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Motivation: we want to learn about 

…  reduction potentials 
… ET kinetics 
… coupled process (ligand/proton 
binding/ conformational change) 
… catalytic events (e- stoichiometry, key 
redox intermediates)



The biological redox scale at pH 7
(in OEC)

Measuring redox potentials 

Bak and Elliott, Current Opinions in Chemical Biology, 2013

Diversity in redox potentials 
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Bard and Faulkner, Electrochemical Methods

What happens at an electrode?
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Building up voltammetry
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Mass Transport:   
Fick’s Laws for Diffusion

In diffusional voltammetry, 
concentrations of ox/red  
change in time and space
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Currents are always linked to 
diffusional coefficients…
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increasing D

Potential step experiments

Dealing with Diffusion at a macroscopic electrode



“EC Reaction”

Preceding Chemical Reactions 

Following Chemical Reactions 

Catalytic Reactions 

“ECE” Reactions
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“CE Reaction”

Reaction types
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Potential sweep experiments at an 
ultramicroelectrode
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A UME read out - looks like titration…

Bard and Faulkner,  Electrochemical Methods

Typical potential sweep 
experiment: a voltammogram



Enter, the voltammogram!

ip ∝ v1/2

American convention



Diffusional Voltammetry 
of a proteinVoltammetry of a diffusive redox species

Bard and Faulkner, Electrochemical methods, Wiley, 2004Bard and Faulkner, Electrochemical Methods

∆Ep = 57/n  mV 
ip ∝ n3/2 D1/2C √ν
ν: scan rate 
C: concentration  
D: diffusion coefficient 

Eo from the mean of the peaks

Example: cyt c2 (R. paulustris)
Example: measuring the reduction potential of a cytochrome

Rhodopseudomonas 
palustris 
cytochrome c2

at a 4-mercaptopyridine surface-
modified Au electrode
Peak separation 
59±2 mV 

C=0.2mM, 
V=0.5mL, 

that is 100nmol of 
protein (1.5mg)

Battistuzzi et al, Biochemistry 36 16247 (1997) 
Geremia, DOI: 10.2210/pdb1i8p/pdb Battistuzzi, DOI: 10.1021/bi971535g

C = 0.2 mM & V = 0.5 mL 
… so 100 nmol of protein (1.5 mg)

100 residues, 1 heme 
MW = 14 kDa 

single, FeII/III  redox couple

peak separation 59 ± 2 mV 
@ a 4-mercaptopyridine/Au electrode



european conventions

reversibility



∆Em = -180 mV -90 mV

0 mV +180 mV

multiple redox cofactors

EREI 
∆E0’= -180 mV

EREI 
∆E0’= 0 mV

EIER 
∆E0’= -180 mV

EIEI 
∆E0’= -180 mV

multiple redox cofactors: with irreversibility 



backward scan

forward scan

Em

area α  
      Coverage

δ = 3.53RT 
nappF

ip  α ν

Immobilization: a solution to diffusional limits

∆Ep = 0  mV 
ip ∝ n2 Γ ν 
ν: scan rate 
Γ: surface conc’ 

δ ≈ 90 mV/n 
Eo from the peak(s)

Theory of Electrochemistry & Voltammetry 
Metalloprotein examples 
Practical Details 
Electrocatalysis and analysis 
Alternatives: Potentiometry 
Data Analysis / SOAS / References
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The difference Immobilization makes

~100 residues, 1 heme 
MW = 12 kDa 

single, FeII/III  redox couple
CV @ 50 mV/s …  ip = 3 nA 

Γ = (area under peak) / ν F 
0.0009 e-6 VA / 0.05 V/s • 96500 

 ~ 1 pmol

Elliott, Inorg. Chem. DOI: 10.1021/ic051003l

Another example: cyt fcc3

Flavocytochrome c3 
(fcc3) is a fumarate 
reductase from 
Shewanella species; some 
have been found to be 
iron-responsive, and 
multiple gene copies are 
found in many 
Shewanellas

1QJD.pdb



4 hemes + 1 flavin

Biochemistry, 38 (11), 3302 -3309, 1999

J. Am. Chem. Soc., 124 (20), 5702 -5713, 2002. 

Treating cooperativity

Direct electrochemistry of redox enzymes as a tool for mechanistic studies.

Figure 3: Normalized current-potential
response for a n = 1 (panel A and eq. 1) or
n = 2 (panel B and eq. 3) redox center
immobilized on an electrode. In panel B,
the di↵erent curves are calculated for
E0

O/I � E0
I/R = 0.4V (green), 0.2V (purple)

0.1V (red) 0V (black) and �.2V (blue).

termed O (oxidized), I (intermediate, or half-reduced) and R (reduced) throughout this paper.220

We note E0
O/I and E0

I/R the corresponding reduction potentials and E0
O/R = (E0

O/I +E0
I/R)/2. The

corresponding current equation was derived in ref. 54 (equivalently in ref. 27, eq. 1.57):
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⇠ = exp[2f(E � E0
O/R)] (3c)

(� is noted K�1 in ref 54). Curves calculated from eq. 3a are plotted in fig. 3B. If E0
I/R ⌧ E0

O/I,
two n = 1 peaks centered at E = E0

O/I and E0
I/R are observed, whereas if � is large, a single peak

occurs, whose features di↵er significantly from those of a one-electron peak: the height can be up225

to four times larger and the width twice as small. Working curves have been derived that relate
the peak width55 or height27 to � (the latter may be underestimated as a consequence of non-ideal
peak broadening). It has been noted27 that a peak twice the one-electron peak is not obtained for
E0

O/I = E0
I/R but rather when E0

O/I � E0
I/R = (RT/F ) ln 4.

When � is large, that is when the half-reduced active site disproportionates, eq. 3 can be230

replaced with
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and this has prompted55 the use of a very popular equation
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where a given center contributes to the signal according to its stoichiometric number of electrons
(n

s

= 1 or 2), ideal peaks widths are obtained with napp = n
s

while broadening results in lower
napp values. Some confusion may arise by using eq. 5 with n

s

< napp, although this was proposed235

8

for a 2-electron active site — 
two potentials E0O/I  & E0I/R



current equation is therefore simply obtained by differentiating
the Nernst equation;58,35 for the anodic peaks, this leads to

iLav
n)1(E0) ) F2νAΓ

RT
exp[f(E-E0)]

(1+ exp[f(E-E0)])2
(1)

We use the convention according to which oxidation
produces a positive current. We denote by A, the electrode
surface; Γ, the electroactive coverage; ν ) dE/dt, the scan
rate; F, R, and T have their usual meanings and f ) F/RT.

Equation 1 (dashed line in Figure 3A) describes a peak
whose height ip ) F2νAΓ/4RT is proportional to scan rate,
as opposed to !ν when the current response is convoluted
by diffusion of the redox species toward the electrode. There
is no separation between the anodic and cathodic peaks; the
peak potential is simply the reduction potential of the redox
couple and the full width at half height is 2 ln(3 + 2!2)/f
(89 mV at 20 °C). The electroactive coverage can be
estimated from the total peak area, which equates FAΓν.

Nonideal behaviors in the reversible limit have been
observed and reviewed in refs 57 and 59. They include
residual peak separation and peak widths larger than those
predicted by the Nernst equation. Excess peak widths are
accounted for by assuming a distribution of reduction
potentials,60–62 or empirically by substituting exp[nappf(E -
E0)] for exp[f(E - E0)] in eq 1, with napp < 1.63

iLav
n)1(E0) ) F2νAΓ

RT

exp[nappf(E-E0)]
(1+ exp[nappf(E-E0)])2

(2)

Armstrong and co-workers and Elliott and co-workers have
also identified cases where the peak width significantly
increases as the temperature is lowered, instead of being
proportional to T.57,64

Enzyme active sites are often two-electron centers, for
which we define three redox states termed O (oxidized), I
(intermediate, or half-reduced), and R (reduced) throughout
this paper. We note EO/I

0 and EI/R
0 the corresponding reduction

potentials and EO/R
0 ) (EO/I

0 + EI/R
0 )/2. The corresponding

current equation was derived in ref 65 (equivalently in ref
35, eq 1.57):
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(δ is noted K-1 in ref 65). Curves calculated from eq 3a are
plotted in Figure 3B. If EI/R

0 , EO/I
0 , two n ) 1 peaks centered

at E ) EO/I
0 and EI/R

0 are observed, whereas if δ is large, a
single peak occurs, whose features differ significantly from
those of a one-electron peak: the height can be up to four
times larger and the width twice as small. Working curves
have been derived that relate the peak width66 or height35 to
δ (the latter may be underestimated as a consequence of
nonideal peak broadening). Peak narrowing can also arise
for a single one-electron reaction if the ET is followed by a
first-order, irreversible reaction (“EC” mechanism); in this
case, the forward and backward peaks are no longer
symmetrical.67 Thus, to interpret the narrowness of a peak
in terms of δ being large, it is important that both the forward
and backward peaks should be narrow. Regarding two-
electron reactions, it has been noted35 that a peak twice that
given by eq 1 is not obtained for EO/I

0 ) EI/R
0 but rather when

EO/I
0 - EI/R

0 ) (RT/F) ln 4.
When δ is large, that is when the half-reduced active site

disproportionates, eq 3 can be replaced with
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0 ) ≈ 4F2νAΓ
RT

exp[2f(E-EO/R
0 )]

(1+ exp[2f(E-EO/R
0 )])2

(4)

and this has prompted66 the use of a very popular equation
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nsnappF
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RT

exp[nappf(E-EO/R
0 )]

(1+ exp[nappf(E-EO/R
0 )])2

(5)

where a given center contributes to the signal according to
its stoichiometric number of electrons (ns ) 1 or 2) and ideal
peak widths are obtained with napp ) ns while broadening
results in lower napp values. Some confusion may arise by
using eq 5 with ns < napp, although this was proposed as a
way of accounting for “repulsive interactions” between the
adsorbed redox sites.63 Except for fitting nonideal data, there
is no obvious advantage in using eq 5 rather than eq 3, since
the number of parameters is the same. Moreover, the
behavior predicted by eq 3 when δ is small cannot be fit to
eq 5.

Figure 3. Normalized current-potential response for a n ) 1
(panel A and eq 1) or n ) 2 (panel B and eq 3) redox center
immobilized on an electrode. In panel B, the different curves are
calculated for EO/I

0 - EI/R
0 between 0.4 and -0.2 V, as indicated.

Scheme 1. Definition of the Four Reduction Potentials in a
Molecule Containing Two Redox Sites A and B

There are only three independent parameters in this scheme, since the
four reduction potentials are related to each other by eq 6.

Direct Electrochemistry of Redox Enzymes Chemical Reviews, 2008, Vol. 108, No. 7 2383

Treating cooperativity

OR:

… but napp does not have clear physical meaning 

Now for a single redox couple, δ may deviate from

δ = 3.53RT 
nappF

Leger and Bertrand, Chem Rev,  2008

Voltammetry does not tell you about microstates

EA,Box = 0 = EB,Aox
EA,Box = 50 
EB,Aox = -50 mV

current equation is therefore simply obtained by differentiating
the Nernst equation;58,35 for the anodic peaks, this leads to
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We use the convention according to which oxidation
produces a positive current. We denote by A, the electrode
surface; Γ, the electroactive coverage; ν ) dE/dt, the scan
rate; F, R, and T have their usual meanings and f ) F/RT.

Equation 1 (dashed line in Figure 3A) describes a peak
whose height ip ) F2νAΓ/4RT is proportional to scan rate,
as opposed to !ν when the current response is convoluted
by diffusion of the redox species toward the electrode. There
is no separation between the anodic and cathodic peaks; the
peak potential is simply the reduction potential of the redox
couple and the full width at half height is 2 ln(3 + 2!2)/f
(89 mV at 20 °C). The electroactive coverage can be
estimated from the total peak area, which equates FAΓν.

Nonideal behaviors in the reversible limit have been
observed and reviewed in refs 57 and 59. They include
residual peak separation and peak widths larger than those
predicted by the Nernst equation. Excess peak widths are
accounted for by assuming a distribution of reduction
potentials,60–62 or empirically by substituting exp[nappf(E -
E0)] for exp[f(E - E0)] in eq 1, with napp < 1.63
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Armstrong and co-workers and Elliott and co-workers have
also identified cases where the peak width significantly
increases as the temperature is lowered, instead of being
proportional to T.57,64

Enzyme active sites are often two-electron centers, for
which we define three redox states termed O (oxidized), I
(intermediate, or half-reduced), and R (reduced) throughout
this paper. We note EO/I
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0 the corresponding reduction

potentials and EO/R
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(δ is noted K-1 in ref 65). Curves calculated from eq 3a are
plotted in Figure 3B. If EI/R
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0 , two n ) 1 peaks centered

at E ) EO/I
0 and EI/R

0 are observed, whereas if δ is large, a
single peak occurs, whose features differ significantly from
those of a one-electron peak: the height can be up to four
times larger and the width twice as small. Working curves
have been derived that relate the peak width66 or height35 to
δ (the latter may be underestimated as a consequence of
nonideal peak broadening). Peak narrowing can also arise
for a single one-electron reaction if the ET is followed by a
first-order, irreversible reaction (“EC” mechanism); in this
case, the forward and backward peaks are no longer
symmetrical.67 Thus, to interpret the narrowness of a peak
in terms of δ being large, it is important that both the forward
and backward peaks should be narrow. Regarding two-
electron reactions, it has been noted35 that a peak twice that
given by eq 1 is not obtained for EO/I
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When δ is large, that is when the half-reduced active site
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where a given center contributes to the signal according to
its stoichiometric number of electrons (ns ) 1 or 2) and ideal
peak widths are obtained with napp ) ns while broadening
results in lower napp values. Some confusion may arise by
using eq 5 with ns < napp, although this was proposed as a
way of accounting for “repulsive interactions” between the
adsorbed redox sites.63 Except for fitting nonideal data, there
is no obvious advantage in using eq 5 rather than eq 3, since
the number of parameters is the same. Moreover, the
behavior predicted by eq 3 when δ is small cannot be fit to
eq 5.

Figure 3. Normalized current-potential response for a n ) 1
(panel A and eq 1) or n ) 2 (panel B and eq 3) redox center
immobilized on an electrode. In panel B, the different curves are
calculated for EO/I

0 - EI/R
0 between 0.4 and -0.2 V, as indicated.

Scheme 1. Definition of the Four Reduction Potentials in a
Molecule Containing Two Redox Sites A and B

There are only three independent parameters in this scheme, since the
four reduction potentials are related to each other by eq 6.

Direct Electrochemistry of Redox Enzymes Chemical Reviews, 2008, Vol. 108, No. 7 2383



1FT5.pdb
Iverson, et al., JBIC, 2001

Arciero, et al., Biochemistry, 1991

Heme 2, 
+47 mV

Heme 1, 
+47 mV

Heme 4,
-276 mV

Heme 3, 
-147 mV

Cooperativity in heme proteins
NH2OH + H2O      NO2- + 4e- + 5H+HAO

Cyt c554 picks up 4e-: 

Cooperativity in heme proteins

Pulcu, et al, JACS, 2007

on MBA-Au electrodes: 4 hemes resolved, two show cooperative ET



Cooperativity in disulfide bonds
Thioredoxin, Trx

‘-270 mV’

Chobot et al.,  ACIE,  2007 and Bewley et al., PLOS-One, 2015

 δ = 3.5 RT/nF
disulfide ⇌ dithiol redox couple

Complexity in something simple
A. vinelandii Ferredoxin I (Av Fd1)

Example: a ferredoxin containing [3Fe4S] and [4Fe4S] clusters

Azodobacter vinelandii
ferredoxin I
~ 100 residues

2 redox centers 
[3Fe4S] +/0 and 0/2-
and [4Fe4S] 2+/+

(3 redox couples)

Here at a PGE electrode

Armstrong et al, Biochem. J. 264 265 (1989)
Armstrong, et al., Biochem. J., 1989

~100 residues, 1 [Fe4S4] 1 [Fe3S4] 
anticipate [Fe4S4]2+/1+ &  [Fe3S4]+/0

observe [Fe4S4]2+/1+, [Fe3S4]+/0 

and [Fe3S4]0/2- couple



… and in something more complex
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BtrN, an AdoMet Radical enzyme FeSAux FeSAM

FeSAux

~250 residues, 2 x [Fe4S4]  

resolve -760 mV and -510 mV clusters

WT

∆FeSAM

Maiocco, et al., JACS, 2015

LARGE ENZYMES, small currentsIn the case of large enzymes, non catalytic signals are small

Léger et al, Biochemistry 2001

Example 
E. coli fumarate 
reductase, 
2 proteins
600+200 residues
Mw=100kDa

1FAD, 
[2Fe2S] 
[4Fe4S]
[3Fe4S] surface exposed

Here at a PGE electrode

fumarate reductase, 600 + 200 aa, 100 kDa

1 FAD cofactor, 1 [Fe2S2],  
1 [Fe4S4], 1 [Fe3S4]

 nA currents at PGE electrodes 
four components

Léger, et al., Biochemistry, 2001



Non-catalytic voltammetry: 
slow scan-rates for ligand binding

Redox potentials are 
affected by ligand binding

relative potentials of wild-type and the H87C mutant: Which will
have the higher potential? What about between the protonated
and the un-protonated histidine forms of the wild-type protein?

PROTON-COUPLED ELECTRON TRANSFER

When electron transfer is concomitant with proton transfer, a phenomenon
seen for many redox active proteins, the midpoint potential of the center will
be dependent on proton concentration (pH). This dependence for a simple
one-proton:one-electron couple is described by a variation of the Nernst equa-
tion (Eq #)

Em = Eo
alk +

2.3RT

nF
log10

0

@1 + [H+]
K

red

1 + [H+]
K

ox

1

A (1)

The physical consequence of this e↵ect is that there is a the midpoint po-
tentials for the protonated and unprotonated species will di↵er, with the
protonated protein having a more elevated midpoint potential. This can be
seen in Figure #, a pourbix diagram of the relation of potential to pH.

pH

Po
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l

ox:H+

ox

red
red:H+

pKox

pKred

Thursday, May 31, 2012

Figure 8: The dependence of
midpoint potential on proton
concentration. pK

ox

and pK
red

represent the pK
a

values of the
oxidized and reduced protein re-
spectively.

As a corollary the pK
a

values for the reduced and oxidized forms of the
protein will also be seperated, the pK

a

of the reduced form being higher than

16

Ox Red

Red:HOx:H

Kox Kred+H+ +H+

E0
alk

E0
acid

Ox + ne- + mH+  Red:Hm

Pourbaix diagram

maximal dependence:  - 59   mV/pHm
n

Simple equilibria: BtrN

A B

His117

FeSAM

4 6 8 10
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 (V
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AdoMet Radical 
FeS Cluster

Auxiliary FeS Cluster

Maiocco, et al., JACS, 2015

pKox = 6.3

pKred = 8.9



complex H+-equilibria
Example: complete pourbaix diagram of a 
« Rieske-type » 2Fe2S ferredoxin

Zu et al, JACS 123 9906 (2001)
Zu, et al., Biochemistry, 2001

Rieske FeS centers, as studied by Judy Hirst

complex H+-equilibria
But MitoNEET, is distinctive

Bak and Elliott, Biochemistry (2013)

pKox1 = 6.5

pKred1 = 9.5

pKox2 = 10.1

pKred2 > 12

… same model as Rieske FeS  
     but now ordering of pKa’s varies



Non-catalytic voltammetry: 
FAST scan-rates for ET rates

first, a bit of ET theory …

D
red

+A
ox

kD!A⌦
kA!D

D
ox

+A
red

kD!A

kA!D
= exp(��rG

0
/RT )

kD!A = Hexp

✓
� (�rG0 + �)2

4�RT

◆

for ET from a donor to an 
acceptor

thermodynamics predicts:

& Marcus theory predicts:

�rG
0 = �F

�
E0

A � E0
D

�

H: electronic coupling between A and D, H ↓ when d(A-D) ↑ 
λ: ‘reorganization energy’ 
• the rate decreases as the driving force increases above λ

Interfacial ET: electrodes & (a) redox center
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k
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k
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for an oxidation occurring at an electrode:

Nernst behavior predicts:

Butler Volmer (empirical) model of ET gives: k
ox

= k0exp

 
F

2RT
(E � E0

)

!

• k0 depends on electronic coupling with electrode (not internal ET) 
• now rates are independent of λ, if E - E0 is < λ (ie, not at overpotentials)

Marcus theory for interfacial ET now looks like:

• kox and kred reach a limiting (plateau) at high over-potential



Electron transfer betwen a metallic electrode and a redox center
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(ferrocene terminated thiols self-assembled on Au)
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 Reports

 Free Energy and Temperature Dependence of
 Electron Transfer at the Metal-Electrolyte Interface

 CHRISTOPHER E. D. CHIDSEY

 The rate constant of the electron-transfer reaction between a gold electrode and an
 electroactive ferrocene group has been measured at a structurally well-defined metal-
 electrolyte interface at temperatures from 10 to 47?C and reaction free energies from
 -1.0 to +0.8 electron volts (eV). The ferrocene group was positioned a fixed distance
 from the gold surface by the self-assembly of a mixed thiol monolayer of
 (i15C5H5)Fe(i15C5H4)C02(CH2)16SH and CH3(CH2)15SH. Rate constants from 1
 per second (s'-) to 2 x 104 s'- in 1 molar HC104 are reasonably fit with a
 reorganization energy of 0.85 eV and a prefactor for electron tunneling of 7 x 104 s-'
 eV- . Such self-assembled monolayers can be used to systematically probe the
 dependence of electron-transfer rates on distance, medium, and spacer structure, and
 to provide an empirical basis for the construction of interfacial devices such as sensors
 and transducers that utilize macroscopically directional electron-transfer reactions.

 L ONG-DISTANCE, INTERFACIAL ELEC-

 tron transfer plays a central role in
 such diverse processes as the bioener-

 getics of photosynthesis and respiration, the
 dye-sensitization of photographic materials,
 the collection of minority carriers at semi-
 conductor photoelectrodes, and the direct
 amperometric detection of analytes with en-
 zyme-modified electrodes. However, few
 well-defined experimental systems have been
 available to probe such fundamental issues
 as the dependence of interfacial electron-
 transfer rates on the reaction free energy, the
 electron-transfer distance, or the molecular
 structure of the interface. Li and Weaver
 have shown that the rate of electron transfer
 between an electrode and an electroactive
 group tethered to the surface through a
 carbon chain drops off exponentially with
 the chain length (1). Further study of that
 system was handicapped by the unknown
 and possibly heterogeneous structure of the
 interface. In contrast, rigid, structurally
 well-defined molecules containing two or
 more electroactive sites have been used to
 study intramolecular electron transfer for
 several years now (2).

 Here, I report measurements of the inter-
 facial electron-transfer rate between a gold
 electrode and an electroactive ferrocene
 group held a fixed separation from the elec-
 trode by a monolayer (Fig. 1). This previ-
 ously characterized interface (3) is prepared
 by the self-assembly of alkane thiol deriva-
 tives on Au (4-7) and has been inferred (3)
 to have the same structure as the unsubsti-
 tuted alkane thiol monolayers on Au(1 11)

 (8-11). In this report, the ferrocene sites are
 shown to be kinetically homogeneous, and
 the forward and backward electron-transfer
 rates (kf and kb, respectively) are measured
 over a large range of potentials, allowing the
 thermal activation and electron tunneling
 components of this prototypical interfacial
 electron-transfer reaction to be separately
 determined.

 The samples are prepared by incubating
 freshly vapor-deposited Au mirrors for 2 days
 in a coadsorption solution of a ferrocene-termi-

 nated alkane thiol [0.1 mM

 (-q5C5H5)Fe(-q5C5H4)CO2(CH2)16SH] and
 an unsubstituted alkane thiol [0.9 mM
 CH3(CH2)15SH] in ethanol, followed by at
 least 10 days in an "exchange solution" of 1
 mM CH3(CH2)15SH in ethanol to replace
 loosely bound ferrocene-terminated alkane thi-
 ols with unsubstituted thiols (3). Finally, the
 samples are placed in an electrochemical cell
 with 1 M-aqueous HCl04, a Ag/(I mM Ag-
 C104, 1 M HCl04) reference electrode, and a
 Pt counterelectrode (3).

 The reduction and subsequent reoxida-
 tion of an electroactive group at a metal
 electrode is written (12)

 kf

 ox + e - > red (1)
 kb

 where ox is the oxidized form of the electro-
 active group (the cationic ferricenium group
 in this work) and red is the reduced form
 (the ferrocene group). The reaction free
 energy AGO is:

 AGo = e(E - E0) (2)

 where e is the electron charge, E is the

 electrode potential, and E? is the formal
 potential of the electroactive group. When E
 = EB?, kf = kb. In general, kf is expected to
 increase rapidly with decreasing reaction
 free energy, and kb is expected to increase
 rapidly with increasing reaction free energy.
 Both the energetics and kinetics of the reac-
 tion can thus be conveniently varied by
 changing E (13).

 In Fig. 2, the electrode potential is first
 scanned positively through E?' to oxidize
 the ferrocene to ferricenium (positive cur-
 rent peaks) and then scanned negatively to
 reduce the ferricenium back to ferrocene
 (negative current peaks). At the slowest scan

 Fig. 1. Inferred structure of the monolayer
 formed by coadsorption of a ferrocene-terminated
 alkane thiol (highlighted with black bonds) and
 an unsubstituted alkane thiol on Au(I 1 1). The
 conformation about the ester group is chosen to
 illustrate the closest approach of the ferrocene
 group to the electrode, -20 A.
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 Fig. 2. Cyclic voltammorrams of a mixed mono-
 layer of ferrocene-terminated alkane thiol and
 unsubstituted alkane thiol on gold. The current
 isotrate) the yortm potentroia of the ferrocene

 grou, 1o MthC )rfene electrode . 2
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 Fig. 4. (A) Semi-log plot of the measured decay rate constants at 25?C for four samples (symbols) and
 calculated decay constants from Eq. 3 with V = 1.25 s- , ot = 0.5 (dotted); and from Eq. 7 and 8
 with: X = 1.1 eV, vp = 7.48 x 105 s-' eV-' (dot-dot-dashed); A = 0.85 eV, vp = 6.73 x 104 s-'
 eV -1 (solid); A = 0.7 eV, up = 1.55 x 104 s- 1 eV- 1 (dot-dashed); and A = 0.5 eV, vp = 2.29 x 103
 s- eV-' (dashed). (B) Semi-log plot of the measured decay rate constants at: 1?C (triangles), 25?C
 (circles), and 47?C (squares); and calculated decay constants from Eq. 7 and 8 with A = 0.85 eV, vp
 = 6.73 x 04 s- eV-

 (ii) because the electron must tunnel a long

 distance, the transition rate in the activated
 complex is expected to be determined by the

 electronic coupling between the metallic

 states of the electrode and the ferrocene
 group (that is, the reaction should be non-
 adiabatic); and (iii) because ferrocene and

 the ferricenium cation have similar struc-

 tures, the domiant contribution to the acti-
 vation barrier is expected to be the reorga-
 nization of the solvent (22), which can be

 treated classically.

 The rate constants kf and kb can thus be
 written

 kf,b = If? (Fj) Vi exp[-AG t (ri)/(kBI)]

 (4)

 where -er, is the energy of the ith metallic
 state. The Fermi-Dirac probabilities are

 f? (Ej) = {1 + exp[ + e(E - j)/(kBT)]} -
 (5)

 The prefactor vi is determined by the elec-
 tronic coupling between the ith metallic

 state and the ferrocene group. The activa-

 tion free energies are given by the Marcus

 relation (19)

 AGt (er) = [. + e(Ei - E )]2/(4X) (6)
 f,btI

 where A is the reorganization energy, the
 free energy needed to distort the atomic
 positions of the reactant and its solvation
 shell to the atomic positions of the product
 and its solvation shell without allowing the

 electron to transfer. It is assumed that the
 same reorganization energy applies to both

 the forward and backward reactions (see
 below).

 Making the simplifying assumption that

 both the electronic coupling and the density

 of metallic states are independent of energy
 (see below), Eq. 4 can be recast as

 kf,b = up(4AXkBTh"1/2 Qffb(XA E - EO, 7)
 (7)

 where (up)edr is the prefactor for electron
 transfer between a ferrocene group and all

 metallic states in the energy interval edr, and

 Qfl,b(X, E - E?', T) are activation factors,
 which are independent of the electronic
 coupling, given by

 Qf,b(X, E - EF, 7) = C1/2f i(x)dx (8)

 where C = (kb T14-rX) and g(x) =

 X ? Ae(E - E') 2 1 1
 exp{ - x - - j

 L kBT J CT J

 1 + exp(x)

 At moderate reaction free energies and tem-
 peratures [e(E - E0) <?< , kBT << X], fl
 and Qb are both much less than unity,
 normally activated, and follow opposing ex-
 ponential dependencies on potential. At
 very negative reaction free energy, the for-

 ward activation factor, Qrf, is unity and tem-
 perature independent; similarly, at very pos-

 itive reaction free energy, lb is unity and
 temperature independent.

 The various dashed and solid curves in

 Fig. 4A are plots of kf + kb from Eqs. 7 and
 8 for several values of the reorganization
 energy X. In all cases the product up is
 adjusted to give the measured decay rate
 constant of 2.5 s -' at E?'. The curve with X
 = 0.85 eV and up = 6.73 x 104 s- eV-'

 approximates the observed values quite well.
 The plateau behavior at high driving force is
 due to the continuum of states in the metal,
 and is in contrast to the case of electron
 transfer between two molecular sites, where,
 at high driving force, the rate decreases as
 the reaction free energy is made more neg-
 ative [the Marcus-inverted region (2)].
 Curves obtained from the classical Marcus
 theory neglecting the continuum of metallic
 states do not fit the data at very positive and
 very negative potentials. The parameters
 that give the best fit in Fig. 4A are used to
 generate the curves for 10, 250, and 47?C
 plotted in Fig. 4B. These curves reproduce

 well the experimental temperature depen-
 dence at E?' and the decrease of that depen-
 dence at both more positive and more neg-
 ative potentials.

 From the agreement of the data and the
 theoretical curves in Fig. 4B, Eqs. 7 and 8
 are apparently adequate to describe this in-
 terfacial electron-transfer reaction. In partic-
 ular, two of the assumptions made now
 appear to be reasonable: (i) the reorganiza-
 tion energy for the forward and backward
 reactions are apparently quite similar, or the
 data would not be as symmetric as they are;
 and (ii) the product of the tunneling rate in
 the activated complex and the density of
 states is apparently approximately indepen-
 dent of the energy of the metallic state, or
 the limiting rate constants would be differ-
 ent for the positive and negative branches in
 Fig. 4B.

 From the value obtained for vp, one can
 estimate a coupling of about 10-6 eV be-
 tween the metallic states and the ferrocene
 group (23,24), a small value that justifies
 treating the reaction as nonadiabatic. The
 distance dependence of this coupling will be
 described elsewhere (25). The reorganiza-
 tion energy of 0.85 eV determined here
 compares reasonably with the calculated sol-
 vent reorganization energy of 0.94 eV (26),
 indicating that, as expected, solvation is the
 dominant contributor to the activation.

 Self-assembly of monolayers provides a
 dramatic improvement in the type of struc-
 tures available at interfaces, offering the op-
 portunity to control the kinetics of interfa-
 cial electron transfer. Self-assembled
 structures should allow novel interfacial

 chemistry to be explored. For instance, elec-
 troactive groups positioned so that they
 cannot be highly solvated could mimic, at a
 macroscopic interface, the weakly activated
 and directional electron-transfer reactions

 that are the key to efficient charge separation
 in natural photosynthetic membranes.

 REFERENCES AND NOTES
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 106, 6107 (1984).
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based on Butler-Volmer: ∆E is small (0) @ small ν 

Ep = E0 ± ƒ-1ln(vƒ/2k0)

slope tells you k0

Interfacial ET: trumpet plots for kiet (or k0)

ΔEp=0 at small scan rate
(ideally, but residual 
small peak separation is 
common)

ΔEp is all the greater than
ν is large and/or k0 small

The peaks separate
when

NB: since ΔEp depends on 
log(ν/k0), only the order of 
magnitude of k0 can be 
determined 

Measuring k0 from peak splitting against scan rate 

Laviron, JEAC 101 19 (1979)
Hirst et al, Anal. Chem. 70 5062 (1998)

Laviron, JEAC, 101, 1979

peaks diverge when  ν > k0 RT/F 



Baymann et al., FEBS Letters, 2003, p. 91-94

cytochrome c555 (soluble & membranous), Aquifex aeolicus

vs

electrode
SSSSS

XXXXX

soluble form

electrode
SSSSS

XXXX

membrane form

Example: Determining kiet (or k0)

In Aquifex, alternate start 
codon generates a 
lipidated, flexible tail 
(c55m) or a soluble 
version (c55s)

Example: Determining kiet (or k0)
cytochrome c555 (soluble & membranous), Aquifex aeolicus

Reported values of k0 range from…
very small (~ 0.1s-1) or slower
to very large (up to ~ 10 000 s-1)

Baymann et al, FEBS Letters, 539 91 (2003)

Two different attachements of the same cytochrome c555
c555m = with the tail attached to Au
c555s = no tail (cleaved before adsorption)
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how many CH2’s matter?

Example: examining λ in more detail
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and β ≈ 1 per CH2

length of the SAM and X is the ‘head’ group) [52]. Since the
thiol terminus forms a relatively stable bond with the metal,
various head groups can be used to optimise protein binding
without disturbing the formation of the SAM. One of the
first proteins to be adsorbed onto gold electrodes using
SAMs of different chain lengths was cytochrome c [53,54].
At low ionic strength, cytochrome c is strongly adsorbed by
SAMs with a carboxylic acid head group (HOOC(CH2)nS-
Au). Initially, relatively slow cyclic voltammetry (up to 200
mV s! 1) was used which limited the ET rate that could be
measured to k0 < 2 s! 1 (ET rates are usually reported as k0,
which represents the ET rate at DG0 = 0) [54]. Later, Niki et
al. continued this work using a faster spectroscopic techni-
que and measured the ET rate for n = 2–11 [55,56]. For long
chain lengths (n>9, i.e., weak electronic coupling), they
found that the ET rate exponentially decreased with distance
(see Fig. 5, top), in accordance with the square barrier (Eq.
(2)) and other models. The tunnelling parameter (b = 1.09
per CH2 unit) agreed well with previous work. Similar
behaviour has been reported for cytochrome c on silver
[57,58] although the ET rates are an order of magnitude
lower (Fig. 5, top and middle). This difference might be
partly due to the fact that different spectroscopic methods
were used. Cytochrome c adsorbed on a SAM of N-
acetylcystein showed a rate of k0c 800 s! 1 with voltam-
metry, while a rate of 2100F 300 s! 1 was found spectro-
scopically [59]. ET rates are also known to be dependent on
the type of metal used as electrode. Finklea et al. [60] found
differences in ET rates for Ru compounds adsorbed on
HOOC(CH2)15SH SAMs on either Pt, Au or Ag. The
measured reorganisation energy of the Ru-compounds was
the same for the three metals, but k0 differed. The difference
between Au and Ag has been attributed to their difference in
the electronic heat constants [60].

For shorter chain lengths (n < 9) the ET rate for cyto-
chrome c on both Au and Ag did not increase exponentially
as expected, but levelled off (at k0f 3" 103 s! 1 for gold). A
similar behaviour was observed with a blue copper protein,
azurin, for chain lengths n < 9 (Fig. 5, bottom) [61]. These
results are consistent with the notion that the ET to and from

Fig. 4. A schematic representation of ET between an electrode and an

adsorbed redox-protein bridged by a SAM.

Fig. 5. Logarithmic plot of the observed ET rate constants (at DG0 = 0) of

horse cytochrome c (top and middle) and azurin (bottom) as a function of

the number of methylene groups of indicated alkanethiol SAMs. Data are

taken from Refs. [54,55] (top), [57,58] (middle) and [61] (bottom). The

dotted lines have a slope between b= 1 and 1.3 per CH2. The solid lines

represent simulations which take into account that the ET reaction is gated.

Closed symbols are measured in H2O and open symbols in D2O.

L.J.C. Jeuken / Biochimica et Biophysica Acta 1604 (2003) 67–7670
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dotted lines have a slope between b= 1 and 1.3 per CH2. The solid lines

represent simulations which take into account that the ET reaction is gated.

Closed symbols are measured in H2O and open symbols in D2O.

L.J.C. Jeuken / Biochimica et Biophysica Acta 1604 (2003) 67–7670

Jeuken replotted many old studies for 
direct comparison (BBA, 1603 67 (2003)

• k0 may depend on thermal gating/
rearrangement at electrode surface

Example: when kiet ‘problems’ are a  virtue 

NH2OH + H2O      NO2
- + 4e- + 5H+HAOCyt c554 picks up 4e-: 

On MBA-modified gold
Heme 1: +35, 50 mV 

Heme3: -180 mV Heme 4: -283 mV
Pulcu et al., JACS, 2007
Iverson et al., JBIC, 2001
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Potential (V vs SCE)

3 mV/s

50 mV/s

300 mV/s

4 3 1,2

Pulcu et al., JACS, 2007,1838-1839 

Example: when kiet ‘problems’ are a  virtue 

On mercapto-undecanoic acid  gold

Iverson , et al., Nature Structural Biology  5, 1005  (1998) 

Example: when kiet ‘problems’ are a  virtue 

heme MUA MBA
1 + 2 0.4 s-1 120 s-1

3 8 s-1 240 s-1

4 1 s-1 160 s-1

kiet determined for each heme

...for HAO-cyt c554 turnover, kcat ~ 10s-1

So if kiet is ≲ kcat,  
cyt c554 is irrersible…  

Pulcu et al., JACS, 2007,1838-1839 



1FDD.pdb

Duff, et al., J. Am. Chem. Soc., 1996, 118 (36), pp 8593–8603

[3Fe4S]1+/0

Example: using time scales to study kinetic events

A. vinelandii Ferredoxin I (Av Fd1)

of Glu-48, and the carboxylate of Asp-15. Most of the water
structure on the protein surface remains unchanged.
Figure 4 shows voltammograms of films of P50A obtained

at slow scan rates at two different pH values. The reduction
and oxidation peaks conform closely to the theoretical
expectations for an immobilized redox couple displaying
reversible one-electron exchange with the electrode (37). The
peaks have half-height widths of approximately 100 mV, and
the peak separation is small (approximately 10 mV). Similar
results were obtained with P50G.
Figure 5 shows how the reduction potentials for P50A and

P50G vary with pH. These data were obtained by taking the
average of oxidation and reduction peak potentials from
voltammograms recorded at scan rates slow enough to ensure
equilibrium conditions (20 mV s-1). Use of a slower scan
rate did not alter the results. The results conform to Scheme
1 and are analyzed using eq 1

in which aH+ is the proton activity determined from the pH
measurement (34). Data are now available for numerous
structurally defined variants of AVFdIsthese have also been
modeled using eq 1 and are included in Figure 5. The Ealk
and pKred values are presented in Table 1. P50A and P50G
display the highest potentials of all these variants, both in
the region of pH where the cluster is protonated directly and

(for P50G) at values above pKred. Interestingly, all the other
mutants that exhibit high Ealk values are those for which
negatively charged Asp-15 has been changed to a neutral
residue.

FIGURE 3: (A) Comparison of the structures of the protein
backbones of the P50A mutant (PDB file 1PC4) and the native
protein (PDB file 7FD1). The two structures are essentially identical.
(B) Comparison of the structures of the P50A mutant and the native
protein in the region of the [3Fe-4S] cluster, showing positions of
the side chains, and of the water molecule that enters the structure
in P50A. Distances are reported for P50A.

Eobs ) Ealk +
2.3RT
nF log(1 + aH

+/Kred) (1)

FIGURE 4: Protein-film voltammograms of the P50A mutant of
AVFdI at a slow scan rate (10 mV s-1), at pH values above and
below pKred. The background corrected signals are also presented;
for these, the y-axis span represents the ideal theoretical (Nernstian)
peak height. In each case, the scan was commenced from the
oxidized state; temperature 0 °C; conditions as reported in Materials
and Methods.

FIGURE 5: Comparison of the pH dependence of the reduction
potentials of P50G, P50G, native AVFdI (bold), point-mutants of
Asp-15 (dashed lines), and of other residues (solid lines).

Proline Maintains Long-Range Electron-Proton Coupling Biochemistry, Vol. 42, No. 36, 2003 10593

Camba, et al. Biochemistry, 2003

pKred  ≈ 7.5

transfer (32-35). The driving force is provided by the
electrode potential, and the time scale is imposed by the rate
at which the potential is scanned. These studies have
exploited the fact that interfacial electron exchange with
protein molecules adsorbed (at up to monolayer coverage)
on a pyrolytic graphite edge (PGE) electrode surface is fast.
Indeed, the electron exchange constant at zero driving force,
k0, is sufficiently large that high scan rates (typically up to
100 V s-1) can be used to reveal details of the electron-
proton coupling kinetics (36-40). The following sequence
of events (Scheme 1) has been established unambiguously:
electron transfer to the cluster is followed by proton transfer
from bulk water; then in the reverse reaction, electron transfer
off the cluster does not occur until the proton has been
released to solvent. Thus, in the reduction half cycle electron
transfer drives proton transfer, whereas in the oxidation half
cycle electron transfer is gated by proton transfer.
The structure of the protein in the region of the [3Fe-4S]

cluster is shown in Figure 1. PFV studies with various site-
directed mutants have established that proton transfer
between the solvent and the cluster is mediated by the
exposed carboxyl group of Asp-15 (D15), which can swing
back and forth to act as a proton courier between cluster
and solvent (35). Importantly, in contrast to other long-range
proton-transfer reactions that have been studied, no water
molecule is involved in this process (6). The mechanism is
presented in Scheme 2. The kinetics of proton transfer both
to and from the cluster are dependent on pH. Inward-bound
proton transfer requires prior protonation of the Asp-15
carboxylate, the pK of which is sensitive to the oxidation
level and protonation state of the cluster, and the neutraliza-
tion of its charge assists its entry into the protein interior.
Before electron transfer, the pK (pKox) of Asp-15 is 5.4, as

measured by NMR at 8 °C (41). Then, after electron transfer,
the increase to 7.2 (pK1) helps the carboxylate to capture a
proton from the solvent. Molecular dynamics shows that the
Asp-15 side chain is very mobile and that there are frequent
approaches of the carboxylate-O to within hydrogen bonding
distance of the cluster S1 atom. Conversely, outward-bound
proton transfer requires prior movement of the unprotonated
(negatively charged) side chain into the protein, which on
electrostatic grounds is more favorable when the cluster is
protonated. Outward-bound proton transfer is blocked if Asp-
15 reprotonates (pK2). Both pK1 and pK2 can be extracted
by detailed analysis of voltammetric data: importantly, their
difference (∆pK) is a measure of the electrostatic coupling
between the cluster and Asp-15. ∆pK should be similar to
the difference between pK1 and pKox, which reflects the effect
on Asp-15 of adding an electron to the cluster.
At pH 7, proton binding to the buried cluster occurs with

a bimolecular rate constant of nearly 1010 M-1 s-1, a value
approaching the diffusional limit for proton transfer (42).
Replacing Asp-15 with any other residue, including glutamate,
results in greatly retarded rates of proton transfer. Indeed,
Asp-15 mutants exhibit kinetics 2-3 orders of magnitude
slower for proton transfer both to and from the cluster, and
all show similar pH-independent base-level rates. In this
paper, these are termed slow mutants. In contrast, replace-
ments of other residues, even Lys-84 which forms a salt
bridge to the Asp-15 carboxylate, have little effect on the
kinetics and are termed fast mutants.
Diffusion-controlled transfer of a proton to a solvent-

exposed site occurs with a second-order rate constant of
around 1011 M-1 s-1 (42, 43). Therefore, there is a margin
of 1 or 2 orders of magnitude remaining, by which the rate
of proton transfer to the buried cluster might still be
increased. We now consider the effect of possible steric
restraints, and conformational flexibility in the cluster binding
region, which might allow for enhanced rates of shuttling
of the Asp-15 headgroup between the protein interior and
the solvent or even facilitate the direct access of solvent water
molecules to the cluster. As shown in Figure 1, the region
around the cluster and Asp-15 includes a proline, residue
Pro-50, which might be influential since mutations of proline
residues are known to increase protein backbone mobility
(44). Furthermore, analysis of the (static) crystal structure
suggested that as the torsion angles of Asp-15 are rotated,

Scheme 1: Thermodynamic Scheme for Electronation and
Protonation of the [3Fe-4S] Cluster of AVFdIa

a There is no evidence for participation of the species [3Fe-4S]1+-
H+. In electrochemical terminology, the cycle comprising the trans-
formation from the oxidized cluster to the reduced protonated cluster
(electron transfer followed by proton transfer), and the reverse reaction
in which these events are retraced, is an ECCE reaction.

FIGURE 1: Structure of native A. Vinelandii ferredoxin I in the
vicinity of the [3Fe-4S] cluster, showing the residues that may assist
in transferring a proton to the cluster, buried below the solvent
accessible surface. The protein is at pH 8.5 in the oxidized form,
and the figure is taken from PDB file 7FD1.

Scheme 2: Mechanism of Proton Transfer between Bulk
Water and the [3Fe-4S] Cluster in AVFdIa

a Fast proton transfer to [3Fe-4S]0 is pH-dependent, and the pK
values of Asp-15 () base, B) are sensitive to the redox and protonation
states of the cluster. At low pH, Asp-15 reprotonates, inhibiting proton
transfer off the cluster. For native AVFdI, pKox ) 5.4, pK1 ) 7.2, and
pK2 ) 5.9.
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Example: using time scales to study kinetic events

Av Fd1:  cluster itself not, exposed to surface, but D15 is 

thermodynamic parameters for ‘on’ and ‘off ’ proton transfers,
defined according to Schemes I and II (Box 1), and measured by
protein film cyclic voltammetry. In all cases, reduction involves
electron transfer followed by proton transfer, whereas oxidation
requires that proton transfer precede electron transfer, that is, the
two processes do not occur in concert. Electron transfer is very fast
and is clearly separated from proton transfer.

The mutants fall sharply into two categories with respect to
proton-transfer kinetics—‘slow’ and ‘fast’—with rates differing by
three orders of magnitude. The kinetics of the ‘slow’ mutants are
simple and pH-independent (they are described adequately by
Scheme I) and rates are similar in each case. By contrast, the ‘fast’
mutants show a complex pH dependence (Scheme II) with second-
order ‘on’ rate constants approaching diffusion control at pH 7.

Referring to Fig. 2, the following facts are established. The D15N
mutation replaces the carboxylate by carbamide and the slow
proton-transfer rate is consistent with loss of a protonatable
group (base B) which acts as a proton relay (Scheme II)13,19.
However, the mutation also disrupts the salt bridge between the
Asp 15 carboxylate and a surface lysine (Lys 84)19. In addition, the
side chain of Glu 18 shifts, although the change is less-defined due to
disorder. In the mutant K84Q, Lys 84 is changed to a residue (Gln)
that cannot form a salt-bridge to Asp 15. The fast proton-transfer
kinetics demonstrate that it is the presence of the carboxylate and
not the salt-bridge that is important. The double mutant D15K/
K84D was designed to invert the salt-bridge orientation; however,
the salt-bridge does not form. Proton transfer is slow, as it is in
D15N, showing that the introduced Asp 84 side chain is incorrectly
placed to function as a proton-transfer group and that lysine cannot
substitute for aspartate at position 15. The possibility that Glu 18
facilitates proton transfer was eliminated by the mutant E18Q,
which has very similar rates to the native protein. Experiments with
D15E finally established the critical nature of the distance between
the cluster and the carboxylate at position 15. Insertion of a single
CH2 group in the side chain (which increases the distance by
approximately 2 Å) retards proton transfer as much as deletion of
the carboxylate altogether (Table I). The T14C mutant has a
polarizable S atom within the sphere of influence of the cluster
and raises the cluster pK while the position of the carboxylate is not
significantly changed27. The native proton-transfer kinetics are
retained, confirming that they are dependent solely on the position
of the carboxylate.

The exacting requirement for Asp 15 is thus demonstrated,
leading to a detailed model for the mechanism of proton transfer
between water at the protein surface and the buried redox centre.
The data in Table 1 show that the H2O/D2O isotope effect for the
native protein is small (approximately 1.3), and reveal (from the
interdependence of respective pK values) that there are significant
electrostatic interactions between the cluster and Asp 15. As shown
in Fig. 3a, electron transfer drives rotation of the Asp 15 carboxylate
about the C!–C" bond and increases the O# to S1 distance from
4.7 Å to 4.9 Å, in accordance with the less favourable electrostatics22.
More significantly, the pK of the carboxylate increases to 7.2
compared with 5.4 in the oxidized ([3Fe–4S]1+) state (pKOX in
Scheme II), thus promoting proton capture from solvent water18. It
is important to note that a sizeable, transient shift in pK value is
essential for fitting the data. After the proton has transferred to the
cluster, the pK drops back to 5.9, and the X-ray structure of the
reduced protein at pH 6.1 reveals that the Asp 15 carboxylate reverts
towards its position in the oxidized form20. This ‘relaxation’ is
expected because the [3Fe–4S]0-H+ cluster has the same electrical
charge as the oxidized [3Fe–4S]1+ cluster.

To explain how Asp 15 mediates such fast proton transfer, it is
necessary to ascertain whether a proton that has transferred from
solvent to a carboxylate O atom can then be carried easily to within
hydrogen-bonding distance of the cluster S1 atom28. We therefore
carried out molecular dynamics calculations to study the mobility

of the state in which the reduced cluster is unprotonated while
Asp 15 is protonated and thus no longer repelled by the increased
negative charge on the cluster. The results reveal that the Asp 15 side
chain is very mobile, executing a high frequency of short-range
encounters between O# and S1 atoms (Fig. 3b). Thus, within 80 ps,
an O# atom makes one excursion to 3.05 Å (Fig. 3c), well within the
sum of van der Waals radii, and five other excursions to distances
less than 4 Å. The motions of the side-chain carboxyl/carboxylate
group thus convey H+ between solvent and reduced cluster, accom-
plishing ‘atom-to-atom’ transfer across this hydrophobic barrier.
Cluster deprotonation occurs by reversal of these steps, noting
that at pH $ 5.9, protonation of Asp 15 inhibits proton transfer off
the cluster.

In conclusion, fast proton transfer in FdI requires the presence of
Asp 15 and rapid penetrative excursions of its side-chain carboxyl/
carboxylate to within hydrogen-bonding distance of the cluster. Our
experiments, which combine detailed kinetic and thermodynamic
data for a series of mutants with molecular dynamics based on high-
resolution protein crystal structures, highlight the exacting specifi-
cations that must be met for proton-pumping motifs in enzymes2–5.
The pK values of the proton-relaying carboxylate and the buried
active site are tightly coupled and adjust to facilitate sequential
transfers of an electron and a proton. Re-oxidation is gated by
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Figure 3 Movement of the Asp15 side chain during redox-driven proton transfers.
a, Comparison of oxidized (red; PDB code 7FD1) and reduced (grey; PDB code 7FDR)
high-pH structures of native FdI in the region of the cluster and Asp 15. Upon reduction,
the Lys 84 side chain adopts a single conformation with a N%–O#1 distance of 3.3 Å, and
the carboxylate side chain has rotated by 90!. (In accordance with previous nomenclature,
the closest O atom to the cluster in the reduced form is denoted O#2, whereas it is O#1 in
the oxidized form22.) b, Distances of O#2 (from Asp 15) to S1 (from the cluster) during the
molecular dynamics simulation; asterisks indicate the points where the distance is below
4 Å. c, Superposition of the reduced native FdI (grey) structure (also shown in a) and one of
the molecular-dynamics-generated snapshot structures (blue) around the region of
Asp 15, showing one of the approaches of O#2 to the S1 atom of [3Fe–4S]0 within the
period of simulation. The distance between O#2 and S1 is 4.9 Å for the native structure
and 3.0 Å for the molecular-dynamics-generated structure. The H atom is positioned
collinear with O#2–S1 at a normal bond distance (1.0 Å) from O#2. Van der Waals
surfaces of O#2 (radius 1.4 Å) and S1 (1.85 Å) are shown. For this closest approach, O#

and S1 are well within the sum (1.4 + 1.85 = 3.25 Å) of their van der Waals radii and, in
the limit of a collinear O–H…S arrangement, the resulting H–S distance is approximately
2.25 Å.

© 2000 Macmillan Magazines Ltd

Molecular dynamics simulations indicastes that the surface D15 
side chain can approach the cluster.

Chen et al., Nature, 2000 
Camba, et al. Biochemistry, 2003 

Hirst et al., J. Am. Chem. Soc. , 1998



Example: using time scales to study kinetic events

D15E was then investigated by variable scan-rate PFV

J. Am. Chem. Soc., 120 (28), 7085 -7094, 1998

transfer (32-35). The driving force is provided by the
electrode potential, and the time scale is imposed by the rate
at which the potential is scanned. These studies have
exploited the fact that interfacial electron exchange with
protein molecules adsorbed (at up to monolayer coverage)
on a pyrolytic graphite edge (PGE) electrode surface is fast.
Indeed, the electron exchange constant at zero driving force,
k0, is sufficiently large that high scan rates (typically up to
100 V s-1) can be used to reveal details of the electron-
proton coupling kinetics (36-40). The following sequence
of events (Scheme 1) has been established unambiguously:
electron transfer to the cluster is followed by proton transfer
from bulk water; then in the reverse reaction, electron transfer
off the cluster does not occur until the proton has been
released to solvent. Thus, in the reduction half cycle electron
transfer drives proton transfer, whereas in the oxidation half
cycle electron transfer is gated by proton transfer.
The structure of the protein in the region of the [3Fe-4S]

cluster is shown in Figure 1. PFV studies with various site-
directed mutants have established that proton transfer
between the solvent and the cluster is mediated by the
exposed carboxyl group of Asp-15 (D15), which can swing
back and forth to act as a proton courier between cluster
and solvent (35). Importantly, in contrast to other long-range
proton-transfer reactions that have been studied, no water
molecule is involved in this process (6). The mechanism is
presented in Scheme 2. The kinetics of proton transfer both
to and from the cluster are dependent on pH. Inward-bound
proton transfer requires prior protonation of the Asp-15
carboxylate, the pK of which is sensitive to the oxidation
level and protonation state of the cluster, and the neutraliza-
tion of its charge assists its entry into the protein interior.
Before electron transfer, the pK (pKox) of Asp-15 is 5.4, as

measured by NMR at 8 °C (41). Then, after electron transfer,
the increase to 7.2 (pK1) helps the carboxylate to capture a
proton from the solvent. Molecular dynamics shows that the
Asp-15 side chain is very mobile and that there are frequent
approaches of the carboxylate-O to within hydrogen bonding
distance of the cluster S1 atom. Conversely, outward-bound
proton transfer requires prior movement of the unprotonated
(negatively charged) side chain into the protein, which on
electrostatic grounds is more favorable when the cluster is
protonated. Outward-bound proton transfer is blocked if Asp-
15 reprotonates (pK2). Both pK1 and pK2 can be extracted
by detailed analysis of voltammetric data: importantly, their
difference (∆pK) is a measure of the electrostatic coupling
between the cluster and Asp-15. ∆pK should be similar to
the difference between pK1 and pKox, which reflects the effect
on Asp-15 of adding an electron to the cluster.
At pH 7, proton binding to the buried cluster occurs with

a bimolecular rate constant of nearly 1010 M-1 s-1, a value
approaching the diffusional limit for proton transfer (42).
Replacing Asp-15 with any other residue, including glutamate,
results in greatly retarded rates of proton transfer. Indeed,
Asp-15 mutants exhibit kinetics 2-3 orders of magnitude
slower for proton transfer both to and from the cluster, and
all show similar pH-independent base-level rates. In this
paper, these are termed slow mutants. In contrast, replace-
ments of other residues, even Lys-84 which forms a salt
bridge to the Asp-15 carboxylate, have little effect on the
kinetics and are termed fast mutants.
Diffusion-controlled transfer of a proton to a solvent-

exposed site occurs with a second-order rate constant of
around 1011 M-1 s-1 (42, 43). Therefore, there is a margin
of 1 or 2 orders of magnitude remaining, by which the rate
of proton transfer to the buried cluster might still be
increased. We now consider the effect of possible steric
restraints, and conformational flexibility in the cluster binding
region, which might allow for enhanced rates of shuttling
of the Asp-15 headgroup between the protein interior and
the solvent or even facilitate the direct access of solvent water
molecules to the cluster. As shown in Figure 1, the region
around the cluster and Asp-15 includes a proline, residue
Pro-50, which might be influential since mutations of proline
residues are known to increase protein backbone mobility
(44). Furthermore, analysis of the (static) crystal structure
suggested that as the torsion angles of Asp-15 are rotated,

Scheme 1: Thermodynamic Scheme for Electronation and
Protonation of the [3Fe-4S] Cluster of AVFdIa

a There is no evidence for participation of the species [3Fe-4S]1+-
H+. In electrochemical terminology, the cycle comprising the trans-
formation from the oxidized cluster to the reduced protonated cluster
(electron transfer followed by proton transfer), and the reverse reaction
in which these events are retraced, is an ECCE reaction.

FIGURE 1: Structure of native A. Vinelandii ferredoxin I in the
vicinity of the [3Fe-4S] cluster, showing the residues that may assist
in transferring a proton to the cluster, buried below the solvent
accessible surface. The protein is at pH 8.5 in the oxidized form,
and the figure is taken from PDB file 7FD1.

Scheme 2: Mechanism of Proton Transfer between Bulk
Water and the [3Fe-4S] Cluster in AVFdIa

a Fast proton transfer to [3Fe-4S]0 is pH-dependent, and the pK
values of Asp-15 () base, B) are sensitive to the redox and protonation
states of the cluster. At low pH, Asp-15 reprotonates, inhibiting proton
transfer off the cluster. For native AVFdI, pKox ) 5.4, pK1 ) 7.2, and
pK2 ) 5.9.
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koff (s-1) kon ( s-1M-1)
WT 300 8109

D15E 2.5 2 107

J. Am. Chem. Soc., 120 (28), 7085 -7094, 1998

in fast limit, Butler-Volmer eqn: 
kred = k0 exp{- αnF(E-Eo’)} 

kox = k0 exp{-(1-α)nF(E-Eo’)}

Direct electrochemistry of redox enzymes as a tool for mechanistic studies.

O

pKr

OH

+
RH

+

pKo

R

Ealk
O/R

Eacid
O/R

Figure 7: Square scheme depicting the
protonation of species O and R with pKa
values as indicated. The right panels show
how this makes the apparent reduction
potential and interfacial ET rate constant
depend on pH (eqs. 14 and 15) when
protonation and deprotonation are fast
with respect to ⌫f .

potential of the active site flavin in fumarate reductase.55 This equation was also used for studying440

substrate binding to the redox center of an otherwise non-redox enzyme, e.g. the dinuclear Fe2

site of porcine purple acid phosphatase119 or the [4Fe4S]3+/2+ of a DNA-repair enzyme called
MUTY.120

2.1.2.1.2 Fast coupled processes and slow interfacial ET. In a series of papers start-
ing with ref. 121, Laviron has reported the theoretical study of surface electrochemical reactions445

coupled to protonations (this also applies to any ligand binding process) when the chemical steps
are at equilibrium. The conclusion that will also be relevant to the interpretation of catalytic
voltammograms hereafter is that the model described above for pure electron transfer still applies
in that case, apart from the following di↵erences: (1) the overvoltage is now defined with reference
to the apparent reduction potential given by eq. 14, and (2) from the peak splitting at fast scan450

rate and eq. 10, an apparent k0 can be defined, whose value is pH-dependent and smaller than the
actual value in the pH-range where protonation is coupled to reduction, that is pKo < pH < pKr

(fig. 7, bottom):

kapp
0 (pH)

k0
=

1 +
q

K

o

K

r

[H+]2r⇣
1 + K

o

[H+]

⌘ ⇣
1 + K

r

[H+]

⌘ (15)

(See eqs. 42 or 42a in ref. 121, noting that in eq. 42, the last two 1/2 exponents should read
�1/2.) For a one-electron process, the minimum value of log10(k

app
0 /k0) is reached when pH =455

(pKo + pK
r

)/2. The corresponding equations in the case of two coupled reactions (e.g. two
protonations) are given in the appendix of ref. 33 and in Laviron’s papers. He has also examined
a number of other cases, including the most complex two-electron:two-proton bicubic scheme (see
ref. 122 and refs. therein).

Direct experimental evidence for this e↵ect comes from fast-scan PFV studies of ferredoxins.460

Figure 8 shows the so called “trumpet plot” of peak positions against scan rate relative to the
[3Fe4S]+/0 couple of Azotobacter vinelandii ferredoxin I (AvfdI). At low scan rates, the peak
positions can be used to measure the reduction potential of the couple, whose dependence on
pH can be fit to eq. 14 to demonstrate that reduction is coupled to protonation at pH below

16

in slow limit, 
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Practical details - what’s iR drop?

Practical details - what’s iR drop?



Shape: disk, rod, spheres, plates, hanging drop
All typical macro-electrode

Electrode Materials
Gold: polycrystalline (wire), vapor deposited, flame-
annealed (111 surface)

ITO/ATO: increasingly popular; optically transparent 
semiconductor

carbon: HOPG, pyrolytic graphite, graphite particles, 
carbon felt, Ketjel black

Electrode design

Electrode materials
Gold:  typically gold wire (polycrystalline) 

or vapor-deposited onto substrates

Au
SSSSSSS

XXXXXX X

Functionalization (or bare Au) 
alkane, aryl thiols 
X  = methyl, alcohol, 
carboxy, amine 
short distance, good ET 
secondary to phase 
separation

Avila, et al. J. Phys. Chem. B, 2000
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On Gold: alkane thiol chain length impacts phase

Protein adsorption

 Molecular-Level Control over Surface Order in
 Self-Assembled Monolayer Films of Thiols on Gold

 COLIN D. BAIN AND GEORGE M. WHITESIDES

 Long-chain "-hydroxyaLkanethiols [HS(CH2)"OH] coordinate to gold surfaces

 through the sulfur atom and produce ordered, hydrophilic monolayers iIl which the

 hydroxyl groups are exposed at the outer surface. Coadsorption of two "-hydroxyal-

 kanethiols of different chain lengths n resulted in the formation of a monolayer having

 a disordered surface region that was markedly less hydrophilic than the homogeneous,

 hydroxylic surface formed from either pure compound. By controlling the composi-

 tion of the monolayer, it was also possible to control simultaneously the degree of

 order in the surface and its hydrophilicity. In the monolayers containing a mixture of

 aLkanethiol components, these components apparently did not phase-segregate into

 macroscopic islands, but were dispersed on a molecular scale.

 Molecular-Level Control over Surface Order in
 Self-Assembled Monolayer Films of Thiols on Gold

 COLIN D. BAIN AND GEORGE M. WHITESIDES

 Long-chain "-hydroxyaLkanethiols [HS(CH2)"OH] coordinate to gold surfaces

 through the sulfur atom and produce ordered, hydrophilic monolayers iIl which the

 hydroxyl groups are exposed at the outer surface. Coadsorption of two "-hydroxyal-

 kanethiols of different chain lengths n resulted in the formation of a monolayer having

 a disordered surface region that was markedly less hydrophilic than the homogeneous,

 hydroxylic surface formed from either pure compound. By controlling the composi-

 tion of the monolayer, it was also possible to control simultaneously the degree of

 order in the surface and its hydrophilicity. In the monolayers containing a mixture of

 aLkanethiol components, these components apparently did not phase-segregate into

 macroscopic islands, but were dispersed on a molecular scale.

 Depnent of Chernistry, Harvard University, Cam-
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 Depnent of Chernistry, Harvard University, Cam-
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 SN1987A assuming that the radioactive nudeus is
 distributed interior to the hydrogen envelope and
 that 4 M,, of mass has been lost [K. Nomoto, in
 Supernora 1987A in the LMC (Proceedings of the
 George Mason University Workshop, 12 to 14
 October 1987), M. Kafatos, Ed. (Cambridge Univ.
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 interfaces. A central objective of our work

 with these monolayer films is to discover the
 relations between moleclllar-scale structure

 and macroscopic physical properties of in-
 terfaces wettability, adhesion strength, co-

 efficient of friction-that depend strongly

 on short-range intermolecular forces (6).

 We have examined the wettability by wa-
 ter of monolayers composed of HS-

 (CH2)1l0H (abbreviated as HSC1lOH),
 HS(CH2) 1gOH (HSC1gOH), and mixtures
 ofthese two compounds. Figure 1 illustrates

 the theory on which this group of experi-
 ments rests. If the pure compounds form

 well-ordered monolayers (Fig. 1, A and C),

 these monolayers should present a dense,
 hydrophilic, wettable, two-dimensional ar-

 ray of hydroxyl groups at the monolayer-

 water interface; if the monolayers are disor-

 dered, a more hydrophobic, less wettable

 mixture of hydroxyl and methylene groups

 will be exposed (Fig. 1D). In the event that

 monolayers of the pure compounds are

 highly ordered, there are two plausible

 structures for monolayers containing mix-
 tures of the two components. If the compo-

 nents are dispersed on a molecular scale
 (Fig. 1B), an interesting, two-layer structure
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 layer-air interface. If the polymethylene

 chain of HS(CH2)nX is at least ten carbon

 atoms long, the surface properties depend

 primarily on the tail group X, are indepen-

 dent of the chain length, and are influenced

 only indirectly by the sulfur-gold interface.
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 4); the thiol coordinates to the gold surface,

 and the polymethylene chains pack in an all-
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 normal to the surface. Although gold inter-
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 other "soft" ligands, it is inert toward most
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 FigZ 1" Stylized illustrations of monolayer struc-
 tures. Proposed structures of (A) pure monolayer
 of HS(CH2)190H; (B) monolayer composed of
 50% HS(CH2)190H and 50% HS(CH2)ll0H
 and (C) pure monolayer of HS(CH2)ll0H.
 Structures we believe do not occur in the systems
 studied here are: (D) disordered monolayer and
 (E) monolayer containing a mixture of compo-
 nents and showing phase separation into islands.
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 R  corresponding to a monolayer with the
 greatest degree of mixing and, we believe,
 the greatest extent of disorder at the mono-
 layer-water interface (Fig. 1B) (12). This
 maximum is important because it provides a
 clear example of the successful correlation of
 molecular-scale structure with a macroscop-
 ic physical property, because it supports the
 inference of high order in the pure single-
 component monolayer systems, and because
 it argues against phase separation (13).

 Self-assembled monolayers on gold of
 compounds ofthe structure HS(CH2)n>10X
 are exceptionally useful systems with which
 to explore the physical-organic chemistry
 and materials science of monolayers and thin
 films; they are easily prepared and have high
 structural order. A wide variety of groups X
 are compatible with the system, which al-
 lows design of the solid-liquid interface on
 an angstrom scale. These results illustrate
 the degree of control that can be achieved
 over wettability, a representative macro-
 scopic materials property, by rational varia-
 tion in the structures and proportions of the
 components of these self-assembled mono-
 layers, and emphasizes the importance of
 short-range (<5 A) structure in determining
 wettability.

 Fig. 2" Properties of mixed mono-
 layers of HS(CH2)1l0H and
 HS(CH2)190H as a function of
 solution composition: ellipsometric
 thickness (O) and cosine of the
 advancing contact angle of water
 (O). Inset: expanded plot of con-
 tact angles in the region of the peak
 maximum.
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 could result in which a disordered surface
 region is isolated from the gold by a deeper
 layer of densely packed, ordered polymeth-
 ylene chains. Since this disorder would ex-
 pose methylene groups at the monolayer-
 water interface, the mixed monolayers
 would be more hydrophobic than monolay-
 ers of the pure compounds. Alternatively,
 the two components could separate into
 dis crete , macros copic isl ands ( F ig . 1 E ), each

 of which would present a hydrophilic array
 of hydroxyl groups at the surface. We expect
 the wettability of an "island" monolayer
 containing two components to be only mar-
 ginally different from that of an ordered,
 homogeneous monolayer containing only
 one pure component, so long as the island
 size is relatively large (>10 nm). An "island"
 structure would present only a small fraction
 of the area of the monolayer-water interface
 as methylene groups, and would thus be
 similar in its hydrophilicity to a single-
 component monolayer. Thus examination
 of the wettability of monolayers of
 HSC1 1OH, HSClsOH, and mixtures of the
 two compounds addresses a number of
 questions about the structure of these
 monolayer films: (i) the order in monolayers
 of pure compounds; (ii) the relative order in
 pure and mixed monolayers; and (iii) the
 extent of phase separation in the mixed
 monolayers.

 We prepared monolayers by immersing
 freshly evaporated, gold films in solutions of
 the thiols in degassed ethanol for 12 hours
 at room temperature (7). The total concen-
 tration of thiol was 1 mM. We measured the
 ellipsometric constants of the gold films
 before and after adsorption of the mono-
 layer, computed the thickness of the
 monolayer by standard procedures (8),
 and determined advancing contact angles
 Za with water by the sessile drop technique
 (2). Ellipsometric thicknesses and contact
 angles are shown in Fig. 2, plotted against
 the ratio R of HSCllOH to HSClgOH in
 solution (9).

 The ellipsometric thickness of the mono-

 I APRIL I988

 layers decreased in a smooth step from 23
 A for pure HSC1sOH to 13 { for pure
 HSC1 1OH in the region between R = 1 and
 R = 30. The change in thickness by 10 i is
 consistent with a difference in chain length
 of eight methylene units, if we assume a
 model in which the chains are fully trans-
 extended and tilted 20° to 30° from the
 normal to the gold surface, as inferred from
 infrared spectra (3). Both of the pure com-
 ponent surfaces showed contact angles with
 water near 0° (<15° for HSC1sOH, <10°
 for HSC1lOH)-observations that are con-
 sistent with our model of well-ordered
 monolayers exposing only the polar hydrox-
 yl group at the film-water interface (10).
 Polarized external reflectance infrared spec-
 tra of a long-chain, alcohol-terminated thiol
 [HS(CH2)160H] adsorbed on gold showed
 narrow (12 cm-l full width at half-maxi-
 mum) CH2 symmetric and asymmetric vi-
 brations at 2851 cm-1 and 2919 cm-l,
 frequencies that are indicative of crystalline
 packing of polymethylene chains (11).

 The compositions of the monolayers and
 the solutions from which they were ad-
 sorbed were not the same. We presume that
 the midpoint in the thickness of the mono-
 layers corresponds to a film containing equal
 concentrations of HSC1lOH and HSC19-
 OH; this point occurs at R = 6, that is,
 when [HsclloH]soln-6[HSCl9OH]soln-
 The observation that the concentration of
 HSC1lOH in solution is higher than in the
 monolayer is not surprising; the longer
 chain compound forms a monolayer that is
 intrinsically more stable than the monolayer
 formed from the shorter chain, since it has a
 larger molecular surface to participate in
 energetically favorable van der Waals inter-
 actions with adjacent chains. We have ob-
 served substantial differences in composition
 between solutions and their derived mono-
 layers for many two-component systems
 (2).

 The point of central interest in Fig. 2 is
 the pronounced maximum in the hydropho-
 bicity of the monolayer films at a value of R
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200! 20 mm) with a tip-radius of ca. 20 nm and spring
constants of 0.15 – 0.6 N/m.

3. Results and Discussion

3.1. Electrocatalytic Study of the Au/4-ATP/hydrogenase
Electrode

The pKa of the amino groups of a 4-ATP monolayer on gold
has been reported to be 6.9" 0.5 [7]. Therefore, deposition
of a D. gigas hydrogenase solution onto the Au/4-ATP
electrode at pH range 6 – 7 and low ionic strength should
lead to electrostatic interactions between the positively
charged electrode surface and the negatively charged region
of the protein surface. In consequence, subsequent addition
of EDC and NHS should favor formation of amide bonds
between the amino groups of the 4-ATP monolayer and the
carboxylic groups surrounding the distal 4Fe-4S cluster, as
shown in the diagram of Figure 1.

Figure 2 shows the cyclic voltammograms (CV) measured
with a gold electrode to which Desulfovibrio gigas hydro-
genase had been covalently bound in this way. Before
recording the cyclic voltammograms the electrode was
subjected to 1 atm H2 for 1.5 hours at 40 8C. This procedure is
necessary in order to fully activate D. gigas hydrogenase
[25]. After activation of the immobilized enzyme a clear
catalytic wave due to H2 oxidation is observed by cyclic
voltammetry in the absence of any redox mediator (Fig-
ure 2, line a). The shape of the catalytic wave and the redox
potential of its onset, at#380 mV vs. SHE, are very similar
to that measured in a previous work for the same hydro-
genase covalently bound to a highly oriented pyrolytic
graphite edge electrode modified with a 4-aminophenyl
monolayer [19]. The CV were independent of the rotation
rate of the electrode above 1500 rpm (not shown), which

indicates that H2 transport is not limiting the kinetics of the
electrocatalytic reaction. Moreover, the fact that a plateau
current is not reached at high overpotential suggests that
interfacial electron transfer between hydrogenase and
electrode is the rate-limiting step [26]. When the atmos-
phere of the electrochemical cell was changed to N2 the
catalytic wave due to H2 oxidation was almost suppressed
(the anaerobic box contains a small amount of H2: less than
1%), and an increase of reductive current was measured at
the most negative potentials, which is assigned to the H2-
production activity of the immobilized hydrogenase (Fig-
ure 2, line b). This electrocatalytic reduction of protons was
not observed under 1 atm H2 because it is well known that
this activity of hydrogenases is normally inhibited by the
product [27]. Both catalytic waves were suppressed under
1 atm CO and a background cyclic voltammogram was
measured, very similar to the control electrode not modified
with hydrogenase (Figure 2, line c). This result indicates that
the electrocatalytic waves are due exclusively to enzymatic
activity because CO is a strong reversible inhibitor of most
hydrogenases [25]. Non-catalytic signals due to the redox
centers of the immobilized hydrogenase were not detected.
Nevertheless, these redox signals are seldom detected for
hydrogenase monolayers on electrodes because the enzyme
surface coverage is normally so low that their peak currents
are very small compared to the background current [28, 29].

3.2. Operational Stability of the Hydrogenase Electrode

The operational stability of the hydrogenase electrode for
electrocatalytic H2 oxidation was studied by choronoam-
perometry. The current density decreased exponentially
with time; although after 80 hours of continuous operation
25% of the initial value was still measured (Figure 3). Thus,
the hydrogenase electrode prepared is more stable than

Fig. 1. Diagram of the covalent attachment of D. gigas hydrogenase to a gold surface modified with a 4-ATP SAM. The Fe-S clusters
and the Ni-Fe active site of the hydrogenase are represented in orange and in green respectively. The three-dimensional structure of the
hydrogenase was obtained from the Protein Data Bank (2FRV).
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those obtained by physical adsorption of hydrogenases onto
electrodes [30, 31], but much less stable than those prepared
by covalent immobilization onto carbon electrodes [19].
Taking into account that in both cases the same hydrogenase
was immobilized by establishing the same covalent bonds, it
was suspected that the decrease of operational stability was
due to desorption of the SAM monolayer by reduction of its
Au-S bond by H2 rather than to enzyme denaturation.

In order to ascertain this hypothesis, control experiments
were performed in which gold electrodes modified with 4-
ATP were put under different atmospheres at 40 8C in
pH 8.0 buffer solution, and subsequently reductive desorp-
tion of the monolayer in alkaline medium was measured by
cyclic voltammetry (Figure 4). Integration of the reductive
peaks observed at approximately !0.85 V, which corre-
spond to reduction of the Au-S bonds [10], gave the coverage
of the thiol monolayers on each electrode. A surface
coverage of 9.8" 10!10 mol cm!2 was measured for an
electrode that had been under N2 atmosphere only, which
corresponds to a compact monolayer of 4-ATP on gold [10].
Figure 4 clearly shows that exposure of the modified
electrodes to 1 atm H2 at 40 8C gradually led to a decrease
of the 4-ATP surface coverage, which was 7.2" 10!10 mol
cm!2 after 30 min and 3.9" 10!10 mol cm!2 after 75 minutes.

3.3. AFM Study

The covalent immobilization of D. gigas hydrogenase onto
gold surfaces modified with 4-ATP was studied by AFM.
The topographic images of Figure 5 show evidence of
hydrogenase binding to the 4-ATP SAM. The rugosity of

the Au/4-ATP/hydrogenase surface (Figure 5b) is 3 times
higher compared to that of the Au/4-ATP surface (Fig. 5a).
Figure 5b portrays a surface composed of grains with a
height of about 4 nm, compatible with the hydrogenase
height, though a little lower than expected (6 nm on the basis
of crystal structure) [32], and with a very homogenous
distribution. The discrepancy between the height and width
of the structures observed with the AFM and the expected
size of the individual proteins is likely due to the fact that the
10 – 20 nm radius of the tip prevents it from penetrating into
the compact proteins layer. This gives a height lower than

Fig. 2. Cyclic voltammograms of a rotating gold electrode
modified with D. gigas hydrogenase. The solid line (a) corre-
sponds to the experiment measured under 1 atm H2 after
activation of the enzyme, the dashed line (b) corresponds to the
experiment after replacing H2 by N2, and the dotted line (c)
corresponds to the experiment after inhibition of the hydrogenase
under CO atmosphere. The measurements were done in 0.1 M
phosphate buffer pH 8.0, 20 mV s!1 scan rate, 2500 rpm rotation
rate and at 40 8C.

Fig. 3. Comparison of two chronoamperommetry experiments of
a rotating Au electrode covalently modified with D. gigas
hydrogenase under 1 atm H2 with a highly oriented pyrolitic
graphite edge electrode modified with the same enzyme following
described protocols [18]. Both measurements were done in 0.1 M
phosphate buffer pH 6.5, at a redox potential of !0.20 V vs. SHE,
1500 rpm rotation rate H2 and 40 8C. The hydrogenase had been
activated previously.

Fig. 4. Reductive desorption of 4-ATP SAM on gold electrodes.
Cyclic voltammograms in KOH 0.5 M, at 100 mV s!1 scan rate and
room temperature of electrodes that had been stored previously in
0.1 M phosphate buffer pH 8.0 under 1 atm N2 (line a), or after
30 min (line b) or 75 min (line c) min under 1 atm H2.
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tunneling conditions and giving rise to an increase in the tun-
neling current through the protein. A higher current is observed
at roughly !0.6 V vs Ag/AgCl, the potential at which proton
reduction occurs, which is closely matched to the redox proper-
ties of the [FeS] clusters. Under these conditions, topographical
STM images show larger apparent heights for the redox active
hydrogenase (see Figure 2b!d). When the Fermi levels of the
electrodes are positive or negative of the midpoint of the redox
center (i.e., nonresonant tunneling conditions), the height
appears smaller due to the decreased protein conductivity.
Theoretically this observation should give a Gaussian distribu-
tion of heights versus substrate potential as the potential is swept
past the midpoint of the redox center. This phenomenon has
been recorded previously for redox proteins such as azurin42 as
well as other redox-active small molecules.43 In our case, only one
side of the curve can be observed due to limits imposed by
solvent reduction at the tip at increasingly negative potentials.
Cyclic Voltammetry. The overall electrochemical properties

of such electrodes may be studied using standard cyclic voltam-
metric techniques. A catalytic hydrogen production current due
to enzymatic turnover is observed when sufficient driving force is
applied to the electrode as seen in Figure 3a. For accurately
measuring these currents, samples with high-density surface
coverage (0.5!2 pmol/cm2) were prepared as seen in the inset
of Figure 3a. The observed catalytic current is directly related to
the amount of hydrogen produced from the enzyme. Taken
together, the catalytic current and surface coverage (Figure 3a
inset) were used for the calculation of a TOF per adsorbed
CaHydA. The distance between the electrode and enzyme was
altered by varying the SAM alkyl chain length from three to

eleven carbons. As a result, the current densities at a given voltage
declined exponentially with increasing SAM length. Figure 3b
depicts typical CVs of CaHydA on Au!SAM electrodes of
lengths from three to eleven carbons, showing a decreasing
catalytic current (i.e., turnover) for increasing chain length.

’DISCUSSION

From the catalytic hydrogen production current recorded
through SAMs of various lengths and the number of enzyme
molecules per electrode area counted from the STM images of
each electrode, a TOF per molecule ofCaHydA can be calculated
at any given applied potential. The TOF per protein at !0.7 V
was plotted as a function of SAM length and fitted to an
exponential decay function (Figure 3c) according to eq 1, where
I is the tunnel current at a distance d from the electrode, I0 is the
limiting current in the absence of the SAM layer, and β is the
electronic decay constant.

I ¼ I0e!βd ð1Þ

An incremental distance per carbon in the alkyl chain of 1.25 Å
was calculated on the basis of 109.5! carbon!carbon bond angles
and a carbon!carbon bond length of 1.54 Å. From this, we
calculated the length of the SAM alkyl chain and estimated the
distance (d) through which electron transfer between the
enzyme surface and the electrode must occur. The experimental
electronic decay constant was determined to be 0.82( 0.16 Å!1.
This agrees well with values reported in the literature for self-
assembled monolayers of alkanethiols and is consistent with
values obtained from drastically different techniques, including

Figure 2. (a) EC-STM image of a 3-mercaptopropionic acid/ethanethiol SAM (1:1) on a Au (111) surface without protein; Ebias = 200mV, It = 400 pA.
(b!d) CaHydA adsorbed onto the modified surface at substrate potentials ranging from !400 mV to !600 mV vs Ag/AgCl. The images show an
increasing apparent height with increasingly negative potentials. (e) Graph showing the apparent height of CaHydA as a function of potential.
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tunneling conditions and giving rise to an increase in the tun-
neling current through the protein. A higher current is observed
at roughly !0.6 V vs Ag/AgCl, the potential at which proton
reduction occurs, which is closely matched to the redox proper-
ties of the [FeS] clusters. Under these conditions, topographical
STM images show larger apparent heights for the redox active
hydrogenase (see Figure 2b!d). When the Fermi levels of the
electrodes are positive or negative of the midpoint of the redox
center (i.e., nonresonant tunneling conditions), the height
appears smaller due to the decreased protein conductivity.
Theoretically this observation should give a Gaussian distribu-
tion of heights versus substrate potential as the potential is swept
past the midpoint of the redox center. This phenomenon has
been recorded previously for redox proteins such as azurin42 as
well as other redox-active small molecules.43 In our case, only one
side of the curve can be observed due to limits imposed by
solvent reduction at the tip at increasingly negative potentials.
Cyclic Voltammetry. The overall electrochemical properties

of such electrodes may be studied using standard cyclic voltam-
metric techniques. A catalytic hydrogen production current due
to enzymatic turnover is observed when sufficient driving force is
applied to the electrode as seen in Figure 3a. For accurately
measuring these currents, samples with high-density surface
coverage (0.5!2 pmol/cm2) were prepared as seen in the inset
of Figure 3a. The observed catalytic current is directly related to
the amount of hydrogen produced from the enzyme. Taken
together, the catalytic current and surface coverage (Figure 3a
inset) were used for the calculation of a TOF per adsorbed
CaHydA. The distance between the electrode and enzyme was
altered by varying the SAM alkyl chain length from three to

eleven carbons. As a result, the current densities at a given voltage
declined exponentially with increasing SAM length. Figure 3b
depicts typical CVs of CaHydA on Au!SAM electrodes of
lengths from three to eleven carbons, showing a decreasing
catalytic current (i.e., turnover) for increasing chain length.

’DISCUSSION

From the catalytic hydrogen production current recorded
through SAMs of various lengths and the number of enzyme
molecules per electrode area counted from the STM images of
each electrode, a TOF per molecule ofCaHydA can be calculated
at any given applied potential. The TOF per protein at !0.7 V
was plotted as a function of SAM length and fitted to an
exponential decay function (Figure 3c) according to eq 1, where
I is the tunnel current at a distance d from the electrode, I0 is the
limiting current in the absence of the SAM layer, and β is the
electronic decay constant.

I ¼ I0e!βd ð1Þ

An incremental distance per carbon in the alkyl chain of 1.25 Å
was calculated on the basis of 109.5! carbon!carbon bond angles
and a carbon!carbon bond length of 1.54 Å. From this, we
calculated the length of the SAM alkyl chain and estimated the
distance (d) through which electron transfer between the
enzyme surface and the electrode must occur. The experimental
electronic decay constant was determined to be 0.82( 0.16 Å!1.
This agrees well with values reported in the literature for self-
assembled monolayers of alkanethiols and is consistent with
values obtained from drastically different techniques, including

Figure 2. (a) EC-STM image of a 3-mercaptopropionic acid/ethanethiol SAM (1:1) on a Au (111) surface without protein; Ebias = 200mV, It = 400 pA.
(b!d) CaHydA adsorbed onto the modified surface at substrate potentials ranging from !400 mV to !600 mV vs Ag/AgCl. The images show an
increasing apparent height with increasingly negative potentials. (e) Graph showing the apparent height of CaHydA as a function of potential.
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single-molecule junction measurements.44 The exponential de-
cay behavior is a consequence of control of the catalytic rate by
ET through the SAM to the protein. ET through the protein itself
to the catalytic site is the same for all SAM-protein constructs
and, we conclude, does not control the catalytic rate at the
potentials investigated.

Extrapolation of this plot to a distance of zero, approximating a
CaHydA molecule in direct contact with the bare gold electrode
surface where eq 1 simplifies to I = I0, gave a TOF of∼21,000(
12,000 s!1 at pH 7.0, which is higher than previous estimates in
the literature for hydrogenases.11,28,29 Methods using nonturn-
over signals for estimates of protein coverage have given a TOF
upward of 10,000 s!1.4 Catalytic current normalized by STM-
derived surface density thus provides an average of the TOF for
individual enzyme molecules for any given potential within the
window of the electrochemical signal for CaHydA. This number
does not account for inactive protein at the electrode interface or
enzymes in an orientation unfavorable for interfacial ET and is
thus a lower limit for turnover.

The electrochemical signal observed in cyclic voltammetry
and the potential at which proton reduction occurs agree well
with those reported in the literature for various electrode
surfaces,10,17,20 confirming that the kinetics of ET through the
protein are not altered in this system. Theoretically, a limiting
cathodic current should be observed when the rate of enzymatic
proton reduction is slow compared to the rate of interfacial ET
from the electrode to the protein. When these conditions are
satisfied, the limiting current is directly related to the maximum
turnover of the enzyme for the reduction of protons at a given
pH. As the CVs indicate, even at the relatively low [H+] used in
our experiments, a limiting current was not observed. This may
show that at these currents, a maximum turnover was not
reached. There are other explanations for the observed lack of
limiting currents. In one interpretation, a dispersion of nonspe-
cific electrostatic protein!surface interactions (see Figure 1),
such as could be the case with our system, preclude the direct
observation of a limiting current.22

As a complement to the STM images, additional measures
were taken to ensure the identity and quantity of CaHydA. To
confirm the identity of the protein adsorbed to the surface, SDS-
PAGE was run with samples recovered from the Au (111)
substrates used for STM imaging experiments against purified
CaHydA. Matching bands were observed at 65 kD (see Support-
ing Information). The detection of this small amount of protein
was also consistent with the STM images in that three samples
were combined for the SDS-PAGE, which was just sufficiently

above the limit of detection for visualization by silver staining.45!47

As an independent estimate of amount the CaHydA present on
the STM substrate, samples were recovered under denaturing
acidic conditions, and the Fe was quantified using a modified
ferrozine assay.37,38 Although this assay was near its limit of
detection, the amount of Fe observed was also qualitatively
consistent with the STM imaging results (see Supporting
Information).

’CONCLUSION

We have designed a method for immobilizing an [FeFe]-
hydrogenase, CaHydA, on an atomically flat gold electrode for
topographic and electrochemical experiments on catalytically
active samples. Direct observation of immobilized protein via
EC-STM techniques shows the actual surface coverage which,
when coupled with macroscopic electrochemical analysis, allows
calculation of TOF as a function of potential at the single
molecule level. From our analysis, we observe a TOF of
∼1000 s!1 for CaHydA on a three-carbon SAM, and when
extrapolated to bare gold, the TOF is estimated to be ∼21,000
s!1 at !0.7 V vs Ag/AgCl. Using a bipotentiostat, resonant
tunneling at potentials consistent with the redox midpoints
of cofactors within the protein was observed. The β-value of
0.82 Å!1 for electron transfer through alkanethiol SAMsmeasured via
determination of catalytic TOF is consistent with values obtained
from radically different techniques, such as STM break junction.
Taken together, the number of molecules calculated from the
images, the exponential fit to the number of carbons in the SAMs,
the value of β, and the indication of the redox activity for FeS
centers form a consistent picture of electrocatalytic activity of
CaHydA on SAMs. However, these results do not fully address
the question of heterogeneity in the enzyme’s catalytic activity or
interaction with the electrode. The stability of immobilized
CaHydA on SAMs under these conditions augurs well for future
experiments to explore catalytic detail at the single molecule level.
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Figure 3. (a) Cathodic voltammogram of a high surface coverage CaHydA electrode. (Inset) STM image of the same electrode. Combining the
voltammogram and protein coverage from the inset allows for calculation of a TOF per adsorbed protein molecule. (b) Enzymatic turnover of CaHydA
recorded on different lengths of carboxylate-terminated SAMs as a function of applied potential. Rate data are determined for the cathodic scan at!0.7 V
vs Ag/AgCl, as indicated as a dashed line. (c) Single-protein turnover as a function of number of carbons in the SAM fit to an exponential function.
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nylmethanethiol monolayers form on Au(111) surfaces with
nearest-neighbor spacing of 0.49(0.01nm.14On thebasis of
theoretical work done by Sellers et al., the methylene spacer
likely promotes a vertical geometry, allowing for strong inter-
molecular interactions between the AMT molecules.15 How-
ever, isolated anthracene moieties need to protrude from the
surface to access the hydrophobic pocket of Lc and orient the
enzyme. Indeed, we found that the ORR activity of TvLc at a
polished Au electrode modified with an AMT SAM was not

significant and was comparable to prior observations made
with other thiols. (See the Supporting Information.)

To disrupt the SAM and create isolated anthracene moi-
eties accessible to the enzyme, we electrochemically rough-
ened the Au surface forming rounded asperities on the order
of ca. 100 nm in diameter, as observed by atomic force
microscopy (AFM). (See the Supporting Information.) TvLc
adsorbed on the roughened Au surface modified with AMT
exhibited direct electrocatalytic reduction of O2 at potentials
approaching 1 V versus RHE (Figure 3). Use of a mixed
monolayer of AMT and ethanethiol (ET) on a roughened
surface (Figure 1) increased the onset of the ORR to 1.13 V
versus RHE and yielded current densities approaching
-25 μA/cm2 in quiescent solution (Figure 3). An AMT/ETratio
of 1:3 was chosen arbitrarily for this study; future work will
seek further increases in current density and ORR onset
potential that may be realized upon optimization of the thiol
mixture. We attribute the improved activity to the formation
of an increased number of anthracene moieties accessible to
TvLc in the mixed monolayer.

Sparging the electrolyte with Ar leads to the disappearance
of the O2 reduction current (Figure 3). On the basis of the
electrocatalytic current densities, we estimate that the ex-
pected current density from e- transfer to the Cu sites in the
absence ofO2 is too small to observe (Supporting Information)
becauseof the lowsurface concentrationofTvLcdue to the low
number of accessible anthracene moieties, even with rough-
ening and utilization of a mixed monolayer. Figure 3 also
shows data obtained at a roughened electrode modified with
hexadecanethiol (HDT) in place of AMT; the absence of O2
reduction currents indicates that the anthracene moiety is
required to orient the enzyme properly. Electrodes prepared
with TvLc on roughened gold without a thiol modification or
modified with benzyl mercaptan also did not show any
significant ORR activity. (See the Supporting Information.)

Figure 1. Schematic representation of Lc fromTrametes versicolor
properly oriented for electrocatalytic reduction of O2 at an elec-
trochemically roughened Au surface modified with a mixture of
anthracene-2-methanethiol (AMT)and ethanethiol (ET). The AMT
is shown in the hydrophobic pocket, where it facilities electron
transfer from the electrode surface to the T1 Cu site. After an
internal electron transfer, the 4 e- reduction of O2 to water occurs
at the T2/T3 tricopper cluster near the center of the enzyme.13

Figure 2. STM micrograph of hexagonal closest packed AMT
monolayer formed on a polycrystalline Au surface. Nearest-neigh-
bor spacing is ca. 0.4 nmwithin each domain (Vbias= 150mV, it =
2.00 nA).

Figure 3. Cyclic voltammograms showing the electrocatalytic
activity of TvLc adsorbed on a roughened Au electrode modified
with: an AMT/ET mixture (red), AMTonly (blue), and HDT (green)
in O2-saturated electrolyte; and Lc on the AMT/ET modified
electrode in Ar-saturated solution (black). Data recorded at
5 mV/s in 0.1 M citric acid buffer adjusted to pH 4.00 with 0.2 M
Na2HPO4.

Anthracene-methylthiol modified gold
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reference electrode (210mV vsNHE) and a platinumwire counter
electrode. The cell temperature was controlled by a thermostated
water jacket. All redox potentials mentioned in the text and figures
are given vs Ag/AgCl reference electrode. The gold-covered wafer
was directly connected to the potentiostat. The gold disk electrode
was connected to anMSR electrode rotator fromPine Instruments.
The Faradaic impedance spectra were recorded using FRA 4.9
software (EcoChemie, TheNetherlands) while applying 0.3 V bias
potential and using 10 mV alternative voltage in the frequency
range 100 mHz!10 kHz. As electrochemical probe, 0.1 mM
K4[Fe(CN)6] was used. The experimental impedance spectra
were fitted using electronic equivalent circuits (Randles andErshler
model) in order to derive the electron-transfer resistance, Ret,
values. For this purpose, commercial software (ZView, version
2.1b, Scribner Associates, Inc.) was exploited.
AFM Microscopy. Atomic force microscopy (AFM) studies

were performed with an Agilent 5500 microscope operating in
tapping mode in liquid medium. Olympus cantilevers
(RC800PSA, 200_20 mm) with a tip radius of ca. 20 nm and
spring constants of 0.15!0.6 N/m were used.
XPS Analysis. Surface elemental analysis by means of X-ray

photoelectron spectroscopy (XPS) was carried out using a SPECS
GmbH spectrometer operating in the constant analyzer energy
mode. A nonmonochromaticmagnesiumX-ray source (1253.6 eV)
was usedwith a power of 100Wand voltage of 10 kV. Samples were
stuck with double-sided adhesive conductive carbon tapes on
sample holders. The instrument operated typically at pressures
near 8 " 10!9 mbar in the analysis chamber. Pass energies of
75 and 25 eV were used for acquiring both survey and high-
resolution spectra, respectively. Survey data were acquired
from kinetic energies of 1254!200 eV with an energy step of
1 eV and 100 ms dwell time per point. The high resolution scans
were taken around the emission lines of interest with 0.1 eV steps
and 100 ms dwell time per point. SpecsLab Version 2.48 software
was used for spectrometer control and data handling. The energetic
position of the Au 4f7/2 emission line of the gold film on the
substrate (binding energy of 84.0 eV) was used to calibrate the
energy scale of the spectra.

’RESULTS

Gold Surface Functionalization. Gold electrodes were pre-
pared to serve as a scaffold for the buildup of a functionalized

organic nanolayer. The electrodes were carefully prepared as
described under Materials and Methods. The electroactive area
of the rotating disk gold electrodes was obtained by integrating
the gold oxide reduction peak measured by cyclic voltammetry26

and was found to be 0.47 cm2 (Supporting Information, Figure
S1). The gold disk electrode was 5 mm in diameter, yielding a
geometric area of 0.196 cm2 with a calculated roughness factor of
about 2.4. However, following the existing consensus for en-
zyme-modified graphite electrodes, the current densities were
determined using the geometric (projected) electrode area.
The modification of the gold surface was carried out following

the strategy described in Scheme 1. The gold electrode was first
modified with p-nitrophenyl groups by application of a single
cyclic voltammetry from +0.6 to !0.6 V at 200 mV 3 s

!1 in the
presence of p-nitrophenyldiazonium salt (Supporting Informa-
tion, Figure S2). The voltammogram shows two characteristic
reduction peaks at +385 and +200 mV attributed to the reduction
of the diazonium salt on different planar gold surfaces.27 The
reduction yields a strong Au!C bond that does not oxidize back
in this potential range. In the second step the nitro groups were
electrochemically reduced to amino and hydroxylamine groups by
performing two cyclic voltammograms from 0 to !1.4 V vs Ag/
AgCl in H2O!EtOH 9:1 solution (Supporting Information,
Figure S3). The first cyclic voltammogram shows the irreversible
reduction of nitro groups to amino and hydroxylamino groups as
a broad electrochemical wave ranging from !500 to !1200 mV
and centered at !820 mV. The second cycle shows the
reversible oxidation of hydroxylamine groups to nitroso groups
at !265 mV.28 Integration of the nitro group reduction wave
allows estimation of the coverage of phenyl groups on the gold
electrode as 5.5" 10!10 mol 3 cm

!2, which is approximately 45%
of the theoretical maximum monolayer coverage (12 " 10!10

mol 3 cm
!2).29 As the electrochemical reduction of diazonium

salts on the gold surface does not yield a complete monolayer
coverage under the conditions used in this work, the gold was
incubated overnight in a thiol solution for SAM formation over
the naked regions. Positively charged (cystamine), negatively
charged (mercaptopropionic acid), and uncharged hydrophilic
(6-mercapto-1-hexanol, MH) thiols were tested as blotting
compounds; nonblotted electrodes showing only the partial
coverage provided by the diazonium salt reaction were also tested.
By far the best results for further covalent modification of the
electrode with laccase, in terms of bioelectocatalytic current

Scheme 1. Strategy for the Modification of Gold with an Aryldiazonium Salt (∼0.7 nm) and MH (∼1 nm), and Further Laccase
Immobilization Aryl-diazonium salts, followed by EDC coupling
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for a motionless system was !10.5 μA 3 cm
2, whereas for the

electrode rotated at 2500 rpm the current density increased up to
!14 μA 3 cm

2. Rotation also provides a sharper current increase
at 650 mV due to the stirring and diffusion-minimization effects.
The inset in Figure 4A shows the current density measured at
200 mV for different rotation rates, showing that the electrode
does not reach a complete plateau even at 2500 rpm.
Figure 4B shows the performance of the laccase-modified

electrode immersed into an O2-saturated buffer solution. Under
O2 saturation conditions the current density gains a 3-fold
increase. Even for nonrotation conditions the onset for O2
reduction is practically as sharp as for the case of 2500 rpm.
Nevertheless, during the measurement some depletion of O2
occurs, which is proved by the increase in the electrode perfor-
mance observed when the electrode was rotated at 1500 rpm.
Higher rotation rates do not provide a higher current response
(Figure 4B, inset) and the voltammograms do not reach a
limiting current at low potentials. Both effects suggest that, under
these conditions the limiting step in the bioelectrocatalytic O2
reduction is, in all likelihood, the rate of DET between the T1 site
of the laccase and the electrode.
Electrocatalytic currents of O2 reduction were also measured

by mediated electron transfer (MET) using the redox mediator
0.1 mM ABTS, as demonstrated in Figure 5A. When the cyclic

voltammograms in the presence and in the absence of ABTS
were compared, it could be observed that their shapes were
quite similar. Under the MET regime the voltammogram looks
slightly more sigmoidal and a plateau current is not reached. The
current density measured under O2 saturation at 1000 rpm and
+200 mV conditions is only 20% higher for MET than the
current provided by DET. Under these conditions the catalytic
current by MET also was almost independent of mass transfer
(not shown).
To prove that efficient DET of laccase requires an orientation

strategy via two-step covalent bonding, control experiments
consisting of immobilizing the enzyme directly by carbodiimide
coupling were performed. In this case, a non-periodate-oxidized
laccase solution was immobilized, avoiding the Schiff’s base
formation. The bioelectrocatalytic response by DET in this case
yielded no significative current increase relative to the cyclic
voltammogram given by a modified electrode before the laccase
bonding (Figure 5B). When theMET-based bioelectroreduction
of O2 was measured with ABTS, a 6-fold increase occurred in the
electrocatalytic current, thus showing that active laccase was
attached to the electrode surface but was unable to take electrons
directly from the gold electrode to reduce O2.
The stability of the catalytic current provided by laccase-

modified electrodes using the two-step strategy was measured
during 33 h with constant O2 supply and 500 rpm rotation
(Figure 6). After 1 day of continuous operation the electrode was
still keeping 70% of its initial bioelectocatalytic response.
Control cyclic voltammetry and differential pulse voltammetry

measurements of laccase-modified electrodes in the absence

Figure 4. Bioelectrocatalytic reduction of oxygen measured on a lac-
case-modified gold electrode using a two-step—Schiff base and NHS-
EDC—immobilization strategy under (A) air- and (B) oxygen-saturated
conditions. (a) Background current provided by the electrode before
laccase immobilization. (b) Bioelectrocatalytic current provided by the
laccase-modified electrode without rotation. (c) Same electrode rotating
at 500 rpm. (d) Same electrode rotating at 2000 rpm. Inset: current
density measured at +200 mV vs the rotation rate. All measurements
were performed in 10 mM acetate buffer, pH 4.2, with 100 mM sodium
perchlorate at 10 mV 3 s

!1 scan rate.

Figure 5. Bioelectrocatalytic reduction of oxygen carried out on a
laccase-modified gold electrode (A) using a two-step—Schiff base and
NHS-EDC—immobilization strategy and (B) direct reduction using
NHS-EDC covalent linkage. (a) Background current provided by the
electrode before laccase immobilization. (b) Direct electron current
measured at 1000 rpm under oxygen saturation. (c) Mediated electron
currentmeasuredwith 0.1mM ABTSat 1000 rpmunder oxygen saturation.
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Protein adsorption: graphite ‘grafting’ is possible

present on the ungrafted surface. Derivatization of carbon fibers
by the same technique also resulted in the appearance of the
characteristic N1s XPS signals of NO2 at 406 eV.
The coatings thus grafted are extremely difficult to remove

from the electrode surface. Ultrasonic rinsing of GC electrodes
for 15 min in CH3CN, (CH3)2NCHO, (CH3)2SO, benzene,
benzonitrile, acetone, ethanol, methanol, CH2Cl2, and CHCl3

leaves the cyclic voltammetric signal unchanged. Rinsing
HOPG-grafted surfaces by the same solvents (without ultra-
sonication that would destroy the HOPG structure) leads to the
same result. The film also remained stable after 6-month
exposure to atmospheric air. With GC electrodes, the only way

Table 1. Derivatization of GC Surfaces by Electrochemical Reduction of Diazonium Salts

a 0.1 mM in CH3CN + 0.1 M n-Bu4BF4. b Irreversible cyclic voltammetric peak potential at 0.2 V/s in V vs SCE. c Standard potential for
reversible surface waves or peak potential at 0.2 V/s for irreversible surface waves in V vs SCE. Temperature 20 °C.

Figure 3. PMIRRAS spectrum of a GC or HOPG electrode derivatized
from a 1.8 mM solution of 1 in CH3CN + 0.1 M Et4NClO4.

Figure 4. XPS spectrum of an HOPG electrode derivatized from a 2
mM solution of 1 in CH3CN + 0.1 M Et4NClO4. The base line is the
spectrum obtained before grafting.
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Carbodiimide coupling for covalent attachment

modified once the radical is grafted onto the carbon surface.
The preparation of a surface derivatized by an aryl radical
bearing a para NH2 group (as in diaminodiphenyl sulfone, a
classical hardener of epoxy resins) is of particular interest since
its reaction with the epoxy groups of epoxy polymers may lead
to improved carbon composite materials by strengthening the
interface. We have found that this objective can be achieved
either by reduction of the nitro groups on surfaces grafted with
4-nitrophenyl radicals (1) or by hydrolysis of grafted 4-aceta-
midophenyl groups (7).
Transformation of NO2 groups into NH2 groups could be

carried out by two methods. In one of these, the electrode is
first derivatized by 4-nitrophenyl radicals as described earlier,
thus giving rise to the reversible cyclic voltammetric pattern of
the grafted 4-nitrophenyl groups in a CH3CN + n-Bu4NBF4
solution (Figure 8a). It is then transferred to a protic solution
(90:10 H2O-EtOH + 0.1 M KCl). The cyclic voltammetric
wave then becomes irreversible and the peak height increases
by a factor of ca. 6 (Figure 8b), suggesting that the classical
reduction of NO2 to NH2 occurs within the grafted layer:

However, since the peak in H2O-EtOH is more narrow than
in CH3CN the ratio of the charge is less, ca. 4.5, indicating
that the conversion of NO2 into NH2 is not complete.
These results are confirmed by XPS. Starting from a clean

GC plate where the 406 eV NO2 N1s signal is absent, 20 min
of electrolysis at -0.7 V vs SCE in a 10 mM solution of 1 in
CH3CN + n-Bu4NBF4 resulted in the appearance of 6.4% N1s
signal at 406 eV (N1s (406 eV)/Ntotal ) 0.67). After 105 min
of electrolysis at -1.4 V vs SCE in a 90:10 H2O-EtOH + 0.1
M KCl solution on the same GC plate, the N1s (406 eV) peak
decreases to 2.8% (N1s (406 eV)/Ntotal ) 0.21).
The resulting amino groups were then reacted with epi-

chlorhydrin, a model for epoxy groups of epoxy resins
components.9a It was first checked that a clean GC plate dipped
for 1 h in epichlorhydrin and ultrasonically rinsed in H2O, EtOH,
and acetone does not show any Cl2p signal. A GC plate first
treated to produce amino groups as described above was, after
ultrasonic rinsing in H2O, EtOH, and acetone, heated for 8 h at

120 °C with epichlorhydrin.9a,23 It was then rinsed and dried
in an oven at 120 °C for 1 h. Examination by XPS then showed
an increase of the Cl2p peak (200 eV) from 0% to 1.25%, thus
indicating the occurrence of the following reaction.

4-Aminophenyl groups on the carbon surface may also be
generated by hydrolysis of 4-acetamidophenyl groups24 grafted
by electrolysis at -0.6 V vs SCE during 15 min of the
corresponding diazonium salt, 7, in acetonitrile. After elec-
trolysis of a 10 mM solution of 7 in CH3CN + n-Bu4NBF4 at
-0.6 V vs SCE during 15 min, the grafting of 4-acetamido-
phenyl groups was attested by an increase of the 400 eV N1s
XPS signal from 1% to 9.6% and of the 288 eV C1s (CdO)
signal from 3.8% to 9.0%. The plate thus treated was then
immersed in boiling 10% H2SO4 for 3 h,25 rinsed, and then
reacted with epichlorhydrin as described earlier. The occurrence
of the same reaction was attested by an increase of the Cl2p
peak (200 eV) from 0 to 1.8%.

Experimental Section
Glassy carbon electrodes were prepared from 3 mm carbon rods

(Tokaı̈ Corp., Japan) embedded in epoxy resin (Torseal, Varian).
Glassy carbon plates were from the same origin and the HOPG plates
from Union Carbide (ZYB grade). Clean HOPG surfaces were prepared
by removing a few graphite layers with adhesive tape.
Diazonium salts 1, 2, 3, 9, and 10 were of commercial origin

(Aldrich) and used as received. The other diazonium salts were
prepared by standard diazonation of the corresponding amines with
NaNO2 in acidic medium.10c,24
4-Benzoylbenzenediazonium fluoborate, 4: mp 164 °C dec. Anal.

Calcd for C13H9N3OBF4: C, 52.73; H, 3.04; N, 9.46. Found: C, 52.72;
H, 3.02; N, 9.59.
4-Cyanobenzenediazonium fluoborate, 5: mp 150 °C dec. Anal.

Calcd for C7H4N3BF4: C, 38.74; H, 1.84; N, 19.37. Found: C, 38.68;
H, 1.88; N, 19.24.
4-Carboxybenzenediazonium fluoborate, 6: mp 138 °C dec. Anal.

Calcd for C7H5N2O2BF4: C, 32.83; H, 1.95; N, 10.94. Found: C,
32.78; H, 2.03; N, 10.94.
4-Acetamidobenzenediazonium fluoborate, 7:26 mp 158 °C dec.

Anal. Calcd for C8H8N3OBF4: C, 38.58; H, 3.21; N, 16.88. Found:
C, 38.65; H, 3.30; N, 17.01.
4-Phenylacetic acid diazonium fluoborate, 8:27 mp 135 °C dec. Anal.

Calcd for C8H7N2OBF4: C, 38.40; H, 2.80; N, 11.20. Found: C, 38.46;
H, 2.88; N, 11.24.
4-Nitronaphthalenediazonium fluoborate, 11: mp 186 °C dec. Anal.

Calcd for C10H6N3O2BF4: C, 41.83; H, 2.09; N, 14.64. Found: C,
41.85; H, 2.14; N, 14.69.
Naphthalenediazonium fluoborate, 12: mp 142 °C dec (lit.25 mp 110

°C dec). Anal. Calcd for C10H7N2BF4: C, 49.62; H, 2.89; N, 11.57.
Found: C, 49.68; H, 2.87; N, 11.61.

(23) (a) Grenier-Loustalot, M. F.; Grenier, P. J. Polym. Sci. 1984, 22,
4011. (b) Grenier-Loustalot, M. F.; Cazaux, F.; Berecochea, J.; Grenier,
P. Eur. Polym. J. 1984, 20, 1137. (c) Grenier-Loustalot, M. F.; Cazaux,
F.; Berecochea, J.; Grenier, P. Eur. Polym. J. 1986, 22, 471. (d) Grenier-
Loustalot, M. F.; Cazaux, F.; Grenier, P.Makromol. Chem. 1986, 187, 1855.
(24) (a) Furniss, B. S.; Hannaford, A. J.; Smith, P. W. G.; Tatchell, A.

R. Vogel’s Textbook of Practical Organic Chemistry, 5th ed.; Longman:
London, 1989; p 920. (b) Furniss, B. S.; Hannaford, A. J.; Smith, P. W.
G.; Tatchell, A. R. Vogel’s Textbook of Practical Organic Chemistry, 5th
ed.; Longman: London, 1989; p 1227.
(25) Nakata, N. Ber. 1931, 64, 2059.
(26) Bulow, C.; Busse, F. Ber. 1906, 39, 3863.
(27) Lewis, E. S.; Johnson, M. D. J. Am. Chem. Soc. 1959, 81, 2070.

Figure 8. Cyclic voltammetry of a GC electrode derivatized by
4-nitrophenyl radicals from the reduction of 1 (see text) in CH3CN +
0.1 M n-Bu4NBF4 (a) and in 90:10 H2O-EtOH + 0.1 M KCl (b). Scan
rate: 0.2 V/s. Temperature: 20 °C.
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OR, use 6 (carboxy) to  attach to basic patches
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ABSTRACT: Direct electron transfer between enzymes and electrodes is now
commonly achieved, but obtaining protein films that are very stable may be
challenging. This is particularly crucial in the case of hydrogenases, the enzymes
that catalyze the biological conversion between dihydrogen and protons,
because the instability of the hydrogenase films may prevent the use of these
enzymes as electrocatalysts of H2 oxidation and production in biofuel cells and
photoelectrochemical cells. Here we show that two different FeFe hydrogenases
(from Chamydomonas reinhardtii and Clostridium acetobutylicum) can be
covalently attached to functionalized pyrolytic graphite electrodes using peptidic coupling. In both cases, a surface patch of lysine
residues makes it possible to favor an orientation that is efficient for fast, direct electron transfer. High hydrogen-oxidation
current densities are maintained for up to one week, the only limitation being the intrinsic stability of the enzyme. We also show
that covalent attachment has no effect on the catalytic properties of the enzyme, which means that this strategy can also used be
for electrochemical studies of the catalytic mechanism.

Hydrogenases are large and complex metalloenzymes.
They are present in most microorganisms, and they

catalyze a reaction that is essential and has promising
technological applications: the reversible conversion between
molecular hydrogen and protons. There are two main types of
hydrogenases depending on metal content at the active site:
NiFe hydrogenases (Figure 1B) and FeFe hydrogenases
(Figure 1A). The enzymes that are part of the same family
have the same active site, but the proteic structure and the
number of accessory electron transferring metal clusters vary
depending on which organism they come from.
In the case of FeFe hydrogenases, hydrogen activation occurs

at the so-cal led H-cluster , which consists of a
[Fe2(CO)3(CN)2(dtma)] subsite (dtma=dithiomethyl amine)
covalently bound to a [4Fe4S] cluster (Figure 1A). FeFe
hydrogenases from three organisms have been crystallized: the
bacteria Clostridium pasteurianum1 and Desulfovibrio desulfur-
icans2 and the green algae Chlamydomonas reinhardtii.3 We
study the enzymes from C. reinhardtii and Clostridium
acetobutylicum which is highly homologuous to the enzyme
from C. pasteurianum.
The algal enzyme is the smallest hydrogenase purified so far.

Its backbone is shown in blue in Figure 1D. It has a molecular
weight of 49 kDa and no cofactor other than the H-cluster,
which is exposed at the surface of the protein. In contrast, the
enzyme from C. pasterianum has a 200-amino acid N-terminal
extension, which covalently binds 4 additional FeS clusters
(total Mw 64 kDa, green in Figure 1C and D), two of which are

exposed at the protein surface. This provides a Y-shaped redox
chain that wires the active site to the site of interaction with the
redox partner at the protein surface (Figure 1C). The enzyme
from D. desulfuricans (purple in Figure 1C and D) is of
intermediate complexity: it houses the H-cluster and two 4Fe4S
clusters, one of which is surface exposed. Examining these 3D
structures, one concludes that direct electron transfer to one of
the bacterial enzymes requires that at least one surface exposed
cluster be close to the electrode surface, whereas in the case of
the algal enzyme, interfacial electron transfer should occur
between the electrode and the 4Fe4S subpart of the H-cluster,
which is near the protein surface.
Hydrogenases can be used for hydrogen photoproduction or

for H2 oxidation in biofuel cells, where they can replace the
expensive catalysts made from rare metals. The photo-
production of H2 is a natural pathway in photosynthetic
organism (green algea, cyanobacteria)7 but usually with low
yield and taking place only in reducing conditions. Hydrogen
can also be photoproduced using hydrogenases that have been
coupled to photosensitizers such as CdTe nanocrystals,8

ruthenium complexes9,10 or anodized tubular TiO2;
11,12 in

that case visible light is the energy source for hydrogen
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condition D, which we interpret as indicating that in this case,
interfacial electron transfer between the enzyme and the
electrode is particularly sluggish. We note that in all cases, the
fact that interfacial electron transfer is not very fast compared to
catalytic turnover significantly broadens the wave shapes, as
observed before with other hydrogenases.58 We are currently
examining which models can be used to describe these wave
shapes and gain information about the properties of the
catalytic intermediates.
We tested the long-term stability of the protein films using

chronoamperometry experiments, where we measure the H2
oxidation catalytic current at a constant potential (E = −160
mV vs SHE, pH 7, 30 °C) as a function of time. Figure 4 shows
the results when we tested procedures A, B, and C (green, red,
and blue traces, respectively). In no case did the change in
current against time follow a monoexponential decay. We
analyzed the current variations by fitting the data to a sum of
two exponentials (noting that more complex combinations of
exponential functions lead to parameter indetermination).

τ τ= − + − −i(t i a t a t)/ (0) exp( / ) (1 ) exp( / )1 1 1 2 (1)

Since this function tends to zero, both time constants can be
unambiguously determined provided the experiment lasts much
longer than the shorter time constant. The results of the fits (the
amplitudes a1 and a2 = 1 − a 1 and time constants of the two

exponential phases observed in at least three independent runs)
are shown in Table 1. In all cases, we observed a fast decay with
a time constant of about 25 min. The slower phase is
characterized by a time constant of about 5−10 h if procedures
A or B are used to attach the enzyme and 1 to 2 days with
procedure C.
The filled squares in Figure 4B,D show the current densities

for C. acetobutylicum and C. reinhardtii hydrogenase modified
electrodes (conditions A and C) measured at regular intervals
for a few days. Between measurements, the electrode was
disconnected and stored at 4 °C in pH 7 buffer in the glovebox
used for the electrochemical experiments ([O2] < 1 ppm). The
fact that these data points follow the trend observed on shorter
time scales (fitting an exponential decay through these data
points returns time constants that are consistent with the slow
decay observed on shorter time scales, in panels A and C); this
suggests that the decrease in current is almost the same under
operation at 30 °C and upon storage at 4 °C.
We compared data obtained with electrodes modified

following procedure D (attachment to aniline group, black
lines in Figure SI2 in the Supporting Information) and
procedure C (attachment to benzoic acid group, red lines in
Figure SI2 in the Supporting Information). We observed that
much smaller current densities were obtained with procedure D
than with procedure C. However, the current decays were also
biphasic, and the best parameters obtained by fitting to eq 1
were similar to those obtained for procedure C.
Since our group is mostly interested in using direct

electrochemistry of enzymes for mechanistic studies,19 it was
important to check that the enzyme properties are not changed
by the covalent attachment (condition A versus condition C).

Figure 3. Cyclic voltammograms for protein films of C. acetobutylicum
(left panel) and C. reinhardtii (right panel) FeFe hydrogenases (1 atm
of H2, pH = 7, T = 30 °C, ω = 3000 rpm). The enzymes were attached
using procedure A (panels A1 and A2, green lines, physical adsorption
onto graphite), procedure B (panels B1 and B2, blue lines, the
electrode was modified with 4-carboxybenzenediazonium, but no
coupling agents were used), procedure C (panels C1 and C2, red lines,
the enzyme was covalently attached to the electrode by reaction with
benzoic acid at the electrode surface), or procedure D (panels D1 and
D2, black lines, the enzyme was covalently attached to the electrode by
reaction with aniline at the electrode surface). The dashed line in panel
D2 shows a blank recorded with no enzyme.

Figure 4. Normalized chronoamperograms for protein films of C.
acetobutylicum (panels A and B) and C. reinhardtii (panels C and D)
FeFe hydrogenases, under conditions where the enzymes oxidize H2
(E = −160 mV vs SHE, 1 atm of H2, pH = 7, T = 30 °C, ω = 3000
rpm). The enzymes were attached following procedure A (green lines,
physical adsorption onto graphite), procedure B (blue lines, the
electrode was modified with 4-carboxybenzenediazonium but no
coupling agents were used), or procedure C (red lines, the enzyme was
covalently attached to the electrode by reaction with benzoic acid at
the electrode surface). The lines with identical colors illustrate the
results of independent runs.
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Electrochemical Catalysis: 
examples

H+ H2

Current = [enzyme] x turnover

Reference electrode

Working electrode

Counter electrode

H2

Rotating disc electrode

Measuring the activity using direct electrochemistry

electrons

RDE

Léger et al., Chem. Rev. 108 2379 (2008)
Vincent et al., Chem. Rev. 107 4366 (2007)

Protein- 
based film

Substrate

Calomel, Ag/AgCl,…

Pt wire…

Bertrand & Léger, Chem. Rev., 2008

Electrochemical Catalysis
Non catalytic Catalytic

area α  
      Coverage

3.53RT
nappF

‘waves’ can be fit to determine n
Current = A x [Enz] x turnover

=

k2



turnover rate = kcat 
1 + (Km/[S])

ilim = kcat 
1 + (Km/[S])

•  ilim is proportional to AΓ 
•  Km does not depend on Γ 
•  “film loss”?  “activation”? 
•  mass transport control? 
• how to account for time?

Enzymology in PFE

Journal of Electroanalytical Chemistry
Volume 562, Issue 1, 15 January 2004, Pages 43-52

In PFV: time-scales of catalysis

λ = k2 / f v 



Electrochemical ‘waves’ of catalysis

Léger et al., Biochemistry, 2001; Heffron, et al., Biochemistry, 2001, Fourmond, et al., JACS, 2010, Hudson, et al. JACS, 
2005, Fourmond, et al., JPhysChemB, 2010, Léger et al., J.Phys Chem B, 2002.

Fumarate reductase 
oxidizing succinate

Fumarate reductase 
reducing fumarate

DMSO reductase

Nitrate reductase

NiFe H2ase

NiFe H2ase

Mass-Transport Control  

interfacial ET control 

Slow substrate-binding, slow product-release 

Redox-linked activation/deactivation 

Reversible Catalytic Chemistry 

Inter-protein or Intra-protein limitations 

Detection of redox-linked intermediates

Phenomena contributing to PFE 
waveshape



Biochemistry, 40 (37), 11234 -11245, 2001. 

Examples: reversible redox reactions
fumarate + 2e- + 2H+ ⇌  succinate

Léger, et al, Biochemistry,  2001.

Examples: reversible redox reactions
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Direct electrochemistry of redox enzymes as a tool for mechanistic studies.
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Scheme 2: Schemes used for modeling oxidative catalysis. O, I and R are the three redox states
of the active site, which can bind substrate S and transform it into product P.

R with a first-order rate constant k2 which incorporates substrate binding and transformation
and product release. For now, we will keep quiet about substrate di↵usion from the bulk of the640

electrochemical cell to the electrode surface.
If the chemical steps described by k2 are much slower than electron transfers, the redox equi-

libria are not displaced by the turnover, thus the concentration of oxidized active site is simply
related to the electrode potential and to the values of E0

O/I and E0
O/R by the Nernst equation. The

activity increases from naught at low electrode potential to a limiting value ilim at high driving645

force according to:28

i =
ilim

1 + exp[f(E0
O/I � E)] + exp[2f(E0

O/R � E)]
(18a)

ilim = nFA�k2 (18b)

The divisor of eq. 18a is a Nernstian contribution whose meaning is straightforward: a catalytic
current appears when the electrode potential is high enough that the oxidized form of the active
site is formed. The catalytic signal given by eq. 18 is plotted in fig. 10A for di↵erent values of
E0

O/I�E0
I/R. If E0

O/I ⌧ E0
I/R, that is if the half reduced state of the active site disproportionates,650

the catalytic wave is steep (ncat ⇡ 2 in eq. 16) and centered on Ecat = E0
O/R (blue line). If the

half reduced state is thermodynamically stable (E0
O/I > E0

O/R), since no catalysis occurs until the
electrode potential is high enough that state I can be oxidized into O, the wave is centered on E0

O/I

and has a ncat = 1 shape. For intermediate situations (E0
O/I ⇡ E0

I/R), eq. 18 cannot be identified
to eq. 16, the wave being steeper at the onset of catalysis (low driving force) than close to the655

plateau. Forcing the fit to a pure sigmoid returns n-values between one and two, whereas using
eq. 18 requires adjusting just as many parameters and returns the two reduction potentials of the
active site.

These very simple considerations somehow restrain the validity of the statement according to
which the n�value of the wave reveals the number of electrons transfered in the rate-limiting step.660

Here, ncat reflects the redox thermodynamics at the active site, but it is not related to the reaction
that sets the rate constant k2 and the limiting current.

For this type of signal, a useful representation is the Heyrovsky-Ilkovich plot of log10((ilim�i)/i)
against E (fig. 10B, and for a reductive process fig. 4 in ref. 76). According to eq. 18, the semi-
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Pourbaix and pourbaix-like diagrams for the change in 
E0(FAD) against pH and [succinate] give 
acidity and dissociation constants of the active site

Léger et al., Biochemistry 40 11234 (2001)

(@ 1mM [succinate]) (@ pH 7)
Léger, et al, Biochemistry,  2001.

NapAB: nitrate reductase

Bertrand, et al. J. Phys. Chem. B., 2010

An alternative to PFV - chronoamperometry



Mass Transport Control

Allochromatium vinosum NiFe H2ase

Pershad, et al., Biochemistry, 1999

1
ilim(!) = C + KM

nFA�kcatC
+ 1

0.62nFAD2/3⌫�1/6C!1/2

1
ilim(!) = C + KM

nFA�kcatC
+ 1

0.62nFAD2/3⌫�1/6C!1/2

Biochemistry, 43 (3), 799 -807, 2004.

Nitrate Reductase:  NarGHI

1Q16.pdb

Complexity in wave-shapes



Nitrate Reductase:  NapAB
Complexity in wave-shapes

Frangioni et al, JACS 126 1328 (2004) Bertrand et al, JPCB 111 10300 (2007) 

(In)activation: H2ase

Cyclic voltammograms for a film of H2ase 
measured at different temperatures as 

indicated. Other conditions: 1 bar H2, scan 
rate 0.3 mV s-1, rotation rate 2500 rpm, pH 
8.8. The vertical bar on the curves indicates 

the position of Eswitch. Arrows indicate the 
direction of the potential cycle.

J. Am. Chem. Soc., 125 (28), 8505 -8514, 2003
Chronoamperometry needed! 

Stay tuned  for Pierre on Friday…



Intra-protein ET complications
The position of the wave when the enzyme has one redox relay

kf
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Léger et al, J. Am. Chem. Soc. 128 180 (2006)

Elliott et al., J. Am. Chem. Soc., 2002
Leger et al., J. Am. Chem. Soc. 2006

General model

Specifics: Sulfite Oxidase

Intra-protein ET relay: SOx
The position of the wave when the enzyme has one redox relay
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deAS Rk-1

k1

Léger et al, J. Am. Chem. Soc. 128 180 (2006)

i = ilim
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The model predicts a normal current equations but with 
reduction potential that takes apparent values

(if k0 very fast)

ki the slowest intramolecular ET rate cst

Léger et al, J. Am. Chem. Soc. 128 180 (2006)

Fast ET Slow ET

a general redox relay

Leger et al., J. Am. Chem. Soc. 2006

yields the following equations:

with E1 = 0.06 V 
find ki = 350 s-1 



Inter protein ET relays: catalysis & PPIs
Phenomena of redox relays are generally employed 

Haas, et al, J Phys Chem B, 2001
Firer-Sherwood, Metallomics, 2008
Li & Elliott, Electrochim Acta, 2016

Simple diagnosis of slow interprotein ET in cytc/cytcc oxidase 
complex adsorbed on SAM/Au

Haas et al, J. Phys. Chem. B 105 11351 (2001)

Cytochrome c oxidase

cytochrome c
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MtrB b-barrel.18 Our data support this model and further
indicate that electron transfer between these cytochromes

occurs in a specific and unidirectional manner from the
periplasmic space to the outer membrane.

Anaerobic affinity chromatography to quantify ET
processes

To address the the ability of specific Shewanella multiheme
cytochromes to engage in stoichiometric ET processes, we
have developed a novel, anaerobic affinity chromatography
experiment to probe the stoichiometry of the redox reactions
between proteins that yield positive results from the prior
electrochemical studies of redox-coupled PPIs. Fig. 3 illustrates
one such study, where the electron transfer between CymA
and one of its putative redox partners, MtrA, was confirmed
and monitored by exploiting an available maltose-binding
protein (MBP) tag on the CymA construct. In this method,
we immobilized chemically reduced CymA-MBP on an amylose
column (Step 1) and, after washing excess protein and reductant
from the resin, a known amount of a redox partner protein
(MtrA) was added (Step 2). The resin was washed again,
allowing us to collect and quantify the extent of the redox
reaction (Step 3), and then CymA was eluted from the column
through the addition of maltose. Analysis of the individual
fractions by SDS-PAGE (Fig. S4z) shows that the two proteins
do not form a complex. Instead, the partner protein (MtrA) is
rinsed from the column and CymA elutes alone. Visible
absorption spectra of the resulting MtrA (Fig. 4) shows that
it is reduced by four electrons, while CymA eluted oxidized.
While the spectral data cannot rule out that there are some
populations of MtrA that are more- or less-reduced, the
similarity of the ten MtrA heme midpoint potentials13,21

implies that the majority of MtrA produced in this fashion
has been reduced by four electrons—the first time the stoichio-
metry of the CymA-MtrA redox reaction has been probed.
The four-electron reduction of MtrA is also supported by the
fact that CymA elutes from the column in the fully oxidized
state. Increasing the ratio of CymA to MtrA to 3 : 1 results in
the full reduction of MtrA, which may indicate that CymA can
load MtrA’s heme cofactors with electrons prior to the next
step in the pathway. Additionally, the monoheme cytochrome
c5 from Shewanella was used as a one electron acceptor. Using
the same method results in fully reduced c5 rinsing from the

Fig. 2 Electron transfer between redox partners at a PGE electrode in

which the voltammogram of the adsorbed protein is shown in red and

the adsorbed protein with partner in the cell solution is shown in

black. (A) CymA adsorbed with MtrA in solution, (B) MtrA adsorbed

with MtrC in solution. Insets show the diffusional electrochemical

response of the protein partner in solution with a blank electrode. Scan

rate 20 mV s!1, Rotation rate 1500 rpm.

Table 1 Demonstration of PPIs for Shewanella DMR cytochromes.
PFV data was taken at 20 mV s!1, 1500 rpm at 10 1C, pH 7. Presence
of a sigmoidal wave upon addition of protein to cell solution is
considered indicative of protein–protein interaction

Protein adsorbed Protein in cell Interaction?

CymAox MtrAox |
MtrAox CymAox ‘

CymAox STCox |
STCox CymAox ‘

CymAox DmsEox |
DmsEox CymAox ‘

CymAox MtrCox ‘

MtrCox CymAox ‘

STCox MtrAox ‘

MtrAox STCox ‘

MtrAox MtrCox |
MtrAox MtrCred ‘

MtrCox MtrAox ‘

MtrCox MtrAred ‘

MtrCox OmcAox ‘

OmcAox MtrCox ‘

CymAox CueO ‘

Fig. 3 Cartoon depiction of anaerobic affinity chromatography.

(1) Reduced CymA-MBP is immobilized onto amylose resin (red squares)

then oxidized MtrA (blue circles) is added. (2) As MtrA passes

through the immobilized CymA, MtrA is reduced and CymA is

oxidized (3) MtrA rinses from column semi-reduced (red/blue circles)

and oxidized CymA (blue squares) remains immobilized. (4) CymA

elutes from column fully oxidized.
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lower than that of DaFdI, to ensure a similar, comparable shape of
the voltammograms. At potential lower than !600 mV (vs SHE),
there is a small reductive feature generated by 2-oxoacid itself. This
has been observed when only 2-oxoacid is added to the buffer,
presumably due to the direct reduction of the carboxyl group of 2-
oxoacid to carbonyl, but it does not impact the results of enzymatic
electrochemistry [27]. Second, the temperature is set at 60 "C
(which is the highest stable temperature for our setup) whenever
HtOGOR is involved. This is to ensure the thermophilic enzyme is
active at the experiment condition. As shown in enzyme activity
assays, HtOGOR in this study exhibit a similar activity at 60 "C to
that of DaPFOR at 30 "C. However, at this temperature, the diffusion
rates of Fds are higher than those at 30 "C (experiments with
DaPFOR), making the shapes of baselines slightly different
(compare Fig. 4a and c, b and d, dashed line).

The fact that all Fds could serve as the electron acceptor for
OFOR enzymes during 2-oxoacid oxidation, whether they are
native redox partners or not, provides direct evidence to a common
notion that the intermolecular electron transfer between Fd and its
redox partners is largely driven by its reduction potential [16,28–
31]. At the experiment condition, DaFdI was poised at !390 and
!415 mV and HtFd1 was at !490 and !520 mV (at 30 "C and 60 "C,
respectively). All of these values are lower than or within the range
of the standard potential of 2-oxoacid oxidation (E"’ # -500 mV).
Thus this energetically “downhill” reaction could always proceed.

3.4. Only HtFd1 serves as an electron donor supporting the reduction
of CO2

In the 2-oxoacid oxidation experiments, the detection of the
anodic turnover current is the result of continuous re-oxidation of
enzyme-reduced Fds on the electrode. In the same manner, when

the substrates are CO2 and acyl-CoA, a cathodic current would
suggest a continuous re-reduction of enzyme-oxidized Fd on the
electrode. Similarly, two steps need to proceed in this experiment
for detection of a cathodic current:

Fdox! Fdred (1)

CO2 + Fdred + acyl-CoA ! 2-oxoacid + Fdox + CoA (2)

In comparison with the oxidative experiments, the DaPFOR-
DaFdI pair (Fig. 5a) reveals a simple voltammetric response of
DaFdI centered around !390 mV when the enzyme is absent.
Further, no change was observed upon addition of bicarbonate (as a
CO2 source) and acetyl-CoA. However, when enzyme is present, the
simple voltammogram becomes distorted, with separation be-
tween the oxidative and reductive currents, yet still centered
around !390 mV. This distortion is probably due to the intermo-
lecular electron transfer between DaFdI and DaPFOR, yet clearly
does not indicate electrocatalysis, either. We presume that DaPFOR
can receive electrons from DaFdI, but the potential of the electrons
is not sufficient to support substrate (CO2) reduction. Thus once the
equilibrium of electron transfer is established between DaFdI and
DaPFOR, no more Fd could be continuously reduced to generate a
cathodic turnover current. We can conclude a Fd within this
potential regime cannot thermodynamically support the steady-
state requirements of CO2 reduction.

In contrast, the HtOGOR and HtFd1 pair yields electrocatalysis,
in the presence of substrates. As determined in previous experi-
ments, the reduction potential of HtFd1 is around !520 mV at
60 "C, which is also observed in the presence of substrates, but in
the absence of HtOGOR (Fig. 5d, dashed line). When the enzyme
was present, cathodic electrocatlaytic current results, with an
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Fig. 5. Typical voltammograms of Fd-mediated catalytic electrochemical experiment in CO2 reduction. (a)-(d) represent different combinations of OFOR enzymes and Fds.
The dotted lines indicate the reduction potential of the Fd at the experiment condition.
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Potentiometry

Dutton, P.L. Methods in 
Enzymology, v. 54

in a 10 mM solution of 1-mercaptohexanol in anhydrous isopropanol
for about 10 hours. We chose 1-mercaptohexanol as the linker be-
cause gold electrodes with self-assembled monolayers (SAMs) of
1-mercaptohexanol have been used in many electrochemical studies
of heme proteins in solution [7,8]. The length of this linker represents
a compromise between stable SAM and viable electron transfer rate
between the protein and the electrode [2]. The gold foils with the
SAMs of 1-mercaptohexanol were then soaked in 1-propanol and
rinsed with deionized water. The gold foils were finally dried with a
gentle stream of argon gas.

2.3. Electrochemical cell

The UV/vis electrochemical cell consists of a 4 mL quartz cuvette
equipped with three electrodes as shown in Fig. 1. The working elec-
trode is composed of two 0.25 mm thick gold foils (1.0 × 2.0 cm) sep-
arated by a 2 mm thick piece of gold at the bottom and a piece of
1.0 mm diameter gold wire at the top, both of these pieces are used
for spacing and electrical contact between the gold foils. A 1.0 mm di-
ameter platinum wire on the opposite side of the working electrode is
used as the auxiliary electrode. The reference electrode is a Ag/AgCl mi-
croelectrode (Microelectrode Inc.) that is placed in between the work-
ing and auxiliary electrodes. To minimize the sample volume, the
remaining spaces in the cuvette are filled with sheets of Teflon or a Tef-
lon block. The Ag/AgClmicroelectrode, goldwire, and platinumwire are
all held through a cuvette cap with drilled holes. To assure that the cell
is gas tight, the top of the cap was sealed with epoxy. Two additional
drilled holes in the cap serve as the inlet and outlet gas ports to provide

an anaerobic environment. Once the cell is assembled, the cuvette and
cell cap are taped around at the top with Teflon.

2.4. Spectroelectrochemical measurements

The cuvette cell was carefully placed in a Lambda 20 spectrometer
(Perkin Elmer). All three leads from the cell were connected to a
PWR-3 potentiostat from Bioanalytical Systems Inc. Removal of oxy-
gen from the cell was achieved by using an argon gas flow into the
cell. After a few minutes, approximately 350 μL of the protein sample,
which was previously made anaerobic in a separate vial, was then
injected into the electrochemical cell. The protein concentrations
were in the 1–5 μM range and the redox mediator concentrations
were between 1 and 100 μM. The potential was applied in increments
of 20–30 mV. Typical equilibration times were 5–10 minutes. After
equilibration, the optical spectrum was recorded and oxidation or re-
duction of the heme protein was followed by the heme absorption
bands. Either the Soret-band absorption or α-band absorption was
used for the Nernst equation with n = 1 (fixed) [9]. The applied po-
tentials and measured midpoint potentials (Em) were referenced
against Ag/AgCl in 3 M KCl, which is +210 mV relative to the normal
hydrogen electrode (vs. NHE) at 25 °C.

3. Results and discussion

3.1. Direct electrochemistry of cytochrome c

The UV/vis spectra and Nernst fit of cyt c are shown in Fig. 2a. The
reduction from ferric to ferrous cyt c was performed without the use
of redox mediators, due the natural electron transfer property of the
protein. The absence of mediators, which have strong absorption in
the UV region, permitted the measurement of the spectrum from
220 to 700 nm. Redox-sensitive absorptions are clearly shown in the
330–380 nm, 400–450 nm, and 500–600 nm regions. The α-band ab-
sorption of reduced cyt c at 551 nm was used for the Nernst fit (single
equation, n = 1) shown in Fig. 2a. The measured midpoint potential
at pH 7.0 was +52 mV (vs. Ag/Ag–Cl) or 262 mV (vs. NHE). This mea-
sured potential is in agreement with the measurements performed on
cyt c using classical redox potentiometry [10], as well as those based
on using the OTTLE cell [5].

3.2. Myoglobin and horseradish peroxidase

Unlike cyt c, reversible oxidation and reduction ofMb and HRPwere
only possible with the use of redoxmediators. The oxidation and reduc-
tion of Mb were followed by using the Soret absorption-band at
436 nm, which is indicative of a five-coordinate, ferrous heme
(Fig. 2b). The absorption at 436 nmwas also used for theNernst fit (sin-
gle equation, n = 1). The measured midpoint potential was−159 mV
(vs. Ag/Ag–Cl) or+51 mV(NHE) for both oxidative and reductive tran-
sitions of Mb. This measured potential is nearly identical to that of Mb
reported in other studies which used spectroelectrochemistry [11].
The UV/vis spectra in Fig. 2c show the reduction (ferric to ferrous) of
HRP. Similar to Mb, the Soret absorption-band at 436 nm is also indica-
tive of the formation of a five-coordinate, ferrous heme. The Nernst fit
(single equation, n = 1) shows that the measured midpoint potentials
of HRP for oxidation and reduction at pH 7.0, are exactly −465 mV
(vs. Ag/Ag–Cl) or +255 mV (vs. NHE), which is agreement with other
studies [12]. The measured midpoint potential values of cyt c, Mb, and
HRP are summarized in Table 1.

3.3. Cytochrome bc1

Also known as Complex III, this membrane enzyme contains multi-
ple redox centers: two b-hemes (heme bL and heme bH), an iron-
sulfur center (Fe–S), and cytochrome c1. In addition, there are two

Fig. 1. Spectroelectrochemical cell. The cell consists of a UV/vis cuvette fitted with
three electrodes.
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N-methyl phenazonium methosulfate (PMS) 
Em7 = 80 mV, n = 2

N-methyl phenazonium ethosulfate (PES) 
Em7 = 55 mV, n = 2

N-methyl 1-hydroxyphenazonium methosulfate  
Em7 = -34 mV, n = 2

2-Hydroxyl-1,4-naphthoquinone 
Em7 = -145 mV, n = 2

Anthraquinone-2,6-disulfonate 
Em7 = -145 mV, n = 2 

Anthraquinone-2-sulfonate 
Em7 = -185, n = 2

N,N’-Dimethyl-1,4-bipyridinium dichloride 
Em7 = -430 mV, n = 1 

N,N’-Dibenzyl-1,4-bipyridinium dichloride 
Em7 = -311 mV, n = 1

Ferrocene Methanol, Ferroceneacetic acid 
Em7 = +440, +375 mV;  n = 1

Dichlorindophenol 
Em7 = +215,  n = 2

Janus Green 
Em7 = -220,  n = 2

Safranine 
Em7 = -290,  n = 2

Potentiometry mediators
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http://www.basinc.com/products/ec/digisim/

DigiSim - from BAS
http://bip.cnrs-mrs.fr/qsoas/index.html

QSOAS - from V. Fourmond
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