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ABSTRACT 

 

A new modality in antibody engineering has emerged in which the antigen affinity is 

designed to be pH dependent (PHD). In particular, the combination of high affinity binding at 

neutral pH with low affinity binding at acidic pH leads to a novel antibody that can more 

effectively act on its target through a pH dependent recycling mechanism. We have studied how 

the in vivo pharmacokinetics of the soluble superantigen, Staphylococcal enterotoxin B (SEB), is 

affected by an engineered therapeutic antibody with pH dependent binding. PHD anti-SEB 

antibodies were made by introducing mutations into a high affinity anti-SEB antibody using 

rational design and directed evolution. This same two-step engineering approach was applied in 

another antibody therapy to further highlight the utility of this approach. The second study was 

towards the generation of anti-tumor antibodies with pH dependent binding to a well studied 

tumor cell surface receptor (HER2). The effect of using PHD anti-tumor antibodies was an 

overall increase in antibody internalization and subsequent increase in tumor cell cytotoxicity. 

Therefore, these novel antibodies can be generated using this platform approach in a robust and 

efficient manner, which may be applied to a wide variety of diseases. 
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INTRODUCTION 

 

Therapeutic Antibodies: Background and Current Perspective  

The monoclonal antibody (mAb) has become ubiquitous in therapeutic development as 

this class of drug can be designed against an extraordinarily wide range of biological targets (e.g. 

CD3, CD11, CD20, IL-1, IL-2, EGFR, VEGF, etc.), can be made to exhibit high target 

specificity and affinity (< nM), and is readily amenable to genetic and recombinant production 

(large scale GMP production scale on the order of 1E3 L).1-4 The concept of using recombinant 

mAbs as a therapeutic agent began with our understanding of antibodies as an important natural 

defense mechanism against infectious diseases. Antibody treatments were first proposed as 

immunized serum and intravenous immunoglobulin to treat patients with innate plasma antibody 

deficiencies.5 As recombinant technologies evolved and were applied to antibody development, 

there was a drastic shift in therapeutic landscape. Before antibody therapies existed, 

advancements like personalized medicine were impossible with classical small molecule drugs. 

Now, with rapid and cost effective genetic sequencing and big data driven genomic and 

proteomic research, state of the art translational mAbs are being created to cast a wider net on 

therapies and are reaching previously unmet patient populations.  

Therapeutic targets exist in a number of forms, from cell surface proteins, to 

(extra)cellular ligands, to free proteins and peptides in serum.6 mAbs can be tailored to fit each 

target molecule as well as designed to then function in subsequent signaling, relocation, or 

degradation processes. As the understanding of disease pathways grows, so does the number of 

antibodies generated to treat those diseases. There are four primary disease categories that mAb 
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therapies fall into: oncology, cardiovascular, immune, and infectious diseases. The field of 

genetic engineering has allowed for the rapid translation and scale up of new mAbs through 

platform large scale production and manufacturing operations (current mAb production on the 

order of kg per batch).2 The current projection is that by 2020 there will be roughly 70 mAbs on 

the market with sales totaling nearly $125 billion.7 

By far the most prevalent therapeutic mAbs are of the class Immunoglobulin G1 (IgG1), 

which are large glycoproteins with a molecular weight of around 150 kDa. They are comprised 

of four polypeptide chains, two heavy and two light chains of approximately 50 kDa and 25 kDa, 

respectively. There are a total of four structural domains in the heavy chain, three constant (CH1, 

CH2, CH3) and one variable (VH); and there are two structural domains that make up the light 

chain, a constant (CL) and variable (VL).8 mAbs are also defined by two functional domains: the 

fragment antigen binding (Fab) and fragment crystallizable (Fc). The Fab comprises of three 

hypervariable complementary determining regions (CDRs) which are unique epitope recognition 

sites responsible for antigen detection. The Fc is often of a consistent sequence (conserved across 

antibody class) typically associated with cellular recognition or immune system activation.  

Therapeutic mAbs generally serve two important functions: 1. Modulating antigens 

through binding or 2. Interacting with the immune system through the complement cascade and 

effector cells (e.g. monocytes and natural killer cells).9, 10 One of the conceptually simplest 

mechanisms of mAb action is interruption of antigen activity through antibody binding; a clinical 

example of this is the anti-TNFα drug, certolizumab. Another similar mechanism is an antibody 

binding to a cell surface receptor, disrupting natural ligand interaction in that position; an 

example is the drug panitumumab, which is used to impede EGFR (epidermal growth factor 

receptor) activation. 11 A very important mechanism of cellular immune activation is through 
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antibody Fc domain interaction with Fcγ receptors.12 Apoptosis is triggered in cases where 

natural killer cells are recruited by Fc binding to cellular FCγTIIIa. However, a hypothetical 

antibody made with infinite binding affinity to its cognate antigen will only undergo, at most, 

two apparent antigen binding event per lifetime (one antigen per Fab domain). In many cases 

where target production is endogenous and synthesis levels are high, e.g. cell surface receptors, 

mAb treatment often needs to be administered in frequent high doses. Along with the 

development challenges in high dose (high concentration) mAb manufacturing, high dosing 

frequency is undesirable from a patient quality perspective. Therefore, in order for these drugs to 

become more readily adapted for fighting a more diverse range of diseases, new approaches to 

their development are being investigated. 

 

Affecting Antibody Function: Engineering mAbs 

Monoclonal antibodies clearly have an important role to play in the future of cutting-edge 

therapeutics. Not surprisingly, there has been an increased focus in the past decade on the study 

of antibody engineering in order to improve mAb potency. Improvements and breakthroughs in 

specific areas including: binding affinity, ligand specificity, in vivo PK/PD, and Fc functionality 

have all been examined extensively.13-21 Binding affinity can be optimized by using a large 

mutant library with selective screening to identify better candidates. Computational design aids 

in the rational generation of more optimized mutants.22-24 Focus has mainly been towards 

engineering antibodies with ever increasing affinity to ligands, and while for many applications 

that is desirable, some mechanisms could benefit from an alternative approach.25, 26 One of the 

consequences of extremely high antigen binding is that the mechanism of clearance becomes 

essentially stoichiometric. That is, only one antibody will be able to neutralize one to two 
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antigens. As a result, a higher dose is needed to provide efficacy in cases where high levels of 

antigen are presented. For instance, in the case of membrane-bound antigens that are produced 

rapidly by cells, such as, IL-6 receptor, the antibody is cleared from the plasma rapidly through 

antigen-mediated clearance.27 

One route for therapeutic antibodies to achieve efficacy against soluble antigens is through a 

pathway of antigen binding followed by antigen-antibody phagocyte degradation. 

Counterintuitively, in certain cases this pathway may be problematic, as studies have reported 

that the antigen-antibody complexes actually accumulate in serum over time, sometimes up to 

1000-fold, increasing the antigen concentration to toxic levels as the complex is slowly 

degraded.28This accumulation phenomenon has been found to be a result of an increased half-life 

of antigen-antibody complex over just the unbound antigen.29, 30 In order to address these 

challenges, the goal of this thesis project will be to engineer mAbs in order to accelerate the in 

vivo clearance mechanism of harmful antigens. mAb function will be enhanced to make use of a 

natural pathway for antigen degradation, but instead of only binding once, the mAb will act 

catalytically. The aforementioned phagocyte degradation pathway works through a process of: 

cellular uptake, endosomal sorting, lysosomal degradation, and FcRn recycling back to serum. In 

order to keep the antibody-antigen complex from recycling back, mAb affinity will be designed 

to be pH controlled. Where tight binding to the target antigen will take place in blood at neutral 

pH, and as the complex moves into the acidic environment of the endosome it will detach, 

leaving only the antigen for lysosomal degradation. Through the FcRn mediated pathway, the 

antibody will be left to recycle back to the bloodstream, able to bind and clear another antigen.  

To tackle this problem, there have been recent studies that report pH-dependent antibodies 

which are engineered to have a high antigen affinity at neutral pH and weaker affinity at lower 
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pH.13, 17, 18, 27, 31 The effect of this pH switch is that upon entering the acidic environment of the 

lysosome, the antibody releases the antigen for endosomal degradation. The antibody is then 

recycled to the plasma via FcRn, able to bind more antigen, summarized in Figure 1.  

The first study that examines the hypothesis presented in Fig. 1 is a pH dependent antibody 

that was created for against hsIL6R.18 Igawa et al. used histidine scanning mutagenesis to 

substitute histidine residues in the CDR andFR regions of an anti-hsIL6R. Results showed that a 

mutations at Tyr27 and Ser31 in the heavy chain and Tyr32, Arg53 and His55 in the light chain 

conferred the greatest shift in pH dependency (ratio of Kdat pH 6 to Kdat pH 7.4) of ~22.18 The 

consequence of this pH dependent interaction was evident in vivo: the clearance of hsIL6R in 

complex with PH2 was enhanced 6 times compared to hsIL6R in complex with WT anti-hsIL6R. 

Consequently, this resulted in a 40-fold lower concentration of hsIL-6R in plasma on day 4 using 

the pH dependent anti-hsIL6R. 

A separate group looked at creating a pH dependent antibody against PCSK9. PCSK9 helps 

to break down LDL receptors (LDLr), which can lead to high levels of LDL cholesterol in 

plasma. The goal of the study was to create a recycling antibody that cleared serum PCSK9, 

enhancing LDLr lifetime. Importantly, pharmacokinetic (PK) studies showed that the histidine 

engineered mutants exhibited improved lifetime once bound to PCKS9 compared to wild type, 

and the cholesterol-lowering effect was also longer compared to wild type. This study confirmed 

the mechanism of lysosomal recycling and enhanced antibody performance through selective 

introduction of histidine to the Fab site (~9 fold affinity shift from pH 7.4 to 6.0).14 In addition to 

modulating the pH dependency of mAb-antigen interaction, there has been increasing interest in 

engineering higher and lower affinities of mAb to the FcRn receptor. 32-35 
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Rational Design and Directed Evolution Approaches using Yeast Surface Display 

The field of therapeutic antibody development began with murine hybridomas, which were a 

common way to identify mAbs with specificity and affinity to almost any antigen.36 However, in 

order to be used in humans, translation is necessary in order to protect against the host immune 

response against non-human sequences. Sequence translation used to be performed through 

chimerization, which was a process of replacing constant regions on the desired antibody derived 

from rodent with those of human.37 Today, CDR grafting is used to additionally combine human 

variable framework sequences with the desired rodent variable CDR in order to keep as much 

human homology as possible while retaining antigen binding.38 However, this translational 

process invariably leads to some reduction in antibody affinity and therefore, is often followed 

by affinity maturation.39 

Several technologies exist in order to support affinity maturation, including: phage display, 

ribosome display, and yeast display, and rational design.40-43 The commonality in the display 

technologies are that they all carry the same ability to allow for the creation of large diverse 

libraries of mutants. These libraries are generated in order to identify lead candidates by 

screening and selecting for a desired binding property. Rational design is an approach by which 

structural information is used to model antibody-antigen binding and logical changes are made to 

the antibody sequence in order to impact changes in antigen binding.  An example of the success 

of rational design used in therapeutic antibodies is abatacept and belatacept.44-46 Abatacept was a 

fusion containing human Fc combined with an extracellular domain of CTLA-4. The function of 

CTLA-4 is to bind to CD80 and CD86 resulting in downregulation of T-cell activation. This 

downregulation is useful in treatment of auto-immune disease, such as rheumatoid arthritis. 

However, there were some significant efficacy issues, which were identified as coming from a 
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lack of binding both targets to the same extent. The affinity of abatacept to CD86 was 100 times 

less than CD80, which resulted in a lower response than was desired. Through rational design 

andmutagenesis, an affinity maturated mutant, belatacept was developed, which had an increased 

binding to both CD80 and CD86. Two mutations were identified (L104E and A29Y), which 

resulted in 10 fold more inhibition of T-cell activation.46 

The main drawback to rational design is the significantly limited information that exists in 

most antibody/ antigen interactions. In most cases, a crystal structure of the interaction does not 

exist and even if sequence information is available, attempting to predict structure to function 

relationship is still extremely difficult even with advances in computational simulation.47, 48 

Therefore, one particularly powerful tool for antibody engineering that has emerged in recent 

years to develop and engineer antibodies and antibody domains (e.g. Fc, Fab, scFv) with 

improved functions is yeast display.13, 49-51 One important quality of yeast display over other 

display approaches is the use of the eukaryotic host containing the machinery for oxidative 

protein folding and glycosylation. These two features allow for expression of proteins that are 

similar enough to be used for surrogate during the engineering process. This technology was 

pioneered by Boder and Wittrup in the late 90s, and has evolved to become an important tool for 

protein and antibody engineering.52 The technology involves using S. cerevisiae as a host cell for 

the surface expression of a desired protein of interest (~50k surface copies/cell). In support of 

antibody development, the Fab or Fab fragment (scFv- single chain fragment variable, VH-VL) 

are commonly used modalities that are expressed on yeast surface. The surface displayed protein 

is achieved by a genetic fusion of the VH segment to Aga2p, a cell surface protein that is 

anchored to the yeast wall by Aga1p.52 The protein of interest is commonly tagged with well-

established sequences (e.g. HA, poly-HIS, FLAG) which commercial antibody labelled reagents 
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(e.g. anti-FLAG-FITC, anti-HIS-PE) can bind. The size of yeast (5-10 µm) and the fluorescent 

reagents are well suited for analysis in flow cytometry, and mutant libraries are often sorted by 

using fluorescence activated cell sorting (FACS) techniques.53 FACS allows for the identification 

and separation of heterogeneous cell suspensions based on both fluorescence and cell light 

scattering. Cells are analyzed in a fluid stream, which are made into droplets and collected or 

diverted to waste based on user defined preferences (e.g. cell size, fluorescence intensity).   

 Yeast display has progressed into a preferred tool to generate large libraries of mutants, 

which are subsequently screened and sorted by FACS. This approach of large mutant generation 

followed by screening and collecting based on phenotypic properties is described as directed 

evolution. An important feature of using yeast is in the ability to sort libraries based on 

phenotype and then collected samples (mutants) can be processed in order to link back to 

genotype. Additionally, yeast can be grown relatively quickly, with low expense, the technique 

can discriminate between small changes in affinity between mutants, and are amenable to large 

recombinant library transfections. Large diverse libraries are now routinely generated on the 

order of 10E9 and sorted to a few select candidates.54 Large diversity is important in a directed 

evolution approach, since the likelihood of enhancing a desired functional property and stability 

is directly related to the numberof mutants screened.55, 56 

 

Overview of A Proposed Platform Approach for the Design of Recycling Therapeutic 

Antibodies 

Recycling therapeutic antibodies have been previously reported in literature as a novel 

approach to exploit the endolysosomal pathway in order to facilitate or alter antibody efficacy. 
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However, there is no clear consensus on the design strategy for generating these new recycling 

antibodies. Herein, we propose a concise approach to the design of pH dependent recycling 

antibodies in a relatively straightforward two-step process. This process sequentially combines 

rational design to first achieve pH-dependent binding followed by directed evolution and 

modified affinity maturation to enhance the property of pH-dependent antigen binding. This 

platform approach is summarized by Figure 2.  

In the first step of the platform, structural knowledge is used to introduce a histidine 

mutation based on location of the residues involved in the antibody-antigen interaction and 

convert the initial pH independent interaction to one that varies with pH. Roughly 20 residues are 

examined at the interface, which significantly decreases the number of residues to screen and 

therefore the scope can be easily determined and executed in a predictable and finite amount of 

time. Structural information (whether derived from full-length antibody, Fab, or scFv) is 

translated to scFv format to be displayed and screened on yeast surface. The individual point 

mutants in scFv format can be directly studied for pH-depending binding by fluorescent labeling, 

thus avoiding laborious and lengthy purification from mammalian cells.57 Any mutation that 

disrupts folding of the antibody and complicates downstream applications can be identified and 

eliminated at this stage. The next step is the generation of a large mutant library that is 

selectively pressured to screen for low affinity at pH 6.0 and high affinity at pH 7.4, while 

maintaining stability. After several rounds of increasingly stringent selective pressures and 

sorting, mutants are sequenced and characterized for pH dependent property. Once several 

candidates are selected, translation is performed back to full length antibody format and 

expressed and purified. Antibody characterization is then done to confirm the translation from 

yeast to mammalian cells and from scFv to full antibody maintained the desired affinity and 
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stability properties. Finally, candidates can be examined in an in vivo model to examine the 

proposed recycling mechanism and influence on therapeutic performance and efficacy.    
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FIGURE CAPTIONS 

Figure 1.  

Effect of antibody binding on the antigen PK. A. A conventional high affinity antibody increases 

the serum stability of the antigen because the antigen remains bound to the antibody in the 

endosome and is recycled to the serum along with the antibody. B. An engineered PHD antibody 

releases the bound antigen in the acidic environment of the endosome to allow endolysosomal 

degradation of the molecule while the antibody is returned to the serum. This creates a net flow 

of the antigen from the serum to the lysosome and increases the rate of antigen elimination 

compared to a high affinity antibody with pH independent binding. 

 

Figure 2. 

Summary of workflow for the generation of PHD mAbs.  
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ABSTRACT 

A new modality in antibody engineering has emerged in which the antigen affinity is 

designed to be pH dependent (PHD). In particular, combining high affinity binding at neutral pH 

with low affinity binding at acidic pH leads to a novel antibody that can more effectively 

neutralize the target antigen while avoiding antibody-mediated antigen accumulation. Here, we 

studied how the in vivo pharmacokinetics of the superantigen, Staphylococcal enterotoxin B 

(SEB), is affected by an engineered antibody with pH-dependent binding. PHD anti-SEB 

antibodies were engineered by introducing mutations into a high affinity anti-SEB antibody, 3E2, 

by rational design and directed evolution. Three antibody mutants engineered in the study have 

an affinity at pH 6.0 that is up to 68-fold weaker than the control antibody. The pH dependency 

of each mutant, measured as the pH-dependent affinity ratio (PAR - ratio of affinity at pH 7.4 

and pH 6.0), ranged from 6.7-11.5 compared to 1.5 for the control antibody. 
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INTRODUCTION 

Monoclonal antibodies (mAb) represent the fastest growing class of drugs in clinical 

pipelines.1, 2 Therapeutic targets are wide ranging, and include cell surface proteins, extracellular 

ligands, soluble proteins and peptides in serum.3, 4A mAb can be tailored to bind the target 

molecule with high affinity in order to modulate signaling, relocation, or degradation. Many of 

these functions benefit from high affinity interaction because it allows the same activity to be 

achieved using a lower dose. However, regardless of the binding affinity, a traditional antibody 

can suppress at most a stoichiometric amount of the antigen. If the target is produced 

continuously or has a high level of synthesis, therapeutic antibodies need to be administered 

frequently, and in high doses, to ensure that the antibody always exists in stoichiometric excess. 

There are technical challenges in developing high dose (i.e., high concentration) antibody 

therapeutics. A high dosing frequency is also inconvenient to the patient and raises the overall 

cost of treatment.  

Toward addressing these challenges, recent therapeutic mAb developments have included 

the engineering of antibodies that bind the antigen in a pH-dependent (PHD) manner.5-7  In 

particular, a PHD antibody that binds the target antigen tightly at a neutral pH but weakly at an 

acidic pH has been shown to be useful in treating conditions caused by excessive production of a 

pathological molecule. The benefits of pH-dependent binding derives from the ability of the 

antibody to bind a target and facilitate its endolysosomal degradation by releasing it in the acidic 

environment of the endosome. An antibody molecule in the blood is nonspecifically taken up by 

endothelial cells in fluid-phase pinocytosis. Once in the endosome, the molecule is either sorted 

to the lysosome for degradation, or recycled to the surface by binding to membrane-bound 

neonatal Fc receptor (FcRn).8 When a conventional (pH-independent) antibody binds an antigen 
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in the serum, the antigen avoids endolysosomal degradation since the antigen is recycled to the 

cell surface along with the antibody (Fig. 1). On the other hand, an antigen that is bound to a 

PHD antibody is released in the acidic environment of the endosome so that it is sorted to the 

lysosome for degradation while the antibody is recycled to the blood. The recycled antibody can 

bind and neutralize another antigen. Therefore, a PHD antibody makes use of a natural clearance 

pathway to catalytically eliminate (i.e., “catch and release”) antigen from the circulation, thus 

creating a net flow of the antigen from the circulation to the lysosome. 

Numerous antibodies have been engineered with pH-dependent binding properties, and 

these target both soluble and surface bound antigens (IL-6R, IL-6, PCSK9, TNF, and CXCL10), 

with indications primarily focused on autoimmune diseases and treatment of high cholesterol.9, 10 

In this study, we present the first application of a PHD antibody in the treatment of infectious 

pathogens by engineering antibodies with pH-dependent binding to the bacterial superantigen 

Staphylococcal enterotoxin B (SEB). SEB is secreted by methicillin-resistant Staphylococcus 

aureus (MRSA), and is a well-known and sometimes fatal cause of sepsis in patients. MAbs 

against SEB has been engineered to inhibit SEB activity in vitro11-16 and in vivo,17, 18 and there 

are also some promising leads in developing vaccines against the molecule.19, 20Still, there are 

challenges in developing an antibody-based treatment, and to our knowledge, no antibody-based 

therapy has been approved for clinical use to date. One factor that contributes to the difficulty of 

developing an antibody therapy is the high rate of SEB production during active MRSA 

infection, which requires a prohibitively high dose of a conventional neutralizing antibody. The 

serum concentration of SEB is increased further through antibody-mediated stabilization, making 

it progressively more difficult to deliver effective treatment. 
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 The PHD antibodies presented herein were engineered in a two-step process that includes 

rational engineering based on histidine substitutions and affinity maturation by yeast surface 

display. The mutants were first expressed and screened as antibody single-chain variable 

fragments (scFvs) on the yeast surface before full-length antibodies were constructed and tested 

in vitro and in mice. Selective loss of affinity at pH 6.0 was demonstrated by affinity 

measurements (22 – 68-fold loss in affinity at pH 6.0 compared to wild type). The measured 

kinetics of dissociation suggests up to 92% loss of bound SEB in 15 min at pH 6.0 (a timescale 

relevant in endolysosomal clearance), indicating that a large fraction of bound SEB will be 

subject to endolysosomal degradation. The engineered and control antibodies were tested in a co-

injection mouse model, which showed that the potential SEB exposure is reduced when using a 

PHD antibody, with a linear correlation observed between the pH dependency of an antibody and 

the exposure of the host to SEB. Our study thus describes a robust approach to targeted 

immunotoxicotherapy by simultaneously neutralizing and eliminating the toxic bacterial antigen 

with neutralizing PHD antibody.21 
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RESULTS 

Targeting interfacial residues for site-specific histidine substitution   

Using the crystal structure of a previously reported antibody 3E2 Fab in complex with 

SEB,14 we selected 20 antibody residues that are within 4.5 Å of SEB, and targeted them for 

histidine mutation (Table 1). The antibody inhibits the activity of SEB by interfering with its 

interaction with MHC II on antigen-presenting cells (Fig. 2). Because of their proximity to the 

bound ligand, mutating the interfacial residues is likely to affect how the antibody interacts with 

SEB. Histidine substitutions in each scFv were incorporated through two successive rounds of 

histidine mutation containing primer-driven PCR (Fig. 3A). In the first round, forward primers 

were used containing histidine mutations resulting in one ‘mega-primer’ product. The second 

round of PCR used the purified first round mega-primer and a reverse primer spanning the full 

scFv insert to complete the histidine-containing product. This insert was gel extracted, restriction 

digested and ligated back into the yeast display vector (Fig. 3B). The resulting 20 single point 

mutants as well as wild type 3E2 were expressed as scFv on the yeast surface by joining the 

heavy (VH) and light chain (VL) variable domains through a flexible Gly-Ser linker (Fig. 4A). 

Nine mutants were successfully displayed, whereas the rest either did not express or had a 

significantly reduced expression level, suggesting that the mutations perturb folding.22 The stably 

displayed mutants were then tested for SEB binding (Fig. 4B). Seven of the nine expressing 

mutants showed a higher mean fluorescence intensity (MFI) at pH 7.4 than at pH 6.0, i.e., 

stronger SEB binding at pH 7.4. Mutant 13 (m13) containing VH-Y124H was selected from this 

pool because it bound SEB efficiently at pH 7.4 and exhibited clearly reduced binding at pH 6.0. 

m13 was further tested by measuring the equilibrium dissociation constant KD. The affinity of 
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the mutant was nearly 100-fold lower at pH 6.0 compared to wild type (Fig. 4C,Table 2). 

However, the mutation also reduced the affinity at pH 7.4 by 20 fold.  

 

Library generation and screening 

Since high affinity antigen binding is important during therapy, we performed a directed 

evolution study to improve the binding affinity of m13 and regain some of the lost binding 

affinity. A random library with a diversity of 2 x 107 unique variants was created by polymerase 

chain reaction (PCR). Mutations were introduced by supplementing the PCR mix with mutagenic 

nucleotide analogs, dPTP and 8-oxo-dGTP, and varying the number of cycles. 23 The nucleotide 

analogs are degenerate in their incorporation of complimentary bases, which results in 

randomizing the amino acid sequence. For example, dPTP has the ability to bind to either G or A 

nucleotides bases, which increases the frequency of C to T mutations (Fig. 5A). 8-oxo-dGTP 

may bind to either C or A, which has the effect of increasing A to T mutations. Incorporation 

frequency of each degenerate nucleotide was varied by using PCR cycles and through 

concentration of each analog (Fig. 5B). The higher the analog concentration and the higher 

number of PCR cycles would represent the highest probability of mutations. However, 

interfering with the primary sequence of an epitope may result in loss of ability to bind to the 

desired antigen, which are at odds with the desired outcome of altering binding affinity. 

Therefore, scanning mutation frequency ensures there is a safeguard in generating a library 

which has the desired affinity properties.  

The assembled PCR inserts containing a mutated scFv gene were combined with the 

expression vector by homologous recombination, and the displayed library of mutants were 

screened and sorted via fluorescence-activated cell sorting (FACS). The sorting schedule was 
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developed to optimize high affinity binding at pH 7.4 and rapid dissociation at pH 6.0 (Fig. 6). 

First, yeast cells were incubated with unmodified “cold” SEB at a high saturating concentration 

to occupy all SEB binding sites. This was followed by a short wash at pH 6.0 (15 – 30 min) to 

induce dissociation of bound SEB and create new SEB binding sites. Since the proteins in the 

endosome are recycled or moved to the lysosome in 5 – 15 min, an antibody that releases bound 

antigen on a similar time scale is more likely to induce antigen degradation.24, 25Finally, the cells 

were incubated with biotinylated “hot” SEB and labeled with streptavidin-phycoerythrin (SAPE) 

for detection and sorting. Successive rounds of sorting under increasingly more stringent labeling 

conditions (i.e., shorter wash duration at pH 6.0 and lower “hot” SEB concentrations) were used 

to enrich the library for the desired combination of binding characteristics.  

The cells were labeled with anti-FLAG antibody to impose selection based on expression 

of mutant antibodies. The fraction of the mutants that bind SEB was low before the sort, but 

increased steadily during successive rounds of sorting, as can be seen from an increase in the PE 

signal (Fig. 7A). After three rounds of sorting, the selected cells were separated on a plate and 24 

clones were harvested and sequenced. The mutations in the selected clones were found to be 

distributed throughout the variable domains (Fig. 8A).  

 

Characterizing the selected clones 

Each sequenced DNA plasmid was transfected back into yeast and expressed in order to 

confirm the selection and measure the binding affinities at pH 7.4 and 6.0. In all selected 

mutants, the pH 7.4 affinity was improved over the parent clone, m13 (Table 2). Additionally, in 

the mutants L2, L4, and L12, the pH 6.0 affinity was further reduced compared to m13. We 

evaluated the quality of pH-dependent binding by computing the PAR value, i.e., KD at pH 6.0 
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divided by KD at pH 7.4. A higher value of PAR indicates lower binding affinity at pH 6.0 than 

at pH 7.4. Seven mutants from the library screen showed a higher PAR value than m13. 

Additionally, all of the library mutants examined displayed higher stability than wild type 3E2 or 

m13, based on the level of expression.26 Additional sequences were created by combining the 

mutations found among the selected clones (Table 2). The VH-Y72H mutation improved the 

affinity by nearly 5 fold compared to m13 (clone L22), possibly by forming a hydrogen bond 

with SEB D99 (Fig. 8B). Modeling showed that mutating VH-Y72 to R may lead to a different 

arrangement of the surface residues, resulting in a more stable complex (Fig. 8B). We thus 

introduced the VH-Y72R mutation in the L6 background. The resulting L6.R bound SEB with 

higher affinity at both pH 7.4 and 6.0.  

 

Antibody generation 

Three mutants (L2, L6, and L6.R) and wild type 3E2 were selected for further testing in 

vitro. Using a platform approach to rapidly scale yeast display screening to full-length IgG 

production, the mammalian vector was designed to readily incorporate VH and VL from the 

yeast vector (Fig. 9). Each construct was expressed as full-length IgG in Chinese hamster ovary 

(CHO) cells. Wild type 3E2 antibody was initially characterized during protein expression in 

order to optimize protein production (Fig. 10). Cells were split every approx. 2 days with fresh 

media. After 14 days the cells were left to continue to produce protein until cell viability reached 

~40% (Fig. 10A). The total protein began to decline after cells began dying potentially due to 

enzymatic degradation, or because of protein instability at culturing conditions such as elevated 

temperature, shaking, and/or media environment (Fig. 10C).  The protein was then purified using 

immobilized protein G (Fig. 11). Interestingly, the total yields after protein G purification may 
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be related to their differences in primary sequence. The lowest yielding mutant, L6.R, contained 

the most mutations in primary sequence from WT and also contained a tyrosine to arginine 

mutation at its interface and solvent exposed. L2 has the highest yield and it carried mutations 

that were not solvent exposed and thought be stability mutations during scFv characterization.  

The purified antibody was checked using SDS-PAGE under non-reducing and reducing 

conditions (Fig. 12A/B). The equilibrium binding affinity of each antibody was then measured 

by enzyme-linked immunosorbent assay (ELISA) (Table 3). The measured affinity for wild type 

3E2 (0.17 nM) closely matches a previously reported value (0.58 nM).14 The PAR values 

obtained by measuring the KD at pH 7.4 and 6.0 remained largely unchanged from the estimates 

obtained using yeast displayed scFv, although the affinity was higher for full-length antibodies 

(Table 2).27, 28The affinity measurement was repeated by surface plasmon resonance (SPR), 

which showed similar pH-dependent binding by engineered antibodies (Table 4).  

We performed a dissociation study by ELISAto evaluate whether the engineered PHD 

antibodies release SEB on a physiologically relevant timescale. To this end, each antibody was 

immobilized on an ELISA plate and saturated with 1 µM SEB at pH 7.4. The complex was then 

washed at pH 7.4 or 6.0 for 15 min and the remaining bound SEB was quantified. Comparison of 

the remaining SEB after a pH 6.0 vs 7.4 wash revealed a marked decrease in bound SEB for the 

three engineered antibodies at pH 6.0 (Fig. 13). In contrast, bound SEB dissociated similarly at 

both pH from wild type 3E2 during the same time period. This experiment demonstrates a 

potential for PHD antibody to quickly release SEB in an acidic environment of the endosome on 

a timescale that is relevant to in vivo endocytic trafficking.  
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DISCUSSION 

 For the purpose of developing therapeutic solutions based on PHD antibodies, it is 

encouraging to note that such antibodies may be engineered in a simple process that sequentially 

combines a rational design phase to achieve pH-dependent binding and a directed evolution 

study phase to achieve affinity maturation. We believe this to be a preferred alternative to using a 

biased library to simultaneously engineer pH-dependent binding while optimizing the affinity 

[e.g. Ref. 7], especially because the challenges associated with assembling a large complex 

library are nontrivial. Rational design is used to introduce a histidine mutation based on 

structural knowledge of the antibody-antigen interaction (Fig. 2A) and convert the initial pH 

independent interaction to one that varies with pH. Only a small number of residues need to be 

examined (~ 20) so that the study can be completed predictably in a finite amount of time. The 

individual point mutants can be displayed on the yeast surface and directly studied for pH-

depending binding by fluorescent labeling, thus avoiding laborious and lengthy purification from 

mammalian cells.29 Any mutation that disrupts folding of the antibody and complicates 

downstream applications can be identified and eliminated at this stage since it results in reduced 

scFv expression on the yeast surface.  

Our study shows that a targeted tyrosine to histidine mutation can achieve pH-dependent 

binding while maintaining key antibody-antigen interactions. This finding may be expected since 

the mutation replaces one aromatic polar side chain with another, and thus constitutes a 

conservative substitution. On the other hand, mutating a tyrosine at the interface is likely to 

modify the antibody-antigen interaction because tyrosine residues are known to play important 

roles in antigen binding.30Together, these observations suggest that mutating an interfacial 

tyrosine of an antibody to histidine has a high probability of converting pH-independent antigen 
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binding to a pH-dependent interaction, while minimizing structural and functional perturbations. 

In support of this hypothesis, we were able to introduce a single tyrosine to histidine mutation at 

the interface of another human antibody-antigen complex and engineer a pH-dependent 

interaction with the PAR value of 4.2. Since the complementary-determining regions (CDR) of 

an antibody can be predicted based on sequence, targeted histidine mutations can be introduced 

even when a high resolution complex structure is not available, although the efficiency of an 

approach based on CDR sequence analysis remains to be tested in future studies. 

The FACS protocol used in this study for affinity maturation, which was modified from 

Schroter et al.,6 overcomes the difficulty of simultaneously achieving two objectives that are at 

odds with each other, i.e., increasing the affinity at one pH while lowering the affinity at another 

pH, because increasing or decreasing the affinity at one pH tends to have a similar ramification 

at another pH. We optimized the rate of dissociation at acidic pH, rather than the equilibrium 

binding affinity, because the antibody-antigen complex stays only briefly in the endosome before 

the antibody is recycled, and therefore rapid dissociation of bound antigen is more relevant to the 

serum stability of the antigen.  

The affinity of selected scFv correlates with the affinity of full-length antibody purified 

from CHO, demonstrating that scFv is a suitable platform for investigating pH-dependent 

properties. The affinity of full-length antibody is often higher than the corresponding scFv 

because of its higher conformational rigidity, which minimizes entropic penalty incurred during 

binding.27, 28The absolute values of the binding parameters measured by ELISA differ from those 

obtained by SPR (Table 2 and S1). These techniques are complementary and both are used 

widely in affinity measurements, but they sometimes measure different subsets of interaction, 

which result in differences in reported affinity values.31 The reasons for the difference in our 
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measurements are not immediately obvious, but importantly, the relative strength of binding for 

various antibodies, e.g., KD of each antibody normalized by the KD of wild type, are consistent 

across both methodologies at both neutral and acidic pH.  

 

MATERIALS AND METHODS 

Site directed mutagenesis and yeast surface display 

The expression vector for the scFv consisting of the variable domains of heavy and light 

chains of anti-SEB antibody 3E2 was constructed by PCR using overlapping primers. The insert 

was digested with NheI and BamHI and ligated into pCT302 vector containing a FLAG tag on 

the C-terminus.32 Single histidine substitutions were introduced using mutagenic primersat 

twenty interfacial residue positions identified from the 3E2-SEB structure (PDB 3W2D). 

Saccharomyces cerevisiae strain EBY100 cells (Thermo Fisher Scientific) were then transformed 

with wild type and mutant expression vectors and selected on SD-CAA plate lacking Trp and 

Ura. Colonies were selected and inoculated in SD-CAA dropout medium and grown to OD600 = 

4 – 

containing media, SG-CAA, and shaken at 300 rpm at 30 °C for 14 – 20 hr. Expression was 

verified using anti-FLAG-FITC. The expressing mutants were assessed for SEB binding by 

incubating 5 x 105 -

buffered saline (PBS) with 0.05% Tween 20 (PBST) either at pH 7.4 or 6.0. The cells were 

washed and SAPE was added for SEB detection. Fluorescence was analyzed by flow cytometry 

using BD LSRFortessa (Becton Dickinson).  
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Library construction and sorting 

A scFv containing a rationally designed PHD mutation VH-Y124H, or m13, was used as 

a template to assemble a random library. Mutations were introduced by performing PCR under 

mutagenic conditions. To introduce random mutations throughout the gene, mutagenic 

nucleotide analogs 8-oxo-dGTP and dPTP (TriLink Biotechnologies) were added at 2, 20, or 200 

µM along with conventional dNTP, and 5, 10, and 20 cycles PCR amplification was performed 

using Taq (New England Biolabs). The resulting PCR products were inserted into pCT302 by 

homologous recombination. The transformed EBY100 cells were grown as previously described. 

Serial dilutions of transformed cells were grown on plates to estimate the number of unique 

transformants. Cells were expanded to achieve a 10-fold coverage of the expected diversity. The 

library was sorted for a combination of high/low affinity SEB binding at pH 7.4/pH 6.0. The cell 

sorting protocol was as follows: 1) Incubate with 1 µM unmodified SEB for 1 hr at room 

temperature (20 °C); 2) Wash in pH 6.0 PBST for 15 – 30 min; 3) Label with biotinylated SEB 

(10 – 100 nM) and 1 µM anti-FLAG for 1 hr at 4 °C; 4) Label with SAPE and with anti-mouse 

antibody-FITC. The cells were sorted on a BD FACS Aria II cell sorting system (Roswell Park 

Cancer Institute) by gating for positive PE and positive FITC signals. The sorted cells were 

expanded and subjected to additional rounds of sorting under progressively more stringent 

labeling conditions, i.e., a shorter pH 6.0 wash and a lower biotinylated SEB concentration. After 

the third and final sort, 24 clones were selected for sequencing and analysis.  

 

Determination of scFv KD by yeast display 

3E2, m13, and the selected scFv mutants on the yeast surface were tested for SEB binding at pH 

7.4 and 6.0. Biotinylated SEB was serially diluted in pH 7.4 or 6.0 PBST, and allowed to 

http://www.trilinkbiotech.com/cart/scripts/prodView.asp?idproduct=2748
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incubate with 5 x 105 cells at room temperature for 1 hr. SAPE was added for detection and the 

cells were analyzed by flow cytometry. The MFI of the displaying population was measured and 

fitted against the SEB concentration to compute the equilibrium dissociation constants KD, i.e., 

the concentration where the MFI is 50% of the maximum value.33 

 

Full-length IgG construction 

The PHD scFv clones selected by yeast display were PCR amplified and ligated into the IGK-

FRT expression vector (Thermo Fisher Scientific) so that full-length antibody containing the 

engineered variable domains can be expressed in mammalian cells. The engineered expression 

vector was transfected into CHO cells using Lipofectamin 3000. Positive colonies were selected 

over 10 days in the presence of hygromycin. Cells were then grown in CD CHO AGT expression 

medium with supplemental glutamine, D+ glucose, and Pen/Strep. Transfected cells were grown 

for a period of two to three weeks, at which point the media was harvested and secreted antibody 

was purified over a protein G column (GE Healthcare) on the NGC chromatography system 

(Bio-Rad). The antibodies were buffer exchanged into PBS and the concentration was 

determined using NanoDrop Spectrophotometer (Thermo Fisher Scientific).  

KD determination of full-length antibody by ELISA 

One μg/ml purified recombinant antibody was anchored overnight at 4 °C on a Nunc MaxiSorp 

flat-bottom 96-well plate. The plate was washed three times in PBST and then blocked using 1% 

bovine serum albumin in PBST for 1.5 hr at room temperature under orbital shaking. The plate 

was then rinsed three times in PBST and a serial dilution of SEB starting with 0.5 μg/ml (Toxin 

Technology) was added across the plate in a pH 7.4 or 6.0 buffer for 1 hr at room temperature. A 

polycolonal rabbit anti-SEB antibody (Sigma, S9008-1VL) was conjugated to HRP (Thermo, 
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31489) to generate the ELISA detection reagent. The polyclonal anti-SEB antibody-HRP (1:2000 

dilution) was added as the detection reagent for 30 min. The plate was washed and 1-Step Ultra 

TMB-ELISA Substrate Solution (Thermo Fisher Scientific) was added for quantification. The 

plate was analyzed on a FilterMax F5 96-well plate reader (Molecular Devices). 
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FIGURE CAPTIONS 

Figure 1.  

Effect of antibodybinding on the antigen PK. A. A conventional high affinity antibody increases 

the serum stability of the antigen because the antigen remains bound to the antibody in the 

endosome and is recycled to the serum along with the antibody. B. An engineered PHD antibody 

releases the bound antigen in the acidic environment of the endosome to allow endolysosomal 

degradation of the molecule while the antibody is returned to the serum. This creates a net flow 

of the antigen from the serum to the lysosome and increases the rate of antigen elimination 

compared to a high affinity antibody with pH independent binding. 

 

Figure 2.  

The crystal structure of SEB (surface) bound to a neutralizing antibody 3E2 (left) and MHC II 

(right), both of which are in cartoon. The SEB residues in contact with 3E2 (MHC II) are 

highlighted in pink (green) to show the structural overlap between the two epitopes. 3E2 inhibits 

SEB-dependent signaling (i.e. cytokine production) by sterically inhibiting the molecule from 

binding to MHC II. The bottom figures show SEB rotated by approximately 90 ° from the 

images above to better demonstrate the overlap between the two epitopes. 

 

Figure 3.  

PCR incorporation of single point histidine mutants into scFv. A. Schematic representation of 

PCR mutant insertion into scFv plasmid. Step 1, forward primer incorporates histidine 

substitution, Step 2 after gel extraction, the mega-primer containing the substitution is used on 
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the remaining insert to generate a PCR product which spans the entire scFv and is readily 

digested, Step 3 digestion of the backbone and ligation into the pCT302 vector for YSD. B. A1% 

Agarose gel showing full length scFv insert with all twenty histidine substitutions.  

 

Figure 4.  

SEB (pink) bound to wt anti-SEB 3E2 Fab (PDB: 3W2D). Heavy chain (VH) and light chain 

(VL) variable domains are colored cyan and orange, respectively. The antibody residues within 

4.5 Å of SEB are shown as sticks. B. 3E2 scFv mutants containing interfacial histidine mutations 

were displayed on the yeast surface and analyzed by flow cytometry for SEB binding. The 

amount of biotinylated SEB bound was measured using SAPE. The mean fluorescence intensity 

of the displaying population is plotted. The labeling was performed at pH 7.4 and 6.0. The 

binding at pH 6.0 is lower for the VH-Y124H mutant (m13). C. The equilibrium binding affinity 

KD of wild type 3E2 and VH-Y124H was measured by yeast surface display. The representative 

binding curves at pH 7.4 (black) and pH 6.0 (red) and their fitted values are shown. 

 

 

Figure 5.  

Degenerate nucleotides used for the generation of the random library in directed evolution. A. 

Structure of the degenerate nucleotides (dPTP and dGTP). The dPTP base can bind to either G or 

A, whereas the 8-oxo-dGTP can either bind C or A base. B. A 1% agarose gel representing the 

resuls of the library after PCR varying cycles (5, 10, 20 cycles) and degenerate nucleotide 

concentration (200, 20, 2 uM).  
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 Figure 6.  

Screening of a yeast displayed m13 scFv library. A. Yeast cells displaying scFv mutants are first 

labeled with unmodified “cold” SEB at pH 7.4 to occupy all available binding sites. B. The cells 

are then washed at pH 6.0 to release bound SEB and create vacancies. C. Cells are again labeled 

with fluorescent “hot” SEB (i.e. biotinylated SEB plus SAPE) at pH 7.4, and sorted by FACS. In 

this manner, only the yeast cells displaying PHD scFv become fluorescent and are selected. 

 

Figure 7. 

Fluorescence-activated cell sorting of m13 scFv library expressed on the yeast surface. A. Cells 

were first incubated with unbiotinylated SEB, washed in PBST at pH 6.0, and finally incubated 

with biotinylated SEB at pH 7.4. Bound SEB was detected with SAPE. The cells were also 

labeled with anti-FLAG antibody and anti-mouse antibody-FITC to impose selection based on 

the scFv expression. The polygon represents the pool collected during each sorting. B. The 

labeling and washing conditions during each round of sorting. The “percentage collected” refers 

to the number of cells collected divided by the number of cells sorted.  

 

Figure 8.  

A. Mutations found in the clones selected from the yeast library are shown as yellow sticks. B. 

The interaction between VH residue 72 and SEB(D99) was modeled. i. VH-Y72 (wild type) does 

not interact directly with SEB(D99), but ii. VH-Y72H, which is found in several selected 

mutants, may contribute to improved affinity by forming a hydrogen bond (dotted line). iii. VH-

Y72R may stabilize the interaction further through electrostatic interaction. Minor adjustments of 
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surface residues allow the formation of a network of salt bridges (dotted lines), involving VH-

D50, VH-R72 and SEB(D99).  

 

Figure 9.  

Translation strategy from yeast to mammalian vector. VH and VL in yeast can be readily cut and 

pasted into the novel mammalian vector with identical cutting sites, making translation highly 

efficient.  

 

Figure 10.  

CHO cell culture of WT IgG. Figures from left to right, cell count over days in cell culture, 

percent viability and final protein yield in mg. Cell count follows exponential growth, with a 

doubling time of approx. 2 days. Cell viability remains constant through the course of cell 

culture ~80-90% and dropping to 40% for protein harvest. Protein yield rapidly grows with cell 

density, then falls after day 19 due to degradation.  

 

Figure 11.  

Protein G purification of IgGs. Cell cultures were spun down and filtered through 0.22 um filters 

before purifying, each culture supernatent was approx. 2 L. The column was washed in sodium 

phosphate equilibration buffer, cell supernatant added, washed again and then eluted in 0.1 M 

glycine at pH 2.2. Fractions were collected, pooled and buffer exchanged immediately into PBS.  
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Figure 12.  

SDS-PAGE analysis of purified antibodies: WT, L2, L6, and L6.R. A. Non-reducing conditions, 

B. Samples were incubated in loading buffer containing 5 mM DTT and boiled for 5 min before 

loading on an SDS-PAGE gel. The bands were visualized by Coomassie staining. 

 

Figure 13.  

Dissociation study of full-length anti-SEB antibody. Wt, L2, L6, or L6.R was immobilized on 

ELISA surface and then incubated with a saturating concentration of biotinylated SEB. After 

washing in PBST pH 6.0 or 7.4 for 15 min, bound SEB was detected using streptavidin-HRP. 
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TABLES 

Table 1. Single point histidine substitution IDs from WT 3E2 sequence.  

Expression Single Pt Res. Pos. Res. Chain 

+ 1 32 ASP H 

- 2 34 ALA H 

- 3 48 TRP H 

- 4 51 TYR H 

- 5 53 ASN H 

- 6 54 TYR H 

- 7 57 TYR H 

+ 8 58 THR H 

+ 9 59 ASN H 

+ 10 65 LYS H 

- 11 99 GLU H 

+ 12 104 ARG H 

+ 13 106 TYR H 

+ 14 33 TYR L 

- 15 92 TYR L 

+ 16 93 ILE L 

+ 17 94 ASN L 

+ 18 95 TYR L 

- 19 96 PRO L 

- 20 97 LEU L 
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Table 2. Amino acid position and residue substitution after three rounds of library screening, 

MFI of expression tag, affinities at pH 7.4 and pH 6.0 and the ratio R of KD at pH 6.0/ KD at pH 

7.4. CDR residues are shaded in gray. WT residues correspond to the amino acids in 3E2. L1 – 

L24 were selected from sorting a library constructed using m13 as the template. The other 

mutants were designed by combining the mutations identified from the sorting. 
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Table 3. Equilibrium dissociation constants (KD) from ELISA.Antibody immobilized on ELISA 

plate surface, SEB titrated in pH 7.4 or 6.0 buffers. 

 

KD (nM), pH 7.4 KD (nM), pH 6.0 KD 6.0/7.4 

WT 0.17 (0.01) 0.25 (0.02) 1.5 

L2 1.48 (0.18) 17.00 (1.84) 11.5 

L6 0.62 (0.07) 7.11 (0.91) 11.5 

L6.R 0.81 (0.11) 5.44 (0.76) 6.7 
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Table 4.Affinity of full length antibody measured by SPR. 

 

  pH 7.4     pH 6.0   

  ka (M
-1 s-1) kd (s

-1) KD (nM) ka (M
-1 s-1) kd (s

-1) KD (nM) 

WT 4.65E+04 1.52E-04 3.28 4.73E+04 1.60E-04 3.38 

L2 2.98E+04 6.86E-04 23 9.00E+03 2.75E-03 305.38 

L6 4.68E+04 4.42E-04 9.44 2.38E+04 1.94E-03 81.7 

L6.R 3.23E+04 3.08E-04 9.53 3.90E+04 1.25E-03 32.1 

 

  



47 

 

FIGURES 
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Figure 2.  
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Figure 3. 
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Figure 7.  
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Chapter 3 

Engineered pH-dependent recycling antibodies enhance elimination of 

Staphylococcal enterotoxin B superantigen in mice 

_____________________________________________________________________________________ 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

This chapter was adapted from an article published in the journal mAbs in 2018.   



61 

 

ABSTRACT 

A new modality in antibody engineering has emerged in which the antigen affinity is 

designed to be pH dependent (PHD). The consequence of a PHD mAb against a soluble antigen 

is to traffic the antigen through the endolysosomal pathway of primarily vascular endothelial 

cells, allowing the antigen to further degrade in the lysosome while the antibody is salvage by 

the FcRn recycling pathway. In this present study PHD antibodies were generated in order to 

affect exposure from a soluble superantigen, Staphylococcal enterotoxin B (SEB). The 

antibodies were characterized in mice by measuring their effects on the pharmacodynamics and 

pharmacokinetics (PK) of SEB after co-administration. All antibodies were effective in 

neutralizing the toxin and reducing the toxin-induced cytokine production. However, engineered 

PHD antibodies led to significantly faster elimination of the toxin from the circulation than wild 

type 3E2. The area under the curve computed from the SEB PK profile correlated well with the 

PAR value of antibody, indicating the importance of fine tuning the pH dependency of binding. 

These results suggest that a PHD recycling antibody may be useful to treat intoxication from a 

bacterial toxin by accelerating its clearance.  
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INTRODUCTION 

Numerous antibodies have been engineered with pH-dependent binding properties, and 

these target both soluble and surface bound antigens (IL-6R, IL-6, PCSK9, TNF, and CXCL10), 

with indications primarily focused on autoimmune diseases and treatment of high cholesterol.1, 2 

In this study, we present the first application of a PHD antibody in the treatment of infectious 

pathogens by engineering antibodies with pH-dependent binding to the bacterial superantigen 

Staphylococcal enterotoxin B (SEB). SEB is secreted by methicillin-resistant Staphylococcus 

aureus (MRSA), and is a well-known and sometimes fatal cause of sepsis in patients. MAbs 

against SEB has been engineered to inhibit SEB activity in vitro3-8 and in vivo,9, 10 and there are 

also some promising leads in developing vaccines against the molecule.11, 12Still, there are 

challenges in developing an antibody-based treatment, and to our knowledge, no antibody-based 

therapy has been approved for clinical use to date. One factor that contributes to the difficulty of 

developing an antibody therapy is the high rate of SEB production during active MRSA 

infection, which requires a prohibitively high dose of a conventional neutralizing antibody. The 

serum concentration of SEB is increased further through antibody-mediated stabilization, making 

it progressively more difficult to deliver effective treatment. 

 In the present study, we examined the impact of pH dependent mAbs on the clearance of 

SEB in vivo. The pH dependency of each mutant, measured as the pH-dependent affinity ratio 

(PAR - ratio of affinity at pH 7.4 and pH 6.0), ranged from 6.7-11.5 compared to 1.5 for the 

control antibody. The measured kinetics of dissociation suggests up to 92% loss of bound SEB in 

15 min at pH 6.0 (a timescale relevant in endolysosomal clearance), indicating that a large 

fraction of bound SEB will be subject to endolysosomal degradation. The engineered and control 

antibodies were tested in a co-injection mouse model, which showed that the potential SEB 
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exposure is reduced when using a PHD antibody, with a linear correlation observed between the 

pH dependency of an antibody and the exposure of the host to SEB. Our study thus describes a 

robust approach to targeted immunotoxicotherapy by simultaneously neutralizing and 

eliminating the toxic bacterial antigen with neutralizing PHD antibody.13 
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RESULTS 

ELISA development for in vivo studies 

An important aspect of measuring in vivo properties is the robust development of analytics, in 

particular the quantification of drug concentration in the body. ELISA was chosen as the 

technique to perform these in vivo tests since it is relatively cheap, quick and highly quantitative. 

The scaffold that was chosen for these studies was selected in order to be readily reproducible as 

well as having high sensitivity (low LOQ) and a low background with other reagents, 

(Illustration 1). In order to determine that the selected reagents were highly selective for 

detection and that their presence did not interfere with the quantification of total SEB, a titration 

experiment in the presence of various levels of bound mAb in mouse plasma was performed 

(Fig. 1). The first study confirmed that the mouse-anti-SEB did not disrupt binding to the 3E2 

(WT) domain, since the total SEB concentration did not change (xMouse-HRP) with varying 

levels of bound mAb (Fig. 1 A). The second study confirms that upon a constant level of excess 

mAb, the quantification of SEB upon titration matches with either measure of detection reagent 

(anti-Human-HRP or anti-Mouse-HRP), as expected (Fig. 1 B). Additionally, in order to assess 

whether the presence of bound SEB disrupted quantification of total mAb in plasma, various 

levels of SEB were incubated with mAb and titrated (Fig. 2). The presence of sub/equal/excess 

stoichiometric amounts of SEB did not influence mAb quantification and therefore the method 

was established as a tool for determining total plasma mAb concentration in the subsequent in 

vivo studies.  
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Pilot Study of SEB Co-Injection Model in Mice 

In order to assess the PHD mutants ability to affect SEB exposure in vivo, a co-injection 

model was developed (Illustration 2). mAb was injected IV at roughly a tenfold stoichiometric 

excess to SEB, injected IP. After injection blood was sampled regularly for two days following 

administration. Total mAb, SEB and cytokines (IL2, IL6, TNFa, and INFy) were measured by 

ELISA. The initial pilot study revealed there was a relative maximum for each cytokine over a 

period of one day (Fig. 3). In order to minimize sampling frequency, 3 hours was chosen as a 

relative maximum for all four reported cytokines.  

 

PHD antibodies retain neutralizing properties in vivo 

Altering the antibody interface can affect its function, including its ability to neutralize the target 

molecule. The ability to inhibit SEB-induced cytokine release is essential to the therapeutic 

effects of engineered PHD antibodies and needs to be preserved. We tested if L2, L6 and L6.R 

are able to neutralize SEB intoxication in vivo by injecting mice with each antibody and SEB. 

The SEB activity was quantified by measuring the levels of interleukin (IL)-2, IL-6 and 

interferon gamma (IFNy) (Fig. 4). Three hours post co-injection was chosen as a monitoring 

point because the cytokine production reaches a relative maximum at this time point in the 

absence of a treatment antibody, i.e., SEB alone. Following co-injection of each of the three 

antibodies, the cytokine production was significantly lower than in untreated animals, and 

statistically similar to the level observed with wild type 3E2. Therefore, the engineered antibody 

variants continue to neutralize SEB in vivo, despite their newly acquired ability to bind the target 

in a pH-dependent manner. 
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Modulation of the SEB pharmacokinetics: Co-Injection Model 

Studies have shown that antigens in serum are stabilized by the binding of high affinity antibody, 

resulting in a longer in vivo half-life.14-17We measured the rate of SEB clearance in mice with or 

without wild type 3E2. The rate of SEB clearance was significantly slower in the mice treated 

with 3E2, indicating, as expected (see Ref. 18), that the toxin is stabilized by antibody binding 

(Fig. 5A). On the other hand, when the mice were challenged with SEB and an engineered PHD 

antibody, there was a marked reduction in circulating SEB compared to 3E2, indicating that pH-

dependent binding helps reduce the circulatory half-life of SEB (Fig. 5A). The enhancement in 

the rate of SEB clearance was not caused by a change in the antibody PK, which remained 

largely unchanged by the engineering. Importantly, all antibodies remained at stoichiometric 

excess throughout the study (Fig. 5B). To estimate the efficacy of each antibody for treating SEB 

intoxication, we computed the area under the curve (AUC) for different antibody treatments, 

which effectively represents the integrated exposure of the host to the toxin. AUC did not 

correlate with the affinity of the antibodies at either pH. However, a linear relationship was 

observed between AUC and the PAR values of the treatment antibodies, suggesting that the 

efficiency of antigen clearance is influenced by the ability of an antibody to bind the antigen in 

the blood and release it in the endosome (Fig. 6). Since eliminating SEB from the circulation 

should reduce SEB-induced toxicity, PHD antibodies may prove to be therapeutic in treating the 

symptoms caused by SEB exposure.  
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Modulation of the SEB pharmacokinetics: Steady-State Model 

In order to represent a model that more closely mimics a MRSA infection, a steady-state model 

was developed in order to continuously secrete SEB to mice with mAb treatment. The design of 

the experiment is to implant the mouse with a micro osmotic pump, which secretes SEB at a rate 

of 2 ug/day, with mAb treatment beginning at 4 and 12 hrs. post pump implant, and given at 

daily intervals following implant (Illustration 3). As observed in the co-injection model, each of 

the PHD mAbs decreased total SEB exposure and PAR was correlated with total exposure. L2 

mutant, which showed the highest PAR value maintained the ability to decrease SEB exposure to 

the lowest levels, especially compared to WT treatment over seven days (Fig. 7A). Importantly, 

all mAbs showed high levels throughout the course of treatments, and well in excess of total 

SEB (Fig. 7B).  

 

Modulation of the SEB pharmacokinetics: enhanced FcRn variant  

An important recent development in antibody engineering has been to alter the FcRn binding 

affinity by mutating Fc on mAb (YPY). The effect of these three mutations (YPY) on mAb Fc is 

to significantly increase affinity to FcRn, which results in mAb persistence in the cellular 

recycling pathway and disappearance from plasma, in vivo. The effect of this enhanced FcRn 

binding on L6.R is a drastic reduction of SEB exposure in both the co-injection as well as the 

steady state model (Fig. 8 A/B). This decrease in total SEB may be a result of efficient direction 

to the endolysosomal pathway or the ineffective ability to bind SEB in plasma before 

sequestering to the cell. SEB may then clear through renal filtration, which would be counter to 

the proposed therapy. More work is needed in order to understand the impact of engineering Fc 

on modulating SEB exposure with recycling antibodies.  



68 

 



69 

 

DISSCUSION 

In this study, we reported the engineering of PHD antibodies designed to facilitate the 

rate of clearance of the bacterial superantigen SEB in mice. Immediate and sustained 

neutralization of SEB is important to treat SEB intoxication and prevent cytokine storms that are 

incapacitating and can be fatal.19, 20The toxin is extremely stable against heat and chemical 

denaturation and will continue to exert its toxic effects unless it is actively neutralized or 

eliminated. An antibody, such as 3E2, neutralizes the toxin by binding to a biologically active 

region and interfering with its downstream biological processes.6 However, to date the 

conventional approach based on high affinity antibody treatment has not led to a US Food and 

Drug Administration-approved treatment against bacterial toxins, including SEB. One possible 

challenge for developing an antibody therapy is the target accumulation during active infection 

caused by antibody binding. Several recent studies have demonstrated that engineered PHD 

antibodies can neutralize overproduced endogenous ligands, such as inflammatory cytokines, 

without stabilizing them. Here we show that engineered PHD antibodies are similarly able to 

mitigate intoxication by an exogenously introduced bacterial toxin, while accelerating clearance 

of the molecule (Figs. 6 ad 7A). Our study provides a first example that a PHD antibody may be 

useful in immunotoxicotherapy. 

The binding kinetics measured by SPR allow us to interpret the SEB pharmacokinetics 

(PK) data based on the changes in kinetic constants. For example, 67 – 92% of bound SEB 

would dissociate from engineered antibodies in 15 min at pH 6.0 (i.e., in the endosome), while 

the rest remains bound and returns to the serum. On the other hand, 86% of SEB recycles with 

wild-type antibody. Consistent with the proposed model of how a PHD antibody is expected to 

work, all three engineered PHD antibodies accelerated the rate of SEB clearance compared to 
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wild type. While there is a small difference in pH 7.4 affinity, the total antibody concentration in 

plasma remains nearly 100 fold above the KD at all time (Fig. 7B), and more than 99.5% of all 

SEB in the blood is expected to be bound to an antibody. As shown in Fig. 6, PHD antibodies did 

not show a significant increase in cytokine response, indicating that SEB in plasma mostly exists 

in complex with antibody. The difference in the SEB PK is therefore a result of how the complex 

responds to a change in the chemical environment as it enters the endosome.  

Our study suggests that testing the antibodies with a range of affinity and PAR values 

may be important to optimize their in vivo properties. For example, the total and free SEB 

concentrations are the lowest for L2 and L6, which do not have the lowest KD at either pH (wild 

type has the lowest value, whereas L6 and L6.R have similar values). In this regard, the 

reduction in the SEB AUC correlated most closely with the combination of the affinities at 

neutral and acidic pH, quantified here as PAR. A strong linear correlation (R2 = 0.912) was also 

observed between AUC and the kd at pH 6.0, indicating that the rate of dissociation plays an 

important role in the antigen PK. As such, the PAR value and the dissociation rate at pH 6.0 may 

be useful parameters for optimizing the antibodies to modulate the target PK, although the 

limited scope of the current study does not allow rigorous testing of the accuracy of this 

prediction.  

Recycling of the antibody in the endosome is mediated by the membrane-bound FcRn. 

Recycled antibody dissociates from FcRn at the cell surface because of the low affinity of 

interaction at neutral pH.21 It was reported that the rate of antigen clearance can be further 

accelerated by mutations in the antibody Fc that increase the affinity of interaction at neutral 

pH.22 The Fc mutations can help overcome the bottleneck in antigen degradation by 

complementing the rate-limiting pinocytosis step with more efficient receptor-mediated 
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endocytosis. The antibody-SEB complex may thus be cleared more rapidly if the antibody carries 

affinity-increasing Fc mutations to improve FcRn-mediated capture at the cell surface. However, 

if the recycled antibody is not released at the cell surface due to increased affinity, the impact of 

the antibody on SEB clearance may be different from the antibodies containing just PHD 

mutations. As shown in this study, we do see a faster clearance of SEB using enhanced FcRn 

mutants, however we also see a similarly fast clearance from plasma for the mAb as well. This 

disappearance is likely due to FcRn binding, and therefore the mAb is still present in the system, 

but bound to the vascular endothelial cell, primarily. It is currently unknown whether FcRn exists 

on the surface of cells, however since mAb does recycle back to plasma from the FcRn pathway, 

in a bound form, there must be some persistence of FcRn on the surface, even if the time exposed 

to plasma is minimal2. Therefore, in the case of enhanced FcRn mutants on SEB clearance, either 

we are observing SEB clearing through the endolysoslmal pathway, or SEB is clearing through 

the renal system, and we are unable to neutralize the toxin effectively. More work is needed in 

order to understand the impact of Fc mutations on the utility as a therapy in entertoxin exposure.  

 In summary, we have engineered PHD antibodies against the superantigen SEB through 

rational design and directed evolution. The resulting antibodies have an affinity at neutral pH 

that is similar to wild type, but a reduced affinity at acidic pH. At least part of the affinity loss is 

caused by a change in the rate of dissociation. The PHD antibody mutants were able to accelerate 

the rate of SEB clearance in vivo compared to the parent, pH-independent antibody. Because of 

its small size, SEB is eliminated most rapidly when no antibody was added. This may 

erroneously lead one to dismiss the benefits of an antibody-based treatment. However, even at a 

low concentration SEB can wreak havoc on the immune system by inducing the release of 

inflammatory cytokines. This is evident from the burst in inflammatory cytokine production 
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following an SEB injection in the absence of a treatment antibody. Therefore, temporary 

exposure of the host to the toxin may be enough to cause a potentially dangerous cytokine storm. 

A pH-independent antibody, such as wild type 3E2, quickly neutralizes circulating toxin and 

delivers a therapeutic effect, although it also slows the rate of toxin elimination. A high affinity 

PHD antibody achieves both objectives, i.e., neutralize the toxin and also accelerate its 

elimination. This unique feature of a PHD antibody is expected to play an even more important 

role during active infection, where the toxin is continuously produced, and managing the antigen 

PK becomes critically important to effectively treat accumulating toxin. Future studies will 

evaluate the effect of PHD antibodies on the PK and pharmacodynamics of SEB to facilitate the 

development of an optimal dosing regimen for clinical translation, while expanding the use of 

engineered PHD antibodies to treat intoxication from other lethal toxins. 
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METHODS 

Cytokine Response and Detection  

The observed guidelines for animal use and care in this study were reviewed and approved by the 

Institutional Animal Care and Use Committee of the University at Buffalo. In each treatment 

group (wt, L2, L6, and L6.R), three male BALB/c mice (Jackson Laboratories) were 

administered with 150 µg antibody intravenously (i.v.), followed by an injection of 20 µg SEB 

i.p. The SEB alone group, i.e., not treated (NT), received sterile PBS i.v. Blood was collected 

from each mouse at 3 hr post administration. Each cytokine (IL-2, IL-6, and INFγ) was assayed 

independently via an ELISA kit (Mabtech) and detected using a FilterMax F5 96-well plate 

reader. 

 

SEB and antibody PK measurement in vivo 

Male BALB/c mice were administered with a single dose of 20 µg SEB i.p. and 150 µg antibody 

i.v. Five mice were used for each treatment group and blood was collected in staggered sampling 

so that three animals can be analyzed at each time point. Total antibody and total SEB were 

quantified by ELISA in triplicates. To quantify total SEB, polyclonal rabbit anti-SEB (Sigma, 

S9008-1VL) was anchored on a Nunc MaxiSorp flat-bottom 96-well plate and diluted plasma 

was added to capture SEB. Bound SEB was detected with a monoclonal mouse anti-SEB (Toxin 

Technology, MB344) and a secondary anti-mouse antibody-HRP conjugate (Bethyl Labs, A90-

337P)To quantify total antibody, polyclonal goat anti-human IgG Fc antibody (Bethyl Labs, 

A80248A) was anchored on the plate and diluted plasma was added to each well. Captured 

antibody was detected with polyclonal donkey anti-human IgG Fc conjugated with HRP (Bethyl 
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Labs, A80-304P). 1-Step Ultra TMB-ELISA Substrate Solution was added as a substrate and the 

color change was stopped with 2M sulfuric acid.  
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FIGURE CAPTIONS 

Illustration 1.  

ELISA formats for total SEB and total antibody quantification from plasma. Left panel shows 

total SEB scaffold. Rabbit polycolonal is anchored on the plate, followed by the plasma sample, 

the anti-SEB mouse mAb, then the detection reagent. The right panel is the scaffold used for 

total mAb. Anti-Human-Fc-Fab is anchored on the plate surface, the plasma sample containing 

recombinant human anti-SEB is added followed by anti-human-Fc-HRP as detection reagent.  

 

Figure 1.  

Development of ELISA protocol demonstrating the reagents ability to detect total SEB and total 

mAb. Each detection is performed in separate wells and the presence of bound mAb does not 

influence total SEB quantification, and the presence of SEB does not interfere with mAb 

quantification.  

 

Figure 2.  

ELISA result of varying SEB concentration on total mAb detection. 10-fold SEB concentrations 

were added in order to demonstrate the total mAb quantification is independent of SEB. 

 

Illustration 2.  
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Co-Injection mouse study design. 20 µg SEB is injected i.p., followed by a 150 µg injection of 

mAb i.v. Blood is collected at selected timepoints over two days. Total mAb, total SEB and 

cytokines are quantified by ELISA. 

 

Figure 3.  

Cytokine profile following administration of SEB (red) and SEB with WT (grey) mAb treatment. 

IL 2, IL6, TNFa, and INFy were quantified over 1, 5, and 24 hours.  

 

Figure 4.  

The concentrations of inflammatory cytokines IL-2, IL-6 and IFN

hr after SEB injection, either alone (NT, no treatment) or together with various treatment 

antibodies. The untreated mice had the highest concentrations for all three cytokines (n=3). The 

co-injection of SEB (i.p.) and antibodies (i.v.) reduced the cytokine production, indicating that 

the antibodies are all capable of neutralizing the toxicity of SEB. For each measured cytokine, 

pair-wise two-tailed comparisons were made between NT and each antibody treatment. The 

maximum p value is indicated. No statistical significance was observed among various antibody 

treatments.  

 

Figure 5.  

In vivo characterization of PHD antibodies. Mice were injected with 20 µg i.p. SEB immediately 

followed by 150 µg antibody i.v. A. Total SEB concentration in plasma was determined from 
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sandwich ELISA. The mean value is shown (n = 3 animals) for each time point. The standard 

deviations are represented by positive error bars. LOD, limit of detection. B. Total antibody 

concentration in plasma was determined by ELISA at various time points.  

 

Figure 6.  

 

In vivo characterization of PHD antibodies. Mice were injected with 20 µg i.p. SEB immediately 

followed by 150 µg antibody i.v.. A linear correlation between the SEB AUC (in units of 

nM●hr) and the PAR values of the antibodies is observed with a high Pearson correlation 

coefficient.  

 

Illustration 3. 

Steady-state mouse study design. 2 µg SEB continuously infused i.p., followed by a 100 µg 

injection of mAb i.v. Blood is collected at selected timepoints over seven days. Total mAb, total 

SEB and cytokines are quantified by ELISA. 

 

Figure 7.  

In vivo characterization of PHD antibodies in the steady state model. A. Total SEB concentration 

in plasma was determined from sandwich ELISA. The mean value is shown (n = 3 animals) for 

each time point. The standard deviations are represented by positive error bars. LOD, limit of 
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detection. B. Total antibody concentration in plasma was determined by ELISA at various time 

points.  

 

Figure 8.  

In vivo characterization of PHD antibodies along with recycling antibodies (enhanced FcRn 

binding) in: A. the co injection, and B. the steady state model. The mean value is shown (n = 3 

animals) for each time point. The standard deviations are represented by positive error bars. 

LOD, limit of detection. 

 

Figure 9.  

The concentrations of inflammatory cytokines IL-2, IL-

at selected timepoints after SEB pump implant, either alone (NT, no treatment) or together with 

various treatment antibodies.  
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Chapter 4 

Novel recycling anti-HER2 antibody drug conjugate for the treatment of breast 

cancer 

_____________________________________________________________________________________ 
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ABSTRACT 

 

A new modality in antibody engineering has emerged in which the antigen affinity is 

designed to be pH dependent (PHD). In particular, combining high affinity binding at neutral pH 

with low affinity binding at acidic pH leads to a novel antibody that can more effectively 

internalize into a cell after binding to an antigen on the cell surface, through receptor mediated 

internalization and subsequent release into the endolysosomal pathway. The utility of delivering 

an antibody into the cell can be amplified by attaching a small molecule payload, which upon 

lysosomal cleavage from the antibody will affect cell proliferation and growth. In this study we 

use rational design to introduce histidine residues at the interface of Trastuzumab (Herceptin), 

converting the mAb into one that is PHD. Then we attach the small molecule warhead (vc-

MMAE) to demonstrate the cytotoxic affect the cancer cell line MCF7 over the conventional 

treatment of Trastuzumab.  
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INTRODUCTION 

The overexpression of the receptor tyrosine kinase (RTK) HER2 is observed in roughly 

30% of breast cancer patients, which is often associated with poor prognosis1. Current treatments 

(e.g. Trastuzumab) against HER2 positive tumors have been promising, however there are issues 

associated with treatments becoming less effective over time. Another issue with current drugs 

targeting HER2 is the difficulty in affecting cells that have low or moderate levels of the 

receptor, since function is primarily based on the drugs ability to bind receptor. Additionally, the 

heterogeneity of HER2 expression that exists within some tumor environments presents a barrier 

to the use of anti-HER2 therapies.   

One way in which these anti-HER2 antibodies are becoming more potent is through the 

addition of a small molecule payload2. The antibody-drug conjugate (ADC) treatment Kadclya 

(T-DM1) consists of the antibody Trastuzumab (Herceptin) linked to a potent cytotoxic small 

molecule drug (DM1), which arrests cell proliferation and leads to the tumor cell death3, 4. While 

ADCs offer a unique approach to treating cancer, with high specificity to its target while 

simultaneously offering a toxic payload to those cells which are targeted, there are serious 

concerns with ADC safety as they depend on drug stability as well as minimal off targeting. In 

some preclinical studies, it has been reported that T-DM1 resistance could be a result of HER2 

downregulation, which would suggest a mechanism for patients who initially responded to the 

treatment may develop resistance as the level of available HER2 declines 5-7. 

The potency and continued response rates of anti-HER2 drugs has been shown to be 

dependent on the level of expression of HER2 on the cell surface. It has been reported that the 

mechanism of HER2 internalization upon binding of an anti-HER2 drug may be dependent on 

cell type and levels of ant-HER2 binding8. There are two competing theories regarding whether 
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or not bound anti-HER2 (e.g. Trastuzumab) internalizes upon binding to the extracellular 

domain. Related to this open question is whether the HER2 receptor degrades upon antibody 

binding. Additionally, little is known about the intracellular trafficking pathway of the HER2 

receptor9-11. A recent paper by Sally Ward et. al. addresses these problems, and proposes a 

hypothesis that cell type and expression of HER2 may be an indicator of receptor trafficking 

pathway8. This is an important result in the context of anti-HER2 therapies. ADCs against HER2 

require internalization for their cytotoxic benefits, whereas some mechanisms of antibody 

mediated cell cytotoxicity (ADCC) require persistence of antibody on cell surface in order to 

recruit innate immune cells in an immune response12.  

Recent efforts in antibody engineering has created a new modality in antibody binding; 

where antigen binding is made to be pH dependent (PHD)8, 13-18. In the neutral pH environment 

of the plasma, binding to antigen is engineered to be high, whereas in the acidic environment of 

the endosome, a PHD antibody has much weaker affinity. The result of this pH dependent 

interaction could be utilized in order to effectively clear soluble antigen in plasma, or in the 

context of a cell surface receptor that internalizes a PHD antibody may be used to deliver more 

antibody into the cell. We have designed a PHD antibody from Trastuzumab (TS), which binds 

to the HER2 receptor in a pH dependent manner. Upon conjugating PHD TS to vc-MMAE, we 

show that this ADC can internalize faster and to a greater extent than non-PHD TS, and therefore 

results in a greater killing of cells in an in vitro cytoxicity test using MCF7 (low expressing 

HER2 cell line). Interestingly, there is no difference in PHD and non-PHD TS on the killing of 

high expressing cells (N87 and CALU3)19. In vivo animal studies reveals a promising reduction 

in tumor volume and offers a novel approach in using PHD ADCs as a new therapy against 

breast cancer.   
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RESULTS & DISSCUSION 

Targeting interfacial residues for site-specific histidine substitution   

Starting with a previously reported crystal structure of Herceptin (trastuzumab) Fab (pdb: 

1N8Z) in complex with the extracellular domain of human HER2, we selected twenty residues 

on the Fab within 4.5 Å of HER2 and substituted them for histidine (Fig. 1). Because of their 

proximity to the bound ligand, mutating the interfacial residues is likely to affect how the 

antibody interacts with HER2. Histidine substitutions in each scFv were incorporated through 

ligation of histidine mutant containing gene insert purchased from GeneScript. The resulting 20 

single point mutants as well as wild type Herceptin were expressed as scFv on the yeast surface 

by joining the heavy (VH) and light chain (VL) variable domains through a flexible Gly-Ser 

linker. 18 mutants were successfully displayed, whereas the remaining two either did not express 

or had a significantly reduced expression level, suggesting that the mutations disturb folding 

(Table 1).20 The stably displayed mutants were then tested for HER2 binding (Fig. 2). Seven of 

the eighteen expressing mutants showed a higher mean fluorescence intensity (MFI) at pH 7.4 

than at pH 6.0, i.e., stronger HER2 binding at pH 7.4. Mutants G8, Y10, and Y18 were selected 

from this initial single point pool because of their ability to bind HER2 efficiently at pH 7.4 and 

reduced binding at pH 6.0. These single points were combined and further tested by measuring 

their loss of fluorescence signal upon binding 10 nM HER2, subsequently washed in pH 6 buffer 

for 30 minutes, followed by labeling in pH 7.4 buffer (Fig. 2). Each of the single point mutants 

selected had reduced signal after washing in pH 6.0 buffer, with Y10 showing the greatest 

decease in signal, indicating this residue substitution likely resulted in a faster dissociation rate at 

pH 6. The equilibrium dissociation constant KD were also measured for each of the single points, 
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with only modest differences observed between pH 7.4 and pH 6.0 (the combination mutant 

G8+Y10 data was not shown due to insufficient binding to fit an equilibrium value) (Fig. 3).  

Antibody generation and HER2 Binding 

Four mutants (G8, Y10, Y18 and G8+Y10) and wild type herceptin were selected for 

further testing in vitro. Using a platform approach to rapidly scale yeast display screening to full-

length IgG production, the mammalian vector was designed to readily incorporate VH and VL 

from the yeast vector. A workflow of this platform design is displayed in Chapter 2, Fig. 9. 

Each construct was expressed as full-length IgG in Chinese hamster ovary (CHO) cells. Cells 

were split every approx. 2 days with fresh media. After 14 days the cells were left to continue to 

produce protein until cell viability reached ~40%. The antibody was then purified using 

immobilized protein G.  

The purified antibody was verified using SDS-PAGE under non-reducing conditions 

(Fig. 4). The affinity of each antibody to bind HER2 in both pH 7.4 and pH 6.0 was measured by 

surface plasmon resonance (SPR). The PAR values obtained by measuring the KD at pH 7.4 and 

6.0 remained largely unchanged from the estimates obtained using yeast displayed scFv, 

although the affinity was higher for full-length antibodies (Table 2). The single mutant Y10 and 

the double mutant G8+Y10 resulted in full-length antibody that showed a difference between pH 

7.4 and pH 6.0 HER2 binding (PAR: 2.6 and 2.2).  

Internalization Studies 

 In order to understand the impact of pH dependency on cellular internalization mAbs 

(WT and m10) were labelled with Cy5.5 fluorophore and MCF7 cells were stained for a period 

of time (Fig. 5). MCF7 cells stained with pH dependent anti-HER2 (m10) started to stain cells at 

10 minutes post addition as compared to no signal from WT pH independent mAb. After seven 
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hours both mAbs stained the cells to a similar extent. MCF7 cells were again analyzed by 

labeling mAbs with a pH dependent fluorophore (a fluorophore that increases intensity upon 

exposure to acidic pH). At all timepoints indicated in the study, the pH dependent mAb (m10) 

showed a higher fluorescence signal than the WT control (Fig. 6). The third study used the same 

mAbs labeled with Cy5.5 and imaged using ImageStream fluorescence imager. Again, m10 

shows a faster internalization rate, and higher total internalization as compared to the WT control 

in MCF7 cells (Fig. 7). These three studies show the impact of pH dependency on internalization 

in a low HER2 expressing cell line.  

Antibody Drug Conjugate (ADC) Development 

 The small molecule linker-payload vc-MMAE was randomly conjugated to the mAbs to 

generate ADCs. Since a drug to antibody ration (DAR) of 4 was targeted, the conjugation 

protocol needed to be developed in order to achieve conjugation reproducibility. mAb is first 

reduced using TCEP, and then drug is added in molar excess to antibody. The influence of TCEP 

amount used on a fixed concentration of antibody was first studied, and then starting 

concentration of antibody was varied with constant TCEP in order to see the influence on DAR 

(Fig. 8). Both the amount of TCEP and starting concentration of antibody showed a linear 

correlation with DAR. In order to achieve a DAR of 4, 3.75 molar excess of TCEP over antibody 

was chosen, along with 16 fold excess of drug. The results of the conjugation were analyzed by 

HIC (Fig. 9), and a DAR of 4 was conferment for each conjugation.  

Cytotoxicity Studies 

Three cell lines (MCF7- HER2 lo, CALU3- HER2 hi, N87- HER2 hi) were initially 

selected in order to evaluate the effect of pH dependent HER2 binding on the ADCs ability to 
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impact cell viability. Both high HER2 expressing cell lines (CALU3 and N87) did not show an 

effect of pH dependency on cell viability, including a nonbinding-FcRn WT variant (Figs. 10 

and 11). The MCF7, low HER2 expressing cell line, showed significant effect of pH dependent 

ADCs on cell viability as compared to WT (Fig. 12). This result of pH dependency on cell 

viability was verified in both MCF7-GFP cells (via fluorescence detection) as well as a standard 

MTT assay. There was no influence of enhanced-FcRn binding WT variant on cell viability as 

compared to WT-FcRn binding.  

Tumor Inhibition Study 

 After encouraging results from cell cytotoxicity studies, a tumor inhibition study was 

performed in immune compromised SCID mice with MCF7 cells. Three rounds of ADC, mAb 

and control treatments were given and tumor size was measured daily (Fig. 13). The effect of pH 

dependent HER2 binding ADC was to shrink tumor volume considerably, WT control ADC 

stopped tumor growth and mAb alone had minor effect on tumor growth as compared to no 

treatment.  
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MATERIALS AND METHODS 

 

Site directed mutagenesis and yeast surface display 

The expression vector for the scFv consisting of the variable domains of heavy and light 

chains of anti-HER2 antibody was constructed by GeneScript. The insert was digested with NheI 

and BamHI and ligated into pCT302 vector containing a FLAG tag on the C-terminus.21 Single 

histidine substitutions were introduced using mutagenic primersat twenty interfacial residue 

positions identified from the Herceptin Fab-HER2 structure (PDB 1N8Z). Saccharomyces 

cerevisiae strain EBY100 cells (Thermo Fisher Scientific) were then transformed with wild type 

and mutant expression vectors and selected on SD-CAA plate lacking Trp and Ura. Colonies 

were selected and inoculated in SD-CAA dropout medium and grown to OD600 = 4 – 6. The 

expression of scFv was induced by transferring 200 µl of cells into 2 ml galactose containing 

media, SG-CAA, and shaken at 300 rpm at 30 °C for 14 – 20 hr. Expression was verified using 

anti-FLAG-FITC. The expressing mutants were assessed for SEB binding by incubating 5 x 105 

cells in 50 µl with 500 nM biotinylated HER2 for 1 hr at 20 °C in phosphate-buffered saline 

(PBS) with 0.05% Tween 20 (PBST) either at pH 7.4 or 6.0. The cells were washed and SAPE 

was added for SEB detection. Fluorescence was analyzed by flow cytometry using BD 

LSRFortessa (Becton Dickinson).  

Determination of scFv KD by yeast display 

The selected scFv mutants and original WT were tested on the yeast surface for HER2 

binding at pH 7.4 and 6.0. Biotinylated HER2 was serially diluted in pH 7.4 or 6.0 PBST, and 

allowed to incubate with 5 x 105 cells at room temperature for 1 hr. SAPE was added for 

detection and the cells were analyzed by flow cytometry. The MFI of the displaying population 
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was measured and fitted against the HER2 concentration to compute the equilibrium dissociation 

constants KD, i.e., the concentration where the MFI is 50% of the maximum value.22 

Internalization Studies 

Cells were plated to a final density of 30,000 cells per each well of a 96 well plate 

(ThermoFisher Scientific). Recombinant WT or m10 were each labeled with Cy5.5 in order to 

stain cells. Cells were incubated for a period of time and washed with PBST. Cells were imaged 

using confocal microscopy and also resuspended and imaged using an Amnis Image Stream at 

Roswell Park (Buffalo, NY). WT and m10 were each labelled with rodo-dye (Thermo Fisher), 

which resulted in an increase in fluorescence signal with lower pH in MCF7 cells.  

MMAE conjugation 

Antibody is first buffer exchanged into DPBS (Thermo Fisher). The first step is reduction 

using TCEP in molar excess (2-5 fold) for two hours at 37C. After reduction, vc-MMAE is 

added in 8 fold molar excess and allowed to incubate at room temperature for at least two hours. 

Conjugate is purified using PD 10 column and fractions are collected in order to separate 

unbound drug. Drug antibody ratio (DAR) is calculated using HIC (TSKgel Butyl-NPR column) 

and verified with UV.   

KD determination of antibody Fc to mouse FcRn by ELISA 

One μg/ml of mouse-FcRn (Sino Biologics) was anchored overnight at 4 °C on a Nunc 

MaxiSorp flat-bottom 96-well plate. The plate was washed three times in PBST and then blocked 

using 1% bovine serum albumin in PBST for 1.5 hr at room temperature under orbital shaking. 

The plate was then rinsed three times in PBST and a serial dilution of recombinant purified anti-

HER2 antibodies starting with 1 μg/ml was added across the plate in a pH 7.4 or 6.0 buffer for 1 
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hr at room temperature. A polycolonal anti-human-Fc-HRP (1:2000 dilution) was was added as 

the detection reagent for 30 min. The plate was washed and 1-Step Ultra TMB-ELISA Substrate 

Solution (Thermo Fisher Scientific) was added for quantification. The plate was analyzed on a 

FilterMax F5 96-well plate reader (Molecular Devices). 

Cell Cytotoxicity Studies 

MCF7 cells were plated at a density of 30,000 cells per well in a 96 well cell culture plate 

(Thermo Fisher). WT and m10 ADCs with a DAR of ~4 were titrated onto the plate from 5000 

to 0.5nM. Cells were either read in a fluorescence plate reader (MCF7-GFP) or incubated with 

MTT in order to quantify living cell number.  
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FIGURE CAPTIONS 

Figure 1.  

HER2-extracellular domain (grey) bound to wt trastuzumab Fab (PDB: 1N8Z). Heavy chain 

(VH) and light chain (VL) variable domains are colored blue and red, respectively. The antibody 

residues within 4.5 Å of HER2 are shown as sticks. 

 

Figure 2.  

HER2 binding and wash study of four PHD scFv mutants (G8, Y10, Y18 and double mutant 

G8+Y10) using YSD. 10 nM HER2 was labelled in 5E5 cells, followed by a 30 minute wash in 

pH 6.0 (red line) or 7.4 (black line) PBST buffer. The shift in MFI of positive population 

indicates loss of HER2 binding.  

 

Figure 3.  

KD study at pH 7.4 and 6.0 of WT, and G8 and Y10 single point histidine mutants. HER2 was 

titrated and incubated for 1 hr. MFI is reported as the mean fluorescence intensity of the 

positively displaying population.  

 

Figure 4.  

Native SDS PAGE of full length IgG mutants (WT, G8, Y10, and G8+Y10). The bands were 

visualized by Coomassie staining. 

 

Figure 5.  

MCF7 cell staining with PHD mutant m10 and WT control labeled with Cy5.5 fluorescence dye. 

Cells were incubated for either 10 minutes to 7 hrs., washed, and imaged using a microscope.  
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Figure 6.  

MCF7 cells were incubated with PHD mutant m10 and WT control labeled with pH rodo dye. 

This dye is sensitive to pH, with increasing fluorescence upon lower pH. GFP-MCF7 cells were 

adhered to a 96 well plate and the plate was analyzed on a FilterMax F5 96-well plate reader 

(Molecular Devices). 

 

Figure 7.  

Internalization study of MCF7 cells labeled with PHD mutant m10 and WT control labeled with 

Cy5.5 fluorescence dye. Cells were re-suspended at selected time points and analyzed using and 

Amnis Image Stream. 

 

Figure 8.  

ADC conjugation development varying reduction conditions and starting mAb concentration in 

the reaction. mAb was reduced using TCEP for 2 hrs. at 37C followed by excess molar vc-

MMAE for 2 hrs. at RT. DAR was determined using HIC separation of each drug loading 

fraction and peak area integration.  

 

Figure 9.  

Representative HIC chromatograms showing peaks of drug loading. Top panel: WT 

Trastuzumab (TS-commercial), middle panel: WT-MMAE conjugated, bottom panel: Y10-

MMAE. 
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Figure 10.  

ELISA binding study comparing recombinant Trastuzumab WT, enhanced FcRn binding WT 

(YPY) and non binding FcRn WT (xFcRn). HER2 was titrated upon mAb being bound to the 

surface of a 96 well plate.  

 

Figure 11.  

In vitro cell cytotoxicity studies. 3E4 cells were plated on a 96 well plate and passed for two 

days. PHD mAbs, WT, and non-FcRn (xFc) binding mutant ADCs were added to each well and 

incubated at 37C for 96 hrs. Cells were then incubated with MTT and read on a plate reader to 

report relative amount of living cells.  

 

Figure 12.  

 MCF7-GFP cell cytotoxicity study. 3E4 cells were plated on a 96 well plate and passed for two 

days. PHD mAbs, WT, and enchanced FcRn (YPY) binding mutant ADCs were added to each 

well and incubated at 37C for 96 hrs. Cells were directly read on a plate reader to report relative 

amount of living cells.  

 

Figure 12.  

In vivo tumor inhibition study in mice. Tumors were introduced to mice under the skin using 

MCF7 cells. When tumor size reached approx. 600 cubic mm treatment began. Control, WT 

Trastuzumab, TS-cvMMAE ADC and PHD Y10 TS-vcMMAE were injected into mice at 

selected times (indicated by purple arrows). 
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TABLES 

Table 1. Single point histidine substitution IDs from WT TS sequence.Sequences in grey did not 

express and therefore were not tested for HER2 binding.  

Expression Single Pt Res. Pos.  Res. Chain 

 + 1 33 Y H 

 - 2 50 R H 

 + 3 52 Y H 

 + 4 57 Y H 

 + 5 58 T H 

 + 6 59 R H 

 + 7 99 W H 

 + 8 103 G H 

 + 9 104 F H 

 + 10 105 Y H 

 + 11 28 D L 

 - 12 30 N L 

 + 13 31 T L 

 + 14 32 A L 

 + 15 50 S L 

 + 16 53 F L 

 + 17 66 R L 

 + 18 92 Y L 

 + 19 93 T L 

 + 20 94 T L 
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Table 2. Affinity of selected full length antibody measured by SPR. 

  kon (*10^5) koff (*10^-5) KD (pM) 

WT-pH 7.4 1.67 1.18 71 

WT-pH 6.0 3.47 2.23 64 

G8-pH 7.4 1.69 5.31 315 

G8-pH 6.0 3.2 10.4 325 

Y10-pH 7.4 0.98 2.65 271 

Y10-pH 6.0 0.821 3.87 471 

Y18-pH 7.4 1.99 8.07 408 

Y18-pH 6.0 3.3 1.2 347 

G8+Y10-pH 7.4 1.74 9.81 563 

G8+Y10-pH 6.0 2.02 25.6 1265 
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FIGURES 

Figure 1.  
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Figure 2.  
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Figure 3. 
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117 

 

Figure 7.  
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Figure 8. 
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Figure 9.  
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122 

 

Figure 12.  
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Figure 13.  
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Supporting Information 

S1. Crystal structure of TS-Fc showing YPY residues which were mutated to confer enhanced 

FcRn binding. 
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Methods 

Surface Plasmon Resonance  SPR measurements were conducted using a Reichert SR7500 

system (Buffalo, NY). mAbs were individually immobilized and tested through amine coupling 

on Reichert carboxymethyl dextran sensor chips. The carboxymethyl dextran coated chips were 

activated by injecting a mixture of 400 mM EDC and 100 mM NHS for 7 minutes at a flow rate 

of 15 uL/min. After chip activation, the mAb was diluted to 30 ug/mL in 10 mM acetate buffer at 

pH 5.0 and injected over the chip at 15 uL/min until ~1000 uRIU of mAb was immobilized. 

Finally, a 1M ethanolamine solution at pH 8.5 was injected for 6 minutes at 25 uL/min to block 

the remaining activated surface. The HER2 analyte was prepared at a starting concentration of 

200 nM and serially diluted using a 2-fold dilution (200, 100, 50, 25, 12.5 nM). Running buffers 

of PBS with 0.05% Tween 20 at pH 7.4 and 6.0 were alternated for each mAb. Between 

measurements, buffer was allowed to equilibrate with the chip for 2 hrs before the next kinetic 

reading was measured. HER2 was diluted in the respective pH buffer for each read. For the 

kinetic runs, flow rate was set to 25 uL/min, association phase was set for 2.5 minutes, while 

dissociation was recorded for 30 minutes. Regeneration was achieved by two injections of 10 

mM glycine at pH 2.2 for 2 minutes. Experimental data for each run were fit using a 1:1 

Langmuir model using one global: Rmax, ka, kd and RI parameters. Each measurement was made 

in duplicate and baseline subtracted from buffer blanks made before each HER2 injection. 

S2. Representative SPR resonance signals from serially diluted SEB flown over immobilized 

antibody with the actual measurements in black and the global fit in red. 
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_____________________________________________________________________________________ 

Chapter 5 

High affinity antibody detection with a bivalent circularized peptide containing 

antibody binding domains 

_____________________________________________________________________________________ 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

This chapter was adapted from an article published in the journal Biotechnology Journal in 

2019.   
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ABSTRACT 

Direct chemical labeling of antibody produces molecules with poorly defined modifications. Using a 

small antibody binding protein as an adaptor can simplify antibody functionalization by forming a 

specific antibody-bound complex and introducing site-specific modifications. To stabilize a noncovalent 

antibody complex that may be used without chemical crosslinking, we engineered a bivalent antibody 

binding protein with improved affinity of interaction by joining two Z domains with a conformationally 

flexible linker. The linker is essential for the increase in affinity because it allows simultaneous binding of 

both domains. The molecule was further circularized using a split intein, creating a novel adaptor protein 

(“lasso”), which binds human IgG1 with KD = 0.53 nM and a dissociation rate that is 55 – 84 fold slower 

than Z. The lasso contains a unique cysteine for conjugation with a reporter and may be engineered to 

introduce other functional groups, including a biotin tag and protease recognition sequences. When used 

in ELISA, the lasso generates a stronger reporter signal compared to a secondary antibody and lowers the 

limit of detection by 12 fold. The small size of the lasso and a long half-life of dissociation makes the 

peptide a useful tool in antibody detection and immobilization.  
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INTRODUCTION 

Antibodies are widely used in medicine and research based on their ability to interact with their antigens 

with high affinity and specificity [1, 2]. Antibody binding proteins have similarly found applications in 

biotechnology to facilitate the use of antibody-based technologies [3, 4]. Of these, bacterial surface 

proteins from Staphylococcus aureus (protein A, SpA),  group C and G of Streptococcal bacteria (protein 

G), and Peptostreptococcus magnus (protein L) are most often used [5, 6], while other less utilized 

antibody binding proteins also exist [7, 8]. Since their discoveries, numerous biochemical and structural 

studies have sharpened our understanding of how these molecules interact with antibody [9-12], and their 

molecular properties have been repeatedly engineered to cater to varying needs that arise in different 

contexts [13]. The earliest examples of their use in biotechnology involve affinity purification using 

immobilized bacterial antibody binding proteins [14-17]. Affinity purification continues to be an 

important area of application for bacterial antibody binding proteins (bABP). Because a low pH treatment 

used to elute bound antibody may cause denaturation [18-20], variants have also been engineered that 

allow dissociation of bound antibody under milder elution conditions.  

Other applications of antibody binding proteins require a different affinity profile. Unlike affinity 

purification, which must balance efficient antibody capture with facile elution, achieving the most stable, 

and specific, interaction is essential for detection and labeling. Known bABP are multidomain proteins, 

which allow high affinity interaction through multivalent binding. For example, SpA contains five 

homologous domains, each of which is capable of antibody binding [21], and has been used in ELISA 

[22] and surface Plasmon resonance (SPR) [23]. However, full length SpA is difficult to produce in large 

quantities and form poorly defined 2-to-1 antibody-to-SpA complexes when mixed with antibody [24]. 

To simplify its construction and application, a single domain variant, Z domain, with 58 amino acids has 

been engineered from the B domain of SpA, and is often used in biotechnology [25]. The Z domain is 

small, resistant to aggregation, and binds certain antibody species and isotypes with high affinity. 
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One of the potential uses of single antibody binding domain (ABD) proteins, such as Z and C2 of 

protein G, is to introduce site-directed modifications to an antibody. Antibodies are often chemically 

biotinylated or conjugated with fluorophores, enzymes or drugs before use [26-29]. Covalent 

modifications can be introduced at primary amines (e.g. lysine and the amino terminus), carboxyl groups 

(e.g. aspartic and glutamic acids) and thiols (cysteine) using established technologies [30], but chemical 

conjugation does not allow precise control of the degree or location of modification. On the one hand, the 

degree of modification needs to be kept low to avoid potential loss of activity, which can occur if the 

residues important for antigen binding are accidentally modified [31]. Specific modifications can 

introduced by incorporating unnatural amino acids, site-specific mutations or recombinant tags, but each 

method leads to a custom designed antibody that is expensive to produce and significantly complicates 

the workflow [32]. Instead, an ABD carrying a desired chemical modification can be used to introduce a 

structurally well-defined modification to the antibody [33-35]. Since the Z domain binds at a hydrophobic 

patch between the constant domains 2 and 3 of the heavy chain (CH2 and CH3), the binding of Z does not 

interfere with antigen binding.  

A major drawback of using existing ABD for indirect antibody modification is that the resulting 

antibody complexes are short-lived due to limited affinity (in the range of low to high nM at best) and the 

high rate of association and dissociation [36]. For example, bound Z dissociates within 5 min, meaning 

any intended antibody modification would be lost on the same time scale [37-39]. The bound complex 

may been crosslinked by incorporating an unnatural amino acid with a photoactivatable side chain in 

ABD and exposing the complex to ultraviolet (UV) light [39-43]. It is challenging to produce a uniformly 

crosslinked complex because the efficiency of photocrosslinking is low and the complex can dissociate 

during UV treatment, although incomplete conjugation does not interfere with some applications, such as 

immunohistochemistry [44]. The additional steps needed to crosslink the complex also make it 

challenging to produce the reagent at scale.  
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In this study we describe the construction of a novel antibody binding protein with a significantly 

higher antibody affinity. We focused on affinity improvement because it allows the antibody-bound 

complex to remain bound during application without covalent crosslinking, thus making the molecule 

more convenient to use for introducing targeted antibody modification. Because the complex is stabilized 

through noncovalent interaction, there are no additional steps needed other than mixing the components. 

To increase the affinity of interaction, we joined two Z domains using a long linker (“L”) to allow 

simultaneous binding of both domains to the same antibody. The affinity of this molecule, ZLZ, was 10 - 

12 fold higher than that of a single Z domain and similar to that of full length SpA despite its significantly 

smaller size. A tandem Z dimer, ZZ, has been reported but previous studies did not optimize the linker 

length, resulting in only a modest increase in the binding affinity.  

We further joined the amino and carboxyl termini of ZLZ to create a circularized peptide 

(“lasso”) that is compact and potentially more stable against proteolytic degradation than a linear 

molecule, which may be important for downstream applications. The lasso binds with KD = 0.53 nM and 

has a dissociation half-life of 5 hr at 37 °C. The circularized lasso design is useful because it contains two 

conformationally flexible linkers that can be independently engineered to introduce new biochemical 

properties without affecting antibody binding. We demonstrate these design features by constructing a 

lasso containing protease recognition sequences (PRS) in order to report the activity of a protease based 

on measured fluorescence. The high antibody affinity of a lasso and its tolerance to mutations in the linker 

sequence may be utilized to develop novel biotechnology applications. 
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MATERIALS AND METHODS 

2.1 Plasmid Construction 

Bacterial expression vectors All expression vectors were constructed by introducing the 

corresponding genes into pET32a, from which the thioredoxin gene has been removed. pET32-6His-

AviTag-Z was constructed by PCR amplifying the Z sequence corresponding to the amino acids (-7)-58 

(according to the amino acid numbering given in Ref. [37], Figure 2) and ligating it into the vector 

together with an N-terminal hexahistidine and AviTag and a C-terminal FLAG epitope. pET32-6His-

AviTag-ZZ was cloned by inserting a second Z domain directly after the first Z domain. pET32-6His-

AviTag-ZLZ was cloned by introducing additional glycine and serine residues between the two Z 

domains to increase the number of linker residues. To construct pET32-NpuC-6His-AviTag-ZLZ-NpuN, 

the second Z sequence of pET32-6His-AviTag-ZLZ was first removed using EcoRI and XhoI, and 

replaced with Z and NpuN in a three-piece ligation. The intermediate construct was then digested with 

NdeI and SalI, into which NpuC and 6His-AviTag were inserted in a three-piece ligation. The final lasso 

construct after all cloning contains the following elements: (NdeI)-NpuC-(SpeI)-6His-AviTag-(SalI)-Z-

(EcoRI)-L-Z-(NheI)-NpuN-(XhoI), where the restriction enzymes used for the cloning are indicated in 

parentheses. The sequences of all proteins used in the study are shown in Fig. S1 and S4. 

 

Yeast display vector pCT302 [Ref. [45]] was used to express human Fc (hFc). The DNA fragment 

encoding the amino acids of the human IgG1 Fc fragment was amplified from pVitro1-trastuzumab 

(Addgene Plasmid #61883). The PCR product was digested and ligated into pCT302 using NheI and 

BamHI to place hFc at the C-terminus of Aga2. The mouse IgG1 Fc sequence was amplified from SI4-

Jamc.2 (Addgene Plasmid #28216) and similarly cloned into pCT302 for yeast surface display.  
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2.2 Protein Expression and Purification 

Induction of expression BL21 (DE3) pLysS cells were transformed with various expression vectors and 

plated on LB agar (Boston BioProducts) containing 100 µg/ml ampicillin. Several colonies were picked 

from the plate to initiate an overnight culture, which was diluted 100 fold into the induction medium 

composed of Terrific Broth (TB) (Boston BioProducts) and 0.5% glycerol with 100 µg/ml ampicillin. The 

cells were grown at 30 C and 300 rpm until OD600 = 0.4 and IPTG was added to the final concentration 

of 100 µM. The cells were then cultured at 20 C and 300 rpm for 18 hr.  

 In vivobiotinylation was achieved by co-expressing an AviTag containing protein and the 

bacterial biotin-protein ligase BirA. To prepare biotinylated Z, for example, BL21(DE3) pLysS cells were 

co-transformed with pET32-6His-AviTag-Zand pET28-MBP-BirA and grown on LB agar containing 100 

µg/ml ampicillin and 50 µg/ml kanamycin. The induction medium is the same as before, except it now 

contains 300 µM biotin. Biotinylation was tested by incubating purified protein with streptavidin and 

analyzing the complex by SDS-PAGE. A change in electrophoretic mobility caused by streptavidin 

binding is used to confirm successful biotinylation of the molecule.  

 

Affinity and ion exchange chromatography Cells were harvested by centrifugation and lysed with B-

per (ThermoFisher Scientific). The cell lysate was centrifuged at 12,000 rpm for 10 min to isolate the 

soluble fraction. 20 mM imidazole was added to the supernatant and the pH was adjusted to 7.5 with 

NaOH. PMSF (ACROS Organics) was added to 1 mM. The sample was filtered through 0.2 μm filter 

(Corning) and mixed with Ni-NTA resin that was pre-equilibrated in the wash buffer (WB), which is PBS 

supplemented with 500 mM NaCl, 1 mM PMSF, 1% Triton x100 (Sigma-Aldrich). The mixture was 

rocked at 4 °C for 30 min and poured into an empty column (BioRad). The flow through was collected 

and poured over the same column three times. The column was washed with 5 column volumes of WB 

and bound protein was eluted with 100 mM imidazole in PBS. 5 mM DTT was added to the lasso eluate 
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immediately to prevent oxidation of the cysteine side chain. The yield was estimated based on A280 

measurement and visualized by Coomassie Blue (ThermoFisher Scientific) staining following SDS-

PAGE. The eluate was buffer exchanged to 20 mM phosphate buffer pH 7.5 and 1 mM PMSF and further 

purified by anion exchange chromatography using Mono Q 5/50 GL on the AKTAprimer plus 

workstation (GE Healthcare). After equilibration, the bound protein was eluted using a linear NaCl 

gradient from 120 – 320 mM NaCl over 30 ml. The fractions containing the lasso was combined and 

concentrated. Approximately 6 – 10 mg of purified biotinylated lasso was obtained from 1 L of cell 

culture.  

 

2.3 FITC Conjugation of lasso 

To introduce a site-specific modification at the cysteine side chain, the lasso was buffer exchanged into 

PBS without DTT. Twenty fold excess of fluorescein-5-maleimide (ThermoFisher Scientific) in DMSO 

was added and allowed to react for 1 hr at 20 °C. The reaction was quenched by adding 10 mM DTT. 

Excess reagent was removed by ultrafiltration and the modified lasso was buffer exchanged to PBS. FITC 

conjugation was visualized by running an SDS-PAGE gel and illuminating the gel with UV.   

 

2.4 Yeast display and flow cytometry 

Induction and labeling The Saccharomyces cerevisiae strain EBY100 were transformed with pCT302-

hFc or pCT302-mFc and selected on a SD-CAA plate lacking Trp and Ura. SD-CAA drop out medium 

was inoculated with 4 – 6 colonies from the plate and grown overnight to OD600 = 4 – 5. The hFc/mFc 

expression was induced by switching the medium to SG-CAA, containing galactose, and growing the 

cells for 20 hr at 30 °C. The expression of hFc/mFc was checked by labeling 5 x 105 cells with M2 

antibody (Agilent Technologies) against the C-terminal FLAG epitope. Fluorescence was analyzed by 

flow cytometry using BD LSRFortessa (Becton Dickinson). To test the binding of various antibody 
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binding proteins, hFc/mFc displaying yeast cells were labeled with biotinylated Z, ZZ, ZLZ or the lasso at 

20 °C for 30 min, washed in PBS, and then incubated with streptavidin-phycoerythrin (SAPE) on ice for 

30 min before flow cytometric analysis. 

 

Affinity measurement  To measure the affinity of binding, yeast cells were labeled with different 

concentrations of each antibody binding protein (Z, ZZ, ZLZ or lasso). The mean fluorescence intensity 

(MFI) of the displaying population was computed by subtracting the weighted background MFI from the 

total MFI [46], and was fit to a binding curve using the maximum MFI and the binding constant KD as 

two fitting parameters [46]. Each measurement was repeated three times and fit three times. The average 

and the standard deviation of the mean were computed from measured KD values. 

 

Measurement of koff by yeast display 4 x 105 yeast cells displaying hFc were washed in PBS (pH 7.5) 

and incubated with 100 nM lasso for 30 min at room temperature. Cells were washed twice and re-

suspended in 5 ml PBS in a 15 ml conical tube. The tube was rocked gently at 37 °C for 2 hr, washed, and 

re-suspended in 5ml PBS. The 2 hr wash was repeated and the cells were again re-suspended in 5 ml PBS 

to start the dissociation phase of the measurement. While keeping the cells with bound lasso at 37 °C 

under constant, gentle rocking, 500 µl of cells were taken at 1, 2, 3, and 4 hr, washed and labeled for 15 

min with 0.1 µl of SAPE on ice. Fluorescence intensity of the cells was measured by flow cytometry and 

fit to an exponential curve to compute the dissociation rate.  

 

2.5 Affinity measurement by ELISA  

Streptavidin was adsorbed on a Nunc MaxiSorp flat bottom 96 well plate. After washing in PBS-T (PBS 

with 0.05% Tween 20) and blocking with PBS-T containing 1% BSA, biotinylated lasso was added at a 

concentration of 0.25 or 5 µg/ml. Serially diluted trastuzumab (human anti-HER2 IgG1, TZ) was added 
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across the plate in triplicates and incubated for 1 hr at room temperature. Bound TZ was detected with 

anti-human IgG-HRP using TMB as a substrate (ThermoFisher Scientific). The absorption at 450 nm was 

measured on a FilterMax F5 96 well plate reader (Molecular Devices). Alternatively, 1 µg/ml 

recombinant HER2 (Sino Biological) was immobilized on a Nunc MaxiSorp flat bottom 96 well plate. 

The plate was washed in PBS-T and then blocked with PBS-T containing 1% BSA. 5 µg/ml TZ was 

added to detect HER2 and serially diluted biotinylated lasso was added across the wells in triplicates for 1 

hr at room temperature. Avidin-HRP (ThermoFisher Scientific) was added in 1:250 dilution for 0.5 hr, 

and TMB was used as a substrate for reporting. The affinity of binding was measured by fitting the 

measured A450 to a binding curve: 𝑓 = 𝑓0 ∗ 
[𝑙𝑎𝑠𝑠𝑜]

[𝑙𝑎𝑠𝑠𝑜]+𝐾𝐷
 with f0 and KD as two fitting parameters.  

 

2.6 Confocal microscopy 

Mesenchymal stem cells (MSCs) (40,000 cells) were seeded in a Nunc 48 well glass bottom plate 

(ThermoFisher Scientific). The cells were washed in PBS and fixed in 4% PFA for 15 min at room 

temperature. The cells were washed again in PBS before being permeabilized with 0.1% Triton X-100 for 

1 hr. The cells were then rinsed in PBS and blocked with 1% BSA, after which rabbit anti-human α 

smooth muscle actin (α-SMA, Abcam) was added to some wells at a 1:50 dilution. The remaining wells 

did not receiveα-SMA and served as a negative control. After overnight incubation at 4 °C, 500 nM 

FITC-conjugated lasso was added to some wells for 1 hr. DAPI nuclear stain was added for 5 min before 

the cells were analyzed by confocal fluorescence microscopy.  

 

2.7 Protease dependent release of bound lasso 

To develop a lasso that is susceptible to proteolysis by TEV, two copies of the protease recognition 

sequence of the TEV protease (ENLYFQ|S) were introduced in the linker surrounding biotinylated 

AviTag and FITC-conjugated cysteine. 5x105 yeast cells displaying hFc were washed in buffer A (50 mM 
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Tris, pH 7.5 at 20 °C, 150 mM NaCl, 1 mM b-mercaptoethanol) and labeled with 500 nM  lasso (with or 

without PRSTEV) for 1 hr at room temperature. Cells were washed twice and resuspended in 250 µl of the 

same buffer, which was then divided into 5 tubes of equal volume. 0, 0.1, 0.2, 0.5, 1, or 2.5 µl of TEV 

protease (MilliporeSigma) was added to the tubes to initiate proteolysis. The reaction was continued at 30 

°C for 1 hr before being quenched by placing the tubes on ice. Cells were washed in cold buffer A twice 

and resuspended in 50 µl of the same buffer. 0.1 µl of SAPE was added for 15 min on ice, and the cells 

were washed twice before analysis by flow cytometry.  

  



138 

 

RESULTS 

3.1 Construction of a high affinity Z dimer  

The Z domain binds a subset of antibodies at the CH2-CH3 interface of Fc with high affinity. To increase 

the binding affinity through multivalent interaction [47], we joined two Z domains through a 

conformationally flexible linker “L” to allow simultaneous binding of both Z domains to the same 

antibody (Fig. 1a). The length of the linker was guided in part by molecular modeling and in part by a 

previous study, which suggested that a linker of 30 amino acids (DDAKK)6 was able to connect two 

proteins bound to the CH2-CH3 interfaces [33]. Including structurally disordered residues of bound Z 

(PDB 5U4Y), we estimate there are 32 disordered amino acids in the linker, which are expected to be 

long enough to bridge two bound Z molecules. ZLZ differs from a tandem ZZ dimer [48], which does not 

allow cooperative binding on the same antibody (Fig. 1b, S1). To test the design, we purified a single Z 

domain, ZZ and ZLZ from bacteria (Fig. 2a). Each construct contains an AviTag [49], which is 

biotinylated in vivo by co-expressing BirA in the same cell during expression [50]. We confirmed the 

biotinylation of the molecules using electrophoretic mobility shift assay (EMSA, Fig. 2b).  

Purified Z, ZZ, and ZLZ were used to label human IgG1 displayed on the yeast surface [51]. 

Bound protein was detected with SAPE and measured by flow cytometry (Fig. 2c). We then measured the 

binding affinity by titrating the concentration of each molecule and fitting the fluorescence of the 

displaying population to a binding curve (Fig. 2d, S2). The affinity measured using yeast display and 

flow cytometry are usually similar to the values obtained by SPR [46, 52]. The affinity of ZZ (KD = 5.5 

nM) was two-fold higher than that of Z (KD = 9.6 nM), and both estimates were consistent with 

previously reported values in the literature (Table 1). Interestingly, the affinity of ZLZ was significantly 

higher than both, KD = 0.72 nM. A variant of ZLZ containing a linker with five fewer amino acids, ZL27Z, 

bound significantly less efficiently than ZLZ at the same concentration (Fig. S3), suggesting that a longer 

linker contributes to the higher affinity of ZLZ.  
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3.2 Intein mediated circularization of ZLZ  

Because long linear ZLZ can bind and crosslink multiple antibodies, we circularized ZLZ by fusing the N 

and C fragments of Npu DnaE split intein to the carboxy and amino termini of the molecule, respectively 

(Fig. 3a, S4a) [53, 54]. One way the circularized peptide can bind an antibody is by forming a circle 

around the Fc fragment, for which reason we named the molecule “antibody lasso”. The lasso contains an 

AviTag for in vivo biotinylation. The lasso was purified to homogeneity by a combination of 

hexahistidine affinity purification and ion exchange chromatography (Fig. S4b). We confirmed the 

successful biotinylation of the lasso by performing EMSA with streptavidin (Fig. 3b). The lasso had an 

apparent molecular weight (MW) of ~17 kDa on the gel, which is less than the computed MW of 19,766 

Da. However, circularization sometimes increases the mobility of a protein, potentially by removing 

charged termini [55]. To confirm the formation of a circularized peptide, we measured the MW of 

purified lasso by MALDI-TOF (University at Albany, Proteomics/Mass Spectrometry Facility). The 

measured MW of 19,766 Da agrees exactly with the predicted MW of a circularized lasso containing a 

single biotin group (Fig. S4c).  

 

3.3 Lasso binds yeast displayed Fc with high affinity 

We tested the binding of purified lasso to yeast displayed human and mouse Fc. Bound lasso was labeled 

with SAPE and analyzed. Yeast displaying hFc were selectively labeled (Fig. 3c). No labeling of yeast 

displayed mFc was detected. The Npu DnaE mediated splicing introduces a cysteine residue at the splice 

junction. We used maleimide-FITC to conjugate a fluorescent dye to the lasso [56], thus producing a lasso 

containing two modifications, i.e. a biotin tag and a chemically conjugated fluorophore. The successful 

FITC conjugation was visualized on a native polyacrylamide gel by exposing the gel to UV (Fig. 3d). To 

test for dual modification, we labeled hFc displaying yeast cells with the lasso and further labeled them 

with SAPE. The displaying cells were both FITC and PE positive (Fig. 3e), showing that a modification 

at the cysteine residue does not interfere with antibody binding or streptavidin detection. Yeast displayed 
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hFc was efficiently labeled even when the lasso is added at a concentration well below 1 nM, indicating a 

high affinity of interaction (Fig. 3f). We measured the affinity by titrating the lasso concentration and 

fitting the measured fluorescence to a binding curve [46]. The measured affinity of binding KD is 0.53 

nM, which is similar to that of linear ZLZ and 10 – 20 fold higher than that of Z or ZZ (Fig. 3g). 

Therefore, circularization of the lasso does not prevent high affinity antibody binding achieved by rational 

design of the linker.  

 

3.4 Binding affinity of lasso for full length human IgG1  

The binding of lasso to full length human antibody, trastuzumab (TZ), in solution was measured by SPR, 

which confirmed the measurement by flow cytometry. The measured rate of dissociation was 3.8 x 10-5 s-1 

at 37 °C, which is 55 – 84 fold slower than for Z (Fig. S5). To test the use of lasso in ELISA, we 

immobilized biotinylated lasso on streptavidin coated surface and used it to capture TZ. Bound TZ was 

then detected using HRP-conjugated anti-human antibody (Fig. 4a). The binding of TZ was dependent on 

the lasso concentration and saturable, indicating that the binding is specific. Next, we physically adsorbed 

HER2 on the surface and used it to capture TZ, which was then detected with Z, ZZ or lasso. The ligand 

concentration was varied to measure the binding constant KD, which was the lowest for the lasso (Fig. 

4b). The measured KD was consistent with the estimates from yeast display and SPR, as well as published 

results in the literature (Fig. 2d, 3g, Table 1). Finally, we compared the efficiency of immobilized 

biotinylated lasso or immobilized secondary antibody Fab fragment for capturing titrated TZ. The 

measurements at the four lowest concentrations were fit to a straight line and extrapolated to the lowest 

TZ concentration at which the measured signal is statistically indistinguishable from the mean blank 

signal (0.05 ± 0.01). The computed limit of detection (LOD) was 0.13 ng/ml for the lasso and 1.6 ng/ml 

for adsorbed anti-human antibody Fab fragment (Fig. 4c), suggesting that the lasso was able to capture 

antibody with improved sensitivity.  
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3.5 Lasso may be developed to detect protease activity 

Because the linker residues are not expected to interact specifically with antibody residues, we reasoned 

that they may be mutated without affecting antibody binding. We incorporated two copies of the tobacco 

etch virus (TEV) protease recognition sequence (PRSTEV) in one of the linkers, thus making the lasso 

susceptible to proteolysis by a protease (Fig. 5a, S4d). The lasso containing PRSTEV bound immobilized 

TZ with the same affinity as before (Fig. 6b). Proteolysis by TEV protease cuts the lasso into two linear 

peptides, one of which contains no Z domain and is released from the antibody. We labeled yeast 

displayed hFc with the new lasso and measured the fluorescence of the cells after adding TEV protease. 

The fluorescence decreased with an increasing concentration of TEV protease, indicating loss of the 

FITC-conjugated peptide (Fig. 5b). In contrast, the fluorescence of the cells labeled with the original 

lasso without PRSTEV remained constant when TEV protease is added (Fig. 5b).  

 

3.6 Detection of antibody using FITC-conjugated lasso for fluorescence microscopy 

Since the lasso binds full length antibody with high affinity, it may be used to introduce a noncovalent 

modification to the antibody for labeling applications. We cultured mesenchymal stem cells (MSC) on 

glass slides, which were then fixed and permeabilized in preparation for fluorescence labeling. Rabbit 

anti-α-SMA antibody was added to bind the actin filaments and bound antibody was detected with FITC-

conjugated lasso for visualization by confocal microscopy. A rabbit antibody was used since it is 

recognized by SpA with high affinity. The cells were labeled efficiently with FITC-lasso (Fig. 5c). The 

cells labeled with lasso alone without the antibody were not fluorescent, indicating the labeling was 

antibody-specific (Fig. 5c, viii).  
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DISCUSSION 

4.1 Lasso can be used to form a stable antibody complex 

The existing methods for introducing site-specific modifications in antibodies are inconvenient, costly, 

and difficult to scale. Introducing a modification indirectly through an antibody binding protein can 

simplify the task if the affinity of interaction can be improved. Here, we demonstrated that joining two 

bound Z domains with a long linker, as in ZLZ or lasso, increases the affinity of interaction by 13 – 18 

fold compared to a single Z domain. Although the current study does not systematically screen the linker 

length, observations both by us and others indicate that the affinity of an interaction can be greatly 

improved by optimizing multivalent binding. For example, Dong et al. reported that fusing the D domain 

of protein A and C1 domain of protein G with a 30 residue linker, (DDAKK)6, increases the binding 

affinity by 8.4 – 12 fold over the individual domains [33]. The same authors have noted that joining the 

domains with a shorter 20 amino acid linker improves the binding affinity by only 2.9 – 4.2 fold, which is 

consistent with our observation that a linker of 27 amino acids may already be too short to bridge two 

bound Z proteins. The affinity for ZZ, which does not contain such a linker, is only ~ 2 fold higher. The 

improvement in binding affinity occurs mostly through slowing of the rate of dissociation, which is a 

direct consequence of multivalent interaction. These studies thus show that the apparent binding affinity 

of an interaction can be rationally improved by joining independently binding domains (see Ref. [57]). 

 

4.2 Predicted conformation of a bound lasso 

One of the linkers in the engineered lassos (Linker1) is 32 amino acids long, which is just long enough to 

connect the carboxy terminus of one bound Z domain with the amino terminus of another Z domain 

bound to the same antibody located ≥ 70 Å away. Because the second linker (Linker2) of the lasso is 

significantly longer (56 – 65 amino acids), it may sample many alternative conformations not available to 

Linker1. For example, it may swing from one side of Fc to the other (by hopping over the carboxy end of 
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Fc) while both Z domains remain bound to the antibody. The bound lasso is thus expected to adopt a 

range of conformations that vary in the positioning of Linker2 with respect to the antibody. To test the 

role of the second linker length, we constructed another lasso with 36 amino acids in both Linker1 and 

Linker2. The affinity of the modified lasso was significantly lower (and comparable to that of a single Z 

domain), indicating that the binding of a lasso with a small diameter may be kinetically limited (data not 

shown). Therefore, designing a lasso with the highest antibody affinity, and favorable binding kinetics, 

benefits from including the shortest linker compatible with cooperative binding (i.e. Linker1) to improve 

the dissociation kinetics and a longer linker (Linker2) to optimize the association kinetics.  

 

4.3 Uniqueness of the lasso design 

A circularized protein is more resistant to nonspecific proteolytic degradation, e.g. by an exopeptidase. 

This has previously motivated the engineering of a circularized minimal Z domain, Zmin, containing two 

antibody binding helices [58]. Despite some conceptual similarities, our lasso and Zmin are fundamentally 

different in that our lasso contains two Z domains that cooperatively bind to the two binding sites in order 

to slow the dissociation rate, whereas the most significant advance in Zmin is the thermal stabilization of 

the molecule without a clear improvement in the binding kinetics. Furthermore, the use of a split intein to 

engineer a circularized molecule directly in bacteria is unique to our study and differs from the in vitro 

circularization of a chemically synthesized peptide used in the design of Zmin.  

 

4.4 Lasso improves ELISA signal compared to a secondary antibody 

The use of a lasso ensures more homogeneous modification of the antibody since every antibody at 

equilibrium is expected to bind one lasso molecule. This may explain the higher ELISA signal from lasso 

labeling than from secondary antibody (Fig. 4c). When an antibody is chemically biotinylated, the degree 

of modification cannot be controlled precisely, leading to a range of modification in the final product. 
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Some of the molecules may carry no modification, which then reduces the final signal intensity. There 

may be additional signal loss during the detection and reporting phase of ELISA because of the low 

affinity of binding for secondary antibodies. The lasso has high antibody affinity and a half-life of 5 hr at 

37 °C (and 11 hr at 20 °C), which ensures that the complex remains intact during the incubation and 

washing steps. Together, the combination of higher binding affinity and consistent labeling should help 

improve the performance of a lasso-bound antibody in biosensing applications. The ability to form a 

stable complex with an antibody while introducing precise modifications makes the lasso a useful adaptor 

protein. The potential use of the molecule for in vivo detection and reporting will be investigated in future 

studies. 

 

4.5 Linkers may be used to develop a localized protease sensor 

Mutating the linker residues does not affect antibody binding significantly. For example, the lassos with 

or without PRSTEV bind full length human antibody with the same affinity (Fig. 5a). Thus, novel functions 

can be engineered into a lasso by custom designing one or both of its linkers. A lasso can continue to bind 

an antibody after enzymatic or chemical modifications and thereby endow the antibody with a novel 

function. We showed this by constructing a lasso with a biotin tag that generates a stronger ELISA signal 

than enzyme conjugated secondary antibodies. Chemical conjugation of the unique cysteine residue with 

a reporter molecule, e.g. fluorophore or DNA, may also be used to introduce a structurally and 

stoichiometrically well defined modification to an antibody with fine-tuned biochemical properties. We 

also constructed a lasso containing PRS to develop an antibody that functions as a protease sensor. The 

efficient proteolysis of a PRS containing lasso indicates that the linker residues remain accessible to an 

external enzyme while the molecule remains bound to the antibody (Fig. 5b). Many diseases are 

characterized by an increase in tissue specific protease activity, and engineered antibodies with protease-

dependent activity have been developed to measure localized disease-associated protease activity [59, 60]. 
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A lasso with optimized PRS may be similarly used to develop an antibody-based reporter of local 

protease activity—but without direct modification of the antibody.  

Although a protease sensor may be developed using a linear molecule, circularization improves 

the robustness and versatility of the design. For example, a lasso containing protease recognition 

sequences, PRS1 and PRS2, for two orthogonal proteases will lose the reporter signal only when the 

molecule is exposed to both proteases near the antibody. An antibody-bound lasso may thus be used to 

monitor localized protease activity. On the other hand, linear ZLZ containing PRS1 and PRS2 would 

easily dissociate from the antibody after the proteolysis by either enzyme so that the loss of reporter 

activity cannot be used to determine the activity of more than one protease. 

 

4.6 Lasso can immobilize antibody on a surface 

Biosensing applications sometimes require surface immobilization of an antibody [61, 62]. Immobilizing 

an antibody through a chemical linker can improve its ability to subsequently interact with a ligand in 

solution, compared to immobilization based on nonspecific hydrophobic absorption that may denature the 

antibody or mask the antigen binding sites [63]. To this end, a commercially available streptavidin coated 

surface can be treated with biotinylated lasso to create a generic antibody capturing surface. The lasso can 

then bind unlabeled antibodies for antigen capture or for affinity measurement by SPR. The antibody 

capture efficiency (based on LOD) is an order of magnitude higher than immobilized secondary antibody, 

which is commonly used for label free capture. The binding is specific and the dissociation of bound 

antibody is minimal. Both intact and modified antibody fragments have been immobilized and 

successfully used on other surfaces [64, 65]. The lasso may offer an alternative tool to achieve antibody 

immobilization to complement existing technologies.  

 

4.7 Conclusion 
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Our goal in this study is to improve the affinity of an antibody binding protein by joining two Z domains 

through a flexible linker. The linker needs to be above a certain minimum length in order to support 

bivalent interaction, which appears to be around 30 amino acids. Circularization of the molecule with a 

split intein creates a compact molecule that maintains high antibody affinity. The lasso may be modified 

with a reporter before binding an antibody to generate a functionalized probe. The precise linker sequence 

may be changed without loss of affinity to implement other features. For example, protease recognition 

sequences may be introduced to develop a lasso-based protease sensor, which may be targeted in vivo 

with an antibody. To our knowledge, this is the first demonstration that an engineered adaptor protein 

may be used to introduce a stable modification to an antibody without resorting to genetic modification of 

the antibody or chemical crosslinking of the complex. The improved antibody affinity and sequence 

flexibility of a lasso makes it an attractive tool for use in biotechnology applications. 
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Table 1.  

Summary of biochemical measurements. The molecular weight (MW) represents the construct used in the 

current study, including 6xHis affinity tag, AviTag and linkers. 

 

 

 

 

 

 

 

 

Figure legends 

Figure 1. Schematics of different antibody binding proteins used in this study. 

a. Antibody Fc (pink) with two Z domains (green) bound to the region between the C2 and C3 domains of 

Fc. The two fold symmetry axis is indicated with a line and a curved arrow. The location of the Fab 

fragment is indicated. b. Schematics of various antibody binding proteins that were constructed and tested 

in the current study. AviTag is a 15 amino acid biotin acceptor sequence, GLNDIFEAQKIEWHE, which 

is recognized by the biotin ligase, BirA. L (linker) refers to a set of conformationally flexible amino acids 

between Z domains. After circularization, the resulting lasso has two such linkers. NpuN and NpuC are 

the N and C fragments of the Npu DnaE split intein. The first amino acid after NpuC is cysteine, whose 

thiol side chain is shown. PRS, protease recognition sequence. 

Binder MW (kDa) KD (nM) koff (sec-1) Ref. 

Z 

 
10 – 20 2.1 – 3.2 x 10-3 [37-39] 

11.0 
9.6 ± 1.5 N.A. This work (flow cytometry) 

12.1 ± 1.0 N.A. This work (ELISA) 

ZZ 

 
1.5 5.6 x 10-4 [37] 

17.7 
5.5 ± 1.1 N.A. This work (flow cytometry) 

5.0 ± 0.9 N.A. This work (ELISA) 

ZLZ 19.0 0.72 ± 0.23 N.A. This work 

Lasso  19.5 

0.53 ± 0.17 
9.1 x 10-5 at 37 °C 

1.7 x 10-5 at 20 °C 
This work (flow cytometry) 

1.8 ± 0.2 3.7 x 10-5 at 37 °C This work (ELISA) 

0.79 ± 0.2 3.8 x 10-5 at 37 °C This work (SPR) 
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Figure 2. Improved antibody binding by a bivalent Z dimer. 

a. SDS-PAGE of purified 1. Z, 2. ZZ, and 3. ZLZ with the predicted molecular weights of 11, 17.7 and 

19.0 kDa. M, protein molecular weight marker. b. In vivo biotinylation of ZZ and ZLZ was tested by 

electrophoretic mobility shift assay (EMSA) by addition of streptavidin (SA). The binding of SA changes 

the mobility of a biotinylated ligand. 1. SA, 2. ZZ, 3. ZZ + SA, 4. ZLZ, 5. ZLZ + SA. (*), an unrelated 

bacterial protein present in this particular prep. c. Yeast displayed hFc was labeled with biotinylated Z, 

ZZ or ZLZ (each at 1 nM) and visualized with SAPE. d. Yeast cells were labeled with serially diluted 

biotinylated Z (circle), ZZ (diamond) or ZLZ (square) to measure the binding affinity.  

 

Figure 3. Construction and characterization of a circularized antibody binding protein. 

a. Schematic description for constructing a circularized antibody binding lasso. i. The precursor to the 

lasso contains NpuC at the amino terminus and NpuN at the carboxy terminus. ii. The split intein domains 

reconstitute the splicing activity and join the neighboring amino acids in a native peptide bond while 

excising itself out. b. Checking the biotinylation of lasso by EMSA. The binding of SA is specific and 

occurs with biotinylated lasso (b-lasso) only. c. Yeast displayed hFc (red) or mFc (gray) was labeled with 

biotinylated lasso and SAPE and analyzed by flow cytometry. (black ) Untransformed yeast was similarly 

labeled for comparison. d. Lasso was conjugated with maleimide-FITC and analyzed by native 

polyacrylamide gel electrophoresis. 1. UV illumination of the gel. 2. Coomassie staining of the same gel. 

e. Yeast displayed hFc was labeled with biotinylated FITC-conjugated lasso and SAPE, and analyzed by 

flow cytometry. f. Yeast displayed hFc was labeled with 20, 150 or 780 pM of biotinylated lasso to show 

efficient labeling at sub-nanomolar concentrations. g. The lasso concentration was titrated and the MFI of 

displaying population was used to compute the binding constant, KD = 0.53 nM.  

 



152 

 

Figure 4. Improved sensitivity of ELISA detection using lasso. 

a. Biotinylated lasso was immobilized on a streptavidin coated surface and used to capture TZ. The lasso 

concentration was titrated to vary the loading density, resulting in more efficient capture of TZ. Captured 

TZ was detected using anti-human antibody-HRP conjugate. b. 

The equilibrium binding affinity of Z, ZZ, and two different variants of the lasso were measured by 

titrating each molecule to detect immobilized TZ. The normalized absorbance at 450 nm was fit to the 

equation 𝐴450 =
[𝐶]𝑛

[𝐶]𝑛+𝐾𝐷
𝑛 , where [C] is the concentration of Z, ZZ or the lasso, to compute the binding 

constant KD and the Hill coefficient n. The average and standard deviation from three separate 

measurements are shown. c. (left) TZ was captured with immobilized lasso or the Fab fragment of anti-

human antibody (aHuFab) to compare the sensitivity of detection. Bound TZ was detected with anti-

human antibody. (right) An enlarged view of the binding data from lower TZ concentrations. The four 

data points corresponding to the lowest TZ concentrations were used to generate a linear fit and to 

compute the limit of detection (LOD, *) for the two methods. The computed LOD are 1.6 ng/ml for 

aHuFab and 0.13 ng/ml for the lasso.  

 

Figure 5. Potential applications of lasso in biotechnology. 

a. A lasso containing the PRS (red) for TEV protease. Two copies of PRSTEV surround the biotinylated 

AviTag (B) and FITC-conjugated cysteine. Proteolysis by TEV protease splits an antibody-bound lasso 

into two, one of which lacks a Z domain and is thereby dissociated from the antibody. b. Yeast displayed 

hFc was labeled with the lasso containing PRSTEV, and TEV protease was added at different 

concentrations. There is a concentration dependent loss of FITC fluorescence, indicating proteolysis by 

the protease (bar). On the other hand, TEV protease did not reduce the fluorescence from the original 

lasso without PRSTEV (circle), showing that the loss of fluorescence is due to sequence-specific 

proteolysis. c. Fluorescent labeling of MSC with lasso. Fixed and permeabilized cells were treated with 
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anti α-SMA antibody (i-iv) or not (v-viii). FITC-conjugated lasso and DAPI were then added to both. i, v. 

DIC. ii, vi. DAPI. iii, vii. FITC. iv, viii. Overlay of DAPI and FITC. 
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Figure 1.  
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Figure 2.  
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Figure 3.  
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Figure 4.  
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Figure 5.  
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Supplementary Information for “Engineered circularized peptide for high affinity 

antibody detection” 

Materials and Methods 

Surface Plasmon Resonance  

SPR measurements were conducted using a Reichert SR7500 (Buffalo, NY). The lasso was immobilized 

through amine coupling on Reichert carboxymethyl dextran sensor chips to a low ligand density of ~100 

Response Units (RU). The chips were activated by injecting a mixture of 400 mM EDC and 100 mM 

NHS for 7 min at a flow rate of The lasso was diluted to 15 µg/ml in 10 mM acetate buffer at 

pH 5.0 and injected over the chip at . A 1 M ethanolamine solution at pH 8.5 was injected for 6 

min at to block the remaining activated surface. Human monoclonal IgG1 (Thermo Fisher 

Scientific) was prepared at a starting concentration of 40 nM and serially diluted using a 2-fold dilution 

scheme (i.e. 40, 20, 10, 5, 2.5 and 1.25 nM) in running buffer (PBS with 0.05% Tween 20). The flow rate 

was set to The association phase was set for 2.5 min and dissociation was recorded for 90 min. 

Regeneration of the chips between each run was achieved by one injection of 10 mM glycine at pH 2.2 

for 2 minutes. Experimental data for each run were fit using a 1:1 Langmuir model using one set of global 

parameters: Rmax, ka, kd and RI. Each measurement was made in duplicate and baseline subtracted from 

buffer blanks made before each antibody injection. 

Figure S1. The sequences of i) Z, ii) ZZ and iii) ZLZ used in the study. The amino acids in bold 

correspond to the residues that are visible in the antibody-B structure (1FC2), where B is the protein A 

domain used to engineer Z. Previously used ZZ tandem dimer (ii) contains two copies of Z back to back. 

Including the residues that are not visible in the crystal structure, there are 17 amino acids separating the 

folded domains. ZLZ contains extra residues designed to increase the number of linker residues so that 

both Z domains can bind at the same time. The AviTag is underlined.  
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i. Z 

TSHHHHHHELGLNDIFEAQKIEWHEVDGSNAQHDEAVDNKFNKEQQNAFYEILHLPNLNEEQRNAFIQSLKDDPSQS

ANLLAEAKKLNDAQAPK 

ii. ZZ 

TSHHHHHHELGLNDIFEAQKIEWHEVDGSNAQHDEAVDNKFNKEQQNAFYEILHLPNLNEEQRNAFIQSLKDDPSQS

ANLLAEAKKLNDAQAPKEFVDNKFNKEQQNAFYEILHLPNLNEEQRNAFIQSLKDDPSQSANLLAEAKKLNDAQAPK 

iii. ZLZ 

TSHHHHHHELGLNDIFEAQKIEWHEVDGSNAQHDEAVDNKFNKEQQNAFYEILHLPNLNEEQRNAFIQSLKDDPSQS

ANLLAEAKKLNDAQAPKEFSGSGGGGSNAQHDEAVDNKFNKEQQNAFYEILHLPNLNEEQRNAFIQSLKDDPSQSAN

LLAEAKKLNDAQAPK 

 

Figure S2. The labeling of yeast displayed human Fc with serially diluted a. Z, b. ZZ and c. ZLZ. i. 1 

nM, ii.5 nM, iii. 10 nM, iv. 25nM, v. 100nM. Each protein contains a biotinylated AviTag. After washing, 

bound protein was detected using streptavidin-phycoerythrin (SAPE) and flow cytometry. The protein 

concentration was measured based on UV absorption at 280 nM with a computed extinction coefficient 

and confirmed visually by Coomassie staining of SDS-PAGE gels.  
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a.

b.

c.

i. ii. iii. iv. v.
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Figure S3. The number of conformationally flexible residues within the linker was reduced from 32 to 27 

to test the significance of the linker length. ZLZ and the modified molecule ZL27Z were each added at 1 

nM to label yeast displaying hFc. The labeling was less efficient for ZL27Z, indicating that a linker with 

27 residues may be too short to connect two bound Z domains.  
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Figure S4. Lasso sequences. a. The lasso was constructed by cloning the elements described in Figure 

1b(v) into pET32. The sequence of the mature lasso (i.e. after split intein splicing) is shown. The 44 

ordered Z residues from the complex structure are in bold. The linkers, each 31 and 55 amino acids long, 

include some Z residues that are disordered in the structure, 6xHis tag and AviTag (both underlined), and 

additional Gly-Ser residues included to increase the linker length. The unique cysteine residue (yellow) is 

located in one of the linkers and may be conjugated using a maleimide containing compound. Although 

the sequence is listed in a linear manner, the first and last residues are joined in a peptide bond through 

intein-mediated splicing. The number of amino acids in each segment of the lasso is shown on the left. b. 

The lasso was first purified by hexahistidine affinity chromatography using nickel NTA. The elution 

fraction collected with 250 mM imidazole (crude) was concentrated, buffer exchanged and loaded onto 

Mono Q for ion exchange chromatography. Some of the high MW impurities in the eluate from NTA may 

include peptides containing more than two Z domains through intermolecular intein splicing. The eluates 

were analyzed by SDS-PAGE and the fractions collecting the lasso (arrow) were collected. The typical 

yield was 8 – 12 mg of purified lasso from 1L of cell culture. c. The identity of purified biotinylated lasso 

was checked by MALDI mass spectrometry. The expected MW is 19,766 Da. The major observed peak is 

19,766 Da. Unknown species not visible by SDS-PAGE were also identified by mass spectrometry. d. A 

modified lasso containing two TEV protease recognition sequences (cyan) to induce a protease dependent 

response. The proteolysis of antibody bound lasso by TEV protease releases a peptide fragment 

containing the cysteine residue carrying a conjugated reporter (e.g. fluorophore) and AviTag. The number 

of amino acids in each segment is shown on the left.  

 

a.  

Z  (43) FNKEQQNAFYEILHLPNLNEEQRNAFIQSLKDDPSQSANLLAE 

Linker 1 (32) AKKLNDAQAPKEFSGSGGGGSNAQHDEAVDNK 
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Z  (43) FNKEQQNAFYEILHLPNLNEEQRNAFIQSLKDDPSQSANLLAE 

Linker 2  (56) AKKLNDAQAPKASCTNTSHHHHHHELGLNDIFEAQKIEWHEVDGSNAQHDEAVDNK 

 

b.  

 

 

c. 

 

 

 

 

Crude 5744 45 46 49 50 51 56 M

10

17

26

19,766
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d. 

Z (43) FNKEQQNAFYEILHLPNLNEEQRNAFIQSLKDDPSQSANLLAE 

Link1 (36) AKKLNDAQAPKEFGGSHHHHHHGGSNAQHDEAVDNK 

Z (43)FNKEQQNAFYEILHLPNLNEEQRNAFIQSLKDDPSQSANLLAE 

Link2 (65) AKKLNDAQAPKGTENLYFQSASSCTSGLNDIFEAQKIEWHEPWENLYFQSVDGSNAQHDEAVDNK 

 

 

Figure S5. SPR measurement of the interaction between trastuzumab and lasso. The lasso was chemically 

conjugated to a carboxymethyl dextran chip and human IgG1 was flown as analyte. The measurement 

was repeated twice at each antibody concentration (1.25 – 40 µg/ml) and fit using global parameters to 

obtain ka = 4.8 x 104 M-1 s-1 and kd = 3.8 x 10-5 s-1. 
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_____________________________________________________________________________________ 

Chapter 6 

Functional expression of monomeric streptavidin and fusion proteins in 

Escherichia coli: applications in flow cytometry and ELISA 

_____________________________________________________________________________________ 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

This chapter was adapted from an article published in the journal Applied Microbiology and 

Biotechnologyin 2018.  
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ABSTRACT 

Monomeric streptavidin (mSA) offers a combination of structural and binding properties that are 

useful in many applications, including a small size and monovalent biotin binding. Because mSA 

contains a structurally important disulfide, the molecule does not fold correctly when expressed 

inside the cell. We show that mSA can be expressed in a functional form in Escherichia coli by 

fusing the OmpA signal sequence at the amino terminus. Expressed mSA is exported to the 

periplasm, from which the molecule leaks to the medium under vigorous shaking. Purified mSA 

can be conjugated with FITC and used to label microbeads and yeast cells for analysis by flow 

cytometry, further expanding the scope of mSA-based applications. Some applications require 

recombinant fusion of mSA with another protein. mSA fused to EGFP cannot be secreted to the 

medium but was successfully expressed in an engineered cell line that supports oxidative folding 

in the cytoplasm. Purified mSA-EGFP and mSA-mCherry bound biotin with high affinity and 

were successfully used in conventional flow cytometry and imaging flow cytometry. Finally, we 

demonstrate the use of mSA in ELISA, in which horseradish peroxidase-conjugated mSA and 

biotinylated secondary antibody are used together to detect primary antibody captured on an 

ELISA plate. Engineering mSA to introduce additional lysine residues can increase the reporter 

signal above that of wild type streptavidin. Together, these examples establish mSA as a 

convenient reagent with a potentially unique role in biotechnology. 
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INTRODUCTION 

The detection of biotinylated ligands by streptavidin, or one of its homologs, is the molecular 

basis of many biotechnology applications (Diamandis and Christopoulos 1991; Dundas et al. 

2013). The interaction is rapid, robust, and stable against perturbations, which makes it a 

convenient vehicle for detecting and bridging biotinylated ligands. Yet, naturally occurring 

streptavidin-like molecules have intrinsic properties that can be incompatible with the 

requirements of individual experiments and cause problems during use. Some of the 

incompatibilities derive from their obligate oligomeric structures. For example, streptavidin has 

multiple high affinity biotin binding sites, and mixing streptavidin with biotinylated ligands in 

solution can result in target crosslinking and precipitation. Similarly, the use of streptavidin for 

imaging cell surface receptors on live cells is known to affect their distributions and dynamics, 

raising questions regarding the accuracy of conclusions based on such measurements (Chamma 

et al. 2017; Lee et al. 2017). As a structural tetramer, streptavidin is relatively large with the 

molecular weight of approximately 60 kDa, which causes steric hindrance when the molecule is 

targeted for use in crowded spaces, such as the neural synapse or a dense polymer network. Both 

the size and the multivalency of streptavidin thus become a significant obstacle for using 

streptavidin in a cellular context. A mutant streptavidin tetramer containing a single active 

subunit has been engineered to achieve monovalent interaction and overcome the concerns 

associated with target crosslinking (Howarth et al. 2006). Yet, the molecule is the same size as 

wild type streptavidin so the crowding issue does not go away when using the mutant tetramer.  

 Another common application of streptavidin includes its use as an anchor for biotinylated 

ligands on a solid surface for applications in ELISA, surface Plasmon resonance or atomic force 

microscopy (Baumann et al. 2016; Hutsell et al. 2010). The stability of the streptavidin-biotin 
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interaction ensures that the bound ligand remains bound to the surface during the entire assay. 

However, if the ligand concentration is high, each streptavidin molecule can bind multiple 

ligands and thus create a high density aggregate of the ligands around each streptavidin. Because 

clustered ligands experience increased avidity of interaction toward their natural binding partner, 

binding affinity measurements performed under this configuration are prone to a systematic bias. 

Although aggregation and crosslinking can be reduced by modulating the ligand to streptavidin 

ratio, the process cannot be controlled rigorously and ligand aggregation can still occur with high 

frequency. The extremely high biotin affinity of streptavidin in turn makes it difficult to adapt 

the molecule for other applications, in which release of bound biotin may be desired for various 

reasons, such as affinity purification of biotinylated ligands. Streptavidin resin may lose activity 

when it irreversibly binds free biotin that may be present during purification, or when one or 

more noncovalently associated subunits are lost, thus compromising the native streptavidin 

activity.  

All known biotin binding proteins have a quaternary structure consisting of two or four 

subunits, and therefore, the various concerns with wild type streptavidin cannot be addressed by 

switching to a different molecule. However, the existence of dimeric molecules with high biotin 

affinity suggests that simpler and smaller molecules may be designed while retaining biotin 

binding. Since no known streptavidin homolog forms a stable monomer (Leppiniemi et al. 2013) 

and previously engineered avidin and streptavidin monomers bound biotin only weakly (Laitinen 

et al. 2003; Wu and Wong 2005), we engineered an artificial monomeric streptavidin (mSA) by 

introducing mutations at the subunit interface and redesigning the binding pocket (Demonte et al. 

2013; Lim et al. 2011; Lim et al. 2013). The core domain of mSA, i.e. the portion of the protein 

directly involved in biotin binding, is less than 14 kDa, which represents a significant reduction 
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in size compared to wild type streptavidin, and bound biotin with low nM affinity. Because the 

molecule is smaller, mSA should be able to more easily access various spaces that are difficult to 

enter for other larger molecules (Chamma et al. 2016). Most importantly, the lack of a quaternary 

structure makes the preparation and subsequent handling of mSA potentially simpler. As a 

structural monomer, mSA can be fused to another protein to introduce a biotin affinity handle. 

The fusion protein can then bind a biotinylated ligand without changing the natural oligomeric 

state of the tagged molecule or causing aggregation. Since the creation of mSA, various 

applications of mSA in in vivo proximity biotinylation (Beck et al. 2014; Mann et al. 2016), 

cellular import (Dixon et al. 2016), chemical analysis (Sakamoto et al. 2017), cell surface 

engineering (Csizmar et al. 2018), atomic force microscopy (Bauer et al. 2018), genome editing 

(Gu et al. 2018), and tumor targeting have been reported (Liu et al. 2015; Lohmueller et al. 

2017). 

In practice, there are challenges in expressing and purifying mSA in bacteria, because the 

protein does not fold inside the standard E. coli strain, such as BL21(DE3), and appears in 

inclusion bodies. The protein needs to be purified from inclusion bodies and refolded after  

purification before it can be used (Chamma et al. 2017). This is not unique to mSA because a 

monomeric variant of dimeric rhizavidin is similarly expressed as inclusion bodies and needs to 

undergo refolding after purification (Lee et al. 2016). Fusing mSA to a solubilization tag, such as 

MBP or thioredoxin (Trx), can keep the molecule in solution during expression and purification, 

but purified mSA is still not active because it is missing a disulfide bond and needs treatment in 

the presence of reducing and oxidizing reagents to form the native structure (Demonte et al. 

2014). Depending on the final application, MBP or Trx may need to be removed, which adds 

additional steps to the purification and complicates the reagent preparation. In this regard, 
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developing a simpler protocol to facilitate the purification and preparation of functional mSA 

should advance a broader use of the molecule in biotechnology applications by making the 

molecule more accessible to end users.  

The purification of mSA fused to other proteins besides solubilization tags has not been 

demonstrated. For example, fluorescent protein (FP) is sometimes used to help increase the 

solubility of a fusion protein (Wu et al. 2009), but to date mSA fused to FP has not been 

expressed solubly (Lim et al. 2013). Expressing an mSA fusion protein represents a different 

challenge than expressing mSA alone, and the optimum expression protocol may vary for 

different fusion proteins. Recombinant fusion with EGFP offers an alternative to fluorophore 

conjugation of purified mSA, and allows the purified protein, mSA-FP, to be used directly 

without further chemical modification. Some fluorescent proteins have novel biophysical 

properties that are unmatched by organic dyes (Kremers et al. 2011), and thus, a simple 

purification protocol for functional mSA-FP should be useful in some applications.  

Here we report a progress toward developing a robust and simple expression and 

purification protocol for mSA and a separate protocol for the isolation of model mSA-FP fusion 

proteins, mSA-EGFP and mSA-mCherry, both of which yield highly pure and functional 

molecules ready for use. We show that purified mSA-FP proteins are active and can be used 

directly in flow cytometry—an important application that has not been investigated with mSA 

until now. We also conjugated horseradish peroxidase (HRP) to purified mSA, and two of its 

variants, and used mSA-HRP and biotinylated antibody to generate an ELISA reporter signal that 

is competitive with the reporter signals generated using conventional antibody reagents. The 

favorable biophysical and structural properties of mSA and the robust protocol for isolating mSA 
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and mSA-FP fusions may create opportunities for novel applications of the molecules in 

biotechnology. 
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MATERIALS AND METHODS 

Plasmid construction 

We have reported several different mSA mutants in the past (Demonte et al. 2013; Lee et al. 

2017; Lim et al. 2011; Lim et al. 2013). The mutant containing three amino acid substitutions, 

S25R, T48W and E124T, in the ligand binding pocket has a high biotin affinity (KD = 7.7 nM) 

and a slower rate of dissociation (t½ of dissociation = 329 min) and is thus recommended for all 

applications in which stable biotin binding is useful. To construct an mSA expression vector, the 

mSA gene containing the RWT mutations (S25R, T48W and E124T) was cloned downstream of 

the outer membrane protein A (OmpA) signal sequence (MKKTAIAIAVALAGFATVAQA) 

into the pET32 backbone, from which the Trx gene has been removed. The OmpA signal 

sequence is followed by a 6xHis tag, mSA, and finally a FLAG tag, which is included to allow 

antibody detection of the molecule, if necessary. In some of the constructs we have tested, a 

tobacco etch virus (TEV) recognition sequence (ENLYFQ↓G) was introduced between the 6xHis 

tag and mSA to allow cleavage of the affinity tag after purification. The resulting construct is 

referred to as pET32-OmpA-mSA. Two other mSA variants (t1 and t2) were constructed by 

removing the FLAG tag (BamHI and XhoI) and replacing it with alternative sequences with more 

lysine residues to improve the efficiency of N-hydroxysuccinimide (NHS) conjugation. The final 

protein sequences of mSA, t1 and t2 are listed in Supporting Information (Fig. S1). The mSA-

EGFP/mCherry fusion protein was constructed by cloning MGSS-6xHis-mSA-FLAG (i.e. 

without the OmpA signal sequence) into pET32 and inserting the FP gene at the carboxy 

terminus. The resulting constructs are referred to as pET32-mSA-EGFP/mCherry.  
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Expression and purification  

To express mSA, BL21(DE3) pLysS cells were transformed with pET32-OmpA-mSA and 

plated on LB agar containing ampicillin (Amp) and chloramphenicol (Cm). Overnight culture 

was grown with 1% dextrose and 50 µg/ml Cm, which was diluted 100 fold into Terrific Broth 

(TB) containing 0.5% glycerol, 0.05% glucose, 0.2% α-lactose, 1 mM MgSO4, 900 µM biotin, 

and 200 µg/ml ampicillin. The cells were grown at 37 °C and 300 rpm until OD600 = 0.3 – 0.6. 

The shaker temperature was lowered to 20 °C. IPTG was added to the final concentration of 75 

µM and the shaker speed was increased to 350 – 375 rpm. Protein induction continued for 18 – 

24 hr at 20 °C. Cells were removed by centrifugation at 5,000 rpm for 20 min and the medium 

was collected for purification. The medium was sonicated with a 200 W sonicator (30 sec on, 30 

sec off for 4 cycles at 50% amplitude capacity) and pH adjusted to 7.5 with NaOH. The medium 

was supplemented with 10 mM imidazole and clarified by centrifugation before being poured 

over Ni-NTA Superflow Agarose. The resin was washed with PBS and 20 mM imidazole and 

bound protein was eluted with 200 mM imidazole. The eluted protein was concentrated and 

buffer exchanged to 150 mM sodium citrate buffer pH 3.0 using a centrifugal filter (Amicon), 

and buffer exchanged back to PBS. Purified protein was analyzed by SDS-PAGE and circular 

dichroism spectroscopy. t1 and t2 were similarly purified from the medium. To express mSA-

EGFP/mCherry, Origami 2 cells (Novagen) were transformed with pET32-mSA-EGFP/mCherry. 

The expression induction conditions were identical to that of mSA. The cells were lysed with B-

Per (Pierce) containing 1 mM PMSF and 10 mM imidazole and centrifuged. The supernatant was 

further sonicated and again clarified by centrifugation before purification with Ni-NTA. Bound 

mSA-EGFP/mCherry was eluted in 200 mM imidazole in PBS. The eluted protein was 

repeatedly buffer exchanged in PBS to remove dissociated biotin. Purified protein was quantified 
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by UV absorption with a computed extinction coefficient e280.  

 

Flow cytometry 

mSA was prepared in PBS to 10 µM final and NHS-fluorescein (Thermo Fisher Scientific, TFS 

for short) dissolved in DMSO was added in 20 fold excess. The conjugation continued at room 

temperature for 1 hr before being quenched with 1 M Tris (pH 7.4). Unreacted NHS-fluorescein 

was removed by ultracentrifugation using a 10 kDa cutoff spin column (EMD Millipore). The 

successful conjugation was confirmed based on measured UV absorption at 280 and 494 nm. 

mSA-FITC or streptavidin-phycoerythrin (SAPE) was used to label biotin-agarose beads (Sigma-

Aldrich), which were then analyzed on BD LSRFortessa X-20. Mouse antibody Fc (Addgene 

plasmid 28216) was cloned into the yeast expression vector pCT302 (Boder et al. 2000). 

EBY100 yeast cells (TFS) were transformed with pCT302-mFc (Choi et al. 2015) and selected 

on an SD-CAA agar plate. Several colonies were picked and grown overnight in SD-CAA media 

containing 1x Pen/Strep until OD600 = 3 – of the culture was directly added to 2 ml of 

SG-CAA and shaken at 300 rpm at 30 °C for 20 hr, reaching the final OD600 ~ 4.0. Cells were 

washed in PBS before being labeled with biotinylated rabbit anti-mouse antibody and with 

serially diluted mSA-FITC or mSA-EGFP/mCherry. The cells were analyzed by flow cytometry. 

The mean fluorescence intensity of displaying population was fit to a binding curve to compute 

the binding constant KD, as described (Chao et al. 2006).  
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Imaging Flow Cytometry 

Adherent MCF7 and CALU3 HER2 expressing breast cancer cells (ATCC, HTB-22 and HTB-

55) were grown in Gibco DMEM media (TFS) with 5% CO2 and 10% FBS in a 75mm3 flask 

until confluent. The cells were then seeded in a 6 well plate at 2.5x106 cells/well. Biotinylated 

recombinant anti-HER2 antibody trastuzumab (TZ) was incubated with 1 – 10 fold molar excess 

mSA-EGFP for 2 hr at room temperature. The complex was then added to DMEM media with 

10% FBS to a final concentration of 100 nM. The cells were washed in PBS and the media 

containing TZ-mSA-EGFP was added to each well and allowed to incubate in 37 °C for 1 hr. 

The cells were then washed, trypsinized and moved to Eppendorf tubes on ice for analysis on 

Amnis ImageStreamX Mark II (EMD Millipore).  

 

ELISA 

1 µg/ml purified MBP-cMyc was anchored on a Nunc MaxiSorp flat bottom 96 well plate 

overnight at 4 °C. The plate was washed three times in PBST (PBS with 0.05% Tween 20) and 

blocked using 1% BSA in PBST for 1.5 hr at room temperature under orbital shaking. The plate 

was rinsed in PBST and a serial dilution (starting at 0.5 µg/ml) of mouse anti-cMyc antibody 

(TFS) was added across the plate in triplicates for 1 hr at room temperature. For detection, either 

anti-mouse IgG-HRP (1:2,000 dilution), or 1.5 µg/ml biotinylated anti-mouse IgG and 1 – 10 

fold molar excess HRP conjugated mSA, t1 or t2 was added. Alternatively, the anti-cMyc 

antibody was added at the fixed concentration of 1 µg/ml and the secondary antibody (either 

antibody-HRP or biotinylated antibody) was serially diluted, starting at 10 µg/ml. The plate was 

washed and 1-Step Ultra TMB-ELISA substrate solution (TFS) was added for visualization. The 
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reaction was stopped by adding 2 M sulfuric acid and the absorption at 450 nm was measured on 

FilterMax F5 plate reader (Molecular Devices).  
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RESULTS 

Purification of mSA secreted in the medium 

mSA cannot be expressed in a functional form in the cytoplasm because it contains a structurally 

important disulfide (Demonte et al. 2014). Disulfide bond containing proteins are sometimes 

exported to the periplasm using a secretion tag to help with oxidative folding (de Marco 2009). 

Since streptavidin homologs have been secreted to the periplasm by fusing the OmpA signal 

sequence at the amino terminus (Helppolainen et al. 2007; Hytonen et al. 2004; Nordlund et al. 

2005; Taskinen et al. 2013), we tested if mSA can be similarly exported to the periplasm by 

fusing the OmpA signal sequence. We cloned the mSA gene into a low copy number expression 

vector pET32, from which the Trx gene has been removed, rather than pRSET that was 

previously used (Lim et al. 2011), to keep the rate of protein synthesis low and improve 

functional expression of the protein (Johansson et al. 2008). The resulting pET32-OmpA-mSA 

vector was transformed into BL21(DE3) pLysS, which were then grown in terrific broth 

containing 900 µM biotin and induced at 20 °C (Lim et al. 2012). To determine if mSA is 

exported to the periplasm, we analyzed the cytoplasmic and periplasmic extractions by SDS-

PAGE. Induced mSA was found in the periplasmic fraction, indicating that the OmpA tag 

successfully exported mSA to the periplasm (Fig. 1a).  

 Upon analyzing the induced sample, we noticed that some mSA appeared in the medium, 

which may have been due to cell lysis. However, the composition of the proteins in the medium 

was different from that of the whole cell lysate, suggesting another mechanism besides simple 

cell lysis may be contributing to the appearance of mSA in the medium (Fig. 1a, lanes 3 and 4). 

The difference between the total cell lysate and the medium became even more evident after the 

mSA induction protocol was optimized by screening the IPTG concentration and the induction 
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temperature (Fig. 1b, S2). mSA in the medium was purified by nickel affinity chromatography. 

Purified mSA was analyzed by MALDI to determine the presence of absence of the OmpA tag in 

the final product. The major peak was detected at 15,569 Da, which is consistent with the 

predicted MW 15,572 Da of mSA without the OmpA tag (Fig. S2). Based on UV quantification, 

60 – 80 mg of purified mSA was obtained from 1 L of culture.  

Since the growth medium contains biotin, purified mSA was buffer exchanged to 250 

mM sodium citrate at pH 3.0 to release bound biotin (Demonte et al. 2013). After exchanging the 

buffer back to PBS, the biotin free mSA was analyzed by circular dichroism chromatography, 

which showed a two-state transition from a folded to unfolded state at Tm of 59.2 °C (fig. 1c). 

Upon addition of biotin, the denaturation transition moved to 68 °C (fig. 1c). The ability of 

purified mSA to bind a biotinylated ligand was further tested by electrophoretic mobility shift 

assay (EMSA), in which mSA was incubated with a singly biotinylated protein ligand before 

being analyzed on a non-denaturing gel. The ligand induced a shift in mSA mobility, indicating 

that mSA is functional and binds biotin (Fig. 1d). Two other variants of mSA, t1 and t2, were 

similarly expressed and tested for biotin binding.  

 

Fluorophore conjugated mSA in flow cytometry 

The application of mSA in flow cytometry has not been demonstrated to date. Flow cytometry 

tests mSA’s ability to interact with biotinylated ligand under a more stringent reaction condition 

because bound mSA is subjected to shear stress induced by the flow of sheath fluid. We used 

FITC-conjugated mSA to label biotinylated agarose beads, which were then analyzed by flow 

cytometry (Fig. 2a). The labeling was qualitatively similar to SAPE-based labeling (Fig. 2b). 

Next, we displayed mouse antibody Fc on the yeast surface (Choi et al. 2015) and labeled the 
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cells with biotinylated goat anti-mouse antibody and mSA-FITC. Alternatively, FITC-conjugated 

goat anti-mouse antibody was used for comparison. The labeling by mSA-FITC was nearly as 

efficient as that of secondary antibody (Fig. 2c). Increasing the number of lysine residues on 

mSA may lead to a greater degree of modification that can further increase the efficiency of 

fluorescent labeling. We engineered a new carboxy terminal sequence (“tail”) designed to 

introduce additional lysine residues for conjugation. t2, which contains 12 lysines compared to 

the 5 lysines in the original mSA, was purified from the culture medium and tested for binding of 

a biotinylated ligand on the yeast surface. The cells labeled with t2-FITC (with the dye to protein 

ratio of 4.8) had a higher mean fluorescence intensity than the secondary antibody, indicating 

that the labeling efficiency can be improved by optimizing the dye to mSA ratio (Fig. 2d). 

 

Construction of mSA-EGFP and mSA-mCherry 

Recombinant fusion of mSA and a fluorescent protein can be useful because some FPs have 

unique spectroscopic properties that are different from organic dyes (Mishin et al. 2015; Wong et 

al. 2007). Our previous studies have shown that mSA-EGFP cannot be secreted using the OmpA 

signal sequence (data not shown). Similarly, the complex could not be secreted using a twin 

arginine transport (TAT) signal sequence, which transports only proteins that correctly fold in 

the cytosol [Ref. (Lee et al. 2006)]. Since the E. coli strain, Origami 2, lacks a functional Trx or 

glutathione reductase gene, it supports oxidative folding in the cytosol. We tested if mSA-EGFP 

can be expressed in Origami 2. Soluble mSA-EGFP was detected after cell lysis and was purified 

by hexahistidine affinity chromatography. We then performed repeated buffer exchange using an 

ultracentrifugation filter to remove bound biotin (up to 10 times). An EMSA assay shows that the 

purified mSA-EGFP is active and able to bind a biotinylated ligand (Fig. 3a). To test its use in 
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flow cytometry, we immobilized biotinylated antibody on the yeast surface and labeled the cells 

with mSA-EGFP. The binding was specific and can be inhibited by free biotin (Fig. 3b). We 

measured the affinity of interaction by titrating the mSA-EGFP concentration, which shows that 

the affinity remains similar to mSA alone (Fig. 3c). mSA-EGFP and biotinylated antibody can be 

used with antibody-PE to achieve dual color labeling, showing that the two reagents can be used 

together or individually as needed (Fig. 3d). We repeated the purification of mSA-mCherry to 

test if other fusion proteins can be similarly expressed in Origami 2. mSA-mCherry was solubly 

expressed and can be used after purification to label biotinylated antibody on the yeast surface 

(Fig. 3e). The yield of purified mSA-FP was 30 – 40 mg per liter of culture.  

 

Tracking intracellular uptake 

For another application of mSA in a flow cytometry based assay, we tested if fluorescent mSA 

can be used in imaging flow cytometry, a technology that collects microscopic images of a large 

number of cells selected by flow cytometry. We used mSA-EGFP to track the intracellular 

transport of biotinylated TZ bound to the HER2 receptor expressed on two breast cancer cells, 

CALU3 and MCF7, which express a high (CALU3) or low (MCF7) level of HER2 and are 

known to internalize and retain the receptor to different degrees (Hendriks et al. 2013; Ram et al. 

2014). For example, the low surface expression of HER2 molecules in MCF7 correlates with a 

lower rate of receptor recycling, resulting in more receptor molecules inside the cell than in 

CALU3. This is a rigorous test of mSA function because mSA-EGFP must remain bound to 

biotinylated TZ during data collection in order to correctly track receptor internalization. We 

monitored HER2/TZ internalization on labeled cells by collecting and analyzing the images of 

individual CALU3 and MCF7 cells. To compare the degree of internalization, we computed the 
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internalization score, which quantifies the relative amount of fluorescence located within the cell 

compared to the plasma membrane. The computed internalization score was higher for MCF7 

cells than CALU3, indicating that a larger fraction of HER2 in MCF7 are found inside the cell, 

i.e. a greater net internalization in the cells with low cell surface HER2 expression (Fig. 4). The 

measured difference in HER2 trafficking is therefore consistent with previous observations that 

more efficient recycling leads to overexpression of HER2 in CALU3 and a high level of 

antibody persistence on the plasma membrane, whereas the receptor recycling is minimal in 

MCF, resulting in accumulation of internalized receptor molecules.  

 

Use of mSA in ELISA  

Biotinylated antibody is used in ELISA with HRP-conjugated streptavidin (SA). To test if mSA-

HRP may be similarly used in ELISA, we constructed a variant of mSA, t1, containing 

(GGSGGK)3 at the carboxy terminus. To test mSA, t1 and t2 in ELISA, we immobilized MBP 

fused to a cMyc peptide on an ELISA plate and added serially diluted anti-cMyc antibody 9E10 

to coat the surface with different amounts of primary antibody. Captured 9E10 was then detected 

using either 1) a commercial anti-mouse antibody conjugated with HRP or 2) a combination of 

biotinylated anti-mouse antibody and t1-HRP. Comparable reporter activity was observed in both 

cases based on the absorption at 450 nm (Fig. 5a). Likewise, when the secondary antibody is 

serially diluted with the 9E10 concentration kept constant, similar reporter activity was measured 

for the two reagents (Fig. 5b). To compare the activity of mSA directly with that of SA using the 

same biotinylated antibody, we immobilized HER2 on a plate and detected the bound HER2 

using biotinylated TZ. When captured TZ was then labeled with either mSA-HRP or SA-HRP, 

the reporter activity was higher for SA-HRP (Fig. 5c). However, the signal obtained with t2-
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HRP was higher than both, indicating that the HRP activity per captured antibody can be 

modulated by engineering mSA (Fig. 5c). 
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DISCUSSION 

Here, we described a purification protocol that uses the E. coli OmpA signal sequence to express 

mSA in a soluble and functional form. The signal sequence sends newly synthesized mSA to the 

periplasm through the Sec-dependent pathway (Natale et al. 2008; Takahara et al. 1985), where it 

can form a disulfide bond that is important for its stability and function. The periplasm also 

expresses enzymes, such as chaperones, disulfide binding proteins, and peptidyl-prolyl 

isomerases, that can help with the folding of difficult proteins, and has been used to express other 

variants of streptavidin in the past (de Marco 2009; Liu and Walsh 1990). Secretion to the 

periplasm is simpler than the methods used in the past to purify mSA, which relied on inclusion 

body purification or a solubilization tag, both of which required in vitro refolding of mSA after 

purification and were difficult to scale. 

In addition to finding mSA in the periplasm, as expected, we also discovered mSA in the 

culture medium. The mechanism by which mSA appears in the medium is not clear but 

mechanical agitation appears important because there is little mSA in the medium if the cells are 

induced at a lower rpm, e.g. 250 rpm. Although nonspecific cell lysis may occur with vigorous 

shaking (hence contributing to an increase in the viscosity of the medium), cell lysis is neither 

extensive nor the major mechanism for the appearance of mSA in the medium. Several 

observations support this interpretation. First, the cells look normal after the induction and do not 

appear any different than the cells grown at a lower shaker speed. For example, they can be 

removed easily by spinning at low speeds, e.g. 5,000 rpm. Lysed cells typically require a longer 

spin under a greater g force to separate the soluble from the insoluble. Second, the composition 

of the proteins in the medium does not match the profile of the cellular contents. A side by side 

comparison of the whole cell lysate and the medium shows that many prominent bacterial 
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proteins do not appear in the medium (Fig. 1a,b), as one might expect if the cells are being lysed 

nonspecifically. Instead, the medium is highly enriched in mSA above all else. Since mSA is a 

major component in the periplasm, the process that sends mSA to the medium is doing it 

selectively. Third, nonspecific cell lysis and release of mSA from the cytoplasm would result in 

the final product with the OmpA signal sequence still attached. The Sec-dependent secretion 

results in proteolytic removal of the OmpA secretion tag in the periplasm by a membrane bound 

protease (Dalbey and Von Heijne 1992; Duffaud and Inouye 1988). MALDI analysis shows that 

mSA in the medium lacks the OmpA signal sequence, indicating that mSA in the medium has 

originated from the periplasm rather than from the cytoplasm. Fourth, if soluble mSA is being 

released from the cytoplasm to the medium, then we would expect to find some mSA still 

remaining within the cell. However, when the cells are collected and chemically disrupted using 

B-Per, the soluble fraction does not contain any mSA. Therefore, cell lysis could not have 

contributed to mSA in the medium. Fifth, the final yield of mSA in the medium is sequence 

dependent and can vary by several folds depending on the exact construct, indicating that there is 

a selection process that is inconsistent with nonspecific release from the cytoplasm. Finally, we 

have similarly released other unrelated proteins into the medium after periplasmic secretion 

using the OmpA signal sequence, although this process is protein dependent and does not work 

on all proteins. Vigorous shaking of the flask was important for successful release into the 

medium, yet significant cell lysis was not observed in any of them. Taken together, the most 

likely explanation for the appearance of mSA in the medium is due to physical disruption of the 

outer membrane of the cells which allows mSA to escape from the periplasm to the medium. A 

complete removal of the outer membrane, e.g. by enzymatic degradation, would have resulted in 

fragile and sticky spheroplasts, which are not observed in our study. Therefore, the physical 
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disruption to the cell may be only partial, thus favoring the release of small proteins, such as 

mSA, over larger proteins (compare Fig. 1a lanes 3 and 4). Regardless of the precise mechanism 

of how mSA appears in the medium, the distribution of mSA to extracellular space offers several 

advantages over cytoplasmic expression, including a higher purity of the isolated protein.  

mSA may be recombinantly fused to other proteins but the purification of a functional 

fusion protein can be difficult depending on the partner protein. One motivation for creating an 

mSA fusion protein is so that mSA can be used as a biotin binding tag. In practice, the fusion 

partner of mSA can be any protein of interest investigated by the end user. Here we studied 

mSA-EGFP and mSA-mCherry fusions as model examples, since their production is 

straightforward to analyze and they can be used in fluorescent labeling biotinylated ligands. 

EGFP cannot be secreted through the Sec-dependent pathway (Feilmeier et al. 2000), which 

means mSA-EGFP cannot be expressed solubly either in the periplasm or in the cytoplasm of 

BL21(DE3). The production of a fusion is protein is highly dependent on the fusion partner, 

because we have previously demonstrated that mSA fused to an affibody can be efficiently 

secreted. Some FPs, e.g. superfolder GFP, can also be secreted to the periplasm through the Sec 

pathway (Schlegel et al. 2013), and mSA fused to these may behave differently as well. Fusing a 

signal sequence to guide mSA-EGFP through the TAT pathway (Santini et al. 2001; Thomas et 

al. 2001) did not result in any measurable protein production (based on EGFP fluorescence), 

probably because the TAT pathway is known to transport only correctly folded protein (Lee et al. 

2006), whereas mSA does not fold in the cytoplasm. mSA-EGFP and mCherry fusions appear in 

inclusion bodies when expressed in the parent BL21(DE3) cells but they were solubly expressed 

in Origami 2, whose oxidative cytosol allows the formation of an essential disulfide bond in 

mSA. mSA alone is not expressed solubly in Origami 2 (data not shown), indicating that EGFP 



187 

 

and mCherry may function as solubilization tag during mSA expression. For the proteins that do 

not require a reducing environment for folding, mSA-EGFP and mSA-mCherry may serve as 

models for how to produce fusion proteins containing an mSA tag. On the other hand, if the 

fused protein is susceptible to oxidation or requires a reducing cytosolic environment to fold, this 

method of expression may lead to limited success and one may have to look for other 

alternatives. 

mSA was previously used in a variety of applications, including imaging, biotechnology 

and therapeutics, showing that there are a diverse array of novel applications that can benefit 

from such a molecule. The current study evaluated mSA in two additional applications, flow 

cytometry and ELISA, to further advance its use in biotechnology. Flow cytometry is a stringent 

test of interaction because the complex must withstand the stress of a flow condition, which can 

disrupt weak noncovalent interactions. For example, not all antibodies certified for Western blot 

are fit for flow cytometry application. Similarly, high affinity and specific binding is essential for 

the use of mSA in ELISA. In both situations, a reporter based on mSA performed equally well or 

better compared to other commonly used reagents, including secondary antibody or wild type 

streptavidin. With these potential applications of mSA in mind and to enable easier use of the 

molecule by end users, we have focused on developing a robust purification protocol that can be 

applied to unmodified mSA and to mSA fusion proteins. Although the best strategy for using 

mSA may need optimization, periplasmic secretion using the OmpA signal sequence and 

cytoplasmic production in Origami 2 may provide useful starting points for those interested in 

developing their own reagents incorporating a small biotin binding protein. 
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FIGURE CAPTIONS 

Figure 1.  

Purification and biochemical characterization of mSA. 

a. Induction of mSA containing an N-terminal OmpA signal sequence. M. molecular weight 

marker, 1. uninduced, 2. induced, 3. culture medium after induction, 4. periplasmic fraction 

of induced cells, 5. whole cell lysate of induced cells. 

b. IMAC purification of mSA. 1. uninduced, 2. culture medium after induction, 3. flow through, 

4. wash #1, 5. wash #2, 6. wash #3, 7. eluate #1, 8. eluate #2, 9. concentrated mSA, M. 

molecular weight marker.  

c. Circular dichroism spectroscopy of apo mSA (empty, Tm = 59.2 °c) and mSA in the presence 

of biotin (filled, Tm = 68 °c). 

d. (left) Electrophoretic mobility shift assay of mSA and two variants, t1 and t2, on a non-

denaturing gel. mSA, t1 or t2 was incubated in the presence (+) or the absence (-) of a 

biotinylated protein ligand (L) before loading on the gel. Because the ligand was added in a 

substoichiometric ratio, the ligand band disappears while a new band corresponding to the 

mSA-ligand complex appears. mSA, t1 and t2 are similar in size but differ in the isoelectric 

point (pI), which accounts for the large difference in apparent mobility, e.g. mSA and t1 

without the ligand. (right) EMSA of t1 was repeated with excess L to quantitatively test for 

biotin binding. 1. t1, 2. L, 3-5. t1 and L were incubated for 0, 15, or 120 min before loading 

on the gel to show complete binding within 2 hr. Arrow: mSA, t1 or t2 bound to L.  

 

Figure 2.  

Flow cytometric application of mSA. 
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a. (green) Biotinylated agarose beads were labeled with FITC-conjugated mSA and analyzed by 

flow cytometry. (black) Unlabeled beads.  

b. (red) The same agarose beads were labeled with streptavidin-phycoerythrin (SAPE) and 

analyzed by flow cytometry.   

c. Yeast displayed mouse IgG1 Fc was labeled with either FITC-conjugated anti-mouse 

antibody (black) or with a combination of biotinylated anti-mouse antibody and FITC-

conjugated mSA (green). The cells were analyzed by flow cytometry. 

d. Similar to (c), but t2 was used instead of mSA. t2 contains an engineered carboxy terminal 

sequence to increase the number of lysine residues available for NHS conjugation. Increasing 

the fluorophore-to-t2 ratio increases the mean fluorescence intensity of the cells labeled with 

t2-FITC.  

 

Figure 3.  

Purification of mSA-EGFP and mSA-mCherry fusions and their application in flow cytometry. 

a. EMSA assay of purified mSA-EGFP on a non-denaturing gel. 1. purified mSA-EGFP, 2. 

biotinylated protein ligand (L), 3. mSA-EGFP and L. Each sample was incubated for 1 hr 

before loading on the gel. 

b. Yeast displaying mFc was first labeled with biotinylated anti-mouse antibody. After removing 

unbound antibody, mSA-EGFP was added to fluorescently label the cells (blue). The cells 

were analyzed by flow cytometry. (red) Addition of free biotin during the incubation of 

mSA-EGFP inhibits fluorescent labeling, indicating the binding is specific. 
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c. mSA-EGFP was titrated during the labeling of biotinylated antibody on the yeast surface. 

The mean fluorescence intensity (MFI) of the displaying population was fit to compute the 

equilibrium affinity KD = 6.5 ± 0.7 nM. 

d. Yeast displaying a protein containing FLAG and HA sequences were first labeled with 

biotinylated anti-HA rabbit antibody and anti-FLAG mouse antibody. The cells were then 

labeled with mSA-EGFP and/or PE conjugated anti-mouse antibody to demonstrate either 

single or double labeling of the cells. 

e. Purification of mSA-mCherry (inset, Coomassie and UV). The fusion protein was used to 

label biotinylated antibody on the yeast surface for analysis by flow cytometry. 

 

Figure 4.  

Application of mSA-EGFP in imaging flow cytometry. mSA-EGFP was used to follow the 

internalization of HER2 on cancer cells, CALU3 and MCF7, which express high and low levels 

of HER2, respectively. HER2 was detected with biotinylated TZ and labeled with mSA-EGFP. 

The cells were analyzed by Amnis ImageStream to obtain microscopic images of the cells gated 

by flow cytometry. The cells are assigned an internalization score to quantify the amount of 

fluorescence inside the cells. A high internalization score corresponds to more fluorescence from 

inside the cell. MCF7 cells have a higher average internalization score than CALU3, which 

indicates more receptors are found inside MCF7 than on the cell surface. A difference in the 

recycling efficiency is believed to contribute to the difference in HER2 expression on the cell 

surface.  
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Figure 5.  

Application of HRP conjugated mSA in ELISA.  

a. Mouse antibody was serially diluted and immobilized on an ELISA plate. Bound primary 

antibody was detected with HRP-conjugated secondary antibody (square) or with a 

biotinylated secondary antibody and HRP-conjugated mSA (circle).  

b. Mouse antibody (primary) was immobilized and detected with serially diluted HRP-

conjugated secondary antibody (square) or with serially diluted biotinylated secondary 

antibody and t1-HRP.  

c. HER2 was immobilized and used to capture TZ. Captured TZ was detected with serially 

diluted biotinylated antibody and SA-HRP (circle), mSA-HRP (diamond) or t2-HRP (square) 

to provide a direct comparison among different streptavidin reagents.  
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Supporting Information 
 

Figure S1. The amino acid sequences of mature mSA containing the RWT mutations, and its two 

variants, t1 and t2, when they are purified from the medium. These constructs differ at the carboxyl 

end, where the FLAG sequence (DYKDDDK) of mSA is replaced by other sequences to increase the 

number of lysine residues and facilitate the conjugation of reporter molecules, e.g. fluorophore or 

enzyme.  

 

 mSA 

TSHHHHHHEFASENLYFQGAEAGITGTWYNQRGSTFTVTAGADGNLTGQYENRAQGWGCQ 

NSPYTLTGRYNGTKLEWRVEWNNSTENCHSRTEWRGQYQGGAEARINTQWNLTYEGGSGP 

ATTQGQDTFTKVKPSAASGSDYKDDDDK 

 

 t1 

TSHHHHHHEFASENLYFQGAEAGITGTWYNQRGSTFTVTAGADGNLTGQYENRAQGWGCQ 

NSPYTLTGRYNGTKLEWRVEWNNSTENCHSRTEWRGQYQGGAEARINTQWNLTYEGGSGP 

ATTQGQDTFTKVKPSAASGSGGSGKGGSGKGGSGK 

 

 

 t2 

TSHHHHHHEFASENLYFQGAEAGITGTWYNQRGSTFTVTAGADGNLTGQYENRAQGWGCQ 

NSPYTLTGRYNGTKLEWRVEWNNSTENCHSRTEWRGQYQGGAEARINTQWNLTYEGGSGP 

ATTQGQDTFTKVKPSAASGSDAKDRSDKGSEQKLISEEDLGSDAKDSADKGSEQKLISEARKGSDYKDDDDK 
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Figure S2. Optimization of the induction protocol. The induction medium contains terrific broth 

supplemented with 0.05 % glucose, 0.5 % glycerol, 0.2 % α-lactose, 1 mM MgSO4, 900 µM biotin, and 

200 µg/ml ampicillin. a. The final mSA concentration in the medium when protein expression is induced 

with different IPTG concentrations. b. The mSA concentration in the medium after the cells are induced 

with 75 µM IPTG for 24 hr at different temperatures.  
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Figure S3. MALDI analysis of mSA purified from the medium. a. The protein was prepared from an 

expression vector containing the following amino acid sequence. The OmpA signal sequence is in bold. 

The hexahistidine residues are in blue. The FLAG tag is in red. The mSA sequence is underlined. The 

linker residues (introduced for cloning purposes) are in italics. The arrow indicates the cleavage site for 

the removal of the OmpA signal sequence in the periplasm. The rest of the protein has a predicted MW 

= 15,572 Da. b. The MALDI analysis of purified protein.  

 

a.  

 

 

b.  

 

 

  

MKKTAIAIAVALAGFATVAQATSHHHHHHEFASAEAGITGTWYNQHGSTFTVTAG

ADGNLTGQYENRAQGTGCQNSPYTLTGRYNGTKLEWRVEWNNSTENCHSRTEWRG

QYQGGAEARINTQWNLTYEGGSGPATEQGQDTFTKVKPSAASGSDYKDDDDK

15,569 Da
(expected 15,572 Da)
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