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Abstract of the Thesis 

 

Engineered Protein Cage for Drug Delivery 

By 

Mercè Dalmau Mallorquí 

Master of Science in Chemical and Biochemical Engineering 

University of California, Irvine, 2007 

Professor Szu-Wen Wang, Chair 

 

The pyruvate dehydrogenase core protein (E2) from Bacillus stearothermophilus 

self-assembles into a 24-nm nanocapsule structure with a hollow inside core suitable for 

drug encapsulation and delivery. The external surface is hydrophilic, rendering it soluble 

in aqueous solution. In this work, we show the expression and characterization of 

different exogenous functional groups on the outside of the E2 scaffold, such as 

cell-targeting ligands for site-specific targeting, and quantum dot peptide for nucleation 

of inorganic nanoparticles that will enable reporting functionality. The internal cavity can 

be modified and the feasibility of hydrophobic loading with model drug molecules was 

 xii



examined with promising results. Therefore, all these abilities make it a potential system 

for drug delivery. 

 xiii



 

 

 

 

Chapter 1 

 

Introduction 

 

One of the major problems that pharmaceutical companies are facing nowadays in 

drug discovery and development is the poor water solubility of new drugs [1, 2]. This 

issue translates to serious problems like lower bioavailability, and chemical and physical 

instability upon circulation inside the body. Many different strategies in drug delivery are 

being investigated to overcome these limitations. Drug delivery systems are designed to 

facilitate higher therapeutic efficiency delivery to desired targets while protecting the 

body from harmful side-effects through entrapment of drugs inside water-soluble 

scaffolds. 

An ideal drug delivery system should be envisioned to tune release kinetics, to 

regulate biodistribution and to minimize toxic side effects, thereby decreasing drug doses 

and improving patient compliance. More specifically, the goals of drug delivery are (1) to 

surmount the limitations associated with biomacromolecular therapeutics, that is 
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insufficient stability, short plasma half-life and potential immunogenicity, and (2) to 

maximize the therapeutic potential while reducing the toxicity of side-effects [3, 4]. 

Advantages of using nanoparticles in the range of 10-100 nm for drug delivery 

and non-invasive imaging are (1) nanoparticles, due to their small size, penetrate even 

small capillaries and are taken up inside cells [5], reducing the risk of undesired 

elimination from the body through the liver or spleen [6] and minimizing their uptake by 

the reticuloendothelial system (RES) [7], (2) small particles have a higher surface area to 

volume ratios, thereby have greater dissolution rates, and (3) particles smaller than 50 nm 

can be internalized within endocytic vesicles (endosomes), penetrating inside the cell [8]. 

In conclusion, a target size range for drug delivery nanoparticles is 10 to 50 nm. 

 

1.1 Protein nano-scaffolds 

Caged protein systems at the nanoscale, including viral capsids [9-15], heat-shock 

proteins [16, 17] and ferritin [18] have been proposed as general drug carriers for 

biomedical therapeutics and as imaging agents in medical diagnosis [17, 19, 20]. These 

biological systems have been investigated to assess their ability, when genetically 

manipulated, to incorporate onto the exterior surface of the cage exogenous biologically 

active molecules [12, 17]. Studies demonstrate the ability of these caged architectures to 

nucleate and attach metal nanoparticles both inside and outside [19, 21, 22]. 

Spherical protein cage assemblies are precisely self-assembled containers that 

occur naturally in different living organisms. These architectures consist of multiple 

copies of a specific number of protein subunits that self-assemble into these spherical 
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cages. It has been shown that these subunits are amenable to be modified by genetic and 

chemical techniques, without changing the overall assembly [23]. Therefore, they can 

incorporate simultaneously multiple functionalities within a single nanoparticle [14, 24]. 

Protein-based systems have a great potential as platforms for drug delivery with the 

advantage of a high degree of spatial organization with well-characterized self-assembly 

motifs that enable the control of functional group density and orientation [25]. 

Furthermore, it was shown that the effects of the immune system can be diminished by 

masking the recognition surface through pegylation [26] or by using humanized proteins. 

To date, a few investigations have shown the ability of such scaffolds to covalently 

attach guest molecules (fluorescent molecules or drugs) inside the protein cage [16, 24, 

27, 28]. But the ability of these protein systems for simultaneously targeting cells, in vivo 

imaging, and encapsulating and delivering drugs inside mammalian cells has not yet been 

reported. 

 

1.2 E2 subunit of pyruvate dehydrogenase 

The pyruvate dehydrogenase (PDH) multienzyme complex is a key component in 

cellular metabolism. PDH is responsible for the conversion of pyruvate to acetyl-CoA 

and NADH, linking glycolysis to the citric acid cycle. PDH complexes with icosahedral 

symmetry are among the largest of cellular machines and are found in the mitochondria 

of eukaryotes and in Gram-positive bacteria such as Bacillus stearothermophilus. The 

detailed structure of PDH complexes from eukaryotes and bacteria have been elucidated 

using 3-D crystal diffraction [29]. The PDH complex consists of multiple copies of three 
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different enzymes: pyruvate decarboxylase (E1), dihydrolipoamide acetyltransferase 

(E2), and dihydrolipoamide dehydrogenase (E3) (Figure 1.1). 

 
Figure 1.1 Model for active-site coupling in a hypothetical E1E2E3 complex. Three E1 tetramers (purple) 
and three E3 dimers (yellow) are shown located in the outer protein shell above the inner icosahedron 
(gray) formed by 60 E2 catalytic domains. Figure reproduced from reference [28]. 

 

The E2 component of the B. stearothermophilus PDH complex is composed of a 

28-kDa catalytic (acetyltransferase) domain, a 4-kDa peripheral subunit-binding domain 

(PSBD), and a 9-kDa lipoyl domain, which are connected by long stretches of 

polypeptide chain [27, 28]. In our research group, we have shown that the PSBD and 

lipoyl domains can be genetically removed to yield a core scaffold domain. The E2 

component self-assembles into an icosahedron (Figure 1.2) that consists of 60 identical 

subunits forming a spherical shell with an outer diameter of 24 nm, 12 large openings of 

5 nm diameter across the fivefold axes, and an inner core of 12 nm in diameter shown by 

crystallographic data [29]. 

 4



 
Figure 1.2 Electron micrographs of core wild-type E2 negatively stained with uranyl acetate show correct 
assembly of 24-nm capsule. (A) A general view of a field of E2 molecules (scale bar 50nm). (B-D) 
Projections of E2 single molecules along the two, three, and five-fold axis. 

 

Since the B. stearothermophilus PDH comes from a thermophilic organism, it has 

an intrinsic stability under extreme conditions [30]. In contrast with other self-assembled 

spherical structures, such as icosahedral virus capsids, the attachment of foreign peptides 

to the surface still enables the assembly of the E2 core [30]. This property is inherent to 

its natural configuration where the E2 core is fused to two independently-folding domains 

at its surface. Therefore, the E2 scaffold shows the potential to be used as a drug carrier 

for drug delivery purposes, as well as an imaging agent for therapeutic diagnosis. 

 

A B

C

D
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1.3 Objectives 

The overall goal of this thesis was to evaluate the E2 scaffold from Bacillus 

stearothermophilus as a drug delivery platform. First, the ability to obtain a correctly 

self-assembled E2 structure with exogenous peptides attached to the outer surface of the 

shell was analyzed. Therefore the following issues were studied: 

 Construction and expression of recombinant genes coding for E2 with foreign 

peptides. 

 Expression and purification of the recombinant proteins. 

 Characterization of self-assembly through SDS-PAGE electrophoresis and 

dynamic light scattering (DLS). 

Second, in order to determine the ability to nucleate a model drug inside the E2 cavity 

through hydrophobic interactions, the topics below were studied: 

 Expression and purification of protein mutant with higher hydrophobicity in the 

inner core. 

 Obtaining standard curves and solubility limits for model drug at different solvent 

concentrations. 

 Determination of supersaturation conditions for model drug. 

 Development of drug-loading protocol and separation through sucrose gradient. 

 Evaluation of results through SDS-PAGE electrophoresis and absorbance 

measurements. 
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Chapter 2 

 

Display of multifunctional peptides 

 

2.1 Introduction 

The development of successful targeting agents will have major impacts for a 

number of medical applications, particularly improving the specificity of highly toxic 

drugs used to treat illnesses such as cancer or cardiovascular disease and in the diagnostic 

capabilities of imaging agents. To date, most drug delivery systems lack specificity for 

damaged tissue, and therefore may adversely affect surrounding tissue or suffer washout 

of the therapeutic component. Even though a variety of approaches have been developed 

to obtain cell-specific delivery of drugs, research on this area has not led to the 

development of a general therapeutically-viable targeted approach. The reason can be 

found to be the inability of the current delivery systems both to interact with the target 

cells and to overcome different barriers once inside the cell [3]. Therefore, 
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multifunctional vehicles with different capabilities to trigger the right site within the host 

are needed. 

One of the most studied targeting peptides is the three amino acid sequence RGD 

(arginine-glycine-aspartate). This motif was found to be present in many adhesives 

proteins (such as fibronectin, collagens, fibrinogen and others) in the blood and 

extracellular matrices as their cell recognition site [31]. This sequence has been proved to 

bind both tumor cells and endothelial cells. Specifically, it binds selectively to integrins 

αvβ3 and αvβ5 which are up-regulated in angiogenic tumor vasculature [12, 22, 32-36]. In 

vivo studies demonstrated that the RGD-4C peptide can be utilized for cancer cell 

targeting either conjugated to a heat-shock protein or to the anticancer drug, doxorubicin 

[17, 37]. 

The display of peptides on the surface of a bacteriophage has been shown to be a 

productive tool to identify peptides for targeting organs, tumors, or cell type. Moreover, 

in vivo screening of peptide-phage libraries has made possible the identification of 

specific peptide ligands. An example of such peptides is the LTVSPWY peptide 

sequence which has been shown to internalize epithelial breast cancer cells [38]. 

Another functionality that can be conjugated to protein scaffolds is imaging 

capability. Non-invasive imaging has a great potential for the early detection and 

treatment of disease. Quantum dots (QDs) have received a great amount of attention for 

use as fluorescent labels in biological applications. QDs are small (<10 nm) inorganic 

nanocrystals that possess unique luminescent properties; their fluorescence emission is 

stable and tuned by varying the particle size or composition [39, 40]. Belcher and 

coworkers showed the viability of a virus-based scaffold to be used as a template for the 
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nucleation of different ZnS and CdS nanocrystal structures [41, 42]. Their potential has 

been shown for molecular imaging in vitro and in vivo [43]. 

Perham et al. were able to create chimeric E2 scaffolds displaying different 

peptides on the surface of the icosahedral E2 core. The E2 acetyltransferase core of 

B. stearothermophilus can be dissociated into unfolded monomers and refolded to the 

self-assembled caged core [44, 45]. They constructed multi-epitope chimeras displaying a 

histidine-tagged E2, a malaria epitope and a fluorescent protein (EGFP) [30]; and a 

vaccine displaying two different peptide epitopes of HIV-1 reverse transcriptase, which 

was able to induce an immune response in mice in vivo [46]. Thus, this demonstrates the 

flexibility of our scaffold for displaying at least two functionalities on its outer surface 

while keeping the self-assembly potential. 

Our long-term goal is to evaluate the ability to obtain a correctly self-assembled 

E2 scaffold with multiple external peptides fused to the surface of the caged system 

(Figure 2.1). To date, no studies have reported more than two functionalities fused onto 

icosahedral protein structures. We expressed and characterized the stability of the new 

hybrid assemblies with external foreign ligands using dynamic light scattering (DLS). We 

were able to reproduce Domingo´s work, and expressed the malaria epitope: MAL1 [30]. 

We constructed the vectors for three different cell-targeting peptides: cyclic RGD-4C, 

linear RGD and LTV, as well as one QD peptide for nucleating ZnS nanocrystals: J140. 

The RGD-4C was expressed in E. coli and its assembly characterized. 
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Figure 2.1 3-D view of the structure of the E2 core with the N-terminal of each monomer in spacefill view 
by using Protein Explorer© software. Peptide fusions to the N-terminus will result in peptides displayed on 
the surface of the scaffold. 

 

2.2 Materials and Methods 

2.2.1 Strains, vectors and media 

Escherichia coli strain DH5α (Zymo Research) was used for plasmid 

maintenance and construction, and Escherichia coli strain BL21(DE3) was used for 

protein expression. Plasmid pET11a (Novagen) that carries the T7 promoter-T7 

terminator was used as a shuttle vector as well as an expression vector. Both E. coli 

strains were cultivated in Luria-Bertani (LB) medium [47] supplemented with 100 µg/mL 

ampicillin. 
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2.2.2 Recombinant DNA techniques 

All E. coli DNA preparation was done with the QIAprep Spin Miniprep kit 

(Qiagen). DNA fragments were isolated from agarose gels by the QIAquick Gel 

Extraction kit (Qiagen). Polymerase chain reactions (PCR) were carried out under 

mineral oil in a reaction buffer (50 µL) containing 20 µM of each forward and reverse 

primer (Integrated DNA technologies), 0.1 U of  PfuUltra Hotstart DNA Polymerase 

(Stratagene) on a programmable PTC-100 thermal cycler (MJ Research). The cycling 

parameters were as follows: 5 min at 95ºC (one cycle); and 20 s at 95ºC, 1 min at 68ºC, 

and 1 min at 72ºC (30 cycles) and 5 min at 72ºC (one cycle). The amplified PCR 

fragments were purified using the QIAquick PCR Purification Kit (Qiagen), before sub-

cloning into the vector. The fidelity of the amplified PCR fragments was confirmed by 

DNA sequencing after sub-cloning. DNA sequencing was performed at the UCI DNA 

Core, using the ABI PRISM® BigDye3.1 (Applied Biosystems) protocol 

(www.genome.uci.edu/DNAcore/download.htm). 

 

2.2.3 Construction of expression vector 

The expression of foreign polypeptides at the N-terminus of the catalytic 

acetyltransferase core domain of the B. stearothermophilus E2 was carried out using the 

plasmid pE2. This vector was constructed from the E. coli expression vector pET11a 

(Novagen) and the full length synthetic E2 gene that had been previously cloned into the 

CODABlue vector (CODA Genomics) by Dr. Sierin Lim (Figure 2.2). The synthetic E2 
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gene was engineered for high expression in E. coli by using computational methods 

(CODA Genomics; [48]). 

+ 

 

=

Figure 2.2 Construction of expression vector pE2 

 

All plasmids containing the gene for expression of the polypeptide chains at the 

N-terminus were constructed from the segment of DNA encoding the E2 core domain 

and a part of the linker sequence (residues Pro175-Ala 428 of the intact E2 chain) [30]. 

This DNA segment was PCR-amplified from pE2 using two oligonucleotides: forward 

primer, which encodes for the foreign peptides (see Table 2.1), and reverse, 

CGCGGATCCTTAAGCTTCCATCAGCAGCAG. 

We decided to express one of the epitopes for malaria (MAL1) to reproduce 

Domingo’s work [30], as a positive control. In order to compare two different peptides in 
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cell-targeting ability we chose the cyclic RGD-4C and the LTV since it has been shown 

to target carcinoma [22, 38]. Also, the linear RGD motif was constructed and expressed 

for comparison between the two different structural forms (cyclic and linear) in 

expression, self-assembly and targeting. And finally, for the imaging functionality, a 

peptide (J140) encoding a sequence which nucleates ZnS quantum dots was chosen [42]. 

 

Name Peptide sequence (aa) Primers 
   

MAL1 NANPNANPNANP G GAA TTC CAT ATG GGC AAT GCA AAC CCG AAC  
  GCA AAC CCG AAT GCA AAC CCG CCT GGT CC 
   

RGD-4C CDCRGDCFC G GAA TTC CAT ATG GGC TGC GAT TGC CGT GGC  
  GAT TGC TTT TGC CTG TCT GTT CCT GGT CC 
   

LTV LTVSPWY G GAA TTC CAT ATG GGC CTG ACC GTG AGC CCG  
  TGG TAT CTG TCT GTT CCT GGT CC 
   

RGD(linear) GRGDSLSV G GAA TTC CAT ATG GGC CGT GGC GAT AGC CTG 
  TCT GTT CCT GGT CC 
   

J140 SLTPLTTSHLRSGASGA G GGA TTC CAT ATG GGC AGC CTG ACC CCG CTG  
  ACC ACC AGC CAT CTG CGT AGC GGC GCA AGC  
  GGC GCA CCT GGT CC 

Table 2.1 Primers DNA sequence 

 

The amplified PCR product and the vector pET11a were digested with the 

restriction enzymes NdeI and BamHI (New England Biolabs). Both DNA fragments were 

gel extracted and ligated with phage T4 DNA ligase (New England Biolabs). The new 

plasmid was transformed into E. coli DH5α, and colonies hosting the desired plasmid 

DNA were selected on LB medium plates containing ampicillin. Plasmid DNA were 

prepared and successful construction of the plasmid (Figure 2.3) was confirmed by DNA 

sequencing. 
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Figure 2.3 Example of new construct for expression of displaying RGD-4C peptide onto the E2 scaffold. 

 

2.2.4 Expression and purification 

E. coli BL21(DE3) cell colonies were transformed with the new constructed 

plasmids by using a standard heat shock method [47], and selected on LB medium plates 

containing ampicillin. For each construct, 3 colonies were screened for expression at 30 

and 37ºC in LB medium supplemented with 100 µg/mL ampicillin. For each colony, 

100 µL from an overnight culture of cells was used to inoculate 5 mL of medium. When 

the OD600 was between 0.6 and 0.8, the inducer isopropyl-1-thio-β−D-thiogalactoside 

(IPTG) was added to a final concentration of 1 mM. The cells were harvested 3 h after 

induction by centrifugation (Beckman Coulter) at 2345 g for 15 min. E. coli cells were 

resuspended (in 1/10 volume of culture) in 20 mM Tris/HCl, 10 mM EDTA, 0.02% 

sodium azide, 0.1 mg/mL RNAse and 0.1 mg/mL DNAse (pH 8.7) on ice. The 

suspension was then disrupted by 3 cycles of sonication (Fisher Scientific). Cell debris 

was removed by centrifugation at 17500 g for 15 min. Expression was characterized on a 

SDS polyacrylamide gel. 
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For clones that expressed the recombinant protein in the soluble fraction, the 

expression was scaled-up to a culture volume of 100 mL for protein purification. The 

disruption process and recovery of the soluble protein was the same as for the 5 mL 

culture. Then, the supernatant was heat treated at 75ºC for 20 min to precipitate E. coli 

proteins and centrifuged at 274000 g for 1 h. The soluble fraction was applied at a flow 

rate of 1 mL/min onto a 1 mL HiTrap Q-Sepharose FastFlow (FF) anion-exchange 

column (GE Healthcare), equilibrated with 20 mM Tris/HCl, 1 mM EDTA and 0.02% 

sodium azide pH 8.7 (Buffer A). The recombinant protein was eluted with a linear 

gradient of 0-1 M NaCl in Buffer A at a flow rate of 1 mL/min. One-mL fractions 

containing the recombinant protein were pooled and run (at a flow rate of 0.5 mL/min) 

onto a Superose 6 10/300 GL gel filtration column (GE Healthcare) previously 

equilibrated with 20 mM Tris/HCl, 150 mM NaCl, 0.02% sodium azide and 1 mM EDTA 

(pH 8.7). 

 

2.2.5 Characterization of purified protein with SDS polyacrylamide gel 

electrophoresis (PAGE) 

A 20 µL sample was mixed with the same volume of loading buffer solution 

(1.25 mL of 0.5 M Tris/HCl pH 6.8; 1.0 mL of 10% (w/v) SDS; 2.5 mL of glycerol; 

0.2 mL of 0.5% bromophenol blue; 0.5 mL of 2-mercaptoethanol and 3.55 mL of 

ultrapure water) and heated to 95ºC for 5 minutes. The denatured sample (12.5 µL) was 

then loaded onto a 4-20% Ready Gel Tris-HCl (BioRad). Five-µL of the Perfect Protein 

Marker 10-225 kDa (Novagen) was used to indicate protein size on the gel. A constant 
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200 V was applied to the gel in the Mini-Protean3 system (BioRad) and electrophoresis 

was completed in 45 minutes. The gels were then stained for protein using Imperial 

Protein Stain (Coomassie dye-based reagent, Pierce) following the manufacturer’s 

protocol. Digital pictures were taken with the AlphaImager (Alpha Innotech) and its 

software. 

 

2.2.6 Characterization with dynamic light scattering 

Dynamic light scattering (DLS, Zetasizer Nano-ZS, Malvern) measurements of 

recombinant protein in aqueous solution were performed to determine the hydrodynamic 

radii of the nanocapsules and confirm the formation of the correctly-assembled core of 

the recombinant protein nanocapsules. 

To prepare DLS samples, the purified protein solution (~1 mg/mL) was mixed 

and filtered using a 0.22 µm syringe filter. DLS was measured at 25ºC using a 4mW He-

Ne, 633 nm laser, and the correlation functions were fit using a non-negatively 

constrained least squares (NNLS) fitting algorithm. 

 

2.3 Results and Discussion 

2.3.1 Expression and purification 

All five vector constructs detailed in Table 2.1 were obtained and their correct 

DNA sequence confirmed. These plasmids were transformed into E. coli BL21(DE3) and 

checked for expression at 30 and 37ºC. To detect the formation of the recombinant 
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proteins, standard SDS-PAGE gels were used to visualize the expressed protein in the 

cell extract. A summary of the results is shown in Table 2.2. 

Figure 2.4 shows soluble fractions of three different clones expressing the peptide 

RGD-4C at 30ºC. This peptide could be expressed at both 30 and 37ºC, but the highest 

expression yield in the soluble fraction was obtained at 30ºC. 
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Figure 2.4 4-20% Tris-HCl SDS-PAGE of 
E2-RGD-4C soluble fractions expressed in E. coli 
BL21(DE3) at 30ºC. 
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Figure 2.5 4-20% Tris-HCl SDS-PAGE of 
E2-MAL1 soluble fractions expressed in E. coli 
BL21(DE3) at 37ºC. 
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Figure 2.6 4-20% Tris-HCl SDS-PAGE of 
E2-MAL1 soluble fractions expressed in E. coli 
BL21(DE3) at 30ºC. 
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The other two cell-targeting peptides, LTV and RGDlinear, were expressed in the 

insoluble fraction at 37ºC (Figure 2.7) and in a very small amount in the soluble fraction 

at both temperatures, compared to the MAL1 and RGD-4C. 
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Expression of QD peptide (J140) was tested at 30 and 37 ºC, but results from SDS-PAGE 

were inconclusive since not enough sample was loaded for detection in the soluble 

fractions (Figure 2.8). Its expression yield relative to MAL1 was very low. 

 

In summary, both peptides MAL1 and RGD-4C were expressed in the soluble fractions 

with high levels at 30ºC. Both LTV and RGDlinear could be expressed at a lower rate 

Figure 2.8 4-20% Tris-HCl SDS-PAGE of 
E2-J140 insoluble  and soluble fractions 
expressed in E. coli BL21(DE3) at 30 and 
37ºC. 
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1. Molecular weight standard 
2. Positive control (soluble fraction 

of E2-WT) 
3, 5, 7. Soluble fractions of E2-J140 

obtained at 37ºC 
4, 6, 8 Insoluble fractions of E2-J140 

obtained at 37ºC 
9, 11, 13 Soluble fractions of E2-J140 

obtained at 30ºC 
10, 12, 14 Soluble fractions of E2-J140 

obtained at 30ºC 
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expressed in E. coli BL21(DE3) at 
37ºC. 

Lanes: 

1. Molecular weight standard 

2-3. Positive control (soluble 

fraction of E2-WT) 

4-6. Insoluble fraction of E2-MAL1 

7-9. Insoluble fraction of E2-LTV 

10-12. Insoluble fraction of 

E2-RGDlinear 

225 
150 
100 
75 

 
50 
35 
25 

 
15 
10 

kDa  
225 
150 
100 
75 

 
50 
35 
25 

 19



compared to the previous two at both temperatures, and the quantum dot peptide was 

detected in the insoluble fraction for both tested temperatures, and expression in the 

soluble fraction was not clear. This variability in expression suggests that mutations at the 

N-terminus of the expressing gene are critical for proper folding and expression of the 

recombinant protein (Table 2.2). 

 

Expression at 37ºC Expression at 30ºC Peptide Amino acid sequence 
Insoluble Soluble Insoluble Soluble 

MAL1 NANPNANPNANP +++ ++ + +++ 
RGD-4C CDCRGDCFC +++ + +++ ++ 
LTV LTVSPWY +++ + +++ + 
RGDlinear GRGDSLSV ++ + ++ + 
J140 SLTPLTTSHLRSGASGA + ? + ? 
Table 2.2 Summary of expression at 37ºC and 30ºC of different constructed plasmids. 

 

After checking the expression of the E2-RGD4C protein, the soluble fraction was 

purified using a HiPrep Q FF column in the Fast Protein Liquid Chromatography (FPLC). 

The collected fractions were loaded on a SDS-PAGE gel to identify the recombinant 

protein. A single clear band at the target protein size was found in fraction number A11 

(Figure 2.9 and Figure 2.10), although impurities of larger size are still present after the Q 

FF purification step as can be seen in Figure 2.10. Therefore, another step of purification 

should be performed to further eliminate the larger size impurities. Our subsequent 

purification protocols include an additional size exclusion purification step (see Chapter 

3). 
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E2-RGD4C 

Figure 2.9 Anion-exchange chromatography elution profile of E2-RGD4C. 

 

Figure 2.10 4-20% Tris-HCl SDS 
PAGE of collected fractions after 
anion exchange chromatography. 

 1     2      3        4       5      6        7 

 
Lanes: 

1. Soluble fraction loaded 
into the HiPrep Q FF 
column. 

2. Collected fraction A2 
3. Collected fraction A5 
4. Collected fraction A11 E2-RGD-4C 
5. Collected fraction A13 

6. Collected fraction B4 

7. Collected fraction B5 

 

In order to improve the overall yield of protein recovery, several actions can be 

performed. Cell lysis is one step that could be optimized. Our experimental results have 

shown that the French® press has a higher efficiency in protein recovery than sonication. 

The French® press homogenizer uses high pressure to disrupt cell membranes while the 

sonicatior uses high frequency waves to shear cells. Another stage to be optimized is the 
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purification step. This could be done by injecting the largest volume allowed according to 

the column size and the filling resin used in order to be able to separate the desired 

protein from impurities. This way, a concentration step after the Q FF column may not be 

required (step at which some protein is lost due to its deposition onto the membrane). 

 

2.3.2 Characterization with dynamic light scattering 

After purification, the formation of correctly assembled E2 nanocapsule 

displaying RGD-4C peptide onto its outer surface was confirmed by dynamic light 

scattering (DLS) and compared to the E2-WT. The measured particle size was close to 

the theoretical calculated 31.5 nm of the E2 scaffold expressing the cyclic peptide (Figure 

2.11) and slightly higher than the measured size of the E2-WT (Figure 2.12) due to the 

display of 60 peptides on the outer surface. 
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Figure 2.11 Particle size analysis with DLS confirms overall particle size of the E2-RGD4C complex to be 
approximately 32.5 nm. 
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Figure 2.12 Particle size analysis with DLS confirms overall particle size of E2-WT (control) to be 
approximately 28.7 nm. 

 

Note that the hydrodynamic values are expected to be generally larger than the actual 

diameters because of counterion cloud contributions to particle mobility [49]. 

 Using TEM as a confirmation of structure (Figure 1.2), we have shown (in 

previous work in our lab) that DLS values between ~23-35 nm have corresponded to 

correctly-assembled nanocapsules. Our results therefore indicate that we can fuse 

functional peptides onto the surface of our scaffold and still yield the correct icosahedral 

assembly. 

 

Peak mean: 28.7 nm 



 

 

 

 

Chapter 3 

 

Studies on hydrophobic drug loading 

 

3.1  Introduction 

The interior cavities of self-assembled nanocaged structures are hollow and thus 

are potentially suitable to serve as platforms for encapsulation and release of guest 

molecules. Current approaches include chemical and genetic manipulation. One of the 

most used methods is the covalent attachment to site-specifically engineered residues on 

the interior surface. Thus, a cysteine residue genetically introduced at the inner surface 

presents a reactive thiol group in the assembled protein cage. Flenniken et al. covalently 

modified Hsp cage interior and selectively attached fluorescein molecules to the reactive 

cysteines with a pH-sensitive linker [16, 17]. The utility of this approach has been 

demonstrated with the attachment and release of the anticancer drug doxorubicin using a 

virus-like cage [24] and imaging agents [50]. Schmidt et al. inserted the WW domain (a 

small and compact globular structure that is characterized by two highly conserved 
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tryptophan residues and interacts with proline-rich ligands) of mouse Formin binding 

protein 11 (FBP 11) to the N-terminus of VP1 (which faces the interior of the capsid), 

and attached proline-rich ligands to the inner surface of the virus-like particles [51]. 

These virus-like encapsidated scaffolds were able to penetrate mammalian cells and 

deliver peptides and proteins in vitro. 

Another approach for molecular entrapment using virus-like scaffolds is a 

pH-dependent gating mechanism used by Douglas et al. [52]. Many viruses can 

experience reversible structural changes that open or close the pores on the scaffold. 

Under swollen conditions, free molecular exchange between the virus cavity and the 

medium allows the entrapment of materials. They showed the ability to couple this 

swelling mechanism of the cage with a pH-dependent inorganic polymerization for the 

entrapment and crystallization of two mineral particles. Also, they demonstrated the 

electrostatic interactions between the scaffold and the guest molecules by a pH-dependent 

encapsulation of an anionic organic polymer. Thus, this approach was shown to be 

versatile for guest molecules encapsulation. 

Other protein-based systems used in drug encapsulation include human serum 

albumin (HSA) and protein-based polymers. Microcapsules of HSA can be produced by 

the stabilization of an emulsified solution of albumin in the presence of drug, by heating 

or addition of a cross-linking agent [53-55]. Thus, drug solubility and stability can 

increase and alter pharmacokinetic profiles [53, 56]. However, the use of HSA as a 

pharmaceutical excipient is still very empirical. One of the most exploited protein-based 

polymers are the elastin-like polymers (ELP) [57]. Nanoparticles of ELP can be loaded 

with significant amounts of a model drug dexamethasone phosphate (DMP) when 

 25



self-assembling is carried out in an aqueous co-solution of polymer-DMP by raising the 

temperature from 4ºC to 37ºC. This temperature change induces the polymer to fold into 

a non-random structure called a β-spiral. In this folded state the polymer chain loses all 

the water structures from hydrophobic hydration and this water is mostly placed inside 

the hydrophilic channel within the β-spiral, where the DMP is entrapped [57, 58]. 

The development of high-throughput screening technology in drug discovery 

allows the massive emergence of new drug candidates. Nevertheless, it has been reported 

that poor aqueous solubility is the predominant problem associated with high-throughput 

tested drug candidates [1]. 

Thus, our objective was to design a generalized protein scaffold to encapsulate 

and solubilize a broad range of drug molecules while decreasing toxicity of side-effects, 

maintaining drug stability, and retaining therapeutic activity. Therefore, we first had to 

analyze generalized drug-protein interactions. These types of interactions have been 

studied in multi-drug efflux transporters. Efflux pumps are known to be present in most 

living cells. In human cells, pumps such as P-glycoprotein (P-gp) were found to prevent 

the entry of toxic molecules and to decrease cellular accumulation of drugs. Since P-gp 

has broad substrate specificity, with over 100 different known substrates [59], the key 

point was to elucidate the nature of this substrate recognition. Further studies reported 

that the nature of this chemical specificity is mostly hydrophobic with some electrostatic 

interactions (aromatic stacking and Van der Waals forces) [60-62]. Therefore we 

hypothesize that the protein nanocapsule design must incorporate a significant amount of 

accessible hydrophobic residues in the internal cavity wall. 
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The introduction of hydrophobic residues on the interior cavity of the E2 cage was 

performed via mutagenesis of the E2 wild type. The requirements of the sites to be 

mutated were: (1) be within the internal cavity, (2) not be involved in any interactions 

with adjacent subunits, and (3) be charged amino acids to maximize the increase of 

hydrophobicity relative to the E2 wild type. Since the protein nanocage is an assembly of 

60 identical subunits, a single mutation and double mutation result in 60 and 120 

mutations in a single nanocapsule, respectively. 

Protein Explorer® software and the crystallographic structure of the E2 subunit 

from the Protein Data Bank were used to find possible mutation sites. Two sites were 

identified within the E2 complex: Asp-381 (in a loop region) and Lys-239 (in an alpha-

helix) (Figure 3.1). These two residues were mutated to a phenylalanine (Phe) since in 

nature P-gp uses Phe residues for binding diverse hydrophobic drug molecules [63, 64]. 

Previous studies in our lab had shown the potential of the mutant D381F for drug 

encapsulation among the different mutants obtained. Both K239F, D381F, and wild-type 

proteins were expressed and tested for encapsulation of 2’, 7’-dichlorofluorescein (DCF) 

by nucleation of this dye inside the scaffolds. Only the D381 sample showed DCF 

coeluting in the same fraction as the protein when separated onto a sucrose gradient. Due 

to the nature of the experiment, the conditions could not be duplicated, and repeatability 

of this result was variable. Therefore, we decided to systematically investigate the steps 

of this approach with the D381F mutant. 
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Figure 3.1 Structure-view of one subunit of the E2 scaffold with residues Asp-381 (in green) and Lys-381 

(in magenta) by using Protein Explorer© software. 

Our overall goal was to develop a general assay to entrap a broad range of 

hydrophobic drug molecules inside the E2 nanocage. Thus, a hydrophobic model drug 

(2’,7’-dichlorofluorescein, DCF) (Figure 3.2) was used for these preliminary studies. To 

date, most of the procedures employed to position the drug inside the cavity of protein 

scaffolds have been chemical-reaction-based; therefore, the physicochemical properties 

and therapeutic activity of drugs can be easily affected. For these reasons we decided to 

pursue alternative drug-loading strategies that would not have these limitations. The 

encapsulation process utilized the evaporation of a solvent (ethanol) to supersaturate and 

nucleate drug particles by creating a more hydrophobic environment in the interior site of 

the E2 structure. The maximum ethanol concentration was set at 8% since ethanol is 

known to be a protein denaturing agent. Previous studies in our lab had confirmed the 

stability of our scaffold at this percentage through transmission electron microscopy 

(TEM). Supersaturated solutions of DCF with 8% ethanol were used to nucleate the DCF 

inside the protein scaffold and co-elution of the protein and the dye was obtained. 

 

Figure 3.2 2’,7’-dichlorofluorescein (Sigma) 
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3.2 Materials and Methods 

3.2.1 Mutagenesis of internal cavity 

In order to encapsulate drug molecules inside the nanocapsules, selected amino 

acids within the cavity were mutated. Mutagenesis of D381F was done by Dr. Sierin Lim 

and is briefly described here. 

Mutagenesis procedure was derived from the Stratagene’s QuickChange® method 

(Figure 3.3). 

 
Figure 3.3 Schematic of the mutagenesis procedure. 

 

First, two complimentary oligonucleotides were designed for codon change at site 

Asp381 to yield Phe (forward primer showing the mutation site of aspartic acid for 

phenylalanine in bold: GCC GAA AAG CCG ATC GTT CGT TTT GGT GAA ATC GTT GCT 

GCT CCG). Then, the reaction mixture was prepared as follows: 1 µL of template DNA, 

1 µL Primer mix (20 µM), 2 µL dNTPs mix (10 mM), 5 µL Pfu buffer, 1 µL Pfu Ultra 

(2.5 U/µL) and 40 µL ddH2O. The PTC-100 thermal cycler (MJ Research) was 

programmed with the following cycling parameters: 5 min at 95ºC (one cycle); and 30 s 
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at 95ºC, 1 min at 55ºC, 1 min/kb of plasmid length at 68ºC (18 cycles) and 5 min at 68ºC 

(one cycle) and cool to below 37ºC. The amplified PCR fragments were purified using 

the QIAquick PCR Purification Kit (Qiagen), and then 1 µL of Dpn I restriction enzyme 

(10 U/µL) was added to each reaction mixture and incubated at 37ºC for 1 hour to digest 

the parental supercoiled DNA. Plasmid transformation into E. coli DH5α competent cells 

was performed using a standard heat shock method [47]. Protein expression and 

purification of mutants were performed. 

 

3.2.2 Expression and Purification (1 L batch) 

E. coli BL21(DE3) cells transformed with E2-WT and E2-D381F plasmids were 

grown at 37ºC in LB medium supplemented with 100 µg/mL ampicillin. Five-mL from 

an overnight culture (100 mL) of cells was used to inoculate 1 L of medium. When the 

OD600 was between 0.6 and 0.8, the inducer IPTG was added to a final concentration of 

1 mM. The cells were harvested 3 h after induction by centrifugation at 6500 g for 15 

min. E. coli cells were resuspended (10 mL/g of wet cells) in 20 mM Tris/HCl, pH 8.7, 

containing 10 mM EDTA, 0.02% sodium azide, 0.1 mg/mL RNAse, 0.1 mg/mL DNAse 

and 1 mM phenylmethylsulfonyl fluoride (PMSF) on ice. The suspension was then 

disrupted in a French press (Sim Aminco SLM instruments, Inc) under a pressure of 

60 MPa. Cell debris was removed by centrifugation at 185000 g for 1 h. The supernatant 

was then heat-treated at 75ºC for 20 min to precipitate E. coli proteins and centrifuged at 

274000 g for 1 h. The soluble fraction was applied at a flow rate of 2 mL/min onto a 

HiPrep 16/10 Q-Sepharose FastFlow anion-exchange column (GE Healthcare), 

previously equilibrated with 20 mM Tris/HCl, 1 mM EDTA, and 0.02% sodium azide 
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(pH 8.7). The recombinant protein was eluted in the flow through. Flow through fractions 

(20 mL) containing the recombinant protein were pooled, concentrated to 1/10 of the 

volume using a Biomax ultrafiltration disc (Millipore), and loaded (at a flow rate of 

1 mL/min) in batches of 5 mL onto a Sepharose 6 prep grade XK 16/70 gel filtration 

column (GE Healthcare) equilibrated with 20 mM Tris/HCl, 150 mM NaCl, 0.02% 

sodium azide, and 1 mM EDTA (pH 8.7). Fractions (3.5 mL) containing the pure 

recombinant protein were pooled. The pooled fractions of recombinant protein were 

concentrated to approximately 3 mg/mL, frozen and stored at -80ºC. The structure of the 

assembled protein nanoparticles were evaluated by DLS (Malvern Zetasizer Nano-ZS) 

and TEM (Philips CM-20) and correct protein form was confirmed with MALDI-TOF 

mass spectrometry (Applied Biosystems Voyager-DE STR). The protein concentration 

was determined using the Micro BCA Protein Assay kit (Pierce). Total protein yield was 

20 mg after purification. 

 

3.2.3 DCF standard curves and solubility limits determination 

The primary objective of obtaining standard curves for the model dye 

(2’,7’-dichlorofluorescein, DCF) was to be able to determine the amount of dye in 

solution through absorbance measurements. Since fluorescein photobleaches, all samples 

were prepared and kept in the dark. 

First, a starting stock solution of 20 mg/mL of DCF in pure ethanol was prepared, 

and standard solutions were obtained by serial dilutions from the starting stock solution. 

These standard solutions were added to 20 mM Tris pH 8.7, so that the final percentage 

of ethanol was 2, 4, 6 and 8%. Note that these standards were vortexed to obtain 
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homogeneous solutions and spun down at 17500 g for 1 min to eliminate any solid 

particles in the solution before taking any reading. Following, 200 µL of each standard 

solution was added in a 96-well plate and the absorbance at 503 nm was measured in a 

microplate reader (Molecular Devices SpectraMax). A full absorbance scan was 

performed to obtain the wavelength at which absorbance was maximum (503 nm). For 

the 0% ethanol (buffer only), the starting stock solution was 1.22 mg/mL DCF in 20 mM 

Tris pH 8.7 and the same procedure was followed. 

In order to obtain the solubility limits of DCF at different concentrations of 

ethanol and different temperatures, two sets of 4 mL solutions of 0, 2, 4, 6 and 8% 

ethanol in 20 mM Tris pH 8.7 were prepared. A solution of ddH2O was used as a control. 

The experiment was carried out at two different temperatures: room temperature (RT) 

and 4ºC. DCF (0.0025-0.125 g/mL) was added in excess into each solution, so not all of 

the solid would go into solution. All solutions were stirred for 2 h to obtain a saturated 

DCF level and allowed to equilibrate for 2 h at the same temperature. After equilibration, 

samples were syringe-filtered with a 0.2 µm porous size filter and appropriate dilutions 

(using Tris buffer) were done in order to take absorbance readings at the linear range. 

Repetitions of three were performed to obtain repeatability. 

 

3.2.4 Determination of supersaturation required for nucleation 

Since our main aim was to nucleate DCF inside the E2 protein cage, the 

experimental conditions for this phenomenon to happen were required. Therefore, the 

goal of these experiments was to determine such experimental conditions at which 

nucleation of DCF occurs as well as develop an assay to detect it. 
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Once the solubility limits of the dye were determined at different ethanol 

concentrations and different temperatures, these values were used as starting points for 

the present experiment. Two ethanol concentrations were chosen for this study: 4% and 

8%. We wanted to be able to reproduce this phase transition at different concentrations of 

ethanol, and at the same time compare the highest percentage to a lower percentage of 

ethanol. Since 2% ethanol is a low concentration that was calculated to be not enough for 

the process of loading the dye inside the capsule, 4% ethanol was picked as the lower 

value in this experiment. The experiment was performed at RT and 4ºC. 

First, for each ethanol percentage, three DCF solutions were prepared: one 

supersaturated, one at saturation and another one below saturation (negative control). In 

order to start off with all dye in solution (with no precipitation), two solutions of DCF in 

pure ethanol and in 20 mM Tris pH 8.7 were mixed to the final desired concentrations of 

dye and ethanol. Six replicates were prepared for each concentration and loaded into a 

96-well plate which was stirred for 30 s in the microplate reader. 

Second, a turbidity assay was developed to detect precipitation and therefore, 

nucleation. Absorbance spectra were taken to determine the appropriate wavelengths for 

turbidity detection. Then, measurements at the selected wavelengths were performed to 

check for turbidity. The plates were placed in a container saturated with water vapor to 

ensure just the evaporation of ethanol, not the water. Every 24 h, plates were checked for 

precipitation using this turbidity assay. 

Samples that precipitate formed along time were spun down, and the soluble 

fraction was taken for measuring the DCF concentration to confirm that it was at 

expected saturation concentration. 
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3.2.5 Preliminary study on dye-loading experiment 

To prepare protein for dye-loading experiments, the buffer was exchanged into 

20 mM Tris/HCl, pH 8.7 and brought to a final concentration of ~5 mg/mL using 2 mL 

Amicon® Centricon® centrifugal filter tubes (Millipore). The requirement for such high 

protein concentration was determined by the small-scale experiment in 96-well 

microplates. Protein concentration was determined using the Micro BCA Protein Assay 

kit (Pierce). 

The highest percentage of ethanol (8%) was chosen to carry out this set of 

experiments. Since this is the highest ethanol percentage that we used and the protein was 

shown to be stable, we decided to first attempt the loading of the capsule with the 

maximum driving force (degree of supersaturation, which can only be achieved at the 

highest ethanol percentage). 

To obtain the desired DCF concentration, two solutions of DCF were prepared: 

one in pure ethanol and the other one in 20 mM Tris pH 8.7, and then mixed. The protein 

in Tris buffer was added to each well so its final concentration was 1 mg/mL. Then they 

were stirred, loaded into a 96-well microplate, and placed in a container saturated with 

water vapor for three days to let the ethanol evaporate. Next, samples were checked for 

precipitation using the turbidity assay and then loaded on a sucrose gradient to determine 

whether dye and protein were complexed. 
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3.2.6 Sucrose gradient 

A discontinuous sucrose density gradient was prepared by layering successive 

decreasing sucrose density solutions upon one another; therefore the first solution applied 

is the 50% sucrose solution (see Table 3.1). A steady application of the solutions yields 

the most reproducible gradient; therefore, the setup described below in Figure 3.4 was 

followed. First, a thick-wall polycarbonate tube (Beckman) was held upright in a tube 

stand. Next, a gel loading tip (200 µL) was used to load each sucrose solution. Once the 

50% solution was loaded, then the following solutions were added by placing the bottom 

of the tip at the meniscus and gently loading the sucrose solution with a constant flow on 

top. 

 
Figure 3.4 Setup for sucrose gradient preparation 

Sucrose 
solutions 

Gel loading 
tip (200µL) 

 

Once the sucrose gradient was formed, discrete layers of sucrose were visible. The 

sample was applied to the top of the gradient, and the tube was loaded into the TLS-55 

rotor (Beckman) very carefully. Ultracentrifugation was started immediately at 111000 g 

for 2 h at RT with an acceleration profile of 9 and a deceleration profile of 0. 

 

50 % 
30 % 

20 % 

10 % 
5 % 
sample 
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 Solution Volume (µL)
1 (top) Sample 200 
2 5% sucrose 200 
3 10% sucrose 300 
4 20% sucrose 300 
5 30% sucrose 200 
6 (bottom) 50% sucrose 200 
  1400 µL total

Table 3.1 Volumes of solutions used 

 

Immediately after the run, the tubes were removed from the rotor, taking great 

care not to disturb the sucrose layers. Fractions (100 µL) were collected from the top 

using a loading gel tip, by placing the end of the tip right underneath the meniscus. 

Collected fractions were then resolved by SDS-PAGE electrophoresis for protein, 

and the free DCF was determined through absorbance readings at 503 nm. 

 

3.3 Results and Discussion 

3.3.1 Expression, purification and characterization of proteins 

The E2-WT and mutant D381F were expressed at 37ºC and then submitted to the 

purification process described in section 3.2.2. Both proteins were mostly eluted at 60 mL 

after injection into the gel filtration column as can be seen in Figure 3.6 for the D381F. It 

can be observed that there is not a complete separation in the first two peaks. This is 

confirmed in Figure 3.6, where the D381F was also present in the first peak, although its 

concentration was considerably lower. The same behavior was observed for E2-WT. 
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D381F 

Figure 3.5 Gel filtration chromatography elution profile of mutant D381F. 

 

Figure 3.6 4-20% Tris-HCl 
SDS-PAGE of collected fractions after 
gel filtration chromatography for 
mutant D381F. Fractions E5 to E8 
correspond to second peak in the 
chromatogram. These fractions were 
pooled and concentrated for further 
use. 

 
 

The SDS-PAGE of the collected fractions during the gel filtration (gf) 

chromatography (Figure 3.6) shows the higher presence of impurities on the gf loading 

lane (which corresponds to the fraction injected into the gel filtration column) compared 

to the fractions collected after this purification step. 

Since the concentration of the desired protein in the first peak was low, and to 

avoid increasing the presence of undesired proteins, only fractions corresponding to the 
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second peak in the chromatogram were pooled and concentrated to a final concentration 

of 3 mg/mL. Both proteins (E2-WT and D381F) were then characterized by MALDI-

TOF MS and DLS (Figures 3.7 and 3.8). Mass spectrometry confirmed the theoretical 

molecular weight of a single chain for both E2-WT (experimental mass 28098; calculated 

mass 28116.6) and D381F (experimental mass 28118.3; calculated mass 28148.7) (see 

Figure 3.7). 

  
Figure 3.7 MALDI-TOF MS of mutant D381F confirms single unit (experimental mass 28.1 kDa, 
calculated mass 28.1 kDa). First peak at 14.1 kDa, corresponds to the double-charged particles. 

 

Table 3.2 shows the hydrodynamic radii of E2-WT and D381F measured by DLS. The 

measured particle sizes were close to the theoretical size. In our lab, we have observed by 

means of transmission electron microscopy (TEM) that DLS readings in the range of 

approximately 25-35 nm still signify a scaffold which self-assembles correctly. 

Experimental mass = 28.1 kDa 

Calculated mass = 28.1 kDa 
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Peak mean: 30.1 nm 

Figure 3.8 Particle size analysis with DLS confirms overall particle size of the mutant D381F to be 
approximately 30.1 nm. 

 

Sample Mean particle 
size (nm) 

# mutations in 
each cage 

WT 30.8 0 
D381F mutant 30.1 60 

Table 3.2 Mean particle sizes of E2-WT and mutant M5 measured by DLS. Deviations from the expected 
24-nm appear to be related to counterion cloud contribution to particle mobility. 

 

3.3.2 DCF standard curves and solubility limits determination 

Absorbance spectra of DCF in pure ethanol and 20 mM Tris buffer pH 8.7 were 

taken (Figure 3.9 and 3.10). DCF showed a maximum absorbance at a wavelength of 

503 nm (close to the published 509 nm) and the Tris buffer absorbance was negligible at 

this wavelength. Therefore, DCF could be diluted in Tris buffer and absorbance 

measurements taken without any distortion. 
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Figure 3.9 Absorbance spectrum of DCF in pure ethanol ([DCF] = 0.003 mg/mL). Inset spectrum shows 
the maximum absorbance at 503 nm. 
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Figure 3.10 Absorbance spectrum of 20 mM Tris buffer, pH 8.7 showing very low absorbance intensity at 
503 nm. 

 

In order to determine the amount of DCF present in solution, a calibration curve was 

required. Thus, we obtained one for each percentage of ethanol (0, 2, 4, 6, and 8%). Note 

that since absorbance intensity is pH dependent, pH was carefully checked during all 

assays. 
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Zoom in Abs = 153.3· [DCF] + 0.0623
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Figure 3.11 DCF standard curve in 20 mM Tris, pH 8.7. It shows that for the linear range, samples should 
be diluted below 1.0 AU. 
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Figure 3.12 DCF standard curve in 20 mM Tris and 8% ethanol, pH 8.7. 
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In Figures 3.11 and 3.12, it can be observed that absorbance intensity followed a 

linear trend with DCF concentration before it saturated. Therefore, we decided to take 

only those measurements below 1.0 AU and all standard curves were adjusted within that 

range (see Table 3.3). It was noticed that all standard curves (for any of the tested ethanol 

percentages) reached absorbance intensity saturation around 1.8 AU, except for the 0% 

ethanol, which had saturation around 2.5 AU. Moreover, 96-well plates used for this 

assay were kept at 4ºC in the dark for one month, and then readings were taken again to 

check for any variability. Samples followed the same trend, thus the evaporation effect 

and any possible degradation of the dye were very low in this time period. 

 y=a·x+b 
% Ethanol a b R2

0 153.3 0.062 0.997
2 173.7 0.050 0.993
4 162.1 0.043 0.998
6 149.8 0.051 0.998
8 156.9 0.041 0.999

Table 3.3 Coefficients of adjusted linear equations of standard curves at different ethanol percentages. 

 

For the determination of the solubility limits, the supernatants were properly 

diluted so the absorbance measurements were in the linear range. Figure 3.13A plots the 

DCF solubility limits performed at room temperature. As can be seen, the solubility 

increases with the percentage of ethanol which agrees with the higher solubility of DCF 

in ethanol found in literature (DCF solubility in pure ethanol = 30 mg/mL, in pure 

water < 0.1 mg/mL). On the other hand, the experiment carried out at 4ºC (Figure 3.13B) 

showed no clear trend. No reason could be found to explain this behavior. 
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Figure 3.13 DCF solubility limits in Tris buffer at A) room temperature and B) 4ºC. At RT DCF solubility 
increases with the percentage of ethanol, but at 4ºC it does not follow a clear trend. 

 

Note in Figure 3.13 that at 0% ethanol (only Tris buffer) the DCF solubility is higher than 

the published solubility in water (< 1 mg/mL) which we confirmed in our water controls. 

This effect is due to the Tris buffer which also helps solubilize the dye. 

 

3.3.3 Determination of supersaturation conditions 

Since DCF solubility limits at 4ºC showed no clear trend, we decided to follow 

with the supersaturation experiments just at room temperature. 

For determining the optimal wavelength for measuring turbidity, all samples were 

submitted for a full absorbance spectra reading.  

Figure 3.14 shows that at wavelengths above 600 nm the absorbance is low relative 

to the maximum dye absorbance. Therefore, 600 and 650 nm were chosen as the best 

wavelengths for turbidity measurements since the absorbance of the dye is low and it 

could be experimentally checked that these wavelengths give higher absorbance intensity 
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when precipitation occurs than at 700 nm or higher. Thus, the solution-to-solid phase 

transition of the dye molecule can be detected. 
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Figure 3.14 Absorbance spectra of DCF solution (0.034 mg/mL) in 20 mM Tris and 8% ethanol pH 8.7 
shows that turbidity can be measured at 650 or 700 nm with a very low interference of the dye signal. 
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Figure 3.15 Six replicates of supersaturation phenomenon at 8% ethanol and room temperature 
([DCF]=3.3 mg/mL). Samples started precipitating between days 4 to 6, and stochastic nature of nucleation 
was observed. Absorbance readings were taken at 600 nm. 
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Figure 3.15 shows the results of one set of turbidity assays to determine dye 

precipitation. The absorbance at 600 nm versus time is plotted for an 8% ethanol 

saturated solution ([DCF] = 3.30mg/mL). As ethanol completely evaporated, samples 

became supersaturated and precipitated between days 4 to 6 and the stochastic nature of 

nucleation was observed. For the samples ([DCF] = 3.79 mg/mL) that are initially 

supersaturated, precipitation was detected after 24 h (data not shown). For those samples 

below saturation concentration ([DCF] = 3.13 mg/mL), absorbance remained constant 

during 13 days and no precipitate was visible (data not shown). 

Solutions at 4% ethanol showed a different behavior. Samples below saturation 

([DCF] = 1.21 mg/mL) were kept in solution for 13 days and absorbance remained 

constant, as expected. For samples at saturation ([DCF] = 2.30 mg/mL) and at 

supersaturation ([DCF] = 2.65 mg/mL), however, no nucleation was observed. Hence, it 

was decided to add a supplemental amount of DCF dissolved in pure ethanol after day 6 

so the concentration of DCF would be near saturation at 8% ethanol (3.44 mg/mL). Five 

to six days after the supplementary addition of DCF, precipitation was detected. This 

shows that precipitation and nucleation is not always attainable, even at supersaturation 

conditions. 

The supernatant of two samples from the supersaturation experiment at 8% 

ethanol were checked at 503 nm for DCF concentration. DCF level was calculated to be 

around 3.79 mg/mL, considerably higher than expected. Thus, it appears that not all the 

ethanol was evaporated. 
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3.3.4 Preliminary results on dye-loading experiment and sucrose 

gradient 

In our preliminary data on loading experiments with DCF, we found that the 

sequence for mixing the solutions was important. In the first attempt, the protein was first 

mixed with the DCF in Tris buffer. When the DCF in pure ethanol was added, 

precipitation was observed, together with the formation of aggregates on the surface of 

the liquid. For the best results (and to keep the mixture in solution), the protein had to be 

the last addition. The reason why the first procedure did not work is uncertain, but 

ethanol may induce some change in the media or dye when added, and this causes the 

protein to precipitate. 

 

              

A) WT B) WT 

              

D) D381F C) D381F 

Figure 3.16 Sucrose gradients: A) E2-WT before centrifuging, B) E2-WT after centrifuging, C) D381F 
before centrifuging, D) D318F after centrifuging. Tubes # 1 and 5 were loaded with [DCF]=1.5 mg/mL; 
and 3 and 7, with [DCF]=3.3 mg/mL. 
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Figure 3.16 shows one of the two sets of sucrose gradients for E2-WT and mutant 

D381F before and after centrifugation. It can be seen that for tubes number 1 and 5, 

which were loaded with a DCF concentration below saturation ([DCF]=1.5 mg/mL), the 

dye remains in the top fractions after centrifugation. In tubes 3 and 7, which were loaded 

with [DCF]=3.3 mg/mL (at saturation prior to ethanol evaporation), however, the dye 

was present all along the gradient and some pellet was collected in the bottom of the 

tubes. Experiments were performed in duplicate and results were similar. 

In the following chart (Figure 3.17) the DCF concentration was calculated for 

each of the collected fractions from the absorbance measurements at 503 nm and the 

average of two trials is plotted. This concentration was determined as if all the ethanol 

was evaporated. The plot shows that as a result of the diffusion mechanism of the dye 

through the gradient, the majority of the dye was collected in the top six fractions. Notice 

also that for the solutions at an initial DCF saturation concentration, the amount of DCF 

increased about 0.4 mg/mL in the bottom fraction. Two possible explanations could be 

given to this observation. The dye either undergoes nucleation and precipitation outside 

the protein scaffolds or nucleation takes place inside the protein core. In order to know 

which phenomenon is occurring further investigation will be conducted. 
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Figure 3.17 Free DCF present in collected fractions (the average of two repeats is shown for each 
condition). All gradients loaded with a solution at the DCF saturation concentration showed a precipitate in 
the bottom of the gradient tubes which was confirmed with absorbance measurements at 503 nm. 

 

The technique used to collect the fractions of the gradients after centrifugation 

was shown to be adequate for these experiments even though some residual dye is always 

dragged into the bottom fractions. As can be seen in Figure 3.17, for those gradients 

where the DCF could be separated in the top fractions, the remaining amount of dye is 

minimal. Furthermore, this method allows the precise acquisition of small volumes that 

could not be done by collecting fractions from the bottom of the tube after puncturing it. 
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Figure 3.18 4-20% Tris-HCl SDS-PAGE of collected fractions for each of the sucrose gradients. Fraction 
numbering starts from 1, top to 14, bottom. Gels A and B correspond to the WT with 1.5 mg/mL DCF and 
3.3 mg/mL DCF, respectively. Gels C and D correspond to the D381F with same DCF concentration. 
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Figure 3.18 shows the SDS-PAGE of each gradient for both WT and D381F for 

he same experiment shown in Figure 3.16. Except for the E2-WT with a DCF 

oncentration below saturation (1.5 mg/mL) and the mutant D381F at the same DCF 

oncentration, the rest of the gradients showed that the protein co-eluted with the dye. 

hese duplicated results show the co-elution of dye and protein in the lower fractions. So 

s ethanol evaporates, dye is less soluble, and then it precipitates at hydrophobic 

ucleation points. But further investigation needs to be done in order to detect whether 

he nanocapsules were loaded or not. The gradient also should be optimized in order to 

eparate loaded capsules from non-loaded. 
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Chapter 4 

 

Conclusions 

The E2 component of the pyruvate dehydrogenase multienzyme complex from 

Bacillus stearothermophilus is a protein scaffold in the nanometer scale of great potential 

utility. This domain can generate a pentagonal dodecahedral scaffold with icosahedral 

symmetry, composed of 60 E2 monomers. In this work, we showed the ability to express 

and characterize different functional peptides on the outer surface of the nanocage. In 

particular, we reproduced Domingo’s work and expressed the malaria epitope (MAL1) 

[30], and three peptides for tumor targeting (cyclic RGD-4C, RGD linear and LTV). Only 

the cyclic RGD-4C was expressed with comparable levels as the MAL1; therefore it was 

further purified and characterized by dynamic light scattering (DLS) and SDS-PAGE gel. 

Another peptide for nucleation of quantum dots was studied, but expression was detected 

in small yields in the insoluble fractions and further investigation needs to be performed 

with the soluble fractions. 

Another functionality of this scaffold is the potential ability to encapsulate drug 

molecules inside the hollow core. Here we presented our preliminary results on 
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hydrophobic dye nucleation inside the nanocage. We were able to genetically modify the 

interior surface of the scaffold while keeping its self-assembling capacity and the 

nucleation phenomenon was attempted twice after establishing all the required 

experimental conditions (working percentage of ethanol, supersaturation concentration of 

dye and temperature). Our preliminary data showed promise since both dye and protein 

co-eluted in a sucrose gradient separation, although further work is required to detect 

loaded nanocapsules. 

This work also helped to establish methodic protocols for protein purification, 

sucrose gradient, and turbidity determination that will be of great utility in future steps of 

this project. 
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Chapter 5 

 

Future work 

Future work will involve further studies on the expression of the quantum dot 

peptide (J140) as well as those peptides expressed in lower amounts (RGD linear and 

LTV) compared to the controls (E2-WT and E2-MAL1). After the synthesis and 

characterization of these fusion proteins, we will examine their ability to target cancer 

cells. We will use human breast carcinoma cells which have been reported to contain a 

receptor that binds to the RGD peptide sequence. Also, we will investigate the nature for 

the insolubility of the expressed quantum dot (J140) and study the potential ability of the 

scaffold as an imaging agent. Ultimately, we will engineer the scaffold to display 

multiple functional peptides on the outer surface and evaluate their performance. 

As for the hydrophobic dye-loading approach, we have developed a fluorescence 

assay to quickly detect both protein and dye prior to running SDS-PAGE gels on sucrose 

gradient fractions. The sucrose gradient needs to be optimized for separation of loaded 

and non-loaded capsules and characterization of loaded capsules needs to be performed. 
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Further studies will involve encapsulation of drugs covalently linked to fluorescent 

probes that will allow quantification of the amount of drug released inside cells. 
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