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ABSTRACT: This work addresses the need for chemical tools 
that can selectively form crosslinks. Contemporary thiol-selec-
tive crosslinkers, for example, modify all accessible thiols, but 
only form crosslinks between a subset. The resulting terminal 
“dead-end” modifications of lone thiols are toxic, confound 
crosslinking-based studies of macromolecular structure, and 
are an undesired—and currently unavoidable—byproduct in 
polymer synthesis. Using the thiol pair of Cu/Zn-superoxide 
dismutase (SOD1) we demonstrated that cyclic disulfides—in-
cluding the drug/nutritional supplement lipoic acid—effi-
ciently crosslinked thiol pairs but avoided dead-end modifica-
tions. Thiolate-directed nucleophilic attack upon the cyclic di-
sulfide resulted in thiol-disulfide exchange and ring cleavage. 
The resulting disulfide-tethered terminal thiolate moiety either 
directed the reverse reaction, releasing the cyclic disulfide, or 
participated in oxidative disulfide (crosslink) formation. We 
hypothesized—and confirmed with density functional theory 
(DFT) calculations—that mono-S-oxo derivatives of cyclic di-
sulfides formed a terminal sulfenic acid upon ring cleavage that 
obviated the previously rate-limiting step, thiol oxidation, and 
accelerated the new rate-determining step, ring cleavage. Our 
calculations suggest that the origin of accelerated ring cleavage 
is improved frontier molecular orbital overlap in the thiolate-
disulfide interchange transition. Five to seven-membered cy-
clic thiosulfinates were synthesized and efficiently crosslinked 
up to 104-fold faster than their cyclic disulfide precursors; func-
tioned in the presence of biological concentrations of glutathi-
one; and acted as cell-permeable, potent, tolerable, intracellu-
lar crosslinkers. This new class of thiol crosslinkers exhibited 
click-like attributes including, high yields driven by the en-
thalpies of disulfide and water formation, orthogonality with 
common functional groups, water-compatibility, and ring 
strain-dependence. 

Thiol-ene reactions are prevalent in applications requiring 
thiol crosslinking.1 Synthetic applications of thiol-ene cross-
linking reactions include: self-healing polymers,2 nanogels,3 
thermosetting polymers, hydrogels,4 and dendrimers.5 Preva-
lent biochemical applications of thiol-ene crosslinking include 
functionalizing or stabilizing biotherapeutics in vitro,6 and 
probing high-order protein structure and protein-protein in-
teractions.7 One shortcoming of these thiol-ene crosslinking 
tools—in fact all current tools—is that they are not crosslinking 
selective. These tools will form terminal “dead-end” modifica-
tions unless two functional groups happen to be within their 
reach.8 Dead-end modifications are toxic in vivo; in particular 
the modification of essential catalytic cysteines (e.g. phospha-
tases and cysteine [Cys] proteases) and the creation of “non-
self” epitopes that increase the risk of an adverse immune re-
sponse.9 This inherent toxicity, and poor cell permeability, have 
stymied in vivo crosslinking.  To enable the in vivo use of the 
crosslinking applications described above, our objective is a 
chemical tool with improved selectivity for crosslinking thiols 
(i.e. higher crosslinking efficiency). 
In addition, we introduce in vivo thiol crosslinking as a strategy 
for pharmacological protein stabilization, and a long-sought, 
non-inhibitory alternative to stabilization with substrate ana-
logues.10 A number of diseases, including familial Amyotrophic 
Lateral Sclerosis (fALS), are associated with loss of quaternary 
structure and protein destabilization (seen with Cu/Zn-super-
oxide dismutase (SOD1) mutations). Multimer stabilization—
exemplified by the substrate/cargo analogue, transthyretin-
stabilizing drug tafamidis11—is a therapeutic strategy in these 
diseases. We used thiol-ene crosslinkers in a proof-of-concept 
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study to demonstrate that crosslinking the thiol pair (Cys 111A + 

B, 8 Å apart: PDB 1SPD shown in TOC figure) on adjacent subu-
nits of SOD1 could stabilize fALS-SOD1 variants by up to 40 °C.7 
This approach also rescued the enzymatic activity of inherently 
inactive fALS SOD1 variants.7 Through a computational screen 
of human protein structures, 20 additional multimeric proteins 
with quaternary structures that could be stabilized by inter-
subunit cysteine crosslinking were discovered.  
We surveyed drugs to identify mechanisms for selective thiol 
binding that can be tolerated in vivo. One recent approach to 
drug design is to attach a soft, sometimes finely “tuned” Cys-
selective electrophile9 to a high-affinity binder.12-13 Unfortu-
nately, as is often the case, the lack of high-affinity SOD1 bind-
ers ruled out this structure-based approach. The other mecha-
nism used by thiolate-selective drugs, disulfide bond for-
mation, is the most prevalent and mature (disulfiram/Anta-
buse treatments began in 1948).14 Inactive prodrugs are trans-
formed into thiols, which, after spontaneous oxidation, form 
long-lived disulfide bonds between the drug metabolite’s sul-
fenic acid and a target protein’s cysteine thiolate. Some drugs 
form disulfides with enzyme active site Cys (e.g. disulfiram15) 
and others with allosteric Cys (e.g. omeprazole/Prilosec,16 pra-
sugrel/Effiant,17 etc.). Unfortunately, the obvious strategy of 
binding two of these drugs to create a bifunctional crosslinker 
would not result in a tool that could avoid dead-end modifica-
tions. 
Having ruled out crosslinkers composed of existing thiolate-se-
lective warheads, we sought molecules with the ability to min-
imize dead-end Cys modifications as a starting point for cross-
linkers. Cyclic disulfides are the only thiolate-selective scaffold 
we knew of that can form transient bonds (i.e. can avoid dead-
end modifications without the aid of other molecules). Cyclic 
disulfide chemistry was extensively characterized in a series of 
publications by the Whitesides’ group.18-20 These studies 
demonstrated the high effective concentration (EC – i.e. the en-
tropically-driven propensity to remain oxidized and cyclic; spe-
cifically the Keq between a dithiol forming a cyclic disulfide and 
a dialkyl disulfide forming two thiols) of cyclic disulfides re-
sults in transient binding to lone thiols. Moreover, the Keq of cy-
clic disulfide binding to lone thiols (i.e. “Keq dead-end”) is highly 
ring strain-dependent, varying over three orders of magni-
tude.18-19 Cyclic disulfide-tethered drug cargos can even be 
transported across the cell membrane via reversible binding to 
a transferrin receptor Cys.21-22 Cyclic disulfides can be tolerated 
at doses up to 5 g/day/person and have an LD50 in the range of 
ethanol, fructose, and sodium chloride.   
We reasoned that cyclic disulfides could crosslink thiol pairs 
while minimizing dead-end Cys modifications. A reversible 
SN2-type attack of a Cys thiolate upon a cyclic disulfide would 
result in thiolate-disulfide interchange concomitant to ring 
opening to form a terminal thiolate. If this terminal thiolate was 
within binding distance of a sulfenate (i.e. oxidized Cys), a 
crosslink could form by their condensation to a disulfide bond 
(Figure 1, Mechanism II).23 Otherwise, the cyclic disulfide 
would be released by the reverse (thiolate-disulfide inter-
change) reaction (Figure 1, Mechanism I). Furthermore, if 
mono-S-oxo cyclic disulfides (cyclic thiosulfinates) were used 
instead, thiolate oxidation, the slowest step of the crosslinking 
reaction sequence, would not be required (Figure 1, Mecha-
nism III). Instead, thiolate-disulfide interchange with a cyclic 
thiosulfinate would lead directly to a disulfide-bound terminal 
sulfenic acid, which would rapidly form a crosslink by condens-
ing with the second, nearby thiolate, releasing water.23 Thio-
late-disulfide interchange proceeds through a linear trisulfide-

like intermediate comprised of nucleophilic-(Sn), center-(Sc), 
and leaving group-(Sl) sulfurs with Brønstead coefficients (β) 
of ~0.5, -0.3, and -0.7, respectively.19, 24 The Brønstead  coeffi-
cients of -0.7 and -0.3 for the leaving group and central sulfur, 
respectively, and our quantum mechanical calculations (Fig-
ure 1, bottom panel) imply that the rate of thiolate-disulfide 
interchange is highly sensitive and inversely proportional to 
the pKa of Sl. We used DFT calculations to understand the ori-
gins of the nearly 110-fold reactivity increase of 1 towards lone 
thiolates over 5 and the observed reversibility. We performed 
a conformational search on the starting materials, transition 
structures, and intermediates (full computational details are 

 

 
Figure 1. Proposed mechanism of thiol crosslinking using cy-
clic disulfides (blue) and cyclic thiosulfinates (red). (Top) For-
mation of the first disulfide bond is reversible. Dead-end mod-
ification is minimized by entropically favorable ring closure 
(I). Crosslinking proceeds through condensation of CysA, and a 
sulfenic acid derived from either rate limiting S-oxidation of 
thiolateB (II) or a cyclic thiosulfinate (III). (Bottom) A potential 
energy surface for the non-enzymatic reaction according to the 
mechanism proposed in the top panel. The free energy values 
are computed using M06-2X/6-311+G(d,p) IEF-
PCMH2O//M06-2X/6-31+G(d,p) IEF-PCMH2O. #The dotted blue 
line indicates an activation barrier derived from the zeroth-or-
der half-life kinetics of the oxidation of 5. Details on energy 
value of structures 3a and 3b are given in SI Section II, O. 
-kcal mol-1 experimentally-derived enthalpy from re 132-װ 
ported values of heat of formation of water and experimentally 
determined bond energy of dimethyl disulfide.25-26 ◊The acti-
vation barrier for TS(3a→4) is 0.5 kcal mol-1 higher than 
TS(3b→4) (11.5 kcal mol-1) (Figure S10). Transition struc-
tures for the nucleophilic addition of MeS– to 1 and 5 are 
shown. The bond lengths and energy values are reported in Å 
and kcal mol–1, respectively. 
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provided in the Section II-part N of the SI). We represented a 
Cys thiolate as methyl thiolate to reduce the conformational 
search space and computation time.  
The 2.9 kcal mol–1 lower activation free energy of TS(1→2b) vs. 
TS(5→2a) is due to more favorable frontier molecular orbital 
interactions in the transition state. The σ* orbital (Figure S11) 
of 1 is 0.21 eV lower in energy than that of 5, thus lowering the 
energy of TS(1→2b). The ring-opening step for 1 and 5 are en-
dergonic (∆G = 4.6 and 5.4 kcal mol–1, respectively) and reversi-
ble, consistent with experiments. The formation of the cross-
linked product and water is thermodynamically favored, over 
130 kcal mol–1 lower in free energy than the reactants (1 and 
5).25-26  Upon ring-opening of 1,2-dithiane, 2a is slowly oxi-
dized (t1/2 = 10 days) to 3a, which is rate-determining and af-
fords the final crosslinked product. The QM results highlight 
two major implications for the low pKa sulfenic acid group. 
First, the nucleophilic attack on the non-oxo-thiosulfinate S, 
which releases sulfenic acid, is >10-fold faster and therefore 
more likely than the attack on the more electrophilic sulfinyl 
sulfur. Second, in addition to eliminating the need for rate-lim-
iting thiol oxidation, thiosulfinates, through the sulfenate inter-
mediate generated, also increase the rate of thiolate-disulfide 
interchange.  
To test the crosslinking activity of cyclic disulfides and cyclic 
thiosulfinates, 1,2-dithiane and 1,2-dithiane-1-oxide were syn-
thesized and incubated with SOD1, a homodimeric protein con-
taining a solvent accessible thiol pair (Cys111A + B, 8 Å apart) on 
adjacent subunits.  The reaction was monitored using a mass 
spectrometry (MS) assay that uses a combination of increased 
voltage within the region of hypersonic gas expansion and brief 
treatment with 10% formic acid to create exclusively mono-
meric SOD1 or covalently crosslinked SOD1 dimer. Formic acid 
also quenches the reaction, transforming any reactive thiolates 
to unreactive thiols. As a result, if no reaction occurs, only apo 
SOD1 monomer is detected (Figure 2, top). Consistent with 
our hypothesized mechanism: 1) 1,2-dithiane-1-oxide, but not 
1,2-dithiane, resulted in rapid and complete dithiolate cross-
linking (half-life ~2-3 min) of SOD1 (Figures 2, middle and 
Figure S1); 2) no binding to single Cys residues (SOD1 has free 
Cys111 and Cys6) was observed in any sample with either com-
pound;  3) No crosslinking was observed without the loss of the 
oxygen from the S-oxo of 1,2-dithiane-1-oxide; 4) No crosslink-
ing was observed when incubating 1,2-dithiane-1-oxide with 
C111S SOD1 (Figure S2). Given sufficient time for thiolates to be 
oxidized to sulfenic acid (which occurs on the order of days-
weeks), even 1,2-dithiane was expected to crosslink SOD1. Af-
ter 72 h of incubation with 1,2-dithiane, 11% of SOD1 had 
formed the expected covalent dimer (Figure S3). Comparable 
results were observed from the incubation of SOD1 with 1,2-
dithiepane and 1,2-dithiepane-1-oxide (Figure S12).  
To demonstrate the utility of 1,2-dithaine-1-oxide as a cell pen-
etrating, dithiol pair crosslinker, the crosslinking reaction was 
examined both in two widely used human cell lines (Hep G2 
and HeLa), and with purified SOD1 in the presence of compet-
ing reduced glutathione or DTT. Hep G2 and HeLa cells both 
contain approximately  5 mM glutathione.27 Hep G2 cells (Fig-
ure 2, bottom) and HeLa cells (Figure S4) incubated with var-
ious concentrations of 1,2-dithaine-1-oxide for 30 min showed 
an EC50 of ~5 µM in western blots, confirming that cellular con-
ditions do not prohibit crosslinking. Cell viability was not af-
fected by 1,2-dithiane-1-oxide concentrations that were 50-
fold higher than the EC50, and the LC50 of 1,2-dithiane-1-oxide 
was approximately 200-fold greater than its EC50 (Figure S5). 
Consistent with the cellular studies, crosslinking of purified 

SOD proceeded to completion in the presence of 10:1 ratio of 
glutathione:1,2-dithiane-1-oxide (Figure S8), and even in the 
presence of equimolar concentrations of the reducing agent di-
thiothreitol (DTT) (Figure S9). The rate of crosslinking was de-
creased in the presence of competing reductants, presumably 
due to reversible thiolate-disulfide interchange between re-
ductants and 1,2-dithiane-1-oxide (no glutathionyl or DTT ad-
ducts with 1,2-dithiane-1-oxide or SOD1 were observed). 
These results confirm the utility of these crosslinkers even in 
presence of modest amounts of additional reducing agents.  
Cyclic disulfides28 and their derivitives (e.g. dithiolene 
thiones)29 have been used therapeutically and many of their 
targets are known. However, the binding mechanism of these 
drugs, including that of the nutritional supplement and diabetic 
complication treatment, α-lipoic acid (ALA), have not been 
characterized.30 To broaden the applicability of cyclic disulfide 

Figure 2. Thiol crosslinking by cyclic thiosulfinates kinetically 
stabilizes the SOD1 dimer in vitro and in cells.  Representative 
raw (Top left) and deconvoluted (Top right) mass spectra used 
for calculating crosslinking rates (Middle). The 31,808 Da mo-
lecular mass of the crosslinked dimer (D) supports the mech-
anism proposed in Figure 1 (e.g. two SOD1 monomers [2 x 
15,844 Da (M)] + 1,2-dithiane-1-oxide [136 Da] – oxygen [16 
Da]). After 10 min of incubation 1,2-dithiane-1-oxide and 1,2-
dithiane crosslinked 95% and 0% of SOD1, respectively. Con-
sistent with the rate of cyclic disulfide crosslinkers being lim-
ited by thiol oxidation, 1,2-dithiane crosslinks only 11% of 
SOD1 after three days (Figure S3). (Bottom) Western blot of 
SOD1 from Hep G2 cells incubated with various concentra-
tions of compounds for 30 min. EC50s for 1,2-dithiane-1-oxide 
crosslinking were 1-5 µM in Hep G2 and HELA (Figure S4) 
cells. 
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mediated crosslinking and explore a potential MOA, ALA was 
purchased and β-lipoic acid (BLA) was synthesized and as-
sayed as above. Compared to ALA, BLA crosslinked SOD1 in 
cells and crosslinked 30% more SOD1 in vitro (Figure S6 and 
S7). Notably, the terminal carboxylic acid on ALA and BLA pre-
sents an opportunity for functionalization.31   
Critical features of cyclic thiosulfinate reactivity include: 1) 
toxic binding to single thiolates is reversible through thiolate-
disulfide interchange but thiol pair crosslinking is not; 2) the 
leaving group is expended upon crosslinking; 3) crosslinking 
proceeds in water and is driven by the considerable bond en-
thalpies of S-S bond and water formation (-132 kcal mol-1), re-
sulting in high yields; 4) Reactive functional groups, including 
carboxylates, amines, and disulfides, are avoided; 5) Cyclic di-
sulfide S-S bond strength and reactivity has a strain-depend-
ence that greatly exceeds that of rings composed of period-two 
elements;18 and 6) competing reductants are tolerated and 
crosslinking can occurs in cells.  
In summary, cyclic disulfide reactivity, including reversible 
binding to lone thiols, is predictable and highly tunable. Cyclic 
thiosulfinate crosslinkers have potential as: 1) A less toxic al-
ternative to Cys specific di-ene crosslinkers and phenylarsine 
oxide crosslinkers, which can both react with monothiols,32 2) 
Probes for proteinaceous Cys-dithiolates, which perform es-
sential in vivo functions and often serve as metal and metal-
locofactor ligands,33-35 3) Inter-functional group distance 
measurement tools, 4) Biocompatible templates for higher or-
der structures in polymer synthesis, and 5) Cellular thiol pair 
crosslinkers. 

ASSOCIATED CONTENT  

Supporting Information 

The Supporting Information is available free of charge on the 
ACS Publications website (link) at DOI (#####, with link). Ex-
perimental procedures and characterization data for reactions 
and products (PDF link). 

AUTHOR INFORMATION 

Corresponding Author 

*j.agar@northeastern.edu 

Notes 

The authors declare no competing financial interests. 

ACKNOWLEDGMENT  

This work was supported in part by the NIH R01NS065263, the 
Robert Johnston Foundation, and ALSA 18-IIA-420. S. A. L. 
thanks the NSF through the Extreme Science and Engineering 
Discovery Environment (TG-CHE170074), the Discovery HPC 
Cluster for computational resources, and NEU for financial sup-
port. We thank Mary Jo Ondrechen for thoughtful discussion 
and Nicholas Schmitt for his careful review. 

REFERENCES 

   (1) Hoyle, C. E.; Bowman, C. N., Angew. Chem., Int. Ed. 2010, 49 (9), 
1540-73. 
   (2) Kuhl, N.; Geitner, R.; Vitz, J.; Bode, S.; Schmitt, M.; Popp, J.; Schubert, 
U. S.; Hager, M. D., J. Appl. Polym. Sci. 2017, 134 (19), 1-8. 
   (3) Lockhart, J. N.; Beezer, D. B.; Stevens, D. M.; Spears, B. R.; Harth, E., 
J. Control. Release 2016, 244, 366-374. 
   (4) Wang, J. Q.; Zhang, F. J.; Tsang, W. P.; Wan, C.; Wu, C., Biomaterials 
2017, 120, 11-21. 

   (5) Killops, K. L.; Campos, L. M.; Hawker, C. J., J. Am. Chem. Soc. 2008, 
130 (15), 5062-5064. 
   (6) Marculescu, C.; Kossen, H.; Morgan, R. E.; Mayer, P.; Fletcher, S. A.; 
Tolner, B.; Chester, K. A.; Jones, L. H.; Baker, J. R., Chem. Commun. 2014, 
50 (54), 7139-7142. 
   (7) Auclair, J. R.; Boggio, K. J.; Petsko, G. A.; Ringe, D.; Agar, J. N., Proc. 
Natl. Acad. Sci. U.S.A. 2010, 107 (50), 21394-21399. 
   (8)Konermann, L.; Vahidi, S.; Sowole, M. A., Anal. Chem. 2014, 86 (1), 
213-232. 
   (9) Baillie, T. A., Angew. Chem., Int. Ed. 2016, 55 (43), 13408-13421. 
   (10) Valenzano, K. J.; Khanna, R.; Powe, A. C.; Boyd, R.; Lee, G.; 
Flanagan, J. J.; Benjamin, E. R., Assay Drug Dev. Technol. 2011, 9 (3), 
213-235. 
   (11) Narita, A.; Shirai, K.; Itamura, S.; Matsuda, A.; Ishihara, A.; 
Matsushita, K.; Fukuda, C.; Kubota, N.; Takayama, R.; Shigematsu, H.; 
Hayashi, A.; Kumada, T.; Yuge, K.; Watanabe, Y.; Kosugi, S.; Nishida, H.; 
Kimura, Y.; Endo, Y.; Higaki, K.; Nanba, E.; Nishimura, Y.; Tamasaki, A.; 
Togawa, M.; Saito, Y.; Maegaki, Y.; Ohno, K.; Suzuki, Y., Ann. Clin. Transl. 
Neurol. 2016, 3 (3), 200-215. 
   (12) Liu, Q.; Sabnis, Y.; Zhao, Z.; Zhang, T.; Buhrlage, S. J.; Jones, L. H.; 
Gray, N. S., Chem. Biol. 2013, 20 (2), 146-159. 
   (13) Nelson, V.; Ziehr, J.; Agulnik, M.; Johnson, M., Onco Targets Ther. 
2013, 6, 135-143. 
   (14) Hald, J.; Jacobsen, E., Lancet (London, England) 1948, 2 (6539), 
1001-1004. 
   (15) Lindberg, P.; Nordberg, P.; Alminger, T.; Brandstrom, A.; 
Wallmark, B., J. Med. Chem. 1986, 29 (8), 1327-1329. 
   (16) Shin, J. M.; Besancon, M.; Simon, A.; Sachs, G., Biochim. Biophys. 
Acta 1993, 1148 (2), 223-233. 
   (17) Ferri, N.; Corsini, A.; Bellosta, S., Drugs 2013, 73 (15), 1681-1709. 
   (18) Burns, J. A.; Whitesides, G. M., J. Am. Chem. Soc. 1990, 112 (17), 
6296-6303. 
   (19) Szajewski, R. P.; Whitesides, G. M., J. Am. Chem. Soc. 1980, 102 
(6), 2011-2026. 
   (20) Singh, R.; Whitesides, G. M., J. Am. Chem. Soc. 1990, 112 (17), 
6304-6309. 
   (21) Abegg, D.; Gasparini, G.; Hoch, D. G.; Shuster, A.; Bartolami, E.; 
Matile, S., J. Am. Chem. Soc. 2017, 139 (1), 231-238. 
   (22) Zong, L.; Bartolami, E.; Abegg, D.; Adibekian, A.; Sakai, N.; Matile, 
S., ACS Cent. Sci. 2017, 3 (5), 449-453. 
   (23) Gupta, V.; Carroll, K. S., Chem. Sci. 2016, 7 (1), 400-415. 
   (24) Shaked, Z.; Szajewski, R. P.; Whitesides, G. M., Biochemistry 1980, 
19 (18), 4156-4166. 
   (25) Cox, J. D.; Wagman, D. D.; Medvedev, V. A., CODATA key values for 
thermodynamics. Hemisphere Pub. Corp.: New York, 1989, p 7. 
   (26) Nicovich, J. M.; Kreutter, K. D.; Van Dijk, C. A.; Wine, P. H., J. Phys. 
Chem.  1992, 96 (6), 2518-2528. 
   (27) Jiang, X.; Yu, Y.; Chen, J.; Zhao, M.; Chen, H.; Song, X.; Matzuk, A. J.; 
Carroll, S. L.; Tan, X.; Sizovs, A.; Cheng, N.; Wang, M. C.; Wang, J., ACS 
Chem. Biol. 2015, 10 (3), 864-874. 
   (28) Sun, H.; Yao, W.; Tang, Y.; Zhuang, W.; Wu, D.; Huang, S.; Sheng, 
H., J. Clin. Lab. Anal. 2017, 31 (6), 1-7. 
   (29) Nare, B.; Smith, J. M.; Prichard, R. K., Biochem. Pharmacol. 1992, 
43 (6), 1345-1351. 
   (30) Shay, K. P.; Moreau, R. F.; Smith, E. J.; Smith, A. R.; Hagen, T. M., 
Biochim. Biophys. Acta 2009, 1790 (10), 1149-1160. 
   (31) Gasparini, G.; Sargsyan, G.; Bang, E. K.; Sakai, N.; Matile, S., Angew. 
Chem., Int. Ed. 2015, 54 (25), 7328-7331. 
   (32) Schmidt, A.-C.; Koppelt, J.; Neustadt, M.; Otto, M., Rapid Commun. 
Mass Spectrom. 2007, 21 (2), 153-163. 
   (33) Alon, A.; Grossman, I.; Gat, Y.; Kodali, V. K.; DiMaio, F.; Mehlman, 
T.; Haran, G.; Baker, D.; Thorpe, C.; Fass, D., Nature 2012, 488 (7411), 
414-418. 
   (34) Owen, G. R.; Channell, J. A.; Forsyth, V. T.; Haertlein, M.; Mitchell, 
E. P.; Capovilla, A.; Papathanasopoulos, M.; Cerutti, N. M., Biochemistry 
2016, 55 (15), 2227-2237. 
   (35) Gutle, D. D.; Roret, T.; Hecker, A.; Reski, R.; Jacquot, J. P., Plant Sci. 
2017, 255, 1-11. 

 

Page 4 of 5

ACS Paragon Plus Environment

Journal of the American Chemical Society

1
2
3
4
5
6
7
8
9
10
11
12
13
14
15
16
17
18
19
20
21
22
23
24
25
26
27
28
29
30
31
32
33
34
35
36
37
38
39
40
41
42
43
44
45
46
47
48
49
50
51
52
53
54
55
56
57
58
59
60

mailto:*j.agar@northeastern.edu


 

 

5 

 

Table of Contents Figure  

 

Page 5 of 5

ACS Paragon Plus Environment

Journal of the American Chemical Society

1
2
3
4
5
6
7
8
9
10
11
12
13
14
15
16
17
18
19
20
21
22
23
24
25
26
27
28
29
30
31
32
33
34
35
36
37
38
39
40
41
42
43
44
45
46
47
48
49
50
51
52
53
54
55
56
57
58
59
60


