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Abstract 

Point-of-care diagnostics enable the transfer of traditionally laboratory-based diagnostic 

procedures away from the laboratory to the patient’s bedside or home. The decentralisation of 

diagnostics may reduce workload in the healthcare system, allow (semi-)continuous monitoring 

of diagnostic parameters or concentrations of therapeutics, improve the quality of living for 

patients and potentially reduce costs. In addition, point-of-care testing has the potential to 

provide access to diagnostics to areas and populations that are not currently served by healthcare 

systems. Many point-of-care diagnostic strategies rely on the use of natural or engineered 

proteins to specifically translate the presence of a given analyte into a readily observable signal. 

This chapter discusses the technological bases for the most commonly used protein-based point-

of-care diagnostic strategies, as well as emerging approaches. Next, different homogeneous 

antibody detection strategies are discussed in more detail, focussing on their compatibility with 

point-of-care diagnostics.  Finally, the potential of protein-based biomolecular switches for 

point-of-care diagnostics is discussed, focusing on the opportunities provided by sensors based 

on luminescent proteins. 

 

Parts of this chapter have been published as: 

S. Banala, R. Arts, S.J.A. Aper and M. Merkx, No washing, less waiting: engineering biomolecular 
reporters for single-step antibody detection in solution,  Organic and Biomolecular Chemistry, 2013, 
11, 7642-7649 

R. Arts, S.J.A. Aper and M. Merkx, Engineering BRET-sensor proteins, Methods in Enzymology, 
2017, 589, 87-114 
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This thesis is focused on the development of novel sensor technology that is compatible with 

application in point-of-care diagnostics. The sensor technology relies on the use of protein-

based biosensors, and is designed to allow facile detection of antibodies and antigens. This 

introductory chapter aims to briefly introduce the technological bases of some of the most 

commonly used point-of-care diagnostic strategies, as well as emerging approaches. Next, 

different antibody detection strategies will be discussed, focussing on their compatibility with 

point-of-care diagnostics.  In addition, the potential of protein-based biosensors to contribute to 

the palette of point-of-care diagnostic technologies will be discussed, with particular emphasis 

on the opportunities provided by sensors based on luminescent proteins. 

 

1.1 Point-of-care diagnostics 

In recent years, continued technological advance, in combination with growing economic 

pressure on healthcare systems, has inspired the growth of the field of point-of-care 

diagnostics.1–5 In contrast to classical laboratory-based diagnostic strategies, point-of-care 

diagnostic technology allows a diagnosis to be made outside of the laboratory setting, for 

example at the physician’s office or even in the comfort of a patient’s own home. Point-of-care 

testing is particularly valuable in situations where levels of a certain analyte need to be 

measured on a regular basis. This is for example the case for patients suffering from chronic 

diseases like diabetes, or for patients undergoing treatment for extended periods of time. In the 

latter case, it is often useful to monitor the concentrations of biomarkers and/or therapeutics in 

the patient to allow determination of a patient-optimized dose that maximizes treatment 

effectivity while causing minimal side effects. Decentralization of diagnostics by transferring 

the diagnostic process from the hospital laboratory to the patient’s bedside or home is 

advantageous because it reduces workload in the healthcare system, improves the quality of 

living for patients and potentially reduces costs. In addition, as point-of-care testing does not 

rely on a laboratory, it has the potential to provide access to diagnostics to areas and populations 

that are not currently served by healthcare systems, such as certain areas in the developing 

world.  

The requirements for a point-of-care diagnostic test are not the same as the requirements for 

laboratory-based diagnostic tests. In the development of point-of-care tests, cost-effectiveness 

and rapidity of the test are often prioritized, as well as making the test easy to perform and 

interpret. In contrast to traditional laboratory-based assays, which are performed by medical 
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professionals, an important class of users of point-of-care diagnostics is constituted by the 

patients themselves. Well-known, early examples of point-of-care diagnostic technology 

include thermometers to measure body temperature, pregnancy tests and glucose monitoring 

devices, but also the breath analysers used by law enforcement to identify individuals driving 

under the influence of alcohol. Motivated by the technological and commercial success of these 

devices, the development of new generations of point-of-care diagnostic technologies has 

become an important focus in research groups in academia and industry alike. 

1.2 Biosensors for point-of-care diagnostics 

The fundamental challenge in molecular diagnostics is to detect and quantify a molecule in a 

complex matrix and to selectively translate this molecular recognition event into an observable 

signal. A crucial prerequisite for this is that the molecular recognition event is highly specific 

for the analyte of interest. Biosensors are sensors that achieve specificity by exploiting the 

specificity of a biological recognition element.  

One of the main classes of biosensors used for point-of-care diagnostics is constituted by 

sensors that rely on analyte-specific enzymatic reactions to report on the presence of analyte.6,7 

Such sensors capitalize on the biological evolution of enzymes that catalyse specific reactions 

in the body to quantify certain molecules without significant side reactions. Enzymatic catalysis 

is used in many biosensing strategies, for example serving as the technological basis in the 

glucose measuring devices used by diabetes patients.  

 

 

Figure 1.1: Schematic representation of the glucose sensing principle using in electrochemical glucose sensors. 

Conversion of glucose by glucose oxidase (GOx) eventually leads to the production of hydrogen peroxide, which 

is subsequently oxidised at a catalytic anode. 
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The chronic nature of the disease, as well as the patient’s ability to autonomously correct 

glucose levels make diabetes a highly suitable target for point-of-care diagnostics. 

Electrochemical glucose sensors measure glucose levels on the basis of the activity of a glucose-

specific enzyme, such as glucose oxidase. Glucose oxidase, immobilised in the diagnostic 

device, catalyzes the oxidation of β-D-glucose by molecular oxygen to produce gluconic acid 

and hydrogen peroxide. In this reaction, glucose oxidase requires a cofactor called FAD (flavin 

adenine dinucleotide). It is the regeneration of this cofactor that leads to the formation of 

hydrogen peroxide. Hydrogen peroxide, in turn, can be oxidized at a catalytic anode (Figure 

1.1). The current through the anode is proportional to the number of hydrogen peroxide 

molecules that is converted, and therefore to the glucose concentration. Early generations of 

glucose sensors were based on this principle. Later efforts have focused on decreasing the 

amount of reagents required for the reaction, increasing the selectivity and simplifying 

procedures for patients.8 An important advance in this regard was the development of 

reagentless glucose sensors based on direct electron transfer between the enzyme and the 

electrode, without any mediators.9,10 Electrochemical sensing principles can be applied to sense 

a wide range of analytes, including small molecules, DNA and proteins.6,11,12 For example, 

small, hand-held electrochemical lactate meters have been developed for monitoring anaerobic 

metabolism during exercise.13  In the context of point-of-care diagnostics, an interesting current 

focus in the field of electrochemical sensors is the progression towards wearable or implantable 

sensors that allow continuous monitoring of analyte concentration with minimal handling steps 

required from the user.14  

Another important biosensing strategy is the immunoassay, which exploits the specificity of the 

interaction between antibodies and antigens. In immunoassays, either an antigen or an antibody 

is typically immobilised on a surface or bead. If a sample contains the analyte of interest, it can 

bind to the immobilised capture molecule. Signal generation can occur either directly because 

binding of analyte causes an observable signal, or through the use of a secondary antibody 

which is conjugated to a signal-generating moiety. One of the most well-known immunoassays 

is the enzyme-linked immunosorbent assay (ELISA).15–17 The first step in an ELISA consists 

of capturing the target antibody by surface-immobilised antigens. To detect binding of the target 

antibody, an additional step is required that involves a second antibody conjugated to a reporter 

enzyme. This second antibody recognises the species-specific constant part of the target 

antibody and translates the number of bound target antibodies into an easily detectable 

enzymatic activity (Figure 1.2). Rather than using antigens to detect antibodies, the same  
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Figure 1.2: Assay principle of an enzyme-linked immunosorbent assay to detect a specific antibody. An antibody—

specific antigen is immobilised and incubated with a sample. After washing, a labelled secondary antibody is 

added that recognises the constant domain of the antibody. After another washing step, the remaining secondary 

antibody that has bound to the antibody generates an observable (e.g. enzymatic) signal.  

principle can be applied to detect antigens by using surface-immobilized antibodies in a 

sandwich ELISA. The enzyme conjugated to the secondary antibody can catalyse a variety of 

reactions, such as colorimetric reactions to provide a signal based on analyte-proportional 

absorbance, or an electrochemical reaction that leads to the formation of an electroactive 

product that can be detected using electrodes.7 

Although the majority of point-of-care diagnostic assays rely either on the use of analyte-

specific enzymes or the antibody-antigen interaction to provide specificity, ongoing 

developments in nucleic acid and protein engineering have allowed the emergence of 

recognition strategies based on aptamers and engineered proteins.18–20 Aptamers are DNA or 

RNA strands evolved to bind to a specific target. An advantage of using aptamers in biosensors 

is that their binding affinity and specificity can be manipulated using directed evolution 

strategies. In addition, binding of an aptamer to the analyte of interest can lead to a direct change 

in signal, for example by using aptamers labelled with a fluorescent dye-quencher pair or a 

redox dye.18,19,21 Protein-based sensors offer similar advantages. The development of fast and 

increasingly affordable mutagenesis and screening methods enables directed evolution of 

protein domains based on affinity and specificity. Highly generic protein-based biomolecular 

switches have been developed that allow detection of a large variety of biomolecules. Such 

biomolecular switches are often a product of rational protein design, in which binding of analyte 

to the switch causes a conformational change that leads to a change in signal. These assays can 

typically be applied in a one-step fashion, eliminating the need for time-consuming washing 

and incubation steps.22–26  
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Paper-based diagnostics 

Integration of entire diagnostic assays, from sample preparation to diagnostic readout, on a 

single portable device is highly desirable if an assay is to be carried out at the point-of-care.27 

A fundamental choice in designing such an integrated system is the material substrate that is 

used to immobilise all the reaction components. In this regard, paper is one of the most 

intensively studied and widely applied materials.28 Paper is a cheap, light and easily transported 

material. In addition, immobilising biomolecules in the cellulose-based matrix of paper is well-

established.29–32 A sample can flow through paper based on capillary forces, ensuring that 

mixing of reagents can be achieved without the need of a power source. Using dedicated 

printing techniques, paper can easily be patterned to create microfluidic channels. Furthermore, 

paper can easily be incinerated. This is particularly useful when safely disposing test strips for 

the detection of infectious disease.31  

One of the most used paper-based point-of-care diagnostic assays is the lateral flow assay 

(LFA).33 In a typical LFA, a test strip is impregnated with reagents that can interact with a given 

analyte of interest. An LFA starts with application of the sample on the membrane. Through 

capillary forces, the sample starts migrating over the membrane and encounters molecules, 

usually antibodies, which can interact with the analyte of interest (Figure 1.3). These antibodies 

are optically labelled so their location on the test strip can be observed. The sample then 

continues to migrate through the test strip, together with the target analyte that is now bound to 

the labelled antibody.  

 

Figure 1.3: Principle of a lateral flow assay. A sample that is applied to the sample pad migrates through the 

strip. If the analyte of interest is present it binds to a labelled antibody and eventually accumulates at the test line.  

Image obtained from Bahadir et al.34 Reprinted with permission. 
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In the detection zone, the analyte-antibody complex is captured by specifically interacting 

biological molecules (e.g. antibodies or antigens). Because the first antibody was labelled, the 

accumulation of analyte-antibody complex in this zone will be observable as a positive signal. 

LFAs are highly versatile tests that permit the use of a large diversity of biological fluids, and 

they have been used extensively in diagnostic practice, both in the laboratory and at the point-

of-care. The most well-known LFA used for point-of-care testing is the home pregnancy test. 

This test relies on the detection of the pregnancy hormone hCG in urine. In this test, hCG is 

detected in a sandwich-like format, with two different antibodies used for labelling and 

capturing hCG.  LFAs possess many qualities that are crucial for a successful point-of-care 

diagnostic technology. They are fast and affordable, as well as extremely easy to perform and 

interpret. Nearly all easily accessible biological fluids have been used in LFAs, including urine, 

saliva, sweat, serum, plasma and whole blood.35–41  

A drawback of LFAs is that the generated signal is not an accurate quantitative reflection of the 

analyte concentration in the sample. In addition, it is hard to accurately control sample volumes, 

and the signal is subject to human interpretation. Together, this means that it is usually hard to 

use LFAs for truly quantitative point-of-care measurements.33 In an LFA, control over fluid 

movement is generally limited. Increased control over fluid motion can be achieved by 

patterning the paper to create microfluidic circuits. This allows splitting of the fluid flow to 

perform multiple assays on the same test strip, as well as introduction of time delays to allow 

sample incubation.29 Initially, patterning of channels onto paper was achieved using 

photolithography.32 Later, the feasibility of using inkjet printers for both patterning and 

deposition of biomolecules was demonstrated.29,30 Initially, quantitative sample analysis on 

microfluidic paper-based analytical devices (μPADs) was done on the basis of reflectance 

detection. In this case, the concentration of analyte scales with the intensity of a particular 

colour reaction in a printed chamber on the μPAD (figure 1.4). This kind of analysis can be 

performed using simple digital cameras and a computer, but requires careful calibration because 

of differences in reaction kinetics in different settings. In addition, this strategy is limited to 

analytes that can be detected using a colorimetric reaction. Even then, differences in camera 

quality and lighting conditions have been shown to complicate the assay.31 For these reasons, 

compatibility of μPADs with other detection techniques was investigated. Quantitative sample 

analysis on μPADs using fluorescence, absorbance, chemiluminescence and even 

electrochemistry have been demonstrated.42–46  
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Figure 1.4: Paper-based colorimetric detection of glucose (left) and bovine serum albumin (right) in artificial 

urine. Urine was applied to the μPAD and migrated to two reaction chambers, where detection of both analytes 

was based on the use of an analyte-specific colour reaction. Image adapted from Martinez et al.31 Reprinted with 

permission. 

Apart from point-of-care pregnancy testing, LFAs have seen a large range of applications, with 

over 100 companies producing LFAs.47 These include tests to diagnose infectious diseases like 

malaria, dengue, HIV, pneumonia, legionnaire’s disease and influenza, as well as tests to 

diagnose different types of cancer and cardiac disease.44,47 The level of sophistication of the 

microfluidic circuitry in LFAs varies, but in most cases the tests provide a binary yes/no answer 

and limited quantitative information. Many of the more advanced (paper-based) microfluidic 

strategies, which in principle have more potential in terms of mixing, incubating, multiplexing 

and quantification, have not yet passed the proof-of-concept stage. 

Smartphone-based diagnostics 

The recent revolution in mobile phone technology has created the opportunity to develop point-

of-care diagnostic assays that use a smartphone for signal processing purposes.11,48–56 This has 

considerable advantages. The use of the smartphone’s significant computing power means that 

complex analyses can be performed at the point-of-care, using equipment that a large and 

increasing portion of the population already possesses. Smartphones are highly versatile 

devices, whose capacities can be directed towards a user’s needs through the development of 

custom-made applications. These applications can be shared with other smartphone users in a 

facile and low-cost manner.  The smartphone’s high level of connectivity can also be used to 

share diagnostic data with medical centres or for use in meta-analyses.  Collectively, these 
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advantages have inspired the emergence of the field of smartphone-based point-of-care 

diagnostics. Broadly speaking, two main approaches can be distinguished in this field. The first 

approach, which has matured most, is based on the use of an auxiliary device that can be coupled 

to a smartphone. This auxiliary device typically consists of one or multiple reaction chambers 

in combination with a signal recording moiety. The signal can then be electronically or 

wirelessly transferred to a smartphone, where further processing or communication of the signal 

can take place. Recently, a highly integrated example of this strategy was reported by Gao et 

al.11 In this study, a wearable plastic sensor was developed that could be used to analyse a 

variety of analytes in sweat. Glucose and lactate were detected by using electrochemical 

reactions that were catalysed by analyte-specific enzymes. Sodium and potassium were detected 

through the use of ion-selective electrodes, and temperature by using a resistance-based 

temperature sensor.  

 

 

Figure 1.5: Field-based ELISA using an iPOD A) Image of the exterior of an iPOD connected to a dongle that 

contains microfluidic circuitry enabling a field-based ELISA for HIV and syphilis diagnosis. B) Interior of the 

smartphone dongle with reagents and microfluidic circuitry to perform an ELISA. Figure adapted from 

Laksanasopin et al.55 Reprinted with permission from AAAS. 
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All these signals were processed on the wearable chip itself, and communicated to the 

smartphone via Bluetooth. The obtained data could be analysed on the smartphone in real-time. 

Another example of using the smartphone for point-of-care diagnostics using an auxiliary 

device was reported by Laksanasopin et al. who designed a smartphone dongle that enabled 

diagnosis of syphilis and HIV at near-laboratory sensitivity (Figure 1.5).55 Their tests were 

performed in the field in Rwanda. The dongle could be connected to a smartphone via the audio 

jack, which allowed the authors to use the smartphone as the power source to operate a 

microfluidic ELISA. This ELISA, which only took 15 minutes to complete, enabled detection 

of HIV and syphilis antibodies at a high sensitivity and specificity, even in the hands of third-

party, local healthcare workers. Both examples described above used an auxiliary device 

connected to a smartphone to detect analytes in bodily fluids, with signal processing taking 

place in the auxiliary device. Another strategy is to use the smartphones own signal recording 

capacities to detect and process the signal. This would reduce the required complexity of the 

auxiliary device, which should then only act as a reaction chamber. One of the most obvious 

smartphone features to use for signal recording is the camera. Modern smartphones come 

equipped with high quality cameras and enough computing power to perform complex analyses. 

If the smartphone camera is to be used for detection of analytes in biological samples, then the 

presence of these analytes should somehow be translated into an optical signal. This could for 

example be done based on analyte-induced colorimetric or luminescent reactions. Pioneering 

work in this field has been done by the group of Roda. They described the detection of lactate, 

 

 

Figure 1.6: A) Photographic images taken using a mobile phone of solutions containing a known amount of 

lactate.  The optical signal is generated in a lactate-specific chemiluminescent reaction. B) Intensity of 

chemiluminescent signal recorded with mobile phone as a function of lactate concentration in saliva. Figure 

adapted from Roda et al.57 Reprinted with permission. 
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cholesterol and bile acid in serum and oral fluid, using classical enzyme-coupled enzymatic 

reactions that could be performed in a smartphone-compatible, custom-made cartridge (Figure 

1.6).57,58 In these assays, the intensity of luminescence as detected using the smartphone’s 

camera correlated with the concentration of analyte. Recently, they also described the detection 

and quantification of cortisol in saliva using luminescent reactions in a lateral flow 

immunoassay format, with the signal recording and processing performed using a mobile 

phone.59 The signal obtained using such intensiometric sensors requires careful calibration, as 

differences in e.g. pH, temperature, sample thickness and enzyme integrity are likely to 

influence the luminescence intensity. 

 

1.3 Antibody detection  

Antibody detection assays are used in many fields of biomedicine, including the diagnosis of 

infectious diseases, autoimmune diseases and allergies, monitoring the success of 

immunisation, and fundamental research in immunology. Because antibodies are disease-

specific, they are highly interesting targets for diagnosis.60 Early diagnosis of infection is 

important for effective treatment and prevention of further disease transmission. A major 

challenge in the field of antibody diagnostics has been the development of antibody detection 

assays that do not rely on time-consuming or expensive laboratory procedures.2 Ideally, a 

diagnostic antibody assay should be such that it can be performed anywhere, regardless of 

facilities. In particular low-resource areas, where infectious diseases are common but 

laboratories are scarce, would benefit from the development of point-of-care diagnostic 

antibody detection assays. An important additional application for which facile antibody 

detection assays would be valuable is therapeutic drug monitoring. Therapeutic antibodies 

represent an important class of newly introduced drugs and have been particularly successful 

in cancer therapy and the treatment of inflammatory diseases.61,62 The clearance rates of 

therapeutic antibodies are known to differ between individuals and correlate with survival 

rates.63,64 Being able to define a personalised dose per patient based on frequent monitoring of 

therapeutic antibody levels could therefore offer major therapeutic benefits. Furthermore, 

therapeutic antibodies are very expensive and using a patient-optimised dose would suppress 

costs without compromising on treatment effectivity. In order to define this patient-optimised 

dose, antibody concentrations in a patient’s blood should be monitored over a prolonged period 

of time. To prevent the need for frequent hospital visits, it would be desirable to be able to do 

this at the point-of-care.  
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Antibody detection assays 

The development of fast, modular, affordable and facile antibody detection assays is an 

important challenge in point-of-care diagnostics.23,65 Most of the research described in this 

thesis focuses on developing new and sensitive antibody detection strategies that are tailored 

towards the requirements posed by point-of-care diagnostics by requiring minimal sample 

handling and providing a fast response that is easy to interpret. 

Detection strategies for antibodies can be divided in heterogeneous assays and homogeneous 

assays.23 Heterogeneous assays are assays that rely on immobilisation of an antibody-specific 

epitope, followed by two or more separate washing and incubation steps to achieve antibody 

recognition and subsequent signal generation. ELISA has proven to be a highly modular and 

sensitive technique to detect antibodies, but the multi-step nature of the assay makes it less 

suitable for incorporation in a point-of-care diagnostic device. Similarly, the need to perform 

multiple washing and incubation steps is impractical in high-throughput screening applications. 

Other heterogeneous approaches, such as those based on surface plasmon resonance, suffer 

from comparable limitations.66 Although they can in part be circumvented by applying 

automated mixing and washing strategies, for example based on the use of magnetic beads or 

microfluidic circuitry27, these limitations have inspired the development of homogeneous 

assays. 

In contrast to heterogeneous antibody detection assays, homogeneous assays are one-step 

assays, where antibodies can be detected directly in solution without the need for any washing 

steps.23 Homogeneous assays typically involve the use of a biomolecular switch in which 

molecular recognition and signal generation are integrated. The fundamental challenge in 

designing such switches is to devise efficient strategies to translate antibody binding into a 

robust and easily observable signal. Conceptually, the simplest method to detect antibody 

binding in solution is to conjugate an environmentally sensitive fluorescent dye to an epitope 

peptide (figure 1.7A). In practice, finding the proper conjugation site is challenging, however, 

as the dye should be attached in such a way that antibody binding to the peptide results in a 

significant change in its physicochemical properties. At the same time attachment of the 

fluorophore should not interfere with antibody binding. Although some examples have been 

reported, these probes typically show a limited dynamic range and the assay is inherently 

sensitive to other environmental factors. An alternative, more generic approach is to use  
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Figure 1.7: Homogeneous antibody detection strategies based on (A) fluorescence intensity, (B) fluorescence 

polarization, (C) molecular beacons, (D) antibody-induced modulation of enzymatic activity and (E) antibody 

induced enzyme complementation (E). Image adapted from Banala et al.23  

fluorescence polarisation for detection. If a fluorescently labelled peptide binds to an antibody, 

its tumbling speed in solution decreases (Figure 1.7B). If the probe is excited by polarised light, 

the light that the fluorophore emits will remain largely polarised because of this low tumbling 

speed. This polarization can be used to distinguish antibody-bound and –unbound peptides, and 

can therefore serve as a measure of antibody concentration. The predictability of the anisotropy 

effect makes this approach much more generic and allows automation and application in high-

throughput screening. Drawbacks of using fluorescence polarisation are its moderate sensitivity 

and the requirement of specialised instrumentation.67–71 The latter is particularly problematic if 

diagnosis is required in low-resource areas or outside medical centres. Similar drawbacks apply 
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to the use of molecular beacons (figure 1.7C). These consists of a peptide epitope, a fluorophore 

and a quencher.72–76 Antibody binding to the epitope displaces the quencher from the proximity 

of the fluorophore and so a predictable increase in the presence of antibody is observed.  

While the fluorescent assays described above are relatively straightforward in design and 

implementation, these methods lack the enzymatic amplification that is characteristic of ELISA. 

As such, their limit of detection is determined by the lowest fluorescent probe concentration 

that can be reliably measured, which is typically around 1 nM. Several groups have reported 

the development of allosteric antibody reporter enzymes by inserting peptide epitopes into 

permissive sites within reporter enzymes such as β-galactosidase, alkaline phosphatase and β-

lactamase.23 Antibody binding to these inserted epitope sequences affects the structure and/or 

the dynamics of the enzyme’s active site, which translates into either an increase or decrease in 

enzymatic activity (figure 1.7D). The enzymatic amplification means that in principle lower 

antibody concentrations can be detected. However, because the performance of these reporter 

enzymes depends on subtle allosteric mechanisms, the development of each new sensor 

involves a time-consuming process of trial-and-error. It has proven to be challenging to identify 

loops in an enzyme structure that allow insertion of a peptide epitope without severely 

compromising enzymatic activity and, by extension, assay sensitivity. Many of the sensors are 

therefore catalytically compromised with antibody binding often resulting in a further decrease 

in activity.77  

Instead of relying on the subtle allosteric modulation of a reporter enzyme’s active site by 

antibody binding, a different design strategy is to take advantage of the multivalent nature of 

antibodies. All antibodies contain at least two identical antigen binding domains at a distance 

of approximately 10 nm. This bivalency can bring two interacting molecules in closer 

proximity, thus increasing the likelihood of their interaction. Matsumura and co-workers 

introduced the concept of antibody-induced stabilisation of protein–protein interactions to 

develop an antibody sensor based on β-glucuronidase.78 β-Glucuronidase is normally active as 

a homotetramer, but introduction of mutations on one dimerisation interface resulted in the 

formation of a soluble and inactive dimer. A hemagglutinin A (HA) epitope was appended to 

the N-terminus of the dimeric enzyme variant. (figure 1.7E). This tetramer displayed an 

impressive 500-fold increase in enzymatic activity upon addition of 100 nM antibody. The same 

principle can be applied to reconstitute split enzymes. The feasibility of this approach was 

demonstrated by Huang and co-workers.79 Instead of relying on a modified homotetrameric 

reporter enzyme, their design was based on split β-lactamase, with each half of the split enzyme 
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conjugated to an epitope. In the presence of antibody, proximity-induced reconstitution resulted 

in a 3- to 5-fold increase in enzyme activity. In this case, the authors demonstrated the 

modularity of their approach by detecting antibodies directed against His-tags and different 

anti-herpes simplex virus antibodies. This kind of modularity is an important strength of 

approaches based on antibody-induced molecular interactions. Their mechanism of activation 

relies on the presence of two identical antigen binding domains; a structural property that is 

shared by all antibodies. Sensor performance should therefore be relatively insensitive to the 

specific antigen–antibody interaction. Unfortunately, in both examples the activities of the 

reporter enzymes were severely attenuated compared to their parent enzymes. The catalytic 

efficiency of the antibody induced β-glucuronidase tetramer was about 9% of that of the wild-

type enzyme, whereas the activity of the split β-lactamase system after complementation was 

only 1% compared to wildtype β-lactamase. An additional drawback of these sensor designs is 

that their performance depends on the concentration of its components. The use of monomeric 

protein concentrations that are too high will yield a high background signal, while very low 

protein concentrations may hamper signal detection. 

AbSense – FRET-based antibody detection 

Instead of using the antibody to bring together a two-component reporter system, antibody 

binding can also be used to disrupt the interaction between two domains. The advantage of this 

strategy is that the two domains can be part of a single protein construct. This approach was 

first explored by our group in the design of a protein-based antibody sensor. This sensor relied 

on the principle of Förster Resonance Energy transfer (FRET).80 FRET is a quantum-

mechanical phenomenon that allows non-radiative transfer of excited state energy from a high-

energy chromophore (donor) to a lower-energy chromophore (acceptor). Energy transfer is 

promoted by an electronic interaction that involves a coupling of the transition dipole moments 

of the donor and acceptor chromophore. The efficiency of this process is governed by a number 

of factors, such as the distance between the fluorophores, their relative orientation and the extent 

to which the emission spectrum of the donor overlaps with the excitation spectrum of the 

acceptor. The energy transfer efficiency can be described using equation 1.1. 

� =  
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Where E is the energy transfer efficiency, r is the distance between donor and acceptor and R0 

is the Förster distance in meter. The Förster distance is the distance where energy transfer 

efficiency is 50%, and can be calculated using equation 1.2 

�� = 0.21[��������(�)]� �⁄     1.2 

In this equation, QD is the quantum yield of the donor in the absence of acceptor, κ is the 

orientation factor, J is a measure for the spectral overlap of donor and acceptor and n is the 

refractive index of the medium. Practically, this means that efficient energy transfer can only 

occur when donor and acceptor are in close proximity to each other. In addition, the emission 

spectrum of the donor should have a high degree of overlap with the excitation spectrum of the 

acceptor. The strong dependence of the energy transfer efficiency on both the distance and the 

orientation of the fluorophores provides a generic mechanism to translate conformational 

changes in a receptor domain into a change in fluorescent spectral properties.81,82 An important 

advantage of FRET-based sensors is that their response is ratiometric, meaning that the ratio 

between the donor and acceptor emission provides a measure of the ligand concentration that 

is independent of (changes in) the absolute sensor concentration and less sensitive to 

background fluorescence compared to intensity-based sensors. For this reason, FRET has found 

 

Figure 1.8: Antibody sensing mechanism of AbSense. Antibody binding to the two epitopes in the semi-

flexible linker disrupts the interaction between the self-associating Cerulean and Citrine domains (blue 

and green dots). The decrease in FRET efficiency can be observed in the sensor emission spectrum. The 

ratio between blue and yellow emission serves as the measure of antibody concentration. Figure adapted 

from Golynskiy et al.22 
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extensive application in the development of protein-based biosensors. AbSense, a FRET-based 

antibody sensor developed previously in our group, consists of two fluorescent proteins, 

Cerulean and Citrine, which emit cyan and yellow light, respectively (Figure 1.8).22 The 

fluorescent proteins were tethered together via a long, semi-flexible linker that contained two 

identical epitopes adjacent to the fluorescent domains. The linker contained two α-helical 

blocks to ensure efficient bridging of the ~ 10 nm distance between the antigen binding domains 

of the target antibody. Because the fluorescent proteins contain self-association promoting 

mutations, they form an intramolecular domain interaction in the absence of antibody. In this 

state, FRET from Cerulean to Citrine is very effective, yielding relatively intense Citrine 

emission. Bivalent binding of an antibody to the epitopes in the linker disrupts the interaction 

between the fluorescent domains, resulting in a strong decrease in FRET. A 5.5-fold decrease 

in Citrine over Cerulean emission was observed in the presence of the HIV1-p17 target 

antibody, with the sensor binding the antibody with an apparent Kd of 25 nM. This assay 

requires only 5 minutes, which is the time for the binding to reach equilibrium and measure an 

emission spectrum. 

 

 

 

 

Figure 1.9: Antibody sensing mechanism of the β-lactamase-BLIP based sensor. Antibody binding to 

the two epitopes in the semi-flexible linker disrupts the interaction between β-lactamase and BLIP, 

activating the enzyme. As such, the enzyme activity can be used as the measure of antibody 

concentration. Figure adapted from Banala et al.24 
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Antibody-induced disruption of an enzyme-inhibitor pair 

The limit of detection for the antibody FRET sensor protein is constrained by the minimal 

amount of fluorescent probe that can be reliably measured, which in this case is approximately 

10 nM. In subsequent work, the same sensing strategy was used to control the interaction 

between a reporter enzyme and its inhibitor, allowing enzyme-amplified detection of antibodies 

in solution.24 In this design the fluorescent proteins were replaced by β-lactamase on one side 

and the β-lactamase inhibitor protein (BLIP) on the other side (Figure 1.9). To better understand 

the interactions governing switching of the sensor from the closed to the open state, a 

thermodynamic model that combines the equilibria involved in antibody-sensor binding was 

developed (figure 1.10). The model is composed of four parameters, which are the binding 

interactions Kd,AP  (antibody-epitope interaction) and Kd,EI (enzyme-inhibitor interaction) and 

the respective effective concentrations of the interacting components (Ceff,AP and Ceff,EI) 

resulting from the intramolecular nature of the interactions. From the model, it follows that the 

interaction between the antibody and the epitope needs to be sufficiently strong to disrupt the 

interaction between the enzyme and the inhibitor. This property provides the system with an 

inherent specificity, as weak-binding epitopes do not have sufficient binding affinity to activate 

the sensor. Early versions of the β-lactamase-BLIP based sensor were not responsive to their 

target antibody. Based on the thermodynamic model it was hypothesised that this lack of 

responsiveness was attributable to a too high affinity between enzyme and inhibitor. Indeed, 

attenuation of this interaction by introducing several mutations on the interface between the 

enzyme and inhibitor proved to be the key to obtaining responsive sensors. Using the HIV1-

p17 antibody as an initial target, the interaction between enzyme and inhibitor was carefully 

tuned to yield a reporter enzyme whose activity increased 10-fold in the presence of pM 

antibody concentrations. Reporter enzymes for two other antibodies (HA-tag and dengue virus 

type I) were obtained by simply replacing the epitope sequences. The enzymatic signal 

amplification in the sensor concept meant that much lower sensor concentration could be used 

compared to the FRET sensor. This enabled the observation that the bivalent interaction 

between the sensors and antibodies resulted in a 100–200-fold increase in overall affinity 

compared to the monovalent peptide–antibody interaction, with sensor affinities in the 

picomolar regime. Another interesting feature of the sensor is that the activated enzyme can 

catalyse a colour reaction from yellow to red, which is easy to observe even in a point-of-care 

setting (Figure 1.9). However, this also means that the sensor should be carefully calibrated  
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Figure 1.10: Thermodynamic model describing the binding equilibrium between the antibody sensor based on β-

lactamase (E) and its inhibitor protein BLIP (I). Kd,AP = intermolecular dissociation constant of monovalent 

antibody-epitope binding. Kd, EI = intermolecular dissociation constant of the enzyme-inhibitor pair. Ceff, EI = 

effective concentration of the enzyme-inhibitor pair. Ceff, AP = effective concentration of the antibody-epitope 

complex. Image was obtained from Banala et al. 24 Reprinted with permission. 

with appropriate controls used in every measurement, as not only antibody-induced activation, 

but also differences in enzyme stability, temperature and other environmental factors will affect 

the enzymatic reaction rate. 

Antibody-induced DNA separation 

Following our initial report of the FRET-based antibody sensor, Plaxco and coworkers also 

developed an antibody detection strategy based on antibody-induced disruption of molecular 

interactions.21 Their design, a bioelectrochemical switch, allowed quantitative and rapid 

detection of antibodies directly in whole blood. The switch consisted of single-stranded DNA 
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that contained two identical antigens at the ends of the oligonucleotide chain, roughly 12 nm 

apart (Figure 1.11). One end of the DNA was attached to a gold electrode, the other end was 

labelled with methylene blue, a redox probe. In the absence of antibody the ssDNA 

predominantly forms a stem–loop structure, bringing the redox probe in close proximity to the 

gold surface, which allows efficient electron transfer. Bivalent binding of the target antibody to 

each of the antigens forces the ssDNA to adopt a more stretched conformation, which moves 

the redox probe away from the gold surface and results in a decrease in current. This principle 

was demonstrated by targeting an antibody against 2,4-dinitrophenol (DNP) (Kd of 3.6 nM), 

and subsequently successfully expanded to include sensors for anti-digoxigenin and anti-HIV 

AF5 antibodies. Antibody binding typically decreased the current roughly two-fold, not only in 

buffer but also in undiluted samples of whole blood. A conceptually similar strategy was 

reported by Ricci and coworkers, who developed an antibody sensing strategy based on the use 

of two epitope-labeled DNA strands.83 Together, these strands were complementary to a 

reporter strand in such a way that upon hybridization the reporter strand formed a stem-loop 

structure. This brought a fluorophore and a quencher in close proximity. Antibody binding to 

the epitope-labelled DNA strands pulled the stem-loop open, resulting in an increase in 

fluorescence.  

 

Figure 1.11: A) Design of the bioelectrochemical switch for antibody detection introduced by Plaxco and 

coworkers. B,C) A 50% current reduction is observed upon addition of anti-DNP antibodies, with an overall Kd 

of 3.6 nM. Figure adapted from Vallée-Bélisle et al.21 Reprinted with permission. 

1.4 Bioluminescence, luciferases and BRET sensors 

Fluorescence has been a very important tool in the development of protein-based antibody 

sensors. However, the necessity for external illumination means that autofluorescence and 

scattering will inevitably restrict the sensors limit of the detection to the lowest sensor 

concentration that can reliably be measured. An alternative to using fluorescence that is much 

less sensitive to autofluorescence and scattering is bioluminescence, where light is generated 
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by the enzymatic conversion of a substrate by a luciferase, eliminating the need for external 

illumination.  Until recently, luciferases were not considered for incorporation in point-of-care 

diagnostic technology, mainly because of their modest brightness and stability. Recent 

developments, notably the development of the very bright and stable NanoLuc have changed 

this situation, offering the possibility of developing protein-based antibody sensors with a very 

low limit of detection.  

Bioluminescence, the ability of living organisms to generate light, has been known since 

antiquity. Aristotle was the first to record detailed observations of bioluminescent organisms. 

These organisms produce light in a highly efficient manner, with little energy wasted in the 

form of heat, leading Aristotle to describe bioluminescence as ‘cold light’.84  Through the 

centuries, more bioluminescent species were described and understanding of the phenomenon 

progressed. In the late 19th century, Raphael Dubois managed to identify the two compounds 

responsible for luminescence in click beetles.85 The first of these compounds, an organic 

molecule that was consumed in the reaction, he called luciferin. Likewise, the enzyme 

responsible for catalysing the reaction was called luciferase. This principle, of a luciferase 

enzyme converting a luciferin to generate light, is now known to be a general principle for light 

generation in different luminescent organisms. However, each luminescent species has evolved 

its own combination of luciferase and luciferin, and interchange of luciferins and luciferases of 

different species does not necessarily yield luminescence. Among others, luciferases 

originating from the North American Firefly, the sea pansy Renilla reniformis and the copepod 

Gaussia princeps have been identified in addition to the luciferase expressed by click beetles. 

All of these luciferases catalyse the conversion of a luciferin, leading to light emission at a 

wavelength that is characteristic of the particular luciferin-luciferase pair. The main properties 

of these prominent luciferases are summarized in table 1.1.84,85 The reaction schemes for the 

luminescent reactions of Firefly luciferase (FLuc) and Renilla luciferase (RLuc) are shown in 

figure 1.12. 

In 1985, the successful cloning of Firefly luciferase into Escherichia coli was reported. This 

was a crucial step to eventually enable the use of luciferases in a very wide range of 

biotechnological applications.86 Each luciferase has a different combination of substrate, 

required cofactors, molecular weight, thermodynamic stability, peak emission wavelength, light 

intensity and signal duration.  The specific requirements posed by each application decide
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Table 1.1: Key properties of commonly used luciferases. Adapted from England et al.85 

Luciferase Substrate Cofactors Size (kDa) Emission wavelength (nm) 

Click beetle D-luciferin ATP and Mg 64 600 

Firefly D-luciferin ATP and Mg 61 560 

Renilla Coelenterazine - 36 480 

Gaussia Coelenterazine - 20 470 

 

which luciferase is most suited. For example, one application of luciferases can be found in the 

imaging of specific molecular events or tissues in living organisms.87,88 For this application, it 

is crucial that light originating from the luciferase shows a high degree of tissue penetration. A 

bright luciferase that emits in the red or infrared area of the spectrum is ideal for this. Another 

popular application of luciferases is to use them as reporters of gene transcription, where a gene 

of interest is coupled to a gene encoding a luciferase.89–92 If the gene of interest is transcribed, 

the luciferase will also be transcribed, and if the cells are luminescent in the presence of 

substrate then this luminescence can be used as a quantitative measure of gene transcription. 

An important consideration here is the duration and stability of the luminescent signal. This 

signal can either be flash luminescence, where the luciferase consumes the substrate fast to 

produce intense light, or the signal can have a more glow-like character. In this case, 

luminescence is usually dimmer, but the signal retains a relatively stable intensity over a 

prolonged period of time. 

 

Figure 1.12: A) Conversion of D-luciferin to oxyluciferin by Firefly luciferase. B) Conversion of coelenterazine 

to coelenteramide by Renilla luciferase. Adapted from England et al.85 
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Luciferases can also be incorporated in FRET sensors, acting as the donor chromophore. Such 

sensors are commonly referred to as BRET (bioluminescence resonance energy transfer) 

sensors. An important consideration when designing a BRET sensor is the choice of the donor 

luciferase. Until recently, the most popular luciferases have been FLuc and RLuc. FLuc is a 61 

kDa protein that emits orange light (λmax = 562 nm) by oxidation of D-luciferin, which requires 

ATP as a co-substrate. Although the orange emission is attractive for in vivo imaging, the dim 

emission and its dependence on ATP and Mg2+ have hampered its broad application as a donor 

in BRET-sensors. RLuc is a 36 kDa enzyme originally isolated form the sea pansy Renilla 

reniformis. An important advantage of RLuc and other luciferases from marine origins is that 

they do not require ATP and catalyse the direct oxidation of coelenterazine and other 

imidazopyrazinone-like substrates to form a dioxetane intermediate. By release of CO2, this 

unstable intermediate decomposes to an excited state coelenteramide anion, which emits blue 

light of approximately 480 nm. Protein engineering efforts have yielded a number of RLuc 

variants with improved stability, brightness, and emission wavelength.93,94 In addition, further 

red-shifted colour variants of RLuc have been reported. These so called Nanolanterns are 

actually fusion proteins of a bright RLuc mutant (RLuc8) with fluorescent proteins. The close 

proximity of the fluorescent protein to RLuc8 allows for highly efficient BRET, and so the 

emitted light mainly originates from the red-shifted fluorescent protein.87,95 Another way to 

enhance the performance of bioluminescent reporter systems is by modification of the luciferase 

substrates, which has yielded substrates showing increased brightness, a reduced sensitivity for 

auto-oxidation, different spectral properties, or enhanced bio-availability.96 Also a range of 

caged substrates have been developed that can be used to report on the presence of specific 

enzymes such as β-galactosidase, glycosidase and caspases.97  Most BRET sensors developed 

to date are based on RLuc or its improved variants such as RLuc8. The choice of the acceptor 

domain is often a compromise between good spectral overlap of the donor emission and 

acceptor excitation on the one hand, and maximal spectral separation between donor and 

acceptor emission on the other hand. While GFP has a better spectral overlap with RLuc 

emission, YFP or one of its optimized variants such as Venus or Citrine, are typically preferred 

as the acceptor domain, because of better spectral separation between the donor and acceptor 

emission. For example, the group of Nagai developed a bioluminescent Ca2+ indicator 

consisting of the calmodulin-M13 domain sandwiched in between Venus and RLuc8.87 The 

BRET-based response of this sensor was optimized by testing circularly permuted variants of 

Venus and by changing the order of the domains, yielding a variant with a ~60% dynamic range  
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that allowed single-cell Ca2+ imaging. Other groups developed BRET-sensors for cGMP and 

cAMP imaging by inserting specific ligand binding domains in between a fluorescent protein 

and RLuc.98,99  

In addition to their modest photon output, BRET-sensors using Renilla luciferase and other 

classical luciferases have some other drawbacks. They typically show a burst of luminescence 

followed by a rapid decrease in signal, which hampers time-dependent measurements. Both 

RLuc and FLuc also have limited thermodynamic stability, restricting their applicability to 

intracellular measurements. Many of these drawbacks have been successfully addressed by the 

development of NanoLuc.100 NanoLuc is a small (19 kDa) engineered luciferase based on the 

catalytic domain of a luciferase isolated from the deep sea shrimp Oplophorus 

gracilirostris.101,102 Following several rounds of directed evolution and screening for improved 

brightness, thermodynamic stability and substrate preference, a thermodynamically very stable 

luciferase was obtained that in combination with the substrate furimazine was shown to be 100-

fold brighter than Renilla and firefly luciferases (figure 1.13).100 NanoLuc produces a glow-

type luminescence that is relatively stable over time. Its emission peak at 460 nm is similar to 

that of Renilla luciferase, making it an ideal donor to cyan and green fluorescent proteins and 

synthetic dyes such as Cy3. However, the relatively long tail in the emission peak above 500 

nm also allows it to be used as a BRET donor for orange/red fluorescent proteins and red-shifted 

dyes. NanoLuc thus represents an attractive donor luciferase for BRET-based assays, either in 

screening for protein-protein interactions or when used in BRET-sensors.25,26,103–105 In a recent 

study, Perroy and co-workers directly compared the performance of RLuc8 and NanoLuc as 

BRET donors in a BRET-sensor for ERK activity. The latter was found to be superior in terms 

of spatial and temporal resolution, signal stability, and dynamic range.106  

LUCIDS – Semisynthetic luminescent proteins for small molecule sensing 

The 100-fold increase in brightness and glow-type luminescence offered by NanoLuc, 

combined with its remarkable thermal stability and pH insensitivity, mean that NanoLuc-based 

BRET-sensors can be an attractive new class of sensor proteins for use in point-of-care 

applications.  

In 2014, Johnsson and co-workers reported on the development of LUCIDs (LUCiferase-based 

Indicators of Drugs), a series of NanoLuc-based BRET-sensor proteins that can detect a variety 

of small-molecule drugs.25  
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Figure 1.13: NanoLuc luminescence properties in comparison to other luciferases. A) NanoLuc 

emission is around 100 times brighter than that of Renilla (RLuc) and Firefly (FLuc) luciferase. B) 

Emission spectra of NanoLuc, RLuc, FLuc and click beetle luciferase (CBR) show NanoLuc to be the 

most blue-shifted of these luciferases. C,D) NanoLuc is superior to FLuc both in terms of temperature 

tolerance (C) and pH tolerance (D).E) Reaction scheme of conversion of furimazine to furimamide by 

NanoLuc. Adapted from Hall et al.100 Reprinted with permission. 

The LUCID sensor architecture was adopted from Snifit sensors, a series of semi-synthetic 

FRET-based sensor proteins developed by the same group. Snifits are FRET sensors that rely 

on a SNAP-tag and a CLIP-tag. The SNAP- and CLIP-tags are self-labelling protein domains 

that can be specifically functionalized with a molecule of interest.107–109 In Snifit the CLIP-tag 

is labelled with a donor fluorophore, while the SNAP-tag is used to introduce both an acceptor 

fluorophore and a ligand that can form an intramolecular complex with an analyte-specific 

ligand binding domain (Figure 1.14). The Snifit sensor principle is based on competition 
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between an intramolecular ligand and intermolecular binding to the ligand binding domain. In 

the absence of the analyte of interest, the Snifit sensor adopts a closed conformation, keeping 

the fluorophores in close proximity which leads to efficient FRET. Binding of analyte displaces 

the intramolecular ligand from the ligand binding domain, increasing the distance between the 

two fluorophores, leading to a decrease in FRET. In recent years the ratiometric response of the 

Snifit sensors has been further optimized by introducing a relatively rigid, 30 amino acid 

polyproline linker between the ligand binding CLIP-tag and the SNAP tag domains  and by 

introducing donor fluorophores directly into the ligand binding domain by the site-specific 

incorporation of non-natural amino acids.110–112 This has yielded sensors that display an 

impressive 30-fold change in emission ratio between the analyte-free and -bound state. The 

main difference between the bioluminescent LUCID sensors and the fluorescence-based Snifit 

sensors is the replacement of the fluorescent donor domain by NanoLuc. 25 In LUCIDs, Cy3 is 

used as the BRET acceptor, because its excitation spectrum shows sufficient overlap with the 

NanoLuc emission, whereas its emission peak at 565 nm is well-separated from that of 

NanoLuc. The first LUCID sensor was designed to detect the anti-cancer drug methotrexate. 

Bacterial dihydrofolate reductase (DHFR) was used as the receptor domain, whereas 

trimethoprim (TMP), a weaker binding analogue of methotrexate, was selected as a suitable 

intramolecular ligand. The initial design showed a 218% change in emission ratio upon addition 

of methotrexate with a C50 (concentration at which the signal change is 50%) of 0.75 ± 0.04 

μM. Since the BRET efficiency in the open, analyte-bound state was already very low, the 

dynamic range was further improved by optimizing the BRET efficiency in the closed state. 

This was achieved by using a circularly permuted DHFR variant (cpDHFR), which relocated 

the receptor domain’s N-terminus to a loop right next to the active site. Since the acceptor 

fluorophore is located next to the intramolecular ligand this permutation decreased the distance 

between NanoLuc and the acceptor fluorophore in the closed state, resulting in a six-fold 

increase of the dynamic range to 1340 ± 90%. Conveniently, the concentration regime in which 

LUCIDs are most responsive can be adjusted by changing the  
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Figure 1.14: Schematic representation of Snifit (A) and LUCID (B) sensor design. In both cases, if an 

analyte is present at sufficient concentrations, it displaces the intramolecular ligand from the analyte-

specific receptor domain. This leads to a decrease in energy transfer efficiency, as shown in C for a 

LUCID variant designed to detect methotrexate. D) Affinity variation yielded sensors that cover the 

entire therapeutically relevant window. E) A Styrofoam box mounted with a digital camera could be 

used to record the sensor signal. F) The methotrexate-dependent colour change in LUCID emission 

recorded using the digital camera.25Reprinted with permission. 
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affinity of the intramolecular ligand. In the sensor described above, the sensor affinity could be 

effectively attenuated by replacing TMP with methotrexate, increasing the C50 to 85 ± 6 μM. 

This ability to rationally adjust the C50s by tuning the affinity of the competing, intramolecular 

ligand binding is important, because it allows one to broaden the responsive concentration 

regime, in this case between 100 nM and 500 μM. An important challenge associated with using 

optical sensors in blood is the problem of patient-to-patient-variation in autofluorescence and 

absorbance. Even though the lack of autofluorescence and diminished light scattering makes 

bioluminescence more compatible with detection in blood plasma, Johnsson and co-workers 

still observed that the emission spectrum of LUCID was sensitive to physiologically relevant 

concentrations of the light-absorbing bilirubin when using the LUCID sensors in blood serum. 

An effective strategy to suppress the sensitivity to bilirubin concentration, which is known to 

vary between individuals, was to perform the assay on filter paper to minimize the distance that 

the bioluminescent light has to travel through blood plasma. Using a simple digital camera 

installed in a Styrofoam box to exclude ambient light, the transition from red to blue induced 

by increasing methotrexate concentrations was easily observed and the emission ratios could 

be determined using ImageJ software. A comparison of this paper-based LUCID assay with a 

standard polarization immunoassay on 30 patient samples yielded very comparable results. To 

demonstrate the modularity of the LUCID system, the methotrexate-specific DHFR domain 

was replaced by ligand binding domains targeting a range of other small molecules including 

tacrolimus, sirolimus, cyclosporin A, topiramate and digoxin. Although the modular design of 

the sensor proteins allowed straightforward exchange of receptor domains and intramolecular 

ligands, in all cases optimization of BRET in the absence of analyte was required. In some 

cases, such as in the cyclosporine A binding LUCID, this was achieved through circular 

permutation of the receptor domain. In the digoxin- binding LUCID, the order of the domains 

in the sensor was inverted, because in this case the active site of a receptor domain was closer 

to the C- than to the N-terminus. To extend the range of analytes to e.g., protein targets, the 

Johnsson group also reported a second class of BRET-sensors called CLASH (Chemical Ligand 

Associated Steric Hindrance).26 CLASH proteins have the same overall structure as LUCIDs, 

following the SNAP-Pro30-NanoLuc-receptor domain design. Whereas LUCIDs and Snifits 

rely on competition between intra- and intermolecular ligand binding to the same ligand binding 

domain, the CLASH sensors contain two ligands, one of which can bind intramolecularly to a 

receptor domain, while the other binds to the target protein. Because of steric hindrance, binding 

of the synthetic ligands to their respective receptor domains is mutually exclusive.  
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BRET-FRET sensors 

BRET-sensors are often developed starting from an existing FRET-sensor by replacing the 

fluorescent domains by a luciferase and a matching fluorescent acceptor domain. The example 

discussed above demonstrates that this strategy can be successful, in large part because the 

parental FRET sensor underwent a conformational change between two well-defined, mutually 

exclusive states upon target binding. Many FRET-sensors rely on more subtle allosteric 

mechanisms, however, and the development of these FRET-sensors typically involved 

extensive optimization of linker lengths, testing various domain orientations and circular 

permutations, meaning that simple replacement of the donor fluorophore with a luciferase often 

does not yield a useful BRET-sensor. Instead of replacing the donor fluorescent domain by a 

luciferase, our group recently introduced an alternative design strategy in which a luciferase 

domain is simply fused close to the donor fluorescent domain. This approach allows the 

introduction of bioluminescent detection, while retaining the previously optimized FRET-

sensor properties. NanoLuc is an attractive luciferase for this approach, because its emission 

spectrum overlaps with that of cyan fluorescent proteins such as cerulean, the donor fluorescent 

domain used in most FRET-sensors developed to date. 

In our group, the feasility of this approach was tested by converting two fluorescent Zn2+ 

sensors into bioluminescent sensors.113 In these bioluminescent sensors, Nanoluc was simply 

introduced next to Cerulean, the donor fluorescent protein. Bioluminescent excitation of 

Cerulean takes place via BRET, and this energy is subsequently transferred to the yellow 

acceptor Citrine via FRET. As the emission spectrum of NanoLuc also shows some overlap 

with the excitation peak of Citrine, direct BRET between NanoLuc and Citrine additionally 

affects the sensor’s response to ligand binding. NanoLuc was attached to the N-terminus of 

Cerulean in eCALWY-1 using a short linker to allow independent folding of NanoLuc and 

Cerulean. In the eCALWY sensor, the two ligand binding domains Atox1 and WD4, which 

together can coordinate one Zn2+ ion, are fused via a long, flexible linker and flanked by self-

associating Cerulean and Citrine domains.114 In the absence of Zn2+ the interaction of the 

fluorescent domains results in a high-FRET state, which is disrupted by Zn2+ complexation, 

inducing a decrease of FRET. Unfortunately, the BRET sensor displayed a poor ratiometric 

response upon Zn2+ binding. The second Zn2+ FRET-sensor tested, eZinCh-2, binds Zn2+ via  

histidine and cysteine residue located on the surface of both Cerulean and Citrine, which are 

fused via a long, flexible linker.115 Again, Nanoluc was introduced next to cerulean to create a 

bioluminescent sensor, BL-ZinCh. BL-ZinCh displayed a large and robust ratiometric response 
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to Zn2+ binding. This contrasted with BL-CALWY’s relatively poor response, and may be 

explained by the observation that both sensors rely on different mechanisms. Importantly, the 

spatial separation in the absence of Zn2+ is probably higher in the case of BLZinCh, leading to 

less efficient BRET in this conformation. Interestingly, the Zn2+ affinity of the sensors of the 

BRET and FRET sensor variants were very similar. The newly developed luminescent Zn2+ 

sensors were successfully applied to monitor the cytosolic free Zn2+ concentration in 

mammalian cells in using both a microscope and a plate-based format. An interesting feature 

of BL-ZinCh is that it can be used both as a FRET sensor and as a BRET sensor. In the plate-

based assays, it was clearly demonstrated that the free Zn2+-concentration could be monitored 

reliably using bioluminescence, but that the signal was dominated by scattering artefacts when 

using fluorescence. Increased compatibility with plate-based assays is therefore an important 

additional advantage of BRET over FRET sensors. Recently, our group has also demonstrated 

this using bioluminescent and fluorescent caspase sensors that enabled monitoring of apoptosis 

in a plate-based format.116 

 

1.5 Aim and outline 

The main aim of the research described in this thesis was to develop new luminescent sensor 

proteins that allow facile detection of antibodies and antigens. The homogeneous nature of these 

assays should make them compatible with point-of-care diagnostic approaches. In addition, the 

described assays were developed with a strong focus on modularity to enable application of the 

assays for the detection of many different types of antibodies and antigens.  

Chapter 2 describes the development of a series of luminescent sensor proteins called 

LUMABS that enables detection of low picomolar concentrations of antibody directly in 

solution without the need for any washing steps. The LUMABS sensors are based on the use of 

a BRET pair composed of NanoLuc as donor and mNeonGreen as acceptor domain. Antibody 

binding to epitopes in the linker domain connecting the BRET pair induces a conformational 

change that leads to a decrease in BRET from NanoLuc to mNeonGreen. The decrease in BRET 

causes the colour of emission to change from green to blue; a colour change that can be observed 

using a conventional smartphone camera even when measuring in undiluted blood plasma. The 

modularity of the LUMABS design is demonstrated by targeting three different antibodies (anti-

HIV, HA, and DEN1 antibodies). 
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In Chapter 3, the modularity of the LUMABS sensor design is further explored by developing 

sensors that can process multiple inputs and generate different outputs. First a sensor is 

developed that can translate multiple different inputs into the same output. Subsequently, 

different red-shifted acceptors are incorporated in LUMABS in order to identify a suitable 

acceptor to use alongside mNeonGreen in multiplexed assays. Finally, a sensor containing two 

different acceptor fluorophores is developed. This sensor is capable of processing multiple input 

signals and provides an input-specific response. 

Initial LUMABS sensors were designed in such a way that only linear sequences of amino acids 

could be incorporated as epitopes. In Chapter 4, the scope of the LUMABS sensor design is 

further expanded by introducing a bioorthogonal chemical handle in the sensor linker at the 

epitope sites. This handle, para-azidophenylalanine, enables the incorporation of chemically 

diverse epitopes conjugated to a dibenzocyclooctyn group in LUMABS via strain-promoted 

copper-free click chemistry. Using this strategy, sensors to detect anti-DNP and anti-creatinine 

antibodies are developed. In addition, the application of LUMABS sensor technology is 

expanded towards small-molecule detection by detecting creatinine in a competitive assay 

format. 

Chapter 5 describes the site-specific labelling of antibodies with luminescent proteins for a 

variety of antigen sensing purposes. Labelling is achieved using LASIC technology, a 

photoconjugation method that enables site-specific, homogeneous labelling of proteins that 

incorporate a photoreactive protein G variant. The luminescent protein – antibody conjugates 

are used in a variety of antigen-sensing assays. First, the conjugates are used to measure 

expression levels of cancer-related cell-surface markers (EGFR) in cell cultures. Next, complete 

LUMABS sensors are conjugated to HIV-1 p17 antibodies, and the application of these 

conjugates for the purpose of antigen sensing is explored. Furthermore, the development of a 

sensitive in-solution antigen detection assay based on proximity-induced split-NanoLuc 

complementation is described. For this, two protein-G-split-NanoLuc fragments are 

photoconjugated to two antibodies that bind an antigen at a different site. After binding to the 

antigen, the proximity of the split NanoLuc fragments leads to complementation and increased 

luminescence. Initial results show that the assay can be used to detect cardiac troponin I at 

subnanomolar concentrations. 

In Chapter 6, the potential of luminescent and fluorescent ratiometric sensor proteins to 

measure the free Zn2+ concentration in blood serum is investigated, using both existing sensors 
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and a newly developed luminescent Zn2+ based on NanoLuc and mNeonGreen. The 

measurements in this chapter indicate that the free Zn2+ concentration in serum is around 3 nM. 

The new luminescent sensor, BL-2His-1, binds Zn2+ with a relatively low affinity, making it 

most suitable for applications where the free Zn2+ concentration is relatively high, such as brain 

tissue and certain organelles.  
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Detection of antibodies in blood plasma using 
bioluminescent sensor proteins and a smartphone 

 

 

 

 

Abstract 

Antibody detection is of fundamental importance in many diagnostic and bioanalytical assays, 

yet current detection techniques tend to be laborious and/or expensive. In this chapter, we 

present a new sensor platform (LUMABS) based on Bioluminescence Resonance Energy 

Transfer (BRET) that allows detection of antibodies directly in solution using a smartphone as 

the sole piece of equipment. LUMABS are single-protein sensors that consist of the blue-light 

emitting luciferase NanoLuc connected via a semi-flexible linker to the green fluorescent 

acceptor protein mNeonGreen, which are kept close together using helper domains. Binding of 

an antibody to epitope sequences flanking the linker disrupts the interaction between the helper 

domains, resulting in a large decrease in BRET efficiency. The resulting change in colour of 

the emitted light from green-blue to blue can be detected directly in blood plasma, even at pM 

concentrations of antibody. Moreover, the modular architecture of LUMABS allows changing 

of target specificity by simple exchange of epitope sequences, as demonstrated here for 

antibodies against HIV1-p17, hemagglutinin (HA) and Dengue virus type I. The combination 

of sensitive ratiometric bioluminescent detection and the intrinsic modularity of the LUMABS 

design provides an attractive generic platform for point-of-care antibody detection that avoids 

the complex liquid handling steps associated with conventional immunoassays.  

 

 

This work has been published as: 

R. Arts, I. den Hartog, S.E. Zijlema, V. Thijssen, S.H. van der Beelen, M. Merkx, Detection of antibodies 
in blood plasma using bioluminescent sensor proteins and a smartphone, Analytical Chemistry, 2016, 
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2.1 Introduction 

Antibody-based molecular recognition plays a dominant role in the life sciences ranging from 

applications in diagnostics and molecular imaging to targeted drug delivery and therapy. 

Antibodies are important biomarkers in a broad range of diseases, and especially important for 

the diagnosis and surveillance of infectious diseases, autoimmune diseases and allergies.1–4 In 

addition, antibodies constitute an important class of newly introduced drugs, in particular in the 

field of oncology and inflammatory diseases.5,6 While a wide variety of sensitive antibody 

detection strategies have been developed, many of them come with intrinsic limitations such as 

the requirement for multiple time-consuming incubation steps (ELISA), multiple reagents or 

sophisticated equipment (Luminex, SPR). Being integrated in all aspects of modern life, mobile 

phones are considered as ideal devices for point-of-care diagnostic applications. The most 

common approach in this rapidly developing area has been to miniaturize current analytical 

work-flows such as immunoassays using microfluidics and lab-on-chip technology.7–14 

However, the heterogeneous nature of these assays, the requirement for multiple binding and 

washing steps, and the requirement for additional measurement interfaces between the assay 

and the mobile phone present important limitations. New generic antibody detection strategies 

in which molecular recognition, information processing and signal generation are integrated 

within a single molecular sensor would therefore be ideal for mobile phone-based point-of-care 

applications. 

We have previously introduced a new sensor principle that allows specific detection of 

antibodies directly in solution.15,16 This generic concept uses the characteristic Y-shaped 

presentation of two antigen binding domains to control the intramolecular interaction between 

two output domains in a sensor protein. Proof-of-principle was provided using a Förster 

Resonance Energy Transfer (FRET) sensor consisting of self-associating donor and acceptor 

fluorescent domains connected by a long, semi-flexible peptide linker, whose interaction could 

be specifically disrupted by a bivalent interaction between the target antibody and two peptide 

epitope sequences flanking the two fluorescent domains.15 The limit of detection for this FRET 

sensor was modest, however, since detection relied on external illumination and lacked a signal 

amplification step. More recently, we used the same principle to control enzyme activity.16 The 

affinity between the reporter enzyme TEM1 β-lactamase and its inhibitor protein BLIP was 

reengineered such that an intramolecular interaction between enzyme and inhibitor could be 

easily disrupted by bivalent binding of a target antibody, allowing enzyme-amplified detection 

of pM antibody concentrations directly in solution. Although this system showed increased 
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sensitivity and allowed the use of simple colorimetric substrates, the reporter enzyme showed 

attenuated activity in serum and it lacked the intrinsic calibration provided by the dual colour 

FRET system. The same molecular recognition principle was also used by Plaxco and co-

workers in conjunction with electrochemical detection, where antibody binding to a bivalent 

peptide-DNA capture molecule increases the distance between a redox mediator and the 

electrode surface.17 The latter approach enabled detection of low nanomolar concentrations of 

antibody directly in whole blood, but the dynamic range of the signal was relatively small and 

not ratiometric.  

In this work we sought to combine the key benefits of the previous sensor formats, ratiometric 

detection and signal amplification, respectively, in a new sensor format based on 

Bioluminescence Resonance Energy Transfer (BRET). The highly efficient blue-light emitting 

luciferase NanoLuc was used as a donor and connected via a semi-flexible linker to the green 

fluorescent acceptor protein mNeonGreen (Figure 2.1).18,19 In the absence of an antibody both 

domains are kept in close proximity using helper domains, resulting in efficient energy transfer 

and the emission of green-blue light. Using the same switching mechanism as employed in 

previous sensor formats, binding of an antibody to epitope sequences flanking the linker 

disrupts the interaction between the helper domain, resulting in a change of color from green-

blue to blue. We show that these bioluminescent ratiometric sensor proteins (LUMABS) allow 

the detection of pM concentrations of antibody directly in blood plasma using the camera of a 

normal smart phone as the only piece of equipment. In addition, we demonstrate that because 

of their modular design, changing the affinity and selectivity of LUMABS is straightforward, 

requiring only exchange of the peptide epitope sequences without any further sensor 

optimization. 

 

2.2 Results 

Sensor design and initial characterization 

Until very recently bioluminescence was not considered for point-of-care applications, mainly 

because of the low light intensity generated by classical luciferases such as Renilla and Firefly 

luciferases and their modest stability.20,21 This situation has changed with the recent 

introduction of the deep-sea shrimp derived luciferase NanoLuc. NanoLuc is a relatively small 

but stable protein that produces glow-type blue luminescence and has been reported to be 100-

fold brighter than other luciferases.18 NanoLuc thus represents an attractive donor luciferase for 

BRET-based assays,22–24 as was recently successfully demonstrated by Johnsson and coworkers 
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for monitoring low molecular weight therapeutic compounds.25,26 To generate an efficient 

BRET sensor for antibody detection, we fused NanoLuc via a semi-flexible linker to 

mNeonGreen, one of the brightest monomeric fluorescent proteins currently available. The 

excitation spectrum of mNeonGreen strongly overlaps with the emission spectrum of NanoLuc, 

which together with its high extinction coefficient and quantum yield, ensures efficient energy 

transfer and bright acceptor emission when both domains are in close proximity.19 The semi-

flexible linker that connects the BRET partners consists of three flexible domains of GGS 

repeats separated by two more rigid 30 amino acid α-helical blocks, with the antibody-targeting 

peptide epitope at each end of the linker. This linker design has been previously optimized to 

allow efficient bivalent binding to the two antigen binding sites of an antibody.15,16 To bring 

NanoLuc and mNeonGreen in close proximity and ensure efficient BRET in the absence of 

antibody, we introduced so-called helper domains, a strategy that was recently introduced by 

Serrano and coworkers for FRET sensors.27 The interaction between the helper domains should 

be strong enough to keep the sensor in a compact state in the absence of an antibody, but easily 

disrupted upon antibody binding. Ideally, helper domains consist of peptides or compact, easily-

folded small protein domains whose affinity can be easily tuned. Here, we explored two well-

studied modular interaction domains, antiparallel leucine zipper domains and the interaction 

between the small, stable SH3 domain and proline-rich peptides.27–31 Earlier work in our group 

showed that a low micromolar affinity between two reporter domains is sufficient to keep these 

domains in the closed conformation in the absence of antibody, yet not too strong to prevent 

activation of the system by bivalent antibody binding.15,16,32 To determine the optimal sensor 

 

 

Figure 2.1: Schematic representation of sensor concept. NanoLuc and mNeonGreen are held in close proximity 

by two helper domains, enabling efficient BRET. Bivalent binding of an antibody to the epitopes in the semi-flexible 

linker between mNeonGreen and NanoLuc pulls the BRET partners apart, changing the colour of emission from 

green to blue.    

 



Detection of antibodies in blood plasma using bioluminescent sensor proteins and a smartphone 

 

- 41 - 
 

configuration and helper domain pair, we first constructed a series of BRET sensor proteins 

targeting the anti-HIVp17 antibody. All sensors contained a linker with two epitopes 

(ELDRWEKIRLR) flanked by mNeonGreen and NanoLuc, respectively. Helper domains were 

included at the N-terminus of mNeonGreen and the C-terminus of NanoLuc. In addition, an N-

terminal His-tag was included to allow straightforward purification following expression in E. 

coli. As expected, the sensor variant that lacked helper domains showed a low amount of BRET 

in the absence of antibody (Figure 2.2A). Although a further decrease in emission ratio was 

observed upon addition of antibody, the change in signal was very modest. Four different  

 

 

 

Figure 2.2: Characterization of various LUMABS designs. Luminescence spectra  of LUMABS sensors in the 

absence (blue line) and presence (black line) of 1 nM anti HIV1-p17 antibody for (A) a sensor lacking helper 

domains, (B) a sensor with leucine zippers as helper domains (HIV-LUMABS-LZ1), and  (C) a sensor employing 

the SH3-proline-rich peptide helper interaction (HIV-LUMABS-1). Spectra were obtained using 100 pM sensor 

protein. (D) Response of HIV-LUMABS-LZ1 sensor (black, Kd = 115 ± 41 pM) and HIV-LUMABS-1 (blue, Kd = 

83 ± 10 pM) to increasing antibody concentrations. These titrations were performed at a sensor concentration of 

5 pM. All measurements were performed in a buffer composed of 50 mM phosphate, 100 mM NaCl and 1 mg/mL 

bovine serum albumin at pH = 7.4. Data points are plotted as mean ± S.E.M (n = 2). Solid lines represent fits 

using equation 2.1. 
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Table 2.1: Properties of various anti-HIV LUMABS variants at pH = 7.4    

Sensor name Helper domain Kd  (pM)a 

HIV-LUMABS-LZ1 Leucine zipper  115 ± 41 

HIV-LUMABS-LZ2 Leucine zipper (E27K)  95 ± 32 

HIV-LUMABS-1 SH3-IRSKPLPPLPVTG 83 ± 10 

HIV-LUMABS-2 SH3-IRSKPLPLTPNTG 78 ± 15 

HIV-LUMABS-3 SH3-IPSKPLPPLPVTG 71 ± 14 

HIV-LUMABS-4 SH3-IVNKPLAPLPVTG n/a 

 a. Kd’s were determined by fitting titration curves to Equation 2.1, and represented as Kd ± standard error of the 
mean. Titrations were performed at a sensor concentration of 10 pM, in a buffer composed of 50 mM phosphate, 

100 mM NaCl and 1 mg/ml bovine serum albumin. n/a = not applicable. 

constructs were designed containing leucine zipper sequences ranging in affinity between 3 and 

600 μM (Figure 2.2B), but only two yielded a sufficient amount of soluble protein for sensor 

characterization. The luminescence emission spectra of both sensors showed a substantial 

increase in the mNeonGreen emission peak in the absence of antibody, which almost 

completely disappeared upon addition of antibody. Titration experiments yielded dissociation 

constants (Kd) of 115 ± 41 pM and 92 ± 32 pM for LUMABS-LZ1 and LZ2, respectively 

(Figure 2.2D, Table 2.1). The response of the BRET sensors could be further improved by 

replacing the leucine zipper peptides by an SH3-domain and its target Sp1 peptide (Figure 

2.2C). A series of 4 sensor variants was constructed that contained the SH3 domain at the N-

terminus of mNeonGreen and different variants of the proline-rich peptide fused to the C-

terminus of NanoLuc. Of these 4 sensors, three sensors showed very efficient BRET in the 

antibody-free state with the mNeonGreen peak being higher than the NanoLuc emission (Figure 

2.2C). These sensors used peptides with reported affinities ranging between 1 and 30 µM. As 

expected, the sensor variant containing a weak binding SP1 variant (Kd > 1000 μM)27 showed 

an emission spectrum very similar to that of the sensor lacking any helper domains, confirming 

that the helper domains should have an affinity in the low micromolar regime. Antibody 

titration experiments on HIV-LUMABS-1, -2 and -3 yielded apparent affinities between 71 and 

83 pM for all three sensors, which are similar to those obtained for the sensors based on leucine 

zippers (Figure 2.2D). These high affinities result from the bivalent interaction between the 

sensor and antibody, since the dissociation constant for the monovalent antibody-peptide 

interaction has been previously determined to be 42 nM.16 A similar increase in antibody 
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affinity between monovalent and bivalent binding was observed for our previously reported 

sensor system consisting of TEM1 β-lactamase and its inhibitor protein BLIP.16 The bivalent 

interaction thus not only provides a robust mechanism to switch between high and low BRET 

states, but in this case also enhances the sensor affinity by almost 3 orders of magnitude. Please 

note that in order to measure these very high affinities accurately we lowered the sensor 

concentration to 5 pM, and needed to include long equilibration times to ensure complete 

complex formation. To determine the limit of detection LOD of the sensor system, 5 pM of 

HIV-LUMABS-1 was incubated with low concentrations of antibody for 4 hours. Using the 

definition that the LOD of the sensor is the first measured value that is smaller than the blank 

measurement minus three times the standard deviation of the blank, the LOD of HIV-

LUMABS-1 sensor was determined to be 10 pM (figure 2.3). In these measurements, the

  

 

 

 

Figure 2.3: Determination of limit of detection of HIV-LUMABS-1. Emission ratio was recorded using 10 pM 

HIV-LUMABS-1 sensor in a buffer composed of 50 mM phosphate, 100 mM NaCl and 1 mg/ml bovine serum 

albumin at pH = 7.4. Antibody and sensor were pre-incubated for 4 hours, followed by addition of 500x diluted 

NanoGlo luciferase assay substrate (n = 3). 

 

decreased emission ratio in the absence of antibody compared to the titration in figure 2.2 can 

be explained by the fact that a lower concentration of the relatively strongly absorbing substrate 

was used. The amount of BRET in the absence of antibody was consistently higher for the SH3-

sp1-based sensors compared to the leucine zipper-based sensors. The origin of this difference 

is unclear, but could be related to a different relative orientation of the two luminescent  
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Table 2.2: Overview of anti-HIV1-p17 affinities for sensor mutants of HIV-LUMABS-1 at pH = 7.   

 

a. Kd’s were determined by fitting titration curves to Equation 1, and represented as Kd ± standard error 
of the mean. Titrations were performed at a sensor concentration of 10 pM, in a buffer composed of 50 
mM phosphate, 100 mM NaCl and 1 mg/ml bovine serum albumin. 

 

domains. In addition, in our hands the leucine-zipper based sensors suffered from relatively 

poor expression yields of soluble protein ( <1 mg/ liter culture), whereas the SH3-Sp1 based 

sensors allowed yields of 10 mg/liter culture even without optimization of expression 

conditions. In the remainder of this work we therefore chose to continue with sensors using the 

SH3-Sp1 peptide pair as helper domains. 

 

Tuning sensor affinity and selectivity 

The modularity of the LUMABS design provides ample opportunity for tuning both the sensor 

affinity and its antibody specificity. The affinity of the sensor, and with that its responsive 

concentration regime, can be most easily tuned by attenuating the antibody-epitope interaction. 

We first shortened both peptide epitopes by removing the first four amino acids to yield an 

epitope sequence (WEKIRLR) that was previously determined to bind with a monovalent 

affinity of 3.3 µM.16 The resulting sensor was non-responsive and remained in the high BRET 

state even in the presence of high concentrations of the anti-HIV1-p17 antibody. This result 

suggests that the energy gained upon formation of the second antibody-epitope interaction is 

not sufficient to overcome the energetic penalty for disrupting the interaction between the 

helper domains. This property of LUMABS provides inherent specificity to the system, as non-

specific interactions with a Kd > 3 µM may bind, but will not be translated into a change in 

Sensor name Epitope Kd (pM)a 

HIV-LUMABS-1 ELDRWEKIRLR 51 ± 6  

HIV-LUMABS-1 (short epitope) WEKIRLR No response 

HIV-LUMABS-1(Ala1) ALDRWEKIRLR 39 ± 5  

HIV-LUMABS-1(Ala2) EADRWEKIRLR 69 ± 4 

HIV-LUMABS-1(Ala3) ELARWEKIRLR 610 ± 140 

HIV-LUMABS-1(Ala4) ELDAWEKIRLR 56 ± 7  

HIV-LUMABS-1(Ala5) ELDRAEKIRLR 50 ± 8  
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emission ratio. To more subtly attenuate the sensor affinity, we made five sensor variants in 

which each of the first five amino acids (ELDRW) was replaced by an alanine. Four out of these 

five variants displayed an affinity that was similar to that of the original HIV-LUMABS-1 

sensor, showing that these amino acid residues do not significantly contribute to antibody 

binding. Substitution of aspartic acid at position 3 by alanine resulted in a 10-fold decrease in 

antibody affinity, yielding a Kd,app. of 610 ± 140 pM. Together, this HIV-LUMABS-1(D3A) 

variant and the original HIV-LUMABS-1 allow measurement of the anti-HIV1p17 antibody 

over an extended concentration range between 10 pM and 5 nM.  

To demonstrate that LUMABS targeting different antibodies can be obtained by exchanging the 

epitope sequences, LUMABS variants were constructed targeting an anti-HA-tag antibody and 

an antibody specific for Dengue type I. The epitope used in the construction of the anti-HA 

antibody sensor (YPYDVPDYA) was previously found to bind with a Kd of 5 nM. The epitope 

used for the anti-Dengue type sensor (EHKYSWKS) is part of the viral NS1 protein and has a 

monovalent affinity of 70 nM. Figure 2.4 shows that both the HA-LUMABS and DEN1-

LUMABS sensors display a robust change in emission ratio upon binding their target antibodies 

that is similar to that of the parent HIV-LUMABS sensor. Titration experiments revealed 

dissociation constants of 242 ± 54 pM and 1.5 ± 0.3 nM, respectively, which in both cases 

represents a substantial increase in affinity due to the bivalent interaction between sensor and 

antibody.  It is important to note that the construction of these sensors did not require any 

optimization of e.g. helper domain interaction or linker lengths, confirming that LUMABS 

represents a generic sensor platform that, provided a linear epitope sequence of sufficient 

affinity is available, allows ‘plug-and-play’ engineering of specific bioluminescent ratiometric 

sensor proteins. The measurements discussed thus far were either recorded using a 

luminescence spectrophotometer (emission spectra) or a luminescence plate reader equipped 

with 400-450 (blue) and 500-550 (green) emission filters (titration experiments). 

Next, we tested whether the bioluminescent signal was of sufficient intensity to be detected by 

the camera of a mobile phone. A titration experiment was set up using 100 pM DEN1-LUMABS 

and various concentration of anti-DEN1 antibody in a white 384 wells plate. In addition to 

analyzing the emission ratio in a plate reader, the titration was also analyzed by taking a picture 

of the plate in a dark room using the camera of a conventional smartphone (Nokia Lumia 920). 

Using an exposure time of 4 seconds and an ISO value of 3200, the bioluminescent signal could 

be easily detected, showing a clear transition from blue-green to blue upon increasing the 

antibody concentration from 0-100 nM (Figure 2.4E). ImageJ was used to determine the RGB 
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Figure 2.4: Epitope exchange allows targeting of different antibodies. (A/B) Luminescence spectra of 100 pM HA-

LUMABS (A) and DEN1-LUMABS (B) in the absence (blue line) or presence (black line) of 1 nM of antibody. 

(C/D) Response of HA-LUMABS (C, Kd,app. = 242 ± 54 pM) and DEN1-LUMABS (D, Kd,app. = 1.55 ± 0.30 nM) to 

increasing antibody concentrations. Titrations were performed at a sensor concentration of 5 pM (HA-LUMABS) 

or 100 pM (DEN1-LUMABS). (E) Photograph of the plate used for titration of DEN1-LUMABS antibody, taken 

using a conventional mobile phone (Nokia Lumia 920). (F) Emission ratios calculated from RGB value analysis 

of each well in picture (E), yielding a Kd,app. value of 1.67 ± 0.30 nM. All measurements were performed in a buffer 

composed of 50 mM phosphate, 100 mM NaCl and 1 mg/mL at pH = 7.4. Data points are plotted as mean ± S.E.M. 

(n = 2).  Solid lines represent fits using equation 1. 

values for each sample in this photograph and the blue/green emission ratio was plotted as 

function of antibody concentration (Figure 2.4F). Fitting the data obtained using the mobile 

phone camera yielded the same Kd value (1.7 ± 0.3 nM) as was obtained using the plate reader. 

A comparison of figures 2.4E and 2.4F reveals that while the absolute changes in emission ratio 

are different, the performance of the mobile phone camera is comparable to that of the plate 

reader.  
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Performance in blood plasma 

Having established the excellent sensitivity of LUMABS in buffer, we next evaluated its 

performance in the more complex and challenging environment of blood plasma. 

Bioluminescence should be much more compatible with direct measurement in blood plasma 

than fluorescence-based assays, which in undiluted blood plasma typically show high 

background fluorescence and scattering of excitation light. Figure 2.5A shows a comparison of 

the emission spectra obtained for the HIV-LUMABS-1 sensor in undiluted blood plasma in the 

absence and presence of antibody. While the absolute intensity of the light was found to be 10-

fold lower in blood, the emission spectra and the spectral changes observed upon antibody 

addition were very similar, showing that absorption of bioluminescent light by blood plasma 

does not significantly affect the emission ratios. The lower light intensity may be due to a lower 

enzymatic activity of NanoLuc in blood plasma compared to the optimized buffer conditions, 

but the remaining activity is sufficient to still detect sensor concentrations as low as 100 pM. 

To establish the stability of the sensor protein, we monitored the emission ratio for an extended 

period of time, followed by addition of various concentrations of antibody (Figure 2.5B). While  

 

 

Figure 2.5: Performance of HIV-LUMABS-1 in blood plasma. (A) Luminescence spectrum of HIV-LUMABS-1 

(100 pM) in blood plasma in the absence (blue line) or presence (black line) of 1 nM of antibody. (B) Emission 

ratio of 500 pM HIV-LUMABS-1 in blood plasma as a function of time. At t = 30 min, plasma was supplemented 

with the indicated amounts of antibody. Data points are plotted as mean ± S.E.M. (n = 3).   
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Figure 2.6: Antibody detection in blood plasma using mobile phone and Android application. (A) User interface 

of Android-based antibody detection application, analyzing an image procured using 1 nM HIV-LUMABS-1 in 

blood plasma, in the absence and presence of 2 nM antibody.  (B) Mobile phone photograph of 47.5 μL blood 

plasma samples supplemented with 1 nM DEN1-LUMABS, substrate and increasing concentrations of antibody. 

(C) Comparison of obtained emission ratios in response to antibody addition using a filter-based plate reader or 

a mobile phone for signal recording. (D) Linear regression fit to compare values obtained using plate reader and 

mobile phone application. Data points are plotted as mean ± S.E.M.(n = 3).   

the absolute intensity of the bioluminescent signal decreased in time, the emission ratio 

remained constant over a period of at least 30 minutes prior to antibody addition. Addition of 

antibody resulted in a clear decrease in emission ratio, showing that the BRET sensor is not 

degraded and still fully responsive. As expected, the kinetics of complex formation were found 
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to be dependent on the antibody concentration.  As a final step we tested the ability of LUMABS 

to allow antibody quantification directly in blood plasma using the camera of mobile phone. 

Instead of analyzing the RGB values of the pictures using ImageJ, we developed an Android-

based software application that allows a user to take a photograph using their mobile phone 

camera and then select an area of interest within this photograph (Figure 2.6A, Appendix A). In 

this area of interest the average RGB values are calculated, and the green and blue values are 

translated into a green/blue ratio that, together with a user-defined threshold, serves as a 

measure for the presence of antibody (see Appendix A). To evaluate the performance of this 

mobile phone-based antibody detection system, pooled human blood plasma was supplemented 

with 1 nM DEN1-LUMABS, substrate and various concentrations of antibody. After 30 minutes 

incubation, a photograph was taken using a mobile phone (Figure 2.6B). The emission ratios 

that were returned by the mobile phone application were then compared to those returned by 

the plate reader (Figure 2.6C). While the apparent affinity of the DEN1-LUMABS for its target 

antibody was found to be somewhat lower in blood plasma compared to buffer, both analysis 

systems again yielded identical Kd’s (12.9 ± 2.7 nM and 12.9 ± 3.7 nM, respectively). A linear 

regression curve fit confirmed that the performance of the mobile phone application compared 

well to the performance of the plate reader-based detection system (R2=0.9750, Figure 2.6D).

  

 

Figure 2.7: Smartphone-based detection of subnanomolar concentrations of antibody in blood plasma using HIV-

LUMABS-1. Measurements were performed in pure blood plasma, using a sensor concentration of 200 pM. 
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To investigate whether subnanomolar concentrations of antibody could be detected in blood 

plasma using the smartphone application, we took a photograph of the emission of 200 pM of 

the high-affinity HIV-LUMABS-1 in the presence and absence of 500 pM antibody (n=3 in 

each case). Image analysis revealed a statistically significant difference in emission ratio 

between both conditions (p = 0.0072, Figure 2.7).  

 

2.3 Discussion 

The LUMABS sensor technology presented here provides a generic platform for the detection 

of antibodies directly in solution, without any washing steps. With a detection limit of 10 pM, 

the assay also surpasses previously reported homogenous antibody detection assays in terms of 

sensitivity.33 The simple optical readout of the LUMABS sensors enabled both signal recording 

and interpretation using a conventional smartphone. This work thus represents an important 

contribution to the emerging field of smartphone-based diagnostics.7,9,14,34–36 Modern 

smartphones come equipped with high quality cameras and enough computing power to 

perform complex analyses. Their ease-of-use and continuous further integration in modern life 

are other important properties that render smartphones uniquely positioned for point-of-care 

diagnostics. Thus far most smartphone point-of-care approaches involved the use of a 

microcartridge or larger auxiliary device that can be connected to a smartphone, for example 

allowing ELISA to be performed at the point-of-care.7 In addition, current smartphone based 

point-of-care assays often use fluorescence detection, which requires external illumination and 

results in high background signals due to autofluorescence and background scattering. The key 

advantages of bioluminescence detection reported here are that the optical signal is generated 

in situ and is thus detected against a dark background, and that it does not require substantial 

sample preparation or microfluidic circuitry. Despite the natural compatibility of 

bioluminescence and smartphone detection, few other examples have been reported thus far. 

Roda and coworkers recently reported 3D-printed cartridges that allow classical enzyme-

coupled chemiluminescent detection of lactate, cholesterol and bile acid in serum and oral 

fluid.35,36 These assays are intensiometric and thus require careful calibration, in contrast to the 

dual color detection employed in LUMABS. Using the ratio between two wavelengths as a 

readout as reported here is more robust, as differences in enzymatic activity, stability and 

concentration affect the readout to a much lesser extent.  

A key contributor to the sensitivity and ease-of-use of LUMABS is the use of NanoLuc as the 

donor luciferase. NanoLuc is two orders of magnitude brighter than conventional luciferases, 
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requiring an exposure time of only a few seconds on a conventional smartphone. In addition to 

its brightness, NanoLuc’s small size and high stability render it ideal for use in point-of-care 

assays.  A second attractive feature of LUMABS is the robust nature of its signal transduction 

mechanism. The assay takes advantage of the characteristic Y-shaped structure common to all 

antibodies, ensuring a large difference in BRET efficiency between the antibody-free and 

antibody-bound states, as well as enabling the sensor to bind to the antibody with a very high 

affinity through bivalent binding. As a result, a sufficiently large change in emission ratio is 

observed irrespective of the nature of the antibody-antigen interaction and the helper domains. 

Further improvement of the BRET efficiency in the antibody-free state can be envisioned by 

optimization of the distance and orientation of the luminescent domains, e.g. by screening 

different linker lengths, the position and nature of the helper domains, and the use of circular 

permuted proteins. Alternatively, more red-shifted fluorescent acceptors could be used, either 

red fluorescent proteins or synthetic fluorophores such as Cy3 or NCT. The latter have been 

successfully employed in combination with NanoLuc in various cell-based screening assays22–

24 and in the work by Johnsson.25,26 Such synthetic fluorophores could be incorporated using 

bioorthogonal ligation reactions with non-natural amino acids or using self-labeling protein 

domains such as SNAP, CLIP or Halo-tags.22,26 The use of different acceptor fluorophores 

would also allow multiplex detection of different antibodies or extend the dynamic 

concentration range for a single antibody. While we used 384 well plates in this work, 

LUMABS should be compatible with paper-based diagnostics, as already demonstrated by 

Johnsson and coworkers, who used the NanoLuc-Cy3 pair in BRET sensors for the detection 

of small-molecule drugs in human blood.25  

The intrinsic modularity of the LUMABS design allows changing of target specificity by ‘plug-

and play’ exchange of epitope sequences, as demonstrated here for antibodies against HIV1-

p17, hemagglutinin (HA) and Dengue virus type I. Any antibody for which a linear epitope with 

a submicromolar affinity is known can thus be targeted. If such a native epitope is unavailable, 

various peptide display-based strategies can be employed to identify mimotopes of sufficiently 

high affinity, including synthetic peptides-on-beads libraries, phage display and yeast display 

libraries. The LUMABS architecture should also allow the incorporation of more structurally 

constrained epitopes, such as cyclic epitopes, bicyclic epitopes or even small protein 

domains.37–40 The conformational preorganization of cyclic peptides typically reduces the 

entropic penalty for target protein binding, and therefore these cyclic peptides bind with an 

increased affinity.37–39 The scope of possible applications for LUMABS is very broad and 

includes diagnosis of infectious diseases and auto-immune diseases, monitoring the 
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effectiveness of vaccination campaigns and quality control of biotechnological production of 

(bi)specific antibodies. However, we believe that LUMABS will prove particularly useful for 

those applications where antibody detection is presently not done, because current assay 

technology is too expensive, time consuming and/or technologically demanding. Examples 

include veterinary applications, food safety at local production sites, and as companion 

diagnostics for therapeutic antibodies.41 Monitoring the levels of therapeutic antibodies in 

individual patients over time would allow patient-specific dose optimization, with major 

therapeutic42  and potentially also financial benefits. Finally, one can envision using the 

LUMABS platform for the detection of other biomarkers using a competitive assay format, in 

which the biomarker molecules can displace the LUMABS sensor from binding to a biomarker-

specific antibody, thus causing the sensor to adopt the closed, high-BRET conformation.  
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2.4 Materials and methods 

Cloning  

All sensor constructs were cloned starting from a pET28a plasmid containing DNA encoding 

the mNeonGreen-linker-NanoLuc (GenScript) construct using a combination of circular 

polymerase extension cloning43 and multisite-directed mutagenesis (Agilent Technologies).  A 

pET28a vector containing DNA encoding mNeongreen and NanoLuc, separated by a 75-amino 

acid linker consisting of GGS repeats and a TEV cleavage site was ordered from GenScript. 

Using circular polymerase extension cloning (CPEC), the flexible GGS linker was replaced by 

the semi-flexible linker containing two HIV1-p17 epitopes. To introduce the leucine zipper 

helper domains, four primers were ordered from Eurofins (Leipzig, Germany) that encoded for 

the respective leucine zipper domains and were designed to bind to the N-terminus (N-FW and 

N-RV) and C-terminus (C-FW and C-RV) of the protein DNA. After amplification in two 

distinct PCR reactions using primers N-FW and C-RV to amplify the sensor protein domain and 

N-RV and C-FW to amplify the vector, both with leucine zipper DNA appended, the PCR 

products were joined in a CPEC reaction. Sequencing revealed a frameshift in one of the leucine 

zipper domains, which was resolved using site directed mutagenesis with the QuikChange 

Lightning Multi Site-Directed Mutagenesis Kit (Agilent Technologies). The same kit was used 

to make mutations in the C-terminal leucine zipper domain. For the SH3-proline rich peptide 

helper domains, a pET28a plasmid encoding SH3-IPSKPLPPLPV was ordered from GenScript. 

DNA encoding mNeonGreen-HIVlinker-NanoLuc was cloned into this construct using CPEC. 

Mutations in the proline-rich peptide were made using the QuikChange Lightning Multi Site-

Directed Mutagenesis Kit, as were the mutations in the epitope to introduce alanines instead of 

native residues. Epitope exchange was achieved using a CPEC strategy. Primers were designed 

in such a way that the previous epitope was eliminated during PCR amplification. Insert and 

vector were amplified in separate PCR reactions, with epitope-encoding DNA sequences 

appended to the DNA binding domain of the primers. In a subsequent CPEC reaction, the 

amplification products were joined, yielding a sensor with new epitopes. All cloning and 

mutagenesis results were confirmed by DNA sequencing (StarSEQ GmbH). 

Protein expression and purification 

For expression, sensor constructs were transformed in E. coli BL21(DE3) cells (Novagen) and 

cultured in a total volume of 0.2 – 2 L. Expression was induced at an OD600 of 0.6-0.8 using 

0.1 mM isopropyl β-D-1-thiogalactopyranoside  (IPTG). After overnight expression at 20 °C, 

cells were harvested by centrifuging the cell suspension at 10,000 x g for 10 minutes. Cells 



Chapter 2 

 

- 54 - 
 

were then lysed using BugBuster Protein Extraction Reagent (Novagen) and Benzonase 

endonuclease (Novagen), and centrifuged at 40,000 x g for 40 minutes. Sensor proteins were 

subsequently purified using Ni-NTA affinity chromatography (Qiagen). The leucine zipper-

based sensors, which contain a C-terminal Strep-tag, were further purified using Strep-Tactin 

(IPA) purification. The SH3-proline rich peptide based sensors, which did not contain a Strep-

tag, were further purified using size exclusion chromatography on a Sephacryl S200 column 

(GE Healthcare), in a buffer composed of 50 mM phosphate and 100 mM NaCl at pH = 7.4. 

Sensors were stored frozen at -80 °C until use. 

Emission spectra  

Sensor emission spectra in buffer were recorded on a Varian Eclipse spectrophotometer at a 

sensor concentration of 100 pM, in a buffer composed of 50 mM phosphate, 100 mM NaCl, 

and 1 mg/mL bovine serum albumin at pH = 7.4. Spectra were measured using cuvettes with a 

10 mm path length on a Varian Eclipse spectrophotometer, set to record luminescence between 

400 and 600 nm, with a data interval of 1 nm, an emission slit of 20 nm and a gate time of 200 

ms. For blood plasma measurements, emission spectra were recorded using a sensor 

concentration of 100 pM in 200 µl pooled blood plasma samples obtained from Innovative 

Research Inc. (catalog no. IPLA-N).  

Antibody titration experiments 

Antibodies were obtained from Zeptometrix (HIV1-p17, clone 32/1.24.89), Thermo Scientific 

(HA-tag, clone 2-2.2.14) or Millipore (Dengue virus type 1, clone 15F3-1). Titrations were 

performed in a total reaction volume of 50 µL on a Tecan Infinite F500 using white polystyrene 

384 wells plates (Perkin Elmer OptiPlate, 6007299). Measurements were performed using a 

sensor concentration of 5 pM (HIV-LUMABS and HA-LUMABS) or 100 pM (DEN1-

LUMABS), in a buffer composed of 50 mM phosphate, 100 mM NaCl, and 1 mg/mL BSA at 

pH = 7.4. After incubation of sensor and antibody for at least 30 minutes, 0.25 µL NanoGlo 

assay substrate (Promega, N1110) was added. Emission was recorded through two filters, being 

400-450 nm for blue light and 500-550 nm for green light, using an integration time of 1000 

ms for each filter. Titrations were fit to equation 1 in order to determine the sensors Kd,app., 

where P1 and P2 are constants denoting the sensors maximal change in emission ratio and the 

emission ratio in the absence of antibody, respectively. 

 

Equation 2.1: �������� ����� =
��∗[��������]

��,���.�[��������]
+ �2 
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Signal recording using mobile phone  

Photographs were taken in a dark room using a Nokia Lumia 920 smartphone. In a white 384 

wells plate (Perkin Elmer OptiPlate), 45 μL blood plasma was supplemented with sensor 

protein, antibody and 0.25 μL substrate to a final reaction volume of 50 μL. Exposure times of 

2-4 s were required for signal recording, using an ISO value between 1600 and 3200. For 

computer-analyzed images, the ImageJ RGB Measure plugin (Wayne Rasband, NIH) was used 

to calculate the average green and blue intensities. For smartphone-analyzed images, our 

custom-made Android application was used to analyze 5x5 pixels in each well. A detailed 

description of the Android application can be found in appendix A.  
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Appendix 

 

 

Figure A1: Antibody detection using mobile phone application. We developed a software application that enables 

recording and interpretation of the emitted sensor signal for Android-based smartphones (tested for Android 5.0 

and 5.1.1). The application was created using the MIT App Inventor 2 and has been compiled in the nb146j release. 

On the application home screen (A), the user is asked to either take a picture or open a picture from the phones 

storage. In addition, the home screen can be used to adjust the green over blue threshold ratio, using a slider 

which updates the threshold. This ratio is used to determine whether antibody is present (Rcalculated < Rthreshold) or 

absent (Rcalculated ≥ Rthreshold). The amount of pixels used for analysis can be adjusted using the slider on the bottom 

of the analysis screen (B), and is adjusted to the nearest odd number (i.e. 1x1, 3x3, 5x5, etc.). After a tap of the 

user within the image, the app will take all the RGB values of the selected pixels and calculates the green and blue 

fractions as percentages of 255 (the maximum RGB value). The app then divides the average pixel values to obtain 

the green/blue ratio. Finally, the app will compare the obtained green/blue ratio with the threshold and report 

back by stating if the antibody is present or not (C). The image analysed in this example was taken using a Nokia 

Lumia 920 mobile phone, using 1 nM HIV-LUMABS-1 directly in 50 μl blood plasma, in the absence and presence 

of 2 nM anti-HIV p17 antibody.  
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atgggcagcagccatcatcatcatcatcacagcagcggcgccctgaagaaggagctgcag 
 M  G  S  S  H  H  H  H  H  H  S  S  G  A  L  K  K  E  L  Q  
gccaacaagaaggagctggcccagctgaagtgggagctgcaggccctgaagaaggagctg 
 A  N  K  K  E  L  A  Q  L  K  W  E  L  Q  A  L  K  K  E  L  
gcccagctggtgccgcgcggtggctctggtggctctggcagccatatggtaagtaaaggt 
 A  Q  L  V  P  R  G  G  S  G  G  S  G  S  H  M  V  S  K  G  
gaagaagacaatatggcttctctgcctgccacacatgagcttcatatttttgggagcata 
 E  E  D  N  M  A  S  L  P  A  T  H  E  L  H  I  F  G  S  I  
aacggagtggatttcgacatggtaggtcagggtacggggaaccctaacgatggatatgag 
 N  G  V  D  F  D  M  V  G  Q  G  T  G  N  P  N  D  G  Y  E  
Gagttgaatcttaaaagca caaagggtgatctgcagttctcgccctggatcctggtgccg 
 E  L  N  L  K  S  T  K  G  D  L  Q  F  S  P  W  I  L  V  P  
catataggttatggtttccatcagtatcttccatacccggatggcatgagcccttttcag 
 H  I  G  Y  G  F  H  Q  Y  L  P  Y  P  D  G  M  S  P  F  Q  
gccgcaatggtagatggctcaggatatcaagtgcatcggaccatgcagtttgaagatggg 
 A  A  M  V  D  G  S  G  Y  Q  V  H  R  T  M  Q  F  E  D  G  
gcgtctttgacggtaaattacaggtacacctatgagggtagccatataaagggagaagcg 
 A  S  L  T  V  N  Y  R  Y  T  Y  E  G  S  H  I  K  G  E  A  
caggtgaagggaactggattcccagcggatggcccagtcatgacaaacagcctcaccgct 
 Q  V  K  G  T  G  F  P  A  D  G  P  V  M  T  N  S  L  T  A  
gctgattggtgccgatccaagaaaacgtatccaaacgataaaactatcatttctactttt 
 A  D  W  C  R  S  K  K  T  Y  P  N  D  K  T  I  I  S  T  F  
aagtggtcctatacaacaggaaacgggaaacgctatcgttcaacggcccgcacgacctac 
 K  W  S  Y  T  T  G  N  G  K  R  Y  R  S  T  A  R  T  T  Y  
acgtttgcaaagccaatggctgcgaattatctgaaaaaccagccgatgtatgtgttccgt 
 T  F  A  K  P  M  A  A  N  Y  L  K  N  Q  P  M  Y  V  F  R  
aaaaccgaactgaaacattctaaaacggagctcaatttcaaggaatggcagaaggcattt 
 K  T  E  L  K  H  S  K  T  E  L  N  F  K  E  W  Q  K  A  F  
acggatgtcatgggaatggacgaactgtataagtcgggcggagagctagatcgctgggaa 
 T  D  V  M  G  M  D  E  L  Y  K  S  G  G  E  L  D  R  W  E  
aaaatacgccttagaccggggggttcgggtggttcaggcggctcaggaggctccgggggt 
 K  I  R  L  R  P  G  G  S  G  G  S  G  G  S  G  G  S  G  G  
tccggagggagcggtgctgaagccgcagccaaggaagcagcagctaaagaggccgctgcg 
 S  G  G  S  G  A  E  A  A  A  K  E  A  A  A  K  E  A  A  A  
aaggaagctgccgcaaaggaggcggcggcgaaagaggcggcagcaaaagccggatctggt 
 K  E  A  A  A  K  E  A  A  A  K  E  A  A  A  K  A  G  S  G  
ggcagtggtggctccggcgggtcaggtggcagcgggggatcaggagctgaggcagccgcc 
 G  S  G  G  S  G  G  S  G  G  S  G  G  S  G  A  E  A  A  A  
aaagaggctgcggccaaggaggccgccgctaaagaagccgcggcaaaagaggcagcggca 
 K  E  A  A  A  K  E  A  A  A  K  E  A  A  A  K  E  A  A  A  
aaggaagcggctgcgaaagccggaagtggtgggtcgggcggctccggtggctctggcggc 
 K  E  A  A  A  K  A  G  S  G  G  S  G  G  S  G  G  S  G  G  
agtggcggtagtggcggggaattagataggtgggaaaagatccggttacgcccgggaggt 
 S  G  G  S  G  G  E  L  D  R  W  E  K  I  R  L  R  P  G  G  
ggcagcatggtatttactcttgaagattttgtcggtgattggcgccagaccgccggctat 
 G  S  M  V  F  T  L  E  D  F  V  G  D  W  R  Q  T  A  G  Y  
aacctggaccaagtgcttgaacagggcggggttagcagcctgtttcaaaacctgggggtg 
 N  L  D  Q  V  L  E  Q  G  G  V  S  S  L  F  Q  N  L  G  V  
agtgtcacgccaattcagcgcatcgttctgtcgggagagaatggtctgaaaatcgatatc 
 S  V  T  P  I  Q  R  I  V  L  S  G  E  N  G  L  K  I  D  I  
cacgtcattatcccgtacgaaggtctttctggtgatcagatggggcagatagaaaaaata 
 H  V  I  I  P  Y  E  G  L  S  G  D  Q  M  G  Q  I  E  K  I  
ttcaaagtggtgtacccagtagacgatcatcacttcaaggttatactgcactatggcacc 
 F  K  V  V  Y  P  V  D  D  H  H  F  K  V  I  L  H  Y  G  T  
ctcgttatcgatggcgttactccgaatatgatcgattactttgggcgtccttatgaaggt 
 L  V  I  D  G  V  T  P  N  M  I  D  Y  F  G  R  P  Y  E  G  
attgcggtgttcgacggtaaaaaaattacggttaccgggacgctctggaatggtaataaa 
 I  A  V  F  D  G  K  K  I  T  V  T  G  T  L  W  N  G  N  K  
atcattgatgagcgcttgataaacccagatggcagccttctgttcagagttacgataaac 
 I  I  D  E  R  L  I  N  P  D  G  S  L  L  F  R  V  T  I  N  
ggggttacgggttggcgactgtgcgaaagaatattagcttctagcggaggaagtggagga 
 G  V  T  G  W  R  L  C  E  R  I  L  A  S  S  G  G  S  G  G  
agtggtgaacaattaaaaaagaagttacaggccctggaaaaaaaattagcccagttagag 
 S  G  E  Q  L  K  K  K  L  Q  A  L  E  K  K  L  A  Q  L  E  
tggaagaaccaggccttagaaaaagaattagcacaactggttccacgcggtagccactgg 
 W  K  N  Q  A  L  E  K  E  L  A  Q  L  V  P  R  G  S  H  W  
tcccatccgcagttcgagaaataa 
 S  H  P  Q  F  E  K  -  

 

Figure A2: Amino acid and DNA sequence of leucine zipper-based sensor LZ1.  Leucine zipper are shown in cyan, 

mNeonGreen in green, the epitopes in red and NanoLuc in blue. In LZ2 the most c-terminal glutamate residue in 

the c-terminal zipper domain was replaced by a lysine residue codon (gaa -> aaa) 
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atgggcagcagccatcatcatcatcatcacagcagcggcctggtgccgcgcggcagccat 
 M  G  S  S  H  H  H  H  H  H  S  S  G  L  V  P  R  G  S  H  
atggctagcgacgacaactttatatacaaggcgaaggcgctctatccctatgatgcagat 
 M  A  S  D  D  N  F  I  Y  K  A  K  A  L  Y  P  Y  D  A  D  
gatgatgacgcatacgaaatctcattcgaacaaaatgaaatccttcaggtatcagacatt 
 D  D  D  A  Y  E  I  S  F  E  Q  N  E  I  L  Q  V  S  D  I  
gaggggcggtggtggaaagcccgccgcgccaatggagagacaggcatcatcccgtcgaat 
 E  G  R  W  W  K  A  R  R  A  N  G  E  T  G  I  I  P  S  N  
tatgttcagttgattgacggtcctgaggaaatgcatcggggcggctcgggaggctcaggc 
 Y  V  Q  L  I  D  G  P  E  E  M  H  R  G  G  S  G  G  S  G  
agccatatggtaagtaaaggtgaagaagacaatatggcttctctgcctgccacacatgag 
 S  H  M  V  S  K  G  E  E  D  N  M  A  S  L  P  A  T  H  E  
cttcatatttttgggagcataaacggagtggatttcgacatggtaggtcagggtacgggg 
 L  H  I  F  G  S  I  N  G  V  D  F  D  M  V  G  Q  G  T  G  
aaccctaacgatggatatgaggagttgaatcttaaaagcacaaagggtgatctgcagttc 
 N  P  N  D  G  Y  E  E  L  N  L  K  S  T  K  G  D  L  Q  F  
tcgccctggatcctggtgccgcatataggttatggtttccatcagtatcttccatacccg 
 S  P  W  I  L  V  P  H  I  G  Y  G  F  H  Q  Y  L  P  Y  P  
gatggcatgagcccttttcaggccgcaatggtagatggctcaggatatcaagtgcatcgg 
 D  G  M  S  P  F  Q  A  A  M  V  D  G  S  G  Y  Q  V  H  R  
accatgcagtttgaagatggggcgtctttgacggtaaattacaggtacacctatgagggt 
 T  M  Q  F  E  D  G  A  S  L  T  V  N  Y  R  Y  T  Y  E  G  
agccatataaagggagaagcgcaggtgaagggaactggattcccagcggatggcccagtc 
 S  H  I  K  G  E  A  Q  V  K  G  T  G  F  P  A  D  G  P  V  
atgacaaacagcctcaccgctgctgattggtgccgatccaagaaaacgtatccaaacgat 
 M  T  N  S  L  T  A  A  D  W  C  R  S  K  K  T  Y  P  N  D  
aaaactatcatttctacttttaagtggtcctatacaacaggaaacgggaaacgctatcgt 
 K  T  I  I  S  T  F  K  W  S  Y  T  T  G  N  G  K  R  Y  R  
tcaacggcccgcacgacctacacgtttgcaaagccaatggctgcgaattatctgaaaaac 
 S  T  A  R  T  T  Y  T  F  A  K  P  M  A  A  N  Y  L  K  N  
cagccgatgtatgtgttccgtaaaaccgaactgaaacattctaaaacggagctcaatttc 
 Q  P  M  Y  V  F  R  K  T  E  L  K  H  S  K  T  E  L  N  F  
aaggaatggcagaaggcatttacggatgtcatgggaatggacgaactgtataagtcgggc 
 K  E  W  Q  K  A  F  T  D  V  M  G  M  D  E  L  Y  K  S  G  
ggagagctagatcgctgggaaaaaatacgccttagaccggggggttcgggtggttcaggc 
 G  E  L  D  R  W  E  K  I  R  L  R  P  G  G  S  G  G  S  G  
ggctcaggaggctccgggggttccggagggagcggtgctgaagccgcagccaaggaagca 
 G  S  G  G  S  G  G  S  G  G  S  G  A  E  A  A  A  K  E  A  
gcagctaaagaggccgctgcgaaggaagctgccgcaaaggaggcggcggcgaaagaggcg 
 A  A  K  E  A  A  A  K  E  A  A  A  K  E  A  A  A  K  E  A  
gcagcaaaagccggatctggtggcagtggtggctccggcgggtcaggtggcagcggggga 
 A  A  K  A  G  S  G  G  S  G  G  S  G  G  S  G  G  S  G  G  
tcaggagctgaggcagccgccaaagaggctgcggccaaggaggccgccgctaaagaagcc 
 S  G  A  E  A  A  A  K  E  A  A  A  K  E  A  A  A  K  E  A  
gcggcaaaagaggcagcggcaaaggaagcggctgcgaaagccggaagtggtgggtcgggc 
 A  A  K  E  A  A  A  K  E  A  A  A  K  A  G  S  G  G  S  G  
ggctccggtggctctggcggcagtggcggtagtggcggggaattagataggtgggaaaag 
 G  S  G  G  S  G  G  S  G  G  S  G  G  E  L  D  R  W  E  K  
atccggttacgcccgggaggcagcatggtatttactcttgaagattttgtcggtgattgg 
 I  R  L  R  P  G  G  S  M  V  F  T  L  E  D  F  V  G  D  W  
 
cgccagaccgccggctataacctggaccaagtgcttgaacagggcggggttagcagcctg 
 R  Q  T  A  G  Y  N  L  D  Q  V  L  E  Q  G  G  V  S  S  L  
tttcaaaacctgggggtgagtgtcacgccaattcagcgcatcgttctgtcgggagagaat 
 F  Q  N  L  G  V  S  V  T  P  I  Q  R  I  V  L  S  G  E  N  
ggtctgaaaatcgatatccacgtcattatcccgtacgaaggtctttctggtgatcagatg 
 G  L  K  I  D  I  H  V  I  I  P  Y  E  G  L  S  G  D  Q  M  
gggcagatagaaaaaatattcaaagtggtgtacccagtagacgatcatcacttcaaggtt 
 G  Q  I  E  K  I  F  K  V  V  Y  P  V  D  D  H  H  F  K  V  
atactgcactatggcaccctcgttatcgatggcgttactccgaatatgatcgattacttt 
 I  L  H  Y  G  T  L  V  I  D  G  V  T  P  N  M  I  D  Y  F  
gggcgtccttatgaaggtattgcggtgttcgacggtaaaaaaattacggttaccgggacg 
 G  R  P  Y  E  G  I  A  V  F  D  G  K  K  I  T  V  T  G  T  
ctctggaatggtaataaaatcattgatgagcgcttgataaacccagatggcagccttctg 
 L  W  N  G  N  K  I  I  D  E  R  L  I  N  P  D  G  S  L  L  
ttcagagttacgataaacggggttacgggttggcgactgtgcgaaagaatattagcttct 
 F  R  V  T  I  N  G  V  T  G  W  R  L  C  E  R  I  L  A  S  
agcggtggaggatctattcgttcaaagccgctgccacccctacccgtgaccgggtaa 
 S  G  G  G  S  I  R  S  K  P  L  P  P  L  P  V  T  G  -  

 

Figure A3: Amino acid and DNA sequence of HIV-LUMABS-1. Yellow: SH3 domain, Green: mNeonGreen,Red: 
HIV epitopes, Blue: NanoLuc, cyan: proline-rich peptide. DNA sequence of alternative epitopes: HA-tag N-

terminal: tatccgtacgatgtgccggattacgcg, HA-tag C-terminal: tacccatatgacgtcccagactatgcc, DEN N-terminal: 
gagcataaatactcatggaagtca, DEN C-terminal: gaacacaagtatagctggaaaagc. 
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Chapter 3 

Expanding the LUMABS platform to accept multiple 
inputs and provide multiple outputs 

 

 

 

Abstract 

LUMABS sensors are highly modular protein switches based on mutually exclusive domain 

interactions. As such, functional sensors with different target specificities or different outputs 

can be obtained with relative ease through exchange of input and output domains. In this 

chapter, the modularity of the LUMABS antibody sensor architecture is further explored. First, 

a LUMABS variant was developed that could process multiple inputs (different antibodies) to 

yield the same output, acting as an OR-gate. Subsequently, red-shifted fluorescent protein 

domains were investigated as possible alternative acceptors for LUMABS. A total of 9 different 

LUMABS variants with different output domains were developed. While the sensitised 

emission in LUMABS variants was modest, there were two sensors (incorporating either 

mScarlet or an NCT-functionalised HaloTag as acceptor domain) that combined a good spectral 

separation between NanoLuc and acceptor emission with an acceptable dynamic range. The 

acceptor with the best separation in emission from mNeonGreen was the NCT-HaloTag based 

sensor (λmax= 618 nm). Therefore, this acceptor was integrated with mNeonGreen and NanoLuc 

in a 3-colour sensor that could translate two separate inputs into an input-specific output. This 

sensor relied on BRET from NanoLuc to mNeonGreen and NCT-HaloTag and enabled 

distinction between HIV- and HA-antibodies based on the analysis of three different emission 

ratios. 

  

 

Parts of this chapter will be submitted for publication: 

R. Arts, M.D.B. Sabbadini & M. Merkx, Expanding the LUMABS platform to accept multiple 

inputs and provide multiple outputs. Manuscript in preparation. 
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3.1 Introduction 

In recent years, the development of engineered protein switches that can be used for sensing or 

actuation has gained significant interest.1 Engineered protein switches are designed to translate 

an input (e.g. light or binding of an analyte) to an output (e.g. a biological activity or an 

observable sensor signal) through a signal transduction mechanism. Among others, engineered 

protein switches have been used as sensor proteins for intracellular quantification of small-

molecule analytes and ions and in diagnostic applications.2–10 In addition, protein switches have 

been developed that can be used for actuation of downstream processes by converting the input 

signal into a biochemically relevant output. For example, photoswitchable proteins have been 

engineered that allow control over protein activity using light as an input.11 

Different engineering strategies can be applied to design a protein switch.1 In the conceptually 

simplest protein switches, the input processing and output generation all occurs within the same 

protein domain. An example of such single-domain protein switches are Zn2+ sensors that 

exhibit a decrease in fluorescence upon Zn2+ binding to a modified fluorescent protein.12 

Although such sensors are conceptually simple, the integration of the input processing and 

output generation comes at the cost of a loss in modularity, i.e. applying the same switching 

principle to make the switch responsive to another input is not straightforward. Alternatively, 

more modular protein switches can be designed. In modular protein switches, input processing 

and output generation typically occur in separate protein domains. A robust way to design 

modular protein switches is to design switches where the input signal causes a transition 

between two well-defined, mutually exclusive conformations. Changing the target specificity 

of such sensors can be achieved by incorporating different input domains, and functional new 

switches can be obtained with relative ease. For protein switches that are used for sensing 

purposes, the input signal is typically binding of the molecule of interest to the switch, causing 

a change in an observable property of the protein switch (e.g. a change in colour of emission or 

enzymatic activity). In a very complete study, Lim and co-workers created a protein switch 

based on the modular signalling domain N-WASP, which they managed to inhibit using two 

non-native inhibitory domains.13 Control over activation of N-WASP was achieved using 

signalling molecules that could interact with the inhibitor domain. The modular switch design 

allowed Lim and coworkers to perform an extensive study in which the effects of linker length, 

domain-ligand affinity and domain topology could be investigated, yielding switches that can 

respond to either one of two different inputs (OR-gate), switches that require two distinct inputs 
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(AND-gate) and switches that display an ultrasensitive (step function-like) response to analyte 

binding.13,14 

The LUMABS sensor system allows detection of antibodies based on the ratio between green 

and blue emission originating from mNeongreen and NanoLuc, respectively.8 In the sensor 

design, NanoLuc is fused to the green fluorescent protein mNeonGreen via a semiflexible linker 

domain. The linker domain contains an antibody-specific epitope at both termini. In the absence 

of antibody, NanoLuc and mNeonGreen are kept in close proximity through helper domain 

interactions allowing efficient BRET. Addition of antibody disrupts these helper interactions 

because the bivalent antibody-epitope interaction forces the linker in a stretched conformation, 

causing a colour change from green to blue.  

The LUMABS sensor architecture makes it a highly modular protein switch, in which it should 

be possible to exchange signal generating domains, helper domains, and specificity-

determining domains at will. It has already been shown that target specificity of the sensor can 

be tuned by changing the epitopes in the semi-flexible linker. Similarly, it should be possible 

to replace the BRET donor and acceptor domains with different domains and to make the switch  

 

 

Figure 3.1: Expansion of LUMABS sensor platform towards sensors that can process different inputs to provide 

the same output (left), sensors that can generate different outputs (middle) and sensors that can process multiple 

inputs and provide an input-specific output (right). 
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responsive to multiple different inputs. In this chapter, the modularity of the LUMABS sensors 

will be exploited to develop sensors that are capable of processing multiple different inputs to 

generate one particular output (OR gate). Subsequently, LUMABS variants with different 

output domains are developed, exploring both red-shifted fluorescent proteins and self-labelling 

protein domains. Finally, these sensors are combined into one sensor that can accept two 

different antibodies as input and provide multiple different outputs depending on which 

antibody has bound (figure 3.1). 

3.2 Results 

Dual input LUMABS 

In order to determine whether the LUMABS sensor design could be used for the simultaneous 

detection of multiple antibodies (acting as an OR-gate), we developed a LUMABS variant that 

should enable detection of both HIV and HA-antibodies. Eventually, such a switch may be 

useful to diagnose diseases that can be characterised by different antibodies. The sensor 

(HIV/HA-LUMABS) incorporated four epitopes in the linker, with both linker termini 

containing one HIV epitope and one HA epitope (figure 3.2A). A spacer of 6 amino acids 

(GGSGGS) was included between the epitopes to provide sufficient room for two antibodies to 

bind at the same time. After expression and purification, a titration experiment with either anti-

HIV or anti-HA antibodies revealed that both antibodies are capable of bringing the sensor in 

the low-BRET conformation. They do so with antibody affinities that are comparable to the 

affinities found in the previously developed single-input HIV-LUMABS and HA-LUMABS 

sensors. HIV-LUMABS displayed a Kd of 83 pM, while HA/HIV-LUMABS has an anti-HIV 

antibody affinity (Kd) of 30 ± 5 pM (figure 3.2B). Similarly, HA-LUMABS has Kd of 242 pM, 

and the data shown in figure 3.2C show an anti-HA affinity (Kd) of 182 ± 131 pM for the dual 

input sensor. We noticed that the dynamic range of the sensor in these titrations, as defined in 

equation 3.1, is 112% for both sensors, which is significantly smaller than that observed for the 

original LUMABS sensor (200%). 

Dynamic range =
�����������

�����
∗ 100%   (3.1) 

Where ERmax and ERmin
 are the emission ratio in the absence and presence of antibody, 

respectively. The attenuated dynamic range of these sensors appears to be caused by a small 

decrease in BRET efficiency in the antibody-free state. Finally, a titration experiment was 

performed where both HIV- and HA-antibodies were added to the same reaction in equal 
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amounts (figure 3.2D). The first important observation here is that the dynamic range of the 

sensor increased to 205%. This increase can be attributed to a lower emission ratio in the 

presence of antibody, suggesting that binding of two different antibodies at the same time forces 

the semi-flexible linker to adopt a more linear, stretched conformation, decreasing BRET 

efficiency. Overall, the data show that a protein switch that can translate two different inputs 

into an identical output was successfully created.  

 

Figure 3.2: A) Schematic representation of HA/HIV-LUMABS sensor. The semi-flexible linker between the BRET 

partners now contains four epitopes, with each linker terminus containing one HIV- and one-HA epitope, making 

the sensor responsive to two different input antibodies. B) Emission ratio as a function of anti-HIV concentration. 

C) Emission ratio as a function of HA concentration D) Emission ratio as a function of antibody concentration, 

using equal amounts of anti-HIV and anti-HA antibodies. All titrations were performed at a sensor concentration 

of 5 pM in a buffer consisting of 100 mM NaCl, 50 mM Tris, 10% (v/v) glycerol and 0.05% (v/v) Tween-20 at pH 

7.4 in a white 348 wells plate using a Tecan Spark platereader. Error bars represent S.E.M. 

LUMABS with alternative output domains 

The next step was to investigate whether functional LUMABS variants could be created that 

used output domains different than the original NanoLuc-mNeonGreen BRET pair. NanoLuc 

and mNeonGreen constitute a BRET pair that allows very efficient energy transfer, owing to 

the extensive overlap between the NanoLuc emission spectrum and the mNeongreen excitation 

spectrum. In addition, the high quantum yield of mNeonGreen (0.8)15 ensures that the likelihood 

of photon emission once BRET has taken place is very high, yielding a relatively intense 

mNeongreen emission peak. In terms of emission intensity, mNeonGreen is probably the best 

BRET acceptor for NanoLuc currently available. However, the emission peaks of NanoLuc and 
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mNeongreen are separated by only 56 nm. The long tail towards higher wavelengths in the 

NanoLuc emission spectrum means that part of the observed intensity at mNeonGreen’s peak 

emission wavelength will originate from NanoLuc, which limits the maximal ratiometric 

response that can be obtained with the NanoLuc-mNeonGreen BRET pair. If a suitable BRET 

acceptor can be found with a peak emission wavelength that is further separated from NanoLuc, 

this may yield sensors with an increased dynamic response. Although BRET efficiency from 

NanoLuc to red acceptors will be smaller, the relative change in emission ratio between the 

antibody-free and –bound state may be comparable to the relative change in the original 

LUMABS sensors because of improved separation between the emission spectra. In order to 

identify possible red-shifted acceptor fluorescent proteins that could be excited by NanoLuc, 

there were three main criteria. Firstly, the protein excitation spectrum should show sufficient 

overlap with NanoLuc emission. Secondly, it should be a bright fluorophore, with a high 

quantum yield and extinction coefficient. Finally, the emission peak should be clearly 

distinguishable from both NanoLuc and mNeonGreen emission to enable the use of the 

fluorescent protein in a scenario where the red-shifted sensor is used alongside a classic 

LUMABS sensor.  

LUMABS using orange fluorescent proteins as acceptor domain 

The first acceptor protein that was investigated was mOrange. mOrange is a fluorescent protein 

from the mFruit series, which are derived from the tetrameric DsRed.16 mOrange has an 

excitation spectrum peaking at 542 nm, and a peak emission wavelength of 562 nm. With a 

quantum yield of 0.69 and an extinction coefficient of 71000 M-1cm-1, mOrange is among the 

brightest orange fluorescent proteins. After replacing mNeonGreen with mOrange in HIV-

LUMABS-1, the new sensor’s bioluminescence emission spectrum was recorded (figure 3.3A, 

B). This spectrum indicated that BRET from NanoLuc to mOrange takes place, although it only 

leads to a minor increase in emission at 562 nm. Addition of a sensor-saturating amount of anti 

HIV1-p17 antibody yielded a small but significant decrease in orange emission. The dynamic 

range exhibited by this sensor was around 64%. Aiming to increase the dynamic range of mOr-

HIV- LUMABS, a sensor based on a BRET-FRET principle was designed. In this sensor, 

mNeonGreen was inserted adjacent to mOrange (figure 3.3C) to allow excitation of 

mNeonGreen by NanoLuc via BRET and subsequent excitation of mOrange by mNeonGreen 

via FRET. The emission spectrum in the absence of antibody shows that the mNeonGreen peak 
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Figure 3.3: A) Schematic representation of mOr-LUMABS sensor concept. B) Luminescence emission spectrum 

of 5 nM mOr-LUMABS in the absence and presence of 50 nM antibody. C) Schematic representation of mNG-

mOr-LUMABS sensor concept. D) Luminescence emission spectrum of 5 nM mNG-mOr-LUMABS in the absence 

and presence of 50 nM antibody. E) Schematic representation of CyOFP-LUMABS sensor concept. F) 

Luminescence emission spectrum of 5 nM CyOFP-LUMABS in the absence and presence of 50 nM antibody. All 

luminescence emission spectra were measured in a buffer consisting of 100 mM NaCl, 50 mM Tris, 10% (v/v) 

glycerol and 0.05% (v/v) Tween-20 at pH 7.4 on a Varian Eclipse spectrophotometer. The opening of the sensor 

was achieved by addition of 50 nM anti-HIV1p17 and signal was recorded after 30 minutes of incubation. 

has decreased compared to the original LUMABS sensor, probably due to increased distance 

between the chromophores. In addition to NanoLuc and mNeonGreen emission, a shoulder 

originating from mOrange emission can be clearly observed, meaning that both the ratio 

between mOrange and NanoLuc and the ratio between mNeonGreen and NanoLuc can be used 

as a measure for antibody concentration. Upon saturation with antibody, the sensor displayed a 

dynamic range of 152% when using the mOrange-NanoLuc ratio, and 114% when using the 

mNeonGreen-NanoLuc ratio (figure 3.3D). Even though BRET appears to be less efficient than 

it was in HIV-LUMABS-1, the lack of NanoLuc emission in the orange part of the spectrum 
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means the contribution of donor emission at the acceptor emission wavelength is low, leading 

to low emission ratios in the absence of antibody and a relative ratiometric change that is almost 

as large as the ratiometric change observed for HIV-LUMABS-1. In the future, the dynamic 

range of this sensor could be further improved by changing the order of the fluorescent domains 

to enable more efficient initial BRET to mNeonGreen, although the dynamic range is also 

limited by the relatively inefficient FRET between mNeonGreen and mOrange The latter could 

be further improved by exploring tighter fusions between the latter two fluorescent domains. 

We next tested a sensor with an acceptor that integrates the advantages of the BRET-FRET 

sensor (good overlap between NanoLuc emission and acceptor excitation and well-separated 

emission) in a single fluorescent protein. The new sensor uses CyOFP1 as an acceptor domain, 

a cyan-excitable orange fluorescent protein that was recently introduced by Chu et al.17 

Interestingly, CyOFP1 has a very large Stokes shift (difference between peak excitation (497 

nm) and emission wavelength (589 nm)) of 92 nm, which has been attributed to a process called 

Excited State Proton Transfer (ESPT).17–19. CyOFP1-LUMABS was successfully expressed and 

purified. The luminescence emission spectrum surprisingly only showed a NanoLuc peak, 

however, and no change in the emission spectrum was observed upon addition of anti-HIV 

antibody (figure 3.3F). A control experiment showed that the CYOFP1 excitation spectrum was 

very similar to the excitation spectrum reported by Chu et al., indicating that the chromophore 

had formed correctly. In addition, chromophore maturation should not be an issue, as the half-

life for CyOFP1 chromophore maturation has been reported at 15 min, and the quantum yield 

of 0.76 should ensure efficient emission once CyOFP1 has been excited. The reason for the lack 

of BRET between NanoLuc and CyOFP1 in the LUMABS sensor is not yet understood, but it 

may be a combination of the fact that the SH3-proline rich peptide interaction does not bring 

the chromophores in very close proximity and possibly a suboptimal orientation of the 

chromophores of NanoLuc and CyOFP1 in the absence of antibody. 
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Figure 3.4: A,B: Schematic representation of antibody sensor concept for LUMABS variants based on BRET to a 

red acceptor fluorophore (A), or based on BRET from NanoLuc to mNeonGreen  and subsequent FRET to a red 

acceptor (B). 

 

LUMABS using red fluorescent proteins as acceptor domain 

Until recently, red fluorescent proteins suffered from a lack of brightness, mainly because no 

monomeric red fluorescent proteins with a high quantum yield were available. The introduction 

of mRuby2 (QY = 0.45, extinction coefficient = 125,000 M-1cm-1) was a major improvement.20 

Very recently, the palette of fluorescent proteins has been supplemented with the brightest red 

fluorescent protein so far, mScarlet (QY = 0.7, extinction coefficient = 100,000 M-1cm-1).21 

Both mRuby2 and mScarlet were tested as red-shifted acceptor domains in LUMABS. The 

spectral separation between NanoLuc and the red-shifted acceptors is large, and BRET 

efficiency was expected to be even lower than it was in the case of the orange acceptors. 

Therefore, an alternative design was also explored where mNeonGreen acts as a bridge between 

NanoLuc and the red acceptors. In this design NanoLuc and mNeonGreen are on one site of the 

semiflexible linker, allowing very efficient BRET to occur. mNeonGreen can then serve as the 

FRET donor to a red acceptor on the other side of the linker. This design is particularly 

interesting as it could allow more efficient excitation of well-separated red fluorescent acceptor 

proteins, while the sensor could also be used as a FRET sensor in applications that favour the  
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Figure 3.5: A,B) Emission spectrum of 5 nM mRuby2 LUMABS (A) and mScarlet-LUMABS (B) in the absence 

and presence of 50 nM antibody. C,D) Emission ratio of 2.5 pM mRuby2-LUMABS based (C) and mScarlet-

LUMABS (D) as a function of antibody concentration. E,F) Emission spectrum of 5 nM mRuby2-NG LUMABS (E) 

and mScarlet-NG-LUMABS (F) in the absence and presence of 50 nM antibody. G,H) Emission ratio of 2.5 pM 

mRuby2-NG-LUMABS based (G) and mScarlet-NG--LUMABS (H) as a function of antibody concentration. All 

measurements were performed in a buffer consisting of 100 mM NaCl, 50 mM Tris, 10% (v/v) glycerol and 0.05% 

(v/v) Tween-20 at pH 7.4 in a white 96 wells plate using a Tecan Spark platereader. Error bars represent mean ± 

S.E.M. 
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use of fluorescence. In this design, NanoLuc and mNeonGreen were fused directly to each 

other, with no amino acids in between to allow efficient FRET to occur (figure 3.4B).  

After sensor expression and purification, the sensors were kept at room temperature overnight 

to ensure chromophore maturation. Monitoring of absorption showed that chromophore 

maturation was complete after overnight incubation. In the absence of antibody, BRET to the 

red acceptor fluorescent proteins proved to be modestly efficient. For both sensors based on 

direct BRET (mRuby2-LUMABS and mScarlet-LUMABS) a sensitised emission peak could 

clearly be observed. mRuby2-LUMABS displayed a 59% dynamic range upon saturation with 

antibody, while the dynamic range of mScarlet-LUMABS was 98% (figure 3.6C,D). As the 

extinction coefficient of mRuby2 is higher than that of mScarlet (125,000 vs 100,000 M-1cm-

1), and spectral overlap between mRuby2 and NanoLuc is also better than spectral overlap 

between mScarlet and NanoLuc, the superior nature of mScarlet as a BRET acceptor can be 

attributed mainly to its very high quantum yield of 0.7, compared to 0.45 for mRuby2.21 In the 

emission spectra of the sensors based on a BRET-FRET mechanism, the red acceptor peak 

could not be clearly observed, probably because the shoulder of the mNeonGreen emission peak 

is dominant over the sensitised emission originating from the red acceptors. mRuby2-NG-

LUMABS and mScarlet-NG-LUMABS showed a dynamic range of 28% and 24%, respectively 

when following red over green emission. Surprisingly, addition of antibody appears to slightly 

decrease the mNeonGreen emission peak, suggesting that binding of sensor to the antibody 

results in a slightly different conformation between mNeonGreen and NanoLuc.  

To test the feasibility of using two different LUMABS variants in the same assay, an experiment 

was designed where the original green HA-LUMABS and the best red-shifted variant mScarlet-

LUMABS were present in equimolar amounts. Two titrations were performed, one with HA-

antibodies (which should bind to HA-LUMABS) and one with HIV-antibodies (which should 

bind to mScarlet-LUMABS). The HIV-antibody titration shows no change in mNeonGreen 

over NanoLuc emission, while a small decrease can be observed in the mScarlet over NanoLuc 

emission ratio (figure 3.6A, B). The observed change is lower than the ratiometric change of 

mScarlet-LUMABS described above, because there is a background of HA-LUMABS emission 

which does not contribute to the signal change. In the HA-titration, binding of HA-antibodies 

to HA-LUMABS can be clearly observed (figure 3.6C), and the ratio between mScarlet and 

NanoLuc emission also appears to decrease (figure 3.6D). The latter is caused by the fact that 

changes in mNeonGreen affect emission intensity at mScarlets peak emission wavelength. The 

results show the importance of having a large separation between mNeonGreen and red 
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acceptor emission, which is particularly important because mScarlet displays a very low 

sensitised emission compared to mNeonGreen. It would therefore be preferable to have a red-

shifted LUMABS acceptor that is even more red-shifted than mScarlet to minimise crosstalk 

between the red acceptor and mNeonGreen emission. 

 

Figure 3.6: Titration of HIV- (A,B) or HA antibodies (C,D) to a mixture of 10 pM HA-LUMABS and 10 pM 

mScarlet-LUMABS. For each titration, both the ratio between mNeonGreen and NanoLuc and the ratio between 

mScarlet and NanoLuc emission are plotted. Measurements were performed in a buffer consisting of 100 mM 

NaCl, 50 mM Tris, 10% (v/v) glycerol and 0.05% (v/v) Tween-20 at pH 7.4 in a white 96 wells plate using a Tecan 

Spark platereaderin a total volume of 200 μl. Error bars represent mean ± S.E.M. (n = 2). 

LUMABS incorporating a Halotag domain as acceptor  

At wavelengths higher than 600 nm, there are no truly bright red fluorescent proteins that are 

suitable for incorporation in LUMABS. Therefore, we decided to use the self-labeling HaloTag 

domain, which can be functionalised with a fluorophore of choice, including fluorophores that 

emit brightly beyond 600 nm. HaloTag is a 36 kDa protein domain that can be conjugated to 

chloroalkene-functionalized fluorophores to form a covalent bond.22  Using this approach, 

Machleidt et al. have recently shown that various red-shifted chromophores can be used as 

BRET acceptors for NanoLuc.23 In tight fusions, they reported relatively efficient BRET 



Expanding the LUMABS sensor platform to accept multiple inputs and provide multiple outputs 

 

- 75 - 
 

between NanoLuc and tetramethylrhodamine (TMR) and nonchlorotom (NCT) fluorescent 

groups, leading to fluorescent dye over NanoLuc emission ratios of around 0.5 and 0.4, 

Figure 3.7: A) Schematic representation of the LUMABS sensor using a HaloTag domain as acceptor. B) 

Chemical structure of HaloTag TMR ligand. C,D ) Emission spectrum of 5 nM HaloTag-LUMABS functionalized 

with TMR (C) or NCT (D). E) Emission ratio of HaloTag LUMABS functionalised with an NCT dye as function of 

antibody concentration. This titration was performed at a sensor concentration of 5 pM in a buffer consisting of 

100 mM NaCl, 50 mM Tris, 10% (v/v) glycerol and 0.05% (v/v) Tween-20 at pH 7.4 in a white 348 wells plate 

using a Tecan Spark platereader. Error bars represent mean ± S.E.M 

 

respectively. To investigate whether the TMR and NCT dyes also permitted efficient BRET 

when incorporated in LUMABS, an HA-LUMABS variant was developed that incorporated a 

HaloTag domain instead of the acceptor fluorescent protein domain (figure 3.7A). After 

expression and purification, a twofold molar excess of chloroalkane functionalized with either 

TMR or NCT dye was added according to the manufacturer’s instructions. Q-ToF LC/MS was 
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used to verify that all HaloTag had been conjugated to a fluorescent ligand, indicating that all 

sensor had been functionalised with ligand. After removal of excess ligand using Amicon 

filtration, bioluminescent emission spectra were obtained of both sensors in the absence of 

antibody (figure 3.7B,C). A clear sensitised emission peak was observed both in TMR-

LUMABS and NCT-LUMABS. The emission spectrum of TMR-LUMABS is comparable to 

those of mRuby2-LUMABS and mScarlet-LUMABS, providing no clear advantage of TMR-

LUMABS over the latter sensors that are more easily produced. However, NCT-LUMABS is 

the first LUMABS sensor that shows a complete separation between the emission spectra of the 

donor and acceptor domains.  Using NCT-LUMABS, an antibody titration experiment was 

performed, revealing a dynamic range of 59% (Kd = 31.8 ± 15 pM). The dynamic range is 

somewhat lower than the dynamic range of some previously developed variants, but NCT-

LUMABS has the crucial advantage of having a peak emission wavelength that is separated 

from mNeonGreen’s peak emission by over 100 nm.  

 

Integrating multiple input and output functions in a single LUMABS sensor 

Table 3.1 provides an overview of the spectral and sensor properties of the 9 LUMABS variants 

with alternative output domains that we explored in this study. The dynamic range of the classic 

LUMABS sensor remains superior to that of the red-shifted variants. However, both mScarlet-

LUMABS and NCT-LUMABS manage to combine a substantial dynamic range with a large 

spectral separation between emission of donor and acceptor, and are therefore interesting 

sensors to use in combination with NanoLuc-mNeonGreen-based sensors. 

Table 3.1: Overview of key characteristics of LUMABS variants with alternative fluorescent acceptor 

domains. 

Sensor name Donor Acceptor Acceptor Emission 

(nm) 

DR 

HIV-LUMABS-1 NanoLuc mNeonGreen 517 200% 

mOrange-LUMABS NanoLuc mNeonGreen 562 64% 

mOrange-NG-LUMABS NanoLuc mNeonGreen-mOrange 562 152% 

CyOFP-LUMABS NanoLuc CyOFP 589 n.d. 

mRuby2-LUMABS NanoLuc mRuby2 594 59% 

mScarlet-LUMABS NanoLuc mScarlet 594 98% 

mRuby-NG-LUMABS NanoLuc-mNeonGreen mRuby2 594 28% 

mScarlet-NG-LUMABS NanoLuc-mNeonGreen mScarlet 594 24% 

TMR-LUMABS NanoLuc HaloTag-TMR 590 n.d. 

NCT-LUMABS NanoLuc Halotag-NCT 618 59% 

 n.d. = not determined 
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Having developed sensors that could process multiple inputs to yield the same output, as well 

as sensors that could translate the same signal to different outputs, we explored whether a 

LUMABS could be constructed  that was capable of processing multiple different inputs and 

generate an input-specific output. Therefore, a triple colour LUMABS variant (TRC-

LUMABS) was designed where NanoLuc was sandwiched between two semi-flexible linkers 

with a different antibody specificity (HIV and HA) and a different fluorophore (Figure 3.8). A 

proline-rich peptide was inserted between NanoLuc and the epitopes in the linker, while the N- 

and C-termini of the protein contained an SH3 domain. mNeonGreen and NCT-HaloTag were 

used as the acceptor fluorescent domains. This was decided mainly on the basis that pairing of 

mNeonGreen with the NCT-dye yields the largest spectral separation between emission peaks. 

In the absence of antibody, BRET from NanoLuc can excite both mNeonGreen and NCT-

HaloTag. In the presence of anti HA-antibody, the linker between NanoLuc and NCT-HaloTag 

should adopt the open conformation, causing a decrease in energy transfer to NCT-HaloTag. 

Similarly, addition of anti-HIV antibody should increase the distance between NanoLuc and 

mNeonGreen, decreasing energy transfer to mNeonGreen.  

 

 

 

Figure 3.8: Schematic representation of sensing mechanism of the TRC-LUMABS. Binding of HIV-antibodies 

causes a decrease in BRET from NanoLuc to NCT-Halotag, while binding of HA-antibodies causes a decrease in 

BRET from NanoLuc to mNeonGreen.  
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Despite its large size of 130 kDa, TRC-LUMABS could be obtained using normal expression 

procedures in E.coli in a reasonable yield of several milligrams protein per litre culture.  After 

NCT-functionalisation of the HaloTag, the sensor bioluminescence spectrum was recorded in 

the absence and presence of either anti-HA or anti-HIV antibodies (Figure 3.9A, B). These 

measurements show a relatively intense NCT emission peak, which is partly caused by the fact 

that the measurements were performed on a platereader that compensates for lower detector 

sensitivity in the red part of the spectrum by slightly amplifying the signal. Addition of HA-

antibodies caused a clear decrease in NCT-HaloTag emission, consistent with antibody-induced 

decrease in BRET efficiency. The decrease in NCT-HaloTag emission is accompanied by an 

increase in mNeonGreen emission. Two processes may contribute to the mNeonGreen emission 

increase.  Firstly, disappearance of the direct BRET pathway to the NCT HaloTag, may result 

in more efficient BRET to mNeonGreen. Secondly, in the closed sensor conformation, FRET 

may occur from mNeonGreen to NCT-Halotag. The disappearance of this pathway probably 

also contributes to an increase in mNeonGreen emission. As such, both the ratio between NCT-

HaloTag and mNeonGreen emission and the ratio between NCT-HaloTag and NanoLuc 

emission respond to anti-HA antibody binding. If the NCT-NanoLuc ratio is used as a measure 

of antibody binding, the dynamic range of this sensor is 53%, which is comparable to the 

dynamic range when using the NCT-mNeonGreen ratio (60%). Both analysis methods yield a 

similar Kd (94 ± 39 pM using the NCT-NanoLuc ratio and 71 ± 14 pM using the NCT-

mNeonGreen ratio). Importantly, the ratio between mNeonGreen and NanoLuc emission (518 

/ 458) does not show a large change at increasing anti-HA concentration. As expected, addition 

of anti-HIV antibodies causes a decrease in mNeonGreen emission (figure 3.6B). The sensor 

binds anti-HIV antibodies with a dynamic range of 23%, when using the ratio between 

mNeonGreen and NanoLuc emission (figure 3.6d, Kd = 58 ± 23 pM). The reason for the small 

dynamic range is that the mNeonGreen emission peak only decreases modestly in the presence 

of antibody. Similarly, a decrease in emission ratio is observed when the ratio between NCT 

and NanoLuc emission is used. This can either be caused by the spectral overlap between 

mNeonGreen and NCT, or by disappearance of FRET between mNeonGreen and NCT in the 

antibody-bound state. In this case, the ratio between NCT and mNeonGreen emission proves 

insensitive to HIV antibody binding. These results show that because a decrease in BRET in 

one pathway affects BRET efficiency in the other pathway, it is not possible to exclusively 

modulate either of the two direct BRET pathways. Nonetheless, the sensor is capable of 

translating two different inputs into a different response in the sensor emission spectrum and  
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Figure 3.9: A) Emission spectrum of TRC-LUMABS in the absence and presence of 10 nM anti-HA antibody B) 

Emission spectrum of the same sensor in the presence and absence of 10 nM anti-HIV. D-H) Different emission 

ratios (C,D: mNeonGreen / NanoLuc, E,F: NCT / mNeonGreen, G,H: NCT / NanoLuc) as a function of anti-HA 

and anti-HIV antibodies, respectively. All titrations were performed at a sensor concentration of 5 pM in a buffer 

consisting of 100 mM NaCl, 50 mM Tris, 10% (v/v) glycerol and 0.05% (v/v) Tween-20 at pH 7.4 in a white 348 

wells plate using a Tecan Spark platereader. Error bars represent mean ± S.E.M (n = 2). 
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can clearly distinguish between the two antibodies. If HA antibodies bind, the ratio between 

NCT and mNeonGreen and the ratio between NCT and mNeonGreen decrease, while the ratio 

between mNeonGreen and NanoLuc remains constant. Similarly, in the case of HIV antibody 

binding, the ratio between NCT and mNeonGreen remains unaffected but the ratios between 

NCT and NanoLuc and mNeonGreen and NanoLuc decrease. 

3.3 Discussion 

In this study we explored the modularity of the LUMABS protein switch by developing sensors 

with multiple input domains and sensors containing different output domains. Introduction of 

two epitopes at each end of the central linker yielded a sensor that displayed a decrease in 

emission ratio when binding either to HA- or HIV-antibodies, representing a single-protein OR-

gate. After evaluating 9 different BRET pairs, it was found that two sensors (mScarlet-

LUMABS and NCT-LUMABS) managed to combine a large spectral separation with an 

acceptable dynamic range, making them attractive sensors to use together with classic 

LUMABS. Sensors based on initial BRET to mNeonGreen and subsequent FRET to a red 

acceptor proved to be less successful. Integration of classic HIV-LUMABS with a red-shifted 

HA-LUMABS variant into a single sensor protein yielded a sensor that could process multiple 

inputs into multiple outputs. This sensor relied on BRET from NanoLuc to mNeonGreen and 

NCT-HaloTag, the most red-shifted acceptor that was tested. Despite cross-talk between 

mNeonGreen and NCT-HaloTag emission, the sensor enabled distinction between antibodies 

based on the analysis of three different emission ratio (mNeonGreen / NanoLuc, NCT / 

NanoLuc and NCT / mNeonGreen). 

None of the orange and red fluorescent domains that were tested in LUMABS displayed strong 

sensitised emission. Despite this, the dynamic range of some of the tested sensors is comparable 

to that of LUMABS because of better spectral separation of emission spectra. Achieving higher 

sensitised emission would further improve the dynamic range, and enable simultaneous 

measurements of classic LUMABS variants with a red-shifted variant. In addition, a drawback 

of the relatively weak sensitised emission from the orange and red fluorescent domains is that 

the signal becomes more sensitive to noise, potentially compromising the sensors’s LoD and 

LoQ in complex media. From literature, it is clear that in proteins where NanoLuc is in very 

close proximity to a red-shifted acceptor, BRET can be much more efficient. Machleidt et al. 

reported tight fusions between NanoLuc and NCT-HaloTag that yielded ~ four times stronger 

sensitised emission than we observed in NCT-LUMABS. Similarly, recent work by the group 

of Nagai has demonstrated that constructs where orange and red emission is higher than 
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NanoLuc emission can be obtained by creating very tight fusions between NanoLuc and several 

different fluorescent proteins. These results suggest that in LUMABS, the distance between 

chromophores achieved using the SH3-Sp1 interaction is not yet ideal. In the original 

LUMABS, this suboptimal distance was compensated by the extensive overlap between donor 

emission and acceptor emission, as well as the very high brightness of mNeonGreen. The focus 

for future sensor development should therefore be to bring NanoLuc and the acceptor domain 

in closer proximity. A promising strategy would be to eliminate the acceptor fluorescent protein 

and identify a suitable site on the SH3-domain to incorporate a synthetic fluorophore, e.g. via 

cysteine-maleimide coupling or through the use of a non-natural amino acid. Exploring 

different sensor topologies (i.e. NanoLuc on the N-terminus and the acceptor on the C-terminus) 

may increase BRET efficiency through improvement of the relative orientation and distance 

between donor and acceptor. An additional strategy to bring the BRET pair in close proximity 

would be to use a circularly permuted version of NanoLuc, a strategy that was successfully 

explored by Johnsson and coworkers in their LUCID sensors.6 

In the case of TRC-LUMABS, the sensor behaviour is not yet completely understood. For 

example, there is relatively efficient BRET between NanoLuc and mNeonGreen in the 

antibody-bound state. Our current hypothesis is that the large sensor design permits sufficient 

flexibility to allow the helper domain C-terminal of mNeonGreen to fold back on one of the 

other helper domains. This hypothesis can be investigated by cloning a sensor variant where 

one of the two proline-rich peptides has been eliminated. Such a sensor would have the 

additional advantage of allowing no FRET to occur between the two BRET acceptors, 

simplifying the sensor response because the BRET-FRET pathway has been eliminated. As 

BRET to the red acceptor is relatively inefficient, cloning a sensor incorporating mNeonGreen 

twice as acceptor domain could aid in developing a more detailed picture of the sensor 

conformation in the antibody-free and –bound states. A sensor incorporating two identical 

acceptor domains would behave as an AND-gate, complementing the OR-gate developed in 

this chapter. AND-gates can be useful for diagnosing diseases that are characterised by the 

presence of two different antibodies.24,25  

In summary, the modular architecture of LUMABS makes it a highly modular protein switch 

that can be adapted to create sensors with more advanced signal processing properties, including 

sensors capable of translating multiple different inputs into an input-specific output. The 

relative ease of obtaining functional sensors with different target specificities and different 

output domains highlights the benefits of using modular protein switches based on mutually 
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domain interactions. Future generations of LUMABS can expand on this modular protein 

switch design and continuous further optimisation of LUMABS should be possible as the 

development of improved donor, acceptor and helper domains perpetuates. 
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3.4 Materials and Methods 

Cloning 

 T4 DNA ligase and all restriction enzymes (all high fidelity variants) were purchased from 

New England Biolabs. A pUC57 plasmid containing a synthetic gene encoding the flexible 

linker including two different epitopes (HA and HIV) on both sides of the linker was ordered 

from GenScript (USA). The linker was cloned into a previous LUMABS variant using 

restriction ligation cloning (Figure A1). mOrange variants were created by amplifying mOrange 

from a plasmid available in our lab. mOrange was amplified such that the ends of the PCR 

product overlapped with the DNA of LUMABS variants which were also amplified by PCR, 

allowing insertion of mOrange in LUMABS (with and without mNeonGreen) using Circular 

Polymerase Extension Cloning (CPEC). A synthetic gene encoding CYOFP1-LUMABS was 

obtained from GenScript (USA). Cloning of the triple colour sensor was started from a construct 

encoding SH3-HaloTag-HA-epitope-linker-HA-epitope-Sp1-NanoLuc-Sp1-HA epitope-

linker-mNeonGreen-SH3, which was available from a previous project. This linker was treated 

with SphI and SacI restriction enzymes to eliminate the HA-linker element C-terminal of 

NanoLuc. The linker containing HIV epitopes was amplified from HIV-LUMABS, and 

restricted using the same restriction sites. Subsequently, the linker was ligated in the opened 

vector to yield the triple colour sensor (figure A3). HaloTag-LUMABS was obtained from the 

same starting construct using restriction with EcoRI and KpnI and subsequent ligation (Figure 

A2). In all cases, correct cloning was confirmed using sequencing (StarSeq, Germany). Full 

DNA sequences can be found in the appendix.  For the red fluorescent protein based sensors, a 

synthetic gene was ordered encoding LUMABS incorporating both mRuby2 and mScarlet as 

acceptor fluorophore, and with mNeonGreen fused tightly to NanoLuc. Using restriction-

ligation cloning, DNA encoding 4 different sensors was obtained. mRuby2 was cut out using 

KpnI to yield mScarlet-NG-LUMABS and  mScarlet was cut out using EcoRI to yield mRuby2-

NG-LUMABS. Subsequently, mNeonGreen was cut out of the DNA encoding each sensor 

using NheI to yield mRuby2-LUMABS and mScarlet-LUMABS. Ligation was performed using 

T4 DNA ligase, also from New England Biolabs.  

Protein Expression 

In all cases, a pET28a+ plasmid encoding the respective sensor was transformed into 

BL21(DE3) cells (Novagen), Cells were cultured in LB medium, in the presence of 30 μg/ml 

kanamycin and expression was induced using 0.1 mM isopropyl-β-D-thiogalactopyranoside 
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After overnight expression, cells were harvested by centrifuging for 10 min at 10000 x g. The 

resulting pellet was lysed using BugBuster (EMD Millipore) and benzonase nuclease (Sigma-

Aldrich) for 30 min, and centrifuged again for 40 min at 40000 x g. Pure sensor was obtained 

from the resulting supernatant using a combination of nickel-affinity and Strep-Tactin column 

chromatography according to the manufacturers instruction. In the case of OR-LUMABS, 

nickel-affinity purification was followed by size exclusion chromatography (Superdex 200 

column) as this sensor did not contain a Strep-Tag. Sensor purity was confirmed using SDS-

PAGE.  

HaloTag LUMABS functionalisation  

In vitro conjugation of the fluorescent ligand to sensors containing a HaloTag was achieved 

under the following conditions: 2 μM sensor was incubated with 4 μM ligand and incubated for 

1 hour at room temperature in a buffer composed of 100 mM NaCl, 50 mM Tris, 10% glycerol, 

0.05% Tween-20 at pH = 7.4. Complete conjugation was confirmed using Q-ToF LC-MS.  

Sensor characterization 

Sensors were characterized in the buffers indicated in the figure legends. Luminescence spectra 

were obtained using a sensor concentration of 5 nM in a black cuvette (10 mm pathlength) on 

a Varian Eclipse spectrophotometer. Emission was recorded between 400 and 600 nm (or 700 

nm when necessary) using a gate time of 200 ms and a bandwidth of 20 nm. Titrations were 

performed on a Tecan Spark 10M platereader recording luminescence intensity between 400 

and 600 nm (blue-green sensors) or 400-700 nm for the NCT-functionalised sensors at an 

interval of 15 nm, in a total reaction volume of 100 μL in a white 96-wells plate (PerkinElmer 

OptiPlate, 6005299). Nano-Glo luciferase assay substrate was added at a final dilution of 5000x. 

Antibodies were obtained from Zeptometrix (HIV1-p17, clone 32/1.24.89), Thermo Scientific 

(HA-tag, clone 2-2.2.14). 
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atgggcagcagccatcatcatcatcatcacagcagcggcctggtgccgcgcggcagccat 
M  G  S  S  H  H  H  H  H  H  S  S  G  L  V  P  R  G  S  H 
atggctagcgacgacaactttatatacaaggcgaaggcgctctatccctatgatgcagat 
M  A  S  D  D  N  F  I  Y  K  A  K  A  L  Y  P  Y  D  A  D 
gatgatgacgcatacgaaatctcattcgaacaaaatgaaatccttcaggtatcagacatt 
D  D  D  A  Y  E  I  S  F  E  Q  N  E  I  L  Q  V  S  D  I 
gaggggcggtggtggaaagcccgccgcgccaatggagagacaggcatcatcccgtcgaat 
E  G  R  W  W  K  A  R  R  A  N  G  E  T  G  I  I  P  S  N 
tatgttcagttgattgacggtcctgaggaaatgcatcggggcggctcgggaggctcaggc 
Y  V  Q  L  I  D  G  P  E  E  M  H  R  G  G  S  G  G  S  G 
agccatatggtaagtaaaggtgaagaagacaatatggcttctctgcctgccacacatgag 
S  H  M  V  S  K  G  E  E  D  N  M  A  S  L  P  A  T  H  E 
cttcatatttttgggagcataaacggagtggatttcgacatggtaggtcagggtacgggg 
L  H  I  F  G  S  I  N  G  V  D  F  D  M  V  G  Q  G  T  G 
aaccctaacgatggatatgaggagttgaatcttaaaagcacaaagggtgatctgcagttc 
N  P  N  D  G  Y  E  E  L  N  L  K  S  T  K  G  D  L  Q  F 
tcgccctggatcctggtgccgcatataggttatggtttccatcagtatcttccatacccg 
S  P  W  I  L  V  P  H  I  G  Y  G  F  H  Q  Y  L  P  Y  P 
gatggcatgagcccttttcaggccgcaatggtagatggctcaggatatcaagtgcatcgg 
D  G  M  S  P  F  Q  A  A  M  V  D  G  S  G  Y  Q  V  H  R 
accatgcagtttgaagatggggcgtctttgacggtaaattacaggtacacctatgagggt 
T  M  Q  F  E  D  G  A  S  L  T  V  N  Y  R  Y  T  Y  E  G 
agccatataaagggagaagcgcaggtgaagggaactggattcccagcggatggcccagtc 
S  H  I  K  G  E  A  Q  V  K  G  T  G  F  P  A  D  G  P  V 
atgacaaacagcctcaccgctgctgattggtgccgatccaagaaaacgtatccaaacgat 
M  T  N  S  L  T  A  A  D  W  C  R  S  K  K  T  Y  P  N  D 
aaaactatcatttctacttttaagtggtcctatacaacaggaaacgggaaacgctatcgt 
K  T  I  I  S  T  F  K  W  S  Y  T  T  G  N  G  K  R  Y  R 
tcaacggcccgcacgacctacacgtttgcaaagccaatggctgcgaattatctgaaaaac 
S  T  A  R  T  T  Y  T  F  A  K  P  M  A  A  N  Y  L  K  N 
cagccgatgtatgtgttccgtaaaaccgaactgaaacattctaaaacggagctcaatttc 
Q  P  M  Y  V  F  R  K  T  E  L  K  H  S  K  T  E  L  N  F 
aaggaatggcagaaggcatttacggatgtcatgggaatggacgaactgtataagtcgggc 
K  E  W  Q  K  A  F  T  D  V  M  G  M  D  E  L  Y  K  S  G 
ggtaccgaactggatcgctgggaaaaaattcgcctgcgcggtggtagcggtggtagctat 
G  T  E  L  D  R  W  E  K  I  R  L  R  G  G  S  G  G  S  Y 
ccttatgatgttcctgattatgccgggggttcgggtggttcaggcggctcaggaggctcc 
P  Y  D  V  P  D  Y  A  G  G  S  G  G  S  G  G  S  G  G  S 
gggggttccggagggagcggtgctgaagccgcagccaaggaagcagcagctaaagaggcc 
G  G  S  G  G  S  G  A  E  A  A  A  K  E  A  A  A  K  E  A 
gctgcgaaggaagctgccgcaaaggaggcggcggcgaaagaggcggcagcaaaagccgga 
A  A  K  E  A  A  A  K  E  A  A  A  K  E  A  A  A  K  A  G 
tctggtggcagtggtggctccggcgggtcaggtggcagcgggggatcaggagctgaggca 
S  G  G  S  G  G  S  G  G  S  G  G  S  G  G  S  G  A  E  A 
gccgccaaagaggctgcggccaaggaggccgccgctaaagaagccgcggcaaaagaggca 
A  A  K  E  A  A  A  K  E  A  A  A  K  E  A  A  A  K  E  A 
gcggcaaaggaagcggctgcgaaagccggaagtggtgggtcgggcggctccggtggctct 
A  A  K  E  A  A  A  K  A  G  S  G  G  S  G  G  S  G  G  S 
ggcggcagtggcggtagtggcggggagctggatcgttgggagaagatccgtctgcgtggc 
G  G  S  G  G  S  G  G  E  L  D  R  W  E  K  I  R  L  R  G 
ggcagtggcggcagttacccatacgacgtgccagactacgcgactagtggaggcagcatg 
G  S  G  G  S  Y  P  Y  D  V  P  D  Y  A  T  S  G  G  S  M 
gtatttactcttgaagattttgtcggtgattggcgccagaccgccggctataacctggac 
V  F  T  L  E  D  F  V  G  D  W  R  Q  T  A  G  Y  N  L  D 
caagtgcttgaacagggcggggttagcagcctgtttcaaaacctgggggtgagtgtcacg 
Q  V  L  E  Q  G  G  V  S  S  L  F  Q  N  L  G  V  S  V  T 
ccaattcagcgcatcgttctgtcgggagagaatggtctgaaaatcgatatccacgtcatt 
P  I  Q  R  I  V  L  S  G  E  N  G  L  K  I  D  I  H  V  I 
atcccgtacgaaggtctttctggtgatcagatggggcagatagaaaaaatattcaaagtg 
I  P  Y  E  G  L  S  G  D  Q  M  G  Q  I  E  K  I  F  K  V 
gtgtacccagtagacgatcatcacttcaaggttatactgcactatggcaccctcgttatc 
V  Y  P  V  D  D  H  H  F  K  V  I  L  H  Y  G  T  L  V  I 
gatggcgttactccgaatatgatcgattactttgggcgtccttatgaaggtattgcggtg 
D  G  V  T  P  N  M  I  D  Y  F  G  R  P  Y  E  G  I  A  V 
ttcgacggtaaaaaaattacggttaccgggacgctctggaatggtaataaaatcattgat 
F  D  G  K  K  I  T  V  T  G  T  L  W  N  G  N  K  I  I  D 
gagcgcttgataaacccagatggcagccttctgttcagagttacgataaacggggttacg 
E  R  L  I  N  P  D  G  S  L  L  F  R  V  T  I  N  G  V  T 
ggttggcgactgtgcgaaagaatattagcttctagcggtggaggatctattcgttcaaag 
G  W  R  L  C  E  R  I  L  A  S  S  G  G  G  S  I  R  S  K 
ccgctgccacccctacccgtgtaa 
P  L  P  P  L  P  V  - 
 

Figure A1: DNA and amino acid sequence of dual input sensor (OR-gate). Areas of interest are 
indicated as follows. Histag (magenta), SH3 domain (yellow),  mNeonGreen (green), epitopes 
(magenta), NanoLuc (cyan), proline-rich peptide (blue), Strep-tag (grey) 
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atgggcagcagccatcatcatcatcatcacagcagcggcctggtgccgcgcggcagccat 
 M  G  S  S  H  H  H  H  H  H  S  S  G  L  V  P  R  G  S  H  
atggcgtcagacgataattttatatacaaggctaaggccctatatccgtatgacgctgat 
 M  A  S  D  D  N  F  I  Y  K  A  K  A  L  Y  P  Y  D  A  D  
gacgacgacgcgtatgaaatttcttttgagcagaacgaaatccttcaggtatctgatatt 
 D  D  D  A  Y  E  I  S  F  E  Q  N  E  I  L  Q  V  S  D  I  
gagggcagatggtggaaagcccgcagggcgaatggtgaaaccggaatcattccatcaaat 
 E  G  R  W  W  K  A  R  R  A  N  G  E  T  G  I  I  P  S  N  
tatgtgcagttaatcgatggaccagaagagatgcaccggggtgggtcaggaggctccggg 
 Y  V  Q  L  I  D  G  P  E  E  M  H  R  G  G  S  G  G  S  G  
tcagaaattggcacaggcttcccttttgacccgcactacgtagaagtcttaggcgagcgt 
 S  E  I  G  T  G  F  P  F  D  P  H  Y  V  E  V  L  G  E  R  
atgcattatgtcgacgttggtccaagagacggtactcccgtattgtttttacacgggaac 
 M  H  Y  V  D  V  G  P  R  D  G  T  P  V  L  F  L  H  G  N  
ccaacctctagctatgtgtggcgtaatattattcctcatgttgccccaacccatcgctgc 
 P  T  S  S  Y  V  W  R  N  I  I  P  H  V  A  P  T  H  R  C  
atcgccccagatctgattggtatgggaaagtctgacaaaccggatttgggctacttcttt 
 I  A  P  D  L  I  G  M  G  K  S  D  K  P  D  L  G  Y  F  F  
gatgatcatgttcggtttatggacgcgttcatagaggcactgggcctagaggaagttgtg 
 D  D  H  V  R  F  M  D  A  F  I  E  A  L  G  L  E  E  V  V  
cttgtgattcatgattggggaagtgccttaggctttcattgggccaagcgtaaccctgag 
 L  V  I  H  D  W  G  S  A  L  G  F  H  W  A  K  R  N  P  E  
agagttaaaggcattgcatttatggagtttattcggcctattccgacctgggatgagtgg 
 R  V  K  G  I  A  F  M  E  F  I  R  P  I  P  T  W  D  E  W  
cctgagttcgctcgtgagacatttcaggcattcaggacgacggacgtaggacgcaaactg 
 P  E  F  A  R  E  T  F  Q  A  F  R  T  T  D  V  G  R  K  L  
atcattgaccaaaatgtcttcatcgaaggcacgctcccgatgggtgttgtgcgtccattg 
 I  I  D  Q  N  V  F  I  E  G  T  L  P  M  G  V  V  R  P  L  
actgaagtggagatggatcattatcgtgaaccgttcctcaatcccgtggatcgcgagcct 
 T  E  V  E  M  D  H  Y  R  E  P  F  L  N  P  V  D  R  E  P  
ttatggcgtttccctaacgaattgccaatcgctggggagcccgcaaatatagtggcgtta 
 L  W  R  F  P  N  E  L  P  I  A  G  E  P  A  N  I  V  A  L  
gtcgaggagtatatggactggctgcatcagtcaccggttccgaaattgcttttttggggc 
 V  E  E  Y  M  D  W  L  H  Q  S  P  V  P  K  L  L  F  W  G  
accccgggagttctgatcccaccagccgaagcggcacgtctggcgaagtccttgccgaat 
 T  P  G  V  L  I  P  P  A  E  A  A  R  L  A  K  S  L  P  N  
tgtaaagcggttgatattggacctggcctgaatctgctgcaagaagacaatcctgacctg 
 C  K  A  V  D  I  G  P  G  L  N  L  L  Q  E  D  N  P  D  L  
ataggttctgagattgcccgctggctgtcaactttggaaatttcaggctccggaggctat 
 I  G  S  E  I  A  R  W  L  S  T  L  E  I  S  G  S  G  G  Y  
ccgtatgatgttccggactatgcaggtggctccgggggcagcgggggcagtggtggttca 
 P  Y  D  V  P  D  Y  A  G  G  S  G  G  S  G  G  S  G  G  S  
ggtggaagcgggggctctggcgctgaagctgccgcgaaggaagcagcagcaaaagaggcc 
 G  G  S  G  G  S  G  A  E  A  A  A  K  E  A  A  A  K  E  A  
gctgcgaaggaagcggcagctaaagaagcagccgcaaaagaggcggctgctaaggcaggc 
 A  A  K  E  A  A  A  K  E  A  A  A  K  E  A  A  A  K  A  G  
tcgggtggatcaggcgggtcaggcggttctggaggttccgggggtagtggtgccgaagct 
 S  G  G  S  G  G  S  G  G  S  G  G  S  G  G  S  G  A  E  A  
gcagccaaagaagccgcggcgaaagaggcagcagcgaaagaagctgcggcaaaagaagcc 
 A  A  K  E  A  A  A  K  E  A  A  A  K  E  A  A  A  K  E  A  
gcagctaaggaggctgccgcgaaagccggttccggcgggagtggaggttcgggtgggtct 
 A  A  K  E  A  A  A  K  A  G  S  G  G  S  G  G  S  G  G  S  
ggcggcagtggaggaagcggaggatacccgtatgatgtgccagactacgcagaattctca 
 G  G  S  G  G  S  G  G  Y  P  Y  D  V  P  D  Y  A  E  F  S  
agcggaggcggttcaatggtgttcacactggaagattttgtaggggattggaggcagacc 
 S  G  G  G  S  M  V  F  T  L  E  D  F  V  G  D  W  R  Q  T  
gctggctataatctggaccaagtactggaacagggaggtgtcagtagtctgtttcaaaat 
 A  G  Y  N  L  D  Q  V  L  E  Q  G  G  V  S  S  L  F  Q  N  
ctgggtgtcagcgtaacaccgattcaacggatcgttctctccggggaaaacggcttaaaa 
 L  G  V  S  V  T  P  I  Q  R  I  V  L  S  G  E  N  G  L  K  
attgatattcacgtcattataccttatgaggggctgtccggtgatcaaatggggcagatc 
 I  D  I  H  V  I  I  P  Y  E  G  L  S  G  D  Q  M  G  Q  I  
gagaaaatatttaaggttgtatatccagtggatgaccatcacttcaaggtgattctgcat 
 E  K  I  F  K  V  V  Y  P  V  D  D  H  H  F  K  V  I  L  H  
tacggcaccttagtgatcgatggtgtgaccccgaatatgatcgattacttcggacgaccg 
 Y  G  T  L  V  I  D  G  V  T  P  N  M  I  D  Y  F  G  R  P  
tacgaagggattgctgtgtttgacggtaaaaaaatcacggttaccggcacattatggaac 
 Y  E  G  I  A  V  F  D  G  K  K  I  T  V  T  G  T  L  W  N  
ggaaacaagataattgatgagcgacttattaacccggatggttcgctcttgtttcgcgtc 
 G  N  K  I  I  D  E  R  L  I  N  P  D  G  S  L  L  F  R  V  
actattaatggcgtcacagggtggcgtttgtgtgagcgcattctagcaggatccagtagc 
 T  I  N  G  V  T  G  W  R  L  C  E  R  I  L  A  G  S  S  S  
ggcggtggttcgatacgctctaaacctttaccgcctctgccagtgacgggaggatccggt 
 G  G  G  S  I  R  S  K  P  L  P  P  L  P  V  T  G  G  S  G  
acctggagccacccgcaatttgaaaagtaa 
 T  W  S  H  P  Q  F  E  K  -  

 
 

Figure A2: DNA and amino acid sequence of HaloTag-LUMABS. Areas of interest are indicated as 
follows. Histag (dark red), SH3 domain (yellow),  Halotag (red), epitope (magenta), NanoLuc (cyan), 
proline-rich peptide (blue), Strep-tag (grey) 
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atgggcagcagccatcatcatcatcatcacagcagcggcctggtgccgcgcggcagccat 
M  G  S  S  H  H  H  H  H  H  S  S  G  L  V  P  R  G  S  H 
catatgatggcgtcagacgataattttatatacaaggctaaggccctatatccgtatgac 
H  M  M  A  S  D  D  N  F  I  Y  K  A  K  A  L  Y  P  Y  D 
gctgatgacgacgacgcgtatgaaatttcttttgagcagaacgaaatccttcaggtatct 
A  D  D  D  D  A  Y  E  I  S  F  E  Q  N  E  I  L  Q  V  S 
gatattgagggcagatggtggaaagcccgcagggcgaatggtgaaaccggaatcattcca 
D  I  E  G  R  W  W  K  A  R  R  A  N  G  E  T  G  I  I  P 
tcaaattatgtgcagttaatcgatggaccagaagagatgcaccggggtgggtcaggaggc 
S  N  Y  V  Q  L  I  D  G  P  E  E  M  H  R  G  G  S  G  G 
tccgggtcagaaattggcacaggcttcccttttgacccgcactacgtagaagtcttaggc 
S  G  S  E  I  G  T  G  F  P  F  D  P  H  Y  V  E  V  L  G 
gagcgtatgcattatgtcgacgttggtccaagagacggtactcccgtattgtttttacac 
E  R  M  H  Y  V  D  V  G  P  R  D  G  T  P  V  L  F  L  H 
gggaacccaacctctagctatgtgtggcgtaatattattcctcatgttgccccaacccat 
G  N  P  T  S  S  Y  V  W  R  N  I  I  P  H  V  A  P  T  H 
cgctgcatcgccccagatctgattggtatgggaaagtctgacaaaccggatttgggctac 
R  C  I  A  P  D  L  I  G  M  G  K  S  D  K  P  D  L  G  Y 
ttctttgatgatcatgttcggtttatggacgcgttcatagaggcactgggcctagaggaa 
F  F  D  D  H  V  R  F  M  D  A  F  I  E  A  L  G  L  E  E 
gttgtgcttgtgattcatgattggggaagtgccttaggctttcattgggccaagcgtaac 
V  V  L  V  I  H  D  W  G  S  A  L  G  F  H  W  A  K  R  N 
cctgagagagttaaaggcattgcatttatggagtttattcggcctattccgacctgggat 
P  E  R  V  K  G  I  A  F  M  E  F  I  R  P  I  P  T  W  D 
gagtggcctgagttcgctcgtgagacatttcaggcattcaggacgacggacgtaggacgc 
E  W  P  E  F  A  R  E  T  F  Q  A  F  R  T  T  D  V  G  R 
aaactgatcattgaccaaaatgtcttcatcgaaggcacgctcccgatgggtgttgtgcgt 
K  L  I  I  D  Q  N  V  F  I  E  G  T  L  P  M  G  V  V  R 
ccattgactgaagtggagatggatcattatcgtgaaccgttcctcaatcccgtggatcgc 
P  L  T  E  V  E  M  D  H  Y  R  E  P  F  L  N  P  V  D  R 
gagcctttatggcgtttccctaacgaattgccaatcgctggggagcccgcaaatatagtg 
E  P  L  W  R  F  P  N  E  L  P  I  A  G  E  P  A  N  I  V 
gcgttagtcgaggagtatatggactggctgcatcagtcaccggttccgaaattgcttttt 
A  L  V  E  E  Y  M  D  W  L  H  Q  S  P  V  P  K  L  L  F 
tggggcaccccgggagttctgatcccaccagccgaagcggcacgtctggcgaagtccttg 
W  G  T  P  G  V  L  I  P  P  A  E  A  A  R  L  A  K  S  L 
ccgaattgtaaagcggttgatattggacctggcctgaatctgctgcaagaagacaatcct 
P  N  C  K  A  V  D  I  G  P  G  L  N  L  L  Q  E  D  N  P 
gacctgataggttctgagattgcccgctggctgtcaactttggaaatttcaggctccgga 
D  L  I  G  S  E  I  A  R  W  L  S  T  L  E  I  S  G  S  G 
ggctatccgtatgatgttccggactatgcaggtggctccgggggcagcgggggcagtggt 
G  Y  P  Y  D  V  P  D  Y  A  G  G  S  G  G  S  G  G  S  G 
ggttcaggtggaagcgggggctctggcgctgaagctgccgcgaaggaagcagcagcaaaa 
G  S  G  G  S  G  G  S  G  A  E  A  A  A  K  E  A  A  A  K 
gaggccgctgcgaaggaagcggcagctaaagaagcagccgcaaaagaggcggctgctaag 
E  A  A  A  K  E  A  A  A  K  E  A  A  A  K  E  A  A  A  K 
gcaggctcgggtggatcaggcgggtcaggcggttctggaggttccgggggtagtggtgcc 
A  G  S  G  G  S  G  G  S  G  G  S  G  G  S  G  G  S  G  A 
gaagctgcagccaaagaagccgcggcgaaagaggcagcagcgaaagaagctgcggcaaaa 
E  A  A  A  K  E  A  A  A  K  E  A  A  A  K  E  A  A  A  K 
gaagccgcagctaaggaggctgccgcgaaagccggttccggcgggagtggaggttcgggt 
E  A  A  A  K  E  A  A  A  K  A  G  S  G  G  S  G  G  S  G 
gggtctggcggcagtggaggaagcggaggatacccgtatgatgtgccagactacgcagaa 
G  S  G  G  S  G  G  S  G  G  Y  P  Y  D  V  P  D  Y  A  E 
ttcggcgggtctattaggtcaaagccattaccaccactccctgttacgggtgaattctca 
F  G  G  S  I  R  S  K  P  L  P  P  L  P  V  T  G  E  F  S 
agcggaggcggttcaatggtgttcacactggaagattttgtaggggattggaggcagacc 
S  G  G  G  S  M  V  F  T  L  E  D  F  V  G  D  W  R  Q  T 
gctggctataatctggaccaagtactggaacagggaggtgtcagtagtctgtttcaaaat 
A  G  Y  N  L  D  Q  V  L  E  Q  G  G  V  S  S  L  F  Q  N 
ctgggtgtcagcgtaacaccgattcaacggatcgttctctccggggaaaacggcttaaaa 
L  G  V  S  V  T  P  I  Q  R  I  V  L  S  G  E  N  G  L  K 
attgatattcacgtcattataccttatgaggggctgtccggtgatcaaatggggcagatc 
I  D  I  H  V  I  I  P  Y  E  G  L  S  G  D  Q  M  G  Q  I 
gagaaaatatttaaggttgtatatccagtggatgaccatcacttcaaggtgattctgcat 
E  K  I  F  K  V  V  Y  P  V  D  D  H  H  F  K  V  I  L  H 
tacggcaccttagtgatcgatggtgtgaccccgaatatgatcgattacttcggacgaccg 
Y  G  T  L  V  I  D  G  V  T  P  N  M  I  D  Y  F  G  R  P 
tacgaagggattgctgtgtttgacggtaaaaaaatcacggttaccggcacattatggaac 
Y  E  G  I  A  V  F  D  G  K  K  I  T  V  T  G  T  L  W  N 
ggaaacaagataattgatgagcgacttattaacccggatggttcgctcttgtttcgcgtc 
G  N  K  I  I  D  E  R  L  I  N  P  D  G  S  L  L  F  R  V 
actattaatggcgtcacagggtggcgtttgtgtgagcgcattctagcaggatccagtagc 
T  I  N  G  V  T  G  W  R  L  C  E  R  I  L  A  G  S  S  S 
ggcggtggttcgatacgctctaaacctttaccgcctctgccagtgacgggaggatccggt 
G  G  G  S  I  R  S  K  P  L  P  P  L  P  V  T  G  G  S  G 
acccctgcaggagagctagatcgctgggaaaaaatacgccttagaccggggggttcgggt 
T  P  A  G  E  L  D  R  W  E  K  I  R  L  R  P  G  G  S  G 
ggttcaggcggctcaggaggctccgggggttccggagggagcggtgctgaagccgcagcc 
G  S  G  G  S  G  G  S  G  G  S  G  G  S  G  A  E  A  A  A 
aaggaagcagcagctaaagaggccgctgcgaaggaagctgccgcaaaggaggcggcggcg 
K  E  A  A  A  K  E  A  A  A  K  E  A  A  A  K  E  A  A  A 
aaagaggcggcagcaaaagccggatctggtggcagtggtggctccggcgggtcaggtggc 
K  E  A  A  A  K  A  G  S  G  G  S  G  G  S  G  G  S  G  G 
agcgggggatcaggagctgaggcagccgccaaagaggctgcggccaaggaggccgccgct 
S  G  G  S  G  A  E  A  A  A  K  E  A  A  A  K  E  A  A  A 
aaagaagccgcggcaaaagaggcagcggcaaaggaagcggctgcgaaagccggaagtggt 
K  E  A  A  A  K  E  A  A  A  K  E  A  A  A  K  A  G  S  G 
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gggtcgggcggctccggtggctctggcggcagtggcggtagtggcggggaattagatagg 
G  S  G  G  S  G  G  S  G  G  S  G  G  S  G  G  E  L  D  R 
tgggaaaagatccggttacgcccggagctctcgggagggatggttagcaaaggggaggag 
W  E  K  I  R  L  R  P  E  L  S  G  G  M  V  S  K  G  E  E 
gacaacatggcaagtctcccagccacccatgaactgcatatctttggtagcatcaatggc 
D  N  M  A  S  L  P  A  T  H  E  L  H  I  F  G  S  I  N  G 
gttgacttcgatatggttgggcaggggacggggaatccaaatgacggctacgaggaactg 
V  D  F  D  M  V  G  Q  G  T  G  N  P  N  D  G  Y  E  E  L 
aacctcaagtctaccaagggcgacctgcaatttagcccatggatacttgtgccgcatatt 
N  L  K  S  T  K  G  D  L  Q  F  S  P  W  I  L  V  P  H  I 
ggttacggctttcatcagtatttaccatatccggatggcatgtctccatttcaagctgca 
G  Y  G  F  H  Q  Y  L  P  Y  P  D  G  M  S  P  F  Q  A  A 
atggttgatggcagtggttatcaggttcatcgcaccatgcaattcgaggatggggcctct 
M  V  D  G  S  G  Y  Q  V  H  R  T  M  Q  F  E  D  G  A  S 
ttaactgttaattaccggtatacgtatgaggggtcccatatcaaaggagaagcacaggtg 
L  T  V  N  Y  R  Y  T  Y  E  G  S  H  I  K  G  E  A  Q  V 
aaaggaaccgggttccctgctgacggaccagtgatgaccaattcgctcacggctgctgac 
K  G  T  G  F  P  A  D  G  P  V  M  T  N  S  L  T  A  A  D 
tggtgtcgttccaaaaaaacctacccaaatgataaaaccatcatatccacgtttaaatgg 
W  C  R  S  K  K  T  Y  P  N  D  K  T  I  I  S  T  F  K  W 
tcctatacaaccggcaacggcaaacgttatcgaagcaccgctagaaccacctatacattt 
S  Y  T  T  G  N  G  K  R  Y  R  S  T  A  R  T  T  Y  T  F 
gctaaacctatggcggctaattacttaaaaaaccaaccaatgtacgttttcagaaagact 
A  K  P  M  A  A  N  Y  L  K  N  Q  P  M  Y  V  F  R  K  T 
gaactcaaacattctaagaccgaactgaacttcaaggagtggcagaaagcatttacagat 
E  L  K  H  S  K  T  E  L  N  F  K  E  W  Q  K  A  F  T  D 
gtgatgggcatggatgagctttacaaggggggttccggtgggagcggctcgatggcttct 
V  M  G  M  D  E  L  Y  K  G  G  S  G  G  S  G  S  M  A  S 
gacgacaattttatctataaggcgaaagcattgtatccttatgatgcggacgatgatgat 
D  D  N  F  I  Y  K  A  K  A  L  Y  P  Y  D  A  D  D  D  D 
gcttatgaaattagctttgaacagaatgaaattctgcaggtgtcagacatagaagggcgt 
A  Y  E  I  S  F  E  Q  N  E  I  L  Q  V  S  D  I  E  G  R 
tggtggaaggcgcgtcgtgcaaatggcgagacgggaattatccccagcaactacgtgcaa 
W  W  K  A  R  R  A  N  G  E  T  G  I  I  P  S  N  Y  V  Q 
ttaatagacggtccggaggaaatgcaccgcggggggtccggtacctggagccacccgcaa 
L  I  D  G  P  E  E  M  H  R  G  G  S  G  T  W  S  H  P  Q 
tttgaaaagtaa 
F  E  K  - 

 

Figure A3: DNA and amino acid sequence of dual input sensor with two different acceptor domains. 
Areas of interest are indicated as follows. Histag (magenta), SH3 domain (yellow), HaloTag (red), 
mNeonGreen (green), epitopes (magenta), NanoLuc (cyan), proline-rich peptide (blue), Strep-tag (grey) 
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Chapter 4 

Semisynthetic bioluminescent sensor proteins for 
antibody and small molecule sensing 

 

 

Abstract 

Single-step immunoassays that can be performed directly in solution are ideally suited for point-

of-care diagnostics.  Our group recently developed a new platform of bioluminescent sensor 

proteins (LUMABS) that allow antibody detection in blood plasma. Here, we report the 

development of semisynthetic LUMABS sensors that significantly increase the range of 

applications of this sensor platform to antibodies that recognize non-peptide epitopes.   The 

non-natural amino acid para-azidophenylalanine was introduced at the position of the original 

antibody-recognition sites as a chemical handle that allows site-specific conjugation of 

synthetic epitope molecules coupled to a dibenzocylcooctyn moiety via strain-promoted click 

chemistry. The approach was successfully demonstrated by developing semi-synthetic 

LUMABS sensors for antibodies targeting the small molecules dinitrophenol and creatinine 

(DNP-LUMABS and CR-LUMABS) with affinities of 5.8 pM and 1.3 nM, respectively. An 

important application of these semisynthetic LUMABS is in the detection of small molecules 

using a competition assay format, which is demonstrated here for the detection of creatinine, an 

important biomarker for kidney failure. Using a preassembled complex of CR-LUMABS and 

an anti-creatinine antibody allowed the detection of high micromolar concentrations of 

creatinine both in buffer and 1:1 diluted blood plasma. The use of semisynthetic LUMABS 

sensors significantly expands the range of antibody targets and enables the application of 

LUMABS sensors for the ratiometric bioluminescent detection of small molecules using a 

competitive immunoassay format.  

 

This chapter will be submitted for publication: 

R. Arts, S.K.J. Ludwig, B.C.B. van Gerven, E. Magdalena Estirado, L.-G. Milroy & M. Merkx, 

Semisynthetic luminescent sensor proteins for antibody and antigen detection in solution. Manuscript in 

preparation. 
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4.1 Introduction 

The detection of antibody-antigen interactions is the basis for many bioanalytical and diagnostic 

assays.1 Both antibodies and antigens are important biomarkers and the specificity of the 

interaction between the two can be used to develop highly specific detection strategies, either 

using antigens to detect antibodies or vice versa. Antibodies are often detected using 

heterogeneous assays such as the enzyme-linked immunosorbent assay (ELISA), involving 

immobilisation of antigen and multiple washing and incubation steps.2 Similarly, small 

molecules can be detected using a competitive immunoassay. Although these traditional 

immunoassays are highly modular and sensitive, their multi-step nature limits their integration 

with point-of-care diagnostic strategies. Ideally, a point-of-care test relies on a one-step assay 

that requires minimal expertise on the part of the end user. Most successful strategies for small 

molecule sensing at the point-of-care rely on the detection of analyte-specific enzymatic 

reactions. A well-known example is the use of glucose oxidase to electrochemically quantify 

blood glucose levels.3–5  However, this strategy is limited in scope as it relies on the existence 

of an enzyme that catalyzes the formation of a detectable product in an analyte-specific manner.  

 

Recently, two new bioluminescent sensor platforms, LUCIDs and LUMABS, have been 

reported that allow direct in-solution detection of small molecules and antibodies, 

respectively.6–8 Both sensors are designed such that binding of analyte induces a conformational 

change that modulates the energy transfer efficiency (BRET) between NanoLuc, a bright and 

stable luciferase NanoLuc emitting blue light, and an acceptor fluorophore. The LUCIDs 

sensors developed by Johnsson and co-workers are based on the intramolecular binding of a 

ligand(-analogue) to an analyte-specific receptor domain.6,9 The intramolecular interaction can 

be disrupted in a competitive manner if the small molecule of interest is present at sufficiently 

high concentrations, leading to a conformational change in the protein that is accompanied by 

a decrease in BRET efficiency between NanoLuc and a synthetic fluorophore. The LUMABS 

sensors developed by our group take advantage of the unique bivalent architecture of antibodies 

to modulate  BRET efficiency between NanoLuc and an acceptor fluorescent domains.8 In this 

sensor design, NanoLuc is fused to the green fluorescent protein mNeonGreen via a 

semiflexible linker domain. The linker domain contains an antibody-specific epitope at both 

termini. In the absence of antibody, NanoLuc and mNeonGreen are kept in close proximity 

through helper domain interactions allowing efficient BRET. Addition of antibody disrupts 

these helper interactions because the bivalent antibody-epitope interaction forces the linker in 
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a stretched conformation. The decrease in BRET efficiency results in color change from green 

to blue, which could be detected using a conventional mobile phone camera. An attractive 

feature of the modular architecture of LUMABS is that the sensor’s target specificity can be 

changed by simply replacing the epitopes in the semi-flexible linker.  

Thus far, the epitopes that have been incorporated in LUMABS have been restricted to linear 

peptide epitopes. However,  the immune system develops antibodies against a broad spectrum 

of molecular targets, including discontinuous conformational epitopes, post-translational 

modifications, sugars and ribonucleic acids, xenobiotics and small-molecule haptens.10–15 The 

possibility to incorporate these more structurally diverse epitopes into LUMABS would 

significantly enhance the range of possible applications. Here, we report a generic strategy to 

incorporate such non-peptide epitopes in LUMABS by the introduction of para-

azidophenylalanines (pAzF) as bio-orthogonal chemical handles that allow site-specific 

conjugation of synthetic epitopes via strain-promoted azide-alkyne click chemistry (SPAAC). 

The feasibility and efficiency of this approach is demonstrated by constructing semi-synthetic 

LUMABS variants targeting antibodies recognizing the small-molecule epitopes dinitrophenol 

and creatinine. In addition, using creatine as biomedically relevant example we demonstrate 

how semi-synthetic LUMABS can be used for the detection of small molecules in a competitive 

assay format (Figure 4.1).  

 

4.2 Results 

In order to incorporate pAzF at the epitope sites in LUMABS, the strategy described by Schultz 

and coworkers, using the amber stop codon (TAG) was followed.16 In this approach, a plasmid 

encoding LUMABS with amber stop codons (TAG) introduced at the epitope sites flanking the 

central linker, was co-expressed with a plasmid (pEVOL-pAzF) encoding an orthogonal tRNA 

synthetase/tRNA pair that specifically introduces the pAzF at the position encoded by the TAG 

codon (Figure 4.1D). The DNA construct encoding the linker with flanking TAG codons was 

produced synthetically (GenScript, USA) and cloned into a previous LUMABS variant using a 

restriction-ligation approach, replacing the old linker with the linker containing two TAG 

codons, creating pTAG-LUMABS. Since some premature protein termination is typically still 

observed as a result of non-complete suppression of the amber stop codon, a hexahistidine tag 

was incorporated on the sensors N-terminus, while a Strep-tag was introduced on the C-

terminus. Together, these complementary purification tags should allow  
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Figure 4.1: Schematic overview of pAzf-LUMABS functionalisation and sensing principle. A) Conjugation of two 

DBCO-functionalized antigens using strain-promoted click-chemistry. Semi-synthetic LUMABS can be used for 

the purpose of antibody detection or for antigen detection using a competitive assay format (B). C) Recombinant 

expression of LUMABS containing two p-azido-phenylalanine residues.  A pET28a(+) plasmid encoding LUMABS 

with two TAG codons at the epitope is co-transformed into E.coli BL21(DE3) cells with a pEVOL plasmid encoding 

a tRNA/tRNA synthetase pair for the expression of tRNA encoding para-azido phenylalanine (pAzf). D) SDS-PAGE 

analysis of sensor purification. 1: BioRad precision plus protein ladder. 2: Isolated protein following Ni-affinity 

purification. 3: Protein ob-tained after subsequent Strep-Tactin-affinity purification. E) Deconvoluted mass 

spectrum and LC elution profile (inset) of pAzf-LUMABS. Theoretical molecular weight: 71358.8 Da. 

 

purification of full-length protein, eliminating truncated protein products. E. coli BL21(DE3) 

bacteria were co-transformed with a pEVOL-pAzf vector and the pET28a(+) vector encoding 

pTAG-LUMABS (see supplementary information for full DNA and amino acid sequence). 

After overnight expression, proteins were purified using nickel affinity and Strep-Tactin column 

chromatography. Sensor purity was verified using SDS-PAGE (Figure 4.1D). After nickel 

affinity purification using the N-terminal His-tag, a significant amount of truncated protein 

products where protein production had terminated either at the first or second TAG codon was 

indeed observed. The C-terminal Strep-Tag therefore proved crucial in order to procure pure,  
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Figure 4.2: A) Molecular structure of dinitrophenol (top) and DNP-DBCO (bottom) as it was used to construct 

DNP-LUMABS B) Deconvoluted mass spectrum and LC elution profile of DNP-LUMABS. The peak represents the 

sensor with two DNP moieties attached (expected MW =72737 Da). C) Emission spectrum of 1 nM DNP-LUMABS 

in the absence (blue line) and presence of 5 nM anti-DNP antibody (black line). D) Emission ratio of 10 pM DNP-

LUMABS as a function of antibody concentration. Measurements were performed in a buffer consisting of 50 mM 

Tris-HCl, 100 mM NaCl, 10% (v/v) glycerol and 0.05% Tween-20 at pH = 7.4. Error bars show mean ± s.e.m. (n 

=2). Solid line represents fit to equation 4.1. 

 

full-length pAzf-LUMABS. Analysis using Q-ToF LC-MS revealed a single species with a 

molecular weight of 71359 Da, which corresponds well with the mass expected for pAzF- 

LUMABS with two p-azido-phenyl alanine residues (figure 4.1E). Importantly, no evidence for 

the incorporation of other amino acids or the reduction of azidophenyl alanine to 4-amino-

phenyl alanine was observed.  Having established the successful synthesis of LUMABS with 

two pAzF moieties, we next tested the feasibility of conjugating these azides with DBCO-

functionalized small molecule antigens. As a first target the anti-dinitrophenol (DNP) antibody 

was chosen. Anti-DNP antibodies have been shown to be present naturally in human serum, but 

anti-DNP antibodies have also found widespread use in various bioanalytical assays.17–19  

DBCO-functionalised DNP (DNP-DBCO) was synthesized in a single step by reacting an 

amine-functionalized DBCO with a commercially available DNP-derivative consisting of a 

DNP linked to an NHS-ester via a short polyethylene glycol linker.  (figure 4.2A, Scheme 1). 
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Following purification using preparative LC-MS, pure DNP-DBCO was obtained in a yield of 

68%. Incubation of 20 equivalents of DBCO-DNP with pAzf-LUMABS for 5 h resulted almost 

exclusively in the formation of DNP-LUMABS with two DNP epitopes. LC-MS analysis 

showed a prominent peak (>90%) with a molecular weight corresponding to the LUMABS 

sensor with two DNP groups (figure 4.2B). In the absence of antibody, DNP-LUMABS showed 

a clearly distinguishable emission peak at 517 nm, although the BRET efficiency is somewhat 

decreased compared to the previously published HIV, HA, and DEN-1 sensors (figure 4.2C). 

Nevertheless, addition of 5 nM anti-DNP antibody resulted in almost complete disappearance 

of the mNeonGreen emission peak. A titration experiment showed an antibody affinity of 1.5 

± 0.4 pM and a dynamic range of 58% (figure 4.2D). This very high affinity results from the 

bivalent nature of the interaction between antibody and sensor and was also observed in 

previously developed LUMABS sensors.  

To demonstrate the use of semisynthetic LUMABS variants in a competition assay format, we 

next developed a LUMABS to detect anti-creatinine antibodies. This CR-LUMABS sensor 

incorporates the small-molecule creatinine as epitope, and should be applicable both as a sensor 

for anti-creatinine antibodies and, in a competitive assay format, for creatinine itself. Creatinine 

is produced in muscles at a relatively constant rate, and clearance of creatinine occurs through 

glomerular filtration. Therefore, serum creatinine levels rise if the glomerular filtration is 

impaired, making serum creatinine levels a valuable marker for kidney failure.20,21 In addition 

to the direct use of creatinine as a biomarker for kidney failure, many other urinary biomarkers 

are reported as a normalized ratio to urinary creatinine to correct for variations in urine 

production.22–24 In healthy subjects the serum concentration varies between 44 – 150 μM.25  In 

urine, the concentration of creatinine is around 10 mM.26 Currently, the standard method for 

creatinine detection is the Jaffé reaction, a colorimetric reaction between creatinine and picric 

acid in alkaline environments. Although the Jaffé reaction is inexpensive, it shows limited 

sensitivity and several interferents are known, such as metabolites and drugs that affect the 

readout.27 Moreover, it requires a large sample volume and is time-consuming due to sample 

handling and pre-treatment.  

DBCO-creatinine (figure 4.3A) was synthesized in three steps according to the scheme 2, 

details of this synthesis can be found in the supporting information.  Briefly, creatinine (1) was 

reacted with ethyl 5-bromovalerate to produce the alkylated imine (2). Following hydrolysis of  
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Figure 4.3: A) Molecular structure of creatinine (top) and creatinine-DBCO (bottom) as it was used to 

functionalize DNP-LUMABS B) Deconvoluted mass spectrum and LC elution profile of DNP-LUMABS. The major 

peak represents the sensor with two DNP moieties attached (expected MW = 72301 Da). C) Luminescence 

emission spectrum of 5 nM CR-LUMABS in the absence (blue line) and presence (black line) of 20 nM anti-

creatinine antibodies. B) Emission ratio of 10 pM CR-LUMABS as a function of antibody concentration. 

Measurements were performed in a buffer composed of 50 mM Tris, 100 mM NaCl, 10% (v/v) glycerol and 0.05% 

Tween-20 at pH = 7.4. Error bars show mean ± s.e.m. (n = 2). Solid line represents fit to equation 4.2. 

 

the ethylester using NaOH, the free carboxylic acid (3) was preactivated with HOBt and reacted 

with DBCO-NH2 to obtain DBCO-creatinine (4). DBCO-creatinine was conjugated to pAzf- 

LUMABS to create CR-LUMABS, using 20 equivalents DBCO-creatinine in a 5 hour reaction 

at room temperature.  Successful coupling was confirmed using Q-ToF LC-MS, indicating that 

the reaction proceeded quantitatively (figure 4.3B). Titration of anti-creatinine to CR-

LUMABS resulted in the expected decrease in BRET, revealing an affinity of 1.3 ± 0.4 nM 

(figure 4.3D). The amount of BRET in the antibody-bound state was higher than that observed 

in other LUMABS sensors, resulting in a relatively modest change in emission ratio of 22%. 

The origin of this high amount of residual BRET is presently unclear. Next, we investigated 

whether formation of antibody-sensor complex could be reversed by the addition of free 

creatinine. To ensure most of CR-LUMABS was in the open conformation, we first incubated 

100 pM CR-LUMABS with 10 nM anti-creatinine antibody. The excess of antibody was kept 
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as low as possible while ensuring a near-saturated sensor, as this should make the system most 

responsive to changes in antigen concentration.  Addition of low millimolar (Kd,app = 276 ± 104 

µM) amounts of creatinine was sufficient to fully disrupt the antibody-sensor complex, allowing 

CR-LUMABS to adopt its closed,  high-BRET conformation again (figure 4.4A). To establish 

the kinetics of the competition reaction, we monitored the the BRET signal in time following 

addition of 1 mM creatinine to the sensor-antibody complex. Figure 4.4B shows that the 

exchange reaction is fast and equilibrium is reached with a few minutes. Finally, it was 

investigated whether the competitive assay format could also be used to detect creatinine in 

more complex matrices, such as blood plasma. For this purpose, 1:1 diluted blood plasma 

containing the sensor-antibody complex was spiked with different concentrations of creatinine. 

The performance of the sensor system in blood plasma was comparable to that observed in 

buffer, although the LOD (0.2 mM) was in both cases limited by the relatively small change 

emission ratio. (figure 4C). 

 

Figure 4.4: A) Response of 100 pM CR-LUMABS, complexed to 10 nM anti-creatinine antibody, to increasing 

concentrations of creatinine B) Emission ratio of 100 pM CR-LUMABS complexed to 10 nM anti-creatinine 

antibody followed in time. At t = 4 min, 1 mM creatinine was added. Measurements in A) and B) were performed 

in a buffer composed of 50 mM Tris, 100 mM NaCl, 10% (v/v) glycerol and 0.05% Tween-20 at pH = 7.4.  C) 

Response of 100 pM CR-LUMABS, complexed to 10 nM antibody, to increasing concentrations of creatinine in 

1:1 diluted blood plasma. Error bars show mean ± s.e.m. (n = 3). Solid line represents fit to equation 2. 

 

4.3 Discussion 

In this work, the chemical diversity of epitopes that can be incorporated in LUMABS was 

significantly expanded through the introduction of chemical handles at the epitope sites, 

enabling post-expression conjugation using bio-orthogonal click chemistry. An efficient 

expression and purification system was established that allowed the incorporation of the non-

natural amino acid pAzF at each of the two antigen sites in sufficient yield  and excellent purity. 
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Moreover, subsequent reaction of the azidophenylalanine groups with DBCO-functionalized 

small molecules using SPAAC resulted in the exclusive formation of the desired LUMABS 

variants with two small-molecule antigens. In addition to expanding the scope of antibody-

targets, these newly developed semisynthetic LUMABS variants are particularly attractive for 

small molecule detection in a competition assay format. A preassembled complex of CR-

LUMABS sensor and an anti-creatinine antibody enabled the detection of creatinine in the high 

micromolar regime, both in buffer and in blood plasma.  

In this study we reported two examples of small molecule-functionalized LUMABS sensors, 

DNP-LUMABS and CR-LUMABS. However, the scope of chemical structures that can be 

incorporated using this approach is very broad.  Any molecule that can be functionalised with 

a DBCO group, or other cyclooctyns such as BCN, has now become an accessible epitope for 

LUMABS. Attractive examples include antibodies recognizing structurally constrained 

epitopes such as (bi)cyclic peptides, and antibodies recognizing post-translational 

modidifcation such as acetylation, glycosylation, phosphorylation or citrullination. In most 

cases, the incorporation of (strained) alkynes in such epitopes will be synthetically 

straightforward. However, the expression plasmid pTAG-LUMABS in principle allows the   

allow incorporation of any of the many different non-natural amino acids for which orthogonal 

tRNA-synthase/tRNA pairs have been developed.28 An interesting alternative conjugation 

strategy is the inverse electron demand Diels-Alder reaction, which was recently successfully 

applied to conjugate fluorophores to FRET sensors and has been reported to be even more 

efficient than SPAAC.29,30  

We have demonstrated the successful application of semi-synthetic LUMABS for the detection 

of the small molecule creatinine. Future sensor optimization should be focused on improvement 

of the relatively modest ratiometric response of 22%.  This can either be achieved by further 

improving BRET in the antibody-free state or by decreasing BRET in the antibody-bound state. 

The reason for the small decrease in emission ratio upon antibody binding is not yet completely 

clear. It is possible that the large hydrophobic cyclooctyn group causes an additional interaction 

with the antibody that causes the sensor to adopt a suboptimal conformation. A possible way to 

investigate this is to use Cu-catalyzed click chemistry which can be performed with much 

smaller, alkyne-functionalized molecules. Alternatively, other conjugation strategies may be 

explored, as well as sensor constructs with a reversed topology (i.e. NanoLuc on the N-terminus 

and mNeonGreen on the C-terminus). The affinity of the creatinine sensor is already suitable 

to detect creatinine in urine. For detection of creatinine in serum, the creatinine affinity of the 
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sensor system should ideally be a little bit higher. An interesting strategy to shift the responsive 

concentration regime of the system towards lower creatinine concentrations would be to 

incorporate weaker-binding creatinine analogues in the sensor. A similar strategy was followed 

by Griss et al. to alter the responsive concentration regime of the LUCID sensors.  

Small-molecule sensing using LUMABS is a highly generic approach to detect and potentially 

quantify small molecules, and therefore the scope of application should be very broad. An 

important advantage of the sensing strategy is that it relies on the use of monoclonal antibodies, 

which have been generated for a very wide range of targets. Small molecule detection using 

LUMABS is probably most suited for the detection of targets with concentrations in the 

micromolar to millimolar regime. The reason for this is that a bivalently binding sensor has to 

be competed off the antibody by a monovalently binding antigen. Although the sensor may 

contain weaker-binding antigen analogues, the epitopes still require a submicromolar affinity 

for the antibody to overcome the helper interactions and allow the sensor to adopt the open 

conformation. The generic sensor labelling approach should allow incorporation of a very wide 

variety of synthetic epitopes in the sensor. Areas of application could include diagnostic tests 

and therapeutic drug monitoring, but also field tests in a veterinary setting or food testing at 

production sites. If an analyte is to be targeted using this strategy, the only requirements for the 

strategy to work would be the existence of an antibody that binds the analyte with sufficient 

affinity and the possibility to incorporate the molecule of interest (or weaker binding 

derivatives) in the sensor via bio-orthogonal chemistry. 
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4.4 Materials and Methods 

Protein expression and purification  

A synthetic gene encoding the flexible linker including two TAG codons was ordered from 

GenScript, USA) and   cloned into a pET28a+ vector encoding a previous LUMABS variant 

via restriction ligation cloning using Kpn I and Spe I (New England Biolabs, USA). Correct 

cloning was confirmed using Sanger sequencing (StarSeq, Germany). The pET28a+ plasmid 

encoding TAG-LUMABS was transformed into E. coli BL21(DE3) cells (Novagen), together 

with a pEVOL vector encoding a tRNA/tRNA synthetase pair enabling incorporation of pAzF.16  

pEVOL-pAzF was a gift from Peter Schultz (Addgene plasmid # 31186). Cells were cultured 

in 2YT medium (16 g peptone, 5 g NaCl, 10 g yeast extract per liter) in the presence of 30 μg/ml 

kanamycin and 25 μg/ml chloramphenicol and expression was induced using 0.1 mM 

isopropyl-β-D-thiogalactopyranoside and 0.2% arabinose in the presence of 1 mM pAzF 

(Bachem, catalog no. F-3075.0001). After overnight expression, cells were harvested by 

centrifuging for 10 min at 10000 x g. The resulting pellet was lysed using BugBuster (EMD 

Millipore) and benzonase nuclease (Sigma-Aldrich) for 30 min, and centrifuged again for 40 

min at 40000 x g. Pure pAzf-LUMABS was obtained from the resulting supernatant using a 

combination of nickel-affinity and Strep-Tactin column chromatography according to the 

manufacturers instruction. Sensor purity was confirmed using SDS-PAGE and Q-ToF-MS. 

 

Q-ToF-MS  

All Q-ToF-MS analyses were performed using a High Resolution LC-MS system consisting of 

a Waters ACQUITY UPLC I-Class system coupled to a Xevo G2 Quadrupole Time of Flight 

(Q-ToF). The system was comprised of a Binary Solvent Manager and a Sample Manager with 

Fixed-Loop (SM-FL). Proteins were separated (0.3 ml/min) by the column (Polaris C18A 

reverse phase column 2.0 x 100 mm,  Agilent) using a 15% to 75% acetonitrile gradient in water 

supplemented with 0.1% v/v formic acid before analysis in positive mode in the mass 

spectrometer. Deconvolution of the m/z spectra was done using the MaxENT1 algorithm in the 

Masslynx v4.1 (SCN862) software.  
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Synthesis of DBCO-functionalized small molecules 

DNP-DBCO  

 

 

Scheme 4.1: Synthesis of DBCO-PEG-DNP.  

2 mg DBCO-NH2 (Sigma-Aldrich, 761540-10MG) was coupled to DNP-dPEG4-NHS ester 

(Quanta Biodesign, 10347, 1.5 equivalents) in a 30 minute reaction in PBS (pH =  7.2) in a total 

volume of 2.25 ml at room temperature (Scheme 4.2). This product was purified using semi-

preparative LC-MS (60-80% ACN/H2O gradient). Product purity was confirmed using LC-MS 

(MWcalc = 689.72, MWobs = 690.42).   

CR-DBCO  

 

Scheme 4.2: Synthesis of DBCO-creatinine 
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DBCO-NH2 was coupled to creatinine in a three-step synthesis (see Scheme S2). 8 mmol of 

creatinine (Sigma-Aldrich; C4255) was dissolved in 5 mL dimethylformamide (DMF) in a 

round-bottomed flask fitted with a magnetic stirring bar and heated with stirring (in an oil bath) 

until completely dissolved. 1.25 equivalent of 5-ethyl-bromovalerate (Sigma-Aldrich; cat no. 

129100) was added to the reaction mixture and left to react for 16 hours. The product was 

obtained via precipitation with ethylacetate and isolated by filtration. The reaction mixture was 

further purified by a standard silica column purification (1:9 MeOH:CHCl3). The creatinine 

ester was analysed using LC-MS and 1H NMR, 13C NMR and HMBC (Heteronuclear Multiple 

Bond Correlation spectroscopy). LC-MS:  MWcalc = 241.29, MWobs = 242.08.  1H NMR (400 

MHz, Chloroform-d) δ 4.16 (s, 2H), 4.10 (q, J = 7.2 Hz, 2H), 4.03 (t, J = 5.2 Hz, 1H), 3.51 (s, 

3H), 2.36 (q, J = 5.0, 3.6 Hz, 2H), 1.73 (p, J = 3.6 Hz, 4H), 1.25 (t, J = 7.1 Hz, 3H). 13C NMR 

(101 MHz, Chloroform-d) δ 173.58, 168.44, 157.86, 60.64, 53.48, 41.04, 34.86, 34.37, 33.70, 

27.48, 21.67, 14.36. HMBC indicated that the reaction occurred exclusively as indicated in 

Scheme 4.2. To obtain the creatinine-acid, 1.1 equivalent NaOH was added to a total volume 

of 3 mL H20 and the reaction heated overnight under reflux. After cooling to room temperature 

the pH of the reaction mixture was adjusted to pH = 3 through the addition of 0.2 M aq. HCl. 

The creatinine acid was treated with 1 equivalent of diisopropylcarbodiimide (DIC), to activate 

the carboxylic acid, and left to stir at room temperature for 20 minutes. 1 equivalent 

hydroxybenzotriazole (HOBt) was then added, and the reaction stirred for an additional 20 

minutes. Finally, 0.2 equivalent DBCO-amine was added and the reaction monitored with 

LC/MS. The final product, DBCO-creatinine, was purified using preparative LC-MS (23-55% 

ACN/H2O gradient) and characterized by LC-MS: MWcalc = 471.56, MWobs = 472.17.  

NMR analysis 

NMR Spectroscopy data was recorded with a Bruker Advance-III 400 MHz using a BBFO 

probe from Bruker (400 MHz for 1H and 100 MHz for 13C). Chemical shifts are reported in 

parts per million (ppm) referenced to an internal standard of residual [D]chloroform (δ = 7.26 

ppm for 1H and δ = 77 ppm for 13C, relative to tetramethylsilane as an internal standard). 

Bioconjugation 

DBCO-DNP was conjugated to pAzf-LUMABS (5 µM) using a 20 x molar excess of DBCO-

DNP in 100 µl 100 mM Tris, 150 mM NaCl, 2.5 mM desthiobiotin at pH = 8.0 (the elution 

buffer from the Strep-Tactin purification) for 5 hours at room temperature. Excess DNP was 

removed using a 10 kDa MW cutoff Amicon filter. Product purity was confirmed using Q-ToF 

LC-MS. DBCO-creatinine was conjugated to pAzf-LUMABS (7.5 μM) using a 20 x molar 
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excess of DBCO-creatinine in 100 mM Tris, 150 mM NaCl, 2.5 mM desthiobiotin at pH = 8.0 

in a total reaction volume of 100 μl in a 5 hour reaction at room temperature. Excess DBCO-

creatinine was removed using a 10 kDa MW cutoff Amicon filter. The reaction product was 

analyzed using Q-ToF LC-MS.  

Sensor characterization  

Luminescence spectra were obtained using a sensor concentration of 1 nM (DNP-LUMABS) 

or 5 nM (CR-LUMABS) in a black cuvette (10 mm pathlength) on a Varian Eclipse 

Spectrophotometer. Emission was recorded between 400 and 600 nm using a gatetime of 200 

ms (DNP-LUMABS) or 5 ms (CR-LUMABS) and a bandwidth of 20 nm. Titrations were 

performed at a sensor concentration of 10 pM (antibody titrations) or 100 pM (creatinine 

titrations)  in a total reaction volume of 100 μL in a white 96-wells plate (PerkinElmer OptiPlate, 

6005299)., using a Tecan Spark 10M platereader recording luminescence intensity between 400 

and 600 nm at an interval of 15 nm. Substrate (NanoGlo assay substrate, Promega, N1110) was 

added at a final dilution of 5000x. Antibodies were obtained from Sigma-Aldrich (Anti-DNP, 

9H8.1) and Randox (Anti-creatinine, CR7.7A7).  Equation 1 was used to fit titration curves for 

tight binding (Kd similar or lower than the sensor concentrations). The titration of data of the 

very tightly binding DNP-LUMABS were fit to the following binding model: 

Equation 4.1: 

� = P1 + P2
−([������] + �� + [��������] − �−([������] − �� − [��������])� − 4 ∗ [������][��������]

2 ∗ [������]
 

 

Equation 2 was used to fit binding for cases where the sensor concentration was substantially 

lower than the Kd. 

Equation 4.2: 

� = P2 +
�1 ∗ [��������]

�d + [antibody]
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Appendix 
 

atgggcagcagccatcatcatcatcatcacagcagcggcctggtgccgcgcggcagccat 
M  G  S  S  H  H  H  H  H  H  S  S  G  L  V  P  R  G  S  H 

atggctagcgacgacaactttatatacaaggcgaaggcgctctatccctatgatgcagat 
M  A  S  D  D  N  F  I  Y  K  A  K  A  L  Y  P  Y  D  A  D 

gatgatgacgcatacgaaatctcattcgaacaaaatgaaatccttcaggtatcagacatt 
D  D  D  A  Y  E  I  S  F  E  Q  N  E  I  L  Q  V  S  D  I 

gaggggcggtggtggaaagcccgccgcgccaatggagagacaggcatcatcccgtcgaat 
E  G  R  W  W  K  A  R  R  A  N  G  E  T  G  I  I  P  S  N 

tatgttcagttgattgacggtcctgaggaaatgcatcggggcggctcgggaggctcaggc 
Y  V  Q  L  I  D  G  P  E  E  M  H  R  G  G  S  G  G  S  G 

agccatatggtaagtaaaggtgaagaagacaatatggcttctctgcctgccacacatgag 
S  H  M  V  S  K  G  E  E  D  N  M  A  S  L  P  A  T  H  E 

cttcatatttttgggagcataaacggagtggatttcgacatggtaggtcagggtacgggg 
L  H  I  F  G  S  I  N  G  V  D  F  D  M  V  G  Q  G  T  G 

aaccctaacgatggatatgaggagttgaatcttaaaagcacaaagggtgatctgcagttc 
N  P  N  D  G  Y  E  E  L  N  L  K  S  T  K  G  D  L  Q  F 

tcgccctggatcctggtgccgcatataggttatggtttccatcagtatcttccatacccg 
S  P  W  I  L  V  P  H  I  G  Y  G  F  H  Q  Y  L  P  Y  P 

gatggcatgagcccttttcaggccgcaatggtagatggctcaggatatcaagtgcatcgg 
D  G  M  S  P  F  Q  A  A  M  V  D  G  S  G  Y  Q  V  H  R 

accatgcagtttgaagatggggcgtctttgacggtaaattacaggtacacctatgagggt 
T  M  Q  F  E  D  G  A  S  L  T  V  N  Y  R  Y  T  Y  E  G 

agccatataaagggagaagcgcaggtgaagggaactggattcccagcggatggcccagtc 
S  H  I  K  G  E  A  Q  V  K  G  T  G  F  P  A  D  G  P  V 

atgacaaacagcctcaccgctgctgattggtgccgatccaagaaaacgtatccaaacgat 
M  T  N  S  L  T  A  A  D  W  C  R  S  K  K  T  Y  P  N  D 

aaaactatcatttctacttttaagtggtcctatacaacaggaaacgggaaacgctatcgt 
K  T  I  I  S  T  F  K  W  S  Y  T  T  G  N  G  K  R  Y  R 

tcaacggcccgcacgacctacacgtttgcaaagccaatggctgcgaattatctgaaaaac 
S  T  A  R  T  T  Y  T  F  A  K  P  M  A  A  N  Y  L  K  N 

cagccgatgtatgtgttccgtaaaaccgaactgaaacattctaaaacggagctcaatttc 
Q  P  M  Y  V  F  R  K  T  E  L  K  H  S  K  T  E  L  N  F 

aaggaatggcagaaggcatttacggatgtcatgggaatggacgaactgtataagtcgggc 
K  E  W  Q  K  A  F  T  D  V  M  G  M  D  E  L  Y  K  S  G 

ggaggtaccggcggcagcggcggctcttaggggggttcgggtggttcaggcggctcagga 
G  G  T  G  G  S  G  G  S  -  G  G  S  G  G  S  G  G  S  G 

ggctccgggggttccggagggagcggtgctgaagccgcagccaaggaagcagcagctaaa 
G  S  G  G  S  G  G  S  G  A  E  A  A  A  K  E  A  A  A  K 

gaggccgctgcgaaggaagctgccgcaaaggaggcggcggcgaaagaggcggcagcaaaa 
E  A  A  A  K  E  A  A  A  K  E  A  A  A  K  E  A  A  A  K 

gccggatctggtggcagtggtggctccggcgggtcaggtggcagcgggggatcaggagct 
A  G  S  G  G  S  G  G  S  G  G  S  G  G  S  G  G  S  G  A 

gaggcagccgccaaagaggctgcggccaaggaggccgccgctaaagaagccgcggcaaaa 
E  A  A  A  K  E  A  A  A  K  E  A  A  A  K  E  A  A  A  K 

gaggcagcggcaaaggaagcggctgcgaaagccggaagtggtgggtcgggcggctccggt 
E  A  A  A  K  E  A  A  A  K  A  G  S  G  G  S  G  G  S  G 

ggctctggcggcagtggcggtagtggcgggtagggtggttctggtggtagcactagtgga 
G  S  G  G  S  G  G  S  G  G  -  G  G  S  G  G  S  T  S  G 

ggcagcatggtatttactcttgaagattttgtcggtgattggcgccagaccgccggctat 
G  S  M  V  F  T  L  E  D  F  V  G  D  W  R  Q  T  A  G  Y 

aacctggaccaagtgcttgaacagggcggggttagcagcctgtttcaaaacctgggggtg 
N  L  D  Q  V  L  E  Q  G  G  V  S  S  L  F  Q  N  L  G  V 

agtgtcacgccaattcagcgcatcgttctgtcgggagagaatggtctgaaaatcgatatc 
S  V  T  P  I  Q  R  I  V  L  S  G  E  N  G  L  K  I  D  I 

cacgtcattatcccgtacgaaggtctttctggtgatcagatggggcagatagaaaaaata 
H  V  I  I  P  Y  E  G  L  S  G  D  Q  M  G  Q  I  E  K  I 

ttcaaagtggtgtacccagtagacgatcatcacttcaaggttatactgcactatggcacc 
F  K  V  V  Y  P  V  D  D  H  H  F  K  V  I  L  H  Y  G  T 

ctcgttatcgatggcgttactccgaatatgatcgattactttgggcgtccttatgaaggt 
L  V  I  D  G  V  T  P  N  M  I  D  Y  F  G  R  P  Y  E  G 

attgcggtgttcgacggtaaaaaaattacggttaccgggacgctctggaatggtaataaa 
I  A  V  F  D  G  K  K  I  T  V  T  G  T  L  W  N  G  N  K 

atcattgatgagcgcttgataaacccagatggcagccttctgttcagagttacgataaac 
I  I  D  E  R  L  I  N  P  D  G  S  L  L  F  R  V  T  I  N 

ggggttacgggttggcgactgtgcgaaagaatattagcttctagcggtggaggatctatt 
G  V  T  G  W  R  L  C  E  R  I  L  A  S  S  G  G  G  S  I 

cgttcaaagccgctgccacccctacccgtgggaggaagctggagccatccgcagtttgaa 
R  S  K  P  L  P  P  L  P  V  G  G  S  W  S  H  P  Q  F  E 

aaataa 
K  - 

 

Figure A1: DNA and amino acid sequence of TAG-LUMABS. Areas of interest are indicated as follows: SH3 
domain (yellow), mNeonGreen (green), TAG codons (cyan), NanoLuc (blue), proline-rich peptide (red). 
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Chapter 5 

Immunoassays in solution using bioluminescent 
monoclonal antibody conjugates  

 

 

Abstract: Antigen detection is traditionally performed using heterogeneous immunoassays that 

require multiple incubation and washing steps. While sandwich and competitive ELISAs allow 

sensitive detection of a broad range of antigens, their multi-step nature renders them less 

suitable for point-of-care diagnostics. We recently introduced the LUMABS sensor technology 

that enables detection of antibodies directly in solution. A crucial advantage of LUMABS is its 

use of bioluminescence, which results in a very low background signal and enabled the 

detection of picomolar concentrations of antibody. Here, we introduce two new bioluminescent 

assay formats that allow competitive and sandwich immunoassays to be performed directly in 

solution. Both assays rely on the application of LASIC, a recently reported method to site-

specifically photoconjugate a protein G-fragment to the constant domain of monoclonal 

antibodies. First, we describe the use of LASIC as a generic method to label monoclonal 

antibodies with NanoLuc and its color variants. Efficient photoconjugation of up to two protein 

G-NanoLuc fusion proteins to cetuximab was demonstrated, allowing bioluminescent 

quantification of endothelial growth factor receptor expression on cell surfaces. Next we used 

LASIC to covalently couple a LUMABS sensor to a mAb to generate an intramolecular switch 

that may be used in a competitive immunoassay. Although site-specific conjugation of 

LUMABS to an anti-HIV1 antibody was successful, titrations with HIV antigen peptides 

indicated unanticipated interactions of the antigen with the sensor, precluding definite proof of 

the intended sensor principle. Finally, we used LASIC to develop a sandwich immunoassay 

format based on reconstitution of split NanoLuc. Two different anti-cardiac troponin I (cTnI) 

antibodies were successfully functionalised with protein G-split NanoLuc fusion proteins. Even 

without optimization of assay conditions the new assay allowed detection of picomolar 

concentrations of cTnI directly in solution, with a ~12-fold maximal luminescence increase. 

The ability to covalently link monoclonal antibodies with bioluminescent sensor proteins 

introduced in this chapter thus provides an important step towards the development of 

bioluminescent immunoassays for point-of-care applications. 
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5.1 Introduction 

Antibody-based molecular recognition plays a dominant role in the molecular life sciences. 

Antibodies are often used to target disease specific cell surface receptors, either in molecular 

imaging or as therapeutic agents. In addition, many diagnostic strategies exploit the specificity 

of the antibody-antigen interaction to selectively detect antigens in a complex matrix. A classic 

example is the sandwich immunoassay, where the target analyte binds to an immobilised 

antibody. Subsequently, a second antibody is added that binds the target analyte at a different 

site, and a third, labelled antibody that recognises the constant domain of the second antibody 

enables signal generation. Sandwich ELISAs are highly specific because they require two 

separate interactions between antibodies and the antigen before a signal is generated. As an 

alternative to sandwich immunoassays, competition immunoassays can be used. Competition 

immunoassays are very useful in cases where the analyte is small, and binding of multiple 

antibodies to the target in a sandwich immunoassy is unfeasible. In a competition immunoassay, 

the concentration of analyte is quantified based on the competition of a labelled and an 

unlabelled analyte binding to an immobilised antibody. The signal in a competitive 

immunoassay is inversely proportional to the amount of unlabelled antigen present. Although 

these classical immunoassays enable sensitive detection of antigens, they rely on a laborious 

procedure and their multi-step nature makes them less suitable for application outside of the 

laboratory setting. 

In recent years, several groups have tried to develop fast, sensitive, homogeneous variants of 

immunoassays for antigen detection. A successful example of an in-solution bioluminescent 

assay based on competition are the LUCID sensors developed by the group of Johnsson. LUCID 

sensors are based on intramolecular binding of a ligand to an analyte-specific receptor 

domain.1,2 Competitive displacement of the intramolecular ligand by the analyte of interest 

leads to a conformational change in the protein that is accompanied by a decrease in BRET 

efficiency between NanoLuc and a synthetic fluorophore. Most LUCIDS use natural ligand 

binding domains as the receptor domain, although recently a new generation of LUCIDS was 

reported that incorporate a recombinant Fab fragment.2 Several groups have developed 

homogeneous variants of the sandwich immunoassay. In most cases, these assays rely on the 

complementation of two reporter modalities that have both been functionalised with an antibody 

or antibody fragment. When free in solution, the reporter modalities provide no signal, but when 

the antibodies bind to an antigen, the local concentration of the two reporter modalities 

increases, leading to association and an observable signal. This strategy has been reported using 
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for example split-GFP or DNA as reporter modalities.3–5 Ghosh and coworkers reported an in-

solution assay based on split-Firefly luciferase complementation.  Two split-Firefly luciferase 

fragments were fused to separate receptor domains, and upon binding of their target analyte the 

proximity-induced increase in local concentration of the split-Firefly luciferase fragments lead 

to reconstitution of the active enzyme.6  

The homogeneous immunoassays for antigen detection described above all rely on recombinant 

expression of proteins in which the antigen specific domain (e.g. Fab fragment or receptor 

domain) was genetically fused to the readout domains (e.g. split-luciferase fragments). This 

requires the development of a stable Fab fragment that is suitable for bacterial expression. In 

addition, for each new target, two new proteins need to be developed. Here, we report the 

development of two bioluminescent assay formats that do not require a genetic fusion between 

the antigen-binding domain and the reporter domain. Instead, both strategies rely on site-

specific conjugation of recombinantly expressed luminescent reporter proteins to commercially 

available monoclonal antibodies. The first assay represents an extension of the LUMABS 

sensor principle in a ratiometric, competitive immunoassay format (Figure 5.1A). For this, a  

 

  

Figure 5.1: Schematic representation of homogeneous antigen detection strategies using (A) a competitive assay 

format or (B) a sandwich immunoassay format. 
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LUMABS sensor is conjugated to its target antibody. In the absence of antigen, the sensor 

should adopt a stretched, low-BRET conformation because of intramolecular association of the 

epitope in the sensor and the antigen binding site of the antibody. If the antigen is present at a 

sufficiently high concentration, competition between intra- and intermolecular antigen binding 

to the antibody should allow the sensor to adopt the closed conformation, increasing BRET. 

The second sensor approach that is explored represents a sandwich immunoassay in solution. 

This assay relies on antigen binding by two different antibodies that have been functionalised 

with complementary split-NanoLuc fragments. When the antibodies bind to their respective 

epitope in the target antigen, the split-NanoLuc fragments come in closer proximity, allowing 

reconstitution of active NanoLuc (figure 5.1B). The benefit of using this approach is that the 

split-NanoLuc fragments only have to be developed and expressed once, and that the target 

specificity of an assay is only determined by the monoclonal antibodies to which the split 

protein fragments are ligated. As monoclonal antibodies against virtually any protein antigen 

can be developed, the assay should be very broadly applicable.  

For both assays described in figure 5.1, it is crucial that functionalisation of the antibody with 

the luminescent proteins occurs in a site-specific manner that does not affect the antigen binding 

properties of the antibody and yields homogeneous products in a controlled stoichiometry. Most 

techniques that enable conjugation of functional moieties to antibodies, such as those based on 

amine labelling via succinimide chemistry or cysteine labelling via maleimide chemistry yield 

a heterogeneous reaction mixture, where functional groups have been attached to the antibody 

in a non-specific manner.7,8 Alternatively, a site-specific chemical handle can be introduced in 

the antibody, for example by using non-natural amino acids. However, this approach typically 

involves either the use of Fab fragments or access to mammalian recombinant expression 

systems for monoclonal antibody production. 9–11 Recently, an interesting alternative approach 

for the site-specific conjugation of proteins to antibodies was reported by Hui et al.12 In their 

technology, called LASIC (Light Activated SIte-specific Conjugation), Hui et al. incorporated 

the non-natural amino acid para-benzoylphenylalanine (BPA), a photoreactive group, in a 6.5 

kDa fragment of protein G that is crucial for Fc binding.13,14 Once bound at the interface 

between the two heavy chain constant domains, this protein G domain  can be photocrosslinked 

to the antibody by illumination with 365 nm light to generate a BPA diradical.13,15,16 Of the nine 

positions tested,  the mutant where the BPA group was incorporated at position 24 in protein G 

was selected as the ideal mutant for photocrosslinking, as it allowed efficient conjugation of 

protein G to all human IgG subclasses, as well as most mice and some rat and rabbit IgG 
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subclasses. Photoconjugation occurred at a remarkably high efficiency, with most antibodies 

conjugated to two protein G domains, one per heavy chain.  

The crucial advantage of LASIC is that it yields homogenously labelled antibodies, as the 

docking of protein G prior to photoconjugation ensures site-specificity at a location far removed 

from the antigen binding site. While Hui et al. focussed on applications in targeted drug delivery 

and molecular imaging, we reasoned that LASIC could also proof beneficial in molecular 

diagnostics by providing access to homogeneous antibody conjugates that would allow the 

development novel formats for immunoassays in solution. In this chapter, the application of 

LASIC technology to site-specifically conjugate luminescent protein sensor to antibodies is 

investigated and three different applications are explored. First, NanoLuc-functionalised 

antibodies are developed, which should be very useful both as reporter antibodies in antigen 

detection assays and in molecular imaging. Subsequently, the use of LASIC to conjugate 

LUMABS sensors to full size monoclonal antibodies is demonstrated, and the application of 

these conjugates in a homogeneous competitive immunoassay is explored. Finally, the 

development of a generic, in-solution sandwich immunoassay assay based on split-NanoLuc 

complementation is reported.  

 

5.2 Results 

Conjugation of protein G – NanoLuc to the therapeutic antibody cetuximab 

To assess the feasibility of conjugating bioluminescent proteins to antibodies using LASIC 

technology, a gene construct encoding a fusion protein in which NanoLuc was linked to the C-

terminus of protein G(A24BPA) was obtained from GenScript (USA). To allow for 

straightforward purification, the gene was designed to have an N-terminal Strep-tag and a C-

terminal His-tag. The plasmid contained an amber stop codon (TAG) at position 24 in protein 

G, and was co-expressed with a plasmid (pEVOL-pBpF) encoding an orthogonal tRNA 

synthetase/tRNA pair that specifically introduces the BPA group at the position encoded by the 

TAG codon.17 A potential application of luciferase-functionalised antibodies is to use them for 

in vivo imaging studies, for example for the imaging of tumours. For this application, the fact 

that NanoLuc emits blue light is suboptimal, as the tissue penetration of blue light is poor. 

Moreover, while the use of bioluminescence is beneficial in plate-based assays, high-

throughput screening techniques such as Fluorescence Activated Cell Sorting (FACS), rely on 

the use of fluorescence. To make the pG-NanoLuc antibody labelling strategy more generically 
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applicable, we also developed a protein G-NanoLuc variant where NanoLuc was tightly fused 

to a tdTomato, a red fluorescent protein to create pG-ReNL.18 This fusion was based on the 

work of Suzuki, who reported NanoLuc-fluorescent protein fusions that permit highly efficient 

BRET, effectively creating a toolbox of differently coloured bright NanoLuc variants spanning 

the entire visible spectrum from blue to red. For both pG-NanoLuc and pG-ReNL, protein 

expression was induced by addition of IPTG and arabinose, to induce expression of pG-

NanoLuc and the orthogonal tRNA/tRNA synthetase pair, respectively. A combination of Ni-

affinity chromatography and Strep-Tactin column chromatography was used for protein 

purification, and pure protein was obtained in yield of ~ 5 mg protein per litre culture. Protein 

purity was confirmed using SDS-PAGE. Correct incorporation of the BPA moiety was verified 

using Q-TOF LC-MS. The luminescence emission spectrum of NanoLuc was unaffected by 

incorporation of the protein G domain (Figure 5.2A), and pG-ReNL displayed a bright red 

emission peak in addition to the original NanoLuc emission at 460 nm (Figure 5.2B). Although 

BRET is slightly less efficient than reported by Suzuki et al, the bright red luminescence of pG-

ReNL should facilitate the use of homogeneously labelled antibody-NanoLuc conjugates in 

imaging studies involving animals. 

 

  

 

Figure 5.2: A) Luminescence emission spectrum of 1 nM protein G – NL. B) Luminescence emission spectrum of 

1 nM protein G – ReNL. Spectra were recorded in a buffer composed of 50 mM Tris, 100 mM NaCl, 10% (v/v) 

glycerol and 0.05% Tween-20 at pH = 7.4.. 
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The therapeutic antibody cetuximab was selected as a suitable first antibody to test the 

photoconjugation of pG-NanoLuc to antibodies. Cetuximab is a monoclonal antibody that binds 

the Endothelial Growth Factor Receptor (EGFR) and is used in the treatment of colorectal 

cancer.19,20 Cetuximab was available in relatively large quantities in our laboratory allowing for 

optimisation of photoconjugation conditions before proceeding to other, more expensive 

antibodies. Following the protocol recommended by Hui et al., a photoconjugation reaction was 

performed using 0.4 μM cetuximab in the presence of different pG-NanoLuc concentrations. 

Conjugation efficiency was monitored using non-reducing SDS-PAGE, which retains the native 

disulphide bonds and thus enables the discrimination of antibodies with either one or two pG-

NanoLuc groups attached (Figure 5.3A). After three hours of irradiation with ultraviolet light, 

efficient photocrosslinking had taken place, with the majority of antibodies being conjugated 

to two pG-NanoLuc groups when using four or more equivalents of pG-NanoLuc. 

 

 

 

 

Figure 5.3: A) Non-reduced SDS PAGE analysis of photoconjugation reaction products between protein-G 

NanoLuc and cetuximab after 3 h irradiation with 365 nm light. Left lane: cetuximab only, the other lanes show 

the photoconjugation reaction of 0.4 uM cetuximab with different equivalents of pG-NanoLuc (per heavy chain). 

Photoconjugation was performed in a buffer composed of 0.1 M Tris-HCl at pH 8.5. B) Luminescence intensity 

originating from wells containing the indicated amount of HEK293T (blue) and A431 cells (green), after 

incubation with NL-cetuximab. After 15 minutes of incubation, unbound antibody was washed away, substrate 

(200x diluted) was added and cells were transferred to a white 96-well plate for measurement. Measurements 

were performed in a buffer consisting of 50 mM Tris-HCl, 100 mM NaCl, 10% (v/v) glycerol and 0.05% Tween-

20 at pH = 7.4 in a final volume of 100 μL. In all cases, error bars indicate mean + S.E.M. (n = 2) 
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NanoLuc-mAb fusions should be attractive reagents for applications ranging from in vivo 

molecular imaging to high throughput drug screening and immunoassays. For example, they 

could be used as the secondary antibody in sandwich-type ELISAs, reducing the amount of 

incubation steps because antigen recognition and signal generation are integrated in one 

antibody. As a first example we explored the application of NanoLuc-functionalised cetuximab 

(NL-cetuximab) for the detection of cell surface receptor expression in a plate-based assay. To 

test whether NL-cetuximab could be used for the detection of EGFR expression, EGFR positive 

cells (A431) and negative control cells (HEK293T) were both incubated with 1 nM NL-

cetuximab for fifteen minutes.  Subsequently, the cells were transferred to a 96 wells plate at 

different dilutions, and the luminescence intensity upon substrate addition was recorded. The 

luminescence intensity originating from wells containing A431 cells was consistently ~15 times 

stronger than the signal from wells containing an equal amount of HEK293T cells (Figure 

5.3B). In addition, although luminescence decreased over time, the ratio between the signal 

originating from the A431 cells and the negative control HEK293T cells remained constant 

over a 2 hour period.21 The lowest concentration of  A431 cells that could be  measured was 4 

cells/well (100 μL), which is equal to around 6*106 receptors/mL (0.1 pM), assuming that each 

A431 cell has 1.5 million receptors.21  

 

LUMABS-functionalised antibodies for in-solution competition immunoassay 

Having confirmed that LASIC technology allows straightforward conjugation of luminescent 

proteins to antibodies in a site-specific manner, we next explored whether LASIC could be used 

to construct LUMABS-mAb conjugates. Such conjugates could be used as the basis of a 

homogeneous competitive immunoassay according to the mechanism shown in figure 5.4A. In 

the absence of antigen, the epitope in the semi-flexible linker binds to the antigen binding site 

of the antibody resulting in a low BRET state. Addition of antigen competes the epitope away 

from the antigen binding site, allowing the interaction of the two helper domains and the 

formation of a high BRET state, which is accompanied by a decrease in blue emission and an 

increase in green emission.  HIV-LUMABS was chosen as a suitable first sensor to test the new 

sensing principle because epitopes with a range of affinities for the antibody are known, and 

variation of epitope affinity may be important to develop a working competition  
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Figure 5.4: A) Proposed antigen sensing mechanism of pG-LUMABS-1 B) Deconvoluted mass spectrum and LC 

elution profile of pG-LUMABS-1. The major peak represents the sensor with the BPA group correctly incorporated 

(expected MW = 78260 Da) .C) Analysis of photoconjugation reaction between HIV1-p17 IgG2a and pG-

LUMABS-1 using non-reducing SDS-PAGE. Lane 1 and 2 contain the unconjugated antibody and pG-LUMABS-

1, respectively. Lane 3 contains the product of a 3 hour photoconjugation reaction between the antibody and pG-

LUMABS-1. The reaction was performed using 0.8 μM antibody and protein in a buffer composed of 0.1 M Tris-

HCl at pH = 8.5. D) Luminescence emission spectra of 0.5 nM pG-LUMABS-1 prior to photoconjugation (blue 

line) and after photoconjugation (black line). E) Emission ratio of the sensor-antibody conjugate in the presence 

of increasing amounts of the HIV-1 p17 peptide. F) Emission ratio of the unconjugated sensor in the presence of 

increasing amounts of the HIV-1 p17 peptide. Error bars indicate mean ± S.E.M. (n = 2). All measurements were 

performed using 0.5 nM sensor-antibody conjugate in a buffer composed of 50 mM Tris, 100 mM NaCl, 10% (v/v) 

glycerol and 0.05% Tween-20 at pH = 7.4. 
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immunoassay. A LUMABS variant was designed that incorporated pG(A24BPA) instead of the 

C-terminal epitope in HIV-LUMABS-1. The sensor, pG-LUMABS-1, was expressed in E. coli 

and purified using Ni-affinity and Strep-Tactin column chromatography. Incorporation of the 

BPA group proved to be efficient and pure protein was obtained in a yield of several milligrams 

per litre culture. Protein purity was assessed using SDS-PAGE and correct incorporation of the 

BPA group was confirmed using Q-ToF LC-MS (Figure 5.4B).  

A photoconjugation experiment was then performed to conjugate 0.8 μM sensor to 0.8 μM HIV-

1 p17 antibody. The reaction was performed at equimolar concentrations to ensure that after the 

reaction no unconjugated pG-LUMABS was present in the reaction mixture. In these 

experiments, the mouse IgG2a isoform of the antibody was used, as the more common mouse 

IgG1 isoform does not allow photoconjugation via LASIC technology.12,22 Conjugation of pG-

LUMABS-1 to anti-HIV1-p17 IgG2a proved to be efficient, yielding antibodies with either one 

or two sensor domains attached after three hours of irradiation with 365 nm light. Importantly, 

very little unconjugated pG-LUMABS-1 remained after the conjugation reaction, meaning that 

it was not necessary to further purify the sensor-antibody conjugate (Figure 5.4C). Figure 5.4D 

shows the emission spectra of pG-LUMABS-1 before and after photoconjugation to anti-HIV1 

antibody. As expected, the BRET efficiency decreased after photoconjugation, although BRET 

is still relatively efficient. This could either mean that the open sensor conformation is only 

partially adopted, or that BRET in the open sensor conformation still occurs.  To test whether 

or not the obtained sensor-antibody conjugates could be used for the purpose of antigen 

detection, a titration experiment was performed in which a peptide antigen 

(ELDRWEKIRLRPGGGCG) was added to the pG-LUMABS-1-antibody conjugate. 

Surprisingly, the emission ratio decreased upon addition of peptide antigen, yielding an 

apparent Kd of 23 ± 3 μM (Figure 5.4E). Because the decrease in emission ratio upon addition 

of peptide antigen could not be rationalised based on the proposed sensing mechanism, a control 

experiment was performed in which the emission ratio was monitored of unconjugated pG-

LUMABS (in the absence of anti-HIV1 antibody) as a function of peptide antigen. Here too, 

the emission ratio showed a significant drop at similarly high peptide antigen concentrations 

(Kd = 25 ± 8 μM, Figure 5.4F). Combined, the data in Figure 5.4E and F indicate that BRET 

efficiency is modulated by an unanticipated interaction of the peptide antigen with the 

LUMABS-part of the sensor, and not through the initially proposed competitive mechanism.  

One possibility is that the epitope in pG-LUMABS has an unexpected interaction with another 

part of the sensor, and that this interaction is disrupted when high peptide antigen concentrations 
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are present. To investigate whether a sensor with a shorter epitope interacted with the sensor in 

same unexpected manner as pG-LUMABS-1, a pG-LUMABS variant with a short epitope 

(WEKIRLRP) was cloned (pG-LUMABS-2). After expression and purification, Q-ToF LC-MS 

again showed efficient BPA incorporation (Figure 5.5A). Analysis of photoconjugation 

efficiency using non-reducing SDS-PAGE showed that although most of sensors had been 

functionalised with one or two pG-LUMABS sensors, a significant portion of unreacted, free 

pG-LUMABS-2 remained in the reaction mixture. Addition of peptide antigen to the pG-

LUMABS-2 antibody complex only caused a very small increase in emission ratio (Figure 

5.5C). 

 

Figure 5.5: A) Deconvoluted mass spectrum and LC elution profile of pG-LUMABS-2. The major peak represents 

the sensor with the BPA group correctly incorporated (expected MW = 77746 Da). B) Non-reducing SDS PAGE 

analysis showing that the majority of antibodies are functionalised with either one or two pG-LUMABS-2 domains. 

C) Emission ratio of the pG-LUMABS-2-antibody conjugate in the presence of increasing amounts of the HIV-1 

p17 peptide. D) Emission ratio of the unconjugated sensor in the presence of increasing amounts of the HIV-1 p17 

peptide. Error bars indicate mean ± S.E.M. (n = 2). All measurements were performed using 0.5 nM sensor in a 

buffer composed of 50 mM Tris, 100 mM NaCl, 10% (v/v) glycerol and 0.05% Tween-20 at pH = 7.4. 



Chapter 5 

 

- 122 - 
 

However, addition of peptide antigen to unconjugated pG-LUMABS-2 resulted in a substantial 

increase in emission ratio, with an apparent Kd of this transition of 11 ± 7 μM (Figure 5.5D). 

As such, it is likely that the small increase in emission ratio for the antibody-pG-LUMABS-2 

conjugated observed in figure 5.5C is caused by an increase in emission ratio of the 

unconjugated sensor. The peptide antigen titrations on unconjugated pG-LUMABS-1 and -2 

indicate that both sensors interact with the peptide antigen in an unexpected manner. In both 

cases, this may be caused by the same molecular mechanism. To investigate whether the 

observed change in emission ratio stems from an interaction between the peptide antigen and 

the helper domains, a new pG-LUMABS variant containing the long epitope 

ELDRWEKIRLPRP was cloned in which the SH3 domain was removed (PG-LUMABS-3). In 

the absence of antigen, the sensors were expected to adopt the low- BRET conformation, in  

 

Figure 5.6: A) Proposed antigen sensing mechanism of pG-LUMABS-3 B) Non-reducing SDS-PAGE analysis of 

photoconjugation efficiency. Lane 1 contains only pG-LUMABS-3, lane 2 contains the reaction mixture of a 

photoconjugation reaction between pG-LUMABS-3 and the HIV-1 p17 IgG2a antibody. Photoconjugation was 

performed at sensor and antibody concentrations of 0.8 μM each, in a buffer composed of 0.1 M Tris-HCl at pH 

= 8.5.   C) Emission ratio of the sensor-antibody conjugates in the presence of increasing amounts of the HIV-1 

p17 peptide. D) Emission ratio of the unconjugated sensors in the presence of increasing amounts of the HIV-1 

p17 peptide. Error bars indicate mean ± S.E.M. (n = 2). All measurements were performed using 0.5 nM sensor-

antibody conjugate in a buffer composed of 50 mM Tris, 100 mM NaCl, 10% (v/v) glycerol and 0.05% Tween-20 

at pH = 7.4. 
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which the epitope has bound to the antigen binding site. Upon addition of antigen, an increase 

in emission ratio was expected, because the average distance between the BRET partners was 

expected to decrease when the epitope was displaced from the antigen binding site. The BPA 

group was incorporated successfully and non-reducing SDS-PAGE analysis of the 

photoconjugation showed that the majority of antibody was functionalised with one or two pG-

LUMABS sensors (Figure 5.6B). pG-LUMABS-3 displays a modest increase in emission ratio 

upon addition of peptide antigen (Kd = 2.9 ± 1.6 μM, figure 5.6C), responding in accordance 

with the expected sensing principle. Unconjugated pG-LUMABS-3 only displayed an 

unexpected interaction with the peptide antigen at very high concentrations, showing a decrease 

in BRET at peptide concentrations above 50 μM (Figure 5.6D). 

To investigate the effects of the peptide antigen on LUMABS further, a control experiment was 

performed where a complex of the original HIV-LUMABS (Kd = 80 pM) with its target 

antibody was used as the basis of an antigen detection assay. Addition of antigen to the sensor-

antibody complex should yield a transition from the open, low-BRET conformation to the 

closed, high-BRET conformation (Figure 5.7A). 100 pM HIV-LUMABS was first brought in 

the open conformation through addition of 10 nM antibody and then subjected to increasing 

concentrations of a peptide resembling the epitopes in the sensor (figure 5.7B). The obtained 

titration data show that the epitope peptide is capable of displacing the sensor from the antibody, 

forcing the sensor to adopt the high-BRET conformation. This two-component system allows 

detection of peptide antigens with a Kd of 5.6 ± 0.8 μM and a twofold increase in emission ratio.  

To check whether the observed change in emission ratio could indeed be attributed to the 

proposed sensing mechanism, a control experiment was performed in which the peptide was 

titrated to the sensor in the absence of antibody. From this, it followed that there were no 

unintended effects that contributed to the change in emission ratio (Figure 5.7C). To investigate 

whether a weaker antibody-sensor interaction would lead to displacement of the sensor from 

the antibody at lower antigen concentrations, an experiment was performed in which D3A HIV-

LUMABS (Kd = 0.6 nM) mutant was used. The weaker antibody-sensor interaction enabled 

detection of peptide antigens at much lower concentrations (Kd = 10 ± 6 nM, Figure 5.7D). As 

such, it appears that weakening of the antibody-sensor interaction can be used as a generic 

strategy to change the concentration regime in which LUMABS-antibody complexes can be 

used for antigen detection. The observation that the emission ratio of HIV-LUMABS-1 in the 

absence of antibody is insensitive to increasing antigen concentration contrasts with the data  
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Figure 5.7: Schematic representation of competitive antigen detection using HIV-LUMABS. B) Emission ratio of 

100 pM HIV-LUMABS preincubated with 2 nM antibody in the presence of different concentrations of peptide 

antigen. C) Emission ratio of 100 pM HIV-LUMABS in the presence of different concentrations of peptide antigen 

without antibody present. D) Emission ratio of 100 pM HIV-LUMABS (D3A) preincubated with 2 nM antibody in 

the presence of different concentrations of peptide antigen. The titrations were performed in a buffer composed of 

50 mM Tris, 100 mM NaCl, 10% (v/v) glycerol and 0.05% Tween-20 at pH = 7.4. Error bars indicate mean ± 

S.E.M. (n = 2). 

obtained using pG-LUMABS-1, -2 and -3. The reason for the aspecific antigen sensitivity of 

pG-LUMABS 1, 2 and 3 remains unclear. From the peptide antigen titrations on HIV-

LUMABS-1 in figure 5.7 it can be concluded that there is no unexpected effect of the peptide 

antigen on the luminescence properties of NanoLuc or the fluorescence properties of 

mNeonGreen. In addition, the pG-LUMABS-3 titration shows that the aspecific interactions 

between peptide antigen and sensor did not occur on the helper domains. 

It could be the case that the epitope folds back on the sensor, and that this interaction is broken 

in the presence of excess peptide antigen. As the only sensor element that is different between 

pG-LUMABS and HIV-LUMABS-1 is protein G, the interaction would most probably occur 

between the epitope and the protein G domain. Overall, it can be concluded that 

photoconjugation of LUMABS to its target antibody was successful, and one sensor was 

obtained (pG-LUMABS-3) that could be used to detect its target peptide antigen with a Kd of 3 

μM. However, all sensors also undergo an unanticipated interaction with the peptide antigen at 
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high peptide concentrations, and before the validity of the antigen sensing concept can be 

conclusively demonstrated, the nature of this interaction needs to be clarified. 

 

Homogenous sandwich immunoassay using split-NanoLuc complementation 

Because sandwich immunoassays have fundamental advantages in terms of sensitivity and 

specificity, our next step was to design a new sensor system that should enable a solution-based 

sandwich immunoassay based on split-NanoLuc complementation (Figure 5.8A). Recently, an 

effective split NanoLuc system called NanoBit was reported by Dixon et al., who created a 

library of split NanoLuc variants based on a large, N-terminal fragment (LBit) and a variable 

small, C-terminal fragment (SBit) consisting of 11-13 amino acids. Variation in the SBit amino 

acid sequence yielded NBit pairs with affinities between 0.7 nM and 190 μM.23 In this work, 

an SBit variant was chosen that yields an affinity of 2.5 μM between LBit and Sbit. The reason 

for choosing a relatively low affinity between the split NanoLuc fragments is that this should 

minimise spontaneous association in the absence of antigen. The split-NanoLuc fragments were 

fused to protein G via a semi-flexible linker containing six GGSGGS repeats, an alpha helical 

block of 34 amino acids and six more GGSGGS repeats. The linker was designed to possess 

sufficient flexibility to allow NanoLuc complementation, as well as sufficient rigidity to allow 

a large sweeping radius (see appendix full DNA and amino acid sequence). The resulting pG-

Sbit and pG-LBit fusion proteins were succesfully expressed in E. coli and purified using a C-

terminal His-tag and an N-terminal Strep-Tag. Proteins were obtained in a yield of several 

milligrams per litre culture, and sensor purity was confirmed using SDS-PAGE (Figure 5.8B). 

To provide a proof of principle cardiac troponin I (cTnI) was chosen as a target antigen. cTnI 

is an important marker for cardiac failure that requires highly sensitive detection at picomolar 

concentrations.24–26 Photoconjugation was performed similar to the photoconjugation 

experiments described above, conjugating pG-SBit to the monoclonal antibody 4C2 (IgG2a) 

and pG-LBit to 19C7 (IgG2b) using an 8 times molar excess of pG-fusion proteins over 

antibody. These two antibodies bind two different epitopes on cTnI and were recommended by 

the manufacturer (Hytest Ltd, Finland) as compatible antibodies in sandwich immunoassays. 

Non-reducing SDS-PAGE analysis of the photoconjugation revealed a mixture of conjugated 

and unconjugated 4C2, and complete conjugation of 19C7 with pG-LBit (data not shown).  
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Figure 5.8: Schematic representation of pG-NBit based sensor concept. In the presence of antigen, two antibodies 

funcitonalised either with LBit or Sbit bind to the antigen at different positions, bringing the split NanoLuc 

fragments in close proximity, thereby allowing reconstitution of the active luciferase. B) SDS-PAGE analysis of 

sensor purity. Lane 1: Biorad precision plus protein ladder. Lane 2: pG-SBit ( Expected MW = 18 kDa). Lane 3: 

pG-LBit (Expected MW: 33 kDa). C) Luminescence signal obtained from a well containing 1 nM pG-SBit-4C2 

and 1 nM pG-LBit-19C7, in the presence of increasing concentrations of cTnI. Error bars represent mean ± S.E.M. 

(n =2). 

Despite the fact that the photoconjugation was not yet optimal, explorative measurements were 

performed to investigate whether the pG-NBit-based sensing strategy could be used to detect 

cTnI in solution. In these measurements, 1 nM of pG-SBit-4C2 and pG-LBit-19C7 were 

incubated with cTnI concentrations in the pico- to micromolar regime. After 30 minutes of 

incubation, substrate was added and the luminescence intenstity was recorded (figure 5.7C). 

The intensity of bioluminescence as a function of cTnI concentration followed a bell-shaped 

curve. At the highest luminescence intensity, the detection system displays a 12-fold increase 

in luminescence compared to the blank. At 190 pM, a three-fold increase in luminescence could 

already be observed. Optimisation of the assay (incubation times, sensor concentrations used 

and optimised photoconjugation) will likely yield a limit of detection that is considerably lower. 
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Discussion 

In this work, two new homogeneous bioluminescent antigen detection strategies were explored. 

Both methods relied on site-specific labeling of monoclonal antibodies in a well-defined 

stoichiometry, for which a photoconjugation strategy based on LASIC technology was used. 

Initial experiments with cetuximab confirmed that photoconjugation using the LASIC method 

yielded homogeneous products, mainly forming conjugates where two labels have been linked 

to the antibody. As a first application, the obtained NL-cetuximab conjugates were successfully 

applied to detect the Enthothelial Growth Factor Receptor on cell surfaces. Subsequently, 

conjugates of anti-HIV-1 p17 antibodies with complete LUMABS variants were produced for 

application in a homogeneous competition immunoassay using a novel sensor format. One of 

these conjugates (pG-LUMABS-3) allowed detection of HIV-1 p17 peptides with a Kd of 3 μM. 

However, the antigenic peptide appears to interact with the sensors in a manner that is not yet 

well-understood. Finally, LASIC technology was successfully applied to develop a 

homogeneous sandwich immunoassay based on split-NanoLuc complementation. Explorative 

measurements using photoconjugation conditions that have not yet been optimised indicate that 

the novel sensor concept allows detection of picomolar concentrations of cTnI directly in 

solution. 

Photoconjugation of protein G functionalised with luminescent proteins to antibodies using the 

LASIC technology was successful, yielding antibodies conjugated to one or two protein G 

moieties. In most cases, a small excess of protein G compared to antibody was used. For EGFR 

detection, the presence of excess protein G was no problem, as it does not bind to the EGFR 

and is therefore washed away prior to measuring. In the case of antigen detection using pG-

LUMABS-antibody conjugates, it would be a problem to have an excess of luminescent protein 

present, as this would contribute to the observed signal while not playing a part in the sensing 

mechanism. Therefore, in these cases the photoconjugation conditions were chosen such that 

there was an equimolar amount of antibody and sensor, to minimise the amount of unconjugated 

pG-LUMABS present after conjugation. However, in the case of pG-LUMABS-2, a substantial 

amount of unconjugated sensor remained after photoconjugation. An alternative strategy could 

be to use a large excess of pG-LUMABS, which should yield antibodies homogeneously 

functionalised with two sensors, but would also make a subsequent purification step necessary. 

An advantage of the turn-on design of the pG-NBit based sensing strategy is that unreacted pG-

SBit or pG-LBit does not necessarily have to be removed from the solution, as it will only 

provide a small contribution to the signal at the concentrations used here. However, to 
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eventually obtain a system with a maximal increase in luminescence upon target binding, a 

solution without unconjugated pG-NBit fragments would be optimal. Purification techniques 

that could be considered both for the pG-LUMABS and the pG-NBit system are protein L 

colums or beads (protein L binds to a different part of the antibody)  and size-exclusion 

chromatography. 

A new competitive immunoassay for antigen detection in solution was explored. For this, three 

pG-LUMABS variants were successfully conjugated to HIV1-p17 antibodies. One of these 

variants, pG-LUMABS-3, showed a discernable response to addition of antigen at low 

micromolar concentrations. However, pG-LUMABS-1, -2 and -3 all displayed a change in 

BRET efficiency at high antigen concentrations, even when they were not conjugated to 

antibody. Because of these aspecific interactions, we have not been able to verify whether 

sensor-antibody complexes can be used as the basis for a competitive immunoassay. The origin 

of this artefact is not yet clear. A first important step is to disect whether the peptide antigen 

interacts with protein G. This is probably most easily done by titrating a fluorescent antigen 

peptide to a seperately expressed protein G and monitoring fluorescence polarisation. A next 

step should be to investigate whether the effects are specific for pG-HIV-LUMABS. For 

example, it could be tested whether the same effects are observed when constructing pG-

LUMABS variant containing an epitope against the dengue virus, titrating in peptides 

resembling dengue and HIV-epitopes. Once a working sensing principle has been established, 

the competitive assay format would be very suitable for detection of small-molecule antigens 

such as creatinine. Such a small molecule could be introduced using cysteine-maleimide 

chemistry, where the cysteine is introduced at the site of the current epitope. 

Explorative measurements using pG-NBit variants that have not yet been optimised in terms of 

photoconjugation conditions showed very promising results. Addition of picomolar 

concentrations of antigen led to a readily observable increase in luminescence intensity. The 

decrease in intensity observed at high cTnI concentrations can be explained by the fact that 

once the cTnI concentration exceeds the concentration of sensor components, many cTnI 

proteins will only bind one of the two sensor components, which does not yield luminescence. 

The decrease in luminescence intensity at high analyte concentrations does not pose a 

fundamental problem, as simple dilution of the sample can be used to decrease analyte 

concentrations in a controlled manner. Once photoconjugation conditions have been optimised, 

the antigen detection strategy can be further explored. The modularity of the detection strategy 

is such that other antigens can be targeted by simply conjugating the already developed pG-
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SBit and pG-LBit to monoclonal antibodies against other targets, and so the scope of application 

of the detection assay should be extremely broad. An important next step is to optimise the 

concentrations and affinities of pG-LBit and pG-Sbit. Optimisation of these parameters should 

lead to a very low background luminescence, and therefore a large relative change in 

luminescence intensity in the presence of antigen. Shifting of the sensors responsive 

concentration regime can likely be achieved by changing the concentrations of pG-SBit- and 

pG-LBit-functionalised antibodies in the assay.  In order to guide further development of the 

assay principle and fine-tune performance of the assay for each specific antigen target, it would 

be desirable to develop a thermodynamic model that includes all the binding interactions in the 

system.  

The application of LASIC technology as a method for controlled antibody labelling with 

luminescent proteins was demonstrated. The scope of application for such luciferase-antibody 

conjugates is very broad. In addition to the applications described in this chapter, they could be 

used as reporter antibodies in classical immunoassays and immunostainings. Another use for 

LASIC technology in the preparation of heterogeneous assays is to use the technology to more 

accurately control the orientation and density of antibodies on surfaces, as was recently 

demonstrated.27 Aside from their use in immunoassays, the luciferase-antibody conjugates are 

attractive tools for in vivo imaging studies. Because the blue light emitted by NanoLuc has poor 

tissue penetration, we also developed a pG-NanoLuc construct that incorporated a red NanoLuc 

variant that emits light with much more efficient tissue penetration, which should enable the 

use of these bright luminescent antibodies in in vivo imaging.  
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5.4 Materials and methods 

Cloning 

A pET28a+ plasmid encoding protein G – NanoLuc – LPETG was ordered from GenScript 

(USA), containing a c-terminal Strep-Tag and an N-terminal His-Tag. pG-LUMABS variants 

were cloned by amplifying an insert encoding the protein-G – NanoLuc – LPETG with primers 

that introduced SpeI and EcoRI restriction sites. An open vector was amplified by performing 

a PCR reaction on HIV-LUMABS in such a way that the most C-terminal epitope was 

eliminated, whilst at the same time introducing restriction sites complementary to the insert 

fragment. Using standard restriction-ligation techniques, pG-LUMABS was obtained. Sensor 

variants without the SH3 domain and with different epitopes were obtained using the PCR 

method described by Liu et al. The D3A mutation was introduced using Multi-Site Directed 

Mutagenesis. Restriction enzymes were obtained from New England Biolabs. 

Protein expression 

The pET28a+ plasmid encoding pG-NL, pG-ReNL, pG-LUMABS, pG-Sbit or pG-Lbit was 

transformed into E. coli BL21(DE3) cells (Novagen), together with a pEVOL vector encoding 

a tRNA/tRNA synthetase pair enabling incorporation of pBPF.17 pEVOL-pBPF was a gift from 

Peter Schultz (Addgene plasmid # 31186). Cells were cultured in LB medium (16 g peptone, 5 

g NaCl, 10 g yeast extract per liter) in the presence of 30 μg/ml kanamycin and 25 μg/ml 

chloramphenicol and expression was induced using 0.1 mM isopropyl-β-D-

thiogalactopyranoside and 0.2% arabinose in the presence of 1 mM pBpa (Bachem, catalog no. 

F-2800.0001). After overnight expression, cells were harvested by centrifuging for 10 min at 

10000 x g. The resulting pellet was lysed using BugBuster (EMD Millipore) and benzonase 

nuclease (Sigma-Aldrich) for 30 min, and centrifuged again for 40 min at 40000 x g. Pure 

protein was obtained from the resulting supernatant using a combination of nickel-affinity and 

Strep-Tactin column chromatography according to the manufacturer’s instructions. Sensor 

purity was confirmed using SDS-PAGE. For pG-NL and pG-LUMABS-1 and -2, correct 

incorporation of the pBPA moiety was confirmed using Q-ToF LC-MS. 

Q-ToF-MS 

All QToF-MS analyses were performed using a High Resolution LC-MS system consisting of 

a Waters ACQUITY UPLC I-Class system coupled to a Xevo G2 Quadrupole Time of Flight 

(Q-ToF). The system was comprised of a Binary Solvent Manager and a Sample Manager with 
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Fixed-Loop (SM-FL). Proteins were separated (0.3 ml/min) by the column (Polaris C18A 

reverse phase column 2.0 x 100 mm,  Agilent) using a 15% to 75% acetonitrile gradient in water 

supplemented with 0.1% v/v formic acid before analysis in positive mode in the mass 

spectrometer. Deconvolution of the m/z spectra was done using the MaxENT1 algorithm in the 

Masslynx v4.1 (SCN862) software.  

Photoconjugation  

Photoconjugation reactions were performed using a Promed UVL-30 UV light source 

(4x9watt), using antibody concentrations between 0.4 and 0.8 uM in a total volume of 50 – 100 

μL. Samples were illuminated with 365 nm light for 180 minutes. To prevent sample 

degradation due to heat originating from the lamps, the samples were kept on ice during 

photoconjugation. Ice was refreshed every 30 minutes. Antibodies were obtained from Merck 

(Cetuximab), Abcam (HIV1-p17 IgG2a, 32/5.8.42) and HyTest (anti-troponin I, 4C2 and 19C7) 

Cell experiments 

Human A431 cells were cultured in RPMI-1640 media supplemented with 10% FBS and 1% 

streptomycin / penicillin at 37 ˚C and 5% CO2. HEK293T cells were cultured in Dulbeccos 

Modified Eagle Medium (DMEM), supplemented with 10% FBS and 1% streptomycin / 

penicillin at 37 ˚C and 5% CO2. Cells were cultured in transparent 6-well plates. For 

luminescence experiments, cells were incubated with 2 nM antibody in PBS for 15 minutes. 

Subsequently, unbound antibody was washed away and cells were suspended by rigourous 

pipetting. Cells were counted using a hemocytometer and transferred to a white 96-well plate 

(Perkin-Elmer Optiplate, 6005290) at different dilutions. After addition of 400x diluted Nano-

Glo assay substrate (Promega, N1110), luminescence intensity was recorded using a Tecan 

Spark II platereader. 

Titration experiments 

Antigen titrations to LUMABS variants were performed at a sensor concentration of 100 pM 

and an antibody concentration of 2 nM. The complex was allowed to form for 30 minutes prior 

to addition of the antigenic peptide (ELDRWEKIRLRPGGCG with a C-terminal amide). The 

peptide was a kind gift from Wouter Engelen, and its purity has previously been confirmed 

using LC-MS. After addition of peptides and 30 minutes of incubation, emission spectra were 

recorded using a Tecan Spark II plate reader. Measurements were performed in a white 96-well 

plate  (Perkin-Elmer Optiplate) in a total volume of 100 μL using 5000x diluted substrate 
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(Nano-Glo) in a buffer consisting of 50 mM Tris, 100 mM NaCl, 10% (v/v) glycerol and 0.05% 

Tween-20 at pH = 7.4. pG-LUMABS variants were titrated in a similar manner, but the 

concentration of sensor-antibody conjugates (or unconjugated sensors) was 0.5 nM. 

Cardiac Troponin I was a kind gift from Dr Leo van IJzendoorn. Titrations were performed at 

as sensor concentration of 1 nM in a white 96-well plate  (Perkin-Elmer Optiplate) in a total 

volume of 100 μL using 5000x diluted substrate (Nano-Glo) in a buffer consisting of 50 mM 

Tris, 100 mM NaCl, 10% (v/v) glycerol and 0.05% Tween-20 at pH = 7.4. 
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Appendix  
 
 
atgggctggtcccatccgcagttcgagaaaggtaccatgacatttaaactgataatcaac 
 M  G  W  S  H  P  Q  F  E  K  G  T  M  T  F  K  L  I  I  N  
ggcaaaaccttaaaaggggagatcacaattgaggcagtcgatgcctaggaagccgagaaa 
 G  K  T  L  K  G  E  I  T  I  E  A  V  D  A  -  E  A  E  K  
atctttaaacaatatgctaatgattatggtattgacggagaatggacgtatgacgatgcg 
 I  F  K  Q  Y  A  N  D  Y  G  I  D  G  E  W  T  Y  D  D  A  
acaaaaactttcaccgtaactgaggaattcactagtggtggaagtgggggcagcatggta 
 T  K  T  F  T  V  T  E  E  F  T  S  G  G  S  G  G  S  M  V  
ttcacattggaagatttcgtgggtgattggcgacaaacggccggttacaatttggatcag 
 F  T  L  E  D  F  V  G  D  W  R  Q  T  A  G  Y  N  L  D  Q  
gtgttagaacaagggggcgtaagctccctgttccagaatttaggagtgagcgtgacacct 
 V  L  E  Q  G  G  V  S  S  L  F  Q  N  L  G  V  S  V  T  P  
attcagcgcattgtgctgagcggcgaaaatggtctgaaaattgatattcatgtgatcatc 
 I  Q  R  I  V  L  S  G  E  N  G  L  K  I  D  I  H  V  I  I  
ccttacgaaggcctgtctggggatcaaatgggacagattgaaaaaatcttcaaagtagtt 
 P  Y  E  G  L  S  G  D  Q  M  G  Q  I  E  K  I  F  K  V  V  
tatccggtcgacgatcatcattttaaagtaattctgcactatgggacactcgttatcgat 
 Y  P  V  D  D  H  H  F  K  V  I  L  H  Y  G  T  L  V  I  D  
ggagtcacgccgaatatgatagactacttcggtcgcccgtacgaaggaatcgcggttttc 
 G  V  T  P  N  M  I  D  Y  F  G  R  P  Y  E  G  I  A  V  F  
gatggaaaaaaaatcacagtaacgggcacattgtggaacgggaataaaatcatagacgaa 
 D  G  K  K  I  T  V  T  G  T  L  W  N  G  N  K  I  I  D  E  
cgcctcattaaccctgatggatctttactgttccgcgtcacaattaatggcgttacaggt 
 R  L  I  N  P  D  G  S  L  L  F  R  V  T  I  N  G  V  T  G  
tggcgactgtgtgaacgtattctcgcaactagtggtggaagtgggggcagccttccagaa 
 W  R  L  C  E  R  I  L  A  T  S  G  G  S  G  G  S  L  P  E  
acaggaggacaccaccaccaccaccactaa 
 T  G  G  H  H  H  H  H  H  -   

 

Figure A1: DNA and amino acid sequence of protein G – NanoLuc. Areas of interest are indicated as follows. 
Strep-tag (magenta), protein G (red), amber stop codon (yellow), NanoLuc (cyan), His-tag (dark red).   
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atgggcagcagccatcatcatcatcatcacagcagcggcctggtgccgcgcggcagccat 
 M  G  S  S  H  H  H  H  H  H  S  S  G  L  V  P  R  G  S  H  
atggctagcgacgacaactttatatacaaggcgaaggcgctctatccctatgatgcagat 
 M  A  S  D  D  N  F  I  Y  K  A  K  A  L  Y  P  Y  D  A  D  
gatgatgacgcatacgaaatctcattcgaacaaaatgaaatccttcaggtatcagacatt 
 D  D  D  A  Y  E  I  S  F  E  Q  N  E  I  L  Q  V  S  D  I  
gaggggcggtggtggaaagcccgccgcgccaatggagagacaggcatcatcccgtcgaat 
 E  G  R  W  W  K  A  R  R  A  N  G  E  T  G  I  I  P  S  N  
tatgttcagttgattgacggtcctgaggaaatgcatcggggcggctcgggaggctcaggc 
 Y  V  Q  L  I  D  G  P  E  E  M  H  R  G  G  S  G  G  S  G  
agccatatggtaagtaaaggtgaagaagacaatatggcttctctgcctgccacacatgag 
 S  H  M  V  S  K  G  E  E  D  N  M  A  S  L  P  A  T  H  E  
cttcatatttttgggagcataaacggagtggatttcgacatggtaggtcagggtacgggg 
 L  H  I  F  G  S  I  N  G  V  D  F  D  M  V  G  Q  G  T  G  
aaccctaacgatggatatgaggagttgaatcttaaaagcacaaagggtgatctgcagttc 
 N  P  N  D  G  Y  E  E  L  N  L  K  S  T  K  G  D  L  Q  F  
tcgccctggatcctggtgccgcatataggttatggtttccatcagtatcttccatacccg 
 S  P  W  I  L  V  P  H  I  G  Y  G  F  H  Q  Y  L  P  Y  P  
gatggcatgagcccttttcaggccgcaatggtagatggctcaggatatcaagtgcatcgg 
 D  G  M  S  P  F  Q  A  A  M  V  D  G  S  G  Y  Q  V  H  R  
accatgcagtttgaagatggggcgtctttgacggtaaattacaggtacacctatgagggt 
 T  M  Q  F  E  D  G  A  S  L  T  V  N  Y  R  Y  T  Y  E  G  
agccatataaagggagaagcgcaggtgaagggaactggattcccagcggatggcccagtc 
 S  H  I  K  G  E  A  Q  V  K  G  T  G  F  P  A  D  G  P  V  
atgacaaacagcctcaccgctgctgattggtgccgatccaagaaaacgtatccaaacgat 
 M  T  N  S  L  T  A  A  D  W  C  R  S  K  K  T  Y  P  N  D  
aaaactatcatttctacttttaagtggtcctatacaacaggaaacgggaaacgctatcgt 
 K  T  I  I  S  T  F  K  W  S  Y  T  T  G  N  G  K  R  Y  R  
tcaacggcccgcacgacctacacgtttgcaaagccaatggctgcgaattatctgaaaaac 
 S  T  A  R  T  T  Y  T  F  A  K  P  M  A  A  N  Y  L  K  N  
cagccgatgtatgtgttccgtaaaaccgaactgaaacattctaaaacggagctcaatttc 
 Q  P  M  Y  V  F  R  K  T  E  L  K  H  S  K  T  E  L  N  F  
aaggaatggcagaaggcatttacggatgtcatgggaatggacgaactgtataagtcgggc 
 K  E  W  Q  K  A  F  T  D  V  M  G  M  D  E  L  Y  K  S  G  
ggagagctagatcgctgggaaaaaatacgccttagaccggggggttcgggtggttcaggc 
 G  E  L  D  R  W  E  K  I  R  L  R  P  G  G  S  G  G  S  G  
ggctcaggaggctccgggggttccggagggagcggtgctgaagccgcagccaaggaagca 
 G  S  G  G  S  G  G  S  G  G  S  G  A  E  A  A  A  K  E  A  
gcagctaaagaggccgctgcgaaggaagctgccgcaaaggaggcggcggcgaaagaggcg 
 A  A  K  E  A  A  A  K  E  A  A  A  K  E  A  A  A  K  E  A  
gcagcaaaagccggatctggtggcagtggtggctccggcgggtcaggtggcagcggggga 
 A  A  K  A  G  S  G  G  S  G  G  S  G  G  S  G  G  S  G  G  
tcaggagctgaggcagccgccaaagaggctgcggccaaggaggccgccgctaaagaagcc 
 S  G  A  E  A  A  A  K  E  A  A  A  K  E  A  A  A  K  E  A  
gcggcaaaagaggcagcggcaaaggaagcggctgcgaaagccggaagtggtgggtcgggc 
 A  A  K  E  A  A  A  K  E  A  A  A  K  A  G  S  G  G  S  G  
ggctccggtggctctggcggcagtggcggtagtggcgggactagtatgacatttaaactg 
 G  S  G  G  S  G  G  S  G  G  S  G  G  T  S  M  T  F  K  L  
ataatcaacggcaaaaccttaaaaggggagatcacaattgaggcagtcgatgcctaggaa 
 I  I  N  G  K  T  L  K  G  E  I  T  I  E  A  V  D  A  -  E  
gccgagaaaatctttaaacaatatgctaatgattatggtattgacggagaatggacgtat 
 A  E  K  I  F  K  Q  Y  A  N  D  Y  G  I  D  G  E  W  T  Y  
gacgatgcgacaaaaactttcaccgtaactgaggaattcggcagcatggtatttactctt 
 D  D  A  T  K  T  F  T  V  T  E  E  F  G  S  M  V  F  T  L  
gaagattttgtcggtgattggcgccagaccgccggctataacctggaccaagtgcttgaa 
 E  D  F  V  G  D  W  R  Q  T  A  G  Y  N  L  D  Q  V  L  E  
cagggcggggttagcagcctgtttcaaaacctgggggtgagtgtcacgccaattcagcgc 
 Q  G  G  V  S  S  L  F  Q  N  L  G  V  S  V  T  P  I  Q  R  
atcgttctgtcgggagagaatggtctgaaaatcgatatccacgtcattatcccgtacgaa 
 I  V  L  S  G  E  N  G  L  K  I  D  I  H  V  I  I  P  Y  E  
ggtctttctggtgatcagatggggcagatagaaaaaatattcaaagtggtgtacccagta 
 G  L  S  G  D  Q  M  G  Q  I  E  K  I  F  K  V  V  Y  P  V  
gacgatcatcacttcaaggttatactgcactatggcaccctcgttatcgatggcgttact 
 D  D  H  H  F  K  V  I  L  H  Y  G  T  L  V  I  D  G  V  T  
ccgaatatgatcgattactttgggcgtccttatgaaggtattgcggtgttcgacggtaaa 
 P  N  M  I  D  Y  F  G  R  P  Y  E  G  I  A  V  F  D  G  K  
aaaattacggttaccgggacgctctggaatggtaataaaatcattgatgagcgcttgata 
 K  I  T  V  T  G  T  L  W  N  G  N  K  I  I  D  E  R  L  I  
aacccagatggcagccttctgttcagagttacgataaacggggttacgggttggcgactg 
 N  P  D  G  S  L  L  F  R  V  T  I  N  G  V  T  G  W  R  L  
tgcgaaagaatattagcttctagcggtggaggatctattcgttcaaagccgctgccaccc 
 C  E  R  I  L  A  S  S  G  G  G  S  I  R  S  K  P  L  P  P  
ctacccgtgaccgggtggagtcatccccaattcgagaaataa 
 L  P  V  T  G  W  S  H  P  Q  F  E  K  -   

 

Figure A2: DNA and amino acid sequence of protein G – LUMABS. Areas of interest are indicated as follows. 
Strep-tag (magenta), protein G (red), amber stop codon (yellow), NanoLuc (cyan), mNeonGreen (green), His-
tag (dark red).   
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atgggctggagccatccgcagtttgaaaaaggtggtagcatgacatttaaactgattatc 
 M  G  W  S  H  P  Q  F  E  K  G  G  S  M  T  F  K  L  I  I  
aacggcaaaactttaaagggagagatcacaatagaagcggtggatgcttaggaggcggag 
 N  G  K  T  L  K  G  E  I  T  I  E  A  V  D  A  -  E  A  E  
aagatttttaagcagtatgcaaatgattatggaattgatggtgaatggacttatgacgac 
 K  I  F  K  Q  Y  A  N  D  Y  G  I  D  G  E  W  T  Y  D  D  
gcaactaaaactttcacggtaacagaagaatttacaggaggttcgggtgggtcgggaggt 
 A  T  K  T  F  T  V  T  E  E  F  T  G  G  S  G  G  S  G  G  
tctggcggctctggaggaagtggtggtagcggtgaattcgccgaagcagccgctaaagaa 
 S  G  G  S  G  G  S  G  G  S  G  E  F  A  E  A  A  A  K  E  
gccgcagcaaaggaagccgcggccaaggaggcagccgcaaaagaggccgcggcgaaggaa 
 A  A  A  K  E  A  A  A  K  E  A  A  A  K  E  A  A  A  K  E  
gcagcagccaaggcagaattcgggggtagcggcggctcggggggtagtggtggaagcggg 
 A  A  A  K  A  E  F  G  G  S  G  G  S  G  G  S  G  G  S  G  
ggttcaggcggttctgggggtaccgtcttcacactcgaagatttcgttggggactgggaa 
 G  S  G  G  S  G  G  T  V  F  T  L  E  D  F  V  G  D  W  E  
cagacagccgcctacaacctggaccaagtccttgaacagggaggtgtgtccagtttgctg 
 Q  T  A  A  Y  N  L  D  Q  V  L  E  Q  G  G  V  S  S  L  L  
cagaatctcgccgtgtccgtaactccgatccaaaggattgtccggagcggtgaaaatgcc 
 Q  N  L  A  V  S  V  T  P  I  Q  R  I  V  R  S  G  E  N  A  
ctgaagatcgacatccatgtcatcatcccgtatgaaggtctgagcgccgaccaaatggcc 
 L  K  I  D  I  H  V  I  I  P  Y  E  G  L  S  A  D  Q  M  A  
cagatcgaagaggtgtttaaggtggtgtaccctgtggatgatcatcactttaaggtgatc 
 Q  I  E  E  V  F  K  V  V  Y  P  V  D  D  H  H  F  K  V  I  
ctgccctatggcacactggtaatcgacggggttacgccgaacatgctgaactatttcgga 
 L  P  Y  G  T  L  V  I  D  G  V  T  P  N  M  L  N  Y  F  G  
cggccgtatgaaggcatcgccgtgttcgacggcaaaaagatcactgtaacagggaccctg 
 R  P  Y  E  G  I  A  V  F  D  G  K  K  I  T  V  T  G  T  L  
tggaacggcaacaaaattatcgacgagcgcctgatcacccccgacggctccatgctgttc 
 W  N  G  N  K  I  I  D  E  R  L  I  T  P  D  G  S  M  L  F  
cgagtaaccatcaacagcggaggttcccaccaccaccatcaccactaa 
 R  V  T  I  N  S  G  G  S  H  H  H  H  H  H  -   

 

Figure A3: DNA and amino acid sequence of protein G – LBit. Areas of interest are indicated as follows. Strep-

tag (magenta), protein G (red), amber stop codon (yellow), LBit (cyan), His-tag (dark red).   

 
 
 
 
 
 
 
atgggctggagccatccgcagtttgaaaaaggtggtagcatgacatttaaactgattatc 
 M  G  W  S  H  P  Q  F  E  K  G  G  S  M  T  F  K  L  I  I  
aacggcaaaactttaaagggagagatcacaatagaagcggtggatgcttaggaggcggag 
 N  G  K  T  L  K  G  E  I  T  I  E  A  V  D  A  -  E  A  E  
aagatttttaagcagtatgcaaatgattatggaattgatggtgaatggacttatgacgac 
 K  I  F  K  Q  Y  A  N  D  Y  G  I  D  G  E  W  T  Y  D  D  
gcaactaaaactttcacggtaacagaagaatttacaggaggttcgggtgggtcgggaggt 
 A  T  K  T  F  T  V  T  E  E  F  T  G  G  S  G  G  S  G  G  
tctggcggctctggaggaagtggtggtagcggtgaattcgccgaagcagccgctaaagaa 
 S  G  G  S  G  G  S  G  G  S  G  E  F  A  E  A  A  A  K  E  
gccgcagcaaaggaagccgcggccaaggaggcagccgcaaaagaggccgcggcgaaggaa 
 A  A  A  K  E  A  A  A  K  E  A  A  A  K  E  A  A  A  K  E  
gcagcagccaaggcagaattcgggggtagcggcggctcggggggtagtggtggaagcggg 
 A  A  A  K  A  E  F  G  G  S  G  G  S  G  G  S  G  G  S  G  
ggttcaggcggttctgggggtaccgttaccggctatcgtctgtttgaaaaagagagcggc 
 G  S  G  G  S  G  G  T  V  T  G  Y  R  L  F  E  K  E  S  G  
ggttcacatcatcatcaccaccattaagcggccgcactcgagcaccaccaccaccaccac 
 G  S  H  H  H  H  H  H  -  A  A  A  L  E  H  H  H  H  H  H  
tga 
 -   

 

Figure A4: DNA and amino acid sequence of protein G – SBit. Areas of interest are indicated as follows. Strep-

tag (magenta), protein G (red), amber stop codon (yellow), SBit (cyan), His-tag (dark red).   
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Chapter 6 

Determination of the free Zn2+ concentration in serum 
using BRET- and FRET-based sensor proteins 

 

Abstract  

Zinc is essential for numerous physiological processes and zinc dyshomeostasis has been 

proposed to play a role in various diseases. Furthermore, zinc deficiency is a major nutritional 

problem in developing countries and zinc supplementation has been shown to effectively and 

affordably alleviate this condition. Traditional methods that assay zinc in blood rely on 

complicated spectroscopic methods that require expensive equipment. In addition, these 

methods assay the total zinc concentration, while the free (or labile) Zn2+ concentration may be 

of equal or greater diagnostic relevance. Here, we explored the possibility of using protein-

based sensors to quantify the free Zn2+ concentration using both luminescent and fluorescent 

ratiometric sensor proteins with different Zn2+ binding affinities. A new BRET-based sensor 

protein (BL-2His-1) was developed based on His-tags as Zn-binding units that displayed a 

robust 2-3-fold increase in emission ratio and binds Zn2+ with a Kd of 3 µM. While the moderate 

affinity of BL-2His-1 proved to be too weak to allow measurement of free Zn2+ in serum, the 

sensor may be useful to monitor transient increases in extracellular Zn2+
. Similar experiments 

employing BL-ZinCh-2, a recently developed high affinity BRET-based Zn2+ sensor with a 

very high Kd of 0.12 nM revealed that this sensor was almost completely saturated with Zn2+. 

To more precisely determine the level of free Zn2+ in serum, two previously developed FRET 

sensors were tested, Cer-L9-Cit-2His and eCALWY-6. Cer-L9-Cit-2His (Kd = 91 nM) did not 

bind Zn2+ in serum, whereas eCALWY-6 (Kd = 2.9 nM) was found to be ~50% saturated. 

Together these results are consistent with a free Zn2+ concentration of 3 nM and demonstrate   

the feasibility of using ratiometric luminescent sensor proteins to directly determine the free 

Zn2+ levels in blood serum.  

 

This chapter has been submitted for publication: 

R. Arts, A.M. Hessels, G. Vos & M.Merkx, Determination of the free Zn2+ concentration in serum using 

BRET- and FRET-based sensor proteins.  Manuscript submitted. 
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6.1 Introduction 

The transition metal zinc plays a fundamental and diverse role in biology. The total amount of 

zinc in the human body is around 2 to 4 grams and the total Zn concentration in cells is 100 - 

500 μM.1 Much of this zinc is complexed to proteins, and the concentration of free Zn2+ ions in 

the cell is much lower. Zinc plays an important role as a Lewis acid in enzymatic catalysis and 

many proteins, including cytokines, receptors, enzymes, growth factors and transcription 

factors, require zinc for protein stability.2–4 Furthermore, zinc ions play a signalling role in 

neurotransmission, regulation of gene transcription and intracellular signalling.5 Despite the 

fact that the body requires zinc for such a varied range of functions, excessive zinc 

concentrations are toxic to cells. Therefore, the human body has developed Zn2+ buffering 

systems that control the intracellular free Zn2+ concentration in a narrow concentration regime.6–

9 The development of small-molecule and protein-based fluorescent probes has significantly 

contributed to our current understanding of the intracellular Zn2+ homeostasis and signalling.10 

Genetically encoded probes have proven particularly useful since they provide the opportunity 

to observe fluctuations of the free Zn2+ concentration in cells in response to specific stimuli, 

both in terms of time and cellular distribution, with minimal experimental perturbation of cell 

integrity.8–16 Amongst others, this has led to the quantification of the free cytosolic Zn2+ 

concentration at ~0.4 nM. 8,9  

While FRET and other fluorescence-based probes have become widely used to study Zn2+ 

biology at the cellular level, similar methods to assay Zn2+ at the organism level are lacking. 

Zinc dyshomeostasis has been proposed to cause or influence many pathological conditions, 

including Alzheimer’s disease, cancer and type II diabetes.17–24 In addition, zinc deficiency is a 

major nutritional problem in many developing countries causing many detrimental effects, 

including growth retardation.25 An important question is whether the Zn2+ concentration in 

easily accessible biological fluids such as saliva, urine or blood has a predictive or diagnostic 

values in these disease areas. The most common method to determine the total Zn in blood is 

using spectroscopic methods like atomic absorption spectroscopy (AAS) or inductively coupled 

plasma mass spectrometry (ICP-MS). Both AAS and ICP-MS require expensive equipment and 

highly skilled personnel.  Furthermore, both methods analyse the total Zn concentration in 

blood, which is around 14 μM. Most of the blood-based zinc is complexed to proteins such as 

albumin and α2-macroglobin, however, and only a small portion of the total zinc is free in 

solution. Because differences in total Zn do not necessarily correlate with changes in the free 

Zn2+ concentration, several groups have tried to develop assays that allow monitoring of the 
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free Zn2+ concentration in blood. Magneson et al. indirectly quantified the free Zn2+ 

concentration in blood plasma by monitoring the activity of phosphoglucomutase. 

Phosphoglucomutase is a magnesium-dependent enzyme that can be inhibited by Zn2+, and so 

the activity of the enzyme was used as a measure of the free Zn2+ concentration, which the 

authors quantified at 0.2 nM.26 Zhang et al. developed a quantification method dialyzing bovine 

blood plasma against milk and subsequently analysing the zinc-saturation of casein, the most 

abundant Zn2+ binding protein binding in milk.27 Their method yielded a free Zn2+ concentration 

in plasma of 100 pM. Both of these methods determined the free Zn2+ concentration in plasma, 

which may be problematic because the preparation of plasma typically involves the use of 

chelating agents to prevent clotting. A more direct way to quantify the free Zn2+ concentration 

in blood is to use fluorescent dyes that selectively change their intensity upon Zn2+. Sybert and 

coworkers used ZnAF-2 to determine the free Zn2+ concentration in rat plasma, yielding a value 

of 1 - 3 nM.28 Their estimate was based on comparing the fluorescence intensity of the probe in 

plasma with controls in which plasma was treated with the Zn2+-chelating EGTA and plasma 

treated with sensor-saturating amounts of Zn2+. However, some concerns have been raised 

about the specificity of ZnAF-2 as ZnAF-2 fluorescence was shown to be quenched in the 

presence of low molecular weight lipids through the formation of a ternary complex between 

these lipids, ZnAF-2 and Zn2+.29  

In this chapter, we explore the use of ratiometric protein-based Zn2+ sensors for the 

quantification of free Zn2+ in blood serum.  The advantage of using a ratiometric sensor is that 

its signal does not depend on sensor concentration and is less sensitive to background 

fluorescence. Because the chromophore of fluorescent proteins is buried inside a protective β-

barrel their fluorescence is also less environmentally sensitive than fluorescent dyes. In addition 

to testing the performance of previously developed sensors with different Zn2+ affinities to get 

a reliable estimate of the free Zn2+ concentration in serum, we also report the development of a 

new BRET sensor based on Zn2+ coordination by two His-tags. While the Zn2+ affinity of this 

sensor proved to be too weak to reliably measure the low nM concentration of free Zn2+ in 

serum, this sensor could be useful to monitor the transient increases in extracellular Zn2+ 

reported in neurotransmission and insulin secretion.   
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6.2 Results 

Development of a new bioluminescent Zn2+ sensor  

A drawback of fluorescence-based Zn2+ sensors is that they have to be excited using an external 

light source which causes autofluorescence and scattering, in particular when measuring in 

complex and scattering media such as blood. As the level of autofluorescence may vary from 

sample to sample, a baseline measurement is required for each sample to correct for these 

effects. Since bioluminescent sensor proteins do not require excitation by an external light 

source, their signal can be directly used for quantification without background correction.  Our 

group recently reported the development of the first BRET (Bioluminscence Resonance Energy 

Transfer)-based Zn-sensor, BL-ZinCh and found BRET-based detection of intracellular free 

Zn2+  to be superior to FRET-based sensors when used in plate-based assay. However, the 

because the affinity of BL-ZinCh (Kd = 0.12 nM) was believed to be too high for measurement 

of free Zn2+ in blood serum, we set out to develop a BRET Zn2+ sensor protein based on CLY9-

2His.12 CLY9-2His is a FRET sensor previously developed in our group that consists of two 

fluorescent proteins (ECFP and EYFP) separated by a flexible linker of 9 GGSGGS repeats. 

Selective binding of Zn2+ to hexahistidine tags introduced at both termini of the sensor brings 

both fluorescent domains in close proximity, resulting in an increase in FRET. 

 

Figure 6.1: A) Schematic representation of BL-2His-0.1 sensing mechanism. Two hexahistidine tags, one on each 

protein terminus, cooperate to coordinate one Zn2+ ion. B) Luminescence emission spectrum of mNG-NL-2His0.1 

in the presence of 1 mM EDTA (black line) or 2 mM ZnCl2 (blue line). Measurements were performed in a buffer 

composed of 50 mM Tris, 100 mM NaCl, 10 % (v/v) glycerol and 0.05% Tween-20 at pH = 7.4, at a sensor 

concentration of 10 nM.  

Two properties make CLY9-2His an attractive starting point for BRET-sensor development. 

First, CLY9-2His binds Zn2+ with a Kd of 31 nM at pH = 7.1, which was expected to be close 

to the free Zn2+ concentration in blood serum. Second, the His-tags used for Zn2+ binding can 

be easily transferred to a BRET-based sensor format and are oxidation-insensitive, unlike many 



Determination of the free Zn2+ concentration in serum using BRET- and FRET-based sensor proteins 

 

 
- 143 - 

 

other Zn2+ sensors that rely at least partially on coordination by cysteines. In our BRET sensor 

the fluorescent donor and acceptor domains were replaced by NanoLuc and mNeonGreen, 

respectively, and the most c-terminal cysteine in NanoLuc was mutated to a serine, to avoid 

interference in Zn2+ binding to the two His-tags. The first BRET sensor variant developed  (BL-

2His-0.1) contained a fully flexible 75 amino acid linker consisting of GlyGlySer-repeats. As 

expected, addition of Zn2+ to BL-2His-0.1 resulted in clear increase in BRET ratio from 1.2 to 

2.6 (Figure 6.1). Because the emission spectrum in the Zn2+-depleted  

 

 Figure 6.2: A) Schematic representation of BL-2His-0.2 and -1 sensing mechanism. Two alpha-helical blocks 

serve to increase linker rigidity, thereby increasing the distance between NanoLuc and mNeonGreen in the 

absence of Zn2+. Luminescence spectrum of 1 nM BL-2His-0.2 (B) and BL-2His-1 (D) in the presence of 1 mM 

EDTA (black line) and 2 mM Zn2+ (blue line). Response of BL-2His-0.2 (C) and BL-2His-1 (D) to increasing 

concentrations of Zn2+. All measurements were performed in a buffer composed of 50 mM Tris, 100 mM NaCl, 10 

%  (v/v) glycerol and 0.05% Tween-20 at pH = 7.4, at a sensor concentration of 10 nM. For the three lowest free 

Zn2+ concentrations in the titration curves, the free Zn2+ concentration was accurately controlled by using 10 mM 

BaCl2 and 1 mM EGTA. Error bars represent mean ± S.D. (n = 2). 
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state already shows a relatively high amount BRET, the flexible linker between NanoLuc and 

mNeonGreen was replaced by a semi-flexible linker that was previously used in LUMABS, a 

recently developed BRET-based sensor for antibody detection. Introduction of this semi-

flexible linker in BL-2His-0.2 indeed resulted in a clear decrease in BRET in the absence of 

Zn2+, resulting in  a ratiometric change of over 300% upon addition of Zn2+ (figure 6.2A,B). 

Surprisingly, monitoring the emission ratio as a function of free Zn2+ concentration yielded an 

apparent Kd = 5.3 ± 1 μM, which is 2 orders of magnitude weaker than that of its FRET-based 

predecessor CLY9-2His. Analysis of the NanoLuc X-ray structure revealed the presence of  a 

putative Zn2+ binding DDHH motif. To test whether this motif participates in metal binding, 

the motif was mutated to DDSS. The resulting sensor (BL-2His-1) still displayed a clear 

response to Zn2+ binding, but the emission ratio when fully saturated with Zn2+ was somewhat 

attenuated (figure 6.2C,D). The Zn2+ binding affinity was determined at 3.1 ± 0.7 μM, which is 

still markedly weaker than the Zn2+-binding affinity that we observed for the FRET sensor. 

Although replacement of the DDHH motif by DDSS did not result in a large increase in Zn2+ 

affinity, the lower emission ratio observed for the Zn2+-bound state suggested the involvement 

of the DDHH motif in Zn2+ binding, possibly as result of a second Zn2+binding event. We 

therefore continued with the sensor variant with the DDSS motif.  

Despite the lower than anticipated Zn2+ affinity, we next assessed the performance of BL-2His-

1 to measure the free Zn2+ concentration in blood. In the experiments described here, blood 

serum rather than  

 

Figure 6.3: Emission ratio of BL-2His-1 in 1:1 diluted blood serum, with additives to saturate or deplete the 

sensor as indicated. Measurements were performed at a sensor concentration of 10 nM. In all cases the average 

of three measurements is shown. Error bars represent mean ± S.D. (n = 3). 
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Figure 6.4: A) Schematic representation of sensing principle of BLZinCh-2. Modified Cerulean and Citrine 

domains selectively coordinate Zn2+ over other metal ions at physiologically relevant concentrations. Zn2+-

coordination brings a Cerulean-Citrine FRET pair in closer proximity, and therefore FRET efficiency increases 

as a function of the free Zn2+ concentration. (B) Emission ratio of BLZinCh-2 in 1:1 diluted blood serum, with 

additives to saturate or deplete the sensor as indicated. Measurements were performed at a sensor concentration 

of 10 nM. In all cases the average of three measurements is shown. Error bars represent mean ± S.D. (n = 3). 

plasma was used, as the preparation of blood serum does not require the use of anticoagulative 

chelating agents that might perturb the free Zn2+ concentration. The bioluminescent emission 

ratio was measured using 10 nM BL-2His-1 in serum diluted 1:1 with water, in the presence of 

sensor-depleting concentrations of the chelating agent ethylenediaminetetracetic acid (EDTA), 

and in the presence of sensor-saturating amounts of Zn2+ (figure 6.3). The emission ratio in the 

presence of EDTA proved to be only slightly lower than the emission ratio in blood serum, 

whereas a large increase was observed upon addition of 2 mM Zn2+ (figure 6.3). These results 

indicate that the free Zn2+ concentration in serum is substantially lower than the sensor’s Kd of 

3 µM. As  a control, we also determined the response of our recently reported high affinity 

BRET sensor BL-ZinCh-2 (figure 6.4). This sensor was created by introducing NanoLuc next 

to the donor fluorescent domain in a previously developed FRET sensor called eZinCh-2.16 

eZinCh-2 consists of two fluorescent domains, Cerulean and Citrine, each of which contain two 

Zn2+-chelating residues, allowing the coordination of a Zn2+ ion in between the two fluorescent 

domains. BLZinCh-2 displays similar Zn2+ binding behaviour to eZinCh-2, showing a Kd = 117 

±16 pM. As expected, the emission ratio observed for BL-ZinCh-2 was found to be close to 

that of the Zn2+ saturated state, suggesting the free Zn2+ concentration to be higher than 1 nM. 

Measurements of the free Zn2+ concentration using fluorescent sensor proteins 

Based on these results obtained with the two BRET sensors, the free Zn2+ concentration should 

reside between 1 nM and 200 nM. To determine the free Zn2+ concentration more accurately, 

we used two previously developed FRET sensors with Zn2+ affinities in this range, an improved  
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Figure 6.5: (A) Schematic representation of sensing principle of Cer-L9-Cit-2His. Two hexahistidine tags, one on 

each protein terminus, selectively coordinate Zn2+ over other metal ions at physiologically relevant 

concentrations. Zn2+-coordination brings a Cerulean-Citrine FRET pair in closer proximity, and therefore FRET 

efficiency increases as a function of the free Zn2+ concentration. (B) Response of Cer-L9-Cit-2His to increasing 

concentrations of Zn2+. All measurements were performed in a buffer composed of 50 mM Tris, 100 mM NaCl, 10 

%  (v/v) glycerol and 0.05% Tween-20 at pH = 7.4, at a sensor concentration of 50 nM. For the three lowest free 

Zn2+ concentrations in the titration curves, the free Zn2+ concentration was accurately controlled by using 10 mM 

BaCl2 and 1 mM EGTA. C) Fluorescence emission spectrum of blood serum in the absence (dashed line) and 

presence of 200 nM Cer-L9-Cit-2His (dotted line). The sensor signal (black line) was obtained by subtracting the 

background from the signal in the presence of sensor. D) Cer-L9-Cit-2His sensor signal in blood serum without 

additives (grey line), in the presence of 50 mM EDTA (dashed line) and the presence of 2 mM ZnCl2
 (black line). 

E) Emission ratio of Cer-L9-Cit -2His in blood serum containing the indicated additives. All serum measurements 

were performed at a sensor concentration of 200 nM using an excitation wavelength of 410 nm. Error bars 

represent mean ± S.D (n = 3). 

variant of CLY9-2His and eCALWY-6. In the improved variant of CLY9-2His the original 

ECFP and EYFP fluorescent domains were replaced by the superior Cerulean-Citrine FRET 

pair. In addition, the length of the linkers between the His-tags and the fluorescent domains was 



Determination of the free Zn2+ concentration in serum using BRET- and FRET-based sensor proteins 

 

 
- 147 - 

 

decreased to allow for a larger ratiometric response upon Zn2+ binding (Anne Hessels, PhD 

thesis 2015).  After expression in E. coli and purification using a combination of Ni-affinity 

and size exclusion chromatography, the Zn2+ binding behaviour of this sensor (Cer-L9-Cit-

2His) at pH = 7.4 was analysed in a titration experiment, revealing that the sensor binds Zn2+ 

with an affinity of 91 nM (Figure 6.5B). The dynamic range of Cer-L9-Cit-2His was determined 

to be 173%, which is substantially improved compared to the original CLY9-2His sensor. 

Subsequently, the Zn2+ saturation level of Cer-L9-Cit-2His in blood serum samples was 

analysed. In order to detect the FRET signal against the strong background of autofluorescence 

and scattering, a sensor concentration of 200 nM was used. In addition, reliable determination 

of the emission ratio required measuring the background signal for each sample prior to the 

addition of sensor, in order to allow its subtraction from the spectrum obtained with the sensor. 

Figure 6.5E shows that the emission ratio of Cer-L9-Cit-2His in serum is similar to the emission 

ratio obtained in the presence of 50 mM EDTA, indicating that the free Zn2+ concentration in 

serum is lower than 20 nM. 

Having established that the free Zn2+ concentration should reside between 1 nM and 20 nM, we 

decided to test eCALWY-6, a FRET sensor previously developed in our group with a Kd of 2.9 

± 0.5 nM.8 eCALWY6 is constructed in such a way that FRET in the absence of Zn2+ is very 

high by virtue of self-association promoting mutations on the surface of the fluorescent proteins. 

Binding of one Zn2+ ion by two cooperating Zn2+ binding domains causes a conformational 

change that disrupts this interaction, resulting in a decrease in FRET (figure 6.6A). Unlike the 

other three sensors which were either fully Zn2+-depleted or Zn2+-saturated, the Zn2+ saturation 

level of eCALWY6 in serum was measured at 53% (figure 6.6B), corresponding to a free Zn2+ 

concentration of ~3 nM. This value is similar to the one reported by Kelly et al. using Zn-AF2 

and consistent with the upper and lower limits set by the results obtained with BL-ZinCh-2 and 

Cer-L9-Cit. When using 500 nM eCALWY6, the sensor also displayed partial saturation, but 

the measured saturation level was slightly lower (36%, figure 6.6c), which could indicate that 

at 500 nM Zn2+ binding by the sensor starts to affect the free Zn2+ concentration. 
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Figure 6.6: (A) Schematic representation of sensing principle of eCALWY6. Zn2+ binding by the Atox1 

and WD4 domains disrupts the intramolecular interaction between the fluorescent domains, leading to 

a decrease in FRET. (B,C) Emission ratio of eCALWY6 in 1:1 diluted blood serum, with additives to 

saturate or deplete the sensor as indicated. Measurements were performed at a sensor concentration of 

200 nM (B) or 500 nM (C). In all cases the average of three measurements is shown. Error bars 

represent S.D (n = 3). 

 

6.3 Discussion 

A total of four ratiometric Zn2+ sensors with different Zn2+ binding affinities were used to assay 

the free Zn2+ concentration in pooled human blood serum. Whereas the results obtained by all 

sensors are consistent, eCALWY6 was found to be the sensor whose affinity best matches the 

free Zn2+ concentration of around 3 nM found in serum. The value of the free Zn2+ concentration 

obtained in this study is slightly higher than those obtained in blood plasma using indirect 

measurements, but coincides with the value obtained previously using the fluorescent dye 

ZnAF-2.  It should be noted that this free Zn2+ concentration is only 5-10-fold higher than free 

Zn2+ concentrations typically observed in the cytosol of most mammalian cells, suggesting that 

there is no large concentration gradient between intra- and extracellular free Zn2+
.. Since the 
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concentration of total zinc in blood is around 14 µM, our results confirm that Zn2+ is efficiently 

buffered. Albumins, which are considered to be the most important Zn2+ transporting proteins 

in blood, have recently been reported to bind Zn2+ via two sites with different affinities, the 

highest affinity of which is around 1 μM. While this affinity is relatively weak, the affinity is 

known to be influenced by lipid binding and the concentration of albumins is very high (600 

µM). Based on these numbers, Handing et al. estimated that just the presence of albumins would 

lower the free Zn2+ concentration in blood to tens of nanomolars.30 However, blood also 

contains, α2-macroglobulin, a second  important Zn2+ transporter with a Kd of 0.03 μM31, which 

will further decrease the free Zn2+ concentration, in line with our observed concentration of 3 

nM.  

An unexpected finding in the development of BL-2His-1 was that it binds Zn2+ with a Kd that 

is two orders of magnitude weaker than its FRET-based predecessor. A possible explanation 

could be that the fluorescent domains in the Cer-L9-Cit-2His were derived from a parental 

fluorescent protein that has a weak tendency to dimerise. If there is a still a weak residual 

interaction between these domains, this could stabilize the Zn2+-bound conformation. Another 

possibility is that amino acids surrounding the His-tags affect the Zn2+ affinity in a way that we 

do not yet understand. However, even if BL-2His-1 had matched the affinity of its FRET-based 

predecessor, the affinity would have been too weak for application in serum. The Kd of 3 μM 

means that BL-2His-1 is most likely to find application for monitoring Zn2+ in organelles the 

free Zn2+ concentration is relatively high, such as secretory granules.32 Another interesting 

application could be to monitor the excretion of Zn2+ by pancreatic β-cells, where Zn2+ is co-

released with insulin, or to monitor the free Zn2+ concentration in synapses.33–35  

Since total plasma zinc is widely used as a marker for Zn-deficiency and also investigated as a 

potential biomarker for Zn2+ dyshomeostasis, it will be important to study whether difference 

in total zinc between individual samples correlate with differences in free Zn2+.36–41 While our 

study showed that eCALWY6 has the appropriate affinity, the application of this fluorescent 

sensor has two important drawbacks. First, in order to detect the sensor signal above the 

fluorescent background, relatively high sensor concentrations need to be used. Although present 

at a concentrations that is still 1000-fold lower than that of serum albumin, it cannot be excluded 

that the sensor starts to affect the free Zn2+ concentration. Second, because the amount of 

background fluorescence and scattering is variable, this contribution needs to be corrected for 

in each individual sample. For this reason, there is a clear need to develop a BRET sensor with 

an affinity in the low nM range similar to that of eCALWY6. Unfortunately, simple introduction 
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NanoLuc next to the cerulean fluorescent domain in eCALWY was found to yield BRET 

sensors with a very poor sensor response.42  Therefore, the best strategy may be to attenuate the 

Zn2+ affinity of BLZinCh-2 by subtle modification in or around the Zn2+ binding residues. 

Attenuation of affinity may be achieved by substitution of one or more cysteine residues for a 

histidine residue, by changing the arrangement of the ligand binding residues, or even by subtle 

changes in the second coordination sphere, as we previously observed when mutating a residue 

in the cerulean chromophore that unexpectedly increased the Zn2+affinity by a factor of 10. 42 

The availability of this BRET sensor would not only simplify the determination of free Zn2+ 

concentration in a research setting, but would also be highly attractive for the development of 

point-of-care test for Zn2+ deficiency. The facile nature of Zn2+ assays based on luminescent 

sensor proteins would be much more compatible with point-of-care diagnostics in remote areas 

than traditional spectroscopic methods that assay the total Zn concentration. 
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6.4 Materials and methods 

Cer-L9-Cit-2His and eCALWY6 were expressed and purified as reported previously. 

BLZinCh-2 was expressed and purified by Stijn Aper using published methods.16,42 

Cloning procedures 

A pET28a(+) plasmid encoding Histag-mNeonGreen-flexible linker-NanoLuc-Streptag-stop-

Histag was ordered from GenScript. The stop codon was eliminated using the Multi-Site 

Directed Mutagenesis Lightning Kit (Agilent) to obtain BL-2His-0.1. All other site-directed 

mutations were performed using the same kit. In order to eliminate the flexible linker, the 

construct was amplified using primers that bound reverse on mNeongreen and forward on 

NanoLuc, amplifying the sensor without linker. A semi-flexible linker without epitopes was 

amplified from the TAG-LUMABS construct used in chapter 4. Primers to amplify vector and 

insert were designed in such a way that the resulting PCR products exhibited overlap. This 

allowed us to create BL-2His-0.2 in a subsequent PCR reaction using a Circular Polymerase 

Extension Cloning (CPEC) approach. Finally, from this construct BL-2His-1 was obtained 

using site-directed mutagenesis. 

Protein expression and purification 

Plasmids encoding for the various sensors were transformed in E. coli BL21(DE3) cells 

(Novagen) and cultured in a total volume of 0.2−2 L. Expression was induced at an OD600 of 

0.6−0.8 using 0.1 mM isopropyl β-D-1-thiogalactopyranoside (IPTG). After overnight 

expression at 20 °C, cells were harvested by centrifuging the cell suspension at 10 000 x g for 

10 min. Cells were then lysed using BugBuster protein extraction reagent (Novagen) and 

Benzonase endonuclease (Novagen), and centrifuged at 40 000 x g for 40 min. Sensor proteins 

were subsequently purified using Ni−NTA affinity chromatography (Qiagen). The BLZinCh-2 

sensor, which contained a C-terminal Strep-tag, was further purified using Strep-Tactin (IPA) 

chromatography. The other sensors, which did not contain a Strep-tag, were further purified 

using size exclusion chromatography on a Sephacryl S200 column (GE Healthcare), in a buffer 

composed of 50 mM Tris-HCl and 100 mM NaCl at pH = 7.4. Cer-L9-Cit-2His was subjected 

to overnight thrombin cleavage to eliminate the first of two N-terminal histidine tags (see 

section 6.5 for DNA and amino acid sequence). The cleaved-off His-tag was removed using 

Amicon filtration with a 10 kDa cut-off. Sensors were stored frozen at −80 °C until use. 
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FRET measurements 

Titration  

The Cer-L9-Cit-2His Zn2+ titration was performed in a black polystyrene 96-well plate (Greiner 

96 Flat Black) using reaction volumes of 200 μl on a Tecan Spark II platereader. The free Zn2+ 

concentration was controlled by using a buffer system composed of 0-0.9 mM ZnCl2, 1 mM 

EGTA and 10 mM BaCl2. Measurements were performed at a sensor concentration of 50 nM 

in a buffer composed of 50 mM Tris-HCl, 100 mM NaCl, 10% (v/v) glycerol and 0.05% (v/v) 

at pH = 7.4. After addition of Zn2+ to each well, an incubation time of 30 min was used. Sensors 

were excited using an excitation wavelength of 410 nm (20 nm bandwidth) and an emission 

spectrum was recorded between 460 and 560 nm, again using a 20 nm bandwidth. 

Serum measurements  

Cer-L9-Cit-2His and eCALWY6 serum measurements were performed in a black polystyrene 

96-well plate (Greiner 96 Flat Black) using reaction volumes of 200 μl on a Tecan Spark II 

platereader. Pooled Human Serum was obtained from Innovative Research (USA, IPLA-SER). 

Serum was diluted 1:1 with either water, EDTA or ZnCl2 solution. Prior to sensor addition, the 

serum autofluorescence was determined in each well. This was done by recording the 

fluorescence emission spectrum between 460 and 560 nm upon excitation with 410 nm light. 

The bandwidth for excitation and emission was 20 nm.  After addition of 200 nM sensor and 

incubation for 60 min, the emission spectrum was recorded using the same excitation 

wavelength, and the background fluorescence was subtracted to isolate the sensor signal.  

BRET measurements 

Titrations  

All His-tag based luminescent sensor proteins were characterized in titration experiments in 

white polystyrene 96 wells plates (Perkin Elmer OptiPlate). Measurements were performed in 

a total volume of 200 μl with a sensor concentration of 10 nM in a buffer composed of 50 mM 

Tris-HCl, 100 mM NaCl, 10% (v/v) glycerol and 0.05% (v/v) at pH = 7.4. The free Zn2+ 

concentration was controlled by using a buffer system composed of 0-0.9 mM ZnCl2, 1 mM 

EGTA and 10 mM BaCl2. After addition of Zn2+ to each well, an incubation time of 30 min was 

used. Spectra were recorded on a Varian Eclipse spectrophotometer using an integration time 

of 200 ms and a bandwith of 20 nm.  
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Serum measurements 

 Serum measurements using BRET sensors were performed at a sensor concentration of 10 nM 

in white polystyrene 96 wells plates (Perkin Elmer OptiPlate) using reaction volumes of 200 

μl. Pooled Human Serum was obtained from Innovative Research (USA, IPLA-SER). Serum 

was diluted 1:1 with either water, EDTA or ZnCl2 solution. Samples were incubated for 60 

minutes before measuring. 
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Appendix 

atgggcagcagccatcatcatcatcatcacagcagcggcctggtgccgcgcggcagccat 
M  G  S  S  H  H  H  H  H  H  S  S  G  L  V  P  R  G  S  H 
atggtaagtaaaggtgaagaagacaatatggcttctctgcctgccacacatgagcttcat 
M  V  S  K  G  E  E  D  N  M  A  S  L  P  A  T  H  E  L  H 
atttttgggagcataaacggagtggatttcgacatggtaggtcagggtacggggaaccct 
I  F  G  S  I  N  G  V  D  F  D  M  V  G  Q  G  T  G  N  P 
aacgatggatatgaggagttgaatcttaaaagcacaaagggtgatctgcagttctcgccc 
N  D  G  Y  E  E  L  N  L  K  S  T  K  G  D  L  Q  F  S  P 
tggatcctggtgccgcatataggttatggtttccatcagtatcttccatacccggatggc 
W  I  L  V  P  H  I  G  Y  G  F  H  Q  Y  L  P  Y  P  D  G 
atgagcccttttcaggccgcaatggtagatggctcaggatatcaagtgcatcggaccatg 
M  S  P  F  Q  A  A  M  V  D  G  S  G  Y  Q  V  H  R  T  M 
cagtttgaagatggggcgtctttgacggtaaattacaggtacacctatgagggtagccat 
Q  F  E  D  G  A  S  L  T  V  N  Y  R  Y  T  Y  E  G  S  H 
ataaagggagaagcgcaggtgaagggaactggattcccagcggatggcccagtcatgaca 
I  K  G  E  A  Q  V  K  G  T  G  F  P  A  D  G  P  V  M  T 
aacagcctcaccgctgctgattggtgccgatccaagaaaacgtatccaaacgataaaact 
N  S  L  T  A  A  D  W  C  R  S  K  K  T  Y  P  N  D  K  T 
atcatttctacttttaagtggtcctatacaacaggaaacgggaaacgctatcgttcaacg 
I  I  S  T  F  K  W  S  Y  T  T  G  N  G  K  R  Y  R  S  T 
gcccgcacgacctacacgtttgcaaagccaatggctgcgaattatctgaaaaaccagccg 
A  R  T  T  Y  T  F  A  K  P  M  A  A  N  Y  L  K  N  Q  P 
atgtatgtgttccgtaaaaccgaactgaaacattctaaaacggagctcaatttcaaggaa 
M  Y  V  F  R  K  T  E  L  K  H  S  K  T  E  L  N  F  K  E 
tggcagaaggcatttacggatgtcatgggaatggacgaactgtataaggaattcggtacc 
W  Q  K  A  F  T  D  V  M  G  M  D  E  L  Y  K  E  F  G  T 
gggggttcgggtggttcaggcggctcaggaggctccgggggttccggagggagcggtgct 
G  G  S  G  G  S  G  G  S  G  G  S  G  G  S  G  G  S  G  A 
gaagccgcagccaaggaagcagcagctaaagaggccgctgcgaaggaagctgccgcaaag 
E  A  A  A  K  E  A  A  A  K  E  A  A  A  K  E  A  A  A  K 
gaggcggcggcgaaagaggcggcagcaaaagccggatctggtggcagtggtggctccggc 
E  A  A  A  K  E  A  A  A  K  A  G  S  G  G  S  G  G  S  G 
gggtcaggtggcagcgggggatcaggagctgaggcagccgccaaagaggctgcggccaag 
G  S  G  G  S  G  G  S  G  A  E  A  A  A  K  E  A  A  A  K 
gaggccgccgctaaagaagccgcggcaaaagaggcagcggcaaaggaagcggctgcgaaa 
E  A  A  A  K  E  A  A  A  K  E  A  A  A  K  E  A  A  A  K 
gccggaagtggtgggtcgggcggctccggtggctctggcggcagtggcggtagtggcggg 
A  G  S  G  G  S  G  G  S  G  G  S  G  G  S  G  G  S  G  G 
atggtatttactcttgaagattttgtcggtgattggcgccagaccgccggctataacctg 
M  V  F  T  L  E  D  F  V  G  D  W  R  Q  T  A  G  Y  N  L 
gaccaagtgcttgaacagggcggggttagcagcctgtttcaaaacctgggggtgagtgtc 
D  Q  V  L  E  Q  G  G  V  S  S  L  F  Q  N  L  G  V  S  V 
acgccaattcagcgcatcgttctgtcgggagagaatggtctgaaaatcgatatccacgtc 
T  P  I  Q  R  I  V  L  S  G  E  N  G  L  K  I  D  I  H  V 
attatcccgtacgaaggtctttctggtgatcagatggggcagatagaaaaaatattcaaa 
I  I  P  Y  E  G  L  S  G  D  Q  M  G  Q  I  E  K  I  F  K 
gtggtgtacccagtagacgattcttcgttcaaggttatactgcactatggcaccctcgtt 
V  V  Y  P  V  D  D  S  S  F  K  V  I  L  H  Y  G  T  L  V 
atcgatggcgttactccgaatatgatcgattactttgggcgtccttatgaaggtattgcg 
I  D  G  V  T  P  N  M  I  D  Y  F  G  R  P  Y  E  G  I  A 
gtgttcgacggtaaaaaaattacggttaccgggacgctctggaatggtaataaaatcatt 
V  F  D  G  K  K  I  T  V  T  G  T  L  W  N  G  N  K  I  I 
gatgagcgcttgataaacccagatggcagccttctgttcagagttacgataaacggggtt 
D  E  R  L  I  N  P  D  G  S  L  L  F  R  V  T  I  N  G  V 
acgggttggcgactgtgcgaaagaatattagcttctagcggtctggttccacgcggtagc 
T  G  W  R  L  C  E  R  I  L  A  S  S  G  L  V  P  R  G  S 
cactggtcccatccgcagttcgagaaagcggccgcactcgagcaccaccaccaccaccac 
H  W  S  H  P  Q  F  E  K  A  A  A  L  E  H  H  H  H  H  H 

tga 
- 

Figure A1: DNA sequence of BL-2His-1. His-tags are shown in red, mNeonGreen in green, NanoLuc 

in cyan and the DDSS motif in yellow.  
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atgggcagcagccatcatcatcatcatcacagcagcggcctggtgccgcgcggcagccat 
M  G  S  S  H  H  H  H  H  H  S  S  G  L  V  P  R  G  S  H 
atggctagcatgactggtggacagcaaatgggtcgcggatccgaattccatcatcatcac 
M  A  S  M  T  G  G  Q  Q  M  G  R  G  S  E  F  H  H  H  H 
catcacagcggtggcatggtgagcaagggcgaggagctgttcaccggggtggtgcccatc 
H  H  S  G  G  M  V  S  K  G  E  E  L  F  T  G  V  V  P  I 
ctggtcgagctggacggcgacgtaaacggccacaagttcagcgtgtccggcgagggcgag 
L  V  E  L  D  G  D  V  N  G  H  K  F  S  V  S  G  E  G  E 
ggcgatgccacctacggcaagctgaccctgaagttcatctgcaccaccggtaagctgccc 
G  D  A  T  Y  G  K  L  T  L  K  F  I  C  T  T  G  K  L  P 
gtgccctggcccaccctcgtgaccaccctgacctggggcgtgcagtgcttcgcccgctac 
V  P  W  P  T  L  V  T  T  L  T  W  G  V  Q  C  F  A  R  Y 
cccgaccacatgaagcagcacgacttcttcaagtccgccatgcccgaaggctacgtccag 
P  D  H  M  K  Q  H  D  F  F  K  S  A  M  P  E  G  Y  V  Q 
gagcgcaccatcttcttcaaggacgacggcaactacaagacccgcgccgaggtgaagttc 
E  R  T  I  F  F  K  D  D  G  N  Y  K  T  R  A  E  V  K  F 
gagggcgacaccctggtgaaccgcatcgagctgaagggcatcgacttcaaggaggacggc 
E  G  D  T  L  V  N  R  I  E  L  K  G  I  D  F  K  E  D  G 
aacatcctggggcacaagctggagtacaacgccatcagcgacaacgtctatatcaccgcc 
N  I  L  G  H  K  L  E  Y  N  A  I  S  D  N  V  Y  I  T  A 
gacaagcagaagaacggcatcaaggccaacttcaagatccgccacaacatcgaggacggc 
D  K  Q  K  N  G  I  K  A  N  F  K  I  R  H  N  I  E  D  G 
agcgtgcagctcgccgaccactaccagcagaacacccccatcggcgacggccccgtgctg 
S  V  Q  L  A  D  H  Y  Q  Q  N  T  P  I  G  D  G  P  V  L 
ctgcccgacaaccactacctgagcacccagtccgccctgagcaaagaccccaacgagaag 
L  P  D  N  H  Y  L  S  T  Q  S  A  L  S  K  D  P  N  E  K 
cgcgatcacatggtcctgctggagttcgtgaccgccgccgggatcactctcggcatggac 
R  D  H  M  V  L  L  E  F  V  T  A  A  G  I  T  L  G  M  D 
gagctgtacaagttcggaggcggatccggcggaagcggcggatccggcggtagcggcgga 
E  L  Y  K  F  G  G  G  S  G  G  S  G  G  S  G  G  S  G  G 
tccggcggctccggcggatccggcggcagcggcggatccggtggaagcggtggatccggt 
S  G  G  S  G  G  S  G  G  S  G  G  S  G  G  S  G  G  S  G 
ggtagcggtggatccggtggaagcggtggatccggtggtagcggtggatccgggggtagt 
G  S  G  G  S  G  G  S  G  G  S  G  G  S  G  G  S  G  G  S 
gaaaacctgtatttccagtccggtggttctggtggttctatggtgagcaagggcgaggag 
E  N  L  Y  F  Q  S  G  G  S  G  G  S  M  V  S  K  G  E  E 
ctgttcaccggggtggtgcccatcctggtcgagctggacggcgacgtaaacggccacaag 
L  F  T  G  V  V  P  I  L  V  E  L  D  G  D  V  N  G  H  K 
ttcagcgtgtccggcgagggcgagggcgatgccacctacggcaagctgaccctgaagttc 
F  S  V  S  G  E  G  E  G  D  A  T  Y  G  K  L  T  L  K  F 
atctgcaccaccggcaagctgcccgtgccctggcccaccctcgtgaccaccttcggctac 
I  C  T  T  G  K  L  P  V  P  W  P  T  L  V  T  T  F  G  Y 
ggcctgatgtgcttcgcccgctaccccgaccacatgaarcagcacgacttcttcaagtcc 
G  L  M  C  F  A  R  Y  P  D  H  M  X  Q  H  D  F  F  K  S 
gccatgcccgaaggctacgtccaggagcgcaccatcttcttcaaggacgacggcaactac 
A  M  P  E  G  Y  V  Q  E  R  T  I  F  F  K  D  D  G  N  Y 
aagacccgcgccgaggtgaagttcgagggcgacaccctggtgaaccgcatcgagctgaag 
K  T  R  A  E  V  K  F  E  G  D  T  L  V  N  R  I  E  L  K 
ggcatcgacttcaaggaggacggcaacatcctggggcacaagcttgagtacaactacaac 
G  I  D  F  K  E  D  G  N  I  L  G  H  K  L  E  Y  N  Y  N 
agccacaacgtctatatcatggccgacaagcagaagaacggcatcaaggtgaacttcaag 
S  H  N  V  Y  I  M  A  D  K  Q  K  N  G  I  K  V  N  F  K 
atccgccacaacatcgaggacggcagcgtgcagctcgccgaccactaccagcagaacacc 
I  R  H  N  I  E  D  G  S  V  Q  L  A  D  H  Y  Q  Q  N  T 
cccatcggcgacggccccgtgctgctgcccgacaaccactacctgagctaccagtccgcc 
P  I  G  D  G  P  V  L  L  P  D  N  H  Y  L  S  Y  Q  S  A 
ctgagcaaagaccccaacgagaagcgcgatcacatggtcctgctggagttcgtgaccgcc 
L  S  K  D  P  N  E  K  R  D  H  M  V  L  L  E  F  V  T  A 
gccgggatcactctcggcatggacgagctgtacaagagcggcgggcaccatcaccatcat 
A  G  I  T  L  G  M  D  E  L  Y  K  S  G  G  H  H  H  H  H 

cacgtcgactaa 
H  V  D  - 

 

Figure A2: DNA sequence of Cer-L9-Cit-2His. Histags are shown in red, Cerulean in cyan and Citrine 

in yellow. Note that after expression, the protein contained 2 N-terminal histags. Thrombin cleavage 

was required to yield a sensor with 1 N-terminal and 1 C-terminal histag.  
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7.1 Luminescent proteins in point-of-care diagnostics 

Luminescent sensor proteins provide an attractive basis for a point-of-care diagnostic test for a 

number of reasons. Importantly, the sensor signal can be generated and recorded without the 

use of sophisticated laboratory equipment. Furthermore, as there is no need for external 

illumination, the amount of background signal caused by autofluorescence and scattering is 

low. As such, luminescent sensor proteins can be used at very low concentrations. The 

production costs of these very low concentrations of luminescent sensor proteins are negligible, 

a routine 1 litre expression of the sensor in E. coli yields enough sensor to perform hundreds of 

thousands of assays.  The natural compatibility of smartphones and chemiluminescence was 

first recognised by the group of Roda.1–3 Their intensiometric sensors could be used for the 

detection of a variety of small-molecule analytes in easily accessible biological fluids. The next 

important step in this field was taken by the group of Johnsson when they developed the LUCID 

sensor series.4,5 Crucially, the LUCID sensors rely on a modular, ratiometric sensing principle 

that enabled accurate quantification of a range of small-molecule analytes directly in blood 

plasma. 

Although the signal emitted by luminescent protein is relatively insensitive to autofluorescence 

and scattering, the emitted light can still be absorbed by light-absorbing species. Bilirubin, a 

metabolite of heme, is one of the most important light-absorbing species in blood. The 

concentration of bilirubin is known to differ strongly between individuals.6 In explorative 

measurements in our laboratory, we have attempted to measure the signal emitted by DEN1-

LUMABS in the blood plasma of maqaques infected with dengue virus 1. In these 

measurements, the colour of the blood plasma was visibly different for each sample, and even 

the sensor signal in blood plasma of non-infected control monkeys differed significantly. We 

hypothesize that reabsorption of photons, which occurs most efficiently at different 

wavelengths for differently coloured blood plasma, is responsible for the observed variation in 

sensor signal. Similar observations were made by the group of Johnsson when they developed 

the LUCID sensors. Interestingly, the problem of patient-to-patient variation in light-absorbing 

species was effectively circumvented by switching to a paper-based detection format.4 Johnson 

and coworkers argued that if the sensor is immobilised on paper, the distance that each photon 

has to travel through the plasma is strongly decreased.  This directly translates to a decreased 

probability of absorption and so a sensor signal that is less likely to be confounded by 

differences in light-absorbing species. Other analytes that have been detected using 

luminescence in a paper-based format include for example glucose, uric acid, and prostate-
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specific antigen.7,8 A similar paper-based approach would be highly interesting for the 

LUMABS sensor technology. The first experiments in this direction are currently being 

undertaken in collaboration with the group of Daniel Citterio in Japan, yielding positive results. 

An important consideration if the sensors are to be used in a point-of-care setting is their long-

term stability and resistance to lyophilisation. Initial tests have shown that after lyophilisation 

and subsequent dissolving, the sensors are still responsive to antibodies. The sensors are stable 

in their lyophilised form for at least several weeks at room temperature. In addition to the 

stability of the sensor, substrate stability needs to be assessed. If the substrate is not stable under 

long-term storage conditions, developing caged variants of the substrate could help solve this 

problem. 

The LUMABS sensing principle can potentially be used in a broad range of applications. If the 

sensors would be employed to diagnose an infectious disease, the heterogeneity of the immune 

response would probably make it difficult to find a single epitope that allows sensitive 

diagnosis. As an alternative, developing a series of sensors that together cover the most 

important epitopes targeted by antibodies raised in response to a particular infection may be 

considered. The success of such an approach would rely on extensive epitope mapping. In the 

long term, it may be more feasible to diagnose infectious diseases on the basis of antigen 

detection. For this, the assay based on split-NanoLuc complementation described in chapter 5 

could potentially be used. A more attractive first field of application for LUMABS would be to 

apply the sensors for therapeutic drug monitoring. Therapeutic antibodies are an important and 

growing class of drugs, particularly in cancer therapy and the treatment of inflammatory 

diseases.9,10 Problematically, therapeutic antibodies are also extremely expensive. In addition, 

different patients are known to clear antibodies at a different rate, and therefore they require 

different doses.11,12 Being able to define a patient-optimised dose would help treatment 

effectivity and suppress side effects. An added benefit of using a patient-optimised dose is that 

less antibody will be required to achieve the same results, reducing costs. Others in our lab have 

already used the LUMABS sensor design to develop several LUMABS variants with different 

affinities that allow quantification of the therapeutic antibody cetuximab over the entire 

therapeutically relevant concentration spectrum. Interestingly, the epitope that binds cetuximab 

is cyclic, and this peptide was successfully formed on both sides in the LUMABS sensor linker. 

The cyclisation relied on a post-expression oxidation reaction of two cysteines on each end of 

the epitope. Importantly, no evidence of formation of faulty cyclisation products where 

cyclisation occurred between two epitopes on different sides of the linker was observed. If even 
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more structurally constrained epitopes (such as bicyclic epitopes) need to be incorporated, it is 

probably most efficient to conjugate these epitopes to the pAzf-LUMABS system developed in 

chapter 4. Current work focuses on the development of sensors for other antibodies, such as 

rituximab, infliximab and trastuzumab. In cases where a therapeutic antibody lacks a well-

defined high-affinity peptidic epitope, Fluorescence Activated Cell Sorting (FACS) is being 

employed for the identification and affinity maturation of suitable mimotopes.13 Finally, the 

LUMABS sensor design is uniquely suited for in-solution detection of bispecific antibodies. 

Such a sensor could simply be constructed by incorporating two different epitopes in the sensor 

linker. 

Before LUMABS can be applied as a true diagnostic test, important parameters like time-to-

result, accuracy, limit of quantification (LOQ), and assay-to-assay variability need to be 

established in more detail. In homogeneous assays such as the ones described in this thesis, the 

time-to-result is in large part governed by the association kinetics and equilibration of the 

reaction components. For LUMABS targeting therapeutic antibodies, we have found that at 

physiologically relevant concentrations equilibrium is reached in around 15 minutes. For 

analytes that need to be detected at very low concentrations, such as troponin I, the assay will 

likely take longer to equilibrate. In such cases, it could be beneficial to apply advanced mixing 

techniques, for example using magnetic beads, to reach equilibrium faster.  

 

7.2 Suggestions for future sensor development 

At the molecular level, several improvements of the current LUMABS design can be 

envisioned. One limitation of the current design has been that BRET from NanoLuc to the 

acceptor fluorophore is not yet optimal, most likely because the distance between the 

chromophores that is achieved using the SH3-proline rich peptide interaction is too large. This 

is most problematic in variants where the spectral separation between donor and acceptor is 

large, for example when combining NanoLuc with red acceptors. An interesting first step would 

be to change the order of the domains in the sensor (i.e. NanoLuc on the N-terminus and 

mNeonGreen on the C-terminus) to investigate whether this yields a conformation that permits 

more efficient BRET. Likewise, the length of the linkers between the BRET partners and the 

helper domains can potentially be further reduced. In the work of Johnsson, using circularly 

permuted NanoLuc variants has also been shown to be a viable strategy to improve BRET 

efficiency.4 Alternatively, smaller helper domains may be explored, such as in principle any 
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two small peptides with a low micromolar affinity. The distance between the chromophores 

could also be reduced by using a small-molecule fluorescent dye instead of the relatively bulky 

fluorescent proteins. In this approach, the dye should conjugated to the protein at a location that 

is very close to the NanoLuc active site in the absence of antibody (for example to a cysteine 

introduced on a permissive site in the SH3 domain), allowing more efficient BRET to occur. 

The recently reported NanoLuc crystal structure (PDB: 5IBO) should aid the rational design of 

such optimised sensor variants.  

Functionalisation of antibodies with luminescent proteins via the LASIC method proved to be 

an efficient labelling strategy. Homogeneous labelling of antibodies with luminescent proteins 

can have a wide range of application. For heterogeneous assays, the technology can be useful 

to more accurately control the orientation and density of antibodies on surfaces.14 We have 

explored the application of LASIC for the ratiometric detection of antigens in solution. Our first 

study in this field yielded the pG-LUMABS sensors. The response of the pG-LUMABS sensors 

upon addition of HIV peptide antigen is not yet well-understood. The best way forward will be 

to first verify whether the observed effects are HIV-LUMABS specific, e.g. are the same effects 

observed when a pG-DEN-LUMABS variant is cloned and conjugated to an anti-DEN antibody 

which is subsequently exposed to different antigen concentrations. Once a working sensor 

design for the pG-LUMABS sensors has been established, the modular nature of the approach 

should allow detection of a range of different analytes, including small-molecule antigens, such 

as creatinine. Incorporation of a small-molecule epitope would require introduction of a 

chemical handle to which antigens can be conjugated. As pG-LUMABS already incorporates 

one unnatural amino acid, it will be challenging to introduce a pAzF moiety to allow 

functionalisation of the sensor using click chemistry. An alternative is to introduce a reactive 

cysteine at the epitope site, although this strategy does require mutation of a C-terminal cysteine 

in NanoLuc to a serine.  

Preliminary experiments using an antigen sensing approach based on complementation of NBit 

fragments upon antigen binding yielded very promising results. The maximal intensiometric 

increase in the current sensor was ~12-fold, and it should be possible to increase this response, 

primarily through suppression of background complementation. The optimal responsive 

concentration regime of the sensors should be tunable by changing the concentration and 

affinity of the NBit fragments and by using antibodies with different antigen affinities. Once 

experimental conditions have been optimised, it should be relatively simple to target other 

antigens using the same pG-NBit constructs that have been used for the detection of cTnI.  The 
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only limitation is that there should be two distinct monoclonal antibodies that bind the target of 

interest with sufficient affinity at sufficiently remote locations. Importantly, these monoclonal 

antibodies should be of a subtype that allows photoconjugation to protein G via the LASIC 

method. The only disadvantage of the approach is that it relies on an intensiometric sensor 

signal, and will require careful calibration. The most important challenge for future assay 

development is therefore to introduce a ratiometric readout to the system. 

 

7.3 Conclusion 

The luminescent sensor proteins developed in this thesis enable facile, homogeneous detection 

of antibodies and antigens using a simple optical readout, and are therefore attractive for 

application in point-of-care diagnostics. As the focus here has been more on the development 

of molecular sensing mechanisms than development of a true diagnostic test, the sensors are 

likely to find their first application in the relatively fast-adapting academic laboratories that use 

similar antibodies and antigens. Future sensor development should be directed at further 

improving the ratiometric response of the sensors and assessing key parameters such as long-

term stability, substrate stability, accuracy, precision, portability and performance in true 

patient samples. Once these parameters have been established, application of the sensors in 

commercial point-of-care diagnostics will in large part rely on the identification of a suitable 

target antibody or antigen for which there is a pressing and unaddressed need for fast, easy and 

affordable diagnostic tests. If such a target can be identified, the future of luminescent sensor 

proteins may be truly bright.  
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Summary 

Luminescent sensor proteins for point-of-care diagnostics 

 

The detection of antibody-antigen interactions is the basis for many bioanalytical and diagnostic assays. 

Both antibodies and antigens are important biomarkers and the specificity of the interaction between 

the two can be used to develop highly specific detection strategies, either using antigens to detect 

antibodies or vice versa. Detection of antibodies is traditionally performed using heterogeneous assays 

such as ELISA, involving immobilisation of the antigen and multiple washing and incubation steps that 

allow detection of antibodies at a very high sensitivity. For many purposes, a facile, one-step assay is 

advantageous, not only because it accelerates laboratory procedures, but also because it allows easier 

integration of antibody detection with point-of-care (POC) diagnostic technology. 

 

Chapter 1 describes the technological basis of some of the most well-known and successful point-of-

care diagnostic technologies. Special emphasis is given to the opportunities provided by widely 

available, technologically advanced, portable equipment, such as digital cameras and smartphones. 

Most of this thesis is focused on the development of novel sensor proteins that are compatible with 

point-of-care diagnostic technology. As such, the remainder of chapter 1 is dedicated to providing an 

overview of current advances in sensor protein engineering and the role of these sensors in point-of-

care diagnostics. 

 

Chapter 2 describes the development of a new antibody detection technology (LUMABS) that allows 

detection of antibodies in a one-step assay directly in solution. The LUMABS technology is based on 

the use of a recombinant bioluminescent protein sensor. This protein incorporates a luciferase, 

NanoLuc, which is fused to the green fluorescent protein mNeonGreen via a semiflexible linker domain. 

The linker domain contains an antibody-specific epitope at both termini. When NanoLuc converts its 

substrate while in proximity of mNeonGreen, the excited state energy can be transferred to 

mNeonGreen via Bioluminescence Resonance Energy Transfer (BRET). In the absence of antibody, 

NanoLuc and mNeonGreen are kept in close proximity through helper domain interactions. Addition 

of antibody disrupts these helper interactions because the bivalent antibody-epitope interaction forces 

the linker in a stretched conformation. While BRET in the absence of antibody is very efficient, the 

increased distance between NanoLuc and mNeonGreen leads to a virtually complete loss of BRET. This 

changes the colour of emission from green to blue. The modularity of the sensing approach is  

demonstrated by targeting antibodies against the HIV1-p17 protein, hemagluttinin A and dengue virus 

1. The sensor system allows detection of these antibodies both in buffer and in undiluted blood plasma. 

Furthermore, the sensor signal can be recorded and interpreted using a mobile phone as the sole piece 
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of equipment, an important step towards point-of-care detection of antibodies in areas with a poorly 

developing diagnostic infrastructure. 

 

While the data in chapter 2 already demonstrated that the antibody specificity of the sensor could be 

easily changed by incorporating different epitopes, chapter 3 proceeds to describe a more complete 

assessment of the modularity of the LUMABS sensor. Sensors with different fluorescent and self-

labelling protein tags were used as output domains, creating LUMABS variants that emit light in 

different parts of the visible spectrum. In addition, sensors with more advanced signal processing 

properties were developed, including a sensor that was responsive to multiple inputs (akin to an OR-

gate) and a sensor that can translate multiple different inputs into an input-specific output.  

 

The first generation of LUMABS allowed only incorporation linear peptidic epitopes, making the sensor 

concept unfit to detect antibodies raised against non-peptidic epitopes, such as discontinuous epitopes, 

small molecules and DNA. In chapter 4, it is demonstrated that through the incorporation of the non-

natural amino acid para-azidophenyl alanine at the epitope sites in the sensor linker, epitopes with a 

much greater chemical diversity could be incorporated in LUMABS. To achieve this, the antigen of 

interest had to be fused to a strained cyclooctyn, and conjugated to the para-azidophenyl alanine groups 

via copper-free strain-promoted click chemistry. The new LUMABS variants enabled detection of 

antibodies raised against dinitrophenol and creatinine. Importantly, chapter 4 also describes a previously 

unexplored application of LUMABS technology, applying the sensors for antigen detection. In this 

case, a LUMABS variant that binds to anti-creatinine antibodies was used to detect the small molecule 

creatinine using a competitive assay format, expanding the scope of LUMABS towards small molecule 

detection. 

 

Chapter 5 is focused on the initial development of two novel, solution-based antigen detection assays. 

These assays required the use of monoclonal antibodies that were homogeneously labelled with 

luminescent proteins. Homogeneous labelling was achieved using photoconjugation chemistry based 

on the LASIC method, which allows photoconjugation of para-benzoylphenylalanine incorporated in 

the Fc-binding domain of protein G. Fusion constructs of pG and luminescent proteins were 

successfully conjugated to monoclonal antibodies. As a first application of these conjugates, NanoLuc 

conjugated to the therapeutic antibody cetuximab was used to detect EGFR expression levels in 

mammalian cells in a microplate format. . Next we used LASIC to covalently couple a LUMABS sensor 

to a mAb to generate an intramolecular switch that may be used in a competitive immunoassay. 

Although site-specific conjugation of LUMABS to an anti-HIV1 antibody was successful, titrations 

with HIV antigen peptides indicated unanticipated interactions of the antigen with the sensor, 

precluding definite proof of the intended sensor principle. Furthermore, first steps towards the 

development of a sensitive in-solution antigen detection assay based on proximity induced split-
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NanoLuc complementation are described. For this, protein G-LBit and protein G-SBit were 

photoconjugated to two antibodies that bind an antigen at a different site. After binding to the antigen, 

the proximity of the split NanoLuc fragments leads to complementation and increased luminescence. 

Chapter 6 describes the development of a new luminescent Zn2+ sensor protein. This sensor, as well as 

previously developed FRET and BRET sensors were used to study the free Zn2+ concentration in blood 

serum, allowing the determination of the free Zn2+ concentration in blood serum at around 3 nM. 

Although the newly developed sensor appeared to have a Zn2+ binding affinity that was too weak to 

quantify the free Zn2+ concentration in serum, it should find application in tissues and organelles where 

the free Zn2+ concentration is expected to be higher. 

 

Chapter 7 contains a general discussion that reflects on the results obtained in this work and elaborates 

on the challenges ahead.  
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Samenvatting 

Luminescente sensoreiwitten voor point-of-care diagnostiek 

 

Detectie van de interactie tussen antilichamen en antigenen is de basis voor veel bioanalytische en 

diagnostische testen. Zowel antilichamen als antigenen zijn belangrijke biomarkers en de onderlinge 

specificiteit tussen de twee kan worden gebruikt voor de ontwikkeling voor zeer specificieke tests, 

zowel door antilichamen te gebruiken voor antigendetectie als andersom. In de praktijk worden 

antilichamen zeer gevoelig gedetecteerd gebruikmakend van heterogene tests, zoals de ELISA. 

Dergelijke heterogene tests vereisen veel sequentiele was- en incubatiestappen, wat de tests tijdrovend 

en arbeidsintensief maakt. De ontwikkeling van eenvoudige, gevoelige tests die slechts één reactiestap 

vereisen zou voor veel toepassingen voordelig zijn, bijvoorbeeld om laboratoriumprocedures te 

versnellen, maar ook omdat het toestaat dat de test wordt toegepast buiten een laboratorium in een 

zogenaamde point-of-care setting. 

 

Hoofdstuk 1 beschrijft de technologische basis van enkele van de meest bekende en meest gebruikte 

point-of-care tests. Er wordt in het bijzonder ingegaan op recente ontwikkelingen waar diagnostische 

tests worden uitgevoerd met behulp van alom voorhanden zijnde technologische hulpmiddelen, zoals 

digitale camera’s en mobiele telefoons. Het grootste gedeelte van deze thesis is gefocust op de 

ontwikkeling van sensoreiwitten die geschikt zijn voor toepassing in point-of-care technologie. Daarom 

wordt in hoofdstuk 1 ook een overzicht gegeven van recente ontwikkelingen op het gebied van 

sensoreiwitten, en de rol die deze eiwitten kunnen spelen in point-of-care diagnostische technologie. 

 

Hoofdstuk 2 beschrijft de ontwikkeling van een nieuwe technologie om antilichamen direct in oplossing 

te kunnen detecteren. Deze techniek, LUMABS genaamd, maakt gebruik van een recombinant 

lichtgevend sensoreiwit dat van kleur kan veranderen als het aan een specifiek antilichaam bindt. Dit 

eiwit bestaat uit een luciferase (NanoLuc), dat gefuseerd is met een groen fluorescent eiwit 

(mNeonGreen) via een semi-flexibele linker. Het linkerdomein bevat een antilichaamspecifiek epitoop 

op beide uiteinden. Op het moment dat NanoLuc zijn substraat omzet wat leidt tot bioluminescentie, 

kan deze energie worden doorgegeven naar mNeonGreen via Bioluminescence Resonance Energy 

Transfer (BRET), gegeven dat mNeonGreen voldoende dicht bij het substraat is. Dit leidt tot een 

kleurverandering van het uitgezonden licht. In de afwezigheid van antilichaam worden NanoLuc en 

mNeonGreen daarom dicht bij elkaar gehouden door een helperinteractie tussen twee eiwitdomeinen 

op de sensortermini, resulterend in voornamelijk groene luminescentie. Als een specifiek antilichaam 

aan de epitopen in de sensorlinker bindt leidt dit tot een conformationele verandering die mNeonGreen 

ver van NanoLuc brengt. Deze conformatieverandering betekent dat er geen efficientie BRET kan 

plaatsvinden en dat er voornamelijk blauw licht wordt uitgezonden. Dit sensorprincipe wordt voor 3 
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verschillende antilichamen gedemonstreerd. LUMABS staat toe dat antilichamen zowel in 

geoptimaliseerde buffercondities als in onverdund bloedplasma gedetecteerd kunnen worden. Het 

sensorsignaal kan worden opgenomen en geinterpreteerd met slechts een mobiele telefoon als vereiste 

apparatuur, wat LUMABS een interessante technologie maakt om te gebruiken in point-of-care 

toepassingen. 

 

In hoofdstuk 2 werd reeds gedemonstreerd dat het incorporeren van verschillende epitopen toestaat dat 

verschillende antilichamen kunnen worden gedetecteerd. Hoofdstuk 3 bevat een verder verdiepende 

studie naar de modulariteit van het LUMABS systeem. Er werden sensoren ontwikkeld met 

verschillende fluorescente eiwitten en zelf-labelende eiwitten als acceptordomein, wat LUMABS 

varianten opleverde die bij verschillende golflengtes hun licht uitzonden. Verder werden er sensoren 

ontwikkeld met meer geavanceerde signaalverwerkingseigenschappen, waaronder een sensor die 

gebruikt kon worden als sensor tegen verschillende antilichamen (als een OR-gate) en een sensor die in 

staat was verschillende inputsignalen te vertalen in een input-specifiek outputsignaal. 

 

De eerste generatie LUMABS sensoren kon alleen gebruikt worden om antilichamen te detecteren die 

lineaire epitopen of mimotopen herkenden. Dit maakte het sensorconcept ongeschikt om antilichamen 

die niet-lineaire epitopen zoals discontinue epitopen, kleine moleculen en DNA herkennen te 

detecteren. In hoofdstuk 4 wordt gedemonstreerd dat incorporatie van het niet-natuurlijke aminozuur 

para-azidophenylalanine toestaat dat een veel bredere diversiteit aan epitopen in LUMABS kon worden 

ingebouwd. Voorwaarde hiervoor was dat het ter zake doende antigen kon worden gemodificeerd met 

een dibenzylcyclooctyn, zodat het antigen via kopervrije clickchemie aan de sensor gekoppeld kon 

worden. Op deze manier werden LUMABS varianten ontwikkeld die gebruikt konden worden om 

antilichamen tegen dinitrophenol en creatinine te herkennen. Een belangrijke nieuwe stap in hoofdstuk 

4 was het gebruik LUMABS voor het detecteren van kleine moleculen in een test gebaseerd op 

competitie tussen LUMABS en vrij analyt. Op deze manier kon het kleine molecuul creatinine 

gedetecteerd worden. 

 

Hoofdstuk 5 beschrijft de initiële ontwikkeling van twee nieuwe testen voor antigendetectie die in 

oplossing kunnen worden uitgevoerd. Deze tests maken gebruik van monoclonale antilichamen die 

homogeen gelabeld kunnen worden met luminescente eiwitten. Dit wordt gedaan door fusies te maken 

van de luminescente eiwitten met een gemodificeerde versie van een eiwit genaamd protein G. Deze 

fusies kunnen via LASIC-gebaseerde fotoconjugatie aan een monoclonaal antilichaam worden 

geconjugeerd. Als eerste toepassing van deze conjugaten werd het gebruik voor het detecteren van 

specifieke receptoren op het oppervlak van cellen gedemonstreerd. Vervolgens werd LASIC gebruikt 

om conjugatie van monoclonale antilichamen met LUMABS te realiseren. Deze conjugaten zouden 

uiteindelijk wellicht kunnen worden gebruikt in een antigendetectietest gebaseerd op competitie. Als 
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laatste werd de LASIC technologie ingezet om een nieuwe test te ontwikkelen die het mogelijk maakte 

om een zogenaamd sandwich immunoassay direct in oplossing uit te voeren. Deze test was gebaseerd 

op complementatie van een gesplitst luciferase in oplossing. De gesplitste helften van NanoLuc werden 

geconjugeerd aan twee antilichamen die een antigen op een verschillende positie binden. Als het antigen 

aanwezig is en de antilichamen binden resulteert dit in een verhoogde lokale concentratie van de 

gesplitste luciferase fragmenten, culminerend in complementatie en een toegenomen catalytische 

activiteit die wordt gedetecteerd in de vorm van licht. 

 

In hoofdstuk 6 wordt de ontwikkeling van een nieuwe luminescente sensor voor vrije Zn2+ ionen 

beschreven. Deze sensor werd, in combinatie met ande BRET en FRET sensoren, gebruikt om de vrije 

Zn2+ concentratie in bloedserum te meten. Uit deze metingen blijkt dat de vrije Zn2+ concentratie in 

serum rond de 3 nM ligt. Hoewel de nieuwe sensor een affineit bleek te hebben die de sensor ongeschikt 

maakte voor nauwkeurige kwantificatie van de vrije Zn2+ concentratie in bloed, lijkt de sensor uitermate 

geschikt voor toepassing in andere weefsels en organellen waar de vrije Zn2+ concentratie hoger is. 

 

Hoofdstuk 7 bevat een algemene discussie waarin wordt gereflecteerd op de behaalde resultaten en 

waarin vooruit wordt gekeken naar de uitdagingen die nog voor ons liggen. 
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hier een mooie tijd gehad, dank daarvoor! Seppe Leysen, de grote vriendelijke Belg, jij was het beste 

dat er sinds K3 uit België is gekomen, ga zo door. Matthew Baker, you are a good friend and by far the 

most skilled operator of BBQ equipment I know. Nic and José, it was always fun hanging out with you, 

most significantly so on Playstation, pizza and port nights. Good luck in the future. 

Het mooiste moment van de werkdag is ongetwijfeld de lunch. Door de jaren heen heeft de lunchclub 

verschillende samenstellingen gehad, en ik heb er altijd erg van genoten om iedereen gevraagd en 

ongevraagd te adviseren over de lunchkeuzes. Lenny, Bas, Sebastian (McKrokets zijn wél lekker), 

Maria, Junhong, Chan Vinh, Madita, Lidia, Ellen, Stijn, Martijn, Rens, Daan, Simone, Loes, Anniek,  

Anneloes, Eline, Suzanne, Roy, Femke en ik vergeet vast nog wel iemand, bedankt! Ik wil graag Lenne 

Lemmens, Reusels glorie, en één van de meest getalenteerde lunchers die ik ooit heb meegemaakt, 

aanwijzen als mijn opvolger op het gebied van lunchadvies en -analyse. Wouter, Maarten, Jurgen, Sam 

en Sjors, de magnificent five, altijd als er iets leuks te doen was waren jullie van de partij. Een prestatie 

van formaat. Hou dat vol! Olga, topcollega, ga zo door (maar neem ook af en toe een beetje pauze :) ). 

Richard, heel veel geluk gewenst met je nieuwe gezinnetje, en succes in Engeland. Geert, je bent een 

ijzersterke verdediger en een topgozer. Chan Vinh, je bent de grootste doorzetter die ik ooit heb gezien, 

en ik heb meer respect voor je dan ik hier in woorden kan uitdrukken. Ik hoop dat je snel de kansen in 

jouw voordeel weet te keren. Ik wens je het allerbeste. 

 

Ik wil ook graag mijn familie bedanken omdat ze op verjaardagen altijd over mijn werk beginnen. Pa, 

Ma, toppers, bedankt voor alles en vooral dat jullie mij hebben geleerd wat belangrijk is in het leven. 

Geniet van het pensioen! Broer Maarten, schoolmeesterke, vroeger deden we werkelijk alles samen, en 

ook nu nog ben ik elke keer erg blij om je te zien. Je bent ongeveer half zo grappig als je zelf denkt, 

maar dat betekent wel dat je nog steeds erg komisch bent. Broer Wouter, jij was altijd de grootste (en 

volgens sommigen de meest volwassene), en ik ben je dan ook dankbaar voor alles wat ik van je geleerd 

heb. Ik ben heel blij dat je weer in de buurt komt wonen. Maxime en Harmke, ik ben erg blij dat jullie 

erbij gekomen zijn om die twee onverlaten een beetje in het gareel te houden, jullie zijn toppers. 

Allemaal heel erg bedankt voor de steun in de afgelopen vier jaar. Ik denk dat dit ook een mooie plek 

is om af te dwingen dat we aankomende Kerst een keertje níet over mijn gewicht beginnen. Als dat zou 

kunnen, heel graag. De laatste jaren heb ik ook hele sympathieke interesse en steun van de families 

Leenders en Van Oss mogen ontvangen, dank daarvoor! Ook aan mijn vrienden van de studie, Huub, 

Lúcia, Joris, Willemijn, Mark, Ellen, Sandra, Jasper, Erik, Tessa, Lidwien, Roel, Carin en Bas, heel erg 

bedankt voor de gezelligheid in de afgelopen jaren. 

 

Nadine, het laatste woord is voor jou. Bedankt voor alle begrip en steun toen ik mijn proefschrift aan 

het schrijven was. Ik ben ontzettend blij dat we samen zijn, en ik weet zeker dat we samen een hele 

mooie toekomst tegemoet gaan. 

 

Remco 
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