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Abstract 

The green fluorescent protein (GFP) has enabled researchers to visualize a wide range of cellular 

processes, from protein expression to metastasis. However, its size (27 kDa) can disrupt 

localization and association of GFP-tagged proteins. Here, we aim to address this limitation by 

designing a miniature GFP (<20 kDa) that conserves its chromophore-forming pocket within a 

shortened beta-barrel fold. Using machine learning-assisted protein design, we have produced 

nineteen miniature GFPs, averaging 19 kDa each, that display varying levels of expression. These 

small GFPs display similar excitation and emission wavelengths to wild-type GFP, albeit with 

fluorescence reduced by four orders of magnitude due to low quantum yield and inefficient 

chromophore maturation. To improve brightness, we utilized random mutagenesis but were unable 

to isolate improved variants due to the detection limit of our selection method (FACS) being too 

high to distinguish miniaturized GFP fluorescence from background cellular fluorescence at the 

desired wavelengths. Our results show that while machine learning can be used to miniaturize 

GFP, this process leads to impaired function.  
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Chapter 1. Introduction 

1.1 Discovery of Green Fluorescent Protein and its Subsequent Applications 

The capacity to effectively treat and prevent diseases in humans and other species under our 

stewardship is fundamentally reliant on our understanding of both the homeostatic and 

pathological states of organisms, encompassing not only the biological system but also the 

surrounding environment. Many genetic disorders are due to mutations in protein-coding regions 

of DNA, which when expressed as diseased protein products can cause misfolding, instability, 

perturbed active sites, and impaired interactions within protein complexes1. In cases such as these, 

a refined molecular understanding is required to understand the given phenotype. Since antiquity, 

humans have theorized about the sources of these illnesses but have been limited by the tools 

available to them at the time. This limitation has often contributed to faulty beliefs being 

perpetuated for years, if not millennia as is the case with Miasma2, before the invention of the 

microscope or Louis Pasteur’s swan neck flasks3. Fortunately, the evolution of scientific 

understanding is driven by the refinement or rejection of theories as new insights and technologies 

emerge. In this regard, the advent of Green Fluorescent Protein (GFP) has been a pivotal 

advancement, revolutionizing our ability to study molecular and cellular processes and enabling 

precise modulation of these mechanisms for both research and therapeutic applications.  

GFP, or avGFP, is a bioluminescent protein found in Aequorea Victoria, a hydrozoan jellyfish 

native to the North American Pacific Coast4. It was the first of its kind, alongside aequorin, to be 

isolated and characterized, thanks to the pioneering work of Osamu Shimomura et al. in the 1960s5, 

a discovery that ultimately earned him the Nobel Prize in Chemistry in 2008. While the discovery 

of GFP itself is remarkable, its true significance lies in its application as a genetically encoded 

fluorophore (GEF)5, a groundbreaking technology that has transformed the study of molecular and 
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cellular processes, greatly advancing the field of molecular medicine6. GEFs enable the 

visualization of individual molecules within live cells with exceptional temporal resolution and on 

rapid timescales7. These fluorophores are incorporated either directly into an organism's genome8 

or into plasmid DNA9, offering a versatile tool for a broad range of applications. GEFs can be used 

to monitor the successful integration of target genes or the localization of their products when 

tagged or placed under a common promoter10,11, detect transient protein expression12, visualize 

and quantify dynamic changes in cellular structures by targeting specific components thereof9,11, 

serve as biosensors for monitoring parameters such as pH, calcium levels, and redox states13, and 

facilitate high-throughput cellular population enrichment with techniques like fluorescence-

activated cell sorting (FACS)14,15. 

Although GFP was initially isolated in the 1960s, its potential as a GEF was not fully 

recognized until the early 1990s13, following its successful cloning by Prasher et al. in 199216. In 

1994, GFP's first recombinant application was demonstrated through the tracking of protein 

expression in Escherichia coli and Caenorhabditis elegans17, the latter of which was immortalized 

on the cover of Science in February of that year13. Shortly thereafter, articles containing engineered 

GFP variants began to emerge in scientific literature. In August 1994, blue and cyan variants of 

GFP were reported13,18,19, followed by an S65T variant in 1995, which exhibited a fourfold increase 

in emission intensity and distinct excitation and emission peaks, in contrast to the dual peaks 

observed with the wild-type GFP20,21. A yellow GFP variant was also introduced in 199622. Beyond 

spectral modifications, GFP has been further optimized for use as a GEF through engineering 

efforts aimed at enhancing its monomericity23–25, stability26,27, and maturation rates28,29. 

Additionally, the pKa of GFP’s intrinsic chromophore, a trio of cyclized residues responsible for 

its photoactivity, has been engineered for dissociation at various pH values25–27, thereby 
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broadening its utility as a biosensor. As of the time of this writing, GFP continues to be modified 

and applied in innovative ways as researchers strive to address increasingly complex scientific 

questions30–33, further validating the Nobel Committee’s 2008 decision. 

 

1.2 Structural Analysis of Green Fluorescent Protein 

The structure of GFP has become iconic, characterized by 11 β-strands that fold cylindrically 

to form an elegant, antiparallel β-barrel, often referred to as a β-can34 (Figure 1a), that is nearly 

symmetrical along any axis. The protein is comprised of 238 amino acids with a molecular weight 

(MW) of 27 kDa, and dimensions of 42 Å x 24 Å, with a radius of gyration (Rg) of 18.14 Å ± 

0.825,35. Each end of the β-barrel is capped by a short α-helix, with a third, kinked helix running 

coaxially through the structure. Three key residues, Ser65, Tyr66, and Gly67, are located centrally 

on this axial helix. Upon autocatalytic cyclization, these residues form the 4-(p-

hydroxybenzylidene)imidazolidin-5-one chromophore (Figure 1c), which is responsible for GFP's 

fluorescence36. This thesis utilizes the S65T variant mentioned earlier, so Thr65 will be referenced 

going forward. The chromophore is securely housed within the protein, shielded from 

fluorescence-quenching solvent by the extensive hydrogen-bonding network of the β-barrel37,38, 

and to a lesser extent by the capping helices.  
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Figure 1. The Green Fluorescent Protein and its chromophore. (a) Crystal structure of GFP 
as seen with a fully formed chromophore, represented by sticks (PDB: 1EMA34). (b) The three 
chromophore-forming residues Thr65, Tyr66, and Gly67. (c) The mature 4-(p-
hydroxybenzylidene)imidazolidin-5-one chromophore. The conjugated π electron system 
responsible for light absorbance at 488 nm can be seen highlighted in green. 

 

While GFP is most useful in its monomeric form, wild-type GFP in A. victoria is thought to 

exist alongside aequorin as part of a heterotetramer39, and exhibits a weak tendency to form 

homodimers (Figure 2a) with a dissociation constant (KD) of 100 μM36,40. This characteristic of 

multimerization is common to nearly all fluorescent proteins (FPs)39, regardless of their species of 

origin, as exemplified by the tetrameric DsRed (Figure 2c) found in corals of the Discosoma 

genus41,42. Interestingly, DsRed is one of many FPs that share a similar topology with GFP43, yet 

are found in non-bioluminescent organisms42. This has led to the hypothesis that the GFP-like fold 

initially evolved to facilitate fluorescence for purposes other than bioluminescence, such as 
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enhancing resistance to solar radiation or increasing photosynthetic efficiency for endosymbionts 

through red-shifted light42,44. In these cases, the chromophore absorbs high-energy light from the 

sun and emits lower-energy photons, demonstrating the Stokes Shift, a phenomenon further 

discussed in Chapter 1.4 On Fluorescence and its Properties. The bioluminescence observed in 

A. victoria, facilitated by GFP, is a relatively recent adaptation42 following the same principle, but 

with the chemiluminescent aequorin providing the high-energy photons instead of sunlight45,46. 

 

 

Figure 2. Different Multimeric States of Fluorescent Proteins. (a) Dimeric GFP (PDB: 
1GFL47). (b) The dimerization interface of GFP. An A206K substitution increases the 
dissociation constant (KD) of GFP and is used in monomeric variants, while also improving 
folding48. (c) The red fluorescent protein DsRed (PDB: 1G7K49) in its tetrameric oligomerization 
state. Red fluorescent proteins adopt the β-barrel fold, and are classified as GFP-like proteins. 

 

GFP demonstrates remarkable stability, particularly for a protein sourced from the cold waters 

of the Pacific Ocean. It retains fluorescence up to temperatures of 65°C, with only a 50% reduction 

in fluorescence observed at 78°C36,50. While folding and chromophore maturation are negatively 
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affected by temperatures above 25°C, once the chromophore has matured, further increases in 

temperature have minimal impact on the protein’s structure or fluorescence36. With that said, this 

temperature sensitivity at biologically relevant temperatures limits GFP’s utility for in vivo studies. 

To address this limitation, numerous GFP variants have been engineered, typically by substituting 

bulky residues with smaller ones to enhance folding at higher temperatures28,36. Additionally, GFP 

fluorescence is sensitive to changes in pH, although it remains stable within a broad pH range, 

from 4.5 to 1136. The mechanism behind this sensitivity is tied to the chromophore maturation 

process, to be discussed in Chapter 1.3 The Chromophore and its Role in Fluorescence. At low 

pH, fluorescence is quenched due to protonation of key residues, whereas at high pH, most 

fluorescence loss results from protein denaturation, followed by quenching by the surrounding 

solvent36. In response, more acid-tolerant GFP variants have also been developed to expand the 

range of applications where GFP can be effectively utilized51.  

For fluorescence to occur, the preservation of GFP’s archetypal fold is essential52,53. Numerous 

studies involving deletions, insertions, and circular permutations of GFP have demonstrated that 

residues 2–232 constitute the minimal domain required for fluorescence, with significant 

modifications being permissible only within the loop regions54–56. Alteration of the β-barrel 

structure therefore remains a significant challenge, but one that must be overcome for any 

substantial structural remodeling of GFP. 
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1.3 The Chromophore and its Role in Fluorescence 

What makes GFP so useful is that its chromophore is formed as part of an autocatalytic post-

translational modification. This reaction occurs spontaneously without the need for cofactors or 

molecular chaperones, requiring only molecular oxygen for complete maturation of residues 

Thr65, Tyr66, and Gly67 into the 4-(p-hydroxybenzylidene)imidazolidin-5-one chromophore36 

(Figure 1c). Although the precise mechanism of chromophore maturation remains unclear, it is 

widely accepted that protein folding and the reversible cyclization of the chromophore must occur 

prior to subsequent maturation via oxidation and dehydration reactions57. GFP becomes 

fluorescent in minutes57, with the rate-limiting step being chromophore maturation58 .  

GFP’s specific fold is critical to overcoming the entropic and enthalpic barriers to the 

cyclization of Thr65, Tyr66, and Gly6757. A tight-turn conformation on GFP’s central helix aligns 

Gly67’s lone electron pair with the π* orbital of Thr65’s carbonyl carbon57, positioning it for 

nucleophilic attack (Figure 3). This tight-turn conformation also precludes the formation of 9 out 

of 12 possible hydrogen bonds on the backbone of the central helix57. Together, these arrangements 

effectively prime the involved residues for cyclization57.  
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Figure 3. Tight-Turn Conformation of GFP’s Inner Helix. The tight-turn conformation of 
GFPs inner helix demonstrated by the uncyclized R96M variant (PDB: 2AWJ38). This tight-turn 
aligns the lone pair of Gly67’s amide electrons with Thr65’s carbonyl, priming it for attack. 
Substitution of Gly67 with any other amino acid abrogates fluorescence, likely by hindering 
cyclization with the introduction of steric hinderance through non-hydrogen R groups59. The 
tight-turn also precludes the formation of 9 out of 12 possible hydrogen bonds, circumventing 
the need for them to be broken during cyclization, thereby lowering the enthalpic barrier57. 

 

After cyclization, two potential pathways for maturation are proposed: either maturation 

follows a dehydration-oxidation order (mechanism A)60(Scheme 1), or it occurs in the reverse 

order with oxidation preceding dehydration (mechanism B)61(Scheme 2). In mechanism A, the 

thermodynamically unfavourable cyclized intermediate is thought to be trapped by the dehydration 

step, whereas with mechanism B oxidation is responsible for this stabilization57. For this reason, 

both pathways are understood as conjugation-trapping mechanisms57,62,63. There is substantial 

evidence that under aerobic conditions mechanism B occurs predominantly in wild-type GFP57,63, 

though work done in more recent years supports mechanism A for the S65T variant64. Despite the 
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competing theories, it is generally accepted that both mechanisms may occur in parallel, with the 

flux of each pathway depending on molecular oxygen availability57,63 or specific mutations in the 

chromophore’s environment65. For this thesis, mechanism A is more relevant, since we will be 

utilizing the S65T variant mentioned above. 

 

 

Scheme 1. The Proposed Mechanism A of Chromophore Maturation in GFP. Proposed 
Cyclization-Dehydration-Oxidation mechanism (mechanism A) of GFP’s chromophore 
maturation60. Gly67’s amide nitrogen is believed to deprotonated by Glu222 either prior to or 
after cyclization57, the former is shown here. (1) Thermodynamically unfavourable cyclization of 
Thr65/Tyr66/Gly67 backbones. (2) Deprotonation of Tyr66Cα and enolate formation, stabilized 
by electrostatic interactions with Arg96. (3) Reversible dehydration reaction of the main-chain, 
with Arg96 again providing stabilizing electrostatics. (4) Addition of molecular oxygen to 
Tyr66Cα, forming a hydroperoxide adduct. (5) Deprotonation of Tyr66Cβ leading to oxidation 
through the generation of hydrogen peroxide. Adapted from Barondeau et al. (2005). 
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Scheme 2. The Proposed Mechanism B of Chromophore Maturation in GFP, with 
Alternative Dehydration Reactions. Proposed Cyclization-Oxidation-Dehydration mechanism 
(mechanism B) of GFP’s chromophore maturation61. (1) Nucleophilic attack of Thr65’s carbonyl 
by Gly67’s amine lone electrons. (2) Proton abstraction of Tyr66Cα and enolate formation, which 
would be stabilized by Arg96. (3,4) Addition of molecular oxygen to Tyr66Cα, forming a 
hydroperoxide adduct. The complex forms an open-shell singlet diradical complex before 
forming the closed-shell singlet hydroperoxyl adduct66. (5,6) Deprotonation of Tyr66N leading to 
oxidation through the generation of hydrogen peroxide. Intermediate 2 is formed here, which has 
two proposed mechanisms of dehydration. (7a) Formation of the enamine tautomer of 
Intermediate 2’s imine. (7b) Dehydration is initiated by deprotonation of Tyr66Cβ by a water 
molecule. (8) Proton transfer from Tyr66N to Thr65O via an ordered water molecule, leading to 
reversible dehydration and the mature chromophore. Adapted from Rosenow et al. (2004). 
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In both proposed mechanisms of chromophore maturation, the conserved residues Arg96 and 

Glu222 play critical roles. Arg96 is essential for protein folding, stability and cyclization, but its 

most crucial function lies in facilitating chromophore maturation through electrostatic 

interactions57. Substitution of Arg96 with any other residue significantly prolongs the maturation 

time, though it does not completely prevent it57. It is thought that Arg96 stabilizes the 

chromophore’s enolate intermediate by complementing a buildup of negative charge on Tyr66’s 

main-chain oxygen57. This lowers the pKa of Tyr66’s Cα proton, allowing it to be easily abstracted 

by a water molecule, which is polarized by Glu22257. This hypothesis is further strengthened by 

the fact that in an R96A variant, wild-type maturation rates can be restored by reintroducing a 

positive charge to the region via a Q183R substitution57.  Beyond polarizing the water molecule 

for proton abstraction from Tyr66, experiments show that Glu222 serves as a general base in 

several other proton transfer reactions during the maturation process67,68. For example, it is 

involved in the deprotonation of Gly67’s amine nitrogen57, activating it for nucleophilic attack on 

Thr65’s carbonyl group, thereby initiating cyclization. For Glu222 to act in this role it must 

mediate its effects through a network of water molecules, many of which can be seen in numerous 

crystal structures of GFP57(Figure 4). 
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Figure 4. Structural Water in X-ray Crystallographically Determined Structure of GFP. 
Structured water molecules (blue spheres) are critical for chromophore maturation, taking part in 
a hydrogen-bonding network with Glu222 that’s responsible for many deprotonation events. In 
most crystal structures such as this (PDB: 1EMA34), water molecules can be found within close 
proximity to the chromophore and catalytic Arg96 and Glu222 residues. Molecular Dynamics 
simulations show that many of these water molecules stay within hydrogen-bonding distance of 
Arg96, Glu222 and chromophore atoms involved in maturation69. 

 

One potential drawback of chromophore maturation is the production of hydrogen peroxide, 

which is integral to the process57. The molecular oxygen that is added to Tyr66’s Cα must leave 

as H2O2 for the imidazolidin-5-one ring to become conjugated57. This conjugation enhances the 

chromophore’s ability to absorb light, thereby increasing its fluorescence. Although this H2O2 

doesn’t typically lead to cell death, as evidenced by mature GFP being found naturally in A. 

victoria, it does contribute to oxidative stress within the cell70. Whether or not this poses a problem 

experimentally, such as with overexpression of a GFP-tagged protein, is context-dependent and 

may vary based on the specific experimental conditions. 
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1.4 On Fluorescence and its Properties 

Fluorescence is a physical property exhibited by certain materials that allows them to absorb 

light at one wavelength (colour) and re-emit it at another, generally at a lower energy and longer 

wavelength, which as mentioned above, is a phenomenon known as the Stokes Shift. Although 

light can theoretically be re-emitted at higher energy levels, known as an Anti-Stokes Shift71, this 

process falls outside the scope of this thesis and will not be explored further. There are various 

reasons why light is generally re-emitted at lower energy levels, and they can be better understood 

using a Jablonski diagram (Figure 5). 

 

 

Figure 5. Different Routes of Energy Decay as Seen in a Jablonski Diagram. (a) A 
fluorescent molecule can be excited from the ground state to the excited singlet state upon 
absorbance of light. (b) If the molecule is excited to a singlet state higher than S1, it must 
undergo Internal Conversion via non-radiative decay until reaching S1. (c) Once at S1, the 
molecule can emit a photon and return to the ground state with an equivalent loss of energy, so 
called fluorescence. (d) If the molecule is excited to a higher vibronic substate (thin lines), it 
must relax down to the lowest vibronic substate before fluorescing, or in the case of (e) 
undergoing Intersystem Crossing from an excited singlet state (S1, S2 or higher) to an excited 
triplet state. (f) If the molecule is in an excited triplet state, it must relax down to its lowest 
vibronic substate before releasing a photon in what is known as phosphorescence. Adapted from 
Geddes (2016)72. 
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When a fluorescent molecule absorbs a photon (light) it transitions from a ground state (S0) to 

an excited singlet state (S1 or S2), where all electrons are paired72. The energy absorbed can be 

determined by Equation 1, where (E) represents energy, (h) is Planck’s constant, (c) is the speed 

of light, and (λ) represents wavelength73. For this transition to occur, the energy of the absorbed 

photon must match the energy difference between the ground state and the excited state. An excited 

molecule in the S1 state can return to the ground state by releasing a photon72. Each state has 

multiple vibronic substates (thin lines in Figure 5), corresponding to different vibrational energy 

levels that slightly change the electronic state of the molecule72. Depending on the energy of the 

absorbed photon, a fluorescent molecule can be excited from S0 to any vibronic substate of S1 or 

S272. If a molecule is excited to a higher S1 vibronic substrate, the molecule can relax down vibronic 

substates to the bottom of S1 through a variety of mechanisms, such as vibrational relaxation, 

before releasing a photon and returning the molecule to any vibronic substate of S0 that 

corresponds to the loss of the photon’s energy72.  

 

E =
ℎ𝑐

λ
                                                            eq. [1] 

 

If a molecule is excited to the higher S2 or S3 electronic states, it must first undergo internal 

conversion before transitioning to S172. This means that energy must be transferred in a non-

radiative process from higher to lower electronic states. Once at S1, the molecule can release a 

photon and return to the ground state as described above72. It may also undergo what is known as 

intersystem crossing, which occurs when the lowest vibrational energy level of S1 overlaps with a 

higher vibrational energy level of the triplet state (T1), which contains unpaired electrons72. From 

T1, the molecule can return to S0 by releasing a photon in a process known as phosphorescence72. 
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Fluorescence typically occurs within 10-9 to 10-6 seconds, whereas phosphorescence occurs on a 

much longer timescale, ranging from 10-4 to 102 seconds72, making it less useful for GEF 

applications72. 

One useful fluorescent phenomenon is that of förster resonance energy transfer (FRET). FRET 

is the radiationless transmission of energy from an excited chromophore (donor) to another region 

within the chromophore-containing molecule, to other molecules, or more relevantly, to other 

chromophores (acceptors)74,75. This collision-free transfer occurs without thermal energy 

conversion and in a distance-dependent manner, via a long range dipole-dipole coupling 

mechanism74,75. The transmission can occur if there is sufficient overlap between the donor’s 

emission and acceptor’s molar extinction spectra (Figure 6), what is termed the Overlap Integral 

(OLI), and calculated using Equation 2, where (λ) is the given wavelength, εA(λ) is the molar 

absorption coefficient of the acceptor at that wavelength, and FD(λ) is the donor’s normalized 

fluorescence emission at the same wavelength74,75. The FRET mechanism is only valid when a 

donor-acceptor pair is physically separated by 1-10 nm74,75. At distances below 1 nm collisions 

and complexation would prevail, while beyond 10 nm photo emission from the donor would 

occur74,75, which while having the possibility to excite neighbouring molecules via reabsorption, 

wouldn’t constitute FRET. This distance dependency makes FRET an indispensable research tool 

as a “Spectroscopic Ruler”, as the efficiency of its energy transfer follows Equation 374, where 

(E) is the efficiency of energy transfer, where (R) is the donor-acceptor distance and (R0) is a 

characteristic value where there is a 50% probability of energy transfer, termed the Förster 

distance75. By tagging molecules with GEFs, researchers can utilize FRET to probe their spatial 

relationships. 
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J = ∫ FD(λ)εA(λ)λ4dλ
∞

0
                                                eq. [2] 

E =
R0

6

R6+R0
6 

                                                           eq. [3] 

 

 

Figure 6. Illustration of Overlap Required for Förster Resonance Energy Transfer (FRET). 
(a) Simplified diagram of the overlap (red) required of a donor chromophore’s emission 
spectrum (blue) and an acceptor molecule’s molar extinction spectrum (green) for FRET to 
occur. In reality, the Overlap Integral (OLI) that describes this spectral region is seen in (b), 
where the Overlap curve containing the integral (red) is in units of OLI nm-1, the donor 
chromophore’s emission spectrum (blue) is in units of nm-1, and the acceptor molecule’s molar 
extinction spectrum (green) is in units of M-1 cm-1. Figure adapted from Medintz and Hildebrandt 
(2014)74. 

 

 As previously mentioned, excited fluorescent molecules can lose energy through non-

radiative decay, where no photon emission occurs. One such mechanism that is particularly 

relevant and detrimental to GFP fluorescence is twisted intramolecular charge transfer (TICT). 

When a molecule undergoes TICT, conformational changes in the excited molecule can lead to an 

intersecting landscape of potential energy surfaces for the excited and ground states, which can 

promote fast non-radiative decay76,77. In the case of GFP, these conformational changes typically 

occur in the chromophores phenolate moiety. Specifically, the phenol ring undergoes rotation 

around the β and γ dihedral angles, formed by atoms N1-C1-C2-C3 and C1-C2-C3-C4, respectively76 
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(Figure 7). Due to the sp2 planarity of the β dihedral, and bulwarking of the imidazolidin-5-one 

ring by Phe165 and Thr62, the majority of this effect is due to rotation around the γ dihedral76. 

This rotation leads to the formation of a twisted configuration that favors non-radiative decay, also 

disrupting the planarity required for fluorescence78. TICT is a significant source of fluorescence 

quenching, where the molecule returns to the ground state without emitting a photon, and it can 

substantially reduce a molecule's Quantum Yield (QY). 

 

 

Figure 7. Hula-Twist Motion Seen in GFP’s Chromophore. The Hula-Twist is a form of 
twisted intramolecular charge transfer (TICT), in which the excited chromophore undergoes a 
conformational change that creates an intersecting landscape of potential energy surfaces 
between the excited and ground states76. Due to the overlapping states, rapid non-radiative decay 
can occur. In GFP, most of the twisting occurs around the γ dihedral angle, since the β dihedral is 
restricted by sp2 planarity and ther steric hinderance of neighbouring residues. Tight packing of 
the chromophore-containing pocket can reduce this effect. Adapted from Baffour-Awuah and 
Zimmer (2004)76. 

 

QY is defined as the number of photons emitted per 100 absorbed photons72 (Equation 4). 

This makes it a percentage value that is conveniently represented between 0 and 1, where 0 
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represents no photon emission and 1 represents 100% photon emission. A more rigorous definition 

of QY can be expressed by Equation 5, where kF is the fluorescence rate constant, kIC is the rate 

constant for internal conversion (non-radiative decay to lower vibrational states), kEC is the rate 

constant of external conversion (energy transferred to solvent), kISC represents intersystem crossing 

(singlet to triplet state transition), and kC is the rate constant for any other competing process, 

including photodecomposition79. In this equation, kF is the only rate constant that contributes to 

fluorescent emission, while all the other rate constants contribute to non-radiative decay and 

reduce the overall QY.  

 

Φ =
nphotons emitted

100 photons absorbed
                                                eq. [4] 

Φ =
𝑘F

𝑘F+𝑘IC+𝑘EC+𝑘ISC+𝑘C
                                                eq. [5] 

 

Fluorescent proteins, such as GFP, are typically ranked and reported based on their brightness, 

which is a value derived from the product of the protein’s molar extinction coefficient (ε) and its 

QY (Φ), as seen in Equation 6. The Molar Extinction Coefficient reflects a molecule’s ability to 

absorb light at a specific wavelength and is measured in units of M-1 cm-1, while QY was discussed 

earlier and is unitless. To determine molar extinction coefficients, the Beer-Lambert law is 

generally used (Equation 7), where A is the absorbance (unitless), c is the concentration of the 

protein in solution (M), and l is the pathlength of light travelled through the solution during 

measurement (cm)80. By engineering proteins to increase either their molar extinction coefficient 

or QY, one can enhance the overall brightness of the fluorescent protein. 

 

Brightness =  ε ×  Φ                                                   eq. [6] 
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𝐴 = 𝜀𝑐𝑙                                                           eq. [7] 

 

1.5 Previous Examples of Engineering Smaller GFPs 

As discussed in Chapter 1.2 Structural Analysis of Green Fluorescent Protein, GFP is quite 

large, with a molecular weight of 27 kDa. This large size can present challenges when using GFP 

as a GEF. GFP’s length of 238 amino acids (714 nucleotides) can crowd viral vectors, such as 

commonly used adeno-associated viruses81, and limit the size of genetic payloads it can be tagged 

to. Additionally, once expressed, GFP can interfere with the normal functioning of the molecule it 

is tagging, such as disrupting processes like viral capsid assembly82, or hindering neuronal axonal 

movement55. For these reasons, as well as the potential for unforeseen negative effects in certain 

experimental contexts, there is a strong desire to develop smaller GFP variants to minimize these 

issues while retaining their fluorescent properties. 

 While GFP has been the subject of extensive engineering efforts13, these have primarily 

focused on modifying or improving its spectral characteristics, folding and maturation processes, 

and stability, as discussed in Chapter 1.1 Discovery of Green Fluorescent Protein and its 

Subsequent Applications. Traditional protein engineering approaches aimed at miniaturizing GFP 

have been explored, but it has been demonstrated that only fifteen residues can be deleted from 

GFP without compromising its fluorescence, and these deletions are primarily restricted to the 

terminal and loop regions55. Given this limitation, researchers have at times been forced to develop 

or utilize techniques to circumvent this size dependency of GFP’s fluorescence. Common 

examples of this include Circular Permutation, to which GFP is incredibly robust, and Protein 

Splitting (Split GFP), a method that fragments GFP into separate peptides which can be 

reconstituted into a functional, fluorescent complex through noncovalent heterodimerization83.  



20 
 

 Perhaps the most well-known example of a smaller GFP variant is the miniGFP84, which 

has a molecular weight of 13 kDa. While miniGFP is indeed smaller than the original GFP, it 

requires exogenous flavin to function as its chromophore. One important note is that this protein 

is an evolved mutant of phiLOV3, a novel Light-, Oxygen-, and Voltage-based flavin-binding 

protein84. Since the miniGFP requires an exogenous chromophore and shares little to no homology 

with GFP, they may have developed a small green fluorescent protein, but they haven’t 

miniaturized GFP. 

 More recent and apt examples of GFP miniaturization, which use GFP as a starting 

template, are the XFPs developed using the Raygun method85. Raygun is an example of MLAPD 

which purports to enable the design of insertions and deletions into a template protein, thereby 

allowing for miniaturization. Raygun achieves this by employing a single shot Protein Language 

Model, which uses a probability function to generate candidate sequences. Experimental testing of 

eight Raygun designs revealed that five exhibited dim fluorescence. The smallest green XFP had 

a 10.5% reduction in length, with most of this reduction occurring in the loop and distal β-strand 

regions, unsurprisingly. This outcome aligns with GFP's incompatibility with deletions in more 

structured regions of the protein, and with Raygun's bias towards deletions in unstructured 

regions85.  

While Raygun is a successful example of MLAPD being used to miniaturize GFP, many 

such models exist which can facilitate this aim. What’s more exciting is that these models can be 

combined in novel ways, creating protein engineering pipelines which can be fine-tuned to tackle 

specific design objectives. 
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1.6 Machine Learning-Assisted Protein Design 

In recent years, there has been a rapid expansion in the availability of machine learning 

models for protein design86,87, enabling access to regions of sequence and structure that were 

previously unreachable without labor- and resource-intensive techniques such as chimeragenesis 

and directed evolution88. MLAPD has matured enough that it can effectively tackle three cruxes 

in the field: novel backbone generation89,90, inverse folding91,92, and structure prediction93,94. 

While the design of functional proteins using MLAPD is becoming increasingly feasible95,96, its 

effectiveness in this area is less explored. A computational protein design pipeline leveraging 

these advancements, which is becoming a standard methodology, typically follows three steps: 1) 

the generation of a backbone using methods such as Flow Matching or denoising diffusion 

probabilistic models (DDPM), either unconditionally or by scaffolding functional motifs, 2) 

design of sequences capable of adopting the desired fold, with protein language models (pLM) 

and message passing neural networks (MPNN) being frequently used, and 3) validation of the 

design using a deep learning–based structure prediction model (Figure 8). 
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Figure 8. General Protein Design Pipeline Using Machine Learning. A typical machine 
learning–assisted protein design pipeline consists of three main stages: (a) Backbone generation 
using models such as denoising diffusion probabilistic models or flow matching. (b) Design of 
amino acid sequences capable of adopting the generated backbone. Message passing neural 
networks are commonly employed, though alternative approaches such as protein language 
models are also effective. (c) Sequence validation to assess the likelihood of folding into the 
target structure. Deep learning models have become the standard for this step, although 
generative language models and other methods may also be used. Redrawn from Dauparas et al. 
(2022), Jumper et al. (2021), Madani et al. (2023), and Hayes et al. (2025). 

 

In this pipeline, novel protein structures are often generated using Flow Matching methods 

like FoldFlow-297, or DDPMs such as RFdiffusion89 or Protpardelle90. Flow Matching models 

generate backbones by integrating ordinary differential equations over a learned vector field, 

having been trained on 2.8 billion proteins from numerous sequence and structure databases96,97. 

DDPMs for protein design are trained to denoise structures from the Protein Data Bank (PDB) 

which have been corrupted with Gaussian noise89. Once trained, DDPMs can iteratively refine 

initially random noise into realistic protein structures87. While earlier DDPMs like RFdiffusion 

used a rigid N-Cα-C frame to represent residue backbones, more recent models like Protpardelle 

are capable of incorporating sidechain information, enabling the co-generation of both structure 
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and sequence87. With RFdiffusion All-Atom98 and RFdiffusion299, it’s even possible to model 

ligand molecules. Using this pipeline, structures are either generated unconditionally or by 

scaffolding around a desired motif. Unconditional structure generation requires minimal user 

input, typically just the desired sequence length, while motif-scaffolding requires initial 

structural information to serve as nucleation points. Since models like RFdiffusion only generate 

structures consisting of backbone atoms, it’s necessary to use another method to design the 

corresponding sequence. Co-generative models such as Protpardelle can bypass this step, 

although designing structure and sequence separately has been shown to yield comparable, and 

in some cases superior100, results in terms of designability and diversity87.  

While pLMs like ProGen101 are able to successfully design protein sequence, the use of 

MPNNs for this task has become ubiquitous. ProteinMPNN91 and LigandMPNN92 are two 

examples of MPNNs which have proven to be effective at designing foldable sequences. Both 

models were trained on datasets derived from the PDB. To determine sequences, ProteinMPNN 

encodes N, Cα, C, O, and virtual Cβ atoms as nodes, with the pairwise distances between them 

as edges in a graphical representation of the structure91, whereas LigandMPNN similarly encodes 

these atoms, along with distances for ligand atoms involved in protein-ligand interfaces92. Once 

the structure is encoded, both ProteinMPNN and LigandMPNN decode sequences in an order-

agnostic, autoregressive manner. By allowing for random sampling of the decoding order, these 

models can utilize contextual information from previously generated residues, which has been 

shown to modestly enhance sequence recovery91. A major advantage of using these language 

models and neural networks is that they provide an alternative to traditional physics-based 

sequence design methods, which often rely on expensive Monte Carlo simulations to evaluate the 

effects of individual amino acid substitutions on a given design102. 
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Neural networks have demonstrated their true potential in the realm of structure prediction. 

The protein-folding problem, which has stymied researchers since the first protein structure 

determination with atomic-resolution103, has largely been addressed by deep learning algorithms 

such as AlphaFold2 and the generative language model ESM393,96. Similar to the methods 

previously described, AlphaFold2 was trained using data from the PDB, as well as sequence data 

from UniProt104 and metagenomic data from MGnify105. ESM3, on the other hand, was trained 

using data from the PDB, UniProt, and several other sequence and structural databases96. While 

both models have proven to be effective in structure prediction, AlphaFold2 has demonstrated 

superior accuracy at critical assessments of structure prediction (CASP) events, although 

versions of ESM3 return predictions much more quickly106. The accuracy of AlphaFold2, and the 

speed of ESM3, can be attributed to key differences in their approaches, AlphaFold2 performs a 

multiple sequence alignment (MSA), whereas ESM3 does not. This MSA enables AlphaFold2 to 

incorporate structural data from homologous proteins and pairwise features of input sequences to 

refine its predictions93. The omission of this step in ESM3 not only accelerates predictions but 

also makes it particularly effective when predicting “orphan” proteins with few homologs107. 

When it comes to protein design, the choice of structure-prediction method depends on the 

specific experimental conditions and objectives. For instance, for the redesign of a well-

characterized protein like GFP, AlphaFold2 might be the preferred tool, provided sufficient 

computational resources are available for its implementation. 

Significant progress has been made in the development of miniaturized GFPs, yet there 

remains considerable room for improvement. The ultimate goal, or "holy grail", is the creation of 

a significantly smaller GFP that retains the ability to intrinsically form a chromophore. 

Achieving this milestone would represent a major breakthrough in GFP engineering and could 
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unlock novel applications in biological imaging. While still in its early stages, MLAPD and 

pipelines like the one outlined above show great potential in advancing this objective. 

 

1.7 Overview of Project 

As discussed earlier in this chapter, a truly miniature GFP could be of great use to researchers 

in a variety of disciplines. While progress has been made in this area, we believe there is still room 

for further advancement. Therefore, this project aimed to miniaturize GFP to less than 20 kDa (a 

26% reduction), while maintaining the ability of the canonical tripeptide (Thr65/Tyr66/Gly67) to 

autocatalytically cyclize and mature into the endogenous 4-(p-hydroxybenzylidene)imidazolidin-

5-one chromophore. Chapter 2 will explore how this project leveraged recent developments in 

MLAPD to design candidate sequences, with Chapter 3 exploring the attempted improvement of 

designs using an iterative design process as well as traditional mutagenesis techniques. Chapter 4 

will cover the materials and methods used in this project. Chapter 5 will provide a summary of the 

findings and suggest future directions for advancing this project. 

 In Chapter 2 we hypothesized that GFP could be miniaturized to at least 75% of its original 

size while still retaining spontaneous chromophore maturation. To achieve this, we deleted all but 

the residues critical for chromophore maturation from an x-ray crystallography-generated in silico 

model of GFP. The remaining key residues were used as the starting chassis for GFP 

miniaturization, and connecting residues were diffused in place using a generative diffusion model. 

The result was an assortment of 3D structures, which were then ran through a message passing 

neural network to design amino acid sequences which could adopt the associated folds. Of the four 

designs experimentally tested, all were positive for fluorescence, with spectral properties 

resembling those of GFP, albeit with the best design having a QY 337-fold lower than that of GFP. 
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 In a second round of design, we revisited the first-round designs, optimizing and validating 

their sequences further while incorporating new developments. Importantly, the second round 

incorporated a fully formed chromophore during the design process, an approach that was not 

possible in the first round but was hypothesized to enhance fluorescence. Out of the twelve second 

round designs experimentally tested, all showed fluorescence with spectral properties similar to 

those of GFP. The best of these second-round designs had a QY 320-fold lower than that of GFP, 

but due to a lack of biological replicates this value should be viewed critically.  

 Chapter 3 concludes with an attempt to enhance our initial designs using Directed 

Evolution. Despite generating a mutant population with enhanced green fluorescence, this 

approach did not yield the expected results. The reason for this was that the detection limit of our 

selection method (FACS) was too high to distinguish the fluorescence of designed FPs from 

background cellular fluorescence at the desired wavelengths, which hindered our ability to select 

improved variants and ultimately prevented us from building on beneficial mutations with 

subsequent rounds of mutagenesis. This was disappointing, but an instrument has been recently 

identified that appears to have the required sensitivity to evolve these designs, discussed in Chapter 

5, offering new hope for future optimization efforts. 

 

Chapter 2. Designing a Miniaturized Green Fluorescent Protein 

2.1 Non-Iterative Computational Design of Miniature GFP 

Rather than starting from scratch by utilizing or designing a de novo protein scaffold and 

subsequently introducing function, as is typical in computational protein design (CPD), we chose 

to design a protein that would facilitate spontaneous chromophore maturation by leveraging 

existing GFP structures (Figure 9). This approach was primarily driven by the incomplete 

understanding of the protein folding and chromophore maturation pathway of GFP, as well as the 
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limitations of current rational CPD methods, which are not yet sufficiently advanced to address 

such a dynamic task.  

 

 

Figure 9. Computational Design Process for GFP Miniaturization. (1) Using the crystal 
structure of PDB: 1EMA34, residues not within 8 Å of the chromophore were deleted, leaving a 
spheroid of disjointed residues. (2) Connecting fragments were diffused to connect the spheroid 
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in a GFP-like fold using RFdiffusion, which (3) denoises a structure from gaussian noise. (4) 
Sequences for diffused structures were designed using ProteinMPNN, fixing the identity of 
residues found in the original spheroid. (5) Sequences from ProteinMPNN were submitted to 
AlphaFold2 for structure prediction. (6) If needed, the design process was repeated. (7) 
Structures were filtered by AlphaFold2’s residue-wise pLDDT scoring before being (8) 
experimentally characterized and (9) a top design was chosen. 

  

To design a protein capable of facilitating spontaneous chromophore maturation we first turned 

to the well-characterized crystal structure of Enhanced GFP (EGFP, PDB: 1EMA34). We chose 

EGFP instead of wild-type GFP as a reference due to its simplified excitation spectrum with a peak 

at 488 nm resulting from the S65T substitution34. In contrast, wild-type GFP has two absorbance 

maxima at 395 and 475 nm36.  

With the 1EMA structure, we pruned away all residues that did not have atoms within 8 Å of 

the chromophore (Figure 10). This allowed us to retain key residues critical for chromophore 

maturation, including Thr62, Gln69, Arg96, His148, and Glu222, as well as those which likely 

play a minor role or which tune GFP’s emission spectra, such as Thr203108. In GFP, the tightly 

packed chromophore pocket is essential for preventing non-radiative decay; therefore, this 8 Å 

cutoff was also applied to replicate this packing. By preserving these crucial residues and 

maintaining their spatial orientations, we hypothesized that we could preserve GFP's ability to 

fluoresce while minimizing the overall size of the protein.  
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Figure 10. Spheroid of Disjointed Fragments Preserved Within 8 Å of GFP’s Chromophore 
During Miniaturization. To maintain GFP’s ability to autocatalytically cyclize and mature its 
chromophore (green) after miniaturization, residues with atoms within 8 Å of the chromophore 
were preserved. This ensured that not only catalytically active residues like Arg96 and Glu222 
were kept, but also other residues which facilitate maturation or fluorescence, like His148 and 
Thr203. By keeping the entire spheroid, and not just critical residues, further design stages were 
able to be biased towards more easily achieving a β-barrel fold. 

 

After creating the 8 Å spheroid of disjointed fragments, we needed to transform it back into a 

monomer. In doing so, this required a delicate balance between ensuring the design would fold 

properly and not adding excess residues that would compromise the goal of miniaturization. To 

build connecting structures we turned to the new machine learning software RFdiffusion89 (Figure 

11), a generative Denoising Diffusion Probabilistic Model trained to denoise corrupted protein 

structure representations. RFdiffusion was trained on samples from the Protein Data Bank (PDB) 

and diffuses a user-defined number of residues in 3D space until it converges on a structure. We 
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chose to use RFdiffusion instead of Protpardelle since we were planning to design sequences with 

ProteinMPNN, and this was shown to be as effective as using a co-generative technique87. By 

providing our 8 Å spheroid of fragments, we only needed to diffuse residues in the gaps, essentially 

guiding the software to complete the structure in a manner consistent with GFP’s overall fold. 

When we began miniaturizing GFP, it wasn’t possible to incorporate non-canonical amino acids 

at later stages in the design process. To circumvent this, we also diffused three residues as place 

holders for Thr65, Tyr66, and Gly67 on the central helix. RFdiffusion only diffuses rigid N-Cα-C 

main-chain atoms, meaning that while we were able to generate four potential structures with this 

software (Figure 12), we had to use additional methods to ensure that they would make sense 

chemically. 

 

 

Figure 11. Process of RFdiffusion Structure Generation. RFdiffusion is a denoising diffusion 
probabilistic model that was trained on 3-dimensional structures in the Protein Database (PDB) 
that have been corrupted with Gaussian noise. RFdiffusion was trained to stochastically reverse 
this corruption until an output resembling the training data was generated. To generate protein 
structures RFdiffusion starts with a Gaussian distribution of backbone atoms (XT) and makes a 
prediction towards a final protein structure (X0). At each timestep (Xt), RFdiffusion self-
conditions by using a noised version of its first prediction (Xt-1) as the input for the next 
prediction. Figure was reproduced with permission from Smith, B., unpublished. 
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Figure 12. RFdiffusion Generated Backbones G1-G4. Four designed miniature GFPs created 
by diffusing residues (black) between the gaps of a spheroid of residues left over after pruning of 
the 1EMA34 crystal structure (white). Residues were diffused using RFdiffusion, maintaining N-
C directionality. Designs consisted of diffused N-Cα-C main-chain atoms, functioning only as 
backbones. 

 

Once again trusting machine learning, we used ProteinMPNN91 to design amino acid 

sequences which would adopt our desired folds. ProteinMPNN is a Message Passing Neural 

Network that was also trained on the PDB. ProteinMPNN takes the structure of a protein as input 

and predicts an array of amino acid sequences that are statistically likely to adopt the specified 

fold. Since we had opted out of designing structures and sequences simultaneously with 

Protpardelle, ProteinMPNN was the only viable method available to use at this time. Using this 

method, we designed sequences for each of our four RFdiffusion models. ProteinMPNN has the 

functionality to “fix” certain residues, which allowed us to conserve those originally found in our 

8 Å spheroid of fragments, thereby largely preserving the architecture of the chromophore’s 

wildtype environment. For each RFdiffusion model, we generated an array of one hundred 

sequences with ProteinMPNN. 

To reduce the number of sequences for experimental characterization, we implemented a 

filtering step to validate the designs using AlphaFold293 (AF2). While there are other structure 
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prediction models available109,110, AF2 has become the gold standard in the field. Although other 

prediction software outperform AF2 in some cases111, AF2 has the unique advantage of informing 

its predictions with a multiple sequence alignment (MSA), thereby capturing co-evolutionary 

information and enhancing accuracy106. After inputting a sequence to AF2, it returns the predicted 

protein structure and a corresponding residue-wise predicted local distance difference test 

(pLDDT) score. This score ranges from 0 to 100 and indicates the confidence AF2 has in its 

prediction for each residue, with a score of 100 signifying the highest level of confidence. We used 

these pLDDT scores, both globally and locally, to guide our selection of the most promising 

designs (Figure 13). In addition to relying on the pLDDT scores, we also performed visual 

inspection of the predicted structures to identify designs with both reasonable and designable folds.  

 

 

Figure 13. AlphaFold Predictions of Designed Fluorescent Proteins. Predicted structures for 
designed FPs G1-G4 (coloured according to AlphaFold2’s per-reside pLDDT score, increasing 
from red-yellow-blue). G1-G4 backbones were designed using RFdiffusion to create a GFP-like 
fold around a spheroid of preserved residues from a pruned crystal structure of GFP (PDB: 
1EMA34). Sequences were designed for G1-G4 using ProteinMPNN’s soluble model and fixing 
residues found within 8 Å of 1EMA’s chromophore. Designed FP sequences were submitted to 
AlphaFold2 for validation of their folds. Backbone RMSD calculations were done against PDB: 
1EMA using the align algorithm in PyMOL (Schrödinger LLC). 
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There was good agreement between the AF2 predicted structures of first round designs and 

their respective RFdiffusion models (Figure 14), based on Cα root mean squared deviation 

(RMSD) analyses. Using the cealign algorithm in PyMOL (Schrödinger LLC), first round 

structures had the following RMSD values: G1: 0.84 Å, G2: 1.4 Å, G3: 1.6 Å, and G4: 1.1 Å. The 

Cα RMSD between the structure of PDB: 1EMA with diffused residues 65, 66, and 67 (in lieu of 

a chromophore) and its AF2 prediction was 0.28 Å. Importantly, the kinked conformation of the 

inner helices was maintained after the diffusion of these three residues. The authors of RFdiffusion 

considered a global RMSD compared to the AlphaFold structure below 2.0 Å to be a success89. 

Additionally, given that the RMSD between identical proteins from different experimental 

characterizations can range from 0 to 1.2 Å112 and that an RMSD of less than 3.0 Å can be 

indicative of structural homologues113, there was reason to believe that the designed folds were 

feasible.  

 

Figure 14. Comparison of First Round RFdiffusion Models and their AlphaFold Predicted 
Structures. AlphaFold2 predicted structures (red-yellow-blue) of first round FPs are aligned to 
their starting RFdiffusion designs (black). Structures were aligned in PyMOL (Schrödinger LLC) 
using the cealign algorithm. RMSD calculations were done using the cealign algorithm from 
PyMOL (Schrödinger LLC). 
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At this time, we lacked a specific metric to predict whether a design would successfully 

promote chromophore cyclization and maturation, so our approach was to ensure that key residues, 

particularly those involved in the chromophore formation, were correctly positioned relative to 

1EMA (Figure 15). This visual comparison allowed us to confirm that the critical side-chains were 

placed appropriately, though it did not guarantee successful chromophore maturation. Two critical 

things to note is that AF2 doesn’t perform any quantum mechanical calculations or predictions, 

and as such, the predicted structures did not contain an actual chromophore, and secondly, 

AlphaFold2 is not very accurate at predicting side-chain conformations114. Due to these 

limitations, we could only ensure that Thr65, Tyr66, and Gly67 residues were generally positioned 

in agreement with 1EMA’s chromophore, and that the same was true for catalytically critical 

residues like Arg96 and Glu222.  

 

 

Figure 15. Overlay of AlphaFold Predictions for Designed Fluorescent Protein Residues 
Critical for Chromophore Maturation. AlphaFold2 predicted structures (black) are overlayed 
with those of the 1EMA34 crystal structure (white). The mature chromophore of 1EMA (green) is 
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labelled with its constituent residues. AlphaFold2 cannot predict main-chain cyclization or 
accurate side-chain rotamer conformations, limiting comparison of the predictions to the crystal 
structure to general positioning only. Residues critical for chromophore formation or maturation 
are labelled. 

 

In summary, to design miniature GFPs, we began by pruning residues not within 8 Å of the 

chromophore from the 1EMA structure, preserving only the critical residues involved in 

chromophore maturation and fluorescence. We then used RFdiffusion to connect the fragments, 

designing connecting residues in 3D space while minimizing the number of excessive residues to 

maintain a compact structure. Next, we employed ProteinMPNN to design amino acid sequences 

that are predicted to adopt the desired fold, fixing the critical chromophore-forming residues found 

in the 8 Å spheroid. Finally, we filtered the designs using AF2 predictions, assessing pLDDT 

scores and visually inspecting the structures to ensure correct positioning of key residues and 

overall structural feasibility. With this process we designed four GFP variants, G1-G4, collectively 

termed lilGFPs. 

 

2.2 Results and Discussion 

2.2.1. Fluorescence is Maintained after GFP Miniaturization 

GFP has proven historically to be stubbornly difficult to miniaturize while maintaining 

fluorescence. We show here that it is indeed possible to achieve this aim with a miniaturization of 

~25%. As part of this miniaturization, the average number of residues per β-strand for G1, G2, G3, 

and G4 were reduced by 2.5, 2.3, 2.3, and 2.4 residues, respectively. All four designs tested 

displayed fluorescence with spectral properties similar to GFP (Figure 16), though the 

fluorescence intensity was orders of magnitude lower. Accurate molar extinction coefficients 

could not be determined due to sample impurities (Supplementary Figure 1), but QY for these 
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designs ranged from 0.0009 to 0.0019 (Table 1 and Supplementary Figure 2). These values are 

close to the QYs calculated for unfolded, chromophore-containing peptides of GFP (0.0002)115, 

and synthetic analogues of the chromophore in solution (0.0005)57. The comparable quantum 

yields suggest that the chromophores in our designs are solvent exposed, consistent with their 

presumed molten globule structure. Since brightness is the product of QY (Φ) and molar extinction 

coefficient (ε), even with extinction coefficients similar to GFP, these quantum yields would 

reduce their brightness by 2-3 orders of magnitude. Additionally, no absorbance peak at the 

wavelength corresponding to its excitation maximum was detected for each design, indicating that 

in each protein population only a minor fraction has formed a mature chromophore. While there 

were no absorbance peaks at the corresponding excitation maxima, QYs were still able to be 

determined using these spectra. Fluorescence emission was detected more easily than absorbance 

at these wavelengths due to reduced background, resulting in a lower limit of detection. Since 

chromophore maturation seems to be stunted, the extinction coefficients are likely much lower 

than that of GFP, thereby lowering the brightness of these designs even further.  

 



37 
 

 

Figure 16. Fluorescence Spectra of Green Fluorescent Proteins. Normalized fluorescence 
spectra of green fluorescent proteins were determined with λex at 420 nm and λem at 550 nm. 
Absorbance (−), excitation (--), and emission (⸳⸳) spectra are shown. Measurements were taken at 
25˚C in phosphate saline buffer (100 mM potassium phosphate and 100 mM sodium chloride, 
pH 7.5) using Black UV-Star 96-Well Microplates (Greiner Bio-One) and a BioTek Synergy H1 
Microplate Spectrophotometer (Agilent). 
 

Table 1. Spectral Properties of Green Fluorescent Proteins. Fluorescence spectra of green 
fluorescent proteins were determined with λex at 420 nm and  λem at 550 nm. All designed 
proteins lacked an absorbance peak at their corresponding λex, with only a peak attributed to 
tryptophan and tyrosine residues seen at 280 nm. quantum yields (QY) were calculated using the 
known QY of EGFP as a reference (see Materials and Methods). 
 

Protein λabs (nm) λex (nm) λem (nm) Quantum Yield 

EGFP 488 488 509 0.6 

G1 N/A 483 450/512 0.0009 ± 0.0005 

G2 N/A 485 508 0.0019 ± 0.0009 

G3 N/A 487 511 0.0010 ± 0.0003 

G4 N/A 483 518 0.0010 ± 0.0001 
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Designs G1, G2, G3, and G4 may not be as bright as GFP, but remarkably they exhibit similar 

spectral characteristics (Figure 16). EGFP has absorbance (λabs) and excitation (λex) peaks at 488 

nm with an emission (λem) peak at 509 nm. All four miniaturized designs (G1-G4) show an 

absorbance peak at 280 nm, corresponding to the absorption of tyrosine and tryptophan residues116, 

but lack any observable peak near their λex , indicating that there is very little chromophore 

maturation occurring. While this 280 nm peak is also present with EGFP, it’s dwarfed by the 

chromophore’s absorption at 488 nm. G1 has an λex of 483 nm and λem of 512 nm, G2 has an λex 

of 485 nm and λem of 508 nm, G3 has an λex of 487 nm and λem of 511 nm, and G4 has an λex of 

483 nm and λem of 518 nm. Interestingly, G1 has a smaller emission peak at ~450 nm, but this is 

likely an artifact from its measurement being so close to baseline. 

 

 

2.2.2 Designs are Unstable 

All first-round designs suffer from instability issues. This is evidenced by poor expression and 

solubility, which can be seen with SDS-PAGE gels following immobilized metal affinity 

chromatography (IMAC) (Supplementary Figure 1). Three of the four designs showed a 

significant amount of insoluble protein trapped in the pellet at their corresponding MW. Of the 

designs tested, three variants had expression yields under 10 mg/L, and only one design, G3, 

showed expression levels approaching that of GFP, with a yield of 19.5 mg/L compared to GFP's 

22.5 mg/L (Table 2). 

 

Table 2. Expression of Green Fluorescent Proteins. Expression levels of green fluorescent 
proteins after being expressed in BL21-Gold (DE3) E. coli cells (Agilent) using LB 
supplemented with 100 μg/mL ampicillin (EGFP) or 50 μg/mL kanamycin (lilGFPs). Cells were 
grown at 37 °C with shaking at 220 rpm until reaching an optical density at 600 nm of 0.6. 
Induction of protein expression was triggered with the addition of 1 mM isopropyl β-D-1-
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thiogalactopyranoside (Fisher Scientific) and cultures were then incubated for a further 16 hours 
at 16 °C with shaking at 220 rpm. 
  

Protein Expression yield 
(mg/L) 

Expression 
concentrations 

(mg/mL) 

Expression 
concentrations 

(µM) 

Final 
volume 
(mL) 

EGFP 22.5 1.5 54 7.5 

G1 3.9 0.52 26 7.5 

G2 8.7 1.7 84 7.5 

G3 19.5 2.6 130 7.5 

G4 9.5 1.9 96 7.5 

 

All designs showed a tendency to aggregate, which could be related to their insolubility, and 

was most obvious when performing preparatory size exclusion chromatography (SEC). All designs 

showed a major elution peak (~10 mL) at a volume lower than GFP and near the column’s void 

volume (~10 mL) (Figure 17). Additionally, SDS-PAGE gels of SEC fractions show that most of 

the protein at the desired MW is eluting in these peaks (Supplementary Figure 3). This outcome 

is unexpected, as GFP, with the larger molecular weight, should have eluted earlier than the 

lilGFPs. The presence of smaller peaks and shoulders, closer to an appropriate elution volume 

(Ve), was observed with G2 and G4, but these are still closer to EGFP’s Ve, indicating potential 

dimerization. The species producing these secondary peaks could not be isolated. 
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Figure 17. Chromatograms from Preparatory Size Exclusion Chromatography. A Bio-Rad 
BioLogic Duo-Flow FPLC system was used with an ENrich™ SEC 650 10 x 300 column 
(#7801650). A flow rate of 0.5 mL/min was used with 0.5 mL fractions being collected. Samples 
were purified into phosphate-saline buffer (100 mM potassium phosphate and 100 mM sodium 
chloride, pH 7.5). Variants of lilGFP were designed to be monomeric and have a mass ~7 kDa 
less than GFP, but all elute ~ 10 mL, which is earlier than GFP and near the void volume of the 
column. 

  

Far-UV circular dichroism (CD) Spectroscopy was used to glean insights into the secondary 

structure of designs (Figure 18). Scans were done at 25˚C and 95˚C. All designs show a mixture 

of α-helical and β-sheet signal, though none of them exhibited the distinct β-barrel signature 

typically associated with GFP. It appears that all designs have more α-helical character with more 

negative signals at 208 and 222 nm, which is to be expected given the designs had shortened β-

strands and increased α-helical content (Figure 13). At 95 ˚C, only G3 showed a significant 

negative peak at 200 nm, which is indicative of random coils. This CD analysis utilized three 
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accumulations per scan, though without replicate samples, so conclusions should be drawn 

skeptically. This could mean that G1, G2, and G3 are incredibly heat-stable, but when combining 

the SEC results with those from thermal melting assays, it’s more likely that this is a result of 

instability and/or aggregation. 

 

 

Figure 18. Circular Dichroism Spectra of First-Round lilGFP Secondary Structure. 
Circular Dichroism (CD) spectra were determined using a J-815 CD Spectrometer (Jasco), 
Peltier Type FDCD Cell Holder (Jasco), and a Hellma Absorption Microcuvette (Millipore 
Sigma) with a 1 mm pathlength. Purified 10 µM samples were prepared in 20 mM sodium 
phosphate, pH 7.4. Secondary scans were done with 3 accumulations, a digital integration time 
(D.I.T.) of 1 second, continuous scanning mode with a scanning speed of 10 nm/min, using a 
data pitch of 0.2 nm, and band width of 1 nm. Scans were done at 25˚C (−) and 95˚C (--). Using 
The purity of each sample was determined using ImageJ117 analysis of SDS-PAGE gels after size 
exclusion chromatography, yielding the following results: GFP – 98%, G1 – 57%, G2 – 26%, G3 
– 89%, and G4 – 72%. 
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 These α-helical/β-sheet spectra could be related to the strange results observed in thermal 

melt assays (Figure 19), potentially indicating the presence of a molten globule conformation. The 

normalized ellipticity data showed very little cooperative unfolding, which is to be expected for 

most well-folded proteins where there is only one energy barrier to overcome for the folded-

unfolded transition to occur118. In the case of G4, there appeared to be some cooperative unfolding, 

but the unfolded asymptote was never fully reached. Attempts to transform these data to Fraction 

Unfolded (FU) plots using the Greenfield equations119 failed for all designs. Even with the 

equations providing generous fits for the mean residue ellipticity (MRE, mdeg cm2 dmol-1) values, 

there is no, or very gradual, sigmoidal character seen, which lead to unreliable melting 

temperatures being calculated. The linear character seen could be due to a process of gradual 

unfolding where several small energy barriers must be overcome during the folded-unfolded 

transition, and which can be occurring in parallel within the sample population118. The |ΔMRE| 

during GFP unfolding was 29, whereas values for G1, G2, G3, and G4 were 9.1, 7.5, 14.4, and 

12.7, respectively. As these MRE changes range from approximately one-third to one-half of the 

GFP value, the relative contribution of contaminant proteins to the unfolding data remains unclear. 

However, the low |ΔMRE| magnitudes may be indicative of predominantly molten globule-like 

designs. When coupling this linearity with the fact that the low QY seen with the designs could be 

caused by a disordered chromophore environment, these melts could indicate that a molten 

globular form is dominating the folded-unfolded equilibrium of the designs118. 
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Figure 19. First-Round Thermal Melt Assays Using Circular Dichroism. Thermal Melt 
assays were done using Circular Dichroism with a J-815 CD Spectrometer (Jasco), Peltier Type 
FDCD Cell Holder (Jasco), and a Hellma Absorption Microcuvette (Millipore Sigma) with a 1 
mm pathlength. Purified 10 µM samples were prepared in 20 mM sodium phosphate, pH 7.4. 
Melting curves were done with a D.I.T. of 8 seconds, standard sensitivity, and a band width of 1 
nm. Temperature for the melting curves was increased at a rate of 1˚C/min and sampled every 
1˚C after a 10 second wait upon reaching the interval temperature. (a) Normalized ellipticity 
values (dots) from the thermal melts were used for fitting with the Greenfield method119 (thin 
line), resulting in (b) fraction unfolded plots. A TM of 74.4 ˚C was determined for GFP, while no 
TM values were able to be determined for designs. The purity of each sample was determined 
using ImageJ117 analysis of SDS-PAGE gels after size exclusion chromatography, yielding the 
following results: GFP – 98%, G1 – 57%, G2 – 26%, G3 – 89%, and G4 – 72%. 

 

Within an increasingly disordered microenvironment, a chromophore can undergo a greater 

range of torsional motions in the excited state with reduced energetic barriers120. These extra 

degrees of freedom would promote nonradiative decay through mechanisms such as TICT and cis-

trans isomerization of the chromophore’s phenolate moiety121, releasing energy as heat and kinetic 

energy instead of as photons122, thereby reducing QY. The results in this chapter suggest that the 

proteins may be forming molten globules, which could contribute to the types of nonradiative 
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decay described above. This indicates the presence of structural defects that are impairing function 

and that need to be addressed. Chapter 3 will outline the attempts made to remedy these issues. 

 

Chapter 3: Improving Brightness in Designed lilGFPs 

3.1 Iterative Computational Design of a Miniature GFP 

Given the low QY and stability of first-round designs, a second round was undertaken to 

optimize the process based on lessons learned from the initial designs and recent developments in 

the field of MLAPD. After designing and characterizing G1-G4, several new technical 

developments and insights emerged that influenced this second design strategy. Firstly, it was 

found that comparing the inner helix RMSD of the designs to the 1EMA crystal structure could 

serve as a predictor for chromophore maturation123. Secondly, a new version of ProteinMPNN, 

called LigandMPNN, was published, which allows for the incorporation of ligands and 

noncanonical amino acids92. It was also observed that pLDDT values in the mid to high 90s were 

increasingly necessary for accurate structural predictions100,124, a threshold that had not been 

reached with earlier designs. Finally, it became apparent that refining designs through iterative and 

cyclical rounds of sequence optimization using ProteinMPNN/LigandMPNN and AF2 was 

beneficial for achieving successful outcomes100. Specifically, using an AF2 model from a previous 

iteration as input for ProteinMPNN instead of the initial RFdiffusion model was show to produce 

more stable and better-folded designs100. 

 With the newfound insight that GFP-like proteins with an average inner helix RMSD of 

0.8 Å, when compared to 1EMA, could form a chromophore123, we finally had a metric for 

validating designs based on function, rather than relying exclusively on structural accuracy. We 

aimed to synergize this information with the recent ability to incorporate a mature chromophore 
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into the sequence design workflow, which promised to enhance the precision of our predictions 

and further refine our design process.  

 Our second round of design used G1, G2, and G3 sequences and AF2 models as the starting 

templates for three parallel streams of the same workflow. A G4 stream was not undertaken since 

G3 and G4 share a backbone and only differ in sequence. For each template, the chromophore 

from 1EMA was inserted into the first round AF2 model and the existing residues 65-67 were 

removed (Figure 20). The chromophore containing template was then standardized using Triad 

(Protabit), which is a flexible-backbone minimization that optimizes bond lengths, dihedral angles, 

and rotamer configurations. Cleaned chromophore-containing templates were then used as inputs 

for LigandMPNN, which produced arrays of one hundred sequences for G1 and G2, and one 

thousand sequences for G3. In this round of design, only the residues within 4 Å of the 

chromophore (as seen in 1EMA) were fixed. Each sequence was then placed on its respective 

cleaned chromophore-containing backbone in Triad, and the structure was cleaned, which is a 

fixed-backbone repacking and minimization using Triad’s cleanSequences.py app to remove any 

clashes introduced by the new residues. This workflow allowed for the ranking of structures using 

Triad’s Phoenix energy score125, as well as measurement of the inner helix RMSD between the 

AF2 models, 1EMA, and the Triad-generated models. Since AF2 still couldn’t incorporate a 

mature chromophore, we swapped back Thr65, Tyr66, and Gly67 into the sequences for structure 

prediction, ensuring that the key residues for chromophore formation were represented in the 

model.  
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Figure 20. Structures of G1 – G3 AlphaFold2 Predictions After Chromophore Insertion 
and Flexible-Backbone Minimization in Triad. (a) G1, G2, and G3 AlphaFold2 predictions 
(red-yellow-blue) were used as the staring templates for a second round of lilGFP design. 
Analogous residues to Thr65, Tyr66, and Gly67 were removed and (b) the chromophore (green) 
from a GFP crystal structure (white)(PDB: 1EMA34) was inserted into the model. Rigid 
backbone repacking was done on the chromophore-containing designs in Triad (Protabit LLC) 
using the cleanSequences.py application.  

 

With this additional workflow (Figure 21) we could now rank designs based on the likelihood 

of their folds being adoptable using pLDDT values, their relative stabilities using the Triad 

Phoenix energy score, and their potential to form a chromophore using Inner Helix RMSD. This 

provided a comprehensive evaluation of our candidates in terms of both their structural and 

functional potential. 
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Figure 21. Enhanced Design Process Used for Second Round lilGFPs. AlphaFold2 (AF2) 
models of first round lilGFPs G1, G2, and G3 were used as the starting template for round two 
designs. (1) The chromophore from a GFP crystal structure (PDB: 1EMA34) was inserted into 
each AF2 model, replacing Thr65,Tyr66, and Gly67. (2) Flexible backbone repacking around the 
chromophore was done using the Triad software (Protabit LLC). (3) Sequences for the repacked, 
chromophore-containing AF2 models were designed using LigandMPNN92. (4) Sequences from 
LigandMPNN were cleaned on their respective repacked, chromophore-containing AF2 
backbones. (5) Triad energy scores were obtained from previous cleaning step. (6a) Structures 
with negative energy values were selected. (6b) LigandMPNN sequences from (3) were 
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submitted to AlphaFold2 for structure prediction. (7) The inner helices of both cleaned and AF2 
structures underwent RMSD comparisons with that of PDB: 1EMA. Final candidates for 
experimental characterization were chosen after (8a) cleaned structures were filtered based on 
the lowest Triad energy scores, (8b) cleaned and AF2 structures were filtered based on the lowest 
inner helix RMSD compared to PDB: 1EMA, and (8c) AF2 structures were filtered based on the 
highest pLDDT values. 

 

 The following filtering criteria were applied to the second round of designs: 1) Inner Helix 

RMSDAF-1EMA ≤ 0.8 Å, 2) Inner Helix RMSDAF-Triad ≤ 0.5 Å, 3) Inner Helix RMSDTriad-1EMA ≤ 0.5 

Å, 4) Triad energy ≤ -500, and 5) the highest possible pLDDT (Table 3). After filtering, we settled 

on twelve designs to experimentally characterize (Figure 22). Although these criteria could not be 

applied in the initial round of design, we performed the analysis on G1, G2, and G3, as they served 

as templates for the second round. Notably, G1 and G2 would have passed a similar filtering step, 

with the only disqualifying metric for G3 being the Triad energy score. Since all first-round designs 

exhibit an Inner Helix RMSDAF-1EMA value lower than the reported 0.8 Å average for 

chromophore-forming proteins123, it is unsurprising that they exhibited fluorescence. Although 

most first-round designs passed the second-round filtering criteria, this does not necessarily 

invalidate the second-round selection process. All second-round designs exhibited higher pLDDT 

scores and lower Triad energy values. We hypothesized that once a certain threshold of inner helix 

RMSDAF-1EMA was reached, further reduction in RMSD no longer correlated with increased 

fluorescence. Taken together, these results suggest that the second-round designs were more 

promising and likely to outperform those from the first round. In total, twenty-two second-round 

designs passed filtering, with the final twelve being chosen based on the criteria above. 
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Table 3. Filtering Parameters for Designed Green Fluorescent Proteins. First round, second 
round and G1-Enhanced designs were subject to different filtering criteria, and the results are 
shown here. First round and G1-Enhanced designs were filtered using length, molecular weight, 
average pLDDT scores and visual inspection. G1, G2, and G3 were later evaluated according to 
the same criteria as the second-round designs but had already been experimentally characterized. 
Second-round designs were filtered the same as pervious rounds, but with the addition of four 
criteria: 1) inner helix RMSD between AlphaFold2 (AF2) predictions and that of a crystal 
structure (PDB: 1EMA34), 2) inner helix RMSD between AF2 predictions and the inner helix of 
corresponding chromophore-containing models after rigid backbone repacking in Triad, 3) inner 
helix RMSD between the aforementioned Triad models and that of 1EMA, and 4) Triad energy 
scores after fixed backbone repacking after chromophore insertion. 

Protein Amino 
Acids 

Molecular 
Weight (Da) pLDDT 

Inner Helix 
RMSDAF

1
-1EMA

2 
(Å) 

Inner Helix 
RMSDAF-Triad

3 
(Å) 

Inner Helix 
RMSDTriad-1EMA 

(Å) 

Triad 
Energy 

Round 1        

G1 170 18,798 91.1 0.44 0.31 0.48 -533 

G2 171 19,018 93.3 0.42 0.28 0.46 -509 

G3 167 18,953 91.1 0.36 0.34 0.40 -428 

G4 167 18,673 91.3 N/A N/A N/A N/A 

G1-Enhanced        

G1-Emerald 170 19,148 90.7 N/A N/A N/A N/A 

G1-
GreenLantern 170 18,941 90.4 N/A N/A N/A N/A 

G1-Superfolder 170 18,952 92.7 N/A N/A N/A N/A 

Round 2        

G1A50 170 18,644 93.6 0.64 0.45 0.46 -543 

G2A78 171 18,695 94.6 0.46 0.38 0.46 -536 

G3CRO1k-92 167 18,435 94.1 0.52 0.38 0.40 -534 

G3CRO1k-219 167 18,089 94.4 0.42 0.45 0.39 -567 

G3CRO1k-281 167 18,199 93.9 0.68 0.41 0.44 -542 

G3CRO1k-368 167 18,263 94.2 0.48 0.47 0.38 -530 

G3CRO1k-385 167 18,411 94.3 0.47 0.30 0.40 -520 

G3CRO1k-570 167 18,074 94.2 0.73 0.49 0.43 -580 

G3CRO1k-698 167 18,269 93.7 0.51 0.27 0.44 -537 

G3CRO1k-799 167 18,424 94.0 0.68 0.42 0.47 -553 

G3CRO1k-941 167 18,698 94.4 0.46 0.34 0.39 -508 

G3CRO1k-964 167 18,313 94.0 0.60 0.38 0.43 -516 

Round 1 designs had 6x H-tags and 3 amino acid linkers. Round 2 designs had 6x H-tags and no linkers. All second-round designs but G1A50 
had a tryptophan residue added for purification. Amino acid lengths and molecular weights reported do not include H-tag or linker residues, 
only starting methionine. Backbone atoms in residues 60-74 of 1EMA and analogues residues in designs were used for RMSD calculations. 
1AlphaFold2 model, 2 PDB: 1EMA,3 Chromophore-containing model repacked in Triad 
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Figure 22. AlphaFold2 Predicted Structures of Second-Round lilGFP Designs. The second 
round of computational design of lilGFPs yielded twelve candidates, seen coloured according to 
their AlphaFold2 residue-wise pLDDT scores (red-yellow-blue). All second-round designs had 
higher average pLDDT scores than the first round designs. The final twelve candidates were 
filtered from a total of 1400 designs. 

 

3.2 Simulating Alternative Starting Templates for GFP Miniaturization 

Using EGFP as a starting template for this design process was a logical choice due to its well 

characterized structure and simplified excitation spectrum. However, we couldn’t help but wonder 

if another enhanced form of GFP would have produced better results. We were particularly 
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interested in what could have been had we used mEmerald, mGreenLantern, or Superfolder GFP 

as a starting template for miniaturization. Since these variants must share structural homology by 

necessity, we hypothesized that we could bypass the initial pruning step of the design process and 

simply insert substitutions into G1 (Supplementary Table 1). This resulted in the G1-Enhanced 

variants G1-Emerald with 28 substitutions, G1-GreenLantern with 39 substitutions, and G1-

Superfolder with 27 substitutions (Figure 23). In the cases of G1-Emerald and G1-GreenLantern, 

this resulted in lower pLDDT scores than G1’s 91.1, but G1-Superfolder surpassed G1 with a score 

of 92.7. 

 

 

Figure 23. AlphaFold2 Predicted Structures of G1-Enhanced Designs. Any mutations found 
in mEmerald, mGreenLantern, or Superfolder GFP that would have been preserved in the 8 Å 
spheroid of fragments in the first design round were substituted into G1. This created the G1-
Enhanced variants seen here, coloured according to their AlphaFold2 residue-wise pLDDT scores 
(red-yellow-blue).  
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3.3 Improving Green Fluorescence with Mutagenesis 

To improve the fluorescence of our computationally designed lilGFPs, we turned to in vitro 

mutagenesis. Mutagenesis, specifically in the context of Directed Evolution, has become the 

method of choice for improving protein function126. Directed Evolution has proven to be 

particularly effective when starting with a protein that already demonstrates some degree of 

activity and pairing it with a high-throughput selection method126. Since our designs exhibited 

marginal fluorescence, Directed Evolution appeared to be the most viable path forward.  

We chose fluorescence-activated cell sorting (FACS) as our selection method due to its 

efficiency and ease of use, as it is already set up to sort cells based on green fluorescence. For the 

creation of the mutagenic libraries, we used a variation of error-prone PCR (epPCR)127 (see 

Chapter 4.4 Random Mutagenesis), with the primary distinction being the absence of MnCl2, 

which is typically included in traditional epPCR protocols to increase the mutation rate. This 

variation was used to introduce a manageable level of mutations that didn’t saturate the libraries. 

 When evolving a protein, higher stability is crucial because it can promote 

evolvability128,129. This is because mutations that are beneficial for activity, and most mutations in 

general, tend to destabilize proteins126. Therefore, for a protein to "survive" this trade-off and 

continue evolving, it needs to be stable enough to withstand the mutations required to improve its 

activity. For this reason, we chose G3 as our candidate for Directed Evolution, since it had the best 

expression levels of all designs, nearly at that of GFP (see Chapter 2.2 Results and Discussion). 

As mentioned above, we used epPCR to generate mutant libraries of G3. We performed multiple 

iterative rounds of mutagenesis with two distinct mutagenic trajectories running in parallel. This 

resulted in a mutagenic library of 300,000 G3 variants, which we then sorted with FACS. 

  For sorting, cells were stained with Propidium Iodide (PI, λem = 617 nm), which serves as 

a viability dye by only binding the DNA of dead cells130. During sorting runs, a PI gate was set up 
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on the Y-axis with a bandpass of 617/30 nm and a lowpass of 600 nm, this functioned as the “Dead 

Cell” gate by excluding cells with a fluorescence signal between 600 nm and 647 nm. On the X-

axis was the gate for green fluorescence with a bandpass of 525/50 nm, which was to collect 

improved G3 variants displaying fluorescence between 475 nm and 575 nm. However, despite 

considerable effort, zero variants showed detectable improvement in fluorescence, meaning none 

were successfully selected for a second round of mutagenesis. That said, analysis of the G3 mutant 

library by flow cytometry suggested the presence of potentially beneficial mutations; however, the 

resulting fluorescence increases were insufficient to meet the selection threshold during FACS. 

 

3.4 Results and Discussion 

3.4.1 Iterative Rounds of Sequence Design Have no Impact on Fluorescence 

Overall, the second round of designs displayed similar results to those of the first round. QY 

ranged from 0.00004 to 0.002 (Figure 24 and Table 4), though it must be noted that no biological 

replicate measurements were made for second-round designs. Similar to the first round, all second-

round designs exhibited impurity issues, as evidenced by SDS-PAGE analysis following IMAC 

purification. Most of the protein at the desired molecular weight was found to be localized in the 

insoluble pellet fractions, with minimal protein detected in the final elution fractions 

(Supplementary Figure 4). This prevented accurate extinction coefficients from being 

determined, since contaminants, like the presumed ArnA enzyme131 (MW: 74 kDa)132, were 

disproportionally purified. As with the first-round designs, the only notable absorbance peak can 

be attributed to tyrosine and tryptophan at 280 nm, which again indicates that only a minor 

percentage of each sample is undergoing complete chromophore maturation. An interesting trend 

observed among all the second-round designs is a shift in their excitation peaks, which now range 

between 442 and 460 nm. Additionally, all emission peaks were red-shifted slightly between 510 
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and 516 nm. These changes may be reflecting subtle modifications in the chromophore 

environment caused by relaxing the cutoff for residue fixing from 8 Å to 4 Å during sequence 

design. 

 

 

Figure 24. Fluorescence Spectra of Second-Round Green Fluorescent Proteins. Normalized 
fluorescence spectra of green fluorescent proteins were determined with λex at 420 nm and λem at 
550 nm. Absorbance (−), excitation (--), and emission (⸳⸳) spectra are shown. Measurements were 
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taken at 25˚C in phosphate saline buffer (100 mM potassium phosphate and 100 mM sodium 
chloride, pH 7.5) using Black UV-Star 96-Well Microplates (Greiner Bio-One) and a BioTek 
Synergy H1 Microplate Spectrophotometer (Agilent). 
  

 

Table 4. Spectral Properties of Green Fluorescent Proteins. Fluorescence spectra of green 
fluorescent proteins were determined with λex at 420 nm and λem at 550 nm. All designed 
proteins lacked an absorbance peak at their corresponding λex, with only a peak attributed to 
tryptophan and tyrosine residues seen at 280 nm. quantum yields (QY) were calculated using the 
known QY of EGFP as a reference (see Materials and Methods). 
 

Protein λabs 
(nm) 

λex 
(nm) 

λem 
(nm) Quantum Yield 

EGFP 488 488 509 0.6 

G1A50 N/A 450 514 0.0004 

G2A78 N/A 442 512 0.0006 

G3CRO1k-92 N/A 447 512 0.0004 

G3CRO1k-219 N/A 445 511 0.001 

G3CRO1k-281 N/A 451 512 N/A 

G3CRO1k-368 N/A 443 511 0.002 

G3CRO1k-385 N/A 451 510 0.002 

G3CRO1k-570 N/A 460 515 0.0005 

G3CRO1k-698 N/A 443 515 0.0005 

G3CRO1k-799 N/A 458 512 0.001 

G3CRO1k-941 N/A 451 516 0.00004 

G3CRO1k-964 N/A 454 514 0.001 

G1-Emerald N/A 458 521 0.001 

G1-GreenLantern N/A 460 522 0.002 

G1-Superfolder N/A 457 520 0.0006 
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3.4.2 Enhanced GFP Insertions have Negligible Effects 

For first round designs, EGFP was used as a starting template. To explore whether beginning 

with another enhanced variant of GFP could have yielded better results, we used G1 as a secondary 

template by making substitutions based on mEmerald, mGreenLantern, and Superfolder GFP. For 

any residues found in these variants that would have also been preserved in the initial pruning of 

EGFP (Figure 10) the appropriate substitutions were carried out on G1, thereby creating G1-

Emerald, G1-GreenLantern, and G1-Superfolder variants. 

 No biological replicates measurements of these variants were taken, but there was no 

drastic improvement in brightness (Table 4). The quantum yields of these variants ranged from 

0.0006 to 0.002, which is still far too low to be useful. Absorbance peaks other than those at 280 

nm were absent (Figure 24). Excitation peaks were blue-shifted similar to second-round design 

with a range between 457 and 460 nm. These G1-Enhanced variants had similar impurity issues 

as previous rounds of design (Supplementary Figure 5). Furthermore, emission peaks were 

drastically red-shifted, ranging from 520-522 nm. Arguably, these G1-Enhanced variants were 

worse GFPs than G1. 

 

3.4.3 Designs Remain Unstable  

As mentioned earlier, the second-round designs exhibited similar issues to the first round, 

potentially to a greater extent. Of the twelve second-round designs expressed, nine displayed a 

significant amount of insoluble protein, which was retained in the pellet at their expected MW 

following IMAC purification (Supplementary Figure 4). Furthermore, all designs, except for 

G3CRO1K-570, showed minimal soluble protein at their corresponding molecular weights. The 

G1-Enhanced variants showed no improvement. Given the low quantum yield, insolubility, and 

poor expression levels of the second-round designs, only two variants, G3CRO1K-92 and 
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G3CRO1K-570, were selected for further characterization. Moreover, the incongruous 

chromatograms from preparative SEC (Figure 25 and Supplementary Figure 3), which mirrored 

the issues observed in the first round (Figure 17), suggest that these designs are also likely 

undergoing misfolding and/or aggregation. 

 

Figure 25. Chromatograms from Second-Round Preparatory Size Exclusion 
Chromatography. A Bio-Rad BioLogic Duo-Flow FPLC system was used with an ENrich™ 
SEC 650 10 x 300 column (#7801650). A flow rate of 0.5 mL/min was used with 0.5 mL 
fractions being collected. Samples were purified into phosphate-saline buffer (100 mM 
potassium phosphate and 100 mM sodium chloride, pH 7.5). Variants of lilGFP were designed to 
be monomeric and have a mass ~7 kDa less than GFP, but all elute ~ 10 mL, which is earlier 
than GFP and near the void volume of the column. 

 

Secondary structure analysis using CD revealed that these designs exhibited semi-folded and 

non-GFP-like structures (Figure 26). Both designs displayed negative signals at 208 nm, 218 

nm, and 222 nm, suggesting the presence of both α-helical and β-sheet character. Additionally, 

each design showed a negative signal at 200 nm, which, while not a distinct peak, could indicate 

the presence of random coil structures. At 95˚C, the negative peak at 200 nm became more 

pronounced, suggesting some degree of unfolding at the elevated temperature. However, since 
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there was minimal loss of signal in the 215-225 nm range, most notably for G3CRO1K-570, it 

appears that any unfolding observed is likely only partial. 

 

Figure 26. Circular Dichroism Spectra of Second-Round lilGFP Secondary Structure. 
Circular Dichroism (CD) spectra were determined using a J-815 CD Spectrometer (Jasco), 
Peltier Type FDCD Cell Holder (Jasco), and a Hellma Absorption Microcuvette (Millipore 
Sigma) with a 1 mm pathlength. Purified 10 µM samples were prepared in 20 mM sodium 
phosphate, pH 7.4. Secondary scans were done with 3 accumulations, a digital integration time 
(D.I.T.) of 1 second, continuous scanning mode with a scanning speed of 10 nm/min, using a 
data pitch of 0.2 nm, and band width of 1 nm. Scans were done at 25˚C (−) and 95˚C (--). The 
purity of each sample was determined using ImageJ117 analysis of SDS-PAGE gels after size 
exclusion chromatography, yielding the following results: GFP – 98%, G3CRO1K-92 – 86%, 
G3CRO1K-570 – 96%. 

 

CD was also used to perform thermal melting assays on G3CRO1K-92 and G3CRO1K-570 

(Figure 27). Both designs appeared to show some melting as their ellipticity values began 

returning to baseline with increasing temperature, but also lacked the sigmoidal character typical 

of a well-folded protein undergoing cooperative unfolding133. No upper asymptote, typical of the 

unfolded state in a folded-unfolded two-state model119, was seen for either design, hinting that 

either complete melts were not achieved, or that gradual and non-cooperative unfolding is 

occurring. The |ΔMRE| during unfolding for G3CRO1K-92 and G3CRO1K-570 was 0.1 and 7.25, 

respectively. Compared to the |ΔMRE| of 29 observed for GFP unfolding, these markedly lower 

values suggest that the second-round designs may populate a significant fraction of molten 
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globule-like conformations. Due to these factors, fitting of the Mean Residue Ellipticity (deg cm2 

dmol-1) values using the Greenfield method119 did not result in reliable TM or ΔHunfolding values, 

meaning that no Fraction Unfolded plots could be obtained. 

 

 

Figure 27. Second-Round Thermal Melt Assays using Circular Dichroism. Thermal Melt 
assays were done using Circular Dichroism with a J-815 CD Spectrometer (Jasco), Peltier Type 
FDCD Cell Holder (Jasco), and a Hellma Absorption Microcuvette (Millipore Sigma) with a 1 
mm pathlength. Purified 10 µM samples were prepared in 20 mM sodium phosphate, pH 7.4. 
Melting curves were done with a D.I.T. of 8 seconds, standard sensitivity, and a band width of 1 
nm. Temperature for the melting curves was increased at a rate of 1˚C/min and sampled every 
1˚C after a 10 second wait upon reaching the interval temperature. (a) Normalized ellipticity 
values (dots) from the thermal melts were used for fitting with the Greenfield equations119 (thin 
line), resulting in (b) fraction unfolded plots. A TM of 74.4 ˚C was determined for GFP, while no 
TM values were able to be determined for designs. The purity of each sample was determined 



60 
 

using ImageJ117 analysis of SDS-PAGE gels after size exclusion chromatography, yielding the 
following results: GFP – 98%, G3CRO1K-92 – 86%, G3CRO1K-570 – 96%. 

 

3.4.4 Miniaturized GFPs can be Enhanced through Mutagenesis 

To remedy the issues mentioned above we attempted to create an improved variant using 

Directed Evolution, with G3 acting as a starting template. To generate mutant libraries epPCR was 

used (see Chapter 4.4 Random Mutagenesis) leveraging imbalanced deoxynucleotide 

triphosphates (dNTPs), increased MgCl2 concentration, and the inherent error-rate of Taq 

Polymerase due to its lack of proofreading ability134. We obtained a final mutant library of 300,000 

variants, which resulted from two parallel trajectories of iterative rounds of mutagenesis (Table 

5). mutant trajectory 1 (MT1) averaged 2 mutations per gene and round over four rounds, while 

mutant trajectory 2 (MT2) averaged 1 mutation per gene and round over seven rounds. Our final 

mutant library (MT1 + MT2) contained variants with mutations ranging from 0 to 10 mutations 

per gene, as confirmed by Sanger and Long-Read sequencing. Sanger sequencing was used to 

identify mutation of the genes, while Long-Read sequencing confirmed that no mutations were 

occurring in promoter regions (Supplementary Figure 6).  
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Table 5. Mutagenic Libraries of Green Fluorescent Proteins. G3 was used as the template for 
two streams of iterative rounds of mutagenesis (MT1 and MT2, respectively). MT1 averaged 2 
mutations per gene and round, while MT2 averaged 1 mutation per gene and round. Mutagenesis 
was done using epPCR (see Materials and Methods) for a total of twelve rounds. A mutagenic 
library containing 300,000 G3 variants was created, with confirmed mutations ranging from 0 to 
10 per gene. To determine the average number of mutations per gene and mutagenesis round, 5 
isolated colonies from each transformation of mutant libraries were sequenced using the Sanger 
protocol. 

Round Library Size Average Mutations gene-1 

MT1   

NH1 ≤ 20,980 1 

NH2 ≤ 29,560 4 

NH3 ≤ 59,400 5 

NH4 ≤ 49,000 7 

MT2   

OB1 ≤ 33,200 1 

OB2 ≤ 29,800 3 

OB3 ≤ 27,000 2 

OB4 ≤10,000 3 

OB5/6 ≤ 12,600 2 

OB7 ≤ 10,000 5 

OB8 ≤ 15,000 4 

 

For Directed Evolution to take place, improved variants must be selected and further 

diversified. For High-Throughput selection we employed fluorescence-activated cell sorting 

(FACS). Using the Sony MA900 (Sony Biotechnology) cell sorter, unmutated G3 was unable to 

be differentiated from background noise (Figure 28). We hypothesized that upon the introduction 

of beneficial mutations, a population of improved variants would be able to be separated from 

noise and therefore selected. However, none of the mutants met the selection criteria (Figure 28). 
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Figure 28. Cytograms of Green Fluorescent Proteins Generated During Fluorescence 
Activated Cell Sorting (FACS). Populations of BL21-Gold (DE3) cells expressing a) empty 
pET-29b(+), b) G3, c) MT1/MT2 mutants, and d) EGFP were sorted by FACS. Cells were 
expressed and then stored in the dark at 4˚C for 48 hours to allow for chromophore maturation. 
Populations were concentrated to 106 cells mL-1 and stained with propidium iodide (PI) to assess 
viability. A PI gate was set up on the Y-axis and a GFP gate was set up on the X-axis. Cells were 
sorted at 4000 events second-1. For analysis of each population, 100,000 cells were used. 

 

Since the starting point (G3) exhibited low fluorescence that was indistinguishable with FACS, 

we used a flow cytometer with a lower detection limit to ensure that no improved variants were 

overlooked. The Sony MA900 that was used for FACS had a relevant fluorescence sensitivity of 

FITC ≤ 94 MESF135, meaning that it can detect 94 or fewer Molecules of Equivalent Soluble 

Fluorophore (MESF) using Fluorescein Isothiocyanate (FITC) as a standard green fluorophore. 

On the other hand, the CytoFLEX S Cytometer (Beckman Coulter) has a fluorescence sensitivity 

of FITC ≤ 30 MESF136. This enhanced sensitivity allowed us to identify improvements in 

fluorescence that had previously gone undetected. 

 When looking at histograms of the Flow Cytometry results (Figure 29) one can see that 

the average green fluorescence of G3 variants has been reduced compared to G3. This is to be 

expected since random mutations are known to be largely deleterious, with approximately 1/3 

having severely deleterious effects on protein function126,137. However, a closer look at the upper 

limit of green fluorescence in both the G3 and mutant variants (Figure 29b,c) revealed a shoulder 
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region indicating that a small population of G3 variants exhibited enhanced fluorescence above 

that of G3. The small size of this population is not surprising given that only 0.01-0.5% of random 

mutations will be beneficial126. Based on these data (n=10,000), 0.32% of mutants showed green 

fluorescence above 3500 FITC-H, compared to 0.01% for G3. These results suggest that beneficial 

mutations were successfully introduced into the G3 template; however, it remains unclear whether 

the observed improvement in green fluorescence arises from enhanced photophysical properties 

of individual proteins or from indirect effects such as increased expression levels or solubility. 

Having demonstrated that G3 can be mutagenized to enhance the fluorescence of expressing 

cells, and that these improvements are detectable using instrumentation with a lower detection 

limit, evolving these designs should be achievable with the proper selection method. Even if the 

observed fluorescence increase is solely attributable to improved expression or solubility, this 

would still represent a successful outcome, as these enhancements confer advantageous properties 

that could render G3 variants more amenable to acquiring additional, potentially beneficial 

mutations. The CytoFLEX SRT Benchtop Cell Sorter (Beckman Coulter) has the same 

fluorescence sensitivity as the CytoFLEX S Cytometer, and would therefore be a suitable 

instrument for the task. 
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Figure 29. Histograms of Flow Cytometry Data for Green Fluorescent Proteins. Flow 
Cytometry was carried out on GFP, G3, and G3 mutant populations using a CytoFLEX S 
Cytometer (Beckman Coulter). Cells were expressed and then stored in the dark at 4˚C for 48 
hours to allow for chromophore maturation. Populations were concentrated to 106 cells mL-1 and 
stained with propidium iodide (PI) to assess viability. For each population of GFP (orange), G3 
(grey), and G3 mutant samples (green), 10,000 randomized cells were analyzed. 

 

 

Chapter 4. Materials and Methods 

4.1 Initial Computational Design of Miniature Green Fluorescent Proteins 

Wildtype GFPS65T’s crystal structure (PDB: 1EMA)34 was used as the starting template for 

GFP miniaturization. Using PyMOL 2.5.4, residues 12-19, 27-34, 39-45, 56-64, 68-72, 83-98, 105-

113, 117-124, 144-152, 161-167, 179-185, 199-206 and 217-224 were conserved, while all others 

were deleted. Using PyMOL’s Mutagenesis function and backbone dependent rotamers, a C70S 

substitution was made to avoid the formation of undesirable disulfide bridges upon protein 

expression. A .pdb file was created from these remaining atomic coordinates, titled cleavedGFP. 

To connect the fragments left by the absence of 1EMA’s chromophore (PDB ID: CRO), three 

residues were diffused between cleavedGFP’s F64 and V68 using RFdiffusion89. PyMOL’s 

Mutagenesis function and backbone dependent rotamers were then used to recapitulate the 

wildtype sequence identity (T65-Y66-G67) on this diffused backbone, creating the preGFP 

structure. To monomerize the design, connecting structures with lengths between 1 and 22 residues 
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were diffused, using RFdiffusion, between preGFP fragments according to their N-C connectivity 

in 1EMA. Diffused structures were then visually inspected for the presence of a β-can and capping 

α-helices. Structures were rediffused on a fragment-by-fragment basis as necessary. Structures 

which passed visual inspection had their sequences redesigned using ProteinMPNN91, except for 

analogous residues of those found within 8 Å of the 1EMA chromophore. Redesigned sequences 

from ProteinMPNN were submitted to AlphaFold 2.3.293 and filtered using visual inspection and 

pLDDT scoring. 

 

4.2 Computational Redesign of Initial Miniature Green Fluorescent Proteins 

AlphaFold models of G1, G2, and G3 were used as templates for the second round of miniature 

green fluorescent protein design. Atoms analogous to those of residues 65, 66, and 67 in the 1EMA 

PDB were deleted and replaced by the chromophore found in the 1EMA crystal structure. The 

chromophore-containing templates were then standardized in Triad (Protabit), which optimized 

bond lengths and side-chain dihedral angles. Second round sequences were then obtained by 

running LigandMPNN’s ligand_mpnn model on the standardized chromophore-containing 

templates. Analogous residues of those found within 4 Å of the 1EMA chromophore were fixed. 

Parameters used were; ligand_mpnn_checkpoint = ligandmpnn_v_32_005_25.pt, 

checkpoint_path_sc = ligandmpnn_sc_v_32_002_16.pt, ten batches of size one hundred, a 

temperature of 0.1, pack_side_chains = 1, two packs per design, pack_with_ligand_context = 1, 

and repack_everything = 0. 100 G1 sequences, 100 G2 sequences, and 1400 G3 sequences were 

submitted to AlphaFold 2.3.293. Triad was used to clean second-round sequences on their 

respective standardized, chromophore-containing templates, and scored using the Phoenix energy 

function125. Second round designs were filtered using AlphaFold pLDDT’s, Triad energy scores, 
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and the RMSD between inner helices of AlphaFold models, cleaned Triad models, and the 1EMA 

crystal structure. 

 

4.3 Green Fluorescent Protein Genes 

All amino acid sequences for GFPs within this document can be found in Supplementary 

Table 2. Stephen L. Mayo generously gifted the wildtype GFPS65T gene encoded on a pET-11a 

vector138. Miniature GFPs were N-terminally his-tagged and their codon-optimized genes were 

cloned by Twist Bioscience into pET-29b(+) vectors (Novagen) using NdeI and XhoI (New 

England BioLabs) restriction sites. All first round designs had a three amino acid linker for their 

his-tags. All second-round designs except G1A50 had a tryptophan added to their his-tag to aid 

with protein quantification. All plasmids from Twist Bioscience were transformed into E. coli 

BL21-Gold (DE3) cells (Agilent) for protein expression. Mutants of miniature GFPs were prepared 

as described in the Random Mutagenesis section.  

 

4.4 Random Mutagenesis 

Random mutagenesis was performed using G3 as the starting template, using a modified 

version of the Cirino et al. protocol127. In short, 25 rounds of error-prone polymerase chain reaction 

catalyzed by 5 U Taq DNA Polymerase in 1X Standard Taq Buffer pH 8.3 (New England Biolabs) 

supplemented with a mixture of deoxynucleotides (0.2 mM dATP, 0.2 mM dGTP, 0.6 mM dTTP, 

and 0.6 mM dCTP, Thermo Fisher Scientific) and 2.5 mM MgCl2 were used for the introduction 

of mutations. 5 ng of template DNA was used with primers at a concentration of 1 µM each. After 

following the Cirino et al. protocol, 25 rounds of conventional Taq DNA Polymerase (New 

England Biolabs) amplification were performed on 10 ng of the mutant amplicons, according to 

the manufacturer’s published protocol. Each mutant library was cloned into a pET-29b(+) vector 
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(Novagen) using NdeI and XhoI (New England BioLabs) restriction enzymes. Ligated plasmids 

were transformed into E. cloni 10G Elite electrocompetent E. coli cells (Lucigen) and plated on 

LB Top Agar (Teknova) supplemented with 50 µg/mL kanamycin. After 12-16 hours of incubation 

at 37 °C, all colonies were collected using 5 mL of 50 µg/mL kanamycin supplemented LB. 

Collected colonies were then amplified overnight at 37 °C with 220 rpm shaking and had their 

plasmids extracted using the E.Z.N.A. Plasmid DNA Mini Kit II (Omega Biotek). Collected and 

purified DNA was transformed into BL21(DE3) Electrocompetent E. coli cells (Sigma-Aldrich) 

for protein expression and Fluorescence-Activated Cell Sorting. Mutations were confirmed by 

DNA sequencing. 

 

4.5 Fluorescence-Activated Cell Sorting 

Electrocompetent E. coli cells (Sigma-Aldrich) containing random mutant libraries described 

in the Random Mutagenesis section were used as inoculant for 5 mL of LB supplemented with 50 

μg/mL kanamycin. Cells were grown at 37 °C with shaking at 225 rpm until reaching an optical 

density at 600 nm of 0.6. Induction of protein expression was triggered with the addition of 1 mM 

isopropyl β-D-1-thiogalactopyranoside (Fisher Scientific) and cultures were then incubated for a 

further 16 hours at 16 °C with shaking at 225 rpm. After incubation, cells were washed twice with 

sterile phosphate buffer (PBS) (20 mM phosphate and 50 mM sodium chloride, pH 7.4), pelleted 

by centrifugation, and stored in darkness at 4 °C for 48 hours to allow for chromophore maturation. 

Cell pellets were then resuspended in 5 mL of sterile PBS, pH 7.4. Cells were stained for viability 

by adding 5 µL of Propidium Iodide (Invitrogen) to 100 µL of cells, incubating in darkness for 30 

minutes, and then adding 900 µL of sterile PBS, pH 7.4, to a final concentration of 106 cells/mL. 

A MA900 Multi-Application Cell Sorter (Sony Biotechnology) was used for sorting of cells 
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expressing green fluorescent protein based on their fluorescence intensity (λex = 488 nm, λem = BP 

525/50 nm).  

 

4.6 Flow Cytometry 

BL21(DE3) Electrocompetent E. coli cells (Sigma-Aldrich) containing random mutant 

libraries described in the Random Mutagenesis section were used as inoculant for 5 mL of LB 

supplemented with 50 μg/mL kanamycin. Cells were grown at 37 °C with shaking at 225 rpm until 

reaching an optical density at 600 nm of 0.6. Induction of protein expression was triggered with 

the addition of 1 mM isopropyl β-D-1-thiogalactopyranoside (Fisher Scientific) and cultures were 

then incubated for a further 16 hours at 16 °C with shaking at 225 rpm. After incubation, cells 

were washed twice with sterile phosphate buffer (20 mM phosphate and 50 mM sodium chloride, 

pH 7.4), pelleted by centrifugation, and stored in darkness at 4 °C for 48 hours to allow for longer 

chromophore maturation. Cell pellets were then resuspended in 5 mL of sterile PBS, pH 7.4. Cells 

were stained for viability by adding 5 µL of Propidium Iodide (Invitrogen) to 100 µL of cells, 

incubating in darkness for 30 minutes, and then adding 900 µL of sterile PBS, pH 7.4, to a final 

concentration of 106 cells/mL. A CytoFLEX S Cytometer (Beckman Coulter) was used for flow 

cytometry experiments with a flow rate of 10 µL/min. 

 

4.7 Protein Expression and Purification in Large Batches 

GFP variants were expressed in E. coli BL21-Gold (DE3) cells (Agilent) using LB 

supplemented with 100 μg/mL ampicillin (pET-11a) or 50 μg/mL kanamycin (pET-29b(+)). Cells 

were grown at 37 °C with shaking at 220 rpm until reaching an optical density at 600 nm of 0.6. 

Induction of protein expression was triggered with the addition of 1 mM isopropyl β-D-1-

thiogalactopyranoside (Fisher Scientific) and cultures were then incubated for a further 16 hours 
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at 16 °C with shaking at 220 rpm. After incubation, cells were washed twice with sterile phosphate 

buffer (20 mM phosphate and 50 mM sodium chloride, pH 7.5), pelleted by centrifugation, and 

stored in darkness at 4 °C for 48 hours to allow for longer chromophore maturation. Cell pellets 

were resuspended in 7.5 mL of lysis buffer (100 mM potassium phosphate buffer, 15 mM 

imidazole, 1 mg/mL lysozyme, and 50 U benzonase nuclease [Novagen], pH 8). Cells were lysed 

with an EmulsiFlex-B15 cell disruptor (Avestin), cellular debris was removed via centrifugation, 

and lysates were filtered with 0.45 µm Acrodisk syringe filters (Pall Corporation). Proteins were 

purified by immobilized metal affinity chromatography using Ni-NTA (Qiagen) resin and Econo-

Pac chromatography columns (Bio-Rad) according to the manufacturer’s protocol. Elution 

fractions were desalted using Econo-Pac 10DG Desalting Columns (Bio-Rad) into 100 mM 

phosphate buffer, pH 7.5. An additional gel purification step was carried out for circular dichroism 

experiments into 20 mM sodium phosphate, using a BioLogic DuoFlow fast protein liquid 

chromatography system (Bio-Rad) and an ENrich™ SEC 650 10 x 300 column (Bio-Rad). 

 

4.8 Quantification of Protein 

Absorbance measurements of 10X diluted samples were made at 280 nm using a NanoDrop 

One Microvolume UV-Vis Spectrophotometer (Thermo Fisher Scientific) and its Other Protein (ε 

+ MW) function. Based on the Beer-Lambert law (Equation 7) and published absorption 

coefficients139. The sample’s concentration (c) is determined in mg/mL, using the absorbance at 

280 nm for A, the protein’s extinction coefficient (M-1 cm-1) as calculated by the Expasy ProtParam 

online tool (Swiss Institute of Bioinformatics) as ε, and the path length (0.1 cm) as l. The protein’s 

percent extinction coefficient (ε1%) is calculated from user-input values (Equation 8), and then 

converted to a concentration with units of mg/mL after multiplying the equation by a factor of 10 
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(Equation 9). Reported values were converted to molarity when necessary, using dimensional 

analysis. 

 

𝜀1% (
𝑔

100 𝑚𝐿∗ 𝑐𝑚
) =  

𝜀𝑚𝑜𝑙𝑎𝑟∗10

𝑀𝑊
                                             eq. [8] 

𝑐 (
𝑚𝑔

𝑚𝐿
) =

𝐴∗10

𝜀1%
                                                         eq. [9] 

 

4.9 Characterization of Spectral Properties 

Spectra for chromophore absorption, excitation and emission were measured at 25 °C in 

phosphate-saline buffer (100 mM potassium phosphate and 100 mM sodium chloride, pH 7.5) 

using Black UV-Star 96-Well Microplates (Greiner Bio-One) and a BioTek Synergy H1 

Microplate Spectrophotometer (Agilent).  

Quantum yields (Φ) of GFP variants were calculated by comparing their integrated 

fluorescence intensity with that of an equally absorbing sample of wtGFPS65T (Φ = 0.6622) with 

excitation at 420 nm. This can be seen plotted below and with Equation 10. 
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ΦlilGFP = ΦwtGFPS65T
mlilGFP

m
wtGFPS65T

                                        eq. [10] 

ΦlilGFP = (0.66)
106

109
 

ΦlilGFP = 0.0007 

 

Quantum yield measurements are not impacted by non-fluorescent contaminants in a sample 

due to only green chromophore-containing molecules contributing to the absorbance and emission 

values (420 nm and 435-700 nm, respectively) used in their associated calculations. 

Extinction coefficients (ε) of chromophores were determined using the Beer-Lambert law 

(Equation 7). For each sample, serial dilutions were made in phosphate-saline buffer (100 mM 

potassium phosphate and 100 mM sodium chloride, pH 7.5) using UV-Star 96-Well Microplates 

(Greiner Bio-One) and subject to complete absorbance scans with a BioTek Synergy H1 

Microplate Spectrophotometer (Agilent). Pathlengths (l) were determined per well using 

absorbance reads of 900 nm and 977 nm, and Equation 11140,141 shown below, where k is a known 

constant. Concentrations (c) were determined using absorbance readings at 280 nm as described 

in Quantification of Protein. Final chromophore extinction coefficient values were determined by 

calculating the slope of the absorbance reading at the wavelength of the chromophore’s maximal 

absorbance (Amax), divided by the pathlength vs c (Equation 12).   

 

𝑙 =
(𝐴977−𝐴900)𝑠𝑎𝑚𝑝𝑙𝑒

(𝐴977−𝐴900)1.0 𝑐𝑚 𝑤𝑎𝑡𝑒𝑟
=

(𝐴977−𝐴900)𝑠𝑎𝑚𝑝𝑙𝑒

𝑘
=

(𝐴977−𝐴900)𝑠𝑎𝑚𝑝𝑙𝑒

0.18
                      eq. [11] 

 𝐴 =  𝜀 ∗ 𝑙 ∗ 𝑐 →  
𝐴

𝑙
= 𝜀 ∗ 𝑐 ≡ 𝑦 = 𝑚 ∗ 𝑥 + 𝑏                              eq. [12] 
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4.10 Circular Dichroism 

Circular Dichroism spectra were obtained using a J-815 CD Spectrometer (Jasco), Peltier Type 

FDCD Cell Holder (Jasco), and a Hellma Absorption Microcuvette (Millipore Sigma) with a 1 mm 

pathlength. Purified samples were prepared in 20 mM sodium phosphate, pH 7.4. Secondary scans 

were done with 3 accumulations, a digital integration time (D.I.T.) of 1 second, continuous 

scanning mode with a scanning speed of 10 nm/min, using a data pitch of 0.2 nm, and band width 

of 1 nm. Melting curves were done with a D.I.T. of 8 seconds, standard sensitivity, and a band 

width of 1 nm. Temperature for the melting curves was increased at a rate of 1 ̊ C/min and sampled 

every 1 ˚C after a 10 second wait upon reaching the interval temperature. 

 

Chapter 5. Summary and Outlook 

Substantial miniaturization of GFP, while maintaining autocatalytic chromophore maturation 

and fluorescence, is indeed achievable, as demonstrated by our designs. Our designs shared 

between 35 and 82 percent sequence identity amongst each other (Supplementary Table 3), 

meaning this wasn’t the result of oversampling a small region of sequence space. However, 

achieving fluorescence levels close to that of GFP remains elusive with current computational 

methods. This limitation likely arose from our approach, which did not explicitly design 

chromophore cyclization and maturation. Instead, we relied on state-of-the-art MLAPD, which, 

while powerful, may not yet be able to predict the complex dynamics needed to promote efficient 

chromophore maturation.  

Given the rapid pace with which these methods are being developed, it is possible that software 

now exists which was unavailable during our GFP miniaturization efforts, and that they could 

potentially be used to design enhanced fluorescence while using the same pipeline. As mentioned 

earlier, RFdiffusion All-Atom and RFdiffusion2 can model ligands, which was not possible when 
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we used RFdiffusion to nucleate backbone around the 8 Å spheroid of GFP fragments. At that 

time, we had to diffuse uncyclized analogues corresponding to Thr65, Tyr66, and Gly67 instead. 

In doing so, we may have designed backbones which contain chromophore pockets that are less 

compatible with a mature chromophore. While we used the soluble_mpnn model of ProteinMPNN 

in the first round of sequence design, we employed the more recent LigandMPNN in the second 

round, specifically implementing the ligand_mpnn model. Given the continued aggregation of our 

designs and the limited representation of GFP’s chromophore, a rare post-translational 

modification, in the PDB used to train both models123, it may, in retrospect, have been beneficial 

to explore the soluble_mpnn variant of LigandMPNN. For validation of our designs we had used 

AlphaFold2, which, while proven to be accurate, is now outperformed by AlphaFold3 and Chai-

1142. Incorporating these newer models as part of a final filtering stage in a third round of 

miniaturization, or even simply cross-validating our previous designs, would be worth exploring. 

Barring a third design round, our results suggest that evolving these lilGFPs may be a viable 

path forward, even though we didn’t succeed in doing so here. We did however demonstrate that 

mutagenesis can potentially enrich a population of the designs for improved green fluorescence, 

indicating that when coupled with an appropriate selection method, Directed Evolution should be 

effective. If simple random mutagenesis can improve fluorescence, the accumulation of synergistic 

beneficial mutation, such as in epistatic networks143, should compound this effect.  

 To discuss why these designs are believed to be evolvable, we must first consider the 

factors that hinder their fluorescence. Since no structures for the designs have been determined, 

we can only hypothesize about the underlying causes. The most compelling evidence suggesting 

that these designs need improvement, and are likely amenable to such improvement, is the absence 

of a significant absorbance peak at their excitation maxima (Figures 14 and 22), despite the 
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presence of some fluorescence. The lack of a significant absorbance peak indicates that 4-(p-

hydroxybenzylidene)imidazolidin-5-one chromophore is not maturing effectively64. This could be 

the result of poor folding, cyclization and/or maturation.  

It is difficult to assert which process is acting as the rate-limiting or obstructing step in the 

maturation of these miniaturized GFP variants. However, folding of the β-barrel is crucial for the 

cyclization of the critical residues Thr65/Tyr66/Gly67, which are involved in chromophore 

formation. While evolving improved folding efficiency may not directly increase fluorescence, it 

would increase the proportion of proteins available to undergo cyclization and maturation36. If 

during evolution the fold were to be changed slightly in such a way that led to less solvent-induced 

quenching or increased chromophore rigidity, then fluorescence would be improved via better 

quantum yields. The SEC chromatograms showed undesired higher-order oligomers that elute near 

the void volume (Figures 15 and 23), thermal melts with little to no cooperative unfolding 

(Figures 17 and 25), and the likely presence of inclusion bodies (Supplementary Figures 1, 4, 

and 5) point to there being a folding issue occurring. This would not be surprising, since with 

regular GFP variants, the first step in the folding equilibrium is the formation of a molten globule, 

which is a partially folded state prone to aggregation144. If GFPs normal folding pathway was 

perturbed by the significant sequence alteration, it would come as no surprise if this aggregation 

was exacerbated. In future studies, hydrophobic fluorescent probes such as 1-anilino-8-

naphthalenesulfonic acid could be employed to assess the prevalence of molten globule 

populations in these designs, as it is known to interact with hydrophobic surface patches exposed 

in the molten globule state.145. These folding issues could theoretically all be improved via 

Directed Evolution as larger regions of sequence space are sampled. 
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If the proper β-barrel fold is being adopted, there is no guarantee that the internal architecture 

is conducive to efficient cyclization of the Thr65/Tyr66/Gly67 tripeptide. In GFP and its 

fluorescent variants, the kinked central helix is imperative for cyclization to occur. As mentioned 

earlier, this kink (tight-turn) aligns Gly67’s lone electron pair with the π* orbital of Thr65’s 

carbonyl carbon, priming it for attack (Figure 3). Additionally, this kink also precludes the 

formation of 9 out of 12 possible hydrogen bonds on the backbone of the central helix, thereby 

reducing the number of hydrogen bonds needing to be broken for cyclization, lowering its 

enthalpic barrier57. If the central helix in our designs is misaligned upon folding, it would be 

disastrous for cyclization and therefore fluorescence. Another complicating factor is the potential 

misalignment of key residues, such as those analogous to Arg96 and Glu222. In GFP, the loss of 

positive charge at position 96 changes the rate-limiting step in chromophore maturation from 

oxidation to cyclization57. If the analogous arginines in our designs are displaced, it could lead to 

a similar disruption in maturation. As mentioned earlier, Glu222 mediates its effects through a 

network of structured water molecules. Without a structure, there is no telling what havoc may be 

caused to this network by unintended and unpredicted changes to the internal chromophore 

environment. Even if the positioning of GFP residues that we preserved in our 8 Å spheroid of 

fragments was recapitulated to a sub-angstrom RMSD, the presence of novel capping residues on 

both sides of the β-barrel could have any number of untold consequences on maturation dynamics. 

This could be caused by an inward pressure disrupting normal side-chain behaviour, or 

alternatively a lack of outward resistance which would allow for a more loosely packed 

chromophore environment. 

Given that our designs do indeed exhibit some fluorescence, one aspect that can be more 

accurately diagnosed is the low quantum yields observed in these variants. If we are to assume that 
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at least a small proportion of our expressed designs are adopting the β-barrel fold, based on there 

being fluorescence with the correct spectra, then there are two very likely causes of the low 

quantum yield which originate from the same source, the complete structural remodeling of the 

capping residues on both ends of the β-barrel. As discussed in Chapter 1.3 The Chromophore and 

its Role in Fluorescence, a rigid chromophore is essential for minimizing energy lost to processes 

of non-radiative decay, such as TICT. With the extensive changes made to the capping architecture 

around the chromophore's local environment, the newly introduced residues (or absence of former 

residues) may be interfering with the critical residues analogous to GFPs. The internal rotameric 

environment of GFP is thought to be influenced by the rigidity of the surrounding β-barrel 

backbone, which leaves sidechain packing largely dependent on shape and charge 

complementarity146. By drastically remapping this internal landscape, sidechains critical for 

maintaining a rigid chromophore environment may now be allowed to sample non-productive 

conformations. A potential example of this would be Tyr66, which when in a photoexcited state is 

normally prevented from adopting the rotamer associated with the lowest-energy non-radiative 

decay pathway by the steric hindrance of two other sidechains in the microenvironment146. 

Disruption of either of these residues could promote nonradiative decay and result in the observed 

lower quantum yield.  

The second most likely source of low quantum yields connected to the new capping 

environments is solvent- and oxygen-induced quenching. At its core, GFP maturation relies on a 

buried network of solvent-mediated hydrogen bonds146. Gln69, Gln94, Arg96, and Gln183 are of 

particular importance and form hydrogen bonds with the chromophore either directly or indirectly 

via water molecules146. Molecular oxygen availability is also essential (Scheme 1 and 2). While 

water and oxygen are clearly critical for fluorescence, exposure of the chromophore to an excess 
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of either can promote fluorescence quenching144. In the case of water, this occurs when a 

photoexcited molecule transfers an electron to water instead of emitting that energy as a photon. 

Oxygen quenching in solution results mainly from diffusive encounters of oxygen with the excited 

fluorophore147, and is non-destructive since no complex is formed between the two148. Water’s 

seemingly paradoxical effect can be explained by the fact that a single water molecule cannot 

quench fluorescence, but a cluster of water molecules can, as they are able to orient themselves to 

accept electrons without requiring additional energy149. In wild-type GFP, there is a known water 

pore lined by residues 146, 147, 167, 205, and 20669, using 1EMA as a reference. This pore is 

theorized to provide the water molecules necessary to build up the hydrogen bond network 

implicated with Glu222 earlier in Chapter 1.3 The Chromophore and its Role in Fluorescence69. 

Slight enlargement of the pore in the engineered TurboGFP variant has been attributed to increased 

water diffusion and improved chromophore maturation69. However, with our drastic disruption of 

GFPs capping environment, including this pore (Figure 30), excess bulk solvent may be able to 

penetrate the interior of our designs and quench fluorescence by being allowed to form clusters 

capable of accepting electrons. This influx of water would also allow for more diffusion of 

fluorescence-quenching oxygen. Furthermore, the introduction of water can alter the polarity of 

the region in question, which may affect the mutual disposition of the chromophore’s singlet and 

triplet states149. If the triplet state is lower than that of the singlet state, it’s possible for the singlet 

state to transition to the triplet, with corresponding quenching of fluorescence149 (Figure 5).  
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Figure 30. Water Pore Comparison Between 1EMA and G1-G4 AlphaFold2 Predictions. 
Residues 146, 147, 167, 205, and 206 (pink) in 1EMA line a pore known to allow limited water 
entry to GFP’s interior69. AlphaFold2 models of G1-G4 are coloured by their per-residue pLDDT 
score (red-yellow-blue, increasing). The crystal structure of 1EMA (white) is shown as 
reference. G1 and G4 have low pLDDT values in this region, indicating caution must be shown 
interpreting these structures. 

 

It’s conceivable that these issues, if they are indeed occurring, could be overcome with 

Directed Evolution. There is some evidence suggesting that mutagenesis alone can improve the 
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fluorescence of our lilGFPs (Figure 29), and iterative rounds of selection should amplify these 

improvements. Directed Evolution has been shown to improve protein stability126, quantum yields 

of FPs150, and chromophore maturation151. Taken together, these successes provide a clear 

motivation to pursue a new Directed Evolution campaign with our designs. Our previous attempts 

to evolve G3 were stymied by instrument sensitivity limitations. However, having now determined 

that we have access to instrumentation with the required resolution to sort our mutant library, the 

only remaining question is when to begin this next phase of evolution. 

 

Supplementary Information 

 

Supplementary Table 1. Substitutions Made to G1 to Create G1-Enhanced Variants. 
Substitutions were only made if there were differing residues with G1 within the 8 Å spheroid of 
fragments initially preserved in the design process. 

Variant Substitutions from G1 

G1-Emerald 
M6L, G8F, G19Y, L32F, E34K, F42L, S50A, I54V, D56E, P73F, I75Y, 

I92L, F94A, D96E, Y98W, Q99K, L102E, N119K, Y122I, S123M, 
I131T, L146T, S147K, D148E, G149N, A156K, I157L 

G1-GreenLantern 

M6L, G8F, S12R, G19N, L32F, E34D, F42L, T43G, Q47A, S50A, 
T51D, I54V, D56E, P73S, I75Y, E91V, I92L, F94A, N97D, Y98W, 

Q99E, L102R, D103E, E111D, Y115F, N119K, Y122I, S123M, 
V127A, I131T, L146T, D148E, G149S, T153H, A156K, I157L, 

L163K, F165R 

G1-Superfolder 
M6L, G8Y, S12R, G19N, L32F, F42L, D56E, P73S, I75Y, I92L, F94A, 

D96E, Q99E, D103E, E111P, T114S, Y115F, Y122I, S123T, N124D, 
V127A, L146T, A156V, I157L, D158K, G159D 
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Supplementary Table 2. Amino acid Sequences of Green Fluorescent Proteins. 

Protein Sequence 

EGFP 

MHHHHHHSKGEELFTGVVPILVELDGDVNGHKFSVSGEGEGDATYGKLTLKFICTTGK

LPVPWPTLVTTFTYGVQCFSRYPDHMKRHDFFKSAMPEGYVQERTIFFKDDGNYKTRA

EVKFEGDTLVNRIELKGIDFKEDGNILGHKLEYNYNSHNVYIMADKQKNGIKVNFKIR

HNIEDGSVQLADHYQQNTPIGDGPVLLPDNHYLSTQSALSKDPNEKRDHMVLLEFVTA

AGITHGMDELYK 

EGFP Fragments Used 
for RFdiffusion 

Template 

PILVELDG—SVSGEGEG—GKLTLKF—WPTLVTTFTYGVQSFS—FKSAMPEG 

YVQERTIF—YKTRAEVKF—TLVNRIEL—YNSHNVYIM—KVNFKIR—DHYQQ 

NT—YLSTQSAL—MVLLEFVT 

G1 

MHHHHHHMKTPILVEMDGGSVSGEGEGEGGKLTLKFDSDLSLEEWPTLVTTFTYGVQS

FSTGKIGDDFKSAMPEGYVQERTIPGIKTRAEVKFGTLVNRIEIEFEDNYQVALDGAR

AALKEDGTYNSHNVYYSNNKVNFKIRGDHYQQNTGKNLKLSDGYLSTQSAIDGMVLLE

FVTDK 

G2 

MHHHHHHMKTKILVEMKTPYDVKGEGEGDGKLTLKFDLEGGIWPTLVTTFTYGVQSFS

SDPAARAAFQGAMPGGYVQERRISGGFEVRAEVKAGPLVNRIELKIPEEALKKFETKP

QEFKYNSHNVSYSDAEVTFKIRGLDHEQRNTRVDGTPVTFSSDVTLSTQSYIKDMDLL

EFVGPV 

G3 

MHHHHHHMVEKILVELEMEEKVSGEGEGKDGFLTLKFDARAWPTLVTTFTYGVQSFSD

DKSPASQVFKSAMPEGYVQERTIFGIKTRAEVKEEPLVNRIEIDAKLEELLERDPLLV

NEDGTYNSHNVYIKNGEVNFKIRGIDHYQQNTGKNLKPEETTLSTQSALDMVLLEFVK

ES 

G4 

MHHHHHHMKTKILVKLKAEKEYEGEGVGEDGFLTLKFDAEPWPTLVTTFTYGVQSFSD

SSSPISQAFKSAMPEGYVQERTIEGIEVRAEVKPDPLVNRIELNAKLEELLARDPLLV

NDDGTYNSHNVNYENGKVNFKIRGINHYQQNTGKNLNLKPATLSTQSYGSMVLLEFVK

PA 

G1-Emerald 

MHHHHHHPILVELDFGSVSGEGEGEYGKLTLKFDSDLSFEKWPTLVTTLTYGVQSFAT

GKVGEDFKSAMPEGYVQERTIFGYKTRAEVKFGTLVNRIELEAEENWKVAEDGARAAL

KEDGTYNSHKVYIMNNKVNFKTRGDHYQQNTGKNLKTKENYLSTQSKLDGMVLLEFVT

DS 



81 
 

G1-GreenLantern 

MHHHHHHPILVELDFGSVRGEGEGENGKLTLKFDSDLSFEDWPTLVTTLGYGVASFAD

GKVGEDFKSAMPEGYVQERTISGYKTRAEVKFGTLVNRIVLEAEDDWEVAREGARAAL

KDDGTFNSHKVYIMNNKANFKTRGDHYQQNTGKNLKTSESYLSHQSKLDGMVLKERVT

DS 

G1-Superfolder 

MHHHHHHPILVELDYGSVRGEGEGENGKLTLKFDSDLSFEEWPTLVTTLTYGVQSFST

GKIGEDFKSAMPEGYVQERTISGYKTRAEVKFGTLVNRIELEAEENYEVALEGARAAL

KPDGSFNSHNVYITDNKANFKIRGDHYQQNTGKNLKTSDGYLSTQSVLKDMVLLEFVT

DV 

G1A50 

MHHHHHHKIVVEVKGANITGEGEGKDGKIDLKFKTDLSSEEFPAFVTTFTYGVQCFAT

GEIGEAFKSAFPEGYTQTRNMPGITTKATVTEGPIKNKIDITYNDDYDKALSGAKAAL

HSDGTYNSHDVNYKNNKVTFNIGGNHEMLFEGKGLKIPEGKLHTKSKLDGTHLKEEVK

WV 

G2A78 

MHHHHHHWKIIVKLKNPYDITGEGTGDGVLNLTFNLTGGIFPYLVTTFTYGVQCFSAD

ADLRAAFQGAFPEGYTQTRDISGGLKVTATVTAGPVTNEIELKIPEETIKELYTKPED

YKYNSHNVTFTNTETTFTINGRKHTLKNIKKDGTPVTLSKPVTAYTKSTLEGNKLTEE

VGPV 

G3CRO1k-92 

MHHHHHHWKIEVILEMDKTITGSGTGENGKIVLKLDSKVIPPLVTTFTYGVQCFT 

EPDTPVYKIYTSALPEGYVQKREIGGIKSEGVVTADPVVNRIKIDAKMEELEKLAPL 

FVDENGNYYDHDVHVKNGKVTFTINGVEVKQEVTGKNLLPLEATIHTSLTLDDVLTEV

IKLK 

G3CRO1k-219 
MHHHHHHWDVQVVLKMDKTITGSGTGADGLITLTLDSKVIPGLVTTFTYGVQCLADPG

TPVARMYTAALPEGYEQEREIGGIKSKGKVTADPLVNQIDIDAKMEEIEKLNPLFIDE

DGNYYPHLVHVSNGKVTFEINGVKVEQTVTGPNLLPLEATIETELTLSDVLTERIRLA 

G3CRO1k-281 
MHHHHHHWAIEVNLTMDKTITGSGTGADGLITLTLDSKVIPGLVTTFTYGVQCFAEPD

TPVARMFNAAFPEGYVQKRKIGGIESTGKVTRDPVVNDIKIDAKLEEIEKLNPLFVNE

DGTYYPHLVHVENGKVTFTINGVKVEQEVTGPNLLPLTATIFTEKTLSDVLTERIRLA 
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G3CRO1k-368 
MHHHHHHWDILVRLKMDKTITGSGEGRDGLIVLTLDSKVLPPLVTTFTYGVQCCADPS

TPVHRMYSAALPEGYTQTREIGGIKSTGRVTADPLVNDIDIDAKLEELEKLAPLFVDE

KGNYYPHLVHVANGKVTFEINGVKVEQRVTGPRLLPLEATIRTSLTLDDVLTERIEAA 

G3CRO1k-385 
MHHHHHHWKIEVNLKMDKTITGSGEGKDGKITLTLDSEVVPPLVTTFTYGVQCFAKPD

TPVARMYRAALPEGYEQTRTIFGIEAKKRVTADPVRNDIDIDAKMEELLEKAPLLVDD

DGSYYPHLVHVANGEVTFTINGVDVKQRVTGPRLLPLEDTIFTSLTLGKTLTEEIRAA 

G3CRO1k-570 

MHHHHHHWDILVRLKMDKTITGSGTGEDGLITLTLDSKVEPGLVTTFTYGVQM 

FAEPGTPVHKIFTAALPEGYTQTREIGGIKSEGRVTADPVVNDITIDAEMAQILELNP

RFVDADGNYYPHLVHVANGEVTFTINGVDVKQTVTGPNLLPLEATIETELTLSDTLTE

RIRLA 

G3CRO1k-698 
MHHHHHHWDILVNLKMDKTITGSGTGKDGLITLTLDSKVIPPLVTTFTYGVQCFTDPS

SPVHKIFTSALPEGYEQTREIFGIKSKKKVTADPLTNDIDIDAKLEELLEKAPLLVNE

DGSYYDHLVHVSNGKVTFEINGVKVEQTVTGPNLLPLTATIYTSLTLSDTLTERIRLA 

G3CRO1k-799 
MHHHHHHWPLLVELHMDKTITGSGTGEDGRIVLTLDSEVIPGLVTTFTYGVQCFADPS

TPVRRMYTSALPEGYTQKREIGGIKSEKEVTADPVVNRIKIDAKLEEIEKLNPLFVDA

DGNYYPHDVHVENGEVTFTINGVDVKQRVTGPRLLPLKDTIHTSLTLSDTLTEVIRAK 

G3CRO1k-941 
MHHHHHHWKIIVELNMDKTITGEGEGKDGLITLKLDTEVVPPLVTTFTYGVQCFAEPD

TPVYKMYTAAMPEGYEQTREIGGIKSKGKVTKDPVVNKIDIDAKLEELLRLAPRFVDA

DGRYYPHEVHVKDGEVTFEINGVKVKQKVTGKNLLPLEDTIFTSHTLSDVLTERIERL 

G3CRO1k-964 
MHHHHHHWKIIVNLKMDKTITGSGEGKDGKIVITLDSEVEPGLVTTFTYGVQCCTDPS

TPVHKIYTAALPEGYEQTRTIGGIESKGKVTADPLVNDIEIDAKMEEILKLNPLFVNE

DGTYYPHEVHIENGKETFTINGVKVEQKVTGPKLLPLKDTIYTSLTLSDTLTEVIRAK 

Mutations from EGFP are highlighted in bold and underlined with a solid line. Residues designed on de novo 
fragments are underlined with a dotted line. Fragment breaks are denoted by dashes (—). A C70S mutation was 
carried out for G1,G2,G3,G4, and G1 enhanced designs. G2A78 and all G3CRO1k designs had a tryptophan placed 
at the C-terminal end of their polyhistidine-tag to aid in purification and quantification.  
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Supplementary Table 3. Sequence Percent Identity Matrix of First and Second Round lilGFP Designs. The Percent Identity 
Matrix was created using Clustal2.1 (EMBL-EBI) after performing a sequence alignment with Clustal Omega1.2.4 (EMBL-EBI).  

Design G2 G2A78 941 92 799 385 964 698 570 368 219 281 G1A50 G1 G3 G4 
G2 100 59 38 36 37 37 36 36 35 37 35 35 39 57 58 58 

G2A78 59 100 42 40 42 41 43 42 43 40 40 42 44 38 43 44 
941 38 42 100 73 70 73 71 71 72 73 72 71 44 40 52 46 
92 36 40 73 100 78 69 71 72 73 75 73 74 41 41 50 47 
799 37 42 70 78 100 73 76 71 77 77 76 75 38 39 48 45 
385 37 41 73 69 73 100 74 76 73 75 71 71 43 37 49 46 
964 36 43 71 71 76 74 100 77 72 75 75 74 40 38 48 47 
698 36 42 71 72 71 76 77 100 77 78 80 75 41 40 53 50 
570 35 43 72 73 77 73 72 77 100 77 80 76 38 38 46 43 
368 37 40 73 75 77 75 75 78 77 100 82 76 40 37 47 45 
219 35 40 72 73 76 71 75 80 80 82 100 82 37 37 46 44 
281 35 42 71 74 75 71 74 75 76 76 82 100 38 38 48 48 

G1A50 39 44 44 41 38 43 40 41 38 40 37 38 100 55 46 45 
G1 57 38 40 41 39 37 38 40 38 37 37 38 55 100 68 64 
G3 58 43 52 50 48 49 48 53 46 47 46 48 46 68 100 77 
G4 58 44 46 47 45 46 47 50 43 45 44 48 45 64 77 100 

Designs that don’t begin with the letter (G) normally have the (G3CRO1K-) prefix. 
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Supplementary Figure 1. Representative SDS-PAGE of IMAC Purification of G1 – G4. 
Purification fractions were loaded on 4–15% Mini-PROTEAN® TGX Stain-Free™ Gels (Bio-
Rad). Lanes correspond to: 1) Unstained Protein Standard Broad Range (10-200 kDa) ladder 
(P7717S, NEB), 2) pellet, 3) Flow-Through, 4) 20 mM imidazole wash, 5), 40 mM imidazole 
wash and 6) 250 mM imidazole elution. ArnA (74 kDa) is an E. coli protein known to bind Ni-
NTA with high affinity131, and is likely seen here. 
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Supplementary Figure 2. Plots Used to Determine Quantum Yields of Green Fluorescent 
Proteins. Integrated Fluorescence Intensity values are plotted against absorbance at the 
wavelength of chromophore excitation (420 nm). Experimentally obtained quantum yields (QY) 
can be determined by comparing the resulting slope to that of another fluorescent protein with a 
known quantum yield. EGFP (QY: 0.6) was used as a reference for calculations.  
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Supplementary Figure 3. Representative SDS-PAGE Gels Following Size Exclusion 
Chromatography. Fractions (0.5 mL) from Size Exclusion Chromatography were loaded on 4–
15% Mini-PROTEAN® TGX Stain-Free™ Gels (Bio-Rad). Unstained Protein Standard Broad 
Range (10-200 kDa) ladder (P7717S, NEB) was used (Lanes 1). Gels correspond to: a) GFP 
(27.8 kDA), b) G1 (20.0 kDa), c) G2 (20.2 kDa), d) G3 (20.1 kDa), e) G4 (19.8 kDa), f) 
G3CRO1K-92 (19.3 kDa), and g) G3CRO1K-570 (19.0 kDa). ArnA (74 kDa) is an E. coli 
protein known to bind Ni-NTA with high affinity131, and is likely seen here. 
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Supplementary Figure 4. Representative SDS-PAGE of IMAC Purification of Second-
Round Designs. Purification fractions were loaded on 4–15% Mini-PROTEAN® TGX Stain-
Free™ Gels (Bio-Rad). Lanes correspond to 1), Unstained Protein Standard Broad Range (10-
200 kDa) ladder (P7717S, NEB) 2) pellet, 3) Flow-Through, 4) 20 mM imidazole wash, 5) 40 
mM imidazole wash, 6) 60 mM imidazole wash, and 7) 250 mM imidazole elution. ArnA (74 
kDa) is an E. coli protein known to bind Ni-NTA with high affinity131, and is likely seen here. 
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Supplementary Figure 5. Representative SDS-PAGE of IMAC Purification of G1 – G4 
Designs. Purification fractions were loaded on 4–15% Mini-PROTEAN® TGX Stain-Free™ 
Gels (Bio-Rad). Lanes correspond to: 1) Unstained Protein Standard Broad Range (10-200 kDa) 
ladder (P7717S, NEB), 2) pellet, 3) Flow-Through, 4) 20 mM imidazole wash, 5), 40 mM 
imidazole wash, 6) 250 mM imidazole elution, and 7) desalted fraction. ArnA (74 kDa) is an E. 
coli protein known to bind Ni-NTA with high affinity131, and is likely seen here. 
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Supplementary Figure 6. Representative Sanger and Long-Read Sequencing Results for G3 
Mutants. After each round of mutagenesis, plasmid DNA was sent to Genome Quebec for 
sequencing. (a) Sanger sequencing was used to verify the presence of mutations using both 
forward and reverse strands for validation. Plasmid DNA was also sent to Plasmidsaurus for (b) 
Long-Read sequencing to confirm that mutations were confined to reading frames and not 
occurring in promoter regions. Chromatograms displaying the relative abundance of nucleotides 
A (green), T (red), G (black), C (blue) were used in conjunction with sequence alignments to 
determine the presence of mutations. For sample preparation, isolated colonies were cultured, 
and their plasmids were extracted and purified following the manufacturer's protocol (Omega 
Bio-Tek). 
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Supplementary Figure 7. Representative SDS-PAGE of IMAC Purification of GFP. 
Purification fractions were loaded on 4–15% Mini-PROTEAN® TGX Stain-Free™ Gels (Bio-
Rad). Lanes correspond to: 1) Unstained Protein Standard Broad Range (10-200 kDa) ladder 
(P7717S, NEB), 2) pellet, 3) Flow-Through, 4) 20 mM imidazole wash, 5), 40 mM imidazole 
wash, 6) 250 mM imidazole elution, and 7) desalted fraction. ArnA (74 kDa) is an E. coli protein 
known to bind Ni-NTA with high affinity131, and is likely seen here. 

 

 



91 
 

 

Supplementary Figure 8. Gating Strategy Used for Analysis of Green Fluorescent Proteins 
Using Flow Cytometry. Gating strategy used to isolate (a) cells, (b) living cells, and (c) singlet 
cells. Samples of PBS, BL21-Gold(DE3) cells expressing empty pET-29b(+), G3, G3 mutants 
(MT1 + MT2), and GFP were analyzed. Samples were concentrated to 106 cells mL-1 in sterile 
PBS and analyzed at a flow rate of 10 µL min-1. Analysis was done with a CytoFlex S Cytometer 
(Beckman Coulter).  
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