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Chemoselective Peptide Ligation–Desulfurization Chemistry at Aspartate 

Robert E. Thompson, Bun Chan, Leo Radom, Katrina A. Jolliffe, Richard J. Payne* 

Native chemical ligation is an extremely powerful method for the 
convergent assembly of proteins from smaller peptide fragments.[1] 
The methodology has been employed in the synthesis of numerous 
homogeneous proteins, including those possessing post-translational 
modifications, and has therefore contributed to our understanding of 
protein structure and function.[1d, 2] The process involves the 
reversible thioesterification reaction between a cysteine (Cys) 
residue, located at the N-terminus of a peptide fragment, with 
another peptide bearing a C-terminal thioester (Scheme 1). The 
resulting thioester intermediate subsequently rearranges through a 
rapid SN acyl shift to provide the ligated peptide or protein 
product. 
     The Cys residue which remains at the ligation site following the 
reaction can be manipulated via hydrogenation[3] or radical-based[4] 
desulfurization chemistry, to convert Cys residues to alanine (Ala) 
[5]  and has been widely adopted, featuring in the total chemical 
synthesis of several complex proteins and glycoproteins.[6] In 
addition, it has recently been demonstrated that desulfurization 
reactions can be carried out following native chemical ligation 
without purification of the intermediate Cys-containing peptide 
using solid-supported thiol scavengers, thus streamlining and 
improving the efficiency of the methodology.[7] Further expansion 
of the native chemical ligation–desulfurization concept has been 
made possible through synthetic amino acids bearing side-chain 
thiol groups, which can facilitate ligation reactions in a similar 
manner to a Cys residue when incorporated at the N-terminus of 
peptide fragments. These amino acids can be efficiently desulfurized 
to afford the native residue following the ligation event (Scheme 

1).[8] Although these thiol-containing amino acids have greatly 
expanded the repertoire of peptide ligation chemistry, highlighted 
through their use in the assembly of large peptides and proteins,[8e, 8f, 

8k, 9] the vast majority of building blocks have not found wide utility 
owing to the lengthy syntheses required to access them. Herein we 
describe our efforts toward the development of a short and scalable 
route to a suitably protected -mercapto aspartate (Asp) residue and 
its implementation in ligation chemistry. Furthermore, we 
demonstrate that selective desulfurization of this residue within 
ligation products is possible in the presence of unprotected Cys 
residues.  
     We proposed access to the suitably protected -mercapto Asp 
building block 1 via a robust three-step synthetic route from the 
affordable and commercially available amino acid Boc-Asp(OtBu)-
OH 2 (USD$10/g). The acid-labile 2,4,6-trimethoxybenzyl (Tmob) 
protected thiol moiety was installed at the -position through the use 
of the novel sulfenylating reagent 3, which was itself prepared in 
high yield through the condensation of 2,4,6-trimethoxybenzyl 
alcohol 4 and potassium toluene thiosulfonate 5 (Scheme 2, see 
Supporting Information for synthetic details). Allyl (All) ester 
protection of Boc-Asp(OtBu)-OH 2 provided the fully protected Asp 
derivative 6. Treatment of 6 with two equivalents of lithium 
hexamethyldisilazide (LiHMDS) at low temperature generated the 
corresponding dianion, which was treated with sulfenylating agent 3 
to afford the Tmob-protected -mercapto amino acid 7, produced as 
a 9:1 diastereomeric mixture in favor of the syn-(erythro) isomer. 
These two diastereoisomers could be separated by column 
chromatography to provide erythro-7 in 56% yield, the 
stereochemistry of which was confirmed by NMR coupling constant 
analysis (see Supporting Information).[10] Finally, palladium(0)-
catalyzed All ester deprotection afforded the desired -mercapto 
Asp building block 1 in 80% yield. Overall, 1 was prepared in three 
steps from 2 in 45% overall yield.  
     Having successfully prepared 1, the building block was smoothly 
incorporated into model peptide 8 using standard Fmoc-strategy 
solid-phase peptide synthesis (SPPS) (see Supporting Information 
for synthetic details). Ligation reactions between peptide 8 and a 
number of peptide thioesters 9–13 bearing a representative selection 
of C-terminal residues were next carried out to determine the scope 
of the reaction (Table 1, see Supporting Information). Ligations 
were conducted in a denaturing buffer comprising 6 M guanidine 
hydrochloride (GnHCl), 200 mM HEPES and 50 mM tris-(2-
carboxyethyl)phosphine (TCEP) at 37 oC and pH 7.3-7.5. 
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Scheme 1. Native chemical ligation and ligation at thiol-bearing 
amino acids followed by desulfurization. 

Scheme 2. Synthesis of mercapto Asp building block 1
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Gratifyingly, each peptide ligation proceeded to completion with 
rates comparable to those reported for native chemical ligation of 
peptides bearing N-terminal cysteine residues (see Supporting 
Information).[11] Interestingly, while it has been shown that the rate 
of ligation at -mercapto leucine is faster with the threo-
diasteroisomer,[8g] we determined that ligations at-mercapto Asp 
were equally facile with either diastereoisomer  (see Supporting 
Information for rate comparison studies). Following reverse-phase 
HPLC purification, the ligation products were isolated in excellent 
yields (71–82%, entries 1–5, Table 1). Following isolation, the 
ligation products were subsequently subjected to a radical-based 
desulfurization[4] reaction using VA-044 in the presence of TCEP 
and reduced glutathione,[8c] providing the native peptide products in 
63–76% yields (entries 1–5, Table 1).  
 
Table 1. Ligation–desulfurization reactions at Asp.  

[a] Isolated yields after HPLC purification. Ligation conditions: 5 mM 

8 in buffer (6 M Gn•HCl, 200 mM HEPES, 50 mM TCEP), PhSH (2 

vol%), 37 °C, pH 7.3–7.5, 24 h. Desulfurization conditions: 5 mM in 

buffer (6 M Gn•HCl, 200 mM HEPES, 250 mM TCEP), reduced 

glutathione (40 mM), VA-044 (20 mM), pH 6.5–7.0, 37 °C, 16 h. 

     Although ligation–desulfurization reactions have greatly 
expanded the scope of ligation chemistry, a major limitation is the 
inability to chemoselectively desulfurize the installed thiol auxilliary 
in the presence of free sulfhydryl side chains of native Cys residues. 
This necessitates global protection of the Cys side chains in the 
sequence,[12]  thus preventing the use of expressed protein ligation 
methodologies with recombinantly expressed fragments.[13]  
     Given these significant limitations, we were interested in 
exploring a chemoselective desulfurization reaction at -mercapto 
Asp. We were inspired by the recent reports of radical 
deselenization of selenocysteine,[14] -selenolphenylalanine[15] and 
-selenolproline,[8j] which could be effected in the presence of 
unprotected cysteine residues in the absence of a radical initiator by 
treating ligation products with TCEP and dithiothreitol (DTT). This 
selectivity may be attributed to the weaker selenium–carbon bond 
strength compared with the sulfur–carbon bond, together with the 
greater propensity of selenium to form radicals. It should be noted, 
however, that Cys residues have been reportedly desulfurized in the 
absence of a radical initiator when treated with excess phosphine, 
albeit upon heating.[16] We envisaged that a desulfurization reaction 
of thiol-containing amino acids may be correlated with C–S bond 
strengths i.e. the energy necessary to generate the -carbon-centered 
radical, and that the propensity of radical formation would be 
governed by neighboring functional groups. For -mercapto Asp, 
we hypothesized that the electronic properties of the 

carboxylate/carboxylic acid functionality at the -position may 
weaken the C–S bond, thus affecting the rate of desulfurization. 
Through in silico investigations, carbon-centered radicals with an 
adjacent carboxylic acid group have been predicted to be stabilized 
relative to the unsubstituted counterparts and, as such, we 
anticipated that selective desulfurization of -mercapto Asp over 
Cys may prove possible.[17]  
     To further probe this concept, we performed computational 
studies on model systems 14–16 to predict the bond dissociation 
energies (BDEs) corresponding to the cleavage of the C–S and S–H 
bonds in cysteine, -mercapto aspartate and -mercapto aspartic 
acid (Figure 1, see Supporting Information). The BDEs of the S–H 
bonds of 14–16, calculated with the high-level G3X(MP2)-RAD 
procedure,[18] were found to be very similar (353.1–357.9 kJ mol–1) 
and significantly larger than the energy required to break the C–S 
bonds in these molecules. There was a negligible difference between 
the C–S BDEs of 14 and 15 (308.5 and 308.0 kJ mol–1, respectively) 
despite the presence of a carboxylate side chain in 15.  However, 
upon protonation of the carboxylate (as in 16), the C–S bond was 
predicted to be significantly weaker (BDE = 298.3 kJ mol–1). 
Notably, the ~10 kJ mol–1 lower BDE of 16 compared with 14 and 
15 corresponds to a roughly two orders of magnitude increase in 
rate for the homolytic cleavage of the C–S bond at room 
temperature, suggesting that selective desulfurization of -mercapto 
Asp may be possible in the presence of Cys. 

Figure 1. C–S BDEs of model peptides 14–16. 

 
     Based on our computational results, we moved to investigate the 
development of a one-pot chemoselective ligation–desulfurization 
reaction. To this end, we first synthesized peptide 17 bearing both a 
β-mercapto Asp residue on the N-terminus and a cysteine residue 
within the peptide sequence (Table 2). This peptide was reacted with 
peptide thioester 9 bearing a C-terminal Gly residue under identical 
conditions to those described previously (entry 1, Table 2). The 
reaction reached completion to provide the desired ligation product 
after 30 minutes, and after this time thiophenol was extracted from 
the ligation mixture to prevent this from hindering the 
desulfurization reaction rate.[19] Following removal of the aryl thiol, 
the mixture was immediately treated with 250 mM TCEP and 50 
mM DTT and reactions at a variety of temperatures and pHs were 
assessed. The most rapid rate of desulfurization and complete 
selectivity was observed when the reaction was conducted at pH = 3 
at 65 oC. Increasing the pH of the desulfurization reaction led to a 
distinct decrease in the desulfurization rate of the β-mercapto Asp 
residue, thus leading to a loss in desulfurization selectivity over the 
side chain of Cys (see Supporting Information for HPLC data). This 
result is consistent with the computational results where the C–S 
bond is predicted to be significantly weaker when the side chain 
carboxylate is protonated (pKa of -CO2H of Asp = 3.86). After 
incubating for 20 h under the optimized conditions, HPLC-MS 
analysis revealed complete consumption of the ligation product and 
showed only the singly-desulfurized 18 as the major product, 
together with two minor by-products. Gratifyingly, purification by 
reverse-phase HPLC provided 18 in 48% isolated yield over the two 
steps, the identity of which was confirmed by spectroscopic 
comparison to an authentic sample of 18 (entry 1, Table 2).  

Entry Peptide Thioester (X = ) Ligation 
yield[a] [%] 

Desulfurization 
yield[a] [%] 

1 G (9) 80 75 

2 

3 

4 

5 

A (10) 

M (11) 

F (12) 

V (13) 

82 

71 

78 

75 

71 

63 

76 

71 
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Table 2. One-pot ligation–chemoselective desulfurization reactions. 
 
[a] Isolated yields after HPLC purification over two steps. [b] Analytical 
yield from HPLC-MS analysis. Conditions: 5 mM 17, 19–27 in buffer 
(6M Gn•HCl, 200 mM HEPES, 50 mM TCEP), PhSH (2 vol.%), 37 °C, 
pH 7.2–7.4, 2 h; then Et2O washing and dilution to 2.5 mM in buffer 
(6M Gn•HCl, 200 mM HEPES, 250 mM TCEP), 50 mM DTT, 65 °C, 

pH 3.0, 20 h.  
 
     Investigation into the identity of the minor by-products revealed 
that these arose from bond cleavage at the Asp-Ser junction to 
generate two peptides, Ac-LYRANGD-OH and H-SPCYS-OH. This 
reaction is a known degradation pathway of Asp-containing peptides 
and proteins at low pH, with the propensity of peptide bond 
cleavage dictated by the nature of the amino acid found on the C-
terminal side of the Asp residue.[20] To further evaluate the nature of 
these effects, and thus the utility of the one-pot ligation–
chemoselective desulfurization methodology, we synthesized a 
range of peptides 19–27 bearing a broad range of amino acids on the 
C-terminal side of the β-mercapto Asp residue (Table 2). These 
peptides were ligated to peptide thioester 9 and after 2 h the 
reactions were treated with TCEP (250 mM) and DTT (50 mM) at 
pH 3 to effect the selective desulfurization. After incubation for 20 h, 
the crude reaction mixtures were assessed by HPLC-MS. Pleasingly, 
in all but two cases the one-pot ligation–desulfurization reactions 

provided the native peptides as the major product, without any 
detectable Cys desulfurization and only minimal peptide cleavage 
by-products (see Supporting Information for all analytical HPLC 
data). An exception was the reaction of peptide 19 bearing glycine 
on the C-terminal side of the Asp residue which generated the 
corresponding aspartimide under the desulfurization conditions 
(entry 2, Table 2). Additionally, complete cleavage of the Asp–Pro 
bond of peptide 20 occurred under these conditions (entry 3, Table 
2). These results were not unexpected and reflect the known lability 
of these bonds.[21] Gratifyingly, the one-pot ligation–chemoselective 
desulfurization reactions of all the remaining peptides possessing 
Ala (21), His (22), Lys (23), Glu (24), Asn (25), Phe (26) and Ile 
(27) residues on the C-terminal side of the -mercapto Asp moiety 
provided excellent yields of the desired singly-desulfurized products 
(30–36) over the two steps (45–63%, entries 4–10, Table 2). These 
results suggest that the one-pot ligation–chemoselective 
desulfurization reaction represents a general methodology with 
broad substrate utility.  
     Having investigated the scope of the one-pot Asp ligation–
selective desulfurization methodology, we next employed the 
methodology to assemble the extracellular N-terminal domain of the 
chemokine receptor CXCR4 bearing two homogeneous post-
translational modifications (N-linked glycosylation and Tyr 
sulfation). Our laboratory has an interest in understanding the role 
of glycosylation and sulfation of receptor N-terminal domains on 
chemokine binding[22] and in this instance the presence of three Asp 
residues and one Cys residue within the 38 amino acid sequence 
provided a perfect target to test the synthetic utility of our method. 
We proposed to assemble doubly-modified CXCR4(1-38) 37 via 
ligation between glycopeptide 38 bearing a C-terminal Met thioester 
and neopentyl (nP) protected sulfopeptide 39 possessing an N-
terminal -mercapto Asp moiety (Scheme 3, see Supporting 
Information for synthesis of 38 and 39). Ligation between 38 and 39 
was carried out under the same conditions described for the model 
systems. After 24 h, LC-MS analysis indicated that the ligation 
reaction had proceeded to completion with concomitant nP ester 
deprotection (due to nucleophilic deprotection by TCEP in the 
ligation buffer). The thiophenol was next extracted before TCEP and 
DTT were added and the reaction heated at 65 oC at pH 3.0 for 24 h 
to effect chemoselective desulfurization. After 24 h of incubation, 
HPLC-MS analysis indicated successful single desulfurization of the 
ligation product as well as a minor by-product corresponding to 
imide formation between the backbone amide and the side chain of 
Asp20. We were pleased to find that the acidic desulfurization 
conditions did not lead to loss of the acid-labile sulfate ester moiety 
in 37. Purification via reverse-phase HPLC then provided the full N-
terminal domain of CXCR4(1-38) bearing an N-linked glycan and 
Tyr sulfation in 20% yield over the two steps.  
     In summary, we have successfully developed an expedient and 
scalable route to a suitably protected β-mercapto Asp building block 
that is capable of facilitating rapid ligation to peptide thioesters with 
rates similar to those observed for native chemical ligation at Cys. 
We have used computational studies to guide the development of an 
initiator-free desulfurization of -mercapto Asp residues in the 
presence of free sulfhydryl side chains of Cys residues in peptides.  
A one-pot ligation–chemoselective desulfurization methodology at 
-mercapto Asp proved to be efficient for a number of examples, 
and was successfully employed in the synthesis of the N-terminal 
domain of CXCR4 bearing two post-translational modifications. It 
should be noted that although the results of the selective 
desulfurization reactions are consistent with the calculated BDEs 
and a radical mechanism, we cannot rule out the potential for a pH 

Entry Peptide (X =) Product (X =) Yield[a] [%] 

1 Ser (17) Ser (18) 48 

2 

3 

4 

5 

6 

7 

8 

Gly (19) 

Pro (20) 

Ala (21) 

His (22) 

Lys (23) 

Glu (24) 

Asn (25) 

Gly (28) 

Pro (29) 

Ala (30) 

His (31) 

Lys (32) 

Glu (33) 

Asn (34) 

<5[b] 

0[b] 

45 

59 

47 

57 

50 

9 Phe (26) Phe (35) 63 

10 Ile (27) Ile (36) 58 
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dependent polar pathway operating. Further investigations into the 
mechanistic aspects of this reaction will be the subject of future 
work.  
     Given the straightforward synthesis of the -mercapto Asp 
building block 1 and the operationally simple nature of the one-pot 
ligation–desulfurization protocol described, it is anticipated that this 
methodology will find widespread use in the chemical synthesis of 
peptides and proteins.  

Received: ((will be filled in by the editorial staff)) 
Published online on ((will be filled in by the editorial staff)) 

Keywords: ligation · desulfurization · peptides · aspartate · 

glycopeptides 

 
[1] a) P. E. Dawson, T. W. Muir, I. Clark-Lewis, S. B. H. Kent, Science 

1994, 266, 776-779; b) P. E. Dawson, S. B. H. Kent, Annu. Rev. 
Biochem. 2000, 69, 923-960; c) T. M. Hackeng, J. H. Griffin, P. E. 
Dawson, Proc. Natl. Acad. Sci. U. S. A. 1999, 96, 10068-10073; d) S. 
B. H. Kent, Chem. Soc. Rev. 2009, 38, 338-351. 

[2] a) D. P. Gamblin, E. M. Scanlan, B. G. Davis, Chem. Rev. 2009, 109, 
131-163; b) R. J. Payne, C. H. Wong, Chem. Commun. 2010, 46, 21-
43; c) L. Raibaut, N. Ollivier, O. Melnyk, Chem. Soc. Rev. 2012, 41, 
7001-7015. 

[3] L. Z. Yan, P. E. Dawson, J. Am. Chem. Soc. 2001, 123, 526-533. 
[4] Q. Wan, S. J. Danishefsky, Angew. Chem. 2007, 119, 9408-9412; 

Angew. Chem. Int. Ed. 2007, 46, 9248-9252. 
[5] a) H. Rohde, O. Seitz, Biopolymers 2010, 94, 551-559; b) P. E. 

Dawson, Isr. J. Chem. 2011, 51, 862-867. 
[6] a) J. A. Brailsford, S. J. Danishefsky, Proc. Natl. Acad. Sci. U. S. A. 

2012, 109, 7196-7201; b) B. L. Wilkinson, R. S. Stone, C. J. 
Capicciotti, M. Thaysen-Andersen, J. M. Matthews, N. H. Packer, R. 
N. Ben, R. J. Payne, Angew. Chem. 2012, 124, 3660-3670; Angew. 
Chem. Int. Ed. 2012, 51, 3606-3610; c) P. Wang, S. Dong, J. A. 
Brailsford, K. Iyer, S. D. Townsend, Q. Zhang, R. C. Hendrickson, J. 
Shieh, M. A. S. Moore, S. J. Danishefsky, Angew. Chem. 2012, 124, 
11744-11752; Angew. Chem. Int. Ed. 2012, 51, 11576-11584; d) M. 
Murakami, R. Okamoto, M. Izumi, Y. Kajihara, Angew. Chem. 2012, 
124, 3627-3624; Angew. Chem. Int. Ed. 2012, 51, 3567-3572; e) I. 
Sakamoto, K. Tezuka, K. Fukae, K. Ishii, K. Taduru, M. Maeda, M. 
Ouchi, K. Yoshida, Y. Nambu, J. Igarashi, N. Hayashi, T. Tsuji, Y. 
Kajihara, J. Am. Chem. Soc. 2012, 134, 5428-5431; f) S. H. Liu, B. L. 
Pentelute, S. B. H. Kent, Angew. Chem. 2012, 124, 1017-1023; Angew. 
Chem. Int. Ed. 2012, 51, 993-999; g) P. Siman, O. Blatt, T. Moyal, T. 
Danieli, M. Lebendiker, H. A. Lashuel, A. Friedler, A. Brik, 
ChemBioChem 2011, 12, 1097-1104. 

[7] Tal Moyal, H. P. Hemantha, P. Siman, M. Refua, A. Brik, Chem. Sci. 
2013, 4, 2496-2501. 

[8] a) D. Crich, A. Banerjee, J. Am. Chem. Soc. 2007, 129, 10064-10065; 
b) J. Chen, Q. Wan, Y. Yuan, J. Zhu, S. J. Danishefsky, Angew. Chem. 
2008, 120, 8649-8652; Angew. Chem. Int. Ed. 2008, 47, 8521-8524; c) 
C. Haase, H. Rohde, O. Seitz, Angew. Chem. 2008, 120, 6912-6915; 
Angew. Chem. Int. Ed. 2008, 47, 6807-6810; d) R. Yang, K. K. 
Pasunooti, F. Li, X. W. Liu, C. F. Liu, J. Am. Chem. Soc. 2009, 131, 
13592-13593; e) K. S. Ajish Kumar, M. Haj-Yahya, D. Olschewski, H. 
A. Lashuel, A. Brik, Angew. Chem. 2009, 121, 8234-8238; Angew. 
Chem. Int. Ed. 2009, 48, 8090-8094; f) Z. Harpaz, P. Siman, K. S. 
Kumar, A. Brik, ChemBioChem 2010, 11, 1232-1235; g) Z. Tan, S. 

Shang, S. J. Danishefsky, Angew. Chem. 2010, 122, 9690-9693; 
Angew. Chem. Int. Ed. 2010, 49, 9500-9503; h) J. Chen, P. Wang, J. 
Zhu, Q. Wan, S. J. Danishefsky, Tetrahedron 2010, 66, 2277-2283; i) 
S. Shang, Z. Tan, S. Dong, S. J. Danishefsky, J. Am. Chem. Soc. 2011, 
133, 10784-10786; j) S. D. Townsend, Z. Tan, S. Dong, S. Shang, J. A. 
Brailsford, S. J. Danishefsky, J. Am. Chem. Soc. 2012, 134, 3912-
3916 ; k) P. Siman, S. V. Karthikeyan, A. Brik, Org. Lett. 2012, 14, 
1520-1523; l) L. R. Malins, K. M. Cergol, R. J. Payne, ChemBioChem 
2013, 14, 559-563. 

[9] a) S. Y. Shang, Z. P. Tan, S. J. Danishefsky, Proc. Natl. Acad. Sci. U. 
S. A. 2011, 108, 5986-5989; b) S. W. Dong, S. Y. Shang, J. F. Li, Z. P. 
Tan, T. Dean, A. Maeda, T. J. Gardella, S. J. Danishefsky, J. Am. 
Chem. Soc. 2012, 134, 15122-15129; c) K. S. A. Kumar, L. Spasser, L. 
A. Erlich, S. N. Bavikar, A. Brik, Angew. Chem. 2010, 122, 9312-
9317; Angew. Chem. Int. Ed. 2010, 49, 9126-9131; d) M. Hejjaoui, M. 
Haj-Yahya, K. S. A. Kumar, A. Brik, H. A. Lashuel, Angew. Chem. 
2011, 123, 425-429; Angew. Chem. Int. Ed. 2011, 50, 405-409; e) K. S. 
A. Kumar, S. N. Bavikar, L. Spasser, T. Moyal, S. Ohayon, A. Brik, 
Angew. Chem. 2011, 123, 6261-6265; Angew. Chem. Int. Ed. 2011, 50, 
6137-6141; f) S. N. Bavikar, L. Spasser, M. Haj-Yahya, S. V. 
Karthikeyan, T. Moyal, K. S. A. Kumar, A. Brik, Angew. Chem. 2012, 
124, 782-787; Angew. Chem. Int. Ed. 2012, 51, 758-763. 

[10] N. Shibata, J. E. Baldwin, A. Jacobs, M. E. Wood, Tetrahedron 1996, 
52, 12839-12852. 

[11] T. M. Hackeng, J. H. Griffin, P. E. Dawson, Proc. Natl. Acad. Sci. U. 
S. A. 1999, 96, 10068-10073. 

[12] B. L. Pentelute, S. B. H. Kent, Org. Lett. 2007, 9, 687-690. 
[13] a) T. W. Muir, D. Sondhi, P. A. Cole, Proc. Natl. Acad. Sci. U. S. A. 

1998, 95, 6705; b) T. W. Muir, Annu. Rev. Biochem. 2003, 72, 249. 
[14] N. Metanis, E. Keinan, P. E. Dawson, Angew. Chem. 2010, 122, 7203-

7207; Angew. Chem. Int. Ed.  2010, 49, 7049-7053. 
[15] L. R. Malins, R. J. Payne, Org. Lett. 2012, 3142-3145. 
[16] Z. X. Wang, T. Rejtar, Z. S. Zhou, B. L. Karger, Rapid Commun. 

Mass Spectrom. 2010, 24, 267-275. 
[17] G. P. F. Wood, D. Moran, R. Jacob, L. Radom, J. Phys. Chem. A 2005, 

109, 6318-6325. 
[18] D. J. Henry, M. B. Sullivan, L. Radom, J. Chem. Phys. 2003, 118, 

4849-4860. 
[19] H. Rohde, J. Schmalisch, Z. Harpaz, F. Diezmann, O. Seitz, 

ChemBioChem 2011, 12, 1396-1400. 
[20] A. S. Inglis, Method Enzymol 1983, 91, 324-332 
[21] C. Oliyai, R. T. Borchardt, Pharmaceut Res 1994, 11, 751-758. 
[22] a) J. H. Y. Tan, J. P. Ludeman, J. Wedderburn, M. Canals, P. Hall, S. 

J. Butler, D. Taleski, A. Christopoulos, M. J. Hickey, R. J. Payne, M. J. 
Stone, J. Biol. Chem. 2013, 288, 10024-10034; b) D. Taleski, S. J. 
Butler, M. J. Stone, R. J. Payne, Chem. Asian J. 2011, 6, 1316-1320; 
c) J. Z. Zhu, C. J. Millard, J. P. Ludeman, L. S. Simpson, D. J. 
Clayton, R. J. Payne, T. S. Widlanski, M. J. Stone, Biochemistry 2011, 
50, 1524-1534; d) J. H. Y. Tan, M. Canals, J. P. Ludeman, J. 
Wedderburn, C. Boston, S. J. Butler, A. M. Carrick, T. R. Parody, D. 
Taleski, A. Christopoulos, R. J. Payne, M. J. Stone, J. Biol. Chem. 
2012, 287, 14692-14702. 

 
 
 
 
 
 
 
 
 

 

 
 


