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A Adenylation 

aaRS Aminoacyl-transfer RNA synthetase 

ABPP Activity-based protein profiling 

Ac Acetyl 

A. migulanus Aneurinibacillus migulanus 

AMP Adenosine monophosphate 

AMS Adenosine monosulfamate 

aq Aqueous 

ATCC American type culture collection 

ATP Adenosine triphosphate 

AusA1 Aureusimine synthetase A module 1 

Boc tertiary-Butoxycarbonyl 

BPyne Benzophenone-alkyne 

br Broad signal 

BSA Bovine serum albumin 

C Condensation 

calcd Calculated 

CBB Coomassie brilliant blue 

CP Carrier protein 

d Doublet 

dd Doublet of doublets 

ddd Doublet of triplets 

DEBS 6-Deoxyerythronolide B synthase 

DIAD Diisopropyl azodicarboxylate 

DIEA N,N-Diisopropylethylamine 

DMAP N,N-Dimethylaminopyridine 

DMF N,N-Dimethylformamide 

DMSO Dimethyl sulfoxide 

DSM Deutsche Sammlung von Mikroorganismen 

E Epimerization 
EDC
HCl 1-Ethyl-3-(3-dimethylaminopropyl)carbodiimide hydrochloride 

eq Equivalent 

ESI Electrospray ionization 
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Et Ethyl 

FL Fluorescence 

GrsA Gramicidin S synthetase A 

GrsB Gramicidin S synthetase B 

GS Gramicidin S 

h Hour 

HOBt 1-Hydroxybenzotriazole 

HPLC High performance liquid chromatography 

HRMS High-resolution mass spectrometry 

Hz Heltz 

J Coupling constant 

kDa Kilodalton 

LAH Lithium aluminum hydride 

LC-MS/MS Liquid chromatography-tandem mass spectrometry 

L-Leu L-Leucine 

liq Liquid 

L-Lys L-Lysine 

L-Orn L-Ornithine 

L-Phe L-Phenylalanine 

L-Pro L-Proline 

L-Val L-Valine 

m Multiplet 

Me Methyl 

MesG 2-Amino-6-mercapto-7-methylpurine riboside 

mRNA Messenger ribonucleic acid 

NBYS Nutrient broth and yeast extract supplemented with salt 

NHS N-Hydroxysuccinimide 

NRP Nonribosomal peptide 

NRPS Nonribosomal peptide synthetase 

OSu Succinimidyl ester 

PAGE Polyacrylamide gel electrophoresis 

PEG Polyethylene glycol 

Pi Phosphate 

pKa Acid dissociation constant 

PPi Pyrophosphate 
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Quant Quantification 

RP Reverse phase 

rt Room temperature 

s Singlet 

sat. Saturated 

SDS Sodium dodecyl sulfate 

t Triplet 

TAMRA Tetramethylrhodamine 

TBAI Tetrabutylammonium iodide 

TBS tertiary-Butyldimethylsilyl 
tBu tertiary-Butyl 

TE Thioesterase 

TFA Trifluoroacetic acid 

THF Tetrahydrofuran 

TLC Thin layer chromatography 

tRNA Transfer ribonucleic acid 

TsOH para-Toluenesulfonic acid 

TycB1 Tyrocidine synthetase B module 1 

UV Ultra violet 

YP Yeast extract and peptone 

YPG Yeast extract, peptone, and glucose 

  



� ��

el�

 

� Ŕǧǝ�Ǩǧ�;ę�*Ƙǩ(sp]cśěǗáôǝ+ʸ�uY�yśsp]c

ˊNRP )̀Ë˂�<;	
 NRP)+SM�Uv��́ ¿ǲũÐÓ 6̀i�QwDS�́ Ū

ǧǝɻˋ)�ɐ�<;âɌɹǒ��%(��ȧƫɈ*ǳçśǴǢ)ŗʾ&�<;wD

QiM]�ˊSa�nHB �̀ěǗǫƢ*ǮʹǈśÓ%	;R�nAM]�('�	

:�ęƳ(áĤƲʏ)8:ʸł)ŃŅ
ǧǝǈś?Ȅ�ˊFigure Aˋ1a,b	
 �*8�(

NRP +ʸ�uY�yśsp]côţʝȠˊNRPSˋ&ü,<;ʝȠȵ)8!$ôţ�

<; 2	
  

 

 

 

 

 

Figure A. Structures and biological activities of nonribosomal peptide natural products. 
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Figure B. Nonribosomal peptide synthesis of the antibiotic gramicidin S. Modules are 

comprised of adenylation (A) [AF, L-Phe; AP, L-Pro; AV, L-Val; AO, L-Orn; AL, L-Leu specific 

A-domains], carrier protein (CP), epimerization (E), condensation (C), and thioesterase (TE) 

domains. 
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Figure C. Catalytic domains in NRPSs. a) Adenylation reaction catalyzed by the A-domains. 

b) Nucleophilic attack by the terminus thiol group of the 4’-phosphopantetheine arm of a 

downstream CP. c) Amide bond formation catalyzed by the C-domains. 
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Figure D. Proteomics for natural product biosynthesis. 
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Figure 1-1. Adenylation reaction in NRPS and structures of inhibitors. 
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Figure 1-2. a) Crystal structure of the A-domain of GrsA (gray). The ligands L-Phe and AMP 

have been shown as stick structure, with the following color code: nitrogen, blue; oxygen, 

red; phosphate, orange; carbon, green. Modified from PDB code 1AMU using Discovery 

Studio ver. 3.1. b) Design of active site-directed proteomic probes for A-domains. 
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Figure 1-3. Schematic summary of photo-crosslinking functionalities. 
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Figure 1-4. Structures of probes 1–10. 
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Scheme 1. Synthetic strategy for probes 1–10. 

  



� ���

��K�cʚ 11*ôţ� 

� �K�cʚ 11*ôţ+ƅǠ)ő
Ɏ!�ˊScheme 2ˋ23	
 BagS�?ÊǴçƆ&

�$�Îʌôţ��áôǝ 12 &ìř��;�&%�2’£�B�L�á�<�áôǝ

13?Œ�	
 BagS� 2’£)İ�; O-B�L�á*ˉ
ʗūś+�BagS� 2’£

*kc�LSĎ* pKa�ȟ 12 ȊŇ&�Ʌǵ(B�Q��&Ƽʁ�$¤
�&)ɼĆ

�;&ȸ�9<;	
 BagS� 2’£*kc�LSĎ+�ƾǓǌ�%Bae� 3£*Ȏ

Ƞçġ*ģȏʷġİ&ƾȠȧô?Ōţ�;�&�Ǝ9�)(!$
:�3’£&Ƽʁ�

$ pKa�¤��$
;
24a,b	
 �<)8:�2’£*kc�LSĎ�»½�$Ⱦp�b�

á�<�ʗūś�ǧ�;&ȸ�9<;	
 Ȫ
$�3’£& 5’£*kc�LSĎ? TBS

Ď%¯ɳ��Ő�ƿÇá% TFA)��$ 5’£* TBSĎ?ʗūǵ)Ⱦ¯ɳ��U�n

A{D�á?Ɏ��&%áôǝ 16.&Ĳ
�	
 ƖŐ) Boc-L-Phe-OSu?ȱô��Ő�

BTcĎ?ŷɞʙ¼)8:Bx�.&Ĳ���K�cʚ 11?Œ�	
  

 

 

 
 

Scheme 2. Synthetic route to compound 11. 
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Scheme 3. Synthetic route to probe 1. 
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Scheme 4. Synthetic route to probe 2. 
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Scheme 5. Synthetic route to probes 3–5. 
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Scheme 6. Synthetic route to probes 6 and 7. 
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Scheme 7. Synthetic route to probe 8.  
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Scheme 8. Synthetic route to probe 9. 
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Scheme 9. Synthetic route to probe 10. 
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Figure 1-5. Schematic summary of the hydroxamate-MesG assay. 
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Table 1. Inhibitory activities of L-Phe-AMS and probes 1–7 toward recombinant GrsA.a 

 

 
aKinetic parameters were determined by a coupled hydroxamate-MesG continuous 

spectrophotometric assay.25 Errors were given as the standard error of duplicate independent 

measurements. 
bValue taken from ref. 23.   
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Figure 1-6. Schematic summary of the labeling of recombinant NRPSs by active site-directed 

proteomic probes for A-domains. 
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Figure 1-7. Labeling of recombinant GrsA with probes 1–7 and competitive inhibition study 

with excess L-Phe-AMS (100 eq.). The labeling efficiency was determined using a 

TAMRA-BSA conjugate as a standard for fluorescent intensity. 
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Figure 1-8. a) Labeling of recombinant GrsA with probes 1, 8, 9, and 10 and competitive 

inhibition study with excess L-Phe-AMS (100 eq.). b) UV photolysis time course studies of 

probe 1, 8, and 10. 
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Figure 1-9. Active site-directed proteomic probes 1 and 10 for A-domains in NRPSs. 
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Figure 2-1. a) Selective labeling of the cognate A-domains by ligand-directed manner. b) 

Labeling of endogenous GrsA and GrsB proteins in natural product producer proteomes. 
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Scheme 10. Synthetic route to L-Pro- and L-Orn-AMS-BPyne. 
 

  

O

OTBSO

N

N

N

N

NH2

O

16

N3

S
O

O
H2N

 DMF, rt.

Boc-L-Pro-OSu
Boc-L-Orn(Boc)-OSu

Cs2CO3
O

OTBSO

N

N

N

N

NH2

O

63a: 73%, R = Boc-L-Pro
63b: 83%, R = Boc-L-Orn(Boc)

N3

S
O

O
N
H

R

 MeOH, rt.

Pd/C, H2
O

OTBSO

N

N

N

N

NH2

O

64a:  64%, R = Boc-L-Pro
64b:  67%, R = Boc-L-Orn(Boc)

NH2

S
O

O
N
H

R

O

OTBSO

N

N

N

N

NH2

O

N
H

S
O

O
N
H

DMF, rt.

EDC•HCl, HOBt
23

O H
N

O

O

H
N

O

O

OOH

N

N

N

N

NH2

O

L-Orn-AMS-BPyne: 88%

N
H

S
O

O
N
H

O

H2N
NH2

rt.

O H
N

O

O

H
N

O

80% TFA aq.

R

65a: 50%, R = Boc-L-Pro
65b: 60%, R = Boc-L-Orn(Boc)

O

OOH

N

N

N

N

NH2

O

L-Pro-AMS-BPyne: 91%

N
H

S
O

O
N
H

O

O H
N

O

O

H
N

O

NH



� �  �

�L-Pro-AMS�L-Orn-AMS�L-Leu-AMS*ôţ� 

� BagS�?ÊǴçƆ&�$�ƅǠ)ő
 2’�3’£*BWbdDcá& 5’£*U�

nA{D�á)8:áôǝ 66?Œ� 27	
 Ȫ
$�áôǝ 66)İ�$óȋBxgʞ?
ĲÀŐ�ʞśơ��%Ⱦ¯ɳ?Ɏ
 L-Pro-AMS�L-Orn-AMS�L-Leu-AMS?ôţ��

ˊScheme 11 	̀
 1��L-Val-AMS+ƅǠ)ő
ôţ�� 28	
  

 

 

 

 

 
Scheme 11. Synthetic route to L-Pro-, L-Orn- and L-Leu-AMS. 
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Table 2. Inhibitory activities of L-Pro-AMS and L-Pro-AMS-BPyne toward recombinant 

TycB1.a 

 

 

 
aKinetic parameters were determined by a coupled hydroxamate-MesG continuous 

spectrophotometric assay.25 Errors were given as the standard error of duplicate independent 

measurements. 
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Figure 2-2. Labeling of recombinant GrsA and TycB1 with L-Phe-AMS-BPyne and 

L-Pro-AMS-BPyne, respectively. a) Labeling of TycB1 and competitive inhibition study with 

excess L-Pro-AMS. b) UV photolysis time course studies of the labeling of GrsA with (left) 

and TycB1 (right). c) Limit of detection of GrsA (left) and TycB1 (right). 
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Figure 2-3. Labeling specificity of L-Phe-AMS-BPyne (left) and L-Pro-AMS-BPyne (right). 
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Figure 2-4. Labeling of endogenous GrsA in the A. migulanus ATCC 9999 cellular lysate by 

L-Phe-AMS-BPyne. 
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Figure 2-5. Labeling of endogenous GrsB in the A. migulanus DSM 5759 cellular lysate by 

L-Pro-AMS-BPyne and L-Orn-AMS-BPyne. 
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Figure 2-6. Profiling of A-domain function using a combination of L-Phe-AMS-BPyne and 

five inhibitors. 
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Figure 2-7. a), b) Individual labeling of A-domains and profiling of A-domain functions using 

a combination of L-Pro-AMS-BPyne, L-Orn-AMS-BPyne, and inhibitors. 
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Figure 3-1. Functional proteomic analysis of NRPS activities using active site-directed 

proteomic probes for A-domains. 
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Scheme 12. Synthetic route to L-Val- and L-Leu-AMS-BPyne.  
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Table 3. Inhibitory activities of L-Val-AMS and L-Val-AMS-BPyne toward recombinant 

AusA1.a 

 

 
 
aKinetic parameters were determined by a coupled hydroxamate-MesG continuous 

spectrophotometric assay.25 Errors were given as the standard error of duplicate independent 

measurements. 
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Figure 3-2. Labeling of recombinant AusA1 with L-Val-AMS-BPyne. a) Labeling of AusA1 

and competitive inhibition study with excess L-Val-AMS. b) UV photolysis time course 

studies of the labeling of AusA1 with L-Val-AMS-BPyne. c) Limit of detection of AusA1. d) 

Labeling specificity of L-Val-AMS-BPyne. 
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Figure 3-3. a), b) Labeling of endogenous GrsB in the A. migulanus DSM 5759 cellular 

lysate by L-Val-AMS-BPyne and L-Leu-AMS-BPyne. c) Pull-down assay of probe-binding 

protein using L-Val-AMS-BPyne and TAMRA-biotin-azide in the bacterial proteome. d) 

Pull-down assay of probe-binding protein using L-Leu-AMS-BPyne and TAMRA-biotin-azide 

in the bacterial proteome.  
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Figure 3-4. Individual labeling of A-domains and profiling of A-domain functions using a 

combination of L-Val-AMS-BPyne and inhibitors. 
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Table 4. Alignment of the module 3 A-domain of GrsB with the A domain of AusA1. 
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Figure 3-5. Individual labeling of A-domains and profiling of A-domain functions using a 

combination of L-Leu-AMS-BPyne and inhibitors. 
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Figure 3-6. a) In-gel fluorescence analysis of the GrsA activity profiles obtained from 

reactions between the proteomes of A. migulanus strains and L-Phe-AMS-BPyne. b) In-gel 

fluorescence analysis of the GrsB activity profiles of the A. migulanus proteomes labeled by 

L-Leu-AMS-BPyne. c) Corresponding absolute (mg/L) production of gramicidin S. The 

cultures were cultivated in YPG medium. Gramicidin S yields were determined at 24 h after 

inoculation. 
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Figure 3-7. a) Visualizing the expression of the active GrsA in DSM 5759 proteomes by 

L-Phe-AMS-BPyne at the times indicated. b) Monitoring the GrsB activity in DSM 5759 

proteomes by L-Leu-AMS-BPyne at the times indicated. c) Absolute yield (mg/L) of 

gramicidin S, monitored as a function of time for A. migulanus DSM 5759 in YPG medium. 
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General Synthetic Methods: All commercial reagents were used as provided unless 

otherwise indicated. L-Phe-AMS,23 compounds 11,23 37a,44 37b,45 66,27 and L-Val-AMS28 are 

known compounds. These compounds were prepared according to published literature 

procedures. All reactions were carried out under an atmosphere of nitrogen in dry solvents 

with oven-dried glassware and constant magnetic stirring unless otherwise noted. High 

performance liquid chromatography (HPLC) was performed on a Prominence CBM-20A 

(Shimadzu) system equipped with a Prominence SPD-20A UV/VIS detector (Shimadzu). 
1H-NMR spectra were recorded at 500 MHz. 13C-NMR spectra were recorded at 125 MHz on 

JEOL NMR spectrometers and standardized to the NMR solvent signal as reported by 

Gottlieb.46 Multiplicities are given as s = singlet, d = doublet, t = triplet, q = quartet, dd = 

doublet of doublets, ddd = doublet of triplets, br = broad signal, m = multiplet using 

integration and coupling constant in Hertz. TLC analysis was performed using Silica Gel 60 

F254 plates (Merck) and visualization was accomplished with ultraviolet light (λ = 254 nm) 

and/or the appropriate stain [phosphomolybdic acid, iodine, ninhydrin, and potassium 

permanganate]. Silica gel chromatography was carried out with SiliaFlash F60 230-400 mesh 

(Silicycle), according to the method of Still.47 Mass spectral data were obtained using a 

LCMS-IT-TOF mass spectrometer (Shimadzu). 

 

Synthesis of L-Phe-AMS-BPyne 1 
 

Methyl 4-((4-(4-aminobenzoyl)phenyl)amino)-4-oxobutanoate (20) 
 

 

 

1-Ethyl-3-(3-dimethylaminopropyl)carbodiimide hydrochloride (905 mg, 4.72 mmol) and 

1-hydroxybenzotriazole (723 mg, 4.72 mmol) were added to a solution of compound 19 (623 

mg, 4.72 mmol) in DMF (20 mL). The solution was stirred at room temperature for 5 min and 

4, 4′-diaminobenzophenone 18 (500 mg, 2.36 mmol) was added. After 12 h, the reaction 

mixture was diluted with EtOAc. The mixture was washed with 5% citric acid, 5% NaHCO3, 

and brine. The organic layer was dried over Na2SO4 and evaporated to dryness. The residue 

was purified by flash chromatography (2:1 EtOAc/hexane) to afford compound 20 as a white 

O

NH2N
H

O
MeO

O
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solid (410 mg, 53%). 1H NMR (500 MHz, DMSO-d6): δ 10.26 (br, 1H), 7.69 (d, J = 8.6 Hz, 

2H), 7.58 (d, J = 8.0 Hz, 2H), 7.49 (d, J = 8.6 Hz, 2H), 6.59 (d, J = 8.6 Hz, 2H), 6.06 (s, 2H), 

3.59 (s, 3H), 2.68–2.59 (m, 4H). 13C NMR (125 MHz, DMSO-d6): δ 192.4, 172.8, 170.3, 
153.4, 141.9, 133.2, 132.4, 133.2, 132.4, 130.2, 124.2, 118.0, 112.5, 51.4, 31.0, 28.4. HRMS 

(ESI+): [M+H]+ calcd for C18H19N2O4, 327.1345; found, 327.1326. 

 

Methyl 4-((4-(4-(hex-5-ynamido)benzoyl)phenyl)amino)-4-oxobutanoate (22) 

 

 

 
Oxalyl chloride (154 µL, 1.8 mmol) and DMF (20 µL) were added to a solution of 5-hexynoic 

acid (129 µL, 1.2 mmol) in benzene (10 mL). After 2 h, the flask was placed on the rotary 

evaporator and the DMF and benzene were removed at reduced pressure to afford 5-hexynoic 

chloride as a red oil. A solution of 5-hexynoyl chloride 21, compound 20 (185 mg, 0.57 

mmol), and DIEA (200 µL, 1.14 mmol) in THF (5 mL) was stirred at room temperature for 9 

h. The reaction mixture was diluted with EtOAc. The mixture was washed with 5% citric acid, 

saturated NaHCO3, and brine. The organic layer was dried over Na2SO4 and evaporated to 

dryness. The residue was purified by flash chromatography (1:1 EtOAc/hexane) to afford 

compound 22 as a white solid (122 mg, 51%). 1H NMR (500 MHz, DMSO-d6): δ 10.35 (br, 
1H), 10.28 (br, 1H), 7.66–7.78 (m, 8H), 3.59 (s, 3H), 2.81 (t, J = 2.9 Hz, 1H), 2.69–2.59 (m, 

4H), 2.45–2.48 (m, 2H), 2.23 (ddd, J = 6.9, 6.9, 2.9 Hz, 2H), 1.81–1.73 (m, 2H). 13C NMR 

(125 MHz, DMSO-d6): δ 193.3, 172.8, 171.2, 170.5, 143.0, 142.9, 131.7, 130.9, 130.8, 118.2, 
118.1, 84.0, 71.7, 51.4, 35.2, 31.0, 28.4, 23.8, 17.3. HRMS (ESI+): [M+H]+ calcd for 

C24H25N2O5, 421.1763; found, 421.1761. 

 

4-((4-(4-(Hex-5-ynamido)benzoyl)phenyl)amino)-4-oxobutanoic acid (23) 

 

 

 

To a solution of 22 (122 mg, 0.29 mmol) in a 3:1 (v/v) mixture of MeOH and THF (4 mL) 

was added 145 µL of a 4 M aqueous NaOH solution at room temperature. Stirring was 
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continued at room temperature for 12 h. The flask was then placed on a rotary evaporator and 

the MeOH and THF were removed at reduced pressure. The residue was diluted with H2O and 

washed with EtOAc. The aqueous layer was acidified with citric acid monohydrate and 

extracted with EtOAc. The combined organic layer was washed with brine, dried over 

Na2SO4, and evaporated to dryness to afford compound 23 as a pale yellow solid (114 mg, 

97%). 1H NMR (500 MHz, DMSO-d6): δ 10.33 (br, 1H), 10.29 (br, 1H), 7.75 (dd, J = 8.6, 3.4 
Hz, 4H), 7.69 (d, J = 8.6 Hz, 4H), 2.80 (t, J = 2.9 Hz, 1H), 2.64−2.58 (m, 2H), 2.57−2.51 (m, 

2H), 2.44−2.47 (m, 2H), 2.22 (ddd, J = 6.9, 6.9, 2.9 Hz, 2H), 1.81−1.73 (m, 2H). 13C NMR 

(125 MHz, DMSO-d6): δ 193.4, 173.8, 171.3, 170.8, 143.09, 143.06, 131.8, 131.7, 131.0, 
130.9, 118.3, 118.2, 84.0, 71.7, 35.3, 31.3, 28.7, 23.8, 17.4. HRMS (ESI+): [M+H]+ calcd for 

C23H23N2O5, 407.1607; found, 407.1604. 

 

((2R,3R,4R,5R)-5-(6-Amino-9H-purin-9-yl)-3-((tert-butyldimethylsilyl)oxy)-4-(4-(4-((4-(4

-(hex-5-ynamido)benzoyl)phenyl)amino)-4-oxobutanamido)butoxy)tetrahydrofuran-2-yl
)methyl ((tert-butoxycarbonyl)-L-phenylalanyl)sulfamate (24) 
 

 
 

1-Ethyl-3-(3-dimethylaminopropyl) carbodiimide hydrochloride (3.1 mg, 0.016 mmol) and 

1-hydroxybenzotriazole (2.5 mg, 0.016 mmol) were added to a solution of compound 23 (6.4 

mg, 0.016 mmol) in DMF (1 mL). The solution was stirred at room temperature for 10 min 

and 11 (10 mg, 0.013 mmol) was then added. After 12 h, the reaction mixture was diluted 

with EtOAc. The mixture was washed with 5% citric acid, 5% NaHCO3, and brine. The 

organic layer was dried over Na2SO4 and evaporated to dryness. The residue was purified by 

flash chromatography (6:1 CHCl3/MeOH) to afford compound 24 as a white solid (13 mg, 

86%).1H NMR (500 MHz, CD3OD): δ 8.48 (s, 1H), 8.19 (s, 1H), 7.75–7.70 (m, 8H), 7.23–
7.17 (m, 4H), 7.15–7.09 (m, 1H), 6.14 (d, J = 6.3 Hz, 1H), 4.62–4.58 (m, 1H), 4.55–4.51 (m, 

1H), 4.38–4.31 (m, 1H), 4.30–4.20 (m, 3H), 3.58–3.51 (m, 1H), 3.48–3.41 (m, 1H), 3.16 (dd, 

J = 13.8, 4.6 Hz, 1H), 3.06 (dd, J = 6.9, 6.3 Hz, 2H), 2.91–2.83 (m, 1H), 2.70 (dd, J = 7.5, 6.9 

Hz, 2H), 2.58–2.51 (m, 4H), 2.31–2.26 (m, 3H), 1.94–1.86 (m, 2H), 1.54–1.37 (m, 4H), 1.33 

(s, 9H), 0.94 (s, 9H), 0.15 (s, 3H), 0.14 (s, 3H). 13C NMR (125 MHz, CD3OD): δ 196.5, 174.4, 
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174.0, 173.3, 157.4, 157.2, 153.9, 150.8, 144.3, 144.2, 141.3, 139.0, 134.0, 133.9, 132.3, 

132.2, 130.6, 129.2, 127.4, 120.3, 120.0, 119.9, 87.5, 85.4, 84.1, 83.1, 80.2, 72.7, 71.5, 70.3, 

69.6, 59.2, 40.0, 36.7, 33.2, 31.8, 28.8, 28.1, 26.9, 26.3, 25.5, 19.0, 18.6, –4.3, –4.5. (The 13C 

signal of the sulfamoyloxy-linked carbonyl, around 180 ppm, was not observed.) HRMS 

(ESI+): [M+H]+ calcd for C57H75N10O13SSi, 1167.5005; found, 1167.5004. 

 

L-Phe-AMS-BPyne (1) 

 

 
 
Compound 24 (12 mg, 0.010 mmol) was dissolved in a mixture of 4:1 (v/v) mixture of TFA 

and H2O at room temperature. After 8 h, the flask was placed on the rotary evaporator and the 

TFA and H2O were removed at reduced pressure. The residue was purified by flash 

chromatography (4:1 CHCl3/MeOH) to afford compound 1 as a white solid (5.3 mg, 56%). 1H 

NMR (500 MHz, CD3OD): δ 8.50 (s, 1H), 8.19 (s, 1H), 7.76–7.71 (m, 8H), 7.31–7.26 (m, 

4H), 7.21–7.15 (m, 1H), 6.16 (d, J = 4.6 Hz, 1H), 4.45 (dd, J = 4.6, 4.0 Hz, 1H), 4.41 (dd, J = 

5.2, 4.6 Hz, 1H), 4.39–4.34 (m, 1H), 4.33–4.27 (m, 2H), 3.91–3.86 (m, 1H), 3.73–3.63 (m, 

1H), 3.63–3.57 (m, 1H), 3.35–3.28 (m, 1H, overlapping with MeOH), 3.19–3.10 (m, 2H), 

3.06–3.00 (m, 1H), 2.71 (dd, J = 7.5, 6.9 Hz, 2H), 2.59–2.52 (m, 4H), 2.32–2.26 (m, 3H), 

1.94–1.87 (m, 2H), 1.66–1.44 (m, 4H). 13C NMR (125 MHz, CD3OD): δ 196.6, 175.3, 174.5, 
174.1, 173.3, 157.2, 154.0, 150.6, 144.3, 144.2, 141.1, 136.6, 134.0, 133.9, 132.3, 132.2, 

130.6, 130.0, 128.4, 120.13, 120.07, 120.0, 87.8, 84.5, 84.1, 83.6, 71.6, 70.9, 70.3, 68.9, 58.3, 

40.0, 38.7, 36.7, 33.2, 31.8, 27.8, 26.9, 25.5, 18.6. HRMS (ESI+): [M+H]+ calcd for 

C46H53N10O11S, 953.3616; found, 953.3616. 
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Synthesis of probe 2 

 
(S)-3-(4-Benzoylphenyl)-2-(hex-5-ynamido)propanoic acid (27) 
 

 

 

To a solution of L-4-benzoylphenylalanine 25 (450 mg, 1.67 mmol) and succinimidyl 

5-hexynoate 26 (698 µL, 3.34 mmol) in DMF (10 mL) was added DIEA (583 µL, 3.34 mmol). 

The solution was stirred at room temperature for 1 h. The reaction mixture was diluted with 

EtOAc. The mixture was washed with H2O and extracted with 5% NaHCO3. The aqueous 

layer was acidified with solid citric acid monohydrate and extracted with CHCl3. The 

combined organic layer was washed with brine, dried over Na2SO4, and evaporated to dryness 

to afford compound 27 as a white solid (510 mg, 84%). 1H NMR (500 MHz, CDCl3) δ 7.76 (d, 

J = 6.9 Hz, 2H), 7.72 (d, J = 8.0 Hz, 2H), 7.58 (t, J = 7.5 Hz, 1H), 7.46 (dd, J = 8.0, 7.5 Hz, 

2H), 7.29 (d, J = 8.0 Hz, 2H), 6.36 (d, J = 8.0 Hz, 1H), 4.94 (dd, J = 6.3, 5.7 Hz, 1H), 3.33 

(dd, J = 13.8, 5.7 Hz, 1H), 3.18 (dd, J = 13.8, 6.3 Hz, 1H), 2.35 (t, J = 6.9 Hz, 2H), 2.24−2.12 

(m, 2H), 1.93 (t, J = 2.9 Hz, 1H), 1.84−1.76 (m, 2H). 13C NMR (125 MHz, CDCl3) δ 196.9, 

173.9, 173.3, 141.1, 137.5, 136.5, 132.8, 130.6, 130.2, 129.5, 128.5, 83.3, 69.6, 53.1, 37.5, 

34.9, 24.1, 17.8. HRMS (ESI+): [M+H]+ calcd for C22H22NO4, 364.1549; found, 364.1545. 
 

2,5-Dioxopyrrolidin-1-yl (S)-3-(4-benzoylphenyl)-2-(hex-5-ynamido)propanoate (28) 
 

 

 

1-Ethyl-3-(3-dimethylamonopropyl) carbodiimide hydrochloride (318 mg, 1.66 mmol) and 

N-hydroxysuccinimide (191 mg, 1.66 mmol) were added to a solution of 27 (300 mg, 0.83 

mmol) in DMF (5 mL). After 2 h, the reaction mixture was diluted with EtOAc. The mixture 

was washed with 5% citric acid, 5% NaHCO3, and brine. The organic layer was dried over 

Na2SO4 and evaporated to dryness. The resulting white solid can be used in the next step 
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without further purification. 

 

((2R,3R,4R,5R)-5-(6-Amino-9H-purin-9-yl)-4-(4-((S)-3-(4-benzoylphenyl)-2-(hex-5-ynam
ido)propanamido)butoxy)-3-((tert-butyldimethylsilyl)oxy)tetrahydrofuran-2-yl)methyl 

((tert-Butoxycarbonyl)-L-phenylalanyl)sulfamate (29) 
 

 
 

Compound 28 (42 mg, 0.09 mmol) and cesium carbonate (59 mg, 0.18 mmol) were added to a 

solution of 11 (50 mg, 0.06 mmol) in CH2Cl2 (1 mL). The solution was stirred at room 

temperature for 1 h. The reaction mixture was concentrated under reduced pressure. The 

residue was diluted with EtOAc. The mixture was washed with 5% citric acid, 5% NaHCO3, 

and brine. The organic layer was dried over Na2SO4 and evaporated to dryness. The residue 

was purified by flash chromatography (5:1 CHCl3/MeOH) to afford compound 29 as a white 

solid (67 mg, 99%). 1H NMR (500 MHz, CD3OD) δ 8.47 (s, 1H), 8.19 (s, 1H), 7.72 (d, J = 

6.9 Hz, 2H), 7.67 (d, J = 8.0 Hz, 2H), 7.61 (t, J = 7.5 Hz, 1H), 7.49 (dd, J = 8.0, 7.5 Hz, 2H), 

7.38 (d, J = 8.6 Hz, 2H), 7.26−7.08 (m, 5H), 6.13 (d, J = 5.7 Hz, 1H), 4.64 (dd, J = 8.6, 6.3 

Hz, 1H), 4.62−4.58 (m, 1H), 4.39−4.30 (m, 1H), 4.29−4.21 (m, 3H), 3.55−3.50 (m, 1H), 

3.47−3.39 (m, 1H), 3.20−3.13 (m, 2H), 3.12−3.05 (m, 1H), 3.04−2.98 (m, 1H), 2.95 (dd, J = 

13.2, 8.6 Hz, 1H), 2.88 (dd, J = 13.8, 8.6 Hz, 1H), 2.29 (t, J = 7.5 Hz, 2H), 2.19 (t, J = 2.9 Hz, 

1H), 2.10−2.00 (m, 2H), 1.73−1.64 (m, 2H), 1.49−1.35 (m, 4H), 1.33 (s, 9H), 0.93 (s, 9H), 

0.15 (s, 3H), 0.14 (s, 3H). 13C NMR (125 MHz, CD3OD) δ 198.2, 175.0, 173.0, 157.4, 157.3, 

153.9, 150.7, 144.1, 141.3, 139.0, 138.9, 137.2, 133.7, 131.3, 130.9, 130.6, 130.5, 130.3, 

129.5, 129.2, 127.4, 120.3, 87.6, 85.2, 84.2, 83.0, 80.2, 72.7, 71.4, 70.3, 69.5, 59.3, 55.7, 40.0, 

39.3, 35.6, 28.8, 28.0, 26.9, 26.3, 25.8, 19.0, 18.5, −4.3, −4.5. (The 13C signal of the 

sulfamoyloxy-linked carbonyl, around 180 ppm, was not observed.) HRMS (ESI+): [M+H]+ 

calcd for C56H74N9O12SSi, 1124.4947; found, 1124.4956. 
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((2R,3R,4R,5R)-5-(6-Amino-9H-purin-9-yl)-4-(4-((S)-3-(4-benzoylphenyl)-2-(hex-5-ynam

ido)propanamido)butoxy)-3-hydroxytetrahydrofuran-2-yl)methyl 
(L-phenylalanyl)sulfamate (2) 
 

 
 
Compound 29 (40 mg, 0.036 mmol) was dissolved in a 4:1 (v/v) mixture of TFA and H2O at 

room temperature. After 8 h, the flask was placed on the rotary evaporator and the TFA and 

H2O were removed at reduced pressure. The residue was purified by flash chromatography 

(4:1 CHCl3/MeOH) to afford compound 2 as a white solid (30 mg, 92%). 1H NMR (500 MHz, 

CD3OD) δ 8.49 (s, 1H), 8.19 (s, 1H), 7.72 (d, J = 6.9 Hz, 2H), 7.69 (d, J = 8.0 Hz, 2H), 7.61 (t, 

J = 7.5 Hz, 1H), 7.49 (dd, J = 8.0, 7.5 Hz, 2H), 7.39 (d, J = 8.0 Hz, 2H), 7.30−7.25 (m, 4H), 

7.19−7.14 (m, 1H), 6.14 (d, J = 4.6 Hz, 1H), 4.64 (dd, J = 8.6, 6.3 Hz, 1H), 4.45 (dd, J = 5.2, 

4.6 Hz, 1H), 4.41−4.35 (m, 2H), 4.33−4.25 (m, 2H), 3.95−3.90 (m, 1H), 3.68−3.54 (m, 2H), 

3.35−3.32 (m, 1H), 3.20−3.13 (m, 2H), 3.11−3.02 (m, 2H), 3.00−2.93 (m, 1H), 2.30 (t, J = 

7.5 Hz, 2H), 2.20 (t, J = 2.9 Hz, 1H), 2.09−2.02 (m, 2H), 1.73−1.65 (m, 2H), 1.53−1.39 (m, 

4H). 13C NMR (125 MHz, CD3OD) δ 198.2, 175.2, 175.1, 173.1, 156.9, 153.6, 150.5, 144.1, 

141.2, 138.8, 137.2, 136.4, 133.7, 131.3, 130.9, 130.6, 130.5, 129.9, 129.5, 128.4, 120.2, 87.9, 

84.24, 84.19, 83.5, 71.6, 70.7, 70.3, 68.9, 58.2, 55.8, 40.0, 39.1, 38.4, 35.6, 27.7, 26.8, 25.8, 

18.5. HRMS (ESI+): [M+H]+ calcd for C45H52N9O10S, 910.3558; found, 910.3553. 

 

Syntheses of probes 3, 4, and 5 

 

Methyl (S)-(3-(4-benzoylphenyl)-2-(hex-5-ynamido)propanoyl)glycinate (31a) 
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Compound 28 (50 mg, 0.11 mmol) and DIEA (25 µL, 0.14 mmol) were added to a solution of 

methyl glycinate hydrochloride 30a (12 mg, 0.095 mmol) in CH2Cl2 (1 mL). The solution was 

stirred at room temperature for 4 h. The reaction mixture was diluted with EtOAc. The 

mixture was washed with 5% citric acid, 5% NaHCO3, and brine. The organic layer was dried 

over Na2SO4 and evaporated to dryness. The residue was purified by flash chromatography 

(30:1 CHCl3/MeOH) to afford compound 31a as a white solid (39 mg, 95%). 1H NMR (500 

MHz, CDCl3) δ 7.74 (d, J = 8.6 Hz, 2H), 7.71 (d, J = 8.6 Hz, 2H), 7.56 (t, J = 7.5 Hz, 1H), 

7.45 (dd, J = 8.0, 7.5 Hz, 2H), 7.32 (d, J = 8.0 Hz, 2H), 7.08 (t, J = 5.7 Hz, 1H), 6.66 (d, J = 

8.0 Hz, 1H), 4.91 (q, J = 7.5 Hz, 1H), 3.98 (d, J = 5.7 Hz, 2H), 3.70 (s, 3H), 3.22 (dd, J = 13.8, 

6.3 Hz, 1H), 3.11 (dd, J = 13.8, 7.5 Hz, 1H), 2.31 (t, J = 7.5 Hz, 2H), 2.21−2.08 (m, 2H), 1.93 

(t, J = 2.9 Hz, 1H), 1.81−1.72 (m, 2H). 13C NMR (125 MHz, CDCl3) δ 196.4, 172.7, 171.4, 

169.9, 141.7, 137.6, 136.3, 132.5, 130.5, 130.1, 129.4, 128.4, 83.4, 69.5, 53.8, 52.5, 41.2, 38.3, 

34.8, 24.1, 17.8. HRMS (ESI+): [M+Na]+ calcd for C25H26N2O5Na, 457.1739; found, 

457.1731. 

 

Methyl (S)-3-(3-(4-benzoylphenyl)-2-(hex-5-ynamido)propanamido)propanoate (31b) 

 

 
�
Compound 28 (50 mg, 0.11 mmol) and DIEA (25 µL, 0.14 mmol) were added to a solution of 

methyl β-alaninate hydrochloride 30b (13 mg, 0.093 mmol) in CH2Cl2 (1 mL). The solution 

was stirred at room temperature for 10 h. The reaction mixture was diluted with EtOAc. The 

mixture was washed with 5% citric acid, 5% NaHCO3, and brine. The organic layer was dried 

over Na2SO4 and evaporated to dryness. The residue was purified by flash chromatography 

(30:1 to 20:1 CHCl3/MeOH) to afford compound 31b as a white solid (35 mg, 82%).�1H NMR 

(500 MHz, CDCl3) δ 7.75 (d, J = 8.6 Hz, 2H), 7.72 (d, J = 8.0 Hz, 2H), 7.57 (t, J = 7.5 Hz, 

1H), 7.46 (dd, J = 8.0, 7.5 Hz, 2H), 7.30 (d, J = 8.0 Hz, 2H), 6.67 (t, J = 5.7 Hz, 1H), 6.51 (d, 

J = 8.0 Hz, 1H), 4.72 (q, J = 7.5 Hz, 1H), 3.61 (s, 3H), 3.53−3.45 (m, 1H), 3.42−3.34 (m, 1H), 

3.11 (d, J = 7.5 Hz, 2H), 2.50−2.42 (m, 1H), 2.42−2.34 (m, 1H), 2.33 (t, J = 7.5 Hz, 2H), 

2.24−2.11 (m, 2H), 1.95 (t, J = 2.9 Hz, 1H), 1.84−1.76 (m, 2H). 13C NMR (125 MHz, CDCl3) 

δ 196.3, 172.5, 172.3, 170.7, 141.7, 137.6, 136.3, 132.5, 130.5, 130.0, 129.3, 128.4, 83.4, 69.5, 

54.2, 52.0, 38.8, 35.0, 34.9, 33.6, 24.1, 17.8. HRMS (ESI+): [M+Na]+ calcd for 
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C26H28N2O5Na, 471.1896; found, 471.1883. 

 
Methyl (S)-6-(3-(4-benzoylphenyl)-2-(hex-5-ynamido)propanamido)hexanoate (31c) 
�

�
�
Compound 28 (50 mg, 0.11 mmol) and DIEA (25 µL, 0.14 mmol) were added to a solution of 

methyl 6-aminohexanate hydrochloride 30c (17 mg, 0.094 mmol) in CH2Cl2 (1 mL). The 

solution was stirred at room temperature for 10 h. The reaction mixture was diluted with 

EtOAc. The mixture was washed with 5% citric acid, 5% NaHCO3, and brine. The organic 

layer was dried over Na2SO4 and evaporated to dryness. The residue was purified by flash 

chromatography (30:1 CHCl3/MeOH) to afford compound 31c as a white solid (43 mg, 93%).�
1H NMR (500 MHz, CDCl3) δ 7.76−7.68 (m, 4H), 7.56 (t, J = 7.5 Hz, 1H), 7.45 (dd, J = 8.0, 

7.5 Hz, 2H), 7.30 (d, J = 8.0 Hz, 2H), 6.65 (d, J = 8.0 Hz, 1H), 6.53−6.48 (m, 1H), 4.79−4.72 

(m, 1H), 3.62 (s, 3H), 3.24−3.02 (m, 4H), 2.32 (t, J = 7.5 Hz, 2H), 2.25 (t, J = 7.5 Hz, 2H), 

2.21−2.10 (m, 2H), 1.60−1.52 (m, 2H), 1.44−1.35 (m, 2H), 1.27−1.19 (m, 2H). 13C NMR 

(125 MHz, CDCl3) δ 196.3, 174.1, 172.4, 170.7, 141.9, 137.6, 136.3, 132.5, 130.5, 130.0, 

129.4, 128.4, 83.3, 69.5, 54.3, 51.6, 39.3, 38.7, 34.9, 33.8, 29.0, 26.3, 24.4, 24.1, 17.8. HRMS 

(ESI+): [M+Na]+ calcd for C29H34N2O5Na, 513.2365; found, 513.2350. 

 

(S)-(3-(4-Benzoylphenyl)-2-(hex-5-ynamido)propanoyl)glycine (32a) 
 

�
�
To a solution of 31a (35 mg, 0.08 mmol) in a 1:1 (v/v) mixture of MeOH and THF (2 mL) 

was added 120 µL of a 1 M aqueous LiOH solution at 0 ºC. The mixture was stirred at room 

temperature for 12 h. The flask was then placed on a rotary evaporator and the MeOH and 

THF were removed at reduced pressure. The residue was diluted with 5% NaHCO3 and 

washed with EtOAc. The aqueous layer was acidified with solid citric acid monohydrate and 
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extracted with EtOAc. The combined organic layer was washed with brine, dried over 

Na2SO4, and evaporated to dryness to afford compound 32a as a white solid (34 mg, 99%). 1H 

NMR (500 MHz, CDCl3) δ 7.71 (d, J = 6.9 Hz, 2H), 7.67 (d, J = 8.0 Hz, 2H), 7.61−7.56 (br, 

1H), 7.54 (t, J = 7.5 Hz, 1H), 7.42 (t, J = 7.5 Hz, 2H), 7.35−7.28 (m, 3H), 5.09−4.98 (m, 1H), 

4.06−3.88 (m, 2H), 3.21 (dd, J = 13.8, 5.2 Hz, 1H), 3.04 (dd, J = 13.8, 8.0 Hz, 1H), 2.28 (t, J 

= 7.5 Hz, 2H), 2.22−1.99 (m, 2H), 1.91 (t, J = 2.3 Hz, 1H), 1.76−1.64 (m, 2H). 13C NMR 

(125 MHz, CDCl3) δ 196.9, 173.7, 172.2, 172.0, 141.7, 137.5, 136.2, 132.7, 130.5, 130.2, 

129.5, 128.4, 83.3, 69.7, 53.9, 41.5, 38.4, 34.8, 24.2, 17.8. HRMS (ESI−): [M−H]− calcd for 

C24H23N2O5, 419.1612; found, 419.1613. 

 

(S)-3-(3-(4-Benzoylphenyl)-2-(hex-5-ynamido)propanamido)propanoic acid (32b) 
 

 
 
To a solution of 31b (30 mg, 0.067 mmol) in a 1:1 (v/v) mixture of MeOH and THF (1 mL) 

was added 100 µL of a 1 M aqueous LiOH solution at 0 ºC. The mixture was stirred at room 

temperature for 9 h. The flask was then placed on a rotary evaporator and the MeOH and THF 

were removed at reduced pressure. The residue was diluted with 5% NaHCO3 and washed 

with EtOAc. The aqueous layer was acidified with solid citric acid monohydrate and extracted 

with EtOAc. The combined organic layer was washed with brine, dried over Na2SO4, and 

evaporated to dryness to afford compound 32b as a white solid (34 mg, 100%). 1H NMR (500 

MHz, CDCl3) δ 7.75 (d, J = 7.5 Hz, 2H), 7.69 (d, J = 8.0 Hz, 2H), 7.57 (t, J = 7.5 Hz, 1H), 

7.45 (t, J = 7.5 Hz, 2H), 7.33−7.25 (m, 2H), 7.04 (d, J = 8.6 Hz, 1H), 4.99 (q, J = 7.5 Hz, 1H), 

3.49−3.40 (m, 1H), 3.12−3.02 (m, 2H), 2.55−2.46 (m, 1H), 2.45−2.37 (m, 1H), 2.31 (t, J = 

7.5 Hz, 2H), 2.20−2.05 (m, 2H), 1.95 (t, J = 2.9 Hz, 1H), 1.80−1.69 (m, 2H). 13C NMR (125 

MHz, CDCl3) δ 196.9, 175.2, 172.9, 171.1, 141.6, 137.5, 136.3, 132.7, 130.5, 130.2, 129.3, 

128.4, 83.3, 69.5, 54.0, 39.1, 34.8, 33.6, 24.1, 17.8. HRMS (ESI−): [M−H]− calcd for 

C25H25N2O5, 433.1769; found, 433.1750. 

 

  

H
N

O
N
H

O

O

OH

O



� 	��

(S)-6-(3-(4-Benzoylphenyl)-2-(hex-5-ynamido)propanamido)hexanoic acid (32c) 

 

 
 

To a solution of 31c (36 mg, 0.073 mmol) in a 1:1 (v/v) mixture of MeOH and THF (1 mL) 

was added 110 µL of a 1 M aqueous LiOH solution at 0 ºC. The mixture was stirred at room 

temperature for 24 h. The flask was then placed on a rotary evaporator and the MeOH and 

THF were removed at reduced pressure. The residue was diluted with 5% NaHCO3 and 

washed with EtOAc. The aqueous layer was acidified with solid citric acid monohydrate and 

extracted with EtOAc. The combined organic layer was washed with brine, dried over 

Na2SO4, and evaporated to dryness to afford compound 32c as a white solid (32 mg, 92%). 1H 

NMR (500 MHz, DMSO-d6) δ 12.0 (br, 1H), 8.15 (d, J = 8.6 Hz, 1H), 7.98 (t, J = 5.7 Hz, 1H), 

7.71−7.66 (m, 2H), 7.66−7.62 (m, 3H), 7.54 (dd, J = 8.0, 7.5 Hz, 2H), 7.40 (d, J = 8.6 Hz, 

2H), 4.56−4.50 (m, 1H), 3.10−2.94 (m, 3H), 2.83 (dd, J = 13.8, 9.7 Hz, 1H), 2.73 (t, J = 2.9 

Hz, 1H), 2.18−2.11 (m, 4H), 1.97 (ddd, J = 7.5, 7.5, 2.9 Hz, 2H), 1.60−1.50 (m, 2H), 

1.49−1.42 (m, 2H), 1.37−1.29 (m, 2H), 1.23−1.15 (m, 2H). 13C NMR (125 MHz, DMSO-d6) 

δ 195.5, 174.4, 171.3, 170.7, 143.5, 137.3, 135.0, 132.5, 129.5, 129.44, 129.38, 128.5, 84.1, 

71.4, 53.7, 38.4, 38.0, 34.0, 33.6, 28.7, 25.9, 24.3, 24.2, 17.2. HRMS (ESI−): [M−H]− calcd 

for C28H31N2O5, 475.2233; found, 475.2230. 

 

((2R,3R,4R,5R)-5-(6-Amino-9H-purin-9-yl)-4-(4-(2-((S)-3-(4-benzoylphenyl)-2-(hex-5-yn
amido)propanamido)acetamido)butoxy)-3-((tert-butyldimethylsilyl)oxy)tetrahydrofuran

-2-yl)methyl ((tert-butoxycarbonyl)-L-phenylalanyl)sulfamate (34a) 
 

 
 
1-Ethyl-3-(3-dimethylamonopropyl) carbodiimide hydrochloride (19 mg, 0.098 mmol) and 

N-hydroxysuccinimide (11 mg, 0.098 mmol) were added to a solution of 32a (27 mg, 0.065 

mmol) in DMF (1 mL). The solution was stirred at room temperature for 4 h. The reaction 
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mixture was diluted with EtOAc. The mixture was washed with 5% citric acid, 5% NaHCO3, 

and brine. The organic layer was dried over Na2SO4 and evaporated to dryness to afford 

compound 33a as a white solid (34 mg). Compound 33a and cesium carbonate (42 mg, 0.13 

mmol) were added to a solution of compound 11 (33 mg, 0.043 mmol) in CH2Cl2 (1 mL). The 

solution was stirred at room temperature for 1 h. The solvent was removed at reduced 

pressure. The residue was diluted with EtOAc. The resulting mixture was washed with 5% 

citric acid, 5% NaHCO3, and brine. The organic layer was dried over Na2SO4 and evaporated 

to dryness. The residue was purified by flash chromatography (10:1 to 6:1 CHCl3/MeOH) to 

afford compound 34a as a white solid (40 mg, 79%). 1H NMR (500 MHz, CD3OD) δ 8.51 (s, 

1H), 8.20 (s, 1H), 7.73 (d, J = 7.5 Hz, 2H), 7.70 (d, J = 8.0 Hz, 2H), 7.62 (t, J = 7.5 Hz, 1H), 

7.50 (dd, J = 8.0, 7.5 Hz, 2H), 7.38 (d, J = 8.6 Hz, 2H), 7.25−7.17 (m, 4H), 7.16−7.09 (m, 

1H), 6.15 (d, J = 6.3 Hz, 1H), 4.64−4.58 (m, 2H), 4.56−4.51 (m, 1H), 4.38−4.31 (m, 1H), 

4.30−4.22 (m, 2H), 3.88 (d, J = 17.2 Hz, 1H), 3.69 (d, J = 16.7 Hz, 1H), 3.58−3.53 (m, 1H), 

3.49−3.42 (m, 1H), 3.26 (dd, J = 13.8, 6.3 Hz, 1H), 3.15 (dd, J = 13.8, 5.2 Hz, 1H), 3.11−3.00 

(m, 3H), 2.91−2.83 (m, 1H), 2.29 (t, J = 7.5 Hz, 2H), 2.19 (t, J = 2.9 Hz, 1H), 2.10−1.99 (m, 

2H), 1.71−1.63 (m, 2H), 1.54−1.38 (m, 4H), 1.33 (s, 9H), 0.95 (s, 9H), 0.16 (s, 3H), 0.15 (s, 

3H). 13C NMR (125 MHz, CD3OD) δ 198.2, 175.6, 174.0, 171.2, 157.3, 157.1, 153.8, 150.8, 

144.1, 141.4, 138.89, 138.85, 137.2, 133.7, 131.3, 130.9, 130.8, 130.6, 130.5, 129.5, 129.2, 

127.4, 120.3, 87.5, 85.4, 84.2, 83.1, 80.2, 72.7, 71.4, 70.3, 69.8, 58.9, 56.3, 43.6, 40.1, 38.3, 

35.4, 28.8, 28.0, 26.8, 26.3, 25.7, 19.0, 18.5, −4.3, −4.5. (The 13C signal of the 

sulfamoyloxy-linked carbonyl, around 180 ppm, was not observed.) HRMS (ESI−): [M−H]− 

calcd for C58H75N10O13SSi, 1179.5005; found, 1179.4998. 

 

((2R,3R,4R,5R)-5-(6-Amino-9H-purin-9-yl)-4-(4-(3-((S)-3-(4-benzoylphenyl)-2-(hex-5-yn
amido)propanamido)propanamido)butoxy)-3-((tert-butyldimethylsilyl)oxy)tetrahydrofu

ran-2-yl)methyl ((tert-butoxycarbonyl)-L-phenylalanyl)sulfamate (34b) 
 

 
 

1-Ethyl-3-(3-dimethylamonopropyl) carbodiimide hydrochloride (19 mg, 0.098 mmol) and 
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N-hydroxysuccinimide (11 mg, 0.098 mmol) were added to a solution of 32b (29 mg, 0.067 

mmol) in DMF (1 mL). The solution was stirred at room temperature for 4 h. The reaction 

mixture was diluted with EtOAc. The mixture was washed with 5% citric acid, 5% NaHCO3, 

and brine. The organic layer was dried over Na2SO4 and evaporated to dryness to afford 

compound 33b as a white solid (38 mg). Compound 33b and cesium carbonate (44 mg, 0.135 

mmol) were added to a solution of compound 11 (35 mg, 0.045 mmol) in CH2Cl2 (1 mL). The 

solution was stirred at room temperature for 1 h. The residue was diluted with EtOAc. The 

resulting mixture was washed with 5% citric acid, 5% NaHCO3, and brine. The organic layer 

was dried over Na2SO4 and evaporated to dryness. The residue was purified by flash 

chromatography (10:1 to 4:1 CHCl3/MeOH) to afford compound 34b as a white solid (30 mg, 

56%). 1H NMR (500 MHz, CD3OD) δ 8.47 (s, 1H), 8.18 (s, 1H), 7.88 (br, 1H), 7.73 (d, J = 

6.9 Hz, 2H), 7.69 (d, J = 8.0 Hz, 2H), 7.61 (t, J = 7.5 Hz, 1H), 7.50 (dd, J = 8.0, 7.5 Hz, 2H), 

7.38 (d, J = 8.0 Hz, 2H), 7.25−7.17 (m, 4H), 7.16−7.08 (m, 1H), 6.14 (d, J = 6.3 Hz, 1H), 

4.65 (dd, J = 9.7, 5.7 Hz, 1H), 4.62−4.57 (m, 1H), 4.55−4.49 (m, 1H), 4.38−4.31 (m, 1H), 

4.29−4.22 (m, 3H), 3.58−3.51 (m, 1H), 3.48−3.36 (m, 3H), 3.22 (dd, J = 13.8, 5.7 Hz, 1H), 

3.17 (dd, J = 13.8, 4.6 Hz, 1H), 3.08−3.00 (m, 2H), 2.99−2.92 (m, 1H), 2.91−2.83 (m, 1H), 

2.35−2.25 (m, 4H), 2.20 (t, J = 2.9 Hz, 1H), 2.09−1.98 (m, 2H), 1.71−1.63 (m, 2H), 

1.53−1.36 (m, 4H), 1.33 (s, 9H), 0.94 (s, 9H), 0.15 (s, 3H), 0.14 (s, 3H). 13C NMR (125 MHz, 

CD3OD) δ 198.2, 175.2, 173.4, 173.3, 157.5, 157.3, 154.0, 150.7, 144.1, 141.2, 139.0, 138.9, 

137.2, 133.7, 131.3, 131.0, 130.6, 130.5, 129.5, 129.2, 127.4, 120.3, 87.5, 85.3, 84.2, 83.1, 

80.3, 72.7, 71.4, 70.3, 69.7, 59.3, 55.7, 40.1, 39.0, 37.0, 36.4, 35.5, 28.8, 28.1, 26.8, 26.3, 25.7, 

19.0, 18.5, −4.3, −4.5. (The 13C signal of the sulfamoyloxy-linked carbonyl, around 180 ppm, 

was not observed.) HRMS (ESI−): [M−H]− calcd for C59H77N10O13SSi, 1193.5162; found, 

1193.5163. 

 

((2R,3R,4R,5R)-5-(6-Amino-9H-purin-9-yl)-4-(4-(6-((S)-3-(4-benzoylphenyl)-2-(hex-5-yn
amido)propanamido)hexanamido)butoxy)-3-((tert-butyldimethylsilyl)oxy)tetrahydrofur
an-2-yl)methyl ((tert-butoxycarbonyl)-L-phenylalanyl)sulfamate (34c) 

 

 
 

1-Ethyl-3-(3-dimethylamonopropyl) carbodiimide hydrochloride (18 mg, 0.094 mmol) and 
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N-hydroxysuccinimide (11 mg, 0.098 mmol) were added to a solution of 32c (30 mg, 0.063 

mmol) in DMF (1 mL). The solution was stirred at room temperature for 20 h. The reaction 

mixture was diluted with EtOAc. The mixture was washed with 5% citric acid, 5% NaHCO3, 

and brine. The organic layer was dried over Na2SO4 and evaporated to dryness to afford 

compound 33c as a white solid (39 mg). Compound 33c and cesium carbonate (41 mg, 0.126 

mmol) were added to a solution of compound 11 (33 mg, 0.042 mmol) in CH2Cl2 (1 mL). The 

solution was stirred at room temperature for 3 h. The residue was diluted with EtOAc. The 

resulting mixture was washed with 5% citric acid, 5% NaHCO3, and brine. The organic layer 

was dried over Na2SO4 and evaporated to dryness. The residue was purified by flash 

chromatography (20:1 to 10:1 CHCl3/MeOH) to afford compound 34c as a white solid (45 mg, 

87%). 1H NMR (500 MHz, CD3OD) δ 8.51 (s, 1H), 8.19 (s, 1H), 7.73 (d, J = 6.9 Hz, 2H), 

7.70 (d, J = 8.6 Hz, 2H), 7.62 (t, J = 7.5 Hz, 1H), 7.51 (dd, J = 8.0, 7.5 Hz, 2H), 7.41 (d, J = 

8.0 Hz, 2H), 7.22−7.17 (m, 4H), 7.16−7.10 (m, 1H), 6.15 (d, J = 6.3 Hz, 1H), 4.67 (dd, J = 

8.6, 6.3 Hz, 1H), 4.62−4.58 (m, 1H), 4.55 (dd, J = 6.3, 5.2 Hz, 1H), 4.37−4.30 (m, 1H), 

4.30−4.21 (m, 3H), 3.59−3.53 (m, 1H), 3.47−3.40 (m, 1H), 3.23−3.07 (m, 4H), 3.06−2.94 (m, 

3H), 2.92−2.85 (m, 1H), 2.30 (t, J = 7.5 Hz, 2H), 2.21 (t, J = 2.9 Hz, 1H), 2.10 (t, J = 7.5 Hz, 

2H), 2.08−2.03 (m, 2H), 1.73−1.66 (m, 2H), 1.58−1.37 (m, 8H), 1.34 (s, 9H), 1.31−1.20 (m, 

2H), 0.95 (s, 9H), 0.16 (s, 3H), 0.15 (s, 3H). 13C NMR (125 MHz, CD3OD) δ 198.2, 175.9, 

175.1, 173.2, 157.3, 157.2, 153.8, 150.8, 144.2, 141.3, 138.9, 138.8, 137.2, 133.7, 130.9, 

130.6, 130.5, 129.5, 129.2, 127.4, 120.2, 87.5, 85.4, 84.2, 83.1, 80.2, 72.7, 71.5, 70.3, 69.8, 

58.9, 55.8, 40.3, 39.8, 39.2, 37.0, 35.6, 29.9, 28.8, 28.2, 27.4, 27.0, 26.6, 26.4, 25.8, 19.0, 18.5, 

−4.4, −4.5. (The 13C signal of the sulfamoyloxy-linked carbonyl, around 180 ppm, was not 

observed.) HRMS (ESI−): [M−H]− calcd for C62H83N10O13SSi, 1235.5631; found, 1235.5629. 
 

((2R,3R,4R,5R)-5-(6-Amino-9H-purin-9-yl)-4-(4-(2-((S)-3-(4-benzoylphenyl)-2-(hex-5-yn

amido)propanamido)acetamido)butoxy)-3-hydroxytetrahydrofuran-2-yl)methyl 
(L-phenylalanyl)sulfamate (3) 
 

 
 
Compound 34a (38 mg, 0.032 mmol) was dissolved in a 4:1 (v/v) mixture of TFA and H2O at 

room temperature. After 6 h, the flask was placed on the rotary evaporator and the TFA and 
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H2O were removed at reduced pressure. The residue was purified by flash chromatography 

(6:1 to 5:1 CHCl3/MeOH) to afford compound 3 as a white solid (25 mg, 81%). 1H NMR 

(500 MHz, CD3OD) δ 8.56 (s, 1H), 8.23 (s, 1H), 7.77−7.67 (m, 5H), 7.62 (t, J = 7.5 Hz, 1H), 

7.50 (dd, J = 8.0, 7.5 Hz, 2H), 7.41 (d, J = 8.0 Hz, 2H), 7.32−7.24 (m, 4H), 7.17 (t, J = 6.9 Hz, 

1H), 6.17 (d, J = 4.6 Hz, 1H), 4.61 (dd, J = 9.2, 5.7 Hz, 1H), 4.46 (t, J = 4.6 Hz, 1H), 

4.42−4.34 (m, 2H), 4.33−4.28 (m, 2H), 3.94 (dd, J = 8.0, 5.2 Hz, 1H), 3.87 (d, J = 17.2 Hz, 

1H), 3.72−3.65 (m, 2H), 3.64−3.58 (m, 1H), 3.35−3.33 (m, 1H), 3.28−3.23 (m, 1H), 

3.18−3.12 (m, 2H), 3.10−3.00 (m, 2H), 2.31 (t, J = 7.5 Hz, 2H), 2.21 (t, J = 2.9 Hz, 1H), 

2.08−2.01 (m, 2H), 1.72−1.64 (m, 2H), 1.62−1.45 (m, 4H). 13C NMR (125 MHz, CD3OD) δ 

198.3, 175.7, 175.0, 174.1, 171.4, 155.8, 151.9, 150.4, 144.0, 141.8, 138.9, 137.3, 136.4, 

133.7, 131.3, 130.9, 130.6, 130.5, 130.1, 130.0, 129.5, 128.4, 120.1, 88.0, 84.5, 84.3, 83.6, 

71.6, 70.8, 70.3, 68.9, 58.2, 56.3, 43.6, 40.2, 38.5, 38.3, 35.4, 27.7, 26.8, 25.7, 18.5. HRMS 

(ESI−): [M−H]− calcd for C47H53N10O11S, 965.3616; found, 965.3612. 

 
((2R,3R,4R,5R)-5-(6-Amino-9H-purin-9-yl)-4-(4-(3-((S)-3-(4-benzoylphenyl)-2-(hex-5-yn
amido)propanamido)propanamido)butoxy)-3-hydroxytetrahydrofuran-2-yl)methyl 

(L-phenylalanyl)sulfamate (4) 
 

 
 

Compound 34b (30 mg, 0.025 mmol) was dissolved in a 4:1 (v/v) mixture of TFA and H2O at 

room temperature. After 12 h, the flask was placed on the rotary evaporator and the TFA and 

H2O were removed at reduced pressure. The residue was purified by flash chromatography 

(6:1 CHCl3/MeOH) to afford compound 4 as a white solid (20 mg, 82%). 1H NMR (500 MHz, 

CD3OD) δ 8.56 (s, 1H), 8.23 (s, 1H), 7.75−7.67 (m, 4H), 7.62 (t, J = 7.5 Hz, 1H), 7.50 (dd, J 

= 8.0, 7.5 Hz, 2H), 7.40 (d, J = 8.0 Hz, 2H), 7.33−7.25 (m, 4H), 7.20−7.15 (m, 1H), 6.16 (d, J 

= 5.2 Hz, 1H), 4.65 (dd, J = 9.2, 5.7 Hz, 1H), 4.46 (t, J = 4.6 Hz, 1H), 4.41 (t, J = 5.2, 4.6 Hz, 

1H), 4.39−4.34 (m, 1H), 4.33−4.27 (m, 2H), 3.93 (dd, J = 8.6, 5.2 Hz, 1H), 3.71−3.64 (m, 

1H), 3.63−3.57 (m, 1H), 3.47−3.56 (m, 2H), 3.35−3.33 (m, 1H), 3.25−3.19 (m, 1H), 

3.13−3.02 (m, 2H), 2.96 (dd, J = 13.8, 9.7 Hz, 1H), 2.35−2.26 (m, 4H), 2.21 (t, J = 2.9 Hz, 
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1H), 2.07−2.01 (m, 2H), 1.71−1.63 (m, 2H), 1.61−1.53 (m, 2H), 1.52−1.44 (m, 2H). 13C NMR 

(125 MHz, CD3OD) δ 198.3, 175.2, 174.9, 173.4, 173.3, 155.9, 152.0, 150.4, 144.2, 141.7, 

138.9, 137.2, 136.5, 133.7, 131.3, 131.0, 130.6, 130.5, 130.1, 130.0, 129.5, 128.5, 120.1, 87.9, 

84.6, 84.2, 83.7, 71.6, 70.8, 70.3, 68.9, 58.2, 55.7, 40.0, 39.0, 38.5, 37.1, 36.4, 35.6, 27.9, 26.9, 

25.8, 18.5. HRMS (ESI−): [M−H]− calcd for C48H55N10O11S, 979.3772; found, 979.3765. 
 
((2R,3R,4R,5R)-5-(6-Amino-9H-purin-9-yl)-4-(4-(6-((S)-3-(4-benzoylphenyl)-2-(hex-5-yn

amido)propanamido)hexanamido)butoxy)-3-hydroxytetrahydrofuran-2-yl)methyl 
(L-phenylalanyl)sulfamate (5) 
 

 
 
Compound 34c (40 mg, 0.032 mmol) was dissolved in a 4:1 (v/v) mixture of TFA and H2O at 

room temperature. After 6 h, the flask was placed on the rotary evaporator and the TFA and 

H2O were removed at reduced pressure. The residue was purified by flash chromatography 

(6:1 CHCl3/MeOH) to afford compound 5 as a white solid (26 mg, 84%). 1H NMR (500 MHz, 

CD3OD) δ 8.59 (s, 1H), 8.27 (s, 1H), 7.75−7.67 (m, 4H), 7.62 (t, J = 7.5 Hz, 1H), 7.51 (dd, J 

= 8.0, 7.5 Hz, 2H), 7.41 (d, J = 8.0 Hz, 2H), 7.33−7.24 (m, 4H), 7.12−7.16 (m, 1H), 6.18 (d, J 

= 4.6 Hz, 1H), 4.66 (dd, J = 9.2, 6.3 Hz, 1H), 4.46 (t, J = 4.6 Hz, 1H), 4.42−4.36 (m, 2H), 

4.34−4.27 (m, 2H), 3.94 (dd, J = 8.6, 5.2 Hz, 1H), 3.73−3.64 (m, 1H), 3.65−3.58 (m, 1H), 

3.35−3.32 (m, 1H), 3.23−3.15 (m, 2H), 3.14−3.03 (m, 4H), 3.01−2.95 (m, 1H), 2.31 (t, J = 

7.5 Hz, 2H), 2.21 (t, J = 2.9 Hz, 1H), 2.12 (t, J = 7.5 Hz, 2H), 2.08−2.03 (m, 2H), 1.73−1.65 

(m, 2H), 1.62−1.47 (m, 6H), 1.46−1.38 (m, 2H), 1.27−1.20 (m, 2H). 13C NMR (125 MHz, 

CD3OD) δ 198.3, 176.0, 175.1, 174.9, 173.1, 154.8, 150.2, 144.2, 142.3, 138.9, 137.2, 136.4, 

133.7, 131.3, 130.9, 130.6, 130.5, 130.1, 130.0, 129.5, 128.5, 120.1, 88.2, 84.5, 84.2, 83.7, 

71.6, 70.7, 70.3, 68.9, 58.2, 55.8, 40.2, 40.0, 39.2, 38.5, 36.9, 35.6, 29.9, 27.8, 27.4, 27.0, 26.6, 

25.8, 18.5. HRMS (ESI−): [M−H]− calcd for C51H61N10O11S, 1021.4242; found, 1021.4240. 
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Syntheses of probes 6 and 7 

 
(4-(But-3-yn-1-yloxy)phenyl)(4-hydroxyphenyl)methanone (36) 
 

 
 

DIAD (1.05 mL, 2 mmol) was dropwise added to a solution of 4, 4′-dihydroxybenzophenone 

35 (857 mg, 4 mmol), 3-butyn-1-ol (151 µL, 2 mmol) and PPh3 (525 mg, 2 mmol) in THF (20 

mL). The solution was stirred at room temperature for 6 h. The solvent was removed at 

reduced pressure. The residue was dissolved in 1 M aqueous NaOH and washed with EtOAc. 

The aqueous layer was acidified with 1 M aqueous HCl and extracted with EtOAc. The 

organic layer was washed with brine, dried over Na2SO4, and evaporated to dryness. The 

residue was purified by flush chromatography (2:1 hexane/EtOAc) to afford compound 36 as 

a colorless oil (340 mg, 64%). 1H NMR (500 MHz, CDCl3) δ 7.78 (d, J = 8.6 Hz, 2H), 7.73 (d, 

J = 8.6 Hz, 2H), 6.97 (d, J = 8.6 Hz, 2H), 6.92 (d, J = 8.6 Hz, 2H), 4.17 (t, J = 6.9 Hz, 2H), 

2.72 (ddd, J = 6.9, 6.9, 2.9 Hz, 2H), 2.06 (t, J = 2.9 Hz, 1H). 13C NMR (125 MHz, CDCl3) δ 

195.4, 162.0, 160.2, 132.8, 132.5, 131.0, 130.5, 115.4, 114.3, 80.2, 70.3, 66.3, 19.6. HRMS 

(ESI+): [M+H]+ calcd for C17H15O3, 267.1021; found, 267.1013. 

 
tert-Butyl 2-(2-(2-(4-(4-(but-3-yn-1-yloxy)benzoyl)phenoxy)ethoxy)ethoxy)acetate (38a) 
 

 

 
DIAD (1.16 mL, 2.2 mmol) was dropwise added to a solution of 36 (586 mg, 2.2 mmol), 37a 

(440 mg, 2 mmol) and PPh3 (577 mg, 2.2 mmol) in THF (20 mL). The solution was stirred at 

room temperature for 20 h. The solvent was removed at reduced pressure. The residue was 

purified by flush chromatography (4:1 to 2:1 hexane/EtOAc) to afford compound 38a as a 

white solid (658 mg, 70%). 1H NMR (500 MHz, CDCl3) δ 7.78−7.73 (m, 4H), 6.98−6.93 (m, 

4H), 4.21 (t, J = 4.6 Hz, 2H), 4.16 (t, J = 6.9 Hz, 2H), 4.02 (s, 2H), 3.89 (t, J = 4.6 Hz, 2H), 

3.78−3.72 (m, 4H), 2.70 (ddd, J = 6.9, 6.9, 2.9 Hz, 2H), 2.05 (t, J = 2.9 Hz, 1H), 1.46 (s, 9H). 

13C NMR (125 MHz, CDCl3) δ194.5, 169.7, 162.2, 161.7, 132.29, 132.27, 131.2, 130.9, 114.2, 

114.1, 81.7, 80.1, 71.0, 70.8, 70.3, 69.7, 69.2, 67.7, 66.2, 28.2, 19.6. HRMS (ESI+): [M+Na]+ 
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calcd for C27H32O7Na, 491.2046; found, 491.2037. 

 
tert-Butyl 
2-(2-(2-(2-(4-(4-(but-3-yn-1-yloxy)benzoyl)phenoxy)ethoxy)ethoxy)ethoxy)acetate (38b) 

 

 
 

DIAD (0.36 mL, 0.68 mmol) was dropwise added to a solution of 36 (150 mg, 0.57 mmol), 

37b (180 mg, 0.68 mmol) and PPh3 (178 mg, 0.68 mmol) in THF (5 mL). The solution was 

stirred at room temperature for 24 h. The solvent was removed at reduced pressure. The 

residue was purified by flush chromatography (1:1 hexane/EtOAc) to afford compound 38b 

as a white solid (217 mg, 74%). 1H NMR (500 MHz, CDCl3) δ 7.78−7.73 (m, 4H), 6.98−6.93 

(m, 4H), 4.20 (t, J = 5.2 Hz, 2H), 4.16 (t, J = 6.9 Hz, 2H), 4.01 (s, 2H), 3.88 (t, J = 5.2 Hz, 

2H), 3.75−3.67 (m, 8H), 2.71 (ddd, J = 6.9, 6.9, 2.9 Hz, 2H), 2.05 (t, J = 2.9 Hz, 1H), 1.46 (s, 

9H). 13C NMR (125 MHz, CDCl3) δ 194.5, 169.7, 162.2, 161.7, 132.31, 132.28, 131.2, 130.9, 

114.2, 114.1, 81.7, 80.1, 71.0, 70.83, 70.76, 70.74, 70.3, 69.6, 69.1, 67.7, 66.2, 28.2, 19.6. 

HRMS (ESI+): [M+Na]+ calcd for C29H36O8Na, 535.2488; found, 535.2309. 
 

2-(2-(2-(4-(4-(But-3-yn-1-yloxy)benzoyl)phenoxy)ethoxy)ethoxy)acetic acid (39a) 
 

 

 

Compound 38a (300 mg, 0.64 mmol) was dissolved in a 1:1 (v/v) mixture of TFA and CH2Cl2 

(10 mL) at room temperature. After 12 h, the flask was placed on the rotary evaporator and 

the TFA and CH2Cl2 were removed at reduced pressure to afford compound 39a as a white 

solid (258 mg, 98%). 1H NMR (500 MHz, CDCl3) δ 8.20−8.01 (br, 2H), 7.76−7.71 (m, 4H), 

6.97−6.91 (m, 4H), 4.20−4.11 (m, 6H), 3.91−3.86 (m, 2H), 3.77−3.73 (m, 4H), 2.72−2.66 (m, 

2H), 2.05 (t, J = 2.9 Hz, 1H). 13C NMR (125 MHz, CDCl3) δ195.0, 173.7, 162.1, 161.8, 

132.40, 132.37, 130.8, 130.7, 114.12, 114.09, 80.1, 71.0, 70.6, 70.3, 69.6, 68.4, 67.4, 66.1, 

19.5. HRMS (ESI+): [M+H]+ calcd for C23H25O7, 413.1600; found, 413.1595.  
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2-(2-(2-(2-(4-(4-(But-3-yn-1-yloxy)benzoyl)phenoxy)ethoxy)ethoxy)ethoxy)acetic acid 

(39b) 
 

 
 
Compound 38b (180 mg, 0.35 mmol) was dissolved in a 1:1 (v/v) mixture of TFA and CH2Cl2 

(2 mL) and stirred at room temperature. After 18 h, the flask was placed on the rotary 

evaporator and the TFA and CH2Cl2 were removed at reduced pressure to afford compound 

39b as a white solid (155 mg, 97%). 1H NMR (500 MHz, CDCl3) δ 7.78−7.74 (m, 4H), 

6.98−6.94 (m, 4H), 5.68 (br, 2H), 4.21 (t, J = 4.6 Hz, 2H), 4.16 (t, J = 6.9 Hz, 2H), 4.14 (s, 

2H), 3.88 (t, J = 4.6 Hz, 2H), 3.76−3.68 (m, 8H), 2.71 (ddd, J = 6.9, 6.9, 2.9 Hz, 2H), 2.06 (t, 

J = 2.9 Hz, 1H). 13C NMR (125 MHz, CDCl3) δ 194.8, 172.6, 162.1, 161.8, 132.40, 132.38, 

131.0, 130.9, 114.2, 114.1, 80.2, 71.2, 70.7, 70.30, 70.27, 69.6, 68.8, 67.6, 66.2, 19.5. HRMS 

(ESI+): [M+H]+ calcd for C28H29O8, 457.1862; found, 457.1859. 
 

((2R,3R,4R,5R)-5-(6-Amino-9H-purin-9-yl)-4-(4-(2-(2-(2-(4-(4-(but-3-yn-1-yloxy)benzoyl
)phenoxy)ethoxy)ethoxy)acetamido)butoxy)-3-((tert-butyldimethylsilyl)oxy)tetrahydrofu
ran-2-yl)methyl ((tert-butoxycarbonyl)-L-phenylalanyl)sulfamate (41a) 

 

 
 
1-Ethyl-3-(3-dimethylamonopropyl) carbodiimide hydrochloride (35 mg, 0.18 mmol) and 

N-hydroxysuccinimide (21 mg, 0.18 mmol) were added to a solution of 39a (37 mg, 0.09 

mmol) in DMF (1 mL). The solution was stirred at room temperature for 24 h. The reaction 

mixture was diluted with EtOAc. The mixture was washed with 5% citric acid, 5% NaHCO3, 

and brine. The organic layer was dried over Na2SO4 and evaporated to dryness to afford 

compound 40a as a white solid (47 mg). Compound 40a and cesium carbonate (59 mg, 0.18 

mmol) were added to a solution of compound 11 (47 mg, 0.06 mmol) in CH2Cl2 (1 mL). The 

solution was stirred at room temperature for 3 h. The solvent was removed at reduced 

pressure. The residue was diluted with EtOAc. The resulting mixture was washed with 5% 
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citric acid, 5% NaHCO3, and brine. The organic layer was dried over Na2SO4 and evaporated 

to dryness. The residue was purified by flash chromatography (10:1 to 8:1 CHCl3/MeOH) to 

afford compound 41a as a white solid (44 mg, 63%). 1H NMR (500 MHz, CD3OD) δ 8.47 (s, 

1H), 8.18 (s, 1H), 7.74−7.69 (m, 4H), 7.22−7.16 (m, 4H), 7.15−7.08 (m, 1H), 7.04−6.98 (m, 

4H), 6.13 (d, J = 5.7 Hz, 1H), 4.61−4.57 (m, 1H), 4.50 (dd, J = 5.7, 4.6 Hz, 1H), 4.34 (dd, J = 

11.5, 4.0 Hz, 1H), 4.29−4.22 (m, 3H), 4.21−4.14 (m, 3H), 3.95 (s, 2H), 3.87−3.83 (m, 2H), 

3.74−3.70 (m, 2H), 3.68−3.65 (m, 2H), 3.55−3.49 (m, 1H), 3.43−3.37 (m, 1H), 3.18−3.12 (m, 

1H), 3.10−3.04 (m, 2H), 2.91−2.84 (m, 1H), 2.68 (ddd, J = 6.9, 6.9, 2.9 Hz, 2H), 2.35 (t, J = 

2.9 Hz, 1H), 1.47−1.36 (m, 4H), 1.33 (s, 9H), 0.92 (s, 9H), 0.14 (s, 3H), 0.12 (s, 3H). 13C 

NMR (125 MHz, CD3OD) δ 196.5, 172.5, 163.8, 163.6, 157.4, 157.2, 153.9, 150.8, 141.3, 

139.0, 133.40, 133.37, 131.8, 130.6, 129.2, 127.4, 120.3, 115.3, 87.5, 85.3, 83.1, 81.3, 80.2, 

79.5, 72.6, 72.0, 71.6, 71.5, 71.12, 71.10. 70.7, 69.5, 68.9, 67.6, 59.1, 39.9, 39.5, 28.8, 28.1, 

27.1, 26.4, 20.1, 19.0, −4.3, −4.5. (The 13C signal of the sulfamoyloxy-linked carbonyl, 

around 180 ppm, was not observed.) HRMS (ESI+): [M+H]+ calcd for C57H77N8O15SSi, 

1173.4998; found, 1173.4998. 
 

((2R,3R,4R,5R)-5-(6-Amino-9H-purin-9-yl)-4-((1-(4-(4-(but-3-yn-1-yloxy)benzoyl)phenox
y)-11-oxo-3,6,9-trioxa-12-azahexadecan-16-yl)oxy)-3-((tert-butyldimethylsilyl)oxy)tetrah
ydrofuran-2-yl)methyl ((tert-butoxycarbonyl)-L-phenylalanyl)sulfamate (41b) 

 

 
 

1-Ethyl-3-(3-dimethylamonopropyl) carbodiimide hydrochloride (35 mg, 0.18 mmol) and 

N-hydroxysuccinimide (21 mg, 0.18 mmol) were added to a solution of 39b (41 mg, 0.09 

mmol) in DMF (1 mL). The solution was stirred at room temperature for 9 h. The reaction 

mixture was diluted with EtOAc. The mixture was washed with 5% citric acid, 5% NaHCO3, 

and brine. The organic layer was dried over Na2SO4 and evaporated to dryness to afford 

compound 40b as a white solid (50 mg). Compound 40b and cesium carbonate (59 mg, 0.18 

mmol) were added to a solution of compound 11 (47 mg, 0.06 mmol) in CH2Cl2 (1 mL). The 

solvent was stirred at room temperature for 3 h. The solvent was removed at reduced pressure. 

The residue was diluted with EtOAc. The resulting mixture was washed with 5% citric acid, 

5% NaHCO3, and brine. The organic layer was dried over Na2SO4 and evaporated to dryness. 

O

OTBSO

N

N

N

N

NH2

O

N
H

S
O

O
N
H

O

HN Boc O
O O O O

O

O



� 
��

The residue was purified by flash chromatography (10:1 CHCl3/MeOH) to afford compound 

41b as a white solid (35 mg, 48%). 1H NMR (500 MHz, CD3OD) δ 8.48 (s, 1H), 8.19 (s, 1H), 

7.75−7.70 (m, 4H), 7.21−7.17 (m, 4H), 7.15−7.09 (m, 1H), 7.05−7.00 (m, 4H), 6.14 (d, J = 

6.3 Hz, 1H), 4.61−4.58 (m, 1H), 4.53 (dd, J = 6.3, 4.6 Hz, 1H), 4.36−4.30 (m, 1H), 4.29−4.22 

(m, 3H), 4.21−4.15 (m, 4H), 3.93 (s, 2H), 3.86−3.83 (m, 1H), 3.71−3.68 (m, 2H), 3.66−3.61 

(m, 6H), 3.59−3.53 (m, 1H), 3.46−3.41 (m, 1H), 3.16 (dd, J = 13.8, 5.2 Hz, 1H), 3.09 (dd, J = 

6.9, 6.3 Hz, 2H), 2.88 (dd, J = 13.8, 8.0 Hz, 1H), 2.69 (ddd, J = 6.9, 6.9, 2.9 Hz, 2H), 2.35 (t, 

J = 2.9 Hz, 1H), 1.52−1.37 (m, 4H), 1.33 (s, 9H), 0.94 (s, 9H), 0.15 (s, 3H), 0.14 (s, 3H). 13C 

NMR (125 MHz, CD3OD) δ 196.5, 172.6, 163.9, 163.6, 157.4, 157.3, 154.0, 150.8, 141.3, 

139.0, 133.4, 131.9, 131.8, 130.6, 129.2, 127.4, 120.3, 115.30, 115,27, 87.5, 85.4, 83.1, 81.3, 

80.2, 72.7, 71.9, 71.7, 71.5, 71.3, 71.1, 71.08, 70.6, 69.6, 68.9, 67.6, 59.2, 40.0, 39.5, 28.8, 

28.1, 27.0, 26.4, 20.1, 19.0, −4.3, −4.5. (The 13C signal of the sulfamoyloxy-linked carbonyl, 

around 180 ppm, was not observed.) HRMS (ESI+): [M+H]+ calcd for C59H81N8O16SSi, 

1217.5261; found, 1217.5262. 
 
((2R,3R,4R,5R)-5-(6-Amino-9H-purin-9-yl)-4-(4-(2-(2-(2-(4-(4-(but-3-yn-1-yloxy)benzoyl

)phenoxy)ethoxy)ethoxy)acetamido)butoxy)-3-hydroxytetrahydrofuran-2-yl)methyl 
(L-phenylalanyl)sulfamate (6) 
 

 
 

Compound 41a (20 mg, 0.017 mmol) was dissolved in a 4:1 (v/v) mixture of TFA and H2O at 

room temperature. After 6 h, the flask was placed on the rotary evaporator and the TFA and 

H2O were removed at reduced pressure. The residue was purified by flash chromatography 

(3:1 CHCl3/MeOH) to afford compound 6 as a white solid (14 mg, 86%). 1H NMR (500 MHz, 

CD3OD) δ 8.47 (s, 1H), 8.18 (s, 1H), 7.74−7.69 (m, 4H), 7.29−7.24 (m, 4H), 7.19−7.14 (m, 

1H), 7.05−7.00 (m, 4H), 6.13 (d, J = 4.6 Hz, 1H), 4.42 (dd, J = 5.2, 4.6 Hz, 1H), 4.38−4.34 

(m, 2H), 4.32−4.25 (m, 2H), 4.24−4.20 (m, 2H), 4.17 (t, J = 6.9 Hz, 2H), 3.97 (s, 2H), 3.92 

(dd, J = 5.2, 4.6 Hz, 1H), 3.89−3.85 (m, 2H), 3.75−3.71 (m, 2H), 3.70−3.67 (m, 2H), 

3.66−3.62 (m, 1H), 3.57−3.51 (m, 1H), 3.16−3.11 (m, 1H), 3.06 (dd, J = 14.3, 8.6 Hz, 1H), 

2.72−2.66 (m, 2H), 2.35 (t, J = 2.9 Hz, 1H), 1.55−1.41 (m, 4H). 13C NMR (125 MHz, 
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CD3OD) δ 196.6, 175.2, 172.7, 163.8, 163.7, 157.1, 154.0, 150.6, 141.1, 136.4, 133.41, 

133.36, 131.8, 130.6, 130.0, 128.5, 120.2, 115.28, 115.25, 87.9, 84.3, 83.6, 81.3, 72.0, 71.59, 

71.56, 71.09, 71.06, 70.73, 70.69, 68.94, 68.91, 67.6, 58.2, 39.6, 38.5, 27.8, 27.0, 20.1. 

HRMS (ESI+): [M+H]+ calcd for C46H55N8O13S, 959.3609; found, 959.3604. 

 
((2R,3R,4R,5R)-5-(6-Amino-9H-purin-9-yl)-4-((1-(4-(4-(but-3-yn-1-yloxy)benzoyl)phenox
y)-11-oxo-3,6,9-trioxa-12-azahexadecan-16-yl)oxy)-3-hydroxytetrahydrofuran-2-yl)meth

yl (L-phenylalanyl)sulfamate (7) 
 

 
 
Compound 41b (18 mg, 0.015 mmol) was dissolved in a 4:1 (v/v) mixture of TFA and H2O at 

room temperature. After 6 h, the flask was placed on the rotary evaporator and the TFA and 

H2O were removed at reduced pressure. The residue was purified by flash chromatography 

(10:1 to 4:1 CHCl3/MeOH) to afford compound 7 as a white solid (13 mg, 86%). 1H NMR 

(500 MHz, CD3OD) δ 8.51 (s, 1H), 8.18 (s, 1H), 7.75−7.70 (m, 4H), 7.31−7.25 (m, 4H), 

7.20−7.15 (m, 1H), 7.05−7.00 (m, 4H), 6.15 (d, J = 5.2 Hz, 1H), 4.44 (t, J = 4.6 Hz, 1H), 4.41 

(dd, J = 5.2, 4.6 Hz, 1H), 4.37−4.33 (m, 1H), 4.32−4.26 (m, 2H), 4.23−4.20 (m, 2H), 4.18 (t, 

J = 6.9 Hz, 2H), 3.93 (s, 2H), 3.90 (dd, J = 8.6, 4.6 Hz, 1H), 3.87−3.84 (m, 2H), 3.72−3.55 (m, 

10H), 3.18−3.14 (m, 2H), 3.06−3.00 (m, 1H), 2.69 (ddd, J = 6.9, 6.9, 2.9 Hz, 2H), 2.36 (t, J = 

2.9 Hz, 1H), 1.61−1.45 (m, 4H). 13C NMR (125 MHz, CD3OD) δ 196.6, 175.2, 172.6, 163.9, 

163.7, 157.2, 154.0, 150.6, 141.1, 136.6, 133.4, 131.9, 131.7, 130.6, 130.0, 128.4, 120.1, 

115.3, 115.2, 87.8, 84.5, 83.7, 81.3, 71.9, 71.7, 71.6, 71.5, 71.3, 71.1, 70.8, 70.6, 68.93, 68.88, 

67.6, 58.3, 39.5, 38.6, 27.8, 27.0, 20.1. HRMS (ESI+): [M+H]+ calcd for C48H59N8O14S, 

1003.3871; found, 1003.3871. 
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Synthesis of probe 8 

 

Methyl 3-oxooct-7-ynoate (42) 
 

 

 

Oxalyl chloride (4.8 mL, 55.5 mmol) and DMF (144 µL) were added to a solution of 

5-hexynoic acid (4.0 mL, 37.0 mmol) in CH2Cl2 (90 mL) at 0 ºC. After 1 h at room 

temperature, the flask was placed on the rotary evaporator and the DMF and CH2Cl2 were 

removed at reduced pressure to afford 5-hexynoyl chloride as a red oil. To a solution of 

Meldrum′s acid (3.55 g, 24.7 mmol) in CH2Cl2 (50 mL) was added pyridine (5.0 mL, 61.8 

mmol) at 0 ºC. The solution was stirred at 0 ºC for 15 min and a solution of 5-hexynoyl 

chloride 21 in CH2Cl2 (10 mL) was added. The solution was stirred at room temperature for 2 

h. The reaction mixture was washed with 1 M aqueous HCl, H2O, and brine. The organic 

layer was dried over Na2SO4 and evaporated to dryness. The residue was dissolved in MeOH 

(20 mL) at room temperature and the solution was refluxed for 3 h. The reaction mixture was 

evaporated at reduced pressure. The residue was purified by flash chromatography (9:1 

hexane/EtOAc) to afford compound 42 as a colorless oil (3.0 g, 72%). 1H NMR (500 MHz, 

CDCl3) δ 3.72 (s, 3H), 3.46 (s, 2H), 2.69 (t, J = 6.9 Hz, 2H), 2.22 (ddd, J = 6.9, 6.9, 2.9 Hz, 

2H), 1.95 (t, J = 2.9 Hz, 1H), 1.83−1.76 (m, 2H). 13C NMR (125 MHz, CDCl3) δ 202.1, 167.6, 

83.4, 69.3, 52.5, 49.2, 41.4, 22.0, 17.6. HRMS (ESI+): [M+Na]+ calcd for C9H12O3Na, 

191.0684 ; found, 191.0861. 

 

Methyl 2-(2-(pent-4-yn-1-yl)-1,3-dioxolan-2-yl)acetate (43) 

 

 

 
TsOH
H2O (3.4 g, 17.8 mmol) and HC(OMe)3 (5.8 mL, 53.4 mmol) were added to a solution 

of compound 42 (3.0 g, 17.8 mmol) in ethylene glycol (3.0 mL, 53.4 mmol). The solution was 

stirred for 3 h at room temperature. The reaction mixture was diluted with sat. NaHCO3 and 

extracted with Et2O. The organic layer was washed with brine, dried over Na2SO4, and 

evaporated to dryness. The residue was purified by flash chromatography (8:1 hexane/EtOAc) 

to afford compound 43 as a colorless oil (3.3 g, 87%). 1H NMR (500 MHz, CDCl3) δ 

MeO

O O

MeO
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4.01−3.93 (m, 4H), 3.67 (s, 3H), 2.64 (s, 2H), 2.20 (ddd, J = 7.5, 7.5, 2.9 Hz, 2H), 1.95−1.89 

(m, 3H), 1.66−1.59 (m, 2H). 13C NMR (125 MHz, CDCl3) δ 170.0, 109.1, 84.2, 68.6, 65.3, 

51.9, 42.7, 36.7, 22.6, 18.5. HRMS (ESI+): [M+H]+ calcd for C11H17O4, 213.1127; found, 

213.1124. 

 

2-(2-(Pent-4-yn-1-yl)-1,3-dioxolan-2-yl)ethan-1-ol (44) 
 

 

 

Lithium aluminum hydride (806 mg, 21.2 mmol) was added to a solution of compound 43 

(3.0 g, 14.1 mmol) in THF (40 mL) at 0 ºC. The solution was stirred for 30 min at room 

temperature. A saturated solution of Rochelle salt was slowly added. The resulting mixture 

was vigorously stirred at room temperature for 18 h. The solution was diluted with EtOAc and 

washed with H2O and brine. The organic layer was dried over Na2SO4 and evaporated to 

dryness. The residue was purified by flash chromatography (2:1 hexane/EtOAc) to afford 

compound 44 as a colorless oil (2.5 g, 97%). 1H NMR (500 MHz, CDCl3) δ 4.03−3.96 (m, 

4H), 3.74 (t, J = 5.2 Hz, 2H), 2.53 (br, 1H), 2.20 (ddd, J = 6.9, 6.9, 2.9 Hz, 2H), 1.95 (t, J = 

2.9 Hz, 1H), 1.92 (t, J = 5.7 Hz, 2H), 1.79−1.74 (m, 2H), 1.63−1.56 (m, 2H). 13C NMR (125 

MHz, CDCl3) δ 112.0, 84.1, 68.8, 64.9, 58.9, 38.3, 36.0, 22.9, 18.6. HRMS (ESI+): [M+Na]+ 

calcd for C10H16O3Na, 207.0997; found, 207.0992. 

 

1-Hydroxyoct-7-yn-3-one (45) 
 

 

 
TsOH
H2O (640 mg, 3.4 mmol) was added to a solution of compound 44 (2.5 g, 13.6 mmol) 

in acetone (30 mL). The solution was stirred at room temperature for 20 min. The reaction 

mixture was diluted with sat. NaHCO3 and extracted with EtOAc. The organic layer was 

washed with brine, dried over Na2SO4, and evaporated to dryness. The residue was purified 

by flash chromatography (3:2 hexane/EtOAc) to afford compound 45 as a colorless oil (1.8 g, 

94%). 1H NMR (500 MHz, CDCl3) δ 3.85 (t, J = 5.2 Hz, 2H), 2.69 (t, J = 5.2 Hz, 2H), 2.60 (t, 

J = 7.5 Hz, 2H), 2.23 (ddd, J = 6.9, 6.9, 2.9 Hz, 2H), 1.97 (t, J = 2.9 Hz, 1H), 1.84−1.77 (m, 

2H). 13C NMR (125 MHz, CDCl3) δ 211.1, 83.5, 69.4, 58.0, 44.6, 41.7, 22.1, 17.8. HRMS 

HO
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(ESI+): [M+Na]+ calcd for C8H12O2Na, 163.0735; found, 163.0733. 

 

2-(3-(Pent-4-yn-1-yl)-3H-diazirin-3-yl)ethan-1-ol (46) 
 

 

 

Anhydrous ammonia (10 mL) was condensed into a three-necked round-bottomed flask 

containing compound 45 (1.1 g, 7.85 mmol) at –78 ºC. The mixture was stirred at –40 ºC for 5 

h. The solution was cooled down to –78 ºC in a dry ice/acetone bath, and a solution of 

hydroxylamine-O-sulfonic acid (1.77 g, 15.7 mmol) in anhydrous MeOH (10 mL) was added 

over a period of 30 min. The resulting mixture was stirred at –40 ºC for 1 h. The remaining 

ammonia was evaporated at room temperature. The resulting slurry was filtered and the filter 

cake was washed with MeOH. The filtrate was evaporated at reduced pressure. Et3N (1.5 mL) 

was added to a solution of the diaziridine in CH2Cl2 (5 mL). A solution of I2 (3.0 g, 11.8 

mmol) in CH2Cl2 (5 mL) was slowly added until the appearance of a persistent orange-brown 

coloration. The solvent was removed at reduce pressure. The residue was purified by flash 

chromatography (5:1 to 3:1 hexane/EtOAc) to afford compound 46 as a colorless oil (388 mg, 

32%). 1H NMR (500 MHz, CDCl3) δ 3.47 (t, J = 6.3 Hz, 2H), 2.17 (ddd, J = 6.9, 6.9, 2.9 Hz, 

2H), 1.95 (t, J = 2.9 Hz, 1H), 1.67 (t, J = 6.3 Hz, 2H), 1.59−1.55 (m, 2H), 1.38−1.31 (m, 2H). 
13C NMR (125 MHz, CDCl3) δ 83.5, 69.1, 57.6, 35.7, 32.2, 26.9, 22.8, 18.0. HRMS (ESI+): 

[M+H]+ calcd for C8H13N2O, 153.1028; found, 153.1025. 

 

3-(3-(Pent-4-yn-1-yl)-3H-diazirin-3-yl)propanenitrile (48) 
 

 

 

To a solution of imidazole (135mg, 1.98 mmol) and PPh3 (191 mg, 0.73 mmol) in CH2Cl2 (4 

mL) were added I2 (201 mg, 0.79 mmol) at 0 ºC. The solution was stirred at 0 ºC for 5 min 

and a solution of compound 46 (100 mg, 0.66 mmol) in CH2Cl2 (2 mL) was added. The 

mixture was stirred at room temperature for 3 h. The reaction mixture was diluted with sat. 

Na2S2O3 and extracted with EtOAc. The organic layer was washed with brine, dried over 

Na2SO4, and evaporated to dryness. The residue was purified by flash chromatography (30:1 

hexane/EtOAc) to afford compound 47 as a colorless oil (163 mg, 94%). 1H NMR (500 MHz, 
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CDCl3) δ 2.88 (t, J = 7.5 Hz, 2H), 2.17 (ddd, J = 6.9, 6.9, 2.9 Hz, 2H), 2.06 (t, J = 7.5 Hz, 2H), 

1.96 (t, J = 2.9 Hz, 1H), 1.60−1.55 (m, 2H), 1.36−1.29 (m, 2H). 13C NMR (125 MHz, CDCl3) 

δ 83.3, 69.3, 37.8, 31.3, 28.9, 22.7, 18.0, −3.7. KCN (50 mg, 0.76 mmol) was added to a 

solution of compound 47 (100 mg, 0.38 mmol) at room temperature. The solution was stirred 

at 70 ºC for 2 h. The reaction mixture was diluted with H2O and extracted with EtOAc. The 

organic layer was washed with brine, dried over Na2SO4, and evaporated to dryness. The 

residue was purified by flash chromatography (5:1 hexane/EtOAc) to afford compound 48 as 

a colorless oil (52 mg, 85%). 1H NMR (500 MHz, CDCl3) δ 2.20−2.14 (m, 4H), 1.97 (t, J = 

2.9 Hz, 1H), 1.79 (t, J = 7.5 Hz, 2H), 1.65−1.59 (m, 2H), 1.36−1.29 (m, 2H). 13C NMR (125 

MHz, CDCl3) δ 118.5, 83.0, 69.5, 31.1, 29.7, 27.2, 22.6, 17.9, 12.2. HRMS (ESI+): [M+H]+ 

calcd for C9H12N3, 184.0851; found, 184.0852. 

 

3-(3-(Pent-4-yn-1-yl)-3H-diazirin-3-yl)propanoic acid (49) 

 

 
 

Compound 48 (50 mg, 0.31 mmol) was dissolved in 10% aqueous NaOH (5 mL). The 

solution was refluxed for 10 h. The reaction mixture was washed with EtOAc. The aqueous 

phase was acidified with 6 M aqueous HCl and extracted with EtOAc. The organic layer was 

washed with brine, dried over Na2SO4, and evaporated to dryness to afford compound 49 as a 

colorless oil (52 mg, 93%). 1H NMR (500 MHz, CDCl3) δ 2.19−2.14 (m, 4H), 1.95 (t, J = 2.9 

Hz, 1H), 1.79−1.74 (m, 2H), 1.57−1.52 (m, 2H), 1.37−1.29 (m, 2H). 13C NMR (125 MHz, 

CDCl3) δ 178.5, 83.3, 69.2, 31.6, 28.4, 28.0, 27.8, 22.7, 18.0. HRMS (ESI+): [M+H]+ calcd 

for C9H11N2O2, 179.0821 ; found, 179.0831. 

 

((2R,3R,4R,5R)-5-(6-Amino-9H-purin-9-yl)-3-((tert-butyldimethylsilyl)oxy)-4-(4-(3-(3-(pe
nt-4-yn-1-yl)-3H-diazirin-3-yl)propanamido)butoxy)tetrahydrofuran-2-yl)methyl 

((tert-butoxycarbonyl)-L-phenylalanyl)sulfamate (51) 
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1-Ethyl-3-(3-dimethylamonopropyl) carbodiimide hydrochloride (13.8 mg, 0.072 mmol) and 

N-hydroxysuccinimide (8.3 mg, 0.072 mmol) were added to a solution of 49 (9.0 mg, 0.048 

mmol) in CH2Cl2 (1 mL). The solution was stirred at room temperature for 12 h. The reaction 

mixture was diluted with EtOAc. The mixture was washed with 5% citric acid, 5% NaHCO3, 

and brine. The organic layer was dried over Na2SO4 and evaporated to dryness to afford 

compound 50 as a white solid (13 mg). Compound 50 and cesium carbonate (31 mg, 0.096 

mmol) were added to a solution of compound 11 (25 mg, 0.032 mmol) in DMF (1 mL). The 

solution was stirred at room temperature for 1 h. The solvent was removed at reduced 

pressure. The residue was diluted with EtOAc. The resulting mixture was washed with 5% 

citric acid, 5% NaHCO3, and brine. The organic layer was dried over Na2SO4 and evaporated 

to dryness. The residue was purified by flash chromatography (10:1 to 8:1 CHCl3/MeOH) to 

afford compound 51 as a white solid (18 mg, 60%). 1H NMR (500 MHz, CD3OD) δ 8.47 (s, 

1H), 8.21 (s, 1H), 7.24−7.18 (m, 4H), 7.17−7.10 (m, 1H), 6.15 (d, J = 5.7 Hz, 1H), 4.63−4.59 

(m, 1H), 4.56−4.52 (m, 1H), 4.38−4.31(m, 1H), 4.29−4.22 (m, 3H), 3.59−3.54 (m, 1H), 

3.49−3.43 (m, 1H), 3.17 (dd, J = 13.8, 5.2 Hz, 1H), 3.08−3.02 (m, 2H), 2.87 (dd, J = 13.8, 8.0 

Hz, 1H), 2.21 (t, J = 2.9 Hz, 1H), 2.13 (ddd, J = 6.9, 6.9, 2.9 Hz, 2H), 1.96 (t, J = 7.5 Hz, 2H), 

1.66 (t, J = 7.5 Hz, 2H), 1.54−1.38 (m, 6H), 1.36−1.22 (m, 11H), 0.95 (s, 9H), 0.17 (s, 3H), 

0.16 (s, 3H). 13C NMR (125 MHz, CD3OD) δ 174.3, 174.2, 157.5, 157.3, 154.0, 150.7, 141.3, 

139.0, 130.6, 129.2, 127.4, 120.3, 87.7, 85.2, 84.1, 83.0, 80.3, 72.6, 71.5, 70.2, 69.6, 59.3, 

40.2, 40.1, 39.9, 32.5, 31.2, 30.0, 29.0, 28.8, 28.2, 26.9, 26.3, 24.0, 19.0, 18.5, −4.3, −4.5. 

HRMS (ESI–): [M–H]– calcd for C43H63N10O10SSi, 939.4209; found, 939.4214. 

 

((2R,3R,4R,5R)-5-(6-Amino-9H-purin-9-yl)-3-hydroxy-4-(4-(3-(3-(pent-4-yn-1-yl)-3H-dia
zirin-3-yl)propanamido)butoxy)tetrahydrofuran-2-yl)methyl (L-phenylalanyl)sulfamate 
(8) 

 

 
 

Compound 51 (18 mg, 0.019 mmol) was dissolved in a 4:1 (v/v) mixture of TFA and H2O at 

room temperature. After 9 h, the flask was placed on the rotary evaporator and the TFA and 

H2O were removed at reduced pressure. The residue was purified by flash chromatography 

(5:1 to 4:1 CHCl3/MeOH) to afford compound 8 as a white solid (13 mg, 94%). 1H NMR 
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(500 MHz, CD3OD) δ 8.59 (s, 1H), 8.27 (s, 1H), 7.31−7.26 (m, 4H), 7.22−7.17 (m, 1H), 6.19 

(d, J = 5.2 Hz, 1H), 4.46 (t, J = 4.6 Hz, 1H), 4.42 (t, J = 4.6 Hz, 1H), 4.39−4.35 (m, 1H), 

4.33−4.28 (m, 2H), 3.93 (dd, J = 8.0, 5.2 Hz, 1H), 3.74−3.68 (m, 1H), 3.65−3.59 (m, 1H), 

3.35−3.32 (m, 1H), 3.14−3.09 (m, 2H), 3.06 (dd, J = 14.3, 8.0 Hz, 1H), 2.22 (t, J = 2.9 Hz, 

1H), 2.13 (ddd, J = 6.9, 6.9, 2.9 Hz, 2H), 1.97 (t, J = 7.5 Hz, 2H), 1.67 (t, J = 7.5 Hz, 2H), 

1.62−1.46 (m, 6H), 1.32−1.25 (m, 2H). 13C NMR (125 MHz, CD3OD) δ 174.9, 174.3, 155.3, 

151.1, 150.3, 142.0, 136.4, 130.6, 130.0, 128.5, 120.1, 88.1, 84.6, 84.1, 83.7, 71.6, 70.7, 70.2, 

68.9, 58.2, 40.0, 38.5, 32.5, 31.1, 30.0, 29.0, 27.9, 26.9, 24.0, 18.5. HRMS (ESI–): [M–H]– 

calcd for C32H41N10O8S, 725.2830; found, 725.2826. 
 

Synthesis of probe 9 

 

Methyl N2-(tert-butoxycarbonyl)-N6-(hex-5-ynoyl)-L-lysinate (52) 

 

 
 

1-Ethyl-3-(3-dimethylaminopropyl) carbodiimide hydrochloride (176 mg, 0.92 mmol) and 

1-hydroxybenzotriazole (127 mg, 0.92 mmol) were added to a solution of 5-hexynoic acid 

(125 µL, 1.16 mmol) and DIEA (268 µL, 1.54 mmol) in CH2Cl2 (8 mL). The solution was 

stirred at room temperature for 5 min and Boc-Lys-OMe (201 mg, 0.77 mmol) was added. 

After 4 h, the reaction mixture was diluted with EtOAc. The mixture was washed with 5% 

citric acid, 5% NaHCO3, and brine. The organic layer was dried over Na2SO4 and evaporated 

to dryness. The residue was purified by flash chromatography (40:1 CHCl3/MeOH) to afford 

compound 52 as a white solid (240 mg, 87%). 1H NMR (500 MHz, CDCl3) δ 6.06 (br, 1H), 

5.18 (d, J = 8.0 Hz, 1H), 4.13 (dd, J = 12.6, 7.5 Hz, 1H), 3.67 (s, 3H), 3.17 (q, J = 6.3 Hz, 2H), 

2.24 (t, J = 7.5 Hz, 2H), 2.18 (ddd, J = 6.9, 6.9, 2.9 Hz, 2H), 1.93 (t, J = 2.9 Hz, 1H), 

1.83−1.68 (m, 3H), 1.64−1.54 (m, 1H), 1.52−1.43 (m, 2H), 1.37 (s, 9H), 1.34−1.27 (m, 2H). 
13C NMR (125 MHz, CDCl3) δ 173.3, 172.5, 155.6, 83.6, 80.0, 69.3, 53.2, 52.4, 39.2, 35.1, 

32.5, 29.1, 28.4, 24.2, 22.6, 17.9. HRMS (ESI+): [M+Na]+ calcd for C18H30N2O5Na, 

377.2047; found, 377.2045. 
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Methyl N6-(hex-5-ynoyl)-N2-(4-(3-(trifluoromethyl)-3H-diazirin-3-yl)benzoyl)-L-lysinate 

(54) 
 

 

 

Compound 52 (107 mg, 0.3 mmol) was dissolved in a 1:1 (v/v) mixture of TFA and CH2Cl2 at 

room temperature. After 2 h, the flask was placed on the rotary evaporator and the TFA and 

CH2Cl2 were removed at reduced pressure to afford TFA salt as a white solid (122 mg, quant.). 

This material can be used in the next step without further purification.�
1-Ethyl-3-(3-dimethylaminopropyl)carbodiimide hydrochloride (72.8 mg, 0.38 mmol) and 

1-hydroxybenzotriazole (52.4 mg, 0.38 mmol) were added to a solution of 

4-[3-(trifluoromethyl)-3H-diazirin-3-yl] benzoic acid 53 (87 mg, 0.38 mmol) and DIEA (111 

µL, 0.64 mmol) in CH2Cl2 (3 mL). The solution was stirred at room temperature for 5 min 

and the amine (122 mg, 0.3 mmol) was added. After 18 h, the reaction mixture was diluted 

with EtOAc. The mixture was washed with 5% citric acid, 5% NaHCO3, and brine. The 

organic layer was dried over Na2SO4 and evaporated to dryness. The residue was purified by 

flash chromatography (1:2 hexane/EtOAc) to afford compound 54 as a white solid (127 mg, 

90%). 1H NMR (500 MHz, CDCl3) δ 7.89 (d, J =8.0 Hz, 2H), 7.29 (d, 6.9 Hz, 1H), 7.20 (d, J 

= 8.0 Hz, 2H), 6.11 (br, 1H), 4.70−4.63 (m, 1H), 3.73 (s, 3H), 3.29−3.22 (m, 1H), 3.21−3.14 

(m, 1H), 2.29−2.19 (m, 2H), 2.14 (ddd, J = 6.9, 6.9, 2.3 Hz, 2H), 1.96−1.80 (m, 3H), 

1.78−1.70 (m, 2H), 1.57−1.46 (m, 2H), 1.45−1.30 (m, 2H). 13C NMR (125 MHz, CDCl3) δ 

173.1, 172.9, 166.4, 134.8, 132.6, 127.9, 126.6, 123.0, 120.9, 83.4, 69.3, 52.8, 52.6, 38.5, 35.1, 

31.3, 29.1, 24.3, 22.5, 17.9. HRMS (ESI+): [M+H]+ calcd for C22H26F3N4O4, 467.1906; found, 

467.1908. 

 

  

N
H

OMe

O

HN

O

O

F3C
N N



� �  �

N6-(Hex-5-ynoyl)-N2-(4-(3-(trifluoromethyl)-3H-diazirin-3-yl)benzoyl)-L-lysine (55) 

 

 

 

To a solution of 54 (72.8 mg, 0.16 mmol) in MeOH (1.5 mL) was added 234 µL of a 1 M 

aqueous LiOH solution at 0 °C. The mixture was stirred at room temperature for 24 h. The 

flask was then placed on a rotary evaporator and the MeOH were removed at reduced 

pressure. The residue was diluted with H2O and washed with EtOAc. The aqueous layer was 

acidified with citric acid monohydrate and extracted with EtOAc. The combined organic layer 

was washed with brine, dried over Na2SO4, and evaporated to dryness to afford compound 55 

as a white solid (66 mg, 92%). 1H NMR (500 MHz, CDCl3) δ 7.85 (d, J = 8.0 Hz, 1H), 7.76 

(d, J = 8.0 Hz, 2H), 7.03 (d, J = 8.0 Hz, 2H), 6.25 (br, 1H), 4.86−4.82 (m, 1H), 3.46 (br, 1H), 

3.19−3.10 (m, 1H), 2.31 (t, J = 7.5 Hz, 2H), 2.18−2.13 (m, 2H), 1.95 (t, J = 2.3, 1H), 

1.94−1.85 (m, 2H), 1.80−1.72 (m, 2H), 1.58−1.40 (m, 3H), 1.39−1.28 (m, 1H). 13C NMR 

(125 MHz, CDCl3) δ 175.1, 174.5, 166.2, 134.2, 132.4, 127.7, 126.4, 125.2, 123.0, 120.8, 

118.7, 83.1, 69.7, 52.6, 38.7, 35.2, 31.1, 29.1, 24.2, 22.2, 17.8. HRMS (ESI+): [M+H]+ calcd 

for C21H24F3N4O4, 453.1744; found, 453.1744. 

 

((2R,3R,4R,5R)-5-(6-Amino-9H-purin-9-yl)-3-((tert-butyldimethylsilyl)oxy)-4-(4-((S)-6-(h
ex-5-ynamido)-2-(4-(3-(trifluoromethyl)-3H-diazirin-3-yl)benzamido)hexanamido)butox
y)tetrahydrofuran-2-yl)methyl ((tert-butoxycarbonyl)-L-phenylalanyl)sulfamate (57) 

 

 

 

1-Ethyl-3-(3-dimethylamonopropyl) carbodiimide hydrochloride (13.8 mg, 0.072 mmol) and 
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N-hydroxysuccinimide (8.3 mg, 0.072 mmol) were added to a solution of 55 (22 mg, 0.048 

mmol) in CH2Cl2 (1 mL). The solution was stirred at room temperature for 12 h. The reaction 

mixture was diluted with EtOAc. The mixture was washed with 5% citric acid, 5% NaHCO3, 

and brine. The organic layer was dried over Na2SO4 and evaporated to dryness to afford 

compound 56 as a white solid (27 mg). Compound 56 and cesium carbonate (31 mg, 0.096 

mmol) were added to a solution of compound 11 (25 mg, 0.032 mmol) in DMF (1 mL). The 

solution was stirred at room temperature for 1 h. The solvent was removed at reduced 

pressure. The residue was diluted with EtOAc. The resulting mixture was washed with 5% 

citric acid, 5% NaHCO3, and brine. The organic layer was dried over Na2SO4 and evaporated 

to dryness. The residue was purified by flash chromatography (15:1 to 10:1 CHCl3/MeOH) to 

afford compound 57 as a white solid (30 mg, 77%).  1H NMR (500 MHz, CD3OD) δ 8.47 (s, 

1H), 8.20 (s, 1H), 8.07 (dd, J = 5.7, 5.2 Hz, 1H), 7.98 (dd, J = 5.7, 5.2 Hz, 1H), 7.95 (d, J = 

8.6 Hz, 2H), 7.33 (d, J = 8.0 Hz, 2H), 7.23−7.16 (m, 4H), 7.15−7.09 (m, 1H), 6.14 (d, J = 5.7 

Hz, 1H), 4.63−4.58 (m, 1H), 4.54 (dd, J = 9.7, 4.6 Hz, 1H), 4.45 (dd, J = 8.6, 5.2 Hz, 1H), 

4.39−4.31 (m, 1H), 4.30−4.19 (m, 3H), 3.59−3.53 (m, 1H), 3.51−3.43 (m, 1H), 3.22−3.05 (m, 

5H), 2.86 (dd, J = 13.2, 8.6 Hz, 1H), 2.29−2.22 (m, 3H), 2.15 (ddd, J = 6.9, 6.9, 2.9 Hz, 2H), 

1.90−1.70 (m, 4H), 1.59−1.36 (m, 8H), 1.33 (s, 9H), 0.93 (s, 9H), 0.15 (s, 3H), 0.13 (s, 3H). 
13C NMR (125 MHz, CD3OD) δ 180.4, 175.3, 174.2, 168.8, 157.5, 157.3, 154.0, 150.7, 141.3, 

139.0, 136.7, 133.2, 130.6, 129.4, 129.2, 127.6, 127.4, 124.5, 122.3, 120.3, 87.7, 85.1, 84.1, 

83.0, 80.3, 72.7, 71.5, 70.3, 69.6, 59.4, 55.5, 40.1, 40.0, 39.9, 35.9, 32.7, 30.0, 28.7, 28.1, 26.9, 

26.3, 26.0, 24.4, 19.0, 18.6, −4.3, −4.5. HRMS (ESI–): [M–H]– calcd for C55H74F3N12O12SSi, 

1211.4991; found, 1211.4997. 

 
((2R,3R,4R,5R)-5-(6-Amino-9H-purin-9-yl)-4-(4-((S)-6-(hex-5-ynamido)-2-(4-(3-(trifluor
omethyl)-3H-diazirin-3-yl)benzamido)hexanamido)butoxy)-3-hydroxytetrahydrofuran-2

-yl)methyl (L-phenylalanyl)sulfamate (9) 
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Compound 57 (28 mg, 0.023 mmol) was dissolved in a 4:1 (v/v) mixture of TFA and H2O at 

room temperature. After 5 h, the flask was placed on the rotary evaporator and the TFA and 

H2O were removed at reduced pressure. The residue was purified by flash chromatography 

(5:1 to 4:1 CHCl3/MeOH) to afford compound 9 as a white solid (22 mg, 96%). 1H NMR 

(500 MHz, CD3OD) δ 8.56 (s, 1H), 8.29 (s, 1H), 7.95 (d, J = 8.6 Hz, 2H), 7.33 (d, J = 8.0 Hz, 

2H), 7.31−7.26 (m, 4H), 7.21−7.16 (m, 1H), 6.18 (dd, J = 4.6, 4.0 Hz, 1H), 4.49−4.43 (m, 

2H), 4.42−4.35 (m, 2H), 4.34−4.27 (m, 2H), 3.94 (dd, J = 8.0, 5.2 Hz, 1H), 3.74−3.67 (m, 

1H), 3.67−3.59 (m, 1H), 3.33−3.30 (m, 1H, overlapping with MeOH), 3.21−3.14 (m, 4H), 

3.10−3.13 (m, 1H), 2.29−2.22 (m, 3H), 2.16 (ddd, J = 6.9, 6.9, 2.9 Hz, 2H), 1.90−1.70 (m, 

4H), 1.67−1.35 (m, 8H). 13C NMR (125 MHz, CD3OD) δ 175.4, 174.9, 174.3, 168.9, 154.9, 

150.2, 142.2, 136.7, 136.4, 133.2, 130.6, 130.0, 129.4, 128.5, 127.6, 124.5, 122.3, 120.1, 

119.3, 116.9, 88.2, 84.5, 84.1, 83.7, 71.6, 70.7, 70.3, 68.9, 58.2, 55.7, 40.0, 39.9, 38.5, 35.9, 

32.6, 30.0, 27.8, 26.9, 26.0, 24.4, 18.6. HRMS (ESI–): [M–H]– calcd for C44H52F3N12O10S, 

997.3602; found, 997.3599. 
 

Synthesis of probe 10 

 

Methyl 
N2-(tert-butoxycarbonyl)-N6-(4-(3-(trifluoromethyl)-3H-diazirin-3-yl)benzoyl)-L-lysinate 

(58) 
 

 
 

1-Ethyl-3-(3-dimethylaminopropyl)carbodiimide hydrochloride (119 mg, 0.62 mmol) and 

1-hydroxybenzotriazole (85.6 mg, 0.62 mmol) were added to a solution of 

4-[3-(trifluoromethyl)-3H-diazirin-3-yl] benzoic acid 53 (180 mg, 0.78 mmol), and DIEA 

(181 µL, 1.04 mmol) in CH2Cl2 (5 mL). The solution was stirred at room temperature for 5 

min and Boc-Lys-OMe (136 mg, 0.52 mmol) was added. After 12 h, the reaction mixture was 

diluted with EtOAc. The resulting mixture was washed with 5% citric acid, 5% NaHCO3, and 

brine. The organic layer was dried over Na2SO4 and evaporated to dryness. The residue was 

purified by flash chromatography (2:1 hexane/EtOAc) to afford compound 58 as a white solid 

(175 mg, 71%). 1H NMR (500 MHz, CDCl3) δ 7.79 (d, J = 8.3 Hz, 2H), 7.19 (d, J = 8.0 Hz, 
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2H), 6.68 (br, 1H), 5.19 (d, J = 8.0 Hz, 1H), 4.29−4.23 (m, 1H), 3.70 (s, 3H), 3.42 (q, J = 6.3 

Hz, 2H), 1.84−1.77 (m, 1H), 1.69−1.59 (m, 3H), 1.46−1.34 (m, 11H). 13C NMR (125 MHz, 

CDCl3) δ 173.3, 166.7, 155.7, 135.8, 132.2, 127.6, 126.6, 125.3, 123.1, 120.9, 118.7, 80.1, 

53.1, 52.4, 39.8, 32.6, 28.8, 28.3, 22.7. HRMS (ESI+): [M+Na]+ calcd for C21H27F3N4O5Na, 

495.1831; found, 495.1830. 

 

Methyl N2-(hex-5-ynoyl)-N6-(4-(3-(trifluoromethyl)-3H-diazirin-3-yl)benzoyl)-L-lysinate 

(59) 
 

 
 

Compound 58 (110 mg, 0.23 mmol) was dissolved in a 1:1 (v/v) mixture of TFA and CH2Cl2 

at room temperature. After 1 h, the flask was placed on the rotary evaporator and the TFA and 

CH2Cl2 were removed at reduced pressure to afford TFA salt as a white solid (80 mg, quant.). 

This material can be used in the next step without further purification.�
��Ethyl-3-(3-dimethylaminopropyl)carbodiimide hydrochloride (53 mg, 0.28 mmol) and 

1-hydroxybenzotriazole (38 mg, 0.28 mmol) were added to a solution of 5-hexynoic acid (30 

µL, 0.28 mmol) and DIEA (80 µL, 0.46 mmol) in CH2Cl2 (2 mL). The solution was stirred at 

room temperature for 5 min and the amine (80 mg, 0.23 mmol) was added. After 15 h, the 

reaction mixture was diluted with EtOAc. The mixture was washed with 5% citric acid, 5% 

NaHCO3, and brine. The organic layer was dried over Na2SO4 and evaporated to dryness. The 

residue was purified by flash chromatography (1:2 hexane/EtOAc) to afford compound 59 as 

a white solid (93 mg, 86%). 1H NMR (500 MHz, CDCl3) δ 7.83 (d, J = 8.6 Hz, 2H), 7.17 (d, J 
= 8.6 Hz, 2H), 7.00 (dd, J = 5.7, 5.2 Hz, 1H), 6.49 (d, J = 8.0 Hz, 1H), 4.57−4.49 (m, 1H), 

3.69 (s, 3H), 3.45−3.33 (m, 2H), 2.36−2.25 (m, 2H), 2.15 (ddd, J = 6.9, 6.9, 2.9 Hz, 2H), 1.94 

(t, J = 2.9 Hz, 1H), 1.88−1.54 (m, 6H), 1.42−1.33 (m, 2H). 13C NMR (125 MHz, CDCl3) δ 

172.9, 172.7, 166.7, 135.6, 132.2, 127.6, 126.5, 123.0, 120.9, 83.3, 69.4, 52.5, 51.7, 39.5, 34.8, 

32.0, 28.5, 24.1, 22.5, 17.8. HRMS (ESI+): [M+H]+ calcd for C22H26F3N4O4, 467.1901; found, 

467.1901. 
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N2-(Hex-5-ynoyl)-N6-(4-(3-(trifluoromethyl)-3H-diazirin-3-yl)benzoyl)-L-lysine (60) 

 

 
 

To a solution of 59 (85 mg, 0.18 mmol) in MeOH (1.5 mL) was added 270 µL of a 1 M 

aqueous LiOH solution at 0 °C. The mixture was stirred at room temperature for 18 h. The 

flask was then placed on a rotary evaporator and the MeOH were removed at reduced 

pressure. The residue was diluted with H2O and washed with EtOAc. The aqueous layer was 

acidified with citric acid monohydrate and extracted with EtOAc. The combined organic layer 

was washed with brine, dried over Na2SO4, and evaporated to dryness to afford compound 60 

as a white solid (81 mg, 100%). 1H NMR (500 MHz, CDCl3) δ 7.80 (d, J = 8.0 Hz, 2H), 7.42 

(br, 1H), 7.15 (d, J = 8.0 Hz, 2H), 7.02 (d, J = 6.9 Hz, 1H), 4.52−4.45 (m, 1H), 3.46−3.30 (m, 

2H), 2.32 (t, J = 6.9 Hz, 2H), 2.13 (ddd, J = 6.9, 6.9, 2.3 Hz, 2H), 1.95 (t, J = 2.3 Hz, 1H), 

1.90−1.81 (m, 1H), 1.78−1.69 (m, 3H), 1.67−1.52 (m, 2H), 1.45−1.32 (m, 2H). 13C NMR 

(125 MHz, CDCl3) δ 174.6, 173.4, 167.4, 135.2, 132.5, 127.8, 126.5, 125.2, 123.0, 120.9, 

118.7, 83.3, 69.6, 52.3, 39.8, 34.9, 31.5, 28.7, 24.3, 22.6, 17.9. HRMS (ESI+): [M+H]+ calcd 

for C21H24F3N4O4, 453.1750; found, 453.1752. 
 
((2R,3R,4R,5R)-5-(6-Amino-9H-purin-9-yl)-3-((tert-butyldimethylsilyl)oxy)-4-(4-((S)-2-(h

ex-5-ynamido)-6-(4-(3-(trifluoromethyl)-3H-diazirin-3-yl)benzamido)hexanamido)butox
y)tetrahydrofuran-2-yl)methyl ((tert-butoxycarbonyl)-L-phenylalanyl)sulfamate (62) 
 

 
 
1-Ethyl-3-(3-dimethylamonopropyl) carbodiimide hydrochloride (13.8 mg, 0.072 mmol) and 

N-hydroxysuccinimide (8.3 mg, 0.072 mmol) were added to a solution of 60 (22 mg, 0.048 

mmol) in CH2Cl2 (1 mL). After 12 h, the reaction mixture was diluted with EtOAc. The 
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mixture was washed with 5% citric acid, 5% NaHCO3, and brine. The organic layer was dried 

over Na2SO4 and evaporated to dryness to afford compound 61 as a white solid (28 mg). 

Compound 61 and cesium carbonate (31 mg, 0.096 mmol) were added to a solution of 

compound 11 (25 mg, 0.032 mmol) in DMF (1 mL). The solution was stirred at room 

temperature for 1 h. The solvent was removed at reduced pressure. The residue was diluted 

with EtOAc. The resulting mixture was washed with 5% citric acid, 5% NaHCO3, and brine. 

The organic layer was dried over Na2SO4 and evaporated to dryness. The residue was purified 

by flash chromatography (15:1 to 10:1 CHCl3/MeOH) to afford compound 62 as a white solid 

(35 mg, 90%). 1H NMR (500 MHz, CD3OD) δ 8.47 (s, 1H), 8.20 (s, 1H), 7.93−7.86 (m, 3H), 

7.32 (d, J = 8.0 Hz, 2H), 7.26−7.18 (m, 4H), 7.16−7.10 (m, 1H), 6.15 (d, J = 5.7 Hz, 1H), 

4.64−4.60 (m, 1H), 4.54 (dd, J = 5.7, 4.6 Hz, 1H), 4.40−4.32 (m, 1H), 4.30−4.20 (m, 4H), 

3.58−3.53 (m, 1H), 3.49−3.43 (m, 1H), 3.40−3.34 (m, 2H), 3.16 (dd, J = 13.8, 5.2 Hz, 1H), 

3.10−3.34 (m, 2H), 2.87 (dd, J = 13.8, 8.6 Hz, 1H), 2.33 (t, J = 7.5 Hz, 2H), 2.23 (t, J = 2.9 

Hz, 1H), 2.16 (ddd, J = 6.9, 6.9, 2.9 Hz, 2H), 1.81−1.71 (m, 3H), 1.70−1.58 (m, 3H), 

1.52−1.38 (m, 6H), 1.33 (s, 9H), 0.94 (s, 9H), 0.16 (s, 3H), 0.15 (s, 3H). 13C NMR (125 MHz, 

CD3OD) δ 180.3, 175.4, 174.4, 168.7, 157.5, 157.3, 153.9, 150.7, 141.3, 139.0, 137.3, 133.0, 

130.6, 129.2, 129.0, 127.6, 127.4, 120.3, 87.7, 85.1, 84.2, 82.9, 80.3, 72.6, 71.4, 70.3, 69.7, 

59.3, 54.8, 40.7, 40.1, 39.9, 35.6, 32.9, 30.0, 28.8, 28.1, 26.9, 26.3, 25.8, 24.3, 19.0, 18.6, 

−4.3, −4.5. HRMS (ESI–): [M–H]– calcd for C55H74F3N12O12SSi, 1211.4991; found, 

1211.4989. 
 
((2R,3R,4R,5R)-5-(6-Amino-9H-purin-9-yl)-4-(4-((S)-2-(hex-5-ynamido)-6-(4-(3-(trifluor

omethyl)-3H-diazirin-3-yl)benzamido)hexanamido)butoxy)-3-hydroxytetrahydrofuran-2
-yl)methyl (L-phenylalanyl)sulfamate (10) 
 

 
 
Compound 62 (33 mg, 0.027 mmol) was dissolved in a 4:1 (v/v) mixture of TFA and H2O at 

room temperature. After 5 h, the flask was placed on the rotary evaporator and the TFA and 

H2O were removed at reduced pressure. The residue was purified by flash chromatography 
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(5:1 to 4:1 CHCl3/MeOH) to afford compound 10 as a white solid (26 mg, 96%). 1H NMR 

(500 MHz, CD3OD) δ 8.50 (s, 1H), 8.20 (s, 1H), 7.89 (d, J = 8.6 Hz, 2H), 7.32 (d, J = 8.0 Hz, 

2H), 7.30−7.24 (m, 4H), 7.18−7.14 (m, 1H), 6.16 (d, J = 4.6 Hz, 1H), 4.46 (t, J = 4.6 Hz, 1H), 

4.41 (dd, J = 5.2, 4.6 Hz, 1H), 4.38 (dd, J = 10.9, 2.3 Hz, 1H), 4.34−4.27 (m, 2H), 4.23 (dd, J 

= 5.7, 5.2 Hz, 1H), 3.90 (dd, J = 8.0, 4.6 Hz, 1H), 3.70−3.65 (m, 1H), 3.64−3.58 (m, 1H), 

3.37 (dd, J = 7.5, 6.9 Hz, 2H), 3.30−3.27 (m, 1H, overlapping with MeOH), 3.20−3.09 (m, 

2H), 3.08−3.01 (m, 1H), 2.34 (t, J = 7.5 Hz, 2H), 2.24 (t, J = 2.9 Hz, 1H), 2.16 (ddd, J = 6.9, 

6.9, 2.9 Hz, 2H), 1.83−1.71 (m, 3H), 1.71−1.35 (m, 9H). 13C NMR (125 MHz, CD3OD) δ 

175.7, 175.4, 174.4, 168.8, 157.2, 154.0, 150.6, 141.1, 137.2, 136.6, 133.0, 130.6, 130.0, 

129.0, 128.4, 127.6, 124.5, 122.3, 120.1, 119.2, 116.9, 87.8, 84.3, 84.1, 83.5, 71.6, 70.8, 70.3, 

69.0, 58.3, 54.9, 40.7, 39.9, 38.7, 35.5, 32.7, 30.0, 27.8, 26.9, 25.8, 24.3, 18.6. HRMS (ESI–): 

[M–H]– calcd for C44H52F3N12O10S, 997.3602; found, 997.3599. 

 

Syntheses of L-Pro-AMS-BPyne and L-Orn-AMS-BPyne 
 

tert-Butyl 

(S)-2-(((((2R,3R,4R,5R)-5-(6-amino-9H-purin-9-yl)-4-(4-azidobutoxy)-3-((tert-butyldimet
-hylsilyl)oxy)tetrahydrofuran-2-yl)methoxy)sulfonyl)carbamoyl)pyrrolidine-1-carboxyla
te (63a) 

 

 

 

Boc-Pro-OSu (52 mg, 0.17 mmol) and cesium carbonate (108 mg, 0.33 mmol) were added to 

a solution of compound 16 (60 mg, 0.11 mmol) in DMF (1 mL). The solution was stirred at 

room temperature for 1 h. The reaction mixture was then filtered through a pad of Celite. The 

filtrate was concentrated under reduced pressure. The residue was purified by flash 

chromatography (10:1 to 5:1 CHCl3/MeOH) to afford compound 63a as a white solid (61 mg, 

73%). 1H NMR (500 MHz, CD3OD): δ 8.46 (s, 1H), 8.22 (s, 1H), 6.15 (d, J = 6.3 Hz, 1H), 

4.67–4.60 (m, 1H), 4.58–4.50 (m, 1H), 4.47–4.41 (m, 1H), 4.40–4.32 (m, 1H), 4.30–4.25 (m, 

1H), 4.21–4.09 (m, 1H), 3.63–3.55 (m, 1H), 3.52–3.42 (m, 2H), 3.41–3.33 (m, 1H), 3.19–3.11 

(m, 2H), 2.27–2.14 (m, 1H), 2.02–1.70 (m, 3H), 1.60–1.46 (m, 4H), 1.46–1.39 (m, 9H), 0.97 

(s, 9H), 0.18 (s, 3H), 0.17 (s, 3H). 13C NMR (125 MHz, CD3OD): δ 178.7, 157.2, 156.1, 
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153.7, 150.7, 141.4, 120.3, 87.6, 85.2, 83.1, 81.4, 72.6, 71.3, 70.3, 63.0, 52.1, 47.7, 32.4, 28.7, 

28.0, 26.6, 26.3, 24.5, 19.0, –4.4, –4.6. HRMS (ESI–): [M–H]– calcd for C30H49N10O9SSi, 

753.3179; found, 753.3176. 

 

((2R,3R,4R,5R)-5-(6-Aamino-9H-purin-9-yl)-4-(4-azidobutoxy)-3-((tert-butyldimethylsily
l)oxy)tetrahydrofuran-2-yl)methyl 
((S)-2,5-bis((tert-butoxycarbonyl)amino)pentanoyl)sulfamate (63b) 

 

 
 

Boc-Orn(Boc)-OSu (73 mg, 0.17 mmol) and cesium carbonate (108 mg, 0.33 mmol) were 

added to a solution of compound 16 (60 mg, 0.11 mmol) in DMF (1 mL). The solution was 

stirred at room temperature for 2 h. The reaction mixture was then filtered through a pad of 

Celite. The filtrate was concentrated under reduced pressure. The residue was purified by 

flash chromatography (10:1 to 5:1 CHCl3/MeOH) to afford compound 63b as a white solid 

(80 mg, 83%). 1H NMR (500 MHz, CD3OD): δ 8.49 (s, 1H), 8.23 (s, 1H), 6.16 (d, J = 6.3 Hz, 

1H), 4.63–4.58 (m, 1H), 4.57–4.50 (m, 1H), 4.48–4.40 (m, 1H), 4.39–4.32 (m, 1H), 4.32–4.26 

(m, 1H), 4.07–3.92 (m, 1H), 3.66–3.57 (m, 1H), 3.51–3.44 (m, 1H), 3.19–3.12 (m, 2H), 3.09–

2.99 (m, 2H), 1.87–1.73 (m, 1H), 1.66–1.47 (m, 7H), 1.41 (s, 18H), 0.96 (s, 9H), 0.174 (s, 

3H), 0.169 (s, 3H). 13C NMR (125 MHz, CD3OD): δ 177.7, 158.5, 157.7, 157.0, 153.5, 150.6, 
141.4, 120.3, 87.5, 85.2, 83.2, 80.4, 79.9, 72.6, 71.3, 70.2, 57.0, 52.1, 40.8, 31.1, 28.8, 28.0, 

27.2, 26.6, 26.3, 19.0, –4.4, –4.6. HRMS (ESI+): [M+H]+ calcd for C35H62N11O11SSi, 

872.4120; found, 872.4112. 
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tert-Butyl 

(S)-2-(((((2R,3R,4R,5R)-5-(6-amino-9H-purin-9-yl)-4-(4-aminobutoxy)-3-((tert-butyldime
t-hylsilyl)oxy)tetrahydrofuran-2-yl)methoxy)sulfonyl)carbamoyl)pyrrolidine-1-carboxyl
ate (64a) 

 

 
 

To a solution of 63a (50 mg, 0.066 mmol) in MeOH (2 mL) was added 10% Pd/C (5 mg). 

The resulting suspension was hydrogenated under an atmosphere of H2 at room temperature 

for 24 h. The reaction mixture was filtered through a pad of Celite, which was further washed 

with MeOH (10 mL). The combined filtrate was concentrated under reduced pressure. The 

residue was purified by flash chromatography (4:1 to 3:1 CHCl3/MeOH) to afford compound 

64a as a white solid (31 mg, 64%). 1H NMR (500 MHz, CD3OD): δ 8.54 (s, 1H), 8.20 (s, 1H), 

6.17 (d, J = 6.9 Hz, 1H), 4.67–4.62 (m, 1H), 4.61–4.52 (m, 1H), 4.33–4.23 (m, 3H), 4.18–

4.09 (m, 1H), 3.62–3.55 (m, 1H), 3.53–3.42 (m, 2H), 3.41–3.34 (m, 1H), 2.91–2.80 (m, 2H), 

2.26–2.12 (m, 1H), 2.02–1.85 (m, 2H), 1.83–1.72 (m, 1H), 1.68–1.50 (m, 4H), 1.42 (s, 9H), 

0.97 (s, 9H), 0.18 (s, 3H), 0.17 (s, 3H). 13C NMR (125 MHz, CD3OD): δ 181.6, 157.4, 156.4, 
154.0, 150.8, 141.2, 120.1, 87.1, 86.0, 83.4, 81.0, 73.1, 70.8, 69.1, 64.0, 47.7, 40.5, 32.7, 28.8, 

27.6, 26.3, 25.4, 24.6, 19.0, –4.4, –4.5. HRMS (ESI–): [M–H]– calcd for C30H51N8O9SSi, 

727.3274; found, 727.3271. 

 

((2R,3R,4R,5R)-5-(6-Amino-9H-purin-9-yl)-4-(4-aminobutoxy)-3-((tert-butyldimethylsily

l)oxy)tetrahydrofuran-2-yl)methyl 
((S)-2,5-bis((tert-butoxycarbonyl)amino)pentanoyl)sulfamate (64b) 
 

 
 

To a solution of 63b (62 mg, 0.071 mmol) in MeOH (2 mL) was added 10% Pd/C (6 mg). 

The resulting suspension was hydrogenated under an atmosphere of H2 at room temperature 
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for 24 h. The reaction mixture was filtered through a pad of Celite, which was further washed 

with MeOH (10 mL). The combined filtrate was concentrated under reduced pressure. The 

residue was purified by flash chromatography (4:1 CHCl3/MeOH) to afford compound 64b as 

a white solid (40 mg, 67%). 1H NMR (500 MHz, CD3OD): δ 8.57 (s, 1H), 8.20 (s, 1H), 6.18 

(d, J = 6.3 Hz, 1H), 4.63–4.51 (m, 2H), 4.32–4.20 (m, 3H), 4.05–3.93 (m, 1H), 3.62–3.55 (m, 

1H), 3.53–3.45 (m, 1H), 3.07–3.00 (m, 2H), 2.91–2.83 (m, 2H), 1.88–1.79 (m, 1H), 1.69–1.48 

(m, 7H), 1.47–1.38 (m, 18H), 0.96 (s, 9H), 0.17 (s, 3H), 0.16 (s, 3H). 13C NMR (125 MHz, 

CD3OD): δ 180.7, 158.4, 157.6, 157.4, 154.0, 150.8, 141.1, 120.1, 87.0, 86.0, 83.5, 80.1, 79.8, 
73.0, 70.7, 69.1, 57.6, 41.0, 40.5, 32.0, 28.8, 27.6, 27.0, 26.3, 25.4, 19.0, –4.3, –4.5. HRMS 

(ESI+): [M+H]+ calcd for C35H64N9O11SSi, 846.4215; found, 846.4201. 

 

tert-Butyl 
(S)-2-(((((2R,3R,4R,5R)-5-(6-amino-9H-purin-9-yl)-3-((tert-butyldimethylsilyl)oxy)-4-(4-( 

4-((4-(4-(hex-5-ynamido)benzoyl)phenyl)amino)-4-oxobutanamido)butoxy)tetrahydrofu
ran-2-yl)methoxy)sulfonyl)carbamoyl)pyrrolidine-1-carboxylate (65a) 
 

 
 

1-Ethyl-3-(3-dimethylaminopropyl) carbodiimide hydrochloride (8.0 mg, 0.041 mmol) and 

1-hydroxybenzotriazole (6.3 mg, 0.041 mmol) were added to a solution of compound 23 (17 

mg, 0.041 mmol) in DMF (1 mL). The solution was stirred at room temperature for 10 min 

and 64a (25 mg, 0.034 mmol) was then added. After 18 h, the reaction mixture was diluted 

with EtOAc. The combined organic layer was washed with 5% citric acid, 5% NaHCO3, and 

brine. The organic layer was dried over Na2SO4 and evaporated to dryness. The residue was 

purified by flash chromatography (10:1 to 5:1 CHCl3/MeOH) to afford compound 65a as a 

white solid (19 mg, 50%). 1H NMR (500 MHz, CD3OD): δ 8.47−8.38 (m, 1H), 8.20 (s, 1H), 
7.76−7.68 (m, 8H), 6.13 (d, J = 5.7 Hz, 1H), 4.66−4.60 (m, 1H), 4.57−4.49 (m, 1H), 

4.45−4.39 (m, 1H), 4.38−4.29 (m, 1H), 4.29−4.24 (m, 1H), 4.18−4.09 (m, 1H), 3.59−3.52 (m, 

1H), 3.50−3.40 (m, 2H), 3.39−3.34 (m, 1H), 3.11−3.04 (m, 2H), 2.70 (t, J = 6.9 Hz, 2H), 

2.59−2.51 (m, 4H), 2.32−2.26 (m, 3H), 2.25−2.12 (m, 1H), 2.04−1.82 (m, 4H), 1.82−1.70 (m, 

1H), 1.58−1.38 (m, 13H), 0.94 (s, 9H), 0.16 (s, 3H), 0.15 (s, 3H). 13C NMR (125 MHz, 
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CD3OD): δ 196.5, 174.4, 174.0, 173.3, 157.2, 156.6, 153.9, 150.7, 144.3, 144.2, 141.4, 134.0, 

133.9, 132.3, 132.2, 120.3, 120.0, 119.9, 87.6, 85.4, 84.1, 83.0, 81.2, 72.7, 71.5, 70.3, 69.9, 

63.5, 47.7, 40.1, 36.7, 33.2, 31.8, 28.9, 28.7, 28.1, 26.9, 26.3, 25.5, 24.5, 19.0, 18.6, −4.4, 

−4.6. (The 13C signal of the sulfamoyloxy-linked carbonyl, around 180 ppm, was not 

observed.) HRMS (ESI−): [M−H]− calcd for C53H71N10O13SSi, 1115.4698; found, 1115.4696. 

 

((2R,3R,4R,5R)-5-(6-Amino-9H-purin-9-yl)-3-((tert-butyldimethylsilyl)oxy)-4-(4-(4-((4-(4

-(hex-5-ynamido)benzoyl)phenyl)amino)-4-oxobutanamido)butoxy)tetrahydrofuran-2-yl
)methyl ((S)-2,5-bis((tert-butoxycarbonyl)amino)pentanoyl)sulfamate (65b) 
 

 
 
1-Ethyl-3-(3-dimethylaminopropyl) carbodiimide hydrochloride (8.0 mg, 0.043 mmol) and 

1-hydroxybenzotriazole (6.6 mg, 0.043 mmol) were added to a solution of compound 23 (17 

mg, 0.043 mmol) in DMF (1 mL). The solution was stirred at room temperature for 10 min 

and 64b (30 mg, 0.035 mmol) was added. After 3 h, the reaction mixture was diluted with 

EtOAc. The mixture was washed with 5% citric acid, 5% NaHCO3, and brine. The organic 

layer was dried over Na2SO4 and evaporated to dryness. The residue was purified by flash 

chromatography (10:1 to 5:1 CHCl3/MeOH) to afford compound 65b as a white solid (26 mg, 

60%). 1H NMR (500 MHz, CD3OD): δ 8.46 (s, 1H), 8.20 (s, 1H), 7.76−7.70 (m, 8H), 6.14 (d, 
J = 5.7 Hz, 1H), 4.60 (dd, J = 4.6, 2.9 Hz, 1H), 4.51 (dd, J = 5.7, 5.2 Hz, 1H), 4.42−4.36 (m, 

1H), 4.33−4.25 (m, 2H), 4.02−3.95 (m, 1H), 3.59−3.53 (m, 1H), 3.49−3.42 (m, 1H), 

3.11−3.05 (m, 2H), 3.02 (t, J = 6.9 Hz, 2H), 2.71 (t, J = 6.9 Hz, 2H), 2.58−2.51 (m, 4H), 

2.32−2.87 (m, 3H), 1.94−1.86 (m, 2H), 1.86−1.77 (m, 1H), 1.65−1.34 (m, 25H), 0.94 (s, 9H), 

0.16 (s, 3H), 0.15 (s, 3H). 13C NMR (125 MHz, CD3OD): δ 196.5, 174.4, 174.0, 173.3, 158.5, 
157.8, 157.2, 153.9, 150.7, 144.3, 144.2, 141.2, 134.0, 133.9, 132.3, 132.2, 120.3, 120.0, 

119.9, 87.6, 85.2, 84.1, 83.1, 80.3, 79.9, 72.6, 71.5, 70.4, 69.6, 57.7, 41.0, 40.0, 36.7, 33.2, 

31.8, 28.8, 28.1, 27.2, 26.9, 26.3, 25.5, 19.0, 18.6, −4.4, −4.5. (The 13C signal of the 

sulfamoyloxy-linked carbonyl, around 180 ppm, was not observed.) HRMS (ESI+): [M+H]+ 

calcd for C58H84N11O15SSi, 1234.5638; found, 1234.5603. 
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L-Pro-AMS-BPyne 

 

 
 

Compound 65a (19 mg, 0.017 mmol) was dissolved in a 4:1 (v/v) mixture of TFA and H2O at 

room temperature. After 6 h, the flask was placed on the rotary evaporator and the TFA and 

H2O were removed at reduced pressure. The residue was purified by flash chromatography 

(3:1 CHCl3/MeOH) to afford L-Pro-AMS-BPyne as a white solid (14 mg, 91%). 1H NMR 

(500 MHz, CD3OD): δ 8.50 (s, 1H), 8.19 (s, 1H), 7.78−7.69 (m, 8H), 6.15 (d, J = 5.2 Hz, 1H), 

4.49 (t, J = 4.6 Hz, 1H), 4.42 (t, J = 5.2 Hz, 1H), 4.39−4.26 (m, 3H), 4.08 (dd, J = 8.6, 6.9 Hz, 

1H), 3.69−3.62 (m, 1H), 3.61−3.54 (m, 1H), 3.39−3.34 (m, 1H), 3.28−3.22 (m, 1H), 
3.16-3.10 (m, 2H), 2.70 (t, J = 6.9 Hz, 2H), 2.60−2.51 (m, 4H), 2.37−2.26 (m, 4H), 2.16−2.07 

(m, 1H), 1.98−1.86 (m, 4H), 1.64−1.43 (m, 4H). 13C NMR (125 MHz, CD3OD): δ 196.6, 
174.9, 174.5, 174.1, 173.3, 157.3, 154.0, 150.7, 144.3, 144.2, 141.1, 134.0, 132.28, 132.25, 

120.2, 120.1, 120.0, 87.7, 84.5, 84.1, 83.6, 71.6, 70.9, 70.4, 63.8, 47.3, 40.0, 36.7, 33.2, 31.8, 

30.8, 37.8, 26.9, 25.5, 24.9, 18.6. HRMS (ESI+): [M+Na]+ calcd for C42H50N10O11SNa, 

925.3279; found, 925.3251. 

 

L-Orn-AMS-BPyne 
 

 
 

Compound 65b (20 mg, 0.016 mmol) was dissolved in a 4:1 (v/v) mixture of TFA and H2O at 

room temperature. After 3 h, the flask was placed on the rotary evaporator and the TFA and 

H2O were removed at reduced pressure. The residue was purified by flash chromatography 

(4:1 CHCl3/MeOH) to afford L-Orn-AMS-BPyne as a white solid (13 mg, 88%). 1H NMR 

(500 MHz, CD3OD): δ 8.65 (s, 1H), 8.38 (s, 1H), 7.74−7.70 (m, 8H), 6.20 (d, J = 4.0 Hz, 1H), 
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4.50 (t, J = 5.2 Hz, 1H), 4.46−4.41 (m, 1H), 4.41−4.34 (m, 2H), 4.32−4.28 (m, 1H), 

3.77−3.73 (m, 1H), 3.72−3.61 (m, 2H), 3.20−3.13 (m, 2H), 3.03−2.94 (m, 2H), 2.72 (t, J = 

6.9 Hz, 2H), 2.59−2.52 (m, 4H), 2.32−2.26 (m, 3H), 2.00−1.80 (m, 6H), 1.67−1.58 (m, 2H), 

1.58−1.48 (m, 2H). 13C NMR (125 MHz, CD3OD): δ 196.5, 174.53, 174.47, 174.1, 173.3, 

152.3, 149.8, 146.3, 144.24, 144.22, 143.4, 134.0, 133.9, 132.2, 120.2, 120.1, 119.9, 88.6, 

84.4, 84.1, 83.8, 71.7, 70.6, 70.4, 69.0, 55.9, 40.04, 39.99, 36.7, 33.1, 31.7, 29.4, 27.7, 27.0, 

25.5, 24.3, 18.6. HRMS (ESI+): [M+Na]+ calcd for C42H53N11O11SNa, 942.3544; found, 

942.3550. 

 

Syntheses of L-Pro-AMS, L-Orn-AMS and L-Leu-AMS 

 

5′-O-[N-(N-Boc-L-prolyl)sulfamoyl]-2′,3′-O-isopropylideneadenosine triethylammonium 
salt (67a) 

 

 
 

Boc-Pro-OSu (63 mg, 0.20 mmol) and cesium carbonate (127 mg, 0.39 mmol) were added to 

a solution of 5′-O-sulfamoyl-2′,3′-isopropylideneadenosine 66 (50 mg, 0.13 mmol) in DMF (1 

mL). The solution was stirred at room temperature for 1 h. The reaction mixture was filtered 

through a pad of Celite. The filtrate was concentrated under reduced pressure. The residue 

was purified by flash chromatography (91:9:1 to 86:14:1 EtOAc/MeOH/Et3N) to afford 

compound 67a as a white solid (77 mg, 87%). 1H NMR (500 MHz, CD3OD): δ 8.48−8.42 (m, 

1H), 8.21 (s, 1H), 6.23 (d, J = 3.4 Hz, 1H), 5.41−5.35 (m, 1H), 5.17−5.10 (m, 1H), 4.56−4.51 

(m, 1H), 4.32−4.17 (m, 2H), 4.16−4.07 (m, 1H), 3.51−3.43 (m, 1H), 3.41−3.32 (m, 1H), 3.19 

(q, J = 7.5 Hz, 6H, Et3N-CH2), 2.22−2.10 (m, 1H), 1.97−1.85 (m, 2H), 1.82−1.74 (m, 1H), 

1.60 (s, 3H), 1.44−1.37 (m, 12H), 1.28 (t, J = 7.5 Hz, 9H, Et3N-CH3). 13C NMR (125 MHz, 

CD3OD): δ 181.5, 157.3, 156.4, 154.0, 150.5, 141.4, 120.2, 115.3, 91.8, 85.8, 83.3, 81.0, 80.4, 

69.5, 63.9, 47.9, 47.7, 32.6, 28.8, 27.5, 25.6, 24.5, 9.2. HRMS (ESI−): [M−H]− calcd for 

C23H32N7O9S, 582.1981; found, 582.1981. 
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5′-O-[N-(N-Boc-L-ornithinyl(δ-Boc))sulfamoyl]-2′,3′-O-isopropylideneadenosine 

triethylammonium salt (67b) 
 

 
 

Boc-Orn(Boc)-OSu (125 mg, 0.29 mmol) and cesium carbonate (254 mg, 0.78 mmol) were 

added to a solution of 5′-O-sulfamoyl-2′,3′-isopropylideneadenosine 66 (100 mg, 0.26 mmol) 

in DMF (3 mL). The solution was stirred at room temperature for 3 h. The reaction mixture 

was filtered through a pad of Celite. The filtrate was concentrated under reduced pressure. 

The residue was purified by flash chromatography (95:5:1 to 83:17:1 CHCl3/MeOH/Et3N) to 

afford compound 67b as a white solid (45 mg, 22%). 1H NMR (500 MHz, CD3OD): δ 8.47 (s, 

1H), 8.22 (s, 1H), 6.24 (d, J = 3.4 Hz, 1H), 5.35 (q, J = 2.9 Hz, 1H), 5.15−5.09 (m, 1H), 

4.56−4.52 (m, 1H), 4.23 (d, J = 4.0 Hz, 2H), 4.01−3.94 (m, 1H), 3.19 (q, J = 7.5 Hz, 6H, 

Et3N-CH2), 3.10−2.98 (m, 2H), 1.86−1.73 (m, 1H), 1.61 (s, 3H), 1.60−1.49 (m, 3H), 

1.47−1.40 (m, 18H), 1.39 (s, 3H), 1.28 (t, J = 7.5 Hz, 9H, Et3N-CH3). 13C NMR (125 MHz, 

CD3OD): δ 180.7, 158.4, 157.6, 157.3, 154.0, 150.5, 141.4, 120.1, 115.2, 91.8, 85.7, 85.6, 

83.3, 80.0, 79.7, 69.7, 57.6, 47.8, 41.0, 31.8, 28.8, 27.5, 25.6, 9.2. HRMS (ESI+): [M+H]+ 

calcd for C28H45N8O11S, 701.2929; found, 701.2926. 

 

5′-O-[N-(N-Boc-L-leucyl)sulfamoyl]-2′,3′-O-isopropylideneadenosine triethylammonium 
salt (67c) 
 

 
 

Boc-Leu-OSu (193 mg, 0.59 mmol) and cesium carbonate (381 mg, 1.17 mmol) were added 

to a solution of 5′-O-sulfamoyl-2′,3′-isopropylideneadenosine 66 (150 mg, 0.39 mmol) in 

DMF (4 mL). The solution was stirred at room temperature for 4 h. The reaction mixture was 

filtered through a pad of Celite. The filtrate was concentrated under reduced pressure. The 

residue was purified by flash chromatography (97:3:1 CHCl3/MeOH/Et3N) to afford 
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compound 67c as a white solid (168 mg, 61%).� 1H NMR (500 MHz, CD3OD): δ 8.47 (s, 1H), 

8.22 (s, 1H), 6.23 (d, J = 3.4 Hz, 1H), 5.37−5.32 (m, 1H), 5.14−5.08 (m, 1H), 4.56−4.51 (m, 

1H), 4.23 (d, J = 3.4 Hz, 2H), 4.09−4.00 (m, 1H), 3.19 (q, J = 7.5 Hz, 6H, Et3N-CH2), 

1.77−1.65 (m, 1H), 1.61 (s, 3H), 1.60−1.50 (m, 1H), 1.48−1.34 (m, 13H), 1.29 (t, J = 7.5 Hz, 

9H, Et3N-CH3), 0.92 (d, J = 1.7 Hz, 3H), 0.91 (d, J = 1.7 Hz, 3H). 13C NMR (125 MHz, 

CD3OD): δ 181.7, 157.7, 157.3, 154.0, 150.5, 141.4, 120.1, 115.2, 91.8, 85.8, 85.6, 83.3, 79.9, 

79.5, 69.7, 56.8, 47.9, 43.7, 28.8, 27.5, 26.1, 25.6, 23.7, 22.2, 9.2. HRMS (ESI+): [M+H]+ 

calcd for C24H38N7O9S, 600.2452; found, 600.2437. 

 

L-Pro-AMS triethylammonium salt 

 

 

 

Compound 67a (30 mg, 0.044 mmol) was dissolved in a 4:1 (v/v) mixture of TFA and H2O at 

room temperature. After 2 h, the flask was placed on the rotary evaporator and the TFA and 

H2O were removed at reduced pressure. The residue was purified by flash chromatography 

(67:33:1 to 50:50:1 CHCl3/MeOH/Et3N) to afford L-Pro-AMS triethylammonium salt as a 

white solid (16 mg, 74%). 1H NMR (500 MHz, DMSO-d6): δ 8.35 (s, 1H), 8.14 (s, 1H), 7.27 

(br, 2H), 5.90 (d, J = 5.7 Hz, 1H), 4.61−4.56 (m, 1H), 4.18−4.12 (m, 2H), 4.11−4.03 (m, 2H), 

3.91−3.86 (m, 1H), 3.23−3.16 (m, 1H), 3.10−3.04 (m, 1H), 2.72 (q, J = 6.9 Hz, 2H, 

Et3N-CH2), 2.19−2.10 (m, 1H), 1.95−1.86 (m, 1H), 1.85−1.72 (m, 2H), 1.03 (t, J = 6.9 Hz, 

3H, Et3N-CH3). 13C NMR (125 MHz, DMSO-d6): δ 171.7, 156.0, 152.6, 149.6, 139.4, 118.9, 

87.1, 82.4, 73.4, 70.7, 67.7, 61.9, 45.7, 45.3, 29.1, 23.4, 10.2. HRMS (ESI−): [M−H]− calcd 

for C15H20N7O7S, 442.1145; found, 442.1146. 

 

L-Orn-AMS triethylammonium salt 
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Compound 67b (40 mg, 0.047 mmol) was dissolved in a 4:1 (v/v) mixture of TFA and H2O at 

room temperature. After 3 h, the flask was placed on the rotary evaporator, and the TFA and 

H2O were removed at reduced pressure. The residue was purified by HPLC [COSMISIL 

5C18-PAQ: C-18 reverse-phase column, φ 10 mm × 250 mm, aqueous TFA (0.01%), 4.0 

mL/min, 210 nm, tR: 9.8 min] to afford L-Orn-AMS triethylammonium salt as a colorless oil 

(26 mg, 98%). 1H NMR (500 MHz, CD3OD): δ 8.63 (s, 1H), 8.39 (s, 1H), 6.13 (d, J = 4.6 Hz, 

1H), 4.63 (dd, J = 5.2, 4.6 Hz, 1H), 4.46−4.31 (m, 4H), 3.77 (dd, J = 6.3, 5.7 Hz, 1H), 3.20 (q, 

J = 7.5 Hz, 6H, Et3N-CH2), 3.03−2.97 (m, 2H), 2.05−1.78 (m, 4H), 1.31 (t, J = 7.5 Hz, 9H, 

Et3N-CH3). 13C NMR (125 MHz, CD3OD): δ 174.6, 152.6, 150.1, 146.5, 143.5, 120.1, 90.2, 

84.3, 76.3, 71.8, 69.5, 55.9, 47.8, 40.0, 29.3, 24.3, 9.2. HRMS (ESI+): [M+Na]+ calcd for 

C15H24N8O7SNa, 483.1386; found, 483.1381. 

 

L-Leu-AMS triethylammonium salt 
�

 

 

Compound 67c (70 mg, 0.10 mmol) was dissolved in a 4:1 (v/v) mixture of TFA and H2O at 

room temperature. After 5 h, the flask was placed on the rotary evaporator, and the TFA and 

H2O were removed at reduced pressure. The residue was purified by flash chromatography 

(83:17:1 to 67:33:1 CHCl3/MeOH/Et3N) to afford L-Leu-AMS triethylammonium salt as a 

white solid (35 mg, 69%). 1H NMR (500 MHz, CD3OD): δ 8.50 (s, 1H), 8.19 (s, 1H), 6.08 (d, 

J = 5.2 Hz, 1H), 4.66−4.61 (m, 1H), 4.44−4.36 (m, 2H), 4.36−4.28 (m, 2H), 3.70−3.65 (m, 

1H), 3.11 (q, J = 7.5 Hz, 3H, Et3N-CH2), 1.84−1.73 (m, 2H), 1.64−1.53 (m, 1H), 1.26 (t, J = 

7.5 Hz, 4.5H, Et3N-CH3), 0.96 (d, J = 6.3 Hz, 3H), 0.93 (d, J = 6.3 Hz, 3H). 13C NMR (125 

MHz, CD3OD): δ 176.8, 157.2, 153.9, 150.7, 141.2, 120.1, 89.5, 84.2, 76.1, 71.9, 69.1, 55.7, 

47.7, 42.2, 25.7, 23.2, 22.2, 9.4. HRMS (ESI+): [M+H]+ calcd for C16H26N7O7S, 460.1614; 

found, 460.1600. 
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Syntheses of L-Val-AMS-BPyne and L-Leu-AMS-BPyne 

 
((2R,3R,4R,5R)-5-(6-Amino-9H-purin-9-yl)-4-(4-azidobutoxy)-3-((tert-butyldimethylsilyl) 
oxy)tetrahydrofuran-2-yl)methyl ((tert-butoxycarbonyl)-L-valyl)sulfamate (68a) 

 

 
 

Boc-Val-OSu (52 mg, 0.17 mmol) and cesium carbonate (108 mg, 0.33 mmol) were added to 

a solution of compound 16 (60 mg, 0.11 mmol) in DMF (1 mL). The solution was stirred at 

room temperature for 1 h. The reaction mixture was then filtered through a pad of Celite. The 

filtrate was concentrated under reduce pressure. The residue was purified by flash 

chromatography (10:1 to 5:1 CHCl3/MeOH) to afford compound 68a as a white solid (65 mg, 

78%). 1H NMR (500 MHz, CD3OD) δ 8.44 (s, 1H), 8.23 (s, 1H), 6.15 (d, J = 5.7 Hz, 1H), 

4.65−4.59 (m, 1H), 4.55 (t, J = 5.2 Hz, 1H), 4.51 (dd, J = 10.9, 3.4 Hz, 1H), 4.39 (dd, J = 10.9, 

3.4 Hz, 1H), 4.31−4.26 (m, 1H), 3.91 (d, J = 5.7 Hz, 1H), 3.64−3.55 (m, 1H), 3.52−3.46 (m, 

1H), 3.20−3.11 (m, 2H), 2.13−2.01 (m, 1H), 1.62−1.48 (m, 4H), 1.41 (s, 9H), 0.98−0.94 (m, 

12H), 0.90 (d, J = 6.9 Hz, 3H), 0.17 (s, 3H), 0.16 (s, 3H). 13C NMR (125 MHz, CD3OD) δ 

176.4, 157.9, 156.9, 153.3, 150.6, 141.5, 120.4, 87.8, 84.8, 82.9, 80.5, 72.5, 71.4, 70.8, 62.4, 

52.1, 32.4, 28.8, 28.0, 26.6, 26.3, 19.9, 19.0, 18.2, −4.4, −4.6. HRMS (ESI−): [M−H]− calcd 

for C30H51N10O9SSi, 755.3336; found, 755.3336. 

 

((2R,3R,4R,5R)-5-(6-Amino-9H-purin-9-yl)-4-(4-azidobutoxy)-3-((tert-butyldimethylsilyl)

oxy)tetrahydrofuran-2-yl)methyl ((tert-butoxycarbonyl)-L-leucyl)sulfamate (68b) 
 

 
 
Boc-Leu-OSu (56 mg, 0.17 mmol) and cesium carbonate (108 mg, 0.33 mmol) were added to 

a solution of compound 16 (60 mg, 0.11 mmol) in DMF (1 mL). The solution was stirred at 

room temperature for 1 h. The reaction mixture was then filtered through a pad of Celite. The 
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filtrate was concentrated under reduce pressure. The residue was purified by flash 

chromatography (10:1 CHCl3/MeOH) to afford compound 68b as a white solid (66 mg, 78%). 
1H NMR (500 MHz, CD3OD) δ 8.45 (s, 1H), 8.23 (s, 1H), 6.15 (d, J = 6.3 Hz, 1H), 4.63−4.60 

(m, 1H), 4.57−4.53 (m, 1H), 4.48 (dd, J = 10.9, 3.4 Hz, 1H), 4.37 (dd, J = 10.9, 2.9 Hz, 1H), 

4.30−4.26 (m, 1H), 4.10−4.05 (m, 1H), 3.63−3.57 (m, 1H), 3.51−3.45 (m, 1H), 3.18−3.13 (m, 

2H), 1.76−1.65 (m, 1H), 1.60−1.47 (m, 6H), 1.41 (s, 9H), 0.96 (s, 9H), 0.94−0.90 (m, 6H), 

0.18 (s, 3H), 0.17 (s, 3H). 13C NMR (125 MHz, CD3OD) δ 157.8, 156.9, 153.4, 150.6, 141.4, 

120.3, 87.7, 84.9, 82.9, 80.4, 72.5, 71.3, 70.6, 55.9, 52.1, 42.4, 28.8, 28.0, 26.6, 26.3, 23.6, 

22.0, 19.0, −4.4, −4.5. (The 13C signal of the sulfamoyloxy-linked carbonyl, around 180 ppm, 

was not observed.) HRMS (ESI+): [M+H]+ calcd for C31H55N10O9SSi, 771.3643; found, 

771.3639. 

 
((2R,3R,4R,5R)-5-(6-Amino-9H-purin-9-yl)-4-(4-aminobutoxy)-3-((tert-butyldimethylsily

l)oxy)tetrahydrofuran-2-yl)methyl ((tert-butoxycarbonyl)-L-valyl)sulfamate (69a) 
 

 
 
To a solution of 68a (50 mg, 0.066 mmol) in MeOH (2 mL) was added 10% Pd/C (5 mg). 

The resulting suspension was hydrogenated under an atmosphere of H2 at room temperature 

for 24 h. The reaction mixture was filtered through a pad of Celite, which was further washed 

with MeOH (10 mL). The combined filtrate was concentrated under reduced pressure. The 

residue was purified by flash chromatography (4:1 CHCl3/MeOH) to afford compound 69a as 

a white solid (32 mg, 66%). 1H NMR (500 MHz, CD3OD) δ 8.57 (s, 1H), 8.20 (s, 1H), 6.17 (d, 

J = 6.3 Hz, 1H), 4.64−4.58 (m, 1H), 4.57−4.52 (m, 1H), 4.33−4.20 (m, 3H), 3.95−3.88 (m, 

1H), 3.62−3.54 (m, 1H), 3.52−3.46 (m, 1H), 2.90−2.83 (m, 2H), 2.19−2.07 (m, 1H), 

1.68−1.50 (m, 4H), 1.41 (s, 9H), 1.01−0.91 (m, 12H), 0.87 (d, J = 6.9 Hz, 3H), 0.17 (s, 3H), 

0.16 (s, 3H). 13C NMR (125 MHz, CD3OD) δ 180.4, 157.8, 157.4, 154.0, 150.8, 141.1, 120.1, 

87.1, 86.0, 83.5, 80.0, 73.1, 70.8, 69.0, 63.1, 40.5, 33.2, 28.8, 27.5, 26.3, 25.4, 20.2, 19.0, 18.0, 

−4.4, −4.5. HRMS (ESI−): [M−H]− calcd for C30H53N8O9SSi, 729.3431; found, 729.3431. 
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((2R,3R,4R,5R)-5-(6-Amino-9H-purin-9-yl)-4-(4-aminobutoxy)-3-((tert-butyldimethylsily

l)oxy)tetrahydrofuran-2-yl)methyl ((tert-butoxycarbonyl)-L-leucyl)sulfamate (69b) 
 

 
 
To a solution of 68b (50 mg, 0.065 mmol) in MeOH (2 mL) was added 10% Pd/C (5 mg). 

The resulting suspension was hydrogenated under an atmosphere of H2 at room temperature 

for 24 h. The reaction mixture was filtered through a pad of Celite, which was further washed 

with MeOH (10 mL). The combined filtrate was concentrated under reduced pressure. The 

residue was purified by flash chromatography (4:1 to 3:1 CHCl3/MeOH) to afford compound 

69b as a white solid (25 mg, 52%). 1H NMR (500 MHz, CD3OD) δ 8.57 (s, 1H), 8.20 (s, 1H), 

6.18 (d, J = 6.9 Hz, 1H), 4.63−4.53 (m, 2H), 4.31−4.18 (m, 3H), 4.09−3.98 (m, 1H), 

3.62−3.54 (m, 1H), 3.52−3.45 (m, 1H), 2.87 (dd, J = 7.5, 6.9 Hz, 2H), 1.76−1.67 (m, 1H), 

1.66−1.48 (m, 6H), 1.41 (s, 9H), 0.97 (s, 9H), 0.95−0.88 (m, 6H), 0.174 (s, 3H), 0.171 (s, 3H). 
13C NMR (125 MHz, CD3OD) δ 181.9, 157.7, 157.4, 154.0, 150.9, 141.1, 120.1, 86.9, 86.0, 

83.4, 80.0, 73.2, 70.7, 69.1, 56.9, 43.9, 40.5, 28.8, 27.5, 26.3, 25.4, 23.8, 22.3, 19.0, −4.3, 

−4.4. HRMS (ESI+): [M+H]+ calcd for C31H57N8O9SSi, 745.3738; found, 745.3734. 

 
((2R,3R,4R,5R)-5-(6-Amino-9H-purin-9-yl)-3-((tert-butyldimethylsilyl)oxy)-4-(4-(4-((4-(4

-(hex-5-ynamido)benzoyl)phenyl)amino)-4-oxobutanamido)butoxy)tetrahydrofuran-2-yl
)methyl ((tert-butoxycarbonyl)-L-valyl)sulfamate (70a) 
 

 
 

1-Ethyl-3-(3-dimethylaminopropyl) carbodiimide hydrochloride (8.0 mg, 0.041 mmol) and 

1-hydroxybenzotriazole (6.3 mg, 0.041 mmol) were added to a solution of compound 23 (17 

mg, 0.041 mmol) in DMF (1 mL). The solution was stirred at room temperature for 10 min 

and 69a (25 mg, 0.034 mmol) was then added. After 12 h, the reaction mixture was diluted 
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with EtOAc. The combined organic layer was washed with 5% citric acid, 5% NaHCO3, and 

brine. The organic layer was dried over Na2SO4 and evaporated to dryness. The residue was 

purified by flash chromatography (5:1 CHCl3/MeOH) to afford compound 70a as a white 

solid (22 mg, 58%). 1H NMR (500 MHz, CD3OD) δ 8.48 (s, 1H), 8.20 (s, 1H), 7.76−7.68 (m, 

8H), 6.14 (d, J = 6.3 Hz, 1H), 4.62 (dd, J = 4.6, 2.9 Hz, 1H), 4.53 (dd, J = 6.3, 4.6 Hz, 1H), 

4.39 (dd, J = 10.9, 3.4 Hz, 1H), 4.32–4.24 (m, 2H), 3.92–3.86 (m, 1H), 3.59−3.52 (m, 1H), 

3.48−3.41 (m, 1H), 3.07 (dd, J = 6.9, 6.3 Hz, 2H), 2.70 (dd, J = 7.5, 6.9 Hz, 2H), 2.59–2.50 

(m, 4H), 2.32−2.26 (m, 3H), 2.16−2.07 (m, 1H), 1.94−1.86 (m, 2H), 1.55−1.38 (m, 13H), 

0.97−0.91 (m, 12H), 0.87 (d, J = 6.9 Hz, 3H), 0.154 (s, 3H), 0.146 (s, 3H). 13C NMR (125 

MHz, CD3OD) δ 196.5, 174.4, 174.0, 173.3, 158.0, 157.3, 153.9, 150.7, 144.3, 144.2, 141.3, 

134.0, 133.9, 132.3, 132.2, 120.3, 120.0, 119.9, 87.6, 85.4, 84.1, 83.1, 80.2, 72.7, 71.5, 70.3, 

69.5, 63.1, 40.1, 36.7, 33.2, 31.8, 28.8, 28.1, 26.9, 26.3, 25.5, 20.2, 19.0, 18.6, 18.1, −4.4, 

−4.5. (The 13C signal of the sulfamoyloxy-linked carbonyl, around 180 ppm, was not 

observed.) HRMS (ESI−): [M−H]− calcd for C53H73N10O13SSi, 1117.4854; found, 1117.4861. 
 
((2R,3R,4R,5R)-5-(6-Amino-9H-purin-9-yl)-3-((tert-butyldimethylsilyl)oxy)-4-(4-(4-((4-(4

-(hex-5-ynamido)benzoyl)phenyl)amino)-4-oxobutanamido)butoxy)tetrahydrofuran-2-yl
)methyl ((tert-butoxycarbonyl)-L-leucyl)sulfamate (70b) 
 

 
 

1-Ethyl-3-(3-dimethylaminopropyl) carbodiimide hydrochloride (6.1 mg, 0.032 mmol) and 

1-hydroxybenzotriazole (5.0 mg, 0.032 mmol) were added to a solution of compound 23 (13 

mg, 0.032 mmol) in DMF (1 mL). The solution was stirred at room temperature for 10 min 

and 69b (20 mg, 0.027 mmol) was then added. After 12 h, the reaction mixture was diluted 

with EtOAc. The combined organic layer was washed with 5% citric acid, 5% NaHCO3, and 

brine. The organic layer was dried over Na2SO4 and evaporated to dryness. The residue was 

purified by flash chromatography (10:1 to 5:1 CHCl3/MeOH) to afford compound 70b as a 

white solid (13 mg, 42%). 1H NMR (500 MHz, CD3OD) δ 8.44 (s, 1H), 8.20 (s, 1H), 

7.75−7.70 (m, 8H), 6.14 (d, J = 6.3 Hz, 1H), 4.63−4.59 (m, 1H), 4.53 (dd, J = 5.7, 4.6 Hz, 

1H), 4.40 (dd, J = 10.9, 3.9 Hz, 1H), 4.33−4.24 (m, 2H), 4.07−4.01 (m, 1H), 3.58−3.53 (m, 
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1H), 3.48−3.42 (m, 1H), 3.08 (dd, J = 12.0, 6.3 Hz, 2H), 2.70 (dd, J = 7.5, 6.9 Hz, 2H), 

2.58−2.51 (m, 4H), 2.32−2.26 (m, 3H), 1.94−1.87 (m, 2H), 1.74−1.65 (m, 1H), 1.60−1.37 (m, 

15H), 0.95 (s, 9H), 0,90 (d, J = 6.9 Hz, 6H), 0.16 (s, 3H), 0.15 (s, 3H). 13C NMR (125 MHz, 

CD3OD) δ 196.6, 174.4, 174.1, 173.3, 157.9, 157.3, 154.0, 150.8, 144.3, 144.2, 141.3, 134.0, 

133.9, 132.3, 132.2, 120.3, 120.1, 120.0, 87.6, 85.2, 84.1, 83.0, 80.3, 72.7, 71.5, 70.3, 69.7, 

58.3, 43.2, 40.0, 36.7, 33.2, 31.8, 28.8, 28.1, 26.9, 26.3, 25.5, 23.7, 22.1, 19.0, 18.6, −4.3, 

−4.5. (The 13C signal of the sulfamoyloxy-linked carbonyl, around 180 ppm, was not 

observed.) HRMS (ESI+): [M+Na]+ calcd for C54H76N10O13SSiNa, 1155.4981; found, 

1155.4991. 
 

L-Val-AMS-BPyne 
 

 
 
Compound 70a (20 mg, 0.018 mmol) was dissolved in a 4:1 (v/v) mixture of TFA and H2O at 

room temperature. After 6 h, the flask was placed on the rotary evaporator and the TFA and 

H2O were removed at reduced pressure. The residue was purified by flash chromatography 

(3:1 CHCl3/MeOH) to afford L-Val-AMS-BPyne as a white solid (15 mg, 92%). 1H NMR 

(500 MHz, CD3OD) δ 8.54 (s, 1H), 8.19 (s, 1H), 7.76−7.69 (m, 8H), 6.16 (d, J = 5.2 Hz, 1H), 

4.50 (t, J = 4.6 Hz, 1H), 4.43 (t, J = 5.2 Hz, 1H), 4.39 (dd, J = 11.5, 2.9 Hz, 1H), 4.32 (dd, J = 

10.9, 2.9 Hz, 1H), 4.29 (dd, J = 6.9, 2.9 Hz, 1H), 3.69−3.63 (m, 1H), 3.61−3.55 (m, 1H), 3.51 

(d, J = 4.6 Hz, 1H), 3.18−3.10 (m, 2H), 2.71 (dd, J = 7.5, 6.9 Hz, 2H), 2.59−2.52 (m, 4H), 

2.34−2.26 (m, 4H), 1.94−1.87 (m, 2H), 1.63−1.44 (m, 4H), 1.05 (d, J = 6.9 Hz, 3H), 1.00 (d, 

J = 6.9 Hz, 3H). 13C NMR (125 MHz, CD3OD) δ 196.6, 175.0, 174.5, 174.1, 173.3, 157.1, 

153.9, 150.6, 144.3, 144.2, 141.2, 134.0, 133.9, 132.28, 132.25, 120.1, 120.0, 119.9, 87.7, 

84.6, 84.1, 83.7, 71.6, 70.9, 70.4, 68.8, 62.3, 40.0, 36.7, 33.2, 31.8, 31.3, 27.8, 26.9, 25.5, 19.2, 

18.6, 17.6. HRMS (ESI−): [M−H]− calcd for C42H51N10O11S, 903.3465; found, 903.3458. 
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L-Leu-AMS-BPyne 

 

�
�
Compound 70b (13 mg, 0.011 mmol) was dissolved in a 4:1 (v/v) mixture of TFA and H2O at 

room temperature. After 6 h, the flask was placed on the rotary evaporator and the TFA and 

H2O were removed at reduced pressure. The residue was purified by flash chromatography 

(5:1 CHCl3/MeOH) to afford L-Leu-AMS-BPyne as a white solid (7.5 mg, 74%). 1H NMR 

(500 MHz, CD3OD) δ 8.51 (s, 1H), 8.19 (s, 1H), 7.73 (d, J = 2.9 Hz, 8H), 6.16 (d, J = 5.2 Hz, 

1H), 4.49 (dd, J = 4.6, 4.0 Hz, 1H), 4.43 (dd, J = 5.2, 4.6 Hz, 1H), 4.38 (dd, J = 10.9, 2.9 Hz, 

1H), 4.35−4.26 (m, 2H), 3.70−3.62 (m, 2H), 3.62−3.55 (m, 1H), 3.16−3.10 (m, 2H), 2.71 (t, J 

= 6.9 Hz, 2H), 2.58−2.52 (m, 4H), 2.32−2.26 (m, 3H), 1.94−1.86 (m, 2H), 1.83−1.74 (m, 2H), 

1.63−1.43 (m, 5H), 0.97 (d, J = 6.3 Hz, 3H), 0.93 (d, J = 6.3 Hz, 3H). 13C NMR (125 MHz, 

CD3OD) δ 196.6, 176.2, 174.5, 174.1, 173.3, 157.2, 154.0, 150.7, 144.3, 144.2, 141.1, 134.0, 

133.9, 132.3, 132.2, 120.12, 120.07, 119.98, 87.7, 84.6, 84.1, 83.7, 71.6, 70.9, 70.3, 68.9, 55.6, 

42.0, 40.0, 36.7, 33.2, 31.8, 27.8, 26.9, 25.7, 25.5, 23.2, 22.1, 18.6. HRMS (ESI+): [M+Na]+ 

calcd for C43H54N10O11SNa, 941.3592; found, 941.3584. 

 

 

Chemical Biology Procedures 
 

Protein Expression and Materials: Recombinant proteins holo-GrsA and holo-TycB1 were 

expressed and purified as previously described.23,29,48,49 These proteins were overproduced 

and isolated as C-terminal His-tagged constructs using the E. coli overexpression strain, BL21 

(DE3), kindly provided by Prof. Mohamed A. Marahiel at Philipps-Universität Marburg, 

Germany. The AusA1 (A1-T1) gene was PCR amplified genomic DNA from S. aureus ATCC 

700699 using primers ausA1 F 

(5′-GCCTCCATGACCATGGTTATGGGTAATTTGAGATTTCAAC-3′) and AusA1 R 

(5′-CCGAATTCGTCAGCACATAATCATCTTTAACTATAGCTTC-3′), and subsequently 

cloned into litmus28-ausA1. Plasmid litmus28-ausA1 was digested with NcoI and BamHI, and 

the gene was subcloned into p28b to produce p28b-ausA1, an expression vector for 
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apo-AusA1 with a hexahistidine appended to the C terminus. Sequencing revealed the 

expression plasmid to be error free. For expression and purification of apo-AusA1, 

p28b-AusA1 was transformed into E. coli BL21 (DE3) cells. Overnight cultures were used to 

inoculate 1 L of LB medium supplemented with 50 µg/mL kanamycin. Cultures were allowed 

to grow to an A600 of 0.6 at 37 °C, then induced with IPTG to a final concentration of 0.1 mM, 

and allowed to grow for 12 h at 18 °C. Cells were pelleted and resuspended in lysis buffer (20 

mM Tris–HCl, pH 8.0 and 0.5% Triton-X). The cells were then lysed by sonication at 4 °C 

using an ultrasonic disruptor UD201 (Tomy Digital Biology Co., Ltd, Japan). The resulting 

cell lysate was centrifuged to remove cell debris and the supernatant was loaded onto a Ni 

Sepharose high-performance resin (GE Healthcare) and eluted with a gradient of imidazole 

(20–250 mM). Eluted proteins were visualized by SDS-PAGE with Coomassie Brilliant Blue 

stain and quantitated by the method of Bradford.50 Fractions containing the recombinant 

proteins were pooled and dialyzed against assay buffer (20 mM Tris–HCl, pH 8.0, 1 mM 

MgCl2, and 1 mM TCEP). After the addition of 10% glycerol (v/v) the protein was stored at 

−80 °C. 

 

Hydroxamate-MesG Assay25 
Standard assay conditions: Reactions contained NRPS enzymes to maintain initial velocity 

conditions, 20 mM Tris (pH 8.0), 2.5 mM ATP, 1 mM MgCl2, 1 mM TCEP, 150 mM 

hydroxylamine (pH 7.0), 0.1 U purine nucleoside phosphorylase (Sigma-Aldrich, N8264), 

0.04 U inorganic pyrophosphatase (Sigma-Aldrich, I1643), 0.2 mM MesG (Berry & 

Associates), and 1 mM substrates. The reactions (100 µL) were run in 96-well half-area plates 

(Corning, 3881) and the cleavage of MesG was monitored at A355 on an EnVision Multilabel 

Reader (PerkinElmer). Working stocks of hydroxylamine were prepared fresh by combining 

500 µL of 4 M hydroxylamine, 250 µL of water, and 250 µL of 7 M NaOH on ice. 

Determination of Ki
app values of inhibitors by the hydroxamate-MesG assay (Table 1-3): 

Ki
app determination was performed using standard assay conditions. For holo-GrsA, probes 1–

7 were tested from 0.01 to 20 µM using L-Phe (1 mM) as the competing substrate. The 

enzyme was fixed at 20 nM. L-Pro-AMS-BPyne and L-Pro-AMS were varied from 0.625 to 

50 µM, and holo-TycB1 (800 nM) and L-Pro (1 mM) were held constant. L-Val-AMS-BPyne 

and L-Val-AMS were tested from 2.5 to 100 µM using L-Val (1 mM) as the competing 

substrate. The enzyme was fixed at 1.2 µM. In all experiments, the total DMSO concentration 

was kept at 2.0%. Initial velocities were fit to the Morrison equation using Prism 5 (GraphPad 

Software). 

 



� �  ��

Labeling of recombinant GrsA by probes 1–10 (Figure 1-7, 1-8a): Standard conditions for 

probes 1–10-GrsA reactions were follows: recombinant GrsA (1 µM) was treated with probes 

1–10 (1 µM from 100 µM stock in DMSO) in standard buffer 1 [20 mM Tris (pH 8.0), 1 mM 

MgCl2, 1 mM TCEP, and 0.0025% Igepal CA-630]. Inhibition studies were performed by 

preincubation of GrsA (1 µM) with L-Phe-AMS (100 µM from a 10 mM stock in DMSO) for 

10 min at room temperature. In all experiments the total DMSO concentration was kept at 

2.2%. After 10 min at room temperature, these samples were irradiated at 365 nm for 30 min 

on ice. To initiate the click reaction, TAMRA-azide, TCEP, TBTA ligand, and CuSO4 were 

added (to final concentrations of 100 µM, 1 mM, 100 µM, and 1 mM, respectively). After 1 h 

at room temperature, 5× SDS-loading buffer (strong reducing) was added and the samples 

were heated at 95 ºC for 5 min. Samples were separated by 1D SDS-PAGE and fluorescent 

gel visualization was performed using a Typhoon 9410 Gel and Blot Imager (GE Healthcare). 

 

Measurements of GrsA labeling by probes 1–10 (Figure 1-7): The probes 1–

10-recombinant GrsA reactions were performed by incubating recombinant GrsA (1 µM) with 

probes 1–10 (1 µM from a 100 µM stock in DMSO; final DMSO concentration of 1.1%) for 

10 min at room temperature in assay buffer 1, respectively. The sample was then irradiated at 

365 nm for 30 min on ice. To initiate the click reaction, TAMRA-azide, TCEP, TBTA ligand, 

and CuSO4 were added to provide final concentrations of 100 µM, 1 mM, 100 µM, and 1 mM, 

respectively. After 1 h at room temperature, 5⋅ SDS-loading buffer (strong reducing) was 
added and the samples were heated at 95 ºC for 5 min. The concentration of 

TAMRA-conjugated BSA (Invitrogen) was determined using the extinction coefficient of 

TAMRA (ε560 = 65,000 M−1 cm−1). Samples (5 µL) were separated by 1D SDS-PAGE and 

fluorescent gel visualization was performed using a Typhoon 9410 Gel and Blot Imager. 

Protein labeling by probes 1–10 was quantitated by measuring integrated band intensities 

using ImageJ. 

 

UV photolysis time study (Figure 1-8b, 2-2b, and 3-2b): Recombinant GrsA (1 µM), TycB1 

(1 µM) and AusA1 (1 µM) were treated with probes 1, 8, 10, L-Pro-AMS-BPyne, and 

L-Val-AMS-BPyne (1 µM from a 100 µM stock in DMSO; final DMSO concentration of 

1.1%) in assay buffer 1, respectively. After 10 min at room temperature, these samples were 

irradiated at 365 nm for the indicated time (0–60 min) on ice, reacted with TAMRA-azide, 

and subjected to SDS-PAGE. Fluorescent gel visualization was performed using a Typhoon 

9410 Gel and Blot Imager. 
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Labeling of recombinant TycB1 and AusA1 by the L-Pro-AMS-BPyne and 

L-Val-AMS-BPyne (Figure 2-2a, 3-2a): Standard conditions for L-Pro-AMS-BPyne and 

L-Val-AMS-BPyne-recombinant protein reactions were as follows: recombinant TycB1 (1 

µM) and AusA1 (1 µM) were treated with probes L-Pro-AMS-BPyne and L-Val-AMS-BPyne 

(1 µM from a 100 µM stock in DMSO) in assay buffer 1, respectively. Inhibition studies were 

performed by pre-incubation of TycB1 (1 µM) and AusA1 (1 µM) with L-Pro-AMS and 

L-Val-AMS (100 µM from a 10 mM stock in DMSO) for 10 min at room temperature, 

respectively. In all experiments total DMSO concentration was kept at 2.2%. After 10 min at 

room temperature, these samples were irradiated at 365 nm for 30 min (TycB1) and 60 min 

(AusA1) on ice, respectively. These samples were reacted with TAMRA-azide, and subjected 

to SDS-PAGE. Fluorescent gel visualization was performed using a Typhoon 9410 Gel and 

Blot Imager. 

 

Limit of detection of GrsA, TycB1, and AusA1 labeling (Figure 2-2c, 3-2c): Recombinant 

GrsA (0.125−62.5 nM), TycB1 (0.125−62.5 nM), and AusA1 (0.125−62.5 nM) were treated 
with L-Phe-AMS-BPyne, L-Pro-AMS-BPyne, and L-Val-AMS-BPyne (1 µM from a 100 µM 

stock in DMSO; final DMSO concentration of 2.2%) in assay buffer 1, respectively. After 10 

min at room temperature, these samples were irradiated at 365 nm for 30 min (GrsA, TycB1) 

and 60 min (AusA1) on ice, respectively, and reacted with TAMRA-azide for 1 h at room 

temperature. Reactions were treated with 5⋅ SDS-loading buffer (strong reducing) and 
subjected to SDS-PAGE. Fluorescent gel visualization was performed using a Typhoon 9410 

Gel and Blot Imager (GE Healthcare). 

 

Comparing the labeling property with GrsA, TycB1, AusA1, and BSA (Figure 2-3, 3-2d): 
For GrsA (A: L-Phe), TycB1 (A: L-Pro), AusA1 (A: L-Val), and BSA labeling experiments, 

L-Phe-AMS-BPyne, L-Pro-AMS-BPyne, and L-Val-AMS-BPyne (1 µM) were individually 

added to a 46 µL reaction containing GrsA (1 µM), TycB1 (1 µM), AusA1 (1 µM), BSA (1 

µM), and assay buffer 1. For inhibition studies, GrsA (1 µM), TycB1 (1 µM), and AusA1 (1 

µM) were pre-incubated with L-Phe-AMS, L-Pro-AMS, and L-Val-AMS (100 µM) for 10 min 

at room temperature, respectively. In all experiments, the total DMSO concentration was kept 

at 2.2%. After 10 min at room temperature, these samples were irradiated at 365 nm for 30 

min (GrsA, TycB1) and 60 min (AusA1) on ice, respectively, and reacted with TAMRA-azide 

for 1 h at room temperature, and separated by gel electrophoresis. Fluorescent gel 

visualization was performed using a Typhoon 9410 Gel and Blot Imager (GE Healthcare). 
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Bacterial strains: A. migulanus ATCC 9999 was obtained from the American Type Culture 

Collection (ATCC). The same strain deposited as A. migulanus DSM 2895, along with two 

other gramicidin S producing strains, A. migulanus DSM 5759 and DSM 5668, were received 

from the Deutsche Sammlung von Mikroorganismen und Zellkulturen (DSMZ). 

 

Cultivation media: YPG media comprises yeast extract (50 g/L), Bacto Peptone (50 g/L), 

and glucose (5 g/L). 

 

Preparation of cellular lysates for proteomic labeling experiments: A. migulanus ATCC 

9999, DSM 5756, DSM 5668, and DSM 2895 were maintained on nutrient agar. Single 

colonies were used to inoculate YPG medium and cultures were shaken for 24 h at 37 ºC. The 

seed culture (2 mL) was transferred to YPG media (250 mL) and the resulting mixture was 

incubated at 37 ºC. Growth was routinely monitored at A660 on a U-2910 spectrophotometer 

(Hitachi). The cells were harvested by centrifugation and stored in the freezer until used. The 

frozen cell pellets were resuspended in Tris pH 8.0 (20 mM), MgCl2 (1 mM), TCEP (1 mM), 

Igepal CA-630 (0.05%), and a protease inhibitor cocktail. Because of the lability of the 

synthetase during mechanical cell disruption processes,30a a gentle treatment of cells with 

lysozyme (0.2 mg/mL) was used to release intracellular protein. The cell suspension was 

incubated at 0 ºC for 30 min. The mixture was then incubated at 30 ºC for 30 min. The 

solution was centrifuged for 5 min at 15,000 rpm and the pellets were discarded. The total 

protein concentration was quantitated by the method of Bradford.50 

 

GrsA labeling of A. migulanus ATCC 9999 proteomes (Figure 2-4): A. migulanus 

proteome (1.4 mg/mL) was treated with L-Phe-AMS-BPyne (1 µM from a 100 µM stock in 

DMSO) in standard buffer 2 [20 mM Tris (pH 8.0), 1 mM MgCl2, 1 mM TCEP, 0.05% Igepal 

CA-630, 0.2 mg/mL lysozyme, and protease inhibitor cocktail]. Inhibition studies were 

performed by pre-incubation of A. migulanus proteome (1.4 mg/mL) with L-Phe-AMS (100 

µM from a 10 mM stock in DMSO) for 10 min at room temperature. In all experiments, the 

total DMSO concentration was kept at 2.2%. After 10 min at room temperature, these samples 

were irradiated at 365 nm for 30 min on ice, reacted with TAMRA-azide for 1 h at room 

temperature, and separated by gel electrophoresis. Fluorescent gel visualization was 

performed using a Typhoon 9410 Gel and Blot Imager (GE Healthcare). 

 

GrsB labeling of A. migulanus DSM 5759 proteomes (Figure 2-5a, b, 3-3a, and b): A. 

migulanus proteome (1.5 mg/mL) was individually treated with L-Pro-AMS-BPyne, 
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L-Val-AMS-BPyne, L-Orn-AMS-BPyne, and L-Leu-AMS-BPyne (1 µM from a 100 µM stock 

in DMSO) in assay buffer 2. For inhibition studies, A. migulanus proteome (1.5 mg/mL) was 

individually pre-incubated with L-Pro-AMS, L-Val-AMS, L-Orn-AMS, and L-Leu-AMS (100 

µM from a 10 mM stock in DMSO) for 10 min at room temperature. In all experiments, the 

total DMSO concentration was kept at 2.2%. After 10 min at room temperature, these samples 

were irradiated at 365 nm for 5 min and reacted with TAMRA-azide for 1 h at room 

temperature. Reactions were treated with 5⋅ SDS-loading buffer (strong reducing) and 

subjected to SDS-PAGE. Fluorescent gel visualization was performed using a Typhoon 9410 

Gel and Blot Imager (GE Healthcare). 

 

Labeling of individual A-domains in endogenous GrsA and GrsB (Figure 2-6, 2-7a, b, 3-4, 
and 3-5): For labeling of GrsA, A. migulanus ATCC 9999 proteome (1.5 mg/mL) was 

individually treated with L-Phe-AMS, L-Pro-AMS, L-Val-AMS, L-Orn-AMS, and L-Leu-AMS 

(100 µM from a 10 mM stock in DMSO) individually in assay buffer 2. These samples were 

incubated for 10 min at room temperature and subsequently treated with L-Phe-AMS-BPyne 

(1 µM from a 100 µM stock in DMSO). In all experiments, the total DMSO concentration 

was kept at 2.2%. After 10 min at room temperature, the samples were exposed to ultraviolet 

light for 30 min on ice and treated with TAMRA-azide for 1 h at room temperature. For 

labeling of GrsA, the A. migulanus DSM 5759 proteome (1.5 mg/mL) was treated with 

L-Phe-AMS, L-Pro-AMS, L-Val-AMS, L-Orn-AMS, and L-Leu-AMS (100 µM from a 10 mM 

stock in DMSO) individually in assay buffer 2. These samples were incubated for 10 min at 

room temperature and treated with L-Pro-AMS-BPyne, L-Val-AMS-BPyne, 

L-Orn-AMS-BPyne, and L-Leu-AMS-BPyne individually (1 µM from a 100 µM stock in 

DMSO). In all reactions, the DMSO concentrations were maintained at a level of 2.2%. After 

10 min at room temperature, these samples were irradiated at 365 nm for 5 min on ice and 

reacted with TAMRA-azide for 1 h at room temperature. Reactions were treated with 5× 

SDS-loading buffer and subjected to SDS-PAGE. Fluorescent gel visualization was performed 

using a Typhoon 9410 Gel and Blot Imager. 

 

Enrichment of the cellular targets (Figure 3-3c, d): A. migulanus DSM 5759 proteomes 

were adjusted to a final protein concentration of 1.0–1.5 mg/mL and incubated with 

L-Val-AMS-BPyne and L-Leu-AMS-BPyne (10 µM from a 10 mM stock in DMSO) for 10 

min at room temperature. Enrichments by L-Val-AMS-BPyne and L-Leu-AMS-BPyne used 

1.4 and 2.0 mg of proteome as starting material, respectively. Control samples to correct for 

nonspecific cross-linking were preincubated with L-Val-AMS and L-Leu-AMS (100 µM from 
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a 100 mM stock in DMSO). In all experiments the total DMSO concentration was kept at 

0.2%. Samples were split into 50 µL aliquots and photoactivated on ice for 5 min (365 nm). 

Cross-linked samples were then recombined and reacted with TAMRA-biotin-azide (Click 

Chemistry Tools). Samples were incubated for 1 h at room temperature. Ice-cold 4:1 

MeOH/CHCl3 (4 mL) was then added to the reaction mixture and mixed vigorously by 

vortexing. Water (3 mL) was subsequently added to the mixture and mixed by vortexing again. 

The biphasic solution was centrifuged (4000 × g, 15 min, 4 ºC), and protein precipitated at the 

interface. Liquid layers were removed, and the resulting precipitate was resuspended in 

ice-cold 4:1 MeOH/CHCl3 (750 µL) and mixed vigorously by vortexing. Water (600 µL) was 

then added to the mixture and mixed by vortexing again. Samples were repelleted by 

centrifugation (9000 × g, 15 min, 4 ºC), resuspended in ice-cold MeOH (600 µL), sonicated 

on ice, and then repelleted by centrifuged (9000 × g, 15 min, 4 ºC). The resulting pellet was 

redissolved in 650 µL of PBS (2.5% SDS), sonicated at room temperature, and heated for 5 

min at 60 ºC. Redissolved protein was added to 8.5 mL of PBS to give a final SDS 

concentration of 0.2%. Samples were then incubated with 120 µL of streptavidin-agarose 

resin (Novagen) and rotated for 1 h at room temperature. Bound samples were then washed 

sequentially with 1.0% SDS in H2O (3 × 1 mL), 6 M urea in H2O (3 × 1 mL), and PBS (3 × 1 

mL). The bound proteins were treated with 2× SDS-loading buffer, and the samples were 

heated at 95 ºC for 5 min. The elute proteins were analyzed by SDS-PAGE and stained with a 

silver staining method. 

 

Mass spectrometry: The proteins were separated by 1D SDS-PAGE and visualized using 

Sil-best stain one (Nacalai Tesque). The bands were excised, destained using destaining 

solution in the Silver Stain MS Kit (Wako Pure Chemical Industries, Ltd.), and subjected to 

in-gel digestion with TPCK-treated trypsin in the digestion buffer (10 mM Tris–HCl, pH 8.0, 

and 0.05% decyl glucoside) for 12 h at 37 ºC. The digest mixture was separated using a 

nanoflow LC (Easy nLC, Thermo Fisher Scientific) on a NTCC analytical column (C-18 

reverse-phase column, φ 0.075 ⋅ 100 mm, 3 µm bead size, Nikkyo Technos Co., Ltd.). The 

buffer compositions were as follows: buffer A was composed of 100% H2O and 0.1% formic 

acid, buffer B was composed of 100% CH3CN and 0.1% formic acid. Peptides were eluted 

from the C-18 column using a linear gradient of 35−100% buffer B over 10 min at a flow rate 

of 300 nL/min and then analyzed using a Q-Exactive mass spectrometer (Thermo Fisher 

Scientific) with a nanospray ion source using the data-dependent TOP10 MS/MS method in 

the mass range of m/z = 300−500 and m/z = 500−1500. Peptide identifications were made 

using MS/MS Ions Search in the MASCOT program v2.3 (Matrix Science Inc., Boston, MA, 
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USA). 

 

Profiling NRPS activities in natural product producing bacteria (Figure 3-6a, b): A. 
migulanus ATCC 9999, DSM 5759, DSM 5668, and DSM 2895 were cultured for 24 h and 

whole cell lysates were isolated as described in experimental section. For the labeling of 

endogenous GrsA, individual proteomes (2.0 mg/mL) were treated with L-Phe-AMS-BPyne 

(1 µM from a 100 µM stock in DMSO) in assay buffer 2. Inhibition studies were conducted 

by preincubation of individual proteomes (2.0 mg/mL) with L-Phe-AMS (100 µM from a 10 

mM stock in DMSO) for 10 min at room temperature. In all experiments the total DMSO 

concentration was kept at 2.2%. After 10 min at room temperature, these samples were 

irradiated at 365 nm for 30 min on ice, reacted with TAMRA-azide for 1 h at room 

temperature, and separated by gel electrophoresis. For labeling of endogenous GrsB, 

individual proteomes (2.0 mg/mL) were incubated with L-Leu-AMS-BPyne (1 µM from a 100 

µM stock in DMSO) in assay buffer 2. Inhibition studies were performed by preincubation of 

individual proteomes (2.0 mg/mL) with L-Leu-AMS (100 µM from a 10 mM stock in DMSO) 

for 10 min at room temperature. In all experiments the total DMSO concentration was kept at 

2.2%. After 10 min at room temperature, these samples were irradiated at 365 nm for 5 min 

on ice, reacted with TAMRA-azide for 1 h at room temperature, and separated by gel 

electrophoresis. Fluorescent gel visualization was performed using a Typhoon 9410 Gel and 

Blot Imager. 

 

Profiling the expression patterns of NRPS enzymes (Figure 3-7a, b): A. migulanus DSM 

5759 was cultured for the indicated time (12, 16, 20, and 24 h) and whole cell lysates were 

isolated as described in experimental section. For monitoring the expression of endogenous 

GrsA, DSM 5759 proteomes (2.0 mg/mL) were treated with L-Phe-AMS-BPyne (1 µM from 

a 100 µM stock in DMSO) in assay buffer 2. Inhibition studies were performed by 

preincubation of DSM 5759 proteome (2.0 mg/mL) with L-Phe-AMS (100 µM from a 10 mM 

stock in DMSO) for 10 min at room temperature. In all experiments the total DMSO 

concentration was kept at 2.2%. After 10 min at room temperature, these samples were 

irradiated at 365 nm for 30 min on ice, reacted with TAMRA-azide for 1 h at room 

temperature, and separated by gel electrophoresis. For tracking the expression of endogenous 

GrsB, DSM 5759 proteome (2.0 mg/mL) was incubated with L-Leu-AMS-BPyne (1 µM from 

a 100 µM stock in DMSO) in assay buffer 2. For inhibition studies, DSM 5759 proteomes 

(2.0 mg/mL) were preincubated with L-Leu-AMS (100 µM from a 10 mM stock in DMSO) 

for 10 min at room temperature. In all experiments the total DMSO concentration was kept at 
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2.2%. After 10 min at room temperature, these samples were irradiated at 365 nm for 5 min 

on ice, reacted with TAMRA-azide for 1 h at room temperature, and separated by gel 

electrophoresis. Fluorescent gel visualization was performed using a Typhoon 9410 Gel and 

Blot Imager. 

 

Production and extraction of gramicidin S: After the cultures had reached the indicated 

OD660 values, 1 mL of culture was removed from the flasks to evaluate the yield of gramicidin 

S. The cells were immediately centrifuged (7500 × g, 15 min, 4 ºC). The pellet was suspended 

in 1 mL of the pre-extraction solution (150 mM NaCl, 20 mM HCl) and incubated at 80 ºC for 

15 min. The suspensions were diluted 1:1 with ethanol, and gramicidin S was extracted by 

stirring the suspension at room temperature for 1 h. The cell debris was removed by 

centrifugation, and the amount of gramicidin S in the extract was determined by HPLC.  

 

Quantification of gramicidin S by HPLC (Figure 3-6c, 3-7c): The ethanol and H2O were 

removed at reduced pressure, and the residue was dissolved in 1 mL of 50% ethanol. 

Analytical HPLC (COSMOSIL 5C18 AR-II reverse-phase column, ϕ 4.6 × 250 mm, 1.0 

mL/min, 210 nm, tR: 24.2 min) was performed on a Prominence CBM-20A (Shimadzu) 

system equipped with a Prominence SPD-20A UV/VIS detector (Shimadzu). Water (solvent 

A) and acetonitrile (solvent B), each containing 0.1% trifluoroacetic acid were used as 

solvents. A gradient was run from 10 to 100% solvent B in 5 to 25 min. For all samples, a 

constant injection volume of 10 µL was applied. The total area of the gramicidin S peak was 

used as a determination of concentration. Individual calibration curves were constructed for 

three concentration ranges as follows: 10 to 100 mg/L, 0.1 to 1 g/L, and 1 to 10 g/L. For 

calibration, the gramicidin S was extracted from the cell pellets of A. migulanus ATCC 9999 

and isolated by preparative HPLC (COSMOSIL 5C18 AR-II reverse-phase column, ϕ 10 × 250 

mm, acetonitrile/aqueous TFA (0.1%, 60:40) 3.0 mL/min, 220 nm, tR: 12.5 min). The 

acetonitrile and trifluoroacetic acid were removed in vacuo and the water was removed by 

lyophilization to yield the cyclic peptide (10.6 mg) as a white solid. HRMS (ESI+): [M+2H]2+ 

calcd for 571.3608; found, 571.3643. 

 

 

  



� ��  �

9fOV�

�

1.* a) Walsh, C. T. Science 2004, 303, 1805-1810. b) Clardy, J.; Fischbach, M. A.; Walsh, C. 

T. Nat. Biotechnol. 2006, 24, 1541–1550. 

2.* Döhren, H. V.; Keller, U.; Vater, J; Zocher, R. Chem. Rev. 1997, 97, 2675–2705. 

3.* a) Krätzschmar, J.; Krause, M.; Marahiel, M. A. J. Bacteriol. 1989, 171, 5422–5429. b) 

Hoyer, K. M.; Mahlert, C.; Marahiel. M. A. Chem. Biol. 2007, 14, 13–22. 

4.* Marahiel, M. A.; Stachelhaus, T.; Mootz, H. D. Chem. Rev. 1997, 97, 2651–2673. 

5.* a) Letzel, A. C.; Pidot, S. J.; Hertweck, C. Nat. Prod. Rep. 2013, 30, 392–428. b) Strieker, 

M.; Tanović, A.; Marahiel, M. A. Curr. Opin. Struct. Biol. 2010, 20, 234–240. c) Sieber, 

S. A.; Marahiel, M. A. Chem. Rev. 2005, 105, 715–738. 

6.* a) Davidsen, J. M.; Bartley, D. M.; Townsend, C. A. J. Am. Chem. Soc. 2013, 135, 1749–

1759. b) Evans, B. S.; Chen, Y.; Metcalf, W. W.; Zhao, H.; Kelleher, N. L. Chem. Biol. 

2011, 18, 601–607. 

7.* a) Straight, P. D.; Fischbach, M. A.; Walsh, C. T.; Rudner, D. Z.; Kolter, R. Proc. Natl. 
Acad. Sci. USA 2007, 104, 305–310. b) Agathos, S. N.; Demain, A. L. Ann. N.Y. Acad. Sci. 

1984, 434, 44–47. 

8.* Caffrey, P.; Bevitt, D. J.; Staunton, J.; Leadlay, P. F. FEBS Lett. 1992, 304, 225–228. 

9.* a) Lee, S. G.; Lipmann, F. Methods Enzymol. 1975, 43, 585–602. b) Chen, H.; Hubbard, B. 

K.; O’Connor, S. E.; Walsh, C. T. Chem. Biol. 2002, 9, 103–112. 

10.*Harding, M. W.; Galat, A.; Uehling, D. E.; Schreiber, S. L. Nature 1989, 341, 758–760. 

11.*Salisbury, C. M.; Cravatt, B. F. Proc. Natl. Acad. Sci. USA 2007, 104, 1171–1176. 

12.*Cravatt, B. F.; Sorensen, E. Curr. Opin. Chem. Biol. 2000, 4, 663–668. 

13.*a) Weber. T.; Marahiel, M. A. Structure 2001, 9, 3–9. b) Linne, U.; Schäfer, A.; Stubbs, 

M. T.; Marahiel, M. A. FEBS Lett. 2007, 581, 905–910. 

14.*a) Isono, K.; Uramoto, M.; Kusakabe, H.; Miyata, N.; Koyama, T., Ubukata, M.; Sethi, S. 

K.; McCloskey, J. A. J. Antibiot. 1984, 37, 670–672. b) Osada, H.; Isono, K. Antimicrob. 
Agents Chemother. 1985, 27, 230–233. c) Vondenhoff, G. H.; Aerschot, A. V. Eur. J. 

Med. Chem. 2011, 46, 5227–5236. 

15.*Ueda, H.; Shoku, Y.; Hayashi, N.; Mitsunaga, J.; In, Y.; Doi, M.; Inoue, M.; Ishida, T. 

Biochem. Biophys. Acta 1991, 1080, 126–134. 

16.*a) Nakama, T.; Nureki, O.; Yokoyama, S. J. Biol. Chem. 2001, 276, 47387–47393. b) 

Kotik-Kogan, O.; Moor, N.; Tworowski, D.; Safro, M. Structure 2005, 13, 1799–1807. c) 

Fukunaga, R.; Yokoyama, S. J. Mol. Biol. 2006, 359, 901–912. d) Fukai, S.; Nureki, O.; 

Sekine, S.; Shimada, A.; Tao, J.; Vassylyev, D. G.; Yokoyama, S. Cell 2000, 103, 793–



� ����

803. 

17.*Finking, R.; Neumüller, A.; Solsbacher, J.; Konz, D.; Kretzschmar, G.; Schweitzer, M.; 

Krumm, T.; Marahiel, M. A. ChemBioChem 2003, 4, 903–906. 

18.*a) Tanovic, A.; Samel, S. A.; Essen, L. O.; Marahiel, M. A. Science 2008, 321, 659–663. 

b) May, J. J.; Kessler, N.; Marahiel, M. A.; Stubbs, M. T. Proc. Natl. Acad. Sci. USA 2002, 

99, 12120–12125. c) Yonus, H.; Neumann, P.; Zimmermann, S.; May, J. J.; Marahiel, M. 

A.; Stubbs, M. T. J. Biol. Chem. 2008, 283, 32484–32491. 

19.*Conti, E.; Stachelhaus, T.; Marahiel, M. A.; Brick, P. EMBO J. 1997, 16, 4174–4183. 

20.*a) Hatanaka, Y.; Sadakane, Y. Curr. Top. Med. Chem. 2002, 2, 271–288. b) Vodovozova, 

E. L. Biochemistry (Moscow) 2007, 72, 1–20. c) Dubinsky, L.; Krom, B. P.; Meijler, M. 

M. Bioorg. Med. Chem. 2012, 20, 554-570. d) Dormán, G.; Prestwich, G. D. Biochemistry 

1994, 33, 5661–5673. 

21.*Agathos, S. N.; Demain, A. L. Appl. Microbiol. Biotechnol. 1986, 24, 319–322. 

22.*a) Speers, A. E.; Adam, G. C.; Cravatt, B. F. J. Am. Chem. Soc. 2003, 125, 4686–4687. b) 

Speers, A. E.; Cravatt, B. F. Chem. Biol. 2004, 11, 535–546. 

23.*Ishikawa, F.; Kakeya, H. Bioorg. Med. Chem. Lett. 2014, 24, 865–869. 

24.*a) Izatt, R. M.; Hansen, L. D.; Rytting, J. H.; Christensen, J. J. J. Am. Chem. Soc. 1965, 87, 

2760–2761. b) Yano, J.; Kan, L. S.; Ts’o, P. O. Biochem. Biophys. Acta 1980, 629, 178–

183. 

25.*Wilson, D. J.; Aldrich, C. C. Anal. Biochem. 2010, 404, 56–63. 

26.*Velazquez-Campoy, A.; Luque, I.; Freire, E. Thermochim. Acta 2001, 380, 217–227. 

27.*Neres, J.; Labellio, N. P.; Somu, R. V.; Boshoff, H. I.; Wilson, D. J.; Vannada, J.; Chen, 

L.; Barry, C. E., III; Bennett, E. M.; Aldrich, C. C. J. Med. Chem. 2008, 51, 5349–5370. 

28.*Wilson, D. J.; Shi, C.; Teitelbaum, A. M.; Gulick, A. M.; Aldrich, C. C. Biochemistry 
2013, 52, 926–937. 

29.*Mootz, H. D.; Marahiel, M. A. J. Bacteriol. 1997, 179, 6843–6850. 

30.*a) Augenstein, D. C.; Thrasher, K.; Sinskey, A. J.; Wang, D. I. Biotechnol. Bioeng. 1974, 

16, 1433–1447. b) Matteo, C. C.; Grade, M.; Tanaka, A.; Piret, J.; Demain, A. L. 

Biotechnol. Bioeng. 1975, 17, 129–142. 

31.*Berditsch, M.; Afonin, S.; Ulrich, A. S. Appl. Environ. Microbiol. 2007, 73, 6620–6628. 

32.*Stachelhaus, T.; Mootz, H. D.; Marahiel, M. A. Chem. Biol. 1999, 6, 493–505. 

33.*a) Jessani, N.; Cravatt, B. F. Curr. Opin. Chem. Biol. 2004, 8, 54–59. b) Cravatt, B. F.; 

Wright, A. T.; Kozarich, J. W. Annu. Rev. Biochem. 2008, 77, 383–414.  

34.*a) Sanman, L. E.; Bogyo, M. Annu. Rev. Biochem. 2014, 83, 249–273. b) Jessani, N.; Liu, 

Y.; Humphrey, M.; Cravatt, B. F. Proc. Natl. Acad. Sci. USA 2002, 99, 10335–10340. c) 



� ����

Jessani, N.; Niessen, S.; Wei, B. Q.; Nicolau, M.; Humphrey, M.; Ji, Y.; Han, W.; Noh, D. 

Y.; Yates, J. R., III; Jeffrey, S. S.; Cravatt, B. F. Nat. Methods 2005, 2, 691–697. 

35.*Lanning, B. R.; Whitby, L. R.; Dix, M. M.; Douhan, J.; Gilbert, A. M.; Hett, E. C.; 

Johnson, T. O.; Joslyn, C.; Kath, J. C.; Niessen, S.; Roberts, L. R.; Schnute, M. E.; Wang, 

C.; Hulce, J. J.; Wei, B.; Whiteley, L. O.; Hayward, M. M.; Cravatt, B. F. Nat. Chem. Biol. 
2014, 10, 760–767.  

36.*Salisbury, C. M.; Cravatt, B. F. J. Am. Chem. Soc. 2008, 130, 2184–2194. 

37.*Montgomery, D. C.; Sorum, A. W.; Meier, J. L. J. Am. Chem. Soc. 2014, 136, 8669–8676. 

38.*Amaike, S.; Keller, N. P. Annu. Rev. Phytopathol. 2011, 49, 107–133. 

39.*Bumpus, S. B.; Evans, B. S.; Thomas, P. M.; Ntai, I.; Kelleher, N. L. Nat. Biotechnol. 

2009, 27, 951–956. 

40.*a) Ferreras, J. A.; Ryu, J. S.; Di Lello, F.; Tan, D. S.; Quadri, L. E. Nat. Chem. Biol. 2005, 

1, 29–32. b) Duckworth, B. P.; Nelson, K. M.; Aldrich, C. C. Curr. Top. Med. Chem. 

2012, 12, 766–796. c) Imperi, F.; Massai, F.; Facchini, M.; Frangipani, E.; Visaggio, D.; 

Leoni, L.; Bragonzi, A.; Visca, P. Proc. Natl. Acad. Sci. USA 2013, 110, 7458–7463. d) 

Foley, T. L.; Rai, G.; Yasgar, A.; Daniel, T.; Baker, H. L.; Attene-Ramos, M.; Kosa, N. 

M.; Leister, W.; Burkart, M. D.; Jadhav, A.; Simeonov, A.; Maloney, D. J. J. Med. Chem. 
2014, 57, 1063–1078. 

41.*Kasai, S.; Konno, S.; Ishikawa, F.; Kakeya, H. Chem. Commun. 2015, 51, 15764–15767. 

42.*a) Eppelmann, K.; Stachelhaus, T.; Marahiel, M. A. Biochemistry 2002, 41, 9718–9726. 

b) Kries, H.; Wachtel, R.; Pabst, A.; Wanner, B.; Niquille, D.; Hilvert, D. Angew. Chem. 
Int. Ed. 2014, 53, 10105–10108. 

43.*a) Peypoux, F.; Michel, G. Appl. Microbiol. Biotechnol. 1992, 36, 515–517. b) Bonmatin, 

J. M.; Labbé. H.; Grangemard, I.; Peypoux, F.; Maget-Dana, R.; Ptak, M.; Michel, G. Lett. 
Pept. Sci. 1995, 2, 41–47. 

44.*Mills, A. D.; Yoo, C.; Butler, J. D.; Yang, B.; Verkman, A. S.; Kurth, M. J. Bioorg. Med. 
Chem. Lett. 2010, 20, 87–91. 

45.*Pfeifer, J. R.; Reiβ, P.; Koert, U. Angew. Chem. Int. Ed. 2006, 45, 501–504. 

46.*Gottlieb, H. E.; Kotlyar, V.; Nudelman, A. J. Org. Chem. 1997, 62, 7512-7515. 

47.*Still, W. C.; Kahn, M.; Mitra, A. J. Org. Chem. 1978, 43, 2923-2925. 

48.*Stachelhaus, T.; Hüser, A.; Maraheil, M. A. Chem. Biol. 1996, 3, 913-921. 

49.*Stachelhaus, T.; Mootz, H. D.; Bergendahl, V.; Marahiel, M. A. J. Biol. Chem. 1998, 273, 

22773-22781. 

50.*Bradford, M. M. Anal. Biochem. 1976, 72, 248-254. 

  



� ����

[jqO�

 

1.* “Active site-directed proteomic probes for adenylation domains in nonribosomal peptide 

synthetases” 

Sho Konno, Fumihiro Ishikawa, Takehiro Suzuki, Naoshi Dohmae, Michael D. Burkart, 

Hideaki Kakeya.  

Chemical Communications 2015, 51, 2262–2265. 

 

2.* “Profiling nonribosomal peptide synthetase activities using chemical proteomic probes for 

adenylation domains” 

Fumihiro Ishikawa, Sho Konno, Takehiro Suzuki, Naoshi Dohmae, Hideaki Kakeya. 

ACS Chemical Biology 2015, 10, 1989–1997. 

� �



� ����

ru�

 

� Ɵǿȍ?Ɏ�)	�:�ȤğœŢȚ(;œŰĲ�œʺŽ?ɺ:1����ʛĚĤĚ

ĤʰɌĤǿȍȉ�ŴɴȇƐƂų)ɱ@%şɰɃ�1�	
 �

�

� Ɵǿȍ*ɠǭ�ĨƊ�ȸĮê-ɮƅ§ţ)Ù��ǿȍ&*ö�ô
Ɖ?œŰĲ��


1���ʛĚĤĚĤʰɌĤǿȍȉ�ǾĻƅǇǞħÛƂ)Ŗ8:œȅǬ���1�	
 �

�

� Ɵǿȍ*ʒɎ)	�:�ƘǶ(œÛɟ�œä×?ʼ�1���ʛĚĤĚĤʰɌĤǿ

ȍȉ�ƙʚƎÈƂų�ɕƠš�ÛƂ)Ŗ8:şɰɃ�1�	
 �

�

� �ʛĚĤĚĤʰɌĤǿȍȉ�ƤĹàĿƂų�ĚʢǊȐƂų)+Ɵɮƅ?Ʃɫ�$ʼ

��ę�*�ƂȄ?ɺ:1��	
 ǍǦ(;şɰ*Ş?ɐ�1�	
 �

�

� Ɵǿȍ*ʒɎ)ę�*œÛɟ�œä×ʼ�1���ʛĚĤĚĤʰɌĤǿȍȉ�ˉƶ

¢Ǝæĕ�ˉƶãȩæĕ�ĺǪǎ˅Ƴ�ĸǪʱɎĤĕ��-)ÐœËġĤËʢ*ɯƽ

)Ŗ8:şɰɃ�1�	
 �

�

� ɻʣËƥǄ?ǩ
$��r�á[�jMɻ*õħ?�$ʼ
�ǣáĤǿȍťǥēɹ

ǒȉĤǿȍW�[�ǧýËġɝƥ~e^b�ďÒǹæĕ�ʥƜ¶ɑæĕ)Ŗ8:œȅ

Ǭ���1�	
 �

�

� ęĚ(;œÛɟ�œä×?ʼ�1�� University of California, San Diego�Michael D. 

BurkartƂų)Ŗ8:œȅǬ���1�	
 �

�

� ĚȿɈȥ2Ź�[�jMɻ*ǴǢǩɧƆ?œŸªʼ
� Philipps-Universität 

Marburg�Mohamed A. MarahielƂų)Ŗ8:şɰɃ�1�	
  

 

� Ɵǿȍ*�ʚ+ƌƟȉĤä *ȔĻȉĤǿȍÛţˊ26-327ˋ*žź)8:ʔţ�<

�5*%	:���)şɰɃ�1�	
  

 

� ƌƟĤɏŲɄ )+ǞÎǿȍĀ)ŵǩ�$ʼ���ńʫ�ǞÎǿȍĀĝÜɸ

ˊ15J06198ˋ�-)ǿȍĝÜʤ)8:�ÂȈ)>�:žź�$ʼ�1��	
 ��)ş

ɰɃ�1�	
  

 



� ����

� ȕȹ)ǿȍ*ư��6ʟʠû?ǚŖ)Ƃ�$��!�ƣ�ɌȉĚĤɌĤʚɌÿá

ĤƂĩ�ƦɆʳƂų)Ŗ8:ǍɰɃ�1�	
 1��ĤʚƑ�)ƘƷôţê-ǿȍ*Ď

ȃ?œŰĲ��
1��ɌŁįƅɉÛƂ�ǪðƒŉÛƂ)Ŗ8:œȅǬ���1�	
 �

�

� Ĥʚ�ĚĤʰ%Ã)ÌȁǤȂ��Ñǔ?��$��!�ę�*½ʂ�õƛ�Őʂ)

şɰɃ�1�	
 �

 

� ƖŐ)ʩ�)>�;Ĥǧǧǈ?ǝŖÃ)ž�$��:�¦�ɂǫ(�ǿȍ�;ǥē

?��$ʼ
�Ǜ�ǊŘ�ƻ�Ɇġ�Ğ�Ȇė*ʩń*ǣɝ)Ǎ�şɰɃ�1�	
  

 

 

2016ń 3Ɨ 

�ʢ� ȶ 


