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Summary

Several medically and agriculturally important natural
products contain pyrrole moieties. Precursor labeling
studies of some of these natural products have shown
that L-proline can serve as the biosynthetic precursor
for these moieties, including those found in coumer-
mycin A,, pyoluteorin, and one of the pyrroles of unde-
cylprodigiosin. This suggests a novel mechanism for
pyrrole biosynthesis. The biosynthetic gene clusters
for these three natural products each encode proteins
homologous to adenylation (A) and peptidyl carrier
protein (PCP) domains of nonribosomal peptide syn-
thetases in addition to novel acyl-CoA dehydroge-
nases. Here we show that the three proteins from
the undecylprodigiosin and pyoluteorin biosynthetic
pathways are sufficient for the conversion of L-proline
to pyrrolyl-2-carboxyl-S-PCP. This establishes a novel
mechanism for pyrrole biosynthesis and extends the
hypothesis that organisms use A/PCP pairs to partition
an amino acid into secondary metabolism.

Introduction

Pyrrole moieties are found in a number of structurally
diverse natural products that have a wide range of bio-
logical activities. Two coumarin group antibiotics,
coumermycin A; and chlorobiocin (Figure 1), each con-
tain a 5-methyl-pyrrolyl-2-carboxyl group at the C-3’
position of the noviose sugar. In addition to having two
5-methyl-pyrrolyl-2-carboxyl substituted noviose sug-
ars, coumermycin A, also contains a 3-methyl-2,4-dicar-
boxyl pyrrole linker at its center. Both of these coumarin
group antibiotics exert their activity by inhibiting type Il
DNA topoismerase DNA gyrase [1, 2]. The antifungal
compounds pyrrolnitrin and pyoluteorin (Figure 1) each
contain chlorinated pyrrole moieties. Pyrrolnitrin is a
3-chloro-4-(2'-nitro-3’-chlorophenyl)-pyrrole that is be-
lieved to play an important role in the biocontrol proper-
ties of Pseudomonas strains [3, 4]. Pyoluteorin, which
enhances biocontrol activity of Pseudomonas fluo-
rescens strains [5], contains a 4,5-dichloro-pyrrolyl-2-
carboxyl linked to a resorcinol ring. Finally, members of
the prodigiosin group of red pigments are unusual in
having a tripyrrole structure and possess anticancer [6],
antimicrobial [7], and promising immunosuppressive ac-
tivities [8]. Two examples of these compounds are unde-
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cylprodigiosin from Streptomyces coelicolor A3(2) and
prodigiosin from Serratia marcescens (Figure 1).

The most thoroughly studied mechanism for pyrrole
biosynthesis is the generation of porphobilinogen, an
early intermediate in porphyrin and corrin ring synthesis,
by the condensation of two molecules of 3-aminolevuli-
nate by 3-aminolevulinate dehydratase (Figure 2A) [9].
Evidence for an alternative pathway for pyrrole synthesis
comes from intermediate accumulation and feeding ex-
periments for pyrrolnitrin biosynthesis in P. fluorescens
[3]. In that study, the accumulation of 7-chlorotrypto-
phan (Figure 2B) in a AprnB strain of P. fluorescens and
the restoration of pyrrolnitrin synthesis in this strain by
the addition of exogenous monodechloroaminpyrrolni-
trin or other downstream intermediates strongly sug-
gests that PrnB catalyzes the rearrangement of the
7-chlorotryptophan indole ring to a phenylpyrrole and
its decarboxylation to generate monodechloroaminpyr-
rolnitrin (Figure 2B). Mechanistic studies on PrnB have
yet to be performed. The pyrrole moiety of the indole ring
of L-tryptophan itself is catalyzed by indole-3-glycerol
phosphate synthase (Figure 2C; [10]). A new mechanism
for pyrrole synthesis has been suggested from precursor
labeling studies on the biosynthesis of pyoluteorin [5],
coumermycin A, [11], undecylprodigiosin [12], and pro-
digiosin [13]. These labeling studies found that L-proline
was the precursor for the pyrrole moieties in pyoluteorin
and coumermycin A; and for pyrrole ring (a) of the pro-
digiosins. This would imply a pyrrole biosynthetic path-
way distinct from the previously characterized mecha-
nisms discussed above.

The recent sequencing of the biosynthetic gene clus-
ters for pyoluteorin [5], undecylprodigiosin [14], and
coumermycin A, [15] gave a chance to elucidate the
possible mechanism for the conversion of the pyrroli-
dine ring of L-proline to a pyrrole (Figure 2D). It should
be noted that although S. coelicolor A3(2) produces a
mixture of prodigiosins, it is presumed that they all share
the same pathway for the biosynthesis of the tripyrrole
core [7]. Sequence homology with adenylation (A) do-
mains of nonribosomal peptide synthetases (NRPSs)
suggests that PItF (pyoluteorin), SC3F7.11 (undecyl-
prodigiosin), and ProC (coumermycin A;) function as
amino acid-activating enzymes. These domains in
NRPSs activate their respective amino acid to amino-
acyl-AMP intermediates, which are subsequently at-
tacked by the thiol moiety of a 4’-phosphopantheine
attached to a peptidyl carrier protein (PCP) to generate
the aminoacyl-S-PCP intermediate. The following ho-
mologs of PCP domains also can be found in each clus-
ter: PItL (pyoluteorin), SC3F7.09 (undecylprodigiosin),
and ProB (coumermycin A;). The combined activity of
these A/PCP pairs would result in the formation of an
L-prolyl-S-PCP intermediate. The subsequent oxidation
of the covalently tethered intermediate is most likely
catalyzed by enzymes showing homology with acyl-CoA
dehydrogenases. These enzymes include PItE (pyo-
luteorin), SC2E9.21 (undecylprodigiosin), and ProC
(coumermycin A,). These dehydrogenases could func-
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Figure 1. Chemical Structures of pyrrole-Containing Natural Products from Various Bacteria
The pyrrole moieties are highlighted in green, and the tripyrrole structure of undecylprodigiosin is labeled with pyrrole rings (a), (b), and (c)

for reference throughout the text.

tion to oxidize both sides of the proline ring or, alterna-
tively, to form the A2-pyrrolinyl-2-carboxyl-S-PCP inter-
mediate, which spontaneously air oxidizes to the
pyrrolyl-2-carboxyl-S-PCP [5]. In the case of pyo-
luteorin, the pyrrolyl-2-carboxyl-S-PCP intermediate
would subsequently be transferred to the pyoluteorin
polyketide synthase either before or after chlorination.
It is not clear how the pyrrolyl moiety is attached to the
noviose sugar in coumermycin A, [15]. We are currently
studying how pyrrole ring (a) from undecylprodigiosin
is incorporated into the final product. The prediction
outlined above for pyrrole synthesis during undecyl-
prodigiosin, pyoluteorin, and coumermycin A; biosyn-
thesis has yet to be proven biochemically.

Here we present the biochemical characterization of
pyrrolyl-2-carboxyl-S-PCP synthesis by both the pyolu-
teorin system outlined above (PItF, PItE, and PItL) and
the homologous system uncovered by the ongoing
S. coelicolor A3(2) sequencing project [14] for the
undecylprodigiosin biosynthetic cluster (SC3F7.11,
SC3F7.09, and SC2E9.21). In both systems we show
how these three proteins work in unison to generate
pyrrole moieties by a mechanism not previously seen
for pyrrole synthesis.

Results

Characterization of SC3F7.11 and PItF

as L-prolyl-AMP Ligases

PItF, from the P. fluorescens Pf-5 pyoluteorin bio-
synthetic cluster, showed amino acid sequence homol-

ogy (38% identity and 50% similarity) with an ORF
(SC3F7.11, referred to here on as ORF11) from S. coeli-
color A3(2). The genome for this strain of S. coelicolor
is currently being sequenced, and ORF11 is encoded
within a region of the genome previously shown to be
involved in the biosynthesis of the tripyrrolic compound
undecylprodigiosin [16, 17]. Analysis of the protein
sequence of ORF11 and PItF revealed that they were
homologous to A domains of NRPSs. During NRPS-
catalyzed peptide synthesis, A domains function as
aminoacyl-AMP ligases and generate the corresponding
aminoacyl-AMP intermediate, by using ATP as a cosub-
strate, then catalyze the subsequent transfer of the acti-
vated amino acid to the 4’-phosphopantetheinyl pros-
thetic group of a partner holo-PCP [18, 19]. Based on
the structures of undecylprodigiosin and pyoluteorin, it
was anticipated that ORF11 and PItF would function as
L-prolyl-AMP ligases. Two recent studies have pro-
posed that the amino acid substrate specificity of an A
domain can be determined by sequence analysis of the
amino acid residues presumed to surround the sub-
strate binding pocket [20, 21]. Analysis of the corre-
sponding residues from ORF11, PItF, and ProC (coumer-
mycin A,) sequences (DL[F/L]YLALVCK according to the
Stachelhaus et al. rules [20]) did not predict that these
enzymes would contain the expected proline-specific
binding pocket. This suggested that these enzymes, if
they did activate proline, would fall into a separate pro-
line-activating cluster.

To determine if ORF11 and PItF were, in fact, L-prolyl-
AMP ligases, we PCR amplified the genes encoding
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Figure 2. Schematic Representation of Known Mechanisms for Pyrrole Biosynthesis

(A) Substrates and products of the reaction catalyzed by 3-aminolevulinate dehydratase to generate porphobilinogen, an intermediate of

porphorin and corrin ring biosynthesis.

(B) Substrate and products for the proposed PrnB-catalyzed reaction during pyrrolnitrin biosynthesis.

(C) Substrate and products of the reaction catalyzed by indole-3-glycerol phosphate synthase, an enzyme involved in tryptophan biosynthesis.
(D) A schematic representation of pyrrolyl-2-carboxyl-S-PCP synthesis based on amino acid sequence analysis of ORFs encoded within the
undecylprodigiosin, pyoluteorin, and coumermycin A, biosynthetic pathways. L-prolyl-AMP ligase (adenylation, A) is green, the peptidyl carrier
protein (PCP) is blue, and the acyl-CoA dehydrogenase (DH) homolog is yellow. In all reactions, the pyrrole moiety of the product is highlighted

in green.

each of the enzymes and cloned them into the T7 overex-
pression vector pET37b. These constructs resulted in
the expression of enzymes with C-terminal His8 tags
for nickel affinity chromatography. Each enzyme was
overexpressed in E. coli BL21(DE3) and purified by
nickel affinity chromatography followed by Q Sepharose
ion exchange chromatography. These two purification
steps resulted in ORF11 and PItF being purified to near
homogeneity based on SDS-PAGE and Coomassie blue
staining (Figure 3A).

The classic method for analyzing A domains of NRPSs
for aminoacyl-AMP formation and substrate specificity

is by monitoring substrate-dependent ATP-[*?P]PP; ex-
change reactions, an assay initially developed for ana-
lyzing tRNA synthetases [22]. Using this end-point
assay, we tested the substrate specificity of each en-
zyme by using the following substrates: L-proline, pyr-
rolyl-2-carboxylate, D-proline, glycine, and L-serine.
L-proline was the favored substrate for both ORF11 and
PItF, with only very low levels of D-proline and glycine
activation (Figure 3B). The kinetic parameters for L-pro-
line activation by ORF11 and PItF (Table 1) were typical
for A domains of NRPSs [23-26], giving further support
for L-proline as the natural substrate.
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Figure 3. Purification and Substrate Specificity of ORF11 and PItF
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(A) Coomassie-stained 12% SDS-PAGE gel showing purified ORF11 and PItF proteins. Protein (1.5 ng) was loaded in each lane.
(B) Relative activity of substrate-dependent ATP-[*?P]PP; exchange catalyzed by ORF11 (red) and PItF (green). Data are representative 10 min

end-point assays.

Based on these results, a few conclusions could be
drawn about undecylprodigiosin and pyoluteorin bio-
synthesis. The fact that ORF11 was specific for L-proline
in combination with the prior observation that L-proline
is incorporated into only pyrrole ring (a) of the tripyrrole
[12] suggests ORF11 is likely involved in the synthesis
of this particular pyrrole ring of undecylprodigiosin. Fur-
thermore, neither glycine nor L-serine, the two other
amino acids incorporated into rings (b) and (c) of unde-
cylprodigiosin, respectively [12], was a substrate for
ORF11, and this finding lends further support for the
above conclusion. Additionally, since pyrrolyl-2-carbox-
ylate was not activated by either ORF11 or PItF, it could
be concluded that oxidation of L-proline to the pyrrole
must occur downstream of L-prolyl-AMP formation and
not on the free amino acid. Finally, the oxidation of
proline is likely to be stereospecific in both pathways
since neither enzyme activated D-proline to a significant
extent. Based on all of these results, it could be con-
cluded that ORF11 and PItF were L-prolyl-AMP ligases.

Characterization of SC3F7.09 and PItL as Peptidyl
Carrier Proteins (PCPs)

During NRPS-catalyzed peptide synthesis, the activa-
tion of each amino acid substituent involves two steps.
The first step is the generation of the aminoacyl-AMP
intermediate by the A domain, then the thioesterification
of the amino acid to the 4'-phosphopantetheinyl pros-
thetic group of the partner holo-PCP domain to form

Table 1. Kinetic Parameters for ORF11 and PItF L-Proline-
Dependent ATP-[*?P]PP; Exchange

Enzyme K, (mM) Koz (MIn™7)
ORF11 1.54 = 0.17 1709 £ 7.8
PItF 0.51 = 0.04 332.6 = 84

an aminoacyl-S-PCP intermediate [18, 19]. SC3F7.09
(referred to here on as ORF9) of the undecylprodigiosin
cluster and PItL from pyoluteorin are annotated in both
biosynthetic clusters as hypothetical proteins because
they do not show strong amino acid homology with any
proteins in the public data bank, with the exception of
ProB of the coumermycin A; biosynthetic cluster [15].
However, these ORFs do show weak homology (PSI-
BLAST scores of =31) with putative PCP domains from
a few antibiotic biosynthetic clusters known to be syn-
thesized in an NRPS-dependent manner. It has been
proposed that PItL [5] and ProB, from the coumermycin
A, biosynthetic pathway [15], are possible acyl carrier
proteins (ACPs) involved in pyrrole synthesis for their
respective systems. ACPs are found in polyketide syn-
thases and are analogous to PCP domains [27]. Al-
though ORF9 and PItL appeared to contain the required
serine residue that is posttranslationally modified with
a 4’-phosphopantetheinyl prosthetic group, neither ORF
showed the canonical flanking sequence of typical PCP,
ACP, or related aryl carrier proteins (ArCP) [28].

4'-Phosphopantetheinylation of ORF9 and PItL

To test whether ORF9 and PItL were the PCP partners
for ORF11 and PItF, respectively, we PCR amplified the
gene encoding each protein and cloned it into a pET
expression vector. Each construct resulted in the ex-
pression of a C-terminally His6-tagged protein. Each
protein was overexpressed in E. coli BL21(DE3) with
or without the coexpression of Sfp, a nonspecific
4’'-phosphopantetheinyltransferase (PPTase) from Ba-
cillus subtilis [29]. PCP proteins must be posttransla-
tionally modified with a 4’'-phosphopantetheinyl pros-
thetic group to generate functional holo-PCP [30], and
often, overexpressed heterologous PCP, ACP, or ArCP
domains in E. coli are not fully modified by the endoge-
nous PPTases of E. coli [31, 32]. Overexpression of car-
rier proteins in the presence of Sfp usually results in
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Figure 4. Purification and HPLC Analysis of ORF9 and PItL

(A) Coomassie-stained 16% SDS-PAGE Tris-Tricine gel of purified ORF9 and PItL protein expressed in the absence or presence of Sfp.
Seventy-five micrograms of ORF9 and PItL expressed without Sfp were loaded, while 36 g of ORF9 and PItL expressed with Sfp were loaded.
(B) HPLC separation of ORF9 and PItL expressed in the absence or presence of Sfp. Trace a shows ORF9 without Sfp coexpression. Trace
b (red) shows ORF9 with Sfp coexpression. Trace ¢ shows PItL without Sfp coexpression. Trace d (green) shows PItL with Sfp coexpression.

fully modified protein. After overexpression of ORF9 and
PItL in the presence or absence of Sfp coexpression,
each protein was purified via nickel affinity chromatogra-
phy followed by Q Sepharose ion exchange chromatog-
raphy (Figure 4A).

To determine the extent of ORF9 and PItF 4’-phospho-
pantetheinylation, we analyzed each of the purified pro-
teins by HPLC (Figure 4B) and MALDI-TOF MS (Table
2). By HPLC analysis, ORF9 was only 25% holo-PCP
versus 75% apo-PCP in the absence of Sfp coexpres-
sion (Figure 4B, trace a), but it was >95% holo-PCP
when coexpressed with Sfp (Figure 4B, trace b). This
result was supported by MALDI-TOF MS analysis, where
the difference in the mass of ORF9 with or without Sfp
coexpression was as expected for 4’-phosphopante-
theinyl modification (Table 2). HPLC analysis indicated
that PItF was approximately 100% apo-PCP in the ab-
sence of Sfp (Figure 4B, trace c) but that it was approxi-
mately 100% holo-PCP in the presence of Sfp coexpres-
sion (Figure 4B, trace d), and total conversion was
confirmed by MALDI-TOF MS analysis of the two pro-
teins (Table 2). Further support for fully modified ORF9
and PItF will be discussed below. It was not clear why
holo- and apo-PItL eluted from the HPLC as two peaks.

Table 2. MALDI-TOF MS Data Demonstrating the 4’
Phosphopantetheinylation of PCPs

PCP

(+/— Sfp coexpression) Calculated (Da) Observed (Da)
ORF9 11,049 11,050°

ORF9 + Sfp 11,388 11,3912

PItL 11,872 11,873°

PItL + Sfp 12,211 12,245°

2Represents the average of two results.
®Represents the average of three results.

Aminoacylation of Holo-PCPs by Their Respective
L-prolyl-AMP Ligases

To determine whether holo-ORF9 and holo-PItL are
aminoacylated by ORF11 and PItF, respectively, we in-
cubated the two protein pairs (ORF9/ORF11 and PItL/
PItF) independently with [“C]-L-proline and ATP and
monitored aminoacylation of the holo-PCPs by standard
TCA precipitation and scintillation counting [24, 26, 33].
In parallel reactions, we incubated each holo-PCP with
the noncognate L-prolyl-AMP ligase to determine if the
aminoacylation reaction required specific protein/pro-
tein interactions. This analysis demonstrated that holo-
ORF9 and holo-PItL were aminoacylated by their re-
spective L-prolyl-AMP ligases (Figure 5). Furthermore,
both PCP proteins were fully aminoacylated in approxi-
mately 30 min, giving further support for complete
4’'-phosphopantetheinylation of each PCP by Sfp during
coexpression. The failure to detect aminoacylation of
the holo-PCP domains with the noncognate L-prolyl-
AMP ligase suggested that specific protein/protein in-
teractions were required for successful aminoacylation.
The kinetic parameters of holo-PCP aminoacylation
were determined (Table 3), and these parameters, with
a K,s of about 10 uM and a k_,s of about 1 s, were
similar to those observed in NRPS systems where the
aminoacyl-AMP ligase must aminoacylate the cognate
holo-PCP in trans [34, 35]. The successive steps of
L-prolyl-AMP formation followed by thioesterification of
the amino acid to the holo-PCP domain sets the stage
for the next step in the biosynthetic pathways, the oxida-
tion of the L-prolyl-S-PCP to pyrrolyl-2-carboxyl-S-PCP.

Characterization of SC2E9.20 (RedW) and PIRE

as L-prolyl-S-PCP Dehydrogenases

SC2E9.20 and PItE show strong amino acid homology
with members of the acyl-CoA dehydrogenase/oxidase
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Figure 5. Representative Time Course of L-prolyl-AMP Ligase-Cat-
alyzed Aminoacylation of Holo-PCPs by the Use of ['*C]L-Proline
Radiolabeled substrate incorporation was monitored by TCA precip-
itation of the proteins and subsequent liquid scintillation counting.
See Experimental Procedures for details. Solid red circles represent
a ORF9/0ORF11 pair. Open red circles represent a ORF9/PItF pair.
Solid green diamonds represent a PItL/PItF pair. Open green dia-
monds represent a PItL/ORF11 pair.

superfamily and show 45% identity and 58% similarity
with each other. Additionally, ProA from the coumer-
mycin A; biosynthetic cluster has a high degree of se-
quence homology with SC2E9.20 (PSI-BLAST score =
213). SC2E9.20 is referred to as RedW in the annotated
sequence because of its probable role in the synthesis
of undecylprodigiosin, a red pigment [36]. Acyl-CoA de-
hydrogenases/oxidases are flavoenzymes that catalyze
double bond formation between the C-2 and C-3 of their
thioester substrates [37]. It was intriguing to speculate
that RedW and PRE react not with the coenzyme A
thioester of L-proline (L-prolyl-S-CoA) but rather with
the L-prolyl group thioesterified to the respective holo-
PCP domain. Both enzymes would probably catalyze
the formation of a A%-pyrrolinyl-2-carboxyl-S-PCP inter-
mediate; subsequent two-electron oxidation to pyrrolyl-
2-carboxyl-S-PCP could occur by either of the two
routes summarized in Figure 2C.

Overexpression and Purification of RedW and PIRE
from E. coli

The genes encoding RedW and PItE were PCR amplified
and cloned into the overexpression vector pET37b.

Table 3. Kinetic Parameters for ORF11 and PItF Aminoacylation
of Their Cognate PCP

L-prolyl-AMP

ligase PCP substrate K (M) ket (Min~7)2
ORF11 holo-ORF9 83 +1.9 40.5 = 6.1
PItF holo-PItL 10.2 = 0.9 70.7 = 2.0

2Values represent the minimum k.., due to the inability to saturate
the L-prolyl-AMP ligase with L-proline because of the detection
limits of the assay. L-proline was 0.5 times the K, for ORF11 and
1.5 times the K|, for PItF.
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Figure 6. Purification of RedW and PItE

(A) Coomassie-stained 12% SDS-PAGE gel of samples from each
step in RedW puirification. Purified RedW (1.5 n.g) is loaded in the
precipitation lane.

(B) Coomassie-stained 12% SDS-PAGE gel of PIE purified by nickel
chelate chromatography. PItE (5.5 .g) was loaded.

These constructs resulted in the expression of fusion
proteins containing a C-terminal His8 tag for initial at-
tempts to purify the enzymes via nickel affinity chroma-
tography. Both constructs were overexpressed in E. coli
BL21(DE3) strains, and initial attempts to purify the en-
zymes via HiseBind (Novagen) nickel affinity chromatog-
raphy were unsuccessful because both enzymes precip-
itated out of solution when resin was added to cell-free
extract. Thus, alternative purification procedures had to
be developed.

RedW was determined to be insoluble when the NaCl
concentration of the buffer was below 300 mM or the
glycerol concentration was below 10% (v/v). With this
in mind, the following purification procedure was devel-
oped for enzyme. First, ammonium sulfate precipitation
was performed on the cell-free extract, and RedW was
found to precipitate between 20% and 40% (saturated)
ammonium sulfate. The second step involved Q Sepha-
rose ion exchange chromatography, for which the en-
zyme was diluted to a final NaCl concentration of 100
mM immediately prior to being loaded onto the column.
This procedure minimized precipitation of the protein
prior to its binding to the Q Sepharose column, and the
protein could be eluted with a linear NaCl gradient. The
final purification step took advantage of the protein pre-
cipitating when the NaCl concentration was below 300
mM. RedW that had eluted from the Q Sepharose col-
umn was dialyzed overnight against buffer containing
only 100 mM NaCl. During this dialysis, the protein pre-
cipitated and could be recovered by centrifugation. After
removal of the supernatant, the precipitated enzyme
could be resolubilized in buffer containing 300 mM NacCl,
and activity was retained. This purification protocol re-
sulted in protein that was purified to near homogeneity
based on SDS-PAGE and Coomassie blue staining (Fig-
ure 6A). An alternative final step of size exclusion chro-
matography also resulted in functional, pure protein (our
unpublished data). Analysis of the protein by UV-Vis
spectroscopy and HPLC analysis showed that the flavin
was retained during the purification procedure (Figure
7A) and that this flavin was FAD (Figure 7B), as expected
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Figure 7. UV-visible spectrum of RedW and HPLC Analysis of the Flavin Cofactor of RedW
(A) UV-visible spectrum of purified RedW protein. The spectrum highlights the \., at 350 and 450 nm. The spectrum shown is for 70 uM

RedW.

(B) HPLC separation and identification of FAD as the cofactor of RedW. FAD and FMN standards eluted with retention times of 20.3 and 22.2
min, respectively. RedW was boiled for 5 min, protein was removed by centrifugation, and the supernatant was recovered and used for HPLC
analysis. The RedW flavin eluted with a retention time of 20.3 min, consistent with the cofactor being FAD. Coinjection of authentic FAD and
RedW supernatant resulted in coelution of the flavins at 20.3 min (our unpublished data).

for members of the acyl-CoA dehydrogenase/oxidase
family [37].

PIE could be purified by nickel affinity chromatogra-
phy when Ni-NTA Superflow (Qiagen) resin was used
instead of HiseBind. PIRE could be partially purified by
this purification procedure (Figure 6B); however, a ma-
jority of the enzyme lacked the bound flavin cofactor.
The inclusion of excess FAD in the buffer during sonica-
tion and batch binding to the resin resulted in the elution
of holo-enzyme; however, the FAD was lost after over-
night dialysis in the absence of excess FAD. Further
purification of the enzyme was not successful because
of the instability of the enzyme. Therefore, PIRE was
characterized in the partially purified form shown in Fig-
ure 6B. Based on the results with RedW, it was assumed
that FAD was the natural cofactor. Thus, to compensate
for the loss of cofactor during dialysis, we performed
the analysis of PItE-catalyzed pyrrolyl-2-carboxyl-S-PItL
formation in the presence of excess FAD.
Substrate-Dependent FAD Reduction
Acyl-CoA dehydrogenases catalyze substrate oxidation
via hydride transfer from the substrate to the FAD cofac-
tor and then by product release contingent upon FADH,
reoxidation [37]. This process can be monitored spec-
trophotometrically by following the characteristic de-
crease in the flavin absorbance at 350 and 450 nm upon
reduction. This could not be monitored for PItE because
of the requirement for excess FAD to be added to the
reactions. RedW, however, did not have this requirement
and was used for detecting substrate-dependent hy-
dride transfer. The assays were performed aerobically,

and the reduction of the FAD cofactor was observed
(Figure 8). This reduction required L-proline, ATP, holo-
ORF9, ORF11, and RedW (our unpublished data) and
suggested that L-prolyl-S-PCP oxidation had occurred.
The level of FAD reduction also varied with holo-ORF9
concentrations as would be expected (Figure 8). The
replacement of ORF9 and ORF11 with the complemen-
tary PItL/PItF pair did not result in FAD reduction (our
unpublished data), suggesting that specific protein/pro-
tein interactions were important for efficient catalysis.
Taking approximately 20 min after full FAD reduction,
the aerobic reoxidation of the FADH, was slow and sug-
gested that RedW was a dehydrogenase, not an oxi-
dase. This aspect of RedW and PItE is discussed in
further detail below.

Analysis of the RedW and PItE Reaction Products
RedW and PItE catalysis is expected to generate the
conjugated A%-pyrrolinyl-2-carboxyl-S-PCP, and subse-
quent air oxidation should generate the A*-ene in the
pyrrolyl(A%4-diene)-2-carboxyl product as previously
proposed [5, 15]. Thus, the product of complete reac-
tions (L-proline, ATP, L-prolyl-AMP ligase, PCP, and the
putative L-prolyl-S-PCP dehydrogenase) for both sys-
tems may be pyrrolyl-2-carboxyl-S-PCP. To simplify the
characterization of the reaction products, we hydrolyzed
the covalently bound products from the PCP by brief
heating in 0.1 M KOH after TCA precipitation and re-
moval of unbound components. After hydrolysis, the
products were separated by HPLC (Figure 9). Both
RedW- and PItE-containing reactions produced a prod-
uct that had the same retention time as authentic pyrro-
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Figure 8. UV-Visible Spectrum of RedW Flavin Reduction by L-pro-
lyl-S-ORF09

The Red trace is the spectrum of 10 .M RedW in a reaction mixture
containing 100 nM ORF11, 30 uM holo-ORF9, and 5 mM ATP prior
to the addition of L-proline, which brought the mixture to a final
concentration of 10 mM. The green trace is the spectrum of RedW
10 min after L-proline addition. The blue trace is the same reaction
conditions except that the holo-ORF9 concentration was lowered
to 15 uM; again, the spectrum was taken 10 min after L-proline
addition.

lyl-2-carboxylate, the expected hydrolysis product (Fig-
ure 9, traces c,d), regardless of the elution conditions.
When the reaction mixture was coinjected with authentic
pyrrolyl-2-carboxylate, both the authentic standard and
the major hydrolysis product coeluted regardless of the
elution conditions (our unpublished data). Additionally,
this product had a UV-Vis spectrum indicative of pyrro-
lyl-2-carboxylate. Although the detection of pyrrolyl-2-
carboxylate by mass spectrometry has been reported
[38], we were unable to detect the mass of this product
by using a variety of MS techniques (MALDI-TOF, ESI,
LC/MS, ClI, El, and FAB). Additionally, the mass of au-
thentic pyrrolyl-2-carboxylate could not be detected
with these techniques. Therefore, to prove the this prod-
uct was pyrrolyl-2-carboxylate, we performed 'H NMR
on product from a scaled-up reaction. The chemical
shift and coupling constants ('"H NMR [CD;0D, 500 MHZz]
d 6.18 [dd, 1H, J = 3.4, 2.4 Hz], 6.84 [dd, 1H, J = 3.6,
1.5 Hz], and 6.95 [dd, J = 2.4, 1.5 Hz, 1H]) of the purified
product were in agreement with those from authentic
pyrrolyl-2-carboxylate and published data [39].

An additional product peak, with an elution time of 16
min, was observed in both reactions (Figure 9). Re-
peating the RedW experiment with ["“C-L-Proline]
showed that this second product was derived from pro-
line (our unpublished data). During the work-up of the
reactions, the products were hydrolyzed from the PCP
domains by incubation at 65°C for 15 min in 0.1 M KOH.
This treatment may have caused the formation of some
adduct of pyrrolyl-2-carboxylate. To test this theory, we
chemically synthesized a pyrrolyl-2-carboxyl-N-acetyl-
cysteamine thioester (pyrrolyl-2-carboxyl-SNAC) prod-
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Figure 9.

HPLC separation and identification of ORF11/ORF9/RedW (Red)
and PItF/PItL/PItE (green) reaction products released by KOH treat-
ment. See Experimental Procedures for details. Trace a shows pyr-
rolyl-2-carboxyl-SNAC after KOH treatment. Trace b shows authen-
tic pyrrolyl-2-carboxylate. Trace ¢ shows ORF11/ORF9/RedW
reaction products. Trace d shows PItF/PItL/PItE reaction products.
Chemical structures of the eluted compounds are shown. The puta-
tive bipyrrole structure is shown in brackets.

uct mimic (Figure 10). This product mimic was incubated
at 65°C for 15 min in 0.1 M KOH, and the resulting prod-
ucts were separated by HPLC (Figure 9, trace a). A prod-
uct peak eluting with the same retention time, regardless
of changes in the elution profile, as the unidentified
RedW and PRE product peak was observed, and it
showed the same UV-Vis spectrum as the product elut-
ing from the RedW and PIE reactions (our unpublished
data). This product was not observed when authentic
pyrrolyl-2-carboxylate was treated in the same manner
and suggested that formation of this product required
the thioesterfied pyrrolyl-2-carboxylate. Analysis of this
product peak by a variety of mass spectrometry tech-
niques (MALDI-TOF, LC/MS, ESI, Cl, and EI) failed to
detect a reliable mass to identify the product. The
amount of product accumulated was not enough to
solve the chemical structure by NMR. One explanation
for this product formation was that in the presence of
0.1 M KOH, the nitrogen of the pyrrole ring became
deprotonated and the resulting nucleophile attacked the
carbonyl center of a neighboring pyrrolyl-2-carboxyl-
S-PCP thioester, generating a bipyrrole adduct. Con-
sistent with this model, an increase in the pyrrolyl-2-
carboxyl-SNAC concentration could bias the ratio of
pyrrolyl-2-carboxylate to the putative bipyrrole toward
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the bipyrrole. Figure 9 trace a shows the product gener-
ated when formation of the putative bipyrrole was opti-
mized. A similar effect was seen when the pyrrolyl-2-
carboxyl-S-PCP concentration was varied during KOH
treatment (our unpublished data). Finally, it should be
noted that RedW could not substitute for PItE in pyrrolyl-
2-carboxyl-S-PItL formation, whereas PItE could only
partially substitute for RedW in pyrrolyl-2-carboxyl-S-
ORF9 formation. This suggests that specific protein/
protein interactions play a role in pyrrolyl-2-carboxyl-S-
PCP formation.

Discussion

The results reported here establish a new mechanism
for the biosynthesis of pyrrole moieties. The two path-
ways that were investigated are involved in the biosyn-
thesis of the natural products undecylprodigiosin, from
S. coelicolor A3(2), and pyoluteorin, from P. fluorescens
Pf-5. In each pathway, an enzyme showing amino acid
sequence homology with A domains of NRPSs (ORF11,
undecylprodigiosin; PItF, pyoluteorin) is specific for
L-proline activation to L-prolyl-AMP. This intermediate
is subsequently thioesterified in trans to a partner
protein showing homology to PCP domains of NRPSs
(ORF9, undecylprodigiosin; PItL, pyoluteorin). The ami-
noacylation of the holo-PCP is followed by the oxidation
of the L-prolyl-S-PCP to the corresponding pyrrolyl-2-
carboxyl-S-PCP, a conversion initiated by a novel en-
zyme showing homology to acyl-CoA dehydrogenases/
oxidases (RedW, undecylprodigiosin; PItE, pyoluteorin).
In both biosynthetic pathways we show that the corre-
sponding three-enzyme assemblage is sufficient for the
conversion of the pyrrolidine ring of L-proline to a
pyrrole.

The final enzymatic step in pyrrole synthesis is cata-
lyzed by either RedW (undecylprodigiosin) or PItE (pyo-
luteorin), both of which show strong homology to
members of the acyl-CoA-dehydrogenase/oxidase su-
perfamily. The distinction between the enzyme function-
ing as a dehydrogenase or as an oxidase is based on
whether FADH; reoxidation is catalyzed by O, (oxidase)
or a partner electron-transferring flavoprotein (dehydro-
genase). Our finding that the FAD cofactor of RedW is
reduced by L-prolyl-S-ORF9 with very slow reoxidation
of the flavin in the presence of O, suggests RedW, and
by analogy PIRE, functions as a dehydrogenase, not an
oxidase. In support of this conclusion, preliminary re-
sults monitoring pyrrolyl-2-carboxylate formation by
RedW suggested that the enzyme performs a single
catalytic turnover in the presence of O, but multiple
turnovers in the presence of ferricinium salt, acommonly
used surrogate electron acceptor for the study of acyl-
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Figure 10. Schematic Representation of the
Pyrrolyl-2-Carboxyl-S-PCP Product Com-
pared to the Product Mimic Pyrrolyl-2-Car-
boxyl-SNAC

See Experimental Procedures for details on
pyrrolyl-2-carboxyl-SNAC synthesis.

CoA dehydrogenases [40] (our unpublished data). These
data support the conclusion that RedW and PItL function
as L-prolyl-S-PCP dehydrogenases.

This raises the question of what functions as the elec-
tron-transferring flavoprotein (ETF) in each system.
There are no ORFs shared between the undecylprodigio-
sin and pyoluteorin biosynthetic clusters that would sug-
gest a common ETF. An ORF in the undecylprodigiosin
biosynthetic cluster (SC2E9.21, redY), which is tran-
scribed immediately downstream of redW, shows weak
homology to flavin oxidoreductases. However, the over-
expression and purification of this putative enzyme and
its inclusion in RedW reaction mixtures did not stimulate
multiple RedW turnovers, nor did the purified protein
contain the expected flavin cofactor (our unpublished
data). It is possible that the ETF involved in the B oxida-
tion of fatty acids can be recruited for the reoxidation
of the bound flavin of RedW or PItE.

The RedW- and PItE-catalyzed conversion of L-prolyl-
S-PCP to pyrrolyl-2-carboxyl-S-PCP can occur by two
alternative two-step routes. One pathway is the forma-
tion of the A2-pyrrolinyl-2-carboxyl-S-PCP by the dehy-
drogenase and the subsequent two-electron oxidation
to the pyrrolyl-2-carboxyl-S-PCP by either of the two
steps outlined in Figure 2C. Alternatively, the reaction
could proceed via enzyme-catalyzed A*-pyrrolinyl-2-
carboxyl-S-PCP production first, followed by two-elec-
tron oxidation. Based on the known biochemistry of
acyl-CoA dehydrogenase catalysis [37, 41, 42], it is as-
sumed that A2-pyrrolinyl-S-PCP is formed first, followed
by air oxidation to pyrrolyl-2-carboxyl-S-PCP. This is
based on an extensive number of studies that have lead
to the prediction that all acyl-CoA dehydrogenases cata-
lyze substrate oxidation by a similar mechanism [41].
The proposed catalytic mechanism for these enzymes
involves the abstraction of the acidic proton from the
a-carbon of the thioesterified substrate to generate an
enolate-like transition state. Subsequent B-hydride ex-
pulsion to the FAD cofactor results in the enoyl-S-CoA
product. By analogy, the product formed by RedW or
PItE catalysis will be the A?-pyrrolinyl-2-carboxyl-S-
PCP, and the subsequent two-electron oxidation is non-
enzymatic. Interestingly, amino acid alignments of
RedW and PIE with two acyl-CoA dehydrogenases, the
crystal structures of which have been solved (pig liver
medium-chain acyl-CoA dehydrogenase [43, 44] and hu-
man branched-chain isovaleryl-CoA dehydrogenase
[41]) suggest that the catalytic base of RedW and PIE
will be located in a position similar to that seen for the
branched-chain acyl-CoA dehydrogenase. Additionally,
neither RedW nor PRE appears to have the conserved
residues involved in the recognition of the adenosine
moiety of CoA.
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Figure 11. Schematic Representation of A/PCP-Catalyzed Amino Acid Thioesterification Followed by Downstream Modification by Partner

Proteins

(A) Schematic of B-hydroxy-L-tyrosine biosynthesis as determined for novobiocin (NovH/l) biosynthesis (2). A similar mechanism is proposed
for coumermycin A; (CumC/D) and chloroeremomycin (ORF19..,/ORF20,.,) biosynthesis.

(B) Schematic of B-hydroxy-L-histidine biosynthesis as determined for nikkomycin (NikP1/NikQ) biosynthesis.

(C) Schematic of conversion of proline to pyrrolyl-2-carboxyl-S-PCP as determined for undecylprodigiosin (ORF11/ORF9/RedW) and pyoluteorin
(PItF/PI-L/PIRE) and as proposed for coumermycin A, (ProC/ProB/ProA) biosynthesis. Analogous A and PCP domains/proteins are shown in
green and blue, respectively. Downstream modification enzymes are shown in orange (P450 monooxygenases) or yellow (L-prolyl-S-PCP

dehydrogenases).

It is important to highlight the specificity detected for
protein/protein interactions in both pathways. We have
shown that the aminoacylation of the holo-PCPs by their
L-prolyl-AMP ligase partners is specific based on the
finding that ORF11 could not aminoacylate holo-PItL,
nor could PItF aminoacylate holo-ORF9. Furthermore,
the kinetic parameters are consistent with correct pro-
tein/protein interactions since each pair shows K, =10
wM and k., 1 s~ . This is important because both biosyn-
thetic clusters encode multiple carrier protein homo-
logs. In undecylprodigiosin, carrier protein homologs in
addition to an autonomous ACP homolog are encoded
within large multidomain proteins (our unpublished
data). The pyoluteorin biosynthetic cluster encodes
three ACP homologs found within two multidomain poly-
ketide synthase proteins [5]. Our results showing speci-
ficity between L-prolyl-AMP ligase/PCP pairs would ar-

gue that the correct partner proteins have been
identified. Further support for this conclusion comes
from the finding that the L-prolyl-S-PCP dehydroge-
nases are also selective for their respective partner pro-
teins. Finally, the PCPs characterized here show strong
amino sequence homology to each other but not to other
carrier protein homologs encoded by the remaining
ORFs of the clusters. Thus, the correct PCP protein
involved in the conversion of the pyrrolidine ring of pro-
line to a pyrrole in each pathway was identified.

The modification of an amino acid thioesterified to a
holo-PCP domain appears to be a common theme in
secondary metabolism. Recently, it was shown that
during novobiocin biosynthesis, the formation of
B-hydroxyl-L-tyrosine is catalyzed by an A-PCP dido-
main protein (NovH) that covalently tethers L-tyrosine
to its holo-PCP domain (Figure 11A). The L-tyrosinyl-S-

Table 4. Primers Used for the PCR Amplification of Undecylprodigiosin and Pyoluteorin Genes

Gene 5’ Primer

3’ Primer

SC3F7.09 (ORF9)
SC3F7.11 (ORF11)
SC2E9.20 (redW)

pltL TGTCATATGCAGGAGCGTACGTCT
pltF GAACATATGAAGCTGCTCCATGAA
pltE GTTCATATGGACTTCAACTACGAC

AGGACGCATATGACTCCTCGGAAACTG
CTGTACCATATGAGCGCCGCCACTCCC
CGCAACCATATGAACTTCGACTTCGAC

CGGAGTAAGCTTTGCCGCGGTTCCCCC
GTTCCGGGCAAGCTTCCGGGCCGTTCC
CTGACTGTGAAGCTTGCGGCGGGCCGC
TTTAGGCTCGAGGGCGCACTCGGCCTTTAG
CATAAGCTTGCCCTCCACCTGCCTGGC
GCTGTGAAGCTTCCGTTCATGGAG

For each primer, the introduced restriction sites are underlined. For the 5’ primers, all introduced an Ndel restriction site. For the 3’ primers,
all included Hindlll sites except for ptiL, which introduced an Xhol restriction site.
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PCP is then hydroxylated by a partner cytochrome P450
monooxygenase (Novl) [45]. Based on sequence homol-
ogy, it was proposed that this mechanism would be
used to generate 3-hydroxyl-L-tyrosine not only for no-
vobiocin but also for coumermycin A, [15] and chloroere-
momycin biosynthesis [45]. Additionally, it has been
shown that the formation of 3-hydroxyl-L-histidine dur-
ing nikkomycin biosynthesis will be analogous based
on the function of an A-PCP/P450 pair in the biosynthetic
cluster (Figure 11B; [46]). The pyrrolyl-2-carboxyl-S-
PCP biosynthetic pathways characterized here, and as-
sumed to also occur during coumermycin A, biosynthe-
sis, extend this theme (Figure 11C). The tethering of
an amino acid onto a holo-PCP prior to downstream
modification serves two roles. First, it diverts a portion
of the cellular pools of an amino acid into secondary
metabolism. Second, it ensures that modification occurs
only to the thioesterified amino acid and not on the
free cellular pool. As more biosynthetic pathways are
sequenced, it is expected that this mechanism of amino
acid modification will be repeated because the NRPS
scaffolds are shown to function not only in peptide syn-
thesis but also in amino acid modification during sec-
ondary metabolism.

Significance

Pyrrole moieties are found in a number of medically
and agriculturally important natural products. Prior
precursor labeling studies suggested the pyrrole moi-
eties of coumermycin A, and pyoluteorin, as well as
one of the pyrroles of undecylprodigiosin, are derived
from L-proline. The work presented here characterizes
the conversion of the pyrrolidine ring of proline to a
pyrrole by enzymes encoded within the undecylprodi-
giosin and pyoluteorin biosynthetic pathways. It is as-
sumed that homologs from the coumermycin A, bio-
synthetic pathway will work in a similar manner. This
conversion involves the activation of L-proline to
L-prolyl-AMP by enzymes that are homologous to A
domains of NRPSs and the subsequent thioesterifica-
tion of the amino acids to a protein showing homology
with PCP domains of NRPSs. The initial step of proline
oxidation is catalyzed by enzymes showing homology
to acyl-CoA dehydrogenases and results in the gener-
ation of pyrrolyl-2-carboxyl-S-PCP. The coordinated
action of these three proteins presents a new mecha-
nism for pyrrole moiety biosynthesis. This work is an-
other example of a natural product biosynthetic path-
way that uses an NRPS-like scaffold to tether an amino
acid for downstream modification.

Experimental Procedures

Cloning of SC3F7.09, SC3F7.11, redW, plitF, pltE,

and pltL Genes

The genes encoding SC3F7.09 (ORF9), SC3F7.11 (ORF11), and
RedW were PCR amplified from S. coelicolor A(3)2 strain CH999
(a gift from C. Khosla) genomic DNA. The primers used for the
amplification of each gene are listed in Table 4. All three PCR prod-
ucts were cloned into pET37b via the corresponding Ndel and Hindlll
restriction sites and generated C-terminally His8-tagged proteins
when expressed. The resulting plasmids were pORF9-H8, pORF11-
H8, and pRedW-H8. Cloning of ORF9 in this manner resulted in

an expression vector that did not have a drug resistance marker
compatible with pREP4-Sfp. Therefore, the ORF09 gene was sub-
cloned from pORF9-H8 into pET22b via the Ndel and Xhol restriction
sites and generated the expression plasmid pORF9-H6, expressing
a protein with a C-terminal His6 tag.

The genes encoding PItF, PItE, and PItL were PCR amplified from
plasmids (gifts from J. Loper) containing portions of the pyoluteorin
biosynthetic cluster. pltE and pltF were PCR amplified from
pJEL5571, whereas pltL was PCR amplified from pJEL5912. The
primers used for the amplification of each gene are listed in Table
4. The PCR products of pltF and pltE were digested with Ndel
and Hindlll and cloned into the corresponding restriction sites of
pPET37b, resulting in the expression of C-terminally His8-tagged pro-
teins. The resulting vectors were pPItF-H8 and pPItE-H8. The PCR
product of pltL was digested with Ndel and Xhol and cloned into
the corresponding restriction sites of pET22b, resulting in the ex-
pression of a C-terminally His8-tagged protein. The resulting plas-
mid was pPItL-H6.

Heterologous Expression of Proteins in Escherichia coli

The expression constructs from both the undecylprodigiosin and
pyoluteorin clusters were individually transformed into E. coli
BL21(DE3) for overexpression and purification. For pPORF9-H6 and
pPItL-H6, an additional transformation was done to introduce the
plasmids into E. coli BL21(DE3)/pREP4-Sfp for coexpression with
Sfp. Cells harboring the necessary plasmid(s) were grown in LB
medium (3 X 1 liter batches) with 100 pwg/ml of ampicillin, and kana-
mycin was added to 50 p.g/ml during the coexpression of Sfp with
ORF9 and PItL. All cells were grown at 25°C to an ODy, of 0.5,
cooled to 15°C, and grown 2 hr, then induced with 60 pM (final
concentration) isopropyl-D-thiogalactopyranoside (IPTG) and grown
an additional 14 hr at 15°C. Cells were harvested by centrifugation
(10 min at 10,000 rpm, Sorvall RC5B centrifuge, SLA-3000 rotor),
and the 3 X 1 liter batches were pooled and frozen at —20°C until
use. For each 3 X 1 liter batch of overexpressing cells, 20 g (wet
weight) was recovered.

Purification of ORF9, ORF11, PItF, and PItL

Frozen E. coli BL21(DE3) cells containing pORF9-H6 (with or without
pREP4-Sfp), pORF11-H8, pPItF-H8, or pPItL-H6 (with or without
pREP4-Sfp) were thawed and resuspended in 40 ml of 1X bind
buffer (20 mM Tris-HCI [pH 7.9], 500 mM NaCl, and 5 mM imidazole).
Resuspended cells were broken by sonication (Fisher 550 Sonic
Dismembrator, power = 5, 10 min sonication with 2 s on, 2 s off)
and cell debris was removed by centrifugation (30 min at 15,000
rpm, Sorvall RC5B centrifuge, SS-34 rotor). The supernatant was
incubated with 2 ml of HiseBind resin (Novagen) for 2 hr at 4°C with
gentle rocking. The resin was recovered, washed with 40 ml of 1X
bind buffer, packed into a column, and washed with 20 ml of 1Xx
wash buffer (20 mM Tris-Cl [pH 7.9], 500 mM NaCl, and 60 mM
imidazole). Protein was eluted with a linear gradient of 100% 1Xx
wash buffer to 100% 1 X elution buffer (20 mM Tris-Cl [pH 7.5], 500
mM NacCl, and 500 mM imidazole) over 100 ml. The wash with 1X
wash buffer and protein elution were done at a flow rate of 1 ml/
min. Fractions containing the target protein (judged by SDS-PAGE)
were pooled and dialyzed against buffer A (50 mM Tris-Cl [pH 8.0]
at 4°C, 100 mM NaCl, and 10% [v/v] glycerol).

Dialyzed protein was loaded onto a 5 ml Hi-Trap Q Sepharose
HP column preequilibrated with buffer A. All ion exchange chroma-
tography steps were performed at a flow rate of 5 ml/min. The
column was washed with 50 ml of buffer A, and protein was eluted
with a linear gradient of 100% buffer A to 100% buffer B (50 mM
Tris-Cl [pH 8.0] at 4°C, 500 mM NacCl, and 10% [v/v] glycerol) over
100 ml. Fractions containing the protein of interest (judged by SDS-
PAGE) were pooled and dialyzed overnight against buffer C (50 mM
Tris-Cl [pH 8.0] at 4°C, 100 mM NaCl, and 10% [v/v] glycerol). Protein
was concentrated with either Centriprep 10 (Amicon) or Centriprep
3 (Amicon) for either ORF11 and PItF or ORF9 and PItL, respectively.
Proteins were flash frozen in liquid nitrogen and stored at —80°C.
The protein concentration was determined spectrophotometrically
at 280 nm by the use of the calculated molar extinction coefficient
for each protein: ORF11 (62,430 M~'cm~"), ORF9 (8,370 M~ 'cm™),
PItF (54,540 M~'cm™"), and PItL (8,370 M~'cm™).
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Purification of RedW and PHE

Frozen cells of E. coli BL21(DE3) harboring pRedW-H8 were thawed
and resuspended in 40 ml of buffer D (50 mM Tris-Cl [pH 8.0] at
4°C, 300 mM NacCl, 10% [v/v] glycerol, 1 mM ethylenediaminetetra-
acetic acid [EDTA], 200 .M phenylmethylsulfonyl fluoride [PMSF]).
Resuspended cells were broken by sonication (Fisher 550 Sonic
Dismembrator, power = 5, 10 min sonication with 2 s on, 2 s off),
and cell debris was removed by centrifugation (30 min at 15,000
rpm, Sorvall RC5B centrifuge, SS-34 rotor). The supernatant was
recovered, and ammonium sulfate precipitation was performed.
RedW was found to precipitate between 20%-40% (saturated)
based on SDS-PAGE. The 20%-40% pellet was resuspended and
dialyzed overnight in buffer D. The dialyzed protein was purified
further by Hi-Trap Q Sepharose HP ion exchange chromatography.
Prior to being loaded on the column, the protein was diluted with
buffer containing 50 mM Tris-Cl (pH 8.0) at 4°C, 10% (v/v) glycerol
until the final NaCl concentration of the sample was at 100 mM.
The protein was immediately loaded onto the column (5 ml column
volume), and the column was washed with 50 ml of buffer A. RedW
was eluted with a linear gradient of 100% buffer A to 100% buffer
B over 100 ml. Fractions containing RedW (judged by SDS-PAGE)
were pooled and dialyzed overnight against buffer A. All ion ex-
change chromatography steps were done at a flow rate of 5 ml/
min. RedW was not soluble when NaCl concentrations fell below
300 mM or glycerol concentration fell below 10% (v/v) glycerol. Thus,
overnight dialysis against buffer A resulted in RedW precipitation.
Precipitated RedW was recovered by centrifugation (10 min at
10,000 rpm, Sorvall RC5B centrifuge, SS-34 rotor). Protein pellet
was resuspended in buffer D, and protein was flash frozen in liquid
nitrogen and stored at —80°C. Protein concentration was deter-
mined by Bio-Rad Protein Assay with BSA as a standard.

Frozen cells of E. coli BL21 (DE3) harboring pPItE-H8 were thawed
and resuspended in 40 ml of buffer E (25 mM Tris [pH 8.0], 400 mM
NaCl, 2 mM imidazole, and 1 mM FAD). Resuspended cells were
broken by sonication (Fisher 550 Sonic Dismembrator, power = 5,
10 min sonication with 2 s on, 2 s off), and cell debris was removed
by centrifugation (30 min at 15,000 rpm, Sorvall RC5B centrifuge,
SS-34 rotor). The supernatant was incubated with 1 ml of Ni-NTA
Superflow nickel resin (Qiagen) for 2 hr at 4°C. The resin was washed
with 20 ml of buffer E and then packed into a column. The protein was
eluted with a step gradient of increasing imidazole concentration (5,
20, 40, 60, and 200 mM) in buffer E lacking FAD. PIE eluted at 200
mM based on SDS-PAGE. Eluted protein was dialyzed overnight in
buffer D lacking EDTA and PMSF, flash frozen in liquid nitrogen,
and stored at —80°C. Protein concentration was determined by the
calculated molar extinction coefficient (31,760 M~'cm™").

ATP-[*?P]PP; Exchange Assays for Aminoacyl-AMP

Formation

Reactions (100 pl) for determining substrate specificity contained
75 mM Tris-Cl (pH 7.5), 10 mM MgCl,, 5 mM Dithiothreitol, 3.5 mM
ATP, 5 mM amino acid substrate, and 1 mM [*?P]PP; (0.55 Ci/mol,
DuPont NEN) and were carried out at 25°C. The reactions were
initiated by the addition of ORF11 or PItF to a final concentration
of 50 nM. Reactions were incubated for 10 min and then quenched
with charcoal suspensions (500 .l of 1.6% [w/v] activated charcoal,
4.5% [w/V] tetrasodium pyrophosphate, and 3.5% [v/v] perchloric
acid). The charcoal pellet was pelleted by centrifugation, washed
twice with quenching buffer lacking charcoal, and then resuspended
in 0.5 ml of water and submitted for liquid scintillation counting. For
the determination of kinetic parameters of L-proline activation, 100
wl reaction mixtures containing 75 mM Tris-Cl (pH 7.5), 10 mM MgCl,,
5 mM dithiothreitol, 3.5 mM ATP, 1 mM [*2P]PP; (2.15 Ci/mol, DuPont
NEN), and varying concentrations of L-proline (0.2, 0.5, 1, 3, 5, 10,
15, and 25 mM) were carried out at 25°C. Reactions were started
by the addition of either ORF11 (50 nM) or PItF (46 nM) and were
terminated after either 10 min (ORF11) or 7 min (PItF). With less than
10% conversion of substrate to product, these conditions were
within the linear range of enzyme concentration and enzyme turn-
over. Data were fit with the Michaelis-Menten equation adjusted
for substrate inhibition. For each L-proline concentration, triplicate
assays were performed.

TCA Precipitation Assays to Monitor Holo-ORF9

and Holo-PItL Aminoacylation

['“C]-L-proline incorporation into holo-PCPs was monitored with tri-
chloroacetic acid (TCA) precipitation radioassays. A time course for
the aminoacylation of the holo-PCPs by each of the L-prolyl-AMP
ligases involved a 500 pl reaction mixture containing 75 mM Tris-
Cl (pH 7.5), 10 mM MgCl,, 5 mM ATP, 1 mM Tris-(2-carboxyeth-
ylphosphine) (TCEP, Sigma), and 0.75 mM ["“C] L-proline (8.7 Ci/
mol, DuPont NEN) and included 50 nM L-prolyl-AMP ligase (ORF11
or PItF) and 10 .M holo-PCP (ORF09 or PItL). Samples of 50 .l were
removed at 5, 10, 15, 20, 25, 30, 45, and 60 min and added to 200
wl of 10% TCA. Protein was pelleted by centrifugation, washed
twice with 10% TCA, and resuspended in 88% formic acid, and
radiolabeled product was counted by liquid scintillation counting.
The percent modification of the PCP domain was calculated from
the specific activity of the ['*C]L-Proline and the PCP concentration.
For determination of the kinetic parameters of holo-ORF9 aminoacy-
lation by the ORF11, 50 pl reactions containing 75 mM Tris-Cl (pH
7.5), 10 mM MgCl,, 5 mM ATP, 1 mM TCEP, 0.75 mM ['“C] L-proline
(8.6 Ci/mol), 12 nM ORF11, and varying concentrations of holo-
ORFO09 (1, 2.5, 5, 7.5, 10, 20, 30, and 42 M) were incubated at 25°C
for 10 min. Proteins were precipitated and washed, and scintillation
was counted as described above. With less than 10% conversion
of substrate to product, these conditions were within the linear range
of enzyme concentration and enzyme turnover. Data were fit with
the Michaelis-Menten equation with substrate inhibition. For each
holo-ORF9 concentration, duplicate assays were performed. For
determination of the kinetic parameters of PItL aminoacylation by
PItF, 50 pl reactions containing 75 mM Tris-Cl (pH 7.5), 10 mM
MgCl,, 5 mM ATP, 1 mM TCEP, 0.75 mM ['“C] L-proline (7.2 Ci/mol),
5 nM PItF, and varying concentrations of holo-PItL (2.5, 5, 7.5, 10,
20, 30, 50, and 75 pM) were incubated at 25°C for 5 min. PItF
aminoacylation was monitored as described above. With less than
10% conversion of substrate to product, these conditions were
within the linear range of enzyme concentration and enzyme turn-
over, and data were fit with the Michaelis-Menten equation. For
each holo-PItL concentration, duplicate assays were performed.

High-Performance Liquid Chromatography (HPLC) Analysis

of Purified Apo- and Holo-PCPs

ORF9 and PItL that had been purified after expression in the pres-
ence or absence of Sfp were analyzed for 4'-phosphopantetheinyla-
tion by HPLC (Beckman System Gold). Apo- and holo-protein were
separated with a Vydac Protein and Peptide C18 column at a flow
rate of 0.5 ml/min. The following solvents were used: solvent
A—15% (v/v) 2-propanol, 0.1% trifluoroacetic acid (TFA) (v/v) in
ddH,0; and solvent B—75% (v/v) 2-propanol, 0.1% TFA (v/v) in
ddH,0. 7.5 nmols of each purified protein were injected for each
run. The profile for separation was 5 min isocratic development at
100% A; 20 min linear gradient from 100%A/0%B to 60%A/40%B;
and 20 min isocratic development at 60%A/40%B. The elution of
the proteins was monitored at Ayg.

HPLC Analysis of RedW Flavin Cofactor

A 50 pl sample of purified RedW protein (70 wM) was boiled for 5
min, and denatured protein was removed by centrifugation. The
flavin present in the supernatant was analyzed by HPLC with a
Vydac C18 small-pore column at a flow rate of 1 mi/min. The follow-
ing solvents were used: solvent C—ddH,0 and 0.1% TFA; and sol-
vent D—acetonitrile and 0.1% TFA. The profile for product separa-
tion was 30 min linear gradient from 100%C/0%D to 70%C/30%D.
Product elution was monitored at Ays.

Assays for the Detection of Pyrrolyl-2-Carbarboxylate
Formation by RedW and PItE

The RedW reaction (500 pl) contained 75 mM Tris-Cl (pH 7.5), 10
mM MgCl,, 2 mM TCEP, 300 mM NacCl, 10% (v/v) glycerol, 10 mM
L-proline, 15 uM ORF9, 120 nM ORF11, and 8 uM RedW. The reac-
tion was started by the addition of 5 mM ATP and incubated at 25°C
for 1 hr. The reaction was terminated by the addition of 1 ml of 10%
TCA, and precipitated protein was pelleted by centrifugation. The
protein pellet was washed twice with 1 ml of water, resuspended
in 200 pl of 0.1 M KOH, and incubated at 65°C. After 15 min, 20 pl
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of 50% TFA was added, and precipitated protein was removed by
centrifugation. Released products were analyzed by HPLC (dis-
cussed below).

The PItE reaction (500 pl) contained 75 mM Tris-Cl (pH 7.5), 10
mM MgCl,, 2 mM TCEP, 10 mM L-proline, 100 .M FAD, 15 .M PItL,
120 nM PItF, and 8 .M PIRE. The reaction was started by the addition
of 5 mM ATP and incubated at 25°C for 2 hr. The reaction was
terminated by the addition of 1 ml of 10% TCA, and precipitated
protein was pelleted by centrifugation. The protein pellet was
washed twice with 1 ml of water, resuspended in 200 pl of 0.1 M
KOH, and incubated at 65°C. After 15 min, 20 ul of 50% TFA was
added, and precipitated protein was removed by centrifugation.
Released products were detected by HPLC. Separation of the
formed products involved HPLC with a Vydac C18 small-pore col-
umn at a flow rate of 1 mi/min. The solvents used were as described
for RedW flavin analysis. The profile for product separation was
30 min linear gradient from 100%C/0%D to 0%C/100%D. Product
elution was monitored at Ay.

'H NMR Analysis of RedW Pyrrolyl-2-Carboxylate Product

A large-scale reaction (14 ml) containing 75 mM Tris-Cl (pH 7.5), 10
mM MgCl,, 5 mM ATP, 10 mM L-Proline, 10% (v/v) glycerol, 300
mM NacCl, 10 mM Ferricenium hexafluorophosphate, 10 .M FAD, 2
mM TCEP, 350 .M holo-ORF9, 1 pM ORF11, and 9 uM RedW was
incubated at 25°C in 500 pl aliquots for 2 hr. Five hundred milliliters
of 10% (w/v) TCA was added to each aliquot to precipitate protein
and covalently bound product. The protein pellets were each
washed twice with 1 ml of ddH,0 and then resuspended with 1 ml
of 0.1 M KOH. The reactions were incubated at 65°C for 15 min and
neutralized with TFA, and protein was removed by filtration through
Centricon 3 columns. The resulting hydrolyzed products were sepa-
rated by HPLC according to the protocol described above, and the
putative pyrrolyl-2-carboxylate product was collected, lyophilized,
resuspended in deuterated methanol, and analyzed by 'H NMR. 'H
NMR spectroscopy was performed in a Varian Innova 500 MHz
system (TMS d = 0) with a Wilmad microprobe tube.

Synthesis of 1H-pyrrole-2-Carbothioic Acid (Pyrrolyl-2-
Carboxyl-N-Acetylcysteamine Thioester)

Pyrrolyl-2-carboxylic acid (150 mg, 1.35 mmol) and oxalyl chloride
(177 ml, 2.03 mmol) were refluxed in dry dichloromethane (100 ml)
for 2 hr. The product was evaporated to dryness, and then N-acetyl-
cysteamine (431 ml, 4.05 mmol) and dry dichloroethane (50 ml) was
added. The solution was refluxed overnight and then evaporated to
dryness. The product was purified via preparative thin-layer chroma-
tography with a mixture of hexane and ethyl acetate (1:1) to yield
120 mg (42% yield). Results from 'H NMR (CDCl;, 200 MHz) analysis
were as follows: 3 1.61 (s, 3H, CH,CO), 2.74 (m, 2H, CH,), 3.59 (dd,
J = 6.2, 12.9 Hz, 2H, CH,S), 6.23 (m, 1H, py), 6.57 (m, 1H, py), and
6.92 (m, 1H, py). MALDI-MS analysis of the product found a mass
of 213.125 (calculated 213.070) for C¢H;,N,0,S (M-H") .

Mass Analyses of Apo- and Holo-PCPs

For determination of the mass of the apo- and holo-PCP domains,
purified protein was prepared for Matrix-assisted laser desorption
ionization time-of-flight mass spectral (MALDI-TOF MS) analysis
with ZipTip C4 (Millipore) sample preparations. ZipTips were equili-
brated with ddH,0, protein was loaded, washed with ddH,O, and
eluted with 3,5-dimethoxy-4-hydroxycinnamic acid (10 mg/ml). To
distinguish between apo- and holo-ORF9, we performed a second
MALDI-TOF analysis on HPLC-purified protein.
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