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Abstract
Current advancements in biological protein discovery utilize bi-partite methods of fluorescence
detection where chromophore and scaffold are uncoupled. An innovative biosensor platform utilizes
single-chain-variable-fragments (scFvs) selected against fluorogenic molecules, where fluorogens emit
fluorescence only when bound to the scFv. In order to by-pass current FAP technology methods of
reporter tagging – a process that is time and labor intensive – here I report different universal affinity
reagent approaches based on FAP fusions with IgG-binding proteins (Protein-A or Protein-G) or biotinbinding proteins (streptavidin or avidin). Fluorescence results using various techniques indicate minimal
background and high target specificity for exogenous and endogenous proteins in mammalian cells.
Additionally, FAP-based affinity reagents provide enhanced properties of detection previously absent
using conventional affinity systems: (1) signal wavelengths (excitation and emission) determined by the
particular fluorogen chosen, (2) real-time user controlled fluorescence onset and termination, (3) signal
wavelength substitution while performing live analysis, and (4) enhanced resistance to photobleaching.
In unusual circumstances a scFv may activate multiple fluorogens. In this work I present two
different multi-specific scFvs with sub-micromolar affinities. Furthermore, each scFv-fluorogen complex
possesses unique excitation and emission spectra, which allows broader detection limits from each
biosensor. Accordingly, one may perform advanced fluorescence detection at the surface of mammalian
cells because the scFv-ligand complex forms via non-covalent interactions. More specifically, fluorogen
addition or removal from the cellular medium results in modular signal (onset versus offset). Likewise,
simultaneous labelling with different fluorogens permits multi-color detection or real-time color-switch.
Overall, the strength of affinity interactions between scFv and cognate ligands determines the scope of
signal manipulations – removal, co-labelling, or exchange.
On a different approach, here I also investigate the cell surface display of tandem scFvs for
enhanced fluorescence detection. By analyzing different combinations of scFv-dimers, I correlated scFv
location (cell membrane distal versus proximal) and selection with biosensor cell surface activities. For
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scFv combinations where absence or poor cell surface signals occurred, the likely mechanisms include
protein misfolding (intramolecular or intermolecular interactions) and secretory-pathway mediated
degradation. Further in-vitro work determined scFv monomer stability to associate with live-cell tandem
scFv activities, and explains the biases for scFv location and selections. When utilized as protein
reporters in mammalian cells, one may perform advanced detection strategies such as multi-color
vesicular traffic, fluorescence signal amplification, and Förster-resonance energy transfer between the
fluorophores.
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Abbreviations
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•

Systematic Evolution of Ligands by Exponential Enrichment (SELEX)

•
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•
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•
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9

List of Figures and Tables
Figure 2.1 – Structural overview of immunoglobulins, Fabs, and scFvs. (pg. 20)
Figure 2.2 – Structural schematic of Protein-A. (pg. 25)
Figure 2.3 – Structural schematic of Protein-G. (pg. 26)
Figure 2.1.1 – Methods for protein discovery utilizing FAP-technology. (pg. 27)
Figure 2.1.2 – A purified FAP-ZZ affinity reagent is determined functional in-vitro. (pg. 29)
Figure 2.1.3 – FAP-ZZ affinity reagent targets surface proteins on living cells. (pg. 32)
Figure 2.1.4 – FAP-ZZ affinity reagents target surface and intracellular proteins on fixed cells.
(pg. 34)
Figure 2.1.5 – FAP-ZZ affinity reagents exhibit enhanced photostability. (pg. 35)
Figure 2.1.6 – Fluorescence signal manipulation from a FAP-ZZ affinity reagent. (pg. 37)
Figure 2.1.7 – Multi-spectral detection and dynamic color switching from a FAP-ZZ reagent.
(pg. 39)
Figure 2.1.8 – A FAP/Protein-G fusion reagent targets a surface marker on live cells. (pg. 40)
Figure 2.2.1 – Purified FAP affinity reagents are determined functional in-vitro. (pg. 50)
Figure 2.2.2 – FAP affinity reagents target a surface marker on live cells using Biotinylated
antibodies. (pg. 52)
Figure 2.2.3 – FAP affinity reagents target a surface biotinylated peptide on live cells. (pg. 53)
Figure 3.1.1 – Determining multi-fluorogen activation at the surface of live cells. (pg. 60)
Table 3.1.1 – Summary of fluorogen Properties with HL1.01.TO1. (pg. 61)
Figure 3.1.2 – Determining fluorescence signal after fluorogen removal from cellular medium.
(pg. 63)
Figure 3.1.3 – Determining fluorescence signal exchange via fluorogen competitions. (pg. 65)
Figure 3.2.1 – Chemical structures of fluorogens activated by HL4. (pg. 71)
Figure 3.2.2 – Fluorescence emission spectra for each fluorogen. (pg.72)
Table 3.2.1 – Summary of fluorogen properties with HL4. (pg.73)

10

Figure 3.2.3 – HL4 binding competition graphs between TO (Cyanine) vs. MG-2p
(Triarylmethane). (pg.74)
Figure 3.2.4 – Analysis of HL4 activity at the surface of live mammalian cells. (pg. 75)
Figure 4.1 – Structural diagram list of multimeric scFv structures. (pg. 82)
Figure 4.2 – Structural differences based on variations of peptide linker lengths. (pg. 84)
Figure 4.3 – Assessing mammalian cell surface expression of multiplexed fluorescent proteins
via different genetically encoded linkers. (pg. 88)
Figure 4.4 – Summary graphic of microscopy images where different scFv configurations were
expressed at the surface of cells. (pg. 88)
Figure 4.5 – Analysis of fluorescence from different combinations of multiplexed scFvs.
(pg. 90)
Figure 4.6 – Measuring in-vitro protein stability from each scFv biosensor. (pg. 93)
Figure 4.7 – Determining fluorescence signal amplification of homomeric scFv biosensors.
(pg. 95)
Figure 4.8 – Assessing Foster-resonance energy transfer (FRET) of tandem scFv biosensors.
(pg. 97)
Figure 4.9 – Determining biosensor activities of tandem scFv dimers when fused with cell
surface receptors. (pg. 98)

11

Chapter 1: Introduction
Biosensors
A biosensor is an analytical tool that combines a biological component with a physicochemical
detector 1. In this case, the bio-element interacts with the analyte and the biological response is
converted into an electrical signal by the transducer. A variety of substances may be used as the
bio-element in a biosensor, such as nucleic acids, proteins (enzymes and antibodies), plant
lectins, and complex materials like tissue slices, microorganisms and organelles 2. The signal
generated when the sensor interacts with the analyte may be electrical, optical or thermal, which
is then converted by a transducer into a measurable electrical parameter.

Types of Biosensor Categories 2
Resonant Biosensors
This type of biosensor uses antibodies attached to a membrane with an acoustic wave
transducer. When an analyte molecule interacts with the antibody the mass of the
membrane changes and subsequently changes the resonant frequency of the
transducer that provides the measurement.
Optical-detection Biosensors
They utilize optical diffraction based devices, where a silicon wafer is coated with
antibodies and photo-masked with UV light. Incubation of diced wafer chips with the
analyte results in antigen- binding in the active regions. Detection results from the
diffraction signal when illuminated with a light source.
Thermal-detection Biosensors
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This type of biosensor detects the heat reaction of the enzyme with its cognate
analyte, and is measured with a temperature sensor. The total heat produced or
absorbed is proportional to the molar enthalpy and the total number of molecules in
the reaction.
Ion-Sensitive Biosensors
These biosensors are based on semiconductors with an ion-sensitive surface, where
the ions diffuse through the polymer layer and in turn cause a change in the electrical
surface potential.
Electrochemical Biosensors
The underlying principle for this class of biosensors is that many chemical reactions
produce or consume ions or electrons which in turn cause some change in the
electrical properties of the solution. Electrochemical biosensors are classified based
on measuring electrical conductimetric, amperometric or potentiometric parameters.

Fluorescence Biosensors
Fluorescence is one of the most important measurement tools used in biological research.
In the past two decades, the developments of fluorescent probes, as well as, advancements in
analytical instruments have provided rapid and efficient detection of target molecules in cellular
systems. As a result, these advances permit accurate probing of protein location, abundance,
interactions, and conformations 3,4. Additionally, fluorescence biosensors also analyze the
properties of the surrounding physical environment, such as ions, voltage, and pH 5–7.
Fluorescent probes respond distinctly to light when compared to other molecules. As a
result, a photon of excitation light is absorbed by an electron of a fluorescent particle, and
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increases the energy level of the electron to an excited state. During this excitation period, some
of the energy is dissipated into vibrational motion and/or transferred to proximal molecules in the
surrounding medium. The remaining energy is emitted as a photon of light to relax the electron
back to the ground state; however, because the emitted photon usually carries less energy light
emits at a longer wavelength than the excitation light. As a result, the emitted fluorescence can
be distinguished from the excitation light, and since the excitation and photon emission from a
fluorophore is cyclical it can be repeatedly excited – until the fluorophore is irreversibly
damaged.
The difference between excitation and emission maxima is referred to as the Stokes shift, and
the magnitude of the Stokes shift is determined by the electronic structure of the fluorophore
molecule. In regards to the amount and wavelength of the emitted energy, they depend on both
the intrinsic fluorophore properties, as well as the surrounding chemical environment of the
fluorophore. Variables such as solvent viscosity, ionic concentrations, pH, and hydrophobicity
in the environment can have profound effects on both the fluorescence intensity and the lifetime
of the excited state 8. Similarly, the efficiency with which the fluorescent molecule absorbs the
excitation light is known as the extinction coefficient, where the greater the extinction
coefficient, the greater the possibility of light absorption in a given wavelength region. The yield
of emitted light is referred to as the quantum yield, which is the ratio of the number of quanta
emitted compared to the number of quanta absorbed.
Because fluorophores can therefore emit numerous photons through a cycle of excitation and
emission, fluorescent molecules are used for a broad range of biological research applications
when coupled with fluorescence detection instrumentation. Consequently, the basic task of a
fluorescence instrument is to permit excitation light to irradiate the sample and to separate the
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much weaker emitted fluorescent light from the brighter excitation light. Contributions to
advancements in this area were performed here at Carnegie Mellon (Molecular Biosensor and
Imaging Center) where important fluorescent microscope techniques and instrumentation were
developed. As a result, fluorescent probes development and utility must accompany fluorescent
instrumentation technologies for their detection. Following is a list of the most commonly
utilized fluorescent instruments
•

Fluorescence scanners

•

Microarray readers

•

Spectrofluorometers

•

Fluorescent microscopes

•

Microplate readers

•

Flow cytometers

Commonly Utilized Fluorescent Biosensor Platforms
A. Chemical Fluorophores
Fluorophores are small organic molecules generally made up of 20 - 100 atoms, and they
typically consist of several combined aromatic groups. Additionally, fluorophore
modifications using functional groups permit altered chemical properties, such as improved
solubility or interaction with certain cations 4. Fluorophores possess fluorescent properties
where they absorb light energy of a specific wavelength and re-emits light at a longer
wavelength – corresponding to low energy emission. Accordingly, the fluorophore
excitation energies generally range from ultraviolet through the visible spectrum, and
fluorophore emission energies range from visible light into the near infrared region.
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Fluorophores may be used independently for different applications, such as a tracer in
fluids, a dye for staining structures, a substrate of enzymes, or as a probe indicator 9,10. More
importantly, fluorophores find relevant application for biological systems when covalently
coupled to macromolecules, such as antibodies and oligonucleotides 11–13, or enzyme- tags
14,15

. The advantage of fluorophores in biological systems is their high signal detectability

due their large extinction coefficients and quantum yields. As a result, they have become a
fluorescent biosensor of choice, especially when coupled to affinity systems. Additionally,
there is a large array of fluorophore molecules, each with unique spectral properties of
detection that allow multi-color labelling.

B. Biological Fluorophores
The isolation and application of a biological fluorophore for scientific research occurred
in 1994 when green-fluorescent protein (GFP) was genetically cloned from the jellyfish
Aequorea victoria and used as a gene expression reporter 16. Since that time, many
derivatives of the original GFP, such as phycobiliproteins 17,18 – which include
allophycocyanin, phycocyanin, phycoerythrin and phycoerythrocyanin – and many other
proteins have been designed for use in biological expression systems 19.
Fluorescent proteins isolated from biological organisms generally function as genetically
encoded fusions with target proteins 4,20,21. As a result, fluorescent proteins – either alone or
fused to a protein of interest – are expressed via plasmids in prokaryotic cells, eukaryotic
cells, organ tissues and whole organisms. A drawback is that the use of fluorescent proteins
can be time consuming, and expressing large amounts of light-producing proteins can cause
reactive oxygen species and induce artificial responses or toxicity. Additionally, the size of
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the fluorescent protein may affect the normal biological function of the target protein.
Furthermore, biological fluorophores do not typically provide the level of photostability and
sensitivity offered by chemical fluorophores. In light of these disadvantages, the biological
research community has rapidly embraced this technology due to the simple structure of
fluorescent proteins and absence of labeling with external reagents. As a result, the
biological fluorophores have been expanded to a full spectrum of available colors, as well as
different physical characteristics 22,19,23.

C. Quantum Dots
Quantum dots are nanocrystals with unique chemical properties that permit tight control
over the spectral characteristics of fluorescence 24. Quantum dots are nanoscale-sized (250nm) semiconductors that, when excited, emit fluorescence at a wavelength based on the
size of the particle 24. For example, smaller quantum dots emit higher energy than large
quantum dots, and therefore the emitted light shifts from blue to red as the size of the
nanocrystal increases. And because quantum dot size can be tightly controlled, there is
greater specificity for distinct excitation and emission wavelengths than other fluorescent
probes.
Studies performed by our center reported quantum dots to be more photostable than other
fluorophore systems, where quantum dots remained fluorescent for 4 months in an in vivo
imaging study 25. Additionally, quantum dots may be implemented in affinity systems,
similar to chemical fluorophores’ application for labeling target proteins. Although the use
of quantum dots in biological systems is increasing, some cell toxicity may occur in response
to the breakdown of the particles 24 and their use may be financially expensive.
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Fluorogen-Activating Proteins
In the past decade, innovative biosensor platforms expanded the current methods of detection
26–30

, and consequently challenge the present biosensor paradigms. A novel technology was

recently discovered and named fluorogen-activating proteins (FAPs) 31. It is based on single‐
chain-variable-fragments (scFvs) previously isolated from a human scFv library and selected
against specific fluorogens. These scFvs have the ability to bind different fluorogenic molecules,
such as Malachite-Green or Thiazole-Orange with nanomolar affinities 31. Once bound, the
fluorogens increase their fluorescence signal output up to thousands of fold. More specifically,
the scFv provides a high specificity interface that spatially restricts the fluorogen, and upon
irradiation of the fluorogen a fluorescence signal is emitted, instead of non-radiative decay to its
ground state 32,33.

Fluorogen Molecules
The Molecular Biosensor and Imaging Center (MBIC) at Carnegie Mellon University has
developed an array of fluorogen dyes with diverse properties of detection. For instance,
impermeable fluorogens allow cell surface protein detection without internal signal fluorescence.
Such property allows the study of FAP fusions to cell surface proteins, such as G-Proteincoupled receptors, to determine rates of internalization and cellular trafficking upon binding of
ligands 34,35. Other fluorogens display functionality in distinct environments, such as low pH 36,
reducing vs. oxidizing compartments, and presence of specific ions (currently researched at
MBIC). Other fluorogens have properties of cellular permeability that exhibit low intracellular
background. One example is MG-ester, where the ester group becomes cleaved via esterases and
accumulates inside the cell. Another fluorogen called dimethyl-indole red (DIR) is cell
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impermeant, however, it was engineered to contain an indole and sulfonic acid groups to
minimize DNA or RNA intercalations, which prevents non-specific fluorescence activation
inside the cell 37,38. Alternatively, other fluorogens utilize intramolecular energy transfer from
donors to acceptor in dendron-based structures that result in fluorescent signal enhancement.
These fluorogen dyes, termed dyedrons, were synthesized to comprise multiple cyanine-3 (Cy3)
donor dyes coupled to a single malachite-green (MG) acceptor dye 39. Upon binding of MG
chromophore to the FAP, emission energy from Cy3 donors is transferred to the MG acceptor
fluorophore. These fluorogen molecules significantly increase fluorescence emission to
brightness levels several-fold larger than a single MG.

scFv Scaffolds
The fluorogen-activating scFv scaffold offers opportunity for independent enhancement
of fluorescence detection. By modifying the amino acid sequence by common techniques, such
as error prone PCR, or DNA shuffling, one may enhance scFv diversity. The method of
selection utilizes a cell surface protein-display library aided by cell-sorting 31. As a result, one
can develop highly specialized FAPs with different fluorogen binding affinities and/or
fluorescence enhancements. Here one may improve intracellular activity of scFvs 40, or perform
affinity maturation coupled with increased fluorescence 31,39. This highlights the scFv platform
versatility and simplicity for enhanced detection when compared to synthetic fluorescent
molecules. Another advantage of scFv platforms is the ability for multi-specificity activation
where different fluorogens bind a single scFv 41. This property offers versatility of detection
dependent on choice of fluorogen and offers a broad detection range.
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Chapter 2: FAP-Based Universal Affinity Reagents
Chapter 2.1 – FAP Reagents Based on Immunoglobulin-Binding Proteins

Ch. 2.1 – Introduction
Affinity reagents specifically bind to target molecules to identify, capture, or influence
their activity. Affinity methods for protein analysis provide a versatility of information about
qualitative, quantitative, and static vs. dynamic processes. In biological research, affinity
reagents find diverse applications, which include protein sample identification, capture and
purification, and protein function. Affinity reagents are a cornerstone tool of cellular and
molecular biology 42,43.
Affinity reagents are characterized by four distinct properties that allow them to execute
biological detection with accuracy and swiftness: (1) A suitable affinity reagent must detect the
target molecule with high individual specificity and unambiguity; (2) it must interact with the
target molecule with high affinity; (3) it should be adaptable to different assay designs for broad
use of application; (4) it must perform with high sensitivity of detection for the target molecule.
Immunoglobulins
Immunoglobulins are proteins generated by B-cells and used by the immune system to
recognize a unique part of a foreign target (antigen). Antibodies are large globular plasma
proteins (>150 KDa) with two identical copies of both a heavy and light chain held together by
disulfide and non-covalent bonds. They are referred to as immunoglobulins (Ig) with five
classes of Ig (IgG, IgM, IgA, IgD, and IgE) that determine both the type and the temporal nature
of the immune response 44.
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Antibodies have dual functions. The variable heavy and light fragments (VH and VL)
contain the sites that bind antigens, while the constant heavy (CH2 and CH3) domains modulate
immune cell activities (Fig 2.1). This latter region is referred to Fc (fragment crystallizable)
region, and binds to a specific class of Fc receptors mediating diverse physiological effects
including antigen opsonization, cell lysis, and degranulation of mast cells, basophils and
eosinophils 45.

Figure 2.1 – Structural overview of immunoglobulins, Fabs, and scFvs.

Polyclonal vs. Monoclonal
Antigens express numerous different epitopes recognized by B-cell receptors that result
in the generation of a polyclonal antibody response against each specific epitope. This response
allows more antibodies to bind to the same target while providing less dependence on a single
epitope to clear a pathogen. Polyclonal antibodies are attractive as affinity reagents due to the
presence of a mixture of antibodies to several epitopes of the target protein. Polyclonal
antibodies are popular for immunoprecipitation assays of complex proteins because the
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antibodies can bind more than one antigen with the antibody-protein complex forming a large
precipitating lattice 44.
On the other hand, monoclonal antibodies are generated by a method of hybridoma where
isolated activated B-cells from immunized animals are fused with myeloma cells (cancer B-cells)
with the outcome of deriving immortalized B-cell populations 46. Monoclonal antibodies offer
advantages over polyclones by providing a homogeneous and consistent product. For instance,
one can avoid batch-to-batch variation by use of a single hybridoma B-cell line, allowing one to
generate a constant and renewable resource. Monoclonal antibodies mono-specificity is
commonly used in evaluating changes in molecular conformations, protein-protein interactions,
phosphorylation, and identifying single members of protein families 47.
In summary, full-length antibodies are among the best established and most widely used
reagents for protein analysis due to their ability to accurately identify, validate, and quantify
proteins. Antibodies have become an indispensable tool in research, diagnostics, drug discovery,
and therapy. However, in spite of their popularity, antibodies have several apparent
disadvantages, such as large size and complicated composition that consists of four polypeptide
chains, glycosylation of the heavy chains, and a structurally crucial disulphide bond in each of
the Ig domains. These limitations led to the development of various recombinant antibody
fragment technologies such as Fabs, and scFvs.

Small antibody fragments
Fabs are the shortened region on an antibody that involves one constant and one variable
domain of the heavy and the light chains (Fig 2.1). This region reduces the size of an antibody
by two-thirds and maintains full antigen specificity. On the other hand, single-chain variable
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fragments (scFvs) are formed utilizing only the variable regions of the heavy and light chains
connected by a flexible linker (Fig 2.1). This method reduces the size of an antibody by fivesixths without the need for glycosylation to function. Furthermore, despite the removal of the
constant regions and the introduction of a flexible linker, scFv proteins retain the specificity of
their parent immunoglobulins 48. However, unlike full-length antibodies, the common method
of selection of Fabs and scFvs generally utilize an in-vitro protein display system 49. Unlike
monoclonal antibodies, which are often produced in mammalian cell cultures, in-vitro selected
Fabs and scFvs are commonly produced in bacteria cell cultures in high yields 48,50. These
engineered immunoglobulin fragments are attractive substitutes for full-length antibodies as
affinity reagents.

Protein Scaffolds
Protein scaffolds owe their function to the composition of a conserved framework region
and a spatially well-defined antigen-binding site made of peptide segments that are variable both
in sequences and in conformations. Protein scaffolds’ conserved architecture is characterized by
consecutive homologous structural unit repeats, which stack to form an elongated protein domain
with a continuous hydrophobic core 51,52. Protein scaffolds’ variable architecture is generated by
point mutations, insertions, deletions or shuffling of repeats with the intention of modulating
binding affinities 51. Protein scaffolds are designed by generating random libraries, and then
selected via phage display. Several classes of protein scaffolds yield reagents with specificities
and affinities with similar ranges to antibodies. Currently, the most popular scaffolds with broad
applicability are affibodies, lipocalins, and ankyrin repeat proteins 53–55.

23

Nucleic Acid Aptamers
Nucleic acid aptamers are single-stranded RNA or DNA oligonucleotides of 15 to 60
bases in length that function as highly specific affinity ligands due to their three-dimensional
folding patterns 56,57. Their unique base composition favors intra-molecular hybridization that
initiates folding to a particular molecular shape. These molecules are generally screened for high
specificity recognition of protein targets by an in-vitro approach called SELEX (systematic
evolution of ligands by exponential enrichment) 56. The benefits of utilizing aptamers is their
high affinity, Kd ranges of 1pM-1nM, and their ability to denature and renature to their original
folded state. Additional advantages aptamers offer over other systems is their ability for rapid
in-vitro synthesis and selections, structural stabilities, storage, and lack of immunogenicities in
therapeutic applications 58. However, a limiting factor is the lifespan of these molecules in living
systems. On the other hand, by modifying the phosphate backbone or other groups in aptamers
the rates of degradation can be slowed 59. Thus, nucleic acid aptamers hold their ground as
impressive affinity reagent tools.

Common affinity reagent applications
The widespread progress from affinity reagents is well complemented by molecular
sensing instrumentation technologies. The following are some of the common biological
research methods utilizing affinity reagents:
•

Affinity chromatography: It employs the solid phase immobilization of affinity reagents
while the target protein of interest is presented in crude mixtures and then captured.

•

Fluorescent image microscopy: The affinity reagents are conjugated with fluorescent
molecules and are targeted to proteins of interest in order to label their location in the cell.
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•

Fluorescent Activated Cell Sorting (FACS): This utilizes the same method of fluorescent
targeting and labeling of proteins as above, followed by quantification of up to thousands of
cells per second, or isolation of specific cell groups from whole populations.

•

ELISAs and protein blots: Primary affinity reagents are targeted to the desired protein,
followed by secondary affinity reagents against the primary. This secondary affinity reagent
is usually covalently linked to an enzyme that interacts with a substrate to reveal
fluorescence.

•

High-throughput protein-arrays: This method utilizes affinity-reagents spotted onto chips to
capture molecules and detect proteins from cell lysate solutions.

•

Medical therapeutics: Affinity reagents are utilized to target a specific protein in the body
and block its activity, or label a specific cell type for immune system recognition.

Immunoglobulin-binding proteins
Multiple immunoglobulin binding molecules are described in the literature; each one with
unique intrinsic properties against selection for immunoglobulins. My interest in these
molecules is in their application for developing “universal” FAP affinity reagents. Here is a
description of the most common types:
Protein A
Protein A is a 56 kDa surface protein found in the cell wall of the bacterium Staphylococcus
aureus encoded by the “spa” gene 60. It is composed of five homologous domains that fold into a
three-helix bundle that bind the Fc region and Fab region of many IgG, IgA, and IgM molecules.
The extracellular part of Protein A contains five tandem repeats designated E, D, A, B, and C
(Fig. 2.2).
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The C-terminal portion of Protein A sequence contains cell-wall-binding and
transmembrane domains, which are designated as Xr, and Xc. Domains E, D, A, B, C, all bind
the Fc fragment of IgG, whereas domains D and E also bind the Fab region with weak affinity 60.
The B-domain, which is the most well studied Fc region binding domain, interacts at two
symmetric sites at the region between the CH2 and CH3 domains in the Fc region 61,62. Structural
studies reveal nine amino acid residues in the Fc domain and eleven residues in the B domain
that contribute to this binding interface 61. Overall, Protein A exhibits high affinity binding to
multiple immunoglobulin classes, however, some restrictions exist, such as poor recognition of
immunoglobulins from human IgG class 3, and mouse IgG class 1.

Figure 2.2 – Structural schematic of Protein-A.

Staphylococcus aureus utilizes Protein A for pathogenic survival. Protein A helps avoid
phagocytic engulfment by immune cells by interacting with the Fc region of antibodies and
evading recognition from the variable region 63. This property is widely exploited today in
biotechnology and multiple applications of this system exist. One method immobilizes Protein A
onto a solid support for purifying total immunoglobulins from crude protein extracts or cell
culture supernatants. Other methods can utilize Protein A coupled to enzymes, biotin, colloidal
gold, and radioactive elements for labeling the Fc regions of immunoglobulins 63,64.
Immunoprecipitation studies with protein A conjugated to beads are used to purify protein
complexes indirectly through antibodies.
Z-domain
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The Z domain is a three-helix, 59 residue module that binds the Fc-portion of IgGs. The Z
domain is an engineered analog of the B-domain from Protein A. It contains two amino acid
substitutions from the B domain (Ala1 to Val and Gly29 to Ala) which provide for a stable
analog of the B-domain as a monomeric species 61,65. The Z domain also preserves the Bdomain’s high affinity binding for the Fc region of antibodies (Kd ~10 nM). By increasing the
valency of the Z domain, from one to two domains, the affinity for the Fc region increases
tenfold. However, no significant increase in binding affinity is detected by further increasing the
number of tandem domains 66,67.
Protein G
An immunoglobulin-binding protein derived from Streptococcal bacteria is called Protein G. Its
structure consists of GA domains that bind albumin and C domains that bind IgG.

Figure 2.3 – Structural schematic of Protein-G.
These are followed by cell-wall-binding (W) and membrane-binding (M) domains near the C
terminus (Fig 3). The C domains of Protein G binds both the Fc and Fab fragments of
immunoglobulins, however, the interactions between the Fab portions are weaker compared with
Fc portions 68–70. Both, Protein A and Protein G bind to overlapping sites of the Fc region, yet
utilize distinct epitopes 69. This observation is believed to be an unusual case of convergent
evolution. An advantage of Protein G over Protein A is their ability to bind to human IgG3, and
to mouse monoclonal IgG1. Modified versions of Protein G lacking the albumin and cell wall
binding domains are found in similar applications as previously described for Protein A.
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FAP reagents based on immunoglobulin-binding proteins
Fluorogen activating proteins (FAPs) based on single-chain-variable-fragments (scFvs)
provide a number of special features as reporters of protein location and abundance in living
cells. To date, however, use of FAP technology demands expression of the scFv as a fusion
partner with the protein of interest (Fig. 2.1.1A), which entails construction of an appropriate
recombinant gene and introduction of the gene into cells prior to analysis – a process that is time
and labor intensive. Additionally, this approach results in two significant setbacks: 1) time and
labor regarding quality control and generation of each recombinant protein, and 2) artificial
protein expression from a non-native promoter, typically altering protein regulation and
abundance in the cell.

Figure 2.1.1 – Methods for protein labelling utilizing FAP-technology. (A) Current
recombinant protein approach: 1) Target protein is genetically fused to FAP, and 2) the
fluorogen presented in the medium binds its cognate FAP, resulting in fluorescence
signal. (B) Protein labeling using universal affinity FAP reagents: 1) Antibody binds
target with high specificity, then 2) the FAP affinity reagent binds the constant region
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(Fc) of the antibody, and 3) the fluorogen presented in the medium binds its cognate
FAP, resulting in fluorescence signal.

To address these limitations I set out to engineer FAP-based affinity reagents that offer
capabilities of immediate protein tagging and fluorescence labeling, as well as, long-term storage
and usage. Instead of fusing FAPs with full-length antibodies (multimeric proteins), Fabs, scFvs,
or affibodies, where each target protein would require a unique FAP reagent, I derived a
universal method: a single FAP-reagent able to target a multiplicity of different proteins. The
mechanism utilizes the diverse pool of readily available commercial antibodies to provide
antigenic specificity against the target protein – recombinant or native. Next, a secondary
reagent, consisting of a fluorogen-activating scFv fused to an immunoglobulin-binding domain
(derived from Staphylococcus aureus Protein-A or Streptococcus Protein-G), binds the Fc-region
of antibodies. The complete set of components – analyte, primary antibody, secondary reagent,
and fluorogen – produce the detection complex shown in Figure 2.1.1B.

Ch. 2.1 – Results
Purified FAP-ZZ affinity reagents are determined functional in-vitro
To obtain FAP affinity reagents that bind to immunoglobulins, I generated a set of bipartite fusion proteins: At the N-termini several different FAPs (Appendix: Table S1) were fused
via a small linker to the ZZ-peptide – a synthetic analog derived from Staphylococcus aureus
Protein-A – at the C-termini (Fig. 2.1.2A). The advantages of choosing the ZZ-peptide as a
fusion protein include its small size, simple folding structure, high aqueous solubility, and the
strong affinity for the Fc-region of IgGs – a characteristic of Protein-A itself 66,67,71.
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Consequently, the FAP-ZZ reagents were expressed in E.coli and purified via affinity
chromatography utilizing the N-terminal 6-histidine tag (Fig 2.1.2A).
In order to determine FAP activity, the FAP-ZZ fusion proteins were assayed by optical
spectroscopy in the presence or absence of cognate fluorogens. Detection of strong redfluorescence occurred only when (MG-FAP)-ZZ and cognate fluorogen were together present;
while the no-fluorogen or no-protein controls lacked signal (Fig. 2.1.2B). Equivalent results
were obtained for the (DIR-FAP)-ZZ and (TO-FAP)-ZZ fusions (Appendix: Fig. S3).

Figure 2.1.2 – A purified FAP-ZZ affinity reagent is determined functional in-vitro. (A)
Schematic of fusion protein in expression plasmid: N-terminal hexa-histidine (6-His) tag is
followed by a FAP domain connected via a small linker to the ZZ peptide. (B) Fluorimetry data
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using 500 nM (MG-FAP)-ZZ protein and 1 uM MG-2p fluorogen in PBS. (C) SDS-PAGE gel
image of IgG-chromatography with purified (MG-FAP)-ZZ reagent.

The FAP-ZZ fusion proteins were also assayed by IgG affinity chromatography to
determine their ZZ-peptide activity. Figure 2.1.2 C shows results for the (MG-FAP)-ZZ protein;
the protein binds to IgG at neutral pH and is eluted at low pH, the expected behavior for the ZZpeptide. Similar results were obtained for the (DIR-FAP)-ZZ and (TO-FAP)-ZZ fusions
(Appendix: Fig. S4). Thus, the fusion proteins retained activity of their constituent domains
(FAP or ZZ-peptide) in-vitro.

FAP-ZZ affinity reagents target surface proteins on live cells with specificity and low
background
Next, I asked whether FAP affinity reagents would target cell-surface proteins on live
cells. Here the antigen was the hemagglutinin (HA) epitope present at the N-terminus of a cell
surface TO-FAP (HL1.0.1-TO1) – anchored to the plasma membrane by a membrane-spanning
domain 34. The cells were sequentially labeled using anti-HA antibody and (MG-FAP)-ZZ
reagent. Only cells incubated with antibody and (MG-FAP)-ZZ affinity reagent (in presence of
MG-fluorogen) exhibited strong fluorescence, whereas control cells that lacked either or both
reagents showed absence of signal (Fig. 2.1.3A). Confocal microscopy observations of the same
cells (Fig. 2.1.3C) were consistent with the flow-cytometry results. In this case, the cells also
received TO-fluorogen to visualize the endogenous TO-FAP (center image), and untagged cells
in the population (white arrows) served as negative controls. The micrographs demonstrate
strong co-labeling, while untagged cells lacked fluorescence detection for both channels.
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Similar results were obtained when I addressed a native cell surface protein. Here the
target protein was the chemokine receptor CXCR4, which is known to be expressed on the
surface of HEK 293 cells 72. Cells were incubated with anti-CXCR4 antibody against the
extracellular N-terminus of CXCR4, followed by incubation with (MG-FAP)-ZZ affinity
reagent. Flow cytometry results indicated fluorescence only for cells incubated with antibody
and (MG-FAP)-ZZ affinity reagent (in presence of MG-fluorogen), while control cells that
lacked either or both reagents showed absence signal (Fig. 2.1.3B). In this case, the detection of
signal per cell for native CXCR4 was lower than the HA-epitope tagged cells previously
described; however, this is expected because recombinant tagged proteins generally utilize very
strong promoters. Taken together, the experiments demonstrate FAP-ZZ affinity reagents as
suitable for detection of proteins at the surface of living cells.
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Figure 2.1.3 – FAP-ZZ affinity reagent targets surface proteins on living cells. (A) Flowcytometry histograms from live HA-tagged U937 cells labeled with anti-HA antibody and (MGFAP)-ZZ affinity reagent at the cell surface. (B) Flow-cytometry histograms from live HEK293
cells labeled with anti-CXCR4 antibody and (MG-FAP)-ZZ affinity reagent at the cell surface.
Each histogram represents a minimum of 10K live cell events in the presence of 100 nM MG-2p
fluorogen. (C) Micrographs of live U937 cells HA-tagged to TO-FAP (HL1.0.1-TO1) at the
surface, and then labeled with anti-HA antibody and (MG-FAP)-ZZ affinity reagent. Images
were acquired using a 40x objective in the presence of both, 100 nM MG-2p and TO1-2p,
fluorogens. White arrows indicate cells without HA-tagged TO-FAP (HL1.0.1-TO1).

FAP-ZZ affinity reagents target surface and intracellular proteins on fixed cells with
specificity and low background
Next, I asked whether FAP-ZZ affinity reagents would detect proteins from
paraformaldehyde-fixed cells. HEK 293 cells were transiently transfected with an expression
vector encoding an HA-tagged surface protein, and then labeled with anti-HA antibody and
(MG-FAP)-ZZ reagent. Confocal microscopy results detected fluorescence only for the
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transfected cells (Fig. 2.1.4A), while non-transfected cells in the population remained dark,
indicating reagent specificity at the surface of fixed cells.
I then proceeded to test intracellular protein labeling. Figure 2.1.4B shows flowcytometry histograms for fixed and permeabilized cells incubated with anti-EEA1 (an endosomal
protein) antibody, followed by incubation with (MG-FAP)-ZZ reagent. As previously observed
using live cells, signal was only detected for the complete combination of reagents. Commercial
antibodies in combination with FAP-ZZ reagents were used to visualize intracellular proteins by
confocal microscopy using fixed and permeabilized cells. Here the proteins laminA/C and βtubulin were addressed, each with two different FAP-ZZ reagents, (MG-FAP)-ZZ and (DIRFAP)-ZZ (Fig. 2.1.4C). In each case, visual inspection of target structures (nuclear envelope and
microtubule cytoskeleton) demonstrated target specificity and absence of background. This
suggests that the assayed FAP affinity reagents and cognate fluorogens are suitable for
intracellular studies. I also note that the two fluorogens, MG-ester and DIR, have rather different
excitation and emission spectra (Appendix: Fig. S1), which may facilitate multi-labeling studies.
In summary, the experimental results demonstrate FAP-ZZ reagents as suitable biosensors for
intracellular studies due to their low background and high specificity.
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Figure 2.1.4 – FAP-ZZ affinity reagents target surface and intracellular proteins on fixed cells.
(A) Micrograph of fixed (non-permeabilized) HEK293 cells transiently expressing HA-epitope at
the surface. Cells were labeled with anti-HA antibody and (MG-FAP)-ZZ affinity reagent; then
imaged with a 40x objective in presence of 50 nM MG-2p fluorogen. (B) Flow-cytometry
histograms of fixed and permeabilized U937 cells labeled using anti-EEA1 (early-endosomeantigen-1) antibody and (MG-FAP)-ZZ affinity reagent. Each histogram represents a minimum
of 10K live cell events in the presence of 25 nM MG-ester fluorogen. (C) Micrographs of fixed
and permeabilized HEK293 cells labeled with anti-lamin or anti-β-tubulin primary antibodies,
and then by (MG-FAP)-ZZ or (DIR-FAP) ZZ secondary reagents. Images were acquired with a
60x objective in the presence of 25 nM MG-ester or DIR fluorogens.

FAP-ZZ affinity reagents display enhanced resistance to photobleaching when compared to
conventional fluorescent secondary reagents
In one set of experiments, live cells were labeled with a primary antibody, and then
labeled with either (TO-FAP)-ZZ reagent or a commercial FITC-labeled secondary (both
secondary reagents have comparable excitation/emission). After several cycles of
photobleaching, the results indicated a two-fold photostability advantage for the (TO-FAP)-ZZ
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reagent when compared to the FITC-reagent (Fig. 2.1.5A). I also compared red-channel reagents
where live cells were labeled with a primary antibody, and then labeled with either (MG-FAP)ZZ reagent or a commercial Alexa-647 secondary (both secondary reagents have comparable
excitation/emission). Here the FAP reagent demonstrated superior resistance to photobleaching.
In fact, the (MG-FAP)-ZZ reagent displayed negligible loss in fluorescence – over seven
photobleach cycles – during which the Alexa fluorophore lost about three-fourths of its signal
(Fig. 2.1.5B). The results indicate that FAP affinity reagents exhibit improved photostability
when compared to conventional fluorophore-based systems.

Figure 2.1.5 – FAP-ZZ affinity reagents exhibit enhanced photostability. (A) Live
HA-tagged HEK293cells were labeled with anti-HA primary antibody, and then with
either (TO-FAP)-ZZ reagent or FITC-conjugated secondary at the cell surface. n=13
samples for TO-FAP labeled cells in the presence of 500nM TO1-2p, and n=10
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samples for FITC labeled cells. (B) Live HA-tagged HEK293 cells were labeled
with anti-HA primary antibody, and then with either (MG-FAP)-ZZ affinity reagent
or Alexa647-conjugated secondary at the cell surface. n=10 samples for MG-FAP
labeled cells in the presence of 100nM MG-2p, and n=15 samples for Alexa647
labeled cells. All samples were analyzed using a confocal microscope.

FAP-ZZ affinity reagents permit manipulation of fluorescence signal
As mentioned, FAP-fluorogen complexes are noncovalent. For some FAP-fluorogen
pairs, including (MG-FAP)-ZZ reagent, exchange of bound fluorogen with fluorogen in the
medium occurs slowly, whereas for other pairs, including (TO-FAP)-ZZ reagent, exchange is
rapid. In the latter case, one would expect that washing labeled cells into fluorogen-free medium
would lead to rapid loss of signal. Live cells fluorimetry data revealed fluorescence signal loss
upon replacement with fluorogen-free medium, and gain of signal when cells were returned to
fluorogen-containing medium (Fig. 2.1.6B).
Similarly, live HEK 293 cells were labeled at the cell surface using (TO-FAP)-ZZ
reagent against an HA-epitope fused to a cell endogenous membrane-anchored MG-FAP. In this
case, the cells were imaged in the presence of two fluorogens; MG-fluorogen was included in the
medium to interact with the cell surface MG-FAP, while TO-fluorogen was added to interact
with (TO-FAP)-ZZ reagent targeting the HA-epitope. Cells were imaged; then washed into
fluorogen-free medium (PBS) and further imaged at one minute intervals. After five minutes,
fresh TO-fluorogen was re-added, and the cells were imaged yet again. During the five minutes
in which both fluorogens were absent from the medium, signal from the TO-FAP diminished to
undetectable levels, and when TO-fluorogen was re-introduced, signal rapidly returned (Fig.
2.1.6C). On the other hand, MG-fluorescence persisted throughout the experiment, and
remained unperturbed, even after a two-hour later time point (data not shown). The result stayed
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consistent with the very slow dissociation kinetics for MG-fluorogen with MG-FAP (Appendix:
Table S1). Taken together, our observations reveal a method for user-controlled reversible
fluorescence.

Figure 2.1.6 – Fluorescence signal manipulation from a FAP-ZZ affinity reagent. (A)
Fluorescence measurement graph of live HA-tagged U937 cells labeled with anti-HA antibody
and (TO-FAP)-ZZ reagent in presence of 500 nM TO1-2p fluorogen. (B) Graph of
fluorescence measurement after addition, removal and re-addition of fluorogen in solution.
Cells were labeled as in (A); then placed in fluorogen-free medium, and lastly, placed in
medium containing 500 nM TO1-2p fluorogen. (** corrected for background using unlabeled
cells with fluorogen) (C) Time-lapse micrographs of live HEK 293 cells HA-tagged to MGFAP at the surface, and then labeled with anti-HA antibody and (TO-FAP)-ZZ affinity reagent.
Cells were initially placed in medium containing both, 100 nM MG-2p and 500 nM TO1-2p
fluorogens; then placed in fluorogen-free medium, and lastly, placed in medium containing
only 500 nM TO1-2p fluorogen.
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A single FAP-ZZ reagent provides multi-spectral detection and dynamic color switching
Certain FAPs are described as “promiscuous” because they possess the ability to form
fluorescent complexes with fluorogens of more than one color 41. This is true for the FAP in
(TO-FAP)-ZZ reagent, which can activate a green fluorogen (TO1-2p) or a red fluorogen (DIR).
Since this FAP also displays rapid fluorogen exchange with the medium, as illustrated in Figure
2.1.6, I used the (TO-FAP)-ZZ reagent to demonstrate color switching via replacement of one
fluorogen with another on the same cell population.
Live cells were labeled with primary antibody and (TO-FAP)-ZZ reagent, and then
placed in the presence of DIR fluorogen. A molar excess of TO-fluorogen was then added to the
medium and cells were immediately imaged using DIR and TO channels at every one minute
interval. As shown in figure 2.1.7A, the red DIR signal (upper panels) rapidly disappeared and
was replaced by the green TO signal (lower panels). Data quantification reveals a fast
equilibrium (approx. 7 minutes), where DIR signal lowers to levels below detection while TO
signal rapidly increases and then stabilizes (Fig. 2.1.7B). Taken together, a single FAP-ZZ
reagent offers multi-spectral fluorescence with the ability for real-time color switching.
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Figure 2.1.7 – Multi-spectral detection and dynamic color switching from a FAP-ZZ
reagent. (A) Micrographs of live HA-tagged HEK 293 cells labeled with primary antibody
and (TO-FAP)-ZZ reagent at the surface. Cells were pre-labelled with 200 nM DIR
fluorogen medium; after addition of 1 uM TO1-2p fluorogen a time series image
acquisition followed. (B) Graph of normalized mean fluorescence intensities from
captured images at every 1 minute interval (n= 5 images).

A FAP fusion reagent based on Protein-G labels cell surface epitopes.
In addition to FAP-ZZ fusion proteins, I asked whether other classes of IgG-binding
elements, besides the ZZ-peptide, would generate functional affinity reagents when genetically
fused to FAPs. I engineered and purified a FAP-fusion protein using the C1-C3 domains of
Streptococcus Protein-G 68,70. Similar to FAP-ZZ reagents, the FAP/Protein-G fusion protein –
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(MG-FAP)-PrG – retained both, the IgG-binding and fluorogen-activating properties of its
constituent parts in-vitro (Appendix: Fig. S3 and S4). Live cell analysis against a surface epitope
using flow-cytometry and confocal imaging informed of high target specificity and minimal
background (Fig. 2.1.8). However, further inspection of the FAP-PrG reagent presented
evidence of nonspecific (i.e., antibody-independent) binding to live cells when used at excess
concentrations, a property absent using FAP-ZZ reagents (Appendix: Fig. S7). This observation
informs of the requirement for FAP-PrG reagent optimization (via titration methods) prior to
protein labeling studies. In summary, FAP-reagents are not limited to the ZZ-peptide, but may
form functional protein fusions with diverse classes of IgG-binding elements.

Figure 2.1.8 – A FAP/Protein-G fusion reagent targets a surface marker on live cells. (A)
Flow-cytometry histograms of live U937 cells HA-tagged at the surface, and labeled with
anti-HA antibody and (MG-FAP)-PrG affinity reagent. Each of the panels represents a
minimum of 10K live cell events. (B) Micrographs of same cells as (A) acquired with a 40x
objective. All data were measured in presence of 100 nM MG-2p fluorogen.
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Ch. 2.1 – Discussion
The work reported here was motivated by a desire to make FAP detection possible for
almost any protein. Accordingly, a set of soluble reagents was engineered: FAP fusions to the
ZZ-peptide, derived from S. aureus Protein-A, or C1-C3 domains of Streptococcus Protein-G,
both of which provide specific binding to the constant region (Fc) of numerous IgG-subclasses
61,71

. Since IgG’s are available against tens of thousands of different proteins, the reagents, in

principle, expand the reach of scFv biosensor technology to any of their targets.
When compared to conventional affinity systems, FAP affinity reagents offer several
advantages regarding fluorescence detection. One benefit is enhanced photostability (Fig. 2.1.5).
The scFv-fluorogen complex forms via non-covalent interactions, and permits equilibrium
exchange of the fluorogen between the FAP and its surrounding medium. In this manner,
oxidative cleavage of the fluorogen (when in complex with the scFv) forces a
thermodynamically favorable exchange for an unbleached fluorogen species in the surrounding
medium, and prevents loss of fluorescence signal 33,37. The scFv-fluorogen complex itself
provides additional protection against photo-damage. Protein encapsulation of the fluorogen
forms a protective shell against oxidative damage when compared to free forms of fluorogen
32,37

. Additionally, improved photostability may be attained via molecular alterations of the

fluorogens. As previously shown, fluorogen chemical substitutions using electron withdrawing
groups, such as cyano and fluoro, demonstrate improved stability against photo-induced damage,
and also prolonged fluorescence detection when in complex with the scFv 32,37. Taken together,
scFv biosensor technology as affinity reagents provides enhanced photostability, which is a
favorable attribute for multiplicity of assays requiring longevity of signal.

42

A secondary advantage of FAP affinity reagents involves modular signal detection. In
this report I illustrate a user controlled onset and offset of fluorescence via manipulation of
fluorogen concentration in the cellular medium (Fig. 2.1.6). In this manner, fluorescence is
reversible in either direction. On the other hand, such property is currently unmanageable with
conventional fluorophore-based methods, since fluorescence is permanent upon labeling. Even
harsh approaches that remove fluorescence at the cellular surface, such as, protease-assisted
protein cleavage, lead only to a one directional removal of signal – and may jeopardize cell
viability. Hence, modular fluorescence using FAP-reagents may benefit applications requiring
protein turnover at the cellular membrane, protein trafficking studies, and post cell-labeling
assays that demand removal of signal.
A third advantage of the FAP-based affinity reagents is multi-spectral fluorescence from
a single reagent. The property of FAP promiscuity, affinity for more than one fluorogen partner,
offers alternate excitation and emission wavelengths with broad spectral ranges 41. This work
demonstrates a dynamic fluorogen exchange assay using a promiscuous FAP affinity reagent and
two different fluorogens, where rapid fluorescence switching occurs from red to green channels
of detection (Fig. 2.1.7). On the other hand, conventional systems provide fixed and immutable
fluorescence – each labeling reagent is defined by a single detection wavelength. Therefore,
instead of “one reagent, one color”, a single scFv affinity reporter provides an expanded and
versatile palette of colors. Such property may prove advantageous for two-color pulse-chase
studies, dynamic in-vivo assays, as well as, flexibility for cellular co-labeling.
It should be noted that scFv biosensor technology was previously determined as bright as
fluorescent proteins 31; as a result, conventional fluorophore dye based systems prove
comparably brighter when compared to FAP technology. In addition, scFv crystallography
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analyses indicate only one fluorogen binds the protein scaffold 73,74, while fluorophore labeled
antibodies contain several fluorophores per reagent – further accentuating their fluorescence
brightness. In this regard, FAP affinity reagents may prove disadvantageous for detection of low
abundance antigens when compared to conventional fluorophore systems. A current approach to
improve scFv biosensor signal intensity utilizes fluorogen modifications. Examples, such as
dendron-based fluorogens, employ intra-molecular energy transfer from donors to acceptors and
significantly increase fluorescence emission to six-fold levels than the fluorogens presented in
this report 39. A second approach for improved fluorescence may involve directed evolution of
the scFv protein scaffold. As previously demonstrated, methods of random mutagenesis coupled
with fluorescence selection methods generated FAP isolates with improved brightness in the
cytoplasm of cells, as well as, stronger scFv-fluorogen binding at the surface of yeast cells

31,40

.

Consequently, directed evolution may prove advantageous to generate FAP reagents with
improved signal.
Ch. 2.1 – Materials and Methods
Plasmid Constructions. Protein expression plasmid pKM260 was modified at NheI and EcoRV
sites via insertion of annealed overlapping oligos that resulted in a two-module expression
system. After the hexa-histidine tag, the first module is spanned by two unique SfiI restriction
sites and is linked by ten amino acids to the second module, which contains two unique DraIII
restriction sites. All FAPs used in this study were previously described 31,39,41. The ZZ-peptide
was a gift from Dr. Georgiou, University of Texas, and the C1-C3 domains of Protein G (PrG)
were commercially synthesized (Genscript). The nucleotide overhangs of each module insert
were generated as previous 35. The pDisplaySacLac2 plasmid was used for all transient
transfections 35 with FAPs ligated at SfiI restriction sites.
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Protein Expression and Purification. The affinity reagents, FAP-ZZ peptide or FAP-PrG,
were expressed and purified using a BLR (DE3) E. coli strain (Novagen). The cells were
induced with 0.5 mm isopropyl-β-d-thiogalactopyranoside (RPIcorp), harvested, then lysed via
homogenization, and finally pelleted by high-speed centrifugation. The supernatant was saved
and used for nickel-nitrilotriacetic acid chromatography (Ni-NTA, Thermo-Fisher) according to
manufacturer’s instructions. The eluted fractions were quality controlled by SDS-PAGE gel
electrophoresis, and then pooled and concentrated using centrifugal-filter units (Millipore).
Final protein concentration was obtained by optical spectroscopy at absorption 280nm
wavelength, with values determined using Beer-Lambert equation. All protein samples were
aliquoted and stored in phosphate buffer saline with 0.09% sodium azide at -20 Celsius. Thawed
samples were subsequently stored at 4 Celsius for one month, and then discarded.
Immunoglobulin-G (IgG) Chromatography. Rabbit-IgG agarose beads were used according
to manufacturer’s instructions (Sigma-Aldrich). The fractions were analyzed by 10% SDSPAGE gel electrophoresis.
Mammalian cells, culture conditions, and transient transfections. HEK293 and U937 cells
were grown at 37°C, 5% CO2 in Dulbecco’s modified Eagle’s medium (DMEM) plus 10% heat
inactivated fetal bovine serum, 100 U/mL penicillin, and 100 µg/mL streptomycin. Surface
tagged U937 cells with HA-epitope and FAP were previously described 34. All transient
transfections were performed using TransIT®-LT1 reagent (Mirus Bio) according to
manufacturer’s instructions.
Optical Spectroscopy. Analyses were performed using a Safire2 plate reader (TECAN) in
transparent, flat-bottom, 96-well microtiter plates. The excitation/emission wavelengths were
514/555nm for TO1-2p fluorogen, 610/655nm for DIR fluorogen, and 635/665nm for MG-2p
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fluorogen. For in-vitro assays, measurements were performed with 500nM protein and 1uM
fluorogen in phosphate-buffered-saline (PBS). Live cell assays were performed with 106 cells
per well in PBS in presence of fluorogen. All samples were measured in triplicates.
Cell labeling using FAP-reagents. For live suspension cells, incubation consisted of primary
antibody in PBS plus 0.5% calf serum for 30 minutes on ice. After wash, cells were incubated in
PBS plus 0.5% calf serum and 500 nM FAP-reagent for 30 minutes on ice. For live adherent
cells, the same protocol was performed as above, with conditions at room temperature instead of
ice. In addition, a 1-step labeling protocol was developed with similar efficacy as the 2-step
labeling protocol mentioned here (Appendix: Fig. S5).
For intracellular labeling, cells were fixed with 4% paraformaldehyde (Sigma-Aldrich)
in PBS for 15 minutes (in dark, at room temperature), then washed and simultaneously detergent
permeabilized and blocked using PBS plus 0.25% saponin (Sigma-Aldrich) and 3% calf serum
for 30 minutes at room temperature. Cells were labeled with primary antibody in PBS plus 0.5%
calf serum, 0.25% saponin for 1 hour on ice. After wash, the cells were labeled with FAPreagent in PBS plus 0.5% calf serum, 0.25% saponin, for 1 hour on ice. Concentrations of
primary antibody and FAP-reagent were standardized for each intracellular staining.
The following commercial primary antibodies were used in this report: anti-CXCR4
(A00995, Genscript), anti-HA (ChIP-grade, ab9110, Abcam), anti-EEA1 (A01514, GenScript),
anti-lamin(A/C) (A01455, GenScript), and anti-tubulin-β (ab15568, Abcam)
Confocal Microscopy. Cells were plated on 35mm glass-bottom dishes (MatTek) and imaged in
PBS plus fluorogen. Micrographs were obtained using a Carl Zeiss LSM 510 Meta/ UV
DuoScan inverted spectral confocal microscope using 40x or 60x objectives. Settings for TO1-2p
fluorogen include a 488 nm excitation laser and a 505-550 nm emission filter, for DIR fluorogen
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a 561nm excitation laser and 575 nm LP emission filter, and for MG-2p fluorogen a 633 nm
excitation laser and 650 nm LP emission filter. The illumination intensities and gain settings
were held constant across samples; image analysis was performed with minimal processing using
ImageJ software (NIH).
Cell surface photobleaching. Each photo-bleach cycle equals 20 iterations of 100% laser
power on six Z-planes per image. A total of 7 sequential cycles were performed, interrupted by
30 seconds of image acquisition. Settings were maintained constant across all comparison
samples. A 488nm laser was used for TO-FAP and FITC (ab6798, Abcam), and a 633nm laser
for MG-FAP and Alexa647 (p21462, Invitrogen). Maximum pixel intensities were determined
by collapsing the Z-planes onto one image after each photobleach cycle. Mean values of all
images per cycle were normalized to initial (unbleached) maximum pixel intensity values.
Flow-cytometry. Data were collected using FACS Vantage SE Flow Cytometer with FACS
Diva option (Becton Dickinson). Settings for TO1-2p fluorogen include an argon 488-nm
excitation laser with a 530/30 nm emission filter, and for MG-2p fluorogen a HeNe 623-nm
excitation laser with a 685/35 nm emission filter. Measurements were performed in PBS plus
fluorogen, with total acquired events greater than 104 per sample. Gating strategies for all
experiments are described in Supplemental Figure 2. Data analysis was carried out using
FACSDiva Software v5.0.2 (Becton Dickinson).
Statistics. A student’s t-test was used to quantify statistical significance. In figures the error bars
denote standard deviation of the mean, and single stars represent significant differences (p <
0.05).
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Chapter 2.2 – FAP Reagents Based on Streptavidin or Avidin
Ch. 2.2 – Introduction
Biotin-binding proteins are a well characterized and described class of macromolecules
that have one of the strongest non-covalent interactions in nature. My interest in these molecules
is in their application for developing “universal” FAP affinity reagents.

Streptavidin
Streptavidin is a 52.8 kDa protein derived from the bacterium Streptomyces avidinii 75. Its
structure is based on homo-tetramers that have an extraordinarily high affinity for biotin with a
dissociation constant (Kd) of ~10−14 mol/L 76,77. As a result, streptavidin has the ability to bind
up to four biotin molecules making this interaction ideal for both purification and detection
strategies. The bond formation between streptavidin and biotin is rapid and essentially nonreversible, unaffected by most extremes of pH, organic solvents, and denaturing reagents 78. A
variety of molecules, including lectins, proteins, and antibodies, can be biotinylated and reacted
with streptavidin labeled probes or other detection reagents for use in biological assays 79,80.

Avidin
Avidin is a ~ 66–69 kDa protein derived from egg white with 10% of the molecular weight
attributed to carbohydrate content composed of four to five mannose and three Nacetylglucosamine residues 81,82. Avidin structure is also based on homo-tetramers, however, it
only has 30% sequence identity to streptavidin; nevertheless, it shares an almost identical
secondary, tertiary and quaternary structure with streptavidin 83. Like streptavidin, avidin has
very high affinity for biotin, with a dissociation constant (Kd) of ~10−15 mol/L 83. In contrast to
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streptavidin, avidin is glycosylated, has a net positive charge at neutral pH, and may have a
higher tendency for aggregation 78.
Streptavidin/avidin interactions with biotin find several applications for biology research:
•

Enzyme linked immunosorbent assay (ELISA)

•

Immunohistochemistry (IHC)

•

Western, Northern and Southern blotting

•

Immunoprecipitation

•

Cell-surface labeling

•

Affinity purification

•

Fluorescence-activated cell sorting (FACS)

•

Electrophoretic mobility shift assay (EMSA)

FAP reagents based on biotin-binding proteins
scFv biosensor technology finds important applications in various settings, such as, highthroughput drug discovery, study of cellular protein traffiking, and super resolution imaging, to
name a few 34–36,84,85. In all of these cases, the protein of interest was genetically fused with a
FAP for cell surface expression, a process that is time and labor intensive in regards to synthesis
and quality control of cellular expression. As an alternative, I engineered FAP-based affinity
reagents with capabilities of immediate protein labeling. The reagents constitute of a FAP
domain fused to streptavidin or avidin proteins, both highly selective for biotin – dissociation
constant ~ 10 -15 M 76,86. Accordingly, the biosensor component is encoded by the scFv moiety
and the affinity element is provided by streptavidin or avidin.
When tested in-vitro, the purified reagents demonstrated functional activity – fluorogen
activation and biotin binding activities. Furthermore, when assayed against biotinylated cell
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surface proteins the FAP-reagents targeted proteins with high selectivity and minimal
background.

Ch. 2.2 – Results
Purified FAP-streptavidin or -avidin affinity reagents are determined functional in-vitro
To obtain FAP affinity reagents that bind to biotin, I generated a set of bi-partite proteins
with dL5 FAP 74 at the N-termini fused via a small linker to streptavidin or single-chain avidin
(ScAvd) — based on four circularly permuted avidin domains, plus short linkers connecting the
four domains into a single polypeptide chain (Fig. 2.2.1A) 87. Since streptavidin or avidin
proteins generally form inclusion bodies in E.coli, I utilized a periplasmic protein expression
plasmid using the PelB leader sequence that resulted in soluble protein fractions. Both reagents
were purified via affinity chromatography utilizing the C-terminal histidine-tag (Fig 2.2.1A).
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Figure 2.2.1 – Purified FAP affinity reagents are determined functional in-vitro. (A)
Schematic of fusion proteins in E.coli expression plasmid. (B) MG-fluorogen
fluorescence activation graphs using 500 nM purified protein and 1 uM MG-2p
fluorogen in triplicate samples in PBS. (C) Fluorescence graphs of biotin-Cy5 labeled
microtiter-wells previously coated with FAP-reagent or bovine serum.

When tested in-vitro, the reagents demonstrated functional activity. The fluorescence
measurements with MG-fluorogen revealed robust signal enhancement from the scFv domain,
while control samples lacked activation (Fig. 2.2.1B). Similarly, biotin-Cy5 fluorescence
measurements indicated biotin binding activity from either streptavidin or avidin domains, while
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the serum-only controls samples lacked affinity for biotin-Cy5 (Fig. 2.2.1C). Taken together,
FAP fusions with streptavidin or ScAvd form functional and stable reagents.

FAP-streptavidin or -avidin affinity reagents target surface proteins on live cells with
specificity and low background
Next, I asked whether FAP affinity reagents would target cell-surface markers on live
cells. I performed flow-cytometry measurements in order to determine background and signal
activation in a large population of cells (> 104 live events). U937 monocytes expressing the
hemagglutinin (HA) epitope at the cell surface were sequentially labeled using biotinylated antiHA antibody and either FAP-streptavidin or -avidin reagent. The results showed fluorescence
enhancement only for co-labeled cells (antibody and FAP affinity reagent), while control cells
lacked signal (Fig. 2.2.2 and S9). Similarly, fluorescence microscopy revealed strong
fluorescence at the cell surface, while control cells remained dark (Fig. 2.2.2). Both assays
showed minimal background, high specificity, and bright fluorescence detection for either FAPstreptavidin or FAP–avidin reagents. Taken together, these results indicate that the FAP affinity
reagents are suitable for detection of biotinylated antibodies at the surface of living cells.
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Figure 2.2.2 – FAP affinity reagents target a surface marker on live cells using
biotinylated antibodies. (A) Flow-cytometry histograms and micrographs from HAtagged monocytes labeled with biotinylated anti-HA antibody and (MG-FAP)-ScAvd at
the cell surface. (B) Same as previous, however, using (MG-FAP)-Strep. All samples
were analyzed using 100 nM MG-2p in PBS, and micrographs scale bars equal 30 um.

FAP-streptavidin or -avidin affinity reagents target biotinylated peptides at the surface of
live cells
Next, I asked whether FAP affinity reagents would bind the acceptor-peptide (AP) – a
15-amino-acid polypeptide that provides a biotinylation recognition sequence for E.coli biotin
ligase (Bir-A) 88,89. The AP-sequence with GFP was transiently expressed at the surface of a
HEK293 cell line that encoded Bir-A enzyme as a secreted protein. After incubation with each
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FAP-reagent, the confocal microscopy results indicated fluorescence signal only for the cells
positive for AP-sequence expression, while untransfected cells (GFP negative) remained dark
(Fig. 2.2.3). I also transfected the AP-sequence with GFP into wild-type HEK293 cells, and
added exogenous Bir-A enzyme to the medium. The micrographs indicated similar results as
with the previous approach (Fig. 2.2.3). Overall, streptavidin or -avidin reagents demonstrated
minimal background, high specificity and fluorescence signal activity against a biotinylated APsequence tag.

Figure 2.2.3 – FAP affinity reagents target a surface biotinylated peptides on live cells. (A)
Micrographs from HEK293 cells transiently expressing a biotin acceptor-peptide (AP) with GFP
at the cell surface and labeled with (MG-FAP)-ScAvd. (B) Micrographs from HEK293 cells
transiently expressing a biotin acceptor-peptide with GFP at the cell surface and labeled with
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(MG-FAP)-ScAvd. Bir-A enzyme was either genetically encoded for secretion or exogenously
added at 0.5 uM concentration to the cellular medium, which contained 10 uM biotin and 5 mM
ATP. All samples were analyzed using 100 nM MG-2p in PBS, and micrographs scale bars
equal 30 um.

Ch. 2.2 – Discussion
I set out to generate a set of FAP affinity reagents based on streptavidin or avidin
molecules in order to target biotinylated antibodies or biotinylated peptides at the surface of
living cells. The results indicated that FAP fusions with streptavidin or avidin proteins form
functional and stable reagents. Consequently, our observations stay consistent with prior reports
that utilize scFv-streptavidin as fusion proteins, where each module maintains functional activity
90–92

. When the reagents were tested against biotinylated cell surface proteins they demonstrated

low-background, high-specificity, and robust fluorescence detection.
I utilized two methods to biotin label targets. One method utilized readily available
commercial biotinylated antibodies, and the other used an acceptor-peptide (AP) 89. In the latter
case, the E.coli biotin ligase (Bir-A) demonstrated similar activity when genetically encoded into
the cells or presented exogenously. Additionally, Bir-A only recognizes peptide sequences from
E.coli proteins and proves ideal for applications in mammalian cells – due to absence of nonspecific biotinylation (Fig. 2.2.3). Moreover, the AP-sequence allows versatility of target protein
location since Bir-A may recognize either N- or C- terminal peptide-tag 88. Similarly, the 15amino-acid AP sequence provides enhanced detection for unstable fusion proteins where bulkier
fluorescent protein tags may disrupt endogenous function and/or localization. As a result, either
biotin-tagged immunoglobulins or biotin acceptor-peptides provide FAP-reagents flexibility of
target biotinylation, as well as, universal affinity of detection.
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In summary, the approach illustrated here takes advantage of the strong biotin
selectivity and affinity from streptavidin or avidin proteins. This results in FAP-reagents with
high specificity and minimal background. Since I also investigated the development of fusion
reagents between FAPs and Protein-A or Protein-G 93, the reagents described in this report
provide yet another delivery platform for FAP biosensors, thereby increasing the available
affinity tools for labeling targets.

Ch. 2.2 – Materials and Methods
Plasmids Construction. Bacterial periplasmic protein expression plasmid pAK400 was
modified at the SfiI restriction site with the insertion of annealed overlapping oligos that resulted
in a two-module system. The first module is spanned by two unique SfiI restriction sites and is
linked by ten amino acids to the second module, which contains two unique DraIII restriction
sites. For all inserts, the nucleotide overhangs were generated as previous 35. The dL5-MG FAP
used in this study was previously described 74 and was inserted at the SfiI sites in the modified
pAK400 plasmid. Single-chain avidin (ScAvd) was a gift from Dr. Kulomaa, University of
Jyvaskyla, Finland, and streptavidin was commercially synthesized (Genscript); both were
inserted at the DraIII sites in the modified pAK400 plasmid. For soluble Bir-A protein
expression a pKM260 plasmid was modified at NheI and EcoRV sites with a Bir-A insert (gift of
Dr. Franke, Carnegie Mellon University) followed by a stop codon. For genetically encoded
mammalian cell expression, the Bir-A gene followed by a stop codon was inserted at the SfiI
restriction sites of pBabeSacLac2 plasmid 34. For the acceptor-peptide (AP) and GFP transient
expression, the AP-tag was inserted at the SfiI restriction sites and GFP at the PflMI sites of
pDisplaySacLac2 plasmid 35.
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Protein Expression and Purification. The affinity reagents and Bir-A enzyme were expressed
and purified using a BLR (DE3) E. coli strain (Novagen). The cells were induced with 0.5 mm
isopropyl-β-d-thiogalactopyranoside (RPIcorp), harvested, lysed via homogenization, and
pelleted by high-speed centrifugation. The supernatant was saved and used for nickelnitrilotriacetic acid chromatography (Ni-NTA, Thermo-Fisher) according to manufacturer’s
instructions. The eluted fractions were pooled and concentrated using centrifugal-filter units
(Millipore). Final protein concentration was obtained by optical spectroscopy at absorption
280nm wavelength, with values determined using Beer-Lambert equation. All protein samples
were aliquoted and stored in phosphate buffer saline with 0.09% sodium azide at -20 Celsius.
Thawed samples were subsequently stored at 4 Celsius for one month, and then discarded.
Optical Spectroscopy. Analyses were performed using a Safire2 plate reader (TECAN) in
transparent, flat-bottom, 96-well microtiter plates (Corning). The excitation/emission
wavelengths used were 635/665nm for MG-2p fluorogen, and 650/670 for Cy5-biotin. For Cy5biotin fluorescence measurements, bottom wells were coated with 100 uM (MG-FAP)-Strep,
(MG-FAP)-ScAvd, or bovine serum in triplicate samples. The wells were washed using
phosphate-buffered-saline (PBS) with 0.01% Triton X-100 (Sigma-Aldrich), then blocked with
1% bovine serum, then washed and labeled with 50 nM biotin-Cy5, then washed and measured
in PBS for Cy5 fluorescence.
Cell lines and culture conditions. HEK293 and surface HA-tagged U937 cells 34 were grown at
37°C, 5% CO2 in Dulbecco’s modified Eagle’s medium (DMEM) plus 10% fetal calf serum,
100 U/mL penicillin, and 100 µg/mL streptomycin.
Cellular protein labeling using FAP-reagents. Live U937 hemagglutinin (HA) epitope tagged
cells were labeled using a biotinylated anti-HA antibody (A00203, Genscript), washed using
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PBS with 0.5% calf serum, then incubated with FAP-reagent at labeling titration maximum (Fig.
S1), and then washed. Acceptor-peptide tagged HEK293 cells were washed, then incubated with
FAP-reagent near labeling saturation (Appendix: Fig. S8), and then washed.
Transient transfections and viral transductions. All transient transfections were performed
using TransIT®-LT1 reagent (Mirus Bio) according to manufacturer’s instructions. Viral
transduction for stable expression of Bir-A enzyme in HEK293 cells using pBabeSacLac2
plasmid were previously described 34.
Flow-cytometry. Data were collected using FACS Vantage SE Flow Cytometer with FACS
Diva option (Becton Dickinson) using a HeNe 633-nm laser with a 685/35 nm filter. Acquired
events were greater than 10,000 live cells, and quantitation was carried out using FACSDiva
Software v5.0.2 (Becton Dickinson).
Fluorescence Microscopy. All images were acquired using a Carl Zeiss LSM 510 Meta/ UV
DuoScan inverted spectral confocal microscope with a 633 nm laser and 650 nm LP band-pass
filter. Cells were imaged in 23-mm glass-bottom dishes (MatTek). The images were processed
using contrast and brightness in ImageJ software (http://rsb.info.nih.gov/ij/).
Statistics. A student’s t-test was used to quantify statistical significance. In figures the error
bars denote standard deviation of the mean, and single stars represent significant differences (p <
0.05).
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Chapter 3: Identifying Multi-Specific scFv Biosensors for Enhanced
Fluorescence Detection.

Chapter 3.1 – A Multi-Color scFv for Live Cell Applications
Ch. 3.1 – Introduction
Previous work on fluorogen-activating proteins identified a multi-specific scFv that
activated various fluorogens in-vitro 41. More specifically, the scFv binding groove
demonstrated affinity for cyanine fluorogens with different poly-methine group lengths. Inspired
by the study, I screened a different scFv, previously isolated against a thiazole-orange fluorogen,
for multi-fluorogen activation at the surface of live cells instead of in-vitro. In this case, I
identified scFv multi-specificity for three dissimilar cyanine fluorogens at sub-micromolar
concentrations that resulted in fluorescence detection at distinct visible spectrum channels (blue,
green, and red). The scFv biosensor demonstrates sharp contrast to current systems of detection,
such as, fluorophore labelled antibodies 42 or fluorescent proteins 19 where signal is ever-present
and monochromatic. That is, the non-covalent interface between scFv and ligand offers
opportunity for advanced fluorescence detection. The scFv biosensor allows control of signal
onset and offset via fluorogen presence or removal from the cellular medium. Furthermore, the
simultaneous labelling with different fluorogens against the multi-specific scFv results in multicolor detection and real-time color-switch of cell surface tagged-proteins. Thus, here I present a
novel multi-color scFv biosensor, and highlight innovative strategies of fluorescence detection at
the surface of mammalian cells.
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Ch. 3.1 – Results
Determining multi-fluorogen activation from a single scFv at the surface of cells
My goal was to screen a previously isolated scFv, called HL1.0.1-TO1 94, for multispecificity against different fluorogens. I assessed fluorogen activation using a yeast cell line of
surface displayed HL1.0.1-TO1 in presence of different cell impermeant fluorogens. The results
showed fluorescence enhancement for three different cyanine family fluorogens, each with
distinct emission spectra (Fig. 3.1.1A and Appendix: S10) – an oxazole-thiazole-blue derivative
(OTB-SO3) 95, a thiazole-orange derivative (TO1-2p) 94, and dimethyl-indole-red (DIR) 38 . I
asked whether HL1.0.1-TO1 functioned as a multi-color reporter when genetically fused to a cell
surface receptor, adrenoreceptor-beta-2 (ADRB2). Live mammalian cell microcopy revealed
abundant and distinct fluorescence signal for each fluorogen (Fig. 3.1.1B), while untransfected
cells remained dark. Thus, the scFv demonstrates functional activity as a fusion reporter, and
exhibits high fluorogen specificity and minimal background.
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Figure 3.1.1 – Determining multi-fluorogen activation at the surface of live cells. (A)
Fluorescence emission spectra from surface displayed HL1.0.1-TO1 on yeast cells in presence of
different fluorogens, and their respective molecular structures. (B) Micrographs of mammalian
cells expressing HL1.0.1-TO1 fused to ADRB2 at the cell surface in presence of different
fluorogens. All assays were performed using 100 nM fluorogen in the cellular medium, and
image scale bars indicate 30 µm.
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Assessing scFv binding affinities for the different fluorogens
Next, I asked whether the structural differences of each fluorogen affected the strength of
scFv-ligand interactions. Accordingly, I performed fluorogen titrations using surface displayed
HL1.0.1-TO1 yeast cells in presence of various concentrations of each fluorogen (Appendix: Fig.
S11). Data analysis showed the highest affinity for TO1-2p fluorogen (Table 3.1.1). OTB-SO3
showed higher affinity for HL1.0.1-TO1 than DIR fluorogen (Table 3.1.1); consistent with its
structural similarity to TO1-2p when compared to DIR fluorogen, which possesses a longer polymethine group. In summary, all the fluorogens demonstrate sub-micromolar affinities for
HL1.0.1-TO1 that prove advantageous for live cell applications.

Table 3.1.1 – Fluorogen Properties binding to HL1.0.1-TO1
Evaluating fluorescence signal loss via removal of fluorogens from the medium
A property of scFv biosensors is their ability to form non-covalent complexes with
fluorogens. I asked whether fluorogen removal from the cellular medium would result in
fluorescence loss caused by a thermodynamically favorable exchange from scFv bound to
unbound fluorogen. Microscopy analysis using mammalian cells tagged with HL1.0.1-TO1 at
the cell surface revealed fluorescence signal loss over time for all fluorogens; conversely,
fluorogen re-additions resulted in rapid regain of initial fluorescence (Fig. 3.1.2A). Here, TO12p fluorogen proved least susceptible to fluorescence signal loss, a property attributed to
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HL1.0.1-TO1 high affinity for this fluorogen (Table 3.1.1). Conversely, OTB-SO3 showed
greatest loss of fluorescence activity when compared to all three fluorogens (Fig. 3.1.2B). This
was unexpected because DIR possesses the weakest affinity for HL1.0.1-TO1. Thus, I asked
whether photobleaching effects contributed to the reduced fluorescence signal over time. I
subjected the same cells labelled with each fluorogen to multiple cycles of photobleaching using
identical laser power settings as the previous assay. Data analysis showed OTB-SO3 as the
fluorogen most susceptible to photobleaching, while TO1-2p and DIR showed minor sensitivities
(Fig. 3.1.2C). Accordingly, in order to minimize photobleaching effects I repeated the fluorogen
removal assay and measured fluorescence at only two time points instead of multiple. The data
showed lesser OTB-SO3 signal loss than prior (over the same time interval) (Fig. 3.1.2D).
Interestingly, OTB-SO3 showed comparable values of fluorescence loss as DIR fluorogen, which
may suggest similar ligand off rates (k-off) for these fluorogens. In conclusion, a user may
manipulate signal via fluorogen removal from cellular medium. At the same time, the
measurements must account any photobleaching effects for correct assessments.
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Figure 3.1.2 – Determining fluorescence signal after fluorogen removal from cellular medium.
All analyses were performed using mammalian cells expressing HL1.0.1-TO1 fused to ADRB2
at the cell surface. (A) Time-lapse micrographs from cells initially labelled with fluorogen, then
washed and imaged for 10 minutes; at the last time point fluorogen was re-added. (B) Bar graph
summary of fluorescence intensities from fluorogen removal time-lapse images. (C) Bar graph
summary of fluorescence intensities from photobleached time-lapse images in presence of
fluorogen. (D) Bar graph summary of fluorescence intensities from only two time points after
fluorogen removal (no intermediate light exposure). All assays were performed with 100 nM of
each fluorogen, and bar graph analyses were determined from n=5 images for each group. The
error bars denote standard deviation from the mean.
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Assessing fluorescence signal exchange via fluorogen competition for same scFv
In multi-specific settings different fluorogens compete for binding with the same scFv.
Consequently, simultaneous labelling with different fluorogens may result in real-time color
exchange. For this analysis I excluded fluorogen competitions between TO1-2p and DIR
because of previously identified Förster-resonance energy transfer (FRET) between these
chromophores (data not shown), which may distort signal assessments. I initially labelled the
HL1.0.1-TO1 tagged cells with OTB-SO3 fluorogen and followed by adding TO1-2p or DIR
fluorogens to the cellular medium. Analysis of multiple image acquisitions over time showed
majority of OTB-SO3 signal diminished after TO1-2p fluorogen addition (Fig. 3.1.3A). On the
other hand, I observed multi-color labelling when DIR fluorogen was added to the medium (Fig.
3.1.3A). In this case, the data correlates with HL1.0.1-TO1 fluorogen affinities, where the high
scFv affinity for TO1-2p competes for binding and displaces OTB-SO3 (Fig. 3.1.3B), while
HL1.0.1-TO1 weaker affinity for DIR partially displaces OTB-SO3 and after 10 minutes most of
its initial signal remains (Fig. 3.1.3C). In order assess any contribution of photobleaching effects
I repeated the fluorogen competition assay and measured for fluorescence activation at only two
time points instead of multiple. The results showed similar signal loss for OTB-SO3 when
competed with TO1-2p (Fig. 3.1.3D). On the other hand, I observed higher OTB-SO3 signal
than previously determined when competed with DIR (Fig. 3.1.3E), indicative of partial OTBSO3 sensitivity to photobleaching since the fluorogen remains bound to the scFv instead of being
displaced by DIR. Accordingly, TO1-2p twenty-fold higher affinity for HL1.0.1-TO1 than
OTB-SO3 results in rapid competition exchange of fluorescence signals. On the other hand, DIR
ten-fold weaker affinity for HL1.0.1-TO1 than OTB-SO3 results in poor competition exchange.
Thus, multi-specific scFvs may allow fluorescence signal exchange when presented with a
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second fluorogen; however, the extent of color-switch depends upon the binding affinities of
each fluorogen.

Figure 3.1.3 – Determining fluorescence signal exchange via fluorogen competitions. All
analyses were performed using mammalian cells expressing HL1.0.1-TO1 fused to ADRB2 at
the cell surface. (A) Time-lapse micrographs from cells initially labelled with OTB-SO3
fluorogen, then presented in the medium with either TO1-2p or DIR fluorogens and immediately
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imaged for 10 minutes. (B) Bar graph summary of fluorescence intensities from fluorogen
competition time-lapse images of OTB-SO3 vs. TO1-2p. TO1-2p signal was normalized to the
last time point fluorescence values. (C) Bar graph summary of fluorescence intensities from
fluorogen competition time-lapse images of OTB-SO3 vs. DIR. DIR signal was normalized to
the last time point fluorescence values. (D) Bar graph summary of OTB-SO3 fluorescence from
only two time points after addition of TO1-2p in the medium. (E) Bar graph summary of OTBSO3 fluorescence from only two time points after addition of DIR in the medium. All assays
were performed with 100 nM fluorogen, and bar graph analyses were determined from n=5
images for each group. The error bars denote standard error from the mean.

Ch. 3.1 –Discussion
Here I explored multi-fluorogen activation from a single scFv reporter that resulted in
multi-color detection at the surface of mammalian cells. I demonstrated that a previously
isolated scFv, called HL1.0.1-TO1, activated three different fluorogens from the cyanine family:
OTB-SO3 (blue-channel), TO1-2p (green-channel), and DIR (red-channel). When genetically
fused to surface receptors, the scFv maintains biosensor activity and allows protein discovery
applications. Furthermore, the scFv selectively targets all three different fluorogens at submicromolar binding affinities, which limits fluorogen noise/background or cellular toxicity for
live cell studies.
A bi-partite non-covalent platform offers advanced fluorescence detection when
compared to conventional biosensor systems. Contrary to ever present signal from fluorescent
antibodies or reporter proteins, detection of scFv fluorescence remains absent until the addition
of a cognate fluorogen to the cellular medium 93. Additionally, fluorogen removal from the
cellular medium results in loss of fluorescence signal, with increased loss for weaker affinity
fluorogens (Fig. 3.1.2). Thus, the manipulation of fluorogen concentration in the cellular
medium permits user-controlled signal onset versus offset, and offers opportunity for advanced
protein discovery applications, such as, protein turnover at the cellular membrane, pulse-chase of
vesicular traffic, or post cell labeling assays that require removal of signal. Additionally, I
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foresee future engineering of multi-specific scFv proteins to utilize rational design strategies,
such as binding region point mutations, in order to derive weak affinity fluorogen interactions
and further accelerate the rates of signal removal.
Multi-specific scFv biosensors offer multi-color detection, such as co-labelling and realtime fluorescence signal switch. In this regard, the user may initially present a fluorogen to the
cellular medium, and subsequently compete for binding via addition of a different color
fluorogen. As presented here, fluorescence color-switch depends upon the affinities of the scFv
for each fluorogen. For instance, higher affinity fluorogens compete with weaker affinity
fluorogens and force a new equilibrium resulting in rapid exchange of fluorescence signals (Fig.
3.1.3). Although not assessed here, one may further improve signal exchange via the removal of
the first fluorogen from the medium (wash-off), and subsequently present a second color
fluorogen to compete with the remaining initial fluorogen. Thus, signal exchange may aid
vesicular traffic detection, such as, receptor downregulation and re-sensitization studies 96. On
the other hand, competition using similar affinity fluorogens results in two-color labelling
instead of color-switch. As a result, the analysis of co-localized signals for the same target
protein may facilitate detection and minimize background/noise. Additionally, I foresee future
fluorogen engineering strategies, such as addition of bulkier chemical groups to weak affinity
fluorogens, to amplify affinity differences between fluorogens for same multi-specific scFv, and
as a result improve the rate of signal exchanges.
In summary, the data presented here highlights novel strategies of fluorescence detection
that prove difficult with conventional methods. Future evaluations of molecular interfaces from
multi-specific scFvs with target ligands will advance rational design strategies for engineering
scFv scaffolds and fluorogens. As a consequence, multi-specific scFv reporters improve the
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field of fluorescence biosensors, and offer multi-color labeling strategies for the detection of
surface proteins on live cells.

Ch. 3.1 – Materials and Methods
Plasmid Constructions. The surface expression of HL1.0.1-TO1 fused to adrenoreceptor-beta2 (ADRB2) on mammalian cells was performed using a pDisplaySacLac2 plasmid 35 modified
at the SfiI restriction sites to include a HL1.0.1-TO1 insert 94. The insert SfiI overhangs were
generated as previous 35. The pDisplaySacLac2 plasmid was further modified at the BsmI site to
include the ADRB2 insert as previously described 34 .
Cell Lines and Culture Conditions. A JAR200 yeast cell line (Mat a ura3-52, trp1, leu2δ200,
his3δ200, pep4:HIS3, prbd1.6R, can1, GAL, GAL promoter-AGA1::URA3:G418r) was host for
the surface display of HL1.0.1-TO1, and provided by the Szent-Gyorgyi lab at Carnegie Mellon
University. A HEK-293 mammalian cell line was used for all transient transfections using
reagent TransIT®-LT1 (Mirus Bio) according to the manufacturer’s instructions. The
mammalian cells were grown at 37°C, 5% CO2 in Dulbecco’s modified Eagle’s medium
(DMEM) plus 10% fetal calf serum, 100 U/mL penicillin, and 100 µg/mL streptomycin.
Optical Spectroscopy. All samples were analyzed in an Infinite M1000 plate spectrometer
(TECAN) using transparent, flat-bottom, 96-well microtiter plates (Corning). Fluorescence
enhancement values, spectra characterizations, and kinetic titrations were measured using
triplicate samples of 106 yeast cells induced for surface display of HL1.0.1-TO1 in 200 µl
phosphate-buffer-saline (PBS) medium, and corrected for background fluorescence of uninduced
control cells. The kinetic titration values for each fluorogen were fit to a one-site binding
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equation using Graph-pad Prizm 5.0 Demo (GraphPad Software, Inc.), where x is the fluorogen
concentration:
 =  ∗  /(

+ )

Fluorescence Microscopy. Images were acquired with a Carl Zeiss LSM 510 Meta/ UV
DuoScan inverted confocal microscope using a 405 nm laser and a 430-480 nm band-pass filter
for OTB-SO3 fluorogen, a 488 nm laser and a 505-550 nm band-pass filter for TO1-2p fluorogen,
and a 561nm laser and 575 nm LP band-pass filter for DIR fluorogen. Cells were imaged in PBS
using 35-mm glass-bottom dishes (MatTek), and all images analyzed using ImageJ software
(http://rsb.info.nih.gov/ij/).
Fluorogen Manipulations. HEK293 cells transiently expressing HL1.0.1-TO1 fused to ADRB2
were labelled with 100 nM OTB-SO3, TO1-2p, or DIR fluorogens. For fluorogen removal, the
cells were washed using PBS and immediately imaged. For fluorogen competition, the cells
were initially labelled with OTB-SO3, subsequently either TO1-2p or DIR were added to the
medium and immediately imaged. All time-lapse image acquisitions were performed every 15
seconds for a total of 10 minutes.
Cellular Photobleach Assay. HEK293 cells transiently expressing HL1.0.1-TO1 fused to
ADRB2 were imaged independently in presence of 100 nM OTB-SO3, TO1-2p, or DIR
fluorogens. Cells were photobleached over four Z-stack planes for a total of 20 cycles that
consisted 30 second iterations of 10% laser power (a 405 nm laser for OTB-SO3, a 488nm laser
for TO1-2p, or a 561 nm laser for DIR). Microscopy acquisition was performed between each
cycle, while maintaining the same settings across each fluorogen group. Maximum pixel
intensities were determined by collapsing the Z-planes onto one image after each photobleach

70

cycle. Mean values of all images per cycle were normalized to initial (unbleached) maximum
pixel intensity values.

Chapter 3.2 – A Multi-Specific scFv Activates Fluorogens from Different
Chemical Families
Ch. 3.2 – Introduction
In unusual circumstances, a single scFv biosensor may display broad selectivity against
similar fluorogens from the same chemical family. In such cases, the complementarity
determining regions (CDR) of the scFv tolerate minor ligand structural and electrostatic
differences that preserve the fluorogen’s fluorescence activation. Previous studies described
promiscuous scFvs that activate cyanine family fluorogens, where length of the methine-linker
and variation of the heterocyclic groups provided the fluorescence diversity 37,41,93. In this
regard, the chemical family defines the fluorogen’s chemico-structural parameters and detection
properties. In contrast, here I inform of a novel scFv biosensor that activates fluorogens from
two structurally dissimilar chemical families, triarylmethane and cyanine (Fig. 3.2.1). As a
result, such scFv reporter offers an expanded range of detection, as well as, opportunities for
improved structural modifications of fluorogens for their fluorescence enhancement.
Due to the differences between cyanine and triarylmethane chemical families, the scFvfluorogen interactions occur at unique affinities and spectral signatures that result in multichannel detection from a single biosensor. When expressed at the surface of mammalian cells,
the biosensor reveals low background and bright fluorescence signal, with opportunities for
cellular trafficking assays and multi-color protein discovery.
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Figure 3.2.1 – Chemical structures of fluorogens activated by HL4. (A) Triarylmethane
fluorogens. (B) Cyanine fluorogens.

Ch. 3.2 – Results
Screening for scFv multi-specificity
A fluorogen-activating-protein named HL4 was previously isolated from a human scFv
library with activity against a malachite-green fluorogen 94. I screened HL4 against diverse
fluorogen sets (Appendix: Table S2) and observed activity against fluorogens from two
structurally dissimilar families, triarylmethane and cyanine (Fig. 3.2.1). In particular, I observed
activation for each of the following fluorogens: malachite-green (MG-2p), brilliant-green (BG),
thiazole-orange (TO) and dimethyl-indole-red (DIR) (Fig. 3.2.2). The spectroscopic
measurements for excitation and emission wavelengths revealed differences in spectra (Table
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3.2.1, Appendix: Fig. S12). When compared, DIR and TO indicate a 100 nm differential, where
DIR shifts to the red channel – a property accounted by the longer trimethine bridge of DIR
versus the monomethine of TO 41. In contrast, the more similar fluorogens MG-2p and BG
demonstrated minor spectral differences – BG reveals a slight shift of 20 nm into the far-red
channel.

Figure 3.2.2 – Fluorescence emission spectra for each fluorogen using 500 nM protein
and 1 µM fluorogen in phosphate-buffered-saline (PBS). (A) Triarylmethane fluorogens.
(B) Cyanine fluorogens.

Since HL4 displayed activation against various fluorogens from each family, I asked
whether its promiscuity was a general feature. I tested several fluorogen variants with minor
chemical alterations, such as TO1 or αCN-DIR, and family analogs TO-PRO1 or fuchsine. For
each case, HL4 failed to activate fluorescence (Appendix: Fig. S13). Hence, although HL4
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displays promiscuous activity against different families of fluorogens, the fluorogens within each
family must contain specific structural features for their activation.

Determining scFv affinities for each fluorogen
When each ligand was titrated against the scFv, all the fluorogens indicated submicromolar binding affinities (Table 3.2.1, Appendix: Fig. S14). In this case, the fluorogens in
the triarylmethane family presented stronger binding than fluorogens in the cyanine family, an
expected observation since HL4 was originally isolated from the scFv library against malachitegreen, a triarylmethane fluorogen 94. Accordingly, the strong HL4 binding affinities against all
corresponding fluorogens offers the potential for live cellular studies, due to low fluorogenic
toxicity and background at such concentrations 94.

Table 3.2.1 – Summary of fluorogen properties binding to HL4
Determining shared scFv binding region for multi-fluorogen activation
Since each of the fluorogen families reveal dissimilar chemico-structural features, I asked
whether the scFv activated the fluorogens at a shared region. Thus, an initial concentration of
fluorogen from one family was maintained constant, while a different fluorogen from the other
family was incrementally titrated. As a result, when MG-2p was incrementally titrated with TO
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fluorogen, the MG-2p fluorescence signal decreased (Fig. 3.2.3), while the opposite titration
revealed a similar result (Fig. 3.2.3). Taken together, the data suggest that each fluorogen
family, triarylmethane or cyanine, competes for activation with HL4 and hints of a common scFv
region of interaction.

Figure 3.2.3 – HL4 binding competition graphs between TO (Cyanine) vs. MG-2p
(Triarylmethane).

Utilizing the multi-specific scFv for live cell protein discovery applications
Additionally, I tested HL4 at the surface of live mammalian cells for protein discovery
applications. In this case, I decided to exclude fluorogens TO and BG, since both permeate the
cellular membrane and may lead to non-specific activation in the cytoplasm 97–99. I tagged HL4
to adrenoreceptor-beta-2 at the surface of U937 monocytes as previously described 34, and
measured cellular fluorescence by flow-cytometry. The data revealed fluorescence enhancement
only for cells tagged with HL4, while wild-type (WT) cells remained dark (Fig. 3.2.4A).
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Figure 3.2.4 – Analysis of HL4 activity at the surface of live mammalian cells. (A) Flowcytometry histograms from U937 cells with heterogeneous expression of HL4 fused to beta2-adrenergic-receptor at the cell surface. (B) Micrographs from HEK-293 cells expressing
HL4 at the cell surface in presence of either MG-2p or DIR. (C) Micrographs from HEK293 cells expressing HL4 fused to adrenoreceptor-beta-2. The cells were first labelled with
MG-2p, pulsed with receptor agonist, then media was replaced containing DIR only. All
experiments were performed in the presence of either 100 nM MG-2p or DIR fluorogens, and
scale bar represents 30 µm.

Additionally, I performed confocal microscopy of transiently expressed HL4 at the
surface HEK-293 cells. Analysis with MG-2p or DIR fluorogens revealed fluorescence activity
only for HL4 transfected cells, while untagged cells remained dark (Fig. 3.2.4B). I genetically
fused HL4 to adrenoreceptor-beta-2 at the surface of HEK-293 cells, and performed an agonist-
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stimulated receptor internalization assay as previous 34,35. More specifically, I executed a twocolor pulse-chase study by first introducing MG-2p fluorogen and isoproterenol, a receptor
agonist, to the medium. After receptor signaling triggered internalization, the cellular media was
exchanged with DIR fluorogen only medium. After calibration of microscope settings (laser
power and emission filter) for each fluorogen (Appendix: Fig. S15), the MG-2p channel
indicated receptor trafficking into endosomes, while the DIR channel only labelled the cellular
surface (Fig. 3.2.4C). Taken together, HL4 proved functional and stable as a fusion protein at
the surface of mammalian cells, with abundant fluorescence signal and minimal background.
Furthermore, it provided multi-color detection of vesicular traffic utilizing a single biosensor.

Ch. 3.2 – Discussion
In rare circumstances scFv biosensors may activate more than one fluorogen type.
Previously isolated broad-activity scFv biosensors only demonstrated activity against cyanine
family fluorogens, with methine-bridge length accounting for the majority of their diversity 41,95.
Here I expand on this concept and present a scFv with activity against fluorogens from
structurally diverse families, triarylmethane and cyanine. In this regard, the triarylmethane
fluorogen family constitutes of a triphenylmethane backbone 100, while the cyanine fluorogen
family comprises of poly-methine linked heterocycles 33. Correspondingly, the structural
variations among the fluorogens result in unique fluorescence spectra that allows multi-channel
detection from a single biosensor – from possible wavelengths of green to far red (Table 3.2.1).
Likewise, the structural diversity of the fluorogens presents opportunities for
fluorescence enhancements 36,39,101. Assuming HL4 selectivity is maintained, minor cyanine
fluorogen adjustments may expand the fluorescence detection of TO and DIR fluorogens, such as
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length modifications of the methine-bridge leading to additional fluorogens with alternate
fluorescence spectra 41. Likewise, triarylmethane fluorogen modifications at their alkyl
subgroups may allow MG-2p and BG variants to shift towards the blue-wavelength 102. On the
other hand, fluorogen structural modifications with charged groups or polyethylene glycol
oligomers prevent cellular permeability 94. Consequently, such modifications to fluorogens TO
and BG would allow their application in live cellular studies and protein discovery assays.
In regards to activation, the cyanine and triarylmethane fluorogens appear to compete for
interaction with HL4 (Fig. 3.2.3), and suggest of a common affinity region. This observation
proposes two possible mechanisms: binding of each fluorogen type to its specificity region
disrupts/blocks the CDR ligand binding region for the opposing family of fluorogens, or both
fluorogen families share an identical ligand recognition sequence. Up to this point the results
only demonstrate competition for scFv activation at a similar region; however, they stay
congruent with CDRs ordering affinity of interaction, since combinations of hypervariable loops
determine antigenic selectivity, while other regions of the scFv direct its structural integrity
103,104

. The results also correlate with recently reported scFv-fluorogen structural data indicating

the CDRs as the primary interfaces for fluorogen contact 73,74.
When adapted for live cellular studies, HL4 demonstrates strong biosensor activity –
minimal fluorogen background and bright signal. Its ability to activate multiple ligands at
unique fluorescence spectra offers enhanced opportunities of detection, such as, co-labeling
flexibility, pulse chase studies (Fig. 3.2.4C), and real-time color switching 93. Such a model of
multi-fluorogen activation challenges other established bi-partite platforms, such as biarsenical
FlAsH/ReAsH, SNAP-tag, or stilbene-binding antibodies 28–30,105, where their signal detection is
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fixed and specific to each moiety. Consequently, fluorogen-activating proteins allow a plastic
and user-defined approach of fluorescence detection.

Ch. 3.2 – Materials and Methods
Plasmids Construction. A pKM260 plasmid was modified at NheI and EcoRV restriction sites
using annealed overlapping oligos to introduce two unique SfiI restriction sites. HL4 was
previously described 94, and contained SfiI overhangs generated as described elsewhere 35. The
transient transfections were performed using pDisplaySacLac2 plasmid 35 with HL4 insert
ligated into SfiI restriction sites. The adrenoreceptor-beta-2 (ADRB2) gene was isolated as
previously described 34 and inserted into the BsmI site of the modified pDisplaySacLac2
plasmid.
Protein Expression and Purification. Purified protein was obtained using a pKM260 plasmid
in a Rosetta-Gami E. coli strain (Novagen). Cells were induced with 0.5 mm isopropyl-β-dthiogalactopyranoside (RPI Corp), then harvested, lysed, and pelleted via high-speed
centrifuging. The supernatant was used in nickel-nitrilotriacetic acid chromatography (Ni-NTA,
Thermo-Fisher) according to manufacturer’s instructions. The eluted fractions were purified via
gel-filtration chromatography, then pooled and concentrated using centrifugal-filter units
(Millipore). Final protein concentrations were determined by spectroscopy at 280 nm
wavelength using Beer-Lambert equation. All protein samples were aliquoted and stored in
phosphate buffer saline with 0.09% sodium azide at -20 Celsius. Thawed samples were
subsequently stored at 4 Celsius for one month, and then discarded.
Optical Spectroscopy. Samples were analyzed in an Infinite M1000 plate spectrometer
(TECAN) using transparent, flat-bottom, 96-well microtiter plates (Corning). Fluorescence
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enhancement values were calculated using 500 nM protein and 1 µM fluorogen in phosphatebuffered-saline (PBS). Excitation/emission spectra were measured using 500 nM protein and
250 nM fluorogen in PBS. HL4 binding competition was performed in presence of 500 nM
protein in PBS with either constant 150 nM MG-2p versus changing concentrations of TO
fluorogen (Fig. 3), or constant 1 µM TO versus changing concentrations of MG-2p fluorogen
(Fig. 3). The HL4 fluorogen titrations were performed with 150 nM protein in PBS and final
titration values represent averages from three unpaired experiments (in four sets of samples) with
mean data values for each experiment fit to a one-site binding equation using Graph-Pad Prism
software, where x is the fluorogen concentration:
 =  ∗


+

Cell-culture conditions and transient transfections. HEK-293 and tagged HL4
adrenoreceptor-beta-2 U937 cells 34 were grown at 37°C, 5% CO2 in Dulbecco’s modified
Eagle’s medium (DMEM) plus 10% fetal calf serum, 100 U/mL penicillin, and 100 µg/mL
streptomycin. Transfections were performed with TransIT®-LT1 reagent (Mirus Bio) according
to manufacturer’s instructions.
Cellular surface receptor agonist stimulation. 100 nM MG-2p was added to the cellular
medium of Hek-293 cells expressing HL4 fused to adrenoreceptor-beta-2. After 5 minutes,
media was removed and replaced with PBS + 10 µM isoproterenol (Sigma-Aldrich). After 30
minutes, media was removed and replaced with PBS + 100 nM DIR followed by imaging.
Flow-cytometry. Data were collected with a FACS Vantage SE Flow Cytometer with FACS
Diva option (Becton Dickinson) using a HeNe 623-nm laser with 685/35 nm filter. Cells were
analyzed in PBS in presence of fluorogen; all acquired live events were greater than 10,000 cells
per sample. Quantitation was carried out using FACS Diva Software v5.0.2 (Becton Dickinson).
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Fluorescence Microscopy. Images were acquired using a Carl Zeiss LSM 510 Meta/ UV Duo
Scan inverted spectral confocal microscope with a 561 nm laser and 575 nm LP band-pass filter
for DIR fluorogen, and a 633 nm laser and 650 nm LP band-pass filter for MG-2p fluorogen.
Cells were imaged in PBS using 35-mm glass-bottom dishes (MatTek) in presence of fluorogen.
All images were analyzed using ImageJ software (http://rsb.info.nih.gov/ij/).

81

Chapter 4: Engineering Tandem scFvs for Cell Surface Reporter Applications

Ch. 4 – Introduction
When compared to full-length antibodies scFv molecules exhibit size reduction with
better pharmacokinetic tissue penetration, have the ability for in-vitro selection, and the
capability of expression in prokaryotic systems 106. On the other hand, scFv molecules display
increased off-rates and poor retention time of the antigen when compared to full-length
antibodies due to their monovalent structure 103. Recent protein engineering methods utilize
approaches for addressing the monovalency of scFv molecules by chemical cross-linking
methods or by genetic manipulations of scFv DNA sequences 103,107.

Tandem multimeric structures
This genetic approach links independent scFv molecules in tandem arrays by utilizing
amino acid linkers, while each scFv maintains individual function. This method was recently
examined for a divalent multimeric scFv structure that utilizes a glycine-serine flexible linker to
tandemize each domain 108. In this study, the goal was to physically separate each active domain
to allow proper folding and function, while maintaining stability. The specific length of the
linker showed to be highly variable and dependent on the scFv species. Distances currently used
for this genetic approach range from 5 nm for a five amino acid linker to 8–12 nm for a 20 amino
acid residue linker 109. This tandem approach also allows generation of highly pure, stable, and
functional multimeric scFvs by prokaryotic and mammalian cells expression methods 108.
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Diabodies
A different class of multimeric species offers structural complexity and greater stability
than tandem multimeric structures. Diabodies (scFv dimers) are small, tetrameric antibody
structures of approximately 55 KDa in size. A short linker connecting the VL and VH domains
leads to fairly rigid structure, which prevents their specific VH-VL interaction. By using a linker
that is too short (~5 amino acids) pairing between the two domains on the same chain is not
allowed, therefore, the domains are forced to pair with the complementary domains of another
chain (Figure 4.1).

Holliger, P. & Hudson, P. J. Nat. Biotechnol. 23, 1126–36 (2005).

Figure 4.1 – Structural diagram list of multimeric scFv structures

Diabodies possess the same valency as full-length antibodies with the advantage of onethird of their size. They also possess rapid in-vivo targeting pharmacokinetics when compared to
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the intact parent antibody due to their small size, and prove suitable for imaging and therapeutic
applications 110–112. Moreover, diabodies offer greater structural stability than single scFv
molecules since four variable domains, instead of two, interact in the quaternary structure 113.
Similarly, a genetic modification of disulfide bonds at the head to tail folding interface may add
increased diabody stability. An important feature of diabody bivalency is their improved binding
affinities to 40 times over conventional scFv molecules 114.

Triabodies
Modeling studies based on the X-ray crystal structure of a diabody revealed that the
reduction of the linker connecting the VH and VL to just one or two residues forces the
dissociation the diabody 115,116. A similar study demonstrated that an scFv derived from antibody
NC10 (specific for influenza virus neuraminidase) with no linker formed three active antigen
binding sites 117. A follow up to the study used the same NC10 scFv molecule containing linkers
of three and four residues and found a strong preference for dimer formation (diabodies),
however, when the linker length was reduced to one and two amino acid residues the scFv
association formed trimers (triabodies) 118. Their data suggested a relatively strict transition from
dimer to trimer upon reduction of the linker length from three to two amino acid residues.
The advantage of triabodies is their ability to bind three identical epitopes on the same
molecule corresponding to higher avidity and stronger binding. As expected, surface plasmon
resonance (SPR) kinetic experiments showed that triabodies had slower dissociation rates when
compared to the monomer, which was attributed to the increased avidity of multivalent binding
115

. Thus, the propensity to trimerise might be a general feature of scFvs with a reduced internal

linker length. However, tetrabodies are challenging this concept.
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Tetrabodies
Recent advancements in protein engineering derived stable scFv tetramers by noncovalent associations. By utilizing a scFv antibody fragment specific for the human B-cell
antigen CD19 and modifying the linker length from zero, one and ten amino acid (aa) residues
the authors were able to detect tetrabody activity 103,115. Their results determined formation of
diabodies by use of a 10 amino-acid linker, triabodies by the use of 0 amino-acid linker, and
surprisingly the linker with one amino-acid residue formed exclusively tetrabodies 115. The same
study detected lower dissociation rates for tetrabody structures when compared to either of the
other two species, diabodies and triabodies This information suggests that tetrabody structures
are conceivable based on the manipulation of the linker size connecting the VH and VL domains
103

.

One consideration regarding tetrabodies is that formation may be dependent on specific

scFvs, rather than the linker length, since the intrinsic folding and amino-acid sequences of each
scFv influences their structural conformations. Unfortunately, lack of data in this topic reveals
that more investigations are needed to confirm the requirements for tetrabody formation.

Figure 4.2 – Structural differences based on variations of peptide linker lengths
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In order to further improve the scFv biosensor platform I generated tandem scFv
multimers expressed at the surface of mammalian cells. Such approach would provide several
advantages: (1) user choice regarding fluorogen channel detection, (2) simultaneous multi-color
labelling of target proteins to facilitate signal determination versus background, (3) fluorescence
amplification to aid detection of low abundance proteins, (4) opportunity for Förster-resonance
energy transfer (FRET) to increase the fluorogens’ Stokes’ shift, (5) and ability to perform
sequential multi-color cellular traffic studies. Although much understanding exists regarding
scFv multimers, previous works primarily focus on freely diffusing protein forms, such as minibodies, diabodies, and derivatives thereof 106,115,119–121. Additionally, most studies fail to address
the limitations and requirements for generation of scFv assemblies. Moreover, synthesis of scFv
multimers frequently generates various by-products species, and insoluble fractions that require
denaturing and renaturing to properly fold 122.
In order to address the cell surface display of scFv multimers for mammalian cell
applications I selected a tandem linear assembly of scFvs to facilitate folding in the highly
restricted secretory compartments. In theory this approach would limit incorrect assemblies and
formation of aggregates presently observed in freely diffusing systems.
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Ch. 4 – Results
Determining peptide linkers between tandem proteins for mammalian cell surface display
applications
I selected four different peptide linkers to join tandem multimer proteins: A flexible
linker composed of a trimer of four glycines and a serine (G4S)3 108, a four turn α-helix linker 123,
a proline-helix linker 124,125, and a Z-domain linker composed of a three α-helix bundle 66,126. I
separated two fluorescent proteins, eGFP and mRFP, with each linker type and assessed their
surface activities in mammalian cells. After transfection, microscopy results revealed robust cell
surface signal for the flexible or α-helix linker constructs; on the other hand, the proline-helix
and Z-peptide linker constructs showed poor cell surface signals (Fig. 4.3). Additionally, all
samples revealed intracellular fluorescence, particularly mRFP – a consequence of fluorescent
protein folding and activity in the secretory compartments of mammalian cells. Here however,
the proline-helix and Z-peptide constructs showed large clusters of intracellular signal when
compared to the flexible or α-helix linkers, which suggests protein aggregate formation and poor
sorting in the secretory compartments – and stays consistent with their poor cell surface
activities. Taken together, either flexible or α-helix linkers result in the cell surface display of
multipart protein assemblies in mammalian cells.
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Figure 4.3 – Assessing mammalian cell surface expression of multiplexed fluorescent
proteins via different genetically encoded linkers. Micrographs of HEK-293 cells
expressing a tandem construct of eGFP and mRFP at the cell surface. Controls represent
single fluorescent protein cell surface expression. The scale bar indicates 30 µm.

Performing a large combinatorial screen of scFv-dimers expressed at the surface of
mammalian cells
Next, I selected different scFv biosensors (previously studied by MBIC) with activation
against different color cell-impermeant fluorogens (Table S3). Because the selected blue
emission scFvs (A5, D10, and H10) lacked prior validation in mammalian cells, I transfected
each one for cell surface expression and then measured for biosensor fluorescence. The
micrograph data indicated abundant and uniform cell surface signal only for A5 (Appendix: Fig.
S16); thus, I only utilized this scFv for all subsequent blue-channel experiments. As previously
assessed with fluorescent proteins, I asked whether tandem scFv assemblies, separated using
flexible or α-helix linkers, would result in fluorogen activation at the cell surface. I performed a
large combinatorial study of scFv-dimers expressed in mammalian cells. Here I observed varied
results, such as, abundant cell surface signal for some scFvs, and poor cell surface activity –
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absence, dimness, or intermittent signal – for others (Fig. 4.4, S18 and S19). Surprisingly, both
linker types showed similar data results for all scFv-dimer combinations, which demonstrate
their role as structural spacers, rather than determinants for correct scFv activities.

Figure 4.4 – Summary graphic of microscopy images where different scFv
configurations were expressed at the surface of cells. Both, flexible or α-helical linkers
between the scFvs provided the same results.
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Assessing the mechanisms for reduced cell surface activity of some scFv-dimer
combinations
I further investigated the loss or reduced cell surface activity from scFv-dimer
combinations. I genetically tethered a cytoplasmic eGFP domain to all pairwise combinations of
MG-2p activating scFvs joined using a flexible linker (Fig. 4.5A) (I omitted the α-helix linker for
all subsequent experiments since similar results are obtained). In such constructs, the GFP signal
reports protein expression (intracellular and cell surface), while the cell impermeable MG-2p
fluorogen reports only scFv cell surface activities. After cellular transfection, I analyzed a large
population of cells (greater than 10,000 events) via flow-cytometry. For some cases the data
showed sustained GFP signal and decreased MG-2p fluorescence, such as, constructs HL4/dL5
and dL5/HL4 when compared to controls of single HL4 or dL5 (Fig. 4.5B). Here, the data
suggests scFv misfolding (most likely incorrect scFv domain assemblies) preventing fluorogen
activation and/or cell surface traffic, yet sustained protein expression. On the other hand, when
dH6 is placed distal to the cell membrane, as in the case of dH6/HL4 and dH6/dL5, both GFP
and MG-2p signals decrease when compared to control of single dH6 (Fig. 4.5B). This reveals
protein instability of tandem scFv assemblies, for which cellular quality control mechanisms
target the protein for degradation 127. Conversely, when dH6 is placed proximal to the cell
membrane (as in the case of HL4/dH6 and dL5/dH6) the GFP and MG signals are preserved
(Fig. 4.5B). This observation highlights that dH6 location (cell membrane distal vs. proximal)
influences correct folding and stability of scFv-dimer assemblies. In quick summary, here I
propose two principal mechanisms for loss of biosensor activity at the surface of cells: (1) in
some cases incorrect pairing of tandem scFv domains results in inactive scFv monomers and/or
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surface traffic of tandem scFvs; (2) for other cases tandem scFvs form unstable assemblies that
result in their protein degradation.

Figure 4.5 – Analysis of fluorescence from different combinations of multiplexed scFvs.
(A) Graphical display of constructs at the cell surface. (B) Flow-cytometry graphs from
HEK-293 cells expressing a each construct at the cell surface and measured in presence
of 150 nM MG-2p.
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Revealing the role of scFv monomer stability for functional scFv tandem structures
The scFv unit comprises of a pair of VH and VL chains held together via non-covalent
forces where the number of contacts and type of affinity interactions (i.e. ionic, van der Waals...)
influence domain affinities and overall structure. Accordingly, I looked at the inherent stability
of each constituent scFv unit when subjected to chemical insults. I utilized two different
chaotropic agents, guanidinium-chloride (Gm-Cl) and urea, and measured fluorogen activation at
increasing concentrations of each – note that chaotropic agent effects on fluorogens were not
detected (Appendix: Fig. S20). The results showed A5 and dL5 as most resistant to chemical
insults when compared to HL4, HL1, dH6, and K7 (Fig. 4.6A + B). Additionally, I observed
chaotropic agent preferential effects, such as sensitivity of K7 to urea when compared to Gm-Cl
(Fig. 4.6A + B). Such observation results from the molecular differences of each agent, such as
the ionic nature of Gm-Cl versus uncharged urea 128,129. More specifically, urea tends to unfold
proteins through direct van der Waals forces, or indirect disruption of the water structure, which
in turn weakens the solvation of hydrophobic groups 130,131, while Gm-Cl tends to disrupt the
protein structure via interference of electrostatic interactions 132. Thus, according to K7
sensitivity to urea I predict its stability to derive primarily from hydrophobic interactions.
Because chemical insults may offer differential effects on protein stability results, I
performed additional experiments involving thermal denaturation, where increase of enthalpy
non-preferentially disrupts non-covalent bond interfaces in the protein. Here I exposed each
scFv to increasing thermal gradients while measuring for fluorogen activation – note that thermal
effects on fluorogens were not detected (Appendix: Fig. S21). Here, dL5 showed the highest
melting temperature; however, indicative of high scFv stability, A5 demonstrated the most
fluorescence activity at high temperatures (broadest shoulder) when compared to all scFvs (Fig.
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4.6C). Next I performed the reverse assay; I inactivated all the scFvs at high temperatures and
followed by reversing the thermal gradient while measuring for fluorogen activation. Analysis
showed initial refolding activity for dL5 at high temperatures; however, as previously
determined, A5 had the highest fluorescence activity at high temperatures (Fig. 4.6D). In
contrast, dH6 and HL1 failed to regain activities when cooled, indicating poor protein stability
and/or ability to refold into correct VH and VL orientations (Fig. 4.6D). In final analysis, when
analyzed together (chemical and thermal data), A5 demonstrates high protein stability, while
dH6 and HL1 demonstrate poor stabilities. When compared to cell surface scFv-dimer activities
(Fig. 4.4) the data stays congruent and reveals that high stability scFvs tend to form functional
tandem assemblies. In the case of dL5, it displays high stability when exposed to chemical
agents, yet moderate activity (linear decay) when assayed thermally; accordingly, the data
suggest dL5 as less stable than A5, which is also observed from the live cell data (Fig. 4.4).
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Figure 4.6 – Measuring in-vitro protein stability from each scFv biosensor. (A) The top graph
corresponds to the measured fluorescence intensity of each scFv in presence of increased
concentration of guanadinium-chloride (Gm-Cl), while the bottom bar graph shows the
fluorescence intensities of each scFv at the highest concentration of Gm-Cl from the top graph.
(B) Same as previous, but in presence of increased urea concentration. (C) Graph of
fluorescence intensities from each scFv at an increased thermal gradient. (D) Graph of
fluorescence intensities from each scFv (post thermal inactivation) at a decreased thermal
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gradient. For all experiments MG-2p fluorogen was used with dL5, HL4, and dH6; OTB-SO3
fluorogen was used with A5; DIR fluorogen was used with K7; and TO1-2p was used with HL1.

Measuring fluorescence signal amplification using tandem scFvs
Multimeric scFv biosensors may allow fluorescence signal amplification over single scFv
reporters. For that reason, I analyzed scFvs that showed fluorescence activity when paired with
themselves, such as A5, dL5, and K7 (Fig. 4.4). I built scFv constructs containing mono-, di-,
and trimeric scFvs separated by flexible linkers and transfected each into mammalian cells for
surface expression. Each construct included an N-terminal hemagglutinin (HA) sequence, and
after transfection the cells were labelled with anti-HA FITC antibody. Flow cytometry analysis
of a large population of cells (greater than 10,000 events) measured signal amplification only for
A5 (Fig. 4.7A). In the case of K7, each scFv unit addition resulted in decreased fluorescence for
both FITC and DIR, indicative of incorrect scFv assemblies with lower cell surface traffic (and
possibly expression). Similarly, dL5 also showed lower signal for both FITC and MG-2p with
each addition of scFv units; however, FITC signal resulted in greater proportion loss than MG2p, suggesting reduced antibody access to the N-terminal HA-epitope. Since dL5 is a noncanonical scFv formed by pairing of same light-chain domains (VL - VL)
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, incorrect VL

domain pairings in tandem scFvs may bury the N-terminal HA-sequence and result in greater
MG-2p activity than FITC. Additionally, quantitative analysis shows A5 fluorescence activity
proportional to the number of added monomer units (Fig. 4.7B). On the other hand, fluorescence
measurements for K7 and dL5 decreased with each tandem unit increase (Fig. 4.7B), consistent
with previous results.
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Figure 4.7 – Determining fluorescence signal amplification of homomeric scFv
biosensors. (A) Flow-cytometry graphs from HEK-293 cells expressing a single (1x),
double (2x), or triple (3x) homomeric scFvs at the cell surface and co-labelled with antiHA Fitc-antibody (B) Summary graph from three independent flow-cytometry
experiments as presented above. All measurements were performed in presence of 100
nM OTB-SO3, DIR, or MG-2p fluorogens.
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Opportunity for energy transfer between chromophores in tandem scFv structures
Hetero-multimeric scFv biosensors may allow fluorescence energy transfer between
chromophores. For instance, a process called Förster-resonance energy transfer (FRET) involves
the transfer of excitation energy from a donor chromophore to an acceptor chromophore via
dipole-dipole intermolecular coupling 133. For our purposes, energy transfer allows the increase
of Stokes’ shift signal detection for fluorogens, which permits fluorescence detection at longer
wavelengths (donor), and excitation at shorter wavelengths (acceptor). Because FRET requires
the spectral overlap between donor emission and acceptor absorption spectra, I multiplexed A5,
which also activates TO1-2p fluorogen (Appendix: Fig. S17), with K7, which activates DIR
fluorogen (note: K7 may activate TO1-2p at especially high excitation settings; however, not at
the excitation settings used in this report, see Appendix: figure S17), at the surface of cells. The
cell surface expression of A5/K7 in mammalian cells revealed that individual addition of TO1-2p
or DIR fluorogens resulted in single channel fluorescence detection (Fig. 4.8). On the other
hand, when presented together in the medium, the excitation of TO1-2p fluorogen resulted in
DIR fluorogen emission due to energy transfer (Fig. 4.8). Thus, here I demonstrate the possible
increase of Stokes’ shift for fluorogens via FRET in tandem scFvs.
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Figure 4.8 – Assessing Förster-resonance energy transfer (FRET) of tandem scFv
biosensors. Micrographs of HEK-293 cells expressing a single construct of A5 and K7
joined by a flexible linker. The images were acquired using different excitation lasers
and emission filters in presence of either 300 nM TO1-2p, or 150 nM DIR, or both
fluorogens combined in the cellular medium. Scale bar represents 30 µm.

Determining live cell reporter application of tandem scFv structures
Next, I asked whether scFv-dimers result in functional fluorescence reporters when fused
to target proteins. I genetically tagged a G-protein coupled receptor, adrenoreceptor beta-2
(ADRB2), using different scFv-dimers (A5/HL4, A5/dH6, or A5/dL5). Microscopy images
revealed multicolor fluorescence only for transfected cells, indicative of biosensor activity from
each scFv, while untagged cells remained dark (Fig. 4.9A). I also asked whether scFv-dimer
reporters fused with ADRB2 interfered with the receptor’s ligand response. Accordingly, I
initially introduced only MG-2p fluorogen to the cellular medium to label the cell surface
receptor with one color. Next, I exchanged the medium to include an agonist (isoproterenol) to
induce ADRB2 signaling. After a short incubation, I exchanged the medium to include only
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OTB-SO3 fluorogen. Microscopy results showed rapid internalization of MG-2p signal into
endosomal vesicles due to the receptor’s response to agonist ligand (downregulation) (Fig. 4.9B).
Additionally, agonist removal from the cellular medium stopped ADRB2 internalization, while
final addition of OTB-SO3 fluorogen detected only the newly synthesized or remaining cell
surface receptors (Fig. 4.9B). In conclusion, scFv-dimer reporters form functional fusions with
target receptors, and permit advanced multi-color detection of vesicular traffic responses.

Figure 4.9 – Determining biosensor activities of tandem scFv dimers when fused with cell
surface receptors. (A) Micrographs indicating biosensor activity from HEK-293 cells
expressing tandem scFvs fused to the surface receptor. (B) Same as previous, however, the
cells were first labelled with MG-2p, pulsed with a receptor agonist, then media was replaced
with OTB-SO3 fluorogen only. All experiments were performed using 100 nM MG-2p and
OTB-SO3 fluorogens, and the scale bar represents 30 µm.
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Ch. 4 – Discussion
Here I set out to engineer scFv multimers expressed at the surface of mammalian cells
with the aim of multi-color fluorescence and enhanced detection. I generated different tandem
constructs separated using various peptide linkers. The cell surface display of dimer fluorescent
proteins demonstrated the influence of linker complexity for cell surface protein traffic. For
instance, simple structural configurations based on flexible or α-helical linkers allow correct
folding, sorting, and processing of tandem proteins in mammalian cells. Conversely, elaborate
peptide linkers, such as the synthetic proline-helix or the highly bundled Z-peptide, add folding
complexities to multi-domain assemblies and limit their cell surface traffic.
A combinatorial study of protein assemblies offered insight into cell surface activities of
tandem scFvs. That is, for some scFv combinations I observed uniform and bright signal, while
for others I observed poor fluorescence activities – absence, dimness, or intermittent signal
(Appendix: Fig. S18 and S19). Here I propose two independent models for biosensor activity
loss: (1) the intramolecular interactions between tandem scFv monomers via VH and VL
mispairings 108,134 may affect fluorogen activation, traffic, and/or protein expression, or (2) the
intermolecular interactions of scFv domains with neighboring scFvs 73,74,94 may result in the
observed clusters/intermittent fluorescence at the cell surface for some scFv tandem pairs.
Additionally, cell surface activities of scFv-multimers correlate with scFv location (cell
membrane distal vs. proximal) and scFv selections. In this case, the magnitude of non-covalent
forces and number of interactions between VH and VL domains direct the stability of each scFv
monomer. As presented by our work, tandem cell surface display of high stability scFvs results
in fluorescence activation, while poor stability scFvs produce the opposite effect (See figure 4.6
with 4.4). Thus, highly stable scFvs fold via the strong affinity interactions between VH and VL
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chains into native conformations, and circumvent alternate intramolecular/intermolecular
configurations. Since the N-terminus domain may function as a chaperone to facilitate folding of
adjacent proteins 135, the placement of high stability scFvs at this region (cell membrane distal)
may result in functional scFv-dimers (See figure 4.4 with 4.6, A5 data). Conversely, the
placement of poor stability scFvs at the N-terminus may result in non-functional tandem scFvs
(see figure 4.5 with 4.6, dH6 data). Therefore, for future studies a preliminary scFv stability
screen prior to generation of multimeric assemblies might streamline the selection process.
Additionally, the application of rational engineering methods to increase stability of each scFv
monomer – such as, the introduction of disulfide bonds and/or point mutations in VL and VH
domains 136 – would benefit multimeric scFv assemblies.
The ability to tether multiple scFv units into a single biosensor platform offers a number
of benefits. For instance, homo-multimeric assemblies of stable scFvs result in linear
amplification of fluorescence signal (Fig. 4.7). In this regard, signal enhancement may allow the
detection of low expression tagged proteins, and also, increase the biosensor fluorescence
lifetime – due to greater number of chromophores per biosensor-tag. Additionally, same color
scFv-multimers may be used in conjunction with dendron-based fluorogens, which amplify
signal five to ten fold per scFv unit 39. In consequence, this strategy may potentially surpass
fluorescence signal output from conventional protein-based sensors and compete with organic
molecule fluorophore systems.
Additionally, hetero-multimeric scFv reporters may allow FRET when using different
chromophores with spectral overlap. In our model, the short flexible linker between scFv-dimers
allows an optimal distance radius for resonance energy transfer between the fluorogen pairs, less
than 10 nm 133. Consequently, the excitation of a donor chromophore results in the emission of
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the acceptor chromophore. Such property increases the Stokes’ shift of fluorogens. An
advantage for the donor fluorogen is reduced cellular background autofluorescence by emitting
signal at longer wavelengths 137. On the other hand, FRET signal offers user flexibility for
instrumentation with limited irradiation sources, allowing alternate excitations for the acceptor
chromophore. Moreover, since FRET is distance dependent further improvements to linker
distances may increase the efficiency of energy transfer between the scFv units. When compared
to other FRET-based approaches, such as multiplexed TO1-2p fluorogen to Cy5 fluorophore 96,
we find that the tandem scFv model permits the detection of the acceptor chromophore at its
reference excitation signal. On the other hand, if Cy5 fluorophore was excited in TO1-2p-Cy5,
one would observe background signal from scFv unbound TO1-2p-Cy5 in the surrounding
medium. Additionally, one could include a protease cleavage site in the linker between the
scFvs in order to disrupt FRET via introduction of a target protease in the cellular medium.
In contrast to established protein based platforms, fluorogen-activating scFvs permit
control of signal onset via the addition of fluorogen into the medium. Consequently, tandem
scFv reporters result in user flexibility for onset detection, as well as, color choice. More
specifically, multi-color labeling permits the study of live cell vesicular traffic, where cell
surface versus intracellular signals from the same tagged protein may be independently detected
96

. Likewise, co-labeling of target proteins with cell permeant and impermeant fluorogens of

different colors may monitor real-time protein synthesis and turnover at the cellular membrane
(Note: such an approach proves difficult or unmanageable with standard fluorescent proteins or
fluorophore labelled antibody systems). Incidentally, the multi-color labelling of same target
proteins may facilitate their detection and limit background/noise via co-localized signal
analysis.
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Ch. 4 – Materials and Methods
Plasmid Constructions. All transient transfections were performed using a pDisplaySacLac2
plasmid 35 that was modified at the SfiI restriction sites to accept different inserts. Cassette
inserts were generated using overlapped oligonucleotides with vector complementary ends and
resulted in two new SfiI restriction sites followed by a linker (either flexible, α-helix, Z-peptide,
or proline-helix), and followed by two DraIII sites. All scFvs used in this report were previously
described 41,94,95. The scFvs, eGFP, and mRFP inserts contained overhangs that were generated
as previously described 35, and were ligated into SfiI , DraIII, or PflMI sites of the modified
pDisplaySacLac2 plasmid. For the generation of trimeric scFvs, a scFv insert was ligated into the
DraIII sites of the modified pDisplaySacLac2; next a cassette insert (described above) was
ligated into the SfiI sites, resulting in new ligation sites (SfiI and DraIII sites) for scFv inserts.
The generation of adrenoreceptor-beta-2 (ADRB2) insert was previously described 34
and inserted into the BsmI site of the modified pDisplaySacLac2 plasmid. For scFv multimers
containing a cytoplasmic eGFP domain, the eGFP insert was ligated into the PflMI sites of the
modified pDisplaySacLac2 plasmid. For expression of scFvs in E.coli, a pET-21a plasmid was
modified at NotI and XhoI restriction sites utilizing a cassette insert generated using overlapped
oligonucleotides with NotI and XhoI complementary ends that resulted in two SfiI sites followed
by a stop codon. Subsequently all scFv inserts were ligated into the SfiI sites.
Protein Expression and Purifications. Purified scFv proteins were obtained using a RosettaGami E. coli strain (Novagen). The cells were induced with 0.5 mm isopropyl-β-dthiogalactopyranoside (RPIcorp), then lysed, and pelleted via high-speed centrifuging. The
supernatant was used in nickel-nitrilotriacetic acid chromatography (Ni-NTA, Thermo-Fisher)
according to manufacturer’s instructions. The eluted fractions were purified via gel-filtration
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chromatography, then pooled and concentrated using centrifugal-filter units (Millipore). Final
scFv protein concentrations were determined by spectroscopy at 280nm wavelength using BeerLambert equation. All protein samples were aliquoted and stored in phosphate buffer saline with
0.09% sodium azide at -20 Celsius. Thawed samples were subsequently stored at 4 Celsius for
one month, and then discarded.
Optical Spectroscopy. Different concentrations of gunidinium-chloride (Sigma-Aldrich) or
urea (Sigma-Aldrich) were incubated with each scFv in phosphate-buffered-saline (PBS) for 18
hours at 4 ⁰C. The samples were measured using 0.5 µM protein and fluorogen in PBS in an
Infinite M1000 plate spectrometer (TECAN) using transparent, flat-bottom, 96-well microtiter
plates (Corning). All thermal denaturation/renaturation experiments were performed using 1 µM
protein and 0.5 µM fluorogen in PBS. Samples were analyzed using a Varian Cary Eclipse
fluorescence spectrometer (Varian Scientific Instruments), and measured every 1 minute at a
gradient of 2 ⁰C per 1 minute. Both, ramp-up and ramp-down temperature experiments, were
performed in the range of 25-90 ⁰C. The excitation/emission wavelengths for all readings were
405/430 nm for OTB-SO3, 510/545 nm for TO1-2p fluorogen, 602/645 nm for DIR fluorogen,
and 630/660 nm for MG-2p fluorogen using a 5 nm band-pass filter.
Cell-culture conditions and transient transfections. HEK-293 cells were grown at 37°C, 5%
CO2 in Dulbecco’s modified Eagle’s medium (DMEM) plus 10% fetal calf serum, 100 U/mL
penicillin, and 100 µg/mL streptomycin. All transfections were performed using TransIT®-LT1
reagent (Mirus Bio) according to the manufacturer’s instructions.
Flow-cytometry. The cells were analyzed in PBS in presence of fluorogen with acquired live
events greater than 10,000 per sample. Data were collected with FACS Vantage SE Flow
Cytometer with FACS Diva option (Becton Dickinson) using a 405 nm laser with 450/20 nm
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filter, a 488 nm laser with 530/30 nm filter, and a 623 nm laser with 685/35 nm filter.
Quantitation was carried out using FACS Diva Software v5.0.2 (Becton Dickinson).
Fluorescence Microscopy. Cells were imaged in PBS using 35-mm glass-bottom dishes
(MatTek) in presence of fluorogen. Images were acquired with a Carl Zeiss LSM 510 Meta/ UV
DuoScan inverted confocal microscope using a 405 nm laser and a 430-480 nm band-pass filter
for OTB-SO3 fluorogen, a 488 nm laser and a 505-550 nm band-pass filter for TO1-2p fluorogen,
a 561nm laser and 575 nm LP band-pass filter for DIR fluorogen, and a 633 nm laser and 650 nm
LP band-pass filter for MG-2p fluorogen. The acquired images were analyzed using ImageJ
software (http://rsb.info.nih.gov/ij/).
Cellular surface assays. Homomeric scFv constructs (1x, 2x, and 3x) were transfected into
HEK-293 cells, then labelled with anti-HA FITC (A01621, GenScript), and measured for
fluorescence via flow-cytometry in the presence of fluorogen. The receptor agonist stimulation
assay was performed using HEK-293 cells transfected with a construct of A5/HL4, A5/dH6, or
A5/dL5 fused to ADBR2. Initially, 100 nM MG-2p fluorogen was added to the cellular medium;
after 5 minutes, the media was removed and replaced with PBS and 10 µM isoproterenol (SigmaAldrich). After 30 minutes at 37 ⁰C, the media was removed and replaced with PBS and 100 nM
OTB-SO3 fluorogen. Subsequently the cells were analyzed by microscopy.
Statistics. A student’s t-test was used to quantify statistical significance. In figures the error bars
denote the standard deviation of the mean, and stars represent significant differences (* = p-value
is less than 0.05, ** = p-value is less than 0.005, *** = p-value is less than 0.0005).
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Chapter 5: Concluding Remarks

Key Summary Concepts
I.

II.

III.

IV.

Multi-specific scFvs allow


User defined detection



Facilitates co-labeling



Aids systems with limited excitation sources

scFv-fluorogen non-covalent interactions permit


Manipulation of signal onset vs. offset



Detection of cellular protein traffic



Multi-color pulse-chase studies

Tandem scFv reporters provide


Multi-color detection



Independent optimization of each fluorogen-scFv pair



No fluorogen competition for scFv activation



Opportunities for FRET



Signal amplification

FAP-based affinity reagents


Form table protein fusion reagents



Display high target specificity



Permit cell surface and intracellular labelling



Demonstrate photobleach resistance when compared to chemical fluorophores



Multi-channel detection from a single reagent



Permit manipulation of signal onset vs. offset

This work presents and discusses a novel biosensor platform called fluorogen-activating
proteins based on single-chain-variable-fragments. The technology offers several detection
advantages over conventional systems – as demonstrated in research areas of drug discovery
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84,138

, high resolution imaging 85, and cellular protein labelling 35,96,139–141. A unique feature of

fluorogen-activating proteins is the independent enhancement of each module (scFv or
fluorogen). For instance, the mutagenesis of scFv scaffolds may improve ligand binding
affinities 74,94, intracellular protein discovery 40, and enhanced brightness 74,94. Similarly,
chemical modifications of fluorogens may allow pH sensing 36, fluorescence spectra shifts 37,
cellular permeability/impermeability 94, resistance to photobleaching 32,37, and signal
amplification 39. Consequently, the scFv biosensor platform offers modular engineering
strategies for improved detection of desired targets.
Although scFv biosensor technology currently offers detection advantages, in this work I
present important improvements for their utilization and detection. One area of advancement
falls in the category of FAP-based affinity reagents. This approach minimizes labor, extensive
genetic manipulations, and artificial expression of desired targets. As a result, a reagent-based
method of FAP labelling proteins offers immediate detection. In addition, instead of one reagent
for one target protein, a universal labelling approach offers limitless detection – dependent upon
readily available commercial antibodies. Thus, with a handful of FAP-reagents one could
potentially FAP-label the majority of the proteome. Incidentally, such a method expands the
application of scFv biosensor technology into the field of biomedical research for fluorescence
labelling of ex-vivo human tissues and primary cell lines – both challenging for genetic tagging.
Additionally, a reagent based approach offers opportunity for non-invasive diagnostics, such as,
live animal or human 3-D fluorescence tomography for detection of tumorigenesis, vascularity,
and inflammation 142,143.
The work presented here also demonstrates live cell applications from multi-specific
fluorogen-activating scFvs. In this case, a single scFv may detect most of the visible spectrum –
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dependent upon fluorogen presented – that results in a flexible detection reporter. Consequently,
with this approach the requirement to tag a protein with different color genetic reporters proves
obsolete. Here, dependent on the detection parameters and labelling requirements of the assay, a
user chooses the fluorescence detection output. Additionally, as demonstrated in this work the
non-covalent interface between scFv and fluorogen permits advanced detection strategies
currently lacking with conventional biosensor methods. Accordingly, multi-specificity detection
coupled with the property of non-covalency – if commercialized, and marketed property – can
catapult the fluorogen-activating scFv technology to a wider recognition status in the scientific
research community. For example, current conventional systems, such as fluorophore labelled
antibodies or fluorescent proteins, are monochromatic and prove problematic in regards to signal
removal. Additionally, much more recent technologies, such as FlAsH/ReAsH 144 or Snaptag/Halo-tag/Clip-tags 14,30,145, also function as a bi-partite biosensors, however the capture of the
fluorescent molecule target forms via a covalent bonds, which limits their application for multicolor detection, such as, live cell protein turnover and trafficking studies. On the other hand,
systems based on methotrexate conjugates 146 function via non-covalent interactions; however,
they require additional incubation labelling and washing steps.
An interesting adaptation to multi-specificity is the generation of tandem scFv reporters.
This alternate approach offers multi-color detection; however, it allows independent optimization
of each fluorogen-scFv pair for fluorescence brightness and binding affinities. Additionally,
scFv multimers avert fluorogen competition for scFv activation; thus, one may perform advanced
signal co-localization studies, such as, measurements of protein turn-over at the cell surface.
Also, as presented in this work, tandem scFv structures expand the properties of detection, such
as, opportunities for fluorescence amplification and FRET signaling. On the other hand, future
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approaches for developing multimeric scFv structures must address scFv monomer stability.
One approach is to utilize rational design strategies to further engineer currently isolated low
stability scFvs. In this case, a comprehensive structural data analysis from previously isolated
scFvs by MBIC can further provide insights of scFv functional groups and interfaces for
conferring their stability. Conversely, a different approach to isolate stable scFv biosensors may
include selection for fluorogen activation while in the presence of mild denaturant conditions,
such as chaotropic agents, pH, or thermal insults, while preserving yeast cellular viabilities.
Altogether, this report highlights innovations in the field of fluorogen-activating proteins.
Since this technology is currently in its infancy, it holds great promise for the expansion of the
fluorescence biosensor field, as well as, expand the discovery possibilities for understanding
cellular and molecular mechanisms. As a result, the work presented here extends the boundaries
of current scientific research and offers probing tools for tackling higher level inquiries.
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Appendix:
Supplemental Figures

Supplementary Figure 1. Description of fluorogens used in this study: Names, abbreviations,
chemical structures, and excitation/emission wavelengths.

121

Supplementary Figure 2. Flow-cytometry gating strategies using control samples. (A) Gating
for cell surface HA-epitope on live U937 cells. Leftmost dot plot shows forward and side scatter
profiles. Middle plot shows (MG-FAP)-ZZ channel and cell surface TO-FAP channel. Rightmost
plot shows histogram of (MG-FAP)-ZZ channel. (B) Gating for cell surface native marker on
live HEK293 cells. Leftmost dot plot shows forward and side scatter profiles. Middle plot shows
propidium iodide channel. Rightmost plot shows histogram of live cells for the (MG-FAP)-ZZ
channel. (C) Gating for intracellular EEA1 protein in fixed and permeabilized U937 cells. Left
dot plot shows forward and side scatter profiles. Right dot plot shows histogram of (MG-FAP)ZZ channel.

122

Supplementary Figure 3. Fluorimetry graphs of in-vitro fluorescence activity from different
FAP-reagents (A) Measurements were performed using 500 nM (DIR-FAP)-ZZ reagent and 1
uM DIR fluorogen in PBS. (B) Measurements were performed using 500 nM (TO-FAP)-ZZ
reagent and 1 uM TO1-2p or DIR fluorogens in PBS. (C) Measurements were performed using
500 nM (MG-FAP)-PrG reagent and 1 uM MG-2p fluorogen in PBS. All samples were assayed
in triplicates of 200 ul volume.

123

Supplementary Figure 4. FAP-Reagents demonstrate in-vitro IgG-binding. SDS-PAGE gel
electrophoresis images of rabbit-IgG chromatography using (DIR-FAP)-ZZ, (TO-FAP)-ZZ, and
(MG-FAP)-PrG.

Supplementary Figure 5. Micrographs comparing 2-steps versus 1-step surface labeling. For
2-steps labeling, the “materials and methods” protocol was performed using live U937 cells. For
a 1-step labeling, (MG-FAP)-ZZ reagent to antibody were pre-incubated together (10 to 1 molar
ratio) for 5 minutes on ice, then used for simultaneous labeling of live U937 cells. Cells were
visualized using 100 nM of MG-2p fluorogen using a 40x objective.

124

Supplementary Figure 6. Determining FAP-ZZ reagent stability over time. Live U937 cells
expressing surface HA-epitope were labeled with anti-HA antibody and (MG-FAP)-ZZ. The
cells were rested on ice and imaged at 1, 2, 4, and 6 hours using 100 nM of MG-2p fluorogen
with a 40x objective.

125

Supplementary Figure 7. Non-specific binding assessment comparing (MG-FAP)-ZZ and
(MG-FAP)-PrG affinity reagents. Live U937 cells expressing HA-epitope at the surface were
labeled with anti-HA antibody and either (MG-FAP)-ZZ or (MG-FAP)-PrG reagents in
increasing concentrations. Flow-cytometry histograms reflect a minimum of 104 live events in
the presence of 100 nM MG-2p fluorogen.
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Supplemental Figure 8. FAP affinity reagents labeling titration on live-cells. (A) Titration
graphs from flow-cytometry data using surface HA-tagged monocytes labeled with biotinylated
anti-HA antibody and increasing concentration of (MG-FAP)-ScAvd or (MG-FAP)-Strep
reagents.

127

Supplemental Figure 9. Determining non-specific cell labeling using FAP affinity reagents.
(A) Flow-cytometry histograms using surface HA-tagged monocytes labeled without (grey
histograms) or with (black histograms) biotinylated anti-HA antibody and increasing
concentration of (MG-FAP)-ScAvd. (B) Same as previous, however, using (MG-FAP)Streptavidin.
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Supplemental Figure 10. Fluorescence emission spectra of each fluorogen with surface
displayed HL1.0.1-TO yeast cells.

Supplemental Figure 11. Titration graphs of each fluorogen with surface displayed HL1.0.1TO yeast cells.
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Supplemental Figure 12. Graphs of excitation and emission spectrums from each of the
fluorogens when complexed with HL4. (A) Triarylmethane fluorogens. (B) Cyanine fluorogens.
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Supplemental Figure 13. Graphs indicating absence of fluorescence activation from other
fluorogen analogs. (A) TO1 (B) αCN-DIR (C) TO-PRO1 (D) Fuchsine.
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Supplemental Figure 14. Titration graphs with HL4from each of the fluorogens. (A)
Triarylmethane fluorogens. (B) Cyanine fluorogens.

132

Supplemental Figure 15. Micrographs of HEK-293 cells expressing HL4 at the surface
utilizing specific laser excitation and emission filters for MG-2p and DIR.

133

Supplemental Figure 16. Micrographs of HEK-293 cells expressing A5, D10 or H10 at the cell
surface in presence of 100 nM OTB-SO3 fluorogen in the medium. Scale bar represents 30 µm.
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Supplemental Figure 17. Assessing fluorogen cross-reactivity with other scFv biosensors.
HEK-293 cells expressing different scFvs at the cell surface in presence of 100 nM MG-2p,
OTB-SO3, DIR, or 300 nM TO1-2p. Scale bar represents 30 µm.
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136

Supplemental Figure 18. Determining activity of different combinations of tandem
scFvs joined using a flexible linker. (A) HEK-293 cells expressing distal dL5 and
different cell proximal scFvs. (B) Same as A, but with A5. (C) Same as A, but with
dH6. (D) Same as A, but with HL4. (E) Same as A, but with K7. (F) Same as A, but with
HL1. All micrographs were acquired in presence of each scFv cognate fluorogen
(Appendix, Supplemental Table 3), 100 nM MG-2p, OTB-SO3, DIR, or 300 nM TO1-2p,
with the exception of A5/HL1 and HL1/A5 where DIR was substituted for TO1-2p in
order to determine HL1 activity. Scale bar represents 30 µm.

137

138

Supplemental Figure 19. Determining activity of different combinations of tandem
scFvs joined using an α-helical linker (A) HEK-293 cells expressing distal dL5 and
different cell proximal scFvs. (B) Same as A, but with A5. (C) Same as A, but with
dH6. (D) Same as A, but with HL4. (E) Same as A, but with K7. (F) Same as A, but with
HL1. All micrographs were acquired in presence of each scFv cognate fluorogen
(Appendix, Supplemental Table 3), 100 nM MG-2p, OTB-SO3, DIR, or 300 nM TO1-2p,
with the exception of A5/HL1 and HL1/A5 where DIR was substituted for TO1-2p in
order to determine HL1 activity. Scale bar represents 30 µm.
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Supplemental Figure 20. Assessing chemical denaturant effects on fluorogens. A 1000-fold
concentration stock of fluorogen was incubated for 18 hours at in presence of different amounts
of gunidinium-chloride (Gm-Cl) or urea. Following, the fluorogen stock was diluted to 1-fold
concentration and immediately measured in presence of cognate scFv for fluorescence. Data
were determined in duplicates and subtracted for background (fluorogen only). (A) Bar graph of
MG-2p fluorogen incubated with dL5. (B) Bar graph of TO1-2p fluorogen incubated with HL1.
(C) Bar graph of OTB-SO3 fluorogen incubated with A5. (D) Bar graph of DIR fluorogen
incubated with K7.
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Supplemental Figure 21. Assessing thermal effects on fluorogens. Fluorogen
solutions were exposed for 1 hour at 95 Celsius. Following, each fluorogen was
incubated for 10 minutes with cognate scFv at room temperature and then analyzed
for fluorescence activity. MG-2p fluorogen was incubated with dL5; TO1-2p
fluorogen was incubated with HL1; OTB-SO3 fluorogen was incubated with A5; DIR
fluorogen was incubated with K7. Data were measured in duplicates and subtracted
for background (fluorogen only).
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Supplemental Tables

A. Citation (73)
B. Citation (40)
C. Citation (30)

Supplementary Table 1. Description of fluorogen-activating-proteins (FAPs) used as affinity
reagents in this study.
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Supplementary Table 2. List of fluorogens tested against HL4.

Supplemental Table 3. List of all scFv fluorescence biosensors used in this report with cognate
fluorogens and excitation/emission values.

