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Identification of a Phosphopantetheinyl
Transferase for Erythromycin Biosynthesis in
Saccharopolyspora erythraea

Kira J. Weissman,*® Hui Hong,™ Markiyan Oliynyk,? Alexis P. Siskos,? and

Peter F. Leadlay®

Phosphopantetheinyl transferases (PPTases) catalyze the essential
post-translational activation of carrier proteins (CPs) from fatty
acid synthases (FASs) (primary metabolism), polyketide synthases
(PKSs), and non-ribosomal polypeptide synthetases (NRPSs) (sec-
ondary metabolism). Bacteria typically harbor one PPTase specific
for CPs of primary metabolism (“ACPS-type” PPTases) and at least
one capable of modifying carrier proteins involved in secondary
metabolism (“Sfp-type” PPTases). In order to identify the PPTase(s)
associated with erythromycin biosynthesis in Saccharopolyspora
erythraea, we have used the genome sequence of this organism to
identify, clone, and express (in Escherichia coli) three candidate
PPTases: an ACPS-type PPTase (S.erythraea ACPS) and two Sfp-

Introduction

Phosphopantetheinyl transferases (PPTases) catalyze the post-
translational modification of carrier proteins (CPs) in the multi-
enzyme fatty acid synthases (FASs), polyketide synthases (PKSs),
and non-ribosomal polypeptide synthetases (NRPSs). The CPs
are either integrated into the synthases (typel) or are discrete
subunits (type Il), and depending on the nature of the attached
intermediate, are called acyl carrier proteins (ACPs), aryl carrier
proteins (ArCPs), or peptidyl carrier proteins (PCPs). Phospho-
pantetheinylation occurs by transfer of the 4-phosphopante-
theine (P-pant) prosthetic group from coenzyme A (CoASH) to a
conserved serine residue in the CPs, converting the proteins
from their inactive “apo” forms to their active “holo” forms.!" The
reactive thiol terminus of the P-pant provides an attachment site
for chain-extension intermediates, while its length (20 A) and
flexibility allow the CPs to shuttle the growing chains between
spatially separated active sites within the synthase complexes.”?!
Each CP domain must be modified in order for the whole
multienzyme to function; for example, the hexamodular PKS
6-deoxyerythronolide B synthase (DEBS) responsible for eryth-
romycin biosynthesis has a phosphopantetheinyl group on each
of seven ACPs distributed among DEBS 1, 2, and 3 (Figure 1).B!

The PPTases have been classified into three structural groups,
which also loosely correlate with their substrate specificity.
The first is the “ACPS-type”, exemplified by ACPS of Escherichia
coli. These PPTases are =120 amino acids in size, function as
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type PPTases (a discrete enzyme (SePptll) and another that is
integrated into a modular PKS subunit (SePptl)). In vitro analysis of
these recombinant PPTases, with an acyl carrier protein-thioester-
ase (ACP-TE) didomain from the erythromycin PKS as substrate,
revealed that only SePptll is active in phosphopantetheinyl transfer
with this substrate. SePptll was also shown to provide complete
modification of ACP-TE and of an entire multienzyme subunit from
the erythromycin PKS in E. coli. The efficiency of the SePptll in
phosphopantetheinyl transfer in E.coli makes it an attractive
alternative to other Sfp-type PPTases for co-expression experiments
with PKS proteins.

homotrimers,> ¢ and are fairly specific for CPs of primary
metabolism, although the ACPSs from E. coli” ® and Streptomy-
ces coelicolor™ can activate a wider range of substrates in vitro,
including in the case of the S. coelicolor enzyme, ACPs from type |
and type Il PKSs. The second group is the “Sfp-type” PPTases,
named after Sfp (surfactin phosphopantetheinyl transferase),
which is required for the production of the lipoheptapeptide
antibiotic surfactin in Bacillus subtilis! These PPTases are
monomeric'® and approximately twice the size of the ACPS-
type enzymes, which suggests that they evolved by gene
duplication from an ACPS ancestor. Although Sfp-type PPTases
are thought to be optimized for CPs of secondary metabolism,'
several exhibit a relaxed substrate specificity, and are capable of
modifying both type | and type Il ACPs and PCPs.* 72 |n fact,
Sfp-type PPTases appear to have assumed the role of ACPSs in
some organisms (e.g., Haemophilus influenzae, Pseudomonas
aeruginosa, and Synochosystis PCC6803).2 ™ The third type of
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modular DEBS proteins were obtained by co-expres-
sion of the broad-specificity B. subtilis PPTase Sfp in
E. coli?'-31 However, this modification is reportedly
incomplete,?" consistent with the preference of Sfp
for PCP over ACP substrates, at least in vitro.* 2! For
optimal heterologous expression, and for in vitro
studies of ACP/PPTase interaction, it would clearly be
preferable to clone the gene for the cognate PPTase
for the DEBS proteins. This gene does not lie in the
erythromycin biosynthetic cluster, but we have now
used the essentially complete genome sequence of
S. erythraea to characterize the “PPTase-ome” (PPTase
complement of the genome) of this strain. We show
here that (only) one of the three PPTases of S. eryth-
raea readily catalyzes the complete modification of
DEBS-derived proteins expressed in E. coli.

B-Deoxyerythronolide B <

Results

Figure 1. The erythromycin-producing polyketide synthase 6-deoxyerythronolide B synthase

(DEBS) is a hexamodular PKS incorporating seven acyl carrier protein (ACP) domains. Each ACP
is post-translationally modified with a phosphopantetheinyl (P-pant) “swinging arm”
(indicated by the zigzag lines). The terminal thiol of each P-pant group provides an attachment

site for chain-extension intermediates onto the PKS, as shown.

PPTase is incorporated as a domain at the carboxyl terminus of
the a-subunit of fungal type | FASs, where it catalyzes the in cis
autophosphopantetheinylation of the ACP at the amino termi-
nus of the same polypeptide.l'

Many organisms contain multiple P-pant-requiring pathways,
and it was initially speculated that each pathway might have a
dedicated PPTase.®! Indeed, the yeast Saccharomyces cerevisiae,
which contains three P-pant-dependent pathways, has three
PPTases with mutually exclusive substrate specificities: PPT2 for
the typell ACP of mitochondrial FAS, Lys5 for the typel PCP
domain of the a-aminoadipate reductase Lys2, and a PPTase
domain integrated into the typel FAS2.'3-1 However, the
complete genome sequences of S. coelicolor's! and Streptomyces
avermitilist"”! have revealed that the number of CP-containing
pathways in these bacteria significantly exceeds the number of
PPTases. For example, S. coelicolor has a total of 22 secondary
metabolic clusters (including eight PKSs, four NRPSs, and one
hybrid PKS-NRPS), yet has only two Sfp-type PPTases.'® In
addition, most of the polyketide biosynthetic gene clusters
identified so far do not contain a gene for their associated
PPTase. Taken together, these observations imply that it will be
difficult to predict both the complement of PPTases for a given
organism and their location within the genome.

We aimed to identify the PPTase(s) responsible for activating
the erythromycin PKS in Saccharopolyspora erythraea, in order to
ensure optimal overexpression of active synthase proteins in
heterologous hosts such as E. coli. Expression of the C-terminal
didomain ACP-thioesterase (TE) of DEBS 3,' as well as of the
multienzyme subunit DEBS 32% in E. coli, showed that, although
the proteins were judged to be correctly folded by several
criteria, endogenous E. coli PPTases were not able to use them as
substrates.'™ 2 Later, catalytically active unimodular and bi-
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Identification of three PPTases in
Saccharopolyspora erythraea

A search of a curated database of BLAST®? hits from

the Saccharopolyspora erythraea genome yielded

three contigs containing genes with homology to
both ACPS-type and Sfp-type PPTases. However, because the
genome sequencing was only partially completed (= 95 %) when
we initiated the project (as estimated by the number of gaps
remaining), two of the PPTase genes were only represented by
partial sequences. Therefore, inverse polymerase chain reaction
(PCR)? was used to complete the sequences with genomic DNA
from the S. erythraea strain JC2.124

Analysis of the predicted protein products of the three genes
revealed that one is a putative ACPS-type PPTase (designated
S.erythraea ACPS) and the other two are Sfp-type PPTases
(designated SePptl and SePptll). The acp$S gene starts with a GTG
codon, which is preceded by a potential ribosome binding site
(GGAGTG). The overall (76.5 %) and third codon position (76.6 %)
G+ C content and the codon usage of acp$ are as expected for
an actinomycete gene. The deduced protein sequence includes
consensus residues identified by Lambalot etal.,! which
participate in substrate binding and catalysis:® ¢ 7 (V/1)G(V/I)D
(motif P2) and (F/W)(S/C/T)XKE(A/S)hhK (h refers to a hydro-
phobic residue) (motif P3) separated from each other by 40-45
residues (Figure 2B). S.erythraea ACPS also shows significant
similarities to a large number of putative ACPSs from actino-
mycetes and other species (Figure 3 A),?” including the S. coeli-
color ACPS (47 % identity, 58% similarity; accession number
086785), S.avermitilis ACPS (46% identity, 57% similarity;
accession number Q82DL2),"! and Mycobacterium tuberculosis
ACPS (31 % identity, 45 % similarity; accession number 053 228).
The S. erythraea ACPS protein is predicted to contain 123 amino
acids, which is typical for these enzymes.

Because the seppt/ gene did not have a clear ribosome binding
site, the position of the start codon was not obvious. Two
possible ATG start codons were identified, yielding putative
products of 285 and 246 amino acids (Figure 2C). The codon
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Pl: PXWPXGXXGEMLTHCXGY... (X,.)... P2: [KINUEICIVIIND.- .-
(X404} +++» P3: P/W S/C/TXKES/AhhEK
MI‘\.-*GE@EQ}TEL‘JGU'\ERF‘GESLERTPALAEP.'JFTPhERRTRD
GCAARSVTSLAARPAAKXKEAAAKRALGVPEPSGCRFTDCEVVOA
DDGRPSLEVEGRLARAAEVRGVTAWHVESLTHDAEMBEATF
VVAERA
MDAHLVHXKGQVWVEITAWRDVRLECDRRAHRVYAFPQRN
MLSERRPGGWTLVEDRWPGPASRDIYAGIHLSAPEREVY
DOGLRPEGRORHWLLGRIAVEDAVRSWLWOHGERSVYPAETI
H‘JRNE'ER._aLQ____'F_g:E'_‘J’\’Tf}RHRELPAF‘AVSLAHE!GDIAVAL‘JRA
|3Al—l@Pe’-‘a'I‘;E@_.ﬁ@-ﬁ_!‘ﬁAQ'ﬁU']'E1\'].‘:‘.PAL.RTAL.TGAEJ-IET_L.ASLAG'E‘
GDEALWPTRFWAAREAVGKALGTGLAGTPQDLVVVAADR
SRARVSEVRTRGEPRGRAFVVEHVOQVSGRSEANDYVVTWTV
EEQREITLEEKLP
MIERVLPEGCATWVEAFDDPAEATLFPEEEAAIARAVDEKE
RREFTTVRHCARRAMAELGVPPAPLLPGERGAPQWPAGY
vGsuTHc:AGYRA;\vv:::rnc‘rvv'rﬂ:;;_@;mEPHEPL?GDU;
DAVELPEERARLRELSTODGEVHWDRVLPSCEESVYEKAW
FPLTSGAWLDFEQADLTFDAAGGTFHARLLEPGGQAEGRTP
LTEFTGERWLAADGFVVSAIVRLRER

Figure 2. Sequences of the Saccharopolyspora erythraea phosphopantetheinyl transferases (PPTases). A) Sequences of the PPTase consensus motifs, P1, P2, and P3.
ACPS-type PPTases incorporate motifs P2 and P3, while all three motifs are present in the Sfp-type PPTases. B) Sequence of the S. erythraea ACPS. The conserved PPTase
motifs are highlighted in gray. C) Sequence of the Sfp-type PPTase, SePptl. The first row shows residues that are only in the longer version of the protein. D) Sequence of

the Sfp-type PPTase, SePptll.

usage of either version of the gene is as expected (72.1% and
73.3% G+ C content, respectively). From the typical length of
Sfp-type PPTases (=240 amino acids), however, it was thought
that the 246 residue protein was the more likely candidate. While
SePptl contains the most highly conserved residues of the
consensus motifs P2 and P3, it is missing six amino acids from an
additional motif, P1 (PXWPXGX,GS(M/L)THCXGY), identified by
Sanchez etal.,” which lies 15 amino acids upstream of P2
(Figure 2C). Nonetheless, it aligns well with a subset of the Sfp-
type PPTases (Figure 3B), including S. avermitilis SAV7361 (45%
identity, 54 % similarity; accession number Q93HI0), Streptomy-
ces venezuelae JadM (33% identity, 42% similarity; accession
number Q9L7 M4), and S. coelicolor SCO5883 (33 % identity, 41 %
similarity; accession number 054 146).

The gene for SePptll also begins with a GTG codon and is
preceded by a putative ribosome binding site (GGAGAA). Its
overall (74.5%) and third codon position (74.6 %) G+C contents
are as expected for an actinomycete gene. The predicted protein
contains all three motifs, P1 — P3 (Figure 2D). SePptll aligns well
with other Sfp-type PPTases in the database (Figure 3B),23
including, S. coelicolor SCO6673 (54% identity, 63% similarity;
accession number 088029), S. avermitilis PptA2 (54% identity,
62% similarity; accession number Q82MB2), and Streptomyces
verticillus Svp (55% identity, 63 % similarity; accession number
Q9F0Q6). The SePptll protein is expected to contain 230 amino
acids, within the typical size range for this type of PPTase.
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Location of the PPTases in the S. erythraea genome

We were interested in determining the genetic context of the
three PPTases in order to help identify the putative PPTase(s) for
erythromycin biosynthesis. We therefore analyzed the curated
database of S. erythraea for BLAST hits on the genes flanking the
PPTases. The two genes upstream from the acpS within the
contig are homologues of a lipase from an uncultured bacterium
(accession number AF223645) and L-glutamine-b-fructose-6-
phosphate amidotransferase from Mycobacterium smegmatis
(accession number GLMS_MYCSM); the downstream genes do
not match known sequences in the database. The ACPS of
S. coelicolor (accession number SAV4964) is also located just
downstream of an amidotransferase gene.

The sepptl gene is located within the same open reading
frame (ORF) as genes with strong homology to PKS ketosynthase
(KS) and acyltransferase (AT) domains; the KS domain is
incomplete as the contig begins approximately 100 amino acids
downstream of the KS start site. It therefore appears that SePptl
forms the C terminus of a PKS multienzyme (Figure 4 A); this PKS
is as yet uncharacterized and is the third example of a modular
PKS within S. erythraea. Consistent with this observation, the
downstream genes within the contig include putative glycosyl-
transferases and Streptomyces sp. pathway-specific regulatory
proteins. All three genes are highly similar to the corresponding
domains in a putative modular polyketide synthase subunit
(SAV7361) in S. avermitilis (the sequence of the integral PPTase is
shown in Figure 3B). The SAV7361 subunit, which has the same
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Figure 3. Multiple alignment of PPTases in the regions of the consensus motifs. A) Alignment of ACPS-type PPTases. The
consensus motifs P2 and P3 are indicated. Abbreviations are: B. a., Bacillus anthracis; Staph. a., Staphylococcus aureus;
B.s., Bacillus subtilis; Strep. p., Streptococcus pneumoniae; L. m., Listeria monocytogenes; C. t., Clostridium tetani;
Y. p., Yersinia pestis; E. c., Escherichia coli; V. c., Vibrio cholerae; A. t., Agrobacterium tumefaciens; N. m., Neisseria
meningitidis; R. s., Rickettsia sibirica; S. a., Streptomyces avermitilis; S. c., Streptomyces coelicolor; Sac. e.,

FULL PAPERS

The contig including sepptll
contains only two genes, part of
a transposase and sepptll itself;
repeated efforts to sequence
downstream of sepptll have
failed. Interestingly, the transpo-
sase adjacent to sepptll is nearly
identical (95% on the protein
level) to the transposase (called
IS1136) located between DEBS 1
and DEBS 2 in the erythromycin
cluster.” The closest homo-
logues to SePptll in S. coelicolor
and S.avermitilis (SCO6673!'8!
and SAV1748,27 respectively)
are also located away from their
target clusters.

Our analysis of the genes that
are co-located with the three
PPTases in S.erythraea pointed
to SePptll as the most likely
candidate for activation of the
DEBS proteins.

Overproduction and
purification of S. erythraea
ACPS, SePptl, SePptll, and
ACP-TE

In order to establish that SePptll
was the PPTase that accomplish-
ed activation of DEBS in S. eryth-
raea, we decided to express the
three PPTases individually in
E.coli for study in vitro. We
chose the didomain ACP-TE
from the C-terminal end of
DEBS3 as our model sub-
strate.' The three PPTases were

Saccharopolyspora erythraea; M. t., Mycobacterium tuberculosis. B) Alignment of Sfp-type PPTases in the regions of the

consensus motifs. The consensus motifs P1, P2, and P3 are indicated. Abbreviations (not given in A) are: S. an.,
Streptomyces antibioticus Tu 6040; S. v., Streptomyces verticillus; S. n., Streptomyces noursei; B. p., Bacillus pumilus;
S. m., Streptomyces murayamaensis; S. ve., Streptomyces venezuelae; S. sp., Streptomyces sp. PGA64; A. sp., Anabena

species.

organization as the putative S. erythraea multienzyme, lies in the
middle of an uncharacterized PKS cluster (pks1). The gene
directly upstream of SAV7361 is a type Il ACP, which may be the
missing partner of the KS and AT domains; whether a similar
arrangement occurs in S. erythraea remains to be determined.
The location of SePptl (and the PPTase of SAV7361) within a
multifunctional protein was unanticipated, because the only
integral PPTases known to date are domains in the fungal type |
FAS systems!'® which more closely resemble ACPS-type PPTases
in length.'"M It would therefore appear that SePptl and the
PPTase of SAV7361 are members of a fourth structural class of
phosphopantetheinyl transferases.

ChemBioChem 2004, 5, 116-125  www.chembiochem.org
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cloned into pET28b+ and
pET29b+ for expression in
E. coli BL21-CodonPlus® (RP) as
both their N- and C-terminal His,q
tag fusion proteins. Analysis of
total cell protein from IPTG-induced cells demonstrated that the
yield of the N-terminal fusions was significantly greater than
proteins which contained a C-terminal Hisg tag. In the case of
SePptl (Figure 2C), both the longer (285 amino acid) and shorter
(246 amino acid) versions of the protein were expressed, but as
only the 246-residue SePptl was soluble, it was selected for
further study. The didomain ACP-TE was expressed as a
C-terminal Hiss tag fusion protein from pACP-TEHis®?® (this
plasmid was constructed by cloning the gene for the ACP-TE
didomain!" into pT7 - 18His, a pT7 - 7-derived plasmid incorpo-
rating a C-terminal Hisy tag; although two of the C-terminal
amino acids of the TE had been removed in construction of the
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A 0.1 equiv of PPTase relative to ACP-TE, under the
FET— e— A— conditions reported by Lambalot et al. for EntD and
— —_— Sfp:I" Tris-HCl (pH 8.8, 75 mm), MgCl, (10 mm), DTT
303 residues 274 residues 246 residues (25 mm), and CoASH (200 wm). Although the pH
optimum of Sfp is 6.0, it remains active at pH 8.8.1
- Incubations were carried out for one hour at 37 °C and
—:— KR e— " then quenched by the addition of 50 mm EDTA. The
PPE; ACP-TE was then analyzed by liquid chromatography-

-+ 1887 residues »*

Figure 4. Comparison of the organization of type | PKS and type | FAS multienzymes
incorporating PPTases. A) Organization of the modular PKS subunit in S. erythraea including a
C-terminal PPTase domain. The multienzyme incorporates ketosynthase (KS) and acyltrans-
ferase (AT) domains upstream of the PPTase. Domains and linkers are shown to scale.

B) Organization of the yeast FAS subunit a. The FAS contains an N-terminal ACP domain
followed by ketoreductase (KR) and KS activities, and terminating in the PPTase. Domain

boundaries are approximate.

plasmid, this deletion was not expected to affect the ability of
the ACP domain to fold).

The PPTases and the ACP-TE were purified by Ni**-nitrolotri-
acetic acid affinity (Ni-NTA) chromatography. This step provided
the ACPS, SePptl, and ACP-TE in both good yield and good purity
(Figure 5); ACPS and SePptl could be purified further to
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Figure 5. Purification of S. erythraea ACPS, SePptl, and SePptll. A) Lane 1,
purification of the ACPS after Ni-NTA affinity chromatography; Lane 2, after
cation-exchange chromatography. Hiss-tagged S. erythraea ACPS has a calcu-
lated molecular weight of 15.0 kDa. The positions of the protein markers are
shown on the left. B) Lane 1, purification of SePptl after Ni-NTA affinity
chromatography; Lane 2, after cation-exchange chromatography. His,-tagged
SePptl has a calculated molecular weight of 27.0 kDa. The positions of the protein
markers are shown on the left. C) Lane 1, purification of SePptll after Ni-NTA
affinity chromatography. Hiss-tagged SePptll has a calculated molecular weight
of 26.1 kDa. The positions of the protein markers are shown on the left.

homogeneity by cation-exchange chromatography. However,
the yields of SePptll from the Ni-NTA step were consistently low,
despite exhaustive attempts to express the protein under a
variety of conditions and by use of several different expression
systems. Attempts to purify SePptll further by anion-exchange
chromatography were also unsuccessful.

Phosphopantetheinylation in vitro by ACPS, SePptl, and
SePptll

As SePptll was impure, only ACPS and SePptl were used initially
in the in vitro assays. Incubations were carried out with 0.01 and
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mass spectrometry (LC-MS), with unmodified ACP-TE
as a control; phosphopantetheinylation was expected
to increase the molecular weight of ACP-TE by 339 Da.
No formation of holoenzyme was observed by LC-MS
in any assay with these enzymes.

On the basis of these results, all three PPTases were
incubated with the ACP-TE in an alternative buffer
(NaPi (50 mm), MgCl, (10 mm), DTT (5 mm), CoASH
(1 mm)® and over a range of pH values (6.0-8.0).
Assays were carried out with enzyme/substrate molar ratios of
0.1, 1.0, and 10 (SePptl could only be used at the two lower
concentrations, as it became insoluble at 10 x ). ACP-TE was also
incubated with Sfp under the same conditions (pH 6 only). The
reactions were performed at 37°C for six hours and then
quenched by the addition of 50 mm EDTA. As before, the assays
were analyzed by LC-MS.

This analysis revealed that the SePptll was able to modify the
ACP-TE at all concentrations used and at all pHs tested
(calculated: 39311 Da; found: 39304 + 3 Da), as was Sfp. Again,
ACPS and SePptl failed to modify the ACP-TE under these
conditions. The assays with SePptll were repeated, but with
enzyme/substrate molar ratios of 0.01 and 0.001, and at pH7
only. As before, formation of holo-protein was complete within
six hours, as judged by LC-MS. The Sfp enzyme has been
reported to use CoASH analogues (desulfo, homocysteamine),!'?
acyl-CoAs (benzoyl- and phenylacetyl),''? and diketide-CoAs® 3%
as substrates, and so it was of interest to see if SePptll could also
utilize modified CoAs. The ACP-TE was therefore incubated with
SePptll and a range of acyl-CoAs (acetyl, propionyl, n-butyryl,
isobutyryl, valeryl, (2RS)-methylmalonyl), as well as desulfo-CoA.
Only desulfo-CoA was found to be a substrate for SePptl
(calculated: 39272 Da; found: 39280 Da); Svp, an Sfp-type
PPTase from the bleomycin producer Streptomyces verticillus
ATCC15003, has a similarly narrow substrate specificity, as it also
failed to recognize acetyl-CoA.™ Taken together, these assays
seemed to confirm the expectation from sequence analysis that
SePptll is responsible for activation of the DEBS proteins.

Although ACPS and SePptl could not modify ACP-TE under all
conditions tested, they were nonetheless capable of P-pant
transfer to a type Il ACP. ACPS and SePptl (along with SePptll and
Sfp) were incubated at fourfold excess with the ACP in buffer
(Tris-HCI (pH 7.5, 50 mm), MgCl, (10 mm), DTT (2 mm), CoASH
(1 mm)), at 30°C for four hours. By LC-MS analysis, the extent of
phosphopantetheinylation in all cases was approximately 50 %.
This experiment demonstrated that ACPS and SePptl can indeed
function as PPTases, and so their inability to modify the DEBS
ACP-TE probably does reflect their substrate specificity. It also
showed that SePptll can recognize a typell ACP domain in
addition to a type | ACP.

www.chembiochem.org ChemBioChem 2004, 5, 116 - 125
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In vivo phosphopantetheinylation by SePptll

Because the partially purified SePptll was highly active against
DEBS proteins in vitro, we decided to investigate whether it
could also modify DEBS proteins in vivo in E.coli. To do this,
sepptll was introduced into the pT7-based ACP-TE expression
vector, pACP-TEHis: sepptll was excised from the pET28b +
based expression vector pKJW152 along with the upstream
region containing the T7 promoter, lac operator, and ribosome
binding site, and the downstream region containing the T7
terminator, and ligated into pACP-TEHis.2" In this way, addition
of IPTG to the cell medium was expected to induce expression of
both the substrate ACP-TE and the PPTase. The ACP-TE was
expressed and purified as described previously. Although SePptll
was also Hisg-tagged, the low levels of PPTase expression did not
interfere with the purification of the ACP-TE. Analysis of the ACP-
TE by LC-MS showed that the ACP was completely modified
(calculated: 39311 Da; found: 39308 + 1 Da) (Figure 6).
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Figure 6. LC-MS analysis of in vivo phosphopantetheinylation by SePptll.

A) Mass spectrum of the didomain Hiss-tagged ACP-TE expressed in the absence
of SePptll (calculated size, 38972 Da). B) Mass spectrum of the didomain Hisg-
tagged ACP-TE co-expressed with SePptll (calculated size, 39311 Da). C) Mass
spectrum of apo ACP; obtained by limited trypsinolysis of DEBS 3 (calculated size,
12005 Da). D) Mass spectrum of ACPs obtained by limited trypsinolysis of DEBS 3
after co-expression with SePptll (calculated size, 12344 Da).
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It was also critical to demonstrate that SePptll could modify
ACP domains in the context of intact PKS subunits. Our target
was DEBS 3, which contains two ACP domains, ACP; and ACP,
(the latter being the ACP of the didomain ACP-TE). We therefore
constructed a co-expression vector for DEBS3 and SePptll:
SePptll was amplified from pKJW152, and introduced into a
pPET28b + -based expression vector for DEBS 3, pAPS11; again,
the genes upstream and downstream of sepptll were also
included. Here, both the DEBS 3 and the SePptll were expected
to be Hisg-tagged. The resulting plasmid, pKJW191R, was
transformed into E.coli BL21-CodonPlus®, and the DEBS3
protein was purified by Ni-NTA affinity chromatography followed
by anion-exchange chromatography. The yield of purified
DEBS 3 was >2 mgL~', which compares favorably to expression
levels in the absence of the PPTase gene (typically 1-1.5mgL™").

In order to determine whether P-pant transfer had occurred,
DEBS 3 was briefly subjected to limited proteolysis with trypsin.
Trypsinolysis of DEBS 3 had previously been found (by LC-MS) to
release ACP; as a distinct domain, which could be separated
from the other fragments in the mixture. Analysis of the digest
by LC-MS showed that ACP, had been quantitatively modified by
SePptll (calculated: 12344 Da; found: 12347 + 1 Da) (Figure 6).
Although it was not possible to analyze ACP, for technical
reasons, this experiment provided very good evidence of the
ability of SePptll to recognize ACPs within the context of multi-
domain PKS subunits.

Discussion

PPTase-catalyzed phosphopantetheinyl transfer is a critical step
in the post-translational activation of multienzymes involved in
both primary and secondary metabolism. While some PPTases
exhibit very broad specificities, the three E. coli enzymes (ACPS,
EntD, and YhhU) are unable to modify a range of heterologous
ACP and PCP domains when expressed in vivo.'>2" Until
recently, this deficiency significantly impeded in vitro research
into polyketide and non-ribosomal polypeptide biosynthesis,
which depends on the availability of large quantities of func-
tional proteins. Although the B. subtilis PPTase Sfp can function in
co-expression experiments in E. coli,?" 23032 holo-protein for-
mation by Sfp is incomplete.?” This inefficiency is probably due
to the fact that Sfp prefers PCP substrates to ACPs and ArCPs, at
least in vitro.* 2 We were therefore interested in identifying the
PPTase from the erythromycin producer S. erythraea that specif-
ically activates the DEBS PKS, in order to evaluate its utility in
such co-expression experiments.

As they are small and poorly conserved domains, the PPTases
are a challenging target for standard genome screening
methods. In addition, even if the location of primary and
secondary metabolic clusters is known, there is no guarantee
that the associated PPTase genes will be co-located.™ Sanchez
etal® have recently published a method for cloning PPTase
genes from polyketide and non-ribosomal peptide-producing
organisms. In this approach, primers are created by the use of
CODEHOP (Consensus-Degenerate Hybrid Oligonucleotide Prim-
er),3¥ and the resulting PCR products are then used as probes to
screen a genomic library by colony hybridization. However,
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because the primers are designed around the conserved P1 and
P3 motifs, this strategy is inherently unsuitable for identifying
ACPS-type PPTases, which lack P1; attempts to amplify PPTases
with degenerate primers designed against the P2 and P3 motifs
were unsuccessful® In addition, even when care is taken to
detect weakly hybridizing signals during screening, it is unclear
whether this technique can confidently identify all PPTases
within a given organism.

The total sequencing of the S.erythraea genome, nearing
completion in this laboratory, provided the candidate PPTase
genes for the present study. Although the genes have not yet
been annotated, the sequence data have been analyzed by
using a program called “blast analyse”,?¥ which identifies only
strong hits to proteins of known or predicted function in the
SPTR database. This analysis yielded a “curated” list of proteins,
which was then searched with keywords relevant to PPTases,
“phosphopant” and “holo/acyl carrier protein synthase”. Search-
ing the genome sequence in this way yielded three candidate
PPTases, although the sequences of two of the genes had to be
completed by inverse PCR. In order to confirm that these were
the only transferase sequences in S. erythraea, the genome was
used in BLAST?? searches with sequences both of an ACPS-type
(S. coelicolor ACPS) and of an Sfp-type PPTase (PptA2 from
S. avermitilis), as well as with the sequences of the three putative
S. erythraea PPTases. These analyses and more recent searches
on the essentially complete genome have revealed no additional
sequences with homology to PPTases, and so these three genes
appear to represent the “PPTase-ome” of S. erythraea.

The S. erythraea genome contains one ACPS-type PPTase and
two Sfp-type PPTases. Although we did not expect to find a strict
correlation between the location of the PPTases and their
specificity, we nonetheless analyzed the genomic context of the
genes for possible insight into their function. The acpS gene, like
its counterparts in S. coelicolor and S. avermitilis, does not seem
to be located near the gene for any obvious target protein.
Therefore, its predicted role in primary metabolism will need to
be demonstrated with studies in vitro.

Unexpectedly, we found that the Sfp-type PPTase SePptl is
actually integrated into the C terminus of an unidentified PKS
subunit, downstream from a KS and an AT domain. In the fungal
type | FAS systems which also possess an integral PPTase, the
transferase domain instead lies downstream of its target ACP, as
well as a ketoreductase (KR) and a KS domain (Figure 4B).1"3
Additionally, the fungal type | PPTases are more similar to the
ACPS-type enzymes in length.™ The novel organization of this
erythromycin PKS is shared by a modular PKS in S. avermitilis 2
which suggests that these two domains represent a distinct
structural class of PPTases. The S. erythraea SePptl and S. avermi-
tilis PPTase align most closely with Sfp-type PPTases such as JadM
from S. venezuelae and Sfp, both of which are discrete enzymes.
It is interesting that this sub-group of Sfp-type PPTases
consistently lacks several of the conserved residues identified
in the P1 motif (Figure 3B), although those most important in
substrate binding and catalysis are present.’> ¢ % Sanchez et al.
have speculated that the organization of the fungal FAS arose
from a gene fusion event with an ACPS-type PPTase, and perhaps
a similar event with one of these Sfp-type PPTases generated this
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new type of PKS. It will be interesting to determine whether the
integral PPTase within the homodimeric structure of type | PKSB3!
also forms a homodimer, since Sfp-type PPTases are normally
monomeric.®

The short contig including sepptll contains only one other
gene. This sequence has >95% homology (protein level) with
the transposase gene located within the DEBS cluster between
the ORFs eryAl and eryAll, encoding for DEBS 1 and DEBS 2,
respectively.3® This striking similarity raises the speculative
possibility that sepptll was originally located within the cluster,
but was moved elsewhere in the genome during a recombina-
tion event; the sequence adjacent to transposons is known to be
a recombination “hot-spot”.?”! Our efforts to purify SePptll and
to demonstrate its activity in vitro, however, were hampered by
poor expression levels of the PPTase in E. coli, despite attempts
with many different conditions and expression systems, and
despite alteration of the initial codons in the gene to reflect the
E.coli codon preference. However, as ~60% pure protein,
SePptll rapidly and efficiently catalyzed the formation of ACP-TE
holo-protein over a range of pH values (6-8) and was also able
to use the modified substrate, desulfo-CoA. In contrast, ACPS
and SePptl were inactive under all conditions tested.

Nonetheless, it was critical to show that SePptll could also
function as a PPTase in vivo in E. coli with DEBS proteins as
substrates. Co-expression plasmids were therefore constructed
for SePptll and the didomain ACP-TE, as well as the entire PKS
subunit, DEBS 3, from which ACP-TE is derived. Efforts to express
these two proteins in the absence of SePptll had yielded only
apo-ACPs.l"% 20 Analysis of ACP-TE and the ACP; from trypsino-
lyzed DEBS 3 demonstrated complete holoation of the ACP
domains, in contrast to the incomplete phosphopantetheinyl
transfer achieved with Sfp.2" Co-expression of SePptll with
DEBS 3 had no apparent effect on the yield of purified DEBS
protein. The yield of DEBS3 is also high relative to other
bimodular DEBS proteins that have been expressed with Sfp in
E. coli (e.g., module 1 + module 5-TE (0.2 mgmL~") and M1 M6-TE
(1 mgmL~")).2% The low expression levels of SePptll in E. coli are
apparently compensated for by its high catalytic efficiency.

The S. erythraea genome contains four uncharacterized clus-
ters for non-ribosomal polypeptide biosynthesis, and three
modular PKSs, all of which require an associated PPTase for
activity. The S. erythraea ACPS is likely to be specific for ACPs of
primary metabolism; SePptl is expected to activate the PKS
subunits in the cluster to which it belongs. Therefore, SePptll is
the best candidate for a “promiscuous” PPTase in this bacterium,
capable of modifying not only type | PKS ACP domains, but also
NRPS PCP activities. The ability of SePptll to achieve complete
holoprotein formation of intact PKS multienzymes in E. coli
without substantial effects on yield due to overexpression of the
PPTase itself makes SePptll a very attractive alternative to Sfp for
co-expression experiments in E. coli.

Experimental Section

General methods and materials: E. coli DH10B was grown on 2 x TY
medium and E. coli BL21-CodonPlus® (RP) (Stratagene) was grown on
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2 x TY or LB media. Antibiotics were used at the following concen-
trations: ampicillin (100 pgmL~") and kanamycin (50 pgmL~") for
E. coli DH10B, and ampicillin (50 pgmL~"), kanamycin (30 pgmL™"),
and chloramphenicol (34 pgmL~") for E. coli BL21-CodonPlus. For
transformation and plasmid preparation from E. coli, standard
protocols were used.B® Restriction endonucleases, T4 DNA ligase,
T4 polynucleotide kinase, and DNA polymerase| large (Klenow)
fragment were obtained from New England Biolabs. Reagents used
for protein purification were purchased from Roche Molecular
Biochemicals or Sigma.

Recombinant DNA methods: Purification of DNA fragments ampli-
fied by polymerase chain reaction (PCR) was performed with QIAEX I
(QIAGEN) or Nucleospin® Extract kits (Machery - Nagel). PCR reac-
tions were carried out with Pwo (Roche) or Pfu (Stratagene) DNA
polymerases as described by the enzyme suppliers. DNA sequencing
was performed by the DNA Sequencing Facility of the Department of
Biochemistry, University of Cambridge. Oligonucleotides were pur-
chased from QIAGEN Operon, and the expression vectors pET28 b +
and pET29b + were purchased from Novagen. The plasmid pACP-
TEHis is a derivative of pERX1,'” and was a kind gift from T.
Schwecke.®

Identification of PPTase genes in Saccharopolyspora erythraea:
The genome sequence of S. erythraea (> 95 % complete) was used in
BLAST (basic local alignment search tool)?? searches against the
SPTR (Swissprot + TrEMBL) protein databases. The results were
analyzed by using “blast analyse”,*¥ a program which selects only
strong hits to proteins of known or predicted function. This
processed (curated) list was then searched with keywords related
to PPTases (“phosphopant” and “holo/acyl carrier protein synthase”)
effectively selecting all hits in the S. erythraea genome with similarity
to PPTase sequences in the current SPTR. This analysis yielded three
contigs containing genes with homology to PPTases; however, at
that stage only one of the PPTase sequences was complete. In
addition, the genome sequence was BLAST searched with the
S. coelicolor ACPS (accession number 086785) and the S. avermitilis
PptA2 (Sfp-type PPTase; accession number Q82MB2) sequences, in
order to verify the matches found by using the above technique, and
also with the three S. erythraea PPTase sequences in order to confirm
that there were no other transferase genes in the bacterium. The
nucleotide sequences reported in this paper have been submitted to
the GenBankTM/EBI Data Bank with accession numbers AY430049
for ACPS, AY430050 for SePptl, and AY430051 for SePptll.

Sequencing of the genes for S. erythraea ACPS by inverse PCR:*!
Genomic DNA from S. erythraea JC2?4 was digested with Narl, Sacl,
Sacll, Sall, or Xmnl. The digested DNA was analyzed by agarose gel
electrophoresis, and fragments in the size range ~0.3-1.6 kb were

excised and purified. The fragments were then ligated at high
dilution in order to circularize the DNA. The gene for the ACPS was
then successfully amplified from the Sacl-digested DNA by inverse
PCR by use of primers located within the known sequence (5'-
ccccegeaccggegggatcaccgecgacac-3’ and 5'-ccggtggctcagccagactg-
taggccgcacaacc-3') to yield a product of ~750 bp. The PCR product
was then sequenced. The gene was then re-amplified (5'-gccga-
gatcgcgcegtgcgegeggctacga-3' (forward) and 5'-ggcggttgtgcggccta-
cagtctggctg-3' (reverse)), phosphorylated with T4 polynucleotide
kinase, and cloned into Smal-cut pUC18, and the sequence was
confirmed.

Sequencing of the genes for SePptll by inverse PCR:?3! Genomic
DNA from S. erythraea JC2 was digested with Narl, Sacl, Sall, or Xmnl.
The digested DNA was analyzed by agarose gel electrophoresis, and
fragments in the size range = 1 -4 kb were excised and purified. The
fragments were then ligated at high dilution in order to circularize
the DNA. The gene for SePptll was successfully amplified from the
Sall-digested DNA by inverse PCR by use of primers located within
the known sequence (5'-cggtgcgtggtcaccgaggagcactcgggatcggct-3’
and 5’-gtgcttactggtgatcggcaatcgtgtaaaatga-3’) to yield a product of
~ 1.5 kb. The PCR product was then sequenced. The gene was then
re-amplified (5'-cggtgcgtggtcaccgaggagcactcgggatcggct-3' (f) and
5'-ggacgggcggccgccacgcgggcegeccgttcggegta-3' (r)),  phosphorylat-
ed with T4 polynucleotide kinase, and cloned into Smal-cut pUC18,
and the sequence was confirmed.

Construction of expression plasmids for S. erythraea ACPS: All
plasmids used are summarized in Tablel. S.erythraea ACPS was
amplified from JC2 genomic DNA, with introduction of the restriction
sites Ndel and Hindlll (5'-tggagtgagcggcatatgatcgtcggcatcggca-3’ (f)
and  5'-cgacaagctttcaggcttcggccaccacgaacgec-3' (r)  or  5'-cac-
gaagcttggcttcggccaccacgaacgccga-3’ (r)). The PCR products were
phosphorylated with T4 polynucleotide kinase, and were then
cloned into Smal-cut pUC18. The sequences of the PCR products
were confirmed by sequencing. The PCR products were then cloned
into Ndel/Hindlll-cut pET28b + and pET29b + to yield pKJW141 and
pKJW146, respectively.

Construction of expression plasmids for SePptl: Expression con-
structs for two versions of SePptl (Figure 2) were created. The 285
amino acid version was amplified from JC2 genomic DNA, with
introduction of the restriction sites Ndel and Hindlll (5'-tccacgctgca-
tatggacgcccatctggtccacaa-3' (f)  and  5'-ttggaagctttggcagcttctc-
caaggtgatctcccgt-3' ()  or  5'-gggtaagctttcatggcagcttctccaaggt-
gatctccc-3' (r). The PCR products were phosphorylated with T4 poly-
nucleotide kinase, and then cloned into Smal-cut pUC18. The
sequences of the PCR products were confirmed by sequencing. The
PCR products were then cloned into Ndel/Hindlll-cut pET29b + and

Table 1. Plasmids used in this study.

Plasmid name Relevant characteristics Origin or reference
pKIW127 PET29b + -based expression plasmid for SePptl-His, (long version) This work
pKJW130 pET29b + -based expression plasmid for SePptl-His (short version) This work
pKIJW133 pET28b + -based expression plasmid for Hiss-SePptl (long version) This work
pKIW136 pET28b + -based expression plasmid for Hiss-SePptl (short version) This work
pKIW141 pET28b + -based expression plasmid for Hiss-ACPS This work
pKIW146 pET29b + -based expression plasmid for ACPS-His, This work
pKIW149 pET29b + -based expression plasmid for SePptll-Hisg This work
pKIW152 pET28b + -based expression plasmid for Hiss-SePptll This work
pKIW177 Co-expression plasmid for ACP-TE and SePptll This work
pKIW191R Co-expression plasmid for DEBS 3 and SePptll This work
pACP-TEHis pT7-based expression plasmid for ACP-TE-Hisg Unpublished, gift from T. Schwecke
pPAPS11 pET28b + -based expression plasmid for Hiss-DEBS 3 This work
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pPET28b + to yield pKJW127 and pKJW133, respectively. The 246
amino acid version was amplified from JC2 genomic DNA, with
introduction of the restriction sites Ndel and Hindlll (5'-ccgcagcgg-
catatgctctctgagcgcaggcccggtgge-3’ (f) and 5'-ttggaagctttgg-
cagcttctccaaggtgatctccegt-3' (1) or  5'-gggtaagctttcatggcagcttctc-
caaggtgatctccc-3’ (r)). The PCR products were phosphorylated with
T4 polynucleotide kinase, and were then cloned into Smal-cut
pUC18. The sequences of the PCR products were confirmed by
sequencing. The PCR products were then cloned into Ndel/Hindlll-
cut pET29b+ and pET28b+ to yield pKIW130 and pKJW136,
respectively.

Construction of expression plasmids for SePptll: SePptll was
amplified from JC2 genomic DNA, with introduction of the restriction
sites Ndel and Hindlll (5'-ataggagaacatatgatcgagcgagtgctgcccga-
3'(f) and 5'-gtataagcttccgctcccgcagecgcacgatggeget-3'(r) or 5'-
ggcgaagctttcaccgctcccgcagecgcacgat-3’ (r)). The PCR products were
phosphorylated with T4 polynucleotide kinase, and were then
cloned into Smal-cut pUC18. The sequences of the PCR products
were confirmed by sequencing. The PCR products were then cloned
into Ndel/Hindlll-cut pET29b + and pET28b + to yield pKJW149 and
pKJW152, respectively.

Construction of a co-expression plasmid for SePptll and ACP-TE:
Plasmid pKJW152 was digested with BspEl, and was then end-filled
by use of DNA polymerase | (Klenow). The resulting linear DNA was
cut with Bglll and ligated into pACP-TEHis digested with Bglll and
BsaAl to yield pKIW177.

Construction of a co-expression plasmid for SePptll and DEBS 3:
SePptll (along with the T7 promoter, lac operator, and T7 terminator
sequences) were amplified from pKJW152, with introduction of Sphl
restriction sites (5'-gaggatcggcatgccgatcccgcegaaatta-3' (f) and 5'-
ttcgccaagceatgctatagttectectttca-3' (r)) at both ends. The PCR frag-
ment was ligated into Smal-cut pUC18, and the sequence was
confirmed by sequencing. The PPTase gene was then ligated into
Sphl-cut pAPS11 (DEBS 3 in pET28b +) to yield pKJW191R (in which
the genes for the SePptll and DEBS 3 are in opposite orientations).

Screening for overproduction of PPTases: Plasmids pKJW127, 130,
133, 136, 141, 146, 149, and 152 were used to transform E. coli BL21-
Codon Plus cells. Cultures of all transformants (35-50 mL, LB) were
grown at 30°C to an ODgy, of > 0.6, and induced with 0.1 mm 1-thio-
[-p-galactoside (IPTG). The cells were incubated overnight at 18°C.
Sodium dodecyl sulfate (SDS, 5%, 50 uL) was added to the cell pellet
from 1mL of culture, the pellet was boiled for 15 min, and the
solution was then centrifuged for 1 h. The total cell proteins were
then analyzed by SDS-PAGE.

Expression and purification of PPTases: Plasmids pKJW136, 141,
and 152 were used to transform E.coli BL21-Codon Plus cells.
Cultures of E. coli pKIW136 and pKJW141 (500 mL, LB) were grown at
30°C to an ODgy, of >0.6, induced with 0.1 mm IPTG, and grown
overnight at 14-18°C. Cultures of E. coli pKIW152 (6 x 50 mL, LB)
were grown at 37°C to an ODgy, of > 0.6; half of the cultures were
induced with 0.1 mm (IPTG) and grown at 37°C for 6 h, while the
remainder were induced with 1 mm IPTG and grown overnight at
14-18°C. All cells were lysed by sonication in buffer A (NaPi (pH 8.0,
50 mm), NaCl (300 mw), glycerol (20%)), containing imidazole (5 mm),
RNAase, DNAase, and protease inhibitor tablet (Roche)), and the
lysates were clarified by centrifugation. The lysates were then
incubated with 50% Ni?"-nitrolotriacetic acid (Ni-NTA) resin for 1 h at
4°C. The resin was washed multiple times with 2 x resin volumes of
buffer A containing 10 mm and then 20 mm imidazole, and the
proteins were eluted in buffer A containing 50 mm and 250 mm
imidazole. This purification step afforded the proteins at the
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following purities (as estimated from Coomassie-stained SDS-PAGE
gels): 136 (90-95%), 141 (95 %), and 152 (60 %).

The ACPS and SePptl could be further purified on a HiTrap SP cation
column (1 mL, Amersham Pharmacia). The ACPS was exchanged into
buffer B (KOH (10 mm), DTT (1 mm), EDTA (1 mwm), glycerol (20%), pH
adjusted to 6.7 with solid 2-(N-morpholino)ethanesulfonic acid
(MES)) on a PD-10 column (Amersham), loaded onto the HiTrap SP
column in buffer B, and eluted with a gradient to 100% buffer C
(buffer B + NaCl (1 m)). The SePptl was exchanged into buffer D (KOH
(10 mm), DTT (1 mm), EDTA (1 mm), glycerol (20%), pH adjusted to 7.7
with  solid  N-(tris(hydroxymethyl)methyl)-2-aminoethanesulfonic
acid (TES)) on a PD-10 column, loaded onto the HiTrap SP column
in buffer D, and eluted with a gradient to 40% buffer E (buffer D +
NaCl (1 m)).

Expression and purification of ACP-TE: Plasmids pACP-TEHis and
pKJW177 were used to transform E. coli BL21-Codon Plus cells.
Cultures of E. coli pACP-TEHis (500 mL, LB) and pKJW177 (2 x 50 mL,
LB) were grown at 37°C to an ODgy, of >0.6, induced with 1.0 mm
IPTG, and grown for 5-5.5 h at 26 - 30 °C. ACP-TE was purified by Ni-
NTA chromatography as for the PPTases.

Expression and purification of DEBS 3: Plasmid pKJW191R was
used to transform E. coli BL21-Codon Plus cells. Cultures of E. coli
pKJW191R (8 x 500 mL, LB) were grown at 30°C to an ODg, of 1.2,
induced with 1.0 mm IPTG, and grown for 4 h at 30 °C. The cells were
lysed by sonication in buffer A containing 1 mm imidazole, RNAase,
DNAase, protease inhibitor tablet (Roche), and lysozyme (1 mgmL™"),
and the lysate was clarified by centrifugation. Ammonium sulfate
was then added to 55% saturation, and the precipitated proteins
collected by centrifugation. The pellet was resuspended in buffer A,
and applied to a HiTrap chelating column (5 mL, Amersham), pre-
equilibrated with Ni,SO, as per manufacturer’s instructions. The
column was washed with 2.5 column volumes of buffer A, and was
then washed with 22 column volumes of buffer A containing 5 mm
imidazole. The protein was then eluted with buffer A containing
250 mm imidazole. The fractions containing DEBS 3 were pooled and
concentrated to 2.5 mL (Amicon® Ultra, 100 kDa MW cut-off), and
then exchanged into buffer F (NaPi (pH 7.0, 50 mm), DTT (1 mm), EDTA
(1 mwm), glycerol (10%)) on a PD-10 column. The desalted protein was
then loaded onto a HiTrap Q column (5 mL, Amersham) in bufferF.
The column was washed with 13 volumes of 23% buffer G (buffer F
+ NacCl (1m)), and the DEBS 3 was then eluted with a gradient to
100 % buffer G. The purification yielded 8.9 mg of DEBS 3 (>2mgL™")
as estimated by Bradford assay.

In vitro analysis of PPTases with ACP-TE: In initial experiments,
ACP-TE (65 png) was incubated with 0.01 and 0.1 molar equivalents of
ACPS or of SePptl in assay buffer (Tris-HCI (pH 8.8, 75 mm), MgCl,
(10 mm), DTT (5 mm)) containing CoASH (200 um) for 1 h at 37 °C (total
reaction volume 1 mL) and then quenched with 50 mm EDTA. ACP-TE
(6.5 ug) was alternatively incubated with 0.1, 1.0, and 10 equivalents
of ACPS, SePptl, and SePptll (amount estimated from Coomassie-
stained gel) in assay buffer (50 mm NaPi (pH 6, 6.5, 7, 7.5, and 8), MgCl,
(10 mm), DTT (5 mm)) containing CoASH (1 mwm) for 6 h at 37°C (total
reaction volume 100 uL) and quenched with 50 mm EDTA. Sfp (the
kind gift of Y. Li®%) was incubated under the same conditions at pH 6
only. The ACP-TE was also incubated with SePptll and acyl-CoAs
(acetyl, propionyl, n/i-butyryl, valeryl, (2RS)-methylmalonyl) and
desulfo-CoA (all at 250 pm)),'? under identical conditions. In all
cases, the ACP-TE was analyzed by liquid chromatography-mass
spectrometry (LC-MS) on a Vydac Protein C4 column (30-65%
acetonitrile/0.1 % trifluoroacetic acid over 35 min) on a ThermoFin-
nigan LCQ.
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In vitro analysis of PPTases with a type Il ACP:* The ACP (20—
40 ug) was incubated with 4 equivalents of ACPS, SePptl, SePptll, and
Sfp in buffer (Tris-HCl (pH 7.5, 50 mm), MgCl, (10 mm), DTT (2 mm))
containing CoASH (1 mwm) for 4 h at 30°C, and then analyzed by LC-
MS.

Limited trypsinolysis of DEBS 3 and analysis by LC-MS: DEBS 3
(350 pug) was incubated with 0.013 (w/w) equivalents of trypsin in
buffer (KPi (pH 7.0, 50 mm), EDTA (1 mm), DTT (1 mm), glycerol (10 %))
in a total volume of 100 pl. The digest was carried out at 30°C for
5 min, and the reaction mixture was then immediately injected onto
a Vydac Protein C4 column, pre-equilibrated with 35% acetonitrile/
0.1% trifluoroacetic acid. The ACPs; was then separated from the
other components by use of a gradient of 35-55 % acetonitrile/0.1 %
trifluoroacetic acid over 40 min (flow rate 0.7 mLmin~").
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