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Exploring molecular recognition: de novo design of doxorubicin binding proteins 

Stephanie Ouchida 

ABSTRACT 

The ability of proteins to recognize and bind small molecules underlies numerous 

biological processes and has broad applications in biotechnology and medicine. In this 

dissertation, I investigate the de novo design of proteins that recognize chemically 

complex small molecules. Chapter 1 introduces the principles of molecular recognition 

and de novo protein design that motivate this work. Chapter 2 describes the 

computational design, experimental optimization, and structural validation of de novo 

proteins that bind the anthracycline chemotherapeutic doxorubicin, resulting in a 

compact 85-residue protein with nanomolar affinity and a novel protein fold. Chapter 3 

explores the translational potential of these proteins through engineering of an albumin-

binding fusion that preserves doxorubicin binding while introducing recognition of 

human serum albumin. Together, these studies demonstrate that de novo protein design 

can create structurally novel proteins with programmable molecular recognition and 

establish a foundation for future therapeutic and biotechnological applications. 
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CHAPTER 1 Introduction 
Proteins are highly versatile molecular machines that perform a vast range of 

biological functions, from catalyzing chemical reactions to mediating cellular signaling 

and molecular recognition.1–4 Their functional diversity arises from their ability to adopt 

precise three-dimensional structures and dynamic conformational states encoded by 

their amino acid sequences.4–7 This intimate relationship between sequence, structure, 

and function has long made proteins a central target for molecular engineering, with 

goals ranging from understanding fundamental biological mechanisms to developing 

new therapeutics, catalysts, and biomolecular tools.8,9 In recent years, de novo protein 

design has emerged as an approach that seeks to construct entirely new protein 

sequences that fold into predetermined structures and perform desired functions without 

relying on naturally occurring templates.10,11 By constructing proteins from first principles 

instead of modifying existing scaffolds, de novo protein design expands the accessible 

landscape of protein structures and functions and enables proteins to be engineered 

with properties tailored to specific applications.10,12 

De novo protein design represents a stringent test of our understanding of 

protein biophysics. Unlike traditional protein engineering, which modifies existing 

proteins, de novo design seeks to construct proteins from first principles by designing 

amino acid sequences that fold into predetermined structures.11,12 This remains a 

formidable challenge because of the vastness of sequence space: even a protein of 100 

amino acids has approximately 20100  possible sequences.11,12 Early efforts relied on 

simplified physical models and manual design strategies that established fundamental 

design principles, particularly the importance of hydrophobic patterning in directing 
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protein folding.13–17 The incorporation of computational methods into de novo protein 

design enabled more systematic exploration of sequence–structure relationships and 

culminated in the development of α3D, the first de novo globular protein whose 

experimentally determined structure closely matched its design model.18,19 Subsequent 

advances in backbone generation, energy-based optimization, and fragment-based 

design expanded the diversity and complexity of accessible protein architectures.20 A 

landmark example was TOP7, the first de novo protein with a novel fold whose 

experimentally determined structure closely matched its design model.21 These 

advances established de novo protein design as a robust approach for constructing 

stable protein structures, but extending these successes to functional proteins capable 

of precise molecular recognition has remained a considerably greater challenge. 

The de novo design of proteins that bind small molecules remains a major 

challenge because successful molecular recognition requires precise specification of 

both the overall protein scaffold and the atomic interactions that define ligand 

binding.10,22 Unlike protein–protein interactions, which are typically stabilized by 

extensive binding interfaces, small molecules are recognized through a limited number 

of highly specific interactions within compact binding pockets.23 Successful design 

therefore requires the precise organization of complementary shape, hydrogen-bonding 

interactions, electrostatics, and solvation while maintaining the overall stability of the 

protein scaffold.23,24 These challenges are further compounded for structurally complex 

ligands that present multiple functional groups requiring coordinated molecular 

recognition. A particularly challenging design target is doxorubicin, a widely used 

anthracycline chemotherapeutic.25 Doxorubicin has a rigid planar anthracycline scaffold 
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with multiple hydroxyl, carbonyl, and amino substituents, presenting competing 

opportunities for hydrogen bonding and aromatic interactions.26 Successful design of 

proteins that recognize molecules of this complexity provides a foundation for 

applications in biosensing, drug delivery, and therapeutic regulation.10,22 

This work was carried out during a period of exceptionally rapid development in 

computational protein design, particularly in machine learning–based methods for 

backbone generation, sequence design, and structure prediction.27–33 Consequently, 

rather than relying on a single static computational workflow, the design strategy 

evolved continuously as new methodologies became available.  The initial 

computational pipeline constructed ligand-binding sites by placing COMBS-derived 

hydrogen-bonding motifs within parameterized helical bundle scaffolds looped together 

using MASTER.24,34,35 Protein sequences were then generated with Rosetta flexible-

backbone design, and sequences were predicted using ESMFold.24,33,36,37 Although this 

framework provided precise control over ligand geometry, scaffold diversity was 

inherently constrained by the limited range of parameterized backbone architectures. 

RFdiffusion, a diffusion-based generative model for protein backbone generation, 

dramatically expanded the accessible structural space by generating diverse protein 

backbones around predefined binding motifs.30 ProteinMPNN, a graph neural network 

trained for inverse protein folding, was integrated into sequence design, substantially 

accelerating the process.29  Structure prediction advanced through protein language 

model–based methods including ESMFold, OmegaFold, and RaptorX-Single.31–33  

Despite these advances, each method considered only the protein. As a result, 

structural diversity and expression improved, but none of the resulting designs exhibited 
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measurable ligand binding. Ligand-conditioned models, including RFdiffusionAA and 

LigandMPNN, subsequently incorporated ligand atoms into backbone generation and 

sequence design.27,28  Structure prediction advanced further with multimolecular models 

such as Chai-1, which predict protein–ligand complexes directly.38 These advances 

enabled a computational workflow in which backbone generation, sequence design, and 

structure prediction all explicitly considered the target ligand, ultimately leading to the 

successful design of doxorubicin-binding proteins described in Chapter 2. 

Chapter 2 describes the computational design, experimental characterization, 

and structural validation of de novo proteins that bind doxorubicin with high affinity. 

Chapter 3 explores the translational potential of these proteins through preliminary 

studies toward therapeutic applications, highlighting ongoing work and remaining 

challenges. Together, these studies illustrate the potential of de novo protein design to 

address fundamental questions in molecular recognition while establishing a foundation 

for future therapeutic applications.   
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CHAPTER 2 De novo design of a novel protein fold for small-molecule binding 
through aromatic π stacking 

2.1 ABSTRACT 

The de novo design of proteins that bind chemically complex small molecules 

has broad chemical and biological implications, but strategies typically rely on a small 

set of protein scaffolds and require extensive experimental screening. Here, we 

computationally designed proteins around a minimal aromatic π-stacking motif to bind 

the anthracycline anticancer drug doxorubicin. Experimental characterization of twelve 

proteins revealed a µM doxorubicin binder; two additional design cycles improved 

scaffold stability and binding affinity to yield an 85-residue protein that binds doxorubicin 

with a dissociation constant of 85 nM. An X-ray crystal structure of the protein-drug 

complex confirmed the accuracy of the designed π-π stacking interactions. The 

designed protein could act to protect cultured cells from doxorubicin-induced 

cytotoxicity. Unlike previous ligand-binding protein designs based on repeat proteins or 

naturally occurring folds, the designed protein adopts a previously unobserved 5-helix 

globular fold, indicating that a broader space of folded, functional proteins exists even 

for compact tertiary structures smaller than 100 residues. These results demonstrate 

that motif-guided generative protein design can discover compact de novo protein folds 

capable of high-affinity recognition of chemically complex small molecules. 
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2.2 INTRODUCTION 
The de novo design of proteins that bind small molecules remains a central 

challenge in chemistry because successful molecular recognition requires simultaneous 

specification of both the overall protein scaffold and the atomic-level interactions that 

define ligand binding.39–41 A growing collection of design strategies has enabled the de 

novo generation of proteins that bind increasingly diverse small molecules, with a broad 

range of structures and functional properties.28,37,42–52 Many successful binders have 

been identified through extensive experimental screening,27,28,44,47,50,53 whereas only a 

few studies have reported high computational hit rates.37,42,43,48 Despite this progress, 

experimentally determined structures of de novo proteins bound to small molecule 

ligands remains largely limited to predetermined scaffolds including parameterized 

helical bundles and repeat proteins37,42,48,52 and NTF2-like folds.43,47 Extending de novo 

design to discover new protein architectures capable of high-affinity small molecule 

recognition therefore remains an important opportunity for expanding both the scope of 

molecular recognition and the diversity of functional protein folds.39,40 

Doxorubicin (1, Fig. 2.1A) is a therapeutically important small molecule whose 

clinical utility is limited by cumulative, dose-dependent cardiotoxicity.54–56 Although 

liposomal formulations reduce the systemic toxicity of many chemotherapeutics, their 

relatively large size and heterogeneous biodistribution can limit penetration into target 

tissues, particularly solid tumors, necessitating the development of alternative drug 

sequestration and delivery strategies.57–59 Compact de novo proteins engineered to bind 

small molecules could provide a complementary platform for these applications owing to 

their small size, precisely defined molecular composition, and programmable molecular 

recognition properties.40,60–62  
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From a design perspective, doxorubicin presents a complex small molecule 

target. The ligand combines a rigid planar anthracycline scaffold with multiple hydroxyl, 

carbonyl, and amino substituents, presenting numerous competing opportunities for 

hydrogen bonding and aromatic stacking without an obvious dominant recognition 

motif.63,64  To facilitate design we prioritized recognition of the anthracycline ring, since 

analysis of crystal structures of anthracycline-bound proteins revealed a recurring 

interaction in which aromatic residues pack against the planar anthracycline core while 

surrounding residues accommodate the remaining substituents.65,66 We therefore 

expected that pi-pi  interactions could establish the overall binding geometry while 

allowing secondary interactions responsible for affinity and specificity to be optimized 

independently. Recent advances in generative protein design make this strategy 

feasible by enabling diverse protein scaffolds to be generated around predefined 

protein–ligand interaction motifs.28,49,67  

Here we combine motif-guided binding-site design with RFdiffusion All-Atom,28 

LigandMPNN,27 Rosetta, and structure-prediction-guided filtering to generate de novo 

proteins that bind doxorubicin (Fig 1B). Starting from an interaction motif derived from a 

crystal structure of an anthracycline-bound protein, we identified a low-micromolar 

binders, which could be rapidly optimized to yield an 85-residue protein that binds 

doxorubicin with nanomolar affinity. These results are noteworthy because there are few 

examples of the design of small molecule binders which have been validated through 

the determination of high-resolution structures.37,42,43,47,48  Moreover, our results address 

the question of the extent to which the space of folded, functional structures have been 

exhaustively sampled during evolution.68–70   There are only a limited number of ways 
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that secondary structures can be arranged to create a folded structure, which becomes 

successively smaller as the size of the protein decreases.71,72  While novel structures 

can be designed in small proteins73,74, and small proteins can be designed to bind to 

protein surfaces,75–77 it has been unclear whether Nature has sampled the universe of 

small proteins (< 90 residues) that are stable, cooperatively folded and capable of 

binding small molecules within a deeply buried pocket.  The design of doxorubicin 

binders, termed DoxSands, shows that the universe of small, entirely novel miniaturized 

small molecule proteins has not been exhaustively discovered. This is particularly 

important because proteins of this size can be readily accessed by chemical synthesis, 

enabling incorporation of noncanonical amino acids and backbone modifications that 

are difficult to achieve biosynthetically.78–83 These capabilities provide opportunities to 

engineer properties including proteolytic stability, pharmacokinetics, and immune 

recognition while introducing molecular functions beyond those available to the 

genetically encoded amino acids.62,84–89 Thus, it should be also be possible to achieve 

entirely new functions that extend well beyond biology.  
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Figure 2.1 Computational workflow for the design of de novo doxorubicin-binding 
proteins.   
(A) Chemical structure of doxorubicin. (B) An initial protein–ligand complex containing 
doxorubicin was used as input for backbone generation with RFdiffusion All-Atom. 
Protein sequences were designed with LigandMPNN and Rosetta FastRelax, and the 
resulting designs were evaluated by structure prediction with RaptorX-Single and Chai-1 
prior to experimental characterization. (C) Fluorescence titrations of DoxSand0 with 
doxorubicin. Data were fit to a quadratic binding model, yielding dissociation constants 
of KD=1.05±0.11 μM for DoxSand0 (best-fit ± parameter SEM from nonlinear regression, 
n = 3) (D) Chai-1 prediction of DoxSand0. Two views related by a 180° rotation highlight 
the five-helix scaffold (H1–H5) and the designed doxorubicin-binding pocket. 
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2.3 RESULTS 
2.3.1 Motif-guided computational design identifies a novel fold for binding 

doxorubicin. To test whether aromatic π-stacking interactions are sufficient to mediate 

binding of doxorubicin, we generated de novo protein scaffolds around a six-residue 

motif derived from the crystal structure of a protein with moderate affinity for 

daunomycin, an anthracycline analogue of doxorubicin 65 (KD = 250 nM, Fig. 2.S1). The 

motif consists of two three-residue fragments centered on tryptophan residues that 

position the anthracycline core between opposing aromatic side chains (Fig. 2.1B). 

Using this Trp sandwich motif, RFdiffusion All-Atom28 was used to generate 500 

candidate protein backbones. Scaffolds were initially filtered based on ligand burial and 

Define Secondary Structure of Proteins (DSSP)90-derived assignments, reducing the 

scaffold pool to 66 candidates. Twelve scaffolds were then selected based on overall 

structural quality, preservation of the aromatic interaction motif, and accessibility of the 

designed binding pocket prior to sequence design with LigandMPNN and Rosetta 

FastRelax (Fig. 2.S2). Candidate sequences were evaluated by sequential structure 

prediction. Apo structures were first screened using RaptorX-Single31 to eliminate poorly 

folded designs before ligand-bound complexes were evaluated with Chai-138. Designs 

were prioritized based on predicted structural confidence, self-consistency with the 

design model predictions, and preservation of the intended protein–ligand geometry, 

resulting in a final set of twelve designs for experimental characterization ranging in 

length from 93 to 101 residues (Fig. 2.S3). 

Nine of the twelve designs showed soluble expression in E. coli and were purified 

for biophysical characterization. One construct, DoxSand0, exhibited measurable 

binding to doxorubicin with a dissociation constant of KD= 1.05 ± 0.11 μM (Fig. 2.1C). 
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The fold of DoxSand0 appears to be well optimized to serve as a miniaturized protein 

binder with a jaw-like architecture (Fig. 2.1D).  Starting from the N-terminus, the upper 

piece of the jaw (colored in yellow) is composed of a helical hairpin (H1 and H2), an 

intervening helix (H3) forms a hinge (colored in orange), and a C-terminal helical hairpin 

(H4 and H5) forms the lower jaw (colored in dark orange).  The “back” two helices (H1 

and H5) are tightly interacting, forming the bottom of the cavity, and likely also imparting 

thermodynamic and structural stability (Fig. 2.1D, right).  The hinge helix pulls the two 

front helices apart, ,creating the open cavity that houses the Trp sandwich.  

DoxSand0 demonstrated that a motif-guided design strategy could generate a 

functional doxorubicin binder directly from a small computational design set without 

experimental affinity maturation. However, biophysical characterization revealed that the 

scaffold remained incompletely optimized (Fig. 2.2A-C), prompting structure-guided 

improvement of the protein’s stability and binding affinity while preserving the designed 

recognition mechanism. 
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Figure 2.2 In silico scaffold optimization and biophysical characterization of 
doxorubicin-binding proteins. 
(A) Size-exclusion chromatography traces of DoxSand0 and DoxSand1. The 
monomeric fraction used for quantification is indicated by the gray shaded region. (B) 
Thermal denaturation of apo- and doxorubicin-bound DoxSand0 monitored by circular 
dichroism at 222 nm. (C) Far-UV circular dichroism spectra of DoxSand0 and 
DoxSand1. (D) Loop remodeling of DoxSand0 using MASTER generated the DoxSand1 
scaffold. Structures shown are Chai-1 predictions; remodeled loop regions are indicated 
by dashed circles. (E,F) Chai-1-predicted local distance difference test (pLDDT) scores 
for the apo and holo forms of DoxSand0 (E) and DoxSand1 (F). Secondary structure 
elements are shown below each plot. (G) Fluorescence titrations of DoxSand0 and 
DoxSand1 with doxorubicin. Data were fit to a quadratic binding model, yielding 
dissociation constants of KD=1.05±0.11 μM for DoxSand0 and KD=0.776±0.080 μM for 
DoxSand1 (best-fit ± parameter SEM, n = 3). (H) Thermal denaturation of apo- and 
doxorubicin-bound DoxSand1 monitored by circular dichroism at 222 nm. 
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2.3.2. Structure-guided scaffold optimization improves stability while 

preserving ligand recognition. DoxSand0 demonstrated that the motif-guided design 

strategy successfully generated a functional doxorubicin binder, but biophysical 

characterization indicated that the scaffold had several limitations. Size-exclusion 

chromatography revealed that monomeric species constituted only 29% of eluted 

protein, with the remainder forming higher-order oligomers (Fig. 2.2A). Consistent with 

this observation, circular dichroism spectroscopy showed limited cooperative thermal, 

suggesting that the designed fold lacked the stability required for a well-defined 

monomeric scaffold (Fig. 2.2B,C). 

Because the binding site was already functional, we sought to improve the 

scaffold while preserving the designed ligand-recognition geometry. We hypothesized 

that the structural heterogeneity arose primarily from backbone geometry. To test this 

possibility, the loops connecting helices H1–H2 and H3–H4 were remodeled using 

Method of Accelerated Search for Tertiary Ensemble Representatives (MASTER)35 to 

identify structurally compatible fragments from experimentally determined protein 

structures while maintaining the surrounding ligand-binding architecture (Fig. 2.2D). The 

redesigned scaffold contained 85 amino acids, reducing the overall protein size while 

preserving the intended binding pocket. 

The redesigned scaffold was subsequently optimized through three cycles of 

LigandMPNN sequence design and Rosetta FastRelax refinement. During sequence 

design, 31% of the residues were held fixed to preserve the optimized scaffold 

geometry and ligand-binding motif (Fig. 2.S4). The resulting sequences were evaluated 

using the same RaptorX-Single and Chai-1 filtering procedure employed in the initial 
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design campaign. Structure prediction indicated increased confidence throughout the 

remodeled loop regions (Fig. 2.2E,F). Characterization of DoxSand1 by size exclusion 

chromatography showed that the monomeric fraction increased from 29% to 51% (Fig 

2.2A). DoxSand1 also showed improved thermal stability while maintaining a similar 

binding affinity to doxorubicin, with KD=0.78±0.08 μM  (comparable to the starting 

DoxSand0, which had a KD=1.05±0.11; Fig. 2.2C,G,H). These results indicate that 

scaffold stability could be substantially improved without disrupting the designed ligand-

recognition mechanism, suggesting that scaffold optimization and binding-site 

optimization could be pursued independently. 
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Figure 2.3 Mutational analysis of the DoxSand1 binding pocket. 
(A) Predicted binding-site interactions between DoxSand1 and doxorubicin. Residues 
selected for mutational analysis are shown as sticks. Hydrogen-bonding interactions are 
shown as dashed lines, with heavy atom–heavy atom (donor–acceptor) distances 
indicated in angstroms.  (B–E) Fluorescence titrations of DoxSand1 variants with 
doxorubicin. Data were fit to a quadratic binding model. Dissociation constants (KD) 
were: W33F, 2.18 ± 0.17 μM (B) W61F, 1.03 ± 0.10 μM; W61Y, 7.57 ± 1.45 μM (C); 
D65A, 4.51 ± 1.06 μM (D); H73A, 95.0 ± 31.0 nM (E). (best-fit ± parameter SEM from 
nonlinear regression, n=3). Variants W33A, W33Y, and W61A exhibited substantially 
reduced binding but did not reach saturation over the concentration range tested, 
preventing reliable determination of KD. (F) Overlay of Chai-1 predictions for DoxSand1 
(blue) and the H73A mutant (orange), showing the predicted binding-site architecture 
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2.3.3 Binding-site optimization yields a nanomolar-affinity doxorubicin 

binder. Having established a stable scaffold that binds doxorubicin, we next tested the 

designed binding mode by individually mutating residues predicted to contact the ligand 

and evaluating the resulting variants by fluorescence binding assays (Fig. 2.3A). 

Mutation of Trp33 revealed a strong preference for a bulky aromatic residue at this 

position. Substitution with phenylalanine largely preserved binding (KD= 2.18 ± 0.17 

μM), whereas tyrosine and alanine substantially reduced affinity (Fig. 2.3B). Trp61 was 

more tolerant to substitution, with phenylalanine (KD= 1.03 ± 0.10 μM) and tyrosine (KD= 

7.57 ± 1.45 μM) retaining measurable binding, while alanine markedly weakened 

binding (Fig. 2.3C). These results suggest that favorable packing interactions at both 

positions are important for doxorubicin binding, with stricter steric requirements at Trp33 

than at Trp61 (Fig. 2.3D). Consistent with the design model, mutational analysis of 

Trp33, Trp61, and Asp65 supports a binding mode in which the two tryptophan residues 

form the central ligand-binding interface, while surrounding polar interaction further 

stabilizes the protein–ligand complex. In contrast, mutation of His73 to alanine 

unexpectedly increased affinity, yielding a dissociation constant of 95± 31 nM (Fig. 

2.3E). The Chai-1 predictions for the H73A variant suggest a subtle but meaningful 

rearrangement of the binding site, including a slight shift in the ligand pose and a 

corresponding change in the Trp61 rotamer, which together improve ligand burial and 

the geometry of the aromatic interaction network (Fig. 2.3F).  

Despite its improved binding affinity, the H73A variant exhibited a reduced 

monomeric fraction (36%) compared to DoxSand1 (51%) by size-exclusion 

chromatography (Fig. 2.4A), suggesting that removal of the His73 side chain 
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compromised scaffold stability even as it enhanced ligand recognition. To restore 

stability while maintaining the improved binding properties of the H73A variant, we 

introduced a structure-guided V46I substitution adjacent to the binding pocket; the 

increased bulk of the Ile relative to the initial Val sidechain was selected to improve van 

der Waals packing by filling a small cavity at the helix-helix interface as well as 

increasing the hydrophobic driving force for folding. Because H73A emerged as the lead 

variant, we subsequently recharacterized its affinity using fluorescence titrations 

spanning three doxorubicin concentrations and globally fit the resulting datasets with a 

shared dissociation constant, yielding a more robust affinity estimate of KD = 58 ± 17 nM 

(Fig. 2.4C). The resulting construct, DoxSand2, exhibited an increased monomeric 

fraction (61%) and retained nanomolar affinity for doxorubicin (KD = 85 ± 16 nM), while 

displaying improved biophysical properties relative to DoxSand1 H73A (Fig. 2.4D,E-G). 

Overall, iterative structure-guided optimization transformed the initial computational hit 

into a higher-affinity binder with improved biophysical properties while preserving the 

designed binding mode. 
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Figure 2.4 Structure-guided optimization of the DoxSand scaffold. 
 (A) Size-exclusion chromatography traces of DoxSand1, DoxSand1 H73A, and 
DoxSand2. Gray shaded regions denote the monomeric fractions used for subsequent 
assays, representing 51% (DoxSand1), 36% (DoxSand1 H73A), and 61% (DoxSand2) 
of the total eluted protein. (B) Overlay of Chai-1 predictions for DoxSand1 H73A 
(orange) and DoxSand2 (magenta), showing that the V46I substitution fills previously 
unoccupied space within the doxorubicin-binding pocket, resulting in improved predicted 
packing around the ligand. (C,D) Fluorescence titrations of DoxSand1 H73A (C) and 
DoxSand2 (D) with 44, 76, and 159 nM doxorubicin. Data were globally fit by nonlinear 
regression using a quadratic binding model with a shared dissociation constant, yielding 
KD = 58 ± 17 nM for DoxSand1 H73A and KD= 85 ± 16 nM for DoxSand2 (best-fit ± 
parameter SEM from nonlinear regression, n = 3). (E) Far-UV circular dichroism spectra 
of DoxSand1 H73A and DoxSand2. (F,G) Thermal denaturation monitored by circular 
dichroism for apo- and doxorubicin-bound DoxSand1 H73A (F) and DoxSand2 (G). 
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2.3.4. Crystal structure validates the designed recognition mechanism. To 

evaluate the accuracy of the computational design, we determined the crystal structure 

of the doxorubicin-bound DoxSand2 complex at 1.56 Å resolution (Fig. 2.5). The 

experimentally determined structure agrees closely with the design model, with an 

overall Cα RMSD of 0.57 Å relative to the Chai-1 prediction (Fig. 2.5A). The crystal 

structure confirms that DoxSand2 adopts the desired fold: a compact five-helix topology 

composed of an N-terminal helix-hairpin (H1-H2), a central helix (H3), and a second 

helix-hairpin (H4-H5) that packs across the central helix to form a tightly integrated 

tertiary structure (Fig. 2.5A). The helices position the designed ligand-binding pocket at 

the interface between the two helix-hairpin motifs. 

Inspection of the binding pocket further confirmed that the principal design 

features were preserved. The anthracycline core of doxorubicin is positioned between 

the two designed tryptophan residues (W33 and W61), reproducing the aromatic 

sandwich interaction that served as the foundation for the computational design (Fig. 

2.5B). Likewise, Asp65, identified by mutational analysis as an important determinant of 

binding, occupies the predicted position adjacent to the amino sugar of doxorubicin and 

participates in the expected interaction. The agreement between the mutational analysis 

and the crystal structure demonstrates that the dominant interactions responsible for 

ligand recognition were accurately encoded during computational design. 

Comparison of the crystal structure with the Chai-1 also shows that the ligand is 

predicted with good accuracy (ligand RMSD = 1.34 Å), with only a small, Ångstrom-level 

shift of the ligand in the binding pocket (Fig. 2.5A,B). As in the model, the anthracycline 

core is sandwiched between Trp33 and Trp61 in the designed aromatic recognition 
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geometry. A small shift in the ligand position establishes several interactions absent 

from the design model, including a direct hydrogen bond between the doxorubicin 

hydroxyl group and the backbone carbonyl of Leu12, as well as a direct interaction with 

Arg39. In addition, an ordered water molecule bridges the doxorubicin carbonyl group 

and Trp33, creating a water-mediated interaction that was not explicitly modeled during 

design which did not consider solvent(Fig. 2.5C,D). 

To assess the structural novelty of DoxSand2, the experimentally determined 

structure was searched against both the PDB100 and AlphaFold/UniProt50 databases 

using Foldseek (3Di/AA mode).91 No statistically significant structural homologs were 

identified in either database. Searches against PDB100 yielded only low-confidence 

matches (9–26% sequence identity; Foldseek probability <0.3; E-value >1) (Fig. 2.S5A). 

Similarly, searches against AlphaFold/UniProt50 identified no statistically significant 

homologs; although 24 hits exhibited Foldseek probabilities ≥0.5, all retained E-values 

>1 (Fig. 2.S5B). Moreover, the highest-scoring matches were distributed across diverse 

α-helical proteins, with no enrichment for a single structural family. These results 

indicate that DoxSand2 adopts an α-helical architecture that is distinct from previously 

characterized protein scaffolds. 
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Figure 2.5 Crystal structure of the doxorubicin-bound DoxSand2 complex. 
(A) Superposition of doxorubicin-bound DoxSand2 crystal structure (doxorubicin colored 
in dark green, DoxSand2 colored in magenta) and the DoxSand2 Chai-1 prediction 
(doxorubicin and DoxSand2 colored gray). Doxorubicin is shown as sticks. (B) Overlay 
of the binding-site residues from the crystal structure and Chai-1 prediction after 
backbone superposition. (C) Binding pocket of the doxorubicin-bound DoxSand2 crystal 
structure. The 2Fo−Fc composite omit electron density map for doxorubicin and 
surrounding binding-site residues is contoured at 1σ. (D) Binding-site interactions 
observed in the crystal structure. Hydrogen-bonding interactions are shown as dashed 
lines, with heavy atom–heavy atom (donor–acceptor) distances indicated in angstroms. 
Ordered water molecule is shown as red sphere.  
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2.3.5. Designed binders attenuate doxorubicin cytotoxicity in COV362 cells. 

To determine whether the designed proteins modulate the biological activity of 

doxorubicin, we evaluated their effects on the proliferation of COV362 ovarian cancer 

cells (Fig. 2.6). Dose–response curves were first established using free doxorubicin and 

then repeated using doxorubicin preincubated with either DoxSand1 or DoxSand2, each 

at a fixed protein concentration of 20 µM. Preincubation with DoxSand1 increased the 

half-maximal inhibitory concentration (IC₅₀) of doxorubicin approximately 17-fold, from 

6.9 to 116 nM. DoxSand2 produced an even larger effect, increasing the apparent IC₅₀ 

to 951 nM, corresponding to a ~140-fold shift relative to free doxorubicin. The greater 

protective effect of DoxSand2 is consistent with its higher affinity for doxorubicin relative 

to DoxSand1. These results demonstrate that the designed proteins effectively 

sequester doxorubicin in a cellular environment and substantially attenuate its cytotoxic 

activity. 
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Figure 2.6 DoxSand proteins reduce doxorubicin cytotoxicity in COV362 cells. 
COV362 cell confluence following treatment with increasing concentrations of free 
doxorubicin or doxorubicin preincubated with 20 μM DoxSand1 or DoxSand2. Curves 
represent fits to a four-parameter dose–response model. Data are shown as mean ± SD 
(n = 2). The apparent IC₅₀ values were 6.85 nM (95% CI, 5.80–8.38 nM) for free 
doxorubicin, 115.7 nM (95% CI, 95.6–139.6 nM) for DoxSand1, and 950.7 nM (95% CI, 
805.8–1122 nM) for DoxSand2. 
 

  



 24 

2.4. DISCUSSION 
We designed a compact protein architecture de novo that binds a chemically 

complex therapeutic molecule with nanomolar affinity. Though only 85 residues long, the 

protein adopts a well-defined five-helix topology that accurately positions doxorubicin 

within a buried ligand-binding pocket. Most structurally characterized de novo proteins 

bound to small molecule ligands have adopted a relatively limited set of scaffold 

architectures, primarily parameterized helical bundles and proteins based on the NTF2 

fold. (Table 2.S1).37,42,43,47 In contrast, DoxSand2 adopts a distinct five-helix topology 

organized around two helical hairpins connected by a central hinge helix, producing a 

jaw-like binding cavity that encloses the ligand while maintaining an exceptionally 

compact scaffold. This organization demonstrates that compact ligand-binding cavities 

can be supported by substantially different tertiary architectures than those represented 

among current de novo binders. More broadly, these findings suggest that the current 

collection of structurally characterized de novo small-molecule binders likely 

underrepresents the diversity of protein architectures capable of supporting high-affinity 

molecular recognition, even among proteins smaller than 90 residues. 

A key aspect of this work is the use of an aromatic π-stacking interaction to guide 

binder design. Unlike many previous de novo binder design efforts, which optimize 

extensive interaction networks within predefined scaffold architectures,37,42,43,47,48 we 

ask whether an aromatic π-stacking sandwich interaction could seed the discovery of an 

entirely new ligand-binding fold. The resulting nanomolar binder demonstrates that 

establishing a dominant geometric interaction can substantially reduce the complexity of 

designing binders for chemically complex small molecules while leaving secondary 

interactions to be optimized during subsequent refinement. 
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The crystal structure provides an opportunity to evaluate the current capabilities 

of ligand-aware computational design.27,28,38 The experimentally determined protein 

closely matches the design model, whereas the bound ligand adopts a shifted pose that 

preserves the designed π-stacking interaction while introducing additional hydrogen-

bonding interactions and ordered water molecules not explicitly modeled during design. 

These observations indicate that current computational methods accurately specify 

overall protein architecture and the dominant geometric features governing molecular 

recognition while highlighting opportunities to improve prediction of ligand placement 

and explicit treatment of solvent. More broadly, the progression from an initial 

computational hit to a nanomolar binder demonstrates that computational design can 

provide experimentally useful starting points for rational optimization without requiring 

extensive empirical screening.37,42,43,48 The ability of DoxSand2 to reduce doxorubicin 

cytotoxicity demonstrates that compact de novo binders can meaningfully modulate the 

activity of clinically relevant small molecules, illustrating the functional potential of these 

designed proteins beyond structural validation.37,62  

2.5. CONCLUSIONS  
A minimal aromatic π-stacking motif was sufficient to seed the de novo design of 

a previously unobserved protein fold that binds a chemically complex small molecule 

with nanomolar affinity. These findings demonstrate that compact ligand-binding 

proteins need not be limited to naturally occurring folds or previously established design 

architectures. DoxSand demonstrates that the structural diversity of functional ligand-

binding proteins remains far from fully explored. 
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2.8. MATERIALS AND METHODS 
2.8.1. Overview of Computational Design Process. An aromatic sandwich 

motif was extracted from the crystal structure of a daunorubicin-binding protein complex 

(PDB ID: 3F8F). The motif consisted of two tryptophan-containing three-residue 

fragments that form π-stacking interactions with the anthracycline core of daunorubicin. 

Doxorubicin was positioned by pair-fitting its anthracycline core onto the daunorubicin 

coordinates from the crystal structure, and the resulting protein–ligand motif was used 

as a fixed input for scaffold generation. 

Protein backbones were generated using RFdiffusion All-Atom28 with scaffold 

lengths ranging from 100 to 120 residues. Scaffolds were filtered based on ligand burial 

and secondary structure content. The remaining scaffolds were subjected to sequence 

design using LigandMPNN followed by Rosetta FastRelax (RosettaCommons, Linux 

binary release 315) refinement.27 Structures were evaluated using RaptorX-Single31 and 

subsequently analyzed using Chai-1 (version 0.5.2)38 holo structure prediction. Designs 
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were manually selected for experimental characterization based on preservation of the 

aromatic sandwich geometry and consistency of ligand placement across multiple Chai-

1 predictions. 

Following identification of the initial binder DoxSand0, a second round of design 

was performed to improve scaffold stability and monomeric stability through loop 

replacement using MASTER35. Redesigned scaffolds were subsequently subjected to 

the same sequence design and structure prediction workflow. 

Custom Python scripts were developed to implement the computational protein 

design workflow and perform downstream structural analyses. ChatGPT (OpenAI) was 

used as an interactive programming assistant to assist with code generation, 

debugging, and refactoring during pipeline implementation and data analysis. All 

computational workflows, parameter selection, analyses, and interpretation of results 

were designed, validated, and verified by the authors. 

Representative inputs from design pipeline are shown below: 

RFdiffusion all-atom inference command:  
run_inference.py \ 

inference.deterministic=True \ 
diffuser.T=100 \  
inference.output_prefix=<output_prefix> \  
inference.input_pdb= <input_pdb> \ 
contigmap.contigs=['100-150'] \ 
inference.ligand=DM2 \ 
inference.num_designs=1 \  
inference.design_startnum=0  
 

LigandMPNN run command:  
LigandMPNN/run.py \ 

--model_type "ligand_mpnn" \ 
--seed 111 \ 
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     --pdb_path "input_pdb_path" \ 
     --out_folder "output_path" \ 
     --batch_size 2 \ 
     --number_of_batches 5 \ 
     --fixed_residues "lmpnn_fixed_resis" \ 
     --omit_AA "CM" \ 
 

Rosetta FastRelax run command:  
rosetta.binary.linux.release-
315/main/source/bin/relax.static.linuxgccrelease \ 
    -database {rosetta_path}/main/database/ \ 
     -in:file:s $input_pdb \ 
     -extra_res_fa {ligand_params_file} \ 
     -relax:quick \ 
     -constraints:cst_fa_file {constraints_file} \ 
        -constraints:cst_fa_weight 5.0 \ 
     -out:no_nstruct_label \ 
 

RaptorX-Single run command:  
RaptorX-Single/pred.py \ 
 fasta_path \ 

params/RaptorX-Single-ESM1b-ESM1v-ProtTrans.pt \ 
--out_dir={output_directory_path} \ 
--device_id=0 
  

Chai1 run command: 
chai1_lab.chai1.run_inference( 

fasta_file=fasta_path, 
output_dir=output_dir, 
num_trunk_recycles=3, 
num_diffn_timesteps=200, 
seed=42, 
device=torch.device("cuda:0"), 
use_esm_embeddings=True) 
 

2.8.2. Scaffold Generation. Protein backbones were generated using 

RFdiffusion All-Atom with scaffold lengths ranging from 100 to 120 residues. The input 

motif was derived from the daunorubicin-binding protein structure (PDB ID: 3F8F) and 

consisted of two fixed three-residue fragments containing the tryptophan residues 
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responsible for aromatic stacking interactions with the anthracycline core. Doxorubicin 

coordinates were generated by pair-fitting the anthracycline core of doxorubicin onto the 

daunorubicin molecule present in the crystal structure. 

A total of 500 scaffolds were generated. Scaffolds were filtered based on ligand 

burial and secondary structure content. Ligand burial was quantified using solvent-

accessible surface area (SASA) calculations performed with the Shrake–Rupley 

algorithm implemented in Biopython using a probe radius of 1.0 Å. Scaffolds were 

required to exhibit a ligand ΔSASA greater than 220 Å² upon binding. Secondary 

structure assignments were determined using DSSP through Biopython, and scaffolds 

containing more than six consecutive residues assigned as loop were removed. 

Application of these filters reduced the design pool from 500 to 66 scaffolds. The 66 

filtered scaffolds were manually evaluated in PyMOL for overall scaffold geometry, 

preservation of the aromatic interaction motif, and accessibility of the ligand-binding 

pocket. Based on this assessment, 12 scaffolds were selected for subsequent iterative 

sequence design. 

2.8.3. Sequence Design and Structural Filtering. The 12 selected scaffolds 

were subjected to three iterative rounds of fixed-backbone sequence design using 

LigandMPNN, each followed by backbone relaxation with Rosetta FastRelax. During 

sequence design, the aromatic sandwich residues (W33 and W61) were held fixed. A 

total of 512 sequences were generated for each scaffold, affording 6144 sequences. 

Designed sequences were refined using Rosetta FastRelax with ligand movement 

enabled during relaxation. Apo structures were subsequently predicted using RaptorX-

Single and filtered based on average predicted confidence (pLDDT > 85), backbone 
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RMSD relative to the design model (<1.5 Å), and net charge between −3 and −7. 

Application of these criteria reduced the design pool to 170 sequences. 

2.8.4. Chai-1 Structure Prediction and Design Selection. The remaining 

sequences were evaluated using Chai-1 holo structure prediction. Five independent 

Chai-1 predictions were generated for each sequence using doxorubicin represented by 

the SMILES string: 

C[C@H]1[C@H]([C@H](C[C@@H](O1)O[C@H]2C[C@@](Cc3c2c(c4c(c3O)C(=O)
c5cccc(c5C4=O)OC)O)(C(=O)CO)O)N)O 
 
Predicted structures were analyzed using custom scripts and manually inspected. 

Designs were prioritized based on preservation of the aromatic sandwich geometry, 

consistency of ligand placement, and agreement among the five Chai-1 predictions. 

Emphasis was placed on maintaining the orientation of the tryptophan sandwich 

residues and the self-consistency of the predicted ligand pose across all five 

predictions. Chai-1 predictions were used for ranking and design selection; no additional 

computational filtering was applied at this stage. Twelve sequences derived from six 

scaffolds were selected for experimental characterization. 

For the final DoxSand2 structure prediction used for comparison with the 

experimentally determined crystal structure, Chai-1 was run using an alternative 

doxorubicin SMILES representation, 

COc1cccc2C(=O)c3c(O)c4C[C@](O)(C[C@H](O[C@H]5C[C@H](N)[C@H](O)[C
@H](C)O5)c4c(O)c3C(=O)c12)C(=O)CO 
 
because this representation consistently yielded Chai-1 predictions with the correct 

stereochemistry of doxorubicin.  
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2.8.5. Loop Remodeling. Following experimental characterization of the initial 

binder DoxSand0, a second round of design was performed to improve scaffold stability 

and monomeric stability. Loop replacement was performed using MASTER. Two six-

residue helical fragments flanking each loop were used as search queries against 

structures in the Protein Data Bank. Loop lengths ranging from 3 to 10 residues were 

sampled using RMSD cutoffs of 1.0–1.5 Å. The wgap option in MASTER was used to 

identify loops of the specified length connecting the two helices within the defined 

RMSD threshold. The resulting loop candidates were clustered based on RMSD and 

ranked according to cluster size. Two loop regions, connecting helices H1–H2 and H3–

H4, were replaced with structurally compatible fragments identified through this 

MASTER search procedure. The redesigned scaffold was reduced from 92 residues to 

85 residues while preserving the binding-site architecture. Redesigned structures were 

subjected to three iterative rounds of fixed-backbone sequence design with 

LigandMPNN, during which 31% of scaffold residues were held fixed, each followed by 

Rosetta FastRelax refinement, with Rosetta constraints applied to residues W33 and 

W61 relative to the bound doxorubicin to preserve the binding-site geometry during 

sequence optimization. Refined designs were subsequently filtered using RaptorX-

Single and evaluated with Chai-1 as described above. 

2.8.6. Structural similarity search. Structural similarity searches were 

performed using the Foldseek91 web server in 3Di-AA search mode with default settings. 

The holo monomer structure of DoxSand2 (PDB: 36IQ) was used as the query model. 

Searches were performed against the PDB100 and AFDB50 databases using default 
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parameters. Hits were evaluated based on Foldseek probability, E-value, and sequence 

identity. 

2.8.7. Protein expression and purification. Gene fragments encoding the 

designed proteins followed by TEV protease cut site (sequence: ENLYFQS) and C-

terminal 6×His tag were obtained from Twist Bioscience and cloned into pET28a(+) by 

Gibson assembly. Plasmid constructs were verified by Sanger sequencing (Azenta Life 

Sciences) using the T7 primer. Plasmids were transformed into E. coli BL21(DE3) cells 

and grown in Luria Broth (Miller formulation) medium supplemented with kanamycin to 

final concentration of 50 µg/mL at 220 rpm, 37 °C. Cultures were induced with Isopropyl 

β-D-1-thiogalactopyranoside (IPTG) to a final concentration of 1 mM at an OD600 of 0.6–

0.8 and grown for an additional 4 hours at 220 rpm, 37 °C before harvesting by 

centrifugation. 

Cell pellets were resuspended in 1× phosphate buffered saline (PBS), pH 7.4 

supplemented with 20 mM imidazole and lysed by sonication (Sonic Dismembrator 

Model 500, Fisher Scientific) before clarification by centrifugation. Clarified lysates were 

loaded onto Ni-NTA resin (HisPur™ Ni-NTA Resin, ThermoFisher) equilibrated 1x PBS, 

20mM imidazole and washed with 1× PBS, 20 mM imidazole. Bound proteins were 

eluted with 1× PBS containing 250 mM imidazole. Eluted fractions were concentrated 

and further purified by size exclusion chromatography on a Superdex 75 Increase 

10/300 GL column equilibrated in 1× PBS (pH 7.4). Protein purity was assessed by 

SDS-PAGE (Invitrogen NuPAGE 4-12% Bis-Tris Mini Protein Gel, ThermoFisher) and 

concentrations were determined by UV–visible spectroscopy. Untagged (e.g. 
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hexahistidine tag removed by TEV cleavage) and His6-tagged proteins showed no 

significant difference in binding; therefore, His-tagged protein was used for experiments. 

2.8.8. Determination of binding dissociation constants. Fluorescence 

quenching experiments were performed in black, non-binding surface (NBS) 384-well 

microplates (Corning®, Cat. No. CLS3575BC) with 1X PBS, pH 7.4 as the assay buffer. 

Protein solutions were prepared at an initial target concentration of ~10 µM and serially 

diluted in a 96-well plate (100 µL per well). Exact protein concentrations were 

determined by UV–visible spectroscopy and used for all subsequent calculations. 

Aliquots (85 µL) of each protein dilution were transferred to the 384-well plate. 

Doxorubicin hydrochloride (Cayman Chemical, Cat. No. 15007) was dissolved in 

dimethyl sulfoxide (DMSO) to prepare a 20 mM stock solution and stored at –20 °C. For 

fluorescence quenching assays, a working stock solution was prepared by diluting the 

DMSO stock into Milli-Q water. The concentration of the working stock was verified by 

UV–visible spectroscopy using an extinction coefficient of 13,500 M-1 cm-1 at 480 nm.92 

Unless otherwise indicated, the working stock was prepared to yield a final doxorubicin 

concentration of 100 nM upon addition of 5 µL to each well (final assay volume, 90 µL). 

For global fitting experiments, the working stock concentration and corresponding final 

assay concentration were adjusted as required. Final in-well concentrations were 

calculated based on measured stock concentrations and dilution factors (protein: 85/90; 

doxorubicin: 5/90), corresponding to an approximate final doxorubicin concentration of 

~0.10 µM. Following doxorubicin addition, plates were shaken for 30 s, incubated for 2 

min at room temperature, and fluorescence was measured on a BioTek Synergy Neo2 
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multimode plate reader using top-read optics (excitation 480/20 nm; emission 590/20 

nm; gain 100; read height 8.0 mm). 

Fluorescence quenching was quantified as ΔRFU, calculated as the fluorescence 

intensity of the corresponding doxorubicin only (no protein) control well minus the 

fluorescence intensity of the sample well, such that increased quenching yielded larger 

positive ΔRFU values. Mean ΔRFU values ± SEM were used for graphical presentation. 

Nonlinear regression analyses were performed using individual replicate 

measurements. Binding data were analyzed in GraphPad Prism 10 (GraphPad 

Software) with a quadratic one-site binding model accounting for ligand depletion using 

the following equation:  

𝑌 = 𝑌0 + (𝑌𝑚𝑎𝑥 − 𝑌0) × (
−𝑏 − √𝑏2 − (4 × 𝑎 × 𝑐)

2 × 𝑎 × 𝐿 ) 

Where 𝑌 is ΔRFU, 𝑌0 is  ΔRFUmin, 𝑌𝑚𝑎𝑥 is  ΔRFUmax , 𝑋 is protein concentration, 𝐿 is 

ligand concentration, 𝑛 is binding stoichiometry parameter, 𝑎 = 1 , 𝑏 = −𝐾𝐷 − 𝐿
𝑛

− 𝑋, 𝑐 =

𝐿×𝑋
𝑛

  .  For individual binding curves, the stoichiometry parameter was fixed at n = 1. For 

global analyses, datasets collected at different ligand concentrations were fit 

simultaneously with a shared KD, while all other parameters were allowed to vary 

independently between datasets. 

2.8.9. Circular dichroism. Circular dichroism spectra were collected on a Jasco 

J-810 spectropolarimeter using a 0.1 cm path length quartz cuvette. Protein samples 

were prepared in 1× PBS (pH 7.4) at concentrations of 10–15 μM, and concentrations 

were verified by UV–visible spectroscopy prior to measurement. Holo samples were 
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prepared by addition of a two-fold molar excess of doxorubicin and left to incubate at 

room temperature for 30 min. 

Spectra were collected from 190–250 nm in continuous scanning mode at 50 

nm/min with a bandwidth of 1 nm and five accumulations per sample. Thermal 

denaturation experiments were performed by monitoring ellipticity at 222 nm from 20–95 

°C at 2 °C temperature intervals with a heating rate of 2 °C/min. 

2.8.10. Monomeric fraction analysis. Monomeric fractions were quantified 

directly from the preparative size-exclusion chromatography chromatograms obtained 

during protein purification. Protein samples from 500 mL expression cultures were 

purified by preparative size-exclusion chromatography as described above, and 

chromatograms were exported and analyzed using GraphPad Prism 10. Baseline 

correction was performed by subtracting the average absorbance between 6 and 7 mL 

from each trace. To ensure consistent analysis across constructs, a fixed integration 

range of 7–18 mL was used to define the total eluted protein, and a predefined 

integration range of 13–16 mL was used to define the monomeric fraction. Areas under 

the curve (AUCs) for each region were calculated using the AUC analysis in GraphPad 

Prism. The percentage of monomeric protein was calculated as: 

𝑀𝑜𝑛𝑜𝑚𝑒𝑟𝑖𝑐 𝑓𝑟𝑎𝑐𝑡𝑖𝑜𝑛 (%) = 100 ×
𝐴𝑈𝐶13−16𝑚𝐿

𝐴𝑈𝐶7−18𝑚𝐿
 

2.8.11. Cell viability assay. COV362 cells were cultured in DMEM media (Gibco, 

Cat# 10569010), supplemented with 10% fetal bovine serum (Corning, 35-010-CV) and 

1% Pen Strep (Gibco, 15140-122). Cells were seeded in a 96-well plate at a density of 

2,000 cells per well. After overnight, doxorubicin of serial 4-fold dilutions, ranging from 0 
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to 1,000 nmol/L, was preincubated with 20 µM doxorubicin binder proteins in media at 

room temperature for 5 min, and added to cells. After 7 days, cell confluence was 

measured using an IncuCyte Live Cell Imager (Sartorius; mean ± SD, n = 2). The values 

were normalized to those of cells treated by DMSO vehicle. Half maximal inhibitory 

concentration (IC)50 concentrations were calculated by Nonlinear regression (curve fit) 

(log(inhibitor) vs. response-variable slope (four parameters)) using GraphPad Prism 10 

(RRID:SCR_002798).  

2.8.12. X-ray crystallography. A 3-fold molar excess of doxorubicin 

hydrochloride (stock solution in DMSO) was added to DoxSand2 in 1× PBS (pH 7.4) 

and incubated for 30 min at room temperature. Because residual free doxorubicin 

interfered with accurate spectrophotometric determination of the holo-protein 

concentration, the protein concentration was estimated from the initial apo-DoxSand2 

concentration, which was determined by absorbance at 280 nm using an extinction 

coefficient of 13,980 M−1 cm−1, assuming complete protein recovery throughout the 

loading and concentration steps. 

Following incubation, the sample was centrifuged at 21,100 × g for 10 min at 

room temperature to pellet any precipitated material. The clarified supernatant was then 

transferred to an Amicon Ultra 0.5 mL centrifugal filter (10 kDa molecular weight cutoff). 

The sample was concentrated by centrifugation and washed three times with 300–400 

µL of 1× PBS by repeatedly concentrating the retentate and replenishing the filter with 

fresh buffer. This reduced the concentration of unbound doxorubicin, although residual 

free ligand was expected to remain. The sample was subsequently concentrated to a 

final estimated protein concentration of 12.5 mg/mL Crystallization conditions were 
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screened against the Hampton JCSG+ Screen, Peg/Ion Screen, and Classics 1&2 

Screens using a Mosquito Crystal instrument.  

Based on these screening conditions, additional hanging drop optimization 

conditions were explored. The reported structure was obtained by diffraction of a ruby, 

hexagonally prismatic crystal grown in a hanging drop containing 500 mM HEPES, 489 

mM Sodium Citrate, 68.5 mM Sodium Chloride, 5 mM Sodium phosphate dibasic, 0.9 

mM Potassium phosphate monobasic, and 1.35 mM Potassium chloride at pH 7.25. 

Crystals were harvested and flash-frozen in liquid nitrogen without cryo protection. 

2.8.13. X-ray crystallography data collection and processing. Diffraction data 

was collected at ALS Beamline 8.3.1 on a PILATUS3 S 6M detector with a 1.11582 Å 

beam wavelength at 100 K. Data were processed with XDS,93 and statistics for data 

processing and structural refinement can be found in Table 2.3. Using the Phenix94 

suite, the structure was solved by molecular replacement with Phaser95 using a 

DoxSand2 Chai-1 design model. Phenix and Servalcat96 were used for refinement, and 

Elbow97 was used for ligand restraint construction based on optimized coordinates. 

Cofactor placement was based on residual electron density in the binding site. When 

ligand occupancy was allowed to vary, full occupancy was found to best explain the 

data. Protein model building and adjustments were performed in Coot198, and 

MolProbity99 was used in validation. The protein structure was deposited to the protein 

database as entry 36iq. All raw data were deposited to the Integrated Resource for 

Reproducibility in Macromolecular Crystallography100 (proteindiffraction.org), from which 

they can be freely downloaded (doi:10.18430/M336IQ). 
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2.9. SUPPLEMENTARY FIGURES 

 

Figure 2.7 Crystal structure of the daunomycin-bound LmrR dimer 
(PDB: 3F8F) The protein is colored by chain (blue and magenta). Daunomycin from the 
crystal structure is shown as green sticks. The relative ligand pose of doxorubicin 
(yellow) for motif-guided protein design was defined by overlaying its anthracycline core 
onto the crystallographic daunomycin core. 
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Figure 2.8 RFdiffusion All-Atom scaffold architectures selected for sequence design and 
experimental evaluation. 
Twelve backbone scaffolds generated by RFdiffusion All-Atom and advanced through 
the sequence design and structure-prediction pipeline are shown. Asterisks denote 
experimental outcomes: (*) scaffold selected for gene synthesis; (**) scaffold expressed 
as soluble protein; (***) scaffold expressed as soluble protein and exhibited measurable 
doxorubicin binding. 
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Figure 2.9 Progressive filtering of the computational design search space. 
A six-residue aromatic π-stacking motif derived from the daunomycin-bound LmrR 
crystal structure (PDB: 3F8F) was provided as the fixed input motif to RFdiffusion All-
Atom. Sequential filtering based on scaffold quality, ligand burial, secondary structure 
content, sequence design, and structure prediction progressively reduced the design 
space to 12 sequences representing six scaffold architectures that were selected for 
experimental characterization. Each box indicates the design entity and the number 
carried forward to the next stage. 
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Figure 2.10 DoxSand0 scaffold after loop optimization using MASTER. 
Residues held fixed during sequence design (31% of the scaffold) are highlighted in 
pink, while the remaining residues were allowed to vary. Doxorubicin is shown as green 
sticks. Residues W33 and W61, shown as sticks, were constrained relative to 
doxorubicin using Rosetta AtomPair constraints during sequence design to preserve the 
binding-site geometry. 
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Figure 2.11 Foldseek (3Di/AA mode) search. 
Queries against the PDB100 (A) and AlphaFold/UniProt50 (B) databases identified only 
weak structural matches. Sequence identity is plotted against Foldseek probability, with 
point color indicating E-value.101,102 No statistically significant structural homologs were 
identified in either database (all E-values > 1). 
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2.10. SUPPLEMENTARY TABLES  
Table 2.1 De novo Small-Molecule Binding Proteins with Experimentally Determined 
Holo Structures 
protein ligand sequence 

length 
scaffold KD (nM) 

DoxSand2 doxorubicin 85 mini helical 
jaw 

85 

mFAP118 DFHBI 112 β-barrel 560 
A1E19 progesterone 113 NTF2 fold 5000-10000 
apx104920 apixaban 119 NTF2 fold 650 
ABLE21 apixaban 126 4-helix bundle 5000 
hcy129_mpnn520 cortisol 135 NTF2 fold 2300 
PiB22 rucaparib 147 4-helix bundle <5  
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Table 2.2 Protein and DNA Sequences of DoxSand Variants 

Protein Protein sequence DNA sequence 
DoxSand0 MEKEIVEEALAILK

AVLDGEPGAEER
AAAFWANPENRK
VVTDVVVKYANKL
GLTKGSTDPAQAV
KDWWAQADAAG
DVAAGNAVGVKA
LELELENLYFQSH
HHHHH* 

CTTTAAGAAGGAGATATACCATGGATGGAGAAGG
AAATAGTGGAAGAAGCTCTGGCGATCCTGAAGGC
GGTGCTTGATGGCGAACCTGGAGCAGAGGAGCG
TGCCGCAGCCTTCTGGGCAAACCCCGAAAACCG
AAAGGTCGTTACCGACGTAGTGGTTAAGTACGCG
AACAAACTTGGCTTAACTAAGGGCTCTACGGACC
CAGCCCAAGCCGTTAAGGACTGGTGGGCCCAGG
CAGATGCCGCCGGTGACGTGGCCGCGGGTAATG
CGGTAGGTGTAAAAGCTTTGGAGTTAGAGCTTGA
GAACCTGTACTTTCAAAGTCATCACCACCATCAC
CACTGACTCGAGCACCACCACCACCACCAC 

DoxSand1 MEKEIVEEALKLV
QGFLDDPNDKAV
LEAAAAFWANPE
NRKVVTDTVAKEL
GISSEELEARWRE
YDAAGRLAEHNEI
VAKGLRKALENLY
FQSHHHHHH* 

CTTTAAGAAGGAGATATACCATGGATGGAAAAGG
AGATTGTGGAAGAGGCTCTGAAGCTGGTGCAGG
GCTTTCTCGACGACCCGAACGACAAGGCAGTGC
TCGAAGCCGCGGCCGCGTTCTGGGCCAATCCAG
AGAACCGTAAAGTGGTTACCGATACAGTAGCGAA
GGAGTTAGGTATTTCGTCCGAGGAGCTTGAGGC
CCGCTGGCGCGAGTACGACGCAGCAGGCAGATT
AGCAGAACATAATGAGATCGTCGCGAAGGGTTTA
CGTAAGGCCCTCGAAAATCTGTACTTCCAATCTC
ATCATCACCACCATCATTAGCTCGAGCACCACCA
CCACCACCAC 

DoxSand2 MEKEIVEEALKLV
QGFLDDPNDKAV
LEAAAAFWANPE
NRKVVTDTIAKEL
GISSEELEARWRE
YDAAGRLAEANEI
VAKGLRKALENLY
FQSHHHHHH* 

CTTTAAGAAGGAGATATACCATGGATGGAGAAAG
AAATCGTTGAAGAGGCCCTTAAGTTAGTCCAAGG
CTTCCTGGACGATCCAAACGATAAGGCAGTTCTG
GAAGCTGCAGCTGCATTCTGGGCAAACCCTGAA
AATCGGAAGGTAGTAACGGACACGATCGCCAAAG
AACTGGGTATCTCAAGCGAGGAATTAGAGGCGC
GCTGGAGAGAGTATGATGCCGCTGGCCGACTCG
CCGAGGCAAACGAGATCGTCGCGAAGGGCCTTC
GCAAGGCACTGGAAAATTTGTATTTCCAGTCACAT
CACCATCACCATCACTGACTCGAGCACCACCACC
ACCACCAC 
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Table 2.3 Crystallographic data processing and refinement statistics for holo DoxSand2 
 Value 

PDB ID 36IQ 
Space group P 32 2 1 

Cell constants 
a, b, c, α, β, γ 

42.70 Å, 42.70 Å, 174.71 Å 
90.00°, 90.00°, 120.00° 

Resolution (Å) 58.24 – 1.56 
% Data completeness 99.7 (58.24-1.56) 

Rmerge 0.18 
< I/σ(I) > 1.56 
R, Rfree 0.218, 0.255 

Rfree test set 1999 reflections (6.77%) 
Wilson B-factor (Å2) 25.1 

Anisotropy 0.256 
Bulk solvent  

ksol(e/Å3), Bsol(Å2) 0.37, 28.6 

L-test for twinning < |L| > = 0.47, < L2 > = 0.30 
Estimated twinning fraction 0.046 for -h,-k,l 

Fo,Fc correlation 0.95 
Total number of atoms 3071 

Average B, all atoms (Å2) 38.0 
Protein residues 180 

RMS (bonds) 0.007 
RMS (angles) 0.79 

Ramachandran favored (%) 97.73 
Ramachandran allowed (%) 2.27 
Ramachandran outliers (%) 0.00 

Rotamer outliers (%) 0.69 
Clashscore 2.33 
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2.11 SUPPLEMENTARY TEXTS 
Quantum chemical calculations 

Density functional theory optimization of the cationic doxorubicin geometry was carried 

out in ORCA 6.1.1103,104 using the B3LYP functional with a D3BJ105,106 dispersion 

correction and def2-SVP set. The reported structure was concluded to be a ground-

state minimum based on the analysis of the harmonic vibrational analytical frequencies, 

which show no imaginary frequencies. 

Doxorubicin coordinates: 
  C         -21.09693843452550     -2.30349715515109     10.72262167574020 
  C         -20.79468975060255     -3.47656711563832      9.81163732826365 
  O         -21.93740181405846     -3.67670252351532      8.96019234677085 
  C         -20.52628542018282     -4.78202881835712     10.56580332752132 
  O         -21.60057538733238     -5.14578753810384     11.41999901088420 
  C         -20.28503823548590     -5.91126567344913      9.54859530443355 
  N         -20.15898426480298     -7.18846789587201     10.32245821844999 
  C         -21.44339779655918     -6.01880372649053      8.56157005024540 
  C         -21.72602347213343     -4.64914158043469      7.94500059353509 
  C         -17.13629240435094     -6.71522001278077     -0.11058125414148 
  C         -17.41810963911604     -7.89307292240745     -0.80041166549987 
  C         -18.49779491646132     -8.68900301891866     -0.42914869070723 
  C         -19.32787751343310     -8.32296837041791      0.64988362955414 
  O         -20.36937901965412     -9.07049656740681      1.02937907414792 
  C         -19.05772593494920     -7.11927040524125      1.36758241153209 
  C         -19.89627058438804     -6.67569154398671      2.50374477736919 
  O         -20.88415538240861     -7.32586383517695      2.89678060116937 
  C         -19.54350432689929     -5.42170851453473      3.18385140155990 
  C         -20.33161887466574     -4.98129221758535      4.26396619832619 
  O         -21.39559090172265     -5.66468640513066      4.68274230877933 
  C         -20.00974279013777     -3.76158753785334      4.93182634296934 
  C         -20.88045718860018     -3.36128770012380      6.09933419591702 
  O         -20.64718718051054     -4.32996081991562      7.12598242060150 
  C         -20.65042918723356     -1.92109265769042      6.55586272295201 
  C         -19.16477730860662     -1.53297675611269      6.59394261030909 
  O         -18.52010506560866     -2.36868795370375      7.54631242507089 
  C         -19.09218527590996     -0.06596615609807      7.03283908419579 
  O         -19.39543509536898      0.84766248717994      6.28973571582890 
  C         -18.67878163364835      0.23691192791372      8.45729157198461 
  C         -18.55708748445511     -1.69812967415249      5.19856936578319 
  C         -18.92166146893204     -2.99847968292543      4.53395214438609 
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  C         -18.12149667323065     -3.43549841253278      3.43706579724489 
  C         -18.42968617580821     -4.63709756210853      2.77310215605001 
  C         -17.60043948984298     -5.06497105977099      1.65630573888087 
  O         -16.62144344509488     -4.39051364490054      1.28414729078038 
  C         -17.94653717286498     -6.33133904456175      0.96106942040707 
  C         -20.67372187513569    -10.27435532789593      0.34049131345024 
  H         -19.28356150608560     -7.22508471806262     10.86373559502561 
  H         -20.94198089165320     -7.23834899491197     10.99580722250825 
  H         -17.56235260578633     -2.30970594895921      7.40774604471369 
  H         -22.42467038692296     -4.86905827631136     10.98509377408131 
  H         -21.44333331461864     -6.46626988899691      4.07252465369209 
  H         -16.29526678625109     -6.08007061869547     -0.38844157712256 
  H         -16.79075337651188     -8.20026610795967     -1.64063322894662 
  H         -18.69881827187165     -9.60468395199494     -0.98296597788819 
  H         -22.66634457667861     -4.66990278039658      7.36944952760049 
  H         -21.93539372107437     -3.45173687441778      5.78651877257764 
  O         -17.08937757923668     -2.67547956430412      3.07398945985512 
  H         -19.33668358451593     -5.74905817441032      9.02010600957075 
  H         -19.63314977973288     -4.66260837459468     11.20056701617475 
  H         -19.91454407679745     -3.25077815583157      9.18930411087640 
  H         -21.11889253035856     -1.77416226814696      7.53786236148043 
  H         -21.21754412497226     -6.73498436259120      7.75834300944037 
  H         -21.15237170813612     -1.24413582418294      5.84829657597909 
  H         -22.35255159504149     -6.36138794503422      9.08061326066983 
  H         -19.30975036115986     -0.37141992389533      9.13430189110308 
  H         -17.64416369701893     -0.14013995576244      8.59570197216914 
  O         -18.77975248220344      1.59780582206059      8.73254764448641 
  H         -18.89280378177246     -0.85694430015677      4.56931338282568 
  H         -17.46025756198830     -1.60353240812577      5.25340850524468 
  H         -20.91488060876335    -10.08637422353297     -0.71944178347139 
  H         -19.84512803566693    -10.99991456095369      0.40425359911444 
  H         -21.55700840312724    -10.69358690685340      0.84010025561144 
  H         -21.30298024662072     -1.40439225382596     10.12333578537467 
  H         -20.23344192827501     -2.09626420140046     11.37316656101464 
  H         -21.97117186679913     -2.50331327673373     11.36065798440931 
  H         -16.65881632464369     -3.14977755969153      2.30262384451004 
  H         -20.19149697322086     -8.02287999087298      9.72048227713987 
  H         -19.04538316747202      2.01367622569897      7.89130600673360 
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Doxorubicin ligand Rosetta parameters files (DM2_params_file):  
NAME DM2 
IO_STRING DM2 Z 
TYPE LIGAND 
AA UNK 
ATOM  C15 aroC  X   -0.02 
ATOM  C14 aroC  X   -0.02 
ATOM  O5  OH    X   -0.56 
ATOM  H12 Hpol  X   0.53 
ATOM  C13 aroC  X   -0.02 
ATOM  C12 aroC  X   -0.02 
ATOM  O4  OOC   X   -0.66 
ATOM  C11 aroC  X   -0.02 
ATOM  C10 aroC  X   -0.02 
ATOM  O3  OH    X   -0.56 
ATOM  C27 CH3   X   -0.17 
ATOM  H27 Hapo  X   0.19 
ATOM  H28 Hapo  X   0.19 
ATOM  H29 Hapo  X   0.19 
ATOM  C9  aroC  X   -0.02 
ATOM  C8  aroC  X   -0.02 
ATOM  C7  aroC  X   -0.02 
ATOM  C26 aroC  X   -0.02 
ATOM  C25 aroC  X   -0.02 
ATOM  O11 OOC   X   -0.66 
ATOM  C24 aroC  X   -0.02 
ATOM  C23 aroC  X   -0.02 
ATOM  O10 OH    X   -0.56 
ATOM  H19 Hpol  X   0.53 
ATOM  C22 aroC  X   -0.02 
ATOM  C21 CH2   X   -0.08 
ATOM  C18 CH1   X   0.01 
ATOM  O7  OH    X   -0.56 
ATOM  H15 Hpol  X   0.53 
ATOM  C17 CH2   X   -0.08 
ATOM  C16 CH1   X   0.01 
ATOM  O6  OH    X   -0.56 
ATOM  C6  CH1   X   0.01 
ATOM  O1  OH    X   -0.56 
ATOM  C2  CH1   X   0.01 
ATOM  C1  CH3   X   -0.17 
ATOM  H1  Hapo  X   0.19 
ATOM  H2  Hapo  X   0.19 
ATOM  H3  Hapo  X   0.19 
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Rosetta constraints (constraints_file) used for re-design of DoxSand0  
AtomPair NE1 60A C12 1X HARMONIC 3.4 0.2 
AtomPair CH2 60A C23 1X HARMONIC 3.1 0.2 
AtomPair CG 60A C10 1X HARMONIC 4.1 0.2 
AtomPair CD2 60A C26 1X HARMONIC 4.0 0.2 
AtomPair CZ2 60A C22 1X HARMONIC 3.5 0.2 
AtomPair CD2 32A C14 1X HARMONIC 3.8 0.2 
AtomPair CZ2 32A C24 1X HARMONIC 3.2 0.2 
AtomPair CD1 32A C15 1X HARMONIC 3.8 0.2 
AtomPair CH2 32A C25 1X HARMONIC 3.5 0.2 
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CHAPTER 3 Engineering DoxSand2 for Therapeutic Applications 

3.1 INTRODUCTION 
Chapter 2 established that DoxSand2 is a compact de novo protein capable of 

binding the chemotherapeutic doxorubicin with nanomolar affinity. While these studies 

established successful molecular recognition, therapeutic application requires additional 

properties beyond ligand binding alone. Proteins intended for in vivo use must exhibit 

favorable pharmacokinetic behavior, maintain structural integrity under physiological 

conditions, and remain stable in complex biological environments. One widely used 

strategy for extending serum half-life is fusion to an albumin-binding domain (ABD), 

which promotes reversible association with human serum albumin (HSA), the most 

abundant circulating protein.107–109 To extend the therapeutic potential of DoxSand2, an 

albumin-binding domain was genetically fused to the protein to extend its circulating 

half-life. 

This chapter describes the initial engineering and characterization of the 

DoxSand-ABD fusion protein, including evaluation of albumin and doxorubicin binding, 

structural characterization, and preliminary assessment of serum stability. In addition to 

these experimental studies, this chapter discusses ongoing pharmacokinetic studies 

and future engineering strategies aimed at further evaluating the therapeutic potential of 

DoxSand2. 

3.2 RESULTS 
3.2.1 Design of a DoxSand-ABD fusion protein. To extend the therapeutic 

potential of DoxSand2, an albumin-binding domain was genetically fused to the protein. 

The ABD was derived from the ABDCon sequence, a consensus albumin-binding 

domain engineered for high-affinity binding to serum albumin.110 Four fusion constructs 
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were evaluated, differing in the orientation of the fusion (ABD–DoxSand2 or DoxSand2–

ABD) and the length of the connecting linker (7 or 15 amino acids). Each construct 

contained a C-terminal TEV protease cleavage site followed by a polyhistidine 

purification tag. Following preliminary characterization, the construct consisting of an N-

terminal DoxSand2 domain connected through a 15-residue linker to a C-terminal 

ABDCon domain was selected for all subsequent studies and is referred to hereafter as 

DoxSand-ABD (Fig. 3.1). 

 

Figure 3.1 Chai-1 predicted structure of DoxSand-ABD. 
The selected fusion construct consists of DoxSand2 connected through a 15-residue 
linker to ABDCon. The model predicts that the two domains remain structurally 
independent, with the doxorubicin-binding pocket of DoxSand remaining accessible. A 
C-terminal TEV protease cleavage site and his-tag were included for purification. 
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3.2.2. Characterization of DoxSand-ABD. Analytical size-exclusion 

chromatography demonstrated formation of a stable complex between DoxSand2-ABD 

and HSA, with the observed elution profile consistent with complex formation (Figure 

3.2A). To determine whether addition of the albumin-binding domain disrupted the 

original ligand-binding function, fluorescence binding assays were performed using 

doxorubicin. DoxSand2-ABD retained doxorubicin binding with an affinity comparable to 

the parent protein (Figure 3.2B), indicating that fusion of the albumin-binding domain did 

not substantially perturb the designed binding pocket. Together, these results 

demonstrate that DoxSand2-ABD simultaneously recognizes both human serum 

albumin and doxorubicin, representing an initial step toward extending the utility of the 

designed protein beyond in vitro characterization. 

Because fusion proteins frequently alter protein stability and folding, the 

structural properties of DoxSand2-ABD were compared with those of the parent 

DoxSand2 scaffold using circular dichroism spectroscopy. Far-UV CD spectra indicated 

that DoxSand2-ABD remained predominantly α-helical, with only modest differences 

relative to DoxSand2 (Figure 3.2C). Thermal denaturation monitored by circular 

dichroism similarly demonstrated that the fusion protein retained cooperative unfolding 

behavior over the measured temperature range (Figure 3.2D). Although minor 

differences in thermal behavior were observed, the overall secondary structure and 

folding characteristics remained similar to those of the parent scaffold. These results 

indicate that fusion of the albumin-binding domain does not substantially compromise 
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the structural integrity of DoxSand2 and supports its continued evaluation for 

translational applications. 

Figure  3.2 Biophysical characterization of DoxSand-ABD. 
(A) Analytical size-exclusion chromatography of human serum albumin (HSA) alone 
(gray) and a preincubated mixture of DoxSand-ABD and HSA (blue). (B) Fluorescence 
titrations of DoxSand2 (magenta) and DoxSand-ABD (blue) with doxorubicin. Data were 
fit to a quadratic binding model. (C) Far-UV circular dichroism spectra of DoxSand2 and 
DoxSand-ABD, showing that the fusion protein retains the predominantly α-helical 
secondary structure of the parent scaffold. (D) Thermal denaturation monitored by 
circular dichroism at 222 nm.  

A critical requirement for therapeutic development is maintaining structural 

integrity under physiological conditions. To obtain an initial assessment of biological 

stability, DoxSand2 and DoxSand2-ABD were incubated in mouse serum and analyzed 

over time by SDS-PAGE (Figure 3.3). Both proteins remained detectable following 
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incubation in serum (Figure 3.4). Although qualitative, these experiments suggest that 

the engineered proteins remain intact under serum conditions. 

 
Figure 3.3 In vitro serum stability of DoxSand2 and DoxSand-ABD. 
(A) Western blot analysis of DoxSand2 following incubation in mouse serum at 37 °C for 
30 min, 1 h, 2.5 h, 4 h, and 11 h. (B) Western blot analysis of DoxSand-ABD under the 
same conditions. Proteins were detected using an HRP-conjugated anti-6×His tag 
antibody. Both proteins remained detectable throughout the incubation period, 
consistent with stability under the conditions examined. 
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3.3 CONCLUSIONS 

The experiments described in this chapter represent initial efforts to translate 

DoxSand2 from a computationally designed ligand-binding protein toward a potential 

therapeutic scaffold. Fusion to an albumin-binding domain successfully introduced 

recognition of human serum albumin while preserving high-affinity binding to 

doxorubicin and maintaining the overall structural properties of the parent protein. 

Preliminary serum stability experiments further support the feasibility of this approach. 

These results also highlight the substantial work that remains before therapeutic 

application can be realized. Ongoing studies are comparing the in vivo 

pharmacokinetics of DoxSand2, DoxSand-ABD, and free doxorubicin to determine how 

albumin binding influences the circulation of the protein and its bound cargo. Evaluation 

of tissue distribution and in vivo drug sequestration will also be important for assessing 

the therapeutic potential of DoxSand-ABD. Additional half-life extension strategies, 

including Fc fusion proteins and other pharmacokinetic engineering approaches, may 

further improve the therapeutic potential of DoxSand2.111,112 

Together, these studies demonstrate that de novo designed small-molecule-

binding proteins can be engineered beyond proof-of-concept molecular recognition 

toward properties required for therapeutic applications. 

3.4 MATERIALS AND METHODS 

3.4.1 Construction and Purification of DoxSand-ABD. Construction, 

expression, and purification of DoxSand-ABD fusion proteins were performed using the 

same procedures described for DoxSand2 in Chapter 2. Four fusion constructs were 
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generated by varying the orientation of the albumin-binding domain (ABDCon)110 

relative to DoxSand2 and the length of the connecting linker (7 or 15 amino acids). 

Following preliminary characterization, the construct consisting of DoxSand2 fused 

through a 15-residue linker to a C-terminal ABDCon domain (DoxSand-ABD) was 

selected for all subsequent studies. 

3.4.2 Analytical Size-Exclusion Chromatography. Binding of DoxSand-ABD to 

human serum albumin (HSA) was evaluated by analytical size-exclusion 

chromatography using a Superdex 200 Increase 5/150 GL column (Cytiva) equilibrated 

in 1× phosphate-buffered saline (PBS, pH 7.4) at a flow rate of 0.2 mL min⁻¹. Human 

serum albumin (Sigma-Aldrich, Cat. No. A1653) was reconstituted in 1× PBS, and its 

concentration was determined using an extinction coefficient of 35,700 M⁻¹ cm⁻¹. For 

HSA-only controls, 150 μg of HSA was injected onto the column. For complex formation 

experiments, 50 μg of DoxSand-ABD was mixed with 150 μg of HSA (1.3:1 molar ratio 

of DoxSand-ABD:HSA), incubated at room temperature for 30 min, and injected onto 

the column. Complex formation was assessed by comparing the elution profiles of HSA, 

DoxSand-ABD, and the preincubated protein mixture. 

3.4.3. Doxorubicin Binding Assays. Binding of DoxSand-ABD to doxorubicin 

was measured by fluorescence spectroscopy using the same experimental procedures 

and data analysis described in Chapter 2. 

3.4.4. Circular Dichroism Spectroscopy. Secondary structure and thermal 

stability of DoxSand-ABD were characterized by circular dichroism spectroscopy using 

the same experimental procedures described for DoxSand2 in Chapter 2. 
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3.4.5. Serum Stability Assays. Serum stability was evaluated by incubating 

DoxSand2 or DoxSand-ABD in mouse serum (Thermo Fisher Scientific, Cat. No. 

10410) as previously described.37,62 Samples were prepared by combining 12 μL of 2.08 

mg mL⁻¹ protein with 88 μL of mouse serum to give a final volume of 100 μL. For 

samples containing doxorubicin, 0.8 molar equivalents of doxorubicin were added 

before incubation, yielding a final protein concentration of 0.25 mg mL⁻¹. Samples were 

incubated at 37 °C and collected after 30 min, 1 h, 2.5 h, 4 h, and 11 h. 

Protein stability was evaluated by SDS-PAGE followed by western blotting. Proteins 

were transferred using the iBlot 2 Dry Blotting System (Thermo Fisher Scientific, Cat. 

No. IB24002). Membranes were blocked with 1–3% bovine serum albumin (BSA) prior 

to incubation with an HRP-conjugated anti-6×His tag antibody (Abcam, Cat. No. 

ab1269). Immunoreactive bands were detected by chemiluminescence to qualitatively 

assess protein stability following serum incubation. 
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