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ABSTRACT: The use of biological systems for electrochemical energy conversion applications is often limited by instability of the 
protein or protein-electrode system. Here, we present a simple but efficient method for covalent attachment of nickel-substituted 
rubredoxin (NiRd), a model hydrogenase, to an unmodified graphite electrode based on amide bond formation. The resultant elec-
trodes are shown to be highly active for H2 evolution over a period of several weeks. The effects of different attachment methods on 
interfacial electron transfer (ET) rates and catalysis are investigated, with decreased ET rates and increased background reactivity 
observed for surface-modified electrodes. Electrochemical simulations reveal that reduced protein dynamics of the attached NiRd 
enzyme are likely responsible for decreased catalytic rates by modulating the intramolecular proton transfer step. Ultimately, this 
straightforward approach can be broadly applied to diverse redox-active proteins and enzymes and will expand the utility of such 
systems by conferring increased stability over extended periods of time.

INTRODUCTION The utilization of renewable hydrogen 
has gained traction due to its regard as a clean fuel.1 However, 
current and traditional approaches for the production of hydro-
gen gas have several drawbacks, including the use of precious 
metal catalysts and generation of CO2 as a byproduct. The uti-
lization of enzymes as bioelectrocatalysts for fuel generation 
offers an alternative approach with distinct advantages, includ-
ing high chemical specificity and catalytic rates, use of earth-
abundant transition metals, and well-defined active sites and 
mechanisms.2–4 For example, enzymes known as hydrogenases 
(H2ases) have been optimized for efficient turnover using either 
iron or iron and nickel5–7 and catalyze both the production of 
hydrogen from protons as well as hydrogen oxidation at almost 
the thermodynamic potential of the reaction, with relative activ-
ity that is dependent on the inherent bias of the enzyme.8–10s 
Fundamental studies of these enzymes have provided inspira-
tion for the generation of small molecule mimics that also per-
form catalytic H2 evolution or oxidation.11–13 Though construc-
tion of synthetic models of enzyme active sites may provide ac-
cess to similar reactivity, it is no surprise that the secondary and 
tertiary environments around the active site and the protein fold 
play significant roles in modulating the high levels of activity 
achieved by the naturally occurring systems.14,15 Following 
from this reasoning, the utilization of stable protein scaffolds 
within which to reconstruct the active site may be a more effec-
tive approach to mimic not only the structure but also the activ-
ity of the native enzyme.16–18 
Rubredoxins (Rd) are small (4.5-5.2 kDa), robust electron 

transfer proteins with a tetrathiolate, mononuclear metal bind-
ing site. The protein fold is remarkably resistant to a wide range 
of pH values, temperatures, solvents, and oxygen, as well as 
straightforward to express and stable towards mutagenesis.19 
While the protein natively binds iron (FeRd), it has been previ-
ously demonstrated that the active site metal can be easily re-
placed with a variety of different transition metals, such as 

nickel, zinc, copper and cobalt, without compromising the sta-
bility or protein fold.20–23 This facile metal exchange renders Rd 
a particularly attractive system for the engineering of an artifi-
cial hydrogenase; the protein coordination environment of 
nickel-substituted rubredoxin (NiRd) closely resembles the ac-
tive site structure at the nickel center of the [NiFe] H2ase.20,24,25 
Prior work by our group and others has shown that NiRd serves 
not only as a structural mimic, but also as a functional and 
mechanistic model enzyme for the [NiFe] H2ase.20,25–27 Initial 
characterization of NiRd demonstrated that the protein is cata-
lytically active towards hydrogen production.25 Detailed mech-
anistic studies on the NiRd metalloenzyme resolved intrinsic 
electrocatalytic properties of the active site, metrics that are 
masked by the iron-sulfur cluster electron relay in the native 
enzyme.26 In this way, studies of model systems can also pro-
vide insight into the properties of naturally occurring enzymes. 
As an additional advantage of the model system, changes to the 
active site primary, secondary, and outer coordination spheres 

 

Figure 1. (A) The surface of unmodified graphitic electrodes is 
typically negatively charged, favoring electrostatic adsorption of 
positively charged proteins and molecules. (B) Aniline-function-
alized surfaces are positively charged, favoring electrostatic ad-
sorption of positively charged proteins and molecules. (C) Nano-
tube-coated surfaces are hydrophobic, favoring adsorption of 
large, hydrophobic, or zwitterionic proteins and molecules.  
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can be accomplished in a rational fashion as a means to improve 
or gain insight into the catalytic activity.27,28  
Electrochemistry is a powerful and sensitive technique for the 

study of redox-active molecules. The study of electron transfer 
(ET) within proteins is of great relevance for understanding sig-
naling pathways, metabolic processes, bioenergetics, and en-
ergy storage reactions within biological systems.6,29 Both car-
bon-based and metallic electrodes have been used for the study 
of metalloproteins.30,31 However, the observed signals rely 
heavily on the nature of the interaction between the protein and 
the electrode. Historically, the primary approach used to study 
redox enzymes has relied on simple adsorption of the protein to 
the electrode surface, forming predominantly monolayers of 
protein through a combination of electrostatic and hydrophobic 
interactions (Figure 1).32 While this generally supports direct 
ET from the electrode surface to the biocatalyst,33,34 eliminating 
the need for small-molecule mediators to serve as electron re-
lays, orientation of the enzyme is not controlled and desorption 
can readily occur.35  
To extend surface stability and control ET pathways, differ-

ent approaches have been developed, ensuring the activity and 
intrinsic stability of the (bio)molecules are not compromised 
(Scheme 1).36–40 One popular technique for the surface modifi-
cation of electrodes harnesses the reactivity of the diazonium 
moiety.36,41,42 This method relies on the reduction of a diazo-
nium salt at the surface of a carbon-based electrode, forming a 
covalent carbon-carbon bond between the electrode and the re-
sultant aryl radical accompanied by the release of nitrogen gas. 
A variety of diazonium salt derivatives are commercially avail-
able, allowing access to any desired functional group for further 
reactions.41 In this study, 4-nitrobenzodiazonium is used be-
cause of the shelf stability of the reagent and facile electrochem-
ical reduction of the nitroarene to an aniline. This functional 
group can act as an amine in carbodiimide cross-linking reac-
tions to form amide bonds with carboxylic acids.36 The aniline 
moiety can also participate in a three-component Mannich-type 
reaction along with formaldehyde for coupling to a phenol, as 
previously demonstrated for linking a fluorophore to a pep-
tide.43 While this is a facile method that offers access to a wide 
variety of surface-bound functional groups, the effectiveness is 
highly dependent on the conditions under which the diazonium 
modification takes place.44 The aryl radicals can accumulate in 
multiple layers on the surface of the electrode, rather than a 
monolayer, resulting in an insulating layer forming between the 
electroactive surface and the sample in question and slowing ET 
significantly.  
Carbon nanotubes (CNTs), are also used for surface modifi-

cation.45–47 CNTs are highly conductive, serve as effective elec-
tron mediators, provide high effective surface areas for the gen-
eration of large catalytic currents, and are amenable to function-
alization, often through the use of pyrene derivatives.45,48,49 Ad-
sorption to the CNT occurs through p-p stacking interactions 
between the graphitic basal plane and the pyrene moiety, while 
specific chemical functional groups can be introduced off of the 
aromatic system.47,50 However, this approach also has draw-
backs. Layers of CNTs increase the capacitance of the elec-
trode, making systems with small currents difficult to study. Bi-
ological molecules can adsorb to the surface as well as inside 
the nanotubes, giving rise to different orientations because of 
changes in hydrophobicity and polarity across the two sides of 
the tube.51 Moreover, many of the commonly used methods for 
functionalization of CNTs result in highly reactive electrodes, 

which give rise to large background currents at negative poten-
tials in aqueous environments.  
The electrode surface itself can also be considered as a site 

for modification. A variety of graphitic carbon surfaces are used 
for the study of small molecules and biological systems, with 
differential reactivity that is attributed predominantly to the 
presence of defects.50,52 The surface of aligned pyrolytic graph-
ite (PG) subunits in a single sheet makes up the relativity inert 
“basal plane”, while the ends of those stacked sheets make up 
the “edge plane”, where most of the defects occur. These defec-
tive edges can react with air to form oxygen-containing func-
tional groups, which can be utilized for surface tethering of mol-
ecules.53 The edge plane also exhibits faster electron transfer 
than the basal plane.48,50 However, even with these moieties, PG 
electrodes are largely unreactive towards proton reduction, ren-
dering these surfaces attractive targets for direct functionaliza-
tion.  
In this work, multiple methods are developed and described 

for site-selective covalent attachment of Rd to the surface of 
carbon-based PG electrodes. We focus on modifications to the 
electrode surface that enable bioconjugation of the protein scaf-
fold either via amide bond formation, using either a lysine, an 

 

Scheme 1. Different methods for covalent attachment of Rd to a 
PG electrode surface relying on (Top) amide and (Bottom) tyro-
sine coupling strategies to (A, D) aniline-modified, (B) intrinsic 
carboxylic acid groups, or (C) CNT-pyrene surfaces.  



 

aspartate, or a glutamate residue, or coupling through a tyrosine 
residue following a Mannich-type coupling (Scheme 1). Vali-
dation of the methodology and an investigation of the effects of 
controlled orientation on the rates of interfacial ET and overall 
catalytic activity of the wild-type (WT) NiRd enzyme and mu-
tants are presented. Electrochemical simulations are used to in-
vestigate mechanistic changes upon attachment to the electrode 
surface, with reduced dynamics implicated in the lower abso-
lute levels of activity observed. Importantly, the resulting opti-
mized electrodes are stable over the timescale of many weeks 
and across a wide pH range, extending the potential applications 
of this artificial metalloenzyme towards environmentally be-
nign, large-scale hydrogen evolution. 
 
EXPERIMENTAL SECTION 
Protein Expression, Purification, and Metal Substitution  
Desulfovibrio desulfuricans ATCC 27774 wild-type rubre-

doxin and all mutants were heterologously expressed, purified, 
and metallated as previously described.25–28 Protein purity was 
confirmed by native gel electrophoresis following metal substi-
tution. 
FeIIRd Preparation 
Reduction of FeIIIRd to FeIIRd in wild-type Rd and Rd mu-

tants was carried out under nitrogen in an anaerobic glove box 
(O2 < 2 ppm) (Vigor Technologies). A solution of FeIIIRd was 
reduced by addition of 100 mM dithionite (DT) (Sigma-Al-
drich), dissolved in 50 mM Tris buffer, pH 8.0, giving a distinct 
color change from dark red to clear. Excess reducing agent was 
removed by application of the protein solution to a self-packed 
PD-10 column equilibrated with 50 mM Tris, pH 8.0.54 Protein 
fractions were collected and concentrated using a Centricon fil-
tration concentrator (Millipore). A 2 µL aliquot of FeIIRd pro-
tein sample was oxidized by addition of 5 mM K3[Fe(CN)6] un-
der ambient conditions for concentration determination using 
optical spectroscopy. An extinction coefficient of 7,800 M-1cm-
1 at 492 nm for FeIIIRd was used.26  
Surface Coupling Reactions  
Covalent coupling of rubredoxin to the surface of pyrolytic 

graphite electrodes was carried out through carbodiimide cross-
linker chemistry for the formation of a peptide bond between a 
carboxylate group and a primary amine supplied by either the 
electrode surface, an installed modification of the electrode sur-
face, or the protein. Stock solutions of 1.5 M N-hydroxysuccin-
imide (NHS) (Sigma-Aldrich) and 1.8 M 1-ethyl-3-(3-dime-
thylaminopropyl) carbodiimide hydrochloride (EDC) (G-Bio-
sciences) were freshly prepared in 10 mM MES (Fisher Scien-
tific) buffer, pH 6.5. Appropriate volumes were added to glass 
culture tubes to achieve a final solution volume of 80 µL con-
taining 200 µM total Rd, 72 mM NHS and 144 mM EDC. 
Freshly polished, home-made PG electrodes were submerged in 
solution and allowed to react for 1.5 hours. All electrodes were 
rinsed extensively with 50 mM Tris buffer, pH 8.0, to remove 
any adventitiously adsorbed Rd prior to electrochemical exper-
iments and stored in 50 mM Tris buffer, pH 8.0, for stability 
experiments. Electrodes were prepared in triplicate to account 
for variability in protein coupling efficiencies across different 
electrodes. 
Aniline Surface Modification  
Aniline surface modification of PG was carried out through 

an aryl radical C-C coupling to the surface of the electrode 

followed by electrochemical reduction. A 100 mM solution of 
4-nitrobenzenediazonium tetrafluoroborate ([N2Ar-NO2][BF4]) 
(Sigma-Aldrich) in acetonitrile (Fisher Scientific) was freshly 
prepared, and 1 mL aliquots were dispersed in 20 mL scintilla-
tion vials. Freshly polished home-made PG electrodes were 
submerged and allowed to react for 5 minutes. Electrodes were 
then rinsed with acetonitrile to remove all excess reagents, 
quenched with ethanol, and subjected to a final rinse with de-
ionized (MilliQ) water. Electrochemical reduction of the nitro 
group to the aniline derivative was carried out in an anaerobic 
glove box (O2 < 2 ppm) by sweeping the potential from 0.6 to -
0.9 V vs Ag/AgCl with a scan rate of 0.1 V/sec in an aqueous 
solution containing 100 mM H2SO4 according to Equation 1: 

𝐴𝑟 − 𝑁𝑂& + 6𝐻* + 6𝑒, → 𝐴𝑟 − 𝑁𝐻& (1) 
 
All electrodes were rinsed extensively with MilliQ water fol-

lowing electrochemical reduction to remove any excess acid. 
Covalent attachment of the protein to the aniline-modified elec-
trodes was carried out using the carbodiimide crosslinking 
method described above or the Mannich-type coupling de-
scribed below. 
Carbon Nanotube and Pyrene Modification  
Carbon nanotube (CNT)/pyrene-modified PG electrodes 

were achieved through a two-step process involving the depo-
sition of a CNT layer followed by addition of a functionalized 
pyrene. First, a suspension of multiwalled (MW) CNTs (Cheap-
Tubes.com) in N’N-dimethyl formamide (DMF) (VWR) was 
formed by sonication of a 1 mg/mL solution for 15 minutes to 
achieve a uniform suspension. A 10 µL drop of the suspension 
was cast on the surface of home-made PG electrodes and al-
lowed to fully dry overnight. A 1 mM solution of 1-pyrenebu-
tyric acid (Acros Organics) in acetonitrile was freshly prepared, 
and 100 µL aliquots were transferred to glass culture tubes. The 
MWCNT-modified electrodes were submerged in the pyrene 
solution and allowed to sit for 1.5 hours. All electrodes were 
rinsed with MilliQ water to remove any excess pyrene from the 
surface and dried under vacuum. As with the aniline-modified 
electrodes, covalent attachment of the protein to the functional-
ized pyrene was performed using the methodology outline 
above for the carbodiimide crosslinking process. 
Tyrosine Attachment via Mannich-Type Coupling 
The methodology for coupling of Rd to the PG electrode sur-

face via tyrosine residues was adapted from a prior report de-
scribing attachment of a fluorophore to tyrosine-containing 
peptides.43,55 Home-made electrodes were modified using the 
aniline surface modification procedure outlined above. A solu-
tion was prepared with a final concentration of 25 mM formal-
dehyde (VWR) and 250 µM total Rd in 100 mM MES buffer, 
pH 6.5, and modified electrodes were submerged in solution. 
Electrodes were allowed to react overnight (~ 18 hours) at 4˚C. 
All electrodes were rinsed with 50 mM Tris buffer, pH 8.0, prior 
to electrochemical measurements.  
Electrochemistry 
All electrochemical experiments were conducted in a nitro-

gen glove box (O2 < 2 ppm; Vigor Technologies) using a 
WaveNow potentiostat (Pine Research Instrumentation) or a 
CH Instruments 760E bipotentiostat for fast scan rate experi-
ments. Experiments were performed in 150 mM sodium acetate 
buffer, pH 4.5. A multicomponent “CHAMP” buffer consisting 
of 25 mM CHES, 25 mM HEPES, 25 mM acetate, 25 mM 
MOPS and 50 mM potassium perchlorate (Sigma-Aldrich) was 



 

utilized for pH dependence studies. All scan rate dependence 
experiments were conducted in 150 mM acetate buffer, pH 4.5, 
with saturating levels of potassium chloride. The pH of all buff-
ers was adjusted using 1 or 10 M solutions of hydrochloric acid 
or potassium hydroxide. A three-electrode system was used for 
all experiments consisting of a homemade pyrolytic graphite 
(PG) working electrode (edge-plane) with a surface area of 0.09 
cm2, a platinum wire counter electrode (Alfa-Aesar) and an 
Ag/AgCl reference electrode (Pine Research Instrumentation). 
Homemade PG electrodes were constructed using substrate-nu-
cleated pyrolytic graphite (GraphiteStore.com) that was cut to 
generate a 3x3 mm square of the edge plane surface. The edge 
plane of the graphite was utilized for all electrochemical exper-
iments. Graphite squares were mounted onto copper wire 
(McMaster-Carr) using conductive silver paint (SPI) to allow 
for conductivity from the wire to the graphite. The wire and 
graphite were placed in the body of glass Pasteur pipettes 
(VWR) and coated in epoxy adhesive (Locktite Hysol 9460) for 
further stabilization of the graphite. PG electrodes were pol-
ished using a 100-grit sand paper (3M) and MilliQ water, 
rinsed, sonicated in fresh MilliQ water for 3 minutes at room 
temperature, and dried under vacuum. All reported potentials 
were converted to the normal hydrogen electrode (NHE) by ad-
dition of 0.198 V. 
Electrochemical analysis of non-catalytic signals was per-

formed using the SOAS program.56 The peak positions for the 
FeRd anodic and cathodic peaks as a function of scan rate were 
determined by this program, and electroactive coverage of 
FeRd was obtained by integration of the anodic and cathodic 
peaks and calculated using Equation 2: 
 

𝐼234 = 𝑁6𝐹𝜐Γ:;<= (2) 
 
where Iint is the calculated integrated area of either the anodic 

or cathodic peak, NA is Avogadro’s number, F is Faraday’s con-
stant, n is scan rate, and GFeRd is the electroactive coverage. In-
terfacial electron transfer rates were obtained through a Laviron 
analysis using Butler-Volmer electron transfer theory through 
the JellyFit program.30,57,58  
Quantitative Protein Film Electrochemistry (qPFE) 
Quantitative protein electrochemistry was carried out as re-

ported in Slater et al.26 All electrochemical experiments were 
carried out using a 1:1 ratio of FeRd:NiRd for TOFapp calcula-
tions. The electroactive coverage for the FeRd was calculated 
as described above, and the same coverage was assumed for the 
NiRd. The NiRd onset potential was determined, as previously 
described, as the inflection point of the derivative of the ca-
thodic segment of the CV. The capacitive current for all CVs 
was obtained by measuring the current at a potential 100 mV 
more positive than the onset of catalysis and subtracting accord-
ingly. The current used for analysis (iEanalysis) was obtained at a 
potential 100 mV more negative than the onset of catalysis, and 
the apparent turnover frequency (TOFapp) at that analysis poten-
tial for hydrogen production by NiRd was calculated by the fol-
lowing equation: 
 

TOFBCC =
2!"#"$%&'&
D(')*3:

(3) 

 

where iEanalysis is the current measured at a potential 100 mV 
more negative than the onset of catalysis, GNiRd is the electroac-
tive coverage of NiRd, n is the number of electrons (2 for H+ 
reduction), and F is Faraday’s constant.  
The apparent turnover number (TONapp) is obtained from the 

following equation:59  

TONBCC =
TOFBCC
𝑘&,23BI4

(4) 

where TOFapp is obtained from Eq. 3 and the degradation rate 
(k2,inact) reflects the catalysis-induced decrease in the NiRd cur-
rents obtained from prolonged cyclic voltammetry experiments. 
Electrochemical Simulations and Analysis  
All electrochemical simulations were carried out as previ-

ously described.25 All electrochemical pH and temperature de-
pendence experiments were conducted using either CHAMP 
buffer at pH 4.5 or 150 mM acetate buffer, pH 4.5, at 293 K, 
respectively, as a buffer reference prior to subjecting each elec-
trode to the buffer/temperature of interest. Normalized currents 
were calculated by dividing the measured current obtained from 
the buffer of interest against each reference CV obtained prior 
to measurement.  
Absorbance Spectroscopy 
All UV-visible spectra were measured using a Shimadzu UV-

2600 spectrophotometer. Assessment of NiRd and FeRd stabil-
ity during coupling experiments was performed by addition of 
all coupling regents and corresponding protein samples to a cu-
vette. Samples were allowed to react for 1.5 hours while moni-
toring the absorbance at 492 nm (FeRd) or 455 nm (NiRd). 
 
RESULTS 
Electrochemical Characterization of Covalently Attached 

FeRd and NiRd to Pyrolytic Graphite Electrodes 
Electrochemical characterization of FeRd and NiRd on pyro-

lytic graphite has been previously performed utilizing protein 
film electrochemistry (PFE) on adsorbed protein monolay-
ers.25,26 Cyclic voltammograms (CVs) of adsorbed FeRd 
demonstrate a fully reversible FeIII/FeII redox couple, while 
NiRd performs electrocatalytic proton reduction at modest 
overpotentials. While PFE is a powerful technique for electro-
chemical characterization of proteins, desorption of the Rd sam-
ple is observed on the timescale of minutes, compromising pro-
longed analysis of the catalyst as well as utility in future appli-
cations.25 Covalent attachment of the protein to the surface of 
carbon-based electrodes may provide long-term stability as well 
as the ability to investigate changes in electron transfer and ac-
tivity as a function of the distance and orientation of the enzyme 
active site relative to the electrode surface. In this report, Rd 
was attached to the electrode surface via carbodiimide cross-
linking chemistry to form an amide bond or via the reaction be-
tween an aryl amine and a tyrosine residue in a Mannich-type 
coupling (Scheme 1).  
For the first method, the electrode surface is modified to in-

troduce a primary amine. This is accomplished by soaking the 
electrode in an aprotic solution of a nitrobenzene diazonium 
salt, followed by quenching with a protic solvent and electro-
chemical reduction of the nitro group in the presence of acid to 
install an aniline moiety at the surface of the electrode (Scheme 
1A).36 Amide coupling of an amine such as lysine to a carbox-
ylate functional group can be accomplished by direct utilization 
of the oxidized surface groups present in pyrolytic graphite and 



 

coupling to a primary amine on the protein scaffold, as shown 
in the directly attached electrodes (Scheme 1B).50 A third ap-
proach involves introduction of a carboxylate moiety through 
the adsorption of a pyrene derivative onto carbon nanotubes, 
which are deposited on the surface of a PG electrode. The cou-
pling reaction was then performed on the entire conductive elec-
trode system (Scheme 1C).60 In these cases, the site at which 
the protein is coupled to the electrode is complementary to the 
group on the electrode surface, either to a carboxylate side chain 
on the surface of the protein in the first case or to a primary 
amine in the latter two examples. Alternatively, a Mannich-type 
reaction has previously been reported for selective bond for-
mation between a tyrosine residue and a primary aryl amine.43 
Building from this example, modification of the electrode sur-
face as previously described for the introduction of an aniline 
group permits coupling of the electrode to a tyrosine residue in 
the protein (Scheme 1D). Complete electrochemical character-
ization of WT FeRd and WT NiRd for all coupling methods was 

performed to quantify the amount of protein bound to the sur-
face and assess electron transfer efficiency (Table 1).  
Exposure of a freshly polished PG electrode surface to a so-

lution containing protein, EDC, and NHS results in the direct, 
covalent attachment of the primary amine groups in rubredoxin 
to the carboxylate surface groups of PG electrodes via car-
bodiimide crosslinker chemistry.61 The cyclic voltammogram 
of coupled FeRd demonstrates similar electrochemical charac-
teristics as the ones previously reported using PFE on adsorbed 
protein monolayers (Figure 2A). The fully reversible, one-elec-
tron FeIII/FeII couple is observed at -21 mV vs. NHE for the ad-
sorbed species, while it appears at +22 mV vs. NHE for the cou-
pled system. This reflects a shift of +43 mV upon covalent at-
tachment. The electroactive coverages of FeRd for films gener-
ated using adsorbed and covalently attached methods were cal-
culated using Eq. 2 to be approximately 155 ± 22 and 344 ± 33 
pmol/cm2, respectively. The electroactive coverage as well as 
the NiRd currents were also examined as a function of the cou-
pling time (Figure S1). The FeRd surface coverage is maxim-
ized after 120 minutes of incubation with coupling reagents, 
while the NiRd currents appear to decrease with longer coupling 
times. The stability of FeRd and NiRd in the presence of cou-
pling reagents was examined by monitoring changes in the lig-
and-to-metal charge transfer (LMCT) absorption bands of FeRd 
(492 nm) and NiRd (455 nm) as a function of time; no changes 
were observed in the optical spectra for FeRd over the course 
of 90 minutes. Minor precipitation is observed for NiRd sam-
ples, resulting in an approximately 10% decrease in the LMCT 
band intensity at 455 nm after removing precipitate through 

centrifugation (Figure S2). Importantly, the catalytic activity of 
NiRd is preserved upon direct covalent attachment to the PG 
surface using the intrinsic electrode functional groups. Moreo-
ver, this coupling method does not introduce additional reactive 
functionalities onto the electrode that would obscure the NiRd 
features. The cyclic voltammograms appear essentially identi-
cal to those measured upon adsorption of the protein to the sur-
face, with proton reduction currents observed at an onset poten-
tial of -800 mV vs. NHE at pH 4.0, consistent with prior reports 
(Figure 2A).26  

Cyclic voltammograms of Rd coupled to aniline-modified 
electrodes also demonstrate a fully reversible, one-electron 
FeIII/FeII couple at +55 mV vs. NHE, with an electroactive cov-
erage of approximately 100 pmol/cm2 (Figure S3). While dis-
tinct sloping features are observed at negative potentials for 
FeRd and NiRd modified electrodes, NiRd electrocatalytic pro-
ton reduction currents appear generally masked due to back-
ground currents from the modified electrodes; this electrode-
based proton reduction is apparent in the non-catalytic, FeRd 
cyclic voltammograms as well. The increased background cur-
rents appear to derive from the diazonium salt modification; 
electrodes prepared using this method for the Mannich-type 
coupling also show large currents in the negative potential re-
gion for both FeRd and NiRd (Figure S4). However, despite the 
NiRd signals being masked, the FeRd signals remain prominent 
for the tyrosine-aniline coupling approach, with the reversible, 
one-electron FeIII/FeII couple observed at -22 mV vs. NHE and 
an electroactive coverage of approximately 17 pmol/cm2. The 
CVs of CNT-pyrene modified electrodes also show a reversible, 
one-electron FeIII/FeII couple at +23 mV vs. NHE and an elec-
troactive coverage of approximately 100 pmol/cm2 (Figure S5). 
However, no electrocatalytic signals for hydrogen production 
are observed at low potentials that can be attributed to the NiRd 
protein; similar traces for the attached FeRd indicate a large de-
gree of background proton reduction by the CNTs, as previ-
ously noted.62  
Laviron Characterization of Coupling Methods 
To further investigate the impact of each coupling method on 

the electrode properties and protein-electrode interface, elec-
tron transfer (ET) rates for WT FeRd were assessed using a 
Laviron analysis.57 The WT FeRd reduction potential shifts 
slightly in saturated KCl buffer, in a manner that is dependent 
on the method of coupling, likely reflecting a change in surface 
electrostatics. Interfacial electron transfer kinetics were 

Table 1. Interfacial electron transfer parameters for WT FeRd 
for all coupling methods. 

 
aReduction potentials obtained in 150 mM acetate buffer, pH 4.5 
bE˚ values obtained from Laviron analysis on CVs run in 150 mM acetate 
buffer, pH 4.5, with saturated KCl 
cError values reflect the standard deviation from n≥3 independent experi-
ments 

Coupling Method E˚ at 50 mV/s 
(mV vs NHE)a k0 (s-1) 

Eo at 1 V/s 
(mV vs NHE)b

Peak separation 
at low scan rates 
(mV vs NHE)

Electroactive
Coverage 
(pmol/cm2)

Adsorbed -21 ± 7.6c 1020 ± 490 -17 ± 11 26 ± 3 155 ± 22
Directly Attached +22 ± 4.2 1120 ± 88 -34 ± 13 26 ± 1 344 ± 33
Aniline Modified +55 ± 5.5 170 ± 70 -55 ± 8 13 ± 3 100 ± 22
CNT-Pyrene +23 ± 15 570 ± 370 -53 ± 11 34 ± 4 100 ± 11

Tyrosine Coupling -22 ± 3.4 160 ± 70 -2 ± 10 16 ± 8 16.6 ± 10

 

Figure 2. (A) Cyclic voltammogram (𝜈 = 25 mV/s) of adsorbed 
(solid lines) and directly attached (dashed lines) FeRd (red) and 
NiRd (green) in 150 mM acetate buffer, pH 4.5. (B) Laviron plot 
and fit for cathodic and anodic peak positions of directly attached 
FeRd. Voltammograms were obtained in 150 mM acetate buffer, 
pH 4.5, with saturated KCl.  

A B

-0.20

-0.15

-0.10

-0.05

0.00

0.05

0.10

Fe
R

d 
P

ot
en

tia
l (

V
 v

s 
N

H
E

)

0.1 1 10 100
Scan Rate (V/sec)

k0 = 1120 s
-1-200

-150

-100

-50

0

C
ur

re
nt

 D
en

si
ty

 (µ
A

/c
m

2 )

-0.8 -0.4 0.0
Potential (V vs NHE)

 Attached
 Adsorbed

20

10

0

-10

C
ur

re
nt

 D
en

si
ty

 (µ
A

/c
m

2 )

0.20.0-0.2
Potential (V vs NHE)



 

analyzed by measuring the anodic and cathodic peak potentials 
for the one-electron FeIII/FeII redox process. As the scan rate is 
increased, the peak separation between the oxidative and reduc-
tive signals also increases, as has previously been seen for redox 
proteins in our lab and others.30,58,63 The electron transfer pa-
rameters were determined by evaluating these peak positions in 
the context of Butler-Volmer electron transfer theory (Table 1), 
where k0 reflects the electron transfer rate at zero driving force. 
The kinetics of interfacial electron transfer were found to de-
pend strongly on the attachment method. Aniline-modified, car-
boxylate-attached electrodes exhibit an electron transfer rate of 
~170 s-1 (Figure S3), while CNT-pyrene modified electrodes 
demonstrate higher electron transfer rates of around 570 s-1 for 
the reversible FeIII/FeII redox couple (Figure S5). Electron trans-
fer rates to the tyrosine-coupled FeRd are comparable to those 
observed for the aniline-based attachment, at 160 s-1, which is 
unsurprising given that both methods rely on initial nitrodiazo-
nium modification of the surface (Figure S4). Adsorption and 
direct covalent attachment exhibit similarly high interfacial ET 
rates of k0 ~ 1020 s-1 and 1120 s-1, respectively.   
Quantitative Protein Film Electrochemistry of FeRd and 

NiRd 
The similarity in electron transfer rates between the adsorbed 

and directly coupled FeRd films prompted further investigation 
of the NiRd voltammograms. Proton reduction currents were 
monitored as a function of pH and temperature to identify 
mechanistic changes induced by attachment to the electrode 
surface. Traditional electrocatalytic analyses based on the 
measurement of limiting currents are intractable for the study 
of NiRd due to the catalytic overpotential and background pro-
ton reduction in aqueous solution.34,63 Furthermore, the absence 
of a non-catalytic, reversible signal for the nickel-substituted 
protein limits the quantification of the electroactive surface cov-
erage for the catalyst. To overcome this limitation, we have de-
veloped and validated methodology in which the FeRd protein 
acts as an internal redox standard for quantifying total electro-
active adsorbed protein on the electrode surface, termed quan-
titative protein film electrochemistry (qPFE).26 A previous 
study using simple adsorption of the FeRd and NiRd proteins 
demonstrated the utility of this approach to identify fundamen-
tal mechanistic parameters.26 A similar procedure was em-
ployed here to characterize the coupled system. A one-to-one 

ratio of FeIIRd to NiIIRd was used to obtain the FeRd coverage 
using Eq. 2, and the corresponding NiRd apparent turnover fre-
quency (TOFapp) was obtained at a potential that is 100 mV 
more negative than the onset potential using Eq. 3.  
The validity of extending the qPFE technique to directly cou-

pled proteins is supported by experiments in which mixtures of 
FeRd and cobalt-substituted Rd (CoRd) were coupled to the 
electrode surface (Figure S6). Each system displays only a sin-
gle, non-catalytic one-electron redox couple for which the elec-
troactive coverage can be quantified.26 A direct correlation be-
tween the peak area and solution concentrations is observed. 
Additionally, while the oxidation state of the metal impacts 
electroactive coverage in adsorbed mixtures of CoIIRd+FeIIIRd, 
indicating predominantly electrostatic adsorption to the surface, 
this limitation is not observed when the protein is directly cou-
pled to the electrode. Instead, coupled electrodes derived from 
mixtures of CoIIRd+FeIIIRd and CoIIRd+FeIIRd both show a 
one-to-one correlation between solution concentration and elec-
troactive coverage. This observation further supports the utili-
zation of this quantitative technique as a method for calculating 
the NiRd TOFapps.  
The electrocatalytic onset potential of NiRd exhibits a shift 

of -60 mV/pH unit, characteristic of a proton coupled electron 
transfer (PCET) process (Figure 3A).64 Despite the shift in cat-
alytic onset potential, the NiRd apparent turnover frequency 
(TOFapp) is effectively pH-independent between pH 3.0 – 5.0, 
with measured TOF values of 11 ± 0.3 s-1 and 34 ± 2 s-1 for the 
coupled and the adsorbed system, respectively (Figure S7). No-
tably, while the pH-independent rates suggest the same mecha-
nism of proton reduction is operative, the actual values obtained 
for the TOFapps of the covalently attached films using this qPFE 
analysis are approximately three-fold lower than those observed 
for the electrostatically adsorbed films. This discrepancy may 
arise from a number of factors, as discussed further below.  
Covalent attachment of the protein to the electrode surface 

circumvents the need to study NiRd at or below the isoelectric 
point, expanding the experimental scope beyond pH 5. To as-
sess the NiRd activity across this wider pH range, a different 
type of analysis was needed, as comparison to the adsorbed pro-
tein was no longer sufficient when examining the system above 
pH 5. Following the semiquantitative methodology often em-
ployed for the study of redox enzymes such as hydrogenase and 

 

Figure 3. (A) Cyclic voltammograms (𝜈 = 25 mV/s) of directly attached, 1:1 mixtures of FeRd:NiRd from pH 3 – pH 7. (Inset) Catalytic 
onset potential for NiRd as a function of pH. (B) NiRd currents as a function of pH normalized to those at pH 4.5 for adsorbed (open symbols) 
and attached (closed symbols) NiRd along with simulated pH dependence (red). (C) Temperature dependence of normalized NiRd currents 
with Eyring parameters indicated.  
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CODH,6,34,65,66 the NiRd catalytic currents from pH 3 – 7 were 
considered relative to a standard, in this case, the currents at pH 
4.5. A CV was obtained at pH 4.5 prior to and after obtaining 
the CV in the pH of interest. The current value at the appropriate 
analysis potential for each pH (iEanalysis) was divided by the av-
erage of the current values at the analysis potential for pH 4.5 
(-813 mV vs NHE) to give the normalized currents (ipH / ipH = 4.5; 
Figure 3B). This analysis reveals a slight dependence on pH in 
both the covalently attached films and the adsorbed films. 
Moreover, the same analysis can be performed on simulated 
voltammograms derived from the previously proposed CECEC 
mechanism for NiRd.26 Using this mechanism and analysis pro-
cedure, the data obtained from both the adsorbed and covalently 
attached films demonstrate excellent agreement with the simu-
lation.  
Variable temperature electrochemical studies provide com-

plementary mechanistic insight. An Eyring analysis reveals val-
ues for the catalytic activation enthalpy and entropy of +5.9 ± 
0.42 kcal/mol and -39 ± 6.5 cal/mol-K, respectively, similar to 
the +9.5 ± 0.50 kcal/mol and -19.5 ± 1.0 kcal/mol previously 
reported for the adsorbed films (Figure 3C). Collectively, these 
data suggest that the overall mechanism of proton reduction by 
NiRd remains unchanged upon direct covalent attachment to the 
electrode surface when compared to adsorbed protein films.  
Electroactive Coverage and Electron Transfer Kinetics of 

Lysine Mutants 
The covalent attachment method presented here utilizes the 

surface carboxylate functional groups present in aerobically 
polished PG electrodes and a primary amine on the surface of 
the protein scaffold, supplied either by a lysine residue or the 
N-terminus, to form an amide bond. In order to fully character-
ize this type of coupling, site-directed mutagenesis was used to 
investigate changes in interfacial electron transfer rates relative 
to the distance from the coupling site to the protein active site. 
Five mutants were used for this study. There are two native ly-
sine residues in WT Rd at positions 3 and 39. Each lysine was 
mutated to an alanine individually, generating the K03A and 
K39A mutants, and both lysine residues were mutated to give 
the K03A/K39A mutant, which has only the N-terminal amine 

group. An additional lysine residue was introduced next to the 
protein active site in a triple-lysine variant, C31K, and a single-
lysine variant, K03A/C31K/K39A. The fold and stability of the 
protein were not compromised in any of the variants, as demon-
strated by absorption spectra of the FeRd and NiRd variants 
(Figure S8). Each mutant was coupled to the surface of PG elec-
trodes in the same manner as WT, and the electron transfer ki-
netics were studied through a Laviron analysis (Figure S9). As 
observed in WT FeRd, the electron transfer rates for each mu-
tant did not differ significantly between the direct coupling and 
adsorption methods. Moreover, the rates of each mutant were 
similar to one another, with k0 ~ 1000 s-1, indicating that the ET 
kinetics are mostly unaffected by changes in the location of the 
attachment site. The only mutant to show deviation from these 
rates is C31K, though the difference in ET kinetics is minor.  
The electroactive coverage for each of the FeRd mutants was 

also examined for both the adsorbed and covalently attached 
protein films (Figure 4A). Covalent attachment of WT FeRd to 
the electrode surface increases the electroactive coverage by a 
factor of two relative to simple adsorption methods, as men-
tioned above; this trend is also observed across almost all of the 
Rd mutants. Decreased coverage is seen for directly coupled 
mutants that lack the K39 residue, suggesting the coupling sites 
are dominated by either the protein N-terminus or K39 (Figure 
4B). In our hands, attempts to selectively acetylate the N-termi-
nus in the K03A/K39A NiRd mutant resulted in irreversible 
loss of metal, precluding isolation of the contribution from just 
K39. 
Prolonged Protein Stability Following Modification  
Desorption of proteins both during catalysis and in the ab-

sence of applied potential is one of the primary disadvantages 
of simple adsorption methods.35 To investigate the impact of 
covalent attachment on long-term protein film stability, directly 
coupled FeRd and NiRd were examined during extended time-
scale electrochemical experiments as well as after storage of the 
modified electrodes. Directly attached Rd demonstrates excel-
lent stability, as indicated by both the NiRd catalytic currents 
and the FeRd non-catalytic features throughout an extensive re-
peated cyclic voltammogram experiment (Figure 5, Figure 
S10). This stability can be directly compared to that of adsorbed 
Rd. The NiRd current profiles decay exponentially with two 
characteristic rate constants of approximately k1,inact = 0.373 x 
10-3 s-1 and k2,inact = 4.46 x 10-3 s-1 for the adsorbed species and 
k1,inact = 0.167 x 10-3 s-1 and k2,inact = 1.64 x 10-3 s-1 for the cova-
lently attached species. The peak currents for the covalently at-
tached FeRd were also measured as a function of time and found 
to decay monoexponentially, giving a characteristic rate con-
stant of approximately kFeRd = 0.275 x 10-3 s-1. The stability to-
wards storage of the covalently attached Rd electrodes was also 
examined. Electrodes that contained an equal ratio of FeRd and 
NiRd were stored for several weeks at 4˚C in 50 mM Tris 
buffer, pH 8.0, and tested periodically (Figure 5C). Electro-
chemical signals from both the FeIII/FeII redox couple and NiRd 
catalysis were observed to persist for over 25 days, with only a 
50% decrease in FeRd coverage and a 77% decrease in NiRd 
catalytic currents over that timeframe.  
 
DISCUSSION 
Direct Coupling to the Electrode Surface is the Preferred Co-

valent Attachment Method for Rubredoxin 

 

Figure 4. (A) Electroactive coverage of coupled (dashed) and ad-
sorbed (solid) FeRd. (B) Comparison of primary amine groups 
present in each mutant. 
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The electrochemical characterization of adsorbed protein 
monolayers onto carbon-based electrodes has been widely uti-
lized as a tool to study redox proteins and enzymes.34,65 While 
powerful in its simplicity and general applicability, this tech-
nique is limited by the strength of the protein-surface interac-
tion. Additionally, the catalytic currents are dependent both 
upon the enzyme activity and the adsorption interaction, render-
ing it particularly difficult to disentangle the effects of interfa-
cial electron transfer, film stability, and inherent activity. Ex-
tensive characterization of the electrochemical properties of 
surface-adsorbed FeRd and NiRd has been previously re-
ported.25,26,28 In this work, diverse methods to covalently attach 
the protein to the surface of the electrode have been applied to 
increase the stability of the protein on the electrode surface and 
study orientation and distance effects on electron transfer and 
electrocatalysis, as well as investigate whether covalent attach-
ment changes the proton reduction mechanism. Though exten-
sive methodology has been developed in recent years to cova-
lently attach redox-active systems to the surfaces of electrodes, 
these modifications, either to the protein or the electrode sur-
face, often result in increased background reactivity from the 
electrode or denaturation of the protein.33 These undesired ef-
fects were also observed for the Rd system. For instance, while 
pyrene derivatives adsorbed to CNT-coated surfaces are widely 
utilized as means to stabilize proteins on the surface of elec-
trodes as well as achieve higher protein coverage on the surface, 
it was difficult to observe electrocatalysis upon attachment of 
NiRd (Figure S5). The addition of CNTs increases the capaci-
tive current of the electrode, likely due to the formation of sev-
eral CNT layers, and CNTs themselves are reactive at low po-
tentials, which in turn obscures the catalytic signal of NiRd at 
negative potentials. A similar result is obtained from aniline 
modified electrodes,41 which results in highly reactive elec-
trodes at negative potentials that dominate over the NiRd elec-
trocatalytic signals (Figure S3).  
Due to these issues, we have taken advantage of the existing 

carboxylate-containing functional groups at the surface of py-
rolytic graphite.52 This approach eliminates background cur-
rents from the tethering moiety and provides optimal covalent 
attachment of both FeRd and NiRd to a PG surface. Using car-
bodiimide crosslinking chemistry, the protein was successfully 

attached to the surface of the electrode through amine functional 
groups, as observed electrochemically (Figure 2A). Similar 
rates of electron transfer for the adsorbed and covalently at-
tached WT FeRd are observed, as no orientation selection is 
employed nor are additional linkers between the surface of the 
electrode and the protein installed. The electroactive coverage 
of the coupled FeRd increases by approximately two-fold rela-
tive to that seen for simple adsorption, demonstrating effective 
utilization of the electrode surface. It is important to note that 
the reported coverage numbers are only indicative of the elec-
troactive protein on the surface of the electrode. Electrochemi-
cally inactive protein may also occupy the surface of the elec-
trode, contributing to the capacitive but not the faradaic cur-
rents; this interference is possible for both covalently attached 
and adsorbed electrodes.  
In addition to electrochemical characterization of the FeRd 

system, the catalytic activity of covalently attached NiRd was 
assessed. Consistent with the minor shift in potential observed 
for the FeIII/IIRd redox couple (Figure S11), the overpotential for 
catalysis from pH 3 – 5 is unchanged for the attached protein 
relative to the adsorbed protein. However, rapid decreases in 
current due to desorption or inactivation are not observed dur-
ing the duration of the cyclic voltammetry experiment. Moreo-
ver, the catalytic activity of NiRd can be evaluated at pH values 
greater than 5, measurements that are not possible using simple 
adsorption due to electrostatic repulsion above the pI of the pro-
tein. From these experiments, NiRd activity appears to be lim-
ited at pH values greater than 7, though transfer of that same 
electrode to a lower pH buffer restores catalysis (Figure 3A; 
Figure S12). The capacitive current of the electrode throughout 
the experiment remains constant, reducing the likelihood that 
irreversible degradation is responsible for the lack of activity at 
higher pH values.  
The catalytic onset potential and pH dependence of NiRd ac-

tivity for the other covalent attachment methods were also char-
acterized. While NiRd signals for the aniline modified electrode 
were similar to those observed for directly coupled electrodes 
(Figure S13-S14), the catalytic signals for NiRd were largely 
masked by background currents of the CNTs adsorbed onto the 
electrode (Figure S15-S16). The tyrosine-based coupling strat-
egy resulted in visible voltammetric signals for FeRd, but 

 

Figure 5. Stability of attached Rd films over time. (A) Catalytic currents of directly attached (closed symbols) and adsorbed (open 
symbols) NiRd and (B) non-catalytic currents of directly attached FeRd upon prolonged electrolysis. Best-fit lines to exponential functions 
shown (black) with characteristic rate constants indicated on figure. (C) Representative cyclic voltammograms of covalently attached, 1:1 
mixtures of WT FeRd:NiRd over time. (Inset) FeRd electroactive coverage (left) and NiRd normalized current (right) over time. All CVs 
were measured in 150 mM acetate buffer, pH 4.5, n = 25 mV/s. 
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unfortunately, the background currents from the modified elec-
trode masked the characteristic linear catalytic waveshape of 
the NiRd activity (Figure S17). Moreover, only low coverage 
was observed for the reversible FeRd signals.    
Quantitative protein film electrochemistry of covalently at-

tached FeRd and NiRd indicates the mechanism of catalysis is 
unchanged but the elementary rate constants may be affected 
Having demonstrated the successful attachment and preser-

vation of electrochemical activity of both FeRd and NiRd, 
quantitative protein film electrochemistry was used to study the 
mechanism of catalysis for the coupled films, analogous to pre-
viously reported work on adsorbed Rd films. The calculated 
TOFapps for hydrogen production of covalently attached NiRd, 
analyzed using the qPFE method, are approximately three-fold 
lower than that of the adsorbed system, though the constant val-
ues observed from pH 3- 5 suggests that the overall mechanism 
in this pH range remains unaffected (Figure S7).26 Reduced dy-
namics of the protein upon covalent attachment may contribute 
to the decreased activity of the enzyme, as has previously been 
reported for small molecule complexes when attached to elec-
trode surfaces.67 A recent combined electrochemical, crystallo-
graphic, and computational study on a library of NiRd mutants 
has suggested that dynamics of the protein are critical for catal-
ysis, with mutants exhibiting greater flexibility around the ac-
tive site demonstrating turnover frequencies that are 10-fold 
greater than WT NiRd.28 This has been attributed to increased 
transient substrate accessibility, necessary for proton binding; 
additionally, because the rate-determining step has previously 
been suggested to be intramolecular proton transfer through 
thiol inversion, restricted dynamics could substantially impact 
this process. 
Electrochemical simulations of the catalytic current as a func-

tion of pH were previously used to constrain the mechanism of 
H2 evolution by adsorbed NiRd (Figure 6).26 These simulations 
quantitatively agreed with experiment and allowed the extrac-
tion of intrinsic rate constants and thermodynamic parameters 
associated with catalysis, such as the pKa associated with the 
initial protonation step in the CECEC mechanism (~2.5) and the 
inherent reduction potential of NiRd (-0.752 V vs. NHE). This 
analysis was used in conjunction with kinetic isotope effects 
and computational studies to suggest that the rate-determining 

step for catalysis is intramolecular proton transfer from a NiI-
SH species to form a NiIII-H state, which, in the adsorbed WT 
NiRd, occurs with a k1 ~ 130 s-1. The subsequent reduction and 
protonation steps are unresolved within this model. The lower 
TOFapps observed for the covalently attached system were in-
vestigated using voltammetric simulations to establish which 
parameters might be impacted. At fast scan rates, a small non-
catalytic signal is recovered that can be modeled with a Lavi-
ron-type analysis, giving an interfacial ET rate, k0, of ~125 s-1 
(Figure S18). This is comparable to the rate obtained for the 
adsorbed system (k0 ~ 75 s-1), suggesting decreased ET rates are 
not the dominant factor contributing to the lower activity. Sim-
ulations support this analysis, as decreasing the electron transfer 
rate has only negligible effect on the expected catalytic currents 
or TOFapps (Figure S19). Varying the pKa is also not sufficient 
to reproduce the lower activity, instead predominantly affecting 
the onset potential and pH dependence (Figure S20). Only de-
creasing the rate constant for the intramolecular chemical step, 
k1, gives a lowered TOFapp but retains the pH profile for the ab-
solute and relative activity (Figure S21). Good agreement with 
experiment and simulation is observed when k1 for the attached 
species is decreased by approximately an order of magnitude to 
~10 s-1. This process is modeled as an intramolecular proton 
transfer step, which requires flexibility of the protein active site 
loops and backbone. Considering the likelihood of restricted 
motion upon covalent attachment to the electrode surface, this 
modest change to the catalytic parameters seems feasible.     
In support of this suggestion, an Eyring analysis of variable 

temperature electrochemical experiments performed at pH 4.5 
revealed a negative entropy of activation for the covalently at-
tached system that is approximately two-fold greater in magni-
tude than that measured for the adsorbed system. A large, neg-
ative entropy of activation is consistent with an ordered transi-
tion state, such as that in which thiol inversion is the rate deter-
mining step, as the transition state has been calculated to fall 
directly between the NiI-SH and NiIII-H species and thus would 
involve a three-center, two-electron type of configuration  (Fig-
ure 6).26 Using these parameters, the free energy of activation 
(DG¹) is calculated to be 17.3 ±  1.9 kcal/mol at 293 K. This is 
greater than that obtained for the adsorbed system, which was 
calculated to be 14.7 ±  0.6 kcal/mol. Using a simple Arrhenius 
estimation, this ~2.6 kcal/mol increase in DG¹ should result in 
a decrease in rate of a factor of ~80, greater than the 10-fold 
decrease observed, though the large degree of error observed 
and exponential dependence of the rates on DG¹ renders this 
analysis necessarily approximate. 
As a complementary approach to the qPFE analysis, the cat-

alytic current at pH 4.5 was used as a point of normalization to 
obtain a relative activity profile. This methodology is com-
monly used for studying native hydrogenases along with other 
redox enzymes for which substrate control or non-catalytic 
waves cannot easily be accessed. Excellent agreement was ob-
tained for the normalized currents of attached and adsorbed 
films as well as with the simulation (Figure 3B).  
While the qPFE results and electrochemical simulations sug-

gest restricted dynamics and/or substrate accessibility are re-
sponsible for the decreased activity, another explanation that 
would be consistent with the experimental data is that the abso-
lute electroactive coverage of the attached NiRd is overesti-
mated, or a larger fraction of NiRd is inactive relative to the 
adsorbed system. While solution-phase control experiments 
demonstrate that NiRd is stable under the coupling conditions 

 

Figure 6. Proposed catalytic mechanism and key parameters for 
covalently-attached nickel-substituted rubredoxin.  
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when performed in solution (Figure S2), and experiments with 
mixtures of CoRd and FeRd in different oxidation states suggest 
that the amount of protein that attaches is independent of metal 
identity (Figure S6), it has previously been shown in a cyto-
chrome c peroxidase enzyme that electrocatalytic activity dif-
fers from the amount of non-catalytic redox signal observed.68 
Thus, we consider that the assumptions previously made and 
validated for the qPFE analysis of adsorbed films may not all 
be valid for the covalently attached system. Ongoing and future 
in situ spectroelectrochemical studies will be allow us to iden-
tify which of these possibilities is responsible for the lowered 
NiRd catalytic currents.  
 
Only Minor Changes in Electroactive Coverage and Electron 

Transfer Kinetics are observed as a Function of Coupling Site 
Targeted mutations were introduced in order to interrogate 

the electron transfer rates and electroactive coverage as the 
number and location of coupling sites were changed. Perturbing 
the distance between the surface and the protein active site may 
impact the protein dynamics at the surface, which can be probed 
through analysis of ET kinetics and relative catalytic currents. 
The adsorbed electroactive coverage across all mutants reflects 
the overall charge on the system, as the C31K mutant, which 
has a net +2 charge relative to WT, shows increased adsorption, 
and each of the single-lysine mutants has approximately half the 
coverage of WT FeRd. This is consistent with electrostatic at-
traction between the negatively charged electrode surface and 
the positively charged protein as the dominant interaction. On 
the other hand, the two lysine residues do not seem to affect 
covalent attachment in the same manner. The electroactive cov-
erage of the WT, K03A, and C31K mutants are all approxi-
mately the same, suggesting that the K03 residue does not play 
a substantial role in coupling the protein to the electrode. On the 
other hand, the K39A and K03A/K39A mutants show approxi-
mately 50% decrease in coverage, indicating that the N-termi-
nus of the protein and the K39 residue contribute equally to the 
coupling reaction. The intermediate coverage observed for the 
triple mutant, K03A/C31K/K39A, over the K03A/K39A mu-
tant seems to indicate a relatively small contribution of C31K 
as a site for electrode attachment.   
Surprisingly, the interfacial ET kinetics are also relatively in-

sensitive to the coupling site, as no obvious correlation between 
ET rate and the distance from the electrode is observed. For ex-
ample, the K03 site and N-terminus are approximately 15-20 Å 
from the metal center, according to the crystal structure of NiRd 
(PDB 6NW0), while the C31K site is immediately adjacent to 
the C32 metal-binding residue. Within error, there is no signif-
icant difference in peak-to-peak separation as a function of scan 
rate between the K39A and the triple mutants, suggesting that 
the interfacial ET rate is not dominated by through-space dis-
tance between the electrode attachment site and the metal cen-
ter. This is likely due to the small size of Rd as well as the flex-
ibility of the lysine-based attachment site, which may permit the 
metal center to approach the electrode with approximately the 
same distance across all of the constructs.  
 
Protein and Electrode Stability is Extended Significantly 

through Covalent Attachment  
A particularly exciting feature of the described direct attach-

ment method is the prolonged stability of the enzyme on the 
surface of the electrode. Directly coupled NiRd and FeRd are 

stable not only during extended electrolysis but also upon stor-
age for many days; the surface-attached NiRd electrocatalytic 
signal is still observed 25 days after coupling (Figure 5). While 
this is not necessarily surprising for FeRd, which is an electron 
transfer protein, artificial enzymes are not generally known for 
robustness. This degree of stability is unprecedented for Rd on 
electrodes and overcomes one of the major challenges of bioe-
lectrocatalysis.3 Thus, simple but effective direct attachment to 
inexpensive electrode surfaces may offer opportunities for fur-
ther optimization of NiRd and ultimate utilization in industrial 
applications. 
The protein decay also appears to depend on whether the 

electrode is under applied potential. Continuous electrolysis in 
the form of cyclic voltammograms run over the timescale of 2 
hours suggest two mechanisms of decay for NiRd, as the current 
decrease follows a biexponential function. The FeRd signals, on 
the other hand, decrease monoexponentially. The lower rate 
constant (k1,inact) of the covalently attached NiRd (0.187 x 10-3 
s-1) is similar to that of FeRd (kFeRd = 0.275 x 10-3 s-1), suggest-
ing that this decrease derives from the same degradation mech-
anism. This may reflect the inherent denaturation of the protein 
fold under extended exposure to high local electric fields, a phe-
nomenon that has previously been observed for urease and my-
oglobin, nickel and iron proteins, respectively.69,70  
An additional, more rapid process with a rate constant (k2,inact) 

of approximately 1.64 x 10-3 s-1 is observed only for NiRd and 
is attributed to decay pathways accessible during catalysis. As 
the NiRd enzyme is expected to proceed through multiple dis-
tinct intermediates during turnover, it is considered feasible that 
a degradative side reaction could occur within any of these 
states. By considering the relative rates of turnover at pH 4.0 
(TOFapp = 11 s-1) and the catalysis-induced degradation rate k2,in-
act, an apparent turnover number (TONapp) for NiRd is estimated 
at 6700 (Eq. 4).59 This TONapp reflects the branching ratio for 
the likelihood of NiRd proceeding through productive vs. un-
productive pathways. In support of this analysis, the rate of de-
cay of the catalytic signal, k2,inact, that can be attributed to turn-
over for adsorbed NiRd is approximately three-fold higher than 
that of the covalently attached enzyme. However, the TOFapp, 
as estimated by the qPFE method, is also three-fold higher for 
the adsorbed system. Thus, the branching ratio for catalysis rel-
ative to degradation remains approximately the same, and the 
TONapp is estimated from Eq. 4 to be 7600. That similar and 
high TONs are observed for adsorbed and covalently attached 
NiRd further indicates that a similar catalytic mechanism is fol-
lowed in both systems. Future work will couple NiRd electrol-
ysis to gas chromatography measurements as a function of po-
tential in order to gain information on the mechanism(s) of de-
cay, which will offer a route for further rational optimization.  
 
CONCLUSIONS 
Artificial metalloenzymes offer promise for reproducing the 

high activities and efficiencies of native enzymes. In this work, 
the optimal attachment of a model hydrogenase enzyme, nickel-
substituted rubredoxin (NiRd), to carbon-based electrodes is 
shown to rely on direct coupling to the surface carboxylate 
functional groups. The resultant electrode system is stable for 
H2 evolution for a period of several weeks, with high estimated 
turnover numbers of ~6700. While the absolute turnover fre-
quencies are lower for the attached enzyme, electrochemical 
simulations reveal that the dominant change is in the rate of the 
intramolecular proton transfer step, highlighting the importance 



 

of dynamics in catalysis. This simple but effective methodology 
can broadly be applied to the study of many different redox-
active metalloproteins and enzymes across diverse reaction 
conditions. Moreover, the extended stability observed for these 
simple and inexpensive electrodes suggests potential applica-
tion of nickel-substituted rubredoxin for effecting prolonged 
electrocatalytic hydrogen evolution under benign reaction con-
ditions.  
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SYNOPSIS TOC. A simple but effective covalent attachment method is developed for generating robust electrodes capable of 
prolonged aqueous hydrogen evolution using an artificial metalloenzyme catalyst.  
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