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Abstract 
Peptide tags are ubiquitous in the life sciences, with roles including purification 

and selective labeling of proteins. Because peptide tags are small they have a limited 
surface area for binding and hence usually form low affinity protein interactions. These 
weak interactions limit the uses of peptide tags in cases that require resistance to forces 
generated with macromolecular architectures or protein motors. Hence a way to create a 
covalent interaction with a peptide tag would be useful. It was found possible to create a 
covalent bond-forming peptide tag using the spontaneous isopeptide chemistry of the 
CnaB2 domain from the Gram-positive bacterium Streptococcus pyogenes. In the 
CnaB2 domain a reactive Lysine forms an isopeptide bond with an Aspartic acid, 
catalyzed by a Glutamic acid, creating an internal covalent linkage. Subsequently it was 
shown that the CnaB2 domain could be split into two parts, a domain with the Lysine and 
Glutamic acid called SpyCatcher and a peptide with the Aspartic acid called SpyTag, 
such that the isopeptide covalent linkage can be formed when SpyCatcher/SpyTag are 
mixed together. SpyCatcher/SpyTag was applied in this thesis and showed functionality 
in a wide array of scenarios. SpyCatcher/SpyTag covalently linked within the cytosol of 
E. coli, on surface membrane proteins of HeLa cells, and regardless of whether SpyTag 
was located on the N- or C-terminus or an internal site. Crystal structures of 
SpyCatcher/SpyTag were then obtained and it was found possible to shrink the 
SpyCatcher by 32 residues to a core domain of 83 residues. To create an even smaller 
covalent linkage system, SpyCatcher was split further to generate a protein (SpyLigase) 
ligating two peptide tags. The β-sheet with the reactive Lysine was removed from 
SpyCatcher and called KTag. SpyLigase could covalently link SpyTag and KTag. 
SpyLigase-induced ligation was independent of the location of SpyTag/KTag on the 
target proteins and was applied to create affibody polymers, which were shown to 
improve magnetic isolation of cells with low tumor antigen expression. Through this work 
protein-protein covalent linkage systems were refined and generated that have future 
applications for the creation of unique macromolecular structures, cellular labeling, and 
protein cyclization.  
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Chapter 1: Introduction 

1.1 Peptide Fusion Tags: 

Peptide fusion tags are a ubiquitous tool in the life sciences, which have the 

advantages of acting as an isolation and interaction point on a recombinant protein. 

Peptide tags are generally non-interfering stretches of 5-20 residues included onto a 

recombinant protein (Brizzard, 2008; Jarvik and Telmer, 1998; Terpe, 2003). 

Consequently peptide tags are simple to insert into a gene, only requiring established 

molecular biology techniques, avoiding chemical modifications following expression of 

the protein (Jarvik and Telmer, 1998; Malhotra, 2009). Furthermore peptide tags allow 

for the specific interaction between the tag and a binding agent which can range from an 

antibody, corresponding binding protein, or metal chelate (Brizzard, 2008; Fritze and 

Anderson, 2000; Jarvik and Telmer, 1998; Malhotra, 2009; Terpe, 2003). The specificity 

of the binding interaction can be increased further by sequential recognition with multiple 

peptide tags, which is feasible due to the aforementioned small size (Lee et al., 2007; 

Malhotra, 2009). 

While peptide tags have these advantages they still have a few flaws limiting their 

applications. The first flaw is due to a peptide tag’s small size which limits the binding 

area and the non-covalent nature of the interaction with a binding domain, leads to an 

overall weak interaction (Houk et al., 2003; Jarvik and Telmer, 1998; Stanfield and 

Wilson, 1995). This weak binding prevents their uses in many applications where forces 

are generated (Jain et al., 2013; McCloskey et al., 2003; Morris et al., 2001). The second 

flaw is that peptide tags are limited in their capacity for use inside live cells, regardless of 

whether it is prokaryotes or eukaryotes, because binding proteins are generally large 

and may not cross membranes or express well in situ (Terpe, 2003; Woof and Burton, 

2004). The other consideration is whether the binding domain can withstand the 
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conditions within a cell; for example antibodies may not fold well in reducing 

compartments (Cumming et al., 2004; Sevier and Kaiser, 2002; Woof and Burton, 2004).  

1.1.1 Applications of Peptide Tags: 

Even though peptide tags have their limitations they are used for a variety of 

applications such as protein purification, isolation, labeling, and immobilization  

The use of peptide tags for protein purification is best exemplified with the 

hexahistidine or His tag. The His tag is a simple peptide tag of typically six Histidines 

fused onto a protein, and selectively bound for purification by immobilized metal affinity 

chromatography (IMAC). The His tagged proteins are eluted in gentle conditions by use 

of the competitor imidazole to displace the Histidines interactions with the metal ions 

(Brizzard, 2008; Terpe, 2003). Peptide tags are also used for smaller scale isolations 

such as determining interaction partners by co-isolation (Lee et al., 2007; Terpe, 2003).  

 Peptide tags can be used for labeling of a tagged protein such as for localization 

within a cell (Hackbarth et al., 2004). Furthermore peptide tags are commonly used in 

immunoblotting to determine the presence of a desired protein (Jarvik and Telmer, 1998; 

Kurien and Scofield, 2003, 2006; Lee et al., 2007; MacPhee, 2010).  

 Peptide tags are also used for the immobilization of targeted proteins such as for 

Surface Plasmon Resonance (SPR) chips (Giese et al., 2012; Hodneland et al., 2002; 

Homola et al., 1999; van der Merwe, 2000), in lithography for 3D printing (Bhagawati et 

al., 2010), or even for single molecule measurements (Huang et al., 2009a).    

Thus peptide tag capabilities demonstrate a wide array of functions with a simple 

modification. Yet what could improve upon peptide tag applicability would be the 

capacity to create a stronger interaction.  
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1.1.2 Protein-Peptide Interactions:  

 The factors that determine the strength of interaction between a protein and a 

peptide can be roughly divided into two sections. The first is the surface area where the 

larger the surface area of interaction typically the greater the binding (Houk et al., 2003). 

The reason for increased affinity has to do with the enthalpic and entropic considerations 

that due to the loss of freedom of movement of the peptide tag by the binding event, the 

increased amount of enthalpic interactions helps to compensate for the loss of entropy 

(Houk et al., 2003). The second is the types of interactions occurring between the 

binding domain and the ligand. The most frequent interactions for antibody-peptide 

binding are hydrophobic (Houk et al., 2003) though there are also hydrogen bonds and 

charged interactions (Stanfield and Wilson, 1995). However, the analysis of Houk et al. 

only considers antibodies as the binding domain for peptides, not other protein domains. 

It should be noted that there is a narrow selection of non-antibody peptide tag protein 

binders available, limiting the generality of these conclusions. The peptide binding 

domains with Kd information available are in Table 1.1.  

Table 1.1: List of dissociation constants of peptide tags and non-antibody binding 
domains.  

Peptide Tag Binding Domain Protein Domain 
of Origin 

Dissocation 
Constant (Kd) 

Reference 

Strep-Tag II Streptavidin Streptavidin ~1 µM (Korndörfer 
and Skerra, 
2002) 

S-Tag S-protein RNase A ~100 nM (Terpe, 2003) 

C-Tag ePDZ1b 
(Affinity Clamp) 

PDZ and FN3 ~0.5 nM (Huang et al., 
2009a, 2009b) 

Dsf FimGt E. coli type 1 
pili 

<1 pM, not 
directly 
determined 

(Giese et al., 
2012) 

The Strep-Tag II and S-Tag bind to their respective domains with at least part of 

the tag exposed to the environment, limiting the surface area being interacted with 

(Hackbarth et al., 2004; Korndörfer and Skerra, 2002; Listgarten et al., 1995; Terpe, 

2003). The C-Tag/ePDZ1b (affinity clamp) system involved using two engineered 
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domains (PDZ and FN3) fused together such that the domains dock with the C-Tag and 

then ‘clamp’ the tag, enveloping the peptide (Huang et al., 2009a, 2009b). Dsf/FimGt is 

able to achieve its strong binding via β-sheet complementation with multiple main-chain 

hydrogen bonds (Giese et al., 2012).  

Yet even the best of these protein-peptide systems are limited because the 

interactions are non-covalent. Therefore these interactions are unlikely to withstand 

denaturing conditions, large forces from molecular motors (Morris et al., 2001), or forces 

from the cell surface (Jain et al., 2013; McCloskey et al., 2003). Thus the capacity to 

create a covalent interaction would be a valuable tool in terms of protein interactions. 
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1.2 Protein-Protein Ligation Systems: 

1.2.1 Split Intein-Mediated Ligation: 

 
Figure 1.1: Mechanism of split intein-mediated ligation. Split inteins function such 
that initially the N- (Protein A) and C-terminal (Protein B) sections of an intein 
reconstitute, which allows for an N-S acyl shift creating a thioester intermediate. 
Then a transesterfication occurs by a nucleophilic attack by the C-terminal split 
intein nucleophile transferring the N-terminal protein (Protein A) to the C-terminal 
nucleophile creating an alternate branched intermediate. Then Asparagine 
cyclization occurs releasing the reconstituted split intein and allowing for the 
resolution of the branched intermediate via an S-N acyl shift. This figure was 
adapted from (Shah and Muir, 2011). 
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 Inteins are self-cleaving protein elements found in many genes (Anraku et al., 

2005). While generally considered parasitic genetic elements, their discovery has 

opened up a new approach for protein-protein ligation technology (Anraku et al., 2005; 

Lockless and Muir, 2009). The value of inteins is that they are able to ligate two proteins 

together in a traceless manner. Split inteins are an extension of inteins, in that they 

retain said traceless ligation capacity, however the intein is split into two parts, which can 

then be fused onto two target proteins. Subsequently the split intein sections can 

reconstitute and perform the protein-protein ligation (Lockless and Muir, 2009). Inteins 

accomplish this ligation via an auto-catalyzed reaction (Figure 1.1) which first requires an 

N-S acyl shift where the peptide bond of the N-terminal protein (Protein A, or commonly 

referred to as the N-extein) is transferred to the N-terminal nucleophile of the intein. 

Then the N-terminal protein (Protein A) is transferred to the intein’s C-terminal 

nucleophile via transesterfication creating a branched intermediate. The branched 

intermediate is resolved by the cyclization of Asparagine on the C-terminal of the intein, 

releasing the reconstituted intein as a byproduct, and allowing for an S-N acyl shift 

creating the ligated product (Noren et al., 2000; Shah and Muir, 2011). Also not all 

inteins use Cysteines as the nucleophile, as both Threonine and Serine have been found 

within inteins (Noren et al., 2000; Xu and Evans, 2001).  

 The advantages of split inteins are that they use a chemistry based on the 

common amino acids and are usable both in vitro and in vivo (Noren et al., 2000). 

Certain split inteins have also been shown to be fast, going to completion within minutes 

(Shah et al., 2012; Zettler et al., 2009). The reaction can lead to a traceless ligation of 

the proteins (Lockless and Muir, 2009). On the other hand many inteins are sensitive to 

the redox environment (Noren et al., 2000; Xu and Evans, 2001). Inteins have also been 

shown to undergo side reactions (Siebold and Erni, 2002). Furthermore inteins must be 

located at the N- or C-termini of proteins (Lockless and Muir, 2009; Noren et al., 2000; 
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Shah and Muir, 2011), limiting their capacity for forming branched protein architectures. 

Although there have been attempts to use 3-part split inteins to control reconstitution, 

ligation yields were low (Sun et al., 2004). There have also been attempts to modulate 

the intein splicing by engineering an allosteric control with a small molecule (thyroid 

hormone), but this led to a slower reaction of ~1 h (Skretas and Wood, 2005).  

1.2.2 Sortagging: 

 
Figure 1.2: Mechanism of sortase-mediated ligation. The sortase enzyme uses a 
catalytic Cysteine to perform a cleavage of the LPXTG motif between the 
Threonine-Glycine at the Threonine carbonyl group. Then an acyl-sortase 
intermediate is formed containing a thioester. Finally the reaction is resolved by 
the transpeptidation via a nucleophilic attack by the N-terminus of a protein with a 
penta-Glycine tag. Figure adapted from (Tsukiji and Nagamune, 2009). 

 Sortases are a class of enzymes found in Gram-positive bacteria that covalently 

ligate proteins to cell wall components. Sortase targets a five residue motif included in 

the protein localization sequence (Hendrickx et al., 2011; Marraffini et al., 2006; 

Paterson and Mitchell, 2004; Ton-That and Schneewind, 2004). The most commonly 

applied of the Sortases is Sortase A from Staphylococcus aureus (Mazmanian et al., 

Protein A -LPXT
Gly

Sortase

Transfer of target protein onto

Sortase via cleavage of LPXTG motif

Sortase

Protein A -LPXT

Protein BH2N-GGGGG-

(Acyl-Sortase intermediate)

Transpeptidation leading to Sortase

Mediated Ligation

Protein A -LPXT
Protein BGGGGG-



9 

1999; Paterson and Mitchell, 2004; Tsukiji and Nagamune, 2009). Sortase A has the 

common target motif of LPXTG (X being any residue) found on the C-terminus of the 

protein and transfers to the N-terminus of the receptor sequence of a penta-Glycine 

which is found on peptidoglycan strands in the cell wall of S. aureus (Mazmanian et al., 

1999; Tsukiji and Nagamune, 2009).  

 The mechanism of sortase-mediated ligation is shown in Figure 1.2, where 

initially the sortase performs a nucleophilic attack using a Cysteine on the carbonyl 

group of Threonine (LPXTG), cleaving the target motif. The nucleophilic attack creates 

an acyl-sortase intermediate with a thioester connecting to the LPXT motif. Finally the α-

amino group of the penta-Glycine tagged protein (Protein B) performs a nucleophilic 

attack on the Threonine carbonyl group (LPXT-Sortase) of the target motif, completing 

the transpeptidation (Figure 1.2) (Hendrickx et al., 2011; Marraffini et al., 2006; Paterson 

and Mitchell, 2004; Ton-That and Schneewind, 2004; Tsukiji and Nagamune, 2009). 

 Sortase has a great many advantages as a protein ligation system. Sortase 

ligation is easy to modulate, with no reaction until the inclusion of the enzyme. 

Furthermore the only modification required is two small penta-peptides on the respective 

target proteins (Tsukiji and Nagamune, 2009). Sortases have been shown to reach 

completion within 30 min under neutral conditions  (Ling et al., 2012). The system has 

also been used in a variety of cases for ligating proteins, cell surface labeling, and 

attaching synthetic chemical groups (Popp et al., 2007; Williamson et al., 2012). 

Sortases have their limitations in that they require specific reaction conditions; Sortase A 

requires milimolar amounts of Ca2+ (Popp et al., 2007; Williamson et al., 2012), which 

limits the use of the Sortase A in vivo. Other problems are that Sortase reactions are 

reversible and technically any N-terminally located Glycine can react with the acyl-

Sortase intermediate, creating possible promiscuity (Williamson et al., 2012). 

Furthermore there are side-reactions, with water causing hydrolysis of the acyl-Sortase 
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intermediate (Ling et al., 2012). Finally Sortases are not traceless and require the tags to 

be at specific locations, with the LPXTG target motif at the C-terminus and the penta-

Glycine receptor motif at the N-terminus (Popp et al., 2007).  

1.2.3 Native Chemical Ligation: 

 
Figure 1.3: Mechanism of native chemical ligation. The process involves that the 
C-Terminal of a peptide/protein be functionalized with an α-thioester derivative. 
The thioester then allows for a nucleophilic attack on the carbonyl group by an N-
terminally located Cysteine. Then a thioester intermediate is formed on the 
Cysteine sulfhydryl group, which allows for an S-N acyl shift, creating a peptide 
bond. Figure adapted from (Kent, 2009; Muralidharan and Muir, 2006).  

 Native Chemical Ligation (NCL) is a means to synthesize a whole protein without 

the use of molecular biology techniques or protecting groups, yet with chemo-selectivity 

(Kent, 2009). The mechanism involves three steps (Figure 1.3). The first is the 

generation of a peptide/protein with a thioester linkage on the ‘C-terminus’, which can be 

synthetically created (Kent, 2009). The thioester can also be semi-synthetically 

generated via expressed protein ligation, in which a protein has an intein expressed on 
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its C-terminus, then following the N-S acyl shift, thiols are used to perform a 

transthioesterification, creating an active substrate (Muralidharan and Muir, 2006). Then 

a protein/peptide with an N-terminally located Cysteine performs a thioester transfer onto 

the sulfhydryl group. This then leads to an internal nucleophilic attack causing an S-N 

acyl shift, generating the ligated product (Kent, 2009). 

  The NCL reaction has been shown to be functional at gentle conditions of pH ~7 

and in aqueous buffers, with reactions taking anywhere from a few hours to 24 h 

(Johnson and Kent, 2006; Kent, 2009). NCL is also advantageous due to the fact that it 

is nearly traceless, only leaving a single Cysteine residue at the ligation site. The uses of 

NCL range from cyclization of proteins (Clark and Craik, 2010; Conlan et al., 2010; 

Muralidharan and Muir, 2006; White and Yudin, 2011), to simplifying N-terminal labeling 

using in conjunction a protease to specifically cleave before Cysteines (Busch et al., 

2008). Due to the synthetic nature of NCL, the ligation of peptides or chemical groups is 

possible that would normally be difficult to perform through recombinant methods, such 

as fusing histone tails with chemical modifications to a core histone domain (Kumar et 

al., 2011; Voigt and Reinberg, 2011). However, the NCL reaction requires the use of 

thioesters, thus limiting the system in reducing conditions. Also the reactive groups must 

be located at the C- and N-termini of the respective proteins (Kent, 2009). 
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1.2.4 Disulfides and Dock-and-Lock System: 

 
Figure 1.4: Mechanism of Cystine generation. Two Cysteine residues are oxidized 
leading to the formation of a disulfide bridge.  

 Disulfide bridges are a common example of a covalent linkage in proteins. 

Disulfide bridges are used as intramolecular crosslinks to stabilize the three-dimensional 

structure of a protein (Sevier and Kaiser, 2002) and assemble macromolecular 

structures such as antibodies (Woof and Burton, 2004). Though Cysteines are valuable 

in nature, would be simple to engineer, and are flexible in terms of location, they are not 

an ideal crosslink since they are not formed under reducing conditions and there can be 

promiscuous reactions between sulfhydryl groups. 

 However, disulfides have been used in conjunction with a non-covalent binding 

system to increase the robustness of the interaction in the Dock-and-Lock (DNL) system, 

which is based on the interaction between the Protein Kinase A (PKA) and the A-Kinase 

Anchoring Protein (AKAP) (Chang et al., 2007). The two proteins have α-helical binding 

domains that allow for a specific recognition between PKA and AKAP. Therefore Chang 

et al. fused the respective α-helices to different antibodies and was able to create 

bispecific antibodies. They mutated specific residues in the α-helices of PKA and AKAP 

binding domains to Cysteines such that after the initial binding, disulfide bridges would 

form specifically (Chang et al., 2007). While a clever method to improve the binding 

robustness, the DNL system still suffers as the PKA binding helix naturally dimerizes and 
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only then binds to the AKAP domain following that dimerization, restricting the system to 

where multivalency is desirable. Finally as the system is using disulfides, in reducing 

conditions the interactions would be based solely on non-covalent binding.  

1.2.5 Other Covalent Ligation Systems: 

 The covalent ligation systems discussed above cover the most commonly used 

methods of ligating proteins to peptides/proteins. Here I will briefly summarize some of 

the other currently available covalent ligation systems.  

 Artificial amino acids represent a useful tool since by expanding the genetic code 

they allow for the inclusion of chemistries not normally found in cells. The artificial amino 

acids are most often included via the expression of a specific pair of tRNA synthetase 

and tRNA that target the amber codon. The orthogonal tRNA loading systems combined 

with feeding the cells the desired artificial amino acid allow for a simple in vivo method of 

introducing artificial residues (Chin et al., 2002; Hancock et al., 2010; Lang et al., 2012a, 

2012b; Lee et al., 2009; Suchanek et al., 2005). Examples include protein labeling using 

amino acids with a fluorophore for an R-group (Lang et al., 2012a, 2012b) or reactive 

chemistries included in the side chain as a way to covalently lock a protein to a binding 

partner (Chin et al., 2002; Hancock et al., 2010; Lee et al., 2009; Suchanek et al., 2005). 

However, photocrosslinkings suffer from slow reaction times, low yields, and in many 

cases require either UV irradiation or toxic metals to activate them (Chin et al., 2002; 

Hancock et al., 2010; Lang et al., 2012a, 2012b; Lee et al., 2009; Suchanek et al., 

2005).  

 Fluorescein Arsenical Helix Binder (FlAsH), can at low Kd (~pM range) react with 

the CCXXCC fusion tag (Griffin et al., 1998). FlAsH permeates cell membranes and is 

fluorescent only after interacting with the CCXXCC tag. FlAsH has also been used as a 

purification system by selectively isolating CCXXCC-tagged kinesin (Griffin et al., 1998; 

Thorn et al., 2000). However, the limitations of the FlAsH system are the redox 
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considerations with the CCXXCC tag (Griffin et al., 1998) and it is not suitable for 

protein-protein ligation. 

 HaloTag is a protein domain that can covalently attach to alkyl-halides and is a 

mutant of the DhaA (dehalogenase) enzyme that normally cleaves halides from alkyl-

halide chains (Los et al., 2008). HaloTag uses the DhaA dehalogenation chemistry, 

which forms a covalent intermediate with the alkyl-halide by nucleophilic replacement of 

the halide and then is usually resolved by hydrolysis. However, HaloTag is mutated such 

that hydrolysis is blocked and the covalent intermediate remains (Los et al., 2008). The 

value of HaloTag is that synthetically produced alkyl-halides linked to other chemical 

groups can be selectively and quickly conjugated to HaloTag. Thus HaloTag can be 

used as a cell surface labeling system and as a purification system by coating resin with 

alkyl-halides (Los et al., 2008). Although the chemo-selectivity is useful, HaloTag is quite 

large at 33 kDa (Los et al., 2008), making fusions often disruptive.  

 SNAP-tag is a mutated O6-alkylguanine-DNA-alkyltransferase (AGT) DNA repair 

enzyme. The system functions by using the SNAP-tag (mutated AGT) with nucleotide 

analogues modified with fluorophores that react irreversibly, leading to specific 

fluorophore labeling. The system allows for an opportune way of in situ labeling proteins 

in live cells by the use of SNAP-tag fusions and then permeating into said cells dyes 

conjugated to the nucleotide analogues (Gautier et al., 2008; Keppler et al., 2003). 

However, SNAP-tag is 20 kDa (Gautier et al., 2008) and was designed for fluorescence 

labeling of proteins in vivo rather than as a general system for protein ligation.  

 Finally there are transglutaminases, a class of enzymes that form isopeptide 

bonds between primary amines of Lysine with carboxyamide groups of Glutamine 

(Bailey, 1991; Greenberg et al., 1991; Griffin et al., 2002). However, the reaction is non-

specific and will ligate wide ranges of proteins together (Griffin et al., 2002; Lai et al., 

2002). Thus transglutaminases have limited use in specific protein ligation, but are ideal 
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for food processing where the enzyme is used as a 'glue’ to create blocks of gelled meat 

(Motoki and Seguro, 1998). 

 Thus the systems discussed here in Section 1.2.5 are important tools for protein 

engineering and chemical biology, but tend to fill very specific niches. Therefore it would 

be important to have molecular tools for protein ligation that are easy to express 

recombinantly and flexible in terms of use.  

1.2.6 Summary and Comparison of Protein-Protein and Other Ligation Systems: 

Table 1.2: Summary and Comparison of Protein-Protein Ligation Systems 
Comparable to SpyCatcher-SpyTag and SpyLigase in Sections 1.2.1-1.2.4.  

Ligation Systems Advantages Disadvantages Reference(s) 

Split Inteins - Based on common amino 
acids 
- Recombinantly included 
- Functional in vivo and in 
vitro 
- Fast reaction; ~min 
timescale 
- Can be traceless 

- Many inteins dependent on 
redox environment 
- Reaction difficult to 
modulate as immediately 
react when split inteins in 
vicinity  
- Side reactions 
- Must be located on the N- 
or C-termini 

(Noren et al., 
2000; Shah et 
al., 2012; 
Siebold and 
Erni, 2002; Xu 
and Evans, 
2001; Zettler et 
al., 2009) 

Sortagging - Reaction easy to modulate 
as dependent on Sortase 
inclusion 
- Minimal recombinant 
modification required: only 
two small penta-peptide tags 
- Fast reaction >30 min in 
neutral conditions 
- Ligates in vitro and on 

mammalian cell surface 
- Can ligate synthetic 
chemical groups 

- Require specific reaction 
conditions; Sortase requires 
mM Ca

2+
 (Limiting in vivo) 

- Reaction is reversible 
- Promiscuity as any N-
terminal Gly can be a target 
- Side reactions 
- Not traceless 
- Tags must be located at the 
N- and C-termini 

(Ling et al., 
2012; Popp et 
al., 2007; Tsukiji 
and Nagamune, 
2009; 
Williamson et 
al., 2012) 

Native Chemical 
Ligation 

- Function aqueous and 
gentle conditions (~pH 7) 
- Reaction time ≥24 h 
- Nearly traceless only 
leaving a single Cys  
- Synthetic nature increases 
flexibility compared to 
recombinant methods 

- Nearly traceless leaving 
behind a Cysteine mutation 
- Requires thioesters for 
catalysis limiting use in 
reducing conditions 
- Synthetic nature limits 
applications to in vitro 
- Reactive groups must be 
located at N- and C-termini 

(Clark and 
Craik, 2010; 
Conlan et al., 
2010; Johnson 
and Kent, 2006; 
Kent, 2009; 
Muralidharan 
and Muir, 2006; 
White and 
Yudin, 2011) 

Disulfides (Dock-
and-Lock System) 

- Easy to include 
recombinantly 
- Location flexible 
- Can increase binding 
robustness (DNL) 
- Create bispecific antibodies 
(DNL) 
 

- Promiscuous with sulfhydryl 
groups 
- Non-functional in reducing 
conditions 
- DNL only creates 
multivalency 

(Chang et al., 
2007; Sevier 
and Kaiser, 
2002; Woof and 
Burton, 2004) 
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Table 1.3: Summary and Comparison of Niche Ligation Systems in Section 1.2.5.  

Ligation Systems Advantages Disadvantages Reference(s) 

Artificial Amino 
Acids 

- Orthogonal chemistries can 
be introduced 
- Can be done in vivo 
- Flexible in terms of 
mutation location and control 
of chemistry 

- Slow reaction times 
- Low yields 
- Can require UV irradiation 
or toxic metals for activation 

(Chin et al., 
2002; Hancock 
et al., 2010; 
Lang et al., 
2012a, 2012b; 
Lee et al., 2009; 
Suchanek et al., 
2005).  
 

FlAsH - High affinity interaction (Kd 
in ~pM range) 
- Small recombinantly 
encoded peptide tag 
- Membrane permeable 
(functional in situ) 
 

- Sensitive to reducing 
conditions 
- Only suitable for protein 
labeling or isolation 
- Not feasible for protein-
protein ligation 

(Griffin et al., 
1998; Thorn et 
al., 2000) 

HaloTag - Selectively and quickly 
conjugate to alkyl-halides 
- Synthetic nature of alkyl-
halides allows for flexibility in 
application 
- Can be used in vitro and 
cell surface 

- Synthetic nature of 
substrates limits in vivo 
applications 
- HaloTag is large at 33 kDa 
making fusions disruptive 

(Los et al., 
2008) 

SNAP-tag - Specific fluorophore 
labeling in situ 
 
 

- SNAP-tag is 20 kDa 
- Designed for fluorescence 
labeling not protein ligation 

(Gautier et al., 
2008; Keppler 
et al., 2003) 

Transglutaminases - Can form an isopeptide 
between a Lys and Gln 

- Low specificity (Bailey, 1991; 
Greenberg et 
al., 1991; Griffin 
et al., 2002; Lai 
et al., 2002; 
Motoki and 
Seguro, 1998) 

 

1.3 Non-Covalent Protein Linking Systems: 

 Non-covalent protein-peptide interactions were described in Section 1.1.2 but 

here I will describe one of the most important non-covalent protein-small molecule 

interactions.  

1.3.1 Streptavidin-Biotin: 

 Streptavidin and Biotin are a hallmark affinity system. The reason is that 

Streptavidin and Biotin have one of the strongest non-covalent affinities in nature with a 

Kd in the femtomolar range  (10-14 M) (Green, 1990). The Streptavidin-biotin interaction is 

robust to harsh conditions (Chivers et al., 2010; Diamandis and Christopoulos, 1991). 
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Therefore it is unsurprising that Streptavidin-biotin has been used in a multitude of 

applications. The advantages of Streptavidin-biotin extend to the fact that conjugating 

biotin to a target protein is simple, either by chemical means (Luna, 2001) or 

enzymatically using the BirA biotin ligase which can biotinylate the Acceptor Peptide 

(AP) tag (Howarth and Ting, 2008; Stephanopoulos and Francis, 2011).   

 Even though Streptavidin-biotin is simple to use and has high affinity, the system 

has its limitations. Streptavidin is a 56 kDa homotetramer, consequently each 

Streptavidin has four biotin binding sites (Howarth et al., 2006; Nordlund et al., 2005). 

While there has been the generation of a monovalent Streptavidin which only interacts 

with a single biotin, the procedure itself is quite work intensive and does not resolve the 

size problem of the tetramer (Howarth et al., 2006). The other limitation is that even with 

the extreme affinity of Streptavidin-biotin, the interaction is non-covalent and can be 

broken by force from molecular motors (Morris et al., 2001). Although there has been the 

generation of an improved Streptavidin variant, Traptavidin which has slower 

dissociation rate and better mechanostability, DNA motor protein FtsK was still able to 

displace the interaction (Chivers et al., 2010; Crozat et al., 2010). 

 Therefore while the Streptavidin-biotin interaction is an invaluable tool, it 

demonstrates that even one of the strongest non-covalent affinity interactions is not 

strong enough in certain conditions and there is a need for covalent systems. 

1.4 Split Proteins: Non-Covalent Reconstitution: 

 The principle of protein splitting is that a target protein with a specific function is 

split into two or more fragments such that each individual component is inactive. The 

affinity of each fragment for one another depends on the situation; in the case of 

determining protein-protein interactions there should be minimal affinity between 

fragments, as they should not induce the interaction. In the case where one section acts 

as a tag and the other as a binding domain, a strong affinity is desirable. However, in 
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both cases, once the fragments are in close proximity this should lead to restoration of 

the protein function by reconstitution (Shekhawat and Ghosh, 2011). The process of 

protein splitting has been applied to numerous proteins for varying effects. 

 One of the most commonly used split proteins is GFP and its variants. In the 

work of Cabantous et al. they had used GFP akin to a peptide tag-protein domain 

binding system. They accomplished the unique split of GFP by creating multiple mutant 

variants and found one that could be split such that only a single β-strand could be 

removed to inactivate fluorescence but once reconstituted returned activity (Cabantous 

et al., 2005). The GFP β-stand was used as a tag on protein targets expressed inside 

live E. coli. Then the expression of the rest of the GFP was induced and used to 

determine a specific protein’s localization and/or solubility in situ (Cabantous et al., 

2005).  

 The use of split proteins has also been applied to enzymes. The value of split 

enzymes is that when determining protein-protein interactions it would amplify the signal 

by multiple turnovers in the case of rare or transient binding events. Split β-lactamase 

has been applied for binding events occurring within cells using a variety of membrane-

permeable colorimetric/fluorogenic substrates (Galarneau et al., 2002). The process of 

splitting enzymes has also been done with Luciferase fused to split antibodies: antibody 

binding events were observable by the reconstitution of Luciferase (Stains et al., 2010).  

 While the examples above are all bipartite splits, the approach has also been 

shown for proteins split into more than two components. One example is with GFP 

where it has been split into three parts, the procedure involved removing two β-strands 

and leaving a core GFP domain that is non-fluorescent. The β-strands were then fused 

to RNA binding domains, which allowed for the detection of specific RNA sequences in 

vitro as when the two RNA binding domains are adjacent to one another due to the 
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sequence of the RNA the core domain can reconstitute and report the presence of that 

RNA (Kellermann et al., 2013). The tripartite splitting of proteins has also been applied to 

Cytochrome C (Juillerat et al., 1980) and RNase A  (Lin et al., 1970) which both showed 

a restoration of activity following reconstitution.  

 Therefore split protein engineering is a powerful tool that allows for the spatial 

and temporal control of a protein activity only after reconstitution of inert fragments. Split 

proteins are simple to apply using general molecular biology techniques. Unlike protein 

ligation systems, split protein assembly tends to be functional both in vitro and in vivo. 

However, many of these described systems are large and have limited stability as fusion 

proteins.  

1.5 Split Proteins: Covalent Reconstitution: 

 The generation of covalent bond forming split proteins is a new area developed 

by the Howarth group. The basis of this technology is the Gram-positive bacterial cell 

surface adhesin and pilin proteins, which have an unusual chemistry that allows for a 

spontaneous isopeptide bond formation. Therefore I shall discuss the isopeptide-forming 

chemistry and then how the covalent bond forming peptide tags were generated.  
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1.5.1 Chemistry and Possible Reaction Mechanism of Spontaneous Isopeptide Bond 

Formation: 

 
Figure 1.5: Proposed mechanism of spontaneous isopeptide bond formation in 
adhesin and pilin protein of Gram-positive bacteria. The mechanism follows as 
such that a Glutamate/Aspartate acts as an acid/base catalyst performing proton 
shuffling, which allows for the Lysine to perform a nucleophilic attack on the 
carbonyl group of a reactive Aspartate/Asparagine. Following the nucleophilic 
attack a tetrahedral intermediate is formed and then collapses into an amide bond 
between the Lysine and Aspartate/Asparagine, releasing one water or ammonia 
molecule in the process. This figure was adapted from (Kang and Baker, 2011). 

Proton shuffling

Nucleophilic attack

Tetrahedral intermediate

Tetrahedral intermediate resolution 

and water/ammonia release

Isopeptide bond
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 The formation of a spontaneous isopeptide bond where the R-groups of two 

amino acids have an amide linkage was originally discovered in HK97 bacteriophage 

capsid (Wikoff et al., 2000) and then by Kang et al., 2007 in the pilin protein Spy0128 

from Streptococcus pyogenes (Kang et al., 2007). Following the discovery of isopeptide 

bonds in S. pyogenes, the same chemistry was found in other cell surface adhesin and 

pilin proteins of Gram-positive bacteria (Kline et al., 2010; Ton-That and Schneewind, 

2004; Vengadesan and Narayana, 2011).  

What is the value of isopeptides for Gram-positive bacteria (Kang and Baker, 

2011; Vengadesan and Narayana, 2011)? Isopeptide bonds increase the mechanical 

robustness of the domain, demonstrated with Spy0128 which withstood >800 pN of 

pulling force from an AFM cantilever (Alegre-Cebollada et al., 2010) compared to most 

proteins which unfold at ~100 pN (Crampton and Brockwell, 2010). Isopeptide 

crosslinked domains have also been shown to withstand other extreme conditions, such 

as pH 2.0, boiling at 100°C, and protease exposure (Hagan et al., 2010; Kang and 

Baker, 2009). Thus isopeptides may help the bacterial adhesion withstand high forces, 

which they are likely encounter as the bacteria attach to a target cell (Alegre-Cebollada 

et al., 2010). 

Isopeptides are found in specific folds; CnaA- or CnaB-type domains which are 

named in regard to their similarity to either the A or B region of the Cna (collagen binding 

domain) protein of Staphylcoccus aureus. CnaA domains are composed of ~10 β-sheets 

and have some other secondary structural elements such as an α-helix between two of 

the β-sheets, while CnaB domains are composed of only β-sheets similar to an 

immunoglobulin fold and are composed of ~7 β-sheets (Deivanayagam et al., 2000; 

Kang and Baker, 2011; El Mortaji et al., 2010; Ponnuraj and Narayana, 2007; Ponnuraj 

et al., 2002; Vengadesan and Narayana, 2011). The isopeptides found in CnaA/B 
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domains are almost always composed of a Lysine forming an amide bond with an 

Asparagine, and then catalyzed by either a Glutamate or Aspartate situated between 

them (Kang and Baker, 2011). Many of the adhesin and pilin proteins have multiple 

isopeptide bonds (Kang et al., 2009). However, there are two exceptions to the Lysine-

Asparagine type of isopeptide bonds, they are the CnaB2 domain of the fibronectin 

binding protein (FbaB) (Hagan et al., 2010; Oke et al., 2010) and the middle domain of 

the Spy0125 protein (Pointon et al., 2010) of S. pyogenes, which have a Lysine-

Aspartate amide linkage and are catalyzed by a Glutamate (Hagan et al., 2010; Kang 

and Baker, 2011; Oke et al., 2010).  

 The proposed reaction mechanism of the isopeptide bond formation (Figure 1.5) 

has the catalytic Glutamate/Aspartate situated between the reactive residues acting as 

an acid/base catalyst to shift protons such that the Lysine can perform a nucleophilic 

attack on the carbonyl group of the Aspartate/Asparagine. A tetrahedral intermediate is 

then formed between the Lysine and Aspartate/Asparagine and collapses with 

water/ammonia acting as a leaving group (Hagan et al., 2010; Kang and Baker, 2011).  

 There are also other cases of enzyme-catalyzed isopeptide bond formation, such 

as SAMPyling in Archaea (Darwin and Hofmann, 2010) and post-translational 

modifications of Ubiquitin and SUMO in eukaryotes (Hershko and Ciechanover, 1998; 

Melchior, 2000).  
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1.5.2 Preceding Work of Isopeptide Forming Peptide Tags: 

 
Figure 1.6: Isopeptide triads and different splittings of the Spy0128 protein. A and 
C show isopeptide triads used to make Pilin-C/Isopeptag and Pilin-N/Isopeptag-N, 
respectively. B and D show the splitting of Pilin-C/Isopeptag and Pilin-
N/Isopeptag-N, respectively. Figure made in PyMOL using PDB 3B2M. Figure 
adapted from (Zakeri and Howarth, 2010). 

 The previous work on the creation and development of spontaneous isopeptide 

bond forming peptide tags was done in the Howarth lab by Dr. Bijan Zakeri, with the 

purpose of combining the technologies of peptide tags, protein ligation, and split protein 

engineering all into one system. Dr. Zakeri split the Spy0128 pilin protein into two 

sections at the C-terminal domain (Figure 1.6B). The C-terminal β-sheet with the 

reactive Asparagine303 became the peptide tag Isopeptag, and the rest of the Spy0128 

protein with the reactive Lysine179 and catalytic Glutamate258 was subsequently 
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named Pilin-C (Figure 1.6B) (Zakeri and Howarth, 2010). Isopeptag fused to maltose 

binding protein (MBP, to help with peptide solubility) and Pilin-C were mixed and were 

shown to form a covalent product (Zakeri and Howarth, 2010). The Pilin-C/Isopeptag 

system showed itself to be functional and flexible in vitro with the capacity to work in 

buffers ranging from pH 6-8, temperatures of 4, 25, and 37°C, and a wide range of 

buffers and detergents (Zakeri and Howarth, 2010). Pilin-C/Isopeptag also was 

functional in vivo, forming a covalent adduct in the cytosol of E. coli and forming covalent 

bonds when acting as a cell surface labeling system on an Isopeptag fused to a surface 

membrane protein (Zakeri and Howarth, 2010). The principle of splitting both the 

isopeptide chemistry and a protein domain simultaneously was shown to be general by 

the splitting of a second isopeptide bond located in the N-terminal domain of the 

Spy0128 pilin protein (Figure 1.6C). In the case of the N-terminal domain isopeptide, the 

N-terminal β-sheet with the reactive Lysine36 was made into a peptide tag (termed 

Isopeptag-N), while the catalytic Glutamate117 and reactive Asparagine168 remained 

on the truncated Spy0128 protein (termed Pilin-N) (Figure 1.6D) (Zakeri and Howarth, 

2010). The Pilin-N/Isopeptag-N were then mixed and again showed the capacity to form 

a spontaneous covalent bond; however in this case a secondary product was also 

generated, believed to be due to a misformation of the isopeptide bond during Pilin-N 

expression (Zakeri and Howarth, 2010). The Pilin-C/Isopeptag system has also been 

applied by the Kamiya group in fusing fluorescent proteins for FRET analysis and as a 

system for immobilizing proteins to a surface (Abe et al., 2013). Even though split 

Spy0128 protein was a useful system, it still had its share of problems. Pilin-C/N was 

~35 kDa and to achieve 50% covalent reaction took 24 h. Lastly there were side-

products (Abe et al., 2013; Zakeri and Howarth, 2010).  
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 The deficiencies of the split Spy0128 pilin protein led to a search for an 

alternative domain that would prove more robust: the SpyCatcher/SpyTag pair is 

explored in Chapter 3.  

1.6 Thesis Objectives: 

 The first objective of this thesis was the application and characterization of the 

SpyCatcher/SpyTag system to achieve rapid and robust covalent protein/peptide 

interaction. The focus was then to improve the SpyCatcher/SpyTag interaction using 

insight from crystal structures of the reconstituted complex.  

 The second main area was the creation of a new type of peptide-peptide ligation 

technology termed SpyLigase, which was based upon the chemistry of the CnaB2 

domain. Finally SpyLigase was applied to create a covalently-fused affibody protein 

polymers with the goal of enhancing the sensitivity of isolation of tumor cells for cancer 

diagnosis and prognosis.  
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Chapter 2: Methods 
 

 

Some work in this chapter has previously been published in the manuscript (Zakeri et al., 

2012), provided in the appendix.  
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Chapter 2: Methods 

2.1 Cloning: 

2.1.1 Cloning Conditions for Insert Amplification and Ligation: 

 PCR conditions for insert amplification were: 5% DMSO (Sigma), 1.5 mM MgSO4 

(Novagen), 1x of 10x Buffer for KOD Hot Start DNA polymerase (Novagen), 0.1 ng/µl 

template DNA, 2 µM sense primer (Invitrogen/Life Technologies), 2 µM antisense primer 

(Invitrogen/Life Technologies), 0.2 mM dNTPs (Novagen) 0.02 U/µl of KOD Hot Start 

DNA polymerase (Novagen), and MilliQ water to a total volume of 50 µl. The PCR 

cycling conditions were: initial denaturation for 5 min at 95°C, then 25 cycles of 

denaturation for 30 s at 95°C, annealing for 30 s at 55°C, elongation of 1 min for genes 

≤1 kb with an additional 30s per kb at 68°C, with a final elongation of 7 min at 68°C 

before samples were cooled to 12°C. Annealing temperatures and times were optimized 

when needed. All PCR reactions were performed in the C1000™ Thermal Cycler (Bio-

Rad). Analysis of PCR reactions was performed on 0.7-1% Agarose (MELFORD) gels 

stained with ethidium bromide at 130 V for 45 min. Gels were imaged with a 

ChemiDoc™ XRS+ Imager (Bio-Rad) and analyzed via Image Lab Software 3.0 (Bio-

Rad).  

 Digestions of vectors and inserts were done with the corresponding New England 

Biolabs (NEB) restriction enzymes, under manufacturer-recommended conditions. 

Digested vectors and inserts were agarose gel-purified using a QIAquick Gel Extraction 

Kit (Qiagen).  

 Ligations were done with a 5:1 or 1:1 ratio of insert-to-vector, 1x of 10x T4 DNA 

Ligase buffer (NEB), 20 U/µl T4 DNA Ligase (NEB), and then the ligation reactions were 

topped up to 10 µl with MilliQ water. The ligation reactions were incubated for 1 h at 

25°C. Ligation reactions were transformed by heat shock by mixing 3 µl of the ligation 

reaction with 50 µl DH5α E. coli (Invitrogen) heat-shock competent cells. The heat shock 
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procedure involved incubating the competent cell-ligated DNA mixture for 20 min on ice, 

incubating for 45 s at 42°C, incubating for 2 min on ice, adding 300 µl of Super Optimal 

Broth (SOB) media, incubating cells for 1 h at 37°C with 225 rpm shaking, and then 

plating cells on an LB agar plate with the appropriate antibiotic.  Constructs were verified 

by DNA Sequencing by Source BioScience.  

2.1.2 Overlap Extension PCR: 

 

Figure 2.1: Diagram of overlap extension PCR 

Overlap extension PCR process is shown in Figure 2.1. The process involved the 

regular amplification of individual desired segments containing corresponding overlap 

sequences (Figure 2.1 (2)). Then the amplified sections (Figure 2.1 (3)) would be 
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agarose gel-purified. Two desired segments would then be mixed in a 1:1 ratio and the 

combined amount of DNA included into the PCR would be a final concentration of ~0.1 

ng/µl (Figure 2.1 (4)). Following the gel purification a two part cycling program would be 

performed. The program used to fill in the single-stranded regions was initial 

denaturation for 5 min at 95°C, then 10 cycles of denaturation for 30 s at 95°C, 

annealing for 30 s at 55°C, elongation of minimum time 1 min for genes ≤1 kb with an 

additional 30s per kb at 68°C, and then samples were cooled to 12°C (Figure 2.1 (4)). 

Then only the 5’ end sense primer and the 3’ end antisense primer of the total insert 

segment are added to the PCR reaction at the final concentrations of 2 µM each. Then 

the amplification program was 25 cycles of initial denaturation for 5 min at 95°C, 

denaturation for 30 s at 95°C, annealing for 30 s at 55°C, elongation of minimum time 1 

min for genes ≤1 kb with an additional 30 s per kb at 68°C, final elongation for 7 min at 

68°C, and then samples were cooled to 12°C to create the ‘overlapped’ insert (Figure 

2.1 (5)). The insert was then analyzed by agarose gel and purified by agarose gel 

extraction. The new fusion insert can be used again for another round of overlap 

extension PCR or digested and ligated into the respective vector.  

2.1.3 Cloning Conditions for QuikChange, Inverse PCR, and SLIM: 

 Site-directed mutagenesis, insertions, and deletions on whole plasmids via 

ligation-independent methods were performed using QuikChange (Stratagene), Inverse 

PCR (Kaluz et al., 1999), or Site-directed, ligase-independent mutagenesis (SLIM) (Chiu 

et al., 2004). Final concentrations for the PCR reactions were: 5% DMSO (Sigma), 2.25 

mM MgSO4 (Novagen), 1x of 10x Buffer for KOD Hot Start DNA polymerase (Novagen), 

0.2 ng/µl template DNA, 0.4 µM sense primer (Invitrogen/Life Technologies), 0.4 µM 

antisense primer (Invitrogen/Life Technologies), 0.4 mM dNTPs (Novagen) 0.02 U/µl of 

KOD Hot Start DNA polymerase (Novagen), and MilliQ water to a final volume of 25 µl.  

In SLIM there are two extra primers both at 0.4 µM final concentration. The PCR cycling 
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conditions were: initial denaturation for 5 min at 95°C, then 20 cycles of denaturation for 

20 s at 95°C, annealing for 20 s at 55°C, elongation for 4 min at 68°C, and then samples 

were cooled to 12°C. Annealing temperatures and times were optimized when needed. 

Following confirmation of PCR product size, reactions were mixed with 1 µl DpnI (NEB) 

(in a 20 µl PCR volume) and incubated at 37°C for 1 h. The template DNA digestion 

process was then repeated with the reaction volume transferred to a fresh tube and 

another 1 µl of DpnI added and incubated at 37°C for 1 h again, to stop any 

contamination of residual template DNA in the original reaction tube. Reactions were 

then transformed by heat shock as above. 

2.2 Primers Used to Generate Constructs: 

2.2.1 Bicistronic Construct: 

 The cloning of the bicistronic SpyTag-MBP and SpyCatcher/pET28a was based 

on the SpyTag-MBP/pET28a  and SpyCatcher/pDEST14 constructs from Dr. Bijan 

Zakeri (Zakeri et al., 2012). SpyCatcher from the pDEST14 vector was amplified using 

5’-AGGAAAGCTTTTAACTTTAAGAAGGAGATATACATATGTCGTACTACCATC and 5’-

TTTACTCGAGTTATTAAATATGAGCGTCACCTTTAGTTGCTTTG. The insert was 

digested with HindIII (on the sense primer) and XhoI (on the antisense primer) and then 

ligated into SpyTag-MBP-pET28a vector using HindIII-XhoI sites.  

2.2.2 SpyTag Fusion Constructs: 

 Cloning of the N-1GSpyTag-MBP and N-2GSpyTag-MBP to include 1 or 2 

Glycines prior to the N-terminally located SpyTag in N-SpyTag-MBP used the N-SpyTag-

MBP/pET28a construct provided by Dr. Bijan Zakeri with sense primer  5’-

AGGACCATGGGAGCCCACATCGTGATGGTGGAC (used to add 1 Gly) or 5’-

AGGACCATGGGTGGAGCCCACATCGTGATGGTGGAC (used to add 2  Gly), and the 

antisense primer which annealed to the 3’ end of the MBP domain 5’- 

TTTAAAGCTTCTATTACGAGCTCGAATTAGTCTGCGCGTC (including a second stop 
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codon).  The N-1GSpyTag-MBP and N-2GSpyTag-MBP constructs were digested with 

NcoI and HindIII and ligated into pET28a.  

 The mutants of SpyTag, AHIVMVDAYKTPK, where both Lysines were mutated 

to Arginine, Histidine, or Glutamine, were generated by QuikChange on SpyTag-

MBP/pET28a. 2xR-SpyTag-MBP was generated with sense primer 5’-

GGTGGACGCCTACAGGCCGACGAGAGGTAGTGGTGAAAGTGG and antisense 

primer 5’-CCACTTTCACCACTACCTCTCGTCGGCCTGTAGGCGTCCACC. 2xH-

SpyTag-MBP mutant was generated with sense primer 5’-

GGTGGACGCCTACCATCCGACGCACGGTAGTGGTGAAAGTGG and antisense 

primer 5’- CCACTTTCACCACTACCGTGCGTCGGATGGTAGGCGTCCACC. 2xQ-

SpyTag-MBP was generated with sense primer 5’-

GGTGGACGCCTACCAACCGACGCAGGGTAGTGGTGAAAGTGG and antisense 

primer 5’-CCACTTTCACCACTACCCTGCGTCGGTTGGTAGGCGTCCACC. 

 Circularly-permuted SpyTag-MBP, Perm1SpyTag-MBP and Perm2SpyTag-MBP 

were constructed by creating a larger primer where the minimal reactive peptide 

sequence of AHIVMVDA was followed by either a GS linker (Perm1) or GSG linker 

(Perm2) and then the N-terminal β-sheet sequence was fused downstream, to create the 

insert to encode the amino acid sequences AHIVMVDAGSGAMVDT (Perm1) or 

AHIVMVDAGSGGAMVDT (Perm2). The cloning used MBP/pMAL vector (NEB) as a 

template. The sense primers were 5’– 

GGGGCATATGGGAGCCCACATCGTGATGGTGGACGCCGGTAGTGGCGCCATGGTT

GATACCGGTAGTGGTGAAAGTGGTAAAATCGAAGAAGGTAAA (Perm1SpyTag-MBP) 

and 5’– 

GGGGCATATGGGAGCCCACATCGTGATGGTGGACGCCGGTAGTGGTGGCGCCAT

GGTTGATACCGGTAGTGGTGAAAGTGGTAAAATCGAAGAAGGTAAA 

(Perm2SpyTag-MBP). The antisense primer was 5’-
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GGGGAAGCTTTTACGAGCTCGAATTAGTCTG. The Perm1SpyTag-MBP and 

Perm2SpyTag-MBP constructs were digested with NcoI and HindIII and ligated into 

pET28a. 

 Mutations of SpyTag based on the crystal structures were generated from 

SpyTag-MBP/pET28a. Y9R-SpyTag-MBP mutation was by SLIM, while K10N-SpyTag-

MBP and P11G-SpyTag-MBP mutation was by QuikChange. The Y9R-SpyTag-MBP 

(AHIVMVDAYKPTK AHIVMVDARKPTK) cloning used Reverse Tail primer 5’-

GCCGCGCGGCAGCCATATGGGAGCCCACATCGTGATGGTGGACGCCCGCAAGCC

GACGAAG, Reverse Short primer 5’-TCCCATATGGCTGCCGCGCGGC, Forward Tail 

primer 5’-

GCCCACATCGTGATGGTGGACGCCCGCAAGCCGACGAAGGGTAGTGGTGAAAGTG

GTAAAATCGAAGAAGGTAAACTGGTAATCTG, and Forward short primer 5’-

CAGATTACCAGTTTACCTTCTTCGATTTTACCACTTTCACCACTACC. K10N-SpyTag-

MBP (AHIVMVDAYKPTK AHIVMVDAYNPTK) cloning used sense primer 5’- 

GATGGTGGACGCCTACAATCCGACGAAGGGTAGTGGTG and antisense primer 5’- 

CACCACTACCCTTCGTCGGATTGTAGGCGTCCACCATC. P11G-SpyTag-MBP 

(AHIVMVDAYKPTKAHIVMVDAYKGTK) cloning used sense primer 5’- 

GATGGTGGACGCCTACAAGGGGACGAAGGGTAGTGGTGAAAG and antisense 

primer 5’- CTTTCACCACTACCCTTCGTCCCCTTGTAGGCGTCCACCATC. 

 SUMO-SpyTag/pET28a was generated by SLIM based on SUMO-KTag/pET28a 

by replacing the C-terminal KTag with SpyTag using 5’-

GCATCGCGAACAGATCGGTGGTGGCGCCCACATCGTGATGGTGGACGCCTACAAG

CCGACGAAG, 5’-GCCACCACCGATCTGTTCGCGATGC, 5’- 

GCCCACATCGTGATGGTGGACGCCTACAAGCCGACGAAGGGTTATTAAGCTTGCG

GCCGCACTCGAG, and 5’-CTCGAGTGCGGCCGCAAGCTTAATAACC. 
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2.2.3 SpyCatcher Constructs: 

 All numbering of residues of SpyCatcher was based on the CnaB2 PDB structure 

2X5P (Oke et al., 2010). Cloning of TfR-sfGFP-SpyCatcher started with cloning out the 

transferrin receptor (TfR) transmembrane domain from TfR-YPet-SpyCatcher/pcDNA3. 

The initial cloning was to mutate the TfR transmembrane domain with the Y20C-F23A 

double point mutation. The process involved a site-directed mutagenesis of the TfR-

YPet-SpyCatcher/pcDNA3 construct using sense primer 5’-

CCATTGTCATGTACCCGGGCCAGCCTGG and antisense primer 5’- 

CCAGGCTGGCCCGGGTACATGACAATGG. Following the creation of the TfR-Y20C-

F23A-YPet-SpyCatcher/pcDNA3 construct, the TfR-Y20C-F23A domain was amplified 

via sense primer 5’-GAAGGAATTCACCATGATGGATCAAGCTAGATC and antisense 

primer 5’-CCCGGATCCTCCGCTTCCATAGCCCAAGTAGCCAATC (including a GS 

linker to overlap with sfGFP domain). Then superfolder GFP (sfGFP) from 

sfGFP/pNIC28-Bsa4 (Nathani et al., 2013) was amplified with sense primer 5’-

GGAAGCGGAGGATCCGGGATGCGTAAAGGCGAAGAGCTGTTCACTG and 

antisense primer 5’-

GGATCCACCCGAGCCACCGGAACCCAGATCCTCTTCTGAGATGAGTTTTTGTTCTT

TGTATAGTTCATCCATACCATGCGTGATGC. SpyCatcher from SpyCatcher/pDEST14 

was then amplified with primers 5’-

CCGGTGGCTCGGGTGGATCCGGCGCCATGGTTGATACCTTATCAGG and antisense 

primer 5’-CTGGGCGGCCGCTTAAATATGAGCGTCACC. The three parts of the insert 

were joined by overlap extension PCR and with the desired PINCO vector was digested 

with EcoRI and NotI and ligated.  

 SpyCatcherΔN1, SpyCatcherΔN2, and SpyCatcherΔN3 were generated from 

SpyCatcher/pDEST14 by SLIM. SpyCatcherΔN1 was generated by deleting residues 25-

46 of SpyCatcher and replacing with a GSG linker via 5’-
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CCAACGACCGAAAACCTGTATTTTCAGGGCTCCGGTGATAGTGCTACC, 5’-

CTGTATTTTCAGGGCTCCGGTGATAGTGCTACCCATATTAAATTCTCAAAACGTGAT

GAGGAC, 5’-GTCCTCATCACGTTTTGAGAATTTAATATGGGTAGCACTATC, and 5’-

GCCCTGAAAATACAGGTTTTCGGTCGTTGG. SpyCatcherΔN2 was generated by 

inverse PCR, deleting residues 25-34, with 5’- 

GCCCTGAAAATACAGGTTTTCGGTCGTTGGGATGTCGTAATCGTG and 5’-

CAGGGCTCAAGTGAGCAAGGTCAGTCCGGTGATATGACAATTG. SpyCatcherΔN3 

was generated by SLIM, deleting residues 11-46 and replacing with a GSG linker using 

5’-

CATCACCATCACTCCGGTGATAGTGCTACCCATATTAAATTCTCAAAACGTGATGAG 

5’-CTCATCACGTTTTGAGAATTTAATATGGGTAGCACTATC, 5’-

GTGATGGTGATGGTGATGGTAGTACGACATATG, and 5’-

CATATGTCGTACTACCATCACCATCACCATCACTCCGGTGATAGTGCTACC.  

 The generation of SpyCatcher mutants M0T/K, L4T/K, I58T/K, V63T, V76T/D, 

and subsequent permutations were generated via site-directed mutagenesis of 

SpyCatcher/pDEST14 using QuikChange. M0T was generated with 5’-

CTGTATTTTCAGGGCGCCAAGGTTGATACCTTATCAGG and 5’-

CCTGATAAGGTATCAACCTTGGCGCCCTGAAAATACAG. M0K was generated with 5’-

CTGTATTTTCAGGGCGCCACGGTTGATACCTTATCAG and 5’-

CTGATAAGGTATCAACCGTGGCGCCCTGAAAATACAG. L4T was generated with 5’-

GCGCCATGGTTGATACCACATCAGGTTTATCAAGTGAG and 5’-

CTCACTTGATAAACCTGATGTGGTATCAACCATGGCGC. L4K was generated with 5’- 

GCGCCATGGTTGATACCAAATCAGGTTTATCAAGTGAG and 5’- 

CTCACTTGATAAACCTGATTTGGTATCAACCATGGCGC. I58T was generated with 5’- 

CATCTGGTAAAACTATTAGTACATGGACTTCAGATGGACAAGTGAAAGATTTCTAC 

and 5’- 
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GTAGAAATCTTTCACTTGTCCATCTGAAGTCCATGTACTAATAGTTTTACCAGATG 

I58K was generated with 5’- 

CATCTGGTAAAACTATTAGTACATGGAAATCAGATGGACAAGTGAAAGATTTCTAC 

and 5’- 

GTAGAAATCTTTCACTTGTCCATCTGATTTCCATGTACTAATAGTTTTACCAGATG. 

V63T was generated with 5’-

GTACATGGATTTCAGATGGACAAACGAAAGATTTCTACCTGTATCC and 5’- 

GGATACAGGTAGAAATCTTTCGTTTGTCCATCTGAAATCCATGTAC. V76D was 

generated with 5’-CCAGGAAAATATACATTTGACGAAACCGCAGCACCAG and 5’-

CTGGTGCTGCGGTTTCGTCAAATGTATATTTTCCTGG. V76T was generated with 5’-

CCAGGAAAATATACATTTACCGAAACCGCAGCACCAG and 5’- 

CTGGTGCTGCGGTTTCGGTAAATGTATATTTTCCTGG. The generation of the M0T-

L4T-SpyCatcher mutant used primers 5’-

CCTGTATTTTCAGGGCGCCAAGGTTGATACCAAATCAGGTTTATCAAGTGAG and 5’- 

CTCACTTGATAAACCTGATTTGGTATCAACCTTGGCGCCCTGAAAATACAGG. The 

I58T-V63T-V76T-SpyCatcher mutant was generated using V76T-SpyCatcher/pDEST14 

and 5’-

CATCTGGTAAAACTATTAGTACATGGACTTCAGATGGACAAACGAAAGATTTCTACC

TGTATCCAG and 5’- 

CTGGATACAGGTAGAAATCTTTCGTTTGTCCATCTGAAGTCCATGTACTAATAGTTTT

ACCAGATG. The M0T-L4T-I58T-V63T-V76T-SpyCatcher mutant used I58T-V63T-

V76T-SpyCatcher as a template and then used the M0T-L4T primers to make the 

complete set of mutations. The M0K-L4K mutant was generated with 5’-

CCTGTATTTTCAGGGCGCCAAGGTTGATACCAAATCAGGTTTATCAAGTGAG and 5’- 

CTCACTTGATAAACCTGATTTGGTATCAACCTTGGCGCCCTGAAAATACAGG. The 

I58K-V63K-V76D-SpyCatcher mutant was generated from V76D-SpyCatcher/pDEST14 
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and 5’-

CATCTGGTAAAACTATTAGTACATGGAAATCAGATGGACAAAAGAAAGATTTCTACC

TGTATCCAG and 5’- 

CTGGATACAGGTAGAAATCTTTCTTTTGTCCATCTGATTTCCATGTACTAATAGTTTT

ACCAGATG. The M0K-L4K-I58K-V63K-V76D-SpyCatcher mutant used I58K-V63K-

V76D-SpyCatcher as a template and then used the M0K-L4K primers to make the 

complete set of mutations.  

 I113A-SpyCatcher, I113V-SpyCatcher, and I113G-SpyCatcher were based on 

the SpyCatcher/pDEST14 vector and generated by QuikChange. I113A-SpyCatcher 

used primers 5’- 

CAACTAAAGGTGACGCTCATGCTTAATAGGTTGATGCTTGAGGATCCG and 5’- 

CGGATCCTCAAGCATCAACCTATTAAGCATGAGCGTCACCTTTAGTTG. I113V-

SpyCatcher used primers 5’- 

CAACTAAAGGTGACGCTCATGTTTAATAGGTTGATGCTTGAGGATCCG and 5’- 

CGGATCCTCAAGCATCAACCTATTAAACATGAGCGTCACCTTTAGTTG. I113G-

SpyCatcher used primers 5’- 

CAACTAAAGGTGACGCTCATGGTTAATAGGTTGATGCTTGAGGATCCG and 5’- 

CGGATCCTCAAGCATCAACCTATTAACCATGAGCGTCACCTTTAGTTG. 

 SpyCatcherΔN1ΔC1 was generated by deleting the last 4 residues of 

SpyCatcherΔN1 using SLIM via 5’-GCTCGAATTCGGATCCTCAAGCATCAACCATTTA, 

5’-TAAATGGTTGATGCTTGAGGATCCGAATTCGAGC, 5’-

ACCTTTAGTTGCTTTGCCATTTACAGTAACCTGACCTTG, 5’-

CAAGGTCAGGTTACTGTAAATGGCAAAGCAACTAAAGGTTAAATGGTTGATGCTTGA

GGATC. SpyCatcherΔN1ΔC2 was based on the SpyCatcherΔN1 construct and 

generated by deleting the last 9 residues from SpyCatcherΔN1 using SLIM with 5’-

GCTCGAATTCGGATCCTCAAGCATCAACCATTTA, 5’-
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TAAATGGTTGATGCTTGAGGATCCGAATTCGAGC, 5’-

GCCATTTACAGTAACCTGACCTTGCTCATTAACTGTAAAGGTAATAGC, 5’-

GCTATTACCTTTACAGTTAATGAGCAAGGTCAGGTTACTGTAAATGGCTAAATGGTT

GATGCTTGAGGATC.  

 Generation of SpyCatcherΔN1 T107 point mutants based on the crystal structure 

of Dr. Long Li were done via QuikChange. T107V-SpyCatcherΔN1 was generated using 

5’-GGTTACTGTAAATGGCAAAGCAGTTAAAGGTGACGCTCATATTTAAAT, 5’-

ATTTAAATATGAGCGTCACCTTTAACTGCTTTGCCATTTACAGTAACC. T107L-

SpyCatcherΔN1 was generated using 5’-

GGTTACTGTAAATGGCAAAGCACTTAAAGGTGACGCTCATATTTAAAT, 5’-

ATTTAAATATGAGCGTCACCTTTAAGTGCTTTGCCATTTACAGTAACC. 

2.2.4 SpyLigase Constructs: 

All numbering of residues of SpyLigase and variants was based on the CnaB2 

structure PDB 2X5P (Oke et al., 2010). The SpyLigase construct was produced in three 

consecutive steps. The initial cloning was based on the SpyCatcher/pDEST14 construct 

produced by Dr. Bijan Zakeri (Zakeri et al., 2012). The initial deletion removed the ‘KTag’ 

β-strand (residues 41-60) using primers, 5’-

GAGCAAGGTCAGTCCGGTGACGGCAAAGAGTTAGC and 5’-

GCTAACTCTTTGCCGTCACCGGACTGACCTTGCTC, which was called 

SpyLigase1/pDEST14.  

SpyLigase1 then was truncated via SLIM PCR (Residues 14-38, premised on the 

SpyLigase primary structure) based on the following primers 5’-

GTCGTACTACCATCACCATCACCATCACGATTACGACGGTCAGTCCGGTGACGGC, 

5’-GTCGTAATCGTGATGGTGATGGTGATGGTAGTACGAC, 5’-

CACCATCACGATTACGACGGTCAGTCCGGTGACGGCAAAGAGTTAGCTG, and 5’- 
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CAGCTAACTCTTTGCCGTCACCGGACTGACC. This truncation also generated the 

SpyLigase variant ‘SpyLigase2’.  

The principal “SpyLigase” construct, also known as SpyLigase2C, was generated 

from the SpyLigase2/pDEST14 vector, replacing the last 4 residues and inserting the 

following residues, GSGGSGGSGEDSATHI. The SLIM cloning used primers 5’- 

GCAAGGTCAGGTTACTGTAAATGGCAAAGCAACTAAAGGTGGGAGTGGTGGCAGC

GGAGGTAGTGGCGAGGACAGCGCTACCCATATT, 5’- 

ACCTTTAGTTGCTTTGCCATTTACAGTAACCTGACCTTGC, 5’- 

GGGAGTGGTGGCAGCGGAGGTAGTGGCGAGGACAGCGCTACCCATATTTAAATGG

TTGATGCTTGAGGATCCGAATTCGAGC, and 5’- 

GCTCGAATTCGGATCCTCAAGCATCAACCATTTA.  

SpyLigase variant SpyLigase2B was generated using the template 

SpyLigase2/pDEST14, replacing the last 4 C-terminal residues of the SpyLigase2 and 

inserting the following residues, GSGGSGGSGEDSATHIFK. The SLIM cloning used the 

following primers 5’-

GCAAGGTCAGGTTACTGTAAATGGCAAAGCAACTAAAGGTGGGAGTGGTGGCAGC

GGAGGTAGTGGCGAGGACAGCGCTACCCATATTAAATTC, 5’-

ACCTTTAGTTGCTTTGCCATTTACAGTAACCTGACCTTGC, 5’-

GGGAGTGGTGGCAGCGGAGGTAGTGGCGAGGACAGCGCTACCCATATTAAATTCT

AAATGGTTGATGCTTGAGGATCCGAATTCGAGC, and 5’-

GCTCGAATTCGGATCCTCAAGCATCAACCATTTA 

SpyLigase3 was generated by SLIM from SpyLigase1/pDEST14, inserting RDI 

immediately after position 17, using 5’-

ACCGGACTGACCTTGCTCACTTGATAAACCTGATAAG, 5’- 

CTTATCAGGTTTATCAAGTGAGCAAGGTCAGTCCGGTCGTGACATCGACGGCAAA, 
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5’- CTCCATAGTTGCACCAGCTAACTCTTTGCCGTC, and 5’- 

GTCAGTCCGGTCGTGACATCGACGGCAAAGAGTTAGCTGGTGCAACTATGGAG. 

SpyLigase4 was generated by SLIM and deletes residues 18-20 from 

SpyLigase1/pDEST14 with 5’- 

ACCTTTAGTTGCTTTGCCATTTACAGTAACCTGACCTTGC, 5’- 

GCAAGGTCAGGTTACTGTAAATGGCAAAGCAACTAAAGGTTAAATGGTTGATGCTT

GAGGATCC, 5’- GCTCGAATTCGGATCCTCAAGCATCAACCATTTA, and 5’-

TAAATGGCAAAGCAACTAAAGGTTAAATGGTTGATGCTTGAGGATCCGAATTCGAG

C. 

SpyLigase5 was generated by SLIM and deletes residues 18-23 using 

SpyLigase1/pDEST14 with 5’-ACCGGACTGACCTTGCTCACTTGATAAACCTGATAAG, 

5’-

CTTATCAGGTTTATCAAGTGAGCAAGGTCAGTCCGGTGAGTTAGCTGGTGCAACTA

TGGAG, 5’- GAATCACGCAACTCCATAGTTGCACCAGCTAACTC, and 5’- 

GTGAGCAAGGTCAGTCCGGTGAGTTAGCTGGTGCAACTATGGAGTTGCGTGATTC. 

SpyLigase disulfide mutants were generated by QuikChange. The L4C-H112C 

mutant was generated from SpyLigase1/pDEST14 using 5’-

CGCCATGGTTGATACCTGTTCAGGTTTATCAAGTG and 5’- 

CACTTGATAAACCTGAACAGGTATCAACCATGGCG to generate L4C and then 5’-

GCAACTAAAGGTGACGCTTGTATTTAAATGGTTGATGCT and 5’- 

AGCATCAACCATTTAAATACAAGCGTCACCTTTAGTTGC to generate H112C. The 

A42C-S59C mutant was based on SpyLigase2/pDEST using primers 5’-

GGCAAAGAGTTAGCTGGTTGTACTATGGAGTTGCGTG and 5’- 

CACGCAACTCCATAGTACAACCAGCTAACTCTTTGCC to generate the A42C 

mutation and then 5’-

GTAAAACTATTAGTACATGGATTTGCGATGGACAAGTGAAAGATTTCTAC and 5’- 
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GTAGAAATCTTTCACTTGTCCATCGCAAATCCATGTACTAATAGTTTTAC to generate 

S59C. The T43C-A79C mutant was generated from SpyLigase2/pDEST14 using 5’- 

CAAAGAGTTAGCTGGTGCATGTATGGAGTTGCGTGATTCATC and 

GATGAATCACGCAACTCCATACATGCACCAGCTAACTCTTTG for T43C and 5’- 

CATTTGTCGAAACCGCATGTCCAGACGGTTATGAGG and 5’- 

CCTCATAACCGTCTGGACATGCGGTTTCGACAAATG for A79C. Disulfides were 

selected by Disulfide by Design Version 1.2 software (Wayne State University, Dr. Alan 

Dombkowski).  

Cloning of SUMO-SpyLigase fusions was based on overlap PCR (Figure 2.1). 

The first part was the amplification of the two sections to be fused, the SUMO insert and 

SpyLigase1 and SpyLigase2 inserts. The SUMO insert was amplified four times, the 

reason being is that the SUMO insert section needed to be overlapped fused with two 

variants of SpyLigase1 and SpyLigase2 each with different linker lengths (short was for 

SUMO-SpyLigase1,2 and long was SUMO-GS-SpyLigase1,2). Therefore using the 

SUMO/pOPIN construct as the template, the sense primer used in all SUMO 

amplifications was 5’-AGGACCATGGGTAGCAGCCATCACCATCATC. The antisense 

primer used for overlapping with SpyLigase1 with a short linker to generate SUMO-

SpyLigase1 was 5’-

GCTCACTTGATAAACCTGATAAGGTATCGCCACCACCGATCTGTTCGCGATGCGC,  

the antisense primer used for overlapping with SpyLigase1 with a long linker to generate 

SUMO-GS-SpyLigase1 was 5’- 

CCTGATAAGGTATCTCCGCTACCACTGCCACCACCGATCTGTTCGCGATGCGC,  the 

antisense primer used for overlapping with SpyLigase2 with a short linker to generate 

SUMO-SpyLigase2 was 5’-

GCCGTCACCGGACTGACCGCCACCACCGATCTGTTCGCGATGCGC  and the 

antisense primer used for overlapping with SpyLigase2 with a long linker to generate 
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SUMO-GS-SpyLigase2 was 5’- 

GGACTGACCTCCGCTACCACTGCCACCACCGATCTGTTCGCGATGCGC. 

 The cloning of the second section of the SUMO-SpyLigase fusions required the 

amplifications of SpyLigase1 and SpyLigase2 inserts. As there are two versions of 

SpyLigase insert, one with a short linker (SUMO-SpyLigase1,2) and one with a long 

linker (SUMO-GS-SpyLigase1,2) it requires that there be two sense primers per 

SpyLigase insert, and therefore four different amplifications of SpyLigase. The sense 

primer to amplify SpyLigase1 with the short linker to overlap and generate SUMO-

SpyLigase1 using template SpyLigase1/pDEST14 was 5’-

CGAACAGATCGGTGGTGGCGATACCTTATCAGGTTTATCAAGTGAGCAAGGTCAG,  

the sense primer to amplify SpyLigase1 with the long linker to overlap and generate 

SUMO-GS-SpyLigase1 using template SpyLigase1/pDEST14 was and 5’-

GTGGTGGCAGTGGTAGCGGAGATACCTTATCAGGTTTATCAAGTGAGCAAGGTCAG 

(to generate SUMO-GS-SpyLigase1). The sense primer to amplify SpyLigase2 with the 

short linker to overlap and generate SUMO-SpyLigase2 using template 

SpyLigase2/pDEST14 was 5’- 

CGAACAGATCGGTGGTGGCGGTCAGTCCGGTGACGGCAAAGAGTTAG, and the 

sense primer to amplify SpyLigase2 with the long linker to overlap and generate SUMO-

GS-SpyLigase2 using template SpyLigase2/pDEST14 was 5’- 

GGTGGCAGTGGTAGCGGAGGTCAGTCCGGTGACGGCAAAGAGTTAG. As the 3’ 

end of SpyLigase1 and SpyLigase2 are the same, one antisense primer could be used 

for the 3’ amplification of all the aforementioned variants of SpyLigase regardless of the 

linker version. The antisense primer used to amplify short and long linker SpyLigase1,2  

was 5’-TTTAAAGCTTTTAAATATGAGCGTCACCTTTAGTTGCTTTGCC (which included 

a HindIII site). 
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The SUMO-SpyLigase inserts were mixed with the corresponding linker section 

(Figure 2.1 (4)). As an example the SUMO amplified with the short SpyLigase1 linker 

would be mixed with the SpyLigase1 insert amplified with the sense primer with the short 

SpyLigase1 linker. Once the gap filling had been completed as Figure 2.1 (4), the 

SUMO-SpyLigase fusions were amplified with the sense primer used to amplify SUMO 

(5’-AGGACCATGGGTAGCAGCCATCACCATCATC) and the antisense primer used to 

amplify all the SpyLigase inserts (5’-

TTTAAAGCTTTTAAATATGAGCGTCACCTTTAGTTGCTTTGCC). After this final 

amplification and gel purification all four of the inserts SUMO-SpyLigase1, SUMO-GS-

SpyLigase1, SUMO-SpyLigase2, and SUMO-GS-SpyLigase2 were digested with 

NcoI/HindIII and ligated into pET28a.  

2.2.5 KTag Fusion Constructs: 

SUMO-KTag/pET28a was cloned by Miss Jenny Hayes from SUMO/pOPIN with 

5’-TATACCATGGGTAGCAGCCATC and 5'-

GTGAAGCTTAATAACCATCACGTTTTGAGAATTTAATATGGGTAGCGCCACCACCGA

TCTGTTCGCG, followed by digestion with NcoI and HindIII and ligation into pET28a. 

KTag-MBP/pET28a was cloned by amplifying MBP of pMAL using 5’-

GGGGCATATGGGAGCTACCCATATTAAATTCTCAAAACGTGATGGTAGTGGTGAAA

GTGGTAAAATCGAAGAAGGTAAA and 5’-

GGGGAAGCTTTTACGAGCTCGAATTAGTCTG. The amplified insert was then digested 

with NdeI and HindIII and ligated into pET28a.   

2.2.6 KCatcher Construct: 

 KCatcher/pET28a cloning involved the deletion of the KTag β-strand (residues 

41-60) from CnaB2/pDEST14 by inverse PCR using 5’-

GAGCAAGGTCAGTCCGGTGACGGCAAAGAGTTAGC and 5’-

GCTAACTCTTTGCCGTCACCGGACTGACCTTGCTC. 
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2.2.7 Affibody Fusion Construct: 

 KTag-AffiEGFR-SpyTag/pET28a was based on AffiEGFR/pET21b, received from 

Dr. Michael Fairhead in the Howarth group. The cloning involved amplification of the 

anti-EGFR affibody (Friedman et al., 2008) with 5’-

AGGACCATGGGCGCTACCCATATTAAATTCTCAAAACGTGATGGTTCTGGAGCTAG

CATGACTGGTGGACAGCAAATGG and 5’-

TTTAAAGCTTTTATCACTTCGTCGGCTTGTAGGCGTCCACCATCACGATGTGGGCG

CCGGATCCGTGGTGGTGGTGGTGGTGCTCGAG. The insert was then digested with 

NcoI-HindIII and then ligated into pET28a.  

2.2.8 Quantification of DNA: 

 DNA was quantified via the ND-1000 Nanodrop (NanoDrop) from A260. 

2.3 Protein Expression, Purification, and Measurement of Concentration: 

2.3.1 Protein Expression: 

Expression of pDEST14 constructs (SpyCatcher, KCatcher, and SpyLigase 

variants) was done in BL21 DE3 pLysS cells (Stratagene), while pET28a constructs 

(SpyTag, KTag, and Affibody fusions) were expressed in BL21 DE3 RIPL (Stratagene) 

cells. Cultures were inoculated at 37°C in LB and 0.8% glucose with either kanamycin 

(0.5 mg/ml) for pET28a vectors or ampicillin (0.1 mg/ml) for pDEST14 vectors. The 

overnight culture was diluted 1:100 in 800 ml LB and grown until OD 0.5-0.6 at 37°C at 

225 rpm, before inducing with 0.4 mM IPTG and growing at 30°C for 4 h. The cells were 

then spun down at 7,000 rpm, supernatant decanted and bacterial pellets stored at -

80°C.  

2.3.2 Ni-NTA Protein Purifications: 

His6-tag fusion proteins were purified using standard Ni-NTA methodology. The 

bacterial pellet was resuspended in 8 ml Ni-NTA binding buffer (50 mM Tris Base, 300 

mM NaCl, pH 7.8), keeping chilled on ice throughout the procedure. The resuspension 
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included the protease inhibitors phenylmethylsulfonylfluoride (PMSF) at 10 mM final 

concentration and EDTA-free mixed protease inhibitors at 1x final concentration (Roche 

11836170001, 3 tablets resuspended in 4.5 ml of MilliQ water was 100x stock). The 

resuspended pellet was then transferred into 15 ml Falcon tubes and sonicated 

(Ultrasonic Processor) four times at 40% duty cycle, set to ‘4’ on micro-tip limit for 60 s. 

The samples were then transferred into 1.5 ml tubes and spun down at 17,000 g for 20 

min at 4°C in a microcentrifuge (Heraeus Fresco 17-Thermo Scientific). 0.9 ml Ni-NTA 

resin (Qiagen) was washed three times with Ni-NTA buffer. The supernatant of the 

sonicated cell lysate was then transferred onto the washed Ni-NTA resin and rotated 

end-over-end (Stuart Rotator SB2) for 30 min at 4°C. The samples were then washed 

sequentially with Ni-NTA binding buffer, Ni-NTA binding buffer containing 10 mM 

imidazole, and Ni-NTA binding buffer containing 30 mM imidazole. The resin was then 

transferred to a Poly-prep column and eluted with Ni-NTA binding buffer containing 200 

mM imidazole. 0.5 ml fractions were collected and protein concentration was measured 

via A280. The fractions with the highest protein concentrations were then combined and 

dialyzed three times in a 1,000 fold excess of Phosphate buffered saline (PBS: 140 mM 

NaCl, 2.7 mM KCl, 10 mM Na2HPO4•H2O, 2 mM KH2PO4 pH 7.4),  for 3 h for each round 

at 4°C. 

2.3.3 Amylose Agarose Protein Purifications: 

MBP-SpyTag-Zif-SpyTag, N-SpyTag-MBP, N-1GSpyTag-MBP, and N-

2GSpyTag-MBP proteins were purified on Amylose agarose (NEB). The cell disruption 

and sonication was done as for the Ni-NTA purification (section 2.3.2), but pellets were 

resuspended in Amylose agarose buffer: 50 mM Tris, 300 mM NaCl, 1 mM EDTA, pH 

7.8. The lysed cells following sonication and centrifugation were bound with 0.8 ml of 

Amylose agarose on an end-over-end rotator for 30 min at 4°C. The Amylose agarose 

was then washed twice with Amylose agarose buffer containing 600 mM NaCl, which 
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helped increase purity. The samples were then eluted with 10 mM maltose in Amylose 

agarose buffer. 0.5 ml fractions were collected and measured via A280 to determine the 

protein concentrations. The most suitable fractions were then pooled and dialyzed as 

above.  

2.3.4 Quantification of Protein Concentration: 

 A280 measurements used the ND-1000 Nanodrop (NanoDrop), with the 

ProtParam online tool from the ExPASy server to determine the extinction coefficient 

based on the amino acid sequence.  

 The second way concentrations were determined, for the majority of proteins 

used in this thesis, was with the Microplate BCA Protein Assay Kit – Reducing Agent 

Compatible (Pierce/Thermo Scientific - 23252) following manufacturer-recommended 

protocols.  

2.4 Alexa Fluor-555 Labeling of Amine Functional Groups:  

Dye conjugation was performed with 10 µl of 1 M NaHCO3, final concentration of 

726 µM of SpyLigase or 480 µM of SpyLigase EQ, 10 µl of Alexa Fluor-555 succinimidyl 

ester (stock 10 mg/ml in DMSO, Life Technologies), and PBS to 100 µl. The samples 

were wrapped in aluminum foil and rotated end-over-end for 4 h at room temperature. 

The labeled proteins were then separated from the excess dye by gel filtration via 0.8 ml 

packed volume of Sephadex G-25 (Sigma-Aldrich) column. 0.2 ml fractions were 

collected, measured by A555 to determine which fractions had the highest amount of dye-

labeled protein, and then those fractions were pooled and dialyzed three times in 1,000-

fold excess PBS for 3 h at 4°C. 

2.5 Polyacrylamide Gel Electrophoresis: 

2.5.1 SDS-PAGE: 

 Reactions were stopped by the addition of 6x SDS Loading dye (PBS, 46 mM 

Tris HCl, 5 mM EDTA, 4.8% glycerol, 46 mM SDS, and 24 µM bromophenol blue). The 
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reactions were boiled for 5 min at 95°C in a C1000 Thermal Cycler and 5 µl of each 

sample was loaded per well (with the exception of in vivo reconstitution lysate section 

2.6.4 where 18 µl was loaded). The samples were then analyzed via SDS-PAGE using 

14% polyacrylamide gels for SpyCatcher-SpyTag reconstitution and 16% polyacrylamide 

gels for SpyLigase reactions. Gels were run at 200 V for either 67 min (14% SDS PAGE) 

or 75 min (16% SDS PAGE) in an XCell SureLock (Life Technologies) container. The 

gels were then stained with InstantBlue Coomassie stain (Triple Red Ltd.), de-stained in 

MiliQ water, imaged by a ChemiDoc™ XRS+ Imager (Bio-Rad), and band intensities 

quantified by Image Lab Software 3.0 (Bio-Rad). 

2.5.2 Silver Stain: 

Silver staining was performed using the Bio-Rad Silver Stain kit (161-0449) on a 

14% SDS-PAGE exactly following the manufacturer’s instructions.  

2.5.3 Native PAGE: 

 The samples (5 µl of reaction with Native PAGE loading dye were added per 

well) were run on an 18% Native polyacrylamide gel (same composition as in section 

2.5.1 for SDS polyacrylamide gels in terms of buffer composition, water, and acrylamide 

with the exception that all components were devoid of SDS), using 10% glycerol (final 

concentration) as Native PAGE loading dye, and run for 2 h 45 min at 200V on ice in an 

XCell SureLock container. The gel was then washed with MilliQ water and imaged in the 

FLA-3000 (Fujifilm) by the Image reader V2.02 (Fujifilm) software with the settings: 

Mode-Fluor.532nm, Filter O580, gradation 65536 (16bit), resolution 200, sensitivity 

F1000. The gel was stained in Instant Blue and imaged by the ChemiDoc XRS+ Imager 

as above. 
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2.6 SpyCatcher-SpyTag Reconstitution Reactions: 

2.6.1 In Vitro Reconstitution of SpyCatcher Variants with SpyTag-MBP Variants on the 

N-terminus: 

 10 µM SpyCatcher variant was mixed with 10 µM SpyTag-MBP variant in 40 mM 

Na2HPO4 and 20 mM Citric Acid at pH 7.0. Reactions were incubated at 25°C for either 1 

or 10 min. Reactions were stopped and analyzed as in section 2.5.1.  

2.6.2 In Vitro Reconstitution of SpyCatcher with SpyTag-MBP Under Reducing 

Conditions: 

 SpyCatcher reconstitution with SpyTag-MBP performed under reducing 

conditions followed the same reaction conditions as in section 2.6.1 except that 

reactions labeled ‘DTT’ were performed with freshly dissolved Dithiothreitol (DTT) at a 

final concentration of 10 mM. 

2.6.3 In Vitro Reconstitution of SpyCatcher with MBP-SpyTag-Zif-SpyTag: 

 The reconstitution of SpyCatcher with MBP-SpyTag-Zif-SpyTag used the 

standard buffer composition of 40 mM Na2HPO4 and 20 mM Citric Acid at pH 7.0. The 

reactions were incubated for 30 min at 25°C. MBP-SpyTag-Zif-SpyTag was used at 10 

µM and SpyCatcher (EQ) was included at 10 µM except where labeled ‘3x’, where 30 

µM was used.  

2.6.4 In Vivo Reconstitution of SpyCatcher with SpyTag-MBP in the Cytosol of E. Coli 

and Ni-NTA Pulldown of Reconstituted Adduct: 

 Following the generation of the bicistronic construct of SpyTag-MBP and 

SpyCatcher/pET28a (section 2.2.1), the plasmid was transformed into BL21 DE3 RIPL 

E. coli cells. The cells were grown to A600 of 0.5 in 800 ml LB, 0.8% glucose, kanamycin 

(0.5 mg/ml) at 37°C and then induced with 0.4 mM IPTG at 30°C for 4 h. 

 As a control for possible reconstitution reactions occurring outside the cells from 

leakage of SpyCatcher and SpyTag-MBP, cells expressing SpyCatcher alone and 

SpyTag-MBP alone were mixed together at 25°C for 1 h and then lysed. 
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 As a control for reconstitution occurring during the lysis, cells expressing 

SpyCatcher alone and SpyTag-MBP alone were lysed by adding SDS loading dye and 

then mixed together at 25°C for 1 h, before boiling.  

 Pull-downs were performed via Ni-NTA as in section 2.3.2 and protein 

concentrations were determined via BCA assay (section 2.3.4).  

2.6.5 Quantification of In Vitro Reconstitution of SpyCatcher Variants with SpyTag-MBP 

Variants: 

 Quantification of the variant SpyCatcher and SpyTag reactions was performed 

using Image Lab Software 3.0 (Bio-Rad). The band intensity of the reconstituted adduct 

was divided by the sum of the intensities of all the reactants and reconstituted adduct, 

and then multiplied by 100.  

2.7 SpyLigase Ligation Reactions: 

2.7.1 General Conditions of Ligation of SpyTag and KTag Fusion Proteins Directed by 

SpyLigase: 

 SpyTag and KTag fusion proteins each at 10 µM were mixed with SpyLigase  at 

40 µM, under the conditions of SpyLigase reaction buffer: 40 mM Na2HPO4 with 20 mM 

Citric Acid at pH 5.0 was mixed with 1.5 M Trimethylamine N-Oxide Dihydrate (TMAO) 

(Sigma Aldrich 92277-50G FLUKA), giving a final pH of 7.0. The reactions were 

incubated for 24 h at 4°C. Reactions were stopped and analyzed as described in section 

2.5.1.  

2.7.2 Testing Incubation Time, Temperature-dependence, and SpyLigase 

Concentration-Dependence: 

 Reactions testing the dependence on incubation time, temperature, and 

SpyLigase concentration were performed under the same conditions as the in vitro 

ligation in section 2.7.1 but with the single factor changed.  
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2.7.3 Ligation of SpyTag and KTag Fusions at the N- and/or C-termini of Varying Fusion 

Proteins:  

 SpyTag or KTag were fused on the N-terminus of MBP and the C-terminus of the 

SUMO protein. The reaction conditions were as in section 2.7.1.  

2.7.4 Ligation of KTag-MBP and SUMO-KTag to Internally Located SpyTag on MBP-

SpyTag-Zif-SpyTag:  

Conditions were as in 2.7.1 except for protein concentrations: 40 µM SpyLigase 

(EQ), 10 µM MBP-SpyTag-Zif-SpyTag and 20 µM KTag-MBP or 20 µM SUMO-KTag.  

2.7.5 Ligation of SUMO-KTag and SUMO-SpyTag for Mass Spectrometry Analysis: 

 40 µM SpyLigase was incubated with 10 µM SUMO-SpyTag and 10 µM SUMO-

KTag as in 2.7.1. 

2.7.6 Ligation of SUMO-KTag and SpyTag-MBP for Testing Covalent Adduct Release 

via Native PAGE: 

 Conditions were as in section 2.7.1, except that SpyLigase (EQ)-555 was in 

place of SpyLigase (EQ).  

2.7.7 Ligation of KTag-MBP and SpyTag-MBP for Testing Covalent Adduct Release via 

Gel Filtration: 

 The ligation reaction for gel filtration (Section 2.10) was scaled up to improve 

detection, containing 40 µM SpyLigase (EQ)-555, 30 µM SpyTag-MBP, 30 µM KTag-

MBP, and was incubated as in 2.7.1. 

2.7.8 Ligation of SpyTag-MBP and SUMO-KTag using SpyLigase1: 

 The first ligation reaction was performed in 40 mM Na2HPO4 and 20 mM Citric 

Acid at pH 7.0 with 10 µM SpyLigase1, 20 µM SUMO-KTag, 20 µM SpyTag-MBP, 

incubating at 4°C for 24 h.  

2.7.9 Ligation of SpyTag-MBP and SUMO-KTag using L4C-H112C-SpyLigase1, A42C-

S59C-SpyLigase2, and T43C-A79C-SpyLigase2: 

 The ligation using L4C-H112C-SpyLigase1, A42C-S59C-SpyLigase2, and T43C-

A79C-SpyLigase2 was performed in 40 mM Na2HPO4 and 20 mM Citric Acid at pH 5.0 
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with 10 µM SpyLigase variant, 10 µM SUMO-KTag, and 10 µM SpyTag-MBP, incubating 

at 4°C for 24 h. 

2.7.10 Ligation of SpyTag-MBP and SUMO-KTag using SUMO-SpyLigase1, SUMO-GS-

SpyLigase1, SUMO-SpyLigase2, and SUMO-GS-SpyLigase2: 

Ligations with SUMO-KTag using SUMO-SpyLigase1, SUMO-GS-SpyLigase1, 

SUMO-SpyLigase2, and SUMO-GS-SpyLigase2 were performed in 40 mM Na2HPO4 

and 20 mM Citric Acid at pH 5.0 with 10 µM SpyLigase variant, 10 µM SUMO-KTag, and 

10 µM SpyTag-MBP, incubating at 4°C for 24 h. 

2.7.11 Testing Additives with SpyLigase2: 

 The additives were tested in 40 mM Na2HPO4 with 20 mM Citric Acid at pH 5.0, 

using 10 µM of SpyLigase2, 10 µM SUMO-KTag, and 10 µM SpyTag-MBP, incubated at 

4°C for 24 h. Additives included in Appendix Figure A.6A were at following final 

concentrations; 50 mM potassium acetate, 5 or 10 mM 2-(N-morpholino)ethanesulfonic 

acid (MES), 20% (w/v) ammonium sulfate, 125 or 250 mM Arginine, 0.5, 1, 2 M Urea, 50 

or 100 mM Sorbitol, and 1.6 M Trehalose. All reactions in Appendix Figure A.6A were at 

final pH 5.0. Additives included in Appendix Figure A.6B were at the following final 

concentrations; 15% (w/v) polyethylene-glycol MW 800 (PEG), 15% (w/v) PEG MW 3350, 

24% (w/v) sucrose, 10 mM MES, 100 mM Sorbitol, and 384 mM Trehalose. All the 

additives in Appendix Figure A.6B also included 2M TMAO, therefore the pH of all these 

reactions was 7.0.   

2.7.12 Quantification of Ligations Directed by SpyLigase: 

 The percentage of ligated product was determined by taking the band intensity of 

the ligated covalent adduct, dividing it by the total band intensities of the SpyTag-fusion 

and the KTag-fusion and the ligated covalent adduct, then multiplying by 100. 

Determination of statistical significance was done using a two-tailed unpaired t-test via 

the online GraphPad Software tool. 
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2.8 Affibody Polymerization: 

2.8.1 Standard Reaction for SpyLigase-Directed Polymerization of KTag-AffiEGFR-

SpyTag: 

 Polymerization of KTag-AffiEGFR-SpyTag was run under the conditions in 2.7.1 

except final protein concentrations were 100 µM SpyLigase (EQ) and 37.5 µM KTag-

AffiEGFR-SpyTag. Reactions were stopped by the addition of SDS loading dye and 

boiling for 5 min at 95°C. The samples were then visualized via SDS-PAGE and 

Coomassie staining using 8 and 16% gels. 

2.8.2 Time Course of Polymerization: 

 The reaction conditions for the time course of the polymerization of KTag-

AffiEGFR-SpyTag were as in Section 2.7.1 except reactions were stopped at 0, 0.5, 1, 2, 

4, 8 or 24 h (Figure 5.14).  

2.8.3 Testing Influence of TMAO Concentration on KTag-AffiEGFR-SpyTag 

Polymerization and Testing Polymer Aggregates after 37°C Incubation: 

 The reaction conditions for the polymerization of KTag-AffiEGFR-SpyTag by 

SpyLigase were the same as in Section 2.7.1, except that TMAO concentrations were 0, 

0.5, 1 or 1.5 M.  

 Reactions were performed in duplicate in the case of Figure 5.15. Following the 

24 h incubation in Figure 5.15, reactions of the TMAO titration were treated differently. 

One set of reactions at 0, 0.5, 1 or 1.5 M TMAO had SDS loading dye added to stop the 

reaction and were boiled at 95°C for 5 min (lanes labeled ‘B’ to signify both the 

supernatant and pellet). The other set were spun down for 10 min at 17,000 g, 4°C. The 

supernatant was then transferred to another set of tubes and had SDS loading dye 

added and were boiled at 95°C for 5 min, ‘S’. The remaining pellet was resuspended 

with 30 µl PBS, had SDS loading dye added, and then was boiled at 95°C for 5 min, ‘P’.  

 In Figure 5.16 the TMAO titration was repeated at 0, 0.5, 1, and 1.5 M TMAO in 

duplicate. After 24 h, one set of reactions were kept at 4°C for another 24 h and the 
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other set was transferred to 37°C for 24 h incubation. Following the 4 & 37°C 

incubations, each set of reactions were resuspended and then split in half, such that 

from a 30 µl volume, 15 µl was removed and each of these tubes were mixed 

immediately with SDS loading dye and boiled at 95°C for 5 min. These samples that had 

SDS loading dye directly added after the 4/37°C incubation are the samples loaded into 

the lanes labeled with ‘B’ for they should have both the composition of the supernatant 

and pellet. The other remaining half of the 4/37°C incubation volumes were then were 

centrifuged in a table top centrifuge for 10 min at 17,000 g, 4°C. Following centrifugation 

supernatants were transferred to new tubes, then loaded with SDS loading dye and 

boiled at 95°C for 5 min. The supernatant samples are run in the lanes labeled ‘S’. The 

tubes containing the pellets were then resuspended in 15 µl of PBS then SDS loading 

dye was added, and then boiled at 95°C for 5 min. The pellets are run in the lanes 

labeled ‘P’.  

2.9 Application of KTag-AffiEGFR-SpyTag Polymers: 

The KTag-AffiEGFR-SpyTag and SpyLigase (EQ) were supplied by myself. The 

rest of the reagent generation and experiments in Section 2.9 were done by Mr. 

Gianluca Veggiani in the Howarth laboratory. 

2.9.1 Polymerization of KTag-AffiEGFR-SpyTag on Magnetic Beads: 

 Cys-SpyCatcher (generated by Dr. Bijan Zakeri), a TyrCys point mutant on the 

N-terminal region of SpyCatcher, was first anchored on to magnetic beads. Primary 

amine-coated superparamagnetic polystyrene beads (Dynabeads® M-270 Amine. 2.8 

µm diameter at concentration 2 × 109 beads/ml, Life Technologies) were washed three 

times with coupling buffer (PBS with 0.1 M NaHCO3 pH 8.0). To functionalize the surface 

with a sulfhydryl group, 2.5 mM sulfosuccinimidyl 6-(3'-[2-pyridyldithio]-

propionamido)hexanoate (sulfo-LC-SPDP, Thermo Scientific) was incubated at 25°C for 

1 h, shaking at 1,000 rpm in a thermomixer. Excess sulfo-LC-SPDP was removed by 
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placing the beads in a magnetic rack (MagRack 6, GE Healthcare) and washing three 

times with PBS. Then the magnetic beads at 2 × 109 beads/ml were resuspended with 

200 µM Cys-SpyCatcher at 25°C for 16 h, shaking at 1,000 rpm in a thermomixer, to 

create disulfide bridges between the Cys-SpyCatcher and the beads. Excess Cys-

SpyCatcher was removed by washing three times with 0.5% BSA, 0.1% Triton-X-100 in 

PBS. The magnetic beads were then resuspended in 3% BSA, 0.05% NaN3 in PBS at 

25°C for 1 h, shaking at 1,000 rpm in a thermomixer. The magnetic beads were then 

washed three more times with PBS, followed by resuspension in 0.5% BSA, 0.05% NaN3 

in PBS and storage at 4°C.  

KTag-AffiEGFR-SpyTag polymers were formed directly on the beads. The 

process involved washing the beads three times with PBS then the beads were 

incubated at 25°C for 2 h and shaken at 1,200 rpm with 8.3 µM KTag-AffiEGFR-SpyTag. 

The beads were washed once with PBS and resuspended in 1 M TMAO, 40 mM 

Na2HPO4 & 20 mM Citric Acid at pH 5.0, and 76 µM of KTag-AffiEGFR-SpyTag. In the 

tube where polymerization was directed, SpyLigase at 200 µM final concentration was 

added. In the negative control, SpyLigase EQ was added to 200 µM. The magnetic 

beads were then shaken at 1,200 rpm at 4°C for 72 h (Appendix Figure A.9).  

2.9.2 Capture Assay on Magnetic Beads: 

 The BT474 and LBL 771.221 cells were resuspended in DMEM with 1% FCS, 50 

U/ml penicillin, and 50 µg/ml streptomycin (D1). Each cell line was used at a 

concentration of 2.5 × 106 cells/ml, with 100 µl of cells used per experiment. Then 12.5 µl 

of polymeric and monomeric beads (from Section 2.9.1) were washed three times with 

D1. The magnetic beads were then mixed with the cells and the volume raised to 500 µl 

with D1 and at 25°C for 20 min mixed end-over-end. An aliquot of 100 µl of beads and 

cell mix were taken for counting. The tubes were then put onto the magnetic rack; media 

with the unbound cells were taken for counting. The cells still bound to magnetic beads 
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were washed with 500 µl D1 and incubated at 25°C for 30 s at 1,100 rpm. The magnetic 

beads were then resuspended into 100 µl D1.  

 Cell counting was done with a Coulter Counter (CasyR Model TT, Innovatis) 

using a 150 µm measuring capillary, with sample volume of 400 µl and evaluation cursor 

of 7.5-50 µm. The percentage of recovered cells was quantified by taking the number of 

recovered cells, dividing by the number of cells in the original bead-and-cell mixture, and 

then multiplying by 100 (Figure 5.17C).  

2.9.3 EGFR Expression Level Determination by Flow Cytometry: 

 The BT474 and 771.221 cells were collected and resuspended at a concentration 

of 2.5 × 106 cells/ml. In each sample, 125,000 cells were mixed with FACS A buffer (PBS 

with 1 % BSA and 0.1% NaN3) with and without 10 µg/ml of anti-human EGFR antibody 

(Millipore, Ab-1 clone 528) at 25°C for 10 min. The cell lines were then washed three 

times with 100 µl of FACS A buffer. 100 µl of FACS A buffer with 1:100 goat anti-mouse 

IgG-phycoerythrin (Life Technologies) was added to each sample and incubated on ice 

for 10 min. The cells were washed three times with 100 µl FACS A buffer. The cells were 

then resuspended in 300 µl FACS A buffer, loaded into the FACScalibur flow cytometer 

and analyzed with CellQuest Pro version 5.2.1 (Becton Dickinson).  

2.10 Gel Filtration for Determination of Covalent Adduct Release by SpyLigase: 

 Gel Filtration was performed on the ÄKTA™ Purifier (GE Healthcare) with a 24 

ml volume Superdex™ 200 10/30 column (old Amersham notation of 10 mm by 30 cm) 

(GE Healthcare). The running buffer was 1x PBS and total volume of sample loaded per 

injection was 100 µl, at a flow rate of 0.5 ml/min, and total flow of 1.5 column volumes. 

Gel filtration was performed at 4°C and absorbance was measured at 280 nm to 

measure total protein concentration and at 555 nm to measure SpyLigase(EQ) labeled 

with Alexa Fluor-555 dye. The condition of the ligation reactions are reported in section 
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2.7.7. The protein concentrations of ‘alone’ control samples were 40 µM SpyLigase 

(EQ)-555, 30 µM SpyTag-MBP, and 30 µM KTag-MBP.  

2.11 Isothermal Titration Calorimetry (ITC) of SpyCatcher-SpyTag Interaction: 

Proteins and buffer were supplied by myself and all other experimental work was 

performed by Dr. Uli Schwarz-Linek at the University of St. Andrews.  

“ITC measuremens were performed on a VP-ITC micro-calorimeter (MicroCal). 
SpyCatcher, SpyTag-MBP, and SpyTag DA-MBP were dialyzed in 10 mM potassium 
phosphate and 50 mM NaCl at pH 7.0 (phosphate buffer), at 4˚C for 12 h. 
Concentrations were determined by A280 measurements and extinction coefficients 
calculated from the amino acid sequence using the ProtParam online tool (ExPASy). 
Solutions were degassed and ITC was carried out at 25 ˚C. The cell volume of 1.43 ml 
had 50 μM SpyCatcher; the syringe contained ~290 μl of 750 μM SpyTag-MBP or 650 
μM SpyTag DA-MBP. Titrations were performed by one preliminary injection of 2 μl and 
then followed by 30 injections of 5 μl (SpyTag-MBP) or 6 μl (SpyTag DA-MBP). The cell 
was stirred at 307 rpm and the delay time between the injections was adjusted to take 
into account the time for completion of reaction with reactive SpyTag-MBP or fixed to 4 
min with the inactive SpyTag DA-MBP. The averaged values of the endothermic heats of 
dilution at the end of the experiments were subtracted from the experiment values and 
the corrected data was fitted to a one-site model using MicroCal Origin software” (Zakeri 
et al., 2012). 

2.12 Mass Spectrometry of SpyLigase-Directed Covalent Adduct: 

 Ligation reactions in Section 2.7.5 were spin-filtered to enrich the SUMO-

KTag:SUMO-SpyTag adduct using a Vivaspin 30,000 molecular weight cut-off column 

(Sartorius) and  microdialyzed against MilliQ water. Samples were then injected into the 

Micromass LCT time-of-flight electrospray ionization mass spectrometer (Micromass 

UK). The results were analyzed by MassLynx V4.00.0 (Waters). Masses were predicted 

using the ExPASy ProtParam online tool based on amino acid sequences.  

2.13 Crystallization of SpyCatcherΔN1 Reconstituted with SpyTag: 

 Plasmids were supplied by myself; all other work and analysis was performed by 
Dr. Long Li at Harvard University.  
 
  “The SpyCatcher-SpyTag protein was concentrated to 110 mg/ml in a Tris buffer 
(Tris 20mM, NaCl 50mM, pH8.0). Protein crystallization was performed in 24-well plates 
by hanging drop vapor diffusion.  1 μl of the protein solution was mixed with 1 μl of the 
crystallization solution (sodium acetate 0.  pH4.5, PEG3350 30%). The crystallization 
drop was then streak seeded. The thin plate crystals appeared in one day and grew to 
full sizes in three days. The crystals were transferred to a drop of the cryo-solution 
containing the crystallization solution plus 5% glycerol before flash freezing in liquid 
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nitrogen.  The SpyCatcherΔN1-Spytag protein was crystallized similarly without streak 
seeding. The protein was concentrated to 34 mg/ml and the crystallization solution 
contained  sodium acetate 0.1 M pH 4.5, sodium chloride 200 mM, PEG3350 30%, and 
glycerol 5%. The crystals were flash frozen directly without using additional cryo-
solution. The X-ray diffraction data were collected on beam ID-C of NE-CAT at 
Advanced Photon Source in Chicago. The data were processed with HKL2000.  The 
structure were solved by molecular replacement with the program Phaser and using the 
CnaB2 structure (PDB access number: 2X5P) as the search model. The refinement was 
performed with the program Phenix.” (Personal Communication with Dr. Long Li)  

2.14 Western Blotting: 

 Samples were run on 8% SDS-PAGE and transferred to a PVDF (polyvinylidene 

fluoride) membrane (Immobilon-P, 0.45 µm pore size, Millipore) in the case of section 

2.14.1 or to a nitrocellulose trans-blot 0.2 µm membrane (Bio-Rad) for section 2.14.2. 

Transfer buffer was 12 mM Tris base, 96 mM Glycine and 20% Methanol and transfer 

used an XCell SureLock container with the XCell II™ Blot Module (Life Technologies) on 

ice at 230 mA for 2h. The membranes were then blocked with 12.5% fat-free milk in PBS 

overnight at 4°C.  

2.14.1 Western Blotting of Pull-Down of In Vivo Reconstitution of SpyCatcher with 

SpyTag-MBP: 

 The samples used for the Western blotting were prepared as in section 2.6.4, 

except an 8% SDS-PAGE was used as it helped in the transfer.  

The PVDF membrane with the Ni-NTA Pull-Down proteins from the in vivo 

reconstitution (section 2.6.4) were immunoblotted. PBS with 0.05% Tween 20 (PBST), 

2.5% fat free milk, and mouse 1:500 anti-penta-His (Qiagen) was incubated at room 

temperature for 1 h with the membrane. The membrane was then washed four times 

with PBST for 1 min each round at room temperature while on a rocker. Then the 

membrane was incubated with PBST mixed with 1:5,000 goat anti-mouse IgG-

horseradish peroxidase (Sigma) for 1 h at room temperature while rocking. The 

membrane was then washed again four times with PBST for 5 min each round on a 

rocker. The membrane was incubated with SuperSignal West Pico (Pierce), following 

manufacturer instructions. The membrane was imaged on the ChemiDoc™ XRS+ 
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Imager with the development observed over 20 min and analyzed via Image Lab 

Software 3.0. 

2.14.2 Western Blotting of SpyCatcher Reconstitution with HA-SpyTag-ICAM-EGFP on 

the Surface of HeLa Cells: 

HeLa or HeLa HA-SpyTag-ICAM-EGFP were grown in 75 cm2 flasks to full 

confluency, washed with 5 mM EDTA in PBS, and released by incubation with 5 mM 

EDTA in PBS at 37°C for 5 min. Cells were washed twice with PBS and then incubated 

for 15 min at 25°C with 1% BSA, 5 mM MgCl2 and mixed with either 5 µM SpyCatcher 

(EQ) or PBS. Cells were pelleted and washed twice with ice cold PBS, before being 

lysed with SDS loading dye. The samples were then pre-heated to 70°C for 10 min and 

then boiled at 90°C for 10 min. Cells were sonicated in an Ultrawave Ltd sonicating 

water bath at 25°C for 5 min to reduce DNA viscosity. Cell lysates were then boiled with 

10 mM DTT at 95°C for 5 min to reduce any disulfide bridges.  

The nitrocellulose membrane was immunoblotted with PBST, 2.5% fat free milk, 

and the appropriate antibody: mouse 1:500 anti-penta-His antibody (Qiagen) to target 

SpyCatcher (EQ), rabbit 1:300 anti-HA (Rockland) to detect HA-SpyTag-ICAM-EGFP, or 

mouse 1:1,000 anti-Glyceraldehyde-3-phosphate dehydrogenase antibody (clone 

GAPDH-71.1, Sigma) as a loading control. The membranes were incubated at room 

temperature for 1 h and then washed four times with PBST for 1 min each at room 

temperature while rocking. Then the membranes were incubated with PBST mixed with 

1:5,000 goat anti-mouse IgG-horseradish peroxidase for anti-His and anti-GAPDH or 

1:5,000 goat anti-rabbit IgG-horseradish peroxidase for anti-HA, for 1 h at room 

temperature while rocking. The membranes were then washed again four times with 

PBST for 5 min each round. The membranes were then imaged as above. 
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2.15 Cell Culture: 

2.15.1 Culture of HeLa, BT474, and 771.221 Cells: 

 HeLa cells were grown in DMEM (Dulbecco’s Modified Eagle’s Medium) with 

10% fetal calf serum (PAA labs), streptomycin 50 µg/ml, and penicillin 50 U/ml. Cells 

were passaged for less than 6 months.  

 The cell culture work in Chapter 5 was performed by Mr. Gianluca Veggiani in the 

Howarth laboratory. The cell lines BT474 and LBL 771.221 were grown in DMEM with 

10% fetal calf serum (PAA labs), streptomycin 50 µg/ml, and penicillin 50 U/ml. 5 µg/ml 

of insulin was included for the BT474 cell line.  

2.15.2 Transfection of HeLa Cells: 

 The cells used in Chapter 3 were transfected with the PINCO vector, which 

keeps the plasmid episomally retained (Grignani et al., 1998). Transfection of HA-

SpyTag-ICAM-EGFP/PINCO into HeLa and then freezing at -80°C of the cell line was 

performed by Dr. Mark Howarth. I performed the transfections and maintenance of TfR-

sfGFP-SpyCatcher (EQ)/PINCO.  

 Transfections were performed using Turbofect (Thermo Scientific) following 

manufacturer-recommended instructions.  

2.15.3 Cell Surface Labeling of HeLa Cells with HA-SpyTag-ICAM-EGFP or TfR-sfGFP-

SpyCatcher (EQ): 

 The labeling of HeLa cells expressing HA-SpyTag-ICAM-EGFP was performed 

by Miss Emily Chittock. Cells were washed with PBS with 5 mM MgCl2 (PBS-Mg) and 

then incubated with 5 µM SpyCatcher (EQ) labeled with Alexa Fluor-555 (Section 2.4), 

1% BSA, in PBS-Mg at 25°C for 15 min. The cells were then washed twice with PBS-Mg 

and imaged live.  

 HeLa expressing TfR-sfGFP-SpyCatcher were washed twice with PBS-Mg, and 

then incubated in PBS-Mg with 10 µM SpyTag-MBP for 15 min at room temperature. 

Cells were washed twice with PBS-Mg. Then cells were then incubated with 100 µl 1:100 
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anti-penta-His antibody on ice for 30 min. The cells were washed twice with PBS-Mg. 

The cells were then incubated with 100 µl 1:100 goat anti-mouse Alexa Fluor-555 on ice 

for 30 min. Cells were washed twice with PBS-Mg and then fixed by 3.7% formaldehyde 

(Sigma) in PBS for 20 min at room temperature.  

2.15.4 Microscopy: 

 Microscopy in Figure 3.8 for HA-SpyTag-ICAM-EGFP was performed by Miss 

Emily Chittock. Microscopy experiments were performed using the DeltaVision Elite core 

wide-field deconvolution systems (Applied Precision) at 40x magnification with an oil 

immersion lens. The filters used to image sfGFP/EGFP were excitation 475/28, emission 

525/48, and dichroic “Quad” API 52-852111-001. For Alexa Fluor-555, filters were 

excitation 575/25, emission 625/45, and dichroic “Quad” API 52-852111-001. Images 

were background-corrected and exposed for 0.1-1s.  Images were analyzed using the 

softWoRx 5.0 software (Applied Precision) or ImageJ (National Institutes of Health).  

2.16 Circular Dichroism: 

 Circular Dichroism (CD) was performed on a Jasco J-720 Spectropolarimeter. 

Absorption was measured from 195-260 nm. The proteins were in PBS at 0.1-0.5 mg/ml. 

PBS alone was measured for background.  

2.17 Images of Protein Structures: 

 Images of protein structures, alignments and polar contacts were generated in 
PyMOL (DeLano Scientific LLC).   
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Chapter 3: Characterization of the 

SpyCatcher-SpyTag Interaction 
 

Some work in this chapter has previously been published in the manuscript (Zakeri et al., 

2012), provided in the appendix.  
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Chapter 3: Characterization of the SpyCatcher-SpyTag 

Interaction 

 The discovery that a protein with an intramolecular isopeptide bond can be split 

into two parts, a protein domain and peptide tag, and then those two parts can be mixed 

to re-form the isopeptide bond created a new class of peptide tag. The development of a 

covalent bond-forming class of peptide tags was an evolutionary process. Covalent 

bond-forming peptide tags started with a protein domain and peptide tag based on the 

Spy0128 pilin protein of Streptococcus pyogenes. The Spy0128 protein domain was split 

into the Pilin-C (domain) and a 16-residue Isopeptag (peptide tag). Though the system 

was functioning, Pilin-C/Isopeptag was slow in that it took 24 h to reach 50% covalent 

reconstitution (Zakeri and Howarth, 2010). It was an obvious target to improve on this 

system by developing a faster reacting split protein system  

 Thus work began on developing an alternative system, based on another 

isopeptide-containing domain from S. pyogenes. The chosen domain was the small 16 

kDa Collagen Adhesion Binding Domain (CnaB2) from the Fibronectin binding protein 

(FbaB) (Hagan et al., 2010; Oke et al., 2010). The CnaB2 domain was again split into 

two parts; a domain called SpyCatcher and a small 13-residue peptide tag called 

SpyTag (name coming from the ‘S’ and ‘py’ of S. pyogenes). The basis of the 

spontaneous isopeptide formation is CnaB2’s ‘isopeptide triad’, in which a reactive 

Lysine and Aspartate are positioned adjacent to a Glutamate which acts as an acid-base 

catalyst (Figure 3.1B). CnaB2 was split such that the reactive Lysine and catalytic 

Glutamate reside in the SpyCatcher domain and the reactive Aspartate is located on 

SpyTag (Figure 3.1A) (Hagan et al., 2010; Zakeri et al., 2012). The initial splitting, 

engineering, and partial characterization of the CnaB2 domain was done by Dr. Bijan 

Zakeri. 
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We then wanted to further characterize and apply the split protein system under a 

variety of conditions, to better understand its limits. The weak interactions of peptides 

(Houk et al., 2003; Stanfield and Wilson, 1995) limit their uses in a variety situations, 

especially inside and on the surface of cells, where the varying conditions and forces 

would make a covalent interaction more valuable. Thus SpyCatcher-SpyTag was tested 

to determine whether the reaction could work in assorted scenarios. The scenarios 

included in vitro testing of SpyCatcher-SpyTag reconstitution with and without reducing 

agent or in the cytosol of E. coli. Another scenario was on the surface of mammalian 

cells, as an alternative to antibody labeling. Finally thermodynamic characterization of 

SpyCatcher-SpyTag reconstitution was performed.  
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3.1 Precursor Development of SpyCatcher-SpyTag Interaction by Dr. Bijan Zakeri: 

 
Figure 3.1: Covalent interaction of SpyCatcher-SpyTag. A) Chemistry of isopeptide 
bond formation of reactive Lysine with the reactive Aspartate catalyzed by 
Glutamate. Made in ChemBioDraw 12.0 B) Structure of Isopeptide bond from the 
CnaB2 structure (PDB 2X5P). C) CnaB2 structure overview, the blue colored β-
strand represents SpyTag, green domain represents SpyCatcher, and orange is a 
small section of the N-terminal that is visible in the 2X5P PDB entry. D) Displaying 
how SpyTag (blue) with reactive Asp117 was split from the CnaB2 domain, 
SpyCatcher (green) with the reactive Lys31 and catalytic Glu77 E) Reconstitution 
of SpyCatcher with SpyTag-labeled MBP. The inactive SpyTag DA mutant 
(SpyTagDA) and the catalytic Glutamate with the inactive EQ (SpyCatcher EQ) 
mutant act as negative controls. Experimental work done by Dr. Bijan Zakeri and 
this figure is published in (Zakeri et al., 2012).  

 In Figure 3.1, the product of work done by Dr. Bijan Zakeri can be seen by the 

splitting of the CnaB2 domain (Figure 3.1D) and rational design which led to the 
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development of SpyCatcher and SpyTag. The gel shows (Figure 3.1E) that when MBP 

labeled with SpyTag (45 kDa) is mixed with SpyCatcher (15.5 kDa), a third band appears 

in the SDS-PAGE: a ~60 kDa product is formed by the reconstitution of SpyCatcher with 

SpyTag-MBP. Thus the system is shown to be functioning and capable of forming an 

interaction capable of withstanding boiling at 95°C with SDS. The interaction was later 

shown to be covalent with mass spectrometry (Zakeri et al., 2012). Figure 3.1 also 

shows that the reactive Aspartate located on the SpyTag and catalytic Glutamate on the 

SpyCatcher are crucial for the reconstitution (Figure 3.1C) (Zakeri et al., 2012).  

3.2 SpyCatcher-SpyTag Interaction under Reducing Conditions: 

 
Figure 3.2: SpyCatcher-SpyTag-MBP reconstitution with and without 10 mM DTT. 
A) Illustrative gel of SpyCatcher-SpyTag-MBP reconstitution examining whether 
DTT influences the reaction. B) Quantification of the SpyCatcher-SpyTag-MBP 
reconstitution after 10 min incubation without DTT (None) and with 10 mM DTT 
(DTT). Values are an average of reactions in triplicate, ±1 standard deviation, and 
showing a non-significant P-value=0.35 in a two-tailed unpaired t-test. Note this 
figure is published in (Zakeri et al., 2012). 
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 The CnaB2 domain does not have any Cysteine residues (Oke et al., 2010; 

Zakeri et al., 2012) but it was considered worth confirming whether a reducing agent 

would influence the reconstitution capacity between SpyCatcher and SpyTag. Figure 

3.2A compares the reconstitution of SpyCatcher with SpyTag-MBP in 10 mM DTT, 

where there is no significant difference between the amount of reconstituted adduct 

formed with and without the reducing agent (Figure 3.2B).  

3.3 Determining Whether SpyCatcher-SpyTag Reconstitution is Affected Based on 

SpyTag Location: 

 This section examined location-dependence of SpyTag interaction with 

SpyCatcher: whether SpyCatcher could reconstitute with SpyTag located directly on the 

N-terminus (following the fMet residue), C-terminus, or located on a linker between two 

protein domains.  

3.3.1 Activity of SpyCatcher with SpyTag Located on the N-Terminus of a Protein: 

 
Figure 3.3: Testing SpyCatcher reconstitution with an MBP protein labeled with 
SpyTag directly on the N-terminus (N-SpyTag-MBP), i.e. the residue following the 
fMet. Note this figure is published in (Zakeri et al., 2012). 

 One consideration in the original SpyTag-MBP protein is that the SpyTag itself 

was located downstream from the N-terminus of the protein, following the His-Tag and 

thrombin site available from the pET28a vector (Novagen) (Figure 3.4A). Hence, the N-

SpyTag-MBP protein was created such that the SpyTag is located directly following the 

fMet residue. Thus following the post-translational cleavage of fMet (Hirel et al., 1989), 
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the Alanine of SpyTag represents the initial residue of the N-Terminus. Figure 3.3 shows 

that SpyCatcher can interact and efficiently form a covalently reconstituted adduct with a 

SpyTag located on the N-terminus.  

3.3.2 Activity of SpyCatcher with SpyTag at Differing Locations on the N-Terminus: 

 
Figure 3.4: Examining the importance of location of SpyTag on the N-terminus. A) 
Sequence alignments of the N-termini of the four SpyTag variants tested. B) 
Demonstrative gel of the reconstitution done by incubation of SpyCatcher with 
each of the four N-Terminal SpyTag variants for 1 and 10 min. C) Quantification of 
the reconstitution of SpyCatcher with the N-terminal-SpyTag-MBP variants of (B), 
done under standard SpyCatcher-SpyTag reconstitution conditions. Values are 
averages of triplicate reactions, ±1 standard deviation.  
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 Multiple types of N-terminal SpyTag-MBP variants were generated (Figure 3.4A), 

with the SpyTag directly on the N-terminus (N-SpyTag-MBP), a single Glycine preceding 

the SpyTag (N-1GSpyTag-MBP), two Glycines preceding the SpyTag on the N-terminus 

(N-2GSpyTag-MBP), and finally the standard version with the N-terminal leader section 

from the pET28a vector (SpyTag-MBP). The N-terminal variants were all shown 

functional (Figure 3.4B), though when the N-terminal variant rates were compared to the 

standard SpyTag (SpyTag-MBP), the N-terminal SpyTags were slower at both 1 and 10 

min (Figure 3.4C). The significance of the differences in reaction rate between the 

different SpyTag locations is minor when there is at least one residue in front of SpyTag. 

The amount of N-terminal leader sequence or ‘space’ before SpyTag was shown not to 

be crucial, but did help improve activity when compared to N-SpyTag-MBP which had a 

~10% drop in activity.   

3.3.3 Activity of SpyCatcher with SpyTag in a Linker between Protein Domains and on 
the C-Terminus: 

 
Figure 3.5: SpyCatcher reconstitution with MBP-SpyTag-Zif-SpyTag. A) The 
SpyTag fusion protein in this case contains two SpyTags, one in a linker between 
the MBP domain and Zif (Zinc finger) domain, and the second following the Zif 
domain on the C-terminus. B) The reactions were performed under standard 
reconstitution conditions except where denoted by ‘3x’ which meant that 30 µM of 
SpyCatcher or SpyCatcher EQ was used rather than the standard 10 µM. Note this 
figure is published in (Zakeri et al., 2012). 
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 Though SpyCatcher-SpyTag reconstitution can occur at the N-terminus, it was 

also important to characterize whether the system was more flexible allowing for SpyTag 

to be located at the C-terminus and also if possible in a linker between protein domains. 

The issue is that many tags tend to have preferences or simply for one reason or 

another must be located at a specific terminus (Brizzard, 2008; Fritze and Anderson, 

2000; Lichty et al., 2005; Terpe, 2003). In Figure 3.5 a double SpyTag-labeled fusion 

protein was generated to test for SpyCatcher activity in different locations. In this case as 

the fusion name suggests, MBP-SpyTag-Zif-SpyTag, has one tag located on the C-

terminal directly after the Zinc finger domain (Zif) (Christy and Nathans, 1989), and 

another located in a linker between MBP and the Zif domains (Fig 3.5A). The 

reconstitution reaction was done under two conditions (Fig 3.5B): 10 µM MBP-SpyTag-

Zif-SpyTag, with either 10 or 30 µM of SpyCatcher. The 30 µM reaction of SpyCatcher 

saturated the SpyTag sites of MBP-SpyTag-Zif-SpyTag showing that both sites were 

accessible and could be reconstituted. The 10 µM SpyCatcher reaction shows an 

intermediate that is singly reacted with while the other SpyTag site is left vacant.  

3.4 SpyCatcher-SpyTag Reconstitution within the Cytosol of E. coli: 

 The purpose of this section was to examine the robustness of the SpyCatcher-

SpyTag system inside the cytosol of what is one of the most widely used model 

organisms, E. coli.  
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3.4.1 Examining SpyCatcher-SpyTag Reconstitution in the Cytosol of E. coli: 

 
Figure 3.6:  In vivo reconstitution of SpyCatcher-SpyTag-MBP in the cytosol of E. 
coli. A) Demonstrative image of bicistronic construct of SpyTag-MBP and 
SpyCatcher co-expressed within the cytosol of E. coli B) A bicistronic plasmid 
containing SpyCatcher and SpyTag-MBP was co-expressed inside BL21 DE3 RIPL 
cells, the cells were then lysed, boiled with SDS loading dye, and run on SDS-
PAGE, with SpyCatcher EQ acting as the negative control. Further controls of lane 
6 and 7 were performed to show that the reconstitution occurred inside the E. coli 
cytosol. In lane 6 lysate of SpyCatcher expressed alone and SpyTag-MBP 
expressed on its own (lanes 1 and 3, respectively) were boiled with SDS loading 
dye and mixed to ensure that the reaction did not occur following lysis of the 
cells. Lane 7 had the total cells of Lane 1 (SpyCatcher alone induction) and Lane 3 
(SpyTag-MBP induction), mixed post over-expression, then SDS loading dye was 
added, and the cells were boiled. This control was to ensure that the proteins were 
not somehow exported or leaking out of the E. coli such that the reaction was 
occurring in the LB media surrounding the cells. C) The Ni-NTA purification of the 
co-overexpression of the SpyCatcher and SpyTag-MBP bicistronic plasmid. Note 
this figure is published in (Zakeri et al., 2012). 

 Checking whether SpyCatcher has any activity in vivo, or more explicitly within 

the cytosol of E. coli, was tested via a simple induction experiment. A bicistronic plasmid 
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SpyCatcher (inclusive of the ribosomal binding site) downstream of the SpyTag-MBP 

gene (Figure 3.6A). The bicistronic construct ensured that the transcription and 

translation of the two proteins were at an approximate 1:1 ratio, which allowed for noting 

whether there was any inhibition of reconstitution rather than just expression or copy 

number issues with two separate plasmids. In vivo reconstitution can be seen in Figure 

3.6B: after induction with IPTG and overexpression for 4 h at 30°C, the SpyCatcher and 

SpyTag-MBP had reconstituted efficiently, with only minimal amount of either reactant 

being unreacted in the cytosol (lane 4). Reconstitution is shown more clearly by 

comparing the bicistronic expression of SpyCatcher with SpyCatcher EQ: the depletion 

of the unreacted SpyCatcher and SpyTag-MBP can be seen (Figure 3.6B).   

Following the overexpression analysis of the bicistronic constructs, His-tag 

containing proteins were purified via Ni-NTA pull-down. The experiment (Figure 3.6C) 

served the function of determining reaction specificity, to see if SpyCatcher (EQ) or 

SpyTag-MBP had any promiscuous activity. At least from Coomassie staining (Figure 

3.6C) the proteins were only seen to interact with their cognate partner. It should also be 

noted that the reaction could also still be occurring during the Ni-NTA purification, 

however that will require future experimentation to confirm SpyCatcher-SpyTag 

reconstitution in Ni-NTA buffer.  
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3.4.2 Silver and Immunostaining of SpyCatcher-SpyTag-MBP Reconstitution In Vivo for 

Enhanced Resolution of Promiscuous Activity: 

 
Figure 3.7: SpyCatcher-SpyTag-MBP reconstitution in vivo using a bicistronic 
construct and Ni-NTA purification, with protein analysis by silver staining and 
Western blot. A) Silver staining of the pulled-down in vivo SpyCatcher-SpyTag-
MBP reconstitution. B) Anti-His western blot of the Ni-NTA pulled down 
SpyCatcher-SpyTag-MBP in vivo reconstitutions. Note this figure is published in 
(Zakeri et al., 2012). 

Though from Figure 3.6B,C it could be taken that the SpyCatcher reconstitution 

with SpyTag-MBP within the cytosol of E. coli had no side reactions and that the proteins 

showed no stability issues, it was important to confirm whether this was indeed the case 
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and immunostaining. The value of silver staining is that the stain can have 100-fold 

greater sensitivity compared to Coomassie stains, being able to easily detect ~10 ng of 

protein (Merril et al., 1988).   
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between SpyCatcher and SpyTag-MBP. The 10 ng control lane of SpyTag-MBP was a 
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concentration (Merril, 1990; Merril et al., 1988). It can be seen that in the control 

SpyCatcher-only lane, there is another band at ~37.5 kDa, possibly signifying a side 
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SpyCatcher-SpyTag-MBP in vivo reconstitution occurred. Between the SpyTag-MBP and 

SpyCatcher bands there is a large smear of proteins, indicating degradation of the 

reconstituted adduct.  

To confirm whether the band and smear were either coincidental co-purifications 

from Ni-NTA pull-down or actual side reactions and degradation products, Western 

blotting of the Ni-NTA pull-down was performed with anti-His antibody. It is seen that 

there is indeed a side reaction with SpyCatcher and degradation of the reconstituted 

adduct (Figure 3.7B). In the SpyCatcher-only lane the anti-His antibody is detecting the 

band at the same molecular weight (~37.5 kDa) as in the silver staining. The detection of 

this promiscuity is due to the covalent interaction between the SpyCatcher and the 

unknown protein. Other side reactions could be occurring but they are neither detectable 

via silver stain nor Western blotting. In the case of the degradation of the reconstituted 

adduct the anti-His antibody is detecting the smear visible in the silver staining, 

indicating that indeed the reconstituted adduct is becoming degraded. However, the 

majority of the covalently locked proteins are still un-degraded, as shown by the intensity 

of the reconstituted adduct band (Figure 3.7B).  

3.5 SpyCatcher-SpyTag Reconstitution with Membrane Proteins on the Surface of 

HeLa Cells: 

 For the characterization of SpyCatcher-SpyTag as a molecular tool, it is 

important to examine its functionality in other model systems. In this case SpyCatcher 

and SpyTag were examined as tools for mammalian cell surface labeling.  
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3.5.1 Visualization of SpyCatcher-555 Reconstitution with a SpyTag-Membrane Protein 
Fusion on the Surface of HeLa Cells: 

 
Figure 3.8: SpyCatcher reconstitution on the surface of HeLa cells. A) Cartoon of 
the fusion ICAM-1 cell membrane protein used in the experimental work contained 
both HA-Tag and SpyTag on the N-Terminus and EGFP fused to the C-terminus. 
The HA-SpyTag-ICAM1 is exposed extracellularly, while the EGFP is in the cytosol. 
Cartoon adapted from (Zakeri et al., 2012). B) Detecting expression and 
localization of the HA-SpyTag-ICAM1-EGFP fusion on the cell surface. Cells were 
incubated with anti-HA antibody and visualized with secondary anti-rabbit Alexa 
Fluor-568 conjugated antibody, following cells were incubated in an acidic buffer. 
C) SpyCatcher (EQ) conjugated with Alexa Fluor-555 was incubated with the HA-
SpyTag-ICAM1-EGFP expressing HeLa cells. The cells incubated with the active 
SpyCatcher-555 were also acid-washed while cells labeled with SpyCatcher EQ 
were simply washed with PBS. Scale bar 20 µM. Note: Experimental cell culture 
and microscopy work done by Miss Emily Chittock. ICAM-1 fusion protein cloned 
by Dr. Bijan Zakeri. This figure is published in (Zakeri et al., 2012). Demonstrative 
model (A) composed in PyMOL using PDB structures 1IC1 & 1P53 (ICAM-1), 2Y0G 
(EGFP), and 2X5P (SpyTag).  
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Further examining the robustness of SpyCatcher-SpyTag was to test whether the 

system could function in the complex environment of DMEM media and the surface of a 

mammalian cell, in this case HeLa. A construct was made based on the human 

intercellular adhesion molecule-1 (ICAM-1) (Yang et al., 2004). ICAM-1 was fused with 

EGFP to visualize the protein and also labeled with HA-tag (a section of the human 

influenza hemagglutinin glycoprotein (Field et al., 1988) and SpyTag (Figure 3.8A). The 

ICAM-1 fusion was inserted into the PINCO vector, to allow for episomal expression in 

HeLa cells (Grignani et al., 1998).  

The cells were initially stained with anti-HA antibody to determine that the cells 

were indeed expressing the HA-SpyTag-ICAM1-EGFP fusion protein at the cell-surface. 

The cells were then incubated with and without an acid stripping buffer (Figure 3.8B), 

shown previously to break a wide-range of non-covalent interactions on the cell surface 

(Sugawara et al., 1987). The acid stripping buffer was shown to be effective at removing 

the high affinity interaction between antibody and HA tag. The experiment was then 

repeated using SpyCatcher (EQ)-555 (SpyCatcher NHS conjugated with Alexa-555 dye) 

(Figure 3.8C). 5 µM SpyCatcher (EQ)-555 was incubated 15 min with the cells and initial 

microscopy determined that the cells were indeed specifically labeled by only the active 

SpyCatcher-555 after a PBS washing (Figure 3.8C, bottom right and middle right 

panels). It was important to determine whether the interaction was actually the covalent 

reconstitution and not just a very strong non-covalent interaction between the ICAM-1 

fusion and the SpyCatcher and so the cells were acid-washed again (bottom panel of 

Figure 3.8C). Co-localization between HA-SpyTag-ICAM1-EGFP and SpyCatcher-555 is 

maintained, consistent with a covalent interaction.  
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3.5.2 Immunostaining Confirmation of Covalent SpyCatcher Reconstitution with HA-
SpyTag-ICAM-EGFP: 

 
Figure 3.9: Determining SpyCatcher covalent reconstitution on the surface of 
HeLa cells via Western blot. HeLa cells expressing HA-SpyTag-ICAM1-EGFP were 
reacted with SpyCatcher (EQ) (last lanes on the right) and then the cells were 
boiled with SDS loading dye to stop the reaction. As controls, HeLa cells 
transfected with the HA-SpyTag-ICAM1-EGFP were incubated with just PBS (no 
SpyCatcher, second lane from the left) and non-transfected regular HeLa cells 
were incubated with SpyCatcher to test for promiscuity (left lane). The top panel 
shows the anti-His immunostaining, to detect SpyCatcher (EQ) covalent 
interactions. The lower set of bands seen in every lane is an endogenous protein 
recognized by the anti-His antibody (Salichs et al., 2009). In the middle panel, an 
anti-HA antibody was used to detect the HA-SpyTag-ICAM1-EGFP fusion. Bottom 
panel anti-glyceraldehyde-3-phosphate dehydrogenase (GAPDH) staining was 
performed as a loading control. Note this figure is published in (Zakeri et al., 
2012). 

 To confirm the acid wash result of Section 3.5.1, the cells were incubated for 15 

min with 5 µM of SpyCatcher (EQ) and it was observed whether the interaction could 

survive boiling in SDS. In Figure 3.9, immunostaining of the reaction was done from two 
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directions, the SpyCatcher-side and the ICAM-1 fusion-side, to confirm the covalent 

reconstitution. From the SpyCatcher-side, the anti-His antibody was used to detect the 

SpyCatcher. As can be seen from the top panel, only a solitary band exists when active 

SpyCatcher is incubated with the HeLa cells expressing the HA-SpyTag-ICAM1-EGFP 

fusion. As an extra verification, immunostaining was approached from the HA-SpyTag-

ICAM1-EGFP-side, where the anti-HA antibody detected the ICAM-1 fusion protein. In 

the middle panel the addition of SpyCatcher has led to a band shift compared to the HA-

SpyTag-ICAM1-EGFP fusion alone or incubation with SpyCatcher EQ. The GAPDH 

(glyceraldehyde-3-phosphate dehydrogenase) staining acted as a loading control. 
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3.5.3 Testing Membrane Protein Fused with SpyCatcher for Cell Labeling: 

 
Figure 3.10: Testing that SpyCatcher fused to a membrane protein can covalently 
reconstitute with SpyTag-MBP at the surface of HeLa cells. A) Cartoon of 
SpyCatcher (EQ) transmembrane fusion protein, TfR-sfGFP-SpyCatcher. B) HeLa 
cells expressing TfR-sfGFP-SpyCatcher (EQ). The cells were incubated with 
SpyTag-MBP. Then the cells were washed twice with PBS and then incubated with 
Anti-His antibody followed by anti-mouse Alexa Fluor-555 conjugated antibody. 
Scale bar represents 100 µm. Structure in (A) composed of PDB files 2Q6P (super 
folder (sf) GFP) and 2X5P (SpyCatcher).  

 Figure 3.10 tests the reverse of Figure 3.8, in determining whether it is feasible to 

fuse SpyCatcher onto a membrane protein and use a SpyTagged protein for cell 

labeling. The SpyCatcher construct in this case was quite different from the HA-SpyTag-

Bright-field GFP 555

TfR-sfGFP-
SpyCatcher EQ

TfR-sfGFP-
SpyCatcher

B)

A)

sfGFP

SpyCatcher

TfR

Cytosol



80 

ICAM1-EGFP, in that the SpyCatcher construct required a different scaffold. In this case 

the Transferrin receptor transmembrane domain (TfR) was chosen, due to two factors. 

The first is that the N-terminus is facing towards the cytosol and the C-terminus 

extracellularly (Rutledge et al., 1994), allowing for the linker to be fused to the N-

terminus of the SpyCatcher leaving the reactive cleft at the C-terminus un-obstructed 

(Zakeri et al., 2012) (Figure 3.10A). The second factor is that a double mutation (Y20C 

and F23A) in TfR reduces endocytosis, increasing the fraction of the protein on the 

surface of a cell (Rutledge et al., 1994). The TfR was also fused with super-folder (sf) 

GFP, to aid visualization and to help extend SpyCatcher away from the cell surface 

allowing for more opportunities for interactions with a SpyTagged protein (Figure 3.10A).  

 The cells were then incubated with 10 µM of SpyTag-MBP for 15 min and 

immunostained with anti-His antibody (Figure 3.10B). There is only co-localization of 

Alexa Fluor-555 with the active TfR-sfGFP-SpyCatcher but not with TfR-sfGFP-

SpyCatcher EQ, indicating specific recognition.  
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3.6 Thermodynamics and Dissociation Constant Determination of SpyCatcher 

Reconstitution with Reactive and Inactive SpyTag(DA)-MBP: 

 
Figure 3.11: Isothermal titration calorimetry (ITC) of SpyCatcher reconstitution 
with SpyTag-MBP and inactive SpyTagDA-MBP.  A) & C) ITC profile of the injection 
of reactive SpyTag-MBP (A) and inactive SpyTagDA-MBP (C) into SpyCatcher. B) & 
D) The red line represents the best fit of the incremental enthalpy changes 
(squares). The values obtained from fitting were (B) ΔH= -20.2 kcal/mol for active 
SpyTag-MBP with SpyCatcher, and (D) Kd= 0.2 µM, ΔH= -9.4 kcal/mol, ΔS= -0.9 
cal/(mol K) for inactive SpyTagDA-MBP with SpyCatcher. The stoichiometry was 
measured to be near 1.0. Note: Protein expression, purification, and dialysis was 
performed myself; ITC experimentation, data analysis, and graph creation by Dr. 
Ulrich Schwarz-Linek. Part of this figure is published in (Zakeri et al., 2012). 

 Isothermal titration calorimetry (ITC) allowed for the determination of the 

thermodynamics and Kd between SpyCatcher and SpyTag(DA)-MBP. Due to the 

covalent nature of the interaction, the information from the ITC between SpyCatcher and 
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SpyTag-MBP is limited to the thermodynamics, due to the single turnover nature of the 

interaction. From fitting of the enthalpic changes SpyCatcher-SpyTag-MBP interaction 

was shown to have a ΔH= -20.2 kcal/mol (Figure 3.11B). However, this information 

becomes more interesting when comparing it to the non-covalent interaction between 

the inactive SpyTagDA-MBP and SpyCatcher which had ΔH= -9.4 kcal/mol (Figure 

3.11D).  

 Furthermore the ITC measurement of inactive SpyTagDA-MBP interaction with 

SpyCatcher allowed for determination of the Kd which was 0.2 µM. The affinity 

represented here is in the same order of magnitude of another (non-covalent) split 

protein system, S-Protein/S-Tag with a Kd of 0.1 µM (Terpe, 2003) (Table 1.1).    

3.7 Discussion  

 The initial splitting and reconstitution of a protein into two parts was an interesting 

development in terms of chemical biology (Zakeri et al., 2012). The basis of this 

development was the isopeptide forming ‘isopeptide triad’ of Lysine, Aspartate, and 

(catalytic) Glutamate (Figure 3.1A, B). Those three main residues could then be put onto 

separate components, Lysine and Glutamate on a protein domain and Aspartate on a 

peptide-tag. Then two components, protein and tag, could be mixed together and in 

short order reconstitute into a covalent complex (Figure 3.1C) (Zakeri et al., 2012). 

 The characterization here examined the limits of the SpyCatcher-SpyTag system 

in three areas. First in vitro work focused on the influence of the reaction conditions and 

location of SpyTag. The second area was examining the SpyCatcher-SpyTag interaction 

in vivo, by testing the system in the cytosol of E. coli and on the surface of HeLa cells. 

Third was the thermodynamic characterization of the interaction energies and 

dissociation constants of SpyCatcher interacting with SpyTag.  

The initial aspect tested in vitro was to determine whether the SpyCatcher-

SpyTag interaction could function in the presence of a reducing agent (Section 3.2). 
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Though it may be taken as a foregone conclusion because the CnaB2 structure does not 

have a single Cysteine residue (Oke et al., 2010), it was important to ensure for future 

uses of SpyCatcher. Thus SpyCatcher-SpyTag can be used both in oxidizing cellular 

compartments, such as in the endoplasmic reticulum in mammalian cells or the 

periplasmic space in Gram-negative bacteria (Sevier and Kaiser, 2002), or in reducing 

cytosolic/nuclear environments (Cumming et al., 2004). This flexibility contrasts with 

epitope-tags targeted by antibodies, where antibodies may not function or fold well under 

reducing conditions because of their multiple disulfide bonds (Woof and Burton, 2004).  

The next aspect was observing the influence of SpyTag location on reconstitution 

(Section 3.3). SpyCatcher showed the capacity to reconstitute with SpyTag directly 

located on the N-terminus (following the fMet) of MBP (Figure 3.3), and with varying 

amounts of peptide preceding SpyTag in the N-terminal region (Figure 3.4A & B). It was 

also determined that the location does have an influence on the reconstitution rate of 

SpyCatcher with SpyTag in the varying parts of the N-terminus of MBP (Figure 3.4C). 

Reconstitution generally improved with a longer stretch of peptide preceding the SpyTag 

(Figure 3.4C) when comparing SpyTag directly on the N-terminus (N-SpyTag-MBP) and 

SpyTag located downstream of a His-tag and thrombin site (SpyTag-MBP) (Figure 3.4A). 

However, one should not generalize the results determined in Figure 3.4C for every 

protein available. These data signify that some refinement of the SpyTag location may 

be required for different proteins to achieve the best possible reconstitution rate.  

I then checked whether SpyTag could function in between protein domains and 

at the C-terminus (Figure 3.5). SpyCatcher can interact with SpyTag at both locations, as 

when putting SpyCatcher in excess, the majority of the doubly-SpyTagged protein (MBP-

SpyTag-Zif-SpyTag) was consumed and formed a double-covalent adduct. These results 

shows that the SpyTag system is flexible in terms of tag location, in contrast to some 

other epitopes which are rigid in terms of location requirements (Terpe, 2003). 
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The second area I investigated was in vivo labeling, where there are high 

numbers of alternative protein contacts to check for promiscuity. Reconstitution was 

checked inside the cytosol of E. coli. The reaction inside the cytosol showed that almost 

all of the SpyCatcher and SpyTag-MBP had reacted to form the reconstituted adducts 

(Figure 3.6B). This was followed up by a Ni-NTA pull-down (Figure 3.6C) of each 

induction. The purpose was to detect for any secondary reactions by observing for 

unexpected masses with either SpyCatcher or SpyTag-MBP. Figure 3.6C looked clean, 

though Coomassie staining has its limitations. Therefore the far more sensitive method 

of silver staining (Merril et al., 1988) was used to see any bands below the detection limit 

of Coomassie. Figure 3.7A reveals two parts that were not visible in Figure 3.6C. In the 

SpyCatcher-only lane a faint band is visible at ~37.5 kDa from silver staining, which is 

not seen in the inactive control (SpyCatcher EQ). In the lane where SpyCatcher and 

SpyTag-MBP were co-expressed and reconstituted together there is a large series of 

bands between the sizes of ~20-36 kDa. To confirm that these are indeed SpyCatcher or 

SpyTag-MBP the same samples were immunoblotted with anti-His antibody to detect the 

His-tags used to purify them (Figure 3.7B). The band at ~37.5 kDa is still visible in the 

SpyCatcher-only control lane, signifying that indeed there is at least one promiscuous 

interaction. The immunoblotting (Figure 3.7B) does also confirm that the series of bands 

between ~20-36 kDa are also His-tagged, most likely representing a series of 

degradation products. Though the promiscuous band and degradation smear may be 

considered a negative feature in both cases, the results themselves are interesting for a 

few reasons. In the case of the promiscuous band of the SpyCatcher control lane, the 

band is quite weak with either silver staining or immunoblotting and is the only side-

reaction visible (Figure 3.7). The side-reaction is of interest because the promiscuous 

band can become a possible basis for evolution of new SpyCatcher targets. The 

degradation products are also interesting because this is one of the first cases of 
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creating an intermolecular isopeptide bond within E. coli. It is interesting to observe how 

E. coli deal with unfamiliar protein products and its slow degradation of a protein 

chemistry that it is believed not to be normally encountered.  

The next test, in an environment ripe for promiscuity, was the use of SpyCatcher-

SpyTag for cell-surface labeling. The surface of the cell is dynamic, with a large variety 

of different proteins (McDonald et al., 2009). Cell surface labeling is also a common 

technique and it would be interesting to use SpyTag to overcome the limitations of 

antibodies. Thus a SpyTagged membrane fusion protein was generated, HA-SpyTag-

ICAM1-EGFP (Figure 3.8A). The SpyTag-ICAM1 fusion expressed and localized to the 

surface of HeLa cells and enabled specific and stable labeling (Figure 3.8B, C and 

Figure 3.9) (Zakeri et al., 2012). The significance is that it shows SpyCatcher-SpyTag 

could be an alternative system to antibodies and epitope tags. However, there are still 

limitations: primarily that our approach requires that the protein to be labeled is a 

recombinantly generated one, unlike for antibodies which are available for a variety of 

endogenous targets (Leenaars and Hendriksen, 2005).  

The testing of SpyCatcher in the cell biological arena continued with what can be 

considered the reverse experiment of Section 3.5.1 with a SpyTagged protein, in that a 

membrane fusion protein with SpyCatcher was generated (Figure 3.10A). The 

SpyCatcher membrane fusion protein (TfR-sfGFP-SpyCatcher) was shown to be 

functional in that the TfR-sfGFP-SpyCatcher localized to the cell surface and was able to 

reconstitute with SpyTag-MBP (Figure 3.10B). The SpyCatcher fusion could traffic 

through the HeLa cell secretory pathway (Ellgaard, 1999) and was still functional on the 

cell surface (Figure 3.10B). The other value is that the system is flexible in that either 

component, SpyCatcher or SpyTag, can be used for labeling cells, depending on the 

needs of the researcher. It would also be of interest to use both SpyCatcher and SpyTag 

cell surface labels on two separate cell types to induce or lock cell interactions, to create 
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a new type of cell:cell synapse in contrast to the network of reversible interactions that 

usually enable the precise regulation of cell-cell interaction and signaling (van der Merwe 

and Dushek, 2011).  

The final characterization was the determination of the interaction energies of 

SpyCatcher with SpyTag-MBP or the inactive SpyTagDA-MBP (Figure 3.11). The ITC 

analysis of this interaction is very unusual in the case of SpyCatcher with the active 

SpyTag-MBP, where the interaction is a single turn-over binding event, which obviously 

makes determination of a dissociation constant not feasible (Figure 3.11A, B). Thus it 

required the use of the inactive SpyTagDA-MBP, which showed that the dissociation 

constant is ~200 nM. This affinity is similar to other optimized peptide-protein 

interactions (Houk et al., 2003; Korndörfer and Skerra, 2002; Terpe, 2003). The reason 

this is interesting is that, unlike many other protein-peptide interactions, the domain and 

peptide were not evolved to develop this intermolecular interaction; this affinity simply 

results from an artificial process of splitting the CnaB2 domain into two components. 

What is also interesting is the importance of the isopeptide bond formation for the 

thermodynamic stability of the reconstitution, comparing the enthalpies of the 

SpyCatcher with SpyTag-MBP the ΔH= -20.2 kcal/mol (Figure 3.11B) while with 

SpyTagDA-MBP ΔH= -9.4 kcal/mol (Figure 3.11D). However, further experiments will be 

required to determine what fraction of this enthalpy difference derives from initial docking 

versus isopeptide bond formation.  
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Chapter 4: The Use of Crystal 

Structures and Mutational Analysis to 

Understand and Improve the 

SpyCatcher-SpyTag Interaction 
 

 

Sections of this chapter have been published in (Li et al., 2013). 
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Chapter 4: The Use of Crystal Structures and Mutational 

Analysis to Understand and Improve the SpyCatcher-SpyTag 

Interaction  

 The process of understanding and improving the SpyCatcher-SpyTag interaction 

was initially based on the amino acid sequence and the crystal structure of CnaB2 from 

Oke et al., 2010, (PDB 2X5P). My work in this chapter started by trying to improve 

SpyCatcher by creating different N-terminal truncations; the N-terminal region initially 

truncated did not give clear electron density in the CnaB2 structure, so I tested how 

crucial was this N-terminal region for SpyCatcher (Figure 4.1A). Then a rational design 

campaign of SpyCatcher was pursued, modifying surface exposed hydrophobic residues 

on SpyCatcher and the C-terminal residue of SpyCatcher which faces the cleft where 

SpyTag docks (Figure 4.1B).  

 SpyTag was also mutated, based on the CnaB2 structure, using a two pronged 

strategy. First I examined the importance of Lysine residues in SpyTag (Figure 4.5A). 

Second I tested circular permutation (Yu and Lutz, 2010), where the first N-terminal β-

strand visible in the CnaB2 structure next to the SpyTag β-strand was fused to the C-

terminus of SpyTag (Oke et al., 2010) (Figure 4.5B). The intent was that the circular 

permutation of SpyTag would provide extra docking contacts with SpyCatcher.  

 In collaboration with the Rapoport group at Harvard, a crystal structure of the 

SpyCatcherΔN1 domain I generated was solved after reconstitution with SpyTag (PDB 

4MLS). Based on these crystal structures I generated further mutants of SpyCatcherΔN1 

and SpyTag to exploit these structural insights.  
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4.1 Mutations of SpyCatcher Based on the CnaB2 Structure: 

4.1.1 Overview of the Varying SpyCatcher Mutants Based on the CnaB2 Primary and 

Tertiary Structure: 

 
Figure 4.1: Mutants of SpyCatcher based upon the sequence of SpyCatcher and 
the crystal structure of CnaB2. A) Sequence alignment of CnaB2 and SpyCatcher 
with three N-terminal truncation variants. Residues underlined in the CnaB2 
sequence are visible in the CnaB2 crystal structure (PDB 2X5P) B) Cartoon of 
SpyCatcher highlighting residues selected for mutation in orange, with reactive 
Lys31 and catalytic Glu77 in silver. Each of the mutants colored in orange, with 
the exception of Ile113, were exposed hydrophobics (based on PDB 2X5P).  

CnaB2         MSYYHHHHHHDYDIPTTENLYFQGAMVDTLSGLSSEQGQSGDMTIEEDSATHIKFSKRDI 60 

SpyCatcher    MSYYHHHHHHDYDIPTTENLYFQGAMVDTLSGLSSEQGQSGDMTIEEDSATHIKFSKRDE 60 

SpyCatcherΔN1 MSYYHHHHHHDYDIPTTENLYFQG---------------------SGDSATHIKFSKRDE 39

SpyCatcherΔN2 MSYYHHHHHHDYDIPTTENLYFQG---------SSEQGQSGDMTIEEDSATHIKFSKRDE 51

SpyCatcherΔN3 MSYYHHHHHH-----------------------------------SGDSATHIKFSKRDE 25 

CnaB2         DGKELAGATMELRDSSGKTISTWISDGQVKDFYLMPGKYTFVETAAPDGYEVATAITFTV 120 

SpyCatcher    DGKELAGATMELRDSSGKTISTWISDGQVKDFYLYPGKYTFVETAAPDGYEVATAITFTV 120

SpyCatcherΔN1 DGKELAGATMELRDSSGKTISTWISDGQVKDFYLYPGKYTFVETAAPDGYEVATAITFTV 99

SpyCatcherΔN2 DGKELAGATMELRDSSGKTISTWISDGQVKDFYLYPGKYTFVETAAPDGYEVATAITFTV 111

SpyCatcherΔN3 DGKELAGATMELRDSSGKTISTWISDGQVKDFYLYPGKYTFVETAAPDGYEVATAITFTV 85

CnaB2         NEQGQVTVNGKATKGDAHIVMVDA 144 

SpyCatcher    NEQGQVTVNGKATKGDAHI----- 139

SpyCatcherΔN1 NEQGQVTVNGKATKGDAHI----- 118

SpyCatcherΔN2 NEQGQVTVNGKATKGDAHI----- 130

SpyCatcherΔN3 NEQGQVTVNGKATKGDAHI----- 104

A)

B)

(His-Tag) (TEV Site)(Linker)

Met0

Val76

Ile113

Leu4

Val63

Ile58

Lys31

Glu77

Underlined residues are visible in the 

CnaB2 crystal structure (PDB 2X5P)
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 N-terminal truncation mutants were first made to determine whether the regions 

recombinantly included from the plasmid (pDEST14), such as a linker region and TEV 

protease cleavage site, affected SpyTag reconstitution (Figure 4.1A). The second reason 

was that much of the N-terminal region is not visible in the crystal structure of CnaB2 

(Hagan et al., 2010; Oke et al., 2010). The only part of the N-terminal region of CnaB2 

visible in the crystal structure is the sequence GAMVDTL, which starts from the last 

residue of the TEV site. The N-terminal region of CnaB2 became an interest as to 

whether the inherent flexibility influences the structural stability of SpyCatcher.   

The second set of mutants were designed by looking for exposed hydrophobic 

residues, with the goal of improving SpyCatcher solubility and cellular application. Thus 

each surface hydrophobic residue was mutated individually with a charged or polar 

residue and then multiple mutants of SpyCatcher were combined.  

4.1.2 Rates of SpyTag Reaction of N-Terminal Truncated SpyCatcher Variants: 

 
Figure 4.2: Determining the reconstitution rate of SpyCatcher with SpyTag-MBP 
compared to three N-Terminal SpyCatcher variants (SpyCatcherΔN1, 2, and 3 
(Figure 4.1A)). Reactions were analyzed by SDS-PAGE with Coomassie staining. 
All reactions were performed in triplicate and error bars represent ± 1 standard 
deviation.  
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 Comparison of the rates of the different N-Terminal truncation mutants of 

SpyCatcher (Figure 4.1A) can be seen in Figure 4.2, at 1 and 10 min. SpyCatcher was 

still superior relative to the N-terminal truncation mutants. Though the N-Terminal region 

of CnaB2/SpyCatcher is not seen in the crystal structure of CnaB2 (Oke et al., 2010), the 

N-terminal region is playing a role in helping the reconstitution between SpyCatcher and 

SpyTag.  
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4.1.3 Mutations at Ile113 in SpyCatcher to Determine Influence on the Reconstitution 

Rate with SpyTag:  

 

Figure 4.3: Influence on the reconstitution rate of SpyCatcher by mutating Ile113. 

A) I113 in cartoon of SpyCatcher (from PDB 2X5P). B) Rates of the different I113 

mutants and SpyCatcher reacting with SpyTag-MBP. Reactions were analyzed by 

SDS-PAGE with Coomassie staining. All reactions were performed in triplicate 

showing mean ± 1 standard deviation. 
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 Ile113 can be seen in a key position (Figure 4.1B), where the N-terminal part of 

SpyTag interacts with SpyCatcher after SpyTag docks into the cleft. Also Ile113 may 

form a strong interaction with the hydrophobic core of SpyCatcher, so slow displacement 

of this residue could hinder SpyTag docking. Thus SpyCatcher was mutated to Ala, Val, 

or Gly at position 113 (Figure 4.3A). The reconstitution rates of the mutants at 1 min 

were similar to the parent SpyCatcher. After 10 min incubation with SpyTag-MBP, 

SpyCatcher is superior compared to all the Ile113 mutants, suggesting that having a 

larger hydrophobic residue at that location helps in docking SpyTag.  
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4.1.4 Charged and Polar Mutations of SpyCatcher Based on the CnaB2 Structure: 

 
Figure 4.4: Determining the influence of polar and charged point mutations on the 
SpyCatcher reconstitution rate. A) Location of non-polar surface SpyCatcher 
residues mutated in this test: Met0, Leu4, Ile58, Val63, and Val76, from PDB 2X5P.  
B) Reconstitution rates of single polar/charged mutants of SpyCatcher with 
SpyTag-MBP. C) Reconstitution rates of combinations of mutants of SpyCatcher 
with SpyTag-MBP. Reactions were performed in duplicate and quantification was 
performed by SDS-PAGE with Coomassie staining 
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 The sequence space of SpyCatcher was further explored by a series of 

mutations of exposed hydrophobic residues. Met0 and Leu4 are on the β-strand 

adjacent to the cleft for SpyTag binding (Figure 4.4A, left panel and Figure 4.1B). Hence 

if the cleft can be stabilized and kept unobstructed, this could lead to more efficient 

SpyTag docking. Ile58, Val63, and Val76 are located near the isopeptide triad, thus it 

could possibly stabilize the reactive residues which could improve the rate of amide bond 

formation (Figure 4.4A, right panel and Figure 4.1B).  

 The initial broad screening of single mutants gave only minimal changes: at 1 min 

the reconstitution was only slightly perturbed by the mutants in most cases, with V63T 

and V76D showing the largest drops in reconstitution rates (Figure 4.4B). At 10 min 

there are no substantial changes in reconstitution rate; thus the individual mutations had 

negligible effect on SpyCatcher activity. 

 The mutations were then combined in varying permutations (Figure 4.4C). The 

combination of charged mutants was more detrimental than the polar mutations (Figure 

4.4C). I58K-V63K-V76D and M0K-L4K-I58K-V63K-V76D mutants have dramatically 

lowered the reconstitution rate of SpyCatcher. Mutation near the reactive Lysine and 

catalytic Glutamate (Figure 4.4A) seems to be the major cause of the loss of activity.  In 

the case of the polar mutants, there is only a slight loss of activity, with the exception of 

the completely polar mutant of M0T-L4T-I58T-V63T-V76T, as at 1 min the reconstitution 

rate is greatly lowered. In contrast to the multi-charged mutant M0K-L4K-I58K-V63K-

V76D, the multi-polar mutant M0T-L4T-I58T-V63T-V76T regains much of the activity 

after 10 min (Figure 4.4C). This relative reactivity may signify that the initial docking is 

hindered but once the protein has docked with SpyTag, there is no problem in catalysis 

of the isopeptide bond formation.  
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4.2 Mutations and Circular Permutations of SpyTag: 

4.2.1 Overview of Mutations and Circular Permutations of SpyTag: 

 
Figure 4.5: Mutants of SpyTag. A) Sequence alignment of the N-terminal region of 
SpyTag-MBP variants before the MBP sequence. The mutants fall into two 
categories: the first is the double mutants, where (in red) the Lysines within 
SpyTag (AHIVMVDAYKPTK) were both mutated to Arg, His, or Gln. The second 
category involves the two circularly permuted SpyTags, with CnaB2 sequence 
colored in coordinate to help display where the circular permutation comes from 
in the CnaB2 structure. The only difference between the two circular permutations 
is a single Glycine in the linker (pink). B) Cartoon of desired orientation of SpyTag 
(left panel, orange) and circularly permuted SpyTag (right panel, orange for 
SpyTag, pink for Gly-Ser linker which was drawn in and not included in the 
original PDB structure, and Cyan for circular permutation) docking with 
SpyCatcher, based on PDB 2X5P.  

 The SpyTag mutants generated were an attempt at improving the docking with 

SpyCatcher via two approaches. The first approach was double point mutations of 

SpyTag (AHIVMVDAYKPTK), replacing the Lysines with Arginines, Histidines, or 

SpyTag           MGSSHHHHHHSSGLVPRGSHMGAHIVMVDAYKPTK---- 35

2xR-SpyTag       MGSSHHHHHHSSGLVPRGSHMGAHIVMVDAYRPTR---- 35

2xH-SpyTag       MGSSHHHHHHSSGLVPRGSHMGAHIVMVDAYHPTH---- 35

2xQ-SpyTag       MGSSHHHHHHSSGLVPRGSHMGAHIVMVDAYQPTQ---- 35

Perm1-SpyTag     MGSSHHHHHHSSGLVPRGSHMGAHIVMVDAGS-GAMVDT 38

Perm2-SpyTag     MGSSHHHHHHSSGLVPRGSHMGAHIVMVDAGSGGAMVDT 39

(His-Tag) (SpyTag)(Thrombin Site) (Circular Permutation)

SpyTag Permuted SpyTag

A)

B)

SpyCatcher Docking

MSYYHHHHHHDYDIPTTENLYFQGAMVDTLSGLSSEQGQ

SGDMTIEEDSATHIKFSKRDIDGKELAGATMELRDSSGK

TISTWISDGQVKDFYLMPGKYTFVETAAPDGYEVATAIT

FTVNEQGQVTVNGKATKGDAHIVMVDA

CnaB2
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Glutamines (Figure 4.5A). The C-terminal stretch of SpyTag mutated (…YKPTK) was not 

present in the PDB 2X5P structure and was included from the primary sequence of FbaB 

(Zakeri et al., 2012). The C-terminal stretch of SpyTag was found in previous work to 

improve reconstitution with SpyCatcher (Zakeri et al., 2012). Mutating the Lysines was to 

facilitate applications requiring NHS-mediated labeling of SpyTag, so less nucleophilic 

positively-charged residues or another polar residue (Gln) were tested. 

 The second approach was circular permutation of SpyTag, removing the last 

residues of SpyTag (YKPTK) and replacing with the initial β-strand of the CnaB2 domain 

(Figure 4.5A, bottom two sequences, cyan representing the first β-strand of CnaB2). The 

circular permutation was designed first to stabilize the SpyTag conformation by the 

inclusion of an adjacent β-strand and second so that the extra β-strand would provide 

further interaction with SpyCatcher to stabilize SpyTag docking (Figure 4.5B). 

4.2.2. Effect of Double Mutations on SpyTag Reconstitution Rate: 

 
Figure 4.6: Testing reconstitution rate of 2xR, 2xH, 2xQ-SpyTag-MBP mutants with 
SpyCatcher. Reactions were analyzed by SDS-PAGE with Coomassie staining. 
Mean of triplicate ± 1 standard deviation. 

The point mutants shown in Figure 4.5A were tested with SpyCatcher to 

determine their rate of reaction (Figure 4.6). All the mutations are detrimental. At 1 min 
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the 2xH and 2xQ-SpyTag-MBP constructs led to a substantial loss of activity (≥10%), 

while 2xR-SpyTag-MBP was only marginally worse than SpyTag-MBP at 1 min. The 

reconstitution rates agree with the previous data on SpyTag mutations, that even 

conservative changes to SpyTag hinder the reconstitution with SpyCatcher (Zakeri et al., 

2012).  

4.2.3 Testing Circularly Permuted SpyTag with SpyCatcher and N-Terminal Truncated 

SpyCatcher Variants: 

 
Figure 4.7: Determining the influence of circular permutation on SpyTag 
reconstitution with SpyCatcher, SpyCatcherΔN1, SpyCatcherΔN2, and 
SpyCatcherΔN3. Reactions were analyzed by SDS-PAGE with Coomassie staining. 
Mean of triplicate ± 1 standard deviation. 

 The circularly permuted SpyTag variants (Figure 4.5A, bottom two sequences), 

were tested with SpyCatcher and the N-terminal truncations of SpyCatcher (Figure 

4.1A). The reason for testing with the N-terminal truncation mutants is that the original 

SpyCatcher includes the N-terminal section that was circularly permuted onto SpyTag to 

generate Perm1-SpyTag and Perm2-SpyTag (Figure 4.1A). Thus the N-terminal section 

of SpyCatcher could obstruct the docking of the Perm1-SpyTag and Perm2-SpyTag.  
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 Though the hypothesis was that the N-terminal truncation mutants of SpyCatcher 

would be superior with the circularly permuted versions of SpyTag, the version of 

SpyCatcher did not matter. As seen in Figure 4.7, the circularly permuted SpyTags were 

dramatically worse than the original SpyTag. The circular permutation of SpyTag 

hampered the capacity to interact with SpyCatcher regardless of how much of the N-

terminal region was present on SpyCatcher.  

4.3 Structural Information of SpyTag Reconstituted with SpyCatcherΔN1: 

 Through collaboration with the Rapoport group, Dr. Long Li solved the structure 

of SpyCatcherΔN1 reconstituted with SpyTag (PDB 4MLS). Based on comparing this 

new SpyCatcherΔN1-SpyTag structure with the CnaB2 structure, a new series of 

mutants for both SpyCatcherΔN1 and SpyTag were generated. 
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4.3.1 Crystal Structure of SpyTag Reconstituted with SpyCatcherΔN1: 

 

Figure 4.8: Comparison of the structures of CnaB2 (PDB 2X5P) and 
SpyCatcherΔN1-SpyTag (PDB 4MLS) using PyMOL. 

 SpyCatcherΔN1 reconstituted with SpyTag was crystallized and the structure 

solved by Dr. Long Li at a resolution of 2.0 Å (Appendix Table A.2) (PDB 4MLS). 

Comparison of the SpyCatcherΔN1-SpyTag with the CnaB2 structure shows, as 

expected, close overlay (Figure 4.8, right panel).  

Two areas of interest arose from the SpyCatcherΔN1-SpyTag structure 

compared to CnaB2: the C-terminal β-strand of the SpyCatcherΔN1 domain is not visible 

in the crystal structure and so it is a question whether the disordered C-terminal β-strand 
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is playing a role in the interaction with SpyTag (Figure 4.8 top left and middle panels). 

The second area of interest was the newly visible residues of SpyTag (…YKPT) 

extending out of the SpyCatcherΔN1 domain (Figure 4.8, top-middle panel). Though 

these were included into SpyTag originally based on the FbaB primary sequence, they 

were not visible in CnaB2 (Figure 4.8, top-left panel) (Zakeri et al., 2012). Therefore a 

series of mutants were generated which focused on the differences between the 

SpyCatcherΔN1-SpyTag structure and CnaB2.  



103 

4.3.2 Using Structural Data and Rational Design to Study SpyCatcherΔN1: 

 
Figure 4.9: Variants based on the structure of SpyCatcherΔN1-SpyTag (PDB 
4MLS) and their reconstitution rates. A) Sequence alignments of the 
SpyCatcherΔN1 mutants. The underlined sections of SpyCatcherΔN1 gave clear 
electron density in the crystal structure. Residues in green represent the 
minimized ‘core domain’ of SpyCatcher. Residues in red are the point mutants of 
Thr107. B) Overlaid structures of CnaB2 (PDB 2X5P) and SpyTag-SpyCatcherΔN1; 
SpyTag (blue), SpyTag β-strand of CnaB2 (purple). C) Reconstitution rates of 
SpyCatcher variants with SpyTag-MBP, analyzed by SDS-PAGE with Coomassie 
staining. Mean of triplicate ± 1 standard deviation. 

SpyCatcher             MSYYHHHHHHDYDIPTTENLYFQGAMVDTLSGLSSEQGQSGDMTIEEDSATHIKFSKRDE 60

SpyCatcherΔN1          MSYYHHHHHHDYDIPTTENLYFQG---------------SG------DSATHIKFSKRDE 39

SpyCatcherΔN1ΔC1       MSYYHHHHHHDYDIPTTENLYFQG---------------SG------DSATHIKFSKRDE 39

SpyCatcherΔN1ΔC2       MSYYHHHHHHDYDIPTTENLYFQG---------------SG------DSATHIKFSKRDE 39

T107L-SpyCatcherΔN1    MSYYHHHHHHDYDIPTTENLYFQG---------------SG------DSATHIKFSKRDE 39

T107V-SpyCatcherΔN1    MSYYHHHHHHDYDIPTTENLYFQG---------------SG------DSATHIKFSKRDE 39

SpyCatcher             DGKELAGATMELRDSSGKTISTWISDGQVKDFYLYPGKYTFVETAAPDGYEVATAITFTV 120

SpyCatcherΔN1          DGKELAGATMELRDSSGKTISTWISDGQVKDFYLYPGKYTFVETAAPDGYEVATAITFTV 99

SpyCatcherΔN1ΔC1       DGKELAGATMELRDSSGKTISTWISDGQVKDFYLYPGKYTFVETAAPDGYEVATAITFTV 99

SpyCatcherΔN1ΔC2       DGKELAGATMELRDSSGKTISTWISDGQVKDFYLYPGKYTFVETAAPDGYEVATAITFTV 99

T107L-SpyCatcherΔN1    DGKELAGATMELRDSSGKTISTWISDGQVKDFYLYPGKYTFVETAAPDGYEVATAITFTV 99

T107V-SpyCatcherΔN1    DGKELAGATMELRDSSGKTISTWISDGQVKDFYLYPGKYTFVETAAPDGYEVATAITFTV 99

SpyCatcher             NEQGQVTVNGKATKGDAHI 139

SpyCatcherΔN1          NEQGQVTVNGKATKGDAHI 118

SpyCatcherΔN1ΔC1       NEQGQVTVNGKATKG---- 114

SpyCatcherΔN1ΔC2       NEQGQVTVNG--------- 109

T107L-SpyCatcherΔN1    NEQGQVTVNGKALKGDAHI 118

T107V-SpyCatcherΔN1    NEQGQVTVNGKAVKGDAHI 118

Structures of CnaB2 (PDB 2X5P) aligned with SpyCatcherΔN1-SpyTag (PDB 4MLS) (Dr. Long Li)

CnaB2 (SpyCatcher Highlighted),C-terminal β-strand of CnaB2 (SpyTag),SpyCatcherΔN1,SpyTag peptide
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 The mutants generated based on the structure of SpyCatcherΔN1-SpyTag fall 

into two categories: truncation and point mutants (Figure 4.9A). The truncation mutants 

of SpyCatcherΔN1 were focused on the C-terminal region that was not visible in the 

crystal structure (Figure 4.9A and Figure 4.8 top panel). The amino acids of 

SpyCatcherΔN1 that are visible in the crystal structure are underlined in the alignment in 

Figure 4.9A. Two mutants of SpyCatcherΔN1 were generated in which the last 4 

residues (SpyCatcherΔN1ΔC1) or the last 9 residues (SpyCatcherΔN1ΔC2) were 

deleted (Figure 4.9A) to check whether this flexible C-terminal section played an 

important role in the docking of SpyTag (Figure 4.8, top panel & Figure 4.9B). The next 

mutants generated were focused on Thr107 (Figure 4.9B), not visible in the crystal 

structure of SpyCatcherΔN1-SpyTag (Figure 4.9A), but seen in the structure of CnaB2. 

Thus Thr107 was mutated to Val and Leu to create a more hydrophobic interaction in the 

hopes to stabilize the secondary structure in this region of SpyCatcher.  

 Comparing SpyCatcherΔN1 reaction at 1 min to the Thr107 mutants shows that 

the T107V mutation was inconsequential (P=0.55, not significant, n=3, unpaired t-test) 

and the T107L (P=0.028, n=3, unpaired t-test) was marginally detrimental (Figure 4.9C). 

The C-terminal truncations of SpyCatcherΔN1ΔC1 (P=0.038, n=3, unpaired t-test) and 

SpyCatcherΔN1ΔC2 (P=0.0058, n=3, unpaired t-test) at 1 min incubation both showed 

an improvement compared to SpyCatcherΔN1. At 10 min all the SpyCatcherΔN1 

variants (SpyCatcherΔN1ΔC1, SpyCatcherΔN1ΔC2, T107V-SpyCatcherΔN1, and 

T107L-SpyCatcherΔN1) showed similar activity to SpyCatcherΔN1 (Figure 4.9C).  
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4.3.3 Using Structural Data and Rational Design to Study SpyTag: 

 

Figure 4.10: Mutants of SpyTag based on the SpyCatcherΔN1-SpyTag structure 
(PDB 4MLS). A) Alignment of the three SpyTag point mutants compared to 
SpyTag. B) Reconstituted SpyTag structure of residues 9-11 (labeled in blue) and 
possible polar contact candidates (residues labeled with green type) with the 
SpyCatcherΔN1 domain. Images based on the SpyCatcherΔN1-SpyTag structure 
(PDB 4MLS). C) Reconstitution rate of SpyCatcher for SpyTag and SpyTag 
mutants fused to MBP, analyzed by SDS-PAGE with Coomassie staining. All 
reactions were performed in triplicate and error bars represent ± 1 standard 
deviation. 

SpyTag      AHIVMVDAYKPTK 13 

Y9R-SpyTag  AHIVMVDARKPTK 13 

K10N-SpyTag AHIVMVDAYNPTK 13 

P11G-SpyTag AHIVMVDAYKGTK 13 

0
10
20
30
40
50
60
70
80
90

R
e
c
o

n
s
ti

tu
ti

o
n

 (
%

)

1 min                              10 min

A)

B)

C)

Y9

D35

E34

D33

K10

D82

G83

Y84

E85

P11



106 

 
 The SpyTag mutants generated from the structure of SpyTag reconstituted with 

SpyCatcherΔN1 (PDB 4MLS) are shown aligned in Figure 4.10A. The series of point 

mutants on SpyTag were generated by looking at the localized interactions which could 

be possibly improved upon (Figure 4.10B). Tyr9 (AHIVMVDAYKPTK) is the first residue 

situated outside the docking cleft of SpyCatcher. Tyr9 was mutated to Arg with the goal 

of generating possible salt bridges with the nearby negatively charged loop (D33, E34, 

D35) (Figure 4.10B top panel). The next residue mutated was Lys10 

(AHIVMVDAYKPTK) to Asn, and was designed to increase the number of hydrogen 

bonding opportunities with SpyCatcher (Figure 4.10B middle panel). The last SpyTag 

mutant generated was Pro11 (AHIVMVDAYKPTK) to Glycine, with the intent to increase 

the flexibility of the SpyTag such that the residues downstream in the SpyTag could 

make new interactions with SpyCatcher (Figure 4.10B bottom panel).  

 The effects of the generated SpyTag mutants were generally subtle (Figure 

4.10C). However, an important point was that the Y9R mutation was not detrimental, as 

Arg seems capable of replacing the interactions that Tyr normally would have made with 

SpyCatcher. K10N-SpyTag was the most detrimental after 1 min incubation with 

SpyCatcher. The P11G mutant of SpyTag only minimally affected reconstitution. K10N-

SpyTag was the unique case of being detrimental to the reconstitution yield (Figure 

4.10C). 

 4.4 Discussion: 

 The initial series of mutants of SpyCatcher generated based solely on the CnaB2 

crystal structure had a range of effects on the reconstitution yield of SpyCatcher. The 

first set of mutants generated were the N-terminal truncation mutants of SpyCatcher 

(Figure 4.1A). The reconstitution rate of the N-terminal truncations of SpyCatcher 

suggests that the N-terminal region is helping SpyTag docking or stabilizing the 

SpyCatcher structure for reaction, but the effect is still relatively minimal.  
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 The second set of mutants based on the CnaB2 structure was a series of point 

mutants around the C-terminus and exposed surface hydrophobics of SpyCatcher. The 

reconstitution rates of the Ile113 mutants suggest that Ile113 is not essential for the 

docking of SpyTag. The varying loss of activity of the Ile113 mutants can be categorized 

by the size of the residue, with the greatest loss of activity with the smallest residues 

Alanine and Glycine, followed by Valine, and finally the sterically largest residue 

Isoleucine in the original amino acid sequence granted the highest reconstitution rate 

(Figure 4.3B). Single point mutants of surface hydrophobics on SpyCatcher, regardless 

of being polar or charged, caused a minimal loss of activity. The single point mutants 

were then combined in various permutations and their effects observed on the 

SpyCatcher reconstitution rate with SpyTag-MBP (Figure 4.4C). Mutations of surface 

hydrophobics were generally well tolerated, but the I58K-V63K-V76D-SpyCatcher was 

poorly active. Val63 and Ile58 are adjacent to the reactive Lys31, while Val76 is next to 

the catalytic Glu77, and so perhaps the isopeptide triad conformation is changed in the 

mutants and isopeptide formation cannot occur efficiently.  

 The next series of mutants were modifications of SpyTag based on the CnaB2 

structure. The point mutants of SpyTag were double mutants which replaced the Lysines 

at position 10 and 13 of SpyTag (AHIVMVDAYKPTK) (Figure 4.5A). Reconstitution of 

these 2xR/H/Q-SpyTag-MBP mutants showed that indeed the positive charge was 

important in that section of SpyTag (Figure 4.6).  

  The second category of SpyTag mutants were circular permutations of SpyTag 

that joined a part of the N-terminal region of SpyCatcher/CnaB2 onto the C-terminal of 

SpyTag (Figure 4.7) and were tested with all the N-terminal truncation variants (Figure 

4.1A). Regardless of the N-terminal truncation variant of SpyCatcher, the activity of 

permuted SpyTag variants was severely hampered.  
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 Following the rational design campaign based on the CnaB2 structure, the 

structure of SpyCatcherΔN1 reconstituted with SpyTag was solved and used to develop 

another series of mutants to better understand the SpyCatcher-SpyTag interaction.   

The mutants generated of SpyCatcherΔN1 were point mutants at Thr107 abutting 

the docking area of SpyTag and C-terminal truncations (Figure 4.9A & B). The T107V/L-

SpyCatcherΔN1 mutants generally showed negligible effects on the rate of reconstitution 

with SpyTag (Figure 4.9B). In regard to the C-terminal truncation mutants of 

SpyCatcherΔN1, both cases showed mild improvements at 1 min incubation (Figure 

4.9C). The possible reasoning for the slight improvement is that the C-terminus without 

the N-terminus to interact with leads to a destabilization and disordering of the C-

terminal β-strand, which could explain why that section is not visible in the 

SpyCatcherΔN1-SpyTag structure but is visible in the CnaB2 structure (Figure 4.8, top 

panel). Furthermore the C-terminal truncations of SpyCatcherΔN1 demonstrates that the 

SpyCatcher domain can be minimized by 32 residues to a core domain of 83 amino 

acids (Figure 4.9A, green colored residues), with minimal effect on the reconstitution 

capacity (Figure 4.9C). The importance of reducing size is that SpyCatcher can now be 

feasibly generated via solid-phase synthesis and makes SpyCatcher ~9 kDa, which 

should be a less intrusive fusion on a target protein, expanding SpyCatchers uses in 

cellular systems.  

A final series of point mutants of SpyTag was generated based on the 

SpyCatcherΔN1-SpyTag structure (Figure 4.10A) to generate better polar contact of 

SpyTag with SpyCatcher (Figure 4.10B). K10N-SpyTag was the most injurious in 

reconstitution rate as the positive charge on the C-terminal tail of SpyTag seems to play 

an important role, as replacing Tyr on SpyTag with Arg slightly improves activity with 

SpyCatcher (Figure 4.10C). These results should be followed up in future work with 



109 

thorough phage display screens, to improve the interaction between SpyCatcher/SpyTag 

such that it move towards the diffusion limit of SpyTag association with SpyCatcher. 
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Chapter 5: SpyLigase: Creating a 

Tripartite Split Protein for Peptide-

Peptide Ligation 
 

Sections of this chapter have been submitted in a manuscript with Mr. Gianluca Veggiani 

of the Howarth group.   
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Chapter 5: SpyLigase: Creating a Tripartite Split Protein for 

Peptide-Peptide Ligation  

The value of peptide tags includes a broad range of uses, such as purification, 

labeling, and directing protein-protein interaction (Brizzard, 2008; Huh et al., 2003; Jarvik 

and Telmer, 1998; Terpe, 2003). The usage of peptide tags for synthetic or engineering 

purposes is limited due to fact that peptide tags have a small surface area in which 

restricted and weak interactions can occur between the peptide tag and a larger 

interacting protein domain (Guignet et al., 2007; Houk et al., 2003; Huang et al., 2009b). 

Therefore developing a system in which only peptide tags could be used to create a 

covalent interaction that could withstand high forces between proteins, such as those 

driven by molecular motors (Morris et al., 2001) or on the surface of a cell (Jain et al., 

2013; McCloskey et al., 2003) could be of great use for biotechnology. Developing a 

system to covalently lock peptide tags may seem redundant with the development of 

SpyCatcher-SpyTag. However, fusing a full protein domain is undesirable in the context 

of many proteins or protein-protein interactions. 

Therefore we aimed to develop a system to ligate two proteins using minimally 

disruptive peptide tags. The process of creating a peptide-peptide ligation system was 

accomplished with the tripartite split of the CnaB2 domain to create what we called the 

SpyLigase system. The basis of the SpyLigase system can be viewed as an evolutionary 

step from SpyCatcher-SpyTag. The SpyCatcher-SpyTag system took the original 

chemistry of the CnaB2 domain, in which a reactive Lysine and Aspartate would form a 

spontaneous isopeptide bond that was catalyzed by a strategically positioned Glutamate 

(Figure 5.1A and B) (Hagan et al., 2010). The CnaB2 domain was then split such that 

the reactive Lysine and catalytic Glutamate were located on a domain (SpyCatcher), and 

the reactive Aspartate was located on the excised β-strand which became a peptide tag 

(SpyTag) (Zakeri et al., 2012). SpyLigase builds upon the lessons of SpyCatcher-
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SpyTag, by splitting CnaB2 into three separate parts, two peptide tags and one protein 

domain. The process involved excising the β-strand with the reactive Lysine to create a 

new peptide tag, KTag, reusing SpyTag, and leaving the catalytic Glutamate on the 

CnaB2’s scaffold called SpyLigase (Figure 5.1A & C) (Appendix Figure A.5). It was 

hypothesized that the three parts could reconstitute the ‘isopeptide triad’, such that 

SpyLigase would ligate SpyTagged and KTagged proteins by spontaneous amide bond 

formation. In this chapter the ligation process was shown to be feasible and the reaction 

was characterized. Furthermore an application for this peptide-peptide ligation system in 

protein polymerization and rare cell isolation was explored.  
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5.1 Tripartite Splitting of CnaB2 to Create SpyLigase: 

 
Figure 5.1: The chemistry and splitting of CnaB2 to generate SpyLigase. A) The 
chemistry of the isopeptide bond formation for SpyLigase. B) Isopeptide structure 
in CnaB2 (PDB 2X5P). C) Splitting of CnaB2 domain into KTag, SpyTag, and 
SpyLigase domain. D) Ligation of SUMO-KTag and SpyTag-MBP via SpyLigase.  
Ligation is shown to be dependent on the presence of the reactive Lysine on 
KTag, the reactive Aspartate on SpyTag, and the catalytic Glutamate on 
SpyLigase. Negative controls used were SpyLigase EQ which has the EQ 
mutation to inactivate SpyLigase and SpyTag(DA)-MBP which has the reactive 
Aspartate mutated to Alanine. Reaction conditions of SpyLigase based ligation 
were 1.5 M trimethylamine N-Oxide (TMAO), 40 mM Na2HPO4 and 20 mM Citric acid, 
10 µM SpyTag(DA)-MBP, 10 µM SUMO-KTag, and 40 µM SpyLigase (EQ). Reactions 
were incubated 24 h at 4°C, stopped by the addition of SDS loading dye, boiled for 
5 min at 95°C, and run on SDS-PAGE with Coomassie staining.  
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 The process of generating SpyLigase followed in the foot-steps of creating 

SpyCatcher-SpyTag (Zakeri et al., 2012). The chemistry involved was the same as with 

SpyCatcher, based on the CnaB2 domain’s capacity to form an isopeptide bond using a 

catalytic Glutamate and reactive Lysine and Aspartate (Figure 5.1A, B). The hypothesis 

was that if each of the key residues were present on separate components, peptide-

peptide ligation would then be feasible via KTag, SpyTag, and SpyLigase reconstituting 

(Figure 5.1C) and forming the isopeptide bond to covalently link KTag to SpyTag. Figure 

5.1D shows that 24 h incubation of SUMO-KTag, SpyTag-MBP, and SpyLigase creates 

a new band that is ~57 kDa, matching the combined mass of SpyTag-MBP (~40 kDa) 

and SUMO-KTag (~17 kDa), and has survived boiling with SDS. The ~57 kDa band 

indicates that a covalent bond has formed between the MBP and SUMO partners. The 

dependency of the covalent adduct formation on the reactive Aspartate of SpyTag and 

the catalytic Glutamate of SpyLigase (Figure 5.1A, C) is shown when SpyTagDA-MBP 

(lacking the reactive Aspartate) or SpyLigase EQ (lacking the catalytic Glutamate) is 

mixed in, no covalent adduct is visible (Figure 5.1D).  
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5.2 Mass Spectrometry Analysis of SpyLigase Ligation of SUMO-SpyTag-SUMO-

KTag Covalent Adduct: 

 

Figure 5.2: ESI-MS of SpyLigase-catalyzed ligation of SUMO-SpyTag with SUMO-
KTag. The theoretical mass of the covalent adduct would be the mass of SUMO-
KTag (13703.2), SUMO-SpyTag (13973.6), and H2O subtracted as the leaving 
group: 27658.8 Da (=27676.8-18). Theoretical masses were calculated without the 
fMet residue, using ProtParam.  

 To confirm that SpyLigase is actually forming a covalent interaction between 

SpyTag and KTag, the covalent adduct of SpyTag-KTag was put through mass 

spectrometry analysis. In this case (Figure 5.2) the covalent adduct was formed between 

SUMO-SpyTag and SUMO-KTag, as it was found that a smaller covalent product was 

better detected. The mass spectrum in Figure 5.2 shows a clear peak for the combined 
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mass of SUMO-SpyTag (13973.6) and SUMO-KTag (13703.2), with 18 Da less to 

account for the loss of H2O.  

5.3 Titration of SpyLigase to Determine the Optimal Concentration for Peptide-

Peptide Ligation: 

 
Figure 5.3: Testing the optimal concentration of SpyLigase in ligation. A) Titration 
of SpyLigase between 10-100 µM in the ligation of SpyTag-MBP and SUMO-KTag; 
samples were analyzed via SDS-PAGE and Coomassie staining. B) Quantification 
of ligation yield with SpyLigase at 40-70 µM (mean of triplicate ±1 standard 
deviation). Reaction conditions were 10 µM SpyTag-MBP, 10 µM SUMO-KTag, 1.5 
M TMAO, 40 mM Na2HPO4, 20 mM Citric acid, at 4°C for 24 h.  

 Peptide-peptide ligation was indeed promoted by SpyLigase, but required 

optimization in numerous respects to achieve the maximum production of the covalent 
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adduct. Figure 5.3A is the titration of SpyLigase from 10-100 µM to test whether a higher 

concentration of SpyLigase could assist in covalent adduct formation. The amount of 

covalent adduct plateaus in the range of 40-70 µM SpyLigase (Figure 5.3A). To 

determine which SpyLigase concentration between 40-70 µM was optimal, the yield from 

this concentration range was quantified. In Figure 5.3B there was no dramatic difference 

between the SpyLigase concentrations in the 40-70 µM range. Thus out of convenience 

of using less protein, 40 µM of SpyLigase became the standard concentration for 

covalent adduct ligation when using 10 µM each of a SpyTag- and KTag-fusion. The 

SpyLigase titration (Figure 5.3) also implies that a certain proportion of SpyLigase and 

SpyTag and/or KTag are inactive. The reason that a proportion of SpyLigase is shown 

inactive is that in Figure 5.3A, there is a clear improvement in covalent adduct formation 

when increasing SpyLigase concentration from 10 µM to 40 µM. Though after this point 

the amount of covalent adduct formation plateaus at ~50% and not in proportion with the 

amount of active SpyLigase available. This signals that a certain amount of either or 

both SpyTag and KTag are inactive, acting as the limiting factor in covalent adduct 

formation.  
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5.4 Titration of Chemical Chaperone Trimethylamine N-Oxide (TMAO) to Determine 

the Optimal Concentration for Covalent Adduct Yield: 

 
Figure 5.4: Optimizing concentration of TMAO for covalent adduct production 
between SpyTag-MBP and SUMO-KTag. A) Quantification of covalent adduct 
formation of SpyLigase with 0, 1, 2, and 3 M of TMAO to determine the general 
range of effectiveness of TMAO. B) Quantification of intermediate concentrations 
of TMAO (1.5 and 2.5 M) to determine the optimal concentration for covalent 
adduct yield by SpyLigase. All reactions show the mean of triplicate ±1 standard 
deviation. Reactions were performed with variable amounts of TMAO, 40 µM 
SpyLigase, 10 µM SUMO-KTag, 10 µM SpyTag-MBP, 40 mM Na2HPO4, 20 mM Citric 
acid, and reactions were incubated at 4°C for 24 h. Samples were then analyzed 
via SDS-PAGE with Coomassie staining.  
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 I attempted to improve the SpyLigase reaction via the use of various additives 

and chemical chaperones (Appendix Figure. 6A). TMAO was the most effective 

(Appendix Figure. 6B). Subsequently to gain highest yields I performed an initial broad 

titration of TMAO between 1-3 M (Figure 5.4A). The results in Figure 5.4A show that 2 M 

TMAO was initially the optimal concentration. I then focused on a narrower range and 

showed that 1.5 M was the optimal concentration for covalent adduct formation via 

SpyLigase (Figure 5.4B).   

5.5 Temperature Gradient of SpyLigase-Catalyzed Covalent Adduct Formation: 

 
Figure 5.5: Temperature gradient of the ligation of SUMO-KTag-SpyTag-MBP via 
SpyLigase. All reactions were the mean of triplicate, ±1 s.d. Reactions conditions, 
were: 40 µM SpyLigase, 10 µM SUMO-KTag, 10 µM SpyTag-MBP, 40 mM Na2HPO4 

and 20 mM Citric acid, 1.5 M TMAO, and reactions were incubated for 24 h at 4, 12, 
25, and 37°C. Samples were analyzed via SDS-PAGE with Coomassie staining.  

 Figure 5.5 shows a clear preference for the SpyLigase-catalyzed ligation to occur 

at 4°C, with a maximum yield of ~55%. As the temperature is increased, the worse is the 

performance of SpyLigase. Therefore the incubation temperature of 4°C was taken as 

the standard condition.  
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5.6 Time Course of SpyLigase-Catalyzed Covalent Adduct Formation: 

 
Figure 5.6: Time course of SpyLigase-catalyzed ligation of SUMO-KTag and 
SpyTag-MBP. All reactions were mean of triplicate ±1 standard deviation. 
Reactions conditions: 40 µM SpyLigase, 10 µM SUMO-KTag, 10 µM SpyTag-MBP, 
40 mM Na2HPO4, 20 mM Citric acid, 1.5 M TMAO, and reactions were incubated at 
4°C for 24, 48, and 72 h.  Samples were then analyzed via SDS-PAGE with 
Coomassie staining.  

 Reaction yield increases over 3 days but the majority of covalent adduct 

formation occurs during the initial 24 h incubation (Figure 5.6).  

5.7 Location-Dependence of SpyTag and KTag for SpyLigase-Catalyzed Ligation: 

 This section examines how ligation by SpyLigase depends on peptide tag 

location. I tested different combinations of N- and C-terminal SpyTag/KTag fusions and 

determined whether SpyTag-KTag could form a covalent adduct with SpyTag located on 

a linker between two protein domains and KTag fused to a separate protein.  
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5.7.1 SpyLigase-Catalyzed Ligation of N- or C-Terminal SpyTag/KTag: 

 
Figure 5.7: Testing SpyTag/KTag location-dependence for SpyLigase-catalyzed 
ligation. SpyTag/KTag were fused to either the N-terminus of MBP (SpyTag/KTag-
MBP) or the C-terminus of SUMO (SUMO-SpyTag/KTag). Proteins were incubated 
with SpyLigase for 24 h at 4°C and analyzed by 16% SDS-PAGE with Coomassie 
staining. Reaction conditions were 40 µM SpyLigase, 10 µM SUMO-SpyTag/KTag, 
10 µM SpyTag/KTag-MBP, 40 mM Na2HPO4, 20 mM Citric acid, and 1.5 M TMAO. 

 To test the versatility of SpyLigase, we determined whether SpyTag or KTag had 

location-dependence as many peptide tags must be at specific termini (Brizzard, 2008; 

Lichty et al., 2005; Terpe, 2003). Thus, four different fusion proteins were used to test 

whether SpyLigase had any preference in terms of termini. SpyTag/KTag-MBP had the 

peptide tags fused to the N-terminus of the MBP domain, while SUMO-SpyTag/KTag 

had the peptide tags located on the C-terminus. In Figure 5.7 SpyLigase catalyzed the 

ligation of fusion proteins N- to N-terminus, N- to C-terminus, or C- to C-terminus. 

Therefore if SpyTag or KTag are exposed on either termini, SpyLigase can ligate the two 

proteins together. 
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5.7.2 SpyLigase-Catalyzed Ligation of SpyTag Located on a Linker between Two 

Protein Domains with N- or C-terminal KTag: 

 
Figure 5.8: Testing SpyLigase location-dependence with peptide tags located 
between two protein domains. MBP-SpyTag-Zif-SpyTag was incubated with KTag 
fused on the N-terminus (MBP fusion) or the C-terminus (SUMO fusion). 
SpyLigase EQ acted as the negative control. 40 µM of SpyLigase (EQ) and 10 µM 
MBP-SpyTag-Zif-SpyTag were incubated for 24 h at 4°C with either 20 µM KTag-
MBP or SUMO-KTag. Reactions were stopped by the addition of SDS loading dye 
and analyzed by 16% SDS-PAGE with Coomassie staining.    

 I determined if SpyLigase could ligate a SpyTag located on a linker between two 

protein domains, with KTag located on either the N- or C-terminus of a fusion protein. In 

Figure 5.8 MBP-SpyTag-Zif-SpyTag (Zakeri et al., 2012), which has a SpyTag located 

between MBP and the Zinc finger region from Zif268 (Christy and Nathans, 1989) and a 

second SpyTag located on the C-terminus, was incubated with KTag-MBP (N-terminally 

located) or SUMO-KTag (C-terminally located). In each ligation reaction with active 

SpyLigase, MBP-SpyTag-Zif-SpyTag:SUMO-KTag and MBP-SpyTag-Zif-SpyTag:KTag-

MBP, there are three different covalent adducts formed. In the case of the MBP-SpyTag-

Zif-SpyTag:SUMO-KTag mixture (left-most lane of Figure 5.8), at ~70 kDa two bands 

can be seen which represent a single SUMO-KTag ligated to either SpyTag site of MBP-

SpyTag-Zif-SpyTag. The location of the isopeptide leads the ligated proteins to run 
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differently on SDS-PAGE. At ~130 kDa a band of MBP-SpyTag-Zif-SpyTag with two 

ligated SUMO-KTag molecules can be seen. Similar species are visible in the case 

where MBP-SpyTag-Zif-SpyTag was incubated with KTag-MBP (second lane from the 

left of Figure 5.8). Therefore the singly ligated MBP-SpyTag-Zif-SpyTag with KTag-MBP 

occupies the mass range ~100-120 kDa, and the doubly ligated species is located at 

>130 kDa. Figure 5.8 shows that SpyLigase can create a covalent adduct with a SpyTag 

located on a linker between two protein domains, with the KTag located at either the N- 

or C-terminus of a separate protein. Another conclusion when visually examining the 

band intensities of the singly ligated MBP-SpyTag-Zif-SpyTag with either KTag fusion 

protein is that the bands are of approximately equal intensity (Figure 5.8), signifying that 

there is no clear preference for either SpyTag site. 

5.8 Determining Whether SpyLigase Releases the Covalent Adduct After 

Isopeptide Bond Formation: 

 
Figure 5.9: Demonstrative image of SpyLigase-catalyzed ligation with SpyTag and 
KTag, questioning whether the covalent adduct is released by SpyLigase.  

 Figure 5.9 is used to illustrate the question of whether SpyLigase actually 

releases the SpyTag-KTag covalent adduct. Non-release of the covalent adduct by 

SpyLigase may not always be an issue for in vitro ligation, but it would be desirable for 

the covalent linkage to have as small a ‘recombinant footprint’ as possible. SpyLigase 

release cannot be tested based on SDS-PAGE since SpyLigase’s interaction is non-
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covalent and released by boiling with SDS. In this section we determined whether 

SpyLigase remained on the covalent adduct by native PAGE and gel filtration.  

5.8.1 Native PAGE to Determine Whether SpyLigase is still bound to the Covalent 

Adduct: 

 
Figure 5.10: Determining whether SpyLigase releases the covalent adduct after 
isopeptide bond formation. Upper panel: SpyLigase labeled with Alexa Fluor-555 
was incubated with SUMO-SpyTag and SUMO-KTag. After 24 h of incubation, 
samples were run on native PAGE and Coomassie-stained. Lower panel: Same gel 
except excited at 532 nm and emission was measured at 565 nm to determine the 
location of SpyLigase-555. Reaction conditions were 40 µM SpyLigase (EQ)-555, 
10 µM SUMOKTag, 10 µM SUMOSpyTag, 1.5 M of TMAO, 40 mM Na2HPO4, 20 mM 
Citric Acid, incubated for 24h at 4°C. 

 Native PAGE was used to determine whether the covalent adduct was released 

by SpyLigase, after labeling SpyLigase (EQ) with Alexa Fluor-555. The labeled 
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SpyLigase-555 acted as a way to explicitly identify whether SpyLigase-555 was still non-

covalently bound to the SpyTag-KTag adduct (Figure 5.10). The identity of the highest 

molecular weight band in the Coomassie-stained gel, which had SpyLigase-555, SUMO-

KTag, and SUMO-SpyTag incubated together, is not clear. However, in the lower panel 

of Figure 5.10, when the gel was excited at 532 nm and emission checked at 565 nm, it 

is clear that SpyLigase-555 is still bound to the KTag-SpyTag covalent adduct. There is 

only one high molecular weight band seen in Figure 5.10 lower panel, when SpyLigase-

555 is mixed with SUMO-KTag and SUMO-SpyTag. Where SpyLigase EQ-555 was 

mixed with SUMO-SpyTag and SUMO-KTag, no large complex is seen. The formation of 

the isopeptide bond is important for reconstituting the structure. Though the interaction 

between SpyLigase and the covalent adduct is non-covalent, the isopeptide bond is an 

important core for helping to stabilize other interactions within this split CnaB2 domain.  
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5.8.2 Gel Filtration of SpyLigase-Catalyzed Ligation to Determine Whether SpyLigase is 

Still Bound to the Covalent Adduct: 

 
Figure 5.11: Gel Filtration of SpyLigase (EQ)-555 ligation reaction of SpyTag-MBP 
with KTag-MBP, to determine if SpyLigase (EQ)-555 releases the SpyTag-MBP-
KTag-MBP covalent adduct. A) Molecular weight calibration for the gel filtration. 
Albumin (67 kDa), Ovalbumin (44 kDa), Chymotrypsin (25 kDa), and Lysozme (14 
kDa) were all mixed and run through the gel filtration column to give an 
approximation of the relation between molecular weight and elution volume.  B) 
280 nm absorbance of SpyLigase (EQ)-555 ligation reaction of SpyTag-MBP-KTag-
MBP. C) 555 nm absorbance of SpyLigase (EQ)-555 ligation reaction of SpyTag-
MBP-KTag-MBP.  
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 As an alternative assay to analyze whether SpyLigase remained bound to the 

covalent adduct, gel filtration was used. The procedure, much like in Figure 5.10, used 

SpyLigase (EQ) labeled with Alexa Fluor-555 to compare absorbances at 280 nm 

(protein) and 555 nm (dye-labeled SpyLigase (EQ)). In Figure 5.11B when the reaction 

of SpyTag/KTag-MBP mixed with SpyLigase EQ-555 was run, the major peak eluted at 

the same volume as the SpyTag/KTag-MBP alone peak at ~19 ml. For SpyLigase-555 

mixed with SpyTag/KTag-MBP, there is a new peak not seen in any of the controls at 

~16 ml, which would signify the covalent adduct (Figure 5.11B). Is the peak at ~16 ml 

simply the SpyTag-MBP-KTag-MBP covalent adduct without the SpyLigase? Figure 

5.11C measured the absorbance at 555 nm, where the ~16 ml peak is still visible, 

signifying that SpyLigase is not releasing the covalent adduct. SpyLigase EQ-555 mixed 

with SpyTag-MBP and KTag-MBP (Figure 5.11C) still shows a 555 nm peak at the 

volume of ~19 ml, the same as the KTag/SpyTag-MBP only control in Figure 5.11B, 

suggesting that either SpyTag-MBP or KTag-MBP could be forming a complex stable to 

gel filtration with SpyLigase EQ-555. 

 Furthermore in Figure 5.11C SpyLigase-555 alone control shows a peak at ~19 

ml, approximately the same size as the KTag/SpyTag-MBP alone controls in Figure 

5.11B. Showing that SpyLigase-555 is in a multimeric state, though it is difficult to be 

certain whether this is two or three units of SpyLigase, as the shape of the multimer 

could influence the Stokes radius (Horiike et al., 1983). Also the reason for the 

multimerization is not the dye: SpyLigase EQ-555 elutes at ~22 ml, consistent with a 

monomeric form (Figure 5.11C).  

5.9 Applications of SpyLigase: 

 We applied SpyLigase to create functional polymers to capture circulating tumor 

cells (CTCs) (Zhao et al., 2012). CTCs are tumor cells present in the blood that may help 
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early detection of cancer (Yu et al., 2011). However, CTCs are rare cells, with 

sometimes only one or two amidst a billion leukocytes (Miller et al., 2010). Thus we 

developed protein polymers to enhance magnetic bead interaction with CTCs. These 

polymers were based on affibodies, which are small domains that can be expressed in 

E. coli composed of three α-helices, with antibody-like affinity for a target (Friedman et 

al., 2007, 2008). The affibody targeted the epidermal growth factor receptor (EGFR), 

commonly over-expressed in cancer (Friedman et al., 2007, 2008). The hypothesis was 

that polymerization of the affibodies would improve the isolation of EGFR-expressing 

cells, allowing for a more effective way to isolate CTCs for detection of tumor growth. 

5.9.1 Principle of Polymerizing Anti-EGFR Affibody via SpyLigase: 

 
Figure 5.12: Cartoon of the polymerization reaction of KTag-AffiEGFR-SpyTag by 
SpyLigase.  
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 The basis of forming protein polymers required two modifications of the affibody: 

KTag was fused to the N-terminus and SpyTag to the C-terminus of the anti-EGFR 

affibody (Figure 5.12). The fusion of KTag and SpyTag created a new minimally modified 

fusion protein called KTag-AffiEGFR-SpyTag which could act as a monomer. Then, 

following incubation with SpyLigase, affibody polymers could form with a specific head-

to-tail orientation.  

5.9.2 Polymerization of KTag-AffiEGFR-SpyTag:  

 
Figure 5.13: Polymerization of KTag-AffiEGFR-SpyTag by incubation with 
SpyLigase. Lower panel is a 16% SDS-PAGE to show lower molecular weight 
polymers, while the upper panel is an 8% SDS-PAGE to show the higher molecular 
weight polymers. Reaction conditions were 1 M TMAO, 40 mM Na2HPO4, 20 mM 
Citric Acid, 100 µM SpyLigase (EQ) and 37.5 µM KTag-AffiEGFR-SpyTag. Samples 
were incubated at 4°C for 24 h, with the reactions stopped with SDS loading dye, 
run on SDS-PAGE, and Coomassie stained for analysis.  
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 The polymerization of KTag-AffiEGFR-SpyTag was effective (Figure 5.13). The 

polymers gave distinct bands on SDS-PAGE and the polymers reached molecular 

weights >170 kDa (Figure 5.13). There seems to be side-reactions, most likely 

cyclization as the bands run nearly at the same molecular weight but have different 

mobility’s as seen in the lower panel for the 16% SDS-PAGE (Figure 5.13), with the 

dimer, trimer, and tetramer forms. For higher molecular weight polymers only one band 

at each height can be seen. One possibility is that the resolution with the SDS-PAGE at 

16% is too low to separate between linear and cyclized polymers of ≥5 units.  The 

second possibility is that once over the pentamer size, the probability of the ends of the 

same linear polymer meeting becomes small.  

5.9.3 Time Course for the Polymerization of KTag-AffiEGFR-SpyTag by SpyLigase:  

 
Figure 5.14: Time course of the polymerization of KTag-AffiEGFR-SpyTag 
catalyzed by SpyLigase. The reaction conditions were 1 M TMAO, 40 mM Na2HPO4, 
20 mM Citric Acid, 100 µM SpyLigase (EQ) and 37.5 µM KTag-AffiEGFR-SpyTag at 
4°C. The samples were analyzed by 16% SDS-PAGE and Coomassie staining. 

 The polymerization of KTag-AffiEGFR-SpyTag goes through a stepwise process 

(Figure 5.14). KTag-AffiEGFR-SpyTag forms dimers after 30 min and larger polymeric 

species then appear. The shorter time frame seems to favors the linear form of the 

15-

35-

40-

25-

10-

55-

70-
100-

SpyLigase

KTag-AffiEGFR-SpyTag 

(Monomer)

2x Cyclized
2x

3x and Cyclized 

4x and Cyclized 

5x

0Incubation Time (h): 0.5 1 2 4 8 24

Polymer ladder130-



132 

KTag-AffiEGFR-SpyTag polymers. Comparing 8 and 24 h incubation (Figure 5.14), at 24 

h there is more of the putative cyclized versions of dimer, trimer, and tetramer. The 

longer incubation may give more time for the ends of a linear polymer to meet.  

5.9.4 Influence of TMAO Concentration on Polymerization of KTag-AffiEGFR-SpyTag 

and Solubility of KTag-AffiEGFR-SpyTag Polymers: 

 
Figure 5.15: Titration of TMAO to determine influence on affibody polymerization. 
Reactions were performed with 40 mM Na2HPO4, 20 mM Citric Acid, 100 µM 
SpyLigase and 38 µM KTag-AffiEGFR-SpyTag for 24 h at 4°C. For the pellet and 
supernatant lanes the reaction tube was spun down at max speed for 10 min to 
pellet a visible white solid found during the polymerization. ‘B’ for both was the 
same composition as the Pellet/Supernatant reactions except that the SDS loading 
dye was directly added to the KTag-AffiEGFR-SpyTag polymerization after the 24 h 
incubation period.  

 Initial work with the polymerization of KTag-AffiEGFR-SpyTag revealed a 

precipitate at the end of the incubation period. Therefore, a titration of TMAO was used 

to determine whether the chemical chaperone was involved. Figure 5.15 shows that as 

the TMAO concentration is increased, more of the KTag-AffiEGFR-SpyTag, both 

monomer and polymeric forms, are found in the pellet. On the other hand the increasing 

amount of TMAO also helps to create larger polymers of KTag-AffiEGFR-SpyTag, as 

with 0 and 0.5 M TMAO in the polymerization reaction there is barely any polymer chain 

over four units long. Once the threshold of 1 M TMAO is crossed, higher molecular 
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weight species can be seen, but are predominantly in the pellet at 1 M TMAO and only 

detectable in the pellet at 1.5 M TMAO. This leads to a quandary, as to achieve large 

polymeric species it would require the polymer chains to have low solubility. Also how is 

it possible to continue to grow the affibody polymers if the KTag-AffiEGFR-SpyTag 

polymers have aggregated? The N- and C-termini may still be accessible to SpyLigase 

while other parts of the polymer have bundled together. Therefore polymer solubility 

required further investigation.  

5.9.5 Incubation of KTag-AffiEGFR-SpyTag Polymers at 37°C to Observe the Effect on 

the Insoluble Fraction of Polymers: 

 
Figure 5.16: Determining whether the low incubation temperature of the 
polymerization of KTag-AffiEGFR-SpyTag is leading to accumulation of high 
molecular weight polymers in the insoluble fraction. Titration of TMAO for the 
polymerization reaction as in Figure 5.15. Following the initial 24 h incubation at 
4°C, samples were then either kept for another 24 h at 4°C (left panel) or incubated 
at 37°C  (right panel).  

 The issue of the KTag-AffiEGFR-SpyTag high molecular weight polymers 

becoming insoluble led me to characterize the polymers further. I repeated Figure 5.15 

but after the initial 24 h polymerization at 4°C, samples were either incubated for an 

additional 24 h at 4°C (Figure 5.16 left panel) or 37°C (Figure 5.16 right panel). For 0 

and 0.5 M TMAO the 24 h incubation at 37°C did not have an effect. For 1.5 and more 

clearly 1 M TMAO, the additional incubation at 37°C helped make some of the higher 
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molecular weight polymers soluble (Figure 5.16 right panel). Enhancing solubility by the 

minor change of incubation at 37°C signals that the insoluble fraction previously 

observed is not an aggregate akin to an inclusion body, which would require more 

elaborate methods to solubilize (Dashivets et al., 2009; Georgiou and Valax, 1999). The 

more likely scenario is that KTag-AffiEGFR-SpyTag polymers form a complex without 

any protein unfolding but with numerous weak interactions leading to the formation of an 

insoluble solid.  

 For Figure 5.16 lanes labeled ‘Both’, it was challenging to obtain samples with 

reproducible total protein amounts. The problem is most likely that simple pipetting up-

and-down is not enough to evenly break up the aggregates. Another aspect is that the 

aggregates may stick to the surface of the tube.  
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5.9.6 Application of KTag-AffiEGFR-SpyTag Polymers in Improving the Capture of a 

Cancer Cell Line with Low Expression of EGFR: 

 
Figure 5.17: Improving isolation of cancer cell-line BT474 with low EGFR 
expression levels. A) Cartoon of the hoped effect of using polymerized anti-EGFR 
affibodies compared to the usual monomer forms, attached to magnetic beads for 
cell capture. B) Flow cytometry to determine expression levels of EGFR on the 
different cancer cell-lines. The blue line represents where no primary anti-EGFR 
antibody was used (only secondary), and the red line represents when the primary 
anti-EGFR antibody was included. C) Comparing the recovery of cancer lines 
using magnetic beads labeled with KTag-AffiEGFR-SpyTag polymers (blue bars) 
or with only monomer KTag-AffiEGFR-SpyTag (red bars). Mean of triplicate ±1 
standard deviation. SpyLigase and KTag-AffiEGFR-SpyTag proteins were supplied 
by me. However, all experimental work of polymerizing the affibody on the 
magnetic beads, flow cytometry, capture experiments, and cartoon drawing were 
done by Mr. Gianluca Veggiani in the Howarth laboratory. 

 The principle of the application of polymerized KTag-AffiEGFR-SpyTag done by 

Mr. Gianluca Veggiani can be seen in Figure 5.17A. The idea was to change from the 

standard means of CTC isolation via magnetic beads, in which only a monolayer of 

affibodies (or more commonly antibodies) (Jain et al., 2013) coat the magnetic bead 
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(Figure 5.17A left panel), to polymerized affibodies to increase the avidity between the 

target cell and magnetic beads (Figure 5.17A right panel). KTag-AffiEGFR-SpyTag was 

shown to effectively polymerize on magnetic beads (Appendix Figure A.9). 

Polymerization was an ordered linear process, ligating KTag-to-SpyTag and ensuring 

that the polymers were all the same orientation on the magnetic beads; the beads 

themselves were coated with SpyCatcher, to anchor the SpyTag end of the KTag-

AffiEGFR-SpyTag polymers (Figure 5.17A right panel).  

Then the cancer cell lines were tested for EGFR expression levels. Figure 5.17B 

shows that breast cancer cell-line BT474 have low levels of EGFR (in comparison to 

another breast cancer cell-line such as MDA-MB-231), while 771.221 cells (B cell-line) 

have undetectable levels of EGFR, making them an effective negative control (Jain et 

al., 2013). The cells were then tested via a magnetic capture assay: the KTag-AffiEGFR-

SpyTag-labeled magnetic beads were either incubated with SpyLigase to create affibody 

polymer coated beads (Figure 5.17A right panel) or SpyLigase EQ to act as a negative 

ligation control where the beads would only have monomer KTag-AffiEGFR-SpyTag 

coated on the magnetic beads (Figure 5.17A left panel). Then both polymeric and 

monomeric magnetic beads were incubated with the BT474 and 771.221 cells. Following 

magnetic isolation, the isolated cells were counted (Figure 5.17C). In the case of the low 

expressing BT474 cell line, there was a large improvement due to the use of the 

polymerized KTag-AffiEGFR-SpyTag relative to the monomeric form (P<0.0001, n=3, 

unpaired t-test) (Figure 5.17C). The monomer KTag-AffiEGFR-SpyTag-covered beads 

can barely capture the BT474 cell line above background levels, when comparing to the 

negative control 771.221 (Figure 5.17C). Therefore the polymerization of the anti-EGFR 

affibody helped to improve the capture of the low expressing cell lines.  
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5.10 Discussion: 

 The development of a three-part split protein (Figure 5.1C) for ligation of peptides 

is a new development in terms of chemical biology tools. The system functions to create 

an isopeptide bond using the same ‘isopeptide triad’ chemistry as SpyCatcher-SpyTag 

(Zakeri et al., 2012). There are alternative systems for protein ligation. The primary 

examples are split inteins, which allow for covalent ligation between the N- and C-termini 

of two fragments which self-cleave without a trace (Lockless and Muir, 2009). Sortagging 

is an additional method, using coincidentally another Gram-positive bacterial protein, 

sortase. Sortase can ligate the C-terminal Sortag, LPXTG, onto an N-terminally located  

oligoglycine-tagged target protein (Popp et al., 2007; Tsukiji and Nagamune, 2009). 

Other options exist based on the chemistry of the sulfhydryl group of Cysteine. Native 

chemical ligation fuses two target proteins via a thioester transfer to create a regular 

peptide bond (Kent, 2009). Lastly a covalent option based on disulfide bridges exists: the 

‘dock-and-lock’ system uses the kinase A domain and its corresponding anchor domain, 

which has been mutated to include Cysteines that covalently lock the two proteins 

together after binding of the kinase A domain with its anchor domain (Chang et al., 

2007).   

 However, there are many factors about SpyLigase that distinguishes it from these 

aforementioned protein ligation systems. The methods described above require that 

each reactive section is specifically at the N- or C-terminus of the target protein (Chang 

et al., 2007; Kent, 2009; Lockless and Muir, 2009; Popp et al., 2007; Tsukiji and 

Nagamune, 2009). The SpyLigase system is more flexible as SpyLigase can ligate the 

SpyTag and KTag pair regardless of whether one or both are located at the N- or C-

termini (Figure 5.7). SpyLigase can also ligate proteins with SpyTag located on linkers 

between protein domains (Figure 5.8). The value of SpyLigase’s flexibility is it can be 

used as a protein-based crosslinker, such as if studying how a supramolecular structure 
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is formed by allowing for the placement of SpyTag/KTag at varying locations in a 

monomer unit to observe interactions and possible contacts (Preston et al., 2012). The 

other advantage of SpyLigase is that Sortagging, Native chemical ligation, ‘dock-and-

lock’, and many split inteins depend on an appropriate oxidation state of Cysteine 

(Chang et al., 2007; Fu et al., 2007; Kent, 2009; Popp et al., 2007; Shah and Muir, 2011; 

Tsukiji and Nagamune, 2009). As the CnaB2 domain is devoid of cysteine residues and 

the reaction has been done in reducing conditions with SpyCatcher-SpyTag, it is likely 

that reducing agents would not influence the SpyLigase reaction (Oke et al., 2010; 

Zakeri et al., 2012).  

On the other hand it should be clear that SpyLigase is not without fault as a 

protein-protein ligation system. SpyLigase must be in excess compared to the KTag and 

SpyTag fusions (Figure 5.3), though a saving grace is that SpyLigase expresses well 

with ≥9 g/L of protein per culture purification. The requirement of TMAO for high yield is 

not ideal. Even though for many in vitro reactions TMAO would likely not interfere, there 

is always a preference to keep reactions as simple as possible and TMAO is not 

practical for cellular applications. An additional consideration is the fact that SpyLigase 

acts as a single-turnover catalyst, in which SpyLigase does not release the covalent 

adduct (Figure 5.10). A ~13 kDa domain wrapped around a SpyTag/KTag ligation point 

could interfere with protein-protein interactions. Bound SpyLigase could also possibly act 

as a point where new protein interactions could occur inside cells. Though activity at 4ºC 

has the advantage of being gentle for purified proteins, the system would be more 

versatile if SpyLigase was efficient up to 37ºC. The final issue is the rate of reaction, 

which is ~50% yield in 24 h (Figure 5.6). The rate is slow especially when comparing to 

SpyCatcher-SpyTag, which can accomplish 50% reconstitution within ~1 min (Zakeri et 

al., 2012). Also, certain split inteins have been shown to go to near-completion within 2 

min (Shah et al., 2012). 
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However, even with these limitations, SpyLigase was still capable of being 

applied in a useful fashion for polymerizing proteins. There are obvious uses in terms of 

biomaterials with this simple process of polymer creation. These potential applications 

range from tissue engineering to create environments for cells to grow and develop 

within, to the more industrial applications of acting as a scaffold for various enzymes to 

create catalytic nano-hubs (Amiram et al., 2011; Heyman et al., 2007; Vasita and Katti, 

2006). However, we focused on creating multivalent protein polymers, using tagged 

affibodies, analogous to polymerized DNA aptamers which were used for cell capture 

(Zhao et al., 2012). The polymerization of the recombinant KTag-AffiEGFR-SpyTag 

proved simple and robust (Figure 5.13). Though the polymers themselves pellet upon 

centrifugation (Figure 5.15), it is not clear that the polymers are forming an insoluble 

aggregate (Figure 5.16). SpyLigase was still able to extend these oligomers to create 

longer polymers. From 8% SDS-PAGE we were not able to determine a size limit, as the 

polymers reached well over 170 kDa (or over fourteen KTag-AffiEGFR-SpyTag units 

long). The interaction between KTag-AffiEGFR-SpyTag polymer chains is not strong 

since the interaction seems to be partially broken by incubation at 37°C (Figure 5.16). In 

addition, when KTag-AffiEGFR-SpyTag was polymerized onto magnetic beads 

(Appendix Figure A.9), the KTag-AffiEGFR-SpyTag polymers were still functional (Figure 

5.17).  

The value of polymerized KTag-AffiEGFR-SpyTag can be seen when recovering 

cancer cell-lines with low expression of EGFR (Figure 5.17C). What is the mechanism 

helping to improve the binding? One possibility is by casting a ‘wider net’, whereby each 

bead has more opportunities for interactions with EGFR (relating to a change in on-rate). 

The second possible effect of polymerization is increasing the number of interaction 

events per cell, creating a stronger binding of the magnetic bead with the cancerous cell 

(relating to a change in off-rate) (Figure 5.17A right panel). Even without fully 



140 

understanding the mechanism, SpyLigase-mediated polymerization represents a simple 

way to improve the cellular binding of affibodies (and possibly antibodies in the future).  

Despite the fact that this current iteration of SpyLigase has shown some value in 

cell capture, the question remains as to how to improve the SpyLigase system. Though 

there has already been much protein engineering on SpyLigase (Appendix Figure A.3 

and A.4), these variants of SpyLigase only reached just over 50% yield. The answer I 

believe may be like the leap from the Pilin-C/Isopeptag to SpyCatcher-SpyTag system 

(Zakeri and Howarth, 2010; Zakeri et al., 2012). Like Pilin-C, SpyLigase is a good proof 

of principle and simply the first successful iteration. However, to truly develop a protein 

ligation system equivalent in speed to other protein-protein ligation systems such as split 

inteins (Shah et al., 2012) one may need to explore different isopeptide containing 

protein domains. One major issue with SpyLigase is that the two peptide tags are not 

equally distributed across the CnaB2 domain: the β-strand that comprises SpyTag is 

located directly at the C-terminus of CnaB2. The β-strand comprising KTag is located 

more internally in the sequence and structure of CnaB2 (Appendix Figure A.5). Previous 

work attempted to split CnaB2 to create a ‘reverse-SpyCatcher’ or orthogonal system, 

KCatcher, where the protein domain containing the Aspartate and Glutamate could react 

with the Lysine on KTag. KTag and KCatcher had slow and low yielding reconstitution 

(Appendix Figure A.10). Only through engineering the SpyLigase domain (Appendix 

Figure A.3 and A.4), addition of a chemical chaperone (Figure 5.4), and various other 

improvements was the SpyLigase domain able to achieve >50% yield. Thus the lesson 

that was learned in the development of the SpyLigase system is that maintaining the 

core structure of the domain is crucial to achieve activity based on split protein 

reconstitution. Therefore, the data signals that the most effective way to improve the 

activity of SpyLigase is to find an alternative protein domain. The main feature that would 

be emphasized for this new SpyLigase protein domain is that the two reactive residues 
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of the ‘isopeptide triad’ (Lysine and Aspartate/Aspargine (Hagan et al., 2010; Kang et al., 

2007)) would not be on regions that would be disruptive to the overall folding of the 

domain if removed. This may be a difficult requirement when examining all the 

spontaneous isopeptide-containing protein domains (Vengadesan and Narayana, 2011). 

Therefore the development of an improved SpyLigase system may require a combined 

approach of trying multiple domains and then also performing circular permutations to 

observe whether shifting the N- and C-terminal ends of the domains can stabilize the 

double splitting (Yu and Lutz, 2010).  

However, a parallel approach to improve upon the current SpyLigase would be a 

two-part directed evolution campaign (Jäckel et al., 2008). Here both 

SpyCatcher/SpyTag and KCatcher/KTag would be evolved separately via phage display 

(Burton, 1995) and the information gleamed from the improved variants would be applied 

to SpyLigase. It may be asked why not evolve SpyLigase directly? That would be 

problematic as SpyLigase-induced ligation is unlike an enzymatic reaction, where an 

alternative substrate can be used to create an easy reporter signal (Wong et al., 2004).  

Though there is much to improve in SpyLigase, SpyLigase was a useful 

exploration and proof of concept of the feasibility of creating multi-split proteins that can 

reconstitute and then ligate proteins.  
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Chapter 6: General Conclusions  
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Chapter 6: General Conclusions 

This thesis had two focuses. The first was the characterization of the 

SpyCatcher-SpyTag covalent reconstitution. The second was the generation of a new 

molecular tool, the SpyLigase domain that can perform peptide-peptide ligation of 

SpyTag to a new peptide tag, KTag. Both approaches were based on the natural protein 

chemistry available from the collagen adhesion binding domain (CnaB2) from S. 

pyogenes (Hagan et al., 2010; Oke et al., 2010; Zakeri et al., 2012). The value of these 

protein-domain (SpyCatcher-SpyTag) and peptide-peptide ligation (SpyLigase) systems 

is that they fill in gaps where currently available peptide tags are limited and also create 

flexible alternatives to other parallel protein ligation systems.  

6.1 Characterization of SpyCatcher-SpyTag: 

The initial work of splitting and engineering the CnaB2 domain along with some 

fundamental characterizations were performed by Dr. Bijan Zakeri. I followed up Dr. 

Zakeri’s work with further extensive characterization.  

The in vitro aspects tested of the SpyCatcher-SpyTag system fell under two 

categories, SpyTag location-dependence and reconstitution capacity in reducing 

conditions. SpyTag was shown able to reconstitute covalently with SpyCatcher 

regardless of whether SpyTag was located on the N-terminus, C-terminus, or on an 

exposed linker between two protein domains (Section 3.3). The in vivo aspects tested 

were that the two components could be expressed in vivo via well-established induction 

means without any requirement for cell membrane permeation, in vivo reconstitution can 

also be expanded to a more controlled interaction via the inclusion of a secondary 

induction system such as with arabinose (Khlebnikov et al., 2000). Still SpyCatcher-

SpyTag reconstitution in the E. coli cytosol will still need to be better understood before 

becoming a fully-fledged in vivo labeling system in bacteria, as the silver staining and 
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immunoblotting of cell lysate containing co-expressed SpyCatcher-SpyTag showed that 

there was one side-reaction and some degradation of the reconstituted adduct (Section 

3.4). In future work it would be important to test other E. coli strains to determine how to 

limit or circumvent the degradation problem. SpyCatcher-SpyTag also shows promise in 

the area of mammalian cell surface labeling, demonstrated by the HA-SpyTag-ICAM-

EGFP and TfR-sfGFP-SpyCatcher fusion proteins. In both cases the fusions of SpyTag 

and SpyCatcher indicated covalent interaction on the surface of HeLa cells. The capacity 

to remain functional after traveling through the secretory pathway also indicates that 

SpyCatcher-SpyTag could function as in vivo labeling system in mammalian cells, and 

would be interesting to test as a secretory pathway labeling system.  

ITC analysis showed that even though the SpyCatcher-SpyTag pair did not 

evolve for reconstitution, their dissociation constant with an inactive form of SpyTag(DA) 

was ~200 nM, which is equivalent to other peptide-protein dissociation constants (Houk 

et al., 2003). And that improving the rate of the SpyCatcher-SpyTag interaction requires 

that both the docking cleft and the microenvironment in which the ‘isopeptide triad’ 

function in must be considered.  

6.2 Lessons about the SpyCatcher-SpyTag Interaction Based on Crystal 

Structures: 

 The crystal structures of CnaB2 (Oke et al., 2010) and SpyCatcherΔN1 

reconstituted with SpyTag became the basis of a mutational campaign (Chapter 4). The 

purpose was to better understand the SpyCatcher-SpyTag interaction and trying to 

improve the reconstitution rate. Though the mutants of both SpyCatcher and SpyTag 

failed to achieve dramatic improvements in rate, SpyCatcher was greatly decreased in 

size and there is a better understanding of the interaction between SpyCatcher-SpyTag. 

 Even though Dr. Zakeri had great success with the I34E-M69Y mutations in the 

initial engineering of the SpyCatcher domain (Zakeri et al., 2012), all the subsequent 
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mutants I tried were either negligible in effect or injurious to activity. Thus for any future 

mutational campaigns it would be advisable to use a library-based evolution approach.  

Though the mutational campaign brought limited results, the truncation of 

SpyCatcher was the real achievement in that the core domain of SpyCatcher was 

determined. Considering the reconstitution rates of the double N- and C-terminus 

truncated SpyCatchers (SpyCatcherΔN1ΔC1 and SpyCatcherΔN1ΔC2) along with the 

ordered regions in the crystal structure of SpyCatcherΔN1 reconstituted with SpyTag, 

the core domain of SpyCatcher is 83 residues (amino acids 22-104 of the original 

SpyCatcher). The shrinking of SpyCatcher to a minimal sequence that still retains nearly 

the same activity as the original SpyCatcher makes the domain more applicable as a 

fusion protein for cell biology applications and feasible to synthesize via solid-phase, 

allowing for the inclusion of unique chemistries, increasing SpyCatcher’s versatility.   

6.3 Developing a Tripartite Split Protein that can Ligate Peptides: 

 The process of splitting a protein into two parts such that they can reconstitute 

and restore protein function is not new, as it has been done with TEV protease (Wehr et 

al., 2006), GFP (Cabantous et al., 2005), β-Lactamase  (Galarneau et al., 2002), and 

other proteins (Ozawa, 2006; Shekhawat and Ghosh, 2011). The splitting of proteins into 

three components has been done as well with GFP (Kellermann et al., 2013), 

Ribonuclease (Lin et al., 1970), inteins (Sun et al., 2004), and Cytochrome C (Juillerat et 

al., 1980). What is unique in the case of SpyLigase is that three separate components 

have been generated that allow for the ligation of two different peptide tags.  

 Even with SpyLigase’s stringent reaction condition requirements, SpyLigase 

showed itself to be a useful and distinctive peptide-peptide ligation system, with the 

capacity to polymerize affibodies. The affibody polymers proved to be a useful method to 

increase magnetic capture of cell-lines expressing low levels of EGFR. These results 
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indicate the possible capacity of affibody polymers to isolate CTCs with lower tumor 

antigen expression (Miller et al., 2010; Yu et al., 2011).  

  

6.4 Structural Lessons when Comparing and Contrasting Bipartite and Tripartite 

Splits of CnaB2: 

 

Figure 6.1: Highlighting the differences between the structures based on the 
CnaB2 domain (PDB 2X5P). A) Sequence alignment of CnaB2, SpyCatcher, 
KCatcher, and SpyLigase colored to distinguish the different features of each 
domain. B) CnaB2 crystal structure colored to emphasize the differences between 
CnaB2, SpyCatcher, KCatcher, and SpyLigase.  
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 SpyCatcher-SpyTag and SpyLigase are based upon the same domain, CnaB2. 

Therefore the reactions use the same isopeptide triad. Thus why is SpyCatcher-SpyTag 

so much more robust and faster compared to SpyLigase? The obvious point is that 

SpyCatcher-SpyTag is bimolecular and SpyLigase is trimolecular. Therefore 

reconstitution of SpyCatcher-SpyTag requires simply that these two components find 

one another, dock, and then have the ‘isopeptide triad’ residues form an amide bond. 

The process for SpyLigase is more complicated and entropically less favorable 

compared to SpyCatcher. 

While 2 versus 3-component aspect is part of the explanation for the differences 

in the reconstitution rates, it still does not explain why 50% reconstitution/ligation takes 

~1 min for SpyCatcher-SpyTag (Zakeri et al., 2012) and 24 h for SpyLigase. The 2 

versus 3-component aspect also does not explain why SpyCatcher-SpyTag can function 

in a range of buffers, temperatures, detergents, and only requires a 1:1 ratio of each 

component (Zakeri et al., 2012) while SpyLigase has stringent reaction conditions. An 

important consideration is the structural differences between the two domains. The KTag 

β-strand is a destabilizing truncation on the CnaB2 domain structure, as demonstrated 

with KCatcher-KTag which is quintessentially the ‘reverse SpyCatcher-SpyTag’ 

(Appendix Figure A.10A, B). KCatcher-KTag with the reactive Aspartate and catalytic 

Glutamate on the KCatcher domain and the reactive Lysine on the KTag peptide was 

inefficient with a yield of ~10% reconstitution after 10 h (Appendix Figure A.10C). The 

deleterious effect on the fold of the KTag β-strand truncation was shown further by CD 

(Appendix Figure A.11).  

The likely reason why the removal of the KTag β-sheet is so detrimental to the 

domain structure is due to the geometry of CnaB2. During the ribosomal synthesis, there 

is co-translational folding (Fedorov, 1997). Therefore the truncation of the KTag β-strand 

could be causing problems with the folding pathways of KCatcher and SpyLigase 
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domains. Also the SpyTag β-strand is located adjacent to the KTag β-strand (Figure 

6.1B). Thus during the translation of the CnaB2 domain the KTag β-strand could be 

acting as a ‘guide’ for the SpyTag β-strand positioning and structure. With the KTag β-

strand removed it leads to improper folding and disordering of the SpyTag β-strand or its 

remnants in the case of SpyLigase, and subsequently destabilization of the KCatcher 

and SpyLigase domains. The requirement of SpyLigase to be in excess could hint that 

there are different folded populations of SpyLigase.  

The major lesson that can be taken away from comparing bipartite with tripartite 

split CnaB2 domains is that the geometry of the domain itself is essential when 

considering the splitting of a protein domain.  

6.5 Future Applications of Peptide-Peptide Ligation Technology: 

 The use of SpyCatcher-SpyTag as an alternative detection system to antibody-

epitopes in vitro, possible use within the cytosol of E. coli, and a cell surface labeling 

system are already clearly shown (Zakeri et al., 2012).  

 Therefore I will focus on the SpyLigase system (Chapter 5), which although it had 

an application with the polymerizing of affibodies and improvement in CTC isolation, it is 

still important to expand on the possible uses of this system. In Figure 6.2 I have 

highlighted ideas for SpyLigase applications I consider feasible within the near future, 

especially with an enhanced SpyLigase system.  
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Figure 6.2: Cartoons of possible future applications of SpyLigase. A) Using 
SpyLigase to polymerize proteins for detection in immunoblots. B) Polymerization 
of one or two subunits to make different types of polymers and co-polymers. C) 
SpyTag-KTag fusions to different units of Streptavidin to develop unique 
architectures. D) Fusing KTag and SpyTag to the termini of a protein/peptide for 
cyclization.  

 Many of the uses of SpyLigase would be based upon the polymerization capacity 

already shown with affibodies. The first case would be to act as a new system in 

visualizing proteins for Western blotting (Figure 6.2A). Here an antibody/affibody labeled 

with SpyTag or KTag would be used for the initial detection of the desired protein. 
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Following the initial binding a protein acting as a monomer unit could be polymerized 

onto the detection unit. The advantage here is that technically any protein could be a 

monomer unit, ranging from an enzyme such as β-galactosidase for colorimetric 

detection (Porstmann et al., 1985) to GFP for amplification of a fluorescence signal 

(Tsien, 1998).  

 The next application would be again to use the polymerization capacity of 

SpyLigase for generating biomaterials (Figure 6.2B). The SpyLigase system could be 

used to create ordered single polymers or co-polymers based on protein domains 

(Figure 6.2B) (Bhushan and Schricker, 2013). Although many covalently-linked protein-

based biomaterials have been generated previously, they tend to be crosslinked using 

chemical crosslinkers such as glutaraldehyde which would make it difficult to create an 

ordered polymer due to the wide availability of reactive groups on a protein surface 

(Sengupta and Heilshorn, 2010). Though it should be noted that ordered covalent 

polymers have also been produced with the consensus tetratricopeptide repeat (CTPR) 

monomer using a combination of native chemical ligation and expressed protein ligation 

(Phillips et al., 2012). However, the biomaterials must be based upon the CTPR 

monomer unit and reducing agent was needed to generate large amounts of polymers 

>60 kDa (Phillips et al., 2012). Thus SpyLigase could be filling in a gap of creating new 

types of protein-based biomaterials which are highly ordered and independent of the 

protein units composing the polymers. However, this is not the only application for 

protein-based polymers, as there is value for crosslinked enzymes, in particular CLEAs 

or crosslinked enzyme aggregates. CLEAs are enzymes that have been stabilized by 

crosslinking one enzyme to another in a large cluster to increase their robustness under 

a wide array of conditions (Häring et al., 1999). Polymerizing of enzymes could help to 

stabilize the structures and as shown by Mr. Gianluca Veggiani it is possible to anchor 

the polymers to magnetic beads, therefore setting an interesting precedent for anchoring 
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protein polymers to other solid matrices, which would be useful in separating an enzyme-

catalyst from a substrate (Figure 5.17 and Appendix Figure A.9).  

 Though polymerization of enzymes is a very tempting target, the inclusion of the 

peptide tags or the polymerization itself could inhibit the enzymatic activity. Therefore it 

would be of interest to create a protein scaffold that would be robust yet easily 

modifiable and can possibly form unique 3D architectures. In the case of Figure 6.2C 

Streptavidin would be the ideal scaffold. The primary advantage of Streptavidin, besides 

being a common tool (Diamandis and Christopoulos, 1991; Green, 1990), is that it is 

modifiable. While Streptavidin is a tetramer, the composition of the tetramer can be 

modified such that only one of the subunits is active, creating a monovalent tetramer 

(Howarth et al., 2006). Dr. Michael Fairhead from the Howarth group has made it 

possible to efficiently isolate different combinations of inactive and active units and it 

would not be a large technical gap to create tetramer units composed of KTag and 

SpyTag fusions mixed with wild type units (Fairhead et al., 2013). The new Streptavidin 

tetramers with SpyTag and KTag fusion subunits could then be used as molecular 

building blocks to create unique scaffolds, which could then be functionalized with nearly 

any biotinylated protein. As an alternative to Streptavidin, unique architectures could 

also be generated through the peptide polymerization system of the self-assembling 

fiber (SAF) system, which can form long self-assembling coiled-coil rod polymers 

(Papapostolou et al., 2007; Smith et al., 2004). SAF could be used in conjunction with 

the SpyLigase system, as the isopeptide bond would allow for perpendicular extensions 

from the main SAF chain (Section 5.7.2). There has already been inclusion of peptide 

tags (FLAG) in the SAF system with Fiber Recruiting Peptides (FiRe) (Ryadnov and 

Woolfson, 2004). The system could also be further expanded due to the work of mixing 

and matching coiled-coils allowing for precision assembly of three dimensional spheres 

(Fletcher et al., 2013). Thus it could be feasible to create lateral and covalently linked 
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alignments of fibrils as a kind of ‘molecular chain linked fence’ or functionalized 

macromolecular spheres with specific modifications attached onto the surface 

irreversibly.   

 The final application I will consider is the possibility of SpyLigase-mediated 

protein cyclization (Figure 6.2D). Cyclizing a protein can increase the stability of a 

protein and resistance to proteolysis (Camarero and Muir, 1999; Clark and Craik, 2010; 

Conlan et al., 2010). Although work has already been done on cyclizing proteins using 

split inteins and native chemical ligation (Camarero and Muir, 1999; Clark and Craik, 

2010; Xu and Evans, 2001), it would also be of interest to perform protein locking that is 

not only head-to-tail, as not all proteins have their N- and C-termini conveniently located 

adjacent to one another (Kent, 2009; Lockless and Muir, 2009). Thus SpyLigase could 

be used to ‘staple’ disordered termini or even loops onto the surface of a domain to 

increase the structural stiffness and stability of different enzymes and therefore expand 

the number of possible proteins for cyclization.  

6.6 General Strategies of Improving the Reconstitution and Ligation Capacity of 

Bipartite and Tripartite Split Proteins: 

 The process of improving reconstitution and ligation of bipartite and tripartite-split  

isopeptide-containing domains is not straightforward. One problem is that there is limited 

background information in terms of splitting isopeptide-containing domains.  

 The first strategy is directed evolution using phage display (Joyce, 2007; Winter 

et al., 1994). The advantage of an in vitro evolution system is that it can be unbiased. 

The disadvantage of phage display is that, at least initially, the system would have to be 

focused on only bipartite splits. Directed evolution of a tripartite system using an 

alternative method such as double emulsion technology (Aharoni et al., 2005) would be 

just as challenging due to the requirement of developing a high-throughput assay of 

peptide-peptide ligation. To improve SpyLigase it would be more feasible to initially 
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perform directed evolution on SpyCatcher-SpyTag and KCatcher-KTag. Then using the 

mutational information and improved variants, these could act as a basis to improve 

SpyLigase.  

 The second strategy would be a general splitting screen of isopeptide-containing 

domains. Isopeptide bonds are known in several Gram-positive bacterial pilin and 

adhesin proteins (Vengadesan and Narayana, 2011). Therefore a screen of splitting 

many domains containing intramolecular isopeptides and testing the reconstitution 

(bipartite splits) or ligation (tripartite splits) would be a valuable means of increasing our 

insight.  

 The third strategy would be to generate de novo isopeptide bond formation in a 

domain. One would use a computational biology approach of screening other proteins 

for appropriate environments that could house the ‘isopeptide triad’. Thus the screen 

would consider not only primary sequence information but also the nearby residues that 

create the hospitable environment for the amide bond formation. The next step would 

then be mutating into the target proteins the ‘isopeptide triad’ to see if it is possible to get 

a de novo reaction. Unlike an enzyme, where it would be possible to detect even low 

activity, in this case unless a certain number of the expressed domains were able to form 

the isopeptide, it would be difficult to see a band shift even with silver staining (Merril et 

al., 1988).  

6.7 Final Remarks: 

 The purpose of this thesis was the characterization and development of 

technologies based on the splitting of the CnaB2 domain, which were SpyCatcher-

SpyTag and SpyLigase. Therefore the importance of this work was characterizing and 

creating chemical biology tools that will allow for new kinds of biological experiments and 

the creation of protein architectures that were not previously feasible.  
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Appendix 

A.1 Sequence Alignments of All Variants of SpyLigase Produced 
During this Thesis: 

 
 
 
 
 
 
 
 
 
 
 
 

CnaB2       MSYYHHHHHHDYDIPTTENLYFQGAMVDTLSGLSSEQGQSGDMTIEEDSATHIKFSKRDI 60 

SpyCatcher  MSYYHHHHHHDYDIPTTENLYFQGAMVDTLSGLSSEQGQSGDMTIEEDSATHIKFSKRDE 60 

SpyLigase1  MSYYHHHHHHDYDIPTTENLYFQGAMVDTLSGLSSEQGQSG------------------- 41 

SpyLigase2  MSYYHHHHHHDYD------------------------GQSG------------------- 17 

SpyLigase2B MSYYHHHHHHDYD------------------------GQSG------------------- 17 

SpyLigase3  MSYYHHHHHHDYDIPTTENLYFQGAMVDTLSGLSSEQGQSG----------------RDI 44 

SpyLigase4  MSYYHHHHHHDYDIPTTENLYFQGAMVDTLSGLSSEQGQSG------------------- 41 

SpyLigase5  MSYYHHHHHHDYDIPTTENLYFQGAMVDTLSGLSSEQGQSG------------------- 41 

SpyLigase   MSYYHHHHHHDYD------------------------GQSG------------------- 17 

CnaB2       DGKELAGATMELRDSSGKTISTWISDGQVKDFYLMPGKYTFVETAAPDGYEVATAITFTV 120

SpyCatcher  DGKELAGATMELRDSSGKTISTWISDGQVKDFYLYPGKYTFVETAAPDGYEVATAITFTV 120 

SpyLigase1  DGKELAGATMELRDSSGKTISTWISDGQVKDFYLYPGKYTFVETAAPDGYEVATAITFTV 101 

SpyLigase2  DGKELAGATMELRDSSGKTISTWISDGQVKDFYLYPGKYTFVETAAPDGYEVATAITFTV 77 

SpyLigase2B DGKELAGATMELRDSSGKTISTWISDGQVKDFYLYPGKYTFVETAAPDGYEVATAITFTV 77

SpyLigase3  DGKELAGATMELRDSSGKTISTWISDGQVKDFYLYPGKYTFVETAAPDGYEVATAITFTV 104 

SpyLigase4  DGKELAGATMELRDSSGKTISTWISDGQVKDFYLYPGKYTFVETAAPDGYEVATAITFTV 101 

SpyLigase5  ---ELAGATMELRDSSGKTISTWISDGQVKDFYLYPGKYTFVETAAPDGYEVATAITFTV 98 

SpyLigase   DGKELAGATMELRDSSGKTISTWISDGQVKDFYLYPGKYTFVETAAPDGYEVATAITFTV 77 

CnaB2       NEQGQVTVNGKATKG------------DAHIVMVDA 144

SpyCatcher  NEQGQVTVNGKATKG------------DAHI----- 139 

SpyLigase1  NEQGQVTVNGKATKG------------DAHI----- 120 

SpyLigase2  NEQGQVTVNGKATKG------------DAHI----- 96 

SpyLigase2B NEQGQVTVNGKATKGGSGGSGGSGEDSATHIKF--- 110 

SpyLigase3  NEQGQVTVNGKATKG------------DAHI----- 123 

SpyLigase4  NEQGQVTVNGKATKG--------------------- 116 

SpyLigase5  NEQGQVTVNGKATKG------------DAHI----- 117 

SpyLigase   NEQGQVTVNGKATKGGSGGSGGSGEDSATHI----- 108

CnaB2                MSYYHHHHHHDYDIPTTENLYFQGAMVDTLSGLSSEQGQSGDMTIEEDSATHIKFSKRDI 60 

SpyCatcher           MSYYHHHHHHDYDIPTTENLYFQGAMVDTLSGLSSEQGQSGDMTIEEDSATHIKFSKRDE 60

L4C-H112C-SpyLigase1 MSYYHHHHHHDYDIPTTENLYFQGAMVDTCSGLSSEQGQSG------------------- 41

T43C-A79C-SpyLigase2 MSYYHHHHHHDYD------------------------GQSG------------------- 17

A42C-S59C-SpyLigase2 MSYYHHHHHHDYD------------------------GQSG------------------- 17 

SpyLigase            MSYYHHHHHHDYD------------------------GQSG------------------- 17

CnaB2                DGKELAGATMELRDSSGKTISTWISDGQVKDFYLMPGKYTFVETAAPDGYEVATAITFTV 120 

SpyCatcher           DGKELAGATMELRDSSGKTISTWISDGQVKDFYLYPGKYTFVETAAPDGYEVATAITFTV 120 

L4C-H112C-SpyLigase1 DGKELAGATMELRDSSGKTISTWISDGQVKDFYLYPGKYTFVETAAPDGYEVATAITFTV 101

T43C-A79C-SpyLigase2 DGKELAGACMELRDSSGKTISTWISDGQVKDFYLYPGKYTFVETACPDGYEVATAITFTV 77 

A42C-S59C-SpyLigase2 DGKELAGCTMELRDSSGKTISTWICDGQVKDFYLYPGKYTFVETAAPDGYEVATAITFTV 77 

SpyLigase            DGKELAGATMELRDSSGKTISTWISDGQVKDFYLYPGKYTFVETAAPDGYEVATAITFTV 77 

CnaB2                NEQGQVTVNGKATKGDAHIVMVDA------- 144 

SpyCatcher           NEQGQVTVNGKATKGDAHI------------ 139 

L4C-H112C-SpyLigase1 NEQGQVTVNGKATKGDACI------------ 120 

T43C-A79C-SpyLigase2 NEQGQVTVNGKATKGDAHI------------ 96 

A42C-S59C-SpyLigase2 NEQGQVTVNGKATKGDAHI------------ 96 

SpyLigase            NEQGQVTVNGKATKGGSGGSGGSGEDSATHI 108 

CnaB2              MSYYHHHHHHDYDIPTTEN----------------------------------------- 19 

SpyCatcher         MSYYHHHHHHDYDIPTTEN----------------------------------------- 19 

SUMO-SpyLigase1    MGSSHHHHHHGSDSEVNQEAKPEVKPEVKPETHINLKVSDGSSEIFFKIKKTTPLRRLME 60

SUMO-GS-SpyLigase1 MGSSHHHHHHGSDSEVNQEAKPEVKPEVKPETHINLKVSDGSSEIFFKIKKTTPLRRLME 60

SUMO-SpyLigase2    MGSSHHHHHHGSDSEVNQEAKPEVKPEVKPETHINLKVSDGSSEIFFKIKKTTPLRRLME 60 

SUMO-GS-SpyLigase2 MGSSHHHHHHGSDSEVNQEAKPEVKPEVKPETHINLKVSDGSSEIFFKIKKTTPLRRLME 60 

SpyLigase          MSYYHHHHHHDYD----------------------------------------------- 13 

CnaB2              ------------LYFQGAMVDTLSGLSSEQGQSGDMTIEEDSATHIKFS----------- 56 

SpyCatcher         ------------LYFQGAMVDTLSGLSSEQGQSGDMTIEEDSATHIKFS----------- 56 

SUMO-SpyLigase1    AFAKRQGKEMDSLRFLYDGIRIQADQTPEDLDMEDNDIIEAHREQIGGGDTLSG----LS 116

SUMO-GS-SpyLigase1 AFAKRQGKEMDSLRFLYDGIRIQADQTPEDLDMEDNDIIEAHREQIGGGSGSGDTLSGLS 120

SUMO-SpyLigase2    AFAKRQGKEMDSLRFLYDGIRIQADQTPEDLDMEDNDIIEAHREQIGGG----------- 109

SUMO-GS-SpyLigase2 AFAKRQGKEMDSLRFLYDGIRIQADQTPEDLDMEDNDIIEAHREQIGGGSGSG------- 113

SpyLigase          ------------------------------------------------------------

CnaB2              ---KRDIDGKELAGATMELRDSSGKTISTWISDGQVKDFYLMPGKYTFVETAAPDGYEVA 113 

SpyCatcher         ---KRDEDGKELAGATMELRDSSGKTISTWISDGQVKDFYLYPGKYTFVETAAPDGYEVA 113

SUMO-SpyLigase1    SEQGQSGDGKELAGATMELRDSSGKTISTWISDGQVKDFYLYPGKYTFVETAAPDGYEVA 176 

SUMO-GS-SpyLigase1 SEQGQSGDGKELAGATMELRDSSGKTISTWISDGQVKDFYLYPGKYTFVETAAPDGYEVA 180 

SUMO-SpyLigase2    ---GQSGDGKELAGATMELRDSSGKTISTWISDGQVKDFYLYPGKYTFVETAAPDGYEVA 166 

SUMO-GS-SpyLigase2 ---GQSGDGKELAGATMELRDSSGKTISTWISDGQVKDFYLYPGKYTFVETAAPDGYEVA 170 

SpyLigase          ---GQSGDGKELAGATMELRDSSGKTISTWISDGQVKDFYLYPGKYTFVETAAPDGYEVA 70 

CnaB2              TAITFTVNEQGQVTVNGKATKG------------DAHIVMVDA 144 

SpyCatcher         TAITFTVNEQGQVTVNGKATKG------------DAHI----- 139 

SUMO-SpyLigase1    TAITFTVNEQGQVTVNGKATKG------------DAHI----- 202

SUMO-GS-SpyLigase1 TAITFTVNEQGQVTVNGKATKG------------DAHI----- 206 

SUMO-SpyLigase2    TAITFTVNEQGQVTVNGKATKG------------DAHI----- 192 

SUMO-GS-SpyLigase2 TAITFTVNEQGQVTVNGKATKG------------DAHI----- 196

SpyLigase          TAITFTVNEQGQVTVNGKATKGGSGGSGGSGEDSATHI----- 108 

B)

C)

A)

SpyTag strand

KTag strand

Deleted sections to make SpyLigase

SUMO Domain

Circular Permutation of SpyLigase

Cysteine Point Mutations

SpyTag  AHIVMVDAYKPTK

KTag      ATHIKFSKRD
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Figure A.1: Sequence alignments of all SpyLigase variants. The sequence 
alignments are separated into three categories: A) SpyLigase truncation and 
circular permutation variants, B) Disulfide engineering, and C) SUMO fusions. 
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SpyLigase2  NEQGQVTVNGKATKG------------DAHI----- 96 

SpyLigase2B NEQGQVTVNGKATKGGSGGSGGSGEDSATHIKF--- 110 

SpyLigase3  NEQGQVTVNGKATKG------------DAHI----- 123 

SpyLigase4  NEQGQVTVNGKATKG--------------------- 116 

SpyLigase5  NEQGQVTVNGKATKG------------DAHI----- 117 

SpyLigase   NEQGQVTVNGKATKGGSGGSGGSGEDSATHI----- 108

CnaB2                MSYYHHHHHHDYDIPTTENLYFQGAMVDTLSGLSSEQGQSGDMTIEEDSATHIKFSKRDI 60 

SpyCatcher           MSYYHHHHHHDYDIPTTENLYFQGAMVDTLSGLSSEQGQSGDMTIEEDSATHIKFSKRDE 60

L4C-H112C-SpyLigase1 MSYYHHHHHHDYDIPTTENLYFQGAMVDTCSGLSSEQGQSG------------------- 41

T43C-A79C-SpyLigase2 MSYYHHHHHHDYD------------------------GQSG------------------- 17

A42C-S59C-SpyLigase2 MSYYHHHHHHDYD------------------------GQSG------------------- 17 

SpyLigase            MSYYHHHHHHDYD------------------------GQSG------------------- 17

CnaB2                DGKELAGATMELRDSSGKTISTWISDGQVKDFYLMPGKYTFVETAAPDGYEVATAITFTV 120 

SpyCatcher           DGKELAGATMELRDSSGKTISTWISDGQVKDFYLYPGKYTFVETAAPDGYEVATAITFTV 120 

L4C-H112C-SpyLigase1 DGKELAGATMELRDSSGKTISTWISDGQVKDFYLYPGKYTFVETAAPDGYEVATAITFTV 101

T43C-A79C-SpyLigase2 DGKELAGACMELRDSSGKTISTWISDGQVKDFYLYPGKYTFVETACPDGYEVATAITFTV 77 

A42C-S59C-SpyLigase2 DGKELAGCTMELRDSSGKTISTWICDGQVKDFYLYPGKYTFVETAAPDGYEVATAITFTV 77 

SpyLigase            DGKELAGATMELRDSSGKTISTWISDGQVKDFYLYPGKYTFVETAAPDGYEVATAITFTV 77 

CnaB2                NEQGQVTVNGKATKGDAHIVMVDA------- 144 

SpyCatcher           NEQGQVTVNGKATKGDAHI------------ 139 

L4C-H112C-SpyLigase1 NEQGQVTVNGKATKGDACI------------ 120 

T43C-A79C-SpyLigase2 NEQGQVTVNGKATKGDAHI------------ 96 

A42C-S59C-SpyLigase2 NEQGQVTVNGKATKGDAHI------------ 96 

SpyLigase            NEQGQVTVNGKATKGGSGGSGGSGEDSATHI 108 

CnaB2              MSYYHHHHHHDYDIPTTEN----------------------------------------- 19 

SpyCatcher         MSYYHHHHHHDYDIPTTEN----------------------------------------- 19 

SUMO-SpyLigase1    MGSSHHHHHHGSDSEVNQEAKPEVKPEVKPETHINLKVSDGSSEIFFKIKKTTPLRRLME 60

SUMO-GS-SpyLigase1 MGSSHHHHHHGSDSEVNQEAKPEVKPEVKPETHINLKVSDGSSEIFFKIKKTTPLRRLME 60

SUMO-SpyLigase2    MGSSHHHHHHGSDSEVNQEAKPEVKPEVKPETHINLKVSDGSSEIFFKIKKTTPLRRLME 60 

SUMO-GS-SpyLigase2 MGSSHHHHHHGSDSEVNQEAKPEVKPEVKPETHINLKVSDGSSEIFFKIKKTTPLRRLME 60 

SpyLigase          MSYYHHHHHHDYD----------------------------------------------- 13 

CnaB2              ------------LYFQGAMVDTLSGLSSEQGQSGDMTIEEDSATHIKFS----------- 56 

SpyCatcher         ------------LYFQGAMVDTLSGLSSEQGQSGDMTIEEDSATHIKFS----------- 56 

SUMO-SpyLigase1    AFAKRQGKEMDSLRFLYDGIRIQADQTPEDLDMEDNDIIEAHREQIGGGDTLSG----LS 116

SUMO-GS-SpyLigase1 AFAKRQGKEMDSLRFLYDGIRIQADQTPEDLDMEDNDIIEAHREQIGGGSGSGDTLSGLS 120

SUMO-SpyLigase2    AFAKRQGKEMDSLRFLYDGIRIQADQTPEDLDMEDNDIIEAHREQIGGG----------- 109

SUMO-GS-SpyLigase2 AFAKRQGKEMDSLRFLYDGIRIQADQTPEDLDMEDNDIIEAHREQIGGGSGSG------- 113

SpyLigase          ------------------------------------------------------------

CnaB2              ---KRDIDGKELAGATMELRDSSGKTISTWISDGQVKDFYLMPGKYTFVETAAPDGYEVA 113 

SpyCatcher         ---KRDEDGKELAGATMELRDSSGKTISTWISDGQVKDFYLYPGKYTFVETAAPDGYEVA 113

SUMO-SpyLigase1    SEQGQSGDGKELAGATMELRDSSGKTISTWISDGQVKDFYLYPGKYTFVETAAPDGYEVA 176 

SUMO-GS-SpyLigase1 SEQGQSGDGKELAGATMELRDSSGKTISTWISDGQVKDFYLYPGKYTFVETAAPDGYEVA 180 

SUMO-SpyLigase2    ---GQSGDGKELAGATMELRDSSGKTISTWISDGQVKDFYLYPGKYTFVETAAPDGYEVA 166 

SUMO-GS-SpyLigase2 ---GQSGDGKELAGATMELRDSSGKTISTWISDGQVKDFYLYPGKYTFVETAAPDGYEVA 170 

SpyLigase          ---GQSGDGKELAGATMELRDSSGKTISTWISDGQVKDFYLYPGKYTFVETAAPDGYEVA 70 

CnaB2              TAITFTVNEQGQVTVNGKATKG------------DAHIVMVDA 144 

SpyCatcher         TAITFTVNEQGQVTVNGKATKG------------DAHI----- 139 

SUMO-SpyLigase1    TAITFTVNEQGQVTVNGKATKG------------DAHI----- 202

SUMO-GS-SpyLigase1 TAITFTVNEQGQVTVNGKATKG------------DAHI----- 206 

SUMO-SpyLigase2    TAITFTVNEQGQVTVNGKATKG------------DAHI----- 192 

SUMO-GS-SpyLigase2 TAITFTVNEQGQVTVNGKATKG------------DAHI----- 196

SpyLigase          TAITFTVNEQGQVTVNGKATKGGSGGSGGSGEDSATHI----- 108 

B)

C)

A)

SpyTag strand

KTag strand

Deleted sections to make SpyLigase

SUMO Domain

Circular Permutation of SpyLigase

Cysteine Point Mutations

SpyTag  AHIVMVDAYKPTK

KTag      ATHIKFSKRD
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A.2 Original Ligation reaction of SUMO-KTag with SpyTag-MBP Catalyzed by 

SpyLigase1: 

 
Figure A.2: Original ligation of SUMO-KTag with SpyTag-MBP with the first 
iteration of SpyLigase, SpyLigase1. The reaction conditions were 40 mM Na2HPO4, 
and 20 mM Citric Acid at pH 7.0, 10 µM of SpyLigase1, 20 µM SUMO-KTag, 20 µM 
SpyTag-MBP, incubated at 4°C for 24 h.  

 The first iteration of SpyLigase, SpyLigase1 (Figure A.1A), was simply 

SpyCatcher with the KTag β-sheet truncated (residues 41-60 in terms of the CnaB2 

structure (Oke et al., 2010)). The initial test of SpyLigase1 can be seen in Figure A.2, 

where after 24 h the ligation was shown first and foremost to actually work. Though the 

system was inefficient, slow, and required the reactants of SUMO-KTag and SpyTag-

MBP to be in excess, the primary milestone of this experiment was that a tripartite split 

protein could reconstitute and then ligate two components together.  
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A.3 Comparison of Truncation and Insertion Mutants of SpyLigase1: 

 

Figure A.3: Comparison of SpyLigase variants for ligation of SpyTag-MBP and 
SUMO-KTag. The reaction conditions were 40 mM Na2HPO4 and 20 mM Citric Acid 
at pH 5.0, 10 µM of SpyLigase variants, 10 µM SUMO-KTag, 10 µM SpyTag-MBP, 
incubated at 4°C for 24 h.  

 The development of SpyLigase continued with attempts at improving SpyLigase 

either by truncation (SpyLigase2, 4, and 5) or insertion (SpyLigase 3) (Figure A.1A). 

From Figure A.3 it can be observed that the truncation mutant SpyLigase2 produced the 

largest improvement and became the basis for further work to reach the current iteration 

of SpyLigase.  
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A.4 Circular Permutation of SpyLigase2 to Generate the Current Iteration of 

SpyLigase: 

 

Figure A.4: Circular permutation of SpyLigase2 leading to the current iteration of 
SpyLigase. A) Comparing amount of ligation with SpyLigase2, SpyLigase2B, and 
SpyLigase. Reaction conditions were 40 mM Na2HPO4, and 20 mM Citric Acid at pH 
5.0, 10 µM of SpyLigase variants, 10 µM SUMO-KTag, 10 µM SpyTag-MBP, 2 M 
TMAO incubated at 4°C for 24 h. B) Quantification of SpyLigase2 and SpyLigase to 
determine the effectiveness of the circular permutation on SpyLigase2 activity. 
The reaction conditions were the same as in (B) except that the SpyLigase 
variants were used at 10 or 40 µM where designated. The quantification was the 
mean of reactions performed in triplicate and error bars are ±1 standard deviation.  
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 The current amino acid sequence of SpyLigase was reached via the use of 

circular permutation (Yu and Lutz, 2010). The circular permutations of SpyLigase2 

generating SpyLigase and SpyLigase2B, included a GS linker and varying amounts of 

the KTag β-strand on the C-terminal of SpyLigase2 to create the new variants (Figure 

A.1A). SpyLigase2, SpyLigas2B, and SpyLigase were compared with an initial ligation of 

SpyTag-MBP and SUMO-KTag, which showed a clear improvement in the case of 

SpyLigase (Figure A.4A). Thus SpyLigase2 and SpyLigase were quantified as shown in 

Figure A.4B, and in both cases of 10 and 40 µM the circular permutation of SpyLigase2 

to generate SpyLigase helped to improve the activity. The value of TMAO as a chemical 

chaperone (Yancey, 2005) had been shown with testing with SpyLigase2 (Figure A.6).  

A.5 Sequence Alignment of CnaB2, SpyCatcher, and SpyLigase: 

 
Figure A.5: Sequence alignment of CnaB2, SpyCatcher, and SpyLigase. SpyTag β-
sheet is colored in cyan and KTag in red. Sections deleted in the process of 
engineering SpyLigase are shown in yellow for both CnaB2 and SpyCatcher. The 
circular permutation on the C-terminus is shown in purple, composed of a GS 
linker, part of the β-sheet prior to the KTag (EDS), and the first four residues of 
KTag (ATHI). Underlined residues represent the point mutations made to improve 
SpyCatcher, I34E and M69Y (Zakeri et al., 2012). Sequence alignments were 
performed using the ClustalW2 online tool from EMBL.  

SpyTag strand

KTag strand

Deleted sections to make SpyLigase

Circular Permutation of SpyLigase

Residues mutated during the generation of SpyCatcher

CnaB2        MSYYHHHHHH DYDIPTTENL YFQGAMVDTL SGLSSEQGQS GDMTIEEDSA THIKFSKRDI

SpyCatcher   MSYYHHHHHH DYDIPTTENL YFQGAMVDTL SGLSSEQGQS GDMTIEEDSA THIKFSKRDE

SpyLigase MSYYHHHHHH DYD------- ---------- -------GQS G--------- ----------

CnaB2        DGKELAGATM ELRDSSGKTI STWISDGQVK DFYLMPGKYT FVETAAPDGY EVATAITFTV 

SpyCatcher   DGKELAGATM ELRDSSGKTI STWISDGQVK DFYLYPGKYT FVETAAPDGY EVATAITFTV 

SpyLigase DGKELAGATM ELRDSSGKTI STWISDGQVK DFYLYPGKYT FVETAAPDGY EVATAITFTV 

CnaB2        NEQGQVTVNG KATKGDAHIV MVDA------ -

SpyCatcher   NEQGQVTVNG KATKGDAHI- ---------- -

SpyLigase NEQGQVTVNG KATKGGSGGS GGSGEDSATH I

SpyTag AHIVMVDAYKPTK
KTag   ATHIKFSKRD
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 The sequence alignment of CnaB2, SpyCatcher, and SpyLigase can be seen in 

Figure A.5. SpyLigase is based on SpyCatcher, though heavily modified by our testing 

for improving the ligation capacity. The most obvious difference is the removal of the 

KTag β-strand colored in red, followed by the deletion of a large section of the N-terminal 

region of the SpyCatcher domain, colored in yellow. Finally the circular permutation was 

performed on SpyLigase with the addition of a GS linker, parts of the deleted N-terminal 

region (EDS), and parts of the KTag β-strand (ATHI) fused on the C-terminus of 

SpyLigase. The circular permutation was designed to improve SpyLigase structural 

stability by acting as a ‘place holder’: the C-terminus should sit in the gap where the 

KTag β-sheet is in SpyCatcher, which could help to stabilize the SpyLigase structure.  
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A.6 Testing Varying Additives to SpyLigase2 Ligation Reaction: 

 
 

Figure A.6: Various additives to try to improve ligation yield with SpyLigase2. A) 
Examining the effect of different amounts of potassium acetate, 2-(N-
morpholino)ethanesulfonic acid (MES), ammonium sulfate, arginine, urea, sorbitol, 
and trehalose on reaction between SUMO-KTag and SpyTag-MBP for 24h at 4°C, 
analyzed by SDS-PAGE with Coomassie staining. B) Effects on SpyLigase2 
ligation of another series of additives. However all those highlighted in red also 
include 2 M trimethylamine N-Oxide (TMAO) to observe whether the covalent 
adduct yield with TMAO could be improved upon by mixing in an additional 
compound. Reaction conditions were 40 mM Na2HPO4, and 20 mM Citric Acid at 
pH 5.0, 10 µM of SpyLigase2, 10 µM SUMO-KTag, 10 µM SpyTag-MBP, and the 
included additive(s), incubated at 4°C for 24 h 
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 Figure A.6 explores a number of the compounds tested to improve the ligation 

yield of the previous iteration of SpyLigase, SpyLigase2. Numerous additives were 

tested (Figure A.6A), until it was found that trimethylamine N-oxide was effective. TMAO 

is a molecular chaperone used by certain fish such as sharks and stingrays to counteract 

accumulation of Urea due to their nitrogen metabolism pathway (Yancey, 2005). I also 

examined whether any additive tested previously could help build on this improvement, 

by mixing those additives with TMAO. No improvements could be observed that were 

better than TMAO on its own (Figure A.6B).  

A.7 Attempts at Improving SpyLigase2 Activity via Disulfide Engineering: 

 

Figure A.7: Disulfide engineering in SpyLigase 1 and 2. Determining the effect of 
disulfide mutations on SpyLigase1 and SpyLigase2 domains. The four lanes on 
the left were boiled in SDS loading dye, the four lanes on the right including 50 
mM DTT. The reaction conditions were 40 mM Na2HPO4 and 20 mM Citric Acid at 
pH 5.0, 10 µM of SpyLigase variants, 10 µM SUMO-KTag, 10 µM SpyTag-MBP, 
incubated at 4°C for 24 h. 
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 The purpose of introducing disulfides into SpyLigase was to try to create a stable 

structure, to reduce some of the flexibility introduced by removing two β-strands, using 

the program Disulfide by Design Version 1.2 (Wayne State University, Dr. Alan 

Dombkowski) where structure of CnaB2 (Oke et al., 2010) was used as a basis to 

determine possible disulfide bridges that could be introduced into SpyLigase(1 or 2). The 

double Cysteine mutants generated by the program can be seen in the alignment in 

Figure A.1B, which have been underlined. The disulfides cause a massive retardation in 

the reactivity of SpyLigase1 and SpyLigase2. Therefore engineering of disulfides was 

not pursued further.  
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A.8 Attempts at Improving SpyLigase1,2 Activity via Fusion with SUMO Domain: 

.  

Figure A.8: Attempt at improving SpyLigase1 and SpyLigase2 activity by fusing 
with a SUMO domain to act as a molecular chaperone. A) SDS-PAGE of SUMO-
SpyLigase ligation of SUMO-KTag with SpyTag-MBP compared to SpyLigase2. 
Reactions were performed at 40 mM Na2HPO4 and 20 mM Citric Acid at pH 5.0, 10 
µM of SpyLigase variants, 10 µM SUMO-KTag, 10 µM SpyTag-MBP, incubated at 
4°C for 24 h. B) Quantification of SUMO-SpyLigase fusions compared to 
SpyLigase2 activity (mean of triplicate ±1 standard deviation). 
  

 An alternative method to try to improve SpyLigase was fusing SpyLigase1 and 

SpyLigase2 to the SUMO domain. SUMO has been shown to improve expression, 

folding, and protein stability of attached proteins, acting as a molecular chaperone 
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(Wang et al., 2010). SUMO-GS-SpyLigase versions have a GSGSG linker while the 

SUMO-SpyLigase versions are only separated from the SUMO domain by the three 

Glycines on the C-terminus (Figure A.1C).  However, from the SDS-PAGE analysis no 

substantial difference between SpyLigase2 and any of the SUMO fusions can be seen.  

A.9 Summary of All SpyLigase Variants’ Reactivity: 

Table A.1: Summary of the ligation capacity of all the SpyLigase variants and 
some of the conditions attempted in this thesis. The general conditions in all 
these listed cases is 10 µM SpyTag-MBP, 10 µM SUMO-KTag, 4°C, and 40 mM 
Na2HPO4 and 20 mM Citric Acid at pH 5.0.  

 

 

Ligation (%) Concentration SpyLigase Variant (µM) TMAO (M)

Truncation mutants

SpyLigase1 8 10 0

SpyLigase1 17 100 0

SpyLigase2 12 10 0

SpyLigase2 27 100 0

SpyLigase2 40 40 2

SpyLigase3 7 10 0

SpyLigase4 8 10 0

SpyLigase5 3 10 0

2nd round of truncation

SpyLigase2B 10 10 0

SpyLigase ≥50 40 1.5

Disulfide Engineered Mutants

H112C-L4C-SpyLigase1 2 10 0

A42C-S59C-SpyLigase2 0 10 0

T43C-A79C-SpyLIgase2 2 10 0

SUMO Fusions

SUMO-GS-SpyLigase1 12 10 0

SUMO-GS-SpyLigase2 12 10 0

SUMO-SpyLigase1 12 10 0

SUMO-SpyLigase2 12 10 0
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A.10 Polymerization of KTag-AffiEGFR-SpyTag on Magnetic Beads: 

 
Figure A.9: Coating magnetic beads with monomer or polymerized KTag-
AffiEGFR-SpyTag. Cys-SpyCatcher (SpyCatcher with a single exposed Cysteine) 
was incubated to form a disulfide linkage with the magnetic bead (fourth lane from 
the right).  Then KTag-AffiEGFR-SpyTag was mixed with Cys-SpyCatcher coated 
beads, with active SpyLigase (left-most lane) showing polymerization. For the 
negative control, the reaction was mixed with SpyLigase EQ (second lane from the 
left), showing no polymerization, and acting as the monomer bead control for 
Figure 5.17C. (KTag-AffiEGFR-SpyTag, SpyLigase, and SpyLigase EQ were 
supplied by me. All other work related to this figure is the work of Mr. Gianluca 
Veggiani in the Howarth laboratory.)  
  

 The process of polymerizing KTag-AffiEGFR-SpyTag onto magnetic beads is 

shown in Figure A.9 from the work of Mr. Gianluca Veggiani. The procedure involved 

activating the magnetic beads for reaction with Cys-SpyCatcher. KTag-AffiEGFR-

SpyTag was then successfully polymerized on the magnetic beads, as can be seen by 

boiling the beads with DTT (Figure A.9 left-most lane). An important note is that the 

beads are functionalized with a variety of affibody polymer chain lengths, due to the 

difficulty in controlling the size of the polymers during the polymerization reaction.   
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A.11 Creating an Orthogonal System to SpyCatcher-SpyTag: KCatcher-KTag: 

 
Figure A.10: Creating an orthogonal system to SpyCatcher-SpyTag in which the 
reactive Lysine β-strand was removed (KTag) and the remnant domain was the 
‘Catcher’ section (KCatcher). A) Cartoon of splitting the CnaB2 domain to form 
KTag and KCatcher. B) Sequence alignment of CnaB2, KCatcher, and SpyCatcher. 
C) Comparison of reconstitution capacities between SpyCatcher and KCatcher 
after 10 h incubation at 4°C. Reactions conditions 40 mM Na2HPO4 and 20 mM 
Citric Acid at pH 7.0, 10 µM K/SpyCatcher, 10 µM K/SpyTag-MBP.  
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SpyCatcher      DGKELAGATMELRDSSGKTISTWISDGQVKDFYLYPGKYTFVETAAPDGYEVATAITFTV 120
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 It was decided to create an orthogonal covalent peptide tag system to 

SpyCatcher-SpyTag. Instead of the reactive Aspartate β-strand being split from the 

domain, the Aspartate would remain with the Glutamate on the domain, and the reactive 

Lysine would go on to become its own peptide tag (Figure A.10A). As seen in Figure 

A.10C after 10 h of incubation, the KCatcher reaction still showed a low yield of 

reconstituted adduct. One possible explanation of the low yield is that the docking cleft 

for KTag in KCatcher is not as exposed as the docking cleft for SpyTag in SpyCatcher. 

Opening of KCatcher’s cleft to allow reaction with KTag could require a rarely formed 

conformation of KCatcher, limiting the reaction rate.   

A.12 Circular Dichroism of CnaB2, SpyCatcher, KCatcher, SpyLigase1, and 

SpyLigase2: 

 

Figure A.11: Circular dichroism spectra of CnaB2, SpyCatcher, KCatcher, 
SpyLigase1, and SpyLigase 2.  

 One of the issues of engineering a split protein from CnaB2, either bipartite or 

tripartite, is the influence on the rest of the structure of removing a β-strand (or two) from 

the CnaB2 domain. Therefore I examined the secondary structure via circular dichroism 
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(CD). Figure A.11 shows the CD spectra of CnaB2, SpyCatcher, KCatcher, SpyLIgase1, 

and SpyLigase2. SpyCatcher has the spectrum closest to CnaB2. KCatcher’s spectrum 

is farthest from CnaB2, with the rest following more closely to CnaB2’s structure.   
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A.13 Information Regarding Crystal Structure of SpyCatcherΔN1 Reconstituted 
with SpyTag: 
 

Table A.2: Collection of data and statistical refinement of the SpyCatcherΔN1-
SpyTag crystal structure by Dr. Long Li.  

 SpyTag/SpyCatcherΔN1 

Wavelength (Å) 0.97920 

Resolution range 
(Å) 

50  - 2.0 (2.03  - 2.0) 

Space group C 2 

Unit cell  

a, b, c (Å) 
α, β, γ (°) 

71.13   30.47   39.88 
90.00   98.93   90.00 

Total reflections 16321 

Unique reflections 5530 

Multiplicity 3.0 (2.9) 

Completeness (%) 94.4 (94.6) 

Mean I/sigma(I) 12.65 (5.23) 

R-merge 0.117 (0.362) 

R-work 0.210  

R-free 0.237  

RMSD  
(bond lengths, Å) 0.008 

RMSD  
(bond angles, °) 1.11 

Ramachandran 
favored (%) 98.9 

Ramachandran 
outliers (%) 0 

 

 

 

 

 

 

 

 

 

 


