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Abstract 

Photoluminescence is the emission of light following optical excitation. As biological 

molecules typically have weak emission, photoluminescent compounds provide 

excellent analytical utility for interrogating biological systems. While synthetic dyes and 

labels are one way to provide the analytic signal for such interrogations, 

photoluminescent proteins offer the advantage of being categorically biocompatible. 

Photoluminescent proteins are also ideal targets for application-specific design, as their 

targeting to specific cellular loci, binding affinity for target analytes, or response to 

different environments may be modified while having minimal or predictable effect on the 

optical readout. This thesis analyses the biophysical underpinnings of how 

photoluminescent proteins may be designed to have the desired properties. 

Following a general introduction in Chapter 1, Chapter 2 explores the design of 

phosphorescent proteins, pairing genetically encoded antennae and lanthanide binding 

sites for lanthanide (III) ions. This work presents a novel, stable, and high-yield lanthanide 

binding protein which exhibits nanomolar binding affinity. Chapter 3 characterises the 

tryptophan orientations within this designed protein with experimental electron-nuclear 

double resonance (ENDOR) spectroscopy. Analysis of ENDOR spectra reveals rotameric 

conformations that are absent from computationally predicted structures. Chapter 4 

undergoes an in-depth analysis of the steric accommodation of 4-substituted 

tryptophans in maltose binding protein. This work shows the side-chain repacking that 

takes place to maintain the native global fold. Chapter 5 assesses the steric 

accommodation of benzadiazole-containing non-canonical amino acids, showing that 

the bulkier side chain is surprisingly isosteric for the canonical tryptophan. This work also 

presents experimental evidence for the expansion of the classical fluorescent protein 

catalysis to include a secondary amine between the aromatic side chain of the 

chromophore tripeptide and the backbone.  

Finally, I conclude this thesis with a summary of results, and areas of focus that would 

expand this current work.  
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1.1 Photoluminescence 

Photoluminescent reporters enable real-time visualisation of protein localisation, 

dynamics and interactions.1 Photoluminescent biotechnology has revolutionised the 

understanding of cellular processes, from tracking molecular machines and organelle 

dynamics to mapping complex signalling networks in living systems.2,3 Applications span 

research in cell biology,4 neuroscience5 and developmental biology6 through to clinical 

diagnostics,7 drug discovery8 and therapeutic monitoring,9 making photoluminescence 

indispensable across modern life sciences. The ideal probe reports on protein 

localisation, activity, and local environment while minimising perturbation to its native 

structure.  

Photoluminescence is the radiative decay of a molecule’s electronically excited state. 

After excitation, chromophores relax radiatively (fluorescence (S1 → S0); 

phosphorescence (T1 → S0)) or non-radiatively via internal conversion, vibrational 

dissipation, or energy transfer to other compounds (Figure 1.1), all of which are strongly 

influenced by the chromophore’s local environment. Brightness and excitation/emission 

wavelength are the primary design variables. These can be manipulated by 

understanding the protein structure surrounding a luminophore. Brightness increases 

with higher absorption efficiency and reduced non-radiative decay, which competes with 

emission and shortens lifetimes. In practice, this requires suppressing undesired internal 

conversion, vibrational coupling to nearby molecules and energy transfer to nearby 

quenchers. Greater brightness improves signal-to-noise, so less probe is needed. 

Emission wavelength reflects the transition energy gap and is tuned by modulating the 

chromophore structure and its environment. Red-shifted wavelengths reduce 

phototoxicity,10,11 autofluorescence12 and scattering while improving imaging depth.13 
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Figure 1.1 – Simplified Jabłoński diagram. Photoexcitation populates S1. From S1, the chromophore 
relaxes by fluorescence (S1→ S0) or by non-radiative decay, including intersystem crossing (ISC) to T1, 
energy can also be transferred from S1 to the Ln3+.  From T1, relaxation proceeds by phosphorescence (T1→ 
S0), non-radiative decay, or triplet-to-Ln3+ energy transfer. For Tb3+, the commonly observed bands are 
⁵D₄→⁷F₆ ≈ 488–495 nm, ⁵D₄→⁷F₅ ≈ 541–547 nm, ⁵D₄→⁷F₄ ≈ 583–587 nm, and ⁵D₄→⁷F₃ ≈ 619–624 nm.  

Current photoluminescent protein strategies have limitations. Fusion of the target 

protein with a fluorescent protein introduces a large (~27 kDa) domain that can perturb 

protein function and localisation.14 The conjugation of small-molecule chromophores 

offers small-molecule labelling but necessitates post-translational covalent 

modification, limiting their use in live cells and complicating experimental workflows. 

Genetic code expansion (GCE) enables site-specific incorporation of fluorescent non-

canonical amino acid (ncAA) sidechains, but the principles surrounding the optimal 

position to introduce these moieties remain unclear. Lanthanide-luminescent proteins 

offer an alternative strategy with long-lived luminescence but require fine-tuning of the 

lanthanide coordination environment and must compete with common biological 

chelates for metal binding. Contemporary protein design tools, including AlphaFold and 

RFdiffusion, provide high-confidence structural predictions but cannot directly predict 

photoluminescent properties, which depend on ligands, ncAAs, chromophore 

maturation and conformational dynamics, which are not explicitly encoded in primary 
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structure. Despite the diversity of existing reporters, it remains challenging to predict how 

a protein environment will tune brightness, lifetime and spectral properties of a protein 

with an embedded luminophore. This thesis addresses this gap by combining structural 

and biophysical measurements to investigate the principles for rationally designing 

photoluminescent proteins with desired properties. 

1.2 Fluorescent proteins 

The most widely used fluorescent proteins (FPs) house an endogenous chromophore 

formed autocatalytically from a tripeptide inside an 11-stranded b-barrel.15 The 

chromophore maturation pathway proceeds via cyclisation, dehydration and oxidation, 

with conserved active-site residues steering the reaction. FP chromophores are 

genetically encoded, requiring only canonical amino acids. Canonical green-fluorescent 

protein (GFP) chromophores feature a serine-tyrosine-glycine (Ser-Tyr-Gly) tripeptide.16 

Early diversification shifted colour by editing the triad (e.g., Ser → Thr, Tyr → Trp), and 

modifying the residues in the chromophore pocket, yielding the blue, cyan, yellow and 

red families.17–19 These variants use the same fundamental chromophore maturation 

chemistry with different pocket environments and aromatic amino acid sidechains. 

Despite the wealth of structures available, it remains difficult to predict a priori how 

specific sidechain substitutions will alter photoluminescent properties. 

Spectral range in FPs is controlled by the chromophore structure, the surrounding 

chemical environment, and chromophore conjugation extension. Chromoproteins from 

Anthozoan organisms have extended conjugation from additional dehydration of the core 

tripeptide driven by modifications of the surrounding residues.20,21 This red-shifts 

absorption and increases extinction coefficients, but significantly reduces fluorescence 

intensity.22,23 Small structural changes around the chromophore can switch between 

emissive and dark states. One such Anthozoan FP tripeptide contains histidine (His) in 

the canonical Gly position, undergoes photocatalytic dehydrogenation of the alkane to 

an alkene between the His Ca and Cb,24 which allowed the tracking of protein movement 
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in microscopy, and an improvement in the signal-to-noise.14 Deviation from standard FP 

tripeptide chemistry enables the engineering of alternative chromophore applications. 

Most FP designs tune the chromophore electronic environment rather than the 

chromophore chemistry. This optimises brightness, durability and spectral properties. 

Recent FPs selected from random mutagenesis libraries feature low-energy (>500 nm) 

excitation and high brightness.25,26 Far-red and near infra-red wavelengths enable deep-

tissue imaging,27 and bright photoswitchable FPs enable high-resolution microscopy that 

overcomes the diffraction limit of visible light.28,29 These examples show that local FP 

chromophore environment can be steered towards having desirable properties. FPs have 

become ubiquitous in biological research since the 1990s. Despite their utility, FPs’ b-

barrel can perturb protein function and localisation as fusion proteins. This motivates 

alternate strategies for introducing photoluminescence that decouple the reporter from 

the native fold.  

1.3 Fluorescent labels and non-canonical amino acids 

Small-molecule dyes provide compact, bright chromophores with tuneable 

photophysical properties. However, conventional conjugation chemistry lacks site-

specificity. Dyes typically react with nucleophilic sidechains like cysteine or lysine, 

yielding heterogeneous labelling even when targeting unique chemical environments.30–

33 Post-translational modification limits live-cell applications. Small-molecule 

chromophores are also acutely sensitive to their local environment, which enables 

sensing applications but may cause unpredictable behaviour when the goal is a stable, 

uniform signal.  

Genetic code expansion (GCE) offers a powerful solution to achieve site-specific 

labelling. This technology uses an orthogonal aminoacyl synthetase (aaRS)/tRNA pair, 

typically derived from archaeal species,34 that does not cross-react with the host 

translational machinery.35 The orthogonal aaRS is evolved to charge its cognate tRNA with 

the desired ncAA, while the tRNA recognises a repurposed codon, most commonly the 

amber stop (UAG),36 allowing site-specific ncAA incorporation at genetically encoded 
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positions in the target protein.37 Once established, GCE requires only the co-expression 

of the orthogonal aaRS/tRNA pair and supplementation of growth media with the ncAA, 

making it straightforward to synthesise proteins with ncAAs in vivo.38 

GCE enables two complementary strategies for introducing fluorescent labels into 

proteins. First, ncAAs bearing bio-orthogonal reactive groups (such as azides, alkynes, or 

strained alkenes) can serve as handles for conjugation with fluorescent dyes via click 

chemistry or related reactions.33,39,40 This approach combines the site-specificity of GCE 

with the photophysical properties of optimised synthetic fluorophores, though it still 

requires post-translational modification steps. Second, ncAAs with intrinsically 

fluorescent sidechains can be directly incorporated during translation, eliminating the 

need for any post-translational labelling.41 The fluorescent ncAAs provide immediate, 

site-specific fluorescence without additional chemical steps, making them particularly 

suitable for live-cell applications.  

Sites are generally chosen on the basis of solvent accessibility, distance from active 

sites, and predicted side-chain packing, to minimise structural perturbation while 

reporting on protein localisation or activity.41–45 The local environment of an incorporated 

fluorescent ncAA is important as it mirrors classical small-molecule chromophores; 

polarity, rigidity and specific quenchers modulate photophysical properties. Here, the 

“solvent” includes a heterogeneous protein matrix. Structure prediction software guides 

site-selection in proteins lacking experimental models, though local structural response 

to ncAA incorporation must be determined case-by-case. High-resolution structures are 

available for few fluorescent ncAAs, limiting the ability to generalise design principles.46–

48. As a result, the consequences of incorporating a given fluorescent ncAA on emission 

wavelength, lifetime and quantum yield cannot be pre-empted from sequence alone. 

Fluorescent proteins, small-molecule dyes and fluorescent ncAAs all rely on organic 

chromophores with nanosecond-timescale emission. Lanthanide-based luminophores 

offer complementary properties: long emission lifetimes enable time-gated detection 

that eliminates short-lived autofluorescence.  
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1.4 Lanthanide-luminescent proteins 

Lanthanides are relatively abundant in the Earth’s crust, despite being termed rare earth 

elements. Cerium, for example, is more abundant than copper.49 Lanthanide(III) (Ln3+) 

ions have unique optical properties, arising from their numerous electron orbitals with 

unpaired electrons, and most Ln3+ ions can luminesce under appropriate conditions.50,51 

Laporte-forbidden f–f transitions yield slow radiative decay of excited lanthanide ions, 

ranging from a few microseconds to tens of milliseconds. This enables time-gated 

detection that eliminates short-lived autofluorescence.52–54 Unlike organic fluorophores, 

lanthanide emission spectra are relatively insensitive to environmental conditions, 

providing stable, sharp and predictable signals which are often in the visible light range. 

However, Ln3+ ions suffer from low extinction coefficients (1–10 M-1cm-1) and are 

efficiently quenched by water molecules. Engineering a lanthanide-luminescent protein 

requires a nearby chromophore antenna to compensate for low extinction and the 

exclusion of coordinating water. Efficient sensitisation typically proceeds via population 

of the antenna S1 or T1 states, followed by energy transfer to the Ln3+ 4f manifold; optimal 

antenna performance requires the excited-state energy to lie ~2500–4000 cm-1 above the 

accepting Ln3+ level to minimise back-transfer.50,51,55,56 Ln3+ 4f orbitals are shielded by 

filled 5s25p6 subshells, making coordination primarily electrostatic. Ln3+ ions prefer hard 

ligands; together with electrostatic compensation, carboxylic acids are prime candidates 

for strong coordination. Binding sites for Ln3+ ions contain acidic residues such as 

aspartate (Asp) and glutamate (Glu), fine-tuned with amide-containing sidechains such 

as asparagine (Asn) and glutamine (Gln).  

Naturally evolved chelating proteins and metalloenzymes have been discovered in the 

past decade, many in Methylobacterium extorquens (M. extorquens). The organism 

seems to have evolved to use trace lanthanum(III) found on plant leaves to trigger 

methanol metabolism, rationalising M. extorquens as the origin of many lanthanide-

binding protein sequences.57 The first to be structurally characterised was XoxF, is a 

methanol dehydrogenase which coordinates lanthanides via 3 acidic residues, 1 Asn, 

and a pyrroloquinoline quinone (PQQ) cofactor (Figure 1.2D).58 In this protein, the 
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lanthanide preorganises the ligand binding site, and acts as a hard Lewis acid to activate 

PQQ for alcohol oxidation. Lanthanides play a similar role in other lanthanide-dependent 

enzymes.59 Landiscernin (LanD) from M. extorquens, contains four localised Glu residues 

on the loop between two stable a-helices. This protein binds Ln3+ ions through metal-

centred dimerization; mutations (Glu → Gln, Glu → Ala) improve selectivity for lighter 

lanthanides 100-fold.60 Lanmodulin (LanM), is a picomolar-affinity calmodulin 

homologue containing multiple Ln3+ binding sites. Each motif includes a threonine (Thr) 

backbone carbonyl coordinated to the lanthanide (Figure 1.2B).61,62 Like calmodulin, the 

tertiary fold of LanM is facilitated by Ln3+, which brings together its termini. A fusion 

protein, LanTERN brings together enhanced cyan fluorescent protein (eCFP) and Citrine 

(a yellow fluorescent protein variant) upon lanthanide binding, which could be measured 

spectroscopically using Förster resonance energy transfer (FRET). This protein acts as a 

fluorescent sensor for lanthanides with apparent KDs of 10–50 pM.63 Wang and co-

workers reported in 2025 the evolution of LanM with acridone as an antenna, which 

facilitated the tracking of protease cleavage using time-resolved experiments.64 

Collectively, these natural systems illustrate that precise Ln3+ coordination geometry and 

binding kinetics can be applied for diverse applications.  

Few natural lanthanide-binding proteins have been characterised in detail,65,66 motivating 

the design of novel lanthanide-binding proteins and peptides. Most designed lanthanide-

binding proteins derive from EF-hand motifs, which bind Ca2+ via multiple negatively 

charged residues. The EF-hand motif was employed in lanthanide binding tags (LBTs), 

which are short peptides (15–17 amino acids) optimised for terbium(III) (Tb3+) binding and 

luminescence.67,68 LBTs coordinatively saturate the bound Ln3+ ion, and bind with high 

affinity (KD = 10–150 nM). These peptides position a tryptophan (Trp) residue such that its 

backbone carbonyl coordinates Ln3+, holding the indole nearby (Figure 1.2A).69 The 

luminescence of LBT-Tb3+ has been applied to measure the binding of Src kinases to 

phosphopeptides, using luminescence resonance energy transfer (LRET) between the 

LBT and a BODIPY ligand.70 This same LRET pair has also been used to measure the 

distance between the LBT and BODIPY in a membrane-bound oligosaccharyltransferase, 

giving useful indications of conformational changes upon glycan binding on structurally 
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uncharacterised complexes.71 Imperiali and co-workers later synthesised the LBT with 

acridone and carbostyril 124, and showed the complex was also capable of efficiently 

exciting europium(III) (Eu3+) with these non-canonical antennae.72 

 

Figure 1.2 – Different binding environments for Ln3+ ions. (A) Lanthanide binding tag with Tb3+ (PDB ID: 
1TJB).67 (B) Lanmodulin EF-hand 2 with neodymium(III) (PDB ID: 8FNS).62 (C) Engineered TIM barrel 
homodimer TFD-EE N6W with Tb3+(PDB ID: 6ZV9).75 (D) Methanol dehydrogenase XoxF with lanthanum(III) 
(PDB ID: 6DAM)58 

Non-EF-hand designs use symmetric arrangements to pre-organise negatively charged 

binding pockets. C3-symmetric coiled-coil proteins, designed around known coiled-coil 

motifs, have Asp and Asn residues strategically placed for coordination, and a nearby Trp 

for excitation.73 These proteins effectively bound Tb3+ ions and excluded water from the 

first coordination sphere. A de novo designed TIM-barrel fold, reported in 2020, is a C2-

symmetric dimer using Glu residues preorganised to mimic EDTA-like binding geometry, 

and includes two nearby Trp residues to excite a bound Tb3+ ion (Figure 1.2C).74 A follow-
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up study engineered a photocatalyst containing cerium(III), which catalysed the breaking 

of a C–C bond following visible light excitation.75 

Designing lanthanide-luminescent proteins requires coordinatively saturating Ln³⁺ with 

high affinity binding sites, while positioning an antenna for efficient energy transfer. In 

practical terms, efficient sensitisation requires minimising non-radiative quenching 

(inner sphere water, high-frequency vibrations) while maintaining sub-nanometre 

antenna–Ln3+ distances that support rapid energy transfer. Sensitisation efficiency 

depends on spectral overlap between antenna emission and Ln³⁺ absorption, and on 

antenna-Ln³⁺ distance with the transfer rate decaying steeply as distance increases. The 

choice of antenna also influences back-transfer from the excited Ln3+ ion to the antenna, 

influencing Ln3+ radiative emission. Coordinating Ln³⁺ ions via the Trp backbone carbonyl 

positions the indole nearby but does not guarantee optimal distance. In EF-hands, 

hydrophobic Trp sidechains may orient away from the negatively charged Ln³⁺ site. This 

thesis addresses balancing strong coordination, solvent exclusion and antenna distance 

while preserving favourable energy-level alignment.  

1.5 Contemporary protein design 

The past decade has seen a revolution in structure prediction and design. Rosetta’s 

physics-based energy functions enabled the first designed protein with topologies not 

observed in nature,76,78 but could not predict tertiary structure from sequence alone. 

AlphaFold's transformer architectures, trained on >170,000 structures available on the 

PDB, then achieved near-experimental accuracy for many proteins by interpreting co-

evolutionary contacts from multiple sequence alignments.79 RFdiffusion generates novel 

folds from geometric constraints using diffusion models.80 The 2024 Nobel Prize in 

Chemistry, awarded to the authors of AlphaFold and RFdiffusion, marks the point where 

high-accuracy prediction and design of protein structures became practically 

accessible. However, while these tools are exceptional for predicting static structure 

from sequence, they remain limited in contexts where structure alone is insufficient to 

determine function. The extant popularity of sequence design approaches outside 
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explicit 3D structure optimisation—ancestral protein reconstruction,81 directed 

evolution,82 targeted mutagenesis libraries83—is evidence of this. Protein engineering is 

nonetheless significantly enhanced by using accessible, high-confidence models before 

experimental validation. These tools, however, operate primarily on canonical amino 

acid sequences. For photoluminescent proteins, critical design parameters, including 

conformational dynamics, post-translational modifications, and cofactors, are not 

captured in the primary sequence of canonical amino acids. Consequently, current 

structure-prediction tools are excellent for generating static backbone models but have 

limited predictive power for the photophysical properties of proteins containing 

chromophores, fluorescent ncAAs or lanthanide centres.  

Conformational dynamics are critical when designing photoluminescent proteins as non-

radiative pathways are often intricately related to dynamics. For a given sequence, 

AlphaFold generates a small set of structures,79 yet, proteins exist as conformational 

ensembles. For photoluminescent proteins, these ensembles include sidechain rotamer 

exchanges, loop ‘breathing’ around chromophores, and fluctuations in metal 

coordination, all of which can open or close non-radiative pathways. Low-populated, 

transient states may dominate radiative decay but be invisible to single-structure 

predictors, further decoupling predicted structure from actual photophysical behaviour. 

While AlphaFold's pLDDT scores indicate uncertainty for given regions,84 but 

experimental characterisation remains essential for determining conformational 

dynamics. Ensemble generation methods (AlphaFold-based85 or BioEmu)86 allow for the 

inference conformational dynamics and minor populations, but remain limited to 

proteins containing only canonical amino acids. Photoluminescent proteins should be 

designed with physiological conditions in mind, meaning they will often be at non-

cryogenic temperatures, surrounded by solvent, and interacting transiently with salt ions. 

For optimal emission, light-emitting moieties benefit from precise geometric constraints 

and limited non-radiative decay pathways.87 Predicting whether a designed protein will 

achieve the geometry required for favourable photophysical properties under dynamic, 

physiological conditions remains an open challenge.  
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AlphaFold3 and RoseTTAFold All-Atom have extended prediction to select post-

translational modifications, metal ions and organic ligands.28,88 However, coverage 

remains limited to well-represented modifications in training data. Chromophores, most 

ncAAs, and elements beyond period 4 are relatively scarce on the PDB. Interestingly, 

AlphaFold2 can distinguish chromophore-forming from non-chromophore-forming GFP-

like proteins based on predicted a-helix geometry,89 and researchers have extended 

AlphaFold2 to include unseen ncAAs by training on large small-molecule datasets.90 This 

suggests high-confidence structure prediction for proteins with fluorescent moieties may 

be possible with existing data, but tools with comparable confidence to AlphaFold3 are 

not yet available.  

Designing lanthanide-luminescent proteins requires scaffolds with preorganised 

residues that create specific binding sites. Large symmetric protein scaffolds are 

particularly well-suited for this purpose. High-confidence interfaces can be amplified by 

symmetry operators, and the same symmetry operator can build a binding pocket, 

coupling the design of a multimer to the target binding pocket. The aforementioned de 

novo TIM-barrel fold by Zeymer and co-workers used C2-symmetry constraints in Rosetta 

to design linkers between subunits, creating a dimeric lanthanide-binding scaffold at the 

symmetry axis. 74,75 For other metals, target coordination geometries have been achieved 

through similar strategies. A C3-symmetric protein scaffold with bipyridine-ncAAs was 

designed to bind Fe2+ in a specific chiral octahedral coordination geometry.91 RFdiffusion 

was used to engineer C4-symmetric assemblies coordinating Ni²⁺ with square-planar 

geometry.80 Computational redesign transformed a multi-chain C3-symmetric 

homotrimer scaffold into a single chain pseudosymmetric protein that retains the 

tetrahedral His3/H2O–Zn2+ coordination motif, but with an asymmetric binding pocket for 

alternate substrates.92 While a reliable strategy for engineering novel metal binding 

scaffolds, the resultant assemblies are necessarily large, typically between 30 and 100 

kDa, in order to accommodate the protein-protein interfaces required for the scaffold. 

Large size may be an inherent feature of symmetry-based design strategies, but smaller, 

asymmetric metalloproteins would be more practical as fusion partners and more 

informative for grafting metal-binding motifs into existing proteins.  
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1.6 Research outline 

Photoluminescent proteins have diverse biophysical origins, and contemporary protein 

design tools provide high-confidence structural predictions. However, connecting 

structure to photophysical properties remains challenging. Computational tools cannot 

predict the structure of matured FP chromophores, how ncAAs will influence local 

protein structure, or whether metal-binding sites will achieve optimal antenna geometry 

under physiological conditions. This thesis investigates structural and biophysical 

principles governing photoluminescent protein design through three complementary 

systems: lanthanide-luminescent proteins, fluorescent ncAAs, and fluorescent proteins. 

The central questions addressed in this thesis are: (i) how can lanthanide-binding 

proteins be designed with defined coordination environments and efficient antennae; (ii) 

how do fluorescent ncAAs alter local protein structure and dynamics; and (iii) how do 

these structural changes translate into photophysical behaviour? 

Chapter 2 explores lanthanide-luminescent peptides and proteins. Using an LBT as a 

model complex, ncAAs are tested as antennae. The tryptophan analogue 6-

azatryptophan (6AW) was capable of exciting both Tb3+ and Eu3+. De novo design 

produces lanthanide-binding mini-proteins with high affinity (KD ≈ 15 nM) and selectivity. 

A mini-protein/antenna pair (RF2/6AW) shows enhanced sensitisation over LBT in 

biological contexts, illustrating how protein design and antenna can be co-optimised for 

Ln3+ emission in complex environments.  

Chapter 3 characterises the Trp orientations in RF2, combining rotamer simulations of 

computationally predicted structures with 19F-Gd3+ ENDOR to obtain structural 

information on a dynamic sidechain. Analysis of ENDOR spectra reveals rotamers absent 

from predicted structures. This establishes 19F-Gd3+ ENDOR as a method for 

characterising dynamic sidechains.  
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Chapter 4 presents high-resolution X-ray crystal structures of maltose-binding protein 

with 4-F-Trp and 4-CN-Trp. These structures reveal how 4-substitutions affect Trp 

rotamer preferences. This identifies structural determinants of substitution tolerance.  

Chapter 5 presents structures of proteins containing two fluorescent ncAAs 

(nitrobenzoxadiazol-L-diaminopropionic acid (NBDO) and nitrobenzoselenadiazol-L-

diaminopropionic acid (NBDSe)) incorporated via GCE. Despite their larger size, NBDO 

and NBDSe are accommodated at Trp sites. Solvent exclusion significantly enhances 

fluorescence. In NowGFP, the FP chromophore maturation pathway proceeds despite 

the exocyclic secondary amine linker. This amine-substituted methine linker has not yet 

been reported in proteins.  

Chapter 6 summarises the biophysical insights derived from the work in the previous 

chapters and proposes future work to build on the principles explored in this thesis. 

Together, the structural and spectroscopic data across Chapters 2–5 provide an 

experimentally grounded framework for understanding the biophysical principles 

dictating the photoluminescent properties of proteins. This work supports the rational 

engineering of photoluminescent proteins.   
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2.1 Introduction 

Lanthanide ions are promising luminescent probes: they exhibit long luminescence 

lifetimes (0.5–3 ms), large pseudo-Stokes shifts (150–300 nm) and narrow emission 

bands.1 These photophysical properties are attractive for time-resolved fluorescence 

imaging as used with great benefit in immunoassays.2,3 In biological systems, however, 

free lanthanides readily precipitate with phosphates and their toxicity warrants strong 

chelators. Most critically, the molar extinction coefficients of lanthanide ions are 

extremely low, typically ranging between 0.1–10 M-1cm-1, which makes direct excitation 

inefficient. Fortunately, the lanthanide luminescence can be enhanced indirectly through 

nearby organic chromophores. This phenomenon, known as the antenna effect, involves 

the photoexcitation of the organic chromophore followed by energy transfer to the 

lanthanide ion, overcoming the problem of the lanthanide’s low intrinsic absorptivity. 

Choosing an optimal antenna is difficult because the energy transfer mechanism is 

complex. After excitation of the chromophore to the singlet state (S1), lanthanide(III) (Ln3+) 

excitation can occur via multiple pathways.1 The canonical pathway involves intersystem 

crossing (ISC) to the long-lived triplet state (T1), which in turn excites the Ln3+ ion.1 

Sensitisation therefore depends on the ISC efficiency as well as the T1-Ln3+ spectral 

overlap, rather than the more easily measurable absorbance and fluorescence 

properties of the antenna. In addition, energy transfer is also possible directly from the S1 

state to the Ln3+ ion, although this mechanism is usually disadvantaged by its much 

shorter (nanosecond) lifetime.1 Nonetheless, direct S1 sensitisation can be significant 

when there is strong spectral overlap, which has been explicitly modelled in protein-Ln3+ 

complexes.4 Crucially, both mechanisms rely on the antenna being in close spatial 

proximity to the Ln3+ ion and overlapping spectral properties. Additionally, Ln3+ emission 

is readily quenched by nearby water molecules, necessitating the exclusion of inner-

sphere waters to achieve appreciable emission, even when other factors are favourable.5 

Given these intertwined variables, predicting an antenna’s performance a priori is 

challenging, prompting the empirical strategy taken in this chapter.  
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Peptidic lanthanide-binding tags (LBTs), developed by Imperiali and co-workers,6-12 are 

biological lanthanide chelators with high specificity and affinity to lanthanide ions. LBTs 

are derived from the EF-hand motif, which is a helix-loop-helix structural domain 

responsible for Ca2+ coordination in proteins.6,7 They were specifically designed to 

include a tryptophan (Trp) residue as the antenna for terbium(III) (Tb3+) excitation, with the 

backbone carbonyl oxygen of the Trp coordinating the lanthanide, positioning the Trp 

indole ring close to the Tb3+ ion to efficiently photo-sensitise the Tb3+ luminescence. 

Additional carboxyl groups from acidic sidechains and carbonyls from amide-containing 

sidechains prevent the direct access of water to the lanthanide ion, enhancing the 

luminescence lifetimes and integrated emission intensities. Among the canonical amino 

acids, Trp has the highest molar absorption coefficient (~5500 M-1cm-1 at 280 nm) and 

overall provides the best antenna functionality, although Tyrosine (Tyr) at the same 

position has also been established to sensitise Tb3+ luminescence. Other Ln3+ ions are 

more strongly quenched by inner-sphere water than Tb3+ and thus their complexes have 

weaker emission with Trp or Tyr antennae. When the site is well dehydrated (q ≈ 0), Trp 

and Tyr can still sensitise these ions, the remaining differences reflect energy-level 

matching rather than water quenching.  

Over the last decade, there has been increasing interest in biosynthetic molecules to 

detect, isolate and utilise lanthanides. In 2018, lanmodulin, a protein from a lanthanide-

utilizing bacterium, was identified to have picomolar affinity for lanthanide ions.13 

Lanmodulin, which is structurally analogous to calmodulin, presents a lanthanide 

chelating environment similar to the LBTs with one residue coordinating the Ln3+ ion by a 

threonine (Thr) backbone carbonyl oxygen. Featherston et al. reported that mutation of 

this amino acid to Trp sensitises a Tb3+ ion for excitation at 280 nm.14 Further studies with 

luminescent lanthanide-binding proteins and peptides have been reviewed by Pazos and 

co-workers.15 However, few attempts have been made to generate new lanthanide-

binding peptides or proteins explicitly for optimal luminescence properties. 

Substituting canonical amino acids with chemically synthesised antennae has been 

shown to allow for different lanthanide ions to be excited. Reynolds et al. used solid-

phase peptide synthesis to substitute a tryptophan with a non-canonical amino acid 
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(ncAA) containing either an acridone or carbostyril sidechain. This enhanced the 

excitation of europium(III) (Eu3+) luminescence and, with acridone, the luminosity of Tb3+.9 

Other peptide-based lanthanide-luminescent probes were synthetically modified to 

include a fluorescent moiety,16-19 although this approach tends to increase the distance 

between the antenna and the lanthanide ion. These peptides require specific chemical 

synthesis, and none can be produced in vivo.  

Genetic code expansion (GCE) enables the site-specific installation of spectroscopically 

active ncAAs during protein biosynthesis in E. coli by using orthogonal aminoacyl-tRNA 

synthetase/tRNA pairs with amber stop suppression.20 The repertoire of genetically 

encoded tryptophan analogues has expanded significantly in recent years, opening a 

modular route to incorporate antennae directly in recombinantly produced 

polypeptides.21-24 The work in this chapter systematically explores the performance of 

these ncAAs (Figure 1) as substitutes of Trp at the lanthanide-proximal site.  

The ncAAs feature excitation wavelengths in the range 260–350 nm, which proved 

particularly beneficial for Eu3+ sensitisation. This chapter analyses the relationship 

between the antennae and the photo-properties of the Ln3+ complexes. Building on the 

experience gained with LBTs, computational design led to the synthesis of three new 

lanthanide-binding mini-proteins. Two of these showed increased luminosity compared 

to their LBT counterparts and one displayed low-nanomolar binding affinity with Ln3+ ions. 

The best performing antenna was successfully combined with the most tightly binding 

lanthanide-binding protein, indicating that the luminescence enhancement achieved by 

the ncAAs is generalisable to other protein scaffolds, providing a basis for new in vivo 

probes. 
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Figure 2.1 – Binding geometry of the LBT with a Tb3+ ion bound. The chemical structures are shown for 
the ncAAs used to substitute the antenna tryptophan, including 4-azatryptophan (4AW), 6-azatryptophan 
(6AW), 4-cyanotryptophan (4CNW), 3-cyano-4-pyridylalanine (mCNP), and 3-cyanophenylalanine (mCNF). 
In the LBT crystal structure (PDB ID: 1TJB)7 The Tb3+ ion has a coordination number of eight, satisfied by  two 
bidentate acidic residues, one monodentate acidic residue, the backbone carbonyl of Trp and the oxygen 
of an asparagine sidechain.  

This chapter first benchmarks a panel of genetically encoded ncAAs in a well-

characterised LBT scaffold, quantifying their effects on brightness and lanthanide 

affinity. Then, using computational design around an EF-hand of lanmodulin, new 

lanthanide-binding mini-proteins are generated, with RF2 standing out as a scaffold with 

improved Tb3+ luminosity and nanomolar affinity. Finally, this chapter combines RF2 with 

the best-performing antenna and shows that this construct retains high affinity and 

supports the detection of Eu3+ and Tb3+ in cell cultures. Together, these results define a 

practical approach for designing genetically encoded lanthanide-luminescent probes.  

2.2 Photoluminescent properties of LBTs with ncAAs 

The LBT with the sequence GFIDTNNDGWIEGDELLEG serves as a benchmark scaffold, 

due to strong Tb3+ binding affinity and specificity, low intrinsic fluorescence and 

documented luminescence.8 The Trp at position 10 marks the antenna position, which 

was modified by ncAAs. The N-terminal glycine is a remnant of the N-terminal TEV 

cleavage site used to liberate the peptide following production as a fusion with the 

solubilizing NT* domain derived from spider silk protein.25 
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Figure 2.2 – Spectra of non-canonical amino acids. (A) UV-vis of 6AW, 4AW, mCNP, mCNF, 4CNW. 
Extinction coefficients were measured at 250 µM amino acid concentration in phosphate buffered saline 
(PBS) using a 1 cm path length. Extinction coefficients in Appendix Table A.2. Each spectrum is normalised 
to the maximum absorbance. (B) Excitation scans of the LBT complexes with Tb3+ and Eu3+. Emission at 545 
nm or 615 nm was integrated for 5000 µs after a delay of 100 µs, using an excitation slit width of 5 nm and 
an emission slit width of 10 nm. Protein and lanthanide chloride were at 1 µM and 2 µM, respectively. The 
samples were prepared in 20 mM MOPS pH 7.0, 50 mM KCl. Each spectrum is normalised to the maximum 
intensity. 

Following incorporation of different ncAAs into the LBT, the link between ncAA 

fluorescence and luminescence sensitisation was interrogated. Comparing the UV-vis 

spectra of the free ncAA and the excitation spectra of the ncAA incorporated into LBT with 

Tb3+ and Eu3+ clearly illustrates that the absorbance wavelengths of the antennae 

translate into the excitation wavelengths for the LBT-Ln3+ complexes (Figure 2.2). As the 

relative peak intensities within the emission spectra of both Tb3+- and Eu3+- complexes 

were consistent across excitation wavelengths, the intensity at the emission maximum 

wavelength was used as the single-wavelength comparator between samples, which 

corresponds to 545 nm for Tb3+ and 615 nm for Eu3+. Using the integrated emission 

lifetimes allows for the comparison of luminescence intensities across different ncAA-

Ln3+ pairs and considers the exclusion of waters from the inner-coordination sphere of 

the Ln3+, which significantly alters the emissive lifetime. The apparent KD gives an 

indication of the impact of ncAA incorporation on the complex’s ability to bind the Ln3+ 

ion, and the titrations are shown in Appendix A.1.2 

Unexpectedly, the highly fluorescent 4CNW (fluorescence f > 0.8 compared with ca. 0.15 

in Trp)26 only minimally enhanced the luminescence of Eu3+ and delivered weaker 

integrated Tb3+ emission intensities. In contrast, the relatively less fluorescent 4AW (f ≈ 
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0.01) revealed brighter luminescence intensity with Tb3+ than tryptophan and excited Eu3+. 

The best performance was achieved with 6AW, which features an increased fluorescence 

quantum yield.24 Compared with Trp, 6AW enhanced the Tb3+ luminescence 50% more 

and excited the Eu3+ luminescence more effectively than any of the other antennae 

studied.  

Table 2.1 - Luminescence emission intensities and apparent KDs of the LBT-based Eu3+ and Tb3+ 
complexes 

Antenna λex 
max 
(nm) 

Quantum 
yield of 
ncAA fS1 

 Extinction 
coefficient at 
λex max (M-1 cm-

1) 

Intensity 
Tbb 

Intensity 
Eua  

Apparent 
KD (Tb3+)c 

(nM) 

Apparent 
KD (Eu3+)c 

(nM) 

Trp 280 0.14d  5422 682 5 190 ± 40 N.D. 

mCNP 267 –  1187 630 361 1300 ± 90 490 ± 30  

mCNF 275 –  843 423 50 1400 ± 100 940 ± 100 

4AW 285 0.01d  6272 728 86 1100 ± 50 580 ± 30 
4CNW 290 0.80e  6041 323 5 1000 ± 40 N.D. 

6AW 260 0.41d  2108 1072 378 800 ± 20 830 ± 20 

a N.D. = not determined. b Integrated emission intensity for the complex with lanthanide ion measured at 
the excitation maximum and 545 nm for Tb3+ and 615 nm for Eu3+ with the same instrument settings (see 
Appendix A.1.3). Samples contained 500 nM Ln3+ ion with an excess of LBT in in 20 mM MOPS pH 7.0, 50 
mM KCl. Exact values are reported in Table A4. c Apparent KD values determined by titrating Ln3+ (added as 
LnCl3) into a solution of 500 nM protein in 20 mM MOPS pH 7.0, 50 mM KCl. The KD values and error ranges 
were determined from a non-linear fit to the Hill equation for three technical replicates (see Appendix 
A.1.2). d From Abdelkader et al.,24 measured in PBS. e From Qianzhu et al.,26 measured in PBS. 

Non-canonical antennae at position 10 in the LBT consistently reduced the binding 

affinity 2–8-fold (Table 2.1and Figure 2.3). Given that the amino acid sequence of LBT was 

selected from a large peptide library using Tb3+ luminescence,8 it is unsurprising that even 

minor sidechain modifications can reduce the ion affinity. In contrast, acridone and 

carbostyril sidechains installed in a similar LBT have been reported to perturb binding 

less (KD =34 nM vs. 19 nM for wild type).9 In these experiments, the apparent KD values 

differed up to 2.5-fold between Tb3+ and Eu3+, indicating extreme sensitivity of the 

lanthanide affinity towards optimal coordination geometry. While the nominal ionic 

radius differs by only 0.02 Å between Tb3+ and Eu3+,27 the observed effect may result from 

the non-isotropic electron densities of lanthanide ions.28,29 
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Substituting the antenna with the less fluorescent mCNP also greatly enhanced the Eu3+ 

luminescence, while the enhancement of the Tb3+ emission was minimally altered. This 

suggested that the pyridine nitrogen of the mCNP amino acid directly coordinates the 

lanthanide ion, minimising the distance between the antenna and the Ln3+ ion. To test 

this, mCNF, which exhibits a fluorescence intensity similar to mCNP but lacks the 

pyridine moiety, was incorporated into the LBT. mCNF still enhanced the luminescence 

of Eu3+ but less than mCNP, suggesting that coordination plays a significant role. The 

dissociation constants in Table 2.1 support this interpretation for Eu3+, but not for Tb3+. 

Nonetheless, mCNP lends itself to rapid chemical diversification using the 

biocompatible nitrile-aminothiol arcNAT click reaction to generate a range of different 

fluorophores,30,31 which invites future exploration. 

The two most highly fluorescent antennae produced very different outcomes: 6AW was 

the most effective sensitiser for both Tb3+ and Eu3+ complexes, while 4CNW, despite its 

high intrinsic fluorescence, sensitised the luminescence of Tb3+ only modestly and hardly 

sensitised Eu3+. Measuring the spectral overlap between the chromophore S1 emission 

and Ln3+ absorption showed no simple correlation with emission intensity (Figure 2.3). 

Coordination with hydration water efficiently quenches Ln3+ luminescence.32 As the 

luminescence lifetimes of the Eu3+ complexes were consistently 1.4 ms, the number of 

coordinated water molecules does not change between complexes with different ncAAs 

(Appendix Table A.1). The exception to this was LBT 4CNW, which showed a Eu3+ lifetime 

of 0.7 ms. In contrast, the Tb3+ luminescence lifetimes of the complexes with tryptophan 

analogues substituted at the 4-position (4CNW and 4AW) were significantly shorter than 

for the complex of the wild-type peptide or the LBT made with other ncAAs (~1.5 

compared to ~2.7 ms), suggesting a variation in the number of hydration water molecules 

coordinating the Tb3+ ion. Chemical changes at position 4 of the Trp antenna thus appear 

to alter the coordination geometry of the Ln3+ ion.  
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Figure 2.3 - Luminescence properties of LBT variants. The histograms show the integrated emission 
intensities following excitation at the absorption maximum, which was 265 nm for 6AW, 285 nm for 4AW, 
280 nm for Trp, 267 nm for mCNP, 275 nm for mCNF and 290 nm for 4CNW. The apparent binding affinities 
for these complexes are indicated by black points which correlate to the right y-axis. (A) Tb3+ emission at 
545 nm. The KD value of the reference LBT is greater than reported,6 attributed to different buffer conditions. 
Error bars for apparent KD measurements are standard deviations from three replicate experiments. (B) Eu3+ 
emission at 615 nm. The signal intensity of LBT and LBT 4CNW was too weak to measure the affinity. Error 
bars for apparent KD measurements are standard deviations from three replicate experiments. (C) Plot of 
observed luminescence intensity versus spectral overlap for the series of LBT complexes. Spectral overlap 
was calculated as the integral of the scalar product between normalised absorption and emission spectra, 
with each spectrum normalised to unity.  

Table 2.1 and Figure 2.3 show the absence of any simple relationship between the 

integrated emission intensity and the extinction coefficient or fluorescence quantum 

yield of the antenna. There was also no correlation with the S1-Ln3+ spectral overlap. 

These observations are consistent with a model in which T1 energy, ISC efficiency, and 

local non-radiative decay pathways dominate sensitisation efficiency, and cannot be 

predicted from the performed measurements alone. This underscores the complexity of 

the antenna effect in a peptide context and its dependence not only on chromophore 

brightness but also geometric and electronic compatibility with the lanthanide. The 
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observation that the same antenna performed differently for Eu3+ and Tb3+ compromises 

any simple generalisation across lanthanides. Furthermore, all ncAAs reduced the 

binding affinity at least two-fold. This motivates the design of a robust protein scaffold 

that tolerates antenna modifications without trade-offs in lanthanide binding affinity.  

2.3 Computational design of novel lanthanide-luminescent mini-
proteins 

Coordinates of the 12 residues of EF2 (DPDKDGTLDAKE) were extracted from the NMR 

structure (PDB ID: 6MI5).33 After mutating Thr7 to Trp, the Rosetta energy minimised 

peptide was used as seed structure input to RFDiffusion, diffusing a 70 or 50 amino acid 

protein with both N- and C-terminal extensions to the lanthanide ion binding motif. The 

generated backbone structures were used as input into ProteinMPNN, yielding eight 

sequences for each backbone. A Tb3+ ion was placed for coordination in the protein and 

threaded with the ProteinMPNN sequences in Rosetta using the ref2015 score function.34 

The full details of the design process are in Appendix A.1.5. 

Given the absence of explicit activity or binding considerations in RFDiffusion and 

ProteinMPNN, the scoring only accounted for a known binding geometry. Final structures 

were visually assessed, considering secondary structure diversity, solvent exposure of 

the Ln3+ ion, and plausible Ln3+-O distances. Three proteins with unique topologies and 

the best scores across all evaluation criteria were chosen for experimental validation and 

expressed with an N-terminal His-tag and TEV cleavage site. For the rest of this chapter, 

these proteins are referred to as RF1, RF2, and RF3.  

The three proteins have less than 35% sequence identity to lanmodulin. Using the 

Alphafold3 webserver,35 each sequence predicted high-confidence structures with a 

calcium ion bound at the desired site. Each protein was recombinantly expressed in 

Escherichia coli (E. coli), using IPTG induction of the gene under a T7 promoter as 

described above. RF1, RF2, and RF3 were isolated by immobilised metal ion 

chromatography (IMAC), with yields of 10 mg, 400 mg, and 15 mg per 1 L of cell culture, 

respectively. RF1 and RF3 not only expressed in much lower yields but were also more 
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prone to precipitation at room temperature compared with the highly expressing RF2 

protein.  

 
Figure 2.4 - Structure and characterisation of lanthanide-binding mini-proteins RF1–3. (A–C) 
AlphaFold3 models of RF1 (dark blue), RF2 (purple), and RF3 (green). The EF-hand motif is coloured gold 
with coordinating residues shown in stick representation. Tb³⁺ ions shown as cyan spheres. (D) Emission 
spectra of RF1–3 (1 µM protein, 2 µM TbCl3, 20 mM MOPS pH 7.0, 50 mM KCl, λex = 280 nm, 100 µs delay, 1 
ms integration time). (E) Luminescence decay of RF1–3 (1 µM protein, 2 µM TbCl3, 20 mM MOPS pH 7.0, 50 
mM KCl). Lifetimes fitted to single exponential decay (Appendix A.1.3): RF1 τ = 1.39 ms, RF2 τ = 1.45 ms, 
RF3 τ = 1.30 ms. (F) Apparent KD determination by titrating TbCl3 into 500 nM protein in 20 mM MOPS pH 
7.0, 50 mM KCl. Points are averages of three technical replicates. KD values determined from non-linear fit 
to Hill equation (Appendix A.1.2): RF2 KD = 19 ± 3 nM, RF1 KD = 320 ± 50 nM, RF3 KD = 3300 ± 130 nM. 

All three designed proteins (RF1, RF2 and RF3) produced a significant luminescence 

response when incubated with Tb3+ (Figure 2.4). Relative to the reference LBT, the 

luminescence intensities for RF1 and RF2 represented a 1.8-fold and 2.5-fold 

enhancement, respectively. In contrast, RF3 showed a diminished intensity of about 70 

% compared to LBT. The Tb3+ affinities followed a similar trend, with RF2 showing the 

strongest binding affinity at KD = 19 ± 3 nM. RF2 also had the longest luminescence 

lifetime (1.45 ms). All were above 1.2 ms, suggesting effective exclusion of water from the 

inner coordination sphere of the Tb3+ complex.32 However, the values are shorter than 2.5 



Chapter 2: Biosynthetic lanthanide-luminescent mini-proteins using genetic code expansion  

 32 

ms, which is the typical lifetime of a fully shielded Tb3+ complex, implying water is not 

completely excluded. In summary, all data pointed to RF2 as the most attractive variant, 

and it was selected for further study.  

Figure 2.5A and B show the Alphafold3 model of RF2 with a Ca2+ ion (Figure 3A). The 

protein contains two a-helices and one β-sheet comprised of four β-strands. The EF-

hand is positioned between β-strand 3 and a-helix 1. Trp42 is placed in the antenna 

position with the backbone carbonyl coordinated to the ion. A second aromatic amino 

acid, Tyr5, almost contacts Trp42 (Figure 3B). The presence of Tyr5 may be beneficial, as 

Tyr excited at 280 nm can also excite lanthanide luminescence. In principle, the more 

distant Trp50 may also enhance the antenna effect. These two amino acids introduced 

by the sequence design of ProteinMPNN may help to produce a stable protein and were 

therefore retained. 

 

Figure 2.5 - AlphaFold3 model of RF2. (A) RF2 model (magenta) with the EF-hand highlighted in gold, the 
Tb3+ ion in cyan, and the Tb3+ coordinating residues shown in stick representation. (B) Same as (A), but 
showing RF2 in a different orientation and showing the aromatic residues (green) instead of highlighting the 
EF hand. (C) Pairwise sequence alignment of lanmodulin EF2, RF2, and LBT with their flanking residues. 

Using 2D and 3D NMR experiments recorded on an 800 MHz spectrometer, the backbone 

chemical shifts (C, Ca, Cb, N, H, Ha, Hb) of most of the 71 amino acids were assigned in 

the protein complexed with yttrium (Y3+; Appendix Figures S12 and S13). Resonances of 

residues 10–14 could not be assigned which suggests that this loop may be too dynamic 

to produce distinct backbone resonances. As these residues are located at the termini of 

the β-strands distal to the lanthanide-binding region, their conformational dynamics are 
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not expected to perturb lanthanide coordination or antenna geometry. The backbone 

dihedral angles φ and ψ derived from the chemical shifts by the program TALOS+36 closely 

aligned with the Alphafold3 model (Figure 2.6). The region of the EF-hand (residues 34–

49) makes expected inter-residual contacts between backbone protons. While these 

NMR experiments do not fully assign a 3-dimensional structure to the novel protein, they 

confirm that the structural prediction for a lanthanide-binding protein using Ca2+ as a 

proxy for Ln3+ correlates with experiments.  

 
Figure 2.6 - Comparison of the secondary structure of the AlphaFold3 model and the prediction made 
from the assigned chemical shifts. (A) and (B) Two different orientations of the AlphaFold3 model of RF2 
generated with a Ca2+ ion (cyan). The cartoon representation is coloured by secondary structure: red-helix, 
cyan-sheet, green-loop. (C) Output from the TALOS+ webserver.36 Coloured bars indicate the secondary 
structure prediction associated with the residue number. The Q-value (purple) indicates the confidence for 
that prediction. 

2.4 Enhanced brightness and more robust binding affinity with an 
ncAA antenna 

To test whether the enhanced sensitisation observed for LBT 6AW was generalisable to 

another protein, Trp42 in RF2 was substituted with 6AW. Replacing Trp42 with 6AW 

yielded 56 mg RF2 6AW per 1 L of cell culture. Unlike LBT 6AW, RF2 6AW (λex = 260 nm) 



Chapter 2: Biosynthetic lanthanide-luminescent mini-proteins using genetic code expansion  

 34 

showed no increase in Tb3+ luminescence relative to unmodified RF2 (λex = 280 nm). This 

may be because RF2-Tb3+ features additional sensitisation by Tyr5 and possibly Trp50, 

which are excited to a lesser extent at the absorption maximum of 6AW. In contrast, RF2 

6AW showed a significant enhancement of Eu3+ luminescence, with the excitation 

spectrum showing increased excitation around 280 nm, relative to LBT 6AW (Figure 2.7). 

As the emission maxima for Tyr and Trp are at 304 nm and 350 nm, respectively, and 6AW 

possesses a second broad excitation band between 300 nm and 360 nm (Figure 2.2), it is 

possible that a non-radiative energy transfer from the nearby Tyr and Trp residues to 6AW 

can add to the enhancement of the Eu3+ emission. A mutant with 6AW in position 50 and 

Trp retained at position 42 showed a decrease in Tb3+ excitation, and a minimal increase 

in Eu3+ excitation, suggesting that there is some sensitisation from position 50 (Table 2.2). 

 
Figure 2.7 - Comparison of excitation spectra for RF2 6AW/Eu3+, LBT 6AW/Eu3+ and LBT/Tb3+. Emission 
at 545 nm or 615 nm was integrated for 1000 µs after a delay of 100 µs. Protein and LnCl3 were at 1 µM and 
2 µM, respectively. RF2 6AW/Eu3+ (blue) and LBT 6AW/Eu3+ have been normalised to the intensity of 330 nm, 
where the contribution of canonical amino acids to sensitisation is negligible. LBT/Tb3+ has been 
normalised to the intensity at 280 nm. 

The changes in binding affinity of RF2 6AW with Tb3+ and Eu3+ compared to RF2 showed 

that the ncAA affects the Ln3+ binding affinity by less than an order of magnitude (Table 2.2). 

6AW at position 50 decreases the binding affinity only 2-fold, whereas 6AW at position 42 

decreases the affinity almost 10-fold. As in the case of the LBT, the binding affinities 

differed between Eu3+ and Tb3+ (Table 2.2). Nonetheless, even the reduced binding affinities 

are in the nanomolar range, making the RF2 6AW construct suitable for a wide range of 

sensing applications.  
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Table 2.2 - Luminescence emission intensities and apparent KDs of the LBT-based Eu3+ and Tb3+ 
complexesa 

Positions Intensity Tbb Intensity Eub KD (Tb3+)c  KD (Eu3+)c 
Trp42/Trp50 1784 <1 19 ± 3 nM N.D.a 
Trp42/6AW50 1507 13 37 ± 5 nM N.D.a 
6AW42/Trp50 1700 506 180 ± 12 nM 150 ± 12 nM 

a N.D = not determined. b Integrated emission intensity for complex with lanthanide ion measured at the 
excitation maximum for the antenna and observed at emission wavelengths of 545 nm for Tb3+ and 615 nm 
for Eu3+. Samples contained 500 nM Ln3+ ion with an excess of RF2. Variants were excited at their excitation 
maxima, 280 nm for Trp42/Trp50 and Trp42/6AW50, and 260 nm for 6AW42/Trp50. c Apparent KD were 
measured by titration of Ln3+ into a solution of 500 nM of protein in 20 mM MOPS pH 7.0, 50 mM KCl. KD 
values and error ranges were determined from a non-linear fit to three technical replicates.  

Considering the excellent enhancement of Eu3+ luminescence of RF2 6AW and its 

nanomolar binding affinities to Eu3+ and Tb3+, emission spectra with other trivalent 

lanthanide ions were recorded, including cerium, praseodymium, neodymium, 

samarium (Sm3+), gadolinium, dysprosium (Dy3+), erbium, thulium, and ytterbium. There 

were weak but significant emission peaks with Sm3+ and Dy3+, which overlapped with the 

long-wavelength end of the emission peak from 6AW (Appendix Figure A.24). While the 

Sm3+ emission was too weak for affinity titrations, the KD value for Dy3+ (Appendix Figure 

A.14) as 290 ± 30 nM, could be determined which corresponds to an only slightly weaker 

affinity than for Eu3+ or Tb3+. 

The number of water molecules (q) coordinated to the lanthanide ions can be determined 

using luminescence lifetime measurements in D2O and  the modified Horrocks equation 

(Appendix A.1.8).32 Empirical correlation coefficients of luminescence quenching by H2O 

have been published for Tb3+ and Eu3+,32 as well as for Dy3+ and Sm3+.37 All four D2O 

titrations showed a clear linear response to the percentage of D2O (Figure 2.8), yielding 

q-values of 1.07, 1.06, 1.30, and 1.31 for Tb3+, Eu3+, Sm3+, and Dy3+, respectively. In view 

of the inherent uncertainty of this equation of ±0.3 for Tb3+ and Eu3+, and ±0.5 for Dy3+ and 

Sm3+,37 this indicates that the Ln3+ ion in the RF2 complex consistently coordinates a 

single water molecule. The q-values near 1 across Tb3+, Eu3+, Sm3+, and Dy3+ indicate 

similar inner-sphere hydration. Brightness and apparent affinity therefore reflect antenna 

identity and its local geometry, rather than changes in its hydration state. Thus, a single 

EF-hand scaffold bearing 6AW at the primary antenna position supports q ≈ 1 and 
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measurable emission for Eu3+, Tb3+ Sm3+ and Dy3+, indicating the same protein framework 

can be used to interrogate multiple lanthanides without re-optimising the binding site.  

 

Figure 2.8 - D2O titrations of RF2/Ln3+ complexes. Emission at 545 nm or 615 nm was integrated for 1000 
µs after a delay of 100 µs. Protein and LnCl3 were at 1 µM and 2 µM, respectively. RF2 6AW/Eu3+ (blue) and 
LBT 6AW/Eu3+ have been normalised to the intensity of 330 nm, where the contribution of canonical amino 
acids to sensitisation is negligible. LBT/Tb3+ has been normalised to the intensity at 280 nm. 

Two recent studies illustrate alternative strategies in lanthanide-luminescent protein 

design. A 2023 study grafted a Tb3+-binding EF-hand into a de novo immunoglobulin-like 

scaffold using ProteinMPNN, yielding a Tb3+ affinity of 8–12 µM by time-resolved 

luminescence.38 This establishes a de novo lanthanide-luminescent protein, but the 

moderate affinity limits its use under dilute or competitive conditions. More recent work 

focused on antenna modification, identifying acridone as a strong Eu3+ antenna if 

installed by GCE at three EF-hand positions of LanM.39 Besides involving multiple antenna 

sites and four additional mutations, the construct led to Ln3+ stoichiometries greater than 

1:1 of Ln3+:protein, which compromises the analysis of antenna performance and 

lanthanide binding.  

2.4.1 New lanthanide-luminescent mini-protein shows remarkable selectivity and 
in vivo sensitisation 

Lanthanide ions have high charge density and bind promiscuously to anionic cellular 

components, including phospholipids,40 nucleic acids,41 metal-chelating proteins,42 and 
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organic phosphates.43 LanM has been used as an in vivo reporter for Ln3+ cellular uptake 

using a Förster resonance energy transfer (FRET) pair of fluorescent proteins fused to its 

N- and C-termini.44 This approach relies on the fluorescent protein FRET, not the antenna 

effect. It has been reported that intracellular Y3+ reaches 3.4 mM in E. coli cells in the 

presence of 20 mM extracellular Y3+, measured by inductively coupled plasma-mass 

spectrometry.45 However, a more recent report illustrates that E. coli cells suffer 

membrane damage in millimolar concentrations,46 suggesting this value may reflect the 

concentration of membrane-bound Y3+ in samples of lysed cells. Although short 

incubation periods (<30 minutes) and isotonic buffer washes were employed, 

luminescence contributions from cytosolic components released by lysed cells cannot 

be excluded, meaning the observed signal may not reflect exclusively intracellular Ln3+ 

concentration. In addition, nonspecific binding of Ln3+ to DNA produces UV-excited 

luminescence,47 confounding the luminescence readout. In the face of these challenges, 

the RF2 scaffold for maintaining its luminescence signal in the face of competing cellular 

ligands and metal ions.  

To investigate RF2 as a general intracellular lanthanide sensor, the decrease in 

observable luminescence was measured in the presence of a competitor.48 Specifically, 

the binding of various metal ions was evaluated by measuring the change in the 

sensitised luminescence of a solution containing the RF2/Tb3+ complex after the addition 

of an equimolar amount of the competing metal ion. The remaining fraction of initial Tb3+ 

luminescence was used to determine the relative affinity of the competitor, with a 

fraction of ca. 0.5 indicating a binding affinity comparable to that of Tb3+, a fraction <0.5 

indicating a stronger affinity, and a fraction >0.5 weaker binding.  

The results for competing lanthanide ions were consistent with expectations based on 

previous titration experiments with RF2 6AW. The addition of Eu3+ resulted in a 

luminescence fraction of <0.5, while Dy3+ yielded a fraction >0.5 (Figure 2.9). Along with 

many of the Ln3+ metals, Ca2+ and Mg2+, which are hard cations like Ln3+ ions, and Zn2+ and 

Co2+, which typically prefer coordination environments with softer Lewis bases, were also 

tested. None of the divalent metal ions decreased the Tb3+ luminescence, demonstrating 

their inability to compete for the Ln3+ binding site. Co2+ and Zn2+ increased the emission 
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intensity (Figure 2.9), which may indicate the presence of a second metal binding site in 

RF2 that promotes the luminescence brightness by an allosteric effect. Defining this site 

and its structural basis lies beyond the scope of this thesis but represents an avenue for 

future work. The strong preference for Ln3+ ions relative to the M2+ ions may be due to the 

difference in charge density or due to the subtle non-spherical nature of the Ln3+ ions 

fitting the designed pocket better.  

 
Figure 2.9 – Competition assay with RF2/Tb3+. Fractional change in the luminescence intensity (gold) of 
RF2 (1 µM) samples with Tb3+ (2 µM) and competitor (2 µM) in 20 mM MOPS pH 7.0, 50 mM KCl. This 
indicates relative binding tendencies but does not yield apparent KD values for the competitors. Each data 
point represents the ratio of integrated emission intensity (collected at 545 nm emission with a 100 µs delay 
and 1 ms integration window, following excitation at 280 nm) normalised to the intensity of a sample 
containing only Tb3+. The green box indicates 50% of the intensity of the RF2/Tb3+ complex. Boxes indicate 
the mean and range of four technical replicates. 

The competition assay gives rise to a parabolic trend in affinity across the lanthanide 

series, which is strongest for Eu3+ and Tb3+, with diminishing affinities towards both the 

heavier and lighter elements (Figure 2.9). The parabolic dependence on lanthanide 

identity likely reflects the interplay between lanthanide contraction and the fixed EF-hand 

geometry. A similar curve has been reported for LBT,7 and a deviation for lighter rare-earth 

elements has also been reported for lanmodulin.48 The sensitivity to lanthanide identity 

afforded by the RF2 mini-protein suggests the potential to design proteins with refined 

selectivity. Small changes in EF-hand geometry could be exploited to tune preference for 

specific Ln3+ ions for separation and sensing applications.  
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In view of the selectivity of RF2 for Ln3+ over metal ion competitors found in biological 

matrices, RF2 was then tested for its utility in detecting Ln3+ ions in cultures of E. coli cells. 

A culture of E. coli B95 cells was transformed with the dual-plasmid system. One plasmid 

encoded either the reference LBT, amber-LBT, or RF2 gene with an amber stop codon at 

either position 42 or 50. The second carried the orthogonal tRNA/tRNA synthetase pair for 

the incorporation of 6AW. The cells were grown to OD600 of 0.6 and protein expression was 

induced with 1 mM IPTG. After overnight expression, cells were resuspended in a solution 

of 150 mM NaCl containing 20 mM Ln3+, and measured at pH ~6.0. High Ln3+ 

concentrations (20 mM) and unbuffered media are non-physiological, but this stringent 

proof-of-principle demonstrates clean Ln3+ detection in a complex mixture. Future 

applications will require optimisation for lower Ln3+ concentrations in buffered media. 

The presence of the Tb3+- and Eu3+-complexes in the cells was readily detected (Figure 

2.10). Excitation at 280 nm and 330 nm corresponds to the excitation maximum for 

tryptophan and the second excitation peak for 6AW, respectively. The luminescence of 

native cells with Eu3+ and Tb3+ excited at 330 nm featured a notably high background 

fluorescence due to the lanthanides binding to components in the cytosol that also 

sensitise their luminescence. Nonetheless, excitation at 280 nm produced strong 

sensitisation in RF2 6AW, exceeding the signal of the other variants ten-fold (Figure 2.10). 

This high signal-to-background enables single-wavelength, plate-based measurements 

in whole cells to detect the presence of Eu3+ in cell cultures. RF2 6AW is a promising 

starting point for genetically encoded lanthanide sensors in cells. Practical imaging or 

sensing will require balancing of metal dosage, toxicity and background luminescence. 
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Figure 2.10 – Sensitisation of lanthanide luminescence in B95 cell cultures. Untransformed B95 cells 
with and without 6AW (B95(+), B95(-)), transformed B95 cells with a WT LBT or RF2 plasmid, or the two-
plasmid expression system for installing 6AW were grown to OD600 = 0.6–0.8 in LB media and supplemented 
with 1 mM IPTG. Cultures with cells containing the G1(6AW)RS plasmid, as well as the B95(+) cells were 
supplemented with 1 mM 6AW. Cells were cultured overnight at RT and resuspended to OD600 = 1.0 in 150 
mM NaCl. The standardised cell resuspensions were then resuspended again in 150 mM NaCl containing 
20 mM EuCl3 or 20 mM TbCl3. Readings are integrated emission intensities over 1000 µs following a 600 µs 
delay. Emission intensities were λEm = 545 nm for Tb3+, and λEm = 615 nm for Eu3+. Datasets for Eu3+- and Tb3+-
incubated cells were recorded with different gain settings for the detector. Therefore, the values between 
them are not directly comparable. 

2.5 Conclusion 

This chapter presents methods for designing genetically encoded, bright, lanthanide-

luminescent complexes in E. coli cells, leveraging GCE using selected aaRS:tRNA pairs. 

The investigation of various antenna amino acids showed that an empirical approach is 

required for selecting good antennae for a range of lanthanides, because sensitisation 

efficiency cannot be reliably predicted from the photophysical properties of the 

sensitising moiety alone.  

The computational designs yielded three proteins that all bind and excite Tb3+ ions, two 

of which outperform the reference LBT as a sensitising complex. The lead mini-protein, 

RF2, has high expression levels, strong and specific binding to lanthanides, as well as 

enhanced luminosity. These peptides and proteins can be recombinantly produced and 

excited by a range of wavelengths (260–350 nm), and retain their binding behaviours in 

the complex environment of a cell culture.  
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These results establish several practical design considerations for biosynthetic 

lanthanide-luminescent complexes. First, antenna performance cannot be predicted 

from extinction coefficients, fluorescence quantum yields, or spectral overlap. Empirical 

screening via GCE is necessary. Second, de novo EF-hand scaffolds like RF2 can be 

designed using RFdiffusion, which achieve low-nanomolar Tb³⁺ affinity, high specificity 

and q ≈ 1, providing a robust framework for antenna modification. Third, 6AW, the optimal 

antenna identified in LBT, generalises to novel proteins. RF2 6AW retains Tb3+ and Eu3+ 

sensing in E. coli cultures, demonstrating potential for in vivo lanthanide sensitisation. 

2.6 Methods 

All buffers used for lanthanide luminescence measurements were treated with Chelex 

100 resin (BioRad). Metal stocks were made in 10 mL volumetric flasks using water 

treated with Chelex 100 resin, and a small amount of concentrated HCl to prevent 

hydroxide formation. Buffers used for experiments with lanthanides were also treated 

with Chelex 100 resin. Concentrations of rare earth element stocks were validated using 

complexometric titration with EDTA and Xylenol Orange (Sigma). For experiments with 

protein-Ln3+ complexes, buffer conditions were used that have no or minimal affinity to 

Ln3+ ions.49 

2.6.1 Expression and purification of LBT and EF2 proteins 

The gene for the fusion protein was ordered in a low-copy number pCDF plasmid under 

the control of a T7 promoter, either as the wild-type sequence (LBT-Trp) or with the 

tryptophan codon as an amber codon (LBT-Amb). The genes for the EF2 variants RF1, RF2, 

and RF3, as well as the RF2 amber mutants (RF2-Amb), were also cloned into the pCDF 

vector under control of the T7 promoter. High-copy number pRSF plasmids were used to 

encode the genes of the G1 tRNA synthetase mutants under the T7 promoter and the 

paired G1-tRNA under the proK promoter. This two-plasmid system has previously been 

established as an optimised system22 to genetically encode ncAAs in E. coli B-

95.DADfabR cells.50 For LBT-Amb, and RF2-Amb, the two plasmids were transformed into 

cells concurrently. For LBT-Trp, RF1, RF2 and RF3, the pRSF plasmid was omitted. 
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Transformed cells were grown in LB media supplemented with 1 mM ncAA at 37 ˚C, and 

protein expression was induced with 1 mM IPTG at an OD600 of 0.6. After 16-18 hours of 

expression, the cells were concentrated using centrifugation, and resuspended in 

binding buffer (50 mM Tris-HCl pH 7.5, 300 mM NaCl). Resuspended cells were then 

subjected to sonication, and fusion protein was isolated from the cells using immobilised 

metal-ion affinity chromatography (IMAC) using imidazole as the eluent (50 mM Tris-HCl 

pH 7.5, 300 mM NaCl, 500 mM imidazole). This typically yielded 20-30 mg L-1 of fusion 

protein. Incorporation of the ncAA was confirmed by mass spectrometry (see Appendix 

A.1.1). The fusion protein was then concentrated to 1 mL in TEV buffer (50 mM Tris-HCl 

pH 8.0, 300 mM NaCl) and cleaved at 4 ˚C overnight after the addition of TEV protease at 

a 50:1 ratio of protein:TEV and 10 mM DTT. The resultant LBT-Amb fusion proteins were 

then isolated via size-exclusion chromatography (SEC) in volatile buffer (200 mM 

ammonium bicarbonate pH 8.5). Fractions containing the peptide were then isolated and 

lyophilised before luminescence analysis. For the EF2 proteins, IMAC elution fractions 

were dialyzed into TEV buffer and cleaved at RT overnight after the addition of TEV 

protease at a 1:1 ratio of protein:TEV and 2 mM b-mercaptoethanol. For RF2 6AW, 

incorporation of the ncAA was confirmed by mass spectrometry (see Appendix A.1.1). The 

EF2 proteins were then isolated by SEC in buffer D. 

15N/13C-labeled RF2 was produced in a bioreactor (Infors-HT, Switzerland) at 300 mL 

media volume using a protocol by Klopp et al.51 The protein was isolated as above with a 

yield of 100 mg purified protein per litre cell culture. 

2.6.2 Luminescence measurements 

Luminescence measurements were performed on a Cary Eclipse fluorescence 

spectrophotometer (Agilent, USA) equipped with a phosphorescence module. Precise 

instrument settings for fluorescence measurements are indicated with the associated 

spectra. Time-resolved emission and excitation spectra were recorded with a 100 µs lag 

time, followed by a 1 ms integration time.  
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3.1 Introduction 

RFdiffusion1 and AlphaFold2 have transformed structural biology but predict static 

protein structures. Proteins are dynamic, and conformational heterogeneity is intrinsic to 

proteins in solution.3 Static structures capture single conformations but do not represent 

thermally populated states. In solution, sidechains sample multiple conformations that 

determine protein function, while backbones are more likely to be restrained by 

secondary structure which satisfies many hydrogen bonds.4 Although preferred rotamer 

orientations are encoded in backbone geometry,8 this is not deterministic. In protein 

design, knowing not only the major sidechain conformation but also its minor 

conformations is advantageous, because design and function may need to favour these 

minor states. Sidechain rotamers determine packing,5 hydrogen-bond networks,6 and 

preorganisation of catalytic or binding sites.7 In lanthanide-luminescent proteins, 

antenna residue distance and orientation is a critical variable for excitation transfer 

efficiency to bound metal centres. Minor rotamers that position chromophores optimally 

can dominate excitation, despite low populations.  

Characterising minor conformations requires an understanding of which sidechain 

conformations are physically plausible. Rotamers of tryptophan are constrained by 

sterics, (c1,c2) combinations are preferred when they minimise steric clashes between 

atoms in the tryptophan (Trp) and other atoms in the protein. The Top8000 rotamer library 

(Figure 3.1) illustrates an empirical energy landscape for Trp (c1,c2) angles, and 

represents a curated, non-redundant set of high-resolution PDB structures.9 In X-ray 

crystallography, this distribution is used to validate structures, and outliers help identify 

misinterpretation of the data. This chapter applies a similar philosophy to the 

interpretation of experimental distance data; using rotamer distributions built upon 

AlphaFold models guides the interpretation of complex 19F electron nuclear double 

resonance (ENDOR) spectra, uncovering minor rotamer species.  
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Figure 3.1 – Top8000 rotamer distribution. (A) Heatmap of the probabilities from the Top8000 rotamer 
distribution.9 The two dihedral angles c1 and c2 define the orientation of the Trp indole relative to the protein 
backbone: c1 describes rotation around the Ca-Cb bond, while c2 describes rotation around the Cb-Cg bond. 
The distribution reveals that specific conformations of (c1,c2) are energetically favoured. Probability peaks 
correspond to rotamers that minimise atomic overlap between the bulky indole sidechain and the protein 
backbone or neighbouring residues. Large blue regions represent conformations that are sterically 
forbidden due to atomic clashes. (B) Stick representation of a “favoured” rotamer, corresponding to a high 
probability region in the heatmap. (C) An “allowed” rotamer, representing a moderately populated 
conformation with acceptable but sub-optimal geometry. (D) An “outlier” rotamer, corresponding to a low-
probability region that is rarely observed in experimental structures.  

Traditional structural methods can access sidechain heterogeneity, but have practical 

limitations. Crystallography and cryo-EM yield rotamer ensembles only after full model 

building and refinement; ensemble refinement is non-trivial and requires iteratively 

refitting entire protein models to experimental data.10 Protein NMR spectroscopy can 

directly report rotamer populations using assigned chemical shifts, but is limited to 

proteins under 40 kDa.11 Methods that directly probe sidechain conformational 

distributions without global structure refinement would therefore complement existing 

approaches. 

High-field (>1.2 T, >34 GHz) 19F ENDOR spectroscopy combined with genetic encoding of 

fluorinated non-canonical amino acids (ncAAs) provides distance measurements in 
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proteins under physiological conditions. 19F ENDOR exploits the high sensitivity of 

electron paramagnetic resonance (EPR) detection at high magnetic fields to measure 

magnetic coupling between an introduced paramagnetic centre and nearby 19F nuclei,12 

yielding distances between 5–20 Å in proteins labelled with high-spin paramagnetic 

centres such as gadolinium (Gd3+).12,13 An ENDOR spectrum is a population-weighted 

measurement of the 19F–Gd3+ distance distribution in the sample. The spectrum is the 

sum of the splittings (~1/r3) and the intensities (~1/r6) for an ensemble of 19F–Gd3+ 

distances (Figure 3.2A). A recent report showed that in metalloproteins with rigid Gd3+ 

sites, the orientation of buried sidechains could be determined by triangulating 19F 

ENDOR datasets from systematically fluorinated amino acids, giving conformations 

consistent with reported crystal structures.14 

 
Figure 3.2 – Simulated 19F–Gd3+ ENDOR spectra and the Trp variants used in this Chapter. (A) 
Relationship between 19F–Gd3+ distance and ENDOR spectral features: dipolar coupling manifests as 
splitting which scales as 1/r3 (horizontal) while signal intensity scales as 1/r6 (vertical). Spectra from 
samples with multiple 19F–Gd3+ distances are population-weighted sums where ra = rb. (B) Chemical 
structures of the four monofluorinated tryptophan variants (4-F-Trp, 5-F-Trp, 6-F-Trp, 7-F-Trp) used as 
ncAAs. 

Here, conformational analysis by 19F ENDOR is extended from rigid, buried sidechains to 

solvent-exposed residues with dynamic conformations. The lanthanide-binding mini-

protein RF2 developed in Chapter 2 is an ideal candidate for developing this technique, 

as the site of the paramagnetic probe is fixed and conformationally unambiguous, while 

the Trp is solvent exposed and dynamic. RF2 is a de novo designed lanthanide-binding 

mini-protein where Trp42 transfers photoexcitation to bound lanthanides (Ln3+) via the 

antenna effect. Energy transfer via the antenna effect depends on Trp42-Ln3+ proximity 

and orientation, making rotamer populations functionally consequential. Using Förster 

formalism, Harrocks and co-workers validated R0 ≈ 3.4 Å for Trp-Tb3+ pairs in Tb3+-bound 
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parvalbumin and thermolysin.15,16 Förster efficiency scales as E = 1/(1+(R/R0)6).17 

Therefore, a rotamer flip that decreases R from 10 Å → 7 Å increases E from ~0.002 → 

~0.013, an 8.5-fold enhancement, illustrating how changes in rotamer geometry can 

significantly affect antenna performance.  

The solvent-exposed Trp42 is positioned with its backbone carbonyl oxygen coordinated 

to the Ln3+ ion and the indole sidechain exposed to solvent, thus a characterisation of its 

rotamer will inform future design iterations. Using a comprehensive set of mono-

fluorinated tryptophan residues (n-F-Trp, n= 4,5,6,7) (Figure 3.2B), this chapter infers 

common indole geometries using the distance correlations between the 19F–Gd3+ 

distances. 

 
Figure 3.3 – Overall structure of RF2 and the lanthanide-binding region (A) Predicted structure of RF2 
shown as a cartoon representation, with the lanthanide-binding region (residues 36–47) coloured cyan and 
the Gd3+ ion represented as a green sphere. (B) Close -up of the predicted coordination environment of 
Gd3+, with coordinating residues illustrated in the stick representation. In this predicted structure, seven 
oxygen atoms are coordinated to the lanthanide, as indicated by the dashed lines.  

 

3.2 Fitting of protein or ENDOR frame parametrised models to 19F–Gd3+ 
ENDOR spectra 

RF2 is highly soluble and attempts to crystallise the protein were unsuccessful. The 

AlphaFold-predicted tertiary structure was confirmed by backbone NMR chemical shift 
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assignment using 15N/13C enriched samples. The rigid Ln3+ binding site in this validated 

structure provides a fixed reference point for 19F–Gd3+ distance measurements. 

Loading Gd3+ into the metal binding site of samples of RF2, where Trp42 was replaced 

with four monofluorotryptophan variants (4-, 5-, 6- and 7-FTrp), produces four samples 

with a Gd3+ paramagnetic centre near a 19F nucleus. The four ncAAs were incorporated 

during protein biosynthesis in E. coli as described in §3.5.18 Previous NMR studies showed 

rotamer configurations are conserved across fluorotryptophan isomers, but populations 

vary.{Qianzhu, 2024 #97} The four FTrp isomers together provide four distinct 19F–Gd3+ 

distance distributions for a given rotamer. A single 19F–Gd3+ distance maps to multiple 

(c1,c2) solutions due to geometrical degeneracy; four fluorine positions reduce this 

degeneracy.  

Following the measurement of 19F ENDOR spectra for the four fluorotryptophan variants, 

the 19F–Gd3+ distance distributions {rF} = {rF4, rF5, rF6, rF7} must be fit to some model to 

provide structural information. Fitting orientations from {rF} is an ill-posed problem; many 

distinct (c1,c2) combinations can yield similar distance sets. Two initial approaches 

constrain the system differently: i) the protein frame, parameterised in terms of the 

sidechain rotation angles {c1,c2} (Figure 3.4A,B); and ii) the ENDOR frame, parametrised 

in terms of the 19F–Gd3+  vector/Trp ring plane, described by the inter-spin distance (rc) and 

the Euler angles (f, q) (Figure 3.4C,D). 
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Figure 3.4 – Initial frame parametrisation for fitting 19F–Gd3+ ENDOR spectra. (A) Protein-frame 
parametrisation showing sidechain dihedral angles c1 and c2. (B) Contour plot of rF4 as a function of (c1, c2) 
demonstrates how fluorine position varies across rotamer space (colour scale in Å). (C) ENDOR frame 
parametrisation using the Gd3+→ring-centre distance, rc, azimuthal angle f, and tilt angle q (where f = 
180˚, q = 0˚ has the ring vector aligned with rc).(D) Contour plot of rF4 as a function of (f, q) at fixed rc = 5 Å 
(colour bar in Å). 

Fitting the distances from data generated from the protein model has the advantage of 

simple mapping of the distance measurements onto the protein model. We simulated 

the 19F-ENDOR data using rotamers generated from AlphaFold models. After first 

sampling the {c1,c2} rotamer space in the protein frame and calculating {rF} for each 

rotamer, each (c1,c2) was scored by a per-atom clash value. A previous approach simply 

used a crystal structure, and scaled van der Waals (vdW) radii by a factor of 0.8 and 

discarded rotamers with overlap (dij < SvdWij).14 Without a crystal structure, clash scores 

and {rF} values were averaged across five AlphaFold models as the simple mean. The 

clash-weighted rotamer library generation is described extensively in Appendix A.2.3. The 

clash-filtered library provides physically plausible sampling of distances, eliminating 

non-physical distances <4 Å (Figure 3.5A) but cannot predict relative populations. The 

clash filtered library alone produced poor EasySpin ENDOR simulation fits (Figure 3.5B). 

Dipolar splittings were somewhat reproduced, but short distances were not correctly 

represented resulting in poor fits to the shoulder regions of the ENDOR lineshapes. This 

indicated that simply sampling clash-allowed {c1,c2} space is insufficient to capture the 

true distance distributions. 
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Figure 3.5 – Initial 19F–Gd3+ ENDOR simulation using protein and ENDOR frame parametrisation. (A) 
Distance distributions for each fluorine positions before (grey) and after (coloured) clash filtering using a 
0.4 Å cut-off. Black vertical lines represent the distances determined from ENDOR frame fits. (B) 
Experimental 19F ENDOR spectra of RF2 variants (black trace) against simulated spectra using the clash-
masked rotamer libraries from (A). (C) Experimental 19F ENDOR spectra of RF2 variants (black trace) against 
simulated spectra using the ENDOR frame fit distances marked in (A). 

In parallel, the data was fit directly in the ENDOR frame by simulating discrete ring 

orientations defined by the parameters {rc, f, q} outlined in Figure 3.4, which allows 

computationally efficient fitting.14 Unlike the protein frame, the ENDOR frame is agnostic 

about conformation of the whole protein and produces distributions that do not directly 

map to sidechain conformations in {c1,c2} parameter space. The experimental data fit 

poorly to a single (rc, f, q), and the fit improved by including two discrete ring orientations 

(Figure 3.5C). This involves a seven-parameter fit: (rc, f, q) for orientation one, (rc’, f’, and 

q’) for orientation two, and their relative population r1 = 1-r2. The {rF} distance 

components and weights predicted by this two-orientation fit correlates with the peaks 

in the clash-filtered protein-frame predictions above, indicating that both approaches 

produce sets of physically plausible conformations. However, fitting more than two 
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discrete conformations would, no doubt, improve the fit quality but risks overfitting rather 

than capturing useful geometric information. It also becomes computationally 

expensive: three conformers require 11 parameters (3 × 3 orientation parameters + 2 

population weights). These results were unexpected, given these approaches converged 

in previous work for buried phenylalanine.14 

Simulations illustrate that Gaussian conformational distributions in {c1,c2} space of 

rotamers produce distance distributions that cannot be simply approximated by 

Gaussians with shared variables. Using the clash-naïve protein parametrisation above, 

500 points were sampled around two (c1,c2) pairs with a standard deviation (SD) of 5˚. 

This could then produce distance distributions for each fluorine that correlated to an 

identical rotamer distribution. Figure 3.6 shows that the two rotamers represented by 

Gaussians (c1,c2) space cannot be approximated by Gaussians with shared parameters 

in distance space. Notably, F7 produces a distance distribution that would best be 

approximated by a single gaussian, whereas F4, F5, and F6 are two distinct populations. 

Furthermore, the rotamers are simulated at populations of 1:1, whereas the ratios by 

peak height in F4, F5 and F6 are closer to 1:5. Furthermore, the protein frame approach 

using clash-filtered distance distributions presupposes that sampled indole 

conformations have shared populations across RF2 FTrp variants. Where only a single, 

buried rotamer is concerned, this may be true, but for dynamic FTrp sidechains, the 

literature suggests that different conformations have different relative populations.18–22 

This motivates a generalisable approach that efficiently fits distance distributions from a 

set of physically plausible conformations.  
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Figure 3.6 – Simulated F-distance distributions from two (c1,c2) rotamers. In {c1,c2} dihedral space, 500 
points were sampled with a 5˚ SD around (c1 = 180˚,c2 = −60˚) and (c1 = −60˚,c2 = −60˚). For each 
sampled (c1,c2) pair, the corresponding (rF4, rF5, rF6, rF7) was determined using the models in Appendix A.2.3. 
These values were then plotted in the above histogram using 0.05 Å binning.  

3.3 Uncovering minor rotamer conformations from simulated 19F–Gd3+ 
distributions using Tikhonov regularisation 

The forward mapping from distance distributions {rF} to 𝑆(𝑣) is injective, but the reverse 

is not. Recovering {rF} from experimental spectra is therefore an ill-posed inverse 

problem. Using Tikhonov regularisation stabilises this inverse problem, combining least-

squares fitting of the measured spectrum with a penalty that favours smooth, physically 

realistic distance distributions.  

The ENDOR spectrum	𝑆(𝑣) is related to {rF} by Eq. 1: 

 𝑆(𝜈) = - 𝐾(𝑟! , 𝜈)𝑃(𝑟!)𝑑𝑟!
"#$%

"#&'
 1 

Where 𝑃(𝑟!) is the 19F–Gd3+ distance distribution for a given Fn, and 𝐾(𝑟! , 𝜈) is the ENDOR 

kernel, an array of ENDOR lineshapes for all possible distances rFn in the range [rmin, rmax]. 

Tikhonov regularisation estimates a solution 𝑃(𝑟!) for 𝑆(𝜈) by combining ordinary least-

squares fitting with a 𝑃-dependent penalty term: 

 𝑃(&) = argmin
*+,

(∥ 𝑆 − 𝐾𝑃 ∥-+𝛼- ∥ Γ𝑃 ∥-) 2 
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The first term enforces the least squares minimisation, while the second term contains 

the regularisation operator Γ (typically the second derivative) and regularisation 

parameter 𝛼 that together ensure the solution is smooth and realistic. 

Pribitzer et al. applied Tikhonov regularisation to ENDOR data of vanadyl porphyrin 

complexes with distributed isotropic and dipolar hyperfine components.23 Instead of 

imposing a smoothness criterion via ‖Γ𝑃‖, they regularised against a prior distribution 𝑃3, 

derived from DFT calculations. This adapted approach has two modifications: (i) the 

Kernel 𝐾(𝑟, 𝜈) was sampled directly from the clash-filtered rotamer library using non-

uniform discretisation of distances, making 𝐾(𝑟, 𝜈) more densely sampled at more 

probable distances and excludes conformations with a clash score above a certain 

threshold; and (ii) both the second-derivative and prior regularisation operators, and the 

prior distribution 𝑃3  was the clash-filtered library were tested. Figure 3.7A–D shows the 

regularised distance distribution solutions and regularised 19F ENDOR spectrum 

simulations to fit the experimental data. These distributions derive from discretised 

rotamers in from Figure 3.5 and refine the distance populations (Figure 3.7E–H).  
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Figure 3.7 – Tikhonov regularisation fits distance distributions to experimental spectra. (A–D) 
Experimental 19F ENDOR data (black) with Easyspin simulations using regularised distance distributions 
(red). S(t) is the ENDOR echo intensity as a function of radiofrequency offset from the 19F Larmor frequency. 
(E–H) Regularised distance distribution from Tikhonov regularisation (black line) compared to distance 
distribution from clash-filtered library (coloured histogram). Annotations represent consensus rotamers 
from Figure 3.10. 

The mapping of distances to corresponding (c1,c2) pairs is retained in the non-uniform 

discretisation, meaning the 2D probability densities of {c1,c2} can be reconstructed from 

the same regularisation. Plotting the product of these probability densities reveals that 

the geometric degeneracy between (c1,c2) is not distinguished in this approach. Figure 

3.8 illustrates that multiple (c1,c2) pairs have indistinguishable probabilities. These 

solutions are related by ~90˚ rotations in c1, and ~180˚ rotations in c2. While these 

geometrically degenerate pairs may reflect legitimate variability in the system, the 

indifferentiable confidence makes assignment of rotamers from distances using this 

methodology difficult.  

 
Figure 3.8 – Geometric degeneracy in rotamer distributions. (A) Q-value plots of rotamer fits from 
Tikhonov regularisation. The 2D (𝜒., 𝜒-) distribution matrices from four independent Tikhonov fits to 19F–
Gd3+ ENDOR spectra are normalised by area. Q-value at each (𝜒., 𝜒-) is the product of these four 
normalised probability distributions. Geometric degeneracy produces symmetry-related peaks of 
equivalent confidence, labelled (A, A’), (B, B’), (C, C’) Values (𝜒., 𝜒-) pairs with Q-values <1×10-13 are not 
plotted. (B–C) Stick illustration of two geometrically degenerate rotamers from (A). Both illustrations have 
identical backbone dihedrals, and (𝜒., 𝜒-) values were modified to match the coordinates of local Q-value 
maxima in (A).  
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To resolve this degeneracy, a consensus approach factoring in the relative probabilities 

of each (𝜒", 𝜒#) pair in each Tikhonov regularisation. A frequently populated distance may 

arise from many different rotamers, not a single predominant conformation. The 

Tikhonov-regularised (𝜒", 𝜒#) probability distributions reflect which physically plausible 

conformations best explain the experimental data for each fluorine. In the consensus 

approach, 2D probabilities are normalised and rotamers for each (𝜒", 𝜒#) that exceeds a 

30% threshold are considered a “match”. Consensus rotamers are those whose match 

count = 4. This stringency yields only 3 rotamers satisfying all four fluorotryptophan 

variants. 

 
Figure 3.9 – Consensus approach to filtering Trp rotamers from Tikhonov regularisation. Each 2D 
probability density is normalised to its maximum: 𝑃'/"#(χ., χ-) = 𝑃(χ., χ-)/𝑚𝑎𝑥[𝑃(χ., χ-)]. A rotamer 
passes threshold for a given fluorine if 𝑃'/"#(χ., χ-) ≥ 0.30 (30% of maximum). The 30% threshold captures 
all minor peaks in (𝜒., 𝜒-) distributions while excluding broad, diffuse regions representing overlapping 
conformations. (A) Consensus map, match counts (0–4) at each (𝜒., 𝜒-) pair. Three rotamers achieve 4 
matches (dark green) (b) Model distance distributions with ≥1, ≥2, ≥3 or 4 matches, coloured pink, orange, 
yellow and green, respectively. 

Figure 3.10 shows the rotamers identified as consensus conformations. Three 

consensus rotamers were identified: one distal rotamer Figure 3.10A with orientation 

similar to the AlphaFold predictions Figure 3.10D, and two proximal rotamers with 

shorter, less common distances to the lanthanide site Figure 3.10B–C. The 19F–Gd3+ 

distances for each rotamer are then compared the distance-space % of max in Figure 3.7, 
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meaning evidence supporting the population of each consensus rotamer in the model 

can be compared with experimental values. The distance rc between the centre of the six-

membered ring and the Gd3+ ion is 8.6 Å, 6.4 Å and 6.6 Å for the distal, proximal 1 and 

proximal 2 rotamers, respectively, indicating that the proximal rotamers represent a ~2 Å 

decrease in 19F–Gd3+ distance. The AlphaFold model ring distance of 8.6 Å is consistent 

with the distal rotamer, and although the (c1,c2) values differ, both conformations fall 

within the same rotamer region of the (c1,c2) plot.  

 
Figure 3.10 – Consensus rotamers from remapping of Tikhonov regularisation distances to rotamer 
conformers. Conformations are annotated with r̄ Fn values from the AlphaFold ensemble, and % of 
maximum r̄ Fn values in the Tikhonov distributions. (A–C) Fluorotryptophan rotamers illustrated in the stick 
representation. Gd3+ ion represented as a purple sphere. Annotated (c1, c2) values and distance-space 
likelihoods as % of maximum (F4–F7), within Tikhonov P(rF). (D) Alphafold ensemble rotamers, coloured by 
model number: model_0, dark blue; model_1, cyan; model_2, magenta; model_3, yellow; model_4, 
salmon. Annotated (c1, c2) represents the range across five models. 

The diversity of rotamers for each fluorine reflects the solution ensemble captured by 

snap-freezing small (4 µL) room-temperature samples in liquid N2 and then cooling to 10 

K for ENDOR. The modelling indicates that the same (c1,c2) sampling cannot be assumed 

for all four fluorotryptophan variants suggesting that fluorination changes the population 

densities. A simultaneous regularisation of all four data sets would help answer this 

question, which requires the intensities of the ENDOR spectra to be directly comparable 

to encompass a common solution with a single kernel. However, expression at 25˚C 

rather than 18˚C resulted in a large proportion of glutamine suppression at position 42, 

(Appendix Figures A.29–32) preventing quantitative interpretation of the ENDOR 

intensities across samples. Time-domain ENDOR could improve confidence by 
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producing narrower linewidths and better resolving dipolar coupling components,24 but 

requires a high-power RF amplifier. 

3.4 Conclusion 

19F–Gd3+ ENDOR reveals Trp42 in RF2 reveals at least three discrete rotamers: one distal 

conformation (c1= −80°, c2 = −65°) matching AlphaFold predictions, and two proximal 

conformations (c1,c2 = 180°, 60˚ or  c1,c2 = −45°, −70°) positioning the indole closer to 

the Gd3+ site. The proximal rotamers are less populated but place Trp42 in more 

photoactive geometries for excitation via the antenna effect. AlphaFold predicts only the 

major, less photoactive conformation, demonstrating that computational models miss 

functionally important minor populations. 

For RF2 optimisation, stabilizing the proximal rotamers (Trp-Gd3+ ≈ 6–7 Å vs Trp-Gd3+ ~9 

Å) should enhance luminescence quantum yield. Mutagenesis to restrict (c1,c2) sampling 

or backbone redesign to favour proximal geometries would test whether the minor 

conformations dominate photoexcitation transfer despite low populations. This is a 

narrow example of potential applications: catalytic residues, binding sites, and 

chromophores often derive function from minor conformations that ensemble-averaged 

structures obscure. 

Computational models may predict major conformations but can miss functionally 

important minor populations. Notably, the AlphaFold model provided the geometric 

scaffold that enabled identification of this minor population. This contrasts the typical 

workflow where predicted structures serve as an initial model to be superseded by 

experimental structure determination. For proteins that resist crystallisation, this 

approach provides design-relevant conformational information that would otherwise be 

inaccessible. The hybrid approach—genetic ncAA incorporation, 19F–Gd3+ ENDOR, and 

Tikhonov regularization against clash-filtered rotamer libraries—maps dynamic 

sidechain conformations within 5–20 Å of paramagnetic centres. The method generalises 

to any fluorinated sidechain (buried or exposed) and requires only appropriate geometric 

parametrisation of the kernel K(r,ν).  
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This work establishes that 19F–Gd3+ ENDOR can determine conformational heterogeneity 

in solution for dynamic, solvent-exposed sidechains—extending the technique beyond 

the rigid, buried residues previously characterised. The consensus filtering approach 

(Figure 1.8) used in rotamer assignment is robust in the face of questions surrounding 

conformational proportions across different samples, providing a systematic framework 

for interpreting multi-label ENDOR datasets. 

3.5 Methods 

3.5.1 Protein expression and purification 

The protein variants were produced following the protocol using fluorindoles from 

Qianzhu et al. with minor modifications.18 The pCDF plasmid containing RF2-W42Z (“Z” 

denotes amber incorporation site) was co-transformed with a pRSF plasmid containing 

either G1F4W27 or G1F7W47 into E. coli B95 B-95.DADfabR cells.25 Transformed cells 

were grown at 37˚C in LB medium containing 25 mg/L kanamycin and 25 mg/mL 

spectinomycin. 500 µL of the overnight culture was used to inoculate 50 mL LB medium, 

supplemented with same concentration of antibiotics. Cells were grown at 37˚C to an 

OD600 of 0.5, at which fluoroindole was added to a final concentration of 0.5 mM. For 4-

fluoroindole, the final concentration was 2 mM, and the media was supplemented with 

L-Tryptophan to a final concentration of 4 mM. The cells were grown for an additional 30 

minutes at 37˚C. The temperature was then reduced to 25˚C and protein expression was 

induced by the addition of 1 mM IPTG. 

After expression for 16 hours, the fusion protein was isolated from cell lysate using 

immobilised metal-ion affinity chromatography (IMAC). The fusion protein was then 

dialysed into TEV buffer (Tris-HCl pH 8.0, 300 mM NaCl) and incubated for 16 hours at 

4˚C with mild shaking after the addition of TEV protease at 50:1 ratio of protein:TEV and 

10 mM DTT. The resultant sample was then subjected to reverse IMAC, where the sample 

flow through and column wash are retained. Incorporation of fluorotryptophan was 

confirmed by mass spectrometry (Appendix A.2). 
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3.5.2 ENDOR sample preparation 

After reverse-IMAC, protein samples were dialysed into 20 mM MOPS pH 7.0, 50 mM KCl 

in 100% D2O. 10 µL samples were prepared at 200 µM protein concentration, with 100 µM 

Gd3+ (from 1 mM stock in 100% D2O) and 1 µL d8-glycerol. After preparation, samples were 

incubated for at least 1 hour at 25˚C. 4 µL of sample was then transferred into W-band 

tubes. Before collection, samples were snap frozen in liquid nitrogen.  

3.5.3 EPR, ENDOR measurements, and lineshape calculations 

The EPR and ENDOR spectroscopy, Tikhonov regularisation and ENDOR spectrum 

simulation were performed by collaborator Martyna Judd. All EPR and 19F ENDOR 

measurements were performed at 10 K on a modified W band 94 GHz E680 Bruker 

spectrometer equipped with a TE011-mode EPR/ENDOR resonator in a helium gas flow 

cryostat (Oxford Instruments). Echo-detected field sweep spectra were collected to 

characterise the EPR lineshape using the standard Hahn echo sequence p/2-t-p-𝜏–

echo, with p/2 = 20 ns, p = 40 ns and 𝜏 = 300 ns, recording the integrated echo intensity as 

a function of field position. 19F Mims ENDOR spectra were acquired at the field maximum 

of the Gd3+ EPR-spectrum, using the Mims ENDOR pulse sequence26 

p/2-t-p/2-tp,RF-p/2-t-echo. The p/2 microwave pulse length used was 12 ns, and the RF 

pulse length of tp,RF = 30 µs for all measurements at full power (100 W amplifier). ENDOR 

line shapes were calculated using Easyspin ENDOR saffron simulations.  
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Chapter 4: Structural accommodation of 4-substituted 
tryptophans in maltose-binding protein 
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4.1 4-substituted tryptophans 

Tryptophan (Trp) is the largest canonical amino acid, containing a bicyclic indole 

sidechain with a conjugated p-system, also making it the brightest fluorescent canonical 

amino acid. The hydrophobic bicyclic aromatic ring favours burial within protein cores, 

driving protein folding and stability. The indole nitrogen is essentially non-ionisable in 

physiological pH,1 acting as a hydrogen bond donor for specific polar interactions. Unlike 

tyrosine (Tyr) and phenylalanine (Phe), Trp is asymmetrical when rotated 180˚ around the 

Cb-Cg bond, doubling the distinguishable rotameric states relative to Tyr and Phe. The 

extensive p-electron surface participates in unique non-covalent interactions (cation-p 

and p-p stacking) making Trp commonly observed at protein-protein interfaces and in 

protein-ligand complexes.2,3 While many Trp positions are functionally restrained, some 

tolerate non-aromatic residues such as leucine (Leu) or methionine (Met) without loss of 

function.4 Trp’s intrinsic fluorescence—sensitive to local environment polarity—can be 

used to monitor protein folding, conformational changes and ligand binding.5–7 However, 

its ultraviolet (UV) absorption (~280 nm) and emission (~350 nm), which are damaging to 

biological systems at high dosage,8,9 motivates the incorporation of isosteric analogues 

with better photophysical properties.  

Fluorinated Trp analogues are powerful probes for Nuclear Magnetic Resonance (NMR) 

spectroscopy,10–13 and are among the most subtle variations to the Trp sidechain. The 19F 

nucleus has a spin I = − "
#

 , is 100% naturally abundant, and the 19F chemical shift is 

extremely sensitive to its local environment, with a chemical shift dispersion of over 200 

ppm in proteins.14 This makes 19F a powerful reporter of protein conformation, dynamics 

and ligand binding, enabling studies in both solution and solid states. The van der Waals 

radius of fluorine is less than 0.3 Å larger than that of hydrogen (~1.47 Å for fluorine 

compared to ~1.20 Å for hydrogen), and the C–F bond length is only marginally longer than 

the C–H bond (~1.35 Å, compared to ~1.09 Å).15,16 Furthermore, the fluorine nucleus has 

a greater X-ray scattering coefficient compared to hydrogens, meaning that the position 

of the fluorine and the precise rotamer of the sidechain clearer in X-ray 

crystallography.17,18 The substitution position of the Trp has subtle differences in the 
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electrostatics and sterics of the sidechain conformer preferences,10,19,20 of particular 

interest is the 4-position, which points toward the backbone, and thermal unfolding 

experiments found that 4-fluoro-tryptophan (4FW) did not change the Tm of a tryptophan 

zipper peptide, but did alter the energy of its unfolding intermediate.21  

Minor modifications to the Trp sidechain provide enhanced photophysical properties for 

fluorescence applications. Early analogues focused on analogues like 7-

azatryptophan,22–24 but recent work has shown 4-cyanotryptophan (4CNW) is an 

exceptionally bright fluorescent amino acid.25 The cyano substituent red-shifts excitation 

(up to 355 nm) and emission (up to 405 nm) into the near-visible spectrum where cellular 

autofluorescence and phototoxicity are greatly reduced.8 4CNW has a remarkably high 

quantum yield (QY > 0.8 in water), a long fluorescence lifetime (~13.7 ns) and excellent 

photostability.25,26 These properties enable single molecule spectroscopy, protein 

localisation in microscopy and as a fluorescent reporter for ligand binding at nanomolar 

concentrations.27–29 However, compared to 4FW, the cyano substituent is a more 

substantial steric perturbation, extending approximately 2.60 Å (Figure 4.1C) away from 

the Ce3 of the indole ring, compared to the extension of the fluorine atom of 1.35 Å (Figure 

4.1B) Like fluorine, the cyano group extends perpendicular to the plane of the indole side 

chain, due to its linear geometry.  

 

Figure 4.1 – Chemical structure of tryptophan, 4-fluorotryptophan and 4-cyanotryptophan, annotated 
with molecular weight and sidechain volume. The electron density of each sidechain was calculated with 
Orca30 using the BL3YP basis set, the volumes were measured at a level of 0.002 a.u. to approximate the 
molecular envelope.31  



Chapter 4: Structural accommodation of 4-substituted tryptophans in maltose-binding protein  

 
67 

A foundational assumption underpinning the use of ncAAs as biophysical probes is that 

these substitutions minimally perturb the structure in question, allowing the probe to 

report faithfully on native properties and dynamics. This assumption is typically 

supported by retained biological activity or low global backbone root-mean-square 

deviation (RMSD) between modified and wild-type (WT) structures. However, global 

metrics mask important local rearrangements. A sidechain can undergo a major 

conformational change, such as a rotameric flip, with negligible impact on the Ca trace 

and deceptively low RMSD. Crystallographic studies on fluorine-substituted hydrophobic 

sidechains shown that subtle accommodations are made by sidechain repacking,17,18 in 

order to accept this extra bulk, which extends even to trifluoromethylated Phe and Tyr.32 

While these changes are invisible in the Ca trace, variations in sidechain dynamics can 

have significant implications to the properties of a protein.33–36 Despite the popularity of 

substituted Trp analogues as structural probes, a more detailed atomic analysis of the 

local accommodations required to incorporate them has been lacking. This chapter 

addresses that gap by leveraging high-resolution X-ray crystallography to dissect the 

structural consequences of substituting Trp with 4FW and 4CNW in three distinct local 

environments within a single, well characterised protein scaffold. By moving beyond 

global metrics, this work defines the precise local rules governing structural 

accommodation. 

4.2 Maltose-binding protein 

Maltose-binding protein (MBP) from Escherichia coli (E. coli) was selected to 

systematically investigate the structural impact of ncAA incorporation. MBP is a 

monomeric, ~40 kDa protein that is highly soluble, expresses to high levels, and is 

exceptionally well characterised, with hundreds of crystal structures available in the 

PDB.37–40 This provides a reliable baseline for its natural conformational variability, 

against which perturbations can be rigorously assessed. E. coli MBP has eight 

tryptophans that have been extensively used to monitor the dynamics of folding and 

ligand binding.41 
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Three native tryptophan residues showing different local environments were selected for 

substitution: positions 10, 62 and 340. Trp10 is located in a packed, buried region in the 

hydrophobic core. Trp62 is in a moderately buried environment atop a b-strand. Trp340 

is positioned on the exposed surface of an a-helix, near the maltose-binding site. These 

sites represent distinct local environments in terms of solvent exposure, packing density, 

and secondary structure, providing a comprehensive testbed for assessing the rules of 

structural accommodation.  

4.2.1 Generating the MBP rotamer dataset 

A dataset of crystal structures was obtained from the PDB using EMBL-EBI’s PDBeFold 

with the MBP WT crystal structure as query, using a Q-score threshold of 70%. Unique 

entries were downloaded using the PDB batch download module. A clean dataset of 

structures was generated by creating new PDB files for each chain with pairwise 

sequence identity ≥40%, yielding 678 unique structures. Each structure was annotated 

for the presence of molecule ID “GLC” (glucose, two of which are modelled to represent 

maltose). Only X-ray crystal structures were included for analysis.  

Custom python scripts using the Biopython library computed sidechain dihedral angles 

(c1 and c2) for each residue of interest. Global pairwise sequence alignment between the 

WT reference sequence and each PDB chain facilitated mapping of the reference residue 

to its equivalent position in each structure and excluding mutations at that position. Due 

to this filter, the number of models analysed for each position varies. The final number of 

rotamers from the full rotamer dataset represents matching rotamers with matching 

residues at the designated position and is detailed in the figure captions. For most 

residues, both c1 and c2 angles were calculated and recorded. For proline (Pro), where its 

sidechain cyclised with the backbone, only the c1 was measured to describe ring pucker 

conformation. The resulting dihedral angle data was then used for comparative analysis. 

To refer to Trp rotamers, the following uses the naming convention established by 

Richardson and co-workers that is internally consistent, and the first initial refers to the 

c1 angle (t for trans, m for −60˚, p for +60˚), and the c2 angle is the population mode for 
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that class of rotamer, the c2 range describes which values of c2 are accepted as that 

rotamer (Table 4.1).42  

Table 4.1 - Rotamer nomenclature for Tryptophan, adapted from Lovell et. al.42  
 c1 c2 c2 range 
p-90˚ +60˚ −90˚ −130˚ to −60˚ 
p90˚ +60˚ +90˚ +60˚ to +130˚ 
t−105˚ 180˚ −105˚ −130˚ to −60˚ 
t90˚ 180˚ +90˚ 0˚ to +100˚ 
m−90˚ −65˚ −90˚ −130˚ to −60˚ 
m0˚ −65˚ −5˚ −40˚ to 20˚ 
m95˚ −65˚ 95˚ 60˚ to 130˚ 

 

4.3 Homogeneity of global folds 

Crystal structures were obtained for MBP variants containing single substitutions of 4FW 

or 4CNW at positions 10, 62 (4FW only), and 340, as well as the WT protein. All crystals 

belong to the P 1 2₁ 1 space group, with similar unit cell dimensions, and all structures 

represent the apo, “open” conformation of MBP. The MBP WT structure has an alignment 

RMSD of 0.424 Å to the reference E. coli MBP crystal structure from Quiocho and co-

workers.43 An RMSD of ~0.4 Å is typical for the same apo-protein in different 

crystallisation conditions, at high resolution.44,45 All variant crystal structures showed 

pairwise backbone RMSD to WT of <0.3 Å, demonstrating that the proteins are unchanged 

at the global fold level and validating the use of these analogues as probes that do not 

fundamentally alter the protein’s overall architecture. All variant crystal structures 

showed sufficient resolution to analyse sidechain variability. Table 4.2 summarises 

resolution, B-factors and Rfree values of the variants. Full crystallographic statistics are 

provided in Tables 4.3–4.5. 
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Table 4.2 - Summary of resolution, alignment RMSD to WT, Rfree and B-factors of protein atoms for the 
crystal structures in this chapter.  
 WT W10 4FW W10 4CNW W62 4FW W340 

4FW 
W340 
4CNW 

PDB ID 9CLD 9PQK 9CLC 9PQL 9PQN 9PQP 
Ca RMSD 
(Å) 

- 0.232 0.117 0.096 0.254 0.090 

Resolution 1.58 Å 1.87 Å 1.48 Å 1.58 Å 1.07 Å 1.37 Å 
Rfree 0.1763 0.2668 0.1657 0.2016 0.1596 0.214 
B-factors 25.0 30.0 23.0 17.2 17.9 27.3 

 

 

Figure 4.2 – Superimposition of all MBP variants with WT. Backbone geometry is illustrated in the ribbon 
representation. Cb atoms of Trp10, Trp62 and Trp340 in MBP WT shown as red spheres. Chains are coloured 
as follows: WT: white, W10 4FW: light blue, W10 4CNW: dark blue, W62 4FW: pink, W340 4FW: light green. 
W340 4CNW: dark green.  

4.4 Trp10 substitution 

The Trp10 residue is buried within the hydrophobic core of MBP, providing a stringent test 

of the protein’s ability to accommodate the increased steric bulk. Examination of the 

crystal structures of WT, W10 4FW and W10 4CNW reveals that the indole ring, and the 

neighbouring Pro40 and Ile60 maintain essentially the same orientation (Figure 4.3). 

Electron density is well-defined for all three structures, with clear density visible for the 

4-fluoro and 4-cyano substituents in the respective mutants (Figure 4.3B,C) 
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Figure 4.3 – Position W10, WT, 4FW and 4CNW crystal structures. 2mFo-DFc density shown as blue mesh 
contoured to 1.8 σ. Residues 10, 47 and 60 annotated and shown as a stick illustration. (A) WT crystal 
structure 9CLD. (B) W10 4FW crystal structure 9PQK, mFo-DFc density shown as green mesh contoured to 
4 σ. Difference map generated from identical structure, without the 4-F atom. (C) W10 4CNW crystal 
structure 9CLC, mFo-DFc density shown as green mesh contoured to 4 σ. Difference map generated from 
identical structure without the 4-CN substituent atoms. 

Quantitative analysis of the sidechain dihedral angles (c1/c2) reveals a more nuanced 

story. In all three structures, the sidechain adopts the m0˚ (c1 ≈ −90˚, c2 ≈ 5˚) with its 4-

position facing away from the backbone, the 4FW and 4CNW sidechains rotate clockwise 

less than 10˚. This is not an outlier in either the Dunbrack46 or Top800047 libraries for Trp. 

Figure 4.4A shows that this Trp rotamer is well represented in the MBP rotamer dataset. 

The ability of the protein to maintain the canonical rotamer even with the bulkier cyano 

group indicates a remarkable degree of local plasticity. This accommodation is achieved 

not by a change in the substituted sidechain’s conformation, but through subtle, 

distributed shifts in the positions of neighbouring residues, primarily Ile60 and Pro40. 

Between WT and 4FW, the Ile60 sidechain remains static, however, in the 4CNW 

structure the c2 rotates clockwise by ~20˚, which directly moves it away from the cyano 

nitrogen. Inspecting the rotamer distribution in the MBP rotamer dataset, this rotation is 

within the magnitude of variation that occurs between homologous crystal structures 

(Figure 4.4B), suggesting this is an acceptable accommodation.  

In both 4FW and 4CNW, Pro40 changes its pucker conformation from endo (WT) to exo 

(Figure 4.4C). This change is observed within the MBP rotamer dataset, suggesting that 

proline pucker inversion is one mechanism by which proteins can accommodate bulkier 

substituents. Pro40 is positioned facing the planar indole ring of Trp10, rather than 

directly toward the 4-position. Proline pucker is primarily influenced by backbone 
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dihedral angles, there is generally a low energy barrier between the two 

conformations.48,49 The slight counter-clockwise rotation of both the 4FW and 4CNW in 

this position, brings the indole towards the proline residue by ~0.3Å. This shift may 

provide sufficient steric pressure to invert the Pro40 pucker, as the exo conformation 

moves the Cγ atom and its hydrogen substituents further from the indole.  

 

Figure 4.4 – c1/c2 plots of positions Trp10, Phe47 and Phe60 in MBP rotamer dataset. Each plot contains 
the c1/c2 distribution for the annotated residue in the rotamer dataset. Corresponding c angles from the 
crystal structures in this study are marked on each plot and detailed in the legend. (A) c1/c2 distribution of 
Trp10, containing 525 datapoints from the full rotamer dataset. (B) c1/c2 distribution of Ile60, containing 
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510 datapoints from the full rotamer dataset. (C) c1/c2 distribution of Pro40, containing 504 datapoints 
from the full rotamer dataset. c1 < 0˚ are representative of endo proline puckers, and c1 > 0˚ are 
representative of exo proline puckers.  

The mutations at position 10 in the buried core of MBP demonstrate that increased steric 

bulk in the 4-position of the indole sidechain can be accommodated through variations 

that are inherent to the protein. Both sidechains that exhibited perturbed dihedrals 

showed changes within the range of canonical variation in the MBP rotamer dataset.  

4.5 Trp62 substitution 

The Trp62 position, moderately buried atop a beta-strand, presents a different 

environmental challenge. The 4-position of the indole sidechain typically adopts the t-

90˚ (c1 ≈ 180˚, c2 ≈ −90˚) rotamer and points between the backbone of the preceding 

residue (Phe61) and the backbone of the next b-strand in the b-sheet. The structure of 

W62 4FW was solved to 1.58 Å resolution and, like the W10 variants, shows little 

perturbation to the local or global structure (Figure 4.5B). The 4FW sidechain maintains 

the WT t-90˚ rotamer.  

 

Figure 4.5 – Position W62, WT, 4FW crystal structures. 2mFo-DFc density shown as blue mesh contoured 
to 1.8 σ. Residues 10, 47 and 60 annotated and shown as a stick illustration. (A) WT crystal structure 9CLD. 
(B) W62 4FW crystal structure 9PQL, mFo-DFc density shown as green mesh contoured to 4 σ. Difference 
map generated from identical structure without the 4-F atom.  

The fluorine makes van der Waals (vdW) contact with the backbone carbonyl oxygen of 

the preceding residue (Phe61), with an interatomic distance of 2.6 Å. The sum of vdW radii 
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is ~2.9 Å for fluorine and oxygen,15 making this a favourable contact that would become 

prohibitively repulsive if closer. This has been accommodated by a 12˚ rotation of the c1 

in 4FW relative to the WT structure. Modelling the 4FW residue at position 62 in the WT 

model with c1 reverted to −157.5˚ reduces the F···O distance to 2.5 Å. However, this 

rotation is within the expected variation seen in the MBP rotamer dataset (Figure 4.6A) 

The reorientation of Leu43 correlates with the combined repositioning of the indole 

sidechain and the 4-fluoro substituent, as the rotation moves the fluorine toward the 

aliphatic sidechain. Figure 4.6B shows that the rotation in both c1 and c2 is slightly outside 

the main distribution peak for Leu43 rotamers. This rotation is accommodated by Asn12, 

which rotates clockwise to make space for the Cd2 methyl of Leu43 Figure 4.6C.  
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Figure 4.6 – c1/c2 plots of positions Trp62, Leu43 and Asn12 in MBP rotamer dataset. Each plot contains 
the c1/c2 distribution for the annotated residue in the rotamer dataset. Corresponding c angles from the 
crystal structures in this study are marked on each plot and detailed in the legend. (A) c1/c2 distribution of 
Trp62, containing 500 datapoints from the full rotamer dataset. (B) c1/c2 distribution of Leu43, containing 
528 datapoints from the full rotamer dataset. (C) c1/c2 distribution of Asn12, containing 541 datapoints 
from the full rotamer dataset. 

As the 4-position of Trp62 faces rigid backbone atoms, the larger steric bulk of the cyano 

group at this position may not be accommodated without modifying nearby residues. 

Unlike in the W10 site, where the 4-position faces aliphatic sidechain residues, the 

protrusion at the W62 site faces backbone atoms. Therefore, there may not be sufficient 

malleable neighbouring residues to dissipate the steric strain through small, collective 
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movements. This hypothesis should be tested by biophysical measurements in future 

work.  

4.6 Trp 340 substitution 

The W340 position, located on an a-helix near the ligand-binding cleft, provides a third 

and uniquely informative environment. Here, the protein responds to the introduction of 

tryptophan analogues with distinct conformational changes. The WT Trp340 is in the 

m90˚ conformation (c1 ≈ −60˚, c2 ≈ 90˚), which is highly consistent in the MBP rotamer 

dataset. The structure of the W340 4FW variant, resolved at 1.07 Å resolution, reveals two 

distinct conformations of the sidechain (Figure 4.7B). The W340 4CNW variant shows a 

dramatic sidechain flip in both c1 and c2 (Figure 4.7C) suggesting that the increased steric 

bulk is not tolerated by the protein at this position.  

 

Figure 4.7 – Position W340, WT, 4FW, 4CNW crystal structures. 2mFo-DFc density shown as blue mesh 
contoured to 1.8 s. Residues 340, 153 and 154 annotated and shown as a stick illustration. (A) WT crystal 
structure 9CLD. (B) W340 4FW crystal structure 9PQN, mFo-DFc density shown as green mesh contoured 
to 3.5 s. Difference map generated from identical structure, without the 4-F atoms. (C) W340 4CNW crystal 
structure 9PQP, mFo-DFc density shown as green mesh contoured to 4 s. Difference map generated from 
identical structure, without the 4-CN substituent atoms. 

Comparing the observed rotamers to those in the MBP rotamer dataset, both 4FW 

conformers sample c1/c2 commonly represented within MBP crystal structures (Figure 

4.8A). However, the t-90˚ rotamer of 4CNW (c1 ≈ 180˚, c2 ≈ −90˚) less frequently 

observed. The rotations for Glu153 of ~20˚ for c1 and ~15 ˚ for c2 are necessary 

adjustments, as the indole sidechain is now rotated towards Glu153 (Figure 4.8B). The 

pucker of Pro154 is largely conserved among the structures, weighted toward the exo 
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conformation in the MBP rotamer dataset. Conformer A of Pro154 would clash with 

conformer B of 4FW, thus conformer B of Pro154 adopts the endo pucker.  

 

Figure 4.8 – c1/c2 plots of positions Trp340, Gln153 and Pro154 in MBP crystal structures. Each plot 
contains the c1/c2 distribution for the annotated residue in the rotamer dataset. Corresponding c angles 
from the crystal structures in this study are marked on each plot and detailed in the legend. (A) c1/c2 
distribution of Trp340, containing 550 datapoints from the full rotamer dataset. With corresponding c 
angles from the crystal structures in this study.  (B) c1/c2 distribution of Glu153, containing 524 datapoints 
from the full rotamer dataset. (C) c1/c2 distribution of Pro154, containing 543 datapoints from the full 
rotamer dataset. c1 < 0˚ are representative of endo proline puckers, and c1 > 0˚ are representative of exo 
proline puckers. 
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The two conformers in 4FW can be seen with clear electron density using omit maps 

(Figure 4.9) and were refined to 0.59 and 0.41 for conformer A and B, respectively. The 

maximum refined B-factors in the atoms of conformer A was 19.1, and 19.5 for conformer 

B. Omit maps were generated by omitting the atoms of one conformer while retaining the 

refined occupancy for the other. The 2mFo-DFc map contoured to 1.8 s in Figure 4.9A 

shows diffuse electron density over both conformers, with reduced density shown on the 

lower-population conformer at this contour level, particularly for the Ce3 and 4-F atoms. 

Omit maps contoured to 3–4 σ in Figure 4.9B and Figure 4.9C show density for conformer 

A and conformer B, respectively. The mFo-Fc map for conformer B also shows lower 

density for atoms Ce3 and 4-F at this contour level; however, the position of these atoms 

is well supported by strong density for the remaining sidechain atoms.  

 

Figure 4.9 – WT and W340 4FW crystal structures, showing conformational variability around position 
340. Cartoon representation shown at 50% opacity (A) MBP W340 4FW crystal structure with 2mFo-DFc 
density shown as a blue mesh contoured to 1.8 s. (B) W340 4FW crystal structure 9PQN. Conformer A is 
coloured opaque, conformer B is translucent. mFo-DFc density shown as a green mesh contoured to 4 s. 
Difference map generated from identical structure, with conformer B omitted. (C) W340 4FW crystal 
structure 9PQN. Conformer B is coloured opaque, conformer A is translucent. mFo-DFc density shown as a 
green mesh contoured to 3 s. Difference map generated from identical structure, with conformer A 
omitted.  

The observation of dual conformations is coupled to the intrinsic conformation of the 

pyrrolidine ring of the adjacent Pro154. The occupancies of the surrounding residues 

were each independently refined for two conformers, yielding occupancies of 0.59 and 

0.41, respectively, matching the values for 4FW. This Indicates that this region samples 

at least two discrete states in the crystal lattice. The most notable differences between 

these conformers are illustrated in Figure 4.10. The C═O⋯H–N distance between the 
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carbonyl of Ser337 and the backbone amide of Tyr341 increases from 2.4 Å in conformer 

A to 4.0 Å in conformer B (Figure 4.10A,C), while the N–H⋯O═C bond angle contracts 

from 160.9˚ to 135.2˚. The two conformers also show a translation of ~1 Å of the 4FW 

residue towards the Cg atom of Pro154 (Figure 4.10B,D). In the most common proline 

conformation in the MBP rotamer dataset (exo pucker), which would cause a clash 

between the Pro154 Hγ2 and the 4-F atom in conformer B, as the modelled distance would 

be 1.5 Å. Instead, Hγ2 and 4-F in conformer B have a distance of 2.7 Å, the sum of their 

vdW radii. Both pucker states are sampled in the MBP rotamer dataset, confirming that 

this is a pre-existing mode of flexibility (Figure 4.8C). The modest steric perturbation 

introduced by the fluorine atom appears to be sufficient to shift the equilibrium, allowing 

the protein to populate an alternative state to relieve strain.  

 

Figure 4.10 – Conformation differences between W340 4FW conformers A and B. (A, C) Backbone 
hydrogen bonding between Ser337 and Tyr341 differs between conformers. (B, D) Translation of 4FW toward 
Pro154 coupled with proline pucker change from exo (B) to endo (D). Cartoon representation at 70% 
transparency. 

The bulkier cyano group elicits a far more dramatic response. The crystal structure of 

W340 4CNW shows a single, unambiguous conformation in which the sidechain has 

undergone a major rotameric flip from m90˚ to t−90˚. Analysis of the MBP rotamer 
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dataset reveals that the t90˚ rotamer is never sampled by Trp340 in maltose-bound MBP 

structures (Figure 4.11), suggesting the m90˚ rotamer is important for binding site 

preorganisation. Superimposition of a holo MBP structure with similar c1/c2 to the MBP 

WT structure shows a favourable interaction between the WT Trp indole plane and bound 

maltose that would be lost in the 4CNW rotameric conformation (Figure 4.11B) Binding 

sites are preorganised to facilitate ligand binding, and this preorganisation is disrupted 

by the 4CNW substitution. This observed rotameric flip forces the sidechain into a 

conformation that is otherwise disfavoured for WT tryptophan at this position, indicating 

it is adopted by steric necessity rather than preference.  

 

Figure 4.11 – Comparison of 340 4CNW with maltose bound MBP. (A) c1/c2 plots of positions W340 in 
MBP crystal structures, with (green) and without (red) GLC present. (B) Superimposition of maltose bound 
MBP (1DMB) coloured cyan with Trp340 and GLC in the stick representation. W340 4CNW coloured dark 
red with 4CNW in the stick representation. Cartoon representation is shown translucent.  

To provide a mechanistic rationale for the observed rotameric flip in MBP 340 4CNW, a 

steric clash analysis was performed using Rosetta. The clash component of the standard 

Rosetta score function was used to compare crystal structure of MBP WT and MBP W340 

4CNW. Custom residue parameters were generated for 4CNW, and four poses were 

created in PyRosetta: WT_Trp, WT_4CNW, 340_Trp and 340_4CNW, representing both 

crystal structures with both canonical tryptophan and 4CNW at position 340. The c1 and 

c2 angles were systematically rotated in 1˚ increments, and the clash component was 
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recorded at each position, yielding 3602 values per pose. To generate the Dclash plot in 

Figure 4.12A, the clash component of WT_Trp was subtracted from WT_4CNW at 

matching c1/c2 pairs, revealing which conformations are forbidden in each model. 

Inspection of the WT model clash matrix shows that more conformations are forbidden 

with 4CNW than Trp in both models. More of the conformational space has significantly 

higher clash scores with 4CNW than with Trp, yet the canonical m90˚ rotamer is not the 

most disfavoured region. Nevertheless, experimental results demonstrate this clash 

difference is significant enough to cause the rotamer change. Analysis of the 340 model 

shows that placing a canonical tryptophan does not exclude the conformation observed 

in the 340 4CNW structure, indicating that the flipped rotamer is sterically permissible. 

However, this rotamer is rarely observed in the MBP rotamer dataset and not observed in 

the MBP WT structure, indicating that the m90˚ monomer occupies a local energy 

minimum. Taken together, these clash matrices suggest that 4CNW substitution 

introduces a steric barrier to the sidechain occupying the WT conformation, forcing 

adoption of an alternative, intrinsically less favourable but sterically viable conformation. 

The clash analysis doesn’t prove this is the thermodynamically preferred state, only that 

it’s sterically viable in the crystal structure.   

 
Figure 4.12 – Steric clash analysis of Trp and 4CNW at position 340. Dclash score heat maps showing 
the energetic penalty of 4CNW relative to Trp as a function of c₁ and c₂ angles. (A) WT model: canonical 
rotamer (c₁ ≈ −60°, c₂ ≈ 110°, circled) shows moderate clash penalty with 4CNW. (B) W340 4CNW model: 
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observed 4CNW rotamer (c₁ ≈ 180°, c₂ ≈ −90°, circled) is sterically permissible. Colour scale indicates 
Dclash score in Rosetta energy units (REU), with blue = low penalty, red = high penalty. 

4.7 Conclusion 

At position W10, collective sidechain movements accommodate both 4FW and 4CNW 

without rotamer change. W62 4FW is similarly tolerated through minor sidechain 

adjustments. At W340, 4FW inverts the Pro154 pucker while maintaining the canonical 

rotamer. W340 4CNW forces a rotameric flip from m90˚ to t−90˚, the nearest steric 

accommodation pathway available when local geometry cannot absorb the increased 

bulk of the cyano group.  

 
Figure 4.13 – Summary figure of tryptophan analogues in their local environments.  
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While the incorporation of 4-substituted tryptophans is indeed minimally perturbing at 

the global scale, the local structural consequences are highly context-dependent. 

Despite low global RMSD, this chapter illustrates distinct context-dependent 

accommodation mechanisms. Buried cores tolerate substitution through distributed 

sidechain movements: W10 maintains the canonical rotamer for both 4FW and 4CNW 

the subtle, correlated changes in Pro40 and Ile60. W340 4FW, with its 4-position facing 

towards Pro154, populates dual conformers coupled to Pro154 pucker conformations, 

and W340 4CNW is not accommodated as the native rotamer.  

Before selecting a site for substitution, the local environment should be assessed for its 

capacity to tolerate the introduced steric bulk. Densely packed cores may accommodate 

bulk through distributed plasticity, as innocuous variations in the sidechains can 

comfortably accommodate the introduction. In position 62, where the 4-F extension 

makes vdW contact with the next residues carbonyl oxygen, crystals were unable to be 

obtained. Introduction of steric bulk that builds into the backbone of the protein is more 

likely to demand a greater conformational change. However, solvent-exposed sites may 

permit large rearrangements of the ncAA geometry relative to the substituted amino acid, 

if the protein cannot accommodate the substitution.  

4.8 Methods 

4.8.1 Cloning, expression and purification 

MBP was cloned, expressed and purified by collaborators Elwy H. Abdelkader, Haocheng 

Qianzhu and Adarshi P. Welegedara. In short: E. coli B-95.ΔA∆fabR cells were co-

transformed with pRSF-4CNWRS or pRSF-4FWRS and pCDF plasmids containing amber 

codon-interrupted or wild-type MBP genes.50 Cells were cultured in LB medium with 25 

mg/L kanamycin and 25 mg/L spectinomycin, supplemented with 1 mM 4CNTrp or 4FW 

for mutant proteins. Expression was induced with 1 mM IPTG at OD600 0.6–1.0 and cells 

harvested after overnight growth at room temperature. Cell pellets were resuspended in 

buffer A (50 mM Tris-HCl pH 7.5, 300 mM NaCl, 5% glycerol, 10 mM imidazole), lysed 

using an Avestin Emulsiflex C5 (10,000–15,000 psi, two passes), and clarified by 
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centrifugation (30,000 g, 60 min, 4°C). Lysate was loaded onto a 1 mL His GraviTrap 

column (Cytiva), washed with buffer B (buffer A with 20 mM imidazole), and eluted with 

buffer C (buffer A with 500 mM imidazole). 

4.8.2 Size-exclusion chromatography 

MBP WT was loaded onto a HiLoad 26/600 Superdex 75 pg column (Cytiva) equilibrated 

with buffer F (10 mM MES pH 6.2, 0.2% sodium azide). Fractions containing MBP WT were 

identified by SDS-PAGE, combined, and concentrated to 35 mg/mL using a 10 kDa MWCO 

Amicon ultrafiltration tube (Merck Millipore), then diluted to 15 mg/mL in buffer F. 

Following reverse IMAC, MBP-4CNW was dialyzed into buffer F and concentrated to 15 

mg/mL using a 10 kDa MWCO Amicon ultrafiltration tube. 

4.8.3 Crystallisation 

Crystallisation screening was performed using Crystal Screen HT (Hampton Research) at 

18°C with 1:1 protein:reservoir solution (0.5 µL total volume). MBP WT crystals grew 

within 36 hours in  condition E12 (0.1 M cadmium chloride, 30% PEG 400, 0.1 M sodium 

acetate pH 4.6). Crystals were reproduced by hanging drop vapor diffusion (1 µL protein, 

2 µL well solution, 500 µL reservoir). MBP-4CNW/4FW crystals were obtained by seeding: 

3 µL MBP WT crystal drop was crushed in 50 µL condition E12 using a seed crusher, 

diluted to 550 mL, and serially diluted. Large cubic of all reported MBP-4CNW/4FW 

crystals grew within 36 hours using 10-4–10-6 dilution of seed stock. Crystals were 

cryoprotected with Parabar (Hampton Research) before flash-freezing in liquid nitrogen. 

4.8.4 Structure determination and refinement 

Diffraction data were collected at 100 K at the Australian Synchrotron MX2 beamline51 

and processed using XDS52 in space group P 1 2₁ 1. Data were scaled in Aimless (CCP4).53 

Structures were solved by molecular replacement (Phaser MR, CCP4)54 using PDB ID 

1JW4 as the search model, followed by remodelling in Coot55 and refinement in Phenix56 

and REFMAC.57 Space group was validated using Zanuda.58 For MBP-4FW structures, 4FW 

restraints from the CCP4 ligand library were used. For MBP-4CNW, custom CIF restraints 
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for 4-cyanotryptophan were generated by building the cyano-substituted tryptophan in 

PyMOL,59 optimizing the ground state geometry in Orca using the B3LYP basis set,30 and 

processing the resulting structure in eLBOW60 to generate the CIF dictionary. Space group 

and metal geometry were validated using Zanuda58 and the CheckMyMetal server,61 

respectively. NcAAs were modelled using the replace residue function in Coot. Data 

collection and refinement statistics are in Table 4.3–5. Structures are deposited in the 

Protein Data Bank: 9CLD (MBP WT), 9CLC (MBP W10 4CNW), 9PQK (MBP W10 4FW), 

9PQL (MBP W62 4FW), 9PQN (MBP W340 4CNW) and 9PQP (MBP W340 4FW). 
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4.9 Crystallographic statistics 

Table 4.3 – Table of crystallographic statistics of MBP WT and MBP W10 4CNW. 
 MBP WT MBP W10 4CNW 
PDB ID 9CLD 9CLC 
Data collection   
Source Australian Synchrotron MX2 Australian Synchrotron MX2 
Space group P 1 21 1 P 1 21 1 
Cell dimensions   
  a, b, c (Å) 43.82 64.52 57.64 43.91 64.66 57.73 
  α, β, γ (°) 90.0 101.2 90.0 90.0 101.4 90.0 
Resolution (Å) 42.99 – 1.58 (1.62 – 1.58) 42.56 – 1.48 (1.51 – 1.48) 
Rmerge 0.074 (0.933) 0.084 (0.851) 
Rpim 0.037 (0.464) 0.048 (0.488) 
I/σI 10.6 (1.7) 10.0 (2.2) 
CC1/2 0.998 (0.635) 0.995 (0.464) 
Completeness (%) 99.5 (99.3) 96.2 (94.4) 
Redundancy 1.8 (1.8) 4.0 (4.0) 
   
Refinement   
Resolution (Å) 42.99 – 1.58 (1.62 – 1.58) 42.56 – 1.48 (1.51 – 1.48) 
No. reflections 42956 (2845) 50774 (2753) 
Rwork/Rfree 0.1583 / 0.1763 (0.2373 / 

0.2521) 
0.1538 / 0.1657 (0.2639 / 
0.2962) 

Number of atoms   
    Protein 2916 2928 
    Ligand/ion 88 107 
    Solvent 316 298 
B-factors (overall) 25.0 23.0 
    Protein 22.3 21.0 
    Ligand/ion 48.7 48.9 
    Solvent 43.7 33.8 
RMS deviations   
    Bond lengths (Å) 0.007 0.006 
    Bond angles (°) 0.91 0.87 

aValues in parentheses are for the highest resolution shell. 
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Table 4.4 – Table of crystallographic statistics of MBP W10 4FW and MBP W62 4FW 
 MBP W10 4FW MBP W62 4FW 
PDB ID 9PQK 9PQL 
Data collection   
Source Australian Synchrotron MX2 Australian Synchrotron MX2 
Space group P 1 21 1 P 1 21 1 
Cell dimensions   
  a, b, c (Å) 43.96 64.97 57.63 43.84 64.62 57.77 
  α, β, γ (°) 90.0 101.0 90.0 90.0 101.4 90.0 
Resolution (Å) 42.67 – 1.87 (1.94 – 1.87) 42.97 – 1.58 (1.62 – 1.58) 
Rmerge 0.226 (1.509) 0.107 (1.050) 
Rpim 0.144 (0.919) 0.065 (0.658) 
I/σI 5.9 (1.5) 10.8 (1.8) 
CC1/2 0.994 (0.571) 0.999 (0.658) 
Completeness (%) 99.6 (99.1) 99.6 (94.4) 
Redundancy 6.7 (7.1) 7.2 (7) 
   
Refinement   
Resolution (Å) 42.67 – 1.87 (1.94 – 1.87) 42.59 – 1.37 (1.39 – 1.37) 
No. reflections 26253 (2868) 63758 (2808) 
Rwork/Rfree 0.2099 / 0.2668 (0.3008 / 

0.3433) 
0.1611 / 0.2016 (0.3372 / 
0.3441) 

Number of atoms   
    Protein 2886 2947 
    Ligand/ion 15 41 
    Solvent 127 406 
B-factors (overall) 30.0 17.2 
    Protein 30.0 15.6 
    Ligand/ion 41.0 26.7 
    Solvent 30.8 27.9 
RMS deviations   
    Bond lengths (Å) 0.009 0.015 
    Bond angles (°) 0.97 1.80 

aValues in parentheses are for the highest resolution shell. 
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Table 4.5 – Table of crystallographic statistics of MBP W340 4CNW and MBP W340 4FW 
 MBP W340 4CNW MBP W340 4FW 
PDB ID 9PQN 9PQP 
Data collection   
Source Australian Synchrotron MX2 Australian Synchrotron MX2 
Space group P 1 21 1 P 1 21 1 
Cell dimensions   
  a, b, c (Å) 43.86 64.43 57.35 43.78 64.64 57.84 
  α, β, γ (°) 90.0 101.0 90.0 90.0 101.5 90.0 
Resolution (Å) 43.05 – 1.37 (1.39 – 1.37) 42.62 – 1.07 (1.08 – 1.07) 
Rmerge 0.085 (2.528) 0.047 (0.804) 
Rpim 0.053 (1.54) 0.029 (0.411) 
I/σI 10 (0.8) 16.9 (1.9) 
CC1/2 0.999 (0.556) 1.000 (0.556) 
Completeness (%) 99.3 (98.2) 97.1 (88.5) 
Redundancy 6.8 (5.5) 6.8 (5.5) 
   
Refinement   
Resolution (Å) 43.05 – 1.37 (1.39 – 1.37) 42.62 – 1.07 (1.08 – 1.07) 
No. reflections 65166 (2623) 63758 (2808) 
Rwork/Rfree 0.1816 / 0.2140 (0.3545 / 

0.3704) 
0.1395 / 0.1596 (0.3016 / 
0.3156) 

Number of atoms   
    Protein 2878 3221 
    Ligand/ion 60 37 
    Solvent 371 729 
B-factors (overall) 27.3 17.9 
    Protein 25.6 14.0 
    Ligand/ion 44.0 40.3 
    Solvent 37.5 34.0 
RMS deviations   
    Bond lengths (Å) 0.007 0.005 
    Bond angles (°) 0.51 0.87 

aValues in parentheses are for the highest resolution shell. 
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5.1 Introduction 

Visible-light microscopy has become central to visualising biomolecular processes in 

their native cellular context, with marked advances in resolving power over the last two 

decades.1 Yet, fluorescence readouts are often complicated by local physicochemical 

variables, such as solvent polarity,2 viscosity,3 pH,4 and conformational dynamics,5 

which modulate the fluorophore’s quantum yield, extinction coefficient, spectra, and 

lifetime. While such sensitivity can be exploited when rigorously calibrated, many 

applications benefit from a compact reporter whose signal is stably correlated with the 

protein of interest and minimally perturbs native structure and function.6–8 Furthermore, 

dye-labelling typically targets native nucleophilic sidechains, most commonly cysteines, 

making them positionally non-specific when more than one of the target nucleophilic 

residue are present in the sequence.9–12 Genetically encoded fluorescent protein (FP) 

fusions remain a workhorse for adding fluorescence to specific proteins, but they are 

intrinsically large (~27 kDa), often restricted to termini, and can affect folding,13 

trafficking,14 oligomerisation,15 or activity.16 By contrast, a single fluorescent amino acid 

embedded within a folded protein provides a minimalist label with far less steric burden, 

fixed stoichiometry, and a well-defined microenvironment. This chapter develops and 

validates such an approach using the nitrobenzodiazole (NBD) family of fluorophores. 

5.1.1 Nitrobenzodiazole fluorophores 

NBD scaffolds are classical push-pull systems in which an electron donor couples to a 

strong acceptor through a p-framework.17 Photoexcitation produces an intramolecular 

charge-transfer (ICT) state, whose dipole and radiative/non-radiative partitioning depend 

strongly on their local environment, yielding pronounced solvatochromism and 

fluorogenic “switch-on” behaviour.18,19 In polar media, NBD emission is weak and red-

shifted; in non-polar or viscous environments it brightens and blue-shifts. These 

properties have been exploited in membrane and protein studies since the 1960s,18–21 and 

NBD excitation/emission (blue–green/green–yellow) is accessible to commonplace 
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lasers and filters, enabling routine live-cell imaging while avoiding deep-UV excitation 

that elevates phototoxicity22,23 and exacerbates cellular autofluorescence.24 

Figure 5.1 illustrates the chemical formulae of N-(7-nitro-2,1,3-benzoxadiazol-4-yl)-L-

2,3-diaminopropionic acid (NBDO, lex/lem = 470/550 nm) and its selenium analogue N-(7-

nitro-2,1,3-benzoselenadiazol-4-yl)-L-2,3-diaminopropionic acid (NBDSe, lex/lem = 

490/600 nm).25 Both maintain a compactness and neutrality that minimise steric and 

electrostatic disruption, yet deliver visible fluorescence and large Stokes shifts that 

facilitate clean separation of excitation and emission in multicolour experiments.  

 

Figure 5.1 – Chemical structure of tryptophan, NBDO and NBDSe. The electron density of each sidechain 
was calculated with Orca26 using the B3LYP basis set, the volumes were measured at a level of 0.002 a.u. 
to approximate the molecular envelope.27  

Despite their promise, NBD-based amino acids were not accessible as genetically 

encoded targets before this work. Their site-specific incorporation into proteins was 

limited to technically demanding in vitro strategies,28–30 which produce sufficient material 

for fluorescence readouts but insufficient quantities for structural investigation. This 

precluded systematic structural analysis of how proteins accommodate NBD 

fluorophores and how the local environment modulates their photophysical properties.  

5.1.2 Fluorescent protein chromophore formation 

Green fluorescent protein (GFP) from Aequorea victoria transformed cell biology with a 

genetically encoded tag that becomes fluorescent through autocatalytic chemistry.31 An 

11-stranded b-barrel encloses the chromophore-forming tripeptide (positions 65–67) on 
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a central helix, creating a solvent-shielded microenvironment that both protects the 

nascent chromophore and catalyses its maturation.32 Maturation proceeds via a multi-

step pathway. First, the backbone amide of residue 67 (usually glycine) attacks the 

carbonyl of residue 65 to cyclise into an imidazolinone. Subsequent dehydration and O2-

dependent oxidation of the Ca–Cb bond at residue 66 extends the p-system through the 

sidechain to yield the mature chromophore.33 While the order of the final steps remains 

debated, it is agreed that an arginine (Arg96) stabilises the developing 

enolate/electrophilic centre, while a glutamate (Glu222) acts as a general base.34,36 

The modern palette of fluorescent proteins (FPs) spans blue37 to near-IR38 and varies in 

brightness,39,40 chromophore pKa,41 photoswitching42 and oligomeric state43,44 (see 

FPbase).45 Yet, this diversity is built on canonical amino acids (mostly tyrosine (Tyr), 

tryptophan (Trp) or phenylalanine (Phe)) alone. Naturally occurring anthozoan 

chromoproteins follow the same basic scaffold but often undergo an additional N-Ca  

oxidation to form an N-acylimine, extending conjugation and bathochromically shifting 

absorbance while frequently reducing fluorescence.46–49 Genetic code expansion (GCE) 

has been used to diversify this aromatic position and typically produces modest but 

diagnostic spectral shifts while retaining autocatalytic maturation.50–57 Collectively, these 

studies show that the b-barrel will accommodate a wide range of substituted aromatics. 

All cited examples rely on a C–C oxidation to form the methine bridge between the 

side-chain aromatic and the imidazolinone backbone. By contrast, the work presented 

here reveals p-conjugation extending across a methylene bridge between the side-chain 

and imidazolinone, mediated by an exocyclic secondary amine. This is a fundamentally 

distinct mode of chromophore formation that expands the chemical space accessible 

within the FP scaffold.  

This chapter establishes NBD amino acids as compact, visible-light fluorescent reporters 

that preserve native protein architecture and function. A structure-guided analysis using 

a model nanobody to describes how NBD sidechains are accommodated into a protein 

core, and how the local environment modulates their photophysical properties. The 
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structure of the NBD amino acids incorporated into FPs is then presented. These amino 

acids are incorporated into the conserved aromatic residue site within the chromophore-

forming tripeptide of a FP scaffold, where the fully mature chromophore is shown. This 

illustrates that the exocyclic secondary amine can participate in the autocatalytic 

maturation to furnish novel chromophores, highlighting how NBD chemistry can both 

report on and be integrated into protein function. Overall, by leveraging the small size, 

fluorogenicity and visible light compatibility of NBD amino acids, this work delivers a 

minimally perturbing route to protein-specific fluorescence that complements and 

improves upon FP fusions. The structural and spectroscopic data provided here are 

intended to guide rational placement of NBD reporters in other proteins and to enable 

reliable interpretation of their signals in biological settings. 

5.2 Structural analysis of a nanobody functionalised with NBD-
fluorophores 

To assess whether NBD amino acids can be incorporated into buried sites without 

disrupting protein structure or function, the high-affinity H11 nanobody was selected as 

a model system.58 H11 binds the N-terminal lobe of human activity-regulated 

cystoskeletal protein (ArcNL), which is ubiquitous in neuronal cells.59 Tryptophan 37 

(W37) lies buried within the nanobody core, and the model system was reported to 

crystallise well.58  

5.2.1 Tryptophan-NBD pseudoisosterism 

NBDO and NBDSe can occupy similar 3-dimensional space to Trp, despite the L-2,3-

diaminopropionic acid linker other extra heavy atoms. The secondary amine linker in 

NBDO introduces an additional dihedral angle (c3, defined by Cb-Ng-Cd-Ce1). In Trp, the c2,2 

angle is defined by the Ca-Cb-Cg-Cd2 dihedral is analogous to the c2 dihedral in NBDO 

(defined by Ca-Cg-Nγ-Cd). When c1 and c2/c2,2 dihedrals are matched and corresponding 

atoms are superimposed, overlap between NBDO and Trp has two maxima at 15˚ and 

180˚, corresponding to alignment of the ring planes (Figure 5.2). The bicyclic ring system 

of the NBD superimposes with the six-membered ring of Trp. In addition, there are fewer 
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H-atoms for NBDO/NBDSe relative to Trp, meaning the volume of NBDO is closer to that 

of Trp than would be inferred by looking at only the heavy atoms. While the overlap 

minima and maxima are identical for NBDSe, the increased steric bulk of NBDSe means 

the volume of the amino acid is ~20% larger than Trp, compared to ~10% for NBDO. The 

increased volume  arises not only from the larger van der Waals (vdW) radius of selenium 

compared to oxygen, but also from the increased bond length of the associated N-Se 

covalent bonds, which projects the centre of the selenium atom 3.7 Å from the centre of 

the 6-membered ring, as opposed to 3.2 Å for oxygen in NBDO.  

 
Figure 5.2 – Theoretical overlap between Trp (white) and NBDO (cyan). (A and B) Stick illustrations set to 
matching dihedral angles. (A) shows NBDO with c3 = –90˚, (B) shows NBDO with c3 = 15˚. (C) Normalise 
overlap calculated by using the overlap command in PyMOL for the superimposed amino acids, for every 
5˚ c3 angle in NBDO, and dividing the result by the self-overlap of Trp.  

5.2.2 Crystal structure of ArcNL–H11 W37 NBDO 

The crystal structure of ArcNL–H11-W37 NBDO (H11 NBDO) was refined to 1.56 Å (PDB 

ID: 9PZZ). The asymmetric unit contains two independent copies of the ArcNL–H11 

heterodimer. Superimposition of the two heterodimer pairs within the asymmetric unit 

produces a root-mean-square-deviation (RMSD) for all 190 Ca atoms of less than 0.2 Å.  
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The incorporation of NBDO at position 37 preserves the global protein architecture. 

Superimposition of the H11 NBDO nanobody onto the WT structure (PDB ID: 8QF4)58 

yields RMSD values of 0.248 Å (chain A) and 0.159 Å (chain B), confirming that the 

canonical immunoglobulin fold is maintained. Antigen binding is also preserved. The 

buried surface area (BSA) between H11 W37 NBDO and ArcNL is 1050 Å2, which is nearly 

identical to the 1044 Å2 reported for the wild-type (WT) complex (Figure 5.3).58 The H11 

native fold accommodates the steric bulk of NBDO relative to Trp through local sidechain 

repacking.  

 

Figure 5.3 – Overall structure of H11 NBDO and protein binding interface with ArcNL. (A) Ribbon 
representation of WT ArcNL–H11 heterodimer (White, PDB ID: 8QF4), protomer 1 of ArcNL–H11 NBDO 
(cyan), protomer 2 of ArcNL–H11 NBDO (green). NBDO amino acid in stick representation in red. Key polar 
contacts are represented by dashed yellow lines (B, C) Protein binding interface between ArcNL and 
nanobody, (B) WT nanobody (white) interface with ArcNL (grey), buried surface area 1044 Å2.58 (C) H11 W37 
(cyan) interface with ArcNL (dark blue), buried surface area 1050 Å2.  

The NBDO sidechain adopts a rotameric state that closely mimics the native tryptophan. 

The c1 dihedral is -83.6˚ (c1 = −73.2˚ in WT), and the c2 is−73.3˚ (c2,2 = −88.1˚ in WT). The 
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c3 angle is 174.9˚ matching a predicted maximum overlap from Figure 5.2. 

Accommodation of the NBDO sidechain is achieved by repacking of neighbouring 

residues (Figure 5.4). Glu8 c1/c2 changes from −54.6˚/93.1˚ in WT to −62.4˚/147.6˚ in 

W37 NBDO, which is a ~60˚ rotation in its c2 angle. Val81 flips its c1 from −161.3˚ to 

54.1˚, which increases the distance between the aromatic sidechain and the Val81 Cb. 

The high-resolution electron density map shows unambiguously that the NBD 

fluorophore is buried and excluded from bulk solvent, with no ordered water molecules 

observed within vdW contact. Relative to the free amino acid in PBS, buried NBDO 

sidechain in H11 has a blue-shifted emission maximum (540 nm → 500 nm), and a ~1.7x 

increase in brightness (Figure 5.4C). 

 

Figure 5.4 – Local environment of NBDO in the W37 position and fluorescence enhancement. (A) 
Cartoon and stick illustration of ArcNL–H11 W37 NBDO, green mesh represents mFo-Fc contoured to 6 σ, 
generated by omitting NBDO sidechain atoms. (B) Superimposition of ArcNL–H11 W37 NBDO and ArcNL–
H11 WT. (C) Fluorescence emission spectra in PBS. Free NBDO: ε = 17,833 ± 26 M-1cm-1, QY = 7.2 ± 0.1%, 
brightness = 1284, λex/λem = 470/540 nm. H11 W37 NBDO: ε = 13,304 ± 197 M-1cm-1, QY = 16.3 ± 0.5%, 
brightness = 2169, λex/λem = 435/500 nm. Both samples were measured at 10 µM. Brightness is calculated 
as ε × QY.  



Chapter 5: Minimalist fluorescent reporters and novel autocatalytic chromophore chemistry with NBD 
amino acids  

 
101 

5.2.3 Crystal structure of ArcNL–H11 W37 NBDSe 

The crystal structure of ArcNL–H11 W37 NBDSe was determined to a resolution of 2.8 Å 

(PDB ID: 9Q00). The position of the NBDSe residue was confirmed by a strong peak in the 

anomalous difference map corresponding to the selenium atom (Figure 5.6). Despite the 

increased steric bulk, the global architecture and its binding function remain intact. The 

Ca RMSD relative to the WT structure is 0.462 Å (chain A, 124 Ca pairs) and 0.464 Å (chain 

B, 124 Ca pairs). The binding interface with ArcNL is conserved, with BSA values of 1048 

Å2 (chain A) and 1050 Å2 (chain B).  

 

Figure 5.5 – Overall structure of H11 NBDO and protein binding interface with ArcNL. (A) 
Superimposition of the ribbon representations of WT ArcNL–H11 (PDB ID: 8QF4, white), chain A of ArcNL–
H11 NBDSe (PDB ID: 9Q00, cyan), and chain C of ArcNL–H11 NBDSe (green). The Ca RMSD between the 
NBDSe variants and WT are 0.462 Å (chain A) and 0.464 Å (chain C), respectively. (B) The binding interface 
between H11 (chain A) and ArcNL (chain B) with a BSA of 1048 Å². 

Like NBDO, the NBDSe sidechain adopts a rotameric state similar to native tryptophan. 

The c1 dihedral is −77.7˚ (c1 = −73.2˚ in WT) and c2 is −76.9˚ (c2,2 = −88.1˚ in WT). The 

c3 angle is 177.8˚, maintaining the conformation observed in NBDO. Accommodation of 
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the increased steric bulk requires repacking of neighbouring sidechains. Val81 flips its c₁ 

from −161.3˚ in WT to 53.9˚ in NBDSe, moving the sidechain away from the selenium 

atom. Glu8 undergoes rotameric shifts: c1/c2 changes from −54.6˚/93.1˚ in WT to 

−59.2˚/148.5˚ in the NBDSe variant, which is the same magnitude of variation as in the 

H11–NBDO structure. The electron density map shows the NBDSe fluorophore remains 

buried and excluded from bulk solvent, with no ordered water molecules within vdW 

contact. The quantum yield increases 55-fold from 0.4% (free NBDSe in PBS) to 21.9% 

(H11 W37 NBDSe) (Figure 5.6C). 

 

Figure 5.6– Local environment of NBDSe in the W37 position. (A) Cyan, cartoon, stick of NBDSe, mFo–
mFc density shown as green mesh contoured to 3 s, anomalous difference map shown as orange mesh 
contoured to 4 s (B) Superimposition of ArcNL–H11 NBDSe and ArcNL–H11 WT. (C) Fluorescence emission 
spectra in PBS. Free NBDSe: e = 13,457 ± 28 M-1cm-1, QY = 0.4 ± 0.1%, brightness = 54, lex/lem = 490/595 
nm. H11 NBDSe: e = 8950 ± 187 M-1cm-1, QY = 21.9 ± 0.3%, brightness = 1960, lex/lem = 470/530 nm. Both 
samples were measured at 10 µM. Brightness is calculated as ε × QY. 

The nanobody structures demonstrate that NBD amino acids are pseudo-isosteric to 

tryptophan and can be accommodated at buried sites through local sidechain repacking 

without disrupting global fold or function. The dramatic fluorescence enhancement upon 

incorporation (brightness increases 2.3-fold for NBDO and 55-fold for NBDSe) likely 
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arises from two synergistic mechanisms which have been reported in studies on the free 

NBD sidechain moiety. First, the non-polar, solvent-excluded environment suppresses 

solvent-mediated quenching, to which NBD fluorophores are particularly susceptible.17,21 

The greater enhancement for NBDSe reflects the higher sensitivity of its QY to solvent 

quenching. Second, viscosity has been established to reduce the non-radiative decay 

constant of NBD.18 The tight packing by surrounding residues restricts torsional motion 

of the amino acid, reducing dynamics-related non-radiative decay. These results 

establish that strategic placement of NBD amino acids at buried Trp sites can generate 

minimally perturbing, self-reporting proteins with significantly higher quantum yields in 

the protein relative to water. 

5.3 NowGFP with NBD chromophores 

To test whether the chromophore position of a fluorescent protein provides a buried 

environment for NBDO, NowGFP was selected as a scaffold. FPs are sequence optimised 

for expression and stability, and NowGFP natively has a tryptophan in the central helix 

tripeptide.61 The resultant proteins were unexpectedly dark blue with both NBDO and 

NBDSe (Figure 5.7A), contrasting with the yellow of the precursor amino acid and the 

green of NowGFP. This provided the first evidence that autocatalytic chromophore 

formation had occurred through the exocyclic secondary amine, which is not present in 

canonical amino acids. UV-Vis absorption spectroscopy confirmed the origin of the 

colour. The spectrum revealed a strong, broad absorption across most visible 

wavelengths. A distinct transmission window in the blue region produces the observed 

hue by selective absorption. This mechanism is fundamentally different from the colours 

of GFPs where colour arises mostly from the emission of photons at longer wavelengths 

following excitation. NowGFP NBDO and NowGFP NBDSe show similar UV-Vis spectra, 

with a bathochromic shift of the main absorption peak to 620–640 nm (Figure 5.7B). 

Fluorescence spectroscopy revealed weak emission peak at 690 nm from excitation at 

620 nm for NowGFP NBDO, and an emission peak at 540 nm for excitation at 440 nm and 

350 nm (Figure 5.7C). UV-Vis of the R96A variant, a mutation known to halt chromophore 
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formation,33 lacks the ~470 nm absorbance peak, confirming that the NBD chromophore 

maturation requires the same autocatalytic machinery as canonical GFP.  

 
Figure 5.7 – Spectral comparison of NowGFP NBDO, NowGFP NBDSe and NowGFP R96A NBDO. (A) 
(1)NowGFP WT NBDO, (2)NowGFP NBDSe, (3) NowGFP R96A NBDO showing visible colour of purified 
proteins. (B) Crystal of NowGFP NBDO. (C) UV-Vis absorption spectra normalised to maximum signal. 
NowGFP WT NBDO (purple), NowGFP WT NBDSe (blue), NowGFP R96A NBDO (red). The R96A variant lacks 
the mature chromophore, retaining absorption at 470 nm characteristic of free NBDO. (D) Emission spectra 
of NowGFP NBDO at different excitation wavelengths, normalised to maximum peak height at λex = 440 nm. 
λex = 350 nm (red), λex = 610 nm (blue), λex = 440 nm (green).  

5.3.1 Crystal structure of NowGFP NBDO 

The crystal structure of NowGFP NBDO was determined to 1.36 Å. The asymetric unit 

contains two protein molecules. The protein maintains the canonical 11-stranded β-

barrel fold characteristic of GFP family proteins. Overlay of the Ca backbone with that of 

NowGFP WT yields RMSD values of 0.248 Å (chain A) and 0.157 Å (chain B) indicating that 

the incorporation of NBDO preserves the overall protein architecture. The omit map of 
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the chromophore model contoured at 8 s confirms that a novel intramolecular 

condensation reaction has occurred.  

 

 

Figure 5.8 – Overall structure of NowGFP NBDO reveals preservation of the β-barrel fold and 
unambiguous density for the novel chromophore. (A) Superimposition of the Ca traces of NowGFP NBDO 
chain A (magenta) and chain B (orange) with NowGFP WT (white, PDB ID: 4RTC). The matured NBDO 
chromophore is shown as a teal stick model. (B) mFo-DFc omit electron density map (green mesh) 
contoured at 8.0 s, calculated after omitting the entire matured chromophore from the model. The 
surrounding 2mFo-DFc density (blue mesh), contoured at 2.0 s, highlights the well-resolved residues bound 
to the imidazolinone ring.  

The NBDO sidechain adopts a rotameric state that closely mimics that of the native Trp. 

The c1 angle is 3.4˚ which is nearly identical to the 2.3˚ observed for Trp66 in NowGFP 

WT. The rotation of the sidechain around the bond between the b- and g- atoms (c2,2 in Trp 

and c2 in NBDO) is 168.6˚ for NBDO, and 172.4˚ in the WT structure. The c3 is in a trans-
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conformation (178.2˚). This planar arrangement allows the NBD ring system to occupy a 

similar three-dimensional volume to the indole ring of Trp, demonstrating the same 

pseudo-isosterism observed in H11. The nitro group of NBDO protrudes between two b-

strands to face the solvent (Figure 5.9B) without disrupting any b-sheet hydrogen bonds 

that are present in the NowGFP WT structure. There are subtle shifts in the relative 

locations of the backbone atom coordinates relative to the WT, but these do not 

drastically change the distance between any paired carbonyls and amides (Figure 5.9B).  

 

Figure 5.9 – Superimposition of NowGFP WT (white, PDB ID: 4RYW) and NowGFP NBDO (magenta). (A) 
Close up of chromophore sidechain, Lys61 and Glu222. Dashed lines represent polar contacts in WT (grey) 
and NBDO (yellow) protein. 2 dashes are equivalent to approximately 1 Å. (B) Protrusion of the NBDO nitro 
group through the b-sheet, with backbone distances marked with dashed lines.  

The novel chromophore induces subtle changes in the local electrostatic environment. 

In NowGFP WT, a salt bridge between the sidechains of Lys61 and Glu222 stabilises the 

chromophore pocket, with Glu222 functioning as a general base that abstracts a proton 

during maturation.34,62 In crystal structures of NowGFP WT grown at pH 9.0, the Lys61 

terminal amine is positioned 3.0 Å from the Trp Ne1, which spectroscopic evidence 

indicates is deprotonated at this pH. In NowGFP NBDO, Lys61 is best modelled with a 

low occupancy alternate conformation (0.28 occupancy), indicating conformational 

flexibility. The minor conformer positions Lys61 within hydrogen-bonding distance of 
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both the imidazolinone nitrogen and the exocyclic secondary amine of the methine linker 

(Figure 5.9B). This configuration is consistent with partial negative charge on both 

nitrogen atoms.  

5.4 Crystal structure of NowGFP NBDSe 

The crystal structure of NowGFP NBDSe was determined to 1.87 Å resolution. The global 

11-stranded b-barrel architecture is conserved. Alignment with NowGFP WT yields Ca 

RMSD values of 0.337 Å for chain A and 0.281 Å for chain B, marginally higher than those 

for NowGFP NBDO (0.248 Å and 0.157 Å). This indicates that NBDSe induces moderately 

greater structural perturbation. The position of NBDSe was confirmed by a strong peak in 

the anomalous difference map at 6 s, corresponding to the selenium atom (Figure 5.10).  

 

Figure 5.10 – Overall structure of NowGFP NBDSe and localisation of the selenium atom. (A) 
Superimposition of NowGFP NBDSe chain A (salmon) and chain B (deep red) with NowGFP WT (white, PDB 
ID: 4RTC). The matured NBDSe chromophore is shown as a teal stick model. (B) Electron density maps 
confirming the chromophore structure. The mFo-DFc is shown as a green mesh contoured to 4.5 s. The 
anomalous difference map is shown as an orange mesh, contoured to 6.0 s. The 2mFo-DFc density is shown 
as a blue mesh for surrounding residues contoured to 2.0 s. 
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The NBDSe chromophore sidechain maintains a similar orientation to the WT tryptophan. 

The c1 and c2,2/c2dihedrals differ by only 6.3˚ and 1.5˚, respectively, and c3 is in the 

expected trans conformation (−3.8˚). The b-strand distortion is more pronounced than 

in NBDO, with changes in the hydrogen bond network. New backbone hydrogen bonds 

form between the b-strands of 201–209 and 146–149. Concurrently, the hydrogen bond 

between the carbonyl of Tyr164 and the backbone amide of Asn151 is lost. These 

rearrangements accommodate the larger selenium atom through local adjustment of the 

b-barrel wall.  

 

Figure 5.11 – Differences in the b-sheet of the NowGFP scaffold. NowGFP NBDSe (salmon) and NowGFP 
WT (white). (A) interactions between residues 201–209 and 146–149, with polar contacts illustrated as 
dashed lines. (B) interactions between residues 146–149 and 164–169, dashed lines represent polar 
contacts.  

Increased steric pressure from NBDSe causes changes to nearby aliphatic residues and 

backbone positioning (Figure 5.12). In NowGFP NBDSe the Lys61 is locked into a single, 

100% occupancy conformation. Ile146 shifts away from its WT position; its c1 has rotated 

from −159.3˚ in the WT to 54.8˚, positioning both the methyl and ethyl groups away from 

the selenium atom. c2 changes from 100.7˚ to 179.1˚, further rotating the ethyl arm away 

from the NBDSe. Concurrently, Ser205 rotates inward from −159.3˚ in the WT to −48.6˚ 

in NBDSe. Thr203 translates a short distance, but its c1 remains relatively unchanged 
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(−66.9˚ to −53.1˚) This repacking positions Lys61 between Glu222 and the exocyclic 

secondary amine of the methine linker.  

 

Figure 5.12 – Local environment changes in NowGFP NBDSe. (A) Superimposition of NowGFP WT (white) 
and NowGFP NBDSe (salmon) showing repacking of aliphatic residues Ile146, Ser205, and Thr203 around 
the chromophore. (B) Electrostatic network around the chromophore. Lys61 adopts a single conformation 
positioned between Glu222 and the exocyclic secondary amine. Yellow dashes: polar contacts in NBDSe; 
grey dashes: polar contacts in WT. Dashes are approximately 1 Å per 2 dashes. 

5.5 Restoring NBD chromophore formation in a related scaffold 

The NBDO forms an autocatalytic chromophore in NowGFP but not its ancestor 

mCerulean, despite a conservative set of 17 mutations differentiating the sequence 

(Figure 5.13). Both contain the autocatalytic residues Arg96 and Glu222, but mCerulean 

WT NBDO retains the colour of unmatured NBDO. The NowGFP NBDO/NBDSe structures 

show that Lys61 contacts the mature chromophore, and the nitro group protrudes out 

between β-strands 146–149 and 164–169. mCerulean differs at several of these 

positions: Lys61 → Val61, Gly148 → Asp148, Tyr164 → Asn164, Thr166 → Lys166. 

Positions 164 and 166 point their sidechains toward the solvent, and so their mutation to 

different sidechains would minimally affect the chromophore. Reversion of Val61 and 

Asp148 to their NowGFP equivalents showed that chromophore maturation could be 

restored with the D148G mutation alone.  
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Figure 5.13 – Sequence alignment of NowGFP and mCerulean. Secondary structure elements mapped 
onto sequence: β-strands (cyan), a-helix (red), chromophore-forming central helix (dark blue), loops 
(green). Seventeen substitutions separate the scaffolds, with key differences at positions 61 (Lys → Val) 
and 148 (Gly → Asp) adjacent to the chromophore cavity. Residue numbering corresponds to protein 
sequence. 

Superimposition of Cerulean and NowGFP structures shows that Asp148 directly clashes 

with the space occupied by the NBDO nitro group during chromophore maturation (Figure 

5.14A). In NowGFP NBDO, this nitro substituent protrudes between β-strands 7 and 10, 

where Gly148 provides an open pocket. Asp148 in Cerulean closes this space with both 

steric bulk and electrostatic repulsion from the carboxylate. Position 148 also controls 

O2 access to the chromophore cavity. Mechanistic studies on multiple GFP variants show 

that conformational flexibility at position 148 permits transient O2 entry required for 

chromophore oxidation, despite crystal structures capturing predominantly "closed" 

conformations in the mature protein.35,63–65 The Cerulean crystal structure (PDB 2WSO, 

differing from mCerulean by A206K)66 shows complete burial of the tryptophan 

chromophore with no solvent channels (Figure 5.14D), yet the smaller indole sidechain 

permits sufficient backbone mobility for O2 diffusion during maturation. The bulkier 

NBDO substituent may restrict this flexibility when Asp148 is present, preventing both 

nitro group protrusion and O2 access, both established as important for chromophore 

maturation.35,63–65 The mutation may also relieve steric clash between the NBD nitro group 

and the backbone of the central helix, which needs specific geometry for the initial 

cyclisation.67 
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Figure 5.14 – Steric clash of Asp148 with the NBDO chromophore and solvent exclusion in the β-barrel 
cavity. (A) Superimposition of NowGFP NBDO (magenta), NowGFP WT (white, PDB 4RTC), and Cerulean 
WT (green, PDB 2WSO) showing chromophores and backbone positions of Gly148 (NowGFP) and Asp148 
(Cerulean) in stick representation. The NBDO nitro group occupies the space near by the Asp148 sidechain 
in Cerulean. (B–D) Surface representations with chromophores shown in blue stick models. (B) NowGFP 
NBDO with Gly148 providing an open pocket for nitro group protrusion. (C) NowGFP WT with open pocket 
to the Trp chromophore. (D) Cerulean WT showing complete chromophore burial with no surface-
accessible channels to the chromophore cavity.  

5.5.1 Crystal structures of mCerulean D148G NBDO and mCerulean D148G/V61K 
NBDO 

The D148G mutation restores chromophore formation. The UV-Vis spectrum of 

mCerulean D148G NBDO shows the characteristic mature chromophore absorption at 

620–640 nm but retains residual unmatured NBDO absorption at 440 nm (Figure 5.15C). 

Given that Lys61 in NowGFP NBDO adopts a conformation contacting the exocyclic 

secondary amine, the V61K mutation was introduced to test whether this interaction 

could eliminate the residual unmatured absorption. The D148G/V61K double mutant 

loses this residual peak, yielding an absorption spectrum indistinguishable from 

NowGFP NBDO.  

Crystal structures of mCerulean D148G NBDO (PDB 9Y97, 1.74 Å) and mCerulean 

D148G/V61K NBDO (PDB 9Y98, 1.56 Å) both reveal mature chromophores with 
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unambiguous electron density for the conjugated system (Figure 5.15A,B). The global 

architecture and chromophore geometry are essentially identical in both structures (Ca 

RMSD = 0.185 Å).  

 
Figure 5.15 – Rescue of chromophore formation by D148G and complete maturation with 
D148G/V61K. (A) mCerulean D148G NBDO chromophore (cyan) with 2mFo–DFc density shown as blue 
mesh contoured to 2 s and mFo–DFc omit density shown as green mesh contoured to 4 s, calculated by 
omitting all chromophore atoms and pictured water. (B) mCerulean D148G/V61K-NBDO chromophore with 
2mFo–DFc density shown as blue mesh contoured to 2 s and mFo–DFc omit density shown as green mesh, 
contoured to 5.0 s, calculating by omitting all chromophore atoms and Lys61 sidechain atoms. (C) UV-Vis 
absorption spectra normalized to maximum absorbance. mCerulean WT NBDO (red) shows only 
unmatured NBDO absorption at 440 nm. mCerulean D148G NBDO (green) shows mature chromophore 
absorption at 620–640 nm with residual unmatured NBDO at 440–490 nm. mCerulean D148G/V61K NBDO 
(blue) matches NowGFP WT NBDO (purple) with complete chromophore maturation. 

In the mCerulean D148G NBDO structure, a water molecule is positioned within 

hydrogen-bonding distance of the exocyclic secondary amine of the mature 

chromophore (2.8 Å). In the mCerulean D148G/V61K NBDO structure, this water 

molecule is replaced by the terminal amino group of Lys61. Both crystal structures show 

fully mature chromophores with unambiguous electron density for the complete 



Chapter 5: Minimalist fluorescent reporters and novel autocatalytic chromophore chemistry with NBD 
amino acids  

 
113 

conjugated system (Figure 5.15A,B), despite mCerulean D148G NBDO exhibiting residual 

unmatured NBDO absorption at 440 nm in its UV-Vis spectrum. 

In the mCerulean D148G/V61K NBDO structure, Lys61 adopts a rotamer outlier 

conformation (c1 = −27.8˚, c2 = −114.7˚), with the c1 angle deviating ~30˚ from the 

nearest preferred rotamer (c1 = 180˚, c2 = −120˚).68 This conformation positions the 

Lys61 terminal amine 3.3 Å away from the exocyclic secondary amine. A similar minor 

occupancy conformation of Lys61 is observed in NowGFP NBDO. In the Trp-containing 

NowGFP WT, Lys61 stabilises an anionic Trp Ne1.61,69–71 This suggests there may be a 

charge-charge interaction between the lysine and the NBDO chromophore. Lys can act 

as a neutral hydrogen bond acceptor in protein cores, but this has only been reported 

with direct experimental evidence twice.72,73 The shared chromophore structures, 

coupled with the complete disappearance of unmatured NBDO absorption in mCerulean 

D148G/V61K NBDO suggests that chromophore maturation proceeds fully in the D148G 

single mutant, but one conformation sampled in solution does not have complete p-

delocalization. The water molecule seen in the crystal structure of D148G could be H3O+ 

or H2O playing the role of Lys61 when it is absent. In solution, the secondary amine 

equilibrium (protonated/deprotonated) would populate multiple states. Lys61 shifts this 

equilibrium toward the fully delocalised form, eliminating the 440 nm absorbance peak 

observed in the D148G single mutant.  

5.5.2 Novel chromophore chemistry with NBD amino acids 

A plausible chromophore formation pathway (Figure 5.16) can be constructed from the 

well-known FP chromophore maturation chemistry as well as the UV-vis spectra and 

structures of the above variants. The reaction begins with the canonical, autocatalytic 

cyclisation of the protein backbone involving the glycine at position 67, favoured by the 

canonical helical kink enforced by the b-barrel structure (1), which is not perturbed by the 

substitution of Trp with NBDO. Arg96 stabilises the dehydration forming the 

imidazolinone ring (2), maturation does not proceed with the R96A mutant. Maturation 

proceeds with oxidation by O2 (3), the D148G mutation allows O2 diffusion into the b-
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barrel core. After oxidation, deprotonation must occur for the fully conjugated species 

(4), which is favoured by Lys61.  

 

Figure 5.16 – Proposed autocatalytic maturation pathway for the NBDO chromophore in NowGFP. 
NBDO chromophore formation proceeds through four steps: (1) nucleophilic attack by Gly67 backbone 
nitrogen on Thr65 carbonyl forms the imidazolone ring; (2) dehydration eliminates H₂O, tautomerisation 
forms the imidazole (3) oxidation of the Ca–Cb bond forms amino-substituted methine bridge; (4) The 
mature chromophore exists in protonation equilibria (+H⁺/–H⁺) involving the imidazolinone nitrogen and 
the bridging secondary amine, extending p-conjugation across the NBD and imidazolinone rings. This 
pathway diverges from canonical GFP chromophores by forming a C═N–CH═ bridge instead of a C–CH═ 
bridge. 

Canonical GFP chromophores, built from Tyr, Trp, or Phe, mature through Ca–Cb 

oxidation that forms a methine bridge directly between the aromatic ring and the 

imidazolinone (Figure 5.16A). Previous ncAA incorporations at position 66 have followed 

this same mechanism, producing spectroscopically different proteins through modified 

aromatic systems but retaining the canonical bridging chemistry. The NBD chromophore 

is unique: maturation proceeds canonically via oxidation of the Ca–Cb bond, but a further 

deprotonation must occur for p-conjugation across the L-2,3-diaminopropionic acid 

linker (Figure 5.16B). This extended conjugation across the methylene spacer illustrates 

that chromophore formation can occur from sidechains with an additional nitrogen 

between the sidechain and the backbone.  

For context, Anthozoan chromoproteins achieve extended p-systems compared to 

standard GFP chromophores(Figure 5.17A) and bathochromic shifts through NH–CH → 

N═C oxidation (Figure 5.17C), but this occurs on the Asn65 backbone rather than through 

the bridging linker. The rational rescue of chromophore formation in mCerulean through 

the D148G mutation demonstrates that this new pathway is predictable and amenable 

to engineering. These results expand the chemical space accessible to autocatalytic 
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chromophore formation in FPs, establishing that autocatalytic chromophore formation 

occurs with non-canonical L-2,3-diaminopropionic acid linkers. 

 
Figure 5.17 – Distinct mature chromophores in fluorescent protein scaffolds. (A) Canonical GFP 
chromophore derived from Trp65 in NowGFP WT (PDB 4RTC). Ca–Cb oxidation forms a methine bridge (C–
CH═C) directly connecting the indole ring to the imidazolinone. (B) NBDO-derived chromophore in 
NowGFP NBDO showing amino-substituted methine bridge (C═N–CH═C) formed via the exocyclic 
secondary amine. p-Conjugation extends across the extended amino substituted methylene spacer. (C) 
Chromoprotein chromophore from gfasPurple (Tyr65) showing N-acylimine extension formed by additional 
N–Ca oxidation. All three chromophores share the imidazolinone core but differ in bridging chemistry and 
aromatic components. 

5.6 Conclusion 

This work investigates the biophysical principles for engineering minimally perturbing 

fluorescent reporters through genetic code expansion. The H11 nanobody structures 

demonstrate that NBD amino acids are pseudo-isosteric to Trp and can replace buried 

Trp residues while preserving protein fold and function (Ca RMSD ≤0.45 Å). Solvent 

exclusion and restricted conformational dynamics in the hydrophobic core produce 

dramatic fluorescence enhancement: brightness increases 2.3-fold for NBDO and 55-

fold for NBDSe relative to unincorporated amino acids in aqueous solution. This validates 

a labelling strategy that avoids both the burden of fluorescent protein fusions and the 

non-specificity of chemical labelling.  

The NowGFP and mCerulean structures reveal that autocatalytic chromophore 

formation can accommodate novel conjugation pathways. Structure-guided restoration 
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of chromophore formation allowed the partial rescue of NBDO chromophore maturation 

with the mCerulean D148G mutant, and full chromophore maturation was restored with 

the mCerulean D148G/V61K mutant. The proposed maturation pathway proceeds via the 

canonical Ca–Cb bond oxidation step, and following an additional deprotonation step, p-

conjugation extends across the amino-substituted methine bridge (C═N–CH═C) rather 

than the direct linker (C–CH═C) found in all previous GFP chromophores. This extended 

conjugation establishes that autocatalytic maturation can proceed in the presence of an 

L-2,3-diaminopropionic acid linker. These results provide structural evidence for a novel 

chromophore framework that proceeds autocatalytically, and a structural rationale for 

placing fluorescent amino acids in a defined microenvironment to enable self-reporting 

fluorescent nanobodies. 

5.7 Methods 

5.7.1 Development of translation system to incorporate NBD amino acids 

The development of the orthogonal translation system to incorporate the NBD amino 

acids in Figure 5.1 was developed by Haocheng Qianzhu. Selection was carried out in E. 

coli DH10B cells co-transformed with pBK-G1RS, encoding the G1PylRS mutant library, 

and pBAD-H6RFP, a reporter plasmid expressing a red fluorescent protein (RFP) with an 

amber codon inserted after an N-terminal His6 tag (His6-TAG-RFP). A series of alternating 

positive and negative selection rounds were performed using fluorescence-activated cell 

sorting (FACS) to enrich for active and orthogonal synthetase variants NBDO and NBDSe. 

Following multiple rounds of selection, colonies were isolated and RFP expression levels 

were evaluated. The top-performing clones were sequenced and used in the following 

experiments.  

5.7.2 Cloning, expression and protein purification 

Protein constructs were cloned, expressed and isolated by collaborators Elwy H. 

Abdelkader, Haocheng Qianzhu, and Nathan Paul. In short: E. coli B-95.ΔA∆fabR cells 

were co-transformed with pRSF-NBDORS or pRSF-NBDSeRS and pCDF plasmids 
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containing amber codon-interrupted or wild-type genes.74 Cells were cultured in LB 

medium with 25 mg/L kanamycin and 25 mg/L spectinomycin, supplemented with 0.5 

mM NBDO/NBDSe. Expression was induced with 1 mM IPTG at OD600 0.6–1.0 and cells 

harvested after overnight growth at room temperature. Cell pellets were resuspended in 

buffer A (50 mM Tris-HCl pH 7.5, 300 mM NaCl, 5% glycerol, 10 mM imidazole), lysed 

using an Avestin Emulsiflex C5 (10,000–15,000 psi, two passes), and clarified by 

centrifugation (30,000 g, 60 min, 4°C). Lysate was loaded onto a 1 mL His GraviTrap 

column (Cytiva), washed with buffer B (buffer A with 20 mM imidazole), and eluted with 

buffer C (buffer A with 500 mM imidazole). 

5.7.3 Size-exclusion chromatography 

NowGFP variants were loaded onto a HiLoad 26/600 Superdex 75 pg column (Cytiva, 

USA) equilibrated with buffer D (20 mM Tris pH 8.0, 200 mM NaCl). Fractions containing 

NowGFP-WT were identified by SDS-PAGE, combined, and concentrated to 33.6 mg mL-

1 using a 10 kDa MWCO Amicon centrifugal filter (Merck Millipore, USA), then diluted to 

25 mg mL-1 in buffer D. 

ArcNL was run on a HiLoad 26/600 Superdex 75 pg column equilibrated in phosphate-

buffered saline (PBS); peak fractions were pooled and concentrated (3 kDa MWCO). H11-

NBDO and H11-NBDSe were prepared identically. Equimolar ArcNL and H11 variants 

were mixed and re-run on the same SEC column; the monodisperse heterodimer peak 

was verified by SDS–PAGE and concentrated to 10 mg mL-1. Heterodimer stocks were 

diluted to 5, 2.5 and 1.25 mg mL-1 for crystallisation trials. 

5.7.4 Protein crystallisation 

For NowGFP, samples of 25 mg mL-1 were subjected to sparse-matrix screening (SG1 

Screen HT-96, MD1-89; Molecular Dimensions) at 18 °C used 0.5 µL total drops (1:1 

protein:reservoir). Multiple crystals grew within 18 h in 0.2 M ammonium sulfate, 25% 

PEG 4 K, 0.1 M sodium acetate pH 4.6 (condition C1). After fine-screening, crystals were 

reproduced by hanging-drop vapour diffusion (1 µL protein + 2 µL well) over 500 µL of 
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buffer E (35% PEG 3350, 0.2 M ammonium sulfate, 0.1 M sodium acetate pH 4.6). A 5 µL 

NowGFP-WT crystal drop was transferred into 50 µL buffer E and crushed with a melted-

tip seed crusher. The slurry was brought to 550 µL and serially diluted; large hexagonal 

crystals of NowGFP NBDO grew within 36 h using 10-6 seed dilutions in 1 µL + 1 µL drops 

against buffer E. Following the crystallisation of NowGFP NBDO, crystals of NowGFP 

NBDSe, NowGFP A150V NBDO, mCerulean D148G NBDO and mCerulean D148G V61K 

NBDO could be reproduced by using seeds of NowGFP NBDO and fine screening of 

protein concentration (± 5 mg mL-1) and PEG 3350 concentration (±10%). 

For ArcNL–H11 (NBDO/NBDSe), fine-screening by hanging-drop vapour-diffusion (2 µL 

total drops) was guided by Hampton pre-crystallisation test conditions and protein 

concentrations of 5, 2.5 and 1.25 mg mL-1. Initial clusters formed in buffer F 0.1 M Tris-

HCl pH 8.5, 1 M ammonium sulfate (condition B1) at all protein concentrations. After 

iterative seeding and ammonium-sulfate gradients, single crystals suitable for data 

collection were obtained for both ArcNL–H11-NBDO and ArcNL–H11-NBDSe at 1.25 mg 

mL-1 in 2 M ammonium sulfate, 0.1 M Tris-HCl pH 8.5. 

All crystals were cryoprotected with Parabar (Hampton Research) and flash-cooled in 

liquid nitrogen. 

5.7.5 Structure determination and refinement 

Diffraction data were collected at 100 K on the Australian Synchrotron MX2 beamline75. 

Data were indexed and integrated with XDS76 and scaled with Aimless (CCP4)77. 

Molecular replacement used Phaser (CCP4);78 for ArcNL–H11 datasets a suitable 

homolog (PDB ID: 8QF4) was used as the search model, for both NowGFP and 

mCerulean, the NowGFP crystal structure was used as the search model (PDB ID: 4RTC). 

Iterative rebuilding was performed in Coot79 and refinement in Phenix80. For ArcNL–H11, 

extensive space group validation60 was used to confirm that the non-crystallographic 

symmetry (NCS) operator was indeed a property of the unit cell in the C 1 21 1 space 

group, and not higher order crystallographic symmetry. 
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For ncAA-derived chromophores, CIF restraints were produced by building the molecule 

in PyMOL,81 the ground state geometry in Orca using the BL3YP basis set,26 and CIF 

dictionaries were generated with eLBOW.82 Where applicable, anomalous difference 

Fourier maps were inspected to confirm selenium sites. Data-collection and refinement 

statistics are reported in Table 5.1–1.5, and coordinates have been deposited under: 

9PZZ (ArcNL–H11 W37 NBDO), 9Q00 (ArcNL–H11 W37 NBDSe), 9Q01 (NowGFP W66 

NBDO), 9Q02 (NowGFP W66 NBDSe), 9Y97 (mCerulean D148G NBDO) and 9Y98 

(mCerulean D148G V61K NBDO). 

5.7.6 UV-Vis and fluorescence 

UV-Vis and fluorescence spectra were collected by collaborators Elwy H. Abdelkader and 

Haocheng Qianzhu. UV-Vis spectra and extinction coefficient measurements were 

performed on a Cary 50 UV-Vis spectrophotometer (Agilent, USA) in PBS, with a cuvette 

path length of 1 cm. Fluorescence measurements were performed on a Cary Eclipse 

fluorescence spectrophotometer (Agilent, USA), using samples diluted to 10 µM in PBS 

with a cuvette path length of 1 cm. Extinction coefficients were measured in PBS in 

triplicate. Quantum yields (QYs) were determined using the protocol of Würth et. al.83 

using either tryptophan (280 nm) or quinine sulfate (305 nm) as reference standard. 

Brightness is calculated as the product of extinction coefficient and QY.  
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5.8 Crystallographic statistics 

Table 5.1 - Table of crystallographic statistics of ArcNL–H11 W37 NBDO and ArcNL–H11 W37 NBDSe. 

 ArcNL–H11 W37 NBDO ArcNL–H11 W37 NBDSe 
PDB ID 9PZZ 9Q00 
Data collection   
Source Australian Synchrotron MX2 Australian Synchrotron MX2 
Space group C 1 21 1 C 1 21 1 
Cell dimensions   
  a, b, c (Å) 113.0 44.1 88.8 113.8 44.3 89.0 
  α, β, γ (°) 90.0 92.7 90.0 90.0 98.2 90.0 
Resolution (Å) 48.68 – 1.56 (1.58 – 1.56) 44.65 – 2.84 (3.13 – 2.84) 
Rmerge 0.105 (1.107) 0.433 (1.107) 
Rpim 0.066 (0.690) 0.286 (0.755) 
I/σI 11.5 (1.6) 6.1 (1.7) 
CC1/2 0.998 (0.442) 0.951 (0.434) 
Completeness (%) 100.0 (100.0) 99.9 (99.8) 
Redundancy 6.8 (6.9) 6.1 (5.7) 
   
Refinement   
Resolution (Å) 48.68 – 1.56 (1.58 – 1.56) 44.65 – 2.84 (3.13 – 2.84) 
No. reflections 62461 (2704) 10612 (2634) 
Rwork/Rfree 0.1856 / 0.2267 (0.2962 / 

0.3437) 
0.2156 / 0.2807 (0.2156 / 
0.3933) 

Number of atoms   
    Protein 3138 3109 
    Ligand/ion 36 36 
    Solvent 683 115 
B-factors (overall) 23.8 34.7 
    Protein 21.8 35.2 
    Ligand/ion 14.1 27.3 
    Solvent 33.7 21.7 
RMS deviations   
    Bond lengths (Å) 0.008 0.003 
    Bond angles (°) 0.83 0.66 

aValues in parentheses are for the highest resolution shell. 
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Table 5.2 - Table of crystallographic statistics of NowGFP NBDO and NowGFP NBDSe 

 NowGFP W66 NBDO NowGFP W66 NBDSe 
PDB ID 9Q01 9Q02 
Data collection   
Source Australian Synchrotron MX2 Australian Synchrotron MX2 
Space group P 21 21 21 P 21 21 21 
Cell dimensions   
  a, b, c (Å) 51.80 52.00 196.70 50.76 50.83 192.95 
  α, β, γ (°) 90.0 90.0 90.0 90.0 90.0 90.0 
Resolution (Å) 49.18 – 1.36 (1.38 – 1.36) 49.15– 1.87 (1.91 – 1.87) 
Rmerge 0.108 (2.255) 0.150 (2.058) 
Rpim 0.032 (0.911) 0.062 (0.843) 
I/σI 13.7 (1.3) 12.4 (0.9) 
CC1/2 0.999 (0.338) 0.999 (0.450) 
Completeness (%) 100.0 (100.0) 100.0 (100.0) 
Redundancy 13.3 (13.7) 12.8 (13.3) 
   
Refinement   
Resolution (Å) 49.18 – 1.36 (1.38 – 1.36) 49.15– 1.87 (1.91 – 1.87) 
No. reflections 114914 (3759) 42304 (2581) 
Rwork/Rfree 0.1646 / 0.1895 (0.3372 / 

0.3580) 
0.1688 / 0.2105 (0.3002 / 
0.3325) 

Number of atoms   
    Protein 3774 3720 
    Ligand/ion 60 63 
    Solvent 794 617 
B-factors (overall) 22.6 31.6 
    Protein 20.5 30.3 
    Ligand/ion 14.5 25.7 
    Solvent 33.14 39.9 
RMS deviations   
    Bond lengths (Å) 0.007 0.007 
    Bond angles (°) 0.90 0.92 

aValues in parentheses are for the highest resolution shell. 
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Table 5.3 - Table of crystallographic statistics of mCerulean D148G NBDO and mCerulean D148G/V61K 
NBDO. 

 mCerulean D148G NBDO mCerulean D148G/V61K NBDO 
PDB ID 9Y97 9Y98 
Data collection   
Source Australian Synchrotron MX2 Australian Synchrotron MX2 
Space group P 21 21 21 P 21 21 21 
Cell dimensions   
  a, b, c (Å) 51.5 62.3 65.9 51.2 62.7 69.4 
  α, β, γ (°) 90.1 89.9 90.1 90.0 90.0 90.0 
Resolution (Å) 45.43 – 1.74 (1.77 – 1.74) 46.52 – 1.56 (1.61 – 1.56) 
Rmerge 0.232 (3.528) 0.257 (1.773) 
Rpim 0.093 (1.427) 0.116 (0.784) 
I/σI 13.4 (1.1) 9.6 (1.7) 
CC1/2 0.998 (0.500) 0.996 (0.303) 
Completeness (%) 99.8 (94.8) 99.8 (100.0) 
Redundancy 13.4 (13) 11.4 (11.8) 
   
Refinement   
Resolution (Å) 45.43 – 1.74 (1.77 – 1.74) 46.52 – 1.56 (1.61 – 1.56) 
No. reflections 22530 (2718) 32415 (2655) 
Rwork/Rfree 0.1580 / 0.1938 (0.2618 / 

0.2976) 
0.1849 / 0.2209 (0.3133 / 
0.3392) 

Number of atoms   
    Protein 1842 1857 
    Ligand/ion 30 28 
    Solvent 289 315 
B-factors (overall) 26.9 20.9 
    Protein 25.5 19.5 
    Ligand/ion 23.2 12.9 
    Solvent 36.12 29.2 
RMS deviations   
    Bond lengths (Å) 0.007 0.007 
    Bond angles (°) 0.92 0.91 

aValues in parentheses are for the highest resolution shell. 
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6.1 Conclusion and future directions 

This thesis elucidates biophysical principles for the design of photoluminescent proteins. 

Genetic code expansion enabled systematic characterisation of fluorescent non-

canonical amino acids as lanthanide-sensitising antennae. Then, de novo design yielded 

a compact lanthanide-binding mini-protein featuring a non-canonical antenna with 

desired photoluminescent properties. A new methodology for inferring indole sidechain 

orientations at a dynamic site was developed. The structural consequences of 

incorporating tryptophan analogues were determined through X-ray crystallography. 

Visible-light fluorescent amino acids were introduced into proteins, demonstrating 

enhanced photophysical properties in a nanobody and a novel autocatalytic 

chromophore formation in a fluorescent protein.  

The first part of Chapter 2 identified 6-azatryptophan as an exceptional sensitiser and 

quantified how antenna structure trades off energy-transfer efficiency against 

lanthanide-binding affinity. Future work should decompose the S1 and T1 contributions to 

energy transfer, alongside determining the quantum yield of each complex. This would 

resolve the photophysical pathways that ultimately govern antenna choice. As the 

spectral properties of S1 and T1 may correlate with local environment, such analyses 

could underpin rational design of lanthanide-luminescent proteins as environment-

responsive probes.  

The second part of Chapter 2 developed RF2, a de novo mini-protein with strong, 

lanthanide-selective binding affinity that maintains robust binding despite variation of the 

antenna chromophore. RF2 provides a compact, genetically encodable binding scaffold 

for lanthanide ions, producing robust lanthanide luminescence in a small protein. Such 

a small, bright, lanthanide-luminescent protein is well suited for future applications in 

time-resolved microscopy, visualisation of slow biomolecular processes, and 

multiplexed labelling where long-lived emission is advantageous. Future iterations of this 

design should decrease the q-value to ~0, enhancing luminescence and likely increasing 

binding affinity. Determining the precise lanthanide coordination environment in RF2 at 
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will clarify the structural basis of its modest ion discrimination and guide design of 

proteins with stronger lanthanide selectivity.  

Chapter 3 applied 19F–Gd3+ ENDOR spectroscopy to resolve rotamer populations of the 

tryptophan sidechain in a highly dynamic, solvent-exposed position. By integrating 

genetic code expansion, clash-filtered rotamer libraries and ENDOR-derived distance 

distributions, this work showed that low-population c1/c2 conformations of a tryptophan 

side chain can be distinguished and quantitatively analysed in a protein environment. 

This establishes a general framework for using 19F–Gd3+ ENDOR to read out sidechain 

conformations in systems where crystal structures are difficult to obtain, or multiple 

conformational states coexist. Beyond protein design, understanding how fluorinated 

groups are oriented and accommodated in protein contexts is directly relevant to drug 

design, where many small-molecule therapeutics contain fluorine substituents; the 

conceptual and analytical tools developed in Chapter 3 can therefore inform both the 

design of fluorinated biophysical probes and the interpretation of fluorine-containing 

ligands at protein targets. 

Chapter 4 determined high-resolution crystal structures of maltose-binding protein 

containing 4-fluorotryptophan and 4-cyanotryptophan, which represent two degrees of 

steric extension at the 4-position of tryptophan. These structures revealed that aliphatic 

sidechains can readily shift to accommodate extra steric bulk, and retain the native 

tryptophan rotamer, but backbones are less accommodating. Because current structure 

prediction models remain limited to canonical amino acids, expanding this type of 

structural data will refine principles for choosing non-canonical amino acid incorporation 

sites that preserve protein activity while acting as faithful fluorescent reporters.  

Chapter 5 applied the understanding of fluorescent sidechain accommodation to 

nanobody engineering. Two visible-light fluorescent amino acids were substituted at 

position W37, sidechain repacking accommodated their incorporation and significantly 

enhanced the fluorescence of the introduced amino acids. Whether W37 represents a 

generalisable substitution position for immunoglobulin folds warrants further 
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investigation, but this work identifies it as a promising site. Nanobodies have applications 

as targeting modules in imaging, diagnostics, and therapeutics. Therefore, these bright, 

site-specifically incorporated amino acids provide a route to genetically encoded, 

specialised fluorescent probes with well-defined photoluminescence. Canonical 

chromophore maturation chemistry was extended across an introduced secondary 

amine, yielding an unprecedented chromophore with near-IR emission within a 

genetically encoded scaffold; this spectral region is particularly attractive for deep-tissue 

imaging and multiplexed readouts. Future work should stabilise its fluorescent geometry 

and evaluate its performance in cellular and in vivo imaging contexts. 

Collectively, this work establishes a biophysically grounded framework for designing 

photoluminescent proteins that is directly translatable to practice. While contemporary 

protein design tools provide unprecedented structural predictive power, 

photoluminescent protein engineering requires principles that extend beyond what can 

be inferred from canonical amino acid sequences alone. This thesis establishes such 

principles by systematically characterising how critical elements—lanthanides, 

antennae, fluorescent amino acids, chromophore maturation, and conformational 

dynamics—determine photophysical properties in designed and natural protein 

scaffolds. 
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A.1 Supporting information for Chapter 2 

A.1.1 Intact protein mass spectrometry 

Intact protein analysis was performed on an Orbitrap Fusion™ Tribrid™ mass 

spectrometer (Thermo Fisher Scientific, USA) connected to a Thermo Fisher Scientific 

UltiMate 3000 HPLC system equipped with ZORBAX 300SB-C3, 3.5 µm, 4.6 x 50 mm 

HPLC column (Agilent Technologies, USA). Approximately 50 pmol of sample was 

injected using a 500 µL/min linear gradient of solvent A (0.1% (v/v) formic acid in water) 

and solvent B (0.1% (v/v) formic acid in acetonitrile), ramping solvent B from 5% solvent 

B at the start to 80% after 12 min. Data were collected using an electrospray ionization 

(ESI) source in positive ion mode. Protein intact mass was determined by deconvolution 

using the program Xcalibur 3.0.63 (Thermo Fisher Scientific, USA). 

 

 
Figure A.18 - Intact protein mass spectrometry of LBT. 
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Figure A.19 - Intact protein mass spectrometry of LBT 4AW. 

 

 
Figure A.20 - Intact protein mass spectrometry of LBT 6AW. 
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Figure A.21 - Intact protein mass spectrometry of LBT 4CNW. 

 

 
Figure A.22 - Intact protein mass spectrometry of LBT mCNP. 

 
Figure A.23 - Intact protein mass spectrometry of LBT mCNF. 
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Figure A.24 - Intact protein mass spectrometry of the EF2 variant RF1. 

 

 
Figure A.25 - Intact protein mass spectrometry of the EF2 variant RF2. 
 

 
Figure A.26 - Intact protein mass spectrometry of the EF2 variant RF3. 
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Figure A.27 - Intact protein mass spectrometry of the RF2 42 6AW. 

 

 
Figure A.28 - Intact protein mass spectrometry of the RF2 50 6AW. 
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followed by a 1 ms integration window. For Dy3+, time-resolved settings were not used, 

instead collecting the emission directly under steady-state conditions. Excitation 

wavelengths were matched to the known absorption maxima of each fluorinated amino 

acid residue, with emission measured at 545 nm for terbium, 615 nm for europium and 

570 nm for dysprosium. Samples were equilibrated for 15 minutes at room temperature 

prior to measurement. Each point reflects the average of three replicate wells from 

replicate titrations. The averaged dataset was fit to the Hill binding equation, with the Hill 

coefficient constrained to 1, using GraphPad Prism: 

 
𝐼 =

𝐵𝑚𝑎𝑥 ∙ [𝐿𝑛$%]
𝐾& + [𝐿𝑛$%]

 1 

 
Figure A.29 – Binding affinity determination by titration of LBT variants with Tb3+. 
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Figure A.30 – Binding affinity determination by titration of LBT variants with Eu3+. 

Figure A.31 - Binding affinity determination by titration of RF2 6AW complexes with Tb3+, Eu3+, and Dy3+. 
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measurement employed a 100 µs delay followed by a 50 µs gate time, with both excitation 

and emission slit widths set to 20 nm. A 360-1100 nm filter was used to avoid signal from 

harmonic doubling. A total of 25 excitation flashes was used for a 15 ms decay window, 

and each dataset reflects the average of 50 repeated measurement cycles. Samples had 

a total volume of 600 µL in a 1 cm quartz cuvette. Samples were excited at their respective 

excitation maxima with emission recorded at 545 nm for Tb3+ complexes and 615 nm for 

Eu3+ complexes with a 20 nm slit width. Each sample was excited at the protein’s 

excitation maximum with a 20 nm slit width and a recording of 500 nM Ln3+ with no protein 

was subtracted. The instrument gain was set to 900. To account for variability in binding 

affinity, protein was iteratively added to the cuvette at small volumes (2 µL) until the initial 

intensity value did not change after addition of more protein. The lifetime measurement 

was then adjusted by subtracting the blank measurement, and then fit to the following 

exponential equation using GraphPad Prism, with the constraint on the fit that K>0.  

 𝑌 = 𝑃𝑙𝑎𝑡𝑒𝑎𝑢 + (𝑌' − 𝑃𝑙𝑎𝑡𝑒𝑎𝑢) ∙ e()*	 2 

The values of Y0, Plateau, and K were then tabulated with a standard error of the fit. 

Residuals were inspected to assess the quality of fit. The integrated emission intensity 

was then calculated as: 

 
𝐼 =

𝑌' − 𝑃𝑙𝑎𝑡𝑒𝑎𝑢
𝐾  3 

The standard error of the best-fit parameters was then propagated as follows: 

 
𝛿𝐼 = KL

1
𝐾N

#

∙ ((𝛿𝑌')# + (𝛿𝑃𝑙𝑎𝑡𝑒𝑎𝑢)#	) + L
𝑌' − 𝑃𝑙𝑎𝑡𝑒𝑎𝑢

𝐾# N
#

∙ (𝛿𝐾)# 4 
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Except for three very weakly luminescent samples, (RF2 6AW/Dy3+, RF2/Eu3+, LBT 

4CNW/Eu3+) propagated error did not exceed 1% of the integrated value. Exact values are 

tabulated in Table A.1. 
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Table A.4 – Variables used in integrated lifetime calculationsa 
Proteinb 
 

Ln3+ Y0 Plateau K Integral Error 
(%) 

LBT Tb 259.17 ± 0.20 0.00 ± 0.07 0.38 ± 0.00 682.88 ± 1.14 0.17 
LBT Eu 3.32 ± 0.03 0.00 ± 0.00 0.71 ± 0.00 4.65 ± 0.04 0.79 
LBT mCNP Tb 233.43 ± 0.20 -0.15 ± 0.07 0.37 ± 0.00 630.27 ± 1.17 0.19 
LBT mCNP Eu 253.05 ± 0.18 -0.01 ± 0.03 0.70 ± 0.00 361.21 ± 0.48 0.13 
LBT mCNF Tb 156.29 ± 0.15 -0.14 ± 0.05 0.37 ± 0.00 423.25 ± 0.85 0.20 
LBT mCNF Eu 35.33 ± 0.06 0.00 ± 0.01 0.70 ± 0.00 50.39 ± 0.16 0.32 
LBT 4AW Tb 468.61 ± 0.92 2.16 ± 0.18 0.64 ± 0.00 728.16 ± 2.67 0.37 
LBT 4AW Eu 61.71 ± 0.09 0.01 ± 0.02 0.72 ± 0.00 85.77 ± 0.24 0.28 
LBT 6AW Tb 402.22 ± 0.30 -0.14 ± 0.10 0.38 ± 0.00 1072.23 ± 1.71 0.16 
LBT 6AW Eu 268.10 ± 0.24 0.01 ± 0.04 0.71 ± 0.00 377.86 ± 0.62 0.16 
LBT 4CNW Tb 209.92 ± 0.31 0.16 ± 0.06 0.65 ± 0.00 323.19 ± 0.88 0.27 
LBT 4CNW Eu 3.77 ± 0.02 -0.00 ± 0.00 0.70 ± 0.01 5.38 ± 0.06 1.20 
RF1 Tb 867.20 ± 0.48 0.17 ± 0.09 0.72 ± 0.00 1207.33 ± 1.24 0.10 
RF2  Tb 1236.34 ± 0.51 0.02 ± 0.07 0.69 ± 0.00 1783.83 ± 1.20 0.07 
RF2 Eu 0.67 ± 0.02 -0.01 ± 0.00 1.11 ± 0.04 0.61 ± 0.03 4.77 
RF3 Tb 357.29 ± 0.59 0.28 ± 0.10 0.77 ± 0.00 462.69 ± 1.38 0.30 
RF2 42 6AWb Tb 1027.07 ± 0.54 0.07 ± 0.10 0.68 ± 0.00 1507.04 ± 1.46 0.10 
RF2 42 6AWb Eu 920.91 ± 0.47 0.03 ± 0.04 1.82 ± 0.00 506.04 ± 0.43 0.09 
RF2 42 6AWb Dy 1631.29 ± 119.71 0.02 ± 0.00 56.77 ± 0.98 28.73 ± 2.17 7.54 
RF2 50 6AWb Tb 1200.19 ± 0.67 0.03 ± 0.10 0.71 ± 0.00 1700.41 ± 1.60 0.09 
RF2 50 6AWb Eu 24.18 ± 0.07 -0.02 ± 0.01 1.88 ± 0.01 12.84 ± 0.06 0.48 

a Uncertainties were derived from the deviation of the best-fit equation to the data. Final values are rounded 
to whole numbers in the main text. b The notations used here are different from the main text to facilitate 
discrimination of the different 6AW positions.  

Table A.5 – Extinction coefficients of the amino acids used in Chapter 2 
Amino acid λex (nm) Extension coefficienta 

(M-1 cm-1) 
4-CN-Trpa,b 290 4708 ± 58 (at 290 nm) 

2304 ± 48 (at 280 nm) 
6-Aza-Trp 265 3087 ± 8 (at 265 nm) 

1013 ± 4 (at 280 nm) 
4-Aza-Trp 290 7335 ± 4 (at 290 nm) 

6272 ± 4 (at 280 nm) 
m-cyano-pyridylalanine 265 1386 ± 9 (at 265 nm) 

255 ± 9 (at 280 nm) 
m-cyano-phenylalanine 275 1059 ± 30 (at 275 nm) 

843 ± 19 (at 280 nm) 
aExtinction coefficients at 280 nm are useful for determining protein concentrations based on their amino 
acid sequence. For comparison, the ε280 value of tryptophan is 5422 M-1 cm-1. bValue from Abdelkader et 
al.1  
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A.1.4 Spectral overlap calculations 

The spectral overlap calculations were performed using pre-processed emission and 

absorption spectra. Spectra were truncated to the range of 280–600 nm. The area under 

each spectrum was normalised to 1 using trapezoidal integration. Spectral overlap was 

calculated as the integral of the scalar product between the normalised Ln3+ absorption 

spectrum, and the normalised amino acid emission spectrum, resulting in a 

dimensionless overlap value between 0 and 1. These calculations were performed in 

MATLAB.  

The absorption spectra of Eu3+ and Tb3+ were recorded on a Cary 50 UV-vis 

spectrophotometer using a 400 µL quartz cuvette. Spectra were acquired in dual beam 

mode and baseline corrected by blanking with water. Both lanthanide ions were provided 

as 1 M chloride salt solutions.  

Fluorescence emission spectra of the amino acids were recorded in a 400 µL quartz 

cuvette using a Cary Eclipse fluorescence spectrophotometer. The excitation slit width 

was set to 10 nm and the emission slit width to 1.5 nm. For all amino acids except mCNP 

and mCNF, a 295-1100 nm long-pass emission filter was used to suppress scattered 

excitation light and harmonic doubling. For mCNP and mCNF, the emission filter was left 

open. 
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Figure A.32 - Spectral overlap of the Trp emission (free amino acid in 20 mM MOPS pH 7.0, 50 mM KCl) with 
the absorption of 1M Eu3+ or Tb3+ (LnCl3 in 20 mM MOPS pH 7.0, 50 mM KCl). Areas of each spectrum are 
normalized to 1 before plotting. 

Figure A.33 - Spectral overlap of the mCNP emission (free amino acid in 20 mM MOPS pH 7.0, 50 mM KCl) 
with the absorption of 1M Eu3+ or Tb3+ (LnCl3 in 20 mM MOPS pH 7.0, 50 mM KCl). Areas of each spectrum 
are normalized to 1 before plotting. 
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Figure A.34 - Spectral overlap of the mCNF emission (free amino acid in 20 mM MOPS pH 7.0, 50 mM KCl) 
with the absorption of 1M Eu3+ or Tb3+ (LnCl3 in 20 mM MOPS pH 7.0, 50 mM KCl). Areas of each spectrum 
are normalized to 1 before plotting. 

Figure A.35 - Spectral overlap of the 4AW emission (free amino acid in 20 mM MOPS pH 7.0, 50 mM KCl) 
with the absorption of 1M Eu3+ or Tb3+ (LnCl3 in 20 mM MOPS pH 7.0, 50 mM KCl). Areas of each spectrum 
are normalized to 1 before plotting. 
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Figure A.36 - Spectral overlap of the 4CNW emission (free amino acid in 20 mM MOPS pH 7.0, 50 mM KCl) 
with the absorption of 1M Eu3+ or Tb3+ (LnCl3 in 20 mM MOPS pH 7.0, 50 mM KCl). Areas of each spectrum 
are normalized to 1 before plotting 

Figure A.37 - Spectral overlap of the 6AW emission (free amino acid in 20 mM MOPS pH 7.0, 50 mM KCl) 
with the absorption of 1M Eu3+ or Tb3+ (LnCl3 in 20 mM MOPS pH 7.0, 50 mM KCl). Areas of each spectrum 
are normalized to 1 before plotting. 



Appendix A: Thesis supporting information 

 
148 

A.1.5  Sequence design of EF2-derived mini-proteins 

Using PyMOL,2 the coordinates of EF2 (residues 59-70) were extracted from the first 

frame of the lanmodulin NMR ensemble (PDB 6MI5).3 Thr65 was mutated to tryptophan 

and the isolated segment was reindexed to begin at residue 1. The structure was energy 

minimised using the PyRosetta MinMover and the ref2015 score function4-5 The 

minimised coordinates were uploaded to the RFdiffusion Google Colab (v1.1.1).6 Two 

sets of RFdiffusion backbones and sequences were generated using the built-in 

ProteinMPNN module. RF1 and RF2 were taken from set A with contigs set to “35:A1-

15:24,” and RF3 was taken from set B with contigs set to “20:A1-15:20.” For both sets, 

iterations=50, num_designs=32, and symmetry=“none” ProteinMPNN parameters were 

num_sequences=8, num_recycles=3, and mpnn_sampling_temp=0.1, with cysteine 

excluded from suggestions. Set A and B were downloaded and combined for processing. 

The final set included 64 sets of backbone coordinates, each with 8 associated 

sequences. 

For each backbone, PyRosetta was used to mutate the coordinates to match each of the 

eight ProteinMPNN sequences. A Tb3+ ion was placed 2.5 Å from the tryptophan backbone 

carbonyl along the C-O bond vector. Each model was minimized with ref2015 and the 

final score was recorded as “rosettascore.” The Cα alignment RMSD between lanmodulin 

EF2 residues 59-70 and the corresponding segment in each design was computed and 

recorded as “bb_RMSD.” Distances between side-chain oxygen atoms and the antenna 

tryptophan carbonyl were measured, the count of O-Tb3+ distances below 3.0 Å was 

recorded as “nO,” and an RMSD to a 2.5 Å target for these O-Tb3+ distances was 

calculated and recorded as “O_RMSD.” The 2.5 Å target approximates an Ln3+-O bond 

length in protein crystal structures containing lanthanides. The combination of 

rosettascore, bb_RMSD, nO, and O_RMSD was used to select one sequence per 

backbone. The resulting models were inspected in PyMOL and three designs were 

selected to represent different tertiary structures. For expression, the first residue was 

changed to glycine to introduce an N-terminal TEV site. 
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A.1.6 NMR measurements of 13C/15N-labeled RF2 

All NMR measurements were carried out at 30 ˚C using a Bruker 800 MHz NMR 

spectrometer. The backbone resonance assignments were obtained from the analysis of 

3D HNCO, HN(CA)CO, HNCA, HNCACB, together with NOESY-15N-HSQC and TOCSY-
15N-HSQC. Chemical shift assignments were deposited in the BMRB under the accession 

number 53251 and the title EF2-RF2. Spectra are available on Zenodo (DOI: 

10.5281/zenodo.1578834). 

 



Appendix A: Thesis supporting information 

 
150 

 
Figure A.38 - HNCACB data of 15N/13C-labeled RF2. The strip plots are of the 3D HNCACB spectrum of the 
lanthanide-binding EF-Hand of RF2 including 4 flanking residues (residues 34–49): VEDPDKDGWLDAKERA, 
where underlined residues do not have assigned NH peaks. The strips illustrate the sequential CBi-CBi-1 
peaks along the sequence.  
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Figure A.39 Overlay of 13C-decoupled 3D NOESY-15N-HSQC (blue) and TOCSY-15N-HSQC (red) spectra of 
15N/13C-labeled RF2. The strips belong to the lanthanide-binding EF-Hand of RF2 and 4 flanking residues 
(res 34–49) VEDPDKDGWLDAKERA, where underlined residues do not have assigned NH peaks. Intra- and 
inter-residual cross-peaks are identified by squares and circles, respectively.  
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A.1.7 Photoluminescence properties of RF2 and RF2 6AW with Tb3+, Eu3+, Dy3+ and 
Sm3+ 

 
Figure A.40 - Excitation scans of the RF2 complexes with Tb3+ and Eu3+. Emission at 545 nm or 615 nm was 
integrated for 5000 µs after a delay of 100 µs, using an excitation slit width of 5 nm and an emission slit 
width of 10 nm. Protein and lanthanide chloride were at 1 µM and 2 µM, respectively. The samples were 
prepared in buffer A. Each spectrum is normalized to the maximum intensity. 

 

 
Figure A.41 - Fluorescence emission spectra of RF2 6AW with Sm3+ and Dy3+. Each spectrum is normalised 
to the intensity at 520 nm.  
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Figure A.42 - Luminescence lifetime measurement of RF2 with Tb3+. The excitation wavelength was 280 nm 
and emission was recorded at 545 nm. Inset: residuals of the experimental values from the curve fit. The 
best-fit value for 𝜏01  is 1.4 ms.  

 
Figure A.43 - Luminescence lifetime measurement of RF2 6AW with Eu3+. The excitation wavelength was 
330 nm and emission was recorded at 615 nm. Inset: residuals of the experimental values from the curve 
fit. The best-fit value for 𝜏23 is 0.54 ms.  
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Figure A.44 - Luminescence lifetime measurement of RF2 6AW with Sm3+. The excitation wavelength was 
265 nm and emission was recorded at 650 nm. The instrument gain was set to 1000. Inset: residuals of the 
experimental values from the curve fit. The best-fit value for 𝜏4# is 12 µs. 

 

 
Figure A.45 - Luminescence lifetime measurement of RF2 6AW with Dy3+. The excitation wavelength was 
265 nm and emission was recorded at 570 nm. Inset: residuals of the experimental values from the curve 
fit. The best-fit value for 𝜏56 is 14 µs. 
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A.1.8 q-value determination 

The q-value was determined using a version of the Horrock’s equation, originally:  

 𝑞 = 𝐴$(𝑘!!" − 𝑘#!") − 𝐵* − 𝐶 5 

where A is a proportionality constant for the quenching of the lanthanide ion by O-H 

oscillators, k is the rate constant for the radiative decay of the lanthanide emission, 

parameter B is the corrective factor, accounting for other deactivating vibrations 

surrounding the ion, and parameter C is the outer-sphere contribution of closely diffusing 

solvent molecules.7  

As the outer-sphere contributions are expected to be equivalent between the complex in 

H2O and D2O, the difference between 𝑘+7,  and 𝑘&7,  is attributed primarily to the inner-

sphere solvent. C was therefore omitted for all ions giving the equation: 

 

 𝑞 = 𝐴I(𝑘8!9 − 𝑘5!9) − 𝐵L 
 6 

For samarium, this equation is:8  

 𝑞4# = 0.026(1/𝜏8!9 − 1/𝜏5!9) 7 

For europium, this equation is:9  

 𝑞23 = 1.2((1/𝜏8!9 − 1/𝜏5!9) − 0.25) 8 

For terbium, this equation is:9  

 𝑞01 = 5((1/𝜏8!9 − 1/𝜏5!9) − 0.06) 9 

For dysprosium, this equation is:8  

 𝑞56 = 0.024(1/𝜏8!9 − 1/𝜏5!9) 10 
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The lifetime in D2O was determined by plotting the lifetime of the Ln3+-complex at mole 

fractions of D2O (0.2, 0.4, 0.6 and 0.8) followed by a linear fit to this data. The 𝜏&7,value 

was then determined by extrapolating to a D2O mole fraction of 1.0. These parameters 

are empirically determined based on the assumption that O-D oscillators effectively do 

not contribute to non-radiative deactivation, and that all other deactivation paths are the 

same between D2O and H2O. The estimated uncertainties with using this technique are 

listed with the calculations of the q-values below.  

A.1.9 Supplementary tables 

Table A.6 – Amino acid sequences of the proteins used in this study 

Protein Amino acid sequencea 
NT-LBT-WT MASMTGHHHHHHSHTTPWTNPGLAENFMNSFMQGLSSMPGFTASQLDK

MSTIAQSMVQSIQSLAAQGRTSPNDLQALNMAFASSMAEIAASEEGGGSLS
TKTSSIASAMSNAFLQTTGVVNQPFINEITQLVSMFAQAGMNDVSAGNSEN
LYFQGFIDTNNDGWIEGDELLLEG 

NT-LBT-Amb MASMTGHHHHHHSHTTPWTNPGLAENFMNSFMQGLSSMPGFTASQLDK
MSTIAQSMVQSIQSLAAQGRTSPNDLQALNMAFASSMAEIAASEEGGGSLS
TKTSSIASAMSNAFLQTTGVVNQPFINEITQLVSMFAQAGMNDVSAGNSEN
LYFQGFIDTNNDGZIEGDELLLEG 

EF2 RF1-WT MASMTGHHHHHHGGSENLYFQGKKVITISEDTPESFEVKMGKGLLKVTVP
GKTFIVEDPDKDGWLDAKEIKALLAAAKAATGAKTIEIEDIPK 

EF2 RF2-WT MASMTGHHHHHHGGSENLYFQGRRAYLLRVDPDTLVEISPEEAERLAKTR
PVLEVEDPDKDGWLDAKERAWILEHLRETHPDASGAVIVVVD 

EF2 RF3-WT MASMTGHHHHHHGGSENLYFQGKTITTYKFATKEDEKKAKELDPDKDG
WLDAKELKKLKKAGLKITKVKTKTIK 

EF2 RF2-42Z MASMTGHHHHHHGGSENLYFQGRRAYLLRVDPDTLVEISPEEAERLAKTR
PVLEVEDPDKDGZLDAKERAWILEHLRETHPDASGAVIVVVD 

EF2 RF2-50Z MASMTGHHHHHHGGSENLYFQGRRAYLLRVDPDTLVEISPEEAERLAKTR
PVLEVEDPDKDGWLDAKERAZILEHLRETHPDASGAVIVVVD 

a Z indicates the positions of the amber sites. 
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Table A.7 – Yields of different proteins co-expressed with G1(ncAA)RS in LB media with 1 mM ncAAa 

Amber site G1(ncAA)RS Yield (mg per 1 L cell culture) 

NT-LBT - 31b 

NT-LBT 4AW 4AWRS10 16c 

NT-LBT 6AW 6AWRS10 26c 

NT-LBT 4CNW 4CNWRS1 20c 

NT-LBT mCNP mCNPRS11 10c 

NT-LBT mCNF mCNPRS11 15c 

EF2 RF1 - 50b 

EF2 RF2 - >400b 

EF2 RF3 - 10b 

EF2 RF2 42 6AW 6AWRS 51d 

EF2 RF2 50 6AW 6AWRS 19e 

a All proteins were expressed and purified as described in the methods section. Yields were calculated by 
measuring the protein concentration at a known volume and adjusting for expression volume. b From 1 L 
expression volume. c From 100 mL expression volume. d From 50 mL expression volume. e From 30 mL 
expression volume.  

 
Table A.8 – EF2 RF variants with Tb3+  

Protein Intensity 
Tb 

Apparent KD (Tb3+) (nM) Lifetime (τTb) 

EF2 RF1 1207 320 ± 50 1.4 
EF2 RF2 1734 20 ± 3 1.4 
EF2 RF3 462 3300 ± 130 1.3 

Table A.9 – Determination of q-values from D2O titrationsa 

Complex 𝝉𝑯𝟐𝑶 𝝉𝑫𝟐𝑶 q Uncertainty on q 
RF2 WT Tb 1.42 ms 2.34 ms 1.07 ±0.3 
RF2 42 6AW Eu  0.54 ms 1.42 ms 1.06 ±0.3 
RF2 42 6AW Sm 12.12 µs 48.64 µs 1.30 ±0.5 
RF2 42 6AW Dy 14.18 µs 35.63 µs 1.31 ±0.5 

a The q values were determined using the modified Horrocks equation as described above. Uncertainties 
are from errors in the empirical parameters used to determine the q value.  
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A.2 Supporting information for Chapter 3 

A.2.1 Protein sequence and expression yield 

Table A.10 – Amino acid sequence of the protein used in this study 
Protein Amino acid sequencea 
RF2-W42Z MASMTGHHHHHHGGSENLYFQGRRAYLLRVDPDTLVEISPEEAERLAKT

RPVLEVEDPDKDGZLDAKERAWILEHLRETHPDASGAVIVVVD 
Bold text indicates the TEV protease cleavage site, where the protein is cleaved between Q/G.aZ indicates 
the positions of Amber site 

 
Table A.11 – Plasmid combinations and yields for variants used in this study 

Variant G1(ncAA)RS Supplemented 
fluoroindole / 
concentration 

Yield (mg per 1 L cell 
culture) 

RF2-W42-4FW G1F4W27 4-fluoroindole / 2 mM 26a 

RF2-W42-5FW G1F4W27 5-fluoroindole / 0.5 mM 34a 

RF2-W42-6FW G1F7W36 6-fluoroindole / 0.5 mM 26a 
RF2-W42-7FW G1F7W36 7-fluoroindole / 0.5 mM 18a 

aYield is determined from the volume and the protein concentration as measured after primary IMAC, using 
the extinction coefficient calculated by Expasy Protparam,12 with Z substituted for F and a molecular weight 
of 8075 Da. The final mass from 50 mL cultures was then extrapolated to yield per 1 L cell culture. 

A.2.2 Intact protein mass spectrometry  

Intact protein analysis was performed on an Orbitrap Fusion™ Tribrid™ mass 

spectrometer (Thermo Fisher Scientific, USA) connected to a Thermo Fisher Scientific 

UltiMate 3000 HPLC system equipped with ZORBAX 300SB-C3, 3.5 µm, 4.6 x 50 mm 

HPLC column (Agilent Technologies, USA). Approximately 50 pmol of sample was 

injected using a 500 µL/min linear gradient of solvent A (0.1% (v/v) formic acid in water) 

and solvent B (0.1% (v/v) formic acid in acetonitrile), ramping solvent B from 5% solvent 

B at the start to 80% after 12 min. Data were collected using an ESI source in positive ion 

mode. Protein intact mass was determined by deconvolution using the program Xcalibur 

3.0.63 (Thermo Fisher Scientific, USA). 
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Figure A.46 - Intact protein mass spectrometry of RF2 W42 4FW 

 
Figure A.47 - Intact protein mass spectrometry of RF2 W42 5FW 

 
Figure A.48 - Intact protein mass spectrometry of RF2 W42 6FW 
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Figure A.49 - Intact protein mass spectrometry of RF2 W42 7FW 

A.2.3 Rotamer distributions 

Using the TEV-cleaved RF2 sequence from Table A.10, a request was made to the 

Alphafold3 (AF3) webserver13 using 1 copy of the protein sequence, 1 copy of Ca2+, and a 

seed of 42. The output pseudo-ensemble was then used for subsequent modelling. Ca-

alignment root mean square deviations (RMSDs) of each model to the highest confidence 

model were less than 0.5 Å. 

 
Figure A.50 - Superimposed AF3 models of RF2 with Ca2+, Ca-alignment RMSD to model_0 (dark blue) was 
0.484 Å (model_1, cyan), 0.238 Å (model_2, magenta), 0.177 Å (model_3, yellow) and 0.242 Å (model_4, 
salmon). Ca2+ is represented as green spheres. A) models shown in the cartoon illustration. B) models 
shown in the stick illustration.  
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A.2.4 Model generation and clash score calculation 

Each model was loaded into PyMOL,2 atoms ‘He3’, ‘Hz3’, ‘Hh2’ and ‘Hz2’ were rebuilt with 

fluorine atoms correspondingly named ‘F4’, ‘F5’, ‘F6’ and ‘F7’. In PyMOL, the fluorine 

coordinates are automatically adjusted to match a C-F bond length. The Ca was replaced 

with a Gd atom. A custom script for running in PyMOL was written to sample c1 and c2 

angles at regular intervals and perform operations on the sampled structures (calculation 

of distances, angles, and clashes). Sampling intervals of 5˚ were used.  

The Gd-F distance for all fluorines was measured for each interval, for each model. For 

each (c1,c2) the mean distance and standard deviation (SD) for each Gd-F was computed. 

Figure A.51 shows the plotted distances, and Figure A.52 below shows the SD for each 

distance. For any given (c1/c2), SD did not exceed 0.2 Å. 

 
Figure A.51 – Contour plot of parametrisation of mean 19F-Gd3+ distances (Å) in generated models using 5˚ 
binning.  
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Figure A.52 - SD plots of F-Gd distances (Å) in generated models using 5˚ binning.  

For each (c1/c2) two sets of selected coordinates were temporarily generated. Set A 

contains sidechain atoms of the sampled residue at that (c1/c2). Set B contains all atoms 

whose minimum distance to any atom in A was ≤ 4.0 Å; atoms in A and the sampled 

residue’s Ca were excluded. For every pair (i,j), where i ∈ A and j ∈ B, the centre–centre 

distance between each atom (dij) was calculated and then subtracted from the sum of 

van der Waals radii R for pair i,j, giving the atomic overlap Δij: 

 ∆-.= R𝑅- + 𝑅.T − 𝑑-,.  11 

Pairs with ∆-.  > 0 were counted as clashes. We recorded the count 𝑁 = WX(𝑖, 𝑗) ∈

𝐴 × 𝐵: ∆-.> 0_W and the sum 𝑆 = ∑ ∆-.𝟏(-,.)∈3×5 [∆-.> 0]. Clash severity for that (c1/c2) 

could then be calculated as: 
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 µ =
𝑆
𝑁 

12 

Mean clash metrics for (χ1/χ2) across 5 models are plotted in Figure A.53.  

 
Figure A.53 - Mean plots of clash metrics in generated models using 5˚ binning.  
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