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ABSTRACT 

 

 

Engineering flavin-based fluorescent proteins for oxygen-independent biosensing 

applications 

 

by 

 

Nolan Thomas Anderson 

 

Flavin-based fluorescent proteins (FbFPs) are small, oxygen independent fluorescent 

proteins derived from naturally occurring phototropins, which fluoresce in the green range. 

FbFPs have the potential to fill a critical gap in bioimaging of anaerobic and hypoxic 

biological systems. This gap exists because the green fluorescent protein (GFP) and its 

derivatives require an oxygen-dependent post-translational modification to cyclize three 

residues to form the active chromophore. As FbFPs bind flavin, a universally available 

vitamin in all organisms, as their chromophore, they do not require oxygen to become 

fluorescent. However, FbFPs do suffer from several weaknesses, including significantly 

lower brightness than GFP, lack of a varied color palette, and a relative lack of biosensors 

based on FbFPs. Within, we present engineering efforts toward making FbFPs highly useful 

bioimaging tools, particularly for use in anaerobic contexts. 

One obstacle to engineering FbFPs has been a lack of understanding of flavin-binding 

dynamics. As flavins are universally available in cells, and flavin-auxotrophic cell lines 



 x 

require flavin supplementation for survival, obtaining an FbFP not bound to flavin has 

proven difficult. Here we focus on the FbFPs iLOV and EcFbFP. Unsupported denaturation 

and buffer exchange of FbFPs has resulted in insoluble, misfolded protein which cannot be 

reconstituted with flavin. We have devised a protocol by which His-tagged FbFPs are bound 

to a nickel support, then denatured, buffer exchanged, and refolded, thus yielding properly 

folded flavin-free protein. We demonstrate that fluorescence can be recovered by adding 

flavin back to the protein. Through flavin titration, we have determined dissociation 

constants between both iLOV and EcFbFP, and three naturally occurring flavin cofactors: 

riboflavin, flavin mononucleotide (FMN), and flavin adenine dinucleotide (FAD). This has 

shown that FbFPs bind flavins with affinities in the hundreds of nanomolar range, with 

greatest affinity for FAD and FMN, binding less tightly to riboflavin. Further, we show that 

deflavinated FbFPs can be used as an effective in vitro sensor for flavin. Understanding of 

the critical flavin binding dynamics of FbFPs should enable further efforts in engineering the 

protein-cofactor interaction and help enable incorporation of non-native cofactors into 

FbFPs. 

In order to enable more extensive biosensor construction from FbFPs, we sought to 

create the first circular permutation of an FbFP. Circular permutation has enabled 

construction of numerous biosensors from GFP by placing new termini in close proximity, so 

that fluorescence can be modulated by fused metabolite binding domains. Leveraging 

structural data and systematic domain insertion, we have determined that iLOV can be 

circularly permuted about residues G95 and E96, while fusing the original termini with a 

native phototropin helix and an engineered linker; yielding a dim but fluorescent protein. We 

then demonstrate that fluorescence can be recovered to approximately the level of linear 
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iLOV by fusing dimerizing coiled-coil leucine zipper domains to the new termini. Using this 

“zipped” circularly permuted iLOV, we created fluorescent sensors for the activity of two 

proteases; tobacco etch virus protease and SARS-CoV-2 main protease. These sensors show 

a 73 and 61% decrease in fluorescence, respectively, upon expression of the appropriate 

protease. We expect that our creation of a circularly permuted iLOV will enable building a 

wide variety of FbFP-based biosensors, much in the same way that circular permutation of 

GFP has enabled building of a wide variety of GFP-based biosensors. 

Finally, we sought to minimize the size of the FbFP iLOV in order to optimize a 

protein for use when size constraints dominate, such as in a restrictive packaging vector or 

when fusing to a sensitive protein. Domain insertion and structural analysis suggested that 

the relatively unstructured termini of iLOV were not critical for fluorescence. Systematic 

trimming of these termini revealed that five amino acids could be removed from the N-

terminus, while four amino acids could be removed from the C-terminus without extensive 

loss of fluorescence. We searched for internal removable residues and determined that Gly95 

could similarly be removed without a great fluorescence penalty. By combining the terminal 

truncations and deletion of Gly95, we created a protein referred to as “nanoLOV,” which 

retains 86.7 ± 2.2% of iLOV’s brightness. 
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Chapter 1. Introduction and Background Information 

Parts of this chapter are adapted, with permission, from a published paper. I am co-second 

author on this paper. My contributions include reviewing background and current work on 

LOV proteins. 

Paper: Bioconjugate Chemistry, 2020, 31 (2), 293-302 

Authors: Harun F. Ozbakir, Nolan T. Anderson*, Kang-Ching Fan*, Arnab Mukherjee 

* Each of these authors contributed equally 

DOI: 10.1021/acs.bioconjchem.9b00688 
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1.1. State of the art in fluorescent biosensing 

Genetically encoded fluorescent reporters such as the green fluorescent protein (GFP) 

provide one of the most powerful techniques for molecular imaging in living systems. GFP has 

enabled revolutionary progress in cellular biology by allowing labeling of structures, tracking 

of gene expression, sensing of phenomena, and more in living cells without the need for 

externally supplied stains. However, GFP and related proteins must undergo an oxidative 

cyclization reaction to develop their active chromophore, which renders these reporters non-

fluorescent in anaerobic conditions.1–3 As a result, GFP-based reporters are inadequate for 

studying biological function in anaerobic cell cultures. This is a serious limitation as anaerobic 

organisms have immense value in both basic research and emerging biotechnologies such as 

sustainable biomanufacturing, cellular therapies, and cell-based diagnostics.4–16  Importantly, 

the study of complex cellular communities that thrive in low-oxygen milieu (e.g., the gut 

microbiota, which is comprised largely of anaerobic microbes) would benefit tremendously 

from the availability of nontraditional fluorescent reporters that can be used to interrogate 

biological function regardless of oxygen availability.17 Here we summarize recent 

developments in the class of oxygen-independent fluorescent proteins that respectively enable 

biological function to be visualized in anaerobic cells. In addition, we identify key avenues 

where innovative engineering solutions are needed to empower these nontraditional reporters 

to parallel or even rival the capabilities of GFP.  

1.2. Flavin-based fluorescent proteins 

Reporters derived from GFP have limited utility for studying gut microbes, hypoxic 

tumors, and other systems that thrive in low oxygen conditions.18–22 To this end, efforts to build 

oxygen-independent fluorescent proteins have led to the discovery of biomolecular reporters 
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derived from flavin-binding photoreceptors known as light, oxygen, and voltage (LOV) 

sensing proteins.23,24 LOV proteins are photochemists by cellular profession. Using flavin as 

their photoactive cofactor, wild-type LOV proteins convert blue light excitation into 

conformational rearrangements to modulate effector functions such as kinase activity and DNA 

binding.25 Wild-type LOV is dimly fluorescent because the energy from photoexcitation is 

expended to coordinate electronic and structural changes in the protein. However, by mutating 

a key photoactive cysteine residue into alanine, it is possible to impair this photochemistry, 

thereby turning the resultant Cys → Ala mutant fluorescent.26,27 These non-photoactive 

mutants are known as flavin-based fluorescent proteins, or FbFPs. A hallmark of this 

fluorescence mechanism is that light emission is independent of oxygen (Figure 1.1c), spectral 

properties being largely determined by interactions between the FbFP and the noncovalently 

bound flavin cofactor. Building on this foundation, nearly 20 FbFPs have been derived from 

bacteria, plants, and environmental metagenomic libraries.26–31 To potentiate their utility as 

reporter proteins, engineering techniques such as DNA shuffling and site saturation 

mutagenesis have been applied to increase photostability, thermal tolerance, and quantum 

yield.32–34 Furthermore, using genome mining, new algal FbFPs have been introduced that are 

characterized by improved molecular brightness, photostability, broad pH range, and thermal 

stability.35 At the current time, some of most widely used FbFPs include iLOV, CreiLOV, 

EcFbFP, and CagFbFP. For purposes of this dissertation, iLOV receive the primary 

engineering focus. However, all known FbFPs share conserved spectral traits characterized by 

broad excitation and emission spectra with peaks at 450 and 495 nm (Figure 1.1d), extinction 

coefficient of ∼14 mM−1 cm−1, and quantum yields in the 0.17−0.51 range.23,24,29,31  
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LOV proteins and FbFPs exhibit a conserved fold in which a five-strand beta sheet 

wraps around the flavin cofactor, with the isoalloxazine moiety of the flavin nestled into the 

bottom of the binding pocket. The sugar of the flavin cofactor extends out of the binding 

pocket, where it meets alpha helices flanking the beta sheet (Figure 1.1a-b).32 In LOV 

proteins, there typically is an additional helix, denoted Jα, which folds along the rear side of 

the beta sheet, which denatures in response to blue light excitation.36 Jα is typically deleted in 

FbFPs in order to direct energy towards fluorescence rather than conformational changes.  

 

Figure 1.1. Essential characteristics of flavin-based fluorescent proteins. a) The fold of iLOV, typical of 

FbFPs, is characterized by a beta sheet wrapped around a flavin cofactor, flanked by alpha helices. Adapted from 

PDB ID 4EES.32 b) iLOV and other FbFPs may be represented with a two-dimensional topology map. Beta 

strands and alpha helices are designated with letters running from the N-terminus to the C-terminus. c) FbFPs 

show similar fluorescence under normoxic and hypoxic conditions, while GFP fluorescence is nearly completely 

A B

EcFbFP

GFP

Normoxia 24h hypoxiaC D
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eliminated under hypoxic conditions (adapted with permission37) d) Fluorescence excitation and emission spectra 

of CreiLOV, typical of an FbFP.  

Flavin-based fluorescent proteins have found use for imaging a broad diversity of 

anaerobic bacteria, fungi, and hypoxically cultured mammalian cells.37–49 These applications 

have ranged from tracking horizontal gene transfer and cell division in anaerobic environments 

to screening promoters for metabolic engineering and genetic circuit designing in 

anaerobes.42,43,50–54 Other applications have harnessed the small size of FbFPs (∼13 kDa, half 

that of GFP) to translationally tag proteins in scenarios where the comparatively larger steric 

footprint of GFP interferes with protein function.27,46,55,56 In addition, several LOV reporters 

display remarkable pH stability (pKa ∼ 3 for EcFbFP and CreiLOV), which has been exploited 

to develop pH sensors based on Förster resonance energy transfer (FRET) between LOV and 

a pH-sensitive GFP variant.35,57 Aside from FRET, LOV-based biosensors have also been 

constructed through the incorporation of unnatural amino acids in the flavin binding pocket to 

selectively modulate fluorescence via photoinduced electron transfer between the amino acid 

and flavin.58  

1.3. Key challenges with existing flavin-based fluorescent proteins 

As with any technology in its infancy, the existing suite of FbFP reporters comes with 

limitations as well as exciting opportunities for future research. First and foremost, even the 

brightest FbFPs are considerably dimmer than GFP, achieving only 10% of GFP fluorescence 

upon expression in cells.2,35 Given that cellular brightness of any reporter depends on multiple 

factors such as protein stability, solubility, and effective fluorescent fraction; it is important 

for engineering efforts to pursue a holistic approach to development of FbFPs, improving both 

their spectral properties and their function in cellular contexts. In principle, it should be 

possible to increase cellular fluorescence at least 4-fold by concurrently maximizing quantum 
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yield (2- fold increase theoretically possible) and solubility (soluble fraction in E. coli for most 

FbFPs is less than 50%, unpublished data from our lab) in the brightest available FbFPs. This 

could be achieved either through rational structure guided mutagenesis or through directed 

evolution techniques. A second challenge stems from the lack of variously colored FbFPs, 

particularly ones that are sufficiently red-shifted to avoid overlapping with cellular 

autofluorescence, which is particularly high at green wavelengths. A recent theoretical study 

suggested the possibility of red-shifting FbFPs using specific mutations, but these predictions 

were contradicted by follow-up experiments.59–61 To our knowledge, efforts to engineer 

spectral shifts in the existing FbFP repertoire using directed evolution have also proved 

unsuccessful. Going by the tremendous impact of multicolored GFP variants,62,63 it is clear that 

innovative approaches to diversify the FbFP color palette should be a major focus of future 

research in this area. A final unexplored avenue relates to the possible effects exerted on a 

cell’s endogenous flavin pool due to overexpression of FbFPs. FbFPs bind flavins with 

moderately strong affinity (Kd ≈ 180−230 nM),64 which may be sufficient to deplete free 

reserves of cellular flavin, estimated to be ≤4 μM in E. coli and mammalian cells.65–68 It has 

therefore been suggested (albeit not experimentally studied) that flavin sequestration by FbFPs 

could lead to an increase in flavin biosynthesis via feedback mechanisms.29 Could FbFPs 

perturb flavin homeostasis sufficiently to affect cell physiology? Alternatively, could cellular 

fluorescence of FbFPs be enhanced by augmenting flavin biosynthesis? Rigorous 

benchmarking of FbFPs against complementary readouts of gene expression (e.g., lacZ based 

colorimetric assays) in different environments, across multiple cell types, and varying intra- 

cellular flavin levels should help address these questions.  
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Figure 1.2. Alternative oxygen-independent biomolecular reporters. a) UnaG emits green fluorescence by 

associating with a heme end-product (biliverdin), which enables imaging of HeLa cells in 0.1% hypoxia (top 

panel). Under similar conditions, HeLa cells that express mCherry (bottom panel) are nonfluorescent.69 b) 

Spinach2 is a small molecule dye-binding aptamer that exhibits oxygen-independent fluorescence similar to 

iLOV, a LOV-based fluorescent reporter. In contrast, GFP is nonfluorescent in anaerobic conditions and needs 

oxygen to activate fluorescence.70  

 

1.4. Alternative biomolecular reporters for anaerobic imaging 

In addition to flavin-based fluorescent proteins, several distinct classes of biomolecular 

reporters hold promise for further expanding the low-oxygen imaging toolbox. The first class 

consists of heme-based reporters, specifically phytochromes and UnaG, which generate 

fluorescence upon binding end-products of heme degradation such as biliverdin and bilirubin 

(Figure 1.2a).69,71 Notably, UnaG and phytochromes have been used to engineer several 

fluorescent protein biosensors (albeit, yet to be demonstrated in anaerobic systems), which 

could be useful for probing kinase activity, calcium signaling, redox, protein-protein 

interactions, and other aspects of cell function in varying oxygen settings.72–74 However, a key 

challenge with using heme-based reporters is that bilirubin and biliverdin are not native to all 

cell types -- for instance, bacteria do not typically synthesize either heme metabolite.3 In such 

cases, the chromophores must be supplied exogenously, which is hindered by the poor 

permeability and limited aqueous solubility of heme compounds. As a partial workaround, 

phytochromes have been used in conjunction with heme oxygenase to directly synthesize 

A B
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biliverdin in cells via enzymatic breakdown of heme.75–77 However, the enzymatic conversion 

of heme to biliverdin requires oxygen, which makes this approach impractical in anaerobes. 

Further, heme is also absent in many organisms which lack biliverdin. This multi-gene 

expression system causes implementation of biliverdin-based fluorescent proteins highly 

unwieldly in many contexts.  

The second class of low-oxygen compatible reporters consists of fluorogenic proteins 

(e.g., derivatives of photoactive yellow protein or PYP such as FAST) and RNA aptamers 

engineered to bind synthetic small molecule dyes (e.g., hydroxybenzylidene imidazolinone, 

coumarin) and activate fluorescence by suppressing fluorescence quenching intramolecular 

movements in the unbound dye.70,78–84 Although PYP-based fluorogenic reporter proteins have 

not yet been demonstrated in anaerobic systems, an RNA-based reporter was recently 

engineered to develop an anaerobically compatible biosensor for detecting the cellular second 

messenger, cyclic-di-GMP (Figure 1.1d).70 While promising, PYP and aptamer-based 

reporters require exogeneously-supplied fluorophores, which poses a potential problem in cell 

types where membrane permeability is low (e.g., Gram-negative bacteria) as well as in studies 

where intrinsic membrane permeability is affected by the experimental conditions (e.g., 

antibiotic use).85–89 This requirement of exogeneous cofactors compounds the cofactor delivery 

issue seen with biliverdin-based reporters, as these cofactors are synthetic and thus do not have 

known biosynthetic pathways. Further, aptamer-based reporters do not readily support fusion 

to proteins, as RNA and peptides do not become covalently linked during their synthesis. 

Finally, a new class of fluorescent reporters has been recently developed based on 

microbial opsins that bind retinal or synthetic analogs as their chromophore. While this 

fluorescence mechanism is likely to be oxygen-independent (although yet to be demonstrated 
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experimentally), the poor solubility of opsin-based fluorescent proteins restricts expression to 

the plasma membrane, which potentially limits their broad utility as biomolecular reporters.90,91  

1.5. Outline of dissertation 

 This dissertation details work I have done to understand, engineer, and advance flavin-

based fluorescent proteins as tools in fluorescent bioimaging. The chapters that follow are 

divided into independent narratives with appropriate background, methods, data, conclusions, 

references, and supplementary information. Brief summaries of each chapter are provided 

below. 

 Chapter 2. Characterization of flavin binding in oxygen-independent fluorescent 

proteins. While flavin-based fluorescent proteins offer a distinct advantage over other 

fluorescent proteins in that they require no external factors (neither oxygen nor an exogeneous 

cofactor), their binding behavior with their flavin chromophore is poorly understood. To fill 

this knowledge gap, we developed a method to prepare deflavinated FbFPs, and then leveraged 

these preparations to determine the dissociation coefficients of FbFPs iLOV and EcFbFP with 

three relevant flavin cofactors, riboflavin, flavin mononucleotide, and flavin adenine 

dinucleotide. We then demonstrated that deflavinated FbFPs can be utilized as in vitro flavin 

sensors in consumer products. 

 Chapter 3. Rational design of a circularly permuted flavin-based fluorescent 

protein. In order to enable engineering of a wider variety of FbFP-based biosensors, we 

created a circular permutation of iLOV. Careful selection of the circular permutation site, 

engineering of the linker connecting the original termini, and addition of dimerizing domains 

to the new termini resulted in a protein with similar fluorescence to linear iLOV. We then used 

this circularly permuted iLOV to create sensors for the activity of two proteases: tobacco etch 
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virus protease and SARS-CoV-2 main protease. We anticipate that this advance, similar to the 

previous creation of a circularly permuted green fluorescent protein, will broaden the scope of 

biosensor engineering using FbFPs. 

 Chapter 4. Engineering a minimally sized flavin-based fluorescent protein. Here, 

we seek to enhance a major advantage of FbFPs: their small size. We utilized structural data 

and domain insertion to identify residues in iLOV which can be deleted without a large loss of 

fluorescence. We ultimately identified ten residues which can be eliminated, yielding a protein 

we have termed “nanoLOV,” which retains 86.7 ± 2.2% of iLOV’s fluorescence, at a length 

of only 101 amino acids. 

 Chapter 5. Conclusions. We summarize the advances the preceding chapters have 

contributed to the advancement of flavin-based fluorescent proteins and the field of molecular 

bioimaging in general. We also highlight future development that could be enabled by our 

work as well as broader biophysical questions that are raised by trends observed in engineering 

FbFPs.  
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2.1. Abstract 

Fluorescent proteins based on light, oxygen, and voltage (LOV) sensing photoreceptors 

are among the few reporter gene technologies available for studying living systems in oxygen-

free environments that render reporters based on the green fluorescent protein nonfluorescent. 

LOV reporters develop fluorescence by binding flavin mononucleotide (FMN), which they 

endogenously obtain from cells. As FMN is essential to cell physiology as well as for 

determining fluorescence in LOV proteins, it is important to be able to study and characterize 

flavin binding in LOV reporters. To this end, we report a method for reversibly separating 

FMN from two commonly used LOV reporters to prepare stable and soluble apoproteins. 

Using fluorescence titration, we measured the equilibrium dissociation constant for binding 

with all three cellular flavins: FMN, flavin adenine dinucleotide, and riboflavin. Finally, we 

exploit the riboflavin affinity of apo LOV reporters, identified in this work, to develop a 

fluorescence turn-on biosensor for vitamin B2.
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2.2. Introduction 

Fluorescence imaging using genetic reporters is one of the best established techniques 

for monitoring dynamic biological processes in live cells.1–3 However, flagship reporters based 

on the green fluorescent protein (GFP) depend on environmental oxygen to emit light,4 which 

renders them unusable in gut microbes, archaea, anaerobic communities, marine bacteria, and 

other biological systems that thrive in oxygen-free environments.5–9 Unlike GFP, 

chemogenetic reporters function by pairing proteins with synthetic dyes or biogenic 

fluorophores such as bilins or flavin mononucleotide (FMN), thereby retaining the ability to 

fluoresce even in oxygen-free conditions.10–15 Compared to bilins and synthetic dyes, FMN is 

an essential metabolite found in all living systems,16 which makes it possible to use FMN based 

fluorescent proteins to label cells without requiring external agents to be delivered across the 

largely impenetrable bacterial and fungal cell walls. FMN-based reporters are derived from 

light, oxygen, and voltage sensing (LOV) domains that are found in certain photoactive 

proteins, which use FMN to initiate cell signaling by absorbing light and forming a covalent 

bond with a cysteine residue located in the FMN binding cavity. Mutating the cysteine to 

alanine blocks this photochemistry and results in a noncovalent complex that exhibits 

fluorescence with excitation and emission peaks centered at 450 and 495 nm 

respectively.17,18 Previously, we have successfully used saturation mutagenesis of the FMN 

binding pocket to improve quantum yield of a bacterially sourced LOV reporter.19 We have 

also discovered brighter LOV reporters from algae by implementing a genome mining-based 

approach,20 which was recently extended to identify a new and highly thermostable LOV 

reporter from thermophilic bacteria.21 Taken together with additional benefits such as small 

size (~12 kDa), acid tolerance,22 and metal-responsive fluorescence,23–25 LOV reporters are 
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making it possible to extend fluorescence imaging to several anaerobes, including gut bacteria, 

oral flora, parasitic protists, and pathogenic fungi.26–32  

As the fluorescence properties of LOV reporters are determined by protein-bound 

FMN, it would be useful to develop a method for separating FMN from the protein and 

reconstituting the apo protein with FMN (or other flavins) in order to characterize the 

equilibrium dissociation constant (that is, Kd), specificity, reaction kinetics, binding energetics, 

and related thermodynamic properties. Such a platform is important for engineering and 

evolving new fluorescent LOV reporters as well as deciphering mechanisms that lead to 

improvements in fluorescence properties. However, flavoproteins are generally known to 

tightly bind flavins, with dissociation constants in the sub-micromolar to nanomolar range, 

which makes them challenging to deflavinate without affecting stability or solubility of the 

flavin-free apo protein.33,34 As a result, deflavination techniques need to be carefully tailored 

for each unique flavoprotein in order to achieve maximum flavin removal, while producing 

reconstitutable forms of the apo-protein.34 Although several methods have been developed for 

resolving flavins33 from flavodoxins, photolyases, flavin-based redox sensing proteins, 

oxidases, reductases, and photoreceptors, to our knowledge, these methods have not been 

tested in existing fluorescent LOV reporters. In this work, we develop a method to reversibly 

dissociate FMN from two widely used LOV reporters, iLOV17 (from A. thaliana) and 

EcFbFP18 (from B. subtilis) and use the distinctive fluorescence properties of flavin bound 

LOV reporters to measure the Kd for FMN binding. We also demonstrate that LOV reporters 

are capable of binding riboflavin and flavin adenine dinucleotide (FAD), which represent two 

other forms of flavins commonly found in biological contexts. Finally, given the demand for 

easy-to-use riboflavin testing methods in pharmaceutical and nutritional sectors, we make use 
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of deflavinated LOV reporters to develop a simple turn-on fluorescent biosensor for riboflavin 

and apply it to quantify riboflavin content in complex mixtures, including a commercial 

multivitamin dietary supplement. 

2.3 Materials and Methods 

2.3.1 Cloning of LOV reporter genes 

LOV reporter genes were synthesized by GenScript (Piscataway, NJ) or Integrated 

DNA Technologies (Coralville, IA), based on the originally published sequences of 

EcFbFP18 and iLOV.33 The genes were cloned in the pQE80L expression vector using BamHI 

and HindIII restriction enzymes, which appended a His6 tag at the N terminus of each LOV 

protein. PCR amplification, restriction digestion, and ligation were accomplished using 

standard protocols. Briefly, PCR was carried out in 50 μl reaction volume using 1–10 ng of 

template DNA and 0.5 μM primers, 0.2 mM dNTPs, and 2.5 units Taq DNA polymerase. The 

PCR cycle consisted of an initial denaturation at 94°C for 2 min followed by 25 cycles of 94°C 

for 30 s, 55°C for 30 s, and 72°C for 45 s. A final extension step at 72°C for 5–10 min was 

employed to complete synthesis of full-length templates. In some cases, the PCR products were 

digested with 10 units of DpnI at 37°C for 1 hour in order to remove the methylated template 

DNA. Amplicons were digested with 10 units each of BamHI and HindIII restriction 

endonucleases at 37°C for 1 hour and subsequently ligated into pQE80L expression vector 

digested with BamHI and HindIII using similar reaction conditions. Ligation reactions were 

performed using 400 units T4 DNA ligase in a 20 μl reaction volume at room temperature for 

1 hour. All plasmid constructs were propagated by transformation in E. coli DH5α cells using 

heat shock at 42°C or electroporation at 1.8 kV using a GenePulser electroporator (Biorad). 

Cells were plated on LB-agar supplemented with 100 μg/ml ampicillin for selection. Plasmids 
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were isolated from E. coli DH5α transformants and used to transform E. coli MG1655 cells for 

protein expression. All plasmid constructs were verified by sequencing (Roy J. Carver 

Biotechnology Center, University of Illinois at Urbana-Champaign). 

2.3.2 Expression and purification of apo and holo LOV reporters 

Single colonies of E. coli MG1655 transformants expressing the LOV reporter 

constructs were inoculated in 5 ml Lennox broth supplemented with ampicillin at 100 μg/ml 

and grown for 16 hours at 37°C with vigorous (300 r.p.m.) orbital shaking. Cells from the 

overnight cultures were diluted in 0.5 L medium in a 2 L shake flask and grown under similar 

conditions as before. Protein expression was induced by adding isopropyl β-D-1-

thiogalactopyranoside (IPTG) to a final concentration of 1 mM when the culture reached an 

optical density of 0.4–0.6 at 600 nm (typically, 2 hours after inoculation). Protein expression 

was continued for another 4–6 hours at 37°C before harvesting cells by centrifugation at 5000 

x g for 15 min at 4°C. Pellets were stored at – 80°C until use. For protein purification, frozen 

pellets were thawed at room temperature and resuspended in 10–15 ml lysis buffer (20 mM 

Tris hydrochloride, 200 mM sodium chloride, 10 mM imidazole, pH 8.0, 1 mg/ml lysozyme) 

and incubated for 30 minutes at room temperature, followed by ultrasonication (five cycles of 

10 1-second pulses of 17–20 W each). Cell debris was removed by centrifuging the lysate at 

10,000 x g for 20 min at 4°C and the supernatant was incubated with 2–4 ml of nickel-

nitrilotriacetic acid (Ni-NTA) resin (Qiagen) on a rocker for 1 hour at 4°C. The Ni-NTA resin 

and supernatant were loaded onto a gravity flow chromatographic column (Fischer Scientific) 

and washed with 40–50 ml of wash buffer (20 mM Tris hydrochloride, 200 mM sodium 

chloride, 40 mM imidazole, pH 8.0) to remove nonspecifically bound proteins. Finally, the 

nickel-bound protein was eluted with 20 ml elution buffer (20 mM Tris hydrochloride, 200 mM 
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sodium chloride, 500 mM imidazole, pH 8.0) and further purified using anion exchange 

chromatography. For anion exchange, proteins were loaded onto an anion exchange column 

(HiTrap, GE Life Sciences) by flowing with the Ni-NTA elution buffer followed by step 

elution using a high salt buffer (20 mM Tris hydrochloride, 1 M sodium chloride, 500 mM 

imidazole, pH 8.0). The resulting protein was exchanged into phosphate buffered saline (PBS) 

by dialyzing (10 kDa MWCO Slide-A-Lyzer cassette) against ~150 volumes of PBS for 2–3 

hours following which a fresh volume of PBS was added and dialysis continued overnight. In 

some cases, we were able to bypass the anion exchange step, proceeding straight from Ni-NTA 

chromatography to dialysis without noticeable loss of protein quality or yield. 

For preparing apo protein, the Ni-NTA loaded column was first washed with 15 ml of 

denaturing buffer (20 mM Tris hydrochloride, 20 mM sodium chloride, pH 8.0, 6 M guanidine 

hydrochloride) at 4°C for 2 hours. Following the first wash, the nickel-bound protein was 

incubated overnight with fresh denaturing buffer (15 ml) at 4°C under mild agitation. At the 

end of overnight incubation, the bound protein was washed again (1–2 times) using fresh 

denaturing buffer with 1 hour incubation at each wash step. At this stage, the protein turned 

visibly nonfluorescent, indicating removal of bound flavin. The resulting apo protein was 

rinsed with 20 ml imidazole-free wash buffer, to wash out the denaturant, and further incubated 

in the same buffer for an hour at 4°C before eluting with 20 ml elution buffer. Deflavinated 

apo protein was dialyzed as before to remove imidazole and remaining traces of denaturant. 

Protein fractions were run on denaturing PAGE gels and quantified using the Bradford assay. 

Purified holo and apo proteins were stored at 4°C and typically used within 1–2 days. 
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2.3.3 Analytical gel filtration 

We determined oligomeric states of holo and apo LOV reporters using gel filtration 

chromatography. To this end, a Superdex 200 (GE Healthcare) size exclusion chromatography 

column was calibrated with globular proteins standards — bovine thyroglobulin (670 kDa), 

bovine γ-globulin (158 kDa), chicken ovalbumin (44 kDa), horse myoglobin (17 kDa), and 

vitamin B12 (1.35 kDa). Purified LOV proteins were loaded in the column, washed with 50 ml 

PBS, and elution volumes (Velution) corresponding to peaks in the 280 nm absorption 

chromatogram were recorded. The void volume (Vvoid) and interstitial pore volume (Vpore) were 

calculated based on the elution volumes of thyroglobulin and vitamin B12 respectively. The 

distribution coefficient (K) of each protein between the mobile phase and stationary phase was 

calculated via Equation 2.1.  

 𝐾 = !!"#$%&'"!(&%)
!*&+!

 (Equation 2.1) 

Molar mass was estimated by calibrating the logarithm of molecular weight of protein 

standards against K. Oligomeric state was then determined by dividing the estimated molar 

mass by the known molecular weight of LOV monomers. 

2.3.4 Fluorescence and circular dichroism spectroscopy 

Fluorescence intensity measurements were performed using 150 μl quartz cuvettes 

(Starna Cells) in a Cary Varian Eclipse fluorometer. Excitation and emission slit widths were 

set at 5 nm and the photomultiplier tube gain was set to medium (600 V). For emission scans, 

excitation was typically performed at 450 nm, and emission spectra were scanned between 

470 nm and 600 nm. Excitation spectra were obtained by monitoring emission at 540 nm and 

scanning excitation wavelengths between 300 nm and 520 nm. For circular dichroism 

spectroscopy, 150 μl of iLOV (40 μM) or EcFbFP (20 μM) were loaded in a 1 cm path length 
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quartz cuvette (Starna Cells). IFar-UV CD spectra were recorded using a Jasco 720 

spectrometer between with a resolution of 1 nm and a scan rate of 50 nm/min, averaged over 

10 individual spectral scans, and expressed in molar ellipticity. Typically, the HT voltage was 

maintained at <600 V to minimize noise. Prediction of secondary structure from far-UV CD 

spectra was made using BeStSel.35  

2.3.5 Analysis of flavin binding by LOV reporters 

For fluorescence titration experiments, apo proteins were diluted to a concentration of 

10–20 μM in PBS and stock solutions of FMN, FAD, and riboflavin were prepared at a final 

concentration of 200 μM (also in PBS). Titration was carried out by adding flavin in 1 μl steps 

to 200 μl apo protein in quartz microcuvettes. After each addition, the solution was gently 

mixed using a pipette and incubated for 3 min in the dark to ensure complete equilibration. 

Fluorescence measurements were performed as described before. Flavin binding was assumed 

to proceed by simple bimolecular interaction as described in Equation 2.2. 

 𝑎𝑝𝑜	𝐿𝑂𝑉 + 𝑓𝑙𝑎𝑣𝑖𝑛 ⇌ ℎ𝑜𝑙𝑜	𝐿𝑂𝑉 (Equation 2.2) 

A dynamic mass balance model for the above reaction can be constructed as described in 

Equations 2.3-2.5. 

 #[%&'	)*!]
#,

= −𝑘-[𝑎𝑝𝑜	𝐿𝑂𝑉][𝑓𝑙𝑎𝑣𝑖𝑛]. + 𝑘/[ℎ𝑜𝑙𝑜	𝐿𝑂𝑉] (Equation 2.3) 

 #[01%23.]
#,

= −𝑘-[𝑎𝑝𝑜	𝐿𝑂𝑉][𝑓𝑙𝑎𝑣𝑖𝑛]. + 𝑘/[ℎ𝑜𝑙𝑜	𝐿𝑂𝑉] (Equation 2.4) 

 #[4'1'	)*!]
#,

= 𝑘-[𝑎𝑝𝑜	𝐿𝑂𝑉][𝑓𝑙𝑎𝑣𝑖𝑛]. − 𝑘/[ℎ𝑜𝑙𝑜	𝐿𝑂𝑉] (Equation 2.5) 

Here, k1 and k2 represent on and off rates for complex formation and n is a Hill-like parameter 

that we initially included to account for possible cooperative effects. As fits derived with n as 

a free parameter essentially resulted in Hill coefficients ~1, we assumed noncooperative 
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binding for our final fits. The equilibrium dissociation constant can be calculated with 

Equation 2.6.  

 𝐾# =
5,
5-

 (Equation 2.6) 

Flavin concentrations were varied between 1–20 μM and Equations 2.3-2.5 were solved using 

the ode23s in Matlab (version R2020a) to calculate equilibrium concentrations and determine 

the fraction of total, that is, holo + apo LOV protein, that converts into the fluorescent holo 

form in the presence of flavin. We fitted these results to experimental data from the 

fluorescence titration experiments and estimated Kd using nonlinear least squares regression, 

implemented using lsqcurvefit (Matlab R2020a). We treated the starting concentration of the 

protein as an unknown, similar to prior studies on apo flavodoxins.36,37 Concentrations of the 

apo protein derived in this way were found to be within 50–70% of the actual starting 

concentration, measured independently using the Bradford assay, indicating that some fraction 

of the apo protein could not be reconstituted into a fluorescent form. 

2.3.6 Fluorescent riboflavin biosensor 

To estimate riboflavin concentration in complex mixtures, calibration curves were first 

constructed by titrating known concentrations of riboflavin in apo LOV and measuring 

fluorescence using a Cary Varian Eclipse fluorometer. Excitation and emission wavelengths 

were set to 450 and 495 nm, slit widths were set at 5 nm and the photomultiplier tube gain was 

kept at medium (600 V). We fixed the concentration of apo proteins at 10 μM, which resulted 

in linear calibration curves for riboflavin titration from ~0.1–1 μM (concentration range 

commonly found in vitamin pills, flavin-fortified food and beverages) while avoiding 

aggregation that we observed at higher concentrations (Figure 2.S3). 100X minimal essential 

medium (MEM) vitamin solution, a mixture of eight water soluble vitamins, was purchased 
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from Thermo Fisher and used directly in fluorometric assays after dilution. Multivitamin 

supplements were purchased from a commercial source (Nature Made®), ground to a fine 

powder (~1 g per pill), mixed in PBS, mildly sonicated for 30–40 min, and clarified using 

centrifugation at 5000 x g for 15 min, before using the supernatant in the riboflavin assay. In 

each case, fluorescence recordings were acquired as described above and compared with the 

standard calibration curve to determine riboflavin content, which was finally validated by 

comparing with the manufacturer specified concentrations. 

2.3.7 Data analysis 

Fluorescence titration measurements were conducted using N ≥ 4 independent replicates from 

1 (iLOV + FMN, Ec + FAD titrations) or 2 distinct batches of purified proteins (iLOV + FAD, 

riboflavin; Ec + FMN, riboflavin titrations). Quality of model fits was judged by inspecting 

residuals (Figure 2.S3). All Kd values are reported as mean ± standard error. Pairwise 

comparisons of Kd values were performed using the 2-tailed Student's t-test with significance 

level set at 0.05. A 95% confidence interval for the measured riboflavin content in multivitamin 

tablets was computed using the Student's t-distribution with 2 (for iLOV) or 3° of freedom (for 

EcFbFP). 

2.4. Results and discussion 

2.4.1 Preparation of flavin-free LOV reporters 

In our earlier work,22 we observed that most LOV reporters lost fluorescence following 

thermal treatment at 70°C for 1 hour, but fluorescence recovered rapidly upon cooling. Based 

on this observation, we speculated that it should be possible to develop a method for reversibly 

separating the flavin fluorophore from LOV reporters, while maintaining the ability of the apo 

protein to recover fluorescence upon supplying flavin. We first attempted to separate bound 



 37 

flavin from the plant-derived LOV reporter (iLOV) using several deflavination techniques that 

are well-established in flavin enzymology,34 including protein precipitation with 

trichloroacetic acid, ammonium sulfate, treatment with halide salts (up to 2 M KBr), and 

chaotropic agents (up to 8 M urea). However, these methods either failed to remove flavin or 

produced apo proteins that aggregated and could not be converted into the fluorescent holo 

protein by supplying FMN. Attachment of flavoproteins to a chromatographic support has 

previously been shown to improve chances of generating stable preparations of apo proteins, 

presumably by preventing the apo proteins from aggregating in solution.34,38 To implement this 

technique, we introduced a hexa-histidine motif at the N terminus of iLOV, which enabled 

binding to a chromatographic nickel column. Using column-immobilized iLOV, we were able 

to successfully remove flavin after overnight treatment with a strong chaotropic denaturant, 

guanidine hydrochloride. Following extensive on-column washing, imidazole based elution, 

and dialysis (see Table 2.S1 for yields and percent recovery), we obtained purified apo 

preparations (Figure 2.S1) that were nonfluorescent (Figure 2.1a) and did not form visible 

precipitates even after prolonged storage (> 7 days) at 4°C. Using analytical size exclusion 

chromatography (Figures 2.1b and 2.S2), we verified that the purified apo preparation retains 

the parent holo-protein's monomeric state (although higher concentrations tended to 

aggregate, Figure 2.S3) but lacked the characteristic excitation and emission spectra of LOV 

reporters (Figure 2.1a), indicating removal of protein-bound flavin. Far-UV circular 

dichroism spectroscopy revealed a shallower trough at ~220 nm for the apo protein compared 

to holo iLOV, suggesting a partial loss of α helical content in the apo protein (Figure 2.1c and 

Table 2.S2). Importantly, addition of FMN to apo iLOV immediately (within seconds) 

restored the characteristic fluorescence spectrum of LOV reporters (Figure 2.1d), indicating 
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successful reconstitution. We were also able to extend this approach to separate flavin from 

the bacterial LOV reporter, EcFbFP (Figure 2.1e), which retained its dimeric state 

(Figure 2.1f) but, as before, displayed a partial loss of α helical secondary structure in the far-

UV CD spectrum (Figure 2.1g and Table 2.S2). As in the case of iLOV, apo EcFbFP readily 

reverts into the fluorescent holo form upon supplying FMN (Figure 2.1h). 

 

Figure 2.1. Flavin removal in fluorescent LOV reporters. a) Excitation and emission spectra of holo (solid lines) 

and deflavinated (dashed lines) iLOV. b) Elution profiles of apo and holo iLOV from gel filtration 

chromatography. c) Far UV CD spectra of apo and holo iLOV. d) Recovery of fluorescence emission upon adding 

FMN to apo iLOV. e) Excitation/emission spectra, f) elution profiles, g) far UV CD spectra, and h) fluorescence 

recovery in the bacterial fluorescent protein EcFbFP. 
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2.4.2 Flavin binding in LOV reporters 

Free FMN demonstrates negligible fluorescence at 495 nm, which corresponds to peak 

emission in flavin-bound fluorescent LOV proteins. Thus, the distinct fluorescence properties 

of LOV-bound FMN compared to free FMN, make it possible to use fluorescence spectroscopy 

to monitor FMN binding in LOV proteins. Similar methods, based on changes in fluorescence 

intensity between free and protein-bound FMN,39 have been widely used to study flavin 

binding in enzymes, including flavodoxin,37,40 L-amino acid oxidase,41 and 

cytochromes,42,43 albeit in these cases the protein environment quenches FMN fluorescence, 

unlike for LOV reporters. To measure the equilibrium dissociation constant (Kd), we titrated 

aliquots of FMN into solutions containing apo iLOV. After each titration, we allowed the 

solution to equilibrate in the dark before recording emission at 495 nm. We fitted the 

fluorescence measurements to a simple bimolecular binding model, assuming noncooperative 

binding behavior (see Figure 2.S4(a-c) for fit residuals) and derived a Kd of 0.23 ± 0.02 μM 

between iLOV and FMN (Figure 2.2a). Using a similar approach, we determined a Kd of 

0.18 ± 0.03 μM for EcFbFP (Figure 2.2a), suggesting that both monomeric (iLOV) and 

dimeric (EcFbFP) LOV reporters bind FMN with similar affinities (p-value = 0.2, N = 4 for 

iLOV, 5 for Ec) (Figure 2.2d). Notably, the calculated Kd values reveal that these LOV 

reporters bind their fluorophore with a stronger affinity than most biliverdin based fluorescent 

reporters (Kd ~ 490 nM–4.84 μM44), but similar to recently evolved fluorogenic reporters such 

as YFAST, which binds its synthetic fluorophore with a Kd ~ 0.13 μM.45  
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Figure 2.2. Flavin-binding in LOV reporters. Fluorescence titration of, a) FMN, b) FAD, and c) riboflavin in 

purified preparations of apo iLOV and apo EcFbFP. d) Equilibrium dissociation constant (KD) for binding of 

LOV reporters to various flavins. All measurements represent means of at least four independent replicates from 

1-2 purification batches and error bars correspond to the standard error of mean. 

 

Some flavoproteins are known to exhibit nonspecific binding to physiological flavins 

other than their specific prosthetic group.46–49 To this end, we tested iLOV for its ability to 

bind riboflavin, the precursor molecule to FMN, as well as FAD, which is a bulkier, adenylated 

form of FMN. Interestingly, we found that iLOV can be reconstituted into a fluorescent form 

using either FAD or riboflavin and the resulting spectrum is indistinguishable from the holo 

iLOV protein. As free FAD is nearly nonfluorescent due to intramolecular stacking between 

the adenine and isoalloxazine rings,50 the recovery of FAD fluorescence upon LOV binding 
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suggests that the adenine and isoalloxazine rings are unstacked as FAD is inserted in the 

binding pocket of iLOV. Using fluorescence titration we determined a Kd of 0.18 ± 0.03 μM 

for FAD (Figure 2.2b) and 0.89 ± 0.17 μM for riboflavin (Figure 2.2c), suggesting that iLOV 

can bind FAD with a similar affinity as FMN, but its interaction with riboflavin is almost four-

fold weaker (p = .01, N = 4 for FMN, 5 for riboflavin) (Figure 2.2d). We observed a similar 

trend in the binding properties of bacterial EcFbFP, which was found to bind FAD 

with Kd = 0.13 ± 0.02 μM and riboflavin with Kd = 0.76 ± 0.15 μM (Figure 2.2b-d). The lower 

affinity for riboflavin has been previously observed in other flavoproteins (e.g., 

dodecins)46 and may be caused by the lack of a phosphate group that anchors FMN (and 

presumably, FAD) in the flavin binding pocket. Consistent with this notion, increasing ionic 

strength was found to weaken the affinity for FMN (Figure 2.S5), which may point to 

electrostatic screening51 of interactions involving the phosphate group of FMN and positively 

charged amino acids (e.g., arginine) in the flavin binding pocket. 

2.4.3 Fluorescence “turn-on” biosensors for riboflavin 

Riboflavin, (vitamin B2) is an essential nutrient as it serves as the precursor for 

synthesizing FMN and FAD within cells, which then serve as prosthetic groups for several 

flavoproteins involved in metabolism. Consequently, riboflavin deficiency in humans is 

associated with conditions such as fatigue, cheilosis, growth retardation, and night 

blindness.52 Animals lack riboflavin biosynthesis pathways and thus typically obtain riboflavin 

through external means such as dairy products, fortified cereals, bread, energy drinks, and 

multivitamin pills. For these reasons, the development of easy-to-use assays to estimate 

riboflavin content in food, infant formulations, dairy products, and bodily fluids (e.g., urine) is 

of considerable importance to nutritional and pharmaceutical sectors. Existing approaches for 
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detecting riboflavin make use of liquid chromatography,37,53 electrochemical techniques 

(voltammetry,54,55 immunoassays,56 surface plasmon resonance57), and culture based tests 

involving riboflavin-dependent microbes grown using the test sample as the only source of 

riboflavin.58 These methods, while widely used, suffer from limitations such as slow response, 

interference from other components in complex mixtures, and limited scalability to a medium 

or high throughput format. Fluorescent sensors can overcome many of these challenges, which 

has prompted the development of riboflavin sensors based on Förster Resonance Energy 

Transfer (FRET) between riboflavin and doped carbon dots59 or graphene60 as well as 

quenching of fluorescence using PEG-dispersed graphene.61 However, to our knowledge, a 

fluorescence “turn-on” biosensor for riboflavin has not been reported. As apo LOV reporters 

are capable of binding riboflavin with low micromolar affinity (Figure 2.2d) and exhibit both 

visually detectable (Figure 2.3a) and quantifiable gain of fluorescence, we reasoned that 

purified apo iLOV or EcFbFP should enable simple, rapid, and quantitative determination of 

riboflavin content in complex mixtures without a need for extensive sample processing steps 

such as liquid chromatography. To test this idea, we first verified that LOV fluorescence is 

specific to flavins and cannot be reconstituted using other biological cofactors such as NAD, 

deoxynucleotides, and amino acids (Figure 2.S6). Next, we used apo iLOV to quantify 

riboflavin content in a mixture consisting of eight water-soluble vitamins (riboflavin, choline 

chloride, calcium pantothenate, folic acid, nicotinamide, inositol, thiamine hydrochloride, and 

pyridoxal hydrochloride) that is commonly used as a nutrient supplement in animal cell culture. 

We treated various dilutions of the 8-vitamin mixture with a fixed concentration of apo iLOV 

and estimated the riboflavin content by measuring fluorescence and comparing against a 

calibration of known concentration standards. We found that apo iLOV could be used to 
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estimate riboflavin content in the vitamin mixture over a concentration span of 0.04–0.4 μg/ml 

(Figure 2.3b) with reasonable accuracy and precision. Building on these results, we proceeded 

to use apo iLOV to assay riboflavin content in a more complex milieu involving a commercial 

multivitamin supplement comprising all water-soluble B-vitamins, vitamins C, E, trace metals, 

several organic, and inorganic salts. We extracted the pill contents using mild ultrasonication 

and dissolved it in PBS to achieve a final riboflavin concentration of 41.8 μg/ml (calculated 

based on manufacture specification). Following treatment with apo iLOV and comparison with 

calibration standards, we obtained a riboflavin concentration of 47.9 μg/ml (95% CI: 38.7–

57.1 ug/ml). Similar results were obtained using apo EcFbFP as a sensor, which determined 

the riboflavin concentration as 35.5 μg/ml (95% CI: 32.1–38.9 ug/ml) for a multivitamin 

supplement preparation comprising 32.2 μg/ml riboflavin. Taken together, these results 

establish the general utility of apo LOV reporters for simple, rapid, and quantitative riboflavin 

testing in real-world samples. 
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Figure 2.3. Turn-on fluorescent biosensor for riboflavin detection. A, Apo iLOV exhibits a visually detectable 

gain of fluorescence upon titrating flavin. Images were acquired by spotting ~ 10 μM apo iLOV on a clear UV-

transparent plastic surface, exciting with a 320 nm light source in trans-illumination mode and recording with a 

digital camera. B, Agreement between manufacture-specified and estimated riboflavin concentrations 

(determined using apo iLOV assay) present in various dilutions of an 8-vitamin cell culture supplement. 

 

2.5 Conclusions 

In this work, we develop an approach for the reversible deflavination of fluorescent 

LOV proteins and apply it to establish the first (to our knowledge) measurements of 

equilibrium binding between engineered LOV reporters and the three physiological forms of 

flavins: riboflavin, FMN, and FAD. Although we have developed and validated this method in 

the context of two commonly used LOV reporters, it should be possible, in principle, to adapt 

this technique for binding studies in other fluorescent LOV proteins, including brighter 

proteins such as CreiLOV,20 photostable variants such as phiLOV,62 and recently discovered 
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thermostable LOV proteins such as CagFbFP.21 Our work has important implications for 

engineering and applying LOV proteins as self-contained (i.e., no external agent needed) 

reporter genes in anaerobic microbes. For example, the relatively strong flavin-binding 

affinities that we measured in this work suggest that over-expression of LOV reporters may 

cause intracellular flavin (typically present in cells at low micromolar levels63,64) to drop, 

thereby metabolically burdening cells. To this end, we have observed varying levels of growth 

retardation22 associated with the expression of different LOV reporters in E. coli. Future 

studies may reveal whether and to what extent growth retardation correlates with flavin affinity 

of various LOV reporters and if certain organisms can offset this resource constraint by 

activating feedback regulated flavin biosynthesis65 in response to LOV expression. From the 

standpoint of reporter protein engineering, our binding studies suggest that a potential avenue 

for increasing cellular fluorescence obtained with LOV reporters could be to engineer variants 

with even tighter Kd (ideally, low nM), which could increase their flavin occupancy by 

allowing LOV reporters to effectively compete with the native cellular flavoproteome that 

comprises several tight binding flavoproteins. Notably, equilibrium dissociation constants in 

the sub-nM range have proved beneficial for developing reporters based on efficient occupancy 

with fluorescent cofactors, such as the bilirubin binding fluorescent protein, UnaG.13 As 

before, potential effects on cell physiology resulting from increased flavin affinity will need to 

be carefully characterized and mitigated. 

In addition to measuring the equilibrium dissociation constants, we also demonstrated 

that apo iLOV (and apo EcFbFP) could be used to optically assay for riboflavin (i.e., vitamin 

B2) based on gain of fluorescence. Apo preparations of some flavoproteins such as the 

riboflavin-binding protein (RfBP) from egg white and apo flavodoxin have been previously 
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used to quantify vitamin B2 content in cell lysates, dairy products, and beverages – however, 

these methods either relied on liquid chromatography47 or quenching of fluorescence for 

riboflavin detection.66–68 To our knowledge, the methodology introduced here represents the 

only known fluorescence turn on biosensor for riboflavin. One potential limitation of this 

technique is that it cannot distinguish riboflavin from FMN or FAD, which are enzymatically 

synthesized from riboflavin within cells. While this can be problematic for monitoring specific 

flavins intracellularly or in lysed cells, we do not believe this will become a major limitation 

for using the sensors in extracellular or noncellular contexts such as food materials and vitamin 

supplements where FMN and FAD are typically present in negligible amounts. To this end, we 

envision that purified preparations of apo LOV proteins could be used to evaluate riboflavin 

content in common dietary and pharmaceutical sources of vitamin B2 with minimal sample 

processing, while avoiding time and equipment-intensive methods such as chromatography, 

mass spectrometry, and microbial culture based assays. Another potential application of our 

sensor would be for monitoring bioproduction of vitamin B2 in commercial flavin-

overproducing microbes such as Lactobacillus plantarum, which secrete riboflavin at 

concentrations (> 1 μg/ml) that should be readily detectable with our sensor. As fluorimetry is 

readily scalable to medium or high throughput screening applications, one important benefit 

of these sensors could be in optimizing natural or bioengineered strains for riboflavin 

overproduction. Although further studies will be required to rigorously characterize apo LOV-

based sensors to determine limit of detection, limit of quantification, reusability, response 

kinetics, and long-term stability as well as validate in a broader set of real-world samples, our 

results provide a proof-of-concept for a simple, rapid, and scalable fluorescence turn on assay 

for riboflavin. 
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2.7. Supplemental information 

Table 2.S1. Yield and fractional recovery from purification of apo & holo iLOV 

Protein Protein yield from Ni-NTA 

purification (2 batches each using 

125 mL culture volume)  

% recovery after dialysis of holo 

or deflavinated elute from Ni-

NTA purification 

Holo iLOV 283 ± 8 μg 75 ± 16 % 
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Apo iLOV 184 ± 3 μg 67 ± 24 % 

 

Table 2.S2. Secondary structure content from far-UV CD spectra 

 Helical  Beta sheets 

Apo iLOV 11.3 % 33.1 % 

Holo iLOV 17.4 % 34.8 % 

Apo EcFbFP 7.9 % 27.9 % 

Holo EcFbFP 19.3 % 29 % 

 

 

Figure 2.S1. SDS PAGE of purified apo and holo preparations of iLOV and EcFbFP. Molecular weights (kDa) 

of the ladder in kDa are included for reference. 
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Figure 2.S2. Size exclusion chromatography of analytical standards for determination of molecular weight and 

oligomeric state of purified LOV proteins. Molecular weights of standards are indicated in kDa for reference. 

 

Figure 2.S3. Apo LOV proteins show tendency to aggregate at high concentrations. Size exclusion 

chromatograms of (A) apo iLOV and (B) apo EcFbFP at concentrations exceeding 50 µM. Arrows indicate peaks 

corresponding to protein fractions eluting at earlier volumes than expected for monomeric iLOV or dimeric 

EcFbFP, indicating the formation of higher order oligomers and/or aggregates. 
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Figure 2.S4. Residuals from fitting experimental titration data (average of N = 4 replicates) to binding model for 

apo LOV reporters with (A) FMN (B) FAD and (C) riboflavin. 

 

Figure 2.S5. Equilibrium dissociation constant for FMN binding in buffers of low (~ 150 mM) and high (~ 1 M) 

ionic strength (n.s. indicates non-significant and * indicates p < 0.05). 
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Figure 2.S6. Specificity of apo iLOV fluorescence. (A) Fluorescence of apo iLOV is specific to biological flavins: 

FAD, FMN, and riboflavin, and cannot be restored by titrating equimolar concentrations (10 μM) of common 

biological cofactors such as nicotinamide adenine dinucleotide (NAD), a mixture of amino acids (AA), and 

deoxynucleotides (dNTP). The nonspecific spectrum is found to be nearly identical to the (B) fluorescence of 

deflavinated apo iLOV, which is provided as a separate figure for reference.
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Chapter 3. Rational design of a circularly permuted flavin-based fluorescent protein 

This chapter is adapted from a paper pending submission to Chem Biochem. I am the first 

author on this paper. My contributions include project conceptualization, experimental 

design, performing experiments, data analysis, and writing and revision. 

 

Journal: Chem Biochem 

Authors: Nolan T. Anderson, Jason S. Xie, Asish N. Chacko, Vannie L. Liu, Kang-Ching 

Fan, and Arnab Mukherjee 
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3.1. Abstract 

Flavin-based fluorescent proteins (FbFPs) are small oxygen-independent genetically 

encodable fluorophores which hold great promise for imaging of anaerobic and hypoxic 

biological systems. However, present unavailability of a circularly permuted FbFP has 

hindered construction of oxygen-independent fluorescent biosensors, as circular permutation 

of the Green Fluorescent Protein has helped enable the construction of a broad variety of 

genetically encoded biosensors. Within, we report the first successful circular permutation of 

the flavin-based fluorescent protein iLOV. Careful engineering of the linker connecting the 

protein’s original termini yielded a dimly fluorescent circularly permuted iLOV; however, 

fluorescence can be recovered to approximately the original intensity by fusing dimerizing 

coiled-coil peptides, most notably leucine zippers, to the newly created termini. We have 

demonstrated the utility of a circularly permuted iLOV by engineering turn-off biosensors for 

activity of two proteases, tobacco etch virus protease and SARS-CoV-2 main protease Mpro. 

Insertion of a protease cleavage sequence within the protein’s engineered linker yields a protein 

which is bright in the absence of protease activity, but significantly loses fluorescence upon 

expression of the respective protease, providing a fluorescent readout which can be observed 

by flow cytometry or fluorescence microscopy. We expect circular permutation of iLOV will 

enable creation of a broad library of FbFP-based fluorescent biosensors, thereby extending the 

usefulness of fluorescent biosensing to anaerobic and hypoxic contexts.  
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3.2. Introduction 

 Circular permutation is a protein design method that is utilized both in nature and 

laboratory engineering which involves the connection of the original N- and C-termini of a 

parent protein through an amino acid linker, while introducing new termini elsewhere in the 

protein sequence.1 This approach has been successfully used to design proteins with improved 

catalytic efficiency, altered ligand affinity, and increased stability. In addition, circular 

permutation of the green fluorescent protein (GFP)2 and its derivatives has enabled the creation 

of a diverse class of fluorescent biosensors.3 However, GFP and related reporters require 

oxygen to mature into a light-emitting state, which limits their usefulness in anaerobic and 

low-oxygen environments.4,5 Therefore, alternative reporter proteins have been developed that 

generate fluorescence by binding to small-molecule chemicals.4 These oxygen-independent 

reporter proteins can be broadly classified into two categories: those that bind to and activate 

the fluorescence of externally added dyes,6,7 and those that bind to internal cellular 

chromophores,7,8 such as flavins. Unlike dye-binding reporters, flavin-based fluorescent 

proteins (FbFPs), do not require an external supply of chemical fluorogens because flavins are 

available endogenously in all cells. Consequently, FbFPs have been widely used as fully 

autonomous genetic reporters in a variety of mammalian,9 bacterial,10,11 fungal,12 and viral 

systems.13 Most recently, FbFPs have also been utilized to create split-protein based biosensors 

by dividing the FbFP backbone into two fragments, each of which is non-fluorescent 

individually, but becomes fluorescent when brought together by interactions between proteins 

that are genetically fused to the ends of each fragment.14 However, in contrast to nearly every 

major class of fluorescent protein, FbFPs have not been circularly permuted. As a result, it 
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remains unclear whether FbFPs can tolerate circular permutation and whether this approach 

could provide a potential avenue for creating fluorescent biosensors based on FbFPs.  

In this work, we utilized structural data and site-directed mutagenesis to undertake a 

systematic investigation of an FbFP, with the objective of identifying potential sites for circular 

permutation. Through this process, we successfully identified a potential permutation site, and 

subsequent experiments demonstrated that relocating the N- and C-termini to this position 

produced a circularly permuted FbFP, although with a significant reduction in fluorescence. 

However, we were able to show that the fluorescence loss in the circularly permuted construct 

could be completely restored by fusing dimerizing protein pairs at the newly assigned N- and 

C-termini. Finally, to demonstrate the utility of circularly permuted FbFP as a scaffold for 

sensor engineering, we developed and characterized two FbFP-based protease sensors and 

demonstrated their application in mammalian cells. 

3.3. Methods 
3.3.1. Molecular biology 

For bacterial expression and testing, iLOV and circularly permuted variants were 

cloned in pJUMP-27-1A (Addgene #126974), an expression plasmid that allows for 

constitutive expression from the synthetic J23100 promoter. For mammalian expression, 

iLOV, circularly permuted variants, and protease-sensing constructs were cloned in a lentiviral 

transfer plasmid used in our previous works (pLenti). Genes encoding TEV protease, low-

affinity nerve growth factor receptor (LNGFR), and Mpro were synthesized by Integrated 

DNA Technologies (Coralville, IA, USA). Gene fragments were amplified using Q5 High-

Fidelity 2X Master Mix (New England Biolabs, Ipswich, MA, USA) and assembled using 

NEBuilder HiFi Gibson Assembly Master Mix (New England Biolabs). The assembled 

plasmids were propagated by electro-transformation in E. coli NEB10β cells or heat shock 



 63 

transformation of chemically competent E. coli NEB Stable cells. Plasmids were purified using 

the PureYield Plasmid Miniprep system (Promega, Madison, WI, USA) and sequence verified 

using whole plasmid nanopore sequencing (Plasmidsaurus, Eugene, OR, USA). All plasmids 

used and constructed in this work are described in Table 3.S1. 

3.3.2. Bacterial expression and whole-cell fluorescence measurements 

pJUMP-27-1A vectors harboring circularly permuted iLOV variants were expressed in 

E. coli, BL21(DE3) cells using electroporation. Transformed cells were grown overnight (~16 

hours) in minimal M9 media with 50 µg/mL kanamycin at 37 °C on an orbital shaker (200 

r.p.m.). The overnight culture was diluted at 1:100 into fresh M9 media and grown for an 

additional 3-4 hours to reach an optical density (OD600) of ~0.5. 200 µL of this culture was 

transferred to a black, clear bottom 96-well plate (Costar, Corning, Kennebunk, ME, USA) 

and whole-cell fluorescence measurements were acquired using a plate reader (Tecan Spark, 

Mannedörf, Switzerland). The excitation wavelength was set at 420 nm, while the emission 

spectrum was scanned from 465 nm to 600 nm in steps of 2 nm. Excitation and emission 

monochromator bandwidths were 20nm. Total fluorescence was computed by numerical 

integration of the emission spectrum from 465 nm to 531 nm. 

3.3.3. Mammalian cell culture and engineering 

Chinese hamster ovary (CHO) cells and HEK 293T cells were cultured in high-glucose 

Dulbecco’s Modified Eagle’s Medium (DMEM) (Thermo-Fisher, Waltham, MA, USA) 

supplemented with 10% fetal bovine serum (R&D Systems, Minneapolis, MN, USA), 

100U/mL penicillin-streptomycin (Thermo-Fisher), and 1 mM sodium pyruvate (Thermo-

Fisher). Cells were routinely grown at 37°C in a humidified chamber containing 5% CO2. For 
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passaging, sorting, and fluorescence analysis, adherent cells were detached from plates using 

a commercial trypsin-based formulation, TrypLE Express (Thermo-Fisher). 

Stable mammalian cell lines were generated by lentiviral transduction, using a transfer 

plasmid (pLenti) designed to heterologously express proteins from the constitutive human 

EF1ɑ promoter. To enable enrichment of successfully transduced cells by flow sorting, an 

internal ribosome entry site (IRES) was used to co-express mCherry together with iLOV, 

circularly permuted variants, and the protease-sensing constructs. For protease expression, the 

relevant protease-encoding gene (TEVp or Mpro) was placed under the control of a 

doxycycline-inducible minimal CMV promoter in the same lentiviral backbone (pLenti). To 

enable flow sorting of protease-expressing cells, a self-cleaving T2A sequence was used to co-

express the low-affinity nerve growth factor receptor (LNGFR).  

Lentivirus was synthesized via polyethyleneimine transfection of a 10 cm plate of 50-

70% confluent HEK293T cells, using a plasmid mixture comprising a lentiviral packaging 

plasmid (pPackaging), a broad-tropism conferring envelope plasmid (pVSV-G), and the 

transfer plasmid (pLenti) carrying the gene of interest. Prior to transfection, all plasmids were 

purified using the PureYield Plasmid Midiprep System (Promega). 72 hours post transfection, 

lentivirus particles were concentrated from the supernatant using a commercial PEG-based 

formulation, LentiX (Takara Bio USA, San Jose, CA, USA). CHO Tet-On 3G cells (Takara 

Bio USA) were then transduced with the resultant lentivirus using spinfection (1050 x g, 1.5 

h, 30°C) in the presence of 8 µg/mL polybrene (Santa Cruz Biotechnology, Santa Cruz, CA, 

USA), and cultured for 3 days before enriching for stably transduced cells using fluorescence-

activated cell sorting. 
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3.3.4. Fluorescence-activated cell sorting and cytometry 

Fluorescence-activated cell sorting (FACS) was used to enrich for stably transduced 

cells expressing iLOV, circularly permuted iLOV variants, protease-sensing constructs, TEVp, 

and Mpro. To sort for cells expressing iLOV, circularly permuted constructs, and protease 

sensor prototypes, we relied on mCherry as a co-expressed fluorescent transduction marker. 

To sort for cells expressing TEVp or Mpro, we labeled cells with VioBlue REAffinity anti-

LNGFR antibody (Miltenyi Biotec, Auburn, CA, USA). Cell sorting was performed using 

either a Sony MA-900 cell sorter or a Sony SH-800 cell sorter (Sony Biotechnology, San Jose, 

CA, USA). In preparation for FACS, cells were dissociated at 50-90 % confluence using 

TrypLE express, pelleted by gentle centrifugation (300 x g, 5 min), resuspended in 0.5 - 1 mL 

sterile phosphate buffered saline (PBS), and maintained on ice. Cell populations were first 

gated for live cells (based on forward scatter-area vs. side scatter plot), then singlet cells (based 

on forward scatter-height vs. width plot), and then for fluorescence in the red (mCherry) or 

violet channels (anti-LNGFR) based on the appropriate transduction marker. For all constructs, 

at least 10,000 cells were sorted into 2 mL of DMEM, and then plated on 6 well plates. Once 

the sorted populations achieved 50-90 % confluence, they were further expanded on 10 cm 

tissue culture plates and cryo-stocked in BamBanker medium (Nippon Genetics Europe, 

Dueran, Germany) at – 80 °C or liquid nitrogen for future use.  

Fluorescence distributions of engineered cells were assessed by flow cytometry, 

following a similar protocol as described above, but omitting the cell collection and cryo-

storage steps. In order to normalize for variations in viral integration events and reporter gene 

expression levels across transduced cell lines, the fluorescence in the green channel (iLOV) 

was divided by fluorescence in the red channel (mCherry) for analysis.  
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For experiments involving sensing of protease activity, cells were treated with 10 

µg/mL doxycycline (Sigma-Aldrich, St. Louis, MO, USA) for 24 hours to induce protease 

expression. Because doxycycline fluoresces at a wavelength that overlaps with the iLOV 

spectrum, doxycycline was washed out by changing media to doxycycline-free media 

approximately 1 hour prior to harvesting cells for flow cytometry as previously described.26 

Protease-driven changes in the fluorescence distribution of cells were assessed by flow 

cytometry, as described above.  

3.3.5. Fluorescence microscopy 

Cells were grown in chambered glass-bottom slides (Thermo-Fisher) to approximately 

50 % confluence. Cells were washed twice with PBS, then imaged on an inverted fluorescence 

microscope (Olympus, Shinjuku, Tokyo, Japan) using a 10X 0.25 numerical aperture air-

immersion objective (Olympus). Excitation light was provided by a SOLA Light Engine 

(Lumencor, Beaverton, OR, USA) and filtered through a neutral density filter (Edmund Optics, 

Barrington, NJ, USA) to an illumination intensity of ~5 mW at the sample plane. EGFP or 

mCherry filter cubes (Chroma, Bellows Falls, VT, USA) comprising the appropriate 

excitation/emission filters and dichroic mirrors were used to image iLOV (and related variants) 

and mCherry-expressing cells, respectively. To minimize photobleaching, exposure was 

limited to ~ 5 s per field of view. 

3.3.6. Statistical analysis 

Experimental data are summarized by their mean and standard deviation obtained from 

multiple (n ≥ 3) biological replicates defined as measurements performed with distinct cell 

samples. All tests are 2-sided and a P value of less than 0.05 taken to indicate statistical 

significance.  
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3.4. Results and Discussion          

3.4.1. iLOV can be circularly permuted between Gly95 and Glu96 in the Hβ-Iβ loop  

To engineer a circularly permuted FbFP, we focused our efforts on iLOV, a 111-amino 

acid FbFP derived by engineering the light, oxygen, and voltage (LOV) sensing domain of A. 

thaliana phototropin.13 Although the LOV fold is highly conserved among diverse species, 

there is significant variation in the lengths and conformations of loops connecting the 

secondary structure elements.8 Accordingly, to identify a permissive location for circular 

permutation, we started by testing the ability of various loop regions in iLOV to tolerate the 

insertion of a protein domain. We chose the human estrogen receptor ligand-binding domain 

for insertion because this motif has been previously used to identify allosteric insertion 

‘hotspots’ in Cas9.15 We used Gibson assembly to insert the estrogen-binding domain into 23 

loop locations in iLOV (Fig. 3.1a,b) and expressed the resulting constructs in E. coli. Whole-

cell fluorescence measurements revealed a substantial reduction in fluorescence for most of 

the constructs. However, insertions in the loop connecting the Hβ and Iβ strands of iLOV 

produced significantly greater fluorescence compared to other insertions (Fig. 3.1b). 

Interestingly, the Hβ-Iβ loop was also recently identified as an optimal location to bisect the 

backbone of two related LOV proteins, including an FbFP from Chloroflexus aggregans 

(CagFbFP)14 and a singlet oxygen generator, miniSOG,16 to create split-protein sensors. Based 

on these findings, we decided to engineer a circular permutation in the Hβ-Iβ loop between 

Gly95 and Glu96 (Fig. 3.1a). Guided by the crystal structure of iLOV17 (Fig. 3.1c), we initially 

decided to join the original N- and C-termini (separated by ~ 2.4 nm) using a 34-amino acid 

Jα helix that is found at the C-terminus of native phototropin’s LOV2 domain but is deleted in 

iLOV.18 However, the ensuing construct was found to be almost non-fluorescent in E. coli 
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(Fig. 3.1d). Therefore, we tested longer linkers comprising 5 or 10 amino acids appended to 

the Jα helix, both of which were found to significantly increase whole-cell fluorescence in E. 

coli (Fig. 3.1d). Accordingly, we proceeded to utilize circularly permuted iLOV with new N- 

and C-termini at Glu96 and Gly95 respectively, and a 39 amino acid linker connecting the 

original termini (Fig. 3.1e), for expression and further testing in mammalian cell lines.       

 

Figure 3.1: Circular permutation of iLOV. a) Topology diagram showing secondary structure elements of 

iLOV with thick arrows and wavy lines representing β-sheets and α-helices respectively, and the intervening lines 

indicating loops. The β-sheets and α-helices are numbered alphabetically. The orange arrow indicates the site of 

circular permutation in the loop connecting the H and I β-sheets. b) Whole-cell fluorescence of E. coli cells 

expressing iLOV constructs that harbor insertions of the estrogen receptor ligand-binding domain in various 

loops. c) Crystal structure of iLOV (PDB: 4EES),17 showing location of circular permutation in the Hβ-Iβ loop. 

The crystal structure is colored as per B-factors. d) Whole-cell fluorescence measurements of E. coli cells 

expressing iLOV constructs that are circularly permuted at the Gly95-Glu96 junction and have the original ends 

connected by a Jα-based linker. e) Topology diagram showing secondary structure elements of circularly 

permuted iLOV with new termini and Glu96 and Gly95 and the Jα-linker connecting the original termini. Error 

bars represent the s.e.m. (n = 3 biological replicates). ** is P-value < 0.01; *** is P-value < 0.001.  
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3.4.2. Fluorescence of circularly permuted iLOV is increased by fusing coiled coils 

We used lentiviral transduction to stably express circularly permuted iLOV with the 

above 39-residue linker in Chinese hamster ovary (CHO) cells. We also co-expressed mCherry 

using an internal ribosome entry site (IRES) to normalize for variations in reporter expression 

levels across cells. To measure baseline autofluorescence in the green (iLOV) channel, we 

engineered matched controls by transducing CHO cells with a similar lentiviral vector that 

expresses mCherry from the same promoter and via an IRES sequence but lacks the iLOV 

gene. We then measured the normalized fluorescence distribution (i.e., iLOV/mCherry) of test 

and control cells using flow cytometry. Although cells expressing circularly permuted iLOV 

showed a statistically significant increase in their mean fluorescence compared to control cells, 

the fold-change was fairly modest (F/Fcontrol = 1.95 ± 0.04, n = 4, P-val = 10-9) (Fig. 3.2a). We 

hypothesized that the low fluorescence of circularly permuted iLOV could be caused by the 

separation of the newly formed N and C-termini, which are otherwise joined in iLOV (Fig. 

3.1e). To address this issue, we attempted to bring the new termini in proximity through the 

insertion of a pair of heterodimerizing coiled coils19,20 at each end (Fig. 3.2b). In addition, we 

also engineered a construct where the N- and C-termini are fused with segments of a split intein 

(derived from gp41-1),21 which enables adjacent residues to be joined via a peptide bond. Flow 

cytometry measurements revealed a substantial increase, ranging from 5-20-fold, in the mean 

fluorescence of cells expressing the aforementioned constructs (Fig. 3.2c,d, Fig. 3.S1), with 

the highest fluorescence observed in the circularly permuted construct harboring a pair of 

leucine zippers at the termini (Fig. 3.2d,e). In agreement with these results, fluorescence 

microscopy revealed distinctly fluorescent cells for cultures transduced with circularly 

permuted iLOV containing leucine zippers at the ends, whereas the cells expressing permuted 
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iLOV devoid of any coiled coils were substantially dimmer (Fig. 3.2f). Furthermore, removal 

of the Jα-helix connecting the original termini led to a sharp decrease in mean fluorescence of 

cells expressing the circularly permuted iLOV construct harboring leucine zippers (Fig. 3.S2). 

Based on these findings, we proceeded to use circularly permuted iLOV harboring both the Jα-

linker and leucine zippers to build a sensor prototype for detecting protease activity in 

mammalian cells.  

 

Figure 3.2: Optimization of circularly permuted iLOV. a) Topology diagram showing secondary structure 

elements of circularly permuted iLOV with thick arrows and wavy lines representing β-sheets and α-helices 

respectively, and the intervening lines indicating loops. The coiled coil domains fused at the N- and C-termini are 

depicted as green wavy lines. b)  Fluorescence distribution of CHO cells transduced to express circularly 

permuted iLOV (cp). Fluorescence distribution of cells transduced with a similar control vector (cntl) that lacks 

iLOV expression is also shown for comparison. c) Fluorescence distribution of CHO cells transduced to express 

circularly permuted iLOV harboring a pair of heterodimerizing E3-K3 coiled coils at the N and C termini. d) 

Fluorescence distribution of CHO cells transduced to express circularly permuted iLOV harboring a pair of 

heterodimerizing leucine zippers at the N and C termini. e) Ratio of mean fluorescence levels of CHO cells 
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expressing various circularly permuted iLOV constructs to the baseline (auto)fluorescence of control cells that 

lack iLOV expression. f) Representative images of CHO cells expressing circularly permuted iLOV (without 

coiled coils) or circularly permuted iLOV harboring leucine zippers, imaged in the green and red channels. Scale 

bar is 10 µm. Error bars represent the standard deviation (n = 4 biological replicates).  

 

3.4.3. Circularly permuted iLOV can be engineered to detect protease activity 

We sought to engineer protease-sensing function by inserting a cleavage sequence for 

the tobacco etch virus protease (TEVp) at various locations in circularly permuted iLOV, 

including at the junctions between the leucine zippers and the newly formed N- and C-termini 

(Fig. 3.S3a) and following the Jα peptide that was introduced to connect the original N and C-

termini in (non-permuted) iLOV (Fig. 3.3a). Our expectation was that TEV cleavage would 

lead to a decrease in cellular fluorescence by perturbing the intact circularly permuted 

structure. We doubly transduced CHO cells to express the candidate TEVp-sensing constructs, 

as well as TEVp, the latter under the control of a doxycycline-inducible minimal CMV 

promoter. Using flow cytometry, we measured the fluorescence distribution of cells in the 

presence and absence of doxycycline. TEVp expression led to a reduction in mean fluorescence 

of cells expressing circularly permuted iLOV with a TEVp cleavage site at the junctions 

connecting one or both leucine zippers (Fig. 3.S3b-d). However, the largest decrease in 

fluorescence (-ΔF/Fo = 73 ± 10 %, n = 3, P-value = 5 x 10-4) was obtained in cells harboring 

circularly permuted iLOV containing a TEVp cleavage site after the Jα linker (Fig. 3.3a,b), 

which was confirmed by fluorescence spectroscopy on lysates prepared from cells with and 

without TEVp expression (Fig. 3.S4).  Control measurements showed that TEVp expression 

did not affect the fluorescence of cells expressing non-permuted iLOV (Fig. 3.S5), indicating 

that the change in fluorescence was specific to the engineered constructs.  
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Figure 3.3: Engineering protease-sensing function in circularly permuted iLOV. a) Topology diagram 

showing secondary structure elements of circularly permuted iLOV harboring leucine zippers (Lz) at the N- and 

C-termini and a TEVp cleavage site inserted after the Jα linker.  b) Fluorescence distribution of CHO cells 

transduced to express doxycycline-inducible TEVp and circularly permuted iLOV with a TEVp cleavage site, in 

the presence and absence of TEVp expression. Autofluorescence distribution of cells transduced with a control 

vector (blnk) that lacks iLOV expression is also shown for comparison. c) Fluorescence distribution of CHO cells 

transduced to express doxycycline-inducible Mpro and circularly permuted iLOV with an Mpro cleavage site, in 

the presence and absence of Mpro expression. Autofluorescence distribution of cells transduced with a control 

vector (blnk) that lacks iLOV expression is also shown for comparison. d) Percent change in mean fluorescence 

of cells (-ΔF/Fo) expressing iLOV (non-permuted), TEVp and Mpro-sensing constructs, induced by expression 

of the respective protease. Error bars represent the standard deviation (n = 3 biological replicates).  

 

Next, we sought to determine whether our approach could be adapted for detecting the 

activity of a different protease. Given that the largest TEVp-dependent decrease in 

fluorescence was observed in the construct consisting of a TEVp cleavage site following the 

Jα-linker, we replaced this site with a sequence that is recognized and cleaved by the SARS-

CoV-2 main protease, Mpro, a coronavirus protease that is essential for viral replication.22 We 

introduced this construct into CHO cell lines that were also transduced for Mpro expression 

from a doxycycline-inducible promoter. We acquired on- and off-state fluorescence 

measurements using flow cytometry. Consistent with our previous observations with the TEVp 

system, expression of Mpro also led to a significant decrease in mean cellular fluorescence (-

ΔF/Fo = 61 ± 17 %, n = 3, P-value = 8 x 10-4) (Fig. 3.3c,d). Taken together, these results 
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confirm the ability of circularly permuted iLOV to serve as a scaffold for engineering the 

detection of protease activity in mammalian cells.         

3.5. Conclusions 

 In this study, we engineered circularly permuted iLOV by making three rational 

modifications, including the introduction of new N- and C-termini at Glu96 and Gly95 

respectively, connecting the original termini using a Jα-based linker, and attaching 

heterodimerizing leucine zippers at the new termini. The ensuing construct exhibits 

significantly improved cellular brightness compared to circularly permuted iLOV that lacks 

dimerizing coiled coils at the ends. Furthermore, by inserting protease cleavage sequences after 

the Jα linker, circularly permuted iLOV can be used as a turn-off sensor to detect protease 

activity in mammalian cells. Given that the LOV fold is conserved among different FbFPs, we 

anticipate that a similar design approach could be used to create circularly permuted versions 

of other FbFPs; including thermostable variants, such as CagFbFP;23 brighter variants, such as 

CreiLOV;24 and photostable variants, such as phiLOV.25 Furthermore, the current work 

provides a proof-of-concept for engineering FbFP-based sensors, which could be expanded in 

future studies to detect a range of biological targets - for example, it may be possible to detect 

protein-protein interactions by replacing the leucine zippers at each terminus of circularly 

permuted iLOV with protein targets of interest.     

 The current study has some limitations that we intend to address in future research. 

First, our experiments were conducted in ambient oxygen conditions. While iLOV 

fluorescence is independent of oxygen availability, future work should evaluate the 

performance of circularly permuted iLOV in low-oxygen environments to enable broad 

application in hypoxic and anaerobic biological systems. In addition, a comprehensive 
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mechanistic investigation of protease-dependent changes in the fluorescence of circularly 

permuted iLOV is a crucial avenue for future research. In particular, the protease-driven loss 

in fluorescence could be caused by a number of factors, including a reduction in the stability 

of circularly permuted iLOV due to removal of the leucine zippers or the Jα-linker, a decrease 

in cofactor (i.e., flavin) binding, and change in protein-fluorophore interactions. Detailed 

biochemical and structural studies are required to test these mechanisms. Lastly, our circular 

permutation design expands the size of iLOV from 111 to 212 amino acids, diminishing one 

of the important advantages of iLOV, which is its reduced footprint compared to larger GFP-

based reporters (~ 238 amino acids). To address this issue, we have initiated a process of 

truncating iLOV by systematically removing amino acids from both the N and C-termini, as 

well as internal residues. However, further research is necessary to determine whether 

truncated iLOV can tolerate circular permutation and to examine the effects of incorporating 

shorter dimerizing pairs at the termini.  

The discovery of circularly permuted GFP provided a molecular framework for 

creating a diverse array of sensors which continues to evolve to this present day. Along similar 

lines, we envision that the discovery of circularly permuted iLOV will synergize with recent 

advances in developing split FbFPs to create new opportunities for monitoring cellular 

processes, particularly in scenarios where traditional GFP-based reporters are less effective.  
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3.7. Supplementary Information 

 

Figure 3.S1: Fluorescence distribution of cells expressing intein-spliced, circularly permuted iLOV. 

Fluorescence distribution of CHO cells transduced to express circularly permuted iLOV harboring fragments of 

a split gp41-1 intein at the N and C termini. Fluorescence in the green channel (iLOV) is normalized by 

fluorescence in the red channel (mCherry) to control for variations in viral integration events and gene expression 

level across cell lines.   
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Figure 3.S2: Fluorescence distribution of cells expressing circularly permuted iLOV with leucine zippers, 

with or without the Jα-helix joining the original termini.  

 

Figure 3.S3: Design of TEVp sensors based on circularly permuted iLOV. a) Topology diagram showing 

secondary structure elements of circularly permuted iLOV with thick arrows and wavy lines representing β-sheets 

and α-helices respectively, and the intervening lines indicating loops. The leucine zipper coiled coil domains that 

are fused at the N- and C-termini are depicted as green wavy lines. TEVp cleavage sites are inserted at one or 

both junctions formed between the leucine zippers and the termini. b) TEVp-driven changes in the fluorescence 

distribution of CHO cells transduced to express circularly permuted iLOV (cp) harboring TEVp cleavage sites at 

both junctions, c) at the N-terminal junction and d) the C-terminal junction. Fluorescence distribution of cells 

transduced with a similar control vector (cntl) that lacks iLOV expression is shown for comparison.  Fluorescence 

in the green channel (iLOV) is normalized by fluorescence in the red channel (mCherry) to control for variations 

in viral integration events and gene expression level across cell lines.   
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Figure 3.S4. Fluorescence spectra of TEVp sensor. Fluorescence emission spectra of lysates prepared from 

CHO cells transduced to express circularly permuted iLOV harboring a TEVp cleavage site after the Jα-helix, 

acquired with and without induction of TEVp expression. The blank spectrum (blnk) is obtained from the lysate 

of cells transduced with a similar lentivirus that lacks iLOV expression.  
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Figure 3.S5: Fluorescence distribution of cells expressing iLOV with and without TEVp expression. The 

fluorescence profile if iLOV-expressing cells lacking any TEVp cleavage site is identical a) with and b) without 

induction of TEVp expression. Fluorescence in the green channel (iLOV) is normalized by fluorescence in the 

red channel (mCherry) to control for variations in viral integration events and gene expression level across cell 

lines.   

Table 3.S1. List of plasmids 

Plasmid  Description 

pJUMP-MT Empty bacterial expression vector 

pJUMP-iLOV Constitutive bacterial expression of iLOV  

pJUMP-cpiLOV-Jα Constitutive bacterial expression of cpiLOV with Jα helix, no 
additional linker  

pJUMP-cpiLOV-Jα-Gly4Ser Constitutive bacterial expression of cpiLOV with Jα helix and 
GGGGS linker  

pJUMP-cpiLOV-Jα-(Gly4Ser)2 Constitutive bacterial expression of cpiLOV with Jα helix and 
GGGGSGGGGS linker  

pPkg Helper plasmid for lentivirus production, supplies viral 
packaging genes 

pVSV-G Helper plasmid for lentivirus production, expresses VSV-G to 
confer broad viral tropism 
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pLenti-MT-IRES-mCh Empty mammalian (lentiviral) expression vector, using 
mCherry as a transduction marker 

pLenti-iLOV-IRES-mCh Lentiviral vector for mammalian expression of iLOV 

pLenti-cpiLOV-IRES-mCh 
 

Lentiviral vector for mammalian expression of cpiLOV with 
a 39-amino acid Jα-linker 

pLenti-cpiLOV-Jα-Lz Lentiviral vector for mammalian expression of cpiLOV with 
a 39-amino acid Jα-linker and leucine zippers on termini 

pLenti-cpiLOV-Jα-E3K3 Lentiviral vector for mammalian expression of cpiLOV with 
a 39-amino acid Jα-linker and E3/K3 electrostatically-
dimerizing peptides on termini   

pLenti-cpiLOV-Jα-gp41-1 Lentiviral vector for mammalian expression of cpiLOV with 
a 39-amino acid Jα-linker and fragments of a split gp41-1 
intein on termini 

pLenti-cpiLOV-Lz Same as pLenti-cpiLOV-Jα-Lz, but without the Jα helix 

pLenti-cpiLOV-E3K3 Same as pLenti-cpiLOV-Jα-E3K3, but without the Jα helix 

pLenti-cpiLOV-gp41-1 Same as pLenti-cpiLOV-Jα-gp41-1, but without the Jα helix 

pLenti-cpiLOV-Jα-TEVcs Lentiviral vector for mammalian expression of cpiLOV-Jα 
with a TEVp cleavage sequence replacing G4S linker 
downstream of Jα-helix 

pLenti-cpiLOV-TEVcs Same as pLenti-cpiLOV-Jα-TEVcs, but without the Jα helix 

pLenti-cpiLOV-Jα-TEVcsUS-
Lz 

Lentiviral vector for mammalian expression of cpiLOV-Jα-
G4S with leucine zippers on termini, and a TEVp cleavage 
sequence between the N-terminal zipper and cpiLOV 

pLenti-cpiLOV-Jα-TEVcsDS-
Lz 

Lentiviral vector for mammalian expression of cpiLOV-Jα-
G4S with leucine zippers on termini, and a TEVp cleavage 
sequence between the C-terminal zipper and cpiLOV 

pLenti-cpiLOV-Jα-TEVcs2-Lz Lentiviral vector for mammalian expression of cpiLOV-Jα-
G4S with leucine zippers on termini, and two TEVp cleavage 
sequences between the zippers and each terminus 

pLenti-cpiLOV-Jα-Mprocs-Lz Lentiviral vector for mammalian expression of cpiLOV-Jα 
with an Mpro cleavage sequence replacing G4S linker 
downstream of Jα-helix, and with leucine zippers on termini 

pLenti-TEV-2A-LNGFR Lentiviral vector for doxycycline-inducible expression of 
TEV protease 
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pLenti-Mpro-2A-LNGFR Lentiviral vector for doxycycline-inducible expression of 
Mpro protease 

 

Table 3.S2. Sequences of genetic constructs used in this work 

Construct Amino acid sequence 

N-terminal leucine zipper ALKKELQANKKELAQLKWELQALKKELAQ 

C-terminal leucine zipper EQLEKKLQALEKKLAQLEWKNQALEKKLAQ 

IAAL E3  EIAALEKEIAALEKEIAALEK 

IAAL K3  KIAALKEKIAALKEKIAALKE 
 

gp41-1 N terminal fragment MMLKKILKIEELDERELIDIEVSGNHLFYANDILTHNRDP
IRKPPLPARWPIH 

gp41-1 C terminal fragment CLDLKTQVQTPQGMKEISNIQVGDLVLSNTGYNEVLNV
FPKSKKKSYKITLEDGKEIICSEEHLFPTQTGEMNISGGL
KEGMCLYVKE 
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Chapter 4. Engineering a minimally sized flavin-based fluorescent protein 

This chapter consists of presently unpublished work, though preparation and submission of a 

manuscript based on this work is anticipated in the coming months. I will be the first author 

on such a manuscript, and have been responsible for conception of the project, design and 

execution of experiments, data analysis, and writing. Arnab Mukherjee will appear as the final 

author on this publication and has also participated in conception and design. This work has 

also benefited from significant contributions from Kang-Ching Fan, Rachel F. Taylor, Zoe A. 

Imansjah, and Jason S. Xie in execution of experiments. 
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4.1. Abstract 

Flavin-based fluorescent proteins (FbFPs) are, in general, smaller than more commonly 

used fluorescent proteins, such as the green fluorescent protein. In particular, the relatively 

bright and frequently utilized FbFP iLOV, derived from Arabidopsis thaliana, consists of only 

111 amino acids, making it among one of the smallest existing fluorescent proteins. Size 

constraints are common in experiments where fluorescent proteins are applied, either due to a 

genetic packaging limit, such as exists in adeno-associated virus, or due to the fluorescent tag’s 

perturbation of the tagged protein. Therefore, we sought to minimize the size of iLOV. 

Through rational deletion of amino acids based on structural data, domain insertion, and 

previous work leading to a circular permutation of iLOV, we discovered ten amino acids that 

could be deleted from iLOV without major loss of fluorescence: five from the N-terminus, four 

from the C-terminus, and one internal deletion. Combination of these deletions yields a 101 

amino acid protein we have termed “nanoLOV.”  NanoLOV retains 86.7 ± 2.2% of iLOV’s 

fluorescence, while reducing its length by 9%. We seek to further characterize nanoLOV and 

apply it in mammalian contexts.
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4.2. Introduction 

 While flavin-based fluorescent proteins (FbFPs) are well-noted for their independence 

from oxygen or any exogeneous cofactor, they also confer a major advantage over other 

fluorescent proteins due to their small size. FbFPs are typically in the range of the low hundreds 

of amino acids,1 including iLOV at 111 amino acids2 (Table 4.1). This compares favorably to 

the green fluorescent protein (GFP) and its relatives—GFP itself is 238 amino acids in length.3 

Further, other oxygen independent fluorescent proteins are larger than the smallest FbFPs. 

UnaG is 139 amino acids4 and FAST1 is 125 amino acids.5 Notably, FAST has been reduced 

in size to 98 amino acids (known as nanoFAST) by truncation of its N-terminal domain.6 In 

the similarly light-based but mechanistically distinct imaging methodology of 

bioluminescence, NanoLuc is one of the smallest available bioluminescent proteins, at 175 

amino acids,7 distinctively larger than the smallest fluorescent proteins.  

Reporter Length (amino 
acids) 

Mass (kDa) 

EGFP3 238 26.9 
iLOV2 111 12.9 

CreiLOV8 119 12.9 
CagFbFP9 107 11.6 
EcFbFP10 137 15.7 

UnaG4 139 15.6 
FAST5 125 13.6 

NanoFAST6 98 10.8 
NanoLuc7 175 19.4 

Table 4.1. Sizes of selected genetically encodable reporters. 

 One of the most widespread applications of fluorescent proteins is the fusion tagging 

of protein of interest. In this approach, a gene of interest is genetically fused to a fluorescent 

protein in a translational fusion, either directly or through a flexible linker. In these 

translational fusions, there is a preference for the smallest possible fluorescent tag in order to 

minimize perturbation of the tagged protein.11 Large tags present several obstacles to studying 
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proteins in their natural contexts: greater genetic length decreases expression of the fusion 

construct and requires more cell resources for expression,12 the steric obstacle of the fused 

protein may restrict access of substrates or binding partners to a protein’s binding site,13 or 

may disrupt protein folding.14 

 The greater genetic size of a larger fluorescent tag also complicates cell line 

engineering. Certain genetic engineering tools, such as lentivirus and adeno-associated virus, 

have limitations on the size of the genetic constructs they can confer. Lentivirus, if tasked with 

packaging a very large stretch of DNA between its long terminal repeats, loses efficiency in 

packaging as proviral length increases.15,16 Contrastingly, adeno-associated virus appears to 

have a strong upper limit on packaging capacity of about 5kbp.17 Complex genetic circuits with 

several co-expressed genes may push the size limits of these genetic engineering tools. 

Frequently, a fluorescent reporter is necessary in these circuits, either for visualization of a 

process or confirmation of editing. In such cases, minimization of the genetic size of 

fluorescent reporters saves valuable space. 

 As iLOV is an FbFP with relatively high brightness and relatively small size, we view 

iLOV as a strong candidate for developing a minimally sized fluorescent reporter. Particularly, 

we targeted for deletion unstructured domains located at termini and in loops between 

secondary structural features, as well as structural features with minimal flavin contacts and 

high fluctuation. Further, we utilized a randomized transposon-based codon deletion approach 

to scan for removable residues. Here we report a version of iLOV which we term nanoLOV, 

which at 101 amino acids is 10 amino acids smaller than iLOV at 111. Importantly, nanoLOV 

retains 86.5 ± 2.2% of the brightness of iLOV.  
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4.3. Materials and methods 

4.3.1. Cloning and molecular biology 

 Aside from constructs used in transposon-based random codon deletion (for these 

constructs, see section 4.3.3), plasmids for bacterial protein expression were constructed as 

follows. Genes were cloned into the pJUMP27-1A(sfGFP) backbone (Addgene #126974). 

iLOV was sourced from a plasmid constructed in our previous work. DNA fragments were 

amplified via PCR using Q5 High-Fidelity 2X Master Mix (New England Biolabs, Ipswich, 

MA, USA). Fragments were assembled via Gibson assembly using NEBuilder HiFi DNA 

Assembly Master Mix (New England Biolabs). Assembled constructs were transformed into 

electrocompetent Escherichia coli NEB10β cells (New England Biolabs). Plasmids were 

purified from single clones using the PureYield Plasmid Miniprep system (Promega, Madison, 

WI, USA) and sequenced via either Sanger sequencing (Genewiz, South Plainfield, NJ, USA) 

or whole plasmid nanopore sequencing (Plasmidsaurus, Eugene, OR, USA).  

4.3.2. Bacterial protein expression 

 Cloned plasmids were transformed into electrocompetent E. coli BL21(DE3) cells 

(New England Biolabs). To screen constructs, a culture was started in either 5mL of M9 

medium with 50ug/mL kanamycin in a 14mL culture tube, or in 1mL of the same medium in 

a well of a 96-well deep well plate (2.2mL volume) sealed with a gas permeable membrane 

and grown overnight (~16-20h) at 37°C with shaking at 200 rpm. Cultures were then diluted 

1:100 into 1mL of fresh M9/kanamycin media in deep well plates. These cultures were grown 

for a further 3-4 hours at 37°C and 200 rpm to an optical density (OD600) of approximately 0.5. 

For analysis, 200µL of each culture was transferred to a black, clear bottom 96-well plate 

(Costar, Corning, Kennebunk, ME, USA) and whole-cell fluorescence measurements were 
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acquired using a plate reader (Tecan Spark, Mannedörf, Switzerland). A fluorescence emission 

spectrum was acquired using an excitation wavelength of 420nm and emission wavelengths 

ranging from 465nm to 600nm in step sizes of 2nm. Monochromator slit widths were 20nm. 

Total fluorescence emission was numerically integrated from 465nm to 531nm.  

4.4. Results and Discussion 

4.4.1. Truncation of termini 

 In order to identify regions of iLOV that are conducive to construction of allosteric 

sensors, we inserted the human estrogen receptor ligand binding domain (ERLBD) at every 

position in iLOV. Fluorescence screening of these constructs in BL21(DE3) E. coli revealed 

that insertions of ERLBD near the termini of iLOV retain similar fluorescence to wild type 

iLOV. ERLBD insertions at sites upstream of Val7 and sites downstream of Leu105 have 

fluorescence at least 95% of wild type iLOV (Figure 4.1a). This apparent insensitivity to 

domain insertion near iLOV’s termini led us to infer that these terminal regions are not critical 

to iLOV fluorescence. 

 Accordingly, we deleted terminal regions of iLOV of varying lengths. From the N-

terminus, we retained M1 (necessary as it is the start codon), and deleted stretches of 5-8 

residues, making the first non-methionine residue Val7 to Asp10. Fluorescence screening 

indicated that a 5 amino acid deletion retains high fluorescence, but truncations of any greater 

number of residues greatly diminishes fluorescence (Figure 4.1b). Similarly, we deleted 

stretches of 4-9 residues from the C-terminus, making the terminal residue Gly102 to Gly107. 

Deletion of 4 amino acids from the C-terminus retains high fluorescence, though greater 

deletions result in gradually decreasing fluorescence (Figure 4.1b). Considering iLOV’s pre-

existing diminished brightness relative to GFP, we preferred not to use deletions that resulted 
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in any substantial loss of fluorescence in order to maintain a similar magnitude of fluorescence 

to wild type iLOV; therefore, we concluded that truncation of the first 5 and last 4 residues of 

iLOV was permissible, resulting in a protein running from Val7 to Gly107. 

 Viewed in the context of iLOV’s known crystal structure, these truncations avoid 

disruption of secondary structure elements. Near the N-terminus, the Aβ sheet begins at Val7, 

the first residue which does not tolerate deletion. (Figure 4.1c) This implies that an intact Aβ 

sheet is necessary for iLOV fluorescence. Near the C-terminus, the final residue of the Iβ sheet 

is Leu105. (Figure 4.1c) Though we found that C-terminal truncation beyond Ser108 leads to 

diminished fluorescence, fluorescence decreases gradually until Leu107 is truncated, at which 

point fluorescence decreases severely. Similar to the Aβ sheet at the N-terminus, disruption of 

the Iβ sheet also extinguishes fluorescence. 
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Figure 4.1. Trimming iLOV’s termini. a) Fluorescence of iLOV with human estrogen 

receptor ligand binding domain (ERLBD) inserted at positions near its termini. For insertions 

near each terminus, near-wild type fluorescence is retained. Insertions beyond Val7 lead to a 

precipitous loss of fluorescence. Insertions upstream of Leu105 similarly dramatically lose 

fluorescence. b) Fluorescence of iLOV with truncated termini. Truncation of five residues 

from the N-terminus, making Val7 the new N-terminal residue, is tolerated; similarly, 

truncation of four residues from the C-terminus, making Gly107 the new terminal residue, is 

tolerated. More severe truncation at the N-terminus result in a sudden loss of fluorescence, 

while more severe truncations at the C-terminus lead to a gradual decrease in fluorescence. c) 

Successful terminal truncations in the context of iLOV’s structure. Successful N-terminal 

truncations are shown in red and successful C-terminal truncations are shown in orange. Each 

truncation avoids disturbing or minimally disturbs secondary structure elements. 
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4.4.2. Structure-guided deletion of Dα helix 

 Building on the finding that the termini of iLOV may be shortened without major loss 

of fluorescence, we sought out additional structural elements that may be removed or 

minimized. The crystal structure of iLOV indicates that the Dα helix has a greater B-value than 

other secondary structure components (Figure 4.2a). The greater fluctuation of this helix 

suggests it may not be essential to function of iLOV as a fluorescent protein, but rather could 

be a vestige of LOV’s native role as a phototropin. Further, Dα’s closest approach to the flavin 

cofactor is 10Å, suggesting it is unlikely to participate in flavin binding. 

 
Figure 4.2. Deletion of Dα helix. a) iLOV structure colored by the mean B-factor of each 

residue. The Dα helix, shown in the foreground, has a higher B-factor than surrounding 

residues. b) Deletion of stretches of the Dα helix all reduce fluorescence to about 20% of wild 

type. 

 Dα consists of six amino acids, Ser32-Arg33-Glu34-Glu35-Ile36-Leu37. We 

constructed deletions of this helix of varying lengths: deleting Ser32 through Ile36, Ser32 

through Glu35, Arg33 through Ile36, and Arg33 through Glu35. However, none of these 

0

20

40

60

80

100

∆S32-I36 ∆S32-E35 ∆R33-I36 ∆R33-E35

Fl
uo

re
sc

en
ce

 (%
 o

f W
T)

20 Å2 53 Å2

B-factor

A B



 94 

deletions resulted in fluorescence similar to wild type iLOV (Figure 4.2b), so we concluded 

that Dα is required for iLOV fluorescence. 

4.4.3. Deletion of single small hydrophobic residues 

 As deletion of the Dα helix was not tolerated, we then sought to identify individual 

residues outside of secondary structural components (i.e. loops) that could be deleted. We 

focused our search on small, hydrophobic amino acids, namely glycine and proline, as deletion 

of hydrophilic amino acids from loops may confer a solubility penalty to the protein, and larger, 

more complex sidechains are more likely to be necessary for folding or function. We identified 

eight such amino acids as candidates for deletion: Pro11, Pro14, Pro17, Gly38, Gly46, Pro47, 

Gly78, and Gly95 (Figure 4.3a). Deletion of a majority of these candidates led to near total 

loss of fluorescence. Deletion of Pro14 severely diminishes fluorescent but does not 

completely eliminate it. However, deletion of Gly95 retains near wild type fluorescence 

intensity. Interestingly, this deletion parallels our finding that iLOV can be circularly permuted 

about Gly95 and Glu96 (Figure 4.3b). This further highlights findings from our circular 

permutation work that the Hβ-Iβ loop is particularly pliable for engineering. 

 
Figure 4.3. Deletion of single amino acids. a) Locations of candidate amino acids for 

deletion. Prolines and glycines in loops are targeted. b) Deletion of Pro14 retains 24.7 ± 1.7% 

of wild type fluorescence, deletion of Gly95 retains 97.5 ± 3.6% of wild type fluorescence, and 

each other deletion eliminates nearly all fluorescence. c) Deletion of larger stretches of the Hβ-

Iβ loop result in diminished fluorescence relative to wild type. 
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4.4.4. Shortening the Hβ-Iβ loop 

 Having found that Gly95 within the Hβ-Iβ loop can be deleted while retaining high 

fluorescence, we sought to further shorten this loop. Similar to our strategy for deleting the Dα 

helix, we removed stretches of amino acids of varying lengths and positions: Asp92 through 

Glu96, Gln93 through Glu96, and Gln93 through Gly95. Each of these deletions resulted in a 

substantial loss of fluorescence (Figure 4.3c). Additional investigation via individual deletion 

of residues in this loop is warranted. We speculate that though deletion of extended stretches 

of amino acids failed to maintain fluorescence, less severe deletions in this region may be 

successful, as multiple forms of evidence have indicated its permissibility to manipulation. 

4.4.5. Combination of terminal and internal deletions 

 We have found that, individually, iLOV tolerates deletion of five residues from the N-

terminus, deletion of four residues from the C-terminus, and deletion of Gly95. To create the 

smallest possible protein, we combined each of these three individual deletions in a single 

protein, removing a total of ten amino acids from iLOV. The combined deletions resulted in 

high fluorescence, 86.7 ± 2.2% of wildtype iLOV fluorescence (Figure 4.4). We have termed 

this protein “NanoLOV,” to date the smallest flavin-based fluorescent protein.  
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Figure 4.4. NanoLOV retains 86.7 ± 2.2% the fluorescence of iLOV while being ten amino 

acids shorter.  

4.5. Conclusions 

 Through rational structure-based deletion of amino acids from iLOV, we have 

generated an FbFP that is ten amino acids smaller than iLOV. At 101 amino acids and 11.8 

kDa, nanoLOV is the smallest FbFP by length to date. Notably, due to varying masses of amino 

acids, CagFbFP, though longer at 107 amino acids, has a slightly smaller mass at 11.6 kDa.9 

Despite this, nanoLOV’s smaller genetic footprint serves as an inherent advantage over 

CagFbFP. 

 Though there is conceptual similarity between minimization of iLOV and minimization 

of FAST (which resulted in NanoFAST), the challenges are distinct. NanoFAST was produced 

from FAST simply by truncating a 26 amino acid domain from the N-terminus. In contrast, 

critical structural elements exist near the termini of iLOV, allowing elimination of only four to 

five amino acids from each terminus. Therefore, searching for internal amino acids that may 

be eliminated is necessary to further reduce its size. In this study, we were only able to identify 

one internal deletion, Gly95. 
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 We believe there may be additional amino acids which could be deleted from nanoLOV 

to further decrease its size. We have preliminarily tested TRIAD,18 a transposon-based method 

for randomly deleting single codons from a gene; however, in our attempt most clones 

contained either additional DNA inserted, larger than expected deletions, or frameshift 

mutations. Further refinement of our implementation of TRIAD is necessary for successful 

application of this technique. Expansion of throughput by coupling TRIAD with fluorescence-

activated cell sorting and next-generation sequencing could better survey the sequence space 

and enable directed evolution. 

 As an alternative to TRIAD, individual deletion of each amino acid remaining in 

nanoLOV would conclusively determine which amino acids could be deleted. This approach 

could be supported by a high-throughput robot-enabled cloning system, known as a 

biofoundry. With such a resource, straightforward cloning and screening of order 100 

constructs is possible. If either of these approaches identifies three or more additional amino 

acids that may be deleted, NanoFAST’s mark of 98 amino acids could be matched or surpassed, 

resulting in, to our knowledge, the smallest fluorescent protein. 

 We plan to soon demonstrate the broad utility of nanoLOV by demonstrating its 

expression in mammalian cells. Upon expression in mammalian cells, we will measure 

nanoLOV’s photobleaching rate relative to iLOV. Further, we plan to fuse nanoLOV to various 

subcellular localization sequences and observe their proper localization via confocal 

microscopy. We anticipate that this will enable investigation of the trafficking of arbitrary 

proteins with a minimally small fluorescent tag, while avoiding need for externally introduced 

cofactors. 
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 We also plan to further characterize nanoLOV through in vitro methods. We will purify 

nanoLOV through nickel-affinity chromatography; and determine fluorescence spectra, 

approximate quantum yield, oligomeric state, and melting temperature. This investigation will 

help determine if drawbacks are introduced by the deletion of amino acids from iLOV. We 

anticipate that nanoLOV’s melting temperature will decrease from that of iLOV, resulting in 

somewhat less efficient folding and expression, leading to the slightly diminished brightness 

of iLOV. However, for applications where fluorophore size is severely limited, nanoLOV’s 

small size may outweigh any challenges. 

 We are interested in pursuing a circular permutation of nanoLOV. As described in 

Chapter 3, cpiLOV is 44 amino acids longer than iLOV itself. This lengthening thus diminishes 

iLOV’s inherent small size advantages. Could nanoLOV be circularly permuted through the 

same strategy used to circularly permute iLOV? Circular permutation of iLOV required 

addition of a flexible linker, thus it is unclear if a longer linker would be required with the 

terminal regions of iLOV truncated in nanoLOV. It could perhaps be more effective to 

minimize cpiLOV itself, such as by finding a shorter substitute for the Jα helix.  
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Chapter 5. Conclusions 

This chapter summarizes the advances this work has contributed toward the advancement of 

flavin-based fluorescent proteins, and discusses further development and fundamental 

scientific questions raised by the developed technologies and the lessons learned in developing 

them.
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5.1. Advancement of flavin-based fluorescent proteins 

 The ultimate goal of this dissertation research program was to adapt existing flavin-

based fluorescent proteins (FbFPs) for more effective and advanced bioimaging applications. 

Throughout this work, we have sought to preserve the intrinsic strengths of FbFPs – namely 

small size and independence from oxygen or other exogeneous cofactors,1 while mitigating or 

eliminating their weaknesses. We have made significant progress in understanding FbFPs’ 

relationship with their flavin chromophore, enabling advanced biosensor construction via 

circular permutation, increasing cellular brightness, and further minimizing the size of FbFPs. 

However, major challenges remain. Particularly, FbFPs lack a varied color palette, allosteric 

biosensors, a strong biophysical understanding of factors impacting their fluorescence spectra 

and yield, and widespread usage across varied organisms and contexts.2 

 We have developed a generalized method for preparing FbFPs without their flavin 

cofactor in such a manner that they spontaneously can reassociate with flavins to restore 

fluorescence. Unsupported denaturation and buffer exchange of an FbFP results in an insoluble 

aggregate that cannot be fluorescently reconstituted. However, binding an FbFP to a nickel 

resin followed by chemical denaturation, washing, refolding, and elution results in a soluble, 

non-fluorescent apo FbFP. Addition of flavin mononucleotide (FMN) restores FbFP 

fluorescence, with excitation and emission spectra that match those of FbFPs that did not 

undergo deflavination. This held for both of the FbFPs we attempted to deflavinate, iLOV and 

EcFbFP. 

 Our preparation of apo FbFPs allowed us to characterize the binding interaction 

between FbFPs and their flavin cofactors. We observed dissociation constants (KD) for iLOV 

and EcFbFP and their native FMN cofactor on the order of 100nM. Considering typical 
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intracellular flavin concentrations are on the order of 1-10µM,3 nearly all FbFPs expressed in 

cells should be flavin-bound.  

We were also able to investigate binding interactions between FbFPs and other flavins, 

namely riboflavin (RF) and flavin adenine dinucleotide (FAD). Interestingly, both iLOV and 

EcFbFP showed slightly greater affinity for FAD than for FMN. As FAD is somewhat more 

prevalent in cells than FMN,4 this raises an interesting question: Are a large portion FbFPs in 

their cellular context bound to FAD rather than FMN? Purification of FbFPs followed by liquid 

chromatography and mass spectrometry is needed to elucidate the relative abundance of FMN 

and FAD binding.  

Each FbFP showed less affinity for RF than for FMN or FAD, with dissociation 

constants of 890nM and 760nM. Riboflavin differs from FMN and FAD by the group on the 

end of their sugar chain: FMN has a phosphate group, FAD has an adenine dinucleotide (which 

includes two phosphate groups), while RF only has a hydroxyl group. This suggests that the 

phosphate group interacts with residues on the edge of the binding pocket, thereby increasing 

affinity. Understanding this interaction can guide selection of non-native cofactors for further 

engineering of FbFPs. 

We have successfully engineered a circular permutation of iLOV, one of the first such 

permutations of FbFPs and the first extensively engineered for application itself. While a 

circular permutation of MiniSOG has been created,5 it was used chiefly as a means to engineer 

a split MiniSOG, and useful application of the circular permutation has not been demonstrated. 

We embarked upon a campaign to convert a naïve, dimly fluorescent circularly permuted iLOV 

into a bright, highly useful fluorescent protein. We elucidated three major principles that 

enhance circularly permuted iLOV’s fluorescence: (1) a helical connection between iLOV’s 
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original termini, such as the Jα helix, is necessary, (2) an additional flexible linker is needed 

in addition to the Jα helix and optimization of its length influences fluorescence, and (3) 

addition of dimerizing domains to the new termini of cpiLOV greatly increases fluorescence. 

We are curious if these design rules will hold to enable circular permutation of additional 

FbFPs – and optimization of these additional circularly permuted FbFPs may help uncover the 

biophysical phenomena that underlie these design principles. 

Interestingly, addition of dimerizing domains (namely, leucine zippers) to the termini 

of unpermuted iLOV results in a boost to its fluorescence. The biophysical mechanism of this 

increase requires additional investigation, but gives rise to interesting hypotheses. The coiled-

coil domains are predicted to tightly hold the termini of both iLOV and cpiLOV close to one 

another. We speculate that the entropic penalty that would be imposed by separating the coiled 

coils prevents the protein from visiting conformations in which water can access the flavin 

chromophore. As FbFPs fluoresce by modulating the intrinsic fluorescence of flavin,6 both 

blue shifting it and increasing intensity relative to flavin in an aqueous solution. Thus, limiting 

solvent access to the bound flavin may cause FbFP-bound behavior to dominate over aqueous-

like behavior. 

We have utilized our zipped, circularly permuted iLOV (cpiLOV-Lz) to develop 

sensors for protease activity. Simple replacement of the flexible linker of cpiLOV-Lz with a 

protease cleavage sequence results in protease-induced loss of fluorescence. We have 

developed two such sensors, one for tobacco etch virus protease and one for SARS-CoV-2 

main protease. These designs serve as a template to construct sensors for other proteases. Given 

the centrality of proteases to viral reproduction,7 we envision that this design paradigm could 

enable rapid development of a sensor for activity of proteases implicated in propagation of an 
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emergent pathogen. Such a sensor could then enable a high-throughput screen of protease 

inhibitor candidates toward identification of an antiviral drug.  

We have also developed a minimized version of iLOV which we have termed 

“nanoLOV.” NanoLOV eliminates ten amino acids from iLOV, bringing its length down to 

101 amino acids, while retaining 86.7 ± 2.2% of iLOV’s fluorescence. This makes nanoLOV 

one of the smallest known fluorescent proteins, to our knowledge exceeded only by NanoFAST 

(at 98 amino acids).8 Notably, nanoLOV enjoys a distinctive advantage over NanoFAST 

because it does not require introduction of an outside cofactor, allowing it to act completely 

autonomously. Meanwhile, nanoLOV enjoys an advantage over other FbFPs and GFP-derived 

FPs due to its decreased size, enabling less perturbative tagging of fusion proteins and better 

accommodating complex gene circuits when genetic size is severely limited. 

Our development of cpiLOV and nanoLOV highlights an important parallel: Gly95 

appears to be a particularly pliable site for engineering iLOV. The site we successfully 

circularly permuted iLOV about was also the only internal residue we were able to successfully 

delete from iLOV in construction of nanoLOV. This apparent pliability suggests that future 

manipulations of iLOV will be most successful if targeted to the Hβ-Iβ loop in which Gly95 

resides. These manipulations may include development of a split iLOV, where two 

independently non-fluorescent fragments of iLOV can be fluorescently reconstituted; or 

creation of an allosteric sensor by insertion of a metabolite binding domain at this site, either 

in iLOV or at the termini of cpiLOV. Careful investigation of other loops of iLOV may help 

identify other such pliable sites. 
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4.2. Further investigation enabled by this work 

 A major outstanding shortcoming of FbFPs is their lack of a varied color palette. GFP, 

dsRed, FAST, and other classes of fluorescent proteins have a diverse selection of colors, 

allowing them to be multiplexed or adapted to systems with limitations on certain wavelengths. 

We see replacement of the native flavin cofactor with a modified flavin as a promising avenue 

toward a varied color palette. Indeed, some progress has been made in this direction, by 

incorporating roseoflavin into the FbFP Slr1694,9 resulting in red shifted fluorescence, though 

the quantum yield is severely diminished. Our development of a method to reversibly remove 

flavins from FbFPs in vitro may enable screening of large libraries of modified flavins for 

FbFP binding and fluorescence without the obstacles of cellular transport, biosynthesis, 

toxicity, or competition from native flavins. If such an approach identifies a promising binding 

partner for an FbFP, these obstacles can then be mitigated as needed toward developing a 

bright, autonomous, non-green FbFP. 

 The Jα helix included in cpiLOV raises an interesting biophysical issue: in its native 

context, while Jα remains a helix in the dark, it unravels when exposed to blue light.10 

Therefore, it is possible that cpiLOV and sensors based on cpiLOV could alter their behavior 

upon illumination due to changes in the Jα helix. Potentially, Jα could be partly responsible for 

the diminished fluorescence of cpiLOV relative to iLOV by diverting some energy that would 

otherwise be emitted as a fluorescent photon into a conformational change in Jα. We suggest 

further study of illumination-related behavior of Jα in the context of cpiLOV through several 

avenues: (1) determining if light-based unfolding of Jα occurs in cpiLOV via electron 

paramagnetic resonance (EPR), (2) detecting changes in the behavior of Jα between cleaved 

and uncleaved states of our protease sensors, and (3) replacing Jα with an inert, non-light-
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reactive helix of similar length. These biophysical studies could greatly expand our 

understanding of the mechanisms affecting FbFP function. 

 In the cases of both iLOV and cpiLOV, addition of dimerizing domains to termini 

dramatically increased fluorescence, more than doubling the fluorescence absent dimerizing 

domains. While this increased fluorescence provides a major boon to utility of iLOV, the 

mechanism underlying it remains unknown. At the most basic level, in vitro characterization 

of zipped iLOV and cpiLOV is necessary to distinguish whether the protein is intrinsically 

more fluorescent or is just more highly expressed with zippers. We can also utilize 

deflavination and melting curves to determine dimerizing domains’ impact on flavin affinity 

and thermostability, both of which we anticipate will be bolstered. Furthermore, we suggest 

utilizing EPR and X-ray crystallography to determine if the coiled coils fold back upon iLOV, 

potentially having an impact on fluorescence beyond just stabilizing the termini. 

 A significant complication in the use of FbFPs is their propensity for rapid 

photobleaching,11 which can occur on the scale of 30 seconds under normal microscopy 

conditions due to high intensity of excitation lamps or lasers. This can result in false negative 

results, as the time a researcher needs to focus the microscope and identify a region of interest 

can result in a total loss of fluorescence prior to image capture. As such, with a rapidly 

photobleaching fluorophore, researchers may need to reduce excitation power or exposure 

time, both of which decrease signal to noise ratio. We intend to evaluate if any of the 

manipulations we have made to FbFPs impacts their photobleaching rate, either positively or 

negatively. 

 While there is not great utility in sensing activity of TEV protease itself, we believe our 

TEV protease sensor can be adapted to a broad range of phenomena through the use of a split 
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TEV protease. In short, TEV protease has been split into two pieces which individually are 

catalytically incompetent, but if the pieces are reconstituted by other protein-protein 

interactions, TEV protease can cleave its substrate.12 Therefore, any protein-protein interaction 

that can cause reconstitution of split TEV protease should be able to be detected with our TEV 

protease sensor. Conditionally dimerizing peptides, such as FKBP12/FRB (which dimerize in 

the presence of rapamycin)13 or calmodulin/RS20 (which dimerize in the presence of 

calcium)14 could be used as proof of concept for such “indirect” sensors.  

 Throughout this work, we have maintained a vision of tool-building with FbFPs. The 

greatest impact of GFP has come from the tools built upon its foundation; as such we seek to 

begin a library of allosteric FbFP-based biosensors. These sensors would involve fusion of a 

binding domain to an FbFP in a manner that would modify FbFP fluorescence depending on 

analyte binding. Allosteric sensors are particularly attractive due to their reversibility and the 

rapid timescale of their response –signal can change nearly as soon as the analyte binds, 

avoiding delays involving transcription, translation, diffusion, or degradation. These sensors 

could take the form of a whole or split binding domain, translationally fused to either an FbFP 

or circularly permuted FbFP. As such, cpiLOV allows access to a greater design space for these 

sensors. Calcium is a prime target for a first cpiLOV-based allosteric sensor, just as calcium 

was the target of cpGFP-based allosteric sensors.15  

 We hope to develop further synergy between cpiLOV and nanoLOV. These two 

projects have had opposite impacts on the size of iLOV: nanoLOV reduced its size by 10 amino 

acids, while cpiLOV increased its size by 45 amino acids (or by 104 amino acids for cpiLOV-

Lz). This raises the complementary questions (1) Can nanoLOV be circularly permuted? and 
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(2) Can cpiLOV be minimized. We hope such a pursuit will prevent researchers from needing 

to trade off size against versatility in selecting an FbFP. 

 We desire to bring our work on nanoLOV to its natural conclusion through further 

characterization and demonstration. We are in the process of purifying nanoLOV, which can 

then be used to determine fluorescence spectra, quantum yield, melting temperature, 

oligomeric state, flavin affinity, and other critical parameters. Similarly to zipped iLOV and 

cpiLOV, it is an outstanding question whether varying fluorescence is due to intrinsic 

fluorescence of the protein or altered expression. We plan to demonstrate that nanoLOV can 

be expressed in mammalian cells, first targeting CHO cells as we have with cpiLOV. Upon 

accomplishment of that objective, we also plan to demonstrate that nanoLOV can be used to 

visualize the localization of proteins by tagging nanoLOV with various localization sequences. 

We anticipate there may be difficulties caused by rapid photobleaching coupled with the high 

laser power needed for confocal microscopy, so we may explore use of total internal reflection 

microscopy to decrease the amount of excitation light incident on the sample. 

 The experimentation we report here was performed under normoxic conditions, though 

one particular advantage of FbFPs is their ability to function in the absence of oxygen. Though 

it has been shown that FbFPs function similarly under normoxic and hypoxic conditions,16 we 

hope to complete the narrative of developing advanced oxygen-independent fluorescent 

proteins by demonstrating their use in hypoxic contexts. Especially enticing is completing 

development of a sensor for caspase activity, then demonstrating its use in a model of the 

hypoxic core of a solid tumor,17 in which caspase disorders often lead to malignancy.18 

 In conclusion, we have developed several technologies that have advanced the 

usefulness of FbFPs. In developing these technologies, we have gained important biophysical 
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insights into the function of FbFPs and the “knobs” that can be turned to manipulate the 

qualities of FbFPs.  We hope that these technologies will find widespread use in molecular 

biology and enable interrogation of previously inaccessible tissues, systems, and phenomena. 

Further, we hope that our tools will form the basis for a toolbox of FbFP-based sensors 

developed by others. 
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