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Abstract: Rational design of a genetically encoded fluorescent protein 

color switch using a modular, entropy-driven mechanism 

Anna M. John 

Engineered protein conformational switches have applications in cellular and in 

vitro biosensing, molecular diagnostics and artificial signaling systems in synthetic 

biology. They broadly consist of an input module and an output module that 

communicate via a conformational change. The overarching goal of this thesis is 

to tackle two major challenges in protein switch design - signal transduction, by 

coupling a target recognition domain to an output domain to produce a robust 

change in signal in addition to modularity, which allows the facile creation of 

sensors binding novel targets. Here, we attempted to test a rational design strategy 

that exploits two key protein engineering principles (1) loop entropy, by which long 

insertions into a loop of a host protein destabilizes the host due to an entropic cost 

associated with loop closure unless the inserted sequence adopts a folded 

structure; and (2) alternate frame folding (AFF), which allows a protein - green 

fluorescent protein variants(GFP), in this case - to switch between two mutually 

exclusive folds. Toward this goal, we first studied the effect of loop entropy at two 

different insertion sites in a GFP variant (chapter 2) using a well-characterized 

ribose binding protein as the input domain. We provide stability measurements 

using circular dichroism and fluorescence data to support our hypothesis of the 

application of the loop entropy principle in a GFP beta barrel scaffold. To provide 

a proof-of-concept of the combination of loop entropy and the AFF mechanism in 

a genetically encodable GFP scaffold, we chose an unstable, circularly permuted 
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FK506-binding protein (cpFKBP) as the input recognition domain and inserted it in 

one of the two mutually exclusive folds of the GFP-AFF fusion protein (chapter 3). 

Upon addition of ligand, binding induced folding of the cpFKBP domain effects a 

conformational change in which the tenth beta strand of GFP exchanges, replacing 

Thr203 (green state) with Tyr203 (yellow state). We confirmed this mechanism in 

vitro by a ratiometric change in fluorescence output and observed that the process 

is slow and irreversible. We elucidate the biophysical principles underlying this 

mechanism by using denaturant and temperature to modulate the relative 

populations of the two folds in vitro. We also observed a faster and higher 

intensiometric response in mammalian cells which may be attributed to an 

alternate mechanism. We then harnessed this intensiometric response in a single 

fold of the fluorescent protein combined with a previously engineered monobody 

scaffold capable of binding a variety of targets (chapter 4). Altogether this work 

may have the potential to create a novel class of fluorescent protein biosensors 

comparable to existing single fluorescent protein-based biosensors currently 

available. 
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 Complex processes within the cellular milieu are essentially a network of 

biochemical encounters involving nucleic acids, proteins, peptides and smaller 

metabolites. To gain a deeper understanding of these biological systems, it is 

necessary to employ tools that allow us to visualize the underlying molecular 

events. Providing such “visuals” along a biological pathway is the raison d’etre for 

designing tools that act like “molecular torches”, as they aid our understanding of 

the spatiotemporal regulation of signaling networks at the cellular and subcellular 

level. This thesis is aimed toward describing some of the biophysical principles that 

underlie the rational design of one such tool – a modular, color-switching 

fluorescent protein (FP) biosensor.  

The goal of this introduction section is to briefly describe the main 

characteristics and challenges involved in developing a protein switch design 

strategy, the available fluorescent protein-based biosensor designs and the key 

features of the design strategy used in this study. 

 

1.1 Protein switches for biosensing – an overview 

According to the definition proposed by the International Union of Pure and 

Applied Chemistry (IUPAC 1999), “a biosensor is a self-contained integrated 

device capable of providing specific quantitative or semi-quantitative analytical 

information using elements retained in direct spatial contact with a transduction 

element”1. A biosensor essentially comprises an input module, which interacts with 

the analyte, and an output module that reports on that interaction2. The ability of 
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biosensors to rapidly and specifically detect a variety of target molecules make 

them relevant tools in a wide range of industrial, medical, ecological and scientific 

applications3. The choice of biosensor design takes into account factors such as 

the target specificity, dynamic range, functional range, mode of output, response 

time, ease of use and engineering. Biosensors are diverse in their functionality, 

design rationales, limitations and their applicability in a range of industrial and 

research contexts. Based on the type of molecular recognition unit used and output 

response, biosensors can be classified as optical-based, electrochemical-based, 

nucleic acid–based, aptamer-based, antibody-based and whole cell–based 

biosensors. For more details on these types of biosensors, the reader is directed 

to descriptive reviews by Morales M. et al.4, Carpenter C. et al.3, Naresh V. et al5. 

In this introductory chapter, I will focus on the design principles of an optical-based 

biosensor. 

Natural protein switches occur as facilitators of biological function that link 

input signal to output responses6. Engineered protein switches for biosensing are 

created by functionally coupling domains that sense a stimulus (e.g., ligand 

binding, post-translational modifications, voltage, photon absorption, change in 

pH) and domains that report such events (e.g., photon emission, enzymatic 

function, gene transcription)6. Broadly, signal transduction can be described as a 

conformational response to an input stimulus that leads to a functional output 

(Figure 1.1A). The two units can be part of two separate entities or be a part of a 

single entity. A major challenge in designing protein switches lies in the capability 

to couple the two units in a manner that achieves signal transduction via a non-
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leaky communication channel. To that end, some design considerations for protein 

switch function include (1) the presence of a switching mechanism, (2) an 

ensemble of conformational states (3) a pre-existing/engineered input to the 

switch, and (4) tuning of the energy landscapes underlying switch function7 (Figure 

1.1B).  
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Figure 1.1: Essential features of a protein switch. (A) Protein switches 

comprise an input stimulus coupled to an output response by a signal transduction 

mechanism. This thesis will focus on addressing the challenge of coupling a ligand-

binding input domain to a fluorescence output. Sensors and switches are not 

limited to inputs such as ligand binding, post-translational modifications (PTMs) 

and light absorption or optical and catalytic outputs alone, as portrayed in the 

figure. (B) Protein switch function is determined by four critical components (1) the 

presence of multiple conformational states, (2) with distinguishable functions, (3) 

that are populated differentially in response to a stimulus, (4) as a result of their 

suitable energy landscapes. Here, these components have been illustrated with 

the example of calmodulin, a naturally occurring Ca2+ binding signaling protein 

(adapted with permission from Alberstein R. et al.7, 2022). 
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Incorporating protein switches in  the design of biosensors is advantageous 

for several reasons8. Firstly, the fundamental capacity to undergo a conformational 

change in response to ligand binding is intrinsic to proteins. As recognition 

domains, proteins have the advantage of high specificity and affinity to their 

cognate partners. The protein-ligand binding interface consists of many weak, non-

covalent interactions (such as hydrogen bonding, hydrophobic effect, and van der 

Waals forces) that span extensive, three-dimensional surfaces.  These interactions 

enable selectivity when contaminants are present in a sample. Secondly, protein 

switches are abundant in nature6. They are also amenable to the introduction of 

novel binding properties including specificities, affinities and functions that allow 

their application in detecting a wide range of target molecules. Lastly, protein 

switches depend on a conformational bias dictated by the target analyte 

concentration and thermodynamic equilibrium, making them an effective scaffold 

for rationally optimizing dynamic range9 and limit of detection (LOD)10, without 

compromising its target specificity.  

 The last decade has seen rapid advancements in the field of protein switch 

design. Rational (sequence and structure-based)11,12, directed evolution13,14, semi-

rational (computational and rational)15 and de novo16 design strategies have been 

employed to incorporate the afore mentioned protein switch components to create 

improved protein switch designs. Many of these efforts are aimed toward achieving 

two key goals: signal transduction (i.e., a strategy for joining input and output 

domains such that the signaling event is transduced to a detectable response) and 

modularity (the capability of substituting different recognition domains for sensing 
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a target of choice).  

This dissertation work undertakes a rational design approach to achieve 

signal transduction and modularity using a single fluorescent protein (comparable 

designs are described in Section 1.3). Here, a ligand binding protein constitutes 

the target sensing domain and a fluorescent protein, the output domain that 

provides a quantifiable response (Figure 1.1A). In Section 1.2 the reader will be 

introduced to the most prevalent genetically encodable fluorescent reporter —

green fluorescent protein.  

 

1.2 Green fluorescent protein  

 Ever since its discovery in the early 90’s, the green fluorescent protein 

(GFP) and its derivatives have been widely used as genetically encoded 

fluorescent reporters17–22. Genetic encodability provides the advantage of enabling 

introduction into cells, tissue or whole organisms over synthetic dyes, and quantum 

dots. FPs are commonly engineered to be employed as markers of gene 

expression and protein localization and as an indicator of protein-protein 

interactions (PPIs) to monitor and visualize their dynamics at the single molecule 

level18,23,24.  

 GFP was first isolated from jellyfish, Aequorea victoria (avGFP). Further 

ground-breaking findings about avGFP structure and photophysical properties, by 

M. Chalfie, O. Shimomura and R. Tsien, resulted in their award of the 2008 Nobel 
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Prize in Chemistry25. The history and engineering of GFP has been extensively 

covered in many reviews17,18,26–34. 

 

1.2.1 GFP structural features  

 GFP is a monomeric, 238-amino acid auto-fluorescent protein as it does not 

require any cofactors for fluorescence35. The X-ray crystal structure of wild type 

GFP revealed an 11-stranded beta-barrel with an internal alpha helix19 (Figure 

1.2A). The chromophore, formed by an extended and rigidly enclosed conjugated 

𝜋 system, is attached to the α-helix and buried in the center of the barrel measuring 

~30 Å in diameter and ~40 Å in length36. The rigidly protected microenvironment 

of the chromophore confers remarkable structural stability and high fluorescence 

quantum yield to GFP. The denatured wild-type protein exhibits an absorption 

maximum at 348 nm at neutral or acidic pH and at 448 nm at alkaline pH, with a 

pKa of 8.137. Upon denaturation, the protein loses structure and fluorescence is 

lost but the chromophore remains chemically intact. Therefore, fluorescence is a 

good indication of the protein’s tertiary structure32,34,35,38.  

In cells, GFP undergoes a post-translational chromophore maturation step  

which entails three processes, namely, cyclization, dehydration and a slow 

oxidation reaction (Figure 1.3). The maturation of the chromophore does not 

require the involvement of any additional cofactors or enzymes except for 

molecular oxygen. The chromophore is a p-hydroxybenzylidene-imidazolinone 

(HBI) formed from a tripeptide in the central helix, X65-Tyr66-Gly67, which adopts 
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multiple protonation states. The dimly fluorescent neutral/protonated phenol form 

is excited at a shorter wavelength (395 nm) and the brighter deprotonated 

phenolate form is excited at a longer wavelength (475 nm)18,19,38.  

The chromophore photophysical properties are influenced by neighboring 

polar groups, structured water molecules and particularly residues, Gln69, Arg96, 

His148, Thr203, Ser205 and Glu22218. It was found that Arg96 and Glu222 are 

highly conserved among FPs, playing the role of an electrostatic catalyst and as 

base catalyst, respectively in the first step of chromophore maturation i.e., 

cyclization and subsequent proton removal from the Cα of Tyr6639,40. The 

crystallographic structure of a variant called enhanced GFP (EGFP) showed a 

stabilizing role of Glu222 while contributing to the rigidity of the chromophore 

cavity, in addition to its catalytic function41. Another conserved residue is the Gly67 

in the chromophore, allowing the formation of a central α-helix with the required 

kinked conformation. Position 66 is occupied by Tyr in all natural FPs and has been 

modified to a His in the blue-emitting and Trp, in the cyan-emitting FP variants18. 

Other conserved residues in the lid regions of the beta barrel are located at 

positions 89, 91, 196 on the same side as the N- and C-termini, and residues 20, 

23, 27, 53, 101, 102, 104, 127, 130, 134 and 136 on the opposite lid42. The proline 

residues at 89 and 196 are preceded by a trans- and cis-bond, respectively. The 

X88-Pro89 and X195-Pro196 regions are considered critical for maintaining a kink 

in the central α-helix required for chromophore synthesis43. It is evident that the 

chromophore contacts residues within the beta barrel contributing to the protein 

stability as it has been shown that FP mutants incapable of forming a chromophore 
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have decreased stability with respect to their chromophore-forming 

counterparts.44,45. 
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Figure 1.2: Structural features of GFP beta barrel. (A) GFP beta barrel 

architecture as determined by X-ray crystallography19. The internal α-helix is 

shown in red and the internal chromophore region, as black spheres (PDB:2B3P). 

(B) A topology diagram of the beta strand arrangement in GFP. The β-strands are 

shown in green, α-helices in blue, and connecting loops in grey. The antiparallel 

beta strands (except for the interactions between stands 1 and 6) form the compact 

beta barrel structure. 

A B

1 2 3 11 10
7 8 9 4 5 6
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1.2.2 GFP variants 

 GFP has been engineered to design new and improved variants that are 

brighter, cover a broader spectral range, exhibit enhanced photostability, and that 

possess faster maturation rates, efficient folding properties, reduced 

oligomerization and pH/halide insensitivity24,33,46–48. The color hues are mainly 

determined by three residues that comprise the chromophore at positions 65-66-

67 (SYG in avGFP). The key variants are colored blue (SHG), cyan (TWG), green 

(GYG with a Thr203) and yellow (GYG with a Tyr203) with chromophore structures 

as shown in Figure 1.3B. Although the chromophore tripeptide may be identical 

for the green and yellow FPs (i.e., GYG), an ~20 nm shift of emission wavelength 

arises solely due to the introduction of a Tyr residue at position 203 instead of 

Thr49. Wachter et al. reported structural information indicating that Tyr203 is 

involved in a π − π stacking interaction with the phenolic ring of Tyr66 from the 

chromophore50.  

 Pédelacq et al. created a robustly folded version of GFP, superfolder GFP 

(sfGFP)51 with the following modifications: S30R, Y39N, F64L, S65T, F99S, 

M153T, V163A, N105T, Y145F, I171V and A206V. Upon solving the crystal 

structure, it was found that S30R had the greatest effect on sfGFP folding as the 

Arg30 induced the formation of a five-membered ionic network between strands 

β1 (Glu17), β2 (Glu32 and Arg30), β5 (Glu115) and β6 (Arg122) of the beta barrel. 

Replacing Tyr39 with Asn initiated the formation of an alpha helix at the loop 

between strands β2 and β3, possibly contributing to the stability of this region. 

Mutations at residues 145 and 171 were included to reduce the formation of off-
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pathway intermediates that may cause aggregation. The modifications Asn105Thr 

and Ala206Val likely increased the solubility of the native, monomeric form of the 

protein51. 

 The sfGFP and other variants of GFP have been further engineered to 

tolerate peptide/protease cleavage site insertions52–54 and circular 

permutation52,55. Circular permutation is the rearrangement of the amino acid 

sequence of a protein such that its original amino- and carboxy terminal regions 

are joined by linker residues and new termini are generated at an alternate location 

(commonly at a surface loop)56–59. Based on fluorescence and solubility of 

constructs, Pédelacq et al. also showed that sfGFP can tolerate circular 

permutation at 13 sites — with starting residues 23, 39, 51, 91, 102, 117, 140, 145, 

157, 173, 189, 195 and 21451. Of these, the permutation sites relevant to this 

dissertation are located at the loops connecting beta strands located at/near 

residue 157 (β7 and β8), 173 (β8 and β9), 195 (β9 and β10) and 214 (β10 and 

β11). 

 The sfGFP variant crystallized as a monomer (PDB:2B3P) and exhibited 

relatively higher folding efficiency at 37°C, faster refolding kinetics, greater 

tolerance to chemical denaturants and random mutations which usually reduce the 

GFP folding yield in other variants51. These properties make sfGFP an appropriate 

choice as a GFP scaffold in the protein engineering efforts undertaken within this 

dissertation. 
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Figure 1.3: Chemical reaction model for Aequorea victoria GFP chromophore 

maturation and chromophore structures of derivatives. (A) Autocatalytic 

reaction mechanism of GFP chromophore formation from a Ser65-Tyr66-Gly67 

tripeptide by intramolecular biosynthesis, proposed by Cubitt et al.28 Rate 

constants were estimated by Reid & Flynn35 and Heim et al.60 (modified and 

adapted with permission from Trujillo C. et al61.) (B) Chromophore structures of 

common avGFP derivatives, (1) BFP, (2) CFP, (3) EGFP, (4) YFP. Trp66 in (2) is 

A

B

cyclizationfolding

dehydration

oxidation
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shown in the cis conformation as in the structures of Cerulean derivatives62 rather 

than the trans isomer that is seen in other related CFP variants. Chromophore 

regions that are conjugated and responsible for fluorescence are shaded with 

colors corresponding to the emission spectral profile (modified and adapted with 

permission from Shaner et al.33 
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1.2.3 GFP – folding properties 

 The main methodological approach to study the folding and stability of 

globular proteins involves examining their in vitro unfolding and refolding induced 

by external factors such as a chemical denaturant, pH and temperature of the 

solution. This allows one to record the stationary and (or) kinetic dependencies of 

a protein’s structure in its native or denatured state and thereby, deduce the 

protein’s energy landscape63,64. 

Energy landscape 

 In the case of GFP, most studies related to unfolding-refolding were 

performed with the cycle365–69 or sfGFP variants43,70,71 using chemical 

denaturants, guanidium chloride (GdmCl)43,66,67 and guanidine thiocyanate 

(GTC)71, pH changes65,72 and changes in ionic strength73. FPs possess a unique 

chromophore and a single Trp residue, Trp57, which are sensitive to the structure 

of the protein, and nonradiative energy transfer from Trp to the chromophore in the 

neutral state exists in the native protein. Therefore, several studies have used 

fluorescent methods to monitor changes in the protein under different treatment 

conditions43,65,66,68,69,71,72,74. Additionally, circular dichroism (CD)67,72, small angle 

X-ray scattering (SAXS)65, single-molecule mechanical unfolding75–78, single-

molecule fluorescence74 as well as theoretical methods79,80 have been employed 

to characterize the unfolding-folding processes. Enoki et al. were the first to report  

detailed kinetic experiments on the folding of GFP, detecting five kinetic phases 

and a parallel folding pathway resulting from proline isomerization72. All these 

studies concede on the fact that FPs have a very high resistance to denaturing 
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effects, with a complex energy landscape and multiple intermediate states and 

pathways as well as high energy barriers.  

Hysteresis in GFP 

 Studies using GdmCl as denaturant revealed that the denaturant-

dependent sigmoidal curves are quasi-stationary and change over time43,66,67. 

Andrews et al. showed that the equilibrium unfolding and refolding experiments 

conducted with sfGFP are non-coincident indicating that the rates of unfolding and 

refolding are different43. This is an interesting observation because sfGFP, 

generated by directed evolution, previously demonstrated 100% fluorescence 

recovery in refolding experiments51. The non-coincidence of the unfolding and 

refolding transitions is attributed to hysteresis. Hysteresis is a property in which a 

system does not respond rapidly to the forces applied to it, possibly due to a 

bifurcation in the energy landscape42. The phenomenon of hysteresis has 

previously been observed in multimeric proteins81–84 and modular repeat proteins 

such as titin85,86, a molecule comprising 21 repeat domains. The apparent 

hysteresis in sfGFP is explained by the slow folding and unfolding kinetics that 

make it non-conducive to reach equilibrium, particularly at the midpoint of 

transition, the Cm (defined as the denaturant concentration at which both the 

unfolded and folded states are equally populated for a two-state protein folding 

pathway87) or at the center of the chevron plot. Andrews et al. also observed that 

variants with mutations that impaired chromophore formation, including the 

sequence variant, R96A and at the residues N-terminal to the prolines (Pro89 and 

Pro196) involved in cis-trans isomerization, lacked hysteresis43. The amelioration 
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of hysteresis by mutations that impede chromophore formation suggests that the 

hysteretic effect in sfGFP may be attributed to the specific structural feature of the 

chromophore. 

Co-translational folding of GFP 

 The above-mentioned studies provide insight on the unfolding-refolding 

processes of GFP in vitro in the context of an already formed chromophore. Within 

the cellular milieu, the folding of a newly synthesized polypeptide chain is different 

wherein the de novo formation of the chromophore occurs. Commonly, nascent 

peptide chains exit the ribosome tunnel into the crowded environment of the 

cytoplasm and fold into their functional tertiary structure with the help of 

chaperones and chaperonins. However, initial in vivo studies by Ugrinov and 

Clark88 followed by Kelkar et al.89 suggest that co-translational folding 

intermediates comprising the N-terminal strands β1- β10 of FPs remain kinetically 

trapped outside the exit tunnel in a non-native, on-pathway intermediate state that 

retains folding competence for long periods of time. Kelkar et al. also showed that 

the final steps in FP folding — the formation of a partially folded intermediate and 

the slow incorporation of β11 into the final beta barrel structure — is unaffected by 

the cellular folding environment89. These events are followed by the post-

translational chromophore maturation steps. 

 The knowledge gained from numerous studies on the structure of GFP, its 

folding pathway and photophysical properties have been applied to strategically 

design biosensors with a range of uses in the field of cell biology. In Section 1.3 
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the reader will be introduced to some commonly used FP-based biosensor 

designs. 

 

1.3 Design strategies of GFP-based biosensors  

 FP variants have been engineered to design genetically encoded 

biosensors for monitoring dynamic molecular interactions in live cells90,91. The 

main design approaches for FP-based biosensors that rely upon Förster 

resonance energy transfer (FRET), fragment complementation of split FPs and 

engineered single FPs, are discussed below.  

 

1.3.1 FRET-based sensors 

 Förster resonance energy transfer (FRET) is a physical phenomenon of 

energy transfer from a donor fluorophore to an acceptor fluorophore when they are 

in proximity (<10 nm)92. For efficient energy transfer, the following factors need to 

be taken into consideration — emission spectrum of the donor FP should overlap 

with the excitation spectrum of the acceptor FP93,  the distance between the donor 

and acceptor FPs and their relative orientations, and other parameters such as the 

quantum yield  (QY) of the donor and the extinction coefficient (EC) of the 

acceptor94–96. The most popular FRET pair is cyan fluorescent protein (CFP) and 

yellow fluorescent protein (YFP) due to their overlapping spectra and further 

engineering resulted in the creation of the variants, mTurquoise2 and mNeongreen 

with improved QY  and stability as compared to CFP and YFP, respectively97,98.  
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 Based on the signal transduction mechanism, commonly used FRET-based 

biosensors can be broadly classified into intermolecular and intramolecular FRET 

sensors (Figure 1.4). The intermolecular FRET-based biosensors are used to 

detect protein–protein interaction (PPI) or molecular proximity99. In the case of 

intermolecular FRET sensors, the donor and acceptor FP-containing parts may 

have different expression levels and/or distribution at different subcellular regions. 

In addition, each part may be able to interact with endogenous proteins and lead 

to inaccurate FRET measurements. Intramolecular FRET sensors, on the other 

hand, contain both the acceptor and donor FPs, thus their expression and 

distribution can be equally controlled. Different designs of intramolecular FRET 

sensors are developed based on the molecular event to be monitored — enzymatic 

function100–103, protease cleavage104–106 or tensional force107,108. As a 

representative example, Figure 1.4 shows the mechanism of a FRET-based 

kinase biosensor containing the specific substrate sequence, which can be 

phosphorylated by a target kinase, and a sensory domain that binds to the 

phosphorylated substrate such as SH2 domain consequently resulting in a FRET 

change as the CFP and YFP are held in proximity100,101.  

 Miyawaki and Tsien, in 1997, developed the archetypal calcium ion (Ca2+) 

biosensor based on an intramolecular FRET sensor design, known as 

cameleon109,110, to visualize calcium fluctuations in live cells. The cameleon sensor 

utilizes a combination of conformational rearrangements in calmodulin (CaM) in 

response to calcium with further enhancement by the binding of M13 peptide111 

(the 26-residue calmodulin-binding peptide of myosin light-chain kinase) to the 
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Ca2+-bound form of CaM. Ca2+ binding switches the CaM–M13 hybrid protein from 

a dumb-bell-like extended form to a compact globular form similar to the 

calmodulin–M13 intermolecular complex. Over two decades of engineering and 

optimization of FPs and linkers has resulted in the improved levels of signal-to-

noise ratio (SNR) and adequate sensitivity, sufficient for in vivo imaging112–119.   

 Although FRET is widely used as a tool to visualize and detect cellular 

events, it has some major drawbacks that limit its application. The Forster radius 

(R0) is the distance at which 50% FRET occurs. Due to its strong dependence on 

distance, FRET is usually detected only within a distance range of 1–10 nm 

between the FRET pair. For distances less than R0 the FRET efficiency is close to 

maximal, whereas for distances greater than R0 the efficiency is close to zero. The 

large size of FPs occupies much of the useful FRET distance1 limit FRET 

biosensors to an output that is hard to interpret i.e., measurements distinguish 

between ‘high FRET’ and ‘low FRET’. Therefore, the distance-dependence of 

FRET biosensors poses a serious drawback to these biosensors. Other 

disadvantages include the limited color palette of FPs that meet the criteria of 

spectral overlap and the uncertainty in the orientation of the FP pair for optimal 

FRET to occur94–96.  

 For more details on topics such as FRET efficiency measurements and 

dynamic range, commonly used FP FRET pairs and their respective applications, 

advantages, and disadvantages, the reader is directed to a review by Bajar et al.120 
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Figure 1.4: Schematic representation of FRET-based biosensor designs. (A) 

Representative diagram of an intermolecular FRET-based sensor. A signal-

induced interaction between a sensory domain and a modified substrate results in 

an increase of FRET between donor and acceptor FPs. (B) Representative 

diagram of an intramolecular FRET biosensor. A signal-induced conformational 

change in the biosensor increases the FRET output. (modified and adapted from 

Kim et al.99) 

A

B
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1.3.2 Split FP-based biosensors 

 Protein-protein interactions can also be detected by the fusion of two non-

fluorescent fragments of an FP leading to restored fluorescence121. The GFP 

chromophore is well-protected in a 11-stranded beta barrel structure36. Splitting 

the FP into two fragments (e.g., 7 and 4 strands) results in the loss of fluorescence, 

but when the two fragments are in proximal they can reconstitute and recover 

fluorescence122. This is called bimolecular fluorescence complementation (BiFC). 

Fusing POIs to each fragment, protein–protein interactions or aggregations can be 

monitored by detecting the increased fluorescence123. A widely used BiFC system 

(Figure 1.5A) was created by splitting Venus, an improved yellow FP variant, into 

N-terminal 1-158 residues (VN158) and C-terminal 159-239 residue (VN159)124, or 

V173-VN155, which exhibited a higher complementation efficiency and signal to 

noise ratio125. The BiFC system color palette was broadened to cyan FP 

Cerulean125, as well as red FPs like mRFP, mCherry and mKate126–129. 

 The BiFC system was initially applied to detect the interaction between the 

basic region leucine zipper (bZIP) domains of Fos and Jun in live cells124. The 

hypothetical half-time of bZIP interaction was less than a second whereas for the 

fluorescence maturation of the BiFC sensor it was 50 min, suggesting that the 

complementation event occurred after the association of the two attached bZIP 

domains. The BiFC sensors were also applied to detect protein aggregation in 

neurodegenerative diseases. One example is the fusion of the N- and C-terminal 

fragments of Venus to alpha-synuclein130, which aggregates leading to Lewy 

pathology in Parkinson’s disease (PD)131,132. The BiFC-based alpha-synuclein 
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sensor enabled the visualization of cell-to-cell transmission of alpha-synuclein 

during the progression of PD 130,133. Another example is the BiFC-based sensor 

with both fragments carrying a full-length tau, used to detect tau aggregation in live 

cells, a pathological hallmark of Alzheimer’s disease (AD)134. More recently, 

transgenic mice that expressed human Tau P301L-BiFC were used to monitor tau 

oligomerization in AD135.  

 The BiFC system and FRET principle have been combined in a design that 

uses the Cerulean FP and the Venus-based BiFC-system as the donor and 

acceptor FPs, respectively, for cyan-yellow FRET136. This system was used to 

visualize a ternary complex of Fos-Jun-nuclear factor of activated T cells 

(NFAT)136. The bJun and bFos were fused to fragments of Venus, and NFAT was 

fused to Cerulean. The dimerization of bJun and bFos reconstituted the Venus FP 

of the BiFC system and when NFAT associates with the bFos-bJun complex, 

FRET is observed between Cerulean and Venus. This demonstrates the capability 

of the BiFC-FRET system to validate protein interactions and spatially monitor 

three proteins in live cells. 

 The BiFC-based sensor design has some limitations that are worth 

considering when performing, interpreting, or analyzing experiments. First, the 

irreversible binding of split fragments (with few non-GFP-based exceptions137,138) 

allows for detection of weak and transient PPIs, whereas it prevents time-

dependent observations of the interaction as the off-rate of the split FP with a 

mature chromophore is typically a slow process. Accumulation of the fluorescent 

signal leads to misinterpretation of the given PPI. Moreover, the complementation 
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between the FPs stabilizes the PPI. Second, there is an inevitable delay between 

the interaction of the POIs and the fluorescence output due to slower rate of FP 

complementation, proper protein folding, and chromophore maturation. Third, the 

individual FP fragments non-specifically reassemble to generate false positives. 

To avoid this problem, several studies have outlined the experimental 

considerations necessary for including quantitative controls139–141. Lastly, BiFC is 

a biosensor indicative of protein-protein proximity rather than of a direct interaction 

between POIs. The false positive fluorescence readout may arise due to shared 

cellular localization of the fact that the individual fragments of POIs are part of a 

larger complex99,121. 

 With an aim to reduce assay times and background fluorescence, the 

trimolecular142–148 and tetramolecular fluorescence149,150 complementation assays 

were developed to visualize RNA-protein interactions in live cells, using the split 

YFP Venus and the tripartite split GFP systems, respectively. The self-assembling 

property of FPs has been exploited to measure membrane and organelle 

proximities151. The FP was split into fragments comprising a 214-residue N-

terminal fragment (spGFP1-10) and a 17-residue C-terminal peptide (spGFP11, 

the smallest split fragment to date) of sfGFP152. The two fragments were tagged to 

pre- or post- synaptic neuronal membranes to detect the formation of synapses — 

a technique referred to as GFP reconstitution across synaptic partners (GRASP), 

allowing the high-resolution visualization of the synaptic cleft153–155.  

 One additional approach to decrease the incubation times in BiFC 

experiments evades the challenge associated with chromophore maturation. 
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Demidov et al.156 showed that the larger N-terminal fragment of EGFP comprising 

beta strands 1-7, surprisingly, exhibited a mature chromophore upon refolding from 

inclusion bodies in vitro with properties similar to that of denatured EGFP with a 

weak fluorescence (~100-fold lower than intact, folded EGFP). However, mixing 

the split fragments fused to complementary DNA strands results in a faster (~ 60 

s) fluorescence increase. The rapid response suggests that the rate-limiting step 

is fragment complementation induced by DNA hybridization rather than 

chromophore maturation. Although these results were observed only in vitro, it is 

plausible that other larger fragments in split FPs, capable of maintaining structure 

and sufficient contacts with neighboring residues, generate a mature chromophore 

during in vitro and in vivo experiments157–159. 

 To tackle the problem of irreversibility in BiFC-based sensors, Boxer’s lab 

further studied the photochemical, photophysical and kinetic properties of the 

spontaneous and light-induced reassembly of GFP1-10 and GFP11121,160–164. In 

their design, the full-length GFP was first circularly permuted with the 10th beta 

strand at the N-terminus and a protease cleavage site between strands 10 and 

11161. The protein was expressed and purified in E.coli followed by protease 

treatment and denaturation, to get rid of the N-terminal 10th strand. The C-terminal 

larger fragment (GFP11-9) was then refolded and bound to a synthetic strand-10 

peptide (carrying the mutation 203T to form the green chromophore, as mentioned 

in Section 1.2.2). Upon light irradiation and excess of an alternate synthetic 

peptide carrying a 203Y mutation (to form the yellow chromophore), they observed 

a green-to-yellow color change as a result of the replacement of the noncovalently 
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bound strand 10 with the excess peptide. This light-driven reversible 

complementation design based on intermolecular fragment exchange exhibits the 

potential to be applied as a sensor and an optogenetic tool160. The further 

development of this design pertaining to this dissertation work will be discussed in 

Section 1.4.  

 Other benefits, experimental best practices and applications of split FPs for 

complementation assays have been exhaustively reviewed121,140,141,165–172.  
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Figure 1.5: Schematic representation of fluorescent protein fragment 

complementation-based biosensor designs. A general diagram representing 

BiFC-based sensor designs. Interaction between polypeptides shown in purple 

and red results in the complementation of split fragments and subsequent 

fluorescence from Venus FP. 

N
C
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 1.3.3 Single FP-based biosensors (SFPBs) 

 Single FP-based biosensors are based on the allosteric modulation of 

fluorescence intensity from a single FP52,55,173. These are typically intensiometric  

and are substantially harder to engineer as compared to the other FP-based 

biosensors. However, they are more user-friendly than the conventional FRET-

based biosensors due to their larger, single-wavelength, intensiometric responses. 

SFPBs are well suited for multiparameter-imaging174 as they require only a single 

color band for both excitation and emission, thus avoiding problems associated 

with differential absorbance and scatter of different wavelengths as a function of 

tissue depth23. Some SFPBs are intrinsically ratiometric175–178 or can be made to 

be so by fusion to a second color of FP179,180.  

 The single FP-based biosensors can be categorized as endogenous or 

exogenous based on their mechanism of action. Endogenous SFPBs are those 

that have an intrinsic sensitivity to specific analytes (like halides, nitrate)181 or to 

changes in microenvironment (like pH182). This category of FP sensors is limited 

by their range of target specificity. Exogenous SFPBs are engineered to respond 

to stimuli (like small molecules, ions, peptides, proteins or post translational 

modifications) via a conformational change in a sensing domain fused to the FP183.  

 There are several ways by which conformational changes may be coupled 

between the sensing domain and the FP. Figure 1.6 shows the topologically 

distinct chimeras.  
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(a) Insertion of a circularly permuted FP into a sensing domain 

 The FP is circularly permuted at a region proximal to the chromophore and 

inserted within a sensing domain near its active site (Figure 1.6B). This design 

strategy is useful in detecting small structural changes as the signal is transduced 

effectively via the new termini of the cpFP. Alternatively, it is possible to insert the 

cpFP into a circularly permuted sensing domain to improve their allosteric coupling 

effect. Nakai et al. reported the first intensiometric SFPB for Ca2+ based on this 

design — a high affinity Ca2+ sensor (termed as G-CaMP) composed of calmodulin 

and a circularly permuted GFP (cpGFP). G-CaMP is a powerful tool in 

neuroscience, used to visualize the intracellular dynamics of Ca2+ in living cells 

due to its rapid response to changes in calcium ion concentrations184.  

 

(b) Insertion of a sensing domain into an FP 

 The insertion of calmodulin and a zinc finger domain at position 145 in an 

enhanced YFP variant, EYFP, was first reported by Baird et al.52 in 1999. The 

calcium sensor, prior to any mutational improvement, exhibited a dynamic range 

of 7-to 8-fold enhancement in fluorescence upon Ca2+ binding which was much 

larger than other calcium ion sensors at the time109,110,185,186. This design strategy 

led to the development of the Camgaroo type of Ca2+ indicators which exploit the 

CaM-M13 system. It has also been employed to engineer sensors targeting 

citrate187 (Citron1,Citroff1) and glucose188 (Glifons). 
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(c) Insertion of circularly permuted sensing domain into an FP 

 Insertion of a circularly permuted sensing domain into an FP, results in a 

chimera as shown in Figure1.6D. This design strategy is less commonly used.  Wu 

et al. demonstrated this approach in a red intensity-based glutamate-sensing 

fluorescent reporter (R-iGluSnFR1)189 and Qian et al. employed this design to 

develop a bioluminescent reporter for calcium (LUCI-GECO1)190.  

 Mechanistically, the above-mentioned approaches rely upon a change in 

conformation in the sensing domain upon analyte binding and efficient transduction 

of this signal to the polypeptide backbone and/or amino acid side chains at the FP 

insertion site, which lies proximal to the chromophore. These changes alter the 

chromophore protonation state, extinction coefficient or quantum yield, leading to 

changes in fluorescence intensity191. The first insights into the molecular 

mechanism for the SFPBs was provided for GCaMP2, the only biosensor for which 

crystal structures of the analyte-free and analyte-bound structures are available so 

far192,193. In the Ca2+-free structure, the lack of electron density for a major portion 

of the CaM domain and the whole RS20 peptide indicates that those regions are 

conformationally flexible or unstructured. Arg377 residue of CaM lies distant from 

the chromophore, which is predominately in the phenol (protonated) form. Upon 

binding of Ca2+, the CaM–RS20-interaction causes the guanidinium side chain of 

Arg377 to engage in a water-bridged interaction with the chromophore. This 

interaction stabilizes the phenolate (anionic) form of the chromophore, allowing a 

greater fraction of the protein to possess a cyan-light excitable state that appears 

brightly fluorescent194. 
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 Following optimization using protein engineering methods such as linker 

optimization and directed evolution176,195, single FP-based biosensors can be 

improved to exhibit a larger dynamic range196,197. Fluorescence responses in the 

SFPBs are generally reported as ΔF/F  values i.e., (Fmax- Fmin)/Fmin = ΔF/Fmin = 

Fmax/Fmin - 1. A negative ΔF/F value means the biosensor has an inverse response. 

A direct response biosensor undergoes an analyte-dependent increase in 

fluorescence intensity (i.e., Fmax = fluorescence intensity in the presence of 

analyte) and an inverse response biosensor undergoes an analyte-dependent 

decrease in fluorescence intensity (i.e., Fmax = fluorescence intensity in the 

absence of analyte). The dynamic range and overall performance of GECIs, in 

particular, have been optimized using protein engineering tools, and several 

rounds of high throughput screening methods178,196.  For example, the ΔF/F values 

range from 3.5184 to 145197 in the most extensively studied and optimized G-CaMP 

series of SFPBs for Ca2+ 23. 

 Engineering biosensors specifically for each application is often non-trivial, 

requiring careful mutagenesis and insertion of active domains, but insights gained 

from past studies can be used to inform more rational design, and thus more rapid 

access to useful variants for future studies. The major success of the GCaMP 

series of single FP-based biosensors184,196–200 and the ongoing development of 

similar designs201 testifies to the fact that biologists (particularly neurobiologists) 

acknowledge that the advantages of intensiometric SFPBs outweigh the need for 

quantitation (as offered by FRET-based biosensors). This may be attributed to the 

all-or-none binary nature of neuronal signaling networks, which undermine the 
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need for quantitative measurements. However, quantitation is of critical 

importance in other areas of cell biology and continues to be a much sought-after 

feature in the design of biosensors. Despite the vast array of protein biosensor 

design strategies available (as described above), there is still a lack of a universal, 

easily tailorable approach. Toward this goal, some protein engineering tools 

(besides those described in the context of FP engineering above) that allow the 

design of a single FP-based biosensor capable of producing a ratiometric output 

response are introduced below. 
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Figure 1.6: Schematic representation of exogenous single FP-based 

biosensor (SFPB) designs. (A) schematic showing the generic mechanism of 

SFPBs (first depicted by Baird et al.52) (B) a biosensor constructed by inserting a 

circularly permuted FP into a sensing domain (SD). (C) a biosensor constructed 

by inserting a sensing domain (connected via its original N and C termini) into an 

FP (D) a biosensor created by inserting a circularly permuted sensing domain into 

GFP. The orange and blue circles indicate residues flanking the site of insertion 

(modified and adapted with permission from Nasu et al.,23 2021. 
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1.4 Alternate frame folding-based protein switch design 

 The alternate frame folding (AFF) mechanism was pioneered in our 

laboratory with the purpose of conferring allosteric switching capability on a protein 

that previously had none202. The core mechanism is founded upon general 

principles of protein structure and stability rather than a  property that is unique to 

a specific target of interest2. The design strategy involves duplicating a partial 

sequence of a protein from one of the termini to the other allowing the POI a 

mutually exclusive choice between two folds that possess native-like structure and 

function — a native state (N) and an alternate permuted state (N`), as depicted in 

Figure 1.7. The first step in creating an AFF-modified POI is to choose the 

segment suitable for duplication. The N- or C-terminal  segment will need to carry 

the amino acid residues responsible for a particular function (e.g., ligand binding, 

catalytic activity, photon emission). In one of the two states, this function is 

disfavored usually by way of mutation of one or more residues so that the two 

states of the POI possess two distinct functions. The second step is to copy the 

terminal segment via a peptide linker to the opposite end of the POI, enabling the 

protein to assume a fold in which the amino acids are arranged as in the wild-type 

structure (N) or rearranged to generate the circularly permuted structure (N`). The 

third step is to balance the relative thermodynamic stabilities of the two folds such 

that the conformational change may be triggered by the presence of the specific 

target of interest. Finally, the N ⇆ N` conformational change in the POI may be 

confirmed by strategically placing fluorophores at locations that report the ligand 

binding-induced folding event203 (as in the example shown in Figure 1.7) or by an 
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intrinsic property of the POI that can be measured (e.g., catalytic function or 

fluorescence).  

 

1.4.1 POI-AFF design principles  

 A detailed protocol for creating an AFF-based switch in any POI has been 

elucidated by Ha and Loh2. The basic governing principles are briefly mentioned 

below within the context of the work in this dissertation. 

Choice of POI 

 The POI is required to meet the following criteria: (1) The AFF strategy may 

be applied to natural (or de novo) proteins with a known crystal structure. 

Information about the structural features of the POI provides a head-start to the 

designer about the surface loops and key residues for the stability of its secondary 

structural elements. (2) It is preferred that the POI not contain crosslinks such as 

di-sulfide linkages between the duplicated and non-duplicated segments. (3) To 

provide more leeway in terms of thermodynamic stability despite the structural 

modifications introduced into the POI, it is best to use a more stable variant as the 

core scaffold.  

Choice of permutation site 

 The choice of permutation site is determined by the location of the functional 

residues in the POI and the required length of the duplicated segment. It is best to 

opt for a shorter duplicated segment since it remains physically 
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unstructured/disordered when the protein adopts the alternate state.  To that end, 

surface loops closer to the termini are usually ideal as sites for permutation. 

Circular permutation usually destabilizes a protein and optimizing the linker length 

and composition (residues joining the original N- and C-termini) has been found to 

play a role in the stability of the resulting permutant. Based on previous studies in 

our laboratory, repeats of Gly/Ala/Ser have sufficed in engineering optimal linkers 

for creating viable permutants. Additionally, other advanced linker design and 

optimization procedures are also available13,204–209.  Although it is challenging to 

predict the extent to which permutation will destabilize the POI, some methods 

have been developed to glean information about structurally tolerable permutation 

sites using rational, semi-rational and computational approaches15,56,210,211.  

Construct optimization 

 Prior to assembling the POI-AFF, the individual components of the construct 

are balanced thermodynamically so that the protein is well-poised for a stimulus-

induced conformational switch to occur (by methods described by Ha and Loh2). 

A typical distribution of N:N` populations in the off state (absence of ligand, in the 

example illustrated in Figure 1.7) corresponds to ~10:1 with the N-fold being 1.4 

kcal.mol-1 more stable than the N`-fold2,212. Upon attaining a thermodynamically 

balanced state at equilibrium, the response rate of the AFF sensing mechanism is 

evaluated and tuned. In previous studies, the rate limiting step of the N→N` and 

N`→N conversions has been attributed to a local rather than a global unfolding 

event i.e., the release of the duplicated segment from the shared region of the 

protein. Further thermodynamic and kinetic tuning may be achieved by using 
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combinatorial approaches of rational design and computational methods, as has 

been demonstrated previously203,213–215. 

 In our laboratory, the AFF methodology has been applied in proteins that 

are naturally incapable of undergoing large-scale conformational changes in 

response to a ligand-binding event — namely, calbindin D9k
202,203 and ribose 

binding protein (RBP)216. Using synthetic fluorophores, the two proteins were 

engineered to produce a robust FRET output in response to their respective 

ligands, i.e., calcium ion and ribose. These protein switches are, however, limited 

in their application to the cellular context and also, idiosyncratic to the specific 

target analytes. The research studies undertaken in this dissertation is aimed at 

introducing the property of genetic encodability to the AFF approach by using the 

GFP scaffold as well as modularity, to permit applicability to a broad range of 

analytes (described in Section 1.5). 

 

1.4.2 Toward AFF-based FP switches 

 With the purpose of tackling challenges associated with the BiFC-based 

sensors, Boxer’s group developed a GFP1-10 and GFP11 fragment 

complementation system161,163,164 (described in Section 1.3.2). This design was 

further developed to produce a light-activated ratiometric protease sensor, referred 

to as the two-tailed GFP, illustrated in Figure 1.8. The color change is effected by 

a change in residue 203 in the duplicated strand 10 (203Y and 203T, for yellow 

and green colors, respectively). By varying the linker length between the shared 
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region and the two strands flanking it, either the green or yellow strand completed 

the beta barrel upon protein expression and purification. They also observed 

variations in the populations of the two folds (green:yellow ratio) depending on 

whether the protein was directly purified from E.coli or refolded from denaturing 

conditions in vitro. Followed by protease cleavage and light-assisted strand 

displacement, an irreversible strand replacement resulted in a ratiometric 

fluorescence response. The relative populations of the two mutually exclusive, 

colored folds were determined by the residues on strand 10 (203Y was favored 

over 203T) as well as the length of the loop sequences between the two flanking 

strands and shared region. The sensor design shown in Figure 1.8 may be 

engineered to incorporate a peptide, a binding domain, or a target sequence (e.g., 

a phosphorylation site) into one of the two strands or their unshared surface loops 

to facilitate strand dissociation, the more plausible rate-limiting step in the 

intramolecular swap54. 

 In this dissertation we test the possibility of creating a genetically encodable, 

modular color switching sensor using a variant of the GFP scaffold described 

above. To make the system modular and easily tailorable for future protein switch 

designs, we employ a novel mechanism based on the loop closure entropy 

principle described in Section 1.5, that allows domain coupling and signal 

transduction using the GFP fold in a broadly applicable manner (Figure 1.9). 
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Figure 1.7: Schematic of the alternate frame folding (AFF) design. A 100-

residue binding protein is shown to depict the AFF-modification which generates 

two mutually exclusive topologically different forms of the same protein. The 

duplicated segments that confer a functional difference in the folds are shown as 

green (at N-terminus, a portion of the permuted fold) and blue (at C-terminus, a 

portion of the native fold). The stars indicate a feature that specifies function (e.g. 

a residue required for ligand binding) — red star specifies functionality whereas 

black renders the native fold non-functional (e.g. by a binding mutation). The 

diamond and inverted triangle indicate sites where fluorophores may be placed to 

report on the binding-induced conformational change from the native to permuted 

fold (adapted with permission from Stratton and Loh217). 
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Figure 1.8: Light-driven ratiometric protease sensor design. Cartoon 

representation of the two-tailed GFP sensor for protease activity which combines 

light-driven photodissociation of the cleaved strand and intramolecular strand 

replacement. Green and yellow strands indicate the presence of a Thr or Tyr 

residue at position 203, respectively (adapted with permission from Do and 

Boxer54). 
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1.5 Loop closure entropy principle 

 Anfinsen’s early investigations into protein folding showed that the three-

dimensional native structure of a globular protein is primarily determined by its 

amino acid sequence218. The protein folding process has often been viewed 

graphically as a funnel from the polymer-like ensemble of unfolded states to the 

native state219. Several studies suggest that ‘the native state’ of certain proteins 

may not be as ordered and rigid as once described220–224 and the unfolded 

ensemble is not as disordered as once thought225, with the sequential and steric 

interactions providing strong constraints on possible folding pathways226–230. The 

relative disorder in the folded and unfolded ensembles may also be quantified as 

an entropy difference, to explicate the folding process. However, a discussion on 

‘entropy’ is usually confounded by the different definitions of entropy — entropy 

associated with overall translational and rotational Brownian motion, 

configurational entropy, vibrational entropy, conformational entropy computed in 

internal or Cartesian coordinates, conformational entropy computed on a lattice; 

each of the above with different solvation and solvent models; thermodynamic 

entropy measured experimentally, etc231. The focus of this section is the 

conformational entropy of loop regions in proteins, from a structural perspective. 

For details on the different polymer models mathematically describing the 

conformational entropy effects, the reader is directed to a review by Chirikjian231. 
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1.5.1 Role of protein loops 

 Highly flexible regions in proteins that provide links between secondary 

structural elements are referred to as loops232–235. Protein loops are critical to 

protein function not only due to their role in providing structural integrity but also 

because they often adopt specific essential conformations and, in many cases, 

contribute to catalytic and binding sites236–239. The amino acid preferences in 

protein surface loops are not defined, however, they generally tend to include 

glycine or polar amino acids by virtue of their solvent-exposed milieu. Observations 

based on Ramachandran plots indicate that the backbone dihedral angles of loop 

residues are variable in nature, as they occupy larger surface areas than helices 

or sheets240. Although computational methods have been applied to predict loop 

conformations, and for redesigning them with novel functions, the high 

conformational flexibility of loops makes it very challenging241,242.  

 Protein loops are commonly engineered by swapping, insertions, deletions, 

and substitutions to confer novel properties to a protein domain243. Studies in which 

loops have been ‘swapped’ or ‘grafted’ suggest that they function independent of 

the rest of the protein. For example, swapped loops can bestow their intrinsic 

function upon their new environmental context: as the calcium-binding activity of a 

loop was transferred from thermolysin to a neutral protease244, and the elastase-

activity of antitrypsin was transferred to interleukin-1β245. On the other hand, loop 

deletions or replacement has shown little change in protein function in some cases 

(e.g. a five-residue substitution from concanavalin A for a β-turn in staphylococcal 

nuclease246). An enhanced GFP variant (EGFP) also exhibited tolerance to residue 
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deletion across the breadth of the protein, particularly within short and long loops, 

helical elements, and at the termini of strands247. 

 

1.5.2 Effect of loop length on protein stability  

 In addition to their role in protein structure, loops may also affect the 

thermodynamic and kinetic properties of the proteins. Previous studies that were 

performed on flexible loop regions have shown that the energetic consequences 

of altering loop length are predominantly related to the entropic cost of ordering a 

loop during protein folding248–252. A common strategy to increase the 

thermodynamic stability of a protein has been to reduce the conformational space 

available for the unfolded state (e.g., by decreasing loop length, macromolecular 

crowding and backbone cyclization253) and thereby, decrease the difference in 

entropy between the unfolded and folded states. The main contributions to entropy 

are the conformational entropy of the polypeptide chain itself and ordering of water 

molecules around hydrophobic side chains of the protein. 

 The effect of loop length on protein stability can be approximated by simple 

polymer chain models. According to this model, the change in free energy of 

unfolding (∆∆G) upon loop insertion is assumed to be exclusively due to a change 

in the entropy of the polypeptide chain, i.e. ∆∆𝐺 =  −𝑇 ⋅ ∆∆𝑆. The effect can be 

approximated by the equation, 

𝛥𝛥𝐺𝐹−𝑈  (𝑛) = −𝑇 ⋅ 𝛥𝛥𝑆𝐹−𝑈 =  𝑇 ⋅  𝑐 ⋅ 𝑅 ⋅  𝑙𝑛 (
𝑛

𝑛𝑟𝑒𝑓
)   (Eq. 1) 
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where 𝑛 denotes the number of residues in the loop of the insertion mutant and 

𝑛𝑟𝑒𝑓 is the length of the loop in the reference protein (assuming that both loops 

behave as random-walk polymers when their ends are constrained), 𝑐 is a pre-

exponential factor that varies depending on the polymer model used, and 𝑅 is the 

gas constant249,250,254. The simple theoretical relationship shown in Equation (1) is 

ideal only for homopolymers behaving as a random coil, more easily achieved with 

a poly(Gly) insert which is about third the length of insertions of poly(Thr) or other 

amino acids252. The greater flexibility of (Gly)n inserts allow a Gaussian distribution 

of one end of the insert relative to the other end for a much shorter insert than for 

homopolymers of other amino acids. Gaussian behavior is critical, because the 

equations describing polymer chain statistics are simpler for Gaussian distributed 

polymer chains. The model also assumes that the loop is composed of inserted 

homopolymer residues only — contributions from residues flanking the insertion 

site are not taken into account252.  

 In the simplest model, the random-walk approximation (c = 1.5), excluded 

volume effects are not considered and all bond angle rotations are allowed, 

including those that cause the chain to trace back upon itself255. Excluded volume 

refers to the steric exclusion of water and cosolvent molecules from the space 

occupied by solute, an event accompanied by a decrease in translational 

entropy256. The second model (c = 1.63) adds a constraint for excluded volume to 

the random-walk approximation, which makes loop closure more costly, increasing 

the predicted ∆∆G254. These two models account for a single loop closing, with the 

two ends of the chain meeting each other in space. Alternatively, a loop may form 
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as two more central points in a longer chain pinch in to meet, leaving the ends of 

the chain loosely farther apart in space. A third, most complex model approximates 

this scenario, (c = 2.44) accounting for the excluded volume of interfering ends in 

addition to that of the loop itself254. This model also assumes that the loop length 

is relatively short compared to the length of the ends248. The illustration in Figure 

1.9 represents the two extreme values estimated for c i.e., 1.5 when the guest 

domain is flexible and unstructured, and 2.44, when it is assumes a folded 

structure (via ligand binding, in this case). 

 Apart from the variation in c value based on polymer characteristics, the 

choice of 𝑛𝑟𝑒𝑓  is also important as is the total loop length. When the inserted 

homopolymer loop is long and unlikely to behave as a random-coil polymer (like a 

poly(Gly) insertion), the loop entropy model is corrected for the longer chain length  

by choosing 𝑛𝑟𝑒𝑓 to be the longest loop (as 𝑛𝑟𝑒𝑓 → ∞, or random-walk behavior)248 

— i.e., the total length of the guest domain in Figure 1.9. Additionally, the loop 

entropy model assumes that residues flanking the loop insertion remains 

unperturbed and unaccounted for in the total loop length, however, this may not 

be the case if the insertion site itself is a mobile unstructured loop249. 

 Several model proteins have been used to estimate the role of loop length 

in protein folding and stability. An inverse correlation between loop length and 

stability was observed for the designed four-helix-bundle protein, Rop, upon loop 

insertion of up to ten glycines248 and upon loop insertion of up to ten residues in 

two other small proteins, chymotrypsin inhibitor 2 (CI2)250 and the α-spectrin SH3 
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domain249. The degree of destabilization was much greater for Rop (2.5 kcal.mol−1) 

than for CI2 and α-spectrin SH3 (1.7 kcal.mol−1 and 0.8 kcal.mol−1, respectively), 

and this difference may be attributed to the structural context of the insertion sites 

in the three proteins: the original loops at which sequences were inserted in both 

CI2 and spectrin are long and flexible, whereas the loop in Rop is very short (two 

residues). In all three model proteins, the stability loss with increasing loop length 

tends to a plateau. This concurs with polymer theory, because as further insertions 

are added in more flexible regions the entropic cost will decrease254, and a simple 

polymer model can be used to relate the loss in stability to loop length (Equation 

(1)). There is some uncertainty with defining the loop length of the reference 

protein (𝑛), as the loop may exhibit some flexibility without any insertion. These 

studies also indicate that the insertion of the first few residues contributed more to 

the overall free energy loss than later insertions, as expected, given the logarithmic 

dependence of the loop entropy on loop length. Another factor contributing to the 

structural ‘context’ of the loop insertion site is the extent of interactions and the 

intrinsic folding of the two halves flanking the loop, and the compactness and 

degree of order of the denatured form257. Furthermore, based on loop insertions in 

an inter-repeat loop of a two-repeat consensus designed tetratricopeptide repeat 

protein (CTPR), Ripka et al. also showed that the protein stability is relatively more 

sensitive to loop length than the sequence composition257.   

 Using the knowledge gained from previous work on GFP engineering, the 

alternate frame folding mechanism and the loop closure entropy principle 
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described above, in this dissertation, we attempt to create a novel class of  

genetically encodable, ligand-induced color switching fluorescent protein.  
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Figure 1.9: Schematic illustrating the application of loop closure entropy 

principle in protein switch design. An unstable polypeptide can sample a large 

number of conformations when its termini are free. However, when its termini are 

constrained by allosterically coupling it to a host protein, it loses several degrees 

of freedom and imposes an energy penalty on the folding of the host domain. The 

host domain is rescued from this entropic penalty when the polypeptide assumes 

a folded structure in response to a stimulus (ligand binding or change in 

environment).  
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1.6 Dissertation overview 

The overall goal of the research presented in this dissertation is to tackle 

the main challenges in protein switch design i.e., signal transduction and 

modularity. To that end, we rationally engineer a genetically encodable fluorescent 

protein (FP) color switch based on two protein engineering principles – loop 

closure entropy and alternate frame folding.  

Chapter 2 describes the testing of the loop closure entropy principle in the 

context of a fluorescent protein scaffold. The goal of this chapter is to determine 

sites in the blue fluorescent protein (and potentially extendable to topologically 

similar fluorescent protein variants) that can tolerate the insertion of long 

sequences of amino acids and the effect on the stability of the FP domain. We 

measure thermodynamic stabilities and compare to theoretical values based on a 

simple polymer model equation. This chapter underscores the site-dependent 

effect of loop entropy in a protein structure. 

In Chapter 3 we test the combination of loop closure entropy and alternate 

frame folding in a GFP scaffold to create a sensor construct for proof-of-concept. 

This chapter highlights the biophysical principles that determine modulation of an 

ensemble of states using temperature, denaturant and ligand binding.  

Chapter 4 briefly describes the application of a single fluorescent protein-

based biosensor by coupling a single FP to a monobody scaffold that is capable 

of being engineered to bind a variety of targets.  
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2.1 Abstract 

The basic premise of loop closure entropy is that the insertion of a long, disordered 

sequence in a host domain destabilizes the host unless the guest domain adopts 

a folded structure. This change in stability (ΔΔG= ΔGF – ΔGU), as defined by a 

change in the free energy of the host protein folding, can be theoretically 

determined by a simple polymer model equation. The goal of this study is to identify 

insertion sites in a fluorescent protein where this principle can be applied. Here, 

we measure the effect (in terms of ΔΔG) of inserting an unstable binding domain 

(E.coli ribose binding protein, RBP) versus a similarly structured stable and folded 

domain (T.te ribose binding domain) in a blue fluorescent protein (BFP) scaffold, 

at two different sites of insertion by examining denaturation melt curves of the 

fusion proteins. We characterized the stability of the two individual domains in the 

BFP-RBP (BR) fusion proteins as a function of changes in fluorescence and 

circular dichroism spectroscopy, respectively. The insertion of both ribose binding 

domains at loops between beta strands 7 and 8 (site 1) or 8 and 9 (site 2) of the 

11-stranded beta barrel structure destabilized BFP. In this study, both sites exhibit 

the expected trend, i.e., (1) loss of stability in the BFP domain in the presence of 

an unstructured polypeptide insertion, and (2) increased stability of BFP when the 

polypeptide adopts a folded structure. Insertion at site 1 has a more severe 

destabilization effect on the BFP domain than at site 2, for the same polypeptide 

sequence. Furthermore, this study highlights a major design consideration for 

domain insertion in fluorescent protein switch designs, i.e., determining suitable 

insertion sites.  
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2.2 Introduction 

 The green fluorescent protein (GFP) isolated from the jellyfish Aequorea 

Victoria, is a seemingly monolithic, semi-rigid β-barrel structure1. The 238-amino 

acid auto-fluorescent protein has a molecular weight of 28 kDa and consists of 11 

antiparallel β-strands and three α-helices with loops at each end that protect the 

internal chromophore from solvent interactions1,2. Fluorescence is an indication of 

a fully formed beta barrel with a mature chromophore chemical structure. The GFP 

chromophore is formed by the cyclization and oxidation of residues 65-66-67 (Ser-

Tyr-Gly) by a complex maturation process3. The multistep pathway involved in the 

maturation process leading to its highly compact three-dimensional structure may 

seem intolerant to engineering receptor insertion domains in GFP. However, GFP 

variants have been designed to tolerate peptide insertions by library screening 

approaches4.  

 Several engineering efforts have been aimed at improving the fluorescent 

protein color palette and biophysical properties of GFP5–7. Fewer studies have 

explored the thermodynamic implications of modifications such as domain 

insertions on the GFP β-barrel structure8. Experimental and computational studies 

have reported that the sites in GFP that are most amenable to peptide insertions 

are turns Gln157-Lys158 and Glu173-Asp174 (numbering may vary across 

variants)4,9–11. In these studies, tolerance to insertion was established by 

comparing their photophysical properties to that of the wild type GFP. Similar 

approaches were used to study the effect of inserting a receptor binding domain in 

GFP loops12. 
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 In this study, we aim to test the hypothesis of the loop closure entropy 

principle within the context of an FP beta barrel fold by quantifying the 

thermodynamic effect of inserting an unstructured receptor domain in surface 

loops. We predict that the FP will be destabilized when the receptor domain is 

unstructured and regain stability only when the receptor domain assumes a folded 

structure (due to ligand binding or other factors)13.  

Proteins loops are vital for protein function not only because they link 

secondary structural elements in a protein but also because they often adopt 

unique conformations that confer stability to the tertiary structure14. Previous 

studies on flexible loop regions (of non-GFP proteins) have shown that the 

energetic consequences of varying loop length are predominantly related to the 

entropic cost of ordering the loop during the protein folding process13,15–18. The 

effect of loop length on protein stability can be approximated by simple polymer 

models of the form 

𝛥𝛥𝐺𝐹−𝑈  (𝑛)  =  𝑐𝑅𝑇 𝑙𝑛 (𝑛/𝑛𝑟𝑒𝑓),          [1] 

where 𝑛 denotes the number of residues in the loop of a given variant (which 

corresponds to the original loop length of WT protein in this case), 𝑛𝑟𝑒𝑓 is usually 

the number of residues in the loop of a reference (in this case, the one carrying the 

largest number of residues being the polypeptide/receptor domain inserted) and 

the constant, c depends on the flexibility of the polymer, bond length and 

composition (in this case, the amino acid content) of the loop19,20. To determine 

the effect of loop lengthening on change in the stability of the FPs, we used Eq.1 
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with the value of c = 1.5 corresponding to an ideal “random-walk”, freely-jointed 

polypeptide chain,15,19,21 with the  consideration that the receptor domain behaves 

as an unstructured polypeptide chain in the absence of its ligand. Here, we use a 

rational design approach to experimentally test the effect of loop closure entropy 

on an FP, by determining the ΔΔG(F-U) at two surface loops when a ribose-binding 

protein (RBP) is inserted in a blue-colored FP (BFP) variant. 

 

2.3 Results 

 

2.3.1 Fusion protein construction 

The two key protein domains used in this study are — (1) a blue fluorescent 

protein variant derived from the amino acid sequence of super folder GFP22, with 

spectral properties like that of enhanced BFP2 or EBFP223, and (2) circular 

permutants of RBP (derived from E.coli or T.te), which we will simply refer to as 

cpRBP in this study. Structural representations of RBP (PDB:1URP) and BFP 

(PDB:2B3P) are shown in Figures 2.1A and 2.1B, respectively. All amino acid 

sequences are provided in Figure S2.3. In the fusion proteins, the individual 

domains of BFP and RBPs are monitored by their unique properties of blue 

fluorescence intensity and degree of helicity, respectively.  
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2.3.2 Ligand induced structural change in E.coli cpRBP  

The circularly permuted E.coli ribose binding protein (cpRBP) has its 

original N and C termini joined by a 30 amino acid Gly-Ser-Ala linker and new 

termini at a surface loop (new N terminus is Gly57) in the protein (Figure 2.1A). 

This guarantees that the new termini will be close in space and compatible with 

the Cα-Cα distance of the original loop residues (i.e., Lys156 and Gln157 of site 1, 

and Asp174 and Gly175 of site 2, in BFP) – a prerequisite to test the loop entropy 

effect. To determine whether cpRBP undergoes a ribose-dependent structural 

change, we monitored helical signal (at 222 nm) as a function of temperature using 

a circular dichroism (CD) instrument. We find that the free cpRBP exhibits an 

uncommon property of cold denaturation between 1-10 °C and refolds to a more 

structurally stable state at 35°C (Figure 2.2A). This is in contrast with the WT RBP 

(non-cp) shown in Figure S2.1, which remains folded up to 50 °C even in the 

absence of ligand. With every 10-fold increase in ribose concentration the heat-

induced melting temperature (Tm) of cpRBP shifts to the right by about 5 °C 

indicating an increase in protein stability as a function of ribose concentration. 

Overall, this data suggests that the E.coli cpRBP is predominantly unstructured in 

the absence of ligand and gains structure upon binding of ribose. 

 

2.3.3 Effect of inserting E.coli cpRBP domain in BFP 

The blue fluorescent protein variant used in this study, derived from a highly 

stable FP, possesses an excitation maximum at 397 nm and an emission 
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maximum at 447 nm. It differs from its parent derivative, super folder GFP (sfGFP), 

mainly in its chromophore-forming residues in the internal helix, i.e. Ser65-His66-

Gly67 (SHG)23. E.coli cpRBP  was inserted at sites 1 and 2 in BFP to create the 

two BR fusion proteins, BR1 and BR2, respectively (Figures 2.1C and 2.1D). The 

C-terminally His tagged BR constructs were expressed in a bacterial expression 

system and purified from the soluble fraction on a Ni-affinity column. The protein 

was subjected to an additional 6 M urea wash step for ~ 1 h to ensure that the 

cpRBP domain unfolded and released any bound cellular ribose. The protein was 

refolded on the column prior to elution.  

 To test the effect of domain coupling on the RBP domain, we performed 

stability measurements of the cpRBP domain alone by monitoring change in 

helicity (CD signal at 222 nm). This was done under conditions where the BFP 

domain remains folded, as indicated by the unchanged fluorescence signal shown 

in Figure 2.3 (up to 2 M guanidinium chloride). The cpRBP domain in BR1 and 

BR2 behaves as a cooperatively folded protein domain exhibiting 2-state folding 

at 22 ̊ C and pH 7.4 (Figures 2.3A and 2.3B). It gains stability upon ribose binding 

as indicated by a shift in the Cm (midpoint of the denaturation curve at which the 

protein is 50% unfolded) from ~ 0.4 M to > 2 M.  

To determine the effect of a disordered cpRBP insertion on BFP, we 

performed stability measurements in the absence of ribose so that the BFP unfolds 

in the context of an unstructured RBP domain at GdmCl concentrations > 0.4 M. 

Insertions at site 1 and site 2 destabilized BFP by 11.38 kcal/mol and 5.87 kcal/mol, 
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respectively, as monitored by the change in BFP fluorescence as a function of 

denaturant concentration (Figure 2.4, Table 2.1).   

 

2.3.4 Determination of loop entropy effect in BFP  

The theoretical ΔΔGF-U value when the receptor domain behaves like an 

unstructured loop (i.e., c = 1.5) was calculated using Eq.1 where nref (the longest 

loop)= 312 amino acids (length of cpRBP domain) and n = 6 and 7 (loops shown 

in Figure 2.1B) and the theoretical value was estimated to be about 3.44 and 3.30 

kcal/mol for sites 1 and 2, respectively. 

Since the ribose-bound E.coli cpRBP domain is less stable (Cm = 1.73 M 

and ΔG = 2.22 kcal.mol-1) than the BFP domain in the BR construct (Figure 

S2.2A), it becomes impossible to measure the stability of BFP in the context of a 

well-folded and stable RBP domain. To overcome this problem, we inserted a 

highly stable, structurally similar homolog from Thermoanaerobacter 

tengcongensis, T.te RBP,24 at the same insertion site in BFP. T.te RBP was 

circularly permuted at the residue which coincides with the permutation site in 

E.coli RBP and it has been previously shown to gain stability upon ribose binding25. 

We purified the BR constructs with T.te cpRBP insertions without the denaturant 

wash step described above, to maintain the ribose-bound folded structure of the 

cpRBP domain. We also added 0.1 M ribose to the BR fusion proteins prior to 

measuring the stability of BFP in the context of a folded cpRBP domain. They are 
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denoted as BR1holo and BR2holo while the fusion proteins with E.coli cpRBP are 

referred to as BR1apo and BR2apo. 

GdmCl-induced denaturation of the ribose bound-BR constructs (with T.te 

cpRBP) showed a significant increase in stability of BFP, by 3.74 kcal/mol (ΔΔG = 

ΔGF – ΔGU) at site 1 (Figure 2.4, Table 2.1). Although the measured ΔΔG value 

for BR2 seems small, it is worth noting that the folding of the cpRBP domain at site 

2 increases its measured Cm value by 0.74 M. The relatively small change in helical 

content (< 20 mdeg) over the GdmCl concentration range used in these 

experiments (Figure S2.2B and S2.2C),  for measuring BFP stability indicates that 

T.te cpRBP is predominantly folded - as compared to E.coli cpRBP as shown in 

Figure S2.2A.  

 

2.4 Discussion 

We demonstrate the use of an FP scaffold to study loop entropy effects at 

two surface loops. Some basic principles revealed in this rational design approach 

are useful considerations in the construction of fusion proteins coupled in this 

manner. First, the guest domain, E.coli cpRBP, which was predominantly 

unstructured in the absence of ligand (Figure 2.2A) appeared to behave as a 

cooperatively folded protein domain upon insertion at sites 1 and 2 in the BR 

constructs (Figure 2.3A and 2.3B). Sites 1 and 2 are relatively short loops in BFP 

that span distances of ~ 5 Å between the terminal residues of the loop (PDB:2B3P). 

Constraining the new termini of the circularly permuted guest domain to a short 
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distance is possibly the reason for this stabilization observed in the cpRBP domain. 

Second, the effect of cpRBP insertion destabilizes the BFP domain, with a higher 

energy penalty imposed on the folding of BFP at one site (site 1: DK▼QKNG, ΔΔG 

= 11.38 kcal.mol-1) than the other (site 2: NVED▼GSV, ΔΔG = 5.87 kcal.mol-1) 

although the denaturation melt curves of cpRBP indicate that its stability is similar 

at both sites of insertion (Figure 2.3A and 2.3B). The order of stability  of the host 

BFP domain with cpRBP insertions at the two surface loops was determined to be 

as follows: ΔGBFP > ΔGBR2apo > ΔGBR1apo. The differing effects at the two sites of 

insertion may possibly indicate different roles of the corresponding loops on the 

structural stability of BFP.  

From a protein engineering perspective, the FP beta barrel is an apt host 

domain for studying loop entropy effects as the fluorescence of FPs is a good 

indicator of a properly folded tertiary structure. Similar studies have attempted to 

determine the effect of domain insertions on enzyme activity. For example, 

insertions of dihydrofolate reductase (DHFR) or β-lactamase into four surface 

loops in phosphoglycerate kinase (PGK) had only small effect on PGK’s activity26, 

and the maltodextrin-binding protein retained activity upon insertion of β-lactamase 

into two of its surface loops27. The insertion of a folded domain into a parent 

domain’s surface loop has been generally found to be tolerated with minimal effect 

on the parent domains activity. However, Doi and coworkers also tested the effect 

of inserting random sequences of 120-130 amino acids into a surface loop and 

found that ~10% of the insertion variants retained activity although the inserted 
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sequences exhibited a lack of structure. In this study, we find that both cpRBP and 

BFP were functional in the fusion protein constructs. 

To test the loop entropy effect on the stability of BFP, it was necessary to 

ensure that the cpRBP domain is less stable in the absence of ligand. Circular 

permutation of the E.coli RBP domain (Figure 2.1A) fulfilled this requirement as 

evidenced by the temperature melt curves of free and ribose-bound E.coli cpRBP 

(Figure 2.2A). The cold denaturation property observed in free E.coli cpRBP, 

above freezing point (1-10 C), is absent in the WT E.coli RBP (Figure S2.1), 

suggesting that the protein loses some secondary structure upon circular 

permutation. This unique property is generally rationalized by the decrease in the 

level of hydrophobic interactions combined with solvation effects28–31. Binding of 

ribose eliminates the cold denaturation phenomenon indicating a gain in structure 

and stability of the protein (Figure 2.2A). In the BR constructs used in this study, 

the cpRBP domain may be further destabilized by a known destabilizing mutation 

(V50E) to further increase the entropic cost of domain insertion on BFP and 

potentially obtain a larger ΔΔGF-U by the loop closure entropy principle. 

Our findings in this study suggest that both sites 1 and 2 in the blue-emitting 

super folder FP variant tolerate the insertion of a 312-residue long cpRBP domain, 

with greater loss of stability at site 1 than site 2.  When the cpRBP domain adopts 

a folded structure, the BFP domain in the BR1 construct is stabilized by 3.74 

kcal/mol (ΔΔG(F-U) = BR1holo – BR1apo, refer Table 2.1) which is nearly equal to 

the theoretical value of change in stability estimated from the loop entropy model 

Eq. (1) i.e., ΔΔG(F-U) = 3.44 kcal.mol-1 for site 1. At site 2, although the ΔΔG appears 
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to be negligible the Cm value increases by 0.74 M (Figure when cpRBP is folded 

(Figure S2.2C), indicating that it complies with the expected trend from polymer 

theory— the inverse correlation between loop length and protein stability. This 

trend has previously been shown in studies performed by Nagi and Regan when 

they tested the insertion of up to ten Gly residues in a two-residue loop of Rop15. 

Studies by  Viguera and Serrano —  insertion of 10 Gly residues in alpha-spectrin 

SH3 domain circular permutants16, as well as Ladurner and Fersht, with the 

insertion of up to 13 residues in chymotrypsin inhibitor-2 (CI2)17 suggest a 

decrease in stability with an increase in loop length.  However, there are also some 

exceptions to this trend (insertion of 60-80 residues in lck SH2 domain)13. Some 

factors that influence the effect of insertions in a host domain loop include the 

structural context of the insertion sites, the variation in the pre-exponential value 

(c) depending on the model used and  the loop length taken into consideration (n). 

Ideally, the loop closure entropy effect would be best estimated by using the 

same guest domain to determine the stability of the host when the guest domain 

is unstructured versus folded. However, since the measured stability of the E.coli 

RBP domain in the presence of ribose (2.22 kcal.mol-1) was much less than that 

of BFP in BR1 (5.97 kcal.mol-1), we used a structurally similar homolog of RBP 

permuted at the same site. In the presence of ribose, we observed that it is 

predominantly structured allowing us to measure the stability of BFP under 

conditions where the cpRBP is folded.  

The original purpose of testing the loop closure entropy phenomenon in the BR 

constructs for this thesis work was to test a ribose-responsive green to blue color 
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switch discussed in chapter 5. However, the limitations and challenges associated 

with the design of a dual chromophore (SHG/GYG) in a unimolecular protein switch 

system led us to design the sensor construct described in chapter 3 of this thesis.  

 

2.5 Materials and Methods 

Wavelength scan and thermal denaturation measurements were carried out 

on a Model 420 circular dichroism spectrometer (AVIV Biomedical, Inc.). 

Fluorescence spectra were recorded on a Horiba FluoroMax-4 benchtop 

fluorimeter (Jobin-Yvon).  

 

2.5.1 Protein expression and purification  

Amino acid sequences for all protein constructs are shown in Figure S2.3 

Genes were cloned in a pET41b plasmid vector and fully sequenced. Proteins 

were expressed in E.coli BL21 (DE3) with 40 mg/mL isopropyl β-D-

thiogalactopyranoside (IPTG) induction occurring at 18 ˚C for 16-18 h. Cell pellets 

were resuspended in 20 mM Tris (pH 8.0), 300 mM NaCl, 10 mM imidazole, 10 

mM β-mercaptoethanol (BME) and lysed using a small amount of hen lysozyme 

followed by followed by DNase I and 5 mM MgCl2. The soluble fraction obtained 

after centrifugation of the cell lysate at 12,000 rpm for 30 min at 4 ˚C, was loaded 

on a nickel affinity column. The C-terminally His-tagged protein bound to the Ni-

NTA resin was washed using the lysis buffer followed by a wash with 6 M urea 

included in the same buffer for 30 min to 1 h. The latter wash step was included to 
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ensure unbinding of any cellular ribose bound during bacterial expression. The 

eluted protein was run on a S200I gel filtration column in buffer containing 10 mM 

Tris (pH 7.2) and 150 mM NaCl. RBP was lyophilized after dialyzing against double 

distilled water.  

 BFP and the BR fusion proteins were expressed in E.coli and purified as 

described above and stored in buffer containing 10 mM Tris (pH 7.4) and 150 mM 

NaCl. The BRs with T.te cpRBP insertions were not purified under denaturing 

conditions. The purity of all protein constructs was assessed to be > 90% and the 

BRs with E.coli cpRBP insertions were determined to exist as monomers based 

on a Superdex S200 (Cytiva) size exclusion column chromatogram. 

 

2.5.2 Thermal denaturation experiments 

Lyophilized RBP was resuspended in double distilled water and then diluted 

to a final concentration of 2 μM in buffer containing 20 mM sodium phosphate (pH 

7.4) and 150 mM NaCl with varying concentrations of ribose (0, 10 μM, 100 μM, 1 

mM, 10 mM and 100 mM) in a final volume of 3 mL. Samples treated with ribose 

were allowed to fold and bind ribose at 37 ˚C for 2 h and then cooled to 4 ˚C prior 

to the experiment. Each sample was cooled to 1 ˚C in a 1 cm path length cuvette 

and absorbance was collected every 1 ˚C for 60 s with a 30 s averaging time and 

equilibration time, with stirring (41%). For thermal denaturation of the WT RBP, the 

same conditions were used without the addition of ribose to the protein. Samples 
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were prepared in identical buffers containing varying concentrations of GdmCl (0, 

0.5, 1, 1.5 and 2 M) and incubated for 3 h at 22 ˚C prior to the experiment. 

 

2.5.3 Stability measurements 

Solutions for denaturation experiments were prepared by mixing a solution of 20 

mM Tris (pH 7.4), 150 mM NaCl with an identical solution containing 2 – 6 M 

GdmCl, using a Hamilton Microlab 540B dispenser. Protein was added to the pre-

made dilutions to a final concentration of 3 μM protein (BR constructs, ε280 = 22,015 

M-1cm-1) and 1 μM chromophore (BFP, ε383 = 32,000 M-1cm-1). Final denaturant 

concentrations were measured by index of refraction. The stability of E.coli cpRBP 

in the BR fusion proteins was measured by monitoring CD spectra (λ = 222 nm) of 

the cpRBP domains in a 5 mm path length cuvette and BFP stability was measured 

by monitoring fluorescence (excitation 381 nm, 1 - 1.5 nm bandpass and emission 

410 - 500 nm, 2-6 nm bandpass) in a 5 mm path length cuvette on a Horiba 

FluoroMax-4 instrument (Jobin-Yvon). GdmCl denaturation curves were fit to the 

linear extrapolation equation to obtain ΔG and m-values ((ΔG = ΔGH2O – 

m[denaturant])32.  
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2.7 Figures and Tables 

 

Figure 2.1: Crystal structures of E. coli RBP and BFP and schematics of 

fusion protein constructs.  (A) X-ray crystal structure of E.coli RBP (1URP) 

bound to ribose (blue spheres). A circular permutant of RBP (cpRBP) was created 

by joining the original N and C termini with a 30-residue linker (denoted by the 

dashed line) and new termini (indicated as N’ and C’) were generated at a short 

loop (residue at N’ is Gly57). (B) X-ray crystal structure of the super folder FP 

variant (2B3P) showing cpRBP insertion sites at loops — site 1 (between strands 

β7 and β8) and site 2 (between strands β8 and β9). (C) and (D) represent the 

schematics of the BR fusion protein constructs created by inserting cpRBP into 

BFP at sites 1 and 2. Amino acid sequences are as shown in Figure S2.3. 
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Figure 2.2: Effect of ribose on the temperature-induced denaturation of E.coli 

cpRBP monitored by CD. (A) Thermal denaturation curves of E.coli cpRBP with 

varying concentrations of ribose, indicated in the inset. CD signal was monitored 

at 222 nm. Lines are drawn to guide the eye only. (Experiment performed by 

S.N.L.). (B) Schematic diagram showing the stabilizing effect of the ribose-binding 

reaction on E.coli cpRBP.  
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Figure 2.3: Effect of ribose on the stability of E.coli cpRBP inserted in BFP 

surface loops monitored by CD signal. GdmCl-induced denaturation curves of 

E.coli cpRBP inserted at (A) site 1 and (B) site 2,  in the absence (red empty circles) 

and presence of 100 mM ribose (red filled circles). CD signal was monitored at 222 

mdeg. Blue data points indicate blue fluorescence recorded for the same samples 

on the CD instrument, measured in units of voltage from a photomultiplier tube.  
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Figure 2.4: GdmCl-induced denaturation curves of BFP and BR fusion 

proteins monitored by fluorescence. BR1 and BR2 correspond to the protein 

constructs shown in Figure 2.1C and 2.1D. Open circles indicate the ligand-free 

E.coli cpRBP insertion and filled circles indicate the ribose-bound (100 mM) T.te 

cpRBP insertion at the indicated sites. Lines are best fits of the data to the two-

state linear extrapolation equation32.  
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Table 2.1 Thermodynamic parameters for protein constructs at 22 ˚C, pH 7.4. 

Construct 

ΔG 

(kcal.mol
-1

) 

m 

(kcal.mol
-1 

M
-1

) 

C
m

 

(M) 

BFP 

 

17.35 ± 1.05 3.81 ± 0.28 4.56 ± 0.06 

BR1 (E.coli cpRBP) 

 

5.97 ± 0.55 2.1 ± 0.26 2.84 ± 0.089 

BR1 (T.te cpRBP) 

 

9.71 2.87 3.39 

BR2 (E.coli cpRBP) 

 

11.48 3.02 3.80 

BR2 (T.te cpRBP) 

 

11.19 2.46 4.54 

E.Coli cpRBP in BR1 

 

4.94 11.28 0.44 

E.Coli cpRBP in BR2 

 

4.26 10.78 0.39 
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GdmCl-induced unfolding was monitored by fluorescence emission maxima (448 

nm) for BFP and BR fusion proteins and by CD signal 222nm for E.coli cpRBP. 

Thermodynamic parameters correspond to the graphs shown in Figures 2.3 and 

2.4. Errors are average ± SD (n=2).  
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2.8 Supplementary Figures 

 

Supplementary Figure S2.1: Thermal denaturation curves of WT E.coli RBP 

under chemically denaturing conditions. WT E.coli RBP was incubated in 

varuing concentrations of guanidinium chloride for 3 h at 22 ̊ C prior to experiment. 

Experimental conditions are as described in Methods.  
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Supplementary Figure S2.2: Ribose-bound T.te cpRBP is more stable than 

E.coli cpRBP in BR fusion proteins. Guanidinium chloride-induced denaturation 

of (A) BR1 with E.coli RBP insertion (B) BR1 with T.te RBP insertion (C) BR2 with 

T.te RBP insertion. The RBP domain (red) is monitored by change in CD signal at 

222 nm and BFP (blue), by  fluorescence at 22 ˚C and pH 7.4. Refer Table 2.1 for 

thermodynamic parameters from the fits to the linear extrapolation model equation 

(ΔG = ΔGH2O – m[GdmCl])32. 
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Supplementary Figure S2.3: Amino acid sequences used in this study.  

The chromophore (SHG) is indicated in italics. Sites of RBP insertions in BR1 and 

BR2 (indicated in Figure 2.1 C,D) are shown in red in the BFP sequence. In the 

WT E.coli RBP, ▼ indicates the site where new termini were created. In the BR 

fusion proteins, the BFP portion is indicated in blue and RBP, in red. 

 

1. BFP 

MVSKGEELFTGVVPILVELDGDVNGHKFSVRGEGEGDATNGKLTLKFICTTGKL

PVPWPTLVTTLSHGVACFSRYPDHMKQHDFFKSAMPEGYVQERTISFKDDGTY

KTRAEVKFEGDTLVNRIELKGIDFKEDGNILGHKLEYNFNSHNVYITADK(site1)Q

KNGIKANFKIRHNVED(site2)GSVQLADHYQQNTPIGDGPVLLPDNHYLSTQSVL

SKDPNEKRDHMVLLEFVTAAGITLGMDELYKGLEHHHHHHHH 

 

2. Wild type E.coli RBP  

MKDTIALVVSTLNNPFFVSLKDGAQKEADKLGYNLVVLDSQNNPAKELANVQDL

TVR▼

GTKILLINPTDSDAVGNAVKMANQANIPVITLDRQATKGEVVSHIASDNVLGGKIA

GDYIAKKAGEGAKVIELQGIAGTSAARERGEGFQQAVAAHKFNVLASQPADFDR

IKGLNVMQNLLTAHPDVQAVFAQNDEMALGALRALQTAGKSDVMVVGFDGTPD

GEKAVNDGKLAATIAQLPDQIGAKGVETADKVLKGEKVQAKYPVDLKLVVKQLE

HHHHHHHH  
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3. E.coli cpRBP  

MGTKILLINPTDSDAVGNAVKMANQANIPVITLDRQATKGEVVSHIASDNVLGGKI

AGDYIAKKAGEGAKVIELQGIAGTSAARERGEGFQQAVAAHKFNVLASQPADFD

RIKGLNVMQNLLTAHPDVQAVFAQNDEMALGALRALQTAGKSDVMVVGFDGTP

DGEKAVNDGKLAATIAQLPDQIGAKGVETADKVLKGEKVQAKYPVDLKLVVKQG

GAASGGAAGGSSAAASSGAGAAGGSGAGGKDTIALVVSTLNNPFFVSLKDGA

QKEADKLGYNLVVLDSQNNPAKELANVQDLTVRLEHHHHHHHH  

 

4. BR1 (E.coli cpRBP) 

MVSKGEELFTGVVPILVELDGDVNGHKFSVRGEGEGDATNGKLTLKFICTTGKL

PVPWPTLVTTLSHGVACFSRYPDHMKQHDFFKSAMPEGYVQERTISFKDDGTY

KTRAEVKFEGDTLVNRIELKGIDFKEDGNILGHKLEYNFNSHNVYITADKGTKILLI

NPTDSDAVGNAVKMANQANIPVITLDRQATKGEVVSHIASDNVLGGKIAGDYIAK

KAGEGAKVIELQGIAGTSAARERGEGFQQAVAAHKFNVLASQPADFDRIKGLNV

MQNLLTAHPDVQAVFAQNDEMALGALRALQTAGKSDVMVVGFDGTPDGEKAV

NDGKLAATIAQLPDQIGAKGVETADKVLKGEKVQAKYPVDLKLVVKQGGAGGS

GGAGGSGGASGGAGGSGGAGGSGGKDTIALVVSTLNNPFFVSLKDGAQKEAD

KLGYNLVVLDSQNNPAKELANVQDLTVRQKNGIKANFKIRHNVEDGSVQLADHY

QQNTPIGDGPVLLPDNHYLSTQSVLSKDPNEKRDHMVLLEFVTAAGITLGMDEL

YKGLEHHHHHHHH 
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5. BR1 (T.te cpRBP) 

MVSKGEELFTGVVPILVELDGDVNGHKFSVRGEGEGDATNGKLTLKFICTTGKL

PVPWPTLVTTLSHGVACFSRYPDHMKQHDFFKSAMPEGYVQERTISFKDDGTY

KTRAEVKFEGDTLVNRIELKGIDFKEDGNILGHKLEYNFNSHNVYITADKVDVLLI

NPVDSDAVVTAIKEANSKNIPVITIDRSANGGDVVSHIASDNVKGGEMAAEFIAKA

LKGKGNVVELEGIPGASAARDRGKGFDEAIAKYPDIKIVAKQAADFDRSKGLSV

MENILQAQPKIDAVFAQNDEMALGAIKAIEAANRQGIIVVGFDGTEDALKAIKEGK

MAATIAQQPALMGSLGVEMADKYLKGEKIPNFIPAELKLITKENVQGGAASGGAA

GGSSAAASSGAGAAGGSGAGGKEGKTIGLVISTLNNPFFVTLKNGAEEKAKEL

GYKIIVEDSQNDSSKELSNVEDLIQQKQKNGIKANFKIRHNVEDGSVQLADHYQ

QNTPIGDGPVLLPDNHYLSTQSVLSKDPNEKRDHMVLLEFVTAAGITLGMDELY

KGLEHHHHHHHH* 

 

6. BR2 (E.coli cpRBP) 

MVSKGEELFTGVVPILVELDGDVNGHKFSVRGEGEGDATNGKLTLKFICTTGKL

PVPWPTLVTTLSHGVACFSRYPDHMKQHDFFKSAMPEGYVQERTISFKDDGTY

KTRAEVKFEGDTLVNRIELKGIDFKEDGNILGHKLEYNFNSHNVYITADKQKNGIK

ANFKIRHNVEDGTKILLINPTDSDAVGNAVKMANQANIPVITLDRQATKGEVVSHI

ASDNVLGGKIAGDYIAKKAGEGAKVIELQGIAGTSAARERGEGFQQAVAAHKFN

VLASQPADFDRIKGLNVMQNLLTAHPDVQAVFAQNDEMALGALRALQTAGKSD

VMVVGFDGTPDGEKAVNDGKLAATIAQLPDQIGAKGVETADKVLKGEKVQAKY
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PVDLKLVVKQGGAGGSGGAGGSGGASGGAGGSGGAGGSGGKDTIALVVSTL

NNPFFVSLKDGAQKEADKLGYNLVVLDSQNNPAKELANVQDLTVRGSVQLADH

YQQNTPIGDGPVLLPDNHYLSTQSVLSKDPNEKRDHMVLLEFVTAAGITLGMDE

LYKGLEHHHHHHHH 

 

7. BR2 (T.te cpRBP) 

MVSKGEELFTGVVPILVELDGDVNGHKFSVRGEGEGDATNGKLTLKFICTTGKL

PVPWPTLVTTLSHGVACFSRYPDHMKQHDFFKSAMPEGYVQERTISFKDDGTY

KTRAEVKFEGDTLVNRIELKGIDFKEDGNILGHKLEYNFNSHNVYITADKQKNGI

KANFKIRHNVEDVDVLLINPVDSDAVVTAIKEANSKNPVITIDRSANGGDVVSHIA

SDNVKGGEMAAEFIAKALKGKGNVVELEGIPGASAARDRGKGFDEAIAKYPDIKI

VAKQAADFDRSKGLSVMENILQAQPKIDAVFAQNDEMALGAIKAIEAANRQGIIV

VGFDGTEDALKAIKEGKMAATIAQQPALMGSLGVEMADKYLKGEKIPNFIPAELK

LITKENVQGGAASGGAAGGSSAAASSGAGAAGGSGAGGKEGKTIGLVISTLNN

PFFVTLKNGAEEKAKELGYKIIVEDSQNDSSKELSNVEDLIQQKGSVQLADHYQ

QNTPIGDGPVLLPDNHYLSTQSVLSKDPNEKRDHMVLLEFVTAAGITLGMDELY

KGLEHHHHHHHH 
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3.1 Abstract  

Protein conformational switches are widely used in biosensing. They are often 

composed of an input domain (which binds a target ligand) fused to an output 

domain (which generates an optical readout). A central challenge in designing 

such switches is to develop mechanisms for coupling the input and output signals 

via conformational change. Here, we create a biosensor in which binding-induced 

folding of the input domain drives a conformational shift in the output domain that 

results in a 6-fold green-to-yellow ratiometric fluorescence change in vitro, and a 

35-fold intensiometric fluorescence increase in cultured cells. The input domain 

consists of circularly permuted FK506 binding protein (cpFKBP) that folds upon 

binding its target ligand (FK506 or rapamycin). cpFKBP folding induces the output 

domain, an engineered GFP variant, to replace one of its β-strands (containing 

T203 and specifying green fluorescence) with a duplicate β-strand (containing 

Y203 and specifying yellow fluorescence) in an intramolecular exchange reaction. 

This mechanism employs the loop-closure entropy principle, embodied by folding 

of the partially disordered cpFKBP domain, to couple ligand binding to the GFP 

color shift. This study highlights the high energy barriers present in GFP folding, 

which cause β-strand exchange to be slow and are also likely responsible for the 

shift from the β-strand exchange mechanism in vitro to ligand-induced 

chromophore maturation in cells. The proof-of-concept design has the advantages 

of full genetic encodability and potential for modularity. The latter attribute is 

enabled by the natural coupling of binding and folding and circular permutation of 

the input domain, which theoretically allows different binding domains to be 

compatible for insertion into the GFP surface loop. 
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3.2 Introduction 

 Protein switches are versatile tools with applications in synthetic biology, 

molecular diagnostics and cellular biosensing 1–4. Rapid advancements in the field 

of protein switch engineering using random, rational, semi-rational, and de novo 

approaches testify to the ongoing search for improved designs5–8. Many of these 

efforts aim to achieve two key goals: signal transduction (i.e., a strategy for joining 

recognition and reporter domains such that the signaling event is transduced to a 

detectable output) and modularity (the capability of substituting different 

recognition domains for sensing a target of choice)9,10. In this study, we address 

these challenges by employing a combination of two protein engineering strategies 

— loop closure entropy11 and alternate frame folding (AFF12) — to create a 

conformationally-driven biosensor in which ligand binding and change in 

fluorescence color/intensity comprise the respective input and output signals. 

 AFF is a mechanism by which allostery is introduced into a protein which 

previously had none. AFF entails copying a terminal segment of a protein that 

contains a key functional residue, e.g., one that binds a target ligand, is essential 

to enzymatic function, or specifies light absorption/emission wavelengths, and 

pasting it to the opposite terminus of the parent protein. The presence of two 

identical segments allows the protein to switch between two folding ‘frames’, one 

of which corresponds to the original amino acid sequence and the other to that of 

a circular permutant (CP). The two folds are mutually exclusive because the 

duplicated segments compete for the shared region. Changing the identity of the 

key residue in one of the segments links the fold shift to a change in protein 
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function. We previously applied the AFF methodology to proteins that bind calcium 

(calbindin D9k 
13,14) and a sugar (ribose binding protein15), to convert them to 

biosensors for their respective ligands. Förster resonance energy transfer (FRET) 

output was achieved by attaching chemical fluorophores to sites that reported on 

the fold shift.  

 Here, we introduce two new features to the AFF design: full genetic 

encodability and a novel mechanism (loop-closure entropy) for transducing ligand 

binding to a fluorescence change. We demonstrate proof-of-concept by creating a 

genetically encodable protein switch that functions as a small molecule-induced 

ratiometric biosensor in vitro and an intensiometric biosensor in mammalian cells. 

This biosensor is designed to be generalizable by inserting different recognition 

domains into the same fluorescent protein (FP) scaffold.  

 

3.3 Results 

 

3.3.1 Biosensor design 

 The biosensor color change is made possible by switching between two 

amino acids at position 203 in strand β10 of the 11-stranded β-barrel of a modified  

Clover GFP20 (referred to as GFP in this paper). Residue 203 contacts the 

chromophore (G65-Y66-G67) that resides between β3 and β4. Replacing T203 

with Y203 shifts the emission maximum from 509 nm (green) to 524 nm 

(yellow)21,22. To enable the AFF conformational change, we employed the design 
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introduced by Boxer and colleagues to construct a light-driven, fluorescent 

protease sensor23. GFP was first engineered to terminate its sequence with β10 

instead of β11. This was achieved by circularly permuting it between β10 and β11 

and joining the original N- and C-termini with a GGGSGG linker (Figure 1A). We 

then appended a duplicated β10, carrying the Y203T mutation, to the N-terminus 

of the CP to generate the FP scaffold (Figure 1B). The resulting fusion protein can 

adopt either the green fold (G-fold; GFP permuted between β10-β11 and with 

T203) or the yellow fold (Y-fold; GFP permuted between β9-β10 and with Y203). 

The conformational change consists of the duplicate β10 strands exchanging from 

the common core of (β11, β1-β9) (Figure 1A). 

 We linked the fold shift to molecular recognition using the principles of loop-

closure entropy and binding-induced folding. Loop-closure entropy refers to the 

loss of chain entropy that results from constraining the termini of a disordered, 

flexible polypeptide to a single, fixed position11,24. If a protein contains a long, 

intrinsically-disordered surface loop, the loop is free to adopt a normal distribution 

of end-to-end distances when the protein is unfolded, but its ends are constrained 

when the protein is folded. This unfavorable loss of chain entropy, theoretically 

proportional to the logarithm of the number of residues in the loop, is offset by the 

favorable free energy change of protein folding. Deleting or shortening flexible 

surface loops is thus a common strategy for stabilizing proteins. Here, we take the 

opposite approach and insert a disordered recognition domain into a surface loop 

of a host protein. The entropic penalty paid by folding of the host goes away when 

the ends of the recognition domain become fixed by another process, e.g., binding-



 110 

induced folding. If the distance between the termini of the folded recognition 

domain is compatible with the structure of the host protein at the insertion point, 

the host becomes stabilized by ligand binding.  

 To drive color change of the FP scaffold in Figure 1B, one can insert the 

disordered recognition domain (circularly permuted FK506 binding protein, or 

cpFKBP) into one of two positions that will selectively destabilize the Y-fold and 

not the G-fold or vice versa. These sites are the turn between β10-β11 in the Y-

fold (site A in Figure 1B) or the turn between β9-β10 in the G-fold (site B in Figure 

1B), respectively. On binding FK506 or rapamycin, folding of the cpFKBP domain 

removes the entropic penalty and stabilizes the fold in which it is resident. We 

denote this switching mechanism as entropy switching AFF (esAFF). 

 

3.3.2 Characterization of sensor components  

 We first purified and characterized the individual proteins from which the FP 

scaffold was assembled: the isolated circular permutants corresponding to the Y-

fold (cpY) and G-fold (cpG) without any insertions into sites A or B (Figure 1C, 

inset). We later define the Y-fold analog and the G-fold analog as cpY and cpG 

with insertions at site A and site B, respectively, as shown in Figure 1B. Cartoon 

representations of sensors and analogs are shown in Figure 1D. Spectral 

characterization of cpG and cpY confirmed that their absorbance maxima (492 nm 

and 514 nm; Figure S1A) and emission maxima (509 nm and 524 nm; Figure 1C) 

remained unchanged from those of the parent FPs. As anticipated from previous 
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studies22, Y203 increased the brightness of the chromophore: emission of cpY was 

1.675-fold greater than that of cpG when both proteins were excited at 492 nm, as 

determined by integrating the areas under the curves (AUC) from 500 to 600 nm 

for each emission spectrum (Figure 1C). Guanidinium hydrochloride (GdmCl) 

denaturation experiments revealed that cpY is more stable than cpG as judged by 

the apparent change in the Gibbs free energy of folding (ΔΔGfold = 2.78 kcal/mol) 

and by the change in midpoint of denaturation (ΔCm = 0.80 M GdmCl) (Figure 

S1C; Table S1). The criteria for the target recognition domain in the esAFF design 

are that it: (i) has a short N-to-C terminal distance (less than or equal to the Cα-Cα 

distance between the residues at the ends of the loop into which it’s inserted); (ii) 

is predominantly unfolded in the absence of ligand; and (iii) folds on ligand binding. 

To shorten the 26 Å N-to-C length of WT FKBP, we circularly permuted it at position 

33. Conveniently, cpFKBP is ~50 % unfolded without ligand, and fully folds upon 

binding FK506 or rapamycin (Figure S2A). Binding and folding occur within the 

dead time of mixing (~10 s); Figure S2B). 

 To create the esAFF biosensor, cpFKBP can either be inserted into the Y-

fold or the G-fold (site A or site B; Figure 1B). We chose to insert cpFKBP into cpY 

(creating the Y-fold analog) because cpY is more stable than cpG. Binding of 

FK506 to the Y-fold analog had no effect on its fluorescence (Figure S1B). As 

expected, insertion of cpFKBP destabilized cpY, as evidenced by the lower Cm 

value of the Y-fold analog (ΔCm = 1.83 M GdmCl) (Figure S1C; Table S1). This 

finding lends support to the loop closure entropy model. We could not, however, 

quantify this effect because the cooperativity parameter (m-value) significantly 
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increased (~2-fold) after cpFKBP insertion (Table S1). We also note that inserting 

a single Gly into site B of cpG (to create the G-fold analog described below) also 

increased the apparent cooperativity of cpG unfolding to a similar extent (Figure 

S4). These large changes in m-value suggest that insertion into these loops may 

reduce the population of an intermediate in the unfolding transition or allow 

unfolding/refolding to reach equilibrium more fully within the 24 h incubation time. 

GFP can take weeks to equilibrate, during which time Cm decreases steadily and 

m-value fluctuates in a complex manner25. Either scenario complicates the 

interpretation of ΔΔGfold. Likewise, we were unable to measure the extent to which 

FK506 binding/cpFKBP folding stabilized the Y-fold analog because the 

cpFKBP/FK506 complex unfolds at lower [GdmCl] compared to the Y-fold analog. 

 

3.3.3 In vitro sensor performance  

 To quantify color changes, we unmixed the sensor emission spectra into 

linear combinations of green and yellow reference spectra (obtained from Figure 

1C; see Methods). Experimental spectra were reproduced adequately by the sum 

of the unmixed green and yellow areas-under-the-curve (AUCgreen and AUCyellow) 

with no other fluorescent species detected (representative examples are shown in 

Figure S3). The yellow-to-green fluorescence ratio (Y/G) was defined as 

AUCyellow/AUCgreen, with (Y/G)ON and (Y/G)OFF corresponding to the values with 

ligand or DMSO vehicle, respectively. The turn-on ratio—the main measure of 

sensor performance—was then calculated by dividing (Y/G)ON by (Y/G)OFF.  
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 We also considered the possibility that the fluorescence change could be 

due in part to an AFF-independent mechanism, e.g., ligand binding changing the 

protonation state of the mature chromophore or causing the chromophore to 

mature. Whether such processes contribute to the observed turn-on can be 

determined by comparing the increase in concentration of Y-fold to the decrease 

in concentration of G-fold, by adjusting the ratio of their AUC values with their 

difference in brightness (cpY was 1.675 times brighter than cpG when both were 

excited at 492 nm (Figure 1C); see Methods). In other words, equal populations 

of Y-fold and G-fold would result in (Y/G) = 1.675, and if AUCyellow increased by 

more than 1.675 times the value by which AUCgreen decreased, then the excess 

amount would be attributed to additional chromophore formation in the Y-fold. For 

the in vitro experiments described below, we found that 90-110 % of the observed 

color change could be explained by the AFF fold shift (Table 1), indicating that 

chromophore maturation/protonation did not contribute significantly to the 

switching mechanism in vitro. 

 Sensor 1 was constructed by inserting cpFKBP into site A of the FP scaffold 

as shown in Figure 1B. We expected sensor 1 to express mostly in the G-fold 

because the G-fold analog was more stable than the Y-fold analog (Table S1). 

Surprisingly, the purified protein exhibited a (Y/G) value of 2.65, indicating that it 

expressed mostly in the Y-fold. We hypothesized that the Y-fold might be favored 

due to a kinetic folding trap, as proposed by Boxer et al.23. In their design as well 

as ours, the Y203-containing β10 strand is the first to emerge from the ribosome 

and the T203-containing β10 strand is the last to exit. Since co-translational folding 
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of GFP is efficient26 and chromophore residues interact more favorably with Y203 

than they do with T20323, it may potentially introduce a kinetic trap for the Y-fold. 

As a test, we unfolded sensor 1 with HCl (pH 2) and refolded by rapid pH jump 

back to pH 7.5. Sensor 1 refolded mostly in the G-fold ((Y/G) = 0.13, Figure S3A), 

consistent with the kinetic trap hypothesis. Clark and co-workers reached a similar 

conclusion when they compared in-cell and in vitro folding of a chimeric FP 

consisting of an N-terminal (specifying yellow fluorescence) and a C-terminal 

domain (specifying blue fluorescence) that compete for folding with a shared 

central domain26. They attributed the two-fold higher ratio of yellow to blue protein 

in cells to a co-translational folding trap, which was exacerbated by introducing 

rare codons into the C-terminal domain. We applied the above unfolding/refolding 

procedure before testing all sensors in vitro. 

 Addition of FK506 to sensor 1 failed to produce a significant turn-on (Figure 

S3B). The likely reason is that the thermodynamic balance between the G-fold and 

the Y-fold is too far in favor of the former to be overcome by loop-closure entropy 

gains to the latter. To bring them into closer balance, we sought to selectively 

destabilize the G-fold using the same loop entropy strategy. We created G-fold 

analogs with 1-mer (Gly), 5-mer (GSGSG), and 10-mer (GGSGTSGGSG) 

unstructured peptides inserted into site B (Figure 1B). As with cpFKBP inserted 

into site A of cpY, all three peptide insertions increased the m-value of GdmCl 

melts, rendering interpretation of ΔΔGfold unreliable. The single Gly insertion was 

sufficiently destabilizing, making the Cm and m-values of the resulting G-fold 

analog approximately equal to those of the Y-fold analog (Figure S4). Increasing 
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insertion length to 5 and 10 residues produced only minor additional decreases in 

stability (Figure S4). We therefore constructed sensor 2 by inserting a single Gly 

into site B (Figure 1B). As expected, destabilizing the G-fold increased the (Y/G) 

value of the purified protein to 24, and that of the refolded protein to 0.86 ± 0.02 

(Figure S5), the latter value being consistent with the near-equivalent stabilities of 

the G- and Y- folds.  

 We evaluated the performance of sensor 2 at 22 °C, 37 °C, and 45 °C. 

Visual inspection of sensor 2 emission spectra confirmed a robust shift from green 

to yellow fluorescence upon FK506 addition at 45 °C (Figure 2A). The time-

dependent spectral change resembled that of the theoretical shift from OFF to ON 

states, as visualized by the superposition of the isolated cpY and cpG spectra 

(Figure 1C). Unmixing the sensor 2 emission spectra revealed a (5.97 ± 0.83)-fold 

turn-on after FK506 exposure, relative to the DMSO vehicle control (Table 1). To 

measure the rate of the conformational shift in the presence of ligand, we fit the 

time-dependent changes in AUCgreen and AUCyellow to single exponential functions 

(Figure 3B). Both half-times (t1/2) were approximately equal at ~ 5 h (Table 1). The 

switching rates appeared to slow down with temperature, to the point where little 

change was observed at 22 °C or 37 °C over the course of 20 h (Table S2). To 

determine reversibility, we incubated sensor 2 with 15  µM FK506 for 9 h (Figure 

S7A), and then added 30 µM WT FKBP. No significant change in Y/G ratios were 

observed after 40 h, indicating that the conformational change was irreversible on 

this time scale (Figure S7B). 
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 To test whether oligomerization of sensor 2, perhaps mediated by domain 

swap, played a role in the observed color change, we performed size exclusion 

chromatography on sensor 2 that had been unfolded and refolded at 20 μM and 

treated with FK506 or DMSO vehicle. Chromatograms of the unfolded/refolded 

proteins were similar to that of the freshly purified sample  (Figure S5). All three 

consisted of a monomeric peak at 15.6 ml and a small peak in the void volume. No 

additional, larger MW peaks appeared after FK506 addition. These data reveal that 

neither unfolding/refolding or subsequent addition of ligand induced 

oligomerization or aggregation, even at 20 μM sensor 2 (~100-fold greater than 

the concentration used in fluorescence switching experiments) 

 

3.3.4 Test of the entropy switch mechanism 

 The loop-closure entropy model holds that the Y-fold will be increasingly 

destabilized as the cpFKBP domain becomes more unstructured and flexible. To 

test this prediction, we unfolded and refolded sensor 2 as described above (45 °C), 

with inclusion of GdmCl in the refolding buffer to unfold any structure that remained 

in the cpFKBP domain. We chose concentrations of GdmCl (0.15 M and 0.3 M) 

that were sufficient to unfold free cpFKBP (Figure S2A) but too low to denature 

the cpFKBP-FK506 complex (Figure S2B), the Y-fold analog, or the G-fold analog 

(Figure S1B). (Y/G)OFF values decreased slightly from 0 M to 0.15 M GdmCl. This 

trend indicates that 0.15 M GdmCl destabilized the Y-fold relative to the G-fold, 

consistent with GdmCl unfolding residual structure in the cpFKBP domain. No 

further change in (Y/G)OFF was observed with 0.3 M GdmCl, suggesting that 
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cpFKBP was fully unfolded by 0.15 M GdmCl. Sensor 2 turn-on ratios and rates in 

0.15 M and 0.3 M GdmCl were similar to the values without denaturant (Table 1). 

 In further support of the loop-closure entropy model, (Y/G)OFF of sensor 2 

progressively increased with decreasing temperature of refolding (45 °C, 37 °C, 22 

°C; Figure S5D-F). This trend is likely caused by the cpFKBP domain folding at 

lower temperatures and thus stabilizing the Y-fold.  Together, these data provide 

evidence for the esAFF mechanism in vitro. 

 

3.3.5 Sensor performance in cells  

 To test if our genetically-encoded biosensor functioned in mammalian cells, 

we transfected a gene encoding sensor 2 along with a N-terminal maltose binding 

protein (MBP) tag into COS-7 cells and treated the cells with rapamycin or DMSO 

vehicle. The sensor 2 gene was co-transfected with the gene encoding for the red 

fluorescent protein mKate2, and cells exhibiting red fluorescence were randomly 

selected for imaging in green and yellow channels. Cells were maintained at 37 °C 

throughout the experiments until they were imaged (<10 min at room temperature). 

We observed an 18-fold turn-on over DMSO vehicle alone within 30 min of adding 

rapamycin, with an average turn-on of (35 ± 9)-fold within four hours over three 

biological repeats (Figure 3A). The turn-on half-time was (60 ± 10) min (Figure 

S8A). Sensor 2 responded to rapamycin in the expected dose-dependent manner 

(Figure S8B). Thus, sensor 2 performed exceedingly well in cells, achieving both 

a faster and a higher turn-on than what was attained in vitro.  
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 Two observations, however, indicate that the turn-on mechanisms were 

different in cells and in vitro. Turn-on in vitro could largely be accounted for by the 

conversion of G-fold to Y-fold via AFF-mediated conformational switching. By 

contrast, green fluorescence in transfected cells did not change significantly on 

rapamycin treatment (1.24 ± 0.53-fold). The change in (Y/G) was due almost 

exclusively to a large increase in yellow fluorescence (42 ± 23-fold), i.e., a dark-to-

yellow process (Figure 3A, Figure S9). The second observation is that turn-on 

half-times were faster in cells (60 min) than in vitro (>4 h). These two findings 

suggest that turn-on arises from chromophore formation in the Y-fold in cells, and 

from the slower AFF-mediated conformational change in vitro (see Discussion).  

 We propose that the different sensing mechanisms in vitro and in cells 

originate from the putative kinetic trap that exists when the sensors fold in cells, 

together with the difference in protein expression temperatures, as follows. Protein 

samples for in vitro experiments were expressed at 18 °C in E. coli. At this 

temperature, sensor 2 expresses as a bright yellow protein because it is trapped 

in the Y-fold and folding as well as chromophore maturation are relatively efficient 

at low temperature. Unfolding and refolding in vitro bypasses the kinetic trap, 

populating the G-fold and allowing the green-to-yellow fold shift to be observed. 

Sensor 2 was expressed in COS-7 cells at 37 °C, where it mostly adopts a third, 

dark conformation that becomes bright yellow after rapamycin exposure. Thus, the 

dark state is distinct from the Y-fold and the G-fold and appears to be closer in 

structure to the Y-fold.  
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 There are two simple views of the dark state structure. First, the 

chromophore is mature but quenched, suggesting that the dark state resembles 

the native Y-fold but contains a defect that allows solvent access and protonation 

of the chromophore. Alternately, the chromophore may not be mature, implying 

that the dark state is more substantially misfolded such that it cannot provide the 

proper environment for cyclization. In either case, the dark state of sensor 2 

appears to be a Y-fold-like conformation in which the Y-fold is partially 

folded/misfolded but stable and kinetically trapped, as opposed to being inherently 

unstable or able to unfold quickly. If the latter conditions were true, sensor 2 would 

readily adopt the G-fold when expressed in COS-7 cells. 

 The observed dark-to-yellow turn-on in COS-7 cells is best explained by the 

chromophore maturation model. The half-time of 60 min is consistent with 

chromophore cyclization, not with deprotonation of the mature chromophore, 

which is expected to occur quickly. In addition, when we purified sensor 2 from E. 

coli grown at 37 °C, we only observed a small absorbance peak from the native G-

fold chromophore (492 nm; Figure S10) and not a peak indicative of a protonated 

or solvent-exposed Gly-Tyr-Gly chromophore (~400 nm)27. If this view is correct, a 

likely reason why sensor 2 matures at 18 °C and not at 37 °C is that the cpFKBP 

domain is more disordered at the higher temperature. Lower temperatures (as well 

as FK506/rapamycin binding) stabilize cpFKBP, possibly tightening the Y-fold 

structure and facilitating chromophore maturation. 

 To test the hypothesis that sensor 2 turn-on in cells is due to the above 

mechanism and not the AFF-mediated fold shift, we transfected the Y-fold analog 
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gene into COS-7 cells and asked whether removing the second copy of β10 

changed the magnitude or rate of the yellow fluorescence increase. The Y-fold 

analog gene was also co-transfected with the mKate2 gene and red fluorescent 

cells were randomly selected for imaging. Since the Y-fold analog has no green 

fluorescence, we calculated turn-on by the ratio of yellow intensities of rapamycin-

treated vs. vehicle-treated cells. The Y-fold analog exhibited turn-on ((17 ± 7)-fold; 

Figure 3B) and t1/2 (~50 min; Figure S8A) comparable to sensor 2, consistent with 

the chromophore maturation model. As a further test we attempted to recapitulate 

the COS-7 results in E. coli by expressing sensor 2 and the Y-fold analog at 37 °C. 

As expected, cell lysates exhibited only very weak yellow fluorescence (Figure 

S11). Addition of FK506 caused the yellow fluorescence to increase over several 

hours in the cell lysates, although not to the extent that was observed in COS-7 

cells. No such increase was apparent when FK506 was added to protein 

expressed at 18 °C (Figure S1B). These findings argue that turn-on of sensor 2 

(and the Y-fold analog) at 37 °C is primarily driven by ligand-assisted cpFKBP 

folding and subsequent chromophore maturation in the Y-fold. 

 

3.4 Discussion 

 We have demonstrated that inserting a binding domain into an engineered 

FP scaffold results in a ligand-driven, color-changing biosensor that operates 

according to the AFF mechanism in vitro. Several principles emerge as being 

important to the design of this class of switches. First, the thermodynamic 

stabilities of the two folds must be made comparable.  In the current design, the 
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β9-β10 and β10-β11 loops in GFP are amenable to inserting a ligand-binding 

domain and a disordered peptide for tuning the relative stabilities of the Y-fold and 

G-fold, respectively, without severe loss of fluorescence. The second 

consideration is to employ a receptor domain with an N-to-C distance that is 

compatible with the ~9 Å distance between the C-terminus of β10 (S208) and the 

N-terminus of β11 (H217). There is likely some latitude in this distance requirement 

because we inserted the receptor between residues E213-K214 in the 8-amino 

acid loop that connects β10 and β11, and the residues to either side may act as 

somewhat flexible linkers. Many proteins naturally possess short (≤ 5 Å) N to C 

lengths28, and for those that don’t, circular permutation brings their new termini into 

proximity. Permutation sites can be identified using rational29 or computational 

approaches30. Permutation typically destabilizes a protein, and if necessary further 

destabilization can be achieved by permuting using short linkers to pinch the 

original termini together31, by introducing known mutations, or by chemical 

denaturants (Figure S6) and/or elevated temperature (Table S2). 

 Our study highlights how sensor behavior can change when it is expressed 

in cells versus refolded in vitro. The turn-on mechanism pivoted from an AFF-

mediated green-to-yellow conformational change when sensor 2 was refolded, to 

dark-to-yellow chromophore maturation when it was expressed in mammalian 

cells. Although the structural features of the chromophore microenvironment and 

molecular details remain unclear, this finding emphasizes the roles that protein 

translation and temperature may play in folding and maturation of FPs. Of note, 
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Boxer et al. reported that unfolding and refolding their related sensor also changed 

the relative populations of the two folds23.  

 Our AFF design blends elements of two main FP-based sensing 

mechanisms—bimolecular fluorescence complementation (BiFC) and that of 

single FP-based biosensors—and offers the potential of increased modularity. In 

BiFC sensors, the FP is bisected into two complementary, nonfluorescent 

fragments that are attached to proteins that dimerize in response to ligand. An 

example is an N-terminal FP fragment fused to FKBP and the C-terminal FP 

fragment fused to FKBP-rapamycin binding protein (FRB)32. FKBP and FRB form 

a sandwich-type interaction with rapamycin. Dimerization increases the local 

concentration of the FP fragments, resulting in complementation and a turn-on that 

shares the same characteristics as sensor 2 and the Y-fold analog (i.e., dark-to-

fluorescent and typically irreversible). BiFC sensors are straightforward in their 

construction but are not especially modular because the recognition domain 

consists of two heterologous proteins that must associate only in the presence of 

ligand. Finding natural protein partners that respond to a ligand of choice, or 

engineering proteins to do so, is often challenging. Additionally, the natural affinity 

that FP fragments have for one another makes turn-on dependent on sensor 

concentration, with spontaneous association and background fluorescence 

potential concerns.  

 Single FP-based biosensors can consist of a recognition domain inserted 

into the FP, as in the GCaMP family of calcium sensors33, or the FP fused to the 

recognition domain7,34. Both designs require that the recognition domain possess 
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an inherent conformational change in response to binding. Perhaps the simplest 

example of the latter class is a binding domain that undergoes an open-to-closed 

motion upon ligand binding which is then detected by FRET between two well-

placed FPs. GCaMPs are noteworthy because, like sensor 2, they typically 

produce a dark-to-bright output in cells. In GCaMPs, the calmodulin (CaM) 

receptor domain and the M13/RS20 peptide are fused to an FP, at a point that 

abuts the chromophore35. Binding of Ca2+ to CaM causes it to associate with M13. 

This conformational change is transmitted to the FP, altering the local chemical 

environment around the chromophore and increasing its brightness. Sensor 2 

behaves differently from GCaMPs in three respects. First, GCaMP chromophores 

mature in cells in the absence of ligand. Turn-on is consequently much faster than 

that of sensor 2 or the Y-fold analog, and it is readily reversible. The second 

distinction is that GCaMP sensors are typically monochromatic and their output is 

consequently intensity only. The readout of sensor 2 is intensiometric in cells but 

is ratiometric when the sensor is unfolded and refolded in vitro. The last difference 

is that GCaMPs, like BiFC sensors, require a specialized receptor domain that 

binds to a partner in the presence of the target analyte.  

 The AFF design employs two principles—binding-induced folding and loop-

closure entropy—that are more readily implemented into existing binding domains 

that do not possess natural conformational change mechanisms. Any protein can 

be destabilized to the point of unfolding (e.g., by mutation or truncation) and 

binding and folding are naturally coupled processes. The N-to-C terminal distance 

of any protein can be made to be nearly zero (by circular permutation) and can be 



 124 

widened as needed (by adding linker residues), thus enabling insertion into surface 

loops and turns of a host protein with minimal structural perturbation of either 

protein. Aggregation and proteolytic degradation, however, remain potential 

concerns when making these modifications. 

 The main limitations with sensor 2 are the slow rate of the AFF-mediated 

fold shift and that ratiometric output requires prior unfolding and refolding. Both 

phenomena are likely manifestations of local energy minima deepened by GFP’s 

high thermodynamic stability and slow unfolding. For example, exchange of β10 

strands requires breaking of numerous H-bonds to adjacent strands and disruption 

of hydrophobic packing interactions. Our switch design may be improved in the 

future by introducing packing mutations in β10 or of residues in contact with β10, 

to weaken its affinity for the β-barrel. This would likely enable switching to be 

reversible as well. 

 Nevertheless, sensor 2’s 35-fold intensiometric turn-on in cells and 6-fold 

ratiometric response in vitro match those of other single FP-based genetically-

encoded fluorescent sensors for Ca2+  36, glucose7 and citrate37, and the GECO38   

and GCaMP designs39. Due to the large fold-change and irreversible nature of their 

fluorescence turn-on, we envision that esAFF sensors (and their Y-fold analogs) 

may find utility in cellular applications in which one desires to detect targets that 

are present at very low concentration, where signal accumulation is advantageous.  

 A question that remains to be addressed is whether this design strategy can 

be applied to detect a range of useful biological targets in cells. In addition to its 

application in cellular sensing, the findings from this study can expand the protein 
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engineers’ toolbox as it provides insight into how to create custom input and output 

functions by using a combination of protein engineering techniques: AFF of the 

output domain and circular permutation of the input domain. These characteristics 

confer modularity and may aid in the development of broadly applicable 

engineered protein switches40. 

 

3.5 Materials and Methods 

3.5.1 Gene construction and protein purification  

 Amino acid sequences for all protein constructs are shown in Figure S12. 

Genes were cloned in a pET41b plasmid vector and fully sequenced. Proteins 

were expressed in E.coli BL21 (DE3) with isopropyl β-D-thiogalactopyranoside 

induction occurring at 18 ˚C for 16-18 h. Cell pellets were resuspended in 20 mM 

Tris (pH 8.0), 300 mM NaCl, 10 mM imidazole, 10 mM β-mercaptoethanol and 

lysed using a small amount of hen lysozyme followed by sonication. The soluble 

fraction was loaded onto a nickel-nitrilotriacetic acid column (Bio-Rad, Hercules, 

CA) and proteins were purified following the manufacturer’s protocols. Eluted 

proteins were dialyzed into buffer containing 10 mM Tris (pH 7.5), 150 mM NaCl. 

Each sensor construct was eluted as a monomeric species from a Superdex S200 

Increase size exclusion column (Cytiva) and was judged to be > 95% pure by SDS-

PAGE (Figure S5). The circularly permuted FKBP gene was inserted into the 

Thermoanaerobacter tengcongensis ribose binding protein gene as described by 

Ha et al.16 The cpFKBP-RBP fusion protein was expressed and purified as 
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described above, after which RBP was cleaved off using HRV-3C protease. Free 

cpFKBP was recovered by passing the digested solution through a nickel-

nitriloacetic acid column to remove free RBP and undigested cpFKBP-RBP.  

 

3.5.2 Spectroscopic measurements 

 Fluorescence spectra were recorded on a Horiba Jobin Yvon Fluoromax-4 

benchtop fluorometer or a Molecular Devices Spectramax i3x plate reader. 

Settings for the benchtop fluorometer were 492 nm excitation (2 nm bandpass) 

and 500 – 600 nm emission (3 nm bandpass). Settings for the plate reader were 

470 nm excitation and 500-600 nm emission. Refolding kinetics of cpFKBP was 

monitored by excitation at 280 nm (2 nm bandpass) and emission at 355 nm (6 nm 

bandpass).  

 

3.5.3 Protein stability determination 

 Solutions for denaturation experiments were prepared by mixing a solution 

of 20 mM Tris pH 8.0, 150 mM NaCl, 1 mM TCEP, 0.1 – 0.5 μM FP (or 3 μM 

cpFKBP) with an identical solution containing 1.0 M - 4.4 M GdmCl, using a 

Hamilton Microlab 540B dispenser. Final  denaturant concentrations were 

measured by refractive index. Samples were incubated for 24 h at 37 ˚C (FPs) or 

8 h at room temperature (cpFKBP). Green/yellow fluorescence spectra of FP 

samples were recorded on the plate reader, and cpFKBP Trp emission data were 
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collected on the benchtop fluorometer. GdmCl denaturation curves were fit to the 

linear extrapolation equation17 to obtain ΔG and m-values.  

 

3.5.4 Spectral unmixing  

 Fluorescence spectra were unmixed by fitting the data to Eq. 1 using 

MATLAB’s built-in nonlinear regression function (nlinfit):  

𝑆𝑖𝑔𝑛𝑎𝑙𝑡𝑜𝑡 = 𝜒𝑔𝑟𝑒𝑒𝑛 × 𝑅𝑒𝑓𝑔𝑟𝑒𝑒𝑛 +   𝜒𝑦𝑒𝑙𝑙𝑜𝑤 × 𝑅𝑒𝑓𝑦𝑒𝑙𝑙𝑜𝑤    Eq. 1 

where 𝑆𝑖𝑔𝑛𝑎𝑙𝑡𝑜𝑡 is a 100-element vector consisting of the raw signal at each 

wavelength (500-600 nm), 𝑅𝑒𝑓𝑔𝑟𝑒𝑒𝑛 and 𝑅𝑒𝑓𝑦𝑒𝑙𝑙𝑜𝑤 are signals from the reference 

cpG and cpY spectra,  and 𝜒𝑔𝑟𝑒𝑒𝑛  and 𝜒𝑦𝑒𝑙𝑙𝑜𝑤 are scalars that correspond to the 

relative contributions of the G-fold and Y-fold. AUCgreen and AUCyellow were 

calculated by integrating 𝜒𝑔𝑟𝑒𝑒𝑛 × 𝑅𝑒𝑓𝑔𝑟𝑒𝑒𝑛 and𝜒𝑦𝑒𝑙𝑙𝑜𝑤 × 𝑅𝑒𝑓𝑦𝑒𝑙𝑙𝑜𝑤, respectively. 

  Fluorescence microscopy images were unmixed in a similar way, 

except that 𝑆𝑖𝑔𝑛𝑎𝑙𝑡𝑜𝑡, 𝑅𝑒𝑓𝑔𝑟𝑒𝑒𝑛, and 𝑅𝑒𝑓𝑦𝑒𝑙𝑙𝑜𝑤  were vectors consisting of only two 

elements (the total signal from each pixel, the total signal of the G-fold, and the 

total signal of the Y-fold, in the green (excitation 470/40, emission 525/50) and 

yellow (excitation 500/20, emission 530/50) channels. We verified this method by 

mixing various ratios of purified G-fold and Y-fold analogs, imaging the solutions 

under the fluorescent microscope, and finding that the method accurately predicted 

their relative contributions. 
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3.5.5 In vitro switching experiments 

 Sensors were unfolded at room temperature by adding 2/3rd vol. of 50 mM 

HCl. After 2 min, the proteins were refolded by 1/30 dilution into experimental 

buffer (25 mM Tris (pH 7.5), 150 mM NaCl, 0.1 mM EDTA, 1 mM TCEP). The final 

protein concentration was ~0.2 µM. The proteins were allowed to refold until all 

spectral changes were complete (1 h at 45 °C), at which point either 20 µM FK506 

(ON state) or vehicle (0.04% DMSO; OFF state) were added. Fluorescence 

spectra were recorded on the Fluoromax-4 as described above. Turn-on values 

were calculated by dividing (Y/G)ON by (Y/G)OFF at the indicated time points. 

 To evaluate the possible contribution of a dark-to-yellow process to the 

observed turn-on, we first converted the unmixed fluorescence spectra to 

normalized concentrations of G-fold and Y-fold ([Gfold] and [Y-fold]) by dividing all 

AUC values by that of the G-fold in the OFF state and multiplying [Y-fold] values 

by 1.675 (the factor by which cpY is brighter than cpG; Figure 1C). After adding 

FK506, the decrease in [G-fold] (Δ[G-fold]) was calculated by [G-fold]OFF – [G-

fold]ON and the increase in [Y-fold] (Δ[Y-fold]) was calculated by [Y-fold]ON – [Y-

fold]OFF. The percentage of turn-on due to the AFF mechanism is reported as Δ[Y-

fold]/Δ[G-fold]. For in vitro experiments, these values were 100 % within 

experimental error, indicating that no dark-to-yellow component was present. 
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3.5.6 COS-7 cell culture and imaging 

 The sensor 2 gene was transiently transfected under the constitutive CMV 

promoter and expressed for 36-48 h before adding rapamycin or DMSO vehicle in 

serum-free media. Turn-on was quantified by dividing the average intensity of each 

cell in the unmixed yellow channel by the average intensity in the unmixed green 

channel (Y/G). COS-7 cells were maintained in DMEM medium with 10% FBS, and 

Pen/Strep antibiotics in an incubator with 5% CO2 at 37 °C. Cells were split into 

fresh media one day before transfection in a six-well plate so that they reached 60-

80% confluency the next day. Freshly prepared miniprep DNA (1.5 μg of pCMV-

mKate2-N, and 1.5 μg of pCMV-MBP-sensor 2 or 1.5 μg pCMV-MBP-Y-fold 

analog) was then transfected using calcium phosphate method18, with the following 

modifications. CaCl2 was added to the plasmid mix to the final concentration of 250 

mM (150 μL final volume), and 150 μL 50 mM HEPES 1.5 mM sodium phosphate 

(pH 7.0), 150 mM NaCl was then added dropwise while vortexing. The transfection 

mixture was added directly to media after aging at room temperature for 15 min, 

and the media was changed 12-15 h after transfection. 36 – 48 h after transfection, 

cells were washed with imaging media (DMEM, 25 mM HEPES pH 7.0, no FBS) 

and either rapamycin or DMSO vehicle was added to the cells diluted into the 

imaging media. Cells were treated with 5 μM rapamycin for 4 h to quantify the 

maximum turn-on, and for time points ranging from 30 min to 4 h to determine turn-

on rate. 

 Cells were mounted in imaging media and imaged with Zeiss Axioimager 

Z1 upright microscope (40x/0.75 Plan-Neofluar objective) equipped with a mercury 
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lamp, using the following filters: excitation 470/40, emission 525/50 for the green 

channel and excitation 500/20, emission 530/50 for the yellow channel. Cells were 

randomly picked using the mKate2 fluorescence. At least 10 fields were imaged 

for each replicate. For technical repeats (≥2 per sample), cells were split into a six-

well dish on the same day and transfected from the same transfection mix, and for 

biological repeats (≥3 for each construct), cells were transfected by a fresh 

miniprep plasmid DNA on different days.  

 All cell images were processed using Fiji19. Background was subtracted 

from each channel using the built-in plugin, and the acquired image was then 

compressed using the Resize plugin from ImageJ to reduce processing time. Each 

pixel of the resulting image was then unmixed to minimize the crosstalk between 

green and yellow channels using a custom MATLAB script as described above. 

Briefly, purified G-fold analog and Y-fold analog were imaged using the same 

settings to determine the crosstalk of each channel into the other, and this 

information was applied to linearly unmix the image of interest into their respective 

green and yellow contributions. Once unmixed, the intensity of each cell was 

measured in Fiji by manually drawing a region of interest around the periphery and 

determining the average intensity inside the region in both yellow and green 

channels. To quantify the turn-on for sensor 2, the yellow intensity for each cell 

was divided by the green intensity for that cell (Y/G), and for the Y-fold analog only 

the yellow channel was imaged and quantified. Green fluorescence was judged to 

originate from sensor 2 and not from background autofluorescence by the following 

criteria. First, untransfected cells in the same field were identified (by lack of 
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mKate2 fluorescence) and found to have no significant green (or yellow) 

autofluorescence. Second, cells transfected with the plasmid expressing the G-

fold analog exhibited 4.2-fold higher fluorescence (p = 0.003 by unpaired t-test) 

compared to untransfected cells. The green fluorescence in the data analysis is 

therefore attributed to sensor 2 folding into the green frame. 
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3.7 Figures and Tables 

 

Figure 3.1: Design of esAFF sensors. (A) Sensors 1 and 2 were created by 

circularly permuting GFP at the loop between β10 (green, with T203) and β11, and 

joining the original termini with a 6-amino acid linker (dashed loop). The new 

termini are designated Nˊ and Cˊ. A duplicate β10 strand (yellow, with Y203) and 

cpFKBP (blue) were then appended to Nˊ, establishing the mutually exclusive G-
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fold and Y-fold. The grey β-strands and cylinder represent the structure shared 

between the G-fold and Y-fold. In the absence of ligand, the cpFKBP domain  is 

mostly disordered and the sensor populates the G-fold. Upon binding FK506 or 

rapamycin, the cpFKBP domain becomes structured and stabilizes the Y-fold. (B) 

The linear depiction of the esAFF switch shows the locations in which the receptor 

domain (site A) and thermodynamic tuning peptides (site B) were inserted to 

generate sensor 1 and sensor 2. Color schemes are identical to those in panel A. 

(C) Superimposing the fluorescence spectra of the isolated green (cpG, green 

trace) and yellow (cpY, orange trace) switch components, recorded at the same 

protein concentration and excitation wavelength (492 nm), illustrates the maximum 

theoretical sensor response from fully green to fully yellow. cpY is 1.675 times 

brighter than cpG as defined by the integrated areas-under-the-curve. cpY and 

cpG, depicted schematically in the inset, lack any insertion at site A or site B. (D) 

Cartoon representations of constructs created for this study are shown with color 

coding as in panel B. 
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Figure 3.2: Sensor 2 is a ratiometric, ligand-induced color switch in vitro. (A) 

Unprocessed fluorescence spectra show a time-dependent shift from green to 

yellow emission after addition of 20 µM FK506 (45 °C). Spectra were collected at 

time intervals between t = 0 (black) and t = 28 h (red). (B) Ratiometric response is 

quantified by unmixing the spectra in panel A into AUCyellow (orange) and AUCgreen 

(green) components. Fitting these data to a single exponential function (lines) 

reveal t1/2 ~ 5 h 
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Figure 3.3: Sensor 2 and its Y-fold analog show a large, intensiometric 

response in mammalian cells. (A) Representative fluorescence images are 

shown of COS-7 cells expressing sensor 2 and treated with 5 µM rapamycin (top) 

or DMSO vehicle (bottom) for 4 h. Images were acquired in green and yellow 

channels and the relative contribution of G-fold and Y-fold was determined by 

unmixing the channels as described in Methods. Inset: the same image at higher 

contrast shows yellow fluorescence in cells treated with vehicle only, revealing that 

sensor 2 was expressed but only weakly fluorescent. (B) Representative images 

are shown of COS-7 cells expressing Y-fold analog and treated with DMSO vehicle 

alone (left) or rapamycin (right). Inset: the same image in higher contrast shows 

that the Y-fold analog is expressed in cells but is only weakly fluorescent without 

rapamycin. (C) Sensor 2 turn-on was quantified by dividing the integrated cell 
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intensity in yellow channel by the integrated cell intensity in the green channel. 

Each point represents a cell. Data are representative of three biological repeats as 

described in Methods (DMSO, n = 49; rapamycin, n = 51). Data for individual 

components of sensor 2 are shown in Figure S8. (D) Y-fold analog turn-on was 

quantified by integrating yellow fluorescence of cells expressing mKate2. Each dot 

represents a cell (DMSO, n = 38; rapamycin, n = 41). For panels C and D, 

significance was determined by performing a 2-tail Student’s t-test with unequal 

variance. Scalebars are 10 µm. 
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Table 3.1: In vitro characterization of esAFF sensorsa 

Sensor 
([GdmCl]) 

Turn-on 
t1/2 (h) 

Y-fold 

t1/2 (h) 

G-fold 

% Turn-on 

due to AFF 

1 1.11 NA NA NA 

2 5.97 ± 0.83 4.16 ± 1.1 5.76 ± 0.43 89.8 ± 15.5 

2 (0.15 M) 6.64 ± 1.41 5.58 ± 2.06 5.52 ± 1.6 99.3 ± 8.9 

2 (0.3 M) 6.32 ± 0.59 6.39 ± 1.40 5.73 ± 2.72 110 ± 5.5 

 

aThe values represent the average ± SD (n = duplicate or triplicate). In the table, 

esAFF and NA denote entropy-switching alternate frame folding and not 

applicable, respectively. 
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3.8 Supplementary Figures and Tables 
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Figure S3.1: Spectral properties and stabilities of Y-fold and G-fold 

analogs. (A) Absorbance spectra of purified cpY and cpG, recorded at the same 

protein concentration, exhibit maxima at 515 nm and 492 nm, respectively. 

(B) Incubating purified Y-fold analog (expressed at 18 ˚C in E. coli) with 20 µM 

FK506 (red) at 45 ̊ C has no significant impact on its fluorescence relative to DMSO 

vehicle control (blue). (C) Inserting cpFKBP into site A of cpY and inserting Gly 
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into site B of cpG destabilize cpY and cpG, as determined by GdmCl denaturation 

curves (37 ˚C). Circles represent cpY and cpG, and squares represent Y-fold and 

G-fold analogs. Fluorescence data were collected on a SpectraMax i3x plate 

reader (Molecular Devices) with excitation at 470 nm and emission at 510 nm (G-

fold analogs) or 530 nm (Y-fold analogs). Lines are best fits to the linear 

extrapolation equation and parameters are listed in Table S1. Error bars are SD 

(n = 3). 



 147 

A B 

0.0

0.5

1.0

1.5

0.0 0.5 1.0 1.5 2.0

T
rp

 F
lu

o
re

s
c
e

n
c
e

 (
1
0

6
 c

p
s
)

[GdmCl] (M)

apo

holo

 

1

2

2

3

0 25 50 75 100

T
rp

 F
lu

o
re

s
c
e

n
c
e

 (
1

0
5
 c

p
s
)

t (s)

apo

0.3 M GdmCl

0.15 M

0 M

 

Figure S3.2: Stability and refolding kinetics of cpFKBP. (A) GdmCl 

denaturation curves of cpFKBP in the absence (black triangles) and presence (red 

circles) of 20 µM FK506 reveal that cpFKBP binds to and becomes stabilized by 

FK506. Samples were incubated at 22 °C for 8 h. Red line indicates best fit to the 

linear extrapolation equation (ΔG = 6.05 ± 0.15 kcal mol-1, m = 6.49 ± 0.10 kcal.mol-

1M-1, Cm = 0.93 ± 0.01 M). Data represent average ± SD (n = 3). (B) FK506 induces 

refolding of cpFKBP as monitored by the decrease in Trp fluorescence. Proteins 

were equilibrated in the indicated concentration of GdmCl (45 °C) and 20 μM 

FK506 was added at time zero. Apo protein is the unfolded control with no FK506 

added. Lines are best fit to a single exponential function. Buffer is 25 mM Tris pH 

7.5, 150 mM NaCl, 0.1 mM EDTA. 
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Figure S3.3: Effect of unfolding/refolding and FK506 addition on sensor 1.  

Fluorescence spectra of sensor 1 before (A) and after (B) after unfolding/refolding 

FK 

sensor 1 
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indicate a large decrease in Y/G ratio after refolding in vitro at 45 °C. Raw spectra 

are shown in black, unmixed AUCgreen and AUCyellow curves in green and orange 

(respectively), and the sum of AUCgreen and AUCyellow in dashed red. (C) Addition 

of 20 μM FK506 to refolded sensor 1 does not shift its fluorescence spectrum 

compared to 0.04 % DMSO vehicle. Spectra were recorded after 4 h of incubation 

at 45 °C. (D) Cartoon representation of sensor 1 construct. 
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Figure S3.4: Destabilizing the G-fold by inserting residues at site B. Unfolding 

of G-fold analogs were monitored by loss of green fluorescence. Cm of the G-fold 

analog with no insertion (black) decreases from 2.27 ± 0.02 M to 1.18 ± 0.02 M 

with a single Gly insertion (blue) at site B (indicated in inset). Insertions of 5 (green) 

or 10 (red) residues at the same location does not further decrease the Cm 

significantly (n = 3, errors are SD). Lines are best fits to the linear extrapolation 

equation. Fit parameters are reported in Table S1. 
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Figure S3.5:  Purification and spectral characterization of sensor 2. (A) Size 

exclusion chromatogram (S200 Increase, Cytiva) showing 20 μM sensor 2 before 

unfolding/refolding (black, apparent MW = 42 kDa) and after unfolding/refolding 

and subsequent addition of 20 μM FK506 (red) or DMSO vehicle (blue). Buffer is 

20 mM Tris (pH 8), 150 mM NaCl.  (B) SDS-PAGE gel with Coomassie Brilliant 

Blue staining indicates that sensor 2 is >95 % pure. (C) Without unfolding and 

refolding, sensor 2 is almost completely in the Y-fold. Panels D-F show that sensor 

2 adopts increasing amounts of the Y-fold as refolding temperature is lowered from 

45 ˚C (D) to 37 ˚C (E) to 22 ˚C (F). Y/G is reported as average ± SD (n = 3 for D, 

E and F). 
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Figure S3.6:  FK506-induced switching of sensor 2 under mildly denaturing 

conditions. Sensor 2 was refolded in (A) 0.15 M GdmCl, or (B) 0.30 M GdmCl 

and allowed to refold for 1 h at 45 °C, at which point 20 μM FK506  was added. 

Spectra were recorded at time intervals between t = 0 (black) and t = 28 h (red). 

(C) and (D) represent the time-dependent change in AUCyellow (orange) and 

AUCgreen (green) determined by unmixing the spectra in panels A and B (described 

in Methods). Lines are best fits to a single exponential function. 
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Figure S3.7:  Competition with WT FKBP shows sensor 2 turn-on is 

irreversible. (A) Sensor 2 turn-on was achieved by adding 15 μM FK506 (red) or 

DMSO vehicle (blue) and incubating for 9 h at 45 ˚C. Y/G ratios obtained from 

spectral unmixing are indicated in the inset. (B) Turn-off was then tested by adding 

30 μM WT FKBP (black) or buffer (red) to the FK506-bound protein in panel A and 

incubating for 32 h at 45 ˚C. The blue trace is the vehicle-only control in panel A, 

with the same amount of WT FKBP added. The Y/G ratios indicate that addition of 

WT FKBP prevented further change in Y/G but failed to reverse the reaction 

significantly in the time course of the experiment. Y/G values are averages (n = 2).  
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Figure S3.8: Sensor 2 and Y-fold analog exhibit rapamycin-induced, 

intensiometric turn-on in COS-7 cells. (A) Kinetics of Y-fold analog turn-on 

plotted as change in intensity observed in the yellow channel. Solid line is best fit 

to a single exponential function (t1/2 ~ 60 min). (B) Turn-on of sensor 2 plotted as 

change in Y/G ratio  (t1/2 = 50 min ± 10 min). (C) Concentration dependent change 

in Y/G of sensor 2 after 4 h of rapamycin exposure at the indicated concentrations. 

Bars are average values, with **** indicating p < .0001 by Student t-test for 

unpaired data with unequal variance (n = 25, 23, 25, 36 cells for DMSO, 0.6 μM,1.2 

μM, and 5.0 μM rapamycin, respectively). 
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Figure S3.9:  Sensor 2 responds to rapamycin predominantly via changes in 

yellow fluorescence in mammalian cells. COS-7 cells were transfected with a 

plasmid encoding for sensor 2 and exposed to rapamycin or DMSO vehicle as 

described in Methods. (A) Raw green and yellow fluorescence are plotted for each 

analyzed cell (represented by dot) in presence of rapamycin (red) or DMSO vehicle 

(blue). (B) Data plotted in aggregate confirm that yellow fluorescence changes 

disproportionately compared to green fluorescence in response to rapamycin 

treatment. Bars indicate average values. Data represent 3 biological repeats. 
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Figure S3.10:  Chromophore maturity of purified sensor 2 estimated from 

UV/Vis absorbance.  Sensor 2 expressed in E. coli at 18 ˚C purifies mostly in the 

Y-fold (Figure S5C), and its absorbance spectrum is nearly identical to that of cpY 

(Figure S1A). The sensor 2 chromophore is ~74 % mature as estimated from the 

published extinction coefficient of EYFP (ε515 = 80,400 M-1 cm-1) and the ε280 of 

sensor 2 calculated from its amino acid sequence (ε280 = 28,020 M-1 cm-1). The 

ratio of A515/A280 (2.1) is slightly lower than that of published absorbance spectra 

of EYFP (2.4)41 when the absorbance at 280 nm of cpFKBP is taken into account, 

suggesting that the chromophore of sensor 2 matures at least as well as that of 

EYFP. 
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Figure S3.11:  Addition of FK506 increases yellow fluorescence of (A) Y-fold 

analog and (B) sensor 2, in E. coli cell lysates expressed at 37 ˚C.  Bacterial 

cells were grown and induced with IPTG at 37 ̊ C, lysed, and incubated with 20 μM 

FK506 or DMSO vehicle for 8 h. Buffer is  20 mM Tris (pH 8.0), 300 mM NaCl,  100 

mM EDTA. 
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Figure S3.12:  Amino acid sequences of proteins created for this study.  

 

For sensor 1 and sensor 2, the N-terminal copy of strand β10 is orange, the C-

terminal copy of strand β10 is green, the GYG chromophore is in italics, and the 

cpFKBP insertion is in blue. The color-specifying residue at position 203 (Tyr or 

Thr) is underlined. Linkers used in circular permutants are in bold.  

 

1. G-fold analog of sensor 1 

MKRDHMVLLEFVTAAGITLGMDELYKGGGSGGMVSKGEELFTGVVPILVELDG

DVNGHKFSVRGEGEGDATNGKLTLKLICTTGKLPVPWPTLVTTLGYGLACFSR

YPDHMKQHDFFKSAMPEGYVQERTISFKDDGTYKTRAEVKFEGDTLVNRIELK

GIDFKEDGNILGHKLEYNFNSHNVYITADKQKNGIKANFKIRHNVEDGSVQLADH

YQQNTPIGDGPVLLPDNHYLSTQSVLSKDPNELEHHHHHHHH  

 

2. Circularly permuted FKBP  

GKKFDSSRDRNKPFKFMLGKQEVIRGWEEGVAQMSVGQRAKLTISPDYAYGA

TGHPGIIPPHATLVFDVELLKLEGGAASGGAAGGSSGAASSGAGAAGGSGAG

GGVQVETISPGDGRTFPKRGQTAVVHYTGMLED  
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3. Y-fold analog of sensors 1 and 2  

MLPDNHYLSYQSVLSKDPNEGKKFDSSRDRNKPFKFMLGKQEVIRGWEEGVA

QMSVGQRAKLTISPDYAYGATGHPGIIPPHATLVFDVELLKLEGGAASGGAAG

GSSGAASSGAGAAGGSGAGGGVQVETISPGDGRTFPKRGQTAVVHYTGMLE

DKRDHMVLLEFVTAAGITLGMDELYKGGGSGGMVSKGEELFTGVVPILVELDG

DVNGHKFSVRGEGEGDATNGKLTLKLICTTGKLPVPWPTLVTTLGYGLACFSR

YPDHMKQHDFFKSAMPEGYVQERTISFKDDGTYKTRAEVKFEGDTLVNRIELK

GIDFKEDGNILGHKLEYNFNSHNVYITADKQKNGIKANFKIRHNVEDGSVQLADH

YQQNTPIGDGPVLLEHHHHHHHH  

 

4. Sensor 1   

MLPDNHYLSYQSVLSKDPNEGKKFDSSRDRNKPFKFMLGKQEVIRGWEEGVA

QMSVGQRAKLTISPDYAYGATGHPGIIPPHATLVFDVELLKLEGGAASGGAAGG

SSGAASSGAGAAGGSGAGGGVQVETISPGDGRTFPKRGQTAVVHYTGMLED

KRDHMVLLEFVTAAGITLGMDELYKGGGSGGMVSKGEELFTGVVPILVELDGD

VNGHKFSVRGEGEGDATNGKLTLKLICTTGKLPVPWPTLVTTLGYGLACFSRYP

DHMKQHDFFKSAMPEGYVQERTISFKDDGTYKTRAEVKFEGDTLVNRIELKGID

FKEDGNILGHKLEYNFNSHNVYITADKQKNGIKANFKIRHNVEDGSVQLADHYQ

QNTPIGDGPVLLPDNHYLSTQSVLSKDPNELEHHHHHHHH  
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5. G-fold analog of sensor 2 

MKRDHMVLLEFVTAAGITLGMDELYKGGGSGGMVSKGEELFTGVVPILVELDG

DVNGHKFSVRGEGEGDATNGKLTLKLICTTGKLPVPWPTLVTTLGYGLACFSR

YPDHMKQHDFFKSAMPEGYVQERTISFKDDGTYKTRAEVKFEGDTLVNRIELK

GIDFKEDGNILGHKLEYNFNSHNVYITADKQKNGIKANFKIRHNVEDGSVQLADH

YQQNTPIGDGPVLGLPDNHYLSTQSVLSKDPNELEHHHHHHHH  

 

6. Sensor 2 

MLPDNHYLSYQSVLSKDPNEGKKFDSSRDRNKPFKFMLGKQEVIRGWEEGVA

QMSVGQRAKLTISPDYAYGATGHPGIIPPHATLVFDVELLKLEGGAASGGAAGG

SSGAASSGAGAAGGSGAGGGVQVETISPGDGRTFPKRGQTAVVHYTGMLED

KRDHMVLLEFVTAAGITLGMDELYKGGGSGGMVSKGEELFTGVVPILVELDGD

VNGHKFSVRGEGEGDATNGKLTLKLICTTGKLPVPWPTLVTTLGYGLACFSRYP

DHMKQHDFFKSAMPEGYVQERTISFKDDGTYKTRAEVKFEGDTLVNRIELKGID

FKEDGNILGHKLEYNFNSHNVYITADKQKNGIKANFKIRHNVEDGSVQLADHYQ

QNTPIGDGPVLGLPDNHYLSTQSVLSKDPNELEHHHHHHHH  
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Table S3.1: Thermodynamic parameters for isolated Y-fold and G-fold constructs at 

37 ˚C, pH 7.5. 

Construct 
ΔG 

(kcal mol-1) 

m 

(kcal mol-1 M-1) 

Cm 

(M) 

 

 

6.49 ± 0.62 2.11 ± 0.15 3.07 ± 0.08 

 

 

5.32 ± 0.32 4.29 ± 0.29 1.24 ± 0.01 

 

3.71 ±  0.05 1.64 ± 0.02 2.27 ± 0.02 

 

 

 

6.38 ± 1.49 5.4  ± 1.19 1.18 ± 0.02 

 

 

 

5.81 ± 0.12 5.53 ± 0.20 1.05 ± 0.02 

 

 

 

6.15 ± 0.63 5.97 ± 0.53 1.03 ± 0.01 

GdmCl-induced unfolding was monitored by fluorescence emission maxima (524 

nm and 509 nm for Y-fold and G-fold, respectively). Thermodynamic parameters 

correspond to the graphs shown in Figures S1 and S4. Data represent average ± 

SD (n = 3).   

cpY 

FK 

Y-fold analog 

cpG 

Gly 

G-fold analog 

5 

G-fold analog (5-mer) 

10 

G-fold analog (10-mer) 
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Table S3.2: Effect of temperature and GdmCl on the (Y/G) ratio of sensor 2 in 

the presence of FK506 (ON) or DMSO vehicle (OFF) 

 

Conditions 

(Temperature, [GdmCl]) 

(Y/G)OFF (Y/G)ON 

45 ˚C, 0 Ma 1.15 ± 0.25 6.62 ± 0.69 

45 ˚C, 0.15 Ma 0.94 ± 0.14 6.10 ± 1.08 

45 ˚C, 0.3 Mb 0.93 ± 0.14 5.77 ± 0.35 

37 ˚C, 0 Ma 1.77 ± 0.06 1.81 ± 0.01 

22 ˚C, 0 Ma 3.77 ± 0.25 2.15 ± 0.02 

 

(Y/G)OFF and (Y/G)ON denote the (Y/G) values of sensor 2 at the final time point 

recorded for each condition with 0.04 % DMSO and 20 μM FK506, respectively. 

(Y/G) values were calculated from AUCs of Y-fold and G-fold analogs (as 

described in Methods) at the respective temperatures and buffer conditions. aData 

are average ± SD (n = 3). bData are average ± SD (n = 2). 
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Chapter 4: Toward developing a versatile monobody-based intensiometric 

fluorescent protein biosensor 
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4.1 Abstract 

 

  The facile creation of tailorable biosensor designs is a highly coveted 

feature in the field of biosensor development. Most single fluorescent protein 

biosensors (SFPBs) are commonly engineered to bind specific targets (e.g., Ca2+, 

glucose, glutamate and citrate). In this preliminary work, we test a potentially 

versatile intensiometric SFPB in vitro and in mammalian cells. The intensiometric 

sensor, created by inserting a circularly permuted monobody domain (cpMb) within 

a loop of a circularly permuted yellow fluorescent protein (cpYFP), is referred to as 

FluoroMonobody. The monobody domain, based on the tenth human fibronectin 

type III domain (FN3), is a minimal immunoglobulin-like binding protein that has 

been previously engineered to bind several targets ─ including the Src homology 

domain 2 (SH2) of Abelson (Abl) kinase used in this study. We report a change in 

emission intensity of 13.25 ± 0.66-fold in vitro and 8.4-fold in mammalian cells, in 

response to SH2. In both cases, we observe a higher intensiometric output at lower 

temperatures (22 ˚C in vitro and 30 ˚C in cells). Generalizability can, potentially, 

be achieved by employing monobodies that can be easily engineered to bind 

alternate binding partners and further tuning their impact on the chromophore 

microenvironment and thereby, adjust the effective dynamic range. 
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4.2 Introduction 

Single fluorescent protein biosensors (SFPBs) comprise a class of 

genetically encoded biosensors that are based on the allosteric modulation of 

fluorescence intensity from a single fluorescent protein (FP)1,2. They are designed 

by functionally coupling a receptor domain to an FP domain. Single FP-based 

biosensors are more user-friendly than the commonly applied FRET-based 

biosensors largely due to their larger, single wavelength, intensiometric response3. 

Some examples include the genetically encoded calcium and voltage indicators 

(GECIs and GEVIs)4–7, maltose8 and glucose9 sensors. For an exhaustive list of 

biosensors with FP insertions into receptor domains or vice versa, the reader is 

directed to Nasu et al.3, Kostyuk et al.2, Greenwald et al.10, and 

https://biosensordb.ucsd.edu/. 

In principle, SFPBs are more difficult to design due to the challenges 

associated with the sophisticated protein engineering efforts required – namely, 

domain coupling by linker engineering11. Yet, over the last two decades protein 

engineers have developed functional biosensors and have concurred on a 

versatile design strategy that exploits domain coupling by insertion of a circularly 

permuted FP into a target sensing domain1–4,12. A less commonly employed 

domain coupling strategy is the insertion of a circularly permuted sensing domain 

into an FP13,14. In this study, we insert a circularly permuted immunoglobulin-like 

(Ig-like) domain, in a bright yellow FP derived from superfolderGFP (sfGFP)15. The 

primary goal of this study is to create a broadly applicable protein switch design 

that undergoes an increase in fluorescence intensity upon ligand binding. 

https://biosensordb.ucsd.edu/
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In an earlier study, we tested a fluorescent protein switch design by applying 

the alternate frame folding mechanism to an sfGFP variant16. The two mutually 

exclusive folds of the construct (referred to as esAFF) comprised two circular 

permutants of the protein such that the color-defining residue (203) on beta strand 

10 flanked the core region.  The yellow-colored N-terminal fold was permuted 

between beta strands 9 and 10 while the green-colored C-terminal fold, between 

strands 10 and 11 (refer Chapter 3, Figure 3.1). The in vitro color switch in the 

esAFF protein resulted from a binding-induced folding event occurring in a guest 

domain placed between the N-terminal strand 10 and the shared portion — termed 

the Y-fold analog. A unique feature in the esAFF sensor is its signal transduction 

mechanism based on the loop closure entropy principle, which allows any 

polypeptide to be introduced as the recognition domain as long as it fulfills the 

minimal criteria — firstly, it should be capable of undergoing a disorder-to-order 

transition in the presence of a target of interest, and secondly, the N- and C-termini 

of the guest domain should be compatible with insertion site of the host domain. A 

highly unstable circularly permuted FK-506 binding protein (cpFKBP) was 

employed as the recognition domain in the esAFF sensor. In this study, we test the 

potential of using the Y-fold analog of the esAFF sensor as a versatile, stand-alone 

single fluorescent protein biosensor, by introducing a new binding domain (Figure 

4.1C). 

 Here, the Ig-like entity that confers broad applicability to the protein switch, 

is the tenth human fibronectin type III domain (FN3)17 or monobody (Mb)18. It 

consists of a highly stable, monomeric, seven-stranded beta sandwich fold devoid 
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of disulphide bonds — the latter property makes it suitable for intracellular 

applications as compared to other Ig-like domains19. The folding stability and 

dynamics of the monobody have been studied extensively20–22. Several library 

screening methods have already been characterized to easily engineer the loops 

and beta sheet surfaces of the Mb23,24, making it an appropriate choice as the 

target binding domain in a potentially customizable protein-based sensor design. 

Previously, the Mb has been engineered to recognize the c-Abl SH2 domain25 and 

more than two dozen other targets including cytokines such as TNF-α26, HRAS27 

and oncogenic mutants of KRAS (G12C, G12V)28 and the receptor binding domain 

of the SARS-CoV-2 spike protein29. Monobodies have, thus, shown great promise 

as a scaffold for the generation of stable protein domains that bind to a variety of 

targets with high affinity. They have a range of applications as crystallization 

chaperones30–32, to perturb biological functions33,34, to identify druggable sites on 

protein surfaces and drug target validation35. Inserting the Mb in a fluorescent 

protein loop to create an intensiometric protein switch allows us to monitor the 

highly specific binder proteins within the cellular environment in a spatiotemporal 

manner. 

 

4.3 Results and discussion 

In our previous work, we observed ~18-fold increase in yellow fluorescence 

in the Y-fold analog of the esAFF sensor, in response to rapamycin in mammalian 

cells16. To test if this dark-to-bright phenomenon is universal to any binding protein, 

we characterized and validated the use of a highly engineerable and stable 
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monobody scaffold that specifically targets Abl kinase SH2 domain25, termed HA4, 

as the target recognition domain.  

 

4.3.1 Biosensor design   

A circular permutant of the HA4 variant of the FN3 monobody is generated 

by creating new termini at a short loop in FN3 at residue 42 in the CD loop. The 

original termini are joined by an 18 amino acid linker. The cpMb domain was 

introduced in place of the cpFKBP domain16 at the same insertion site in the Y-fold 

analog to create a new fusion protein, referred to as the FluoroMonobody sensor 

(as shown in Figure 4.1C). To compare the stability of cpMb with cpFKBP, we first 

purified the protein for characterization in vitro. 

 

4.3.2 Characterization of the cpMb domain  

To aid in proper folding and purification of the protein in the soluble form, 

we expressed cpMb inserted within a split-RBP system as described by Ha et al36. 

This construct comprises the cpMb domain flanked by two complementary 

fragments of a highly stable T.te ribose binding protein (T.te RBP). Since the 

termini are constrained to a short distance, this construct (illustrated in Figure 

S4.1), is similar, in effect, to inserting cpMb into the loop in cpYFP we determined 

the stability of the cpMb in the split-RBP system at 37 ˚C by monitoring Trp 

fluorescence (Figure 4.2). The protein behaves as a cooperatively folded stable 

protein with the measured (fitted to the linear extrapolation equation37) 
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thermodynamic parameters — ΔG = 4.34 ± 0.08 kcal.mol-1, m = 1.66 ± 0.035 

kcal.mol-1.M-1, Cm = 2.61 ± 0.004 M. The data suggests that cpMb construct may 

be significantly more stable than the cpFKBP domain even in the absence of 

ligand, as the latter lacks a native baseline with a Cm below 0.5 M GdmCl16. 

However, it is to be noted that the stability of the cpMb domain has been measured 

in the context of a split-RBP system whereas the cpFKBP domain was not. This 

simply implies that the flexibility at the two ends of the proteins may influence the 

measured parameters — fixed ends in the case of cpMb and free, in the case of 

cpFKBP. If the measured thermodynamic parameters are truly indicative of the 

protein’s stability, then we can say that circular permutation alone did not 

destabilize cpMb as much as cpFKBP. It may be possible to further destabilize 

cpMb by introducing mutations that have been previously explored in our lab38.  

The cpMb-SH2 interaction was also established by monitoring changes in 

fluorescence anisotropy39 — a binding assay that measures the degree of 

molecular tumbling in terms of the rate of rotational diffusion of a protein containing 

a fluorophore (fluorescein-SH2) when it interacts with its binding partner (cpMb). 

We confirmed that cpMb binds its cognate ligand, SH2, and exhibits a Kd (7.33 μM 

at pH 7.2, 22 °C) 1000-fold greater than its parent HA4 monobody25 (7 nM, 

measured using SPR, pH 7.4, 25 °C) (Figure S4.2). The weaker binding affinity 

may possibly be due to the structural rearrangement in the protein due to circular 

permutation. It is challenging to determine the stability of the cpMb domain bound 

to SH2 because both proteins will contribute to the Trp fluorescence 

simultaneously as they undergo denaturant-induced unfolding. 
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Following characterization of the cpMb domain, the FluoroMonobody 

sensor was expressed in bacterial cells to compare its performance to the Y-fold 

analog of the esAFF sensor. Since the cpMb domain is fairly stable in the absence 

of ligand and did not appear to aggregate in the split-RBP system, we predicted 

the single FP sensor to express as a well-matured yellow fluorescent protein. 

However, this outcome showed temperature-sensitivity —unlike the Y-fold analog 

of the esAFF sensor 2. 

 

4.3.3 Performance of FluoroMonobody sensor in vitro  

The FluoroMonobody sensor expressed in E.coli and induced at 18 ˚C 

possesses a mature chromophore that did not exhibit an intensiometric response 

to SH2 indicating the presence of a well-matured chromophore (data not shown). 

This agrees with the behavior of Y-fold analog of esAFF sensor 2 under the same 

conditions of bacterial expression16 (Figure S3.1B). However, contrary to that 

observed with the Y-fold analog of the esAFF sensor, the FluoroMonobody sensor 

expressed at 37 ˚C was purified from the soluble fraction with very low yellow 

fluorescence. In addition, we observe a large (13.25 ± 0.66-fold) increase in yellow 

fluorescence (Fmax = 523 nm) after a day of  incubating this sensor with saturating 

levels of SH2, at 22 ˚C (Figure 4.3A). In the previous study, the Y-fold analog of 

esAFF sensor exhibited a mature chromophore in the absence of ligand at 37 °C 

and did not show a significant increase in yellow fluorescence upon addition of 

ligand (Figure S3.11A). Similarly, the FluoroMonobody sensor shows no response 

to ligand addition at 37 °C (Figure 4.3B). The ligand-induced, temperature-
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sensitive increase in yellow fluorescence may be attributed to a structural 

modification in the cpMb domain when it binds SH2, at room temperature. It 

remains unclear whether the higher temperature prevents the turn-on  

In summary, the FluoroMonobody sensor behaves different from the Y-fold 

analog when it is expressed at 37 ˚C in E.coli in that it lacks a well-matured 

chromophore. However, it exhibits a 13-fold intensiometric response when the 

same sensor binds SH2 at room temperature. The turn-on effect is absent at a 

higher temperature possibly due to aggregation effects of the sensor and/or the 

SH2 protein. 

4.3.4 Performance of FluoroMonobody sensor in cells 

 To test if the sensor performs comparable to the Y-fold analog of the esAFF 

sensor 2 in mammalian cells, we co-transfected COS-7 cells with 3 μg of the 

sensor plasmid (CMV-MBP-{FluoroMonobody sensor}) alone and with 1.5 μg of 

SH2 Plasmid (CMV-SH2) using calcium phosphate transfection method. About 12-

16 h after transfection, fresh media was replaced, and cells were moved to 30 ˚C 

overnight. Images were taken after 24 h in the yellow channel only (excitation 

500/20, emission 530/50). Again, the lower temperature (30 ˚C) was necessitated 

due to the lack of a turn-on at 37 ˚C. At the lower temperature, we observe an 8.4-

fold increase in yellow fluorescence (Figure 4.4). The 8.4-fold change in 

fluorescence is comparable to other single FP biosensors like that of the early Ca2+ 

sensors belonging to the series of GCaMP (3.5-fold)4, pericams (6-fold)12 and 

GECO (6-fold)40. 
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The results from this study are at a very preliminary stage and may not be 

conclusive at this point. However, we note some intriguing similarities and 

differences in the behavior of the FluoroMonobody sensor and the Y-fold analog 

of the esAFF sensor described in chapter 3. The differences in  their chromophore 

maturation at different temperatures may possibly be attributed to the difference in 

the stability of the inserted ligand-binding domains (cpFKBP or cpMb).  

Further experiments on the cpMb domain to determine its structure and 

stability in the absence and presence of ligand, and the consequent chromophore 

photophysical properties of the sensor will be required to clarify the mechanism by 

which we observe a dim/dark-to-bright phenomenon in response to ligand binding 

in the FluoroMonobody sensor.  

 

4.4 Materials and Methods 

4.4.1 Gene construction and protein purification 

Amino acid sequences for all protein constructs are shown in Figure 4.5. 

Genes were cloned in a pET41b plasmid vector and fully sequenced. The circularly 

permuted monobody (cpMb) gene was inserted into the gene of a 

Thermoanaerobacter tengcongensis ribose binding protein (T.te RBP) gene as 

described by Ha et al36. T.te RBP was split at a surface loop at position 97 of the WT 

RBP sequence. cpMb was inserted between the two split RBP fragments with an HRV-3C 

protease (LEVLFQ▼GP) site at the linker regions to allow for cleavage post expression 

and purification.  
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The cpMb-sRBP fusion protein was expressed in E.coli BL21 (DE3) with 

isopropyl β-D-thiogalactopyranoside (IPTG) induction occurring at 18 ˚C for 16-18 

h. Cell pellets were resuspended in 20 mM Tris pH 8, 300 mM NaCl, 10 mM 

imidazole and lysed using a small amount of hen lysozyme followed by sonication. 

The soluble fraction was loaded onto a nickel-nitrilotriacetic acid column (Bio-Rad, 

Hercules, CA) and the protein was purified following the manufacturer’s protocols. 

RBP was cleaved away from the eluted protein and dialyzed into buffer containing 

10 mM Tris pH 7.5, 150 mM NaCl. Free cpMb was recovered by passing the 

digested solution through a nickel-nitriloacetic acid column to remove the cleavage 

products ─ free RBP and undigested cpMb-RBP. The cleaved protein was further 

purified on an S75 size exclusion column (Cytiva). The uncleaved and cleaved 

proteins were judged to be > 95% pure by SDS-PAGE (Figure S4.1). However, 

the cleaved protein was unstable and did not tolerate freeze-thawing very well. 

The FluoroMonobody sensor construct was expressed in E.coli BL21 (DE3) 

and induced with 40 mg/mL IPTG at 37 ˚C for 4 h. The His-tagged protein was 

purified with a very low protein yield. Amino acid sequences are provided in Figure 

S4.3. 

  

4.4.2 Protein stability determination 

Solutions for denaturation experiments were prepared by mixing a solution 

of 20 mM Tris pH 7.5, 150 mM NaCl, 1 mM TCEP, 0.7 μM cpMb-sRBP with an 

identical solution containing 5 M GdmCl, using a Hamilton Microlab 540B 
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dispenser. Final denaturant concentrations were measured by refractive index. 

Samples were incubated for 3 h at 37 ˚C. cpMb-sRBP emission data were 

collected in a 5 mm path length cuvette on a Horiba FluoroMax-4 instrument 

(Jobin-Yvon). GdmCl denaturation curves were fit to the linear extrapolation 

equation37 to obtain ΔG and m-values ((ΔG = ΔGH2O – m[denaturant]). 

 

4.4.3 Binding affinity measurement 

NHS-Fluorescein-labeled (Molecular Probes) SH2 was desalted into buffer 

containing 0.2 M NaHCO3 (pH 9.02), 0.3 M NaCl using a PD10 column (Bio-Rad). 

Fluorophore concentration and degree of labeling (D.O.L. = 1.2) was estimated 

using absorbance (SH2, ε280 = 18,490 M−1cm−1; Fluorescein, ε497 = 70,000 

M−1cm−1 with a correction factor = 0.3).  

Samples for fluorescence anisotropy measurements were prepared by 

making ten serial dilutions of a mixture of 60 μM cpMb-sRBP bound with 

fluorescein-labeled SH2 (SH2*, upto 50 nM)  in buffer containing 20 mM Tris, 150 

mM NaCl, 0.005% Tween (pH 7.2). After 1 h of incubation at 22 ˚C, data was 

collected on a Molecular Devices Spectramax i3x plate reader in a dark well plate. 

Settings for the plate reader were 470 nm excitation and 500-600 nm emission. 

Experimental data were fit to a one-site binding equation, as follows: 

∅ = ∅𝑓𝑟𝑒𝑒 + (∅𝑏𝑜𝑢𝑛𝑑 −  ∅𝑓𝑟𝑒𝑒)
((𝐵0 + 𝑁0 + 𝐾𝑑) − ((𝐵0 + 𝑁0 + 𝐾𝑑)2 − 4𝐵0. 𝑁0)1/2

2
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where B0 and N0 represent the concentrations of the protein and labeled 

ligand used in this assay, Kd is the equilibrium constant of dissociation and ∅𝑏𝑜𝑢𝑛𝑑 

and ∅𝑓𝑟𝑒𝑒 depict the fluorescence maximum characteristic for the fully bound 

complex and the free ligand, respectively.  

 

4.4.4 In vitro fluorescence response of FluoroMonobody sensor to SH2 

The sensor was diluted by half into buffer containing 20 mM NaP (pH 7.4), 

150 mM NaCl with and without 25 μM SH2 at 37 ̊ C and 22 ˚C. Data were collected 

on a Horiba Fluoromax-4 fluorimeter (500 nm excitation, 515-600 nm emission; 

band pass: excitation: 2 nm, emission: 4 nm). The performance of the sensor is 

reported as a turn-on ratio of fluorescence intensities in the ligand-bound/ligand-

free state at the emission maxima [Fmax(holo)/Fmax(apo)] at the end of the 

experiment. 

 

4.4.5 COS-7 cell culture and imaging 

The sensor was transiently transfected under the constitutive CMV 

promoter and expressed for 36-48 h. HEK293T cells were maintained and 

transfected as described below. 

HEK293T cells were maintained in DMEM medium with 10% FBS, and 

Pen/Strep antibiotics in an incubator with 5% CO2 at 37 °C. Cells were split into 

fresh media one day before transfection in a six-well plate so that they reached 60-
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80% confluency the next day. Freshly prepared miniprep DNA was then 

transfected using calcium phosphate method41, with the following modifications. 

CaCl2 was added to the plasmid mix to the final concentration of 250 mM (150 μL 

final volume), and 150 μL 50 mM HEPES 1.5 mM sodium phosphate (pH 7.0), 150 

mM NaCl was then added dropwise while vortexing. The transfection mixture was 

added directly to media after aging at room temperature for 15 min, and the media 

was changed 12-15 h after transfection and the cells were then switched to 30˚C. 

36 – 48 h after transfection (16-20 h after switching to 30 ˚C), cells were washed 

with imaging media (DMEM, 25 mM HEPES pH 7.0, no FBS).  

Cells were mounted in imaging media and imaged with Zeiss Axioimager 

Z1 upright microscope (40x/0.75 Plan-Neofluar objective) equipped with a mercury 

lamp, using the yellow channel filters: excitation 500/20, emission 530/50. All cell 

images were processed using Fiji42. Background was subtracted fusing the built-in 

plugin. The intensity of each cell was measured in Fiji by manually drawing a region 

of interest around the periphery and determining the average intensity inside the 

region in the yellow channel.  
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4.7 Figures and Tables 
 

 

Figure 4.1: Construction of FluoroMonobody sensor. (A) NMR solution 

structure of FN3 or monobody, Mb (PDB ID: 1TTG). Engineerable loop regions are 

as indicated. The original N and C termini lie at the opposite ends of the protein 

fold. (B) X-ray crystal structure of YFP, derived from sfGFP (PDB: 2B3P, 

chromophore shown in grey). Black circle indicates the site of cpMb insertion 

(between labeled strands, β10 and β11) and black triangle represents site where 

new termini were generated in the Mb (CD loop) and YFP (β9- β10 loop) to create 

circular permutants. (C)Schematic of the sensor construct with the SH2-specific 

circularly permuted Mb inserted in cpYFP between strands 10 and 11. X and Y 

denote other potential candidates that the cpMb may be engineered to bind.
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Figure 4.2: Stability of cpMb in a fusion protein construct as monitored by 

Trp fluorescence. Guanidinium hydrochloride (GdmCl)-induced denaturation of 

cpMb-sRBP at 37 °C, pH 7.5. Data were normalized to the fraction of unfolded 

protein as a function of GdmCl concentration. Line is best fit of the data to the 

linear extrapolation equation, ΔG= ΔGH2O
 
-m[GdmCl], where ΔGH2O is the folding 

free energy and m is the cooperativity parameter (ΔG = 4.34 ± 0.08 kcal.mol-1, m 

= 1.66 ± 0.035 kcal.mol-1.M-1, Cm = 2.61 ± 0.004 M). sRBP, split T.te RBP. 
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Figure 4.3: Temperature effect on FluoroMonobody sensor performance in 

vitro. Fluorescence spectra of sensor after 24 h incubation with 25 μM SH2 at (A) 

22 ˚C and (B) 37 ˚C. Blue and red lines indicate protein samples in the absence 

and presence of SH2. Data are representative plots of a duplicate experiment. (C) 

shows a schematic of the experimental set up of the reaction.  
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Figure 4.4: Intensiometric response of FluoroMonobody sensor in 

mammalian cells. The sensor and SH2 were co-transfected in HEK293T cells as 

described in Methods. Images were taken 2 days after transfection with a Zeiss 

Axioimager Z1 upright microscope and process using Fiji42. Scale bar = 50 μm 
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4.8 Supplementary Figures  
 

 

Supplementary Figure S4.1: Purity of cpMb purified as a fusion protein with 

sRBP and post cleavage, assessed by SDS-PAGE analysis. Purified His-

tagged cpMb-sRBP (46.7 kDa) and, cpMb (13 kDa) post enzymatic cleavage and 

size exclusion chromatography (SEC) purification, were observed at their 

predicted molecular weights (MW) with > 95 % purity. (Predicted MW of HRV-3C 

protease = 47 kDa and complemented His-splitRBP = 30 kDa)
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Supplementary Figure S4.2: Equilibrium binding of fluorescein-labeled SH2 

to cpFN3-sRBP monitored by fluorescence anisotropy. Titration of fluorescein-

labelled SH2 with cpMb-sRBP fusion protein at 22 °C. Binding is measured as a 

change in anisotropy. Change in anisotropy versus [cpMb-sRBP] is plotted and the 

curve was fit to a single-site binding equation (refer Methods) on Kaleidagraph. 

Data are average ± SD (n = 2). 
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Supplementary Figure S4.3: Amino acid sequences used in this study.  

1) cpMb-sRBP fusion protein: 

 

MGSSHHHSSSGDVVSHIASDNVKGGEMAAEFIAKALKGKGNVVELEGIPGASA

ARDRGKGFDEAIAKYPDIKIVAKQAADFDRSKGLSVMENILQAQPKIDAVFAQND

EMALGAIKAIEAANRQGIIVVGFDGTEDALKAIKEGKMAATIAQQPALMGSLGVE

MADKYLKGEKIPNFIPAELKLITKENVQGGSASGGTSGGSSAAGLEVLFQGPAA

ASPVQEFTVPYSSSTATISGLSPGVDYTITVYAWGEDSAGYMFMYSPISINYRTG

GSGSGGASGGATGGSGGGSSVPTKLEVVAATPTSLLISWDAPMSSSSVYYYRI

TYGETGGNGSGGLEVLFQGPGSSGGTASGGKEGKTIGLVISTLNNPFFVTLKN

GAEEKAKELGYKIIVEDSQNDSSKELSNVEDLIQQKVDVLLINPVDSDAVVTAIKE

ANSKNIPVITIDRSANGHHH 

 

2) FluoroMonobody sensor (cpYFP-cpMb):  

 

MLPDNHYLSYQSVLSKDPNESPVQEFTVPYSSSTATISGLSPGVDYTITVYAWG

EDSAGYMFMYSPISINYRTGGSGSGGASGGATGGSGGGSSVPTKLEVVAATP

TSLLISWDAPMSSSSVYYYRITYGETGGNKRDHMVLLEFVTAAGITLGMDELYK

GGGSGGMVSKGEELFTGVVPILVELDGDVNGHKFSVRGEGEGDATNGKLTLK

LICTTGKLPVPWPTLVTTLGYGLACFSRYPDHMKQHDFFKSAMPEGYVQERTIS

FKDDGTYKTRAEVKFEGDTLVNRIELKGIDFKEDGNILGHKLEYNFNSHNVYITA

DKQKNGIKANFKIRHNVEDGSVQLADHYQQNTPIGDGPVLLEHHHHHHHH 
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5.1 Overview 

 In this chapter, I will be focusing on the key findings from chapters 2-4 that 

provide useful insights into the field of protein switch design. In the previous three 

chapters I have shown data pertaining to the use of a combination of protein 

engineering tools and protein scaffolds exploited/employed to overcome the major 

challenges encountered by protein switch designers, namely, (1) signal 

transduction and (2) modularity1,2 (Figure 5.1). Each of the following sub-sections 

comprise a summary of the main takeaways from the construct design strategies 

employed herein, the underlying biophysical principles gleaned from it, remaining 

questions as well as possible future directions to improve the current design.  

 

5.2 Loop entropy effect on the stability of a blue FP variant 

 In this thesis, we have shown that the effect of inserting a ribose binding 

domain in a blue FP variant, is site-dependent. We tested two insertion sites that 

were previously identified to tolerate insertions of protease cleavage sites3 and 

other peptides4. We measured the energy penalty imposed on BFP by inserting an 

unstable E.coli ribose binding domain at site 1 (between beta strands 7 and 8) and 

the measured value closely matched with the theoretical value for ΔΔG when the 

RBP domain behaves as an unstructured polypeptide sequence. Both sites 1 and 

2 (between beta strands 8 and 9) showed compliance with theoretical predictions 

from the simple polymer model for loop closure. This observation finds its place 

with other similar protein engineering studies that exhibited an agreement with the 

simple polymer model equation: (1) Nagi and Regan studied the effect of loop 



 196 

length on a 4-helix bundle protein, Rop, by replacing a two-residue loop with 2-10 

glycines5. They observed an average free energy loss of 0.26 kcal/mol per glycine 

residue, and (2) insertion studies on CI16 and α-spectrin SH37 indicate a 0.1 

kcal/mol loss in free energy per residue added to an existing loop. 

The BR constructs were originally created to design a green to blue 

biosensor (as shown in Figure 5.2) that would function just as the entropy-

switching AFF described in chapter 3 after a protease cleavage step. In this design, 

the blue and green chromophores were allowed to mature in cells within a fully 

formed beta barrel structure and then the C-terminal beta strands from the 

unshared region (grey in Figure 5.2) was cleaved to produce a protein with two 

chromophores and a shared region (β8 – β11). However, we met with some 

challenges with this design – mainly, the C-terminal beta strands remained bound 

to the rest of the protein after protease cleavage and it was necessary to globally 

unfold the protein in denaturant before loading it on a nickel-affinity column under 

denaturing conditions to remove the C-terminal fragment. Some residual cleaved 

fragment still remained bound to the rest of the protein. It was also challenging to 

distinguish the emission spectra between the yellow (un-cleaved protein) and 

green (cleaved protein) forms of the sensor. However, this can now be resolved 

by using the spectral unmixing equation described in the Methods section of 

chapter 3.  

It may be worth revisiting a green/yellow to blue color switch (or vice versa) 

once again with an alternate design approach. A greater color change may be 

made possible based on a previous study by Boxer’s group — Kent et al.8 
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attempted to create a protease biosensor by the alternate frame folding 

mechanism wherein the internal helix containing the chromophore residues could 

be exchanged (similar to beta strand 10 in the esAFF design described in chapter 

3).  

 

5.3 Engineered allostery – AFF versus other strategies 

In principle, the  alternate frame folding (AFF) mechanism described in 

chapter 3 has some advantages over the most commonly used genetically 

encoded FRET-based biosensor designs. Generally, a single molecular FRET-

based biosensor consists of a recognition module, and an acceptor and a donor 

fluorophore. Due to its strong dependence on distance, FRET is usually detected 

only within a distance range of 1–10 nm between the FRET pair (R0)9–11. For 

distances less than R0 the FRET efficiency is close to maximal, whereas for 

distances greater than R0 the efficiency is close to zero. The large size of FPs (4.2 

nm long and 2.4 nm diameter barrel) occupies much of the useful FRET distance10. 

The available signal-to-noise ratios limit FRET biosensors to an output that is hard 

to interpret i.e. measurements distinguish between ‘high FRET’ and ‘low FRET’12. 

The AFF mechanism is advantageous over common FRET-based biosensors in 

that it obviates the requirement of a large change in distance between fluorescent 

donor and acceptor proteins in the "off" and "on" states. 

The AFF mechanism can also be compared with the fragment-exchange or 

FREX mechanism previously developed in our lab13 — the distinguishing feature 

being that the AFF has its alternate ‘frame’ (fragment for exchange) covalently 
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attached to it rather than being added in trans. The two designs are applicable for 

different conditions. FREX produces a greater ratiometric output due to the 

alternate fragment being added in cis (lower background signal). However, under 

conditions where the local concentration of the alternate fragment may be limited, 

the AFF mechanism may be a better choice for optimal signal response.  

 

5.4 Ratiometric and intensiometric response – challenges and limitations 

Despite the potential advantages of the ratiometric esAFF mechanism over 

other FP-based designs in principle, we find that there are several practically 

challenging “barriers” to overcome when using this design. Firstly, sensor 1 

expressed and purified from bacteria appeared to exist predominantly in a ‘pseudo-

on’ state by exhibiting a greater favorability for the Y-fold even when the G-fold 

was determined to be more thermodynamically stable. This favorability is, 

therefore, attributed to a kinetic trap in the context of a bacterial cell expression 

system, which was observed by Boxer et al14.  in their design as well.  A practical 

limitation observed here lies in the  in vitro refolding of the sensor prior to ligand-

induced fluorescence response measurements. Some remaining questions are: 

(1) can the kinetic trap be overcome by mutations or deletions in the N-terminal 

beta strand 10 in sensor 2? (2) can the incorporation of alternate permutants as 

additional (favorable/unfavorable) alternate folds, by appending more beta strands 

to the termini, assist in overcoming the kinetic barrier? Secondly, sensor 2 

expressed in mammalian cells appears to exist in two states – the G-fold analog 

as well as a non-fluorescent state that forms a yellow chromophore in the presence 
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of rapamycin with no observed decrease in the G-fold of sensor 2 indicating the 

absence of an AFF-mediated conformational switch. Another major drawback of 

sensor 2 is that the slow ratiometric response in vitro and intensiometric response 

in cells are irreversible processes. However, due to its large fold-change and 

irreversible nature of fluorescence turn-on, the esAFF sensors (and their Y-fold 

analogs) may potentially find utility in cellular applications in which one desires to 

detect targets that are present at very low concentration, where signal 

accumulation is advantageous.  

To further probe into the chromophore orientation and structural properties 

of the FP beta barrel in the non-fluorescent state, it may be useful to solve the X-

ray crystal structure of the Y-fold analog observed in cells, in its ligand unbound 

state compared to its ligand-bound state. 

As a step toward achieving modularity in its true sense, we tested the 

intensiometric Y-fold analog coupled to an easily engineerable monobody (Mb) 

scaffold that binds Src homology 2 (SH2) to create a monobody-based single 

fluorescent protein, FluoroMonobody sensor. Although there remain several 

unanswered questions regarding the sensor construct, it is promising to observe a 

large signal change both in vitro and in cells. Since the Mb domain in this construct 

is not completely unstructured based on the denaturation experiments, the 

mechanism for the dark-to-bright phenomonenon is thought to be different from 

the loop entropy principles described in chapter 3.  

Overall, this thesis focused on the challenge in signal transduction from an 

input to an output domain by employing a combination of protein engineering 
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techniques ─ alternate frame folding and loop closure entropy principles. The 

mechanism by which the FluoroMonobody sensor functions is uncertain but is 

worth exploring in future studies. 

 

5.5 Modified esAFF - dual loop insertion of identical sensing domains 

Chapter 3 describes an entropy-switching AFF mechanism wherein the 

binding induced folding of the cpFKBP domain drives an intramolecular beta strand 

exchange to occur in vitro. The energy required for the internal beta strand 

exchange is gained from the alleviation of the entropic penalty on the Y-fold by 

binding of the cpFKBP domain to FK506. The energetically driven processes can 

be augmented by the insertion of a non-circularly permuted, functionally identical 

domain at site B in the esAFF sensor (Figure 5.3). The second insertion at site B 

will function based on a mutually exclusive folding principle previously established 

in our lab wherein the two domains (insertion domain at site B and the G-fold) are 

coupled antagonistically15–17. This may potentially aid in reversibility of the switch 

as well.  
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5.7 Figures 

 

 

Figure 5.1: Diagrammatic representation of key features employed to 

address a key challenge in protein switch design. A key challenge in biosensor 

construction has been addressed in this dissertation i.e. coupling the input domain 

(ligand binding domain, in this thesis) to a robust output response (fluorescence, 

in this thesis) by an efficient signal transduction mechanism. 
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Figure 5.2: Schematic of a dual chromophore green-to-blue FP-AFF system. 

This design consists of two full length FPs joined by a short linker. They differ in 

their chromophore forming residues (SHG shown in blue and GYG shown in 

yellow/green) and residue at 203. A ribose binding domain was inserted at site 1 

(loop between beta strands 7 and 8) as described in chapter 2 and a protease 

cleavage site at the same location in YFP. Upon protease cleavage and in vitro 

refolding to remove the C -terminal beta strands (beta 8 – beta 11). 
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Figure 5.3: Schematic of a dual loop-insertion AFF mechanism. In this design, 

two functionally similar target recognition domains may be inserted at sites A and 

B to further drive the fold switch between the Y-fold and G-fold.  

 

 

 


