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Abstract: 
 

Phosphorylation is an important posttranslational modification to 

proteins that enables regulation of protein activity as well as signaling via 

cascades of kinases. Phosphoproteomic studies have been difficult given 

the suppression of ionization by the negative charges on phosphate and 

the non-stoichiometric nature of phosphorylation. Phosphotyrosine has 

been able to be studied on a proteomic scale since there are effective 

antibodies against it, but all antibodies that have been developed against 

phosphoserine and phosphothreonine have been sequence specific. To 

mitigate these problems, we propose eliminating phosphate from proteins 

using phospholyase enzymes (resulting in dehydroalanine and 

dehydrobutyrine) followed by the addition of immunogenic probes to allow 

for separation of previously phosphorylated proteins from cell lysates. In 

addition to enrichment, this will also increase ionization. A nucleophilic 

probe to enrich previously phosphorylated serine residues has been 

developed containing a biotin functionality, and an iodo-functionalized 

biotin derivative has been developed to target dehydrobutyrine using 

radical chemistry. Kinetics studies have been performed with the 

nucleophilic probe and it has been shown to be selective for 

dehydroalanine. The radical reaction has been shown to successfully label 

both dehydroalanine and dehydrobutyrine. With both of these probes in 

hand, phosphoproteomic analysis will be improved by enrichment using 

the immunogenic handles on the probes and ionization will also be 
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improved since the previously phosphorylated site will no longer contain 

negative charges. To this end, preliminary lysate experiments have been 

performed that show that phospholyase enzymes can successfully 

eliminate phosphate in cell lysates and future experiments will show that 

the synthesized probes can label the eliminated sites in lysates. 
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Introduction: 
 

1. Phosphoproteomics:  

 Whole genome sequencing was a major step forward in our 

understanding of human biology, but that information was limited since it 

didn’t tell us which proteins were expressed in a given time or place.1 To 

combat this problem, measurements of messenger RNA (mRNA) levels 

were used to see when and where transcription was occurring. This field is 

called transcriptomics.2 Transcriptomics gave a much better picture of 

expression patterns, but the presence of mRNA doesn’t guarantee that the 

coded proteins are expressed, so it was still incomplete.3 This is what 

gave rise to proteomics, a field aimed at gaining a full understanding of 

which proteins are present at a given time or place.3 Proteomics has been 

enabled by the development of powerful mass spectrometers that allow for 

the identification of proteins from complex mixtures even when individual 

proteins are in very low abundance.3  

 Most proteomic studies are done using tryptic digestion followed by 

a separation technique such as liquid chromatography (LC) then 

sequencing is performed using tandem mass spectrometry (MS/MS) with 

collision energies specifically chosen to break the amide bonds between 

individual amino acids.3 This technique works very well; however, it 

becomes more difficult when proteins have been modified. These 

posttranslational modifications (PTMs) are very important in protein 

regulation which means that knowing they are present gives a much better 
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picture of protein activity within a cell.4 Studying these modifications can 

be particularly difficult since some of these modifications are labile and 

nonstoichiometric which makes their identification more challenging.5 

 One modification of particular interest is phosphorylation since it is 

one of the most important PTMs for protein regulation and signaling.6 

Phosphorylation occurs most commonly on Serine (Ser), Threonine (Thr) 

and Tyrosine (Tyr) within the mammalian proteome.7 Phosphorylation has 

also been shown to also occur on histidine (His), arginine (Arg), lysine 

(Lys), cysteine (Cys)  and anhydride double phosphorylations on Ser and 

Thr.8,9 These phosphorylation events have been shown to be more labile 

and difficult to study than phosphorylation on Ser, Thr and Tyr.8,9 These 

alternative phosphorylation events won’t be focused upon in this report. 

Phosphorylation events are regulated by kinases (enzymes that install 

phosphate) and phosphatases (enzymes that remove phosphate) which 

are held in a delicate balance that can fall apart in many disease states.10 

 Phosphorylation is implicated in many diseases such as cancer, 

Parkinson’s disease and Alzheimer’s disease.11 In many cancers, 

upregulation of kinase pathways leads to misregulation of growth factors.12 

In Parkinson’s disease, phosphorylation of leucine-rich repeat kinase 2 

(LRRK2) is likely regulating the activity of this kinase in ways that are still 

unknown.13 In Alzheimer’s, phosphorylation of tau has been shown to 

result in protein aggregates.14 This is likely just a small subset of the 

diseases in which phosphorylation is implicated, and better methods for 
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studying phosphorylation will reveal new drug targets in these diseases as 

well as others. 

 Studying phosphorylation on a proteomics scale is particularly 

difficult since phosphopeptides perform poorly in each step of the 

proteomics process. First, phosphoproteins are often in lower abundance 

than their nonphosphorylated counterparts.15,16 During the proteolytic 

digestion, it has been shown that phosphate can prevent full digestion by 

trypsin.17 The use of alternative proteolytic enzymes has helped remediate 

this problem. In the chromatography portion of analysis, phosphopeptides 

can form complexes with metal ions in the mobile phase or the stationary 

phase which causes peak broadening which dilutes the amount of these 

peptides eluting at a given time.15 Additionally, phosphate inhibits 

ionization since analysis is normally done in positive mode, and the 

negative charges on phosphate make imparting a positive charge on 

peptides more difficult.15,16 Alternative methods using negative mode have 

been attempted, but interpretation of negative mode MS/MS spectra is 

very difficult.11 To get around this difficulty, experiments have been done 

to use negative mode for the first MS portion of the run then switch to 

positive mode for the MS/MS portion, but this has proven to be expensive 

and very difficult.7 The main method for inducing fragmentation in 

proteomics is collision induced dissociation (CID), but phosphorylation 

tends to alter the fragmentation patterns observed which makes analysis 

much more difficult.15 Some of these problems have been mitigated by the 
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development of higher resolution mass spectrometers, but quantification is 

difficult because of ionization differences. This means that many 

phosphorylation sites are identified, but not all of them are actually 

phosphorylated in high abundance.5,15 All of these factors mean that 

alternative methods of studying phosphorylated proteins are necessary. 

 Since many of the problems that have arisen could potentially be 

mitigated by making the mixtures being studied less complex, 

considerable effort has been put toward designing enrichment strategies 

for phosphoproteins and peptides. Antibodies were the first logical method 

of enrichment, and effective antibodies against phosphotyrosine (pTyr) 

have been developed.11,16 Unfortunately, antibodies against 

phosphoserine (pSer) and phosphothreonine (pThr) recognize specific 

epitopes and not just the phosphorylated amino acid.11 Since relative 

abundances of pSer, pThr and pTyr are 90%, 10% and <1% 

respectively,18 it is essential to develop strategies to also enrich pSer and 

pThr.  

 Initial attempts at separation of phosphoproteins has been by using 

two-dimensional gel electrophoresis.16 Although this has been effective, it 

results in significant protein losses depending on the hydrophobicity, size 

and structure of these proteins.16 Alternative methods have primarily 

focused on enriching phosphoproteins based on their negative charges. 

Immobilized metal affinity chromatography (IMAC) employs a positively 

charged matrix of metal ions that can bind negatively charged peptides 
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resulting from phosphorylation events.11,15,16,18 Experiments with IMAC are 

performed at low pH with the hope that only phosphate will retain its 

negative charges. Problems with IMAC have arisen because of the 

difficulty of eluting multiply phosphorylated proteins and the off-target 

binding of the matrix to other negatively charged residues such as 

aspartate (Asp) and glutamate (Glu).11 Additionally, the presence of any 

nucleic acids affects this purification technique because of the negative 

charges on the phosphodiester backbone.16 A variation on IMAC called 

Phos-Tag has been developed that uses zinc ions which preferentially 

select phosphate since zinc can accept two electrons while phosphate can 

donate two electrons.16 Phos-Tag can be used at pH 7.5 instead of the 

much lower pH values required for IMAC, but it still suffers from off-target 

enrichment of other negatively charged peptides.16 Metal-oxide affinity 

chromatography (MOAC) works in a similar way to IMAC but uses 

immobilized metal oxides instead of metals.11,15,16,18 MOAC also suffers 

from off-target enrichment of other negatively charged peptides and 

difficulty of elution of multiply phosphorylated peptides.16 A strategy to 

separate singly phosphorylated peptides from multiply phosphorylated 

peptides has been employed and is called sequential elution from IMAC 

(SIMAC), but this also suffers from the same specificity issues that IMAC 

does.19 Strong cation exchange chromatography (SCX) has also been 

used to separate peptides based on charge, but it is usually necessary to 

combine it with IMAC or MOAC for it to be effective.11 Phosphoprotein 
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binding domains (PBDs) have also been used, but they bind specific 

amino acid sequences and aren’t suitable for unbiased proteomics 

experiments.11 There are commercially available kits containing various 

PBDs that can be used for specific phosphopeptide enrichment.11 All of 

these techniques suffer from similar off-target effects and result in 

significant sample loss because of difficulty of elution. 

 An alternative method to enrich proteins for many proteomics 

applications is the use of selective chemical probes that contain affinity 

handles.5 In order for this to be feasible, selective chemistries must be 

developed to ensure that these probes only target the site of interest. In 

the context of phosphoproteomics, this has primarily been accomplished 

using beta elimation of phosphate followed by a Michael addition to the 

resulting residue.5,11,16 The elimination reaction is catalyzed by extremely 

alkaline conditions (>pH 11), which can also result in off target elimination 

of O-glycosylated residues along with other off target effects.11,16 Since 

these off target effects have been so pronounced, the idea of beta 

elimination has been phased out in the field of phosphoproteomics.5 

 Despite the fact that beta elimination isn’t widely used anymore, it is 

worth noting some of the previous studies that have employed beta 

elimination as an enrichment technique. Elimination of phosphoserine 

results in dehydroalanine (Dha) and elimination of phosphothreonine 

results in dehydrobutyrine (Dhb). In 1990, Mega et al demonstrated that 

beta elimination followed by conjugate addition was an effective 
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derivatization method for phosphoserine and phosphothreonine under 

basic conditions, but it was noted that the phosphothreonine elimination 

and conjugate addition were significantly slower than the same reactions 

at phosphothreonine.20 In 2001, Oda et al did similar experiments but used 

a three step process to install biotin onto previously phosphorylated 

proteins.21 Their work was only demonstrated on phosphoserine 

containing peptides although it was claimed that it could be extended to 

work with phosphothreonine as well.21 Mattila et al extended these 

experiments to look at their application to phosphothreonine as well, but 

found that the Michael addition to dehydrobutyrine to be ineffective.22 

Arrigoni et al performed similar experiments in 2006 and added a 

protonatable amine to dehydroalanine to allow for improved ionization.23 

This work also only focused on phosphoserine and mentioned that it could 

be extended to phosphothreonine.23 

 

2. Elimination of Phosphate with Phospholyase Enzymes: 

 To infect human cells, bacteria must find ways to overcome the 

host cell defenses. Certain types of bacteria achieve this by injecting 

bacterial proteins, known as effector proteins, into the mammalian host 

cell.24 Together, these effector proteins work to silence the host immune 

response, thus allowing the bacterium to successfully infect the cell.25 

OspF from Shigella and SpvC from Salmonella are two such effector 

proteins that have unique chemical activity not found in mammalian cells. 
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These proteins are phosphothreonine and phosphoserine lyases which 

catalyze an irreversible elimination of the phosphate moiety from 

phosphothreonine and phosphoserine residues shown in figure 1.26 Since 

the products of this elimination aren’t found in healthy eukaryotic cells 

other than aging cells in lenses,27 these effector proteins show promise as 

biochemical tools to study eukaryotic phosphoproteins. 

 

Figure 1: Phospholyase activity catalyzes an elimination at phosphothreonine residues to subvert 
immune system signaling through the MAPK signaling cascade. 

 The OspF family has been shown to be most active toward the pT-

X-pY motif favoring those with more flexible X residues such as p38 in 

which X is glycine.26,27 The only known targets of these enzymes are 

mitogen activated protein kinases (MAPK); however, little work has been 

undertaken to investigate other targets. We hypothesize that during 

evolution, bacteria did not acquire enzymes highly specific for MAPKs, 

rather they will demonstrate activity on a myriad of phosphothreonine and 

phosphoserine motifs. Current investigations on the molecular specificity 

of these enzymes are underway in the Scheck laboratory, and it has been 

found that the pT-X-pY motif is not necessary for catalysis since SpvC and 

OspF have shown activity on a variety of substrates. We are currently 
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profiling the activity of SpvC and OspF on a variety of substrates to 

determine the extent of promiscuity. Since activity has not been shown for 

all substrates, and a MAPK targeting domain has been identified through 

homology studies on OspF and SpvC,27 we hope to remove this targeting 

domain to increase the enzymes’ promiscuity and allow for irreversible 

elimination of many more phosphothreonines and phosphoserines that are 

exposed to OspF or SpvC.  

 The activities of OspF and SpvC are particularly unique since the 

dehydrobutyrine or dehydroalanine residue, resulting from elimination of 

phosphate from threonine and serine respectively, is an electrophilic 

Michael acceptor and electrophiles are uncommon on protein 

substrates.21,27,28 Exposure of cells or cellular lysates to purified enzyme or 

bacterial infection will result in the production of this electrophilic Michael 

acceptor in place of all phosphorylated residues against which the enzyme 

can act. In a subsequent step, we aim to use this unique reactive group as 

a chemical handle for affinity purification. This enrichment technique would 

provide for better visibility and resolution of phosphoproteins in MS 

analysis and allow us to learn about the understudied phosphoproteome. 

 We believe that the phosphothreonine and phosphoserine lyase 

activities of OspF and SpvC will be particularly well-suited to study the 

phosphoproteome since they will eliminate phosphorylated residues 

without extremely alkaline conditions which is the main reason for the 
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abandonment of beta elimination as a strategy for phosphoproteomic 

studies.5  

 

3. Base Catalyzed Elimination of Phosphate: 

 Elimination of phosphate from serine and threonine residues can 

also be catalyzed by alkaline conditions.21–23,29 This elimination reaction is 

identical to the one catalyzed by phospholyase enzymes shown in figure 

1. Experiments have been performed by groups to assess the best 

conditions for this catalysis, and the consensus that has been made is that 

solutions of saturated barium hydroxide are best.21–23,29 This has been 

attributed to the divalent barium cation that is well suited to stabilize the 

phosphate leaving group. It should be noted that the pH of saturated 

barium hydroxide is about 13 which is high enough to have off-target 

effects.23 These off-target effects include elimination of O-glycosylated 

residues,22 peptide degredation21 and elimination of the free thiol of 

cysteine residues.29 It has also been shown that the amino acid sequence 

on the C-terminal side of the phosphorylated residue has an effect on the 

rate of elimination using alkaline conditions.20 Additionally, it has been 

shown that performing the elimination reaction with an organic cosolvent 

such as DMSO or methanol can accelerate the elimination.22 

 An additional problem that has arisen during experiments 

assessing the elimination of pSer and pThr is that pSer is much easier to 

eliminate than pThr.20,22 This reaction has been shown to be much slower 
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with kinetics experiments and with experiments assessing the amount of 

elimination observed after the reaction had been allowed to proceed to 

completion.20 For this reason, many papers have used pSer as a model 

and have said that their method could also extend to pThr without actually 

performing the experiments.21,23,29 This shows a major gap in the research 

landscape that merits investigation since threonine phosphorylation is also 

very important for future studies. 

 

4. Michael Additions to Dehydroalanine and Dehydrobutyrine: 

 Following elimination of phosphate from serine or threonine, the 

next step is a Michael addition to dha or dhb. This Michael addition is 

shown in figure 2. As mentioned previously, many of the studies 

performed thus far have used alkaline conditions to catalyze the 

elimination, so the Michael addition has also been performed under basic 

conditions.22,23 This allows the nucleophilic addition of amines and thiols to 

proceed rapidly with dha as a substrate,21,22 but using dhb has proven to 

be much more difficult even under alkaline conditions.22,30 This is another 

reason that model studies have focused primarily on phosphoserine while 

ignoring phosphothreonine.  

 

Figure 2: Michael addition of a generic nucleophile to a dehydroalanine residue. 
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 There have been very few kinetics studies comparing the addition 

to each of these substrates, but one that is published shows reactions with 

dhb taking over 192 hours which results in significant accumulation of side 

products.30 This same group has shown that they can reduce the amount 

of side product formation by carrying the reactions out in “frozen water”; 

however, this also lowers overall yield.31  

 The Michael addition to dha has also been studied for use in other 

applications since dha can be formed selectively from cysteine 

residues.32,33 Following formation of dha, these studies have primarily 

focused on the addition of thiol-based nucleophiles which has allowed for 

the synthesis of posttranslationally modified histones.33 This has also been 

a strategy used as a strategy to synthesize beta substituted alanine 

derivatives by performing the Michael addition in acetonitrile instead of 

water.34  

 

5. Radical Mediated Additions to Dehydroalanine and 

Dehydrobutyrine: 

 Another method of conjugation to dha residues has been 

developed in Benjamin Davis’ and Hee-Sung Park’s labs using radical 

based chemistry.35,36 In these methods, a new carbon-carbon bond is 

formed between dha and an alkyl iodide using radical initiators.35,36 The 

path to dha on protein substrates is different in the two papers, but the 

proposed reaction mechanism for the radical addition is identical. In 
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principal, the iodine-carbon bond is cleaved homolytically followed by 

addition to the alkene of dha leaving a radical on the alpha carbon. This 

radical is then quenched with a hydrogen radical yielding an artificially 

modified amino acid in its place.35,36 The mechanism proposed is shown in 

figure 3 along with the potential side products. This reaction has been 

shown to proceed selectively by both groups for the creation of artificially 

modified amino acid side chains.35,36 

 

Figure 3: Radical addition of generic iodide to dehydroalanine. A. homolytic cleavage of iodine-
carbon bond. B. radical addition to dha and potential side reactions. 

 The Davis group introduces cysteine into proteins and then 

converts cysteine to dha according to a procedure previously developed in 
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their lab.32,33 These methods have been shown to be very effective, but 

they rely on only having one cysteine present in the protein limiting its 

efficacy to proteins that only contain one cysteine residue before 

modification and none afterwards. The Park lab employs a different and 

potentially more applicable method to access dha. They install pSer into 

proteins using amber stop codon suppression which allows for base 

catalyzed elimination to dha.36 This method allows access to proteins 

containing cysteine along with a synthetic modification.  

 In the subsequent radical addition step, the Davis group using 

sodium borohydride as their radical initiator35 while the Park group uses a 

combination of zinc and copper.36 Using metals in these reactions can 

potentially lead to chelation of the metal ions with certain residues of 

proteins, so it limits the scope of this method to proteins that won’t chelate 

to metals. The Davis group mentions initial observation of two major side 

products during this reaction35 (figure 3) that they were able to develop 

chemistry to avoid. The Park group doesn’t mention any experimental 

evidence for these side products.36 Both groups describe the radical 

addition occurring under mild conditions without a need for extreme 

changes in pH.35,36 This shows that this radical-mediated conjugation 

reaction could be a more effective method to target dha and dhb without 

the need for alkaline conditions. Neither of these groups addressed radical 

addition to dhb, but the work written about here will show it to be effective 

with a dhb substrate. 
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6. Proposed Phosphoproteomic Method in this Work: 

 In this work, we aim to develop a phosphoproteomic strategy that 

incorporates all the work cited above. The goal will be to bring beta 

elimination as a method for phosphoproteomics back by catalyzing the 

elimination under mild conditions using phospholyase enzymes. This will 

get rid of the need for harsh chemistry that produces off-target effects. 

Following elimination, a nucleophilic probe will be used to target dha 

residues and this probe will not add to dhb residues efficiently. Instead of 

using a nucleophilic addition to dhb, our strategy will be the radical 

addition of iodo-funtionalized compounds to dhb. This chemistry will allow 

for separation of previously phosphorylated peptides from those that 

weren’t phosphorylated using immunogenic probes. Additionally, the 

difference in reactivity between dha and dhb will be exploited to separate 

previously phosphorylated serine peptides from previously phosphorylated 

threonine peptides. With this strategy, phosphoproteomic analyses will be 

much simpler and allow for the discovery of potential drug targets and a 

better understanding of the function of phosphorylation in biology. 
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Results: 
 

1. Initial MALDI additions 

 To assess the reactivity of dehydrobutyrine with various 

nucleophiles, peptides containing dhb were prepared by solid phase 

peptide synthesis. In the position where dhb was desired, pThr was 

incorporated. Following purification of the peptide, elimination was 

achieved using barium hydroxide. The peptide chosen for these model 

reactions was GFL-dhb-EYV and the carboxy terminus of the peptide was 

amidated. This peptide is the known target of phospholyase enzymes 

which is the logic that was used to choose this sequence.  

 Once this peptide was produced, Michael reactions could be 

performed, and they were performed according to the scheme in  figure 4. 

Briefly, the dhb peptide was kept at a concentration of 1mM and 

nucleophiles were used in concentrations of 1M and 5M. In addition, 

potassium carbonate was used as a general base to ensure that the 

nucleophile of interest could be deprotonated and nucleophilic. The 

reactions were carried out for 24 hours at room temperature before they 

were analyzed. 

 

Figure 4. Scheme showing the reaction of dehydrobutyrine with various nucleophiles. 

 The analysis of these initial reactions was performed using matrix-

assisted laser desorption ionization mass spectrometry (MALDI-MS) since 
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it was a rapid method for analyzing multiple reactions. The calculation of 

percent relative conversion was done by adding the peak heights of all of 

the ion peaks of both the products and the reactants in each reactant and 

dividing the amount of product by this total number. Of course, ionization 

differences could play a role in this method of quantification, but it was a 

very good method to get lots of information about these reactions rapidly. 

The results of this initial nucleophile screen are shown in figure 5.  

 

Figure 5. Reactivity of dehydrobutyrine-containing peptide with various nucleophiles in unbuffered 
conditions at two different concentrations. A. Sulfur-based nucleophiles B. Primary amine-based 

nucleophiles C. Secondary amine-based nucleophiles D. Oxygen and carbon-based nucleophiles. 

 As shown, amine and thiol-based nucleophiles showed promise 

immediately. In general, increased concentration of nucleophile did 



 21 

improve reactivity for some of the nucleophiles, but many didn’t show 

improved reactivity with higher nucleophile concentration. Since these 

concentrations of nucleophile were both very high, this experiment served 

to prove that the nucleophilic addition to dehydrobutyrine was possible, 

but it didn’t help with creating optimal conditions under which to run the 

reactions.  

 It is very important to note that these reactions were not carried out 

in buffer which means that the pH varied based on the pKa of the 

nucleophile that was used. This was especially relevant with these 

reactions since the nucleophiles were very concentrated at 1M or 5M.  

 Sulfur-based nucleophiles (figure 5A) showed promising results 

since they reacted well with the dhb substrate and also were not at very 

high pH values. All of the thiol reactions were between pH 7 and 9 which 

is within an acceptable range to use for our reactions moving forward. 

Increasing the concentration of thiol generally did increase reactivity, but 

increasing to 5M is not very practical. It is important to note that the two 

most reactive thiol nucleophiles each have certain advantages. 1,2 ethane 

dithiol has two sulfur atoms which means that either one could be doing 

the nucleophilic attack which essentially doubles the effective 

concentration of nucleophile. Cysteamine has a protonatable amine which 

could allow the thiol to be deprotonated while still leaving a neutral 

molecule which would increase its nucleophilicity. Additionally, when 

cysteamine attacks, it leaves a free amine that can be protonated during 
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mass spectrometry analysis. This could give falsely high levels of 

reactivity since the product would ionize more readily than the starting 

material. 

 Primary amines, especially benzylamines, were also very effective 

nucleophiles (figure 5B). It must be noted that these amines raised the pH 

of the reaction appreciably. The pH of these reactions was between 11 

and 13. This is much higher than we would like for these reactions since it 

could cause off-target elimination reactions. So, while these results were 

promising, it still remained to be seen in benzylamines would be effective 

nucleophiles when the pH was lower. 

 Secondary amines (figure 5C) also showed promising reactivity, 

but, as with primary amines, the pH of the reactions with piperidine and 

pyrrolidine was as high as 14. The conclusions made about these 

nucleophiles were the same as those made for benzylamines: It was 

definitely worth exploring these nucleophiles further, but no conclusive 

evidence for their efficacy could be gleaned from these initial unbuffered 

experiments. 

The oxygen and carbon-based nucleophile reactions (figure 5D) 

showed very low reactivity despite all having a pH of around 10. This 

showed that these nucleophiles weren’t suitable for this reaction and 

oxygen nucleophiles were eliminated from all further screenings. This 

makes sense since the size of the orbitals in which oxygen’s lone pairs are 

residing are relatively small which wouldn’t favor attacking a soft 



 23 

electrophile like a Michael acceptor. The central carbon on the malonate 

was supposed to be nucleophilic, but it likely wasn’t since the two acid 

moieties were deprotonated under these conditions and it is not common 

to see a molecule this small able to stabilize three negative charges. For 

this reason, carbon based nucleophiles weren’t completely eliminated 

from the panel that was used, but the malonate was replaced with diethyl 

malonate in subsequent experiments.  

   As described above, the Michael addition was able to proceed with 

various amine and thiol nucleophiles, but this was at very high 

concentration. In addition to high concentrations of nucleophile, the 

varying pH levels mean that it isn’t really possible to compare these 

results to one another. To mitigate some of these problems, future 

reactions were carried out in buffered conditions at lower concentrations to 

hopefully find nucleophiles that were best under the conditions we hoped 

to use for our assay. 

 

2. Buffered maldi conditions 

 Although the previous reactions allowed for an understanding of the 

reactivity of dhb, comparing reactions that were run at different pH values 

is difficult. To mitigate this, buffered conditions were used. A tris buffer 

was chosen since it is the buffer that has been used previously for 

phospholyase enzymes. Additionally, pH 8 was chosen for the following 

Michael additions since it is high enough to allow some reactivity but low 
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enough to prevent off target protein modification. The reaction conditions 

used are shown in the scheme in figure 6. In this portion of 

experimentation, various concentrations of nucleophile were used and 

reaction times were also varied to get a better sense for the conditions 

necessary to study these reactions well. 

 

Figure 6. Reaction scheme for buffered Michael additions to dehydrobutyrine 

 Initial reactions were carried out using benzylamine and beta 

mercaptoethanol since these were both shown to be effective nucleophiles 

in the unbuffered reactions. Since buffering was now used, concentration 

of nucleophile was varied to figure out optimal conditions to screen a 

larger panel of nucleophiles. Figure 7 shows the results of this screen of 

concentrations using BME and benzylamine. 

 
Figure 7. Various concentrations of nucleophiles reacting with dehydrobutyrine. A. Reactions with 

beta mercaptoethanol as the nucleophile. B. Reactions with benzylamine as the nucleophile. 

 Figure 7 shows that both BME and benzylamine are effective 

nucleophiles for dhb but that BME is more effective at lower 

concentrations. These data were very important for selecting conditions 
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for further experimentation. It is also important to note that the 

concentration of peptide didn’t have a large impact on the reactivity 

showing that either concentration of peptide would likely work for 

experiments moving forward. 

 As shown, reactivity varies greatly with concentration for both 

nucleophiles that were tested. Since a screen of many nucleophiles at 

many concentrations would be time consuming, a nucleophile 

concentration of 50mM was selected for the following reactions. This 

allowed for reactions with 500 equivalents of nucleophile when the 

concentration of peptide was 100uM and 50 equivalents when the 

concentration of peptide was 1mM. In addition to these two concentrations 

of peptide, reactions were also carried out at both 37°C and 60°C to see if 

increasing the temperature would dramatically improve reactivity. The 

results for these experiments are shown in figure 8.  

 
Figure 8. Reactivity of dehydrobutyrine with various nucleophiles. A. Reactivity of dhb at a 

concentration of 100uM. B. Reactivity of dhb at a concentration of 1mM. 
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 The data in figure 8 demonstrates once again that thiol-based 

nucleophiles and benzylamines are the most effective nucleophiles for 

these reactions. It is also shown that temperature can have an effect on 

the reactivity of dhb with these different nucleophiles. For this reason, 

some of the following experiments also used multiple temperatures to 

compare reactivity.  

 Of particular note are the reactions with benzylamine and 

benzylamine and 4-methoxybenzylamine since adding a substituent to the 

benzylamine ring has a marked effect on reactivity. This lead us to 

compare reactivity between substituted benzylamine derivatives to see if 

we could improve the reactivity appreciably. Figure 9 shows these data. 

 

Figure 9. Reaction of dhb with three different benzylamine derivatives in four different sets of 
conditions. 

 As shown in figure 9, 4-chlorobenzylamine did react significantly 

better than the other benzylamines at most of the conditions tested. This 
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can be explained based on the electron withdrawing capabilities of the 

chlorine atom because of its electronegativity. This was certainly 

promising since it showed that it was potentially possible to modify 

benzylamines to change their nucleophilicity for these Michael reactions.  

 Although significant progress was made thus far, conditions were 

still not standardized, and most experiments had only been performed with 

single trials. This along with the fact that reaction progress was monitored 

by MALDI which isn’t an effective method for quantification pointed to the 

need to step back and reassess the conditions that we were using and 

standardize them to get some more concrete data moving forward. 

 

3. Optimization of Conditions for the Nucleophile Activity Screen  

 Following the experiments to find optimal concentrations of 

peptides and nucleophiles, new conditions were selected to carry out a 

screen that was representative of all of the nucleophiles of interest. For 

this screen, the plan was to have a peptide at a concentration of 1mM, 

nucleophile at a concentration of 50mM and the pH buffered with tris 

buffer at pH 8. The panel of nucleophiles was selected based on the 

original panel used, but nucleophiles that were completely unreactive and 

nucleophiles that had similar properties to others were removed.  

 The nucleophiles selected represented the properties that we 

wanted to explore. BME was chosen because it is a thiol that has good 

water solubility. Cysteamine was chosen since the protonatable amine 
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could alter the pKa of the thiol group and allow it to be deprotonated and 

nucleophilic at lower pH. Benzylamine was chosen since it had shown 

preliminary success in the earlier experiments. Pyrrolidine was selected as 

a model secondary amine that was also previously successful. Imidazole 

was chosen as an aromatic secondary amine even though it had shown 

low reactivity in early experiments. Benzylhydroxylamine was chosen 

since the lone pairs on oxygen allow the amine to be more nucleophilic 

and because it is widely used in labeling of carbonyl groups. Aniline was 

chosen since the aromaticity of the ring allows the pKa of the amine to be 

lowered increasing the likelihood of deprotonation of the amine.  

 In addition to this smaller panel of nucleophiles, dehydroalanine 

was also tested. Dha was produced by elimination of phosphoserine using 

OspF, a phospholyase enzyme. This would allow for comparison of the 

reactivity of dha and dhb and would allow us to attempt to find 

nucleophiles compatible with both electrophiles. 

 

4. LCMS Results 

 With a new panel of nucleophiles, new screening conditions and 

peptides with both dha and dhb selected, an optimal method for assessing 

reactivity was needed. The original experiments all used MALDI to assess 

reactivity, but MALDI has the issue of being very influenced by ionization 

ability. The best method would be to use high performance liquid 

chromatography (HPLC) to monitor reaction progress, but HPLC wouldn’t 
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tell us with certainty which peaks were products. To mitigate this, liquid 

chromatography-mass spectrometry (LC-MS) was used so that peaks 

could be identified, and volumes could be used to quantify the remaining 

reactants and products. These reactions were carried out for both 24 and 

48 hours and the results are shown in figure 10. 

 

Figure 10. Reactivity of dha and dhb containing peptides with various nucleophiles. A. 24 hour 
reactions. B. 48 hour reactions. 

 As shown, dehydroalanine reacts remarkably better than 

dehydrobutyrine. In particular, both electrophiles reacted much better with 

thiol nucleophiles than any of the amines used. The amine with the most 

reactivity was benzylamine, and it is possible that substituting the ring 

would increase this reactivity, but these experiments weren’t performed. 

The rest of the amines didn’t show significant reactivity and were also not 

pursued further. The higher reactivity of dhb with cysteamine than with 

BME is possibly an artifact of the improved ionization of the free amine 

that results from the addition, but it is also possible that it is because of the 

altered pKa of the thiol group. Additionally, it was clear that increasing 
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reaction time from 24 to 48 hours didn’t significantly change the reactivity 

that was observed other than the visibility of some minimal reactivity of 

dhb with benzylamine. 

 With these data in hand, a few things became clear. It would 

definitely be possible to use a thiol nucleophile to target dha, but targeting 

dhb with any of the nucleophiles tested would be difficult. A reaction time 

of 24 hours is enough time to allow reactions to proceed and 48 hour 

reactions weren’t necessary for subsequent experiments.  

 It is also worth mentioning that diastereomeric products were 

observed for all reactions. There wasn’t a preference for one diastereomer 

over another, but this did further confirm the need to use LC-MS for 

monitoring reactions since each peak had to be confidently identified. 

Diastereomeric ratios were close to 50:50 for all reactions so they aren’t 

explicitly reported here. 

 

5. Thiol probe syntheses 

 Based on the experiments shown previously, it was clear that a 

thiol probe would work to enrich dha. The goal with this probe was to have 

it functionalized with a chemical handle that would allow for purification 

later on. The chemical handle that was chosen was biotin because of its 

strong interactions with streptavidin. 

 The first synthesis that was attempted was an amide bond 

formation between biotin and cysteamine. The synthesis plan is 
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summarized in figure 11. Briefly, biotin was activated with thionyl chloride 

and tetrafluorophenol. Following this, cysteamine was added to form an 

amide bond with a free thiol. 

 

Figure 11. Synthesis of biotin thiol using tetrafluorophenol. 

 This synthesis was attempted as shown in the figure, and the first 

step proceeded easily. In the second step, it was necessary to purify the 

product on a silica column using methanol as a cosolvent. During the 

purification, the product was converted to a methyl ester instead of the 

desired amide. 

Since this first synthesis didn’t go according to plan, a new 

synthetic plan was developed. This new plan is shown in figure 12. Briefly, 

biotin was activated with NHS then an amide bond was formed. This 

resulted in the disulfide which was reduced to give the final product. 

 

Figure 12. Synthesis of biotin thiol using NHS activation. 

 The synthesis was carried out successfully as shown in the figure. 

Once it was made, the reactivity of the thiol with dha and dhb was 

assessed. Unfortunately, the solubility of the biotin thiol was so low that no 
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reactivity was observed. This lead to the development of a third synthetic 

method for a thiol based probe.  

 The third thiol probe synthesis was planned according to figure 13. 

Briefly, standard fmoc peptide synthesis methods were used to synthesize 

the probe. It allowed for cysteine to be used as the nucleophilic thiol 

followed by the addition of a PEG linker followed by biotin. It was 

synthesized on Rink Amide resin which gave rise to an amidated C-

terminus so that the thiol would be more likely to be deprotonated in 

solution. The probe was also simple to purify by HPLC. 

 

Figure 13. Synthesis of cysteine-PEG-Biotin probe on Rink Amide resin followed by deprotection 
with trifluoroacetic acid, triisopropyl silane and water. 

 Once this probe was synthesized, its solubility in water was 

assessed. It was shown that it was soluble up to at least 100mM which 

was high enough for our applications, so further experiments moved 

forward with this probe. 

 

6. Biotin-PEG Cysteine Probe Kinetics 

 With this new probe in hand, reactions were performed to assess 

its reactivity with dha and dhb. The reactions were carried out according to 

figure 14. The probe was in a concentration of 50mM while the peptide 
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was kept at 1mM. Additonally, tris carboxyethyl phosphine (TCEP) was 

used as a reducing agent to prevent the formation of disulfides. 

 

Figure 14. Scheme showing the reaction of dha with the cysteine-PEG-biotin probe for the following 
kinetics experiments. 

 These reactions were carried out in the form of kinetics 

experiments, so different timepoints were taken to determine rate 

constants for the reactions. These data are shown in figure 15.  It is very 

clear from the reactions that dha reacts much more rapidly than dhb and 

that the reactions with dhb aren’t proceeding to completion. This is likely 

because the TCEP is unable to continue to reduce the probe after some 

time proceeds which levels out the reaction coordinate. Since these data 

were to be used for kinetics experiments, the reactions were monitored by 

HPLC as opposed to LC-MS since HPLC is much more quantitative. The 

condition monitored was the disappearance of the starting peptide and the 

whole reaction mixture was also assessed by MALDI to ensure that the 

other peaks were in fact products and not side products being produced in 

some sort of unknown reaction. Figure 15 also shows the natural log of 

the concentration of peptide remaining in the reaction mixture for future 

calculations of rate constants. 
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Figure 15. Time course data for the reaction of the cysteine-PEG-biotin probe with dha and dhb. A. 
Decrease in concentration of dha peptide over time. B. Natural logarithm of the decrease of dha 
peptide over time. C. Decrease in concentration of dhb peptide over time. D. Natural logarithm of 

the decrease of dhb peptide over time. 

 As shown in figure 15, smooth curves for both reactions were 

obtained. The timescale of the reactions is noticeably different because 

the reaction with dhb was so much slower than the reaction with dha. 

From the concentration vs. time plots, natural log of concentration vs time 

was also shown. This is so pseudo first order kinetics calculations could 

be performed. These calculations are shown in table 1. Briefly, this table 

shows the calculation of a k’ value based on the slope of the plot followed 

by a calculation of the rate constant (k) for each reaction.  
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Table 1. Calculation of rate constants of reaction of dha and dhb peptides with cysteine-PEG-biotin 
probe. 

 

 The rate constants calculated in table 1 were able to be used to 

calculate a rate enhancement of the reaction of dha as opposed to dhb. 

This rate enhancement was shown to be 48-fold which shows very clear 

selectivity for dha over dhb. Selecting for dha is a great strategy, but it was 

still necessary to figure out a method for enriching dhb and this required 

more creative methods shown in the following section. 

 

7. Iodo reaction results 

 With the problems in reactivity of dhb using nucleophilic probes, we 

turned our attention to the radical reactions mentioned in the introduction 

of this report. Briefly, iodo compounds are added to dha or dhb using 

sodium borohydride as a radical initiator. This is outlined in figure 16. As 

shown, the reaction ideally proceeds with a single addition of the iodo 

compound to the dha or dhb, but some side reactions are possible. The 

first side reaction is the addition of a second iodo compound which results 

in an iodo compound attached to the alpha carbon of the peptide. The 

second side reaction involves cleavage of the backbone by molecular 

oxygen that participates in the reaction. In all experiments that follow, both 

of these products were looked for. Only the double addition product was 

found while the cleavage products were not observed at all. Since the goal 

Peptide Slope k' Probe	Concentration	(M) k	(M^-1	s^-1)
Dha -3.79E-04 3.79E-04 0.0455 1.72E-05
Dhb -7.97E-06 7.97E-06 0.0455 3.62E-07
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is labeling, a double addition is not problematic for the applications 

presented in this report.  

 

Figure 16. Radical reaction of iodo compounds with dehydroalanine. A. Homolytic cleavage of the 
carbon-iodine bond. B. Radical addition of the carbon radical to dha with the possible side products 

shown. 

 To set up these reactions, two model iodo compounds were used, 

2-iodoethanol and iodoacetamide. The results for these reactions are 

shown in figure 17 and it is clear that iodoacetamide doesn’t work as a 

probe for dhb but it could work for dha. 2-iodoethanol does work for both 

substrates, and doesn’t show a preference for different pH values. This 
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means that pH can be held anywhere between 4 and 6 and reactivity will 

still be observed. Additionally, it is important to note that the double 

addition product was present for both substrates in much lower 

abundance than the single addition product. 

 

Figure 17. Addition of iodo compounds to dehydroalanine and dehydrobutyrine. A. Addition of 2-
iodoethanol to dha. B. Addition of 2-iodoethanol to dhb. C. Addition of iodoacetamide to dha. D. 

Addition of iodoacetamide to dhb. 

 As shown, the radical reaction is much more promising for targeting 

dhb than the nucleophilic addition. This means that a new probe can be 

synthesized to target dhb after dha has already been capped with the 

nucleophilic probe. This synthesis is described in the following section. 
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8. Synthesis of Iodo-Funtionalized Probes 

 Since the reactivity of iodo compounds with dehydrobutyrine was 

shown to be successful, new probes were synthesized to be used to 

enrich dhb. Biotin was the chemical handle used for the nucleophilic 

probe, so other immunogenic tags were chosen for the iodo compounds. 

The probes that follow have either a dinitrophenol (DNP) analog, a 

dopamine analog or biotin as the chemical handle. 

 The first probe synthesized was a DNP analog based probe. It was 

synthesized according to a previously established procedure37 

according to figure 18. Briefly, dinitrobenzyl chloride was subject to a 

Finkelstein reaction with sodium iodide in acetone. This allowed for 

substitution of the chlorine with an iodine. 

 

Figure 18. Synthesis of dinitrobenzyl iodide via the Finkelstein reaction. 

 Once this probe was synthesized, its activity in the radical reaction 

was tested with dha and dhb containing peptides. Unfortunately, the 

dinitrobenzyl iodide appeared to be too reactive and resulted in many side 

products. While it was potentially possible to identify these side products, 

we didn’t since we knew it wasn’t worthwhile. Instead, a new synthesis for 

an iodo probe was developed. 

 The next probe was developed using dopamine as the starting 

material since there are effective antibodies against the catechol ring. This 
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synthesis was performed according to figure 19. Briefly, amide bond 

formation was catalyzed using EEDQ. 

 

Figure 19. Synthesis of dopamine iodine probe via amide bond formation with EEDQ 

 This synthesis was performed successfully, but this probe wasn’t 

the right probe since we realized after synthesis that the catechol ring 

would work as a radical quencher. Dopamine is a powerful antioxidant 

which would not be right for the application in a radical reaction. For this 

reason, this synthesis wasn’t optimized and the reaction with this probe 

wasn’t studied. Instead, we focused on a new chemical handle.  

 After realizing that the two handles we tried were not right for the 

radical reaction, we turned our attention to biotin as the chemical handle. 

Although this is the handle already in use for the cysteine based probe, it 

is also the least reactive handle, and is well suited for the radical reaction. 

The next synthesis was also an amide bond formation with 3-

iodopropionic acid, but this time was done using a biotin-PEG-amine as a 

starting material. The synthesis was performed according to figure 20 

using HBTU and DIEA to catalyze the reaction. 
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Figure 20. Synthesis of biotin-PEG-iodo probe with HBTU and DIEA 

 The synthesis was performed, but after analysis, it became clear 

that the product wasn’t the iodide but was in fact the product of an 

elimination of iodine. This likely occurred because the proton adjacent to 

the carbonyl was acidic enough to be deprotonated and there was base in 

the reaction. To prevent this from happening, a new starting material was 

chosen, 4-iodobutyric acid since this proton is less acidic making 

elimination much less likely. Synthesis with this new starting material is 

underway now. 

 

9. Enzyme Reactions in Lysis Buffer 

 A431 cells were used since they are known to overexpress the 

MAPK cascade, and we knew our phospholyase enzymes were specific to 

this sequence. Cells were grown then lysed so that lysates could be used 

for experimentation. Since the lysis buffer contained a phosphatase 

inhibitor, we had concern that the inhibitor might also inhibit phospholyase 

enzymes. To test this idea, phospholyase experiments were conducted in 
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this buffer, and the results of these experiments are shown in figure 21. 

These experiments were carried out over a time course to ensure the 

reaction was proceeding at an appreciable rate.  

 

Figure 21. Reaction of GFLpTEpYV with OspF in lysis buffer containing a phosphatase inhibitor. 

 As shown in the figure, the reaction proceeds to completion by the 

time it has reacted for 30 minutes. This shows that there won’t be a need 

for buffer exchange before these elimination reactions can be conducted 

with cell lysates. 

 

10. Lysate Experiments 

 In order to show that the labeling reactions developed in this work 

were applicable to whole cell lysates, A431 cell lysates were used. This 

cell line is known to overexpress the MAPK cascade, so it would likely 

have proteins that would react with phospholyase enzymes. 

 Initial experiments with these lysates focused on figuring out the 

correct amount of lysate needed to see proteins of interest on western 
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blots. This experiment involved using varying concentrations of lysate on a 

gel followed by probing with an antibody against the ERK protein that is a 

known target of phospholyase enzymes. This initial western blot is shown 

in figure 22. 

 
Figure 22. Western blot of A431 lysate using an anti-phospho p44/p42 antibody. 

 As shown in figure 22 the antibody against MAPK proteins showed 

the presence of MAPK in this lysate as expected since A431 cells 

overexpress MAPK. Since this protein was visible in all lanes but faint in 

the lanes with only 1ug or 5ug, 10ug of lysate was chosen for all 

experiments that follow. It is also important to note that there was also 

signal at higher molecular weights, and this is likely due to ubiquitination of 

the overexpressed protein.  
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Conclusion: 
 
 The Michael addition to dehydroalanine and dehydrobutryrine was 

explored under mild conditions on peptide substrates. This reaction has 

previously been accomplished using extremely basic conditions which 

aren’t applicable to whole cell lysates since they will result in off target 

effects. Based on this exploration, it was shown that the Michael addition 

is very successful on dehydroalanine, but it is much less successful on 

dehydrobutyrine. 

 Since the Michael reaction was successful on dehydroalanine with 

thiol-based nucleophiles, a thiol-based probe was synthesized containing 

a biotin functionality for affinity purification and antibody detection. This 

thiol probe was used in kinetics experiments and it was shown to be 

selective for dehydroalanine over dehydrobutyrine. This will allow for 

labeling of previously phosphorylated serine peptides without labeling 

previously phosphorylated threonine peptides.  

 This thiol probe didn’t label dehydrobutyrine, and none of the 

nucleophiles tested worked better than thiols. For this reason, radical 

addition of iodo compounds to dehydrobutyrine was pursued. Previously, 

this reaction had only been performed on dehydroalanine, and this work 

extends the utility of the reaction to dehydrobutyrine. With this new 

reaction in hand, it is now possible to label dehydrobutyrine which was 

previously not feasible under mild conditions. Synthesizing iodo 

functionalized probes has proven to be difficult and is still in progress, but 
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the goal is to have another probe functionalized with biotin that will be able 

to label dehydrobutyrine. 

 This iodo functionalized probe will label both dehydrobutyrine and 

dehydroalanine, so the selectivity of the assay will stem from the 

selectivity of the thiol probe. In this way, we have developed a scheme to 

prove the success of this assay and show that it will be useful in 

phosphoproteomics applications. The scheme for this assay is shown in 

figure 23, and it shows our ability to differentially label dehydroalanine and 

dehydrobutyrine. Sequentially, the first step of the assay will be to expose 

a cell lysate of interest to a phospholyase enzyme which will replace 

phosphoserine and phosphothreonine residues with dehydroalanine and 

dehydrobutyrine respectively. Following this elimination, the thiol probe will 

be used to target the dehydroalanine residues. After the dehydroalanine 

residues have been capped by the thiol probe, the lysate will be exposed 

to the iodo probe which will label the remaining dehydrobutyrine residues. 

This will then allow for western blots against the immunogenic handles to 

be performed which will show the differential labeling was successful. 
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Figure 23. Scheme showing the differential labeling of dehydroalanine and dehydrobutyrine in a 
proposed cell lysate experiment. 

 Overall, this new assay is well on its way to being utilized for 

proteomics experiments. In order to get to this point, successful synthesis 

of an iodo functionalized probe is necessary. Following this synthesis, 

experiments on peptides with the new probe will be performed to show its 

utility. After this, lysate experiments will be possible and we should be able 

to show that our probes are selective.  

This method will enable much better phosphoproteomic studies 

than those that are currently possible since our probes will enable 

successful enrichment of phosphoproteins and these enriched proteins will 

also ionize better than phosphoproteins since they will no longer contain 

the negative charges. This will allow for the discovery of kinases and 
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phosphatases that are implicated in disease and will allow for the 

adaptation of these kinases and phosphatases to be new drug targets. 
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Methods: 
 

1. Peptide Synthesis  

 Peptides were synthesized on Rink Amide resin with fmoc 

protected amino acids resulting in amidated c-termini. Synthesis on Rink 

Amide followed the following steps: i. Swelling of beads in DMF for 30 

minutes. ii. Deprotection using 20% piperidine in DMF twice for 15 minutes 

each. iii. Coupling of the first residue overnight with 5 equivalents of the 

fmoc-protected amino acid, 5 equivalents 2-(1H-benzotriazol-1-yl)-1,1,3,3-

tetramethyluronium hexafluorophosphate (HBTU) and 10 equivalents N,N-

Diisopropylethylamine (DIPEA) in DMF. iv. Four 1 minute washes with 

DMF v. Two 15 minute deprotections with 20% piperidine in DMF. vi. Four 

1 minute washes in DMF. vii. 1 hour coupling with 5 equivalents fmoc 

amino acid, 5 equivalents HBTU, and 10 equivalents DIPEA in DMF. viii. 

Repeat steps iv-vii until peptide is done. ix. Wash with dichloromethane 

(DCM) and dry in dessicator. After synthesis, peptides were cleaved from 

resin and side chains were deprotected using a solution of 95% 

trifluoroacetic acid (TFA), 2.5% water, and 2.5% triisopropyl silane (TIPS) 

for 4 hours. After cleavage, TFA was blown off with air then peptides were 

dissolved in a small volume of acetonitrile and water then purified using a 

C18 column on a reverse-phase preparatory HPLC. They were then 

lyophilized. 

 On-bead peptides were synthesized on ChemMatrix HMBA resin 

using fmoc-protected amino acids. Steps were the same as for the 
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synthesis on Rink Amide except no initial deprotection was needed, and 

the first coupling used 5 equivalents N,N′-Diisopropylcarbodiimide (DIC), 

and 0.1 equivalents 4-Dimethylaminopyridine (DMAP) instead of HBTU 

and DIPEA. For on-bead experiments, side chains were deprotected using 

the same solution used for deprotection of Rink Amide peptides, but this 

didn’t cleave them from bead. Experiments were run on deprotected 

peptides then they were cleaved from beads using 100mM NaOH before 

LCMS analysis. 

 

2. Phosphopeptide elimination 

 Lyophilized phosphothreonine peptides were dissolved in saturated 

barium hydroxide and allowed to react for 24 hours. Reactions were 

monitored by MALDI. After elimination was complete, purification of 

eliminated peptide was done on a reverse phase preparatory HPLC. 

Fractions containing eliminated peptide were lyophilized then 10mM stock 

solutions were made for future experiments. 

 Lyophilized phosphoserine peptides were dissolved in DB buffer 

and eliminated using 10uM OspF enzyme. After enzyme reaction was 

complete, the peptide containing dehydroalanine was purified by HPLC 

and 10mM stocks were made. 
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3. Michael Addition conditions 

 Michael additions to eliminated phosphopeptides were conducted 

with varying concentrations of nucleophile and peptides. The initial 

reactions that were analyzed by MALDI are outlined in the results section 

and there isn’t a need for more detail here aside from the method for 

quenching and analysis. 

The MALDI reaction mixtures were zip tipped using C18 zip tips 

and the following procedure. All solvents used had 0.1% TFA. i. Wet tip 

twice using 50% acetonitrile in water. ii. Equilibrate twice using water. iii. 

Aspirate sample up and down 10 times. iv. Wash tip 10 times with 5% 

acetonitrile in water. v. Elute sample using 50% acetonitrile in water. Then 

these samples were analyzed as described below. 

 For the reactions that lead to the nucleophile screen data to inform 

the probe selection process, the procedure was as follows. Reactions 

were all carried out in pH 8 50mM tris buffer. Reaction volumes were 25uL 

with 1mM peptide and 50mM nucleophile. All reactions were shaken at 

37°C for the specified time then quenched with 5uL 5M HCl and diluted 

with 70uL of water before they were analyzed. The analysis for all of these 

reactions were carried out on LCMS in the procedure described below 

  

4. MALDI-TOF of Michael Additions 

Michael additions to dehydrobutyrine peptides were monitored and 

analyzed via MALDI-TOF. After zip-tipping, samples were plated using an 
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α-Cyano-4-hydroxycinnamic acid matrix dissolved in 50% acetonitrile in 

water with 0.1% TFA. Analysis was done on positive ion mode. After 

spectra were obtained, percent conversion was calculated by adding up 

the heights of all ion peaks for the starting material and the final product 

and dividing the height of the final product peaks by this number. 

 

5. LC/MS Analysis of Reactions 

Reactions that were analyzed by LCMS were quenched as 

described above. LCMS analysis was conducted with injection volumes of 

1uL and a gradient elution of 2% acetonitrile to 60% acetonitrile. After 

collection of data the data was analyzed by finding molecular features 

from the chromatogram and assigning each mass to either the starting 

material or the product. Once masses were assigned, a simple percent 

relative conversion was calculated using the LCMS volume of the product 

divided by the LCMS volume of the product added to the LCMS volume of 

the starting material. If the product or the starting material wasn’t present, 

an extracted ion chromatogram was performed with the mass of interest 

and this chromatogram was manually integrated to ensure the values that 

were obtained were not skewed by low abundance of either the product or 

the reactant. 
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6. Probe Synthesis 

The schemes in figures 5 and 6 were used to synthesize probes. 

NMR was carried out using a Bruker 500 MHz NMR.  

The synthesis shown in figure 11 was conducted as follows. 2.5g of 

biotin, 1.6g tetrafluorophenol were dissolved in 25mL thionyl chloride. This 

solution was stirred for 3 hours then 50mL of DCM and stirred for 7 days 

based on TLC. The compound was purified on a silica column with 9:1 

DCM:MeOH then rotovapped. NMR confirmed that the correct product 

was obtained. 87% yield was obtained. The second step was conducted 

as follows. 1.0973g of the biotin ester, 0.366g cysteamine, was dissolved 

in 44mL DMF and 0.658mL triethylamine. After 24 hours stirring at room 

temperature, the reaction was mixed with 110mL water then extracted with 

DCM. The organic layer was dried with sodium sulfate then filtered and 

rotovapped then purified on a silica column using the conditions above. 

NMR was performed showing that the methanol had reacted with the ester 

to form a biotin methyl ester. 

The synthesis in figure 12 was conducted as follows. 0.5g biotin, 

0.2592g NHS and 0.4297g EDC was stirred in 44mL anhydrous DMF for 

24 hours. The product was rotovapped then washed with cold methanol in 

a Buchner funnel. NMR was run on the resulting white solid showing a 

water contamination. The product was left in a desiccator for a weekend 

before the next step. 0.3298g biotin succinimide, 0.112g cysteamine HCl 

and 395uL triethylamine were stirred in 16.5mL DMF for 24 hours. The 
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product was rotovapped and triturated with water then rotovapped again. 

NMR was performed yielding the correct product with a water peak. Since 

water wasn’t thought to interfere with the final reduction step, the 

synthesis was continued. 0.3628g biotin disulfide, 0.472g DTT, 169uL 

TEA were stirred in 36mL DMF for 18 hours. This solution was then 

rotovapped and triturated with acetone. The product was rotovapped one 

more time. 

The synthesis shown in figure 13 was conducted according to the 

peptide synthesis protocol shown above. The only differences were as 

follows: the coupling to biotin was done in 50:50 DMF:DMSO and was 

coupled for 4 hours instead of 1 since the solubility of biotin in DMF was 

low. The purification was carried out by HPLC and the product peak was 

identified using MALDI.  

The synthesis in figure 18 was carried out as follows. All steps were 

carried out in the dark. 1g of 3,5-dinitrobenzyl chloride was dissolved in 

12mL acetone. 1.38g NaI was dissolved in 8mL acetone. The two 

solutions were combined under nitrogen and stirred for 24 hours. The 

reaction was then filtered over Celite and the Celite was washed with 

10mL acetone. The solution was then rotovapped and dissolved in DCM 

before being filtered over Celite again. The filtered solution was extracted 

with 4mL saturated sodium thiosulfate then extracted with 4mL water. 

After this, it was dried with magnesium sulfate then rotovapped. This 
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resulted in an oil that solidified after being removed from heat and the 

product was confirmed by NMR. Yield was 77.8%. 

The synthesis shown in figure 19 was carried out as follows. 250mg 

of dopamine and 0.525g iodopropionic acid were dissolved in 13mL of 

DMF. 181uL triethylamine was added. 0.77g EEDQ was dissolved in 26 

mL DMF. These two solutions were combined and stirred overnight 

followed by purification on a silica column. The product degraded on the 

column turning the silica from white to brown, so this synthesis wasn’t 

pursued further. 

The synthesis shown in figure 20 was performed as follows. 50mg 

biotin PEG amine was dissolved in DMF. 26.7mg iodopropionic acid and 

50.7mg HBTU were dissolved in 2mL DMF then 93uL DIEA was added. 

These two fractions were combined and stirred for 3 hours. Purification 

was performed on HPLC and fractions were analyzed on LCMS which 

showed that an elimination reaction had occurred rendering the probe 

nonfunctional for the applications we envisioned. 

 

7. Kinetics Method 

Kinetics experiments were carried out using 50mM tris buffer with 

TCEP buffered to pH 8. 1mM peptide and 50mM probe was added, and 

the reaction was quenched by removing 25uL of reaction volume at set 

timepoints and quenching with 5uL of 5M hydrochloric acid and diluted 

with 70uL of water before analysis. After quenching, samples were run on 
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analytical HPLC, and disappearance of the starting peptide was quantified 

to determine the rate of reaction and the rate constant. This method was 

used with both the dha peptide and the dhb peptide. 

 

8. Iodo Reaction Method 

Reactions with iodo compounds were carried out as follows. All 

tubes used for reactions had holes poked in the top to prevent pressure 

buildup. 2.5uL of 10mM stock of peptide was added to 25uL of ammonium 

acetate buffer (pH depended on experiment). ~1mg of the iodo compound 

of interest was added to the tube and mixed until dissolved. Following this, 

~1mg sodium borohydride was added and effervescence was observed. 

Samples were spun to get rid of bubbles until the bubbling stopped then 

they were shaken at room temperature for 30 minutes. The reactions were 

quenched by zip tipping according to the procedure outlined above then 

analyzed by LCMS. 

 

9. Phospholyase Conditions 

The reaction of OspF with GFLpTEpYV in the lysis buffer was 

carried out as follows. A 25uL reaction was performed at room 

temperature with 1mM peptide, 10uM enzyme and 5uL aliquots were 

removed at selected time points. These aliquots were diluted in 200uL of 

100mM HCl which stopped the reaction. They were then analyzed on 
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LCMS and calculation of the amount of elimination that occurred was 

performed as described above in the LCMS analysis procedure. 

 

10. Western Blotting 

Western blots were performed by running SDS-PAGE gels at 200V for 

35 minutes. Following gel running, the transfer was performed using 100V 

for 1 hour. The membrane was then washed with TBST 3 times for 5 

minutes each before the blot was blocked with milk for one hour. The blot 

was then washed according to the procedure described before primary 

antibody was added. The primary antibody for MAPK was added 1:1000 in 

milk overnight. Then, the blot was washed once again before adding 

secondary antibody in 1:2000 concentration. After secondary addition the 

blot was washed before it was developed and imaged. 

 

11. Lysate Experiments 

Cell lysates from A431 cells were obtained from a graduate student in 

the Scheck Laboratory. The lysates were used for the western blotting 

experiments described above. The amount of lysate to be used for each 

experiment was determined by loading various concentrations on a gel 

and probing with an anti-phosph MAPK antibody that allowed for detection 

of this protein and assessment of protein levels. 
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