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Characterization of Sfp, Bacillus subtilisPhosphopantetheinyl Transferase for
Peptidyl Carrier Protein Domains in Peptide Synthetases
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ABSTRACT. The Bacillus subtilisenzyme Sfp, required for production of the lipoheptapeptide antibiotic
surfactin, posttranslationally phosphopantetheinylates a serine residue in each of the seven peptidyl carrier
protein domains of the first three subunits (SIfABC) of surfactin synthetase to yield docking sites for
amino acid loading and peptide bond formation. With recombinant Sfp and 2®&Da peptidyl carrier

protein (PCP) domains excised from the SrfB1 and SrfB2 modules as apo substeatedyes of 56-

104 mirr! andKn, values of 1.3-1.8uM were determined, indicating equivalent recognition of the adjacent

PCP domains by Sfp. In contrast to other phosphopantetheinyl transferases (PPTases) previously examined,
Sfp will modify the apo forms of heterologous recombinant proteins, including the PCP domain of
Saccharomyces cerisiae Lys2 (involved in lysine biosynthesis), the aryl carrier protein (ArCP) domain

of Escherichia colEntB (involved in enterobactin biosynthesis), andEheoli acyl carrier protein (ACP)

subunit, suggesting Sfp as a good candidate for heterologous coexpression with peptide and polyketide
synthase genes to overproduce holo-synthase enzymes. Cosubstrate coenzyme A (CoA), the phospho-
pantetheinyl group donor, had<a of 0.7uM. Desulfo-CoA and homocysteamine-CoA are also substrates

of Sfp, and benzoyl-CoA and phenylacetyl-CoA are also utilized by Sfp, resulting in direct transfer of
acyl phosphopantetheinyl moieties into the carrier protein substrate. Mutagenesis in Sfp of five residues
conserved across the PPTase family was assessed for in vivo effects on surfactin production and in vitro
effects on PPTase activity.

Phosphopantetheinyl transferases (PPTasgay an es- Each ACP, ArCP, and PCP domain in the polyketide and
sential role in priming polyketide synthases, nonribosomal polypeptide synthases is subjected to phosphopantethein-
peptide synthetases, and siderophore synthetases by coylation at a conserved serine residue embedded in the carrier
valently converting serine residues in acyl carrier protein protein consensus motif [Gx(D/H)S(L/I)]2. Thus, the
(ACP), peptidyl carrier protein (PCP), or aryl carrier protein 6-deoxyerythronolide B synthase (DEBS) has seven phos-
(ArCP) domains within those multidomainal enzymes from phopantetheinyl (P-pant) groups posttranslationally intro-
inactive apo-forms to active holo-form$)(' This occurs by duced into its DEBS |, II, and Il subunits (each with a
tethering the phosphopantetheinyl moiety of cosubstrate molecular weight of>300 kDa) @), while the cyclosporin
coenzyme A (CoA) in phosphodiester linkage to the hy- synthetase has 11 amino acid activating modules, and so 11

droxymethyl side chain of the conserved serine residue in p_pant prosthetic groups, posttranslationally introduced along
the ACP, ArCP, and PCP domains (see eql)) ( its 1.7 mDa single polypeptide chain)(
The posttranslational phosphopantetheinylation introduces

a 20-A long prosthetic group with a reactive thiol terminus

on which the polyketide and polypeptide chain syntheses are

The specific PPTases responsible for posttranslationally
priming these multienzyme thioltemplate synthetases have

initiated, and intermediates are elongated and matured aPnly recently begun to be identified, starting with the 14-

covalent acyl-, aryl-, or amino acyl-S-enzyme thioesters.
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morpholino)ethanesulfonic acid; PAGE, polyacrylamide gel electro-
phoresis; PCP, peptidyl carrier protein; PCR, polymerase chain reaction
P-pant, 4phosphopantetheine; PPTaseplosphopantetheinyl trans-
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kDa Escherichia coliholo-acyl carrier protein synthase
(ACPS) 6), which converts the inactive apo-ACP subunit
required for fatty acid biosynthesis to its active holo-form.
ACPS will transfer the phosphopantetheinyl group from CoA
to other apo-ACP substrates, including apo-NodF involved
in rhizobial nodulation factor biogenesi6)( and the apo-
ACP subunits that function, when phosphopantetheinylated,
in the assembly of the aromatic polyketides tetracenomycin,
frenolicin, granaticin, and oxytetracyclin@)( In contrast,
theE. coli ACPS will notrecognize the apo-forms of several
ArCP and PCP domains, including the apo-PCP domain of
the E. coli protein EntF and the apo-ArCP domain of the
coli protein EntB 8, 9) that when phosphopantetheinylated
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carry the seryl and dihydroxybenzoyl groups, respectively, the accompanying papetq). E. coli12.1-kDa EntB-ArCP-
assembled b¥. coli into the iron chelating enterobactin. He (9) and Saccharomyces cerisiae 14.4-kDa Lys2-PCP-
The observed substrate specificity of ACPS led us to the He (unpublished data) were kindly provided by Amy M.
expectation that a second PPTase must exikt iooli with Gehring and David E. Ehmann. Tle coli 8.4-kDa apo-
selectivity for apo-EntB and apo-EntF, and we have recently ACP subunit 19, 2Q was kindly provided by Roger S.
identified EntD as that enzyme3,(9). The 26-kDa EntD Flugel. PH]CoA [~70% label in phosphopantetheinyl
protein has marginal homology to ACPS as will be noted moiety as determined by previously described methailg (
below, but was clearly related to such proteins as Sfp andwas prepared by DuPont New England Nucleaid]CoA
Gsp fromB. subtilisand B. brevis, respectively 10, 11). was acetylated to improve storage stability, and the acetylated
The genesfphad been identified genetically as required for fraction and remaining disulfide CoA were purified as
production of the nonribosomally synthesized peptide anti- previously described2@). Unlabeled CoA, acetyl-CoA,
biotic surfactin (0). The genesfpandgsp the latter being  benzoyl-CoA, phenylacetyl-CoA, desulfo-CoA, andde-
involved in synthesis of the peptide antibiotic gramicidin S phospho-CoA were purchased from Sigma. Acetonyldethio-
and used successfully to produce a functional gramicidin CoA and homocysteamine-CoA)(were kindly provided

synthetase module by coexpression Hn coli (11, 12), by Dale G. Drueckhammer. The synthetic SrfB1 peptide
mapped next to the surfactin synthetase and gramicidin G987-M1005 (GVTDNFFMIGGHSLKAMMM) was ob-

synthetase genes, respectively. In additiefp could tained from the Biopolymer Laboratory of the Department
substitute for theentD gene inE. coli entD- mutants 13) of Biological Chemistry and Molecular Pharmacology at

andgspfor sfpin B. subtilis sfp mutants 11), suggesting Harvard Medical School.

orthologous function of the three genes. We have previously Recombinant DNA MethodsRecombinant DNA tech-
reported the initial overproduction and purification of Sfp  niques were performed as previously descrili). ( Plasmid

in E. coli and demonstrated its PPTase activity on a 143- pNA preparation, gel purification of DNA fragments, and
kDa substrate containing the first module of the 401-kDa purification of DNA fragments amplified by polymerase
SrfB subunit of surfactin synthetas@®)( Our findings chain reaction (PCR) were performed using QIlAprep,
suggest the reaction shown in Scheme 1 for Sfp; that is, QIAEX Il, and QIAquick kits, respectively (QIAGEN). PCRs
conversion of apo-modules to holo-modules in surfactin were carried out usingfu DNA polymerase as described
synthetase, which are then competent for self-charging by by the enzyme suppliers (Stratagene). Splicing by overlap
the specific amino acids regioselectively incorporated into extension (SOE) reactiong%) were performed using ap-
the heptapeptide antibiotic product surfactin by the thiotem- proximately an equimolar ratio (total amount ca. 50 ng) of
plate mechanismié, 15). In the results reported here, the each of the gel-purified PCR-amplified DNA fragments to
catalytic efficiency of Sfp is analyzed for modification of pe joined as template. The fidelity of the SOE- or PCR-
apo-PCP domains from two adjacent modules (SrfB1 and amplified DNA fragments was established by nucleotide
SrfB2) of the SrfB subunit of surfactin synthetase as well as sequencing after subcloning into the corresponding expres-
for other heterologous apo-ACP, -PCP, and -ArCP domains. sion vector. DNA sequencing was performed on double-
Utilization of CoA analogues by Sfp is also reported. We stranded DNA by the Molecular Biology Core Facility of
also present in vivo and in vitro analysis of Sfp mutants, the Dana Farber Cancer Institute (Boston, MA). Oligo-

generated by site-directed mutagenesis, with substitution athucleotide primers were obtained from Integrated DNA
amino acids that constitute a signature motif for PPTases. Technologies.

Cloning, Querproduction, and Purification of BrfB1.17.
EXPERIMENTAL PROCEDURES The fragment (14.3 kDa, residues 960084) containing the
Materials, Bacterial Strains, and Plasmid¥'T broth (2x) PCP domain from the first module (SrfB1) of the 401-kDa
and DSM agar (Difco sporulation agar) were prepared and three-module SrfB subunit of surfactin synthetase (Figure
used for culturing ofB. subtilis and E. coli strains as 2A) was PCR-amplified from the plasmid pZW6.2, which
previously describedl@, 17). Competent cells oE. coli is described in the accompanying papé&B)( The PCR
strain DH% were purchased from GibcoBRL. Restriction primers utilized (F-44 and R-42) are shown in Table 1. The
endonucleases and T4 DNA ligase were obtained from New SrfB1.17 forward (F-44) and the reverse (R-42) primers
England Biolabs. The expression vector pET28pbé&nd introducedNdd and Hindlll restriction sites, respectively,
competent cells dE. colistrain BL21 (DE3) were purchased in the PCR product. The amplified fragment was digested
from Novagen. Plasmid pUCB8-Sfp expressing sfiggene with Ndd and Hindlll, gel-purified, and cloned into
from B. subtilishas been previously describeti0f. The pPET28b(t+) digested withNdd and Hindlll to create the
N-terminal Hig-tagged proteins §brfB1.143 (143 kDa), plasmid pSrfB1.17. The plasmid pSrfB1.17, containing the
HeSIfB1.73 (73 kDa), ESrfB1.18 (18 kDa), and §5rfB2.16 translational fusion (k5rfB1.17 protein) between the frag-
(16 kDa) were overproduced and purified as described in ment of 21 amino acid residues (including a N-terminal His
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Scheme 1. Schematic Representation of Phosphopantetheinylation of apo-Surfactin Synthetade by Sfp
s
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2The PPTase Sfp is proposed to catalyze the transfer of a phosphopantetheinyl moiety from CoA to each of the seven serine residues embedded
in the PCP signature sequence [FFxxLGG(D/H)S(L/1)] located in each of the seven PCP domains, respectively, of the first three subunits (SrfABC)
of apo-surfactin synthetase (upper section of the scheme). This posttranslational modification yields the active holo-surfactin syntiégase (mid
section of the scheme) catalytically competent for the loading of amino acid and subsequent formation of peptide bonds required for biogenesis of
the lipopeptide antibiotic surfactin (lower section of the scheme) by the thiotemplate mechanism.

Table 1: Oligonucleotide Primers for Site-Directed Mutagenesis?

Comment Primer Nucleotide Sequence
5'-CAGCCGATCGCCATAGATATCGAAAAA-3

5-TTTTTCGATATCTATGGCGATCGGCTG-3'

G105A
G105A
G105D

F-36
R-35
F-16 5'-CAGCCGATCGACATAGATATCGAAAAA-3'

G105D R-17 5-TTTTTCGATATCTATGICGATCGGCTGT-3'

D107A F-18 5-CAGCCGATCGGCATAGCTATCGAAAAA-3'
D107A

D107E

R-19 5-TTTTTCGATAGCTATGCCGATCGGCTG-3'

F-38 5-CAGCCGATCGGCATAGAGATCGAAAAA-3'

D107E R-37 5-TTITTTCGATCTCTATGCCGATCGGCTG-3'

W147A F-20 5-TATCATCTAGCGTCAATGAAAGAAAGC-3'

WI147A R-21 5-GCTTTCTTTCATTGACGCTAGATGATA-3'

5-TATCATCTATITTCAATGAAAGAAAGC-3
5-GCTTTCTTTCATTGAAAATAGATGATA-3
5'-CTATGGTCAATGAAAGCAAGCTTTATC-3'

5'-GATAAAGCTTGCTTTCATTGACCATAG-3'

W147F F-34

W147F R-35

E151A F-24

E151A R-25

K155A F-26 5-GAAAGCTTTATCGCACAGGAAGGCA-3'

K155A R-27 5-TGCCTTCCTGTGCGATAAAGCTTTC-3'

Sfp-T F-40 5-GCCTCTAGAAUGGGTGCGTTTGATTCACAGCC-3'

SrfB1.17 F-44 5-GCGCCCATCATATGCAGCCGGAATACGCAGCACCA-3

SrfB1.17 R-42 5-GCAGAAGCTTAAGCGGGGACGTTGTAGCTTGTGTTTGC-3'

Stp F-14 5-AAGCAGGCAGTATCAGTTGGAC-3'

Stp R-15 5-GGCGCATACAGCCATTTTGTAG-3'

“Mismatch mutations are underlined. The sequences in bold in the primers F-40,

F-44, and R-42 indicate restriction sites for Xbal, Ndel, and Hindlll, respectively.

tag) encoded in pET28t{) and the 125 residue PCP domain
from SrfB1, was introduced by transformation irfto coli
strain BL21(DE3). For overproduction of;BrfB1.17 (16.6-
kDa), theE. colistrain BL21(DE3)/pSrfB1.17 was cultivated
(1 L) with shaking at 37C in YT broth (2x) containing 50
ug/mL kanamycin to an OF, of 0.5-0.7 and induced with

1 mM isopropyl-1-thiog-p-galactoside (IPTG). Incubation
was continued for a periodf@l h before the cells were
harvested by centrifugation (10 min at 2@)@&nd resus-
pended in 35 mL of a solution of 5 mM imidazole, 0.5 M
NaCl, and 20 mM Tris-HCI, pH 7.9. Cells were disrupted
by two passages through a French pressure cell (18 000 psi).
Cellular debris was removed from the lysate by centrifugation
(30 min at 17006). The N-terminal Histagged HSrfB1.17
protein was purified by nickel column chromatography using
His-Bind Resin (Novagen) according to the manufacturer’s
instructions. Fractions of the eluant from the nickel column
were analyzed by SDSPAGE, and those containing
HeSrfB1.17 (-90% pure) were pooled and dialyzed against
10 mM Tris-HCI (pH 7.5-8.0), 1 mM EDTA, and 10%
glycerol. After dialysis, the samples were concentrated to
100-200 uM with a Centriprep 3 concentrator (Amicon),
aliquoted, flash-frozen in liquid nitrogen, and stored-&0

°C. The purification strategy yielded-25 mg of pure
(>90%) H;SrfB1.17.

Mutagenesis of the sfp GeneSite-directed mutants
G105A, G105D, D107A, D107E, W147A, W147F, E151A,
and K155A were constructed using the SOE metHed). (

In the first round of PCR, the sequence upstream and
downstream of the mutation was amplified separately using
the plasmid pUCS8-Sfp as template and the forward/reverse
(F/IR) primer pairs shown in Table 1. The resulting PCR-
amplified fragments were gel-purified and subjected to a
second round of PCR using the Sfp forward (F-14) and
reverse (R-15) primer pair (Table 1). The resulting amplified
fragment was digested witBad and BsfEl, gel-purified,
and subcloned into pUC8Sfp digested witlEad and BsEl.

The pUCB8-Sfp derivatives containing the mutationssip
were introduced intcE. coli DH5a. Sfp-T (a truncated
version of Sfp encompassing residues 196M24) was
constructed from pUC8-Sfp by introducing an in-frame
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deletion in thesfpgene that encompassed codon®8 using
PCR. To introduce the deletion, Sfp-T forward primer F-40
(encompassing thebal site upstream of the AUG codon of
sfp, the AUG codon, and the Gly97 codon at itseéhd) and
Sfp reverse primer R-15 were used to amplify a 344-bp
fragment from thesfp gene. The amplified fragment was
digested withXbd and BsgEl, gel-purified, and subcloned
into pUCB8-Sfp digested witiXba and BsfEl to create the
plasmid pUC8-SfpT. This plasmid was introduced by
transformation intcE. coli DH5q.

Overproduction and Purification of Sfp Protein®ver-
production ofB. subtiliswild-type Sfp in theE. coli strain
MV1190/pUC8-Sfp 10) and purification were performed
based on previously described procedui&sl(). E. coli
MV1190/pUC8-Sfp was cultivated overnight with shaking
at 37°C in YT broth (2x) containing 10Q:g/mL ampicillin.
Cells fram 1 L of culture were harvested by centrifugation
(10 min at 200Q) and resuspended in TMGD buffer (10
mM MgCl,, 5 mM DTT, 5% glycerol, and 50 mM Tris-
HCI, pH 8.0). After resuspension, all steps were performed
at 4°C unless otherwise noted. Cells were disrupted by two

Quadri et al.

was added frm a 1 mMstock in water. Reactions were
started by adding the PPTase indl0of Sfp dilution buffer
(1 mM EDTA, 10% glycerol, 1 mg/mL BSA, and 10 mM
Tris-HCI, pH 8.0). Enzyme concentration in the assay was
typically in the low nanomolar range, except for the D107E
mutant used in concentrations of up tqul. Reactions
were quenched with 80@L of 10% trichloroacetic acid
(TCA) with BSA (375u9) added as carrier. Precipitated
proteins were pelleted by centrifugation, and the pellets were
washed three times with 80QL of 10% TCA before
dissolving them in 15@L of 1 M Tris base. The redissolved
proteins were mixed with 3.5 mL of liquid scintillation
cocktail, and the amount of radioactivity incorporated was
quantified by liquid scintillation counting. Reactions were
routinely performed in triplicate. Buffers Tris-HCI (for pH
7.0-9.5) and MES/sodium acetate (for pH 4.6.5) were
used at 75 mM final concentration in the PPTase reaction
for determination of the optimum pH for PPTase activity.
The kinetic data (PPTase rate vs substrate concentration)
derived from the radioassay was fit to the Michaeldenten
equation or to the general substrate inhibition equati# (

passages through a French pressure cell (18 000 psi)in the case of PPTase rate vs Lys2-PCfebBincentration.

Cellular debris was removed from the lysate by centrifugation
(30 min at 17000), and crystalline ammonium sulfate was

Utilization of Coenzyme A Analogues by S#phospho-
pantetheinylation reactions (1Q@L) using desulfo-CoA,

added (35% saturation) to the lysate supernatant. After 1 hhomocysteamine-CoA, acetyl-CoA, acetonyldethio-CoA, ben-

at 4 °C with slight agitation, the precipitate was collected
by centrifugation (30 min at 17000). The supernatant was

zoyl-CoA, phenylacetyl-CoA or'adephospho-CoA, and the
apo-HSrfB1.17 domain or th&. coliapo-ACP subunit were

subjected to a second round of ammonium sulfate precipita-performed as described above except for the following
tion (55% saturation). The precipitate was collected by modification. CoA analogues were included in the reaction
centrifugation and dissolved in 20 mL of TMGD buffer. The mixture at 250uM, apo-proteins at 6@M, and Sfp at 200

solution was applied to a Sephacryl S-100 column (Phar- nM. For assessment of apo- to holo-PCP/ACP conversion,

macia, 2.5x 115 cm, 1 mL/min flow rate) equilibrated with
TMGD buffer. The proteins were eluted with the same
buffer at a flow rate of 1 mL/min. Fractions (8 mL each)
were analyzed by SDSPAGE, and those containing Sfp
(>90% pure) were pooled, concentrated te&2mg/mL with

a Centriprep 10 concentrator (Amicon), aliquoted, and flash-
frozen in liquid nitrogen for storage at80 °C. Over-
production of Sfp mutants in th&. coli strain DH&

the reactions were incubatedrf8 h at 37°C and subse-
guently submitted for matrix-assisted laser desorption time-
of-flight mass spectrometry (MALDI-TOF) analysis (Biopoly-
mer Laboratory, Howard Hughes Medical Institute, Harvard
Medical School).

Complementation by $FSpecialized TransductionThe
pUC8-Sfp derivatives bearing the mutastp alleles were
introduced into thd. subtilisstrain JH642fpC2 pheA sff)

containing the pUC8-Sfp derivatives expressing the mutated by phage Sp-mediated specialized transductidi9( 25, 26

sfpgenes was performed at 3G. Purification and storage

to determine if the mutant products possessed PPTase activity

of soluble Sfp mutant proteins were performed in the same in vivo. Plasmids were cleaved wiffcaRI and then ligated

way as that described above for wild-type Sfp.

Protein concentration was determined by the Bradford
assay 23) using dye concentrate reagent from Bio-Rad.
Bovine serum albumin (BSA) was used as standard.

Assay for Apo-protein to Holo-Protein Coersion by
[®H]Phosphopantetheine Group Transfer fromH]Co-
enzyme A The radioassay for determination of PPTase
activity has been previously describeg).( Typically, the
apo-protein or the synthetic peptide G987-M1005 and the
[®H]CoA cosubstrate were incubated (30 min af87 unless
otherwise indicated) with the PPTase in a 100reaction
mixture containing 10 mM MgGJ 5 mM DTT, and 75 mM
MES/sodium acetate buffer, pH 6.0. AcetylatéHJCoA
was hydrolyzed to the free thiol form as previously reported
(22) before its addition to the reaction mixture; whereas the
disulfide PH]CoA was added directly to the reaction mixture
already containing DTT (5 mM) for reduction to its free thiol
form. Apo-proteins were added to the reaction from stocks
(100-200uM) in 1 mM EDTA, 10% glycerol, and 10 mM
Tris-HCI, pH 7.5-8.0. The synthetic peptide G987-M1005

with the 1.6-kbEcaR| fragment of pMMN13 27) bearing a
chloramphenicol resistance gene derived from plasmid
pC194. The resulting plasmids were used to transfBrm
subtilis strain ZB307 [SPc2del2::Tn917::pSK106 26)]

with selection for chloramphenicol resistance (§mThe
plasmids will integrate into the prophage by a single,
Campbell-type recombination event with the plasmid se-
guences present in the phage. fSphage lysates were
generated from the transformants by heat inductii) 4nd
were used to lysogeniZ® subtilisstrain ZB449 {rpC2 pheA
abrB703SP5°). Two lysogens were chosen as a source of
specialized transducing phage. Phage lysates were used to
lysogenize cells from a mid-log phase culture of strain JH642
with selection for C. Lysogens were plated onto DSM
(Difco sporulation agar), which contained 0.1 mM Ca@{O
The lysogenizedB. subtilis strain JH642 expressing the
different sfp alleles are indicated in Table 2. Surfactin
production was detected by the formation of calcium-
dependent halo around the colonies due to the precipitation
of the lipopeptide in the presence of calciug8
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4 — Phosphopantetheinylation of Apo-SrfB1 PCP Domain by
Table 2: Bacillus subtilis strains Sfp. To assess the catalytic capacity of Sfp to function as a
PPTase (eq 1)3H]CoA was used as cosubstrate along with

Strain Relevant Genotype sfp allele h n f £ i h d . 3
LAB2735  SPpc2del2:Tn917::pSK10A6:pMMN352 sfpW1474 t € apo-form or a sur a,‘Ctm Sy,n thetase PCP Qma'” contain-
LABZ7I6  SPpcadel2Tn9 75 SKI0AGpMMN354 FG105D ing the conserved serine residue embedded in a consensus
) P P PCP sequence motif [FFxxLGG(D/H)S(L/129). As shown
LAB2737  SPpc2del2:Tn917::pSK10A6::pMMN356 sfpW147F . — .
in Scheme 1, there are seven potential substrate sites for Sfp
LAB2738  SPpc2del2:Tn917::pSK10A6:pMMN358 sfpD107E

in the first three subunits (SrfABC) of surfactin synthetase
LAB2740 SPBc2del2::Tn917::pSK10A6:pMMN360 sfp (17, 27, 30, 31, 32) The PCP domain in eaCh amino aCid-

LAB274L  SPhc2del2:Tn917:pSKI0A6:pMMNGEZ  ofpk1554 activating module must be converted from the apo- to holo-
LAB2742  SPpc2del2:Tn917:pSK10a6:pMMN364 — sfpD1074 form (eq 1) in order for each module to activate its cognate
LAB2743  SPpc2del2::Tn917:pSK10A6:pMMN366 sfpE151A substrate as an amino aCyI_S_enZyme intermediate, the
LAB2747  5Ppc2del2::Tn917::pSK10A6:pMMNS70 - sfpG1054 prerequisite for subsequent peptide bond formation. In our
LAB2749  SPpc2del2:Tn917:pSK10A6:pMMNS78 - sfp-T initial test to validate Sfp as a PPTase, we chose as substrates

three fragments encompassing residuesi808 (137 kDa),
residues 4621089 (69 kDa), and residues 960085 (14

& 7 & % 10 ;kpay kDa) from the first module (SrfB1) of the 401-kDa three-
B8 nn module SrfB subunit. These substratess}HB1.143,
e, HeSrfB1.73, and HSrfB1.18, respectively) were over-
66 .2 produced in and purified fronk. coli as N-terminal His
5-: tagged derivatives (Figure 2A). The Hisgged substrates
were purified by affinity chromatography on a nickel column
- - - - - 11 as described in the accompanying pagd&).( We previously
reported both covalent incorporation 8H]P-pant and then
- z1.5 subsequent transfer of “C]valine to the largest
2 };I- ;5' (HeSrfB1.143: residues 921308 of SrfB) of these substrates

(8). The first~350 amino acid residues of SrfB are thought
Ficure 1: Levels of overproduction and purity of wild-type Sfp  to encode a condensation domain, and the /&0 residues

and mutants W147A, W147F, and D107E. Protein samples were encode an adenylation domain, followed by the PCP domain

resolved by SDSPAGE (12%) and stained with Coomassie Blue. of ~100 residues and containing S999 embedded in the
Lane 1 was loaded with cell lysate from tR&e coli strains DH%5y; .
lanes 2-5 were loaded with cell lysates from ti& coli strains consensus sequence that marks a PCP doa88)( Figure

overproducing wild-type Sfp, mutant W147F, mutant W147A, and 2B shows a time course for th#H]phosphopantetheinylation
mutant D107E, respectively; lanes-8 were loaded with wild- of the apo-protein E5rfB1.143, HSrfB1.73 (encompassing
type_Sfp and mutants V_Vldlf?A, W147F, and D107E! respectively, residues 4621089 from SrfB), and kBrfB1.18 (encom-
\(I)Vtéti%lrr]\terc:];fligspurlflcatlon, lane 10 was loaded with molecular passing residues 960085 from SrfB) as determined by

' measurement of TCA precipitable radioactivity. The results
RESULTS clearly indicate that under the conditions of the assay the

protein HSrfB1.18, containing the 126 residue PCP domain
Production and Purification of B. subtilis Sfp in E. coli. of SrfB1, was the most efficiently modified substrate of the

Wild-type Sfp (224 amino acid residues) frddn subtilisas three tested. More detailed quantitation of the mole fraction
well as three specific site-directed mutants were overpro- of apo to holo conversion of the SrfB1 fragments is presented
duced inE. coliand purified. Overproduction of wild-type in the accompanying papefll). On this basis and also
Sfp was conducted at 3T. However, overproduction of because of the ease of purification and facility of mass
the Sfp mutants was conducted at 3D to increase the  spectrometric analysis of 18-kDa vs 143-kDa reaction
proportion of soluble enzyme; less soluble enzyme was products, we utilized the ¢$rfB1.18 or the pET28b-derived
recovered when the mutants were overproduced atG37  HeSIfB1.17 substrate (the latter encompassing residues 960
(data not shown). Among those mutants that complemented1084 of SrfB) as preferred substrates for further kinetic
the inactivesfy® allele to render transformants producing analysis of Sfp PPTase activity.
surfactin of theB. subtilisstrain JH642 of Srf phenotype Before further analysis of Sfp PPTase activity, the pH
(mutants G105A, W147A, W147F, and K155A, see below), profile of the enzyme was determined. Figure 3 shows that
only the mutants W147A and W147F were overproduced in Sfp has a clear pH optimum at pH 6.0 with$4fB1.18,
E. coli as soluble proteins and could be purified to homo- displaying less than 20% &f.xat both pH 5.0 and pH 7.0,
geneity. Despite the activity of the G105A mutant in vivo allowing a clear choice of pH for determination K, and
and in vitro (see below), the protein was insoluble and it ke Subsequent kinetic analysis indicate&aof 0.7 uM
was not further characterized. The mutant D107E was alsofor CoA and akgy of 102 min?! (Figure 4A). With
overproduced as soluble protein and purified. Figure 1 showsHeSrfB1.17 apo-PCP as the variable substrate (Figure 4B),
the levels of overproduction of wild-type Sfp and mutants aKp, of 1.3uM and akg,:0f 104 mirr! were obtained. Thus,
W147A, W147F, and D107E in cell lysates and the level of the k. values determined with either the PCP domain or
purity achieved by subsequent purification steps. Typical CoA as variable substrate are in reasonable agreement. In
yield of wild-type Sfp and the D107E mutant wa20 mg/L contrast to the severe inhibition &f coli ACPS by various
of culture, whereas the yield of Sfp mutants W147F and apo-ACP substrates), there is not substantial inhibition
W147A was 79 mg/L. of Sfp by HSrfB1.17 under the assay conditions.
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FIGURE2: Schematic representation of recombinant fragments of SrfB used as P-pant acceptors in this study and time course for incorporation
of [3H]phosphopantetheine into Hitagged SrfB1 fragments. (A) View of modules 1 and 2 of the SrfB subunit (top of the diagram) and
position of the SrfB fragments (thick lines) overproduced as N-terminaj-tdgged proteins k6rfB1.143, HSrfB1.73, HSrfB1.18,
HeSrfB1.17, and HSrfB2.16 and the synthetic peptide G987-M1005. The conserved serine residue (S999) embedded in the peptide G987-
M1005 is indicated. The Histags are indicated as open squares. The positions of the condensation (C), adenylation (A), and PCP or
thioesterification (T) domains in the SrfB1-2 fragment are indicated. The numbers in the scale represent amino acid residues (aa). (B)
Incorporation of H]P-pant into S999 of apo+4$rfB1.18 (squares), aposHrfB1.73 (triangles), and aposBHrfB1.143 (circles) was measured
by radioassay. Reaction mixtures includedM apo-SrfB1 substrate, 46M [3H]CoA (580 Ci/mol), 20 nM Sfp, 10 mM MgG| 5 mM
DTT, and 75 mM Tris-HCI, pH 8.8.

1.410° reported in the accompanying pap&8), where quantitative
o] ] conversion of apo-k6rfB1.18 PCP could be demonstrated
12107 by HPLC separation of apo- and holo-forms and validated
1105.] by mass spectrometry.
E (4

Phosphopantetheinylation of Apo-SrfB2 PCP Domain by

o]
81074 Sfp. Itis probable that Sfp services all seven PCP domains

§ 610*] in the first three subunits of surfactin synthetase for post-
T ] translational phosphopantetheinylation. As an initial com-
= 410 parison of Sfp recognition of a second apo-PCP domain from
210*] . surfactin synthetase, we next overproduced and purified

] HeSrfB2.16 (16 kDa), encompassing the fragment of 21

L o e o e LN B B e e amino acid residues (containing the N-terminal His tag)
4 45 5 55 6 65 7 75 8 85 9 95 encoded by the vector fused to the 124 amino acid residue

pH value PCP domain (residues 206@123) from the adjacent

Ficure 3: Effect of pH on the phosphopantetheinyl transferase downstream module, SrfB2, in the SrfB subunit (Figure 2A).

activity of Sfp. PPTase activity was measured as incorporation of ong-H.SrfB2.16 was indeed a substrate for Sfo. witk
[3H]P-pant into S999 of apo-4$rfB1.18 monitored by radioassay. po-s ' b e

Reaction mixtures included 1M apo-H;SrfB1.18, 40uM [3H]- of _1:8 UM, & ke OF 56 min (TabJe 3_),7and a catalytic
CoA (96 Ci/mol), and 2.6 nM Sfp and were incubated afG7or efficiency KealKm) of 31 vs 80uM~* min~* for the apo-
30 min. Buffers Tris-HCI (for pH 7.69.0) and MES/sodium acetate  HgSrfB1.17 domain.
g%r r%gc?ifn_sé'S) were utilized at 75 mM final concentration in Heterologous Apo-PCP, Apo-ACP, and Apo-ArCP Do-
mains as Substrates of Sfjyo further investigate the ability

In addition to the initial velocity assays, we wished to of Sfp to modify serine side chains in heterologous domains,
utilize Sfp and $H]CoA to quantitate the amounts of apo- we tested three other apo-protein fragments as substrates of
PCP substrates convertible to holo forms. Those results areSfp. Figure 5, panels AC, shows that the C-terminal His
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Ficure 4: Effect of CoA and apo-k6rfB1.17 concentration on s
the rate of Sfp-catalyzed phosphopantetheinyl transfer. Plot A shows
the PPTase reaction velocity as a function of CoA concentration.
Reaction mixtures includec®HiJCoA (96 Ci/mol), 10uM apo- "z
HeSrfB1.17, and 1 nM Sfp. Plot B shows the reaction velocity as E
a function of apo-SrfB1.17 concentration. Reaction mixtures = .
included apo-HSrfB1.17, 4QuM [3H]-CoA (96 Ci/mol), and 1 nM 2
Sfp. All reaction mixtures were incubated at 3Z for 30 min. 2
PPTase activity was measured as incorporatioftfH-pant into
apo-H;SrfB1.17 monitored by radioassay.
Table 3: Catalytic Efficiency for Phosphopantetheinylation of 0 Y yr—r—r——r—rrr—r—r——rrr—
Recombinant apo-PCP, apo-ACP and apo-ArCP Domains by Sfp 0 20 40 60 80 100
Km Keat Keaf Kim Apo-ACP (UM)
substrate @M) _(min™) (@M min™) FIGURE 5: Sfp-catalyzed phosphopantetheinyl transfer to heterolo-
apo-HSrfB1.18 @. subtiliy 1.3 104 80 gous apo-PCP, apo-ACP, and apo-ArCP domains. Plet€ Show
apo-HSrfB2.18 B. subtiliy 1.8 56 31 the PPTase reaction velocity as a function of apo-Lys2-Pid§
apo-EntB-ArCP—Hg (E. coli) 16 65 4 apo-EntB-ArCP-H, and apo-ACP concentration, respectively.
apo-Lys2-PCPHg (S. cereisiae) ~5 >70 >14 Reaction mixtures including the apo-protein and A80[3H]CoA
apo-ACP E. coli) 6 5.8 1 (192 Ci/mol) were incubated at 3T for 30 min with 1 nM Sfp
(Lys2 PCP and EntB ArCP containing reactions) or 10 nM Sfp
tagged apo-PCP domain (residues-8024) ofS. cereisiae .(ACP containing reactlons). PPTase activity was measureq as
Lys2 (34), the C-terminal Higtagged apo-ArCP domain gsc:;)p;oratlon of H]P-pant into apo-substrate monitored by radio-

(residues 188285) of E. coli EntB (9), and theE. coliapo-
ACP subunit of 77 amino acid residued) are all processed efficiently modified from those tested. The efficiency of
with goodK,, and high modification stoichiometries by Sfp. EntB ArCP phosphopantetheinylation is-80-fold lower

The kinetic parameters for phosphopantetheinylation of the than that of the homologous PCP domains, and&heoli
heterologous substrates by Sfp are shown in Table 3. TheACP subunit, withk.,/Kn being 8- to 30-fold lower than
keofKm data for these recombinant substrates show that, bythat of the homologous substrates, is clearly the worst
this catalytic efficiency criterion, th8. cereisiaeLys2 PCP substrate of those tested.

domain is about one-sixth to one-half as good a substrate as Assessment of a SrfB1-PCP Synthetic Peptide as a
the two SrfB1 and SrfB2 homologous PCP domains. Potential Substrate of SfpTo assess the ability of Sfp to
However, and despite the mild substrate inhibition that is recognize the consensus FFxxLGG(D/H)S(L/l) sequence in
observed, Lys2 PCP is the heterologous substrate mosia smaller fragment, a peptide of 19 amino acids encompass-
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Table 4: Mass Spectral Data Demonstrating ModificatiorfEotoli
Apo-ACP

molecular mass (Da)

observe#l observed
apo-ACP holo-ACP observed predicted

prosthetic after after mass mass

group donor incubation incubation increase increase
CoASH 8488 8828 340 340
desulfo-CoA 8514 8818 304 308
homocysteamine-CoA 8501 8866 365 354
acetonyldethio-CoA 8522 8886 364 364
benzoyl-CoA 8509 8947 438 444
phenylacetyl-CoA 8502 8953 451 458
acetyl-CoA 8498 8875 377 382
3'-dephospho-CoA 8483 fAd nd 260

2 The apo-ACP corresponds to the fraction of unmodified substrate
remaining after the incubatioRDTT was not added to the reaction
mixtures that contained acyl-CoA substratesd, no holo-ACP was
detected after incubation.

ing residues G987 to M1005 (GVTDNFFMIGGHSLKA-
MMM) from the SrfB1-PCP domain was synthesized and

Quadri et al.

XXGXD ... (Xg045) - FWXXKESAXXKXX...

GlOSD<J L D107A W147A<-|

G105A D107E W147F

Ficure 6: Conserved residues in the phosphopantetheinyl trans-
ferase enzyme superfamily and amino acid substitutions introduced
into Sfp by site-directed mutagenesis. The PPTase signature
sequence composed of two strings of conserved amino acids spaced
by 40-45 undefined amino acid residues (aa) is shown in the top
of the figure. The amino acid substitutions introduced in the PPTase
signature sequence of Sfp are shown below the conserved sequence.

E151A K135A

spectrometry could be obtained with more accuracy than that
of apo-HSrfB1.18. In contrast, '3dephospho-CoA is not
utilized by Sfp even though it has an intact phospho-
pantetheinyl moiety, suggesting that tHepBosphate group
present in CoA will be an important recognition determinant.
Mutagenesis of Residues Consst in Sfp and Other
Phosphopantetheinyl TransferaseStarting with the amino
acid sequence of ACPS and the C-terminal domairs of
cerevisiae fatty acid synthetase Il (FASII), a search for

tested as a substrate for phosphopantetheinylation at S99%0mologs revealed a second family of PPTases of ca. 24

by Sfp. Incubation fo4 h in areaction with 65 nM Sfp
(65-fold the normal assay concentration) was followed by
mass spectrometric analysis. Only the apo-form of the

peptide (observed molecular mass of 2089 Da; calculated,

26 kDa on the basis of two short amino acid sequences shared
among all the PPTase8)( We have validated the function

of several PPTases by purification and enzymological
analysis, including Sfp fronB. subtilis(8), EntD fromE.

2087 Da) was detected. The presence of the covalentlycoli (8), and Lys5 fronS. cereisiae (36) (David E. Ehmann,
bound phosphopantetheinyl group would have added 340Amy M. Gehring, and C.T.W., unpublished data) and Lpal4
mass units to the peptide, a mass increase readily detectabléom B. subtilis(P.Z. and C.T.W., unpublished data), all of

in the apo-HSrfB1.18 to holo-HSrfB1.18 conversions as
noted in the accompanying papé&8j or in the apo to holo
conversion of thée. coli ACP subunit as shown in Table 4.

which were primarily identified as PPTases on the basis of
two short strings of homology with ACPS (Figure 6). In
particular, G105, D107, W147, K150, E151, and K155 in

Moreover, no $H]phosphopantetheine group transfer from Sfp are six residues conserved in all PPTases and, so far,
[®H]CoA to the synthetic peptides was detected by the TCA are predictive of PPTase activity. As an initial assessment
precipitation assay. The 19 amino acid peptide is clearly of the functional significance of these conserved residues,
not a substrate for Sfp. Nor was it an effective inhibitor; we have generated substitutions at five amino acid positions

inclusion of the peptide at 200M did not reduce tritium
incorporation from H]CoA into apo-HSrfB1.17 catalyzed

in Sfp as indicated in Figure 6 and conducted initial analyses
both in vivo for complementation insfp~ strain ofB. subtilis

by Sfp. Thus Sfp is presumed to recognize and act on afor effects on surfactin production and in vitro for effects

folded apo-PCP domain structure.
Recognition of Coenzyme A Analogu&¥hile CoA is the

presumed natural substrate for donation of its phospho-

on PPTase activity. In addition, a truncated version of Sfp
(Sfp-T composed of 196ML224) corresponding to the 14-
kDa E. coli ACPS and encoded by sfp mutant gene with

pantetheinyl moiety to the seven serine side chains, one ina deletion spanning codons-26 was also examined for in
each of the seven apo-PCP domains of surfactin synthetaseyivo complementation and in vitro PPTase activity.

questions arose as to whether CoA analogues with phos-

phopantetheinyl arms of altered length or with an acyl group

Complementation by $Pspecialized transduction was
performed to investigate whether tls#p allelic variants

already tethered to the thiol function would be substrates of encoding the Sfp mutants G105A, G105D, D107A, D107E,

Sfp. In this context, we have previously observed that
coli ACPS will transfer both modified phosphopantetheinyl
moieties from CoA analogue§)(and acyl-phosphopante-
theinyl moieties from acyl-CoA35) onto apo-ACP sub-
strates. Sfp likewise will utilize desulfo-CoA (transfer of

E151A, W147A, W147F, K155A, and Sfp-T were able to
restore the Stf phenotype to thdB. subtilis strain JH642
(Srf~ phenotype) by complementing tief allele. This
allele expresses a C-terminal truncated inactive Sfp variant.
In the complementation analysis the Sfp mutants K155A,

desulfophosphopantetheine) and homocysteamine-CoA (transW147A, W147F, and G105A complemented #fg’ allele

fer of a prosthetic group extended by one Cihit) as

rendering transformants producing surfactin (Figure 7). In

determined by mass spectrometric assessment (Table 4). Ircontrast, the mutants G105D, D107A, D107E, E151A, and
terms of acyl-CoA recognition, the hydrolytically stable carba Sfp-T (truncated to the 14-kDa size of the presumed core
analogue of acetyl-CoA, acetonyl-dethio-CoA as well as the PPTase represented By coli ACPS) failed to complement.
aryl-phosphopantetheinyl units from benzoyl-CoA and phen- Therefore, these mutants are likely to be defective either in
ylacetyl-CoA can be loaded onto ape3#fB1.18 and onto  stability (e.g., folding) or catalysis. The results of the in vivo
theE. colifatty acid apo-ACP subunit by Sfp. Table 4 shows complementation are most informative in the case of the Sfp
the mass spectral data demonstrating the modificatidh of mutants such as K155A, G105D, and D107A, which were
coli apo-ACP, whose mass determination by MALDI-TOF overproduced as insoluble proteins in the heterologous host
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FIGURE 8: PPTase activity in cell lysates. PPTase activity in lysates
of the strains overproducing the Sfp proteins was measured as
incorporation of $H]P-pant into apo-SrfB1.18 as monitored by
radioassay. Reactions included A8 apo-HsSrfB1.18 and 4«M
[®H]CoA (96 Ci/mol) and were initiated by addition 6f10 uL of
diluted lysate containing-34 ug of protein for the Sfp mutants or
3—4 ng for wild-type Sfp lysates, respectively. A reaction containing
the lysate (3-4 ug of protein) ofE. coli DH5a was included as
control for host-endogenous PPTase activity. Reaction mixtures
were incubated at 37C for 30 min. Each data point represents the
average of two separate determinations.
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FiIGURE 7: Complementation o$f® mutation by the SB-borne

pUC8-Sfp derivatives bearing mutants allelesséd The strains purified to 90% homogeneity as was the D107E mutant
are listed on the left along with the name of the Sfp product (in (Figure 1). For these three mutants #g values for CoA
parentheses) produced by each strain. On the right is a photograpl‘(o 84, 0.82, and 1.2M for the mutants W147F, W147A

of the colonies of each of the strains on DSM agar, showing the 'd [Sld?E, o | df BrfB1.17 ’1 316 !
presence (indicating the Srfphenotype of the strain) or absence an , respectively) and for ape-BrfB1.17 (1.3, 1.6,
(indicating the Srf phenotype of the strain) of the calcium- and 1.2uM for the mutants W147F, W147A, and D107E,

dependent halo formation, due to the2Cahelating activity of respectively) were indistinguishable from that of wild-type

surfactin. Sfp (0.7uM for CoA and 1.3uM for apo-H-SrfB1.17).
However, there were discernible effectslogvalues (Table
Table 5: Catalytic Properties of Sfp Mutants 5). Theke of the W147F mutant was down 5-fold at 20
protein PPTase activity in lysate Keat (Min~1) min~1, while that of the W147A mutant was only 4% of the
Sfp et 104 keat Of wild-type Sfp. The purified D107E mutant had
G105A + ncf detectable activity but &, value depressed some 3000-
G10SD - nd fold compared to that of wild-type Sfp, while tt&, values
Big;é‘ B gdoz—o o4 for CoA (1.3 uM) and apo-HSrfB1.17 (1.2uM) were
W147F e+ 20 essentially unperturbed. These in vitro assays for PPTase
W147A ++ 3.2-56 activity only provided information on the catalytic ability
Eigéﬁ - Eg of the Sfp mutants to modify the purified apa$tfB1.17;

however, the in vivo complementation provided information
as to whether a specific Sfp mutant is able to support
surfactin production. This, in turn, indicated whether the

E. coliand had no detectable PPTase activity in vitro (Table Mutant can efficiently modify all of the PCP domains in the
5, see below). We could gauge the activity of these proteins surfactin synthetase, as is the case for the mutants K155A,
by determining the ability of the corresponding mutafg W147A, W147F, and G105A.
aIIeI_es to complement the inactiwfd allele in B. subtilis DISCUSSION
strain JH642.

Parallel in vitro studies involved overproduction of the The lipoheptapeptide antibiotic surfactin producedByy
Sfp mutant proteins and assessment of whether the Sfpsubtilis is synthesized nonribosomally by an enzyme en-
variants were overproduced as soluble proteins (at both 37coded, in part, by therfABCDgenes 17, 27, 30—32). The
and at 30°C, data not shown), determination of the PPTase proteins SIfABC encoded in the operon activate amino acids
activity in crude extracts, and purification and determination 1—3, 4—6, and 7 of surfactin, respectively, while the protein
of catalytic properties of active Sfp variants that were SrfD appears to be a thioesterase homologue presumably
overproduced in soluble form (Figure 1). In crude lysate, involved in macrolactonization to the initiatingshydroxy-
the Sfp mutants W147A and W147F were clearly active as acyl moiety. Genetic analysis revealed another gene, mapped
was the G150A mutant (Figure 8). Other mutants, including just downstream oérfD, required forsurfactin production
K155A that complemented in vivo, had no detectable PPTaseand hence termedfp (10). This work extends our initial
activity. The two W147 mutants (W147A and W147F) were finding indicating that Sfp is an enzyme with catalytic ability

Sfp-T - nd
and, not determined.
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to posttranslationally phosphopantetheinylate the SrfB1 ments that fold with unequal stability and/or unequal yields
module @) at the serine residue at position 994BY. This of native architecture.
study builds on that initial observation and delineates some When Sfp was tested with three heterologous apo-protein
of the elements of recognition and catalytic scope of the apo- domains as substrateS, cereisiaeLys2, E. coli EntB, and
PCP PPTase Sfp. E. coli apo-ACP, representing heterologous apo-forms of
Chemically, the serine side chain modification catalyzed PCP, ArCP, and ACP domain variants, respectively, Sfp was
by Sfp and cognate PPTases generates a phosphodiest@ble to phosphopantetheinylate all three, albeit with about
linkage and has some formal analogy to the posttranslationalan 80-fold range in catalytic efficiency. This is in marked
modification of serine residues by protein kinases. Thus, in contrast to bottE. coli EntD and ACPS, which would not
these reactions the hydroxymethyl side chain of the serinecross over between PCP and ACP apo-domaifis ioli. It
residue embedded in a consensus sequence acts as nucletemains to be seen if other PCP-recognizing PPTases will
phile to attack a phosphoryl group in pyrophosphate linkage be as promiscuous as Sfp, but at the very least these results
to the cofactor, namely, ATP for protein serine kinases and advance Sfp as a leading candidate for coexpression with
CoA for serine PPTases. Functionally, the apo- to holo- heterologous peptide synthetases and even polyketide syn-
carrier domain conversion serves a priming function for all thases to generate active, holo-formsvivo, for example,
nonribosomal peptide synthetases, polyketide synthases, anih situations where combinatorial biosynthetic schemes are
depsipeptide synthetases in that acylation of the newly undertaken 37, 38). In that context, the ability of Sfp to
introduced cysteamine terminus of the P-pant prosthetic load acyl-pantetheinyl groups directly onto both apo-ACP
group is the central stratagem for monomer activation and or apo-PCP domains as shown here may augur well for
condensation to give-€C, C—N, and C-O bond formation introduction of different starter units, e.g., in polyketides,
in the synthetase-catalyzed elongation steps of the respectivas recently shown for aromatic polyketides withcoli ACPS
biosynthetic pathways. (35), or in mixed polyketide/depsipeptide synthases (e.g.,
Partner-specific interaction has previously been demon- rapamycin synthase).
strated between such synthetases and their cognate phos- We have previously noted a small set of completely
phopantetheinyl transferases by both genetic and, moreconserved residues in two regions of all PPTases [...GxD....(W/
recently, biochemical evidence. The genetic evidence for F)xxKE(S/A)xxK...] (8). The results reported here of the
partner specific recognition of apo-surfactin synthetase by initial studies on mutagenesis of the PPTase signature, where
Sfp was noted above, and there are corresponding data fothe activity of Sfp mutants was investigated both in vivo
the PPTases EntD and Gsp, involved in the biosynthesis ofand in vitro, correlate with each other for the most part and
enterobactin irk. coli (8) and gramicidin S irB. brevis(11), indicate only conservative substitutions at G105 and W147
respectively. We have shown that as a PPTase EntD will are well tolerated. The D107E substitution redukggby
modify the apo-domains of both EntF (a PCP domain) and a factor greater than 3 orders of magnitude without affecting
of EntB (an ArCP domain)§, 9), but will not act on the Km, an effect possibly consistent with a role of residue D107
fatty acid synthase subunit apo-acyl carrier prot&jn (The in catalysis. Secondary structure predictions reveal nothing
corresponding proteinprotein based selectivity also exists about the GXD tripeptide sequence but consistently suggest
in the other directionE. coli ACPS phosphopantetheinylates the (W/F)xxKE(S/A)xxK string is in am-helical conforma-
the apo-ACP subunit but not the apo-EntB ArC® ¢r the tion in each PPTase analyzed (data not shown). Thus, the
apo-EntF PCPS9). mutations in this string reported here may be disrupting an
Against this backdrop, we have now begun to characterize a-helical element crucial for enzymd>CP interaction.
B. subtilis Sfp as a presumed prototypic PPTase that Likewise, the drop in activity of D107E mutant and the 5-
recognizes apo-PCP domains. It is presumed that Sfp hasand 25-fold drops in activity of the mutants W147F and
to posttranslationally modify the conserved serine residuesW147A, respectively, are only la, effect with no change
in each of the seven PCP domains with approximately equalin Kn, for either CoA or HSrfB1.17 substrates. Further
catalytic efficiency for surfactin to be assembled in any insight will await structural studies of PPTases.
significant yield. In this work, we have overproduced PCP  Given that neither the SrfB1 synthetic PCP peptide of 19
domains as equivalent positional and sized fragmeni24 amino acid residues containing the consensus serine is
residues) from two adjacent modules (B1 and B2) of the phosphopantetheinylated by Sfp nor a corresponding syn-
three-module SrfB subunit of surfactin synthetase and shownthetic ACP peptide of 15 residues is phosphopantetheinylated
chemical and kinetic competence of Sfp toward each PCPby E. coli ACPS (R. H. Lambalot and C.T.W., unpublished
domain with about a 2.5-fold variance in catalytic efficiency. data), and that the peptides do not show significant inhibition
Presumably, the other five PCP domains (SrfAl, A2, A3, of the PPTase activity of the enzymes, it is likely that Sfp
B3, and C) would also be approximately equivalent substratesand the more selective ACP-modifying PPTase ACPS are
for Sfp. Although one characterizes phosphopantetheinyl- scanning for an architectural element in which the consensus
ation as apostranslational modification and we have now serine is embedded. NMR structures of tecoli ACP
shown that several PPTases act on folded apo-PCP domainssubunit 89), and more recenthStreptomyces coelicolor
the possibility of in vivocatranslational modification of large,  actinorhodin ACP 40), show the modifiable serine residue
multidomainal peptide synthetases has not been establishedt a bend at the end of arhelix held in a fixed orientation
or ruled out. The differential phosphopantetheinylation by interactions with distal residues, probably creating a
efficiency by Sfp for the 18-kDa PCP domaindbtfB1.18) recognition platform. There is some analogy to this specific
> 143-kDa condensation/adenylation/PCP  domain recognition of the 86100 amino acid residue folded apo-
(HeSrfB1.143)> adenylation/PCP domain (BrfB1.73) may ACP and apo-PCP domains by partner PPTases seen in two
be an in vitro problem resulting from overproducing frag- other posttranslational modifications, namely, lipoylation and
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biotinylation, where analogous recognition of-8000 amino
acid sized folded domains/subunits within larger protein
complexes by lipoyl and biotinyl transferases has been
deciphered41, 42). These may reflect a common evolution
for recognition and covalent posttranslational modification
of multidomainal apo-proteins converted by such covalent

marking into active catalysts enabled to conduct acyl transfers

(P-pant-proteins)a-ketol transfers (lipoyl-proteins), and
carboxyl transfers (biotinyl-proteins).
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