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I. General Information 
All reactions were performed in a reaction vial fitted with TFE-silicone septa under N2(g) using standard Schlenk-line 

techniques. Reactions carried out at low temperature were cooled by cooling agents in a Dewar vessel (water-ice bath 
at 0 °C), while reactions performed above room temperature were heated on the IKA RCT basic plate. All reactions 

were magnetically stirred and monitored by liquid chromatography-mass spectrometry (LC-MS) and by analytical thin-

layer chromatography (TLC). Purification was done with flash column chromatography performed with silica gel or a 
Biotage Isolera One system unless indicated otherwise. It should be noted all the diazoamide compounds have been 

purified by hand column chromatogaphy to avoid any exposure to UV light from the UV detector in the Biotage system. 

Organic solutions were concentrated in vacuo with a Buchi rotary evaporator (model R-210). 

 
Chemical Reagents. Reagents and solvents were from Sigma–Aldrich (Milwaukee, WI) and were used without further 

purification unless indicated otherwise. 4-Iodotoluene and 4-iodophenol were from Alfa Aesar (Tewksbury, MA). S-(2-

Pyridylthio)cysteamine hydrochloride (A288383-1g) was from Ambeed (Arlington Hts, IL). Tri(2-furyl)phosphine was 
from TCI America (Portland, OR). N,N'-Diisopropylcarbodiimide (DIC) and 4-methylpiperidine were from Oakwood 

Chemical (Tampa, FL). Rink amide ProTide Resin (LL) and Oxyma Pure were from CEM Corporation (Matthews, NC). 

H-Rink amide ChemMatrix® resin was from Sigma–Aldrich. Amino acids (Nα-Fmoc-Nε-allyloxycarbonyl-L-lysine (Fmoc-
L-Lys(Aloc)-OH), Fmoc-L-glutamic acid γ-allyl ester (Fmoc-L-Glu(OAll)-OH), Nα-Fmoc-Nω-(2,2,4,6,7-

pentamethyldihydro-benzofuran-5-sulfonyl)-L-arginine (Fmoc-L-Arg(Pbf)-OH), Nα-Fmoc-Nω-(2,2,4,6,7-

pentamethyldihydro-benzofuran-5-sulfonyl)-D-arginine (Fmoc-D-Arg(Pbf)-OH)) as well as {2-[2-(Fmoc-
amino)ethoxy]ethoxy}acetic acid (Fmoc-AEEA-OH) were from Chem-Impex International (Wood Dale, IL). Methyl 

aminomethanimidothioate hydroiodide was from Combi-Blocks (San Diego, CA). Monothiol dextran 110 kDa (HS-

dextran(110K)), Product Name: Dextran T110, Specification Number: 40035) was from Fina Biosolutions, LLC 
(Rockville, MD). Cell-penetrating peptide (CPP) HS-TAT (Tat-C (48-57), Catalog Number: AS-62063) was from 

AnaSpec (Fremont, CA). Reagent-grade solvents—dichloromethane (DCM), tetrahydrofuran (THF), triethylamine 

(Et3N), acetonitrile (MeCN), methanol (MeOH), and N,N-dimethylformamide (DMF)—were dried over a column of 
alumina and removed from a dry still under an inert atmosphere. Anhydrous ethyl acetate (EtOAc) was from ACROS 

Organics (Geel, Belgium). Flash column chromatography was performed with Silicycle 40−63 Å silica (230−400 mesh), 

and thin-layer chromatography (TLC) was performed with EMD 250 μm silica gel 60 F254 plates. 40-mL reaction vials 
(Item Number: CG-4909-05) and 8-mL reaction vials (Item Number: CG-4909-03) with green open top cap (TFE Septa) 

were from Chemglass Life Sciences (Vineland, NJ). HS-cR10 was initially synthesized in-house and later obtained on 

a larger scale from LifeTein (Somerset, NJ). HS-cRGD (Product Code: PCI-3977-PI) was from Vivitide, LLC (Gardner, 

MA). NHS-fluorescein (NHS-F), mixed isomer (Catalog Number: 46410) was from Thermo Fisher Scientific (Waltham, 
MA). NHS-(1R,8S,9s)-Bicyclo[6.1.0]non-4-yn-9-ylmethyl (NHS-BCN) (CAS Number: 1516551-46-4) was from Sigma–

Aldrich. Pig liver esterase (PLE) lyophilized powder with a specific activity of ≥50 units/mg solid (CAS Number: 9016-

18-6, Product Number: 46058, 95.7 U/mg, Batch Number: BCCD7346) was from Sigma−Aldrich. Staurosporine DMSO 

solution (ab146588) was from Abcam (Cambridge, United Kingdom). 
 

Conditions. Synthetic procedures A and B (page S10) were performed under a positive pressure of N2(g) at ambient 

temperature (∼22 °C) unless indicated otherwise. All other procedures were performed at ambient temperature (∼22 °C) 
and pressure (~1.0 atm) unless indicated otherwise. 
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Solvent Removal. The phrase “concentrated under reduced pressure” refers to the removal of solvents and other 

volatile materials using a rotary evaporator (<20 Torr) while maintaining a water bath at ambient temperature (∼22 °C). 

Residual solvents were removed from samples at high vacuum (<0.1 Torr). 
 

Nuclear Magnetic Resonance (NMR) Spectroscopy. 1H and 13C NMR spectra were acquired with a Bruker Avance 

Neo 400 MHz or Bruker Avance Neo 500 MHz spectrometer at the Department of Chemistry Instrumentation Facility 
(DCIF) at MIT. Proton chemical shifts are reported in parts per million (ppm, δ scale) and are relative to residual protons 

in the deuterated solvent (CDCl3: δ 7.26; D2O: δ 4.79; CD3CN: δ 1.94). Carbon chemical shifts are reported in parts per 

million (ppm, δ scale) and are relative to the carbon resonance of the solvent (CDCl3: δ 77.2; CD3CN: δ 1.3). CDCl3 
was supplied by Cambridge Isotope Laboratories (Tewksbury, MA). D2O and CD3CN were from Sigma–Aldrich. 

Multiplicities are abbreviated as: s (singlet), br (broad), d (doublet), t (triplet), q (quartet), sept (septet), and m (multiplet). 
13C signal of diazo carbon (C=N=N) is missing in most of the spectra, possibly due to a T1 relaxation effect.1 
 
Mass Spectrometry. Mass spectra of small molecules were acquired on an LCT electrospray ionization (ESI) 1260 

Infinity II instrument from Agilent Technologies (Santa Clara, CA) and an LC-MS column (Agilent Technologies, 
Poroshell 120, SB C18-reversed-phase, length 50 mm, internal diameter: 2.1 mm, particle size: 2.7 micron) with a 

gradient of 10−95% v/v MeCN (0.1% v/v formic acid) in water (0.1% v/v formic acid) over 10 min. To minimize the 

fragmentation of diazo moieties, the MSD parameters were set as follows: capillary voltage, 3000 V; drying gas 

temperature, 350 °C; gas flow, 13/min; fragmentor voltage, 30 V; nebulizer pressure, 35 psig; and cycle time, 0.83 
s/cycle. HRMS of peptides and small molecules was performed with Agilent 6545 Q-TOF mass spectrometer coupled 

to an Agilent Infinity 1260 LC system (Q-TOF). The crude molecular mass of peptides, proteins, and protein conjugated 

was determined on an α-cyano-4-hydroxycinnamic acid matrix or sinapic acid matrix, respectively, by matrix-assisted 
laser desorption/ionization time-of-flight (MALDI-TOF) mass spectrometry with a microflex LRF instrument from Bruker 

(Billerica, MA). A more accurate assessment of the molecular mass of peptides, proteins, and protein conjugates was 

carried out using ESI mass spectrometry on a 6530C Accurate-Mass Q-TOF MS equipped with a PLRP-S column 
(1000 Å, 5-µm, 50 mm × 2.1 mm) from Agilent Technologies. A gradient of 5–95% v/v MeCN (0.1% v/v formic acid) in 

water (0.1% v/v formic acid) over 7 min was used unless otherwise indicated. Before Q-TOF LC-MS analysis, all 

samples were passed through a Spin-X Centrifugal Tube Filter (0.22-µm, cellulose acetate membrane) from R&D 
Systems (Minneapolis, MN). Tryptic digests of Cyt c were analyzed on the 6530C Accurate-Mass Q-TOF MS equipped 

with a Poroshell 120 EC-C18 column (120 Å, 2.7-µm, 150 mm × 3.0 mm) from Agilent Technologies. 

 
Compound Purity. The purity of small molecules was judged to be ≥95%, as assessed by 1H and 13C NMR 

spectroscopy, mass spectrometry, and reversed-phase high performance liquid chromatography (HPLC) using an LC-

MS column and gradient of 10−95% v/v MeCN (0.1% v/v formic acid) in water (0.1% v/v formic acid) over 10 min unless 
indicated otherwise. The purity of peptides was accessed with a 1260 Infinity II Preparative LC System from Agilent 

Technologies equipped with an EC NUCLEOSIL 100-5 C18 analytical column (100 Å, 5 µm, 4.6 mm × 250 mm) from 

Macherey-Nagel (Düren, Germany) or 1200 Infinity System from Agilent Technologies equipped with a Microsorb-MV 
100-5 C18 column (100 Å, 5 µm, 4.6 mm × 250 mm) from Varian (Palo Alto, CA). 

 

Safety. *Caution* Although we never experienced any problems, diazo compounds are potentially explosive upon 

exposure to heat, light, pressure, and shock. They should be stored at ≤0 °C in a location away from light, pressure, 
and shock.2 N-Succinimidyl 2-diazoacetate (S2) is reported to be bench-stable and can be isolated in gram amounts 
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as a crystalline solid. Moreover, structurally similar α-aryl-α-diazoesters have been shown to have Tonset, which reports 

on thermostability, ranging from 80 °C (p-OMe) to 130 °C (p-NO2), depending on the aryl substituents.3 Our synthetic 
routes (page S7) do not require any heat and are done on a small scale (<500 mg). Still, a blast shield should be placed 

around the reaction vessels containing diazo compounds for synthesis on a multi-gram scale. 

 
Peptide Synthesis. Automated solid-phase peptide synthesis was performed with a Liberty Blue™ Automated 

Microwave Peptide Synthesizer from CEM Corporation. The HS-cR10 peptide was purified with a 1260 Infinity II 

Preparative LC System from Agilent Technologies equipped with a XSelect Peptide CSH C18 OBD prep column (130 Å 
pore size, 5 µm particle size, 19 mm × 250 mm of width × length) from Waters Corporation (Milford, MA). 

 

Biological Reagents, Supplies, and Instrumentation. Amicon Ultra 0.5-mL centrifugal filters (10K) were from Sigma–

Aldrich. Zeba spin desalting column (7K, 0.5 mL) were from Thermo Fischer Scientific. Spectra Multicolor Broad Range 
Protein Ladder was from Thermo Fisher Scientific. cOmplete Protease Inhibitor Cocktail Tablets were from Sigma–

Aldrich. Protein concentrations were determined either with a bicinchonic acid (BCA) assay kit from Thermo Fisher 

Scientific or by absorbance at 410 nm for Cyt c heme (extinction coefficient, εmax = 106 mM−1·cm−1)4 and 485 nm for 

GFP (𝜀𝜀!"# = 83.3 mM−1·cm−1)5 with a DS-11 UV–vis spectrophotometer from DeNovix (Wilmington, DE). SDS–PAGE 

analyses were performed with Any kD™ Mini-PROTEAN® TGX™ Precast Gels in a Mini-PROTEAN Tetra cell from 

Bio-Rad Laboratories (Hercules, CA). Gels were imaged with an Amersham Imager 600 from GE Healthcare Life 

Sciences (Marlborough, MA). Cytosolic extracts were obtained using a preparative ultracentrifuge Avanti JXN-30 from 
Beckman Coulter (Brea, CA). Cleaved Caspase-3 (Asp175) Antibody #9661 and anti-rabbit IgG, HRP-linked Antibody 

#7074, were from Cell Signaling (Danvers, MA). West Pico PLUS Chemiluminescent Substrate was from Thermo Fisher 

Scientific. CellTiter 96 AQueous One Solution Cell Proliferation Assay (MTS) was from Promega (Madison, WI). CellEvent 
Caspase-3/7 Green Detection Reagent was from Thermo Fisher Scientific. Absorbance measurements were made 

with an infinite M1000 plate reader from Tecan (Männedorf, Switzerland). DMEM, powder, high glucose (Catalog 

Number: 12100046) for M21 cells and DMEM, high glucose, pyruvate (Catalog Number: 11995073) for HeLa cells was 
from Thermo Fisher Scientific. Fetal Bovine Serum (FBS), Premium, US Sourced (Catalog Number: 45001-108) was 

from Corning (Corning, NY). Trypsin-EDTA (0.05% w/v) with phenol red was from Thermo Fisher Scientific. Dye 

Removal Columns were from Pierce (Appleton, WI). Differential interference contrast (DIC) and epifluorescent live cells 
images were acquired using an epifluorescent EVOS M7000 Imaging System (Catalog Number: AMF7000) from 

Thermo Fisher Scientific. ibiTreat (#1.5 polymer coverslip, tissue culture treated, sterilized) black 96-well µ-plates 

(Catalog Number: 89626), 8-well plates (Catalog Number: 80826), and 18-well plates (Catalog Number: 81816) from 
Ibidi (Fitchburg, WI) were used for live-cell imaging. ER-ID Red assay kit (GFP-CERTIFIED) was from Enzo Life 

Sciences (Farmingdale, New York). 96-well black, sterile microplates (Catalog Number: 6005660) from PerkinElmer 

(Waltham, MA) were used for the MTS assays. Sequencing Grade Modified Trypsin was from Promega. C18 tips 
(100 µL bed) were from Pierce. DPBS with calcium and magnesium (Catalog Number: 14040141) was from Gibco 

(Waltham, MA). 1× Phosphate-buffered saline (1× PBS) was made by diluting 10× PBS, pH 7.4 (Product Number 46-

013-CM) without calcium and magnesium, RNase-/DNase- and protease-free from Corning (Corning, NY). FluoroBrite 
DMEM (Catalog Number: A1896701) was from Thermo Fisher Scientific. Bio-Safe™ Coomassie G-250 Stain was from 

Bio-Rad Laboratories. Titer Plate Shaker was from Labline Instruments (Melrose Park, IL). Life Technologies Attune 
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NxT flow cytometer and SYTOX™ AADvanced™ Dead Cell Stain (Catalog number: S10349) from ThermoFisher 

Scientific were used for the cytotoxicity assay of GFP–1–cR10. 

II. Synthesis of Diazo Compounds 1 and 2 
Diazo Compounds 1 and 2 

 
 

Overview of Diazo Compound Synthesis 
 

 
Figure S1. Chemical structures (top) and synthetic route (bottom) for diazo compounds 1 and 2. 
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II-1. Synthesis of (4-Iodophenoxy)methyl Isopropyl Carbonate (S1) 

 
Step 1: Chloromethylisopropyl carbonate (4.0 g, 26 mmol, 1.0 equiv) was treated with sodium iodide (7.1 g, 47 mmol, 

1.8 equiv) and NaHCO3 (3.0 g, 47 mmol, 1.8 equiv) in acetone (8.7 mL, 3.0 M) at 30 °C for 22 h under N2(g). The 

reaction mixture was extracted with DCM and water. The organic layer was collected and washed with 2.0% sodium 
thiosulfate (Na2S2O3). Iodomethylisopropyl carbonate was obtained as clear yellow oil in 85% yield (5.5 g, 22 mmol) 

and was used in the subsequent reaction without further purification. The 1H NMR spectrum matched with the 

literature.6  
 
1H NMR (400 MHz, CDCl3, δ): 5.90 (s, 2H), 4.89 (sept, J = 6.2 Hz, 1H), 1.28 (s, 3H), 1.27 (s, 3H). 

Note: S0 (CAS 258841-42-8) is commercially available at Key Organics (Camelford, United Kingdom) and BLD Pharm 
(Shanghai, China). 

 

 
Step 2: To a solution of 4-iodophenol (2.2 g, 10 mmol, 1.0 equiv) and K2CO3 (4.2 g, 30 mmol, 3.0 equiv) in water 

(50 mL), tetrabutylammonium hydrogen sulfate (3.4 g, 10 mmol, 1.0 equiv) in DCM (25 mL) was added and stirred for 

10 min. In a separate vial, a solution of iodomethylisopropyl carbonate (3.17 g, 13 mmol, 1.3 equiv) in DCM (25 mL) 
was prepared and added in portions to the reaction mixture. The resulting biphasic solution was vigorously stirred 

overnight, and the reaction was quenched by extracting with DCM. The organic layer was collected and concentrated 

in vacuo. The residue was then triturated in ether and tetrabutylammonium iodide was removed by vacuum filtration. 
The crude reaction mixture was then purified by column (5% v/v acetone in hexane) to obtain compound S1 as pale-

yellow solid in 91% yield (3.4 g, 10 mmol). 
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II-2. Synthesis of N-Succinimidyl 2-Diazoacetate (S2) 

 
Compound S2 was synthesized by following reported literature.7  

 
Glyoxylic acid monohydrate (23.2 g, 250 mmol) was dissolved in water (250 mL), and the resulting solution 

was heated to 65 °C. In a separate round-bottom flask, p-toluenesulfonylhydrazide (46.6 g, 250 mmol) in 2.5 M aqueous 
hydrochloric acid (150 mL) was heated at 65 °C. The resulting solution of p-toluenesulfonylhydrazide was then added 

to the glyoxylic acid solution, and the reaction mixture was stirred for 30 min at 65 °C. The reaction mixture was cooled 

down to room temperature and was kept in 4 °C fridge overnight. The precipitated crude product was collected by 
filtration, washed with cold water, and dried in the open air for 2 days to remove water. The crude product was then 

recrystallized in hot EtOAc and hexanes. The product was filtered and washed with ice-cold 33% v/v EtOAc in hexanes 

to afford corresponding acetic acid as a white solid (50.4 g, 208 mmol, 83%). 
Resulting acetic acid (20.0 g, 82.6 mmol, 1.0 equiv) was dissolved in anhydrous benzene (100 mL) under 

N2(g). SOCl2 (12 mL, 165.1 mmol, 2.0 equiv) was added, and the reaction mixture was heated to reflux at 90 °C for 4 h 

until the suspended solid was dissolved. The reaction mixture was then cooled under N2(g) and filtered through a Celite 
Pad. The filtrate was concentrated in vacuo and the collected solid was mixed with anhydrous benzene (warmed to 

~50 °C). The suspension was cooled and filtered quickly, and the collected solid was washed with cold benzene to 

remove residual impurities. The filtrate was concentrated in vacuo to give a second crop of the crude product. The 

resulting acid chloride was collected as a white solid (12.2 g, 46.9 mmol, 57%). 
In a flame-dried round-bottom flask, the previously obtained acid chloride (12.2 g, 46.9 mmol, 1.0 equiv) was 

dissolved in anhydrous DCM (100 mL) at 0 °C. In a separate round-bottom flask, Na2CO3 (7.46 g, 70.4 mmol, 1.5 equiv) 

and N-hydroxysuccinimide (5.94 g, 51.6 mmol, 1.1 equiv) were dissolved in anhydrous DCM (100 mL), and the solution 
was added dropwise to the suspension of succinimide at 0 °C over 3 h. The reaction mixture was warmed to room 

temperature and stirred for another 3 h. The reaction mixture was quenched by filtering out the byproduct, quickly 

washing the byproduct with EtOAc, and concentrating the filtrate under reduced pressure. The reaction mixture was 
then recrystallized in 25% v/v DCM in hexane to yield the product as a pale yellow crystalline solid (4.0 g, 21.9 mmol, 

47%). 1H NMR (400 MHz, CDCl3, δ) 5.14 (s, 1H), 2.81 (s, 4H). 

 
Note: The 1H NMR spectrum of S2 matched with the literature.1 
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II-3. Synthesis of the Diazo Compounds 1 and 2 
 

 
The two-step synthesis of α-aryl-α-diazoamides (diazo compounds 1 and 2) was adapted from previously reported 

conditions.1 
 

 
 
General Procedure A: C–H Arylation. Aryl iodide S1 or 4-iodotoluene (S1’) (1.62 mmol, 1.5 equiv), tri(furan-

2-yl)phosphine (25 mg, 0.11 mmol, 10 mol%), Pd(OAc)2 (12 mg, 0.054 mmol, 5 mol%), and Ag2CO3 (151 mg, 0.54 

mmol, 0.50 equiv) were added to a 40-mL reaction vial with a TFE septa cap, which was then evacuated and backfilled 
with N2(g). Subsequently, compound S2 (200 mg, 1.08 mmol, 1.0 equiv) and Et3N (166 mg, 1.62 mmol, 1.5 equiv) in 

EtOAc (11 mL, 0.1M) were added in one portion to the reaction vial. The reaction mixture was stirred at room 

temperature for 6 h under N2(g). The progress of the reaction was monitored by TLC. The reaction mixture was filtered 
through a Celite pad using fitted syringe and washed with EtOAc. The filtrate was concentrated under reduced pressure 

and purified by silica gel chromatography to get desired product S3 or S4. 

 

      
 

General Procedure B: Aminolysis. Purified aryl diazoester S3 or S4 (1.0 equiv) was added to an 8-mL scintillation 
vial charged with a magnetic stir bar. Et3N (5.0 equiv) in THF was added to the reaction vial and cooled to 0 °C in an 

ice bath. A solution of S-(2-pyridylthio)cysteamine hydrochloride (3.0 equiv) and Et3N (5.0 equiv) in a minimal amount 

of water (1:10 H2O : THF) was then added dropwise to a final concentration of 0.05 M. The reaction mixture was stirred 
at 0 °C for 1 h and warmed to room temperature for an additional 3 h. The progress of the reaction was monitored by 

TLC, and product formation was indicated by the color of solution changing from yellowish to darker orange. The 

reaction mixture was then extracted with EtOAc and washed with water followed by brine wash. The organic layer was 
dried with Na2SO4(s), filtered, concentrated under reduced pressure, and purified by column chromatography to afford 

the desired α-aryl-α-diazoamide (diazo compounds 1 and 2). 
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II-4. Characterization Data 
 

 
(4-Iodophenoxy)methyl isopropyl carbonate (S1): 
Synthesized as described on page S7. 
 

Physical State: Light yellow solid 

TLC: Rf = 0.37 (1:10 acetone/hexane) 
1H NMR (500 MHz, CDCl3, δ): 7.59 (d, J = 8.9 Hz, 2H), 6.84 (d, J = 8.9 Hz, 2H), 5.72 (s, 2H), 4.92 (hept, J = 6.3 Hz, 
1H), 1.31 (s, 3H), 1.30 (s, 3H) 
13C NMR (126 MHz, CDCl3, δ): 156.8, 153.6, 138.6, 118.7, 118.0, 88.2, 85.8, 77.4, 77.2, 76.9, 73.1, 29.8, 21.8 

HRMS (ESI-TOF): Calc’d for C11H14IO4 [M + H]+, 336.9931; found 336.9935 
 

 
 

2,5-Dioxopyrrolidin-1-yl 2-diazo-2-(4-(((isopropoxycarbonyl)oxy)methoxy)phenyl)acetate (S3): 
General Procedure A was applied using S2 (400 mg, 2.19 mmol, 1.0 equiv) and (4-iodophenoxy)methyl isopropyl 

carbonate S1 (1102 mg, 3.28 mmol, 1.5 equiv). The reaction was quenched after 6 h. The crude product was purified 

by column chromatography (25% v/v EtOAc in hexane) to yield the title compound (690 mg, 1.76 mmol, 81% yield). 
 

Physical State: Yellow solid 

TLC: Rf = 0.48 (1:1 hexane/EtOAc) 
1H NMR (500 MHz, CD3CN, δ): 7.47 (d, J = 8.9 Hz, 2H), 7.16 (d, J = 8.9 Hz, 2H), 5.78 (s, 2H), 4.91–4.87 (m, 1H), 2.84 

(s, 4H), 1.29 (s, 3H), 1.28 (s, 3H) 
13C NMR (126 MHz, CD3CN, δ): 170.3, 155.7, 153.4, 126.8, 117.8, 117.4, 117.0, 87.9, 72.7, 25.4, 20.8 
HMBC NMR (500 MHz, CD3CN, δ): 61.3 for diazo carbon 

HRMS (ESI-TOF): Calc’d for C17H18NO8 [M − N2 + H]+, 364.1027; found, 364.1026 

LC-MS: 10−95% v/v MeCN (0.1% v/v formic acid) in water (0.1% v/v formic acid) over 10 min (UV trace at 250 nm) 
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(4-(1-Diazo-2-oxo-2-((2-(pyridin-2-yldisulfaneyl)ethyl)amino)ethyl)phenoxy)methyl isopropyl carbonate (1): 
General Procedure B was applied using S3 (125 mg, 0.32 mmol, 1.0 equiv) and S-(2-pyridylthio)cysteamine 
hydrochloride (213 mg, 0.96 mmol, 3.0 equiv). The reaction was quenched after 3 h. The crude product was purified 

by column chromatography (25% v/v EtOAc in pentane) to yield the title compound (69 mg, 0.15 mmol, 47% yield). 
 
Physical State: Orange amorphous solid 

TLC: Rf = 0.34 (1:1 hexane/EtOAc) 
1H NMR (500 MHz, CD3CN, δ): 8.28–8.07 (m, 1H), 7.73–7.64 (m, 2H), 7.47 (d, J = 8.8 Hz, 2H), 7.14 (d, J = 8.9 Hz, 

2H), 6.86 (s, 1H), 5.77 (s, 2H), 4.91–4.86 (m, 1H), 3.56 (d, J = 6.2 Hz, 2H), 2.97 (t, J = 6.3 Hz, 2H), 1.28 (d, J = 6.3 Hz, 
6H) 
13C NMR (126 MHz, CD3CN, δ): 164.5, 159.2, 155.8, 153.4, 149.6, 137.3, 129.4, 121.2, 120.1, 117.3, 117.0, 87.8, 72.7, 

38.4, 38.2, 20.8 
HMBC NMR (500 MHz, CD3CN, δ): 62.5 for diazo carbon 

HRMS (ESI-TOF): Calc’d for C20H23N2O5S2 [M − N2 + H]+, 435.1043; found, 435.1047 

LC-MS: 10−95% v/v MeCN (0.1% v/v formic acid) in water (0.1% v/v formic acid) over 10 min (UV trace at 210 nm) 
 

 
  

H
N

O
OOO

O S
S

N

N2

Probe 1



Jun, Petri, and Raines Supporting Information 

–S13– 

 
2,5-Dioxopyrrolidin-1-yl 2-diazo-2-(p-tolyl)acetate (S4): 
General Procedure A was applied using S2 (200 mg, 1.09 mmol, 1.0 equiv) and 1-iodo-4-methylbenzene S1’ (358 mg, 

1.64 mmol, 1.5 equiv). The reaction was quenched after 6 h. The crude product was purified by column chromatography 

(25% v/v EtOAc in hexane) to yield the title compound (200 mg, 67% yield). The 1H NMR spectrum of S4 matched with 
the literature.1  

 
1H NMR (500 MHz, CDCl3, δ): 7.32 (d, J = 8.4 Hz, 2H), 7.22 (d, J = 8.1 Hz, 2H), 2.88 (s, 4H), 2.35 (s, 3H). 
HRMS (ESI-TOF): Calc’d for C13H12NO4 [M − N2 + H]+, 246.0761; found, 246.0757 

LC-MS: 10−95% v/v MeCN (0.1% v/v formic acid) in water (0.1% v/v formic acid) over 10 min (UV trace at 210 nm) 
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2-Diazo-N-(2-(pyridin-2-yldisulfaneyl)ethyl)-2-(p-tolyl)acetamide (2):  
General Procedure B was applied using S4 (160 mg, 0.59 mmol, 1.0 equiv) and (S-(2-pyridylthio)cysteamine 

hydrochloride (391 mg, 1.76 mmol, 3.0 equiv). The reaction was quenched after 3 h. The crude product was purified 

by column chromatography (20% v/v EtOAc in pentane) to yield the title compound (140 mg, 0.41 mmol, 69% yield). 
 

Physical State: Orange amorphous solid 

TLC: Rf = 0.4 (3:2 hexane/EtOAc) 
1H NMR (500 MHz, CDCl3, δ): 7.77 (dd, J = 4.9, 1.6 Hz, 1H), 7.51 (td, J = 7.7, 1.8 Hz, 1H), 7.41 (d, J = 8.0 Hz, 1H), 
7.37 (d, J = 8.0 Hz, 2H), 7.23 (d, J = 8.0 Hz, 2H), 6.97 (dd, J = 7.4, 4.9 Hz, 1H), 3.63 (d, J = 5.6 Hz, 2H), 2.99–2.93 (m, 

2H), 2.36 (s, 3H) 
13C NMR (126 MHz, CDCl3, δ): 165.1, 159.0, 149.7, 137.7, 136.7, 130.4, 130.3, 127.9, 127.9, 123.1, 121.1, 121.0, 39.4, 
37.9, 21.2 
HRMS (ESI-TOF): Calc’d for C16H17N4OS2 [M + H]+, 345.0838; found, 345.0842 

LC-MS: 10−95% v/v MeCN (0.1% v/v formic acid) in water (0.1% v/v formic acid) over 10 min (UV trace at 210 nm) 
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III. Synthesis of Thiolated Ligands 
III-1. Synthesis of HS-cR10 

 
Figure S2. Synthetic route for automated Fmoc-based solid-phase peptide synthesis (SPPS) of HS-cR10. 

 
The synthesis of HS-cR10 was adapted from Herce and Schumacher et al. (2017) and Schneider et al. (2019).8–9 Upper-

case letters refer to L amino acids and lower-case letters refer to D amino acids. All amino acids used in this synthesis 

were from Chem-Impex International and were protected at the N-terminus with fluorenylmethoxycarbonyl (Fmoc). See 
“Chemical Reagents” section on page S4 for full amino acid names and respective abbreviations. A linear peptide of 

the sequence Fmoc(Aloc)K-(Pbf)R-(Pbf)r-(Pbf)R-(Pbf)r-(Pbf)R-(Pbf)r-(Pbf)R-(Pbf)r-(Pbf)R-(Pbf)r-(OAll)E was 

synthesized on Rink Amide ProTide Resin (LL) (0.1 mmol, 0.19 mmol/g, 1.0 equiv) with a Liberty Blue™ Automated 
Microwave Peptide Synthesizer. Standard solutions of Oxyma Pure (1 M in DMF), N,N′-diisopropylcarbodiimide (DIC) 

(0.5 M in DMF), 4-methylpiperidine (20% v/v in DMF), and Fmoc-protected amino acids (0.2 M in DMF) were prepared 

for the synthesis. Each amino acid was double-coupled. Fmoc-L-Lys(Aloc)-OH and Fmoc-L-Glu(OAll)-OH amino acids 
were coupled at 90 °C, while Fmoc-L-Arg(Pbf)-OH and Fmoc-D-Arg(Pbf)-OH amino acids were coupled at 75 °C. CEM 

standard methods for both microwave and coupling cycles were followed. After the automated Fmoc SPPS, the peptide 

on resin was transferred to a 24-mL polypropylene syringe equipped with a filter frit. The rest of the synthesis was 
performed by hand according to traditional Fmoc-based SPPS methods. Unreacted amines were capped with 10% 

acetic anhydride in pyridine for 10 min. Lys and Glu side chains were selectively deprotected using Pd(PPh3)4 (0.020 

mmol, 0.20 equiv) and phenylsilane (2.5 mmol, 25 equiv) in 8 mL dry DCM for 1 h under N2(g) (×2). To remove the Pd 
catalyst afterwards, the resin was washed additionally with 0.2 M N,N-diisopropylethylamine (DIPEA) in DMF (×3). The 

cyclization of the peptide was carried out using hexafluorophosphate azabenzotriazole tetramethyl uronium (HATU) 

(0.1 mmol, 1.0 equiv) and DIPEA (0.2 mmol, 2.0 equiv) in 16 mL of DMF for 2 h. After the cyclization, unreacted primary 
amines were capped again with 10% acetic anhydride in pyridine for 10 min. Fmoc-AEEA-OH (0.5 mmol, 5.0 equiv) 

was coupled on using HATU (0.5 mmol, 5.0 equiv) and DIPEA (1.0 mmol, 10 equiv) for 2 h. Boc-L-Cys(Trt)-OH 

(0.4 mmol, 4.0 equiv) was coupled on using O-(1H-6-chlorobenzotriazol-1-yl)-N,N,N′,N′-tetramethyluronium 

hexafluorophosphate (HCTU) (0.38 mmol, 3.8 equiv) and DIPEA (0.8 mmol, 8 equiv) for 1 h. After washing and drying, 
the HS-cR10 peptide was deprotected and cleaved from solid support for 5 h in 8 mL of the cleavage cocktail (95% 

trifluoroacetic acid (TFA), 2.5% triisopropylsilane (TIS), 2.5% dithiothreitol (DTT)). The cleavage cocktail was 

evaporated under a stream of N2(g), and the peptide was precipitated in 120 mL of diethyl ether. The peptide was 
purified using preparative reversed-phase HPLC (5–38% v/v MeCN (0.1% v/v TFA) in H2O (0.1% v/v TFA) over 60 min) 
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to yield a trifluoroacetate salt HS-cR10 (9.7 mg, 2.8 μmol, 2.8% yield, expected molar mass of unprotonated peptide = 

2,212 Da, expected molar mass of peptide∙TFA11 salt = 3,466 Da).  

Note: The HS-cR10 masses reported in the characterization section below matched the literature.8–9 
 

III-2. Characterization of HS-cR10 

  
Physical State: White solid 

HRMS (ESI-TOF): Calc’d for C86H172N47O20S [M + 5H]5+, 443.3377; found, 443.2748 and calc’d for C86H173N47O20S [M 

+ 6H]6+, 369.6159; found, 369.5645 
MALDI-TOF MS: Calc’d for C86H168N47O20S [M + H]+, 2213; found, 2214 and calc’d for C86H169N47O20S [M + 2H]2+, 

1107; found, 1108 

 

 
Figure S3. (A) HPLC-UV trace of HS-cR10. A gradient of 10−95% v/v MeCN (0.1% v/v formic acid) in water (0.1% v/v 

formic acid) over 10 min (UV trace at 218 nm) was used. (B) MALDI-TOF mass spectrum of HS-cR10. 
  

NH2

O
NH

RrR
rRr
RrR
r

O

O
N
H

O
OO

H
N

2

HN

O

HS
NH2

HS-cR10



Jun, Petri, and Raines Supporting Information 

–S17– 

III-3. Synthesis of HS-guan 

  
 
A 20-mL scintillation vial was charged with a stir bar and cysteamine (77 mg, 1.0 mmol, 1.0 equiv) dissolved in dry THF 

(5 mL). A solution of methyl aminomethanimidothioate hydroiodide (218 mg, 1.0 mmol, 1.0 equiv) in dry THF (10 mL) 
and dry DCM (20 drops) was then added dropwise, and the reaction mixture was stirred at room temperature for 18 h. 

The precipitated product was collected by filtration and washed with hexane (3 × 10 mL). Residual solvents were 

removed under reduced pressure to afford 205 mg of HS-guan (203 mg, 0.83 mmol, 82%) without further purification. 
 

III-4. Characterization of HS-guan 

  
Physical State: White solid 
1H NMR (400 MHz, D2O, δ): 3.57 (t, J = 6.2 Hz, 2H), 2.95 (t, J = 6.3 Hz, 2H) 
13C NMR (400 MHz, D2O, δ): 156.9, 36.7, 35.9 

HRMS (ESI-TOF): calc’d for C3H10N3S [M + H]+, 120.0590; found, 120.0585 
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IV. Synthesis of Azido Ligand 
IV-1. Synthesis of N3-cR10 

 
Figure S4. Synthetic route for automated Fmoc-based SPPS of N3-cR10. 

 

The synthesis of N3-cR10 was adapted from Herce and Schumacher et al. (2017), Schneider et al. (2019), and Nischan 
et al.810 See “Chemical Reagents” section on page S4 for full amino acid names and respective abbreviations. The 

H-Rink amide ChemMatrix® resin (0.1 mmol, 0.45 mmol/g, 1.0 equiv) was washed manually before use in the following 

order: MeOH (1 min × 2), DMF (1 min × 2), DCM (1 min × 3), TFA in DCM (1% v/v, 1 min × 3), DIPEA in DCM (5% v/v, 
1 min × 3), and DCM (1 min × 3).11 The resin was then swelled in DMF for 50 min, and the first C-terminal amino acid, 

Fmoc-L-Glu(OAll)-OH (0.5 mmol, 5 equiv), was coupled on manually overnight using HATU (0.5 mmol, 5.0 equiv) and 

DIPEA (1.0 mmol, 10.0 equiv) in 6 mL of DMF. A linear peptide of the sequence Fmoc(Alloc)K-(Pbf)R-(Pbf)r-(Pbf)R-
(Pbf)r-(Pbf)R-(Pbf)r-(Pbf)R-(Pbf)r-(Pbf)R-(Pbf)r was synthesized on this pre-coupled resin using a Liberty Blue™ 

Automated Microwave Peptide Synthesizer. Standard solutions of Oxyma Pure (1 M in DMF), DIC (0.5 M in DMF), 

4-methylpiperidine (20% v/v in DMF), and Fmoc-protected amino acids (0.2 M in DMF) were prepared for the synthesis. 
Each amino acid was double-coupled. Fmoc-L-Lys(Aloc)-OH and Fmoc-L-Glu(OAll)-OH amino acids were coupled at 

90 °C, while Fmoc-L-Arg(Pbf)-OH and Fmoc-D-Arg(Pbf)-OH amino acids were coupled at 75 °C. CEM standard 

methods for both microwave and coupling cycles were followed. After the automated Fmoc SPPS, the peptide on resin 
was transferred to a 24-mL polypropylene syringe equipped with a filter frit. The rest of the synthesis was performed 

by hand according to traditional Fmoc-based SPPS methods. Unreacted amines were capped with 10% acetic 

anhydride in pyridine for 10 min. Lys and Glu side chains were selectively deprotected using Pd(PPh3)4 (0.020 mmol, 
0.20 equiv) and phenylsilane (2.5 mmol, 25 equiv) in 8 mL dry DCM for 1 h under N2(g) (×2). To remove the Pd catalyst 

afterwards, the resin was washed additionally with 0.2 M DIPEA in DMF (×3). The cyclization of the peptide was carried 

out using HATU (0.1 mmol, 1.0 equiv) and DIPEA (0.2 mmol, 2.0 equiv) in 16 mL of DMF overnight. After the cyclization, 
unreacted primary amines were capped again with 10% acetic anhydride in pyridine for 10 min. Fmoc-AEEA-OH (0.5 

mmol, 5.0 equiv) was coupled on using HATU (0.5 mmol, 5.0 equiv) and DIPEA (1.0 mmol, 10 equiv) for 2 h. Fmoc-L-

Lys(Alloc)-OH (0.4 mmol, 4 equiv) was coupled on using HATU (0.4 mmol, 4.0 equiv) and DIPEA (0.8 mmol, 8 equiv) 

for 2 h. 5-Azidopentanoic acid (0.5 mmol, 5.0 equiv) was coupled on using HATU (0.5 mmol, 5.0 equiv) and DIPEA 
(1.0 mmol, 10 equiv) for 1 h. After washing and drying, the peptide was deprotected and cleaved from resin for 2.5 h in 

6 mL of the cleavage cocktail (95% TFA, 2.5% TIS, 2.5% Milli-Q water). The resin was washed with additional 4 mL of 

the cleavage cocktail. The combined cleavage solutions were evaporated under a stream of N2(g), and the peptide was 
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precipitated in 50 mL of diethyl ether. The peptide was purified using preparative reversed-phase HPLC (14–32% v/v 

MeCN (0.1% v/v TFA) in H2O (0.1% v/v TFA) over 40 min) to yield a trifluoroacetate salt N3-cR10 (5.7 mg, 1.7 μmol, 

1.6% yield, expected molar mass of unprotonated peptide = 2,447 Da, expected molar mass of peptide∙TFA11 salt = 

3,587 Da). 

 

IV-2. Characterization of N3-cR10 

  
Physical State: White solid 

HRMS (ESI-TOF): Calc’d for C98H191N51O23 [M + 5H]5+, 490.3875; found, 490.1082 and calc’d for C98H192N51O23 [M + 

6H]6+, 408.8241; found, 408.5927 
MALDI-TOF MS: Calc’d for C98H187N51O23 [M + H]+, 2448; found, 2447 and calc’d for C98H188N51O23 [M + 2H]2+, 1224; 

found, 1224. 

 
Figure S5. (A) HPLC-UV trace of N3-cR10. A gradient of 10−95% v/v MeCN (0.1% v/v formic acid) in water (0.1% v/v 

formic acid) over 10 min (UV trace at 218 nm) was used. (B) MALDI-TOF mass spectrum of N3-cR10. 
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V. Preparation of Model Proteins Cyt c and GFP 
V-1. Cytochrome c (Cyt c) 
Cytochrome c (Cyt c) from horse heart was from Sigma–Aldrich (CAS Number: 9007-43-6, Product Number: C2867, 

Product Line: BioUltra, Purity: ≥99% by SDS–PAGE). The dark red-brown lyophilized powder was stored at −20 °C. A 
portion of this powder was dissolved in the buffer of choice immediately before use and the resultant solution was kept 

at 4 °C and reused for at most 3 weeks. Caspase-3/7 activation assay in cytosolic M21 cell extracts described on pages 

S82–S83 confirmed that the protein from the aforementioned commercial source is active. 

 
V-2. Green Fluorescence Protein (GFP) 
The “superfolder” variant of GFP was prepared as described previously.12 The gene encoding the “superfolder” GFP 

variant was inserted into the pET22b vector from Novagen (Fall River, Canada), along with an N-terminal His6 tag 

followed by a spacer region and a TEV protease recognition sequence. The GFP gene had been modified with the 
following 17 substitutions to generate a “superfolder” variant that folds readily when produced in E. coli: F64L, S65T, 

F99S, M153T, V163A, S30R, Y145F, I171V, A106V, Y39I, N105K, E111V, I128T, K166T, I167V, S205T, L221H, F223Y, 

T225N. The vector also contained a T7 promoter and ampicillin resistance gene. 
A 1-µL aliquot of the plasmid solution was added to 100 µL of electrocompetent BL21(DE3) E. coli cells from 

New England Biolabs (Ipswich, MA), which were then subjected to electroporation at 1.75 V. After transformation, 

900 µL of LB medium was added and the solution was incubated for 1 h at 37 °C. Subsequently, a 50-µL portion of this 
solution was plated on LB agar containing ampicillin (200 µg/mL) and incubated overnight at 37 °C. The next day, a 

single colony was used to inoculate 20 mL of LB medium containing ampicillin (200 µg/mL) and glucose (1% w/v). The 

starter culture was incubated overnight at 37 °C in a shaking incubator. The next morning, the starter culture was added 
to 1 L of LB medium containing 8 mL of aqueous glycerol (50% v/v) and ampicillin (200 µg/mL). The expression culture 

was incubated in a shaking incubator at 37 °C until an average OD of 2.5 was reached (6–8 h). Subsequently, 1 mL of 

1 M IPTG was added to each flask to induce GFP production and cells were grown for an additional 5 h. Cells were 
collected via centrifugation for 20 min at 5,000 rpm and 4 °C. The pellets were collected and frozen overnight. Upon 

thawing, the pellets were resuspended (10 mL/g of pellet) in binding buffer, which was 50 mM sodium phosphate buffer, 

pH 7.4 containing NaCl (300 mM). Cells were then lysed with a TS Series cell disrupter from Constant Systems 

(Kennesaw, GA). The lysate was first subjected to centrifugation for 10 min at 10,500 rcf. The pellet was then discarded, 
and the lysate was subjected to centrifugation again for 1 h at 30,000 rcf. The pellet was discarded again, and the 

remaining solution was filtered with 0.2-µM PES filtration cups from VWR (Radnor, PA). Filtered lysate was purified via 

FPLC using a HiTrap TALON 1-mL column from GE Healthcare (Uppsala, Sweden). The binding buffer is described 
above. The wash buffer was 50 mM sodium phosphate buffer, pH 7.4 containing NaCl (300 mM) and imidazole (5 mM). 

The elution buffer was 50 mM sodium phosphate buffer, pH 7.4 containing NaCl (300 mM) and imidazole (150 mM). 

The collected green fractions were dialyzed against 4 L of 20 mM Tris–HCl buffer, pH 7.4, containing 
ethylenediaminetetraacetic acid (EDTA) (1 mM). A second FPLC purification was done via an anion-exchange HiTrap 

Q 1 mL column from GE Healthcare. The purification was carried out with a linear gradient of NaCl (0–1.0 M) in 20 mM 

Tris–HCl buffer, pH 7.4, containing EDTA (1 mM). Green fractions were collected, dialyzed against DPBS, and the 
purified GFP was aliquoted into 200 µM stock solutions stored at −80 °C. GFP had an expected mass of 29,341 Da 

after chromophore maturation.  
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Sequence: 

MHHHHHHSSGVDLGTENLYFQGMVSKGEELFTGVVPILVELDGDVNGHKFSVRGEGEGDATIGKLTLKFICTTGKLP
VPWPTLVTTLTYGVQCFSRYPDHMKQHDFFKSAMPEGYVQERTISFKDDGKYKTRAVVKFEGDTLVNRIELKGTDFK

EDGNILGHKLEYNFNSHNVYITADKQKNGIKANFTVRHNVEDGSVQLADHYQQNTPIGDGPVLLPDNHYLSTQTVLSK

DPNEKRDHMVLHEYVNAAGITLGMDELYK 
 

Plasmid Map: 
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VI. Labeling Strategy 1 for Proteins without Reactive Cysteines (Cyt c) 

 
 

 
Figure S6. Schematic view of Labeling Strategy 1 for proteins without reactive cysteines (e.g., Cyt c). The two-step 

labeling approach—protein esterification with diazo compound 1 or 2 followed by the displacement of disulfide bond 
with thiolated ligands (HS-L)—is shown. n refers to the total number of carboxyl groups; x refers to the number of ester 

labels. “x” refers to the number of ester labels and “n” refers to the number of carboxyl groups. 

 
Recommendation for storage of diazo compounds 1 and 2. To avoid premature degradation of the diazo moiety, 

we recommend storing diazo compounds 1 and 2 in solid form in the dark at −20 °C. It is recommended to prepare 

fresh stock solutions of diazo compounds 1 and 2 in MeCN (100 mM) and immediately use them for the experiment. 
Stock solutions of diazo compounds 1 and 2 can be stored at −20 °C for a couple of months. Color change of stock 

solutions (from orange to clear) typically indicates the loss of diazo moiety. 
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VI-1. General Strategy for Labeling Cyt c with Diazo Compounds 1 and 2  

 
To a solution of native Cyt c (500 µM, 1.0 equiv) in 10 mM MES–HCl buffer, pH 5.5, was added a solution of diazo 

compound 1 or 2 (50 mM, 100 equiv) in MeCN (50–60% v/v). The reaction mixture was incubated for 4–6 h at 37 °C 
with mild shaking (speed: 1.5 on Titer Plate Shaker). The number of ester labels on the resultant protein conjugates 

(Cyt c–1 and Cyt c–2) was accessed by Q-TOF MS (Figure S7, single labeling). If a higher ester density on the protein 

was desired, the crude reaction mixture was spin-concentrated (×3) into 10 mM MES–HCl buffer, pH 5.5, using Amicon 

Ultra 0.5-mL centrifugal filters (10K) and subjected to a second round of esterification with diazo compound 1 or 2 
(50 mM, 100–150 equiv) in MeCN (50–65% v/v) for 4 h at 37 °C with mild shaking. After the indicated time, this 

conjugate was spin-concentrated (×3) into 50 mM sodium acetate buffer, pH 5.5, for disulfide-exchange reaction with 

thiolated ligand of interest (HS-L). The number of ester labels on the protein conjugate in the sodium acetate buffer 
was accessed by Q-TOF MS (Figure S7, double labeling). Note that the Q-TOF samples were diluted to a final 

concentration of 3 µM and passed through a Spin-X Centrifugal Tube Filter (0.22-µm, cellulose acetate membrane) to 

remove precipitate. 

 

    Cyt c 1 label 2 labels 3 labels 4 labels 5 labels 

Cyt c–1  
(+434.5 Da/label) 

Exp’d mass 12359 12793.5 13228 13662.5 14097 14531.5 

Obs’d mass 12359 12793 13227 13662 14097 14531 

Cyt c–2  
(+316.4 Da/label) 

Exp’d mass 12359 12675.4 12991.8 13308.2 13624.6 13941 

Obs’d mass 12359 12675 12992 13307 13625 — 
 
Figure S7. (Top) Q-TOF mass spectra of Cyt c labeled with (A) diazo compound 1 (Cyt c–1) or (B) diazo compound 2 

(Cyt c–2). Single labeling conditions: 100 equiv of diazo compound 1 or 2, 50% v/v MeCN, 4-h incubation. Double 

labeling conditions: 130 equiv of diazo compound 1 or 2, 65% v/v MeCN, 4-h incubation. (Bottom) List of expected 
(exp’d) and observed (obs’d) masses. “WT Cyt c” refers to the native protein. 
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VI-2. General Strategy for Labeling Cyt c with Thiolated Ligands 

 
The solution of Cyt c–1 or Cyt c–2 (40–200 µM, 1.0 equiv) in 50 mM sodium acetate buffer, pH 5.5, was incubated with 

a solution of HS-L (5 mM, 5–20 equiv) in Milli-Q water for 1 h at 37 °C with mild shaking (speed: 1.5 on Titer Plate 
Shaker). Without further purification, the number of ligands on the resultant protein conjugates was accessed by Q-

TOF MS or SDS–PAGE. Before Q-TOF MS analysis, the samples were diluted to 3 µM and passed through a Spin-X 

Centrifugal Tube Filter (0.22-µm, cellulose acetate membrane) to avoid clogging the instrument. The analysis of Cyt c–
1 and Cyt c–2 labeled with HS-dextran(110K) was carried out using SDS–PAGE, because the dextran protein 

conjugates did not ionize in Q-TOF MS and MALDI-TOF MS. The details of Cyt c–1–dextran(110K) and Cyt c–2–

dextran(110K) synthesis and analysis can be found in the section “Cyt c labeled with HS-dextran(110K)” on page S27. 
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VI-3. Ligand-Modified Cyt c 
VI-3a. Cyt c Labeled with HS-cR10 

 

 
 

    Cyt c 1 label 2 labels 

Cyt c–1–cR10 conjugates  
(+2536 Da/label) 

Exp’d mass 12359 14895 17431 

Obs’d mass 12359 14892 17429 

Cyt c–2–cR10 conjugates  
(+2418 Da/label) 

Exp’d mass 12359 14777 17195 

Obs’d mass 12359 14776 17192 
 
Figure S8. (Top) Q-TOF mass spectra of Cyt c–1 and Cyt c–2 labeled with HS-cR10 (Cyt c–1–cR10 and Cyt c–2–cR10, 

respectively). Labeling conditions: Cyt c–1 (40 µM) or Cyt c–2 (40 µM) conjugate synthesized via a single round of 

esterification (Figure S7, single labeling, page S23) was incubated with 10 equiv of HS-cR10. (Bottom) List of masses. 
“WT Cyt c” refers to the native protein. 
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VI-3b. Cyt c Labeled with HS-cRGD 

 

 
  WT Cyt c 1 label 2 labels 3 labels 4 labels 5 labels 6 labels 

Cyt c–1–cRGD  
conjugate  

(+1161 Da/label) 

Exp’d mass 12359 13520 14681 15842 17003 18164 19325 

Obs’d mass 12359 13519 14679 15839 17000 18160 19320 
Cyt c–2–cRGD  

conjugate  
(+1043 Da/label) 

Exp’d mass 12359 13402 14445 15488 16531 17574 18617 

Obs’d mass 12359 13402 14443 15486 16528 – – 
 

Figure S9. Top) Q-TOF mass spectra of Cyt c–1 and Cyt c–2 labeled with HS-cRGD (Cyt c–1–cRGD and Cyt c–2–
cRGD, respectively). Labeling conditions: Cyt c–1 (50 µM) conjugate synthesized via two rounds of esterification 

(Figure S7A, double labeling, page S23) or Cyt c–2 (50 µM) conjugate synthesized via a single round of esterification 

(Figure S7B, single labeling, page S23) was incubated with 5 equiv of HS-cRGD. Bottom) List of masses. 
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VI-3c. Cyt c Labeled with HS-dextran(110K) 

 
The solution of Cyt c–1 or Cyt c–2 conjugates (Figure S7, single labeling) (40 µM, 1.0 equiv) in 50 mM sodium acetate 

buffer, pH 5.5, was incubated with a solution of HS-dextran(110K) (1.1 mM, 15 equiv or 30 equiv) in Milli-Q water for 
1 h at 37 °C with mild shaking (speed: 1.5 on Titer Plate Shaker) to generate Cyt c–1–dextran(110K) and Cyt c–2–

dextran(110K), respectively. After the indicated time, the reactions were diluted by half with 2× Laemmli buffer (which 

did not contain any reducing reagents that could lead to disulfide cleavage and loss of labels) and immediately loaded 
on an SDS–PAGE gel, which was run in the standard 1× Tris-glycine-SDS buffer, pH 8.0. To prevent premature 

hydrolysis of the ester and the AOCOM moiety, the samples were not heated and run on the gel in under 30 min. The 

resultant proteins and protein conjugates were visualized on the gel using Bio-Safe™ Coomassie G250 Stain and 
imaged with Amersham Imager 600. Note: The commercially available monothiol dextran 110 kDa (“HS-dextran(110K)” 

herein) from Fina Biosolutions, LLC is a mixture of dextran monofunctionalized with free thiols and the pyridyl disulfide 

group. Using Ellman’s assay, it has been previously demonstrated that monothiol dextran from Fina Biosolutions, LLC 
has a high concentration of free thiols (0.31–0.82 free thiol per dextran, depending on the batch).13  

 

    Cyt c 1 label 

Cyt c–1–dextran(110K) conjugate  
(+110324 Da/label) 

Exp’d mass 12359 122683 
Obs’d mass ~12000 ~130000 

Cyt c–2–dextran(110K) conjugate 
(+110206 Da/label) 

Exp’d mass 12359 122565 
Obs’d mass ~12000 ~130000 

 
Figure S10. (Top) Coomassie-stained SDS–PAGE gel of Cyt c (a), Cyt c–2 (b), Cyt c–1 (c), HS-dextran(110K) (d), Cyt 

c–2–dextran(110K) (15 equiv) (e), Cyt c–1–dextran(110K) labeled (15 equiv) (f), Cyt c–2–dextran(110K) (30 equiv) (g), 

and Cyt c–1–dextran(110K) labeled (30 equiv) (h). Bands corresponding to dextran-conjugated proteins (e–h) are 
highlighted with a black box. Equivalents of HS-dextran(110K) that were used in the synthesis of these conjugates are 

indicated in parenthesis. (Bottom) List of masses. 
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VI-4. Total Cyt c Recovered Post-Labeling and Various Purification Steps 
Cyt c conjugates were synthesized exactly as described in sections VI-1, VI-2, and VI-3. Tabulated (Table S1) total 

yields of Cyt c recovered (total protein recovered: native + labeled protein) upon various purification steps are listed 
below. These yields were obtained from protein concentrations measured as described on page S6 before and after 

purification. Note that yields are also a function of reaction scale. 

 
We employed Amicon 10K or 100K spin filters (to buffer-exchange and remove small molecules) and Zeba spin 

desalting columns (to buffer-exchange and remove excess small molecules and peptides) as two major purification 

methods because they allow for the purification of a small amount of material while minimizing sample loss. 
 

Note: Only Zeba spin desalting columns were used for the workup of Cyt c–1–cR10 and Cyt c–2–cR10 because we 

observed complete loss of cR10 labels upon conjugate purification through Amicon spin filters (possibly because the 
supercharged cR10 conjugates bind the cellulose acetate membrane of these filters). 

 

Table S1. Total Cyt c recovered after the respective buffer-exchange and purification steps.  

Protein conjugate Yield upon final buffer-
exchange with Amicon 10K 

Yield upon final buffer-
exchange with Amicon 100K 

Yield upon buffer-
exchange with Zeba 7K 

Cyt c–1 (single labeling) 60% – – 

Cyt c–1 (double labeling) 66% – – 

Cyt c–2 (single labeling) 60% – – 

Cyt c–2 (double labeling) 64% – – 

Cyt c–1–cR10 – – 35% 

Cyt c–2–cR10 – – 36% 

Cyt c–1–cRGD 68% – – 

Cyt c–2–cRGD 71% – – 

Cyt c–1–dextran(110K) – 19% – 

Cyt c–2–dextran(110K) – Not determined – 
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VI-5. Ester Label Quantification 
Cyt c–1 and Cyt c–2 
Cyt c–1 and Cyt c–2 conjugates (Figure S7A–B) were synthesized using Labeling Strategy 1 (single labeling) and 
characterized by Q-TOF MS as described on pX. Figure S11A–B show the deconvoluted mass spectra, where the 

ordinate reports the ion intensity of individual peaks. Figure S11C–D show the total ion count (TIC) and absorbance (at 

410 nm) of these conjugates. The percentages of native and esterified protein were estimated in two ways: (1) by 
quantifying ion intensities of the respective peaks in the deconvoluted chromatogram, and (2) by quantifying 

absorbance areas (410 nm) (table within Figure S11). Compared to the analysis based on absorbance, analysis based 

on ion intensities underestimates the percentage of esterified protein. Therefore, conjugation yields inferred from ion 

intensities are “under-estimated” yields. 

 
  % by deconvoluted peak ion 

intensity 
% by heme absorbance 

 at 410 nm 

Cyt c–1 Esterified peak area 24 51 

Cyt c–2 Esterified peak area 26 44 

 
Figure S11. (Top) Q-TOF mass spectra of Cyt c labeled with (A) diazo compound 1 (Cyt c–1) or (B) diazo compound 
2 (Cyt c–2). (C–D) Respective total ion count (TIC) and normalized absorbance of Cyt c heme at 410 nm. (Bottom) 

Table summarizing percentages of native and esterified protein as quantified based on respective peak heights derived 

from ion intensities or peak areas derived from the heme absorbance at 410 nm. 
  



Jun, Petri, and Raines Supporting Information 

–S30– 

Cyt c–1–cR10 and Cyt c–2–cR10 
Cyt c–1–cR10 and Cyt c–2–cR10 (Figure S12A–B) conjugates were synthesized using Labeling Strategy 1 (double 

labeling) and characterized by Q-TOF MS as described on pages S24–S25. Figure S12 shows that cR10-labeled 
conjugates co-elute (Q-TOF LC-MS analysis, Figure S12C–D), which makes performing the analysis shown in the table 

of Figure S11 challenging. 

 
Figure S12. Q-TOF mass spectra of (A) Cyt c–1–cR10 or (B) Cyt c–2–cR10. (C–D) Respective TIC and absorbance 

of the heme at 410 nm. 
 

Note: We also attempted to quantify other protein conjugates (besides Cyt c–1 and Cyt c–2) using the absorbance 

spectrum. However, these labeled conjugates (e.g., Cyt c–1–cR10 and Cyt c–2–cR10) were all co-eluting as shown 
above. The lack of accurate quantification of the relative abundances of the WT and each ester label in our protein 

conjugates is a limitation of our strategy. In Figure S11, we note the potential discrepancy of our labeling quantification 

based on the ion intensity with that based on the absorbance spectrum. Due to technical difficulties associated with 
quantification based on the absorbance spectrum, we estimate changes in labeling based on relative peak ion intensity. 
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VII. Labeling Strategy 2 for Proteins with Reactive Cysteines (GFP) 
VII-1. Labeling Strategy 1 Applied to GFP Results in Byproduct Formation 

 
To a solution of native GFP (1.0 equiv) in 10 mM MES–HCl buffer, pH 6.5, was added a solution of 1 (50 mM, 100 equiv) 

in MeCN (25% v/v). The reaction mixture was incubated at 37 °C for 4–6 h with mild shaking. The number of ester 
labels on the resultant protein conjugate was accessed by Q-TOF MS. Unreacted diazo compound 1 was removed by 

spin-concentrating GFP labeled with compound 1 (GFP–1) (×3) into 1× PBS using Amicon Ultra 0.5-mL centrifugal 

filters (10K). GFP–1 (1.0 equiv) was then incubated with HS-cR10 (10 equiv) in Milli-Q water for 1–2 h. The number of 

ester labels on the resultant protein conjugate was accessed by Q-TOF-MS. 
 

 
  0 label (WT) 1 label 2 labels 

GFP–1–cR10 conjugates  
(+2535 Da/label) 

Exp’d mass 29341 31876 34411 

Obs’d mass 29341 31876 34412 
 
Figure S13. (Top) Q-TOF mass spectra of GFP–1 labeled with HS-cR10 (GFP–1–cR10). (Bottom) List of masses. 
 
Note: Labeling Strategy 1 can work with proteins that have reactive cysteines (e.g., GFP). The displacement reaction 

was, however, not always efficient and often led to residual side adducts on the protein. 2535 Da represents the mass 

of [(1–cR10)−N2]. “WT” refers to the wild type protein. 
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VII-2. Common Byproducts of Labeling Strategy 1 for Proteins with Reactive Cysteines 

 
Figure S14. Common byproducts observed upon GFP esterification using Labeling Strategy 1. 
 

VII-3. Labeling Strategy 2 for GFP 
Prepare: A solution of diazo compound 1 or 2 (50 mM) in MeCN and a solution of thiolated ligands (HS-L) in Milli-Q 

water (2–20 mM) were prepared. A stock solution of GFP in 1× PBS was buffer-exchanged with Amicon Ultra 0.5-mL 
centrifugal filters (10K) (Sigma–Aldrich) into 10 mM MES–HCl buffer, pH 6.0, to obtain a final concentration of 100 µM 

GFP. The concentration of GFP was determined by measuring absorbance5 at 485 nm (A485) with the DS-11 UV–vis 

spectrophotometer. 

 
Experiment: To a 1.7-mL Eppendorf tube, a solution of diazo compound (1 equiv) in MeCN and a solution of HS-L in 

Milli-Q water (1 equiv) were mixed for 1 min unless indicated otherwise. To the resulting solution, GFP in 10 mM MES–

HCl buffer, pH 6.0, was added and incubated for 4–8 h at 37 °C with mild shaking. The number of labels on the resultant 
protein conjugates was accessed by Q-TOF MS and/or MALDI-TOF MS. Precipitated protein was removed by 

centrifugal filtration with a Spin-X Centrifugal Tube Filter (0.22-µm, cellulose acetate membrane) prior to Q-TOF MS 

analysis.  
 
Total Protein Recovery Yield: The amount of total recovered protein (WT +	labeled GFP) was obtained from protein 

concentration measured from GFP absorbance at 485 nm (𝜀𝜀!"# = 83.3 mM−1·cm−1) with a UV-vis spectrophotometer. 

% Protein Recovery = ["%&'(	*'+"	,-	./01	2345!1]
[+'%3('	*'+"	,-	./01	2345!1]

∙ 100 
 
Approach: Locking the reactive disulfide bond by “pre-mixing” a diazo compound (1 or 2) with a thiolated ligand (HS-L). 
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VII-4. Relevant Structures and Molecular Weights for Labeling Strategy 2 

 

 
Figure S15. Chemical structures and molecular weights of diazo compound (1 or 2) pre-mixed with thiolated ligands. 
These compounds were used for GFP conjugation using Labeling Strategy 2. 
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VII-5. Q-TOF and MALDI-TOF MS Analysis of 1–cR10 
 

 

 
 
Figure S16. Q-TOF and MALDI-TOF mass spectra of 1–cR10 (the structure is shown in Figure S15). Chemical 

structures and molecular weights of diazo compound 1 and hydrolyzed products (3 and 3–cR10) are shown. 
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VII-6. Ligand-Modified GFP 
VII-6a. GFP labeled with HS-cR10 
To a solution of GFP (20 µL, 100 µM, 1 equiv) in 10 mM MES–HCl buffer, pH 6.0, a pre-mixed solution of diazo 
compound 1 or 2 (4 µL, 50 mM, 100 equiv) in MeCN and HS-cR10 (40 µL, 5 mM, 100 equiv) in Milli-Q water was added. 

The resulting solution was incubated for 8 h at 37 °C. The precipitated protein was removed by centrifugal filtration with 

a Spin-X Centrifugal Tube Filter (0.22-µm, cellulose acetate membrane) prior to Q-TOF MS analysis (Figure S17).  
Total Protein Recovery (post-Zeba spin desalting column): 80% for GFP–1–cR10 and 74% for GFP–2–cR10. 

 

 

 
Figure S17. (Top) Labeling scheme. (Bottom) Q-TOF mass spectra of the filtered solution of GFP labeled with HS-cR10 

pre-mixed with diazo compounds 1 or 2 (GFP–1–cR10 and GFP–2–cR10, respectively). 
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Because Q-TOF mass spectrometry does not detect precipitated protein constructs and MS signal depends on the 

ionizability of the construct, the crude solution of GFP labeled with HS-cR10 (GFP–1–cR10 and GFP–2–cR10) was 
analyzed by MALDI-TOF MS (Figure S18). As expected, proteins with a higher number of cR10 labels were observed. 

 
 

R=AOCOM Observed Mass 𝚫𝚫	(Observed mass−Peak 1 mass) 2535 Da / label 

Peak 1 28800 0 0 

Peak 2 31400 2586 1.0 

Peak 3 33900 5050 2.0 

Peak 4 36700 7880 3.1 

R=CH3 Observed Mass 𝚫𝚫	(Observed mass−Peak 1 mass) 2418 Da / label 

Peak 1 29600 0 0 

Peak 2 32100 2500 1.0 

Peak 3 34600 5000 2.0 

Peak 4 37200 7600 3.1 

Peak 5 40000 10400 4.3 
 
Figure S18. (Top) MALDI-TOF MS analysis of the crude (unfiltered) solutions of GFP labeled with HS-cR10 pre-mixed 

with diazo compound 1 or 2 (GFP–1–cR10 and GFP–2–cR10, respectively). (Bottom) List of masses. 
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VII-6b. GFP Labeled with HS-guan 
To a solution of GFP (50 µL, 100 µM, 1 equiv) in 10 mM MES–HCl buffer, pH 6.0, a pre-mixed solution of diazo 

compound 1 or 2 (20 µL, 50 mM, 200 equiv) in MeCN and HS-guan (50 µL, 20 mM, 200 equiv) in Milli-Q water was 
added. The resulting solution was incubated for 8 h at 37 °C. Precipitated protein was removed by centrifugal filtration 

with a Spin-X Centrifugal Tube Filter (0.22-µm, cellulose acetate membrane) prior to Q-TOF MS analysis (Figure S19).  

Total Protein Recovery (post-Zeba spin desalting column): 54% for GFP–1–guan and 45% for GFP–2–guan. 
 

 
 

 
Figure S19. (Top) Labeling scheme. (Bottom) Q-TOF mass spectra of GFP labeled with HS-guan pre-mixed with diazo 
compound 1 or 2 (GFP–1–guan and GFP–2–guan, respectively). 
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VII-6c. GFP Labeled with HS-TAT 
To a solution of GFP (75 µL, 100 µM, 1 equiv) in 10 mM MES–HCl buffer, pH 6.0, a pre-mixed solution of diazo 

compound 1 or 2 (4 µL, 50 mM, 27 equiv) in MeCN and HS-TAT (40 µL, 5 mM, 27 equiv) in Milli-Q water was added. 

The resulting solution was incubated for 5 h at 37 °C. Precipitated protein was removed by centrifugal filtration with a 
Spin-X Centrifugal Tube Filter (0.22-µm, cellulose acetate membrane) prior to Q-TOF MS analysis (Figure S20). 

Total Protein Recovery (post-Zeba spin desalting column): 80% for GFP–1–TAT and 93% for GFP–2–TAT. 

 

 
 

 
Figure S20. (Top) Labeling scheme. (Bottom) Q-TOF mass spectra of GFP labeled with HS-TAT pre-mixed with diazo 

compound 1 (GFP–1–TAT) or diazo compound 2 (GFP–2–TAT). 
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VIII. Cleavage of a Small-Molecule Model MGA–1 
VIII-1. Synthesis and Characterization of Compound 3 and Compound MGA–1 

 
Diazo compound 1 (17 mg, 0.036 mmol, 1.0 equiv) in MeCN (360 µL) was added to O-(2-methoxyethyl)glycolic acid 

(19 mg, 0.14 mmol, 4.0 equiv) in 360 µL of 10 mM MES–HCl buffer, pH 6.0. The reaction mixture was stirred at room 
temperature until the color of the solution turned from red to colorless, indicating the consumption of a diazo moiety 

either by an esterification or a hydrolysis reaction. Once LC-MS has confirmed the complete consumption of the starting 

material 1, the crude product was filtered and purified by Biotage using a reversed-phase C18 column (12 g Sfär C18 
D, Duo, 100 Å, 30 μm). Fractions with compound 3 (2.1 mg, 0.0046 mmol, 13% yield) and compound MGA–1 (1.3 mg, 

0.0021 mmol, 6% yield) were collected and lyophilized overnight. 
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Characterization of Compound 3 
Physical State: Clear oil 
1H NMR (500 MHz, CD3CN, δ): 8.48–8.43 (m, 1H), 7.74–7.64 (m, 3H), 7.40–7.34 (m, 2H), 7.19 (ddd, J = 7.1, 4.8, 1.3 
Hz, 1H), 7.04–6.99 (m, 2H), 5.73 (s, 2H), 4.96 (d, J = 2.9 Hz, 1H), 4.87–4.82 (m, 1H), 4.24 (d, J = 4.3 Hz, 1H), 3.51–

3.43 (m, 2H), 2.90 (t, J = 6.3 Hz, 2H), 1.25 (s, 3H), 1.24 (s, 3H). 
13C NMR (126 MHz, CD3CN, δ): 172.2, 159.3, 156.3, 153.5, 149.8, 137.5, 135.3, 128.3, 121.2, 119.9, 117.6, 117.3, 
116.0, 88.0, 73.3, 72.6, 38.0, 37.3, 20.8. 
HRMS (ESI-TOF) of 3: calc’d for C20H25N2O6S2 [M + H]+, 453.1149; found, 453.1153 

LC-MS of 3: 
 

 
m/z 
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Characterization of Compound MGA–1 
Physical State: Yellow amorphous 
1H NMR (500 MHz, CD3CN, δ) 8.45–8.42 (m, 1H), 7.74–7.65 (m, 2H), 7.52 (q, J = 4.6 Hz, 1H), 7.42 (d, J = 
8.7 Hz, 2H), 7.21–7.18 (m, 1H), 7.05 (d, J = 8.8 Hz, 2H), 5.93 (s, 1H), 5.74 (s, 2H), 4.85 (p, J = 6.2 Hz, 1H), 

4.27–4.16 (m, 2H), 3.67–3.60 (m, 2H), 3.55–3.40 (m, 4H), 3.27 (s, 3H), 2.89 (q, J = 6.4 Hz, 2H), 1.24 (d, J 

= 6.3 Hz, 6H). 
13C NMR (126 MHz, CD3CN, δ) 170.4, 169.2, 160.3, 157.9, 154.4, 150.7, 138.5, 131.1, 130.2, 122.2, 

120.8, 117.2, 88.7, 76.1, 73.6, 72.5, 71.4, 69.0, 58.9, 38.7, 38.5, 21.7. 
HRMS (ESI-TOF) of MGA–1: calc’d for C25H33N2O9S2 [M + H]+, 569.1622; found, 569.1629 
LC-MS of MGA–1: 
 

 
m/z 
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VIII-2. DTT and PLE cleavage of Small-Molecule Model MGA–1 
The model compound MGA–1 was used to analyze cleavage products produced by dithiothreitol (DTT) or pig liver 

esterase (PLE). To a 1.7-mL Eppendorf tube, 50 µL of compound MGA–1 or 3 (5 mM) in MeCN and 50 µL of DTT 
(10 mM) in 10 mM MES–HCl buffer, pH 6.0, were added, and the resulting solution was mixed overnight at room 

temperature. To a separate 1.7-mL Eppendorf tube, 10 µL of compound MGA–1 or 3 (5 mM) in MeCN and 50 µL of 

PLE (100 µM) in Milli-Q water were added, and the resulting solution was mixed overnight at room temperature. Prior 
to LC-MS analysis, PLE-treated samples were spin filtered with Amicon Ultra 0.5-mL centrifugal filters (100K). Cleaved 

products were analyzed by LC-MS with a gradient of 10−95% v/v MeCN (0.1% v/v formic acid) in water (0.1% v/v formic 

acid) over 10 min). 

 
Figure S21. (Top) Study summary. (Bottom) Crude LC-MS traces of MGA–1 treated with DTT or PLE. 
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Figure S22. (Top) Study summary. (Bottom) Crude LC-MS traces of 3 treated with DTT or PLE. 
 
Analysis: These experiments (Figures S21–S22) confirmed that reducing reagent (DTT) can effectively cleave 

disulfide bond without degrading any other functional groups and PLE can effectively cleave carbonate and ester bonds. 
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VIII-3. QM-1 Trapping Experiment to Test Cleavage of the AOCOM Handle via PLE 
The model compound MGA–1 was incubated with or without PLE in the presence of glutathione (GSH) to trap the 

quinone methide (QM-1) intermediate. Experimental conditions are shown below. 
 
 
 
 
 
 
 
 
Disulfide exchange via GSH:

 
Cleavage of AOCOM via PLE:

 

 
 
Figure S23. (Top) Summary of possible experimental outcomes. (Bottom) Crude LC-MS traces of MGA–1 treated with 

GSH in the absence of PLE (control) and in the presence of PLE. Each peak was assigned based on observed masses. 

PLE Experiment  
MGA–1 5 mM × 60 µL (50% v/v MeCN in H2O) 
GSH 10 mM × 30 µL 
PLE 100 µM × 30 µL 
25% v/v MeCN in H2O 
Room temp, overnight 

Control Experiment 
MGA–1 5 mM × 60 µL (50% v/v MeCN in H2O) 
GSH 10 mM × 30 µL (Mili-Q H2O) 
Milli-Q water × 30 µL (Mili-Q H2O) 
25% v/v MeCN in H2O 
Room temp, overnight 
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The PLE sample (experimental sample) had masses of QM-1–GSH, QM-1–OH, and QM-1–pyS that correspond to 

trapped quinone methide (QM-1), while the control sample without PLE had mostly the starting material (MGA–1) or 
GSH-exchanged MGA–1 (MGA–1–GSH). The mass that corresponds to each peak is shown in Figures S24–S25. 

 
Figure S24. Masses that correspond to peaks observed in the control experiment. “rt” refers to retention time.  
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Figure S25. Masses that correspond to peaks observed in the PLE experiment. “rt” refers to retention time. 
 
Analysis: These experiments (Figures S23–S25) are performed to capture the presence of quinone methide (QM-1) 

generated by the cleavage of the AOCOM moiety via PLE. These data support our hypothesis that the labels can be 
cleaved via the PLE-mediated hydrolysis of carbonate bond in AOCOM moiety of the diazo compound 1.  
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IX. Bioreversible Cleavage of Esterified Proteins  
IX-1. Experimental Setup 
Preparation of Samples for PLE and Cell Lysate Cleavage Studies. Protein conjugates were labeled as described 

in the “Preparation of Model Proteins Cyt c and GFP” section on pages S20–S21. Cyt c conjugates labeled with HS-
cR10 were buffer-exchanged into DPBS with calcium and magnesium through a Zeba spin desalting column pre-

equilibrated with DPBS. The GFP conjugates labeled with HS-cR10 or HS-guan were buffer-exchanged into 1× PBS by 

using a Zeba spin desalting column pre-equilibrated with 1× PBS. 
 

PLE Cleavage Study. Experimental (PLE cleavage) and control samples (background hydrolysis alone) were buffer-

exchanged into DPBS for Cyt c and 1× PBS for GFP as described above. Each experimental sample (final Cyt c or 
GFP conjugate concentration of 30 µM) was then incubated with a stock of PLE in DPBS from Sigma–Aldrich (Product 

Number: 46058, Lot # BCCD7346, specific activity of 95.7 U/mg) to a final PLE concentration of 30 µM. The protein 

conjugate:PLE ratio in each sample was thus 1:1 by equivalents. The final protein concentration of control samples 
was matched to that of experimental samples. 

 

Cell Lysate Cleavage Study. M21 and CHO-K1 cells were grown to 90% confluency in T-175 flasks. Each flask was 
harvested with trypsin-EDTA (0.05% w/v), washed with cold DPBS (×2), and pelleted by centrifugation at 1,000g at 

4 °C. The pellets were rapidly frozen with liquid N2. Subsequently, each pellet was slowly thawed on ice and 

resuspended in 1 mL of cold DPBS. This freeze-thaw cycle was repeat 3 additional times. The final thawed lysates 

were centrifuged at 14,000 g at 4 °C for 15 min and the resultant supernatant was aliquoted for storage at −80 °C. Total 
protein concentration of the supernatant was determined with the DS-11 UV–vis spectrophotometer, assuming that 

1 AU = 1 mg/mL and that the average weight of a protein in the human proteome is 46 kDa. This average weight 

estimation was based on the reported average length of a protein in the human proteome (416 amino acids, classified 
in Pfam database of well-curated alignments)14 and the average molecular weight of an amino acid (110 Da). Each 

pellet resulted in a 1-mL lysate solution of 80 µM concentration in DPBS. Experimental (cell lysate cleavage) and control 

samples (background hydrolysis alone) were buffer-exchanged into DPBS as described above. Each experimental 
sample (final Cyt c or GFP conjugate concentration: 30 µM) was then incubated with a stock of M21 or CHO-K1 lysate 

to a final lysate concentration of 30 µM. The final protein concentration of control samples was matched to that of 

experimental samples. 
 

Sample Incubation and Intact MS Analysis. The control and experimental samples were incubated with mild shaking 

(speed: 1.5 on Titer Plate Shaker) at 37 °C unless otherwise indicated. The extent of cleavage was accessed at different 
time points by diluting a portion of the sample to 2 µM with a solution of Milli-Q water (0.1% v/v formic acid), spin-

filtering the resultant solution with a Spin-X Centrifugal Tube Filter (0.22-µm, cellulose acetate membrane), and 

subjecting the solution to Q-TOF MS analysis. 
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IX-2. Bioreversibility of GFP Labeled with HS-cR10  

  

 
Figure S26. (Top) Study summary. (Bottom) Q-TOF mass spectra of GFP–1–cR10 cleaved with CHO-K1 lysate. Protein 

conjugates were prepared as described on pages S35–S36. 
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IX-3. Bioreversibility of GFP Labeled with HS-guan 

 

 
Figure S27. (Top) Study summary. (Bottom) Q-TOF mass spectra of GFP–1–guan cleaved with (A) PLE and (B) M21 
lysate. Protein conjugates were prepared as described on page S37. 
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IX-4. Bioreversibility of GFP Labeled with HS-TAT 

 

 
Figure S28. (Top) Study summary. (Bottom) Q-TOF mass spectra of GFP–1–TAT cleaved with PLE. Protein 
conjugates were prepared as described on page S38. 
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IX-5. Bioreversibility of Cyt c Labeled with HS-cR10 

 

 
Figure S29. (Top) Study summary. (Bottom) Q-TOF mass spectra of Cyt c–1–cR10 and Cyt c–2–cR10 cleaved with PLE 
at 37 °C for the indicated times. Cleavage conditions are described on page S47. “WT Cyt c” refers to the native protein. 
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Figure S30. (Top) Study summary. (Bottom) Q-TOF mass spectra of Cyt c–1–cR10 and Cyt c–2–cR10 cleaved with M21 

lysate at 37 °C for the indicated times. Cleavage conditions are described on page S47. “WT Cyt c” refers to the native 

protein. 
  



Jun, Petri, and Raines Supporting Information 

–S53– 

IX-6. Bioreversibility of Cyt c Labeled with HS-cRGD 

 
 

 
Figure S31. (Top) Study summary. (Bottom) Q-TOF mass spectra of Cyt c–1–cRGD cleaved with PLE or M21 lysate 

at 37 °C for the indicated times. Cleavage conditions are described on page S47. “WT Cyt c” refers to the native protein. 
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Note: The incubation of esterified Cyt c conjugates with M21 lysate leads to disulfide reduction—a phenomenon that 

mimics the reducing environment of cells. This reduction is likely caused by high thiol or GSH content of the M21 lysate. 
Masses of reduced Cyt c–1 (Cyt c–1-SH) and Cyt c–2 (Cyt c–2-SH) conjugates are provided in Figure S32. 

 
  Cyt c 1 reduced label 2 reduced labels 

Cyt c–1-SH conjugate 
(+326 Da/label) 

Exp’d mass 12359 12685 13011 

Obs’d mass 12359 12684 13008 

Cyt c–2-SH conjugate  
(+208 Da/label) 

Exp’d mass 12359 12567 12775 

Obs’d mass 12359 12566 12772 
 

Figure S32. (Top) Structures of reduced Cyt c conjugates. (Bottom) List of masses. 
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X. Reactivity, Hydrolytic Stability, and Chemoselectivity of 1, 2, and S5 or Their Esters 
X-1. Carboxyl Group Reactivity of 1, 2, and S5 
 

 
 
Relative reactivity of diazo compounds on Cyt c. Based on the MALDI-TOF MS analysis of the crude solutions, Cyt 

c–2 contains more esterified Cyt c than does Cyt c–1 (Figure S33A–B). Therefore, we conclude that 2 is more reactive 

than 1. As seen in Figure S33C, crude solution of Cyt c–S5 contains more ester labels (up to 8) than Cyt c–1 and Cyt 
c–2. S5 was first reported by Mix and coworkers for bioreversible protein delivery.15 

 

Note: Once the crude conjugates are buffer-exchanged, the number of ester labels on Cyt c–1 and Cyt c–2 becomes 
similar and rather variable (see Figure S7). This is likely because Cyt c–1 and Cyt c–2 tend to precipitate unpredictably 

during buffer-exchange (the extent of precipitation depends on reaction scale and other factors). 

 
Relative reactivity diazo compounds on GFP. Under the same esterification conditions, compound S5 reacts more 

with GFP (up to 12 labels) than compound 1 (up to 2 labels) or 2 (up to 5 labels) (Figure S34). Under Labeling Strategy 

2, compound 2 has consistently reacted more with GFP than did compound 1 (e.g., number of GFP–1–cR10 labels < 
number of GFP–2–cR10 labels, as seen in Figures S17–S18). 
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Preparation of esterified Cyt c samples. Cyt c–1 and Cyt c–2 conjugates were synthesized using Labeling Strategy 

1 (single labeling) as described on page S23, Figure S7 (50% v/v acetonitrile, 4-h incubation at 37 °C). The resultant 
crude solutions (unfiltered) were analyzed by MALD-TOF MS to compare the intrinsic reactivity of compounds 1 and 2, 

since filtration and buffer-exchange can lead to the loss of conjugates with multiple ester labels. Cyt c–S5 was 

synthesized, buffer-exchanged, and analyzed by Q-TOF MS exactly as Cyt c–1 and Cyt c–2, except diazo compound 
S5 was used in the esterification reactions. 

 

    WT Cyt c 2 labels 3 labels 4 labels 5 labels 6 labels 7 labels 8 labels 

Cyt c–S5  
(+175 Da/label) 

Exp’d mass 12359 12709 12884 13059 13234 13409 13584 13758 

Obs’d mass – ~12700 ~12900 ~13100 ~13200 ~13400 ~13600 ~13800 
 
Figure S33. Top) MALDI-TOF mass spectra of crude (unfiltered) solutions of (A) Cyt c–1, (B) Cyt c–2 and Q-TOF mass 

spectra of buffer-exchanged, filtered solutions of (C) Cyt c–1, (D) Cyt c–2, and (E) Cyt c–S5. Bottom) List of masses 

associated with the Cyt c–S5 conjugate. 
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Preparation of esterified GFP samples. To a solution of GFP (50 µL, 100 µM, 1 equiv) in 10 mM MES–HCl buffer, 

pH 6.0, diazo compound 1, 2, or S5 (20 µL, 50 mM, 200 equiv) in MeCN was added. The resulting solution was 
incubated for 8 h at 37 °C. Precipitated protein was removed by centrifugal filtration with a Spin-X Centrifugal Tube 

Filter (0.22-µm, cellulose acetate membrane) prior to Q-TOF MS analysis.  

 

 

  WT GFP 1 Cys-reacted label* 2 Cys-reacted labels* 

GFP–1 
(+323 Da/label*) 

Exp'd mass 29341 29664 29987 
29989 Obs'd mass 29341 29665 

 

    WT GFP 2 Cys-reacted labels** 1 label 2 labels 3 labels 
GFP–2  

(+206 Da/label*) 
(+316 Da/label) 

Exp’d mass 29341 29753 30069 30385 30701 

Obs’d mass – 29752 30069 30386 30703 
 
 

    WT GFP 6 labels 7 labels 8 labels 9 labels 10 labels 11 labels 12 labels 

GFP–S5  
(+175 Da/label) 

Exp’d mass 29341 30391 30566 30741 30916 31091 31266 31441 

Obs’d mass – 30392 30568 30742 30918 31093 31268 31444 
 
Figure S34. Top) Q-TOF mass spectra of GFP–1, GFP–2 and GFP–S5. Bottom) List of masses associated with the 
GFP conjugates. *The structure of Cys-reacted label is shown in the dotted box.  
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X-2. Hydrolytic Stability of Esters  

  
Comparative hydrolytic stability of esters generated from compound 1 and 2. cR10-conjugated proteins (Cyt c–

1–cR10, Cyt c–2–cR10, GFP–1–cR10, and GFP–2–cR10) were incubated in 1× PBS, pH 7.4, or 100 mM sodium 
phosphate, pH 8.0, at 37 °C over up to 72 h. Relative hydrolytic stability of these esters is quantified as “% esters 

cleaved” and “% WT observed” based on relative ion intensities of Q-TOF MS spectra. Higher percentages of cleaved 

esters and recovered WT proteins indicate lower hydrolytic stability. Based on the data below, the following trend holds: 
 

Hydrolytic stability: ester of compound 2 > ester of compound 1 
 

Note: “% Esters cleaved” and “% WT recovered” of GFP esterified with compound S5 (GFP–S5) are also reported 

below. Due to different numbers and positions of ester labels in these conjugates (relative to those synthesized using 

1 and 2), the hydrolytic stabilities of esters generated with S5 were not compared to esters generated with 1 and 2 in 
the trend reported above. 

 

We made two assumptions in calculating “% esters cleaved”:  

(i) Equal amount of protein is analyzed in each spectrum (i.e., every protein sample has a final concentration 
of 2 μM and equal volume was injected into the Q-TOF LC-MS)  

(ii) Peak ion intensities (as opposed to the absorbance spectra) were used to quantify the distribution of ester 

labels in protein conjugates due to technical difficulties mentioned in Figure S12. 
 

% Esters cleaved after X h. “% Esters cleaved” quantifies the percentage of ester labels cleaved at a specific time (X) 

and pH (Y). To provide a rough assessment of the cleavage of ester labels generated by S5, 1, or 2, we used the 
equation below (“% esters cleaved after X h”). This equitation utilizes normalized Q-TOF MS ionization intensities 

(“normalized ion intensity”) based on the assumption that the summation of ion intensities corresponding to a protein 

of interest (i.e., native protein peak + esterified protein peaks) is equal to 1.  
 

%	𝑬𝑬𝑬𝑬𝑬𝑬𝑬𝑬𝑬𝑬𝑬𝑬	𝒐𝒐𝒐𝒐	𝑬𝑬𝒐𝒐𝑬𝑬𝒕𝒕𝒕𝒕	𝒑𝒑𝑬𝑬𝒐𝒐𝑬𝑬𝑬𝑬𝒑𝒑𝒑𝒑 = 100 ∙3(𝑛𝑛𝑛𝑛𝑛𝑛𝑛𝑛𝑛𝑛𝑛𝑛𝑛𝑛𝑛𝑛𝑛𝑛𝑛𝑛	𝑛𝑛𝑛𝑛𝑛𝑛	𝑛𝑛𝑛𝑛𝑖𝑖𝑛𝑛𝑛𝑛𝑖𝑖𝑛𝑛𝑖𝑖𝑖𝑖	 ∙ 	#	𝑛𝑛𝑜𝑜	𝑐𝑐𝑛𝑛𝑛𝑛𝑛𝑛𝑛𝑛𝑖𝑖𝑐𝑐𝑛𝑛𝑛𝑛𝑛𝑛𝑛𝑛𝑛𝑛𝑐𝑐	𝑛𝑛𝑖𝑖𝑖𝑖𝑛𝑛𝑛𝑛𝑖𝑖) 

%	𝑬𝑬𝑬𝑬𝑬𝑬𝑬𝑬𝑬𝑬𝑬𝑬	𝒄𝒄𝒕𝒕𝑬𝑬𝒕𝒕𝒄𝒄𝑬𝑬𝒄𝒄	𝒕𝒕𝒐𝒐𝑬𝑬𝑬𝑬𝑬𝑬	𝑿𝑿	𝒉𝒉	 = 100 ∙ (
%	𝐸𝐸𝑖𝑖𝑖𝑖𝑛𝑛𝑛𝑛𝑖𝑖	𝑛𝑛𝑜𝑜	𝑖𝑖𝑛𝑛𝑖𝑖𝑛𝑛𝑛𝑛	𝑐𝑐𝑛𝑛𝑛𝑛𝑖𝑖𝑛𝑛𝑛𝑛𝑛𝑛	[𝑖𝑖	 = 	0	ℎ, 𝑐𝑐𝑝𝑝	𝑌𝑌] − 	%	𝐸𝐸𝑖𝑖𝑖𝑖𝑛𝑛𝑛𝑛𝑖𝑖	𝑛𝑛𝑜𝑜𝑖𝑖𝑛𝑛𝑖𝑖𝑛𝑛𝑛𝑛	𝑐𝑐𝑛𝑛𝑛𝑛𝑖𝑖𝑛𝑛𝑛𝑛𝑛𝑛	[𝑖𝑖	 = 	𝑋𝑋	ℎ, 𝑐𝑐𝑝𝑝	𝑌𝑌])

%	𝐸𝐸𝑖𝑖𝑖𝑖𝑛𝑛𝑛𝑛𝑖𝑖	𝑛𝑛𝑜𝑜	𝑖𝑖𝑛𝑛𝑖𝑖𝑛𝑛𝑛𝑛	𝑐𝑐𝑛𝑛𝑛𝑛𝑖𝑖𝑛𝑛𝑛𝑛𝑛𝑛	[𝑖𝑖	 = 	0	ℎ, 𝑐𝑐𝑝𝑝	𝑌𝑌] ) 

 
% WT Protein Observed. “% WT observed” quantifies the percentage of WT protein observed at a specific time (X) 

and pH (Y). The following equation was used: 

 

%	𝑾𝑾𝑾𝑾	𝒐𝒐𝒐𝒐𝑬𝑬𝑬𝑬𝑬𝑬𝒄𝒄𝑬𝑬𝒄𝒄 = 100 ∙ (
𝐼𝐼𝑛𝑛𝑖𝑖𝑛𝑛𝑛𝑛𝑖𝑖𝑛𝑛𝑖𝑖𝑖𝑖	𝑛𝑛𝑜𝑜	𝑊𝑊𝑊𝑊	𝑐𝑐𝑛𝑛𝑛𝑛𝑖𝑖𝑛𝑛𝑛𝑛𝑛𝑛	[𝑖𝑖	 = 	𝑋𝑋	ℎ, 𝑐𝑐𝑝𝑝	𝑌𝑌]

𝐼𝐼𝑛𝑛𝑖𝑖𝑛𝑛𝑛𝑛𝑖𝑖𝑛𝑛𝑖𝑖𝑖𝑖	𝑛𝑛𝑜𝑜	𝑊𝑊𝑊𝑊	𝑐𝑐𝑛𝑛𝑛𝑛𝑖𝑖𝑛𝑛𝑛𝑛𝑛𝑛 + 𝑛𝑛𝑛𝑛𝑖𝑖𝑛𝑛𝑛𝑛𝑖𝑖𝑛𝑛𝑖𝑖𝑖𝑖	𝑛𝑛𝑜𝑜	𝑛𝑛𝑖𝑖𝑛𝑛𝑖𝑖𝑛𝑛𝑛𝑛𝑛𝑛𝑜𝑜𝑛𝑛𝑛𝑛𝑛𝑛	𝑐𝑐𝑛𝑛𝑛𝑛𝑖𝑖𝑛𝑛𝑛𝑛𝑛𝑛	[𝑖𝑖	 = 	𝑋𝑋	ℎ, 𝑐𝑐𝑝𝑝	𝑌𝑌])	 
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Preparation of Cyt c protein conjugates and hydrolytic stability experiment. Cyt c conjugates were labeled as 

described in the “Preparation of Model Proteins Cyt c and GFP” section on pages S20–S21, except 200 equiv of diazo 
compound was used for single labeling and esterification was conducted for 12 h at 37 °C. Crude Cyt c conjugates 

labeled with HS-cR10 in 50 mM sodium acetate buffer, pH 5.5, were immediately used for analysis (excess HS-cR10 

was not removed). The esterified samples were diluted 21-fold with either 1× PBS, pH 7.4, or 100 mM sodium 
phosphate buffer, pH 8.0, to a final concentration of 10 µM (by total protein). The control and experimental samples 

were incubated at 37 °C (speed: 1.5 on Titer Plate Shaker). The extent of cleavage was accessed at different time 

points by diluting a portion of the sample to 2 µM with a solution of Milli-Q water (0.1% v/v formic acid), spin-filtering 
the resultant solution with a Spin-X Centrifugal Tube Filter (0.22-µm, cellulose acetate membrane), and subjecting the 

solution to Q-TOF MS analysis. “% Esters cleaved” and “% WT observed” were quantified as described in page S58 

and reported in Tables S2–S3. 

 
GFP sample preparation and experimental set up. GFP conjugates were prepared as described on pages S32–S38. 
Crude GFP conjugates were purified and buffer-exchanged into 1× PBS by using a Zeba spin desalting column. The 

esterified samples were prepared in either 1× PBS, pH 7.4, or 10 mM sodium phosphate buffer, pH 8.0. The final 

concentration of esterified samples was 15 µM (by total protein). The control and experimental samples were incubated 
at 37 °C (speed: 1.5 on Titer Plate Shaker). The extent of cleavage was accessed at different time points by diluting a 

portion of the sample to 2 µM with a solution of Milli-Q water (0.1% v/v formic acid), spin-filtering the resultant solution 

with a Spin-X Centrifugal Tube Filter (0.22-µm, cellulose acetate membrane), and subjecting the solution to Q-TOF MS 
analysis. “% Esters cleaved” and “% WT observed” were quantified as described in page S58 and reported in Tables 

S4–S6. 
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Figure S35. (Top) Study summary. (Bottom) Q-TOF mass spectra of Cyt c–1–cR10 cleaved in 1× PBS, pH 7.4, or 

100 mM sodium phosphate buffer, pH 8.0, at 37 °C for the indicated times. Cleavage conditions are described on page 
S59. “WT Cyt c” refers to the native protein. 
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Figure S36. (Top) Study summary. (Bottom) Q-TOF mass spectra of Cyt c–1–cR10 cleaved in 1× PBS, pH 7.4, at 37 °C 

for the indicated times. Cleavage conditions are described on page S59. “WT Cyt c” refers to the native protein. 
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Table S2. Percentage of ester labels cleaved in Cyt c–1–cR10 and Cyt c–2–cR10 at 24 h, 48, or 72 h and pH 7.4 or pH 

8.0. “% Esters cleaved” was calculated as described on page S58. 

pH t Protein 
Conjugate 

Absolute Ion Intensities % 
Esters 
of Total 
Protein 

% Esters 
Cleaved WT 1  

Label 
2 

Labels 
3 

Labels 
4 

Labels 
- 0 h 

Cyt c–1–cR10 

0 757 10103 1628 541 215 0% 

7.4 24 h 15894 47901 13355 0 0 96.7 55% over 24 h 

7.4 72 h 16531 2131 0 0 0 11.4 95% over 72 h 

8.0 24 h 93223 11292 0 0 0 10.8 95% over 24 h 

8.0 48 h 136858 2810 0 0 0 2.01 99% over 48 h 

- 0 h 

Cyt c–2–cR10 

33265 35263 13894 0 0 76.5 0% 

7.4 24 h 212096 108395 9768 0 0 38.7 49% over 24 h 

7.4 72 h 366287 99389 0 0 0 21.3 72% over 72 h 

8.0 24 h 673909 93893 0 0 0 12.2 84% over 24 h 

8.0 48 h 724150 43712 0 0 0 5.7 93% over 48 h 
 

Table S3. Percentage of WT Cyt c observed in Q-TOF MS spectra of Cyt c–1–cR10 and Cyt c–2–cR10 at 24 h, 48, or 

72 h and pH 7.4 or pH 8.0. “% WT observed” was calculated as described on page S58. 

pH t Protein 
Conjugate 

Absolute Ion Intensities 
% WT Observed 

WT 1  
Label 

2 
Labels 

3 
Labels 

4 
Labels 

- 0 h 

Cyt c–1–cR10 

0 757 10103 1628 541 0% 

7.4 24 h 15894 47901 13355 0 0 21%  

7.4 72 h 16531 2131 0 0 0 89%  

8.0 24 h 93223 11292 0 0 0 89% 

8.0 48 h 136858 2810 0 0 0 98% 

- 0 h 

Cyt c–2–cR10 

33265 35263 13894 0 0 40% 

7.4 24 h 212096 108395 9768 0 0 64% 

7.4 72 h 366287 99389 0 0 0 79% 

8.0 24 h 673909 93893 0 0 0 88% 

8.0 48 h 724150 43712 0 0 0 94% 
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Figure S37. (Top) Study summary (R = AOCOM). (Bottom) Q-TOF mass spectra of GFP–1–cR10 cleaved in 1× PBS, 

pH 7.4, or 10 mM sodium phosphate buffer, pH 8.0, at 37 °C for the indicated times. Cleavage conditions are described 
on page S59. 
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Figure S38. (Top) Study summary (R = CH3). (Bottom) Q-TOF mass spectra of GFP–2–cR10 cleaved in 1× PBS, pH 7.4, 

or 10 mM sodium phosphate, pH 8.0, at 37 °C for the indicated times. Cleavage conditions are described on page S59. 

“WT” refers to the wild type GFP.  
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Figure S39. (Top) Study summary (R = AOCOM). (Bottom) Q-TOF mass spectra of GFP–1–TAT cleaved in 1× PBS, 

pH 7.4, or 10 mM sodium phosphate, pH 8.0, at 37 °C for the indicated times. Cleavage conditions are described on 
page S59. “*” refers to the Cys-reacted label shown on page S57. “WT” refers to the wild type GFP. 
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Figure S40. (Top) Study summary (R = CH3). (Bottom) Q-TOF mass spectra of GFP–2–TAT cleaved in 1× PBS, pH 

7.4, or 100 mM sodium phosphate, pH 8.0, at 37 °C for the indicated times. Cleavage conditions are described on page 
S59. “*” refers to the Cys-reacted label shown in page S57. “WT” refers to the wild type GFP. 
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Figure S41. (Top) Study summary. (Bottom) Q-TOF mass spectra of GFP–S5 cleaved in 1× PBS, pH 7.4 or 10 mM 

sodium phosphate, pH 8.0, at 37 °C for the indicated times. Cleavage conditions are described on page S59. 
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Table S4. Percentage of ester labels cleaved in GFP–CPP conjugates at 12 h, 24 h, 36 h, or 48 h and pH 7.4 or pH 

8.0. “% Esters cleaved” was calculated as described on page S58. 

pH t Protein 
Conjugate 

Absolute Ion Intensity % Esters 
of Total 
Protein 

% Esters Cleaved 

WT  1 Label 2 Labels 

- 0 h 

GFP–1–cR10 

86696 47882 4205 40.6 0% 

7.4 24 h 129534 34167 0  20.9 49% over 24 h 

7.4 48 h 84080 7277 0  8.0 80% over 48 h 

8.0 24 h 397608 91130 0  18.6 54% over 24 h 

8.0 48 h 260188 15673 0  5.7 86% over 48 h 

- 0 h 

GFP–2–cR10 

77593 49138 2442 41.8 0% 

7.4 24 h 139149 51671 0  27.1 35% over 24 h 

7.4 48 h 332332 69183 0  17.2 59% over 48 h 

8.0 24 h 180497 34312 0  16.0 62% over 24 h 

8.0 48 h 337018 37878 0  10.1 76% over 48 h 

- 0 h 

GFP–1–TAT 

100 98.5* 6* 54.0 0% 

7.4 12 h 338522 208267* 286 38.2 29% over 12 h 

7.4 36 h 444662 72381* 0  14.0 74% over 36 h 

8.0 12 h 609315 447565* 60* 42.4 22% over 12 h 

8.0 36 h 631369 124409*  0 16.5 69% over 36 h 

- 0 h 

GFP–2–TAT 

100 104* 26* 67.8 0% 

7.4 12 h 499734 358183* 30274* 47.1 31% over 12 h 

7.4 36 h 494271 201717* 207* 29.0 57% over 36 h 

8.0 12 h 1205671 938457* 98603* 50.6 25% over 12 h 

8.0 36 h 649040 197611* 0  23.3 66% over 36 h 
 

*Combined ion intensities of both expected ester label and Cys-reacted ester label. 

 
Table S5. Percentage of ester labels cleaved in GFP–S5 conjugates at 12 h or 36 h and pH 7.4 or pH 8.0. “% Esters 
cleaved” was calculated as described on page S58. 

pH t Protein 
Conjugate 

Absolute Ion Intensities % 
Esters 
of Total 
Protein 

% Esters 
Cleaved 5 

Labels 
6 

Label 
7 

Labels 
8 

Labels 
9 

Labels 
- 0 h 

GFP–S5 

0 6132 20870 48084 46085 866 0 

7.4 12 h 27276 67210 86855 138303 67173 759 12% over 12 h 

7.4 36 h 323 2308 4889 3675 816 720 17% over 36 h 

8.0 12 h 43827 83693 108246 147347 81295 819 5% over 12 h 

8.0 36 h 42 13546 18023 17522 3567 721 17% over 36 h 
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Table S6. Percentage of WT GFP observed in Q-TOF MS spectra at a48 h or b60 h and pH 7.4 or pH 8.0. “% WT 

observed” was calculated as described on page S58. 

Protein Conjugates pH  WT Intensity Total Intensity of 
Labeled Protein % WT Observed 

GFP–1–cR10 
7.4 84080 31940 72a 

8.0 260188 13251 95a 

GFP–2–cR10 
7.4 332333 64633 84a 
8.0 337018 37878 90a 

GFP–1–TAT 
7.4 406728 15354 96b 
8.0 711623 454 100b 

GFP–2–TAT 
7.4 505990 73679 87b 
8.0 838686 32859.5 96b 

GFP–S5 
7.4 0 0 0b 

8.0 0 0 0b 
 

X-3. Chemoselectivity of 1, 2, and S5 for Carboxyl Groups 
The observed reversibility of compound 1, 2, and S5 across both proteins validates that chemoselectivity of the reaction 

for carboxylic acids in proteins is retained.  
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XI. Cytosolic Delivery of CPP-Conjugated Proteins  
Cell Lines and Cell Culture Conditions 
Cell Culture. All cell lines were grown in sterile culture flasks in a cell culture incubator at 37 °C under CO2 (5% v/v). 

Cells were counted to determine seeding density using a Countess II FL Automated Cell Counter from Thermo Fisher 
Scientific. To minimize genetic drift, thawed vials were used for fewer than twenty passages. HeLa cells were from the 

American Tissue Culture Collection or the Koch Institute’s High-Throughput Sciences Facility’s cell line repository. The 

human melanoma M21 cell line16,17 was a kind gift from Dr. Oscar Ortiz (Merck KGaA, Darmstadt, Germany). All cell 
lines tested negative for mycoplasma using the Lonza MycoAlert Plus kit. The M21 cell line was further authenticated 

by short tandem repeat profiling (STR) to validate the identity of the cell line and rule out intraspecies contamination. 

HeLa cells were grown in Dulbecco’s Modified Eagle’s Medium (DMEM) supplemented with FBS (10% v/v), penicillin 

(100 units/mL), and streptomycin (100 µg/mL). M21 cells were grown in high-glucose DMEM medium (Catalog Number: 
12100046) from Thermo Fisher Scientific supplemented with sodium bicarbonate (1.5 g/L), FBS (5–10% v/v), penicillin 

(100 units/mL), and streptomycin (100 µg/mL). The cells were passaged upon reaching 80% confluency with trypsin-

EDTA (0.05% w/v). 

 
Perspectives in Cytosolic Delivery of Esterified Proteins 
The generation of a heterogeneous mixture is one of the inevitable limitations of our strategy. To alleviate this limitation, 
diazo compounds 1 and 2 were designed to minimize the number of ester labels relative to the diazo compounds in our 

previous work.15 As we mentioned in the main text, the previous esterification-based delivery strategy required a dozen 

or so ester labels to enable delivery (7–16 labels on GFP). In this work, we aimed to attach 1–2 effective delivery 
domains (e.g., cR10 labels), reducing the heterogeneity, to obtain a similar charge density on the protein surface. In this 

manuscript, we demonstrated the successful cytosolic delivery of heterogeneous protein conjugates (GFP–1–cR10, Cyt 

c–1–cR10). These heterogeneous mixtures become homogenous, i.e., native protein, upon esterase-mediated 
hydrolysis. 
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XI-1. Cytosolic Delivery of GFP 
XI-1a. Cytosolic Delivery of GFP–1–cR10 
Protein Conjugate Preparation for Imaging. The GFP–1–cR10 conjugate was prepared using Labeling Strategy 2 as 
described on pages S35–S36. To remove excess HS-cR10 and buffer-exchange the protein conjugate into 1× PBS 

(Corning®, pH 7.4), the reaction mixture was passed through a Zeba spin desalting column pre-equilibrated with 1× 

PBS (Corning®, pH 7.4), using the manufacturer’s buffer-exchange procedure. To remove aggregates, the solution was 
further filtered through a Spin-X Centrifugal Tube Filter (0.22-µm, cellulose acetate membrane).  

 

Imaging Experiment. M21 cells were seeded as mentioned above. HeLa cells and CHO-K1 cells were seeded at a 

density of 10,000 cells/well in a sterile 8-well plate (Ibidi) 24 h prior to treatment. After cells were washed with DPBS 
with metals (×1) and FBS-supplemented DMEM (×1), cells were incubated with either GFP (negative control) or GFP–

1–cR10 in FBS-supplemented DMEM for 1.5–2 h at 37 °C. After the indicated time, cells were washed with DPBS (×2) 

and FluoroBrite DMEM (×2). Cells were then placed in FluoroBrite DMEM and examined using an epifluorescent EVOS 
M7000 microscope.  
 

Sample Prep A: Labeling Strategy 2 (GFP:HS–cR10 = 1:12), with serum 
To a solution of GFP (170 µM, 1.0 equiv) in 10 mM MES–HCl buffer, pH 6.0, a pre-mixed solution of diazo compound 

1 (2 mM or 50 mM, 11.8 equiv) in MeCN and HS-cR10 (2 mM, 11.8 equiv) in Milli-Q water was added. The resulting 

solution was incubated for 6 h at 37 °C and prepared for imaging as described above. Each labeling reaction can result 

in different final concentration of GFP–1–cR10 due to work up steps (e.g., Zeba spin recovery, spin filter recovery). Note 

that the concentration reported in images for GFP–1–cR10 refers to total protein concentration in that complex sample 

(Figure S42), not GFP–1–cR10 alone. 

 

• Figure S43A: 13 µL of GFP–1–cR10 solution (50 µM) in 1× PBS was added to 117 µL of 10% v/v FBS 
supplemented DMEM. The treatment medium (10% v/v 1× PBS) was incubated with HeLa cells for 90 min. 

• Figure S43B: 13 µL of GFP–1–cR10 solution (20 µM) in 1× PBS was added to 117 µL of 10% v/v FBS 
supplemented DMEM. The treatment medium (10% v/v 1× PBS) was incubated with HeLa cells for 90 min. 

• Figure S43C: 65 µL of GFP–1–cR10 solution (56 µM) in 1× PBS was added to 65 µL of 10% v/v FBS supplemented 
DMEM. The treatment medium (10% v/v 1× PBS) was incubated for with HeLa cells for 120 min. 

 
Sample Prep B: Labeling Strategy 2 (GFP:cR10 = 1:100), with serum 
To a solution of GFP (144 µM, 1.0 equiv) in 10 mM MES–HCl buffer, pH 6.0, a pre-mixed solution of diazo compound 

1 (100 mM, 100 equiv) in MeCN and HS-cR10 (10 mM, 100 equiv) in Milli-Q water was added. The resulting solution 
was incubated for 6 h at 37 °C and prepared for imaging as described above. Each labeling reaction can result in 

different final concentration of GFP–1–cR10 due to work up steps (e.g., Zeba spin recovery, spin filter recovery). Highly 

labeled GFP constructs can get trapped in the Zeba spin desalting column and result in a low recovery of protein.  

• Figure S43D: 26 µL of GFP–1–cR10 solution (5 µM) in 1× PBS was added to 104 µL of 10% v/v FBS supplemented 
DMEM. The treatment medium (20% v/v 1× PBS) was incubated with HeLa cells for 120 min. 
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Sample Prep C: Labeling Strategy 2 (GFP:cR10 = 1:50), no serum 
To a solution of GFP (100 µM, 1 equiv) in 10 mM MES–HCl buffer, pH 6.0, a pre-mixed solution of diazo compound 1 
(50 mM, 50 equiv) in MeCN and HS-cR10 (2 mM, 50 equiv) in Milli-Q water was added. The resulting solution was 

incubated for 6 h at 37 °C and prepared for imaging as described above. 
• Figure S43E: 13 µL of GFP–1–cR10 solution (20 µM) in 1× PBS was added to 117 µL of 10% v/v DMEM without 

FBS. The treatment medium (10% v/v 1× PBS) was incubated for 30 min on M21 cells. 

 
Sample Prep D: Labeling Strategy 1, no serum 
To a solution of native GFP (40 µL, 200 µM, 1.0 equiv) in 10 mM MES–HCl buffer, pH 6.0, was added a solution of 

diazo compound 1 (10 µL, 100 mM, 125 equiv) in MeCN (25% v/v). The reaction mixture was incubated for 6 h at 37 °C, 

followed by spin-filtration to exchange the reaction solution with 1× PBS containing L-arginine (0.25 M) to increase 
solubility of GFP–1. The resulting solution was then incubated with HS-cR10 (10 equiv) in water for 2 h. Excess HS-

cR10 was removed with an Amicon Ultra 0.5-mL centrifugal filter (10K) and the protein aggregates were removed by a 

Spin-X Centrifugal Tube Filter (0.22-µm, cellulose acetate membrane). We observed GFP–1–cR10 was sticking to the 
spin filter and thus the final concentration of GFP construct dropped to 3 µM. 

• Figure S43F: 52 µL of GFP–1–cR10 solution (3 µM) in 1× PBS was added to 98 µL of 10% v/v DMEM without FBS. 
The treatment medium (35% v/v 1× PBS) was incubated for 2 h on CHO cells.  

 
 

Analysis: Variations in cytosolic uptake and cell health were observed among samples. We believe there are many 

external factors that can affect delivery efficiency: cell health, variability in FBS contents (e.g., amount of GSH or other 

proteins), protein aggregation, and inconsistent removal of excess peptide or small molecules by using a Zeba spin 
desalting column. After many trials, Sample Prep A gave the most consistent uptake efficiency.  
 

 
Note: Different buffer-exchanging methods also resulted in different % recovery of cR10-conjugated GFP. Whereas 

Amicon Ultra 0.5-mL centrifugal filter (spin filter) resulted in very low recovery of GFP–1–cR10 (Figure S42A), a Zeba 

spin desalting column generally enable the recovery of much more than the spin filter (Figure S42B). However, we 
never observed double cR10 labeled GFP recovered after the buffer-exchange. 

 
Figure S42. (A) The GFP–1–cR10 conjugate post-labeling and post-spin filter. (B) The GFP–1–cR10 conjugate post-

labeling and post-Zeba spin desalting column. Note that both spin filter and Zeba spin results in label loss. 
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Figure S43. From left to right, epifluorescent images of GFP–1–cR10 in GFP channel (lex at 405 nm, lem at 450 nm), 

differential Interference Contrast (DIC), conditions for sample preparation, and corresponding Q-TOF data. Scale bars 

correspond to 50 µm.  
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XI-1b. Live Cell Imaging of Bioreversible GFP–1–cR10 and GFP–2–cR10 (Sample Prep C)  

 
Figure S44. Samples were prepared as described in Sample Prep C (page S72). (A) Q-TOF mass spectra of GFP–1–

cR10 and GFP–2–cR10 post-labeling. (B) Images of the uptake of GFP–1–cR10 and GFP–2–cR10 conjugates in M21 

cells at 37 °C. GFP channel (top): lex at 405 nm, lem at 450 nm; DIC channel (bottom). Scale bars correspond to 50 µm.  
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XI-1c. Analysis of Cytoxicity of GFP–1–cR10 via Flow Cytometry 

HeLa cells were seeded at a density of 25,000 cells/well in a sterile 8-well dish (Nunc™ Lab-Tek™ II Chamber Slide™ 

System) 48 h prior to treatment. GFP–1–cR10 solution (30 µM) in 1× PBS was diluted into DMEM medium supplemented 
with fetal bovine serum (10% v/v), penicillin (100 units/mL) and streptomycin (100 µg/mL), to a final concentration of 

3 µM (10% v/v 1× PBS). Cells were incubated with either the WT GFP or GFP–1–cR10 solutions for 1.5 h at 37 °C. After 

removal of the culture medium, cells were rinsed twice with 1× PBS and released from the plate with 100 µL of warmed 
0.25% v/v trypsin-EDTA mix. Trypsin was quenched by the addition of 100 µL of the medium. Cells were then subjected 

to centrifugation for 5 min at 1000g at 4 °C followed by aspiration of the supernatant. Cells were washed once by 

resuspension in 200 µL of ice-cold 1× PBS supplemented with bovine serum albumin (0.1% w/v), centrifugation at 
5 min at 1000g at 4 °C followed by aspiration of supernatant. Cells were resuspended in 1000 µL of ice-cold 1× PBS 

supplemented with bovine serum albumin (0.1% w/v) and 1 µL of SYTOX dye and kept on ice until the time of analysis. 

The fluorescence intensity at GFP channel (to detect cellular internalization) and at STYOX AADvanced channel (to 

detect dead cells) were measured. The fluorescence intensity of live, single cells is reported. No significant cytotoxicity 
of GFP–1–cR10 was observed (Figure S45). 

 

 
Figure S45. Cytotoxicity of GFP–1–cR10 as quantified by flow cytometry. Number of samples is noted on top of each 

bar. Error bars represent the standard deviation. 

  



Jun, Petri, and Raines Supporting Information 

–S76– 

XI-2. Cytosolic Delivery of Cyt c 
Preparation of Fluorescein-labeled Cyt c for Imaging Experiments 

 
    Cyt c 1 label 2 labels 3 labels 

Cyt c–F  
(+358 Da/label) 

Exp’d mass 12359 12717 13075 13433 

Obs’d mass 12359 12717 13075 13434 
 
Figure S46. (Top) Cyt c labeling with NHS-fluorescein (NHS-F) and Q-TOF mass spectrum of Cyt c labeled with NHS-

fluorescein (Cyt c–F). (Bottom) List of masses. “WT Cyt c” refers to the native protein. 

 
To a solution of Cyt c in DPBS (100 μM, 1.0 equiv, typically 2.0 mL) was added a solution of NHS-fluorescein in 

anhydrous DMSO (32 mM, 1.5 equiv, 9.5 μL). The reaction mixture was incubated at room temperature for 1 h with 

mild shaking. To remove excess unreacted dye, Pierce Dye Removal Columns were used according to the 
manufacturer’s protocol. The extent of protein labeling with the dye was accessed by Q-TOF MS. Typically, this labeling 

procedure produced a mass spectrum where the most intense peak corresponded to Cyt c labeled with about one 

fluorescein dye (Cyt c–F) on average. Cyt c–F was spin-concentrated (×3) into the buffer of interest using Amicon Ultra 
0.5-mL centrifugal filters (10K) for subsequent labeling experiments. The concentration of Cyt c–F was determined 

using Cyt c heme absorbance at 410 nm (εmax = 106 mM−1·cm−1) with the DS-11 UV–vis spectrophotometer.4 
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XI-2a. Live Cell Imaging of Bioreversible Cyt c–F–1–cR10 and Cyt c–F–2–cR10 

Protein Conjugate Preparation for Imaging. The Cyt c–F–1–cR10 and Cyt c–F–2–cR10 conjugates were prepared as 

described on page S25, except Cyt c–F (not native Cyt c) was used as the starting material (1.0 equiv). After the 1-h 
incubation of Cyt c–F labeled with diazo compound 1 (Cyt c–F–1) or Cyt c-F labeled with diazo compound 2 (Cyt c–F–

2) with 10 equiv of HS-cR10, excess peptide was partially removed by passing the reaction through a Zeba spin desalting 

column pre-equilibrated with 50 mM sodium acetate buffer, pH 5.5, using the manufacturer’s buffer-exchange 
procedure. To remove aggregates, the solution was further filtered through a Spin-X Centrifugal Tube Filter (0.22-µm, 

cellulose acetate membrane) before imaging. Total protein concentration in the sample was then measured and the 

number of cR10 labels on the resultant Cyt c–F–1–cR10 and Cyt c–F–2–cR10 conjugates was accessed by Q-TOF MS 
(Figure S47). Note that the concentration reported in images refers to total protein concentration in that complex sample 

(Figure S47), not Cyt c–F–1–cR10 or Cyt c–F–2–cR10 alone. 

 

    Cyt c–F 1 label 2 labels 

Cyt c–F–1–cR10 
(+2536 Da/label) 

Exp’d mass 12717 15253 17789 

Obs’d mass 12717 15252 17787 

Cyt c–F–2–cR10 
(+2418 Da/label) 

Exp’d mass 12717 15135 17553 

Obs’d mass 12717 15135 17553 
 
Figure S47. (Top) Q-TOF mass spectra of Cyt c–F–1–cR10 and Cyt c–F–2–cR10. (Bottom) List of masses. 

 
Imaging Experiment. M21 cells were seeded at a density of 15,000 cells/well in a sterile 18-well plate from Ibidi 24 h 

prior to treatment. The cells were washed with FBS-supplemented DMEM (×1) and incubated with either Cyt c–F (4 µM, 

negative control), Cyt c–F–1–cR10 (4 µM), or Cyt c–F–2–cR10 (4 µM) in FBS-supplemented DMEM (20% v/v 50 mM 

sodium acetate buffer, pH 5.5) for 2.5 h at 37 °C. Then, the treatment medium was removed, and the cells were allowed 
to rest in fresh FBS-supplemented DMEM for an additional 30 min at 37 °C. After the indicated time, cells were rinsed 

with DPBS (×2) and FluoroBrite DMEM (×2). Cells were then placed in FluoroBrite DMEM and examined using an 

epifluorescent EVOS M7000 microscope. The results are shown in Figure S48. 
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Figure S48. Images of the uptake of bioreversible Cyt c–F–1–cR10 and Cyt c–F–2–cR10 conjugates, and Cyt c–F 

(negative control) in M21 cells at 37 °C. GFP channel (top): lex at 405 nm, lem at 450 nm; DIC channel (bottom). Scale 

bars correspond to 50 µm. All images were acquired with the same light settings.  

  



Jun, Petri, and Raines Supporting Information 

–S79– 

XI-2b. Live Cell Co-Staining Experiments with an Endoplasmic Reticulum (ER)-Selective Dye 

Rationale. It has been demonstrated that, upon relocation to the cytosol, a fraction of Cyt c can bind to the inositol 
(1,4,5)-trisphosphate receptor on the surface of the endoplasmic reticulum (ER).18–19 Therefore, a co-staining 

experiment with an ER-selective dye would further confirm that Cyt c–F–1–cR10 entered the cytosol. 
 
Protein Conjugate Preparation for Imaging. The Cyt c–F–1–cR10 and Cyt c–F–2–cR10 conjugates were prepared as 

described on page S77. 

 
Co-staining Experiment. M21 cells were seeded at a density of 15,000 cells/well in a sterile 18-well plate from Ibidi 

24 h prior to treatment. The cells were washed with FBS-supplemented DMEM (×1) and incubated with either Cyt c–F 

(4 µM, negative control), Cyt c–F–1–cR10 (4 µM), or Cyt c–F–2–cR10 (4 µM) in FBS-supplemented DMEM (20% v/v 
50 mM sodium acetate buffer, pH 5.5) for 2.5 h at 37 °C. Then, the treatment medium was removed, and the cells were 

allowed to rest in fresh FBS-supplemented DMEM for an additional 2 h at 37 °C. After the indicated time, the ER-ID 

Red assay kit (GFP-CERTIFIED) from Enzo Life Sciences was used to selectively stain the endoplasmic reticulum (ER) 
of live cells with a dye (that emits in the Texas Red region of the spectrum) using a modified version of the 

manufacturer’s protocol. Briefly, the 10× assay buffer from the kit was diluted to 1× with Milli-Q water. To prepare a 

stock solution of the ER dye, 1 µL of the ER-ID Red detection reagent from the kit was diluted with 1000 µL of the 1× 
assay buffer. Medium was removed from cells and 100 µL of the stock solution of the ER dye was added to each well. 

The cells were incubated with the dye for 15 min at 37 °C and rinsed with DPBS (×2) and FluoroBrite DMEM (×2). The 

cells were then placed in FluoroBrite DMEM and examined using an epifluorescent EVOS M7000 microscope. The 

results are in Figure S49. 

 
Figure S49. Images of co-staining between the bioreversible Cyt c conjugates (Cyt c–F–1–cR10 and Cyt c–F–2-cR10) 

and the endoplasmic reticulum (ER)-selective dye in M21 cells at 37 °C. Cyt c–F was co-stained with the ER-selective 

dye as a negative control. Orange and yellow areas correspond to co-localization regions. GFP channel (top): lex at 

405 nm, lem at 450 nm; DIC channel (bottom). Scale bars correspond to 50 µm. All images were acquired with the 

same light settings.  
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XI-2c. Live Cell Imaging of Irreversible Cyt c–F–BCN–cR10 Positive Control 

Protein Conjugate Preparation for Imaging. To a solution of Cyt c–F (100 µM, 1.0 equiv) in DPBS was added BCN-
NHS (10 mM, 10–30 equiv) in anhydrous DMSO. The reaction mixture was incubated at 37 °C for 1 h. The resultant 

conjugate (Cyt c–F–BCN) was spin-concentrated (×3) into DPBS to remove residual BCN-NHS using Amicon Ultra 

0.5-mL centrifugal filters (10K) and the number of BCN labels on the protein was accessed by MALDI-TOF MS 
(Figure S50A). To the solution of Cyt c–F–BCN (478 µM, 1.0 equiv) in DPBS was then added N3-cR10 (2 mM, 1.5 equiv) 

in MQ water. This copper-free click reaction mixture was incubated at room temperature for 28 h with mild shaking. To 

remove excess N3-cR10, the solution containing Cyt c labeled with N3-cR10 (Cyt c–F–BCN–cR10) was passed through a 
Zeba spin desalting column using the manufacturer’s desalting procedure. To remove aggregates, the solution was 

further filtered through a Spin-X Centrifugal Tube Filter (0.22-µm, cellulose acetate membrane) before imaging. Total 

protein concentration in the sample was then measured and the number of cR10 labels on the resultant Cyt c–F–BCN–
cR10 conjugate was accessed by an SDS–PAGE gel stained with Bio-Safe™ G-250 Coomassie Stain (Figure S50B). 

Note that the concentration reported in images for Cyt c–F–BCN–cR10 refers to total protein concentration in that 

complex sample (Figure S50B), not Cyt c–F–BCN–cR10 alone. 

 

    Cyt c–F 1 label 2 labels 3 labels 4 labels 5 labels 

Cyt c–F–BCN 
(+177 Da/label) 

Exp’d mass 12717 12894 13071 13248 13425 13602 

Obs’d mass 12717 12900 13077 13256 13438 13611 

Cyt c–F–BCN–cR10 
(+2624 Da/label) 

Exp’d mass 12717 15341 17965 20589 23213 25837 

Obs’d mass ~13000 ~15000 ~18000 ~21000 ~23000 N/A 
 
Figure S50. (Top) (A) MALDI-TOF mass spectrum of Cyt c–F–BCN and (B) SDS–PAGE gel of native Cyt c and Cyt c–
F–BCN–cR10 stained with the Bio-Safe™ G-250 Coomassie Stain. (Bottom) List of masses. 

 

Imaging Experiment. M21 cells were seeded at a density of 40,000 cells/well in a sterile 96-well plate from Ibidi 24 h 
prior to treatment. The cells were washed with FBS-supplemented DMEM (×2) and incubated with either Cyt c–F 

(30 µM, negative control) or Cyt c–F–BCN–cR10 (10 µM and 30 µM, positive control) in FBS-supplemented DMEM (20% 

v/v DPBS) for 1.5 h at 37 °C. After the indicated time, cells were rinsed with DPBS (×1) and FBS-supplemented DMEM 
(×1) and allowed to rest in FBS-supplemented DMEM for an additional 30 min at 37 °C. Cells were then rinsed with 

warm DPBS (×2) and FluoroBrite DMEM (×2). After the washes, cells were placed in FluoroBrite DMEM and examined 

using an epifluorescent EVOS M7000 microscope. To test whether Cyt c–F–BCN–cR10 was entering cells via 
endocytosis (an energy-dependent process) or direct transduction (an energy-independent process) the experiment 
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described above was repeated by incubating the cells and all relevant solutions on ice. It has been previously reported 

that endocytosis is negligible at temperatures below 10 °C.20 Overall, the results shown in Figure S51 suggest that 
Cyt c–F–BCN–cR10 (positive control) can enter the cytosol of M21 cells, as supported by the diffuse cytosolic and 

nucleolar localization of this conjugate. Because the cytosolic uptake of Cyt c–F–BCN–cR10 was partially inhibited at 

0 °C, we hypothesize that this conjugate enters cells via a mixed mechanism that involves both endocytosis and direct 
transduction. 

 
Figure S51. Images of the uptake of Cyt c–F–BCN–cR10 (positive control) and Cyt c–F (negative control) into M21 cells 

at 37 °C and at 0 °C. GFP channel (top): lex at 405 nm, lem at 450 nm; DIC channel (bottom). Scale bars correspond 

to 50 µm. All images were acquired with the same light settings. 
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XII. Caspase-3/7 Activation Assays 
Cytosolic Fraction Isolation from M21 Cells 
Cytosolic fraction isolation from M21 cells was adapted from McStay et al.21 Briefly, M21 cells were harvested, washed 

with cold DPBS, and pelleted by centrifugation. Pellets were resuspended in a volume of hypotonic homogenization 
buffer (10 mM HEPES buffer, pH 7.0, containing 5 mM MgCl2, 0.67 mM DTT, and a cOmplete™ Protease Inhibitor 

Cocktail tablet) equal to the pellet volume and incubated on ice for 15 min. The swollen cells were lysed by passing the 

cell suspension 10 times through a 22-gauge needle. The homogenized cell suspension was centrifuged at 15,000g 
for 30 min at 4 °C to remove intact cells, heavy membranes, and nuclei. The supernatant was centrifuged again at 

15,000g for 30 min at 4 °C to remove the remaining mitochondria (which contains native Cyt c), lysosomes, and 

peroxisomes. Then, the supernatant was ultracentrifuged at 100,000g for 1 h at 4 °C to remove the plasma membrane, 
microsomal fraction, and large polyribosomes. The supernatant was passed through a Spin-X Centrifugal Tube Filter 

(0.22-µm, cellulose acetate membrane), and its concentration was adjusted to 10 mg/mL with the homogenizing buffer. 

The resultant cytosolic fraction from M21 cells was aliquoted into microcentrifuge tubes and stored at −80 °C.  

 
Caspase-3 Activation by Native Cyt c in the Cytosolic Fraction from M21 Cells 
Protocol for the assessment of caspase-activation activity of native Cyt c was adapted from McStay et al.21 An aliquot 

of the cytosolic fraction from M21 cells was thawed rapidly at 37 °C. Various concentrations of native Cyt c (1 µL) and 

10 mM dATP (1 µL) solutions in Milli-Q water were incubated with 10 µL of the S-100 and incubated at 37 °C for 30 min 
without shaking (because shaking can lead to the disassembly of the apoptosome). Every set of experiments included 

an inactive sample (no Cyt c added) as a control for basal caspase activity. To each sample was added 12 µL of the 

2× Laemmli buffer containing 2-mercaptoethanol (5% v/v) and the sample was boiled at 98 °C for 5 min. Then, 8 µL of 
this solution was loaded per well of a gel and subjected to SDS–PAGE. The proteins were transferred onto a PVDF 

membrane using an iBlot® Gel Transfer Device. The membrane was blocked in 5% w/v non-fat dry milk in Tris-buffered 

saline containing Tweet 20 (0.1% v/v) (TBST) with agitation for 1 h. Subsequently, the membrane was stained with a 
1:1000 dilution of a cleaved caspase-3 antibody in 5% dry non-fat milk in TBST at 4 °C overnight with agitation. After 

washing with TBST (×3), the membrane was stained with a 1:1000 dilution of a secondary anti-HRP-linked antibody in 

5% dry non-fat milk in TBST at room temperature for 1 h with agitation. The membrane was then washed with TBST 

(5 × 5 min) and the blot was developed using SuperSignal West Pico PLUS Chemiluminescent Substrate according to 
the manufacturer’s protocol. Results are shown in Figure S52. 
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Figure S52. Cyt c (Sigma–Aldrich, CAS Number: 9007-43-6) activates caspase-3 cleavage in the cytosolic fraction 

from M21 cells at concentrations as low as 2 µM. This experiment confirms that Cyt c is active in this cell line. 

 

Caspase-3/7 Activation by Cyt c–1–cR10 in Live M21 Cells 
 
Preparation of Analyte Proteins and Controls. The bioreversible Cyt c–1–cR10 conjugate was prepared as described 

on page S25 using 11 equiv of HS-cR10 relative to Cyt c–1. To remove excess HS-cR10 and buffer-exchange the 
conjugates into 50 mM sodium acetate buffer, pH 5.5 (Catalog Number: 14040141), the solutions were passed through 

a Zeba spin desalting column pre-equilibrated with 50 mM sodium acetate buffer, pH 5.5, using the manufacturer’s 

buffer-exchange procedure. The total protein concentration in the samples was then measured. To remove aggregates 
and sterile-filter the samples, the solutions were further passed through a Spin-X Centrifugal Tube Filter (0.22-µm, 

cellulose acetate membrane). Negative controls Cyt c and HS-cR10 were diluted with 50 mM sodium acetate buffer, pH 

5.5 and passed through the same Spin-X Centrifugal Tube Filter. 
 

Assay. To access the ability of the Cyt c–1–cR10 conjugate to enter the cytosol of live cells and activate caspase-3/7, 

the CellEvent Caspase-3/7 Green Detection Reagent was used. The reagent is a four-amino acid peptide (DEVD) 

conjugated to a nucleic acid-binding dye. Active caspases-3/7 can specifically cleave the DEVD peptide sequence and 
liberate the conjugated dye, which is non-fluorescent until bound to DNA. Cells were grown, treated, and assessed 

according to the kit-associated protocol. Specifically, M21 cells were plated in a black 96-well plate (PerkinElmer) at a 

density of 50,000 cells per well in FBS-supplemented DMEM. After 24 h, the cells were washed once with FBS-
supplemented DMEM and the medium in the wells was replaced with various concentrations of negative controls and 

Cyt c–1–cR10 diluted with FBS-supplemented DMEM (at most 7% v/v final concentration of 50 mM sodium acetate 

buffer, pH 5.5, per diluted sample). The treated cells were incubated for 4 h at 37 °C. After the indicated time, the 
medium was replaced with DPBS containing FBS (5% v/v) and the detection reagent (final concentration: 5 μM). The 

cells were incubated for an additional 30 min at 37 °C. Fluorescent intensity data was collected with a Tecan M1000 

plate reader with excitation at 502 nm and emission at 530 nm. Data were blank-subtracted and analyzed with the 
program Prism from GraphPad (La Jolla, CA). Values were expressed as the mean ± SD of two technical duplicates (n 

= 2). The results are shown in Figure S53. 

  



Jun, Petri, and Raines Supporting Information 

–S84– 

 
Figure S53. Normalized caspase-3/7 activation in live M21 cells upon a 4-h incubation with various concentrations of 

Cyt c–1–cR10, Cyt c, and HS-cR10 in FBS-supplemented DMEM. Values are expressed as the mean ± SD of two 

technical duplicates (n = 2). 
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XIII. MTS Cell Viability Assays 
Preparation of Analyte Proteins and Controls. The bioreversible Cyt c–1–cR10 conjugate was prepared as described 

on page S25 using 8.0 equiv of HS-cR10 relative to Cyt c–1. The irreversible Cyt c–BCN–cR10 conjugate was prepared 
as described on page S80, except 1.0 equiv of native Cyt c (instead of Cyt c–F) was used as a starting material and 

6.0 equiv of N3-cR10 were used relative to Cyt c–BCN. To remove excess HS-cR10 or N3-cR10 and buffer-exchange the 

conjugates into DPBS with calcium and magnesium (Catalog Number: 14040141), the solutions were passed through 
a Zeba spin desalting column pre-equilibrated with DPBS using the manufacturer’s buffer-exchange procedure. The 

total protein concentration in the samples was then measured and the number of cR10 labels on the conjugates was 

verified by Q-TOF MS. To remove aggregates and sterile-filter the samples, the solutions were further passed through 

a Spin-X Centrifugal Tube Filter (0.22-µm, cellulose acetate membrane). Cyt c, HS-cR10 (8.0 equiv), N3-cR10 (6.0 equiv), 
and Cyt c + HS-cR10 (8.0 equiv) negative controls were diluted and worked up the same way as described above for 

the bioreversible and the irreversible conjugate. Staurosporine, a natural product that induces apoptosis through 

pathways that include caspase-3 activation,22 was aliquoted into DMSO stocks stored at −20 °C. These stocks were 
diluted with DPBS and passed through Spin-X Centrifugal Tube Filters (0.22-µm, cellulose acetate membrane) 

immediately before the assay. 

 
 

  Cyt c 1 label 

Cyt c–BCN–cR10 conjugates  
(+2624 Da/label) 

Exp’d mass 12359 14983 

Obs’d mass 12359 14891 

*Oxidized Cyt c–BCN conjugates  
(+195 Da/label) 

Exp’d mass 12359 12554 

Obs’d mass 12359 12552 
 
Figure S54. (Top) Q-TOF mass spectra of Cyt c–1–cR10 and Cyt c–BCN–cR10 conjugates. (Bottom) List of masses. 

“WT Cyt c” refers to the native protein. 
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Preparation of the Negative Control Stock of Compound 3. A 9 mM stock of compound 3 was prepared in a solution 

of 20% v/v DMSO in Milli-Q water. 
 
Assay. The viability of M21 cells upon analyte treatment was assessed with the CellTiter 96 AQueous One Solution Cell 

Proliferation Assay. The assay relies on the reductive conversion of a tetrazolium compound, 3-(4,5-dimethylthiazol-
2-yl)-5-(3-carboxymethoxyphenyl)-2-(4-sulfophenyl)-2H-tetrazolium, inner salt (MTS), into a colored formazan product 

by NADPH or NADH in metabolically active cells. The absorbance of formazan is proportional to the number of living 

cells. According to the kit-associated protocol, M21 cells were plated in a sterile black 96-well plate (PerkinElmer) at a 
density of 5,000 cells per well in FBS-supplemented DMEM. After 24 h, the medium in the wells was replaced with 100 

μL of FBS-supplemented DMEM containing various concentrations of proteins, protein conjugates (≤20% v/v DPBS), 

and control compounds (≤0.2% v/v DMSO). After the indicated amount of incubation time (typically, 41–48 h), 18 μL of 

MTS reagent was added to each well and the cells were incubated for an additional 1 h at 37 °C. Absorbance data at 
490 nm was collected with a Tecan M1000 plate reader. The average absorbance of media with no cells was subtracted 

from the absorbance of each replicate. The ratio of live cells was calculated by dividing the corrected absorbance of 

treated cells by the corrected absorbance of untreated cells. The data were plotted in the program Prism from GraphPad 
(La Jolla, CA). Values were expressed as the mean ± SD of three technical replicates. Results are shown in Figures 

S55–S56. 

 
Statistical analysis. Statistical evaluation was performed by an unpaired Student’s t test with a two-sided P value 

using the program Prism from GraphPad (La Jolla, CA). 
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Figure S55. Viability of M21 cells treated with Cyt c–1–cR10 (bioreversible conjugate) or Cyt c–BCN–cR10 (irreversible 

conjugate) at various concentrations for 41 h. Cyt c–1–cR10 was prepared by incubating Cyt c–1 with 8.0 equiv of 
HS-cR10 and buffer-exchanging the conjugate into DPBS through a Zeba spin desalting column. Negative HS-cR10 

control was prepared by buffer-exchanging 8.0 equiv of HS-cR10 through a Zeba spin desalting column into DPBS and 

dosing cells with the same volumes of the resultant solution as was done for Cyt c–1–cR10. The co-treatment control 
was prepared by incubating Cyt c with 8.0 equiv of HS-cR10 and buffer-exchanging the conjugate into 1× PBS through 

a Zeba spin desalting column. Cyt c–BCN–cR10 was prepared by incubating Cyt c–BCN with 6.0 equiv of N3-cR10 and 

buffer-exchanging the conjugate into 1× PBS through a Zeba spin desalting column. Error bars represent the standard 
deviation, (*) refers to P ≤ 0.1, (**) refers to P ≤ 0.01, and (***) to P ≤ 0.001. 

 

 
Figure S56. Estimated percentage of M21 cells that died as a result of cytosolic native Cyt c delivery via Cyt c–1–cR10. 

These values were derived using the equation in the legend.  
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XIV. Identification of the Cyt c Lysine that Preferentially Reacts with NHS Esters 

Denaturation and Tryptic Digestion. Cyt c was labeled with NHS-fluorescein (NHS-F) and NHS-BCN as described 

on pages S77 and S80, respectively. Sequencing Grade Modified Trypsin from Promega (20 µg) was resuspended in 
the Trypsin Resuspension Buffer (100 µL) and activated at 30 °C for 15 min before use. The following steps were based 

on the manufacturer’s protocol. Cyt c–BCN (100 µg) and Cyt c–F (100 µg) were buffer-exchanged into 50 mM Tris–

HCl buffer, pH 8, containing guanidine–HCl (6 M), concentrated to 50 µL (160 µM), and heated at 95 °C for 20 min. 
After denaturation, 350 µL of 50 mM Tris–HCl buffer, pH 7.6, containing CaCl2 (1 mM) was added to each sample to 

reduce the concentration of guanidine–HCl to <1 M. Sequencing Grade Modified Trypsin (10 µL of the stock) was 

added to each sample in enzyme to substrate ratio of 1:50, and the samples were incubated at 37 °C overnight. Trypsin 

activity was halted by diluting each sample with formic acid to 5% v/v. Each sample was desalted with three 100 µL-
C18 tips and the combined desalted solutions (300 µL for each sample) were lyophilized.  

 

Q-TOF MS Analysis. Each lyophilized sample was redissolved in 100 µL of Milli-Q water containing 0.1% v/v formic 
acid. Samples were analyzed on the 6530C Accurate-Mass Q-TOF LC-MS equipped with a Poroshell 120 EC-C18 

column (120 Å, 2.7-µm, 150 mm × 3.0 mm) from Agilent Technologies. A gradient of 5–40% v/v MeCN (0.1% v/v formic 

acid) in water (0.1% v/v formic acid) over 15 min was used and the column was pre-heated to 60 °C. Masses of the 
tryptic digests were analyzed in the program BioConfirm B.09.00. Peptides were searched against the sequence of WT 

horse Cyt c with an acetylated N-terminus and a heme linkage between residues C14 and C17. The Protein Digest 

workflow was followed with trypsin defined as the cleavage enzyme. Select Modifications and Profiles included 
Phospho+Ox, pyroGlu (E), pyroGlu (Q), NHS-BCN (+176.083730, lysine specificity, up to 19 modifications per 

biomolecule), or NHS-F (+358.047740, lysine specificity, up to 19 modifications per biomolecule). Protein digest MS 
match tolerance was set to 10 ppm and up to 2 missed cleavages were allowed per peptide. The results are shown in 
Figure S57 below. 

 

Results. K86 in Cyt c was found to be reactive with both NHS-F and NHS-BCN. Based on the crystal structure of Cyt c 
(PDB ID: 3jbt),23 modification of K86 with bulky ligands could reduce the binding of Cyt c to Apaf-1. This could lead to 

an attenuation of Cyt c-induced apoptosis upon cell treatment with Cyt c–F or Cyt c–BCN–cR10. 
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Figure S57. (A) Sequence coverage of trypsinized Cyt c–BCN. Peptides that were not found are highlighted in red; 

peptides that were found but did not contain the modification are underlined with a black dashed line; peptides with the 

detected modification are underlined with a blue solid line. K86 was found to be reactive with NHS-BCN. (B) Sequence 
coverage of trypsinized Cyt c–F. Peptides that were not found are highlighted in red; peptides that were found but did 

not contain the modification are underlined with a black dashed line; peptides with the detected modification are 

underlined with a blue solid line. K86 was found to be reactive with NHS-F. (C) Electron microscopy structure of the 
Apaf-1 apoptosome (PDB ID: 3jbt).23 Apaf-1 is in grey, Cyt c is in wheat, and K86 is in blue. The proximity of K86 to the 

Cyt c∙Apaf-1 interface suggests that the modification of this residue with bulky ligands could weaken Cyt c∙Apaf-1 

interaction, which will result in reduced pro-apoptotic activity of Cyt c modified with NHS esters. 
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XV. NMR Spectra 
 
1H NMR (400 MHz) of compound S0 in CDCl3 
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1H NMR (500 MHz) of compound S1 in CDCl3

 
13C NMR (126 MHz) of compound S1 in CDCl3 
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1H NMR (400 MHz) of compound S2 in CDCl3
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1H NMR (500 MHz) of compound S3 in CD3CN 

 
13C NMR (126 MHz) of compound S3 in CD3CN 
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HMBC NMR of compound S3 in CD3CN 
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1H NMR (500 MHz) of compound 1 in CD3CN 

 
13C NMR (126 MHz) of compound 1 in CD3CN 
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HMBC NMR of compound 1 in CD3CN 
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1H NMR (500 MHz) of compound S4 in CDCl3 
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1H NMR (500 MHz) of compound 2 in CD3CN 

 
13C NMR (126 MHz) of compound 2 in CD3CN 
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1H NMR (400 MHz) of HS-guan in D2O 

 
13C NMR (101 MHz) of HS-guan in D2O 
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1H NMR (500 MHz) of compound 3 in CD3CN 

 
13C NMR (126 MHz) of compound 3 in CD3CN 
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1H NMR (500 MHz) of compound MGA–1 in CD3CN 

 

13C NMR (126 MHz) of compound MGA–1 in CDCl3 
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