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The tripyrrolic products of the prodiginine class of natural Scheme 1. Dipyrrole Formation during Prodigiosin Biosynthesis

products are signature antibiotics 8krratia and Streptomyces ﬂ ﬂ o o a o
bacterial strains and have a plethora of activities in multicellular @Wr”" ﬁ Oﬁr“““"’ﬁ O)L-‘ — @NH)‘ — @H/ks
eukaryotedad Prodigiosin, the red pigment produced 8grratia Lo amorm W g o $ Q ﬁ
marcescenshas a prototypic scaffold with the A and B pyrrole |

o

rings connected directly as a bipyrrole unit, while the B and C rings
have the methylene bridging connectivity typically found in heme-

e " oo 1
type pigments of life. Prodiginine biosynthetic gene clusters from Bl Er-ca a CP*/? m
Sadn Pigh &

Streptomyces coelicolband fromSerratia marcescef$ave been . o
sequenced and bioinformatics-based pathways of tripyrrole assembly ~ #rodigiosin Hgy 02 Serno A,
proposed. Each of the three pyrrole rings is proposed to arise from ——

ACP, ACP, SorT

a different amino acid, ring A from-proline, ring B in part from
L-serine, and ring C in part from glycirfe.

A_I_Igct:h:igsg(')s(t)lgdy, we ha\{; ovel_rprod_lfJ_czd r:‘ive of rt]Berratiasp. three domains, an unusual tandem pair of ACP domains (ACP
. enzymes Ik Coll, purilie ¢ em to _eterogenelty, and ACR) and a pyridoxal phosphate (PLP)-containing domain,

and assigned carrier protein or catalytic function (Figure S1). These designated SerT as a putative seryltransferase

five proteins, PigA,G,H,I, andJ, comp_rise the assemply line portion Overproduction and purification of the three-domain PigH (ACP

of the pathway_and include a non_rlbosomal peptide Sy_mhetaseACPZSerT) fromE. coliled to evaluation of its capacity to undergo

(NRPS)-polyketide synthase (PKS) interface that the growing acyl post-translational modification at each of the three domains. The

Ch_la_'t? n;_ust tkr]averse. i th blv of the tri | fold conversion of each of the ACP domains from the inactive apo form
e first three steps in the assembly of the tripyrrole scaffold 1, he active holo and malong-PigH forms by action of the

Involve shunting a fraction of the-proline pool in theSerr_atias_p. phosphopantetheinyl transferase Sfp could be assessed both via
cell to the covalently tethered pyrrolyl-2-carboxyl moiety in the incorporation of a radiolabel fromi4C]-acetyl-CoA and ¥CJ-

thiogster Iinkage to th? phosphopanteth_e ir_]yl arm of_a pept‘dY' malonyl-CoA and/or by the gain of 340 and 426 mass unit increases
carrer proteln_(PCP) (PigG) (_S_cht_ame 1) S|m|Ia_r to the b!os_yntheS|s observed by nFTMS, for the holo and malonylated forms of the
of the pyrrole in undecylprodigiosin, pyoluteorin, clorobiocin, and ACP, domain of the peptide. Following a trypsin digestion of PigH,

i 5
coumermycin A= Indegd, we could S_hOW that the 54 kDa ACP; could be readily identified by nFTMS, but AGRould not.
adenylation (A) domain Pigl convertsproline toL-prolyl-AMP The active-site Ser to Ala mutants in each of the A@Rd ACR

and then tethers it to the phosphopantetheinylated form of PigG, a4 . -ir< o PigH were generated to resolve any ambiguity that both
free-standing 10.4 kDa PCP. The third enzyme, the 42 kDa domains could be activated by Sfp.

flavoprotein desaturase PigA, then effects the four-electron, two- The third domain of PigH is predicted to bind PLP as cofactor
step tandem desaturation of thgrolyl-S-PigG to the pyrrolyl-2- for generating a € fragment fromi-serine for pyrrole ring B
carboxylSPigG as shown by na_nospray-Fourier Transfqrm Mass formations PigH as isolated from heterologoks coli overexpres-
Spectrometry (nFTMS) and radlo-HPLC (SCheme L, Flgure S2) sion is faintly yellow due to substoichiometric PLP loading.
that serves as a precursor to pyrrole ring A of the tripyrrolic scaffold. Additional binding of PLP to the SerT domain of PigH could be
Alternatively, pyrrolyl-S-PigG was generated via the incubation of shown by addition of a solution of pyridoxal phosphate to PigH.
synthetic pyrrolyl-2-carboxyl-Cofwith PigG and Sfp, a promiscu- The absorption maximum of 388 nm, characteristic of the free

. . g
ous phosphopantethelnyl transfera;e fer:.nIu.s sublilis aldehyde form of PLP, was shifted to 414 nm, typical of an aldimine
The heterocycle on this ac@-carrier protein is the scaffold for linkage of PLP to an active-site lysihéFigure S3) in a 1:1 ratio.

the sut_)sequent _constructlon of the connected pyrr_ole fing B. Thus, all three domains of PigH undergo post-translational modi-
Inspection of thepig gene clustersuggested three candidate orfs, fication® in preparation for their assembly-line functions.
PigH,J,L, as catalysts for subsequent elaboration of the growing At this juncture, incubation of the three proteins pyrrdBRigG,
chain. PigJ is predicted to be a polyketide synthase (PKS) subunitpigJ malonylS-PigH led to PigH-mediated decarboxylation of C
containing an active ketosynthase (KS) domain and a chain Iengthof th,e malonyl group, a typical reaction for a KELF protein
factor (CLF) partner domain that potentially decarboxylates the with elongation functi‘on in type Il PKS assembly lirféab The
malonyl of PigH or is catalytically silent. PigH is predicted to have decarboxylation catalyzed by PigJ generates,ac&@banion of

Pigh

’;Harvard Medical School. acetylS-PigH as carbon nucleophile and is required for pyrrolyl
University of lllinois. R ;

TCurrent address: Life Sciences Institute, University of Michigan, 210 group transfer. As shown in SCh?me 1{ the heterocycllc Pyrmle
Washtenaw Ave., Ann Arbor, MI 48109. group moves from the PCP domain of PigG to the active-site Cys
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@H)‘L Q.i* Be @)\)& domain active site and intramolecular cyclization and release of
$ . ” m o _ the anticipated bipyrrolic (ring Aring B) alcohol HBM. HBM
- -~ — = = could not be detected by LC-MS and HPLC. Enzymatic oxidation

| of the primary alcohol in HBM would create the aldehyde and
..sl provide the one-carbon bridge to the pyrrole ring C fashioned
omin separately from long chain fatty acid and glycine by an analogous
o JL_ o PLP-mediated decarboxylative condensafion.
L At this point, functions for the first five proteins of tt&erratia

prodigiosin biosynthetic pathway are established. Detection of four
Holo-Pigh saled 128474 .—i—!ﬂAﬁnhﬂz.m covalently tethered acyl thioester protein intermediates that undergo
obs 129477

an " | | l redox tailoring and chain extension have been measured and
o -

identified in single turnover fashion. The nNFTMS analysis, while

pian An A L‘"’,, 10 . the growing acyl chains are still attached to proteins via thermo-

dynamically activated thioester linkages, provides insight into the

Figure 1. ldentification of malonylS-PigH formation and pyrrolyl transfer

from PigJ by ESHFTMS (charges of the ions shown are-)7 Iogic and machinery of an assembly line to build a 2,2-bipyrrole
residue of the KS domain of PigJ, and then gets captured by theun't'
C, carbanion, creating the pyrroly-ketoacylS-PigH. This chain Acknowledgment. We thank A. Stapon and D. Kahne for
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ACP; grow over time by high-resolution mass spectrometry (Figure
1, increase of 49 Da compared to the maloBykCP). protein preparation, activity assays by UV, HPLC, and FTMS studies.

~ Inthe absence of PigJ, little to no pyrroljtketoacylS-ACP; This material is available free of charge via the Internet at http:/
is formed (Figures S6 and S7). This is in agreement with the KS h5 acs.org.

domain of PigJ, generating a transient pyrrdbtysteinyl PigJ
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