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Solid binding peptides (SBPs) are short sequences of amino acids selected by combinatorial techniques for 

their ability to bind to inorganic or synthetic surfaces. SBPs can be genetically encoded within the 

framework of larger polypeptides to produce solid-binding proteins that retain biological function while 

gaining the ability to organize inorganic components into hybrid materials. In this project, we build on 

previous efforts showing that derivatives of superfolder green fluorescent protein (sfGFP) fitted with 

oppositely located Car9 silica-binding peptides drive repeated cycles of silica nanoparticle assembly and 

disassembly when the solution pH is toggled between 7.5 and 8.5. We explore how aggregate size is 

influenced by the substitution of two lysine residues in the Car9 sequence by alanaine, and how the location 

of the mutant sequence on the sfGFP framework, the solution pH, and the chemical fatigue associated with 

the accumulation of sodium ions upon alkalinization, impact colloid formation and dispersion. Furthermore, 

we describe progress in the construction, expression and purification of de novo designed trimeric and 

tetrameric proteins modified with a Car9 extension which might prove useful to organize silica 

nanoparticles into defined architectures. 
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Chapter1. Introduction 

Materials that exhibit ordered structures at the nanoscale and beyond often possess unique mechanical, 

colloidal, electronic, and optical properties that can be harnessed for the design of novel engineering 

systems or sensors.1–3 For example, multi-dimensional assembly of gold nanoparticles with controlled 

morphology into highly ordered arrays, long chains and sheets has been constructed for the synthesis of 

composite nanomaterials and the unique applications in sensing and memory devices.4 Traditionally, the 

approaches to nanomaterial fabrication are achieved through ‘top down’ techniques such as lithography, 

milling or electrospinning, as well as via "bottom up" techniques such as chemical vapor deposition (CVD) 

and electrodeposition through templates, or self-assembly.5 While decades of nanotechnology research have 

delivered promising advances in nanoparticle and nanostructure synthesis,6,7 the production of ordered 

assemblies and the dynamic control of their structure remain difficult and inefficient.2,3 

In recent years, significant efforts have been directed at developing self-assembly methodologies for 

precision nanofabrication of static and dynamic structures8–11 that may prove useful in addressing 

challenges in energy storage, opto-electronics and catalysis.12,13 Remarkably, many of these challenges have 

already been solved by organisms which uses proteins, peptides as building blocks and scaffolds for the 

construction of complex functional architectures.1,14 Insights obtained in the traditional field of biomimetics 

have been supplemented by bio-inspired strategies that harness the design principles evolved by nature, to 

construct stimuli responsive and hierarchical materials in precise ways.3,15–17 

The use of biomacromolecular building blocks to control the assembly of inorganic materials into user-

specified and hierarchical assemblies is highly attractive because synthesis is conducted under mild 

conditions of temperature and pressure and environmentally-friendly solution conditions.1,18,19 Yet, much 
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remains to be learnt in how to effectively design and use proteins and other biomolecules to fabricate 

materials with nanoscale precision and understand the mechanism of protein-guided materials synthesis.1 

This work focuses on: (1) developing a greater understanding of how bifunctional silica-binding 

proteins may be designed and solution conditions chosen to control the pH-mediated assembly and 

disassembly of silica nanoparticles, and (2) setting the stage for the expansion of this approach to other 

solid-binding proteins, nanoparticle, and control mechanisms. More specifically, we build on previous work 

showing that a derivative of superfolder green fluorescent proteins (sfGFP) genetically modified with two 

oppositely located Car9 silica-binding peptides supports the repeated assembly (at pH 7.5) and disassembly 

(at pH 8.5) of 10 nm silica nanoparticles20,21 to understand how mutations that reduce the binding affinity 

of the Car9 segments for silica – and their insertion location within the sfGFP framework – affect 

nanoparticle aggregation and dispersion. Moreover, we explore how small changes in pH and NaCl 

concentration affect aggregate assembly/disassembly, and construct, express, and, in some cases, purify de 

novo designed trimeric (1na0C3_3) and tetrameric (Ank1C4_2),22 proteins modified with Car9 extensions 

at their C-terminus with the long-term goal of using these polypeptides to organize silica and Ni-NTA-

coated nanoparticles into well-defined architectures. 

1.1 Assembly of hybrid nanomaterials 

Hybrid nanomaterials are molecular or colloidal-level combinations of organic and inorganic 

materials.23,24 The emergent properties arising from the integration of organics and inorganics, and/or the 

unique functionalities of the constituent nanoparticle has driven interest in the development of such hybrid 

materials for a broad range of applications (Fig. 1.1).23,24 
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Figure 1.1 Various applications of hybrid nanomaterials. Reproduced from Saveleva et al., 2019.24 

Commonly used approaches for the production of hybrid nanomaterials include spontaneous colloidal 

crystallization,25 physical wrapping,26 chemical grafting,27 guided assembly on patterned substrates,28 

assembly in emulsions,29 and directed light- or magnetic field driven assembly.30,31 Nanoparticles have also 

been connected using nucleic acids, polymers, ligands, and peptides as coupling agents.12,32–36 

The grafting of DNA to nanoparticles (and especially gold nanoparticles, AuNPs) allows for 

temperature-dependent control of aggregation, with a dissociation stimulus that depends on the melting 

temperature of DNA bridges between bound particles.36 DNA-bound nanoparticles can be assembled into 

soluble aggregates that are discrete, well-defined and, homogeneous,37 or into nanocrystals with various 

lattice structures, symmetry, or size.33,34,38 Although DNA has proven useful to program nanoparticle self-

assembly and dispersion using temperature and light based dynamic control schemes,18,39 the large-scale 

fabrication of these materials remains too costly and inefficient for practical use. 

Polymer- and ligand-guided nanoparticle self-assembly has also been widely studied for the 

production of nanomaterials and thin films with varying degrees of control and reversibility.40–43 The 
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aggregation of these materials mostly occurs through non-covalent forces, such as hydrophobic interactions, 

hydrogen bonding, and electrostatic interactions. While the destabilization of nanoparticles may occur due 

to the conjugation of the ligands and polymers to the surface, reversibility of nanoparticle assembly can be 

controlled to a certain extent by altering surface protonation/deprotonation using large pH shifts around the 

pKa.42,44,45 Nevertheless, using these methods to conduct particle assembly is limited by both the magnitude 

and the length scale of the interactions, and the time scales can be an issue as well.46,47 

Except DNA and polymers, a number of proteins and peptides are also utilized to develop new 

protein/peptide-based assemblies and related bionanomaterials.3,48 One such examples includes the gold 

nanoparticle aggregation triggered via the adsorption of proteins, typically the lysozyme. Furthermore, the 

size of these protein-induced nanoparticle aggregation increases with the increase of protein 

concentration.49,50 Based on the knowledge of these observations, more efforts were denoted to investigating 

the mechanism of protein-nanoparticle interactions and creating various types of bionanomaterials through 

the protein-nanoparticle aggregation, though these materials are typically static and the process still lacks 

dynamic control.51 

1.2 Solid binding peptides and Car9 

For decades, solid binding peptides (SBPs) have been used to investigate biotic-abiotic interactions 

and to organize organic and inorganic components for nanobiotechnology applications.51 SBPs are short 

stretches of amino acids, typically 7 to 12 residues long that are isolated by phage or cell surface display.3,14 

They generally exhibit high selectivity and affinity for the surfaces of inorganic or organic materials and 

can be genetically fused to, or inserted within, larger protein frameworks to endow them with higher 

stability and solubility.14 Furthermore, insertion of multiple SBPs within a single protein framework 
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provides an ability to bind or mineralize several inorganic components, and to build complex architectures 

that have been used for biomaterial production, nanostructure fabrication, and biomedical applications.52–54 

Car9 is a dodecapeptide of amino acid sequence DSARGFKKPGKR that was isolated via FliTrx cell 

surface display by Baneyx group and was originally identified as a carbon-binding peptide exhibiting a 

preference for sp3-hybridized carbon.55,56 Car9 also binds to silica via electrostatic interaction. Surface 

plasmon resonance (SPR) experiments have shown that proteins incorporating the Car9 sequence exhibit 

sigmoidal adsorption sensorgrams on silica surfaces. This adhesion behavior can be captured using a two-

step cooperative binding model.57 Remarkably, substituting uncharged residues for some of the basic amino 

acids present in the Car9 sequence (e.g., K8AK11A) converts the binding modality from cooperative to one 

that can be captured by a standard Langmuir model.57 A combination of experiments and simulations have 

revealed that the cooperative nature of silica binding is related to persistent interactions between a cluster 

of basic amino acids and the self-association of neighboring SBPs under conditions of high surface 

occupancy (Fig. 1.2).58 Of note, Car9-silica interactions can be disrupted by supplementing the buffer with 

moderate concentrations of lysine or arginine.58 This has enabled various practical applications such as 

affinity protein purification, microcontact printing, controlled protein release, and hybrid materials 

assembly.56,59–62  
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Figure 1.2 Predicted low energy structure of the Car9 silica-binding peptide proposed by Rosetta. 

Reproduced from Hellner et al., 2020.58 

Previous work performed in the Baneyx Lab20,21 has shown that inserting the Car9 sequence at various 

locations of the sfGFP framework influences materials-binding properties (Fig. 1.3). Additionally, the 

solution pH was found to significantly influence the binding affinity of sfGFP-Car9 and its variants to silica, 

leading to the idea that variations in pH might be used to control the protein-mediated assembly and 

disassembly of silica nanostructures.20,21 

 

Figure 1.3 Ribbon structures (top) of the sfGFP framework showing the locations of loop 9 (Loop) and of 

the amino- (N) and carboxy- (C) termini in front, back, bottom, and top orientations. Electrostatics are 

rendered on the molecular surface (bottom panel) between -10kTe (red) and +10kTe (blue). Reproduced 

from reference 21. 
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1.3 Silica surface chemistry and the absorption of peptides and proteins to silica 

nanoparticles 

Silica, either in bulk or nanoparticulate form, has been used in catalysis, separations, biomedical 

applications, and pharmaceutical formulations due to its biocompatibility, low toxicity, stability, and large-

scale synthetic availability.63,64 Colloidal silica has also been used as a surfactant to improve the rheological 

properties of cosmetics and the delivery of drugs and genes.65 Interactions between colloidal silica particles 

include Van der Waals attraction and electric double layer repulsions forces, as described by Derjaguin, 

Landau, Verwey, and Overbeek (DLVO) theory.66,67 

In agreement with the Stern model, 68 the surface of silica particles is negatively charged at neutral pH 

due to the deprotonation of surface silanol groups. These silanols can exist as isolated silanols (≡Si−OH), 

geminal silanols (=Si(OH)2), or vicinal silanols (H-bonded silanols) depending on the materials crystal 

structure and synthesis method.69 Under highly acidic conditions (pH ~2 to 4), silica particles have a zero 

net charge. According to electric double layer theory, addition of ions or salts shrinks the double layer 

surrounding the nanoparticles and leads to aggregation.67,68 The valency of the counterions, nanoparticle 

concentration, and nanoparticle surface chemistry all influence aggregation propensity and rates.67 

Although the kinetics and fundamentals of protein absorption on flat surfaces have been studied for decades, 

our understanding of protein absorption on nanoparticles is limited due to the complexity introduced by surface 

curvature.70 Previous studies have shown that the adsorption of silica-binding peptides on silica nanoparticles is 

driven by multiple interactions including electrostatics and hydrophobic interactions, hydrogen bonding, ion-ion, 

ion-dipole, and Van der Waals interactions between the nanoparticles and the surface.71,72 Additionally, 
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increasing in silica nanoparticle size and solution pH both result in increased surface ionization, leading to an 

increased number of silica-binding peptides bound to silica nanoparticles.71  
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Chapter2. The sfGFP-SiNP system 

2.1 Introduction 

We previously reported on the display of SBPs with distinct materials specificity on opposite sides of 

the β-barrel of superfolder green fluorescent protein (sfGFP).59,73 In these experiments, we made use of the 

sfGFP C-terminus and loop 9 -- a permissive location that tolerates the insertion of extraneous amino acids 

-- to respectively fuse or insert SBPs with different materials specificity. We utilized the resulting hetero-

bifunctional solid-binding proteins to mineralize manganese-doped zinc sulfide nanocrystals and couple 

them to silica,73 and to decorate carbon nanotubes with gold nanoparticles.59 We also showed in preliminary 

studies,20,21 that a homobifunctional variant of sfGFP containing the Car9 sequence at these two locations 

(thereafter referred to as sfGFP::Car9-Car9 with “::Car9” denoting an insertion within loop 9 and “-Car9” 

referring to a C-terminal fusion) can drive the assembly of 10 nm silica nanoparticles that encapsulate the 

dye rhodamine (RhSiNP). The resulting colloidal aggregates have an average hydrodynamic diameter (Dh) 

of ~ 1100 nm at pH 7.5. Remarkably, these aggregates can be dispersed into individual protein-coated 

nanoparticles and small clusters by shifting the solution pH to 8.5 (Fig 2.1A). The process is reversible for 

at least 3 cycles of pH changes as evidence by dynamic light scattering (DLS) measurements (Fig. 2.4B) 

and Förster Resonance Energy Transfer (FRET) experiments using the sfGFP chromophore as a donor and 

rhodamine as an acceptor (Fig. 2.1D). When a protein variant containing the K8AK11A substitutions within 

its C-terminal Car9 segment (sfGFP::Car9-K8AK11A) is used, the assemblies produced are about an order 

of magnitude smaller (Dh ~120 nm) but cycles of disassembly and aggregation are still observed when the 

pH is cycled from 7.5 to 8.5 and back (Fig. 2.1E). 
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Figure 2.1 pH-controlled assembly and dissociation of RhSiNP particles using sfGFP::Car9-Car9 (A-D) or 

sfGFP::Car9-K8AK11A (E-H). Size distributions were acquired by DLS after incubating 5 µM of sfGFP::Car-

Car9 (A) or 5 µM of sfGFP::Car9-K8AK11A (E) with 1 µM RhSiNP for 30 minutes at pH 7.5 (dark blue traces), 

after adjusting the pH to 8.5 (green traces) and after returning the solution to pH 7.5 (light blue traces). The inset 

of panel A shows the appearance of the solution at pH 7.5 or 8.5 under UV illumination and after 30 min 

incubation without mixing. Aliquots of samples prepared at pH 7.5 (B, F) or pH 8.5 (C, G) were imaged by SEM. 

(D, H) FRET efficiencies were measured upon successive cycles of pH shifts. The figure is reproduced from 

reference 21. 

Building on this work, we show here that is possible to tune the size of aggregates produced under 

near neutral conditions by: (1) introducing the K8AK11A mutations in the Car9 segment that is installed 

within loop 9; (2) using a Car9-sfGFP::Car9 variant in which Car9 sequences are present at the N-terminus 

and within loop 9 of sfGFP; and (3) adjusting the pH of the solution in small increments. We further show 

that the system’s reversibility is limited by chemical fatigue associated with the accumulation of Na+ ions 

that arises upon pH increase. We discuss the implications of these results for aggregate size tuning and 

dynamic switching. 
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2.2 Materials and Methods 

2.2.1 DNA manipulations and protein purification 

Plasmids pET24a(+)-sfGFP-Car9 and pET24a(+)-sfGFP::Car9 which encode derivatives of sfGFP 

modified with a Car9 sequence at the C-terminus or within loop 9 of the protein have been described.56 

Plasmids pET24a(+)-sfGFP::Car9-Car9 which encodes the dual-tagged protein sfGFP::Car9-Car9, was 

constructed by ligating a DNA cassette specifying the Car9 sequence into pET24a(+)-sfGFP digested with 

BamHI and SpeI.57 Plasmid pET24a(+)-sfGFP::Car9-K8AK11A which encodes the dual-tagged protein 

sfGFP::Car9-K8AK11A, was constructed by ligating a DNA cassette encoding sfGFP::Car9 into 

pET24a(+)-sfGFP-K8K11A digested with Kpn1 and BsrG1.20 Plasmid pET24a(+)-sfGFP::K8AK11A-Car9 

which encodes the dual-tagged protein sfGFP::K8AK11A-Car9 was constructed by site-directed 

mutagenesis of the Car9 sequence in loop 9 of sfGFP::Car9-Car9 to one containing the K8AK11A 

substitutions. Plasmid pET24a(+)-Car9-sfGFP::Car9 which encodes the dual-tagged protein Car9-

sfGFP::Car9, was constructed by ligating a DNA cassette encoding Car9-sfGFP into pET24a(+)-

sfGFP::Car9 digested with NdeI and BsrGI.57 All constructs were verified by DNA sequencing and plasmids 

were introduced into E. coli BL21(DE3). Cultures were grown and induced, and proteins purified by silica 

affinity purification as described.56,62 Purity was greater than 95% as judged by SDS-PAGE analysis of 

purified proteins (Fig. A.1 in the appendix). 

2.2.2 pH cycling for protein-NP solutions 

Ten nm diameter silica nanoparticles terminated with native silanols and encapsulating the fluorescent 

dye rhodamine (RhSiNP) were purchased from Micromod Partikeltechnologie GmbH (Rostock, Germany) 

and possessed a concentration of 25 mg/mL. To assess the effect of pH on protein-mediated assembly or 
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disassembly, proteins and nanoparticle were mixed to a final concentration of 5 μM protein and 1 μM 

RhSiNP in 20 mM Tris-HCl, pH 7.5 in 1.5 mL Eppendorf tubes. The final volume was 1 mL. Tubes were 

wrapped in aluminum foil and rotated on a tube rotator for 30 minutes at room temperature before 

acquisition of DLS data. For pH cycling experiments, samples were first prepared in pH 7.5 buffer, as above, 

and supplied with 1M NaOH in 1 μL increments. The tube was inverted 10-16 times after each addition of 

base and the pH was measured with a Mettler Toledo microtip pH electrode. Once the solution reached pH 

8.5, which took 8 μL of 1M NaOH for the first cycle and 10-15 μL for subsequent cycles, the tube was 

rotated for 30 minutes and DLS data acquired. To acidify the solution back to pH 7.5, 1M HCl was added 

in 1 μL increments and the pH monitored as above. Addition of 8 μL of acid was required for the first cycle 

and that of 10-14 μL for subsequent cycles. DLS data was acquired as above. The alkalinization and 

acidification processes add an average of 10 mM Na+ or 10 mM Cl-, respectively, to the system per cycle 

(Table. A.1 in the appendix). 

2.2.3 Dynamic Light Scattering. 

Size distributions were acquired using a Zetasizer Nano ZS instrument (Malvern Instruments, U.K.) and 

size distributions data were extracted in terms of both intensity and number. 

2.3 Results and Discussion 

2.3.1 Chemical control of colloidal assembly with bifunctional solid-binding proteins: influence of 

SBP sequence and insertion location 

Previously, our group used monovalent derivatives of sfGFP with a single Car9 silica-binding peptide 

genetically inserted either at the C-terminus (sfGFP-Car9) or within permissive loop 9 (sfGFP::Car9) of 

sfGFP to investigate how the local structure and electrostatics of the insertion point would influence 
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materials-binding properties. SPR was used to probe protein binding kinetics to silica-coated chips under 

two conditions of pH (7.5 and 8.5).69,71,74 Rather counter-intuitively, these experiments revealed that an 

increase in pH, which should lead to the deprotonation of surface silanols and stronger surface adhesion of 

positively-charged Car9 segments, in fact reduced the binding of both proteins, with sfGFP::Car9 adhering 

more weakly to SiO2 than sfGFP-Car9 at both pH.57 

As depicted in Fig. 2.1 A-D, we previously exploited the availability of these two pH-addressable 

insertion locations to show that a bifunctional sfGFP::Car9-Car9 variant could drive the assembly of 10 nm 

RhSiNP at near neutral pH and that the aggregates could be repeatedly dispersed and re-aggregated by the 

simple expedient of toggling the pH between 7.5 and 8.5. We also found that replacing the C-terminal Car9 

segment by a K8AK11A variant that binds more weakly to silica,58 reduced the mean Dh of the aggregates 

formed at pH 7.5 from 1100 ± 450 nm to 120 ± 60 nm, without affecting pH-mediated dissociation (Fig. 

2.1). 

Experiments conducted with freshly purified sfGFP::Car9-Car9 and sfGFP::Car9-K8AK11A variants, 

and a new batch of RhSiNP largely confirmed these results (Fig. 2.2). Aggregates produced at pH 7.5 using 

sfGFP::Car9-Car9 had a Dh of 1200 ± 550 nm while those obtained with sfGFP::Car9-K8AK11A were 150 

± 88 nm in hydrodynamic diameter (Fig. 2.2C, green and red traces). Peaks were sharper and narrower 

when the sfGFP::Car9-K8AK11A intensity data was converted to numbers (Table 2.1 and Fig. 2.2E), 

suggesting that a small number of large aggregates are the main contributors to the distribution’s 

polydispersity. In both cases, and as expected, increasing the solution pH to 8.5 led to aggregate dispersion. 

The mean Dh (24.4 ± 4.4 nm for sfGFP::Car9-Car9 and 23 ± 3.5 nm for sfGFP::Car9-K8AK11A) were 

consistent with the dimensions expected for 10-nm RhSiNP (Dh = 16 nm at pH 8.5)21 coated with a 4.5 nm 
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shell of protein. Nevertheless, a few large aggregates persisted in samples prepared with sfGFP::Car9-Car9 

(Fig 2.2C). This is likely due to stronger adhesion forces between this protein and the particles relative to 

sfGFP::Car9-KA8K11A. 

Tabel 2.1 Mean Dh and full width at half max (FWHM) of four different dual-tagged protein (5μM)-RhSiNP 

(1μM) aggregates in 20 mM Tris-HCl at pH 7.5 or 8.5. 

Protein 

pH 7.5 pH 8.5 

Intensity Number Intensity Number 

Mean Dh FWHM Mean Dh FWHM Mean Dh FWHM Mean Dh FWHM 

sfGFP::Car9-Car9 1200 1006 24.4 20.1 1180 880 24.1 17.6 

sfGFP::Car9-K8AK11A 150 225 23.4 18.2 143 73 23 21.4 

sfGFP::K8AK11A-Car9 450 635 24.2 19.2 438 310 23.8 16.8 

Car9-sfGFP::Car9 620 505 23.8 18.4 615 298 23.8 15.7 

To further investigate how SBP position and amino acid sequence would affect the outcomes of 

colloidal assembly, we constructed sfGFP::K8AK11A-Car9 in which the loop 9 insert contains the 

K8AK11A substitutions, and made use of Car9-sfGFP::Car9 which contains wild type Car9 segments at its 

N-terminus and within loop 9.57 Not unexpectedly, both bifunctional proteins induced RhSiNP aggregation 

at pH 7.5 (Fig. 2.2). Car9-sfGFP-Car9 produced aggregates that were about 50% smaller than those 

obtained with sfGFP::Car9-Car9 (Dh = 620 ± 250 nm; Fig. 2.2B orange and red traces), confirming a critical 

role of the C-terminal Car9 segment in the formation of large colloidal assemblies. 

Consistent with this hypothesis, shifting the location of the K8AK11A mutation from the C-terminus 

to loop 9 led to an increase in aggregate size (Dh = 450 ± 220 nm; Fig. 2.2B blue and green traces). As with 

sfGFP::Car9-K8AK11A, the distribution was fairly broad when scattering intensities were plotted as a 

function of Dh, but it could be sharpened by converting intensities to numbers (Fig. 2.2C and 2.2E, green 

and blue traces). Adjusting the solution pH to 8.5 led to rather effective aggregate resolution, but a small 

number of aggregates persisted as in the case of all proteins containing a wild type Car9 sequence at their 
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C-termini (Fig. 2.2C-D).  

 

Figure 2.2 Size distribution of dual-tagged proteins and 10nm RhSiNP in 20 mM Tris-HCl at pH 7.5 (A) and 8.5 

(B). Panels C and D are size distributions in terms of scattering intensity at pH 7.5 and 8.5, respectively. Panels 

E and F show the size distribution in terms of number at pH 7.5 and 8.5, respectively. Grey error bars denote full 

width at half maximum to denote polydispersity of each average aggregate size. 

To summarize, bifunctional silica-binding proteins can be used to assemble RhSiNPs into large 

supramolecular clusters at pH 7.5, and the size of these clusters can be controlled by the choice of the SBP 

insertion locations within the sfGFP framework, as well as the sequence of the SBPs. Increasing the pH by 

one unit resolves large assemblies into individual particles and alternating the pH between 7.5 and 8.5 

supports repeated cycles of particle assembly and disassembly. 

2.3.2 Controlling protein-NP aggregate size by modulating solution conditions. 

An ability to precisely tune aggregate size is an important aspect of controlling and understanding the 

dynamical behavior of our system. Previous experiments conducted with sfGFP::Car9-Car9 and 10 nm 
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RhSiNP within the buffering range of Tris-HCl revealed that there was a sharp transition between dispersed 

and aggregated states when the pH was changed from 8.0 to 7.5 (Fig. 2.3A).21 To expand on this knowledge, 

we conducted similar experiments using sfGFP::Car9-K8AK11A and sfGFP::K8AK11A-Car9 (Fig. 2.3B-

C). All protein-induced assemblies showed a similar dependency on the solution pH. The largest aggregates 

were observed at neutral pH while hybrid assemblies were fully resolved into protein-decorated particles at 

pH 8.5. More excitingly, the two variants could be used to shift the response of the system towards more 

neutral pH and to access different size regimes in the 25 to 150 nm range by specifying the solution pH 

(Fig. 2.3B-C, insets and 2.3D). These results reflect a fine balance between the SBP-mediated adhesive 

forces that bring nanoparticles together and the electrostatic repulsive forces that keep them apart. That 

hybrid structures can be dispersed at pH 8.5 is consistent with the DLVO theory that predicts a decrease in 

zeta potential under more basic solution conditions, and therefore an increase on the stability of colloidal 

dispersions.75,76 Indeed, we found that the zeta potential of “neat” RhSiNP were more negative (-34.9 ± 9.9 

mV) at pH 8.5 than that (-24.7 ± 0.5 mV) at pH 7.5. 
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Figure 2.3 Aggregate size obtained with the indicated proteins and 10 nm RhSiNP at the specified pH. The 

concentration of the RhSiNP was 1μM and that of protein 5μM. DLS data was collected in 20mM Tris-HCl, 

buffered at the indicated pH by addition of 1M NaOH or 1M HCl. (A) sfGFP::Car9-Car9, (B) sfGFP::Car9-

K8AK11A,(C) sfGFP::K8AK11A-Car9. (D) Comparison of average aggregate sizes produced with the 

three different proteins. Panel A is courtesy of Julia Boese. 

We next turned our attention to the influence of the buffer’s ionic strength. The DLVO theory states 

that ions will shield surface charges, leading to a more positive zeta potential, and less stable colloidal 

suspensions or increased aggregation.68 Initial experiments conducted by Julia Boese21 showed that addition 

of NaCl to solutions containing a 5-fold molar excess of sfGFP::Car9-Car9 over 10 nm RhSiNP led to an 

increase in aggregate size at pH 7.5 (Figure 2.4A). A mean Dh of ~4100 nm (which admittedly is at the 

dynamic range limit of our instrument) was observed after 30 min incubation for NaCl concentrations above 

25 mM. This is much larger than the mean Dh of 1700 nm size recorded in the absence of NaCl, and in 

agreement with the DLVO and double layer theories. More interestingly, addition of NaCl at pH 8.5, led to 

a progressive increase in cluster size, essentially negating the desirable pH-dependent particle dispersion 
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(Figure 2.4A). Because each cycle of alkalinization with NaOH adds about 10 mM of Na+ ions to the 

solution, we sought to determine if the reversibility of assembly/dispersion might be limited by chemical 

fatigue associated with the accumulation of sodium ions. Indeed, Fig. 2.4B shows that when the 

concentration of carried over Na+ reached ~40 mM, a situation that arises after four cycles of alkalinization, 

the protein-NP system lost its ability to undergo effective dispersion at pH 8.5. Of note, aggregate size 

started to increase at pH 7.5 as soon as Na+ ions were added to the system (Fig. 2.4B, C, E). In addition, 

although there was a progressive loss in the ability to disperse particles with successive pH cycles (Fig. 2.5. 

B, D, F), conversion of scattering intensities to numbers revealed that about half of the particles were 

present in an isolated or small cluster form (Fig. 2.5F).  
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Figure 2.4 Aggregate sizes produced by mixing sfGFP::Car9-Car9 and 10-nm RhSiNP at a 5:1 ratio at 

different imposed or carried over Na+ concentrations. (A) Samples in 20mM Tris-HCl, pH 7.5 (Blue) or pH 

8.5 (Green) were supplied with the indicated NaCl concentration and size distribution measured after 30 

min incubation at room temperature. Mean Dh are shown. Error bars correspond to the distributions’ full 

width at half max and provide an indication of aggregate polydispersity. (B) Mean Dh following 5 successive 

additions of NaOH for a 5:1 protein-nanoparticle solution initially prepared at pH 7.5. Cycling was 

conducted by adding 8-10µL of 1 M NaOH of 1 M HCl (see Methods for details). (C-F) Raw size 

distributions plotted in terms of scattering intensity (C, D) or converted to particle numbers (E,F) by the 

instrument’s software. Panel A is courtesy of Julia Boese. 

Overall, our date indicate that aggregation and disaggregation efficiency is significantly affected by 

altering the solution ionic strength during pH cycling. These findings can, on the other hand, be exploited 

by using the NaCl concentration to specify aggregate size. Considering that SBP insertion location and 

sequence also affect aggregation (Fig. 2.2), a rich parameter is available to control aggregate size and 

assembly-disassembly behavior. Theoretical treatment of the system should provide a mean to predictively 

choose these conditions for user-specified aggregation and disaggregation outcomes. 
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2.4 Conclusions and future direction 

Motivated by the challenge of controlling the assembly of nanoscale materials in a precise and flexible 

fashion, we show that it is possible to use bifunctional solid binding proteins engineered with Car9 silica 

binding peptides to build a dynamic protein-nanoparticle system in which assembly/disassembly behavior 

is controlled by solution condition (e.g., pH and salt concentration) and protein design (e.g., SBP sequence 

and insertion point). The behavior of the system is underpinned by a fine balance between the adhesive 

forces associated with SBP-mediated protein-silica nanoparticles interactions and the repulsive electrostatic 

forces between negatively charged nanoparticles. In initial experiments, DLS, FRET and SEM were used 

to demonstrate that aggregates could be dispersed by a shift of one pH unit near the neutral value, and that 

the process was reversible for 3 cycles of pH shifts.20,21 

In this work, we have further shown that high-affinity binding of RhSiNP through a C-terminal Car9 

SBP is critical for the formation of large aggregates and that the size of the assemblies can be fine-tuned by 

weakening binding at the second site (e.g., by introducing the K8AK11A mutation in the loop 9 SBP or by 

moving it to the N-terminus of the protein). We have additionally demonstrated that a C-terminal K8AK11A 

mutation leads to the smallest aggregates and that the resulting panel of bifunctional silica-binding proteins 

can be used in conjunction with a judicious choice of the solution pH to specify aggregate size. While all 

hybrid assemblies can be repeatedly dispersed and aggregated by toggling the pH between 7.5 and 8.5, we 

have found that the progressive accumulation of Na+ ions during successive cycles of alkalinization 

precludes full aggregate dissolution at the fourth cycle and beyond. These results are consistent with an 

observed increase in aggregate size at increasing NaCl concentrations at both pH 7.5 and 8.5. This behavior 

is well explained by the DLVO and electrical double layer theories for colloidal solutions and suggest that 
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NaCl aggregation can be used as an additional means to control aggregate size, albeit with loss of 

reversibility. 

To avoid adding ions into the solution, we plan to use photoacids and photobases to tune the solution 

pH. This should allow for indefinite cycles of reversibility for the system. Moreover, we will use a recently 

developed rigid body model for the system to predictably determine the solution conditions and protein 

designs that give rise to precise aggregate sizes. Finally, we will make use of undecorated nanoparticle 

addition and PEG-modified bifunctional proteins to build structural diversity in the aggregates and expand 

the system’s usefulness by making use of silica-coated semiconducting magic clusters and quantum dots. 

One of our long-term goals is to achieve dynamic control of nanoparticle assembly using computationally 

designed proteins. This will open up the next frontier for predictive production of hierarchical architectures 

useful in biomedicine, biomaterial fabrication and energy devices. 
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Chapter3. De novo designed proteins 

3.1 Introduction 

Previously, we reported on the use of bifunctional derivatives of sfGFP incorporating Car9 SBPs to 

drive the assembly of RhSiNPs at pH 7.5 and showed that increasing the pH to 8.5 led to aggregate 

dispersion into protein-coated nanoparticles in a process that was reversible. We further showed that it was 

possible to control aggregate size by making use of a mutant silica-binding peptide (K8AK11A), by 

changing the location of these SBPs within the sfGFP framework, and by changing the solution pH and 

NaCl concentration. With the goal of organizing 10-nm RhSiNP nanoparticles into ordered assemblies, we 

turned our attention to the potential use of two oligomeric proteins computationally designed by Fallas et 

al.22 whose size (~7x7-nm) matches the dimension of the nanoparticles and whose C-termini project in well-

defined spatial directions (Fig. 3.1). 

 

Figure 3.1 Ribbon structures of the trimeric (1na0C3) and tetrameric (Ank1C4) protein frameworks 

showing the locations of carboxy- (C) termini. 

Here, we use molecular biology to install silica-binding and hexahistidine extensions at the C-termini 

of two de novo designed proteins: a trimer named 1na0C3_3, and a tetramer named Ank1C4_1. We purify 

Ank1C4-His and use DLS to characterize its interaction with Ni-NTA-coated nanoparticles. 
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3.2 Materials and Methods 

3.2.1 DNA manipulations and protein purification 

G-blocks encoding 1na0C3_3 and Ank1C4_1 and including 20-30 bp overhangs were cloned into 

pET24a(+) through Gibson Assembly.21 Plasmid pET24a(+)-1na0C3_3 encodes the trimer, 1na0C3_3, and 

plasmid pET24a(+)-Ank1C4_1 encodes the tetramer, Ank1C4_1. All constructs were verified by DNA 

sequencing and plasmids were introduced into E. coli BL21(DE3). 

To build C-terminally His- and Car9-tagged versions of the proteins, DNA cassettes were ordered to 

create a HindⅢ, restriction site 5’ of the XhoI restriction site via polymerase chain reaction (PCR). Next, 

DNA cassettes encoding a hexahistidne (His) or Car9 tag preceded by a GGGS linker were ligated between 

the HindIII and XhoI sites. Plasmid pET24a(+)-1na0C3_3-His and pET24a(+)-1na0C3_3-Car9 encode 

1na0C3_3-His and 1na0C3_3-Car9, respectively. Plasmid pET24a(+)-Ank1C4_1-His and pET24a(+)-

Ank1C4_1-Car9 encode Ank1C4_1-His and Ank1C4_1-Car9 respectively. All constructs (Fig. A.3) were 

verified by DNA sequencing and plasmids were introduced into E. coli BL21(DE3). 

BL21(DE3) cells harboring pET24a(+)-1na0C3_3-Car9 or pET24a(+)-Ank1C4_1-Car9 were grown 

in 500 mL of LB medium at 37°C. Mid-exponential phase cells were induced with 1 mM IPTG and 

recombinant proteins allowed to accumulate overnight at room temperature. Attempts were made to purify 

Car9-tagged proteins by silica affinity chromatography as described.56,62 His-tagged proteins were 

expressed as above and purified by Fast Protein Liquid Chromatography using a Ni-NTA column operated 

on BioRad NGC system. Proteins were loaded on a 5 mL column that was washed with 50 mL of buffer A 

(50 mM Tris-HCl, pH 7.5, 300 mM NaCl, 10 mM imidazole). Elution was conducted in a two-step process. 

First, 25 mL of 10% buffer B (50 mM Tris-HCl, pH 7.5, 300 mM NaCl, 200 mM imidazole) and 90% buffer 
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A was passed through the column. Second, 25 mL of 100% buffer B was run through the column. Proteins 

were collected in 5 mL of eluate and concentrated to ~10 μM in 20 mM Tris-HCl, pH 7.5 using Amplicon 

micron-concentrators. Aliquots (500 µL) were stored at -20°C and thawed before use. 

3.2.2 Assembly of protein-NP solutions 

Silica nanoparticles encapsulating rhodamine (RhSiNP) are described in Chapter 2. Ni-NTA-decorated 

gold nanoparticle 10 nm in diameter and at a concentration of 4.5 × 10-8 M was purchased from Nanoprobes 

(New York, US). To assess the affinity of His-tagged proteins for Ni-NTA-gold nanoparticles (Ni-NTA 

AuNP), protein and nanoparticle were mixed at a final concentration of 0.45 μM protein and 0.045 μM Ni-

NTA AuNP in 20mM Tris-HCl, pH 7.5. Samples (1 mL final volume) in 1.5 mL Eppendorf tubes covered 

with aluminum foil were mixed on a tube rotator for 30 minutes at room temperature before acquisition of 

DLS size distributions using a Zetasizer Nano ZS instrument (Malvern Instruments, U.K.). 

3.3 Results and Discussion 

3.3.1 Protein tagging and purification 

The 1na0C3 and Ank1C4 de novo-designed proteins were modified with C-terminal His- and Car9-

extensions with an intervening GGGS linker. We used standard Ni-NTA chromatography to purify the His-

tagged proteins and silica affinity chromatography to purify Car9-tagged proteins. We successfully purified 

the Ank1C4-His tetramer (Fig. 3.2) SDS-PAGE analysis revealed clear bands corresponding to the 17.9-

kDa protein22 in the load (L) and second elution (E2) fractions.  
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Figure 3.2 Purification of Ank1C4-His. L: Load; FT: Flow through; W: Wash; E1: first elution; E2: second 

elution. 

We tried to purify 1na0C3-His using the same protocol. Unfortunately, SDS-PAGE analysis (Fig. A.4) 

revealed that majority of the target protein (15.5-kDa band) eluted in the flow through. We attempted to 

increase the NaCl concentration in the wash and elution buffers to 1 M and increased the pH to 8.0 to 

strengthen in an effort to shield putative interactions between His tag and negatively charged region of the 

protein, and to enhance the binding of the His tag to the Ni-NTA column. These strategies were unsuccessful, 

and results were similar to those shown in Fig. A.4. We believe that our inability to purify 1na0C3-His is 

related to the inaccessibility of the tag.  

We also attempted to purify Car9-tagged versions of the two proteins via silica chromatography. SDS-PAGE 

analysis (Fig.A5-A6) revealed that majority of these proteins eluted in flow through fractions. We conducted 

trials with silica gels of different sizes, but none improved binding. Although Car9-tagged Ank1C4 and 1na0C3 

may have low affinity for silica, it is more likely that the Car9 extensions tags are not readily available for capture 

by the silica matric, and/or that local charge in the vicinity of the tag interferes with silica binding. To solve the 

above problems, we plan to build a longer linker between the proteins’ C-termini and the His or Car9-tag 
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to improve accessibility. Additionally, we will attempt to identify other de novo-designed proteins with a 

more neutral surface charges to overcome potential tag confinement issues. 

3.3.2 Attempted assembly of Ni-NTA AuNP using Ank1C4-His 

Schreiber et al.77 have used 10 nm AuNP with mixed tannic-citric acid ligands to assemble the ring-

forming protein Hcp1 and its mutants into long chains where successive His-tagged protein oligomers are 

connected by AuNP. They also produced hedgehog-like structures by first decorating 40 nm AuNPs with 

Hcp1 mutants possessing three accessible cystine residues on the surface and growing protein chains from 

this central core by addition of 10 nm AuNPs and additional protein.77 Ardini and coworkers78 took 

advantage of the affinity of histidine residues for Ni-NTA functionalized gold nanoparticles to assemble the 

gold nanoparticles into one-dimensional nanotubes (~60 nm in length) with his-tagged peroxiredoxins. 

Inspired by these studies, we attempted to use Ank1C4-His to induce the assembly of 10 nm Ni-NTA AuNP 

into larger aggregates. 

DLS analysis of purified Ank1C4-His revealed a Dh of ~7 nm, which is consistent with the expected 

size of the tetramer22 (Fig. 3.3, blue trace). Ni-NTA AuNP had a mean Dh of ~ 14 nm that was consistent 

with the 10-nm size specified by the manufacturer (Fig. 3.3, red trace). However, we did not observe 

supramolecular assembly when Ni-NTA AuNP were mixed with purified Ank1C4-His at a 1:10 molar ratio 

as described by Schreiber and coworkers.77 Rather, the mean Dh of 22 nm was consistent with Ni-NTA 

AuNP decorated with Ank1C4-His. The precise reasons why the protein could not induce the assembly of 

the Ni-NTA AuNP remains unclear but may be related to an insufficient concentration of protein to 

overcome electrostatic repulsion between nanoparticles. Additionally, the large amounts of negative charges 

on the protein surface could interfere with the process. Additional work will be needed to probe these 
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possibilities.  

 

Figure 3.3 Size distribution of pure Ank1C4-His (Blue), neat Ni-NTA AuNP (Dark red), and 0.45 μM 

Ank1C4-His mixed with 0.045 μM Ni-NTA AuNP (Green) in 20 mM Tris-HCl, pH 7.5. 

3.4 Conclusions and future direction 

Motivated by the challenge of controlling the assembly of nanoscale materials in a precise and 

flexible fashion, we constructed and attempted to purify oligomeric solid binding proteins tagged with the 

Car9 silica binding peptide. Preliminary attempts did not meet with success and additional work will be 

needed to optimize protein interaction with silica and to optimize the use of His-tagged proteins to 

assemble Ni-NTA AuNP. 
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Appendix A. Supplementary Information for Chapter 2 

 

Figure A.1 SDS-Page gel of dual-tagged sfGFP with Car9 and Car9 variant K8AK11A in different locations and 

use sfGFP-Car9 as a control. 

 

Table A.1 The volume of 1M NaOH/HCl and accumulated Na+ concentration.  

Note: the number after the dash represents the number of times this solution pH reaches. 

pH The volume of 1M NaOH/HCl 

added in the solution (μL) 

Accumulated Na+ concentration 

(mM) 

8.5-1 8 8 

7.5-2 8  

8.5-2 10 18 

7.5-3 10  

8.5-3 11 29 

7.5-4 12  

8.5-4 12 41 

7.5-5 14  

8.5-5 15 56 
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Figure A.2 Size distribution of pure 10nm RhSiNP in 20 mM Tris-HCl at pH 7.5 (blue) and 8.5 (orange). 

Supplementary Information for Chapter 3 

 

Figure A.3 Scheme of protein construction. The restriction sites are labeled with red. 

DNA Sequences used to make proteins in Chapter 3. Capital letters represent the sequence of the expressed 

protein and the lowercase letter represent the Gibson overlaps as well as any fragments not expressed as a 

protein. 
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1na0C3-His: 

taactttaagaaggagatatacatATGAACCTGGCGGAAAAAATGTACAAGGCCGGTAACGCGATGTACCGT

AAAGGCCAGTACACCATTGCGATCATCGCTTACACCCTGGCACTGCTGAAGGATCCGAATAAC

GCAGAGGCTTGGTATAACCTGGGCAACGCGGCGTACAAAAAAGGTGAATACGATGAAGCCAT

TGAAGCATACCAGAAAGCGCTTGAACTGGATCCGAACAACGCGGAAGCGTGGTACAATCTGG

GTAACGCCTACTACAAGCAGGGCGATTACGACGAAGCCATCGAATACTACCAGAAAGCGCTG

GAACTCGACCCGAACAACGCAGAAGCTAAACAGAACCTGGGTAACGCTAAGCAGAAACAGG

GCCTGGAAAAGCTTGGCGGCGGCTCTcaccaccaccaccaccactaataactcgagcaccaccaccaccaccactga 

1na0C3-Car9: 

taactttaagaaggagatatacatATGAACCTGGCGGAAAAAATGTACAAGGCCGGTAACGCGATGTACCGT

AAAGGCCAGTACACCATTGCGATCATCGCTTACACCCTGGCACTGCTGAAGGATCCGAATAAC

GCAGAGGCTTGGTATAACCTGGGCAACGCGGCGTACAAAAAAGGTGAATACGATGAAGCCAT

TGAAGCATACCAGAAAGCGCTTGAACTGGATCCGAACAACGCGGAAGCGTGGTACAATCTGG

GTAACGCCTACTACAAGCAGGGCGATTACGACGAAGCCATCGAATACTACCAGAAAGCGCTG

GAACTCGACCCGAACAACGCAGAAGCTAAACAGAACCTGGGTAACGCTAAGCAGAAACAGG

GCCTGGAAAAGCTTGGCGGCGGCTCTGACAGTGCTCGCGGGTTTAAAAAGCCTGGGAAGCG

Gtaataactcgagcaccaccaccaccaccactga 

Ank1C4-His: 

taactttaagaaggagatatacatATGTCTGAAGATGGTGAACTGCTGATTCTGGCTGCGGAACTGGGTATT

GCAGAAGCTGTACGCATGCTGATCGAACAGGGCGCCGACGTTAACGCTTCCGACGATGACG

GTCGCACTCCGCTTCACCATGCTGCGGAAAACGGCCATCTGGCTGTAGTGCTGCTTCTGCTG

CTGAAAGGCGCGGATGTGAACGCTAAAGATTCTGACGGCCGTACTCCGCTGCATCATGCTGC

TGAAAACGGTCACAAAACCGTTGTTCTGCTTCTTATCCTGATGGGTGCTGATGTTAACGCTA

AGGATTCCGATGGCCGCACCCCGCTTCACCACGCGGCGGAAAACGGTCATAAAGAAGTGGT

TAAACTGCTGATTCGCAAGGGCGCAGACGTTAACACCTCTGACTCGGACGGTCGTACTCCGC

TTGATCTGGCCCGTGAACATGGCAACGAAGAAGTTGTTAAACTGCTGGAAAAACAGCTGGA

AAAGCTTGGCGGCGGCTCTcaccaccaccaccaccactaataactcgagcaccaccaccaccaccactga 

Ank1C4-Car9: 

taactttaagaaggagatatacatATGTCTGAAGATGGTGAACTGCTGATTCTGGCTGCGGAACTGGGTATTG

CAGAAGCTGTACGCATGCTGATCGAACAGGGCGCCGACGTTAACGCTTCCGACGATGACGGT
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CGCACTCCGCTTCACCATGCTGCGGAAAACGGCCATCTGGCTGTAGTGCTGCTTCTGCTGCTG

AAAGGCGCGGATGTGAACGCTAAAGATTCTGACGGCCGTACTCCGCTGCATCATGCTGCTGA

AAACGGTCACAAAACCGTTGTTCTGCTTCTTATCCTGATGGGTGCTGATGTTAACGCTAAGGA

TTCCGATGGCCGCACCCCGCTTCACCACGCGGCGGAAAACGGTCATAAAGAAGTGGTTAAAC

TGCTGATTCGCAAGGGCGCAGACGTTAACACCTCTGACTCGGACGGTCGTACTCCGCTTGATC

TGGCCCGTGAACATGGCAACGAAGAAGTTGTTAAACTGCTGGAAAAACAGCTGGAAAAGCT

TGGCGGCGGCTCTGACAGTGCTCGCGGGTTTAAAAAGCCTGGGAAGCGGtaataactcgagcaccacca

ccaccaccactga 

 

Figure A.4 Purification of 1na0C3-His. L: Load; FT: Flow through; W: Wash; E: Elution. 

 

Figure A.5 Purification of Ank1C4-Car9. L: Load; FT: Flow through; W: Wash; E: Elution. 
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Figure A.6 Purification of 1na0C3-Car9. L: Load; FT: Flow through; W: Wash; E: Elution. The two load 

lanes exist due to the misloading. 

 


