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General data

All Sonogashira cross-coupling reactions were carried out under ambient conditions using 0.5
mL plastic test tubes with magnetic stirring. Solvents and chemicals were purchased from
commercial sources and used directly without further purification. Flash chromatography was
performed with SiliCycle P60 silica gel (40-63 um, 60 A). "H NMR spectra were recorded with
Inova-300 or -500 MHz spectrometers and chemical shifts were reported in ppm using either TMS or
deuterated solvents as internal standards (TMS, 0.00; CDCls, 7.26; CDs0D, 3.31; DMSO-dg, 2.50).
Multiplicity was reported as follows: s = singlet, d = doublet, t = triplet, g = quartet, m = multiplet,
brs = broad. *C NMR spectra were recorded at 75 MHz and 125 MHz and chemical shifts were
reported in ppm using the deuterated solvents as internal standards (CDCls, 77.0; CD3;0D, 49.0;
DMSO-dg, 39.5). Electrospray LC-MS analysis was performed using a Finnigan LCQ Advantage
lonTrap mass spectrometry coupled with a Surveyor HPLC system. Protein liquid chromatography
was performed using a Phenomenex Jupiter C4 column (5 pm, 300 A, 2.00 x 50 mm) with a flow

rate of 200 pL/min and a linear gradient of 5-95% ACN/H,O containing 0.1% HCOOH.
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2-(6-Hydroxy-3-0xo0-3H-xanthen-9-yl)-5-iodobenzoic acid (1a): To a suspension of

5-aminofluorescein (200 mg, 0.576 mmol) in 2.0 mL of 12 N HCI was added 1.0 g of ice, and the
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mixture was cooled with an ice-water bath. A solution of NaNO, (50 mg, 0.72 mmol) in 1.0 mL of
water was added dropwise over 1 min, and the mixture was stirred at 0 °C for 30 minutes. A solution
of KI (956 mg, 5.74 mmol) in 1.6 mL of water was added dropwise over 1 min with vigorous stirring
at 0 °C. The ice-water bath was removed and the stirring was continued for additional one hour. The
reaction mixture was extracted three times with i-PrOH/CHCI; (1:3). The combined organic extracts
were washed with saturated Na,S,03 solution, dried over anhydrous Na,SQO,, and concentrated under
reduced pressure. The resulting residue was purified by flash chromatography using 10%
MeOH/CH,ClI, as an eluent to afford the desired product as an orange solid (142 mg, 53% yield): *H
NMR (500 MHz, DMSO-dg) 510.15 (br, 2H), 8.30 (d, J =1.1 Hz, 1H), 8.10 (dd, J = 8.0, 1.5 Hz, 1H),
7.09 (d, J = 8.0 Hz, 1H), 6.67 (d, J = 2.4 Hz, 2H), 6.61 (d, J = 8.6 Hz, 2H), 6.55 (dd, J = 8.7, 2.4 Hz,
2H); B¢ NMR (125 MHz, DMSO-d6) ¢ 167.15, 159.59, 151.82, 143.95, 133.00, 129.24, 128.42,
126.10, 112.66, 108.94, 102.23, 96.24, 83.41; MS (ESI) calcd for CyoH11105 458.2 [M+H"], found
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Diethyl 2-acetamido-2-(but-3-yn-1-yl)malonate (S1): To a solution of diethyl
acetamidomalonate (2.10 g, 9.50 mmol) in dry dioxane (40 mL) was added t-BuOK (1.18 g, 10.44
mmol), and the mixture was vigorously stirred at 60 °C for 2 hours before but-3-yn-1-yl
4-methylbenzenesulfonate (1.68 mL, 9.50 mmol) was added. After 72 hours, the suspension was
filtered, and the filtrate was washed with Et,0 (3 x 20 mL) and concentrated under reduced pressure.
The resulting residue was purified by flash chromatography using 10-30% EtOAc/hexanes as an
eluent to afford the desired product as a pale yellow solid (1.347g, 35% yield): *H NMR (300 MHz,
CDCl3) & 6.81 (s, 1H), 4.25-4.19 (m, 4H), 2.59 (t, J = 7.4 Hz, 2H), 2.14-2.08 (m, 2H), 2.02 (s, 3H),
1.91-1.90 (m, 1H), 1.24 (t, J = 7.1 Hz, 6H); *C NMR (75 MHz, CDCl5) & 169.35, 167.83, 82.71,
69.10, 65.81, 62.77, 30.92, 23.12, 14.02, 13.45; MS (ESI) calcd for C13H19NOs 269.1 [M+H*], found
269.1.
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2-Acetamidohex-5-ynoic acid (S2): Diethyl 2-acetamido-2-(but-3-yn-1-yl)malonate (S1, 1.65 g,
6.1 mmol) was dissolved in 10% NaOH (10 mL) and the solution was refluxed for 5 hours. After
cooling down to room temperature, the solution was acidified to pH 2 with 6 N HCI and concentrated.
The resulting solid was dissolved in H,O (20 mL), and the solution was refluxed for 5 hours. After
filtering the mixture through a layer of active carbon, the filtrate was acidified to pH 3 with 10% HCI
and extracted with EtOAc (5 x 30 mL). The combined organic layers were dried with anhydrous
Na,SOq, filtered, and concentrated to afford the titled compound as a white solid (654 mg, 35%
yield): *"H NMR (300 MHz, DMSO-dg) & 12.60 (brs, 1H), 8.12 (d, J = 7.7 Hz, 1H), 4.27-4.19 (m,
1H), 2.82 (t, J = 2.4 Hz, 1H), 2.23-2.18 (m, 2H), 1.92-1.86 (m, 1H), 1.84 (s, 3H), 1.78-1.66 (m, 1H);
3C NMR (75 MHz, DMSO-ds) & 173.44, 169.45, 83.27, 71.85, 30.04, 22.38, 14.83; MS (ESI) calcd
for CgH1:NO3 169.1 [M+H"], found 169.0.
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2-Aminohex-5-ynoic acid (S3): A solution of 2-acetamidohex-5-ynoic acid (S2, 653.9 mg, 3.87
mmol) in 15 mL 2 N HCI was refluxed for 2 hours before concentrated under reduced pressure.
Addition of acetone to the resulting residue gave a white solid, which was filtered and washed with
acetone to afford the titled compound (374 mg, 59% yield): *H NMR (500 MHz, D;0) & 4.16 (t, J =
6.5 Hz, 1H), 2.45-2.42 (m, 2H), 2.24-2.18 (m, 1H), 2.12-2.01 (m, 1H); *C NMR (125 MHz, D;0) &
171.84, 82.30, 71.12, 52.00, 28.45, 14.14; MS (ESI) calcd for CgHgNO, 127.1, [M+H"] found 127.1.
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2-Amino-N-benzylacetamide (S5): A solution of 2-((tert-butoxycarbonyl)amino)acetic acid
(700 mg, 4.0 mmol), BnNH, (440uL, 4.0 mmol), EDCI (764 mg, 4.0 mmol) and HOBt (540 mg, 4
mmol) in 15 mL CH,Cl, was stirred at room temperature overnight. After reaction was complete, the
organic layer was separated, washed successively with 1 N HCI (50 mL) and saturated NaHCO3 (50

mL), dried over anhydrous Na,SQ,, filtered and concentrated under reduced pressure. The resulting
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residue was purified by flash chromatography using 25% EtOAc/hexanes as an eluent to give the
intermediate S4 (1.02g, 97% yield): *H NMR (500 MHz, CDCls) & 7.35-7.32 (m, 2H), 7.29-7.26 (m,
3H), 6.49 (brs, 1H), 5.19 (brs, 1H), 4.47 (d, J = 5.8 Hz, 2H), 3.83 (d, J = 5.5 Hz, 2H), 1.44 (s, 9H).
To a solution of tert-Butyl (2-(benzylamino)-2-oxoethyl)carbamate (S4) dissolved in 1.5 mL TFA
were added 50 uL TIPS and 50 uL H,O, and the mixture was stirred at room temperature overnight.
After reaction was complete, the solution was basified using saturated NaHCOj3 and the solvent was
removed under a stream of dry air. The solid was extracted with MeOH/CH,Cl, and the organic layer
was dried over anhydrous Na,SO,, filtered and concentrated to afford the titled compound, which

was used directly without further purification: MS (ESI) calcd for CgH1,N,O 164.1 [M+H], found

164.1.
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2-Acetamido-N-(2-(benzylamino)-2-oxoethyl)hex-5-ynamide (2a): A solution of 2-acetamido
hex-5-ynoic acid (S2, 300 mg, 1.77 mmol), 2-amino-N-benzylacetamide (S5, 300 mg, 1.77 mmol),
EDCI (350 mg, 1.83 mmol) and HOBt (247 mg, 1.83 mmol) in 10 mL CH,Cl,was stirred at room
temperature overnight. After reaction was complete, the organic layer was washed successively with
1 N HCI (30 mL) and saturated NaHCO3; (30 mL), dried over anhydrous Na,SO,, filtered and
concentrated. The resulting residue was re-dissolved in EtOAc and hexanes were added to precipitate
the titled compound as a white solid (157 mg, 26% yield): *H NMR (500 MHz, DMSO-dg) &
8.25-8.23 (g, 2H), 8.15 (d, J = 7.2 Hz, 1H), 7.30 (t, J = 7.3 Hz, 2H), 7.25-7.21 (q, 3H), 4.29-4.27 (q,
2H), 4.26-4.20 (m, 1H), 3.71 (d, J = 5.9 Hz, 2H), 2.80 (t, J = 2.6 Hz, 1H), 2.20-2.18 (g, 2H),
1.87-1.85 (m, 1H), 1.83 (s, 3H), 1.74-1.68 (m, 1H); “*C NMR (125 MHz, DMSO-dg) &
171.66,169.92, 168.70, 139.26, 128.23, 127.13, 126.74, 83.63,71.59, 52.26, 42.14, 41.97, 22.51,
14.67; MS (ESI) calcd for C17H,:N303 315.2 [M+Na'], found 315.2.

MeO 0.__0 PPhsl, MeO 0._0
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4-lodo-7-methoxy-2H-chromen-2-one (1d): A solution of I, (560 mg, 2.2 mmol) in dry ACN

under argon was treated with PPh; (575 mg, 2.2 mmol), and the resulting yellow precipitate was
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stirred at 25 °C for 15 minutes. EtsN (0.3 mL, 2.2 mmol) and 4-hydroxy-7-methoxy-2H-chromen-
2-one (384 mg, 2.0 mmol) were added and the mixture was refluxed for 15 minutes. The solvent was
removed under reduced pressure and the residue was purified by flash chromatography using 10%
EtOAc/ hexanes to give the titled compound as a pale yellow solid (38 mg, 6 % yield): *H NMR (500
MHz, CDCls) & 7.58 (d, J = 8.9 Hz, 1H), 7.02 (s, 1H), 6.89-6.86 (g, 1H), 6.76 (d, J = 2.5 Hz, 1H),
3.89 (s, 3H); *C NMR (125 MHz, CDCls) & 163.64, 158.66, 152.83, 133.63, 123.87, 119.89, 114.64,
113.25, 100.48, 55.88; MS (ESI) calcd for C1oH7105 301.9 [M+H"], found 302.1.
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MPEG-phenyl iodide (1n): A solution of 2-aminoethanol (610 mg, 10 mmol) in dioxane (50
mL) was added (Boc),0 (2.4 g, 11 mmol), and the mixture was stirred at room temperature overnight.
After reaction was complete, the solvent was removed reduced pressure and the residue was
re-dissolved in 30 mL CH,Cl,. The solution was washed successively with 1% HCI (30 mL), brine (2
x 20 mL), H,O (30 mL), dried over anhydrous Na,SQ,, filtered, and concentrated to yield S6, which
used directly in subsequent steps without further purification: *H NMR (500 MHz, CDCl3) & 4.99
(brs, 1H), 3.70-3.68 (g, 2H), 3.28 (d, J = 2.5 Hz, 1H), 6.76 (d, J = 5 Hz, 2H), 2.61 (brs, 1H),1.44 (s,
9H). To a solution of tert-butyl (2-hydroxyethyl)carbamate (S6, 837.2 mg, 5.2 mmol), 4-iodophenol
(880 mg, 4.0 mmol) and PPh3(1.36 g, 5.2 mmol) in THF (6 mL) at 4 °C under argon was added 40%
DEAD solution in toluene (2 mL), and the mixture was stirred at room temperature for 16 hours. The
solvent was removed under reduced pressure and the residue was purified by flash chromatography
using 25% EtOAc/ hexanes as an eluent to give intermediate S7 as a pale yellow solid (1.088 g, 75%
yield): '"H NMR (300 MHz, CDCl3) & 7.58-7.53 (m, 2H), 6.69-6.65 (m, 2H), 4.96 (brs, 1H), 3.98 (t, J
= 5.2 Hz, 2H), 3.53 (t, J = 5.3 Hz, 2H), 1.45(s, 9H); MS (ESI) calcd for C13H1gINO3 363.0 [M+Na'],
found 363.1. To a solution of tert-butyl (2-(4-iodophenoxy)ethyl) carbamate (S7, 1.088g, 2.99 mmol)
in 6 mL EtOAc was added 4 N HCI in EtOAc, and the mixture was stirred at room temperature for

2.5 hours. The solid formed was collected with a filter and dried in vacuum to give compound S8 as
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a white solid (816 mg, 91% yield): *H NMR (500 MHz, D,0) & 7.66 (d, J = 7.6 Hz, 2H), 6.82 (d, J =
7.6 Hz, 2H), 4.24 (t, J = 4.3 Hz, 2H), 3.41 (t, J = 4.4 Hz, 2H); **C NMR (125 MHz, D,0) & 157.47,
138.43, 116.94, 83.42, 63.86, 38.81; MS (ESI) calcd for CgH30INO 263.0 [M+H™], found 263.0. To a
solution of S8 (29.9 mg, 0.1 mmol) and DIPEA (70 uL, 0.4 mmol) in 2 mL CH,CI, was added
dropwise a solution of mMPEG-SCM (200 mg, ~5 kDa, 0.04 mmol) in 1 mL CH,ClI,, and the mixture
was stirred at room temperature overnight. After adding pivaloyl chloride (50 uL, 0.04 mmol), the
solution became clear after stirring for 30 minutes. To the above solution was added 10 mL
anhydrous Et,O and the mixture was cooled over dry ice. The white precipitate was collected by
filtration, washed with anhydrous Et,0, and dried in vacuum to afford the titled compound as a white
powder (159 mg, 77% yield): 'H NMR (500 MHz, CDCls) & 11.25 (brs, 21 H), 7.59-7.55 (m, 2H),
6.71-6.69 (m, 2H), 4.30 (s, 3H), 4.25-4.21 (m, 2H), 4.04 (t, J = 5.5, 2H), 4.02 (s, 1H), 3.81-3.77 (m,
5H), 3.73-3.62 (m, 381H), 3.58-3.55 (M, 4H), 3.54-3.50 (M, 4H), 3.39 (s, 3H), 3.13-3.08 (m, 10H),
1.92 (s, 6H), 1.59-1.55 (m, 33H), 1.49-1.46 (m, 22H), 1.27 (s, 3H).

Preparation of palladium catalysts

The palladium catalysts with L1, L2, L6 and L7 ligands were prepared according to a literature

procedure.s!
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2,2'-((2-Aminopyrimidine-4,6-diyl)bis(oxy))bis(N,N-dimethylethanamine) (L3): A solution
of sodium (2.3 g, 100 mmol) in 2-(dimethylamino)ethanol (50 mL, 500 mmol) was treated with
4,6-dichloropyrimidin-2-amine (8.15 g, 50 mmol). The mixture was stirred at 100 °C for 1 hour
before cooling down to room temperature. After removing the solid with centrifugation, the solvent
was evaporated and the residue was purified by flash chromatography using MeOH/CH.ClI;
containing 1% Et;N as an eluent to afford L3 as a pale yellow solid: *H NMR (300 MHz, CDCls) &
5.51 (d, J = 0.7 Hz, 1H), 4.82 (brs, 2H), 4.28 (t, J = 5.8 Hz, 4H), 2.64 (t, J = 5.8 Hz, 4H), 2.29 (s,
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12H); C NMR (75 MHz, CDCls3) 6 172.00, 162.18, 80.88, 64.20, 58.16, 45.96; MS (ESI) calcd for
C12H23N50, 269.2 [M+H], found 269.2. L3-palladium complex: L3 ligand (13.5 mg, 0.05 mmol)
was dissolved in 0.5 mL ACN and the mixture was heated at 65 °C for 5 minutes. Pd(OAc), (5.5 mg,
0.025 mmol) was then added and the heating continued for another 30 minutes before cooling to
room temperature. The clear solution was diluted to 2.5 mL with ddH,O to yield the desired

palladium complex.
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3,3"-((2-Aminopyrimidine-4,6-diyl)bis(oxy))bis(N,N-dimethylpropan-1-amine)  (L4): A
solution of sodium (0.23 g, 10 mmol) in 3-(dimethylamino)propan-1-ol (5.8 mL, 50 mmol) was
treated with 4,6-dichloropyrimidin-2-amine (1.63 g, 10 mmol). The mixture was stirred at 100 °C for
an hour before cooling down to room temperature. The solid was removed by centrifugation solid
and the solution was concentrated. The resulting residue was purified by flash chromatography
MeOH/CH,CI, containing 1% Et;N as an eluent to afford L4 as a pale yellow solid: *H NMR (300
MHz, DMSO-d6) & 6.49 (brs, 2H), 5.29 (s, 1H), 4.16 (t, J = 6.7 Hz, 4H), 2.29 (t, J = 7.1 Hz, 4H),
2.13 (s, 12H), 1.81-1.72 (m, 4H); *C NMR (75 MHz, DMSO-d6) & 171.32, 162.73, 78.21, 63.89,
55.60, 45.10, 26.58; MS (ESI) calcd for Ci4H2;Ns0; 297.2 [M+H"], found 297.2. L4-palladium
complex: L4 (29.8 mg, 0.10 mmol) was dissolved in 1.0 mL ACN, and the mixture was heated at 65
°C for 5 minutes. Pd(OAc), (11.0 mg, 0.05 mmol) was then added and the heating was allowed to
continue for another 30 minutes before cooling to room temperature. The clear solution was diluted

to 5.0 mL with dd H,O to yield the desired palladium complex.
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2,2'-((5-(Dimethylamino)-1,3-phenylene)bis(oxy))bis(N,N-dimethylethanamine) (L5): A
solution of 4,6-dichloropyrimidin-2-amine (328 mg, 2 mmol) in THF (8 mL) at 0 °C was added NaH
(320 mg, 8 mmol) followed by Mel (250 uL, 4 mmol; add slowly). After addition, the solution was
warmed to room temperature and the reaction progress was monitored by TLC. After the reaction
reached completion, the solvent was removed under reduced pressure at a temperature below 30 °C.
The resulting solid was used directly without further purification. To a solution of sodium (184 mg, 8
mmol) in 2-(dimethylamino)ethanol (4 mL, 40 mmol) was added the crude product from the last step
(382 mg). The mixture was stirred at 100 °C for an hour before cooling down to room temperature.
The solid was removed by centrifugation solid and the solution was concentrated. The resulting
residue was purified by flash chromatography MeOH/CH,CI, containing 1% Et3N as an eluent to
afford L5 (61.1 mg, 10% yield over 2 steps): *H NMR (300 MHz, CDCls) & 5.37 (s, 1H), 4.35 (t, J =
6.1 Hz, 4H), 3.11 (s, 6H), 2.65 (t, J = 6.1 Hz, 4H), 2.29 (s, 12H); *C NMR (75 MHz, CDCls) &
171.37, 161.53, 78.29, 63.68, 8.25, 46.01, 36.91; MS (ESI) calcd for CigHaN3O, 295.2 [M+H],
found 295.3. L5-palladium complex: L5 (14.85 mg, 0.05 mmol) was dissolved in 0.5 mL ACN, and
the mixture was heated at 65 °C for 5 minutes. Pd(OAc), (5.5 mg, 0.05 mmol) was added and the
heating was allowed to continue for another 30 minutes before cooling down to room temperature.

The clear solution was diluted to 2.5 mL with dd H,O to yield the desired palladium complex.
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2-Morpholinopyrimidine-4,6-diol (L6): S-Methylisothiourea sulfate (13.9 g, 74 mmol), H,O
(36.7 mL) and morpholine (9 mL, 103 mmol) were added to a flask fitted with a reflux condenser.
The mixture was slowly heated to boiling and the reflux was maintained for 5 minutes. A hot
solution of BaCl, (12.2 g, 59 mmol) in 25 mL H,0 was added, and the mixture was then heated for
additional 30 minutes. After filtration, the solvent was removed by applying a stream of dry air and
the residue was re-dissolved in hot ethanol (10 mL) and acetone (75 mL). A while solid was
collected with a filtration funnel to afford morpholine-4-carboximidamide S9 as a hydrochloride salt
(4.70 g, 49% vyield): *H NMR (300 MHz, D,0) & 3.83 (t, J = 4.6 Hz, 4H), 3.51 (t, J = 4.1 Hz, 4H);
3C NMR (75 MHz, D,0) & 156.57, 65.41, 45.17. Sodium (1.38 g, 60 mmol) was cut into small
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pieces and added slowly into EtOH (40 mL). After all the sodium was completely dissolved, S9 (3.3
g, 20 mmol) and diethylmalonate (3.05 mL, 20 mmol) were added. The mixture was refluxed for 3
hours before cooling down to room temperature. The solvent was removed under reduced pressure
and 1 N HCI (64 mL) was added to the resulting white solid. The solid was dissolved initially and
then gradually reappeared over a course of 1 hour. The solid was collected with a filter, washed
with H,O (3 x 30 mL), and dried to give the desired product as a white solid (1.57 g, 40% yield): *H
NMR (300 MHz, D,0) & 10.69 (brs, 2H), 4.79 (s, 1H), 3.62-3.54 (m, 8H); *C NMR (75 MHz,
D,0) & 168.82, 155.96, 79.57, 66.09, 44.78; MS (ESI) calcd for CgH;1N303 197.1 [M+H"], found
197.2.
H,O O
: reflux $10 EtO)J\/U\OEt HOMOH

L7

2-(Piperidin-1-yl)pyrimidine-4,6-diol (L7): S-Methylisothiourea sulfate (13.9 g, 74 mmol),
H,O (36.7 mL) and piperidine (10 mL, 103 mmol) were placed in a flask fitted with a reflux
condenser. The mixture was slowly heated to boiling and the reflux was maintained for 5 minutes. A
hot solution of BaCl, (12.2 g, 58.65) in 25 mL H,0 was added and the mixture was then heated for
additional 30 minutes. After filtration, the solvent was removed by applying a stream of dry air and
the residue was re-dissolved in hot ethanol (10 mL) and acetone (75 mL). A while solid was
collected with a filtration funnel to afford 3.35 g piperidine-1-carboximidamide S10 as a
hydrochloride salt, which used directly for next step. Sodium (1.38 g, 60 mmol) was cut into small
pieces and slowly added into EtOH (40 mL). After all the sodium was completely dissolved, S10
(3.35 g, 21 mmol) and diethyl malonate (3.13 mL, 21 mmol) were added. The mixture was refluxed
for 3 hours before cooling down to room temperature. The solvent was removed under reduced
pressure and 1 N HCI (64 mL) was added to the resulting white solid. The solid was dissolved
initially and then gradually reappeared over a course of 1 hour. The solid was collected with a filter,
washed with H,O (3 x 30 mL), and dried to give the desired product as a white solid (0.732 g, 5%
yield over 2 steps): 'H NMR (300 MHz, DMSO-d6) & 10.55 (brs, 2H), 4.68 (s, 1H), 3.56 (t, J = 5.0
Hz, 4H), 1.58-1.47 (m, 6H); *C NMR (75 MHz, DMSO-d6) & 168.16, 154.31, 78.46, 44.98, 25.15,
23.95; MS (ESI) calcd for CoH13N30, 195.1 [M+Na'], found 195.2.
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Screen of additional reaction conditions

NaO H H
=N_ Ac” N Bn
Ac, \ />7N\ * Pd(OAC), H 5
N

NaO | o 2 ‘ ‘

HN KoHPO,
sodium ascorbate
37°C

la 2a O 3a

% palladium - ligand

Entry la: 2a complex Ligand Time Yield (%)?
8 1.05:2.40 30% L2 40 min 91
9 1.10:1.00 20% L2 30 min 58
10 1.20:1.00 20% L2 30 min 55
11 1.30:1.00 20% L2 30 min 46
12 1.00:1.05 20% L2 30 min 58
13 1.00:1.10 20% L2 30 min 86
14 1.00:1.15 20% L2 30 min 78
15 1.00:1.20 20% L2 30 min 84
16 1.00:1.25 20% L2 30 min 80
17 1.00:1.30 20% L2 30 min 73
18 1.00:1.40 20% L2 30 min 76
19 1.00:1.50 20% L2 30 min 74
20 1.00:1.10 5% L2 30 min 3
21 1.00:1.10 10% L2 30 min 27
22 1.00:1.10 15% L2 30 min 64

% Yields were derived by comparing the integration area of 3a in their respective reverse-phase HPLC traces to

that of a standard curve as follows:
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4000000 - Standard curve of product 3a
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Sonogashira cross-coupling from Tables 1 and 2

2-(6-Hydroxy-3-0x0-3H-xanthen-9-yl)-5-iodobenzoic acid (1a, 1.832 mg,
0.004 mmol), 2-acetamido-N-(2-(benzylamino)-2-oxoethyl)hex-5-ynamide
(2a, 1.512 mg, 0.0048 mmol) in 20 uL DMSO, and K;HPO, (21 mg, 0.12
mmol) were placed into an 1.5 mL glass vial followed by addition of

deionized H,O (41 pL). Afterwards, sodium ascorbate (0.55 mg, 0.0027

mmol) in 3.7 uL deionized H,O and an aliquot of 60 uL of 10 mM
Pd(OACc), L2 complex solution (0.6 umol) were added by a micropipette. The vial was capped and
the reaction was stirred at 37 °C for 20 minutes. A second batch of 2a (1.512 mg, 0.0048 mmol) in
20 uL DMSO, sodium ascorbate (0.55 mg, 0.0027 mmol) in 3.7 uL deionized H,O and a 60 uL of 10
mM Pd(OAc),- L2 complex solution (0.6 umol) were added and the mixture was stirred for
additional 20 minutes. After a total of 40 minutes, the solution was cooled to room temperature,
diluted with MeOH/H,0 (1:1), and analyzed by reverse-phage HPLC equipped with a C18 column
and a UV-Vis detector. The yield was determined by comparing the integration area of absorption
peak at 254 nm of product 3a in the mixture to that of a standard curve (91%): *H NMR (300 MHz,
CD30D) & 8.31 (brs, 1H), 7.98 (brs, 1H), 7.75 (dd, J = 7.5 Hz, 1.4 Hz, 1H), 7.29-7.18 (m, 6H), 7.14
(d, J = 8.0 Hz, 1H), 6.67 (d, J = 2.2 Hz, 2H), 6.60-6.51 (m, 4H), 5.49 (s, 1H), 4.50-4.34 (q, 1H),
4.43-4.35 (m, 4H), 3.96-3.82 (m, 4H), 2.61 (t, J = 7.3 Hz, 2H), 2.20-2.14 (m, 1H), 1.97 (s, 1H),
1.95-1.92 (m, 1H); *C NMR (75 MHz, CDs0OD) & 174.64, 174.09, 171.42, 170.71, 161.47, 154.07,
139.75, 139.42, 130.14, 129.48, 128.69, 128.47, 128.16, 127.11, 125.47, 113.67, 111.03, 103.56,
91.84, 80.94, 54.81, 54.59, 43.95, 43.69, 31.30, 22.47, 16.86; HRMS m/z (ESI) calcd for
Cs7H3N30g 645.2184 [M+H*], found 645.2189.
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o . The same procedure was used to obtain compound 3b in 84% conversion:'H
Agu I Nen  NMR (500 MHz, CD;0OD) & 7.33-7.07 (m, 9H), 4.46-4.34 (m, 3H), 3.89 (q,
[ 2H),2.66-2.57 (m, 1H), 2.38 (s, 3H), 2.25 (d, J = 5.0 Hz, 1H), 2.19-2.12 (m, 1H),

Me 2.00-1.90 (m, 4H); **C NMR (125 MHz, CD;0D) & 174.78, 174.01, 171.28,
167.27, 141.04, 139.61, 132.88, 130.31, 129.47, 128.88, 128.46, 128.14, 126.54,

124.68, 101.76, 93.17, 54.74, 43.86, 43.68, 31.71, 22.48, 16.95; HRMS m/z (ESI +) calcd for
C24H27N303 4051945, [M + Na+] found 405.1946.

! o ! The same procedure was used to obtain compound 3c in 95% conversion: *H
YN NMR (300 MHz, CDCls) & 7.33-7.27 (m, 2H), 7.24-7.17 (m, 3H), 7.12-7.11 (q,
(I 1H), 6.94-6.91 (g, 1H), 6.58 (d, J = 7.1 Hz, 1H), 4.57-4.34 (m, 3H), 4.08-3.85
& (m, 2H), 2.61-2.40 (m, 2H), 2.15-2.04 (m, 1H), 1.99-1.92 (m, 1H), 1.90 (s, 3H),
1.75 (brs, 1H); *C NMR (75 MHz, CDCl5) § 171.85, 171.14, 168.54, 138.00, 131.66, 128.79, 127.90,
127.63, 127.06, 126.63, 123.35, 92.41, 77.36, 75.29, 53.46, 43.64, 43.43, 30.55, 23.12, 16.46; HRMS
(ESI) m/z calcd for Cp4H,7N303 397.1352 [M + Na'], found 397.1357.

The same procedure was used to obtain compound 3d in 77% conversion: ‘H
Ac”

H
H/ﬁofN\Bn

3d

H (e}
N

NMR (300 MHz, CDs0D) & 8.52 (brs, 3H), 7.35-7.24 (m, 9H), 4.46-4.31 (m, 3H),
| 3.89 (q, 2H), 2.53 (t, J = 7.0 Hz, 2H), 2.15-2.06 (m, 1H), 2.02-1.88 (m, 4H), 1.30
(s, 9H); HRMS (ESI) m/z calcd for C,7H33N3Os 447.2428 [M+Na'], found
447.2422.

The same procedure was used to obtain compound 3e in 88% conversion: *H

o9 H
A NﬁgN\B” NMR (300 MHz, CDCl3) 6 7.65 (d, J = 8.8 Hz, 1H), 7.52 (t, J = 5.6 Hz, 1H),
Il 3e 7.30-7.18 (m, 4H), 6.98 (t, J = 5.7 Hz, 1H),, 6.85-6.78 (m, 2H), 6.72 (d, J = 2.5
= Hz, 1H), 6.29 (s, 1H), 4.70-4.63 (q, 1H), 4.40 (d, J = 5.9 Hz, 2H), 4.08-3.90 (m,
0”0 o~

2H), 3.84 (s, 3H), 2.64-2.60 (m, 2H), 2.26-2.15 (m, 1H), 2.06-1.97 (m, 1H),
1.93 (s, 3H), 1.80 (brs, 2H); 3C NMR (75 MHz, CDCls) & 171.76, 171.09, 168.556, 163.28, 161.09,
155.31, 137.88, 137.81, 128.78, 127.81, 127.66, 115.21, 112.82, 112.32, 102.28, 100.82, 75.98,
55.96, 52.79, 43.67, 43.34, 30.96, 23.13, 16.62; HRMS (ESI) m/z calcd for Cy;H27N30¢ 489.1805
[M+Na'], found 489.1799.
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h © H A similar procedure was used to prepare compound 3f in 70% conversion: *H

H oo NMR (300 MHz, CDCls) § 7.34-7.29 (m, 4H), 7.28-7.27 (m, 2H), 7.25-7.24 (m,
[ 1H), 6.87-6.77 (m, 4H),, 6.36 (d, J = 6.4 Hz, 1H), 4.54-4.36 (m, 3H), 4.11-3.85
(m, 2H), 3.80 (s, 3H), 2.54-2.45 (m, 2H), 2.16-2.07 (m, 1H), 2.02-1.95 (m, 1H),

o~ 1.90 (s, 3H); *C NMR (75 MHz, CDCls) 5 171.81, 171.18, 168.43, 159.55,

142.30, 138.05, 133.07, 131.91, 128.79, 127.95, 127.93, 127.62, 117.31, 115.28, 114.11, 109.48,
86.61, 82.22, 55.43, 53.81, 43.64, 43.43, 30.37, 23.16, 16.25; HRMS (ESI) m/z calcd for C24H27N304
421.1894 [M+Na'], found 421.1886.

o ., A similar procedure was used to prepare compound 3g in 72% conversion: *H
he M“gN‘B“ NMR (300 MHz, CDCls) §8.52 (s, 1H), 7.29-7.26 (m, 5H), 6.83 (s, 1H),
I 39 4.47-4.29 (m, 3H), 3.97-3.80 (q, 2H), 3.07 (t, J = 1.7 Hz, 1H), 2.66-2.60 (m, 3H),

2.33 (s, 3H), 2.23-2.13 (m, 4H), 2.01-1.84 (m, 4H); HRMS (ESI) m/z calcd for

Ca6H31N303 433.2258 [M+Na'], found 433.2262.

Representative HPL.C traces for reactions in Table 2

The reaction mixture was resolved by reverse-phage HPLC equipped with a C18 column
running a linear 10-90% acetonitrile/H,O containing 0.1% formic acid gradient over 6 minutes. The
conversions were calculated based on the disappearance of aryl iodides, whose amounts were

quantified by their absorption at 254 nm (red line).
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Cloning of an elongated ubiquitin

Using pET28a-Ub plasmid as a template, we added a human rhinovirus 3C protease recognition
sequence after the Hisg tag and the Met-Gly-Gly sequence at the C-terminus of ubiquitin through
5’-ATTATATGGATCCCTGGAAGTTCTGTTCCAGGGGCCCCAGA

PCR with a pair of prime

TTTTTGTGAAAACCCTGAC-3’ (forward primer with the BamHI site underlined) and 5’-ATATAT
TAAAGCTTTTATTAACCGCCCATACCGCCGCGCAGA-3’ (reverse primer with the Hindlll site
underlined). The PCR fragment was digested with BamHI and Hindlll restriction enzymes, and the
digested fragment was ligated into the BamHI/HindlIl1 sites of pQES80 to obtain ubiquitin expression

plasmid pQE8OL-PUDbF. The clones containing the correct inserts were verified by DNA sequencing.

rs:
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Expression and purification of HPG-encoded and wild-type ubiquitin

For expression of HPG-ubiquitin protein (HPG-Ub), a single colony of M15A—a methionine
auxotroph—bearing pQE80L-PUbF plasmid was grown at 37 °C overnight in 8 mL of SelenoMet
plus nutrient mix (a methionine-deficient medium) supplemented with 1 mM L-methionine and 100
pg/mL ampicillin. This starter culture was used to inoculate 800 mL of the same medium where cells
were grown at 37°C until the cell density (ODsqo) reached 0.8-1.0. Afterwards, a medium shift was
performed by first washing the cell pellet with 0.9% NaCl three times followed by re-suspending the
cells in SelenoMet plus nutrient mix containing 100 pg/mL ampicillin. Cells were allowed to grow
for additional 1 hour in order to deplete the intracellular methionine stock right before the induction
of protein expression. Subsequently, 1 mM isopropyl-B-D-thiogalactopyranoside (IPTG) and 1 mM
homopropargylglycine (HPG) were added to the culture medium and the expression was allowed to
continue at 37°C for 4-5 hours. Cells were harvested by centrifugation at 6,000 rpm for 15 minutes
and the cell pellets were stored at -20 °C. For expression of wild-type ubiquitin, the same procedure
was followed except that LB broth containing ampicillin was used and that no medium shift was
performed. Cell pellets were lysed by sonication and the supernatants were collected after removal of
cell debris through centrifugation. The lysates were then subjected to Ni-NTA affinity
chromatography to yield Hisg-tagged ubiquitin proteins. To avoid possible interference from His-tag
during the subsequent palladium-catalyzed cross-coupling reaction, an appropriate amount of
PreScission protease was added to HAG-Ub or Ub in a Tris buffer (50 mM Tris-HCI, 150 mM NaCl,
1 mM EDTA, 1 mM DTT, pH 7.0), and the mixture was incubated at 4 °C for 16 hours. The cleavage
solutions were then adjusted to pH 8 before subjected to fast protein liquid chromatography (FPLC)
using a Mono Q 5/50 GL column and a gradient of 20 mM Tris-HCI and 1.0 M NacCl, pH 8.0, as
elution buffer. Fractions that correspond to the pure proteins were collected, desalted, and
concentrated using Amicron Ultra centrifugal filters (MWCO = 3K). Finally, the concentrations of
both wild-type (Met-Ub) and mutant ubiquitin (HPG-Ub) were quantified via Bradford assay to be
0.86 mg/mL and 2.22 mg/mL, respectively.
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Characterization of HPG-Ub and Met-Ub by LC-MS

Protein mass was determined by ESI-MS using a Jupiter C4 column (5 u, 300 A, 2.00 x 50 mm),
a gradient of 5-95% ACN/H,0 containing 0.1% HCOOH over 25 min with the first 5 min going to
the waste, and a flow rate of 200 pL. The molecular masses for both proteins were obtained by
deconvoluting their respective multiply charged protein mass spectra (see the assigned charge
ladders as follows). For HPG-Ub (sequence = GPQIFVKTLT GKTITLEVEP SDTIENVKAK
IQDKEGIPPD QQRLIFAGKQ LEDGRTLSDY NIQKESTLHL VLRLRGGHpgGG), calcd mass
8811.1 Da, found 8812.1 + 1.8 Da. The occupancy of HPG in ubiquitin was calculated to be 92%
based on the following equation: occupancy % = lypc-ub/(Inpc-ub + Imet-ub), Where Iypg-up and lyiet-ub
were ion counts of HAG-Ub and Met-Ub, respectively. For Met-Ub (sequence = GPQIFVKTLT
GKTITLEVEP SDTIENVKAK IQDKEGIPPD QQRLIFAGKQ LEDGRTLSDY NIQKESTLHL
VLRLRGGMGG), calcd mass 8833.1 Da, found 8833.8 + 1.1 Da.
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Sonogashira cross-couplings with HPG-Ub from Table 3

Three slightly different conditions were employed in conducting the cross-coupling reactions

with HPG-Ub depending on the activity of specific aryl iodide structure.

(1) For entries 1-4, 6, and 8-11, the following procedure was used: A stock solution of 10 mM
aryl iodide was prepared by dissolving aryl iodide in DMSO, and a stock solution of 80 mM sodium
ascorbate was prepared by dissolving 29.5 mg of sodium ascorbate in 1.875 mL ddH,O. To an
ice-chilled 0.75-mL eppendorf tube were added sequentially an aliquot of aryl iodide (24 uL, 0.25
umol), an aliquot of 10 mM Pd(OAc),: L2 complex solution (25 uL, 0.25 umol), and an aliquot of
sodium ascorbate (25 uL, 2.0 umol), and the mixture was stirred at 37 °C for 60 minutes to obtain
the activated reagent cocktail. Separately, to a 0.75-mL eppendorf tube containing 90.6 uL (for entry
8, 40.6 uL) solution of Na,HPO, (15 nmol) in H,O was added 2 pL of HPG-Ub protein stock (2.22
mg/mL in 50 mM Na,HPO, buffer, pH 8.0; 0.5 nmol) and 3.7 pL of the activated reagent cocktail
(25 equiv), and the mixture was stirred at 37 °C for 15 minutes before a second batch of the activated
reagent cocktail (3.7 uL; 25 equiv) was added. The stirring was allowed to continue for another 15
minutes before the reaction was quenched by adding 20 uL of 0.5% 3-mercaptopropanoic acid
solution in water (1.14 umol). The reaction mixture was analyzed directly by LC-MS.
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(2) For entries 7, 12-13, the following procedure was used: A stock solution of 10 mM aryl iodide
was prepared by dissolving the corresponding aryl iodide in DMSO, and a stock solution of 80 mM
sodium ascorbate was prepared by dissolving 29.5 mg of sodium ascorbate in 1.875 mL ddH,0. To
an ice-chilled 0.75-mL eppendorf tube were added sequentially an aliquot of aryl iodide (24 uL, 0.25
umol), an aliquot of 10 mM Pd(OAc),- L2 complex solution (25 uL, 0.25 umol), and an aliquot of
sodium ascorbate (25 pL, 2.0 umol), and the mixture was stirred at 37 °C for 60 minutes to obtain
the activated reagent cocktail. Separately, to a 0.75-mL eppendorf tube containing 40.6 pL solution
of NaHPQO,4 (15 nmol) in H,0 was added 2 uL of HPG-Ub protein stock (2.22 mg/mL in 50 mM
Na,HPQO, buffer, pH 8.0; 0.5 nmol) and 3.7 uL of the activated reagent cocktail (25 equiv), and the
mixture was stirred at 37 °C for 1.5 hours before a second batch of the activated reagent cocktail (3.7
uL, 25 equiv) was added. The stirring was allowed to continue for another 1.5 hours before the
reaction was quenched by adding 20 uL of 0.5% 3-mercaptopropanoic acid solution in water (1.14

umol). The reaction mixture was analyzed directly by LC-MS.

(3) For entry 5, the following procedure was used: A stock solution of 10 mM
4-iodo-7-methoxy-2H-chromen-2-one was prepared by dissolving 0.79 mg of 4-iodo-7-methoxy-2H-
chromen-2-one in 0.523 mL acetonitrile. To an ice-chilled 0.75-mL eppendorf tube were added
successively an aliquot of 4-iodo-7-methoxy-2H-chromen-2-one (50 uL, 0.25 pmol) and an aliquot
of 10 mM Pd(OAc),* L2 complex solution (25 uL, 0.25 umol), and the mixture was stirred at 37 °C
for 60 minutes to derive the activated reagent cocktail. Separately, to a 0.75-mL eppendorf tube
containing 40 uL solution of Na,HPO, (250 nmol) in H,O was added 2 uL of HPG-Ub protein stock
(2.22 mg/mL in 50 mM NayHPO, buffer, pH 8.0; 0.5 nmol) and 3.8 uL of the activated reagent
cocktail (25 equiv), and the mixture was stirred at 37 °C for 2 hours before a second batch of the
activated reagent cocktail (3.8 pL, 25 equiv) was added. The stirring was allowed to continue for
additional 2 hours before the reaction was quenched by adding 20 uL of 0.5% 3-mercaptopropanoic

acid solution in water (1.14 umol). The reaction mixture was then analyzed directly by LC-MS.

For LC-MS analysis, we used a Finnigan LCQ Advantage lonTrap mass spectrometry coupled
with a Surveyor HPLC system with ion counts as readout (no UV-Vis detector was attached). Protein
liquid chromatography was performed using a Phenomenex Jupiter C4 column (5 pm, 300 A, 2.00 x
50 mm) with a flow rate of 200 pL/min and a linear gradient of 5-95% ACN/H,O containing 0.1%
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HCOOH. After obtaining the LC-MS raw data, we identified the masses of individual protein species

(Met-Ub, HPG-Ub, and cross-coupling product) by performing ion extraction using the respective

m/z values of the base peaks followed by area integration to obtain the amounts of the individual

protein ions. When an appreciable amount of side product was detected which can be attributed to

HPG-Ub, the area integration of the side product was also included in the yield calculation. The

following equations were used in determining the reaction yield: yield % = lproduct/ (IHpc-ub + lproduct)

when there were no detectable side products, or yield % = lproduct/(IHpc-ub + lproduct + Iside product) When

side products were detected; where lupc-ub, lproduct, @nd lsige product represent the ion counts of the

remaining HPG-Ub, product, and side product, respectively.

NaO
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COOH | NaO ) A
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37°C

Florescent

The charge ladder for the desired product is shown as follows: calcd mass 9142.1 Da, found

9143.7 + 1.3 Da. The reaction yield was determined to be 93% by LC-MS based on the following

equation: yield % = lproguct/(Iipc-ub + lproduct)-
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The charge ladder for the desired product is shown as follows: calcd mass 8902.1 Da, found

8903.4 £ 1.2 Da. A side product with a mass of 8993.4 + 1.2 Da was detected and included in the yield

calculation; the yield was determined to be 83% based on the following equation: yield %

Iproduct/(lHPG-Ub + |product+ |side product)-

n [
-
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4 | T O LT T A, I T, A L, G P P O L 7 L T 1 T L T O 2 O . A .2, 7 I 5 O, e PO A T . B
0 1 2 3 10 11 13 14 15 16
Time (min)
. RT- 7.72 NL: 65467 3
3 Product ions AA: 724601155 Base Peak miz=
§100 585,45-686.45+742,50-743,59+809.99-810,99+890.81-891.81+
2 1 989.76-990.76+1113.39-1114.39+1272.27-1273.27+1484.06-1485.06 F: +
.E 50 CESIFull ms [ 200.00-2000.00] MS ICIS In-2-210
e ] RT: 6.06 RT: 8.59 RT:10.99 RT:1207  RT:14.06 RT- 16.34
£ ] _ AA 5282712 AAI616208  AA 4935619 AAOIIOTA, AA 533050 AA: 506826
e T T T e
& 4 7 10 1 12 13 14 15 16
Time (min)
. RT-7.36 NL: 9.85€6 4
3 HPG-Ub ions AA- 99274497 Base Peak miz=
8 100—_ B78.43-679.43+734.94-735.94+801.65-802.65+881.69-882.69+
g a 979.54-980.54+1101.96-1102.96+1259.14-1260,14+ 1468 88-1469.88 F. «
5 50 RT- 7.7 «© ESIFull ms [ 200.00-2000.00] MS ICIS In-2-210
s 3 RT: 6.06 10051160 RT: 967 RT: 11.61 RT-1357 RT 14.98
3 o] AA- 1787873 & AA 891983 31173 12821,
g o]
« 1 2 3 4 5 6 7 8 9 10 1 12 13 14 15 16
Time (min)
. . RT: 824 NL: 3.69€6 F]
8 Side product ions AA: 44906677 Base Peak miz= -
£100 750.08-751.08+818.19-819.19+899.84-900.84+999.82-1000.82+
2 a3 RT:7.79 1124.62-1125.62+1285.12-1286.12+1499.11-1500.11 F. « c ESI Full
3 ] RT: 6.28 : ms [ 200.00-2000.00] MS ICSS h-2-210
2 504 AA: 23919141
0] AA: 11545688 - RT-898  RT 10.65 RT:1295 RT:13.96 RT: 16.13
5 o] - o ALSTSBAT AA 426725 AA 1452025 AA: 1338382 AN 365176
E o]
L2 1 2 3 4 5 6 7 8 9 10 1 12 13 1 15 16
Time (min)
11 +10 +g
+ +8 —
89131
£1004 Product charge ladder S1054 WA 7 =
g 12 1272.78
3 50 3
743.04
® S 1484.56
B 121280 30184 39123 47635 52382 610.3¢4 59590 82409 {90645  [994.44 113249 120423 37118 | 1504.78 167925 70124 185789 1930.35
I I e e e b e A
200 300 400 500 600 700 800 900 1000 1100 1200 1300 1400 1500 1600 1700 1800 1900 2000
miz
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NaO STN

Ny
2—N | » Pd(OAc),
N \

s
‘ /\/// I )
S . 7 s NaO 5 ~
o — Buffer o
ascorbate sodium

37°C

N\

The charge ladder for the desired product is shown as follows: calcd mass 8894.1 Da, found

8894.9 + 0.9 Da. A side product with a mass of 8977.7 + 1.5 Da was detected and included in the yield

calculation; The yield was determined to be 55% based on the following equation: yield % =

Iproduct/(IHPG-Ub + Iproduct'l' Iside product)-

ST
s P =
772 7 NL
1004 LC-MS chromatogram 2176 N ZoiEr
A - TICF: MS
E ] o n-2-218
< 504
g ] 230856 911 969 192 12.98
£ doos i 545 596 642 718 b9 1028 1103 1234 1324 1441 1518 1582 17.10 18.61 19.31 19.65
B S o T i o St e, GRSt A
1 2 3 4 5 6 7 8 9 10 1 12 13 14 15 17
Time (min)
; RT:-7.74 NL: 4.03E6 )
e Product ions AA- 56540662 Base Peak m/z=
£100 684.76-585.76+741.85-742.86+809 22-310.22+889.99-890.99+
2 b 588.84-989.84+1112.43-1113.43+1271.12-1272.12+1482.79-1483.79 F.
5 505 ¢ ESI Full ms [ 200.00-2000.00] MS ICIS In-2-218
Es RT- 6.06 FA!’T\ g ggm RT: 8.62 RT: 11.26 RT:1375  RT:1566 RT:17.20  RT: 1965
£ 4 AA 215017 " AA 1598690 AA: 1127019 AA 883259 _ AA- 198605 AA- 278121 _ AA: 194616
- BREREEE s REa R ns e e i BB RREAE S L ae s ]
LS 5 6 7 8 9 0 11 12 13 14 15 1% 17 18 19
Time (min)
. RT:7.44 NL: 2.48€6 ]
8 HPG-Ub ions AA: 28418380 Base Peak miz=
S 100: B78.48-679.48+734.92-735.92+801.63-802 63+881.73-882.73+
2 879.57-980.57+1101.93-1102.93+1259.10-1260,10+1468.89-1469.89 F: +
5 50 RT-7.91 © ESIFull ms [ 200.00-2000.00] MS ICIS In-2-218
® RT: 5.88 AA- 3950028 R1- 1044 RT: 12.34 RT: 1434 RT:1549 RT:17.15 RT: 19.13
z _AA 189506 E AA 1299610  AA- 540389 AA 535114 AA 344169 AA 85490 AA 364639
< VYT T L L e
e 6 7 8 9 10 1 12 13 14 15 16 17 18 19
Time (min)
. . RT:7.99 NL: 1.17€8 ]
2 Side product ions AA- 18313403 Base Peak miz=
5100 748.75-749.75+816.84-817.84+398.31-899.31+998.09-999.09+
'§ 1122.62-1123.62+1282.85-1283.85+1496.42-1497 42 F: + c ESI Full
2 ms [ 200.00-2000.00] MS KIS in-2-218
2 5 RT: 7.59 RT: 9.61 RT: 11.62 RT- 13.7
< RT6.06 WEAN =onzet AL 378  RT: 1546 RT: 17.82
5 AA: 152276 --; s AN 2TIM Ak 451822 AA: 375064 AA: 265838
5 o il = R e e
L 1 2 3 4 5 6 7 8 9 10 1 12 13 “ 15 16 17 18 19
Time (min)
+11
gog72 *+10 +9 S ©
£ 100 Product charge ladder P 89049 98933 111283 +7
€ 742.34 1271.61
< 50 +13 +6
2 685.29 1483.15
= 27897 39110 50088 558.90 678.81 | 82341 | 90557 (39370 113101 128679 141115 | 152051 160220 177943 1839 35 1934.76
B o o e o o S LA A A M o o o e oy B e LI L e e e S
200 300 400 500 600 700 800 900 1000 1100 1200 1300 1400 1500 1600 1700 1800 1900 2000

miz
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NaO

Ny
A N/>—N\ « Pd(OAC),

NaO 2 ~

Buffer
ascorbate sodium
37°C

The charge ladder for the desired product is shown as follows: calcd mass 8944.1 Da, found

8945.5 + 1.2 Da. The reaction yield was determined to be 86% based on the following equation:

yield % = lproguct/(IHpG-Ub + lproduct)-

HiC cH,
CHy
® 791 2 y N
81004 LC-MS chromatogram 4 se7E8
s 4 NG mCF: NS
£ 1 - In-2-213
2 50
: ] 317 g77
5 Jo2s 090 145 460 513 588 ~..302 966 10.34 1121 1185 1302 1356 1407 1545 1592 1635  17.82 1843 19.21 19.86
& e LA I o o e .05 0 B0 A .0 B S o e o 2y o
1 2 3 4 5 6 7 8 9 10 1 12 13 14 15 16 17 18 19
Time (min)

. RT-791 NL: 41967 -
g Product ions AA 449948114 Base Peak miz=
5100 639.73-690.73+747.09-748.09+314.94-815.94+896.32-897.32+
2 1 995.81-996.81+1120.13-1121.13+1279.94-1280.94+1493.12-1494 12F: +
5 50_1 (¢ ESIFull ms [ 200.00-2000.00] MS ICIS In-2-213
° ] RT:-503 RT-7.35 RT-907  RT: 11.0 RT: 17.53
£ ] AA: 455977 AA: 6309047 AA: 92 11 AA- 18
s T T T
® ° 1 2 3 4 5 6 7 8 9 0 11 12 13 14 15 16 17 18 19

Time (min)
. RT:7.35 NL: 12867 )
HPG-Ub ions AA- 130622055 Base Peak miz=

B78.48-679.48+734.95-735.95+801.73-802.73+881.72-882.72+
579.72-980.72+1101.99-1102.99+1259.18-1260.18+1468.73-1469.73 F. »
«© ESIFull ms [ 200.00-2000.00] MS ICIS In-2-213

=
=3

RT:513  RT:613
0 e

5 6 7 8 9 10 1" 12 13 14 15 16 17 18 19

RT:7.88
RT: 10.79

Relative Abundance
3

Time (min)

T 10 +9 —
® 81542 896.80 ©
219073 Product charge ladder 996.30 +8
s +12
€ 747,60 ot i
2 50 +13 1280 .41 +6
$ i 1493.56 179243
3 279.15 391.08 44292  550.71 64096 | 82913 | 988.07 | 1046.12 1185.48 1302.09 1398.35 L1§J.9 03 1607.05 1694.03 |, 1846.56 195530
I LA o e g e L e

200 300 400 500 600 700 800 900 1000 1100 1200 1300 1400 1500 1600 1700 1800 1900 2000

miz
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N Hooc—, HQ
—N / N \
S N/>—N\ « Pd(OAC), ‘ Vi o
~— NaO 2 ~—
Buffer o
37°C

The charge ladder for the cross-coupled product is shown as follows; calcd mass 8986.1 Da,

found 8986.1 + 18 Da (M + H,0). The reaction yield was calculated to be 73% based on the

following equation: yield % = lyroguct/(IHpc-ub + lproduct)-

~0

) - N i
- 764 786 Bl
21007 LC-MS chromatogram 7 fron  toses
s N TCF: MS
5 1 755 =" 826 - - In-2-135
2 50 740 \ 8.53
o =1 s
£ 1
z 3 508 534 618 697 % 926 984 1102 1120 1198 1290 1399 1439 1502 1613 1655 17.63 1882 1959
P i o o o L e e e e L L B B e o e e e
1 12 13 14 15 16 17 18 19
Time (min)
R RT-7.71 NL: 4.18E7 -h]
8 Product ions AA: 506828948 Base Peak mz=
5100 ] 693.22-694.22+750.88-751.88+819.01-820.01+900.86-901.86+
E 1 1000.79-1001.79+1125.78-1126.78+1286.20-1287 20+1500.67-1501.67 F:
5 50: + ¢ ESI Full ms [ 200.00-2000.00) MS ICSS In-2-135
e RT:510  RT:7.18 RT: 8.67 RT:1153 RT:-1340 RT:1452 RT 1661 RT: 19.05
5 o3 AA: 1095159 AA 9407545 cAa1450062 A 4 A 2877707 AA 2727323 AA S0D714 3
s ———
L 5 6 7 8 9 10 M 12 13 14 15 1% 17 18 19
Time (min)
. RT. 745 TNL 11987 =
3 HPG-Ub ions AA: 191339006 Base Peak miz=
5100 678.47-679.47+734.86-735.85+801 61-802.61+881,67-882.67+
'8 a1 979.99-980.99+1101.93-1102.93+1259.02-1260.02+1469.13-1470.13 F:
é 50 RT:8.26 « ESIFull ms [ 200.00-2000.00] MS ICIS In-2-135
s RT: 5.24 2;71827 ” AA. 16391570 RT: 1174 RT: 1314 RT:1550 RT:16.82 RT: 18.48
£ ] AA: 2003064 35 . AA 882649 AA 2404815_ AA 210578 AL
. — T
& 9 0 11 12 13 14 15 16 17 18 19
Time (min)
+11
° 81953 &=
81005 Product charge ladder 2 Ay
5 1 75135 W2 e
B +13 8 +7
<9 69371 2o 1286.97 -
£ 4 P22 lorr77 | 101280 Lnas 83 1301.76 1501.25
5 A 2ma0s 3306 41502 51572 60969 65434 | Ny MLy b | 122155 | 13¢ 1419.89 15012 1631.33 1711.19 1839.68  1948.42
& R S N A A e ]
200 300 400 500 600 700 800 900 1000 1100 1200 1300 1400 1500 1600 1700 1800 1900 2000
mz
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NaO

Ny
\ N/>_N\ « Pd(OAC),

NaO s ~

Buffer
~ ascorbate sodium
37°C

The charge ladder for the desired product is shown as follows: calcd mass 8918.1 Da, found
8919.9 £ 1.3. Aside product with a mass of 9025.80 + 1.8 Da was detected and included in the yield

calculation; the yield was determined to be 83% based on the following equation: yield % =

|product/( IHPG-Ub + |pr0duct+ Iside product)-

HyC
o
P /Q
176 % NL: o
£1004 LC-MS chromatogram T2 __ 27368
S = TICF. MS
s . In-2-212
" 8.15
®
§ 046 116 544 594 835 942 971 1079 1140 1208 1299 1349 14.87 1571 16.09 1649 1744 1816 19.28 19.76
e e M e I T L L L T M M T R e i
Time (min)
. RT:7.76 NL: 2.5867 )
Product ions AA 294333446 Base Peak miz= -

686.74-687.74+743.97-744.97+811 49-812.49+892 50-893 55+
591.58-992.58+1115.48-1116.48+1274.59-1275.59+1485.80-1487 80 F. +
© ESI Full ms [ 200.00-2000.00] MS ICIS In-2-212

=
S

RT:-891  RT-1047 RT-1240 RT-1457  RT:-1673  RT:-17.98
AA- 4460561 AA: 1094047_AA 575747 AA 747600 AA: 1411957 AA. 71269

Relative Abundance
o
3

0
L

6 7 8 9 0 1" 2 13 14 15 %6 17 18 19
Time (min)
f RT: 7.42 NL: 1.45€6 -+
2 HPG-Ub ions AA- 16031922 Base Peak miz=
5100 578.37-679.37+734.95-735.95+801.60-802.60+881.79-882.79+
= RT:7.81 579.59-980.59+1101.90-1102.90+1259.28-1260.28+1468.96-1469.96 F: +
3 AA: 4078547 © ESIFull ms [ 200.00-2000.00] MS ICIS In-2-212
< 50 RT-6.02 RT-843  RT: 10.63 RT: 1315 RT: 16.25 RT: 18.56
z AA 707743 AA 272285 A 2212536 AN 626721 AA: 1380087 pp 356901
s L e e e
r 9 1 2 3 4 5 6 7 8 9 0 1" 2 13 15 16 17
Time (min)
. . RT:8.20 NL: 3.41E6 =
s Side product ions AA: 41262149 Base Peak mize
H 100 752.77-753.77+821.10-822.10+903.12-904.12+1003.96-1004 96+
2 RT: 8.96 1128.73-1129.73+1289.72-1290.72+1504 43-1505.43 F- + c ESI Full
3 % RT:7.76 AA- 1913127 ms [ 200.00-2000.00] MS KCIS In-2-212
N RT-594  AA 12390856 RT: 13.02 RT:1555 RT 1665  RT:19.10
= = LY SR LR . ¥ ) W AA: 826511 AA 410993 AA 553208 __AA: 121957
I LI LI N LN L L B L 9 R T = B R BB BRI L L LT SR LR LB L AL
L 5 6 7 8 9 10 1 12 13 14 15 16 17 18 19
Time (min)
+10
+11 39306 +9 ©
%100 Product charge ladder 811.98 992.08 “1*5898
E +12 4
2 50 74447 1275.09 +6
2 1487.29 178441
& 278.98 39103 487.23 58339 64160 66723 82579 | 981.37 | 1006.07 1149.68 129378 137343 | 1588.15 1650.71 |, 1854.08 1908 53
P o s
200 300 400 500 600 700 800 900 1000 1100 1200 1300 1400 1500 1600 1700 1800 1900 2000
mz

S24



NaO

—N /
4 /\/// ' A '\{>—N\ - Pd(OAC),
~— . NaO 2 ~—
o Buffer

ascorbate sodium
37°C

The charge ladder for the desired product is shown as follows: calcd mass 8930.1 Da, found

8930.9 = 1.2. The reaction yield was calculated to be 73% based on the following equation: yield %

= Iproduct/(lHPG-Ub + Iproduct)-

CHj
HyC.
2 y
8.07 7/ ch. NL 5
21004 LC-MS chromatogram ' Bews
- 4 e MCF: NS
'E 0 - In-2-180
2 50
: 4 8.l
5 1 o067 113 522 543 807 621 339 992 1048 1140 1291 1328 1412 14.93 1540 16,08 16.70 1743 1881 1983
e o o e R o I A e o e L
1 12 13 1 15 1 17 18 19
Time (min)

- RT-8.07 NL: 6.5SE7 -
3 Product ions AA 820748689 Base Peak mvz=
H 100+ B687.59-688,59+744.85-745 85+812 51-813.51+893.65-894 65+
2 B 992.79-993.79+1116.80-1117.80+1276.14-1277 14+1488 68-1489 68 F +
5 50] «© ESI Full ms [ 200.00-2000.00] MS ICIS In-2-180
e ] RT 629 RT: 9.30 RT: 12.80 RT:1530 RT-1660  RT:18.89
s o o A ITIZS6S. | _AA: 329630 AA 140677 AL 333329
S
= 1 2 3 4 5 6 7 8 9 10 1 12 13 @4 15 16 17 18 19

Time (min)
. RT:743 NL: 3.00E7 -
HPG-Ub ions AA 307058834 Base Peak miz=

=3
=

678.50-679.50+735.01-736.01+801.72-802.72+881.77-882.77+
979.60-980.60+1101.95-1102.95+1259.19-1260.19+1468.76-1469.76 F. +
© ESIFull ms [ 200.00-2000.00] MS ICIS In-2-180

Tean s Tiaaad

o

Relative Abundance
3

1 2 3 4 5 6 7 8 9 10 1" 12 13 14 15 16 17 18 19

Time (min)
+11 +10
00 89415 +9 +8 =
2100 813.00
£ Product charge ladder - 993.30 ey -
g 3
5 i 745.33 1276.66 +6
S +13 1489.20 1786.69
5 21522 331206 41526 47103 56244 64012 S0 00 P9 [sf0s0 (TS (13603 153655 | 13039 14372 | 151670 1sma4 172315 | 1817.06 191084 196349
& s S T A o o e A
200 300 400 500 600 700 800 900 1000 1100 1200 1300 1400 1500 1600 1700 1800 1900 2000

mwz
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COOH

NaQ
—N /
[\
N | |
\ N/>— [ | - a0 Vi
~ NaO s ~
COOH Buffer .

ascorbate sodium

37°C

The charge ladder for the cross-coupled product is shown as follows: calcd mass 8932.1 Da,

found 8933.2 + 1.1. The reaction yield was determined to be 82% based on the following equation:

yield % = lproguct/(IHpG-Ub + lproduct)-

COOH
77 2 Vi N 4=
£1009 LC-MS chromatogram 768 7 2588
§ ~— TCF: WS
2 = In-2-224
2 50 7.54
P 627 632 820 045
k] 058 1.14 509 549 6.04 -89 939 1025 1103 1164 1307 1321 1408 1491 1601 1714 17.88 19.14
ol e e e e T e e e L
0 1 2 3 4 5 6 7 8 9 10 i 12 13 % 15 1 17 18 19
Time (min)
. RT-7.69 NL: 1.85€7 ™
2 Product ions AA: 248161550 Base Peak miz=
£1004 £87.80-688.80+745.06-746.06+812.70-813.70+893.85-894.85+
2 G 993.07-994.07+1117.08-1118.08+1276.51-1277 51+1489.09-1490.09 F. +
5 50_- c ESIFull ms [ 200.00-2000.00] MS ICSS n-2-224
e 7 RT: 6.35 RT:8.78 RT: 10.87 RT: 1307 RT:1455 RT:16.75 RT: 17.67
£ ] o AA 1126090 F A AAITI33%5 AA 3976546 AA 952837 AA: 2560149 _AA: 357752 33399
S —_—
« 6 7 8 9 10 1M 12 13 14 15 16 17 18 19
Time (min)
. RT: 7.57 NL- 4.21E6 -+
s HPG-Ub ions AA: 56235330 Base Peak miz=
51005 678.20-679.20+735.00-736.00+801 51-802.51+881 76-882.78+
'g 1 979.59-980.59+1101.94-1102.94+1259.13-1260.13+1468.79-1469.79 F- +
2 50 € ESI Full ms  200.00-2000.00] MS ICIS In-2-224
o 1 RT:112 RT-528 RT:627 RT:9.39 RT:- 1062 RT:1329 RT 1458 RT:- 1743 RT 18.80
= oA 5 64_AA , AA 1892955 AA 487510 AA: 1033211 AA 523009 AA- 368348 AA- 133360
5 o3 06 A B A A e gty 360048 AR 133000
" 1 2 3 4 5 5 7 8 9 10 M 12 13 14 15 16 17 18 19
Time (min)
44— +10
@ 89434 99357 +8 =
= +12 81320
£1009 Product charge ladder 12 e
2 745 56 1 +7
£ 50 +13 1277.01 +6
£ 688.29 148957 ,
5 ] 21947 333 462.97 610,22 678,88 1263.05) 129761 1414.71 152258 159874 168356 %% 189401 195981
(4 L e e e B B
200 300 400 500 600 700 800 900 1000 1100 1200 1300 1400 1500 1600 1700 1800 1900 2000

miz
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NaQ

OH
Ny
WA SR T ” ﬁ

2

Buffer
ascorbate sodium
37°C

OH

The charge ladder for the cross-coupled product is shown as follows; calcd mass 8904.1 Da,

found 8906.1 + 1.2. The reaction yield was calculated to be 85% based on the following equation:

yield % = lproguct/(IHpG-Ub + lproduct)-

OH
0
747 7 pL 4=
$1004 LC-MS chromatogram 754 ~ pass
§ . - TCF: MS
ER 764 In-2-219
2 504
e ] 176
5 Jots 104 336 521 578 507 654 8.05 843 915 1052 10.84 1155 1300 1349 1403 1539 1587 17.03 17.67 1805 19.09 19.97
i —
4 5 6 7 8 ] 10 1 12 13 " 15 16 17 18 19
Time (min)
- RT:7.52 NL: 4.61E7 -+
2 Product ions AA: 531322994 Base Peak miz=
5100 85 68-686 68+742.74-74374+810.24-811.24+891.14-892.14+
= 7 590.07-991.07+1113.68-1114.68+1272.65-1273 65+1484 36-1485.36 F- +
3 5 © ESIFull ms [ 200.00-2000.00] MS ICIS -2-219
2 504
.
2
=
= 1 2 3 4 5 6 778 9 10 1 12 13 14 15 16 17 18 19
Time (min)
P RT: 750 NL: 7.25€6 4=
3 HPG-Ub ions AA 96960786 Base Peak mize
i 100- 678.27-679.27+734.86-735.86+801.67-802.67+881 61-882.61+
B2 979.48-980.48+1101.89-1102.89+1259.26-1260.26+1468.98-1469.98 F- +
5 50 « ESI Full ms [ 200.00-2000.00] MS ICIS in-2-219
s RT- 6.12 RT:859  RT: 1055 RT- 1367 RT- 14.85 RT-1744 RT-19.09
RN AA: 1535037 AA: 792863 AA: 1057592 7532 AA- 399049 AA: 163574 AA: 198513
.
Z ) 1 2 3 4 5 3 VAR 9 10 1 12 13 14 15 1 17 18 19
Time (min)
14 +10.
s 12 slo7e 89161 D =
21003 Product charge ladder 1 990.58 +8
] 74328 7
2 111418
2 127312
Z 50 +13 +6
°
= 686.18 819.12 1125.66 1485.06
z 819. 1286 35 178179
1 0 e me ek e e loen e e weE
200 300 400 500 600 700 800 900 1000 1100 1200 1300 1400 1500 1600 1700 1800 1900 2000
miz
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NaO

| —N /
»—N | « Pd(OA
N\ 7/ \ (OAc),

NaO

2 p—

Buffer
ascorbate sodium
37°C

CF3

The charge ladder for the desired product is shown as follows: calcd mass 8956.1 Da, found

8957.7 £ 1.5. The reaction yield was determined to be 78% based on the following equation: yield %

= Iproduct/( IhpG-ub + Iproduct)-

CFy
811 ¥ NL:
£100 LC-MS chromatogram 806 % 4 taes B
= ~ TCF: uS
.§ -~ h-2-211
50 742
- 52
£ 8.56
5 ] 044 102 551 6.00 6.26 656 <227 969 1058 1143 11,93 13.05 1342 1420 1502 1548 1620 1723 1810 1859 19.60
& L LA B A 20 e e A L e s e 2 e 1 e e e
1 12 13 1% 17
Time (min)
. RT: 8.09 NL: 1.48E8 4=
s Product ions AA- 1637498835 Base Peak miz=
5100 688.77-689.77+746.00-747.00+813.83-814 83+895.15-896.15+
2 994 .46-995.46+1118.69-1119.68+1278.22-1279.22+1491 11-1482.11 F. +
5 50 € ESIFull ms [ 200.00-2000.00] MS KCIS In-2-211
e RT:565 RT:7.42 RT:910  RT:1143 RT:13.00 RT:16.07  RT:17.51
z AA 611835 AA: 10620111 J | AA 4090177 AA 646289 AA 2932939  _AA 1762795 AA 619536
S
9 1 2 3 4 5 6 8 9 10 11 12 13 1 15 16 17 18 19
Time (min)
H RT. 742 NL: 31267 5
s HPG-Ub ions AA- 270286831 Base Peak miz=
5 1 B78.42-679 424734 97-735.97+801 61-802 61+881.74-882.74+
e 979.57-980.57+1101.93-1102.93+1259.22-1260.22+1468.78-1469.78 F- +
é 50 «c ESIFull ms [ 200.00-2000.00] MS KCIS In-2-211
® RT:802  RT. 10.18 RT: 13.05 RT: 1610  RT:-17.20
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The charge ladder for the desired product is shown as follows: calcd mass 8906.1 Da, found
8907.9 £ 1.0. A side product with a mass of 9001.65 + 0.9 Da was detected and included in the yield

calculation. The yield was determined to be 79% based on the following equation: yield % =

Iproduct/(lHPG-Ub + |product+ |side product)-

" -
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The charge ladder for the desired product is shown as follows: calcd mass 8933.1 Da, found

8933.9 + 1.3. The reaction yield was calculated to be 66% based on the following equation: yield %

= Iproduct/(lHPG-Ub + Iproduct)-

NO,
0
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The charge ladder for the desired product is shown as follows; calcd mass 8948.1 Da, found

8948.0 = 1.0. The reaction yield was calculated to be 60% based on the following equation: yield %

= Iproduct/(lHPG-Ub + Iproduct)-

MeO.
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Control experiments for Sonogashira cross-coupling with protein substrates

N y |
;‘RN(-‘-}/\// No catalyst
¥ g Ny NR
+ Buffer
ascorbate sodium

¢}
~ 37°C

To an ice-chilled 0.75-mL eppendorf tube were added sequentially an aliquot of 1f (24 uL, 0.25

umol), an aliquot of sodium ascorbate (25 upL, 2.0 umol), an aliquot of 25 uL of H,O, and the

mixture was stirred at 37 °C for 60 minutes to derive the activated reagent cocktail. Separately, to a

0.75-mL eppendorf tube containing 90.6 uL solution of Na,HPO,4 (15 nmol) in H,O was added 2 uL

of HPG-Ub protein stock (2.22 mg/mL in 50 mM Na,HPO, buffer, pH 8.0, 0.5 nmol) and 3.7 uL of

the activated reagent cocktail, and the mixture was stirred at 37 °C for 15 minutes before a second

batch of the activated reagent cocktail (3.7 uL) was added. The stirring was allowed to continue for

another 15 minutes before the reaction was quenched by adding 20 uL of 0.5% 3-mercaptopropanoic

acid solution in water (1.14 pmol). The reaction mixture was then analyzed directly by LC-MS

equipped with a Jupiter C4 column; only the unreacted HPG-Ub was detected in the mass spectrum.
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To an ice-chilled 0.75-mL eppendorf tube were added sequentially an aliquot of 1f (24 uL, 0.25
umol), an aliquot of 10 mM Pd(OAc),: L2 complex solution (25 uL, 0.25 umol), and an aliquot of
sodium ascorbate (25 uL, 2.0 umol), and the mixture was stirred at 37 °C for 60 minutes to derive
the activated reagent cocktail. Separately, to a 0.75-mL eppendorf tube containing 90.6 pL solution
of Na,HPQO, (15 nmol) in H,O was added 5 uL of Met-Ub protein stock (0.86 mg/mL in 50 mM
Na,HPQO, buffer, pH 8.0, 0.5 nmol) and 3.7 pL of the activated reagent cocktail, and the mixture was
stirred at 37 °C for 15 minutes before a second batch of the activated reagent cocktail (3.7 pL) was
added. The stirring was allowed to continue for another 15 minutes before the reaction was quenched
by adding 20 uL of 0.5% 3-mercaptopropanoic acid solution in water (1.14 umol). The reaction
mixture was then analyzed directly by LC-MS equipped with a Jupiter C4 column; only the

unreacted Met-Ub was detected in the mass spectrum.
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Figure S1. Effect of non-specific sequestration of palladium-ligand complexes by ubiquitin on the

cross-coupling reaction: (a) The scheme of a reaction involving 0.02 umol of 1e, 0.02 pmol of 2a,

and 0.04 umol of palladium-L2 complex (2 equiv). (b) Images of the reaction mixtures upon

excitation with a handheld UV lamp, A = 365 nm. For sequestration of palladium complex by

proteins, wild-type ubiquitin (0.17 mg, 0.02 umol, 1 equiv) was added to the reaction mixture.

@s#ﬂ

/>~N } * Pd(OAc),

Buffer
ascorbate sodium
a7°c

b)
P p— -—HPG-Ub-1a
- la
MET-Ub - + - -+ -
HPG-Ub + - + + -+
la + + + + + o+
Pdcatalyst - + + -+ +

Figure S2. Selective florescent labeling of the HPG-encoded protein by fluorescein iodide la via

Sonogashira cross-coupling: (a) reaction scheme; (b) SDS-PAGE analysis of the reaction mixtures.

Left, Coomassie blue stain; right, in-gel fluorescence of the same gel, Aex =

365 nm. The labeled

product, HPG-Ub-1a, was indicated with an arrow; strongly fluorescent bands were excess

fluorescent iodide 1a.
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Selective PEGylation of HPG-Ub via Sonogashira cross-coupling

o"N
NaO
—N /
" p { \ h;>—N\ * Pd(OAc), " /\/Q
e~ DO e 0 e Sre¢c
HN—<\O Na,HPO,

Ascorbate Sodium
37°C

Yield: 84%

A stock solution of mPEG-phenyl iodide (1n) was prepared by dissolving 64.3 mg of 1n in 120
uL DMSO, and a stock solution of 80 mM sodium ascorbate was prepared by dissolving 29.5 mg of
sodium ascorbate in 1.875 mL ddH,O. To an ice-chilled 0.75-mL eppendorf tube were added
sequentially an aliquot of 1n (34 uL, 0.25 pumol), an aliquot of 10 mM Pd(OAc),- L2 complex
solution (25 uL, 0.25 umol), and an aliquot of sodium ascorbate (25 uL, 2.0 umol), and the mixture
was stirred at 37 °C for 60 minutes to derive the activated reagent cocktail. Separately, to a 0.75-mL
eppendorf tube containing Na,HPO, (15 nmol) in 39.6 uL H,O was added 2 uL of HPG-Ub protein
stock (2.22 mg/mL in 50 mM Na,HPO, buffer, pH 8.0, 0.5 nmol) and 4.2 uL of the activated reagent
cocktail, and the mixture was stirred at 37 °C for 15 minutes before a second batch of the activated
reagent cocktail (4.2 uL) was added. The stirring was allowed to continue for another 15 minutes
before the reaction was quenched by adding 20 uL of 0.5% 3-mercaptopropanoic acid solution in
water (1.14 umol). The reaction mixture was then analyzed directly by SDS-PAGE. For control
experiments, either palladium catalyst was dropped out or HPG-Ub was replaced by Met-Ub while

the rest of conditions stayed the same.

Sonogashira cross-coupling reaction in bacterial cells

A starter culture of M15A (5 mL) was used to inoculate 100 mL of SelenoMet plus nutrient mix
(a methionine-deficient medium) supplemented with L-methionine (1 mM) and ampicillin (100
pg/mL), and the cells were allowed to grow at 37 °C until ODgy reached 0.8-1.0. Afterwards, a
medium shift was performed by first washing the cell pellet with 0.9% NaCl three times followed by
re-suspension in SelenoMet plus nutrient mix containing 100 pg/mL of ampicillin. Cells were
incubated at 37 °C with shaking for additional 1 hour to deplete the intracellular methionine stock.
Then, 1 mM of isopropyl-B-D-thiogalactopyranoside (IPTG) and 1 mM of HPG were added to the

culture medium and the incubation was allowed to continue for additional 4 hours. M15A cells
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overexpressing HPG-Ub were subjected to three separate treatments.

For preparation of the sample for lane 1 in Figure 2 (without palladium catalyst), 20 mL M15A
cells were treated with 1a (2.20 mg in 230 uL DMSO; final concentration = 100 uM), ddH,0 (2.4
mL), sodium ascorbate (23.76 mg in 600 uL ddH,O; final concentration = 5 mM), and Na,HPO,
(12.86 mg in 770 uL ddH,O; final concentration = 2 mM), and the mixture was incubated at 37 °C

for 4 hours before centrifugation to afford cell pellet 1.

For preparation of the sample for lane 2 in Figure 2 (without pre-activation), 20 mL M15A cells
were treated with 1a (2.20 mg in 230 uL DMSQO; final concentration = 100 pM), palladium complex
(2.4 mL of 10 mM Pd(OAc),: L2 complex solution; final concentration = 1 mM), sodium ascorbate
(23.76 g in 600 uL ddH0; final concentration = 5 mM), and Na,HPO, (12.86 g in 770 uL ddH,0;
final concentration = 2 mM), and the mixture was incubated at 37 °C for 4 hours before

centrifugation to afford cell pellet 2.

For preparation of the sample for lane 3 in Figure 2 (with pre-activation), 20 mL M15A cells
were treated with an activated reagent cocktail in which 1a (2.20 mg in 230 uL DMSO; final
concentration = 100 uM), palladium complex (2.4 mL of 10 mM Pd(OAc),- L2 complex solution;
final concentration = 1 mM) and sodium ascorbate (23.76 mg in 600 uL ddH,O; final concentration
=5 mM) in a 5-mL tube were stirred at 37 °C for 1 hour, and Na,HPO, (12.86 g in 770 uL ddH,O;
final concentration = 2 mM), and the mixture was incubated at 37 °C for 4 hours before

centrifugation to afford cell pellet 3.

All cell pellets were washed with 0.9% NaCl solution (50 mL x 3) before subjected to
fluorescent imaging and subsequent SDS-PAGE analysis. The results of fluorescent labeling of
HPG-UDb by fluorescein iodide 1a in E. coli cells via copper-free Sonogashira cross-coupling were

shown in Figure 3 as well as Figure S3 in the following.
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a 1 2 3 b) 1 2 3

KDa
180 —
115 —
82 —
64 — "
49 —
37 —
26 —
19 —
15 —
6 N
cell pellet weight 42.6 37.2 38.6
(mg)

- HPG-Ub/ P +HPG-Ub—1a
HPG-Ub—1a :

Figure S3. A repeat of fluorescent labeling of HPG-Ub by fluorescein iodide 1a in E. coli cells via
copper-free Sonogashira cross-coupling. (a) Coomassie blue stain of the proteins captured by
Ni-NTA agarose beads. Lane 1: E. coli cells collected after treatment with 100 uM fluorescein iodide
la but not palladium complex; Pellet 2, cells collected after treatment with 100 uM l1la, 1 mM
palladium complex, 5 mM sodium ascorbate in Na;HPO, solution at 37 °C for 4 h; Pellet 3, cells
collected after treatment with the pre-activated mixture of palladium complex (1 mM) and 1a (100
uM). Star (*) indicates proteins that were captured through non-specific binding to Ni-NTA-agarose
beads. (b) In-gel fluorescence analysis of SDS-PAGE of the proteins captured by Ni-NTA-agarose

beads from the lysates of the three cell pellets.

Cytotoxicity studies of palladium-ligand complexes to E. coli

A single colony of XL1-Blue was allowed to grow in 3 mL tetracycline-containing LB medium
overnight. This starter culture was used to inoculate 50 mL of the same medium and the cells were
allowed to grow at 37 °C until ODggo reaches 0.99. Afterward, five equal portions of 4.5 mL bacterial
culture were treated with the following reagents respectively: (1) blank: 50 uLL. DMSO and 550 pL
ddH,0; (2) palladium complex: 500 pL of 10 mM Pd(OAc),-L2 complex, 50 uL. DMSO, and 50 pL
ddH,0; (3) a mixture of palladium complex and 1a without pre-activation containing 500 uL of 10
mM Pd(OACc),:L2 complex, 1a (2.29 mg in 50 uL DMSO), and sodium ascorbate (7.92 mg in 50 pL
ddH,0); (4) an pre-activated reagent cocktail where a mixture of 1a (2.29 mg in 50 uL DMSO), 500
pL of 10 mM Pd(OACc),-L2 complex, and sodium ascorbate (7.92 mg in 50 uL ddH,O) were stirred

in a 2-mL tube at 37 °C for 1 hour before addition; (5) fluorescein iodide 1a (2.29 mg dissolved in 50
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pL DMSO and 110 pL ddH,O. The cultures were allowed to continue for 4 hours before the aliquots
of 100 uL were withdrawn and diluted 10° times. The aliquots of the diluted cultures (100 pL) were
plated onto LB-agar plate. After overnight incubation at 37 °C, the colony numbers in each plate were
counted and the colony forming units were calculated and plotted in Figure S4a. Separately, changes

in cell density (ODggo) Were measured in 1-hour intervals during the course of the treatments, and the

results were plotted in Figure S4b.

a) b)

2.0x10"°+ 40

—4—Blank

1.5x10" 0 F

——Pd complex only

1.0x100-] R

Pd complex + 1a

w/o pre-activation
—o—Pd complex + 1a w/

pre-activation

Ar-l 1a only

5.0x107°+

0

Colony Farming Units/mL (CFU/mL)

Figure S4. Assessment of cytotoxicity of the palladium-ligand complexes to E. coli through colony
formation assay (a) and growth curve measurement (b) of XL-Blue cells after the treatments. The

conditions for the five treatments were listed in the experimental procedures.
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'H NMR and **C NMR Spectra

T
6.0 55 50 45 40 35 30 25 20 1.5 L0 05 00
1 (ppm)

1n-2-201-13C-500M-DMS@

.24

—102.23

—151.82
—143.95

"

F50000

45000

40000

35000

30000

F25000

20000

r15000

10000

5000

F0

90000

F80000

70000

F60000

50000

40000

30000

20000

10000

T T T T T T T T T T T T T T T T T T T T T
200 190 180 170 160 150 140 130 120 110 100 90 80 70 60 50 40 30 20 10 0
1 (ppm)

S39



0

IN-1-100-1H-CDE3 g
STANDARD PRUTO&‘P%RAIE?ERS
‘\

9

NI Y

T T

10000

9000

8000

7000

6000

5000

4000

3000

2000

1000

T T T
4.0
£1 (ppm)

IN-1-100-13C
LN-1-100-13C

34000
F32000
30000
28000
26000
24000
22000
20000
F18000
FL6000
14000
12000
F10000
8000
F6000
4000
2000
0

2000

T
100 90
£1 (ppm)

180

T T T T T T
200 190 170 160 150 140 130 120 110

S40



293
STANDARD PROTON PARAMETERS

11000

10000

9000

8000

7000

6000

5000

4000

[F3000

2000

1000

1000

(/ ( { [ |
) | | [
7 J 7/
H o]
AC/N OH
s2
=S
]
e 1
—_ T
= 2
—I T T \— T T T T T T T T T
12,5  1L5  10.5 9.5 8.5 7.5 6.5 5.5 4.5 3.5 15 0.5
£1 (ppm)
LN-1-223 = N .
LN-1-233-13€ 2 z pR
i€ g 2 § =
| | |
|
H a
Ac” OH
S2
B
]
]
I ]
|
I I
190 180 170 160 150 140 130 120 110 100 90 80 70 60 50 40 30 20 10

£1 (ppm)

S41




LN-HPG-1H-500M-D20
STANDARD PROTON PARAMETERS L

55000

~

50000

415000

J HzN ._.COOH | J 40000
53

% F35000

30000
125000
120000

15000

1 10000

H ‘ ' 5000

B ,_JJ Lﬂl.ﬁ"‘u,

T T
g & =3
4

o ==
‘ ‘>; =3 ==-5000
.0 3.5 3.0 2.5 2.0 1.5 1.0 0.5 0.0 -0.5 1.0
1 {ppm)

LN-HPG—-13C-500M-D2(x
STANDARD CARBON PARAMETERS
1

9

82. 30
1.1

52. 00
1

k3
14,14

F24000

F22000
20000
18000
16000
Hal ___CODH
14000
F12000
F10000
F8000

6000

4000

2000
F0

T T T T T T T T T T T T T T T T T T T T T
200 190 180 170 160 150 140 130 120 110 100 90 80 70 60 50 40 30 20 10 0
£1 (ppm)

S42



Lo

5038

F2E+05

/ 2E+05
F1E+05
| f| [ | | 405

FLE+05

405
HE+05
e Wy e F90000

2 F80000
170000
H60000

50000

40000

30000

20000

10000

—
[

i

I

|

13

.
=
L

—

O

03
24

¥
2111

2191
116%

10000

2
3.
9

T - T - T
8.5 8.0 7.6 7.0 6.5 6.0 5.6 5.0 4.5 4.0 3.5 3.0 2.5 2.0 1.5 1.0 0.5 0.0
£1 (ppm)

1

LN-1-2F42 E3C-5004-DMSO
: K3C-500M-DNSO

139. 26
83.63
71.59
52. 26
2. 51
14.67

T
180 170 160

T T T
150 140 130 120 110 100 90 80 70 60 50 40 30 20 10 0

S43



H-HE0M RO
IN

%2
=3
=
=]
=
jac
=

85000

F80000

F75000

70000

65000

60000

55000

50000

45000

40000

35000

30000

F25000

20000

F15000

10000

5000

0

5000

LN-coumarin-1-13C-580M=CDCGE3
STANDARD CARBON PARAMEZ i

133.63

55. 88

7728

T T T
190 180 170 160 150

T T T T
120 110 100 90

1 (ppm)

S44

;3%000
;32000
30000
;28000
;26000
24000
22000
:ZOUUO
;IBUUO
F16000
;1%000
;12000
10000
;BOUU

:BOUU

4000

2000




In-2-113

STANDARD FREIEE FARSETERS

o

EAPRY

4,95

Boc—INH

ST

1. 4489

0.0007
-0. 0020

{

qz.114

RERES

15000
14000
13000
12000
211000
;10000
r9000

;8000

7000

;6000
;5000
4000
;3000
r2000

1000

10-2-117-1H=590M-D20

STANDARD PREFEN PARAMETERS
3
¥ g

75

@

<E

¢ ‘n.gs{ -

[
(=3

1. 78

T
4.5 4.0
1 (ppm)

b
2]

1000

34000
32000
30000
28000
26000
24000
22000
20000
18000
16000
14000
12000
10000
8000

6000

F4000

2000

o

2000

T T
4.5 4.0
£1 (ppm)

S45



In—2-117-13C-508M
STANDARD CARBON:PARAMETERS
1

116. 94

—138.43
83. 42

38. 81

£1 (ppm)

LN-1-8-1H-CDC13
STANDARD PROT@@ PARAMETERS

4.8207

N

T T T T T T T T
180 170 160 150 140 130 120 110 100 90 80 70 60 50

)

14000
;IBUUO
;lZUUO
F11000
10000
9000
8000
F7000
F6000
F5000
4000
3000
2000
;IOUU

0

1000

5.0 4.5 4.0 3.5 3.0 2.5
1 (ppm)

S46



NHz
Ay |
/ﬂ\{;ﬁl\o,/\\,“'\
L3
" —
. i

—64, 20
—58, 16

30000

1596

28000

26000

24000

22000

r20000

r18000

16000

14000

12000

10000

8000

6000

4000

r2000

2000

LN-1-33-1H-D¥S0
STANDARD PRO?QN PARAMETERS
1

T T T
180 170 160 150

52916

L

1o g

T T T
110 100 0
£1 (ppm)

N

S47



21

T T T T
180 170 160 150

T T
110 130

T
120

T T
110 100 90

30 70 60 50 40 30 20 10
£1 (ppm)
LN-1-178-1H-300M . y 8
STANDARD PROTEN PARAMETERS Ei £ s
' i S
I e
it
/ I
R
| N‘/QN |
N \,’“\Ofl“\57l‘gl’\\r“'\
LS
I
. |
| |
L R AV A W I\A‘_i R
T s . T
T T T T T T T T T T T T T T T "\ T \7' T T T T T T
80 7.5 7.0 65 6.0 50 45 40 35 30 25 20 L5 L0 05 0.0
£1 (ppm)

S48

10000

9000

8000

7000

6000

5000

4000

3000

2000

1000




LN-1-1£8-13C-300M © w B! =
STANDARD CARBEN PARAMETERS o b o
: = ¢ 8
1
| NN |
N \,J“\O»i\kﬁﬁlloff\g,N~\
LS
(|
i
|
|
L . e "

T T
110 100 90 80 70 60 50 40 30

T T T T T T T
180 170 160 150 140 130 120
£1 (ppm)
1n-2-94 2
STANDARD PROTON PARAMETERS f
[ r
| |
| |
‘ |
(|
| |
|
) )
NH
Hold N/\T
so L0
]
]
I
|
I\ '\
| o
AN _JL i
T
. . T . . . e . . T . T
7.0 6.5 6.0 5.5 5.0 4.5 4.0 3.5 3.0 2.5 2.0 1.5 1.0
f1 (ppm)

S49

16000

15000

14000

r13000

r12000

11000

10000

9000

8000

F7000

r6000

r5000

4000

3000

2000

1000

F=1000




1n-2-94-13C

STANDARD CARBO! RAMETERS

41

65.

15-1

16000

15000

F14000

FL13000

F12000

FL1000

F10000

F9000

F8000

F7000

F6000

F5000

F4000

3000

F2000

F1000

1000

T T
180 170 160 150 140

T T
130 120 110 100

LN-2-99-1H-3¢0M
STANDARD PROEON PARAMETERS
S

N
f—y

T
90 80

f1 (ppm)

7905

4,

100

50

=-2000

5000

4500

4000

3500

3000

F2500

2000

1500

1000

F500

1 (ppm)

S50

T T T T T T T T T T T T T T T T T T T T
9.5 9.0 85 80 7.5 7.0 6.5 6.0 55 50 45 40 3.5 3.0 2.5 20 L5 LO 05 0.0



LN-2-99-48C
LN-2-99-33C
T

9. 57

7
66. 09

‘Y
/- A

>
z

\i
Q
T

HO

-
EY

T T S e I T
180 170 160 150 140 130 120 110

T
90 80 0 60 50 40 30
1 (ppm)

T
100

LN-2-134-1H-DMSO
STANDARD PEOTON PARAMETERS

—10
1

F19000
18000
17000
16000
F15000
14000
13000
12000
11000
F10000
F9000
8000
7000
6000
5000
4000
F3000
2000

1000

4500

4000

3500

3000

r2500

r2000

r1500

r1000

rH00

|
|
|
v /]
/ | '
/ ( | Il
,/"‘ |
1
[,
Wy
HO/L\fA\OH
L7
|
i |
A
__,/f\x,___ L _
T
= g
:,\ T T T T T T T T T T T ~ T T
10.5 9.5 9.0 85 80 7.5 7.0 65 6.0 55 50 45 40

£1 (ppm)

S51




LN-2-134+43C

STANDARD ;-{_L‘;\RHO[\' PARAMETERS

8. 46

i

12000

F11000

10000

9000

8000

7000

6000

5000

4000

3000

2000

1000

1000

T T
180 170

STARDERD PR

L igregrem =lecomd Big-pEodus £ MaOl-{
T FARYRET

T
160

T
150

T
140

T
120

T
110

T
100

I S M‘\‘,JLJ

T
90 80

1 (ppm)

I

70 60 50 40 30 20 10 0

3400
F3200
3000
2800
2600

2400

1000
800
600

400

200

J“L,,, L N R "

T
4.5 4.0
£1 (ppm)

S52

3.5 3.0 2.5 2.0 L5 Lo 0.5 0.0



ammm ﬁﬁﬁiﬁﬂl\ PAR Mgms
ST

=
—_—

—103.56

91. 84
80. 94

—22.47

—16.86

F3E+05

r3E+05

F2E+05

F2E+05

F2E+05

F2E+05

r2E+05

F1E+05

F1E+05

r1E+05

r80000

r60000

40000

20000

20000

T T
160 150

170

T
140

T
130

T
120

\L il

F‘T‘* I
g

T
5.0

T T T
4.5 4.0 3.5
£1 (ppm)

S53

0.0



IN-thd oriene—coupling—producg-1

92. 41

"B

53. 46

r2E+05
r2E+05

—0. 15

Cokros
Fopros
Lokros
Fopros
Fop+os
FiE0s
LiE+05
CiE0s
LiE+05
FiE0s
Lanooo
F80000
L70000
F60000
Fs0000
F40000
F30000
. o000
‘ F10000

0
10000

F-20000

LN-4-tBu—gouplingzpredy
LN-4-tBu-€oupl i ng=pr
s e

.

T T T
90 80
£1 (ppm)

97
227

~4. 8

el

40

T
=N

20

10

\ e

N

RN,

[F10000
9000
8000
F7000
6000
F5000
4000
[F3000
2000

F1000

]

@ 3.0

S54

o

210



F70000

65000

60000

55000

50000

45000

40000

35000

30000

25000

20000

15000

10000

5000

5000

LN-2Me-I-coupki
STANDARD CARB

sproduct-MeOH-13€500 -2 c =z =
RAMETERS i

5.0 4.5 4.0 3.5 3.0
1 (ppm)

76

101,
93.17

LTl

31

—22.48

—16.95

F70000

65000

60000

565000

50000

45000

40000

35000

F30000

25000

20000

F15000

10000

5000

T T T T T T T
190 180 170 160 150 140 130 120

T T T T T
110 100 90 80 70
1 (ppm)

S55



Nsroumegreirr enapd treg sproggrs-sii-COCL3 6500

6000

5500

5000

4500
o H
N M
‘ 2 4000
Ac u/w Bn
0
| F2500
3000
070 o]
F2500
F2000
1500
]
1000

I ‘ F500

A — ‘kgﬁk ‘WML,MJ___ - _,ﬁkgfﬂ'

i
N\ A A Lo

500

F4E+05

—30. 96
23.13
—16. 62

—0. 14

F4E+05

~-100.82

D

| L3405
L3E+05
Lak+05
L3E+05
Lak+05
L2E+05
Lor+05

F2E+05
F2E+05
F2E+05
FLE+05
FLE+05
FLE+05
80000

| | 40000

I 20000

1
. ‘ F60000

20000

T — T —T— — T | I — L
130 120 110 100 90 80 70 60 50 40 30 20 10 0
£1 (ppm)

T T T T T
180 170 160 150 140

S56



LN=40Mescounl ing-prod
STASDRD &

F200
L e sk I T T S U W X

T I3

T T
8.5 8.0 7.5 7.0 6.5 6.0 5.5 5.0 4.5 4.0 3.5 3.0 2.5 2.0 1.5 1.0 0.5 0.0
£1 (ppm)

LN-40Me-grmp ing-product-13E-€B0E-ROAK:
LN-40Me-gipipd ing-groduct—13 g

N |

7
5

0. 15

F1E+05

—30.3

90000

80000

0 F70000

60000

X F50000

40000

30000

20000

1 10000

T T T T T T T T T T
180 170 160 150 140 130 120 110 100 90 80 70 60 50 40 30 20 10 0
£1 (ppm)

S57



i
1
mi 1
L T it WWI iy A
| — L i ‘me%j:r)‘ﬂw L
) S o c
I,r; T T T T T T T T T ':I T T zl T T T T T T T Is]s‘l-—«r:ﬁzzs‘::i T T l:'”b;: T T T T T T
11.5 10.5 9.5 9.0 85 80 7.5 7.0 65 6.0 55 50 45 40 3.5 3.0 2.5 2.0 1.5 1.0 05 0.0

£1 (ppm)

S58

5000



