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CHAPTER 1 

 

 INTRODUCTION 

1.1 Background  

 For many years, cancer has been the second-leading cause of death in the United States1. 

In 2024, over 2,000,000 new cancer cases and over 600,000 deaths are projected to occur 

nationwide. Despite the widespread occurrence, cancer mortality has been dropping since the 

1990s due to the development of new treatment options1,2. Cancer has traditionally been treated 

with a combination of surgery and chemotherapies. Chemotherapy works by preventing the 

cancer cells from growing due to induced stress, weakened cellular defenses, initiation of 

apoptosis, and direct killing2. Although effective against many cancers, chemotherapies suffer 

from often extreme adverse effects. The drugs cannot discriminate between healthy and 

cancerous cells, so they induce cell death throughout the whole body2. Patients most commonly 

report nausea and vomiting as the worst side-effects, but some chemotherapies can prove fatal to 

patients3. Many chemotherapies cause damage to the mucosal lining of the gastrointestinal tract 

that can lead to severe pain and diarrhea, eventually resulting in fatal dehydration3.  

 To avoid the systemic effects of chemotherapy, the next-generation of cancer treatments 

has focused on targeted drug delivery where chemotherapeutic agents are delivered directly to 

cancerous cells2. There are many delivery platforms in development, but nanoparticles and 

antibodies have proven to be the most promising. Nanoparticles have been designed to passively 

target tumors based on size or pH-dependent drug release, and to actively target tumors by 

engineering tumor-specific ligands onto the nanoparticle’s surface4. Antibody-drug conjugates 

(ADCs) have seen widespread FDA approval in recent years as targeted delivery platforms for 
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cancer therapeutics5. ADCs have been described as “biological missiles” in reference to Paul 

Ehrlich’s idea of creating a “magic bullet” for cancer treatment5,6. 

 ADCs have three core components: the antibody for targeting, a linker to connect the 

antibody and drug, and the anti-tumor drug payload. Antibodies are Y-shaped proteins secreted 

by the immune system to recognize threats and facilitate an immune response against them7. 

They are composed of two identical heavy chains weighing around 50 kDa and two identical 

light chains weighing around 25 kDa (Figure 1.1). Together, the light and heavy chains form two 

identical binding pockets that can recognize regions of foreign substances called antigens7. For 

ADCs, the antibody is usually chosen to bind to a protein that is only or excessively produced by 

cancerous cells to achieve targeting5. The linker can be inert for the greatest stability, or 

environmentally sensitive with the drug released due to pH changes or the presence of an 

enzyme5. Lastly, most approved ADCs have incorporated chemotherapies, but new drugs such as 

immune-modulating agents are becoming increasingly more common5.  

 Despite the improved therapeutic efficacy and reduced side-effects of ADCs, they have 

multiple limitations. ADCs with cleavable linkers are not perfect and will prematurely release 

their cytotoxic payloads, leading to the same adverse effects of the chemotherapy alone8. Many 

of the chemotherapy drugs are also very hydrophobic and cause the antibodies to be cleared from 

circulation faster than normal8. Most importantly, at around 150 kDa, ADCs are massive and 

have trouble penetrating solid tumors9. One study showed that only around 0.01% of the injected 

amount of a radio-labeled antibody reached its target in a human clinical study10. Due to poor 

performance in solid tumors, other alternatives to ADCs are being explored. One approach has 

been to isolate the binding regions of conventional antibodies and produce single-chain variable 

fragments (scFv) (Figure 1.1). The domains are held together by a genetic linker and oriented 
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due to hydrophobic interactions between the fragments. Despite their smaller size, scFvs are 

often unstable and tend to aggregate in solution11.  

 

Figure 1.1: Diagram of Nanobodies and Single-Chain Variable Fragments11 (Reproduced from 

Bannas et al.) 

 Nanobodies are another alternative to antibodies and are the focus of this work. 

Nanobodies were first reported in 1993 and have been extensively studied since12. Instead of 

heavy and light chains working cooperatively for binding in conventional antibodies, various 

species in the Camelidae family produce heavy chain antibodies with binding only affected by a 

single variable heavy domain (VHH)11,12. When isolated and recombinantly produced, the VHH 

fragments are called nanobodies13. Since their discovery, nanobodies have been generated 

against thousands of targets with one database boasting over 17,000 nanobody sequences 

reported in patents14.  

 With so many nanobodies generated, there are a plethora of applications where 

nanobodies have already been used. In the realm of immunotherapy, anti-CTLA-4 nanobodies 

have proven to be effective at immune checkpoint blockade in murine cancer models15. The 

nanobodies take the role of traditional antibody-based therapies by achieving the same receptor 

blocking activity while being less costly and more stable. In structural biology, nanobodies have 
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been used as chaperones in various crystallography applications16. Nanobodies can stabilize an 

unstable conformation of a protein such as the misfolded prion protein and facilitate crystal 

growth and analysis17. As mentioned before, nanobodies are also better at penetrating solid 

tumors due to their small size. Nanobodies against tumors antigens have been radiolabeled and 

administered to patients to aid in imaging by positron emission tomography (PET)18. Nanobodies 

are again advantageous as they have a shorter half-life than antibodies so they can be 

radiolabeled with short-lived isotopes and limit radioactive exposure to the patient16. 

 

Figure 1.2: Diagram of Nanobody Structure19 (Reproduced from Liu and Yang) 

 Like most binding proteins, nanobodies have hypervariable regions that comprise the 

complementarity determining regions (CDRs) and conserved framework regions (FRs)20. As 

shown in Figure 1.2, there are four FRs and three CDRs that combine to form nine b-strands 

organized into two b-sheets of four and five b-strands. The CDRs make up three longer loops 

that contribute the most to binding and the specificity of the nanobody20. Although CDR1 and 

CDR2 are hypervariable, they generally have the same length between different nanobodies. In 

contrast, CDR3 can vary greatly in its length and shape to facilitate different binding 
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interactions20. Due to the long, variable CDR3 loop, there is often a pair of cysteine residues that 

form a disulfide bond and lock the loop into the optimal binding position21. Despite only having 

three CDRs, nanobodies maintain similar area for binding as conventional antibodies. 

Conventional antibodies have 600-900 Å2 of surface area for interactions and nanobodies have 

600-800 Å2 due to the large CDR3 loop22,23. Conventional antibodies and nanobodies differ most 

in their shape as the binding cleft for an antibody is usually concave to allow antigens to insert, 

whereas nanobodies are convex and fit inside cavities on the surface of an antigen22. 

 Interestingly, nanobodies do not require all three CDRs to contribute to binding 

interactions. One study analyzed how often each CDR is involved in antigen contacts and found 

that CDR3 is most used for antigen recognition24. CDR1 and CDR2 are used less frequently but 

are roughly equal. As many as one-third of nanobodies bind using only one or two CDRs, with 

some nanobodies only interacting with antigens in the FRs24. The findings are interesting as an 

analysis of nanobody sequences found that nanobodies have very little diversity in their 

framework regions so there should be almost no contribution of the FRs to binding25. The study 

also found that nanobodies have significantly more variation in length and residue usage in the 

CDR3 loop compared to conventional antibodies. The authors conclude that structural 

predictions for nanobody CDR3 loops are incredibly difficult as a result, thus making 

crystallography necessary to accurately determine the structure of every nanobody produced25.   
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Figure 1.3: Three Methods of Nanobody Library Generation13 (Reproduced from Jin et al.) 

 There are three methods to generate libraries of nanobodies: immune, naïve, and 

synthetic (Figure 1.3)26. The most specific method is the immune, where a young camel, llama, 

alpaca, or dromedary is injected with the antigen of interest multiple times over a span of two 

months. The antigen is usually a soluble recombinant protein, but DNA vaccinations also 

work26,27. Multiple antigens can be mixed to generate a small, targeted library of VHH clones. 

After the immunization, blood or lymph tissue is taken from the animal and mRNA is extracted. 

Then, the mRNA is converted to complementary DNA (cDNA) and a two-stage PCR amplifies 

the VHH region26. The ends are digested, ligated into an expression plasmid, and transformed 

into E. coli for production. To select nanobodies that bind the desired antigen, phage display is 

used13. The transformed E. coli cell lines are infected with M13 phages that will display the 

nanobody fused to their coat proteins. The phages are then added to a plate with the target 

antigen immobilized on its surface13. The positive binders are removed by pH shock and 
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transfected into E. coli again for further selection by ELISA28. The best binders are then 

sequenced and tested again by a more precise technique such as surface plasmon resonance 

(SPR) or biolayer interferometry (BLI) to identify the few final candidates. The immune method 

requires ~107 different transformants to identify nanobodies with strong binding affinity for the 

desired target26.  

 The naïve and synthetic methods are significantly less selective and require massive 

libraries to identify strong binders. The naïve method skips the immunization steps and starts 

with drawing and sequencing the animal’s blood. The same method is followed to identify 

candidates, however ~109-1011 transformants are required26. The best nanobodies may still 

require mutations to improve stability or binding. The synthetic method avoids animals 

altogether and uses existing nanobodies as platforms for generating massive libraries (~109-1015 

transformants) with various combinations of point mutations in the complementarity determining 

regions (CDRs)29. Phage display is again used to identify binders, but the process is slower due 

to the massive quantity of transformants that must be tested. Still, there is some benefit to 

synthetic libraries as hundreds of antigens could be immobilized to find binders for many 

different targets simultaneously26.  

 The use of synthetic libraries is possible due to rapid advancements in DNA synthesis and 

modification techniques. One such technique is site-directed mutagenesis (SDM), which became 

popular in the 1980s as solid-phase DNA synthesis allowed scientists to rapidly generate new 

primers and DNA templates30. Through various combinations of primers, SDM can be used to 

modify, insert, or delete mutations coding for single positions or long chains of amino acids. 

With the introduction of commercial kits in the 1990s, SDM became a quick and easy method to 

directly modify DNA31. In SDM, the forward and reverse primers are mixed with the template 
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DNA, a master mix containing a high-temperature DNA polymerase and nucleotides, and 

water32. The PCR is run with cycles of denaturing and annealing, then the PCR product is 

digested with DpnI to break apart the methylated template DNA. Next, the digested DNA is 

transformed into a host, often E. coli, then isolated and sequenced to verify the mutations32.   

 SDM has been used in countless applications where genetic engineering is required. For 

example, SDM is used to iteratively modify enzymes for improved activity and selectivity in 

bioprocesses33,34. In the context of nanobodies, SDM has been used to stabilize intracellular 

expression by selectively modifying the framework regions of the nanobodies studied35. Another 

study used a nanobody against the spike protein of the Omicron variant of SARS-CoV-2 to 

inhibit viral binding36. As the virus is rapidly mutating, the epitope of the spike protein changes 

and reduces the nanobody’s binding affinity. The authors used SDM to rapidly mutate the 

nanobody and restore binding affinity within a two-week period of the initial mutagenesis PCR36. 

Thus, SDM is a useful tool for modifying nanobodies and producing the sequence diversity 

required for screening and therapeutic purposes. 

1.2 Topic 

 In this work, site-directed mutagenesis was used to remove two histidine residues from 

the sequence of a nanobody targeting murine CD11b. CD11b, also known as Integrin alpha M, is 

one subunit of the heterodimeric Integrin aMb2 that is expressed by many leukocytes such as 

monocytes, granulocytes, macrophages, and natural killer cells37. As shown in Figure 1.4, 

CD11b is a large protein consisting of multiple domains for interactions. Integrins are involved 

in cell adhesion and migration. They bind to various proteins and receptors in the extracellular 

matrix to facilitate the localization and transportation of immune cells throughout the body38. In 

a functional study of Integrin aMb2, the authors found that the CD11b subunit is necessary for the 
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broad recognition and firm adhesion of ligands37. Interestingly, CD11b alone does not support 

cell migration and requires the b2 subunit for full function.  

 

Figure 1.4: Crystal Structure of Human CD11b39 

 Furthermore, CD11b activation has been linked to myeloid cell polarization and 

activation of the innate immune system in tumor models40. Instead of promoting recruitment of 

myeloid cells to tumor sites, CD11b activation drives macrophages to a pro-inflammatory state. 

Similarly, CD11b is upregulated in lung resident macrophages in mice when subjected to 

inflammatory conditions41. It is therefore valuable to have a nanobody that targets CD11b and 

can aid in delivering immune-modulating cargoes to CD11b+ cells. In Woodham et al., the 

authors used an anti-CD11b nanobody (later referred to as nCD11b Original) to deliver antitumor 

peptide vaccines to antigen-presenting cells42. The nanobody was shown to strongly bind to 

murine CD11b with sub-nanomolar affinity and the sequence was freely available. 

 We cloned nCD11b Original into E. coli and produced the nanobody at high yield. We 

purified it using His-Tag affinity chromatography and fast protein liquid chromatography. There 

was one problem, though, with the native sequence: the nanobody contained two histidine 
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residues at positions 18 and 80. This did not affect the initial production process, but histidine in 

the protein backbone has detrimental effects on our downstream conjugation process as shown in 

Figure 1.5. We use a sortase enzyme to attach an azide to the nanobody, then use a Click 

Chemistry reaction to generate dye or drug conjugates. After the sortase reaction, the unreacted 

nanobody and sortase is removed from the mixture by His-Tag affinity chromatography. The 

reacted nanobody has its His-Tag cleaved so it flows through the column without imidazole 

treatment. When a nanobody has histidine, it can become stuck to the resin, reducing yield. 

 

Figure 1.5: Nanobody Bio-Conjugation Strategy43 (Reproduced from Kimmel et al.) 

 The adhered, reacted nanobody can be recovered by flushing the column with a low 

concentration of imidazole. As the unreacted nanobody and sortase are also adhered to the resin, 

the imidazole wash can remove them, too. The result is an impure mixture of reacted and 

unreacted nanobody, along with a small amount of sortase enzyme. Even worse, imidazole has 

been shown to salt out soluble proteins, leading to precipitation and futher loss of product44,45. If 

imidazole treatment is used, the protein must be immediately buffer exchanged to PBS. The 

buffer exchange process is timely and can lose as much as 5% of the protein in every 

centrifugation step if spin columns are used. Therefore, it is necessary to remove histidine from 

the protein sequence to maximize product yields and minimize the number of steps in the 

production process.  

 The histidine residues were mutated at H18 and H80 to the residues shown in Figure 1.6: 

phenylalanine, glutamine, arginine, and lysine. The phenylalanine residue mimics the large ring 
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structure of histidine, while the other three have nitrogenous side chains with various pKa values 

to probe the charge and polarity sensitivity of each mutation site. The mutagenesis was 

performed both forward and backwards, with H18 and H80 mutated first, respectively. The best 

binding mutant was then chosen to be mutated again at the second site. The binding affinities 

were compared at a single protein concentration higher than the desired dissociation constant. 

Then, the mutant with the best binding affinity was produced in a large batch and compared to 

nCD11b Original to definitively determine if the changes affected the nanobody’s binding 

affinity. 

 

Figure 1.6: Point Mutations for Site-Directed Mutagenesis 
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CHAPTER 2 

 

 METHODS 

2.1 Plasmid Generation 

 The original amino acid sequence for the CD11b nanobody was found in Woodham et al. 

and shown below. To convert to DNA, the amino acid sequence was input to the Integrated DNA 

Technologies (IDT) codon optimizer with Escherichia coli K12 as the species. Then, a N-

terminal sequence was added containing the BsaI restriction site and start codon (Table 2.1, 1). 

Next, a C-terminal sequence was added encoding the amino acid chain 

LPETGGHHHHHHEPEA for sortase-mediated azide conjugation and His-Tag affinity 

chromatography (Table 2.1, 2), followed by a stop codon and the reverse complement of the BsaI 

restriction site (Table 2.1, 3). The complete DNA sequence was purchased as a gBlock gene 

fragment from IDT. 

Table 2.1: DNA sequences added to form the complete gBlock 

# Sequence Function 

1 TTTTGGTCTCACATG 
BsaI Restriction Site 

Start Codon 

2 TTACCTGAAACAGGGGGGCACCAT 
CATCATCACCATGAGCCGGAAGCC 

Sortase Recognition Site 
6x-Histidine Tag 

3 TAAGTGAGACCTTTT BsaI Restriction Site 
 
nCD11b: QVQLQESGGGLVQAGGSHNLSCTASGITFSSLAMGWFRQTPGKEREFVANIM 
RSGSSVFYADSVRGRFTISRDNAKNTAHLQMNSLKPEDTAVYFCAATRGAWPAEYWGQ
GTQVTVSSGGLPETGGHHHHHHEPEA42 
 

 The gene block was assembled into the kanamycin resistant pET28b(+) (New England 

Biolabs) plasmid by Golden Gate Assembly.  Golden Gate is a plasmid assembly method where 

Type IIS endonucleases are used to digest the insert DNA, generating sticky ends. The sticky 
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ends of insert and plasmid DNA can then align and a DNA ligase will repair the phosphate 

backbone46. Golden Gate Assembly was performed using BsaI-HF v2 Golden Gate Assembly 

Mix (NEB) and T4 DNA Ligase (NEB) at a 3:1 insert to vector mass ratio as described in the 

user manual47. Next, the complete plasmid was transformed into chemically competent DH5-a 

E. coli (NEB) to isolate colonies producing single plasmids. DH5-a is an effective line for 

producing high-quality plasmids with a high transformation efficiency48. The procedure was 

performed at 37°C as described in the supplier protocol48 using LB agar kanamycin plates 

(Gibco). As the plasmid introduces kanamycin resistance, colonies expressing the transformed 

plasmid are selected for. 

 After incubating overnight, plates were visualized using a blue light transilluminator 

(Invitrogen) and white colonies were chosen for growth and sequencing. Single, isolated colonies 

were lifted from the agar plate using a pipette tip and grown overnight in 2 mL of LB broth 

(Gibco) containing 2 µL of kanamycin (ThermoFisher Scientific), stocked at 50 mg/mL. The 

next day, plasmids were extracted and purified from the bacterial samples using a QIAprep Spin 

Miniprep Kit (Qiagen) as described in the supplier protocol49. The miniprep kit involves a series 

of steps where the cultures are lysed, and insoluble components are separated by centrifugation. 

Next, the supernatant is added to a spin filter that the DNA adsorbs to. Finally, the DNA is 

washed with buffers and eluted using water49. The purified plasmids were Sanger sequenced 

using T7 forward and reverse primers by Genewiz. The DNA sequences were translated and 

confirmed to match the intended amino acid sequence of nCD11b. 

2.2 Mutagenesis 

 Mutagenesis was performed using primers shown in Table 2.2 to change histidines at 

positions 18 and 80, termed H18 and H80, respectively. For mutagenesis involving substituting a 
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single amino acid, the forward primer is designed to overlap the substitution site and the reverse 

primer is designed to anneal to the 5’ end of the forward primer. As such, the forward primer is 

unique to each amino acid substitution, while the reverse primer is the same for each position. 

Primers were generated using NEBaseChanger v150 with substitutions from histidine to 

phenylalanine (F), lysine (K), glutamine (Q), and arginine (R). Phenylalanine was chosen due to 

its similar size to histidine, and the rest were chosen due to incorporating nitrogen atoms in their 

side chains.  

Table 2.2: Primers for mutagenesis PCRs, with nucleotides for the substitution site bolded 

Position Amino Acid Primer Sequence Tm (°C) 

H18 

Phenylalanine TGGAGGATCCttcAACTTGAGCTGCAC 62.3 
Lysine TGGAGGATCCaaaAACTTGAGCTGCACTGC 64.0 

Glutamine TGGAGGATCCcagAACTTGAGCTGCAC 63.8 
Arginine TGGAGGATCCcgcAACTTGAGCTGC 65.0 

H18 Reverse GCCTGGACCAGTCCGCCG 64.3 

H80 

Phenylalanine AAACACTGCTttcTTACAAATGAACTCTCTTAAAC 57.9 
Lysine AAACACTGCTaaaTTACAAATGAACTCTC 54.5 

Glutamine AAACACTGCTcagTTACAAATGAACTC 55.9 
Arginine AAACACTGCTcgcTTACAAATGAAC 56.4 

H80 Reverse TTTGCATTGTCGCGGGAA 55.7 
 

 The Q5 Site-Directed Mutagenesis Kit (NEB) was used to perform the mutagenesis 

PCRs. Primers were ordered from IDT and diluted to 10 µM. All reactions were performed with 

a 25 µL total volume comprising 12.5 µL of Q5 Hot Stat High-Fidelity 2X Master Mix, 1.25 µL 

of forward primer, 1.25 µL of reverse primer, 1 µL of template DNA at 25 ng/µL, and 9 µL of 

nuclease-free water. PCR was performed using a MiniAmp Plus (Thermo-Fisher Scientific) 

thermocycler with the following run conditions: 98°C for 30 seconds, 25x (98°C for 10 seconds, 

Ta for 20 seconds, 72°C for 2 minutes), 72°C for 2 minutes. The annealing temperature, Ta was 

chosen as 62°C for H18 reactions and 54°C for H80 reactions.  
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 Once PCR was completed, the replicated plasmids were reformed as circular DNA using 

1 µL of PCR product, 5 µL of KLD reaction buffer, 1 µL of KLD Enzyme Mix, and 3 µL of 

nuclease-free water from the Q5 Site-Directed Mutagenesis Kit. The reaction was incubated for 5 

minutes at room temperature, then 5 µL of reaction mix was used to transform into DH5a E. coli 

as previously described. The transformations were mini-prepped and sequenced as previously 

described. If mutant DNA sequences were correct, the mini-prepped DNA was then transformed 

at 30°C into chemically competent SHuffle T7 Express (NEB) for protein expression. After 

transformation, the colonies were picked and grown overnight in 1 mL of LB broth containing 1 

µL of 50 mg/mL kanamycin. Then, 750 µL of the cell solution was added to 250 µL of 70% 

glycerol (Sigma-Aldrich) in water, pipetted into a labeled cryovial, and stored at -80°C. 

2.3 Small Batch Protein Purification 

 10 mL of LB broth with 10 µL of 50 mg/mL kanamycin in a culture tube was inoculated 

by stabbing frozen glycerol stocks with a 200 µL pipette tip. Cultures were grown at 30°C, 250 

RPM, for 24 hours in an Innova 42R shaking incubator (New Brunswick Scientific), then 

isopropyl b-D-1-thiogalactopyranoside (IPTG, Thermo-Fisher Scientific) was added to a final 

concentration of 2.5 mM. IPTG induces cultures to begin protein expression by activating the lac 

operon, which is included in the pET28b(+) plasmid. The cultures were grown for 24 hours after 

induction. Then, culture tubes were centrifuged at 3900 RPM for 10 minutes to pellet the E. coli. 

The supernatant was removed, then pellets were resuspended in 1 mL of BugBuster Protein 

Extraction Reagent (Sigma-Aldrich) and incubated for 15 minutes at 30°C, 250RPM. The 

BugBuster reagent performs a chemical lysis to remove protein from E. coli. Next, the lysate was 

transferred to 2 mL microcentrifuge tubes and centrifuged at 16,000xg for 20 minutes at 4°C. 

 The supernatants were transferred to 50 mL Kontes Flex columns (Kimbal Kontes 
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Glassware) containing 1 mL of Ni-NTA resin equilibrated with 25 mL of 10 mM imidazole in 1x 

PBS buffer. The Ni-NTA resin contains nickel ions that coordinate with the protein’s 6xhistidine 

tag and remove it from solution. The columns were shaken at room temperature for 30 minutes, 

then drained by gravity. The columns were washed with 20mM imidazole until A280 < 0.5 then 

with one column volume of 50 mM imidazole. Proteins were eluted off the columns with three 

washes of 5 mL of 500 mM imidazole and collected. 

 The eluent was centrifuged in a 15 mL Amicon Filter Tube (Sigma-Aldrich) with a 10 

kDa molecular weight cut-off for 30 minutes at 3900 RPM. Then, the protein was buffer 

exchanged to 1x PBS by adding PBS to the spin column, then centrifuging at 3900 RPM for 

three minutes three times. The concentrated protein was then pipetted to a labeled 2 mL 

microcentrifuge tube. Protein concentration was determined by pipetting 2 µL of solution onto a 

NanoDrop UV-Vis Spectrophotometer (ThermoFisher Scientific) and measuring the absorbance 

at 280 nm. The concentration, in µM, was calculated as: Absorbance * 1,000,000/Extinction 

Coefficient, according to the Beer-Lambert Law. For nCD11b, the extinction coefficient was 

estimated to be 21,095 M-1 cm-1 by ProtParam51.  

2.4 Large Batch Protein Purification 

 5 mL of LB broth with 5 µL of 50 mg/mL kanamycin in a culture tube was inoculated by 

stabbing frozen glycerol stocks with a 200 µL pipette tip. After incubating overnight at 30°C at 

250 RPM, cultures were transferred to autoclaved 2 L culture flasks containing 15.5 g of 2x YT 

Media (Sigma-Aldrich) in 500 mL of DI water. The flasks were grown for 6 hours, then induced 

with IPTG as previously described. The induced flasks were grown overnight, then transferred to 

750 mL bottles and centrifuged at 3900 RPM for 10 minutes. The media was discarded and the 

pellets were resuspended in 30 mL of 1x PBS containing 10 µL of DNase (Sigma-Aldrich) and 
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one cOmplete EDTA-free Protease Inhibitor Cocktail tablet (Sigma-Aldrich). The DNase will 

degrade DNA released during sonication, reducing the solution viscosity. The protease inhibitor 

cocktail reduces protein degradation after sonication. The suspensions were transferred to 50 mL 

conical tubes. To lyse the cells, the mixtures were then sonicated with a Fisherbrand Model 705 

sonicator on an ice bath for 5 minutes and 30 seconds with a 5 seconds on/10 seconds off cycle. 

The total energy input was around 4000 J/run. After sonication, the tubes were centrifuged at 

11,000 RPM for 20 minutes at 4°C. The supernatants were transferred to 50 mL Kontes Flex 

columns containing 5 mL of Ni-NTA resin and shaken for 30 minutes at room temperature. The 

protein was then eluted from the columns and buffer exchanged as previously described. 

2.5 Endotoxin Removal 

 Endotoxins are components of the E. coli cell membrane that will induce strong immune 

responses in mice and humans. As such, endotoxins need to be removed from the protein to 

avoid contaminating the resin in the FPLC column. Endotoxins were removed using 25mm 

Acrodisc filter units with Mustang E membranes (Pall). His-Tag purified protein was diluted to 1 

mg/mL with 1x PBS, then drawn into a syringe. The filter was screwed on and the protein was 

pushed through at a rate of 4 mL/min. The endotoxin-free protein was collected in a 50 mL 

conical tube and stored at 4°C. 

2.6 Fast Protein Liquid Chromatography (FPLC) 

 After endotoxin removal, the final purification step was fast protein liquid 

chromatography (FPLC) using a size exclusion column. Size exclusion chromatography 

separates proteins based on size with larger proteins eluting first and smaller proteins eluting 

later. Proteins were concentrated to 1 mL in 1x PBS and sterile filtered using a 0.45-micron 

syringe filter. 500 µL of protein was then drawn into a syringe and injected into an AKTA Pure 
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FPLC system (Cytiva) with a 2 mL sample loop and HiLoad 16/600 Superdex 200 pg column. 

The FPLC was run with 1x PBS as the solvent and the following method: 15 mL equilibration, 4 

mL sample application, 1.05 column volume elution with fractions collected every 1 mL after 

0.55 column volumes had passed. The protein content of the solvent was measured using 

absorbance at 280 nm. The fractions containing the protein of interest were removed and 

concentrated to yield a single, pure product (usually >98% by area under the curve).  

2.7 Azide Conjugation 

 As the first step in the labeling process, the nanobodies were functionalized with azides. 

The azide conjugation was performed using an engineered sortase (eSrtA) enzyme that 

recognizes the LPETG motif in the nanobody and attaches a primary amine52. The enzyme was 

produced and purified using the same methods as the nanobodies. The eSrtA and nanobody was 

buffer exchanged to 50 mM Tris Buffer (50 mM pH-buffered Tris [pH 7.4], 0.15 M NaCl) using 

Amicon Spin Tubes (Sigma-Aldrich). The total reaction volume was 1.6 mL with 400 nmol of 

nanobody, 20 nmol of eSrtA, 16 µL of Azido-PEG3-Amine (Broadpharm), 16 µL of 10x Tris 

Buffer (500 mM pH-buffered Tris, 1.5 M NaCl, 100 mM CaCl2), and the remainder of the 

volume being 50 mM Tris Buffer. The reaction proceeded for 2 hours at room temperature, then 

the excess ligand and salts were removed using 7 kDa Zeba Spin Desalting Columns 

(ThermoFisher Scientific). The effluent protein was then added to a 30 mL Kontes Flex column 

containing 2 mL of Ni-NTA resin. The column shook for 30 minutes at room temperature, then 

the effluent was collected, and the resin was washed with 5 mL of 1x PBS. The azide-conjugated 

protein was concentrated using Amicon Spin Tubes and stored at 4°C.  
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2.8 DBCO Addition 

 Strain-promoted alkyne-azide cycloaddition (SPAAC), a form of copper-free Click 

Chemistry, was used to produce labeled nanobodies. Dibenzocyclooctyne (DBCO) 

spontaneously reacts at room temperature with an azide to form a stable triazole ring53. DBCO-

sulfoCy5 (Broadpharm) was chosen as the dye for its high fluorescence intensity and water 

solubility. As the reactions are left at room temperature for two days, they must be prepared in a 

sterile environment. 75 nmol of protein was diluted to a final volume of 600 µL and filtered 

using a sterile 0.45-micron syringe filter. Then, 1 mg of DBCO-sulfoCy5 was reconstituted in 1x 

PBS to a final concentration of 20 mM. 2.5 molar equivalents of dye were added to the sterile 

protein and mixed by pipetting. The reaction was allowed to proceed for 48 hours at room 

temperature on a benchtop rotating shaker. Excess dye was removed using 7 kDa MWCO Zeba 

Spin Desalting Columns (ThermoFisher Scientific). The effluent was collected and concentrated 

using Amicon Filter Tubes (Sigma-Aldrich). The labeled protein concentration was determined 

using the following formula: 𝐶𝑜𝑛𝑐𝑒𝑛𝑡𝑟𝑎𝑡𝑖𝑜𝑛 = !!"#"(!$%&,()*∗%&''()*+&,	./)*&'
01*+,)*+&,	%&(22+)+(,*

 where the 

correction factor is 0.03 at 280 nm for sulfoCy554. The modified formula corrects for the 

absorption contribution of the dye at 280 nm.  

2.9 Mammalian Cell Culture 

 RAW 264.7 (ATCC) cells were chosen as a model for binding studies due to their stable 

expression of CD11b55. RAWs are an immortalized cell line used as a murine macrophage 

model. After thawing, cells were maintained in 10 mL of Dulbecco’s Modified Eagle Medium 

(DMEM, Gibco) containing 4 mM L-glutamine, 4.5 g/L glucose, and 1 mM sodium pyruvate. 

The growth media was supplemented with 10% heat-inactivated fetal bovine serum (Gibco) and 

a mixture of 100 U/mL penicillin and 100 µg/mL streptomycin (Gibco). Every other day, the 
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media was aspirated and the cells were washed with 5 mL of 1x PBS. The PBS was aspirated, 

then 10 mL of media was added and the flasks were scraped to dislodge the cells. The media was 

then spun in a 15 mL conical tube at 1500 RPM for 5 mins to pellet the cells. Next, the media 

was aspirated and the pellet was resuspended in 1 mL of fresh media. The cells were split with 

between a 1:3 to 1:10 ratio and added to a T75 flask containing 10 mL of fresh media. The cells 

were maintained in a humidified atmosphere at 37°C and 5% carbon dioxide.  

2.10 Sodium Dodecyl Sulfate-Polyacrylamide Gel Electrophoresis (SDS-PAGE) 

 Proteins were separated and visualized using SDS-PAGE. SDS-PAGE involves 

denaturing proteins with heat and detergents to fully unfold them and separate them only by 

mass. To prepare samples, proteins were diluted to 10 µM. 12.5 µL of protein was added to 12.5 

µL of 2x Laemilli Sample Buffer (Bio-Rad) containing 355 mM 2-mercaptoethanol (Sigma-

Aldrich). The mixture was heated at 95°C for five minutes and spun using a microcentrifuge to 

concentrate the sample. The Mini-PROTEAN Tetra cell (Bio-Rad) was used for all experiments. 

The box was assembled with a 10-well 4-20% stain-free pre-cast polyacrylamide gel (Bio-Rad) 

and filled with 1x MOPS SDS running buffer (Thermo-Fisher Scientific). 18 µL of sample was 

added to each well using gel-loading tips. For a mass reference, 5 µL of Precision Plus All Blue 

Standard (Bio-Rad) was added to one well. The electrophoresis was run at 150 V for 20-40 

minutes until the samples reached the bottom of the gel. 

 For staining, the gel was removed from the casing and transferred to a box containing 

enough DI water to cover the gel. The gel was microwaved on high for 1 minute, then shaken at 

80 RPM for 5 minutes. The water was drained, then the gel was covered with SimplyBlue 

SafeStain buffer (Thermo-Fisher Scientific) and microwaved for 1 minute again. The gel was 

shaken at 80 RPM for 5 minutes, then rinsed with DI water. Excess stain was removed from the 
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gel by shaking at 80 RPM in DI water overnight. Gels were imaged using a Gel Doc EZ system 

(Bio-Rad) with a white light sample tray. 

2.11 Flow Cytometry 

 All flow cytometry experiments were performed with RAW 264.7 cells. After passaging 

and resuspending cells in 1mL of media, 10 µL of cell suspension was mixed with 10 µL of 

Trypan Blue 0.4% (Gibco). 10 µL of the resulting mixture was pipetted into a disposable cell 

counting chamber and loaded into a Countess Automated Cell Counter (Invitrogen). The 

instrument was autofocused and counted the cells. Based on total cell count, 200,000 cells/well 

were added to a round bottom flow plate. The plate was centrifuged at 1500 RPM for 5 minutes 

to pellet the cells and the supernatant was flicked into a sink. The cells were resuspended in 200 

µL of flow buffer (1% bovine serum albumin in 1x PBS), then centrifuged and flicked into a sink 

again.  

 For studies comparing mutant binding, cells were resuspended and incubated in 100 µL 

of PBS containing the mutated nanobodies at the desired concentration (10 µM, 1 µM, or 100 

nM) for 1 hour at 4°C. The plate was centrifuged, and the supernatant was removed. As RAWs 

are a macrophage line, they express Fc receptors that will bind to commercial antibodies and 

provide false positive signal. To prevent this, cells were incubated in 100 µL of flow buffer 

containing 1 µL of Trustain FcX (Anti-Mouse CD16/32, BioLegend) for 15 mins at 4°C. Again, 

the plate was centrifuged, and the supernatant was removed. To detect the bound nanobodies, a 

6xHis Tag Monoclonal Antibody (Invitrogen, AD1.1.10) was used as a secondary antibody with 

specificity for the 6xhistidine tag at the C-terminus of the protein. The cells were incubated with 

5 µL of antibody in 100 µL total flow buffer volume for 30 mins at 4°C. To remove unbound 

antibody, the cells were washed with 200 µL of flow buffer three times by resuspending and 
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centrifuging. Finally, to distinguish between live and dead, the cells were resuspended in 100 µL 

of DAPI-containing flow buffer (1 µL DAPI in 10mL buffer).  

 For full binding kinetics studies, cells were resuspended in 100 µL of PBS containing 

Cy5-labeled nanobody starting at 5 µM and serially diluted three-fold to 85 pM with the last well 

of each row containing only PBS. Cells were incubated for 1 hour at 4°C, then centrifuged and 

washed three times with flow buffer. Then, cells were resuspended in 100 µL of DAPI-

containing flow buffer. 

 All flow cytometry was performed using an Amnis Cellstream flow cytometer (Cytek). 

The cytometer was initialized and calibrated prior to use according to manufacturer protocol. 

Experiments were performed using the instrument settings in Table 2.3. For compensation and 

positive/negative controls, single stain samples were produced. The FITC-positive control was 

200,000 cells stained with 1 µL of a FITC-labeled commercial anti-CD11b monoclonal antibody 

(Invitrogen, M1/70). The Cy5-positive control was the highest concentration of fluorescently 

labeled nanobody tested. The negative control was unstained cells. The compensation for DAPI-

positive cells was 200,000 heat-killed cells in DAPI-containing flow buffer. Samples were 

automatically run until 5,000 live cells were counted. The median fluorescence intensity was 

calculated using the Cellstream Analysis software. 

Table 2.3: Laser powers for flow cytometry experiments 

Experiment Single-Concentration Comparison Binding Kinetics 

Laser 

FSC 10 15 
SSC 5 10 
405 50 15 
488 60 OFF 
561 OFF OFF 
642 OFF 60 
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2.12 Electrospray Ionization Mass Spectrometry (ESI-MS) 

 To determine exact protein masses, electrospray ionization mass spectrometry (ESI-MS) 

was used. Proteins were buffer exchanged into 200 mM ammonium acetate and concentrated to 

100 µM. ESI-MS was performed using an Agilent 6210A time-of-flight mass spectrometer with 

a collection period of two minutes and a range of 50-20,000 m/z. The m/z data was deconvoluted 

using UniDec56. UniDec can separate mass and charge to provide a spectrum of peaks that 

correspond to the distinct masses of the proteins in solution. The deconvolution was performed 

over the range of 1000-5000 m/z and peaks were exported with masses of 2000 to 20000 Da. 

2.13 Computational Modeling 

 Protein structures were modeled using RoseTTAFold57 on the Robetta public server. 

RoseTTAFold uses a deep learning method to predict protein structures with high accuracy. The 

algorithm predicts its accuracy at each modeled position and generates five models to select 

from. Of the five, the model with the greatest accuracy (typically below 2.5 Å predicted error) 

was downloaded as a .pdb file and uploaded to the Rosetta Online Server that Includes Everyone 

2 (ROSIE 2). The relax protocol was applied to refine the conformation of the protein and find 

the lowest energy, most probable structure58. Then, the .pdb file was downloaded and visualized 

with PyMOL59 for figure creation. 
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CHAPTER 3 

 

 RESULTS 

3.1 Mutagenesis Overview 

 As the basis for mutagenesis, the nCD11b Original sequence was cloned into the 

pET28b(+) plasmid and purified by miniprepping. The DNA sequence was confirmed by Sanger 

sequencing and the complete plasmid was stored for later use. To better understand the effects of 

mutating each site, the nCD11b Original structure was predicted by RoseTTAFold57 and 

visualized using PyMOL59. The mutation sites are located within two adjacent beta sheets that 

run in opposite directions of one another (Figure 3.1). They are both outside of the H1-H3 loops 

that most often contribute to binding24. Thus, it is most likely that changes in binding would be 

due to weakening the overall structure of the nanobody, not by changing the residues that 

identify the targeted epitope on the CD11b protein.  

 

Figure 3.1: Structural Prediction of nCD11b Original 
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 The main difference between the mutation sites is the direction of the side chain. For 

H18, the ring is directed into the hydrophobic central core of the nanobody. In contrast, H80 is 

directed away from the protein and can readily interact with the solvent. As a result, it is 

expected that H18 would be more favorable to a phenylalanine mutation that is nonpolar and 

occupies a similar amount of space as histidine. H80 can likely tolerate a range of mutations if 

solvent interactions are preserved. Lysine, glutamine, and arginine are all capable of hydrogen 

bonding so solvation would not be expected to differ greatly between each residue. 

3.2 Histidine 18 Mutation and Characterization 

 Histidine 18 was the first site to be mutated. The mutagenesis PCR was completed, then 

transformed into DH5-a to produce a large quantity of plasmid. The cultures were miniprepped 

and all site mutations were confirmed by Sanger sequencing. Next, the verified plasmids were 

transformed into the T7 SHuffle expression line and grown for small batch purification. 

Alongside the mutants, the original nCD11b was produced as a base reference and a nanobody 

targeting green fluorescent protein (nGFP) as a negative control. After purification, the 

nanobodies were visualized using SDS-PAGE and imaged (Figure 3.2).  

 

Figure 3.2: SDS-PAGE of Histidine 18 Mutants 
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 The gel confirms that all nanobodies were produced and isolated as the major product of 

each culture. For most mutants, there is a single strong band at roughly the same molecular 

weight as the positive and negative control nanobodies. The only unexpected result is the 

presence of two prominent bands in the H18Q mutant. The SDS-PAGE was performed more than 

six weeks after the mutants were first purified, so it is likely that the H18Q mutant was degraded 

by proteases faster than the other nanobodies. This hypothesis is further supported by the 

broadened major bands for H18F and H18R. SDS-PAGE will produce thicker bands when there 

are multiple proteins of similar molecular weights present. This can be due to different proteins 

or degradation over time of the same protein. As the cultures were sequenced and confirmed to 

only produce one nanobody, proteolytic degradation is the most plausible cause. Although 

proteases could degrade the nanobodies enough to affect binding, all mutants were stored under 

the same conditions so they could still be compared to one another for relative binding.  

   For protein binding studies, it is common to serially dilute the protein of interest and 

generate a curve that can provide a dissociation constant. The dissociation constant provides the 

concentration where half of the protein is bound to its target. Here, the mutants were not 

produced in large enough quantities to purify by FPLC and fluorescently label for a full range of 

serial dilutions. Instead, the mutants were incubated with RAW 264.7 murine macrophages at a 

single concentration and labeled with a fluorescent antibody targeting the 6xHistidine tag at the 

C-terminus of each mutant. The median fluorescence intensity was determined by flow 

cytometry after gating for live cells. To determine the optimal protein concentration for 

comparing binding, the Histidine 18 mutants were dosed at three concentrations: 10 µM, 1 µM, 

and 100 nM. The highest dose would indicate poor binding, but still some selectivity for the 
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CD11b protein. To be most useful, the mutant nanobodies need to retain binding affinity at lower 

than 100 nM.  

 

Figure 3.3: Relative Binding of Histidine 18 Mutants 

 At 10 µM, H18F and H18R have similar binding affinity to the original nCD11b with all 

three showing significant differences from the nGFP control (Figure 3.3). H18Q maintains some 

binding affinity at 10 µM, but it is not significantly higher than nGFP. Even at the highest 

concentration tested, H18K shows a complete loss of function due to the mutation. Once the 

concentration is dropped to 1 µM, the differences become more apparent. H18Q does not show 

any binding, while H18F and H18R remain at the same level and equal to the original nCD11b. 

The dissociation constant for H18Q is therefore between 1 µM and 10 µM and is not useful for 

future studies. At 100 nM, H18F and H18R are again equal to the original nCD11b. Across all 

concentrations, H18F and H18R maintained similar MFI’s so it is likely they are binding all 

available CD11b molecules. The dissociation constant is thus far below 100 nM and both 

mutants could be used for the next mutation. H18F was chosen as the basis for the H80 

mutations due to its slightly higher MFI at 100 nM. In addition, 100 nM was chosen as the single 

concentration to test the H80 mutants since it is closest to the desired dissociation constant and 

shows the greatest differences between mutants.  
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3.3 Histidine 80 Mutation and Characterization 

 The H80 mutations were performed on both H18F and H18H to determine if the sites can 

be mutated independently of one another. The H18F and nCD11b original plasmids were isolated 

as the templates for the mutagenesis PCRs. The modified plasmids were transformed into DH5-

a, miniprepped, and Sanger sequenced. All mutants were confirmed and transformed into T7 

SHuffle for protein expression. The mutants were grown in a small batch and purified. nCD11b 

original and nGFP were produced again as controls and purified. After purification, the 

nanobodies were visualized using SDS-PAGE and imaged (Figure 3.4).  

 

Figure 3.4: SDS-PAGE of H18F/H80 Mutants 

 Again, the gel confirmed that the mutants were the primary products of the small batch 

expression with the most prominent bands at equal molecular weights. The gel was performed 

within a few days of protein expression so there is minimal degradation, as evidenced by the thin 

major bands for each mutant. The nGFP lane shows some smearing around the primary band that 

could be the result of the nanobody not completely unfolding during preparation. Alternatively, 

the concentration determined by UV-Vis could have been lower than the actual concentration 

leading to too much protein being loaded into the gel. Overall, each mutant was successfully 

transformed and could be used for relative binding studies.  



 29 

 

Figure 3.5: Relative Binding of H18F/H80 Mutants 

 Based on the optimization from the H18 mutants, the relative binding of the H18F/H80 

mutants was compared at 100 nM (Figure 3.5). The F, Q, and R mutations showed similar 

binding and each approximately reached the same maximum MFI as the H18 mutants. Although 

the lysine binding was close to the other mutants, it did not perform well enough for significance. 

The H18F/H80F mutant was chosen as the final product for large batch expression and 

characterization since it achieved similar binding to the other mutants but had the highest MFI 

for a single replicate. 

 In addition to the positive results, this flow cytometry experiment produced some unusual 

findings. The confidence intervals for each nanobody were much larger than the previous 

experiment, especially for the negative control which showed very small differences between 

replicates in Figure 3.3. Furthermore, the original nCD11b did not differ from the negative 

control. The variability is likely due to the Cellstream not having temperature control. It takes 

over two hours for all the samples to run which is ample time for the cells to return to room 

temperature. As the cells warm up, the cells begin to die and the nanobodies begin to dissociate 
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from the target protein. Throughout the experiment, the cell viability was observed to decrease 

along with the MFI. For more accurate results in the future, each row of sample could be run 

individually while the other rows remained in the fridge to prevent cell death. 

 

Figure 3.6: Characterization of H18H/H80 Mutants  

 The H80 mutations were performed on the nCD11b original sequence to determine if 

mutation sites were cooperative or if they could be mutated independently of one another. The 

four H18H/H80 mutants were produced and confirmed to be the main product of each small 

batch purification (Figure 3.6). The mutants were compared by relative binding and yielded 

similar results to the H18F/H80 mutants. The flow cytometry here was performed at the same 

time as the H18F/H80 mutants so it suffered the same issue of large confidence intervals and 

high background from the negative control. As a result, the H18H/H80F and H18H/H80Q 

mutants approached but did not reach significance. Even still, the data matches the trend shown 

in Figure 3.5 where the F and Q mutations performed the best at the H80 site. Therefore, H18 

and H80 are likely not interacting and can be modified independent of one another.  

 Furthermore, all eight H80 mutants showed similar binding, whereas the H18 mutations 

were more sensitive with two loss-of-function mutations determined. These results support the 

computational modeling of nCD11b in Figure 3.1. As the H18 side chain is direct to the core of 
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the protein, H18 is sensitive to mutations that introduce charged or polar side chains to the 

hydrophobic core. In contrast, H80 is directed toward the solvent and contributes less to the 

overall stability of the nanobody so it can equally accommodate multiple mutations. These 

findings support the ability of computational models to accurately predict nanobody core 

structures. 

3.4 Large Batch Production and Bioconjugation of nCD11b Original 

 After confirming production and binding at the small scale, nCD11b Original was 

produced in a large batch of three 500 mL cultures. The cultures were sonicated and purified by 

His-Tag affinity chromatography, then filtered to remove endotoxins. The endotoxin-free protein 

was then purified by FPLC and the resulting spectrum is shown in Figure 3.7. The spectrum 

shows a single main product eluting between 75-105 mL with a max absorbance of over 750 

mAU. There are some small peaks between 45-75 mL from protein that is larger than the pure 

nanobody. These peaks are likely aggregates of the nanobody itself as most of the larger 

contaminants would have been removed from the His-Tag purification step. Nevertheless, 

nCD11b Original was produced with high yield and purity.  

 The purified nCD11b Original was then used to produce nanobody-drug conjugates. In 

the first step, the nanobody underwent a sortase-mediated ligation reaction to functionalize the 

nanobody with an azide (product denoted nCD11b Orig-N3). Then, nCD11b Orig-N3 was reacted 

with DBCO-sulfoCy5 to produce a dye-labeled nanobody conjugate. Figure 3.8 shows an SDS-

PAGE of the pure, azide-functionalized, and dye-labeled nanobodies. The pure product appears 

as a large, smeared band. When preparing a gel, the protein is taken from a stock and diluted. 

The smeared band is likely due to the diluted protein being inadequately mixed, which increased 

the quantity of protein added to the gel lane. nCD11b Orig.-N3 and nCD11b Orig.-sCy5 appear 
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as thin, single bands. The eSrtA band is provided as a reference to confirm that all the eSrtA 

enzyme was removed after reacting with the nanobody. There is no eSrtA band in the nCD11b 

Orig.-N3 lane so the reaction mixture was confirmed to be properly purified. Before staining, 

nCD11b Orig.-sCy5 appeared blue, which confirms the presence of the blue sulfoCy5 dye on the 

nanobody. Overall, the SDS-PAGE suggests that all three variants were successfully produced. 

 

Figure 3.7: FPLC Spectrum of nCD11b Original  

 

Figure 3.8: SDS-PAGE of nCD11b Original Conjugates 
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 ESI-MS was the last technique used to verify that the protein was properly conjugated. 

The deconvoluted mass spectra for nCD11b Original, nCD11b Orig.-N3, and nCD11b Orig.-sCy5 

are shown in Figure 3.9. In each spectrum, there is a single major peak showing the expected 

mass of the nanobody or conjugate measured. There are also one or two small peaks indicative of 

degradation products that affect the purity of the nanobodies very little. The presence of a single 

major peak in the nCD11b Orig.-N3 spectrum indicates that all the eSrtA and unreacted 

nanobody was purified out. Similarly, the single peak in the nCD11b Orig.-sCy5 spectrum shows 

that the Click Chemistry reaction proceeded to completion and yielded a 100% labeling 

efficiency. 

 

Figure 3.9: Deconvoluted ESI-MS Spectra of nCD11b Original Conjugates 

3.5 Large Batch Production and Bioconjugation of Mutated nCD11b  

 nCD11b Mutant H18F/H80F was chosen for large batch production as it bound the best 

to CD11b-expressing cells in vitro. The mutant, hereafter referred to as simply nCD11b, was 

picked and grown for three 500 mL culture. The cultures were sonicated and purified by His-Tag 
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affinity chromatography, then filtered to remove endotoxins. The endotoxin-free protein was then 

purified by FPLC and the resulting spectrum is shown in Figure 3.10. The spectrum shows a 

large single peak between 75-105 mL with a maximum absorbance around 150 mAU. There is 

some evidence of aggregates due to the small peaks between 50 and 75 mL of elution volume. 

When compared to the spectrum for nCD11b Original, there are a couple distinct differences: the 

nCD11b peak is broader and shorter than nCD11b Original. The peak is shorter as nCD11b 

Original yielded almost 3x as much protein as nCD11b from the same initial culture volume. As 

both proteins were only produced once, it can’t be conclusively determined if nCD11b Original 

has a higher yield than nCD11b or if there was a mistake in the production process. The peak 

broadening is likely the result of the protein concentration being lesser for nCD11b than nCD11b 

Original, but it has no effect on purification as a single peak was produced. 

 

Figure 3.10: FPLC Spectrum of nCD11b Mutant H18F/H80F 

 The purified nCD11b was then used to produce nanobody-drug conjugates. In the first 

step, the nanobody underwent a sortase-mediated ligation reaction to functionalize the nanobody 

with an azide. Then, nCD11b-N3 was reacted with DBCO-sulfoCy5 to produce a dye-labeled 

nanobody conjugate. Figure 3.11 shows an SDS-PAGE of the pure, azide-functionalized, and 
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dye-labeled nanobodies. The pure nanobody and conjugates are present as single, thin bands 

which is indicative of the production of a single product. There is no eSrtA or pure nCD11b in 

the nCD11b-N3 lane, so the purification steps yielded a pure, azide-functionalized nanobody. 

Further, there is only one band in the nCD11b-sCy5 lane that suggests all the nanobody was 

labeled. 

 

Figure 3.11: SDS-PAGE of nCD11b Mutant H18F/H80F Conjugates 

 ESI-MS was the last technique used to verify that the protein was properly conjugated. 

The deconvoluted mass spectra for nCD11b, nCD11b-N3, and nCD11b-sCy5 are shown in 

Figure 3.12. In each spectrum, there is a single major peak showing the expected mass of the 

nanobody or conjugate measured. There are a couple small peaks that might be degradation 

products or noise. Further, there is no evidence of eSrtA or unreacted pure nCD11b in the 

nCD11b-N3 spectrum which again confirms the purification process effectively removes the 

unreacted protein. The labeling efficiency was also 100% for nCD11b, as it was for nCD11b 

Original. In both cases, the conjugate production strategy had high yields of pure products.  
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Figure 3.12: Deconvoluted ESI-MS Spectra of nCD11b Mutant H18F/H80F Conjugates 

3.6 Binding Kinetics Comparison 

 To determine if binding affinity was unaffected by mutagenesis, the dye-labeled nCD11b 

Original and nCD11b were used in a flow cytometry-based binding assay. RAW murine 

macrophages were plated at 200,000 cells/well and incubated for 1 hour at 4°C with a serial 

dilution of nanobody from 5 µM to 85 pM. The plate was washed, then each well was analyzed 

for the median fluorescence intensity of Cy5. Woodham et al. reported their binding affinity 

using a two-site binding model where there are two motifs on the target protein that the 

nanobody can bind to. They reported two dissociation constants with values of 204 pM and 111 

nM42. The results of the binding study in this work are shown in Figures 3.13 and 3.14.  

 Both nCD11b Original and nCD11b H18F/H80F show strong binding for CD11b that 

aligns with the results provided in Woodham et al. In Figure 3.13, nCD11b Original has two 

dissociation constants of 193 pM (95% CI: 101-345 pM) and 1505 nM (95% CI: 450-7160 nM), 

respectively (Adj. R2 = 0.917). The first dissociation constant closely aligns with the published 
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value, whereas the second does not. The fit suffers from a limited range of concentrations above 

the higher dissociation constant. For a more accurate fit, data is needed at concentrations of 10-

100 µM. It would also be useful to test concentrations lower than 85 pM to better fit the lower 

end of the curve, too. In Figure 3.14, nCD11b has two dissociation constants of 316 pM (95% 

CI: 56-1200 pM) and 1290 nM (95% CI: 225-30900 nM), respectively (Adj. R2 = 0.772). Again, 

the confidence intervals are large but the lower dissociation constant closely aligns with the 

literature values. Further evaluation is needed at the higher and lower concentrations to better fit 

the curve, but that is beyond the timeframe of this work.  

 

Figure 3.13: Dose-Response Binding Curve of nCD11b Original by Flow Cytometry 
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Figure 3.14: Dose-Response Binding Curve of nCD11b Mutant H18F/H80F by Flow Cytometry 

 Although the dissociation constants reported here are not identical to literature, they are 

statistically the same as one another. The flow cytometry assay can vary between cell types and 

gating strategy to yield different results, but a picomolar binding affinity is strong and better than 

the low-nanomolar binding affinity that is desired for systemic targeting applications. The results 

show that mutating histidine residues out of the nCD11b Original sequence does not affect 

binding affinity. Therefore, the mutagenesis strategy can be used to reduce the steps involved in 

producing nanobody conjugates and increase yield. The results in this study cannot be 

generalized without further testing of other mutated nanobodies, but they provide support for 

utilizing computational tools to decide which residues to mutate histidine to.  
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CHAPTER 4 

 

 CONCLUSION 

 Site-directed mutagenesis is a useful technique for quickly modifying the amino acid 

sequence of a protein. In this work, site-directed mutagenesis was used to perform four amino 

acid substitutions at two histidine residue sites to eliminate histidine from the sequence of a 

CD11b-targeting nanobody. The conjugation strategy used in previous works relies on a 

6xHistidine tag for the initial purification of the nanobody. The pure nanobody is then azide-

functionalized and the HisTag is cleaved. The unreacted nanobody and sortase enzyme used in 

the reaction still contain the 6xHistidine tag so they can easily be removed from the final 

product. However, when the nanobody contains other histidine residues, it will loosely bind to 

the column. As a result, the column must be washed with imidazole to release the reacted 

protein, which also releases some of the unreacted nanobody and sortase. Furthermore, the 

imidazole must then be removed by buffer exchanging the nanobody into PBS with spin columns 

that lose some of the protein in each spin. We proposed that the histidine residues could be 

mutated out of the nanobody sequence while maintaining binding affinity. 

 We first used a computational protein folding program to model the nanobody structure 

and predict which of the two histidine sites would be most sensitive to mutations. The first 

histidine site, H18, had a sidechain in the core of the nanobody so it was expected that it would 

require nonpolar residues. The second histidine site, H80, had a sidechain pointed toward the 

solvent so it would be less sensitive to mutations. We mutated the H18 site and found that it 

favors nonpolar sidechains, specifically phenylalanine. The H18 mutant was then modified at the 

H80 site and showed no preference for any specific mutation. To determine if the sites had 
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cooperative effects, we kept the H18 site as a histidine and mutated at H80 first. We found the 

same results, regardless of which site is mutated first. Therefore, we concluded that the 

computational model was useful for predicting mutagenesis behavior and that the histidine 

residues could be removed without compromising binding affinity. 

 In further support of our claims, we produced the original and mutated nanobodies at a 

larger scale and found that both were produced with high yield and purity, as shown by FPLC 

and SDS-PAGE. We then employed our previously used bioconjugation strategy and yielded 

azide-functionalized and dye-labeled nanobody conjugates. SDS-PAGE and ESI-MS revealed 

that the conjugates were pure products. The dye-labeled conjugates were used in a flow 

cytometry binding assay and showed picomolar affinity for CD11b. The results aligned with 

literature values for the original nCD11b. Therefore, the mutations did not affect binding affinity, 

but increased compatibility with our production process. Although this work is only one example 

of mutating nanobody sequences, we expect that the same computational modeling and assays 

could be used in the future to rapidly mutate other nanobodies.   
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