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Abstract 
 
The protein kinase family represents a significant challenge in medicinal chemistry.  This 

important class of enzymes shares a structurally conserved catalytic core, making 

selective inhibition of individual members difficult.  Covalent inhibition offers the potential 

of additional selectivity based on chemical reactivity and here I have designed and 

synthesized a panel of electrophilic nucleosides to investigate select protein kinases.  

These compounds share a nucleoside scaffold that combines elements of the broad 

spectrum tyrosine kinase inhibitor pyrazolopyrimidine-1 (PP1) and an electrophilic 

nucleoside, p-fluorosulfonylbenzoyl 5' adenosine.  This combination increases the 

scaffold’s reversible binding affinity to target a subset of protein kinases.  I tested the 

effect of several different 5' electrophiles on the activity of Src-kinase family members.  A 

5'-vinyl sulfonate ester reacted with a cysteine in the “glycine-rich” loop of Src.  This 

cysteine is also found in FGFR tyrosine kinases, but is present in only three of the 

eleven Src-family kinases (Src, Yes, and Fgr).  A pyrrolopyrimidine nucleoside bearing a 

5'-vinyl sulfonate ester inhibited autophosphorylation and FGFR3 dependent cell 

proliferation in a cysteine dependent manner.   

Kinases of the eukaryotic parasite Trypanosoma brucei were profiled using the 

electrophilic nucleoside 47, which targets an essential catalytic lysine found in nearly all 

protein kinases.  This compound binds to a subset of the T. brucei kinases, five of which 

are essential: TbPK50 and homologues of casein kinase 1, Gsk3, NIMA, and Clk protein 

kinases.  I used compound 47 in conjunction with quantitative mass spectrometry as a 

tool for chemical proteomics.  Using this technique, covalently modified T. brucei kinases 

were profiled for binding with the reversible inhibitor PD0166326.  Exchanging the 5' 

electrophile of 47 for an acrylate ester changes the compound’s effect on T. brucei.  This 

new electrophile still preferentially reacts with protein kinases, but with higher selectivity.  



 vi 

One unique target of the acrylate is the T. brucei homologue of Bud32 kinase.  This 

atypical kinase may have important functions in T. brucei biology and virulence. 
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Covalent inhibition is an important strategy for drug development and the design of small 

molecule probes of biological processes.  A familiar example of covalent inhibition is the 

β-lactam antibiotics that block cell-wall synthesis in gram-positive bacteria.  Many other 

drugs similarly form covalent bonds to their targets1,2.  Covalent inhibitors inactive their 

target enzyme(s) in a time-dependent manner.  Initial association is non-covalent, and in 

a second rate determining step, the inhibitors react with nearby nucleophilic residues3,4.  

The kinetic and thermodynamic components of this two-step process can be resolved5,6, 

but the end result is potential for sub-picomolar potencies and selectivity based on 

chemical principles7,8. 

Covalent inhibitors have been used to probe the function of individual proteins as 

well as whole classes of enzymes.  Formation of a stable covalent bond allows direct 

identification of the protein components responsible for a covalent inhibitor’s phenotypic 

effects.  In this manner, the natural product, trapoxin, helped to define mammalian 

histone deacetylases9.  Covalent interaction can also significantly boost the potency of 

otherwise specific, yet weakly binding inhibitors.  This advantage is exemplified in many 

protease inhibitors.  Appending electrophiles to peptides and peptidomimetics yields 

covalent mechanism-based inhibitors for several protease families10.  Broadly targeting 

reactive classes of reactive proteins can yield tools profile families of enzymes and 

speed inhibitor development11.  Covalent probes for hydrolases allowed concurrent 

optimization of the potency and selectivity of inhibitors of fatty acid amide hydrolases12. 

Protein kinases constitute a large family of enzymes with a central regulatory role 

in all eukaryotes and many prokaryotic organisms.  Protein kinases represent 2% of 

human genes and share significant structural homology in their catalytic domains13.  

Specific inhibition of members of this family holds the promise of providing therapeutics 

for cancer and other human diseases, but represents a challenge due to this high 

structural homology14,15.  The kinase active site consists of a highly conserved ATP 
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binding pocket located between the N and C-terminal lobes of the catalytic domain and a 

poorly defined peptide binding surface16.  The majority of kinase inhibitors are ATP 

competitive and must exploit subtle variations in the nucleotide binding site for selectivity 

among members of this enzyme family15. 

There is a vast literature of natural and synthetic kinase inhibitors, but very few 

examples of covalent inhibitors.  Unlike proteases, kinases form no covalent 

intermediates with their substrates16.   Covalent inhibition of protein kinases must rely on 

residues within the active site that do not function as nucleophiles during catalysis.  One 

such residue is a essential catalytic lysine.  In a subset of lipid and protein kinases, this 

lysine is targeted by wortmannin, an ATP competitive natural product with an 

electrophilic furan ring17.  This lysine is a ubiquitous electrophile in protein kinases and 

Patricelli and coworkers targeted its nucleophilic character to develop a kinase selective 

tool for proteomics.  Quantitative mass spectrometry of covalently bound kinases 

identified enzymes expressed within different cell lines, and competitive labeling with 

other reversible inhibitors yielded binding profiles in cellular lysates18.  Non-catalytically 

conserved nucleophiles offer an oportunity to boost compounds’ selectivity among 

members of the kinase family.  A series of electrophilic 4- anilinoquinazolines inhibit 

members of the EGFR kinase family by targeting a non-conserved cysteine19.  The 

homologous cysteine is the target of an inhibitor of Btk20.  The most dramatic example of 

selective covalent inhibition is the Rsk kinase inhibitor fmk.  This compound combines 

two selectivity elements to target a single kinase with nanomolar affinity21.   These 

compounds serve as a precedent for covalent inhibition of protein kinases and illustrate 

the advantages that it offers. 

In this document we detail our design and testing of a series of electrophilic 

nucleosides to target select protein kinases.  In Chapter one, I describe the design of a 

nucleoside scaffold, which binds the kinase active site and test different 5' electrophiles 
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for their effect on enzyme inhibition.  In Chapter two, I show how one of these 

electrophiles targets a previously unexploited non-conserved cysteine in the active site 

of Src kinase.  This nucleophile-electrophile pairing is recapitulated in the FGFR kinase 

family which contains an identical cysteine.  In Chapter three we use electrophilic 

nucleosides to investigate kinases in the parasite Trypanosoma brucei for potential drug 

targets.  Using quantitative mass spectrometry, we identify kinases bound by the 

nucleoside scaffold with two different 5' electrophiles and apply this technology to profile 

binding of a reversible inhibitor.  This research highlights the use of covalent inhibition as 

a tool for selectivity in protein kinase binding as well as for proteomic investigation of this 

enzyme family. 
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Introduction: 

The electrophilic compound p-fluorosulfonylbenzoyl 5' adenosine (FSBA) is an ATP 

mimetic that reacts with nucleophilic residues such as lysine1, tyrosine2, and cysteine3 in 

purine nucleotide binding proteins.  When bound to protein kinases, FSBA reacts with an 

invariant catalytic lysine to form a stable covalent adduct4.  Reaction with FSBA at 

lys295 helped to define the catalytic mechanism of the first defined oncogenic gene 

product, Src tyrosine kinase5.  More recently, FSBA has found limited use as an activity-

based probe for protein kinases and other nucleoside binding proteins2,5.     

In addition to FSBA, the catalytic lysine in the active site of protein kinases is 

targeted by at least two other electrophilic compounds. A class of pyrrol-5-

carboxaldehyde inhibitors of the insulin-like growth factor receptor kinase form a 

reversible imine with the catalytic lysine, and the natural product wortmannin modifies an 

analogous lysine in the phosphoinositide lipid kinases as well as the atypical PIKK 

protein kinase family using an α,β unsaturated ketone7,8.  The potency of all three 

electrophilic compounds depends significantly on their reaction with the catalytic lysine.   

We sought to develop a suitable scaffold to mount different electrophiles and 

investigate how changing chemical reactivity can affect a compound’s potency against a 

select kinase in vitro and in vivo.  FSBA’s nucleoside core offers an excellent starting 

point to develop such a scaffold. Nucleoside chemistry is well developed, and different 

reactive groups can be easily attached at the 5' position similar to FSBA without 

disturbing many of the elements that govern nucleoside binding in the active site9.  In 

spite of these advantages, FSBA also suffers from two distinct disadvantages than must 

be addressed for use with kinases in complex protein mixtures or in vivo.  First, most 

kinases have a high Km for ATP and therefore weakly bind the adenosine portion of 

FSBA10.  The near millimolar concentration of ATP in vivo effectively eliminates covalent 

modification of kinases unless it is also used at millimolar concentrations6.  Second, at 
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the high concentrations required to compete effectively with cellular ATP, the 

fluorosulfone group is likely to react nonspecifically with abundant and irrelevant proteins. 

Third, FSBA binds and reacts with diverse and more abundant nucleotide binding 

proteins in the proteome2,11. 

 

Figure 1-1: Targeting the conserved lysine of Src-family protein kinases with a fluorosulfone 
electrophile.  (A) Superposition of the nucleoside portion of AMP-PNP (colored by atom) and p-
chlorophenyl pyrazolopyrimidine PP2 (blue) in the active site of Src-family member Lck.  The p-
chlorophenyl substituent of PP2 extends into a hydrophobic pocket, defined in part by the 
threonine gatekeeper (orange surface).  The figure was constructed with PyMOL from PDB files 
1QPC and 1QPE.  (B) Combination of fluorosulfonyl benzoyl adenosine (FSBA) and PP1 yields 
compound 1. 
 

We hypothesize that the disadvantages of FSBA can be addressed by adding an 

aryl substituent at N7 postion of adenine.  Such a compound is expected to have 

increased reversible binding affinity with at least a subset of the kinome in preference to 

other nucleotide binding proteins which lack a hydrophobic pocket adjacent to N7.  This 

hypothesis is based on crystal structures of Src-family kinases in complex with ATP 

analogues and pyrazolopyrimidine PP1 and PP213 (Figure 1-1).  The p-tolyl group of 

PP1 occupies a hydrophobic pocket at the back of the ATP binding cleft.  Access to this 

pocket is governed by the “gatekeeper” residue.  Small amino acid sidechains, like 

threonine, permit PP1 binding, and larger residues cause a steric clash12.  Figure 1-1b 

suggests replacing adenine with a p-tolyl pyrrolopyrimidine, analogous to the 
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pyrazolopyrimidine of PP1 would preserve critical hydrogen bonds to the hinge region of 

the kinase as well as the dihedral angle of the nucleoside’s glycosidic bond14,15,16.  The 

p-tolyl ring simultaneously increases a nucleoside scaffold’s binding affinity for kinases 

with a small gatekeeper while eliminating binding to many off-target ATP utilizing 

enzymes.  Additionally the nucleoside structure preserves the location of the 5' 

electrophile in FSBA.  The nucleophilic lysine lies less than 6 Å from the 5' hydroxyl.  

Figure 1-1b illustrates our concept for combining FSBA and PP1 to produce compound 1.    

In the following chapter, we present data related to the synthesis and testing of 

compound 1 and related electrophilic nucleosides.  I show evidence that the structural 

hybrid of FSBA and PP1 reversibly binds to Src kinase with much higher affinity than 

FSBA and retains its ability to covalently modify the kinase in vitro and in vivo.  I present 

several combinations of a nucleoside scaffolds and electrophiles and highlight their 

potential for potent and selective inhibition of protein kinases. 
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Results and Discussion: 

Synthesis of a p-fluorosulfonylbenzoyl 5' nucleoside, compound 1 

The pyrrolopyrimidine 6 was synthesized in good yield from commercially available 2-

bromoacetophenone based on published methods17.  The route is illustrated in Scheme 

1-1.  We achieved higher yields of 6 in greater purity if annulation proceeded by treating 

the isolated amino-imine intermediate 5 with sodium methoxide in methanol rather than 

via direct conversion from 4 at higher temperatures and concentrations of ammonia.  

Compound 6 was thereby produced in 61% overall yield with no need for purification 

before use in subsequent reactions.  

 

Scheme 1-1: Synthesis of pyrolo[2,3-d]pyrimidine 6.  Reagents and conditions: (a) potassium 
phthalimide, DMF (90%); (b) NaOH, malononitrile, MeOH (93%); (c) triethyl orthoformate, acetic 
anhydride; (d) NH3, MeOH (93% - 2 steps); (e) NaOMe, MeOH (78%). 
 

The fully protected nucleoside 8 was prepared in two steps from a chlorinated 

ribose derivative and pyrrolopyrimidine 6 (scheme 1-2).  The glycosidic bond was formed 

in moderate yield in toluene with potassium hydroxide and phase-transfer catalyst Tris[2-

(2methoxyethoxy)ethyl]amine (TDA-1)18.  Reactions with NaH in DMF led to a mixture of 

α and β anomers, while use of acetonitrile as solvent yielded a side product linked 

through N1 of the pyrimidine ring.  Following purification, the exocyclic amine was Boc-

protected in near quantitative yield to produce compound 8.  From this intermediate we 

could access the 5' and/or the 2' and 3' hydroxyls by using different deprotection 

conditions. 
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The electrophilic fluorosulfone 1, was obtained by a selective deprotection of the 

5' hydroxyl and reaction with the commercially available acid chloride, followed by a final 

deprotection (Scheme 1-2).  The final product was a white amorphous solid that was 

sparingly soluble in water and most other solvents. 

 

Scheme 1-2: Synthesis of 5'-fluorosulfonyl benzoyl nucleoside 1.  Reagents and conditions: a) 
KOH, TDA-1, toluene (42%); b) Boc2O, THF (92%); c)TBAF, THF (95%); d) DIPEA, DCM (46%); 
e) TFA, THF, H2O (82%). 
 

Compound 1 is a potent time-dependent inhibitor of Src kinase  

Measurements of full length active Src kinase activity after treatment with 1 showed the 

dramatic effect of incorporating the p-tolyl ring on the nucleoside scaffold (Figure 1-2a).  

Inhibitors were pre-incubated with enzyme and 250 µM ATP before initiating the kinase 

reactions.  With this concentration of ATP competing for the active site, approximately 

three-fold higher than the KM
10, FSBA did not inhibit the enzyme, even at concentrations 

as high as 10 µM.  Fitting a curve to data from compound 1 gave a Hill coefficient of 1.3, 

suggestion that the compound may react with the catalytic lysine.  A Hill coefficient 

greater than one is indicative of an irreversible binder. 

Under the conditions of this in vitro assay, PP1 was more potent than compound 

1.  Its calculated IC50 is ~500 nM versus ~1 µM for 1.  This difference is more significant 

considering the time-dependent nature of covalent inhibition.  If compound 1 is forming a 
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covalent bond, the enzyme activity in this assay represents the losses from formation of 

an irreversible complex as well as the population that is reversibly bound by the scaffold 

prior to covalent bond formation.  It is always difficult to directly compare reversible and 

irreversible inhibitors without careful kinetic studies, but we can say with confidence that 

there is a cost to replacing the tert-butyl group of PP1 with a 5' substituted ribose. 

 

Figure 1-2: Inhibition of Src kinase by the electrophilic nucleoside 1.  (A) Recombinant Src was 
incubated indicated concentrations of compounds with 250 µM ATP.  After 30 minutes the 
reactions were diluted 1:1 into a solution containing 32P-ATP and substrate peptide and incubated 
an additional 30 min. 32P incorporation was measured and kinase activity was plotted as a 
percentage of DMSO control activity.  Points are the mean of three independent experiments with 
error bars representing one standard deviation from the mean.  (B) NIH-3T3 cells expressing 
I338T v-Src were treated with DMSO, 10 µM PP1 or compound 1 for 1.5 hr.  Whole cell lysates 
were resolved by SDS-PAGE and blotted for phospho-tyrosine. 
 

One of our goals in synthesizing compound 1 was to have a scaffold capable of 

delivering electrophiles to the kinase active site in vivo.  To test this, we assayed 

compound 1’s ability to inhibit tyrosine kinase activity in CZ9 cells.  These cells express 

v-Src with an I338T gatekeeper mutation that permits binding of PP1-like scaffolds19.  

Western blots for total cellular phospho-tyrosine showed a dramatic and dose dependent 

decrease in cells that had been treated with 1 (Figure 1-2b).  Interestingly, compound 1 

was more effective than PP1 in this assay.  This shift in the relative potency may be due 



 14 

to the cells’ longer exposure to the compounds, 1.5 hr vs 30 min in the in vitro assay.  If 

compound 1 is acting as a covalent inhibitor, a longer incubation time means a larger 

fraction of the total enzyme will be sequestered in irreversible complexes with 1.  

We obtained evidence for time-dependent inhibition by measuring Src kinase 

activity at different times after addition of compound 1 (Figure 1-3a).  Activity drops 

sharply from a value of ~25% of control at the initial 5 min time point to near background 

levels after 40 min.  This inhibition is not reversible.  Src treated with compound 1 was 

extensively dialyzed but recovered none of its enzymatic activity (Figure 1-3b).  Src 

treated with the scaffold alone (5OH, with a free 5' hydroxyl) recovered its full activity 

after an identical treatment.  Time-dependent inhibition and failure to recover activity 

after dialysis provide strong evidence that compound 1 acts by covalent inhibition.  The 

lack of irreversible inhibition by 5OH strongly suggests that the fluorosulfone is key to 

irreversible inhibition, likely by forming a covalent bond to the catalytic lysine as 

observed with FSBA. 

 

Figure 1-3: The 5' fluorosulfonyl benzoyl nucleoside 1 inhibits Src kinase in a time-dependent 
irreversible manner.  (A) Recombinant Src was incubated ±1 µM 1 with 100 µM ATP for the 
indicated time then diluted 1:12.5 into a mix of 100 µM ATP, 32P-ATP and substrate peptide.  
After 32 min 32P incorporation was measured.  Values are expressed as a percent of no 
compound controls.  (B) Recombinant Src was treated with 1, a related nucleoside lacking the 5' 
electrophile or DMSO.  Samples were either stored or dialyzed then diluted 1:5 for reaction as in 
(A).  Values are normalized to DMSO controls. 
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Fluorescent variants of compound 1 form a specific stable bond to Src 

I synthesized two different fluorescent versions of 1 by attaching either a TAMRA (16) or 

BODIPY (17) tag to a 2' carbamate-anchored linker (Scheme 1-3).  The ribose protecting 

groups were removed, and a short diamino-PEG was added using carbonyldiimidazole 

after reprotection of the 3' and 5' hydroxyls as silyl ethers.  Attempts to directly attach the 

linker after removal of the isopropylidene from 10 resulted in rapid formation of a stable 

2'-3’ carbonate.  This necessitated the synthesis of intermediates 12 - 14.      After 

installing the electrophile and Boc-deprotection, the fluorophores were attached to the 

primary amine using commercially available NHS esters to make fluorescent 

fluorsulfones 16 and 17. 

 

Scheme 1-3: Synthesis of Fluorescent 5'-fluorosulfonyl benzoyl nucleosides 16 & 17.  Reagents 
and conditions: (a) aqHCl, THF (85%); (b) 1,3dichloro-1,1,3,3-tetraisopropyldisiloxane, pyridine 
(57%), (c) CDI, DIPEA, 1,11-diamino-3,6,9-trioxaundecane, DCM; (d) Boc2O, DCM (90% - 2 
steps); (e) TBAF, THF (90%); (f) DMAP, DIPEA, DCM (21%); (g) TFA, DCM; h) TAMRA-NHS or 
BODIPY-NHS, DIPEA, DMF (16: 41% - 2 steps, 17: 62% - 2 steps). 
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TAMRA derivative 16 forms a stable bond to recombinant Src.  After incubation 

of recombinant Src (1µM) was incubated with 16, a fluorescent band at ~50 kDa was 

observed (Figure 1-4a).   Labeling was completely blocked when Src was pretreated 

with 1 demonstrating that binding and covalent bond formation is specific.    BSA (1 

mg/mL) was included in the labeling reaction to stabilize the kinase and can be seen as 

a minor fluorescent smear just above Src.  The labeling of this lysine-rich protein was no 

competed by excess 1 and was far weaker than Src, despite being present at a 20-fold 

higher concentration.   

Figure 1-4: The 5' fluorosulfonyl benzoyl 
nucleoside 1 forms a specific covalent bond to 
Src kinase. (A) Fluorescent image of 
recombinant Src labeled with TAMRA tagged 
compound 16.  The enzyme was pretreated with 
either compound 1 (5 µM) or DMSO, labeled with 
16 then resolved by SDS-PAGE.  (B) 
Fluorescent and Coomassie stained image of 
lysates from cells treated with compound 17.  
NIH-3T3 cells expressing I338T v-Src were 
incubated ± compound 1 then treated in fresh 
media with 17.  The membrane fraction of 
lysates were resolved by SDS-PAGE and 
scanned.  Arrow indicated the expected 
molecular weight of v-Src. 

 

 

We next tested whether this specific interaction could be detected in vivo.  The 

BODIPY tag of compound 17 is uncharged and membrane permeable making it ideal for 

cellular studies.  CZ9 cells were treated with 1 then 17, and the membrane fraction was 

analyzed. These lysates have multiple fluorescent bands, but only one was competed by 

pretreatment with compound 1 (Figure 1-4b).  This band matches the expected 

molecular weight of the v-Src construct.  The labeling experiment and v-Src inhibition by 

1 (Figure 1-2b), show that our new nucleoside scaffold is cell permeable and of high 

enough affinity to deliver the fluorosulfonyl benzoyl electrophile to a cellular kinase target.  
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Compound 17 is the first FSBA-like activity-based probe capable of acting in cells and 

competing with the high levels of intercellular ATP5,6,11,20.   

 

Scheme 1-4: Synthesis of p-tolyl pyrolo[2,3-d]pyrimidine nucleosides with different 5' substituents.  
Reagents and conditions: (a) DIPEA, DCM (52%); (b) TFA, DCM; (c) TFA, H2O, THF (19: 99% - 2 
steps, 21: 96% - 2 steps, 23: 95% - 2 steps, 27: 15% - 4 steps); (d) EDCI, DMAP, DCM (71%); (e) 
EDCI, dichloroacetic acid, DMSO; (f) n-BuLi, THF (61% - 2 steps); (g) TBAI, acetone; (h) 
triphosgene, DMF; (i) CaF2, KF, MeCN. 
 

5'-Michael acceptors are time-dependent Src inhibitors 

A small panel of 5'-electrophiles was synthesized from intermediate 9 to test for other 

potential lysine targeting groups (Scheme 1-4).  The 5'-acrylate and vinylsulfonate esters 

19 and 21 were made with the commercially available chlorides, and the non-
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electrophilic benzoyl nucleoside 23 was similarly prepared.  Vinylsulfonate 26 was 

produced by a Horner-Wadsworth-Emmons reaction after oxidation of the 5' alcohol.  As 

expected21, reactions with the TBA sulfonate salt version of 25 gave a mixture of E and Z 

isomers, but the ethyl sulfonic ester yielded only the trans product.  Vinyl sulfonyl fluoride 

27 was produced by hydrolysis of the ester and subsequent chlorination and 

fluorination22. 

The new compounds were tested for their ability to block labeling of recombinant 

Src byTAMRA fluorosulfone 16.  Compound 16 did not label Src that had been 

pretreated with the 5'-Michael acceptors 19 and 21 (Figure 1-5a).  At the concentration 

tested (5µM) these compounds were as effective as compound 1.  Compound 27 faied 

to block labeling and was not investigated further. 

Competitive binding experiments provided insight into the binding of compound 1.  

Recombinant Src was incubated with 5 µM of various untagged inhibitors then labeled 

with TAMRA fluorosulfone 16 (5µM).  FSBA has no effect on labeling by 16 whereas 

PP1 inhibited labeling nearly as well as 1.  The fully reversible nucleoside inhibitor 23, in 

which a 5'-benzoyl replaces the 5'-fluorosulfone of 1, had or no effect on labeling by 16.  

These results support our interpretation of data in Figure 1-2.  The hybrid nucleoside 

structure of 1 significantly increases binding affinity relative to FSBA, but the scaffold 

does not have as high of affinity for the active site as PP1.  The difference between 

compounds 1 and 23 in their ability to block labeling suggest a significant portion of 

compound 1’s potency is derived from its ability to form a covalent bond.  

In vitro assays revealed that vinylsulfonate 21 is a potent Src inhibitor.  The 

compound appeared to titrate the enzyme and was far more potent than compounds 1 or 

19 (Figure 1-5b).  A time course of inhibition revealed more information about the 

different electrophiles.  All three compounds displayed a time-dependent inhibition of 

recombinant Src (Figure 1-5c), but the enzyme is fully inactivated by vinylsulfonate 21 
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before the first time point.  These results could be explained by an extremely tight non-

covalent interaction, but given the structural similarity of compounds 19 and 21, a 

difference in the rate of covalent bond formation seems more plausible. 

Figure 1-5:  Src is inhibited by nucleosides with different 5'-electrophiles.  (A) Fluorescent 
image of recombinant Src labeled with compound 16.  1 µM enzyme was pretreated with 5 µM 
untagged inhibitors for 30 min then labeled with 5 µM 16 and resolved by SDS-PAGE.  (B)  In 
vitro inhibition of Src.  Recombinant Src was incubated ± inhibitors for 30 minutes then diluted 1:4 
into 125 µM ATP, 32P-ATP and substrate peptide.  After 30 min phosphotrasfer was quantitated.   
Values are normalized to DMSO controls.  (C) Time-dependent inhibition of recombinant Src by 
new 5' electrophiles.  The enzyme was incubated ± 250 nM inhibitors and 100 µM ATP for the 
indicated time then diluted 1:1 into 100 µM ATP32P-ATP and substrate peptide and assayed as in 
(A).  Values are normalized to DMSO controls. 

 
Synthesis of 5-(p-phenoxyphenyl)pyrrolopyrimidine nucleosides with 5'-

electrophiles 
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In Src-family kinases a complex network of interdomain interactions mediates auto-

inhibition of the kinase domain.  Phosphorylation of a C-terminal tyrosine,by Csk allows 

the Src SH2 domain to bind to this residue at the base of the catalytic domain.  This 

allows the N-terminal SH3 to bind the type II polyproline helix near the catalytic domain’s 

N-terminal lobe23.  The combination of these interactions causes a change within the 

active site14,15,16,24.  ATP can still bind, but catalytic residues are not in the correct 

position to facilitate phospho-transfer. 

 
Figure 1-6: Activation induced changes in the ATP binding pocket of Src-family kinases. (A) A 
superposition of auto-inhibited Src and active Lck. Shown are adenosine portion of the ATP, β-
strand 3, and the catalytic lysine (K295-Src).  (B) A superposition of active Lck (red mesh) bound 
to inhibitor PP2 and auto-inhibited Src (gray surface).  Activation of Src-family kinases shifts the 
position of Helix C, contracting the hydrophobic pocket occupied by the p-chlorophenyl ring.  The 
figures were constructed with PyMOL from PDB files 2SRC, 1QPC and 1QPE. 
 

Two activation-induced structural changes in the active site of Src-family 

members may have implications for binding and bond formation with electrophilic 

nucleosides like compound 1.  First, the position of the catalytic lysine is slightly shifted 

(Figure 1-6a).  In the inactive structure, K295 switches a hydrogen bonding partners 

from E310 to the D40424.  Second, there is a contraction of the hydrophobic pocket 

accessed by the p-tolyl group of PP1 and our nucleoside scaffold (figure 1-6b).  The C-

helix of the N-terminal lobe forms the back of this cavity and is rolled “out” in the inactive 

conformation, expanding the pocket.  In the Src-family member Lck the hydrophobic 
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pocket contracts by approximately 20% upon activation.  This estimate aided in the 

design of aryl pyrrolopyrimidine inhibitors that had a 200-fold preference for the down-

regulated conformation of Lck17.  This dramatic result motivated our synthesis of a 

nucleoside scaffold with and extended 4-phenoxyphenyl substituent at the 5 position of 

the pyrrolopyrimidine.  

We synthesized three new electrophilic nucleosides to test whether the activity 

state of Src (active vs. auto-inhibited) would influence the binding of these reactive 

compounds.  The p-pyrrolopyrimidine 32 was prepared in good yield using similar route 

to the p-tolyl heterocycle with a few minor changes (Scheme 1-5).  Omission of acetic 

anhydride while making 30 increased the purity of the product without decreasing yields.  

Using ethanol in place of methanol for the pyrimidine annulation had a similar effect, and 

pure 32 was obtained with an overall yield of 72%.  Electrophilic nucleosides 37, 39, 41 

were prepared in an analogous manner to 1, 19, and 21 (Scheme 1-6).  Alkylation of the 

heterocycle was significantly less efficient with the phenoxy species, but all other yields 

were comparable.  TFA at the final deprotection produced an isomer that was difficult to 

resolve from the desired product.  Most likely a 5' to 3' migration of the electrophile, this 

byproduct was eliminated by using TMS triflate to remove the Boc groups; residual water 

or workup effected isopropylidene removal. 

 

 
 
 
 
 
 
 
 
 
 
 
Scheme 1-5: Synthesis of pyrolo[2,3-d]pyrimidine 32.  Reagents and conditions: (a) AlCl3, Br2, 
Et2O; (b) potassium phthalimide, DMF (90% - 2 steps); (c) aqNaOH, malononitrile, MeOH (100%); 
(d) triethyl orthoformate; (e) NH3, MeOH; (f) NaOEt, EtOH (80% - 3 steps). 
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Scheme 1-6:  Synthesis of electrophilic p-phenoxyphenyl pyrolo[2,3-d]pyrimidine nucleosides.  
Reagents and conditions: (a) KOH, TDA-1, toluene (18%); (b) Boc2O, DMAP, THF (82%); (c) 
TBAF, THF (65%); (d) DIPEA, DCM (36: 68%, 38: 80%, 40: 82%); (e) TMSOTf, DCM (37: 40%, 
39: 56%, 41: 21%). 
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5'-lectrophilic nucleosides do not discriminate between active and down-regulated 

Src 

Dose-response curves for compounds 1, 37, 39, and 41 showed that these compounds 

apparently have no preference for either the active (pY416) or down-regulated (pY527) 

form of Src (Figure 1-7).  It is not surprising that compound 1 inhibits both variants of the 

kinase equally.  Comparing the structures of active Lck and inactive Src, the position of 

the ε-nitrogen in the catalytic lysine shifts approximately 2.8 Å relative to the 5'-hydroxyl 

of adenosine (Figure 1-6).  Given the apparent low affinity of 5'-benzoyl 23, it is unlikely 

that compound 1 initially binds to the active site in its lowest energy conformation.  The 

p-phenoxy substituent had no discernible effect on selectivity, but it did substantially 

improve the potency of 37 relative to 1.  There are many examples of changes to the 

phenyl ring of PP1-like inhibitors affecting their affinity for Src-family members17,25,26.  

Careful kinetics or lower temperatures may reveal differences in these compounds’ 

selectivity, but this was not investigated further.  

 
Figure 1-7: 5'-electrophilic nucleosides with a p-phenoxyphenyl pyrrolopyrimidine do not 
distinguish between active (pY416) and down-regulated (pY527) Src. Recombinant Src (5 nM) 
was incubated ± inhibitors for 30 minutes then diluted 1:4 into 125 µM ATP, 32P-ATP and 
substrate peptide.  After 30 min phosphotrasfer was quantitated.   Values are normalized to 
DMSO controls. (A) Inhibition of active and down regulated Src by 5'-fluorosulfonyl benzoyl 
nucleosides with p-tolyl (1) or p-phenoxy phenyl (37) substituents. (B) Inhibition of active and 
down regulated Src by p-phenoxyphenyl pyrrolopyrimidine nucleosides with a 5' acrylate (39) or 
vinylsulfonate (41). 
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Compound 21 shows surprising selectivity for Src over Hck  

Src-family member, Hck was tested in in vitro assays with compounds 1 and 21 under 

identical conditions to Src (Figure 1-5).  There is very little difference in the kinases’ 

sensitivity to compound 1 (Figure 1-8).  Literature IC50 values for PP1 are 170 nM and 20 

nM, respectively, for Src and Hck13, and their catalytic domain share 70% identity.  Given 

these similarities and the relative levels of inhibition by PP1 and 1, it was surprising to 

see such dramatic differences in the enzymes’ sensitivity to vinylsulfonate 21; Values 

Changed from an IC50 of less than 5 nM for Src(equal to the concentration of enzyme in 

the assay) to ~120 nM for Hck.  IC50 values for members of this family are usually in the 

same order of magnitude27.  Results with 5'-vinylsulfonate 21 strongly suggest that there 

are important, previously unrecognized differences between Src and Hck.  These 

differences are explored and exploited in Chapter 2. 

 

 

 
Figure 1-8: Src-family kinases Src 
and Hck are differentially inhibited 
by a p-tolyl pyrrolopyrimidine 
nucleoside bearing a 5'-
vinylsulfonate (21), but not a 5'-
fluorosulfonyl benzoyl (1)   
Recombinant Src and Hck (5 nM) 
were incubated ± inhibitors for 30 
minutes then diluted 1:4 into 125 
µM ATP, 32P-ATP and substrate 
peptide.  After 30 min 
phosphotrasfer was quantitated.   
Values are normalized to DMSO 
controls.  
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Conclusion: 

We have developed a new series of electrophilic nucleosides that inhibit Src kinase in a 

time-dependent, irreversible manner.  The core scaffold combines key elements of the 

Src-family inhibitor PP1 and the covalent inhibitor FSBA.  The p-tolyl-substituted 

pyrrolopyrimidine scaffold increases binding affinity relative to the adenosine core of 

FSBA and effectively delivers the same 5' fluorosulfonyl benzoyl electrophile to the 

kinase active site.  I replaced the p-tolyl group of our scaffold with a bulkier p-phenoxy 

phenyl and the increased the compounds’ potency vs. Src, but I saw no preference with 

regard to Src activation status.  I synthesized a relatively unexplored 5'-electrophile, the 

vinylsulfonate.  Interestingly vinylsulfonate 21 inhibits Src ~10 times more potently than 

its close relative Hck.  
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Methods: 

Synthesis 

NMR spectra were recorded on a Varian 400 spectrometer at 400 MHz.  Chemical shifts 

are reported as parts per million from an internal tetramethylsilane standard or solvent 

references. LC/MS was performed on a Waters AllianceHT LC/MS with a flow rate of 0.2 

mL/min using an Xterra MS C18 column (Waters).  Dichloromethane, dimethylformamide, 

methanol, tetrahydrofuran, toluene, and diisopropylethylamine were dried using the 

solvent purification system manufactured by Glss contour Inc.  All other solvents were of 

ACS chemical grade (Fisher) and used without further purification.  Commercially 

available reagents were used without further purification.  Analytical and preparative 

thin-layer chromatography were performed with silica gel 60 F254 glass plates (EM 

Science).  Silica gel chromatography was performed with 230-400 mesh silica gel 

(Selecto Scientific).  HPLC was performed on a Prostar 210 (Varian) with a flow rate of 

10 mL/min using COMBI-A C18 preparatory column (Peeke Scientific).  

 

Compound 2:  Potassium phthalimide (4.8 g, 31 mmol) was added to 4-methyl-2-bromo-

acetophenone (5 g, 24 mmol) in dimethylformamide (25 mL), The reaction was stirred at 

room temperature for 2 h, then diluted into methylene chloride and washed sequentially 

with water, 0.2 N sodium hydroxide, and brine.  The organic phase was dried over 

sodium sulfate and the solvent was removed by rotary evaporation and subsequent 

exposure to high vacuum to yield pure 2 (5.9 g, 90%).  1HNMR (CDCl3): δ 2.44 (s, 3H), 

5.11 (s, 2H), 7.31 (d, J = 7.6, 2H), 7.75 (m, 2H), 7.88 (m, 4H). 

 

Compound 3:  Sodium hydroxide (5.1 g, 130 mmol) was dissolved in water (11 mL) and 

added to a solution of malononitrile (1.74 mL, 28 mmol) in methanol (34 mL).  
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Compound 2 was added with vigorous stirring.  After one hour, the reaction was diluted 

into ethyl acetate and washed with water, followed by brine.  The organic phase was 

dried over sodium sulfate then the solvent was removed by rotary evaporation and 

subsequent exposure to high vacuum to yield pure 3 (3.88 g, 93%).  1HNMR (DMSO): δ 

2.28 (s, 3H), 5.69 (s, 2H), 6.46 (s, 1H), 7.14 (d, J = 8.0 Hz, 2H), 7.43 (d, J = 8.0 Hz, 2H), 

10.32 (s(br), 1H). 

 

Compound 4:  Compound 3 (3.56 g, 18 mmol) was refluxed in triethyl orthoformate (20 

mL) with acetic anhydride (0.17 mL, 1.8 mmol) for 2 h.  The reaction was concentrated 

by rotary evaporation and azeotroped three times with toluene.  Residual solvent was 

removed under high vacuum and the crude product was used directly in subsequent 

reactions.  1HNMR (DMSO): δ 1.28 (t, J = 6.8 Hz, 3H), 2.26 (s, 3H), 4.35 (q, J = 6.8 Hz, 

2H), 6.96 (s, 1H), 7.15 (d, J = 8.0 Hz, 2H0, 7.46 (d, J = 8.0 Hz, 2H), 8.33 (s, 1H), 11.68 

(s(br), 1H). 

 

Compound 5:  Compound 4 (~18 mmol) was dissolved in 7N ammonia in methanol at 0º 

C.  The reaction was stirred and allowed to come to room temperature over 2 hours.  

The ammonia was removed by bubbling argon through the solution, and pure 5 (3.75 g, 

93% - 2 steps) was obtained after concentration in vacuo.  1HNMR(DMSO): δ 2.29 (s, 

2H), 6.77 (s, 1H), 7.17 (d, J = 8.0 Hz, 2H), 7.48 (d, J = 8.0 Hz, 2H), 11.17 (s (br), 1H). 

 

Compound 6:  A 25% (w/v) solution of sodium methoxide (1.9 mL, 8.4 mmol) was added 

to a suspension of 5 (3.8 g, 16.8 mmol) in methanol (300 mL).  The mixture was refluxed 

one hour, cooled, diluted into methylene chloride, and washed with water.  The organic 

phase was dried over sodium sulfate; the solvent was removed by rotary evaporation 
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and subsequent exposure to high vacuum to yield pure 6 (2.9 g, 78%) as a gray to 

brown powder.  1HNMR (DMSO): δ 2.35 (s, 3H),5.98 (s(br),2H), 7.18 (s, 1H), 7.27 (d, J = 

8.0 Hz, 2H), 7.36 (d, J = 8.0, 2H), 8.10 (s, 1H), 11.75 (s, H). 

 

(5-O-tert-butyldimethylsilyl-2,3-O-isopropylidene-α-D-ribofuranose):  Concentrated 

sulfuric acid (0.25 mL) was added to a suspension of D(-)Ribofuranose (10 g, 66 mmol) 

in acetone (100 mL).  The reaction was stirred 2 h at room temperature then neutralized 

with solid calcium hydroxide, filtered through a celite pad, and concentrated by rotary 

evaporation.  The residue was dissolved in dimethylformamide (125 mL) to which was 

added imidazole (10.9 g, 160 mmol) and t-butyl(chloro)dimethylsilane (10.9 g, 70 mmol).  

The reaction was stirred overnight at room temperature, then quenched with water (200 

mL) and extracted three times with ethyl acetate.  The combined organic fractions were 

washed once with water, dried over sodium sulfate and concentrated by rotary 

evaporation.  The 2,3,5 protected sugar was purified by silica gel chromatography (3:1 

hexanes:ethyl acetate) to yield a clear oil (12.1 g, 62%).  1HNMR(CDCl3): δ 0.13 (s, 6H), 

0.92 (s, 9H), 1.31 (s, 3H), 1.47 (s, 3H), 3.75 (m, 2H), 4.34 (s(br), 1H), 4.49 (d, J = 5.6 Hz, 

1H), 4.69 (d, J = 5.6, 1H), 4.73 (d, J = 11.6 Hz, 1H), 5.27 (d, H = 11.6 Hz, 1H). 

 

(5-O-tert-Butyldimethylsilyl-2,3-O-isopropylidene-α-D-ribofuranosyl Chloride):  (5-

O-tert-Butyldimethylsilyl-2,3-O-isopropylidene-α-D-ribofuranose) (12.1 g, 40 mmol) was 

dissolved in tetrahydrofuran (80 mL) and cooled to -80º C on a dry ice acetone bath.  To 

this solution, carbon tetrachloride (4.4 mL, 46 mmol) was added followed by drop-wise 

addition of tris(dimethylamino)phosphine (8.2 mL, 45 mmol).  After stirring for one hour 

at -80º C, the reaction was diluted 1:1 with diethyl ether and washed with cold brine.  

The organic was dried briefly over sodium sulfate and concentrated by rotary 

evaporation to yield a clear yellowish oil.  Based on 1HNMR integration of the anomeric 
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proton at ~6.15 ppm, the crude product contained a mixture of α and β isomers at a 5:1 

ratio. This product was used immediately in subsequent reactions without further 

purification.  1HNMR (α-isomer, CDCl3): δ 0.07 (s, 6H), 0.88 (s, 9H), 1.39 (s, 3H), 1.66 (s, 

3H), 3.82 (m, 2H), 4.39 (m, 1H), 4.77 (m, 2H), 6.16 (d, J = 4.8 Hz, 1H). 

 

Compound 7:  To a heterogeneous solution of 6 (10 g, 45 mmol) in toluene (150 mL), 

was added powdered KOH (5 g, 90 mmol) and Tris[2-(2methoxyethoxy)ethyl]amine (3.6 

mL, 11 mmol).  To this mixture was added freshly prepared (5-O-tert-Butyldimethylsilyl-

2,3-O-isopropylidene-α-D-ribofuranosyl Chloride) (~90 mmol based on starting material 

prior to chlorination) in toluene (150 mL), and the reaction was stirred at room 

temperature overnight.  The completed reaction was diluted into ethyl acetate and 

washed with 0.1 N HCl and brine, dried over sodium sulfate, and concentrated.  

Compound 7 (9.7 g, 42%) was obtained as an light tan amorphous solid by silica gel 

chromatography (1:3 hexanes:ethyl acetate).  1HNMR (CDCl3): δ 0.00 (s,3H), 0.02 

(s,3H), 0.85 (s,9H), 1.39 (s,3H), 1.64 (s, 3H), 2.40 (s, 3H), 3.82 (dd, J = 11.4, 4.0, 1H), 

3.87 (dd, J = 11.4, 4.0, 11.4, 1H), 4.29 (q, J = 4.0, 1H), 4.96 (dd, J = 3.2, 3.2, 1H), 5.16 

(dd, J = 3.2, 3.2, 1H), 5.18 (s (b), 2H), 6.38 (d, J = 3.2, 1H), 7.13 (s, 1H), 7.24 (d, J = 8.0, 

2H), 7.34 (d, J = 8.0, 2H), 8.32 (s, 1H).  HRMS: calcd m/z 511.2741; found m/e 511.2738. 

 

Compound 8:  To a solution of 7 (9.58 g, 19 mmol) in tetrahydrofuran (100 mL) was 

added Boc anhydride (8.6 g, 39.4 mmol) and 4-(dimethylamino)pyridine (115 mg, 1 

mmol).  The reaction was sealed and stirred overnight at room temperature.  Water (2 

mL) was added and the reaction was stirred 40 min prior to dilution into ethyl acetate 

and sequential washes with 10% citrate (pH 4.0), water, and brine.  The organic phase 

was dried over sodium sulfate and concentrated to yield pure 8 (13.2 g, 99.4%) as a light 

tan amorphous solid.  1HNMR (CDCl3): δ  0.01 (s, 3H), 0.03 (s, 3H), 0.86 (s, 9H), 1.26 (s, 
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9H), 1.29 (s, 9H), 1.40 (s, 3H), 1.67 (s, 3H), 2.38 (s, 3H), 3.81 (dd, J = 10.8, 3.6 1H), 

3.89 (dd, J = 10.8, 3.6, 1H), 4.35 (q, J = 3.6, 1H), 4.97 (dd, J = 6.4, 3.2, 1H), 5.14 (dd, J 

= 6.4, 3.2, 1H), 6.48 (d, J = 3.2, 1H), 7.17 (d, J = 8.0, 2H), 7.33 (d, J = 8.0, 2H), 7.47 (s, 

1H), 8.84 (s, 1H).  HRMS: calcd m/e 711.3789; found m/e 711.3779. 

 

Compound 9:  Tetrabutylammonium fluoride (0.26 mL, 1M in THF, 0.26 mmol) was 

added to a solution of 8 (92 mg, 0.13 mmol) in tetrahydrofuran (2 mL).  Upon completion 

(~1-2 h), the reaction was concentrated, and the product was purified by silica gel 

chromatography for a light tan amorphous solid (1:1 ethyl acetate:hexanes, 74 mg, 95%).  

1HNMR (CDCl3): δ 1.28 (s, 9H), 1.29 (s, 9H), 1.39 (s, 3H), 1.64 (s, 3H), 2.38 (s, 3H), 

3.82 (m, 1H), 3.99 (m, 1H), 4.50 (m, 1H), 5.15 (dd, J = 5.6, 2.0, 1H), 5.32 (dd, J = 5.6, 

5.2, 1H), 5.44 (d (b) J = 5.6, 1H), 5.91 (d, J = 5.2, 1H), 7.18 (d, J = 7.6, 2H), 7.28 (s, 1H), 

7.33 (d, J = 7.6, 2H), 8.79 (s, 1H). 

 

Compound 10:  4-(Dimethylamino)pyridine (5.1 mg, 0.042 mmol) was added to a 

solution of 9 (25 mg, 0.042 mmol) and 4-(fluorosulfonyl)benzoyl chloride (9.4 mg, 0.042 

mmol) in dimethylformamide.  The reaction was stirred overnight at room temperature.  

Though incomplete, the reaction was diluted into ethyl acetate and washed with 10 % 

citrate (pH 4.0) then brine.  The organic was dried over sodium sulfate and concentrated 

by rotary evaporation.  Pure 10 (15 mg, 46%) was obtained as a light tan amorphous 

solid after silica gel chromatography using a step gradient of hexanes in ethyl acetate 

(2:1, 1:1, 1:3, hexanes:ethyl acetate).  A small amount of pure starting material was also 

recovered (6.7 mg, 27%).  1HNMR (CDCl3): δ 1.30 (s, 18H), 1.42 (s, 3H), 1.66 (s, 3H), 

2.40 (s, 3H), 4.58 (m, 2H), 4.71 (dd, J = 4.0, 11.6 Hz, 1H), 5.15 (m, 1H), 5.42 (m, 1H), 
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6.34 ( s, 1H), 7.17 (d, J = 8.0 Hz, 2H), 7.29 (s, 1H), 7.30 (d, J = 8.0 Hz, 2H), 7.98 d, J = 

7.6 Hz, 2H), 8.20 (d, J = 7.6 Hz, 2H), 8.82 (s, 1H). 

 

Compound 1:  Aqueous trifluoroacetic acid (90% v/v, 0.9 mL) was added to a solution of 

10 (12 mg, 0.015 mmol) in tetrahydrofuran (0.1 mL) and stirred for two hours at room 

temperature.  The reaction was concentrated by rotary evaporation and residual solvent 

was removed under high vacuum.  Pure 1 (6.8 mg, 82%) was obtained as a chalky white 

solid after high pressure liquid chromatography (20-100% acetonitrile in water).   1HNMR 

(DMSO): δ  2.35 (s, 3H), 4.21 (m, 1H), 4.39 (q, J = 5.6 Hz, 1H), 4.48 (m, 2H), 4.69 (dd, J 

= 3.6, 12.0 Hz, 1H), 5.37 (d, J = 5.6, 1H), 5.55 (d, J = 5.6 Hz, 1H), 6.21 (d, J = 4.4, 1H). 

7.25 (s, 4H), 7.31 (s, 1H), 8.13 (d, J = 8.0 Hz, 2H), 8.14 (d, J = 8.0, 2H). 

 

5OH: Nucleosides in various states of deprotection at the exocyclic amine and hydroxyls 

collected as side products from other syntheses were combined and treated with an 

approximately ten-fold excess of trimethylsilyl trifluoromethylsulfonate (280 uL, 1.5 mmol) 

in methylene chloride (2.0 mL) at 0 º C.  After one hour the reaction was quenched with 

2 drops of methanol and then diluted into methylene chloride and washed with water.  

The organic fraction was concentrated and the residue was washed with diethyl ether to 

yield the pure p-toyl-nucleoside as a white powder (5OH, 40 mg).  1HNMR (DMSO): δ 

2.30 (s, 3H), 3.53 (ddd, J = 4.0, 6.0, 12.0 Hz, 1H), 3.62 (ddd, J = 4.4, 6.0, 12.0 Hz, 1H), 

3.90 (ddd, J = 4.0, 4.4, 8.0 Hz, 1H), 4.09 (ddd, J = 4.0, 4.8, 8.0 Hz, 1H), 4.45 (ddd, J = 

4.0, 6.0, 6.4 Hz, 1H), 5.10 (d, J = 4.8 Hz, 1H), 5.17 (t, J = 6.0 Hz, 1H), 5.30 (d, J = 6.4 Hz, 

1H), 6.10 (s(br), 2H), 6.11 (d, J = 6.0 Hz ,1H) 7.30m (d, J = 8.0 Hz, 2H), 7.36 (d, J = 8.0 

Hz, 2H), 7.49 (s, 1H), 8.14 (s, 1H). 
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Compound 11:  Aqueous HCl (25 mL, 1 N) was added to a solution of compound 8 (2.1 

g, 2.9 mmol) in tetrahydrofuran (25 mL).  The reaction was stirred vigorously overnight at 

RT.  The reaction was diluted into dichloromethane and washed sequentially with 

saturated sodium bicarbonate, water, and brine.  The organic fraction was dried over 

sodium sulfate and concentrated to yield compound 11 (1.4 g, 85%) with 1 equivalent of 

the resulting tert-butyldimethyl silyl alcohol.  1HNMR (CDCl3): 1.26 (s, 9H), 1.29 (s, 9H), 

2.37 (s, 3H), 3.39 (s, 1H), 3.67 (d (b), J = 10.8, 1H), 3.88 (d, J = 10.8, 1H), 3.92 (s (b), 

1H), 4.18 (s, 1H), 4.29 (d, J = 5.6, 1H), 4.88 (dd, J = 6.4, 5.6, 1H), 5.49 (s, 1H), 5.88 (d, J 

= 6.4, 1H), 7.17 (d, J = 8.4, 2H), 7.32 (d, J = 8.4, 2H), 7.36 (s, 1H), 8.77 (s, 1H).  HRMS: 

calcd m/e 557.2611; found m/e 557.2618. 

 

Compound 12:  Compound 11 (1.4 g, 2.5 mmol) was azeotropically dried three times 

with pyridine then dissolved in fresh pyridine (30 mL).  To this solution was added 

1,3dichloro-1,1,3,3-tetraisopropyldisiloxane (0.84 mL, 2.6 mmol).  The reaction was 

stirred overnight at room temperature then concentrated, dissolved in ethyl acetate, and 

washed sequentially with 5% citrate (pH 4.0) and brine.  The organic fraction was 

concentrated, and pure 12 (1.1 g, 57%) was obtained as an amorphous white solid by 

silica gel chromatography (2:1 hexanes:ethyl acetate).  1HNMR (CDCl3): δ  1.08 (m, 

28H), 1.26 (s, 9H), 1.30 (s, 9H), 2.38 (s, 3H), 3.11 (d, J = 1.6, 1H), 4.10 (m, 3H), 4.54 (d, 

J = 5.6, 1H), 4.95 (dd, J = 7.6, 5.6, 1H), 6.24 (d, J = 1.6, 1H), 7.17 (d, J = 8.0, 2H), 7.33 

(d, J = 8.0, 2H), 7.39 (s, 1H), 8.79 (s, 1H).  HRMS: calcd m/e 799.4134; found 799.4117. 

 

Compound 13:  1,1'-Carbonyldiimidazol (21 mg, 0.13 mmol) was added to a solution of 

12 (61 mg, 0.076 mmol) in methylene chloride (1 mL) and stirred overnight at room 

temperature.  To this reaction was added N,N-diisopropylethylamine (66 uL, 0.38 mmol) 

and 1,11-diamino-3,6,9-trioxaundecane (30 mg, 0.15 mmol).  After one hour the reaction 
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was diluted and washed with water.  The aqueous fraction was extracted twice with 

additional methylene chloride and all organic fractions were combined, dried over 

sodium sulfate, and concentrated in vacuo.  The residue was taken up in methylene 

chloride (2 mL), added to a flask containing Di-tert-butyl-dicarbamate (165 mg, 0.76 

mmol), and stirred for three hours at room temperature.  The reaction was diluted into 

ethyl acetate and washed with 10% citrate (pH 4.0), then brine.  The organic was dried 

over sodium sulfate and concentrated in vacuo.  Pure 13 (77 mg, 90%) was obtained 

after silica gel chromatography (1:3 hexanes:ethyl acetate).  1HNMR (CDCl3): δ 1.06 (m, 

28H), 1.26 (s, 9H), 1.29 (s, 9H). 1.44 (s, 9H), 2.38 (s, 3H), 3.33 (m, 4H), 3.56 (m, 4H), 

3.65 (m, 8H), 4.04 (m, 2H), 4.13 (dd, J = 4.0, 12.8 Hz, 1H), 4.90 (dd, J = 5.6, 8.0 Hz, 1H), 

5.10 (s(br), 1H), 5.47 (s(br), 1H), 5.61 (d, J = 5.6 Hz, 1H), 6.37 (s, 1H), 7.17 (d, J = 8.0 

Hz, 2H), 7.33 (d, J = 8.0 Hz, 1H), 7.38 (s, 1H), 8.79 (s, 1H).  LC/MS [M+Na+] m/z = 

1139.25. 

 

Compound 14:  Tetrabutylammonium fluoride (170 uL, 1M in tetrahydrofuran) was added 

to a solution of 13 (61 mg, 0.057 mmol) in tetrahydrofuran (1mL) and stirred for one hour 

at room temperature.  The reaction was concentrated under a stream of argon and pure 

14 (43 mg, 90%) was obtained after silica gel chromatography (7.5% methanol in 

methylene chloride).  1HNMR (CDCl3): δ 1.28 (s, 9H), 1.29 (s, 9H), 1.44 (s, 9H), 2.39 (s, 

3H), 3.33 (m, 4H), 3.60 (m, 12H), 3.85 (d, J = 12.0 Hz, 1H), 4.02 (d, J = 12.0 Hz, 1H), 

4.02 (d, J = 12.0 Hz, 1H), 4.30 (m, 1H), 4.77 (m, 1H), 5.78 (m, 1H), 6.17 (m, 1H), 7.19 (d, 

J = 8.0 Hz, 2H), 7.33 (d, J = 8.0 Hz, 2H), 7.35 (s, 1H), 8.83 (s, 1H).  LC/MS [M+H+] m/z = 

876. 

 

Compound 15:  4-(fluorosulfonyl)benzoyl chloride (4.9 mg, 0.02 mmol), N,N-

diisopropylethylamine (5.2 uL, 0.03 mmol), and 4-(dimethylamino)pyridine (1.2 mg, 
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0.004 mmol) were added to a solution of 14 (17.3 mg, 0.02 mmol) in dimethylformamide 

(0.5 mL).  The reaction was stirred overnight at room temperature then additional acid 

chloride (4.4 mg, 0.02 mmol) and 4-(dimethylamino)pyridine (1.2 mg, 0.004 mmol) were 

added.  After 2 h at 50ºC, the reaction was diluted into ethyl acetate and washed 

sequentially with sodium bicarbonate, 10% citrate (pH 4.0), and brine, then concentrated 

in vacuo.  Pure 15 (4.4 mg, 21%) was obtained after high pressure liquid 

chromatography (60-100% methanol and 0.1% trifluoroacetic acid in water).  Major 

byproducts were 14 (27%) and the diacylated species (12%).  LC/MS [M+H+] m/z = 

875.7.  1HNMR (CDCl3): δ 1.26 (s, 9H), 1.31 (s, 9H), 1.43 (s, 9H), 2.39 (s, 3H), 3.56 (m, 

16H), 4.44 (m, 1H), 4.64 (dd, J = 4.0, 12.0 Hz, 1H), 4.79 (m, 2H), 5.60 (m, 1H), 6.57 (d, J 

= 3.6 Hz, 1H), 7.15 (d, J = 8.0 Hz 2H), 7.20 (d, J = 8.0 Hz, 2H), 7.35 (s, 1H), 7.92 (d, J = 

7.6 Hz, 2H), 8.22 (d, J = 7.6 Hz, 2H), 8.86 (s, 1H). 

 

Compound 16:  Trifluoroacetic acid (0.15 mL) was added to a solution of 15 (4.4 mg, 4.2 

µmol) in methylene chloride (0.15 mL).  The reaction was stirred 50 min at room 

temperature then the volatiles were removed in vacuo and the residue was taken up in 

dimethylformamide (0.1 mL).  To this solution was added TAMRA-NHS ester (2.4 mg, 

4.6 µmol) in dimethylformamide (0.1 mL) and diisopropylethyl amine (6 uL, 0.034 mmol).  

The reaction was stirred for 30 minutes then concentrated in vacuo.  Compound 16 (2.0 

mg, 41%) was obtained as a red oil after HPLC purification (30-100% methanol with 

0.1% trifluoroacetic acid in water). LC/MS [M+] m/z = 1173.52. 

 

Compound 17:  Trifluoroacetic acid (0.5 mL) was added to a solution of 15 (4.8 mg, 4.5 

nmol) in methylene chloride (0.5 mL) and stirred for one hour at room temperature.  

Volatiles were removed in vacuo and the residue was resuspended in 

dimethylformamide (0.1 mL). To this solution was added BODIPY-NHS ester (2.5 mg, 5 
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nmol; Molecular Probes – D6102) and diisopropylethyl amine (6 uL, 0.03 mmol).  The 

reaction was stirred at room temperature for 2 h then concentrated in vacuo.  Compound 

17 (3.2 mg, 62%) was obtained by high pressure liquid chromatography (65-75% 

methanol and 0.1% trifluoroacetic acid in water).  LC/MS [M+H+] m/z = 1148.54. 

 

Compound 18:  Acryloyl chloride (10 uL, 0.25 mmol) and Diisopropylethylamine (15 uL, 

0.09 mmol) were added to a solution of 9 (50 mg, 0.08 mmol) in methylene chloride that 

had been chilled on an ice bath.  The bath was allowed to melt as the reaction stirred 

overnight.  The reaction was diluted into ethyl acetate and washed sequentially with 10% 

citrate (pH 4.0), water, and brine.  The organic fraction was concentrated by rotary 

evaporation, and pure 18 (28.5 mg, 52%) was obtained after silica gel chromatography 

(2:1 hexanes:ethyl acetate).  1HNMR (CDCl3): δ 1.29 (s, 18H), 1.41 (s, 3H), 1.65 (s, 3H), 

2.39 (s, 1H), 4.34 (m, 3H), 4.50 (m, 2H), 5.04 (dd, J = 3.6, 6.4 Hz, 1H), 5.34 (dd, J = 1.2, 

6.4 Hz, 1H), 5.79 (dd, J = 1.2, 10.8, Hz, 1H), 6.06 (dd, J = 10.8, 17.2 Hz, 1H), 6.36 (d, J 

= 2.4 Hz, 1H), 6.38 (dd, J = 1.2, 17.2, 1H), 7.18 (d, J = 8.0, 2H), 7.31 (s, 1H), 7.33 (d, J = 

8.0 Hz, 1H), 8.85 (s, 1H). 

 

Compound 19:  Trifluoroacetic acid (0.5 mL) was added to a solution 18 (28.5 mg, 0.044 

mmol) in methylene chloride (0.5 mL).  The reaction was stirred at RT for 45 min; the 

solvent was then removed under a stream of argon.  The residual oil was dissolved in 

tetrahydrofuran (0.1 mL), and a mixture of trifluoroacetic acid and water (9:1, 0.9 mL) 

was added.  Solvent was removed under vacuum and 19 (17.2 mg, 99%) was purified by 

high pressure liquid chromatography (10–80 % acetonitrile in water with 0.1% 

trifluoroacetic acid). 1HNMR (DMSO):  2.38 (s, 3H), 4.14 (ddd, J = 3.6, 4.0, 5.6 Hz, 1H), 

4.20 (dd, J = 4.0, 5.2 Hz, 1H), 4.29 (dd, J = 5.6, 12.0 Hz, 1H), 4.42 (dd, J = 3.6, 12.0, 

1H), 4.48 (dd, J = 4.8, 5.2 Hz, 1H), 5.91 (dd, J = 1.6, 10.4 1Hz, 1H), 6.18 (dd, J = 10.4, 
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17.2 Hz, 1H), 6.20 (d, J = 4.8 Hz, 1H), 6.32 (dd, J = 1.6, 17.2 Hz, 1H), 7.33 (d, J = 8.0 Hz, 

2H), 7.39 (d, J = 8.0 Hz, 2H), 7.63 (s, 1H), 8.40 (s, 1H).  LC/MS [M+H+] m/z = 411.33. 

 

Compound 20:  Diisopropylethylamine (87 uL, 0.5 mmol) was added to a solution of 9 

(50 mg, 0.084 mmol) in methylene chloride (2 mL) and chilled in an ice bath.  2-

chloroethanesulfonyl chloride (22 uL, 0.21 mmol) was added, and the solution was 

stirred 30 min at 0ºC followed by an additional 30 min at room temperature.  The 

reaction was diluted into ethyl acetate and washed with 10% citrate (pH 4.0) then brine.  

The organic fraction was dried over sodium sulfate and concentrated in vacuo.  

Compound 20 (33.5 mg, 58%) was purified by silica gel chromatography to yield an 

amorphous tan solid (1:1 ethylacetate:hexanes).  1HNMR (CDCl3): δ 1.30 (s, 18H), 1.40 

(s, 3H), 1.64 (s, 3H), 2.39 (s, 3H), 4.31 (dd, J = 10.8, 5.2 , 1H), 4.37 (dd, J = 10.8, 4.0, 

1H), 4.49 (ddd, J = 5.2, 4.0, 4.0, 1H), 5.12 (dd, 6.4, 4.0, 1H), 5.38 (dd, J = 6.4, 2.4, 1H), 

5.91 (d, J = 8.8, 1H), 6.23 (d, J = 16.4, 1H), 6.29 (dd, J = 16.4, 8.8, 1H), 6.35 (d, J = 2.4, 

1H), 7.19 (d, J = 8.0, 2H), 7.34 (s, 1H), 7.36 (d, J = 8.0, 2H), 8.83 (s, 1H). 

 

Compound 21:  Trifluoroacetic acid (0.5 mL) was added to a solution of compound 20 

(33 mg, 0.047 mmol) in methylene chloride (0.5 mL).  The reaction was stirred at room 

temperature 45 minutes then the solvent was removed under a stream of argon.  The 

residual oil was dissolved in tetrahydrofuran (0.1 mL) and a mixture of Trifluoroacetic 

acid and water (9:1, 0.9 mL) was added.  After 30 minutes, the solvent was removed in 

vacuo and compound 21 (15.5 mg, 96%) was purified by high pressure liquid 

chromatography to yield a chalky white solid (20– 100 % acetonitrile in water with 0.1% 

trifluoroacetic acid).  1HNMR (DMSO): δ 2.38 (s, 3H), 4.15 (m, 2H), 4.32 (dd, J = 11.2, 

5.6, 1H), 4.37 (dd, J = 11.2, 3.6, 1H), 4.46 (m, 1H), 6.22 (d, J = 5.6, 1H), 6.26 (d, J = 
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10.4, 1H), 6.32 (d, J = 16.8, 1H), 6.98 (dd, J = 16.8, 10.4, 1H), 7.33 (d, J = 8.0, 2H), 7.40 

(d, J = 8.0, 2H), 7.64 (s, 1H), 8.41 (s, 1H). 

 

Compound 22:  Benzoic acid (11 mg, 0.09 mmol) and 9 (37 mg, 0.06 mmol) were 

dissolved in methylene chloride (1 mL) and cooled to 0ºC on an ice bath.  (N-(3-

dimethylaminopropyl)-N-ethyl carbodiimide and 4-(dimethylamino)pyridine (7.0 mg, 0.06 

mmol) were added and the reaction was stirred for 45 min at 0ºC.  The reaction mixture 

was diluted into methylene chloride and washed with 0.1 N HCl then brine.  The organic 

phase was dried over sodium sulfate and concentrated in vacuo.  Pure 22 (31 mg, 71%) 

was obtained as a tan amorphous solid after silica gel chromatography (2:1 

hexanes:ethyl acetate).  1HNMR (CDCl3): δ 1.28 (s, 18H), 1.42 (s, 3H), 1.67 (s, 3H), 2.38 

(s, 3H), 4.54 (m, 2H), 4.67 (dd, J = 3.6, 11.2 Hz, 1H), 5.12 (dd, J = 3.6, 6.0 Hz, 1H), 5.37 

(dd, J = 2.4, 6.0 Hz, 1H), 6.38 (d, J = 2.4 Hz, 1H), 7.14 (d, J = 8.0 Hz, 2H), 7.26 (d, J = 

8.0 Hz, 2H), 7.31 (s, 1H), 7.38 (t, J = 7.2 Hz, 2H),  7.54 (t, J = 7.2 Hz, 1H), 8.00 (d, J = 

7.2 Hz, 2H), 8.82 (s, 1H). 

 

Compound 23:  Trifluoroacetic acid (0.25 mL) was added to a solution of 22 (31 mg, 

0.044 mmol) in methylene chloride (0.25 mL).  The reaction was stirred 45 min at room 

temperature and the solvent was then blown off with a stream of argon.  The residue 

was dissolved in tetrahydrofuran (0.05 mL) and aqueous trifluoroacetic acid (90% v/v, 

0.45 mL) was added.  The reaction was stirred 45 minutes at room temperature.  

Volatiles were removed in vacuo and pure 23 (19 mg, 95%) was obtained after high 

pressure liquid chromatography (20 – 100% acetonitrile in water).  1HNMR (DMSO): δ 

2.36 (s, 3H), 4.20 (m, 1H), 4.33 (dd, J = 5.2, 6.0 Hz, 1H), 4.43 (dd, J = 5.2, 12.4 Hz, 1H), 

4.51 (q, 5.2 Hz, 1H), 4.60 (dd, J = 3.2, 12.4 Hz, 1H), 5.36 (d, J = 5.2 Hz, 1H), 5.50 (d, J = 
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6.0 Hz, 1H), 6.19 (d, J = 5.2 Hz, 1H), 7.25 (s, 4H), 7.31 (s, 1H), 7.46 (t, J = 8.0 Hz, 2H), 

7.65 (tt, J = 1.2, 8.0 Hz, 1H), 7.96 (dd, J = 1.2, 8.0 Hz, 2H), 8.15 (s, 1H). 

 

Compound 24:  Compound 9 (100 mg, 0.17 mmol) and (N-(3-dimethylaminopropyl)-N'-

ethyl carbodiimide (130 mg, 0.67 mmol) were dissolved in dimethylsulfoxide (2.0 mL).  

Dichloroacetic acid (7 uL, 0.84 mmol) was added and the reaction was stirred at room 

temperature until judged complete by thin layer chromatography (1:1 hexanes:ethyl 

acetate, 5 hours).  The reaction was diluted into ethyl acetate and washed twice with 

water and once with brine.  The organic phase was dried over sodium sulfate and 

concentrated in vacuo.  The crude product was used for subsequent reactions without 

further purification.  1HNMR showed a mix of the desired aldehyde and 9 (3:1).  1HNMR 

(CDCl3): δ 1.29 (s, 9H), 1.30 (s, 9H), 1.41 (s, 3H), 1.62 (s, 3H), 2.39 (s, 3H), 4.67 (d, J = 

1.6 Hz, 1H), 5.35 (d, J = 6.4 Hz, 1H), 5.56 (dd, J = 1.6, 6.4 Hz, 1H), 6.21 (s, 1H), 7.20 (d, 

J = 8.0 Hz, 2H), 7.29 (s, 1H), 7.34 (d, J = 8.0 Hz, 2H), 8.68 (s, 1H), 9.31 (s, 1H). 

 

Compound 25:  Tetrahydrofuran (60 mL) was added to ethymethyl sulfone (2.1 mL, 20 

mmol) and cooled to -78ºC.  To this solution was added n-butyl lithium (13.8 mL, 1.6 M 

in hexanes)  The reaction was stirred for 15 minutes then diethyl chlorophosphate was 

added (1.6 mL, 11 mmol). The temperature was raised to -50ºC and stirred an additional 

hour.  Ammonium chloride (1.2 g) was added and the temperature was slowly raised to 

room temperature.  The reaction was diluted into methylene chloride, washed with water, 

dried over sodium sulfate, and concentrated in vacuo.  Pure 25 (1.04 g, 36%) was 

obtained after silica gel chromatography (1:3 hexanes:ethyl acetate).  1HNMR (CDCl3): δ 

1.28 (t, J = 7.2 Hz, 6H), 1.44 (t, J = 6.8 Hz, 3H), 3.73 (d, J = 16.8 Hz, 2H), 4.25 (m, 4H), 

4.42 (q, J = 6.8 Hz, 2H). 
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Compound 26:  To a solution of 25 (30 mg, 0.12 mmol) in tetrahydrofuran (0.75 mL) at -

78ºC was added n-butyl lithium (50 µL, 2.5 M in hexanes).  To this reaction was added a 

solution of crude 24 (75 mg) in tetrahydrofuran (0.75 mL).  The reaction was stirred for 1 

h at -78ºC, then overnight at room temperature.  The completed reaction was diluted into 

ethyl acetate and washed with water and brine.  The organic phase was dried over 

sodium sulfate and concentrated in vacuo.  Pure 26 (54 mg, 61% - 2 steps) was 

obtained after silica gel chromatography (5:4 hexanes:ethyl acetate).  1HNMR (CDCl3): δ 

1.29 (m, 21H), 1.40 (s, 3H), 1.65 (s, 3H), 2.39 (s, 3H), 4.07 (m, 2H), 4.83 (m, 1H), 5.12 

(dd, J = 4.8, 5.6 Hz, 1H), 5.39 (dd, J = 1.6, 5.6 Hz, 1H), 6.33 (d, J = 4.8 Hz, 1H), 6.36 (d, 

J = 15.6 Hz, 1H),  7.07 (dd, J = 4.0, 15.6 Hz, 1H), 7.20 (d, J = 8.0 Hz, 2H), 7.23 (s, 1H), 

7.36 (d, J = 8.0 Hz, 1H), 8.82 (s, 1H). 

 

Compound 27:  Compound 26 (54 mg, 0.077 mmol) was refluxed in acetone (5 mL) with 

tertrabutylammonium iodide (31 mg, 0.085 mmol) until no starting material was visible by 

thin layer chromatography (10% methanol in methylene chloride).  The reaction was 

concentrated in vacuo.  The residue was azeotropically dried twice with toluene then 

dissolved in methylene chloride (1 mL).  To this solution was added triphosgene (23 mg, 

0.077 mmol) and dimethylformamide (0.6 µL, 0.007 mmol).  The reaction was stirred 

overnight at room temperature.  The reaction was diluted into hexanes and ethyl acetate 

(1:1), flushed through a plug of silica gel and concentrated in vacuo.  LC/MS (50-100% 

acetonitrile and 0.1% formic acid in water) showed one major peak corresponding to the 

desired 5'-vinylsulfonyl chloride (m/z [M+Na+] = 713.44).  The residue was resuspended 

in acetonitrile (0.5 mL) that had been dried over calcium hydride.  A mixture of CaF2 and 

KF (4:1) was prepared by heating with a torch under high vacuum.  This salt mix (13 mg, 
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0.23 mol) was added to the above suspension and the mix was stirred overnight at room 

temperature.  The reaction was diluted into ethyl acetate and washed with water and 

brine.  The organic phase was dried over sodium sulfate and concentrated in vacuo.  

LC/MS (50-100% acetonitrile and 0.1% formic acid in water)   indicated the principle 

product to be the fully protected vinylsulfonyl fluoride (m/z [M+Na+] = 675.31).  The 

HPLC solvents were removed in vacuo and the residue was resuspended in methylene 

chloride (0.2 mL).  Trifluoroacetic acid (0.2 mL) was added and the resulting solution 

was stirred at room temperature for one hour.  The solvent was blown off with a stream 

of argon and the residue was resuspended in tetrahydrofuran (0.04 mL).  To this solution 

was added aqueous trifluoroacetic acid (90%, 0.36 mL) and the reaction was stirred for 

20 min at room temperature.  The solvent was removed in vacuo to yield pure 27 (5.1 

mg, 15% - 4 steps).  1HNMR (DMSO): δ  2.38 (s, 1H), 4.32 (t, J = 5.2 Hz, 1H), 4.60 (t, J 

= 5.2 Hz, 1H), 4.69 (m, 1H), 6.23 (d, J = 5.2 Hz, 1H), 7.26 (dt, J = 1.6, 14.8 Hz, 1H), 7.33 

(d, J = 8.0 Hz, 2H), 7.41 (d, J = 8.0 Hz, 2H), 7.52 (dd, J = 5.2, 14.8 Hz, 1H), 7.71 (s, 1H), 

8.34 (s, 1H).  LC/MS [M+H+] m/z = 435.24. 

 

Compound 28:  Aluminum chloride (160 mg, 1.2 mmol) was added to a solution of 4'-

phenoxyacetophenone (5 g, 24 mmol) in diethyl ether (50 mL) that had been chilled on 

an ice bath.  Bromine (1.3 mL, 25 mmol) was added drop-wise to the reaction, and the 

ice bath was allowed to melt as the solution stirred overnight.  The reaction was poured 

over ice and extracted with excess ether, washed with brine, dried over magnesium 

sulfate, and concentrated by rotary evaporation.  The crude bromoacetophenone was 

dissolved in dimethylformamide (50 mL) and potassium phthalate (4.8 g, 26 mmol) was 

added.  After 2 h, the reaction was diluted into ethyl acetate and washed sequentially 

with water, 0.2 sodium hydroxide, and brine, then dried over sodium sulfate. The organic 

was concentrated by rotary evaporation and pure 28 (7.6g, 90%) was recrystlized from a 
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distilling mixture of methanol, methylene chloride, and hexanes (1:49:125)  There was a 

small amount of 4'-bromo-4-phenoxy phenyl contaminant that was carried through all 

subsequent steps, but was removed in the final HPLC purification of the derived 

nucelosides  1HNMR (CDCl3): δ 5.09 (s, 2H), 7.04 (d, J = 8.8 Hz, 2H), 7.09 ( d, J = 8.8 

Hz, 2H), 7.22 (t, J = 8.0 Hz, 1H), 7.42 (t, J = 8.0 Hz, 2H), 7.75 (dd, J = 3.2, 5.6 Hz, 2H), 

7.90 (dd, J = 3.2, 5.6, 2H), 7.99 (d, J = 8.0 Hz, 2H). 

 

Compound 29:  Aqueous sodium hydroxide (10 N, 12.5 mL) was added to a solution of 

malononitrile (1.7 mL, 28 mmol) in methanol (38 mL).  Compound 28 (7.6 g, 21 mmol) 

was added and the reaction was stirred one h at room temperature.  The reaction was 

diluted into ethyl acetate, washed with water and brine, and dried over sodium sulfate.  

Pure 29 (5.9 g, 100%) was obtained after removal of solvent in vacuo.  1HNMR (DMSO): 

δ 5.75 (s(br), 2H), 6.49 (d, J = 2.0 Hz, 1H), 7.00 (d, J = 8.0 Hz, 2H), 7.01 (d, J = 8.0 Hz, 

1H), 7.13 (t, J = 8.0 Hz, 1H), 7.39 (t, J = 8.0 Hz,2H), 7.55 (d, J = 8.0 Hz, 2H), 10.42 (s(br), 

1H). 

 

Compound 30:  Triethyl orthoformate (45 mL) was added to 29 (5.9 g, 21 mmol), and the 

solution was heated to 100ºC for 3 h.  The reaction was concentrated by rotary 

evaporation and the residue was azeotropically dried three times with toluene.  Crude 30 

was used directly in the subsequent reaction.  1HNMR (DMSO): δ 1.33 (t, J = 7.6 Hz, 

3H), 4.30 (q, J = 7.6 Hz, 2H), 7.04 (m, 5H), 7.14 (t, J = 8.4 Hz, 1H), 7.40 (t, J = 8.4 Hz, 

2H), 7.61 (d, J = 8.4 Hz, 2H), 8.39 (s, 1H), 11.78 (s(br), 1H). 

 

Compound 31:  Crude 30 (~21 mmol) was dissolved in 7N ammonia in methanol at 0ºC.  

The reaction was stirred and allowed to come to room temperature over 2 hours.  The 

ammonia was removed by bubbling argon through the solution, and remaining solvent 
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was removed in vacuo.  Crude 31 was used directly for the subsequent annulation 

without further purification.  1HNMR (DMSO): δ 6.79 (s, 1H), 7.02 (d, J = 8.8 Hz, 4H), 

7.13 (t, J = 7.6 Hz, 1H), 7.59 (d, J = 8.8 Hz, 2H), 7.97 (dd, J = 7.6, 8.8 Hz, 2H), 8.02 (m, 

1H), 11.22 (s(br), 1H). 

 

Compound 32:  Ethanol (135 mL) and freshly prepared sodium ethoxide (15 mL, 0.14 M) 

were added to crude 31, and the mixture was refluxed overnight.  The complete reaction 

was diluted into methylene chloride and washed with water and brine.  The organic 

phase was dried over sodium sulfate and concentrated in vacuo to yield pure 32 (5.1 g, 

80% - 3 steps).  1HNMR (DMSO): δ 6.03 (s(br), 2H), 7.09 (d, J = 8.4 Hz, 2H), 7.09 (d, J = 

8.4 Hz, 2H), 7.15 (t, J = 7.6 Hz, 1H), 7.22 (s, 1H), 7.41 (dd, J = 7.6, 8.8 Hz, 2H), 7.47 (d, 

J = 8.8, 2H), 8.11 (s, 1H), 11.78 (s, 1H). 

 

Compound 33:  To a heterogeneous mixture of 32 (2 g, 6.7 mmol) in toluene (50 mL) 

was added powdered potassium hydroxide (750 mg, 13.4 mmol) and tris[2-

(2methoxyethoxy)ethyl]amine (0.5 mL, 1.7 mmol).  Freshly prepared 5-O-tert-

butyldimethylsilyl-2,3-O-isopropylidene-α-D-ribofuranosyl chloride (13.4 mmol) was 

added in toluene (15 mL).  The reaction was left to stir overnight at room temperature.  

The reaction was diluted into ethyl acetate and washed sequentially with 0.1 N HCl, 

water, and brine, then dried over sodium sulfate and concentrated by rotary evaporation.  

Pure 33 (680 mg, 18%) was obtained after silica gel chromatography (1:2 hexanes:ethyl 

acetate). 1HNMR (CDCl3): δ 0.01 (s, 3H), 0.03 (s, 3H), 0.09 (s, 9H), 1.39 (s, 3H), 1.65 (s, 

3H), 3.79 (dd, J = 4.0, 11.2 Hz, 1H), 3.88 (dd, J = 4.0, 11.2 Hz, 1H), 4.31 (m, 1H), 4.96 

(dd, J = 3.6, 6.0 Hz, 1H), 5.09 (s, 2H), 5.14 (dd, J = 2.8, 6.0 Hz, 1H), 6.40 (d, J = 2.8 Hz, 

1H), 7.07 (m, 4H), 7.15 (m, 1H), 7.17 (s, 1H), 7.40 (m, 5H), 8.34 (s, 1H). 
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Compound 34:  To a solution of 33 (270 mg, 0.46 mmol) in THF (20 mL) was added di-

tert-butyl dicarbonate (500mg, 2.3 mmol) and 4-(dimethylamino)pyridine (5mg, 0.046 

mmol).  The reaction was sealed and stirred overnight.  The completed reaction was 

diluted into ethyl acetate and washed with 10% citrate (pH 4.0), and then brine.  The 

organic phase was dried over sodium sulfate and concentrated by rotary evaporation.  

Pure 34 (290 mg, 82%) was obtained by silica gel chromatography (3:1 hexanes;ethyl 

acetate).  1HNMR (CDCl3): δ 0.01 (s, 3H), 0.03 (s, 3H), 0.85 (s, 9H), 1.30 (s(br), 9H), 

1.32 (s(br), 9H), 1.41 (s, 3H), 1.67 (s, 3H), 3.81 (dd, J = 3.6, 11.2 Hz, 1H), 3.91 (dd, J = 

3.2, 11.2 Hz, 1H), 4.36 (m, 1H), 4.96 (dd, J = 3.2, 6.4 Hz, 1H), 5.12 (dd, J = 2.8, 6.4 Hz, 

1H), 6.51 (d, J = 2.8, 1H), 7.04 (m, 2H), 7.12 (m, 1H), 7.36 (m, 2H), 7.40 (m, 2H), 7.52 (s, 

1H), 8.85 (s, 1H). 

 

Compound 35:  Tetrabutylammonium fluoride (0.26 mL 1M, in THF, 0.26 mmol) was 

added to a solution of compound 34 (138 mg, 0.18 mmol) in tetrahydrofuran (3.5 mL) 

and left to stir overnight at room temperature.  The reaction was diluted into ethyl acetate 

and washed with water, followed by brine.  The organic phase was dried over sodium 

sulfate and concentrated in vacuo. Compound 35 was purified by column 

chromatography (1:1 ethyl acetate:hexanes, 77 mg, 65%). 1HNMR (CDCl3): δ 1.32 (s, 

18H), 1.39 (s, 3H), 1.65 (s, 3H), 3.83 (m, 1H), 4.01 (m, 1H), 4.51 (m, 1H), 5.15 (dd, J = 

1.6, 6.4 Hz, 1H), 5.33 (dd, J = 4.8, 6.4 Hz, 1H), 5.42 (dd, J = 1.6, 10.8 Hz, 1H), 5.92 (d, J 

= 4.8 Hz, 1H), 7.02 (d, J = 8.8 Hz, 2H), 7.06 (m, 2H), 7.14 (m, 1H), 7.30 (s, 1H), 7.37 (m, 

2H), 7.40 (m, 2H), 8.81 (s, 1H). 

 

Compound 36:  Diisopropylethylamine (47 µL, 0.27 mmol) was added to a 

heterogeneous mixture of 4-(fluorosulfonyl)benzoyl chloride (30 mg, 0.13 mmol) and 35 

(40 mg, 0.059 mmol) in methylene chloride (0.5 mL).  The reaction was stirred overnight 
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at room temperature, diluted into methylene chloride, and washed sequentially with 

sodium bicarbonate, 0.1 N HCl, and brine.  The organic was concentrated in vacuo, and 

pure 36 (31mg, 68%) was isolated by preparative silica gel thin layer chromatography 

(1:1 hexanes:ethyl acetate) 1HNMR (CDCl3): δ 1.33 (s, 18H), 1.42 (s, 3H), 1.66 (s, 3H), 

4.80 (m, 2H), 4.71 (m, 1H), 5.17 (dd, J = 4.0, 6.4 Hz, 1H), 5.48 (dd, J = 2.0, 6.4 Hz, 1H), 

6.27 (d, J = 2.0 Hz, 1H), 7.01 (d, J = 8.8 Hz, 2H), 7.06 (d, J = 8.8 Hz, 2H), 7.15 (t, J = 3.6 

Hz, 1H), 7.29 (s, 1H), 7.38 (m, 4H), 8.04 (d, J = 8.4 Hz, 2H), 8.21 (d, J = 8.4 Hz, 2H), 

8.83 (s, 1H). 

 

Compound 37:  Trimethylsilyl trifluoromethanesulfonate (46 µL, 0.26 mmol) was added 

to a solution of 36 (20 mg, 0.023 mmol) in methylene chloride (0.5 mL) at 0º.  After one 

hour, the reaction was concentrated under a stream of argon and spotted directly onto a 

preparative silica gel thin layer chromatography plate. Pure 37 (5.8 mg, 40%) was 

obtained after elution (10% methanol in methylene chloride) and further resolution from a 

p-bromophenoxy nucleoside by HPLC (50-90% acetonitrile in water).  1HNMR (DMSO): 

δ 4.22 (q, J = 4.8 Hz, 1H), 4.37 (m, 1H), 4.50 (dd, J = 5.6, 12.0, 1H), 4.52 (m, 1H), 4.69 

(dd, J = 3.6, 12.0 Hz, 1H), 5.39 (d, J = 5.2 Hz, 1H), 5.53 (d, J = 6.0 Hz, 1H), 6.17 (s(br), 

2H), 6.19 (d, J = 5.2 Hz, 1H), 7.06 (d, J = 8.8 Hz, 2H), 7.08 (d, J = 8.8 Hz, 2H), 7.17 (t, J 

= 7.6 Hz, 1H), 7.40 (m, 5H), 8.14 (s, 1H), 8.21 (d, J = 8.4 Hz, 2H), 8.27 (d, J = 8.4 Hz, 

2H). 

 

Compound 38:  Diisopropylethylamine (47 uL, 0.27 mmol) was added to a solution of 

acyloyl chloride (11 uL, 0.13 mmol) and 35 (40 mg, 0.059 mmol) in methylene chloride 

(0.5 mL).  The reaction was stirred overnight then diluted into methylene chloride and 

sequentially washed with sodium bicarbonate, 0.1 N HCl, and brine.  The organic phase 

was concentrated by rotary evaporation and pure 38 (35 mg, 80%) was isolated by 
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preparative silica gel thin layer chromatography (1:1 hexanes:ethyl acetate).  1HNMR 

(CDCl3): δ 1.32 (s, 18H), 1.41 (s, 3H), 1.66 (s, 3H), 4.34 (dd, J = 6.8, 13.2 Hz, 1H), 4.51 

(m, 2H), 5.05 (dd, J = 3.2, 6.4 Hz, 1H), 5.36 (dd, J = 2.4, 6.4 Hz, 1H), 5.80 (d, J = 10.4 

Hz, 1H), 6.06 (dd, J = 10.4, 18.0 Hz, 1H), 6.35 (d, J = 2.4 Hz, 1H), 6.38 (d, J = 18.0 Hz, 

1H), 7.02 (d, J = 6.8 Hz, 2H), 7.06 (d, J = 6.8 Hz, 2H), 7.14 (t, J = 3.6 Hz, 1H), 7.32 (s, 

1H), 7.37 (t, J = 3.6 Hz, 2H), 7.40 (d, J = 3.6 Hz, 2H), 8.86 (s,1H). 

 

Compound 39:  Trimethylsilyl trifluoromethanesulfonate (46 µL, 0.26 mmol) was added 

to a solution of 38 (20 mg, 0.027 mmol) in methylene chloride (0.5 mL) at 0º C.  After 

one hour the reaction was concentrated under a stream of argon and spotted directly 

onto a preparative silica gel thin layer chromatography plate. Pure 39 (7.5 mg, 56%) was 

obtained after elution (10% methanol in methylene chloride) and further resolution from a 

p-bromophenoxy-containing nucleoside by HPLC (30-70% acetonitrile in water).  1HNMR 

(DMSO): δ 4.04 (m, 1H), 4.14 (q, J = 5.2 Hz, 1H), 4.21 (dd, J = 6.4, 12.0 Hz, 1H), 4.37 

(dd, J = 3.6, 12.4 Hz, 1H), 4.42 (q, J = 5.6 Hz, 1H), 5.28 (d, J = 5.2 Hz, 1H), 5.42 (d, J = 

5.6 Hz, 1H), 5.86 (dd, J = 1.6, 10.4 Hz, 1H), 6.13 (d, J = 5.6 Hz, 1H), 6.14 (dd, J = 10.4, 

17.2 Hz, 1H),  6.28 (dd, J = 1.6, 17.2 Hz, 1H), 7.05 (d, J = 8.0 Hz, 2H), 7.07 (d, J = 8.0 

Hz, 2H), 7.11 (t, J = 7.6 Hz, 1H), 7.37 (t, J = 7.6 Hz, 2H), 7.37 (s, 1H), 7.42 (d, J = 7.6 Hz, 

2H), 8.11 (s, 1H). 

 

Compound 40:  Diisopropylethylamine (47 µL, 0.27 mmol) was added to a solution of 2-

chloroethanesulfonyl chloride (14 µL, 0.13mmol) and 35 (40 mg, 0.059 mmol) in 

methylene chloride (0.5 mL).  The reaction was stirred overnight then diluted into 

methylene chloride and sequentially washed with sodium bicarbonate, 0.1 N HCl, and 

brine.  The organic was concentrated by rotary evaporation and pure 40 (42mg, 82%) 

was isolated by preparative silica gel thin layer chromatography (5% methanol in 
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methylene chloride).  1HNMR (CDCl3): δ 1.30 (s, 18H), 1.38 (s, 3H), 1.61 (s, 3H), 4.28 

(dd, J = 5.2, 10.8 Hz, 1H), 4.35 (dd, J = 4.0, 10.8 Hz, 1H), 4.47 (m, 1H), 5.09 (dd, J = 3.6, 

6.4 Hz, 1H), 5.35 (dd, J = 2.4, 6.4 Hz, 1H), 5.91 (d, J = 9.2 Hz, 1H), 6.27 (m, 3H), 7.00 (d, 

J = 8.4 Hz, 2H), 7.03 (d, J = 8.4 Hz, 2H), 7.11 (t, J = 7.6 Hz, 1H), 7.32 (s, 1H), 7.34 (t, J 

= 7.6 Hz, 2H), 7.40 (d, J = 7.6 Hz, 2H), 8.81 (s, 1H).     

 

Compound 41:  Trimethylsilyl trifluoromethanesulfonate (46 µL, 0.26 mmol) was added 

to a solution of 40 (20 mg, 0.026 mmol) in methylene chloride (0.5 mL) at 0ºC.  After one 

hour the reaction was concentrated under a stream of argon and spotted directly onto a 

preparative silica gel thin layer chromatography plate. Pure 41 (3.0 mg, 22%) was 

obtained as a chalky white solid after elution (10% methanol in methylene chloride) and 

further resolution from a p-bromophenoxy nucleoside by HPLC (40-80% acetonitrile in 

water).  1HNMR (DMSO): δ 4.11 (m, 1H), 4.16 (q, J = 5.2 Hz, 1H), 4.30 (dd, J = 6.0, 11.2 

Hz, 1H), 4.37 (dd, J = 3.6, 11.2 Hz, 1H), 4.46 (q, J = 5.6 Hz, 1H), 5.41 (d, J = 5.2 Hz, 1H), 

5.52 (d, J = 5.6 Hz, 1H), 6.20 (d, J = 5.6 Hz, 1H), 6.25 (d, J = 10.0 Hz, 1H), 6.32 (d, J = 

16.8 Hz, 1H), 6.97 (dd, J = 10.0, 16.8 Hz, 1H), 7.09 (d, J = 8.4 Hz, 2H), 7.12 (d, J = 8.4 

Hz, 2H), 7.16 (t, J = 7.6 Hz, 1H), 7.42 (t, J = 7.6 Hz, 2H), 7.44 (s, 1H), 7.48 (d, J = 7.6 Hz, 

2H), 8.16 (s, 1H). 

 

Kinase assays: 

Active Src and Hck kinases were obtained from Upstate. Down-regulated pY528 Src 

was a generous gift from Michael Eck (Harvard Medical School).  Substrate peptide 

(LEEIYGEFKK) was synthesized in-house by standard solid phase peptide synthesis 

using Wang resin, and γ32P-ATP (6000 Ci/mmol) was purchased from Perkins Elmer.   
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Inhibition of Src by compound 1, PP1, and FSBA (Figure 1-2): Active Src (0.5 nM) 

was incubated with inhibitors in reaction buffer (20 mM HEPES (pH 7.4), 10 mM MgCl2, 

0.2 mM EDTA, and 1 mg/mL BSA) and 250 µM ATP, for 30 min at room temperature.  

The kinase reaction was initiated by a 1:1 dilution into reaction buffer containing 250 µM 

ATP, 200 µM substrate peptide and 0.8 mCi/mL γ32P-ATP.  After 30 min, reactions were 

spotted onto a phosphocellulose sheet, briefly dried, and washed with 10% acetic acid, 

twice with 1% phosphoric acid, and finally with acetone before drying.  Kinase activity 

was quantified using a Typhoon Imaging System (Molecular Dynamics)  

and ImageJ software (NIH).   

 

Time-dependent inhibition of Src by compound 1 (Figure 1-3): Active Src (0.2 µM) 

was incubated in the presence or absence of 1 µM compound 1 in reaction buffer with 

100 µM ATP.  At selected times, 2 µL samples were withdrawn and diluted into 23 µL of 

reaction buffer with 100 µM ATP, 100 µM substrate peptide and 0.1 mCi/mL γ32P-ATP.  

The kianse reactions were run for 30 min, and then spotted onto phosphocellulose disks.  

The disks were washed once with 10% acetic acid, twice with 10% phosphoric acid, and 

once with acetone before drying.  Kinase activity was quantified by scintillation counting.    

 

Dialysis of inhibited Src (Figure 1-3):  Phospho-Y527 Src (5 nM) was incubated in 

reaction buffer with compound 1 or 5OH for one hour at room temperature.  An aliquot of 

each reaction was removed and stored at 4°C and the remainder was dialyzed over 5 h 

against 2 changes of reaction buffer at 4ºC. Following dialysis, the kinase was diluted 

1:5 with reaction buffer containing 125 µM ATP, 125 substrate peptide, and 0.2 mCi/mL 

γ32P-ATP and incubated for 30 min RT.  Reactions were spotted onto phosphocellulase 

disks and treated as described above. 
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Time dependent inhibition of Src by compounds 1, 19, and 21 (figure 1-5): Phospho-

Y527 Src (10 nM) was incubated with 250 nM inhibitors or DMSO control in reaction 

buffer with 100 µM ATP at room temperature.  At selected times, the reactions were 

diluted 1:1 with reaction buffer containing 100 µM ATP, 200 µM substrate peptide and 

0.2 mCi/mL γ32P-ATP.  After 30 min at room temperature, reactions were spotted onto 

phosphocellulose disks and treated as described above.  

 

Inhibition of Src and Hck by compounds 1, 19, 21, 37, 39, and 41 (Figures 1-5, 1-7, 

and 1-8):  Kinases (5 nM) were incubated at room temperature with inhibitors in reaction 

buffer for 30 min, and then diluted 1:4 with reaction buffer containing 125 µM ATP, 125 

µM substrate, and 0.2 mCi/mL γ32P-ATP.  After 30 min the reactions were spotted onto 

phosphocellulose disks and treated as described above. 

 

Competitive labeling of recombinant Src:   

Phospho-Y527 Src (1 µM) was incubated in kinase reaction buffer with 5 µM inhibitors at 

room temperature for 20 min.  Src was labeled with 5 µM 16 for 5 minutes.  The reaction 

was quenched with 2X Laemmli sample buffer and the proteins were resolved by SDS-

PAGE.  Fluorescent species were detected with the Typhoon Imaging System using 

standard TAMRA settings (Molecular Dynamics). 

 

In vivo kinase studies: 

NIH-3T3 cells stably expressing I338T v-Src (CZ9 cells) were a generous gift from Chao 

Zang and Kevan Shokat (University of California San Francisco).  Cells were cultured in 

Dulbecco’s modified Eagle’s Media supplemented with 10% fetal bovine serum.  
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In vivo inhibition of v-Src:  CZ9 cells were treated with PP1 or 1 in serum-free media 

for 1.5 hours at 37°C.  Cells were harvested and lysed in 1% NP-40, 50 mM Tris (pH 

7.4), 2 mM EDTA, 150 mM NaCl, 1X Complete Protease Inhibitor Cocktail (Roche), and 

1X Phosphatase Inhibitor Cocktail 2 (Sigma).  Lysates were resolved by SDS-PAGE, 

blotted, and probed with a 1:2500 dilution of the monoclonal anti-phosphotyrosine 

antibody 4G10 (Upstate), followed by a 1:5000 dilution of a HRP conjugated secondary 

(Santa Cruz Biotechnology). 

 

In vivo labeling of v-Src:  CZ9 cells at 80% confluency in serum-free media were 

incubated in the presence or absence of 5 µM 1 for 30 minutes at room temperature.  

The media was aspirated and replaced with serum-free media containing 5 µM 17 for an 

additional 30 minutes.  The media was aspirated and the cells were collected and lysed 

by two freeze-thaw cycles in 10 mM HEPES (pH 7.5), 10 mM KCl, 150 mM NaCl, and 

1X Complete Protease Inhibitor Cocktail (Roche).  The lysates were spun at top speed in 

a benchtop centrifuge and the pellets were resusupended in 1% NP-40, 50 mM Tris (pH 

7.4), 2 mM EDTA, 150 mM NaCl, 1X Complete Protease Inhibitor Cocktail (Roche).  

Proteins were resolved by SDS-PAGE and fluorescent species were detected with the 

Typhoon Imaging System (Molecular Dynamics).   
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Chapter 2: Electrophilic Kinase Inhibitors:  

A Chemical Switch for Nucleophile Selectivity  
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Introduction: 

Protein phosphorylation is a post-translational modification that dominates signal 

transduction and enzymatic regulation in eukaryotic cells.  Transfer of the γ-phosphate of 

ATP to specific serine, theonine, or tyrosine residues is mediated by protein kinases.  

Missregulation of these important enzymes has dire consequences, manifesting in a 

number of human disorders, especially in many cancer. Considerable effort has been 

invested to develop inhibitors for specific members of this enzyme super-family1.  The 

challenge of developing selective inhibitors is rooted in the high structural conservation 

of the ATP binding pocket within the active site of the 510 human protein kinases2,3.  

This hydrophobic cleft lies between the two lobes of the enzymes’ catalytic core and is 

the target of the vast majority of small-molecule inhibitors1,4.  Specific structural elements 

that determine compound selectivity among specific kinases are important lessons in 

inhibitor design, as revealed by x-ray crystallographic and SAR studies can provide 

important clues that guide the design of inhibitors for other distantly related kinases. 

Src is the prototypical member of the Src family of tyrosine kinases.  The human 

genome encodes eleven family members, all sharing a highly similar catalytic domain, 

along with SH2 and SH3 domains.    These enzymes’ modular design and regulation 

allow them to interact with and regulate a large number of different proteins and 

complexes.  Src itself is a ubiquitous enzyme tied to cell migration, growth, and 

division5,6,7.  Due in part to these functions, Src has recently become a target for cancer 

therapy.  It is a potential therapeutic target in breast8, colorectal9, non-small-cell lung10 

cancers, and chonic myeloid leukemia, both alone and in conjunction with other 

mitogenic kinases11.  Selective inhibitors of this kinase could be useful in treating a 

number of debilitating diseases.  However, for all of these diseases, it is not yet clear 

whether Src alone, or Src in addition to other Src-family kinases must be inhibited to 

attain efficacy.  
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Previous work described in Chapter 1 produced an inhibitor with a surprising 

difference in potency against Src and close family member Hck.  Compound 21 is a 5-(p-

tolyl)pyrrolo[2,3-d]pyrimidine nucleoside with an electrophilic 5'-vinylsulfonate ester.  The 

same nucleoside scaffold bearing a lysine reactive electrophile (compound 1) showed 

little discrimination between these kinases (Figure 1-8).  Both compounds demonstrated 

time-dependent inhibition of Src (Figure 1-5), and though it is possible Lys295 adds to 

the α,β unsaturated system, a sequence alignment of the two kinases suggests another 

intriguing possibility for selectivity of compound 21 (Figure 2-1a) 12. 

 

Figure 2-1: Src has a non-conserved cysteine in its ATP binding site. (A) Sequence alignment of 
the catalytic domains of Src related kianse Hck.  Shaded areas denote regions of identity.  ATP 
contacting residues are in red text.  The arrow indicates C277 in the “glycine-rich” loop of Src.  (B) 
The structure of AMP-PNP bound to Src reveals the close proximity of C277 to the gamma-
phosphate of the nucleotide.  Figure created with PyMOL from PDB 2SRC. 
 

The catalytic domain of Src and Hck share 70% sequence identity and 25 of the 

28 residues that contact ATP are the same.  One very noTable exception is C277 in the 

“glycine-rich” loop of kinase subdomain I (Figure 2-1a) 13.  Several cysteine-reactive 

kinase inhibitors have been developed, including at least four that are in clinical trials.  

Cysteine-reactive electrophiles have been incorporated into advanced inhibitors of 

EGFR14 and Btk15 kinases to further boost their in vivo potency.  Kinase inhibition by the 
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natural product hypothemycin relies on an α,β unsaturated ketone and its attack on a 

semi-conserved cysteine in ~10% of kinases at the base of the active site16.  The Rsk-

1/2 inhibitor, fmk, and the Btk inhibitor 32765 deserve special mention. The 

fluoromethylketone and acrylamide electrophiles, respectively,  increase both the 

potency and selectivity of their semi-promiscuous scaffold15,17.    

We hypothesized that potent inhibition of Src by compound 21 derives from 

reaction with cysteine-277 in the “glycine-rich” loop, and the ability to target this non-

conserved nucleophile can be exploited as a selectivity filter for kinase inhibition.  C277 

and the catalytic lysine K295 are within 6 Å of the γ-phosphate of ATP (Figure 2-1b).  

The lysine is the proposed nucleophilic target of compound 1 but both residues are 

candidates for reaction with the 5'-electrophiles of 1 and 21.  We present our 

investigation of inhibition and covalent binding by derivatives of compounds 1 and 21.  

We delineate the nucleophile-electrophile pairings in the active site of Src, and 

demonstrate that these have implications beyond the Src-family kinases. 
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Results and Discussion: 

Synthesis and testing of fluorescent electrophilic nucleosides 

We synthesized a BODIPY tagged version of vinylsulfonate 21 to directly monitor 

covalent bond formation with Src.  Compound 43 was made in thee steps from a 

previously synthesized intermediate 14 (Schemes 1-3 and 2-1).  The product contained 

a mixture of 2' and 3' linkages in a ratio of approximately 1:1.  Prior studies with the 5' 

electrophilic nucleoside FSBA showed little difference in the effective labeling of kinases 

by 2' or 3' conjugated biotin, so no further effort was spent on resolving the isomers of 

4318.  A BODIPY conjugate of fluorosulfone 1 had been previously prepared (BODIPY-

fluorosulfone 17, Scheme 1-3). 

 

Scheme 2-1: Synthesis of fluorescent 5'-vinylsulfonate nucleoside 43. Reagents and conditions: 
(a) DIPEA, DCM (31%); (b) TFA, DCM; (c) BODIPY-NHS, DIPEA, DMF (48%). 
 

BODIPY conjugates 43 and 17 and their 2' hydroxyl analogues 21 and 1 were 

tested for their ability to inhibit Src kinase.  In vitro kinase assays showed that the tagged 

compounds are severely crippled in their ability to inhibit Src (Figure 2-2).  Relative to 

vinylsulfonate 21, BODIPY-vinylsulfonate 43 was greater than 100-fold less potent, and 

little to no inhibition was detected for the fluorosulfone 17.  These failures led us to try a 

new approach to compound labeling. 
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Figure 2-2: Large tags have a 
severe effect on Src inhibition 
by electrophilic nucleosides.  
Src was incubated with 2'-OH (1 
and 21) or 2'-BODIPY (17 and 
43) nucleosides for 30 min then 
diluted 1:4 into 125 µM ATP, 
32P-ATP and substrate peptide.  
After 30 min phosphotrasfer was 
quantitated.  Values are 
expressed as a % of DMSO 
control. 
 

 

Synthesis of 2' propargylated nucleosides for click chemistry 

Propargylated compounds 47 and 49 were synthesized from the 2',3'-protected 

intermediate 12 (Schemes 2-2 and 1-3).  The 2'-propargyl ether is a relatively small 

structural change to the scaffold, and the copper-catalyzed Huisgen cyclization (“click” 

chemistry) would give us access to a variety of different tags19.  A similar strategy has 

been used to detect in-cell occupancy of Rsk by a covalent inhibitor20.  Alkylation of 12 

after deprotection with stiochiometric sodium hydride produced a variety of mono, di, and 

tri-Boc species with varying degrees of propargylation.  A biphasic reaction with aqueous 

sodium hydroxide and excess propargyl bromide gave 44 in good yields with no 

intermolecular Boc exchange.  Synthesis of final electrophilic nucleosides 47 and 49 was 

accomplished in thee easy steps (Scheme 2-2). 

We synthesized ethyl sulfonate 51 as a non-electrophilic analogue of 21.  The 

compound was easily prepared from intermediate 9 using established chemistry 

(Scheme 2-3).  It is nearly isosteric to 21 and maintains the phospho-mimetic sulfonate 

without the distal electrophilic center. 

The 2'-propargyl tag increases the potency of the electrophilic nucleosides for Src 

and Hck while maintaining SAR trends 
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The new propargylated nucleosides were tested along with related compounds for their 

ability to inhibit Src and Hck kinase activity in vitro.  All of the compounds, with the 

exception of the adenosine-derived FSBA, had IC50 values of ≤ 1 µM in the presence of 

250 µM ATP (Table 1).  Addition of a propargyl ether to the 5'-fluorosulfone nucleoside 

increased its potency five-fold for vs. Src and an ten-fold vs. Hck.  The propargyl ether 

effect was less dramatic for the vinylsulfonate series, increasing potency ~3-fold for Src 

and Hck 

 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Scheme 2-2: Synthesis of propargylated electrophilic nucleosides 47 and 48. Reagents and 
conditions: (a) NaOH, propargyl bromide, toluene (77%); (b) TBAF, THF (88%); (c) HMPA (76%); 
(d) TMSOTf, DCM (47: 100%, 49: 100%); (e) DIPEA, DCM (41%). 
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Scheme 2-3: Synthesis a non-electrophilic control ethyl 5'-sulfonate nucleoside 51. Reagents 
and conditions: (a) DIPEA, DCM (97%); (b) TFA, DCM; (c) TFA, H2O, THF (96%). 

 

The 5'-vinylsulfonate nucleosides potently inhibited both Src and Hck, but the 

overall trend in structure-activity-relationships points to a role for Src C277 which is a 

glutamine in Hck.  The nucleoside scaffold of our electrophilic inhibitors borrows from the 

structure of Src-family inhibitor PP1 (Figure 1-1).  Literature shows PP1 is a more potent 

inhibitor of Hck than Src21, and this is recapitulated here with PP1 and reversible inhibitor 

51 (Table 1).  This trend is continued with the 5'-fluorosulfone inhibitors 1 and 47 which 

were designed to target the catalytic lysine present in both enzymes.  Selectivity 

between the kinases is inverted for the vinylsulfonates 21 and 49.  The ratio of Src and 

Hck IC50 values for non-electrophilic ethyl sulfonate 51 is 1:2 but inverts to 3:1 for the 

isosteric vinylsulfonate 21.  It could be argued that this ratio does not constitute 

significant selectivity, but its in vitro magnitude is a function of assay conditions.  The 

two-stage binding of these covalent inhibitors is influenced by factors including reversible 

binding affinity, time of incubation, and ATP content3,22.  The selectivity of electrophile 21 

for Src over Hck increased dramatically when the kinases were pre-incubated with the 

compound in the absence of competing ATP (Figure 1-8).  

Table 2-1: Inhibition of Src and Hck by 
electrophilic nucleosides and related compounds.  
Kinases were incubated with compounds and 
250 µM ATP.  After 30 min the reactions were 
diluted 1:1 into a solution containing 32P-ATP 
and substrate peptide and incubated an 
additional 30 min. 32P incorporation was 
measured.  Values are the mean and standard 
deviation (SD) of 3 experiments.   
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Compounds 47 and 49 show different rates of covalent reaction with Src and Hck 

To test for covalent binding recombinant Src and Hck were incubated with propargyl 

ethers 47 and 49 followed by click chemistry with TAMRA azide.  No ATP was included 

and inhibitors were used at saturating concentrations to approximate a pseudo-first-

order reaction.  Figure 2-3 shows the results after attaching a rhodamine tag with “click” 

chemistry and SDS-PAGE.  Both compounds rapidly form a stable covalent bond with 

Src; binding saturates before the first time point of 40 sec.  No binding was seen when 

the kinase was incubated with the compounds in the presence of 1% SDS (data not 

shown).  As with Src, compound 47 formed a stable covalent bond with Hck within 40 

sec.  There were striking differences in labeling of the two kinases by the vinylsulfonate 

49.  Even after 5 min labeling of Hck by vinylsulfonate 49 was almost undetectable  

Lacking C277, the slow increase in labeling by 49 is most likely due to reaction with the 

catalytic lysine (or other nucleophile) in the ATP binding site. 

 

 
 
 
 
 
 

Figure 2-3: Labeling of recombinant Src and Hck by 5'-fluorosulfone 47 or vinylsulfonate 49.  
Kinases were incubated with 5 µM compound for the indicated time denatured with 1% SDS, 
submitted to the click reaction with a rhodamine azide, resolved by SDS-PAGE, and scanned for 
fluorescence.   
 

Fluorosulfone 47 irreversibly inhibits Src-family kinases in vivo in a K295-

dependent manner 

COS-7 cells expressing cytoplasmic FLAG-tagged Src were treated with compound 47 

and assayed for covalent binding and functional inhibition.  Src was the most intensely 

labeled band in the lysates, with little increase in signal between samples treated with 1-

3 µM of 47 (Figure 2-4a).  The same lysates were assayed for Src auto-phosphorylation.   
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Figure 2-4: In vivo covalent inactivation of Src by fluorosulfone 47.  COS-7 cells expressing N-
terminal FLAG-tagged Src were treated with the indicated concentrations of 47 for 1 h.  Cellular 
lysates were submitted to the click reaction with rhodamine-azide, resolved by SDS-PAGE, and 
either scanned for fluorescence and Coomassie stained (A), or blotted for Src 
autophosphorylation at Y416 (B).  The arrow indicates the MW of the FLAG-Src construct.  (C) 
Untransfected COS-7 cells (NT) or those expressing wild type (WT) or mutant (K295R) Src were 
treated with 1 uM 47 for 1 h and analyzed as in (A), then blotted for FLAG-Src. 
 

 
Figure 2-5:  In vivo covalent inactivation of Hck by fluorosulfone 47.  COS-7 cells expressing N-
terminal FLAG-tagged Hck were treated with the indicated concentrations of 47 for 1 h.  Cellular 
lysates were submitted to the click reaction with rhodamine-azide, resolved by SDS-PAGE, and 
either scanned for fluorescence and Coomassie stained (A), or blotted for Hck 
autophosphorylation (B).  The arrow indicates the MW of the FLAG-Hck construct. 
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The intensity of labeled Src correlated with the loss of pY416, suggesting that Src 

inhibition involves covalent bond formation between the fluorosulfone and K295 (Figure 

2-4b).  Consistent with this model mutation of K295 to a non-nucleophilic arginine 

eliminated all covalent binding (Figure 2-4c).  This is a conservative mutation, and 

though detrimental to the enzyme’s catalytic activity, does not significantly affect 

nucleotide binding23. 

Hck was also labeled and inhibited in vivo by the lysine-selective fluorosulfone 47.  

Labeling and inhibition of Hck saturated at similar concentrations of 47 as Src (Figure 2-

5).  The in vivo IC50 values for both kinases are surprisingly close to the in vitro values 

(Table 2-1).  There is a larger difference in the in vitro and in vivo values for Hck, which 

binds with a greater reversible affinity.  This difference along with the strong correlation 

between labeling and pY416 inhibition for both enzymes highlights the covalent 

mechanism of vinylsulfonate 47. 

Vinylsulfonate 49 selectively reacts with C277 in Src kinase’s active site 

Experiments comparing the action of vinylsulfonate 49 toward Src and Hck (Table 2-1 

and Figure 2-3) suggested that the vinylsulfonate electrophile may derive its Src 

selectivity by forming a covalent bond with C277, a position occupied by Gln in 

Hck.  Unlike fluorosulfone 47, the 5'-vinylsulfonate 49 labeled both wild-type and K295R 

Src (Figure 2.-6a), thus ruling out K295 as the relevant nucleophile.  To directly assess 

the role of C277, I treated cells expressing wild-type (WT) and C277Q Src with 

vinylsulfonate 49 and quantified pY416 levels after a brief "washout" period in which 

cells were incubated in media lacking the inhibitor.  Lysates from cells expressing the 

C277Q mutant showed a full recovery of kinase activity while WT Src was potently 

inhibited by vinylsulfonate 49 in a dose-dependant manner (Figure 2-6b).  Once again, 

Src inhibition correlated with covalent bond formation as revealed by “click” chemistry.  

WT Src was robustly labeled and there was little to no labeling of the mutant.  Labeling 
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by fluorosulfone 47 and robust auto-phosphorylation show that the C277Q mutation 

affects neither binding to the nucleoside scaffold of 49 nor catalytic activity. 

 

Figure 2-6.  Cysteine-dependent inhibition and labeling of Src.  (A) Untransfected COS-7 cells 
(NT) or those expressing wild type (WT) or mutant (K295R) FLAG-Src were treated with 1.0 � M 
49 for 20 min.  Lysates were submitted to the click reaction with a rhodamine azide, resolved by 
SDS-PAGE, scanned for fluorescence, and blotted for protein expression.   (B) COS-7 cells 
expressing wild type (WT) or mutant (C277Q) FLAG-Src were treated with the indicated 
concentrations of 49 or 2.0 µM 47 for 30 min, washed, and allowed to recover for 15 min in 
compound-free media.  After rhodamine conjugation, the lysates were resolved by SDS-PAGE 
and either scanned for fluorescence, or blotted to detect Src autophosphorylation at Y416 and 
total FLAG-Src.   
 

We made the reciprocal Q277C mutant in Hck and assayed its ability to form a 

covalent bond with vinylsulfonate 47.  As expected from in vitro assays (Figure 2-3), 

wild-type Hck was not detectably labeled in cells (Figure 2-7).  By contrast Q277C Hck 

was efficiently labeled.  These experiments confirm our hypothesis that the 5'-

vinylsulfonate electrophile mediates  potent and selective inhibition of Src kinase by 

targeting the non-conserved cysteine 277 in the “glycine-rich” loop. 
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Figure 2-7: Q277C mutation renders Hck susceptible to labeling by vinylsulfonate 49.  COS-7 
cells expressing wild type (WT) or mutant (Q277C) FLAG-Hck were treated with the indicated 
concentrations of 49 or 47 for 30 min, washed, and lysed.  Lysates were submitted to the click 
reaction with a rhodamine-azide, resolved by SDS-PAGE, scanned for fluorescence and 
Coomassie stained. 
 

A crystal structure of Src reveals how nucleoside 49 binds in the active site 

We collected data from crystals of the Src kinase domain treated with compound 49 

(collaboration with Haralambos Hadjivassiliou and Ville Paavilainen, UCSF) .  The 

crystals diffracted to 2.2 Å, and the majority the catalytic domain could be modeled with 

the exception of residues 300-304 between β3 and αC, and 406-424 in the activation 

loop. The compound can be clearly seen in the ATP binding site (Figure 2-8a).  Like PP1, 

the pyrrolopyrimidine of 49 superimposes with the adenine of ATP, and the p-toly group 

projects back into the hydrophobic pocket.  The one major difference between Src-

bound AMP-PNP and compound 49 is an inward rotation of the ribose of 49.  This 

inward rotation allows the 2' propargyl group to access a hydrophobic surface below the 

furanose ring.  This rotation and increased hydrophobic contact likely explain the 

increased potency of the propargylated inhibitors (Table 2-1).  



 66 

 

Figure 2-8: Crystal structure of compound 49 bound to the catalytic domain of Src kinase.  (A) 
Ribbon diagram of the Src kinase domain showing compound 49 bound in the active site.  (B) 
Stereo diagram of the electron density at the site of 49 binding.  No electron density is seen for 
the C277.  Data for this Figure were produced by Haralambos Hadjivassiliou and Ville 
Paavilainen (Taunton Laboratory, UCSF)  

 

Unfortunately, multiple independent rounds of refinement failed to show electron 

density for a covalent bond between the 5'-vinlysulfonate and C277 (Figure 2-8b).  Mass 

spectrometry with crystals used for data collection clearly demonstrated the covalent and 

stoichiometric addition 49, but there was not enough density to model the sidechain of 

C277.  We tentatively conclude that the vinylsulfonate reacts with C277, but the bond is 

unstable in the crystal or resides in multiple conformations.  

 

C277 of Src is also found in the FGFR family kinases 

Selective targeting of C277 in the active site of Src has implications beyond the Src 

family.  The “glycine-rich” loop cysteine is found in a small number of other human 

kinases, most of which are within the Src and fibroblast growth factor receptor (FGFR) 

kinase families (Figure 2-9).  Interestingly, this cysteine has been implicated in redox-

mediated inactivation of both Src and FGFR124.  The FGFR family has a valine in the 
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gatekeeper position, similar in size to the threonine that allows the p-tolyl group of PP1 

to bind to Src.  This combination of “selectivity filters,” shared between Src and FGFR1-4 

led us to test our cysteine-directed vinylsulfonate inhibitors against FGFR3, the mutation 

of which has been implicated in 15% of multiple myelomas, an incurable plasma cell 

cancer25. 

 

 
 
 
 Figure 2-9: Sequence alignment of the “glycine-rich”    
 loop in kinase subdomain I of the Src and FGFR  
 families of tyrosine kinases.  Src family members Frk,       
 Brk and Srm have been omitted. The cysteine   
 targeted  by vinylsulfonate 49 in Src is highlighted in   
 yellow. 
 

 

 

Our collaborators Sumin Kang and Jing Chen (Emory University) found that 

vinylsulfonate 21 abolishes FGFR3 mediated signaling in a cysteine-dependent manner.  

Ba/F3 cells expressing the constitutively active TEL-FGFR3 fusion protein showed a 

dose-dependent decrease in cell viability when treated with 21 (Figure 2-10).  In the 

absence of IL-3, these cells rely on continuous FGFR kinase activity for survival which 

was blocked by low minro-molar concentrations of vinylsulfonate  21 which had no effect 

on the viability of the parental cell line25.  Mutation of the “glycine-rich” loop cysteine of 

FGFR3 to alanine (C482A) conferred complete resistance to compound 21.  Consistent 

with these results, TEL-FGFR3 cells were unaffected by ethylsulfonate 51 with lacks the 

electrophile. 
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Figure 2-10:  Cysteine-dependent inhibition of FGFR3.  (A) Ba/F3 cells stably expressing wild 
type (WT) or mutant (C482A) TEL-FGFR3, along with the parental Ba/F3 cells, were treated with 
vinylsulfonate 49 or ethyl sulfonate 51 and assayed for cell viability after 72 h.  (B) TEL-FGFR3 
expressing cells were treated with 1.0 µM 49 or 51 for 4 h.  TEL-FGFR3 was immunoprecipitated 
from cell lysates and blotted for phospho-tyrosine.  (C) Cells expressing wild type (WT) or mutant 
(C482A) TEL-FGFR3 were treated with 1.0 uM 49 and analyzed as in (B).  All data for this Figure 
was produced by Dr.Sumin Kang in the Chen Laboratory at Emory University. 
 

Consistent with its effects on TEL-FGFR3 Ba/F3 cell viability, vinylsulfonate 21 

specifically inhibited FGFR3 auto-phosphorylation. TEL-FGFR3 was immunoprecipitated 

after treatment of cells with 21 or 51 and probed for auto-phosphorylation.  The 

electrophilic inhibitor 21 completely inhibited auto-phosphorylation while the 

ethylsulfonate had no effect (Figure 2-10b).  As with cell viability, the C482A mutation 

conferred resistance to 21 in the auto-phosphorylation assays (Figure 2-10c).  These 

data show the power of precise nucleophile-electrophile pairing.  Though specific 

inhibition by 21 requires that the compound first bind non-covalently, the related but non-

electrophilic compound 51 is completely inactive (Figures 2-10a & b).  Electrophilic 
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compounds like 21 can reversibly occupy the active site of a target (or off-target) kinase 

below a biologically relevant theshold, and rely on the time-dependent action of their 

chemical warhead to deplete targets containing a complimentary nucleophile. 

 

Conclusion: 

We have developed two novel 5'-electrophilic nucleosides that kinetically discriminate 

between two nucleophilic residues, K295 and C277, within the active site of Src kinase.  

We developed a “click” chemistry tagging system to show that 5'-vinylsulfonate 49 

selectively reacts with a non-conserved cysteine (C277) in the “glycine-rich” loop.  This 

electrophile selectively inhibits and labels Src whereas the related kinase Hck is 

resistant.  Introducing a cysteine into Hck confers sensitivity to 49.  We demonstrate the 

portability of this nucleophile-electrophile pairing showing that  FGFR3 kinase is also 

inhibited by 49 in a cysteine dependent manner.   
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Methods: 

Synthesis 

Compound 42:  Diisopropylethylamine (21 uL, 0.12 mmol) was added to a solution of 14 

(21 mg, 0.024 mmol) and 2-chloroethanesulfonyl chloride (2.9 µL, 0.028 mmol) in 

methylene chloride (0.5 mL) and stirred at room temperature overnight.  The reaction 

was concentrated under a stream of argon and spotted onto a preparative silica gel thin  

layer chomatography plate.  Pure 42 (7.2 mg, 31%) was eluted with methanol in 

methylene chloride (7.5%).  1HNMR (DMSO): δ 1.28 (s, 9H), 1.31 (s, 9H), 1.45 (s, 9H), 

2.39 (s, 3H), 3.35 (m, 4H), 3.62 (m, 12H), 4.21 (m, 1H), 4.37 (dd, J = 4.0, 11.2 Hz, 1H), 

4.46 (dd, J = 2.8, 11.2 Hz, 1H), 4.73 (m, 1H), 5.30 (s, 1H), 5.35 (s(br), 1H), 5.52 (t, J = 

4.8 Hz, 1H), 5.81 (s(br), 1H), 5.98 (d, J = 9.6 Hz, 1H), 6.34 (d, J = 16.8 Hz, 1H), 6.42 (dd, 

J = 9.6, 16.8 Hz, 1H), 6.55 (d, J = 4.8 Hz, 1H), 7.19 (d, J = 8.0 Hz, 2H), 7.37 (d, J = 8.0 

Hz, 2H), 7.42 (s, 1H), 8.82 (s, 1H). LC/MS [M+H+,M+Na+] m/z = 965, 987. 

 

Compound 43:  Trifluoroacetic acid (0.5 mL) was added to a solution of 42 (4.4 mg, 4.5 

nmol) in methylene chloride (0.5 mL) and stirred for one hour at room temperature.  

Volatiles were removed in vacuo and the residue was resuspended in 

dimethylformamide (0.1 mL). To this solution was added Bodipy-NHS ester (2.5 mg, 5 

nmol; Molecular Probes – D6102) and Diisopropylethylamine (6 uL, 0.03 mmol).  The 

reaction was stirred at room temperature for 2 h then concentrated in vacuo.  Compound 

43 (2.3 mg, 48%) was purified as a mixture of 2' and 3' linked isomers (2:1) by high 

pressure liquid chomatography (55-65% methanol and 0.1% trifluoroacetic acid in water).  

LC/MS [M+H+] m/z = 1052.48. 

 

Compound 44:  Compound 12 (100 mg, 0.13 mmol) and tetrabutylammonium iodide 

were dissolved in a solution of propargyl bromide in toluene (1 mL, 80%). Aqueous 
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sodium hydroxide (0.6 mL, 60% w/v) was added drop-wise while stirring vigorously.  

Upon completion, the reaction was diluted into ethyl acetate and washed with water and 

brine.  The organic was dried over sodium sulfate and concentrated in vacuo. 

Compound 44 (80 mg, 77%) was purified by silica gel chomatography (1:4 ethyl 

acetate:hexanes). 1HNMR (CDCl3): δ  0.93 (m, 3H), 0.98 (m, 3H), 1.07 (m, 22H), 1.25 (s, 

9H), 1.33 (s, 9H), 2.38 (s, 3H), 2.38 (s, 1H), 4.02 (dd, J = 13.2, 2.4, 1H), 4.16 (m, 1H), 

4.22 (d, J = 13.2, 1H), 4.44 (d, J = 4.8, 1H), 4.59 (m, 1H), 4.66 (m, 1H), 4.73 (m, 1H), 

6.33 (s, 1H), 7.16 (d, J = 8.0, 2H), 7.53 (d, J = 8.0, 2H), 7.53 (s, 1H), 8.81 (s, 1H). HMS 

calcd [M+H+] m/e 837.4290; found 837.4305. 

 

Compound 45:  Tetrabutylamoniumfluoride (0.29 mL 1M solution, 0.3 mmol) was added 

to a solution of compound 44 (80 mg, 0.1 mmol) in tetrahydrofuran (1 mL) and stirred at 

room temperature for 15 min.  The reaction was diluted into methylene chloride and 

washed with water.  The organic was dried over sodium sulfate, concentrated, and 

submitted to silica gel chomatography (2.5:1.5 ethyl acetate:hexanes) to yield pure 

compound 45 (50 mg, 88%).  1HNMR (CDCl3): δ  1.27 (s, 9H), 1.34 (s, 9H), 2.25 (t, J = 

2.4, 1H), 2.39 (s, 3H), 2.68 (s, 1H), 3.81 (m, 1H), 4.02 (m, 1H), 4.11 (dd, J = 16.0, 2.4, 

1H), 4.20 (dd, J = 16.0, 2.4, 1H), 4.38 (s, 1H), 4.65 (d, J = 4.8, 1H), 5.09 (dd, 4.8, 7.2, 

1H), 5.89 (d, J = 7.2, 1H), 6.09 (dd, J = 11.6, 1.6, 1H), 7.19 (d, J = 8.0, 2H), 7.27 (s, 1H), 

7.34 (d, J = 8.0, 2H), 8.82 (s, 1H). HMS calcd [M+H+] m/e 595.2768; found 595.2755. 

 

Compound 46:  Hexamethylphosphoramide (1 mL) was added to 45 (150 mg, 0.25 mmol) 

and 4-(fluorosulfonyl)benzoyl chloride (84 mg, 0.38 mmol) and stirred at room 

temperature under argon overnight.  The reaction was diluted into methylene chloride 

and washed with aqueous sodium bicarbonate then 0.1 N HCl.  The organic was dried 

over sodium sulfate, concentrated and submitted to silica gel chomatography (1:1 ethyl 
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acetate:hexanes) to yield pure 46 (150mg, 76%).  1HNMR (CDCl3): δ 1.27 (s, 9H), 1.33 

(s, 9H), 2.40 (s, 3H), 2.43 (dd, J = 2.8, 1H), 2.75 (d, J = 8.0, 1H), 4.36 (m, 1H), 4.49 (dd, 

J = 16.0, 2.8, 1H), 4.55 (dd, J = 16.0, 2.8, 1H), 4.58 (m, 1H), 4.66 (dd, J = 5.6, 2.8, 1H),  

4.73 (dd, J =  12.4, 4.0, 1H), 4.82 (dd, J = 12.4, 2.8, 1H), 6.45 (d, J = 2.8, 1H), 7.16 (d, J 

= 8.0, 2H), 7.26 (d, J = 8.0, 2H), 7.36 (s, 1H), 7.84 (d, J = 9.2, 2H), 8.17 (d, J = 9.2, 2H), 

8.81 (s, 1H). 

 

Compound 47:  Trimethylsilyltrifluoromethanesulfonate (0.26 mL, 1.4 mmol) was added 

to a solution of 46 (150 mg, 0.19 mmol) in methylene chloride (1.7 mL).  The reaction 

was stirred at room temperature overnight then diluted into methylene chloride and 

washed with aqueous sodium bicarbonate.  The organic was concentrated in vacuo and 

47 (112 mg, 100%) was purified by silica gel chomatography to yield a amorphous white 

solid (2.5 % methanol in methylene chloride).  1HNMR (DMSO): δ 2.43 (s, 3H), 2.44 (t, J 

= 2.4, 1H), 3.36 (s(b), 1H), 4.35 (m, 1H), 4.46 (dd, J = 16.0, 2.4, 1H), 4.53 (dd, J = 16.0, 

2.4, 1H), 4.63 (m, 2H), 4.68 (dd, J = 12.4, 4.0, 1H), 4.81 (dd, J = 12.4, 2.8, 1H), 5.47 

(s(b), 2H), 6.37 (d, J = 2.8, 1H), 7.05 (s, 1H), 7.25 (d, J = 2.8, 2H), 7.25 (d, J = 2.8, 2H),  

7.85 (d, J = 8.8, 2H), 8.17 (d, J = 8.8, 2H), 8.25 (s, 1H). 

 

Compound 48:  Diisopropylethylamine (9 uL, 0.05 mmol) was added to a solution of 45 

(10 mg, 0.017 mmol) in methylene chloride (1 mL) at -50º C.  2-chloroethanesulfonyl 

chloride (2 uL, 0.02 mmol) was added over five min and the solution was allowed to 

come to room temperature over five h then stirred overnight.  The reaction was diluted 

into ethyl acetate, washed with 10 % citrate (pH 4.0) then brine.  The organic was dried 

over sodium sulfate, concentrated, and 48 (4.6 mg, 41%) was purified by preparative 

silica gel  layer chomatography (3:1, ethyl acetate:hexanes).  1HNMR (CDCl3): δ 1.29 (s, 

9H), 1.30 (s, 9H), 2.39 (s, 1H), 2.42 (t, J = 2.4, 1H), 2.76 (d, J = 6.0, 1H), 4.29 (dt, J = 5.2, 



 73 

3.2, 1H), 4.35 (dd, J = 16.0, 2.4, 1H), 4.39 (dd, J = 11.2, 3.2, 1H), 4.44 (dd, J = 16.0, 2.4, 

1H), 4.48 ( dd, J = 11.2, 2.8, 1H), 4.56, (m, 1H), 4.61 (dd, J = 4.4, 5.2, 1H), 6.03 (d, J = 

9.6, 1H), 6.38 (d, J = 16.8, 1H), 6.47 (dd, J = 16.8, 9.6, 1H), 6.49 (d, J = 4.4, , 1H), 7.20 

(d, J = 8.0, 1H), 7.37 (d, J = 8.0, 1H), 7.45 (s, 1H), 8.83 (s, 1H). 

 

Compound 49:  Trifluoroacetic acid (0.25 mL) was added to 48 (4.6 mg, 0.007 mmol) in 

methylene chloride (0.25 mL).  After 45 min, the solvent blown off with a stream of argon 

and residual volatiles were removed under high vacuum to yield pure 49 which was 

dissolved directly in deuterated dimethylsulfoxide for analysis and biological assays.  

1HNMR (DMSO): δ 2.38 (s, 3H), 3.42 (t, J = 2.0, 1H), 4.19 (m, 1H), 4.22 (dd, J = 15.6, 

2.0, 1H), 4.32 (dd, J = 15.6, 2.0, 1H), 4.36 (m, 3H), 4.54 (m, 1H), 6.27 (d, J = 10.0, 1H), 

6.33 (d, J = 16.4, 1H), 6.34 (d, J = 6.0, 1H), 6.98 (dd, J = 16.4, 10.0, 1H), 7.34 (d, J = 8.4, 

1H), 7.41 (d, J = 8.4, 1H), 7.73 (s, 1H), 8.47 (s, 1H). 

 

Compound 50:  Diisopropylethylamine (40 µL, 0.22 mmol) was added to a solution of 9 

(22 mg, 0.037 mmol) and ethanesulfonyl chloride (11 uL, 0.11 mmol), on an ice bath in 

methylene chloride (0.5 mL).  The ice was allowed to melt as the reaction stirred 

overnight.  The reaction was diluted into methylene chloride and washed with 0.1 N HCl 

then brine.  The organic phase was concentrated in vacuo and 50 (25 mg, 97%) was 

obtained by preparative silica gel thin-layer chomatography (2% methanol in methylene 

chloride). 1HNMR (CDCl3): δ 1.26 (t, J = 7.6, 3H), 1.29 (s, 18H), 1.41 (s, 3H), 1.65 (s, 

3H), 2.39 (s, 3H),   2.99 (q, J = 7.6, 2H), 4.41 (m, 1H), 4.48 (dd, J = 13.2, 3.6, 1H), 4.49 

(m, 1H), 5.12 (dd, J = 6.4, 3.6, 1H), 5.38 (dd, J = 6.4, 2.4, 1H), 6.35 (d, J = 2.4, 1H), 7.19 

(d, J = 8.0, 2H), 7.35 (s, 1H), 7.36 (d, J = 8.0, 2H), 8.85 (s, 1H).  

 

Compound 51:  Trifluoroacetic acid (0.5 mL) was added to a solution of compound 50 
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(25 mg, 0.036 mmol) in methylene chloride (0.5 mL).  The reaction was stirred at room 

temperature for 45 min, and the solvent was removed under a stream of argon.  The 

residual oil was dissolved in tetrahydrofuran (0.1 mL) and a mixture of trifluoroacetic acid 

and water (9:1, 0.9 mL) was added.  After 30 min, the solvent was removed in vacuo and 

compound 51 (15.5 mg, 96%) was purified by high pressure liquid chomatography (10 – 

80 % acetonitrile in water with 0.1% trifluoroacetic acid). 1HNMR (DMSO): δ 1.17 (t, J = 

7.6, 3H), 2.38 (s, 3H), 3.34 (q, J = 7.6, 2H), 4.15 (m, 1H), 4.41 (m, 2H), 4.47 (m, 1H), 

6.23 (d, J = 6.0, 1H), 7.32 (d, J = 8.0, 1H), 7.39 (d, J = 8.0, 2H), 7.67 (s, 1H), 8.39 (s, 1H). 

 

Kinase assays 

Src and Hck were obtained from Upstate.  Substrate peptide (LEEIYGEFKK) was 

synthesized in house, and γ32P-ATP (6000 Ci/mmol) was purchased from Perkin Elmer.   

 

Inhibition of Src by compounds 1, 17, 21, and 43 (Figure 2-3):  Src (5 nM) was 

incubated at room temperature with inhibitors and 100 µM ATP in reaction buffer (20 mM 

HEPES (pH 7.4), 10 mM MgCl2, 0.2 mM EDTA, and 1 mg/mL BSA) for 30 min then 

diluted 1:4 with reaction buffer containing 125 µM ATP, 125 µM substrate, and 0.2 

mCi/mL γ32P-ATP.  After 30 min, the reactions were spotted onto phosphocellulose disks.  

The disks were washed once with 10% acetic acid, twice with 10% phosphoric acid, and 

once with acetone before drying.  Kinase activity was quantitated by scintillation counting.    

 

Inhibition of Src and Hck:  Src (0.5 nM) was incubated with inhibitors in reaction buffer 

and 250 µM ATP, for 30 min at room temperature.  The kinase reaction was initiated by 

a 1:1 dilution into reaction buffer containing 250 µM ATP, 200 µM substrate peptide and 

0.8 mCi/mL γ32P-ATP.  After 30 min, the reactions were spotted onto a phosphocellulose 

sheet, briefly dried, and washed with 10% acetic acid, twice with 1% phosphoric acid, 
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and finally with acetone before drying.  Kinase activity was quantitated using a Typhoon 

Imaging System (Molecular Dynamics) and ImageJ software (NIH).  Plots for IC50 values 

were made with Prism GraphPad 4 (GraphPad Software). 

 

Click Chemistry 

Reactions were performed on a 25 µL scale.  To a solution of protein and inhibitor (20.75 

µL) was added 1.25 µL 20% SDS, 0.5 µL 5 mM azide tag, 0.5 µL 50 mM TCEP (~pH 

7.0), 1.5 uL 1 mM TBTA ligand in 1:4 DMSO:tert-butyl alcohol, and 0.5 µL 5 mM CuSO4. 

After one hour at room temperature, 6 µL 5 X Laemmli sample buffer was added and 

samples were either analyzed immediately or snap frozen in lN2 and stored at -80ºC. 

 

In vitro labeling 

50 nM recombinant Src (pY527, generous gift from Michael Eck, Harvard Medical 

School) and Hck (pY527, generous gift from Todd Miller, Stoney Brook University) were 

incubated for the given times in PBS and 1 mg/mL BSA with 5 µM compounds.  Samples 

were denatured with 1% SDS then submitted as a group to the click reaction with 

rhodamine azide.  Samples were resolved by SDS-PAGE and scanned with the 

Typhoon Imaging System (Molecular Dynamics).  

 

In vivo labeling 

COS-7 cells were cultured in Dulbecco’s Modified Eagle’s Media supplemented with 

10% fetal bovine serum.  p3XFLAG-CMV-7.1 with Y527F Src (mouse) and Hck (human) 

inserted between EcoRI and XbaI restriction sites were a gift from Todd Miller (SUNY, 

Stony Brook University).  Mutations were introduced by QuickChange Site-Directed 

mutagenesis (Strategene).  Transfections were performed using Lipofectamine 2000 
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Reagent according to manufacturer’s recommendations (Invitrogen).  Cells were grown 

for 48 h pos- transfection before labeling. 

 

Labeling and inhibition of Src and Hck with 47: Media was aspirated from the cells 

and 47 added in serum-free media.  Cells were incubated for one hour at room 

temperature.  Plates were washed once with cold PBS and frozen.  PBS with 1X 

Complete Protease Inhibitor Cocktail (Roche), and 1X Phosphatase Inhibitor Cocktail 2 

(Sigma) was added while thawing as the plates were scraped.  Cellular debris was 

pelleted and the supernatant was submitted to the click reaction with a TAMRA azide.  

Labeled lysates were resolved by SDS-PAGE and either scanned for fluorescence 

(Typhoon Imaging System, Molecular Dynamics) and coomassie stained or blotted for 

protein expression (F3165, Sigma) and phospho-tyrosine (2101s, Cell Signaling).  

 

Labeling and inhibition of Src and Hck with 49:  Media was aspirated from the cells 

and 49 added in serum-free media.  Cells were incubated for thirty min at room 

temperature.  Plates for Hck were washed once with cold PBS and frozen.  Plates for 

Src were washed once with regular media, returned to the incubator for 15 min, washed 

once with cold PBS, and frozen.  Lysates were collected and treated as above. 

 

Crystalization of Src with 49 – Experiments performed by Haralambos Hadjivassiliou 

and Ville Paavilainen (Taunton Laboratory, UCSF) 

The catalytic domain of Src (chicken c-Src residues 251-533) was expressed and 

purified as previously described26.  20 mg/mL protein was incubated with 1.5 equivalents 

of 49 in 50 mM Tris (pH 8.0) 100 mM NaCl, 1 mM DTT, 5% glycerol for two h at room 

temperature. Precipitated protein was removed and the protein crystallized by the 

hanging drop vapor diffusion method with mother liquor of 50 mM Tris (pH 8.0) 100 mM 
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NaCl, 1 mM DTT, and 20% ethylene glycol.  Crystals belonged to the space group P1 

with unit cell parameters a = 41.9; b = 63.4; and c = 74.1; α = 78.9º; β = 88.6º; and γ = 

90.0º.  Crystals were snap frozen with 20% ethylene glycol cryoprotectant and data 

collected on the 8.3.1 beamline of the Advanced Light Source at Lawrence Berkeley 

National Laboratory.  Diffraction data were integrated and scaled with the program 

iMosflm (Supplementary Table 1).  The structure of c-Src-49 complex was solved by 

molecular replacement using data to 2.2 Å and structure 2hwo as a search model in the 

program MOLREP, followed by several rounds of manual rebuilding and restrained 

refinement with programs COOT and REFMAC5 (supplementary Table 1) 26,27,28,29. The 

structure was validated with the MolProbity server30.  

 

Inhibition of FGFR3 – all experiments preformed by Sumin Kang (Chen Laboratory, 

Emory University): 

Ba/F3 cells were cultured in RPMI 1640 medium supplemented with 10% fetal bovine 

serum and 1.0 ng/mL interleukin-3 (R & D Systems).  Mutation C482A was introduced 

into TEL-FGFR3 by using QuikChange-XL site-directed mutagenesis kit (Stratagene). 

Ba/F3 cell lines stably expressing TEL-FGFR3 and TEL-FGFR3 C482A were generated 

by retroviral transduction as described using pMSCV-neoR plasmids encoding TEL-

FGFR3 variants, followed by antibiotic selection with 1 mg/ml neomycin25.     

 

Ba/F3 IL-3-independent proliferation assay:  For cell viability assays, 1×105 Ba/F3 

cells stably expressing TEL-FGFR3 variants were cultured in 96-well plates with media 

containing increasing inhibitor concentrations in the absence of IL-3. Parental Ba/F3 

cells were cultured with IL-3. The relative cell viability was determined using the 

Celltiter96AQueous One solution proliferation kit (Promega) after 72 h. 
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Drug treatment and immunoprecitation:  Ba/F3 cells stably expressing TEL-FGFR3 

variants were treated with 1 µM 21 or 51 for 4 h in the absence of serum and IL-3. Cells 

were lysed and the TEL-FGFR3 variants were immunoprecipitated (anti-FGFR3, Santa 

Cruz Biotechnology) and auto-phosphorylation was quantified by western blotting (4G10, 

Millipore). 
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Chapter 3: Chemical Proteomic Identification of Essential Protein Kinases 

in Trypanosoma brucei  
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Introduction: 

Trypanosoma brucei is a member of an ancient group of eukaryotic parasites and is the 

causative agent of African sleeping sickness1. T. brucei and related kinetoplastids cause 

fatal and debilitating diseases that threaten millions of the world’s poorest people2,3.  

Current treatments rely on highly toxic chemotherapeutics, some of which were 

developed over fifty years ago4.  Although they are highly divergent, humans and 

kinetoplastids share many of the same cellular regulatory components, including an 

array of protein kinases5.  Protein kinases have shown great promise as drug targets 

and have received much attention in recent drug discovery efforts for cancer 

therapeutics.  Due to their essential cellular roles in all eukaryotic organisms, protein 

kinases are a rich source of potential therapeutic targets for lesser known diseases 

caused by tropical parasites6,7.   

Encoded within the T. brucei genome are more than 150 protein kinases, many 

of which, in principle, could be targeted with drugs to treat this deadly disease7.  The 

functions of the majority of trypanosomal protein kinases are currently assigned by 

sequence homology alone.  A small number of kinases have been shown to be essential 

to the clinically relevant forms of the parasite, but the vast majority remain unexplored8. 

Affinity and activity-based probes are chemical tools for investigating enzymatic 

families that require no prior knowledge of a particular protein’s specific cellular function.  

Activity-based probes covalently react with enzymes, which can be targeted individually 

or as a family9.  Affinity probes reversibly bind their targets (usually with sub-micromolar 

affinity) and, when immobilized to a solid support, can be used to purify individual 

proteins or entire families of related proteins.  When activity-based or affinity probes are 

applied to cell lysates (or, in rare cases, intact cells or whole animals) in the presence of 

an unlabeled drug candidate (or any small molecule of interest, which may bind to 

targets shared by the probe), the drug candidate will act as a competitor and prevent the 
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binding of a subset of protein targets to the probe.  Using quantitative mass 

spectrometry and a variety of differential isotopic labeling schemes, it is possible to 

quantitatively elucidate the full spectrum of probe targets that are competitively bound by 

any given drug candidate (or small molecule of interest).  Activity-based and affinity 

probes thus offer powerful tools for quantifying interactions between drugs or drug leads 

and their desired therapeutic targets, as well as their undesired off-targets10,11,12,13.  

Moreover, they do so in the context of native proteins expressed at their endogenous 

levels.  Two large-scale studies using affinity and activity-based probes have focused on 

protein kinases11,14.  Both methods enable the quantitation of binding interactions 

between drug leads and a large swath of the human kinome under quasi-native 

conditions in whole-cell lysates.  One limitation of both of these methods is that, because 

the probes are not cell permeable, they cannot readily report on interactions between 

drug leads and their targets in intact cells and animals. 

We propose to use the electrophilic 5'-fluorosulfone-containing nucleoside 47 

from Chapter 2 as an activity-based probe to investigate protein kinases in T. brucei.  

This compound forms a covalent bond with a conserved lysine in the kinase active site, 

and “click” chemistry permits tagging of labeled proteins with a variety of fluorophores 

and affinity labels15.  Fluorosulfone 47 is cell permeable, and in preliminary experiments, 

it inhibited the viability of the bloodstream form of T. brucei.  This reagent’s reversible 

binding affinity relies on a p-tolyl pyrrolopyrimidine heterocycle that accesses a 

hydrophobic pocket found in a subset of protein kinases.  Typically, these kinases 

contain a threonine or smaller residue at the “gatekeeper” position16.  Requirement for a 

small gatekeeper is not absolute, and similar compounds bind many more kinases than 

predicted by this “gatekeeper” hypothesis10,17.  Additionally, the ability to form an 

irreversible covalent bond facilitates saturable binding of targets that are only modestly 

bound by non-covalent analogues (Figure 2-10) 18.   
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Based on its ability to kill parasites growing in culture, we hypothesized that 

fluorosulfone 47 worked by irreversibly inactivating a subset of protein kinases in T. 

brucei.  Such a covalent mechanism of inhibition would greatly facilitate target 

identification and would permit further investigation of their inhibition by other candidate 

inhibitors.  In this scheme, progargyl-tagged fluorosulfone 47 would serve as an activity-

based probe and would reveal inhibition of untagged drug leads in competitive binding 

experiments.  Because the activity-based probe 47 is cell permeable, such competitive 

binding experiments could be conducted, in principle, in intact T. brucei cells.   

In this chapter, I demonstrate that fluorosulfone 47 selectively labels a significant 

subset (~15%) of T. brucei protein kinases and that labeling of individual kinases is 

selectively blocked by co-incubation with a variety of known kinase inhibitors.  In 

collaboration with Juan Oses-Prieto and Al Burlingame at UCSF, I developed a 

quantitative mass spectrometry (MS) method to identify proteins that are covalently 

bound to 47.  Most importantly, we used this novel chemical proteomics method to 

quantify the extent of occupancy of individual kinases by a variety of trypanocidal kinase 

inhibitors, thus providing a short list of likely in vivo-relevant targets.  Finally, I have 

characterized a new electrophilic nucleoside that targets an atypical protein kinase 

(among other kinase and non-kinase targets), the T. brucei ortholog of the budding yeast 

Bud32p.  Based on its known functions in budding yeast, T. brucei Bud32 may play a 

role in the parasite’s antigen variation and immune evasion.   
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Results and Discussion: 

Electrophilic nucleosides 1 and 47 kill Trypanosoma brucei 

The 5'-fluorosulfonyl benzoyl nucleosides 1 and 47, along with non-electrophilic analogs, 

were tested for effects on the bloodstream form of T. brucei.  All of the compounds 

blocked cell proliferation with IC50’s < 10 µM (Figure 3-1).  Reversible kinase inhibitors 

PP1 and the related nucleoside 5OH were nearly equipotent to one another, but addition 

of the 5'-fluorosulfone significantly increased potency.  As demonstrated in Chapter 2 

and consistent with previous studies with FSBA,19 the 5'-fluorosulfone 47 specifically 

targets the catalytic lysine for covalent modification when bound to the human protein 

kinase, Src (Figure 2-4).  Thus, the increased in vivo potency of the electrophilic 

compounds is likely due to similar covalent modification of endogenous T. brucei kinases. 

Propargylated fluorosulfone 47 killed T. brucei at nanomolar concentrations (IC50~200 

nM), whereas non-propargylated fluorosulfone 1 was significantly less potent.  With 

human Src, the 2'-propargyl ether increased the potency of 47 compared to 1, 

presumably by making additional hydrophobic contacts in the "ribose pocket".  An 

analogous trend in Figure 3-1 supports the hypothesis that the cytotoxicity of 1 and 47 

toward T. brucei is due to kinase inhibition.   

 

Figure 3-1: 5-electrophilic nucleosides 
significantly inhibit cell viability of 
Trypanosoma brucei.  Cultures of the 
bloodstream form of T. brucei were 
treated with compounds for 24 h, and 
living cells were quantified.  Values are 
normalized to DMSO control, and error 
bars show standard deviation. 
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Fluorosulfone 47 selectively reacts with a subset of T. brucei proteins  

Labeling of select proteins in T. brucei lysates by propargylated fluorosulfone 47 was 

diminished by pretreatment with 1 or a variety of known kinase inhibitors.  Several 

intensely labeled bands were visible in lysates treated with 47 after attaching a 

rhodamine tag via “click” chemistry (Figure 3-2)15.  The majority of these bands 

disappeared when the lysates were pretreated with fluorosulfone 1, which lacks the 

click-reactive propargyl ether.  This indicates that labeling by 47 is not a non-specific 

reaction with surface residues.  Additionally, labeling of several proteins decreased when 

lysates were pretreated with a mixture of known "semi-promiscuous" kinase inhibitors, 

PD0166326 (PD) and SB203580 (SB).  Like the nucleoside scaffold of 47, these 

compounds bind to the ATP binding site of protein kinases and have a preference for a 

small residue at the “gatekeeper” position20,21. 

 

 

Figure 3-2: Electrophilic nucleoside 47 forms specific covalent bonds to endogenous proteins of 
Trypanosoma brucei.  Whole cell lysates were incubated with 10 µM PD0166326 (PD) and 
SB203580 (SB), compound 1, or DMSO, then treated with 2 µM 47 or the TAMRA conjugated 
nucleoside 16.  Lysates labeled with 47 were submitted to Cu catalyzed “click” chemistry with 
TAMRA azide.  All lysates were resolved by SDS-PAGE, scanned for fluorescence, and 
Coomassie stained. 
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Unfortunately, direct conjugation of a fluorophore to compound 1 abolished 

specific labeling of lysate proteins (Figure 3-2), as none of the proteins labeled by 16 in 

T. brucei lysates were competed by 1.  Compound 16 is connected to TAMRA by a 2'-

carbamate/PEG linker (Scheme 1-3), which may impede binding to the kinase active site 

(as shown in Figure 2-2 with BODIPY-labeled compound vs. Src) without impeding non-

specific reactions with surface lysines on abundant proteins (note that the intense 

TAMRA-labeled bands in Figure 3-2 correspond to the most abundant Coomassie-

stained bands).  Together, these data indicate that propargylated fluorosulfone 47 is 

superior TAMRA fluorosulfone 16 and that chemical proteomics experiments with this 

class of probes require that the affinity or fluorescent tag be attached via click chemistry 

after irreversible inhibition of cellular kinases. 

 
Figure 3-3: Labeling of Trypanosoma brucei proteins by 47 is differentially inhibited by ATP 
competitive protein kinase inhibitors.  (A) Whole-cell lysates were incubated with 10 µM 1 or 20 
µM of other kinase inhibitors, then labeled with 47. Lysates were submitted to the “click” reaction 
with TAMRA-azide and resolved by SDS-PAGE.  Lane images were selected from different gels 
that were processed in parallel and contrasted identically.  (B) Structures of competing 
compounds.  In blue are regions that bind to the “hydrophobic pocket,” and red indicates a 
methylation that disrupts a critical hydrogen bond. 
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ATP-competitive kinase inhibitors from several different structural classes were 

tested for their ability to block labeling by 47 (Figure 3-3).  Like the nucleoside scaffold, 

all of the inhibitors share a preference for a small gatekeeper and thus likely bind to a 

subset of kinases targeted by 47 (Figure 3-3b).  Compound RB06 is an important control.  

It differs from the related RB05 by a single methyl group that disrupts an important 

hydrogen bond formed by the exocyclic amine of the inhibitor and a backbone carbonyl 

in the hinge region of the kinase active site22.  RB06 did not inhibit labeling of any of the 

bands blocked by RB05, strongly suggesting that these bands are protein kinase targets 

of 47.  Moreover, each of the kinase inhibitors showed a unique pattern with respect to 

competed protein bands.  For example, co-incubation with Iressa (IR) predominantly 

abolished labeling of an intense ~38 kDa band and competed other bands to a lesser 

extent.  By contrast, dasatinib (DS) had no effect on the ~38 kDa band, whereas it 

potently competed for labeling of a ~48 kDa band that was unaffected by Iressa.  In 

conclusion, competitive labeling experiments with 47 in the presence of structurally 

diverse kinase inhibitors, including two approved drugs (Iressa and dasatinib), revealed 

>10 specifically labeled bands.  Moreover, different kinase inhibitors had varying abilities 

to bind competitively to different proteins.  Thus, a semi-promiscuous activity-based 

probe, such as fluorosulfone 47, can reveal a "kinomic fingerprint" for clinically relevant 

kinase inhibitors in a relatively understudied kinome from a disease-causing pathogen. 

Trypanosome kinase TbPK50 as a model for kinase labeling and affinity 

purification 

Gene Tb10.70.2260 encodes a Ser/Thr protein kinase with a threonine residue in the 

gatekeeper position.  This gene’s protein product is TbPK50, which may be a functional 

homologue of the essential AGC family kinase, Orb6, from S. pombe23,24.  Recombinant 

TbPK50 showed a modest ability to auto-phosphorylate, and was robustly labeled by 

compound 47 in vitro (data not shown, Figure 3-4a).  When spiked into lystates from 



 89 

COS-7 cells, recombinant TbPK50 was the most heavily labeled band, even when not 

distinguishable by Coomassie staining.  Labeled TbPK50 was observed when it 

represented less than 0.05% of the total protein in a lane.  Labeling of TbPK50 can be 

blocked by co-incubation with PD.  This localizes the site of covalent modification to the 

ATP binding site of this kinase (Figure 3-4b). 

 

Figure 3-4: Specific labeling and affinity purification of kinase TbPK50.  (A) Recombinant 
TbPK50 was spiked into COS-7 cell lysate and labeled with 47.  Labeled lysates were submitted 
to a “click” reaction with TAMRA azide and resolved by SDS-PAGE.  (B) TbPK50 in COS-7 cell 
lysate was incubated with PD0166326 then processed as in A.  (C) TbPK50 was labeled with 47 
and conjugated to a biotin azide with “click” chemistry.  Labeled protein was purified with avidin-
agarose and eluted by either boiling in 2X Laemmli sample buffer or treating with 0.2 N NaOH.  
Samples were analyzed by Western blotting. 
 

We used TbPK50 as a test case for affinity purification of proteins labeled by 47.  

The kinase was incubated with 47 and tagged using a biotin azide in place of the 

previous TAMRA-derived label.  Following “click” chemistry with biotin-azide the labeled 

protein was efficiently removed from solution by incubation with avidin-conjugated 

agarose beads (Figure 3-4c).  Rather than attempt to disrupt the avidin-biotin interaction, 

which often results in low yields of affity purified biotinylated proteins, we used 0.2 N 

NaOH to specifically elute 47-modified proteins via hydrolysis of the 5'-benzoate ester25.  
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Western blot detection of the His-tag showed that significantly more His-TbPK50 was 

recovered using ester hydrolysis than by heating the beads in Laemmli sample buffer. 

 
Scheme 3-1: Strategy for purification and analysis of proteins labeled by 47. 



 91 

Kinases are highly enriched after affinity purification of lysates labeled with 47 

Scheme 3-1 diagrams our strategy for identification of proteins covalently labeled 

by compound 47.  Lysates were treated with an optimal concentration of 47 (2 mM) that 

maximized the intensity of specifically labeled bands with a minimal non-specific 

background signal.  After treatment with fluorosulfone 47, lysates were subjected to click 

chemistry with a biotin azide under conditions that ensured protein denaturation (1% 

SDS, see Methods for details) to maximize accessibility of the 2'-propargyl tag.  Excess 

compound 47 and biotin-azide was removed via acetone-mediated protein precipitation.  

Precipitated proteins were re-solubilized and affinity-purified with avidin-agarose beads.  

After extensive washing, labeled proteins were specifically released via NaOH-mediated 

ester hydrolysis.  The eluates were resolved by SDS-PAGE and submitted for analysis 

by mass spectrometry.  This process includes two technically important points:  (1) use 

of click chemistry avoids the decreased affinity of inhibitors that contain directly 

conjugated biotin (Figure 3-2), and (2) the hydrolysis step avoids the need to disrupt the 

biotin-avidin linkage (Figure 3-4). 

 
 
 
Figure 3-5: Purification of Trypanosoma brucei proteins labeled by 47.  
Whole-cell lysate from the bloodstream form of T. brucei was treated 
with 47.  Covalently bound proteins were affinity purified after click 
reaction with biotin-azide.  Small aliquots were co-incubated with 
DMSO or kinase inhibitors PD0166326 (PD) and SB203580 (SB), then 
treated with 47 and submitted to click reaction with TAMRA-azide.  
Samples were resolved by SDS-PAGE and either scanned for 
fluorescence ("PD,SB", "DMSO") or Coomassie stained ("Eluate").     

 

 

Eluted proteins, stained with Coomassie, had identical molecular weights to 

those whose labeling was competed by reversible kinase inhibitors.  Figure 3-5 shows 

three lanes from the same gel.  Coomassie stained bands in the eluate from an affinity 

purification correspond to bands competed by a mixture of kinase inhibitors PD and SB.  
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This demonstrates the effectiveness of our affinity purification strategy and prompted 

subsequent experiments using MS.    

Trypsin digestion and LCMS/MS analysis of the gel in Figure 3-5 identified one or 

more unique peptides for 25 T. brucei protein kinases (Table 3-1).  Kinases represent 

16% of all the proteins identified, and 10 out of 20 proteins with the greatest sequence 

coverage (Supplementary Table 2).  Protein kinases represent roughly 2% of the T. 

brucei genome.  As signaling molecules, kinases are generally present at much lower 

copy number than other identified proteins such as tubulin isoforms and variant surface 

glycoprotein8.  The collection of protein kinases affinity purified by fluorosulfone 47 is 

enriched in kinases with threonine or other small residues in the gatekeeper position 

(Table 3-1):  32% of the eluted kinases versus only 9% in the genome.  The lysine-

sulfonamide benzoate conjugate, resulting from hydrolysis of lysine-adducted 47, was 

detected on only 9 peptides, derived from 9 protein kinases (Figure 3-6).  Alignments of 

these peptides reveal that, in every case, this modification occurred at the catalytic 

lysine.  There was no trace of compound 47 (or the sulfonylbenzoate fragment) found at 

any other amino acid . 

Figure 3-6: LCMS/MS of a covalently modified peptide.  Shown is the mass fragmentation 
spectrum of a peptide derived from T. brucei casein kinase (Tb927.5.800) after treatment of 
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lysates with 47 and affinity purification.  Arrows indicate the loss of the catalytic lysine bearing a 
sulfamide benzoate after hydrolysis of 47. 
Only one of the bands in Figure 3-5 was unambiguously matched to a unique kinase 

based on molecular weight and on MS-identification of the excised band.  The ~38 kDa 

band competed by SB in labeling experiments contains a homolog of casein kinase 1 

(Tb927.5.800) and was identified by over 36 unique peptides (table 3-1).  This kinase 

has previously been identified as the target of a similar class of triarylimidazole 

compounds in the kinetoplastid Leishmania major26.  The remaining bands in Figure 3-5 

contained multiple protein kinases, along with abundant non-specifically bound proteins.    

Five kinases targeted by fluorosulfone 47 appear to be essential for cell growth 

Several kinases in Table 3-1 have been previously investigated.  RNAi-mediated 

knockdown of Crk6 in conjunction with Crk3 (but not RNAi vs. Crk6 alone) produced a 

severe growth phenotype27.  Knockdown of the related kinase, Crk10, had no effect on 

cell growth28.  Homozygous knockout of either the 46 kDa SAPK or TbMAPK5 (see 

Table 3-1) had effect on viability, but conferred resistance to temperature stress and 

affected differentiation, respectively29,30.  In contrast to these kinases, RNAi against the 

Gsk3 homologue led to growth arrest in the bloodstream form of the parasite, and it has 

been highlighted as a potential drug target31. 

We used RNAi to screen the remaining kinases for essential functions.  

Segments from each gene were cloned into the pZJM tetracycline-inducible vector and 

transfected into the 90-13 cell line (Table 3-1)32.  Induction of RNAi produced a growth 

defect for four kinases (Figure 3-7).  The results for TbPK50 are not unexpected, given 

the importance of Orb6 in cell polarity and division in fission yeast, as well as the 

importance of its binding partner, MOB1, in trypanosome cytokinesis24,33,34,35.  There are 

rapid and severe effects after induction of RNAi for casein kinase 1 (Table 3-1, 

Tb927.5.800).  This result agrees with those published recently by another group36.  The 
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50 kDa NIMA kinase (Tb927.4.5310) and Clk homologs (Tb11.01.4230) represent novel, 

previously uncharacterized targets in the parasite.  Both proteins have one nearly  
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identical paralog (Tb927.8.7110 for NIMA and Tb11.01.4250 for Clk), and our RNAi 

construct for Clk shares significant sequence overlap with both paralogs.  In yeast and 

humans, Clks phosphorylate SR splicing factors and influence mRNA splicing37,38.  

Given the unique modes of mRNA splicing and regulation in T brucei, the Clk 

homologues represent an exciting target for future research39,40.   

 

Figure 3-7: RNAi of Trypanosoma brucei kinases.  RNAi was induced for different kinases and 
cell densities were monitored daily.  Values are the average of three separate populations and 
error bars represent standard deviations.  

 

We used RNAi to help screen the remaining kinases for essential function.  

Segments from each gene were cloned into the pZJM inducible vector and transfected 

into the 90-13 cell line (table 3-1)32.  Induction of RNAi gives a growth phenotype for four 

kinases (figure 3-7).  The results for TBPK50 are not unexpected given its homologue’s 

importance in cell polarity and division in yeast as well as the importance of its binding 
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partner, MOB1, in trypanosome cytokinesis24,33,34,35.  There are rapid and sever effects 

after induction of RNAi for casein kinase 1.  This parallels results in Leishmania, and 

recently our results in T. brucei have been duplicated36.  The 50 kDa NIMA kinase 

(Tb927.4.5310) and Clk homologues represent novel targets in the parasite.  Both 

proteins have one nearly identical paralogue (Tb927.8.7110 and Tb11.01.4250), and our 

RNAi construct for Clk shares significant sequence overlap with both versions of the 

gene.  In yeast and humans, Clks phosphorylate SR splicing factors and influence 

mRNA splicing37,38.  Given the unique modes of mRNA splicing and regulation in T 

brucei, the Clk homologues represent an exciting target for future research39,40.   

Competition vs. fluorosulfone 47 via quantitative mass spectrometry yields 

binding profiles for other kinase inhibitors 

We used affinity purification in conjunction with iTRAQ isobaric tags and mass 

spectrometry to quantitate decreased labeling of proteins in lysates co-incubated with 47 

and compound 1 or PD41.  This allowed us to quantitate the extent of competitive binding 

of a covalent and non-covalent inhibitor for specific kinases labeled by 47. 

Competition with the non-propargylated fluorosulfone 1 demonstrated the 

potential of compound 47 as an activity-based probe for protein kinases.  Comparison of  

recovered kinases and non-kinases at different concentrations of compound 1 shows 

that the majority of specifically labeled proteins are kinases (Figure 3-8a).  Little 

competition by 1 for non-kinases indicates that such proteins reacted non-specifically 

with 47 and/or were non-specifically bound by avidin-agarose purification.  With the 

exception of two kinases, all of the kinases identified in this experiment were effectively 

competed by compound 1 (Figure 3-8b).  These enzymes represent more than 10% of 

the T. brucei kinome and include four of the five essential gene products discussed 

above. Contrary to expectations, those kinases that were competed most effectively by 

compound 1 did not have a small gatekeeper residue. The 50 kDa Erk8 homolog  
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 Figure 3-8: Quantitative analysis of competitive binding by non-propargylated fluorosulfone 1.  
Whole cell lysates from the bloodstream form of T. brucei were incubated with 1, then labeled 
with 47.  After click chemistry and affinity purification, samples were analyzed using iTRAQ/MS. 
(A) The relative abundance of proteins labeled by 47 was normalized to a DMSO control and 
plotted.  Red trajectories are protein kinases, blue are all other identified proteins. (B) Relative 
abundance of labeled protein kinases after pretreatment with propargylated fluorosulfone 1 at 0.5, 
2.0, or 8.0 µM.  Data from a single peptide is indicated with an asterisk; all other data are 
normalized mean intensities for all identified peptides with error bars for standard deviations. 
iTRAQ analysis performed by Juan Oses-Prieto, UCSF. 
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 (Tb10.70.2070) and the 46 kDa PKC/Akt homolog (Tb927.3.2440) have Phe and Met 

gatekeepers, respectively.  This unexpected result shows that at least certain kinases 

with large gatekeepers can accomodate the bulky p-tolyl group shared by fluorosulfones 

1 and 47. 

Competition experiments with the reversible inhibitor PD show a much more 

selective profile than 1.  PD is a tyrosine kinase inhibitor that inhibits BCR-ABL and Src 

in human cell lines at nanomolar concentrations, but PD may have several other cellular 

targets10,20. Though lacking tyrosine kinases, T. brucei show a significant decrease in 

cell viability when treated with micromolar concentrations of PD (Figure 3-9a). Analysis 

of fluorescent labeling experiments show that PD blocks labeling of several bands 

ranging in molecular weight from 45 to 50 kDa (Figures 3-3 and 3-5).  The p-tolyl group 

of 47 and the dichlorophenyl ring of PD both require access to a large hydrophobic 

pocket adjacent to the ATP binding site for efficient binding. This requirement, and a 

shared affinity for Src suggest these compounds may share a number of kinase 

targets16,20.   

The ability of PD to compete with fluorosulfone 47 for labeling of specific kinases 

was assayed using iTRAQ/MS.  As expected, this sterically more demanding inhibitor 

showed greater kinase selectivity compared to compound 1.  Nearly half of the labeled 

kinases show little to no decrease in labeling upon co-incubation with 8.0 µM PD, the 

highest concentration tested.  Labeling of five kinases decreased >40% in the presence 

of 0.5 µM PD (Figure 3-9b).  Consistent with a more stringent steric requirement for 

occupancy of the hydrophobic pocket, three of these kinases have a Thr gatekeeper.  

PD did not strongly compete with compound 47 for binding to endogenous TbPK50, 

despite this kinase’s Thr gatekeeper.  PD potently blocked labeling of the essential 50 

kDa NIMA kinase (Tb927.4.5310, Figures 3-9b and 3-7).  This essential kinase has a 

Met gatekeeper and may have otherwise been overlooked as a potential target for PD.  
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Inhibition of the 50 kDa NIMA kinase, Tb927.4.5310, may explain, in part, the 

trypanocidal effects of PD. 

 

Figure 3-9: Effects of kinase inhibitor PD0166326 (PD).  (A) Cultures of the bloodstream form of 
T. brucei were treated with PD for 24 h then assayed for living cells.  Values are normalized to a 
DMSO control, and error bars represent standard deviation.  (B) Relative recovery of labeled 
protein kinases after pretreatment with 0, 0.5, 2.0, or 8.0 µM PD. Whole cell lysates from the 
bloodstream form of T. brucei were incubated with PD, then labeled with 47.  After click chemistry 
and affinity purification, samples were analyzed using iTRAQ/MS.  Values are the mean signal 
intensities for all identified peptides normalized to the DMSO control with error bars for standard 
deviations.  iTRAQ analysis was performed by Juan Oses-Prieto, UCSF. 
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Changing the 5' electrophile yields a novel kinase target 

Cell viability assays with T. brucei revealed that the 5'-acrylate nucleoside 19 was nearly 

equipotent to compound 1.  Compound 19 shares the same nucleoside scaffold as 1 and 

47, as well as an ability to inhibit Src kinase in a time-dependent manner (Figure 1-5).  

Given the utility of compound 47 as an activity-based probe, we synthesized the 

propargylated nucleoside 55 to identify proteins covalently bound by this 5'-acrylate 

(Scheme 3-2).  We synthesized both the labeling reagent 55, and a non-electrophilic 

control compound 53 in two steps from late-stage intermediates of the synthetic route 

described in Chapter 1.  

 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Scheme 3-2: Synthesis of non-electrophilic nucleoside 53 and propargylated acrylate 55. 
Reagents and conditions: (a) DIPEA, DCM (52: 87%, 54: 25% ); (b) TFA, DCM; (c) TFA, H2O, 
THF (79% - 2 steps); (d) TMSOTf, DCM (100%). 
 

Compound 55 showed remarkable toxicity when tested in T. brucei viability 

assays.  As expected, the non-electrophilic compound 53 had an effect similar to other 

reversible inhibitors bearing the p-tolyl heterocycle (Figures 3-1, 3-10a).  The 2'- 

propargyl ether had a remarkable effect on cell viability, dropping the IC50 to below 10 

nM. 
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Figure 3-10: Effects of 5'-acrylate nucleosides.  (A) Cultures of the bloodstream form of T. brucei 
were treated with compounds for 24 h, then assayed for viable cells.  Values are normalized to 
DMSO control, and error bars represent standard deviations. (B) Quantitative analysis of 
competitive binding by acrylate 19.  Whole-cell lysates from the bloodstream form of T. brucei 
were incubated with 19, then labeled with 55.  After click chemistry and affinity purification, 
samples were analyzed using iTRAQ/MS.  The relative abundance of proteins labeled by 55 was 
normalized to a DMSO control and plotted.  Red trajectories are protein kinases, blue are all other 
identified proteins. (C). Relative abundance of labeled protein kinases after pretreatment with 0.5, 
2.0, or 4.0 µM 19.  Values are the mean signal intensity for all identified peptides normalized to 
the DMSO control with error bars for standard deviations.  Asterisks indicate kinases labeled by 
55 but not 47.  iTRAQ analysis was performed by Juan Oses-Prieto, UCSF. 
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A competitive binding assay with 55 showed that 19 preferentially binds a small 

group of protein kinases.  Analysis of affinity purified proteins with iTRAQ showed that, 

like the fluorosulfone nucleosides, the 5'-acrylates preferentially target protein kinases 

(Figure 3-10b).  Protein kinases represented ~12% of all identified proteins, and in all 

cases, their labeling was >50% blocked by 4.0 µM 19.  Among the identified kinases is 

TbPK50.  Labeling of this essential kinase was >80% blocked by the highest 

concentration of 19, which was more efficient than either fluorosulfone 1 or PD toward 

TbPK50.  Acrylate 55 also labeled two kinases that were not detected in MS-

experiments with fluorosulfone 47.  One, Tb11.03.0290, is a homologue of Bud32 in S. 

cerevisiae, and represents a fascinating kinase with ancient roots.  

Bud32 is an atypical kinase conserved in all eukaryotes with homologues in 

archaea42,43,44.  It phosphorylates a Grxp4p glutaredoxin in yeast and p53 in humans in 

an Akt-dependant manner45,46,47.  Perhaps much more importantly, Bud32 is a 

component of the KEOPS complex whose core member Kae1 is conserved in all 

kingdoms of life.  This complex is essential for normal cell growth, helping to maintain 

genome stability and telomere maintenance in higher organisms42,48,49.  

There are several reasons why this target of acrylate 55 is of particular interest.  

One of three T. brucei homologues of the Grxp4p glutaredoxin targeted by Bud32 (in 

yeast) is an essential gene50.  Potentially more important is this enzyme’s role within the 

KEOPS complex and telomere maintenance51.  Double-stranded breaks at or near the 

telomeres of T. brucei play a critical role in antigen variation and avoidance of the 

immune response52,53.  A third point of interest is the potential for selective inhibition of 

the parasite’s homolog over host kinases.  Bud32 substantially differs from the structure 

of other protein kinases (Figure 3-11a).  Additionally, the sequence of the kinetoplastid 

homologs of Bud32 reveals a non-conserved cysteine within the putative “glycine-rich” 

loop.  A similar cysteine in Src and FGFR kinases mediated the selective covalent 
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inhibition by compound 49 (Figures 2-5 and 2-10).  Unfortunately, our MS analysis 

showed no trace of covalent modification by 55, but the “glycine-rich” loop cysteine may 

hold the key to the selective binding of these acrylate compounds. 

Given the striking difference in cytotoxicity between non-propargylated acrylate 

19 and propargylated acrylate 55, the target responsible for mediating the extreme 

toxicity of 55 may not be highly competed by 19.  One such non-kinase target, identified 

by MS, is inosine monophosphate dehydrogenase (IMPDH).  This protein is among the 

non-kinase targets bound by 55, but not by 47 (Supplementary Tables 3 - 5).  Its 

inhibition by mycophenolic acid kills trypanosomes in culture and has been studied as a 

model for acquired drug resistance in T. brucei54.  The fact that that IMPDH or some 

other enzyme may mediate the cytotoxic effects of acrylate 55 does not detract from the 

novelty of Bud32 or the other kinases that are competed by 19.  The non-propargylated 

compound 19 retains a modest toxicity, which is potentially caused by kinase inhibition. 

Additionally, the increased kinase selectivity displayed by acrylate 55 provides structure-

activity relationships that will be useful in the future design of compounds that selectively 

inhibit T. brucei Bud32 kinase. 
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Figure 3-11: Tb11.03.0290 encodes a homologue of the atypical protein kinase Bud32.  (A) 
Comparison of structures of archetype protein kinase PKA and Bud32 homologue from 
Methanococcus jannaschii.  Bud32 is shown with other KEOPS complex members Cgi121 and 
Kae1.  ATP was placed in the Bud32 structure based on a superposition with related kinase Rio1.  
Image was created in PyMOL using PDB files 1ATP, 3ENH, and 1ZP9.  (B) Sequence alignment 
of Bud32 homologues from T. brucei, humans, M jannaschii, and S. cereisiae highlighting 
important residues and structural features.  Marroon denotes regions of identity, red high 
conservation, and pink moderate conservation.  Figure is based on results from Mao et al42. 
 



 106 

Conclusion and future directions: 

We have explored the use of 5'-electrophilic nucleosides as activity-based probes for 

protein kinases in the eukaryotic parasite Trypanosoma brucei.  The 5'-fluorosulfone 47 

kills trypanosomes and specifically binds a subset of T. brucei protein kinases in cellular 

lysates.  MS analysis of covalently modified proteins revealed a set of protein kinases, at 

least five of which are likely to be essential.  Competitive profiling experiments with the 

reversible kinase inhibitor PD, demonstrated that fluorosulfone 47 can reveal at least a 

subset of the targets of reversible kinase inhibitors.  Experiments with the 5'-acrylate 55 

revealed a smaller subset of kinases bound by this electrophile compared to 

fluorosulfone 47.  Included in this subset is the essential gene product TbPK50 and an 

atypical kinase related to a budding yeast kinase, Bud32.  Inferred functions of the 

trypanosomal Bud32, as well as the potential for its selective covalent inhibition, make 

this kinase of particular interest to kinetoplastid biology. 

Use of these compounds has provided a glimpse into the trypanosome kinome, 

but much work remains to cement their utility as effective probes and inhibitors.  The list 

of bound kinases must be further parsed for essential proteins and biological function.  

Our initial RNAi studies highlighted a few essential genes, but additional kinases in our 

set may prove to be essential or play roles in morphogenesis and/or virulence.  Many 

more compounds like PD remain to be screened, and development of a medium 

throughput method using fluorescent tags and 2D gels could potentially speed this 

process.  Our experiments used lysates for labeling; this was necessitated by the large 

amount of protein needed for the initial MS analysis.  The cell permeability of these 

nucleosides and a list of potential targets clears the way for in vivo competition 

experiments.  This will provide a more physiologically relevant analysis of competitive 

binding by potential kinase inhibitors.  We have presented one hypothesis regarding the 

interaction of compound 55 with Bud32.  Targeting the non-conserved cysteine in the 
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glycine-rich loop needs to be verified, along with a more thorough investigation of the 

biological function of this kinase.  The electrophilic nucleosides presented here have 

opened many doors to future research opportunities. 
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Methods: 

Synthesis 

Compound 52:  Diisopropylethylamine (40 uL, 0.22 mmol) was added to a solution of 9 

(22 mg, 0.037 mmol) and propionyl chloride (9.7 uL, 0.11 mmol), on an ice bath in 

methylene chloride (0.5 mL).  The ice was allowed to melt as the reaction stirred 

overnight.  The reaction was diluted into methylene chloride and washed with 0.1 N HCl 

then brine.  The organic phase was concentrated and pure 52 (21 mg, 87%) was 

obtained by silica gel thin layer chromatography (1:1 hexanes:ethyl acetate).  1HNMR 

(CDCl3): δ 1.08 (t, J = 7.6 Hz, 3H), 1.29 (s, 18H), 1.40 (s, 3H), 1.65 (s, 3H), 2.28 (dd, J = 

2.0, 7.6 Hz, 2H), 2.39 (s, 3H), 4.25 (dd, J = 5.2, 11.2 Hz, 1H), 4.44 (m, 2H), 5.01 (dd, J = 

3.6, 6.4 Hz, 1H),5.33 (dd, J = 2.4, 6.4 Hz, 1H), 6.35 (d, J = 2.4 Hz, 1H), 7.19 (d, J = 8.0 

Hz, 2H), 7.32 (s, 1H), 7.33 (d, J = 8.0 Hz, 2H), 8.85 (s, 1H). 

 

Compound 53:  Trifluoroacetic acid (0.5 mL) was added to a solution of compound 52 

(21 mg, 0.032 mmol) in methylene chloride (0.5 mL).  The reaction was stirred at room 

temperature 45 min, and the solvent was removed under a stream of argon.  The 

residual oil was dissolved in tetrahydrofuran (0.1 mL) and aqueous trifluoroacetic acid 

(90%, 0.9 mL) was added.  Solvent was removed under vacuum and compound 53 (10.5 

mg, 79%) was obtained by HPLC purification (10 – 80 % acetonitrile in water with 0.1% 

trifluoroacetic acid).  After removal of the residual solvent, 1HNMR revealed a mixture of 

2 isomers in a ratio of 1:2.7 favoring the desired 5'-acylated α-isomer.  The compound 

was used for assays without further purification. 1HNMR (DMSO): δ 0.97 (t, J = 7.2 Hz, 

3H), 2.30 (q, J = 7.2 Hz, 2H), 2.38 (s, 3H), 4.09 (m, 1H), 4.17 (m, 2H), 4.31 (m, 1H), 4.45 

(t, J = 5.2 Hz, 1H), 6.18 (d, J = 4.8 Hz, 1H), 4.45 (t, J = 5.2 Hz, 1H), 6.18 (d, J = 4.8 Hz, 

1H), 7.32 (d, J = 7.6 Hz, 2H), 7.40 (d, J = 7.6 Hz, 2H), 7.61 (s, 1H), 8.36 (s, 1H). 
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Compound 54:  Diisopropylethylamine (3 uL, 0.017 mmol) was added to a solution of 45 

(10 mg, 0.017 mmol) in methylene chloride (1.0 mL) at -50 ºC.  Acryloyl chloride (1.5 uL, 

0.018 mmol) was added and the reaction was allowed to slowly warm to -10ºC over 30 

min.  The reaction was transferred to an ice bath and stirred overnight as the bath 

melted.  The following day, the temperature was again lowered to -50ºC and additional 

base (3 uL, 0.017 mmol) and acryloyl chloride (1.0 uL, 0.012 mmol) were added.  The 

temperature was slowly raised to 0ºC over the next two hours, and then the reaction was 

diluted into ethyl acetate and washed with 10% citrate (pH 4.0) and brine.  The organic 

phase was dried over sodium sulfate and concentrated in vacuo.  Compound 54 (2.7 mg, 

25%) was obatined after purification by silca gel thin layer chromatography (1:2 

hexanes:ethyl acetate).  1HNMR (CDCl3): δ 1.28 (s, 9H), 1.31 (s, 9H), 2.39 (s, 3H), 2.41 

(t, J = 2.4 Hz, 1H), 2.71 (s(br), 1H), 4.31 (ddd, J = 3.2, 4.4, 6.0 Hz, 1H), 4.39 (dd, J = 2.4, 

16.0 Hz, 1H), 4.45 (dd, J = 4.4, 16.0 Hz, 1H), 4.48 (dd, J = 2.4, 16.0 Hz, 1H), 4.49 (m, 

1H), 4.57 (dd, J = 3.6, 5.2 Hz, 1H), 4.61 (dd, J = 3.2, 12.0 Hz, 1H), 5.79 (dd, J = 1.2, 

10.4 Hz, 1H),  6.11 (dd, J = 10.4, 17.2 Hz, 1H), 6.42 (dd, J = 1.2, 17.2 Hz, 1H), 6.47 (d, J 

= 3.6 Hz, 1H), 7.18 (d, J = 8.0 Hz, 2H), 7.33 (d, J = 8.0 Hz, 2H), 7.40 (s, 1H), 8.83 (s, 

1H). 

 

Compound 55:  Trifluoroacetic acid (0.25 mL) was added to a solution of compound 54 

(2.7 mg, 0.004 mmol) in methylene chloride (0.25 mL).  After 45 min, the solvent was 

blown off with a stream of argon and residual volatiles were removed in vacuo to yield 

pure 55, which was dissolved directly in deuterated dimethylsulfoxide for analysis and 

biological assays.  1HNMR (DMSO): δ 2.38 (s, 3H), 3.43 (t, J = 2.4 Hz, 1H), 4.19 (m, 1H), 

4.25 (dd, J = 2.4, 16.0 Hz, 1H), 4.31 (dd, J = 6.0, 12.0 Hz, 1H), 4.33 (dd, J = 2.4, 16.0 Hz, 

1H), 4.41 (m, 1H), 4.42 (dd, J = 4.4, 16.0 Hz, 1H), 4.57 (t, J = 6.0 Hz, 1H), 5.94 (d, J = 

10.4 Hz, 1H), 6.20 (dd, J = 10.4, 17.2 Hz, 1H), 6.33 (d, J = 6.0 Hz, 1H), 6.35 (d, J = 17.2 
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Hz, 1H), 7.34 (d, J = 8.0 Hz, 2H), 7.39 (d, J = 8.0 Hz, 2H), 7.69 (s, 1H), 8.48 (s, 1H).  

LC/MS [M+H+] m/z = 449.4 

 

Biotin azide:  A biotinylated azide (39 mg, 51%) was prepared in four steps from 6-

bromohexanoic acid as previously described55. 

 

Cell culture 

Strains of the bloodstream form of T brucei were cultured in HMI 9 media supplemented 

with 10 % fetal bovine serum and 10% Serum Plus (Sigma).  The 90-13 strain was 

maintained in the presence of 5 µg/mL Hygromycin and 2.5 µg/mL G418. 

 

Growth inhibition 

Compounds were added in 1 µL of DMSO to 99 µL of 221 strain cells at a density of 1 X 

105 cells/mL.  Cells were cultured for 24 hours and cell number was assayed using the 

CellTiterGlo cell viability assay (Promega). 

 

RNAi 

Gene fragments were cloned from genomic DNA with gene-specific primers (Table 3-1) 

flanked by XhoI and HindIII cut sites.  Fragments were ligated into the pZJM vector and 

propagated in DH5α cells.  Vectors were linearized with NotI and transfected into the 90-

13 strain as previously described56.  Transformants were selected with 2.5 µg 

phleomycin and clonal populations were isolated from agar plates.  RNAi was induced 

by addition of 1 µg/mL tetracycline and cell number was assayed daily using the 

CellTiterGlo cell viability assay (Promega). 

 

Competitive labeling 
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Cells were pelleted and lysed in PBS with 1X Complete Protease Inhibitor Cocktail 

(Roche), and 1X Phosphatase Inhibitor Cocktail 2 (Sigma) by brief sonication (T. brucei) 

or freeze-thaw cycle (COS-7).  Lysates were spun at top speed in a bench-top centrifuge 

to pellet cellular debris.  Clarified lysates were adjusted to 1 mg/mL (T. brucei) and 10 

mg/mL (COS-7).  Competitor compounds were added and incubated for 30 min at room 

temperature before adding 2 µM compound 47 for an additional 30 min.  Click reactions 

were preformed on a 25 µL scale.  To 20.75 µL lysate  was added 1.25 µL 20% SDS, 

0.5 µL 5 mM azide tag, 0.5 µL 50 mM TCEP (~pH 7.0), 1.5 uL 1 mM TBTA ligand in 1:4 

DMSO, tert-butyl alcohol, and 0.5 µL 5 mM CuSO4.  After one hour at room temperature, 

6 µL 5 X Laemmli sample buffer was added and samples were either used immediately 

or snap frozen in liquid N2 and stored at -80ºC.  

 

TbPK50 expression 

BL21-CodonPlus(DE3)-RIL cells (Stratagene) were transfected with a pRSET vector 

containing an 5' truncation of Tb10.70.2260 (Generous gift from Jose Garcia-Salcedo, 

Laboratory of Molecular Parasitology, ULB) 23.  Expression was induced overnight with 

0.1 mM IPTG at 18º C. Cells pellets were sonicated in 50 mM Tris 8.0, 500 mM NaCl, 5 

mM Imidazole, and 1 mM DTT.  Clarified lysates were incubated with Ni-NTA agarose 

and TbPK50 was eluted with 50 mM Tris 8.0, 150 mM NaCl, 300 mM Imidazole, 1 mM 

DTT.  The buffer was exchanged for 50 mM HEPES 7.5, 0.1 mM EGTA, 150 mM NaCl, 

0.05% BME, and 0.03% Brij-35 to yield pure TbPK50 at 2.6 mg/mL. 

 

Affinity purification of labeled TbPK50 

TbPK50 in PBS (1 µM) was incubated with 5 uM 47 for 30 min at room temperature and 

the following reagents were added 1% SDS, 0.1 mM biotin azide, 1 mM TCEP, 0.1 mM 

TBTA ligand, and 1 mM CuSO4.  After one hour at room temperature, NP-40 was added 
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to 1% and proteins were precipitated with TCA.  Pellets were resuspended in 0.1 M Tris 

(pH 8.8), 1% SDS the diluted 1:10 in 1% NP-40 in PBS.  Avidin-agarose (Sigma) was 

added, and samples were incubated on a rotator overnight at 4ºC.  Beads were washed 

five times with 1% NP-40, 0.1% SDS in PBS then divided and either boiled in 1.5 X 

Laemmli sample buffer with 1 mM biotin or hydrolyzed with 0.2 N NaOH, neutralized and 

brought to 1X with concentrated Laemmli sample buffer.  Equivalent fractions of all 

samples were resolved by SDS-PAGE and blotted with anti-His antibody (Santa Cruz 

Biotechnology) and HRP conjugated streptavidin (Jackson Immunoresearch). 

 

Affinity purification of T. brucei proteins bound to compound 47 and 55 

Lysate from the bloodstream form of T. brucei (3 mg/mL) in PBS were prepared as 

above, then passed through a PD-10 desalting column (GE Healthcare Sciences), 

eluting with additional lysis buffer.  Lysates (18 mg for gel analysis, 3 mg/treatment for 

iTRAQ) were labeled with either 2 µM compound 47 or 0.5 µM compound 55 for 30 

minutes at room temperature.  20% SDS was added to a final concentration of 1% and 

the click reagents were added to the following concentrations: 0.1 mM biotin azide, 1 

mM TCEP, 0.1 mM TBTA ligand, 1 mM CuSO4 and incubated for one hour at room 

temperature.  Proteins were precipitated with cold acetone (80% final concentration) and 

pellets were washed three times with additional acetone and dried.  Pellets were 

resuspended (with bath sonication) in a minimal volume of 50 mM Tris (pH 8.0), 1% SDS, 

then diluted with 1% NP-40 in PBS and passed through a PD-10 column, eluting with 1% 

NP-40 and 0.1% SDS in PBS.  Avidin-agarose (Sigma) was added (50 µL for gel 

analysis, 30 µL for iTRAQ) and the samples were rotated overnight at 4ºC.  Supernatant 

was removed and the beads were washed twice for one hour at room temperature with 

1% NP-40, 0.1% SDS in PBS, twice for one hour at 4ºC with 6M urea in PBS, one hour 

with PBS at 4ºC, and one additional hour with PBS at room temperature.  The 
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supernatant was removed, 20 µL of 0.4 N NaOH were added, and the beads were 

incubated for 20 minutes at room temperature before neutralization with 10 µL of 0.8 N 

HCl.  20% SDS was added to a final concentration of ~1%, and the beads were heated 

to 90ºC for 3 minutes before collecting the supernatant for analysis. 

 

Gel analysis of affinity purified proteins 

Eluted proteins were diluted 1:1 with 2X Laemmli sample buffer and loaded onto a 12% 

precast polyacrylamide gel (Readygel, BioRad Laboratories) for SDS-PAGE analysis.  

The gel was stained, cut into 16 slices, and submitted to the UCSF Mass Spectrometry 

Facilty for in-gel digestion and MS analysis using a QSTAR Pulsar mass spectrometer 

(Applied Biosystems/MDS Sciex)57.  Digest and MS analysis were performed by Juan 

Oses-Prieto, Burlingame Laboratory, UCSF. 

 

iTRAQ analysis of competitive labeling – All methods and analysis after affinity 

purification were performed by Juan Oses-Prieto, Burlingame Laboratory, UCSF. 

Lysates were prepared as described above then treated with competitor compounds for 

30 minutes before labeling and affinity purification as previously described.  

Eluted proteins were acetone precipitated and pellets were washed twice with 

additional cold acetone.  Dried pellets were resuspended in 8 M guanidinium HCl then 

reduced (5 mM TCEP, 50 mM ammonium bicarbonate, 6 M guanidinium HCl) and 

alkylated (10 mM IAA).  The solution was adjusted to 1 M guanidinium HCl, 100 mM 

ammonium bicarbonate, 10% acetonitrile and trypsinized overnight. Volatiles were 

removed and peptides resuspended in 0.1% formic acid, extracted with C18 OMIXtips 

(Varian) and eluted with 50% acetonitrile.  Volatiles were removed and peptides were 

resuspended in 0.5 M triethylammonium bicarbonate (pH 8.5) and labeled with iTRAQ 

Reagents (Applied Biosystems).  Samples were mixed, dried, and resuspended in 30% 
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acetonitrile 5 mM potassium phosphate (pH 2.7), and fractionated on a 50.0 X 1.0 mm 5 

uM 200Å Polysulfoethyl A column (PolyLC) with a 1-40% gradient of  350 mM potassium 

chloride in 30% acetonitrile 5 mM potassium phosphate (pH 2.7).  Fractions were dried, 

resuspended in 0.1% formic acid, extracted using C18 ZipTips (Millipore), eluted with 50 

% acetonitrile, dried, and resuspended in 0.1% formic acid. 

The digests were separated by nano-flow liquid chromatography using a 75-µm x 

150-mm reverse phase C18 PepMap column (Dionex-LC-Packings) at a flow rate of 350 

nL/min in a NanoLC-1D Proteomics high-performance liquid chromatography system 

(Eksigent Technologies) equipped with a FAMOS autosampler (Dionex-LC-Packings).  

Peptides were eluted using a 30 minute 5-50% gradient of acetonitrile with 0.1% formic 

acid.  The eluate was coupled to a microionspray source attached to a QSTAR Pulsar 

mass spectrometer (Applied Biosystems/MDS Sciex).  

Peptides were analyzed in positive ion mode. MS spectra were acquired for 1s in 

the m/z range between 310 and 1400. MS acquisitions were followed by four 2.5-s 

collision-induced dissociation (CID) experiments in information-dependent acquisition 

mode. For each MS spectrum, the 2 most intense multiple charged peaks over a 

threshold of 30 counts were selected for generation of CID mass spectra. 2 MSMS 

spectra of each one of them were acquired, first on the m/z range 180-1500, and then on 

the m/z range 112-120.The CID collision energy was automatically set according to 

mass to charge (m/z) ratio and charge state of the precursor ion. A dynamic exclusion 

window was applied which prevented the same m/z from being selected for 1 min after 

its acquisition. 

Peak lists were generated using the mascot.dll script. The peak list was searched 

against the Trypanosoma subset of the NCBInr database as of December 16, 2008 

(containing 30522 entries) using in-house ProteinProspector version 5.2.2 A minimal 

ProteinProspector protein score of 15, a peptide score of 15, a maximum expectation 
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value of 0.1 and a minimal discriminant score threshold of 0.0 were used for initial 

identification criteria. Modification of the amino terminus or the epsilon-amino group of 

lysines, carbamidomethylation of cysteine; acetylation of the N terminus of the protein 

and oxidation of methionine were allowed as variable modifications. Peptide tolerance in 

searches was 100 ppm for precursor and 0.2 Da for product ions, respectively. Peptides 

containing two miscleavages were allowed. The number of modification was limited to 

two per peptide.  

Quantization was based on the relative areas of the reporter ions generated by 

the isobaric iTRAQ reagents at m/z 114, 115, 116 and 117 during CID experiments. 

Abundance ratios of individual peptides between the different samples were calculated 

taking as reference the vehicle-treated sample, by dividing the areas of their respective 

iTRAQ reporter ions. Peptides with peak areas lower than 30 for the most intense 

reporter ion were discarded.  For changes in relative abundance at the protein level, all 

MSMS taken for the different peptides belonging to a particular protein were used to 

calculate the average and SD of the abundance ratios. 
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