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Abstract

Here we demonstrate a new class of reagentless, single-step sensors for monitoring protein-protein 

and protein-peptide interactions that is the electrochemical analog of fluorescence polarization 

(fluorescence anisotropy), a versatile optical approach widely employed to this same end. Our 

electrochemical sensors consist of a redox-reporter-modified protein (the “receptor”) site-

specifically anchored to an electrode via a short, flexible polypeptide linker. Interaction of the 

protein with its binding partner alters the efficiency with which the attached reporter approaches 

the electrode surface, thus changing the observed redox current upon voltammetric interrogation. 

As proof-of-principle we employed the bacterial chemotaxis protein CheY as our receptor. 

Interaction with either of CheY’s two binding partners, the P2 domain of the chemotaxis kinase, 

CheA, or the 16-residue “target region” of the flagellar switch protein, FliM, leads to easily 

measurable changes in output current that trace Langmuir isotherms within error of those seen in 

solution. Phosphorylation of the electrode-bound CheY decreases its affinity for CheA-P2 and 

enhances its affinity for FliM in a manner likewise consistent with its behavior in solution. As 

expected given the proposed sensor signaling mechanism, the magnitude of the binding-induced 

signal change depends on the placement of the redox reporter on the protein. Following these 

preliminary studies with CheY we also developed and characterized additional sensors aimed at 

the detection of specific antibodies using the relevant protein antigens as the receptor. These 

exhibit excellent detection limits for their targets without the use of reagents or wash steps. This 

novel, protein-based electrochemical sensing architecture provides a new and potentially 

promising approach to quantitative, single-step detection of specific proteins and peptides.
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Among quantitative methods for measuring the levels of specific, diagnostically relevant 

proteins, only fluorescence polarization (also known as fluorescence anisotropy)1 has seen 

wide use in point-of-care applications2–6. This approach, which reports on the presence of a 

specific protein-protein complex via binding-induced changes in the tumbling of an attached 

fluorophore, does not require washing to remove unbound reagents, rendering it one of the 

more convenient methods for quantifying the levels of specific proteins in clinical samples. 

Several limitations, however, significantly reduce its utility at the point of care. For example, 

when challenged with authentic clinical samples the approach requires considerable signal 

averaging and careful background subtraction. In part, this is due to its modest signal gain: 

the intensity difference between the two polarizations is typically of order ~15% (i.e., 150 

millipolarization units) for an antibody-antigen complex, which must be measured against 

background polarizations of similar magnitude7–9. Fluorescence polarization also requires 

fairly large sample volumes, necessitating venous blood draws that further reduce its utility 

at the point of care. Finally, fluorescence polarization is not easily multiplexed, rendering it 

ill-suited for the simultaneous monitoring of, for example, multiple antibodies diagnostic of 

a single pathogen or simultaneously monitoring for antibodies against multiple pathogens.

In response to the above arguments a number of groups have developed electrochemistry-

based sensing platforms that attempt to capture the generality of fluorescence polarization 

while avoiding some of its limitations10–12. In previous work, for example, we developed an 

electrochemical approach utilizing a double-stranded nucleic acid “scaffold” modified on 

one end to present both a protein-recognizing polypeptide or small molecule and a redox 

reporter and covalently attached to gold electrode via a flexible linker via the other10,13–15. 

The binding of the sensor’s target to this recognition element reduces the efficiency with 

which the attached redox reporter approaches the electrode (analogous to the change in 

tumbling seen in fluorescence polarization), producing an easily measured change in 

electron transfer efficiency (analogous to a change in fluorescence polarization). This 

strategy offers several potential advantages over other methods for detecting protein-

polypeptide and protein-small-molecule interactions, including the reduced complexity 

associated with its reagentless, single-step, wash-free format and better performance in 

complex samples, such as undiluted blood serum and crude soil extracts10. Here we expand 

this approach by demonstrating sensors that, rather than using a double-stranded DNA 

scaffold and a relatively low molecular weight recognition element (e.g., a polypeptide), 

instead employ full-length proteins as both the recognition element (receptor) and the 

scaffold, expanding the range of analytes that the approach can be used to detect.
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Here we demonstrate a single-step electrochemical approach for measuring specific protein-

protein and protein-peptide interactions that should be expandable to a wide range of other 

macromolecular targets. As our first test bed, we employed as our receptor CheY, a response 

regulator protein from the E. coli chemotaxis signal transduction system. The structure and 

folding of CheY and its binding to its protein and peptide targets CheA-P2 and FliM16 have 

seen extensive prior study16–19, rendering them a convenient model system. To convert 

CheY into a single-step electrochemical sensor we first generated a family of CheY variants 

containing a carboxy-terminal hexa-His-tag with each exposing a single cysteine side chain 

for conjugation to a maleimide-functionalized methylene blue. To generate our sensors, we 

then used copper complexation with the His-tag to attach each modified protein onto a gold 

electrode coated with an alkane thiol self-assembled monolayer doped with a small fraction 

of copper chelating nitrilotriacetic acid (NTA) head groups (Figure 1a). We employed 

copper, rather than nickel, as histidine-copper complexes are less kinetically labile.

Our new sensor architecture responds quantitatively when challenged with the appropriate 

target molecule. In the absence of either of CheY’s binding partners the redox reporter is 

relatively free to collide with the electrode surface, producing a large faradaic current at the 

redox potential expected for methylene blue when the system is interrogated using cyclic 

voltammetry (Figure 1a, left). This peak is reduced in the presence of the protein’s binding 

partners (Figure 1a right). For example, for a CheY modified with the redox reporter at 

position 97, the current falls 22% upon the addition 100 μM of the ligand CheA-P2, a 74-

residue protein that is part of the bacterial chemotaxis system, with a time constant of 

2.8±0.7 min−1 (Figure 1d). Upon titration, the observed signal change increases 

monotonically with increasing ligand concentration until it approaches saturation at a change 

of 24% (Figure 2b). The resultant binding curve is well fitted with a Langmuir isotherm, 

producing a dissociation constant of 14 ± 4 μM (Figure 2b), which is within error of the 

value previously reported for this interaction when the proteins are free in solution20,21. As 

expected for electrochemical sensors of this class, the sensor also performs well when 

challenged in complex sample matrices. For example, the sensor’s gain is only slightly 

reduced, to 17% (reporter at position 97) when it is challenged in 20% blood serum (Figure 

SI 1).

The signal gain of this sensor (the relative signal change seen upon the addition of saturating 

target) depends on both the attachment-position of the methylene blue and the structure of 

the target. To illustrate the former, we fabricated seven sensors differing only in the residue 

on which the methylene blue was attached using the variants M17C, E37C, T71C, A80C, 

G89C, K91C, K97C and E117 (Figure 3). The signal gain observed for these when we 

employ CheA-P2 as the target range from 4% to 30% (Figure 3, Table SI 1), with the later 

value larger than the signal change typically seen in fluorescence polarization assays9. The 

largest gain is seen when the redox-reporter is placed closest to the CheA-binding site 

(position 97) (Figure 2b, d), suggesting that much of the signal change arises due to steric 

blocking of the redox reporter by the target protein. Consistent with this, the gain of the 

sensor is abated when the reporter is positioned farther from the binding site (e.g., at E37C 

or A80C). We also investigated the sensor’s ability to detect a second naturally occurring 

binding CheY binding partner, the 16-residue peptide FliM16, finding behavior similar to 

that observed for the detection of CheA-P2 (Figure 2a,c). Specifically, a sensor modified 
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with methylene blue near the binding site (at residue 91) exhibits the greatest gain (14%). 

The signal gain observed upon FliM16 binding, however, is generally less than that observed 

upon CheA-P2 binding. We presume this occurs as a consequence of the larger bulk of 

CheA-P2, which would more easily hinder approach of the reporter to the electrode.

This new sensor architecture readily detects changes in binding affinity associated with the 

phosphorylation of CheY. Phosphorylation induces allosteric communication between the 

phosphorylation site (D57) and the target-binding site18,22,23, which in turn facilitates 

CheY's dissociation from CheA while strengthening its interactions with the flagellar motor 

switch protein FliM. Consistent with this, we see significant decreases and increases in 

affinity for CheA-P2 and FliM16, respectively, upon phosphorylation of the surface-bound 

CheY. Specifically, the phosphorylation of surface-bound CheY enhances its affinity for 

FliM16 by a factor of ca. 15 (Figure 2c), which is consistent with the results of prior 

solution-phase studies24,25 and what we have observed via tryptophan fluorescence 

quenching experiments in free solution (Figure SI 2, 3). The phosphoryation of surface-

bound CheY likewise reduces its affinity for CheA-P2 by a factor of ca. 5 (Figure 2d). 

Finally, we introduced D57A mutation to our CheY single-cysteine variants, which disables 

the phosphorylation of CheY. Consistent with expectations, the affinity of this variant is not 

altered by the presence of the phosphorylating agent acetyl phosphate (Figure SI 4).

The successful use of CheY as a recognition element for the detection of CheA and FliM 

motivated us to explore the approach’s ability to detect specific antibodies via the inclusion 

of the relevant antigen as the recognition element. To do so we first employed green 

fluorescent protein (GFP) modified with methylene blue at random lysine epsilon amino 

groups or cysteine thiols as a receptor for the detection of GFP-binding antibodies (Figure 

4a). Using polyclonal anti-GFP antibodies as our target we observe Langmuir isotherm 

binding with a dissociation constant 53±8 ng/ml, which is the equivalent of ~0.3 nM for the 

mixed antibody concentration (Figure 4b). As a second test of our ability to detect specific 

antibodies we employed a disease-related, clinically relevant antigen-antibody pair, the 

hepatitis B surface antigen (HBsAg) and anti-hepatitis antibodies (HBsAb). Using HBsAg 

modified with methylene blue at random lysine epsilon amino groups or at cysteine thiols as 

our recognition element we can detect the antibody with a detection limit of a few 

nanograms per milliliter (Figure 4c), a value that compares well with commercial 

approaches26. A test of this sensor in 20% blood serum, reflecting more authentic clinical 

conditions, renders its detection limit effectively unchanged (Figure 4d).

Here we demonstrate a new class of reagentless, single-step sensors that is the 

electrochemical analog to optical fluorescence polarization assays. As proof of principle we 

have used the approach to monitor the interaction of CheY with its two binding partners, the 

P2 domain of CheA and the 16-residue peptide FliM16 and for the detection of both anti-

GFP and anti-HBsAg antibodies. In all cases, we observed binding induced signal changes 

as large or larger than those typically seen in fluorescence polarization9 without the need for 

light sources, optics, or extensive signal averaging. This new protein-based, electrochemical 

sensing platform provides us an alternative means to fluorescence polarization for probing 

protein-macromolecular interactions and thus may be a promising tool for both scientific and 

clinical applications. Similar to fluorescence polarization, for example, our protein based 

Kang et al. Page 4

J Am Chem Soc. Author manuscript; available in PMC 2018 June 27.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



scaffold approach is single step and label-free, rendering it faster, and, likely, less costly 

ELISAs and western blots27. The approach also offers potential advantages over 

fluorescence polarization, including its relatively inexpensive supporting electronics28, its 

ability to perform well in relatively high concentrations of blood serum (Figure 4 and Figure 

SI 1), and the ready multiplexing of electrochemical approaches29,30.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1. 
Our sensor is comprised of a redox-reporter-modified protein that acts as a recognition 

element (receptor) attached to a gold electrode via a NTA-modified, thiol-on-gold self-

assembled monolayer. a) Signal generation occurs when a target protein or peptide binds to 

this recognition element, reducing the efficiency with which the attached reporter (here 

methylene blue; shown as a blue dot) transfers electrons to the electrode. b) and c) This in 

turn, leads to an easily measured decrease in peak (faradaic) current; shown is the response 

of a sensor comprised of the bacterial chemotaxis protein CheY with a redox reporter at 

position 97 to CheY’s naturally occurring binding partner CheA-P2 and a redox reporter at 

position 91 to FliM16. d) The sensor response is rapid; when the CheY-presenting sensor is 

exposed to 100 μM of the target CheA-P2 it equilibrates with a time constant 2.8±0.7 min−1. 

The error bars reflect standard deviations of independently fabricated sensors.
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Figure 2. 
As expected, the affinities with which surface-bound CheY bindFliM16 and CheA-P2 

change significantly upon phosphorylation. a) The dissociation constant for FliM16 binding, 

for example, shifts from 213±48 03BCM to 16±3 μM upon phosphorylation (redox reporter 

at position 91). This ca. 15-fold change is consistent with the results of prior solution-phase 

studies20,21. b) The dissociation constant for CheA-P2 binding likewise shifts, albeit rising 

rather than falling (from 14±4 μM to 56±5 μM) upon phosphorylation (redox reporter at 

position 97). Similar changes are seen for all CheY labeled at other positions when 

challenged with c) FliM16 or d) CheA-P2. The error bars here and elsewhere in this work 

reflect standard deviations of independently fabricated and measured sensors.
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Figure 3. 
Not surprisingly, signal gain in this class of sensors depends on the placement of the redox 

reporter relative to the target-binding and surface attachment sites with the greatest signal 

gain generally being observed when the reporter is positioned adjacent to the binding site. 

Non-green residues in this illustration reflect positions on CheY that we have modified with 

the methylene blue redox reporter. The coloring indicates the signal change seen for each 

variant upon ligand binding (<10% blue, 10-20% yellow, >20% red).
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Figure 4. 
Our sensing platform can also be used to monitor antigen-antibody interactions. a) For 

example, using an electrode-bound, redox-reporter-modified Green Fluorescent Protein 

(GFP) as the recognition element we easily detect anti-GFP antibodies at 10 ng/ml (the 

lowest concentration shown on this plot). The monotonic response obtained when the 

receptor is GFP modified with a methylene blue on random lysine residues. A similar curve 

is seen for the protein modified on random cysteine residues (Figure SI 5a). b) In contrast, 

the sensor does not produce respond to a negative control antibody (anti-FLAG) at 1 μg/ml. 

Likewise a sensor employing CheY does not produce any signal in response to either anti-

Flag or anti-GFP antibodies at 1 μg/ml. c) Using a hepatitis B surface antigen (HBsAg) 

modified with methylene blue on random cysteines as the receptor we can similarly detect 

antibodies against this protein (HBsAb). We use CheY sensor as control for HBsAb binding. 

A similar curve is seen for the protein modified on random cysteine residues (Figure SI 5b). 

Shown are binding curves collected in buffer and, d) in 20% blood serum.
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