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A Light-Activated Acyl Carrier Protein “Trap” for Intermediate
Capture in Type II Iterative Polyketide Biocatalysis
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Abstract: A discrete acyl carrier protein (ACP) bearing a
photolabile nonhydrolysable carba(dethia) malonyl pante-

theine cofactor was chemoenzymatically prepared and uti-
lised for the trapping of biosynthetic polyketide inter-

mediates following light activation. From the in vitro as-
sembly of the polyketides SEK4 and SEK4b, by the type II

actinorhodin “minimal” polyketide synthase (PKS), a range

of putative ACP-bound diketides, tetraketides, penta-
ketides and hexaketides were identified and characterised

by FT-ICR-MS, providing direct insights on active site ac-
cessibility and substrate processing for this enzyme class.

Polyketides constitute a prominent family of structurally and
functionally diverse secondary metabolites, comprising re-

nowned pharmaceuticals, agrochemicals and other products of
commercial interest.[1] Their biosynthesis proceeds through

multiple decarboxylative Claisen condensation steps, involving

acyl carrier protein (ACP) bound malonates and ketosynthase
(KS) bound acyl units (Figure 1 and 2 A). A polyketide carbon

backbone is assembled and modified, while remaining PKS-
bound, by auxiliary enzymes (ketoreductases, KRs; dehydratas-

es, DHs; and enoylreductases, ERs), until it is eventually re-
leased from the PKS (typically by thioesterase (TE) mediated

hydrolysis/cyclisation) and further enzymatically elaborated to

the mature bioactive product.[2] PKSs are classified as “modu-
lar” or “iterative” and into different types according to their

structural organization and modus operandi.[3]

Clinically important compounds such as the anticancer
agents doxorubicin and daunorubicin are products of type II
iterative polyketide synthase (iPKS) biocatalysis.[4] Iterative PKSs

comprise single enzymes (type III), single multi-domain mod-
ules (type I), or discrete enzymes (type II) which repetitively

employ the same catalytic activities to assemble and modify

polyketide carbon chains. In comparison to modular PKSs, for
which the nature of polyketide products is mostly predictable

on the basis of module number and composition and can be
altered or evolved,[5] the investigation and the re-programming

of iPKSs remain challenging and underexploited.
Within iPKSs, type II systems are distinctive biomolecular fac-

tories : they are found prevalently in Gram positive Actinomy-

cetes[4] and are made of discrete proteins acting in a concerted
manner to ultimately generate complex aromatic metabolites,
including tetracyclines, anthracyclines, benzoisochromanequi-
nones, tetracenomycins, aureolic acids, angucyclines and pen-

tagular polyphenols. Type II PKSs closely resemble type II fatty
acid synthases (FASs) in their essential mechanisms of sub-

strate processing, however they differ in terms of intermediate

nature and substrate binding modes adopted by their essential
ACP components.[6] Over time, the complex nature of protein–

protein and protein–substrate interactions, as well as the fast
kinetics of product assembly presented by these enzymes,

have been the object of intense scrutiny.[7] For these studies
model type II “minimal” PKS systems have often been used. In

this work, the actinorhodin minimal system has been our

model system of choice.
A type II “minimal” PKS is constituted by a heterodimeric ke-

tosynthase (KS)—chain length control (CLF) domain,[8] which
catalyses and controls polyketide chain initiation and elonga-

tion; and by a discrete acyl carrier protein (ACP). This ACP de-
livers malonyl building blocks and intermediates to the KS-CLF

Figure 1. SEK4/SEK4b biosynthesis by the type II actinorhodin (act) “minimal
system”: malonyl ACP decarboxylative Claisen condensation, driven and con-
trolled by act KS-CLF (Figure 2 A), generates an ACP-bound octaketide (2). In
the absence of further enzymatic processing (e.g. by a KR domain), SEK4
and SEK4b (4 and 5) are the main products resulting from spontaneous oc-
taketide cyclisation, dehydration and aromatisation. Legend: ACP = acyl car-
rier protein; KS-CLF = ketosynthase-chain length factor ; KR = ketoreductase.

[a] S. L. Kilgour, P. Prasongpholchai, Prof. P. B. O’Connor, Dr. M. Tosin
Department of Chemistry, University of Warwick
Library Road, Coventry, CV4 7AL (UK)
E-mail : p.oconnor@warwick.ac.uk

m.tosin@warwick.ac.uk

[b] D. P. A. Kilgour
Department of Chemistry and Forensics, Nottingham Trent University
Nottingham, NG11 8NS (UK)

Supporting information and the ORCID identification number(s) for the
author(s) of this article can be found under :
https ://doi.org/10.1002/chem.201903662.

T 2019 The Authors. Published by Wiley-VCH Verlag GmbH & Co. KGaA.
This is an open access article under the terms of the Creative Commons At-
tribution License, which permits use, distribution and reproduction in any
medium, provided the original work is properly cited.

Chem. Eur. J. 2019, 25, 16515 – 16518 T 2019 The Authors. Published by Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim16515

CommunicationDOI: 10.1002/chem.201903662

http://orcid.org/0000-0003-4340-9431
http://orcid.org/0000-0003-4340-9431
https://doi.org/10.1002/chem.201903662


complex to construct a polyketone chain via the 4’-phospho-

pantetheine (PPant) cofactor (Figures 1 and 2 A).[9] A malonyl
Coenzyme A: ACP transacylase (MCAT) normally provides ma-

lonyl extender units to discrete type II ACPs, however this is

not strictly required for a minimal system to function as type II
ACPs can self-malonylate.[10] In the absence of the ketoreduc-

tase actIII the postulated ACP-bound octaketide (2) spontane-
ously folds to afford shunt products : in the case of the aromat-

ic antibiotic actinorhodin, these are the octaketides SEK4 and
SEK4b (4 and 5 respectively, Figure 1).[8, 10] In the presence of
the ketoreductase actIII the postulated ACP-bound octaketide

(2) is converted to mutactin (3, Figure 1),[11] whereas the com-
bined action of actIII–actVII (act ketoreductases, aromatase, cy-
clase and oxidases) ultimately convert 2 to actinorhodin (6).[12]

For type II PKSs, malonyl-CoA remain the only elongating
unit known to date, whereas a variety of acyl building blocks
(e.g. , acetate, propionate, (iso)butyrate, benzoate…) can be

used to prime these enzymes, and, together with post-PKS tai-
loring enzymes (e.g. , cyclases, oxidases, aromatases and meth-
yltransferases), contribute to the structural variation of type II
PKS products.[4] In vitro reconstitution of enzyme activity[8, 10]

and in vivo genetic manipulation[13] have proved crucial in

gathering the first insights into the determinants of enzyme
priming and chain length control. More recent biophysical

studies (e.g. , X-ray crystallography[14] and NMR[15]) of type II PKS

proteins have provided more in-depth knowledge on protein/
substrate recognition and productive conformations. Some of

these investigations have relied on the enzymatic loading of
synthetically prepared intermediate mimics of ACPs, as the nat-

ural ACP-bound intermediates are intrinsically unstable and
highly reactive.[15, 16] The general inability of directly monitoring

iterative intermediate formation and processing in real time

constitutes a significant hurdle in gathering new knowledge of
enzyme kinetics and protein-substrate interactions required to

devise novel synthetic biology.[17] In our labs we have estab-

lished a chemical ‘chain termination“ methodology aimed at
the capture of transient polyketide biosynthetic intermediates

in vitro[18] and in vivo.[19–20] The method is based on the use of
small molecule probes that are nonhydrolysable mimics of

ACP-bound malonate units. In competition with these last, the
probes react with enzyme-bound biosynthetic intermediates to
off-load them in a readily available and stable form for LC-MS

characterisation. More recently we also reported the develop-
ment of nonhydrolysable mimics of PCP (peptidyl carrier pro-
tein)-bound amino acids for the investigation of nonribosomal
peptide assembly.[21]

Herein we sought to extend the scope of our methodology
to develop protein-based tools aimed at intermediate capture

in a more stringent fashion. In particular, we envisaged that an
acyl carrier protein, modified with a nonhydrolysable mimic of
malonyl pantetheine, may act as an intermediate “trap” for bio-
synthetic intermediates involved in type II PKS assembly, in
competition with the natural malonyl ACP 7 (Figure 2). In

order to explore this and gather novel insights into the act
type II PKS minimal system, a photoactivatable acyl carrier pro-

tein 9 was chemoenzymatically prepared according to Schem-
es S1 and S2 in the Supporting Information. The 4,5-di-
methoxy-2-nitrobenzyl (DMNB) photolabile group[22] was

chosen as a means to protect the pseudo-malonate moiety of
carba(dethia) malonyl ACP 8, due to its relative ease of syn-

thetic incorporation and controllable removal at a non-protein
damaging wavelength (365 nm).

Figure 2. (A) Devised type II PKS intermediate capture by the discrete acyl carrier protein “trap” 8 : this would compete with natural malonyl ACP 7 for poly-
ketide chain extension, leading to accumulation of ACP-bound nonhydrolysable intermediates. (B) Chemoenzymatic preparation of photolabile carba(dethia)
malonyl ACP 9 which, upon irradiation at 365 nm, generates 8 ; (C) FT-ICR-MS absorption mode detection of a putative nonhydrolysable ACP-bound tetrake-
tide 11 (13C-labelled, 8 + charged state) in type II minimal act PKS assays containing both 8 and 13C3-malonyl ACP (SI), with the latter in excess; (D) FT-ICR-MS
detection of a putative nonhydrolysable ACP-bound cyclised dehydrated hexaketide species 12 (7+ charged state) in similar assays containing both 8 and 7
with the former in excess (for further details, additional detected species and autocorrelation analyses please see the Supporting Information).
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From commercially available d-pantothenic acid the photo-
labile pantetheine derivative 10 was synthesised in 6 steps

(Scheme S1) and employed as substrate for the recombinant
E. coli enzymes PanK, PPAT and DPCK,[23] to generate the corre-

sponding coenzyme A photolabile derivative (Scheme S2).
Upon incubation of the latter with recombinant act apo-ACP

and the phosphopantetheinyl transferase Sfp,[24] the desired
photolabile ACP probe 9 was obtained (Figure 2 B). Light-acti-
vation of 9 was tested in the absence and in the presence of

the act KS-CLF, employing either a KiloArc Broadband Arc
Lamp or in an in-house built light box containing a circular

22 W UVA lamp[22] (Supporting Information). While isolated 9
could be deprotected to 8 within a 4 hour irradiation period

(Figure S2), negligible deprotection of 9 took place in the pres-
ence of the act KS-CLF (Figure S3). Enzymatic assays for the

production of SEK4 and SEK4b by hexahistidine-tagged act

ACP and KS-CLF were set up as previously reported,[10, 25]

adding the pre-photolysed and untagged ACP 8 at different

times and variable concentrations (Table S1). Enzymatic assay
filtration through Ni-NTA agarose beads was carried out in

order to selectively isolate any species deriving from the “un-
natural” ACP 8. The samples recovered from this operation

were concentrated and buffer-exchanged ahead of direct infu-

sion into an FT-ICR-MS spectrometer (Supporting Information).
The outcome of these experiments is illustrated in Figure 2

and detailed in the Supporting Information (Table S1).
In selected samples, putative ACP-bound nonhydrolysable

intermediates, including di, tetra, penta and hexaketide species
(including mono- and di-dehydro species) were identified and

characterised by HR-MS analysis of protein-charged states

ranging from 11 + to 6 + ; these species were absent in control
samples (Supporting Information). Also, in assays of KS-CLF

with 13C3-malonyl ACP (instead of 7) and 8, putative ACP-
bound nonhydrolysable species bearing an even number of
13C atoms were observed (Figure 2 C and Supporting Informa-
tion), consistent with their expected polyketide nature. Overall,
in the analyses of KS-CLF assays in the presence of 8, carba(de-

thia) acetyl-ACP was the most abundant species, whereas the
putative captured intermediates were present in low abun-
dance. To characterise further these species without additional
sample manipulation, the 4’-phosphopantetheine (PPant) ejec-

tion assay[26] was attempted directly on the heterogeneous
samples infused into the FT-ICR-MS, however this did not lead

to small molecule detection. The 4’-PPant ejection assay em-
ploys collisionally activated dissociation (CAD) to preferentially
cleave the 4’PPant ion. However, we cannot exclude CAD pos-
sibly fragmenting the enzyme-bound polyketide species in the
conditions employed to analyse such complex mixtures. In

order to improve the confidence with which we identified low
abundance putative ACP-bound species, we used autocorrela-

tion to identify periodic patterns in data. The result of the iso-
topic distribution of the ion at the right charge state can
indeed support the identification of signals close to the noise

threshold, as demonstrated by Palmblad et al.[27] The results of
this approach applied to our samples supported the assign-

ment of the manually identified putative species (see Support-
ing Information).

Amongst the identified species, ACP-bound diketide and tet-
raketide species were most abundantly detected in samples

deriving from the simultaneous addition of both 8 and 7,
whereas a putative di-dehydro hexaketide (Figure S9) was the
most commonly observed product, in a variety of conditions
(Table S1). Parallel experiments conducted using photolabile N-
acetylcysteamine-based chain termination probes,[22] in the in
vitro assembly of SEK4 and SEK4b, did not lead to any off-
loaded putative intermediates (data not shown), leading us to

postulate that the ACP probe interacts more efficiently with
the minimal system.

The assembly of actinorhodin by the act PKS, as well as that
of related products and other type II PKS-derived metabolites,
has been the object of intensive scrutiny and still holds a
number of unresolved questions, including several concerning

intermediate sequestration and stabilisation and protein-pro-
tein interactions.[15] Herein we have shown that, through the
use of a chemoenzymatically generated malonyl ACP nonhy-

drolysable mimic (8), direct evidence of novel ACP-bound poly-
ketone species involved in type II PKS assembly can be ob-

tained. These species, in contrast to others previously report-
ed,[28] are nonhydrolysable from the carrier protein, hence they

should constitute useful chemical biology tools for mechanistic

and structural investigations.
The ability of 8 to intercept putative biosynthetic intermedi-

ates in vitro, such as those herein presented, and, conversely,
the inability of N-acetylcysteamine based probes to do so

(data not shown), support that, for the type II act minimal
system, the KS-CLF active site is mostly accessible to ACP-

bound substrates rather than free species. The varied nature of

putative ACP-bound intermediates observed in our experi-
ments, including in those where the unnatural pseudo-malonyl

ACP 8 was present in defect to the natural malonyl ACP sub-
strate 7, suggests dynamic interactions between the KS-CLF

and the ACP, with proteins that can interchange,[29] and pro-
tein–protein interactions efficiently guiding ACP-bound sub-
strates into the KS active site for processing.[30] The putative

captured ACP-bound species detected in these experiments
may possibly reflect the kinetics of carbon chain assembly and
folding, with specific steps, for example, diketide and tetrake-
tide formation, relatively slow in comparison to others. This

would be in agreement with crystallographic studies of act KS-
CLF “caught in action” with a diketide and a tetraketide species

bound to its cysteine active site.[14] Further work will be re-
quired to corroborate the preliminary insights gathered by our
experiments. Nonetheless, the ACP probe 8 herein prepared

and evaluated constitutes a rare example of protein “trap” for
biosynthetic species[31] and the first for polyketide synthases.

Its use in conjunction with advanced FT-ICR-MS analyses and
data analysis tools represents a new promising approach for

the study of challenging biosynthetic enzymes that make use

of dynamic carrier proteins, including fatty acid synthases and
nonribosomal peptide synthetases.
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Experimental Section

The chemoenzymatic preparation of 9, its photolysis to 8 and use
of 8 in enzymatic assays generating SEK4 and SEK4b, as well as FT-
ICR-MS analyses of putative captured enzyme-bound intermedi-
ates, are reported in the Supporting Information.
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C. J. Arthur, E. Płoskoń, P. Wattana-amorn, R. J. Cox, J. Crosby, C. L. Willis,
T. J. Simpson, M. P. Crump, J. Mol. Biol. 2009, 389, 511 – 528.

[8] R. McDaniel, S. Ebert-Khosla, H. Fu, D. A. Hopwood, C. Khosla, Proc. Natl.
Acad. Sci. USA 1994, 91, 11542 – 11546.

[9] H. D. Mootz, R. Finking, M. A. Marahiel, J. Biol. Chem. 2001, 276, 37289 –
37298.

[10] A. L. Matharu, R. J. Cox, J. Crosby, K. J. Byrom, T. J. Simpson, Chem. Biol.
1998, 5, 699 – 711.

[11] P. Javidpour, J. Bruegger, S. Srithahan, T. P. Korman, M. P. Crump, J.
Crosby, M. D. Burkart, S.-C. Tsai, Chem. Biol. 2013, 20, 1225 – 1234.

[12] L. F. Wright, D. A. Hopwood, J. Gen. Microbiol. 1976, 96, 289 – 297.
[13] Y. Tang, S.-C. Tsai, C. Khosla, J. Am. Chem. Soc. 2003, 125, 12708 – 12709.
[14] A. T. Keatinge-Clay, D. A. Maltby, K. F. Medzihradszky, C. Khosla, R. M.

Stroud, Nat. Struct. Mol. Biol. 2004, 11, 888 – 893.
[15] a) X. Dong, C. D. Bailey, C. Williams, J. Crosby, T. J. Simpson, C. L. Willis,

M. P. Crump, Chem. Sci. 2016, 7, 1779 – 1785; b) G. Shakya, H. Rivera, Jr. ,
D. J. Lee, J. M. Jaremko, J. J. La Clair, D. T. Fox, R. W. Haushalter, A. J.
Schaub, J. Bruegger, J. F. Barajas, A. R. White, P. Kaur, E. R. Gwozdziowski,
F. Wong, S. C. Tsai, M. D. Burkart, J. Am. Chem. Soc. 2014, 136, 16792 –
16799.

[16] B. D. Ellis, J. C. Milligan, A. R. White, V. Duong, P. X. Altman, L. Y. Moham-
med, M. P. Crump, J. Crosby, R. Luo, C. D. Vanderwal, S.-C. Tsai, J. Am.
Chem. Soc. 2018, 140, 4961 – 4964.

[17] M. Klaus, M. Griningen, Nat. Prod. Rep. 2018, 35, 1070 – 1081.
[18] a) M. Tosin, L. Betancor, E. Stephens, W. M. A. Li, J. B. Spencer, P. F. Lea-

dlay, ChemBioChem 2010, 11, 539 – 546; b) J. S. Parascandolo, J. Have-
mann, H. K. Potter, F. Huang, E. Riva, J. Connolly, I. Wilkening, L. Song,
P. F. Leadlay, M. Tosin, Angew. Chem. Int. Ed. 2016, 55, 3463 – 3467;
Angew. Chem. 2016, 128, 3524 – 3528; c) M. E. Yurkovich, R. Jenkins, Y.
Sun, M. Tosin, P. F. Leadlay, Chem. Commun. 2017, 53, 2182 – 2185.

[19] a) M. Tosin, Y. Demydchuk, J. S. Parascandolo, C. Blasco-Per, F. J. Leeper,
P. F. Leadlay, Chem. Commun. 2011, 47, 3460 – 3462; b) M. Tosin, L.
Smith, P. F. Leadlay, Angew. Chem. Int. Ed. 2011, 50, 11930 – 11933;
Angew. Chem. 2011, 123, 12136 – 12139; c) E. Riva, I. Wilkening, S. Gazzo-
la, W. M. A. Li, L. Smith, P. F. Leadlay, M. Tosin, Angew. Chem. Int. Ed.
2014, 53, 11944 – 11949; Angew. Chem. 2014, 126, 12138 – 12143.

[20] a) H. Kage, E. Riva, J. S. Parascandolo, M. F. Kreutzer, M. Tosin, M. Nett,
Org. Biomol. Chem. 2015, 13, 11414 – 11417; b) I. Wilkening, S. Gazzola,
E. Riva, J. S. Parascandolo, L. Song, M. Tosin, Chem. Commun. 2016, 52,
10392 – 10395; c) J. Havemann, M. E. Yurkovich, R. Jenkins, S. Harringer,
W. Tao, S. Wen, Y. Sun, P. F. Leadlay, M. Tosin, Chem. Commun. 2017, 53,
1912 – 1915.

[21] Y. T. C. Ho, D. J. Leng, F. Ghiringhelli, I. Wilkening, D. P. Bushell, O. Kost-
ner, E. Riva, J. Havemann, D. Passarella, M. Tosin, Chem. Commun. 2017,
53, 7088 – 7091.

[22] S. L. Kilgour, R. Jenkins, M. Tosin, Chem. Eur. J. 2019, https://doi.org/
10.1002/chem.201903661.

[23] M. Tosin, D. Spiteller, J. B. Spencer, ChemBioChem 2009, 10, 1714 – 1723.
[24] L. E. Quadri, P. H. Weinreb, M. Lei, M. M. Nakano, P. Zuber, C. T. Walsh,

Biochemistry 1998, 37, 1585 – 1595.
[25] H. Hong, D. Spiteller, J. B. Spencer, Angew. Chem. Int. Ed. 2008, 47,

6028 – 6032; Angew. Chem. 2008, 120, 6117 – 6121.
[26] P. C. Dorrestein, S. B. Bumpus, C. T. Calderone, S. Garneau-Tsodikova,

Z. D. Aron, P. D. Straight, R. Kolter, C. T. Walsh, N. L. Kelleher, Biochemistry
2006, 45, 12756 – 12766.

[27] M. Palmblad, A. Westlind-Danielsson, J. Bergquist, J. Biol. Chem. 2002,
277, 19506 – 19510.

[28] P.-H. Szu, S. Govindarajan, M. J. Meehan, A. Das, D. D. Nguyen, P. C. Dor-
restein, J. Minshull, C. Khosla, Chem. Biol. 2011, 18, 1021 – 1031.

[29] A. Chen, R. N. Rea, M. D. Burkart, Nat. Prod. Rep. 2018, 35, 1029 – 1045.
[30] J. Dreier, N. Aseema, N. Shah, C. Khosla, J. Biol. Chem. 1999, 274,

25108 – 25112.
[31] a) E. Deery, S. Schroeder, A. D. Lawrence, S. L. Taylor, A. Seyedarabi, J.

Waterman, K. S. Wilson, D. Brown, M. A. Geeves, M. J. Howard, R. W.
Pickersgill, M. J. Warren, Nat. Chem. Biol. 2012, 8, 933 – 940; b) N. Hugue-
nin-Dezot, D. A. Alonzo, G. W. Heberlig, M. Mahesh, D. P. Nguyen, M. H.
Dornan, C. N. Boddy, T. M. Schmeing, J. W. Chin, Nature 2019, 565, 112 –
117.

Manuscript received: August 11, 2019
Revised manuscript received: October 3, 2019

Accepted manuscript online: October 9, 2019

Version of record online: December 6, 2019

Chem. Eur. J. 2019, 25, 16515 – 16518 www.chemeurj.org T 2019 The Authors. Published by Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim16518

Communication

https://doi.org/10.1007/978-1-4939-3375-4_2
https://doi.org/10.1007/978-1-4939-3375-4_2
https://doi.org/10.1007/978-1-4939-3375-4_2
https://doi.org/10.1016/S0076-6879(09)04601-1
https://doi.org/10.1016/S0076-6879(09)04601-1
https://doi.org/10.1016/S0076-6879(09)04601-1
https://doi.org/10.1002/anie.200806121
https://doi.org/10.1002/anie.200806121
https://doi.org/10.1002/anie.200806121
https://doi.org/10.1002/ange.200806121
https://doi.org/10.1002/ange.200806121
https://doi.org/10.1002/ange.200806121
https://doi.org/10.1002/ange.200806121
https://doi.org/10.1039/B507395M
https://doi.org/10.1039/B507395M
https://doi.org/10.1039/B507395M
https://doi.org/10.1039/B507395M
https://doi.org/10.1016/S0076-6879(09)04616-3
https://doi.org/10.1016/S0076-6879(09)04616-3
https://doi.org/10.1016/S0076-6879(09)04616-3
https://doi.org/10.1016/S0076-6879(09)04616-3
https://doi.org/10.1021/ar8002249
https://doi.org/10.1021/ar8002249
https://doi.org/10.1021/ar8002249
https://doi.org/10.1002/anie.200603513
https://doi.org/10.1002/anie.200603513
https://doi.org/10.1002/anie.200603513
https://doi.org/10.1002/ange.200603513
https://doi.org/10.1002/ange.200603513
https://doi.org/10.1002/ange.200603513
https://doi.org/10.1002/ange.200603513
https://doi.org/10.1039/c2np20062g
https://doi.org/10.1039/c2np20062g
https://doi.org/10.1039/c2np20062g
https://doi.org/10.1021/bi701784c
https://doi.org/10.1021/bi701784c
https://doi.org/10.1021/bi701784c
https://doi.org/10.1021/bi701784c
https://doi.org/10.1039/b821844g
https://doi.org/10.1039/b821844g
https://doi.org/10.1039/b821844g
https://doi.org/10.1021/bi992121l
https://doi.org/10.1021/bi992121l
https://doi.org/10.1021/bi992121l
https://doi.org/10.1016/j.jmb.2009.03.072
https://doi.org/10.1016/j.jmb.2009.03.072
https://doi.org/10.1016/j.jmb.2009.03.072
https://doi.org/10.1073/pnas.91.24.11542
https://doi.org/10.1073/pnas.91.24.11542
https://doi.org/10.1073/pnas.91.24.11542
https://doi.org/10.1073/pnas.91.24.11542
https://doi.org/10.1074/jbc.M103556200
https://doi.org/10.1074/jbc.M103556200
https://doi.org/10.1074/jbc.M103556200
https://doi.org/10.1016/S1074-5521(98)90663-9
https://doi.org/10.1016/S1074-5521(98)90663-9
https://doi.org/10.1016/S1074-5521(98)90663-9
https://doi.org/10.1016/S1074-5521(98)90663-9
https://doi.org/10.1016/j.chembiol.2013.07.016
https://doi.org/10.1016/j.chembiol.2013.07.016
https://doi.org/10.1016/j.chembiol.2013.07.016
https://doi.org/10.1099/00221287-96-2-289
https://doi.org/10.1099/00221287-96-2-289
https://doi.org/10.1099/00221287-96-2-289
https://doi.org/10.1021/ja0378759
https://doi.org/10.1021/ja0378759
https://doi.org/10.1021/ja0378759
https://doi.org/10.1038/nsmb808
https://doi.org/10.1038/nsmb808
https://doi.org/10.1038/nsmb808
https://doi.org/10.1039/C5SC03864B
https://doi.org/10.1039/C5SC03864B
https://doi.org/10.1039/C5SC03864B
https://doi.org/10.1021/ja5064857
https://doi.org/10.1021/ja5064857
https://doi.org/10.1021/ja5064857
https://doi.org/10.1021/jacs.7b11793
https://doi.org/10.1021/jacs.7b11793
https://doi.org/10.1021/jacs.7b11793
https://doi.org/10.1021/jacs.7b11793
https://doi.org/10.1039/C8NP00030A
https://doi.org/10.1039/C8NP00030A
https://doi.org/10.1039/C8NP00030A
https://doi.org/10.1002/cbic.200900772
https://doi.org/10.1002/cbic.200900772
https://doi.org/10.1002/cbic.200900772
https://doi.org/10.1002/anie.201509038
https://doi.org/10.1002/anie.201509038
https://doi.org/10.1002/anie.201509038
https://doi.org/10.1002/ange.201509038
https://doi.org/10.1002/ange.201509038
https://doi.org/10.1002/ange.201509038
https://doi.org/10.1039/C6CC09934C
https://doi.org/10.1039/C6CC09934C
https://doi.org/10.1039/C6CC09934C
https://doi.org/10.1039/c0cc05077f
https://doi.org/10.1039/c0cc05077f
https://doi.org/10.1039/c0cc05077f
https://doi.org/10.1002/anie.201106323
https://doi.org/10.1002/anie.201106323
https://doi.org/10.1002/anie.201106323
https://doi.org/10.1002/ange.201106323
https://doi.org/10.1002/ange.201106323
https://doi.org/10.1002/ange.201106323
https://doi.org/10.1002/anie.201407448
https://doi.org/10.1002/anie.201407448
https://doi.org/10.1002/anie.201407448
https://doi.org/10.1002/anie.201407448
https://doi.org/10.1002/ange.201407448
https://doi.org/10.1002/ange.201407448
https://doi.org/10.1002/ange.201407448
https://doi.org/10.1039/C5OB02009C
https://doi.org/10.1039/C5OB02009C
https://doi.org/10.1039/C5OB02009C
https://doi.org/10.1039/C6CC04681A
https://doi.org/10.1039/C6CC04681A
https://doi.org/10.1039/C6CC04681A
https://doi.org/10.1039/C6CC04681A
https://doi.org/10.1039/C6CC09933E
https://doi.org/10.1039/C6CC09933E
https://doi.org/10.1039/C6CC09933E
https://doi.org/10.1039/C6CC09933E
https://doi.org/10.1039/C7CC02427D
https://doi.org/10.1039/C7CC02427D
https://doi.org/10.1039/C7CC02427D
https://doi.org/10.1039/C7CC02427D
https://doi.org/10.1002/chem.201903661
https://doi.org/10.1002/chem.201903661
https://doi.org/10.1002/cbic.200900093
https://doi.org/10.1002/cbic.200900093
https://doi.org/10.1002/cbic.200900093
https://doi.org/10.1021/bi9719861
https://doi.org/10.1021/bi9719861
https://doi.org/10.1021/bi9719861
https://doi.org/10.1002/anie.200801100
https://doi.org/10.1002/anie.200801100
https://doi.org/10.1002/anie.200801100
https://doi.org/10.1002/anie.200801100
https://doi.org/10.1002/ange.200801100
https://doi.org/10.1002/ange.200801100
https://doi.org/10.1002/ange.200801100
https://doi.org/10.1021/bi061169d
https://doi.org/10.1021/bi061169d
https://doi.org/10.1021/bi061169d
https://doi.org/10.1021/bi061169d
https://doi.org/10.1074/jbc.M112218200
https://doi.org/10.1074/jbc.M112218200
https://doi.org/10.1074/jbc.M112218200
https://doi.org/10.1074/jbc.M112218200
https://doi.org/10.1016/j.chembiol.2011.07.015
https://doi.org/10.1016/j.chembiol.2011.07.015
https://doi.org/10.1016/j.chembiol.2011.07.015
https://doi.org/10.1039/C8NP00040A
https://doi.org/10.1039/C8NP00040A
https://doi.org/10.1039/C8NP00040A
https://doi.org/10.1074/jbc.274.35.25108
https://doi.org/10.1074/jbc.274.35.25108
https://doi.org/10.1074/jbc.274.35.25108
https://doi.org/10.1074/jbc.274.35.25108
https://doi.org/10.1038/nchembio.1086
https://doi.org/10.1038/nchembio.1086
https://doi.org/10.1038/nchembio.1086
https://doi.org/10.1038/s41586-018-0781-z
https://doi.org/10.1038/s41586-018-0781-z
https://doi.org/10.1038/s41586-018-0781-z
http://www.chemeurj.org

