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Abstract 

Various small-molecule drugs that covalently modify their targets have been discovered and 

designed to date. Covalent reaction has also been identified in the interaction between the 

cells of the human body and microorganisms, both from the immune system to pathogens and 

from pathogens to host cells. Harnessing bioreactivity found in covalent pathogen adhesion, 

in this work I have demonstrated the use of a self-activating protein domain from Neisseria 

meningitidis for covalent reaction against endogenous targets. 

N. meningitidis iron-regulated protein C (FrpC) contains a ‘self-processing module’ (SPM); 

subject to calcium-activation, SPM cleaves the protein backbone at an Asp-Pro bond, forming 

a reactive anhydride from the Asp-Pro cleavage site. This protein anhydride can facilitate 

protein-protein crosslinking via reaction with lysine residues. SPM can also be introduced 

recombinantly to introduce a reactive anhydride to non-FrpC proteins. In this thesis I 

established ‘NeissLock’, a method for targeted protein-protein conjugation after SPM-

mediated biochemical activation. First, I designed and implemented ‘NeissDist’, a tool to 

identify protein complexes in which a binder protein activated by SPM is suitably positioned 

for covalent attachment to a target protein of interest. I identified the complexes of Ornithine 

Decarboxylase Antizyme (OAZ) binding to Ornithine Decarboxylase (ODC) and Transforming 

Growth Factor alpha (TGFα) binding to Epidermal Growth Factor Receptor (EGFR) as model 

systems to study NeissLock conjugation. 

NeissLock-mediated conjugation of OAZ to ODC shows effective (>50% yield) and specific 

coupling to the target protein, over a broad pH range. Using the OAZ/ODC system, I 

characterised conjugation to multiple target residues, showing flexibility in the site of reaction, 

and gained insight into linker design for efficient anhydride formation. Having shown specific 

conjugation of TGFα to EGFR on cells, NeissLock technology may allow broad compatibility 

with further protein-protein complexes as well as a range of therapeutic and diagnostic 

applications.  
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BLA β-lactamase 

CAPP Cleavage after protein photo-cross-linking 

disCrawl Distance Crawler 

DMEM Dulbecco’s modified eagle medium 

DOPA 3,4-dihydroxy-L-phenylalanine 
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PAGE Poly-acrylamide gel electrophoresis 

PAL Photo-affinity labelling 
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1. Introduction 

Specific covalent modification of endogenous proteins is challenging, but of high interest. 

Although non-covalent interactions can produce remarkably low dissociation rates (e.g. for 

biotin/streptavidin (Chivers et al., 2011)), the transience of non-covalent interactions places 

limits on applications. By covalent conjugation to its target, the pharmacodynamics and 

pharmacokinetics of a drug can be improved and side effects can be reduced, e.g. by ensuring 

stable localisation of a drug and thereby reducing the need for prolonged heightened systemic 

concentrations (Singh et al., 2011). At an early time in drug development, despite a lack of 

mechanistic understanding, covalent drugs were utilized: acetylsalicylic acid covalently 

modifies cyclooxygenase by acetylation, leading to the inactivation of the enzyme (Vane and 

Botting, 2003). 

Covalent modification of endogenous proteins presents a unique challenge. Recombinantly 

produced proteins can be genetically modified to incorporate specific chemistry or recognition 

tags (e.g. transglutaminase (Lin and Ting, 2006), sortase (Proft, 2010), SpyCatcher (Zakeri et 

al., 2012)), or small molecules such as FlAsH-tag (Griffin et al., 1998)), or can be manipulated 

in a controlled manner as purified protein. A variety of useful reactions are available to 

introduce new functionalities after translation of a recombinant protein (Hoyt et al., 2019). Both 

cysteine and lysine are commonly labelled, with cysteine offering high reactivity with good 

specificity due to its low abundance (Tjong et al., 2007; Takaoka et al., 2013). Disulfide-

bonding still provides a convenient method for reversible modification of cysteines, wherein 

the bond can be broken by reduction (Saito et al., 2003). The covalent modification of cysteine 

groups with maleimide derivatives is a popular irreversible modification (Takaoka et al., 2013), 

e.g. to introduce a fluorescent label into a purified protein before imaging experiments. Modern 

approaches enable the specific modification of a wide array of amino acids (Hoyt et al., 2019). 

To modify only a specific type of endogenous protein within a mixed environment, i.e. without 

prior purification, it is necessary to introduce selectivity (Tamura and Hamachi, 2019). A target 

protein can be modified using chemical properties highly specific to the target protein, for 
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instance in the aforementioned modification of cyclooxygenase by acetylsalicylic acid (Vane 

and Botting, 2003) or in the inhibition of a protease active site with phenylmethylsulfonyl 

fluoride (PMSF) (Gold and Fahrney, 1964). Specific motifs in a protein can be recognised for 

covalent modification by an enzyme or domain with catalytic activity, for instance by 

transglutaminases (Lin and Ting, 2006), and aforementioned recombinant fusion tags have 

been derived from such motifs. However, most endogenous proteins do not offer conveniently 

exploitable activity or unique chemistry. To derive a generally applicable approach for 

modification of endogenous protein therefore presents a unique problem: such an approach 

needs to be compatible with common chemistry, i.e. reactions with the side-chains of the 20 

proteogenic amino acids, the N-terminal amine, or the protein backbone, while being specific 

only to the protein of interest (Tamura and Hamachi, 2019). To introduce selectivity into 

endogenous protein conjugation in mixed samples, a protein-binding ligand can be fused to a 

reactive probe to preferentially react with the targeted protein (Tamura and Hamachi, 2019). 

Two prominent approaches are in situ activation of a (photo)chemical probe and 

proximity-enabled labelling techniques.  

In (photo)chemical labelling, an endogenous target protein is bound by a molecule 

incorporating an inactive probe; then, a highly reactive probe is generated in-situ by 

(photo)chemical activation (Preston and Wilson, 2013; Murale et al., 2017). In this strategy, 

after activation of the probe (e.g. by UV radiation) it crosslinks nearby targets (Preston and 

Wilson, 2013; Murale et al., 2017) (Figure 1.1a). Similarly, a small molecule catalyst (Wang et 

al., 2011) or enzyme (e.g. in BioID (Roux et al., 2012), APEX (Martell et al., 2012; Rhee et al., 

2013; Lam et al., 2014)) can facilitate localised reactivity.  

In proximity based labelling, a weak chemical probe is used which reacts with endogenous 

protein nucleophiles, such as cysteines or lysines, when brought in proximity in a bound 

complex, driven by the increase in local concentration (Wang, 2017; Hoyt et al., 2019; Tamura 

and Hamachi, 2019) (Figure 1.1b).  



Page 13 
 

 

Figure 1.1. Strategies for specific modification of endogenous proteins in a mixed environment.  

(a) (Photo)chemical crosslinking. A small molecule or binding protein is equipped with a 

(photo)activatable reactive group. Specific binding of this probe with the target protein differentiates it 

in a mixed protein environment. Upon activation of the inactive group (e.g. by UV illumination), the 

bound target protein is preferentially modified. (b) Proximity-enabled ligation. A weak electrophile is 

introduced to a small molecule or binding protein. Upon target protein binding, nucleophiles (Nu) on the 

target protein are brought into proximity, enabling nucleophilic attack and covalent conjugation.  

For both photochemical labelling and proximity-enabled labelling, a chemical probe can be 

incorporated into a recombinant protein to enable crosslinking of recombinant proteins to 

endogenous proteins (Hoyt et al., 2019). Reactive groups can be introduced to recombinant 

proteins by various methods in addition to classical chemical modification, such as catalytic 

activation (Isenegger and Davis, 2020) or incorporation of unnatural amino acids (Hoyt et al., 

2019). In recent years, unnatural amino acids (UAAs) for coupling of recombinant peptides 

and proteins to endogenous targets have gained traction (Wang, 2017; Hoyt et al., 2019). A 

wide array of UAAs with distinct chemistries are available for incorporation into proteins (Liu 

and Schultz, 2010; Nödling et al., 2019). In the most common approach, UAAs are genetically 

encoded with a tRNA recognizing a stop codon or quadruplet codon; this tRNA is in turn loaded 

with the UAA by a corresponding aminoacyl-tRNA synthetase (Liu and Schultz, 2010). 

Incorporation of an unnatural amino acid into a protein of interest enables a variety of 
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photoreactive residues and bioorthogonal chemistries for protein conjugation such as “click” 

chemistry (e.g. Azide-Alkyne chemistry) (Liu and Schultz, 2010). Selected UAAs used in 

conjugation to endogenous proteins are described in Chapter 1.1 (photochemical UAAs) and 

Chapter 1.2.1 / Figure 1.5 (UAAs for proximity-enabled ligation).  

 1.1. (Photo)chemical activation in protein crosslinking 

“Photoinduced covalent crosslinking” (PIC) (Preston and Wilson, 2013) or “photo-affinity 

labelling” (PAL) (Murale et al., 2017) have been used extensively to study biomolecular 

interactions (Preston and Wilson, 2013; Murale et al., 2017). In photoinduced protein-protein 

conjugation, reactivity is not driven by proximity per se; rather, upon light excitation of a 

photochemical probe a reactive species is formed which can crosslink to nearby proteins and 

thereby capture spatiotemporal dynamics about the probe environment (Preston and Wilson, 

2013) (Figure 1.1a). The most popular choices for photoinduced crosslinking are aryl azides, 

diazirines, and benzophenones (Figure 1.2) (Preston and Wilson, 2013). These can have high 

reactivity, capable of conjugation to backbone residues (Preston and Wilson, 2013) and are 

therefore not limited by the availability of surface nucleophilic residues in a target protein. 

Photochemical probes can be introduced into recombinant proteins using unnatural amino 

acids: The diazirine probes photo-leucine or photo-methionine can be directly incorporated by 

the translational machinery (Suchanek et al., 2005). Alternatively, codon suppression can be 

used to genetically encode various photoreactive unnatural amino acids, such as azido 

derivatives (p-azido-L-phenylalanine, Figure 1.2a) (Chin, Santoro, et al., 2002), diazirine 

derivatives (Figure 1.2b) (Tippmann et al., 2007) or benzoyl derivatives (p-benzoyl-L-

phenylalanine, Figure 1.2c) (Chin, Martin, et al., 2002) of phenylalanine. For instance, p-

benzoyl-L-phenylalanine has been used to capture a specific protein-DNA interaction by 

incorporation of p-benzoyl-L-phenylalanine into a DNA-binding protein (Lee et al., 2009). 

Photoreactive probes can even be introduced by posttranslational enzymatic modification 

(Baruah et al., 2008): A reengineered lipoic acid ligase (LplA) from Escherichia coli can 
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introduce aryl azides at a recombinant peptide tag (LAP, ‘LplA acceptor peptide’) (Baruah et 

al., 2008).  

 

Figure 1.2. Common photochemistries for protein-protein crosslinking have been derived as 

UAAs. Example of aryl azide (Chin, Santoro, et al., 2002), diazirine (Tippmann et al., 2007) and 

benzophenone (Chin, Martin, et al., 2002) phenylalanine-derived UAAs, representing commonly used 

photocrosslinkers (Preston and Wilson, 2013). Mechanism of photoactivation and target protein 

conjugation based on (Preston and Wilson, 2013) (hv: light, Nu: nucleophile). 

Photoreactive probes and UAAs can also be modified to include additional functionality (Figure 

1.3a), for instance in photoreactive UAAs containing a diazirine fused to a cleavable linker (Lin 

et al., 2014; Yang et al., 2016; Y. Yang et al., 2017). An affinity-tagged protein incorporating 

these amino acids can bind to an endogenous target protein and crosslink, allowing for 

co-purification of the target protein before cleavage, optionally transferring a tag onto the target 

protein for mass spectrometry (Y. Yang et al., 2017) (‘Cleavage after protein photo-cross-

linking’ (CAPP) (Lin et al., 2014) or ‘(MS)-label transfer after protein photo-cross-linking’ 

(IMAPP) (Yang et al., 2016)). These UAAs are conceptually related to the small-molecule 

approach of ‘Post-(photo)affinity labeling modification’ (P-(P)ALM), wherein a photo-

crosslinking label (first generation) or an electrophilic proximity label (epoxide, second 
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generation) is used (Hayashi and Hamachi, 2012). After crosslinking, the ligand could be 

substituted for a secondary chemical probe, either after ligand release (in P-PALM, after 

disulfide reduction), or releasing the ligand directly (in P-ALM, via nucleophilic substitution) 

(Hayashi and Hamachi, 2012) (Figure 1.3a). 

Providing an intermediate in reactivity between traditional photoreactive probes and more 

stable proximity-enabled probes (see Chapter 1.2.), photocaged quinone methide has been 

implemented as a precursor to Michael-acceptors for conjugation to a broad range of protein 

nucleophiles (including Gln, Arg and Asn) (J. Liu, Cai, et al., 2019; J. Liu, Li, et al., 2019). 

Instead of in situ photoactivation, in situ chemical activation can also be utilized. For example, 

by oxidation to the quinone using NaIO4 and subsequent nucleophilic attack, 3,4-dihydroxy-L-

phenylalanine (DOPA) was utilized to crosslink synthetic peptides incorporating DOPA to 

proteins (Burdine et al., 2004). DOPA oxidation has been shown to be compatible for 

conjugation to the α-amine as well as Lys, His and Cys residues (Liu et al., 2006) and has 

been implemented in profiling protein-protein interactions (Liu et al., 2007). DOPA can be 

introduced chemically or as an unnatural amino acid (Alfonta et al., 2003), and genetically 

encoded DOPA has been used to crosslink Sortase A dimers (Umeda et al., 2009). Another 

notable modification lies in dehydroalanine. Dehydroalanine can be chemically derived from 

cysteine, or derived with high specificity by using rare or synthetically incorporated precursors 

(Dadová et al., 2018). For instance, the UAA phenylselenocysteine can be directly 

incorporated into proteins, providing a precursor for dehydroalanine upon oxidation (Wang et 

al., 2007). In itself, dehydroalanine can serve as a Michael acceptor for active site cysteine 

(Dadová et al., 2018) and has been implicated in protein-protein crosslinking of aging proteins 

(Z. Wang et al., 2014). More importantly, however, dehydroalanine serves as a platform for 

the versatile incorporation of a wide range of modifications, e.g. via reaction with thiols, 

amines, or radicals (Dadová et al., 2018). Dehydroalanine therefore provides a post-

translational system for protein derivatization orthogonal to the translational incorporation of 

UAAs, e.g. to probe the effect of post-translational protein modifications or to explore the effect 
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of (potentially complex) protein modification by “posttranslational mutagenesis” (Wright et al., 

2016; Dadová et al., 2018). Recently, the use of proximity-enabled reactivity in the generation 

of dehydroalanine has also been described (using the Tyr-derived fluorosulfonate UAA ‘FSY’, 

also see Chapter 1.2 and Figure 1.5g), with potential implications to in situ protein crosslinking 

(Yang et al., 2019). 

 1.2. Proximity-enabled protein ligation 

The concept of proximity-enabled conjugation or affinity-based labelling relies on the increase 

in local concentration during formation of a bound complex, such as in protein-protein binding 

or binding of a small molecule by a protein of interest (Wang, 2017). Local concentrations of 

reactive group increase as complex formation brings the proteins into proximity to each other 

– a common theme in nature (Oehler and Müller-Hill, 2010). DNA-templated synthesis is an 

example application of this strategy for organic synthesis in a complex environment (Li and 

Liu, 2004). For protein conjugation, this enables the use of a chemical probe that is normally 

poorly reactive towards proteins in solution, but reacts effectively with a target protein upon 

binding (Wang, 2017). As amino acid sidechains are generally either inert or nucleophilic, most 

of these bio-reactive probes are electrophiles.  

Affinity-based labelling has a long history for conjugation of small molecules to proteins (Wofsy 

et al., 1962). However, irreversible anchoring at relevant binding sites, e.g. the active site of 

an enzyme, usually inactivates the target protein (Hayashi and Hamachi, 2012). In traceless 

affinity labelling, this approach was modified to release the ligand and free up the binding site 

(Hayashi and Hamachi, 2012). The initial versions of ‘Post-(photo)affinity labeling modification’ 

(P-(P)ALM) involve a two-step or three-step process to ligand release and substitution 

(Hayashi and Hamachi, 2012) (Chapter 1.1, Figure 1.3a). In an improved version using ‘ligand-

directed tosyl’ (LDT) chemistry, ligand, electrophile and probe were part of a single reagent, 

and a protein nucleophile could substitute the ligand from the probe in a single step (Tsukiji et 

al., 2009; Hayashi and Hamachi, 2012) (Figure 1.3b). LDT has been utilized to label proteins 

at cysteine, histidine, tyrosine and even glutamate and aspartate (Tsukiji and Hamachi, 2014). 
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Ultimately limited by the low reactivity of the tosyl probe, newer conjugation chemistries have 

since been described (Tamura et al., 2018). 

 

Figure 1.3. Covalent probe designs can incorporate additional features. (a) A cleavage site allows 

release after conjugation of a small-molecule ligand in Post-(Photo)affinity Labeling Modification [P-

(P)ALM] (Hayashi and Hamachi, 2012) or of a protein ligand in ‘Cleavage after protein photo-cross-

linking’ (CAPP) (Lin et al., 2014) and ‘(MS)-label transfer after protein photo-cross-linking’ (IMAPP) (Y. 

Yang et al., 2017). Inversely, a ‘click’-handle has been used to introduce additional features after 

conjugation (B. Yang et al., 2017). (b) In 3rd generation traceless-affinity labelling (i.e. “ligand-directed 

tosyl” LDT chemistry, developed from P-ALM), a suitable leaving group enables ligand release upon 

covalent conjugation (Hayashi and Hamachi, 2012). 

While the release of chemical probes from protein actives sites is powerful, an alternative 

approach can avoid conjugation at the active site altogether. Instead of relying on specific 

binding sites in a target protein, as in the binding of small molecules, covalent probes have 

been derived from larger biomolecules engineered to bind arbitrary targets: In a defining paper 

by Chmura et al., the use of proximity-based reactivity was pioneered with the anti-chelate 

antibody CHA255, wherein they elegantly demonstrate the impact of unimolecular reactions 

on local concentration (Chmura et al., 2001; Butlin and Meares, 2006). In this study, 

electrophilic functional groups were introduced to a benzyl-EDTA(In) chelate recognized by 

the CHA255 antibody. A cysteine was introduced to the antibody in a favourable position for 

conjugation to the chelate electrophile (as judged by the crystal structure considering surface 
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exposure, ligand interface, and distance) (Chmura et al., 2001). They observed efficient 

conjugation for both acrylamidobenzyl-EDTA(In) and chloroacetamidobenzyl-EDTA(In) to 

CHA255 with cysteine at position 95 (S95C) (Chmura et al., 2001). Interestingly, they did not 

observe conjugation for cysteine at position 96 (CHA255 S96C) (Chmura et al., 2001). Since 

then, various biomolecules have been functionalised with electrophilic probes to crosslink to 

endogenous proteins. 

A first generalised approach for proximity-enabled crosslinking of protein probes to a target 

protein was described by Holm, Moody and Howarth (Holm et al., 2009). Here, they introduced 

the Michael acceptor acrylamide as a general electrophile into an affibody binding protein with 

the aim to crosslink to nucleophilic residues in the cognate ZSPA protein. They choose D36 on 

the affibody for mutation to cysteine and subsequent chemical conjugation to N,N’-ethylene 

bisacrylamide (EBA) as the electrophile and N6 on ZSPA for mutation to a nucleophilic residue 

(Figure 1.4) (Holm et al., 2009).  

 

Figure 1.4. The affibody/ZSPA complex used for investigation of electrophilic protein probes for 

protein-protein conjugation. Red: Residues at which electrophilic reactive groups were introduced. 

Blue: Nucleophilic residue (K7) or residue at which a nucleophilic residue was introduced (N6C). PDB 

ID 1lp1, visualized in PyMOL (Högbom et al., 2003). 

Using this approach, they reported a yield of around 90% towards cysteine at a 4:1 ratio of 

affibody-EBA to ZSPA (fused to maltose-binding protein, MBP-ZSPA), as well as crosslinking to 
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lysine and histidine, although at starkly reduced yield. Furthermore, they observed residual 

crosslink formation to wild type ZSPA, possibly by linking to more distant residues (Holm et al., 

2009). Regarding the usability of this method, it should be mentioned that lysine-derived 

acrylamide functionality can now be introduced as an unnatural amino acid (Lee et al., 2013).  

 

Figure 1.5. Overview of proximity-enabled UAAs studied in the ZSPA/Affibody model system. a) 

Phe-derived Ffact (Xiang et al., 2013) and example conjugation mechanism (Nu: nucleophile), b) Tyr-

derived haloalkyl ethers including O-bromopropyl-L-tyrosine (BprY) (Xiang et al., 2014), c) Lys-derived 

bromoalkyl BrC6K (Chen et al., 2014), d) Phe-derived aryl isothiocyanate pNCSF (Xuan et al., 2016), 

e) Lys-derived aryl carbamate (with R=H PheK, R=F FPheK) (Xuan et al., 2017), f) BprY with additional 

click-handle EB3 (B. Yang et al., 2017), g) Tyr-derived fluorosulfate FSY (Wang et al., 2018). Also 

compare to L. Wang (Wang, 2017). 

The anti-ZSPA affibody / ZSPA model system has been the subject of extensive study of 

proximity-enabled UAAs by the research groups of Lei Wang and Peter Schultz, at two 

different target sites (Figure 1.4). An overview of these UAAs is provided in Figure 1.5. An 

extensive comparison of the underlying work is provided in Chapter 1.2.1, highlighting the 
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impact of electrophile chemistry and probe design on crosslinking efficiency in 

proximity-enabled ligation. 

  1.2.1. Chemical fine-tuning: proximity-enhanced bioreactivity in the ZSPA model 

In 2013, the research group of Lei Wang described the use of an electrophilic p-2′-

fluoroacetylphenylalanine UAA (Ffact, Figure 1.5a) in intra- and intermolecular protein 

crosslinking with endogenous cysteine residues; herein, they also coined the term ‘proximity-

enhanced bioreactivity’, translating affinity-based conjugation to protein-protein crosslinking 

(Xiang et al., 2013). The electrophilic halogen functionality of Ffact is susceptible to nucleophilic 

substitution by nearby cysteines, generating a crosslink (Xiang et al., 2013). The research 

group of Lei Wang initially modified the same residue on the affibody for electrophile 

incorporation as Holm et al., that is D36 (Holm et al., 2009; Xiang et al., 2013) (Figure 1.4). 

Xiang et al. showed that incorporation of the Ffact UAA into the affibody (D36UAA) can crosslink 

to ZSPA-MBP N6C with about 63% yield (ZSPA-MBP N6C: ZSPA fused to maltose binding 

protein, with nucleophile at N6, see Figure 1.4; reaction at 4:1 ratio, concentrations as for Holm 

et al.).  

They then derived O-chloro-, -bromo-, and -iodoalkyl ethers from tyrosine and incorporated 

these into the affibody as above (Figure 1.5b) (Xiang et al., 2014). At a ratio of 2:1 affibody 

D36UUA to ZSPA N6C, Xiang et al. report a crosslinking efficiency of 24%, 42% and 46% for 

affibodies incorporating O-chloro-, -bromo- and -iodopropyl-L-tyrosine respectively (Figure 

1.5b, X=Cl/Br/I, n=3), reflecting halide nucleofugicity (‘a result consistent with the order of 

halide leaving ability in SN2 reactions’) (Xiang et al., 2014). In this work, they also varied alkyl-

linker lengths during incorporation. Incorporation efficiency of bromoalkyl UAAs appeared to 

decrease with increasing linker length from O-bromoethyl-L-tyrosine (Figure 1.5b, X=Br, n=2) 

to O-bromopentyl-L-tyrosine (n=5), wherein O-bromoethyl-L-tyrosine (n=2) and O-

bromopropyl-L-tyrosine (n=3) had similar crosslinking efficiency (42%, 43% respectively) 

(Xiang et al., 2014).  
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In another paper, the research group of Lei Wang described a lysine-derived bromoalkyl UAA 

(BrC6K, Figure 1.5c) using the same affibody system as above (Chen et al., 2014). They 

observed an increase in crosslinking efficiency with the lysine-derived bromoalkyl BrC6K 

(73%; Figure 1.5c) compared to O-bromoethyl-L-tyrosine (57%; Figure 1.5b) or O-iodoethyl-

L-tyrosine (66%; Figure 1.5b) used previously (Xiang et al., 2014), which they attribute to the 

higher length and flexibility as well as lower hydrophobicity of BrC6K (Chen et al., 2014). 

These experiments were conducted at a 4:1 ratio of electrophilic affibody to ZSPA (Chen et al., 

2014), more closely matching conjugation conditions used in other publications (Holm et al., 

2009; Xiang et al., 2013) and giving increased conjugation yield compared to their initial report 

of these UAAs at a 2:1 ratio (Xiang et al., 2014). Finally, they show that BrC6K can crosslink 

to affibodies incorporating lysine and histidine instead of cysteine (Chen et al., 2014). 

The research group of Peter Schultz has also utilized the affibody/ZSPA interaction for proof of 

concept, although inverting the probe/target pair by introducing an electrophile at ZSPA E24 to 

conjugate to the native K7 residue in the anti-ZSPA affibody (Figure 1.4). (Schultz et al. use a 

different numbering system than is used in the ZSPA / affibody crystal structure PDB ID 1lp1 

(Högbom et al., 2003) and by Holm et al. and Wang et al. For comparison, their residue 

numbering is adjusted herein from ZSPA E25 to E24 and anti-ZSPA affibody K8 to K7.) Herein, 

they developed genetically encoded aryl isothiocyanate (as phenylalanine-derived UAA, 

pNCSF, Figure 1.5d) (Xuan et al., 2016) and aryl carbamate (as lysine-derived UAA, (F)PheK, 

Figure 1.5e) (Xuan et al., 2017) functionalities as ZSPA E24UAA. For ZSPA incorporating the aryl 

isothiocyanate UAA, they achieved about 90% crosslinking to lysine (after 3h at a 3:1 ratio of 

electrophilic ZSPA to affibody). Not only does this efficiency match the one observed by Holm 

et al. (Holm et al., 2009), but, due to the instability of other adducts, isothiocyanates are 

selective towards amines (Hermanson, 2013; Xuan et al., 2016). The aryl carbamate FPheK 

(Figure 1.5e) provided increased reactivity and could react with cysteine, lysine and tyrosine 

with high efficiency (of which crosslinking at lysine was shown with affibody/ZSPA) (Xuan et al., 

2017). 
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This ‘inverted’ affibody/ZSPA system (Figure 1.4) was then also used by Lei Wang et al. to 

demonstrate additional unnatural chemistry. They have incorporated a click-handle into their 

tyrosine bromoalkyl ether UAA (Figure 1.5b) to make EB3 (Figure 1.5f) (B. Yang et al., 2017). 

After in vivo crosslink and protease digest of ZSPA E24UAA conjugated to affibody K7, the click 

handle allowed the introduction of biotin thereby the enrichment of crosslinked fragments for 

Mass Spectrometry (B. Yang et al., 2017). The authors propose this method to aid the 

identification of protein-protein interactions in cells (compare to Figure 1.3a) (B. Yang et al., 

2017). The research group of Lei Wang also demonstrated a sulfur-fluoride exchange probe 

as a bioreactive UAA (FSY, Figure 1.5g) (Wang et al., 2018). Upon mutagenesis of the target 

residue K7, they confirmed reaction with affibody K7H and K7Y in addition to wt (K7), but not 

for other nucleophilic residues (K7A, K7C, K7S, K7T) (Wang et al., 2018). From this probe, 

they later derived a covalent inhibitor of cell-cell signalling (Li et al., 2020) 

  1.2.2. Applications of proximity-enabled crosslinking 

UAAs for proximity-enabled protein-protein crosslinking have now been applied in diverse 

contexts, e.g. to stabilize a protein-protein complex for crystallography (Cigler et al., 2017), to 

stabilize a dimeric enzyme (Li et al., 2018), to discover or further understand protein-protein 

interactions (B. Yang et al., 2017; Böttke et al., 2020), to conjugate an affibody to a membrane 

receptor on mammalian cells (Chen et al., 2014; Furman et al., 2014), and for covalent 

inhibition of cell-cell signalling (Li et al., 2020). In an interesting variation, Hoppmann et al. 

described the photoswitchable bioreactive unnatural amino acids Cl-PSCaa and F-PSCaa 

which change cis/trans-conformation upon irradiation and can thereby even alter protein 

structure (Hoppmann et al., 2014, 2015).  

Small peptide scaffolds have also been used for proximity-enabled conjugation. Xia et al. 

described various interesting proximity-based crosslinking strategies, which utilize concepts 

such as coiled-coil peptide-peptide interaction (via a peptide tag) (J. Wang et al., 2014), 

binding based folding (Liu et al., 2017), and protein-peptide binding (Lu et al., 2014; Yu et al., 

2017). The peptide-protein binding probes provide a practical example wherein bioreactive 
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chemistry is introduced during peptide synthesis (i.e. PDZ-SH3 (Lu et al., 2014) or Grb2-Sos1 

(Yu et al., 2017)). Wang et al. also described the use of reactive DNA aptamers to crosslink 

to proteins of interest, which notably offer the possibility to select binders from large aptamer 

libraries (Wang et al., 2016). Here, they incorporate modified nucleotides by chemical 

synthesis, targeting endogenous lysines (Wang et al., 2016).  

In summary, efficient chemical probes for affinity-based endogenous protein conjugation are 

available to selectively crosslink to cysteine, lysine, and even a wider spectrum of nucleophilic 

residues. Here, drastic differences in reported crosslinking efficiencies highlight the 

importance of fine-tuned chemistry. These probes can be implemented to enable various 

biotechnological applications.  

 1.3. Foreign protein conjugation and covalent adhesion 

It has become apparent in recent years that covalent crosslinking to endogenous proteins is 

a strategy of both the innate immune system and in adhesion of pathogens to host cells, 

utilizing specialized self-activating domains to provide a reactive handle. Complement proteins 

covalently mark pathogens for recognition by other components of the innate immune system 

(Law and Dodds, 1997). For bacteria, adhesion to host cells is often a key requirement for 

successful colonisation (Stones and Krachler, 2016). 

An internal, reactive Cys-Gln thioester implicated in covalent binding has first been reported 

in complement proteins C3 and C4 (Law and Dodds, 1997). The Cys-Gln thioester is part of a 

four-residue ring which is occluded in the inactive complement proteins (Law and Dodds, 

1997) (Figure 1.6 (Janssen et al., 2005)). Upon cleavage-activation, C3b and C4b undergo a 

conformational change and the labile Cys-Gln thioester bond becomes sensitive to 

nucleophilic attack (Law and Dodds, 1997). Through reaction with nucleophiles on a cellular 

surface, C3b and C4b are involved as part of the innate immune system in marking bacterial 

cells (Law and Dodds, 1997). C4 has two isotypes, C4A and C4B, wherein the thioester ring 

in isotype A C4b is directly subject to nucleophilic attack (Dodds et al., 1996; Law and Dodds, 

1997). After proteolytic activation, C3b and isotype B C4b feature a histidine nearby the Cys-
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Gln thioester which has been proposed to substitute the thiol from the thioester bond to form 

a reactive acyl-imidazole intermediate (Dodds et al., 1996; Law and Dodds, 1997; Gadjeva et 

al., 1998). C3, C4a, C4b thereby derive differential reactivities from a Cys-Gln thioester, 

wherein isotype A C4b preferentially reacts with amines, while C3b and isotype B C4b 

efficiently react with hydroxyls (Law and Dodds, 1997). In 2005 and 2006, C3 and C3b crystal 

structures supplemented early experimental studies to increase the understanding of 

thioester-protection in uncleaved (pre-activated) C3, showing how the thioester is protected 

from hydrolysis by occlusion of water from the reactive site and prevention of acyl-imidazole 

formation before C3 cleavage (Figure 1.6) (Janssen et al., 2005, 2006; Wiesmann et al., 

2006). After cleavage to C3b, the thioester then becomes accessible to His 1104 and highly 

solvent-exposed, primed for covalent conjugation (Janssen et al., 2005, 2006; Wiesmann et 

al., 2006).  

 

Figure 1.6. The crystal structure of uncleaved complement protein C3. C3 α-chain in teal, C3 β-

chain in green, crystal structure from PDB ID 2a73 (Janssen et al., 2005), visualized in PyMOL. Inset: 

The Cys-Gln thioester in C3 is part of a four-residue ring.  

The C3 and C4 complement proteins therefore provide an interesting example of covalent 

adhesion to a foreign cell surface via a Cys-Gln bond, as well as mechanisms for the regulation 

of that activity. In the complement system, the host proteins covalently modify pathogen cells 

(Law and Dodds, 1997). More recently, the inverse has also been found.  
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Multiple species of pathogenic Streptococcus bacteria feature pili involved in host cell 

adhesion (Telford et al., 2006), including Group A Streptococcus pyogenes (‘GAS’) (Mora et 

al., 2005; Abbot et al., 2007). After a Cys-Gln thioester bond was found in the C-terminal region 

of the ‘GAS’ pilus adhesin protein Spy0125 (at Cys426-Gln575), a role for reactive thioesters 

in pathogen adhesion was first proposed (Pointon et al., 2010). Walden et al. reported that the 

Cys426-Gln575 thioester was not involved in stabilization of the pilus protein (Walden et al., 

2014), and showed that streptococcal SfbI can covalently cross-link to fibrinogen via lysine in 

vitro, blood plasma, and at the cell surface (Walden et al., 2015). Interestingly, Spy0125 

serotype homologue Cpa was shown to contain an additional thioester in the N-terminal 

domain, homologous to the C-terminal region, making the protein bivalent (Linke-Winnebeck 

et al., 2014). Upon BLAST searches of the N-terminal or C-terminal thioester containing 

domains of Cpa, both Linke-Winnebeck et al. and Walden et al. suspected that such ‘thioester-

containing domains’ were a commonly occurring feature (Linke-Winnebeck et al., 2014; 

Walden et al., 2015).  

Another reactive group relevant to pathogen adhesion is the formation of aspartic anhydrides. 

Asp-Pro is a particularly unstable peptide bond, a fact that has become apparent due to its 

fragmentation in peptide analysis; in particular, unlike other bonds formed with aspartate, it is 

liable to cleavage under acidic conditions (Piszkiewicz et al., 1970). Asp-Pro bonds are also 

less stable than other peptide bonds under ionizing conditions, including Asn-Pro (Mák et al., 

1998). Notable self-cleaving activity at an Asp-Pro bond has been reported in a diverse set of 

proteins, including the human mucins MUC2 (Lidell et al., 2003) and MUC5AC (Lidell and 

Hansson, 2006), muscarinic toxin MTX2 (Ségalas et al., 1995), the ‘metal ion-inducible 

autocleavage’ (MIIA) domain (in NopE1 (Schirrmeister et al., 2011), VIC_001052 

(Schirrmeister et al., 2013) and MdCE (Durán et al., 2018)), in SO1698 (DUF1888) (Osipiuk 

et al., 2012), and within a ‘self-processing module’ (SPM) in repeat-in-toxin (RTX) proteins 

FrpC and ApxIVA (Osička et al., 2004). 
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Asp-Pro cleavage activity is commonly pH-dependent. Mucins MUC2 and MUC5AC have a 

self-cleavage activity that is accelerated by or dependent on acidic pH (~6) in the secretory 

pathway; for both molecules, Lidell et al. suspected anhydride formation and showed reactivity 

towards primary amines (Lidell et al., 2003; Lidell and Hansson, 2006). Interestingly, MUC2 

and MUC5AC form polymeric gels, therefore Lidell et al. suggested crosslinking of mucins via 

lysine. However, Recktenwald et al. later showed that MUC2 is instead polymerized by 

transglutaminase-catalysed isopeptide bonds (Recktenwald and Hansson, 2016). 

pH-dependent self-cleavage activity at an Asp-Pro bond was also observed in pre-α-inhibitor 

heavy chain 3 precursor (Thuveson and Fries, 1999, 2000), ‘Repulsive Guidance Molecule B’ 

RGMB (Bell et al., 2013), and SO1698 (Osipiuk et al., 2012). The crystal structure of SO1698 

is particularly notable, as it features formation of an intramolecular Lys-Asp bond with Asp-Pro 

cleavage (PDB ID 3n55, also see Chapter 3.4, Figure 3.8a) (Osipiuk et al., 2012).  

Aside from pH-activation, another mechanism for control of autoproteolytic Asp-Pro 

processing is calcium induction: Although unrelated in sequence, cleavage is calcium-induced 

in both the ‘metal ion-inducible autocleavage’ (MIAA) domain (e.g. in NopE1, VIC_001052, 

MdCE) and the ‘self-processing module’ (SPM) found in various RTX proteins (e.g. FrpC, 

ApxIVA), with differing tolerances for activation by non-calcium ions (Osička et al., 2004; 

Schirrmeister et al., 2011; Matyska Liskova et al., 2016; Durán et al., 2018). Asp to Glu 

mutations (DP to EP) of NopE1 (Schirrmeister et al., 2011) and FrpC (Osička et al., 2004) 

were shown to retain cleavage activity, whereas substitution of Asp to Glu abolished cleavage 

activity in the pH-dependent self-processing of H3 (Thuveson and Fries, 2000), hinting at 

mechanistic difference. There is now strong evidence for a role of anhydride formation in 

pathogen adhesion: With the ‘self-processing module’ found in RTX proteins, mutation of SPM 

in ApxIVA has been shown to affect infectivity of Actinobacillus pleuropneumoniae (Kuban et 

al., 2020), and FrpC has been shown to facilitate anhydride-mediated crosslinking to host cells 

in cell culture (Sviridova et al., 2017). The RTX ‘self-processing module’ is discussed in detail 

in chapter 1.4. 
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Related to proteins with autocatalytic cleavage activity at Asp-Pro, some proteins also show 

self-processing activity at Asn-Pro. An overview of proteins self-processing at Asn is provided 

by Rawlings et al. (Rawlings et al., 2011). In particular, the E. coli Type 3 Secretion System 

protein ‘switch’ EscU shows an Asn-Pro cleavage mechanism via a succinimide intermediate 

(Zarivach et al., 2008), as do various of its homologues (e.g. SpaS (Zarivach et al., 2008); also 

see Chapter 3.4, Figure 3.8b). Interestingly, following spontaneous succinimide formation of 

Asn/Asp side chains with the protein backbone, both Asn and Asp have now also been 

implicated in cross-link formation in aging proteins (Friedrich et al., 2018).  

Inteins are a particularly prominent example of proteins with self-processing activity at Asn, 

again usually proceeding through succinimides (Shah and Muir, 2014). However, formation of 

an anhydride intermediate has been implicated in processing of Asn to Asp variants at both 

the N-extein (Amitai et al., 2004) and C-extein (Amitai et al., 2004). To understand processing 

of an Asn to Asp N-extein mutant found in an earlier study (Mills et al., 2006) in more detail, 

Minteer et al. mutated Pyrococcus abyssi PolII Intein to abrogate processing activity at both 

the N-terminal N-extein bond (Cys to Ala) and the C-terminal C-extein bond (Gln to Ala in 

intein, Cys to Ala in C-extein fragment), preventing thioester formation or thioester transfer as 

well as bond cleavage (Minteer et al., 2017). Upon mutation of the C-terminal asparagine to 

aspartate in the N-extein fragment, the intein gained an atypical folding-dependent cleavage 

activity at the N-extein/intein site at low pH, for which strong evidence of intermediate 

anhydride formation was provided (Minteer et al., 2017). 

In summary, both reactive thioester bonds and protein anhydrides have been identified as 

reactive sites for protein-protein crosslinking in covalent pathogen adhesion as well as in other 

contexts. In this work, the use of such activity of the Neisseria meningitidis FrpC protein was 

explored for targeted protein-protein conjugation. 
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 1.4. The Neisseria meningitidis self-processing module 

  1.4.1. FrpC function in Neisseria meningitidis biology and pathogenicity 

Neisseria meningitidis is a Gram-negative human pathogen that is also known as 

‘meningococcus’ (Virji, 2009). It is commonly (“about 10% of [United Kingdom population]” 

(Virji, 2009)) “found in the nasopharynx of healthy individuals, but can be the cause of life-

threatening meningitis (Virji, 2009). Various adhesion mechanisms are involved in interaction 

of N. meningitidis with host cells, including pili structures (Virji, 2009). In addition to other 

virulence factors, adhesion mechanisms can differ substantially between N. meningitidis 

populations (Virji, 2009).  

‘Iron-regulated protein C’ (FrpC) is a secretory RTX protein from N. meningitidis, which is 

produced in iron-depleted conditions (Thompson and Sparling, 1993; Thompson et al., 1993) 

and has been shown to be immunogenic during N. meningitidis infection (Osička et al., 2001). 

Three functional regions of full-length FrpC have been identified: an N-terminal region (Frpc1-

414), a ‘self-processing module’ (SPM, delineated by Frp414/415-657), as well as a C-terminal 

‘repeat in toxin’ (RTX) domain (FrpC863-1829) (Figure 1.7) (Osička et al., 2004; Sadilkova et 

al., 2008; Sviridova et al., 2017) .  

 

Figure 1.7. Simplified FrpC domain overview. FrpC contains of an N-terminal domain, a calcium-

activated self-processing module with self-cleaving activity, and a C-terminal RTX domain involved in 

protein secretion. 
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The function of these FrpC regions is best understood in inverse order: First, the C-terminal 

RTX domain is involved in secretion of FrpC (Linhartová et al., 2010). RTX domains contain 

repetitive calcium-binding motifs for secretion via the type I secretion pathway (Linhartová et 

al., 2010). RTX repeats are unfolded in the cytoplasm and fold upon exposure to calcium in 

the extracellular medium, driving secretion (Bumba et al., 2016).  

Second, Osicka et al. identified that FrpC has a calcium-dependent self-cleavage activity at 

Asp414-Pro415, and they observed similar activity for the FrpC-like protein FrpA and another 

homologous protein, ApxIVA (from Actinobacillus pleuropneumoniae) (Osička et al., 2004). 

After cleavage, Osicka et al. further reported in vitro formation of stable multimers for FrpC, 

FrpA and ApxIVA (Osička et al., 2004). For FrpC, they showed that protein-protein crosslinking 

occurs via Asp-Lys isopeptide formation with the N-terminal FrpC fragment (Osička et al., 

2004). This cleavage activity has been implicated in FrpC and ApxIVA host cell interaction 

(Sviridova et al., 2017; Kuban et al., 2020). A proposed mechanism (Osička et al., 2004; 

Sadilkova et al., 2008) is shown in Figure 1.8. 

 

Figure 1.8. Proposed mechanism (Osička et al., 2004; Sadilkova et al., 2008) for FrpC 

autoproteolysis. Protonated proline acts as the leaving group to facilitate circularisation of aspartate 

to an aspartyl anhydride, resulting in backbone cleavage. 

Finally the third region, FrpC1-414, appears to be the region involved in mediating the 

interaction of N. meningitidis to the host cell. Herein, the membrane protein FrpD binds the 

N-terminal FrpC fragment (Prochazkova et al., 2005). An FrpC1-414 fragment covalently 

linked to the host cell surface could thereby provide an anchor for the N. meningitidis 

membrane protein FrpD (Sviridova et al., 2017). FrpC appears to be involved in interaction of 

N. meningitidis with endothelial surfaces (Sviridova et al., 2017). For ApxIVA, pathogenicity 

could be tested directly and the ApxIVA SPM domain was shown to be crucial to (pig) host 



Page 31 
 

invasion (Kuban et al., 2020). In the following, the biochemical characteristics of SPM known 

to date are described in detail. 

  1.4.2. FrpC SPM structure and activity 

FrpC self-processing activity can be localized to a short region called the ‘self-processing 

module’ (SPM). Osicka et al. showed that FrpC retains self-cleaving activity after deletion of 

the C-terminal RTX region (FrpC∆RTX) and further delineated SPM to FrpC400-657 by 

deletion mutagenesis (Osička et al., 2004). In 2008, the same research group showed that 

FrpC414-657 was sufficient for self-processing in recombinant fusion proteins (Sadilkova et 

al., 2008). The minimal reported active region spans residues 414-591 (Kubáň et al., 2015; 

Matyska Liskova et al., 2016; Kuban et al., 2020). However, unpublished work by Felix 

Metzner in the Howarth laboratory indicated reduced cleavage rate of this construct (Metzner, 

2017), which was confirmed by Sheryl Lim in the context of this work (Scheu et al., 2021). 

The self-cleavage activity of SPM is resistant to protease inhibitors, but efficiently inhibited by 

EDTA (Osička et al., 2004). Zn2+, Co2+, Mn2+, Ni2+, Mg2+ and Cu2+ cannot significantly activate 

FrpC at 2 mM (Osička et al., 2004), but significant cleavage has been reported for Cd2+ (Osička 

et al., 2004) and Tb3+ (Matyska Liskova et al., 2016) in addition to Ca2+. FrpC self-processes 

well under ‘human body’ conditions: For the FrpC∆RTX construct, a half time of about 5 

minutes was determined at 2 mM Ca2+, with a maximum cleavage yield of ~85% after 30 min, 

an optimal temperature of 35-45 °C and optimal pH between 5.5 and 8.5 (Osička et al., 2004). 

Similar yields have been reported for other fusion proteins with FrpC414-657 (Sadilkova et al., 

2008; Liu et al., 2014).  

After cleavage, crosslinking of FrpC∆RTX via lysine is effectively inhibited by cysteine, 

dithiothreitol (DTT), and 2-mercaptoethanol at 10 mM (Sadilkova et al., 2008). Addition of thiol 

nucleophiles increased release of fusion proteins upon cleavage from affinity beads, 

potentially by preventing protein crosslinking (Sadilkova et al., 2008). For DTT, the authors did 

not detect an adduct during MALDI-TOF mass spectrometry, suggesting efficient hydrolysis 
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(Sadilkova et al., 2008). However, if the thiol is cysteine a stable adduct is formed, presumably 

by S,N-acyl shift (Sadilkova et al., 2008). 

Bumba et al. studied the structural transition of the FrpC415-591 fragment (Kubáň et al., 2015; 

Matyska Liskova et al., 2016). The calcium-free protein is mostly disordered, containing two 

α-helical and two β-structural elements (Kubáň et al., 2015). Based on far-UV circular 

dichroism data, they report two phases of structural transitions upon calcium binding, with 

initial changes at ~5 µM and a sharp structural transition at ~150 µM Ca2+ (Matyska Liskova 

et al., 2016). 

 A series of point mutations detrimental to SPM activity have also been determined. Regarding 

mutations at the DP cleavage site, D414A or P415A result in catalytically dead SPM, whereas 

D414E is active at a reduced rate (Osička et al., 2004). Oscika et al. also tested if mutations 

at putative calcium binding sites negatively affected cleavage rate. Herein, SPM cleavage 

activity was reduced or abolished by various mutations (D499K, D510A, ∆D510, D521K, 

E532A, and D462K ∆A511) (Osička et al., 2004). Bumba et al. further provided evidence for 

a calcium-binding sites at W451 and W519, including the effects of W451F and W519F in 

NMR analysis (Matyska Liskova et al., 2016). 

The NMR structure of SPM (as FrpC414-591) was recently reported (Kuban et al., 2020). As 

expected (Kubáň et al., 2015; Matyska Liskova et al., 2016), SPM folding is highly calcium-

dependent, with four calcium ions in the post-processed state (Figure 1.9) (Kuban et al., 2020). 

In the post-processed state, Pro415 residue is partially enveloped by the folded SPM (Kuban 

et al., 2020). Judging from the NMR structure, it appears to confirm the role of most 

experimentally predicted residues in calcium binding (PDB ID 6sjw (Kuban et al., 2020)). All 

aforementioned residues appear to be either directly in contact with calcium (D462, D499, 

D510, W519, D521, E532), interacting with calcium-site residues (W451 interacting with 

W519) or to be directly adjacent to the binding site (A511) (Figure 1.9). W451 is also at an 

appropriate distance to form a cation-π interaction with calcium, although it appears more 

obstructed by D521 than predicted by Liskova et al. (Matyska Liskova et al., 2016). 
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Nevertheless, as predicted by Liskova et al. (Matyska Liskova et al., 2016), W451 and W519 

are involved in the same binding site as D521, E532, wherein W451 appears to stabilize W519 

(PDB ID 6sjw (Kuban et al., 2020), Figure 1). Kuban et al. also propose a slightly different 

mechanism for SPM processing than Osička et al. (Figure 1.8) (Osička et al., 2004), in which 

calcium stabilizes a hydroxide ion (Kuban et al., 2020). 

 

Figure 1.9. NMR structure of FrpC ‘self-processing module’ (SPM). FrpC415-593 structure 

determined by Kuban et al., PDB ID 6sjw, visualized in PyMOL (Kuban et al., 2020). Pro415 in blue, in 

stick format. Yellow: Calcium ions. Orange: Residues studied by mutagenesis in prior studies, in stick 

format.  

  1.4.3. Biotechnological applications of FrpC SPM  

FrpC SPM has been utilized for biotechnological applications. In principle, two types of activity 

can be of interest: FrpC SPM as a self-cleaving module, and FrpC SPM as a means of 

chemical protein activation. 

The self-cleaving activity of SPM has been used for protein release after column purification 

(Sadilkova et al., 2008). For protein purification, anhydride formation is an unwanted side 

effect which can cause crosslinking and inhibit elution of protein from a column (Sadilkova et 

al., 2008). The anhydride can be quenched effectively by thiol addition, suppressing protein-

protein crosslinking (Sadilkova et al., 2008). By further incorporating elastin-like polypeptides, 
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an intriguing system for column-free, protease-free protein production and purification has 

been proposed (Liu et al., 2014). FrpC SPM itself is heat-resistant, which was used for 

purification of FrpC415-591 (70°C, 15 min) (Kubáň et al., 2015) and could provide a means of 

purification for heat-stable SPM-conjugated proteins.  

In a second set of applications, SPM cleavage is utilized to activate a protein for chemical 

conjugation. The activated C-terminal species is reactive towards thiols, which can be used to 

out-compete bioreactive crosslinking at sufficient concentration (e.g. 10 mM DTT or cysteine) 

(Sadilkova et al., 2008). Based on the presumed formation of an aspartic anhydride the 

chemical properties of succinic anhydride or, perhaps more appropriately, N-protected 

aspartic anhydride give an indication for possible reactions. Due to their use in peptide 

synthesis (Isidro-Llobet et al., 2009), various modifications of N-protected aspartic and 

glutamic anhydrides have been described, although these are usually not compatible with an 

aqueous solution. In water at pH 7, such anhydrides usually have a half-life time of a ~4-5 

minutes (Bunton et al., 1963). However, the SPM aspartic anhydride is highly reactive towards 

cysteine, with apparently complete reaction at few mM concentration (Sadilkova et al., 2008).  

Finally, SPM is involved in the attachment of pathogens to host cells (Sviridova et al., 2017; 

Kuban et al., 2020), presumably via covalent attachment of the N-terminal cleavage fragment 

to host cell membrane protein (Sviridova et al., 2017). It has previously been shown that 

adequately placed electrophiles can be used for the rationally designed conjugation of protein-

protein complexes (Holm et al., 2009) (also see chapter 1.2.). Furthermore, SPM remains 

active in various recombinant fusion proteins (Sadilkova et al., 2008; Liu et al., 2014). 

Therefore, it is likely that SPM could be used to facilitate rationally designed protein-protein 

crosslinking.  
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1.5. Thesis aims 

Various methods for conjugation of recombinant to endogenous proteins have been 

described, with a particular interest in proximity-enabled protein ligation (Chapter 1.1, Chapter 

1.2). However, traditional means of introducing reactivity either involve post-translational 

modification, or incorporation of reactivity via UAAs. The aim of this thesis is to derive a method 

for conjugation of recombinant to endogenous proteins without the need for complex 

modifications during or after protein production, solely relying on canonical amino acids. 

Conjugation to endogenous proteins has been observed in natural proteins, particularly in 

FrpC SPM (Chapter 1.3, Chapter 1.4). Akin to its natural function, I aimed to investigate the 

potential of FrpC SPM-mediated protein activation for protein-protein conjugation. 

Herein, SPM would be genetically fused to a protein binding another protein target. If residues 

appropriate for reaction are available on the target protein, the binding proteins could crosslink 

upon calcium-induced cleavage (Figure 1.10). This concept was called ‘NeissLock’ (from an 

SPM fusion design in preliminary work in the same research group (Metzner, 2017)). 

 

Figure 1.10. Overview of NeissLock conjugation. (a) SPM can be introduced C-terminally of a binding 
protein to enable calcium-induced protein activation. The binding protein itself specifically binds to a 
target protein. After SPM-processing, the binding protein features a C-terminal aspartic anhydride 
which can react with nucleophiles on the target protein to form a stable covalent bond. (b) Illustration 
of covalent bond formation between target protein (cyan) and activated binding protein (purple). 

SPM has already been successfully applied in biotechnology (Sadilkova et al., 2008; Liu et al., 

2014). However, the concept of targeted protein conjugation using SPM had not been 

validated. The first goal was to prove that this is possible in principle. To achieve this, I decided 

to first identify ‘ideal’ model complexes based on hypothesised parameters for protein-protein 
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conjugation (Chapter 3, compare to Figure 1.4 and Chapter 1.2.1) and then test for protein-

protein conjugation after SPM-mediated activation (Chapter 4, Chapter 5). Given successful 

conjugation, the second goal was to identify parameters which could influence conjugation 

efficiency, as well as map where crosslinking would occur on the target protein. It is known 

that crosslinking via lysine is possible (Osička et al., 2004); unpublished results by Felix 

Metzner on head-to-tail crosslinking in BLA further suggest that the primary amine on the 

N-terminus can be a suitable target for anhydride reaction (Metzner, 2017). I utilized 

site-directed mutagenesis, mass spectrometry after enzymatic digest, and incorporation of 

linker residues to identify target residues and parameters relevant to cleavage rate and 

protein-protein conjugation (Chapter 4, Chapter 5). Finally, I aimed to identify a model complex 

for NeissLock-mediated conjugation to mammalian cells, to test broader compatibility and 

provide an initial indication of therapeutic translatability (Chapter 3, Chapter 5). The main 

findings of this works are published in (Scheu et al., 2021). 
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2. Materials and Methods 

 2.1. The NeissDist Database 

  2.1.1. Data retrieval and biological assembly 

Files containing structural information were retrieved from the Protein Data Bank (PDB), either 

from the PDBe (ftp.ebi.ac.uk/pub/databases/pdb/) or wwPDB (ftp.wwpdb.org) repositories. In 

initial iterations, the pdb file format (containing the asymmetric unit) or pdb1 file format 

(containing the first biological assembly) were used. As the pdb format is obsolete (Adams et 

al., 2019), the final workflow involved retrieval of the mmCIF file format. Herein, I deployed a 

script provided by wwPDB (https://mmcif.wwpdb.org/docs/sw-

examples/python/html/assemblies.html) to generate biological assemblies from mmCIF 

asymmetric units. Biological assembly files were primarily processed, if no biological 

assemblies were successfully generated from a given asymmetric unit file, the asymmetric 

unit file corresponding to that structure was processed instead. 

  2.1.2. NeissDist database assembly 

The NeissDist database was assembled using a script called ‘disCrawl’ (for ‘distance crawler’) 

written in the Python programming language (Python Software Foundation, 

https://www.python.org/). disCrawl was deployed in two main versions, wherein the second 

version represented a near complete rewrite. The final version is provided in a public 

repository (https://github.com/arnescheu/disCrawl) and briefly described hereafter. First, 

biological assembly files or asymmetric unit files were incorporated into a task list for analysis. 

This task list was then split and passed to separate processes to enable parallel processing.  

Structural information was parsed using the BioPython (Hamelryck and Manderick, 2003; 

Cock et al., 2009) module. For each chain in a given structure, residues were iterated to 

identify the first (‘N-terminal’) and last (‘C-terminal’) resolved canonical amino acid residues, 

as well as pre-defined ‘target’ residues (e.g. Lys and Tyr). If available, distances were 

calculated between multiple atoms from all ‘C-terminal’ to all ‘target’ residues (i.e. atoms 

X/CA/N to atoms C/CA/N, wherein X is a side-chain nucleophile). For side-chain target 

ftp://ftp.ebi.ac.uk/pub/databases/pdb/
https://ftp.wwpdb.org/
https://mmcif.wwpdb.org/docs/sw-examples/python/html/assemblies.html
https://mmcif.wwpdb.org/docs/sw-examples/python/html/assemblies.html
https://www.python.org/
https://github.com/arnescheu/disCrawl
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residues (which were not also N-terminal residues), C-terminal atom C to target atom X was 

the ‘primary’ distance, if available. For N-terminal residues (which were not also side-chain 

target residues), C-terminal atom C to target atom N was the ‘primary’ distance, if available. 

For residues which were both N-terminal and a side-chain target residue, the shorter available 

distance of C-terminal atom C to target atom X and C-terminal atom C to target atom N was 

chosen. If none of these atom pairs were available, primary distances were assigned in priority 

order as shown in Table 3.1. This process was repeated for each model in a given structure, 

to a limit of 10 models. Distances and corresponding metadata were deposited in a ‘distance’ 

table. To simplify filtering, an additional ‘summary’ table included the highest ranked 

intermolecular distance per structure. Additional description is provided in Chapter 3. 

  2.1.3. NeissDist analysis 

To provide an overview of distance distributions and estimate the amount of eligible structures, 

the latest iteration of the NeissDist database was interrogated further. For each structure, the 

shortest intramolecular distance, intermolecular distance between homomers and 

intermolecular distance between heteromers was selected from corresponding entries in the 

‘distance’ table (as defined from associated metadata). To simplify analysis, only ‘distance’ 

table entries containing specific distances were considered per analysis (i.e. C-terminal C to 

Nε [Lys] for Figure 3.4a-b, C-terminal C to OH [Tyr] for Figure 3.4c-d, C-terminal C to N 

[N-terminal] for Figure 3.4e-f). Other distances (e.g. N to CA) were not considered. Once these 

‘shortest’ distances have been identified, they were compared between biological assemblies 

corresponding to the same structure to identify a single distance per type of intramolecular 

distance, intermolecular distance between homomers and intermolecular distance between 

heteromers. The dataset of these distances was then analysed in Python using the 

SQLalchemy module to determine the number of structures with a shortest distance per 

category between a given threshold, in 0.1 Å intervals. A histogram was created from this 

data, as shown in Figure 3.4a,c,e. For each structure, the distances per category were further 

compared with each other to identify an overall shortest distance. This data was interrogated 
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in a similar manner, and a histogram was created as shown in Figure 3.4b,d,f. The 

corresponding SQL statements and python code are deposited in 

https://github.com/arnescheu/disCrawl. Code and results can also be compared to the similar 

analysis published in the publication corresponding to this work (Scheu et al., 2021) 

(https://github.com/arnescheu/NeissDist (Scheu, 2020)). Therein, only primary distances were 

considered instead of all distances of a specific type (i.e. representing an alternative analysis 

of N-terminal target residues, as only Lysine residues were considered (Scheu et al., 2021)). 

  2.1.4. Candidate selection 

The NeissDist database allows for the sorting of structures by intermolecular distance between 

a C-terminal residue of a given chain to a target residue. The final iteration of NeissDist 

furthermore annotates multiple features of a given distance and structure to allow for simple 

filtering (e.g. by oligomeric state). An excerpt of NeissDist is provided with the supplementary 

information of the paper associated with this work (Scheu et al., 2021). Ultimately, NeissDist 

is a tool to aid the selection and evaluation of potential candidates for protein-protein 

conjugation via NeissLock. In this work, the Ornithine Decarboxylase (ODC) / Antizyme (OAZ) 

complex and the Epidermal Growth Factor Receptor (EGFR) / Transforming Growth Factor α 

(TGFα) complex were chosen as the primary model systems. These model systems were 

selected from an early version of the NeissDist database based on a combination of structural 

criteria (e.g. shortest distance between C-termini and target residue, size of protein 

components), experimental interest (e.g. ease of expression and handling) and/or biological 

interest (e.g. receptor targeting). During this selection, protein structures were visualized in 

PyMOL (Schrödinger). A visualization script for PyMOL was deployed to aid candidate 

selection, the final version is deposited in https://github.com/arnescheu/disCrawl. Further 

details of candidate selection are provided in Chapters 3 to 5.  

  2.1.5. Rational design of candidate protein point mutations 

In the course of this work, specific point mutants were introduced into ODC/OAZ and 

EGFR/TGFα model proteins in an attempt to reduce complex stability or otherwise impact 

https://github.com/arnescheu/disCrawl
https://github.com/arnescheu/NeissDist
https://github.com/arnescheu/disCrawl
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NeissLock-mediated protein-protein conjugation. To select suitable point mutants, protein 

structures were visualized in PyMOL (Schrödinger). OAZ mutations K153A and V198 were 

intended to reduce binding affinity to ODC, based on previously published data (Cohavi et al., 

2009). Furthermore, OAZ mutation A215R and R188E were identified after visual inspection 

of the protein structure (PDB 4zgy (Wu et al., 2015)) as potentially disruptive to ODC-binding. 

Herein, OAZ A215R was identified during inspection of the structure with James Ross, OAZ 

R188E together with Sheryl Lim. To investigate the impact of removing the primary covalent 

crosslinking target site on NeissLock-mediated conjugation, ODC K92R was chosen under 

the presumption that ODC K92 is the primary target residue. TGFα mutation R42A was 

selected to reduce binding affinity to EGFR, as described previously (Lazar et al., 1989). 

Finally, FrpC[D414A] mutants of self-processing module (SPM) (‘[DA]SPM’) were intended to 

abolish self-processing activity, as was previously described (Osička et al., 2004). 

 2.2. Plasmid design and cloning 

The following constructs were used in the pET28 backbone for expression in E. coli: Anti-

HER2 Affibody fused to N. meningitis self-processing module (SPM) (H6-Affibody-SPM); 

SpyTag fused to SPM (H6-SpyTag-X-SPM, Xaa: 1 of 20 canonical amino acids); truncated 

human Ornithine Decarboxylase Antizyme residues 95-219 (OAZ); OAZ fused to SPM (H6-

OAZ-SPM, H6-OAZ-Y-SPM, H6-OAZ-GSY-SPM [deposited as Addgene plasmid 163613], H6-

OAZ[ΔE219]-SPM, H6-OAZ[K153A]- SPM, H6-OAZ[K153,A215R]- SPM, H6-

OAZ[K153,V198A,ΔE219]- SPM); human Ornithine Decarboxylase (ODC) fused to SPM (H6-

ODC-SPM [deposited as Addgene plasmid 163614], H6-ODC[K92R]-SPM); Transforming 

Growth Factor alpha (TGFα) fused to SPM (H6-TGFα-SPM, H6-ST3-TGFα-SPM, TGFα-GSY-

SPM-H6 [deposited as Addgene plasmid 163615], TGFα[R42A]-GSY-SPM-H6, TGFα-GSY-

[DA]SPM-H6). Furthermore, for secretory expression from mammalian cells, the soluble 

ectodomain of Epidermal Growth Factor Receptor (sEGFR501 (Elleman et al., 2001)) was 

cloned with a tissue plasminogen activator (tPA) secretion sequence (as tPA-sEGFR501-H6) 
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in the pENTR4 backbone. Detailed sequence information for all constructs is provided in the 

appendix (Chapter 8, Supplementary Table 8.1). Construct preparation is described below. 

  2.2.1. Gene and oligonucleotide synthesis 

DNA Oligonucleotides and gene fragments were designed using Benchling 

(https://www.benchling.com/). H6-Affibody-SPM in pET28a was cloned by Felix Metzner, in 

the same research group (Metzner, 2017), and provided the template for SPM amplification. 

Genes encoding ODC, OAZ and TGFα proteins were synthesized by Integrated DNA 

Technologies (IDT). DNA encoding EGFR was sourced from ‘pcDNA6A-EGFR ECD’ by Dr. 

Mien-Chie Hung (Addgene plasmid 42666 (Hsu and Hung, 2007)). SpyTag-X-SPM and ST3-

TGFα-SPM were further derived from SpyTag-MBP in pET28a (Addgene plasmid 35050) and 

SpyTag003-MBP in pET28a (Addgene plasmid 133450) from our research group. DNA 

Oligonucleotides as primers for DNA amplification, including for site-directed mutagenesis, 

were ordered from IDT. 

  2.2.2. DNA amplification and purification 

Prior to plasmid assembly, plasmid backbone fragment DNA and/or gene insert DNA were 

amplified by polymerase chain reaction using Q5® High-Fidelity DNA Polymerase (NEB) or 

KOD Hot Start DNA Polymerase (Merck Millipore). DNA was resolved via agarose gel 

electrophoresis (0.7%-1% agarose in TBE buffer with SYBR Safe DNA Gel Stain [Invitrogen] 

at 1:10,000 concentration). Samples were cut from the agarose gel and purified using the 

Wizard® SV Gel and PCR Clean-Up System (Promega). Commonly, PCR fragments intended 

for ligation by Gibson assembly were combined (as gel slices or after gel solubilization) before 

loading them on a single DNA purification column. As necessary, eluted DNA fragments were 

combined with other DNA fragments (e.g. via PCR and gel filtration or purchased) prior to 

Gibson assembly. 

  2.2.3. Gibson assembly 

ODC, OAZ, TGFα or EGFR were subcloned into suitable expression vectors using Gibson 

Assembly (Gibson et al., 2009). For Gibson assembly with the plasmid backbone, IDT-

https://www.benchling.com/
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synthesized DNA was either used directly, or DNA was amplified by polymerase chain reaction 

and purified from agarose gel electrophoresis. DNA fragments were combined during or after 

purification and combined with an equal volume of 2x Gibson Assembly Master Mix (prepared 

in our research group, stored at -20°C). Samples were mixed at 50°C or quickly placed onto 

50°C and then incubated for at least 0.5 h (commonly for 5 h). Then, 8 µL Gibson assembly 

reaction products were transformed to chemically competent NEB Turbo E. Coli.  

  2.2.4. Transformation of Escherichia Coli 

Gibson assembly reaction products or purified plasmid were transformed to chemically 

competent E. Coli (prepared in our research group, stored at -80°C). In general, cell aliquots 

were thawed on ice, then DNA was added directly to the cell samples. For Gibson assembly 

reaction products, 8 µL of mixture were transformed to the NEB Turbo E. Coli strain; for 

purified plasmids, 0.5-1 µL plasmid preparations were transformed to NEB Turbo (for plasmid 

amplification), BL21-(DE3)-RIPL (for protein induction) or Rosetta-gami 2(DE3) (for protein 

induction) E. Coli strains. DNA was mixed into the cells by ejecting the DNA in a continuous 

motion and/or gentle flicking and cells were incubated on ice for another 10-30 min. Cells were 

placed to a 42°C water bath and incubated for 45 s, before quickly placing them back on ice. 

After 2 min incubation on ice, 300 µL of SOC medium (2% [m/v] Tryptone, 0.5% [m/v] yeast 

extract, 10 mM NaCl, 2.5 mM KCl, 10 mM MgCl2, 10 mM MgSO4, 20 mM Glucose) was added 

to cells. The cell suspension was transferred to 15 mL falcon tubes, and cells were allowed to 

recover for ~1 h at 37°C with 200 rpm shaking. Finally, cells were plated onto prewarmed 

lysogeny broth (LB) plates supplemented with 50 µg/mL kanamycin (34 µg/mL 

chloramphenicol may be added for BL21-(DE3)-RIPL or Rosetta-gami 2(DE3) strains). Plates 

were incubated at 37°C at least until individual colonies could be picked (usually overnight). 

Individual colonies were picked into LB supplemented with 50 µg/mL kanamycin; for BL21-

(DE3)-RIPL or Rosetta-gami 2(DE3) strains, the medium was further supplemented with 34 

µg/mL chloramphenicol. Liquid cultures were incubated overnight at 37°C with 200 rpm 



Page 43 
 

shaking. Overnight cultures were then used either for plasmid purification or protein 

amplification. 

  2.2.5. Plasmid preparation 

For small-scale plasmid preparation, plasmids were prepared from 5-10 mL overnight cultures 

using QIAprep Spin Miniprep Kit (Qiagen) or GeneJET Plasmid Miniprep Kit (Thermo 

Scientific); for preparation from 10 mL, twice the recommended buffer volumes were used 

prior to column loading. Gene inserts from newly assembled plasmids were verified by Sanger 

sequencing (via Source Bioscience or Eurofins). For sEGFR501 in pENTR4 DNA intended for 

mammalian cell transfection, plasmid was prepared from 200 mL overnight culture volume (in 

LB supplemented with Kanamycin) using Zymo Research ZymoPURE™ II Plasmid Maxiprep 

Kit and sterile filtered at 0.22 µm (Corning™ Costar™ Spin-X™ Centrifuge Tube Filters). 

 2.3. Bacterial protein expression and purification 

  2.3.1. Standard bacterial protein expression  

Protein encoding plasmids were transformed to BL21-(DE3)-RIPL or Rosetta-Gami 2(DE3) 

strains as described (Chapter 2.2.4). Individual colonies were picked to 11 mL LB 

supplemented with 34 µg/mL chloramphenicol and 50 µg/mL kanamycin and incubated as 

overnight pre-culture at 37°C, 200 rpm in 50 mL falcon tubes. 10 mL of pre-culture were added 

to 1 L LB supplemented with 34 µg/mL chloramphenicol and 50 µg/mL kanamycin in baffled 

flasks. Cells were grown at 37°C, 200 rpm shaking to OD600 of 0.5-0.7 after which protein 

production was induced by addition of isopropyl β-D-1-thiogalactopyranoside (IPTG) to 0.42 

mM. In initial production of ODC in BL21-(DE3)-RIPL, OAZ-SPM in BL21-(DE3)-RIPL and 

TGFα-SPM in BL21-(DE3)-RIPL or Rosetta-Gami 2(DE3) (see Figure 4.3, Figure 5.2), 

induction temperature was 18°C; in optimized production of ODC variants and OAZ-SPM 

variants as well as induction of Affibody-SPM, induction temperature was 25°C. Samples were 

incubated for 16-19 h at 200 rpm, after which cells were separated from the medium by 

centrifugation at 4°C. Cells were resuspended in Ni-Nta binding buffer (50 mM TRIS, 300 mM 
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NaCl) and transferred to 50 mL falcon tubes. Cells were harvested by centrifugation and 

optionally stored at -80°C before further processing. 

  2.3.2. Initial purification of ODC, OAZ-SPM and TGFα-SPM 

For initial purification of ODC, OAZ-SPM or TGFα-SPM, cell pellets were resuspended in Ni-

Nta binding buffer (50 mM TRIS-HCl, 300 mM NaCl, pH 7.8) supplemented with 1 mM 

phenylmethylsulfonyl fluoride (PMSF) and cOmplete mini EDTA-free protease inhibitor 

cocktail (Roche; diluted at 3 tablets per 4.5 mL as 100x). Cells were disrupted by sonication 

(on ice, 3-5 times at output 4-5, 50% duty cycle for 60 s, with 1 min break between cycles). 

The total lysate was cleared from cell debris by centrifugation with a JA25-50 rotor at 4°C, 

17,000 rpm for 30 min. Ni-Nta agarose bead slurry was added to the cleared lysate and 

samples were incubated at 4°C under rolling (Stuart SRT6, 33 rpm). Ni-Nta beads were 

separated from lysate by centrifugation at 2000 g for 5 min and washed with 15 mL Ni-Nta 

binding buffer. The beads were separated again, resuspended with 10 mL Ni-Nta wash buffer 

1 (as Ni-Nta binding buffer, with 10 mM Imidazole), and applied to a gravity flow column. Beads 

were washed an additional time with Ni-Nta wash buffer 2 (as Ni-Nta binding buffer, with 30 

mM Imidazole). Finally, protein was eluted 5 times with 1 mL Ni-Nta elution buffer (as Ni-Nta 

binding buffer, with 200 mM Imidazole). Protein aggregates were removed by spinning in 

microcentrifuge tubes for 30 min at 16,900 rcf. Protein concentrations were estimated by 

Nanodrop measurement. Protein was dialysed thrice against 50 mM HEPES, 140 mM NaCl, 

pH 7.50. Aggregates were again removed by centrifugation before protein was concentrated 

in Vivaspin spin concentrators (30 kDa cutoff for OAZ-SPM or ODC, 5 kDa cutoff for TGFα-

SPM). Samples were flash frozen with dry ice / ethanol bath.  

  2.3.3. Final purification conditions 

For final purification conditions of ODC variants (Figure 4.8), OAZ-(GS)Y-SPM (Figure 4.8) 

and TGFα-GSY-SPM (Figure 5.6) variants, cell pellets were resuspended in 30 mM TRIS-HCl, 

200 mM NaCl, 15 mM Imidazole, 5% (v/v) Glycerol, pH 7.5 supplemented with 1 mM PMSF, 

cOmplete mini EDTA-free protease inhibitor cocktail, 2 U/mL benzonase (Merck) and 1 mg/mL 
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lysozyme (Merck). For ODC variants, this buffer was also supplemented with 0.02 mM 

pyridoxal phosphate. For ODC variants and OAZ-SPM variants (such as OAZ-GSY-SPM), 

2-Mercaptoethanol (2-ME) was added before or directly after sonication to 5 mM lysis buffer 

volume. 

Cells were disrupted by sonication (on ice, 3 times at output 4-5, 50% duty cycle for 60 s, with 

1 min break between cycles). Samples were applied to pre-equilibrated Ni-Nta agarose beads. 

For TGFα-GSY-SPM and variants, samples were incubated at 4°C with rolling to facilitate 

higher resin binding. Beads were applied to a gravity flow column and flowthrough collected. 

Samples were washed with Ni-Nta wash buffer 1 (supplemented with 5 mM 2-Mercaptoethanol 

for ODC variants and OAZ-(GS)Y-SPM), Ni-Nta wash buffer 2 (supplemented with 5 mM 2-

Mercaptoethanol for ODC variants and OAZ-(GS)Y-SPM), and finally eluted with Ni-Nta 

elution buffer (supplemented with 5 mM 2-Mercaptoethanol for ODC variants and OAZ-(GS)Y-

SPM). Eluted samples were concentrated using Vivaspin spin concentrators.  

Particles or aggregates were removed by centrifugation at 16,900 rcf before injection to a pre-

equilibrated HiLoad 16/600 Superdex 200 pg column (GE Healthcare) via an ÄKTA pure 

protein purification system (GE Healthcare). For TGFα-GSY-SPM and variants, the gel 

filtration buffer was 50 mM HEPES, 150 mM NaCl, pH 7.40. For OAZ-(GS)Y-SPM and 

variants, the gel filtration buffer was 50 mM HEPES, 150 mM NaCl, 2 mM TCEP, pH 7.40. For 

ODC, the gel filtration buffer 50 mM HEPES, 150 mM NaCl, 2 mM TCEP and 0.02 mM 

pyridoxal phosphate, pH 7.40. Gel chromatography fractions were assessed on SDS-PAGE. 

Appropriate peak fractions were combined and concentrated using Vivaspin spin 

concentrators. 

Figure 4.7. and Figure 4.10. represent an intermediary protein purification process, wherein 

proteins had initially been thiol-protected by addition of 2 mM 2-ME into modified lysis buffer, 

then dialyzed into 50 mM HEPES, 150 mM NaCl, pH 7.40 or (for ODC) directly into the buffers 

indicated in Figure 4.7. OAZ samples were dialyzed an additional time after removing 

aggregates to assess continuous aggregation in (non-)reducing buffers (Figure 4.7). Protein 
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from the same purification was used in Figure 4.10. Herein, OAZ-Y-SPM (from 50 mM HEPES, 

150 mM NaCl, pH 7.40) or ODC (from 30 mM TRIS, 250 mM NaCl, pH 7.40, 2 mM 2-ME, 

~0.02 mM PLP) was resolved by ÄKTA pure protein purification (as in 2.3.3.) with 50 mM 

HEPES, 150 mM NaCl, pH 7.40 before dialysis to 50 mM HEPES, 150 mM NaCl, 1 mM TCEP, 

pH 7.40 in the final buffer formulation. 

  2.3.4. Purification of Affibody-SPM 

For purification of Affibody-SPM, cell pellet was resuspended and disrupted as described in 

Chapter 2.3.2. The total lysate was split to 1.5 mL microcentrifuge tubes and cleared by 20 

min centrifugation at 16,900 rcf, 4°C. Ni-Nta agarose beads pre-equilibrated in Ni-Nta binding 

buffer were added to the combined cleared lysate to a final resin volume of ~1 mL. Beads 

were incubated with cleared lysate for 1 h under rolling at 33 rpm, 4°C. The sample was 

applied to a gravity-flow column and washed twice with 10 mL Ni-Nta wash buffer 1 before 

washing once with 5 mL Ni-Nta wash buffer 2. Protein was eluted with Ni-Nta elution buffer. 

Protein content of eluates was measured by spectrophotometry, suitable protein eluates were 

combined and dialyzed thrice against 20 mM Tris-Cl, 150 mM NaCl, pH 7.40 to prepare for 

purification with CaptureSelect C-tagXL Affinity Matrix (Thermo Fisher Scientific). 2 mL pre-

equilibrated C-tagXL resin was applied to dialyzed protein and incubated for 1 h at 4°C with 

rolling. Beads were washed 5 times with 10 mL 20 mM Tris-HCl, 150 mM NaCl, pH 7.40 before 

elution with 20 mM Tris-HCl, 2 M MgCl2, pH 7.4 in 2 mL fractions. Eluates were assessed by 

spectrophotometry. Combined fractions were dialyzed thrice against 50 mM HEPES, 150 mM 

NaCl, pH 7.40. Finally, purified protein was concentrated with a 30 kDa cutoff Vivaspin spin 

concentrator. 

  2.3.5. High-throughput preparation of SpyTag-X-SPM variants 

Individual colonies of BL21-(DE3)-RIPL cells transformed with plasmids encoding SpyTag-X-

SPM protein variants were picked to 60 mL auto-induction medium (AIM) supplemented with 

50 µg/mL Kanamycin and 34 µg/mL Chloramphenicol in 200 mL round-bottom flasks. Samples 

were incubated for 24 h at 30°C, 200 rpm shaking. Then, samples were split to 50 mL falcon 
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tubes and centrifuged at 4000 rcf for 10 min at 4°C to pellet cells. Cells were resuspended in 

Ni-Nta binding buffer supplemented with 1 mM PMSF, cOmplete mini EDTA-free protease 

inhibitor cocktail, 2 U/mL benzonase (Merck) and 1 mg/mL lysozyme (Merck) and the cell 

suspension was transferred to a microcentrifuge tube. After 30 min head-over-head rotation 

at ambient temperature, samples were placed to -80°C to initiate freeze-thawing. Samples 

were subjected to a total of 6 freeze-thaw cycles (from -80°C to 23°C thermocycler block); 

herein, the process could be paused by storing the samples at -80°C. Samples were spun at 

16,900 rcf to separate cell debris from cleared lysate. Cleared lysate was separated to a new 

microcentrifuge tube and 100 µL pre-equilibrated Ni-Nta agarose bead slurry (~1:1) was added 

to each sample. Samples were applied to filtration columns in 96-well plate format (AcroPrep). 

Flowthrough was collected by centrifugation at 300 rcf for 30 s at 4°C. Samples were washed 

twice with 300 µL Ni-Nta wash buffer 1 and centrifugation at 300 g for 10 s at 4°C, and then 

twice more at the same conditions with Ni-Nta wash buffer 2. Finally, protein was eluted in 300 

µL Ni-Nta elution buffer. Samples were applied to Vivaspin 500 spin concentrators (5 kDa 

cutoff) and buffer exchanged into 50 mM HEPES, 150 mM NaCl, pH 7.40 by repeated spin 

concentration and subsequent dilution (at 4°C). Aggregates were removed by centrifugation 

and samples were flash frozen in an ethanol / dry ice bath. 

 2.4. Preparation of sEGFR501 

The soluble ectodomain of EGFR was previously described as EGFR1-501 (sEGFR501) 

(Elleman et al., 2001). sEGFR501 was solubly expressed from pENTR4-tPA-sEGFR501-H6 

in Expi293 cells. First, Expi293 cells were seeded at 2.5-3 x 106 cells/mL density in 25 mL 

Gibco Expi293 Expression Medium (ThermoFisher). Cells were transfected with 25 µg sterile 

filtered pENTR4-tPA-sEGFR501-H6 plasmid (prepared by maxiprep) using the ExpiFectamine 

293 Transfection Kit (ThermoFisher). Herein, 80 µL ExpiFectamine was pre-incubated with 

1.4 mL expression medium for 5 minutes. 1.5 mL expression medium containing plasmid DNA 

was combined with the ExpiFectamine dilution, and the mixture was incubated for another 20 

minutes before adding to Expi293 cells. Optionally, the mannosidase-inhibitor Kifunensine 
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(Sigma-Aldrich) was added to approximately 5 µM final concentration during transfection (30 

µL of 5 mM solution).  

Expi293 cells were cultured for 20 h at 37°C, 8% CO2, 125 rpm before adding 150 µL 

enhancer 1, 150 µL enhancer 2 and Penicillin/Streptomycin (Gibco) to 50 U/mL. Cells were 

cultured at 37°C, 8% CO2, 125 rpm and the cell supernatant was collected after 4 days. 5 mL 

Ni-Nta binding buffer, cOmplete mini EDTA-free protease inhibitor cocktail (1x, as above) and 

1 mM PMSF were added to the supernatant. ~0.5 mL pre-equilibrated Ni-Nta beads in 5 mL 

Ni-Nta binding buffer were added to the supernatant, and samples were incubated at 4°C with 

rolling. Beads were applied to a gravity flow column and flowthrough collected. Samples were 

washed two times with 10 mL Ni-Nta wash buffer 1, and then with 2 mL Ni-Nta wash buffer 2. 

Protein was eluted with Ni-Nta elution buffer. Finally, protein was buffer exchanged and 

concentrated into 50 mM HEPES, 150 mM NaCl, pH 7.40 using 30 kDa Vivaspin spin 

concentrators. 

 2.5. General protein analysis 

  2.5.1. Estimation of protein concentration 

Protein concentrations were estimated from sample absorption measured at A280 using a 

NanoDrop 1000 (Thermo Scientific) or Nanodrop One (Thermo Scientific) spectrophotometer. 

Extinction coefficients were predicted using the ExPASY Protparam tool ((Gasteiger et al., 

2005), https://web.expasy.org/protparam/). The native reduction state (oxidized for TGFα-

derived proteins, sEGFR501; reduced for other proteins) was used for concentration 

calculations.  

  2.5.2. SDS-PAGE 

Samples were prepared for SDS-PAGE by addition of SDS-loading buffer to 1x final 

concentration (usually as 6x master mix [34% (v/v) glycerol in 0.33 M Tris-HCl pH 6.8, then 

supplemented with ~170 µM bromophenol blue and 9.4% (w/v) SDS], or as 5x master mix 

supplemented with EDTA), with or without reduction (typically with 20 mM dithiothreitol). 

Generally, samples were that already contained other reducing agents were not reduced (e.g. 

https://web.expasy.org/protparam/
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2 mM TCEP). Samples were denatured at 95°C for 6 min prior to gel loading. Protein samples 

were resolved on SDS-PAGE, using 10%, 12%, 16% or 18% acrylamide content. After 

resolution, gels were stained with InstantBlue (Expedeon). For Figure 5.7, homemade 

Coomassie and EZBlue (Sigma-Adrich) were used instead. After staining, samples were 

destained with water. Finally, samples were imaged with a ChemiDox XRS imager (Bio-Rad). 

For quantification, images were analysed in Image Lab (6.0.1., Bio-Rad).  

  2.5.3. Western Blot 

In general, proteins were transferred to methanol pre-activated PVSD membrane in transfer 

buffer (96 mM glycine, 119 mM Tris, 10% Methanol). For high-molecular weight cell lysates, 

transfer conditions were prolonged (e.g. 16 h at 4°C). Secondary antibody was conjugated 

with horseradish-peroxidase and resolved by incubation with SuperSignal™ West Pico PLUS 

Chemiluminescent Substrate and Chemiluminescence accumulation in a ChemiDoc XRS 

imager with ImageLab Software. Further details are described in 2.6.3.1 and in 2.8.3. 

 2.6. SPM activity and in-vitro conjugation assays 

  2.6.1. Affibody-SPM anhydride reactivity tests 

Anti-HER2 Affibody-SPM was used to estimate anhydride reactivity. To test reactivity with 

different protein nucleophiles, a selection of nucleophiles was used to mimic natural amino 

acid reactivities, i.e. Glycine dipeptide (as N-terminal amine analogue; Sigma Aldrich), Nα-

Acetyl-L-Lysine (as lysine ε-amine analogue; Sigma Aldrich), dithiothreitol (DTT, as cysteine 

side chain analogue; Sigma Aldrich), L-cysteine (as cysteine side chain analogue; MP 

biochemicals), (Dimethylaminomethyl)phenol (as tyrosine side chain analogue; Sigma Aldrich 

[Mixture of components at different substitution level, lot number 041H04021, certificate of 

analysis COA: 59.7% monosubstituted, 27.3% phenol]). Nucleophiles were first diluted in 50 

mM HEPES, 150 mM NaCl, pH 7.40 (HBS) to 60 mM / 6 mM concentration. 20 µM 

Affibody-SPM in HBS ± 10 mM CaCl2 were incubated at 1 h 37°C, optionally with 10 mM / 1 

mM nucleophile as indicated. The reaction was stopped by addition of 5x SDS-loading buffer 

(SDS-LB) supplemented with 75 mM EDTA to 1x concentration. Samples were boiled and 
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resolved on SDS-PAGE. To test anhydride lifetime, 7.5 µM Affibody-SPM were incubated for 

the indicated time at 37°C before inhibiting self-processing and quenching the reaction with 

addition of 5 µL 100 mM cysteine in 100 mM EDTA (to a final concentration of 20 mM each). 

After quenching all reactions, 6x SDS-LB was added to a concentration of 1x, samples were 

boiled and resolved on 18% SDS-PAGE.  

  2.6.2. SpyTag-X-SPM activity screen 

Per protein sample, SpyTag-X-SPM (X: 1 of 20 canonical amino acids) was diluted to ~10 µM 

in 50 mM HEPES, 150 mM NaCl, pH 7.40 (HBS) and then supplemented with 0.5 volumes of 

40 mM Cysteine in HBS. Samples were split to 15 µL in a single well per timepoint (0 min / 5 

min / 15 min / 60 min) in PCR-strips in triplicate. 20 SpyTag-X-SPM proteins were processed 

across 3 days (up to 8 each), with all triplicates processed together. SpyTag-A-SPM was 

included as a control protein across all days (wherein the first triplicate was designated for 

analysis prior to experimentation). Samples were preheated to 37°C before adding 5 µL 40 

mM CaCl2 in HBS in timed intervals (pipetting up and down multiple times to mix; to a final 

concentration of ~5 µM per protein in 50 mM HEPES, 150 mM NaCl, pH 7.40, 10 mM Cysteine, 

10 mM CaCl2). After the designated amount of time, 5 µL of 5x SDS-loading buffer 

supplemented with 75 mM EDTA was added to quickly stop the reaction. For the 0 min 

timepoint, this stop solution was added prior to addition of CaCl2. Samples were boiled at 95°C 

for 6 min and stored at -20°C. All replicates of all samples were resolved on SDS-PAGE that 

were processed in immediate succession (with triplicates split across gels to reduce overlap). 

SDS-PAGE were stained for ~16h with InstantBlue and de-stained with water before imaging. 

Images were analysed in Image Lab (6.0.1., Bio-Rad), with 2.0 mm disk size baseline 

subtraction. Per replicate, the amount of unprocessed SpyTag-X-SPM protein at a given 

timepoint was calculated relative to the unprocessed protein at 0 min. 

  2.6.3. OAZ-SPM:ODC and variant conjugation 

ODC / OAZ-SPM and variants thereof were used as the main model system to study 

NeissLock protein-protein conjugation in vitro. In general, the protein components were diluted 
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in a HEPES-based buffer (e.g. 50 mM HEPES, 150 mM NaCl, 2 mM TCEP, pH 7.40) and 

incubated at 37°C, to which calcium diluted in the same buffer was added to 10 mM calcium 

as indicated, or buffer without calcium was added. Timecourse reactions were stopped by the 

addition of 75 mM EDTA in 5x SDS-LB. Samples were boiled before resolving on SDS-PAGE.  

For Figures 4.3 and 4.19, ODC and OAZ-SPM were not yet purified under optimized conditions 

(most prevalently protective reducing agent and size exclusion chromatography), and 6x 

SDS-LB was supplemented with reducing agent. For Figure 4.10, protein samples were 

retrieved from the initial optimization of purification conditions (see Chapter 2.3.3.), with 50 

mM HEPES, 150 mM NaCl, 1 mM TCEP as the final dialysis buffer. For Figure 4.12, 50 mM 

HEPES, 150 mM NaCl, 2 mM TCEP at differing pH was prepared in small volumes; calcium 

was diluted in the buffer corresponding to tested pH. Two samples were excluded from 

OAZ-GSY-SPM due to an experimental error which was documented before resolving on 

SDS-PAGE (through difference in sample volume). For Figure 4.16, ODC and OAZ-(GS)Y-

SPM had been refrozen once, ODC consisted of a slightly different pooled fraction that other 

ODC proteins (corresponding to the same peak). In Figure 4.16 and 4.17, double banding was 

resolved on 18 % SDS-PAGE. For Figure 4.21, Bovine Serum Albumin (Sigma-Aldrich) was 

dissolved in 50 mM HEPES, 150 mM NaCl, 2 mM TCEP and diluted as indicated, wherein the 

concentration was estimated based on a molecular weight of 66.4 kDa.  

   2.6.3.1. Western blot of in vitro protein TGFα-GSY-SPM/sEGFR501 conjugation 

For western blot of recombinant protein conjugation in Figure 5.9., protein conjugation 

samples from Figure 5.5c were used. Samples were reduced by addition of 2-mercaptoethanol 

before resolving on 18% SDS-PAGE. Proteins were transferred to methanol-activated 

polyvinylidene fluoride (PVDF) membrane in transfer buffer for 3 h at 35 V. The membrane 

was blocked overnight at 4°C with 5% skim milk in PBS supplemented with 0.05% Tween 20 

(PBS-T). Then, the membrane was incubated with a 1:1000 dilution of mouse Anti-EGFR 

antibody (LA22, 1 mg/mL Merck) in 5% skim milk PBS-T. After 3h incubation at ambient 

temperature, the membrane was washed multiple times with PBS-T. Supernatant was 
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replaced for 1:5000 anti-mouse antibody:horseradish peroxidase conjugate (Sigma-Aldrich 

A4416) in 5% skim milk PBS-T. The membrane was incubated overnight at 4°C. After washing 

with PBS-T, secondary antibody was resolved by incubation with SuperSignal™ West Pico 

PLUS Chemiluminescent Substrate and Chemiluminescence accumulation in a ChemiDoc 

XRS imager with ImageLab Software. 

  2.6.4. TGFα-SPM:sEGFR and variant conjugation 

In general, TGFα-SPM variants were incubated in non-reducing buffer, i.e. 50 mM HEPES, 

150 mM NaCl, pH 7.40 at 37°C with sEGFR501 at the indicated protein and calcium 

concentrations. Samples were only deglycosylated after proceeding with the reaction, i.e. 

remaining glycosylation of sEGFR501 was still present during conjugation. 

After conjugation of TGFα-GSY-SPM with sEGFR501, samples were optionally 

deglycosylated by treatment with PNGase F (NEB). Herein, 0.1x initial sample volume of 10x 

Glycoprotein Denaturing Buffer (to ~1x, NEB) was added. Samples were heated to 100°C for 

10 minutes to reduce and denature protein samples. Then, 0.2x initial sample volume of 10x 

GlycoBuffer 2 (NEB, to 1x), 0.2x initial sample volume of 10% NP-40 (NEB, to 1%), 0.4x initial 

sample volume Milli-Q H2O were added, as well as 0.1x initial sample volume PNGase F (NEB, 

to 25 U/µL) or 0.1x Milli-Q H2O as indicated. Samples were digested at 37°C for at least 1 h. 

Finally, SDS-loading buffer was added, samples were boiled for 95°C, 6 min and resolved on 

SDS-PAGE. 

In early experiments with sEGFR501 which had not been expressed under Kifunensine 

treatment, samples that had not been denatured prior to PNGase F treatment showed 

incomplete digestion (multiple bands on SDS-PAGE, data not shown). Therefore, I 

recommend sEGFR501 samples to be denatured prior to PNGase F treatment. 

   2.6.4.1. SpyCatcher-DyLight detection 

For fluorescent detection of NeissLock-mediated TGFα conjugation with sEGFR501, I 

introduced SpyTag003 to TGFα-SPM, i.e. I prepared ST3-TGFα-SPM (as described in 2.3.2, 

followed by C-tag purification as in 2.3.4), wherein SpyTag003 can be covalently conjugated 
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with SpyCatcher protein (Keeble et al., 2019). SpyCatcher003 S49C protein labelled with 

DyLight 680 (“SpyCatcher003:DyLight”) was provided by Samuel Stokes, from the same 

research group. 20 µM ST3-TGFα-SPM was combined with 5 µM sEGFR501 prepared from 

cells without Kifunensine treatment, or 7 µM sEGFR501 prepared from cells with Kifunensine 

treatment, or neither, as well as 1 mM CaCl2 as indicated. After overnight incubation at 37°C, 

samples were labelled with SpyCatcher-DyLight at 8 nM concentration for 1h at 23°C in the 

dark. Samples were resolved on SDS-PAGE and imaged via an Odyssey Fc Imaging System 

(LI-COR Biosciences). Then, SDS-PAGE was stained with InstantBlue and imaged as 

described. 

 2.7. Mass spectrometry 

  2.7.1. Intact mass spectrometry 

For intact mass spectrometry, samples were processed with an Agilent Q-TOF 6550 system, 

which featured a liquid chromatography inlet in parallel to an Agilent RapidFire autosampler. 

Mass spectrometry was carried out by Anthony Tumber at the Department of Chemistry, 

University of Oxford.  

Prior to submission, ODC/OAZ NeissLock conjugation samples were prepared as follows: 

ODC and OAZ-(GS)Y-SPM conjugation samples were co-incubated at 37°C with 10 mM CaCl2 

in 50 mM HEPES, 150 mM NaCl, pH 7.40 as indicated (Chapter 4). After the designated time 

frame, the reaction was stopped by addition of EDTA to 15 mM.  

   2.7.1.1. Mass spectrometry following automated solid phase extraction 

Samples designated for mass spectrometry by solid phase extraction were diluted with milli-

Q water acidified by addition of 0.1 volumes 10% formic acid. Samples were processed from 

a 384-well plate using an Agilent RapidFire automated system. Samples were applied to a C4 

cartridge and washed with 0.1% formic acid before elution onto the mass spectrometry 

system. Chromatogram data was processed in MassHunter Qualitative Analysis B.07.00 

(Agilent). Chromatograms were deconvoluted from 10,000 – 80,000 Da in a 600 – 5,000 m/z 

range.  
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   2.7.1.2. Liquid chromatography - mass spectrometry (LC-MS) 

Samples designated for mass spectrometry with prior liquid chromatography were diluted at a 

1:1 ratio with mass spectrometry-grade water. For liquid chromatography coupled with mass 

spectrometry, samples were injected to an Agilent 1290 Infinity II LCMS system for 

reverse-phase C18 ultra high performance liquid chromatography and injected into Agilent 

Q-TOF 6550 (same system as used for automated mass spectrometry in 2.7.1.1). 

Chromatogram data was processed in MassHunter Qualitative Analysis B.07.00 (Agilent). For 

Figure 4.15, mass spectrometry data corresponding to peak positions on the liquid 

chromatogram was deconvoluted from 10,000 – 80,000 Da in a 600 – 5,000 m/z range.  

  2.7.2. Enzymatic digest analysis 

   2.7.2.1. Protein conjugation 

To identify the site of attachment, NeissLock-conjugation samples were subjected to 

enzymatic digest with trypsin followed by identification of peptide species by coupled mass 

spectrometry / mass spectrometry following liquid chromatography (LC-MS/MS).  

 For OAZ/ODC conjugation (Figure 4.17), 7.5 µM OAZ-Y-SPM was incubated with 7.5 

µM ODC or 7.5 µM ODC K92R and 10 mM CaCl2 in 50 mM HEPES, 150 mM NaCl, 2 mM 

TCEP, pH 7.4 as indicated. Samples were boiled before reaction products were resolved on 

18% SDS-PAGE, leaving a lane between samples to facilitate cutting of gel bands. The gel 

was briefly stained before imaging and separating the reaction products; for conjugation to 

ODC K92R, two resolved product bands were processed separately.  

 For TGFα-GSY-SPM conjugation to sEGFR501, 12.5 µM TGFα-GSY-SPM was 

incubated with 2.5 µL sEGFR501 and 2 mM CaCl2 in 50 mM HEPES, 150 mM NaCl, pH 7.4. 

Samples were denatured and deglycosylated with PNGase F (see 2.6.4.) before resolving on 

SDS-PAGE.  

   2.7.2.2. Sample preparation and enzymatic digest 

ODC/OAZ sample preparation was conducted by Sabrina Liberatori from the research group 

of Shabaz Mohammed at the Department of Biochemistry, University of Oxford. TGFα/EGFR 



Page 55 
 

sample preparation was conducted using the same protocol, assisted by Melissa Webby. First, 

cut gel bands were destained at 37°C with 50% (v/v) acetonitrile in 50 mM ammonium 

bicarbonate. The supernatant was replaced with 10 mM TCEP in 100 mM ammonium 

bicarbonate. After 30 min at 25°C, the supernatant was removed, and gel slices were 

dehydrated by incubation with 100% acetonitrile. Cysteines were carbamidomethylated by 

incubation with 50 mM α-chloroacetamide dissolved in 100 mM ammonium bicarbonate, 

protected from light at 25°C for 30 min. 100 ng trypsin (Promega, lyophilized reconstituted to 

200 ng/µL with 50 mM acetic acid) was added per sample after two washes with 100% 

acetonitrile. Samples were digested overnight. Supernatant was collected and gel slices were 

rinsed with 10% (v/v) formic acid (stopping enzymatic digest). Gel slices were further rinsed 

with acetonitrile, of which the supernatant was vacuum evaporated after transfer to a new 

tube. Peptides were redissolved in 5% formic acid, 5% DMSO and combined with the previous 

extraction samples. 

   2.7.2.3 Liquid chromatography - tandem mass spectrometry (LC-MS/MS) 

Samples were processed and analysed by Shabaz Mohammed or the research group of 

Shabaz Mohammed according to the protocol described in (Scheu et al., 2021). Proteomics 

data were deposited in the Proteomics Identification Database (PRIDE) as project PXD023073 

by Shabaz Mohammed (Perez-Riverol et al., 2019; Scheu et al., 2021). 

 2.8. Cellular assays 

  2.8.1. Cell culture 

A431 cells were cultured at 37°C, 5% CO2 in Dulbecco’s Modified Eagle Medium (DMEM) 

supplemented with 10% fetal bovine serum, 100 U/mL penicillin/streptomycin (Gibco) and 1x 

GlutaMAX (Gibco). 

  2.8.2. Immunostaining 

For immunostaining in Figure 5.10, cells were seeded to glass-bottom petri dishes (MatTek). 

Seeding density of A431 cells was 2*104 cells/cm2. After incubation for 24 h, the cell medium 

was exchanged for Dulbecco’s Modified Eagle Medium (DMEM) supplemented with 100 U/mL 
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penicillin/streptomycin (Gibco) and 1x GlutaMAX (Gibco) and cells were serum starved for an 

additional 16-18 h. Samples were washed twice with 50 mM HEPES, 150 mM NaCl, 5 mM 

MgCl2, pH 7.4 (HBS-MgCl2) at 4°C. Supernatant was substituted to protein dilutions (1% BSA 

in HBS-MgCl2; TGFα-GSY-SPM and 1% BSA in HBS-MgCl2; TGFα-GSY-[DA]SPM and 1% 

BSA in HBS-MgCl2; or TGFα[R42A]-GSY-SPM and 1% BSA in HBS-MgCl2) and samples were 

incubated for 1 h. Cells were washed twice with HBS-MgCl2 before incubation with 1 mL 1:100 

Anti-His:Phycoerythrin antibody conjugate (BioLegend 362603) in HBS-MgCl2. Samples were 

incubated for 1 h at 4°C. After three washes, cells were left in HBS-MgCl2 and taken for 

imaging. A DV core inverted microscope (Micron) was used for brightfield and fluorescent 

imaging (filter set: 575/25 nm excitation, 625/45 nm emission). 

  2.8.3. TGFα-GSY-SPM cell conjugation 

   2.8.3.1. Screen of conjugation conditions 

For Figure 5.11, A431 cells were grown in separate 25 cm2 flasks, with one flask per condition, 

and serum staved in DMEM before the experiment. The initial seeding density was 1.5*104 

cells/cm2. After 24 h incubation, cells were washed once and the medium was replaced with 

serum-free DMEM. Cells were starved for 13 h before replacing the medium with HBS-M. 

Cells were placed to 37°C or 4°C as indicated. For two dishes, starvation medium was instead 

replaced for HBS-M supplemented with 80 µM Dynasore, for 30 min incubation at 37°C. Then, 

1 mL of 1 µM TGFα-GSY-SPM diluted in HBS-M or HBS-M was added to samples as 

indicated, and samples were incubated for another 5 min at 37°C or 35 min at 4°C. Samples 

were washed once with HBS-M as indicated before addition of 1 mL 2 mM CaCl2 in HBS-M or 

HBS-M as indicated and continued incubation for 15 min at 37°C or 40 min at 4°C. Optionally, 

samples were not washed before adding 4 mM CaCl2 in HBS-M directly to the protein dilution 

(‘direct’); optionally CaCl2 in HBS-M was added immediately after adding the protein dilution 

(‘co-incubation’). For coincubation at 37°C, incubation time was 15 min. For co-incubation at 

4°C, incubation time was 35 min. For each sample, the plates were washed with ice cold HBS-

M at the end of the treatment before placing them at -80°C. 
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Samples were treated with 750 µL hot SDS lysis buffer (1% SDS dissolved in 10 mM TRIS-

HCl, 1 mM EDTA pH 8.0) per plate. Lysates were aspirated and sonicated briefly (40 s, 50-

60% duty cycle, output 4, 1/8” tip). Samples were boiled at 95°C for 10 min and transferred to 

microcentrifuge tubes. After centrifugation at 16,900 rcf for 10 min, supernatant was boiled 

with reducing SDS-loading buffer, resolved on SDS-PAGE and transferred for 16 h at 30 V at 

4 °C to activated PVDF membranes. Membranes were blocked with 5% skim milk PBS-T at 

room temperature, before incubation with 1:1000 dilutions of mouse anti-EGFR antibody 

(LA22, 1 mg/mL Merck) or mouse anti-TGFα (MF9, Novus Biologicals, reconstituted at 0.2 

mg/mL) in 5% skim milk PBS-T. Membranes were washed 3-4 times with PBS-T and 

incubated for 1-2 h with a 1:5000 dilution of secondary antibody (anti-mouse 

antibody:horseradish peroxidase conjugate (Sigma-Aldrich A4416)) in 5% skim milk PBS-T. 

After additional washes, chemiluminescence was measured as previously.  

   2.8.3.2. Conjugation mutant test 

For Figure 5.12, A431 cells were seeded at 2*104 cells/cm2 density in 25 cm2 flasks. After 24 h 

incubation at 37°C, 5% CO2, cells were washed twice and covered with serum-free DMEM 

supplemented with 100 U/mL penicillin/streptomycin (Gibco) and 1x GlutaMAX (Gibco). Cells 

were starved for 17-18h before conjugation. Samples were washed before adding 1 mL 

HBS-M or 1 mL protein dilutions at 1 µM in HBS-M (either TGFα-GSY-SPM, 

TGFα-GSY-[DA]SPM or TGFα[R42A]-GSY-SPM), immediately followed by addition of 1 mL 

HBS-M or 4 mM CaCl2 in HBS-M as indicated. Cells were incubated for 15 min at 37°C. The 

supernatant was collected to 40 µL 0.5 M EDTA (stopping the reaction, for Figure 13c). 

Samples were rinsed twice with 5 mL HBS-M, once with 1 mL HBS-M and finally cells were 

lysed by addition of 750 µL 95°C hot SDS lysis buffer. Samples were lysed as in 2.8.3.1., 

except that they were placed on ice after sonication and after centrifugation (which may have 

negatively impacted membrane recovery). After sample resolution on reducing SDS-PAGE 

and transfer to PVDF membrane with transfer buffer for 16 h at 30 V, 4°C, membranes were 

blocked for 1 h with 5% skim milk PBS-T, incubated for 16 h at 4°C with 1:1000 dilutions of 
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mouse anti-EGFR antibody (LA22, 1 mg/mL Merck), washed thrice with PBS-T, incubated 1 

h at room temperature with a 1:5000 dilution of secondary antibody (anti-mouse 

antibody:horseradish peroxidase conjugate (Sigma-Aldrich A4416)) in 5% skim milk PBS-T, 

washed thrice with PBS-T and finally imaged as previously. 

   2.8.3.3. Preliminary conjugation timecourse 

For Figure 5.13, A431 grown in a 24-well plate were starved for 44 h in DMEM medium. From 

up to 5 h prior to cell lysis in 1 h intervals, cells were conjugated for 15 min at 37°C with 1 µM 

TGFα-GSY-SPM and 2 mM CaCl2 in HBS-M, after which cells were placed back in DMEM 

medium. Optionally, the protein was added to DMEM instead of calcium. After conjugation of 

the final samples, all cells were washed and stored at -80°C. Cells were lysed with hot SDS 

lysis-buffer; due to the small volumes, samples could not be subjected to sonication 

(increasing viscosity and thereby decreasing accuracy). Nevertheless, samples were boiled 

with SDS-loading buffer and resolved on SDS-PAGE before transfer to activated PMSF. After 

blocking, membranes were sampled with mouse anti-TGFα or mouse anti-EGFR followed by 

mouse anti-HRP. Luminescence was measured upon incubation with HRP substrate and 

ladder was imaged with trans-UV imaging.  

3. NeissDist database: Distance screen of the Protein Data Bank 

 3.1. NeissLock principle 

The aim of this research project was to establish the feasibility of SPM-mediated anhydride 

generation for general conjugation of recombinant proteins to endogenous proteins, a concept 

we have termed ‘NeissLock’. To enable specific protein-protein conjugation at low 

concentrations, we aimed to utilize the increase of local concentration in a protein-protein 

complex (Chmura et al., 2001; Oehler and Müller-Hill, 2010) for reaction with a functionalised 

binding protein, a concept which has also been termed proximity-enabled protein crosslinking 

(Xiang et al., 2014). In the NeissLock design, a binding protein is fused to SPM, wherein SPM 

enables the generation of an aspartic anhydride through calcium-induced self-processing 

(Osička et al., 2004). By design, the binding protein interacts with a specific target protein. 
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This binding brings reactive nucleophiles on the target protein in proximity to the newly 

generated aspartic anhydride, facilitating their reaction (Figure 1.10).  

An anhydride electrophile could potentially react with various nucleophiles, although producing 

products with varying stability: Anhydrides have long been used for amine conjugation 

(Lundblad, 2004), e.g. to test the effects of charge inversion at lysine residues on the 

behaviour of various proteins (Shiao et al., 1972; Ball and Winn, 1982; Batra et al., 1990). 

Similarly, the reactivity of SPM-activated proteins has been demonstrated for amines and 

thiols in vitro (Osička et al., 2004; Sadilkova et al., 2008). For protein-protein crosslinking after 

SPM-processing, only amides have been identified as stable adducts; Sadilkova et al. have 

demonstrated that labile thioesters formed after conjugation with DTT hydrolysed before mass 

spectrometry experiments (Sadilkova et al., 2008). We therefore focussed our design on 

amine conjugation. In a complex of anhydride-activated binding protein and target protein, 

nucleophiles on the target protein could then react with the anhydride, driving covalent bond 

formation, i.e. conjugation of the C-terminal anhydride of the binding protein to lysine amines 

or N-terminal amines to form an (iso)peptide bond between binding protein and target protein 

(Figure 1.10). 

In general, amines (such as lysine ε-amines, N-terminal α-amines) and thiols (such as in 

cysteine) are more nucleophilic than hydroxyls (such as serine, threonine, tyrosine) (Bischoff 

and Schlüter, 2012) or water. However, the molarity of pure water (M[H2O] in water) is 55.5 

M, whereas protein content in any in vivo or in vitro application are unlikely to exceed µM 

range in water. Therefore, specific NeissLock conjugation would rely on the change in local 

concentration brought about by the complex formation of binding protein to target protein 

(Figure 1.8, Figure 1.10). 

In affinity-based labelling, protein binding also imparts specificity for target residues (Tamura 

and Hamachi, 2019). Likewise, to enable NeissLock-conjugation, I hypothesized that the 

target protein would need to feature suitable nucleophiles which are in proximity to the 

C-terminal anhydride generated on the binding protein. I predicted that molecular distances in 
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the crystal structure of a protein-protein complex would be a promising indicator for NeissLock 

conjugation, constituting the first criterion for the selection of NeissLock model complexes. 

 3.2. Considerations for NeissLock candidates 

To readily investigate if and under which conditions NeissLock conjugation was possible, I 

decided to select a model complex in which I would expect optimal conditions for conjugation 

and in vitro study. I decided to use the Protein Data Bank (PDB) (Berman et al., 2003) as a 

resource by screening the PDB for such a candidate system in a semi-automated fashion. 

Before I could perform this search, we decided to outline criteria for selection of a hypothesized 

“ideal” candidate complex. 

Prior to establishing selection criteria for NeissLock conjugation, there was little knowledge on 

the requirements of SPM-mediated protein-protein crosslinking. FrpC has been shown to 

undergo self-crosslinking in vitro, as has ApxIVA, a protein containing a domain homologous 

to SPM (Osička et al., 2004). Furthermore, crosslinking of the N-terminal domain of FrpC to 

the cell surface has been demonstrated (Sviridova et al., 2017; Kuban et al., 2020) and these 

studies have shown crosslinking at “physiological” pH (pH 7.40). I was particularly concerned 

about the distance of the C-terminal residue to amines on the target protein, which I 

considered a minimal requirement for effective conjugation. In addition, prior experiment in our 

research group have shown that SPM can cause self-reaction of activated proteins (e.g. in β-

lactamase, presumably from the C-terminal anhydride to the N-terminal amine or other 

nucleophiles on the protein surface (Metzner, 2017); also see Chapter 4, Chapter 5). 

Therefore, I further aimed to find a model binding protein which does not have amine residues 

nearby its C-terminus, since this could promote self-reaction after SPM-activation, inactivating 

the binding protein for conjugation. Furthermore, in addition to simple distance, the C-terminal 

residue of the binder protein would likely need to be accessible for the target nucleophile (e.g. 

not blocked by bulky residues) and accessible for SPM processing (e.g. to allow protein-

protein interaction and SPM processing). These ‘structural’ features are illustrated in Figure 

3.1. 
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Figure 3.1. Structural considerations for selection of a NeissLock candidate. Various parameters 

were considered as especially important for selection of a NeissLock candidate. The distance between 

the C-terminal residue of the binding protein to amines on the target protein was considered the primary 

requirement for conjugation. Conversely, amines of the binding protein which are close to the 

C-terminus on the binding protein could be cause of inhibiting self-reaction. Conjugation could also be 

inhibited by steric factors, e.g. blocking the interaction of the binding protein C-terminal residue with 

nucleophiles on the target protein. 

 3.3. disCrawl and the NeissDist database 

  3.3.1. Overview over the NeissDist pipeline 

I wrote an automated tool to calculate the distance from the C-terminal residue of a chain in a 

given protein structure to protein amines in the same structure, thereby calculating inter-

molecular distances (between protein chains) and intra-molecular distances (within the same 

protein chain). I then iterated this “distance Crawler” (disCrawl) program over a local copy of 

the Protein Data Bank to make the NeissLock distance database, “NeissDist”. This database 

could be sorted for structures featuring short distances from the C-terminus to target amines. 

I also collated certain metadata in NeissDist (e.g. name, multimerization, chain length), which 

facilitating filtering. After initial selection in NeissDist, I inspected complexes in PyMOL and 

finally cross-referenced literature information to collate an assessment of candidate structures. 

The process of candidate selection using NeissDist is illustrated in Figure 3.2. 
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Figure 3.2. The NeissDist pipeline. Overview of NeissLock candidate selection with semi-automated 

screening of the PDB. Structural data were retrieved from the PDB. Biological assemblies were 

generated prior to distance assessment. For each protein chain, the distances from the C-terminal 

residue to target residues in the structure (e.g. N-terminus, lysines) were calculated and deposited with 

additional metadata in the NeissDist database. NeissDist can be filtered for assessment of protein 

complexes with specified parameters. Final complex selection is supplemented with rapid manual 

inspection of the protein structures and literature reference. 

  3.3.2. Implementation of disCrawl processing 

disCrawl was developed in the Python programming language. The tool was written in two 

main iterations, which are provided online (www.github.com/arnescheu/disCrawl). The first 

iteration served for the selection of the main complexes used in this study (also see Chapter 

4 and Chapter 5). The second iteration of disCrawl was a near-complete rewrite, which allowed 

for the incorporation of more comprehensive metadata (e.g. annotation of chain identity) and 

better database structure. Unless otherwise mentioned, the second iteration is described in 

detail. 

Prior to disCrawl analysis, I prepared a local copy of the PDB. The structural information in a 

protein structure is commonly presented in the asymmetric unit. Whereas the asymmetric unit 

represents the repeating element in a crystal structure, a biological assembly represents a 
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tertiary or quaternary protein assembly as it is predicted to occur in a biological context (i.e. 

“biologically relevant” protein assemblies (Krissinel and Henrick, 2007)). For instance, 

asymmetric units can contain protein-protein interfaces which are a product of crystallisation, 

whereas biologically relevant assembly can constitute an assembly of multiple asymmetric 

units that is not found in the crystal structure (e.g. a virus assembly). To avoid analysis of 

crystal interfaces which would not occur in solution, biological assemblies were preferentially 

analysed if available for a given protein structure.  

Protein structures were retrieved from the PDB in PDB file format, either as asymmetric units 

or biological assemblies in PDB format (early versions) or in mmCIF format. Biological 

assemblies in PDB file format (“.pdb1”, “.pdb2”, …) were initially handled directly. However, 

the PDB file format is obsolete (Adams et al., 2019) and the deposition of biological assemblies 

is incomplete (ftp.wwpdb.org/pub/pdb/data/biounit/). The mmCIF format contains the relevant 

information for the creation of biological assemblies (i.e. orientation and multiplicity of the 

asymmetric unit elements). For the second iteration, I therefore generated biological 

assemblies locally (implementing code by wwpdb.org). As this process is resource-intensive, 

I iterated this script over the local copy of the PDB prior to distance calculation, generating a 

local database of biological assemblies. These files were then analysed to calculate relevant 

distances and assemble the NeissDist database. 

For a given protein structure, the disCrawl process was designed as follows: the Biopython 

module was used to interpret structural data. The residues of a given chain were iterated to 

identify the last resolved standard amino acid residue as the “C-terminal” residue of that chain. 

Furthermore, the first resolved standard amino acid residue (“N-terminal”) of a chain and 

specified target residues (e.g. lysines) were identified as “target” residues. Herein, residues 

were constrained to the 20 standard amino acids, disregarding unnatural amino acids or non-

amino acid residues, e.g. nucleotides. This was repeated for all chains in the protein structure 

(Figure 3.3a,b).  

ftp://ftp.wwpdb.org/pub/pdb/data/biounit/
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Each combination of C-terminal residues and target residues gives a residue pair for which a 

“distance” object was created. Both the C-terminal and target residue were assigned up to 

three atoms each (Figure 3.3c). Multiple distances were calculated for each residue pair to 

conserve information about their relative orientation (by triangulation) and to provide 

redundancy (e.g. if atom Nε of a lysine residue was not resolved). For each “distance” object 

(e.g. representing Chain B C-terminal Glu 219 to Chain A Lys 92), up to nine distances were 

calculated from and to various atoms in the residues (e.g. Glu 219 atom C to Lys 92 atom Nε, 

Glu 219 atom C to Lys 92 atom C, …), depending on the resolved atoms and target residue 

(Figure 3.3e). ‘Default’ distances were C-terminal atom C to N-terminal atom N or C-terminal 

atom C to atom Nε on lysine (Figure 3.3d). In addition, any other residue or target atom 

combination could be specified, e.g. tyrosine residues at hydroxyl oxygen atom.  
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Figure 3.3. Visualization of disCrawl distance calculation. The disCrawl distance calculation 

algorithm is illustrated with the Ornithine Decarboxylase (ODC) / Antizyme (OAZ) complex (PDB ID 

4zgy) visualized in PyMOL (a) The ODC/OAZ crystal structure contains two protein chains, with OAZ 

in cyan and ODC in green; water molecules as dots. (b) For each chain, the C-terminal residues are 
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assigned (red). Furthermore, target residues (here: N-termini and lysines) are assigned (blue). (c) For 

each pair of C-terminal residue and target residue, the distance between multiple atoms is calculated. 

These atoms are illustrated with spheres. (d) Overview of pairwise distance calculations (cyan dotted 

line: distances from OAZ C-terminus; green dotted line: distances from ODC C-terminus). For simplicity, 

only distances from atom C to atom Nε are shown. Illustration of up to nine distances which are 

calculated between a residue pair, from OAZ C-terminal E219 to ODC K92: C-terminal atoms C/Cα/N 

to target residue side chain atom “X” (assignable, here Nε for Lys) as well as backbone atoms Cα, N. 

Combined with other relevant information (e.g. structure, atoms, chain, residues), these 

distances form a single distance entry in the NeissDist ‘distance’ table. An illustration is 

provided in Table 3.1, summarizing the most important parameters. 

Table 3.1. Illustration of NeistDist ‘distance’ table. For each structure, multiple distances could be 

identified, which were deposited in full. Here, the top ten entries for PDB ID 4zgy (biological assembly 

1) are summarized, showing the C-terminal and target residues as well as up to nine distances 

associated with each residue pair (distances in Å). Atom X: specified ‘target atom’, here Nε for lysine 

residues. In bold are the ‘primary’ distances for these entries (redundancy for unresolved atoms; order 

of priority as shown from left to right, unless targeting N-terminus).  

PDB C-terminus Target X-C X-CA X-N CA-C CA-CA CA-N N-C N-CA N-N 

4zgy Chain A LYS 92 atom NZ Chain LYS 92 NZ atom B 3.537 4.343 4.819 7.564 7.146 7.879 7.698 7.063 7.555 

4zgy Chain A LYS 78 atom NZ Chain LYS 78 NZ atom A 11.185 10.323 10.640 11.995 10.696 10.927 13.335 11.997 12.140 

4zgy Chain A LYS 121 atom NZ Chain LYS 121 NZ atom B 14.174 15.179 15.297 11.019 11.713 11.930 10.771 11.305 11.395 

4zgy Chain A LYS 141 atom NZ Chain LYS 141 NZ atom B 14.328 14.126 13.129 16.550 16.809 16.185 17.892 18.103 17.432 

4zgy Chain A LYS 115 atom NZ Chain LYS 115 NZ atom B 16.278 15.742 15.231 11.941 11.463 10.682 13.094 12.526 11.664 

4zgy Chain A LYS 74 atom NZ Chain LYS 74 NZ atom A 17.253 16.464 17.241 17.615 16.427 16.708 18.784 17.569 17.772 

4zgy Chain B LYS 153 atom NZ Chain LYS 153 NZ atom B 19.031 18.302 17.263 21.210 20.428 19.172 22.416 21.636 20.351 

4zgy Chain A LYS 69 atom NZ Chain LYS 69 NZ atom B 19.571 18.283 17.862 16.721 15.419 15.442 17.067 15.839 15.947 

4zgy Chain A LYS 57 atom NZ Chain LYS 57 NZ atom A 21.313 20.633 19.182 20.837 19.891 18.540 19.677 18.680 17.349 

4zgy Chain A LYS 74 atom NZ Chain LYS 74 NZ atom B 21.552 21.076 22.237 20.596 19.742 20.598 20.374 19.436 20.223 

 

In the second iteration of disCrawl, a ‘top’ distance was selected for each structure. To 

preferentially identify “binding protein” / “target protein” complexes, this ‘top’ distance referred 

to the shortest intermolecular distance between heteromers if such a distance was available, 

otherwise the ‘top’ distance referred to the shortest distance in the structure. Combined with 

information about the structure (e.g. multimerization state), this ‘top’ distance formed one entry 

per biological assembly in the NeissDist database ‘summary’ table (Table 3.2). 
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Table 3.2. Illustration of NeissDist database ‘summary’ table. In addition to all distances deposited 

in the NeissDist ‘distance’ table, the ‘summary’ table provides an overview of relevant information for 

each analysed protein structure. Herein, a single distance is selected to represent each protein 

structure. A selection of interesting protein complexes is provided (further illustration of 1mox and 4zgy 

in Figure 3.6 and 5yqz and 1g0y in Figure 3.7). Chain names and amino acid position numbers as 

annotated in structure, with resolved residue count as identified by disCrawl. 

 

Herein, information about the nature of a given distance (e.g. ‘homomeric intermolecular’ or 

‘heteromeric intermolecular’) was derived from structural data supplemented with the 

dictionary information deposited with a given structure file. For instance, annotation of 

intramolecular or intermolecular distance was achieved by comparison of chains involved (e.g. 

“C-terminus of Chain A” to “a lysine residue in Chain A” is an intramolecular distance). 

Annotation of homomers was achieved by comparison of chains involved in a distance pair to 

their polymer identifier (i.e. mmCIF dictionary entry “_entity_poly.pdbx_strand_id”, for example 

_entity_poly.pdbx_strand_id might define that both chain A and chain B consist of the same 

polymer, therefore the distance from C-terminus of Chain A to lysine of Chain B would be 

classed as an being intermolecular distance between homomers, or ‘homomeric 

intermolecular’).  
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  3.3.3. Overview of NeissDist 

The latest iteration of NeissDist was generated on 24th July 2019. 154,025 entries retrieved 

from wwPDB were decompressed and processed to generate 226,359 biological assemblies 

(with multiple biological assemblies possible per structure). For 6,926 files, biological 

assembly was unsuccessful, which were processed further as asymmetric units. From these 

233,285 total files, 233,285 entries (100%) were deposited in the NeissDist summary table, 

with 224,308 (96.2%) flagged as successfully processed by disCrawl and 8,977 (3.85%) 

flagged as rejected. Of 8,977 rejected files, 3,422 (38.1%) were rejected due to filesize >10 

MB (e.g. large biological assembly, such as a virus-like particle, or due to deposition of 

structure factors) to conserve computational resources, and the remaining 5,555 files were 

rejected due to issues in structure parsing (of which 5,280 were solution NMR structures). 

Target residues were defined as N-terminal residues, lysine residues (target atom “X” = Nε) 

and tyrosine residues (target atom “X” = OH). Structures with multiple models were analysed 

until the 10th model. For 3,710 of 224,308 (1.65%) files flagged as successfully processed, no 

distances were deposited – most corresponding to DNA, RNA or other non-protein structures 

with no standard amino acid residues. For 13 of these structures, C-terminal and target 

residues were assigned, but disCrawl failed to calculate distances between any of the defined 

atom pairs since neither of atom C, atom CA or atom N were resolved for the residue defined 

as C-terminal (PDB ID – biological assembly: 3h6d-1 & 3h6d-2, 1ivn-1 & 1ivn-2, 1j00-1 & 1j00-

2, 3ad5-1, 2ynu-2, 1u8u-1 & 1u8u-2, 5lmc-1 & 5lmc-2, 5lhw-1). Corresponding to the 

remaining 220,598 files, representing 98.35% of files flagged as successfully processed by 

disCrawl or 96.15% of the total 233,285 files, 54,905,082 entries were deposited in the 

NeissDist distance table. These 220,598 files correspond to 146,636 entries in the PDB 

(current holdings: http://www.rcsb.org/pdb/statistics/holdings.do). 

My primary interest was to identify structures with lysine residues on one protein in proximity 

to the C-terminus of a protein with which it binds (Figure 3.1). To gain insight into the 

distribution of structures meeting this requirement, I interrogated the NeissDist database 

http://www.rcsb.org/pdb/statistics/holdings.do
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distance table for the number of structures featuring specific kinds of distances below a 

specified value, e.g. intermolecular distance between heteromers until 10 Å. These data were 

reduced to only include one atom to atom distance for each type of residue pair, i.e. C-terminal 

atom C to lysine Nε (Figure 3.4a), C-terminal atom C to tyrosine atom OH (Figure 3.4c), or C-

terminal atom C to N-terminal atom N (Figure 3.4e). This reduction was intended to provide a 

more consistent data analysis, e.g. to exclude structures with poorly resolved residues and 

because the distance from atom C to lysine Nε can differ substantially to the distance from 

atom C to lysine atom CA (Table 3.1, Figure 3.3).  

To visualize the distribution of structures in which an intermolecular distance between 

heteromers was the shortest, i.e. to avoid potential inhibition of the C-terminal anhydride 

through side-reaction (Figure 3.1), all distances of different categories were compared to each 

other within a given structure (Figure 3.4b,d,f). For lysine target residues, thousands of 

structures met both the requirement of an intermolecular distance between heteromers as the 

shortest distance from C-terminal atom C to target atom Nε, and that this distance was < 10 

Å (< 10 Å between heteromers 10,101, of which this distance was representing the overall 

shortest distance in 6,584). Tyrosine residues (atom OH) showed a slightly broader distance 

distribution than lysine residues (atom Nε) (Figure 3.4c,b) while accounting for a similar 

amount of total structures (any – C to Nε: 140,954, C to OH: 139,397; intramolecular – C to 

Nε: 139,795, C to OH: 138,434), indicating that the nearest tyrosine residue was on average 

further away from the C-terminus than the nearest lysine residue. This is likely a result of 

reduced surface distribution of tyrosine residues compared to lysine residues (Tjong et al., 

2007). A similar but stronger effect was observed for the distribution of C-terminal to N-terminal 

residues (atom C to atom N, Figure 3.4e,f). While more structures were accounted for in total 

(any category – 142,434, intramolecular – 141,492), only 2,221 structures featured such a 

distance between heteromers < 10 Å (21.9% of atom C to lysine atom Nε).  
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Figure 3.4. Distribution of distances in the NeissDist database. (a) Histogram of structures by their 

shortest distance (Å) of a given category (intramolecular, between homomers, between heteromers) 

from C-terminal atom C to lysine atom Nε. (b) Histogram of structures by their shortest overall distance 

(Å) from C-terminal atom C to lysine atom Nε, separated by category. (c,d) as (a,b) for C-terminal atom 

C to tyrosine atom OH. (e,f) as (a,b) for C-terminal atom C to N-terminal atom N. The NeissDist 

database was analysed in 0.1 Å steps, histograms are binned at 1 Å. For each PDB entry, results were 

pooled across biological assemblies. If no biological assemblies were generated, the asymmetric unit 

was selected. 
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  3.3.4. Selection of NeissLock model complexes 

Considering distances of C-terminal atom C to lysine atom Nε, from 10,101 intermolecular 

heteromeric distances at < 10 Å, an intermolecular heteromeric distance was the shortest 

distance in the entire structure for 6,584 structures. To arrive at a NeissLock candidate, I 

inspected structures preselected from NeissDist in PyMOL using a script for loading and rapid 

visualization of structures, e.g. to identify steric hindrance in the complex (see Figure 3.1). 

Using this tool, structures could be assessed within a few seconds, allowing for the 

post-screening of hundreds to thousands of structures in a matter of a few hours (Figure 3.5). 

I then searched the NeissDist database for complexes which would meet the requirements for 

ideal NeissLock candidates. For an in vitro model complex, I decided on the PDB ID 4zgy (Wu 

et al., 2015) crystal structure of the Ornithine Decarboxylase / Antizyme complex (ODC/OAZ). 

Furthermore, the Epidermal Growth Factor Receptor / Transforming Growth Factor α 

(EGFR/TGFα) complex was chosen as a candidate with interesting potential for conjugation 

to mammalian cells (PDB ID 1mox (Garrett et al., 2002)). Rapid visualization of these 

complexes is shown if Figure 3.5; a highlight of these structures is shown in Figure 3.6. 
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Figure 3.5. Rapid visualization of structures in PyMOL. To facilitate assessment of candidate 

structures, features relevant to NeissLock were automatically visualized using a dedicated PyMOL 

script. Examples of this visualization are shown in comparison to the PyMOL “fetch” command. Rapid 

visualization relied on simple commands such as orientation, colouring of chains and residues, suitable 

representation of residues, and labelling of distances from chain C-termini to close-by lysine residues. 

Structures were loaded from a queue and automatically visualized for inspection. Structures shown: 

PDB ID 4zgy (Wu et al., 2015) and PDB ID 1mox (Garrett et al., 2002), rapidly visualized in PyMOL (as 

seen after rapid visualization without further annotation, on white background, without ray tracing). 

Detail view of the same structures in Figure 3.6. 
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Figure 3.6. The Ornithine Decarboxylase / Antizyme complex (ODC/OAZ) and the Epidermal 

Growth Factor Receptor / Transforming Growth Factor α (EGFR/TGFα) complex were chosen as 

the model systems for this thesis. (a) Cartoon illustrating the design of a NeissLock-probe, with a 

binding protein (purple) bound to a target protein (green), with a lysine residue close to the SPM DP-

cleavage site, enabling conjugation of the binding and target protein after anhydride formation. (b) The 

ODC/OAZ complex (PDB ID 4zgy (Wu et al., 2015)) features a short distance from OAZ C-terminal 

residue E219 to K92 on ODC (3.5 Å, atom C to atom Nε) and OAZ features no lysine residues in similar 

proximity to E219. (c) The EGFR/TGFα complex (PDB ID 1mox (Garrett et al., 2002)) shows TGFα 

(purple, black) bound to the ectodomain of the dimeric receptor protein EGFR (green, grey). Two lysine 

residues of EGFR are close to the C-terminal A50 of TGFα, with two sites resolved in the crystal 

structure (distances atom C to atom Nε). Structures are visualized in PyMOL. 

The latest iteration of NeissDist allows for the simple filtering of structures flagged as 

heterodimeric, placing 4zgy at rank 169 of 1st biological assemblies (or at a lower rank with 

additional filters, such as filtering out ubiquitination or setting minimal and maximal chain 

lengths). The initial search for model complexes was conducted in a similar manner from the 
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second iteration of NeissDist, although with less efficient search mechanisms. Herein, 4zgy 

was selected from a reduced list of candidates utilizing various parameters and search terms 

(e.g. structures with 2 chains, 1st biological assembly, with keywords “complex”/ “bound”/ 

“binding”, without keywords “ubiquitin”/ “ubiquitinylated”, …). In addition to a brief distance 

between the C-terminal residue of the binding protein and a lysine side chain on the target 

protein at 3-4 Å each and no obvious competing residues on the binding protein, both 

complexes had additional features that led to their selection as model systems. The ODC/OAZ 

complex in the 4zgy crystal structure has no disulfide bonding, can readily be solubly 

expressed from E. coli and features tight binding (Hsieh et al., 2011; Wu et al., 2015), making 

it suitable for in vitro study. Furthermore, the C-terminus of OAZ appears accessible both for 

processing of SPM and conjugation to ODC K92 (Figure 3.1, Figure 3.6b). ODC/OAZ was 

selected as the model system to establish NeissLock conjugation in vitro, which is explored in 

detail in Chapter 4. The TGFα/EGFR complex in the 1mox crystal structure would likely 

present a more challenging system, as both proteins are subject to complex disulfide bonding. 

Nevertheless, this model system was particularly appealing as NeissLock conjugation looks 

very feasible (short distance from TGFα A50 to two lysines on EGFR) (Figure 3.6c) and EGFR 

is an important target on the cell surface, relevant to various cancer indications (Herbst, 2004). 

Thereby, NeissLock conjugation to EGFR would allow for the conjugation of the cell surface, 

a promising first step towards further applications. Therefore, the TGFα/EGFR complex was 

chosen as the model system for cell conjugation, which is explored in detail in Chapter 5. In 

brief, I successfully derived specific NeissLock-probes from OAZ, targeting ODC, and from 

TGFα, targeting EGFR. These were the first NeissDist-derived complexes which were tested, 

giving a promising indication for the rational design of NeissLock probes. 

  3.3.5. Exploration of additional NeissDist complexes 

In addition to selection of initial model complexes, I was interested in the exploration of other 

structures that could enable NeissLock applications.  
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First, I was interested in the selection of an evolvable antibody or alternative ligand scaffold 

fused to SPM. In most contemporary protein scaffolds, the C-terminus is not close to the 

mutated binding surface (Škrlec et al., 2015). Therefore, I looked for evidence of a protein 

complex in which the C-terminus of an evolved scaffold was close to lysines on the target 

protein, indicating proximity to the binding site in general. For instance, I identified the crystal 

structure of a monobody in complex to a MATE multidrug transporter (PDB ID 4hum (Lu et al., 

2013), Figure 3.7a). In this monobody, the C-terminus of the monobody is close to the binding 

interface and to two lysine residues on the target protein (Figure 3.7a). Another example of a 

monobody candidate is a monobody bound to a tyrosine kinase in PDB ID 5n7e (Reckel et al., 

2017) (9.5 Å from monobody T95 atom C to K622 atom Ne of Bcr-Abl). This monobody was 

especially interesting as it was derived with randomization of the scaffold at a β-strand (Koide 

et al., 2012), creating a binding ‘side’ which was effectively closer to the C-terminus.  

Secondly, I was interested in conjugation to red blood cells, which could enable stable 

functionalisation to enable the use of red blood cells as drug carriers (Han et al., 2018). I 

interrogated NeissDist for a list of red blood cell surface proteins (Daniels, 2007). In this search 

I identified the structure of mamba toxin fasciculin II bound to acetylcholinesterase (PDB ID 

1fss) (Harel et al., 1995). Acetylcholinesterase is found primarily in muscles and synapses, 

wherein fasciculins can cause muscle twitching (Rodríguez-Ithurralde et al., 1983), but a 

splicing variant (with an alternative C-terminal region for membrane anchoring) is also found 

on red blood cells (Grisaru et al., 1999). The C-terminus of Fasciculin II is positioned 9.5 Å 

from K341 on acetylcholinesterase (Figure 3.7b). Two lysine residues of Fasciculin II are near 

the C-terminus of the protein itself, but this structure could provide a starting point for protein 

engineering of a red blood cell targeting probe.  
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Figure 3.7. Excerpt of additional complexes which were considered for NeissLock applications. 

(a) Monobodies could be potential candidates for evolution of a scaffold-SPM covalent binding probe. 

Monobody bound to a transmembrane transporter protein featuring favourable distances from the 

monobody C-terminus to target lysines (PDB ID 4hum (Lu et al., 2013)). (b) Fasciculin II binds 

Acetylcholinesterase (PDB ID 1fss (Harel et al., 1995)), which is also found in the membrane of red 

blood cells. Despite the potential for side-reactions, Fasciculin II shows a binding mode promising for 

covalent conjugation. (c) Additional proteins were identified in a broad search for cell surface 

conjugation. Two examples are shown, with interleukin-1 receptor bound by an antagonist peptide (PDB 

ID 1g0y (Vigers et al., 2000)) or glucagon receptor bound by glucagon (PDB ID 5yqz (Zhang et al., 

2018)). Structures visualized in PyMOL, with distances from Ct atom C to target lysine (K) atom Nε. 

Third, I was trying to identify additional proteins which could be utilized for conjugation to the 

cell surface, as alternatives to the TGFα/EGFR system. I collated a series of proteins found 

on the mammalian cell surface from various databases (e.g. Cell Surface Protein Atlas 

(Bausch-Fluck et al., 2015), The Human Protein Atlas ((Thul et al., 2017), 

https://www.proteinatlas.org/), Membrane Proteins of known 3D Structure 

(https://blanco.biomol.uci.edu/mpstruc/)) and used it to filter NeissDist. Herein, various 

https://blanco.biomol.uci.edu/mpstruc/)
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candidate complexes were identified, such as Interleukin-1 receptor bound by an antagonist 

peptide (Figure 3.7c) or the Glucagon receptor in complex to its native ligand (Figure 3.7c). 

Furthermore, I identified various other EGFR-ligands as interesting candidates for NeissLock 

conjugation, which are illustrated in Chapter 5 (Figure 5.1). 

3.4. Alternative disCrawl implementations and uses of NeissDist 

  3.4.1. Search for SPM alternatives 

Finally, I utilized disCrawl and the NeissDist database to answer a different question than 

selection of NeissLock candidates. I became interested in finding protein structures showing 

(potentially unidentified) Asp-Pro processing, as I wanted to gain insight into proteins with 

homologous activity to SPM; in addition to finding potential SPM alternatives, the NMR 

structure of SPM (Kuban et al., 2020) was not yet available at the time of this search.  

First, I used NeissDist directly. By specifically filtering for complexes in which the C-terminal 

residue was Asp with a short distance to an N-terminal Pro on a separate chain, I aimed to 

identify structures in “post-cleavage” state. Most prominently, I was able to identify SO1698, 

which features pH-induced (pH 7.5) cleavage at a DP bond (Osipiuk et al., 2012). In the PDB 

ID 3n55 crystal structure, intramolecular isopeptide bond formation is observed to K98 

(Osipiuk et al., 2012) (Figure 3.8a). Furthermore, by filtering for C-terminal Asn and N-terminal 

Pro, I identified the E. coli Type III secretion system component EscU, which features NP 

cleavage activity at N262 to P263 (Zarivach et al., 2008) (Figure 3.8b). Homologous 

components of Type III secretion systems were also identified, such as Salmonella enterica 

SpaS (NP bond, 10.3 Å post-cleavage in 4th biological assembly, PDB ID 3c01 (Zarivach et 

al., 2008)), Aquifex aeolicus FlhB (NP bond, 7.8 Å post-cleavage in 3rd biological assembly, 

PDB ID 3b1s (Meshcheryakov et al., 2013)) and Shigella flexneri Spa40 (NP bond, 10.1 Å 

post-cleavage, PDB ID 2vt1 (Deane et al., 2008)). Finally, ‘Repulsive Guidance Molecule B’ 

(RGMB) in complex with Neogenin1 (Neo1) shows autoproteolytic activity at a DP bond (Bell 

et al., 2013) (Figure 3.8c).  
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Figure 3.8. NeissDist was used to identify proteins with autoproteolytic activity at DP and NP 

bonds. (a) S01698 after cleavage at a DP-bond with intramolecular crosslink, PDB ID 3n55 (Osipiuk et 

al., 2012). Wild-type structure shown, lowest ranked entry K98A mutant, PDB ID 3njg (Osipiuk et al., 

2012) (3.2 Å) (b) E. coli EscU is a part of the Type III bacterial secretion system which features self-

processing at an NP-bond, biological assembly 1 of PDB ID 3bzl (Zarivach et al., 2008). Wild-type 

structure shown, lowest ranked entry Y316D mutant, PDB ID 3bzy (7.1 Å) (c) Repulsive guidance 

module (RGMB) / Neogenin (Neo1) complex, in which RGMB processes at a DP-bond, biological 

assembly 1 of PDB ID 4bq7 (Bell et al., 2013). Structures visualized in PyMOL, distances from indicated 

residue atom C to proline atom N.  

  3.4.2. PDB dipeptide analysis 

Secondly, I attempted to search for Asp-Pro processing which might have escaped the authors 

of the structure. The first iteration of disCrawl was modified to define each residue and its 

preceding residue as a residue pair, calculating the bond-length of residue number n-1 atom 

C to residue number x atom N along the peptide backbone. Herein, subsequent residues with 

a bond length >1.6 Å were considered ‘overlong’ and those distances were saved in a 

database. This search was executed 6th March 2018 on a subset of the PDB, with asymmetric 

units in mmCIF format. I visualized these structures in PyMOL, using an adapted tool that 

automatically retrieved and visualized electron density maps and difference electron density 

maps. Using this method, I was able to identify an ‘overlong’ Asp-Pro bond in the 2ast crystal 

structure (Hao et al., 2005), with 2.3 Å from S-phase kinase-associated protein 1 (Skp1) 

Asp1078-Pro1038. Overlay of the difference electron density map to the electron density map 

shows surplus electron density in the structure model (Figure 3.9). The same obsrvation is 

made for the 2ass crystal structure of the same complex (without p27 peptide, at 2.3 Å) (Hao 

et al., 2005). Similarly, the region of Skp1 around the Asp1037-1038 bond is also unresolved 
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in other deposited crystal structures of Skp1 complexes, such as PDB ID 3wso (Skp1-FBG3) 

(Kumanomidou et al., 2015) and PDB ID 5k35 (Skp1-AnkB) (Wong et al., 2017).  

 

Figure 3.9. Potential overfitting in S-phase kinase-associated protein 1 (Skp1). The PDB ID 2ast 

crystal structure contains Skp1 in complex with Skp2, Cyclin-Dependent Kinase regulatory subunit 1 

(Cks1) and a small p27 peptide (yellow) (Hao et al., 2005). At 2.3 Å, the Asp1037-Pro1038 bond of 

Skp1 as modelled is ‘overlong’ (>1.6 Å), with a poor fit of the electron density map (blue) to the difference 

electron density map at this position (red). 

3.5. Discussion 

The NeissDist database proved to be a valuable tool for the identification of candidate 

complexes according to predetermined structural criteria. Two complexes were selected for in 

vitro study, which are explored in detail in the following chapters. Further to these, a large 

number of protein structures have structural features which could enable NeissLock 

conjugation, and examples were presented herein. The main features I considered for a 

NeissLock-probe were C-terminal to target residue distance, as well as intramolecular 

residues which could allow self-reaction. The feasibility of these parameters as a predictor of 

conjugation will have to be discussed after considering the experimental evidence in the 

following chapters. Furthermore, accessibility of the C-terminus for SPM-processing was 

considered as a potentially important parameter. During the course of this research, the NMR 



Page 80 
 

structure of SPM has been published, supporting the partial occlusion of the DP-bond during 

cleavage (Kuban et al., 2020).  

Aside from the choice of NeissLock parameters, certain limitations exist with the design of the 

disCrawl program and NeissDist. First, the choice of biological assemblies for the primary 

analysis herein reduces the amount of structural information assessed (as not all elements of 

the asymmetric unit translate into the biological assembly, compare to multiple structures per 

chain, Figure 3.6c). By adapting the protocol for biological assembly, replicate sets of 

biological assemblies could capture this information. Similarly, restrictions of model count and 

file size could be increased or lifted altogether (since disCrawl has now been implemented on 

a supercomputer). Secondly, although I am mostly referring to measured ‘distances’, this 

analysis does not take into account the actual resolution of the crystal structure other than as 

metadata (see Table 3.2). Similarly, indicators of the quality of a protein structure were not 

considered (Wlodawer et al., 2008). Even at low resolution of a protein structure, the position 

estimates of atoms are well within the considered distances (< 10 Å). Nevertheless, a 

reiteration of NeissDist could include B-factors of residue pairs and estimate errors in distance. 

Another source of inaccuracy could be flexibility in the position of side chain residues, such as 

lysine amines (e.g. orientation towards or away from the C-terminus). Backbone atoms can 

provide a more stable estimate, and I commonly considered both the distance of the 

C-terminus to the side chain atoms and backbone atoms when searching for NeissLock 

candidates. Some variation also exists independent of structural characteristics. Metadata in 

deposited protein structures can be incomplete (http://mmcif.wwpdb.org/) but provides a 

useful indication to rapidly filter and screen candidates followed by further validation. No 

distances were mistakenly annotated by NeissDist as intramolecular and heteromeric (which 

would be, by definition, impossible) and I have not yet observed wrongly annotated structures, 

indicating that this classification was reliable. However, ubiquitylation was a common 

observation for C-terminal to lysine distances close to 1.5 Å, representing covalent linkage, 

and I found an example of a malformed biological assembly when comparing locally 

http://mmcif.wwpdb.org/
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assembled structures to the protein database (3wkn). Although such limitations should be 

considered in the interpretation of NeissLock statistics, NeissLock was implemented to be 

“greedy”, that is to pre-select a broad but effective range of NeissLock-candidates from the 

PDB, which could then be of manageable size (hundreds to thousands) for final screening. 

The use of auxiliary scripts for effective filtering and suitable PyMOL visualization facilitated 

the identification of NeissLock candidates and could be used to effectively find candidates with 

various different research questions in mind (see Figure 3.6, Figure 3.7). 

Finally, I also demonstrated to use of disCrawl and NeissDist for other purposes. Through 

assessment of ‘overlong’ Asp-Pro dipeptides, indications of poor model fit were found for a 

DP-bond in the PDB ID 2ast crystal structure of Skp1 (Hao et al., 2005). It appears unlikely 

that a covalent break would have escaped various researchers, as the intact loop is modelled 

in other structures (e.g. NMR structure PDB 5xyl [DOI 10.2210/pdb5XYL/pdb, literature 

unpublished]). Nevertheless, I was able to identify an irregularity in the protein model when 

compared to the electron density using this method. For context, a prior analysis of relative 

dipeptide frequency with a non-redundant (40%) sequence dataset from UniProt did not show 

a reduction in Asp-Pro frequency compared to the inverse dipeptide Pro-Asp (Carugo, 2013). 

Alternative to the analysis of ‘overlong’ Asp-Pro bond, analysis of ‘post-cleavage’ DP-bonds 

or NP-bonds proved effective at identifying various proteins with self-cleaving activity. 
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4. Establishing the NeissLock principle 

 4.1. The Ornithine Decarboxylase / Antizyme in vitro model complex 

To demonstrate that NeissLock-mediated protein-protein conjugation is possible and to 

understand its requirements, I first screened the protein database for a model system. I aimed 

to identify protein-protein complexes with promising steric characteristics which further 

appeared to be suitable for manipulation in vitro. Herein, the Ornithine Decarboxylase (ODC) 

/ Ornithine Decarboxylase Antizyme 1 (OAZ) complex was identified from the NeissDist 

pipeline as a candidate model system (Chapter 3). The ODC/OAZ complex was selected 

based on its crystal structure (ODC/OAZ95-228 PDB 4zgy (Wu et al., 2015), Figure 4.1) in 

addition to literature information.  

First, the ODC/OAZ complex features a short distance of 3.5 Å from the resolved C-terminus 

of OAZ (E219 atom C) to the nearest lysine on ODC (K92 atom Nε), conceivably placing an 

SPM-generated anhydride in proximity to the target residue (Figure 4.1a). Second, Lysine 

residues on the activated protein which are nearby the anhydride could be a cause of self-

reaction. OAZ features no lysine residues obviously close to the C-terminus. From OAZ E219, 

the nearest lysine on OAZ is K153 in 19.0 Å (atom C to atom Nε) (Figure 4.1b). Third, the C-

terminus of OAZ appears solvent accessible which could avoid steric clashes and facilitate 

SPM-processing. Fourth, the complex is of suitable strength for in vitro study and manipulation 

(expected wt KD~0.7 µM (Hsieh et al., 2011; Wu et al., 2015), ~1.5 µM for OAZ95-228 (Hsieh et 

al., 2011)). Finally, neither ODC nor OAZ feature disulfide bonding and both ODC and OAZ 

can be solubly expressed in E. coli (Hsieh et al., 2011; Wu et al., 2015). Therefore, OAZ 

appeared to be a suitable candidate to derive a NeissLock probe for covalent conjugation, i.e. 

targeting ODC. 



Page 83 
 

 

Figure 4.1. Overview of the Ornithine Decarboxylase (ODC) / Antizyme (OAZ) heterodimeric 

model complex for NeissLock conjugation. (a) The ODC/OAZ complex was identified from NeissDist 

as a candidate complex for NeissLock conjugation (PDB ID 4zgy (Wu et al., 2015)). The C-terminal 

resolved residue of OAZ is close to a lysine on ODC. Inset: Detailed view of the resolved C-terminal 

residue OAZ E219 with a distance of 3.5 Å to ODC K92 (atom C to atom Nε). Cartoon: Visualizing the 

NeissLock binder-activator/target design compared to the crystal structure. (b) Closeup view of OAZ 

from the OAZ/ODC crystal structure (PDB ID 4zgy (Wu et al., 2015)). At 19.0 Å, OAZ E219 is the nearest 

lysine of OAZ from E219 OAZ. Structures visualized in PyMOL 

  4.1.1. Introduction to Ornithine Decarboxylase / Antizyme biology 

Ornithine Decarboxylase (ODC) and Ornithine Decarboxylase Antizyme (OAZ) are 

intracellular proteins promoting and regulating polyamine synthesis (Pegg, 2006). As a 

homodimer, ODC is a pyridoxal phosphate (PLP)-dependent enzyme that catalyzes the 

formation of putrescine from ornithine (Pegg, 2006) (Figure 4.2).  

Putrescine is the first building block of polyamine synthesis (Pegg, 2006). After the rate-limiting 

decarboxylation of ornithine, putrescine is elongated by spermidine synthase to the polyamine 

spermidine, and spermidine is further elongated by spermine synthase to the polyamine 

spermine (Pegg, 2006) (Figure 4.2). Polyamine homeostasis is integral to cellular function and 

ODC activity is therefore subject to strict regulation (Pegg, 2006) (Figure 4.2, inset).  

ODC functions as an obligate homodimer (human ODC KD 0.1 µM (Lee et al., 2014)). Its 

activity is regulated by Ornithine Decarboxylase Antizyme (OAZ), which binds ODC monomers 

with high affinity (human OAZ/ODC, KD~0.22-0.71 µM (Hsieh et al., 2011; Liu et al., 2011; Wu 

et al., 2015)). Binding of OAZ to ODC prevents ODC dimerization and recruits ODC to the 
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proteasome for degradation (Pegg, 2006). OAZ is generally not degraded while targeting ODC 

to the proteasome, causing the degradation of multiple ODC monomers (Pegg, 2006). 

OAZ itself is regulated in a polyamine-concentration dependent manner (Ivanov et al., 1998). 

The OAZ gene features a naturally occurring frameshift, which normally prevents translation 

of the intact protein by the ribosome (Ivanov et al., 1998). However, high levels of polyamines 

increase the rate of ribosome slippage, thereby facilitating synthesis of intact OAZ (Matsufuji 

et al., 1995; Ivanov et al., 1998) (Figure 4.2, inset). Palanimurugan et al. have further found 

spermidine concentrations to positively affect the lifetime of Saccharomyces cerevisiae OAZ 

homologue (Palanimurugan et al., 2004), and subsequent work showed polyamines to directly 

promote the OAZ-mediated degradation of ODC (Beenukumar et al., 2015). Taken together, 

polyamine-regulated OAZ inhibition constitutes a negative feedback loop for ODC activity.  

Counteracting this negative feedback, OAZ is itself subject to regulation. Antizyme Inhibitor 

(AzI) is an ODC homologue lacking enzymatic activity. AzI binds to OAZ at a higher affinity 

than ODC (in mouse: ODC/OAZ KD 0.1 nM compared to AzI/OAZ KD 0.017 nM (Cohavi et al., 

2009)). Thereby, AzI sequesters OAZ from ODC regulation (Nilsson et al., 2000). Ivanov et al. 

reported that AzI is itself subject to translational regulation: The AzI mRNA contains an 

upstream coding region with a regulatory function (Ivanov et al., 2008). Herein, ribosome 

stalling at a PPW motif requires eIF5A release, which was found to be inhibited by polyamines 

(Ivanov et al., 2018). Therefore, as polyamine concentrations are raised and more intact OAZ 

protein is produced from its frameshifted mRNA, less intact AzI is produced from its mRNA. 

Conversely, ODC inhibition through OAZ ultimately lowers polyamine concentrations, 

facilitating synthesis of intact AzI and inhibition of OAZ (Figure 4.2, inset). In summary, ODC, 

OAZ and AzI are well studied proteins important for human metabolism.  
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Figure 4.2. Overview of Ornithine Decarboxylase and Antizyme biology. Ornithine decarboxylase 

(ODC) is enzymatically active as a homodimer. Spermidine and spermine concentrations are limited by 

ornithine decarboxylation. Shaded inset: Translational feedback loops regulate ODC activity. High ODC 

activity increases polyamine concentrations. High polyamine concentrations promote frameshifting 

required for antizyme (OAZ) synthesis. OAZ recruits ODC to the proteasome for degradation. High 

polyamine concentrations also inhibit translation of mRNA for antizyme inhibitor (AzI). If polyamine 

concentrations decrease, AzI sequesters OAZ to permit ODC function. 

 4.2. Initial evidence of OAZ/ODC Neisslock-conjugation 

For the first test of intermolecular NeissLock conjugation, I cloned ODC and OAZ95-219-SPM, 

in which OAZ95-228 was truncated to E219 and SPM was directly inserted thereafter (hereafter 

referred to as “OAZ” and “OAZ-SPM”). Initial samples of OAZ-SPM were prepared from E. coli 

according to protocols previously used in our group for SPM-fusions, with a single-stage 

purification through IMAC (Metzner, 2017). ODC was purified in parallel according to the same 

protocol. Both preparations gave moderate purity, although OAZ-SPM displayed notable 

precipitation during dialysis. Nevertheless, the proteins were taken forward for first processing 

and conjugation tests. 

Upon incubation with 10 mM calcium at 37 °C, OAZ-SPM displayed self-processing activity to 

yield SPM and OAZ (Figure 4.3). Notably, the OAZ product resolved to two distinct species 
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on SDS-PAGE. When OAZ-SPM was incubated with calcium in the presence of 50 mM 

dithiothreitol (DTT), the OAZ product instead resolved in a single band. Thiols were previously 

reported to effectively quench the SPM-generated anhydride (Sadilkova et al., 2008). For 

OAZ-SPM, thiolysis of the anhydride similarly appears to prevent the reactions leading to 

double-banding. Gel mobility is commonly affected by protein cyclization, as we have 

previously observed in our research group (Schoene et al., 2014). Since OAZ formed in the 

presence of DTT runs parallel to the ‘upper’ band of double-banded OAZ, the OAZ species 

with decreased gel mobility were determined to correspond to linear OAZ. Correspondingly, 

OAZ species with increased gel mobility, forming the ‘lower’ of double-banded OAZ, were 

determined to correspond to circularized or cyclized OAZ. 

In the presence of ODC, calcium-induced cleavage of OAZ-SPM led to the formation of a 

unique higher molecular weight species, corresponding to the expected size of an ODC:OAZ 

conjugate (expected 68.3 kDa). Conversely, formation of free OAZ was reduced. ODC was 

not visibly affected by the addition of calcium when incubated without OAZ-SPM. Taken 

together, these observations indicated that OAZ covalently conjugated to ODC.  

 

Figure 4.3. Early evidence of NeissLock conjugation with OAZ-SPM and ODC. 11.5 µM crudely 

purified OAZ-SPM was incubated at 37 °C for 43 h ±10 mM CaCl2 and ±33 µM ODC in 50 mM HEPES, 

140 mM NaCl pH 7.40. SDS-PAGE was Coomassie stained before imaging. Formation of a covalent 

adduct corresponding to the molecular weight of ODC:OAZ is observed in the presence of ODC. 

Conjugation was inhibited upon co-incubation with 50 mM dithiothreitol (DTT). Reactions were stopped 

with EDTA in reducing SDS-loading buffer. Samples were boiled and resolved on 16% SDS-PAGE 

which was stained with Coomassie before imaging. 
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These results were promising first evidence for the ODC:OAZ model system. However, 

cleavage of OAZ-SPM was slow compared to constructs reported in the literature (Osička et 

al., 2004; Sadilkova et al., 2008; Metzner, 2017). Since OAZ-SPM processing only 

approached completion after prolonged incubation (e.g. 1-2 days), it was difficult to effectively 

work with this model and estimate conjugation efficiency. Furthermore, large amounts of high 

molecular-weight aggregates were visible in SDS-PAGE and precipitation was commonly 

found in incubated samples, indicating instabilities and protein aggregation which could affect 

SDS-PAGE observations. Therefore, further optimization was necessary. 

 4.3. Optimization of conjugation rate and yield 

  4.3.1. Kinetics of anhydride activation 

First, I aimed to test the promiscuity and lifetime of the anhydride to further explore the 

suitability of a reactive anhydride for covalent conjugation. Herein, I used an Affibody-SPM 

construct, which was easy to produce in high yield. The construct features an N-terminal His-

tag, an anti-HER2 affibody with a flexible linker [(GS)2(GGGGS)3GEG] and three residues 

from native FrpC (HVY) before SPM, followed by a C-tag for purification. This construct had 

been used in our research group for early exploration experiments, for instance to confirm 

thiol-reactivity of the anhydride (Metzner, 2017) as had previously been reported (Sadilkova 

et al., 2008).  

To test the promiscuity of the anhydride, I incubated 20 µM Affibody-SPM with 10 mM calcium 

for 1 h at 37 °C in the presence of a selection of nucleophiles at 1 mM or 10 mM concentration, 

before stopping the SPM processing by addition of SDS-loading buffer supplemented with 

EDTA to sequester calcium. These nucleophiles were chosen to mimic natural amino acids 

and common reagents, i.e. [1] N-terminal amine, [2] Lysine side chain, [3/4] Thiols (wherein 

[4] can undergo stabilising S,N-acyl shift to form an amide), [5] Tyrosine side chain (Figure 

4.4a). Samples were boiled and loaded on SDS-PAGE. 

In the presence of calcium, Affibody-SPM readily processed to Affibody and SPM. Herein, 

Affibody resolved to two distinct species, as observed for OAZ-SPM, i.e. linearized (e.g. 
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hydrolysed or reacted with another nucleophile in solution) and cyclized (self-reacted) species. 

By quantifying the relative ratio of linearized to cyclized Affibody, I differentiated how readily 

the anhydride reacted with different nucleophiles (n=1, Figure 4.4d). Cysteine was the most 

effective nucleophile and substantial conjugation was still observed for dithiothreitol and Gly-

Gly (as an analogue for N-terminal amine) (Fig 4.4c,d). Under the tested conditions, free 

lysines were much less efficient at reaction with anhydrides. 

Subsequently, I wanted to estimate the lifetime of the anhydride. 7.5 µM Affibody-SPM was 

incubated with 10 mM calcium at 37°C. At various timepoints, the cleavage reaction was 

stopped by addition of EDTA, and at the same time the anhydride was quenched by addition 

of cysteine in the stop solution (to efficiently quench cyclization) (Figure 4.4e,f). Herein, 

quenching the reaction within the first 5 minutes substantially increased the formation of linear 

Affibody relative to cyclized Affibody (Figure 4.4e,f). This effect rapidly became less 

pronounced as cyclization and linear affibody formation stabilized to a ~2:1 ratio (the ratio of 

self-reaction to hydrolysis, compare to 4.4c,d). This indicated that most anhydride had been 

inactivated prior to quenching after a few minutes (Fig 4.4f). 
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Figure 4.4. Reactivity of the protein anhydride. Affibody-SPM was used as a model to investigate 

reactivity of the anhydride formed during SPM-processing. (a) Different compounds used to mimic 

nucleophiles in natural proteins, i.e. [1] N-terminal amine, [2] Lysine side chain, [3/4] Thiols, [5] Tyrosine. 

[5] presents a mixture of monosubstituted (o- or p-isomer) compounds as well as twice substituted 

bis(dimethylaminomethyl)phenol or unsubstituted phenol (COA: 59.7% monosubstituted, 27.3% 

phenol). (b) Cartoon highlighting that an SPM-generated anhydride can react with nucleophiles in 

solution to form a linear species or react with nucleophiles on the protein itself to form a cyclized species. 

(c) 20 µM Affibody-SPM was incubated with 10 mM calcium for 1 h at 37°C subject to 1 mM or 10 mM 

of Nucleophiles [1]-[5] from (a) testing effectiveness of conjugation. Samples were boiled with SDS-

loading buffer and resolved on SDS-PAGE, followed by Coomassie staining. (d) Bands corresponding 

to cyclized and linear affibody species in (c) were quantified and the relative ratio calculated, indicating 

a shift from self-reaction to reaction with nucleophiles in solution (e.g. cysteine), n=1. (e) Quenching of 

the reactive anhydride at various timepoints to estimate lifetime. 7.5 µM Affibody-SPM were incubated 

with 10 mM calcium at 37°C. At the indicated timepoints, EDTA and cysteine were added to 

simultaneously stop processing and quench the anhydride. 0*: EDTA and cysteine were added prior to 

CaCl2. Samples were boiled with SDS-loading buffer and resolved on SDS-PAGE before Coomassie 

staining. (f) Quantification from (e) (mean ± 1 s.d.; at t>0: mean of triplicate; at t=0: mean of triplicate 

for Affibody-SPM, mean of duplicate for SPM, no quantification of free affibody).  
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  4.3.2. Saturation mutagenesis of cleavage site with SpyTag-X-SPM 

OAZ-SPM had markedly reduced cleavage rate compared to other constructs such as 

Affibody-SPM. Prior studies have reported a dependence of SPM cleavage rate on the fusion 

protein, potentially due to steric hindrance (Sadilkova et al., 2008). Further to this, I noticed a 

common trend of reduced cleavage rate among unpublished constructs (Metzner, 2017) 

where the residue preceding the scissile bond was glycine (G).  

To systematically assess if the residue preceding the scissile bond had a specific impact on 

cleavage rate and inform the design of an improved OAZ NeissLock probe, I used SpyTag 

fused to SPM as a simple model system. SpyTag is a disordered peptide (Zakeri et al., 2012), 

which I predicted to have little specific impact on SPM cleavage rate. I cloned saturation 

mutants of SpyTag-X-SPM, i.e. 20 variants with X indicating any canonical amino acid. 

To prepare the corresponding proteins, I used small-scale protein expression in E. coli in  

auto-induction medium for 24 h 30°C. Subsequently, cells were pelleted and lysed by 

lysozyme treatment supplemented with freeze-thaw cycles. Proteins were purified using small-

scale IMAC in filter plate format and finally exchanged into HEPES-buffered saline during spin 

concentration. Samples of this purification can be found in Figure 4.5. 

 

Figure 4.5. Small-scale preparations of SpyTag-X-SPM (ST-X-SPM) variants. Proteins were 

induced from E. coli in auto-induction medium and released by incubation with lysozyme and repeated 

freeze-thaw of cells. Proteins were eluted from Ni-Nta beads in filter plate format and buffer exchanged 

into HBS. A separate sample of SpyTag-V-SPM and SpyTag-A-SPM was prepared (due to low 

concentration and to control for batch-to-batch variation). Purification samples taken prior to buffer 

exchange were resolved on non-reduced SDS-PAGE and stained with Coomassie before imaging.  
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I then tested cleavage rate by addition of 10 mM CaCl2 to 4-6 µM SpyTag-X-SPM for 5, 15, or 

60 min at 37 °C in the presence of 10 mM cysteine. Cysteine served to quench side reactions 

(see anhydride reactivity, Figure 4.4) and reduce potential SpyTag-C-SPM adducts. Reactions 

were stopped by addition of EDTA in SDS loading buffer. To provide a 0 min timepoint, the 

stop solution was added before calcium chloride. Finally, samples were boiled and resolved 

on SDS-PAGE, followed by Coomassie staining. 

Upon addition of calcium, all SpyTag-X-SPM variants underwent self-processing (Figure 4.6). 

However, there was a wide distribution in cleavage rates (relative to 0 min timepoint) (Figure 

4.6c). Herein, SpyTag-G-SPM processed to <20% within an hour, whereas ST-Y-SPM 

reached >20% processing in 5 minutes. All aromatic residues (F, W, Y, H) showed high 

cleavage rate. The residue preceding the scissile Asp-Pro (DP) bond in native FrpC is Y. 

SpyTag-Y-SPM showed comparatively high cleavage rate at all tested timepoints (with 

77%/53%/33% uncleaved protein at 5/15/60 min).  

The low cleavage rate observed for SpyTag-G-SPM matched prior observations. OAZ-SPM 

features OAZ E219 as the residue preceding the scissile DP bond. SpyTag-E-SPM falls into 

the lower third of cleavage rates (with 92%/85%/56% uncleaved protein at 5/15/60 min). As 

SpyTag-Y-SPM featured one of the fastest cleavage rates and Y is the residue preceding SPM 

in native FrpC, it was chosen as a suitable residue to increase cleavage rate, i.e. to yield OAZ-

Y-SPM. 
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Figure 4.6. Comparison of SpyTag-X-SPM variants. (a) SDS-PAGE showing SpyTag-A-SPM as an 

example of processing. 4-6 µM SpyTag-X-SPM were incubated with 10 mM calcium and 10 mm 

cysteine at 37 °C. At the indicated timepoints, the reaction was stopped by addition of EDTA in 

SDS-loading buffer. Samples were boiled and resolved on SDS-PAGE before Coomassie staining. For 

triplicates, each replicate was resolved on a different gel (with other SpyTag-X-SPM variants). (b) 

Quantification of cleavage timepoints (5 min, 15 min, 60 min) and unprocessed protein (0 min) relative 

to protein ladder to assess variation in absolute protein concentrations. (c) Relative intensity of 

timepoints (0 min, 15 min, 60 min) normalised to unprocessed protein at 0 minutes shows variation in 

cleavage rates (mean ± s.d., n=3). 

  4.3.3. Purification conditions 

As mentioned in 4.2, I initially purified OAZ-SPM using conditions which have previously been 

used in our group for SPM-fused proteins, such as Affibody-SPM (Metzner, 2017). However, 

for OAZ-SPM this purification procedure resulted in large amounts of precipitation upon 

dialysis and only yielded moderately pure protein after Ni-Nta purification. OAZ features two 

unpaired cysteines in its crystal structure (PDB ID 4zgy (Wu et al., 2015)) which had appeared 

relatively obstructed but were a likely reason for protein aggregation. Notably, I wanted to 

avoid common reducing agent in the final buffer formulation, since the presence of free thiols 

in the final purification could disrupt anhydride activity (Figure 4.2, Figure 4.3).  
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To confirm the cause of precipitation, I used a construct encoding OAZ without fusion to SPM. 

Based on prior purifications of ODC and OAZ (Wu et al., 2015), I adapted the purification 

protocol I used for OAZ-SPM to include protective reducing conditions by addition of 2-

mercaptoethanol (2-ME) to purification buffers. After elution from Ni-Nta resin, I compared 

protein precipitation of OAZ upon dialysis into buffers with and without 2-ME. Herein, OAZ 

showed heavy precipitation without reducing conditions, but sustained protection of thiols in 

the dialysis buffer mitigated OAZ aggregation (Figure 4.7).  

 

Figure 4.7. OAZ-SPM and ODC required sustained protection of thiols. OAZ and ODC samples 

from Ni-Nta purification were dialysed into (1) 30 mM HEPES, 250 mM NaCl, 2 mM 2-ME, ~0.02 mM 

pyridoxal phosphate, pH 7.4 (2) 30 mM TRIS, 250 mM NaCl, 2 mM 2-ME, ~0.02 mM pyridoxal 

phosphate, pH 7.4 (3) 50 mM HEPES, 150 mM NaCl, pH 7.4. Heavy aggregation was observed if 

samples were not protected from oxidation. Optionally, OAZ-SPM was spun at 16,900 rcf to separate 

aggregate from soluble protein and the aggregate was resuspended in water (S: Supernatant, P: Pellet). 

Samples were boiled with SDS-loading buffer and resolved on SDS-PAGE with Coomassie staining. 

After confirming conditions under which OAZ was not prone to aggregation, I decided to use 

size exclusion chromatography for purification of OAZ-Y-SPM. Since free thiols would quench 

anhydride activity and NeissLock conjugation, I substituted 2-ME or the non-nucleophilic Tris-

(2-carboxyethyl)-phosphine (TCEP) as the reducing agent for gel filtration. Furthermore, for 

subsequent purifications samples were applied to size exclusion chromatography without prior 

dialysis, reducing the amount of HEPES and TCEP reagents that would otherwise be required. 

With these conditions, both ODC and OAZ-Y-SPM could be prepared at high purity and yield 

(Figure 4.8). 
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Figure 4.8. Optimized purification of ODC and OAZ-Y-SPM. (a) Ni-Nta affinity purification of OAZ-Y-

SPM. OAZ-Y-SPM was solubly expressed from BL21 RIPL. After induction of expression for 16-18h at 

25°C, cells were harvested, lysed and the lysate clarified by centrifugation. Cleared lysate was applied 

to Ni-Nta resin, washed and crudely purified OAZ-Y-SPM was eluted with 200 mM imidazole. All buffers 

were supplemented with reducing agent. (b) After spin concentration, the combined elution sample was 

directly injected into a Superdex S200 16-600 gel filtration column. Gel filtration buffer was 50 mM 

HEPES, 150 mM NaCl, 2 mM TCEP, pH 7.40. Shown is absorbance at 280 nM (AU) relative to run 

volume (mL). (c) Fractionation samples from (b) were resolved on SDS-PAGE after boiling with SDS-

loading buffer. Gel was stained with Coomassie before imaging. (d,e,f) Purification procedure for ODC. 

For ODC, gel filtration buffer was 50 mM HEPES, 150 mM NaCl, 2 mM TCEP, 0.02 mM pyridoxal 

phosphate, pH 7.40. 
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I then reattempted conjugation of OAZ-Y-SPM to ODC. I incubated 10 µM OAZ-Y-SPM with 

30 µM ODC and 10 mM calcium for 16 h at 37°C, before quenching the reaction with EDTA. 

Samples were boiled with SDS-loading buffer and resolving them on SDS-PAGE. Herein, 

conjugation of OAZ-Y-SPM to ODC was readily apparent (Figure 4.9). At a 3:1 ratio of ODC 

to OAZ-Y-SPM I now observed nearly quantitative conjugation of activated OAZ to ODC, with 

little release of free OAZ (Figure 4.9). 

 

Figure 4.9. Covalent conjugation of OAZ-Y-SPM to ODC after improvement of purification 

conditions. 10 µM OAZ-Y-SPM was incubated at 37 °C for 16 h with or without 10 mM calcium and 30 

µM ODC (at a 3:1 ratio) as indicated. Samples were resolved on reducing SDS-PAGE before staining 

with Coomassie and imaging.   

  4.3.4. Spacer insertion and steric constraints 

Throughout OAZ-SPM and OAZ-Y-SPM conjugation experiments to ODC, it commonly 

appeared as though more OAZ-Y-SPM remained unprocessed in the presence of ODC, and 

therefore that the presence of ODC decreased the OAZ-(Y)-SPM cleavage rate (Figure 4.9). 

Therefore, I suspected that assembly of the ODC/OAZ complex might cause steric hindrance 

to SPM cleavage. To test this hypothesis, I incubated 10 µM OAZ-Y-SPM with increasing 

concentrations of ODC (2.25-30 µM) and 10 mM calcium for 18.5 h at 37°C. In all conditions, 

OAZ-Y-SPM showed visible processing. However, it appeared that cleavage of OAZ-Y-SPM 

was decreased at increased concentrations of ODC (Figure 4.10). 
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Figure 4.10. ODC inhibits OAZ-Y-SPM processing. 10 µM OAZ-Y-SPM was incubated for 18.5 h at 

37°C with 10 mM calcium and with increasing concentrations of ODC (2.25 µM – 30 µM) as well as 10 

mM calcium as indicated, in 50 mM HEPES, 150 mM NaCl, 1 mM TCEP, pH 7.40. Samples were boiled 

with SDS-loading buffer and resolved on SDS-PAGE. With higher concentrations of ODC, more 

unprocessed OAZ-Y-SPM was observed. 

Furthermore, OAZ-(Y)-SPM displayed markedly reduced cleavage rate compared to other 

SPM constructs even if no ODC was present (compare to Figure 4.4, Figure 4.6, and other 

work (Osička et al., 2004; Sadilkova et al., 2008; Metzner, 2017)). Steric hindrance was 

previously suggested as a factor in SPM autoproteolysis rate (Sadilkova et al., 2008), i.e. direct 

OAZ fusion could disrupt SPM folding and processing. I inserted an additional GS spacer into 

the OAZ-Y-SPM construct to make OAZ-GSY-SPM and purified OAZ-GSY-SPM in parallel to 

OAZ-Y-SPM as described in Figure 4.8. 

10 µM OAZ-Y-SPM or 10 µM OAZ-GSY-SPM were incubated with 10 µM ODC and 10 mM 

calcium at 37°C, and the reaction was allowed to proceed for increasing periods of time. In 

the presence of an equimolar ratio of ODC, OAZ-GSY-SPM processed faster than OAZ-Y-

SPM, reaching ~50% autoproteolysis after 2-5 minutes, as opposed to 30-60 minutes for OAZ-

Y-SPM (Figure 4.11). 
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Figure 4.11. GS linker insertion increase OAZ-Y-SPM cleavage rate. 10 µM OAZ-Y-SPM or  

10 µM OAZ-GSY-SPM were diluted together with 10 µM ODC in 50 mM HEPES, 150 mM NaCl, 2 mM 

TCEP, pH 7.4. Samples were incubated with 10 mM CaCl2 at 37 °C. After the indicated time, the 

reaction was stopped by addition of EDTA in SDS-loading buffer. 0*: EDTA in SDS-loading buffer was 

added before CaCl2 to provide a timepoint 0. Samples were resolved on SDS-PAGE before Coomassie-

staining and imaging. Black line: Gel was digitally cut (see methods). 

Taken together, these observations suggest that steric effects can interfere with NeissLock-

probe processing, through steric hindrance of SPM-processing due to formation of the 

binder/target OAZ/ODC complex or due to direct fusion of SPM to OAZ. Steric hindrance could 

be alleviated for OAZ-Y-SPM through insertion of a GS spacer. 

  4.3.5. pH-dependence 

With an average pKa of 10.7 in proteins (Pahari et al., 2019), lysine residues are generally 

protonated at physiological pH of 7.4. Nevertheless, I observed high amounts of conjugation 

at pH 7.4 in HEPES-buffered saline. Upon co-incubation of N. meningitidis with A549 human 

cells, Sviridova et al. observed evidence for conjugation of N-terminal FrpC to plasma 

membrane samples of A549 cells (Sviridova et al., 2017), mimicking physiological conditions, 

and Osička et al. previously showed SPM cleavage to be effective around pH 6-8 (Osička et 

al., 2004). Similarly, I aimed to investigate the impact of pH on both cleavage rate and 

conjugation efficiency to determine optimized conjugation conditions.  

I therefore prepared 50 mM HEPES, 150 mM NaCl, 2 mM TCEP buffers adjusted to varying 

pH values (pH 7.4, pH 8.0 or pH 8.4). In parallel to testing reaction of OAZ-Y-SPM or OAZ-

GSY-SPM with ODC (Figure 4.11), I also tested reaction rate of OAZ-Y-SPM and ODC diluted 
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in buffer with pH 8.0 or pH 8.4, as well as reaction of OAZ-Y-SPM without ODC (Figure 4.12, 

OAZ-Y-SPM with ODC at pH 7.4 also in Figure 4.11). 

For OAZ-Y-SPM, I observed decreased cleavage rate with increasing pH, with a strong 

decrease at pH 8.4, both with and without ODC. With ODC, conjugation rate showed an 

inverse correlation to pH, in parallel to decreased cleavage rate. Adjusted for amount of 

cleaved protein, overall conjugation efficiency was apparently unaffected by pH (maximum 

~1:1). Therefore, I concluded that the apparent dependence of conjugation rate on pH was 

mainly driven by the effect of pH on cleavage rate. 

 

Figure 4.12. Screen of conditions affecting NeissLock conjugation to ODC. General reaction 

conditions as in Figure 4.11. 10 µM OAZ-Y-SPM and 10 µM ODC as indicated were diluted in 50 mM 

HEPES, 150 mM NaCl, 2 mM TCEP adjusted to the pH 7.4, pH 8.0 or pH 8.4. Samples were incubated 

with 10 mM calcium (diluted in the corresponding buffer) at 37 °C. After the indicated time before the 

reaction was stopped by addition of EDTA in SDS-loading buffer. 0*: EDTA in SDS-loading buffer was 

added before CaCl2 to provide a timepoint 0. Samples were resolved on SDS-PAGE before Coomassie-

staining and imaging. (a) Cleavage of OAZ-Y-SPM without ODC. (b) Cleavage and conjugation with 

ODC. Cleavage and conjugation rate steadily decreased from pH 7.4 to 8.4. OAZ-Y-SPM + ODC (in b) 

also shown in Figure 4.11. 
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With pKa1 of 3 and pKa2 of 7.5, pH 8.4 is at the end of the buffering range for HEPES. Based 

on my initial observations, Sheryl Lim in the same research group conducted replication 

experiments at a larger pH scale by including MES in the buffer formulation (150 mM NaCl, 

50 mM HEPES, 50 mM MES, 2 mM TCEP), using OAZ-GSY-SPM as the construct (Figure 

4.13b,c, adapted from Scheu et al. (Scheu et al., 2021)). In a range from 6.5 to 8.5, the 

cleavage rate of OAZ-GSY-SPM gradually decreased with increasing pH, with a distinct 

reduction from pH 8.0 to pH 8.5. These observations agree with my initial observations on 

cleavage rate, and similarly compare to previous reports (Osička et al., 2004). 

Figure 4.13. Quantitative analysis of NeissLock-conjugation to ODC. (a) Comparison of 

conjugation rate for 10 µM OAZ-Y-SPM or 10 µM OAZ-GSY-SPM incubated with 10 µM ODC in the 

presence of 10 mM calcium in 50 mM HEPES, 150 mM NaCl, 2 mM TCEP, pH 7.40 (b) Conjugation 

rate of 10 µM OAZ-GSY-SPM to 10 µM ODC with 10 mM CaCl2 in 150 mM NaCl, 50 mM HEPES, 50 

mM MES, 2 mM TCEP dependent on buffer pH. (c) As in (b), but for cleavage rate. Quantification from 

Coomassie-stained SDS-PAGE. Error bars: standard deviation, n=3. Adapted from Sheryl Lim, with 

permission (Scheu et al., 2021).  

 4.4. Intact mass spectrometry of OAZ:ODC conjugation 

To test the chemical identity of the crosslink, I assessed the conjugation of OAZ-Y-SPM and 

OAZ-GSY-SPM to ODC via intact mass spectrometry (MS). 10 µΜ of OAZ-Y-SPM or 

OAZ-GSY-SPM were mixed with 10 mM CaCl2 and 30 µM ODC and the reaction was allowed 

to proceed for 16 h at 37 °C before stopping SPM processing by addition of EDTA. 

Subsequently, samples were acidified with formic acid and injected onto electrospray 

ionization mass spectrometry (ESI-MS) using RapidFire automated sample processing (RF-

MS).  
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Theoretical masses were calculated using ExPASY ProtParam according to the 

corresponding linear protein sequences without an initiating methionine, i.e. for full-length 

ODC, full-length OAZ-Y-SPM as well as OAZ-YD (OAZ-Y retaining Asp from DP cleavage, 

usually excluded from nomenclature herein) and P-SPM (SPM retaining Pro from DP 

cleavage, usually excluded from nomenclature herein) protein fragments. For the conjugate 

ODC:OAZ-Y, the mass was estimated as the combined mass of ODC and OAZ-YD, with loss 

of water. 

After processing of OAZ-Y-SPM in the presence of ODC, I observed masses corresponding 

to ODC (observed 52,930.3 Da, predicted 52,929.9 Da), OAZ-Y-SPM (observed 42,026.7 Da, 

predicted 42,024.7 Da) and the conjugation product ODC:OAZ-Y (observed 68,543.4 Da, 

predicted 68,539.4 Da) as well as SPM (observed 26,415.3 Da, predicted 26,415.1 Da) (Figure 

4.14a). The conjugation product ODC:OAZ-Y featured a loss of ~18.0 Da compared to the 

calculated mass for ODC+OAZ-Y, as would be expected for loss of water. For OAZ-GSY-

SPM, all masses were increased by the corresponding amount (GS: 144.13 Da) compared to 

OAZ-Y-SPM (Figure 4.14b). 

 

 

a) 
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Figure 4.14. RF-MS of OAZ-Y-SPM and OAZ-GSY-SPM after conjugation with ODC. OAZ-Y-SPM 

or OAZ-GSY-SPM were incubated with calcium in the presence of ODC. After stopping self-processing 

with EDTA, samples were injected into electrospray ionization mass spectrometry. (a) The covalent 

adduct of ODC and OAZ-Y was observed with loss of water (predicted: 68,539.4 kDa), as were ODC 

(predicted 52,929.9 Da), OAZ-Y-SPM (predicted 42,024.7 Da), and SPM (predicted 26,415.1 Da) (b) 

The corresponding conjugate for OAZ-GSY-SPM showed an increase in mass as expected for insertion 

of the GS spacer (GS predicted: +144.13 Da; ODC:OAZ-GSYD predicted: 68,683.6 Da), as did 

OAZ-GSY-SPM (predicted 42,168.8) compared to OAZ-Y-SPM. Samples from these reactions were 

also resolved on SDS-PAGE as Figure 4.9 after denaturation with SDS-loading buffer. 

Free SPM gave a strong signal compared to other species, making it difficult to assess other 

proteins (Figure 4.14). I utilized liquid chromatography - mass spectrometry (LC-MS) to gain 

more insight into all product species. 20 µM OAZ-Y-SPM with 20 µM ODC and 10 mM CaCl2 

were incubated at 37°C for 1 h before the reaction was stopped by addition of EDTA. The 

sample was diluted with water and passed onto LC for separation after which it was injected 

into MS. Herein, the same MS system was used for LC-MS as for RF-MS. On the LC-MS 

chromatogram, the sample separated into broad peaks (Figure 4.15a). As for RF-MS, SPM 

gave a strong signal. However, the separation in LC allowed for clear distinction of the 

expected protein species. Upon deconvolution of spectra obtained at peak positions (2.993 

min / 3.970 min / 5.792 min), I identified species corresponding to predominantly free OAZ-Y 

(2.993 min), SPM (3.970 min), and a mix of ODC and ODC:OAZ-Y (5.792 min) (Figure 4.15b). 

Using LC-MS, unconjugated OAZ was readily detected in the presence of ODC (Figure 4.15b). 

The predicted mass for the linear fragment of OAZ-Y is 15627.56. However, this mass was 

only visible upon closer inspection of the deconvoluted spectrum (at 15,628.24 Da, Figure 

4.15c). In addition to the mass for linear OAZ-Y, a stronger neighbouring peak was observed 

b) 
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at 15,609.59, corresponding to a dehydrated form (-18 Da). As outlined in Chapter 4.2 and 

Chapter 4.3 (Figure 4.3, Figure 4.9), released OAZ resolves as two distinct species on SDS-

PAGE. Thiolysis of the anhydride (Figure 4.3) suggested that one band corresponds to a linear 

(e.g. hydrolysed or thiolysed) species of OAZ and one to a cyclized species of OAZ (e.g. Ct to 

Nα or Ct to Nε). Therefore, the observations of LC-MS and SDS-PAGE both match this 

hypothesis. 

 

Figure 4.15. Liquid chromatography with coupled mass spectrometry of OAZ-Y-SPM conjugated 

to ODC. (a) liquid chromatography profile after incubation of OAZ-Y-SPM with calcium in the presence 

of ODC, showing separation of the major protein species. (b) Coupled MS spectrum corresponding to 

peak positions in (a), showing individual masses for identified proteins (compare to Figure 4.14). (c) 

Detail view of coupled MS spectrum corresponding to liquid chromatography at 2.993 min. Closeup 

around 15,640 Da, showing masses corresponding to self-reacted and hydrolysed (+18 Da) OAZ-Y-

SPM cleavage products (OAZ-YD) and cartoon thereof. 



Page 103 
 

 4.5. Mapping of OAZ:ODC crosslinking sites 

  4.5.1. Mutation of the target site 

After validating chemical conjugation of ODC:OAZ-Y and ODC:OAZ-GSY via SDS-PAGE and 

intact MS, I aimed to identify the position(s) at which crosslink occurs. First, I mutated K92 in 

ODC, which I hypothesized to be the main target residue based on its proximity to the C-

terminus of OAZ (3.5 Å in 4zgy, i.e. its selection criterion as the NeissLock model complex). 

K92R was chosen as a mutation to retain a basic residue while removing nucleophilicity. After 

induction of processing, OAZ-Y-SPM or OAZ-GSY-SPM retained high amounts of conjugation 

to ODC K92R (Figure 4.16a,b). However, a long runtime at high gel density (1:40 h, 18%, 

180 V) resolved two distinct bands for ODC K92R:OAZ-Y or ODC K92R:OAZ-GSY 

conjugation products, indicating at least two distinct conjugate species. For OAZ-GSY-SPM, 

a second band could already be resolved for conjugation to wt ODC. These observations 

suggest that K92 is a target site, but alternative residues can be conjugated.  

  4.5.2. Introduction of alternative sites 

To further explore the spatial requirements for crosslinking, I attempted to rescue wild type-

like conjugation of OAZ-Y-SPM or OAZ-GSY-SPM to ODC K92R by reintroducing K residues 

in proximity to the mutation site K92. Along the α-helix on which K92 is positioned, I introduced 

T93K, Q96K or S100K into the ODC K92R background, to act as a ‘ruler’ facing away from 

K92 (Figure 4.16c). Measured from atom C of OAZ E219 to atom CA (backbone) of the target 

residue, the distances were 7.6 Å to K92, 8.8 Å to T93, 12.0 Å to Q96, and 17.5 Å to S100 

(Figure 4.16c). Furthermore, I tested ODC K92R T396K (with 14.6 Å from E219 atom C to 

T396 atom CA), as I hypothesized this region to be accessible for the C-terminus of OAZ 

based on the OAZ NMR structure PDB ID 1zo0 [DOI 10.2210/pdb1ZO0/pdb, literature 

unpublished].  

I observed formation of a predominant product band for conjugation of OAZ-Y-SPM or 

OAZ-GSY-SPM to ODC K92R Q96K (Figure 4.16a,b), similar to the respective wt ODC 

conjugate (Figure 4.16a,b, compare to Figure 4.17a). ODC K92R T93K or ODC K92R S100K 
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did not show such a banding pattern, but instead appeared like conjugation to ODC K92R with 

two strong product bands (Figure 4.16a,b, compare to Figure 4.17). 

 

Figure 4.16. Mutation of the target residue K92 and introduction of alternate target sites. ODC 

K92 is a target site, but OAZ-(GS)Y-SPM can conjugate to alternate target sites. (a) 10 µM OAZ-Y-SPM 

was incubated at 37°C with 10 µM wt ODC, ODC K92R, or mutants of ODC K92R with introduction of 

an additional lysine in proximity to test specificity around the target site. Samples were incubated in the 

presence of 10 mM calcium as indicated. Reactions were stopped with EDTA in SDS-loading buffer. 

Samples were boiled and resolved on SDS-PAGE before Coomassie staining. Conjugation to ODC 

K92R causes distinct double banding, which is not apparent for ODC K92R Q96 (b) As (a), with OAZ-

GSY-SPM. (c) Cartoon of positions which were mutated on ODC (PDB ID 4zgy (Wu et al., 2015)).  

I only observed the distinct banding pattern for ODC K92R conjugates concurrent to setting 

up this analysis of double mutants. As overall yield did not appear affected in ODC K92R, yield 

would likely be a weak indicator of wild-type like conjugation. However, a covalent adduct at 

a site close to K92 on the primary sequence (i.e. T93K/Q96K/S100K) comparably to 

conjugates at K92 in (denaturing) SDS-PAGE. Therefore, I concluded that ODC K92R Q96K 
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but not ODC K92R T93K or ODC K92R S100K rescued wt-like conjugation from ODC K92R. 

Similarly, conjugation at ODC K92R T396K appeared like conjugation at ODC K92R, although 

it is unclear if conjugation at T396K would rescue the original banding pattern. In summary, 

conjugation in ODC K92R Q96K confirmed that conjugation of ODC K92R can be rescued by 

introduction of nearby K residues, while estimated proximity is not the only parameter in 

determining conjugation behaviour. 

  4.5.3. Enzymatic digest and LC-MS/MS 

I utilized tryptic liquid chromatography tandem mass spec (LC-MS/MS) of conjugation 

products to identify crosslinking sites. After conjugation of OAZ-Y-SPM with ODC wt (Figure 

4.17a), I submitted the single conjugated product band for further processing with the 

Biochemistry proteomics team. After conjugation of OAZ-Y-SPM to ODC K92R, I separated 

the two distinct bands with a blade and submitted them as independent conjugation products. 

Data were processed by Dr. Shabaz Mohammed. For conjugation of OAZ-Y-SPM to wt ODC, 

adduct peptides corresponding to conjugation of OAZ-YD (including the C-terminal aspartate) 

and ODC wt at K92 were detected (Figure 4.17c). No other crosslinking site was confirmed in 

this sample. For conjugation of OAZ-Y-SPM to ODC K92R, K121 was identified as a 

crosslinking site in the higher running band (Figure 4.17d). Compared to K92, K121 is 

positioned on the neighbouring α-helix, with 14.2 Å from E219 C to K121 Nε (3.5 Å for K92) 

or 11.0 Å E219 C to K121 CA (7.6 Å for K92) (Figure 4.17b). No crosslinking site was 

confirmed for the lower running band. 
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Figure 4.17. Tryptic digestion and liquid chromatography with tandem mass spectrometry 

(tryptic LC-MS/MS) of OAZ-Y-SPM conjugation to ODC or ODC K92R. (a) The product of OAZ-Y-

SPM conjugation to ODC K92R can be resolved into two distinct bands, from which samples were cut 

for submission to LC-MS/MS. (b) ODC K92 annotated on the crystal structure PDB ID 4zgy (Wu et al., 

2015), as well as the nearby residue K121. (c) LC-MS/MS spectrum as well as annotated structure for 

crosslinked peptide confirming crosslinking of the OAZ-Y-SPM C-terminus post-cleavage (OAZ-YD) to 

wt ODC at ODC K92. (d) LC-MS/MS spectrum and annotated structure for crosslinked peptide 

confirming crosslinking of the OAZ-Y-SPM C-terminus post-cleavage (OAZ-YD) to ODC K92R at ODC 

K121. No crosslinking to K92 was detected for conjugation to ODC K92R, and no crosslinking to K121 

was detected for conjugation to wt ODC. 
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 4.6. Assessment of specificity 

  4.6.1. Design of binding mutants 

To gain insight into the required binding affinity to facilitate conjugation, I next introduced 

mutations into OAZ affecting OAZ binding to ODC. Cohavi et al. previously screened a series 

of alanine scan point mutants of mouse OAZ for disrupted binding to ODC (Cohavi et al., 

2009), with the most notable disruption compared to wt (koff: 2*10-4/s; KD: 0.1 nM) in K153A 

(koff: 4.5*10-4/s; KD: 0.88 nM, KA 12% of wt), V198A (koff: 6*10-4/s;  

KD: 1.05 nM, KA 10% of wt ) and F213A (koff: 4.4*10-4/s; KD: 0.92 nM, KA 11% of wt) (Cohavi et 

al., 2009). The PDB ID 4zgy (Wu et al., 2015) crystal structure contains the human OAZ/ODC 

complex, which was used in this study. Judging by this structure, F213 does not directly 

interface with ODC residues, whereas K153 is involved in a polar and V198 in an apolar 

binding pocket (Figure 4.18). 

 

Figure 4.18. Residues at the OAZ and ODC interface which were mutated to reduce binding 

affinity. Three distinct binding pockets were chosen for mutation along the ODC/OAZ interface. For 

mouse orthologues of ODC/OAZ, OAZ K153 and OAZ V198 have previously been identified as critical 

to the interaction (Cohavi et al., 2009). According to the crystal structure of human ODC/OAZ (PDB ID 

4zgy (Wu et al., 2015)), OAZ R188 appeared to interact with ODC in an extensive polar interface which 

could be disrupted by charge inversion. 

To avoid potential perturbations of OAZ structure, I opted for mutation of residues directly in 

contact with ODC, i.e. K153A and V198A were chosen for mutation. Furthermore, I introduced 

A215R into OAZ, substituting a small to a bulky residue at the interface to ODC F397. As V198 

and A215 are in proximity at the same binding pocket, I decided not to simultaneously mutate 
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V198A and A215R to avoid unpredictable disruption of OAZ. I therefore cloned OAZ variants 

including K153A or K153A/V198A or K153A/A215R.  

These constructs were based on OAZ-SPM and prepared prior to optimization of purification 

conditions (subject to partial precipitation upon dialysis, without protection of thiols by reducing 

agent). Upon induction of SPM-processing with calcium, I observed conjugation for all tested 

OAZ-SPM variants in the presence of ODC (Figure 4.19). 

 

Figure 4.19. First test of OAZ-SPM binding mutations on ODC conjugation. 10 µM OAZ-SPM or 

binding mutants thereof were incubated at 37 °C overnight with 30 µM ODC in the presence of 12.5 

mM calcium in 50 mM HEPES, 140 mM NaCl, pH 7.40 as indicated. Samples were boiled with reducing 

SDS-loading buffer and resolved on SDS-PAGE before Coomassie staining. 

Subsequently, Sheryl Lim and I decided on introduction of R188E as a charge-inversing 

residue at a third interface to further reduce binding (Figure 4.18). Furthermore, she 

substituted K153A to K153E as another charge-inversing mutation. At low component 

concentrations (0.5 µM), she observed strong reduction of conjugation efficiency (Figure 4.20 

(Scheu et al., 2021)). Further details are provided in Scheu et al. (Scheu et al., 2021). 
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Figure 4.20. OAZ[K153E,R188E,V198A]-GSY-SPM shows reduced conjugation efficiency to ODC. 

Mutants of OAZ-GSY-SPM at 0.5 µM were incubated with 0.5 µM ODC and 10 mM calcium as indicated, 

for 0 min or 60 min at 37°C. Samples were boiled with SDS-loading buffer and resolved on SDS-PAGE 

before Coomassie staining. Adapted from Sheryl Lim, with permission (Scheu et al., 2021). 

  4.6.2. Nonspecific protein conjugation 

To test that conjugation was specific to ODC/OAZ complex formation, I wanted to test 

conjugation of OAZ-GSY-SPM to a non-cognate protein. For an initial test, I chose bovine 

serum albumin (BSA) as a protein with no specific interaction with OAZ or SPM. BSA is a 

protein which is very soluble, commonly used and readily available for purchase; furthermore, 

BSA is commonly used to stabilize cellular assays (see Chapter 5).  

I incubated 6.7 µM OAZ-GSY-SPM with increasing concentrations of BSA with or without the 

presence of 10 mM calcium overnight at 37 °C (Figure 4.21). With calcium, I observed 

formation of a new band close to the size predicted for a BSA:OAZ-GSY conjugate as well as 

a new band close to the size predicted for BSA featuring two OAZ-GSY adducts [semi-log 

estimation: OAZ-GSY-SPM 45 kDa (predicted: 42.2 kDa), BSA 67 kDa (predicted: 66.4 kDa), 

BSA:OAZ-GSY 87 kDa (predicted: 82.2 kDa), BSA:OAZ-GSY*2 111 kDa (predicted: 98.0 

kDa)]. With increasing concentration of BSA, both bands became only slightly stronger (~2-

fold increase from 4 µM to 33 µM BSA). Substantial amounts of free OAZ formation were 

observed even at high BSA concentrations (Compare to Figure 4.10). Therefore, I concluded 

that there was initial evidence for non-specific conjugation of OAZ-GSY-SPM to BSA, but that 

this conjugation was not effective even at concentrations relevant to cell biology (e.g. 1% (w/v) 
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BSA = 150 µM, see Chapter 5) and that BSA would be unlikely to interfere with relevant 

applications. While the heterogeneity of commercial BSA hindered a conclusive analysis, 

subsequent reactions to further non-binding, recombinantly produced proteins were tested by 

Sheryl Lim (Scheu et al., 2021). 

 

Figure 4.21. OAZ-GSY-SPM conjugation test to unspecific protein. 6.7 µM OAZ-GSY-SPM was 

incubated with increasing concentrations of bovine serum albumin (BSA) as a control protein and 10 

mM calcium in 50 mM HEPES, 150 mM NaCl, 2 mM TCEP, pH 7.4 as indicated. After overnight 

incubation at 37 °C, the samples were boiled with SDS-loading buffer and resolved on 10% SDS-PAGE 

or 18% SDS-PAGE before Coomassie staining. For high concentrations of BSA, half the sample was 

loaded to reduce oversaturation. BSA concentration estimated from dissolved dry mass at 66.4 kDa 

molecular weight. 

 4.7. Discussion 

Although protein-protein crosslinking has previously been observed after cleavage of full-

length or partially truncated FrpC (Osička et al., 2004; Sadilkova et al., 2008) and our research 

group had previously observed evidence for protein cyclization in SPM-fusion proteins (also 

see (Metzner, 2017)), prior attempts of our research group to derive targeted intermolecular 

crosslinking were unsuccessful (Metzner, 2017). ODC/OAZ was the first model complex 

identified from NeissDist that was tested experimentally and OAZ-SPM became a valuable 

NeissLock model system. The initial conjugation between OAZ-SPM and ODC gave promising 

yields, but crosslinking efficiency could vary substantially in early preparations.  

Screening of SpyTag-X-SPM revealed that SPM-processing rate depended on the residue 

preceding the cleavage site (XDP). Sadilkova et al. previously reported efficient cleavage for 

constructs preceding the DP bond with “alanine, glutamine, histidine, serine, tryptophan, 
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tyrosine, or valine” (Sadilkova et al., 2008). For SpyTag-X-SPM all these residues similarly 

showed intermediate to very good cleavage rates. However, I observed low cleavage rates 

SpyTag-X-SPM where X was glycine, proline or aspartic acid. Two NMR structures for the 

FrpC self-processing module were recently published, one after processing (PDB ID 6sjw) and 

one of a non-processing P415A variant (PDB ID 6sjx) (Kuban et al., 2020). Herein, it appears 

that the residue preceding the cleavage site could contact the C-terminal region of SPM as 

well as a loop from T430 to G450. Kubáň et al. were working with a shortened version of SPM 

(FrpC 414-591 (Kubáň et al., 2015; Matyska Liskova et al., 2016; Lišková et al., 2019; Kuban 

et al., 2020) compared to FrpC 414-657). FrpC 414-657 is a rough delineation of the domain 

determined by testing of cleavage activity in various truncations of FrpC (Osička et al., 2004; 

Sadilkova et al., 2008). A truncation to FrpC 414-591 agrees closely with domain predictions 

I conducted to validate the design of Kubáň et al., either by alignment of homologues or 

automated analysis (Kim et al., 2004), to residues 414-586. However, our research group 

previously observed reduced cleavage rates for FrpC 414-591 (Metzner, 2017). In a 

comparison of OAZ-GSY-SPM with SPM as FrpC 414-591, FrpC 414-613 FprC 414-635 or 

FrpC 414-657, Sheryl Lim observed reduced cleavage rate for FrpC 414-591 (Scheu et al., 

2021). Since Kubáň et al. also state that the loop from T430 to G450 could be deleted without 

adverse effect (Kuban et al., 2020), it is possible that these loops and the cleavage site interact 

in a way not apparent from the published structures. 

After optimizing the purification conditions, OAZ-(GS)Y-SPM consistently showed efficient 

conjugation to ODC. The strong reactivity of the anhydride towards thiols agrees with previous 

studies of SPM-activation (Sadilkova et al., 2008; Liu et al., 2014; Metzner, 2017). In particular, 

quenching the anhydride and supressing protein-protein conjugation had been utilized for 

protein purification purposes (Sadilkova et al., 2008; Liu et al., 2014). Conversely, although 

thiols would quench the protein anhydride, TCEP was compatible with NeissLock-conjugation. 

For Affibody-SPM processing, I have observed that most anhydride-activated affibody can be 

quenched with cysteine within the first few minutes of inducing cleavage. If the reaction was 
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stopped and quenched at 10-15 minutes, I observed reduced impact on the ratio of cyclized 

to linear affibody, suggesting that most free anhydride had already dissipated. For comparison, 

reports on succinic anhydride hydrolysis at neutral pH suggest a half-life of 4-5 minutes at 

25.1°C (k1 = 2,69*10-2/s at 25.1°C (Bunton et al., 1963), i.e. t1/2 = 4.29 min), wherein resonance 

stabilisation can substantially alter reactivity of an anhydride (e.g. maleic anhydride k1 = 

31,40*10-2/s at 25°C (Bunton et al., 1963), i.e. t1/2 = 2.20 min)).  

Although most lysines are expected to be protonated around neutral pH, I observed tolerance 

of conjugation relative to self-processing at pH 7.4, 8.0 and 8.4. An explanation for this pH 

tolerance could be that an increase in anhydride hydrolysis counteracts increases in lysine 

nucleophilicity. Notably, the charge-inverting modification of lysine with similar carboxylic 

anhydrides (e.g. succinic anhydride, citraconic anhydride) has long precedent for protein 

modification (Lundblad, 2004), commonly involving modification at pH 7.0 to pH 8.5. Increased 

pH reduced SPM cleavage rate, as was previously reported for truncated FrpC (Osička et al., 

2004). Compared to Osička et al. (Osička et al., 2004), the drop in cleavage rate of OAZ-Y-

SPM was observed slightly earlier than they observed for truncated FrpC (pH 8.4 vs pH 9.0). 

A potential cause could be differences between the tested proteins or the use of TRIS-buffered 

system in their experiments (which markedly decreases in pH upon transition from room 

temperature to 37 °C, whereas the pH of HEPES buffers is less sensitive to temperature 

changes (Good et al., 1966)). Nevertheless, NeissLock appeared suitable for applications 

around pH 7.4 to pH 8.0 (e.g. pH 7.4 as physiological pH of blood). While the lower bound for 

efficient conjugation has not yet been determined, we have also reported OAZ-GSY-SPM to 

be tolerant to and even increasing in cleavage rate at pH 6.5 (Scheu et al., 2021).  

Both the decrease of processing for OAZ-Y-SPM at high concentrations of ODC (occupying 

an interface close to the OAZ C-terminus) and the stark difference in cleavage rate between 

OAZ-Y-SPM and OAZ-GSY-SPM suggested that steric clashes affect processing. The NMR 

structure revealed the cleavage site to be at least partially enveloped by the SPM protein 

(Kuban et al., 2020), again making steric hindrance seem likely – a common problem in 
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recombinant protein fusions. In addition to its effect on cleavage rate, the comparison of 

OAZ-Y-SPM and OAZ-GSY-SPM was also interesting for the understanding of NeissLock 

conjugation itself. Although NeissDist primarily considers the distance of the C-terminal 

resolved residue to target amines (i.e. 3.5 Å for ODC/OAZ), the actual anhydride becomes C-

terminally extended according to the binder protein: First, even direct fusion of SPM to the 

C-terminus leaves the Asp anhydride after processing (OAZ-YD). This extension can 

potentially be avoided if the C-terminus is already Asp, or if other residues are identified as 

suitable for cleavage and conjugation (e.g. EP instead of DP, see (Osička et al., 2004)). 

Second, if the residue preceding the cleavage site negatively impacts cleavage rate (e.g. 

GDP), another residue might be added (e.g. tyrosine, see 4.3.2 Saturation mutagenesis of 

cleavage site with SpyTag-X-SPM). Third, a spacer might be incorporated to mitigate steric 

hindrance. Alternatively, a spacer might be introduced to intentionally extend the flexible 

‘range’ of the aspartic anhydride for target protein conjugation. Therefore, the C-termini of both 

OAZ-Y-SPM and OAZ-GSY-SPM are extended after cleavage compared to OAZ in the crystal 

structure, i.e. OAZ95-219-YD or OAZ95-219-GSYD. Both OAZ-Y-SPM and OAZ-GSY-SPM 

constructs were able to conjugate with various amines on ODC which could compensate for 

mutation of the target residue K92 (e.g. ODC K92R at K121, or ODC K92R Q96K). For OAZ-

GSY-SPM but not OAZ-Y-SPM, distinct double banding was already apparent for conjugation 

to wt ODC (Figure 4.16, Figure 4.17), suggesting increased promiscuity of target sites 

compared to OAZ-Y-SPM, potentially due to additional flexibility and range of the C-terminal 

anhydride. For comparison, Hamachi et al. report crosslinking of a proximity-enabled small 

molecule probe to a lysine residues 11.4 Å from the primary binding site (Tamura et al., 2018). 

It proved difficult to identify all conjugation sites of crosslinked OAZ/ODC by tryptic LC-MS/MS 

alone. Although crosslinking of OAZ-Y-SPM to K92 (with wt ODC) and K121 (with ODC K92R) 

were confirmed, double-banding of ODC K92R suggested at least one additional crosslinking 

site. Here, it would have been interesting to further investigate samples with LC-MS/MS, e.g. 

following digestion with different enzymes or using different experimental settings. Through 
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site-directed mutagenesis and truncation, Sheryl Lim identified the N-terminus as another 

major conjugation site (Scheu et al., 2021), which was not identified in tryptic LC-MS/MS. 

Another aspect of steric requirements became apparent when attempting to rescue wild type-

like conjugation to ODC K92R. ODC K92 (wt), ODC K92R T93K, ODC K92R Q96K and ODC 

K92R S100 were originally intended to act as a ‘ruler’ with increasing distance of the resolved 

C-terminal residue OAZ E219 to a target lysine, but conjugation was not rescued according to 

this principle (i.e. K92>T93>Q96>S100) (Figure 4.16). First, this order is less apparent when 

accounting for the additional residues introduced after E219, i.e. -YD or -GSYD. Second, 

although ODC T93 is closer to OAZ E219 than ODC Q96 in 4zgy, the orientation of the 

residues alternates along the α-helix axis and T93/S100 are partially opposing K92/Q96 

(Figure 4.22). Compared to ODC K92R T93K and ODC K92R S100, ODC K92R Q96K could 

therefore be a preferred conjugation site due to an orientation similar to ODC K92 (wt), i.e. 

bringing the lysine in proximity to an area in which the C-terminal anhydride of OAZ-YD or 

OAZ-GSYD preferentially conjugates (close to K121). Alternatively, nearby residues could 

influence crosslinking, e.g. by increasing reactivity of lysine nucleophiles at K92, Q96 and 

K121 (Baeza et al., 2015) or by more effectively competing with lysine nucleophiles at T93 

and S100. 

 

Figure 4.22. ODC K92, T93, Q96 and S100 are in alternating positions across an α-helix. ODC 

residues 91-103 from the 4zgy crystal structure are annotated on a view through the helical axis and a 

side-view. K92 and Q96 are highlighted in orange (ODC K92R Q96K shows similar conjugation to wt 

ODC at K92), T93 and S100 in magenta. 



Page 115 
 

It is promising that the tolerance for positioning of the C-terminus could allow a broad range 

of complexes to be suitable for conjugation (compare to Chapter 3). Nevertheless, questions 

on the precise steric requirements and their optimisation remain. Linker design is an important 

consideration for electrophilic unnatural amino acids (Xiang et al., 2014) and chemical 

warhead (Tamura et al., 2012) development, and similarly linker design appears to be an 

important consideration for optimization for NeissLock probes.  

Initial exploration of OAZ-(GS)Y-SPM specificity suggests that off-target conjugation would be 

much less efficient than NeissLock-targeted conjugation (Figure 4.21, further work by Sheryl 

Lim (Scheu et al., 2021)). Sadilkova et al. captured glutathione-S-transferase (GST) fused to 

SPM with a polyhistidine-tag (GST-SPM-His) on a Ni-Nta column, as well as maltose-binding 

protein (MalE) fused to SPM with a chitin-binding domain (MalE-SPM-CBD) on a chitin column 

(Sadilkova et al., 2008). For both proteins, activation of SPM processing allowed purification 

after washing. For GST-SPM-His and MalE-SPM-CBD they did not observe spontaneous 

protein-protein crosslinking in vitro, unlike their observations for truncated FrpC (Sadilkova et 

al., 2008). Nevertheless, they report that more protein was released from the columns for 

cleavage in the presence of the thiol DTT. Therefore, they suggest that the increased 

concentration of proteins on the columns could increase protein-protein crosslinking 

(Sadilkova et al., 2008). In addition, anhydride quenching after processing of SPM-fusion 

proteins could prevent reattachment of the N-terminal cleavage fragment with the C-terminal 

fragment. It is also conceivable that such reattachment would not always result in native SPM-

fusion proteins still capable of cleavage, e.g. via attachment at a different site or through 

conjugation via an isopeptide bond, and could contribute a subspecies of “unprocessed” 

protein. 

What is the lower end of binding strength required to drive conjugation? At the tested 

concentrations (30 µM ODC / 10 µM OAZ-SPM variant), the reduction in binding for OAZ-SPM 

mutants was not sufficient to ablate conjugation. From data on mouse ODC / OAZ, I expected 

introduction of K153A or V198A to OAZ to each reduce affinity by one order of magnitude, 
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(Cohavi et al., 2009), potentially reducing affinity of a double mutant to about 1% of the original 

value. Sheryl Lim was able to demonstrate a reduction in affinity of OAZ-GSY-SPM to ODC 

from KD 0.12 µM to 15 µM (0.8%) for K153, A215R or 25 µM (0.48%) for K153, V198 (Scheu 

et al., 2021). Herein, observed koff values each increased by about one order of magnitude 

(wt: 0.0028/s; K153A, A215R: 0.017/s; K153A, V198A: 0.034/s) (Scheu et al., 2021). Covalent 

inhibitors depend on the rate of irreversible conjugation (kirr) relative to the rate of dissociation 

(koff), i.e. at sufficiently fast kirr relative to koff, a compound would never dissociate after binding, 

effectively achieving “infinite affinity” (Butlin and Meares, 2006). At the same time, NeissLock 

is distinct from typical covalent drugs because NeissLock utilizes a reactive species with 

limited lifetime that is generated in situ. While KD values give an orientation for protein 

occupancy at equilibrium state, slow association rates (kon) could therefore limit endpoint 

conjugation yields of NeissLock; most anhydride could simply react with water before target 

binding. SPR data suggest that the ODC / OAZ-GSY-SPM system (at relevant in vitro 

concentrations) reaches thermodynamic equilibrium within seconds to minutes (Scheu et al., 

2021); it can therefore be assumed that the time-frame for in vitro experimental setup of ODC 

/ OAZ-GSY-SPM NeissLock reactions is sufficient to reach equilibrium, even before 

considering SPM processing rate. Therefore, in a KD range of 15-25 µM, most OAZ would still 

be expected to be bound to ODC at the tested concentration of 10 µM OAZ and 30 µM ODC. 

Using subsequent mutations (OAZ[K153E,V198A,R188E]-GSY-SPM), Sheryl Lim was able to 

reduce the affinity of OAZ-GSY-SPM to ODC to be undetectable by SPR (expected KD >100 

µM) (Scheu et al., 2021). At 0.5 µM concentration, OAZ[K153E,V198A,R188E]-GSY-SPM 

only conjugated to ODC in trace amounts (Scheu et al., 2021). For comparison, specific low 

affinity protein-interactions can be in the 0.1-1 mM range, such as for ubiquitin-binding 

domains (Hurley et al., 2006). Therefore, I expect that NeissLock could meet specificity 

requirements for many applications without further optimization.  
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5. Cellular NeissLock conjugation 

 5.1. Targeting the Epidermal Growth Factor Receptor with NeissLock 

In parallel to identification of a model complex to validate NeissLock conjugation in vitro 

(Chapter 4), I sought to find a NeissLock system that could allow interesting therapeutic or 

diagnostic application. One such application would be NeissLock conjugation to the cell 

surface, for which I searched NeissDist for cellular surface proteins (Chapter 3). Here, I 

identified the Transforming Growth Factor α (TGFα) / Epidermal Growth Factor Receptor 

(EGFR) complex as a promising candidate. 

EGFR is a transmembrane receptor and a well-studied member of the receptor-tyrosine kinase 

(RTK) family (Herbst, 2004). EGFR activation regulates cell growth and survival and the 

receptor is commonly overexpressed in cancer, such as in breast cancer (Herbst, 2004). 

Therefore, EGFR could make a valuable target for covalent modification, e.g. to effectively 

modify aberrant cells, potentially to deliver therapeutic agents. EGFR is activated by soluble 

ligands, most prominently Epidermal Growth Factor (EGF) and Transforming Growth Factor α 

(TGFα) (Singh and Coffey, 2014).  

Ligand binding stabilises activating confirmations of the receptor, facilitating its 

homodimerization and subsequent transphosphorylation of the intracellular domains of EGFR 

(Freed et al., 2017). Although structurally homologous, the various ligands binding to EGFR 

differ in properties such as affinity, dissociation and geometry of EGFR activation, leading to 

different receptor fates (Freed et al., 2017). EGF and TGFα are ligands causing a ‘strongly 

activating’ conformational change of EGFR which encourages the formation of active 

homodimers at the cell surface (Freed et al., 2017) (Figure 5.1a,b). Upon subsequent 

endocytosis of the EGFR dimer, TGFα is more likely to dissociate upon acidification, whereas 

most EGF remains bound (Ebner and Derynck, 1991; Roepstorff et al., 2009). In vitro, artificial 

pH-change induces dissociation from EGFR at the cell surface at pH 6.5 for TGFα and pH 5.5 

for EGF (Ebner and Derynck, 1991; Roepstorff et al., 2009). Subsequently, EGF promotes 

degradation of the receptor and thereby desensitization to EGF due to decreased surface 
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levels of EGFR (Ebner and Derynck, 1991; Roepstorff et al., 2009). Other ligands, such as 

Epigen or Epiregulin, can cause reduced but prolonged activation of the receptor through 

stabilisation of alternate receptor confirmations (Freed et al., 2017) (Figure 5.1c,d).  

 

Figure 5.1. Overview of Epidermal Growth Factor receptor (EGFR) / Ligand complexes and 

potential for NeissLock conjugation. (a) The EGFR/TGFα complex was identified from NeissDist as 

a candidate complex for cellular NeissLock conjugation (crystal structure 1mox (Garrett et al., 2002)). 

TGFα binding stabilizes formation of an activated EGFR homodimer. For both EGFR chains, the C-

terminal resolved residue of TGFα is close to K465 as well as K463 on EGFR. Green: EGFR chain D, 

Purple: TGFα chain B, Grey: EGFR chain C, Black: TGFα chain A. (b,c,d) Crystal structures of the 

EGFR/EGF complex (1IVO (Ogiso et al., 2002)), the EGFR/Epiregulin complex (5WB7 (Freed et al., 

2017)) and EGFR/Epigen complex (5WB8 (Freed et al., 2017)) with ligand C-termini in inset. (b) Inset 

showing dimer with shorter distance from EGF E51 to EGFR K465, at 7.0 Å (chain C to A) instead of 

7.2 Å (chain D to B), atom C to atom Nε. (c) Inset showing Epiregulin chain with more resolved residues, 

i.e. chain E (Epiregulin S2-V48) instead of chain H (Epiregulin S2-F45). (d) In the biological assembly 

of EGFR/Epigen, EGFR is not dimerized. In the inset, EGFR K465 atom Nε is not resolved. 

TGFα was identified as a promising NeissLock candidate from NeissDist (Chapter 3, Figure 

5.1a). According to the crystal structure of the TGFα/EGFR ectodomain complex (1mox 
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(Garrett et al., 2002)), two lysine residues on EGFR are close to the C-terminus of TGFα, with 

two resolved chains each. For TGFα chain D to EGFR chain B, the distance between the C-

terminal residue A50 (atom C) of TGFα to EGFR K465 (atom Nε) is calculated as 3.3 Å and 

the distance to EGFR K463 (atom Nε) is calculated as 12.0 Å. (Figure 5.1a). Similarly, for 

TGFα chain C to EGFR chain A, the distance between the C-terminal residue A50 (atom C) 

of TGFα to EGFR K465 (atom Nε) is 5.6 Å and the distance to EGFR K463 (atom Nε) is 9.8 

Å. (Figure 5.1a). The structure is resolved at 2.50 Å. Therefore, EGFR K465 appeared ideally 

positioned for conjugation with a TGFα C-terminal anhydride (compare to ODC 3.5 Å, Chapter 

4). In addition to TGFα, multiple other EGFR-ligands were identified as promising NeissLock 

candidates from NeissDist, most notably EGF (Figure 5.1b-d). TGFα and EGFR contain 

complex disulfide bonding, a disadvantage not observed for the OAZ/ODC system. However, 

the TGFα/EGFR complex is of striking biological relevance and was therefore exciting for 

validation of NeissLock-applications. 

 5.2. In vitro conjugation of EGFR/TGFα 

  5.2.1. Initial validation of TGFα-SPM cleavage activity 

As the first construct I cloned TGFα-SPM, featuring an N-terminal His-tag, then TGFα, with 

fusion of SPM directly after the C-terminal A50 of TGFα. Soluble protein was produced either 

from BL21 RIPL or from RosettaGami-2 (featuring thioredoxin/glutaredoxin reductase 

mutation for folding of disulfide-bonded proteins (Seras-Franzoso et al., 2012)). After induction 

at 18°C for 16-18h (Figure 5.2a), the protein was dialysed into 50 mM HEPES, 140 mM NaCl, 

pH 7.40 before spin concentration.  

I incubated 10 µM of TGFα-SPM prepared from BL21 RIPL or RosettaGami-2 with or without 

10 mM calcium at 37°C. After 1 h or 18 h, the reactions were stopped by addition of EDTA in 

reducing SDS-loading buffer. After boiling, the samples were resolved on SDS-PAGE and 

Coomassie stained. With the addition of calcium, TGFα-SPM underwent self-processing, both 

after purification from BL21 RIPL and Rosetta-Gami2 strains. After overnight-processing, 

essentially all TGFα-SPM was cleaved (Figure 5.2b). 
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Figure 5.2. Purification and initial validation of TGFα-SPM activity. (a) Samples from TGFα-SPM 

Ni-Nta affinity chromatography, induced from BL21-RIPL for 16 h at 18°C, resolved on reducing SDS-

PAGE. b.b.: binding buffer; wash buffers supplemented with indicated amounts of imidazole. (b) TGFα-

SPM from RIPL and RosettaGami2 (RG2) undergoes self-processing upon addition of calcium. 10 mM 

calcium was added to 10 µM TGFα-SPM and samples were incubated for 1 h to 18 h at 37°C before 

stopping the reaction by addition of EDTA in reducing SDS-loading buffer. Samples were resolved on 

SDS-PAGE and Coomassie stained.  

  5.2.2. Preparation of soluble EGFR for in vitro study 

To test if TGFα-GSY-SPM is suitable for NeissLock-conjugation to EGFR in vitro, I decided to 

use sEGFR501, a truncation from the extracellular soluble domain of EGFR, sEGFR621. 

sEGFR501 was previously shown to be highly effective in TGFα binding, with about 2-fold 

lower KD compared to sEGFR621 (Elleman et al., 2001). I cloned sEGFR501 with a tissue 

plasminogen activator (tPA) signal sequence for mammalian secretion. Following transient 

transfection of Expi293 cells, the cells were incubated for 4 days at 37°C, 125 rpm shaking 

with 8% CO2. Optionally, I added Kifunensine in parallel to transfection, which is an inhibitor 

of mannosidase I (Elbein et al., 1990). Secreted sEGFR501 was purified from the cell 

supernatant using Ni-Nta purification (Figure 5.3). Herein, sEGFR501 purified from 

Kifunensine-treated cells showed a sharpened band compared to sEGFR501 purified from 

untreated cells, indicating simplified glycosylation (Figure 5.3b). sEGFR501 preparations 
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made with or without Kifunensine (sEGFR501 ±Kifunensine) were then utilized for NeissLock 

conjugation tests. 

 

Figure 5.3. Purification of sEGFR501 from Expi293. Ni-Nta affinity chromatography of sEGFR501 

secreted from Expi293 cells Optionally, cells were treated with the mannosidase-inhibitor Kifunensine. 

Samples were boiled with SDS-loading buffer and resolved on SDS-PAGE before Coomassie staining. 

After Kifunensine treatment, sEGFR501 became more focused on SDS-PAGE, indicating reduced 

glycosylation. 

  5.2.3. Initial evidence of EGFR:TGFα conjugation  

To facilitate detection of an EGFR/TGFα conjugate, I first decided to incorporate SpyTag003 

into TGFα-SPM (to make ‘ST3-TGFα-SPM’). The peptide tag SpyTag003 rapidly and 

covalently reacts with the protein SpyCatcher003 and thereby serves as a convenient handle 

for further functionalisation (Keeble et al., 2019). ST3-TGFα-SPM was purified by Ni-Nta 

purification followed by C-tag purification. I incubated 5 µM sEGFR501 -Kifunensine or 7 µM 

sEGFR501 +Kifunensine with 20 µM ST3-TGFα-SPM ±1 mM calcium overnight at 37°C. 

Subsequently, SpyTag003 was labelled by addition of SpyCatcher003:DyLight conjugate for 

1 h at 23°C.  

After overnight incubation with calcium, a large fraction of ST3-TGFα-SPM had self-processed 

(Figure 5.4, Coomassie). On Coomassie, both sEGFR501 ±Kifunensine showed initial 

evidence of sEGFR501:ST3-TGFα conjugation. After incubation of sEGFR501 ±Kifunensine 

in the presence of ST3-TGFα-SPM and calcium, the electrophoretic mobility of 

sEGFR501 -Kifunensine appeared reduced, and a new faint band was observed for 
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sEGFR501 +Kifunensine (Figure 5.4, Coomassie). However, the closely stacked sEGFR501 

species made it difficult to validate conjugation. 

Conjugation of SpyTag003 with sub-stoichiometric amounts of SpyCatcher003:DyLight 

conjugate allowed the direct comparison of fluorescence imaging to Coomassie-staining. 

Herein, I clearly observed the appearance of conjugate bands (Figure 5.4, Fluorescence) as 

well as a distinct shift in molecular weight of tagged species upon SpyCatcher003:DyLight-

conjugation (Figure 5.4, Overlay). This high-molecular weight band was sharper for 

sEGFR501 -Kifunensine treatment than the band for sEGFR501 derived without Kifunensine 

treatment (Figure 5). As this band was both specifically labelled by SpyCatcher003:DyLight 

(indicating the presence of ST3-TGFα) and sensitive to Kifunensine (indicating the presence 

of sEGFR501), this experiment gave the first compelling evidence of specific TGFα/EGFR 

NeissLock-conjugation using ST3-TGFα-SPM to sEGFR501.  

Finally, unlabelled ST3-TGFα had migrated off the gel upon incubation of ST3-TGFα-SPM 

with calcium (Figure 5.4, Coomassie). However, ST3-TGFα labelled with 

SpyCatcher003:DyLight was retained and now visible in the fluorescent image (Figure 5.4, 

Fluorescence). Labelled ST3-TGFα portrayed distinct double banding, indicative of self-

reaction after processing, as was previously observed for Affibody-SPM and OAZ-SPM 

(Chapter 4). After optimization of OAZ-SPM to OAZ-GSY-SPM (Chapter 4.3.3.), and with 

evidence of self-reaction in ST3-TGFα-SPM (Figure 5.4), I decided to adjust the future design 

of TGFα-SPM to include a GSY spacer. Furthermore, I decided to move the N-terminal His-tag 

to the C-terminus of SPM to make TGFα-GSY-SPM-H6 (as “TGFα-GSY-SPM”). To avoid 

impurities introduced in purification from RosettaGami2 (Figure 5.2), BL21-RIPL was used for 

further study. 
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Figure 5.4. SpyCatcher003:DyLight labelling provides first evidence of TGFα as an EGFR-

targeting NeissLock probe. 20 µM ST3-TGFα-SPM was incubated overnight at 37°C with 5-7 µM 

sEGFR501 (purified from cells with or without Kifunensine-treatment) and 1 mM CaCl2 as indicated. 

SpyTag003 was labelled for 1 h at 23°C with sub-stoichiometric quantities of SpyCatcher003:DyLight. 

Samples were reduced, heat denatured (3 min 99°C) and resolved on SDS-PAGE. Samples were 

fluorescence-imaged before Coomassie staining. (a) Coomassie staining of SDS-PAGE. (b) 

Fluorescence imaging of SDS-PAGE. (c) Overlay of Coomassie staining and fluorescence imaging by 

alignment of the protein ladder. 

  5.2.4. sEGFR501 deglycosylation and in vitro conjugation yield 

ST3-TGFα-SPM gave initial evidence of sEGFR501 conjugation but did not provide a system 

for convenient estimation of conjugation efficiency. Since Kifunensine had proved helpful to 

simplify sEGFR501 glycosylation (Figure 5.3, Figure 5.4), I used Peptide:N-glycosidase F 

(PNGase F) to further unify sEGFR501. Initial samples of TGFα-GSY-SPM were obtained 

from BL21-RIPL by Ni-Nta purification.  

5 µM sEGFR+Kifunensine were incubated with 50 µM TGFα-GSY-SPM and 2 mM CaCl2 at 

37°C for 1 h. Then, samples were reduced and denatured using Glycoprotein Denaturing 

Buffer (NEB) with incubation for 10 min at 100 °C. Additional PNGase F buffer components 

were added, with or without addition of PNGase F enzyme. The digestion was incubated for 

1 h at 37 °C before addition of SDS-loading buffer. Samples were boiled and resolved on SDS-

PAGE followed by Coomassie staining.  
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Multiple bands were observed for sEGFR501 even from cells treated with Kifunensine (Figure 

5.5a,b). After PNGase F treatment, sEGFR501 collapsed to a single band. Upon incubation 

of TGFα-GSY-SPM with sEGFR501 and calcium, I observed clear evidence of 

sEGFR501:TGFα-GSY conjugation (Figure 5.5a,b). At 10-fold excess of TGFα-GSY-SPM, 

over half of sEGFR501 was conjugated to form a new band corresponding to 

sEGFR501/TGFα-GSY. 

Next, I wanted to test if conjugation was limited by the ratio of TGFα-GSY-SPM to sEGFR501 

or absolute concentration (e.g. due to dissociation / low binding). 5 µM sEGFR+Kifunensine 

were incubated with calcium and decreasing amounts of TGFα-GSY-SPM as indicated, before 

reduction, denaturation and PNGase F deglycosylation (Figure 5.5c). Alternatively, 

sEGFR501 and TGFα-GSY-SPM were combined at a 1:10 ratio and then diluted to change 

the total concentration (Figure 5.5c). 

With decreasing excess of TGFα-GSY-SPM compared to sEGFR501, there was a visible 

reduction in conjugation to sEGFR501. At a 10-fold amount of TGFα-GSY-SPM (50 µM), over 

half of sEGFR501 was conjugated, at a 5-fold amount of TGFα-GSY-SPM (25 µM) more than 

a quarter of sEGFR501 was conjugated, and at a 2-fold amount (10 µM) or equimolar (5 µΜ) 

amount of TGFα-GSY-SPM only small amounts of conjugation were observed (Figure 5.5c). 

For samples where the same relative rate between sEGFR501 and TGFα-GSY-SPM was 

maintained, decreasing the concentration did not have an obvious effect on conjugation ratio 

(Figure 5.5c). These observations suggest that conjugation is not limited by dissociation at the 

given concentrations, but by the fraction of TGFα-GSY-SPM conjugating to sEGFR501 

(compare to ODC/OAZ, Figure 4.10).  
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Figure 5.5. PNGase F digestion facilitates sEGFR501/TGFα conjugate detection. (a,b) 5 µM 

sEGFR501 +Kifunensine was incubated with 50 µM of TGFα-GSY-SPM for 1 h at 37 °C. Subsequently, 

the samples were reduced and denatured. As indicated, PNGase F was added for digestion of 

glycosylation. Herein, sEGFR501 collapsed to a single band. This digestion allowed for the easy 

detection of sEGFR501/TGFα-GSY conjugate. Samples were boiled with SDS-loading buffer and 

resolved on SDS-PAGE of different density before Coomassie staining. (c) TGFα-GSY-SPM partially 

conjugates to sEGFR501. 5 µM sEGFR501 +Kifunensine were incubated with decreasing 

concentrations of TGFα-GSY-SPM (50 µM at “+”, concentration halved (25 µM) at “/2”, 10 µM at “/5”, 5 

µM at “/10”) and 2 mM CaCl2 for 1.5 h at 37°C. With decreasing excess of TGFα-GSY-SPM to 

sEGFR501, conjugation efficiency dropped to trace amounts. Alternatively, the concentration of both 

TGFα-GSY-SPM and sEGFR501 was decreased while maintaining their stoichiometric ratio (5 µM 

sEGFR501 + 50 µM TGFα-GSY-SPM, then undiluted, diluted 1:2 or diluted 1:4). Decreasing absolute 

concentrations showed no appreciable effect on conjugation efficiency. Samples were reduced and 

denatured before PNGase F treatment, then boiled with SDS-loading buffer before SDS-PAGE and 

Coomassie staining. 

  5.2.5. Size exclusion chromatography and TGFα-GSY-SPM folding 

Next, I used size exclusion chromatography to assess the structural integrity and purity of 

TGFα-GSY-SPM. Herein, I subjected TGFα-GSY-SPM to size exclusion chromatography in 
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50 mM HEPES, 150 mM NaCl, pH 7.40 immediately following Ni-Nta purification. 

TGFα-GSY-SPM was induced from BL21-RIPL. The cells were harvested, fractured by 

sonication and TGFα-GSY-SPM was isolated using Ni-Nta affinity purification (Figure 5.6a). 

After spin concentration, samples were loaded onto a Superdex S200 16-600 column in an 

ÄKTA pure system. 

 

Figure 5.6. Gel chromatography of TGFα-GSY-SPM. (a) Ni-Nta affinity purification of TGFα-GSY-

SPM induced from BL21-RIPL. Wash 1: Ni-Nta buffer + 10 mM Imidazole. Wash 2: Ni-Nta buffer + 30 

mM Imidazole. Elution: Ni-Nta buffer + 200 mM Imidazole. (b,c) Eluates from (a) were spin concentrated 

and resolved by gel chromatography on a Superdex S200 16-600 column. Samples from fractions 

surrounding main peak positions in (b), with chromatogram at A280 in (c). In (a,b), SDS-loading buffer 

was added to samples before boiling. Samples were resolved on SDS-PAGE and Coomassie stained. 

The size exclusion chromatogram resolved two peaks indicating high protein concentrations 

(Figure 5.6b,c). According to the fractions resolved on SDS-PAGE, both peaks consisted 

primarily of TGFα-GSY-SPM (Figure 5.6b,c). However, I observed a reduction in concentration 
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between peak positions, indicating that TGFα-GSY-SPM in fact resolved in two different peaks 

during gel chromatography. This was an indication that the preparation was subject to 

heterogeneity (e.g. multimerization or partial misfolding). I separately pooled samples from 

both peaks and concentrated them in Vivaspin columns (‘pool 1’ or ‘peak 1’ at lower retention 

volume, ‘pool 2’ or ‘peak 2’ at higher retention volume). 

I then tested conjugation of sEGFR501 with TGFα-GSY-SPM purified in this manner. After 

PNGase F treatment, sEGFR501 collapsed to a single band, both for sEGFR501 purified from 

cells with or without Kifunensine treatment (Figure 5.7). As prior, TGFα-GSY-SPM cleaved to 

near completion in the presence of calcium. Upon co-incubation of ‘peak 2’ TGFα-GSY-SPM 

with sEGFR501 ±Kifunensine, I observed the appearance of a distinctly resolved band 

corresponding to EGFR/TGFα-GSY conjugation. Herein, both sEGFR501 obtained from cells 

treated with Kifunensine or untreated cells displayed similar conjugation efficiency. There was 

no evidence of unspecific protein-protein conjugation.  

I also tested conjugation of the fraction of ‘peak 1’ TGFα-GSY-SPM resolved at a lower 

retention volume in gel chromatography (Figure 5.6). Similar amounts of ‘peak 1’ TGFα-GSY-

SPM protein appeared to be resolved on SDS-PAGE (Figure 5.7). However, conjugation 

efficiency in the presence of sEGFR501 was reduced for TGFα-GSY-SPM corresponding to 

‘peak 1’ compared to ‘peak 2’, both for sEGFR501 ±Kifunensine (Figure 5.7). Therefore, 

TGFα-GSY-SPM obtained from ‘peak 2’ was chosen for further experiments unless stated 

otherwise. 

Finally, TGFα R42A has been reported to effectively reduce TGFα activity and binding to 

EGFR (Defeo-Jones et al., 1989; Lazar et al., 1989). To provide additional controls, I cloned 

TGFα[R42A]-GSY-SPM in addition to TGFα-GSY-[DA]SPM (i.e. featuring an inactivating DP 

to AP mutation at the SPM cleavage site) and purified them as described. During gel 

purification of these variants, I observed slight changes in retention volume and adjusted the 

peak position accordingly (± 1 Fraction). TGFα[R42A]-GSY-SPM showed strongly reduced 

conjugation to sEGFR501, both with and without Kifunensine (Figure 5.7, compare to Figure 
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4.20). As expected, TGFα-GSY-[DA]SPM was not capable of self-processing or conjugation 

to sEGFR501 (Figure 5.7).  

 

Figure 5.7. TGFα-GSY-SPM, resolved at distinct gel chromatography retention volumes, 

differentially conjugates to sEGFR501. TGFα-GSY-SPM resolved into two peaks on Superdex S200. 

TGFα-GSY-SPM samples from a peak with lower retention volume (1) were compared to samples from 

a peak with higher retention volume (2), corresponding to two separate purification batches. D: TGFα-

GSY-[DA]SPM corresponding to (2), R: TGFα[R42A]-GSY-SPM corresponding to (2). 12.5 µM per 

TGFα-GSY-SPM sample were incubated with 2.5 µM sEGFR501 ±Kifunensine for 5 h at 37 °C. 

Samples were reduced and denatured before incubation with PNGase F or water as indicated. Samples 

were boiled with SDS-loading buffer and resolved on SDS-PAGE before Coomassie staining.  
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 5.3. Characterisation of sEGFR501:TGFα-GSY conjugate 

  5.3.1. Mapping of crosslinking sites 

I wanted to identify crosslinking sites of TGFα-GSY-SPM on sEGFR. In the crystal structure, 

EGFR K463 and K465 were identified as lysine residues in proximity to the C-terminus of 

TGFα (Figure 5.1, Figure 5.8b). I attempted to identify evidence of site-specific conjugation by 

tryptic LC-MS/MS. For this, 2.5 µM sEGFR501+Kifunensine were incubated with 12.5 µM 

TGFα-GSY-SPM and 2 mM calcium as indicated for 5 h at 37°C. Samples were reduced and 

denatured before deglycosylation with PNGase F and resolved on SDS-PAGE (Figure 5.8a). 

The conjugate product band was cut from the gel and prepared for in-gel tryptic digest and 

analysis by LC-MS/MS. Herein, crosslinking of the C-terminus of TGFα-GSY to sEGFR501 

K465 was confirmed (Figure 5.8c), representing a residue close to the TGFα C-terminus 

residue (Figure 5.8b). No peptides were confirmed for conjugation to K463. 
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Figure 5.8. Tryptic digestion and liquid chromatography with tandem mass spectrometry (tryptic 

LC-MS/MS) of TGFα-GSY-SPM conjugation to EGFR. (a) 2.5 µM sEGFR501 were incubated with 

12.5 µM TGFα-GSY-SPM and 2 mM CaCl2 or buffer as indicated. sEGFR501 samples were 

deglycosylated with PNGase F before boiling with SDS-loading buffer. Samples were resolved on SDS-

PAGE with lane spacing, and the sEGFR501/TGFα conjugate (indicated by red line) was cut from gel 

after brief Coomassie staining. (b) TGFα A50 annotated on the crystal structure PDB ID 1mox (Garrett 

et al., 2002), as well as the nearby residues EGFR K465 and EGFR K463. (c) LC-MS/MS spectra as 

well as annotated structure of crosslinked peptide identified from LC-MS/MS, indicating conjugation of 

TGFα-GSY-SPM C-terminus post-cleavage (TGFα-GSYD) to EGFR K465. 

  5.3.2. In vitro Western blot 

Before analysis of TGFα-GSY-SPM conjugation to EGFR on cells, I wanted to establish 

Western blotting of TGFα-GSY-SPM conjugation to sEGFR501 in vitro. I used samples of 

TGFα-GSY-SPM conjugation to sEGFR501 from the same experiment as shown in Figure 

5.5c for in vitro Western blot (first five samples of Figure 5.5c). Herein, 50 µM TGFα-GSY-

SPM had been incubated with 5 µM EGFR +Kifunensine with 2 mM calcium for 1.5 h at 37°C 

before reduction, denaturation and PNGase F deglycosylation. Samples were resolved on two 
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separate 18% SDS-PAGE gels (for Coomassie staining and Western blotting). The samples 

were transferred to methanol-activated polyvinylidene fluoride (PVDF) membrane and stained 

with mouse anti-EGFR antibody, as well as anti-mouse antibody:horseradish peroxidase 

(HRP) conjugate. Luminescence was accumulated upon incubation with HRP substrate, the 

membrane was transilluminated to detect the ladder position. The gel from which protein had 

been transferred to the PVDF membrane was also Coomassie stained and imaged (Figure 

5.9). 

Western blot with anti-EGFR showed a sharp band corresponding to sEGFR501, as previously 

resolved on Coomassie (Figure 5.9). In addition, a distinct band was observed for 

sEGFR501/TGFα-GSY conjugate, confirming band identity (Figure 5.9, compare to Figure 

5.4). Coomassie-staining of the gel from which protein was transferred showed that migration 

of high-molecular weight species was poor, and that sEGFR501 was partially retained in the 

gel (Figure 5.9). Therefore, transfer conditions were altered to 16 h at 30 V, 4 °C from lower 

density SDS-PAGE (e.g. 10%) for cellular experiments with higher-molecular weight of EGFR. 

 

Figure 5.9. Western blot of in-vitro sEGFR501:TGFα-GSY conjugation. 50 µM TGFα-GSY-SPM 

was incubated with 5 µM sEGFR501 and 2 mM calcium as indicated for 1.5 h at 37 °C. sEGFR501 was 

deglycosylated with PNGase F before boiling with SDS-loading buffer and resolving on SDS-PAGE. 

Two gels were prepared, one for immediate Coomassie staining and one for Western blot transfer. Anti-

EGFR detected both sEGFR501 and sEGFR501:TGFα-GSY. 
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 5.4. Cellular NeissLock-conjugation  

  5.4.1. TGFα-GSY-SPM cell binding 

Finally, following in vitro conjugation of TGFα-GSY-SPM to sEGFR501, I wanted to establish 

if TGFα-GSY-SPM could be used for conjugation to EGFR displayed on cells. I used A431 as 

a cell line displaying high levels of EGFR (Davidson et al., 1987) for tests of TGFα-GSY-SPM 

conjugation. First, I confirmed specific binding of TGFα-GSY-SPM to A431 by comparison to 

TGFα[R42A]-GSY-SPM (wherein TGFα R42A reduces receptor binding (Defeo-Jones et al., 

1989), also see Figure 5.7). A431 cells were seeded on glass-bottom dishes and then 

incubated with 5 µM TGFα-GSY-SPM, TGFα-GSY-[DA]SPM or TGFα[R42A]-GSY-SPM as 

indicated for 1 h at 4°C. Subsequently, cells were washed and proteins detected with anti-His-

antibody:Phycoerythrin (PE) conjugate.  

Fluorescence imaging shows that both TGFα-GSY-SPM and TGFα-GSY-[DA]SPM effectively 

bind A431 cell membranes (Figure 5.10). However, TGFα[R42A]-GSY-SPM strongly reduced 

cell binding, indicating that the interaction is specific to TGFα (Figure 5.10).  

 

Figure 5.10. TGFα-GSY-SPM specifically binds to EGFR-presenting A431 cells. A431 cells were 

stained with 5 µM TGFα-GSY-SPM, TGFα-GSY-[DA]SPM, or TGFα[R42A]-GSY-SPM followed by anti-

His-Phycoerythrin (PE) labelling. Fluorescence imaging revealed that TGFα[R42A]-GSY-SPM reduces 

specific binding to A431 cells. TGFα-GSY-SPM and TGFα-GSY-[DA]SPM both effectively bound A431 

cell membranes. Scale bar: 20 µm. 
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  5.4.2. Screening of cell conjugation conditions  

I screened multiple conjugation conditions for conjugation of TGFα-GSY-SPM to arrive at an 

efficient method for cell conjugation. A431 cells were serum starved in DMEM before the 

experiment. Two dishes were treated with 80 µM Dynasore for 30 minutes to inhibit receptor 

endocytosis (Macia et al., 2006). I further tested conjugation at different temperatures (4°C or 

37°C) and different regimens of calcium induction: cells were treated with 1 µM TGFα-GSY-

SPM in 50 mM HEPES, 150 mM NaCl, pH 7.40 supplemented with 5 mM MgCl2 (HBS-M), at 

4 °C or 37 °C. After 5 minutes at 37 °C or 35 min at 4 °C, the cells were washed, followed by 

incubation with 2 mM calcium as indicated. Alternatively, calcium at 2x concentration was 

added immediately with the protein solution or added to the cells without washing in between. 

After lysis, samples were processed in anti-TGFα and anti-EGFR Western blots. 

For cell treated with Dynasore prior to incubation with TGFα-GSY-SPM and then calcium at 

37 °C, a prominent high molecular weight band was detected with anti-TGFα antibody. 

Similarly, a prominent band was detected for cells which were simultaneously incubated with 

TGFα-GSY-SPM and calcium at 37 °C. At a high molecular weight, anti-EGFR detected EGFR 

in all samples, although with varying signal strength. The anti-TGFα and anti-EGFR detected 

high molecular weight bands both run concurrent to the 250 kDa ladder, suggesting that these 

represent EGFR (for anti-EGFR) as well as EGFR/TGFα-GSY conjugate (for anti-EGFR, anti-

TGFα). Both co-incubation and Dynasore treatment appeared effective, although 

Dynasore-treated conjugation (1st sample) showed comparatively low anti-EGFR signal. As 

co-incubation was deemed less likely to interfere with cellular processes, it was chosen for 

subsequent cellular experiments. 
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Figure 5.11. Screen of conditions for TGFα-GSY-SPM conjugation to EGFR on the cell surface. 

A431-cells were incubated with 1 µM TGFα-GSY-SPM at 37 °C for 5 min or 4 °C for 35 min, before 

washing and incubation with 2 mM calcium for additional time as indicated. Optionally, cells were treated 

with 80 µM Dynasore before conjugation. Optionally, cells were not washed before calcium addition 

(“D”). Optionally, calcium was added to 2 mM immediately following TGFα-GSY-SPM and cells were 

co-incubated (“Co”). Cells were harvested by hot SDS lysis and sonication. Western blots with anti-

EGFR or anti-TGFα shown. Red: Overexposure. Inhibition of endocytosis with Dynasore as well as co-

incubation of TGFα-GSY-SPM with cells at 37 °C provided effective conjugation conditions. 

  5.4.3. Sensitivity of cellular conjugation to TGFα-GSY-SPM mutant design  

Next, I wanted to confirm that this conjugation was dependent on specific TGFα-GSY-SPM 

binding to EGFR. A431 cells were incubated for 15 min with 0.5 µM TGFα-GSY-SPM, TGFα-

GSY-[DA]SPM or TGFα[R42A]-GSY-SPM in HBS-M, with or without 2 mM calcium as 

indicated. Anti-TGFα staining showed conjugation for TGFα-GSY-SPM, with a single band at 

the previously observed molecular weight for EGFR:TGFα-GSY (Figure 5.12a, compare to 

Figure 5.11). No conjugation was observed with either TGFα-GSY-[DA]SPM or 

TGFα[R42A]-GSY-SPM, indicating that conjugation was dependent on both cleavage and 

binding. For both TGFα-GSY-[DA]SPM or TGFα[R42A]-GSY-SPM, it appeared as though the 

amount of unprocessed protein decreased with calcium incubation.  

No TGFα staining was detected for cells incubated with only buffer (1st lane left to TGFα-GSY-

SPM wt). Furthermore, immediately after incubation with TGFα-GSY-SPM variants and 

calcium, the supernatant was recovered from cells and the reaction was mixed with EDTA. 
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The samples were boiled with SDS-loading buffer and resolved on SDS-PAGE followed by 

Coomassie staining. Coomassie staining of these supernatant samples confirmed that TGFα-

GSY-[DA]SPM did not undergo calcium-dependent processing (Figure 5.12b). TGFα-GSY-

[DA]SPM and TGFα[R42A]-GSY-SPM samples portrayed the same changes in gel mobility 

as observed in Figure 5.7 and on Western blot (Figure 5.12a). Coomassie staining also 

showed that most TGFα-GSY-SPM and TGFα[R42A]-GSY-SPM in the supernatant had 

processed during the experiment (Figure 5.12a,b). 

 

Figure 5.12. TGFα-GSY-SPM conjugation to EGFR-presenting cells is dependent on both 

TGFα-mediated binding and SPM-mediated processing. (a) A431 cells were incubated with 0.5 µM 

TGFα-GSY-SPM variant and 2 mM calcium as indicated for 15 min. Cells were harvested with hot SDS 

lysis and sonication, samples were analysed by Western blot using anti-TGFα primary antibody. 

Conjugation to EGFR was observed for TGFα-GSY-SPM after calcium processing, but not for 

TGFα[R42A]-GSY-SPM or non-cleaving TGFα-GSY-[DA]SPM. Transillumination of ladder was spliced 

with luminescence signal. 1st lane after ladder: Cells incubated with only buffer (not visible). Red: 

Overexposure. (b) Supernatant from (a) boiled with SDS-loading buffer, resolved on SDS-PAGE, with 

Coomassie staining.   

  5.4.4. Initial evidence of TGFα/EGFR conjugate fate 

Finally, I wanted to obtain initial evidence to understand the processing of conjugated TGFα. 

Herein, A431 was grown in a 24-well plate and then starved for 44 h in DMEM medium. At 

varying points prior to cell lysis, cells were conjugated for 15 min at 37°C with 1 µM TGFα-

GSY-SPM and 2 mM CaCl2 in HBS-M, after which cells were placed back in DMEM medium. 

Optionally, TGFα-GSY-SPM was diluted in DMEM (which already contains 1.8 mM calcium 

ions). After conjugation of the final samples, all cells were washed and stored at -80 °C. Cells 

were lysed with hot SDS lysis-buffer; due to the small volumes, samples could not be 

subjected to sonication (increasing viscosity). Nevertheless, samples were boiled with SDS-
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loading buffer and resolved on SDS-PAGE before transfer. Samples were resolved in Western 

blot with anti-EGFR or anti-TGFα. 

As previously, TGFα-GSY-SPM conjugated to EGFR, whereas no such evidence was 

observed for TGFα-GSY-[DA]SPM. Herein, the strongest conjugate signal was observed for 

the sample 1 h post-conjugation. Over time, I saw a decrease in EGFR/TGFα-GSY conjugate, 

indicating degradation of the conjugated species (Figure 5.13a). For anti-EGFR staining, I 

observed variation in EGFR concentrations indicative of uneven lysis, loading, or transfer, with 

almost complete loss for TGFα-GSY-[DA]SPM in DMEM (Figure 5.13b). However, EGFR 

signal was relatively constant for TGFα-GSY-SPM conjugation in HBS.  

Finally, for the sample corresponding to prolonged incubation of cells with TGFα-GSY-SPM in 

DMEM, I observed evidence of efficient conjugation. This could provide an even easier method 

for specific cell conjugation since it requires no change of medium. 

 

Figure 5.13. Initial evidence of EGFR:TGFα-GSY degradation. Western blots of EGFR:TGFα-GSY 

conjugation. A431 seeded in a 24-well plate were incubated with 1 µM TGFα-GSY-SPM or TGFα-GSY-

[DA]SPM and 2 mM calcium in HBS-M for 15 min. Optionally, protein was added to DMEM instead of 

HBS-M, which contains calcium. Cells were lysed after indicated time. a) Anti-TGFα shows degradation 

of EGFR:TGFα-GSY conjugate over time. Red: Overexposed. b) EGFR and EGFR:TGFα-GSY 

conjugate are labelled with anti-EGFR. 
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 5.5. Discussion 

With TGFα-GSY-SPM, I have demonstrated the first NeissLock-probe for cellular conjugation, 

with initial evidence of receptor fate after conjugation. As for the OAZ/ODC in vitro model 

system, various insights from the TGFα/EGFR cellular model guide future in vitro NeissLock 

design. 

I obtained multiple lines of evidence that TGFα-GSY-SPM is capable of specifically binding 

and conjugating to EGFR, both when presented on cells or as sEGFR501 in vitro. Conjugation 

was reliant on this interaction and could be reduced by introduction of an TGFα R42A 

mutation. This also confirmed specificity of NeissLock in general and could be compared to 

investigation of OAZ/ODC mutants (Chapter 4.6). Overall, TGFα-GSY-SPM conjugation in 

vitro was less efficient than conjugation of OAZ-Y-SPM / OAZ-GSY-SPM to ODC (Chapter 4). 

To reach comparable quantities of TGFα-GSY conjugation to sEGFR501, a substantial excess 

of TGFα-GSY-SPM to sEGFR501 was required (Figure 5.5, Figure 5.7). For OAZ-Y-SPM / 

OAZ-GSY-SPM conjugation to ODC, free OAZ-Y or OAZ-GSY was effectively consumed even 

at small molar excess (Chapter 4, Figure 4.10, Figure 4.11). However, separation of TGFα-

GSY-SPM by gel chromatography and subsequent conjugation tests suggested that 

conjugation efficiency can be improved by removing heterogenous TGFα-GSY-SPM from the 

preparation (Figure 5.7).  

For OAZ-Y-SPM and OAZ-GSY-SPM conjugation to ODC, a major hurdle to overcome had 

been issues with the quality of purified protein if OAZ-derived proteins had not been 

consistently reduced. For TGFα-GSY-SPM, I expected the protein to be only partially active, 

as TGFα is prone to misfolding: The three disulfide bonds which must correctly form in the 50 

aa protein allow 75 different configurations, commonly resulting in partial activity of TGFα 

samples (Groenen et al., 1994). Size exclusion chromatography suggested differential folding 

of TGFα-GSY-SPM, as the protein eluted around two separate peak position (Figure 5.6). The 

conjugation efficiency appeared to differ substantially between samples purified from either 

peak (Figure 5.7). To improve the conjugation efficiency of TGFα-GSY-SPM, it therefore 
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appears promising to further optimise the purification process. As SPM does not appear to be 

compatible with the mammalian secretory pathway without further engineering, TGFα-GSY-

SPM cannot currently be produced in a more native fashion. Nevertheless, alternative 

purification methods for TGFα have been described. Winkler et al. purified TGFα as a TrpLE 

fusion protein (TrpLE: tryptophan operon tag for insoluble expression (Hwang et al., 2014)) 

from inclusion bodies (Winkler et al., 1986). Herein, refolding has been shown to increase the 

activity of fusTGFα by a factor of 20-50 (Winkler et al., 1986). Similarly, after cleavage of the 

tag and HPLC purification, they found that the activity of TGFα corresponding to two peaks in 

HPLC differed by >99% (Winkler et al., 1986). 

Further to purification conditions, a second question is the design of the TGFα-GSY-SPM 

probe itself, which for instance could influence self-reaction of the SPM-activated NeissLock 

probe (Figure 5.4, compare to OAZ/ODC, Figure 4.9). Self-reaction of the activated NeissLock 

probe could inactivate the protein before conjugation and can be faster than hydrolysis alone 

(see Figure 4.4, Figure 4.9). One consideration in the design of TGFα-GSY-SPM was the 

removal of N-terminal tags (i.e. TGFα-GSY-SPM-H6 instead of H6-TGFα-SPM), as I suspected 

that the N-terminus could be a cause of self-reaction (Figure 5.14). Although the effect of the 

position of the His-tag on TGFα-GSY-SPM-H6 (instead of H6-TGFα-GSY-SPM) was not 

specifically validated, Sheryl Lim later observed that disordered ODC termini can be an 

unexpected conjugation site for OAZ-GSY-SPM (Scheu et al., 2021). 
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Figure 5.14. Overlay of TGFα NMR-states highlighting distance from the TGFα C-terminus to K29 

Nε and the N-terminal Nα. TGFα solution structure PDB ID 1yuf (Moy et al., 1993) is represented. The 

first NMR state is shown in green with no transparency, and the distance from A50 atom C to K29 atom 

Nε and V1 atom Nα is annotated for this state, with these residues shown in stick representation. 15 

additional states in 1yuf are overlayed in magenta with transparency. A50, K29 and V1 are again 

represented as sticks, highlighting the flexibility of N-terminus and C-terminus. 

Furthermore, conjugation of TGFα-GSY-SPM to EGFR could be less effective than 

conjugation of OAZ-Y-SPM or OAZ-GSY-SPM to ODC due to factors inherent to the protein 

complex. In the crystal structure PDB ID 1mox (Garrett et al., 2002), the C-terminus of TGFα-

GSY-SPM bound to EGFR appears more obstructed than the C-terminus of OAZ in the 

OAZ/ODC complex, which could be alleviated by adequate linker design. Alternatively, the 

local environment could be more activated for ODC/OAZ conjugation than for TGFα-GSY-

SPM conjugation to EGFR, e.g. due to local pKa modulation or other factors affecting lysine-

regioselectivity (Matos et al., 2018; R. Liu et al., 2019). Here, studies with additional protein 

complexes will provide additional insight, as well as further variations of TGFα-Neisslock 

probes and similar EGFR-targeting proteins. Nevertheless, crosslinking was identified at the 

predicted site K465 using tryptic LC-MS/MS, highlighting that the NeissLock principle worked 

as intended from NeissDist. Like for OAZ-Y-SPM, it would be interesting to see if other 

crosslinking sites could be identified with further MS study, e.g. using digestion with different 

enzymes. As K465 is a close site, K463 and K465 could also be subjected to point mutation.  
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Other than optimisation, what are potential directions in which to develop this technology? 

Despite the aforementioned limitations, TGFα-GSY-SPM purified from E. coli proved to be 

exceptionally useful for in vitro and cellular studies, if deployed at a high ratio to mitigate 

potentially reduced activity (herein 0.5-5 µM instead of typical concentrations e.g. 1-10 nM 

(Reddy et al., 1996), MCF-7 16 nM EGF / CHO 50 nM EGF (Freed et al., 2017), Hep2 ~10 nM 

TGFα or EGF (Roepstorff et al., 2009)). TGFα-GSY-SPM was able to specifically bind to 

EGFR-presenting A431 cells and specifically conjugate to both sEGFR501 in vitro and EGFR 

on the cell surface. Importantly, this binding and conjugation could be abrogated with a single 

point mutation. After activation by both EGF and TGFα, EGFR is rapidly endocytosed (around 

50% after 15 minutes incubation with saturating concentrations of TGFα at 37°C) (Ebner and 

Derynck, 1991; Roepstorff et al., 2009). In a screen for efficient NeissLock conjugations 

(Figure 5.11), co-incubation of cells with TGFα-GSY-SPM at the same time as calcium at 37°C 

was an effective strategy, as was incubation of Dynasore-treated cells with TGFα-GSY-SPM 

followed by a wash and calcium treatment. If cells were not Dynasore-treated, conjugation 

with TGFα-GSY-SPM was less effective if cells had been washed between protein and calcium 

addition. This suggests that TGFα-GSY-SPM becomes insensitive to calcium-incubation in a 

Dynasore-sensitive manner, potentially involving TGFα-GSY-SPM endocytosis before 

calcium application. 

After conjugation, I have observed initial evidence that covalently linked EGFR:TGFα-GSY is 

degraded within a few hours, despite limitations of the lysis and Western blot protocols used 

herein (e.g. in detection of anti-EGFR in Western blot). Although hot SDS lysis is commonly 

recommended for membrane lysis, RIPA buffer proved more successful (Scheu et al., 2021). 

After additional stabilization of growth factor starvation and lysis conditions using RIPA buffer, 

Sheryl Lim in the Howarth group has confirmed my initial observations on degradation (Scheu 

et al., 2021). Furthermore, Sheryl Lim has been able to show effective modulation of cellular 

signalling, wherein EGFR-downstream signalling was modulated in a covalent-conjugation 

dependent manner (Scheu et al., 2021).  
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Non-covalently bound TGFα commonly dissociates from EGFR upon acidification of the 

endosome, allowing for the recycling of EGFR to the cell surface (Ebner and Derynck, 1991; 

Roepstorff et al., 2009). To give a potential explanation of differential signalling, covalent 

conjugation of TGFα to EGFR could retain TGFα in an inactive bound state, encouraging 

immediate rebinding after recycling, or lead to an EGF-like continued anchoring, preventing 

dissociation altogether. Figure 5.15 summarizes this hypothesis of how complex stabilization 

via NeissLock-conjugation could affect TGFα/EGFR trafficking compared to normal ligand 

binding. Furthermore, Figure 5.16 presents an overview of how the different conjugation 

conditions described herein could affect efficiency of ligand/receptor conjugation and 

ultimately influence receptor fate. 

 

 

 



Page 142 
 

 

Figure 5.15. Hypothesis for the influence of covalent NeissLock-conjugation on TGFα/EGFR 

complex fate. a) In standard TGFα/EGFR trafficking, TGFα (purple) dissociates from EGFR (green) 

upon acidification of the endosome. Inactivation of the receptor promotes recycling of receptor and 

ligand (Ebner and Derynck, 1991; Roepstorff et al., 2009). Herein, work by Roepstorff et al. indicates 

that TGFα does not stimulate degradation of EGFR, although partial degradation of TGFα has been 

reported by Ebner & Derynck (Ebner and Derynck, 1991; Roepstorff et al., 2009). b) Covalently 

conjugated TGFα is unable to dissociate from EGFR, potentially causing its continued activation. Similar 

to EGF, covalently conjugated TGFα could cause sustained signalling and ultimately promote 

degradation of EGFR. This effect could even exceed EGF, which is more pH resistant than TGFα 

(dissociation from EGFR at pH 5.5 instead of pH 6.5), but for which partial recycling has been observed 

(Ebner and Derynck, 1991; Roepstorff et al., 2009). Figure based on evidence and schematics of 

differential TGFα and EGF trafficking by Ebner & Derynck and Roepstorff et al. (Ebner and Derynck, 

1991; Roepstorff et al., 2009). Also compare to data in Figure 5.13 and (Scheu et al., 2021). 
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Figure 5.16. Potential causes for differences in NeissLock efficiency between cellular 

conjugation conditions. a) In the “Bind/Wash/Induce” (B/W/I) condition, cells are first incubated with 

TGFα-GSY-SPM (TGFα in purple). After a given period, cells are washed to remove excess ligand. 

Then, SPM processing is induced with calcium (yellow). Rapid endocytosis of EGFR (green) potentially 

limits the access of calcium to TGFα-GSY-SPM, preventing SPM activation and covalent conjugation 

of TGFα to EGFR. Note that this effect would likely be temperature dependent (e.g. at 37°C, Figure 

5.11). Prior work on EGFR endocytosis involved equilibration of cells with TGFα at 4°C before 

internalisation was observed at 37°C (Ebner and Derynck, 1991; Roepstorff et al., 2009). This suggests 

that NeissLock-mediated conjugation at 4°C could be affected or compounded by a different effect, 

such as reduction in cleavage or conjugation rates (compare co-incubation at 37°C to co-incubation at 

4°C, Figure 5.11). b) If cells are treated with Dynasore before ligand binding, clathrin-mediated 

endocytosis of the receptor is inhibited (red cross). Bound ligand/receptor complexes would thereby 

remain surface exposed, and calcium could effectively induce NeissLock conjugation (red lines). c) 

Alternatively, cells are incubated with TGFα-SPM and calcium at the same time. Herein, calcium could 

promote NeissLock-conjugation of TGFα-SPM to EGFR from the time of complex formation at the cell 

surface, and potentially even sustain SPM activity during endocytosis. Note that calcium concentrations 

decrease substantially in the early endosome due to H+/Ca2+ antiport before calcium import during 

further maturation (Lloyd-Evans et al., 2010). Also compare to Figure 5.11 (supporting data) and Figure 

5.15 (supporting schematic). 

It will be interesting to further investigate the subcellular localisation of the covalent 

TGFα/EGFR complex and its degradation, for instance how the conjugation affects EGFR 

trafficking. Although fluorescent microscopy was used herein to validate cellular recognition 

by TGFα, it is not sufficient to study EGFR trafficking. In a comprehensive study of the effect 

of different mitogens on EGFR fate, Roepstorff et al. effectively used both flow cytometry and 

fluorescent imaging (Roepstorff et al., 2009). Herein, flow cytometry provided quantitative data 

of surface-available EGFR via anti-EGFR antibody labelling, while confocal microscopy was 

used to observe and quantify co-localisation of EGFR with the endosomal marker EEA1 
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(Roepstorff et al., 2009). Similar analyses could be used to improve understanding of EGFR 

trafficking after NeissLock-conjugation with TGFα-GSY-SPM. In addition, acid wash of 

mitogens was previously used to quantify ligand release from EGFR, either directly (for release 

of radiolabelled EGF) or by subsequent probing of receptor availability with (commercially 

available) radiolabelled EGF (Ebner and Derynck, 1991; Roepstorff et al., 2009). Similarly, 

study of TGFα-GSY-SPM (either suitably photolabelled or radiolabelled, or by probing via 

labelled EGF) after acid wash could provide additional insight into the degree of (covalent) 

TGFα NeissLock-conjugation as well as TGFα fate, as could the release of undegraded ligand 

after recycling (e.g. via differential solubility of degraded peptides) (Ebner and Derynck, 1991). 

Depending on the precise fate of the covalent TGFα/EGFR complex, N-terminal fusion of 

therapeutic agents to TGFα-GSY-SPM could become an exciting mechanism for cell therapy. 

Enzyme-antibody conjugates have been used to facilitate localised conversion of a pro-drug 

to an active drug, directly at the surface of a target cell or in the cell endosome, which could 

similarly be implemented as an enzyme-TGFα covalent NeissLock drug (Tietze and Krewer, 

2009). A convenient conjugation handle can be introduced to TGFα-GSY-SPM to rapidly 

iterate on multiple such assays, e.g. by SpyCatcher-mediated conjugation (Zakeri et al., 2012). 

In summary, I have hereby provided a promising starting point for conjugation of cells using 

NeissLock. EGFR provides a promising target, and EGFR-specific NeissLock is already an 

avenue to exciting applications. Moreover, with TGFα/EGFR and OAZ/ODC I successfully 

derived two out of two NeissLock systems selected from NeissDist (Chapter 3, Chapter 4). 

Therefore, the success of the TGFα/EGFR cellular conjugation system provides an 

encouraging foundation for the exploration of further routes to cellular conjugation (such as 

described in Figure 3.7, Figure 5.1).  
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6. Summary and Future Work 

In this work, I have validated SPM-mediated chemical activation of recombinant proteins for 

conjugation to native proteins, termed ‘NeissLock’. NeissLock relies solely on the standard 

genetic code, and high conjugation yields can be achieved (Chapter 4, Chapter 5). Key 

conjugation parameters have been explored, such as complex formation, linker design, pH, 

and mutagenesis of target residues (Chapter 4, Chapter 5). With disCrawl and NeissDist, I 

have provided an initial tool for evaluation of NeissLock candidates and a database of 

hundreds to thousands of protein complexes with potential for application to NeissLock 

(Chapter 3). In vitro conjugation was shown for two out of two pre-selected model complexes, 

and tryptic LC-MS/MS and mutagenesis confirmed the fundamental prediction of target 

residues by NeissDist (Chapter 4, Chapter 5). Finally, I have shown that NeissLock can 

facilitate conjugation to live cells (Chapter 5).  

With a promising scope of evidence, this work constitutes just a start for the investigation of 

NeissLock-mediated protein conjugation technologies. Additional experimental work will 

improve our understanding on the mechanisms of NeissLock conjugation: can SPM folding 

actively interfere with target protein complex formation, i.e. does SPM cleavage always or 

partially occur within a bound complex? What is the precise requirement for anhydride 

positioning and are there localized effects in target conjugation? With additional in vitro study 

of NeissDist-selected complexes and the SPM NMR structure now available (Kuban et al., 

2020), it will likely be possible to increase the predictive power of NeissDist and optimize the 

design of NeissLock conjugation in future complexes. The study of thermodynamic and kinetic 

parameters of ODC / OAZ-GSY-SPM by Sheryl Lim gave a brief introduction to the reliance 

of NeissLock specificity and yield on target complex formation, wherein she effectively 

increased KD and koff by site-directed mutagenesis of OAZ to abolish covalent conjugation 

(Figure 4.20, Chapter 4.7, published data (Scheu et al., 2021)). Under the assumption of 

sufficient pre-equilibration (i.e. co-incubation of target and NeissLock probe until equilibrium 

is reached, prior to calcium-induced probe activation), KD could constitute a useful indicator 
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for NeissLock design, that is to derive protein occupancy at time of anhydride generation. 

Herein, the NeissLock process differs from traditional covalent probes in that it generates a 

reactive intermediate in situ, potentially uncoupling initial binding kinetics from conjugation 

kinetics (especially considering the addition of calcium as ‘timepoint 0' as opposed to the 

addition of the NeissLock probe). Furthermore, NeissLock uses a relatively unstable 

intermediate for conjugation. Although comparison to the short lifetimes of photochemical 

probes does not seem appropriate, a comparison to pharmacokinetic parameters regarding 

the clearance of unconjugated covalent drugs might provide useful insight into in vitro kinetic 

properties of a labile reactive species with half-life in the minutes (Note that this comparison 

would not account for potential reversible inhibitory effects of inactivated NeissLock probes). 

Strelow et al. modeled the effects of drug clearance on target occupancy for two different 

covalent drugs (Strelow, 2017); herein, it becomes apparent that effective binding and 

conjugation are a requirement to achieving high target occupancy when considering 

performance of a drug subject to degradation (Strelow, 2017). Pre-equilibration should be 

especially relevant for low KD values arising at exceptionally low koff values, assuming high 

enough conjugation rate (kirr) (i.e. featuring low kon compensated by koff far below kirr, rendering 

the actual value of koff kinetically irrelevant). Conversely, if both kon and koff values are high, 

pre-equilibration might not be applicable or yield appreciable benefit despite low KD 

(considering fast equilibration times). Adequate equilibration conditions might thereby provide 

means to control NeissLock-specificity either kinetically or thermodynamically (while 

considering effects on equilibration and occupancy between in vitro and in vivo assays, such 

as actual concentrations (Tonge, 2018; Jarmoskaite et al., 2020), and in comparison to the 

potential for “kinetic selectivity […] in the absence of thermodynamic selectivity” for classical 

covalent drugs (Tonge, 2018)). Considering a classical covalent drug, Pettinger et al. 

impressively execute on general kinetic considerations to achieve rapid covalent conjugation, 

while highlighting the importance of probe design on kirr, e.g. in precise positioning of the 

reactive group relative to the target protein, and its interplay with kon and koff (Pettinger et al., 

2019). For NeissLock, cellular experiments indicate the importance of further assessing 
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potential pre-equilibration effects on target proteins, such as target internalisation (see Figure 

5.16), and potential SPM-mediated effects, such as target dissociation and rebinding, for fine-

tuning of future NeissLock designs. 

NeissLock then has the potential to open a broad range of applications. Crosslinking of 

proteins via SPM could be used for the assembly of biological complexes and nanoassembly; 

the covalent crosslinking of oligomeric complexes can be used to increase the stability of such 

assemblies (Banerjee and Howarth, 2018). For example, the heptameric IMX313 scaffold has 

been used as a platform for antigen decoration via SpyTag/SpyCatcher; wherein the subunits 

in this scaffold are interconnected via disulfide bonds (Brune et al., 2017). Another application 

could be the formation of covalent protein-based gels with defined interaction sites, as has 

been achieved using the SpyTag/SpyCatcher system (Gao et al., 2016). Potential benefits of 

NeissLock could include ease of multiplexing by choice of distinct binder-target pairs, including 

many-to-one targeting by engaging multiple epitopes on a single target protein, as well as 

simple control of crosslinking by calcium induction. 

NeissLock could also benefit applications which are essentially limited by target dissociation, 

for instance in magnetic cell capture (which was improved by enhancing complex stability and 

valency (Jain et al., 2013; Fierer et al., 2014)). In another application, an SPM-activated 

protein ligand could be used to bestow new characteristics to an endogenous protein, e.g. to 

introduce a permanent fluorescent label, for delivery of drugs using endogenous carriers (such 

as via red blood cells (Villa et al., 2016)), or to deliver enzymes for pro-drug conversion (Tietze 

and Krewer, 2009) (Figure 6.1a). In addition to cell conjugation described in Chapter 5, 

immediate follow-up work by Sheryl Lim suggested that NeissLock conjugation of TGFα to 

EGFR on the cell surface (via TGFα-GSY-SPM) can differentially modify cell biology, i.e. to 

achieve pronounced stimulation of pSTAT1 not found with non-covalent binding (Scheu et al., 

2021). 

In parallel to direct applications, the accelerated investigation of NeissLock could also advance 

other uses of SPM. Aside from the use as a purification strategy, another potential application 
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of SPM could involve the calcium-triggered cleavage of the polypeptide chain for functional 

purposes, e.g. to relieve inhibition in a protein domain. Compared to similar self-cleaving 

activity in other proteins, FrpC SPM offers a short minimal N-terminal fragment (D) and simple 

mode of activation (Sadilkova et al., 2008). Furthermore, under the assumption of an S,N-acyl 

shift (Sadilkova et al., 2008) a plethora of coupling agents for native chemical ligation would 

become available, for example summarized by Conibear et al. (Conibear et al., 2018). Upon 

activation, these could then be coupled to any protein genetically fused to SPM (Metzner, 

2017). Such an approach has successfully been described using inteins, termed expressed 

protein ligation (Muir et al., 1998). For instance, SPM could be used in the covalent 

modification of proteins for drug deployment, such as antibody-drug conjugates, which 

likewise has been achieved using inteins (Möhlmann et al., 2011). Another intriguing 

application of SPM could be the production of cyclic peptides. Aside from native chemical 

ligation by intramolecular conjugation to N-terminal Cysteine after chemical synthesis (Clark 

and Craik, 2010), split-inteins have previously been utilized to circularise peptides (Camarero 

et al., 2007). Similarly, it could be possible to achieve peptide circularisation via native 

chemical ligation using SPM, or peptides might be circularised by reaction with the N-terminus 

or internal lysines.  

In such applications, adequate regioselectivity for reaction with the aspartic anhydride should 

be considered (due to the availability of two reactive sites, i.e. to form a [native] peptide or 

[non-native] isopeptide bond). Prior analyses of protected aspartic anhydrides suggest that 

solvent effects are a prime factor in determining regioselectivity for reaction with small 

chemicals (Huang et al., 1997; Ibatullin and Selivanov, 2009). For instance, Huang et al. report 

the reaction of aniline with Fmoc-protected Asp yielding product in a 3:1 ratio of a peptide 

bond over an isopeptide bond in benzene, but to a 1:6 ratio in DMSO; the α-carbonyl would 

be chemically activated in a solvent-sensitive manner, potentially via “an intramolecular 

hydrogen bond […] between the hydrogen on the α-amino nitrogen and the oxygen of the α-

carbonyl” that is abrogated in aprotic polar solvent (Huang et al., 1997). They also conferred 
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(weaker) steric effects towards the accessible β-carbonyl by comparison of protective groups 

(i.e. Cbz/Fmoc/Boc), although noting that “this effect is more pronounced in the case of 

glumatic acid anhydrides” (Huang et al., 1997). Regioselectivity should likewise be assessed 

in SPM-activated reactions, especially for applications in which it is a requirement to obtain 

uniform conjugation products. In aging proteins, iso-aspartate can convert from asparagine or 

aspartate via a succinimide intermediate (Johnson et al., 1989; Aswad et al., 2000). Herein, 

products of specific reaction of L-isoaspartyl methyltransferase with iso-aspartate containing 

proteins can be quantified via HPLC (Johnson et al., 1989; Johnson and Aswad, 1991), and 

this method could similarly be used to assess isopeptide formation in NeissLock reactions. 

Finally, NeissLock itself could be made more potent by protein engineering, e.g. to increase 

SPM-mediated cleavage rate, to implement an SPM with reduced length or altered ion 

activation, or to entirely alter aspects of the NeissLock concept. For instance, a ‘3-part’ 

NeissLock approach could be envisioned, in which a third protein non-covalently mediates the 

interaction between an SPM-fused peptide or protein and a target protein (Figure 6.1b). 

Sophisticated linker design could enable precise positioning of the anhydride, away from the 

primary binding site (Figure 6.1c). Protection of the reactive species by occlusion could protect 

reaction in a pre-activated state, similar to complement proteins (Janssen et al., 2005, 2006; 

Wiesmann et al., 2006), e.g. before protein-protein binding. A “split” variant of SPM 

(unpublished work by Sheryl Lim) could be derived to self-process only upon pre-mediated 

reconstitution, e.g. during binding of two co-localized protein domains, similar to the Co-

LOCKR system (Lajoie et al., 2020). Alternatively, quenching with small molecules could 

potentially reduce unspecific conjugation. 
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Figure 6.1. Complex NeissLock designs. a) NeissLock could be derivatized to include additional 

functionality, e.g. to anchor enzymes to target cells for localized pre-drug conversion (as for 

antibody-enzyme conjugates (Tietze and Krewer, 2009)). b) A scaffolding protein (or non-covalently 

attached binding protein) could facilitate direct conjugation of a NeissLock load, precluding conjugation 

of a binding protein in the final assembly. c) A secondary binding motif could be used for precise 

positioning of the reactive anhydride, facilitating NeissLock conjugation distant from the primary protein 

complex. Such a motif could also be introduced to a NeissLock load described in b). 

In summary, SPM-mediated NeissLock conjugation provides the first example of rationally 

designed integration of natural domains to facilitate generation of reactive protein activation 

for protein-protein conjugation. Herein, in situ generation of a protein anhydride enables the 

use of a higher reactivity than traditional proximity-enabled probes and UAAs (Chapter 1.2) 

for protein conjugation. While other recent work trying to accomplish this goal relies on 

complex processes, such as ‘Genetically Encoded Chemical COnversion’ (GECCO) (Yang et 

al., 2019), SPM-mediated activation has an advantage in its simplicity. In this work, I suggest 

avenues to new applications of NeissLock, SPM and SPM-like protein domains. Finally, the 

demonstration of in vitro and cellular conjugation opens the exploration of NeissLock’s 

therapeutic and diagnostic applications.  
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8. Appendix 

Table 8.1. Amino acid sequences of proteins used in this study. 

Affibody-SPM from Felix Metzner, annotation adapted (Metzner, 2017) 

MGSSHHHHHHSSGLVPRGSHMGLNDIFEAQKIEWHEGSGASMTGGQQMGRDPGVDNKFNKEMRNAYWEIALLPNLNNQQKRAF

IRSLYDDPSQSANLLAEAKKLNDAQAPKGLEGSGSGGGGSGGGGSGGGGSGEGHVYDPLALDLDGDGIETVATKGFAGSLFDH

TNNGIRTATGWVSADDGLLVRDLNGNGIIDNGAELFGDNTKLADGSFAKHGYAALAELDSNGDNIINAADAAFQTLRVWQDLN

QDGISQANELRTLEELGIQSLDLAYKDVNKNLGNGNTLAQQGSYTKTDGTTAKMGDLLLAADNLHSRFKDKVELTAEQAKAAN

LAGIGRLRDLREAAALSGDLANMLKAYSAAETKEAQLALLDNLIHKWAETDGSGEPEA- 

H6, thrombin cleavage site, AviTag, anti-HER2 Affibody, FrpC411-413 spacer (residues preceding cleavage site),  

SPM (FrpC414-647), C-tag 

 

SpyTag-X-SPM [X: canonical amino acid, here X=A] 

MGSSHHHHHHSSGLVPRGSHMGAHIVMVDAYKPTKADPLALDLDGDGIETVATKGFAGSLFDHTNNGIRTATGWVSADDGLLV

RDLNGNGIIDNGAELFGDNTKLADGSFAKHGYAALAELDSNGDNIINAADAAFQTLRVWQDLNQDGISQANELRTLEELGIQS

LDLAYKDVNKNLGNGNTLAQQGSYTKTDGTTAKMGDLLLAADNLHSRFKDKVELTAEQAKAANLAGIGRLRDLREAAALSGDL

ANMLKAYSAAETKEAQLALLDNLIHKWAETDGSGEPEA-  

H6, thrombin cleavage site, SpyTag, Alanine, SPM (FrpC414-647), C-tag 

 

OAZ-SPM 

MGSSHHHHHHFYSDDRLNVTEELTSNDKTRILNVQSRLTDAKRINWRTVLSGGSLYIEIPGGALPEGSKDSFAVLLEFAEEQL

RADHVFICFHKNREDRAALLRTFSFLGFEIVRPGHPLVPKRPDACFMAYTFEDPLALDLDGDGIETVATKGFAGSLFDHTNNG

IRTATGWVSADDGLLVRDLNGNGIIDNGAELFGDNTKLADGSFAKHGYAALAELDSNGDNIINAADAAFQTLRVWQDLNQDGI

SQANELRTLEELGIQSLDLAYKDVNKNLGNGNTLAQQGSYTKTDGTTAKMGDLLLAADNLHSRFKDKVELTAEQAKAANLAGI

GRLRDLREAAALSGDLANMLKAYSAAETKEAQLALLDNLIHKWAETDGSGEPEA- 

H6, OAZ95-219, SPM (FrpC414-647), C-tag 

 

OAZ[ΔE219]-SPM 

MGSSHHHHHHFYSDDRLNVTEELTSNDKTRILNVQSRLTDAKRINWRTVLSGGSLYIEIPGGALPEGSKDSFAVLLEFAEEQL

RADHVFICFHKNREDRAALLRTFSFLGFEIVRPGHPLVPKRPDACFMAYTFDPLALDLDGDGIETVATKGFAGSLFDHTNNGI

RTATGWVSADDGLLVRDLNGNGIIDNGAELFGDNTKLADGSFAKHGYAALAELDSNGDNIINAADAAFQTLRVWQDLNQDGIS

QANELRTLEELGIQSLDLAYKDVNKNLGNGNTLAQQGSYTKTDGTTAKMGDLLLAADNLHSRFKDKVELTAEQAKAANLAGIG

RLRDLREAAALSGDLANMLKAYSAAETKEAQLALLDNLIHKWAETDGSGEPEA- 

H6, OAZ95-218, SPM (FrpC414-647), C-tag 

 

OAZ[K153A]-SPM 

MGSSHHHHHHFYSDDRLNVTEELTSNDKTRILNVQSRLTDAKRINWRTVLSGGSLYIEIPGGALPEGSADSFAVLLEFAEEQL

RADHVFICFHKNREDRAALLRTFSFLGFEIVRPGHPLVPKRPDACFMAYTFEDPLALDLDGDGIETVATKGFAGSLFDHTNNG

IRTATGWVSADDGLLVRDLNGNGIIDNGAELFGDNTKLADGSFAKHGYAALAELDSNGDNIINAADAAFQTLRVWQDLNQDGI

SQANELRTLEELGIQSLDLAYKDVNKNLGNGNTLAQQGSYTKTDGTTAKMGDLLLAADNLHSRFKDKVELTAEQAKAANLAGI

GRLRDLREAAALSGDLANMLKAYSAAETKEAQLALLDNLIHKWAETDGSGEPEA- 

H6, OAZ95-219[K153A], SPM (FrpC414-647), C-tag 
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OAZ[K153A, A215R]-SPM 

MGSSHHHHHHFYSDDRLNVTEELTSNDKTRILNVQSRLTDAKRINWRTVLSGGSLYIEIPGGALPEGSADSFAVLLEFAEEQL

RADHVFICFHKNREDRAALLRTFSFLGFEIVRPGHPLVPKRPDACFMRYTFEDPLALDLDGDGIETVATKGFAGSLFDHTNNG

IRTATGWVSADDGLLVRDLNGNGIIDNGAELFGDNTKLADGSFAKHGYAALAELDSNGDNIINAADAAFQTLRVWQDLNQDGI

SQANELRTLEELGIQSLDLAYKDVNKNLGNGNTLAQQGSYTKTDGTTAKMGDLLLAADNLHSRFKDKVELTAEQAKAANLAGI

GRLRDLREAAALSGDLANMLKAYSAAETKEAQLALLDNLIHKWAETDGSGEPEA- 

H6, OAZ95-219[K153A,A215R], SPM (FrpC414-647), C-tag 

 

OAZ1[K153A,V198A,ΔE219]-SPM 

MGSSHHHHHHFYSDDRLNVTEELTSNDKTRILNVQSRLTDAKRINWRTVLSGGSLYIEIPGGALPEGSADSFAVLLEFAEEQL

RADHVFICFHKNREDRAALLRTFSFLGFEIARPGHPLVPKRPDACFMAYTFDPLALDLDGDGIETVATKGFAGSLFDHTNNGI

RTATGWVSADDGLLVRDLNGNGIIDNGAELFGDNTKLADGSFAKHGYAALAELDSNGDNIINAADAAFQTLRVWQDLNQDGIS

QANELRTLEELGIQSLDLAYKDVNKNLGNGNTLAQQGSYTKTDGTTAKMGDLLLAADNLHSRFKDKVELTAEQAKAANLAGIG

RLRDLREAAALSGDLANMLKAYSAAETKEAQLALLDNLIHKWAETDGSGEPEA- 

H6, OAZ95-218[K153A,V198A], SPM (FrpC414-647), C-tag 

 

OAZ-Y-SPM 

MGSSHHHHHHFYSDDRLNVTEELTSNDKTRILNVQSRLTDAKRINWRTVLSGGSLYIEIPGGALPEGSKDSFAVLLEFAEEQL

RADHVFICFHKNREDRAALLRTFSFLGFEIVRPGHPLVPKRPDACFMAYTFEYDPLALDLDGDGIETVATKGFAGSLFDHTNN

GIRTATGWVSADDGLLVRDLNGNGIIDNGAELFGDNTKLADGSFAKHGYAALAELDSNGDNIINAADAAFQTLRVWQDLNQDG

ISQANELRTLEELGIQSLDLAYKDVNKNLGNGNTLAQQGSYTKTDGTTAKMGDLLLAADNLHSRFKDKVELTAEQAKAANLAG

IGRLRDLREAAALSGDLANMLKAYSAAETKEAQLALLDNLIHKWAETDGSGEPEA- 

H6, OAZ95-219, Y spacer, SPM (FrpC414-647), C-tag 

 

OAZ-GSY-SPM 

MGSSHHHHHHFYSDDRLNVTEELTSNDKTRILNVQSRLTDAKRINWRTVLSGGSLYIEIPGGALPEGSKDSFAVLLEFAEEQL

RADHVFICFHKNREDRAALLRTFSFLGFEIVRPGHPLVPKRPDACFMAYTFEGSYDPLALDLDGDGIETVATKGFAGSLFDHT

NNGIRTATGWVSADDGLLVRDLNGNGIIDNGAELFGDNTKLADGSFAKHGYAALAELDSNGDNIINAADAAFQTLRVWQDLNQ

DGISQANELRTLEELGIQSLDLAYKDVNKNLGNGNTLAQQGSYTKTDGTTAKMGDLLLAADNLHSRFKDKVELTAEQAKAANL

AGIGRLRDLREAAALSGDLANMLKAYSAAETKEAQLALLDNLIHKWAETDGSGEPEA- 

H6, OAZ95-219, GSY spacer, SPM (FrpC414-647), C-tag 

 

OAZ 

MGSSHHHHHHFYSDDRLNVTEELTSNDKTRILNVQSRLTDAKRINWRTVLSGGSLYIEIPGGALPEGSKDSFAVLLEFAEEQL

RADHVFICFHKNREDRAALLRTFSFLGFEIVRPGHPLVPKRPDACFMAYTFEGSGEPEA- 

H6, OAZ95-219, C-Tag 

 

ODC 

MGSSHHHHHHSSGNNFGNEEFDCHFLDEGFTAKDILDQKINEVSSSDDKDAFYVADLGDILKKHLRWLKALPRVTPFYAVKCN

DSKAIVKTLAATGTGFDCASKTEIQLVQSLGVPPERIIYANPCKQVSQIKYAANNGVQMMTFDSEVELMKVARAHPKAKLVLR

IATDDSKAVCRLSVKFGATLRTSRLLLERAKELNIDVVGVSFHVGSGCTDPETFVQAISDARCVFDMGAEVGFSMYLLDIGGG

FPGSEDVKLKFEEITGVINPALDKYFPSDSGVRIIAEPGRYYVASAFTLAVNIIAKKIVLKEQTGSDDEDESSEQTFMYYVND

GVYGSFNCILYDHAHVKPLLQKRPKPDEKYYSSSIWGPTCDGLDRIVERCDLPEMHVGDWMLFENMGAYTVAAASTFNGFQRP

TIYYVMSGPAWQLMQQFQNPDFPPEVEEQDASTLPVSCAWESGMKRHRAACASASINVGSGEPEA- 

H6, ODC, C-Tag 
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ODC K92R 

MGSSHHHHHHSSGNNFGNEEFDCHFLDEGFTAKDILDQKINEVSSSDDKDAFYVADLGDILKKHLRWLKALPRVTPFYAVKCN

DSKAIVKTLAATGTGFDCASRTEIQLVQSLGVPPERIIYANPCKQVSQIKYAANNGVQMMTFDSEVELMKVARAHPKAKLVLR

IATDDSKAVCRLSVKFGATLRTSRLLLERAKELNIDVVGVSFHVGSGCTDPETFVQAISDARCVFDMGAEVGFSMYLLDIGGG

FPGSEDVKLKFEEITGVINPALDKYFPSDSGVRIIAEPGRYYVASAFTLAVNIIAKKIVLKEQTGSDDEDESSEQTFMYYVND

GVYGSFNCILYDHAHVKPLLQKRPKPDEKYYSSSIWGPTCDGLDRIVERCDLPEMHVGDWMLFENMGAYTVAAASTFNGFQRP

TIYYVMSGPAWQLMQQFQNPDFPPEVEEQDASTLPVSCAWESGMKRHRAACASASINVGSGEPEA- 

H6, ODC[K92R], C-tag 

 

ODC K92R T93K 

MGSSHHHHHHSSGNNFGNEEFDCHFLDEGFTAKDILDQKINEVSSSDDKDAFYVADLGDILKKHLRWLKALPRVTPFYAVKCN

DSKAIVKTLAATGTGFDCASRKEIQLVQSLGVPPERIIYANPCKQVSQIKYAANNGVQMMTFDSEVELMKVARAHPKAKLVLR

IATDDSKAVCRLSVKFGATLRTSRLLLERAKELNIDVVGVSFHVGSGCTDPETFVQAISDARCVFDMGAEVGFSMYLLDIGGG

FPGSEDVKLKFEEITGVINPALDKYFPSDSGVRIIAEPGRYYVASAFTLAVNIIAKKIVLKEQTGSDDEDESSEQTFMYYVND

GVYGSFNCILYDHAHVKPLLQKRPKPDEKYYSSSIWGPTCDGLDRIVERCDLPEMHVGDWMLFENMGAYTVAAASTFNGFQRP

TIYYVMSGPAWQLMQQFQNPDFPPEVEEQDASTLPVSCAWESGMKRHRAACASASINVGSGEPEA- 

H6, ODC[K92R,T93K], C-tag 

 

ODC K92R Q96K 

MGSSHHHHHHSSGNNFGNEEFDCHFLDEGFTAKDILDQKINEVSSSDDKDAFYVADLGDILKKHLRWLKALPRVTPFYAVKCN

DSKAIVKTLAATGTGFDCASRTEIKLVQSLGVPPERIIYANPCKQVSQIKYAANNGVQMMTFDSEVELMKVARAHPKAKLVLR

IATDDSKAVCRLSVKFGATLRTSRLLLERAKELNIDVVGVSFHVGSGCTDPETFVQAISDARCVFDMGAEVGFSMYLLDIGGG

FPGSEDVKLKFEEITGVINPALDKYFPSDSGVRIIAEPGRYYVASAFTLAVNIIAKKIVLKEQTGSDDEDESSEQTFMYYVND

GVYGSFNCILYDHAHVKPLLQKRPKPDEKYYSSSIWGPTCDGLDRIVERCDLPEMHVGDWMLFENMGAYTVAAASTFNGFQRP

TIYYVMSGPAWQLMQQFQNPDFPPEVEEQDASTLPVSCAWESGMKRHRAACASASINVGSGEPEA- 

H6, ODC1 [K92R,Q96K], C-tag 

 

ODC K92R S100K 

MGSSHHHHHHSSGNNFGNEEFDCHFLDEGFTAKDILDQKINEVSSSDDKDAFYVADLGDILKKHLRWLKALPRVTPFYAVKCN

DSKAIVKTLAATGTGFDCASRTEIQLVQKLGVPPERIIYANPCKQVSQIKYAANNGVQMMTFDSEVELMKVARAHPKAKLVLR

IATDDSKAVCRLSVKFGATLRTSRLLLERAKELNIDVVGVSFHVGSGCTDPETFVQAISDARCVFDMGAEVGFSMYLLDIGGG

FPGSEDVKLKFEEITGVINPALDKYFPSDSGVRIIAEPGRYYVASAFTLAVNIIAKKIVLKEQTGSDDEDESSEQTFMYYVND

GVYGSFNCILYDHAHVKPLLQKRPKPDEKYYSSSIWGPTCDGLDRIVERCDLPEMHVGDWMLFENMGAYTVAAASTFNGFQRP

TIYYVMSGPAWQLMQQFQNPDFPPEVEEQDASTLPVSCAWESGMKRHRAACASASINVGSGEPEA- 

H6, ODC1 [K92R,S100], C-tag 

 

ODC K92R T396K 

MGSSHHHHHHSSGNNFGNEEFDCHFLDEGFTAKDILDQKINEVSSSDDKDAFYVADLGDILKKHLRWLKALPRVTPFYAVKCN

DSKAIVKTLAATGTGFDCASRTEIQLVQSLGVPPERIIYANPCKQVSQIKYAANNGVQMMTFDSEVELMKVARAHPKAKLVLR

IATDDSKAVCRLSVKFGATLRTSRLLLERAKELNIDVVGVSFHVGSGCTDPETFVQAISDARCVFDMGAEVGFSMYLLDIGGG

FPGSEDVKLKFEEITGVINPALDKYFPSDSGVRIIAEPGRYYVASAFTLAVNIIAKKIVLKEQTGSDDEDESSEQTFMYYVND

GVYGSFNCILYDHAHVKPLLQKRPKPDEKYYSSSIWGPTCDGLDRIVERCDLPEMHVGDWMLFENMGAYTVAAASKFNGFQRP

TIYYVMSGPAWQLMQQFQNPDFPPEVEEQDASTLPVSCAWESGMKRHRAACASASINVGSGEPEA- 

H6, ODC1 [K92R,T396], C-tag 
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TGFα-SPM 

MGSSHHHHHHSSGVVSHFNDCPDSHTQFCFHGTCRFLVQEDKPACVCHSGYVGARCEHADLLADPLALDLDGDGIETVATKGF

AGSLFDHTNNGIRTATGWVSADDGLLVRDLNGNGIIDNGAELFGDNTKLADGSFAKHGYAALAELDSNGDNIINAADAAFQTL

RVWQDLNQDGISQANELRTLEELGIQSLDLAYKDVNKNLGNGNTLAQQGSYTKTDGTTAKMGDLLLAADNLHSRFKDKVELTA

EQAKAANLAGIGRLRDLREAAALSGDLANMLKAYSAAETKEAQLALLDNLIHKWAETDGSGEPEA- 

H6, TGFα, SPM (FrpC414-647), C-tag 

 

TGFα-GSY-SPM 

MVVSHFNDCPDSHTQFCFHGTCRFLVQEDKPACVCHSGYVGARCEHADLLAGSYDPLALDLDGDGIETVATKGFAGSLFDHTN

NGIRTATGWVSADDGLLVRDLNGNGIIDNGAELFGDNTKLADGSFAKHGYAALAELDSNGDNIINAADAAFQTLRVWQDLNQD

GISQANELRTLEELGIQSLDLAYKDVNKNLGNGNTLAQQGSYTKTDGTTAKMGDLLLAADNLHSRFKDKVELTAEQAKAANLA

GIGRLRDLREAAALSGDLANMLKAYSAAETKEAQLALLDNLIHKWAETDGSSHHHHHHSSGEPEA- 

TGFα, GSY spacer, SPM (FrpC414-647), H6, C-tag 

 

TGFα[R42A]-GSY-SPM 

MVVSHFNDCPDSHTQFCFHGTCRFLVQEDKPACVCHSGYVGAACEHADLLAGSYDPLALDLDGDGIETVATKGFAGSLFDHTN

NGIRTATGWVSADDGLLVRDLNGNGIIDNGAELFGDNTKLADGSFAKHGYAALAELDSNGDNIINAADAAFQTLRVWQDLNQD

GISQANELRTLEELGIQSLDLAYKDVNKNLGNGNTLAQQGSYTKTDGTTAKMGDLLLAADNLHSRFKDKVELTAEQAKAANLA

GIGRLRDLREAAALSGDLANMLKAYSAAETKEAQLALLDNLIHKWAETDGSSHHHHHHSSGEPEA- 

TGFα[R42A], GSY spacer, SPM (FrpC414-647), H6, C-tag 

 

TGFα-GSY-[DA]SPM 

MVVSHFNDCPDSHTQFCFHGTCRFLVQEDKPACVCHSGYVGARCEHADLLAGSYAPLALDLDGDGIETVATKGFAGSLFDHTN

NGIRTATGWVSADDGLLVRDLNGNGIIDNGAELFGDNTKLADGSFAKHGYAALAELDSNGDNIINAADAAFQTLRVWQDLNQD

GISQANELRTLEELGIQSLDLAYKDVNKNLGNGNTLAQQGSYTKTDGTTAKMGDLLLAADNLHSRFKDKVELTAEQAKAANLA

GIGRLRDLREAAALSGDLANMLKAYSAAETKEAQLALLDNLIHKWAETDGSSHHHHHHSSGEPEA- 

TGFα, GSY spacer, [DA]SPM (FrpC414-647[D414A]), H6, C-tag 

 

ST3-TGFα-SPM 

MGSSHHHHHHSSGLVPRGSRGVPHIVMVDAYKRYKGSGESGVVSHFNDCPDSHTQFCFHGTCRFLVQEDKPACVCHSGYVGAR

CEHADLLADPLALDLDGDGIETVATKGFAGSLFDHTNNGIRTATGWVSADDGLLVRDLNGNGIIDNGAELFGDNTKLADGSFA

KHGYAALAELDSNGDNIINAADAAFQTLRVWQDLNQDGISQANELRTLEELGIQSLDLAYKDVNKNLGNGNTLAQQGSYTKTD

GTTAKMGDLLLAADNLHSRFKDKVELTAEQAKAANLAGIGRLRDLREAAALSGDLANMLKAYSAAETKEAQLALLDNLIHKWA

ETDGSGEPEA- 

H6, thrombin cleavage site, SpyTag003, TGFα, SPM (FrpC414-647), C-tag 

 

sEGFR501 

MDAMKRGLCCVLLLCGAVFVSPSQEIHARFRRLEEKKVCQGTSNKLTQLGTFEDHFLSLQRMFNNCEVVLGNLEITYVQRNYD

LSFLKTIQEVAGYVLIALNTVERIPLENLQIIRGNMYYENSYALAVLSNYDANKTGLKELPMRNLQEILHGAVRFSNNPALCN

VESIQWRDIVSSDFLSNMSMDFQNHLGSCQKCDPSCPNGSCWGAGEENCQKLTKIICAQQCSGRCRGKSPSDCCHNQCAAGCT

GPRESDCLVCRKFRDEATCKDTCPPLMLYNPTTYQMDVNPEGKYSFGATCVKKCPRNYVVTDHGSCVRACGADSYEMEEDGVR

KCKKCEGPCRKVCNGIGIGEFKDSLSINATNIKHFKNCTSISGDLHILPVAFRGDSFTHTPPLDPQELDILKTVKEITGFLLI

QAWPENRTDLHAFENLEIIRGRTKQHGQFSLAVVSLNITSLGLRSLKEISDGDVIISGNKNLCYANTINWKKLFGTSGQKTKI

ISNRGENSCKATGQVCHALCSPEGCWGPEPRDCVSGSGESGHHHHHH- 

tPA secretion leader, sEGFR501, H6 


