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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

AusA Aureusimine synthetase A module 1
Boc tertiary-Butoxycarbonyl

BPyne Benzophenone-alkyne

br Broad signal

BSA Bovine serum albumin

C Condensation

caled 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-HCI 1-Ethyl-3-(3-dimethylaminopropyl)carbodiimide hydrochloride
eq Equivalent

ESI Electrospray ionization
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Et
FL
GrsA
GrsB
GS

HOBt
HPLC
HRMS
Hz

J

kDa
LAH
LC-MS/MS
L-Leu
liq
L-Lys
L-Orn
L-Phe
L-Pro
L-Val
m

Me
MesG
mRNA
NBYS
NHS
NRP
NRPS
OSu
PAGE
PEG

pKa
PP;

Ethyl

Fluorescence

Gramicidin S synthetase A

Gramicidin S synthetase B

Gramicidin S

Hour

1-Hydroxybenzotriazole

High performance liquid chromatography
High-resolution mass spectrometry

Heltz

Coupling constant

Kilodalton

Lithium aluminum hydride

Liquid chromatography-tandem mass spectrometry
L-Leucine

Liquid

L-Lysine

L-Ornithine

L-Phenylalanine

L-Proline

L-Valine

Multiplet

Methyl
2-Amino-6-mercapto-7-methylpurine riboside
Messenger ribonucleic acid

Nutrient broth and yeast extract supplemented with salt
N-Hydroxysuccinimide

Nonribosomal peptide

Nonribosomal peptide synthetase
Succinimidyl ester

Polyacrylamide gel electrophoresis
Polyethylene glycol

Phosphate

Acid dissociation constant

Pyrophosphate



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

‘Bu tertiary-Butyl

TE Thioesterase

TFA Trifluoroacetic acid

THF Tetrahydrofuran

TLC Thin layer chromatography
tRNA Transfer ribonucleic acid

TsOH para-Toluenesulfonic acid

TycB, Tyrocidine synthetase B module 1
uv Ultra violet

YP Yeast extract and peptone

YPG Yeast extract, peptone, and glucose
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w Qﬁ« ¥©

HO,
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Cyclosporin Vancomycin Tyrocidine
(Immunosuppressant) (Antibiotic) (Antibiotic)
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N W/"'.(\[r"“ Honn \( H
o\ OH o 0 o lo mN 0
OH NI o ﬂ\.)LN,ou SNH Tg{ HO NI(
@-(’o; HoJ Y\P; \_) o)\g’n HN—~
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Mycobactin Surfactin Aureusimine
(Virulence factor) (Biosurfactant) (Calpain inhibitor)

Figure A. Structures and biological activities of nonribosomal peptide natural products.



NRPS [Z—2D & X7 G FICEEORETIRNFE L, %< D4, 200 kDa %
Bz HERZNNIETHD, NRPS IZBWT, 1| DOENLT 4770w ZEA
THHENNITEY 2 — L I, BV 2= T LICFNFNOMELZH Y RA A v
RIS EN D, BIZIZ. PUERE 7T I0 SIE 1 DOFY 22— L6725 GrsA
EA4ODEY 2— N5 GrsBIZL > TAKEN% (Figure B) **°,

GrsA (127 kDa) GrsB (508 kDa)
Module 1 Module 2 Module 3 Module 4 Module 5
—_—

o"" PoPocPoe .
QX oAy e o=g....¥ e >§ e

oj,‘o\
s
K Pt

o 3 )—NH HN
f%%r o . i e

o
)
=
I
I
3

=

o

d 00 3
SR
HoN Gramicidin S (GS)
(Antibiotic)

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.

NRPS £ 2 — /VOREAERBIIZIT T =L — 3> (A) RAAL Y, Fx VT —
Zus Ay (CP), avFrt—ar (C) RAALLDIODRAAL LIRS Y,
A RAALNTIENT 4T Ty 7 L 5B OEREEHILEZHS TS, A KX
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AOIEEE LTE, RART X VBIETCTRERRT I /L o-8E Rax v, 7
U= ENRH 0 | % OEE R BMIIIER IR CTdH 5 (Figure Ca), CP TlIfrifF
SN ) VERENFIRREZEMICEL Y - RARRUTT A A EN TS, A KA
AV TIEMAL SN2 BN 4-R AR T T A VRO T A — NV Fo b KRB 8 %
A, FATZATNRESZI LT CP EIZ#HEFS NS (Figure Cb), C KA A > X CP
ICHEF SN B e TIROREEZHEE L, X7 F NESEERT 2&E 2 5
(Figure Ce¢), T OMOEAiESR RA A E LT, -7 /8% p-7 2/~ L Bk
kT AT—E (BE) FASLSURONAFNUEHIAF LT AT 2T —8 R
AA 0 NRPS 2> BT F REZNUKGRES U TBRIRATF FTERBOG & il 4~ %
FATAT T —E (TE) FAA 7R ERHFIEL, NRP ORGSR A £ H
LTWd,

] 4’-phosphopantetheine

. . . . ) o )
a) Adenylation (A) domain b) Carrier protein (CP) Hs\/\Nflv\ka‘X,o-B-o
// H H on 0
@
NH, NH,
A _‘@ﬁ SRTNEs oINS ST o Iy
R OH R O—H—O NN R O‘IFI‘LO NN ﬁ» (o} °
s ATPMgZ}'PP‘ RS ° N2 0 ° AMP =RS—NH2
OH OH OH OH
Aminoacyl-AMP Aminoacyl-AMP

c¢) Condensation (C) domain

o@GQGD

NH, HoNo-
R R2 NH

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. ¢) Amide bond formation catalyzed by the C-domains.

NRPS (2[R &S RERICET 2581, AEEHEE 22— FLTWAEG T
7T AL —DIRESS, BIE TR L DMz 2 X7 B ORSRE, SRR
PRI TE T P ZOBMGFLPE2 I ULEMERIIARZ N7 AR Z T
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I DITHENNATOND L 912720 | THVE TICHZE < DG REESE DIBEREREAN =
AU, BRA A BGRRIE D3 RSP R AT & 2 REMEA MR IR ORI 7 E 3l S h
Tb\é 6a,bO

L22L7eR 5, NRPSIZRHT 27 07 A — A LoUL TOHRITER Ldfs ST
WRN T Z D7 NRPS ICBT 5 7 0T 4 — AL L~ TO X 2287 B RF AR,
ARG FREN . TEPERIEREAE M OV E 72 ST E A E NI > TnvZeny, Ziud, 7
27 A — LD NRPS Z A H - FHl - 2 LHMEDO S W ITENR 72 W2 SIZERT D, Z
IWE TIZHE SN TV D AEGKEEE DML AZ RN T 5, Caffrey HIT= U ZAr~A
VURHEEFE T D DEBS2 KON 3 Tk A HUAREERL, AER T2 T A —LHF D
DEBS2, 3 ZZHNLHERIICHMH T2 Z L IgkshLTna 8 filkiz7 e 54 —24
HORERZ X B R RHT 2N TETH DM, BORREMEO - OILAMEICZ L
UMFZERISR & 582 TO NRPS I T 2P L FRS 5 Z L3 R e ax b
ENIET D, ZOMOTEE LT, BEHERM SRR ST 2 BE V5 ik
WD P, ZHUT A RAAL T E > CRIRENZT 2 JBRS CP ICHHFFSNDE 2 b
ERIHLTWAEN, REERT AT AT NAEGEINT D72 OB GITINK IS % 5%
F 5, E7o. BORMERERZ R O T2OEEGEMECR D, SHIT, ZOFETT T
F—HZFEATES, FRETOLZANLNTE T,

— 7, WELEMIE TR 7 7 BRI Z I Lie 7 a7 X 7 ARRGEDRE SI0CAT
bNT&, ZHETITEN Y 7 EORE SCHAEERZ v 7 BolH !, i&
WTa 7y A )7 Pl BB T RS NTEME & R 7 BB DAk % 72
AEMBERHLICEINTWD, £2 T, NRPS ERFRMICHEST ISV — %
RSN TENE, MEH T 0T 4 — L% NRPS ZBIRAIC T~k L,
NRPS IZFT 57 0T A — AL~V TOEL < OBREZMHTAREICRD & B 2. B
D17 e —7 ORRFEMEIZET L7 (Figure D),

|:| + Detection and identification
+ Profiling activities

! O + Expression and regulation
| G @e @@ Chemical tools G @O@@ « Functional analysis
N

R N sW Jiswo _ + Enzymatic characterization
o [ __~NRPSs o [ O + Interactions
. @ s @ o or modtca
Non-target 0 . O + Post-translational modifications
proteins \ @ |:| O ) @ D O . Localiz.ation
1 18 — 18 * Drug discovery

+ Gene cluster identification
Proteomes from producer Labeled proteomes from producer

Figure D. Proteomics for natural product biosynthesis.



F1E FFoL—3Y FASLEENE LEERIMERE T 0—JORE &
AR U RE SR

F1H (XZLHIC

BT 70 =TI K DRERZ X ED T ML EAT O 12D, U R &R
(5 LR G ORERAFEE DL 72D, £ 2T, NRPS OIEAREEAL TH Y . NRP
DENT 47Ty ERHEEERETLHTT=b—ar (A) RAALUITE
HL7 A RAAL VOB REEREMEZFIATL2ZENTENL, A RAAL V&I
BEIZBR %2 72 NRPS Z BN 7~/ L A[REIC 72 D & B 2 7=,

Adenylation domains
(A-domains)

OH OH

Aminoacyl-AMP

NH, : NH, NH,

N

N N
0 SN 0 SN o SN
e Y, &S e Y
N-S-0 NT>N">ci NTSN N-S-0 NTSN
N B toj NH, 0 N, B to?‘

OH OH OH OH OH OH
Ascamycin Aminoacyl-AMS L-Phe-AMS
(Antibiotics) Ki=61nM

GrsA (A: L-Phe)
Figure 1-1. Adenylation reaction in NRPS and structures of inhibitors.
E28 TT=L—YarvRAAUICHT HEEBMERE T O—-TDEE

FTA RAA DV ERRMITES T2V T2 Rz oW TR EIT-72, A KA AV
TR ST 2 lE M@ TEE . ATP & 5US L TEEED TR TH 57 2
J TV Vv-AMP %K T % (Figure 1-1), Z OJiiE, t(RNA 27 2 BRa#HEFT 5
PG Z 927 X 7 7 2V tRNA S Rk#% (aaRS) & RIBROMIERA 1 = X L TH D
Bab = 0 aaRS DILEHR L LT, Streptomyces B HHBES N T AT~ A 2V DN
BENTWD W 72 ) T AMS 137 2 /) T 2 V-AMP OREZER Y VT AT
WA AT 7 A VIS LB LT REREDFIFEMETH D P, 2Dk,
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aaRS O X M2 G580 ) o RE LTHWHNTE R 'Y 22 T, aaRS
EREDSE T DA RAAL IZBWTHLT 2 )TV -AMS 2 B KE LT
FIFT&E 2 L& 27, EBE, L-Phe-AMS L L-Phe |ZHEERRMEDOH D A KA V&2 H
T577 IV SHKEEFRE GrsA IZEWELEIEM: (K = 61 nM) 2737 2 & A
ENTWE Y, 22T, 73T IN-AMS 2 W REe LT T u—7 ORe %217
ST,

Wiz, Vo h—DBEANMERGNT 22120z, Vb —0EAEME LT,
U 77 ROFEEIEVE~DRE L F/NRIZI A D 72DI2, £ R 78 L OfEA 12
HL TR, 2O ENZE R L TWAEMIAZEE LW, A RAAL LT ETI
WL OO X BT HEE I BN o TV D 18 228 TH GrsA D A R A A &
FETH D L-Phe & AMP & OfEREEENS SN CW5 (PDBID: 1IAMU) °, Zo®
HHEREE IOV T ET U 7 Y7 & (Discovery Studio, ver. 3.1) %\ TIEHE
LIZEZA AMP DT T )V 26D Ra x5 RN o X7 EOIMANZELE LT
W5 Z EAURIEE N (Figure 1-2a), 2T, U H—DHEAEINIIT T /v 2
LDt RuXx U EIZHRE L7 (Figure 1-2b),

NH,
NN
2 0 <1 J
N-S-0 NN
NH, H O 0
o
OH O\/\/\N
—_—
) . H
gty —
Spacer Clickable
- p————— alkyne
Ligand

Photoreactive
group

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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T )T UN-AMS U RIiZ A RAAL VEEARAEER LR, 22T, UH
Y RDBEE LI2th, A RAAL U EHEREEZERT 272010, KUGEEREE U v
H—ENEATHZ LT LT, BRISHEREE LTE, FZT7 V=TI R, X
STz ), DTV O FENMNLN TS (Figure 1-3) 2%, T U — LT PR
%300 nm LA F O UV BEHIC LD A LU RAER L, IFEOX R0 L IE/KE
BT D8, —%AE9IZ 300 nm PL RO UV BEHT X 7 BTk 2 8ERKE W
EENTWD, —J, XY T2 ETT VY 3360 nm T UV BBEHIZ LD
FNEIEEREZ AR L, TFHEOX R BEEEEEBRT 5, XY T v
LR E D IR =V GRS TE T IR T ) el D, 2O
JHELIZ IR CTH H 720, BRBIOBHFIZ LV @m0 T AR R IR TE 58, X
VT ) HEBRHERIRE WSO, U H L RE X ORI
222 ENRUIRUIEMEE 725, T V) U CIIOERENT X 0 55 70 Wil L <
B SED AN TR T D, Z ORI O 5y 7 & g U CiulicAE T 5 2 &
D, R CO T bR IfFTE 5, £o, T VU REHBIC K VoI E
DIFAE LRV AIIR D T E BT 2720, IEFF R T b2z b 2 LN TE
%o NRPS IIHEMIC & > TRATIT W “IRIHEED A B R TH D20, T DIF
FERFDRNZ ERTRENTZ, — T, NRPS ® X 9 72E K NRPS (FAREZETHD
ZEMEN DT, ERISHEERERICIE,. BT SR E G T BN
Tz /)l BRI ORIRH THSCICT IR FRER YT V) VEBRINLE, &
7. SEROSTEE RBIEDALEIL 7 ~ LN RICKRE S EEBEE 52 5 2 e TFRENTT-
D, VA R ESRISHEEREDOHICHE SR S ORR DA IR AR—Y—451 %8
AT %5 Z L2 L7 (Figure 1-2b),

N <300 nm N=N 350- 365 nm ..
(j/3 Cj’ (jx CF,
Aryl azide Nitrene Diazirine Carbene
350- 365 nm
Benzophenone Biradical

Figure 1-3. Schematic summary of photo-crosslinking functionalities.
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271 E L THWOND®EN T ER 2L O8R4, o TFENERIHRKE Y
Ty RE B RGO ELE G 2720 | 80 THROIERROREEZE LD
BB D, Cravatt Hix, T /F LT Y K& Huisgen BRALAINES (7 U v
7 I ARV =) BSHIfE R T LR ORI TS A Z A RE LTV D
b DERINCE T T EENSEATEI LT, ZUNTICL B EREE RNRIC
THLZ LRI L, £/2, ZOX DR ARAT D 2 LT, Bix Rty 70k
HOTODOEFF ¥ T 8o b P DM T2 FRICIS U CEARERIC /R D, £
Z T, JERIERIZ Huisgen BALMINSES (70 v 77X A WY —) ZFH L T~ 72
BTy B ANRREIC T B 720, U —DRIEHICT VF AMAEEZEATHZ LT L
oo GHGF7 0 —7 ORI R R A2 2. GrsA ZHNWTITH5 2 & &L, U
72 R L-Phe-AMS 2 H 345 711 —7 1-10 Z%# L7= (Figure 1-4),

Benzophenone-probes

o H H Q O
M O O 1!/\/\\\ Q
o o 4 /0 _
1 \ej\/N\g/\HJ\/\//

2 3 4

J ;
O~ ~O 0\/\
\Jj)\/\/\/n‘r(\ﬂjt/\/// 0 N V?\”\/\O’\/"\/\O O O o~
o

5 6 7

Diazirine-probes

Figure 1-4. Structures of probes 1-10.
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EI3HE EMHEMAERETO—T1-10 DA

Ta—7 11013757 20D Rux i T A b L-S@8EK Th b
U R L A=W =% LTckkx RN OGEE R E T v 25T FL—Y
—Hnb7es, £ZTC, EEK 11 & FL——HEENETNEK L, HEITHEES
itz AT 7 r—71-10 535 Z L1 L7z (Scheme 1),

NH,
o} NN
9 <
N—#—O Ny
NH, H B o .
oH 0 ~o~ )\/\’L _
; PAdln
Probes 1—10
NH,

HO

Ligand part 11 Tracer part

Scheme 1. Synthetic strategy for probes 1-10.
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[V R 11 oER]

U A R 11 DA RIESCERICHEVT > 7= (Scheme 2) 2, 75/ oo % SRR &
LT, BIBERLIZALEw 12 LRSS E D2 T, 2N T I b InbEy
13 %2572, 77 /v A0k 5 O- 7 LT MEDEVIEIRMIL, 75 /> v 4%
Db Fax o pK, M) 12 FRE & —i7e 7 a—L &g LT 2 g2

THEEZOND, TT /20t Fa X i
X EKBREER R T D Z &3 5

FIR A DINNLE
T pK, BIEF LT 5 22b,
fbx 4,
SECORE LT, K kT TFA |
7EAIMEEITO Z
7Y N E A IR T

kfﬂj/\% 16 ~ LB/~ fx
LRV TIvALEX U RE 1 25T,

%12 Boc-L-Phe-OSu # i &

NH, B"\/\/\N3 NH; NH,
N N A N
<IN 12 CAN i «IM
P P imidazole, DMAP P
HO o NT>N NaH, TBAI HO o NN TBSCI TBSO o N N)
_ _
DMF, 0 to 50 °C DMF, rt.
OH OH ; OH O ; TBSO O
45% ~TN, 71% NN,
adenosine 13 14
1]
NH, HNN—8—Cl NH,
NN ° N SN
(’N | sulfamoyl chloride 9 (’N ) Boc-L-Phe-OSu
TFA HO o N NaH HN—S-0 N Cs,CO;4
T -  » 0 e
THFH:0,0°C 150 o DME, 0°C tort. TBSO DMF, 1t,
71% Ny 87% SN 92%
15 16
NH, NH,
o) SN o SN
9 < _J Q <l )
N-$-0 NTON Pd/C, H N-S-0 NN
HN, H 8 0 CP HN., H 8 o
“Boc o R *Boc (o]
MeOH, rt.
TBSO O ; TBSO O
NN, 19 ~NH,
17 11

Scheme 2. Synthetic route to compound 11.
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WIZEFE S L—P —EOEREITV., VA FE 11 & O S & iREIC X 5

Ta—TDOEREITo T,

[Fr—71D4Rk]
4 4TI )R T2 )18 L ant e ) AF LT AT 119 Z4Ea LT 20
5-~F T UMREAL) 21 CHEST A LTIV TUT I NK 22 ~LEN T,

L7214,
kL—H—E &

WIZ, KEBIET R U T LZHNTATF LT AT VORISR EITU,
e b EW) 23 13T, fEWTC, U RES 1 & F L—H—{ 23 % EDC-HOBt {£IZ
L OMEE L TULEY 24 L L=k, BRI THAEZITV., e —7 1 2157k

(Scheme 3) .
\n/\)?\
MeO (o]
OH =
0 CI)]\/\//
o 19
EDC-HCI, HOBt || DIEA
HoN O O NH, DMF . \n/\)l\ O O NH, THF rt.
51%

53%
18

4MNaOH i
O*@ Heaeh U
\n/\)L A~#Z MeOH/THFrt o\n/\)LN Z NJI\/\//
o H H
23

97%

NH,
o) NN
EDC-HCI, HOBt 9 <
1 (\ N-§-0 o NN
EEEE— .
~ HN Boc fo) o
DMF, rt. TBSO O H H
86% \/\/\NJ\/\H, O O \n/\/\\\
H 0 0
24 0o
NH,
80% TFA ag. 9 o SN
1l J
—_— N-S—0 NN
. NH, 1 8 o
56% OH O _~_~ fl\/\[rﬂ N
0 0
1 o)

Scheme 3. Synthetic route to probe 1.
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[7Fe—7 2 D4Rk

L-4-R A NT 2= VT T =0 25 1Zx LT, AT VA I R ATV 26 HHEh
LTChRL—HY—f27 L LItk, A7 A I RZATI)L28 ~EE W, FHW\WT, U
HY RE1 E AT A4 I R AT )L 28 ZHiA L TEEW 29 & Lok, BetEsit:
TR #EZITV, 7T —7 2 2157~ (Scheme 4)

p—

o
0 SuO
26
O O DIEA EDC HCI, NHS o
N7 M DMF, tt. \/\)L OH DMF, rt. \/\)LH Osu
0 84% o
25
NH, NH»
(o] o) <,N ~N (o] fo) <,N SN
N | | n I .
N-S—0 N N 28, 082003 | B N-S—0 N N
HN~B°|: 5 ioj I HN~B°|: 5 0
CH20|2, .
TBSO O\/\/\NH2 99% TBSO
1
NH,
N <
7 <)
80% TFA aq. 7S N-S—0 NN
— 3 U M@ o o
) H
rt OH O _~_~ N
92% N DERERS
o]
2 VB
o

Scheme 4. Synthetic route to probe 2
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[7 0 —7 35 DEK]

TV AF T AT V304, B-T 7 = AF )T AT L 30b, 6-7 X J ~FH UM
AF NI AT 30 1Tk LT, A7 A I R AT LK 28 ZHfie L TILEY) 31a-
¢ i3, FWT, AFINTZATIVOIKGIFEE AT A I RZAT UALEITV,
L&Y 33a— Z AR LTZ, HWT, UH Y R 11 L&Y 33a— ZHEH Li-th. B2

MEEEIC BT A NiREIC LY P a—7 35 #1457~ (Scheme5),

1 M LiOH

28, DIEA
HoN ~ [0} H 9 — [0}
ﬁj\om CH.Cl,, rt. \\/\)LN N@ﬁ'\ome MeOH/THF, rt. \\/\)LN
H H
o]
30a:n=1 31a: 95%,n =1 32a: 99%,n =1
30b:n=2 31b: 82%,n =2 32b: 100%, n =2
30c:n=5 31¢: 93%,n=5 32c: 92%,n =5
EDC-HCI, NHS
—>
DMF, rt.
NH, NH, o
Lo, ST ¢ T
< o J 33a-c,Cs,005 N—'s'—o < L7 . 80% TFA aq.
| J N, H | H Il o [
. o <~ HN. o]
Boc CH Clo 1t Boc I} / o It
2Llo, H ¢ =
TBSO O~y TBSO O\A/\NJLHN‘H/\NJ\/\/
H ng H
1 34a: 79%,n =1
34b: 56%, n =2
34c: 87%,n=5
NH, o NH,
9 o ¢ N O 2 o f\
I N n J
NEO o -
NH, ™" o o o NH, " o o
H = > H
OH O _~_~ J\,N A Jl\/\// OH O _~_~ J\/\ N
3: 81% 4: 82% O
) NH, o o
(o] 1) <, I ~N
N-§-0 N N’) 7 N\
NTALEF) o =
o) H 0 _
OH o\/\/\NJI\/\/\/N\n/.\NJk/\/
H o H
5: 84%

Scheme 5. Synthetic route to probes 3-5.
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[7u—76,7 DEK]

4, -V RaXF Xy 7z 38510x LT, BIERIGIZE Y £/ =—7 V1K 36
R, BOYEIERS 2 W CRIE AR L7 T b3 — UK 37a, b DFEAZITV, ¥
T —F LK 38a,b AR LTz, YT —T /LK 38a, b DT AT )L EAEENLEIZ LV LR
VWL L7-t%, NHS EHEE 2175 2 & TIHME= A7 /LK 40a, b #1537, e\ T, U
T FEL 1L LR X7 VK 40a, b Zfa G, BRI CHifRET 2 28Ik 7

n—76,7 %137~ (Scheme 6).

[0}
’BuOJj\’o"(/\O)/n\/OH

37a:n = 1
o DIAD, PPhg 37b:n = o
3- butyn 1-0l DIAD, PPh3 /@)J\(j\
N
‘ ‘ ‘ ‘ | =
HO O O OH THF . HO O O o~7  THRn 'B“O\n/\o{\/o);/\o o~
64% 0
35 38a: 70%,n =1
38b: 74%,n =2

o
TFA EDC-HCI, NHS
CH,Cly, . “07(\0'(\/0)/\00’\/ DMF, rt. 3“0\[]/\0'{\/0);/\00’\///
(o}

39a: 98%, n =1 40a-b

39b: 97%, n=2

NH,
N

(o] SN

0 < IN/)

N
o] SN
(l)l < f\/) Cs,C 1
| X H ﬁ o o NN 40a-b, Cs,CO3 H'ﬁ'° o N
—_—
2~ HN. B 0 k j HN“Boc 0 k 7'

0oC
CHClIy, rt.
TBSO O~ 2Ula TBSO O\N\NJI\/O‘(/\O)’\/O\O\(@ \/\

1 41a: 63%, n —1
41b: 48% n=
NH,
N ~
g o ¢ N
80% TFA aq. N-8—0 N—SN
—_— NH, H 8 0 o
.
OH O~ _~pyHl o~ ~_oO o
SRAAACUCRE
6: 86% 0
NH,
N ~
29 <N
N-S—-0 NT>N o
NH, H O |;0:1 .
‘ ‘ =
OH O\A/\NJJ\,O\/\O/\/O\/\O O O 0/\//
H
7: 86%

Scheme 6. Synthetic route to probes 6 and 7.
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[0 —7 8 AR

AV RT Afga HEFEE LT, S~V U 21 & ROGSE 7%, MeOH
WELF 5 L TP MAFNZAT IR A2 2457, VT, 7 b &7 88X —1LT
FHELTULAW A3 L LT, LAHICE D= AT A DETLE T Z — L OiR#IC &
Do hT IV a— UK 45 ~ L3N To, RIT, N ERIRIET E=T7H TR FrF Y
NT I -0-ANVE R E G SETCOT VU PR LEE, S vEEHWVTER
T2 TOTIY MR 46 BT, TLa— &I vHELEH, = U LED
N LMK R, i< NHS & OFFAIC L IEETZ 2T K 50 2 ARk L7z, FEv .,
VA RER 11 EHEE LTote., B M Tk 3 fig 247\, 7' —7 8 %#45%7- (Scheme
75

o
=
C|)j\/\//
21
X 1) pyridine
oo THF, rt. o o TsOH, HC(OMe)3 od Y LAH N
— N N Z ———— =
OMO 2) MeOH, reflux MeO ethylene glycol, rt. Meo)l\x/\/ THF, rt. o~
Meldrum's acid ~ 72% 42 87% 43 97% 44
1) NH,OSO3H imidazole
TsOH o P lig. NHz, —40 °C NeN P PPhg, I, NN P KCN
—_— 7 —————> M AT ————F N A~F ———>
acetone, rt.  HO 2) Iy, EtN HO CH.Cly, it. ! DMF, 70 °C
94% 45 CH.Cly, 1t. 46 94% 47 85%
32%
EDC-HCI, NHS
N=N N=N : N=N
Ne~a~F > Ho Z —>SUOW
10% NaOH, reflux ! CHCly, rt. u
48 93% 49 50
NH, NH,
N N
19 <) 19 <)
©/\HLH‘ﬁ‘° oW N7 50, Cs,CO4 N-§-0 N N
N, H g R N, H G
Boc DMF, rt. Boc fo)
TBSO  O~~wH,  60% TBSO O\A/\NM(\/\\\
H N=N
11 51
NH,
0 NN
Q <] J
80% TFA N-S—0 N—>N
EE— - NH2H 8 (o]
rt. o
94% OH O\/\/\NJ\/M
H N=N

Scheme 7. Synthetic route to probe 8.
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[0 —7 9 DAk

Boc-L-Lys-OMe % HFEEEFE LT IBHT X > & S-AF U U BEMES L TLEY 52
AT, BRI BT DREL . IR UEES3 OFEEICE D VT 2 R 54 24
B L7c, AF NV ATVOMKGEDOE, IEET ATV 56 ~&E W\, H\WT, U
2 RE 11 & ORgE D%, BitriElc LY v —7 9 Z457- (Scheme 8) ,

N=N
%Cﬁ“
0 HO o)
= =
NH, HNJ\/\// 0 53 HNJ\/\//
5-hexynoic acid
EDC-HCI, HOB, DIEA 1) TFA, CH.Cl, rt. o
Boc. <\ OMe CH,Cly, 1t Boc. N\ OMe 2) 53, EDC-HCI, HOBt NN OMe
H o 87% H o DIEA, DMF, t. FsC H o
Boc-L-Lys-OMe 52 2 steps, 90% N=N 54
o)
y
HN)I\/\//
1M L|OH EDC-HCI, NHS o
R
MeOH . CH,Cl, tt. N 0osu
92% FsC 560
N=N
NH, NH,
AN, SR )
P 1 P
B N-S—0 NN 56, Cs,CO; S N—%—O o JTN
2 Mg koj — I N6 kj o
DMF, rt. H
TBSO O~~~ 0 ™80 O~~~y A~ A~UN
NHz 77% N K \n/\/\\\
HN._O 0
1 57
NH
\2 FaC NN
1 9 <IN
B N-S—0 NN
80% TFA P AL
OH O i N
it \/\/\NJ\:/\/\/ M
96% 9 H N o (o} S
FaC N

Scheme 8. Synthetic route to probe 9.
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[0 —7 10 DERL]

5B T d % Boc- L-Lys-OMe DARIBHIC 7 /LR 8 53 ZHEE L. L&Y 58 2157,
TFA (2 X 5 Boc ZiDifR#EL ., 5-~F T Ui E DMEAICE D 7 2 FIK 59 ~ L
Tmo AFILVZ AT IVONMKSFRIZ I Y VR R 60 & Li-t4, IEHE= X T LIk 61 %
B LT, fWT, VA FE 11 & Ofad & BBIESRIFIC L DMREIC LY e —

710 #4537~ (Scheme 9),

N=N
N cr,
HO = o
o
CF
EDC-HCI 3
HOBY, DIEA NN 1) TFA, CH.Cly, rt
e
Boc.y OMe DMF, rt. Boc. OMe 2) 5-hexynoic aC|d \/\)L
H o 71% H o EDC-HCI, HOBt
Boc-L-Lys-OMe 58 DIEA, DMF, 1t.
4 2 steps, 86%
1M L|OH Ji: NN EDC HCI, NHS /':l:
MeOH rt. CHZCI2 rt.
100%
NH, NH,
N
o0 o ’ fN o o at
N-§—0 <N N 61, Cs,CO;3 N-§—0 <N N
HN‘BO:I: 3 ° HN‘BO:I: 8 ° by
i f DMF, rt. ; o H CF,
TBSO 0\/\/\NH2 20% TBSO O\A/\NJI\:/VVN)(@)<
H uN_o o
1 2 \;\
NH, X
N
o SN
9 <l J
N-S—0 N7>N

80% TFA NHH G k ?f
D
. OH O\A/\NJ'\/\/\/ 7‘/@%

96% H HN\;\
S

Scheme 9. Synthetic route to probe 10.
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FEAE GEMEMMIIERE TO0—TJ 0 GrsA [Zxt9 HEEE MO

FT. KIBEMHAEZ GrsA ZHWT, 77 /> 2Dt KuaXx v EOEAMN Y
Ty RE A RAAL OB BICEBEEHEZ D0 METoZ I L, Bk LT e—7
DT, FEEMICKREWR Y T2 ) VO T 0 —T 127 12O TRIGEMAHE 2
(hA@AF%4/:ﬁﬁém%ﬁﬁ%ﬁﬁL\)ﬁx%f%éb%wmm@m%ﬁ
P& b L7z,

A R A A NTBT BEEEEMRHGIZIX. Hydroxamate-MesG 7 v & A & 7z 2,
Hydroxamate-MesG 7 v & A OJF ¥ % Figure 1-5 |27~ 7, KETHLHT7 I /BEIZA N
AAAFET, ATP LS LTCT R /) 7Y W-AMP #E 25, ZOBELLZERY
VRRIIERRAT s B—BIZEDE D VBRI ND, MesG XY X7 LA
VRRARY =BT, £/ U B ESUS L THMREDN ZA T D, T D5 REY)
13360 nm (IZHRBIE R A RTZ b, ZOWRNEEEZRET S Z & TSRS
PEZFIT 2 HETH D, £z, FRETHLT IV TV A-AMP XA RAA U EE
WHIFMEZ RS, B Rrd b7 I AR A RAAL U OIEEE NG T I ) 7T
JV-AMP % 53fd 2% H 2o T s,

|
R\‘)LOH - R\‘)L $- N R\‘)LN,OH
NH, )7 \\ NH, o t j 7 X NH, H

ATP PP; NH,OH  AMP
Amino acid OH OH
Pyrophosphatase
\ s@ i
@ Purinenucleoside \ $ o_,','_OH
<, | )N\ phosphorylase N NH HO o 6
e + P : R + ©
HO— N” NH, NP
OH OH
OH OH )\max = 360 nm
MesG
)\max = 300 nm

Figure 1-5. Schematic summary of the hydroxamate-MesG assay.

22



7'a—7 1-7 OKGEMAHLZ GrsA 2k 2 EEMEA /RS (Table 1), £7°,
KT vtA F% M T L-Phe-AMS OHEEEZRAE L7 & 2 A, K™ =1.2+0.14 nM
THY CIMEE BV —FE /R L, 2 LT, 7r—7 1-5 2O\ CRERICH
EIEVEZ R L7 f5 R, ROBHEIEE oM A —4—) 2T Z ERHLnERo
72 —J T, PEG ZAX—H—L L THW7v8—7 6, 7 DILEIEMIX, L-Phe-AMS
& LT 20 f5LL BEES Lz, Zhud, 2 AL L 2B Tlde <, PEG o F
BEANLLLZEICEY ER LV U —2KOBHEN A RAAL R LIRS
CHDREHR SN2 EER LR, T72bb, BRHEOHE W PEG ) v —%
HT2570—76, 7TTlE, 70—7 1-5ZH_XTA RAASVEDEAKFOT L h
BN RE L 20, EEENED LIZEE2 N5, ZNLORNS, 7T
) DRSO R OEEIIICRE WS Y T2 ) OB ANL, VT RE AR
AA VOFRERITIZE AV ERBEEZRI BN ERHALNE o7,

Table 1. Inhibitory activities of L-Phe-AMS and probes 1-7 toward recombinant GrsA."

NH,
SN
N

N
o]
9 ¢ f )
N-S-0 NN
NH H OB ;o:f

OH OW\H>\

Compounds Structures K@ee (nM) Compounds Structures Kiaep (nM)

NH,

0 N~SN
Q < |
L-Phe-AMS ©/\HLH-“—0 G 12020140 4
NH; " O

OH OH

[o)
Sy N v
1 O T 143:019 . (D 3.34 +0.52
o / o

2.13+£0.36

[o]
6672013 5 X OO YN pg2ian
o

O :
o
3 0.64 £0.05 7 VK/°\/\0/\/°\/\00/¢// 26.6 + 4.6

oy {0 P
\e’\/N\n/\ﬂJ\/\//
o

*Kinetic parameters were determined by a coupled hydroxamate-MesG continuous
spectrophotometric assay.”> Errors were given as the standard error of duplicate independent
measurements.

®Value taken from ref. 23.
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E58 FEUEMLERRE TO—TJZFALV: GrsA DTN JLEEER

AR LT B —T 0N A RAL KT 2 EIEEZ R T2 2 E BB 605
DT, WICKIBEMAHZ GrsA 2T T~ EREIT- 7=, EROMEE
Figure 1-6 (279, KIGE M Z GrsA (Ckf L CENEND 7 10— 7 Z /LB L7=%4 .,
365 nm O UV ZMBE L7z, D%, TAMRA-7 ¥ K & Cu(l) (£ F. Huisgen B{bAt
INERZ AT L CHe e % 7 %8 AN L=, SDS-PAGE TH L /X7 E %yt 7Ot
EBIERTDHZETTIMMEOFEZFMO LT, £72. 70 —712 X5 7 U LD FERE
RAESICE Db TIER VT R A RAL TG T 52 L2k 0 R
ALDZEERTEOIC, WRIEOBGHEA (L-Phe-AMS) A HILHHE, 7w —
TR DT ZATV, SOREE A2 iR LT,

NH, NH,
NH H G NH, P O o o
OH OH OH o\/\/\H —
L-Phe-AMS L-Phe-AMS probes
Il I
o o=

In-gel
fluorescence
scanning

o,o B
SH N3 r’ * -
OExcess ®G

Cu(l) o - +

| (o]

Z
Ns/\/o\/\o/\/o\/\N’go
H

TAMRA-azide

Figure 1-6. Schematic summary of the labeling of recombinant NRPSs by active site-directed

proteomic probes for A-domains.
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FPT ARV T2 ) M T T 1T LD T ERE T o, FORER, T
RTOT B —77T GrsA D7~ s (Figure 1-7), £72. 2D 7~k
I% L-Phe-AMS fF7E F CITHKT H 2 D, 7B —7I128 % GrsA O 7~ L{bixV 47
Y RENA RAL KR T A ETHEITT D Z B LN E R o7z, RIT, 7L
LN FEOR I Z1T > 72, TAMRA O NREIZES T 2 MEfiL, fiik® TAMRA-BSA
ERAWTER L, KIBEMAEZ GrsA (1 pM) 1332572 —71-7 (1 uM) ©
TR EEH LT 2 A, 7u—7 1 B3 bmEm\ T U EEER (43%) ZRL
7co —H T, PEGEEN LT B —T 6, TDT7 IULERITZENEI 15, 14% &K
W ENDbhoTe, ZHUE, Tr—7 6, T OMEEMENS T —7 1 L DK 20 {5550
2l RUOHBHBRENSS EWAR—Y—2B AL LITLD, GrsA &2
VT ) S OBERRER D L 2 SICERT A EEZBND, ZNHDORERND,
R T2 ) BT —TFOh T u—7 1 DNEREETHD &fm LT,

FL — -_—— _ - = — - - -
CBB el i e el L —
Probes 1 2 3 4 5 6 7
L-Phe-AMS -+ -+ -+ -+ -+ -+ -+
Labeling efficiency (%) 43 25 29 26 35 15 14

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.

Wiz, o7V T e —7 81012 KD T AL EERZIT 572 (Figure 1-8a), 7
H—7 1 %RV T47arha—e LTI VU EREITTLEZA T —T 1-
7 CRBRICETO T B —7 T GrsA OF7 LR BEIN, b DT~ kix
L-Phe-AMS IZ X VHK LTz, ZOZ b, TV AT —7810H A RAA
NIFFRINCHEE T HZ LICE D, GrsA 27 UL LTS Z EBA LN 5T,

ZHNETOERIL, UV BRI Z 30 2I2BE L TITo TE 7z, LaL, KBRHIC
L0 AU BDIEMRISEN 2R TR 7 2 ) v ERATMED DK E b RS
HYT VU TR BEEERICHT 5 7 b ER R 5T a7 7 A NV EIRT ZER
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THRIND, £ T, UV BHNFEFICKT 2 7 AL EORREZBIE LT, &b
BT LN RE R T R Y T2 ) T =T 1L TAFATT V) T a—T 8,
Tz ATV Ta—T 10 IZOWTREE (L Z B LT 2 A, r—T7 1T
XM RIS T ~ AL B2 N L 7= (Figure 1-8b), — 5 C. U7 VY 7 n—7 8,
10 1% 5 /3 AN O FRET CHEGEIZ GrsA O T~ UL LT L, D% 7 ~UALEOEINE

Blsasninol, 2L, 50O UV R TETOVT VY URINARERD

%ﬁm@ﬁw«/im&ﬁmbttwk%z%ﬂé F/2, Tu—710 TiX 1 o
FED UV BBETEHIZ T LR EIT L TR Y, 7ua—7 1 L3RR/ EEHT 5
ZEDPHIBMNE R ST,

a)
FL | - fe— — —
Probes 1 8 9 10
L-Phe-AMS + - + - + - + -
b)
50
Probes FL g 40
>
1 ---_hﬂ %
S 30
8 — - - . g
c °1
E 20 8
10 —_—_————— — 3 10
Time 10
(min) 0 1 3 5 10 20 30
0

0 1 3 5 10 20 30

Time (min)

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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Para

EOE /ME

ARBETIE, A RAA VOB RERFRMEZFH L TNRPS 2 7L 5 2 L%
HIgE L. A RAA KT DIEMESAAE A 7 0 — 7 1-10 2585 SRk L, K
FHAH 2 GrsA & FV CTHERERTA 21T - 7=,

K7 —TTlE, A RAAL VORIGHEETH LT I ) 7 2/ -AMP Al L 72T
2T VN-AMS B U B2 RERE LTTHWE, F72, A KA A U LB O X BRI
BEDBERNOV A —BANHELTTT /v 20Ok Fax a2 RHL, Uy
T —ERICH OSBRI E R T VX VB EA LR Y T e ) T e —T71-7 &
TV T =7 810 AiXEI LT, BT =713V B FEE B L——f%
FTNENERE L%, 777 A NI TV TEITHIZETER LI, XY T =
J AT 0 — T 1-7 O KIGEM A2 GrsA (ST B LEEMEN S, 75 ) Vv 200
Db FrXUEADEMII. UT U RE A RAL VOREEIIZEAEREL 5 X 00
ZEEWOMNT LT, £, BANT U EERND, KT —T BN GrsA D A K
AAERRPIGEHR LTI L TWAZ EERL, O T2 —7 113K b
BWT R AR T E A RN L, 6, r—7 10 1£7 ~Ubh= Tl
T —7 1255600, 1 FRED UV AT K0 U IZEER) NRPS % 7 ~/LAK ]
RECTHHZLZHOENI L, Ta—T71 &7 0—7 10 1T NENER 5 Rl %R
T2 DB, NRPS DAFEERLZEEMITIG UTHEWSIT S Z & T, Bx ZoRIIT 3G
AIREIC 72 5 E W T& 5 (Figure 1-9),

Active site-directed proteomic probes 1-10

NH, ; NH,

0 o <,N SN o o NSN
N-S—0 NSy N-S—0 <N N7 N=N
NH, 8 koj NH, P 8 koj Y,
OH O j.j\/\n,n H OH O J(J)\/\/\,n)(©)k<:ﬁ
NN N v
N ) O O \g/\/\\\ H HN._O )
1 o 10 \EK
>
High labeling efficiency Rapid labeling

Figure 1-9. Active site-directed proteomic probes 1 and 10 for A-domains in NRPSs.
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BHASFTO—TEAL-NEYE NRPS O EDHET

G
N
10

F1E (XZLHIC

NRPS 1IN VT ED a— N BITHY | —DDH L RTERITHEED A KA
A EFNTND, BIZIE, FLAEME 7 Z7I32S (GS) 11 EY2a—Anb7R D
GrsA & 4 BV a— b5 GrsBIZ L > TA SN 2 GrsBIZ1Z 4 DD A R A
A UPFEEL, TNEI L-Pro. L-Val, L-Orn, L-Leu |[ZHERHREMEEZAT D, TDT-
D, A RAA U EFREIZNENE NRPS &2 7~k + 2% LT, Za—70U Hv
RERT R VI E BT D5 L2800 AT 2V BICHER/RREEZET DA KA U %
BRI TN T 52N EEREL R D, 22T, ARTE T e —7 1
(L-Phe-AMS-BPyne) ZRFEkE LT, VA RET 2 /% L-Pro X O L-Omn [T
#1727 1 —7 L-Pro-AMS-BPyne, L-Orn-AMS-BPyne % #72124G % LT, KA FHLA
Haz 27 EERNTZ A RAAL VEBIRE T AL OFEG 21T > 72 (Figure 2-1a),
F7=. WEME NRPS & LT GrsA O GrsB #1ZEfJ& L C, L-Phe-AMS-BPyne (1),
L-Pro-AMS-BPyne. L-Orn-AMS-BPyne % VT GS LR 7' 1 5 4 — APITHFEET S
WTEME NRPS O 7 ~ LAk %57 7= (Figure 2-1b), F£7-, GrsB ® 4 DD A KA A T
SIS B A I ER] L-Pro-AMS, L-Val-AMS., L-Om-AMS. L-Leu-AMS % ZhZh
AL, A RAAL DY T FMKFR) T ~ LDl 21T > 7=,

) %M///R\G?iﬁw\\xm_

L-Phe-AMS-BPyne L-Pro-AMS-BPyne

DDDD DD‘ND

GrsB |:| o EI \:'?El El = D
O O @
@) @) (a9 Ay e @y @9 (ay
De@e@eOem"” "o - (©wowewe "
O

= O GrsA|:I O O @ = O O O
|:| O 3 e |:| O
p g B ° o
Non-target SH RE SH
protein. — O O O el O [l
Lysates from Labeled lysates from
Aneurinibacillus migulanus ATCC 9999 Aneurinibacillus migulanus ATCC 9999
(GS producer)

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.

28



Para

F28 YA MREMZIANIEICCH-EFESMERR TO—JTDEK

[L-Pro-AMS-BPyne, L-Orn-AMS-BPyne D %]
7u—7 DAL L-Phe-AMS-BPyne (1) OAKEEZERALEZ 2, LAY 16 %
Boc-L-Pro-OSu & L < 1% Boc-L-Orn-OSu & i S ¥ 7-t%, #EiEcicff LT o’
i 6da, b 1572, HEWT, VT Rl 6da, b & b L—H—23 S Lictk, Bifk
#35HZ LITX Y L-Pro-AMS-BPyne, L-Orn-AMS-BPyne % &% L 72 (Scheme 10),

NH, NH, NH,
NA Boc-L-Pro-OSu N
0 ¢ /)N Boc-L-Orn(Boc)-OSu . 0 ) " 0 Y /)N
HZN_ﬁ_o o N N 082003 .H_ﬁ_o Pd/C, H2 .H_ﬁ_o o N N
> —_—
o] o] o]
TBSO O\/\/\Na TBSO 0\/\/\N3 TBSO 0\/\/\NH2
16 63a: 73%, R = Boc-L-Pro 64a: 64%, R = Boc-L-Pro
63b: 83%, R = Boc-L-Orn(Boc) 64b: 67%, R = Boc-L-Orn(Boc)
NH,
EDC-HCI, HOBt o SN
23’ R.,_ L N 2

H—ﬁ—o—l o N
—_— 0
DMF, rt.
, T TBSO O\A/\NJ\/\If \n/\/\

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

80% TFAaq. OH O~ ~ J'\/\[r W T~

rt. L-Pro-AMS-BPyne: 91%
NH,
o} NN
Q <1 J
LS A STl
NH, o

o
H H
OH O - N N
\/\/NJI\/\[r M
H o o
o

L-Orn-AMS-BPyne: 88%
Scheme 10. Synthetic route to L-Pro- and L-Orn-AMS-BPyne.
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[L-Pro-AMS. L-Orn-AMS. L-Leu-AMS D& %]

TT o aHEERNE LT, STRICEWV 20, 3L T ' N A RMMeE SR A v
7 7 A MEIZ L VLAY 66 Z157- 7, T, ALAEW 66 (o3t L CARET 2/ k%
MOATG, BRMESE T TR #E A2 1TV L-Pro-AMS, L-Om-AMS, L-Leu-AMS Z &k L 7=

(Scheme 11), £72. L-Val-AMS [T 3CHRICHEVA R L7225,

NH,

NH, Boc-L-Pro-OSu NH,
Boc-L-Orn(Boc)-OSu NN
(/ ) 0 ) Boc-L- Leu OSu 0 ¢ )N
HO . HN—-S-0 Cs2C03 R'H—ﬁ—o o ITN
K # — o] k # — > o] k #
DMF, rt.
OH OH 00 00
~ ~
adenosine 66 67a: 87%, R = Boc-L-Pro
67b: 22%, R = Boc-L-Orn(Boc)
67c: 61%, R =Boc-L-Leu
NH, NH, NH,
80% TFA aq. 9 o </N [N Q o f\ 0 f
—»C‘)LN—E—O NN HZN’\/\‘)LN—g—o / WLN §-0 /
rt. N H g k ° 7' NH, H 8 k 7' NH, H 6 k 7'
OH OH OH OH OH OH
L-Pro-AMS: 74% L-Orn-AMS: 98%

L-Leu-AMS: 69%

Scheme 11. Synthetic route to L-Pro-, L-Orn- and L-Leu-AMS.
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%38 TycB IZxt9 S RAEEMED T

FI. TT U 2O Rax A U —EARMD A KA A 2B WN
TOHLHBEINDIDEPRFT D22 LI LT, T2 T, TRV VUV EHREERZEO—DT
L-Pro ([CHERFEMELZ AT D TyeB, Z KIGEM A Z & X7 EH & LTI L,
L-Pro-AMS & L-Pro-AMS-BPyne @ TycB; (254 5 BLEF M2 b L 72 7,

Hydroxamate-MesG 7 v A & VT, TycB IZxf 3 A EEMEEZFHMO L2 & 2 A,
L-Pro-AMS D HLETEMEIL K =431 £ 42 nM T& Y . L-Pro-AMS-BPyne DBHEEM:1X
K™ =327+17nM T& > 7= (Table2), L-Pro-AMS & L-Pro-AMS-BPyne T 72 [HE
EHEOEITBE SN -T2 b, 77 /v 2Ok Fua Xk U E~DEAL
TycBi D A KAA Y (L-Pro) IZBWTHHAEIND Z EDRHLMNTR ST,

Table 2. Inhibitory activities of L-Pro-AMS and L-Pro-AMS-BPyne toward recombinant
TycB,."

Compounds Structures Kiarp (nM)
NH,
2 o <IN
L-Pro-AMS C‘NﬁL Mooy " 431 + 41
OH OH
NH,
0 o <)
L-Pro-AMS-BPyne G:L”ésso 0 " o ) 327 £17

*Kinetic parameters were determined by a coupled hydroxamate-MesG continuous
spectrophotometric assay.” Errors were given as the standard error of duplicate independent

measurements.
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F4H KHRHEAZZ NIV EZRAV-INILEEER

NAEME NRPS D T ~LARIZEe i} T, 0 —7 DT ~URIZBIT DM & 25 kit
THZ LI, £, L-Pro-AMS-BPyne (2 X% TycB; @7~ NWALERZIT- 7=
(Figure 2-2a) , = DOFEH. TycB) 7 ~ALABIEL S, @I D L-Pro-AMS D RijL
HIZEL DKLz, 2D &5, L-Pro-AMS-BPyne I% TycB; D A R A A > &R HLY)
27T 5 Z EBRH BT/ 572, RIT L-Phe-AMS-BPyne & 1-Pro-AMS-BPyne
2L 2T~ D K UV BEEFRICOW T, A2 GrsA KT TyeB, & VT
et L7z (Figure 2-2b), #x K 60 /3 FE T UV B 21T 7-4ER, W7 mr—7& % 30
SYLARE T SO BIC K& R LI A b inode, 2D ED, il UV FRERERH]
1L 30 77 EfEamf i 72, NRPS I EX XV ETHAHZ ENTRINLT2D, RIZ
2= K HMAHR Z N B ORERA LG ~7- (Figure 2-2¢), % OfER,
L-Phe-AMS-BPyne (Z X % GrsA @ 7 ~/L{L Tl 10 fmol, L-Pro-AMS-BPyne |Z & % TycB,
D Z AL TIL 5 fmol D NRPS £ THHIFIRETH H Z L BHLNIT R o7,

a) FL CBB
(- | | |
L-Pro-AMS-BPyne + + + +
L-Pro-AMS - + - +
b)
Time(min) 0 1 5 10 30 60 Time(min) 0 1 5 10 30 60
FL | o ——— | FL | —— -
CBB|--—-—-| CBB|------|
GrsA + + + + + + TycBy + + + + + +
L-Phe-AMS-BPyne + + + + + + L-Pro-AMS-BPyne + + + + + +
c)
GrsA (fmol) 500250100 50 25 10 5 25 1 TycB+ (fmol) 500 250100 50 25 10 5 25 1
FL [o e — | FL [ ——— — |
Silver l' | Silver |-— |

L-Phe-AMS-BPyne + + + + + + + + + L-Pro-AMS-BPyne + + + + + + + + +

Figure 2-2. Labeling of recombinant GrsA and TycB; with L-Phe-AMS-BPyne and
L-Pro-AMS-BPyne, respectively. a) Labeling of TycB,; and competitive inhibition study with
excess L-Pro-AMS. b) UV photolysis time course studies of the labeling of GrsA with (left)
and TycB, (right). c) Limit of detection of GrsA (left) and TycB; (right).
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BT 7 a—7 WY A FEROT I BACKHIET 5 BEAS R 2 45 A R AL
B RIRINT T AL FTREN S MRAET 5 2 212 L7z, GrsA & TyeBy (A TT &
LY UAREEED | Y 2 — /LT, L-Val ICEEER R A AT 5 AusA, & KIBHE
O Z Z o\ F e LTHRIL ., EZRICHWE 2, F7-. 2L DS L mndk
FRREIICHEE T2 Z LB TS BSA Z#HWT, # "7 B L ORRIES
DA HDNT b RN T,

F 9", L-Phe-AMS-BPyne % VT, A K A A VBIRMEDORHE 21T - 7= (Figure 2-3)
ZTNENDZ 37 BT LT L-Phe-AMS-BPyne Z/LHL L 72 & 25 GrsA D AHIER
HIZ T ~IAES IS Z & b To, KIC, L-Pro-AMS-BPyne & i\ C AR B 4
115 & TyeB DHABRIC T LS RT, £72, BT 0—7 L b BSA L OIS
BARE GBI SN o0, ZNHOMENG, M7 r—713) 72 RET X/
CXHET B BRI Z AT D A K ALV ETBRIIC T UL TH S 2 &7
BH 505272 572,

Mr Mr
(kDa) (kDa)
116 —|w—- 116 —] -
FL FL
66 — 66 —
—— e e - — —— e e —
cBB CBB
- — - —
Proteins GrsA TycBi1 AusA; BSA Proteins GrsA TycB1 AusA; BSA
L-Phe-AMS-BPyne + + + + + + + + L-Pro-AMS-BPyne + + + + + + + +
L-Phe-AMS -+ - - - - = + L-Phe-AMS - + = = = = - -
L-Pro-AMS - - -+ - - - - L-Pro-AMS - - - 4+ - - - +
L-Va-AMS - - - - - + - - L-Va-AMS = = = = = + - -

Figure 2-3. Labeling specificity of L-Phe-AMS-BPyne (left) and L-Pro-AMS-BPyne (right).
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E58 MNEMNRPS DIRNILE-BERUVRE

Ta—T7NY AT RET I BAEERT S & TEBRIICKHIST D A RAL Y
TS D 2 EDVHIB LTeD T, RIZEBRDOTTF FMERMCEWMARER 7 = T
— LHUCAEAET B NAENE NRPS D T~k Z ik 7z, HEA91% GrsA (127 kDa) K OY
GrsB (508 kDa) & L. GSEFEW (dneurinibacillus migulanus) % GS PEAREHICTH %
YPG ¥z W TH &R L7 ERE ) Y F—ATHERE L T e 7 — 22 E LT

30a,b

o

F£ 3. L-Phe-AMS-BPyne % VT A. migulanus ATCC 9999 £k 7" 11 7 F— L D NLE
P GrsA O F ~ Al & 7 7=, L-Phe-AMS-BPyne % LERE L 7=, 30 45D UV Ha&f & 7
Y 7 DR INZ1T\, SDS-PAGE # D7 LV Od e a#EE L=, £ ORER, /085 120
kDa DALEIZH A X GrsA & RIFREE Dy T8O 7 37 E 3 S vz (Figure 2-4) .
F 72, L-Phe-AMS DRI TZ DX L XTED T )AL ER LT, K7 e 74— 4
IENEME GrsA Z 8 A TWAD Z EMH BT R > TWD Z &M D 2 L-Phe-AMS-BPyne
WD Z L THIEME GrsA &2 7 U bRHATRETH D Z L bhrole, Fio, A
migulanus ATCC 9999 @O 7 11 7 A — LH TR T ~ L ST /3 2 R GrsA D &
TholeZ b, K7 =703 ITEWRREEEZ AL TWD Z ERPLNTR -
7=

Mr FL CBB

(kDa)

200 —

116 —

97 —
Recombinant GrsA + - - + - -
L-Phe-AMS-BPyne + + o+ + + o+
L-Phe-AMS - - + - - +

Figure 2-4. Labeling of endogenous GrsA in the A. migulanus ATCC 9999 cellular lysate by
L-Phe-AMS-BPyne.
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WIZA4 5D A RAAL U EHTLHHEMN GrsB O F ~ )bz ik ATz, WNEM GrsB @
F UK GS D E A FENVERE T H % A. migulanus DSM 5759 % = 3 A. migulanus
ATCC 9999 & [FIERIC YPG B THEE %R, VY F—L 2T 7 e 7 A —LaFR L
72 7. L-Pro-AMS-BPyne % T 7 L FEBRZIT -T2, Tl A FRIFRRETORE R,
UV BRETIREE % 5 432 L C SDS-PAGE CTHBffte D7V Ow N EBIETH L &
#4500 kDa DALEIC 7 v —7 TT7 /LS4, L-Pro-AMS TIHET 53 ROHERE S
7= (Figure 2-5a), %tV T, L-Orn-AMS-BPyne % T T~ b FEBR AR AT- L =
5. L-Pro-AMS-BPyne & [FIEEIZ 5y T-E:4) 500 kDa OALE 2T AL 4L, L-Om-AMS
DORTLERIZ XV ERT H 3 RBBIE Sz (Figure 2-5b), ZiuH 2 DO a—7
AW T NALERNG, ZDF X7 EIT L-Pro XY L-Orn (2B R BN %2 R T
ARALUERETD GsB ThHhDH I ENRIRBINT, £ T, DSM 5759 O 7'm
7 A — 2% SDS-PAGE C/Hr#iith . $RYLAIZ L 0 M S 7250 78 500 kDa DN R &
gL, FYFrTHIBEIC LC-MSMS it afT-7-8 2 A, ZOEy 8B
VXJEIE GrsB ERIEESNTZ, INDOFERND ., AIEMEEAIRRA Y e —7 1% A
RAA VBRI AEFER 7 a0 7 4 — A b INTEME NRPS % 7~k - i M ONA) &
FRETHHZ ENRINT,

a) b)
Mr Mr
(kDa) FL CBB (kDa) FL CBB
500 — «— 500 — -«—

160 —

116 — .
97 —

L-Pro-AMS-BPyne + + L-Orm-AMS-BPyne +  +
L-Pro-AMS -+ -+ L-Orn-AMS -+ - +

Figure 2-5. Labeling of endogenous GrsB in the 4. migulanus DSM 5759 cellular lysate by
L-Pro-AMS-BPyne and L-Orn-AMS-BPyne.
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Wiz, S HDOLEA] (L-Phe-AMS, L-Pro-AMS, L-Val-AMS, L-Orm-AMS, L-Leu-AMS)
ERT =T HMBEDE T A ALV OEHFEMEDO T 07 74U 7 Kk GrsB
? L-Pro X° L-Orn (ZHERFBMEZF T D A RAA U ERINIZT UL LT D08
MEMFET 5 Z &2 L7z, 9. L-Phe-AMS-BPyne & [HLER & & b CTHIEM:
GrsA D A KA AV OREN T 0 7 7 A U v J % Fr 7=, A. migulanus ATCC 9999 &~
27 A —ACx LT, ENENORER (100 pM) & L-Phe-AMS-BPyne (1 uM) %
FANWTT AL TR ZIT 72 L Z A, L-Phe-AMS [ZH1Z2 T L-Leu-AMS DHITULE T H,
L-Phe-AMS-BPyne ® 7 ~/LALIZ{E K L 7= (Figure 2-6) , GrsA |Z L-Phe Z A DHE &
LCHD AT, B3V D L-Leu ICK 2 FER BN HRE SN TS 2, 2oz
B KB D L-Leu-AMS % 2 Z & TT U LDOHERIRNBIEZ SN B2 b D,
DT ENDL, KBEID L-Leu-AMS 12X 5 7~/ EOTERITEFELFERTH Y |
LEAE 7o —T A GbE5 2T A RAL COBRELZFIARETH D Z &N
R I Tz,

Mr FL CBB
(kDa)

160 —

— . G w— ——_— ——

16—
97 —

L-Phe-AMS-BPyne + +
L-Phe-AMS - +
L-Pro-AMS - -
L-Val-AMS - -
L-Orn-AMS - - - - + - - - - -
L-Leu-AMS - - - - - + - - - -

+ 1 +
+ 11
|
|
|
+
|
|

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

five inhibitors.

BNT, 7B —T N GrsBICHFET D4 DDA RAL DI BLEHNTHDL A KAA
v ETSNAE L TV A DRI % 728 L-Pro-AMS-BPyne X O L-Om-AMS-BPyne & 5
FEDLER 2 G T2 7 LR 21T > 72, ZDORER. L-Pro-AMS-BPyne (T &
% GrsB @ 7 ~UAL1E L-Pro-AMS 12 & > TOHIH L, L-Om-AMS-BPyne (2 L % 7 X
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JUAEIE L-Om-AMS OFTLIRIC K > TOAHHEK L7z (Figure 2-7a, b), ZDZ Lk,
W72 —713GrsBD 45D A RAALLDHE, L-Pro & L-Om |ZHE B2 A1
DA RAAL U EZNFIRIIZHES L. GrsB 7L L TWAH Z LB 5
Y

L-Pro-AMS-BPyne + + + + + + + + + + + +
L-Phe-AMS -+ - - - - - + - - - =
L-Pro-AMS - -+ - - - - - + - - -
L-Val-AMS - - -+ - - - - - + - -
L-Orn-AMS - - - - + - - - - - 3+ -
L-Leu-AMS - - - - - + - - - - - %

b) Mr
(kDa)

500 —

160 — :

116 —|
97 —

L-Om-AMS-BPyne + + + + + + + + + + + +
L-Phe-AMS = &+ - = = = -+ - - - -
L-Pro-AMS - - 4+ - - - - -+ - - -
L-Val-AMS - - - + - - - - -+ - -
L-Orn-AMS - - - - + - - - - - + -
L-Leu-AMS - - - - - % - - - - - +

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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E6HET /ME

ARETIX, WIEME NRPS O e —712 k5 7~ VUb-BEEOFREZ BN E LT,
FPTRIBEMAIZ X R EE N A R A A VR AL OFHE 21T - 72,
VA RESOT X ) BN 72 D L-Phe-AMS-BPyne (1) & L-Pro-AMS-BPyne % T,
HERFEM DR D GrsA (A: L-Phe), TycB; (A:L-Pro). AusA; (A:L-Val) & TFBSA
(x5 T AL EBR ATV AIEEENIRMR T e —T N T REOT X Wi
BT 52 & T T 2 RERRMEEZAT D A FAAL U ERRIZ T ~LATRET
D EEHALMNI LT,

W, AEY 7 a7 A — NI ET 2 WNTEME NRPS O 7' m— 712 K 5 7~ b
BR 24T o T2 WAEME GrsA KT GrsB 15 & LU CLGS 4 PER T o 5 A. migulanus ATCC
9999 & X DSM 5759 O 7'v 7 A — L Zii# L T, L-Phe-AMS-BPyne, L-Pro-AMS-BPyne
2 OY L-Om-AMS-BPyne (2 L 5 7~ b &k lz, Z DR, L-Phe-AMS-BPyne X/
FEME GrsA ZFFHAIZ T ~ U b L L-Pro-AMS-BPyne, L-Orn-AMS-BPyne (ZN1EME GrsB
ERERANZ T b LT, 70T A — AR TREMIZ T kS hic ¥ v N7 I T
ALHD NRPS DA TH Y | ARIEVEEACFEME 7 1 — 773 NRPS (2@ WRFEMEZ A L T
WDHZ LIRS T, B, 5 OB EA] (L-Phe-AMS, L-Pro-AMS, L-Val-AMS,
L-Om-AMS, L-Leu-AMS) & 70— 7 ZfHA G0 T, WIENE GrsA D A R A A O
BB 7740 N TEHAMMEMZR LT, £, FAEOREERZIT VD,
L-Pro-AMS-BPyne & L-Orn-AMS-BPyne 2SNTEME GrsB @ 4 DD A RAAL D H b,
DAY RET R BRICHIST 2 EREEZET D A FAL U EZNZRRIC
TETEDL Z E LN LT,
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ERPFIO—T%FRALE-AEENRPS EFEDTO T 74 V5

G
w
1ok

F1E (XZLHIC

INETHMAEM T v T A — L O NFENE NRPS (5 O RFI AR NRPS O FE LS
ST L, FEHE O NTEME NRPS (2%t U CHURERIGERZ R L2 7 v A 12X - T
ﬁbhf%t”ﬂj_@iaﬁﬁﬁﬁiﬁ@t@ PNTEPE NRPS JEE 0D B 20 72 A

T LA EREFIDR 72, L LS RMEE W ARE R O NTENE NRPS {5 DFF
ﬁmi\ A HRREA A FE RO RMAEMIT L2 NRPS O#i5 530 & - 1M A
DHRIZEEDN D,

Activity-based protein profiling (ABPP) |X7° 10 7 A4 — AR ORI X /3 7 EREEE %
EERHETLHETHY PP ChETIKEM T T 7 —8 o3 —8 P, bR
FoFTEFT—BN bR N TEFARNT R T 27— RS DR
RIGREOIENET 0 7 7 A VR REIN TN D, a7 4 — O Z X7 B
EHEE T 77 A4 ) 7352 LT REBET NG EORREEILIZE T 5 —HEEED
BEIEMER ERA LN ENTE 2, BEFHIZ mRNA OBZHETLHIZHH 5D
N, a7 A — AR TORERIEMEOMES & mRNA BI3MABEBRIZZZNZ b, BE
FNH R Ik D ABPPITE G UL TITBfRE CE v a7 4 — LA L~ULT
DB LRI EORESEACE D817 T LD, 2T, AR THRE LA R
A A AN DIEMENLEEME Y v — T 2R AT UL, EEE T v T A — AR OWNTE
P NRPS {5 2 Wl 2> D IR rTRBIC 72 5 & B 2 7o, AT TIX. ABPP (XS0
T=NTEPENRPS G ED 70 7 7 4 U U TR AWT, 7T I vV S AR & A FER
DR, LONTZ v Py S ARG OBRED BN 21T > 7= (Figure 3-1),

}NRPSS
| —
O _——— —
0 O DD O o o ~
|:| —
o A, No
Lysis - O SDS-PAGE d"clng ”Drod
- 5 Uey)
2 Labelmg D o NRPSs In-gel "
/D W fluorescence 4] Time (h)
Bacterial culture Non-target scanning
proteins -— — — | ——
Labeled proteome —— | }NRPSS
=1

Figure 3-1. Functional proteomic analysis of NRPS activities using active site-directed
proteomic probes for A-domains.
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E28 FEHMAERETO-TDER

GrsB D4 DDA RAALDHH, 52 ETIIL-Pro & L-Om D A RAA xS
L7 —TE2ER L., FNENRRIICT ILARETHH L R LT-, 2T,
AT —TRORERLPAMEZRTZIEEAHBIZ, VD 2 2O A RAAL L ThHD
L-Val & L-Leu D A RAA NI T 57 —T %260 LT,

[L-Val-AMS-BPyne, L-Leu-AMS-BPyne D4 /]
b7 v —7 L [FEERIZ, LA 16 1Z%F L T Boc-L-Val-OSu % L < 1% Boc-L-Leu-OSu
T ROS S ET e, BANEITTIZE D U T R 69a, b 2157, K\ T, U T RS 69a,
b & AXR—H—F 23 ZfgH Lictk, DiriES 2 2 £I12 KXY L-Val-AMS-BPyne,
L-Leu-AMS-BPyne 1€ L7 (Figure 12),

NH, NH, NH,
Boc-L-Val-OSu N N
0 ¢ ‘)N Boc-L-Leu-OSu 0 ¢ \)N 0 ¢ \)N
HN—-S—0 NN Cs2C05 R-n-8-0 NN PdiC,H,  R_5 o NN
3 o) ——————— 3 H bl (o] —— > H bl [o]
DMF, rt. MeOH, rt.
TBSO 0\/\/\N3 TBSO 0\/\/\N3 TBSO 0\/\/\NH2
16 68a: 78%, R = Boc-L-Val 69a: 66%, R = Boc-L-Val
68b: 78%, R = Boc-L-Leu 69b: 52%, R = Boc-L-Leu
NH,

EDC-HCI, HOBt 5 @

23 ‘H—ﬁ—o o
e 0 t j
DMF, t. TBSO O i H H
NN Jj\/\n/
YT

70a: 58%, R = Boc-L-Val 0
70b: 42%, R = Boc-L-Leu
NH,
0 o <,N SN
N-§-0 N7
TR o
80% TFAaq. OH O\N\NJI\/\;r O O ‘n/\/\
%
rt. L-Val-AMS-BPyne: 92%
NH,
R XY

o °N~*/\r O < N

L-Leu-AMS-BPyne: 74%

Scheme 12. Synthetic route to L-Val- and L-Leu-AMS-BPyne.
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E3E  AusAq [T Y HEFBFMDOTER VS NILIEERER

F7T KGRI Z AusA, & W TERL L 72 L-Val-AMS-BPyne OBHETE M2 U 7
v RiZH7=% L-Val-AMS & bl L7z, Hydroxamate-MesG 7 v A 12 &V [HEEE %
K=& Z A, L-Val-AMS OFLEEMIX K™ =212+ 150M TH Y . L-Val-AMS-BPyne
DORLEEMEIX K™ =295+16 nM TdH -7 (Table3), Z D Z & 75 L-Val-AMS-BPyne
O 2NERL I NETOT =T LERRICU B RE A AL VORERITIZEEALY
WL B 20N ERH LN o7,

Table 3. Inhibitory activities of L-Val-AMS and L-Val-AMS-BPyne toward recombinant
AUSAl.a

Compounds Structures Ki@ep (nM)
NH,
SO e ®,
L-Val-AMS NH, H 8 0 212 + 15
OH OH
NH,
L8, L7
L-Val-AMS-BPyne N H G 0 295 + 16

*Kinetic parameters were determined by a coupled hydroxamate-MesG continuous
spectrophotometric assay.” Errors were given as the standard error of duplicate independent

measurements.

WIZ. AusA; & VT L-Val-AMS-BPyne O 7 ~ULALRE R FEHNC I~ T2, 37, BiH
)7 XALFEBRIZ LD | TR RICHE T T 2 G0 EF Ml Lz 2 A, 7'
— 712 & D AusA| DT ~UALIL L-Val-AMS |2 L - TRE S vz (Figure 3-2a), 2O
Z &5 L-Val-AMS-BPyne | AusA; D A KA A ZRERICHESR L TT7 b T %
ZERbMoT, WIZ, UV BEIFRICE 2 7 b BEO bR Z A, 6043
OIRGCHRKIZE LT (Figure 3-2b), £7-, 60 7 OFED AusA; (1 pM) 1ZxH5 %
L-Val-AMS-BPyne (1 uM) D7~ bZh 2B L7ofER, 23.5+14% Tholz, &
512, L-Val-AMS-BPyne (1 uM) T® AusA; O RS IE 25 fmol & FLH S 4172 (Figure
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3-2¢), iR, A RAA VBPRPEOFHM AT > 72 #E F. L-Val-AMS-BPyne (1 uM) I
INETOTr—T7 LEREIZY T2 MREICRHIST 2 A RAAL CZBRAYIZ T X
bS5 Z LB BT/ 572 (Figure 3-2d) .

a) b) Time(min) 0 1 5 10 30 60
FLo [ ] FL | - o)
CBB [—— CBB | — e e e e |
L'Val'AMS'BPyne + + AusA1 + + + + + +
L-Val-AMS -+ L-Va-AMS-BPyne + + + + + +
Mr
c) d) (kDa)
116 —] -—
AusA1 (fmol) 500250100 50 25 10 5 2.5 1 FL
66 —]
FL | — |
Silver [ | CBB
L-Val-AMS-BPyne + + + + + + + + + e -
Proteins GrsA TycB1 AusA; BSA
L-Val-AMS-BPyne + + + + + + + +
L-Phe-AMS -+ - - - - - -
L-Pro-AMS - - -+ - - - -
L-Val-AMS - - - - -+ - +

Figure 3-2. Labeling of recombinant AusA; with L-Val-AMS-BPyne. a) Labeling of AusA;
and competitive inhibition study with excess L-Val-AMS. b) UV photolysis time course
studies of the labeling of AusA; with L-Val-AMS-BPyne. c) Limit of detection of AusA;. d)
Labeling specificity of L-Val-AMS-BPyne.

FA4E JIIVOUSHERTAWEIANILEEER

&IZ, L-Val-AMS-BPyne & L-Leu-AMS-BPyne % FV T, WTEME GrsB @ 7~k %
AT, £, A migulanus DSM 5759 @7’ 1 7 74— LHZ L-Val-AMS-BPyne % JLEE
L7c& A, EIRWR GrsB O 7 XLk s S vz (Figure 3-3a), £ 7o,
L-Leu-AMS-BPyne % T HRIEEIZ GrsB 28 7~ &35 Z L3> 7= (Figure
3-3b), — /5T, 2B 2507 v —7 %Mz SDS-PAGE OfER TIL, GrsB DAtz
53 1889 100 kDa DALEIZRERIIZ T <L SN DR RIFIET H 2 ERbroTz,

42



ZZ T, TAMRA LA F VMG EETHH 751 (TAMRA-E 4 F -7 U R) #H
WTC, IRBARY ROBEMERRT, TEV UV E—XEZHANWET VT T D%,
SDS-PAGE T# > /37 B % fylfith, SRYMEIC K D XV RV BOYREEIT T2, DR
B, W7 0—7 T 100 kDa D& > 37 BOBAFIZE) L7 (Figure 3-3¢, d), ZH
O REEVHL, MU TR ONT T Rl 2 LC-MS/MS fig#dT L 7=kk
B, INHDX U RTEHITENTR N U RNA GRS K e A 22 (RNA Ak
HRTHDLIEPHALNTR o, B 1ER2HTHRZEY . A FAA & aaRS (T
FRED G E M %, £/, W7 m—70 U F 2 FEIL aaRS OFLEA]E LTHW
HNTEZ LD, GrsB 22 T aaRS ORFRN T ~ALIZ A B FER EE XD
o,

Mr Mr
) «Da) Pt CBB b) kDa) _FL CBB
500 — - 500 — -—
240 — 240 —
160 —] = b
116 — .y S
=
L-Val-AMS-BPyne + + L-Leu-AMS-BPyne + + + +
L-Val-AMS - + L-Leu-AMS - + - +
C) Mr Silver d) Mr Silver
(kDa) (kDa)
200 — 200

116 — - 116
97 — ‘h 97 | |

-

L-Val-AMS-BPyne + + L-Leu-AMS-BPyne + +
L-Val-AMS - + L-Leu-AMS - +

Figure 3-3. a), b) Labeling of endogenous GrsB in the 4. 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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B2, L-Val-AMS-BPyne & L-Leu-AMS-BPyne 7% GrsB DIEH)THDH A KA A U %
B L, 7L L TG EEAZHWTHEM L7z, £7°, 5 O EA

(L-Phe-AMS, L-Pro-AMS, L-Val-AMS, L-Orn-AMS, L-Leu-AMS) Z RijfLEE L 7% .
L-Val-AMS-BPyne % H\» T GrsB ® 7~ LAt %1T 5 & L-Val-AMS {2/l 2. T L-Leu-AMS
THIHEFEIND Z ENHH L2 (Figure3-4), A R A A 2 ORE R FMETIEME LI
NMET D 10 HOT X BIEREIC K> TRESI, b0 7 X /iEF%LIT TNRPS
a— K] ELTHLNTWD P, 2D, BIETIENRPS 22— ROFMEMENS A R
AAVORERRMNEZHOBRETHRT L5 Z ENARETH 5, GrsB O L-Val |2 HE R
WEATDHA RAAL T AusA) D A RAA 2 EIEFITIEVNRPS =2— REZ A LT
B ME—DEUMNL 299 FH DT I/ EN GrsB Tld L-Leu TH 5725 AusA, TlE L-lle T
HDHMTHS (Table 4), AusA; IZOWTITRIGEMAHL 2 & 27 G5 W=
FRRMOFHMAITHONTEY | L-Leu ZH W< D007 X/ ea FH L LTHRY A
oMo TND®, ZoZ EXn, GrsB O L-Val ICEEHRMEZ 35 A KA
A B ARROMM 2R3 2 & TR I, EFE (100 eq.) O FHEH 2 LB U723,
L-Leu-AMS T#1 L-Val-AMS-BPyne |2 X 5 7 ~VUHLREINZEEZEZDND,

Mr

(kDa) FL CBB

500 —| «—

160 —

116 | e s -— ———— —

T —— - — =] | ee-me--

e T T

L-Val-AMS-BPyne + + + + + + + O+ + o+ o+ o+
L-Phe-AMS - % = = = = -+ - - - -
L-Pro-AMS - - + - - - - - 4+ - - =
L-Val-AMS - - = + = = - - - o+ - =
L-Orn-AMS = = = = + = - = = = 4 -
L-Leu-AMS - - - - - + - - - - - ¥

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

combination of L-Val-AMS-BPyne and inhibitors.

44



Table 4. Alignment of the module 3 A-domain of GrsB with the A domain of AusA;.

Phe A (GrsA)
numbering

T F K GrsB(val
T F K AusA:(Val

—7Ji. L-Leu-AMS-BPyne & 5 fli D [HEA]Z V72525 Tl L-Leu-AMS & ATLEE L
TeRED I T )AL E R LTz (Figure 3-5), 2D Z &7 5H |, L-Leu-AMS-BPyne (3 GrsB
D L-Leu ([ZEEFFRMEEZFT D A RAAL VBRI L., T LTWDH 2 L
D BN Te, 2D DORER) S L-Val-AMS-BPyne & L-Leu-AMS-BPyne (Z L %
WAEME GrsB D 7 ~ufkid, U A RET X 7 BRlokbin T 2 B P B 245 A R
AA BRI L TT L L TS Z EB A LN T,

Mr
(kDa) FL CBB

500 — . _ —

160 —

L-Leu-AMS-BPyne + + + + + + + + + + + +
L-Phe-AMS -+ - - = = - + - - - =
L-Pro-AMS - - + - - = - - 4+ - = =
L-Val-AMS - - - + = = - - - + - -
L-Orn-AMS - - - - + = - - - - + -
L-Leu-AMS - - = = = + - - - - - ¥

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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#5848 NRPSEUZHEEFEELEISIVOUSEERRVAEERDH

WA X2 RIMEEWOAREIL, B, R, WIREBCCRE RN ] 72 ik~ IR BR b
PAC DR 32T CTEDAEERP R E S BT D, BEEREOF A RMbEEWIZHo
W T E AU X D HE SN EE 2R 7o oD | REBAEPER OF WA PER 2 T o K&
PERER G OMNIIIEERRECH D, UL, RRMEEDOHERIIZ < OBAHE
METH DI, TORESMMNLIIES TR, 2ok RO bL L, K7 r—
THERANTT T A — LD NRPS {EMEA R U, £ AEPER O RIMEE WA PERE
EFERI VIR, ERICAESRFOREILEZIT ) 2 BRI D EE X T, £ T,
NRPS 151 % FEAR A2 A2 PE B S0 RIMU G W AL PERE Z 3k B T RE IS REE T 5 Z & LTz,

77 IS (GS) OAEFER & LT A migulanus ATCC 9999 OMIZ A. migulanus
DSM 2895, 5668, 5759 MBENHAL TS, LA L 2007 4, Berditsch 5 1d GS PEAERSH
ELTHILILTWD NBYS A0 YP 552V T, ZHHDED 9 H ATCC 9999
& DSM 5759 1% GS #PEAT 553, DSM 2895 & DSM 5668 1% GS #pEAE L7722 & %
WELTWE?, 22T, Chb4ROBEO 7T 4 — L& MR LT, GrsA &K GrsB
TEMEE GS APERED IR 21T 9 Z & IC Lz, AAFZETIL GS pEAR L E L THW O
TWDHBERFTF R LT h &2 TS & T 5 YPG 2 W TR 217 - 72 %0,

TNENDOHE % 24 Wil %, £ L-Phe-AMS-BPyne % fV > CINTEM: GrsA #EME
ZIRRT2, ZORES,. ATCC 9999 £ DSM 5759 Tl GrsA IEMEN M S 7= (Figure
3-6a), —J5C. DSM 2895 TIXHH 52T GrsA IEPEIX 72 x> 7273, DSM 5668 D7 11
T A= LR B DTN GrsA TEHES R S 7z, RIZ, L-Leu-AMS-BPyne % 1T
ZIENDOE DOWLENE GrsB G PE DI H 23772, £ OfEF., ATCC 9999 & DSM 5759
IZI 2 T.DSM 5668 T4 GrsB iEMEDMEET D Z & 38 2272 - 7= (Figure 3-6b) ,
% ZC.YPG E5HUTHEEE L 72 DSM 5668 73 EERIZ GS ZEAE L TV D g 35728,
RP-HPLC % HWT GS DEREEIT> 70, £ DfEHR., ATCC 9999 & DSM 5759 (212 T
DSM 5668 T GS ZFEA L TWDH Z EMNBH LT/ > 7= (Figure 3-6¢), —J7. DSM
289512 L% GS DPFEAIT, RP-HPLC [IZBW Tt SN hnoT=, 2D DFERN G,
A7 v —7 TR L7z NRPS &M% & GS AEFEREICIZAEI A4 5 4v, NRPS &M% f51%
(ZEPER OFRBIN ATREZR 2 E B LN o7, £, SCHRTHE STV iz NBYS
Esio YP B5 I TIZ 7 7 R v S &PEA L7eV DSM 5668 73 YPG B4 ClIpEAE
L2 EERE LI, ZOZ D AT v —7 % HUWTNRPSTEMEZ 7425 2 & T,
EEHUR Sy DEWC K D EEARROE AR T 2 Z LI H LT,
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FL <+— GrsA

CBB 1,600

Strains 5668 5750 2895 9999 S, 1,200
L-Phe-AMS-BPyne + + + + + + + + £
L-Phe-AMS = + — + - 4+ - + n
C
5 800
O
b) I=
g
FL 3 : «—GrsB (5 400
CBB 0
Strai 668 5759 2895 9999 65 52 190 C 9
rains 5 575 6o 759 9% 999

L-Leu-AMS-BPyne + + + + + + + +
L-Leu-AMS - + - + - + - +

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 4. 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.

£68 NRPSEHEOREBLELOE=42Y Y

WIT, KT v —T %D 2 & T, AEPEROREYIMIC IS 1T 2 WNAEME NRPS {EMED
AL 2 BB FTRE S RAE L 72, A. migulanus DSM 5759 B %2 W TERE 2170,
12 R[]0 5 24 IR E T 4 RfE 2 L ICHRZ EIR L T e 74— L2/ L, NIEM:
GrsA &R GrsB IEMENS E D L 9 7o 3@ 2T il ~7-,

F 7", L-Phe-AMS-BPyne % VN TNTEM: GrsA 1ML D 1BIR 2 54 72, & OFE R, GrsA
TEMEIL 16 FE OB SR ATRRIC 2 Y | £ 0%, FERHKFRICE R L T Z &n
B 520272 > 72 (Figure 3-7a), KIZ L-Leu-AMS-BPyne % FiV > CTWNTEM: GrsB iEPED
B AT o722 2 A, GrsB {EMET 12 RO S b &7z (Figure 3-7b), %
D% GrsB IGTEIX 16 FE TR L 720 | 20, 24 FEf Tl L7 2 & 206 GrsA T
CTER R DIENRT 0T ANV Rt e boT,
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5tV C RP-HPLC % VT GS FEA B D E B Z 1TV NRPS IEME & DLk %217 - 7=,
GS OFEAIL 12 FEORF R BRI S 4v, 16 FEf] 5 20 BREF O Tl & BEAE &3 HY
KLTWDZERHLNI/-7= (Figure 3-7¢c), Z DI Enn ., WIENE GrsA IHMEN
HIR U, GrsBIEMVER K & 70D 16 KL TAERD R b m< 2D 2 E R I
oo —H T, grsd KO grsB B TIIARY VX ba=v 7 T8 FRBLNAHIE ST
WAIZHED LT B Ta T A= AL UL TIRRARDIEE T 0 7 7 A LV ER LT,
UL, GrsB A0S L <IIRNEM LS TNWD Z EZREB L TWD 0, BN
7= NRPS OEMEHIEERE I SV TR LTI 600272 > TWhvievy, GS 1EPiAEmE
ELTHbIS M, EBEOAERE L GS ZEIANICHTOAAL TS 8 ™ GS % P&
AT DARD BHNIAMBOBRZ TIXR B2 b5, 72, GS IZRHT, Ako
FEIDNARH L NRP (3% < 75T 5, £ D7=8, NRPS {EMENEECIEENH, NRP
DEFERTL E ORI X o THIEE - ATEMEL STV 5 &3, NIENE NRPS JEE
DTuT 7 A Y TI1E NRP OARDOEE| ZBRS 57D OEERFRIE L 720155,
DX AT e —TREL, B LUV TR CEX RV NRPS O T A — A
TORBECHIE T 0 AT 572 00F MRy =L b Z LR TE 5,

a) c)
FL [ o L <+— GrsA 1.600
CBB 1 = N
ke X "1 1 > 1,200
Tme(h) 12 16 20 24 g
L-Phe-AMS-BPyne + + + + + + + + @
L-Phe-AMS — + - + — + - + ° 800
O
g
b) & 400
FL _ <+— GrsB
CBB 0

Tme() 12 16 20 24 Time(h) 12 16 20 24

L-Leu-AMS-BPyne + + + + + + + +
L-Leu-AMS - + - + - 4+ — +

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. ¢) 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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YR FERE & FHRICRN 2 2 E B ATRBIC 2 0 | BEB RO R 7 ) —= 0 T E~DJi
RRHIRFCTE %,

WIZ, A. migulanus DSM 5759 R D NTEME NRPS {EME DB HOW T, ' —7 % H
WTZOBREDE=2 I U 7 &iTo T2, £ OFER., WIENE GrsA EMEIT 16 K2 5 1§
MK AEAIICHE KT %5 — 5 ¢, GrsB iEMIT 16 Bl 2 K & LT LT Z & A3
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HEZZITCNDZEERBLTEY, A a—T7n a7 4 — AL~ )LORNTEN
NRPS V&M DZEACZ R D120 DF 72>y — e 0G5 2 & 2 R LT,
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D NTEME NRPS & U2 A R A A O EHERIFEREREAN X O S B A E O BRI A3 7]
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PNAEME NRPS % % O £ £FI A L7 NRP EiAOAIH AR T & 5 ¥,
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RERIH

General Synthetic Methods: All commercial reagents were used as provided unless
otherwise indicated. L-Phe-AMS,> compounds 11,2 37a,* 37b," 66,%” and L-Val-AMS?® 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).
'H-NMR spectra were recorded at 500 MHz. ?C-NMR spectra were recorded at 125 MHz on
JEOL NMR spectrometers and standardized to the NMR solvent signal as reported by
Gottlieb.* 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 (A = 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.*” 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% NaHCOs,
and brine. The organic layer was dried over Na,SO4 and evaporated to dryness. The residue

was purified by flash chromatography (2:1 EtOAc/hexane) to afford compound 20 as a white
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solid (410 mg, 53%). '"H NMR (500 MHz, DMSO-ds): & 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). °C NMR (125 MHz, DMSO-dy): § 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]" caled for C1gH;9N,O4, 327.1345; found, 327.1326.

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

(o]
meo, ~ A I Z
o H H

Oxalyl chloride (154 uL, 1.8 mmol) and DMF (20 pL) were added to a solution of 5-hexynoic
acid (129 pL, 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 pL, 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 Na,SO4 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%). '"H NMR (500 MHz, DMSO-ds): & 10.35 (br,
1H), 10.28 (br, 1H), 7.66—7.78 (m, 8H), 3.59 (s, 3H), 2.81 (t, /= 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). °C NMR
(125 MHz, DMSO-ds): 6 193.3,172.8, 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
C24H25N20s, 421.1763; found, 421.1761.

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

o
no, ~ N, DG
o H H

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 pL 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 H,O 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
Na,S0,, and evaporated to dryness to afford compound 23 as a pale yellow solid (114 mg,
97%). "H NMR (500 MHz, DMSO-dq): & 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). °C NMR
(125 MHz, DMSO-ds): 6 193.4, 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
C23H23N»0s, 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 ((fert-butoxycarbonyl)-L-phenylalanyl)sulfamate (24)

NH,

NN
0 ¢ J
H_ﬁ_o NTSN

0
H H
TBSO O\/\/\J\/\[rN N
AR OUCR AR
0

o

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% NaHCO;, and brine. The
organic layer was dried over Na,SO,4 and evaporated to dryness. The residue was purified by
flash chromatography (6:1 CHCIl3;/MeOH) to afford compound 24 as a white solid (13 mg,
86%).'H NMR (500 MHz, CD;0D): § 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, /= 6.9, 6.3 Hz, 2H), 2.91-2.83 (m, 1H), 2.70 (dd, /= 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). °C NMR (125 MHz, CD;OD): § 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 °C
signal of the sulfamoyloxy-linked carbonyl, around 180 ppm, was not observed.) HRMS
(ESI+): [M+H]" caled for Cs7H75N;0013SSi, 1167.5005; found, 1167.5004.

L-Phe-AMS-BPyne (1)

o

o]
H H
OHO\/\/\J\/\WN N
AN ACUCROE
(o]

Compound 24 (12 mg, 0.010 mmol) was dissolved in a mixture of 4:1 (v/v) mixture of TFA
and H,O at room temperature. After 8 h, the flask was placed on the rotary evaporator and the
TFA and H,O 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%). 'H
NMR (500 MHz, CDs;OD): 8 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, /= 4.6 Hz, 1H), 4.45 (dd, /= 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). °C NMR (125 MHz, CD;0D): 8 196.6, 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
C46Hs3N10011S, 953.3616; found, 953.3616.
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Synthesis of probe 2

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

x
\\/\)LN OH

H o

To a solution of L-4-benzoylphenylalanine 25 (450 mg, 1.67 mmol) and succinimidyl
5-hexynoate 26 (698 uL, 3.34 mmol) in DMF (10 mL) was added DIEA (583 pL, 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 H,O and extracted with 5% NaHCO;. The aqueous
layer was acidified with solid citric acid monohydrate and extracted with CHCIs;. The
combined organic layer was washed with brine, dried over Na,SOs, and evaporated to dryness
to afford compound 27 as a white solid (510 mg, 84%). 'H NMR (500 MHz, CDCl3) & 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, /= 6.9 Hz, 2H), 2.24-2.12
(m, 2H), 1.93 (t, J = 2.9 Hz, 1H), 1.84—1.76 (m, 2H). °C NMR (125 MHz, CDCl;) § 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 C»H,,NOy, 364.1549; found, 364.1545.

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

S~ A osu

H o

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% NaHCOs, and brine. The organic layer was dried over

Na,S0O,4 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 CH,Cl, (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% NaHCOs,
and brine. The organic layer was dried over Na,SO4 and evaporated to dryness. The residue
was purified by flash chromatography (5:1 CHCI3;/MeOH) to afford compound 29 as a white
solid (67 mg, 99%). '"H NMR (500 MHz, CD;0D) & 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, /= 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, /= 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). ’C NMR (125 MHz, CD;0D) & 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 "C signal of the
sulfamoyloxy-linked carbonyl, around 180 ppm, was not observed.) HRMS (ESI+): [M+H]"
caled for Cs¢H74N9O1,SSi, 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)

N
o) SN
Q < |
I\ N-S-0 NT™N
2 NH,H G o
H
OH 0\/\/\N N\n/\/\\\
H o}
oV,

Compound 29 (40 mg, 0.036 mmol) was dissolved in a 4:1 (v/v) mixture of TFA and H,O at
room temperature. After 8 h, the flask was placed on the rotary evaporator and the TFA and
H,O were removed at reduced pressure. The residue was purified by flash chromatography
(4:1 CHCIl3/MeOH) to afford compound 2 as a white solid (30 mg, 92%). 'H NMR (500 MHz,
CD;0D) 6 8.49 (s, 1H), 8.19 (s, 1H), 7.72 (d, /= 6.9 Hz, 2H), 7.69 (d, J = 8.0 Hz, 2H), 7.61 (t,
J=1.5Hz, 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). >C NMR (125 MHz, CD;0D) § 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 C45Hs,N9O10S, 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 pL, 0.14 mmol) were added to a solution of
methyl glycinate hydrochloride 30a (12 mg, 0.095 mmol) in CH,Cl, (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% NaHCOs, and brine. The organic layer was dried
over Na,SO4 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%). "H NMR (500
MHz, CDCl) & 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, /= 5.7 Hz, 1H), 6.66 (d, J =
8.0 Hz, 1H), 4.91 (q, J=7.5 Hz, 1H), 3.98 (d, /= 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, /= 7.5 Hz, 2H), 2.21-2.08 (m, 2H), 1.93
(t, J=2.9 Hz, 1H), 1.81-1.72 (m, 2H). °C NMR (125 MHz, CDCL;) § 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 CysHy6N,OsNa, 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 pL, 0.14 mmol) were added to a solution of
methyl B-alaninate hydrochloride 30b (13 mg, 0.093 mmol) in CH>Cl, (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% NaHCOs, and brine. The organic layer was dried
over Na,SO4 and evaporated to dryness. The residue was purified by flash chromatography
(30:1 to 20:1 CHCly/MeOH) to afford compound 31b as a white solid (35 mg, 82%). '"H NMR
(500 MHz, CDCls) & 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, /= 5.7 Hz, 1H), 6.51 (d,
J=8.0Hz, 1H), 4.72 (q, /= 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). °C NMR (125 MHz, CDCl;)
0196.3,172.5,172.3,170.7, 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]" caled for
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C26H28N205Na, 471.1 896, fOLlIld, 471.1883.

Methyl (8)-6-(3-(4-benzoylphenyl)-2-(hex-5-ynamido)propanamido)hexanoate (31c)

O
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o

Compound 28 (50 mg, 0.11 mmol) and DIEA (25 pL, 0.14 mmol) were added to a solution of
methyl 6-aminohexanate hydrochloride 30c¢ (17 mg, 0.094 mmol) in CH,Cl, (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% NaHCOs, and brine. The organic
layer was dried over Na,SO4 and evaporated to dryness. The residue was purified by flash
chromatography (30:1 CHCl3/MeOH) to afford compound 31¢ as a white solid (43 mg, 93%).
'H NMR (500 MHz, CDCl3) & 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). °C NMR
(125 MHz, CDCls) ¢ 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]" caled for C9H3,N,05Na, 513.2365; found, 513.2350.

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

O
S 0 H 9
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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 pL of a 1 M aqueous LiOH solution at 0 °C. 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% NaHCO; 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
Na,S04, and evaporated to dryness to afford compound 32a as a white solid (34 mg, 99%). 'H
NMR (500 MHz, CDCls) 6 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=17.5 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). >C NMR
(125 MHz, CDCls) & 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
C24H23N,05, 419.1612; found, 419.1613.

(5)-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 pL of a 1 M aqueous LiOH solution at 0 °C. 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% NaHCO; 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 Na,SO4, and
evaporated to dryness to afford compound 32b as a white solid (34 mg, 100%). "H NMR (500
MHz, CDCls) & 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=17.5 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). °C NMR (125
MHz, CDCls) 6 196.9, 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
Cy5H25N20s, 433.1769; found, 433.1750.
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(5)-6-(3-(4-Benzoylphenyl)-2-(hex-5-ynamido)propanamido)hexanoic acid (32¢)
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To a solution of 31¢ (36 mg, 0.073 mmol) in a 1:1 (v/v) mixture of MeOH and THF (1 mL)
was added 110 pL of a I 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 and
THF were removed at reduced pressure. The residue was diluted with 5% NaHCO; 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
Na,S04, and evaporated to dryness to afford compound 32¢ as a white solid (32 mg, 92%). 'H
NMR (500 MHz, DMSO-ds) 6 12.0 (br, 1H), 8.15 (d, /= 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). °C NMR (125 MHz, DMSO-dy)
0 195.5, 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 C,3H31N,05, 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-((zer-butyldimethylsilyl)oxy)tetrahydrofuran
-2-yl)methyl ((zert-butoxycarbonyl)-L-phenylalanyl)sulfamate (34a)
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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% NaHCOs,
and brine. The organic layer was dried over Na,SO4 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 CH,Cl, (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% NaHCOs3, and brine. The organic layer was dried over Na,SO,4 and evaporated
to dryness. The residue was purified by flash chromatography (10:1 to 6:1 CHCI;/MeOH) to
afford compound 34a as a white solid (40 mg, 79%). "H NMR (500 MHz, CD;0D) & 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, /= 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). C NMR (125 MHz, CD;OD) & 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,
354, 28.8, 28.0, 26.8, 26.3, 257, 19.0, 18.5, —4.3, —4.5. (The "C signal of the
sulfamoyloxy-linked carbonyl, around 180 ppm, was not observed.) HRMS (ESI-): [M—H]
caled for CsgH75N190;3SS1, 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-((zert-butyldimethylsilyl)oxy)tetrahydrofu
ran-2-yl)methyl ((zert-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% NaHCOs,
and brine. The organic layer was dried over Na,SO4 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 CH,Cl, (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% NaHCOs, and brine. The organic layer
was dried over Na,SO4 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%). '"H NMR (500 MHz, CD;0D) & 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, /= 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). °*C NMR (125 MHz,
CD;OD) 6 198.2, 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 "°C signal of the sulfamoyloxy-linked carbonyl, around 180 ppm,
was not observed.) HRMS (ESI-): [M—H] calcd for CsoH77N;00;3SSi, 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-((fert-butyldimethylsilyl)oxy)tetrahydrofur
an-2-yl)methyl ((fert-butoxycarbonyl)-L-phenylalanyl)sulfamate (34c)

NH, o
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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 32¢ (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% NaHCOs,
and brine. The organic layer was dried over Na,SO4 and evaporated to dryness to afford
compound 33¢ as a white solid (39 mg). Compound 33¢ and cesium carbonate (41 mg, 0.126
mmol) were added to a solution of compound 11 (33 mg, 0.042 mmol) in CH,Cl, (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% NaHCOs, and brine. The organic layer
was dried over Na,SO4 and evaporated to dryness. The residue was purified by flash
chromatography (20:1 to 10:1 CHCl3/MeOH) to afford compound 34¢ as a white solid (45 mg,
87%). '"H NMR (500 MHz, CD;OD) & 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, /= 7.5 Hz, 2H), 2.21 (t, J=2.9 Hz, 1H), 2.10 (t, /= 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). °C NMR (125 MHz, CD;OD) & 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 °C signal of the sulfamoyloxy-linked carbonyl, around 180 ppm, was not
observed.) HRMS (ESI-): [M—H] calcd for C4;Hg3N90O;3SSi, 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 H,O at

room temperature. After 6 h, the flask was placed on the rotary evaporator and the TFA and
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H,O 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%). '"H NMR
(500 MHz, CD;0D) 6 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). >C NMR (125 MHz, CD;0D) &
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] caled for C47Hs3N10011S, 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)

N
o} SN
Q < J
N-S-0 N7™N
NH, H 8 0

Compound 34b (30 mg, 0.025 mmol) was dissolved in a 4:1 (v/v) mixture of TFA and H,O at
room temperature. After 12 h, the flask was placed on the rotary evaporator and the TFA and
H,O 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%). 'H NMR (500 MHz,
CD;0D) 6 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,
65



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). °C NMR
(125 MHz, CD;0D) & 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] caled for C4sHssN90O11S, 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)
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Compound 34c¢ (40 mg, 0.032 mmol) was dissolved in a 4:1 (v/v) mixture of TFA and H,O at
room temperature. After 6 h, the flask was placed on the rotary evaporator and the TFA and
H,O 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%). 'H NMR (500 MHz,
CD;0D) 6 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). °C NMR (125 MHz,
CD;0D) 6 198.3, 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 Cs;Hg1N19O11S, 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 pL, 2 mmol) and PPh; (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 HCIl and extracted with EtOAc. The
organic layer was washed with brine, dried over Na,SO4, 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%). 'H NMR (500 MHz, CDCls) & 7.78 (d, J = 8.6 Hz, 2H), 7.73 (d,
J=28.6 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). °C NMR (125 MHz, CDCl3) &
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 C17H;503, 267.1021; found, 267.1013.

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

(o]

’BuO\n/\o/\/O\/\oo/\///

(o]

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 PPh; (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%). 'H NMR (500 MHz, CDCl3) § 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, /= 6.9, 6.9, 2.9 Hz, 2H), 2.05 (t, J = 2.9 Hz, 1H), 1.46 (s, 9H).
C NMR (125 MHz, CDCl3) §194.5, 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 C,7H3,07Na, 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)

(o]
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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 PPh; (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%). 'H NMR (500 MHz, CDCls) & 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, /= 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, /= 2.9 Hz, 1H), 1.46 (s,
9H). °C NMR (125 MHz, CDCl3) § 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]" caled for C9H3¢05Na, 535.2488; found, 535.2309.

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

(o]
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Compound 38a (300 mg, 0.64 mmol) was dissolved in a 1:1 (v/v) mixture of TFA and CH,Cl,
(10 mL) at room temperature. After 12 h, the flask was placed on the rotary evaporator and
the TFA and CH,Cl, were removed at reduced pressure to afford compound 39a as a white
solid (258 mg, 98%). '"H NMR (500 MHz, CDCl;) & 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). °C NMR (125 MHz, CDCl3) §195.0, 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 C,3H,507, 413.1600; found, 413.1595.

68



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

(o] >
I =
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Compound 38b (180 mg, 0.35 mmol) was dissolved in a 1:1 (v/v) mixture of TFA and CH,Cl,
(2 mL) and stirred at room temperature. After 18 h, the flask was placed on the rotary
evaporator and the TFA and CH,Cl, were removed at reduced pressure to afford compound
39b as a white solid (155 mg, 97%). 'H NMR (500 MHz, CDCls) & 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 =29 Hz, 1H). °C NMR (125 MHz, CDCl3) & 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]" caled for Co5Hy90s, 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-((fert-butyldimethylsilyl)oxy)tetrahydrofu
ran-2-yl)methyl ((zert-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% NaHCOs,
and brine. The organic layer was dried over Na,SO4 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 CH,Cl, (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% NaHCOs3, and brine. The organic layer was dried over Na,SO,4 and evaporated
to dryness. The residue was purified by flash chromatography (10:1 to 8:1 CHCI;/MeOH) to
afford compound 41a as a white solid (44 mg, 63%). "H NMR (500 MHz, CD;0D) & 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). °C
NMR (125 MHz, CDs;0D) 6 196.5, 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 Bc signal of the sulfamoyloxy-linked carbonyl,
around 180 ppm, was not observed.) HRMS (ESI+): [M+H]" caled for Cs;H;7NgO;5SSi,
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)-11-0x0-3,6,9-trioxa-12-azahexadecan-16-yl)oxy)-3-((fert-butyldimethylsilyl)oxy)tetrah
ydrofuran-2-yl)methyl ((zert-butoxycarbonyl)-L-phenylalanyl)sulfamate (41b)

NH,

N
R 8 &
N-S—0 N7>N o
HN H 1 (o]
R jepe!
i A O~
TBSO O~~~ A O~ g~ Og o~Z
H

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% NaHCOs,
and brine. The organic layer was dried over Na,SO4 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 CH,Cl, (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% NaHCOs3, and brine. The organic layer was dried over Na,SO4 and evaporated to dryness.
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The residue was purified by flash chromatography (10:1 CHCl3/MeOH) to afford compound
41b as a white solid (35 mg, 48%). 'H NMR (500 MHz, CD;0D) & 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, /= 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). °C
NMR (125 MHz, CD;0D) & 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 Bc signal of the sulfamoyloxy-linked carbonyl,
around 180 ppm, was not observed.) HRMS (ESI+): [M+H]" caled for CsoHgNgO;6SSi,
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)
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Compound 41a (20 mg, 0.017 mmol) was dissolved in a 4:1 (v/v) mixture of TFA and H,O at
room temperature. After 6 h, the flask was placed on the rotary evaporator and the TFA and
H,O were removed at reduced pressure. The residue was purified by flash chromatography
(3:1 CHCIl3/MeOH) to afford compound 6 as a white solid (14 mg, 86%). 'H NMR (500 MHz,
CD;0D) o 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). °C NMR (125 MHz,
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CD;OD) § 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]" caled for C46HssNsO13S, 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)-11-0x0-3,6,9-trioxa-12-azahexadecan-16-yl)oxy)-3-hydroxytetrahydrofuran-2-yl)meth
yl (L-phenylalanyl)sulfamate (7)
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Compound 41b (18 mg, 0.015 mmol) was dissolved in a 4:1 (v/v) mixture of TFA and H,O at
room temperature. After 6 h, the flask was placed on the rotary evaporator and the TFA and
H,O were removed at reduced pressure. The residue was purified by flash chromatography
(10:1 to 4:1 CHCly/MeOH) to afford compound 7 as a white solid (13 mg, 86%). '"H NMR
(500 MHz, CD;0OD) o 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). °C NMR (125 MHz, CD;0D) & 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 Cs3HsoNgO14S,
1003.3871; found, 1003.3871.
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Synthesis of probe 8

Methyl 3-oxooct-7-ynoate (42)

)oj\/?l\/\///
MeO

Oxalyl chloride (4.8 mL, 55.5 mmol) and DMF (144 pL) were added to a solution of
5-hexynoic acid (4.0 mL, 37.0 mmol) in CH,Cl, (90 mL) at 0 °C. After 1 h at room
temperature, the flask was placed on the rotary evaporator and the DMF and CH,Cl, 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 CH,Cl, (50 mL) was added pyridine (5.0 mL, 61.8
mmol) at 0 °C. The solution was stirred at 0 °C for 15 min and a solution of 5-hexynoyl
chloride 21 in CH,Cl, (10 mL) was added. The solution was stirred at room temperature for 2
h. The reaction mixture was washed with 1 M aqueous HCI, H,O, and brine. The organic
layer was dried over Na;SO4 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%). '"H NMR (500 MHz,
CDCl) & 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). >C NMR (125 MHz, CDCl3) § 202.1, 167.6,
83.4, 69.3, 52.5, 49.2, 41.4, 22.0, 17.6. HRMS (ESI+): [M+Na]" caled for CoH;,0;Na,
191.0684 ; found, 191.0861.

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

o
0Ll =z
MeO

TsOH-H,0 (3.4 g, 17.8 mmol) and HC(OMe); (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. NaHCO; and
extracted with Et;O. The organic layer was washed with brine, dried over Na,SO4, 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%). 'H NMR (500 MHz, CDCls) &
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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). °C NMR (125 MHz, CDCl3) & 170.0, 109.1, 84.2, 68.6, 65.3,
51.9, 42.7, 36.7, 22.6, 18.5. HRMS (ESI+): [MJrH]+ calcd for C;1H1704, 213.1127; found,
213.1124.

2-(2-(Pent-4-yn-1-yl)-1,3-dioxolan-2-yl)ethan-1-ol (44)
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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 °C. 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 H,O and brine. The organic layer was dried over Na,SO4 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%). '"H NMR (500 MHz, CDCls) & 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). °C NMR (125
MHz, CDCl3) § 112.0, 84.1, 68.8, 64.9, 58.9, 38.3, 36.0, 22.9, 18.6. HRMS (ESI+): [M+Na]"
caled for CioH;603Na, 207.0997; found, 207.0992.

1-Hydroxyoct-7-yn-3-one (45)
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TsOH - H,0 (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. NaHCO; and extracted with EtOAc. The organic layer was
washed with brine, dried over Na,SO4, 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%). "H NMR (500 MHz, CDCl3) & 3.85 (t, J = 5.2 Hz, 2H), 2.69 (t, J = 5.2 Hz, 2H), 2.60 (t,
J=17.5Hz, 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). >C NMR (125 MHz, CDCl;) & 211.1, 83.5, 69.4, 58.0, 44.6, 41.7, 22.1, 17.8. HRMS
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(ESI+): [M+Na]" calcd for CgH1,0,Na, 163.0735; found, 163.0733.
2-(3-(Pent-4-yn-1-yl)-3H-diazirin-3-yl)ethan-1-ol (46)

N=N
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Anhydrous ammonia (10 mL) was condensed into a three-necked round-bottomed flask
containing compound 45 (1.1 g, 7.85 mmol) at —78 °C. The mixture was stirred at —40 °C for 5
h. The solution was cooled down to —78 °C 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 °C 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. EtzN (1.5 mL)
was added to a solution of the diaziridine in CH,Cl, (5 mL). A solution of I, (3.0 g, 11.8
mmol) in CH,Cl, (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%). "H NMR (500 MHz, CDCl3) § 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).
C NMR (125 MHz, CDCl3) & 83.5, 69.1, 57.6, 35.7, 32.2, 26.9, 22.8, 18.0. HRMS (ESI+):
[M+H]+ calcd for CgH5N,0, 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 PPhs (191 mg, 0.73 mmol) in CH,Cl, (4
mL) were added I, (201 mg, 0.79 mmol) at 0 °C. The solution was stirred at 0 °C for 5 min
and a solution of compound 46 (100 mg, 0.66 mmol) in CH,Cl, (2 mL) was added. The
mixture was stirred at room temperature for 3 h. The reaction mixture was diluted with sat.
NayS;0; and extracted with EtOAc. The organic layer was washed with brine, dried over
NaySOy, 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%). "H NMR (500 MHz,
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CDCl) 6 2.88 (t,J=7.5 Hz, 2H), 2.17 (ddd, /= 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). °C NMR (125 MHz, CDCl;)
o 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 °C for 2 h. The reaction mixture was diluted with H,O and extracted with EtOAc. The
organic layer was washed with brine, dried over Na,SO4, 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%). '"H NMR (500 MHz, CDCl3) § 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). °C NMR (125
MHz, CDCl;) § 118.5, 83.0, 69.5, 31.1, 29.7, 27.2, 22.6, 17.9, 12.2. HRMS (ESI+): [M+H]"
calcd for CoHoN3, 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 HCI and extracted with EtOAc. The organic layer was
washed with brine, dried over Na,SO4, and evaporated to dryness to afford compound 49 as a
colorless oil (52 mg, 93%). "H NMR (500 MHz, CDCl;) & 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). >C NMR (125 MHz,
CDCl;) & 178.5, 83.3, 69.2, 31.6, 28.4, 28.0, 27.8, 22.7, 18.0. HRMS (ESI+): [M+H]" calcd
for CoH11N20,, 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)-3 H-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 CH,Cl, (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% NaHCOs,
and brine. The organic layer was dried over Na,SO4 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% NaHCOs3, and brine. The organic layer was dried over Na,SO,4 and evaporated
to dryness. The residue was purified by flash chromatography (10:1 to 8:1 CHCI;/MeOH) to
afford compound 51 as a white solid (18 mg, 60%). 'H NMR (500 MHz, CD;OD) & 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, /= 13.8, 5.2 Hz, 1H), 3.08-3.02 (m, 2H), 2.87 (dd, /= 13.8, 8.0
Hz, 1H), 2.21 (t, J=2.9 Hz, 1H), 2.13 (ddd, /= 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). °C NMR (125 MHz, CD;0D) § 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 C43Hg3N19010SS1, 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)-3 H-dia
zirin-3-yl)propanamido)butoxy)tetrahydrofuran-2-yl)methyl (L-phenylalanyl)sulfamate
®
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Compound 51 (18 mg, 0.019 mmol) was dissolved in a 4:1 (v/v) mixture of TFA and H,O at
room temperature. After 9 h, the flask was placed on the rotary evaporator and the TFA and
H,O 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%). '"H NMR
77



(500 MHz, CD;0D) 6 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). °C NMR (125 MHz, CD;0D) & 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 C3,H41N10OsS, 725.2830; found, 725.2826.

Synthesis of probe 9

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

i

HN

Boc. OMe

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 pL, 1.16 mmol) and DIEA (268 pL, 1.54 mmol) in CH,Cl, (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% NaHCOs3, and brine. The organic layer was dried over Na,SO,4 and evaporated
to dryness. The residue was purified by flash chromatography (40:1 CHCls/MeOH) to afford
compound 52 as a white solid (240 mg, 87%). 'H NMR (500 MHz, CDCl3)  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, /= 6.3 Hz, 2H),
224 (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).
BC NMR (125 MHz, CDCl;) & 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 C;sH3N,OsNa,
377.2047; found, 377.2045.
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Methyl NG-(hex-S-ynoyl)-Nz-(4-(3-(trifluoromethyl)-3H—diazirin-3-yl)benzoyl)-L-lysinate
(54)

[o]
Z
2
HN)I\/\/

(o]
N OMe
FsC H o
N=N

Compound 52 (107 mg, 0.3 mmol) was dissolved in a 1:1 (v/v) mixture of TFA and CH,Cl, at
room temperature. After 2 h, the flask was placed on the rotary evaporator and the TFA and
CH,Cl, were removed at reduced pressure to afford TFA salt as a white solid (122 mg, quant.).
This material can be wused 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)-3 H-diazirin-3-yl] benzoic acid 53 (87 mg, 0.38 mmol) and DIEA (111
pL, 0.64 mmol) in CH,Cl, (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% NaHCO;, and brine. The
organic layer was dried over Na,SO,4 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%). "H NMR (500 MHz, CDCl) § 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). °C NMR (125 MHz, CDCls) &
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 C2HasF3N4O4, 467.1906; found,
467.1908.
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N®-(Hex-5-ynoyl)-N-(4-(3-(trifluoromethyl)-3 H-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 pL 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 H,O 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 Na,SO,, and evaporated to dryness to afford compound 55
as a white solid (66 mg, 92%),). "H NMR (500 MHz, CDCl;) 6 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). °C NMR
(125 MHz, CDCls) o 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 Co1H24F3N4Oy4, 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)-3 H-diazirin-3-yl)benzamido)hexanamido)butox
y)tetrahydrofuran-2-yl)methyl ((tert-butoxycarbonyl)-L-phenylalanyl)sulfamate (57)

NH,
N
o) SN
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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 CH,Cl, (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% NaHCOs,
and brine. The organic layer was dried over Na,SO4 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% NaHCOs3, and brine. The organic layer was dried over Na,SO,4 and evaporated
to dryness. The residue was purified by flash chromatography (15:1 to 10:1 CHCl;/MeOH) to
afford compound 57 as a white solid (30 mg, 77%). 'H NMR (500 MHz, CD;OD) & 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, /= 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).
C NMR (125 MHz, CD;0D) & 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 CssH74F3N;,01,SSi,
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
-yDmethyl (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 H,O at
room temperature. After 5 h, the flask was placed on the rotary evaporator and the TFA and
H,O 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%). '"H NMR
(500 MHz, CD;0D) & 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). °C NMR (125 MHz, CD;0D) & 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 CssHs:F3N12010S,
997.3602; found, 997.3599.

Synthesis of probe 10

Methyl
Nz-(tert-butoxycarbonyl)-N6 -(4-(3-(trifluoromethyl)-3H-diazirin-3-yl)benzoyl)-L-lysinate
(38)
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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)-3 H-diazirin-3-yl] benzoic acid 53 (180 mg, 0.78 mmol), and DIEA
(181 pL, 1.04 mmol) in CH,Cl, (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 Na,SO4 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%). '"H NMR (500 MHz, CDCls) & 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). >C NMR (125 MHz,
CDCly) & 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 CyH,7F3N,OsNa,
495.1831; found, 495.1830.

Methyl NZ-(hex-S-ynoyl)-N6-(4-(3-(trifluoromethyl)-3H—diazirin-3-yl)benzoyl)-L-lysinate
(39)
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Compound 58 (110 mg, 0.23 mmol) was dissolved in a 1:1 (v/v) mixture of TFA and CH,Cl,
at room temperature. After 1 h, the flask was placed on the rotary evaporator and the TFA and
CH,CI, were removed at reduced pressure to afford TFA salt as a white solid (80 mg, quant.).
This material can be wused in the next step without further purification.
1-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
pL, 0.28 mmol) and DIEA (80 pL, 0.46 mmol) in CH,Cl, (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 Na,SO4 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%). "H NMR (500 MHz, CDCl;) 6 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, /= 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). °C NMR (125 MHz, CDCl;) &
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 C2HasF3N4O4, 467.1901; found,
467.1901.
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N*-(Hex-5-ynoyl)-N°-(4-(3-(trifluoromethyl)-3 H-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 uL 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 H,O 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 Na,SO,, and evaporated to dryness to afford compound 60
as a white solid (81 mg, 100%). '"H NMR (500 MHz, CDCl;) & 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). *C NMR
(125 MHz, CDCls) & 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 Co1H24F3N404, 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)-3 H-diazirin-3-yl)benzamido)hexanamido)butox
y)tetrahydrofuran-2-yl)methyl ((tert-butoxycarbonyl)-L-phenylalanyl)sulfamate (62)
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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 60 (22 mg, 0.048
mmol) in CH,Cl, (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% NaHCOs, and brine. The organic layer was dried
over Na,SO4 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% NaHCOj3, and brine.
The organic layer was dried over Na,SO4 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%). '"H NMR (500 MHz, CD;0D) & 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, /= 7.5 Hz, 2H), 2.23 (t, /= 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). °C NMR (125 MHz,
CD;0OD) 6 180.3, 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 CssH74F3N201,SSi, 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
-yDmethyl (L-phenylalanyl)sulfamate (10)
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Compound 62 (33 mg, 0.027 mmol) was dissolved in a 4:1 (v/v) mixture of TFA and H,O at
room temperature. After 5 h, the flask was placed on the rotary evaporator and the TFA and

H,O 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%). '"H NMR
(500 MHz, CDsOD) 6 8.50 (s, 1H), 8.20 (s, 1H), 7.89 (d, /= 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, /= 4.6 Hz, 1H), 4.46 (t, /= 4.6 Hz, 1H),
4.41 (dd, J=5.2,4.6 Hz, 1H), 4.38 (dd, /= 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, /= 7.5 Hz, 2H), 2.24 (t, /= 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). °C NMR (125 MHz, CD;OD) §
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 C44Hs5:F3N12010S, 997.3602; found, 997.3599.

Syntheses of L-Pro-AMS-BPyne and L-Orn-AMS-BPyne

tert-Butyl

)-2-((((RR,3R 4R ,5R)-5-(6-amino-9 H-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%). '"H NMR (500 MHz, CD;0D): & 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). °C NMR (125 MHz, CD;OD): & 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 C30H49N19O9SSi,
753.3179; found, 753.3176.

((2R,3R,4R,5R)-5-(6-Aamino-9H-purin-9-yl)-4-(4-azidobutoxy)-3-((zer-butyldimethylsily
Doxy)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%). "H NMR (500 MHz, CD;0D): § 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). °C NMR (125 MHz, CD;0D):  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]" caled for CssHgNj10;SSi,
872.4120; found, 872.4112.
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tert-Butyl
9)-2-((((RR,3R4R,5R)-5-(6-amino-9H-purin-9-yl)-4-(4-aminobutoxy)-3-((zert-butyldime
t-hylsilyl)oxy)tetrahydrofuran-2-yl)methoxy)sulfonyl)carbamoyl)pyrrolidine-1-carboxyl
ate (64a)

NH,
N
9 ¢TI )
7,
N'Bot: o

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 H, 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%). "H NMR (500 MHz, CD;OD): & 8.54 (s, 1H), 8.20 (s, 1H),
6.17 (d, J = 6.9 Hz, 1H), 4.674.62 (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). °C NMR (125 MHz, CD;0D): § 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 Cs;oHs;NgO9SSi,
727.3274; found, 727.3271.

((2R,3R,4R,5R)-5-(6-Amino-9H-purin-9-yl)-4-(4-aminobutoxy)-3-((zert-butyldimethylsily
Doxy)tetrahydrofuran-2-yl)methyl
((S)-2,5-bis((tert-butoxycarbonyl)amino)pentanoyl)sulfamate (64b)

NH,

9 STy

1l -

Boc-HN/\/\l)LN—S—O NN
HN., M 8 o

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 H, 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 CHCIl3;/MeOH) to afford compound 64b as
a white solid (40 mg, 67%). 'H NMR (500 MHz, CD;OD): & 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). °C NMR (125 MHz,
CD;0D): 6 180.7, 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 C3sHesNoO1,SSi, 846.4215; found, 846.4201.

tert-Butyl

(9)-2-((((2R,3R,4R,5R)-5-(6-amino-9 H-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% NaHCOs3, and
brine. The organic layer was dried over Na,SO4 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%). '"H NMR (500 MHz, CD;0D): & 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). °C NMR (125 MHz,
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CD;0D): 6 196.5, 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 “C signal of the sulfamoyloxy-linked carbonyl, around 180 ppm, was not
observed.) HRMS (ESI-): [M—H] calcd for Cs3sH7;N;90O;3SSi, 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((fert-butoxycarbonyl)amino)pentanoyl)sulfamate (65b)

NH,
N
o N
Q <'f,)
Boc-HN N-S—0 NT™N
H I o
N o % 7
\/\/\NJI\/\H/ \n/\/\\
H 0 O O o N
o]

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% NaHCOs, and brine. The organic
layer was dried over Na,SO4 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%). 'H NMR (500 MHz, CD;0D): § 8.46 (s, 1H), 8.20 (s, 1H), 7.76-7.70 (m, 8H), 6.14 (d,
J=15.7Hz, 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). C NMR (125 MHz, CD;0D): § 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, 263, 25.5, 19.0, 18.6, —4.4, —4.5. (The "C signal of the
sulfamoyloxy-linked carbonyl, around 180 ppm, was not observed.) HRMS (ESI+): [M+H]"
calcd for CsgHgaN11015SS1, 1234.5638; found, 1234.5603.

90



L-Pro-AMS-BPyne

0
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OHO\/\/\J\/\’N N
N z
BEACTSR R
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Compound 65a (19 mg, 0.017 mmol) was dissolved in a 4:1 (v/v) mixture of TFA and H,O at
room temperature. After 6 h, the flask was placed on the rotary evaporator and the TFA and
H,O were removed at reduced pressure. The residue was purified by flash chromatography
(3:1 CHCI3/MeOH) to afford L-Pro-AMS-BPyne as a white solid (14 mg, 91%). '"H NMR
(500 MHz, CDs;0D): 8 8.50 (s, 1H), 8.19 (s, 1H), 7.78—7.69 (m, 8H), 6.15 (d, /= 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). °C NMR (125 MHz, CD;0D): § 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+): [MJrNa]+ calcd for C4HsoNi9O11SNa,
925.3279; found, 925.3251.

L-Orn-AMS-BPyne

NH,
N
9 ¢ TN
1] P
HzN/\/\HLN_ﬁ—O N N
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OHO\/\/\JI\/\[rN N
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Compound 65b (20 mg, 0.016 mmol) was dissolved in a 4:1 (v/v) mixture of TFA and H,O at

room temperature. After 3 h, the flask was placed on the rotary evaporator and the TFA and

H,O were removed at reduced pressure. The residue was purified by flash chromatography

(4:1 CHCI3/MeOH) to afford L-Orn-AMS-BPyne as a white solid (13 mg, 88%). 'H NMR

(500 MHz, CDs;0D): 8 8.65 (s, 1H), 8.38 (s, 1H), 7.74—7.70 (m, 8H), 6.20 (d, /= 4.0 Hz, 1H),
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450 (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). °C NMR (125 MHz, CD;0D): § 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]" caled for C4;Hs3Nj;01;SNa, 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)

NH,

0
1]

ofo 4T

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/Et;:N) to afford
compound 67a as a white solid (77 mg, 87%). 'H NMR (500 MHz, CD;0D): & 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, Et;N-CH.,), 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, Et;N-CH3). °C NMR (125 MHz,
CD;0D): 8 181.5, 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
C23H3:N706S, 582.1981; found, 582.1981.
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5'-O-[N-(N-Boc-L-ornithinyl(6-Boc))sulfamoyl]-2',3'-O-isopropylideneadenosine

triethylammonium salt (67b)

NH,
N
o) N
o9 < L J
Boc-HN N-S-0 NN
HN. o} o

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 CHCIl3/MeOH/Et;N) to
afford compound 67b as a white solid (45 mg, 22%). 'H NMR (500 MHz, CD;OD): & 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,
Et;N-CH>), 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, Et;N-CH;). °C NMR (125 MHz,
CD;OD): 6 180.7, 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 CpsHysNgO11S, 701.2929; found, 701.2926.

5'-O-[N-(N-Boc-L-leucyl)sulfamoyl]-2’,3"-O-isopropylideneadenosine triethylammonium
salt (67¢)
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N
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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 CHCIl3/MeOH/Et;N) to afford
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compound 67¢ as a white solid (168 mg, 61%). "H NMR (500 MHz, CD;0D): & 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, Et;N-CH)),
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, /= 7.5 Hz,
9H, Et;N-CH3), 0.92 (d, J = 1.7 Hz, 3H), 0.91 (d, J = 1.7 Hz, 3H). °C NMR (125 MHz,
CDs;0OD): 6 181.7, 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 Co4H33N700S, 600.2452; found, 600.2437.

L-Pro-AMS triethylammonium salt

N
0 SN
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OH OH

Compound 67a (30 mg, 0.044 mmol) was dissolved in a 4:1 (v/v) mixture of TFA and H,O at
room temperature. After 2 h, the flask was placed on the rotary evaporator and the TFA and
H,0O were removed at reduced pressure. The residue was purified by flash chromatography
(67:33:1 to 50:50:1 CHCI3/MeOH/Et;N) to afford L-Pro-AMS triethylammonium salt as a
white solid (16 mg, 74%). "H NMR (500 MHz, DMSO-dq): & 8.35 (s, 1H), 8.14 (s, 1H), 7.27
(br, 2H), 5.90 (d, /= 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, /= 6.9 Hz, 2H,
Et;N-CH,), 2.19-2.10 (m, 1H), 1.95-1.86 (m, 1H), 1.85-1.72 (m, 2H), 1.03 (t, /= 6.9 Hz,
3H, Et;N-CH3). °C NMR (125 MHz, DMSO-ds): & 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 Ci5sH20N707S, 442.1145; found, 442.1146.

L-Orn-AMS triethylammonium salt

N
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Compound 67b (40 mg, 0.047 mmol) was dissolved in a 4:1 (v/v) mixture of TFA and H,O at
room temperature. After 3 h, the flask was placed on the rotary evaporator, and the TFA and
H,O were removed at reduced pressure. The residue was purified by HPLC [COSMISIL
5C13-PAQ: C-18 reverse-phase column, ¢ 10 mm x 250 mm, aqueous TFA (0.01%), 4.0
mL/min, 210 nm, f: 9.8 min] to afford L-Orn-AMS triethylammonium salt as a colorless oil
(26 mg, 98%). 'H NMR (500 MHz, CD;0D): & 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 =115 Hz, 6H, Et;N-CH>), 3.03-2.97 (m, 2H), 2.05—1.78 (m, 4H), 1.31 (t, J = 7.5 Hz, 9H,
Et;N-CH;). >C NMR (125 MHz, CD;0D): & 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
Ci5H24N3O7SNa, 483.1386; found, 483.1381.

L-Leu-AMS triethylammonium salt

Compound 67¢ (70 mg, 0.10 mmol) was dissolved in a 4:1 (v/v) mixture of TFA and H,O at
room temperature. After 5 h, the flask was placed on the rotary evaporator, and the TFA and
H,O were removed at reduced pressure. The residue was purified by flash chromatography
(83:17:1 to 67:33:1 CHCIl3/MeOH/Et;N) to afford L-Leu-AMS triethylammonium salt as a
white solid (35 mg, 69%). 'H NMR (500 MHz, CD;0D): & 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, EtN-CH>), 1.84-1.73 (m, 2H), 1.64—1.53 (m, 1H), 1.26 (t, J =
7.5 Hz, 4.5H, EtsN-CH3), 0.96 (d, J = 6.3 Hz, 3H), 0.93 (d, J = 6.3 Hz, 3H). °C NMR (125
MHz, CD;0OD): 6 176.8, 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 C;sH26N705S, 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-((fert-butyldimethylsilyl)
oxy)tetrahydrofuran-2-yl)methyl ((fert-butoxycarbonyl)-L-valyl)sulfamate (68a)

NH,
N
N9 ¢ N
1] /)
N-S-0 NN
N H 6 o

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%). '"H NMR (500 MHz, CD;OD) & 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, /=5.2 Hz, 1H), 4.51 (dd, /= 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). °C NMR (125 MHz, CD;0D) &
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 C39Hs1N19009SSi, 755.3336; found, 755.3336.

((2R,3R.,4R,5R)-5-(6-Amino-9H-purin-9-yl)-4-(4-azidobutoxy)-3-((fert-butyldimethylsilyl)
oxy)tetrahydrofuran-2-yl)methyl ((fert-butoxycarbonyl)-L-leucyl)sulfamate (68b)

NH,
N
2 o ¢T N
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HN. H & o

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%).
'H NMR (500 MHz, CD;OD) & 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). °C NMR (125 MHz, CD;0D) & 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 "°C signal of the sulfamoyloxy-linked carbonyl, around 180 ppm,
was not observed.) HRMS (ESI+): [M+H]" caled for C3HssN;g0oSSi, 771.3643; found,
771.3639.

((2R,3R,4R,5R)-5-(6-Amino-9H-purin-9-yl)-4-(4-aminobutoxy)-3-((zert-butyldimethylsily
Doxy)tetrahydrofuran-2-yl)methyl ((fert-butoxycarbonyl)-L-valyl)sulfamate (69a)

TBSO OW\NH
2

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 H, 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 CHCIl3/MeOH) to afford compound 69a as
a white solid (32 mg, 66%). 'H NMR (500 MHz, CD;0D) § 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). °C NMR (125 MHz, CD;0D) § 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] caled for C30Hs3NsO9SSi, 729.3431; found, 729.3431.
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(2R, 3R, 4R ,5R)-5-(6-Amino-9H-purin-9-yl)-4-(4-aminobutoxy)-3-((zert-butyldimethylsily
Doxy)tetrahydrofuran-2-yl)methyl ((fert-butoxycarbonyl)-L-leucyl)sulfamate (69b)

NH,
) SN
Q N J
N-S-0 N
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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 H, 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%). "H NMR (500 MHz, CD;OD) & 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).
C NMR (125 MHz, CD;OD) § 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 C3;Hs7NgOoSSi, 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 ((fert-butoxycarbonyl)-L-valyl)sulfamate (70a)

NH,
N
o] SN
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H H
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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% NaHCOs3, and
brine. The organic layer was dried over Na,SO4 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%). '"H NMR (500 MHz, CD;0D) & 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). °C NMR (125
MHz, CD;0D) 6 196.5, 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 “C signal of the sulfamoyloxy-linked carbonyl, around 180 ppm, was not
observed.) HRMS (ESI-): [M—H] calcd for Cs3sH73N9013SSi, 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 ((fert-butoxycarbonyl)-L-leucyl)sulfamate (70b)
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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% NaHCOs3, and
brine. The organic layer was dried over Na,SO4 and evaporated to dryness. The residue was
purified by flash chromatography (10:1 to 5:1 CHCIl3/MeOH) to afford compound 70b as a
white solid (13 mg, 42%). '"H NMR (500 MHz, CD;OD) & 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). °C NMR (125 MHz,
CD;0D) 6 196.6, 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 “C signal of the sulfamoyloxy-linked carbonyl, around 180 ppm, was not
observed.) HRMS (ESI+): [M+Na]" caled for CssH7N;9O;3SSiNa, 1155.4981; found,
1155.4991.

L-Val-AMS-BPyne

o]
H H
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Compound 70a (20 mg, 0.018 mmol) was dissolved in a 4:1 (v/v) mixture of TFA and H,O at
room temperature. After 6 h, the flask was placed on the rotary evaporator and the TFA and
H,O were removed at reduced pressure. The residue was purified by flash chromatography
(3:1 CHCI3/MeOH) to afford L-Val-AMS-BPyne as a white solid (15 mg, 92%). '"H NMR
(500 MHz, CD;0D) & 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). >C NMR (125 MHz, CD;0D) & 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 C4,Hs5N901:S, 903.3465; found, 903.3458.
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L-Leu-AMS-BPyne
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Compound 70b (13 mg, 0.011 mmol) was dissolved in a 4:1 (v/v) mixture of TFA and H,O at
room temperature. After 6 h, the flask was placed on the rotary evaporator and the TFA and
H,O 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%). '"H NMR
(500 MHz, CD;0D) 6 8.51 (s, 1H), 8.19 (s, 1H), 7.73 (d, /= 2.9 Hz, 8H), 6.16 (d, /= 5.2 Hz,
1H), 4.49 (dd, J=4.6, 4.0 Hz, 1H), 4.43 (dd, /= 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). °C NMR (125 MHz,
CD;0D) 6 196.6, 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 C43Hs54N19011SNa, 941.3592; found, 941.3584.

Chemical Biology Procedures

Protein Expression and Materials: Recombinant proteins 4olo-GrsA and holo-TycB; were

. . . 23,29,48,49
expressed and purified as previously described.”"

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-Universitit Marburg,
Germany. The AusA; (A;-T;) gene was PCR amplified genomic DNA from S. aureus ATCC
700699 using primers ausA; F
(5'-GCCTCCATGACCATGGTTATGGGTAATTTGAGATTTCAAC-3") and AusA; R
(5'-CCGAATTCGTCAGCACATAATCATCTTTAACTATAGCTTC-3"), and subsequently
cloned into litmus28-ausA;. Plasmid litmus28-ausA; was digested with Ncol and BamHI, and

the gene was subcloned into p28b to produce p28b-ausd;, an expression vector for
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apo-AusA; with a hexahistidine appended to the C terminus. Sequencing revealed the
expression plasmid to be error free. For expression and purification of apo-AusA,,
p28b-AusA; was transformed into E. coli BL21 (DE3) cells. Overnight cultures were used to
inoculate 1 L of LB medium supplemented with 50 ug/mL kanamycin. Cultures were allowed
to grow to an Agepp 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—HCIL, 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.”® Fractions containing the recombinant
proteins were pooled and dialyzed against assay buffer (20 mM Tris—HCI, pH 8.0, 1 mM
MgCl,, and 1 mM TCEP). After the addition of 10% glycerol (v/v) the protein was stored at
—80 °C.

Hydroxamate-MesG Assay”

Standard assay conditions: Reactions contained NRPS enzymes to maintain initial velocity
conditions, 20 mM Tris (pH 8.0), 2.5 mM ATP, 1 mM MgCl,, 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, 11643), 0.2 mM MesG (Berry &
Associates), and 1 mM substrates. The reactions (100 pL) were run in 96-well half-area plates
(Corning, 3881) and the cleavage of MesG was monitored at 43ss on an EnVision Multilabel
Reader (PerkinElmer). Working stocks of hydroxylamine were prepared fresh by combining
500 puL of 4 M hydroxylamine, 250 puL of water, and 250 pL of 7 M NaOH on ice.
Determination of K™ values of inhibitors by the hydroxamate-MesG assay (Table 1-3):
Ki"? determination was performed using standard assay conditions. For Zolo-GrsA, probes 1—
7 were tested from 0.01 to 20 uM using L-Phe (I 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 uM, and holo-TycB; (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 uM using L-Val (1 mM) as the competing
substrate. The enzyme was fixed at 1.2 pM. 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).
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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 uM) was treated with probes
1-10 (1 uM from 100 uM stock in DMSO) in standard buffer 1 [20 mM Tris (pH 8.0), 1 mM
MgCl,, 1 mM TCEP, and 0.0025% Igepal CA-630]. Inhibition studies were performed by
preincubation of GrsA (1 uM) with L-Phe-AMS (100 uM 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 uM, 1 mM, 100 uM, 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 °C 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 uM) with
probes 1-10 (1 pM from a 100 pM 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 uM, 1 mM, 100 uM, 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 °C for 5 min. The concentration of
TAMRA-conjugated BSA (Invitrogen) was determined using the extinction coefficient of
TAMRA (560 = 65,000 M' cm ). Samples (5 pL) 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 Imagel.

UV photolysis time study (Figure 1-8b, 2-2b, and 3-2b): Recombinant GrsA (1 uM), TycB;
(1 uM) and AusA; (1 pM) were treated with probes 1, 8, 10, L-Pro-AMS-BPyne, and
L-Val-AMS-BPyne (1 pM from a 100 pM 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 TycB; and AusA; 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 TycB; (1
uM) and AusA; (1 uM) were treated with probes L-Pro-AMS-BPyne and L-Val-AMS-BPyne
(1 uM from a 100 uM stock in DMSO) in assay buffer 1, respectively. Inhibition studies were
performed by pre-incubation of TycB; (1 puM) and AusA; (1 pM) with L-Pro-AMS and
L-Val-AMS (100 uM 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 (TycB,) and 60 min
(AusA;) 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, TycB;, and AusA; labeling (Figure 2-2¢, 3-2¢): Recombinant
GrsA (0.125-62.5 nM), TycB; (0.125-62.5 nM), and AusA; (0.125-62.5 nM) were treated
with L-Phe-AMS-BPyne, L-Pro-AMS-BPyne, and L-Val-AMS-BPyne (1 pM from a 100 uM
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, TycB))
and 60 min (AusA;) 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, TycB, AusA, and BSA (Figure 2-3, 3-2d):
For GrsA (A: L-Phe), TycB; (A: L-Pro), AusA; (A: L-Val), and BSA labeling experiments,
L-Phe-AMS-BPyne, L-Pro-AMS-BPyne, and L-Val-AMS-BPyne (1 uM) were individually
added to a 46 pL reaction containing GrsA (1 uM), TycB; (1 uM), AusA; (1 uM), BSA (1
uM), and assay buffer 1. For inhibition studies, GrsA (1 uM), TycB; (1 uM), and AusA; (1
uM) were pre-incubated with L-Phe-AMS, L-Pro-AMS, and L-Val-AMS (100 uM) 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, TycB,) and 60 min (AusA;) 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: 4. 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: 4. 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 °C. The
seed culture (2 mL) was transferred to YPG media (250 mL) and the resulting mixture was
incubated at 37 °C. Growth was routinely monitored at 4es0 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), MgCl, (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,” a gentle treatment of cells with
lysozyme (0.2 mg/mL) was used to release intracellular protein. The cell suspension was
incubated at 0 °C for 30 min. The mixture was then incubated at 30 °C 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.>’

GrsA labeling of 4. migulanus ATCC 9999 proteomes (Figure 2-4): A. migulanus
proteome (1.4 mg/mL) was treated with L-Phe-AMS-BPyne (1 uM from a 100 pM stock in
DMSO) in standard buffer 2 [20 mM Tris (pH 8.0), 1 mM MgCl,, 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 4. migulanus proteome (1.4 mg/mL) with L-Phe-AMS (100
uM 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 pM from a 100 uM stock
in DMSO) in assay buffer 2. For inhibition studies, 4. 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
uM 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 pM 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 uM from a 100 pM 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 uM 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 (I pM from a 100 uM 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 5x
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): 4. 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 pM from a 10 mM stock in DMSO) for 10
min at room temperature. Enrichments by rL-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 uM 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 pL 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/CHCl; (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 °C), and protein precipitated at the
interface. Liquid layers were removed, and the resulting precipitate was resuspended in
ice-cold 4:1 MeOH/CHCI; (750 pL) and mixed vigorously by vortexing. Water (600 puL) was
then added to the mixture and mixed by vortexing again. Samples were repelleted by
centrifugation (9000 x g, 15 min, 4 °C), resuspended in ice-cold MeOH (600 pL), sonicated
on ice, and then repelleted by centrifuged (9000 % g, 15 min, 4 °C). The resulting pellet was
redissolved in 650 pL of PBS (2.5% SDS), sonicated at room temperature, and heated for 5
min at 60 °C. 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 pL of streptavidin-agarose
resin (Novagen) and rotated for 1 h at room temperature. Bound samples were then washed
sequentially with 1.0% SDS in H,O (3 X 1 mL), 6 M urea in H,O (3 x 1 mL), and PBS (3 x 1
mL). The bound proteins were treated with 2x SDS-loading buffer, and the samples were
heated at 95 °C 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—HCI, pH 8.0,
and 0.05% decyl glucoside) for 12 h at 37 °C. The digest mixture was separated using a
nanoflow LC (Easy nLC, Thermo Fisher Scientific) on a NTCC analytical column (C-18
reverse-phase column, ¢ 0.075 - 100 mm, 3 pm bead size, Nikkyo Technos Co., Ltd.). The
buffer compositions were as follows: buffer A was composed of 100% H>O and 0.1% formic
acid, buffer B was composed of 100% CH3;CN 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 uM from a 100 uM 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 uM 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 pM from a 100
uM 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 uM 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): 4. 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 pM from
a 100 uM 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 uM 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 uM from
a 100 pM stock in DMSO) in assay buffer 2. For inhibition studies, DSM 5759 proteomes
(2.0 mg/mL) were preincubated with L-Leu-AMS (100 puM 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
OD¢so 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 °C). The pellet was suspended
in 1 mL of the pre-extraction solution (150 mM NaCl, 20 mM HCI) and incubated at 80 °C 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 3-6¢, 3-7¢): The ethanol and H,O were
removed at reduced pressure, and the residue was dissolved in 1 mL of 50% ethanol.
Analytical HPLC (COSMOSIL 5C;3 AR-II reverse-phase column, ¢ 4.6 x 250 mm, 1.0
mL/min, 210 nm, f: 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 pL 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 4. migulanus ATCC 9999
and isolated by preparative HPLC (COSMOSIL 5C,g AR-II reverse-phase column, ¢ 10 x 250
mm, acetonitrile/aqueous TFA (0.1%, 60:40) 3.0 mL/min, 220 nm, fz: 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]*"
calcd for 571.3608; found, 571.3643.
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