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Abstract 

Human sulfite oxidase (hSO) is a homodimeric two-domain enzyme central in the biological sulfur 

cycle. A pyranopterin molybdenum cofactor (Moco) is the catalytic site and a heme b5 group 

located in the N-terminal domain. The two domains are connected by a flexible linker region. 

Electrons produced at the Moco in sulfite oxidation, are relayed via heme b5 to electron acceptors 

or an electrode surface. Inter-domain conformational changes between an open and a closed 

enzyme conformation, allowing “gated” electron transfer has been suggested. We first recorded 

cyclic voltammetry (CV) of hSO on single-crystal Au(111)-electrode surfaces modified by self-

assembled monolayers (SAMs) both of a short rigid thiol, cysteamine and of a longer structurally 

flexible thiol, -amino-octanethiol (AOT). hSO on cysteamine SAMs displays a well-defined pair 

of voltammetric peaks around -0.207 V vs. SCE in the absence of sulfite substrate, but no 

electrocatalysis. hSO on AOT SAMs displays well-defined electrocatalysis, but only “fair” quality 

voltammetry in the absence of sulfite. We recorded next in situ scanning tunnelling spectroscopy 

(STS) of hSO on AOT modified Au(111)-electrodes, disclosing, a 2-5 % surface coverage of 

strong molecular scale contrasts, assigned to single hSO molecules, notably with no contrast 

difference in the absence and presence of sulfite. In situ STS corroborated this observation with a 

sigmoidal tunnelling current/overpotential correlation.  
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1. Introduction 

Long-range electron transfer (LRET) between transition metal centres through protein “matter” is 

a core feature in photosynthesis and respiration, and in multi-centre redox enzyme catalysis[1-4]. 

LRET is often accompanied by features such as coupled proton electron transfer[5-8], “gating”[3,4,9], 

and cooperative effects among different charge transfer steps[9,10]. The fundamental LRET 

phenomenon in large redox metalloprotein function is broadly understood, and exploited for 

example in electrochemical biosensors[11,12] and biofuel cells,[13-15] but conceptual and theoretical 

challenges remain and new challenges continue to emerge. 

Molecular and biomolecular electrochemistry has developed as powerful tools in the mapping of 

adsorption, and of interfacial and intramolecular ET of immobilized redox metalloenzymes[16-17]. 

Electrochemical enzyme activity is exceedingly sensitive to the surface which is mostly tailored 

by self-assembled molecular monolayers (SAMs), where functionalized alkanethiols on gold 

electrode surfaces have been frequently used[18,19]. A long-standing issue is that the enzyme often 

shows no voltammetry itself, but binding of the enzyme substrate triggers strong electrocatalytic 

signals, indicative of conformational opening of productive interfacial and intramolecular ET 

channels between the metal redox centres and between the enzyme and an electrode surface[20-22]. 

The signals are associated with the enzyme itself, as the substrates (say dioxygen, nitrite, for 

laccase and nitrite reductase, respectively) exhibits no electrochemistry in these potential ranges. 

The opposite effect is also encountered. For example, ET between the two heme groups in the di-

heme protein cytochrome c4 is not part of intermolecular ET between this protein and external 

reaction partners in solution, but a fast, sub-ms ET channel opens, when cyt c4 is immobilized on 

well-defined SAM-modified Au(111)-electrode surfaces[23]. Novel techniques and theory of 

electrochemical redox metalloprotein activity reaching even single-molecule resolution have been 

introduced over the last couple of decades[16]. Single-crystal, atomically planar electrode surfaces, 

and scanning tunnelling (STM) and atomic force microscopy (AFM), directly in aqueous 

biological media (in situ STM and AFM) have here been crucial. 
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Figure 1 Left: Schematic view of hSO binding on electrode surface modified by a positively 

charged SAM. Right: Schematic view of switch between closed and open hSO conformations of 

electrochemical surface bound hSO. hSO structure (PDB: 1SOX) is from ref.[27]. 

 

Human sulfite oxidase (hSO) is a dimeric two-domain metalloenzyme accommodating a 

pyranopterin molybdenum cofactor (Moco) in the central catalytic domain and a cytochrome b5 

type in the heme domain separated by a flexible ten-residue inter-domain polypeptide loop, Figure 

1[24-31]. The catalyzed two-electron oxidation of sulfite to sulfate at the Moco centre is a terminal 

step in the biological sulfur cycle, while the heme domain relays electrons to an external electron 

acceptor, in nature cytochrome c, in bioelectrochemistry a solid electrode.[29-31] Conformational 

switching between the open conformation that triggers ET between the heme group and the 

electrode, and the closed conformation that opens a gated intramolecular ET channel between the 

Moco and heme b domains is a core step in the bioelectrochemical activity of the enzyme.  

Facile direct interfacial electrochemical ET (DET), requires close distance between the negatively 

charged heme domain and positively charged SAM-modified electrodes, Figure 2. The 

electrostatic charge distribution at the surface around the catalytic Moco active site holds both 

positively and negatively charged residues, while the surface of the heme domain is largely 

negatively charged and both control binding of the Moco-domain and directs the heme group to 

the electrode surface via the flexible inter-domain linking chain, Figure 1. The surface potential 

distribution around both metallic centres thus highlight the importance of a positively charged 
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electrode surface for favourable enzyme orientation. The sequential conformational, 

intramolecular, and interfacial ET steps was mapped in considerable detail recently[30,31].   

                                        

 

Figure 2 Electrostatic surface potential distribution of homodimeric chicken liver sulfite 

oxidase[30,31]. Red and blue colour indicates negative and positive charges, respectively. The Moco 

and heme cofactors are indicated.  

 

To retain gentle enzyme binding and at the same time high heme domain mobility in interfacial 

hSO electrocatalysis puts constraints on the SAM electrode modification. The two monomers in 

the hSO homodimer are held together by non-covalent, largely hydrophobic forces. The heme 

groups and their negatively charged local environments are, moreover, oppositely oriented. 

Whether the dimeric state of hSO is retained on exposure to strong electrostatic forces between a 

positively charged SAM modified electrode surface and the oppositely oriented negatively charged 

heme domains therefore remains a question[30,31]. It could be expected that -terminated 

ammonium functionalized straight alkanethiol SAMs of a certain thickness (SAM molecular 

length) is the best compromise between a strongly positively charged surface to keep the hSO 

molecules gently immobilized in well-oriented surface orientation, at the same time ensuring 

enough SAM flexibility for the hSO gating step. Short SAM linkers would be too rigid, while 

longer SAM linkers attenuate electrochemical tunnelling unfavourably. Such considerations are 

the rationale for our particular SAM choice, borne out by comparison between a short rigid 

(cysteamine) and a longer, flexible linker unit (-amino octanethiol, AOT).     

In previous bioelectrochemical studies chicken sulfite oxidase (cSO)[24,28] and hSO[30,31] were 

immobilized on pyrolytic graphite, and on silver or gold electrodes modified with amino alkyl 
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thiol SAMs or SAMs additionally covered with metallic nanoparticles. Common to these studies 

was the observation of a single pair of voltammetric peaks for the immobilized enzyme, which 

developed to a catalytic oxidation current on addition of enzyme sulfite substrate. 

The first successful studies on direct ET were on chicken sulfite oxidase (cSO) on pyrolytic 

graphite[24] and SAM modified gold electrodes.[28] The heme domain was suggested as an 

electronic relay between the catalytic site and the electrode in the catalytic turnover which was, 

however, much lower than for the enzyme in solution. Similar behaviour was found for the highly 

homologous hSO. hSO and cSO have 68 % sequence identity and 85 % sequence similarity.[32] 

Studies on hSO immobilized on amino terminated SAM modified silver electrodes using different 

ionic strength along with Raman spectroelectrochemistry and dipole moment calculations proved 

that the redox peaks originate from reduction and oxidation of the heme (FeIII/II), suggesting that 

the SO-dimer preferentially binds to the amino terminated SAM via the dimerization domain.[31-

33] The mobility of the heme domain at high ionic strength[33] and low viscosity[25,29] facilitates the 

electrocatalytic reaction. An in-depth study of the transient response of the catalytic cycle of hSO 

immobilized supported by quantitative modelling, proved further that conformational changes 

between an open and a closed structure are indeed the limiting catalytic step of immobilized 

hSO.[31] It remains, however, unclear if hSO retains homodimeric structure on the surface. 

We describe here a combined electrochemical and single-molecule in situ STM/STS study of hSO. 

The rationale for our choice of target enzyme is: 

 The catalytic Moco reflects the challenging chemical properties of the element molybdenum with 

several oxidation states and ligand substitution processes involved.  

 As in our electrochemical and single-molecule in situ STM/STS studies of the multi-centre blue 

copper enzymes, copper nitrite reductase (Achromobacter xylosoxidans)[21,34] and laccase 

(Streptomyces coelicolor)[22], the enzyme substrate is a small molecule, i.e. sulfite. Binding of 

small substrate molecules to the enzyme are not structurally detectable by STM, but could induce 

changes in the electronic enzyme structure, reflected in conspicuous in situ STM/STS patterns.  

 STM/STS in the electrochemically controlled in situ (in operando) mode offers two “spectral” 

features, i.e. the tunnelling current dependence of either the bias voltage, or of the overpotential[16]. 

As a second row transition metal with high electronic density, the hSO Mo-centre would also offer 

prospects for strong in situ STM/STS contrast variation. 
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 As noted, as a two-domain enzyme, a major enzyme conformational change from a “closed” to 

an open state, i.e. a “gated” ET step, Figure 1 is a controlling factor[24,30-32]. Intramolecular ET 

between the Mo-centre and the heme group triggered by sulfite binding, and gated ET between the 

heme group, and the electrode could offer intriguing in situ STM/STS patterns.  

We have previously reported rationales for in situ STM/STS both of electrochemical ET of 

complex molecules and biomolecules[16] and for single-molecule electrochemical “gating”[35]. In 

situ STM/STS of gated enzyme processes could offer new insight, now at the single enzyme 

molecule level. We first report hSO cyclic voltammetry (CV) on two -amino-alkanethiol SAM 

modified single-crystal Au(111)-electrode surfaces, chosen following our considerations 

concerning SAM charge and structural flexibility. This part offers a voltammetric prelude for the 

well-defined microenvironment in the second part of our study focussed on hSO in situ STM/STS. 

We conclude with a discussion of the observed in situ STM/STS sigmoidal tunnelling 

current/overpotential patterns and in situ single-molecule hSO electronic conductivity 

mechanisms.    

 

2. Experimental 

2.1 Reagents 

hSO was expressed in Escherichia coli TP1000 cells containing plasmid pTG718 and purified as 

described.[36] Aliquots of 39.2 µM hSO were stored in 0.01 M phosphate buffer (pH 8) at -20 °C.  

Buffers were prepared from ultrapure KH2PO4 and K2HPO4 ( 99.999 %, Fluka) and sodium 

acetate (> 99 %, Sigma Aldrich), both pH 7.5. 8-amino-1-octanethiol (≥ 90 %, 8-AOT) was from 

Dojindo Laboratories and stored at -20 °C. Spectroscopy grade ethanol (Uvasol, Merck, ≥ 99.9 

%) was used for electrode cleaning. Sodium sulfite (≥ 98 %) was from Sigma-Aldrich. All reagents 

were used as received and stored in air-tight containers at temperatures as noted. Ultrapure water 

(Millipore Milli-Q, 18.2 MΩ cm) was used throughout.  

 

2.2 Electrochemical Electrodes and CV Instrumentation 

We used atomically planar single-crystal Au(111)-electrodes, in-house fabricated by Clavilier’s 

method[37] and checked voltammetrically as described.[38] CVs were recorded using an in-house 

electrochemical cell with the SAM modified Au(111) working electrode, a freshly prepared 
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reversible hydrogen electrode (RHE) as reference electrode, and a platinum mesh counter 

electrode, controlled by an AUTOLAB potentiostat (PGSTAT12, Switzerland). All glassware was 

boiled in 15 vol % nitric acid and rinsed with ultrapure water followed by sonication to remove all 

traces of nitric acid. All electrodes were annealed over a hydrogen flame prior to experiment. The 

RHE was calibrated vs. a saturated calomel electrode (SCE) after each experiment. Sample 

solutions were degassed by 5N argon for half an hour prior to use and an argon atmosphere 

maintained throughout all experiments.  

The clean Au(111)-electrodes were submerged into solutions of 5 mM cysteamine, or 3 mM 8-

AOT in water for 24 hours at 4 oC and the SAM-modified electrodes rinsed thoroughly in Millipore 

water. hSO was immobilised onto the SAMs by soaking the rinsed electrodes in approximately 8 

µM enzyme in Millipore water for 24 hours at 4 °C.  

  

2.3 In situ Scanning Tunnelling Microscopy and Scanning Tunnelling Spectroscopy 

In situ STM imaging and in situ STS were recorded using a SPM 4500 instrument from Agilent 

Technologies combined with an in-house built teflon in situ STM cell with platinum wires as 

reference and counter electrodes. The STM electrochemical cell was boiled in 15 vol % nitric acid 

solution before use. Platinum reference electrodes were calibrated against SCE. 

W-tips for in situ STM/STS were fabricated by electrochemically etching tungsten wires following 

the method described by Ibe et al.[39] The W-tips were coated by Apiezon wax to minimize the 

Faradaic current. Prior to each experiment, in situ STM/STS Au(111) electrode disk substrates 

were annealed at 860 °C for 8 hours followed by quenching in a H2 atmosphere. The constant 

current mode, rather the the constant height mode was used throughout.  

 

3. Results and Discussion 

No 3D structures of hSO is available, but a high-resolution structure for the homologous cSO is 

available[27] (PDB: 1SOX). As noted, hSO is an enzyme dimer in aqueous solutions, Figure 2 but 

the hSO aggregation state on surface immobilization remains unknown. As noted, the strongly 

negatively charged local protein surface environment of the two heme groups offers a rationale for 

gentle contact with positively charged SAMs, hence our choice of H3N
+-terminated alkanethiol 

SAMs. It is, further, often enough observed that the optimum length of SAM forming -

functionalized straight alkanethiols for redox protein immobilization must be chosen with 
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conduct[40]. Long alkanethiols give small signals due to unfavourable tunnelling, while 

metalloprotein voltammetry at short alkanethiols are subject to interference from other elementary 

processes in the enzyme electrocatalysis.  

We recorded hSO voltammetry on variable-length H2N-(CH2)n-SH (n = 6, 8, 11, and 16) SAMs. 

H2N-(CH2)8-SH gave the best combination of robust and strong voltammetric signals, according 

with our discussion above and is our focus in the following. As a reference we recorded hSO 

voltammetry on Au(111) modified by the short rigid cysteamine SAM.  

 

3.1 hSO Voltammetry on Cysteamine and 8-Amino-1-octanethiol (8-AOT) SAM Modified 

Single-crystal Au(111 electrodes)  

 

                         

 

Figure 3 Cyclic voltammogram of hSO on Au(111)-electrode surface modified by a cysteamine 

SAM. 0.02 M phosphate buffer, pH 7. Scan rate: 10 mV/s. 

 

Figure 3 shows a representative CV of hSO in the absence of sulfite on a Au(111)-electrode surface 

modified by a cysteamine SAM, showing a pair of well-defined peaks with a midpoint potential 

around -0.207 V vs. SCE and a peak separation of 54 mV, which represents the heme group.[30,31,33] 

The peak charges are Qa = 260 nC, and Qc = 250 nC for anodic and cathodic peak current, 

respectively, leading to Qa/Qc close to unity. As noted, well-defined enzyme voltammetry in the 

absence of substrate is unusual, cf. however, ref.[34] and here perhaps associated with the features 

of gated interfacial ET. The conspicuous capacitive background signal has also been observed 

elsewhere[40] and reflects the composite dielectric properties of the heterogeneous and anisotropic 

molecular adlayers. No electrocatalytic voltammetry was observed for hSO on 
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Au(111)/cysteamine SAMs in the presence of sulfite (data not shown). The reason for this 

observation remains unknown and is perhaps associated with freezing of the open/closed 

conformational change on such electrode surfaces.[41] This pattern follows observations for cSO 

on cysteamine SAMs on polycrystalline gold electrodes.[32]  

 

 

Figure 4 A: CVs of Au(111)-electrode modified by an AOT SAM in the presence and absence of 

hSO. No sulfite present; 0.02 M sodium acetate medium, pH 7. B: CVs of hSO on Au(111)-

electrode surface modified by an AOT SAM in the absence and presence of 0.1, 2 and 5 mM sulfite 

as indicated. C: CVs of Au(111)-electrode modified by an AOT SAM in the presence and absence 

of hSO with 5 mM sulfite. All scan rates are 10 mV/s. 

 

As noted, 8-AOT SAMs on Au(111)-electrode surfaces give “fair” quality CVs, both with an 

anodic and a cathodic feature, in the absence of sulfite, as well as attractive electrocatalytic 

voltammograms (Figure 4), reflecting a good combination of positive surface charge densities, 

SAM structural flexibility, and facile interfacial ET. Figure 4A shows voltammetric signals for the 

Au(111)-8-AOT SAM with and without immobilised hSO and no sulfite. The SAM alone without 

enzyme gives no voltammetric peaks. At a scan rate of 10 mV/s, a pair of peaks with a midpoint 

redox potential of around -0.179 V vs. SCE and a peak separation of 62 mV is clearly visible for 

the hSO modified Au(111)-8-AOT SAM, attributed to the heme domain and showing that the 

enzyme can be immobilized in an electrochemically functional state. The mid-point potential is 

close to the reported value of -0.157 V vs. Ag/AgCl (1 M KCl) for hSO on indium tin oxide (ITO) 

modified with polyethylenimine (PEI)-entrapped CdS nanoparticles[42], and 0.1 V vs. SHE for the 

same enzyme on gold nanoparticle modified electrodes[31]
. The peak charges are Qa = 18  3 nC, 

and Qc = 3.3  0.4 nC for anodic and cathodic peak current, respectively, or apparent surface 

coverages of Γa = 2.6  0.4 pmol/cm2 and Γc = 0.5  0.1 pmol/cm2. The surface coverage is low, 

corresponding to only a few percent (2-5 %) of a densely packed monolayer and accords with the 
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coverage determined by in situ STM, Section 3.2, indicating that most or all of the enzyme 

molecules retain bioelectrochemical activity on immobilization. The coverages are notably lower 

than for the Cu- enzyme, nitrite reductase (Achromobacter xylosoxidans) on cysteamine modified 

Au(111)[21]
, and laccase (Streptomyces coelicolor)[22] on variable-length alkanethiols. Unlike 

Au(111)/cysteamine/hSO, the large Qa/Qc of ca. 5 indicates that the reductive step limits the overall 

ET, i.e. the rate of heme reduction is much lower than the rate of oxidation. Such a difference is 

most likely caused by intramolecular ET between Mo and heme[30,41], triggered by the 

conformational change of hSO as rate determining, but only on 8-AOT and not on cysteamine.  

hSO on the AOT modified electrode exhibits no catalytic behaviour in the absence of sulfite, but 

a well-defined electrocatalytic signal in the enzyme substrate saturation range around the heme 

group equilibrium potential in the presence of variable concentrations of SO3
2-, Figure 4B. The 

catalytic response increases with increasing sulfite concentration and can be attributed to hSO, as 

such a response is not obtained on a Au(111)-8-AOT electrode without hSO (Figure 4C). The CVs 

suggest that hSO immobilization on 8-AOT SAMs offers good prospects for single-molecule in 

situ STM/STS of hSO on surfaces such as these, Section 3.2.  

 

3.2 In Situ Scanning Tunnelling Imaging and Spectrocopy of Surface Immobilized hSO 

Figures 5 and 6 show in situ STM images of hSO immobilized on 8-AOT modified Au(111)-

electrode surfaces at different working electrode potentials and both in the absence and presence 

of sulfite substrate. The constant current mode was used throughout.   

                                     

Figure 5 In situ STM images of hSO on Au(111)-electrode surface modified by an AOT SAM.  

A) Without sulfite, Ew: -0.26 V, Etip: -0.66 V, It: 0.04 nA, scan area: 50  50 nm². B) With 5 mM 

sulfite, Ew: -0.26 V, Etip: -0.66 V, It: 0.09 nA, scan area: 50  50 nm². C) With 5 mM sulfite, It: 
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0.09 nA, scan area: 30  30 nm². Ew : -0.26 V, Etip= -0.66 V. D) With 5 mM sulfite, It: 0.09 nA, 

scan area: 30 nm². Ew : -0.40 V, Etip= -0.80 V. Vbias = Etip - Ew,  throughout. Potentials referred to 

SCE.  

 

The hSO images without sulfite substrate, Figure 5A discloses a smooth background SAM, as 

common in thiol based SAMs with scattered black holes originating from the Au-S chemistry and 

Au-atom extraction by interaction via the adsorbed thiyl linking in the SAM assembling process, 

leaving pits in nthe SAM (atomic scale “gold mining”[43,44] ). In addition, bright in situ STM 

contrasts are scattered over the surface. By their  4 nm size we assigned these to individual hSO 

molecules. As often observed for in situ STM of complex biomolecules the apparent vertical 

height,  0.25 nm is significantly smaller than the known structural dimensions of the biomolecular 

targets[45,46]. This discrepancy is rooted in STM recording the tunnelling conductivity through the 

target biomolecule, rather than the direct molecular structure. Smaller and rigid molecules show 

closer correspondence between real and apparent in situ STM heights.[47] Figure 5A discloses other 

features. The surface population of bright molecular scale contrasts is not uniformly distributed 

over the electrode surface, but accumulate along step edges of the underlying Au(111)-electrode 

surface. Also, and very notably, there is little if any contrast difference in the absence and presence 

of sulfite substrate. This is important in our discussion of the single-molecule hSO in situ STS 

mechanism below.    

Figure 6 shows a sequence of hSO in situ STM images in a selected electrochemical overpotential 

range in the presence of 5 mM sulfite. A stable, although small population of bright contrasts is 

apparent. The bright contrasts show systematic apparent height variation as the overpotential is 

varied across the equilibrium potential at constant bias voltage (-0.4 V), directly reflecting 

potential dependent hSO electronic conductivity, and in turn potential dependent single-molecule 

hSO ET activity. 
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Figure 6 In situ STM images of hSO on Au(111)-electrode surface modified by an AOT SAM. 

Scan area: 30  30 nm2  5 mM  sulfite. Selected potential values Ew - 0.26 ~ -0.40 V. Bias voltage 

Vbias = Etip - Ew  = -0.4 V throughout. Constant current mode, It: 0.09 nA. Potentials referred to 

SCE.  

   

                 

Figure 7 Apparent height variation with the overpotential of hSO on AOT SAM modified 

Au(111)-electrode surfaces in the absence and presence of 5 mM sulfite over the full overpotential 

range recorded. Constant current mode, setpoint current 0.09 nA. Bias voltage -0.4 V throughout. 

Averaged over a number of 30  30 nm2 frames and bright in situ STM surface contrasts as in 
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Figure 6. The overpotential is defined as Ew-Emid where Emid is the hSO midpoint potential of the 

cathodic and anodic peaks determined from Figure 4, both referred to SCE.  

The potential dependent constant current in situ STM image contrast variation is recast in Figure 

7, which essentially displays hSO bioelectrochemistry, now at the level of the single enzyme 

molecule both with and without 5 mM sulfite present. The data points represent average apparent 

height values of the bright in situ STM contrasts over all the bright contrasts in a whole 30  30 

nm2 frame at each overpotential value. We note first a clear transition from a low tunnelling current 

state at high potentials to a high tunnelling current state at low potentials. Single-molecule 

transition from a resting to an active enzyme state was observed in our previous studies of the blue 

multi-copper enzymes nitrite reductase (CuNiR)[21] and laccase[22], but the hSO data, Figure 7 are 

different. Neither voltammetry nor in situ STM images could be observed for the blue Cu-enzymes 

in the absence of enzyme nitrite or dioxygen substrate, whereas substrate inlet triggered strong 

voltammetric signals and in situ STM contrasts. Secondly, the single-molecule constant current  in 

situ STS of hSO also differs from constant current in situ STM/STS of the simpler ET 

metalloproteins azurin[16,45] and cytochrome b562
[48]

 as well as from simpler organic molecules 

(viologens)[46] and transition metal complexes[49]. All of these display a strong in situ STS 

maximum around the equilibrium potential, whereas hSO displays an apparent sigmoidal pattern 

with a tunnelling current plateau. 

The Ew value in Figures 5-7, -0.26 V (SCE) is about 80 mV more negative than the voltammetric 

value from Figure 4 determined as -0.179 V (SCE). The constant current in situ STM images were 

recorded in the potential range -0.34 to -0.01 V (SCE) i.e. an overpotential range of about ± 160 

mV, from which the data in Figure 7 was derived. With a view on the large negative bias voltage 

used the voltammetric midpoint potential and the midpoint potential in the sigmoidal-like constant 

current in situ STS cannot be expected to coincide exactly. As outlined in detail elsewhere.[16,49], 

the target molecule in the in situ STM/STS configuration is thus exposed to an additional certain 

fraction of the bias voltage compared to the voltammetric configuration with just a single 

electrochemical surface. 

Two particular features thus distinguish single-molecule hSO constant current in situ STS from 

single-molecule constant current in situ STS of other metalloproteins and metalloenzymes: 

 hSO displays no constant current in situ STS maximum but a sigmoidal pattern. Nernstian redox 

equilibrated conductivity[50] and “gated” tunnelling[35] are relevant mechanistic rationales for a 
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sigmoidal pattern, and the “flip-flop” mechanism of hSO, with a conformational switch of the 

heme domain as a core step could favour a gated mechanism. A third rationale could, however, 

well be rooted in the large bias voltage needed (-0.4 V). Following reported observations on  

constant current in situ STS of transition metal complexes in ionic liquids[51], and theoretical 

support[52], a mechanism of coherent, multi-ET is in fact likely to prevail in an intermediate 

overpotential range, before tunnelling current decline at high positive potentials take the redox 

level(s) to locations remote from the Fermi levels of the enclosing substrate and tip electrodes. A 

conspicuous maximum in the tunneling current/overpotential correlation is expected when the bias 

voltage, Vbias, i.e. the quantity eVbiasis small compared with the solvent reorganization free 

energy, Er, i.e.  eVbias <(<) Er. In the narrow tunneling gap Er is small compared with the semi-

infinite single-surface macroscopic electrochemical surface, say a value in the range of a few 

hundred mV or so.  eVbias can therefore no longer be regarded as “small”. A new overpotential 

independent multi-electron transfer in situ STM  mechanism can then take over in an intermediate 

overpotential range as noted before the tunneling current drops to low values at higher positive 

overpotentials. This mechanism is a quite plausible origin of the plateau observed, as laid out in 

detail elsewhere[16,45,52].   

  A second major difference from the multi-copper enzymes is the virtually identical constant 

current in situ STM/STS pattern of hSO in the presence and absence of sulfite substrate. This 

unexpected observation must be associated with electron flow through the, free or substrate-bound 

enzyme rather than directly with enzyme activity. Electron flow through the enzyme must 

therefore prevail over substrate triggered enzyme conductivity in the in situ STM/STS process.  

 

3.3 Single-molecule hSO Mechanistic and Electronic Function, and Some Notes of Conclusion  

By its molecular structure and catalytic mechanism, sulfite oxidases are exciting enzymes. A Mo- 

pyranopterin centre with a range of oxidation states is the core of the structural enzyme features, 

and the gated “on-off” heme domain feature, well supported by mechanistic analysis, and in other 

ways are core elements in the electrocatalytic patterns[24-31]. 

We first recorded CV of hSO at single-crystal, atomically planar Au(111)-electrode surfaces 

variably modified by positively charged SAMs. With a view on the gated hSO activity we 

exploited both a short rigid SAM forming thiol, cysteamine, and a longer, structurally flexible 

SAM former, -amine octanethiol (AOT). In accordance with the flexible communication 
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between the catalytic Mo-domain and the electrochemically gated heme group domain, hSO 

immobilization on the cysteamine SAM displays good voltammetry but no electrocatalysis. In 

contrast, hSO immobilization on the AOT SAM surface gives conspicuous electrocatalysis but 

only “fair” voltammetry in the absence of sulfite substrate. This behaviour accords with the 

structurally “soft” hSO pattern but differs from the voltammetric behavior of the blue oxidases, 

for which no voltammetry is observed in the absence of nitrite or dioxygen substrate but strong 

electrocatatalytic signals appear as substrate is let in[21,22,53].  

Constant current in situ STM and STS of hSO is the second major outcome of our study. In situ 

STM imaging close to the equilibrium potential, both in the absence and presence of sulfite 

substrate, Figure 5 and 6 - is at the level of the single molecule, but the bright single-molecule 

scale contrasts prompt other observations. The molecular scale structures are not uniformly 

distributed over the surface but gather around the step edges of the underlying Au(111)-electrode 

surface, Figure 5. Further, the surface density estimated from the in situ STM images – is only 

about 2 pmol cm-2 or 2-5 % of a dense monolayer for a molecular diameter of 6-8 nm. This 

coverage accords with the coverage estimated from cyclic voltammetry, Figure 4, and suggests 

that all or most immobilized hSO molecules although sparsely populating the surface, have 

retained ET activity. In this respect hSO follows the much simpler cupredoxin azurin on variable-

length alkanethiol SAMs, for which all immobilized azurin molecules were found to retain 

electrochemical activity[53]. 

A further notable observation is that in situ STM/STS gives almost the same contrasts and in situ 

STS in the absence and presence of sulfite, Figure 7. This suggests that in situ STM/STS does not 

monitor single-molecule enzyme activity, but rather a tunnelling process through one or both of 

the enzyme domains, independently of sulfite. As noted, this is also quite different from the blue 

copper enzymes and must be rooted in the different molecular enzyme mechanisms for hSO and 

the copper enzymes. 

The in situ STS pattern, Figure 7 underlines the distinct single-molecule hSO electrochemical ET 

behaviour. The apparent tunnelling height variation with the overpotential shows a sigmoidal 

rather than a “spectroscopic” correlation as for simple ET proteins and smaller redox molecules. 

Simple Nernstian equilibrium[50] or interfacial ET via a “soft” gating mode[35] were noted as 

possible rationales, and “soft mode” gating would be attractive in view of the gating enzyme 

10.1002/celc.202001258

A
cc

ep
te

d 
M

an
us

cr
ip

t

ChemElectroChem

This article is protected by copyright. All rights reserved.



16 
 

feature. Gating would then, however, have to apply to the tunnelling mechanism of both the 

enzyme itself and the enzyme in electrocatalytic action. 

As finally noted, the large bias voltage needed (-0.4 V) could well cause both a negative potential 

shift of the in situ STS feature compared with the voltammetric thresholds, and an intermediate 

plateau in the in situ STS profile, where coherent multi-ET prevails, before the current ultimately 

declines at still more negative overpotentials[52]. Such behaviour was reported for an osmium 

complex[51], and it cannot be excluded that the tunnelling current plateau seen in Figure 7 reflects 

such an intermediate overpotential range and that the current would decrease at still larger negative 

overpotentials.  

Overall our single-crystal and single-molecule electrochemical hSO study has disclosed intriguing 

electronic enzyme properties, of possible broader importance in pure and applied enzyme 

electrochemistry. A remaining, intriguing issue is the electronic origin of the bright in situ 

STM/STS contrasts. The contrasts are both of single-molecule scale and display a conspicuous in 

situ STS feature, but the resolution is not at a level, where for example monomer/dimer distinction 

of these soft materials is feasible. The core overpotential feature appears in the overpotential range 

–(0-80) mV, or a working electrode potential range of –(200-280) mV vs. SCE, shifted by  100 

mV compared with the midpoint potential range determined voltammetrically. This is notable in 

view of the large negative bias voltage used (-0.4 V) and offers challenges as to the bias voltage 

distribution in the tunnelling gap. Also, the midpoint potentials of the heme b5 and Moco 

(Mo(V)/(VI)) centres determined spectroelectrochemically using a mini-grid Au-electrode are 

quite close, i.e. 62 mV and 42 mV, respectively vs. SHE[54], or -173 and -193 mV, respectively vs. 

SCE. These are too close that in situ STS enables resolution into separate contributions from heme 

b5 and Moco. It cannot be excluded, therefore that the observed in situ STS profile reflects a 

composite process, in which intramolecular ET between the Moco and heme b5 domains is also 

involved. Tunnelling current/bias voltage correlations and possible current rectification[55] may 

hold clues to this important issue.     
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TOC 
Human sulfite oxidase (hSO) is a homodimeric two-domain enzyme, with a Mo catalytic cofactor 

and an electron-transfer heme b5, switching between open and closed conformations. Cyclic 

voltammetry on Au(111)-electrodes modified by -amino-octanethiol monolayers gives well-

defined hSO electrocatalysis. Constant current in situ STM displays sigmoidal tunnelling 

current/overpotential correlations and a 2-5 % coverage of molecular scale contrasts, assigned to 

individual functional hSO molecules.  
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Voltammetry and Single-molecule in Situ Scanning Tunnelling Microscopy of the Redox 

Metalloenzyme Human Sulfite Oxidase  
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