the maintenance of the nitrogen balance on 
the earth. Dissimilatory copper-containing nitrite reductase (Cu-
NIR) is a key enzyme in denitrifi cation, catalyzing one-electron re-
duction of nitrite (NO2

-) to nitrogen monoxide (NO)3. The reaction 
is specifi cally regulated by the effi cient ET reaction with a redox-
partner protein. CuNIRs fold a trimeric structure with two distinct 
Cu sites per a ca. 37-kDa monomer unit. The type 1 Cu site (T1Cu) 
buried within each monomer relays an electron from the redox-
partner protein to the catalytic type 2 Cu site (T2Cu), where NO2

- 
is reduced to NO. Despite much effort by several groups, a crystal 
structure of the protein–protein complex between CuNIR and its 
redox-partner has not yet been determined. 

Crystal structure of a transient ET complex 
of CuNIR with Cyt c

The crystal structure of a binary complex of CuNIR (AxgNIR) 
with its redox partner cytochrome c551 (Cyt c551) from a ubiquitous 
gram-negative non-fermenting rod, Achromobacter xylosoxidans 
GIFU1051 (the organism formerly known as Alcaligenes xylos-
oxidans), was determined at a resolution of 1.7 Å. A model of the 
binary AxgNIR:Cyt c551 complex, which consists of one Cyt c551 
and one AxgNIR molecule within an asymmetric unit, contains 
8,242 protein atoms, one heme c group, six copper atoms, and 1,073 

solvent molecules (Fig.1). Only one Cyt c551 molecule is bound 
to one subunit (Sub-I) of trimeric AxgNIR. The high-resolution 
crystal structure allows an accurate description of the complex 
interface between Sub-I and Cyt c551. Within the interface, the 
change in solvent-accessible surface area upon complex formation 
is estimated to be -529 Å2 for Sub-I and -553 Å2 for Cyt c551. In the 
isolated Cyt c551 structure, the heme c group is partially exposed 
to solvent at the two parts: the thioether-bonded substituent linked 
to pyrrole ring C and the propionate groups on pyrrole rings A 
and D (Fig.1b). At the center of the interface, the Cyt c551 docking 
site near the T1Cu site of Sub-I and the heme c group are in close 
contact at a 3.5-Å distance between the Cε atom of Met87 in Sub-I 
and the edge CBC methyl carbon of the thioether-bonded substitu-
ent on heme c. At least 10 amino acid residues of AxgNIR are as-
sociated with at least 11 amino acid residues and the heme c group 
of Cyt c551 at the interface. The atoms of these residues and heme 
c  interact with each other at a distance of ≤3.5 Å. There is no salt 
bridge at the interface, and only three direct hydrogen bonds were 
observed: Thr192 Oγ1/Gly67 O (2.8 Å), Glu195 Oε1/Ala69 N (2.8 
Å), and Gly198 N/Ser18 O (2.9 Å) of Sub-I/Cyt c551. In general, 
direct hydrogen bonds between the docking proteins seem to be 
unfavorable for a transient ET complex because of energetically 
disadvantageous desolvation4; namely, interface of the reaction 
center (RC):Cyt c2 complex also has three intermolecular hydro-
gen bonds5 and that of the yeast cytochrome c peroxidase (CcP):Cyt 
c complex one hydrogen bond6, but that of the cytochrome bc1 (Cyt 
bc1):Cyt c complex has no hydrogen bond7.

Interface between CuNIR and Cyt c
The building blocks of the interface between AxgNIR and Cyt 

c551 are shown in Fig. 2. The interacting residues of AxgNIR are 
localized both at the hydrophobic patch near the T1Cu site and at 
the “tower loop” region extending toward the T1Cu site. These 
primarily non-polar and neutral residues indicate that hydrophobic 
and van der Waals interactions strongly contribute to complex for-
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Fig. 1  Overall structure of the interpro-
tein ET complex of AxgNIR with Cyt c551. 
(a) Stereo side view. The Cyt c551 mol-
ecule is represented as a pink-colored 
ribbon, and the Cyt c551-docked subunit 
(Sub-I) of AxgNIR is shown in sky blue, 
the undocked subunit (Sub-II) in navy, 
and the other one (Sub-III) in light blue. 
The heme group (red), T1Cu (dark blue), 
and T2Cu (gray) are depicted as balls 
and sticks. Water molecules are shown as red dots. (b) Arrangement of three redox centers. The 
heme group and ligand residues of both Cu centers are shown as sticks. The distances from the 
CBC methyl group on heme c to T1Cu and from T1Cu to T2Cu are given in angstroms. Marks A to 
D of the heme are indicated the four pyrrole rings. (c) Electron density map of the docking inter-
face between AxgNIR (blue) and Cyt c551 (pink).
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mation. Contact between these 
hydrophobic patches brings the 
redox centers of heme c and 
T1Cu within 10.5 Å, which are 
close enough to allow for rapid 
ET8,9. Furthermore, 25 water 
molecules are located at the 

docking interface. Eight waters bridging the two proteins through 
hydrogen bonds stabilize the partner proteins, and the remaining 
waters also provide stabilization through hydrogen bonds and 
van der Waals contacts to either Sub-I or Cyt c551 (Fig.2). All of 
the water molecules form a characteristic semi-circle around the 
hydrophobic patch, and the non-polar core interface is sealed off 
from the aqueous environment. 

Superposition of the structure of Cyt c551-docked Sub-I onto that 
of undocked Sub-II or Sub-III shows an average root-mean-square 
deviation (rmsd) of 0.7 Å between the corresponding side chain 
atoms of all the amino acid residues. The most signifi cant struc-
tural changes at the interface occur in residues Met87, Met135, 
Glu195,  and Tyr197 (Fig.3). The side chains of Met135 in Sub-
II and Sub-III are directed toward solvent. Moreover, HOH516-B 
in Sub-II and HOH785-C in Sub-III hydrogen bond to the Nε2 
atoms of the corresponding solvent-exposed His139 ligands of the 
T1Cu site within the range of a typical NH-O bond distance (ca. 2.8 
Å). On the other hand, Cyt c551-docked Sub-I has the Met135 side 
chain tilted toward the imidazole ring of the His139 ligand (Fig.3). 
The Sδ atom of Met135 is within 3.2 Å of the Nε2 atom of the 
His139 ligand, and consequently the His139 ligand is no longer 
exposed to solvent. This behavior of Met135 induced by Cyt c551 
docking brings about van der Waals interactions between the side 
chain of Met135 and the non-polar side chains of Val22 and Val28 
at the hydrophobic patch around the heme-edge CBC (distance 
between Cγ2 of Val22 and Sδ of Met135, 3.9 Å; distance between 
Cγ1 of Val28 and Sδ of Met135, 4.1 Å). In Sub-I, Met135 is 
therefore sandwiched between the Val residues and tightly fixed 
over the imidazole group of the His139 ligand; that is, the water 
molecule bound to the Nε2 atom of the histidyl imidazole ring is 
removed by movement of the side chain of Met135 and its sul-
fur atom is in a van der Waals contact with the Nε2 atom. These 
fi ndings support the locations of three Met residues in the NMR 
structure the CuNIR (AfNIR):pseudoazurin (PAz) complex from 
Alcaligenes faecalis10. In the complex, instead of the two Val resi-
dues in the AxgNIR:Cyt c551 complex, Met16 and Met84 of PAz 
closely contact to the Met141 residue corresponding to Met135 
in AxgNIR. Therefore, in AfNIR:PAz complex, the Met141 tilts 
toward the His ligand and fi xes it. In general, the redox potential 
of T1Cu is considerably changed by perturbations of the solvent-
exposed His ligand such as protonation and π-π interactions11. 
The redox potentials of the T1Cu site of AxgNIR and the heme c 
group of Cyt c551 have been independently determined to be +241 
and +290 mV vs. NHE at pH 6.0, respectively. Accordingly, it is 
likely that the docking of Cyt c551 onto AxgNIR tunes the redox 
potential of T1Cu through structural constraint and desolvation 
of the His139 ligand, allowing a smooth interprotein ET reaction. 
The similar redox potential tuning has been proposed for the T1Cu 
sites of amicyanins (Am’s) in the binary methylamine dehydrogen-

ase (MADH):Am complex and the ternary MADH:Am:Cyt c551i 
complex12.

Dominant ET pathway
PATHWAY analysis13,14 of the AxgNIR:Cyt c551 complex was per-

formed to determine the most effi cient predicted ET pathway from 
heme c to T1Cu. For the purposes of this analysis, the ET donor 
was defi ned as the entire heme c group so that the pathway would 
begin at the most advantageous position on heme c. The predicted 
pathway through the entry/exit port inside the hydrophobic patches 
of the interfaces is exhibited in Fig. 4. An electron that leaves iron 
via the exposed CBC methyl group in the AxgNIR:Cyt c551 com-
plex is directly transferred to the Cδ atom of Pro88 of AxgNIR by 
a through-space jump and then shifts from Pro88 to T1Cu through 
the His89 ligand. The ET pathway represents the most favorable 
route between the redox centers in the core of the hydrophobic 
interface. 

Conclusion
Recognition and interaction between the protein surfaces, as ob-

served in the transient donor-acceptor (Cyt c551-AxgNIR) complex 
structure occur through suffi cient specifi city of polar and non-polar 
interactions, providing a minimal site at the core of the protein–
protein interface that ensures the geometry suited for ET reaction. 
It is particularly important for a deeper understanding of biological 
ET processes to explore how interface constructions for effi cient 
ET reaction vary with protein–protein shape complementarity, sur-
face charge and polarity, and dynamic fl uctuations of the proteins 
and the organized water molecules at the interface.
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Fig.2 Docking interface of the AxgNIR:Cyt c551 complex. (a) The building block of the interface. The amino acid residues at the protein interface and the 
T1Cu ligands are represented as sticks. The T1Cu ligands are colored in blue, the residues involved in the hydrophobic patch in gray, and the residues 
of the “tower loop” in orange. Inset: the residues around the heme group in Cyt c551. The heme group is shown as spheres. (b) Electrostatic potentials 
of contact protein surfaces. Twenty-fi ve water molecules at the interface are represented as spheres. Eight water molecules bridging between the 
partner proteins through hydrogen bonds are colored in cyan and the other waters binding to Sub-I or Cyt c551 in red.

Fig.4 Theoretically dominant ET pathway between heme 
c and T1Cu. Interprotein ET pathway in the AxgNIR:Cyt 
c 551 complex. The best pathway is shown as a broken-
line (through-space process) and sticks (through-bond 
process). The distance of through-space jump between 
the CBC methyl group and the Cδ atom of Pro88 is given 
in angstrom. The heme group (red), the T1Cu atom (dark 
blue), and waters (red) are depicted as balls and sticks.

Fig.3 Conformational differences between 
the Cyt c551-docked and undocked subunits. 
(a) The Cyt c551-docked Sub-I represented 
as gray sticks is superposed on the un-
docked subunit (Sub-III) represented as 
green sticks. (b) Sub-III depicted as green 
sticks is superposed on Sub-I depicted as 
gray sticks. The conformational changes of 
amino acid side chains in Sub-I having the 
contact with Cyt c551 are indicated with red 
arrows. Val22 and Val28 close to Met135 in 
Cyt c551 are shown as pink sticks.
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