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ABSTRACT
Autocatalytic intramolecular isopeptide bonds have been found in nature in certain grampositive bacterial pilus structures. Recently, splitting of these domains that are capable of
autocatalytic intramolecular isopeptide bond formation have been applied to create stable,
selective, bio-orthogonal Catcher/Tag systems. The CnaB2 domain found in the FbaB
pilus structure of Streptococcus pyogenes, has yielded the Catcher/Tag, Protein/Peptide
systems termed SpyCatchter and SpyTag. Recent study has focused on tag optimization,
stability and bio-orthogonality evaluation, along with applications in bioconjugation. I
have recombinantly expressed SpyCatcher and SpyTag-fused proteins in E.coli, and
conjugated them to fluorescent probes in order for use in fluorescence
polarization/depolarization study. Using this system, I have observed the dependence of
SpyTag concentration on the formation of the isopeptide bond. I have also been able to
track the formation of this bond in real time.
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INTRODUCTION

Affinity Tags
Biochemical research relies on affinity agents that target proteins or molecules of
interest from a large variety of other contaminants. One of the most accepted ways of
doing this is through the use of affinity interactions between two molecules giving a
tagging system. Systems like these can be used in a number of applications from
purification, identification, and immobilization, but tend to suffer from their reversible
binding nature.1,2,3 Due to the importance of the ability to specifically target biological
molecules, it has been an attractive research topic to aid in the development of an
irreversible, biorthogonal, tagging system (Figure 1).

Figure 1. Tag interactions for a variety of uses. The figure shows a target protein (green)
being purified, detected, or immobilized through its selective interaction with different
Fab regions.4
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Common Biological Tag Systems. One of the most widely used affinity tag
system is the affinity displayed through the affinity between polyhistidine tags and metal
chromatography.1 In this system, a protein is expressed with 2-10 (commonly 6) histidine
residues on one end of its sequence.1 The imidazole rings on the histidine side chains
interact strongly with metal ions and can be immobilized by them with a dissociation
constant (Kd) of 5 x 10-8 M-1 (Figure 2).5 The most common use for this kind of affinity
tag system is in the purification of proteins.

Figure 2. Protein purification using metal-affinity chromatography. Ni2+-IDA
(iminodiacetic acid, left) Ni2+-NTA (nitrilotriacetic acid, right).6
Certain proteins can also be used as expression tags for use in protein purification.
Glutathione s-transferase (GST) refers to a class of eukaryotic enzymes. GSTs are best
known for their uses in conjugation of reduced glutathione to a number of substrates.
GSTs show high binding affinity (Kd of 5 x 10-8 M-1) to glutathione which can be coupled
2

to a solid matrix.7 This tag though, in many cases, must be cleaved due to its large size
(26 KDa).8 Maltose Binding Protein (MBP) is another example of a protein expression
tag that is rather large, 42 kDa. MBP is a protein that is integral in the
maltose/maltodextrin system of Escherichia coli.9 MBP shows affinity to maltose with a
Kd of 2 x 10-6 M-1 and is used to purify proteins with an amylose column, unfortunately it
suffers as a tag due to its large size (Figure 3).10

Figure 3. Maltose binding protein. Domains 1 and 2 shown in green and yellow
respectively, polypeptide binding segments shown in light blue, and maltose unit shown
as red © Walker, Hsieh, Riggs 2010.10
Immunoglobulin-binding proteins such as Protein A and Protein G, which are ~42
and ~65 kDa proteins respectively can be used in the affinity binding of antibodies.
Protein A was originally discovered in the cell wall of Staphylococcus aureus and Protein
G is found in Streptococcal bacteria. Both immunoglobulin-binding proteins bind to the
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fc regions of a variety of different antibodies and can be used as tags to purify proteins, or
they can be immobilized to purify IgG antibodies (Figure 4).11

Figure 4. Antibody-protein A interaction. Space filly model of IgG antibody (top), ribbon
diagram of IgG antibody (bottom). Protein A is shown in purple, Protein G is shown in
yellow. Model produced from PDB accession numbers 1IGY, 1L6X and 1FCC.12
Another commonly used affinity tag system is between the interaction of
streptavidin and its ligand biotin (Kd 4 x 10-14 M-1). This system has one of the strongest
non-covalent interactions found in nature.13 This system has been used in immobilization,
detection, and purification steps similar to the metal affinity columns shown above.14
Through the ability to bioconjugate biotin and streptavidin to building blocks, it is
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possible to assemble larger biological structures for uses such a fluorescence labeling and
immunotherapy.15,16
Characteristics of Affinity Tag Systems. Biological affinity tag systems must
exhibit several characteristics in order be useful tools. The first and possibly most
important characteristic for catcher-tag systems is to be specific when interacting with
their targets. Next, if a tag must be added to the molecule to be isolated, the tag should
not affect the function of the molecule. Finally, the interactions between the catcher and
tag portions of the system should be strong enough that they will not be readily broken
through unintended interactions. While it is rare to find systems that display all of these
characteristics, there are many biological tag systems used today that display one or more
of them. Still, many of these techniques suffer from relying on non-covalent interactions
between the catcher and tag resulting in relatively weak binding when compared to
protein-protein interactions exploiting the use of internal cavities such as enzymetransition state complexes.17 These systems are held through non-covalent interactions
that are limited by the surface area of the binding cavity, and the limitations are likely to
only be overcome through a system exploiting the formation of covalent bonds.17

Covalent Protein Linkages
Disulfide Bonds. One of the simplest ways of covalently linking peptides is
through the use of disulfide bonds between the sulfur side chains of cysteine residues.
Disulfide bonds can be found in many proteins as a means of inducing tertiary structure
and enhancing structural stability with a bond dissociation energy of ~65 kcal/mol.18 One
drawback is that there is a lack of selectivity when attempting to use disulfide bonds
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because they can be transferred to nearby activated cysteine residues. This lack of
selectivity can lead to large complexes and aggregations in the systems which are being
linked.19 To occur, the cysteine thiol groups must be oxidized.19 In order to prevent
incorrect folding, many enzymes and environments in-vivo do not support their
formation.20
Native Chemical Ligation. The use of synthetic chemistry to construct and study
proteins has been a major goal in chemistry for many years. At present, the ability to
construct relatively short peptides with high degrees of accuracy has been achieved,
while the synthesis of longer proteins, greater than 50 amino acids, is technically
difficult.21 In order to create a functional protein, a technique known as native chemical
ligation was developed. Native chemical ligation uses the formation of a thioester
intermediate which spontaneously rearranges into a peptide bond (Figure 5). The
selectivity of this reaction hinges on the presence of an N-terminal cysteine residue.
While all cysteine residues can form a thioester intermediate, only the N-terminal one
may undergo the rearrangement required to irreversibly form a peptide bond.21

Figure 5. Native chemical ligation. Proposed mechanism for native chemical ligation.4
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Isopeptide Bonds
Isopeptide bonds are peptide bonds that form between the side chains of a lysine
and an aspartic acid, asparagine, or the C-terminal of a peptide (Figure 6). These bonds
provide additional degrees of structure and stability to some proteins. Isopeptide bonds
also hold superior bond dissociation energy (~90 kcal/mol) to many other forms of
covalent bonding used in bioconjugation.18

Figure 6. Isopeptide bonds. Isopeptide bond formation between an aspartic acid residue
(left), or an asparagine residue (right).4
Intermolecular Isopeptide Bond Formation. Isopeptide bonds were first
discovered as a variety of enzyme catalyzed intermolecular covalent bonds. In some
organisms, a protein known as ubiquitin can attach to other proteins to mark them for
degradation, relocalization, endocytosis, and in some cases can affect the proteins degree
of activity through the aid of an ubiquitin enzyme complex.22 Ubiquitin function has been
reported to be associated with Alzheimer’s, Parkinson’s, Huntingtons, and several types
of cancer.23, 24, 25, 26 Another source of intermolecular isopeptide bonds is catalyzed by the
enzyme class of transglutaminase. Transglutaminases crosslink side chains of different
proteins forming isopeptide bonds increasing stability and aiding in healing.27
7

Transglutaminases are also commonly referred to as meat glue for its use in meat
processing increasing look, texture, and flavor.28
The first discovery of autocatalytic isopeptide bond formation was in the HK97
bacteriophage (Figure 7).29 In this structure, it was discovered that a proximal glutamic
acid residue was catalyzing the formation of the isopeptide bond between neighboring
lysine and asparagine side chains.28 Through these isopeptide bonds, 420 subunits of the
capsid were brought together resulting in a variable chain linking to house the viral
genetic code.30

Figure 7. HK97 capsid. A: Subunits crosslinked into rings (subunits of the same ring
share a color). B: View down on subunit ring interlocking. C: Enlarged view of
interlocking. D: Electron density map of isopeptide bond forming area.30 Copyright ©
2000 The American Association for the Advancement of Science.
Intramolecular Isopeptide Bond Formation. In 2007 the first report of
autocatalytic intramolecular isopeptide bonding was found in a major pilus subunit,
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Spy0128, of Streptococcus pyogenes.31 The purpose of this isopeptide bond was thought
to increase structural stability and resistance to mechanical, and chemical strain.31 These
isopeptide bonds are catalyzed inside the hydrophobic cleft created in the β-sheet rich
domain via a proximal glutamic acid residue (Figure 8). Since their discovery, the
occurrence of isopeptide bonds in many gram positive bacterial pilus subunits including
several human pathogens such as; Staphylococcus aureus, Corynebacterium diphtheria,
and Streptococcus pneumoniae.32
A

B

Figure 8. Autocatalytic intramolecular isopeptide bond formation. A: Major pilus
subunit Spy0128 and enhanced visuals of isopeptide bond forming area.31 B: Proposed
mechanism for autocatalytic isopeptide bond formation.4 Copyright © 2013 Biophysical
Society. Published by Elsevier Inc.
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Biological Function of Intramolecular Isopeptide Bondsin Bacteria. Many
intramolecular isopeptide bonds have been discovered in the pili of bacteria. Pili are
important virulence factors used by pathogenic bacteria to bind and colonize host
tissues.33 While gram-negative bacteria have evolved to stabilize their pili structures
through disulfide bonds, some gram-positive bacteria have been found to utilize
isopeptide bonding to stabilize and crosslink their pili subunits.34 The presence of these
isopeptide bonds have been shown to make these subunits resistant to trypsin digestion,33
as well as enhancing the thermodynamic stability of these proteins increasing their
melting temperature by 30 °C.34 Investigations into the original autocatalytic bond
forming protein Spy0128 using single molecule force spectroscopy have even shown that
the protein was mechanically inextensible making it the most mechanically stable protein
ever studied.35

SpyCatcher-SpyTag
Recently, protein engineering on autocatalytic intramolecular isopeptide bond
forming proteins has been explored. One of the first major innovations in the use of
isopeptide bonding to create a protein-peptide, catcher-tag system was in the creation of
the SpyCatcher-SpyTag system through the splitting of the CnaB2 domain of fibronectin
binding protein (FbaB).32
Protein Splitting. The splitting of a protein while maintaining its activity is no
easy task due to the fragments needing to be maintain a level of stability while separated,
and also having a high enough affinity with each other to reassemble when in proximity.
Though difficult, the technique of protein splitting has been used successfully for a
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variety of different proteins.36 Splitting proteins has been used in several ways, one such
example being in the use of super folder green fluorescent protein fragments (sfGFP) to
track protein-protein interactions.36 The CnaB2 domain of FbaB found in Streptococcus
pyogenes is a β-sheet rich domain.4 After cleavage and specific trimming, a 13 amino
acid peptide, SpyTag, containing the reactive Asp residue was formed. SpyCatcher, the
116 amino acid partner of SpyTag, contains the reactive Lys, catalytic Glu, and
hydrophobic cleft needed for isopeptide bond formation.4
Characteristics of SpyCatcher-SpyTag System. Upon splitting of this protein
domain, it was demonstrated that, when in solution, SpyCatcher and SpyTag could come
together rapidly and spontaneously to form its isopeptide bonds. Due to the novel ability
of this short peptide tag and protein partner to specifically and irreversibly bond to one
another, more research was done into the systems stability in different environments.
Isopeptide bond formation between SpyCatcher and SpyTag was only minorly affected
through temperature, pH, certain detergents, and different salts (Figure 9).31
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Figure 9. Isopeptide bond characteristics. Isopeptide bond formation between SpyTagMBP and SpyCatcher at 25° C, 10 μM, pH 7 with one variable changing. A:
Temperatures, B: pHs, C: Buffers, and D: Incubated in the presence of 0detergents for 3
hours.31 Copyright © 2013 Biophysical Society. Published by Elsevier Inc.
Through the use of flourescence microscopy, fluorescently labeled SpyCatcher
has been seen specifically locating itself to cells expressing SpyTag fused membrane
proteins demonstrating the specific interactions between these two engineered protein
fragments even when in living systems. Mechanical strength was also observed to be
well above what is observed in common biological targeting systems through the use of
atomic force microscopy employing the I27 domain of human titan for its characteristic
unfolding fingerprint (Figure 10).31
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Figure 10. Isopeptide bond specificity and mechanical strength. A shows SpyCatcher
labeled with Alexa-555 specifically localizing to cells expressing SpyTagICAM(Intercellular adehesion molecule-1)-EGFP proteins while SpyCatcher EQ (an
inactive version of SpyCatcher whose catalytic Glu has been mutated to a Gln) shows no
specific localization. B demonstrates a mechanical strength test performed using an
atomic force microscope.31 Copyright © 2013 Biophysical Society. Published by Elsevier
Inc.
Current Applications for SpyCatcher-SpyTag Systems.
The SpyCatcher-SpyTag system has begun being modified and used in a number
of different ways including protein ligation, bioconjugation, and protein stabilization.
Functional SpyCatcher and SpyTag system derivatives. Several advancements
in isopeptide forming technologies have come from the slight modifications of
SpyCatcher and SpyTag such as the formation of the SpyLigase-SpyTag-KTag and
SpyCatcher002-SpyTag002 systems.37 The SpyLigase-SpyTag-KTag system operates in
a manner similar to the SpyCatcher-SpyTag system, only the Lysine containing β-sheet
found within SpyCatcher has been cleaved resulting in another short tag sequence termed
KTag.37 SpyLigase is the remnant of the SpyCatcher protein after this cleavage which
still contains the catalytic glutamic acid residue and hydrophobic cleft that is needed for
the isopeptide bond to be formed.37 The SpyCatcher002-SpyTag002 system is an
engineered version of SpyCatcher-SpyTag which has some enhanced properties.38
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Protein Ligation. The ability to covalently link proteins in order to create protein
frameworks, or lower the kinetic barrier between multiple modifications of the same
substrate the formation of pseudo protein complexes without introducing none native
chemical moieties would be extremely desirable. The SpyCatcher-SpyTag system
derivative, SpyLigase-SpyTag-KTag, have been demonstrated to be capable of preparing
a chain of affibodies. This was achieved by adding SpyTag to one terminal, and K-tag to
the other then enducing isopeptide bond formation. This affibody “polymerization” has
been shown to enhance the efficiency in capturing cancer cells.38
Bioconjugation. Another promising application of the Catcher-Tag system is the
irreversible conjugation of fluorophores onto targets of interest, or to conjugate
fluorophores to other targeting molecules such as antibodies in order to better visualize
them. This technology can also be applied in pharmaceutical compounds through the
conjugation of drugs to antibodies for targeted drug delivery.39
Protein Stabilization. The studying of proteins has always been a monumental
task as their functionality is almost entirely dependent on their ability to stay folded.
Proteins can become trapped in inactive local energy minimum folds by relatively small
environmental disruptions making studying them in their functional form very difficult.
One technique that has been employed is the cyclization of proteins by fusing SpyCatcher
to one terminal and SpyTag to the other. Once cyclized, some proteins have shown the
ability to find their native fold and regain active after environmental stress as high as 100
°C.40

14

Background Techniques
Protein Expression. Proteins were expressed with two different systems, Auto
Induction, and IPTG.
IPTG Expression. The more traditional route of expression is IPTG expression.
IPTG expression works through the use of IPTG, isopropyl β-D-1-thiogalactopyranoside.
IPTG is imported into the cell much like lactose, and stimulates the expression of
proteins on the lac operon (Figure 11). Unlike lactose, IPTG is not a metabolite and its
concentration does not rapidly decrease, allowing for a constant rate of protein expression
once IPTG is internalized until cellular death.

Figure 11. IPTG. Chemical structure of lactose compared to isopropyl β-D-1thiogalactopyranoside.
Autoinduction. An autoinduction protein expression system was used due to
reported decrease in observation time and large cellular density build-up.41 The
autoinduction system used exploited the ability of MgSO4 to aid in the development of
higher cell densities than other expression techniques. Once cell density is built up,
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glucose is completely consumed and the import of lactose from the media into the cells
stimulates protein expression (Figure 12).

Figure 12. Autoinduction. Metabolite interaction with lac operon for promotion of
protein expression.41
Fluorescence Polarization/Depolarization. A key technique used in this work is
known as fluorescence polarization/depolarization and relies upon the anisotropy of
fluorescence, meaning that if a fluorophore is excited with plane polarized light, it will
then emit plane polarized light.42 As a fluorophore in solution emits light, the
fluorophore itself is in a constant state of motion, or tumbling.42 This tumbling causes
slight depolarization of the emitted light.42 Light polarization can be quantified through a
ratio of parallel light, the light in the polarized plain, and perpendicular light, the light
that has resulted at all angles due to scattering a depolarization.42 Small molecules
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tumble much faster so a smaller fluorophore will result in a larger degree of
depolarization (Figure 13).42

Figure 13. Fluorescence polarization/depolarization. Scheme for the concept
behind the technique fluorescence polarization/depolarization.42 Rights managed by
Taylor & Francis.
In our work we exploited this phenomena in order to observe the change in
polarization as a small fluorescent tag binds to a larger partner effectively slowing the
tumbling effect. The effects can be quantified in Figure 14, where G is an assay and
instrument specific value to help standardize absolute values.
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Figure 14. Fluorescence polarization/depolarization quantification. Equation showing the
calculation used to find mP or, millipolarization, the unit used for the quantification of
fluorescence polarization/depolarization.
Kinetic Study. In order to gain insight into the affinity and bond forming
interactions that take place between SpyCatcher-SpyTag model systems needed to be
prepared. We expressed SpyCatcher, SpyCatcher EQ, and SpyTag fused proteins, use
solid-phase peptide synthesis to synthesize a none-fused SpyTag, and fluorescently label
different combinations of these proteins in order to get real time kinetic data through
fluorescent polarization-depolarization. In order to perform these tests, two systems were
developed.
SpyCatcher-FITC/SpyTagMBP System. The first system used FITC conjugated
to lysine side chains on SpyCatcher WT and SpyCatcher EQ. This system though has
problems in that the reactive residue on SpyCatcher is a lysine itself. A free SpyTag
peptide in this system would not be useful in fluorescence polarization due to the
fluorescent body needing to be significantly smaller than its binding partner. To solve
this issue, SpyTagMBP was used for its larger size, ~42 kDa.
SpyTag-FITC/SpyCatcher System. The second of these systems was designed on
the idea of using solid-phase peptide synthesis to produce SpyTag with an N terminal βalanine. The β-alanine was added to the SpyTag sequence avoid subsequent eliminations
of the FITC molecule by Edman degradation.

18

Objectives
The objective of our work was to establish a rapid assay to assist the
understanding between the affinity interactions and bond formation in the SpyCatcherSpyTag, and other isopeptide bond forming systems. We hope to develop a rapid assay to
accomplish this in hopes of gaining a clear enough idea behind their relationship to aid in
the development of specifically engineered protein sites that are capable of irreversibly
forming isopeptide bonds with targetable regions of low abundant proteins and peptides.
In order to do this, a source of SpyCatcher and SpyTag conjnugated proteins were
expressed in E. Coli using recombinant DNA and studied by using fluorescence
polarization/depolarization.
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MATERIALS

Chemicals
The following chemicals and instrumentation was used to complete this work.
Agarose (VWR Life Science), 9012-36-6
Bacteriological Agar (Sigma Aldrich), 9012-18-0
Tris-Base (Fischer Scientific), 77-86-1
Sodium dodecyl sulfate (Fischer Scientific), 151-21-3
Ethanol (Ultra Pure), 64-17-5
Glucose (Sigma Aldrich), 50-99-7
Ethylenediaminetetraacetic acid (Fischer Scientific), 6381-92-6
Hydrochloric acid (Fischer Scientific), 7647-01-0
Sodium hydroxide (Fischer Scientific), 1310-73-2
Potassium acetate (Sigma Aldrich), 127-08-2
Acetic acid (Fischer Scientific), 64-19-7
Glycerol (Fischer Scientific), 56-81-5
Sodium chloride (Fischer Scientific), 7647-14-5
LB Media (Fischer Scientific)
Calcium chloride (Fischer Scientific), 10043-52-4
Magnesium chloride (Fischer Scientific), 7786-30-3
Ampicillin (Acros Organics), 69-52-3
Kanamycin (Acros Organics), 25389-94-0
Magnesium sulfate (CHEM-IMPEX INT’L INC.), 7487-88-9
Disodium phosphate (Fischer Scientific Company), 7558-79-4
Monopotassium phosphate (Fischer Scientific), 7778-77-0
Ammonium sulfate (Fischer Scientific), 7783-20-2
α-lactose (Sigma Aldrich), 5989-81-1
Isopropanol (Fischer Scientific), 67-63-0
SYBR® Safe DNA gel Stain (Invitrogen)
Gel Green Nucleic Acid Stain (BioTium)
Coomassie® Brilliant Blue R-250 (MP Biomedicals), 6104-59-2
Coomassie® Brilliant Blue G-250 (MP Biomedicals), 6104-58-1
Bromophenol Blue (J.T. Baker), 115-39-9
Imidazole (CHEM-IMPEX INT’L INC.), 288-32-4
1 kb DNA Ladder (New England BioLabs® Inc)
Gel Loading Dye Purple 6X, supplied as a component of 1 kb DNA Ladder (New
England BioLabs® Inc)
10X Fast Digest Buffer (Thermo Scientific)
1-methyl-2-pyrrolidinone (VWR) 872-50-4
Precision Plus ProteinTM Unstained Standards (BIO-RAD) 161-0363
Dimethylforamide (Fischer Chemical), 68-12-2
Fluorescein isothiocyantate, (Thermo Scientific) 3326-32-7
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Sodium Bicarbonate (Fischer Chemical), 144-55-8
HisPurTM Ni2+-NTA Resin (Thermo Scientific) 88221
Mini-PROTEAN TGXTM Gels 12% (BIO-RAD) 456-1046
Fmoc-Ala-OH (Novabiochem), 35661-39-3
Fmoc-Ile-OH (Novabiochem), 71989-23-6
Fmoc-His(Trt)-OH (Novabiochem), 109425-51-6
Fmoc-Asp(OtBu)-OH (Novabiochem), 71989-14-5
Fmoc-Tyr(tBu)-OH (Novabiochem), 71989-38-3
Fmoc-Val-OH (Novabiochem), 68858-20-8
Fmoc-Met-OH (Novabiochem), 71989-28-1
Fmoc-Lys(Boc)-OH (Novabiochem), 71989-26-9
Fmoc-Thr(Bu)-OH (Novabiochem), 71989-35-0
Fmoc-Pro-OH (Novabiochem), 71989-31-6
Fmoc-β-alanine (CHEM-IMPEX INT’L INC) 02374
NovaPEG Rink Amide resin (Novabiochem)
Bio-Rad Protein Assay Dye Reagent Concentrate (BIO-RAD) 5000006
Bovine Serum Albumin (Sigma)
Kits
E.Z.N.A® Plasmid DNA MiniKit I (Omega bio-tek)
Plasmids (Gifts from Mark Howarth through Addgene, Appendix A)
pDEST14-SpyCatcher
pDEST14-SpyCatcher EQ
pET28a SnoopTag-mEGFP-SpyTag
pET28a SpyTagMBP
Enzymes
EcoRI (Thermo Scientific)
EcoRV (Thermo Scientific)
NdeI (Thermo Scientific)
RNase A (Omega bio-tek)
Bacteria
BL21 (DE3)
Instrumentation
SpectraMax M5
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Mikro 22R Hettich Zentrifuge
Applied Biosystems Veriti 96 Well Plate Thermal Cycler
Fischer Scientific Mini Centrifuge
LabDoctorTM 8 MiniFuge by MidSci®
Boekel Scientific Flask Dancer
Incubator
Agilent Technologies Cary 60 UV-Vis
Sorvall Legend X1R Centrifuge Thermal Scientific
Sartorius 0.1 µL- 3 µL pippetor
Sartorius 0.5 µL- 10 µL pippetor
Sartorius 100 µL- 1000 µL pippetor
Sartorius 10 µL – 100 µL pippetor
Autoclave (Primus Sterilizer Co)
Vacufuge
Liberty Blue CEM Microwave Peptide Synthesize
Other Equipment
50 mL Centrifuge Tubes
15 mL Centrifuge Tubes
1.5 mL Micro Centrifuge Tubes
PCR Tubes
Petri Dishes
1 L Media Bottles
500 mL Media Bottles
100 mL Media Bottles
50 mL Media Bottles
1 mL cuvette
250 mL Erlenmeyer flask
100 mL beaker
1 L Erlenmeyer flask
Vacuum Chamber
Vacuum Pump
Rod Sonicator
Hot Water Bath
Thermometer
Nephlo culture flask with side arm
Ethanol Lamp
Flint Striker
-80 °C Freezer
-20 °C Freezer
Clare Chemical Research Dark Reader
Mupid®-2plus Submarine electrophoresis system
3 mL Fritted Syringe (HSW)
96-well plate (greiner bio-one)
3.5 kD MWCO Dialysis Memgrane (Spectrum Laboratories, Inc.)
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METHODS

General Methods
The general sequence that was needed in this work was done through a linear
series of steps consisting of: 1) preparation of the chemically competent cell; 2) plasmid
purification; 3) transformation into the chemically competent cell; 4) protein expression;
4) protein purification; 5) confirmation of protein activity; 6) preparation of FITC
conjugates; 7) confirmation of FITC conjugate activity; 8) and finally fluorescence
polarization/depolarization (Figure 15).

Figure 15. General research scheme. General scheme of procedures performed in this
work.
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Procedures for General Molecular Biology
Media Dish Preparation. LB plates containing 50 µg/µL of Ampicillin, or
Kanamycin were prepared, by dissolving premade LB powder, and bacteriological agar
in water at a ratio of 2.5 g: 1 g: 100 mL ddH2O (~10 plates for 100 mL) scaling with the
amount of plates desired. This solution was then autoclaved and briefly allowed to cool
before adding a 1000th of the solution volume of desired antibiotic (50 mg/µL) to the
solution, swirling briefly, and then pouring the solution on petri dishes in approximately
10 mL aliquots. The dishes were then allowed to cool and gel. These dishes were then
sealed with Parafilm® and stored at 4 °C.
Inoculation. Inoculations were performed in 1.5 mL aliquots of LB media
transferred aseptically into 13 mm x 100 mm Pyrex® glass test tubes. A 1000th of their
media volume (1.5 µL) of the appropriate antibiotic at 50 mg/µL was added to test tubes
for selection. The final concentration of antibiotic was 50 µg/µL. A sterile toothpick
was then used to pick a single colony from its plate. The medium was inoculated by
depositing the toothpick into the test tube media. The inoculated media; was then
incubated between 15-24 hours at 37 °C on an orbital shaker shaking at 300 rpm (Boekel
Scientific Flask Dancer). When performing inoculations, a replica of each colony
inoculated was also prepared. For this, before depositing the toothpick in the test tube,
the toothpick colony contact point was lightly touched on a premade selection media
plate and incubated between 15-24 hours at 37 °C.
Chemically Competent Cell Preparation. Premade LB powder (1.25 g) was
placed in a 300 mL Nephlo culture flask with side arm. The LB powder was dissolved in
50 mL of DI water and autoclaved. In parallel, 1.5 mL micro-centrifuge tubes

24

(approximately 50 tubes) and 50 mL centrifuge tubes (2 tubes) were also sterilized by
autoclaving, tubes were then chilled. A 100 mM magnesium chloride solution was
prepared by dissolving 2.033 g in 100 mL water. A 100 mM calcium chloride solution
was prepared dissolving 1.4701 g in 100 mL water. An 85 mM calcium chloride solution
of 15% (v/v) glycerol was prepared by mixing 22 mL of 100 mM calcium chloride
solution with 3.3 mL of glycerol. These solutions were chilled and stored at 4 °C.
For pre-culturing 1.5 mL of LB media that did not contain antibiotics was
inoculated with a BL21(DE3) colony and incubated at 37 °C on an orbital shaker shaking
at 300 rpm (Boekel Scientific Flask Dancer). Once the E. coli had grown, after ~20
hours, 1 mL of the grown culture was added to the media prepared in a Nephlo culture
flask with side arm culture flask. The flask was then shaken at 200 rpm on the Boekel
Scientific Flask Dancer at 37 °C. The optical density at 600 nm (OD600) of the culture
was measured every 0.5 to 1 hour. Once the OD600 value reaches between 0.350 and
0.400, the flask was placed on ice for 20 minutes. The culture was then split evenly
between the two chilled 50 mL centrifuge tubes and centrifuged for 10 minutes at 3,000 x
g and 4 °C. Supernatants were discarded through decantation and the pellets were
resuspended in 20 mL of chilled 100 mM magnesium chloride solution. The two tubes
were combined and centrifuged at 2,000 x g for 10 minutes at 4 °C. The supernatant was
discarded through decantation and the pellet was resuspended in 40 mL of 100 mM
calcium chloride. This solution was kept on ice for ~40 minutes. The tube was
centrifuged at 1,000 x g for 10 minutes at 4 °C. The supernatant was discarded through
decantation and the pellet was resuspended in 85 mM calcium chloride containing 15%
(v/v) glycerol. This solution was then dispensed in aliquots of 50 µL to the 1.5 mL
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micro-centrifuge tubes. The micro-centrifuge tubes containing the prepared competent
cell aliquots were stored in the -80 °C freezer.

Procedures for DNA Handling
Mini-Prep (Plasmid DNA Extraction). The 1.5 mL E. coli culture(s) was
transferred from the test tube(s) into a 1.5 mL sterile micro-centrifuge tube(s). This
tube(s) was then centrifuged at 15,000 rpm on the Mikro 22R Hettich Zentrifuge at 4 °C
for 30 seconds. Once removed, the supernatant(s) was discarded and the microcentrifuge tube was tapped on a paper towel to remove the last remnants of supernatant.
The pellet(s) and solutions from this point forward were kept on ice or at 4 °C for the
remainder of this experiment unless stated otherwise. The pellet(s) was suspended in 100
µL of Mini-Prep Solution I (50 mM glucose, 25 mM Tris-HCL pH 8.0, and 10 mM
EDTA pH 8.0). A 200 µL aliquot of Mini-Prep Solution II (0.2 M NaOH and 1% SDS)
was then added. The micro-centrifuge tube(s) was inverted several times slowly to insure
mixing. The tube(s) was placed on ice for 5 minutes. Next, 150 µL of Mini-Prep
Solution III (3 M Acetate buffer pH 4.8) was added with slow inversions. The tube(s)
was again placed on ice for 5 minutes. The sample(s) was then centrifuged at 15,000 rpm
for 3 minutes. The supernatant(s) was transferred to a new, sterile micro-centrifuge tube.
Seven-hundred microliters (700 µL) of cold pure ethanol supernatant(s) was added to the
supernatant and centrifuged at 15,000 rpm for 10 minutes. The supernatant(s) was
removed and the pellet(s) was washed twice with cold 70% ethanol and centrifuged at
15,000 rpm for 1 minute. The pellet(s) was then dried in a vacuum for 10-15 minutes and
suspended in 20 µL of sterile DI water.
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Kit Mini-Prep. E.Z.N.A® Plasmid DNA MiniKit I was used in situations where
higher degrees of purification were needed such as when samples were sequenced and
follows the same principles as non-kit Mini-Prep so only the differences will be
highlighted below: 1) the pellet(s) was suspended in 250 µL of Mini-Prep Solution I
containing RNase; 2) two-hundred and fifty microliters (250 µL) of Mini-Prep Solution II
was used; 3) three-hundred and fifty microliters (350 µL) of Mini-Prep Solution III was
used; 4) supernatant was moved into a Hibind® Column(s) previously prepped with 100
µL of 3 M NaOH instead of a new, sterile micro-centrifuge tube. The column(s) was
placed in a new, sterile micro-centrifuge tube(s) and centrifuged at 15,000 x g for 1
minute with filtrate being discarded afterward. A 500 µL portion of HBC buffer with
isopropanol was added to the column(s) and centrifuged through at 15,000 x g for 1
minute with the filtrate being discarded. The column(s) was then washed through twice
with 700 µL of DNA wash buffer containing ethanol. Each wash included spinning at
15,000 x g for 30 seconds and discarding the filtrate. Finally, the column(s) was
centrifuged at 15,000 x g for 2 minutes to dry. For elution, 20 µL of sterile DI water was
added to the column(s) and centrifuged at 15,000 x g for 1 minute (Figure 16).
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Figure 16. E.Z.N.A Kit Mini-Prep. Scheme for steps of kit plasmid purification.43
Plasmid Digestion. Purified plasmids were digested by mixing 7 µL sterile DI
water, 1 µL of 10X Fast Digest Buffer, 1 µL plasmid sample, and 1 µL Restriction
Enzyme in a PCR tube. The solution was then incubated in the Applied Biosystems Veriti
96 Well Plate Thermal Cycler at 37 °C for 1 hour. The sample was then kept on ice until
it was prepared for electrophoretic analysis.
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Agarose Gel Electrophoresis. The following procedure was used for the
electrophoresis. If more samples were needed, agarose and buffer amounts were doubled
and a 16 well gel was made.
Agarose Gel Preparation (for an 8 well gel). Agarose was weighed out into a 125
mL Erlenmeyer flask to a mass of 0.25 g. This was then dissolved in 25 mL of TAE
buffer (40 mM Tris, 20 mM acetic acid, and 1 mM EDTA, pH 8.3) by heating in a
microwave oven for 30 seconds. The solution was allowed to cool until it could be held
bare handed. The solution was then poured into a casting tray and a comb was inserted.
The gel was allowed to solidify over the next 30-50 minutes. Once the gel solidified, the
comb was slowly removed and the gel, along with the casting tray, was placed into a
Mupid®-2 plus Submarine electrophoresis system. The gel was faced so the wells were
on the side of the cathode. TAE buffer was used to fill the electrophoresis chamber until
the liquid level was slightly above the gel surface.
Sample Running. Digested plasmid samples (10 µL) were then loaded into the
wells after mixing with Gel Loading Dye Purple 6X (2 µL) in proportions to bring the
dye to 1X. For the 1 kb DNA Ladder, 1 µL of the ladder solution was mixed with Gel
Loading Dye Purple 6X (1 µL) and 4 µL of sterile DI water before being loaded to a
well. Once all samples had been loaded, the chamber was closed and run at the voltage
setting of “half”. Once the loading dye had reached the opposite end of the gel, the
chamber was turned off and the gel was submerged in a solution of either Gel Green
Nucleic Acid Stain, or SYBR® Safe DNA gel Stain, and incubated for ~30 minutes. The
image of the gel was captured on a dark reader with a camera.
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Transformation. One microliter (1 µL) of plasmid solution at around 30 ng/µL
was added to a tube containing 50 µL of chemically competent cells on ice. This was
incubated on ice for 5 minutes. The cells were then heat shocked by submersion in a hot
water bath at 43 °C for exactly 30 seconds and then placed on ice for 2 minutes. Eighty
microliters (80 µL) of LB media was then added to the tubes and incubated at 37 °C for 1
hour with shaking at 150 rpm. Several times during incubation, the cells were flicked to
insure mixing. After incubation, the cells were then mixed by pipetting up and down
several times. The cells were then spread evenly across an antibiotic containing LB plate
and incubated overnight at 37 °C.

Procedures for Protein Handling
Protein Expression with Autoinduction.47 Premade LB powder (2.5 g) was
dissolved in 100 mL water in a 500 mL Erlenmeyer flask. This flask was then
autoclaved. Desired selection antibiotics (100 µL) was added to the 500 mL Erlenmeyer
flask along with 2 mL of 5052 (0.5% glycerol (w/v), 0.05% Glucose (w/v), 0.2% αlactose(w/v)), 5 mL of NPS (50 mM Na2HPO4, 50 mM KH2PO4, 25 mM (NH4)2SO4),
and 0.1 mL of 2 M MgSO4. The final concentration of the antibiotics was 50 µg/mL.
For pre-culturing 1.5 mL of LB media containing appropriate antibiotics (50 µg/mL) was
inoculated with E.coli strain and incubated at 37 °C on an orbital shaker shaking at 300
rpm (Boekel Scientific Flask Dancer). Once the E. coli had grown, after ~20 hours, 1 mL
of the grown culture was added to the media prepared in the Erlenmeyer flask. The flask
was then shaken at 300 rpm on the orbital shaker at 27 °C. Samples were taken
periodically to monitor the growth by measuring the OD600. Once the optical density had
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reached it plateau, the Erlenmeyer flask was incubated further for an additional 6-10
hours. The contents of the Erlenmeyer flask were then transferred evenly to pre-weighed
50 mL centrifuge tubes and centrifuged at 4,696 x g, 4° C for 10 minutes. The
supernatant was then discarded by decantation. The pellets were washed with 0.9% NaCl
twice by resuspension and centrifugation at 4,696 x g, 4° C for 10 minutes. The pellets
were stored in the -80° C freezer.
Protein Expression IPTG. Premade LB powder (2.5 g) was dissolved in 100
mL water in a 500 mL Erlenmeyer flask. This flask was then autoclaved. Desired
selection antibiotics (100 µL) was added to the 500 mL Erlenmeyer flask. The final
concentration of the antibiotics was 50 µg/mL. For pre-culturing 1.5 mL of LB media
containing appropriate antibiotics (50 µg/mL) was inoculated with E.coli strain and
incubated at 37 °C on an orbital shaker shaking at 300 rpm (Boekel Scientific Flask
Dancer). Once the E. coli had grown, after ~20 hours, 1 mL of the grown culture was
added to the media prepared in the Erlenmeyer flask. The flask was then shaken at 300
rpm on the orbital shaker at 38 °C. Careful track of bacterial growth was kept through
the periodic checking of OD600. Once the OD600 had reached between 1.5 and 2.0, 500
µL of 100 mM IPTG was added and the culture was incubated on an orbital shaker at 300
rpm at room temperature overnight. The culture was then transferred to two 50 mL
centrifuge tubes and the tubes were centrifuged at 4696  g at 4° C for 10 minutes.
Supernatant was discarded by decantation. Pellets were washed in 0.9% NaCl through
resuspension and centrifugation at 4696  g (4 °C). This was repeated 3 times. Pellets
were then stored in the -80 °C freezer unless used immediately (Table 1).
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Table 1. IPTG OD600. The OD600 met by each strain of bacteria cultured in IPTG protein
expression before the addition of IPTG
Strain
OD600
BL21(DE3)/pDEST14-SpyCatcher WT

1.862

BL21(DE3)/SpyCatcher EQ

1.912

BL21(DE3)/pET28a-SpyTag MBP

1.630

Protein Extraction. Cell pellets were suspended in a volume of phosphate buffer
pH 6.99 equal to twice the gram mass of the pellet in mL (2 mL for every 1 g of cell).
The cell suspension was then kept on ice while it was sonicated with a rod sonicator to
prevent excessive heating of the protein sample. This was typically done in 5 sets of 2
minute sonication where sonication would continue for 2 minutes straight before being
allowed to cool back down (approximately 10 minutes). The sample was then
centrifuged at 15,000 x g, and the pellet was inspected. If the pellet had a lighter, loosely
packed, top after centrifugation, it was resuspended and sonicated again. This was
continued until the pellet was completely dark and well packed after centrifugation.
Supernatant was collected and mixed 1:1 with a 50% glycerol solution. The crude cell
extracts was then stored in the -80 °C freezer.
Protein Purification. One milliliter (1 mL) spin columns were packed by adding
400 µL of Ni2+-NTA slurry to the column and centrifuging at 700  g for 2 minutes in 1.5
mL centrifuge tubes. This would generally produce a resin bed of approximately 200 µL.
For larger scale, a 10 mL spin column in a 15 mL centrifuge tube packing with 2 mL of
Ni2+-NTA slurry produced a 1 mL resin bed. Twice the resin volume of equilibration
buffer (25 mM sodium phosphate buffer, 500 mM NaCl, 10 mM imidazole, pH 7.0) was
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run through the column by centrifugation at 700  g, this was repeated one more time.
One resin volume of crude cell extract was then added to the column and the column was
centrifuged at 700  g for 2 minutes. The flow through from this step was reloaded into
the column and centrifuged again at 700  g for 2 minutes. The flow through after
second loading was collected and stored in the -20 °C freezer for later use. Weakly
associated proteins were washed off with one resin volume of wash buffer (25 mM
sodium phosphate buffer, 500 mM NaCl, 20 mM imidazole, pH 7.0) centrifugated at 700
 g for 2 minutes. The wash step was repeated three times, and all fractions were
collected. Two resin volumes of elution buffer (25 mM sodium phosphate buffer, 300
mM NaCl, 250 mM imidazole, pH 7.0) was then passed through the column by
centrifugation at 700  g for 30 seconds, this was done 5 times and fractions for each
were collected. Elution fractions were dialyzed against ten times volume of 10 mM PBS
changed every 8 hours for three changes. All fractions for each step were stored in the 20° C freezer (Figure 17).

Figure 17. Ni2+-NTA. Scheme of Ni2+-NTA purification.45
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SDS-PAGE. Four (4)X SDS sample loading buffer was prepared by mixing 1.6
mL of bromophenol blue, 3.3 ml of glycerol, 25 mL of 1 M Tris-HCl (pH 6.8), 0.5 mL of
DI water, 1 g of SDS, and 2 mL of 2-mercaptoethanol. Sample volumes were determined
based on the result of Bradford Assay. Typically for purified protein samples, 0.5-5 µL
of 1 mg/mL protein samples were mixed with ~3 µL of 4X SDS loading buffer. The total
volume of the mixture was adjusted to 12 µL by addition of the water and incubated at 95
°C for 10 minutes. For crude samples, a smaller volume was used due to higher protein
concentrations (e.g. 0.5-1 µL of 3-6 mg/mL in total protein concentration).
A precast gel was then placed in the vertical gel electrophoresis apparatus and
filled with SDS running buffer until the bottom of the gel was in contact. The samples
were then loaded into the wells and the apparatus was run at a constant 73 V. Once the
dye from the SDS loading buffer reached to the bottom of the gel, the gel was removed
carefully. For fluorescent samples, pictures were taken on a darkreader with a camera.
The gel was then submerged in prestaining solution (20% methanol, 7.5% glacial
acetic acid, 72.5% DI water) (v/v/v) for 15 minutes. The gel was then transferred to
staining solution (125 mL methanol, 12.5 mL glacial acetic acid, 112.5 mL DI water, and
0.625 g Coomassie Brilliant Blue R-250) for 30 minutes. Finally, the gel was transferred
to destaining solution (12.5 mL methanol, 17.5 mL glacial acetic acid, and 220 mL DI
water) and incubated overnight. The image of the stained gel was captured on a white
light transilluminator with a camera.
Blue Native PAGE (BN-PAGE).46 Blue native PAGE was performed using a
running buffer consisting of 1.5 g tris-base and 7.2 g glycine in 500 mL DI water.
Loading buffer was prepared with 15 mL running buffer, 0.15 g Coomassie Blue G-250,
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and 5 mL glycerol. Before gel loading, samples were mixed with up to 10 µL DI water,
and 2 µL loading buffer was added. Mini-PROTEAN® TGX™ precast gels were used
and run at 73 V until dye front was near the end of the gel. For fluorescent samples,
pictures were taken on a darkreader with a camera. The gel was then placed in
prestaining solution (20% methanol, 7.5% glacial acetic acid, 72.5% DI water) (v/v/v) for
15 minutes. The gel was then moved to Staining solution (125 mL methanol, 12.5 mL
glacial acetic acid, 112.5 mL DI water, and 0.625 g Coomassie Brilliant Blue R-250) for
30 minutes. Finally, the gel was moved to destaining solution (12.5 mL methanol, 17.5
mL glacial acetic acid, and 220 mL DI water) and incubated overnight. The image of the
stained gel was captured on a white light transilluminator with a camera.
Bradford Assay. Bradford Assays were performed using a 96-well microplate on
a microplate reader. BSA standards were prepared by adding 0, 0.50, 0.75, 1.0, 1.5, 2.0,
2.5, and 3.5 µL of 1.0 mg/mL BSA solution to each well. Sterile DI water was also
added to the wells in order to adjust the total volume to be 10 µL. The final
concentration of the standard ranged from 0 to 350 µg/mL. Serial dilutions of samples
were prepared, and 10 µL of each diluted sample was added to separate wells. Twohundred microliters (200 µL) of 1:4 diluted Bio-Rad Protein Assay Dye Reagent
Concentrate was added to each well and after 5 minutes, absorbance at 595 nm was
taken. Both standards and samples were measured in triplicate.

Fluorescence Polarization/Depolarization System Development
FITC-Labeling of SpyCatcher WT and SpyCatcher EQ. Prior to the reaction,
protein samples were dialyzed against phosphate buffer saline (PBS) (pH 7.4). A
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solution of 10 mg/mL FITC (fluorescein isothiocyanate) was prepared in DMSO.
Immediately before the reaction, 20 µL of the 1 M sodium bicarbonate solution was
added for every 200 µL of protein solution. For every 0.25 mg of protein, 1 µL of FITC
solution was added. This reaction was left to proceed overnight. The reaction vessel was
covered to protect the sample from light. On the following day, solutions were dialyzed
against PBS of 1000 times volume. The dialysis solution was changed every 8 hours for
3 times. The protein samples were concentrated by using a vaccufuge at room
temperature until a desired concentration (~1 mg/mL) was achieved. The sample was
dialyzed against PBS, and solutions were stored at 4° C.
Solid-phase Peptide Synthesis. SpyTag was synthesized on a solid-phase
peptide synthesizer with the addition of β-alanine to the N-terminal (H2N-β-Alanine-AH-I-V-M-V-D-A-Y-K-P-T-K-CONH2). In order to accomplish this, 0.196 g of a Rink
amide resin was used in conjunction with the step wise addition of protected amino acids
dissolved in NMP (N-Methyl-2-pyrrolidone). The concentration of protected amino acids
were at 0.2 M, and 1.25 mL of the solution was used in each coupling cycle (Figure 18).
Deprotection solution was prepared by dissolving 20 g of piperazine and 5.65 g of oxyma
pure in NMP. Deprotection steps were carried out with 5 mL of the deprotection
solution. Activator solution was composed of 6.24 mL of DIC and 73.76 mL of NMP.
The activator base solution was made by dissolving 8.52 g of oxyma pure in 60 mL
NMP. One (1) mL and 0.5 mL of activator and activator base solution, respectively were
used in each coupling cycle. Wash steps used 5 mL of NMP. N-terminal Fmocprotection group was deprotected in the last cycle. After completion of peptide synthesis,
the resins were transferred into two fritted syringes and then rinsed with ~20 mL of
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DCM. The resins inside the syringes were dried under vacuum for ~20 minutes. The
samples were then stored in an air tight container in the -20° C freezer.

Figure 18. Solid-phase peptide synthesis. Scheme of solid-phase peptide synthesis using
Fmoc protecting groups.47
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Peptide Fluorophore Conjugation. The resins with the synthetic peptides were
swelled inside one of the syringes with DCM for ~10 minutes. DCM was then drained
and a solution containing 558 µL of NMP, 399 µL of DCM, 43 µL of DIPEA (N,NDiisopropylethylamine), and 0.0487 g of FITC (Fluorescein isothiocyanate) was
withdrawn into the syringe and incubated on an orbital shaker overnight at room
temperature. The reaction mixture was then drained through the frit and the resins were
rinsed with ~20 mL of DCM. The resins inside the syringe were dried under vacuum for
~20 minutes. The sample was then stored in an air tight container in the -20° C freezer
(Figure 19).

Figure 19. SpyTag-FITC. Visualization of FITC fused SpyTag (left) and FITC excitation
emission spectra (right)
Kaiser Test. Several resin beads were transferred into small test tubes. Solution
I was prepared by dissolving 0.5 g ninhydrin in 10 mL ethanol. Solution II was prepared
by mixing 2 µL of 0.1 M potassium cyanide, 198 µL of DI water, and 10 mL of pyridine.
One-hundred microliters (100 µL) each of solutions I and II were added to the test tubes
and then heated to 115 °C in a silicone oil bath for 5 minutes (Figure 20).
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Figure 20. Ninhydrin reaction. Proposed reaction mechanism of ninhydrin with primary
amines that makes dark blue color.48
Peptide Cleavage. A cleavage cocktail of 9.25 mL trifluoroacetic acid, 0.25 mL
of triisopropylsilane, 0.25 mL 3,6-dioxa-1,8-octanedithiol, and 0.25 mL DI water was
prepared. Three milliliters (3 mL) of cleavage cocktail was withdrawn into the fritted
syringe containing the resin beads. The syringe was capped and incubated on an orbital
shaker, set at ~70 rpm, for 3 hours. The supernatant was collected into three 15 mL
centrifuge tubes. Each tube received approximately 1 mL of the supernatant. Nine
milliliters (9 mL) of cold diethyl ether was added into each tube. The precipitates were
collected as pellets by centrifugation at 3,500 rpm for 3.5 minutes. The pellets were
rinsed by resuspension in 9 mL of cold diethyl ether followed by centrifugation at 3,500
rpm for 3.5 minutes. The pellets were rinsed 3 times in total. Pellets were then flicked in
the tubes to break them up. Kimwipes were used to enclose the tube mouths with rubber
bands and then the samples were dried under vacuum over 45 min. The dried peptide
was stored in air tight containers in the -20 °C freezer.
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Fluorescence Polarization/Depolarization
The degree of fluorescence polarization/depolarization (FP) was determined by
1000 ∗

using the following equation:
/

∗

∗

where “Parallel” and “Perpendicular” are the

fluorescence intensity of the parallel and perpendicular, respectively, polarized light
relative to the excitation light, and G is assumed to be one.
SpyTag Concentration Dependence. FP was measured on a Spectramax M5 at
room temperature. The concentration dependence of FP was determined by altering the
amounts of SpyTagMBP while keeping the amount of SpyCatcher WT-FITC constant at
(2 µL of 0.66 mg/mL). SpyTagMBP, SpyCatcher WT-FITC, and PBS were mixed to
prepare two-hundred microliters (200 µL) of sample solution inside the wells of a 96 well
plate in quadruplicate and incubated for 2 hours before FP measurements. The samples
were excited at 480 nm and the emission at 535 nm was measured with a 515 nm cutoff
filter. The final concentration of SpyCatcher WT-FITC was 413 µM.
Kinetic Study of Fluorescence Polarization/Depolarization. A kinetic study
was performed at room temperature by mixing 0.51 : 1 in mole equivalence of
SpyTagMBP and SpyCatcher WT-FITC in quadruplicate. In this study, a SpectraMAX
M5 microplate reader was used to measure FP. The plate was shook on the plate reader
for 5 seconds before the first measurement. Data points were collected every 30 seconds
over 1 hour. SpyTagMBP stock solution (1.5 µL of 1.2 mg/mL in PBS) and SpyCatcher
stock solution (2 µL of 0.66 mg/mL in PBS) were added simultaneously to 196.5 µL of
PBS (pH 7.4). The final concentration of SpyTagMBP and SpyCatcher WT-FITC was
220 µM, and 413 µM, respectively.
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RESULTS AND DISCUSSION

Protein Preparation
Four proteins (SpyCatcher-Wild Type, SpyCatcher-EQ, SnoopTag-mEGFPSpyTag, SpyTag-MBP) were expressed and purified in this work. Preparation of proteins
involves purification of plasmids, transformation of chemically competent E. coli cells by
the plasmids, expression of proteins in the host cells, and purification of the expressed
proteins by using immobilized metal ion affinity chromatography (Figure 21).

Figure 21: Protein preparation. General scheme for the preparation of proteins.
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Preparation of SpyCatcher-Wild Type. The first protein purified in this work
was SpyCatcher Wild Type, or SpyCatcher WT.
Preparation of BL21(DE3)/pDEST14-SpyCatcher Strain. Figure 22 shows the
result of agarose gel electrophoresis for pDEST14-SpyCatcher. The plasmid was
extracted from BL21(DE3)/pDEST14-SpyCatcher and digested with EcoRI before the
electrophoresis. The bands in lanes 2 and 3 agreed with the previously reported size of
pDEST14-SpyCatcher plasmid (4061 bp). On the other hand, we attributed the smears
near the bottom of the gel as RNA contaminants as our kit-free Mini-Prep protocol does
not employ RNase.

Figure 22. Electrophoresis of pDEST14-SpyCatcher and pET28a SnoopTag-mEGFPSpyTag on 1% agarose gel. Lane 1: 1 kb DNA Ladder (New England BioLabs®). Lanes 2
and 3: pDEST14-SpyCatcher (4061 bp) digested with EcoRI. Lanes 4 and 5: SnoopTagmEGFP-SpyTag (6154 bp) digested with NdeI.
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Expression of SpyCatcher WT. Figures 23 and 24 show the OD600 of the culture
media during the expression of SpyCatcher-Wild Type in BL21(DE3)/pDEST14SpyCatcher cells by autoinduction and by the addition of IPTG, respectively.
When BL21(DE3)/pDEST14-SpyCatcher was inoculated in the autoinduction
medium, the E. coli cells grew up to only a moderate cell density (OD600 around 6.0)
even after 50 hours. The weight of the harvested cells was 1.4388 g (in wet weight). This
result was reproduced in another attempt while the identical medium yielded a high
OD600 (>14) within 24 hours for the BL21(DE3)/pDEST14-SpyCatcher T51A mutant
(Figure 23).
SpyCatcher-Wild Type was also expressed by an IPTG expression system. OD600
of BL21(DE3)/pDEST14-SpyCatcher reached around OD600 2.0 after 3 hours. At this
point, IPTG was added to induce the expression of proteins (Figure 24). A wet weight of

OD at 600 nm

1.2007 g was harvested from this culture.
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Figure 23. Autoinduction cell growth curve. OD600 of BL21(DE3)/pDEST14-SpyCatcher
(Wild Type), BL21(DE3)/pDEST14-SpyCatcher T51A mutant, and BL21(DE3)/pET28a
SnoopTag-mEGFP-SpyTag during autoinduction expression at 27 °C, 300 rpm
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Figure 24. IPTG cell growth curve. OD600 of BL21(DE3)/pDEST14-SpyCatcher (Wild
Type), BL21(DE3)/pDEST14-SpyCatcher EQ mutant, and BL21(DE3)/pET28a
SpyTagMBP before addition of IPTG at 38 °C, 300 rpm.
Purification of SpyCatcher WT. After dialysis, 8 tubes containing approximately
400 µL of 1.7 mg/mL-0.46 mg/mL SpyCatcher WT samples were obtained. SpyCatcher
WT (Figure 25), the active non-mutated binding partner to SpyTag, showed several
fairly intense bands in lane 2, though the more intense band was at ~16 kDa which is
what is expected for SpyCatcher WT. Most protein impurities were removed in the flow
through fractions, but a band can be seen at ~37 kDa in the wash lane that shows none
specific binding to the column. This protein was removed in the wash fractions and the
final elution fraction contained only one clear band in the place of the protein of interest,
~16 kDa. Upon closer observation there seems to be a faint band located just above the
intense SpyCatcher band, this has been reported by others, and it has been contributed to
by post translational modification of some SpyCatcher proteins.
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Figure 25. SDS-PAGE of each fraction during the purification of SpyCatcher WT.
Purification steps of SpyCatcher WT. Lane 1: Precision plus molecular weight marker
(Bio-Rad). Lane 2: soluble fraction. Lane 3: flow through of soluble fraction. Lane 4:
wash fraction. Lane 5: elution fraction.
Determination of SpyCatcher WT Expression Success. From the ~0.5 g wet
weight of the cell pellet produced from autoinduction, 0.0257 mg of SpyCatcher WT was
obtained. This was determined by using Bradford Assay with a BSA standard. On the
other hand, IPTG expressed SpyCatcher WT was purified from a pellet of about 0.5 g wet
weight, resulting in ~ 3.54 mg of purified protein. This purified protein translates into
about 24.5% of the total protein found in the soluble fraction during protein purification
(Table 2). Due to the large discrepancy in protein expression success between the
Autoinduction and IPTG expression systems, in many cases IPTG expression was the
first and only expression system attempted for future expressions.
Preparation of SpyCatcher EQ. The second protein purified was SpyCatcher
EQ the inactive mutant to SpyCatcher WT which lacks a catalytic glutamic acid residue.
Preparation of BL21(DE3)/pDEST14-SpyCatcher EQ strain. pDEST14SpyCatcher EQ was extracted from a BL21(DE3)/pDEST14-SpyCatcher EQ strain using
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E.Z.N.A Kit Mini-Prep (Figure 26). Due to the use of RNase, there is no smearing near
the bottom of the gel after digestion with EcoRI.

Table 2. Protein purification table. Table including protein purification values found
through Bradford Assay with BSA standard.
Sample Name
Total Soluble
Total Purified
Percent of Protein
Protein After Lysis Protein From
of Interest in Total
of ~ 0.5 g of Cell
~0.5g of Cell Pellet Soluble Protein
Pellet
SpyCatcher WT
IPTG

14.4 mg

3.54 mg

24.5%

SpyCatcher EQ
IPTG

10.0 mg

3.37 mg

33.7%

SpyTagMBP IPTG

32.3 mg

8.62 mg

26.7%

SpyCatcher WT
Autoinduction

7.00 mg

0.0257 mg

0.367%

SpyTag-mEGRPSnoopTag
Autoinduction

31.8 mg

12.2 mg

38.5%

While the plasmid bands are in the reported spot for pDEST14 SpyCatcher EQ, 4061 bp,
the bands were very faint in comparison to the bands of the DNA ladder. This could be
the result of poor extraction, low copy number, or incomplete DNA staining, but it was
good enough to confirm the presence of pDEST14-SpyCatcher EQ inside the bacteria
strain, and continue on to protein expression.
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Figure 26. Electrophoresis of pDEST14-SpyCatcher-EQ on 1% agarose gel. Lane 1: 1 kb
DNA Ladder (New England BioLabs®). Lanes 2 and 3: pDEST14-SpyCatcher EQ(4061
bp) digested with NdeI.
Expression of SpyCatcher EQ with Induction by IPTG. It took approximately 4
times longer for BL21(DE3)/pDEST14-SpyCatcher EQ than BL21(DE3)/pDEST14SpyCatcher to reach an OD600 of 2 after 9 hours (Figure 24). IPTG was then added to
induce the expression of the protein resulting in 1.1143 g of bacterial cells in wet weight.
Purification of SpyCatcher EQ. SpyCatcher EQ, the inactive mutant of
SpyCatcher, could be successfully purified through IPTG (Figure 27). After dialysis, 6
tubes containing approximately 1000 µL of 0.98 mg/mL-0.24 mg/mL SpyCatcher EQ
samples were obtained. Using the same purification method as for SpyCatcher WT, an
increase in the purity of SpyCatcher EQ from the soluble fraction can be achieved. It is
interesting to note that in this gel is seen in the intense band of the protein of interest in
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the flow through lane (lane 3). This band is likely the result of saturation of the Ni2+NTA column during the loading. Due to this loss of protein in the flow through fraction,
the calculated protein yield shown in Table 2 should be slightly off of what was actually
expressed.

Figure 27. SDS-PAGE of each fraction during the purification of SpyCatcher EQ.
Purification steps of SpyCatcher WT. Lane 1: Precision plus molecular weight marker
(Bio-Rad). Lane 2: soluble fraction. Lane 3: flow through of soluble fraction. Lane 4:
wash fraction. Lane 5: elution fraction. Lane 6: Precision plus molecular weight marker
(Bio-Rad).
Determination of SpyCatcher EQ Expression Success. Table 2 shows the amount
of purified SpyCatcher EQ. This was similar to that of SpyCatcher WT, 3.37 mg from ~
0.5 g wet weight of BL21(DE3)/pDEST14-SpyCatcher EQ when induced by IPTG as
evaluated by Bradford Assay using a BSA standard. The percentage of SpyCatcher EQ
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came out to be around 33.7% of total protein in the soluble protein fraction, slightly
higher than that of SpyCatcher WT.
Preparation of SnoopTag-mEGFP-SpyTag. The third protein purified was
SnoopTag-mEGFP-SpyTag, fluorescently tagged SpyTag of ~34 kDa.
Preparation of BL21(DE3)/pET28a SnoopTag-mEGFP-SpyTag strain. Figure
22, shows the result of agarose gel electrophoresis for pET28a SnoopTag-mEGFPSpyTag. Kit-free Mini-Prep was used to extract pET28a SnoopTag-mEGFP-SpyTag
from BL21(DE3)/pET28a SnoopTag-mEGFP-SpyTag strain and digested with NdeI
before electrophoresis. The plasmid bands found in lanes 4 and 5 agree with previously
reported size of the pET28a SnoopTag-mEGFP-SpyTag (6154 bp), and were fairly
intense indicating successful extraction. The smears at the bottom of the lanes were
again attributed to RNA as the Mini-Prep does not employ RNase.
Expression of SnoopTag-mEGFP-SpyTag by AutoInduction. Autoinduced
protein expression resulted in a large growth rate in SnoopTag-mEGFP-SpyTag even
though cell densities did not get as high as with SpyCatcher T51A. After ~20 hours,
OD600 plateaued around 10 and cells were allowed to express for 6 more hours before
being removed for protein purification (Figure 23). This resulted in 1.971 g of E. coli,
close to double the wet weight obtained by IPTG induction.
Purification of SnoopTag-mEGFP-SpyTag. The cells harvested after autoinduced
expression were subjected to purification via Ni2+-NTA column and a purification gel
was made, (Figure 28). After dialysis, 11.3 mL of 1.11 mg/mL SnoopTag-mEGFPSpyTag sample was obtained. In lane 2, the whole soluble fraction of the cell is shown.
This fraction is the result of cell lysing and centrifugation, containing all soluble cellular
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proteins. While many bands are present, the most intense band can be seen at ~34 kDa,
exactly where the protein of interest is expected to be found. Lane 2 shows the flow
through fraction during Ni2+-NTA purification and many bands of protein impurity, and
the band density in the area of the protein of interest was significantly lower. Lane 4
shows the wash lane of the Ni2+-NTA purification and no protein bands were observed.
Finally, lane 5 shows the eluted purified protein. In this lane, it can be clearly observed
that there is no visible banding besides the band at ~34 kDa. This lack of the other
visible bands that were present in the soluble protein fraction indicates the high purity of
the obtained protein.

Figure 28. SDS-PAGE of each fraction during the purification of SnoopTag-mEGFPSpyTag. Purification steps of SnoopTag-mEGFP-SpyTag. Lane 1: Precision plus
molecular weight marker (Bio-Rad). Lane 2: soluble fraction. Lane 3: flow through of
soluble fraction. Lane 4: wash fraction. Lane 5: elution fraction.
Determination of SnoopTag-mEGFP-SpyTag WT Expression Success. Using
Bradford Asssay with a BSA standard, a very high yield for SnoopTag-mEGFP-SpyTag
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could be determined, ~12.21 mg from ~0.5 g wet weight of BL21(DE3)/pET28a
SnoopTag-mEGFP-SpyTag, the highest yield achieved among the proteins purified in
this work (Table 2). For this protein, autoinduction yielded an ideal result. The reason
for the inconsistency observed in the cell growth between autoinduced protein
expressions has yet to be determined, it was well reflected in the amount of protein that
was capable of being purified. This resulted in visibly green proteins that fluoresce under
blue and UV light.
Preparation of SpyTagMBP. The final protein purified was SpyTagMBP, a
SpyTag which has been covalently linked to maltose binding protein for its 42 kDa size.
Preparation of BL21(DE3)/pET28a-SpyTagMBP strain. The final plasmid
purified was pET28a-SpyTagMBP (Figure 29). After Mini-Prep of
BL21(DE3)/pET28a-SpyTagMBP stain and digestion with EcoRV and agarose gel
electrophoresis, extremely intense bands were observed in all lanes containing the MiniPrep extraction product. Though this extraction being Mini-Prep shows characteristic
RNA streaking, the singular bands observed matched exactly with the reported size of
pET28a-SpyTagMBP for this digestion (6484 bp). These intense bands are indicative of
a successful extraction.
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Figure 29. Electrophoresis of pET28a-SpyTagMBP on 1% agarose gel. Lane 3: 1 kb
DNA Ladder (New England BioLabs®). Lanes 1, 2 and 4: pET28a-SpyTagMBP (6484
bp) digested with EcoRV.
Expression of SpyTagMBP with induction by IPTG. SpyTagMBP was expressed
using the IPTG induction (Figure 24). During initial growth, it took ~3.5 hours for
SpyTagMBP to get to an optical density of 1.8 making it the second fastest of the cultures
that went through this expression system. The total amount of harvested bacterial cell
was 1.0923 g in wet weight.
Purification of SpyTagMBP. The SpyTagMBP could be successfully purified
resulting in no detectable co-purification (Figure 30). After dialysis, 8 tubes containing
approximately 1000 µL of 1.6 mg/mL-0.62 mg/mL SpyCatcher WT samples were
obtained. One unique thing observed in this gel is that there seems to be a loss of the
desired protein (~42 kDa) in each step. Even with protein being lost in wash and flow
through fractions, the final purified band showed a relatively large amount of protein.

52

Figure 30. SDS-PAGE of each fraction during the purification of SpyTagMBP.
Purification steps of SpyTagMBP. Lane 1: Precision plus molecular weight marker (BioRad). Lane 2: soluble fraction. Lane 3: Flow through of soluble fraction. Lane 4: wash
fraction. Lane 5: Elution Fraction. Lane 6: Precision plus molecular weight marker (BioRad).
Determination of SpyTagMBP Expression Success. The yield of the SpyTag
MBP expressed by IPTG induction was determined through Bradford Assay using a BSA
standard. SpyTagMBP had more than twice the mass yield from ~0.5 g of wet weight
BL21(DE3)/pET28a-SpyTagMBP as SpyCatcher WT and SpyCatcher EQ, 8.62 mg
(Table 2). This could be caused by several things including the amino acids needed to
construct each protein, or the plasmid differences in antibiotic resistances, SpyCatcher
WT and SpyCatcher EQ were coded on a plasmid with ampicillin resistance while
SpyTagMBP was coded on a plasmid with kanamycin resistance. Another possibility is
that the mode of concentration detection, Bradford Assay with a BSA standard, is more
effective with proteins that are of approximately the same size and make-up. SpyCatcher
and SpyCatcher EQ are β-sheet rich and only differ by a single amino acid, SpyTagMBP
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is a much larger, almost 3 times the size of the SpyCatcher’s, and has a much wider
variety of secondary structure.
Confirmation of Isopeptide Bond Forming Activity. The activity of
SpyCatcher WT, and SpyCatcher EQ were confirmed using SDS-PAGE in conjunction
with a SpyTag fused protein, SnoopTag-mEGFP-SpyTag (Figure 31, Figure 32). In lane
2, 3, and 4 of this gel, SpyCatcher WT, SpyCatcher EQ, and SnoopTag-mEGFP-SpyTag,
can be observed respectively at the concentration being used in the activity tests. Lanes 5
and 6 were loaded with samples that contain each protein of the same concentrations as in
lane 2, 3, and 4. The contents of each of these wells was SpyCatcher WT and SnoopTagmEGFP-SpyTag (lane 5), and SpyCatcher EQ and SnoopTag-mEGFP-SpyTag (lane 6)
that had each been incubated for 1 hour. Lane 5 shows an intense band at ~50 kDa with
almost complete depletion of the SpyCatcher WT band (~16 kDa) and complete depletion
of SnoopTag-mEGFP-SpyTag band (~34 kDa). The size of this new band also nearly
perfectly reflects the size of the protein that would be formed from combining of these
two proteins. This simple addition of the two sizes may not always be the case due to
SDS-PAGE being designed for the traveling of a completely linearized protein through
the gel matrix, and the addition of an isopeptide bond effectively branches the protein. In
lane 6, SpyCatcher EQ (~16 kDa) can still be observed along with SnoopTag-mEGFPSpyTag (~34 kDa) with no other bands present in the lane. The lack of any other bands
indicates the lack of covalent bond formation between the two proteins.
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Figure 31: SpyCatcher/SpyCatcher EQ activity gel scheme. “Scheme showing sample
preparation for Activity of SpyCatcher WT and SpyCatcher EQ determined on SDSPAGE”.

Figure 32. Activity of SpyCatcher WT and SpyCatcher EQ determined on SDS-PAGE.
Lane 1: Precision plus molecular weight marker (Bio-Rad). Lane 2: SpyCatcher WT.
Lane 3: SpyCatcher EQ. Lane 4: SnoopTag-mEGFP-SpyTag. Lane 5: SpyCatcher WT
and SnoopTag-mEGFP-SpyTag. Lane 6: SpyCatcher EQ and SnoopTag-mEGFPSpyTag. Lane 7 Precision plus molecular weight marker (Bio-Rad).
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Fluorescence Polarization/Depolarization
Once proteins have been effectively expressed, and protein activity was
confirmed, fluorescent conjugates were developed through two different paths, one of
which involved the conjugation of FITC to SpyCatcher WT and SpyCatcher EQ. An
alternative path was also explored which used solid-phase peptide synthesis to create a
SpyTag, which was then conjugated to FITC. These two systems were to be used in
fluorescence polarization/depolarization as a rapid assay to track isopeptide bond
formation in real-time in homogeneous solution.
SpyCatcher-FITC Conjugates. The conjugation of FITC to SpyCatcher WT
and SpyCatcher EQ lysine residues was one of the routes to fluorescence
polarization/depolarization that was chosen, though it held some risk due to the
isopeptide bond forming residue on SpyCatcher WT being lysine. FITC was kept at a 1:1
ratio with SpyCatcher WT to minimize this.
Confirmation of Isopeptide Bond Forming Activity between SpyTagMBP and
SpyCatcher-FITC Derivatives. SDS-PAGE was used to check for activity of FITClabeled proteins once the conjugation was complete (Figure 33, Figure 34). The
experiment followed the same format as previous ones with the three parts being shown
separately in lanes 2, 3, and 4, and lanes 5 and 6 being combinations of SpyTagMBP with
either SpyCatcher WT-FITC (lane 5) or SpyCatcher EQ-FITC (lane 6) that were
incubated for one hour. The gel shows exactly what we expected for the band retardation
of SpyTagMBP in the lane containing SpyCatcher WT-FITC and no change in the lane
with SpyCatcher EQ-FITC. When comparing lane 5 before and after staining gels, a
fluorescent band is present in the place of SpyCatcher WT-FITC that is not concentrated
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enough to be clearly observed through normal SDS-PAGE staining. This could be due to
SpyCatcher WT-FITC that was inactive due to loss of its fold during freeze thaw cycles
before the samples were ever combined for binding, and that will be explored more.

Figure 33. Scheme of isopeptide bond formation activity measurement. Scheme showing
sample preparation for “SDS-PAGE showing SpyTagMBP, SpyCatcher-FITC derivative
activity”.

Figure 34. SDS-PAGE showing SpyTagMBP, SpyCatcher-FITC derivative activity
before (right) and after (left) staining. Lane 1: Precision plus molecular weight marker
(Bio-Rad). Lane 2: SpyCatcher WT-FITC. Lane 3: SpyCatcher EQ-FITC. Lane 4:
SpyTagMBP. Lane 5: SpyCatcher WT-FITC and SpyTagMBP. Lane 6: SpyCatcher EQFITC and SpyTagMBP.
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A concentration dependence of SpyTagMBP on isopeptide bond formation activity was
studied with constant SpyCatcher WT-FITC (Figure 35, Figure 36). The concentration
of SpyTagMBP increase in molar equivalence from lane 2 to 7. It can be clearly seen
that both SpyTagMBP, and SpyCatcher WT-FITC are completely consumed. Several
different forms of folded and unfolded complexes between SpyCatcher WT-FITC and
SpyTagMBP can be seen and all of them reflect consumption of the original two pieces.

Figure 35. Concentration dependence of SpyTagMBP on isopeptide bond formating
activity using SDS-PAGE before (left) and after (right) staining. Lane 1: Precision plus
molecular weight marker (Bio-Rad). Lane 2-7: 0:1, 0.2:1, 0.4:1, 0.6:1, 1:1, 2.5:1 in mole
equivalence of SpyTagMBP to SpyCatcher WT-FITC.

Figure 36. Concentration dependence of SpyTagMBP using SDS-PAGE for comparison
with mP before (left) and after (right). Lane 1: Precision plus molecular weight marker
(Bio-Rad). Lanes 2-7: 0:1, 0.1805:1, 0.361:1, 0.5415:1, 0.722:1, and 2.166:1 in mole
equivalence of SpyTagMBP to SpyCatcher WT-FITC.
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Fluorescence Polarization Depolarization Using SpyTagMBP and SpyCatcherFITC Conjugates. Fluorescence polarization/depolarization measurement was employed
to further study the isopeptide bond forming activity of SpyCatcher WT-FITC,
SpyCatcher EQ-FITC, and SpyTagMBP. Raw Data can be found in Appnedix III.
Concentration Dependence of SpyTagMBP. Figure 37 shows the dependence of
mP (millipolarization) on the concentration of SpyTagMBP after two hours of incubation.
It is, however, interesting to note that as molar equivalence of SpyTagMBP increased,
SpyCatcher WT-FITC showed a rapid increase in mP that leveled out as it became
saturated, while SpyCatcher EQ-FITC on the other hand had a much lower change in the
presence and absence of SpyTagMBP. Unfortunately, the beginning mP values for
SpyCatcher EQ-FITC and SpyCatcher WT-FITC are not the same, which makes
comparing them difficult. It is possible that the difference in starting mP between
SpyCatcher WT-FITC and SpyCatcher EQ-FITC is due to unequal degree of conjugation
with FITC resulting in larger SpyCatcher EQ-FITC molecules that depolarize light to a
lower extent.
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Figure 37. Concentration dependence of SpyTagMBP on mP. Showing the change in mP
of SpyCatcher WT-FITC and SpyCatcher EQ-FITC in the presence of different molar
equivalence of SpyTagMBP. SpyCatcher EQ results can be found in Appendix B-1. Error
bars show plus or minus one standard deviation of four runs.
Correlation between Fluorescence Polarization/Depolarization and Band
Intensity Ratio. Using ImageJ, a ratio between intensity for SpyTagMBP-SpyCatcher
WT-FITC complex and SpyCatcher WT-FITC were taken from Figure 36 (Figure 38)
and compared to mP values of the same molar equivalence (Figure 39). ImageJ analysis
showed a linear increase in SpyTagMBP-SpyCatcher WT-FITC complex as SpyCatcher
WT-FITC decreased linearly.
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Figure 38. Molar equivalence on SDS-PAGE using ImageJ. Band determined through
ImageJ of SDS-PAGE band in “Concentration dependence of SpyTagMBP using SDSPAGE for comparison with mP before (left) and after (right)”. Circle marks represent
SpyTagMBP-SpyCatcher WT-FITC Complex, and squares represent SpyCatcher WTFITC. Table of Values can be found in Appendix C.
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Figure 39: Band intensity ratio vs mP for different SpyTagMBP molar equivalence. The
plot showing the correlation between mP and band intensity ratio from SDS-PAGE. Error
bars show plus or minus one standard deviation of four runs. Full range of points can be
found in Appendix B-2.
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Kinetic Study. The molar equivalence ratio of 0.51 was chosen due to its location
near the center of upward trend in the concentration dependence study (Figure 37). The
mP value of SpyCatcher WT-FITC is around 200, while the first reading during the
kinetic study recorded at ~313 due to the time lag between experiment set up and data
acquisition (Figure 40). A rapid rise in mP can be seen very early on which levels out to
a slow rising plateau. The leveling point was determined after an hour due to the mP
reaching the mP value recorded after two hours at just a single hour. There is some
fluctuation that occurs during the plateau of this curve which could be due to a small
samples size, or from slight differences in SpyCatcher WT or SpyTag MBP populations.
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Figure 40. Kinetic study. Fluorescence polarization/depolarization study of 0.51 M
equivalence of SpyTagMBP over one hour. Graph with error bars and separate graphs of
all four runs can be found in Appendix B-2-Appendix B-7.
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SpyTag-FITC Conjugate. Another route to fluorescence polarization discussed
involves a solid-phase peptide synthesized SpyTag that was conjugated to FITC through
an N-terminal linker, β-alanine.
Confirmation of FITC Coupling Completion. To confirm the conjugation of FITC
to the β-alanine of the synthesized SpyTag, a Kaiser Test was used (Figure 41). In a
Kaiser Test, the presence of a primary amine results in a deep blue color change. In the
far left test tube, non-protected PEG-rink amide resin shows a deep blue color from the
presence of its free amines. The middle tube holds PEG-rink amide resin after the
peptide synthesis and subsequent deprotection of SpyTag. A deep blue can be seen here
too as the deprotected β-alanine on the N-terminal reacts with the ninhydrin. The final
test tube contains PEG-rink amide resin, and the synthesized SpyTag that has undergone
a coupling reaction with FITC. This test tube has no blue color at all, showing a lack of
primary amines and indicating a complete coupling of the β-alanine residues to a FITC
molecule.

Figure 41. Kaiser test. Shows the progression of PEG-rink amide resin through Kaiser
Tests from just resin (left), to resin and peptide (middle), to resin, peptide, and FITC
(right).
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Confirmation of Isopeptide Bond Forming Activity Between SpyTag-FITC and
SpyCatcher Derivatives. After Coupling with FITC and cleavage from the PEG-rink
amide resin, the activity of the fluorescently labeled SpyTag was tested against
SpyCatcher WT and SpyCatcher EQ with SDS-PAGE after an hour long incubation of
each sample (Figure 42). Unfortunately, once stained, FITC no longer has fluorescent
properties, so gel images are taken before and after staining. Due to the inability to view
the bands simultaneously, the before staining gel will be discussed first. Lane 4 can be
observed as the control lane, containing only SpyTag-FITC. This band can be seen up
near the dye front as SpyTag-FITC is only 13 residues long. In lane 5, the lane
containing both SpyCatcher WT and SpyTag-FITC, there is large movement of the band
toward a high molecular weight region. Interestingly, this shift is indicative of what
would be expected for a protein of a much larger size than that of just the SpyCatcher,
SpyTag-FITC complex, and this point will be discussed further later. Finally, lane 6, the
lane containing SpyCatcher EQ and SpyTag FITC, shows no shift of the fluorescent band
derived from SpyTag-FITC. This lack of shift of the fluorescent band demonstrates no
covalent bond formation taking place between SpyCatcher EQ and SpyTag-FITC. In the
stained image, the band for SpyCatcher WT and SpyCatcher EQ can be seen, and they
support the conclusions drawn from the before staining image. Comparing lane 5 of the
stained and non-stained gel, it does seem that neither SpyCatcher WT nor our SpyTagFITC was consumed. The lack of consumption of SpyCatcher WT or SpyTag-FITC, and
the previously tested activity for SpyCatcher WT indicates that there is some form of
inactive peptide in our SpyTag-FITC sample which still has fluorescence that could
interfere with fluorescent polarization in too large of a presence.
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Figure 42. SDS-PAGE SpyTag-FITC activity before (left) and after (right) staining.
Lane 1: Precision plus molecular weight marker (Bio-Rad).. Lane 2: SpyCatcher WT.
Lane 3: SpyCatcher EQ. Lane 4: SpyTag-FITC. Lane 5: SpyCatcher WT and SpyTagFITC. Lane 6: SpyCatcher EQ and SpyTag-FITC. Lane 7: Precision plus molecular
weight marker (Bio-Rad).
In order to study why the band movement upon isopeptide bond formation with
SpyCatcher WT and SpyTag-FITC was so much larger than anticipated, a Blue Native
PAGE was performed to see if the stability gained through isopeptide bond formation
allowed for SpyCatcher to keep its fold and not travel linearly through the gel (Figure
43). Blue Native PAGE works through the premise of not using SDS, 2mercaptoethanol, or boiling to cause protein denaturation. Instead, protein samples were
mixed with a negatively charged dye (coomassie brilliant blue) in order give a negative
charge to the protein and cause movement to the anode during electrophoresis. The
before staining gel seems identical to the inverse of the SDS-PAGE gel, this is due to the
surface area available to negative charges to bind. In the stained gel, lane 4 shows a
much smaller change between SpyCatcher WT and SpyCatcher WT, SpyTag-FITC
complex bands, and interestingly also shows resolution between SpyCatcher WT and
SpyCatcher EQ from the difference of a singular charge. The smaller change observed in
the gel between the folded structures agrees with the hypothesis that the large band
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reduction observed in SDS-PAGE was due to the complex not unfolding upon traditional
SDS-PAGE stressors.

Figure 43. BN-PAGE SpyTag-FITC activity before (left) and after (right) staining.
Lane 1: Precision plus molecular weight marker (Bio-Rad). Lane 2: SpyCatcher WT.
Lane 3: SpyCatcher EQ. Lane 4: SpyTag-FITC. Lane 5: SpyCatcher WT and SpyTagFITC. Lane 6: SpyCatcher EQ and SpyTag-FITC. Lane 7: Precision plus molecular
weight marker (Bio-Rad).
Purity of Synthesized SpyTag-FITC Conjugate. The peptide was analyzed by
MALDI-TOF MS in collaboration with Professor Keykavous Parang of Chapman
University. Upon receiving the MALDI-TOF MS data (Figure 44), it became clear that
there was a large amount of impurity in the sample. Our peptide of interest was a lower
product at about 1930 m/z. The dominant product matched our peptide of interest
without an aspartic acid residue, which would explain the inactivity of a large portion of
our peptide. Purification through reverse phase flash chromatography was attempted but
was unsuccessful. Purification of the peptide by preparation HPLC would be an option to
pursue further.
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Figure 44. MALDI analysis. MALDI analysis of fluorescently coupled peptide.
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CONCLUSION

The SpyCatcher/SpyTag intramolecular autocatalytic isopeptide bond forming
system has the potential to be a molecular recognition element effective for detection of
low abundant biomarker proteins. SpyCatcher WT, SpyCatcher EQ, SnoopTag-mEGFPSpyTag, and SpyTagMBP were expressed in order to develop a rapid, homogenous assay
for investigation into these isopeptide bond forming systems. The activity of SpyCatcher
WT and SpyCatcher EQ was confirmed using SnoopTag-mEGFP-SpyTag before they
were conjugated to FITC. Once conjugated, SpyCatcher WT-FITC and SpyCatcher EQFITC were tested for activity once more using SpyTagMBP. Fluorescence
polarization/depolarization was then used on this system to monitor the dependence of
mP on SpyTagMBP concentration, and their interactions in real time. Another route was
also tested with a solid-phase peptide synthesized SpyTag-FITC, but more purification
steps were needed before fluorescence polarization/depolarization could be attempted.
Fluorescence polarization/depolarization showed overlap linearity when compared to
SDS-PAGE, the current gold standard for tracking interactions, at lower SpyTagMBP
concentrations. Fluorescence polarization/depolarization was also able to track real time
kinetic interaction between SpyCatcher and Spytag, though a control is still needed to
prove validity. With these breakthroughs, we hope that with a few more experiments
validating these preliminary results, fluorescence polarization/depolarization can become
a new method of rapidly screening possible isopeptide bonding partners for use in
tracking low abundant biomarkers.
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APPENDICES

Appendix A. Plasmid Maps

Appendix A-1. pDEST14-SpyCatcher Derivatives. Plasmid map for pDEST14SpyCatcher and pDEST14-SpyCatcher EQ
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Appendix A-2. pET28a SnoopTag-mEGFP-SpyTag. Plasmid map for pET28a.SnoopTagmEGFP-SpyTag.
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Appendix A-3. pET28a-SpyTagMBP. Plasmid map for pET28a-SpyTagMBP.
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Appendix B. Fluorescence Polarization/Depolarization Graphs

Appendix B-1. Fluorescence Polarization/Depolarization Concentration Dependence.
Concentration dependence of fluorescence polarization/depolarization of SpyCatcher WT
and SpyCatcher EQ.

Appendix B-2. Fluorescence Polarization/Depolarization Correlation. Correlation
between fluorescence polarization/depolarization measurements with SDS-PAGE band
densities
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Appendix B-4. Kinetic Run 2.
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Appendix B-6. Kinetic Run 4.
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Appendix B-7.Kinetic Study average of four runs with plus or minus one standard
deviation error bars.
Appendix C. Molar Equivalence on SDS-PAGE Using ImageJ. Band determined
through ImageJ of SDS-PAGE band in Figure 35.
M Equivalence of
SpyCatcher WT-FITC
SpyTagMBP-SpyCatcher WTSpyTagMBP
Band Density
FITC Complex Band Density
2.166
620
52085
0.722
9379
38834
0.542
12856
31410
0.361
15592
24657
0.181
20309
11919
0
22496
0
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