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Abstract 
 

Chemically modified proteins are critical components of modern therapeutics and basic research. 

To generate non-natural protein derivatives, bacterial sortase enzymes have been effective due 

to their ability to catalyze selective ligations between protein targets and functional groups that 

are uncommon in nature. Thus far, the enzymatic approach using sortase has been limited to 

modifications at the termini of peptide chains. Here we describe efforts to develop a sortase-

mediated strategy for the formation of isopeptide bonds at the side chains of internal lysine 

residues. To this end, we have identified a sortase A homolog from Streptococcus suis (SrtAsuis) 

that is capable of generating isopeptide linkages at levels far superior to sortases that are typically 

used for protein modification. As confirmed by RP-HPLC, ESI-MS, and MS/MS analysis, we have 

succeeded in generating isopeptide linkages with model peptide substrates and larger biological 

targets by utilizing SrtAsuis. Additionally, we have optimized these reactions by using Ni(II) ions to 

sequester reaction by-products in order to drive the equilibrium toward the desired products. 

Overall, SrtAsuis is uniquely effective at catalyzing isopeptide bond formation and shows promise 

for future applications such as generating protein oligomers linked together by isopeptide bond, 

and the formation of protein therapeutics modified at lysine residues.  
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1. Introduction 

1.1  Overview of Protein Modification Techniques  

Protein modification is a field devoted to altering natural protein structures in order to 

give them novel functions and properties applicable to problems that arise in academic, 

industrial, and medical settings.1,2  Modified proteins may take a variety of forms; however, it is 

often the case that protein modification involves the creation of a hybrid structure containing a 

protein of interest and an exogenous moiety that are covalently linked together.3 The result is a 

novel protein derivative that contains its own individual properties as well as the properties of 

the modification endowed upon it. In turn, these properties are useful in producing more 

efficient therapeutics,4,5 protein-based materials,6 strategies for enzyme immobilization,7  

increasing stability,5 assembling proteins for elucidation of their structures,3 and many other 

applications. 

Protein modifications can be carried out in a variety of ways, each having their own 

advantages and limitations. A primary technique, common in molecular biology, modifies 

proteins at the genetic level by introducing point mutations or deletions and insertions of specific 

DNA sequences.1,2,8 There are many biological methods available for gene modification, such as 

error-prone PCR, transfer-DNA or transposon insertion, as well as techniques utilizing site-

specific nucleases such as zinc fingers, transcription activator-like effectors, and clustered 

regularly interspaced short palindromic repeat (CRISPR) associated protein 9.8 These techniques 

have the advantage that they offer precise control over where alterations are made in the protein 

sequence. However, in the majority of cases these strategies are restricted to the incorporation 

of naturally occurring amino acids, and thus are limited in the types of modifications that may be 
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installed. Nonetheless, these strategies are extremely valuable and are routinely used in 

applications such as gene therapy for genetic disorders or cancer,9,10 development of cell based 

therapies,11 introgression of parasite-resistance genes,12 and quality enhancement in crops.13 It 

should also be noted that genetic code expansion provides a powerful means for adding 

unnatural amino acids and modifications.14 However, this strategy continues to require extensive 

and sometimes expensive screening in order to optimize unnatural amino acid incorporation, and 

can also have deleterious effects on protein expression levels.15   

As an alternative to genetic methods for protein modification, chemical protein 

modification provides an experimentally simple way to introduce useful modifications to 

proteins. Many amino acid side chains, such as cysteine, lysine, and glutamic/aspartic acid are of 

particular interest due to their natural ability to participate in reactions that allow for covalent 

modification. Choosing the right amino acid for protein modification is critical, and is based on 

its acidity/basicity, electrophilicity/nucleophilicity, oxido-reductive characteristics, or its location 

and accessibility.3 Done carefully, the modification of native amino side chains allows a broad 

range of non-natural moieties to be added to an already folded protein structure. This includes 

but is not limited to chromophore addition, polyethylene glycol (PEG) addition to increase 

circulation half-life16 and increase solubility, and the attachment of drugs for therapeutics.17,18 

Unfortunately, the site-selectivity obtained via chemical protein modification is often not ideal, 

and if the target protein contains multiple reactive residues then random conjugation might 

occur at sites that interfere with the protein’s native function or stability.  

To address the limitations of genetic and chemical methods for protein modification, a 

more recent approach is to use enzymes that possess innate protein modification activity. This 
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process is termed chemoenzymatic protein modification, and takes advantage of the inherent 

protein modification capabilities of certain enzymes and their ability to recognize specific amino 

acid sequences in protein substrates. When these recognition sequences are incorporated into 

protein targets via genetic methods, the enzyme is available to perform its modification role at a 

single, well-defined position. The result is a covalent linkage between protein targets and a 

modification of interest (Figure 1).19  This technique offers the significant advantage of increased 

site-selectivity, and allows for easy prediction of the site of modification. It also maintains 

flexibility since the enzymes can often employ a variety of small molecule reagents tethered to 

the non-natural modification. The use of enzymes to site-specifically modify proteins also has the 

advantage that the reactions typically operate under mild aqueous conditions, which is important 

for preserving the structure and function of the biomolecule target.20   

 

 

 

 

 
 
 
 
 
 
Figure 1. General representation of chemoenzymatic protein modification  
 
 
 Chemoenzymatic approaches combine many of the attractive features of genetic and 

chemical approaches for protein modification, and as a result these methods have seen 

increasing use in the literature.21,22 In addition, the range of enzymes that are compatible with 

modification 

Enzyme 

altered gene 
protein containing  

recognition sequence 
modified product  

modifica
tion -XXXXX -XXXXX 
modification 
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chemoenzymatic approaches is continually expanding.21 While a full review of all enzymes that 

have been utilized for protein modification is beyond the scope of this thesis, noteworthy 

examples include formyl glycine generating enzyme, which converts cysteine residues to 

aldehydes that can participate in further bioconjugation with aminooxy and hydrazide molecules, 

19,23 transglutaminases that catalyze the ligation of glutamine with lysine side chains or other 

primary amines,19,24 biotin and lipoic acid ligases that catalyze the attachment of their respective 

modification to lysine sidechains,19 and bacterial sortases which are transpeptidases that are able 

to ligate together protein or peptide building blocks.19  

 

1.2 Using Sortase A for Chemoenzymatic Protein Engineering 

Sortase enzymes, first characterized by Schneewind and colleagues in 1999,25 are found 

on the cell surface of all gram-positive bacteria and function to ‘sort’ (i.e. covalently anchor) 

proteins to the cell wall or polymerize protein subunits in the construction of pili.25,26,27 These cell 

wall anchored proteins interact with extracellular matrices or specific host molecules and enable 

bacterial adherence to tissues, immune evasion, and target cell invasion. 28 Phylogenetic studies 

have classified sortases into six subclasses denoted A-F, and all sortases characterized to date are 

cysteine transpeptidases that aid in the joining of proteins containing a specific amino motif 

(termed a “sorting signal”) with an amino group located on the cell surface. 26,27,29,30  

One of the most noteworthy sortase subclasses is Class A (SrtA), containing the archetypal 

SrtA from Staphylococcus aureus (SrtAstaph).31 SrtA proteins are often called ‘housekeeping’ 

enzymes, due to their responsibility for sorting the majority of cell surface proteins in an 

organism and anchoring them to the cell wall.24-27,31 Class B enzymes, found in some gram-
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positive bacilli and cocci, are primarily involved in heme-iron acquisition as well as the 

construction of bacterial pili.26,27,32,33 Also known for participating in pilus formation are the Class 

C enzymes, which are also unique in having the capability to form isopeptide bonds.26,27,34,35 Class 

D enzymes are found primarily in bacilli and are an important component in anchoring cell wall 

proteins involved in bacterial sporulation. 26,36 Class E and F are the least characterized, however 

class E sortases found in organisms such as Corynebacterium diphtheriae seem to have 

‘housekeeping’ activity similar to SrtA.26,37    

Mechanistically for SrtA enzymes, the reaction involves a catalytic transacylation between 

proteins containing a LPXTG sorting motif (where X can be any amino acid) and the lipid II 

precursor of peptidoglycan.26,27 First, the highly conserved active-site cysteine cleaves the 

peptide bond between threonine and glycine in the LPXTG motif. This results in the formation of 

an acyl-enzyme intermediate through a thioester bond between the active-site cysteine and the 

threonine residue, while the target molecule’s remaining C-terminus is released (Figure 2). 

Second, the intermediate is resolved by nucleophilic attack from the reactive portion of lipid II, 

which is the nucleophilic amine terminus in the pentaglycine stretch of the interpeptide bridge.38 

The result is a new cell wall anchored protein linked to lipid II via a standard peptide bond.  
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Figure 2. Cell wall anchoring catalyzed by sortase A (S. aureus) in vivo. 
 
 

For Class C sortases, also known as pilin sortases, the transacylation reaction follows a 

similar mechanism that results in the covalent assembling of pili, or long protein fibers, from pilin 

subunits. For many Class C enzymes, pilin subunits consist of a C-terminal LPXTG motif and a 

conserved N-terminal lysine-containing motif (VYPKH).35 Pilin polymerization involves the same 

intermediary acyl enzyme as observed for SrtA, however it is resolved through nucleophilic attack 

by the lysine side chain in the pilin motif of another subunit rather than by the amine terminus 

of a cell wall precursor (Figure 3).35 After repeated transacylation reactions with other pilin 

subunits, the result is a cell wall anchored pilus.   
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Figure 3. Pilin sortases (SrtC) mode of action for pilin polymerization.  

 

Due to the display of various surface proteins that help in host cell entry, bacterial 

adhesion to host tissues, and immune evasion, sortases are considered lead virulence factors in 

pathogenic bacteria and have been the subject of a great deal of research as potential anti-

infective targets.38,27,37 Alternatively, sortases have emerged as useful tools in protein 

modification, specifically SrtA from Staphylococcus aureus (SrtAstaph).39,40 Using SrtAstaph in vitro 

has become a popular chemoenzymatic approach termed sortase-mediated ligation (SML). The 

transacylation reaction can be replicated efficiently using proteins or synthetic peptides 

containing the LPXTG motif and terminal glycine nucleophiles (Figure 4).41  These different 

ligation partners can be live cells,42,43,44 solid supports,45 full sized proteins,39,45,46,47,48,49 

chromophores,43,44,46,50,51 and a wide range of other modifications. 
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Figure 4. Sortase-Mediated Ligation (SML) in vitro.  

 

While the range of SML applications is extensive, one notable example was shown by 

Beerli et al. in 2015, which involved the formation of antibody-drug conjugates (ADCs).49  In these 

antibody-drug conjugates the immunoglobulin heavy chains (IgH) and immunoglobulin light 

chains (IgL) were modified at the C-terminus to contain an LPETG motif. Two potent cytotoxins 

commonly utilized in ADCs, monomethylauristatin E and maytansin, were then modified to 

contain the requisite pentaglycine peptide. Using SrtAstaph the authors were able to successfully 

conjugate anti-CD30 and anti-Her-2 antibodies to these potent cytotoxic molecules with >80% 

conjugation efficiency. These ADCs were further tested for their ability to release payloads, 

conjugated via a peptide bond to the C-terminal sortase tag, upon internalization and lysosomal 

degradation inside a targeted cell. Potent effects for tumor killing in vitro as well as tumor 

regression in in vivo models were observed, suggesting successful drug release. Therefore, it was 

concluded that the resulting ADCs conjugated by sortase were found to display tumor killing 

activity in vitro and in vivo that was similar to chemically conjugated ADCs, despite lacking the 

traditional cleavable linker structures commonly employed in ADCs .49     
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In another example, the Park group used SML for labeling live HeLa cells that expressed 

SrtAstaph on their surface.44 By incubating cells with fluorescent proteins or fluorophores 

containing the sortase sorting motif (eGFP-LPETG5 and TAMRA-LPETG5), they were able to 

directly label the cells via acyl enzyme formation between the surface-displayed SrtAstaph and the 

fluorescent label. Controls using non-compatible substrates (eGFP-LPETA5 and TAMRA-LPATA5) 

did not result in cell labeling, highlighting the exceptional specificity of SrtAstaph for the LPXTG 

motif.44   

As a final example of SML, Schoonen et a.l enzymatically modified the capsid of cowpea 

chlorotic mottle virus (CPMV), which has applications in the encapsulation of cargoes such as 

small drug molecules, fluorescent dyes for optical imaging, and Gd3+ ions for MRI.52,53,54 In this 

case, the N-termini of the viral capsid proteins were located on the inside of the virus-like particle 

allowing for controlled encapsulation. To render the virus-like particle compatible with SML, the 

N-terminus of the capsid protein was genetically modified to display a triglycine motif. When 

combined with substrates containing the LPXTG motif, they were able to achieve up to 58% 

modification of the virus capsid proteins. In addition, the assembly of the virus particles did not 

appear to be perturbed as a result of sortase-mediated modification, suggesting that SML was a 

viable method for loading CPMV with cargoes.52  

 

1.3 Current Techniques and Limitations of Sortase-Mediated Ligation (SML) Reactions  

The SML examples highlighted in the preceding section demonstrate that the highly 

selective transacylation reaction catalyzed by SrtAstaph can be used to modify a diverse range of 

proteins, making it a powerful tool for the generation of non-natural polypeptide derivatives.20 
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However, in parallel with the development of new applications that exploit SML, there have also 

been a number of studies aimed at enhancing the performance of SrtAstaph and other sortases for 

protein modification. Historically, the enzyme typically used in SML is a truncated form (D59) of 

wild-type SrtAstaph. It is lacking the first 59 amino acid residues that contain a transmembrane 

domain which normally anchors the sortase to the cell surface. The truncated version allows for 

expression of the protein in a soluble form, which is critical for in vitro ligations. However, it 

suffers from limitations such as poor reaction rates and Ca2+ cofactor dependency. Mutations to 

improve substrate binding, increase reaction kinetics, or efforts to remove the dependence of a 

Ca2+ cofactor have been reported.55,56,57 The results are the so-called SrtA pentamutant 

(SrtA5mut) and SrtA heptamutant (SrtA7mut) that both show an increase in kcat/KM relative to 

wild-type SrtAstaph.56 The heptamutant is also noteworthy as it does not require Ca2+ for activity 

in vitro.   

  Other SML limitations exist, notably limited ligation efficiency due to reaction 

reversibility.58,59 After cleavage of the threonine and glycine peptide bond, the target protein’s 

remaining C-terminus, hereafter referred to as the ‘excised fragment’, is released. The newly 

formed N-terminal glycine residue can return to act as a nucleophile resulting in the formation 

of the original substrate. Having one of the reactants in excess will drive the reaction forward 

towards production of desired products, however if the preparation of one of these reactants is 

labor intensive or costly this can become problematic. Presented by Row et al., one method to 

avoid this issue is to expand the LPXTG recognition sequence to LPXTGGH, resulting in a GGH 

excised fragment following substrate cleavage.60  In the presence of Ni2+ ions, the GGH excised 

fragment coordinates with Ni2+ forming a metal-peptide complex anchored through the histidine 
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residue (Figure 5). The nucleophilic lone pair of the N-terminal glycine is sequestered from the 

reaction thus impeding reversibility and improving yields.60 Importantly, the Ni2+ strategy is not  

the only option for improving SML efficiency, and alternate approaches have been described that 

similarly block reversibility by sequestering or deactivating certain reaction components.40,61,62 

 

 

 

 

 

 

 

 

 
Figure 5. Nickel coordination decreases reaction reversibility.  
 
 

A final limitation of SML is that the site of modification is generally restricted to the 

protein C- or N-terminus. This arises from the fact that standard SML reactions occur between C-

terminal LPXTG and N-terminal glycine motifs, resulting in standard peptide linkages (Figure 6). 

While modification of protein termini is often useful, this still represents a significant limitation 

of SML and makes this technique unsuitable for protein targets where the termini are critically 

important for function.5 With this in mind, the goal of this work was to adapt SML for the 

modification of internal sites in proteins, namely the side chain of lysine residues (Figure 6). Since 

the e-amino groups of lysine residues are typically solvent exposed, they represent an attractive 

Histidine “anchors”
complex

Nitrogen lone pair
sequestered by Ni2+

LPXTGGH + NH2-GG 
SrtA 

Ni(II) 
LPXTGG + [Ni2+]-GGH 
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target for generating unique modified protein derivatives using SML.3 While chemical methods 

for lysine modification are well known, they are notoriously nonselective and typically result in a 

distribution of products involving modifications at multiple lysines as well as the N-terminus.3,4 

The use of an enzyme-mediated process has the potential to improve site-selectivity due to the 

complex environment of the enzyme active site, which may allow the reaction to be tuned to 

target specific lysines within a large protein target.  

 

 

 

 

 

 

 

 

 

Figure 6. Potential site of internal modification at the side chain of lysine residues.  
 
 
1.4 Previous Work on Sortase-Mediated Isopeptide Ligation (SMIL) 

The primary amine side chain of a lysine residue has the potential to act similarly to the 

glycine residue as a nucleophile for SML reactions. Rather than forming a standard peptide bond, 

the lysine would instead form an isopeptide linkage (Figure 7).  
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Figure 7. Standard peptide bond versus an isopeptide bond.  
 
 

This possibility has been explored to a limited extent in the literature, however sortase-

mediated isopeptide ligation (SMIL) is often inefficient and is not widely used. Beginning in 2011, 

isopeptide ligation was actually observed as an unwanted side reaction of SML involving an 

antibody Fab fragment.63 An LPETG motif was incorporated on the C-terminus of the light chain 

and a triglycine fluorophore acted as the nucleophile to form a modified light chain. After the 

reaction with sortase, the desired SML product was observed along with a protein band at ~50 

kDa.62 Appearance of the 50 kDa protein was accompanied with the vanishing of the Fab light 

and heavy chain bands, and it was ultimately determined that this polypeptide corresponded to 

a heavy and light chain covalently linked via an isopeptide bond.63 This side reaction was noticed 

to increase under basic conditions likely due to increased deprotonation of the lysine side chain. 
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This was further confirmed through model SMIL reactions with increasing concentrations of free 

lysine at pH 7.5 and 9.5.63 At higher pH there was increased conjugation of the light chain to 

lysine. The overall yield of this product was still low compared to standard SML involving the 

triglycine N-terminus, and could be outcompeted with higher concentrations of triglycine and 

lower pH.63 Although undesirable, the observed isopeptide ligation indicated that SrtAstaph had 

some capacity to accept the e-amino group on the side chain of lysine as a nucleophile. 

Also in 2011, SrtAstaph was purposefully used to form branched oligomers of indolicidin 

connected together by isopeptide bonds.31 Expanding on the concept of pilin sortase reactions, 

this study utilized indolicidin that naturally contains a lysine residue and engineered it to contain 

a C-terminal LPXTG motif. With both of these components, branched indolicidin oligomers were 

created with up to six repeat units observed. The reaction was likely between an acyl-enzyme 

intermediate and free monomeric or oligomeric indolicidin units.31 However, while successful 

isopeptide ligation was observed, the efficiency of the reaction was modest and large amounts 

of starting materials or by-products not involving isopeptide ligation were observed.31 

Moving to 2014, anti-Her2 monoclonal antibodies (mAb) was genetically modified to 

contain a pilin domain (VGGSWLQDVHVYPKHGGSGR) at the C-terminus of the heavy chain. When 

reacted with a biotin modified LPXTG peptide, an isopeptide ligation product was created.64 

Confirmed by anti-biotin western blot analysis, ligation only occurred when the pilin domain was 

present. Furthermore, when the antibody interchain disulfide bonds were reduced, conjugation 

was exclusive to the heavy chain, suggesting that modification was targeted to the inserted pilin 

motif. The conversion of unmodified to modified mAb in this case was determined to be ~90%, 
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however this required a vast excess (100-fold molar excess) of the labeled LPXTG peptide relative 

to the mAb.64   

The most recent SMIL study was published in 2018, and utilized a pilus-specific SrtA from 

Corynebacterium diphtheriae (CdSrtA) to attach a peptide to a protein through an isopeptide 

bond.65 In order to do this the authors needed to improve the ligation activity of CdSrtA by 

creating a triple mutant form (CdSrtA3M).65 This mutant was able to produce ~10-fold more 

isopeptide product than CdSrtA WT in a model reaction in which the C-terminus of SpaA (CSpaA) 

protein containing an LPLTG motif was linked to a second copy of SpaA (NSpaA) protein containing 

the pilin motif (WxxxVxVYPK).65 While promising, the CdSrtA3M was not able to recognize the 

lysine as a nucleophile when it was present in a peptide mimicking the pilin motif in reactions 

with either CSpaA or a peptide containing the LPLTG motif. Given that it was only successful in 

producing >95% yield when ligating the entire NSpaA domain with the LPLTG-containing peptide, 

it suggested that there were additional tertiary elements present in NSpaA that were required for 

CdSrtA3M to recognize lysine as a nucleophile. Nonetheless, the authors were able to show peptide 

fluorophore attachment, as well as joining green fluorescent protein containing the C-terminal 

LPLTG motif to NSpaA.65  

In summary, previous efforts have been made to adapt sortase-mediated methods for the 

construction of isopeptide bonds. However, these reactions have yet to exhibit the same 

efficiency and generality as SML involving WT SrtAstaph, and only limited examples of isopeptide 

ligation in the context of protein modification have been described.  
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1.5 Project Goals and Overview 

SMIL is a potentially powerful addition to the existing set of modification strategies based on 

bacterial sortase enzymes (Figure 8). This approach will expand the types of polypeptide 

derivatives that could be made using a sortase-based approach, and will allow modification of 

sites other than the protein termini. It was therefore made the goal of this project to develop an 

improved strategy for SMIL that is experimentally straightforward, efficient, and compatible with 

a broad range of polypeptide targets.  

 

 

Figure 8. Approach to applying isopeptide ligation to the modification of larger peptide targets.  
 
 

To this end, we have identified a naturally occurring SrtA homolog from Streptococcus 

suis (SrtAsuis) and characterized its ability to generate isopeptide bonds in vitro using a variety of 

model peptide substrates. Specifically, recombinant SrtAsuis was expressed and purified from E. 

coli and shown to be active under mild aqueous conditions using standard LPXTG substrates. 

Building from this result, we have succeeded in optimizing a strategy for in vitro SMIL that relies 

on the unique reactivity of SrtAsuis. Notably, the success of this process relies on applying our 

previously reported Ni2+ coordination strategy for controlling reaction equilibrium. Using this 



 17 

approach, we have shown that SrtAsuis is superior to SrtAstaph for SMIL involving model peptides 

modelled after the in vivo substrates of these enzymes. We have further demonstrated that SMIL 

using SrtAsuis allows for the modification of lysines at internal positions of large commercially-

available peptides without the need for prior modification or engineering of these targets.  

Overall, this work represents a new approach for SMIL that exploits the reactivity of a 

naturally occurring SrtA homolog that has not been used previously in the context of protein or 

peptide modification. This reaction proceeds under mild reaction conditions, and provides one 

of the most efficient sortase-mediated isopeptide ligations reported to date. It is envisioned that 

this work will be a significant addition to the ever growing bioconjugation toolbox, and will 

complement existing chemoenzymatic methods for protein modification. 
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2. Preparation of Sortase Enzymes, Model Peptide, and Larger Targets for SMIL Reactions   
 
2.1 Strategy for SMIL Using Naturally Occurring SrtA Homologs  

The evolved role of SrtAstaph is to generate standard peptide linkages at the termini 

polypeptides. This provides a rationale for why it has been so successful in imitating the reaction 

in vitro,  and is also the probable reason for why it is relatively unsuccessful in producing 

isopeptide bonds. Therefore, we sought to identify other naturally occurring sortase homologs 

to replace SrtAstaph for building isopeptide products, which ideally had the ability to form 

isopeptides in vivo.  To that end, we identified a SrtA homolog from Streptococcus suis (SrtAsuis) 

that appeared to have the ability to build isopeptides in vivo.38,66,67 SrtAsuis, which is presumed to 

serve a housekeeping role similar to SrtAstaph, has been shown in the literature to catalyze a 

transacylation reaction similar to SrtAstaph involving LPXTG substrates. However, evidence in the 

literature suggested that the in vivo nucleophile for SrtAsuis was significantly different. 

Specifically, the S. suis  lipid II subunit lacks a pentaglycine interpeptide bridge and instead 

contains a single lysine residue where the reactive portion is presumably the nucleophilic side 

chain (Figure 9).66,38 Due to this, ligation should occur at the e-amino group, resulting in the 

formation of an isopeptide bond instead of a standard peptide bond. Given this potential ability 

of SrtAsuis to generate isopeptide bonds in vivo, we postulated that it would therefore be a 

superior tool for generating isopeptide linkages in vitro, thereby significantly expanding the 

capabilities of sortase-based methods.  As an additional advantage over SrtAstaph, SrtAsuis activity 

has also been observed to be Ca2+-independent.68 This may be a useful property for applications 

in different cellular environments that contain a broad range of physiological calcium 

concentrations, such as in the study of cell-cell interactions.68  
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Figure 9.  Comparison of the lipid II subunit structures present in SrtAstaph (a) and SrtAsuis (b) that 
are postulated to participate in sortase-catalyzed transacylation.  
 
 
2.2 Expression and Purification of Sortase Enzymes 

In order to begin examining the ability of SrtAsuis to catalyze in vitro SMIL reactions, it was 

first necessary to produce the requisite enzymes. Prior work from our lab and others had shown 

that two variants of SrtAsuis with truncations at the N-terminus (∆79 and ∆23) were active in vitro. 

Therefore, bacterial expression plasmids for these enzymes, along with N-terminal His6 tags, 

were obtained via commercial gene synthesis. Both SrtAsuis clones were transformed into 

competent BL21(DE3) E. coli cells, and protein expression was performed using standard 

isopropyl b-D-thiogalactopyranoside (IPTG) induction. The enzymes were then purified by 

H2N
H
N NH

NHO

O

NH2
NHO

O

HN
OH

O O

O

NH

5

NH

NH

O

X
NHO

O

HN
OH

O O

O

NH

H2N

X= -OH, -NH2

LPXT
H
N

O
N
H 5

LPXT
H
N

SrtAstaph SrtAsuis LPXTG LPXTG

S. aureus 
lipid II subunit 

S. suis 
lipid II subunit 

peptide bond  
formation 

isopeptide bond  
formation 

a b 



 20 

SEC 

SEC 

a 

b 

7 8 9 10 11 12 13 14 15 16 17

Ab
so

rb
an

ce
 (2

80
nm

)

Elution Volume (mL)  

7 8 9 10 11 12 13 14 15 16 17

Ab
so

rb
an

ce
 (2

80
nm

)

Elution Volume (mL)  

(19.7 kDa) 

(24.6 kDa) 

∆7
9 S

rtA
su

is
  

120 
90 

50 

34 

26 

20 

MW La
dd

er 
∆2

3 S
rtA

su
is
 

120 
90 

50 

34 

26 

20 

MW La
dd

er 

∆79 SrtAsuis  

∆23 SrtAsuis  

10000 15000 20000 25000 30000

R
el

at
iv

e 
In

te
ns

ity

m/z

15000 20000 25000 30000

R
el

at
iv

e 
In

te
ns

ity

m/z

[M+]:  24556.51 calcd, 
24559.60 obs 

[M+]:  19661.21 calcd,  
19661.80 obs 

immobilized metal affinity chromatography (IMAC) on a gravity flow-based nickel-nitrilotriacetic 

acid (Ni-NTA) column to remove most of the contaminants and isolate the desired enzymes 

possessing N-terminal His6-tags. The protein solutions were then desalted using a fast protein 

liquid chromatography (FPLC) system. The enzymes were then characterized by sodium dodecyl 

sulfate polyacrylamide gel electrophoresis (SDS-PAGE), electrospray ionization mass 

spectrometry (ESI-MS), and size exclusion chromatography (SEC) as seen in Figure 10. Overall, 

this revealed enzymes of the appropriate molecular weight, with SEC also suggesting that both 

(∆79 and ∆23) clones were predominantly monomeric in solution. 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 10. SDS-PAGE, SEC, and ESI-MS data for sortase A clones from Streptococcus suis: a) ∆79 
SrtAsuis and b) ∆23 SrtAsuis 
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2.3 Synthesis of SMIL-Compatible Peptides 

As initial model systems, a set of peptides were synthesized for this research that were 

modeled after LPXTG substrates and lysine-containing nucleophiles that SrtAsuis was predicted to 

utilize in vivo for isopeptide ligation reaction. Certain fluorophores and chromophores were also 

included to assist in reaction monitoring and for quantifying peptide concentrations in solution. 

Representative reversed phase high performance liquid chromatography (RP-HPLC) 

chromatograms, ESI-MS data and full structures of all LPXTG-containing substrates utilized in this 

work are illustrated in Figure 11. The first two, Abz-LPATGG-K(Dnp) (Figure 11a) and Abz-

LPATGGH-K(Dnp) (Figure 11b), have a N-terminal aminobenzoyl (Abz) fluorophore and a C-

terminal 2,4-dinitrophenyl K(Dnp) chromophore. When Abz and Dnp are conjugated with limited 

distance between them, as in these peptides, Dnp will quench Abz fluorescence.69,70 When the 

threonine-glycine bond is cleaved by sortase, the Abz and Dnp are separated and Abz 

fluorescence increases. Therefore, monitoring of enzyme cleavage activity can be measured by 

tracking increases in fluorescence. Additionally, substrate (b) contained the extended LPXTGGH 

sequence for Ni2+-assisted reactions. In addition to the first two substrates, a third substrate 

(DEAC-Ahx-LPRTGGH) was designed for isopeptide ligations on larger biomolecular targets 

(Figure 11c). It included an N-terminal 7-(diethylamino)coumarin-3-carboxylic acid (DEAC) 

fluorophore with a strong blue fluorescence (absorbance maximum at 425 nm) to assist with 

reaction monitoring and to represent a useful protein modification. Additionally, DEAC-Ahx-

LPRTGGH also contained the extended LPXTGGH sequence and an arginine residue to promote 

solubility in water.  
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Figure 11.  Structures, analytical RP-HPLC, and ESI-MS data for model peptide substrates used 
in this study: a) Abz-LPATGG-K(Dnp), b) Abz-LPATGGH-K(Dnp), and c) DEAC-Ahx-LPRTGGH-NH2.   
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A complementary set of peptides were generated to serve as model lysine nucleophiles. 

The full structures, pure RP-HPLC traces, and ESI-MS data are illustrated in Figure 11. The first 

nucleophile, Ac-K(Dnp)-AisoQKaa-NH2 (Figure 12d), mimicked the lipid II structure of S. suis, 

including the presence of D-ala residues (aa) and iso-glutamine (iso-Q). The second nucleophile, 

Ac-K(Dnp)-GGKGG-NH2 (Figure 12e), was designed to be a simplified version of lipid II in order to 

observe the effects that amino acids neighboring the lysine residue had on nucleophile reactivity 

in isopeptide ligation. Therefore, this peptide simply contained an internal lysine residue 

surrounded by glycines. Both lysine nucleophiles contained an N-terminal K(Dnp) chromophore 

for quantification and to assist with reaction monitoring. They also were acetylated at the N-

terminus to prohibit competing standard peptide ligations.  
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Figure 12. Structures, analytical RP-HPLC, and ESI-MS data for model lysine nucleophiles used in 
this study: d) Ac-K(Dnp)-AisoQKaa-NH2 and e) Ac-K(Dnp)-GGKGG-NH2.  
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concentrations were estimated using the absorbance of the Dnp chromophore. All stocks were 

adjusted to ~1 mM final concentration prior to use in SMIL reactions (Appendix I.) 

 

 

 

 

 

 

 

 

 

 
Figure 13. Representative scheme for synthesis of model peptides.   
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larger targets was confirmed by RP-HPLC and ESI-MS (shown along with the full structures of each 

target in Figures 14-18).  

 

 

 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 14. Structure, analytical RP-HPLC, and ESI-MS data for the antimicrobial peptide, 
indolicidin. Full sequence: ILPWKWPWWPWRR - NH2.  
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Figure 15. Structure, analytical RP-HPLC, and ESI-MS data for the hormone, glucagon. Full 
sequence: HSQGTFTSDYSKYLDSRRAQDFVQWLMNT. 
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Figure 16. Structure, analytical RP-HPLC, and ESI-MS data for the hormone, exendin-4. Full 
sequence: HGEGTFTSDLSKQMEEEAVRLFIEWLKNGGPSSGAPPPS - NH2. 
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Figure 17. Structure, analytical RP-HPLC, and ESI-MS data for the hormone, β-endorphin. Full 
sequence: YGGFMTSEKSQTPLVTLFKNAIIKNAYKKGE. 
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3. Sortase-Mediated Isopeptide Ligation  

3.1 In Vitro Comparison of LPXTG Cleavage Efficiency 

With all the necessary reagents in hand, we began by first verifying the in vitro activity of 

both SrtAsuis constructs (∆79 and ∆23). As described in the previous chapter, the two SrtAsuis 

clones are lacking the first 79 or 23 amino acid residues, which corresponded to the 

transmembrane portion of these enzymes. These truncations were also similar to the ∆59 

derivative of SrtAstaph which is known to be active in vitro. Thus, in addition to determining 

whether the different clones of SrtAsuis  exhibited different activity, we also sought to compare 

their activity to the well-studied SrtAstaph.  

To that end, the ability of all SrtA clones to cleave the Abz-LPATGG-K(Dnp) model 

substrate was monitored by fluorescence. Upon successful cleavage of the threonine-glycine 

peptide bond, the excised fragment containing Dnp (GG-K(Dnp)) was released, no longer 

quenching the fluorescence of Abz. Therefore, as the reaction progressed and the acyl enzyme 

intermediate was resolved in the presence of excess hydroxylamine, an increase in fluorescence 

could be measured. Reactions for each SrtA clone were set up with the same parameters (50 µM 

Abz-LPATGG-K(Dnp) substrate, 5 mM NH2OH, and 5 µM SrtA clone). All reactions with SrtAsuis 

were conducted in the absence of Ca2+, while SrtAstaph reactions were supplemented with 10 mM 

Ca2+. The reactions were incubated at room temperature for 1 hour then quenched with the 

addition of 1:1 dimethylsulfoxide (DMSO):H2O. Additionally, reactions lacking SrtA were 

performed as controls to provide a background level of fluorescence for the uncleaved Abz-

LPATGG-K(Dnp) probe. As shown in Figure 18a, the increase in fluorescence relative to controls 

was similar for all three enzymes, suggesting that each had the capacity to recognize and cleave 
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the model LPXTG substrate. To complement these fluorescence studies, the same reactions were 

set up for ∆79 SrtAsuis and ∆23 SrtAsuis and analyzed every 30 min via RP-HPLC. Based on the 

relative peak areas in the 360 nm chromatogram, both ∆79 SrtAsuis and ∆23 SrtAsuis cleaved >80% 

of the Abz-LPATGG-K(Dnp) within the first 1-2 hours (Figure 18b).  Additionally, the peaks 

observed via RP-HPLC were also analyzed by ESI-MS, which verified that the enzymes were 

cleaving the Abz-LPATGG-K(Dnp) at the expected site between the threonine and glycine residues 

(Appendix II). 

 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 18. a) Comparison of in vitro activity for ∆79 SrtAsuis , ∆23 SrtAsuis and ∆59 SrtAstaph based 
on the increase in observed fluorescence following cleavage of a model Abz-LPATGG-K(Dnp) 
substrate. Fluorescence increases reported relative to control reactions lacking enzyme. b) 
Comparison of ∆79 SrtAsuis and ∆23 SrtAsuis activity based on RP-HPLC analysis of model reactions. 
Reaction conditions: 50 µM Abz-LPATGG-K(Dnp), 5 mM NH2OH, 5 µM SrtAsuis, 50 mM Tris pH 7.5, 
150 mM NaCl, < 0.6% (v/v) glycerol, 0.6% (v/v) DMSO. Reactions with ∆59 SrtAstaph also contained 
10 mM CaCl2.  
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3.2 Model Isopeptide Ligation Studies 

Having confirmed that both clones of SrtAsuis were active in vitro, we proceeded to test 

their ability to conjugate the LPXTG motif containing peptides with the Lipid II peptide models 

(Ac-K(Dnp)-AisoQKaa-NH2, Ac-K(Dnp)-GGKGG-NH2) displaying internal lysine nucleophiles. For 

these reactions, a modest twofold excess of LPXTG substrate was employed relative to the Lipid 

II peptide models in an attempt to consume all of the lysine-containing nucleophiles. 

Representative RP-HPLC chromatograms for model isopeptide ligations involving the Ac-K(Dnp)-

AisoQKaa-NH2 nucleophile are shown in Figure 19.  In the presence of either ∆79 SrtAsuis and ∆23 

SrtAsuis, peaks consistent with the substrates (S), nucleophile (N), excised fragment (EF), and the 

desired isopeptide ligation product (LP) were present as determined by ESI-MS (Appendix II). 

While we were encouraged to obtain evidence of the desired isopeptide ligation, overall 

production of this material was limited. Specifically, the reactions catalyzed by ∆23 SrtAsuis gave 

only ~15-16% conversion of Ac-K(Dnp)-AisoQKaa-NH2 to the ligation product, with maximum 

amounts observed after 16 h incubations at room temperature. Reactions with ∆79 SrtAsuis 

showed modest improvements, exhibiting maximum reaction conversions of 18-21% after a 2 h 

reaction time. For all reactions, the choice of substrate (LPATGG versus LPATGGH) appeared to 

have little impact on reaction efficiency.   
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Figure 19. Model isopeptide ligation catalyzed by ∆79 SrtAsuis and ∆23 SrtAsuis. RP-HPLC 
chromatograms represent the timepoints of highest reaction conversion utilizing the Abz-
LPATGG-K(Dnp) (a-b) or Abz-LPATGGH-K(Dnp) (c-d) substrates. Peak Labels: EF = GG-K(Dnp) or 
GGH-K(Dnp) excised fragment, LP = Abz-LPAT-(Ac-K(Dnp)-AisoQKaa-NH2) ligation product, N = 
Ac-K(Dnp)-AisoQKaa-NH2 nucleophile, S = Abz-LPATGG-K(Dnp) or Abz-LPATGGH-K(Dnp) 
substrate. Reaction conditions: 100 µM S, 50 µM N, 5 µM SrtAsuis, 50 mM Tris pH 7.5, 150 mM 
NaCl, < 0.6% (v/v) glycerol, < 1.5% (v/v) DMSO. Reactions a-b were analyzed by RP-HPLC (Method 
E (Appendix III), 360 nm) and reactions c-d were analyzed by RP-HPLC (Method D (Appendix III), 
360 nm). The extent of ligation product formation was estimated from peak areas derived from 
the 360 nm chromatogram. 
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 In addition to reaction utilizing Ac-K(Dnp)-AisoQKaa-NH2, we also conducted a similar 

screen employing the structurally simplified Ac-K(Dnp)-GGKGG-NH2 nucleophile. As shown in 

Figure 20, both clones of SrtAsuis appeared to yield small amounts of the expected isopeptide 

ligation product, as verified by ESI-MS characterization of the corresponding RP-HPLC peak 

(Appendix II). However, reaction progress was generally lower than that obtained with Ac-K(Dnp)-

AisoQKaa-NH2, suggesting that Ac-K(Dnp)-GGKGG-NH2 was an even less effective nucleophile. 

Once again, the ∆79 SrtAsuis construct proved to be more successful than ∆23 SrtAsuis, however 

reaction conversion never exceeded 18%. 
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Figure 20. Model isopeptide ligation catalyzed by ∆79 SrtAsuis and ∆23 SrtAsuis. RP-HPLC 
chromatograms represent the timepoints of highest reaction conversion utilizing the Abz-
LPATGG-K(Dnp) (a-b) or Abz-LPATGGH-K(Dnp) (c-d) substrates. Peak Labels: EF = GG-K(Dnp) or 
GGH-K(Dnp) excised fragment, LP = Abz-LPAT-(Ac-K(Dnp)-GGKGG-NH2) ligation product, N = Ac-
K(Dnp)-GGKGG-NH2 nucleophile, S = Abz-LPATGG-K(Dnp) or Abz-LPATGGH-K(Dnp) substrate. 
Reaction conditions: 100 µM S, 50 µM N, 5 µM SrtAsuis, 50 mM Tris pH 7.5, 150 mM NaCl, < 0.6% 
(v/v) glycerol, < 2.5% (v/v) DMSO. Reactions were analyzed by RP-HPLC and ESI-MS (Method E 
(Appendix III), 360 nm. The extent of ligation product formation was estimated from peak areas 
derived from the 360 nm chromatogram. 
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 In total, our peptide model systems did suggest that SrtAsuis was capable of catalyzing the 

formation of isopeptide bonds in vitro. Additionally, our results revealed that the choice of 

substrate (LPATGG versus LPATGGH) had little impact on the success of the reaction, while the 

choice of enzyme and nucleophile was potentially more significant. Specifically, the Ac-K(Dnp)-

AisoQKaa-NH2 nucleophile, which more closely mirrored the in vivo lipid II structure of S. suis, 

provided higher levels of product formation than the structurally simpler Ac-K(Dnp)-GGKGG-NH2 

nucleophile. In addition, the shortened clone of SrtAsuis (∆79) gave the highest levels of product 

formation, and was able to achieve these levels in significantly shorter reaction times than those 

observed for ∆23 SrtAsuis. Therefore, we elected to focus on the ∆79 SrtAsuis for further reaction 

optimization. 

 

3.3  Metal Assisted Model Peptide Studies  

In an attempt to improve isopeptide ligation efficiency, we hypothesized that reducing 

the reversibility of the reaction could lead to higher levels of product formation. As described in 

Chapter 1, reaction reversibility is a known issue for many applications of sortase-mediated 

ligation, and circumventing this problem often provides a means for pushing the reaction forward 

towards the production of desired product.  To that end, we sought to explore the Ni2+ 

coordination strategy previously developed in our lab. 

First, the model ∆79 SrtAsuis  catalyzed ligation of Ac-K(Dnp)-GGKGG-NH2 and Abz-

LPATGGH-K(Dnp) was repeated in the presence of NiSO4 (Figure 21c). As in the case of our 

previous model studies, product conversion was monitored by RP-HPLC and estimated from peak 

areas derived from the 360 nm chromatogram. It should be noted that with the Ni2+ additive a 
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small shift in retention time was observed in HPLC traces. The identity of all peaks was also 

assessed by ESI-MS (Appendix II). In contrast to reactions lacking Ni2+ (Figure 21a,b), the system 

employing the metal additive resulted in a 2-3 fold increase in product formation, reaching a 

maximum of 50% after 5 h at room temperature. To ensure that this increase in ligation efficiency 

was specific to ∆79 SrtAsuis, we conducted a control using SrtAstaph (Figure 21d). Consistent with 

previous reports, as well as our hypothesis about the isopeptide capabilities of this enzyme, we 

observed that SrtAstaph was significantly less effective, producing only 7% product after 16 h in 

the presence of the Ni2+ additive.   
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Figure 21. Effects of Ni2+ addition on ligation efficiency between Ac-K(Dnp)-GGKGG-NH2 and Abz-
LPATGG-K(Dnp) (a) or Abz-LPATGGH-K(Dnp) (b-d). Peak Labels: EF = GG-K(Dnp) or GGH-K(Dnp) 
excised fragment, LP = Abz-LPAT-(Ac-K(Dnp)-GGKGG-NH2) ligation product, N = Ac-K(Dnp)-
GGKGG-NH2 nucleophile, S = Abz-LPATGG-K(Dnp) (a) or Abz-LPATGGH-K(Dnp) (b-d) substrate. 
Reaction conditions: 100 µM S, 50 µM N, 5 µM ∆79 SrtAsuis (a-c) or 5 µM SrtAstaph (d), 50 mM Tris 
pH 7.5, 150 mM NaCl, 200 µM NiSO4, 0.1% (v/v) glycerol, < 2.5% (v/v) DMSO. Reactions with ∆59 
SrtAstaph also contained 10 mM CaCl2. Reactions were analyzed by RP-HPLC and ESI-MS (Method 
E (Appendix III), 360 nm).  
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 A similar series of reactions were then conducted using the Ac-K(Dnp)-AisoQKaa-NH2 

nucleophile (Figure 22). Once again, the use of Ni2+ proved extremely effective when combined 

with the Abz-LPATGGH-K(Dnp) substrate. A 3-fold improvement over reactions lacking Ni2+ was 

observed, with a maximum of 65% conversion after 2 h under the most successful reaction 

conditions (Figure 22c). As in the case of the Ac-K(Dnp)-GGKGG-NH2 nucleophile, all reaction 

species were identified by ESI-MS (Appendix II). Additionally, a control was performed using 

SrtAstaph, and as expected this enzyme gave far lower levels of ligation product formation (~5% 

after 16 h), indicating that ∆79 SrtAsuis was uniquely capable of generating isopeptide bonds in 

vitro.   
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Figure 22. Effect of Ni2+ addition on ligation efficiency between Ac-K(Dnp)-AisoQKaa-NH2 and 
Abz-LPATGG-K(Dnp) (a) or Abz-LPATGGH-K(Dnp) (b-d). Peak Labels: EF = GG-K(Dnp) or GGH-
K(Dnp) excised fragment, LP = Abz-LPAT-(Ac-K(Dnp)-AisoQKaa-NH2) ligation product, N = Ac-
K(Dnp)-AisoQKaa-NH2 nucleophile, S = Abz-LPATGG-K(Dnp) (a) or Abz-LPATGGH-K(Dnp) (b) 
substrate. Reaction conditions: 100 µM S, 50 µM N, 5 µM SrtAsuis (a-c) or 5 µM SrtAstaph (d), 50 
mM Tris pH 7.5, 150 mM NaCl, 200 µM NiSO4, 0.1% (v/v) glycerol, < 1.5% (v/v) DMSO. Reactions 
with ∆59 SrtAstaph also contained 10 mM CaCl2. Reactions were analyzed by RP-HPLC and ESI-MS 
(Method D (Appendix III), 360 nm) with the exception of reaction (a) which used Method E 
(Appendix III), 360 nm.  
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3.4  Confirmation of Isopeptide Ligation Using MS/MS Characterization 

Having succeeded in producing significant quantities of a ligation product with a 

molecular weight appropriate for isopeptide ligation, we next sought to gather additional 

evidence that the reaction was indeed occurring at the lysine side chain. Specifically, in order to 

confirm the position of the covalent modification, the putative isopeptide ligation products were 

collected via RP-HPLC and characterized by MS/MS analysis. The predicted b and y fragmentation 

pattern for the Ac-K(Dnp)-GGKGG-NH2 isopeptide product is shown in Figure 23, and b and y ions 

observed after MS/MS analysis are summarized in Table 1. The same fragmentation pattern and 

observed b and y ions for the Ac-K(Dnp)-AisoQKaa-NH2 isopeptide product are shown in Figure 

24 and Table 2.    

 

 

 

 
 
 
Figure 23. Visual representation of b and y ions from MS/MS analysis of Abz-LPAT modified Ac-
K(Dnp)-GGKGG-NH2. Fragmentation occurring in the Ac-K(Dnp)-GGKGG-NH2 portion (a) and the 
Abz-LPAT modification (b). K = isopeptide ligation to Abz-LPAT. 
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Table 1. Expected and observed b and y ions from MS/MS analysis of Abz-LPAT labeled Ac-K(Dnp)-
GGKGG-NH2. Ions created from fragmentation in the Ac-K(Dnp)-GGKGG-NH2 peptide (1) and the 
Abz-LPAT modification (2) from parent mass m/z = 1211.56. K = isopeptide ligation to Abz-LPAT. 
 

1) Ions Produced From Ac-K(Dnp)-GGKGG-NH2 Peptide Chain 

Ion Expected Observed Ion Expected Observed 

b1 337.11 337.02 y1 875.46 875.20 

b2 394.14 394.04 y2 818.44 818.20 

b3 451.16 451.04 y3 761.42 761.22 

b4 1080.51 1080.19 y4 132.06 132.05 

b5 1137.53 1137.20 y5 75.04 75.05 

2) Ions Produced From Abz-LPAT Modification  

Ion Expected Observed Ion Expected Observed 

b6 120.4 120.02 y6 1092.53 N/O* 

b7 233.13 233.08 y7 979.44 979.18 

b8 330.18 N/O* y8 882.39 882.16 

b9 401.22 401.11 y9 811.35 811.14 

b10 502.27 502.14 y10 710.31 710.13 
*Not Observed  
 
 

 

 

 

 

Figure 24. Visual representation of b and y ions from MS/MS analysis of Abz-LPAT labeled Ac-
K(Dnp)-AisoQKaa-NH2. Fragmentation occurring in the Ac-K(Dnp)-AisoQKaa-NH2 peptide (a) and 
the Abz-LPAT modification (b). K = isopeptide ligation to Abz-LPAT. 
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Table 2. Expected and observed b and y ions from MS/MS analysis of Abz-LPAT labeled Ac-K(Dnp)-
AisoQKaa-NH2. Fragmentation occurring in the Ac-K(Dnp)-AisoQKaa-NH2 peptide (1) and the Abz-
LPAT modification (2) from parent mass m/z = 1324.25. K = isopeptide ligation to Abz-LPAT. 
 

1) Ions Produced From Ac-K(Dnp)-AisoQKaa-NH2 Peptide Chain 

Ion Expected Observed Ion Expected Observed 

b1 337.11 N/O* y1 988.54 988.27 

b2 408.15 N/O* y2 917.51 917.25 

b3 536.21 535.14 y3 789.45 N/O* 

b4 1165.56 1165.21 y4 160.09 N/O* 

b5 1236.60 1236.23 y5 89.06 N/O* 

b6 1307.64 1307.24 y6 18.02 N/O* 

2) Ions Produced From Abz-LPAT Modification  

Ion Expected Observed Ion Expected Observed 

b7 120.04 N/O* y7 1205.61 N/O* 

b8 233.13 N/O* y8 1092.53 1092.21 

b9 330.18 N/O* y9 995.48 995.11 

b10 401.22 N/O* y10 924.44 924.18 

b11 502.27 502.13 y11 823.39 823.17 
*Not Observed 
 
 

As shown in Figures 23-24 and Tables 3-4, a multitude of y and b ions were observed that 

supported the formation of the desired isopeptide ligation product. In particular, ions produced 

from fragmentation at sites adjacent to the lysine residue provided the most insight. In the case 

of the Ac-K(Dnp)-GGKGG product, observation of the b3/y3 ions along with the b4/y4 ions 

produced from the peptide chain are key in validating isopeptide ligation. As represented by 

MS/MS spectra in Figure 25, the ions correspond to masses that are specific to fragments that 

could only be produced if ligation is occurring on the side chain of the lysine residue. See 

Appendix IV-V for the MS/MS spectra of all additional observed ions. 
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Figure 25. MS/MS data for significant y/b ions confirming isopeptide ligation in Ac-K(Dnp)-
GGKGG-NH2. Ion labels: b3: Ac-K(Dnp)-GG (m/z: 451.16 calcd), y3: KGG-NH2 (m/z: 761.42 calcd), 
b4: Ac-K(Dnp)-GGK (m/z: 1080.51 calcd), and y4: GG-NH2 (m/z: 132.06 calcd). K = isopeptide 
ligation to Abz-LPAT.  
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sufficient evidence to support isopeptide ligation occurring on the lysine residue. As shown in 

Table 2, multiple other ions were observed that were consistent with the desired isopeptide 

ligation and MS/MS spectra for these ions are represented in Appendix VI-VII.   

 

 

 

 

 

 

 

 

 

 

 
Figure 26. MS/MS data for significant b ions confirming isopeptide ligation in Ac-K(Dnp)-
AisoQKaa-NH2. Ion labels: b3: Ac-K(Dnp)-AisoQ (m/z: 536.21 calcd), b4: Ac-K(Dnp)-AisoQK (m/z: 
1165.56 calcd) K = isopeptide ligation to Abz-LPAT.  
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over the course of sortase-catalyzed reactions, hydrolysis of the acyl-enzyme intermediate 

becomes inevitable in aqueous solution. Therefore, observation of a hydrolysis product in 

sortase-mediated chemistry is a common side-product and difficult to entirely avoid.3 

Interestingly, in our model SMIL reactions we also observed that Tris buffer and glycerol, which 

have potential nucleophilic sites, also contributed to the formation of non-desirable adducts 

(Figure 27).3 In both cases, these species were identified based solely on molecular weight and 

therefore the precise connectivity between atoms was not determined. However, we propose 

that adducts have the structures shown in Figure 27. 

 

 
 
 
 
 
 
 
 

 

 

 

 

 

 

 

Figure 27. Representative mass spectra highlighting the proposed “Tris”(a) and “glycerol” (b) by-
products.  
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Recognizing that these side products might complicate future SMIL studies, we modified 

reaction conditions to eliminate their formation. Specifically, Tris was replaced with phosphate 

buffered saline (PBS) (100 mM Na3PO4 (pH 7.5) and 150 mM NaCl). In addition, glycerol was 

removed from ∆79 SrtAsuis stock solutions by a desalting purification method on the FPLC system 

using a mobile phase buffer consisting of PBS without glycerol. Importantly, both the 

replacement of Tris and the removal of glycerol were found to have no detrimental impact on 

isopeptide ligation (see section 3.6 below). 

  

Excised Fragment Differences. Although generally selective for cleavage between the T 

and G residues of the LPXTG motif, when the substrate was extended by GH-K(Dnp) for Ni(II) 

coordination, we observed that ∆79 SrtAsuis was capable of forming trace amounts of alternative 

cleavage products shown in Figure 28 and reported in Appendix II. Specifically, ∆79 SrtAsuis  

appeared to be capable of cleaving the peptide bond between the two glycine residues resulting 

in an excised fragment of GH-K(Dnp) and hydrolysis product of Abz-LPATG-OH. As illustrated in 

Figure 28, the amount of these alternate cleavage products was quite low in relation to the 

standard sortase cleavage site. In addition, we observed no evidence that species related to the 

alternate cleavage pathway were participating in subsequent isopeptide. Therefore, no 

additional steps were taken to minimize the formation of these side products. 
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Figure 28. Representative mass spectra highlighting alternative excised fragments and 
hydrolysis products. Peak Labels: a = GGH-K(Dnp) excised fragment ([M+1H]+: 563.22 calcd), b = 
Abz-LPAT-OH hydrolysis product ([M+1H]+: 520.27 calcd), c = GH-K(Dnp) alternative excised 
fragment ([M+1H]+: 506.2 calcd), d = Abz-LPATG-OH alternative hydrolysis product ([M+1H]+: 
577.29 calcd).  
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3.6 Larger Peptide Target Studies  

Having demonstrated isopeptide ligation with small model peptides using ∆79 SrtAsuis,  as 

well as optimizing the ligation efficiency with Ni2+ coordination, switching to PBS, and eliminating 

glycerol in enzyme stock solutions, we next extended our approach to the modification of 

exposed lysine residues in larger peptide targets. For this work, we employed a diethylamino 

coumarin-modified substrate (DEAC-Ahx-LPRTGGH-NH2) in order to demonstrate that isopeptide 

ligation could be utilized to install a meaningful non-natural modification. In addition, the 

substrate possessed the masked GGH Ni2+-binding motif to boost ligation efficiency. As described 

in Chapter 2, targets for this work included the peptides indolicidin, glucagon, exendin-4, and β-

endorphin, which in all cases contained one or more native lysines.  

 

Modification of Indolicidin. For modification of indolicidin, which contained a single 

internal lysine, we found that the use of 5 molar equivalents of DEAC-Ahx-LPRTGGH-NH2 in the 

presence of Ni2+ and ∆79 SrtAsuis  resulted in successful modification of 90% of the starting target 

in only 1.5 h at room temperature. We note here that the estimation of reaction conversion was 

based on peak areas in the 280 nm chromatogram, which in the case of the modified species 

were corrected for the absorbance of the coumarin at 280 nm.  

As shown in Figure 29, a number of peaks were observed in the RP-HPLC chromatogram 

of the crude reaction mixture, which were subsequently identified by ESI-MS analysis (Appendix 

VIII). These included unreacted DEAC-Ahx-LPRTGGH-NH2 and indolicidin, a by-product resulting 

from substrate hydrolysis (DEAC-Ahx-LPRT-OH), a major singly-modified species, smaller 

amounts of a second singly-modified compound, and a doubly-modified compound. Given that 
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indolicidin contains one internal lysine residue, having a doubly-modified species suggested that 

in addition to the lysine side chain, ligation was occurring at another site. Based on the reactivity 

of most other characterized sortase A homologs, we hypothesized that the second modification 

site was  at the N-terminal isoleucine.  

 
  
 
 
 
 
 
 
 
 
 
 
 
 
Figure 29. Isopeptide ligation involving Indolicidin. Peak Labels: a: DEAC-LPRTGGH-NH2, b: 
Indolicidin, c: hydrolysis product, d: one modification (Isopeptide) [M+4H]+ : 683.6 m/z calcd, 
683.5 m/z obs, e: one modification (N-terminal) [M+4H]+ : 683.6 m/z calcd, 683.4 m/z obs, f: two 
modifications [M+4H]+ : 889.8 m/z calcd, 889.5 m/z obs. Reaction conditions: 60 µM DEAC-
LPRTGGH-NH2, 20 µM Indolicidin, 5 µM ∆79 SrtAsuis, 100 mM Na3PO4 (pH 7.5), 150 mM NaCl, 120 
µM NiSO4, 1.04% (v/v) DMSO, 1.5 h at RT. Analyzed by RP-HPLC and ESI-MS (Method G (Appendix 
III), 280 nm). The extent of product formation was estimated from peak areas derived from the 
425 nm and 280 nm chromatogram.  
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peptide fragments that were identified by ESI-MS. We were pleased to find two key fragments 

that were consistent with isopeptide ligation (Figure 30). Specifically, in addition to undigested, 

modified indolicidin (Figure 30a), we observed a fragment consisting of the first four residues 

containing no modification (Figure 30b). A final fragment of interest lacked the N-terminal 

segment of indolicidin, but included the internal lysine residue in modified form (Figure 30c). 

Overall, the observation of these fragments was consistent with isopeptide ligation being the 

major product of the reaction, as opposed to modification of the indolicidin N-terminus. 

Unsuccessful attempts were made to characterize the minor singly-modified species using a 

similar approach, which we attribute to the low quantities of this material that were produced. 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 30. Mass spectra for fragments (b,c) produced during chymotrypsin digest of singly-
modified indolicidin (a).  
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Modification of Glucagon. Building from our work with indolicidin, we next explored the 

modification of the target Glucagon. Like indolicidin, glucagon contains a single internal lysine 

and we found that 5 molar equivalents of DEAC-Ahx-LPRTGGH-NH2 in the presence of Ni2+ and 

∆79 SrtAsuis provided excellent modification of the starting target, 98% after 5.75 h at room 

temperature. As before, the estimation of reaction conversion was determined by the peak areas 

at 280 nm in the chromatogram, with the modified species corrected for the absorbance of 

coumarin at 280 nm.  

Glucagon contains a histidine at its N-terminus, which was one of the previously stated 

N-terminal residues that was unlikely to participate in SML. So as predicted, the reaction only 

generated one major singly-modified compound along with the substrate hydrolysis by-product 

(DEAC-Ahx-LPRT-OH). A representative RP-HPLC for the reaction is provided in Figure 31, and all 

peaks were identified by ESI-MS analysis (Appendix VIII). As in the case of indolicidin, we wanted 

to verify the site of covalent modification. Therefore, the singly-modified compound was 

separated and isolated by RP-HPLC. Next, it underwent proteolytic digestion using the serine 

protease Glu-C, which cleaves C-terminal to the aspartic acid residues present in glucagon. Shown 

in Figure 32 are the generated fragments analyzed by ESI-MS. We observed two fragments 

characteristic of containing an isopeptide modification (Figure 32a-b). Notably, one of these 

fragments lacked the first nine and last fourteen residues of glucagon, yet retained an internal 

segment containing the lysine residue in modified form (Figure 32b). The last fragment contained 

the final fourteen residues containing no modification (Figure 32c). Overall, these fragments 

were consistent with isopeptide ligation. Furthermore, these data suggested that histidine at the 

N-terminus decreased undesired modification to the N-terminus.   
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Figure 31. Isopeptide ligation of glucagon. Peak Labels: a: DEAC-LPRTGGH-NH2, b: Glucagon, c: 
hydrolysis product, d: one modification (Isopeptide), [M+3H]+ : 1436.7 m/z calcd, 1436.3 m/z obs. 
Reaction conditions: 100 µM DEAC-LPRTGGH-NH2, 20 µM Glucagon, 5 µM ∆79 SrtAsuis, 100 mM 
Na3PO4 (pH 7.5), 150 mM NaCl, 200 µM NiSO4, 1.04% (v/v) DMSO, 8 h at RT. Analyzed by RP-HPLC 
and ESI-MS (Method G (Appendix III), 280 nm). Extent of product formation was estimated from 
peak areas derived from the 425 nm and 280 nm chromatogram.  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 32. Mass spectra for fragments (a-c) produced during Glu-C digest of modified glucagon. 
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Modification of Exendin-4. Moving onto the modification of exendin-4, which also 

contains an N-terminal histidine similar to glucagon, it was predicted that the N-terminus would 

not be modified and instead modification would occur at its two internal lysine residues. In 

reaction with 5 molar equivalents of DEAC-Ahx-LPRTGGH-NH2, Ni2+, and ∆79 SrtAsuis, 90% of 

exendin-4 was modified with the generation of approximately 3:1 singly-modified species / 

double-modified species after 3.25 h at room temperature. The estimation of reaction conversion 

was determined in the same way as previous targets, using peaks derived from the 280 nm 

chromatogram and correcting the modified species for the absorbance of coumarin at 280 nm. 

Seen in the representative RP-HPLC (Figure 33) and confirmed by ESI-MS (Appendix VIII), the 

reaction generated a singly-modified species and a doubly-modified species along with the 

expected substrate hydrolysis by-product (DEAC-Ahx-LPRT-OH), and unreacted DEAC-LPRTGGH-

NH2 and exendin-4. Based on results obtained from glucagon, we speculated that the modified 

species represented isopeptide ligations at the lysine residues. However, given that only one 

major singly-modified species was observed, it suggested preferential modification of one lysine 

over the other. It was also possible that distinct singly-modified species were co-eluting under 

our RP-HPLC conditions. Further characterization of modified exendin-4 species was not 

completed, however it should be noted that enzymatic digest and MS or MS/MS analyses would 

be required for confirmation of modification at the lysine residues, and to assess whether specific 

lysines were preferred over others as modification sites.  
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Figure 33. Isopeptide ligation of exendin-4. Peak Labels: a: DEAC-LPRTGGH-NH2, b: Exendin-4, c: 
hydrolysis product, d: one modification [M+4H]+ : 1253.63 m/z calcd, 1253.6 m/z obs, e: two 
modifications [M+5H]+ : 1168.4 m/z calcd, 1168 m/z obs. Reaction conditions: 100 µM DEAC-
LPRTGGH-NH2, 20 µM Exendin-4, 5 µM ∆79 SrtAsuis, 100 mM Na3PO4 (pH 7.5), 1500 mM NaCl, 
200 µM NiSO4, 1.04% (v/v) DMSO, 3.25 h at RT. Analyzed by RP-HPLC and ESI-MS (Method E 
(Appendix III), 280 nm).  
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ligation products characteristic of 1-6 modifications. Six modifications suggested that all five 

internal lysine residues as well as the N-terminus had been modified. Since an N-terminal tyrosine 

was previously demonstrated to be unreactive in SML using SrtAstaph, our observations suggest 

that tyrosine may be able to serve as a nucleophile for the homolog SrtAsuis. However, of 

particular relevance to this work, the observation of multiple modifications provided strong 

evidence that the modification of lysine side chains was occurring at high levels with the  β-

endorphin target. No additional characterization of modified β-endorphin was performed. 

 

 

 
 
 
 
 
 
 
 
 
 
 
Figure 34. Isopeptide ligation involving β-endorphin. Peak Labels: a: DEAC-LPRTGGH-NH2, b: β-
endorphin, c: hydrolysis product, d: one modification [M+4H]+ : 1073.3 m/z calcd, 1073.5 m/z 
obs, e: two modifications [M+5H]+ : 1023.6 m/z calcd, 1023.6 m/z obs, f: three modifications 
[M+4H]+ : 1485.3 m/z calcd, 1485.0 m/z obs, g: four modifications [M+5H]+ : 1353.2 m/z calcd, 
1353.2 m/z obs, h: five modifications [M+5H]+ : 1518.0 m/z calcd, 1518.0 m/z obs, i: six 
modifications [M+6H]+ : 1402.5 m/z calcd, 1402.4 m/z obs. Reaction conditions: 200 µM DEAC-
LPRTGGH-NH2, 20 µM β-endorphin, 5 µM ∆79 SrtAsuis, 100 mM Na3PO4 (pH 7.5), 150 mM NaCl, 
400 µM NiSO4, 2.08% (v/v) DMSO, 8 h at RT. Analyzed by RP-HPLC and ESI-MS (Method E 
(Appendix III), 280 nm).  
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4. Conclusions and Future Directions  
  

The data in this thesis illustrate efficient isopeptide ligation catalyzed by sortase A from 

Streptococcus suis (SrtAsuis). Previous efforts have been met with modest success and were only 

achievable through the use of excess reagents or continue to be limited to N- or C-terminal 

locations. This work, in addition to previous studies performed by the Antos group, contributes 

to the development of a sortase based method for modification of lysine residues while 

potentially adding it to already existing modification strategies.  

 We have shown that SrtAsuis is an efficient enzyme in catalyzing isopeptide ligation in vitro 

that is far superior than sortases typically used for protein modification. First we confirmed that 

two SrtA clones (∆79 SrtAsuis and ∆23 SrtAsuis) were comparable to SrtAstaph at cleaving synthesized 

LPXTG peptides. Then we were able to specifically represent work using  ∆79 SrtAsuis after 

comparison with ∆23 SrtAsuis in ligation reactions between peptides modeled after in vivo 

substrates and nucleophiles. ∆79 SrtAsuis exhibited maximum reaction conversions of 18-21% 

after 2 h in contrast to 15-16% with ∆23 SrtAsuis after a 16 h reaction. Therefore, we were able to 

determine that ∆79 SrtAsuis gave the highest levels of product formation in significantly shorter 

reaction times.  

 Work was done that built on previous studies in our lab, involving the use of a Ni2+ 

coordination strategy as a way to improve isopeptide ligation efficiency by reducing reaction 

reversibility. We demonstrated that in contrast to reactions lacking Ni2+, the systems employing 

metal additive resulted in a 2-3 fold increase in product formation and reached a maximum of 

50% conversion after 5 h (Ac-K(Dnp)-GGKGG) and 65% conversion after 2 h (Ac-K(Dnp)-AisoQKaa) 

at room temperature. These results were significantly greater than reactions using SrtAstaph, 
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which was only effective at producing ~5-7% of product after ~16 h at room temperature. This 

added supportive evidence that ∆79 SrtAsuis is unique in its ability to generate isopeptide bonds 

in vitro.  

After producing adequate amounts of ligation products we were able to confirm the site 

of conjugation by utilizing MS/MS. MS/MS analysis provided sufficient evidence by producing 

characteristic fragment ions that were consistent with the desired isopeptide ligation. The 

observed b3/y3 and b4/y4 ions were produced from fragmentation at sites adjacent to the 

modified lysine residue in both GGKGG and AisoQKaa products. The difference between the b4 

and b3 ions is ~629.5 m/z which corresponds to the calculated mass of a lysine residue ligated to 

the modification, Abz-LPAT-K, by an isopeptide bond (629.4 m/z calcd).   

 In the interest of reaction optimization, we showed that the production of trace amounts 

of side products involving Tris and glycerol could be eliminated by replacing Tris with PBS and 

removing glycerol from ∆79 SrtAsuis stock solutions. We also found that this had no detrimental 

impacts on the production of isopeptide products and could be a way to eliminate any 

complications from these side products in future SMIL studies. We also identified trace amounts 

of alternative cleavage products stemming from the ability of ∆79 SrtAsuis to cleave the peptide 

bond between the two glycine residues of the Abz-LPATGGH-K(Dnp) peptide producing an 

excised fragment of GH-K(Dnp) and hydrolysis product of Abz-LPATG-OH. We did not observe 

these species to participate in subsequent isopeptide production, so no additional steps were 

taken to minimize the formation of these side products.  

 As a final goal for this thesis, we successfully extended our approach to the modification 

of exposed lysine residues in the larger peptide targets: indolicidin, glucagon, exendin-4 and β-
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endorphin. First, we modified Indolicidin by 90% after only 1.5 h at room temperature. 

Characterization by chymotrypsin digestion and ESI-MS analysis confirmed isopeptide ligation 

with the production of a fragment lacking the N-terminal segment of indolicidin, but included the 

internal lysine residue in modified form. In addition to these findings we propose that the 

presumed identity of the second minor singly-modified species produced corresponds to 

modification of the indolicidin N-terminal isoleucine. However, due to low quantities of this 

material, attempts at characterization were unsuccessful, but our observations suggest that 

isoleucine may be able to serve as a nucleophile for the homolog SrtAsuis.  

Next, we modified glucagon with a reaction conversion of 98% after 5.75 h at room 

temperature where one major singly-modified compound was produced. After Glu-C digestion 

of the compound and ESI-MS analysis of a fragment that was lacking the first nine and last 

fourteen residues of glucagon, yet retaining an internal segment containing the lysine in modified 

form, it was characterized as the desired isopeptide product. With these results we were also 

able to show that having N-terminal histidine decreased undesired modification to the N-

terminus.  Also possessing an N-terminal histidine, 90% of Exendin-4 was modified with the 

generation of approximately 3:1 singly-modified species to doubly-modified species after 3.25 h 

at room temperature. Based on the results obtained from glucagon we speculated that the 

modified species represented isopeptide ligations at the two lysine residues exendin-4 contained. 

Given that only one major singly-modified species was observed we suggest that there is 

preferential modification of one lysine over the other or the possibility that a distinct singly-

modified species was co-eluting under the RP-HPLC conditions.  Enzymatic digest and MS or 



 60 

MS/MS analyses would be required for confirmation of modification at the lysine residues as well 

as to determine whether a specific lysine was preferred.   

Finally, β-endorphin was estimated at 96% conversion in ~10 h at room temperature  and 

produced a range of products that were identified as ligation products characteristic of 1-6 

modifications. With this target we presume that all five internal lysine residues have been 

modified, as well as the N-terminal tryptophan that may be able to serve as a nucleophile for the 

SrtAsuis homolog. The observation of multiple modifications provide strong evidence of high levels 

of lysine side chain modification with β-endorphin.  

The data presented in this thesis demonstrates effective improvements in isopeptide 

ligation methods. We showed that SrtAsuis is compatible for modification of lysine residues 

present in small synthesized peptides as well as larger biological targets. With an interest in 

components that might influence reaction outcomes, a broad exploration of residues adjacent to 

the lysine nucleophile as well as a systematic study of selectivity between lysine modification 

versus N-terminal modification is a promising direction for future studies. It would also be 

beneficial to identify a lysine containing peptide motif that would give a desired product ratio in 

order to develop a method with precise control over number of ligated molecules. Long-term, 

we hope to apply this SMIL method to the modification of full-sized protein targets. Examples 

include, attaching ubiquitin or building ubiquitin oligomers linked together by isopeptide bond, 

and are known to regulate a number of biological processes such as degradation by the 

proteasome.75 We would also like to apply SMIL to build potential therapeutics such as liraglutide 

which is a hormone treatment in diabetes management whose activity is dependent on a unique 

fatty acid modification linked together by isopeptide bond.76 Our method may be valuable for 
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forming similar derivatives or used to make other protein therapeutics modified at lysine 

residues. Overall, this research has provided a basis for SMIL catalyzed by SrtAsuis for future 

applications geared towards lysine modification. 
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5. Experimental  

5.1 Instrumentation 

Reversed-phase HPLC purifications and analyses were performed on a Dionex Ultimate 

3000 HPLC system. All relevant chromatography columns and methods are listed in Table 3. 

These will hereafter be referred to by their corresponding method name (A-H). All methods 

employed the same mobile phase (MeCN, 0.1% (v/v) formic acid) / (95:5 H2O/MeCN, 0.1% (v/v) 

formic acid) and used the following liquid chromatography (LC) columns: Luna 5u, C18 100Å 

column (250 x 10mm, C18 semi-prep, Phenomenex®); Kinetex 2.6 µm, C18 100Å LC column (100 

x 2.1 mm, C18 analytical, Phenomenex®); Aeris 3.6 µm, XB-C8 200Å LC column (150 x 2.1 mm, 

C8 analytical, Phenomenex®); and Kinetex 2.6 µm, C4 100Å LC column (100 x 2.1 mm, C4 

analytical, Phenomenex®).  

For LC-MS analyses, the Dionex Ultimate 3000 HPLC was interfaced with an Advion CMS 

expressionL mass spectrometer. LC-MS data were analyzed using Advion Data Express software, 

and protein charge ladders were deconvoluted with a maximum-entropy algorithm provided by 

Analyst 1.4.2 software. 

 Desalting of protein solutions and size exclusion chromatography (SEC) were carried out 

on an NGC Quest 10 Plus FPLC system (Bio-Rad) equipped with a 10 mL Bio-ScaleTM Mini Bio-Gel® 

P-6 Desalting Cartridge or an Enrich SEC 70 column (Bio-Rad). Additional details on mobile phase 

conditions and flow rates are provided in the appropriate sections below. 

UV-Vis measurements for estimating the concentration of protein and peptide solutions 

were obtained using a Nanodrop ND-1000 spectrophotometer (ThermoFisher). 
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Imaging of SDS-PAGE gels stained with Coomassie Brilliant Blue R-250 was performed 

using a Gel DocTM EZ Image (Bio-Rad). 

Water used in all experimental procedures (npH2O) was purified by a Milli-Q Advantage 

A10 system (Millipore). 

Fluorescence measurements for assessing enzyme activity were obtained using a PTI 
QM-40 fluorimeter. 

 
Table 3. Chromatography Methods for Purification and Analysis by HPLC or LC-ESI-MS  

Method Column Gradient Gradient Flow 
Rate 

Method 
(A) 

C18 Semi 
Prep 10-90 

10% (v/v) MeCN (0.0-2.0 min), 10% (v/v) MeCN à 90% (v/v) MeCN 
(2.0-15.0 min), hold 90% (v/v) MeCN (15.0-17.0 min), 90% (v/v) 

MeCN à 10% (v/v) MeCN (17.0-17.01 min), re-equilibrate at 10% 
(v/v) MeCN (17.01-19.0 min).   

4.0 
mL/min 

Method 
(B) 

C18 Semi 
Prep 20-90 

20% (v/v) MeCN (0.0-2.0 min), 20% (v/v) MeCN à 90% (v/v) MeCN 
(2.0-15.0 min), hold 90% (v/v) MeCN (15.0-17.0 min), 90% (v/v) 

MeCN à 20% (v/v) MeCN (17.0-17.01 min), re-equilibrate at 20% 
(v/v) MeCN (17.01-19.0 min).   

4.0 
mL/min 

Method 
(C) 

C18 
Analytical 10-90 

10% (v/v) MeCN (0.0-0.5 min), 10% (v/v) MeCN à 90% (v/v) MeCN 
(0.5-7.0 min), hold 90% (v/v) MeCN (7.0-9.0 min), 90% (v/v) MeCN 
à 10% (v/v) MeCN (9.0-9.1 min), re-equilibrate at 10% (v/v) MeCN 

(9.1-12.0 min).   

0.3 
mL/min 

Method 
(D) 

C18 
Analytical 5-90 

5% (v/v) MeCN (0.0-2.0 min), 5% (v/v) MeCN à 90% (v/v) MeCN 
(2.0-10.0 min), hold 90% (v/v) MeCN (10.0-11.0 min), 90% (v/v) 

MeCN à 5% (v/v) MeCN (11.0-11.1 min), re-equilibrate at 5% (v/v) 
MeCN (11.1-13.25 min).   

0.3 
mL/min 

Method 
(E) 

C8 
Analytical 5-90 

5% (v/v) MeCN (0.0-2.0 min), 5% (v/v) MeCN à 90% (v/v) MeCN 
(2.0-10.0 min), hold 90% (v/v) MeCN (10.0-11.0 min), 90% (v/v) 
MeCN à 5% (v/v) MeCN (11.0-11.01 min), re-equilibrate at 5% 

(v/v) MeCN (11.01-14.3 min).   

0.4 
mL/min 

Method 
(F) 

C8 
Analytical 5-40-90 

5% (v/v) MeCN (0.0-2.0 min), 5% (v/v) MeCN à 40% (v/v) MeCN 
(2.0-9.0 min), 40% (v/v) MeCN à 90% (v/v) MeCN (9.0-10.0 min), 
hold 90% (v/v) MeCN (10.0-11.0 min), 90% (v/v) MeCN à 5% (v/v) 
MeCN (11.0-11.01 min), re-equilibrate at 10% (v/v) MeCN (11.01-

14.3 min).   

0.4 
mL/min 

Method 
(G) 

C8 
Analytical 10-4-90 

 10% (v/v) MeCN (0.0-2.0 min), 10% (v/v) MeCN à 40% (v/v) 
MeCN (2.0-9.0 min), 40% (v/v) MeCN à 90% (v/v) MeCN (9.0-10.0 

min), hold 90% (v/v) MeCN (10.0-11.0 min), 90% (v/v) MeCN à 
10% (v/v) MeCN (11.0-11.01 min), re-equilibrate at 10% (v/v) 

MeCN (11.01-14.3 min).   

0.4 
mL/min 

Method  
(F) 

C4 
Analytical  10-90 

10% (v/v) MeCN (0.0-0.5 min), 10% (v/v) MeCN à 90% (v/v) MeCN 
(0.5-7.0 min), hold 90% (v/v) MeCN (7.0-9.0 min), 90% (v/v) MeCN 
à 10% (v/v) MeCN (9.0-9.1 min), re-equilibrate at 10% (v/v) MeCN 

(9.1-12.0 min).   

0.3 
mL/min 
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5.2 Protein Expression and Purification, and Analysis of Larger Peptide Targets 

Sequences of proteins used in this study:  

∆79 SrtAsuis 

177 aa, MW: 19662.21 Da 

MHHHHHHAILAAQWDAQRLPVIGGIAVPELGINLPIFKGVFNTSLMYGAGTMKENQEMGKGNYALASHHI

FGVTGAADVLFSPLDRAKNGMKIYITDKTNVYTYVIDSVEIVSPESVYVIDDVEGRTEVTLVTCTDYYATQRIVV

KGVLESTTPYNETAKDILDSFNKSYNQYDYGQ 

∆23 SrtAsuis 

219 aa, MW: 24556.51 Da 

MHHHHHHNFIIGWNTNKYQISNVTTEDIEKNKQAETTFDFEQVQSISTEAILAAQWDAQRLPVIGGIAVPEL

GINLPIFKGVFNTSLMYGAGTMKENQEMGKGNYALASHHIFGVTGAADVLFSPLDRAKNGMKIYITDKTNV

YTYVIDSVEIVSPESVYVIDDVEGRTEVTLVTCTDYYATQRIVVKGVLESTTPYNETAKDILDSFNKSYNQYDYG

Q 

Indolicidin  

13 aa, MW: 1906.32 Da 

ILPWKWPWWPWRR - NH2 

Glucagon  

29 aa, MW: 3482.79 Da 

HSQGTFTSDYSKYLDSRRAQDFVQWLMNT 

Exendin-4 

38 aa, MW: 4186.62 Da 
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HGEGTFTSDLSKQMEEEAVRLFIEWLKNGGPSSGAPPPS - NH2 

β-endorphin  
31 aa, MW: 3465.02 Da 

YGGFMTSEKSQTPLVTLFKNAIIKNAYKKGE 

 

Plasmid preparation. Expression vectors for ∆79 SrtAsuis and ∆23 SrtAsuis were obtained via 

commercial gene synthesis from ATUM. Both constructs were synthesized in the pD441-SR 

plasmid backbone, and included N-terminal His6 tags for purification.  

 

Expression and purification of sortase proteins. Both SrtAsuis derivatives were generated using the 

same expression and purification protocol. Kanamycin resistant plasmids coding for the desired 

protein were transformed into BL21 (DE3) competent E. coli cells via heat shock. The cells were 

then plated onto lysogeny broth (LB) agar plates containing kanamycin at a final concentration 

of 50 µg/mL. The plates were incubated at 37 oC overnight and a single colony was chosen to 

inoculate 50 mL of sterile LB broth containing 50 µg/mL of kanamycin. These seed cultures were 

then incubated with shaking at 37 oC for about 18 hours. The 50 mL seed cultures were then 

added to 1 L of sterile LB broth with 50 µg/mL kanamycin and incubated with shaking at 37 oC. 

The cultures were allowed to grow until an OD600 of 0.8-0.9 was reached. At that point, IPTG was 

added to a final concentration of 1 mM to induce protein expression and the cultures were left 

to incubate with shaking at 37 oC for 3 hours. Cells were harvested by centrifugation at 4,629 x g 

for 10 min. Cell pellets were then frozen at -80 oC prior to further purification.     
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For purification, cell pellets were thawed on ice and resuspended in 30 mL of lysis buffer 

(20 mM Tris (pH 7.5), 150 mM NaCl, 0.5 mM EDTA). Once thawed, lysozyme was added (1 mg/mL 

final concentration) to aid in cell lysis and suspensions were incubated at 4 oC for 1 hour on a 

rocking platform. Additionally, cells were lysed via sonification for two 30 second intervals at 50% 

output on ice. The cell lysate was clarified by centrifugation at 20000 x g for 30 min, and the 

protein containing supernatant was collected. The supernatant was then applied to a nickel Ni-

NTA column containing 5 mL of Ni-NTA agarose slurry (Thermo Scientific) that had been 

equilibrated in wash buffer (20 mM Tris (pH 7.5), 150 mM NaCl, 20 mM imidazole). After binding 

SrtAsuis to the Ni-NTA column, it was rinsed with 10 column volumes of wash buffer (50 mL of 20 

mM Tris pH 7.5, 150 mM NaCl, and 20 mM imidazole), and the desired protein was then eluted 

with 10 mL of elution buffer (20 mM Tris pH 7.5, 150 mM NaCl and 300 mM imidazole). 

The eluted fractions were desalted using a 10 mL Bio-Scale Mini Bio-Gel desalting 

cartridge (Bio-Rad) on an NGC Quest 10 Plus FPLC system (Bio-Rad) to remove imidazole. 

Desalting was achieved following the manufacturer’s directions using  a mobile phase buffer 

consisting of 50 mM Tris pH 7.5 and 150 mM NaCl at a flow rate of 2 mL/min. Glycerol was then 

added to the desalted protein solutions to a concentration of 10% (v/v), and aliquots were stored 

at -80 oC. Concentrations for all protein stock solutions were determined by absorbance at 280 

nm using a NanodropTM ND-1000 spectrophotometer (Thermo Scientific) and appropriate molar 

extinction coefficients listed in Appendix I. The molar extinction coefficients were estimated from 

the individual protein sequences using ExPASy ProtParam.  

The purity of both SrtAsuis constructs was verified by SDS-PAGE, LC-MS analysis, and SEC. 

For LC-MS, analytical scale RP-HPLC separations upstream of the mass spectrometer were 
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achieved using a Kinetex 2.6 µm, C4 100 Å LC column (100 x 2.1 mm) from Phenomenex with 

chromatography Method F (see Table 3). For SEC, analysis was performed using an Enrich SEC 70 

column (Bio-Rad) with a mobile phase consisting of 50 mM Tris pH 7.5 and 150 mM NaCl at a flow 

rate of 2 mL/min. 

 For SMIL reactions utilizing PBS buffer, Tris-glycerol stocks of ∆79 SrtAsuis were desalted 

using a 10 mL Bio-Scale Mini Bio-Gel desalting cartridge (Bio-Rad) on an NGC Quest 10 Plus FPLC 

system (Bio-Rad). Desalting was achieved following the manufacturer’s directions using  a mobile 

phase buffer consisting of PBS (100 mM sodium phosphate, 150 mM NaCl, pH 7.2) at a flow rate 

of 2 mL/min. Glycerol was not added to these stock solutions to eliminate by-product formation 

resulting from reactions with glycerol. 

 

Acquisition and Characterization of Larger Peptide Targets. The peptide targets used for SMIL in 

this study (indolicidin, glucagon (1-29), exendin-4, and human β-endorphin) were all obtained 

from Anaspec with no further purification needed. Prior to use, these targets were reconstituted 

in npH2O to a final concentration of 1 mM. The purity and identity of each target was confirmed 

by RP-HPLC and LC-MS (Method E, Table 3).  

 

5.3 Peptide Synthesis  

General. All model peptides were synthesized using manual Fmoc solid phase peptide synthesis 

(SPPS). Syntheses were performed in either glass or polypropylene synthesis vessels fitted with 

appropriate frits and inlet/outlet caps. All manipulations (washing, coupling, deprotection) were 

conducted at room temperature and included gentle agitation on a bench-top rocking platform 
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unless otherwise noted. A colorimetric ninhydrin test kit (Anaspec) was utilized to assess the 

success of SPPS coupling reactions. All materials, including standard Fmoc amino acids, Fmoc Rink 

Amide 4-Methylbenzhydrylamine hydrochloride (MBHA) resin, and reagents for coupling, 

deprotection, and resin cleavage were obtained from commercial sources and used without 

further purification. Incorporation of the 2,4-dinitrophenyl (Dnp) chromophore was achieved 

using a commercially available lysine building block (Fmoc-Lys(Dnp)-OH) purchased from 

ApexBio. Boc-2-aminobenzoic acid, D-Fmoc-Ala-OH, and Fmoc-6-Ahx-OH were obtained from 

Chem-Impex International. D-Fmoc-isoQ-OH was obtained from aapptec. DEAC-N-

hydroxysuccinimide (NHS)  for installation of the coumarin fluorophore was purchased from 

Sigma. 

Synthesis of Abz-LPATGG-K(Dnp) and Abz-LPATGGH-K(Dnp). Solid phase synthesis vessels were 

loaded with Fmoc-protected Rink amide MBHA resin (0.2 mmol scale). The resin was 

washed/swollen with ~10 mL of N-Methyl-2-pyrrolidone (NMP) (3x, 10 min per wash). The 

removal of Fmoc was achieved by treatment with 10 mL of 80:20 NMP/piperidine at room 

temperature (2x, 10 min per treatment), followed by washing with ~10 mL of NMP (3x, 5-10 min 

per wash). Suitably protected amino acid building blocks were then coupled as follows: Fmoc-

protected amino acids (0.60 mmol, 3.0 equivalents relative to resin loading), 

hexafluorophosphate benzotriazole tetramethyl uronium (HBTU) (0.60 mmol) and 

diisopropylethylamine (DIPEA) (1.0 mmol) were dissolved in 3.0 mL of NMP. The solution was 

mixed and then added to the deprotected resin. Couplings were incubated for 1-24 h at room 

temperature on a bench top rocking platform. The resins were then washed with ~10 mL of NMP 

(3x, 10 min per wash). The success of each coupling reaction was confirmed using a colorimetric 
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ninhydrin test and if coupling was incomplete, the amino acid coupling step was repeated. 

Repeated Fmoc deprotection and washing was then carried to assemble the desired sequence. 

Finally, an Abz fluorophore was installed at the N-terminus of each peptide through coupling of 

Boc-2-aminobenzoic acid following the same single amino acid coupling procedure described 

above.  

 

Synthesis of Ac-K(Dnp)-GGKGG-NH2 and Ac-K(Dnp)-AisoQKaa-NH2. Synthesis of lysine-containing 

model nucleophiles was carried out as stated above. Following removal of the final Fmoc 

protecting group, the peptide N-termini were capped using acetic anhydride (Ac). Capping was 

achieved by treating the resins with a solution of acetic anhydride (472 µL, 5.0 mmol) and DIPEA 

(860 µL, 4.9 mmol) in 3.0 mL of NMP for at least 3 h at room temperature.  

 

Cleavage of peptides from the resin. After assembly of the desired peptide sequences, the resins 

were washed with ~10 mL of NMP (3x, 10 min per wash) followed by 10 mL of dichloromethane 

(DCM) (3x, 10 min per wash). Peptides were cleaved from the resin by treatment with 5 mL of 

95:2.5:2.5 trifluoroacetic acid (TFA)/ triisopropylsilane (TIPS)/H2O (2x, ~30 min per treatment). 

The drained cleavage solutions were then concentrated on a rotary evaporator. The remaining 

peptide solutions were then precipitated by adding it drop-wise to 40 mL of dry-ice chilled diethyl 

ether. The precipitated peptides were collected by centrifugation at 4,696 x g for 5 min, and after 

discarding the supernatant, the crude peptide pellets were vacuum dried overnight. Crude 

peptides were next resolubilized in 1:1 DMSO/H2O, and purification of the desired peptide was 

done using a Luna 5u, C18 100A column (250 x 10 mm) (semi-prep, Phenomenex) and RP-HPLC 
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(Methods A-B, Table 3). Pure fractions were pooled then cleared of formic acid and MeCN using 

a rotary evaporator. The remaining peptide solutions were then lyophilized. Lyophilized peptides 

were resolubilized in npH2O / DMSO to give the compositions indicated in Appendix I. 

Concentrations were estimated using the absorbance of the Dnp chromophore at 365 nm 

(extinction coefficient: 17,300 M-1cm-1) on a NanodropTM ND-1000 spectrophotometer (Thermo 

Scientific). Concentrations were then adjusted to yield final stock solutions containing 1 mM total 

peptide. The purity and identity of all final peptide stock solutions were confirmed by RP-HPLC 

and LC-MS (Methods C-E, Table 3).  

 

Synthesis of DEAC-Ahx-LPRTGGH-NH2. SPPS  was carried out as described above to assemble the 

core Ahx-LPRTGGH-NH2 peptide. The peptide was cleaved from the resin as described above, and 

the crude peptide was then dissolved in NMP to a final concentration of 200 mM. Attachment of 

the coumarin fluorophore was then achieved by combining Ahx-LPRTGGH-NH2 (50 mM final 

concentration), DEAC-NHS (50 mM final concentration), and DIPEA (100 mM final concentration) 

in NMP. The coupling reaction was incubated for ~1 hour at room temperature. DEAC-Ahx-

LPRTGGH-NH2 was then directly purified from the reaction mixture by RP-HPLC (Method A, Table 

3). Pure fractions were pooled, rotary evaporated, and lyophilized. The lyophilized DEAC-Ahx-

LPRTGGH-NH2 was dissolved in 80 µL npH2O and 60 µL DMSO. The concentration was estimated 

using the absorbance of the DEAC chromophore at 429 nm (extinction coefficient:                      

46,800 M-1cm-1) on a NanodropTM ND-1000 spectrophotometer (Thermo Scientific). Prior to use 

in SMIL reactions, the concentration was adjusted to yield a final stock solution of 1 mM total 
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peptide with the final composition indicated in Appendix I. The purity and identity of DEAC-Ahx-

LPRTGGH-NH2 was confirmed by RP-HPLC and LC-MS (Method E, Table 3).  

 

5.4 General procedures for SMIL 

Analysis of SrtAsuis in vitro activity. The in vitro activity of both SrtAsuis constructs (∆79 and ∆23) 

was first assessed by fluorescence analysis and compared to the activity of SrtAstaph. Reactions 

were carried out on a 100 µL scale. Stock solutions of  SrtA, Abz-LPATGG-K(Dnp) peptide 

substrate, and H2NOH (stock solution in npH2O) were combined in appropriate ratios to the 

desired reagent concentrations. Final reagents concentrations of 50 µM Abz-LPATGG-K(Dnp), 5 

mM NH2OH, and 20 µM SrtA were utilized. Reactions with SrtAsuis also contained 10% (v/v) 10x 

reaction buffer lacking Ca2+ (500 mM Tris (pH 7.5) and 1.5 M NaCl), while reactions with SrtAstaph 

contained 10% (v/v) 10x reaction buffer supplemented with Ca2+ (500 mM Tris (pH 7.5), 1.5 M 

NaCl, 10 mM Ca2+). Reactions also contained residual glycerol (< 0.6% v/v) from the SrtA stock 

solutions, and residual DMSO (0.6% v/v) from the peptide substrate stock solution. All reactions 

were incubated for 2 hours at room temperature, and then quenched by the addition of 900 µL 

of 1:1 DMSO:H2O. Fluorescence was measured with a PTI QM-40 fluorimeter with an excitation 

wavelength of 320 nm and an emission wavelength of 420 nm. The fluorescence for each reaction 

was reported relative to the background level of fluorescence for a control reaction in the 

absence of SrtA.  

Complimentary to the fluorescence studies, the same reactions involving ∆79 SrtAsuis and 

∆23 SrtAsuis were set up and monitored at 30 minute time intervals by RP-HPLC (Method E, Table 

3). The extent of reaction conversion at each time point was estimated by comparing peak areas 
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for the relevant reaction species observed in the 360 nm chromatogram. The identity of all 

reaction components was also confirmed by LC-MS (Method E, Table 3).  

 

Model Peptide Studies for SMIL. All model SMIL reactions with LPXTG substrates, model 

nucleophiles, NiSO4, and SrtA followed the general reaction compositions stated in Table 4. 

Reactions were carried out on either a 100 µL or 200 µL scale, and stock solutions of relevant 

reaction components were combined to give the desired reagent concentrations. For all of these 

studies, SrtAsuis stock solutions in 90:10 50 mM Tris pH 7.5 and 150 mM NaCl / glycerol were 

utilized. Stock solutions of NiSO4 were prepared in npH2O. Reactions with SrtAsuis also contained 

10% (v/v) 10x reaction buffer lacking Ca2+ (500 mM Tris (pH 7.5) and 1.5 M NaCl), while reactions 

with SrtAstaph contained 10% (v/v) 10x reaction buffer supplemented with Ca2+ (500 mM Tris (pH 

7.5), 1.5 M NaCl, 10 mM Ca2+). Reactions also contained residual glycerol (< 0.6% v/v) from the 

SrtA stock solutions, and residual DMSO (< 3% v/v) from the peptide substrate stock solution. All 

reactions were incubated at room temperature.  

 

Table 4. Reaction composition for model peptide SMIL reactions. S= Abz-LPATGG-K(Dnp) or Abz-
LPATGGH-K(Dnp), N= Ac-K(Dnp)-GGKGG-NH2 or Ac-K(Dnp)-AisoQKaa-NH2. 
 

Reagent Final Concentration 
Substrate (S) 100 µM 

Nucleophile (N) 50 µM 
∆79 SrtAsuis, 
∆23 SrtAsuis, 
Or SrtAstaph 

5 µM 

NiSO4 0 / 200 µM 
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In general, reactions were monitored every 30 min over the course of 16 hours via RP-

HPLC (Method E, Table 3), with the exception of reactions involving the ligation of Abz-LPATGGH-

K(Dnp) with Ac-K(Dnp)-AisoQKaa-NH2 which utilized Method D, Table 3. Product conversion was 

estimated from peak areas derived from the 360 nm chromatogram. Upon completion of the 

reaction time course, the reaction components were analyzed via LC-MS, using the previously 

stated method and a mass range of 300-1800 Da.   

 

MS/MS characterization. To confirm the site of ligation on the side chain of the lysine residue in 

model peptide substrates, MS/MS analysis was performed. Putative isopeptide products from 

model peptide studies were collected by RP-HPLC using Method E for the Ac-K(Dnp)-GGKGG 

product and Method D for the Ac-K(Dnp)-AisoQKaa product. The collected products were 

lyophilized, then reconstituted in 1:1 H2O/MeOH containing 1% (v/v) formic acid to a final 

concentration of ~20 µM. In collaboration with Prof. Megan Gessel, samples were subjected to 

MS/MS analysis with a Waters Xevo G2-XS QTOF mass spectrometer, and fragment ions were 

observed with a mass range of 50-1500 Da. Chosen parent masses and collision energies for each 

isopeptide product are depicted in Table 5. Predicted fragments for both products, specifically 

b/y ions, were determined using ChemDraw and compared to the observed fragments in order 

to confirm isopeptide ligation.    
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Table 5. Parent mass and collision energy for MS/MS analysis of isopeptide products. K = 
isopeptide ligation to Abz-LPAT.  
 

Product Parent Mass Collision Energy 

Ac-K(Dnp)-GGKGG-NH2 1211.56 37 

Ac-K(Dnp)-AisoQKaa-NH2 1324.25 35 

 

SMIL with Larger Peptide Targets. For these studies, the DEAC-Ahx-LPRTGGH-NH2 substrate was 

utilized in combination with the targets indolicidin, glucagon, exendin-4, and β-endorphin. 

Reactions were performed on a 200 µL scale, and stock solutions of relevant reaction 

components were combined to give the desired reagent concentrations represented in Table 6.   

 

Table 6. Reaction compositions for SMIL reactions with larger peptide targets.  
 

Reagent indolicidin, glucagon,  
exendin-4 β-endorphin 

Substrate 
(DEAC-Ahx-LPRTGGH-NH2) 100 µM 200 µM 

Nucleophile 
(Larger Peptide Target) 20 µM 20 µM 

NiSO4 (Ni2+) 200 µM 400 µM 
∆79 SrtAsuis 5 µM 5 µM 

 
 

For all of these studies, ∆79 SrtAsuis stock solutions in PBS were utilized. Stock solutions of NiSO4 

were prepared in npH2O. All reactions also contained 10% (v/v) 10x PBS (100 mM Na3PO4 (pH 

7.5) and 150 mM NaCl) and residual DMSO (1.04% for 100 µM and 2.08% for 200 µM of DEAC-

Ahx-LPRTGGH-NH2 stock solution). Reactions were incubated at room temperature and 

monitored at 30 min time intervals over the course of 12 hours by RP-HPLC (Methods C-G, Table 
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3).  Upon completion, the reactions were also analyzed by LC-MS in order to identify reaction 

components.  

 For SMIL reaction involving indolicidin, glucagon, and exendin-4, the extent of reaction 

progress was estimated by comparing peak areas derived from the 280 nm RP-HPLC 

chromatogram. To account for the contribution from the DEAC fluorophore, a correction factor 

was determined by analyzing varying concentrations of free DEAC-LPRTGGH-NH2 (100 µM, 80 

µM, 60 µM, 40 µM, 20 µM, and 10 µM) by RP-HPLC. The peak area for DEAC-LPRTGGH-NH2 at its 

lambda max (425 nm) was divided by the corresponding peak area at 280 nm at each 

concentration to estimate the value of the correction factor (cf), which was consistent at all 

concentrations tested (Eq. 1). With the correction factor, the peak area (PA) of each ligation 

product at 425 nm was divided by the cf to give another value termed x (Eq. 2). Next, x was 

subtracted from the peak area of the product at 280 nm, resulting in a corrected peak area value 

(cPAproduct280nm) for the ligation products (Eq. 3). To finally calculate overall reaction conversion, 

the adjusted peak area for the ligation product (cPAproduct280nm) was divided by the sum of the 

peak areas for the starting material and all ligation products to give the corrected % conversion 

(Eq. 4).  

"#$%&$'()'*	,-./0
"#$%&$'()'*		-12/0	

= correction	factor	=	cf                                           Eq. 1 

"#=(>?%@'	,-./0
AB

= 𝑥                                                            Eq. 2 

𝑃𝐴FGHIJAK	280𝑛𝑚 − 𝑥 = 𝑐𝑜𝑟𝑒𝑐𝑡𝑒𝑑	𝑃𝐴FGHIJAK = 	𝑐𝑃𝐴FGHIJAK280𝑛𝑚                  Eq. 3 

X 	A"#=(>?%@'	-12/0
A"#=(>?%@'-12/0Y	"#Z%@[*>=\][*	-12/0

^ × 	100 = 𝑐𝑜𝑟𝑟𝑒𝑐𝑡𝑒𝑑	%	𝑐𝑜𝑛𝑣𝑒𝑟𝑠𝑖𝑜𝑛               Eq. 4 
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 In the case of the modification of β-endorphin, the extent of product formation was 

estimated by the peak areas (PA) of the two most abundant ions observed for all relevant 

reaction components in the LC-MS spectra. The relevant reaction components were unreacted 

β-endorphin, one-modified β-endorphin (1mod), two-modified β-endorphin (2mod), three-

modified β-endorphin (3mod), four-modified β-endorphin (4mod), five-modified β-endorphin 

(5mod), and 6-modified β-endorphin (6mod). Calculation of reaction conversion was done by 

taking the sum of all PA divided by the sum of all PA plus the PA of unreacted β-endorphin (Eq 5).  

∑ "#(/)hi>?
Zjki>?

"#%Z(*)@'*?	lmnopqrstuoY∑ "#(/)hi>?
Zjki>?

                                      Eq. 5 

As an additional check, free β-endorphin was diluted in npH2O to final concentrations of 20 µM, 

10 µM, 5 µM, 2.5 µM, and 1.25 µM, and was then monitored on RP-HPLC at 280 nm (Method E, 

Table 3). A linear decrease in or PA was observed confirming that a decrease in β-endorphin 

concentration is directly proportional to a decrease in PA. After determining this, the overall 

reaction conversion was estimated by comparing the PA for unreacted β-endorphin at 0 h and 10 

h using Eq. 6.  

"#𝑢𝑛𝑟𝑒𝑎𝑐𝑡𝑒𝑑	β−endorphin
|\

}"#𝑢𝑛𝑟𝑒𝑎𝑐𝑡𝑒𝑑	β−endorphin
|\ ~"#𝑢𝑛𝑟𝑒𝑎𝑐𝑡𝑒𝑑	β−endorphin

k|\ �
                      Eq. 6 

 

Characterization of Reaction Products. In the case of modified indolicidin, the presumed 

isopeptide product was separated and collected by RP-HPLC (Method G, Table 3). The collected 

product was lyophilized and then reconstituted in 44.5 µL H2O, 5 µL Ca2+ reaction buffer (500 mM 

Tris (pH 7.5), 1.5 M NaCl, and 10 mM Ca2+), and 0.5 µL of chymotrypsin (1 mM HCl, 2 mM CaCl2, 
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0.5 µg/µL chymotrypsin) to undergo chymotrypsin digestion. For this digestion, sequencing grade 

chymotrypsin was obtained from VWR, and reconstituted in 1 mM HCl and 2 mM CaCl2 at a final 

concentration of 0.5 µg/µL. After addition of chymotrypsin, the reaction was incubated at 37 oC, 

and LC-MS (300-1800 Da) was used to analyze the production of fragments approximately every 

~60 minutes. The observed proteolytic fragments were compared to predicted fragments 

generated using ChemDraw.  

For modified glucagon, the collected isopeptide product was lyophilized and then 

reconstituted in 44 µL H2O, 5 µL PBS (100 mM Na3PO4 (pH 7.5) and 150 mM NaCl), and 1 µL of 

Glu-C (0.5 µg/µL Glu-C, 100 mM Na3PO4 (pH 7.5) and 150 mM NaCl). For this analysis, Glu-C was 

obtained from VWR and reconstituted in 20 µL of PBS (100 mM Na3PO4 (pH 7.5) and 150 mM 

NaCl) to a final concentration of 0.5 µg/mL prior to use. Following addition of Glu-C, the reaction 

was incubated at 37 oC and the proteolysis reaction was monitored by LC-MS at time intervals of 

~60 minutes. As before, the observed proteolytic fragments were compared to predicted 

fragments generated using Chemdraw.  
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7. Appendix  
7.1 Appendix I. Quantification Parameters and Stock Solution Composition for Reagents 

 Lambda 
max 

Molar 
Extinction 
coefficient 
(M-1 cm-1) 

HPLC 
Method for 
Confirming 

Purity 

Final Stock 
Solution 

Composition 

Final Stock 
Concentration  

Abz-LPATGG-K(Dnp) 365 nm 17,300 E 13% (v/v) 
DMSO, npH2O 807.2 µM 

Abz-LPATGGH-K(Dnp) 365 nm 17,300 E 10% (v/v) 
DMSO, npH2O 1837.2 µM 

DEAC-Ahx-LPRTGGH-
NH2 429 nm 46,800 C 10% (v/v) 

DMSO, npH2O 952.0 µM 

Ac-K(Dnp)-GGKGG-
NH2 365 nm 17,300 E 10% (v/v) 

DMSO, npH2O 804.6 µM 

Ac-K(Dnp)-AisoQKaa-
NH2 365 nm 17,300 D 2.5% (v/v) 

DMSO, npH2O 1180.0 µM 

Indolicidin 280 nm 27,500 E npH2O 1 mM 
Glucagon 280 nm 8,480 E npH2O 1 mM 
Exendin-4 280 nm 5,500 E npH2O 1 mM 

β-endorphin 280 nm 2,980 E npH2O 1 mM 

∆79 SrtAsuis 280 nm 23,380 F 

50 mM Tris (pH 
7.5), 150 mM 
NaCl, and 10% 
(v/v) glycerol 

436.3 µM 

∆23 SrtAsuis 280 nm 30,370 F 

50 mM Tris (pH 
7.5), 150 mM 
NaCl, and 10% 
(v/v) glycerol 

85.9 µM 

∆79 SrtAsuis In PBS  280 nm 23,380 F 

100 mM 
sodium 

phosphate (pH 
7.2), 150 mM 

NaCl 

79.12 µM 
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7.2 Appendix II. Table of Calculated and Observed Masses for All Model Peptide Studies  
 

Reaction Components  Mass [M+1H]+ 

calcd obs 
Substrates Abz-LPATGG-K(Dnp) 927.4 927.4 

 Abz-LPATGGH-K(Dnp) 1064.5 1064.6 
 DEAC-Ahx-LPRTGGH-NH2 1092.6 1092.6 

Nucleophiles Ac-K(Dnp)-GGKGG-NH2 710.3 710.4 
 Ac-K(Dnp)-AisoQKaa-NH2 823.4 823.4 

Excised Fragments  GG-K(Dnp) 426.2 426.1 
 GGH-K(Dnp) 563.2 563.2 

Isopeptide Products  Abz-LPAT-AisoQKaa-NH2 1324.65 1324.1 
 Abz-LPAT-GGKGG-NH2 1211.6 1211.7 

Hydroxyl Amine 
Product Abz-LPAT-NHOH 535.3 535.2 

Hydrolysis Product  Abz-LPAT-OH 520.3 520.2 
 DEAC-Ahx-LPRT-OH 842.5 842.5 

Undesirable By-
Products Abz-LPAT-(Tris) 594.3 594.3 

 Abz-LPAT-(glycerol) 623.3 623.3 
 GH-K(Dnp)  506.2 506.2 
 Abz-LPATG-OH 577.3 577.4 
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7.3 Appendix III. Chromatography Methods for Purification and Analysis by HPLC or LC-ESI-
MS.  

Method Column Gradient Gradient Flow 
Rate 

Method 
(A) 

C18 Semi 
Prep 10-90 

10% (v/v) MeCN (0.0-2.0 min), 10% (v/v) MeCN à 90% (v/v) MeCN 
(2.0-15.0 min), hold 90% (v/v) MeCN (15.0-17.0 min), 90% (v/v) 

MeCN à 10% (v/v) MeCN (17.0-17.01 min), re-equilibrate at 10% 
(v/v) MeCN (17.01-19.0 min).   

4.0 
mL/min 

Method 
(B) 

C18 Semi 
Prep 20-90 

20% (v/v) MeCN (0.0-2.0 min), 20% (v/v) MeCN à 90% (v/v) MeCN 
(2.0-15.0 min), hold 90% (v/v) MeCN (15.0-17.0 min), 90% (v/v) 

MeCN à 20% (v/v) MeCN (17.0-17.01 min), re-equilibrate at 20% 
(v/v) MeCN (17.01-19.0 min).   

4.0 
mL/min 

Method 
(C) 

C18 
Analytical 10-90 

10% (v/v) MeCN (0.0-0.5 min), 10% (v/v) MeCN à 90% (v/v) MeCN 
(0.5-7.0 min), hold 90% (v/v) MeCN (7.0-9.0 min), 90% (v/v) MeCN 
à 10% (v/v) MeCN (9.0-9.1 min), re-equilibrate at 10% (v/v) MeCN 

(9.1-12.0 min).   

0.3 
mL/min 

Method 
(D) 

C18 
Analytical 5-90 

5% (v/v) MeCN (0.0-2.0 min), 5% (v/v) MeCN à 90% (v/v) MeCN 
(2.0-10.0 min), hold 90% (v/v) MeCN (10.0-11.0 min), 90% (v/v) 

MeCN à 5% (v/v) MeCN (11.0-11.1 min), re-equilibrate at 5% (v/v) 
MeCN (11.1-13.25 min).   

0.3 
mL/min 

Method 
(E) 

C8 
Analytical 5-90 

5% (v/v) MeCN (0.0-2.0 min), 5% (v/v) MeCN à 90% (v/v) MeCN 
(2.0-10.0 min), hold 90% (v/v) MeCN (10.0-11.0 min), 90% (v/v) 
MeCN à 5% (v/v) MeCN (11.0-11.01 min), re-equilibrate at 5% 

(v/v) MeCN (11.01-14.3 min).   

0.4 
mL/min 

Method 
(F) 

C8 
Analytical 5-40-90 

5% (v/v) MeCN (0.0-2.0 min), 5% (v/v) MeCN à 40% (v/v) MeCN 
(2.0-9.0 min), 40% (v/v) MeCN à 90% (v/v) MeCN (9.0-10.0 min), 
hold 90% (v/v) MeCN (10.0-11.0 min), 90% (v/v) MeCN à 5% (v/v) 
MeCN (11.0-11.01 min), re-equilibrate at 10% (v/v) MeCN (11.01-

14.3 min).   

0.4 
mL/min 

Method 
(G) 

C8 
Analytical 10-4-90 

 10% (v/v) MeCN (0.0-2.0 min), 10% (v/v) MeCN à 40% (v/v) 
MeCN (2.0-9.0 min), 40% (v/v) MeCN à 90% (v/v) MeCN (9.0-10.0 

min), hold 90% (v/v) MeCN (10.0-11.0 min), 90% (v/v) MeCN à 
10% (v/v) MeCN (11.0-11.01 min), re-equilibrate at 10% (v/v) 

MeCN (11.01-14.3 min).   

0.4 
mL/min 

Method  
(F) 

C4 
Analytical  10-90 

10% (v/v) MeCN (0.0-0.5 min), 10% (v/v) MeCN à 90% (v/v) MeCN 
(0.5-7.0 min), hold 90% (v/v) MeCN (7.0-9.0 min), 90% (v/v) MeCN 
à 10% (v/v) MeCN (9.0-9.1 min), re-equilibrate at 10% (v/v) MeCN 

(9.1-12.0 min).   

0.3 
mL/min 
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7.4 Appendix IV. Representative MS/MS Spectra for b and y Ions Produced from Main Peptide 
of Ac-K(Dnp)-GGKGG-NH2 Isopeptide Product.  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

334.0 336.0 338.0 340.0 
m/z (Da) 

0 

5000 

10000 

15000 

337.033 

335.128 
338.036 

b1 

390.0 392.0 394.0 396.0 398.0 400.0 
m/z (Da) 

0 

5000 

10000 

15000 
394.037 

395.039 
398.138 

b2 

448.0 450.0 452.0 454.0 
m/z (Da) 

0 

500 

1000 

1500 

2000 

2500 

3000 451.042 

450.057 454.122 
452.042 

b3 

1070 1075 1080 1085 1090 
m/z (Da) 

0 
1000 
2000 
3000 
4000 
5000 
6000 
7000 
8000 
9000 1080.191 

1081.194 

1082.196 

b4 

1122 1128 1134 1140 1146 1152 
m/z (Da) 

0 

1000 

2000 

3000 

4000 

1137.199 

1138.204 

b5 



 88 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

870.0 872.0 874.0 876.0 878.0 880.0 
m/z (Da) 

0 

500 

1000 

1500 

2000 875.2 y1 

814.0 816.0 818.0 820.0 822.0 
m/z (Da) 

0 

500 

1000 

1500 

2000 820.166 

818.2 

y2 

755 760 765 770 
m/z (Da) 

0 

500 

1000 

1500 

2000 761.221 y3 

130.4 131.0 132.0 133.0 
m/z (Da) 

0 

100 

200 

300 

400 

132.053 y4 

73.0 75.0 77.0 79.0 
m/z (Da) 

0 

1000 

2000 

3000 

4000 

5000 

6000 75.046 y5 



 89 

7.5 Appendix V. Representative MS/MS Spectra for b and y Ions Produced from the 
Modification of Ac-K(Dnp)-GGKGG-NH2 Isopeptide Product.  
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7.6 Appendix VI. Representative MS/MS Spectra for b and y Ions Produced from Main Peptide 
of Ac-K(Dnp)-AisoQKaa-NH2 Isopeptide Product.  
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7.7 Appendix VII. Representative MS/MS Spectra for b and y Ions Produced from the 
Modification of Ac-K(Dnp)-AisoQKaa-NH2 Isopeptide Product.  
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7.8 Appendix VIII. Table of Calculated and Observed Masses for Larger Peptide Studies  
 

Reaction Components 
 

m/z 

calcd obs 
Substrate DEAC-Ahx-LPRTGGH-NH2 [M+1H]+ 1092.6 1092.6 

Nucleophiles Indolicidin [M+3H]+ 636.5 636.4 
 Glucagon [M+4H]+ 821.2 871.6 
 Exendin-4 [M+4H]+ 1047.3 1047.7 
 β-endorphin [M+4H]+ 867.3 867.3 

Singly-Modified Products  DEAC-Ahx-LPRT-Indolicidin 
[M+1H]+,  
[M+4H]+ 

1325.7,  
683.6  

1325.1, 
683.5  

 DEAC-Ahx-LPRT -Glucagon [M+3H]+ 1436.7 1436.3 
 DEAC-Ahx-LPRT -Exendin-4 [M+4H]+ 1253.6 1253.6 
 DEAC-Ahx-LPRT - β-endorphin [M+4H]+ 1073.3 1073.5 

Second Singly-Modified 
Product DEAC-Ahx-LPRT -Indolicidin [M+4H]+ 683.6 683.4 

Doubly-Modified 
Products (DEAC-Ahx-LPRT)2-Indolicidin [M+4H]+  889.8 889.5 

 (DEAC-Ahx-LPRT)2-Exendin-4 [M+5H]+ 1168.4 1168.0 
 (DEAC-Ahx-LPRT)2- β-endorphin [M+5H]+ 1023.6 1023.6 

Triply-Modified Product (DEAC-Ahx-LPRT)3- β-endorphin [M+4H]+ 1485.3 1485.0 
Four-Modified Product (DEAC-Ahx-LPRT)4- β-endorphin [M+5H]+ 1353.2 1353.1 

Five-Modified 
Product (DEAC-Ahx-LPRT)5- β-endorphin [M+5H]+ 1518.0 1518.0 

Six-Modified Product (DEAC-Ahx-LPRT)6- β-endorphin [M+6H]+ 1402.5 1402.4 
Hydrolysis Product DEAC-Ahx-LPRT-OH [M+1H]+ 842.5 842.5 

Undesirable By-Products GH-K(Dnp)  [M+1H]+ 506.2 506.2 
 DEAC-Ahx-LPRT -OH [M+1H]+ 577.3 577.3 
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