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Abstract: Well-defined voltammetric responses of redox proteins with acidic-to-neutral pI values have been
obtained on pure alkanethiol as well as on mixed self-assembled-monolayer (SAM) ω-derivatized alkanethiol/
gold bead electrodes. Both azurin (P. aeruginosa) (pI ) 5.6) and subunit II (CuA domain) of ba3-type
cytochrome c oxidase (T. thermophilus) (pI ) 6.0) exhibit optimal voltammetric responses on 1:1 mixtures
of [H3C(CH2)nSH + HO(CH2)nSH] SAMs. The electron transfer (ET) rate vs distance behavior of azurin
and CuA is independent of the ω-derivatized alkanethiol SAM headgroups. Strikingly, only wild-type azurin
and mutants containing Trp48 give voltammetric responses: based on modeling, we suggest that electronic
coupling with the SAM headgroup (H3C- and/or HO-) occurs at the Asn47 side chain carbonyl oxygen
and that an Asn47-Cys112 hydrogen bond promotes intramolecular ET to the copper. Inspection of models
also indicates that the CuA domain of ba3-type cytochrome c oxidase is coupled to the SAM headgroup
(H3C- and/or HO-) near the main chain carbonyl oxygen of Cys153 and that Phe88 (analogous to Trp143
in subunit II of cytochrome c oxidase from R. sphaeroides) is not involved in the dominant tunneling pathway.
Our work suggests that hydrogen bonds from hydroxyl or other proton-donor groups to carbonyl oxygens
potentially can facilitate intermolecular ET between physiological redox partners.

Introduction

Self-assembled monolayers (SAM) of organosulfur com-
pounds on metal surfaces have wide applications due to their
versatility in modifying surfaces in a controllable manner.
Densely packedω-derivatized alkanethiol SAMs are thermo-
dynamically stable and mechanically robust. The physicochem-
ical properties of SAM surfaces (acid-base and chemical
properties, wettability, biocompatibility, and others) are con-
trolled by varying theω-functional groups. Great diversity in
surface properties is attainable using mixed SAMs composed
of two or more thiols with differentω-functional groups and
chain lengths. In a series of important papers, Whitesides and
others reported the composition, structure, and wettability of
SAMs with multiple functional groups.1-5 Though electro-
chemically inactive themselves, these SAMs act as electron
tunneling wires as well as provide specific binding sites for the
redox proteins.6-11

It is well established that cytochromec (cyt c) is immobilized
electrostatically on HOOC-SAMs and that desorption of the
protein from the surface into electrolyte solutions is negligible
at low ionic strengths (<50 mM phosphate buffer solution in
the pH range 6-9).8,9 Van Duyne and co-workers investigated
the conformation of cytc immobilized on HOOC-SAM/(silver
film over nanosphere) electrodes using surface enhanced
resonance Raman spectroscopy.12 With these electrodes, they
found that electrostatically bound cytc retains its native structure
and function and that binding orients the heme edge toward
the electrode surface. In related work, Gaigalas reported a re-
versible voltammetric response from an acidic protein,Pseudomo-
nas aeruginosaazurin, on an alkanethiol self-assembled mono-

† California Institute of Technology.
‡ Tokyo Univeristy of Agriculture and Technology.

(1) Bain, C. D.; Evall, J.; Whitesides, G. M.J. Am. Chem. Soc. 1989, 111,
7155-7164.

(2) Bain, C. D.; Whitesides, G. M.J. Am. Chem. Soc. 1989, 111, 7164-7175.
(3) Folkers, J. P.; Laibinis, P. E.; Whitesides, G. M.Langmuir1992, 8, 1330-

1341.
(4) Laibinis, P. E.; Nuzzo, R. G.; Whitesides, G. M.J. Phys. Chem. 1992, 96,

5097-5105.
(5) Atre, S. V.; Leidberg, B.; Allara, D. L.Langmuir1995, 11, 3882-3893.

(6) Tralov, M. J.; Bowden E. F.J. Am. Chem. Soc. 1991, 113, 1847-1849.
(7) Song, S.; Clark, R. A.; Bowden, E. F.; Tarlov, M. J.J. Phys. Chem. 1993,

97, 6564-6572.
(8) Feng, Z. Q.; Imabayashi, S.; Kakiuchi, T.; Niki, K.J. Chem. Soc., Faraday

Trans. 1997, 93, 1367-1370.
(9) Avila, A.; Gregory, B. W.; Niki, K.; Cotton, T. M.J. Phys. Chem. B2000,

104, 2759-2766.
(10) (a) Niki, K. Electrochemistry2002, 70, 82-90. (b) Niki, K.; Sprinkle J.

R.; Margoliash, E.Bioelectrochemistry2002, 55, 37-40. (c) Niki, K.;
Pressler, K. R.; Sprinkle J. R.; Li, H.; Margoliash, E.Elektrokhimiya2002,
38, 74-78.

(11) Niki, K.; Hardy, W. R.; Hill, M. G.; Li, H.; Sprinkle, J. R.; Margoliash,
E.; Fujita, K.; Tanimura, R.; Nakamura, N.; Ohno, H.; Richards, J. H.;
Gray, H. B.J. Phys. Chem. B. 2003, 107, 9947-9949.

(12) Dick, L. A.; Haes, A. M.; Van Duyne, R. P.J. Phys. Chem. B2000, 104,
11752-11762.

Published on Web 10/07/2004

13954 9 J. AM. CHEM. SOC. 2004 , 126, 13954-13961 10.1021/ja047875o CCC: $27.50 © 2004 American Chemical Society



layer (H3C-SAM).13 Notably, Ulstrup and co-workers recently
published a comprehensive report on the electrochemistry of
azurin on H3C-SAM/gold electrodes.14,15

We have investigated the voltammetric responsesP. aerugi-
nosa azurin and subunit II (the CuA-domain) fromThermus
thermophiluscytochromec oxidase (CcO) on mixedω-deriva-
tized alkanethiol SAM electrodes. Azurin (14.6 kDa, pI) 5.616)
is a blue copper protein with two hydrophobic segments on its
surface that have been suggested as potential candidates for
intermolecular coupling sites.17 One segment, containing His117,
which is a copper ligand and exposed to the solvent, has been
implicated in the electron self-exchange reaction16,18-21 as well
as in intermolecular ET with a nitrite reductase.17 The other
hydrophobic patch, which surrounds His35, may serve to couple
the protein to cytc551.17 Based on the electron self-exchange
rates of Met44Lys and Met64Glu azurins, as well as the
voltammetric response of the latter mutant, it has been suggested
that His117 is likely to be a prominent azurin electron entry/
exit site on the protein surface.22

We have shown in our work on cytc that it is possible to
pinpoint the protein/SAM electronic coupling site by examina-
tion of selected mutants in experiments involving variations in

alkanethiol SAM chain lengths.8-11 As a start on work with
copper proteins, we have studied four azurin mutants (W48F/
Y72F/H83Q/Q107H/Y108F (all-Phe), W48F/Y72F/H83Q/Y108F/
K122W/T124H, W48F/Y72F/H83Q/Q107H/Y108W and Y72F/
H83Q/Q107H/Y108F), with the aim of learning about the role
of Trp48 in ET to and from the copper center. Our main goal
in this investigation, however, is to identify one or more strong
coupling sites between the cytochromec oxidase CuA domain
and various headgroups of SAMs. Subunit II (the CuA domain)
of theba3-type CcO fromT. thermophiluscontains a binuclear
CuA center (14.8 kDa, pI) 6.0).23 Electrons from cytc552 pass
through CuA in subunit II to metal cofactors in subunit I of
CcO, where dioxygen is reduced to water. The two copper atoms
(Cu1 and Cu2) of CuA are bridged by two cysteine thiolates
(Cys149 and Cys153). In addition to two cysteine thiolates, Cu1
is coordinated by His114 and Met160 and Cu2 is coordinated
by His157 and the main chain carbonyl oxygen of Gln151-
(within van der Waals contact).24,25 Iwata et al. have pointed
out that His157 (His224 in subunit II ofP. denitrificans) may
be involved in ET to cyta in subunit I through Arg450 (Arg473
in subunit I ofP. denitrificans).26
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Figure 1. Cyclic voltammograms of azurin on [CH3(CH2)8SH + HO(CH2)8SH] SAMs in 10 mM NH4Ac solution at pH 4.6. Scan rate 50 mV/s; potential
vs Ag/AgCl. [CH3(CH2)8SH + HO(CH2)8SH] mixing ratio (a) 100:0; (b) 3:1; (c) 1:1; (d) 1:3.
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Experimental Section

Reagents: Nonanethiol, CH3(CH2)8SH, dodecanethiol,
CH3(CH2)11SH, tetradecanethiol, CH3(CH2)13SH, hexadecanethiol,
CH3(CH2)15SH, and 11-mercapto-1-undecanol, HS(CH2)11OH, were
purchased from Aldrich Chemical Co. (St. Louis, MO). Tetrade-
canethiol, CH3(CH2)13SH, was purchased from Fluka Chemie AG
(Buchs, Switzerland). 8-Mercapto-1-octanethiol, HS(CH2)8OH, and
8-mercaptooctanoic acid, HOOC(CH2)7SH, were purchased from
Dojindo Molecular Technology (Gaithersburg, MD). Thiols were used
without further purification. Other chemicals used for preparation of
buffer solutions were reagent grade.

Proteins: P. aeruginosaazurin was isolated and purified according
to Chang et al..27 Azurin mutants were made using Stratagene’s
QuikChange Multi Site-Directed Mutagenesis Kit and an inhouse azurin
plasmid. Azurin mutants used were W48F/Y72F/H83Q/Q107H/Y108F
(all-Phe), W48F/Y72F/H83Q/Y108F/K122W/T124H, W48F/Y72F/
H83Q/Q107H/Y108W, and Y72F/H83Q/Q107H/Y108F. Water-soluble,
recombinant CuA-domain ofba3-type CcO fromT. thermophiluswas
prepared according to Slutter et al..28

Electrodes: Gold bead electrodes were prepared by melting gold
wire 99.999% from Alfa Aesar/Johnson Matthey (Ward Hill, MA) in
a hydrogen flame; there were mainly two crystal surfaces, Au(111)
and Au(110). The procedure for the preparation of clean gold bead
electrodes has been previously reported.29

Mixed SAMs were prepared by immersing gold bead electrodes into
mixed ethanol solutions of thiols with fixed ratios (H3C-/HO-) (pure
methyl, 3:1, 1:1, and 1:3 mole ratios), but SAM surface composi-
tions were not determined. The mixed alkanethiol andω-hydroxy al-
kanethiols were as follows: (i) [H3C(CH2)8SH + HO(CH2)8SH],
(ii) [H 3C(CH2)11SH + HO(CH2)11SH], (iii) [H 3C(CH2)13SH +
HO(CH2)11SH], and (iv) [H3C(CH2)15SH + HO(CH2)11SH]. Gold bead
electrodes were soaked in an ethanol solution containing 200µM
ω-derivatized alkanethiols at room temperature for more than 3 h to
form compact SAMs. Prior to protein immobilization the SAM-coated
electrodes were activated by electrochemical treatment in 10 mM acetate
buffer solution at pH 4.6.29 Potential ranges of the oxidation-reduction
cycle (ORC) are as follows: azurin and the CuA-domain ofba3 type

CcO, 0.5 to- 0.2 V. Proteins were immobilized on the mixed SAMs
by soaking the SAM-coated electrodes in about 100µM protein solution
overnight in a refrigerator. Prior to cyclic voltammetric (CV) measure-
ments, the electrodes were thoroughly rinsed with Milli-Q water to
remove excess proteins from the electrode surface.

Electrochemical Measurements:Gold bead electrode tips were
immersed in electrolyte solution to minimize wire-surface effects on
the measurements. Electrolyte solutions for azurin and the CuA do-
main were 10 mM ammonium acetate at pH 4.6. Electrolyte solutions
were deaerated with purified argon and maintained under an argon
stream during the measurements. After each experiment, the SAM
amount on each gold bead electrode was evaluated by cathodic stripping
voltammetry in 0.5 M KOH solution in the potential range-0.5 to
-1.3 V.29,30

ET rate constants from protein redox sites to the gold electrode
through different SAMs were evaluated from CV peak separations.31
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Figure 2. Variations in the amounts of immobilized azurin (black dots)
and the CuA domain of cytochromec oxidase fromT. thermophilus(red
dots) on mixed [CH3(CH2)8SH + HO(CH2)8SH] SAMs in 10 mM NH4Ac
solution at pH 4.6.

Figure 3. Amounts of immobilized azurin (black triangles) and the CuA

domain of cytochromec oxidase fromT. thermophilus(red dots) on 1:1
mixed (alkanethiol+ ω-hydroxy-alkanethiol) SAMs with various chain
lengths in 10 mM NH4Ac solution at pH 4.6.

Figure 4. ET rates vs SAM chain lengths for azurin (red dots), the
W48/Y72F/H83Q/Q107H/Y108F mutant (green dots), and the CuA domain
(blue downward triangles) immobilized on mixed monolayers of (alkanethiol
+ ω-hydroxy alkanethiol); for cytc on carboxylic acid terminated
alkanethiol SAM (black squares); and for the exponential decay factorâ )
1.1 per CH2 (‚‚‚‚‚‚).8 R2 ) 0.97 whenn g 9.
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V vs NHE). Cyclic voltammetry was performed using a model 660
Electrochemical Workstation (CH-Instrument, Austin, TX) at room
temperature.

Results and Discussion

P. aeruginosaAzurin. Cyclic voltammetric measurements
on P. aeruginosaazurin were made on pure alkanethiol SAMs
and (alkanethiol+ ω-hydroxy-alkanethiol) mixed SAMs in 10
mM acetate buffer solution at pH 4.6. A well-defined voltam-
metric response from azurin was obtained on the SAMs with
different mixing ratios and chain lengths (Figure 1). The for-
mal potential of azurin immobilized on a long chain alkane-
thiol SAM is about 30 mV more negative than the value re-
ported by van de Kamp et al..32 The amounts of immobilized
azurin (Γazurin) on a mixed SAM increase proportionately with

the HO(CH2)8SH mole fraction, reaching an optimum on the
1:1 SAM (Figure 2);Γazurin decreases with chain length mono-
tonically (Figure 3). Although the values of the amounts of
immobilized azurin on a H3C(CH2)8SH SAM agree reasonably
well with those reported by Chi et al. on H3C(CH2)8SH,15 the
dependence ofΓazurin on chain length differs significantly. We
did not find that a monotonic decrease ofΓazurinwith chain length
accords with the solubility of alkanethiols in water (Figure 3).
The difference between our results and those reported by Chi
et al.15 could be due to differences in SAM gold electrode
preparations.

The formal potential estimated from the midpoint of the
peak-to-peak potentials is 0.15 V vs. Ag/AgCl, which is
independent of the composition of the mixed [H3C(CH2)8SH
+ HO(CH2)8SH] monolayer, and agrees well with that obtained

Figure 5. Cyclic voltammograms of azurin mutants on a 1:1 [CH3(CH2)8SH + HO(CH2)8SH] SAM in 10 mM NH4Ac solution at pH 4.6. Scan rate 50
mV/s; potential vs Ag/AgCl. CVs are (a) wild-type; (b) W48F/Y72F/H83Q/Q107H/Y108F mutant (All Phe); (c) W48F/Y72F/H83Q/Q107H/Y108W mutant;
(d) W48F/Y72F/H83Q/Y108F/K122W/T124H mutant; (e) W48/Y72F/H83Q/Q107H/Y108F mutant (All PheW48).
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by the Ulstrup group on alkanethiol SAMs14,15 but is 40-50
mV more positive than other values.13,32,33The ET rate constants
as a function of the number of methylene groups in the
alkanethiol were evaluated using CVs.31 A linear relationship
between the logarithm of the ET rate and the chain length (for
longer chains) with a slope of about 1.0/CH2 was obtained
(Figure 4), in accordance with findings from similar work on
horse heart cytc at carboxylic acid terminated alkanethiol
SAMs9,11,34as well as other proteins.35,36

A striking result is that azurin mutants become electrochemi-
cally inactive if the tryptophan at position 48 is replaced by
phenylalanine (Trp48Phe). The Y72F/H83Q/Q107H/Y108F
mutant showed a well-defined CV response at a formal po-
tential of 0.16 V (Figure 5). The amount of Y72F/H83Q/Q107H/
Y108F azurin immobilized on a 1:1 mixed monolayer of
[H3C(CH2)8SH + HO(CH2)8SH] was about 25% of that of the
wild type. Our results strongly suggest that an amino acid residue
near position 48 is coupled to the methyl and hydroxy SAM
headgroups. Surprisingly, hydrophobic interactions between
His117 and the SAM headgroups [methyl+ hydroxyl] appear
not to facilitate ET to the copper center.

The structure of W48F/Y72F/Y108F/H83Q/Q107H azurin is
nearly the same as that of the wild-type protein37 (Figure 6).
The very small difference in the formal potentials (<10 mV)
between wild-type azurin and the mutant also suggests that the
active site is minimally perturbed. A high-resolution structure
of azurin in the region of the active site reveals that the
coordination geometry is constrained by an extensive hydrogen
bond network embedded in a cluster of hydrophobic residues.38

Among these residues, Asn47 and its side chain may interact
with the SAM hydroxy headgroups. These interactions would
facilitate ET to the copper center via the hydrogen bond between
Asn47 and the sulfur atom of Cys112, forming a coupling path-
way that involves only five covalent bonds (vide infra). Though
causing no major structural alteration, the replacement of trypto-
phan by phenylalanine (W48F) may perturb the azurin structure
enough such that a short SAM-to-sulfur bridge cannot be made,
owing to alterations in protein dynamics that would not allow
the mutant protein to maneuver into a “hot” contact position.

Azurin -SAM Electronic Coupling Site. For electron
transfer between reactants in spatially fixed sites, the first-order
rate constantket can be written as follows:39

whereκ(r) is the transmission coefficient when the reactants
are at a distancer apart,νn is the nuclear frequency factor
(νn ) 1013 s-1), λ is the reorganization energy, and∆G° is the
standard free energy of the reaction. In the nonadiabatic regime
(for long-range ET processes)κ(r) , 1, κ(r)νn is given by
(νn ) 1013 s-1 at r ) ro):

In electrochemical measurements of ET rates at the formal
potentials of the redox species,∆G° ) 0 andλel is one-half of
that for a self-exchange reaction (λel ) λ11/2). The ET rate
equation given by eq 1 becomes

The electronic coupling associated with a tunneling pathway
from the redox center of the proteins throughω-derivatized
alkanethiol SAMs to the electrode can be written as a product:

whereκprotein, κinter, andκSAM represent transmission coefficients,
respectively, for an intramolecular ET through the protein,
interface ET between the protein and the SAM headgroup, and
ET through theω-derivatized alkanethiol SAMs. Values for
κproteinandκSAM have been established from many experimental
investigations.9,36,40-44

The ET rate constants for redox proteins immobilized on
SAMs are given by the following expresions:
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Figure 6. Overlay of the copper centers of wild-type and all Phe (in green)
azurins.

ket ) κ(r)νn exp[-(λ + ∆G°)2/4λRT] (1)

κ(r)νn ) νn exp[-â (r - ro)] (2)

ket ) κ(r)νn exp (-λel/4RT) (3)

HAB
2 ∝ κproteinκinterκSAM (4)

ket ) ko exp[-(dproteinâprotein+
dinterâinter)] exp[-(n + 3)âSAM] (5)

ko ) νn exp(-λel/4RT) (6)
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wheredprotein represents the intramolecular ET distance from
the redox center of the proteins to the electronic coupling site
with the headgroup of the SAMs;dinter is the intermolecular
distance between the electronic coupling sites; (n + 3) corre-
sponds to the number of bonds through HO(CH2)nS- SAM;
and âprotein, âinter, and âSAM represent the exponential decay
factors for intramolecular ET through the protein, for intermo-
lecular ET through the interface, and for tunneling through the
SAM, respectively.

The ET rate constant (ket) through a HO(CH2)11S- SAM is
63 s-1; and the exponential decay factor through alkyl chains
is 1.09( 0.02 per methylene group (âSAM ) 0.71( 0.01 Å-1),
independent of the type of redox species at alkanethiol-SAMs
termini for n > 6.9 The maximum ET rate constantko (r ) ro)
at the formal potential (∆G° ) 0) is estimated from eq 6 to be
5.4× 1011 s-1 at 298 K (assumingνn ) 1013 s-1 andλel ) 0.3
eV). By assuming thatâprotein ≈ 1.0/bond and (dinterâinter ≈
3),42-44 we have the following:

We estimate that 4 to 5 bonds couple the protein active site
to the SAM: accordingly, it appears that the electronic coupling
sites of azurin and the CuA domain with SAM headgroups are
located very near the metal centers.

Subunit II (the Cu A Domain). Cyclic voltammetric mea-
surements on the CuA domain ofba3-type cytochromec oxi-

dase fromT. thermophiluswere made on pure alkanethiol SAM
and (alkanethiol+ ω-hydroxy-alkanethiol) mixed SAMs with
different compositions and chain lengths in 10 mM acetate
buffer solution at pH 4.6. Well-defined voltammograms of the

Figure 7. Cyclic voltammograms of the CuA domain on a [CH3(CH2)8SH + HO(CH2)8SH] SAM in 10 mM NH4Ac buffer solution at pH 4.6. Scan rate 50
mV/s; potential vs Ag/AgCl. [CH3(CH2)8SH + HO(CH2)8SH] mixing ratio (a) 100:0; (b) 3:1; (c) 1:1; (d) 1:3.

63 ) 5.4× 1011 exp[-(dproteinâprotein+ 3)] exp(-14× 1.1)
(7)

dproteinâprotein)
(r - ro) ) 4.5 bonds [) 6.5 whenλel ) 0.1 eV] (8)

Figure 8. CuA domains highlighting the conformations of Trp143 (R.
sphaeroides) and Phe88 (T. thermophilus) (in green).
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CuA domain were obtained on mixed [H3C(CH2)8SH +
HO(CH2)8SH] (SAMs Figure 7). The amounts of immobilized
CuA (ΓCuA) on a mixed SAM increase proportionately with the
HO(CH2)8SH mole fraction, reaching an optimum on the 1:1
SAM (Figure 2);ΓCuA decreases with chain length monotoni-
cally (Figure 3) as in the case of azurin. The adsorption behavior
of the CuA domain on the SAMs suggests that the interaction
between the headgroups of the SAMs and the CuA domain is
similar to that with azurin (Figures 2 and 3). The formal potential

estimated from the midpoint of the peak-to-peak potentials is
0.10 V vs Ag/AgCl, which is about 0.06 V more negative than
the value determined in solution at pH 8.45 The ET rate constants
with respect to the number of methylene groups in the
alkanethiol were evaluated using CVs,31 and a linear relationship
was found between the logarithm of the ET rate vs chain length
(for longer chains), with a slope of about 1.0/CH2 (Figure 4).

(45) Immose, C.; Hill, M. G.; Sanders, D.; Fee, J. A.; Slutter, C. E.; Richards,
J. H.; Gray, H. B.JBIC 1996, 1, 529-531.

Figure 9. Structural models of the CuA domain (white) and the CcO subunit 1 domain (blue) of (a)T. thermophilus(Cys153) and (b) bovine (Cys200)
cytochromec oxidase. W104 and F88 in yellow, C200 and C153 in green with the cysteine backbone carbonyl in red.
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These values agree well with previous studies on cytc (and its
mutants) on carboxylic acid terminated alkanethiol SAMs.9-11

The CuA domain did not show visible voltammetric responses
on the pureω-hydroxy-alkanethiol SAM.

Electron-transfer reactions in cytochromec oxidase are
facilitated by low reorganization energies.46-48 The reorganiza-
tion energy and the ET path distance from the headgroup of
the SAM to the CuA domain are similar to those of azurin (ET
kinetics profiles of these proteins are nearly the same, Figure
4). The upper limit for the reorganization energy of the CuA

domain on the SAM [∼0.3 eV () λ11/2)] is just above the value
of 0.4 eV for purple azurin estimated from pulse radiolysis
kinetics experiments.49 This relatively low reorganization energy,
which likely is due hydrophobic coupling of the CuA domain
to the SAM, mimics the biological situation in which the barrier
to ET between two proteins (cytc552 and the CuA domain ofT.
thermophilusCcO) is greatly lowered upon complex formation.

Three segments in the amino acid sequences in subunit II
(the CuA domain) of T. thermophilusCcO are involved in
complex formation with cytc552.24,25 The segment I sequence
(Ala87, Phe88, Gly89, and Tyr90 ofT. thermophilus) is strictly
conserved among bovine,R. sphaeroides, andP. denitrificans
CcOs). Conserved sequences in segment II (Asp111, Val112,
Ile113, and His114) also are important in the cytochromec
oxidase molecule (the subunit I/subunit II complex). In the
subunit I/subunit II complex, Asp111, Val112, Pro129, and
Gly130 in subunit II (the CuA domain) interact with four strictly
conserved residues (Tyr136, Pro137, Pro138, Leu139) in subunit
I.24 Segment III in the CuA domain consists of amino acids
with uncharged groups (the loop from Gly154 to Met160) and
is accessible to solvent in the cytochromec oxidase molecule.
His157, which is located next to segment III, could be an
electronic coupling site with subunit I.26,46,47

For CcOs from bovine,R. sphaeroides, andP. denitrificans,
a conserved tryptophan residue (Trp104 in bovine, Trp143 in
R. sphaeroides, and Trp121 inP. denitrificans) in segment I
plays an important role in facilitating intermolecular ET.50-57

The replacement of tryptophan by phenylalanine, Trp143Phe,
in subunit II of R. sphaeroidesmarkedly decreases the inter-
molecular ET rate with horse heart cytc (8.4 × 10-4 slower
with Trp143Ala and 2.2× 10-3 slower with Trp143Phe50,51,55).
The CuA ligands of bothT. thermophilusand R. sphaeroides

are shown in Figure 8 together with Phe88 ofT. thermophilus
and Trp143 ofR. sphaeroides. Both Phe88 and Trp143 have
parallel and nearly superimposable orientations. It is reasonable
to assume that the environment of the Trp143PheR. sphaeroides
CuA center and the ET pathway from cytc (or other physi-
ological redox partner) are the same as those of the native
protein. That is, the through space ET distances in the native
protein and the Trp143Phe mutant should be virtually the same.
Solomon and co-workers modified the ET pathway proposed
by Wang et al.51 and Roberts and Pique52 by taking into account
the docking structure between cytc and CcO and the covalency
of the Cu-S(Cys) bond to rationalize the experimental data.58,59

This modified ET pathway involves a van der Waals contact
between the heme methyl group (CBC) of cytc and the indole
ring (CZ3) of Trp104 of bovine CcO (Trp143 ofR. sphaeroides
CcO) and a hydrogen bond between NE1 of Trp104 and the
main chain carbonyl oxygen of Cys200 (Cys256 of ofR.
sphaeroidesCcO).58,59

One question remains: how could ET inT. thermophilusCcO
be efficiently mediated by Phe88 instead of the tryptophan
residue found in other CcOs. Note that the structures of the
CuA domain of CcOs from bothT. thermophilusand R.
sphaeroidesin the vicinity of Phe88 (Trp143) and Cys153
(Cys256) are similar. Could, for example, a small perturbation
of the environment in the vicinity of Cys256 by the mutation
of Trp143 in the CuA domain ofR. sphaeroidesCcO give rise
to a significant decrease in the ET rates from cytc to CcO by
causing a structurally small perturbation of the environment in
the vicinity of Cys256 even though the ET pathway does not
directly involve Trp143 (or Phe88)? We think so: segment III,
which, in intact CcO (subunit I/subunit II complex), is accessible
to solvent, is effectively buried at the interface of the cyt
c552/CcO complex. The interaction domains form a pocket
between the loops from Ala87 to Tyr90 (segment I) and from
Cys153 to Leu155, and in this region the main chain carbonyl
oxygen of Cys153, which is strictly conserved, is accessible
and could form a hydrogen bond with the SAMω-hydroxy
group (Figure 9), producing a four-bond electronic coupling
pathway from the carbonyl oxygen to the Cys153 sulfur atom
that would lead to rapid intermolecular ET. Accordingly even
small structural perturbations in the region of the Cys153
carbonyl oxygen could dramatically affect the coupling to the
CuA active site.
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