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Motivation:  we   want to know

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

Voltammetry
Fast-scan Voltammetry

Variable Timescales (CV/SqWv)

CV or Chronoamperometry



Bak and Elliott, Current Opinions in Chemical Biology, 2013

Diversity in redox potentials 

Bard and Faulkner, Electrochemical Methods

What happens at an electrode?



Bard and Faulkner, Electrochemical Methods
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Building up voltammetry

ip ∝ v1/2

Taking away the background
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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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Bard and Faulkner, Electrochemical Methods

Currents are always linked to 
diffusional coefficients…
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Potential step experiments



european conventions

Diffusional Voltammetry
Voltammetry 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 
n: number of electrons 

Eo from the mean of the peaks



Not all Protein Electrochemistry is CV
Cyclic Voltammetry

Voltammetry of a diffusive redox species

Bard and Faulkner, Electrochemical methods, Wiley, 2004

charging current. This latter problem is particularly apparent
for a PGE electrode, the polished surface of which is rough
and contains numerous complex chemical groups,29-33 because
double-layer charging is much slower than for other commonly
used (metal) electrodes. Square wave voltammetry (SWV), in
which the current is monitored in response to a variable
frequency potential modulation (Figure 2), offers important
advantages. Its insensitivity toward double-layer charging ef-
fects34 is widely acknowledged, and analytical procedures are
well documented for both adsorbed and diffusion-controlled
SWV, including those for (quasi-) irreversible, CE, and ECE
systems.35-44 The important variables in SWV are the pulse
frequency and amplitude.
Azurin functions as an electron carrier in the respiratory

chains of bacteria such as Pseudomonas aeruginosa45 and has
been extensively characterized by various physicochemical
techniques. The active site consists of a mononuclear copper
ion which lies in the plane of three strong ligands (two Nδ(His)
and a Sγ(Cys)).46 The copper is further coordinated by an axial
ligand (Sδ(Met)), and it has a weak interaction with a peptide
carbonyl oxygen.47 This coordination geometry is restrained by
the protein and is highly similar in both oxidation states.48 This,
and the fact that the copper site is shielded from the solvent,
are thought to be the main reasons azurin has a low reorganiza-
tion energy (λ ) 0.7-1.0 eV 49-51) when compared to simple
copper complexes. Azurin is capable of very fast electron
transfer, as is apparent from the self-exchange (bimolecular)
rate constant, which is on the order of 106 M-1 s-1.52 Even

among other blue copper proteins this is one of the fastest self-
exchange rate constants measured (see ref 53 and references
therein).
In the studies that we now describe, we have exploited the

fact that azurin exhibits a high value of k0 at PGE electrodes
and we have included studies with polycrystalline gold elec-
trodes modified with different alkanethiol SAMs (C10 and C12),
as a way to vary the electronic coupling.17,54,55 We have further
varied such factors as temperature, solvent isotope (H2O vs
D2O), solvent composition, and viscosity. Two models have
been developed and compared: Model 1 is based solely on the
Marcus theory and observed kmax values are fitted by adjusting
λ. By contrast model 2 uses λ ) 0.7 eV, a reasonable value for
the system we use (see above) but assumes that ET is gated
(with rate kmax). The results reveal unexpected behavior that
may have general implications for other protein-interface and
protein-protein ET reactions.

Methods

Protein and Materials. Azurin from P. aeruginosa was
isolated as described previously.56 For electrochemical studies,
deionized water (Millipore, 18 MΩ·cm) was used in all cases.
Except when stated otherwise, measurements were made at 0
°C, at which temperature the pH values of cell solutions (pH
4.0 buffered by 20 mM sodium acetate or pH 9.6 buffered by
20 mM CHES, both from Sigma) were measured and adjusted
and then checked after the experiment. For experiments with
PGE electrodes, either 0.1 or 2.0 M NaCl (Merck, BDH,
AnalaR) was used as supporting electrolyte. For the gold
electrodes, 0.1 M Na2SO4 (Merck, BDH, AnalaR) was used.
To increase the viscosity of the cell solutions to 5 cP, either
37% (mass/total mass) sucrose (Merck, BDH, AnalaR) or 45%
glycerol (Merck, BDH) was added to the buffers.57 For the
voltammetry experiments at temperatures below 0 °C a cryo-
solvent was used which consisted of 50% ethylene-glycol, 1.0
M NaCl, and 20 mM sodium acetate, pH 4.0 (measured and
adjusted at 0 °C).
Electrodes. PGE working electrodes were constructed as

described previously.25 The disk of pyrolytic graphite (Advanced
Ceramics Corp., Wales) was housed in a Teflon sheath in such
a way that contact with the solution is made at the visibly “edge”
plane (i.e. the basal ab plane is normal to the solution surface).
Typically, the electrode area was minimized to ca. 1 mm2 to
reduce current magnitudes, although this was also varied (see
below). Prior to voltammetry, the PGE electrode surface was
polished with 1 µm alumina (Buehler) and then sonicated
thoroughly to remove the alumina. The protein film was applied
by smearing and retracting after a short incubation time
approximately 1 µL of protein solution (∼0.1 mM) across the
electrode surface using a plastic pipet tip. The coated electrode
was then transferred immediately to the cell solution.
Gold working electrodes were constructed also in a Teflon

sheath using gold wire (diameter 2 mm; 99,9985%, Alfa, U.K.),
which was embedded in an epoxy resin (Ciba Geigy; combina-
tion of CY1300, HY932 (3:1)) that does not deteriorate upon
prolonged exposures to ethanol. The gold surface was mechani-
cally cleaned by successive polishes with 5, 1, 0.3, and 0.05
µm alumina, after which the electrode was sonicated thoroughly
in Millipore water. The surface was then cleaned electrochemi-
cally by cycling 10 times between 0.2 and 1.0 V vs standard
calomel electrode (SCE) in 0.1 M H2SO4 (Rectapur, Prolabo)
solution, starting and ending at 0.4 V. The upper limit was then
increased to 1.35 V vs SCE, and another 15 cycles were
performed: with the last upper limit, the surface atoms of the

Figure 1. Theoretical Tafel plots ([kox + kred] versus η ) [E - E˚′])
based on Marcus theory with k0 ) 103 s-1 and λ as shown in the figure
(model 1).

Figure 2. Waveforms for cyclic and square wave voltammetry.

Kinetics at the Electrode-Protein Interface J. Phys. Chem. B, Vol. 106, No. 9, 2002 2305

Square Wave Voltammetry
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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



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

backward scan

forward scan

Em

area α  
      Coverage

δ = 3.53RT 
nappF

ip  α ν

Immobilization: a solution to diffusional limits

∆Ep = 0  mV… in theory 
ip ∝ n2 Γ ν 
Γ: surface conc’ 

δ ≈ 90 mV/n 
Eo from the peak(s)

• Peak separation  for proteins - 10-20 mV due to kiet 
• Currents are small 
• two-electron peaks should be 4x high, 1/2 width



In CV,  Em is observed.

e-
or, Amperometry:  

current as a function of time

Immobilizing, for PFE

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):

in=2
Lav (E0

O/I, E
0
I/R) =

F 2⌫A�
RT

��1/2 ⇠1/2 + 4�1/2 + ⇠�1/2

(⇠1/2 + ��1/2 + ⇠�1/2)2
(3a)

� = exp[f(E0
I/R � E0

O/I)] (3b)

⇠ = 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

in=2
Lav (E0

O/R) ⇡ 4F 2⌫A�
RT

exp[2f(E � E0
O/R)]

(1 + exp[2f(E � E0
O/R)])2

(4)

and this has prompted55 the use of a very popular equation

i
n

s

,napp
Lav (E0

O/R) ⌘ n
s

nappF 2⌫A�
RT

exp[nappf(E � E0
O/R)]

(1 + exp[nappf(E � E0
O/R)])2

(5)

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):

iLav
n)2(EO/I

0 ,EI/R
0 ) ) F2VAΓ

RT
δ-1⁄2 #1⁄2 + 4δ1⁄2 + #-1⁄2

(#1⁄2 + δ-1⁄2 + #-1⁄2)2

(3a)

δ) exp[f(EI/R
0 -EO/R

0 )] (3b)

#) exp[2f(E-EO/R
0 )] (3c)

(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

iLav
n)2(EO/R

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

iLav
ns,napp(EO/R

0 ) ≡
nsnappF

2νAΓ
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

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

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
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ox:H+
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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
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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

–0.7

–0.6

–0.5

–0.4

pH

E m
 (V

 v
s 

SH
E)

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
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Maiocco, et al. Biochemistry (2016), 5531

N

NN

N H

HN

tRNA

N

NN

N S

HN

tRNA

2 AdoMet 
5’dAd + Met + SAHMiaB

Thiomethyltransferases

AM cluster

Aux cluster

both couples 
appear to be H+ 

independent

PFV as a detection tool



–0.8 –0.6 –0.4 –0.2

120

140

160

180

Potential (V vs SHE)
–0.8 –0.6 –0.4 –0.2
0

2

4

6

C
ur

re
nt

 (μ
A)

Potential (V vs SHE)
–0.8 –0.6 –0.4 –0.2

120

140

160

180

Potential (V vs SHE)
–0.8 –0.6 –0.4 –0.2
0

2

4

6

C
ur

re
nt

 (μ
A)

Potential (V vs SHE)

MiaB

MiaB + AdoMet … via Square Wave
tim

e 
(2

0 
m

in
)

+AdoMet
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Upon AdoMet  treatment: 

• Broad envelop ‘sharpens’ 

• Then decays into two  

• One couple @ -450 mV 

• One @ -650 mV 

• Same for MiaB or RimO

PFV as a detection tool

Electrochemical Catalysis

PGE Electrode

Cell Solution

Rotator

Graphite

P

S

e-
e-

Current i is proportional to  
turn-over rate and (unknown) 

electroactive coverage  
i measured at high frequency 

 (∆t =0.1 s)



Electrochemical Catalysis: voltammetry
Non catalytic Catalytic

area α  
      Coverage

3.53RT
nappF

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

=

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?

Metalloenzymology in CV

… why amperometry is ‘clean’



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

Can use ilim to  
recapitulate M-M  
kinetics 

(often used as proof 
enzyme is OK)

NapAB: nitrate reductase

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

An alternative to PFV - chronoamperometry

Nitrate injection



∆t = 500 s

500 s

500 s

HDCR is CO-tolerant

Ceccaldi, et al., Energy and Env. Sci., 2017

An alternative to PFV - chronoamperometry
H2  ⇌  2H++ 2e-

Challenges: 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
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2e- + 2H+ ⇌  H2



Nitrate Reductase:  NapAB
Complexity in wave-shapes

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

Challenge: 
(In)activation & H2ases

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!



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

kf
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k1

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

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

This journal is c The Royal Society of Chemistry 2011 Metallomics

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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